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PREFACE

The Fourth International Symposium on Molten Salts was held in San 
Francisco, May 8-13, 1983 as part of the 163rd Meeting of the Electrochemical 
Society under the sponsorship of the Physical Electrochemistry Division. This 
volume contains about 85% of the papers presented at that symposium. Four 
of the papers presented were consolidated and two appear under somewhat 
different titles. Although a broad spectrum of topics is covered, emphasis was 
placed on research on chloroaluminate melts and batteries. The number of papers 
presented exceeded that of the three earlier symposia; meeting attendance and 
the discussions were excellent for a large fraction of the sessions. These symposia 
thus appear to serve an important function in providing a forum for the exchange 
of ideas on molten salts. The papers in this volume appear in their order of 
presentation.

The considerable assistance of Mary C. Burke and Kathleen L. Shields 
was essential in assembling and editing this volume. I would like to thank the 
editors who helped not only on this volume but also in the organization of the 
symposium. Most of all, thanks are due to the participants for their contributions 
to a successful symposium.

Milton Blander 
December 1983
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MOLECULAR DYNAMICS CALCULATIONS OF MAX4 MELTS

Marie-Louise Saboungi, Milton Blander and Aneesur Rahman 
Argonne National Laboratory 

Argonne, IL 60439

ABSTRACT

Molecular dynamics calculations for MAX4 melts are reported for 
two different sets of cation/anion radius ratios which were chosen 
so as to emulate melts such as chloroaluminates and fluoroyttriates. 
The results are expressed as radial distribution functions, the angular 
distributions of selected triplets and the number of ions which have 
particular integer values of the coordination numbers. For the small 
radius ratio, the A+3 ion is tetrahedrally coordinated and the struc­
ture of this completely ionic melt is consistent with the presence of 
X” , AX^", A2X7  and A3X5P species which equilibrate by the reac­
tions 2AX^<=M.2X f  + X ~  and 3AX±+±AzX~^ + 2X~. For the large 
radius ratio, the A+3 cations are mostly octahedrally coordinated and 
there is considerable bridging between AX^“ n moieties which leads to 
a tendency for long range order.

INTRODUCTION

The concept of complexing in binary molten salt mixtures has been used for 
structural interpretations of thermodynamic, spectroscopic and kinetic data in a 
class of strongly interacting melts such as the chloroaluminates.1-7  The system 
NaCl-AlCl3 is perhaps the most thoroughly studied complexing melt. Consequently, 
in this paper, we will focus largely on melts in which the interionic separations 
are similar to those expected in NaAlCL* melts. The main purpose is to explore the 
characteristic structures in this melt for comparison with those deduced from ex­
periment. In addition, we will also examine the structures in a melt with a larger ca­
tion/anion radius ratio and a larger average coordination number of the A+3 ions.

MOLECULAR DYNAMICS COMPUTATIONS

Calculations were performed on an assemblage of 83 M+ , 83 A+3 and 332 X-  
ions which interacted according to the potential8

1
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Uij — Z^Zje2 j r  + Bexp[A(<Ji + aj — r)] (1)

where e is the electronic charge, is the integral number of charges on the 
k’th ion and has the same sign as the charge, r is the distance between ions, the 
constants A=3.155A_1, B=0.190(10“ 12)erg and is the ’radius’ of the k’th ion. 
Two sets of radii were chosen with different values of oa/ ox while keeping both 
<ta -h <?x and o’M +  ox constant and at values which lead to interionic distances 
which correspond to those of Al+3-Cl“  and Na+-Cl“  respectively.9 The two sets 
of values of (o m >oa,o x ) chosen (in A) are potential 1 (1.352, 1.372, 1.578) and 
potential 2 (1.052, 1.072, 1.878).

The molecular dynamics calculations generated an ensemble of consecutive 
configurations of the 498 particles at about T=500K. Details of the calculation 
which are for constant but very low pressure are discussed elsewhere.19,11 The time 
steps were 10~15 seconds and typically about 12,000 time steps were run after the 
temperature was stabilized. The radial distribution functions were averaged over 
all of these time steps whereas all the other calculated quantities were averaged 
over 1200 steps.

RESULTS AND DISCUSSION

In what follows we will define M+= l ,  A+3= 2  and X ~ = 3  and the charges on 
these three ions will be understood when not explicitly stated.

A. Radial Distribution Functions (rdfs) and Coordination Numbers
The six calculated rdfs, g^(r), for MAX4 are plotted in Fig. 1 for the two 

potentials. In addition, we have also plotted N,y(r), the number of ions of kind j 
about an ion of kind i within a radius r. The value of N^(r) taken at the first 
minimum in gty(r) at r0 is defined as the average coordination number, Z,-y. In

iz\
addition, we define a number n w h i c h  is the number of i ions which have exactly 
z j ions in their first coordination shell.

It is difficult to draw detailed conclusions based solely on rdfs, which is of 
course a pair distribution function. It is sometimes possible to infer such detail 
from a multiplicity of pair correlations (such as e.g. g23(r) and g33(r) to infer the 
tetrahedrality of A5Q” moieties). However, as we will show, in order to extract much 
of the structural information requires a knowledge of higher order (i.e. triplet) 
correlations. With this limitation in mind we can examine the rdfs.

The values of g23 have steep narrow first peaks with maxima near 2A of about 
10 and 18 and drop to very small values between 3.0 and 3.8A. This characteristic 
can be expressed in terms of a potential of mean force, V,-y(r) which is defined as 
-kTln gty(r). A plot of Vtj(r) exhibits a potential well of about 6kT. From this, one
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would expect that an X anion in the first coordination sphere of an A cation will 
seldom ’escape’ from that sphere without first entering the coordination sphere of 
another nearby A cation. The coordination number, Z23 for potential 1 is 5.8 and 
for potential 2 it is 4.0 suggesting tetrahedral coordination for the latter case and 
octahedral coordination for the former case.

With potential 1 , the coordination number of 5.8 means that a significant 
fraction of the X ions must form A-X-A bridges. If the bridges are single and 
there are no free X anions, then the number of X ions in the first shell around an 
A which are part of a bridge is 2(Z23-4) which is also the coordination number of 
A about A, Z22- This is consistent with our results. For potential 2 there is very 
little bridging which is reflected in small first peaks in g22(r) and small values of 
^22* Z22 is non-zero because of a dissociation reaction we discuss later. The A-A 
correlations g22(r) are therefore quite different for the two potentials. For potential 
1 the first peak is sharp and located at about 4.5A with 3.6 coordination. For 
potential 2 the first peak at 4.7A is very small and there is a larger broad peak at 
about 6.2A.

Since the first maximum in g22(r) for potential I is at about twice the distance 
to the first maximum in g23(r) it follows that of the average of 5.8 X neighbors 
of A, 3.6 form a relatively straight A-X-A bridge from one A to another A under 
the first peak in g22(r)- The near linearity of the bridge suggests that the strongly 
repelling A cations remain far enough apart so that the A-A repulsions are at least 
partly shielded by intervening X anions.

One expects that the strong A-X attractions will dominate the tendency for 
close packing of X ions about A. The decrease in coordination number from 5.8 
to 4.0 with an increase in the X-X repulsive core potential demonstrates the fact 
that the triple charges on A cations lead to the maximum possible packing of X 
anions in the first coordination shell within the limits set by the combination of 
anionic coulombic and core repulsions.

The first peaks in g33(r) when compared with the peaks in g23(r) indicate 
very different local structures for the two potentials. The ratios of the distances 
are consistent with an approximately octahedral coordination for potential 1 and 
tetrahedral for potential 2. This point will be amplified below.

B. Structural Implications
Coulombic forces together with steric effects determine the structure of ionic 

systems in general. In the present study one can show that i) repulsions betweeen 
A cations should be more significant than between other like charge coulomb 
repulsions; ii) the A-X attraction will dominate over M-X attractions; and iii) the 
generated structures of X ions around A anions are sensitive to the core repulsions 
between X ions.

3



As discussed above, the analyses of g23 and g22 suggest an almost linear 
configuration for A-X-A bridges. To test this possibility, we calculated the dis­
tributions of angles of A-X-A triplets which are exhibited in Fig. 2 for the case in 
which the A-X distance is less than 3.oA. The results do show a predominance of 
angles close to 180° but indicate a significant fraction of triplets at much smaller 
angles (e.g. 30% at less than 150°). In any case, the small angular spread leads 
to the possibility that the structural correlations among the A cations could be of 
quite long range.

The tendency toward tight packing of the X anions about A cations appears to 
be energetically limited by two factors, i) the core repulsions between X ions which 
makes a positive energetic contribution and ii) the formation of A-X-A bridges 
and the consequent A-A positive repulsive energy when Z23 is greater than 4. 
When the anion-cation radius ratio increases, the core repulsions between X ions is 
enhanced and Z23 should tend to decrease. The number of bridges decreases as Z23 
decreases and the repulsions between A cations becomes energetically smaller. As 
expected, Z23 is smaller for potential 2 than for potential 1 . In order to determine 
the structure and symmetry of the X anions about the A cations we computed the 
angular distribution of X-A-X triplets which are plotted in Fig. 3. For potential 
1 the distribution has maxima at angles close to 90° and 180° (cos0 =  0 and - 1  
respectively) which is consistent with octahedral symmetry. For potential 2 the 
maximum in the distribution lies close to the tetrahedral angle of 109°28’ (cos0 
=  -1/3) as is expected for four coordination. In both cases, the spread in the 
distribution of angles is consistent with that expected for thermal motions.12. 

lz)The distribution n ^ ' of A cations as a function of the coordination number z 
has also been calculated and is given in Table I. The results show that there is a 
broader distribution of coordination numbers for potential 1 than for potential 2 
for which essentially all of the A ions are four coordinated. In many real molten 
salt systems, there is likely to be a distribution of coordination numbers, which 
in some cases might even be broader than that of potential 1 . In such cases, it 
would be very difficult to interpret structure related measurements in a precise 
manner. A precise description requires one to specify not only the moieties which 
are present but also the relative amounts of all moieties.

The observation that most of the A-X-A angles are close to 180° and that 
the X-A-X angles are concentrated near 90° and 180° leads to the possibility that 
the long range A-A-A triplets should exhibit some regularity. A suggestion of this 
regularity can be found in the plots of g22 for potential 1 where the second and 
third maxima are located at 1.4 and 2 times the first peak distance. This suggests 
that there is a preference for 90° and 180° angles in these triplets. To examine this 
point, the angular distribution of A-A-A triplets located within a sphere centered 
on A and having a 5.2A radius was calculated. The results are plotted in Fig.
4. The peaks at about 90° and 180° (cos0 =  0 or - 1) indicate a tendency for
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octahedral ordering up to at least the fourth nearest neighbors which are 9-10A 
apart. However, there are other significant peaks in this angular distribution at 
60°, 80°, and 102-110° which reflects complexities in the long range ordering and 
structures of these melts.

C. Complexing and Structure
A predominance of coordination numbers Z23 =  4 or 6 is present for the two 

pair potentials. This result coupled with other studies underway suggest that there 
is a probable energetic preference for these values relative to 3 or 5. However, this 
preference is not absolute and other coordination numbers (such as e.g. 3 and 5) 
can be present for other pair potentials (e.g. for potentials intermediate betweeen 
potentials 1 and 2). The tendency for a preferential coordination number, often 
ascribed to covalent or non-ionic bonding, can thus be shown to be a characteristic 
of purely ionic systems as well.

From earlier considerations, the first peaks in g22 (Fig. 1) are shown to be 
related to the formation of A-X-A bridges between the AXn moieties. The bridging 
anions by definition, are those X ions which have a nearest neighbor coordination 
number of 2. We have calculated the distribution of coordination numbers of the 
X ions, n ^ ,  which is given in Table II. For both potentials the expected number of 
bridging anions is close to the number of A-A nearest neighbor pairs (i.e. 83Z22/ 2).

(z)The distribution of coordination numbers of X ions, n^ ', given in Table II and of 
A ions, n 2̂2 given in Table HI for potential 2 indicate that many of the bridging 
anions are part of configurations which are complex and can be defined as A2X^ 
or A3Xf0. For example, there are 13 bridging X ions and 13 X ions which are ’free’ 
and have no A cations as nearest neighbors. Of the thirteen bridging anions, some 
belong to the 3 (+1) triplets with one A cation having two others as neighbors as 
given in Table in. If all A-A-A triplets have one of their three A-A pairs with 
a distance greater than 5.2A then there are about 3 A3XJJ) species which have 
a total of 6 A ions with coordination 1 and 3 with coordination 2. This leaves 
17 A cations with coordination 1 which can be part of 8.5 A2X^ moieties. The 
number of bridges, 14.5 thus calculated is somewhat larger than the value of 13 
given in Table II. This discrepancy can be related to the cutoff distance of 5.2A 
for the results in Table III. Since there is obvious overlap between the two peaks 
on either side of this distance (see g22 for potential 2 in Fig. 1), this number,
14.5, includes unbridged A-A pairs associated with the broad peak at 6.2A. These 
configurations are surprisingly similar to what has been postulated1-5  for NaAlCL* 
melts, reactions which involve complex species such as

c r  +  Ai2ciT<=±2Aici4 (2)



3 c r  + Ahcq0T±zAicq (3)

The structures of the ionic species A2X.J or A3XJ0 are those of two or three 
AX4 tetrahedra, respectively, which share one or two corners. (One possibility is 
that three tetrahedra share 3 corners to form an A3X9 species. The uncertainties 
in some of the data do not permit us to check this possibility at present.)

For potential 1 , there is considerably more bridging as evidenced by the 
distribution of A coordination numbers in table HI. The bridging and the tendency 
for A-X-A angles close to 180° explains the distribution of the angles of the A-A- 
A triplets exhibited in Fig. 4. However the presence of other peaks indicates that 
additional factors are also significant. The angular distribution of A-X-A triplets 
indicates that significant numbers have angles which are substantially different 
from 180° (i.e. 90% less than 170°, 64% less than 160° and 30% less than 150°). 
In addition, the spread in the angular distribution of X-A-X triplets indicates 
that there is significant thermal motion and the concomitant tendency for the 
octahedra to distort. The presence of peaks other than at 90° and 180° in Fig. 
4 is probably related to preferred structures based on small distortions of the 
angles of the octahedra and the A-X-A bridges. Of particular interest in Fig. 
4 is the sharp peak at 60° which represents an equilateral triangle of three A 
cations connected by bridging anions. When the AXn octahedra were stiffened 
to ’resist’ distortion in another potential (which is not reported here) the peaks 
other than those at cos9 == 0,-1 in Fig. 4 become smaller, which is consistent 
with our suggestion that these other peaks, at least in part, represent distortions 
of the basic octahedral structure of AXn configurations for potential 1. The type 
of structural ordering indicated by Fig. 4 extends to quite long range (at least 
to 9-10A) and appears to be related to bridging. Thus, we expect analogous long 
range ordering for potential 2 for compositions higher in the AX3 component. For 
this case, an expected tendency for local tetrahedral configurations of the AXJ 
species would propagate into the longer range distributions of the A-A-A triplets. 
A more detailed analysis of bridging and structure in such systems is underway. 
In addition, the constancy of the average nearest neighbor coordination numbers 
of A (such as 4 for potential 2) with a change of composition is not assured.

CONCLUSIONS

It has been shown that characteristics of binary MAX4 melts such as chloroaluminates 
often ascribed to covalency and other non-ionic interactions between ions are 
present in an ionic solution. For potential 2 the A cations are tetrahedrally coor­
dinated and form A2Xt” and A3XJJ) moieties analogous to species postulated 
to be present in chloroaluminates. For potential 1 there is considerable bridg-
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ing and a tendency for long range octahedral-like order up to at least 10A. The 
nearest neighbor coordination numbers and the symmetry of anions about the 
polyvalent cations do not completely account for the complexing observed in 
the present ionic molten salt solutions. From our results, many melts would be 
expected to have a distribution of coordination numbers for individual ions rather 
than a single value. This possibility means that it is generally difficult if not 
impossible to precisely define the structure of melts. Studies are underway of 
the influence of composition, different charges on the polyvalent ion as well as 
of radius ratios on the structures and energetics of melts which will include 
MX-AX*2 mixtures analogous to NaF-BeF2, KCl-MgCl2 and CaO-Si(>2 mixtures.
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Table I. The Distribution of A+3 ions
According to Their Coordination 
by X~ Ions (n ^ ) for r <  3.0 A for 
Different Pair Potentials

Potential/z 4 5 6 &
1 0 12 71 5.8
2 83 0 0 4.0

Z23 is the weighted average of various n^ .

Table II. The Distribution of X Ions
According to Their Coordination 
by A+3 Ions (n ^ ) for r <  3.0 A for 
Different Pair Potentials

Potential/z 0 1 2 7*LZ2

1 5 168 159 1.5
2 13 306 13 1.0

Z32 is the weighted average of various n ^ .

Table III. The Distribution of A+3 Ions According to Their 
Coordination by A+3 Ions (n ^ ) for r <  5.2 A 
for Different Pair Potentials

Potential/z 0 1 2 3 4 5 6 Z22

1 0 2 7 22 28 22 2 3.8
2 58 23 < 3 0 0 0 0 0.4

Zoo is the weighted average of various n ^ •
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1 . Radial distribution functions, g^-(r) and radius dependence of the average 
coordination numbers, N,*y calculated for MAX4 using potential 1 (solid line) 
and potential 2 (dashed line).
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Fig. 2.
Angular distribution of the A-X-A triplets 
in MAX4 for a maximum distance of the A-X 
pairs of 3.0 A. Potential 1 (solid line); 
potential 2 (dashed line).

Fig. 3.
Angular distribution of the 
X-A-X triplets in MAX4 for 
a maximum distance of the A-X _  
pairs of 3.0 A. The arrows ^  
indicate the angles at 90° 
and 109.47°. Potential 1 
(solid line); potential 2 
(dashed line).

Fig. 4.
Angular distribution of the 
A-A-A triplets in MAX4 for a 
maximum distance of the A-AOpairs of 5.2 A; potential 1 
(dashed line), the solid line 
is for a potential in which 
the anion-cation radius ratio 
is somewhat larger than for 
potential 1. Note that this 
decreases the peaks at angles 
other than 90°. The arrows 
indicate the angles at 90° 
and 60°.
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Abstract

A type of electrochemical cell was investigated where 
chemical reactions take place in compartments between 
membranes. A theoretical treatment of the cells is 
presented whereby the Gibbs energy of reaction is avoided 
in the basic flux equation and the equation for entropy 
production. Experimental data and theoretical calculations 
are presented for a cell of the above type.

Introduction

Many processes in physical chemistry involve coupling of 
transport and a chemical reaction. A very simple example 
is the isothermal cell

(Pt) H2 (g)|HCl(aq)|Cl2 (g) (Pt)

where the chemical reaction

iH2 (g) + JCl2 (g) = HCl(aq) (1)

causes transport of charge across the cell. When a small 
charge is transferred under near equilibrium conditions, 
the emf, Ac)), in dimensions JF-  ̂ (the electric work per 
faraday) is related to the Gibbs energy of reaction by the 
Nernst equation

AG + Acj) = 0 (2)

For this cell the electric work and the vectorial ion 
fluxes are coupled to the scalar function AG in a simple 
way. For more complex cells, where chemical reactions take
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place in compartments between membranes, the above kind of 
correlation between Gibbs energy of reaction and electric 
work may not be valid. In the cells dealt with in this 
paper, only part of the Gibbs energy of reaction is 
converted to electric work.

To calculate local loss of energy, we will use the formalism 
of irreversible thermodynamics, and derive local flux 
equations. In these flux equations we avoid the scalar 
function AG of reaction, and thus avoid the problem of 
scalar - vector coupling.

The following theoretical treatment is based on the 
assumption of local equilibrium. The number of components 
is limited to that required by the phase rule. As a 
consequence the scalar function AG of reaction does not 
enter our flux equations. The components are neutral 
compounds or elements (see refs. (1) and (2)).

We will first demonstrate the method of calculation for the 
above simple cell.

Reformulation of the Nernst equation

The system in the above cell has three components in 
accordance with the phase rule. They are e.g. H2, HC1 and 
H2O. The chemical potential, y, of each one of these 
species can be varied independently. The fourth species, 
Cl2, is not a component as its chemical potential is given 
by the species HC1 and H2. When there is local equilibrium 
in the system, we have

^yCl2 = VHC1 " ^yH2 <3)
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When a positive charge of one faraday is passed through the 
cell from left to right, \ mole of CI2 and ? mole of ^  are 
removed from the cell at the left and right hand side 
electrode respectively. Since CI2 is not chosen to be a 
component, the removal of \ mole CI2 is described as a 
removal of 1 mole HC1 and a simultaneous supply of j mole 
H2 . That is, 5 mole H2 is transported across the cell from 
a chemical potential y°„ . x at the right hand sideW 2 \ Cf /
electrode where there is H2 (g) at 1 atm pressure, to a 
chemical potential of

MH2 (g) 2yHCl(aq) “ U Cl2 (g)

at the left hand side electrode where there is C^Cg) at 
1 atm pressure.

The chemical potential of HC1 is the same at both 
electrodes, and thus HC1 is transported over a zero gradient 
in chemical potential. The emf of the cell can be related 
to the transfer of neutral components by the equation (see 
ref. (2))

2

&<t> = - Jr tidVti (4)
1

where t^ is the number of moles of the neutral component i 
transferred per faraday. The left and right hand side 
electrode are indicated by 1 and 2 respectively. For the 
present system with the two components H2 and HC1, Eqn. (4)
gives

2 2

= " l (tH2d^H2 + fcHCl ^HCl' = " K 2dyH2 
1 1

(5)
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is the number of moles of transferred per 
Since \ mole is transferred per faraday,

Thus 

A4>

which is equivalent to Eqn. (2). For the more complex 
cells, following below, the advantage of the method is 
revealed.

Cells with cation and anion conducting membranes.

A cell of this type is shown in Fig. 1. It was investigated 
by Makange (3). The theoretical treatment of this cell is 
based on the postulates of irreversible thermodynamics. 
Again, the number of components used to describe the system, 
is the minimum required by the phase rule.

The cell has a number of compartments separated by catipn 
selective membranes, C, and anion selective membranes, A. 
The region of the cell denoted "repeating unit", extending 
from the middle of compartment I to the middle of 
compartment V, can be repeated several times. The 
electrodes are Ag/AgCl electrodes. Electric potential 
gradients, V<|), can be measured introducing small Ag/AgCl 
test electrodes anywhere in the system (in order to obtain 
defined electric potentials in compartment III and IV, 
very small quantities of KC1 must be added). In order 
to increase the conductivity in compartment III, an 
electrolyte HA (or KC1) is added.

- i ( y h2 (g> -  * H2 (g)> (6)

where t„ h2faraday.
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By the transfer of one faraday, the cell reaction in a 
"repeating unit" is

HC1 + KOH = KCl + H20 (7)

We choose the following set of components 

KCl, HC1, H20 and HA.

They are given the numbers 1 - 4 .  KOH is not considered a 
component. It can be expressed by the others:

KOH = KCl + H20 - HC1.

Local entropy production and flux equations.

Transference numbers for neutral components are used 
(compare ref. (2)). They are defined as

where J. is the flux of the component i in dimensions 
- 21- !mol m s , and I is the current density in dimensions_ -2 -1 Fm s

The local entropy production per unit volume per unit time, 
9, is given by the equation (see ref. (1))

j = 1 ... 4 (8 )

4
T9 = E J. (-Vy. ) + I (-V<J))

i=l 1 1
(9)

and the flux of charge, or current density 
4

1 “ i  = i L5i Vyi  L55 ^ (10)
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Rearrangement gives

(11)

4
V <J) = — E 

r= i L
I
55

where L with subscript is a phenomenological coefficient 
used in the linear theory of irreversible thermodynamics.

Further

55 I7 Vyj = 0 fci (12)

The Eqns. (9-12) do not contain the scalar function A G of 
reaction.

The emf is obtained by integrating Eqn. (11) for I ft* 0.

V
A4> = - | <tHCidlJHCl + tKCldUKCl + tH20dyH20 + ^ A ^ H A *

(13)

For zero current there will be no gradient in concentration 
of HA in compartment III. Further, we have dyH over
the whole system since all electrolytes are dilute. This 
means that the two last terms may be neglected.

The component transference numbers are related to the ionic 
transference numbers (see ref. (3)). For the cell given in 
Fig. 1 with perfectly selective cation and anion membranes 
we will have the following changes when one faraday passes 
through the cell from left to right. One mole of Cl ions 
is produced at the right hand electrode. This is 
compensated for by a transfer of K+ through the cation
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membrane from compartment IV to V, t + = 1. Further, OH”j\
is transferred from compartment IV to III through the anion 
membrane, t0R- = 1. Again H+ is transferred from * 
compartment II to III through the cation membrane, t„+ = 1. 
Finally Cl is transferred from compartment II to I, 
tc^- = 1, and in compartment I, one mole of Cl ions is 
removed.

From stoichiometric relations we have nKC1 nK+ and
HC1 ncl nK+'

to the transference number for K
The transference number of KC1 is equal 

+

^ C l (14)

The transfer of Cl from left to right is equal to the 
quantity reacted at the electrodes minus the quantity 
migrated from right to left through the electrolyte, 
l-tcl-. This gives for tRC1:

HC1 (1-tCl ■) -  t K+ (15)

Since the sum of all ionic transference numbers are equal 
to unity we have

lHC1 = 1 tCl tK + = t H + + tOH + t„ (16)

In the cell we thus have tKC  ̂equal to unity from 
compartment IV to V and equal to zero elsewhere, while 
tHCl is e<5ual to unitY from compartment II to IV and equal 
to zero elsewhere. When these relations are introduced in 
Eqn. (13), one obtains

IV
- JdpHCl

V
}dPKCl (17)

II IV
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or

(yHCl IV UHC1 II + yKCl V yKCl IV) (18)

The chemical potential IV can be expressed as

JHC1 =yIV KCl IV+yH2° i v " yK0HIV
(19)

With the choice of components that we made, any transfer of 
an ion containing oxygen represents a transfer of H^O since 
this is the only component containing oxygen, (KOH is not a 
component). Thus the transfer of OH from compartment IV 
to III corresponds to a transfer of H2O. This transfer of 
H2O may be introduced together with Eqn. (19) in Eqn. (18)
(even though transfer of ^ 0  does not contribute to A<J>) . 
Electroosmotic water transfer is neglected. Then eqn. (18) 
obtains the form

k<P = -  (PKC1 y  + J J J  “ VHC1 J J  “ PKQH IV) (20>

or

A<t> = - AG = - (AG° - RT In CfJ+ ^  x cQH- JV) (21)

where AG° is the standard Gibbs energy of reaction, see 
Eqn. (7), (activity coefficients have been omitted). Thus, 
under the conditions of perfectly selective membranes and 
no impurities in compartment III, we arrive at the Nernst 
equation through equations that express A<|) by means of 
gradients in chemical potentials of neutral components only 
(compare Eqn. (11)). As will be shown below, the method 
allows us to calculate local energy losses under other 
conditions.
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Calculations of loss of energy in the cell.

By the energy loss in an electrochemical cell we understand 
the difference between the maximum emf obtainable and the 
actual measured value. The maximum value A<f>, calculated 
from AG (omitting activity coefficients) is 0.71 V. The 
measured value having pure water in compartment III (no HA 
is added) was 0.52(3). The membranes are not 100% selec­
tive (99% for cation selective membranes and 96% for anion 
selective membranes). The above difference, however, is 
too large to be explained by membrane imperfection. One 
may understand the cause of the difference by inspecting 
Eqns. (13-16) . The main cause of loss in A<J> must be small 
quantities of impurities in compartment III, making 
tH+ + ^OH- < 1- In order to investigate this loss in elec­
tric potential further, two sets of experiments were per­
formed.

In the first set of experiments known quantities of KC1 
were added to the water in compartment III (no HA is added).

IV
The main contribution to the emf is the integral - ^ c ^ H C l  
over compartment III and the two neighboring membranes. The
maximum contribution is for tT, = 1 . Lower values of tT1HC1 ^  l'HC1
means lower coupling between transfer of HCl and transfer
of charge. Contribution to the emf by the integral Jt^ci^^Cl 
over compartment III is very small and is neglected. The 
loss in emf can be expressed as (compare Eqn. (16)).

IV IV
Loss = - fII (1-t.H c i ) d^HCl (tK+ + tcl-)dyHC1 ( 2 2 )

II

Since the transference number of an ion, t^, is proportional 
to the ion mobility, u^, and to the ion concentration, c^,
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we have
u . c .1 1 ( 2 3 )

and
UK CK + UC1GC1 (24)

With known concentration profiles one can use Eqns. (22, 24)
to calculate the loss in emf as a function of the KC1 con­
centration.

When compartment III is filled with a KC1 solution of con­
centration c, there will be an interdiffusion of positive 
ions across the cation membrane on the left hand side and 
an interdiffusion of negative ions across the anion mem­
brane on the right hand side. In a short time the H+ will 
have replaced most of the K+ adjacent to the cation mem­
brane while similarly OH will have replaced Cl adjacent 
to the anion membrane. Further, a non-stationary diffusion 
will take place across the compartment whereby H+ and OH- 
will meet and combine.

We will consider two extreme models for the concentration 
profiles.

A. Early in the diffusion process, we assume constant 
concentration of Cl in the left hand part of the 
compartment and constant concentration of K+ in the 
right hand part.

B. We assume that the concentration of Cl and of K + 
adjacent to the cation membrane and the anion membrane 
respectively will keep equal to c until the concen­
tration of each had attained  ̂ c at the neutral point
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(cH+ = cQH- = 10 ) . By assuming
the loss in emf can be calculated

10 ). By assuming linear gradients_7

The calculated loss for the two cases A and B are shown in 
Fig. 2 together with observed losses. (Corrections for 
non-ideal solutions would give slightly better agreement 
with experiments). Measurements of emf were carried out 
for concentrations of KC1 sufficiently high to predominate 
over impurities.

From the above calculations and measurements one can see 
that KCl should not be used to improve conductivity in 
compartment III, since KCl gives large losses in emf. One 
can also see how small quantities of impurities in the ex­
periment with water in compartment III give significant 
reduction of the emf.

In the second set of experiments, different types of organic 
acid/bases were tested as the component HA. In this case 
the transference number of HC1 is given by Eqn. (16) , and 
A as well as H+ and OH contribute to t^^.

With electric current passing through the cell (in positive 
direction) HA will accumulate on the left hand side of 
compartment III, and the last term of the integral in Eqn.
(13) will be different from zero.

The additional contribution to the emf is

(25)

since t.HA tA

The contribution is negative, i.e. there is a loss in emf.



For a current density of 100 mA cm , a concentration 
cRA = 0.1 mol dm^ and a length of compartment III of .1 mm, 
the calculated loss in emf due to this term is only about
0.3 mV.

-2

The effect of different types of HA on the cell emf is 
shown in Table 1 (see ref. (3) for further details). One 
of the components in Table 1, aminonapthalene disulfonic 
acid, is capable of restoring the emf to 94% of the theo­
retical value.
a positive and as a negative ion

This molecule contributes to tH£^ both as

This analysis demonstrates the importance of a continuous 
description of emf in cells with chemical reaction. The 
method permits us to locate energy losses, and to predict 
means of minimizing the losses. The addition of HA improves 
electric conductivity in compartment III without reducing 
the coupling between electric energy and Gibbs energy of 
reaction. The coupling is destroyed by additions of KC1.

Cells containing reciprocal salt pairs.

With the present efforts in many laboratories to develop 
high temperature ion selective membranes for batteries, one 
may consider a high temperature cell of the type shown in 
Fig. 3. Here one set of membranes is selective for Li+ 
ions, the other set for K+ ions. By transfer of one fara- 
day, the cell reaction in a "repeating unit" is

LiBr + KC1 = LiCl + KBr (26)

In fused salt chemistry it is common practice to describe 
this kind of system by three components. We may choose the 
following components, LiCl, LiBr and KC1. In mixtures of
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fused salts it is unsuitable to use single ion chemical 
potentials(4), so we continue using chemical potential of 
neutral salts and transference numbers of neutral salts.

For 1 = 0  the emf per "repeating unit" is (compare Eqn.(13)) 
2

A<1) = - j(tLicldpLicl + tLiBrdyLiBr + tKC1dyKcl) (27)
1

From stoichiometric relations (n^, = n„, nT = n_ - andJ\ ljitsr or
nLiCl = nLi+~ nBr”  ̂ t îe transference numbers of neutral 
salts cen be identified:

bKCl tK+; tLiBr ' tBr~ = 0

and ^ i C l  = fcLi+ + S r - = fcLi+ (28)

The transference number tBr>- = 0 since all membranes are 
cation selective 

2
Thus A$ = - }(tLi+duLicl + tK+dyRC1) (29)

1

and for perfectly ion selective membranes

A<p = - [dpT .n1 - |dyKC1 (30)
III II
|dyLiCl - jdy.

II I

A<t> “ <ULiCl III ULiCl II* <yKCl II PKC1 I* (31)

In compartment II the chemical potential of KC1 may be ex­
pressed as
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yKCl yKBr + yLiCl yLiBr (32)

Thd s gives the anticipated result

A<f = - (vLicl m  + PKBr n  “ ViKC1 I " yLiBr II* (33)

The derivation (27-31) shows the validity conditions for 
eqn. (33).

Thus if the cell unit starts in the state

___  LiBr || KC1 || LiBr \ | KC1 ___

then, through the transfer of charge we will end up with

___  KBr || LiCl || KBr || LiCl ___

or a complete reaction of the reciprocal salt pair.

Conclusion

The method developed permits calculations of emf for com­
plex galvanic cells, where chemical reactions take place 
in compartments between membranes. Apart from the condit­
ion of local equilibrium, no restrictions are needed in the 
method of calculation. The method permits analysis of 
local energy losses.

The present way of treating the coupling between chemical 
reaction and electric work may be profitable in the search 
for new types of batteries.
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Table 1

Variation of cell emf E by addition of components HA 
—  7 — 3(10 mol dm ) to compartment III of the cell in Fig. 1. 

The theoretical maximum value of emf is ST = 0.71 V and n 
is the efficiency of the cell. The temperature is 25 C.

HA E V O LT  n = E/E-j-

B E N Z Y LA M IN E 0.42 0.59

N -P H E N Y L M E T H Y L

N A PH TA LE N E S U LFO N A M ID

0.46 0.65

N A P H T A L E N E S U L FO N IC  A C ID 0.52 0.73

A M IN O N A PH TA LEN E  

D IS U L F O N IC  A C ID
0.67 0.94

KC1, 10“2 mol dm""3 0.17 0.24
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Fig. 2 Loss in emf as a function of concentration of 
KC1 in compartment III.
A: Calculated loss at an early stage of

diffusion process.
B: Calculated loss at an later stage of

diffusion process 
0: Experimental points
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CHARACTERISTIC DIFFUSION PHENOMENA OF FLUORINE 
IN MOLTEN LiF-BeF2 and NaF-BeF2 SYSTEMS

Hideo Ohno
Molten Materials Laboratory/Japan Atomic 
Energy Research Institute/Tokai-mura, 
Ibaraki-ken, 319-11/ Japan

ABSTRACT
Self-diffusion coefficients of fluorine and cations in 

molten LiF-BeF2 and NaF-BeF2 systems were measured by the 
capillary reservoir technique. The characteristic diffusion 
phenomena of fluorine in these molten alkali fluorobery- 
llates are very similar to those of oxygen in molten CaO- 
Si02 and Ca0-Si02”Al203 slag. The dynamical behavior of Li 
and F in molten Li2BeF4 was also analyzed by NMR techniques.

INTRODUCTION
It has been reported that the alkali fluoroberyllate 

melt systems/RF-BeF2 (R=Li/Na,K) are quite similar to the 
alkaline-earth silicate melt systems,R*0-Si02(R,=Mg,Ca,Ba). 
Especially, the phase diagram of Mg0-Si02 scaled down by 
the relation [(t°C+273°C)/2.88]+273 fit most of the diagram 
of LiF-BeF2 / as indicated by Thillo and Lehmann[1]. It was 
also recently found that the physical properties, such as 
viscosity, electrical conductivity, and molar volume, depend 
on simple quantitative relationships between molten alkali 
fluoroberyllate system and molten alkaline earth silicate 
system[2]. The results indicate that the statistical and 
dynamical properties of constituent ions in these molten 
states also have similar behavior.

Cantor et al.[3] showed in their viscosity study of 
molten LiF-BeF2 that the viscosity decreases rapidly with 
an increase of LiF concentration, due to breaking of the 
fluorine bridges in a three-dimensional network of Be-F 
bonds, and estimated that the melt might lose its network 
character for a BeF2 content smaller than 65mol%.

We have already reported the self-diffusion coefficients 
and their temperature dependence for F and Li in molten 
Li2.BeF4 and LiBeF3 and for F and Na in molten NaBeF3 by the 
capillary reservoir technique[4-8],X-ray diffraction analy­
sis of molten Na2BeF4 and NaBeF3 [9] and nuclear spin relaxa­
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tion of 7Li and !9f in solid and molten Li2BeF4 [10]. In 
this report, all these data are summarized and compared with 
those in molten alkaline-earth silicates.

EXPERIMENTALS
The method of measurements of self-diffusion coeffi­

cients was described in detail elsewhere[4-8]. The procedure 
of the experiment was carried out by the capillary reservoir 
technique.
PREPARATION OF RADIOACTIVE OR STABLE TRACER

The fluorine radioactive F-18 was prepared using JRR-3 
(Japan Research Reactor-3). Highly purified Li2C03 was used 
as a target material and the following reactions occurred to 
produce 16- . 18,.3Li(n,a)1T and gO(T,n) gF (1 )
After irradiation, Li2COo powder was treated with aqueous 
hydrogen fluoride in a platinum crucible to produce the 
labelled Li-^F deposit. On the other hand, the lithium 
stable °Li was prepared using powder which a 6Li/7Li
abundance ratio of 19 and then Li 2CC>3 was treated with 
aqueous hydrogen fluorine in the same way as above mentioned. 
2% a  was made from NaF powder irradiated by thermal neutron 
for 1 min. in JRR-2.
PREPARATION OF Li2BeF4,LiBeF3 and NaBeF3

For the preparation of Li2BeF4,LiBeF3 and NaBeF3 in the 
diffusion cell, a mixture of BeF2 and LiF or NaF was melted 
in a platinum container, treated with a HF+H2 mixture at 
6 0 0 0 C and then purged with He. The chemicals used were as 
follows:LiF and NaF prepared by Merck C o .(Germany), granu­
lation of single crystal(l-4mm); BeF2 prepared by Rare 
Metallic Co.(Japan)[known impurities(in ppm):K+Na,600;Ca,10; 
Al,20;Cr,30;Fe,10;Ni,10].
APPARATUS AND PROCEDURE

A schematic diagram of the apparatus is shown in Fig.l. 
In this work some devices were adopted to avoid solidifica­
tion of the melted tracer mixture in the capillaries before 
each diffusion run. After the tracer salt(C) in the Pt 
crucible(D) and non-tracer salt(E) in the Ni crucible(F) 
were melted under He atmosphere, the movable Ni rod with 
the capillaries was lowered into the Pt crucible. The capi­
llaries were filled with the molten tracer salt by dipping 
their mouths into the salt under a vacuum and then feeding 
He gas slowly back in the apparatus. The capillaries were 
raised out of the molten tracer salt by means of the 
Ni rod and then submerged in the molten non-tracer salt after
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turning the stainless steel 
flange(I).

The capillaries which 
were 1mm inner diameter and 
30-4Omm length were made of 
Ni. The duration of diffu­
sion run was in the range of 
20-120 minutes. The maximum 
difference in temperature 
between the top and the 
bottom of the capillary was 
about 0.5°C

After the diffusion run, 
the capillaries were lifted 
from the molten non-tracer 
salt and then removed. After 
cleaning the capillaries, 
they were cut by a saw at 
intervals of about 2mm. The 
concentration profiles of 
tracer -^F and 24^a or 6li in 
the capillaries were measured 
with y-ray spectrometer or 
ion micro mass analyser(HITA­
CHI IMA-SS), respectively.
NUCLEAR MAGNETIC RESONANCE

Spin-lattice relaxation 
time T^ was measured by pulse 
spectrometer controlled by a micro-processer. For T]_ values 
less than O.lsec "180°-t -90°" pulse technique was applied 
and the longer T^ was measured by " (n-90°)-x-90°" pulse 
technique. The 90° pulse length was about 15ys. For magne­
tization M z (t ) the intensity of free induction decay(FID) 
signal following second 90° pulse were measured as a func­
tion of t . The absolute M z (x) decay obeyed exponential law 
in all samples. In order to improve signal to noise ratio 
a digitalized signal averager was utilized. In all experi­
ments a frequency of 10MHz or 20MHz was employed. Each 
sample was sealed in quartz sample tube with a length of 
4cm and a diameter of 1cm. Temperature of the specimens 
was controlled up to 630°C with accuracy of ±2°C in an 
electrical furnace which was mounted between pole pieces of 
magnet. Temperature was measured by an Pt-Pt(13%Rh) thermo­
couple attached to the sample tube.

T^ for ^Li and l^F has been determined using the rela­
tions I=Iq [1-exp(-t/Ti )] for relatively long T^(T^>0.lsec)

Fig.l Apparatus for Diffusion 
Measur orient

AsNi capillary, B:Ni rod, C: 
Tracer salt, D:Pt crucible,E: 
Non-tracer salt, F:Ni crucible, 
H:Heater, I:Stainless steel 
flange, T:C.A. thermocouple.
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or I=Ig[l-2exp(-t/Tj_)] for relatively short (T^<0.lsec).
RESULTS AND DISCUSSION

18 6Typical concentration profiles of F and Li in capi­
llaries are shown in Figs.2 and 3. The salt was not 
contained within a few nun from the capillary mouth due to 
the volume contraction of the salt.

The diffusion coefficient D was calculated by applying 
the following equation to the observed concentration 
profiles, /9

Cx=C0erf[x/(Dt)1/Z], (2)
where Cg is the initial concentration of the tracer and Cx 
the concentration of the tracer at distance x from the 
boundary after diffusion time t.

The diffusion coefficients are written in the form 
D=Dg exp[-E/RT], (3)

where E is the activation energy, R the gas constant and T 
the absolute temperature. The results as shown in Table 1 
and Fig.4 were obtained by a least squares analysis from 
all experimental data.

Table 1 Summary of self r-dif fusion coefficients 
D=Dgexp[-E/RT] in molten Li2BeF4 ,LiBeF3 
and NaBeF3

Dn (KJ*mol''r-L)
Observed tempera­
ture range(°C)

Li2BeF4
Li 9.27x10”/ 32.5+8.4 470-640
F 6.61X10”1 128.1+14.2 510-650

LiBeF3
Li 1.12x10° 38.7+12.5 440-560
F 3.16xlOU 144.0il6.3 450-670

NaBeFo
Na 7.80x10 I 40.2t5.6 420-560
F 4.93xl0-4 79.6+6.5 440-600

34



ac
ti

vi
ty

 (
ar

b.
 u

ni
t)

F in Molten L ^ B eF/j

Fig. 2 The distribution of -*-8F in a capillary 
after a diffusion run.

gFig. 3 Distribution of Li in a capillary 
after a diffusion run.
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Fig.4 Summary of the diffusion coefficients 
of fluorine and lithium or sodium in 
molten Li2BeF4 ,LiBeF3 and NaBeF3 .
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0.3 1.0 1.2 1.4

Reduced temperature ( T /T ro)

Fig.5 Comparison of self-diffu­
sion coefficient of various 
cations in molten salts and 
molten silicates under the 
reduced temperature scale T/T^

(a)KF(K);(b)NaCl(Na);(c)NaF(Na)?
(d)NaF-AlF3 (Na); (e)Nal(Na),
(f)KCl(K); (g)RbCl(Rb);
(h)CsCl(Cs); (i)LiCl(Li);
(j)FLINAK(Na); (k)FLINAK(K);
(l) FLINAK(Li);
(m) Na20-Si02(23-77mol%)(Na);
(n) Ca0-Si02-Al203 (42-45-12mol%) 

(Ca) ;
(o) CaO-SiO--Al203 (42-45-12mol%) 

(Ca) ;
(p) Ca0-Si02(56-44mol%)(Ca).
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Fig.6 Self-diffusion coeffici­
ent of anions.

(a)KCl(Cl); (b)NaCl(Cl); 
(c)RbCl(Cl); (d)Nal(I)?
(e)CsCl (Cl); (f)T1C1(Cl);
(g) FLINAK(F);
(h) Ca0-Si02(56-44mol%)(0);
(i) Ca0-Si02-Al203(42-45-12 

mol%)(0);
(j) CaO-Si02(40-60mol%)(O).

Figs.5 and 6 show the results of self-diffusion coeffi­
cients in these molten alkali fluoroberyllates compared 
with those of cations and anions in molten alkali halides 
and molten silicates under the reduced temperature scale, 
T/Tm , where Tm is the melting point. The diffusion coeffi­
cients and the activation energies of cations in molten 
Li2BeF4 ,LiBeF3 and NaBeF3 follow a similar pattern to those 
of cations in molten alkali halides. On the other hand, 
self-diffusion of fluorine in these molten alkali fluoro- 
beryllates have unusually high diffusion coefficients and 
activation energies. The activation energies for self­
diffusion coefficients of fluorine were larger than those 
for electrical conductivities[11] and viscosity coefficients
[3] .

It was reported from the analysis of X-ray diffraction 
[9,12] and the Raman spectrum measurements[13] that com­
plex anions exist, such as BeF4 and Be2F^~ in molten 
Li2BeF4,LiBeF3 and NaBeF3 . The fact that the magnitude of 
the diffusion coefficient measured in this work is un­
usually large can not be explained solely by mass transfer 
due to migration of the large fluoroberyllate anions.

Possible explanations for the large value of the 
fluorine diffusion coefficient could be the exchange of 
fluorine atoms between neighbouring beryllate units inclu­
ding the rotation of beryllate anions, or the fluorine 
diffusion by means of neutral ion pair, such as LiF, 
diffusion mechanism. The exchange mechanism involves the 
breaking of Be-F bonds and some steric difficulties with 
anion rotation, which can account for a high energy of 
activation for fluorine diffusion. In ion-pair diffusion,
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on the other hand, the movement of fluorine with lithium 
involves breaking of Be-F bonds, because the content of 
free fluorine atoms in the melt seems small. This mecha­
nism can also have a high activation energy.

Fig.7 shows the temperature dependence of spin-lattice 
relaxation time of ^ F  and 'Li in molten Li2BeF4 [10].
Ti of 19F had minimum and at frequency of 20MHz was 
longer than that at frequency of 10MHz at temperatures 
below Ti minimum. However, both values of approached 
to the same at temperatures above minimum. Ti of 7Li 
had also minimum and the minimum temperature of 'Li was a 
little higher than that of 19F.

The magnetic impurities such as Ni2+ and Fe2+ in the 
sample will have important effect upon the relaxation 
time and resonance absorption spectra. The concentration 
of magnetic impurity was estimated by the analysis of 
magnetic susceptibility measured at temperatures below 4.2°K. 
The concentration of magnetic impurity used in the measure­
ments of NMR was about 2.9ppm calculated in terms of Fe2+ 
ion.

19Fig.8 shows the resonance absorption spectra of F 
and ^Li in solid and molten Li2BeF4[10]. The frequency 
was 10MHz. The remarkable result was the line width of 
resonance absorption spectrum of ^ F  at 435°C(solid) is 
nearly equal to that at 550°C(liquid).

50

'knE
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5 

2

Fig.7 Temperature dependence of T^ of 7Li and 
I^f in molten Li2BeF4 .

, 7Li

V(20MHLi

9F( 10MHz)

1.1 1.2 , , 1.3103/T (k 1)
_L______ L_ U

38



19 7Fig.8 Resonance absorption spectra of F and Li

As there is mainly BeF^” and Li+ ions in molten Li2BeF4, 
the following relaxation mechanisms will be considered as 
the relaxation of 19F. 2_

(1) Rotation of BeF4 ion.
(2) Migration of BeF|~ ion.
(3) Interaction between F” and Li+ ions.
(4) Dissociation of F atom from BeF|“ ion and 

diffusion of fluorine.
The contribution of these four mechanisms to Ti are shown 
precisely in Ref.[10] and the essential equations and results 
will be presented in this paper.
(1) Relaxation due to the rotation of BeF^" ion.

There are two models, diffusion model and kinetic model. 
In diffusion model, the relaxation time of rotation T2 is 
much shorter than periodic time of rotation T q ( t 2 < T q ) and 
T^ is expressed by the following equation,

(1/Ti) rot.diff “ (2/5) (Y”l) Yp If Îf+1^
x [t 2/ (1+o)2t 2) +4t 2/ (1+4oo2t )̂ ] . (4)

On the other hand, in kinetic model(t 2>Tq ) is expressed 
by the following equation,

(1/Tl) rot.kin = d / 5) ̂ 1/T1 Rot.diff. (5)
In these equations, IF is the quantum number of F nuclear 
spin(=1/2),y the number of F atoms in BeF|" ion(=4), Yp the 
gyromagnetic ratio of F nuclei and rp_F the atomic distance 
of F-F pair.

The diffusion coefficient d ' of rotation of complex ion 
is expressed by Stokes relation with a viscosity n.
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D*=kT/8Trâ ri • (6)
The relaxation time X2 will be calculated using the relation 
i2=(6D ,)“l and the observed viscosity r}=5.94xl0"4exp (38.4/ 
RT) poise[3]. x? at 530°C was roughly estimated to be
1.7xl0«10s.

On tjie other hand, eq. (4) is expressed using parameter 
r F-F=2.56A as follows.

(l/T1)rot=1.7xl09[T2/(l+w2T|) +4t2/(1+4(02t^)]s_1. (7)
This equation has maximum at u)X2=0.64. The estimated relaxa­
tion time by Stokes relation X2=l.7xl0“^®s show o)T^=l.02xl0"2 
which is much smaller than unity and can not explain the 
observed T^ minimum at 530°C.

The contribution of rotation of BeF^" ion to TJ1 will 
be estimated to be 1.4s”l by eq. (7) and u)X2=l.07xl0” 2 f 

which is much smaller than the observed value (l/Ti)eXp= 
200s“l. Then the contribution of rotation to will be 
small.
(2) Relaxation due to the migration of BeF|“ ion.

Ti due to the migration of complex ion will be expre­
ssed by a o

(l/TiK.^3/2 y Ti 1(1+1) [8tt/15 J (w) +32tt/15 J(2u>)] 
a i t 3 :  ( 8 )

J(u) = (N/dD) J"Tj 3/2 (u )]2 udu/(u4+ioM) , (9)
where D is the diffusion coefficient of migration of complex 
ion, N the spin density, d the diameter of complex ion and 
J3/2 Bessel function. The integration in eq.(9) has maxi­
mum value 0.133 at u)T=0 and decreases monotoically. Then 
(1/Ti) has no maximum.

The diffusion coefficient D of migration of complex ion 
is roughly estimated by Stokes relation D=kT/67ran and D is 
Ixl0“l^m2/s at 530°C. Then using N=7xl020/m2 and D=lxl0“10 
m 2/s(530°C), the contribution of migration of BeF| ion to 
Ti is estimated to be (1/T-j .3, which is also much
smaller than the observed value.
(3) Relaxation due to interaction between Li+ and F

T^ will be expressed essentially by eq.(8) with diff­
erent parameters such as 1=3/2,D=a2/6x, d=rT -; _F ,N=spin 
density of Li and Y*-Yp*YLi- Using rTi-j_F=1.85A, N=3.5xl020/m3 
and Dl -̂ =9 .27xl0~7exp(-32.5/RT) , we get (1/T^)F_L:L=1.5xl0~3 , 
which is also much smaller than the observed value.
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(4) Dissociation of F atom from BeF2 ion and diffusion of 
fluorine"

The behavior of Ti is attributed to the dissociation 
of F from complex ions and the long distance diffusion of F 
ions in the liquid by the following mechanisms.

In exchange model of fluorine atoms between neighbour­
ing beryllate units including rotation of beryllate anions, 
the diffusion distance with one step will be at most 6A. 
Using the relation D=<a^>/6T and the observed diffusion co­
efficient D=2xl0”^m2/s at 530°C, the estimated correlation 
time t is 2xlO“H-s which is much smaller than the observed 
t=3x 10”^s and is comparable with that of the rotation of the 
molecule. This is not reasonable.

On the other hand, in dissociation and long distance 
diffusion model of fluorine, the relaxation time will be 
expressed by the following equation.

I / T ^ it/IS-y4ftl (I+l)N/a3 [x/ [2 (1+ (iot/2) 2] +t/ (1+<o2t 2) ]
—  (10)

Equation (10) has maximum at o>t=1.41 (t=2.25xl0”8 * * *s at W=
6.28x 107s~1) and we get (l/Ti^na^SO, which is much larger 
than the former three relaxation mechanisms. Then root 
mean square(RMS) distance /<£2> of one step of fluorine 
diffusion, which is the distance between dissociation of F 
from a complex ion, diffusion in the liquid and trap at F 
vacancy of another complex ion, is roughly estimated by 
relation <iz> =6tD. At 530°C, the observed value of x and 
D w§re 2.25xl0~8s and 2xl0“^m^/sy respectively and /<Zi> — 
100A was obtained.

The results of NMR indicate that the dissociation of 
F from complex ions and the long distance diffusion of F 
ions has largest contribution to the diffusion in molten 
Li2BeF4 and T^ of this mechanism is in good agreement with 
the experimental value. The solid curves in Fig.9 are the 
theoretical ones with

1/t=2x 1015 exp(-103.7/RT), (11)
and 9 9l/Ti=S [t/(1+o)2t 2) +4t/(l-f4o)2x2) ] . (12)
S was determined to fit the theoretical curve to the obser­
ved one at 640°C and a)=27rxl0^s_-̂ . The theoretical equation
indicates good agreement with temperature and frequency
dependency of the observed T^. The activation energy
103.7KJ/mol is also in good agreement with that of self­
diffusion of fluorine with tracer method, 128KJ/mol, as shown
in Table 1.
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Fig.9 Temperature dependence of (l/T^) of 
in molten Li2BeF4 « The solid curves 
are the theoretical one with l/f,=2xlO15 
exp(-103.7/RT).

CONCLUSION
(1) Characteristic diffusion of fluorine in molten alkali 

fluoroberyllates could be explained by the diffusion 
mechanism with dissociation of F from complex anion and 
long distance diffusion.

(2) The results of self-diffusion of fluorine in molten 
Li2BeF4 ,LiBeF3 an<̂  NaBeF^ are qualitatively similar to 
those of oxygen in molten Ca0-Si02 and CaO-SiC^-A^O^ 
slag[14,15]. X-ray diffraction analysis of molten NaBeF3 
[9] and CaSiC>3[16] also indicates the similarity of the 
structures, Thus, the research on molten alkali fluoro- 
beryllates will contribute to the analysis of statisti­
cal and dynamical behaviors of constituent ions in molten 
alkaline-earth silicates which is relatively difficult 
because of high temperature.
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NEUTRON DIFFRACTION STUDIES OF MOLTEN SALTS

S. Biggin
H.H. Wills Physics Laboratory, University of Bristol 

Royal Fort, Tyndall Avenue, Bristol BS8 1TL, UK

Abstract

Neutron diffraction, exploiting the isotope effect, a 
now well established technique, is unique in that it enables 
partial structure factors and radial distribution functions 
(rdf's) to be extracted. This review of the structures of 
molten chlorides will include a comparison with X-ray work 
on similar salts; complementing of the two techniques; 
description of all aspects of structural data which can be 
determined from partial structure factors and rdf's; results 
on chloride melts so far examined, in particular alkali 
halides, alkaline-earth halides, and solid-state layer 
lattice melts; and finally details of binary experiments pro­
posed to investigate thermodynamic properties of mixing. Prelim­
inary results on magnesium and manganese chlorides will be 
given.

1. Introduction
For many years, molten salt chemists and electrochemists have been 

interested in molten salt structures, in particular in the existence of 
species in a melt. Industrially such information can be the key to the 
design of a process; for example, metal extraction success depends 
on lack of corrosion, among other things, this being linked to the 
existence of species, and ion mobility, for example, in the chloride 
ternary or higher melts used.

Apart from applied interest, there is obviously the desire to know 
and understand melt structures, since then,from systematic studies, 
behaviour predictions can be made and theoretical models can be tested. 
This is the case since ultimately models such as the hypernetted chain 
(HNC) method, with use of various interionic potentials, must be tested 
against structures derived experimentally.

Until the 1970’s very little information on full, unambiguous 
molten salt structures existed. The simple reason was that only X-ray 
experiments were feasible before neutron diffraction became a routine 
techniqueffollowing the availability of neutron beam research facilities 
and isotopes.

Unfortunately, from an X-ray spectrum, only certain aspects of a 
melt structure can be deduced, with set limits on values, rather-than 
absolute values themselves which can be extracted from neutron 
diffraction through partial structure factors and radial distribution 
functions (rdf's),see §3. It will be seen how vital a knowledge of 
these partial rdf's is in understanding the shortcomings of theoretical
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models.
First then, in §§2-4 neutron and X-ray work will be compared and 

areas where they can complement each other will be defined. In partic­
ular, the isotopic substitution neutron diffraction method will be out­
lined. Then concentrating on mainly neutron work, the remaining sec­
tions will consist of: §5 an outline of materials which can be examined 
§6 features of melts and melt structure values extractable from partial 
structure factors and radial distribution functions; §7 specific 
chloride melts; §8 binary melts.
2. X-ray diffraction

X-ray diffraction has been widely used to study simple molten 
salts, an especially extensive range having been examined by Ohno and 
Furakawa (e .g.J.) where the technique is explained in full. In X-ray 
diffraction a sample is irradiated with a beam of wavelength about lA 
and the scattered beam over a momentum transfer (k) range of about 
0-12A 1 is analysed, corrected for background, sample container, etc.

The coherent X-ray intensity (in electron units), IC°h (k) is then 
given in terms of partial structure factors (k) :

C (k) = l K fa(k)f6(k)Sa6(k)a 8
where f^, fg are the k-dependent atomic form factors, c^ is the concen­
tration of particle a. The total rdf, G(r) - the Fourier transform of 
F(k) in the neutron case - is given for X-rays by

G (r) 1 + I (V 2 r
<lKm>22ir2pr Jo

ki(k)sin kr dk

where the normalised reduced intensity is

where K is the effective number of electrons in atom m. m
Thus we obtain G(r) which gives the probabilities of locating an 

ion in an elemental volume, given an ion at the origin. The first 
peak in G(r) is reasonably assumed to be at the distance of cation- 
anion in the melt.

This peak position is actually an upper limit value, since if a 
second peak (gaussian) would overlap with the first, then it obviously 
pulls out the position of the first peak. This overlapping of 
gaussians is due to penetration of like ions in the first coordination 
shell, and arises in particular for larger cation melts, see §6(ii).
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Integration under the first peak in G(r) gives a value for 
average coordination number of anions around a cation. Attributing 
other peaks in G(r) to other ion pairs is somewhat perilous since 
spurious peaks can be difficult to identify, and usually reference has 
to be made to a solid-state structure. As an example, in Fig. 1 is 
shown ki(k) for MnCl2 due to Ohno and Furukawa ( 1  ) .

3. Neutron diffraction
As with X-ray diffraction, a sample is irradiated with approxi­

mately lA wavelength neutrons and the scattered beam analysed. After 
corrections have been made, a k-space intensity is obtained. In con­
trast with X-ray work, neutron diffraction can be carried out exploit­
ing the isotope effect (i.e. non-systematic variation of scattering 
length of a nucleus with atomic weight). Using three separate isotopic 
substitutions eg. ZnOJCl2, Zn°'Cl2, and, say, Zn Cl2, we can
derive more than the total structure factor, F(k) . That is, the 
partial structure factors, S(k), can be determined, leading to unam­
biguous information about ion-ion correlation functions. The technique 
is well documented ( 2  ) .

Let me briefly clarify use of the technique mathematically. For a 
simple melt, say ZnCl2#

where c is ion concentration, b is ion scattering length. Clearly, 
three different F(K)'s relating to three different scattering lengths, 
b(35Cl), b(37Cl), b(na Ura Cl), will yield the three partial structure 
factors S(k). Transform of S(k) gives the partial radial distribution, 
g (r) through

^a$ (k) = 1 + J fga3(r)"';Llr sin kr ^
where p is number density (A k represents angular momentum transfer 
(A"1) . As an example, the F(k) , S(k) and g(r) for MgCl2 due to Biggin, 
Gay and Enderby (3) are shown in Figs. 2-4 (preliminary results).

4. Neutron and X-ray diffraction
To check that neutron and X-ray experiments are producing consis­

tent results, three molten salts on which both neutron and X-ray data 
existed were chosen. In order to make a comparison, the S(k)'s from 
the neutron experiments were combined using X-ray form factors to re­
produce an X-ray spectrum. This is compared in Fig. 5 for NaCl with 
the normalised reduced intensity due to Ohno and Furukawa (4 ) •
Another test, on MnCl2, was performed by taking partial structure 
factors S(k) from MgCl2 melt. The S(k) from MgCl2 combined impressively 
to reproduce the neutron total structure factor F(k) and so it is valid
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to make this combination and assume MgCl2 and MnCl£ to be isomorphous 
in the melt. The reproduced X-ray reduced scattering intensity i(k) 
plotted as ki(k) against k in Fig. 1 along with the ki(k) due to Ohno 
and Furukawa ( 1 ) is only scaled along k (ion size requirement) .
Again the agreement is satisfactory. A similar combination of neutron 
structure factors for zinc chloride provided excellent agreement above 
3A 1 with the ki (k) due to Takagi and Nakamura ( 6  ) .

From this it follows that the neutron and X-ray data can be com­
bined in determining partial structure factors, any differences point­
ing to areas which need further investigation (artifacts) in one or 
other of the experiments.

5. Melts amenable to study
There are limitations to use of the isotope substitution method. 

We know that scattering length b varies with atomic weight, it 
is obvious that (at least) two isotopes with sufficiently different 
values for b are required to obtain the three different samples 
described in §3. Chlorine is a good example : b(35Cl) = 1.17, b(37Cl)
= 0.308 (10 12 cm, values due to Koester et al. ( 7  )) . Bromine offers
no possibilities since b(79Br) b(81Br). Only 129I occurs naturally,
but 127I is only weakly radioactive and may be exploitable (Welland 
and Enderby, private communication). Anions which can be studied are 
nitrate and nitrite complexes (Neilson in particular has examined a 
range of aqueous solutions where ll*N and l8N have provided the required 
scattering variation between samples (eg.8)), and sulphates, sulphites, 
and more easily selenates, selenites.

As regards cations, both lithium and nickel provide an interesting 
opportunity for simplifying study. Since both have negative scattering- 
length isotopes, zero-scattering (null) samples can be made by mixing. 
Thus study of a single sample of, say, °NiCl2, can yield S (k) 
directly. <j)ther+cations whijh hav^ suitable scattering length varia­
tions are K , Cu , Mg2 , Ca2 , Fe2 , Fe3 (see Enderby and Biggin 
( 9 ) for more detail).

A final point to note is that (i) absorption cross sections must 
be taken into account: lithium 6 (sLi) has an extremely high a (945 
b ams for 2200 ms 1 neutrons) ; and (ii) incoherent scattering cross 
sections which are high, e.g.,for H (a. = 79.7 barns) , will have the
result that the coherent scattering signal will be swamped; deuter- 
ation is essential, for example, in ammonium salts.

The salts are usually held in quartz or vanadium containers, the 
choice depending on attack by the molten salt. Non-standard techniques 
for salt drying often have to be invoked, since drying with HCl or Cl 
gas can lead to undesirable chlorine exchange.

6. General features of S(k) and g(r)
From S(k) and g(r), information on the following can be extracted:
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(i) coordination number, n; (ii) ion-ion separation, r; (iii) pene­
tration of like ions into first coordination shell; (iv) charge can­
cellation; (v) existence of species, pseudo-species; (vi) peak heights 
in g(r); (vii) coulomb peak positions; (viii) site type. Let us con­
sider these features individually.

(i) As described elsewhere, Biggin and Enderby (9,10), values for 
coordination number depend on definition. There is no significance 
to the coordination number n+_ from the statistical mechanical view­
point, since themodynamic properties relate to integrals of g (r) over 
all r. Clearly, comparisons require that definitions be made.Waseda 
defined and discussed ( 11 ) four standard methods (i) integration to 
the first minimum in g(r); (ii) integration to the first minimum in 
r2g(r); (iii) integration under the first peak in symmetrical rg(r);
(iv) integration under the first peak in symmetrical r2g(r).

As pointed out by Biggin and Enderby (9,10), for salts with large 
cations, eg. BaCl2, SrCl2, there is considerable penetration of like 
ions into the first coordination shell, the first peak in G(r) is not 
symmetrical, and integration using any method to find n+_ is not 
reliable. Only integration in g yields reliable values. However, for 
small cation melts, eg. NaCl, use of either G(r) or g+_(r) is satis­
factory. We have shown ( 9 ) that for a small cation, n+_ varies only 
a little between the four methods used applied to g+_(r) and G(r) (3.9- 
5.3 for NaCl) whereas for a large cation the variation is large (6.4- 
26 for BaCl2)•

Now, method (iii) , rg(r) , is valid if solid-like local order symmis assumed. This follows from work by Coulson and Rushbrooke ( 12 ), 
who demonstrated simply that for a liquid approximated by an Einstein 
model (ions moving in a restricted region independent of their neigh­
bours) , then rg(r) is symmetrical (this follows from taking spherically 
symmetric distributions and counting number of ions in a shell between 
r and r+dr). On this basis, use of method (iii) should yield coordin­
ation numbers in good agreement with the semi-empirical formula of Ohno 
and Furukawa ( 4 ):

V |r (liquid) 3
n (liquid) = n (solid) —  ---+- +- |r+ (solid)

where V and V are liquid and solid-state molar volumes. Enderby and 
Biggin f 9 ) have shown that n+_ values calculated using this equation 
agree well with those from method (iii).

(ii) The first peak position in g (r) and G(r) indicates the 
cation-anion average separation and is an upper limit when taken from 
G(r), the deviation from the true value (ie. that found from the partial 
rdf) being largest for large cations because of gaussian overlap. For 
a most physical interpretation, cation-anion separation should be read 
from r2g+_(r) curves, because r2g (r) relates to number of ions at_r, 
whereas g (r) relates to density of ions at r. X-ray results for r+_ 
are usually quoted in D(r) (equivalent of r2G(r)).
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(iii) As mentioned in (i) the amount of penetration of like ions 
into the first coordination shell increases with ion size. Compare the 
g(r) for SnCl2 and BaCl2 in Fig. 9 • For ZnCl2, there are no chloride 
ions in the zinc ion positions, but for BaCl2, chloride and barium ions 
exist at the same r.

Also noted by McGreevy and Mitchell ( 13 ) , with large cations 
shielding by the anions is increased, so that although penetration does 
occur, on average the cation-cation distance is larger such that for 
SrCl2 and BaCl2f it is proposed that second not first interstitial sites 
are filled.

(iv) The phenomenon of charge cancellation is a signal of a 1:1 
salt where beyond about 4A, the g(r) are phased so that the g++(r) 
and g _(r) together are tt out of phase with g+_(r) • This can be seen
clearly in the g Q (r) curves for CuCl, see Fig. 6. ap

(v) How would the existence of a species be manifest in g^fr)?
The radial distribution functions, g(r) , determined using neutron 
diffraction are "snap-shots", t=0 and so structural parameters 
evaluated are time-average values. Now for example, if ZnCl existed 
predominantly in ZnCl2 melt, then this would be a pseudo 1:1 melt, 
with ZnCl and Cl , and charge cancellation would be expected in g(r).

Second, if the r in the species differed from the average cation- 
anion distance of the host melt, then a separate peak in g+_(r) must be 
observed. If r is the same for melt and species, then the existence 
of a species depends on its lifetime. We need somehow to show that the 
complex ions are not exchanging at normal ion exchange times 10 s) 
in order to prove they are "bound". The molecular dynamics (MD) studies 
of de Lee^w ( 15 ) are relevant here. He finds that groups of ions 
like SrCl do indeed exist for times long compared with the collision 
time. Even so, these results cannot be regarded as evidence for stable 
entities, since the prospective species SrCl must retain its identity 
for a time several orders of magnitude longer than the lifetime of any 
other group eg. SrCl3.

It seems justifiable then to stipulate that for a species, MX, the 
diffusion coefficient of M in the species must be equatable to that of 
X in the species. It has been shown that for this to be the case, the 
binding time of M and X in the species must be ^ 10 11s. Such a long- 
lived arrangement would be seen in g(r) , in that the first peak in 
g (r) would be extremely well coordinated, provided the species was a 
major constituent (but see (vi)).

(vi) Peak heights in g(r) give an indication of how well coordin­
ated a melt is. For example, the first peak in g _(r) forZnC^, see 
Fig. 7/is much higher and narrower than, say, that for BaCl2* From 
this we deduce that the ions are very specifically sited in a well de­
fined network (not necessarily evidence of species existence). The 
fact that g(r) falls to zero beyond the first peak, as is also the case 
for MgCl2, supports this deduction.
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(vii) The coulomb peaks (in k-space) in 1:1 salts, see for 
example Fig. 8 for NaCl, are the main peaks which occur at one posit­
ion in k-space, the peak being negative in S+_(k). This is related to 
the regular real-space charge distribution in 1:1 salts.

(viii) The ratio r /r gives an immediate indication of coordi­
nation. For example, r ~jx - ^8/3 for a tetrahedrally coordinated
cation. For an octahedral site, r_/r = /2. An example of each type
is given by r /r = 1.65 for CuCl (Eisenberg, et al, (M)), and 1.41 
for NaCl (Biggin an3 Enderby (5)). Of the melts studied, only ZnCJ-2 
and CuCl are tetrahedrally coordinated, as they are in the solid.

The fact that other small-cation melts are not tetrahedrally 
coordinated, eg. MgCl2* indicates that ion size alone does not control 
the melt structure. According to its size, 0.74A, it would be expected 
that the zinc ion would occupy an octahedral site (radius 0.20 x 
chloride ion diameter = 0.72A) , instead of the smaller tetrahedral site 
(radius 0.11 x chloride ion diameter = 0.4q A) . The strong polarizing 
power of the zinc ion (and the cuprous ion in CuCl) enables it to 
occupy the site.

I have discussed the melt features in general. Now let us con­
sider specific melts.

7. Specific melt structures
Above, we have considered the main points of information extract- 

able from partial S ~(k) and g g (r). Now let us consider the 
structures of specific melts which have been examined. If we then 
compare these structures with those predicted by theoretical methods 
or models, eg. Monte Carlo, Molecular Dynamics, Hypernetted Chain 
(HNC), then we can pinpoint shortcomings of the models in their 
occasional failure to make accurate predictions.

It will be instructive to categorize the salts into three groups: 
(i) 1:1 salts; (ii) 2:1 salts; (iii) solid-state layer lattice salts.

(i) Of 1:1 chlorides, a large number have the NaCl structure in 
the pre-melting solid phase: Li, Na, K, Rb, Cs and Ag. Only cuprous 
chloride has a four-coordinated (zinc blende) structure. In all cases, 
except CuCl, the melts show 1:1 characteristic charge cancellation, 
increasing penetration with ion size, a slight reduction of r on 
melting and r+ ^ r+ + r where r+ and r are the cation and anion 
radii. Now, cuprous chloride is tetrahedrally coordinated in both melt
and solid with r_/r+_ ^ ^8/3. The g++(r) for CuCl shows unusually
little structure, see (14,17) and Fig. 6, compared with that from other 
salts and although such high penetration of like ions into the first 
coordination shell together with r | being considerably less than r+ + 
r (2.38 cf. 2.77A) indicates a degree of covalency (an octupole 
moment is set up, see Mahan (18)), there is contrary experimental 
evidence, see Boyce and Mikkelson (19), from NMR work.

Another problem area lies in some of the results for AgCl, CsCl 
and KC1. Some of the fine structure in the S(k)' s (20)is thought to
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result from the method used to obtain g R (r)f as was reported to be the 
case for CsCl, now re-examined by Mitchell et al. (private communication).

For all the NaCl-type melts, coordination number according to the 
rg(r) method falls from 6, to about 4 on melting. For the larger
cation^melts, higher values are quoted for n^_, but usually through 
methods such as integrating to the first minimum in r g(r). Ohno and 
Furukawa (4) have shown that there is excellent agreement between their 
semi-empirical formula used to calculate n+_ for 1:1 salts, and results 
obtained.

In recent work by Ohno et al,(21), KBr is examined using X-ray 
diffraction, and a comprehensive table of 1:1 salt parameters is given. 
Again r+_ ^ r+ + r, the coordination number by any method is close to
4, and r_/r ^ 72, indicative of octahedral siting. It would be
interesting to extract partial g R (r)'s for KBr using a neutron 
experiment, because since the values for n+ by any method are close to 
4, little penetration can be present, and K must be considered 
"small" relative to Br (the results for NaCl from X-ray diffraction 
using methods ii-iv listed in the section on coordination number vary 
by about the same amount 4.0 - 4.1 for NaCl, 3.5 - 3.7 for KBr).

The difference between g++(r) and g _(r) is thought to be due to 
polarisation ( 5), this difference being very slight. Within the
error of an experiment carried out on the Dido reactor, Harwell, these 
g(r) are barely distinguishable, but results in general indicate 
that g _(r) falls slightly lower than g (r) .

Theorists can obtain all features of these 1:1 salts using models 
such as the HNC (where direct and indirect correlation functions are 
summed iteratively to give the total correlation function), i.e. peak 
positions, amount of penetration, peak heights, coulomb peaks.

(ii) McGreevy and Mitchell have reviewed the 2:1 salts ZnCl2 (16), 
CaCl2 (10), BaCl2 (22), SrCl2 (23). Increased coordination number 
follows ion size, as does penetration. Zinc behaves like Cu in CuCl, 
in that it occupies a tetrahedral site which changes very little on 
melting. Both BaCl2 and SrCl2 have the fluorite structure in the pre­
melting phase, with close-packed cations. Their coordination number 
n falls from 12 to about 8 on melting. In all cases, the g _(r) 
lies at about 3.7 - 3.8A, its width increasing and height decreasing 
with increased ion size, but with n around 8. Figure 9 shows 
increase of penetration with ion size for these salts.

The only non-characteristic feature of these melts is the high 
ordering of ZnCl2, see Fig. 7, but this follows from its "covalent" 
nature shown in the solid resulting from its electronic structure.

There is another feature, the first peak position in g (r) for 
both ZnCl2and CaCl2, which is not predicted correctly by HNC+calcula- 
tions using a purely ionic model. All other features of this 2:1 
series, including the g++(r) for SrCl2 ^nd BaCl2 are correctly predict­
ed (A. Copestake, private communication). For ZnCl2, r = 3.8A, ^ 
the solid-state value. For CaCl2 however, the Ca-Ca distance
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3.6A is less than the solid+values : two Ca2 ions at 4.2A and 8 
at 4.95A from an origin Ca2 ion. X-ray work by Iwamoto et al.(24) has 
given a Ca-Ca distance of 6.4A.

Whether the difference is due to a specific plus-plus interaction or 
results from polarisation of the anion is an area for further inves­
tigation.

(iii) Solid-state layer lattices of the CdCl2 type include MgCl2, 
NiCl2, FeCl2, MnCl2 which therefore consist of octahedrally coordinated 
cations in a ccp anion array. Zinc chloride was reported as being CdCl2 
type, but is clearly tetrahedrally coordinated (16). The results for 
S (k) and g _(k) for MgCl2 are shown in Figs. 3-4. The Mg-Cl 
separation is 2.45A just under the solid state value. Similar to other
salts the Cl-Cl separation is 3_.64±0.05A with a coordination number n_
= 6.85±1. For magnesium ions, r++ is 3.62±0.08A, with n++ = 5.2±1.5.
The coordination number n ranges from 3.7 for method rg(r) toh—  , symm3.5 for integration to the first minimum in g(r) . The ion is very
small, so the method has little influence on n+_. Also note there is 
little penetration of like ions into the first coordination shell.

It was shown in §4 that MnCl2 is isomorphous with MgCl2 with n+_
'v* 4 again. Also for NiCl2/ n+ ^ 4  (A. Howe, private communication) .

8. Binary melts
For a binary melt AX .BY , ten isotopic substitution experiments 

are required to extract aSl ten partial structure factors, although for 
any one structure factor only four experiments are required, three if 
the ion-ion pair is of like ions. If, however, one of the ions is a 
null scattering ion, eg. °Li , °Ni , then the binary melt becomes 
effectively a single melt again and only three experiments will com­
pletely define the structure.

One such experiment currently in progress (Biggin and Blander , 
private communication) is the study of AlCl3.°LiCl, which will be of 
interest for several technologies.

Another binary melt about to be investigated (Biggin) is MgCl2- 
BaCl2, in order to provide structural evidence for the inference by 
Lumsden ( 25 ) that the melt changes structure at equimolar composition, 
giving rise to discontinuities in the enthalpy of mixing curves.

If we are interested in thermodynamic properties of mixing, eg.
0 X C 0 S SAG /AH, then neutron diffraction provides a route: only three

partial structure factors, evaluated at k=0 are needed. This follows 
from an extension of the formulation given by Enderby and Neilson (26) 
based on work by Kirkwood and Buff ( 27 ): from a knowledge of (S (0)+ 

(0)-2S^b (0)), these thermodynamic functions can be derived (they are 
linked through activity coefficient). Given knowledge of isothermal 
compressibility and number density, only one partial structure factor 
from the above three is needed to access excess functions.

0 X C 0 S SA preliminary study carried out by Biggin has shown that AG 
can be evaluated to the correct order of magnitude for salt mixtures
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such as (Na,K)Cl using S(O) values taken from MSA (mean spherical 
approximation) calculations. Thus we expect good agreement with calori­
metry when this work is extended to neutron scattering examination of 
binary melts at zero wave-vector.

9. Discussion
It is clear from the melt structures considered, that ion size 

plays an important role in determining melt parameters. However, the 
ZnCl2 structure, for example, emphasizes that electronic configuration 
also has an influence and can bring about a degree of covalency.
Neutron diffraction alone is not sufficient to give specific results on 
existence of species (being a "t=0" experiment), but can indicate from 
average ion positions whether their existence is likely.

There are still aspects of structure which cannot be modelled 
correctly, such as the Zn-Zn separation predicted on an ionic basis.
The value of separating out partial structure factors and radial dis­
tribution functions is seen when comparisons are made with theoretical 
predictions, since only in this way can specific shortcomings in the 
theory be identified.
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Figure 1. Reduced intensity function 
ki(k) for MnCl^: ° X-ray data due to 
Ohno and Furukawa [ l] ; * neutron data 
due to Biggin et al.[ 3] .

Figure 3. S R(k) due to 
Biggin et ai.[ 3] for MgCl^.

Figure 2. F(k) for MgCl^ due 
to Biggin et al,[ 3] . A: raw 
data; B: reconstructed F(k) 
using S(k) in Fig. 3.

Figure 4. g _ (r) due to Biggin et al.
[ 3] for MgCl^ o ----Mg-Cl;....
Cl-Cl;----Mg-Mg.
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Figure 5. Reduced intensity 
for NaCl:* * * X-ray data due to 
Ohno and Furukawa [ 4] ; . —
neutron data due to Biggin and 
Enderby [ 5] .

Figure 7. g for ZnCl2, due to 
Biggin and Enderby [ 16] . A:ZnZn; 
B:C1C1; C:ZnCl.

Figure 8. S „ (k) for NaCl due 
to Biggin anaEnderby [ 5] . 
ArNaNa; B:C1C1; C.-NaCl.
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Figure 9. Increased penetration with ion size 
----  cation-anion; anion-anion.
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ABSTRACT
A model of the vapor pressure of the ternary 

liquid LiCl-NaCl-AlCl3 system has been developed 
based on available thermodynamic data. This model 
covers the entire ternary miscibility range and 
has been programmed on a digital computer.

INTRODUCTION

Melts of NaCl-LiCl-AlCl3 occur in many processes. Previous thermo­
dynamic models of the vaporization behavior of these melts have dealt 
with only binary systems (1) or the ternary system with very low AICI3 

concentrations (2). In some instances, higher concentrations of A1C13 

are expected to be encountered and systems where X^XC13 ~ 0.50 are 
especially interesting. The model described in this paper makes use of 
available published data to treat the ternary system between 0 and 80% 
AICI3 (80% AICI3 is the approximate point at which a miscibility gap 
is encountered). This model has been translated into a digital computer 
program.

The data on which this model is based are not considered final and 
model revisions are expected as more data emerge. However, the present 
model is believed to give a reasonably realistic description of the 
NaCl-LiCl-AlCl3 system.

PHYSICAL BASIS OF THE MODEL
A 19-parameter model is developed for the ternary system LiCl-NaCl- 

AICI3 based on equilibrium constants and activity coefficients. The 
description of the basic range (X°^xci3 0.5) hardly needs to be im­
proved, while further refinements are recommended for the acid range 
as more accurate data become available. The model can be used for cal­
culation of (a) activities, (b) vapor pressure and composition above
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liquid, (c) composition of liquid and vapor when temperature and pres­
sure are given, (d) condensation temperatures of gas and composition 
of condensing liquid.

The model will, as far as possible, be based on established structu­
ral data and thermodynamic principles. An important feature of the pre­
sent model is that it will contain previously developed models as limit­
ing cases (i.e. , the systems LiCl-AlCl3 : X°^ci3 < 0.50, NaCl-AlCl3 : 
x°Aici3 < 0.50, LiCl-NaCl-AlCl3: X° A l c ^ 3 < 0.04). Emphasis will be put 
on making a simple model, even if at first glance it may not seem so to 
the reader. It is, however, to be remembered that it is a very complex 
system which is to be described over a wide temperature range. It is 
believed that the developed 19-parameter model indeed represents a 
minimum number of parameters needed for a meaningful description.

The systems MeCl-AlCl3 are characterized by a liquidus temperature 
of about 600-800°C in the basic range which then drops sharply to 150- 
200°C around X°Ai d 3 = 0.50. An isothermal study of the system over the 
entire concentration range of interest (0 < X°A1C13 < 0.80) has not 
been carried out due to the high vapor pressure of the acid mixtures at 
elevated temperatures. Based on Raman and infrared spectroscopy (3-6), 
the structural entities in these melts can nevertheless be summarized 
as follows:

x°A1C13
0 0.50 0.667 0.80

Stoichiometric
Composition MeCl MeAlCU MeAl2Cl7

Melt species .+Li , Na+ | Li+, Na+
Cl”, A1CU | 

1 
1

A1CH
ai2 ci7 , A12C16

1
1
1 (AI3CI1 0 )

The present model will be based on the presence of the major species 
given above . For simplification the species AI3CI70 is neglected 
although it probably exists (4-6).

With reference to earlier work on the vapor above basic melts (1,2). 
the gas is considered to consist of the following molecules:
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The gas is assumed to behave ideally and no corrections are per­
formed due to nonideality even at high pressures. Such a correction 
would, however, be easy to perform but it is not considered necessary 
at the present stage.

The melt is considered to be a modified Temkin mixture (7) by con­
sidering Li+ and Na+ as a cationic mixture and Cl~, AlClH AHCly* 
and AI2CI6 as a modified anion mixture. Temkin activity coefficients 
will be introduced when justified by experimental data.

LiAlCH, NaAlCl.*, A1C13, A12C16

The following eight independent equilibria will be considered:

LiAlCH W = LiAlCl,(g) CD
NaAlCUa) = NaAlCl,(g) (2 )
A1C13(£) = AlCls(g) (3)
LiAlCH (£) = LiCl(£) + A1C13 (5,) (4)
NaAlCH W = NaCl(5,) + A1C13(«.) (5)
2LiAlCH W = LiCl(Jl) + L1 AI2CI7 (f.) (6)

2-NaAlCHU) = NaCl(d) + NaAl2 Cl7W (7)
2A1C13 (g) =- Al2Cl6 (g) (8)

Equilibria in a mixed Li+ , Na+ system will be described by the 
Flood-Muan or by a first-approximation of the Flood, F^rland, and 
Grjotheim model (8).

In K .
h i . N a  *  h i  ln  h i  + h a  ln  h a

where

hi
h i +

“Li+ + V +
and

h a
"Na+

"Li+ + +

(9)

( 10)

This simplified equation may be elaborated further if more data be­
come available.

The avoidance of thermodynamic inconsistencies is emphasized in the 
model. The primary quantities calculated are the vapor pressure and 
activity of AICI3 . The AICI3 activity has a straightforward meaning as:

aAlCl3 = PA1C13/P AICI3 ’ where
p° denotes pressure over pure AICI3 . This activity is also commonA1C13
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to all chloroaluminate melts and no standard state confusion is likely 
to occur.

The quantity pCl(-log ĉ p-) is often used as a primary quantity of 
chloroaluminate melts but it has an inherent weakness. Used properly, 
in the meaning aMCly> it is well defined, but very often pCl is used 
loosely as an undefined single ion activity. This may lead to con­
fusion, especially in connection with interpretation of concentration 
cells (9). In addition, the standard state will vary according to which 
MCly chlorides are present. However, if one wishes to calculate pCl it 
may be obtained through a Gibbs-Duhem integration from a^  ̂ •

DEVELOPMENT OF MODEL

Notation

In order to treat the present system in an efficient way, it is 
necessary to use a simple and easily understandable notation. The fol­
lowing definitions are introduced:
Main_Symbols

X : Modified Temkin ion fraction (see below)
P : Pressure in atm
n : Number of moles
a : Activity
y : Temkin activity coefficient
K : Thermodynamic equilibrium constant
KT : Ion fraction stoichiometric coefficient

: Bulk composition of AICI3 in mole fraction.
Subscripts to X, P, n, a, and y:

L : Li+, N : Na+, 1 : Cl' 
3 : AICI3 , 6 : A12C16, 7 
t : total .

4 : A1CU 
AI2CI7

to K and Kf:
According to Equations (1-8). 

Examples

*N = "Li+ + °Na
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x = ________ "aici;______________ _
" nCl“ + nAlCH + nAl2Cl7 + nAl2Cl6

aN4 = âAlCli, = ‘
Model for the Binary Systems LiCl-AlCl3 and NaCl-AlCl3

The strategy of the present model construction is first to obtain 
models for the two binary systems LiCl-AlCl3 and NaCl-AlCl3 and then 
obtain a model for the ternary system LiCl-NaCl-AlCl3 as an extension 
of the binary model.

The work by Linga et a l. (1) is the most complete vapor pressure 
study of basic chloroaluminate melts and the models developed from that 
study will be included in the present model. Their models do, however, 
only treat compositions where <0.50 and the presence of AI2CI7 

and AI2CI6 (or AICI3) in the liquid phase was ignored. Therefore Equa­
tions (6) and (7) were not considered.

With reference to the physical model given, the following stoichio­
metric relations are valid using LiCl-AlCl3 as an example:

Base 1 mole of mixture: n ° A101 + n°TAICI3 LiCl
X° = n 4 + 2n6 + 2n7 A
1 -  X? = n i + ni* + n 7

En = ni + nt* + n6 + n7 = 1 - X^ + n6

- + "°K = 1 
( i d  

(12) 
(13)

Xi =

X6 =

ni
x *

1 -  X °  
X A

>

+ n6
l ~ x l +  n 6

n 6
X 7

n?
1

0
 <3 
X1 + n6 ’ " ^

+  n6
2LiAlCU(£) = LiCl(£) + LiAl2Cl7(£) : K£ =

(14)

(15)

X i X 7 (16)

LiAlCltf(£) = LiCl(£) + 0.5A12C16(̂ ) : Kj = X!X6>5
Xt*

(17)

Equations (11-17) give expressions for Xi, Xi*, X6, X7 in terms of 
Kg and K,J. The same expressions will be valid for the NaCl-AlCl3 system 
when K7 and Kg are substituted for Kg and K,J. The solutions of the 
equations will not be given here, but will be part of the complete 
model for the ternary system given in the next section.
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Following the model of Linga et at. (1), the activity coefficients 
of LiCl and LiAlCl* are given as:

In the present model where high precision is not attempted in the 
acid region, we set

As Xj 2 0 in the acid region, we obtain the following simplified 
expression for the thermodynamic equilibrium constants Ki* and K6 in 
this region using Equations (18) and (19).

Similar expressions are valid for the NaCl-AlCl3 system.

Model for Ternary LiCl-NaCl-AlCl3 Melts
The previous model for ternary LiCl-NaCl-AlCl3 melts with low con­

tent of AICI3 was semiempirical with basis in measured total pressure.
The formation of AlCl3 (g) can be written in a general way as follows

This means that > 6 = 2 is introduced. The basis for this is the know­
ledge that a liquid-liquid immiscibility gap appears for NaCl-AlCl3

at X° 0.80 where XA1 - 0.50.
A AI2CI6

(18)

(19)

y6 = 2*)
and

1

(20)

(21)

MA1CU($,) = MCI (9 ) + A1C13 (g) (22)

2
LA12C16 aAlCl 3 2Xlai2 ci6
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The pressure of AlCl3(g) can be represented by a Flood-Muan (8) 
model as follows:

P3 = ( !> ) [£ YN4
YNi

(23)

The other vapor pressures are then given in terms of P3 as:

PL4 ■ K i (K3K O _1 XjX iYĵ (24)

PN4 K 2(K3K5)-1 XjjX jYjjjP s (25)

Pe = k 8p 32 (26)

Pt = P3 + PL4 + PN4 + P6 (27)

As the model now stands, only binary data are needed for the calcu­
lation of the pressures above the ternary melts.

A minor ternary term used successfully for ternary melts dilute in 
AlCl3(2) will, however, be introduced. This implies introducing regular 
solution activity coefficients due to the mixing of Li+ and Na+ ions.
We hence get:

(28)

(29)

RESULTS

The final model was arrived at through an extensive trial-and-error 
process proceeding partly from a simpler model than the final and 
partly from a more complex model. The trial-and-error procedure will 
not be discussed, but we will here present the final model in a closed 
form with parameters.

(a) Fractions Xi, Xi*, (X6), and ( X 7 )  are given as functions of
and K* by solution of two quadratic equations:*)B

n £  + n i  n 4 + n j  -  n i  +  X °  n i  = 0 (30)

* )K !
A

X i  * X 7 X 7

X i  * X 6
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0 (31)

nj + m(2X° - 1 + ni + 3m) + m(2K^ + 2)

+ n ^ " 2KB + 3KB X1 + 3X1 ' 2) + X f - XI " 
n6 = m  + 0.5ni* - 1 + 1.5X°

X i
n i x«* = n 4

1 -  X °  +  n 6 n 6

X 6
n 6

o x7 = 1  -  X i  - x*
1 - XA + n6

(32)

(33)

(34)

ka = h /exp {b~ rt}) h /exp{i7Rf})
*T ^

_ 2K6X  K 7 exp
B k ^2x l k 52xn v iml

(b) Equations for cation fractions:

{ bT rt}) [exp {erWlP

*L = 1 -  X .

(35)

(36)

(37)

4
1 - X.

(38)

(c) Pressure equations:

fx J  IrYL4A fm}** (39)p 3 = K3 K4 K5 [xi] ^Ll j tYJ

PL4 = K, (K3 K O ' X i YL1 p 3 (40)

PN4 = k 2 (k , k 5)- 1 X N X! yn 1 p 3 (41)

P 6 =: K 8 P32 (42)

Pt =; + PL4 + p1 +N4 P 6 (43)
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ACp is set equal to zero for all reactions involving only liquid phases 
This is, however, not justified when gaseous phases appear in the equi­
librium. For Equations (3) and (8), K is known as a function of tempe­
rature from the JANAF Thermochemical Tables (10) . For Equations (1) and 
(2), the approximation formula given by Kubaschewski and Alcock (11) is 
used.

Ax By (&) = Ax By (g) ACp = -2.7 (x + y) cal/mol degree

This gives AC° = -68 J/mol degree for Equations (1) and (2). The 
equations for K then have the form:

KT
/1

6XP \R
-Ah 973 + AS973 + ac; (44)

(e) Activities of liquid mixtures:

exp fb 4 i exp ;“l 6l f X* f  1 (45)YL1 i t ; \ RT Ui + blx, j ;

YL4 exp rb exp A  f Xi , f l (46)1 T J LRT tXi + ' J J

yni exp f b K l exp f“N eN r X- ]2 l (47)I t / \ RT [Xi + eNx„j ;

II exp ; b % exp raN r Xi f l (48)\  T  J IRT (Xi + eNx,J ;

The following activity coefficient parameters are introduced:

°L
R 2150 "N

R 1843

IICQ 3.115 3.051

b = -564

Ye = 2

Y? = 1 (i.e.., deviation from ideality is ignored)
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X°, and T = 1 - X° - x£
The present model is a 19-parameter model with 12 equilibrium para­

meters (AH° and AS°) and six activity coefficient parameters and one 
assumption concerning AC? for Equations (1) and (2). The data for Equa­
tions (3) and (8) are taken from JANAF Thermochemical Tables (10).

The 12 parameters AH?, AS?, AH?, AS?, AH?, AS?, AH?, AS?, ô /R, 3-̂, 
otjj/R, and 3̂  are all taken from a refitting of the data for the two 
binary systems LiCl-AlCl3 and NaCl-AlCl3 (1). This fit is based on de­
terminations of total pressure as well as vapor composition (1,2). The 
relevance of the parameters has been discussed earlier.

The parameter b was estimated from data by Hersh and Kleppa (12) on 
LiCl-NaCl mixtures but could, of course, have been made an adjustable 
parameter.

The parameter y6 = 2 was introduced in order to obtain liquid-liquid 
immiscibility at = 0.80. The last five parameters were used for 
bridging the high-temperature data for basic melts and low-temperature 
data for acidic melts. AH? and AŜ  were given values so that Pt =
0.382 atm for X? *= 0.50 and t = 700°C Linga et at • (1) and Pt = 
0.0946 atm at ”X° = 0*̂ 0 and = 200°C Viola et a t . (13) . This is a 
somewhat bold procedure and would have had to be abandoned if unreason­
able values of AH? and AS? had resulted. Rather probable values are, 
however, obtained.

Then AS? was set equal to AS? and AH? was determined by the require­
ment that

P (LiCl-AlCl 3) = 2P (NaCl-AlCl 3)
for X° = 0.60 and t = 200°C. This last condition is a rough guessti­
mate, but better values may be inserted.

(f) Variables

Chloride Activity
The chloride activity in binary LiCl-AlCl3 and NaCl-AlCl3 or ternary 

LiCl-NaCl-AlCl3 melts may be obtained straightforwardly by modification 
of Equations(45) and (47).
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or by integration of the Gibbs-Duhem equation:

IXi=l
dln "MCI

Xi o
. ( dln PJ 1 _ v° AICI3 
Xi = l A

(50)

where the ratio X^/X^^ is kept constant. *)

Equation (49) is the easiest to use, but calculations according to 
(50) were also carried out for the binary as well as a ternary system 
to perform the consistency check that they indeed give identical results

As an illustration, Table I gives the drop in chloride activity 
around 50 mol% A1C13 for 1073 K and 473 K.

A typical feature of the chloride activity is that the drop around 
X°a i c i 3 = 0.50 is much less pronounced at 1073 K than at 473 K for the 
binary" NaCl-AlCl 3 system. The ratio

aMCl(XAlCl3= 0-48)/aMCl(XAlCl3= °'52) 1S

3.8*10 at 473 K but only 13 at 1073 K. The activity drop for the LiCl- 
AICI3 is less than for the NaCl-AlCl3 system while the LIq 5Nsq 5CI-AICI 
shows an intermediate behavior.

DISCUSSION

Comparison with Experimental Data

In certain concentration areas, the developed model must still be

*^A direct use of Equations (45) and (47) with the Temkin activity defi­
nition gives:

, *L ,T T A  *L ,T , >  ^
^ C l  aLiCl aNaCl Xl) YL1 (XNXl) YN1

where a ^^ is the activity given by Equation (49). It is seen that the 
first four terms are constant when X^/X^ and T are constant. They dis­
appear due to the requirement that the chloride activity is set equal 
to unity for a pure chloride mixture as well as for pure LiCl or NaCl.
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considered as crude, and it has some deficiencies which will be dis­
cussed later. Let us, however, first examine the model for tempera­
tures and concentrations where fairly reliable data are available and 
see how it performs. Table II gives some comparisons with experimental 
data for the binary systems and Table III for available ternary data.

Table II shows that the good agreement between model and data for
the binary systems LiCl-AlCl3 and NaCl-AlCl3 for 0 < X® < 0.50 and T = 
973 K is retained by the expansion of the model. It is encouraging to 
note that the expansion to also cover the data for 50 mol% NaCl - 50mol% AICI3 at 973K did not have any adverse effect on the lower range.

The representation of the data for NaCl-AlCl3 , 0.50 < X° £ 0.80 at 
473 K are quite good when it is realized that the data is extrapolated 
500K. It is not considered complicated to expand the model to 
give better agreement by introduction of ACp(AlCl 3 ( £)) (14) and variable 
activity coefficients for AI2CI7 and A12C16* The species AI3CI7 0 may 
also be introduced. This procedure is, however, not considered justi­
fied at the present stage as the experimental data are under revision.

Table III shows that the model gives a very good description of 
available ternary data for mixtures with low AICI3 content. The con­
tent of AICI3 in the vapor is slightly underestimated, P̂ A-ldit coming 
out exact and PflaAlClM. slightly overestimated so that the total pres­
sure is equal to the experimental pressure.

A Qualitative Description of the System
(a) Binary Systems
On the basic side the gaseous molecule MAlCli* is the main gaseous 

species until near 50 mol% AICI3 when AICI3 becomes the major gas 
species.

Table IV gives the composition X° when AICI3 or AI2 CI6 becomes the 
major gas species.

In the temperature range 473 3L T - 7 7 3 K AICI3 or AI2CI6 becomes the 
major gas species between 0.48 < X® < 0.5. At low temperatures AI2CI6 

becomes the major gas species at lower AICI3 content for the NaCl-AlCl3 

than for the LiCl-AlCl3 system, while the opposite is the case at 
higher temperatures due to dissociation of the LiAlCli*.

The total pressure increases rapidly with addition of small amounts 
of AICI3 , then there is a moderate increase (at one part nearly no 
increase) till near 50 mol% AICI3 . Around this concentration a strong 
increase is seen and then the pressure increases until 80 mol% AICI3 

where the pressure becomes equal to the pressure of pure AlCl3 (£) as 
it should.
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The model is, of course, only valid above the liquidus line of the 
system. This means that the pressure in the range 0 < < 0.40
and 473 K does not have any meaning. It is, however, interesting to 
note that if the liquid could be super-cooled to this temperature, a 
liquid-liquid immiscibility on the basic side should be observed.

The total pressure of the LiCl-AlCl3 system is higher than the 
corresponding NaCl-AlCl3 system, except near 80 mol% AICI3 when they 
have to become approximately equal. The difference is up to a factor 
of 10 on the basic side and a factor of 2 on the acid side.

(b) The LiCl-NaCl-AlCl3 Ternary System

The model bears out the same feature that were observed for binary 
mixtures dilute in AICI3 (2), NaAlCli* is more abundant in the gas 
phase than LiAlCli* for XLi = XNa; in spite of that, the total pres­
sure above the LiCl-containing system is up to ten times higher than 
for the corresponding NaCl-containing system. The pressure of AICI3 
and the total pressure are satisfactory predicted by the Flood-Muan 
model (8) as far as it can be checked.
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Table I. Some Calculated Chloride Activities at 473 and 1073 K.

System
T ^Cl
K ^X

 
> 

0 11 0 4> 00 011V

50 X > 
0 =0..52

NaCl-AlCl3 473 0.258 1.55 x 10-4 6.76 X u T 8
LiCl-AlCl3 473 0.307 2.38 x 10-3 1.35 X io~5

Li0.5Na0.5C1"A1Cl3 473 0.281 6.07 x 1 0 -4
-2

9.55 X 1 0 -7
-2NaCl-AlCl3 1073 0.141 0 X 10 1.06 X 10

LiCl-AlCl3 1073 0.214 0.139 9.15 X

CN1Or—I

LiQ 5NaQ Cl-AlCls 1073 0.164 7.46 x 10"2 3.33 X IQ'2

Table II. Total Pressure Calculated from Model Compared with 
Experimental Data.

Reference Temp.
K

x°XA

0 1-1
X 0 Pfc (mod) 

atm
pt (exp) 
atm

Linga et at. (1) 973 0.10 - 0.90 - 0 0.198 0.191
0.20 - 0.80 - 0 0.245 0.242
0.30 - 0.70 - 0 0.315 0.315
0.40 - 0.60 - 0 0.496 0.575

Linga et at. (1) 1073 0.10 - 0 - 0.90 0.076 0.075
0.20 - 0 - 0.80 0.108 0.117
0.30 - 0 - 0.70 0.146 0.150
0.40 - 0 - 0.60 0.222 0.240

973 0.50 - 0 - 0.50 0.3831* 0.382

Viola et at. (13) 473 0.52 _ 0 _ 0.48 0.001 0.007
0.56 - 0 - 0.44 0.017 0.027
0.60 - 0 - 0.40 0.096* 0.095
0.64 - 0 - 0.36 0.354 0.279
0.68 - 0 - 0.32 0.828 0.703
0.72 - 0 - 0.28 1.398 1.51

Fannin et at.■ (14)
JANAF Tables (10) 473 0.80 - 0 - 0.20 2.54 2.53

♦Constraints
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Table III. Partial Vapor Pressure Calculated from Model 
Compared with Experimental Pressures (2).

Composition: >X
0 11 0 b II 0.49 = 0.49, T = 973 K

Vapor P(model), atm P(exp), atm

LiAlCH 0.00380 0.00378
NaAlCH 0.01630 0.01538
AICI3 0.00526 0.00623
Total 0.02537 0.02539

Table IV. Composition in Mole Fraction AICI3 when A1C13 
or AI2CI6 Becomes the Major Gas Species.

Temp., K LiCl-AlCl3 LiQ 5Na0 5C1-A1C13 NaCl-AlCl3

473 0.500 0.492 0.493
575 0.496 0.491 0.492
673 0.492 0.487 0.489
773 0.484 0.483 0.488
873 0.464 0.472 0.486
973 0.400 0.447 0.479

1073 <0.02 0.403 0.466
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THERMODYNAMICS OF EVAPORATION OFALKALI-TETRACHLORO-ALUMINATES AlkAlCl„4
Ulrich Gesenhues, Hartmut Wendt 

Institut fur Chemische Technologie, TH Darmstadt 
Petersenstr. 20, D-6100 Darmstadt, Fed.Rep.Ger.

ABSTRACTS
Low temperature-investigations (200 ° to 560 °C) on 

vapour pressures (vapour transference, Knudsen-effusion- 
deposition and Knudsen-effusion mass-spectrometry, double 
oven mass-spectrometry) and vapour composition reveal re­
latively complicated vapour-phase equilibria of the com­
plex-salts LiAlCl4, NaAlCl4 and KA1C14. Over alkalichloride 
saturated melts starting from KA1C14 passing to
NaAlCl4 and to LiAlCl4 the vapour pressures (or dissocia­
tion pressure) of A1C1 strongly increases. Therefore 
A1 Cl^-partial pressure is 'comparable to the AlCl^pressure. 
abovebLiAlCl4-melts at 300 °C whereas A1 Cl~- and A1C13- 
pressures are negligable above KAlCl4-meIts. Partial pres­
sures of Alkalitetrachloroalanate (AlkAlCl ) increase
strongly from KA1C1 to LiAlCl . (7.5*10 torr and
90 torr at 560 °C). The mass-spectrometric investigations 
show that evaporated alkalitetrachloro-alanates form 
dimers (Alk2Al2Cl ) in the vapour-phase but only to an ap- 
preacable extent in the vapour of LiAlCl4. Be­
cause the apparent vaporization enthalpy of the dimers 
equals nearly that of the monomer, the dimer content of 
saturated vapours does not depend on temperature. In va­
pours of LiAlCl4 additionally Li2AlCl5may be presumed.

INTRODUCTION
As fundamental basic data for process-development and 

engineering of aluminium electrowinning from melts of 
alkali-tetrachloro-alanates especially for the process of 
aluminiumchloride-preparation and purification and for the 
electrolysis proper the volatility of solid and molten 
alkali-chloro-alanates must be available. Different au­
thors (e.g. L.A. King and collaborators /1/ and 0ye and 
the Trondheim school /2/3/) have worked on this field.
From the data of these authors it was already known that 
the volatility of the alkali-chloro-alanate increases from 
KA1C14 via NaAlCl to LiAlCl and that dissociation pres­
sure of AlCl^ increases likewise above alkali-chloro- 
alanates from potassium via sodium towards lithium. None 
of these investigations, however, tried to identify dif­
ferent species in the vapour-phase and to solve the ques­
tion whether - for instance - increased AlCl3-volatility
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was due to formation of complex species with A1 to alkali 
ratio of higher than one (e.g. AlkAl2Cl7).

EXPERIMENTAL
Investigation into vaporization equilibria and mass- 

spectra of salt vapours confined to temperature range 200° 
to 560 °C as the maximal temperature in order to be still 
close to the Knudsen-effusion condition for Knudsen-effu­
sion mass-spectrometry and effusion-deposition-experiments. 
(For pressures being less than one and half an order of 
magnitude above the upper limit for Knudsen-effusion, ex­
perimental corrections and calibrations of MS-signal/par- 
tial pressure correlation were applied to take into ac­
count of non-Knudsen-behaviour). Within this temperature- 
range Knudsen-effusion and vapour-transference were used 
to determined formal vapour-pressures and chemical composi­
tion of the vapours and parallel to these measurements 
Knudsen-effusion mass-spectrometry was applied in order 
to get some insight into the stoichiometry of different 
molecular species in the vapour-phase. However, only a 
limited number of species could be observed and identified 
as (relatively unstable) radical cations of the mother- 
molecules whereas especially the more massive mother-mole­
cules were missing as cationic peaks mostly and could only 
be supposed to exist because of some unexpected ions (so 
Alk2Cl and Aik A1C1 were indicative of the existence of 
Aik Al2Clg or Aik2AlCl5 resp.). Only by application of the 
double-furnace-technique which used constant temperature 
in the upper furnace and variable temperature in the lower 
furnace and vice versa) clear identification of decomposi­
tion-paths and of the original molecule could be made and 
estimates of the relative amounts of different species 
could be given. (Below this method will be examplified for 
vapours above NaAlCl4 and LiAlClJ.

RESULTS
a) Vapour transference and Knudsen-effusion-deposition 

Apparent vapour pressures and their temperature dependence 
and vapour composition (e.g. Alk/Al/C1-ratio) were inves­
tigated in temperature range 300 ° to 560 °C for KCl-satu- 
rated KA1C1 , 400 ° to 560 °C for NaCl-saturated NaAlCl 
and 150 ° to 250 °C for LiCl-saturated LiAlCl4 . The 
K/Al/Cl-ratio for KA1C1 -vapours equals very closely 
/1/1/4/ over the total temperature range investigated; 
therefore KA1C1 (or its polymers) seems to be the only 
species of significance in the vapour-phase above KA1C14 . 
In fig. 1a the apparent KA1C14-vapour-pressures (calculated
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with the assumption that only monomeric species are pres­
ent in the vapour-phase) is plotted vs 1/T together with 
data which were extrapolated to lower temperatures from 
Linga's and Motzfeldt's /3/ paper. The vaporization en­
thalpy is determined to be 114 - 14 kJ/mole from our data. 
Extrapolated pressures and vaporization enthalpy 
(113 - 11 kJ/mole) of Linga's and Motzfeldt's agree with 
our data to a satisfactory extent. Total vapour pressure 
at 500 °C above KA1C1 comes close to 1 torr. The stoichio­
metry of NaCl-saturated NaAlCl4-vapours and of LiCl-LiAlCl4- 
vapours deviates remarkably from the Alk/Al/Cl-ratio of 
1/1/4 as always more A1C13 is found in the respective va­
pours: The AlkCl/AlCl ratio in NaAlCl4-vapours comes
close to 0.5 (but is slightly decreasing from 400 ° to 
500 °C) whereas the AlkCl/AlCl -ratio above LiAlCl is 
around 1/3 for the temperature-3range 150 ° to 250° C and 
is nearly independent of the temperature.

In fig. 1b the "apparent vepour pressures of sodium" 
and of aluminium calculated on the assumption that all 
sodium is present in form of one species only, namely 
NaAlCl , and aluminium-containing-species are NaAlCl4 and 
A1C1 only) are plotted vs 1/T. An apparent vaporization 
enthalpy for sodium of 103 kJ/mole and of aluminium of 
109 - 10 kJ/mole is determined. Again the value for Na 
agrees quite well with the value estimated by Linga and 
Motzfeldt (117 - 10 kJ/mole). It must be stressed that the 
observed AlkCl/AlCl of close to 0.5 is by no means signi­
ficant for the stoichiometry of some majority species in 
the vapour (e.g. NaAl Cl7). The same holds for LiAlCl^va­
pours. Apparent vaporization-enthalpies for
Li of 118 - 5 kJ/mole and for A1 of 108 kJ/mole are deter­
mined from similiar plots for vapours of LiCl saturated 
LiAlCl .

bj Knudsen-effusion mass-spectrometry.
Qualitative comparison. Knudsen-effusion mass-spectro­

metry of KA1C1 -vapours generates signals of the ions K , 
KC1+ / K2C1, KA1C1*, K 2A1C1^, A1C12 and A1C1*.
Appearance potentials of K 2C1 + (and the effective very low 
vapour pressure of KC1 above KA1C14) show very clearly, 
that K Cl+ cannot be generated from K2C12. Likewise the 
generation of A1C1* and A1C1* from A1C1 can be ex­
cluded. K2C1+ and K2A1C14 can be traced back to be gen­
erated from the dimer K2A12C1 , which is present in
KA1C1 -vapours in much lower quantities than is guessed 
from the signal intensities and AlCl* and A1C1 can be 
shown to be generated mainly from KA1C1 -molecules and
their dimers. From NaAlCl4-vapours the respective cations 
as given for KA1C14 are generated by mass-spectrometry but
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additionally NaAlCl*, Al"r, A1C1+ and A12C1^ are detected, 
whereas in mass-sgectra of LiAlCl4-vapoursD additionally 
the cations LiAl2Cl6 and Li2Al2Cl are observed. Table 1 
summarizes the relative peak intensities of different
ions in order to show that presumed mother-cations (e.g. 
AlkAlCl*, A12C1^ and even A1C1*) are by far the relative 
least intensive (A1C1* is always weaker than A1C1*) and 
that the cation of the assumed dimer is only observed in 
mass-spectra of LiAlCl4-vapours.

c) Temperature dependence and double-furnace-technique. 
Determination of apparent vaporization enthalpies (fig.2: 
plot of lg i vs 1/T for cations of the mass-spectrum of 
NaAlCl4) demonstrates that Alk2AlCl4 and Alk2Cl+ certainly 
are generated from the same mother-molecule where­
as AIC12, AlkAlCl^ and Alk+ seem to originate from anoth­
er common mother-molecule. Appearance-potentials for the 
different cations reveal that Aik Cl and Aik A1C1 as well 
as Aik A1C1„, AlkAl^Cl* and Alk0Al0Cl* certainly ̂ tem from 
the dimer 4 Alk0A?0cL. 2 2 8Z Z o

Fig. 3a shows for the m.s. of NaAlCl4-vapours the re­
sults of a double-furnace experiment (lower furnace, con­
taining NaAlCl4 is kept at constant temperature,T,=250 °C, 
upper temperature Tu is variable:250 °C to 400 °Cj. Th^ 
steep decrease of the signals of Na2AlCl4 and Na2Cl 
with increasing upper temperature occurs without a corre­
sponding increase in the signal-intensity of NaAlCl3 . This 
different and independent temperature dependence ofJfrag­
ment-cation intensities for monomer- and dimer-fragments 
reveals the relative low degree of dimerization of NaAlCl4 
in equilibria-vapours (Tu=T^)• Very similar are the re­
sults of the double-furnace measurements for KA1C14-vapours.

Quite different, however, are the observation made 
with double furnace-spectrometry for LiAlCl as shown in 
fig. 3b. A pronounced decrease of the signal intensities 
of the cations Li A1C1* and Li Cl+ which stem from dimeric 
Li2Al2ClQ is accompanied by an initial increase (with in­
creasing temperature) of the fragment cations LiAlCl^ and 
LiAlCl* which originate from the monomer-species. By semi- 
quantitative evaluation a degree of dimerization of more 
than 60 % is obtained for LiAlCl4-equilibrium-vapours 
whereas for NaAlCl -vapours the degree of dimerization 
is less than 10 % and dimerization in KA1C14~ equilibrium- 
vapours is much lower than 10 %.

Since effective vaporization enthalpies for alkali- 
tetrachloroalanate-monomers and dimers are nearly equal
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(because the dimerization enthalpy in the gas phase per 
mole of dimer nearly equals the molar vaporization erthalpy 
for the monomers) the degree of dimerization in AlkAlCl^- 
equilibrium-vapours changes but little with temperature. 
Table ^  collects partial pressure data for LiAlCl -vapours.

FINAL REMARK 4
This investigation clearly shows that the relative 

intensities of different fragment-ions of comparable com­
position (e.g. NaAlCl* and Na2AlCl* or NaCl+ and Na Cl + ) 
is by no means an immediate indication for the relative 
concentrations of the respective mother-molecules (e.g. 
NaAlCl4 and Na Al2Clg). It is certainly the possibility to 
redistribute tne energy of the ionizing electron (40 eV) 
over a larger number of vibration modes which gives rise 
for a higher yield in more massive fragment-ions origi­
nating from the dimer, whereas the surplus in ionization- 
energy is consumed to produce numerous smaller fragments 

some of which escape detection in case of the 
monomeric complex mol&cuj6 because they either carry
negative charge or are not charged.ACKNOWLEDGEMENT
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THE USE OF LITHIUM ALUMINUM CHLORIDE MOLTEN SALT
AS AN ELECTROLYTE IN LITHIUM CELLS

I. D. Raistrick and R. A. Huggins

Department of Materials Science £ Engineering, 
Stanford University 
Stanford, CA 94305

Abstract Although lithium aluminum chloride, either as a 
molten salt or as a solid, is unstable to reduction by 
lithium at high activities, it is stable to elemental 
aluminum. It is therefore possible to construct cells with 
an aluminum negative electrode and a positive electrode 
reversible to lithium. The thermodynamics of such a system 
have been examined, and the kinetic behavior of the aluminum 
electrode investigated in melts of two different 
compositions. In addition, two lithium vanadium oxides have 
been tested as possible positive electrode materials.

INTRODUCTION

Molten salts of compositions near LiAlCli, are potentially attractive 
intermediate temperature electrolytes for lithium cells. The eutectic 
composition (close to 60 m/o AICI3) melts at 103°C and the compound
LiAlCli, itself melts at 143.5°C 111. The free energy of formation of 
solid LiAlCli, has been determined by Weppner and Huggins [21, allowing 
the phase diagram for the Li-Al-Cl system to be calculated. This is 
shown in Figure 1. The voltages are related to the equilibrium activity 
of lithium present in each of the three-phase regions through the 
Nernst equation. Although the salt is resistant to oxidation up to 
high potentials (4.2 V with respect to lithium at 100°C), it is 
unstable to reduction by lithium at high activities. The reaction:

3 Li + LiAlCli, = Al + 4 LiCl (1)

occurs at potentials more negative than 1.7 V with respect to lithium 
at 100°C.

Neither the molten salt nor the solid can therefore be used as 
lithium electrolytes in contact with the negative electrode materials 
used in other lithium cells, such as elemental lithium itself, 
Al/B-LiAl or various Li-Si phases. One solution to this problem would 
therefore be to combine a very low lithium activity negative electrode
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with a very high potential positive electrode material. The additional 
weight of the negative electrode material, however, leads to a 
considerable loss in specific energy. Another possibility is to use a 
second electrolyte, probably a solid, between the negative electrode 
and the LiAlCl*. This ancillary electrolyte should be stable to high 
lithium activities, and chemically compatible with the chioroaluminate. 
This would be analogous to the use of sodium beta-alumina in sodium 
aluminum chloride based cells 13]. Few lithium electrolytes, however, 
have been found which are stable in contact with elemental lithium, and 
little is known of their compatibilty with chloroalumunate melts.

A second alternative, proposed here, is the use of aluminum as the 
negative electrode material. As may be seen from the phase diagram, 
aluminum metal is stable in contact with the electrolyte. The overall 
cell reaction would therefore involve displacement of lithium from the 
electrolyte:

(y/3) A1 + y LiAlCli, + P = LiyP + (4y/3) A1C13 (2)

Here P is a positive electrode material which may react with lithium 
such that the overall cell reaction is spontaneous.

THERMODYNAMIC CONSIDERATIONS

Detailed thermodynamic data are available only for solid UAICI*. In 
this section the thermodynamic properties concerned with the use of an 
aluminum electrode are therefore presented, based on data for the 
solid. Expected modifications for the case of the molten salt will then 
be compared with some experimental results.

The EMF of the cel 1 :

Al I LiAlCU I LiyP (I)

is given by the free energy change of the reaction shown in equation
(2) above. If we subtract from this quantity the free energy of the 
reaction of lithium with the positive electrode material:

y Li + P = LiyP C3)

we obtain the free energy of the reaction:

(y/3) Al + yLi Al Cl i» = yLi + C4y/3)A1C13 (4)

Thus the EMF of the cell with aluminum as the negative electrode can be 
calculated if the EMF of the cell:

Li(m) I Li+ I LiyP (II)
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is known. In fact, the free energy of reaction (4) above is no more 
than the EMF of the three phase region in which Al, A1C1 3 and LiAlCli, 
are in equilibrium, measured with respect to lithium. This quantity was 
determined by Weppner £ Huggins [2], and found to be:

2.367 - 6.233*10"HT(SO C5)

Therefore at 100°C, the EMF of the aluminum cell, ECI), is given by the 
expressi on:

E(I) = E(II) - 2.1 (V) (6)

Further, the oxidation limit of LiAlCli, with respect to aluminum may 
also be calculated. This quantity is equal to the free energy of
formation of A I C I 3 ,  which is:

2.436 - 8.667 x 10~TCK) (V) (7)

The equilibrium aluminum activity may be calculated in each of the
three-phase regions, and these values, expressed as voltages with 
respect to aluminum, are also shown, in brackets, in Fig. 1.

Above the melting point of the eutectic a liquid is present in the 
phase diagram (Fig. 2), and the thermodynamic properties of the system 
will vary across this single phase region. In order to calculate
either the variation of the EMF of cell (I) or the variation of 
oxidation limit of the melt with composition, activity coefficient data 
must be known across the composition range of the melt. For an ideal 
solution the variation would be quite small. For an acidic melt,
saturated with solid A1C13, the oxidation limit will remain the same as 
that shown in Fig. 1, and this also represents the minimum oxidation 
1imi t in the system.

The operational limit of the melt to oxidation was measured using a 
platinum working electrode, and an aluminum reference electrode (Figure 
3). The experimentally determined limit appeared at somewhat lower 
voltages than predicted by equation 7. This may be due to oxidation of 
platinum at the high chlorine activities present at these positive 
potentials. Some evidence of platinum passivation was seen, and the two 
small reduction peaks close to 1.6 and 1.9 V may be associated with the 
reduction of platinum chloride layers. In addition, a red layer was 
seen on the metal after it had been held at high potentials, suggesting 
the presence of either PtCl2 or PtCli,, both of which are stable under 
these conditions.

There is, however, an appreciable range of potentials over which the 
melt can be used.
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KINETICS OF THE ALUMINUM ELECTRODE

The kinetics of aluminum deposition and stripping were first examined 
in the basic (i.e. LiCl-rich) melt* close to LiAlClit in composition. 
Roughly symmetrical steady-state current-voltage plots were obtained* 
but the morphology of the plated aluminum was very poor: dark in color 
and poorly adherent. Sweep rate-dependent currents were obtained in 
cyclic voltammogram experiments (sweep rates of 20 - 0.2 mV/sec were 
employed). Complex impedance spectroscopy (Figure 4), using a lOmV 
applied signal and a frequency range of 500 - 5 x 10“3Hz* showed that 
at 0. 0 V with respect to aluminum, the reaction was diffusion 
controlled* although charge transfer kinetics were also important at 
short times. The exchange current density was estimated to be 10 mA/cm2 
at 160°C. At potentials away from 0.0 V, the interface kinetics become
unimportant* and the reaction is completely diffusion limited. This 
result is not unexpected, since the principal charge carrier in the 
melt is Li+, and the aluminum-containing species must arrive at, or 
leave the electrode, by diffusion.

In acidic melts (close to the eutectic composition) the kinetics of 
the aluminum electrode appear to be completely different. Complex 
impedance spectroscopy was unable to resolve any features beyond a pure 
resistance* and cyclic voltammograms were independent of sweep rate 
(Figure 5). It may therefore be supposed that the aluminum electrode 
is quite reversible in acidic melts* and diffusion is unimportant at 
low current densities. At much higher current densities (approximately 
100 mA/cm2) currents do become limited by some mass-transport process* 
and a passivation phenomenon is seen. This has been ascribed to the 
formation of a poorly conducting AlCl3-rich layer near the electrode 
surface* due to migration of lithium ions away from the interface 141. 
Steady-state current-voltage plots for plating and stripping are shown 
in Figure 6.

POSITIVE ELECTRODE MATERIALS

In recent years a number of new positive electrode materials for 
ambient temperature lithium cells have been developed, which are of the 
insertion type. Lithium (and in some cases other alkali metals) enter 
the lattice of a host material to form wide range solid-solution 
phases. Often the capacity of these electrodes is high* and if the 
voltage of the electrode with respect to lithium is sufficiently great* 
systems with attractive energy storage capability can be designed. Part 
of the motivation for this study was to assess the possibility of using 
some newly developed materials of this type in the lithium aluminum 
chloride salt.

Most insertion reaction phases do not have sufficiently high 
voltages with respect to lithium* to allow them to be used with an 
aluminum negative electrode. As has been seen above* approximately 2.1V 
is sacrificed in choosing to use the aluminum electrode, rather than
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elemental lithium. It has been found recently, however, that some 
lithium vanadium bronzes can accomodate significant amounts of lithium 
near 3.5V, with respect to lithium: they are therefore candidate 
materials for use with the aluminum negative electrode.

Two materials are considered here. First, the beta-lithium vanadium 
bronze, LiyV20s, which has a tunnel structure [51, has been shown at 
room temperature to be capable of accepting a total of almost 2 
equivalents of lithium reversibly. Details of this work will be 
published elsewhere. The solid state diffusion of lithium in this 
material is very rapid, even at ambient temperature, and a system 
operating at molten salt temperatures might be capable of operating at 
very high rates. The second material tested in this me>t is Lii+yV30e 
which has a layer structure [6] and which has an extensive ion-exchange 
chemistry [71, as well as the capability of accepting lithium up to y = 
2 from organic solvent-based electrolytes at room temperature.

Initial experiments were performed in basic melts, and it appears 
that the vanadium oxides are soluble in this medium. After discharging 
the electrodes, cyclic voltammetry revealed the presence of redox 
reactions in the discolored melts, which were not present before the 
experiments.

In acidic melts however, these materials appear to be stable, and 
discharge curves obtained at 0.8 mA/cm2 are shown in Figs. 7 and 8. 
Some open circuit voltage measurements, made after allowing partially 
discharged electrodes to equi1ibrate, are also shown. In the case of the 
beta lithium bronze phase, the open circuit measurements were made in a 
melt of slightly different composition from that in which the discharge 
curve was obtained.

Equilibration times, on interrupting current flow, were short for 
both materials, indicating rapid diffusion of lithium in these oxides. 
The principal source of overvoltage was the internal resistance of the 
electrodes themselves. These materials are semiconductors, and their 
electronic resistance varies with the alkali metal content. Attempts to 
add carbon to them in order to improve their electronic conductivities 
were not successful; the carbon apparently facilitates reaction 
between the oxide and the melt.

In the beta lithium bronze case, some ambient temperature open 
circuit voltage data are included in the Figure 7. These data have 
been approximate!y corrected for the difference between the lithium and 
aluminum electrodes (equation 6), since the ambient temperature data 
were obtained using a lithium reference eelctrode.

CONCLUSIONS

It has been shown that cells using lithium aluminum chloride molten 
salt as an electrolyte can be constructed using aluminum as the 
negative electrode, and lithium insertion compounds as the positive
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electrode. The passage of current through the cell results in changes 
in composition, and therefore in chemical and physical properties of 
the salt. The expected open circuit voltage of a cell using lithium as 
the negative electrode must be reduced by approximately 2.1 V, if 
aluminum is to be used. Oxidation of a melt, saturated with aluminum 
chloride should occur at about 2.1 V with respect to aluminum.

The kinetics of the aluminum electrode are quite rapid; however, the 
morphology of the plated aluminum is unsatisfactory in both basic and 
acidic melts. In basic melts, diffusion appears to limit the electrode 
kinetics.

It has been shown that some lithium vanadium bronzes can function as 
positive electrodes in this cell; however their cycling capability has 
not been investigated. The materials investigated so far do not have 
sufficient capacity or high enough voltages versus aluminum to appear 
attractive for further investigation. A further materials problem is 
the questionable stability of positive electrode current collector 
materials at the high chlorine activities encountered in this system.

In view of these problems, it may well be advantageous to consider 
using an all-lithium system, and with a second electrolyte in series 
with the molten salt, if such an electrolyte can be found. In addition 
to completely avoiding the aluminum electrode problems, this would 
allow somewhat lower voltage positive electrode materials to be used, 
perhaps eliminating some difficulties associated with working at too 
high a chlorine activity.
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Figure 1. Isothermal section 
of the Li-Al-Cl phase diagram. 
Voltages within brackets are 
calculated with respect to Al, 
those without are with respect 
to 1ithium at 100°C.

Figure 2. Isothermal section 
of the Li-Al-Cl phase diagram 
at temperatures above the 
melting point of the eutectic, 
but below the melting point of 
LiAlCU.

L O--VVV-- 1  ̂ I--°
M/V-HwP

Figure 3. Cyclic Voltammogram 
of LiAl Cl i» (approximately 
equimolar melt). Sweep Rate: 
20mV/s, platinum electrode, 
surface area: 0.36 cm2.

Figure 4. Complex Impedance 
plot of an aluminum electrode. 
Equimolar melt; 0.00 V with 
respect to Al3+/Al; 10 mV 
signal (area = 0.28 cm2).
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Figure 5. Cyclic Voltammograms 
of an aluminum electrode in 
acidic melt (eutectic 
composition), 0.00V with 
respect to A13+/A1 (area = 
0.22 cm2).
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Figure 6. Steady-state
current-voltage plots for an 
aluminum electrode in acidic 
melt (area = 0.22 cm2).
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Figure 7. Discharge Curve for 
LiyV205 at 0.8 mA/cm2 (solid 
line). The symbol * denotes open 
circuit voltages.

Figure 8. Discharge Curve for 
Li1+yV308 at 0.8 mA/cm2. 
(solid line). The symbol * 
denotes open circuit voltages.
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THE FISCHER-TROPSCH REACTION IN CHLOROALUMINATE MELTS

Gleb Mamantov and Scott E. Walters 
Department of Chemistry 
University of Tennessee 

Knoxville, TN 377996-1600

ABSTRACT

Metallic dispersions in molten acidic AlCl3-NaCl, prepared by 
an AC arc between wire electrodes, have been examined as Fischer- 
Tropsch catalysts at low pressures of carbon monoxide and hydrogen. 
Low molecular weight alkanes (Cx to Ci+) were produced using cobalt, 
iron, nickel, platinum, palladium and rhodium dispersions. Addition 
of aluminum powder increases significantly the conversion of carbon 
monoxide and the percentage of methane in the mixture.

INTRODUCTION

Metallic dispersions in molten salts have been prepared by 
Piontelli and coworkers (1) using electric discharge. We decided to 
explore possible catalytic activity of metallic dispersions in molten 
chloroaluminates (AlCl3-NaCl mixtures), with emphasis on the Fischer- 
Tropsch (F-T) synthesis. The F-T reaction involves the reduction of 
carbon monoxide with hydrogen (2). Heterogeneous catalysts, princi­
pally cobalt, iron, nickel, and ruthenium, yield saturated and unsatu­
rated hydrocarbons, as well as oxygen-containing molecules, with a 
broad range of carbon numbers (typically Ci to 0^,20)• This lack of 
selectivity is the major disadvantage in applying the F-T process to 
chemical feedstock production.

Promoters have played an important role in the development of F-T 
catalysts (3-7). The activity of cobalt and nickel catalysts has been 
increased by presence of small amounts of an oxide which is difficult 
to reduce, such as thoria or magnesia. These oxides act as structural 
promoters by increasing the surface area of the catalyst. Supports, 
present in much larger amounts, also act as structural promoters and 
increase the surface area, and, therefore, activity. Supports have 
also been shown to be chemical promoters, that is, they can alter the 
chemical characteristics of the surface. Supports can possess acidic 
or basic sites on their surfaces (8), and have been shown to be useful 
in manipulating selectivity for rhodium catalysts (9). Methane 
formation is favored on acidic supports such as alumina or titania, 
whereas alcohol formation is favored on more basic supports, such as 
magnesia. The most important promoter for iron catalysts is an alkali 
oxide or salt (10). Such a promoter, for example potassium oxide,
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produces three key effects: a) the activity of the catalyst is 
enhanced; b) the average molecular weight of the products is 
increased; c) the fraction of alkenes in the hydrocarbon products is 
also increased.

Reaction conditions cause major changes in product selectivity
(3). Increasing the temperature decreases the average molecular 
weight of the products, as well as the yield of oxygen-containing 
molecules. As the pressure is increased, the average molecular weight 
and total yield increase, while the olefin content can decrease or 
remain the same depending on the catalyst. High hydrogen to carbon 
monoxide ratios favor alkane formation, while decreasing this ratio 
increases both the average molecular weight of the products and the 
ratio of alkenes to alkanes.

In the past few years there has been considerable interest in 
developing homogeneous F-T catalysts (11-19). High pressure reactions 
(>100 bar) have produced alcohols and other oxygenated molecules using 
transition metal complexes, primarily the carbonyls, as catalysts. 
Hydrocarbons were absent in the products. This absence is signifi­
cant, since it has been suggested that formation of significant 
amounts of hydrocarbons is evidence of a heterogeneous process, even 
when the precatalyst is soluble (20,21). Apparent exceptions have 
been found by Muetterties and coworkers (22,23). They have shown that 
osmium and iridium carbonyls are active methanation catalysts in 
organic solvents at low pressures (22,23). Iridium, rhodium and 
ruthenium carbonyls in acidic (AlCl3-rich) chloroaluminate melts also 
are active catalysts and produce low molecular weight alkanes at <2 
bar (24,25). An advantage of homogeneous catalysts over heterogeneous 
ones is that catalyst selectivity may be adjusted by changing ligands 
as well as solvents (11,26).

Molten salts have several advantages as media for catalysis 
(27). Because of their high thermal conductivity, the heat of reac­
tion is easily dissipated, thereby avoiding local overheating and 
possible decomposition that can occur on local supports. It may be 
possible to work at temperatures at which the products have high vapor 
pressures and can be removed by volatilization. Catalytic material 
can remain active over an extended period and is not easily removed 
with the reaction products. Acidic chloroaluminates have an addi­
tional advantage over other solvents for F-T synthesis, since both the 
Lewis acid (AICI3) and the alkali cation (Na+) present in these melts 
may act as promoters.

In this paper we report on the use of metallic dispersions in 
molten chloroaluminates for the studies of the F-T synthesis at rela­
tively low pressures (1-4 bar) •
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EXPERIMENTAL

AlCl3“NaCl (63-37 mole %) melts were prepared from anhydrous, 
iron-free AlCl3(Fluka), which was further purified by sublimation, and 
reagent grade NaCl, which had been dried under vacuum at 400°C. 
1 ^ ( 00 )12 (Strem) and A1 powder (99.999% from Alfa) were used without 
further purification. Reagent grade C0CI2 and NiCl£ were dried under 
vacuum at 400°C. The melts and their precursors were handled in a dry 
box (moisture level <5 ppm) under a nitrogen atmosphere.

Metallic dispersions were prepared by creating an AC arc between 
two electrodes (of the metal to be dispersed) submerged in the melt 
(1). These arcs usually involved currents in the range of 10-30 A; 
however, arcs in excess of 50 A were also sometimes produced. The 
voltage at which arcing occurred varied with the gap size between the 
electrodes, as well as with the electrode material. Typically, a 
voltage of 30-60 V(AC) was required for arcing to occur between elec­
trodes with a 1 mm gap. Particle sizes were in the range < 0.1-100pm 
(28).

Catalytic activity for the various systems was determined by 
studies of stirred, 24 hour batch reactions in sealed Pyrex vessels. 
The initial pressure of synthesis gas (H2 :C0, 3:1 mixture by volume 
from Linde or 1:1 mixed from H2 and CO, obtained from MG Scientific 
Gases) was 2.3 bar (3.2 to 4.1 bar during reaction); molar ratios of 
AICI3 :C0 of 32:1 (H2:C0=3:1) or 16:1 (H2 :C0=1:1) were used. Products 
were determined using a Hewlett-Packard Model 5710A gas chromatograph, 
with cryogenic capabilities and a thermal conductivity detector, 
equipped with a 15 ft x 1/8 in. Porapak Q column.

RESULTS

The percentage of CO reacted and the Ci to Ci+ product distri­
bution for several of the dispersed metal catalysts are listed in 
Table I. At 175°C and H2/CO molar ratio of 3, Fe, Pd, Pt and Rh 
dispersions produced mainly methane. Fe dispersions at 250°C yielded 
a significant amount of C2H6, but also produced a large amount of CHi+, 
and no higher alkanes. Since methane production is relatively easy 
(2), it is, therefore, desirable to select catalysts which produce 
less CHi* and more higher hydrocarbons. Cobalt and nickel catalysts 
gave lower amounts of CHi* and produced higher gaseous alkanes, 
however, very little CO reacted (4% for Co, 2% for Ni). No products 
were formed using either the chloroaluminate melt without the metallic 
dispersion, or dispersions of Ta and W. Aluminum powder has been 
shown to be an effective enhancer for F-T catalysis by metal carbonyls 
in molten haloaluminates (29). The effect of A1 powder on the 
metallic dispersion systems is shown in Table II. Consumption of CO 
was greatly increased for Co, Fe and Ni in the presence of A1 powder.
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TABLE I

Product Distribution Using Dispersed Metal Catalysts

H2 :C0=3:1 by volume
Dispersed
Catalyst

Temp,
(°C)

0< w Distribution of 
Ci C2

the Ci
c 3

to Ci* alkanes (%) 
n-Ci* i-Ci*

Co 175 4 59 19 14 2 6
Fe 175 4 100
Fe 250 13 75 25
Ni 175 2 41 27 20 12
Pd 175 11 97 3
Pt 175 19 93 6 1
Rh 175 2 100

H2 :C0=3:1

TABLE II

Product Distribution Using Dispersed Metal Catalysts 
in the Presence of Aluminum

by volume
Dispersed AlCl3 :Al 
Catalyst mole ratio

Temp.
(C°)

A CO 
(%)

Distribution 1 
Ci C2

of the C 
c3

1~Ci* alkanes (%) 
n-Ci* i-Ci*

Co 65:1 175 12 73 12 5 1 8
Co 3:1 175 61 75 19 4 1 1
Fe 65:1 250 19 81 6 9 1 4
Fe 3:1 250 100 91 6 2 <1 1
Ni 65:1 175 20 79 13 5 1 2
Ni 3:1 175 100 67 19 6 1 7
Pd 3:1 175 14 88 7 2 1 2
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The product distribution was modified as follows: a) all Ci to Ci* 
alkanes were produced; b) the percentage of CHi* increased signifi­
cantly. The Pd dispersion system behaved somewhat differently, in 
that only a slight increase in the amount of CO consumed was observed, 
and the amount of CHi* decreased slightly with the added aluminum.

Since the chloride salt of the metal being dispersed may be 
produced, along with metal particles, during the discharge, C0CI2 and 
NiCl2 (A1C13:^1=275:1 molar ratio, M^COjNi) were checked for catalytic 
activity, and found to be inactive. Addition of aluminum, however, 
resulted in quite active systems, presumably due to reduction of Co^1- 
and N i ^  to the metals by aluminum. The product distributions, listed 
in Table III, are similar to those found for the discharge-produced 
dispersions in Table II. Evidently the product distributions for 
these catalysts are independent of the method of preparation of 
metallic dispersions.

Attempts to increase the average carbon number by decreasing the 
reaction temperature proved fruitless. The relative amount of CHi* 
produced increased, as shown in Table IV for Co and Ni dispersions, 
and in Table I for an Fe dispersion.

Preliminary experiments using a H2:C0 ratio of one instead of 
three, with an Fe dispersion at 250°C in the presence of A1 (A1 C1 3 :A1 = 
3:1 mole ratio), produced the following results: a) the consumption 
of CO decreased to 19%; b) the product distribution shifted towards a 
higher average molecular weight (Ci to C4. distribution: CHi* = 67%, 
C2H6 = 4%, C3H8 = 9%, n-Ci+Hio =3%, i-Ci+Hio = 17%); c) no alkenes were 
observed. The complete absence of olefinic products is somewhat 
unexpected, since iron catalysts are known to produce significant 
amounts of olefins (3). Apparently the hydrogenation ability of the 
chloroaluminate-aluminum-iron system is greater than that of conven­
tional iron catalytic systems.

The Iri*(C0)i2 system was also studied for comparison with the 
heterogeneous dispersions; the results are given in Table V.
Demitras and Muetterties (24) obtained similar results with respect to 
the amounts of CHi+ and C2H6 after 24 hours (at shorter reaction times 
they obtained C2H 6 as the major product). Our results showed more 
C3H8 than observed previously (24), however, i-Ci+Hio was absent. 
Addition of aluminum produced the same trends as observed with Co, Fe 
and Ni dispersions, namely, increased CO consumption and a higher 
percentage of CHi* in the products, as well as the formation of all Ci 
to Ci* alkanes.

Flow reaction systems have been shown to produce significantly 
different product distributions than those obtained by batch processes 
(25,30); higher alkanes, such as i-Ci+Hio, can become major products.
A recycle-flow reactor is currently under construction. Conversion of
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TABLE III

Product Distribution Using Metal Chlorides in the Presence 
of Aluminum As Catalyst Precursors

H2:CO =3:1 by volume. A1C13: A1 mole ratio 3:1. Temp . 175°C.

Catalyst A CO Distribution of the C 1 to Ci+ alkanes (%)
precursor (%) Cl c 2 c 3 n-Cit i-Ci,

CoCl2 39 74 17 5 1 3
NiCl2 100 71 23 4 <1 2

TABLE IV

Methane Production at Different Temperatures 
Using Dispersed Metal Catalysts

H2 :C0 = 3:1 by volume.

Dispersed AICI3 :A1 Temp. CH 4
Catalyst mole ratio (°C) (% of the Ci to Ci+ alkanes)

Co 3:1 140 85
Co 3:1 175 75
Ni 3:1 140 72
Ni 3:1 175 67

TABLE V

Product Distribution Using Iri+(C0)12 As tlie Precatalyst

H2 :CO=3 :l by volume. Temp. 175°C

AICI3 :A1 ACO Distribution of the Ci to Ct* alkanes (%)
mole ratio CO Cl c 2 c 3 n-Ci* l—Ctf

- 11 45 40 15
65:1 57 74 12 9 1 3
3:1 91 86 8 2 <1 2
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CO and product distribution as a function of time will be studied 
using this system.

CONCLUSIONS

We have demonstrated F-T activity of some metallic dispersions in 
molten chloroaluminates. Alkanes were produced at relatively low 
pressures. Alkenes and alcohols, common products of heterogeneous F-T 
reactions, were not detected.

Compared to Iri+(C0)i2» the metallic dispersions without the 
addition of A1 hdve less favorable conversion of CO and/or product 
distribution. For most catalysts, the addition of A1 has both 
positive effects (more CO reacts and larger amounts of Ci to Ci* 
alkanes are produced), as well as a negative one (a higher percent of 
CHi* is produced compared to the C2 to Ci* alkanes). Aluminum behaves 
as a reagent and not as a catalyst, since CO consumption increases 
with the amount of Al.
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THE ROLE OF COUPLED-TRANSPORT REACTIONS IN THE PREPARATION OF METAL 
HALIDES AND CHALCIDES USING MOLTEN ALUMINUM HALIDE SOLVENTS

William B. Jensen'*' and Edwin M. Larsen 
Department of Chemistry, University of Wisconsin-Madison 

Madison, Wisconsin 53706

ABSTRACT

The usefulness of MX^/A^Xg melts ( X s Cl, Br or I) for the 
synthesis of certain anhydrous group IV transition metal halides and 
chalcides depends not only on the high melt vapor pressure, which 
allows separation of the solvent and volatile excess reactants from 
nonmolecular products, but on the growth of the products at the 
shallow hot end of the solvent lip, where they are free of contamina­
tion by any non-volatile by-products and reagents. These systems have 
proven to be particularly useful as a route to the syntheses of 
zirconium(III) halides by the reduction of dissolved ZrX4 with 
zirconium or aluminum at modest temperatures (200°-300°C). It is 
postulated that this growth process is the result of a coupled-trans­
port reaction in which the favorable physical transport of the 
volatile solvent, via the gas phase, using the naturally occurring 
thermal gradient of the tube furnace, is used to drive the chemical 
transport of the product, via the liquid phase, against its preferred 
thermal gradient, thus leading to deposition of the products at the 
hotter shallow end of the melt. This proposition is supported by 
approximate thermodynamic calculations which qualitatively reproduce 
the experimentally observed trends for the aluminum halide melts and 
suggest that the boiling point of the solvent plays a key role in 
establishing the optimal average transport temperature.

INTRODUCTION

The molten aluminum halides have certain properties which make 
them of interest as solvents for the synthesis of anhydrous metal 
halide and chalcide compounds:

1. Large solubilities for the higher oxidation state halides 
of many elements, as well as for those elements with 
molecular structures, such as Seg, Sg and I2.

2. The formation of low melting solute-solvent eutectic systems 
with convenient liquid temperature ranges that allow the use 
of Pyrex reaction containers.

3. Stability with respect to oxidation-reduction reactions.
4. High volatility, allowing easy separation from nonvolatile 

reaction products.
5. Low viscosity, colorlessness and optical transparency 

throughout the near IR and visible, allowing visual observa­
tion of reaction colors and spectral characterization.
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6. Provision of an oxygen-free, anhydrous synthesis 
environment.

It was our desire to find a better method of synthesizing the 
zirconium(III) halides which first drew our attention to the 
potential solvent properties of the aluminum halides. Direct 
preparation of these species via reduction of the zirconium(IV) 
halides with Zr metal is difficult, due largely to the fact that the 
tetrahalides all melt above 430 °C (ZrCl4 at 435.5°C, ZrBr4 at 450°C, 
and Zrl4 at 500°C) and then only under pressures of 20 atmospheres 
or more (2). Consequently, high temperature (480-700°C), high 
pressure (40-60 atm) bomb reactions are required with reaction times 
as long as eight weeks, and the resulting trihalides are generally 
contaminated with unreacted Zr metal (3-6). In contrast, synthesis 
using the corresponding ZrX4/Al2Xg melts, with Zr metal as the 
reducing agent, can be conducted in simple Pyrex ampoules at 
temperatures ranging from 200-300°C, depending on the halide, with 
the melts yielding macrocrystals of the stoichiometric zirconium(III) 
halides in about a week (7). More recent work has shown that re­
duction of Y3/AI2CI6 melts (Y = Seg or Sg) with group IVB metals, 
such as Ti, results in convenient low temperature syntheses of the 
corresponding dichalcides, and that reduction of the ternary 
ZrCl4/Yg/Al2Cl6 melts with Zr metal gives novel mixed zirconium 
chalcochloride species (1,8).

Part of the success of the aluminum halide melts depends on the 
deposition of the desired reaction products at the shallow hot lip of 
the melt, where they are free of contamination by any nonvolatile by­
products or unreacted metal reducing agent, a phenomena which appears 
to involve a transport process of some sort. The use of physical 
transport processes based on the temperature dependence of phase 
changes,such as distillation or sublimation, for the purification of 
substances has been used since the dawn of chemistry. In contrast, 
the recognition that thermally-reversible chemical reactions may also 
be used in conjunction with spatially maintained thermal gradients to 
generate generalized "chemical-transport" processes is much more 
recent and due largely to the pioneering work of Schafer in the 1950*s 
(9). Since that time the importance of chemical-transport processes 
for the preparation and purification of inorganic compounds, particu­
larly those with nonmolecular structures, has grown exponentially 
(10-14). Though the vast majority of systems studied have involved 
gas phase transport, examples of liquid phase transport have also been 
observed (15,16).

From our empirical observation of our synthetic systems, there is 
little doubt that both physical and chemical transport processes are 
implicated. Indeed, we would like to call attention to the probable 
operation of a more complex "coupled-transport" process in which the 
favorable vapor-phase physical transport of the aluminum halide 
solvent is used to drive the liquid phase chemical transport of our
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reaction products against its prefered thermal gradient, leading 
to the observed deposition of the products at the hot shallow end 
of the melts (17). Although, such transport is implicated in all 
of our syntheses systems, our remarks will be focused on the 
zirconium trihalide systems, for which the greatest body of 
experience and empirical data are available.

DETAILS OF THE SYNTHESIS TECHNIQUE

All of the reaction systems are run in 75 ml sealed, evacuated 
Pyrex ampoules (35 mm o.d.) heated in standard 13" laboratory tube 
furnaces. The basic experimental setup is shown in Figure 1. The 
furnaces are tilted at angles ranging from 10-45° and the ampoules 
positioned so that the lip of the shallow end of the melt is roughly 
at the center of the furnace cavity. The products are deposited at 
the shallow lip of the melt as shown in the figure. After a few days 
the angle of the furnace is increased and the bottom of the reaction 
ampoule projected from the bottom of the furnace in order to sublime 
away the AI2X5 solvent and any unreacted ZrX4* This experimental 
procedure was developed by trial and error with appropriate consider­
ation given to avoiding temperatures at which the internal pressure 
within the ampoule would be excessive. The net chemical change in the 
system is represented by equation (1) and typical melt compositions

Zr(s) + 3ZrX4(sol)"4ZrX3(s) (1>
Where X = Cl, Br or I

and conditions are given in Table II, where the reported temperatures 
are those at the center of the furnace cavity.

Several important observations were made during the course of 
many experiments. The first of these was that reduction of 
zirconium(IV) occurred on the surface of the metallic reducing agent 
to produce a soluble blue species which streamed off the metal 
surface and eventually was homogeneously dispersed throughout the 
solvent system. The second was that crystals slowly began to grow at 
the rim of the melt surface, and that the crystal growth was enhanced 
by tilting the tube furnace to an angle of about 20 degrees, the 
completely vertical or horizontal positions giving little or no 
product deposition. Finally, and after the fact, we found that a 
natural temperature gradient of about A24°C existed in the tube 
furnace, with the higher temperature (T2) occurring at the lip of the 
melt (middle of the furnace) and the lower temperature (T^) at the 
deep end of the melt (the lower end of the furnace) where the metal 
reducing agent is located. It is this naturally occurring gradient 
which appears to be implicated in the observed transport of the 
products to the shallow lip of the melt.
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Several other observations should be noted which aid and abet the 
interpretation of why the synthesis proceeds as it does. The first 
is the observation that the trihalides are essentially insoluble in 
pure aluminum halides, but soluble in ZrX^/A^X^ eutectics (to the 
extent of 0.3 mole % in the case of the chloride ) where they give the 
same blue color as observed in the original synthesis systems. This 
suggests that the blue species is the result of an interaction 
between ZrX3 and the ZrX4*(AlX3)n complexes which are probably 
present in the melts (and which have been verified in both the gas 
phase (18,19) and the liquid phase (20-22) for the chloride system).
It should be noted, however, that even if all of the ZrX^ is completely 
complexed at the composition of the eutectic melts, the vast majority 
of the AI2X5 is still uncomplexed. (eg. in the chloride system, the 
mole ratio of ZrCl4 to AICI3 is 1:6, which in the case of a 1:1 
complex would still leave 5 moles of uncomplexed AICI3 units or 2% 
moles of A^Cl^) .

Lastly, in the case of the chloride and bromide melts, a dispro­
portionation reaction competes with deposition of the ZrX3 product, 
giving an insoluble brown product of the composition ZrAI2X7. This 
settles out of the melt and eventually coats the metal reducing agent, 
inhibiting the reaction from proceeding to completion. Again, it is 
largely the successful solution phase transport of the desired ZrX3 
products from the deep cooler end of the melt, where the reducing 
agent is located, to the hot shallow lip, which prevents their 
contamination by these by-products.

THE SOLUBILITY OF ZrX3

Now the question we wish to answer is why ZrX3 is deposited at 
the hot end of the reaction ampoule rather than at the cooler end.
The problem can be formally analyzed as a chemical transport problem 
(since dissolution of a nonmolecular solid is necessarily a chemical 
reaction) involving the transport of ZrX3(s) in the eutectic melt from 
the cooler end of the melt (T-̂ ) , where it is being generated, to the 
hotter end of the melt (T2), where it is experimentally observed to 
deposit. This experiment can in fact be carried out as described and 
pictured in Figure 2, the net equation for the process being:

ZrX eutectic melt t
ZrX(s) ^  ZrX(sol) T1 T2

and the corresponding equilibrium constant 

aZrC13(sol.)
Application of the vanft Hoff isochore 

d£nK _ AH°

(2)

(3)

(4)
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predicts that solubility will increase with temperature if the 
dissolution process is endothermic and decrease if it is exothermic.
In the first case, the temperature-dependent shift in solubility 
should lead to transport from T2 T-̂ , whereas in the second, it
should lead to transport from T-̂  T2, as observed in our systems.
Thus the simplest interpretation of our observations would be that 
ZrX3 dissolves exothermically (14).

This conclusion,however, is at variance with the testimony of 
countless phase diagrams, which show that the solubility of solids 
almost universally increases with T, rather than decreasing, even in 
the case of strongly solvated ionic species in highly polar solvents 
such as water (23). If we adopt the usual rational system of 
standard states for our melt system, AH° in equation 4 becomes equal 
to the enthalpy of fusion of ZrX3(s) which is certainly large and 
endothermic (indeed the ZrX3 halides generally sublime or decompose 
long before they melt). Our actual melt is, of course, far from ideal 
and substitution of equation 3 into 4 gives

d£naZrCl3(sol)
dT

AHf us
RT

(5)

Thus the actual solubility of ZrX^ n 
becomes

expressed as a mole fraction

dAnXzrC13(sol) AHfus - dZn^ZrCl3(sol)---------------------- (6)
dT RT dT

where we have used the fact that £na = &ny*x = £ny 4- ^nx,where y is 
the activity coefficient of ZrX3 in the melt. For an ideal solution 
y = 1 and solubility is determined solely by AH|ug which is certainly 
endothermic. Because of the complex formation implicated in the 
dissolution of ZrX3 in the eutectic, however, there is little doubt 
that y is finite and that the second term in equation 6 makes the 
overall dissolution process less endothermic than predicted by AH|US 
alone. Nevertheless, for the reasons mentioned earlier, it is 
improbable that it makes the overall dissolution process exothermic. 
Thus we conclude that the probable temperature dependency of the 
ZrX3(s) solubility is not sufficient to account for the observed 
direction of the liquid-phase chemical transport of the products and, 
indeed, probably opposes it.

VAPOR-PHASE PHYSICAL TRANSPORT OF THE SOLVENT

The resolution of this difficulty depends on the fact that the 
AI2X6 solvent has a substantial vapor pressure above the reaction melt 
and must itself be involved in a favorable endothermic transport, via
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the vapor phase, from the hotter shallow end of the melt to the deeper 
cooler end of the melt. Indeed, this process can actually be 
observed in our systems in terms of the condensing AI2X5 films at the 
cooler end. If again we use rational standard states, AH° in equation 
4 becomes equal to the enthalpy of vaporization for the A ^X^ species 
in question. These are certainly endothermic and are in keeping with 
a favorable transport from T2-*Tx, though the activity of AI2X5 in the 
melts is certainly far from those of an ideal solution.

It is our postulate that it is this favorable physical transport 
of the solvent, via the gas phase, which serves to counteract the 
unfavorable effects of the thermal gradient on the liquid phase 
transport of the products, the continual removal of solvent at T2 and 
its addition at being sufficient to account for the preferential 
deposition of the product at T2 rather than Ti. Thus the two processes 
are ultimately "coupled" in the sense that one transport process is 
driving the other against its preferred thermal gradient.

One of the rules governing transport processes is that the 
optimal use of a given temperature gradient, AT, is obtained if the 
gradient is evenly spaced on either side of that temperature where the 

Keq describing the "pseudoequilibrium" at the two temperature 
extremes is equal to 1 (or AG° = 0) (9,14). Thus at the temperature 
in question

AH° = TAS° (7)
and

T = T = T + T0 = AH° (8)
av AS°

where T^ and T2 are the two extremes of the gradient AT. For our 
coupled process there should exist a single optimal Tav which simul­
taneously maximizes the favorable vapor phase solvent transport and 
minimizes the unfavorable liquid phase transport. However, since 
quantitative data are lacking for the liquid phase portion, we cannot 
calculate this common Tav, though we can calculate the Tav which will 
optimize the favorable vapor phase portion of the cycle by itself.
This has been done in Table III, where rational standard states have 
again been used for the A ^X^ solvents (thus making AH° and AS° in 
equation 8 equal to the enthalpies and entropies of vaporization of 
the pure AI2X5 species).

As can be seen, the calculated values of Tav follow the same 
trend as the empirically observed orders for our synthesis systems: 
AI2I6 > A^Br^ > AI2CI5 and in absolute terms agree quite well for the 
bromide and chloride systems. In the case of the iodide systems 
temperatures of the order of the calculated TaV have never been tested 
experimentally for fear of pressure build up in the reaction ampoules. 
These results suggest that the vapor phase transport process is indeed 
the dominant process governing the favorable deposition of the 
products at T2 and that the optimal average endothermic transport
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temperature for a given melt is roughly the same as the boiling point 
of the pure solvent itself. This conclusion also serves to 
rationalize the observation that in order to successfully grow ZrBr3 
crystals, reactions in the A^Brg melts must be run at temperatures 
above those of the A^Clg melts, even though AlBr3(s) melts nearly 
100 degrees lower than AlClg^g) (98°C vs. 192.6°C) and reduction is 
observed to commence in both melts (as evidenced by the blue colors) 
as soon as melting is complete.

PROSPECTS AND CONCLUSIONS

We are not at present aware of any other preparative technique 
which combines the particular conditions used in our systems. However, 
the model proposed here strongly suggests that the tilted-tube 
technique, when combined with the proper thermal gradient, is capable 
of being generalized to other solvents and reaction systems and that 
the boiling point of the solvent should play a key role in optimizing 
the reaction temperatures used.

In several cases we have found that the composition of the product 
deposited from the Zr/ZrX4/Al2Xg melts varies with temperature. For 
instance, at temperatures below 210°C the Zr/ZrCl^/A^Cl^ system gives 
a mixed-valence Zr(III)-Zr(lV) species having a unique Zr^2A -̂4c -̂51 
layer structure in which the zirconiums have trigonal prismatic 
coordination (24) . Similarly, at temperatures below 280°C the 
Zr/Zrl4/Al2l6 system gives the compound Zr^I]^, which is also a 
mixed-valence Zr(III)-Zr(IV) species having a defect ZrQ.882*3 
structure derived from that of pure Zrlg (25) (Table IV) .

As noted earlier, in terms of the aluminum halide solvents, 
recent work in our laboratory has extended the technique to the 
quarternary Zr/ZrCl^/Yg/A^Clg systems (where Yg = Sg or Seg) and has 
led to the preparation of the first known examples of mixed zirconium 
chalcohalides (1,8) (Table IV). Like the binary halides, these 
products are deposited as macrocrystals at the shallow end of the 
solvent lip. Similar studies of the ternary M/Yg/A^Clg systems (where 
M = Zr or Ti) give the corresponding binary metal chalcides as 
products (Table V), which also show preferential transport, though the 
products are deposited in this case as microcrystalline powders (1).
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Properties of Aluminum Chloride
Table I

Melting Point/(°C)
Boiling Point/(°C)
Density Solid/(g/cc) 
Density Liquid/(g/cc)
Vapor Pressure Liquid/(atm)

192.6 (2.4 atm) 
192.0 

0.51
1.22 (220°C) 
3.96 (220°C)

Table II
Summary of Zr/ZrX^/A^X^ Reduction Melts 

Composition (mmol) Cl Br
Zr/ZrX4/Al2X6 3.3/17.2/75.0 3.2/11.0/52.6 1.2/6.1/28.6
n% ZrX4 18.6 17.6 17.5
Temperature (°c)a 230 260 300
Melt Color blue blue-green black
Transport Products ZrCl3 ZrBr3 ZrI3

green gold purple

a) Measured at center of furnace cavity.

Table; III
Calculatedi versus Experimental Transport Temperatures

Solvent ah; as; Kv rangec Tav/(°C)
(kcal/mole)b (e.u.) b (A24°C) calc expta

10.1 21.7 0.74-1.30 192 218
11.6 22.0 0.77-1.28 254 248
14.9 22.6 0.81-1.22 386 288

Calculated by subtracting 12°C from T at the center of the furnace
where T is assumed to correspond to T2 of the A24°C gradient.

b) Data from reference 26.
c) Values of K at T and T0.vap 1 2
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Additional Zirconium Systems
Table IV

Melt/mmol compn 
Zr/ZrCl4/Al2Cl6 
3.3/17.2/75.0

Time(wks)
1

Temp.
190-210

Product

Zr12A14C151
black

Zr/ZrI4/Al2I&
1.2/6.1/28.6

1 <280
black

Zr/ZrCl4/Sg/Al2Cl6
1.61/7.72/1.49/38.9

1 210 Zr4A14S7C118 
Apple green

Zr/ZrCl4/Seg/Al2Cl6
1.61/7.72/0.94/38.9

1-2 240 ZrAlSe2Cl5
Brown-red

Table V
Additional Titanium Systems 

Melt/mmol compn Time(hrs) Temp. 
Ti/TiCl4/Sg/Al2Cl6 24 220 
1.67/7.7/1.49/38.9

Product
TiS2 -0.125AlCl3

Ti/Sg/Al2Cl6
4.59/1.49/38.9

24 220 TiS2 *0.125AlCl3

Ti/TlCl4/Se8/Al2Cl6 
1.67/7.7/.935/38.9

24 220 Til 18Se2 °*189A1C1

Ti/Seg/Al2Cl 24 220 Ti 1 QSe • 0.189A1C1.1. io 2.
3.13/.935/38.9
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Figure 1. Synthesis apparatus showing tilted tube furnace and Pyrex 
reaction ampoule, a) metal reducing agent, b) transported product, 
c) insulating plugs.

Figure 2. Reaction tube profile showing the pseudoequilibrium * 
regions at T2 and and the transport directions in the gas 
phase and liquid phase.
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Abstract

Although mixtures of SbCl3, A1 Cl3 and Sb metal are 
unreactive and mutually insoluble in the solid state, the 
electrical conductivity of molten SbCl3~A1 Cl3 mixtures and 
the substantial solubility of Sb metal in these molten mix­
tures show that reactions occur in the liquid state. We 
review research on these and related subjects in an effort 
to gain insight into what the underlying reactions might be.

Introduction

The SbCl3-AlCl3-Sb system is unusual. All available data indi­
cate that the components are thermodynamically unreactive and 
mutually insoluble in the solid state. However, upon melting,
SbCl3 and A1Cl3 react readily and Sb metal dissolves in this liquid 
mixture, presumably through a reaction with SbCl3 to form inter­
mediate oxidation states. In this paper we review evidence 
pertaining to the kinds of entities that may be formed in these 
reactions. Our interest in this subject is derived from the use of 
SbCl3-AlCl3 melts as reaction media for organic substances. These 
melts serve as solvent/catalysts and as solvent/oxidants in which a 
variety of unusual organic reactions occur (1). When acting as oxi­
dants, the reduced species in the melt are presumably the same as 
those formed upon dissolving antimony metal.

Properties of Antimony(III) Chloride

Antimony(III) chloride melts at 73.2°C and its normal boiling 
point is about 222°C (2). The melt is a molecular liquid not unlike 
water in its physical properties. It has a low viscosity (0.0184 
poise at 99°C), a high dielectric constant (34.0 at 99°C), a low

‘•’Visiting scientist from the Department of Chemistry, University 
of Tennessee, Knoxville, Tennessee.
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degree of auto-ionization (specific conductivity, £  < 8.5 x 10“? S 
cnr* at 99°C), and is a good solvent for inorganic solutes.

X-ray and neutron diffraction data on the liquid at 80°C show 
it to consist of pyramidal SbCl3 molecules with a significant degree 
of intermolecular association (3). Bond distances and angles are 
235 pm and 96°, respectively, as compared with 233 pm and 100° for 
the gas phase species (4). (In this review bond distances are 
rounded to the nearest pm and bond angles to the nearest deg.)
These molecules are associated in short chains with their dipole 
axes strongly correlated so that, on the average, the first coor­
dination sphere of any given Sb atom contains, in addition to its 
three intramolecular Cl atoms at 235 pm, three other Cl atoms at 340 
pm, which belong to another SbCl3 molecule. The distance 340 pm is 
significantly shorter than 400 pm, the sum of the van der Waals 
radii (5), so that the intermolecular force between associated pairs 
of molecules must be much stronger than the van der Waals forces 
between unassociated molecules. The Raman spectrum of liquid SbCl3 
has been measured over wide temperature and frequency ranges, and 
the results lend strong support to the view that the melt is an 
associated liquid, not unlike hydrogen-bonded liquids (6).

The association between SbCl3 molecules in the liquid phase is 
a manifestation of the general tendency for SbCl3 to act as a 
chloride ion acceptor. In recent years a large number of crystal 
structures have been determined for binary compounds formed between 
SbCl3 and chloride ion donors, such as alkali metal chlorides and 
alkyl ammonium chlorides (7). The first coordination sphere of 
antimony usually contains six, sometimes five, chlorine atoms at 
distances significantly less than the sum of the van der Waals 
radii. These bonded chlorine atoms are usually arranged with a 
distorted octahedral geometry. Two complex anions have been found, 
SbCl5^“ (exactly octahedral) and SbCls2”, but in most crystals anti­
mony completes its coordination shell by sharing chlorine atoms with 
other antimony atoms. The result is usually a polymeric chloroan- 
timonate chain or network of infinite extent rather than finite 
molecular ions.

Bond distances in chloroantimonate(III) compounds span a wide 
range from about 230 pm to 370 pm without apparent preference for 
special values. There is, however, a correlation between the 
lengths of bonds that are trans to one another. Trans bonds of 
nearly the same length generally lie in the 260-270 pm range, while 
bonds significantly shorter than this are nearly always trans to 
bonds that are significantly longer.

Because there are some important analogies between the 
SbCl3-A1Cl3 system and the SbBr3»AlBr3 system, we note that bonding 
in bromoantimonate(III) crystals is qualitatively like that in 
chloroantimonate(III) crystals (8).
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Properties of Aluminum Chloride

The properties of liquid aluminum chloride and its mixtures 
with chloride ion donors are covered by other papers in this 
Symposium so that we limit our commments to a few facts. Crystalline 
A1Cl 3 has a compact layer lattice with 6-fold coordination about 
aluminum but upon melting at 192.4°C a major atomic rearrangement 
occurs. The resulting liquid phase consists of A12C1 g molecules 
with 4-fold coordination about aluminum and with pairs of aluminum 
atoms linked by two chlorine atom bridges (9). Although liquid alu­
minum chloride is at most only slightly auto-ionized (jc  < 1 x  10"? 
at 200°C), it readily reacts with chloride ions from donor sources 
to form ionic melts containing small chloroaluminate anions, such as 
AICI4”, AI2CI7" and A13d  1 Liquid aluminum bromide also consists 
of dimeric molecules, A^Brg, and has a low electrical conductivity, 
but in this case the crystal also contains these A^Brg units rather 
than the close-packed geometry of A1C13.

The SbCl3-A1Cl 3 Reaction

The SbCl3«A1Cl3 phase diagram has a simple eutectic without 
solid compound formation (10) while the SbBr3-AlBr3 phase diagram 
shows a low-melting 1:1 compound (10a). This formation of a 
crystalline compound in the bromide system but not in the chloride 
system has been attributed to the much higher lattice energy of 
crystalline AICI3 as compared with AlBr3 (11). On the other hand, 
the liquid phases of both systems show ionic conduction so that in 
both cases a halide-exchange reaction occurs on melting.
Conductivity data are given in References 11 and 12 for the 
SbCl3—A1C13 system and in References 13-15 for the SbBr3-AlBr3 
system. Some examples of the conductivity of these melts are shown 
in Fig. 1. Data for the chloride system are limited to the com­
positional range shown in this figure while data for the bromide 
system extend all the way to AlBr3*

Even before much was known about the structures of 
haloantimony(III) entities, it was recognized that aluminum(III) is 
such a strong halide ion acceptor that any ionizing reaction between 
SbX3 and AIX3 (X = Cl or Br) must involve a halide transfer from 
antimony to aluminum. On this basis it was postulated that the 
charge transporting entities are SbX2+ and A1X4~. Furthermore, from 
conductivity data for dilute solutions of AIX3 in SbX3 and cryosco- 
pic J_ values in the bromide case, it was concluded that ionization 
is incomplete (12, 15). Additional evidence for ion pairing or 
neutral molecule formation comes from the temperature dependence of 
the conductivity. As shown in Fig. 2, the conductivity of 
SbCl3-A1Cl3 mixtures containing 2.5-10 mole % passes through a maxi­
mum with changing temperature (11). The temperature at which the 
maximum occurs increases with increasing A1Cl3 content so that there
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may be a maximum beyond the temperature range investigated for 
AICI3 concentrations above 10%.

Temperature dependence data for the bromide system are much 
more limited but a conductivity maximum was found for an AlBr3-rich 
melt containing 88.26 mol % AlBr3 (13). Such temperature maxima for 
conductivity also occur for various other liquid systems, and it is 
generally believed that these result from ion pairing or neutral 
molecule formation that is aided by expansion of the liquid with 
increasing temperature. Substantial support for this view is pro­
vided by studies of the effect of pressure on conductivity at ele­
vated temperatures (16).

NQR spectra of the crystalline adduct SbBr3*AlBr3 showed the 
presence of a V-shaped SbBr2+ moiety and a distorted tetrahedral 
AlBr4’ moiety with antimony also weakly bonded to bromine atoms of 
AlBr4“ (17). Although crystalline SbCl3-A1Cl3 is unknown, the 
crystal structure of the adduct SbCl 3* GaCl 3 serves as a reasonable 
model since GaCl3 and its mixtures with chloride ion donors form 
entities in the liquid phase that have structures quite similar to 
those formed by AICI3. The structure of SbCl3* GaCl3 (18) is similar 
to that of SbBr3*AlBr3 and the SbCl2+ and GaCl4“ moieties are 
strongly bonded through chlorine bridges formed by the chlorine 
atoms of GaCl4". A diagram of the coordination sphere of antimony 
is shown in Fig. 3. It contains 4 chlorine atoms. Two of these 
with medium bond lengths of 271 and 277 pm are trans related and 
also belong to the coordination sphere of gallium. The other two, 
with very short bonds of 230 pm, belong only to antimony and form a 
bond angle of 97°. The latter have no trans partners. The geometry 
of the GaCl4“ moiety is that of a very distorted tetrahedron. Each 
SbCl2+ moiety is bonded to two GaCl4” moieties so as to form zig-zag 
chains of indefinite length.

These considerations suggest the following representation for 
the entities in antimony trihalide-rich melts

SbX2AlX4 + nSbX3 t SbX2+*nSbX3 + A1X4”

where X = Cl or Br. Solvation is explicitly indicated for SbX2+ 
because it is probably more than a weak association, but the other 
entities are also probably solvated via long halogen bridge bonds.

Charge Transport Mechanism in SbCl3-A1Cl3 Melts

The addition of NaCl to SbCl3-rich melts in amounts equivalent 
to or less than the AICI3 content results in a substantial decrease 
in the specific conductivity despite the small size of the Na+ ion
(11). Possibly the presence of these small ions causes some sort of 
structural lock-up that greatly reduces ionic mobility, but a
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simpler explanation is that charge transport in SbCl3-rich 
SbCl3-A1Cl3 melts takes place by a non-Stokesian chloride exchange 
process in which the SbCl2"*" moieties play a key role. The addition 
of NaCl removes these moieties by the reaction

SbCl2+ + Cl- + SbCl 3

and leaves only the less effective diffusive motions of Na+ as a 
means of charge transport. The following sequence represents an 
elementary step in the envisaged exchange process

Initial state: Cl2Sb+ ------ Cl SbCl 2

Transition state: Cl2Sb+ —  Cl” —  SbCl2+

Final state: C^SbCl ------  SbCl 2+

The known variability of the Sb-Cl bond length suggests that the 
transition state does not represent a particularly high activation 
energy barrier. The fact that SbCl3 molecules tend to form short 
chains with their dipoles oriented in the same direction offers the 
possibility of rapid chloride exchange along such a chain. A more 
complete set of arguments is given in the original paper (11).

Auto-Ionization of SbCl3

Closely related to the above subjects is the auto-ionization of 
SbCl3. The simplest representation of such a process is

SbCl 3 t  SbCl2+ (solvated) + Cl“(solvated)

in which the solvation forces are very strong and could be viewed as 
intramolecular forces rather than intermolecular forces. However, 
there is no objective evidence as to specific formulae for the 
molecular ions formed. Certainly an earlier formulation in which 
Cl“(solvated) was represented as the anion SbCl4” (2) must be 
regarded with skepticism since antimony never has such low a coor­
dination number in anionic chloroantimonate(III) complexes in 
crystals.

The potential of the Sb^+/Sb couple was measured at 99°C in 
molten SbCl3 containing various amounts of KC1 to increase the 
Cl“(solvated) activity and various amounts of A1Cl 3 to increase the 
SbCl2+(solvated) activity (19). Antimony immersed in SbCl3 
saturated with KC1 served as the reference electrode. In order to 
fit these data to a Nernst equation in which the concentration of 
Cl" served as the only composition variable, the concentration of 
SbCl2+ was eliminated by choosing a suitable value for the ion 
product constant
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K-j = [SbCl2+][Cl-]

The value log K-j = -7.8 ± 0.5 at 99°C gave a satisfactory fit. 
However, this value is inconsistent with that obtained from conduc­
tivity data, namely, log K-j < -10.5 at 99°C (2). The reason for 
such a large discrepancy is unknown but one possibility is the pres­
ence of the junction potential.

The solvated Cl“ anion has an abnormally high mobility in 
SbCl3 and is believed to carry most of the current in mixtures where 
it is present (2). For solutions of KC1 and NH4CI in SbCl3 
transport numbers have been directly determined and that for the 
chloride ion is about 0.9 at 99°C. A non-Stokesian chloride- 
exchange transport mechanism is clearly a plausible explanation for 
this high mobility.

Solubility of Antimony Metal in SbCl3-AlCl3 Melts

Antimony metal has a very low solubility in molten SbCl3 [mole 
fraction of 1.8 x 10"4 at 273°C (20) and 2.5 x 10"4 at 405°C (21)] 
but when A1 Cl3 is added to the melt, the solubility of Sb becomes 
substantial. Measurements have been reported (21) over the tem­
perature range of 235-430°C and representative isotherms are shown 
in Fig. 4 where XSb = nSb/(f>Sb + nSbCl3)»
XA1C13 = nAiCl3/ (nAlCl3 + nSbCl3) and n. is the number of moles. The 
temperature dependence of this solubility is small and passes 
through a maximum except at low A1 Cl3 concentrations. There is no 
direct evidence regarding the species formed by Sb in solution, but 
it is plausible to suppose that a reaction occurs between the metal 
and SbCl3 to form entities in oxidation states intermediate to 3+ 
and zero. The important role of AICI3 strongly suggests that the 
Sb/SbCl3 reaction is accompanied by a substantial release of 
chloride ions.

Antimony metal has a much higher solubility in Sbl3 than in 
SbCl3 and the addition of AII3 to Sbl3 has little effect on this 
solubility (22). Studies of Sbl3-Sb melts provide strong evidence 
that the reaction

2Sb + 4SbI3 - 3I2Sb-SbI2

takes place, where the I2Sb-SbI2 molecule is presumed to be struc­
turally similar to I2As-AsI2 and I2P-PI2. It is reasonable to sup­
pose that the chlorine analog, Cl2Sb-SbCl2, is the dominant species 
when Sb dissolves in SbCl3 alone or with a low concentration of 
A1Cl 3 but the occurrence of this neutral species does not account 
for the large effect that A1Cl3 has on Sb solubility.

114



Bismuth, the Group V element immediately below Sb, forms 
several homopolyatomic cluster ions with formal oxidation states in 
between 3+ and zero, and the structures of most of these are known 
from X-ray crystallography (23). They include Big3*, Big2*, and 
Big5+. These ions, which are not bonded to chlorine atoms, provide 
examples of the types of species that should be favored by the addi­
tion of A1 Cl 3 to SbCl 3.

When the solubility data (21) are plotted on a log-log scale, 
as shown in Fig. 5, a set of parallel straight lines is obtained for
0.05 <  ̂ 0.40. The mean value of the slope is 2.080 ± 0.036.
This result is consistent with the assumption that the solute spe­
cies is Sbn2+, a cluster ion with the charge 2+, formed by the 
reaction

2 SbCl2+ + (n - |) Sb(metal) * Sbn2+ + 1  SbCl3

provided that activity coefficients change little with changes in 
A1Cl3 content. For melts with a mole fraction of AICI3 less than
0.05, antimony proves to be much more soluble than is predicted by 
the above model. This behavior is consistent with the supposition 
that Cl2Sb-SbCl2 is formed (in addition to Sbn2+) at a low con­
centration.

The dissolution of Sb in SbCl3-M Cl3 is reversible only in the 
presence of Sb metal (21). Without the metallic phase present, the 
disproportionation of the dissolved species is kinetically hindered 
and highly supersaturated solutions can be prepared by evaporating 
some of the solvent. When an SbCl3-M Cl3-Sb melt is solidified in 
the absence of metallic Sb, a finely divided brown powder is found, 
dispersed among the clear crystals of SbCl3 and AICI3. This brown 
substance, presumably an unstable compound, slowly turns black on 
exposure to light. Although this behavior remains unexplained, it 
is of considerable importance not only in experimental studies of 
the SbCl3-A i d3-Sb system but also in the application of this system 
as a reaction medium for organic substances.
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Figure. 1. Conductivity 
isotherms for 
SbCl3-AlClo melts at 
100-200°C ind for 
SbBr3-AlBr3 melts 
at 100°C.

Figure 2. Temperature dependence of 
the conductivity of SbCl3--AICl3 
melts containing 2.5-25.0 mol % 
A K I 3. Curves are labelled 
according to composition in the 
order mol % SbCl3-mo1 % AlCl^.
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Figure 3. Schematic diagram of the coordination sphere 
of antimony in the adduct SbClg-GaClg.
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Figure 4, Solubility of Sb in SbCU-AlCK mixtures 
at two temperatures.
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Figure 5. Log-log plot of the solubility of Sb in SbCl3 
mixtures at 5 temperatures for X^^-j -values of 0.05-C

;-Al Cl 
1.40.
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PHASE DIAGRAM OF LiCl-NaCl-A1C13 TERNARY SYSTEM
Yuzuru Sato and Tatsuhiko Ejima

Department of Metallurgy, Faculty of Engineering 
Tohoku University, Sendai 980, Japan

ABSTRACT
Phase diagram of LiCl-NaCl-A1C13 ternary system has 

been determined by the use of direct visual observation 
and DTA methods. Composition ranges studied are 0-100molt 
AICI3 for LiCl-AlCl3 and NaCl-AlCl3 binary systems, and
0-50mol% AICI3 for the ternary system.

Chemical compounds LiAlCli* and NaAlCli* were found in 
the binary systems and their melting temperatures are 416K 
and 427K, respectively. The ternary system in the compo­
sition range less than 50mol% AICI3 shows two liquidus 
surfaces around LiCl and NaCl, and one boundary line 
between them. The ternary eutectic composition is con­
sidered to be near the eutectic composition of LiAlCli+- 
NaAlCli* binary system although it could not be found.

It is considered that the ternary system is a recip­
rocal system of ( Li+ ,Na+ || Cl" jAlCli*" ) in the composition 
range less than 50mol% AICI3. From the slopes of liquidus 
surfaces of the reciprocal melt, the standard free energy 
change of the following ion exchange reaction is estimated 
to be positive.

LiCl(f) + N a A l C H U )  = NaCl (1) + LiAlCU(f)

INTRODUCTION
Phase diagrams are essential for the evaluation of 

thermodynamic properties in the study of molten salts, and
also the knowledge of liquidus temperatures is indispensable 
for the practical use of salts.

LiCl-NaCl-A1C13 ternary system is attractive because 
very stable complex anion is formed in it, and it is well 
known as the electrolyte of new aluminum smelting process. 
Phase diagrams of LiCl-AlCl3 and NaCl-AlCl3 binary systems 
were previously reported.^) In this work, liquidus surface 
of the ternary system is determined in the composition 
range less than 50mol% A1C13. The thermodynamic proper­
ties of the ternary melt are discussed.
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EXPERIMENTAL
For the determination of the phase diagram of the 

ternary system, it is desired that a sample salt is 
sealed in the container in order to prevent the evapora­
tion or hydrolysis of the sample containing AICI3.

In this study, the direct observation of the phase 
change was adopted as a principal method, and DTA as a 
subsidiary method because the conventional thermal analy­
sis is hard to use for the salts containing AICI3.

A schematic diagram of the apparatus used for the di­
rect observation is shown in Fig.l. In this method, the 
sample salt is sealed in a transparent quartz tube under 
vacuum and heated, and then the appearance of a liquid 
phase in the solid phase or the disappearance of a solid 
phase in the liquid-solid coexisting phase was observed di­
rectly from the outside of a transparent electric furnace 
by the use of telescope with low magnification.

The conditions of thermodynamic equilibrium are ob­
tained more easily in this method as compared with 
conventional thermal analysis, although the present method 
is also a non-equilibrium method in principle. In this
study, the reproducibility was excellent under the con­
ditions that the amount of sample was about 20-30mg and 
the heating rate was less than O.lK/min.. The reason why 
the cooling method was not employed is that the reproduci­
bility was poor because the A1C13 melts have the tendency 
to super cool.

Figure 2 shows the DTA cell arrangement. DTA cells 
containing the sample and a-Al20 3 were fed into the holder 
made of boron nitride which has high thermal conductance 
and high electrical resistance. The measurement was made 
in an argon atmosphere.

AICI3 has an extremely high vapor pressure and strong 
hygroscopicity. The commercial anhydrous reagent grade 
AICI3 contains a fairly large amount of impurities such as 
HC1, FeCl3 and others, and cannot be used as it is. In 
this study, a double distillation method shown in Figs.3 
and 4 was used for the purification of the commercial re­
agent grade anhydrous A1C13. Purification was done by the 
following procedure. The unpurified A1G13 on a pyrex boat 
is placed in the distillation tube shown in Fig.3, and is 
heated under vacuum at about 390K for one day. Moisture, 
HC1 and other volatile compounds are removed. In this
case, the collecting bottle is heated at above 500K. After 
the heating under vacuum, AICI3 is heated to about 480K
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while dried argon is passed through as a carrier gas, and 
AICI3 is condensed in the collecting bottle cooled by the 
water with ice. After the sublimation, the collecting 
bottle is sealed at both ends. A1C13 obtained is white 
or slightly yellowish powder and still contains small 
amount of impurities. AICI3 powder obtained is sealed in 
a pyrex tube under vacuum and is melted at about 480K. 
Then it is cooled slowly in the furnace with the tempera­
ture distribution as shown in Fig.4. AICI3 condensed at 
the upper portion of pyrex tube is highly pure and color­
less transparent crystal which looks like mica.

For the preparation of LiCl and NaCl, the commercial 
reagent grade salts were heated at about 600K under vacuum 
and were melted in a dried HC1 atmosphere. After bubbling 

HC1 gas into the melt for one hour, argon was bubbled 
into the melt for one hour, and then the melt of LiCl or 
NaCl is solidified under vacuum.

For the determination of chemical composition, the 
entire sample after measurement is dissolved into 
distilled water and diluted as required. The analysis
was done by the atomic absorption method for A1, and the 
flame emission method for Li and Na.

RESULTS AND DISCUSSION
Phase diagrams of LiCl-AlCl3 and NaCl-AlCl3 binary 

systems obtained by previous study(D are shown in Figs.5 
and 6, respectively. Figure 7 shows the phase diagram of 
LiCl-NaCl binary system. In this case, the measurement 
was done on the liquidus temperatures only. The phase
diagram of LiAlCl^-NaAlCli*. quasi-binary system having a 
simple eutectic behavior is shown in Fig.8.

Figure 9 shows the phase diagram of LiCl-NaCl-A1C13 
ternary system in the composition range less than 50mol% 
AICI3. The points show the liquidus temperature mea­
sured, and the isothermal lines are shown. As shown in 
the figure, the liquidus surface consists of two surfaces 
around LiCl and NaCl. The dotted line, which connects 
the eutectic composition of LiCl-NaCl binary system with 
that of LiAlCl^-NaAlCli* quasi-binary system, corresponds 
to the boundary line in which two liquidus surfaces around 
LiCl and NaCl sides intersect each other. Ternary eutec­
tic composition is not seen in this figure, but is con­
sidered to be present near the eutectic composition of 
LiAlCl^-NaAlClit quasi-binary system.

As shown in Figs.5 and 6, LiCl-AlCl3 and NaCl-AlCl3
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binary systems evidently have the compounds, LiAlClt* and 
NaAlCli^. NaAlClit is confirmed to be very stable^2)* and 
LiAlCl4 is also considered to be stable.

Therefore, LiCl-NaCl-AlCl3 ternary system is regarded 
as a reciprocal system of ( Li+ ,Na+ II Cl' ,A1C14" ).
The cationic and anionic fractions are given by the 
following equation(l).

Li*1 = Lie j/ t1-XAicl3̂
XNa+ XNaCl^^1 'XAlCl3')
^Cl" = ^XLiCl+XNaCl"XA l C l 3^  ̂ 1 ~XA 1 C 1 3')

*̂ A 1C 1 4 ~ XA 1 C 1 3^ ̂ 1 -XA 1 C 1 3^
where x means the cationic or anionic fraction of ions in 
the reciprocal system, and X means the molar fraction of 
the compound in the ternary system. Phase diagram of the 
ternary system obtained is redrawn on the basis of the re­
ciprocal diagram,and is shown in Fig.10.

The thermodynamic properties of a reciprocal system 
are discussed. At first,the activities of components were 
calculated for LiCl-LiAlCl4 and NaCl-NaAlCl4 quasi-binary 
systems. In these quasi-binary systems, the activity of 
LiCl or NaCl in the melt can be obtained by the equation(2) 
except the composition near to LiAlCl4 or NaAlCl4, because 
the liquidus line from LiCl or NaCl reaches to the compo­
sition near to LIAICI4 or NaAlCl4, respectively, and they 
do not have solid solubility.

where M means Li or Na, aMC1 is the activity of MCI in the 
melt, T and Tf are the temperatures of liquidus and fusion 
of MCI, R is the gas constant, AHf is the heat of fusion 
of pure MCI. Heats of fusion used were taken from JANAF 
t a b l e f o r  LiCl and Dawson's d a t a f o r  NaCl.

Activities of LiCl and NaCl obtained at their melting 
temperatures are shown in Figs.11 and 12. The activities 
of LiAlCl^ and NaAlCl^ were determined by the use of 
Gibbs-Duhem’s equation and are shown in the figures. The 
activities of LiCl and NaCl show considerably positive 
deviation from Raoult's law, and the deviations are more 
remarkable for LiCl-LiAlCl4 quasi-binary system. By con­
sidering the previously reported result on KC1-A1C13binary 
s y s t e m as well as the present results, the following 
remarks can be made. The mixing of Cl~ and AICI4" anions
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increase the instability of the melt, and the instability 
decreases with increasing the size of cation.

Thermodynamic properties of a reciprocal melt, for 
example, ( A+ ,B+ || Y; Z" ) are characterized by the stan­
dard free energy change of ion exchange r e a c t i o n e x ­
pressed by the equation(3).

AY (1) + BZ(£) = A Z (£) +BY(l) (3)
The standard free energy change is related closely to the 
coulombic force between the ions. If the radii of A+ and 
Y~ are smaller than that of B+ and Z", respectively, the 
ion pairs of AY and BZ are stable generally and the stan­
dard free energy change of equation(3) is positive.

On the other hand, equation(4) gives the relation 
between the liquidus temperature of the reciprocal system 
and the activity of the compound, AY in the melt which 
equilibrates with pure solid of AY.

(T A
R In aAY R In y

A Y - * A + - * Y -  =  [i d^7 (4)

where y is the activity coefficient of AY in the melt.
As shown in Fig.10, the liquidus surface around NaCl 

decreases monotonically toward the direction of LiAlCl^, 
but the liquidus surface around LiCl maintains a

high temperature toward the direction of NaAlCl^.
This means that the activity of LiCl in the melt is high, 
and the standard free energy change of equation(5) is 
positive. This result agrees with the prediction mentioned 
above. This indicates that the combination of LiCl and 
NaAlCli* (smaller and larger cation-anion pairs) is more 
stable than the combination of LiAlCl1+ and NaCl.

LiCl(f) + NaAlCl^(£) = LiAlCl^ff) + NaCl(£) (5)
It is considered that this tendency becomes stronger as 
the difference between the cationic sizes increases. For 
example, two liquid region is found in the ternary system 
of LiCl-KC1-A1C13 in the composition range less than 50mol% 
AICI3 as reported by Grothe et a l P \  this system has larger 
difference between the cationic sizes.

CONCLUSION
Phase diagram of LiCl-NaCl-A1C13 ternary system was 

determined by the use of direct visual observation and DTA 
methods. In the composition range less than 50mol% A1C13, 
the ternary system has two liquidus surfaces around LiCl 
and NaCl, and they intersect on the line which
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connects the eutectic composition of LiCl-NaCl binary sys­
tem with that of LiAlCli*-NaAlCl^ quasi-binary system. The 
liquidus surfaces drop steeply as the content of AICI3 
approaches 50mol%. The ternary eutectic composition is 
considered to be near the eutectic composition of LiAlCli*- 
NaAlCli* quasi-binary system.

By considering that the ternary system is a recipro­
cal system of ( Li ,Na+ || Cl^AlCli*- ), the thermodynamic 
properties were discussed. The activities of components 
were calculated for the quasi-binary systems containing 
common cations. From the difference between the slopes 
around LiCl and NaCI, the standard free energy change of 
the following reaction is considered to be positive.

LiCl(f) + NaAlClt* (£) = LiAlCl^f) + NaCl(£)
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Fig.l Schematic diagram of the apparatus for the 
direct visual observation method.

A: Cell holder made of boron nitride 
B : DTA cell made of Pt 
C: Sample 
D: ^.-Alumina
E: Thermocouple for temperature 

measurement
F: Thermocouple for AT measurement

Fig.2 Schematic diagram of DTA cell arrangement.
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Fig.3 Schematic diagram of the apparatus for the first 
stage distillation of A1C13.

Fig.4 Schematic diagram of the apparatus for the second 
stage distillation of A1C13.
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Fig.7 Phase diagram of LiCl-NaCl binary system.

Fig. 8 Phase diagram of LiAlCl^-NaAlCli* 
quasi-binary system.
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Fig. 11 Activities of components in LiCl -LiAlCl4. 
quasi-binary melt at 883K.

Fig.12 Activities of components in NaCl-NaAlCl4 
quasi-binary melt atl074K.
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TRANSITION METAL CHLORO COMPLEX FORMATION 
IN ROOM TEMPERATURE CHLOROALUMINATE MELTS

C. L. Hussey and T. B. Scheffler 
Department of Chemistry 

University of Mississippi 
University, MS 38677

ABSTRACT

The addition of WCl^ to basic aluminum chloride- 
l-methyl-3-ethylimidazolinm chloride melt results in the 
formation of the tungsten(V) chloro complex, [WCl^]” .
This species can be reduced electrochemically to the 
tungsten(IV) chloro complex, [WC1 ^]^“ . The [WCl^]”/- 
[WClg] electrode reaction is diffusion controlled and 
exhibits a half-wave potential of ca. 0.46 V in basic 
melt referenced to aluminum in 66.7-33.3 mol % melt.
Neither [WClg]~ nor [WC1^]^“ appeared to react with 
oxide ion, introduced into the melt by dissolution 
of Li2C0g. Diffusion coefficients for [WC1^]*~ and 

2_[WCl^] , calculated from limiting current data 
obtained at a glassy carbon rotating disc electrode, 
were found to be 2 .7+0 . 1 x 10-^ and 2 .2 +0 . 1 x 10”  ̂
cm /sec. The close agreement obtained between the 
experimental solvodynamic and calculated structural 
radii for both [WCl^]” and [WC1 ^]^~ suggests that 
these two complexes are unsolvated in basic melt.

INTRODUCTION
Aluminum chloride can be combined with certain organic salts to 

produce ionic liquids at room temperature. Familiar examples of such 
liquids are mixtures of aluminum chloride with N-(n-butyl)pyridinium 
chloride (BPC) or l-methyl-3-ethylimidazolium chloride (MEIC) (1,2). 
Both systems have been found to be good solvents for electrochemistry 
and spectroscopy. The Lewis acid-base properties of these ionic 
liquids can be varied by adjusting the ratio of AlClg to organic 
salt. Melts in which the apparent mole fraction of AICI3 exceeds 0.5
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are acidic, owing to the presence of the heptachloroalnminate ion, 
while those with an AlClg mole fraction less than 0.5 are basic, 
since they contain uncomplexed chloride ion.

The solvation properties of these melts with regard to 
transition metal solutes are not well known. However, the results 
obtained during previous studies do suggest that some transition 
metal ions form very stable anionic chloro complexes in basic AlClg- 
BPC or basic AlCl^-MEIC. Tetrahedral M C l ^ 11-̂  ions were the 
dominant chloro complexes found for cobalt(II) (3), nickel(II) (4,5), 
iron(II) (5,6), and iron(III) (5,6). Potentiometric data indicated 
that both copper(I) and silver(I) formed mononuclear complexes of the 
type MClp^ , 2 _< p 4, as a function of melt composition in basic 
AlClg-BPC and AlCl^-MEIC. Linear M C ^ ” species were favored in basic 
melt at low chloride ion activity, while tetrahedral MCl^ species 
were dominant in very basic melts(7,8). Unsolvated MoCl^n“^  chloro 
complexes were found for molybdenum(III) and molybdenum(IV) in basic 
A1C13-MEIC (9).

The investigation reported herein concerns chloro complex
formation for tungsten ions with various oxidation states in basic
AlCl^-MEIC. Techniques used for this study include cyclic
voltammetry, rotating disc electrode voltammetry, and absorption
spectroscopy. The chemistry of tungsten chloro complexes has been
examined previously in molten AlCl^-NaCl mixtures in the temperature 

0range from 120 to 220 C (10). In addition, the electrochemistry of 
hexachlorotungstate(IV) and (V) has been studied in acetonitrile (11).

EXPERIMENTAL
Apparatus. - The dry box system and electrochemical 

instrumentation used for this study were identical to those employed 
previously (3,5,7-9). The procedure for monitoring the moisture and 
oxygen content of this dry box has been described (5).

A glassy carbon disc electrode (area = 0.07 cm ), constructed 
according to the procedure given by Phillips et al. (12), was used as 
the working electrode during voltammetric experiments. The cell used 
for these experiments consisted of a Pyrex cup with a tapered bottom,
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fitted with a Teflon lid. The reference electrode was an aluminum
wire spiral (Alfa, m5N) immersed in 66.7-33.3 mol % AlCl^-MEIC melt.
This melt, together with the aluminum wire, were placed in a Pyrex
tube which had a fine porosity fritted disc sealed in one end. This
tube was inserted into the bulk melt through a hole provided in the
cell top. The counter electrode was a molybdenum wire spiral. It
was isolated from the bulk melt in a similar fashion. A small glassy
carbon crucible served as the working electrode during controlled
potential coulometry experiments.

The cell was thermostated in a furnace constructed from an
aluminum block heated by means of a Vulcan cartridge heater. The
heater was controlled by using an ACE Glass 12105 proportional
temperature controller equipped with a platinum temperature sensor.
All measurements were performed at 40.0+0.2°C.

Chemicals. - The procedures used for purification of AlClg by
sublimation, synthesis of MEIC, and preparation of the AlCl^-MEIC
melt were similar to those described in previous publications
(3,5,13). Tungsten(VI) chloride, WCl^, (Alfa Ventron, 99%,

oresublimed) was purified further by heating it to 130-150 C under 
vacuum for several hours to remove oxychloro contaminants. Potassium 
hexachlorotungstate(V), KWCl^, was prepared from WClg and KI 
according to the procedure recommended by Dickinson et al. (14). 
Potassium hexachlorotungstate(IV), ^WClg, was synthesized according 
to Kennedy and Peacock (15).

The oxide content of the AlCl^-MEIC melt used in this study was 
determined by using pulse polarography at a slowly rotating glassy 
carbon electrode (GCRDE) according to the procedure developed by 
Osteryoung and coworkers (16). Melts that contained more than 5 ppm 
oxide were discarded. For conciseness, the melt compositions 
specified throughout this paper are expressed in terms of the
apparent mole fraction of AlClg, X ^ q  , or the apparent mole

3percent, mol %, of AICI3 in each AlCl3~MEIC melt.
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RESULTS AND DISCUSSION
WClfi and KWCl^. - The addition of either WClg or KWCl^ to basic 

AlCl^-MEIC m elt resulted in a canary yellow solution. However, both 
solutions turned green after standing for several hours. Cyclic 
volt am mo grams of fresh solutions of WClg and EWCl^ at a glassy carbon 
electrode in 44.4 mol % melt are shown in Figure 1. These 
voltammograms are very similar and both exhibit two major redox 
processes with reduction peak potentials, Epc, at about 0.43 and 
-0.83 V. (The oxidation current that occurs at potentials greater than
0.7 V is believed due to oxidation of chloride ion in the melt.) The 
similarity of these cyclic voltammograms supports the contention that 
the addition of either WClg or KWCl^ to basic melt results in the 
same solute species. However, the rest potential of the working 
electrode changed to more negative potentials with time in fresh 
solutions prepared by using WCl^ or KWClg, suggesting that the 
electroactive species introduced by addition of these compounds was 
unstable.

Cyclic voltammetric data for the redox process with Epc = 0.43 V 
are collected in Table I. These data were produced in a solution 
prepared from WCl̂ *, however, identical results were obtained in a 
solution made with KWClg. The voltammetric peak potential separation 
for these cyclic voltammograms averaged 0.067 V over the range of 
scan rates tested. (The theoretical value for a one-electron

0reversible charge transfer is 0.062 V at 40.0 C). In addition the 
peak current ratio, ipa/ipc, calculated using Nicholson's procedure 
(17), was close to one. Both ipa/ipC an^ the current function, 
i p w e r e  constant over the same range of scan rates. The 
limiting current at a GCRDE varied linearly with the square root of 
rotation rate during reduction of a solution containing WClg or KWClg 
(Figure 2). The information presented above indicates that the 
charge transfer reaction at Epc = 0.43 V is reversible. These 
observations also point to an absence of homogeneous chemical 
reactions coupled to the charge transfer process (18). The data 
collected in Table II suggest that the redox process with Epc =
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0.43 V is essentially independent of pCl in basic melt, also.
Controlled potential coulometry was performed on fresh solutions 

of WCl^ in basic melt. Exhaustive reduction at potentials of -0.3 
and -0.5 V gave n values of 1.0 and resulted in a pale green 
solution. A cyclic voltammogram of the former solution initiated
0.082 V positive of the working electrode rest potential is shown in 
Figure 3a. This voltammogram indicates that the reduced form of the 
redox couple is present and that no new electroactive species appear 
to be produced during electrolysis.

Absorption spectra of fresh solutions of WCl^ and KWCl^ in 44.4 
mol % melt are shown in Figure 4. Data taken from these spectra are 
recorded in Table III. It can be seen readily from this table and 
figure that the spectral characteristics of WClg and KWClg solutions 
are very similar. Furthermore, these spectra have many features 
which are similar to those observed for KWClg dissolved in organic 
solvents (Figure 4 and Table III). Spectra originating from the 
latter solutions have been attributed to the hexachlorotungstate(V) 
ion. It should be noted that it was not possible to record the 
spectrum of solutions made with basic melt below ca. 270 nm, since 
the UV cut-off of the melt occurs in this region. Also, accurate 
values of the absorptivities for the maxima appearing in the WClg and 
KWCl^ spectra could not be calculated because the absorbancies of 
these maxima changed significantly over a relatively short time.

KjWClg. - Solutions of l^WClg in basic melt were pale green. It 
should be noted that dissolution of E^WCl^ in liquid ammonia is 
reported to result in a solution of similar color (15). A cyclic 
voltammogram of a solution of E^WCl^ in 44.4 mol % melt is shown in 
Figure 3b. An absorption spectrum of a similar, but more dilute 
solution of I^WCl^ is depicted in Figure 5. Also shown in this 
figure is a spectrum of the solution resulting from the coulometric 
one-electron reduction of WClg (vide supra).

Considered together, the evidence presented above suggests that 
the addition of WCl^ to basic melt results in the formation of the 
tungsten(V) chloro complex, [WCl^] . The redox process that appears

137



in Figure 1 with E c = 0.43 V must therefore correspond to the
”  —  2—reversible, pCl independent [WCl^] /[WCl^] redox couple. However, 

melt solutions containing [WCl^] do not appear to exhibit long term 
stability. The negative shift in the working electrode rest 
potential and the spectral similarity of aged solutions of WCl^ and 
KWCl^ to solutions prepared from I^WCl^ (Figure 5) suggest that 
[WC1^]~ is reduced to [WCl^]2- by a component of the melt, most 
likely chloride ion, after standing for several hours.

The [WCl^]2- species can be reduced at Epc = -0.83 V, as shown 
in Figures 1 and 3. Cyclic voltammetric data for this process are 
given in Table IV. A plot of the GCRDE limiting current for the9_reduction of [WClg] is linear with the square root of rotation rate 
(Figure 2). Controlled potential electrolysis at -1.10 V gave an n 
value of 1.0 for this electrode reaction. Thus, the reduction of 
[WClg]2- appears to be a diffusion controlled, one-electron process.

Addition of O2” to [VC1 ^]~ and [WC1^]2~ Solutions. - The 
addition of L^CO^ to basic chloroaluminate melts has been shown to 
result in the formation of A10C12” according to the reaction (21,22):

C032” + A1C14" ^  A10C12" + 2C1" + C02 [1]

Both [TiCl^ ]2 and [MoCl^ ] 2 appear to react with A10C12 to form 
oxychloro complexes (9,23). Li2C03 was added to basic melt 
containing [WCl^] or [WCl^] . However, the formation of the 
corresponding oxychloro complexes via interaction of A10C12~ with 
[WCl^] or [WCl^] does not seem to be favored in this case, since 
no outward change in the voltammetric properties of these solutions 
could be detected, e.g., no new peaks were observed and no changes in 
the heights of existing peaks were noted. These results are 
surprising since numerous tungsten(IV) and tungsten(V) oxychlorides 
and oxychloro complexes are known (24). Apparently, reactions of 
A10C12~ with [WC16]“ or [WClg]2- in basic A1C13-MEIC are not 
thermodynamically favorable or they occur very slowly.

[WC16]~ and [WC1 ^]^~ diffusion coefficients. - Diffusion 
coefficients were calculated for [WCl^]- and [WCl^]2- from GCRDE
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limiting current data. The average values obtained from several
_*7 _ndeterminations for each complex are 2.7+0.1 x 10 and 2.2+0.1 x 10 ' 

cm^/sec, respectively. Solvodynamic radii of 3.9 and 4.8 % were 
calculated for [WClg] and [WCl^]^ , respectively, from these 
diffusion coefficients by using the Stokes-Einstein equation:

kT
Djirqk—  = 6 [2]

An estimate of the structural radius for [WCl^]^”, calculated from the 
crystal radii of W4+ and Cl”, was about 4.3 X. The structural radius 
of [WCl^]-, which contains W^+, should be approximately the same, 
since there are little differences in the values of the crystal radii 
of W4+ and W^+. The good agreement between the solvodynamic and 
structural radii observed for both [WC1^]“ and [WCl^]^*" suggests that 
solvation of these ions is negligible in basic melt. Similar results 
were found for [MoCl^]^” and [MoCl^]^“ (9).
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Table I. Cyclic Voltammetric Data for tbe [WC1 6]"/[WCl^]2" Electrode 
Reaction.

V, V sec- 1  AEp, V ipa/ip° ipa/v1/2> A sec- 1 / 2

0 .0 1 0.065 1 . 1 6 . 1 x 10- 5

0.02 0.065 1 . 1 6 .0 x 10- 5

0.05 0.065 1 . 1 6 .0 x 10- 5

0 . 1 0 0.068 1 . 1 6 .2 x 10"5

0.20 0.072 1 . 1 6 .0 x 10- 5

0.50 0.063 1 . 1 6 .0 x 10- 5

1 .0 0 0.069 1 . 1 6 . 1 x 10- 5

Table II. pCl Dependence of the [WC16]-/[WC16]2- Electrode Reaction

(Epc+Epa>/28*v El/2b ' V
mole fraction

a i c i3 pCl

0.457 0.455 0.458 0.156
0.457 0.456 0.464 0.218
0.460 0.458 0.471 0.300
0.462 0.460 0.476 0.382
0.463 0.460 0.482 0.492
0.465 — 0.487 0.639
0.467 0.493 0.901

ascan rate was 0.05 V/sec.
^GCRDE voltammetric half-wave potential at a rotation rate of 157 
rad sec”*.
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Table III. Absorption Spectroscopic Data for [WClg]x Cbloro Complex 
Anions

solute solvent ^max' 11111 ^8* 1 /mol-cm) ref.

WC16 44.4 mol % 275®,299(~X.5xX04),347(~8x this work
AICI3-MEIC X03),390®

k w c i6 n 275®,298(~X.3xX04),350(~7x this work
X03),390a

k w c i6 CH3CN 246(7.5xX03),~275®,297(X.2x this work

b XO4), 347(7.0xX03),~390a
k w c i6 CH^CN or 242(4.3xX03),270®,297(X.5x (19)

CHjClj XO4 ),345(X.XxX04),380(2.6xX03),

c 429 (4xX02)
[WC16]2- 44.4 mol % 287(7.9xX03),308®.350a this work

AICI3-MEIC
6 287(7.7xX03),308®,350® this work

*2»C1< CH3CN 237®,249(X.5xX04), this work
287(7.0xX03),~307®,~342®

KjWCXg mull 233,259,285,3X4 (20)
ashoulder
bR = (Et4N)
celectrolytic reduction of [WCX6]~

Table IV. Cyclic Voltammetric Data for the [WCl^]^ /W(III) Electrode
Reaction

V,V sec * AE , V P ip®/ipc ipc/v1/2, A sec' 1 ' 2

0 .0 1 0.067 1.1 5.8 s 10 5

0.02 0.069 1.1 5.8 x X0- 5

0.05 0.070 1.1 5.7 x X0" 5

0 . 1 0 0.074 1.1 5.7 X XQ-5
0.20 0.073 1.1 5.6 x X0- 5

0.50 0.071 1.1 5.4 x X0- 5

1 .0 0 0.080 1.1 5.5 x X0- 5
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Figure 1. Cyclic 
voltammograms at a 
glassy carbon electrode 
in 44.4 mol % melt at 
40.0°C: a. 7.0 x 10~3 M 
in WCX6, b. 5.8 x 10- 3  M 
in KWCl^j. Sweep rates 
were 0.020 V sec-*.

ElV) vs Al

Figure 2. Plots of tbe 
limiting current at a 
GCRDE as a function of 
rotation rate in 44.4 
mol % melt at 40.0°C: a. 
9.3 x 10- 3  M in [WC16]", 
E = 0.25 V; b. 6.9 x 
10" 3 M in [WC16]2-, E = 
-0.98 V.
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Figure 3. Cyclic 
voltammograms at a 
glassy carbon electrode 
in 44.4 mol % melt at 
40.0°C: a. product 
obtained after 
exhaustive electrolytic 
reduction of a 7.1 x 
10”3 M solution of WC16 
at E - -0.30 V; b. 6.1 x 
10”3 M in K2WC1^. Sweep 
rates were 0.020 V sec”*

E(V) vs Al

Figure 4. Absorption
spectra: ----, 6.3 x
10”5 M WC16 in 44.4 mol 
% melt (vs. pure melt)*,
----, 6.5 x 10-5 M KWClg
in 44.4 mol % melt (vs. 
pure melt)*, *-*-*, pure 
44.4 mol % melt (vs. 
air)', 7.5 x 10~5 H
KWCl^ in CH^CN (vs. pure
ch3c n).
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Figure 5. Absorption 
spectra in 44.4 mol % 
melt (vs. pure melt): a.
----, 6.5 x 10  ̂ M in the
product obtained after 
electrolytic reduction of 
a WCl^ solution at E =
-0.30 V ; ----, 6.5 x
10“5 M in k 2w c i6 ;
6.5 x 10-5 M in KWClg 
after 72 hours; 7.0
X  10-3 M in WClg after 
72 hours.
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PROSPECTS FOR ALKYL PYRIDINIUM 
ALUMINUM CHLORIDE MELTS

C.D. Desjardins, R.S. Salter, T.G. Cadger 
New Brunswick Research & Productivity Council (RPC) 

Fredericton, N.B. Canada E3B 5H1
and

E.J. Casey
Defence Research Establishment Ottawa (DREO) 

Shirley Bay, Ottawa, Ontario

ABSTRACT
N-butyl pyridinium chloride: aluminum 

chloride (BPC:AC) melt mixtures have been 
synthesized under rigorously pure and dry 
conditions. The phase diagram and preliminary 
conductivity data are presented. Purified aluminum 
chloride, AICI3 , has been found to be 
non-stoichiometric, that is, chloride deficient.
In acidic melts (e.g. mole fraction of AICI3 > 
0.5), the metals Li, Mg, In and A1 are active; Pt, 
Mo, C and Zr are passive; and Cu, Ag and Ti are 
transitional. Less overall activity occurs in 
neutral (0.50 mole fraction AICI3 ) and basic (<0.5) 
melts. Preliminary electrochemical studies on Li, 
Mo and Cu in the 0.67 mole fraction melt at various 
temperatures permit some understanding of the 
different mechanisms operable. Suggestions for 
further fundamental investigations and prospects of 
these melts as battery electrolytes are discussed.

INTRODUCTION
The recent prepara­

tions of molten salts 
which are liquids at room 
temperature and below has 
led to speculation about 
their potential uses as 
electrolytes in electro­

chemical cells whether 
for batteries, electro­
metallurgy or surface 
preparation. These melt 
systems (1), in partic­
ular, the alkyl pyridinium 
chloride-aluminum chloride
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system developed by King et 
al (2) and Osteryoung et al
(3) and the alkyl 
imidazolium-aluminum 
chloride system developed 
by Wilkes et al (4) have 
advantages over 
conventional electrolytes 
and/or molten salts in 
that, 1) they can exist as 
liquids to below -50°C, 2) 
they are non-aqueous media, 
3) they exhibit better 
conductivity relative to 
aprotic electrolyte systems 
and 4) they do not 
necessarily require solute 
material. However, if 
their suitability for use 
with active metal anode 
materials is required, 
close attention must be 
paid to both purity and 
details of preparation.

Many electrochemical 
investigations at several 
laboratories have been 
completed on molten salts 
liquid at room temperature 
since first reported by 
Hurley and Weir (5) in 
1951. For example, 
Suchentrunk (6) has shown 
that aluminum can be plated 
on nickel Electro-deposited 
aluminum has also been 
observed in
pre-electrolysis cells for 
purifying melts (7); and 
anodic dissolution of 
aluminum is possible with 
100% current efficiency 
(2). The results obtained 
with aluminum as well as 
other electrochemical 
investigations (8, 9) have 
shown the "potential" 
usefulness of melts as 
electrolytes in 
electrochemical cells. In

a specific instance, an 
alkyl pyridinium-aluminum 
chloride melt showed 
suitability as a battery 
electrolyte (10, 11).

It has been the focus 
of this investigation to 
prepare pure, anhydrous 
n-butyl pyridinium 
chloride-aluminum chloride 
melts, to assess the 
relationship of 
composition and 
temperature and to examine 
the thermodynamics and 
kinetics of redox 
reactions which can occur 
on a variety of metals. 
These efforts will 
ultimately uncover new 
phenomena which could 
possibly be exploited in 
metallurgy, batteries or 
catalysis.

EXPERIMENTAL METHODS
General. - All phases 

of the preparation and 
purification of melts and 
melt materials were 
carried out, wherever 
possible, under the argon 
atmosphere of a Vacuum 
Atmosphere dry box 
equipped with a Model 
He-493 Dri Train (RPC).
The dri box atmosphere was 
further purified by an 
additional recirculating 
chamber loaded with 
pre-treated molecular 
sieve and activated 
carbon. The atmosphere 
was periodically checked 
with a cracked light bulb 
which generally operated 
for at least 30 days under 
continuous use. Material
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handling outside of the ari 
box for transfers and other 
procedures such as 
recrystallizations were 
carried out on a glass 
vacuum line with the 
appropriate accessories.
The electrochemical 
measurements (DREO), in 
large part, were carried 
out under conditions 
similar to that above but 
less rigorous with respect 
to the removal of oxygen 
and/or moisture.

A Varian ESR 
spectrometer was used to 
determine the presence of 
free radicals. A Model 
31YSI Conductivity Bridge 
and a micro-cell (K = 1.0) 
were used for conductivity 
studies. Cyclic 
voltammograms were obtained 
using a PAR 173 
potentiostat/galvanostat 
and PAR 175 universal 
programmer. Open circuit 
potentials were measured 
with an electrometer 
(having an impedence of 
1̂0-1-4 ohms) . Other 
potentials, currents, etc., 
were measured with a Fluke 
digital multimeter (Model 
S010A).
Preparation of AlCl^. - 
AICI3 (Alfa Ventron) was 
sublimed by a modified 
method of Seegmiller et al
(12). 20g AICI3 was placed
in a sublimation apparatus 
(designed and constructed 
in-house) containing lg 
NaCl and 4-5 1/4" pieces of 
aluminum. The apparatus 
was then removed from the 
dry box and heated to 
220-230 °C under an HC1 gas

flow of approximately 1 
ml/min. Translucent to 
white crystalline material 
was collected on the cool 
areas of the apparatus. 
After ^5h., the apparatus 
was sealed, cooled and 
residual HC1 gas was 
removed under vacuum. The 
crystals were removed from 
the apparatus in the dri 
box, crushed and stored in 
glass vials. The material 
was analyzed for Cl and Al 
and consistently gave a 
ratio of Al to Cl of 2.8 to 
2.9 and less than 1% 
impurity (e.g., oxide 
material).
Preparation of BPC, - 
N-butyl pyridinium chloride 
(BPC) was synthesized by 
condensing, in a typical 
experiment, 324 ml of 
pyridine (Burdick and 
Jackson) and 418 ml of 
n-butyl chloride (Aldrich, 
distilled before use) as 
outlined by Osteryoung et 
al (3). The reagents were 
refluxed in a standard R.B. 
flask in the dark for ^2d. 
The red oil product formed 
in the reaction 
crystallized on cooling.
The crystals were filtered, 
recrystallized from 
acetonitrile, MeCN, and 
dried under vacuum. The 
crystals were further 
purified by 
recrystallization in a 
vacuum sealed filtering 
apparatus using specially 
purified and dried MeCN.
The preparation and 
purification of dry MeCN 
has been reported elsewhere 
(13, 14). These procedures 
yielded highly crystalline,
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pure BPC, the purity of 
which was verified by 
elemental analysis 
(Theoretical: C = 63.01, H
= 8.16, N = 8.16, Cl = 
20.66%; Found: C = 62.84,
H = 8.33, N = 8.13; Cl = 
20.88). The crystalline 
BPC prepared as above was 
ground, pumped under vacuum 
overnight and stored in 
glass vials.
Preparation of Melts. - 
AICI3 :BPC melts (e.g., 2:1, 
3:2, 1:1, 2:3, 1:2) were 
prepared by placing the 
appropriate molar 
quantities of each melt 
component in separate 
chambers of a melt 
apparatus (constructed 
in-house). The loaded 
apparatus was removed from 
the dri box and the lower 
portion (containing BPC) 
was immersed in liquid N2 . 
The valve separating the 
two melt components was 
then opened allowing small 
portions of AICI3 to 
contact BPC. The lower 
portion was then thermally 
cycled to room temperature 
at various intervals until 
all the AICI3 had been 
added. In some cases, the 
melts had to be cycled to 
75-90°C for complete 
reaction to take place. 
Clear colourless liquids 
were obtained except for 
the acid rich melts (e.g., 
2:1, AICI3 :BPC) which 
always showed some 
discoloration.

The melts were 
characterized by proton 
nmr, laser Raman spectra 
and 27 Al nmr and no

significant features were 
found using these methods 
beyond those reported by 
Wilkes et al. (15), Gray et 
al. (16)., and Osteryoung 
et al. (17).

The 2:3 and 1:2 AICI3 : 
BPC melts exist in two 
phases at R.T. Preliminary 
analytical data would 
suggest that the liquid 
phases are 1:1.2-1.3 AICI3 
:BPC melts.

RESULTS AND DISCUSSION
Melt Phenomena. - 
Analytical evidence has 
established that the AICI3 
is chlorine-deficient, the 
Cl/Al ratio being typically 
2.8-2.9. Both a powdery 
and crystalline material 
are observed as sublimation 
products. Attempts to 
relate these results to a 
possible second phase 
structure of AICI3 remain 
inconclusive. For example, 
x-ray diffraction and 27 Al 
NMR show only marginal 
differences, if any. The 
observation that a 
yellowish-amber tinge 
increased in the melt with 
increasing mole fraction of 
AICI3 may also be related 
to chlorine deficiency. 
Although it has been 
reported that the yellow 
discoloration can be 
eliminated using 
pre-electrolysis procedures
(7), it should also be 
noted that the 
discoloration reappears in 
several weeks. Obviously, 
further study in this area 
is required.
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The melting and 
freezing points were 
determined for each melt 
mixture to yield the phase 
diagram in Figure 1. The 
figure shows an A-B 
compound at 0.50 mole 
fraction (1:1 AICI3 : BPC), 
as others have reported
(2). However, not only 
supercooling to as much as 
60°C below the mp, but also 
metastability of the 
super-cooled melt for 
protracted periods of time 
were observed. For 
example, the .67 AICI3 mole 
fraction melt (2:1 AICI3 
:BPC) was used as an 
electrolyte for anodic 
oxidations and cathodic 
reductions while 
supercooled by 20°C for up 
to two weeks without 
freezing. The ability of 
these pure, chlorine 
deficient melts to 
supercool and remain so 
while being "seeded" by 
structural changes 
occurring at the 
electrode-electrolyte 
interface, needs 
theoretical attention. We 
suggest that, as in the 
molten polysulfide system 
which also shows 
supercooling phenomena
(18), there may exist 
repetitive molecular 
structures which could 
promote meta-stable chains. 
Chain structures have been 
inferred from nmr studies 
of nitrogen heterocycles by 
Quereshi et al. (19) and 
more recently for these 
melts by Wilkes et al.
(15). In the case of the 
melts, the chain structures 
have been postulated to be

polymers of anion-cation 
complexes. The specific 
complexes are dependent on 
the AICI3 concentration.
The free energy of 
formation of these chains 
need not be large to effect 
considerable meta-stability 
and it is possible that the 
non-stoichiometry in the 
AICI3 leads to 
chain-breaking.

Cyclic voltammetry 
shows generally that the 
melts are stable over a 
potential range of about 
2.0V. This range has been 
observed on Al, Ag, Ti and 
Li in our case and on 
glassy carbon and W by 
other workers (7). For 
example, the cyclic 
voltammogram in a 1:1 AICI3 
: BPC melt taken on Ti with 
a Al reference (see 
Figure 2) shows the major 
reduction wave at about 
-0.8V and the major 
oxidation at about +1.2V. 
The oxidation wave occurs 
between +0.8 and +1.2V with 
different metal surfaces. 
Figure 2 also demonstrates
X, Y and Z oxidation 
processes by Ti, but no 
corresponding reduction 
activity. By contrast, as 
will be seen later, the X,
Y, Z oxidation processes 
are not clear during anodic 
sweeps on Mo but can be 
separated on reduction.
The major reduction at 
about -750mV versus an Al 
reference at R.T. on Li,
Ti, and Ag produced a 
blue-colored transient 
product which reacts 
further and disappears.
The blue product has an
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absorption peak at 610 nm 
and was spin-active, as 
demonstrated by its 18-line 
ESR spectrum (see 
Figure 3). We have 
tentatively assigned the 
spin-active product to be 
the butyl pyridinium 
radical formed by reduction 
of the butyl pyridinium 
cation, BP+ . The 
disappearance of the blue 
product is probably due to 
radical dimerization or 
formation of a 
dihydropyridine. Naarova 
et al (20) have also 
observed blue colours 
during electrochemical 
reduction of a series of 
alkyl pyridinium ions. 
However, although they were 
unable to identify the main 
one-electron reduction 
products, they were able to 
detect and characterize a 
secondary dimeric radical 
product.

Preliminary
conductivity measurements 
of the BPC:A1C13 melts gave 
values ranging from 3.3 x 
10“3 (ohm.cm)“1 (AICI3- BPC 
2:3 melt) to a high of 8.0 
x 10”3 (ohm.cm)-1 for the 
2:1 AICI3 - BPC melt.
These results are 
consistent with those of 
King et al_ (2) where a 
specific conductivity of 
8.9 x 10“3 (ohm om)"1 was 
obtained for the 2:1 A1C13 
-BPC melt. These values 
are comparable to those 
obtained for nonaqueous 
aprotic battery electrolyte 
systems.
Electromotive Series -
Silver and copper metal

electrodes show a potential 
difference of Ag positive 
to Cu by 30±2mV. Both show 
small anodic and cathodic 
over-potentials and are 
suitable as reference 
electrodes, although the Ag 
electrode is preferred. In 
preliminary work, Al was 
selected as the stable 
reference electrode since 
its activity in the melts 
is expected to be fixed. 
However, the Al potential 
against both Cu and Ag was 
found to drift slowly for 
several hours or days at 
room temperature. The 
drift may be due to slow 
dissolution of an oxide 
film on Al. Ti showed 
similar but more 
irreproducible open-circuit 
potential drift. 
Measurements of 
open-circuit voltages of 
several metals taken on a 
multi-electrode cell and on 
individual M/Ag cells yield 
a preliminary electromotive 
series (see Figure 4) for 
M/M+x in the 2:1 melt at 
25°C. For example, the 
Li/Ag couple gave a 
potential close to the 
theoretical value given in 
redox tables, -iz Li +
AgCl = LiCl + Ag ; E = 
2.70V.
Metal Dissolution and 
Displacement. - Of the 
group of metals studied in 
the acidic 2:1 AICI3- BPC 
melt, the alkali metals are 
easily corroded in the 
order Li>Na>K. For 
example, Na is destroyed in 
a few minutes, Li and Ca 
passivate, and K appears to 
passivate. A 0.5mm Li foil
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reacts immediately on 
contact with the 2:1 melt 
(turns black). Mg 
tarnished after a few hours 
and appears to be protected 
by a loose reaction 
product. A1 reacts slowly, 
showing tarnish after a few 
days. Other metals studied 
showed relatively no signs 
of corrosion. In fact, Mo 
appeared to be cleaned of 
darkening air-formed oxide 
by the melt; and Ti 
likewise at elevated 
temperatures, ^60°C. 
Generally, the reaction 
initiation period may be 
days. Pt and C showed no 
evidence of reaction.

By contrast with 
behavior in the 2:1 AICI3- 
BPC melt, Li is stable in 
the 1:1 melt, even at 60°C, 
over a period of three 
months. Li, however, does 
react with the liquid phase 
of the 2:3 AICI3- BPC melt 
to give the blue butyl 
pyridinium radical.

In a Al-Cu cell, a 
powder Cu deposition on the 
A1 was observed. In a 
Ti-Cu cell, Cu deposition 
could be observed after 
stripping the protective 
oxide coating. Copper 
powder could be made by 
electrochemical reduction 
of Cu+2 dissolved in a 2:1 
AICI3- BPC melt.

As in aqueous systems 
all the metals examined 
showed anodic passivation 
at current densities or 
anodic potentials higher 
than some critical value.

Electrochemical Studies. -
(a) Active metals: Li,
Mg, In, Al.

The critical current 
density for anodic 
oxidation of pure Li foil 
at R.T. in a 2:1 AICI3- BPC 
melt was found to be 10 
mA/crn^ and much less, about 
2 mA/cm2 in a supercooled 
1:1 melt (see Figure 5). 
Although LiCl is quite 
soluble to 0.1 mole 
fraction LiCl (15) (^1M; a
LiCl/BPC/AlCl3 ratio of 
1:1:2), it is probably the 
ratio of dissolution of the 
LiCl formed by anodic 
reaction which determines 
the critical current 
density. On the other 
hand, the corrosion 
reaction which proceeds in 
parallel with the anodic 
reaction probably aids the 
removal of reaction 
product, baring fresh Li 
surface for reaction. 
Independent measurements of 
the rates of these 
processes are needed.

The reversibility of 
the system, with respect to 
reduction of the reaction 
product LiCl to Li while 
still on the surface or 
nearby in solution, remains 
suspect although the 
reversibility of one or 
more species in solution is 
indicated. For example, in 
Figure 5, it has been 
observed that the potential 
remains within %200mV of 
the open circuit potential 
for at least ten minutes if 
the current density during 
oxidation/reduction steps 
does not exceed 4 mA/cm . 
Obviously, the corrosion
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reaction militates against 
the alkali metals (Li, Na, 
K) being a dependable, 
rechargeable anode in the 
2:1 electrolyte. As in the 
Li/organic-electrolyte 
systems, a non-porous, 
adherent inhibiting 
corrosion-reaction product 
may be necessary.

The highly functional 
Mg alloy, Mg AZ61A (6% Al, 
1% Zn, high purity) 
supports current densities 
of up to 5 mA/cm2 at 25°C 
in the 2:1 AICI3-BPC melt 
but corrodes slowly. It 
may redeposit under special 
conditions.

(b) Passive metals: 
Pt, C, Mo.

Oxidation and
reduction can be performed 
on passive metals in these 
melts. Osteryoung et al 
(21, 22) have recently 
reported work on soluble 
organic and inorganic redox 
systems, and Koch et al (7) 
on other organic systems.

In a cell containing 
freshly prepared 2:1 AICI3 
:BPC melt, Pt, C and Mo 
were positive 0.86, 0.82 
and 0.31 initially against 
an Ag reference. Pt and C 
were steady while Mo was 
fluctuating and climbing. 
After aging the highest 
potential was observed for 
Mo at 1090 - 5mV.

Pt and Mo metals in a 
2:1 AICI3-BPC melt were 
chosen for polarization and 
potential decay 
measurements. Anodic and 
cathodic charging currents

on Mo are shown in 
Figure 6a. Critical 
current density was about 
10 yA/cm2 for both anodic 
oxidation and cathodic 
reduction at room 
temperature. During the 
anodic oxidation, potential 
arrests X, Y, Z were 
observed, at about 0.5, 1.1 
and 1.2V. Cathodic 
reduction occurred at 
potentials strongly 
dependent upon current 
density; however, the 
charge stored in the anodic 
oxidation and retrievable 
in the cathodic reduction 
was appreciable, about 4mC. 
Some of this stored charge 
may be in surface Mo 
compounds, but most will be 
in the electrolyte: thus 
the overpotential at any 
current density decreases 
with agitation; during an 
open-circuit rest 
(Figure 6a) further stored 
charge becomes available; 
and the potential returns 
to about 1090mV following 
polarization to higher or 
lower values (Figure 6b).

The nature of the 
active redox system on Mo 
is not yet established. 
Similar behavior was found 
on Pt and on spec-pure (no 
metals) graphite.
Candidate redox systems 
include CI2 /Cl and 
0C1“ /Cl" .

Attempts were made via 
ESR to detect any 
long-lived free radical 
formed as a result of 
anodic oxidation of the 2:1 
AICI3 -BPC melt on Mo and on
C. Special care was taken
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to eliminate the 
potentially spin active 
species Ag + or Cu++ from 
the anolyte which could 
originate from the 
reference electrodes. No 
active species were found.

(c) Transitional 
Metals: Cu, Fe.

The redox system 
C u / C u + 2  does not display 
simple behavior. The 
anodic oxidation is much 
faster than cathodic 
reduction, even in a 2:1 
AICI3 -BPC melt saturated 
with C u 2 C 12 .  Both active 
and passivated copper were 
studied. At anodic 
potentials more positive 
than about 0.22V at room 
temperature the metal 
passivates (see Figure 7). 
The dependence of peak 
current IqP , and of 
passivating current (at 
a potential 3.0V at which 
passivation was assured), 
was measured from -30° up 
to +80°C. The anode and 
reference were separated by 
a glass frit from reduction 
product(s) which might be 
formed at the Cu counter 
electrode, and the anode 
potential was swept at 
lmV/sec from 0 to 3.00V and 
held there. After ia had 
stabilized and had been 
measured, the potential was 
swept at 5mV/s up to 3.50, 
then down to 2.50 and back 
to 3.00, and the average 
slope AV/ Ai determined. 
Thus two measurements 
and AV/Ai, related to the 
resistance of the 
passivated electrode, were 
in hand. Then the 
temperature was re-set, up

or down several degrees, 
and after stabilization of 
ia, the AV/A i 
redetermined. Between -30° 
to +45°C this procedure 
gave a systematic measure 
of "resistance" as a 
function of temperature 
(see Figure 7). Repeated 
returns to 21°C gave values 
which indicated that no 
irreversible changes had 
occurred at higher or lower 
temperatures (although this 
observation does not prove 
that the films were not 
different at the different 
temperatures).

The activation energy 
for the peak rate ia^ is 
very low (20 KJ/mol) 
indicating mass transfer 
control in the electrolyte 
and perhaps diffusion of 
Cu+2 away from the anode. 
The value of 20 KJ/mol 
compares favourably with 
Osteryoung's (22) for 
diffusion controlled mass 
transfer of the Fe2+/Fe^+ 
couple in these melts. The 
mechanism changes below 
-20 C to a process with an 
activation energy of V50 
KJ/mol.

Above 46°C the 
activation energy for the 
anodic oxidation process 
for the passivated copper 
(held at 3.0V) is about 50 
KJ/mol (slopes plus or 
minus 2.5 for resistance 
AV/Ai or rate ia) • This 
suggests that a different, 
perhaps liquid crystal 
medium, controls transport 
processes at or in the 
surface film. Above 46°C 
the film apparently is much
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thinner because of 
dissolution. Some 
chemical-activation process 
with much higher activation 
energy (130 KJ/mol”1 ), such 
as Cu+ = Cu++ + e~, must be 
rate-determining.

The i/V sweeps in the 
range 3.0 t 0.5V at 
temperatures greater than 
about 40°C show a minimum 
in the i/V curve right at 
the formation potential of 
3.00V. From this fact it 
could be argued that the 
resistance is really a 
back-emf due to 
concentration gradient of 
the conducting species in 
the film. Under these 
steady-state conditions the 
electrolyte should be 
saturated with the Cu+ 2 . 
Solubility is low. By 
means of ESR Cu+2 was 
detected in the 
electrolyte, although there 
was no appearance of the 
characteristic blue color 
of Cu+2 in any of these 
experiments. The role of 
the Cu+ /Cu++ couple in the 
melt remains unknown.

PROSPECTS - FUNDAMENTAL
AND APPLIED
Several opportunities 

for fundamental 
electrochemical work on 
metals in AICI3-BPC melts 
have been identified. They 
include: (a) redox
processes on Pt and Mo; (b) 
anodic electrocrystal­
lization on Cu and Ag; (c) 
dissolution of Li, Mg; (d) 
stripping of surface films 
from Al, Ti and Zr; (e)

identification of 
electrolyte complexes and 
of anodic and cathodic 
reaction products.
Attention to purity and 
analytical content is seen 
to be of primary 
importance, and is 
stressed.

The stability of 
supercooled melts is of 
fundamental interest, as 
well as is the effect of 
soluble metallic chlorides. 
The most fundamental 
question to be answered 
remains: Why are these
mixtures liquid at R.T. and 
below?

Other melt systems 
such as the imidazolium 
based systems developed by 
Wilkes et al (15) may have 
the same prospects 
suggested for BPC based 
melts. The theoretical 
basis for the 
identification of 
alternate, more stable 
nitrogen heterocycles has 
been LUMO calculations.
Our preliminary 
investigations indicate 
additional "potential" 
systems suitable for future 
study.

From a technological 
application viewpoint, the 
use of R.T. melts is 
limited by stability and 
electrical conductivity. 
Metallurgical uses such as 
the removal of scales or 
oxides from metals like Mo 
and Ti may be feasible. 
There is evidence for 
electrodeposition of Cu and 
Al.
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Primary batteries 
based on Li, Ca or related 
alloys as anodes are 
possible. However, 
preliminary estimates 
indicate that the 
performance is not likely 
to exceed that of a good 
Zn-AgO reserve primary. As 
an alternative to organics 
now used in conventional 
lithium primaries, these 
melts may offer a useful 
alternative for special 
applications. Prospects 
for melts as media for 
electro-oxidizing oily 
organic wastes and 
recovering metals from them 
needs to be examined, as 
does the possibility of 
conducting more selective 
organic coupling reactions 
than are possible with the 
Friedel-Crafts reactions.

In the present work, 
we have concentrated on the 
acidic, low-freezing point 
melts. If low f.p. is not 
an important consideration, 
the neutral or basic melts 
become interesting. As 
would be expected, both the 
molecular structures and 
electrode processes vary 
with melt composition.
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FIGURE 3 - ESR Spectrum of blue reduction product.
Envelope centered at 3378G at 9.476 GHz.

MAGNETIC FIELD/G

FIGURE 4 - Open Circuit Voltages of several metals 
vs an Ag reference.
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FIGURE 5 - Cyclabiiity and Passivation of Li foil 
in a 1:1 melt.

FIGURE 6a - Oxidation and Reduction Behavior of a Mo 
electrode in a 2:1 A1C13-BPC melt.
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FIGURE 6b - Decay of open circuit potentials of a Mo 
electrode after polarization.

FIGURE 7 - Effect of temperature on active peak current, 
i§, on passivation current, ia , and on 
passivating film resistance, AV/Aia for 
a Cu electrode in a 2:1 melt.

T/°C
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REDUCTION OF AROMATIC KETONES 
IN AN ALUMINUM CHLORIDE : DIALKYLIMIDAZOLIUM CHLORIDE 

MOLTEN SALT SYSTEM

Graham T. Cheek and Robert B. Herzog

Chemistry Department 
United States Naval Academy 
Annapolis, Maryland 21402

ABSTRACT

The electrochemical reductions of benzil, benzoin, and 
benzophenone have been studied in the l-methyl-3-butyl- 
imidazolium chloroaluminate molten salt system. For benzil, 
the primary two-electron reduction process in the basic melt 
produces a complexed stilbenediolate intermediate which 
undergoes rearrangement to the benzoin dianion. In the 
acidic melt, a 1.8 volt shift in benzil reduction to more 
positive potentials is observed due to complexation of the 
carbonyl oxygens by aluminum chloride. Benzophenone and 
benzoin, both of which undergo a two-electron reduction in 
the basic melt, also exist in the acidic melt as aluminum 
chloride complexes.

INTRODUCTION

Previous studies of anthraquinone (1) and chloranil (2) in the 
aluminum chloride : 1-butylpyridinium chloride molten salt system have 
established that the electrochemical characteristics of these compounds 
depend markedly upon melt acidity. On the basis of these results, it 
was decided to investigate other compounds containing carbonyl groups 
in order to assess the generality of the phenomena involved. The 
compounds benzil, benzoin, and benzophenone were chosen since they 
represent aromatic ketones with some degree of structural variation.
The fact that these compounds typically undergo reduction at more neg­
ative potentials than do quinones (3), however, prevented their study 
in the above molten salt system. With the discovery and character­
ization by Wilkes et al. of chloroaluminate molten salts based on 
dialkylimidazolium chlorides (4,5), a system became available which 
retains the advantage of room-temperature operation while possessing 
a much wider potential window for voltammetric studies, particularly 
in the basic region. Our results for ketone reduction in this molten 
salt system are presented in this paper.
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EXPERIMENTAL

All experiments were carried out in a Forma Scientific Company 
glovebox, the argon atmosphere being purified by continuous passage 
through molecular sieves and both Ridox (Fisher Scientific Company) 
and BTS (BASF Corporation) oxygen removal catalysts. Total oxygen and 
moisture content is estimated to be below 10 ppm based on the absence 
of fumes from samples of titanium tetrachloride and diethylzinc kept 
in the glovebox.

Aluminum chloride (Fluka Chemical Corp., puriss.) was sublimed 
three times, giving small colorless crystals. l-Methyl-3-butyl- 
imidazolium chloride was prepared by reaction of 1-methylimidazole with 
1-butylchloride followed by threefold recrystallization of the salt 
from acetonitrile/ethyl acetate mixtures (4). After drying at 5(PC in 
a vacuum oven for two to three days, the salt was placed on a vacuum 
line in the molten state for several hours prior to introduction into 
the glovebox. Melt compositions are denoted by the aluminum chloride: 
l-methyl-3-butylimidazolium chloride molar ratio.

Benzil, benzophenone (Aldrich Chemical Company), and benzoin 
(Matheson, Coleman and Bell) were used as received, the melting points 
of the compounds agreeing with the literature values.

Electrochemical experiments were carried out using a Princeton 
Applied Research (PAR) Model 174A Polarographic Analyzer for voltam- 
metric experiments and a PAR Model 170 Electrochemistry System for 
coulometry and preparative electrolysis. In some cases a micropro­
cessor-based function generator was employed in cyclic voltammetric 
studies. The cell system used has been described previously (6). A 
3 mm diameter vitreous carbon rod was used as the working electrode, 
with potentials referred to an aluminum wire immersed in a 2.0 : 1.0 
aluminum chloride : l-methyl-3-butylimidazolium chloride melt. Unless 
otherwise indicated, experiments were carried out at a temperature of 
25 + 1°C.

Preparative electrolyses were run in a 35 mm diameter vitreous 
carbon crucible (Atomergic Chemetals Corp.). Product isolation from 
these electrolyses involved hydrolysis of the melts with distilled 
water followed by extraction with either benzene or hexane.

RESULTS AND DISCUSSION

Benzil

As seen in Figure 1, benzil reduction in the 0.8 : 1.0 basic 
melt occurs at -1.05 V, with a subsequent reduction at -1.27 V and 
oxidation processes at +0.22 V and +0.55 V also apparent. The initial 
reduction process was studied in some detail by means of several 
electrochemical techniques. Variation of the cyclic voltammetric scan
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rate over the range 10 mV/second to 200 mV/second produced a linear 
dependence of peak current on square root of scan rate, indicating 
that the reduction is diffusion-controlled on this time scale. Cou- 
lometry at -1.10 V showed that two electrons are involved in the re­
duction, while hydrolysis of the melt following a preparative electrol­
ysis at this potential led to the isolation of benzoin in approximately 
90 % yield.

In carrying out the cyclic voltammetric survey, it was found 
that, as the scan rate was increased, the current observed for the 
reduction process at -1.27 V decreased relative to that for the ini­
tial reduction process while a corresponding increase in the oxidation 
peaks at +0.22 V and +0.55 V occurred. At scan rates above 20 V per 
second, the second reduction process was not observed, leaving only 
the single reduction peak with subsequent oxidation process, seen as 
one broad peak, in a peak current ratio (cathodic to anodic) of 3.0. 
Upon lowering the scan rate to 10 mV/second, a small amount (approx­
imately 10%, based on the above peak current ratio) of the species 
undergoing oxidation was still observed on the return sweep, with the 
second reduction process now greatly predominant. It is evident from 
these results that the species responsible for the oxidation processes 
are intermediates formed upon reduction of benzil and undergo a trans­
formation to a substance the reduction of which is observed at -1.27 V.

The most plausible interpretation of these results involves the 
initial two-electron reduction of benzil to form a complexed stilbene- 
diolate intermediate followed by a rearrangement to the benzoin dianion 
as depicted in Figure 2. It should be noted that a similar pathway 
has been proposed by Stapelfeldt and Perone for benzil reduction in 
aqueous media (7,8). In the basic melt, benzil reduction apparently 
occurs as an ECEC process since the uptake of two electrons occurs in 
a single reduction process. As is the case for chloranil and anthra- 
quinone reduction in basic aluminum chloride : n-butylpyridinium 
chloride melts (1,2), the chemical step following the first electron 
transfer involves an interaction of the anion radical produced with 
the tetrachloroaluminate ion, leading to the formation of the complexed 
species shown in Figure 2. The complexed stilbenediolate undergoes 
oxidation at +0.22 V and +0.55 V, the two processes corresponding to 
the oxidation of the trans and cis isomers, respectively, by analogy 
to the situation in aqueous media (7,8). An approximate value of the 
rate constant for the rearrangement involved in benzil reduction was 
obtained by the method of Nicholson and Shain (9) as 0.01 sec“l. The 
reduction of the complexed benzoin dianion, formed upon rearrangement 
of the stilbenediolate intermediates, is responsible for the cathodic 
process at -1.27 V. This assignment is supported by the fact that 
reduction of benzoin added to the basic melt, which will be described 
in greater detail in a later section, occurs at -1.25 V. The series 
of voltammograms obtained at various temperatures, shown in Figure 3, 
shows qualitatively the increasingly rapid formation of the benzoin 
dianion as the temperature is raised.
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In the 1.2 : 1.0 acidic melt, a large shift (1.8 V) of the poten­
tial for benzil reduction occurs (Figure 1), as has been observed in 
the 1-butylpyridinium chloroaluminate system for quinones (1,2) and 
amines (10) for which complexation by aluminum chloride in the acidic 
melt took place. Further evidence for such an interaction for benzil 
in the present system was obtained by comparing infrared spectra of 
benzil in the 0.8 : 1.0 basic melt and 1.2 : 1.0 acidic melt. As seen 
for anthraquinone complexation (1), a complete shift in carbonyl 
stretching frequency from 1670 cm-! (basic melt) to 1545 cm-! (acidic 
melt) was observed, indicating that the carbonyl groups are both com- 
plexed by aluminum chloride in the acidic melt. In contrast to the 
complexed anthraquinone, however, the complexed benzil is very soluble, 
to the extent of at least 0.5 M, in the acidic melt.

More quantitative electrochemical experiments involved coulometry 
at +0.50 V, indicating a two-electron process, and preparative elec­
trolysis at the same potential, giving rise to benzoin as isolated from 
the hydrolyzed melt. The fact that the voltammogram in Figure 1 
(acidic melt) shows only one reduction process suggests that the ini­
tial benzil reduction product in the acidic melt does not undergo re­
arrangement as it does in the basic melt. Voltammetry of reduced 
benzil solutions showed an oxidation peak at +1.72 V, corresponding to 
that shown in Figure 1, upon an initially positive potential sweep from 
+1.20 V. This information, coupled with the above coulometric study, 
strongly indicates that the reduced benzil in the acidic melt exists 
as the complexed stilbenediolate dianion. The peak current correspond­
ing to its oxidation showed a slight (10%) decrease over a period of 
two days, indicating that the species is not completely stable in the 
acidic melt. As in the basic melt, one complexed stilbenediolate 
species, probably the trans isomer, predominates in the acidic melt.

The separation in potentials observed for the benzil redox pro­
cesses in the acidic melt is an indication that benzil undergoes fur­
ther complexation upon reduction. This interaction can be represented 
by the equation

B(A1C13)2 + m A12C17" + 2 e“ "--- B(A1C13)2"+ + m A1C14~,

in which B(A1C13)2 refers to benzil the oxygen atoms of which are com­
plexed with aluminum chloride and m is the number of additional alumi­
num chloride molecules acquired in the reduction process. The value of 
m was determined by a potentiometric study in which the potential of a 
coulometrically produced mixture containing equal amounts of the oxi­
dized and reduced benzil species was measured as a function of the 
melt composition according to the Nernst equation

E E + RT
2F In

[b (a i c i 3)2]

[B(A1C13)2-+ m ]
mRT
2F In

[a i2c i 7 ] 

[a i c i4“]
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[A12C1 “]
The slope of a plot of E against log ---------  (Figure 4) over the

[a i c i4~]
acidity range 1.05 : 1.00 to 1.70 : 1.00 was found to be 49 mV per 
log unit, indicating that somewhat less than two (1.7) Al^Cl^"" ions
are involved in the reductive complexation process. The corresponding 
value for anthraquinone reduction as previously studied (1) was found 
to be 2.0, suggesting that each oxygen atom in the reduced quinone is 
complexed by two aluminum chloride molecules; in the present case, the 
smaller value for m may indicate that some sharing of the complexing 
aluminum chloride between the oxygen atoms occurs as a result of their 
rather close proximity. The slope of the curve increased somewhat to 
74 mV per log unit in the acidity range 1.70 : 1.00 to 2.00 : 1.00, 
suggesting that a more extensive interaction occurs at higher acidity 
levels. Finally, cyclic voltammetric sweeps in both directions from 
the rest potential following the potentiometric study indicated little 
if any decomposition of the reduced form of benzil had taken place.

A brief study was also made of benzil electrochemistry in the 
neutral melt, typical results being shown in Figure 1. It is interest­
ing to note that the situation in the neutral region is not as well- 
defined as is the case for anthraquinone, in which a process attributed 
to the singly complexed quinone was observed (1). It is thought that 
the present results again reflect the fact that the complexation sites 
of benzil are both much closer together than those of anthraquinone 
and not as constrained in their orientation to one another, a situation 
which apparently leads to some lack of definition in the electrochem­
ical properties of the singly complexed benzil species.

Benzoin

The formation of the benzoin dianion from benzil reduction in the 
basic melt prompted a study of the electrochemical behavior of benzoin 
itself in the molten salt. In Figure 5, the cyclic voltammogram of 
benzoin added to a basic melt shows the main reduction process at 
-1.25 V, preceded by a smaller process at -1.10 V. Since the peak 
height for this smaller system did not appear to depend directly on the 
scan rate, it was assumed that it did not indicate product adsorption 
in the benzoin reduction but that the response was due to the presence 
of another electroactive species in the melt. Support for this con­
clusion was obtained from a voltammogram taken at platinum rather than 
vitreous carbon, under otherwise identical conditions, which showed a 
larger peak at -1.10 V than at -1.25 V. Given the higher overpoten­
tial for proton reduction at vitreous carbon compared to platinum (11), 
the most logical assignment for the more positive process is that of 
proton reduction. It should be noted here that a smaller response at 
this potential was observed in background scans (before benzoin addi­
tion) at platinum, and apparently is due to protons formed from inter­
action of trace amounts of moisture with the chloroaluminate melt (12). 
The larger proton concentration observed after benzoin addition indi­
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cates a displacement of chloride ion from the tetrachloroaluminate ion 
by the benzoin hydroxyl group, giving a complexed benzoin and a proton. 
It should be stressed at this point that this complexation occurs not 
at the carbonyl oxygen but at the hydroxyl oxygen. The structural dif­
ference between this complexed benzoin, with its C-H bond intact, and 
the benzoin dianion produced in benzil reduction (Figure 2) is rather 
slight, a fact which is consistent with the similarity in reduction 
potentials for these species.

The voltammograms in Figure 5 illustrate the shift in potential 
observed for benzoin reduction as a result of complexation of the car­
bonyl oxygen by aluminum chloride as the melt acidity is increased intc 
the neutral and acidic regions. The fact that no additional processes 
were observed between those illustrated is most probably due to the 
presence of only one site on the molecule at which additional complex­
ation can occur. In the 1.2 : 1.0 acidic melt, it is seen that the 
aluminum deposition process partially obscures the peak for reduction 
of the benzoin : aluminum chloride complex.

Benzophenone

As is evident from the voltammetric curves in Figure 6, only one 
process is observed for benzophenone reduction in the basic melt. The 
potential at which this reduction occurs is considerably more negative 
than that for benzoin or benzil reduction, an observation which re­
flects the existence of other electron-withdrawing centers near the 
carbonyl group in the latter cases. Coulometric investigations re­
vealed that two electrons are involved in the reduction; therefore, it 
again appears that a rapid complexation of the intermediate anion rad­
ical takes place by displacement of chloride from tetrachloroaluminate, 
followed by the uptake of another electron by the system. Benzhydrol 
(diphenylmethane) was isolated from the hydrolyzed melt following a 
preparative electrolysis at -1.70 V, indicating that the electrolysis 
product in the melt is the complexed form of the alcohol in which the 
oxygen and carbon of the C-0 bond are each complexed with aluminum 
chloride. In the neutral and acidic melts, a simple shift in reduction 
potential to -0.30 V is observed, again characteristic of complexation 
of the carbonyl group prior to reduction. As in benzoin reduction, the 
reduction process here occurs immediately positive of aluminum deposi­
tion in the acidic melt.

CONCLUSIONS

Perhaps the most general aspect of this work is the complexation 
of ketone reduction products, whether in the basic or acidic region, 
by interaction with species in the melt. More specifically, displace­
ment of chloride from the tetrachloroaluminate ion by oxygen anions 
upon carbonyl reduction occurs in the basic melt, whereas in the acidic 
melt the interaction is probably with the more acidic heptachlorodi- 
aluminate species with resultant displacement of tetrachloroaluminate. 
These interactions appear to be extremely fast and result in ECEC two-
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electron processes as characteristic reduction pathways for the systems 
studied. The rapidity of this complexation is such that intermolecular 
coupling of any intermediate radicals is effectively prevented, as seen 
by the formation of the complexed benzhydrol from benzophenone reduc­
tion, whereas coupled products, typically pinacols, result from reduc­
tion of ketones in other nonaqueous solvents (13).

Another common feature seen in this study involves the complex­
ation of the carbonyl groups of the ketones by aluminum chloride upon 
their introduction into the acidic melt. A shift in reduction poten­
tial was observed for all the ketones studied in this work, as has been 
found previously for quinones (1,2) and amines (10) in chloroaluminate 
melts. In the case of benzil, a corresponding shift in carbonyl infra­
red stretching frequency confirmed that both carbonyl oxygens undergo 
complexation.

The rearrangement observed upon benzil reduction in the basic 
melt allows some correlation of the properties of the molten salt sol­
vent system with those of aqueous systems by comparing the rates of 
the rearrangement in the two systems. In aqueous buffers, it was found 
that the rearrangement of the stilbenediolate intermediate is rather 
slow in acidic solutions ( 0.0011 sec"-*- at pH 1.0 ) and increased as 
the solutions were made more basic (7). The rate in neutral aqueous 
solutions ( 0.0073 sec--*- at pH 7.2 )(7) appears to correspond rather 
closely with that observed in the basic molten salt, indicating that 
the complexation of the stilbenediolate, whether by protons or alum­
inum chloride, is not sufficiently strong to prevent rearrangement to 
the benzoin dianion with its conjugated carbonyl group. At low pH and 
in the acidic melt, the greater complexing ability of these media slows 
the rearrangement markedly and, in the melt, allows the existence of 
the stilbenediolate species as a rather stable entity.
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B E  N Z I L

E, V vs Al

Figure 1. Cyclic voltammograms of benzil (20 mM) in 0.8:1.0 basic melt 
(top scan), neutral melts (middle scans), and 1.2:1.0 acidic melt 
(bottom scan). Scan rate = 100 mV/second. Temperature = 25°C.

Figure 2. Mechanism of benzil reduction process in 0.8:1.0 basic melt.
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B E N Z I L  
basic melt

Figure 3. Cyclic voltammograms 
of benzil (20 mM) in 0.8:1.0 
basic melt at various temp­
eratures .

Figure 4. Nernst plot of coulom- 
etrically produced benzil (7.5 mM)/ 
reduced benzil (7.5 mM) mixture in 
acidic melt. Composition
was varied by additions of alum­
inum chloride.
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E, V vs Al
- 1.0 - 2.0

Figure 5. Cyclic voltammograms of benzoin (28 mM) in 0.8:1.0 basic 
melt (top scan), neutral melt (middle scan), and 1.2:1.0 acidic melt 
(bottom scan). Scan rate = 100 mV/second. Temperature = 25°C.

Figure 6. Cyclic voltammograms of benzophenone (28 mM) in 1.2:1.0 
acidic melt (top scan), neutral melt (middle scan), and 0.8:1.0 basic 
melt (bottom scan). Scan rate = 100 mV/second. Temperature = 25°C.
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ORGANIC REACTIONS
IN LOW MELTING CHLOROALUMINATE MOLTEN SALTS

J. A. Levisky, J. L. Pflug and J. S. Wilkes

The Frank J. Seiler Research Laboratory 
United States Air Force Academy 

Colorado Springs, CO 80840

ABSTRACT
Mixtures of 1, 3-dialkylimidazolium chlorides and aluminum 
chloride are liquid considerably below room temperature, 
and they promote certain organic reactions. Acidic mix­
tures of l-methyl-3-ethylimidazolium chloride and AICI3 
act both as a solvent and a catalyst for alkylation and 
acylation of aromatic compounds. The rate of reaction may 
be controlled by changing the Lewis acidity of the melt and 
the temperature. The melts that were used permit reactions 
at sub-zero temperatures. Spectroscopic experiments showed 
the identity of the catalytic species in the melt and the 
reactive intermediate.

INTRODUCTION

The behavior of organic compounds in chloroaluminate molten salts 
has been studied by several groups in the last decade. Early work 
involved the relatively high temperature (approximately 175°C) 
NaCl-AlCl3 molten salts, but problems with solubility, thermal 
stability and volatility were experienced. Later, low temperature 
melts comprised of 1-alkylpyridinium chloride and aluminum chloride 
were used to study the electrochemistry of a variety of organics at 
or near room temperature. As a rule, these electrochemical reactions 
took advantage of the ability of the AlC^-rich melts to stabilize 
positive oxidation states of aromatic compounds (1). Numerous types 
of organic reactions employing chloroaluminate melts have been 
reviewed by Jones and Osteryoung (2). Surprisingly, reactions in the 
new low temperature melts have not been as extensively studied as 
those in the high temperature NaCl-AlCl3 melts.

Recently, we have been studying the structure, physical proper­
ties and chemistry of chloroaluminate melts consisting of mixtures of 
1,3-dialkylimidazolium chloride and aluminum chloride (3). These 
mixtures are liquid at room temperature and some compositions melt 
substantially below room temperature. In addition, they demonstrate 
a much wider range of Lewis acidity than the NaCl-AlCl3 mixtures. 
The binary mixture of l-methyl-3-ethylimidazolium chloride and 
AICI3 ("MeEtlm melt") has a particularly favorable combination of 
physical properties and ease of preparation. We noted that the
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MeEtImCl-AlCl3 mixtures dissolved a wide variety of organic com­
pounds and stabilized organic radical actions. We report here that 
the low melting MeEtImCl-AlCl3 molten salts can act as catalyst 
and/or solvent for classic Friedel-Crafts alkylation and acylation of 
aromatic compounds.

EXPERIMENTAL

All melts were prepared as reported previously (3). In a glove 
box the appropriate amount of melt and aromatic compound were added 
to an "airless-ware" reaction flask (Kontes), usually 50 mL, equipped 
with a magnetic stirring bar. All further operations were done out­
side the glove box, using a dry nitrogen flow to exclude moisture. 
The reaction mixtures were usually cooled to 0° C in an ice/water 
bath. The organic chloride was added to the aromatic/melt mixture by 
pipet and the reaction was allowed to proceed for the appropriate 
time, after which the reaction was quenched by pouring over ice. The 
mixture was made alkaline with a concentrated NaOH solution until all 
precipitate was dissolved. The mixture was extracted with diethyl 
ether, dried over magnesium sulfate and analyzed by GC/MS.

RESULTS AND DISCUSSION

The venerable Friedel-Crafts electrophilic alkylation and acyla­
tion reactions are normally run in an inert solvent and catalyzed by 
suspended or dissolved AICI3. In this report we describe the reac­
tivity and extent of these simple reactions employing the unusual 
MeEtImCl-AlCl3 catalyst and solvent system. Since an acidic spe­
cies is required to catalyze the reactions, compositions of the 
MeEtlm melt where AICI3 was in excess over the MeEtlmCl was the 
most effective catalyst. We usually express the melt composition as 
apparent AICI3 mole fraction, N, realizing that free AICI3 does 
not exist in the melt. An N = 0.67 melt is prepared by adding 2 
moles of AICI3 to 1 mole of MeEtlmCl and is acidic. Likewise an N 
= 0.50 melt is prepared by combining 1 mole of each, and is neutral. 
N 0.5 implies a basic melt. A combination of the two solids pro­
duces a liquid that has the unique dual character of catalyst and 
solvent for Friedel-Crafts reactions.

A series of alkylating agents was investigated. Primary and sec­
ondary alkyl halides were added to mixtures of melt and benzene under 
anhydrous conditions. Alkylated benzenes were observed after reac­
tions with methyl chloride, ethyl chloride, n-propyl chloride, 
n-butyl chloride, cyclohexyl chloride and benzyl chloride. Gaseous 
HC1 was evolved during all of the alkylation reactions. In addition 
to mono-alkylation products, poly-alkylated benzenes were present in 
the reaction products. For example, excess ethyl chloride reacted 
with benzene to produce the following ethylbenzenes: mono-(12%),
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di-(ll%), tri-(33%), tetra-(24%), penta (17%) and hexa-(2%). Methyl 
chloride produced an interesting array of products (Table 1). Note 
that the odd substitutions are virtually absent under the reaction 
conditions described. We have no explanation for this and we could 
not find any reports of similar phenomena in the literature.

Polyalkylation can be accounted for by considering the enhanced 
activity of the alkylated product. An excess of aromatic substrate 
would minimize polyalkylation. Thus, a ten fold excess of benzene 
over n-propyl chloride, in the presence of the 0.67 melt, produced 
predominately mono-propylbenzene (95%) with only 5% poly-propylated 
products. The mono-propylbenzene consisted of 70% iso-propylbenzene 
and 30% n-propylbenzene. The presence of iso-propylbenzene gives 
evidence of rearrangement of the primary carbonium ion to the more 
favorable secondary carbonium ion prior to ring substitution. The 
predominance of the rearranged product is an indication that the car­
bonium ion is formed, since reactions where ionization does not take 
place (i.e. where a "polarized covalent complex" is formed) show pri­
marily the unrearranged product (4). Rearrangement of n-butyl car­
bonium ion to secondary butyl carbonium ion also occurs in alkylation 
reactions with n-butyl chloride. Rearrangements such as these are 
common in classic Friedel-Crafts electrophilic aromatic alkylation 
reactions. Spontaneous formation of carbonium ions in 
l-( 1-butyl)pyridinium chloride-AlCl3 melt has been reported (5), so 
we believe that the alkylation proceeds by way of the completely dis­
sociated carbonium ions in the reactions described here.

Comprehensive positional isomerization studies of the polyalky1- 
ated benzenes have not been done in the melt to detect intramolecular 
rearrangements. Under usual Friedel-Crafts conditions intermolecular 
migrations among polyalkylated benzenes can also occur, especially in 
the presence of excess catalyst, to produce a non-thermodynamically 
controlled product distribution (6). The intermolecular migration 
usually occurs following protonation of the polyalkylbenzene at the 
carbon bearing an alkyl group with subsequent dissociation of the 
carbonium ion. The same process should not be possible in the apro- 
tic MeEtlm melts. An equimolar mixture of benzene and hexamethylben­
zene in an acidic MeEtlm melt (N = 0.67) resulted in no toluene, 
xylenes, mesitylenes, etc., thus there is no dissociation of the 
methyl substituents, probably due to lack of H+ in the medium. 
Koch et al. (7) observed that Friedel-Crafts transalkylations could 
be initiated electrochemically in ethylpyridinium bromide/AlCl3 
melts, which are chemically similar to the MeEtlm melt described here.

The versatility of the MeEtImCl-AlCl3 melt in Friedel-Crafts 
reactions was demonstrated by attempting the alkylation reaction with 
different aromatic compounds. Table 2 lists the compounds and the 
alkylated products. The reactions showed the expected behavior 
towards activated and deactivated aromatic substrates, with no reac­
tion occurring with nitrobenzene.
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The classic nature of Friedel-Crafts electrophilic aromatic sub­
stitution reactions in chloroaluminate melts was further demonstrated 
through relative reactivity measurements. In competitive propyla- 
tion, toluene was found to be 1.9 times more reactive than benzene, 
and chlorobenzene was approximately 0.55 times as reactive as ben­
zene. The relative rates suggest that a highly reactive electrophile 
is produced during the reaction. Such reactive attack by electro­
philes is relatively non-selective for aromatic compounds that are 
activated or deactivated by substituents, therefore, relative rates 
are usually within the same order of magnitude.

Friedel-Crafts acylation of aromatic compounds with MeEtlmCl mol­
ten salts proceeds with relative ease. Acylation proved simpler than 
alkylation because the first substitution product deactivates the 
aromatic nucleus towards further ring substitution. As a result, 
mono-substitution is observed with essentially no poly-substitution 
when benzene and acetyl chloride are reacted in acidic MeEtlm melt. 
A competitive rate experiment similar to that described for alkyla­
tion was done and the expected order of reactivity for benzene, tolu­
ene and chlorobenzene was observed. The relative rates were 1, 37, 
and 0.015 respectively. Note that the substituents are exerting more 
kinetic control in the case of acylation.

The simplest of the acylation reactions, i.e., MeEtImCl-AlCl3 
catalyzed reaction of acetyl chloride with benzene to produce aceto­
phenone was studied in detail. The rate at which acetophenone was 
produced was dependent oh the composition (hence Lewis acidity) of 
the melt. In the melts described here, Lewis acidity is determined 
by the proportions of AICI3 to MeEtlmCl used to prepare the melt, 
and is expressed as the quantity N (vide infra). In chloroaluminate 
melts, the Lewis acidity is known for any given composition. Melts 
of greater Lewis acidity demonstrated greater catalytic activity than 
those of weaker acidity or neutral and basic melts. A series of 
experiments using constant weights of reactants and melt but variable 
melt composition demonstrated the expected dependency. Figure 1 
shows the initial rate of acetylation of benzene plotted va N. The 
reactions were run at 0° C, and progress monitored by GC/MS analysis 
of aliquots. No substitution occurred in melts where N 0.5, and 
the initial rates or reactions were found to increase as the acidity 
of the melt increased. These observations are almost certainly due 
to the increasing concentration of the actual catalytic species in 
the melt. The concentration of AI2CI7- in the melts also is 
plotted in Figure 1, and the dependence of [AI2CI7”] on N sug­
gests that AI2CI7” may be the catalyst responsible for promot­
ing the reaction.

We examined the reaction between the melt and acetyl chloride by 
nuclear magnetic resonance (NMR) spectrometry in order to learn some 
details about the nature of the catalyst in the melt and the electro­
phile that is produced from the acetyl chloride. Observation of the 
proton NMR resonance of the methyl group in the acetyl chloride (or
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its reaction product) was useful, since it was a singlet well separ­
ated from the proton resonances of the imidazolium ions in the 
melts. Figure 2 shows the dependence on the acetyl proton chemical 
shift on the relative concentrations of acetyl chloride ([CH3 COCI]) 
and AI2 CI7 ” in the mixture. At low concentrations of acetyl 
chloride, the acetyl resonance was shifted downfield, and did not 
change much with increasing concentration. At high [CH3COCI], the 
resonance moved upfield with increasing relative concentration. The 
threshold that delineated these two types of behavior was where 
[CH3COCI] was equal to the [Â Cly""] in the mixture (zero on 
the plot in Figure 2). This is very suggestive of a stoichiometric 
reaction between the CH3COCI and A^Cly”, which is probably 
the actual catalyst in the melt. This is a very useful fact, because 
we can now easily select the reactivity of the medium toward 
Friede1-Crafts substitution by adjusting the N of the melt used. The 
product of the reaction between CH3COCI and A^Cly” is still 
an open question. The simplest case would be complete transfer of 
the chloride in acetyl chloride to produce the acetyl cation (1 -oxo- 
ethylium):

CH3COCI + A12C17“ -► CH3CO+ + 2AICI4-

Alternatively, a reactive complex of CĤ COCl* • ̂ A^Cly” 
might be the species formed. The 1H NMR chemical shift of 
CH3 C0 + has been measured (8 ), but in an entirely different sol­
vent and with a different reference. Olah reported that CH3C0 + 
was shifted 1.9 ppm downfield from its parent CH3COF. We see a 1.0 
ppm downfield shift from the parent CH3COCI, which we cannot inter­
pret unambiguously as the completely dissociated CH3C0 +. 13C
NMR measurements are being done to clarify the matter.

From the results of the experiments described above we suggest 
the reaction scheme outlined in Figure 3. Note that AI2CI7” 
is regenerated and that the observed products (acetophenone and HC1 
are accounted for). We have written the reactive electrophile as 
CH3 C0+; but it may not be completely dissociated, as discussed 
above.

We have not yet established the full scope of Friedel-Crafts 
reactions in the MeEt I111CI-AICI3 molten salts. At this point we 
know that alkylations and acylations are promoted by the melt, the 
reactions are homogeneous, and the work-up is relatively simple. The 
melt is easily prepared in two steps from commercially available 
materials, so it may be a generally useful reagent and solvent.
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TABLE 2
PROPYLATION OF AROMATIC COMPOUNDS3

Aromatic
N of 
Melt

Reagant Ratios 
PrCl:Aromatic:Melt Product

Benzene 0.67 10:1:1 95% Mono-, 5% Poly-

Toluene 0.67 10:1:1 73% Mono-, 27% Poly-

Chlorobenzene 0.67 10:1:1 96% Mono-, 4% Poly

Nitrobenzene 0.67 10:1:1

TTS" "A;— ?------ -------- ------------------------

no reaction

IT. Reactions run at 0° C for 10 min.
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ELECTROCHEMICAL PROPERTIES OF THE SOLVENT 
SbCl 3-Al Cl 3«N“(1-BUTYL)PYRID INIUM CHLORIDE AND ELECTROCHEMICAL AND 

SPECTROELECTROCHEMICAL STUDIES OF THE SOLUTE 9,10-DIMETHYLANTHRACENE

D. M. Chapman, 1 G. P. Smith, M. Sdrlie, 2 C. Petrovic, 3 
and G. Mamantov3

Chemistry Division, Oak Ridge National Laboratory 
Oak Ridge, Tennessee 37830

ABSTRACT

Physical and electrochemical properties were determined 
for ternary mixtures of SbCl3, AICI3 and 
N-(1-butyl)pyridiniurn chloride (BPC1) that are liquid at 
ambient temperatures. Specific conductivities of the com­
positions (mole %) 60:19:21 (basic) and 60:21:19 (acidic) 
SbCl 3-Aid 3-BPC1, measured over the temperature range 
24 - 100°C, varied from 0.00395 to 0.02759 S cm"1. 
Viscosities of the 60:21:19 and 60:19:21 melts were 
22.8±0.7 and 31.5±0.9 cp, respectively, at 25.1±0.5°C.
For a potentiometric titration between the compositions 
60:18:22 and 60:22:18 with SbCl3 fixed at 60 mol %, the 
potential of the Sb(III)/Sb(0) couple increased by 0.43 V 
at 27°C. Current-overvoltage curves for the oxidation of 
antimony metal in a 60:21:19 melt at an Sb rod electrode 
displayed Tafel behavior. The feasibility of performing 
electrochemical studies in these media was demonstrated 
using cyclic voltammetry, differential pulse polarography 
and double potential-step chronocoulometry to elucidate the 
electrochemical behavior of 9,10-dimethyl anthracene (DMA) 
in the 60:19:21 melt. The solute was reversibly oxidized 
to its radical cation at an anodic peak potential of +0.50 
V relative to the reference electrode SbCl3-BPCl (it), sat. 
SbCl3/Sb at 27°C. Spectroelectrochemical experiments on 
DMA using an optical multichannel spectrometer over the 
range 479-984 nm are reported. The spectrum of the DMA 
radical cation has four bands with the most intense at 
678 nm.

Graduate student, University of Tennessee, Knoxville, 
Tennessee

^Visiting scientist from the University of Tennessee, 
Knoxville, Tennessee

^Department of Chemistry, University of Tennessee, Knoxville, 
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It has recently been shown (1) that certain SbCl3-rich mixtures 
of SbCl3, AICI3 and N-(1-butyl )pyridinium chloride (BPC1) are molten 
at room temperature and act as solvent-catalysts for hydrogen 
transfer reactions of anthracene, and that the 9H-anthracenium ion 
is stable in some of these media. These results suggest that low- 
melting SbCl3-AlCl3-BPCl mixtures may have chemical properties simi­
lar to those of higher-melting binary SbCl3-A1 Cl3 and SbCl3-Md 
systems (where MCI is a strong chloride ion donor such as KC1 or 
[CH3]4NC1). These higher melting salts have been shown to have 
unique catalytic properties and to provide environments in which 
arenium ions and arene radical cations are quite persistent and 
readily studied (2-9). The room temperature melts are more easily 
handled than the higher-melting mixtures, and carbocations may prove 
to be even more persistent at ambient temperatures than they are 
in the binary mixtures at elevated temperatures.

As a next step toward utilizing the ternary room temperature 
melts, we measured some of their physical and electrochemical 
properties, and studied the electrochemical oxidation of
9,10-dimethyl anthracene (DMA). In studies of the higher-melting 
SbCl3-rich mixtures, information on the potential of the 
Sb(III)/Sb(0) couple as a function of composition together with E]^ 
values for arene solutes proved to be of key importance in eluci­
dating the chemistry of arenes in these media and we anticipate 
similar benefits from electrochemical studies of the ternary melts.

Materials. —  Purification of the melt constituents has been 
described (1). 9,10-Dimethyl anthracene (Aldrich, >99%) was used 
without further purification. Antimony metal (Bradley Mining Co., 
99.99%) was vacuum cast into 3-mm diameter single crystal rods that 
were drilled and threaded to serve as electrodes.

Cells and Electrodes. —  The spectroelectrochemical cell, elec- 
trodes and fittings have been described (9) except that tungsten 
(Alfa, 99.98%) was substituted for platinum wire as a working 
electrode material, and the reference electrode was fitted with a 
Pyrex screw joint, FETFE o-ring and teflon bushing (Ace Glass) for 
easy assembly. The electrolyte in the reference electrode was a 
binary SbCl3-BPd melt saturated with solid SbCl3. This reference 
electrode is designated SbCl 3-BPd { i ), sat. SbCl 3/Sb. The indica­
tor electrode for the EMF measurements was an Sb metal rod which 
was machined to expose a fresh surface and cleaned with methanol.

184



The acid-base titration (described below) was performed by pipetting 
a known volume of acidic melt into a known volume of basic melt.

The conductivity cells, instrumentation and experimental proce­
dures were the same as described previously (10). Viscosity 
measurements were made at ambient temperature in a glove box using a 
Sargent-Welch Model S-83400D falling ball viscosimeter. Calibration 
of the viscosimeter (cell constant = 4.07±0.01 x 10“4 cm2 s~2) was 
accomplished as described in the literature (11).

Instrumentation. —  The electrochemical instrumentation con­
sisted of a Princeton Applied Research Model 174A Polarographic 
Analyzer, a Model 173 Potentiostat/Galvanostat equipped with a Model 
179 Digital Coulometer, and a Model 175 Waveform Generator. Data 
were recorded with either a Hewlett-Packard Model 7045A X-Y recorder 
or a Nicolet Model 2090-1II digital storage oscilloscope.

Absorption spectra for the spectroelectrochemical (SE) experi­
ments were measured in the visible region with the following equip­
ment. Radiation from a 10-W quartz/halogen lamp was filtered with 
neutral-density filters to control intensity and a 470-nm long-pass 
filter to eliminate second-order light. An image of the filament 
was focused on a square aperture to crop the edges, and a 4x4-mm 
image of the aperture was focused on the optical cell, which had a
1-mm path length. Light transmitted through the cell was focused on 
the entrance slit (0.025 mm) of a flat-field, 0.32-m spectrograph 
(Instruments SA, Inc. Model HR-320) equipped with a 152.5 grooves 
mnrl grating. Dispersed light was focused on the face of a linear 
silicon photodiode array detector (EG&G/PAR Model 1412). The detec­
tor array consisted of 1024 photodiodes and was thermoelectrically 
cooled to -20°C. Detector control and read-out were performed with 
an EG&G/PAR Model 1218 detector controller and Model 1215 system 
processor. Spectra were stored on 8-in. floppy disks, and hard copy 
was obtained with a Hewlett-Packard 9872B plotter and a Data Access 
Systems, Inc. Model 360 line printer. Wavelength calibration and 
resolution verification were performed with Hg, Ne, Ar, and Xe atom­
ic lamps.

With the equipment described above a wavelength window 505 nm 
wide was spread over the 1024 photodiodes to give a maximum of 1024 
optical channels at 0.5-nm resolution with a read-out time of 16.4 
ms per spectrum. However, in the experiments described here neither 
such resolution nor such speed was required. By allowing the signal 
to accumulate and then reading the photodiodes in pairs, a 512- 
channel spectrum with high signal/noise ratio was obtained in 
-0.2 s at a resolution of 1.0 nm. The spectra were corrected for 
dark current and a slight drift in lamp intensity. A Cary Model 219 
spectrophotometer was used for non-SE optical measurements.

Experimental Procedures. —  All material transfers were per­
formed in an argon-filled glove box where O2 and H2O were
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continuously monitored and kept below 1 ppm by circulation of the 
atmosphere through a purification train. Weighings were performed 
on an analytical balance in the glove box. Positive feedback cir­
cuitry was employed during voltammetric measurements to compensate 
for solution resistance. The SE experiment was computer controlled 
in such a way that a spectrum (intensity vs. wavelength) was 
measured every 60 s. The integration time per spectrum was 0.183 s, 
and the wavelength window was 479 - 984 nm. Absorbance was calcu­
lated by using a spectrum taken just prior to electrolysis as a 
reference. In order to remove gas bubbles trapped in the optically 
transmitting electrode (OTE), the SE cell was partially evacuated 
for a short period prior to the experiment and refilled with argon.

All temperatures (unless otherwise noted) were measured with 
copper/constantan thermocouples which were calibrated against a 
platinum resistance thermometer with a Minco RT 88078 bridge, the 
calibrations of which are traceable to NBS standards.

Results and Discussion

Reactions Among Components. —  The SbCl3-AlCl3-BPd mixtures 
considered here were restricted to the following formal 
compositions: 60 mol % SbCl3, (20+a_) mol % AICI3 and (20-a_) mol % 
BPC1 where -2<a_<+2. Aluminum trichloride is a strong chloride ion 
acceptor, SbCl3 is a much weaker acceptor while BPC1 is a chloride 
ion donor. Therefore, the dominant chloride-exchange reaction was

BPC1 + AICI3 + BP+ + A1 Cl 4" (1)

Since the A1 Cl 3:BPC1 mole ratio was close to unity for all melts, 
one can regard the liquid as consisting of the binary mixture 
SbCl3-BP(AlCl4) (75-25%) to which small amounts of AT Cl 3 or BPC1 
were added. The acidic and basic species in these solutions have 
been discussed elsewhere (1) so that we shall do no more here than 
summarize the principal equilibria that have been proposed to occur
among them, namely:

SbCl3 t SbCl2+ (solvated) + Cl"(solvated) (2)

2A1 Cl4“ t A12C17" + CT(solvated) (3)

SbCl2+ (solvated) + 2A1Cl4“ t SbCl3 + A12C17" (4)

SbCl 2+(solvated) + A1 Cl 4" t SbCl2(A1Cl 4) (5)

where SbCl2+ and Cl’ are strongly solvated by SbCl3 molecules. It 
is expected that equilibria (2), (3) and (4) are displaced strongly
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to the left so that SbCl2+ (solvated), rather than Al2Cl7~, is the 
dominant Lewis acid in melts for which A1Cl3:BPC1 > 1.

Physical Properties. —  The viscosities of the 60:21:19 (acidic) 
and 60:19:21 (basic) melts were determined at 25.1±0.5°C to be 
22.8±0.7 and 31.5±0.9 cp, respectively. The viscosity of the acidic 
melt is comparable to viscosities measured for A1C13-.alkylpyridinium 
chloride (AlkPC) melts with an A1 Cl3:A1 kPC mole ratio of 2:1 (12).

The electrical conductivities of the 60:19:21 and 60:21:19 
melts were measured over the temperature range 24 to 100°C with 
results that are shown in Fig. 1. The specific conductivities of 
the two ternary mixtures are almost equal at ambient temperatures, 
but at higher temperatures the basic melt becomes more conducting. 
The conductivities are comparable to those reported for binary 
A1Cl3:A1kPC (2:1) mixtures (12), but are about one order of 
magnitude less than the conductivities reported for acidic alkali 
metal chloroaluminate melts at slightly higher temperatures (13).

For comparison with SbCl3-A1Cl3 melts, we have included in 
Fig. 1 the conductivity of the binary melt whose composition most 
closely resembles the SbCl3:A1Cl3 ratio in the ternary melts (10).
As can be seen in Fig. 1, the conductivity vŝ  temperature function 
for the ternary melts has a curvature (slope increasing with 
temperature) opposite to that of the binary melt curve.

Current-Overvoltage Studies. —  In an earlier investigation
(14) of the acid-base dependence of the potential of an Sb metal rod 
immersed in SbCl3-A1Cl3 (>90 mol % SbCl3) an appreciable irrever­
sibility was observed. Furthermore, in a preliminary study using 
cyclic voltammetric and chronocoulometric measurements of the 
electroreduction of SbCl3 at inert microelectrodes in acidic 
A1 Cl3-NaCl melts, we found the process to be kinetically hindered. 
Therefore, we investigated the electrochemical reversibility of the 
Sb(III)/Sb(0) couple in an acidic 60:21:19 melt by means of current- 
overvoltage curves.

In the absence of mass transfer effects the Butler-Volmer 
equation (15) may be used to predict current-overvoltage behavior. 
For large overpotentials (n > 0.118/n mV) the equations

In i = (-a nfn) + In i0 (6)

for cathodic currents, and

1 n i = {(1 - a)nfn} + In i0 (7)

for anodic currents should be valid (15). The data are plotted in 
Fig. 2; the anodic branch displays Tafel behavior for n > 40 mV.
The apparent exchange current obtained from the intercept of this
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curve is 13 uA cm"2, and the transfer coefficient determined from 
the slope is 0.8. The cathodic branch is somewhat more complicated, 
and the electrode process may involve more than one fundamental step
(16). The possible complications are not significant in poten- 
tiometry as long as the current densities are low, as is the case 
with the high-impedance circuits used in the present investigation. 
For potentiometric purposes (including the use of antimony as a 
reference electrode) the electrode was considered to behave revers­
ibly.

Equilibrium Studies. —  The overall reduction of SbCl3 releases 
Cl" ions according to Eq. (8)

1/3 SbCl3 + e" + 1/3 Sb + Cl" (8)

Thus, the potential of the Sb(III)/Sb(0) couple is dependent on the 
chloride ion activity. An acidic medium will drive reaction (8) to 
the right, thereby increasing the "oxidizing power" of SbCl3.

The change in the potential of an antimony electrode resulting 
from changes in ternary melt composition was measured using the 
following concentration cell:

Sb/SbCl3(solid), SbCl3-BPCl(liquid):frit:

SbCl3-AlCl3-BPC1(60:x:y mole %)/Sb

where x:y varied from 22:18 to 18:22. The lack of information 
regarding the transference numbers of charge carriers prevented a 
calculation of the junction potential. No attempt was made to ana­
lyze the data for the purpose of establishing an acidity scale.

The EMF data are shown in Fig. 3 and demonstrate that the 
potential of the Sb(III)/Sb(0) couple may be tuned over a potential 
range of 0.43 V for the compositions indicated. For comparison, the 
Sb(111)/Sb(0) couple may be varied over a 0.44 V range by titrating 
SbCl3-KCl (90:10) with A1 Cl3 (14). These data provide information 
for estimating the extent to which a dissolved solute will be oxi­
dized by a given solvent composition, provided that the half-wave 
potential of the solute is known.

Voltammetry and Chronocoulometry. —  The available electrochemi­
cal window in the SbCl3-AlCl3-BPCl mixtures (Fig. 4) is somewhat 
larger than that reported for SbCl3-CsCl and SbCl3-AlCl3 (>90 mole % 
SbCl3) melts at 100°C (9). The potential span for both the 60:21:19 
and 60:19:21 compositions is about 1.8 V, compared to 1.4 V for the 
binary melts. [The total potential span available in A1C13-BPC1 
binary mixtures between the cathodic limit of the 1:1 melt and the 
anodic limit of the 2:1 melt is roughly 3 V. (17)] The negative 
potential limit in the ternary melts is the reduction of Sb(III) to
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Sb metal. As can be seen in Fig. 4, overpotentials for the reduc­
tion process at an inert electrode exist for both ternary melts.
The anodic limit for the liquids is the oxidation of Sb(III) to 
Sb(V).

DMA is soluble only to a limited extent in a 60:19:21 melt and 
the dissolution rate is slow. Solutions were prepared by adding DMA 
to the melt and heating to 80-100°C with stirring in a closed con­
tainer for a period of about an hour.

A voltammogram obtained on a basic melt containing DMA at a 
glassy carbon electrode is shown in Fig. 5. The peak potentials 
(Ep) and half-peak potentials (Ep/2) ‘f°r both waves are listed in 
Table I along with the difference in peak potentials (AEp). The 
experimental values of AEp correspond well with the theoretical 
value for a one-electron Nernstian process of 60 mV (18). Also 
included in the Table are half-wave potentials (E lcalculated from 
the expression (18)

Eln  = Ep/2 + 1.09 RT/nF (9)

and values of ji calculated from

Ep - Ep/2 = 2.2 RT/nF (10)

Scan rates up to 20 V s“* revealed no significant shift in the 
anodic peak potential, and the half-wave potentials determined by 
differential pulse polarography (19) (average = 0.47 V) corresponded 
well to the values calculated from Eq. (7).

The integrated Cottrell equation (20) predicts that for dif­
fusion controlled electrode reactions, a linear relationship holds 
between the charge (Q) and the square root of time (t1̂ ). Fig. 6 
shows a plot of Q vs tV2 for times up to 20 s; it is clearly linear. 
The intercept of the plot yields a value of the apparent double­
layer capacitance of approximately 5 tiF cm"2, while the slope 
(uncorrected for impurities) gives an upper limit on the diffusion 
coefficient of neutral DMA of 2.5 x 10“' cm2 s"1. Finally, the 
technique of double potential-step chronocoulometry (20) demon­
strates that the charge consumed around a square potential cycle 
obeys theoretical predictions (Q2t /Qt = 0.414) (21) for 10 and 20 s 
pulse widths. Thus, there is no significant reaction of the DMA 
radical cation on a voltammetric time scale.

Spectroelectrochemical Studies. —  Measurements of absorption 
spectra at an 0TE during electrolysis of -1 mM DMA in a basic 
60:19:21 melt and during subsequent open-circuit decay verify the 
formation of the DMA radical cation and demonstrate that it is very 
persistent under these conditions.

189



Fig. 7 shows spectra measured during electrolysis and Fig. 8 
shows spectra measured during open-circuit decay. Bands assigned to 
the DMA radical cation are at 550, 600, 656 (sh) and 678 (max) nm. 
Weak, broad shoulders at about 620, 760 and 850 nm are attributed to 
other species, probably subsequent reaction products because they 
develop at a much slower rate during electrolysis and are more per­
sistent under open-circuit conditions than those assigned to DMA.
In a previous investigation (22) transient spectra of DMA radical 
cations were measured in benzonitrile solutions at a much lower 
optical resolution than reported here. To within experimental 
uncertainty, these spectra show the same profiles as those in Figs.
7 and 8.

From the values of EL£ for DMA and the formal potential of the 
$b(III)/Sb(0) couple in the 60:21:19 melt at 25°C, it is estimated 
that DMA should be partially oxidized with the simultaneous reduc­
tion of Sb(III) in this medium. The optical spectrum of DMA in the 
acidic melt revealed weak absorption bands due to DMA+#, but the 
lack of accurate values for the molar extinction coefficients of the 
optical transitions prevented a quantitative determination of the 
concentration. Nevertheless, it is significant to note that solutes 
with Elh values more negative than that of DMA will be appreciably 
oxidized in acidic melts.

Conclusion

The electrochemical properties of novel ternary molten salts as 
media in which reactive intermediates may be readily studied are 
reported in this paper. The principal advantages of these ternary 
melts as compared to SbCl3-KCi and SbCl3-A1 Cl3 mixtures are ease of 
handling and a wider electrochemical window. The melts possess 
tunable redox and Lewis acid-base functions which may be exploited 
to initiate or suppress reactions in which Sb(III) serves as an 
oxidant.
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Table I. Electrochemical parameters determined from a 1.2 mM 
solution of DMA in a 60:19:21 melt at 27°C. Glassy carbon 

working electrode area = 0.071 cm^.

v (mV/s) W v> Epc(V) AEp(mV)2 Ep/2a(V) El/2a(v) 3 n4

10 0.505 0.440 65 0.445 0.473 0.95
20 0.500 0.440 60 0.443 0.471 0.95
50 0.503 0.440 63 0.443 0.471 1.0

100 0.503 0.443 60 0.445 0.473 0.98
200 0.505 0.445 60 0.447 0.477 0.98

iAIl potentials relative to liq. SbCl3-BPCl (a ), sat. SbCl3/Sb 
2Theory = 60 mV (18)
^Calculated from E1/2 = Ep/2 + 1»09 RT/nF (18)
^Calculated from |Ep - Ep/2 | = 2.2 RT/nF (18)

ORNL-OWG 83-111151

TEMPERATURE (°C) 17 (mV)

Fig. 1. Specific 
conductivities of
(a) SbCl3-AICl3-BPC1 
(60:21:19);
(b) SbCl3—A1Cl3“BPC1 
(60:19:21);
(c) SbCl3—A1Cl3 (3:1) 
(Ref. 10).

Fig. 2. Tafel plot for the 
Sb(III)/Sb(0) couple in a 
SbCl3—A1Cl3-BPCl (60:21:19) melt 
at 27°C. Sb metal working 
electrode, area = 1.51 cm2.
(a) cathodic branch; (b) anodic 
branch.
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ORNL-DWG 83-I0883R

MOLE RATIO, BPC: AICI3

Fig. 3. EMF of Sb( I I I )/ S b (0 ) couple at 27°C for 
ternary melts. Sb metal working electrode.

Fig. 4. Background cyclic 
voltammograms of
(a) SbCl3-AlCl3—BPC1 
(60:21:19);
(b) SbCl3—A1Cl3—BPC1 
(60:19:21). Glassy carbon 
electrode, area = 0.071 cm . 
Sweep rate = 100 mV/s, 
temp. = 20°C.

Fig. 5. Voltammogram of 
DMA (saturated solution) in 
SbCl3-AlCl3“BPC1 = 60:19:21. 
Glassy carbon electrode, 
area = 0.071 cm2.
Sweep rate = 500 mV/s, 
temp. = 27°C.

193



ORNL- DWG 83-11109R

1/2Fig. 6. Charge-time plot for a 1.4 mM solution of DMA in 
SbCI3-A1C13-BPC1 (60:19:21). Potential step: +0.35 V 
to +0.65 V. Glassy carbon electrode area = 0.071 cm2. 
Temp. = 27°C.

Fig. 7. Spectra measured every 60 s during 20-min electrolysis at 
0.65 V of 1.2 mM DMA in a 60:19:21 melt. Pre-electrolysis 
spectrum used as reference. Pt-screen 0TE and 
1.0-mm pathlength.
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Fig. 8. Spectra measured every 180 s during 57-min 
open-circuit decay following electrolysis in 
Fig. 7. Reference same as in Fig. 7.
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USE OF A1C13-C0NTAINING MOLTEN SALTS 
FOR CARBONIZATION AS SOLVENT AND CATALYST

Etsuro Ota
College of Technology, Gunma University 

Kiryu, Gunma 376, Japan
Sugio Otani

Faculty of Technology, Gunma University 
Kiryu, Gunma 376, Japan

ABSTRACT Liquid-phase carbonization was
studied using two kinds of molten salts, NaCl 26 
—KCi 14 —AICI3 60 mol%(MS-A)] and [ethylpyridi- 
nium bromide 33—AICI3 67 mol%(MS-B)], as the 
reaction solvent and catalyst. As the raw materi­
al aromatic compounds such as naphthalene, sub­
stituted naphthalenes, anthracene, etc. were 
mainly used. A raw material dissolved in one of 
the molten salts was heated at 250 to 300°C for 
a few to 10 hours yielding coke in the form of 
powder or flakes. An equimolar mixture of naph­
thalene with a polychloroethane also gave coke 
at a temperature as low as 200°C when heated in 
MS-B. Generally the graphitizability of the 
resulting cokes ranged widely depending mainly 
on the nature of the raw material. When stopped 
halfway, the reaction sometimes yielded a kind 
of pitch which was easily changeable to meso- 
phase pitch. Some other variations of the pro­
cedure and the basic chemistry of these reac­
tions were also studied.

INTRODUCTION
Our study was undertaken in order to gain a better 

understanding of carbonization in terms of organic chemis­
try. For this purpose we thought it advantageous to carry 
out carbonization in solution at least during its earlier 
stage and decided to employ molten salts as the reaction 
medium. Here we would like to review briefly our work on a 
new method of carbon and pitch preparation using two kinds 
of AlCl3-rich molten salts. Some researchers have reported 
on organic reactions using molten salts where tar, pitch, 
and/or coke were produced. However, these substances have 
only been regarded as undesirable by-products.

Among many carbon products our interest was focused on 
recently developed, so-called fine carbons such as carbon 
fiber, biocarbons, high quality pencil-lead, and so on.
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Pitch is an important raw material of carbon, and its 
characteristics directly determine the properties of the 
resulting carbon. Therefore, its selection has been one of 
the most important problems in the production of carbon. 
Recently its blending and chemical modification have been 
actively investigated. However, our aim was to obtain the 
most suitable pitch for the production of a given carbon 
product by synthesis from pure substances. This process was 
thought more suitable for the production of fine carbons.

The compositions of our two molten salts, MS-A and 
MS-B,were as follows:

MS-A (mp. 95°C)
[A1C13 60 mol% : NaCl 26 mol% : KC114mol%]

and MS-B froom-temperature molten salt) (1)
LAICI^ 67mol% : ethylpyridinium bromide 33mol%] .

These molten salts both contain more than 50 mol7o A1C1- 
and, therefore, are strong acids. J

Carbonization of low-molecular-weight compounds is a 
process of polymerization consisting of a very complicated 
series of reactions. However, these reactions can be clas­
sified into two categories. One is the C—C bond formation 
including the rearrangement. The other is the elimination 
of elements other than carbon. It was expected that both 
types of reaction could be catalyzed by a strong acid and 
that, as a result, the carbonization temperature would be 
lowered.

1. COKE AND PITCH FROM AROMATICS (2)
One of the molten salts was placed in a glass flask 

in an argon stream. A raw material was added while being 
stirred. The mixture was then heated to the desired tempera­
ture. Naphthalene and other aromatic compounds were mainly 
used as the raw material. The quantities of raw material 
used were 0.05 to 1 in molar ratio to the free AlClg. Near 
the end of reaction a deposition of resulting product was 
usually observed. After cooling, the reaction mixture was 
poured into a mixture of ice and diluted hydrochloric acid. 
The resulting precipatates were filtered, washed, and 
dried. The crude products were separated by hot-benzene 
extraction into benzene-soluble(BS) and benzene-insoluble 
(BI) fractions.

In Table 1 some of the results obtained using MS-A 
are given, and in Fig.3 the X-ray 002-diffraction profiles
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of the coke from naphthalene are given as an example.
Table 1. Bis from Aromatics Obtained by Reactions 

at 300°C for 10 Hours in MS-A
No. Raw Yield Atomic X-Ray parameters J
of material m ratio
runs H/C d0Q2(A) Lc (A)

1 Anthracene 96 0.50 3.42 150
2 Phenanthrene 71 0.48 3.37 700
3 Naphthalene 92 0.47 3.37 700
4 1-Bromonaphthalene 98 0.40 3.40 200
5 1-Nitronaphthalene 99 0.35 3.52 20

a) After heat-treatment at 2800°C; dQQ2 and Lc of 
graphite: 3.354A and 1000A, respectively.

In most cases the Bis were a kind of coke. They 
are insoluble and infusible. The X-ray analysis showed 
that they had a layer structure which is characteristic of 
carbon material. These properties and their H/C atomic 
ratios were very close to those of so-called green coke and 
carboid coke. We shall call this type of BI "coke" for 
short hereafter. Quite similar results were obtained when 
MS-B was used.(3)

Graphitizability is an important property of carbon 
and it is estimated from the structural parameters measur­
ed by X-ray 002-diffraction analysis of a carbon material 
after a heat-treatment at a temperature usually above 
2000°C. The X-ray analysis data, partly given in Table 1 and 
Fig.3, show that the graphitizabilities of the Bis ranged 
widely depending mainly on the nature of the raw material; 
for example, naphthalene gave a highly graphitizable BI, 
and nitronaphthalene gave a non-graphitizable BI. This 
indicates that cokes of various graphitizabilities are now 
available by this method.

Fig.l shows the photographs of the coke obtained from
1-bromonaphthalene as an example. One can see the thin, 
wavy film structure.

Some preliminary experiments of carbonization of 
materials other than aromatics were also examined. Of 
these, cotton fiber gave the most interesting results (4). 
It was carbonized by immersing it in MS-B at 150°C for
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Table 2. Effects of Composition of Molten Salt on the Yield 
of BI Obtained from Anthracene by Reaction 
at 300°C for 10 hours

No. of 
melt

Composition
AlCl3-ZnCl2-

(mol
NaCl-

»)
KCl

Yield(l) of BI

1 0 60 20 20 No reaction
2 60 0 26 14 (MS-A) 96
3 49 0 35 16 84
4 40 0 30 30 76

Monomethylnaphthalenes were isomerized a£ 100 C - 
monomethylnaphthalenes were isomerized at 100 C. The 
reactions were very quick and reached equilibrium within 
two minutes. The a/3 isomer ratio at equilibrium was 4.4, 
Small amounts of by-products such as naphthalene, dim- 
ethylnaphthalenes, tetralin, and polymers were produced. 
This indicates that, besides the rapid intramolecular 
migration of methyl groups, intermolecular methyl groups 
and hydrogen^transfers and polymerization also occurred.

1,2-DimethyInaphthalene produced isomeric dimethyl- 
naphthalenes and trimethylnaphthalenes when heated in MS-A 
as shown in Eq. 2. All these products are considered to 
be the intermolecular rearrangement products because the 
intramolecular migrations of the methy groups from 1- to 
8-position and from

E q .  1

f 1 S - A

M S - A

CQr.Me  

'  Me C O
Me Me Me

9 C . .  E q . 2
j

Me
1 . 2:107 

./O 1 2 . 6 %  3 . 1 %
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1 hour. Unfortunately the resulting carbon fiber was not 
strong, but improving its mechanical properties seemed 
possible. When treated similarly with either sulfuric acid 
or oleum, cotton fiber was destroyed, and the yield was only 
black powder.

When aromatics were treated under moderate reaction 
conditions, various pitches were obtained. After separation 
from the molten salt, the pitches were subjected to an 
additional heat-treatment. In most of the cases the pitch 
yielded so-called mesophase pitch.

Fig.2a) and b) are the photographs(5), taken under 
polarized light, of the pitches obtained from naphthalene 
by the reaction at 230°C for 5 hours using MS-B followed 
by an additional simple heat-treatment at 300°C and 400°C, 
respectively, for 1 hour. The spherical particles appearing 
in a) are mesophase, and it is reasonablly assumed that 
under a higher heating temperature of 400°C these particles 
grew larger and unite with each other to a continuous 
structure of mesophase as shown in b). Such a pitch as 
easily changing to mesophase pitch at a temperature as low 
as 300°C was quite new, and is expected to be suitable for 
producing, e. g., carbon fiber. For comparison Ashland 240 
Pitch, a famous commercial product, was also examined simi­
larly, but it did not behave in this way.

The reactivities of the aromatic compounds used were 
as follows; anthracene > naphthalene > phenanthrene >stilbene 
^biphenyl ^benzene ^quinoline. This sequence is similar 
to those generally observed in electrophilic aromatic sub­
stitutions .

Table 2 shows the effect of the composition of molten 
salt on the Bl-yield from anthracene. The use of zinc 
chloride instead of A1C1~ made the melt quite inactive.
The decreasing AlCl^-content in the molten salts resulted 
in decreasing El-yield. However, it is interesting to 
see that in the case of No.4 the melt was still active 
enough to produce an appreciable amount of BI in spite of 
its AlClj-content lower than 50 moll.

2. ISOMERIZATION, DISPROPORTIONATION, AND POLYMERI­
ZATION OF METHYLNAPHTHALENE(6)

The reactions of mono- and dimethylnaphthalenes in 
MS-A were studied. Methylnaphthalenes were regarded as 
simple models of the constituents of tar and pitch.
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2- to 3-position are both inhibited.
On the other hand, according to Suld and Stuart(7) , the 

same compound did not react in a superacid of composition 
of [HF—BF3]. These facts indicate MS-A is a fairly strong 
superacid. This high acidity is attributable to the combi­
nation of the free AICI3 with HC1 generated from the water 
as contaminant. Furthermore, an addition of a strong protic 
acid trifluoromethylsulfonic acid accelerated the reaction.

3. CARBONIZATION OF 1,2-DI- and 1,1,2-TRICHL0R0ETHANE 
SUPPLIED IN THE FORM OF VAP0R(8)
Vaporized di- and trichloroethane mixed with a carrier 

gas of argon were bubbled separately into MS-B at 100, 200, 
and 300°C yielding cokes although the yields were low. Tri­
chloroethane was more reactive than dichloroethane. The 
product derived from trichloroethane by the reaction at 
300°C was a mixture of a powdery and a film-shaped coke.
As given in Fig.4, the latter showed, after heat-treatment 
at 2500°C, an X-ray 00 2-diffraction angle 20(Ka) of 26.5°, 
which is practically the same value to that of natural 
graphite.

4. COKE AND PITCH FROM NAPHTHALENE AND POLYCHLOROALKANES
THROUGH THE FRIEDEL-CRAFTS. C0-P0LYMERIZATI0N(9)
According to our view on the nature of carbonization, 

polymerization deliberately introduced into the earlier 
stage of carbonization must accelerate the whole reaction, 
and as a result the carbonization temperature must be 
lowered. To prove this hypothesis we undertook the follow­
ing experiments.

Naphthalene was mixed with equimolar amounts of a 
polychloroalkane in MS-B at room temperature, and the tem­
perature was raised gradually. Interesting results were 
achieved with polychlorinated methanes and ethanes. The 
latter’s reactions yielded cokes

C 0 - P o l y m e r

CO 400 C0c i-R -c i r 'I - h2
>  C o k e  111 E q . 3

J M S - 3

R: M e t h y l e n e  a n d  E t h y l e n e
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at a temperature as low as 200°C, and when the reactions 
were stopped at 100°C, the products were pitches.

The experiments showed that in the earlier stage, 
below 80°C, the main reaction proceeded through the path 
of the Friedel-Crafts reaction yielding a co-polymer 
as shown in Eq.3. Following this stage intra- and inter- 
molecular condensations of the co-polymer took place, 
accompanied by dehydration, resulting in coke formation.

For comparison naphthalene and dichloroethane were 
heated to 150°C with AICI3 by the standard Friedel-Crafts 
procedure without molten salt. However, almost no reaction 
took place. This indicates that the molted salt was essen­
tial to these reactions.

Table 3 shows the properties of some of the products. 
Without chloroalkane only pitch was produced. However, when 
chloroalkanes were used, the end products were coke. This 
supports our working hypothesis. The dQQ2-values s^ow that 
dichloroethane acted to yield non-graphitizable carbon, and 
trichloroethane, graphitizable carbon. This indicates that 
we can control the important property of the resulting 
carbon by adjusting the combination of the raw materials.

Table 3. Products through the Friedel-Crafts 
Co-polymerization of Naphthalene 
and Chloroalkanes

Chloroalkane Reaction temp, and products
100°C 200°C [Bi-Content; doo2a l̂

None Tar Pitch t 53%; 3.39A ]
c i -c h 2c h 2-ci Pitch Coke [ 77%; 3.45A ]
c i -c h 2c h -ci Pitch Coke [ 91%; 3.38A ]1Cl
a) By X-ray 002-diffraction analysis after heat-

treatment at 2500°C.

CONCLUSION
Although our study on the chemistry of carbonization 

is still far from completion, we have already established 
a new method of making carbon and pitch. The main features 
of the process can be summarized as follows:
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First, the use of this process results in low- 
temperature carbonization. Secand, it consists of solution 
reactions which proceed through an acid-catalyzed ionic 
mechanism. Third, it can produce either graphitizable or 
non-graphitizable carbon, and it can prepare mesophase 
pitch,
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Fig.l a) Coke obtained from 1-bromonaphthalene by the 
reaction at 300°C for 10 hours in MS-A; 

b) The same coke photographed with transmitted 
light. (cf. Sec.l)

Fig. 2 Pitch obtained from naphthalene by the reaction 
at 230°C for 5 hours in MS-B and following heat- 
treatment, after separation from MS-B, at a)300°C 
and b)400°C, respectively, for 1 hour. (cf. Sec.l)
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Fig.3 X-Ray 002-diffrac­
tion profiles of BI ob­
tained from naphthalene 
by the reaction at 300°C 
for 10 hours in MS-A;
a) as obtained,
b) after heat-treatment 

at 2800°C.(cf. Sec.1)

29 (Cu Ka)/degree
Fig.4 X-Ray 002-diffrac­

tion profiles of two types 
of BI obtained from 1,1,2- 
trichloroethane by bubbling 
it into MS-B at 300°C 
followed by heat-treatment 
at 2500°C . (cf. Sec.3)
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SUBSTITUENT EFFECTS ON TRANSPORT AND THERMODYNAMIC 
PROPERTIES OF MOLTEN PYRIDINIUM SALTS

David S. Newman, Prasad Babu Bikkani 
Department of Chemistry 

Bowling Green State University 
Bowling Green, Ohio 43403

ABSTRACT

The conductivities, viscosites and den­
sities of a series of molten dimethylpyridi- 
nium chlorides were measured as a function of 
temperature. The conductivity, viscosity and 
density of 4, t-butylpyridiniurn chloride were 
also measured as a function of temperature.
The substitutent effect of the bulky t-butyl 
group as well as the effect of a second methyl 
group on transport and thermodynamic pr op er­
ties were assessed by comparing these proper­
ties at a constant multiple of the salts' 
boiling point. The presence of a t-butyl 
group as well as the specific location of the 
methyl groups strongly influences the melts' 
properties as does the presence or absence of 
hydrogen bondi n g .

INTRODUCTION

Molten pyridinium salts, either alone or in mixtures, 
are useful solvents for a variety of chemical reactions 
including the alkylation of coal and model coal compounds
(1 ) and various electrochemical oxidation-reductions 
(2,3). However, from a theoretical perspective pyridinium 
salts are perhaps more important because their low melting 
points, ease of handling, and enormous variety, allow all 
sorts of correlations to be made between structure, 
transport properties, spectra and thermodynamic proper­
ties. From these correlations of experimental results, a 
theoretical scaffolding to support ideas about the nature 
of pyridinium melts in particular, and organic melts in 
general, may be constructed.

In earlier studies (4,5) of molten methylpyridiniurn 
halides we found that the effect of a methyl substituent 
on the melts' properties depended markedly on its ring
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position. We also observed that the presence or absence 
of hydrogen bonding affected a melts' *HNMR spectrum, 
viscosity and conductivity. The viscosity data were par­
ticularly enigmatic when viewed in context with the 
conductivity data because those isomeric melts with the 
highest conductivity also had the highest viscosity. For 
example, N-niethyl pyri di ni um chloride (N- mepyr-Cl) had an 
equivalent co nd uc ta nc e, A , of 10.5 cm^ (Cle q ) " 1 and an 
absolute v i s c o s i t y , ^ ,  of 6.24 cp whereas its isomer 
4-methyl pyridiniurn chloride (4-mepyr-Cl) had a l\ of 6 . 68  
cm^ (JJeq)“ l and a n ^ o f  3.26 cp, all at a constant tem­
perature of 425 K. Similar results were observed in the 
bromide and iodide melts. Strong hydrogen bonding bet­
ween the 4-mepyr+ ion and the Cl" ion would account for 
the relatively low conductivity by causing complexes to 
form which have long enough life times to effectively 
remove charge carriers from the electric field. However, 
4-mepyr-Cl would seem to be more highly associated than 
N-mepyr-Cl (which presumably cannot hydrogen bond) and 
consequently would be expected to be more viscous. But 
4-mepyr-Cl is considerably less viscous, which means addi- 
tional factors are affecting the viscosity.

Part of the explanation for the low viscosity origi­
nated from the work of 3auge and Smith (6 ) who measured 
the dipole moments of several tri-n-butyl ammoniurn and 
triethyl -amnoniurn salts in benzene solution at 25°C.
These authors observed a substantial reduction in the 
measured dipole moment , of the ternary salt relative 
to the/#;) of the corresponding quarternary salt. They 
attributed this reduction i n / i D to hydrogen bonding bet­
ween the trialkylammoniurn cation and the appropriate 
anion. The M-bonding forces the tria 1ky1 ammonium ion to 
be oriented with the ^ N - H + pointed toward the anion. The 
mean interionic distance would be smaller than in the 
tetraalkyl salt and the measured dipole moment correspon­
dingly smaller. Shortening of the interionic distance 
through hydrogen bonding and stabilization of the 
resulting ion pairs would partially account for the rela­
tively low viscosity and concomitant low conductivity in 
the hydrogen bonded pyridinium melts. However, we think 
an additional microscopic process is affecting these 
viscosities. The nitrogenic proton has been shown to be 
quite labile by *HNMR measurements (7) and is most likely 
hopping back and forth between cation and anion. We and 
other authors suggested that the labile proton might be 
contributing to the conductivity of pyr-Cl (7,8) and we 
specifically presented this mechanism as a rationale for
3-mepyr-Cl and 3-mepyr-3r being better conductors than the 
corresponding 2-methyl salts (5). Since the 2-methyl 
pyridine molecule is more basic than 3-methyl pyridine (9)
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and a CH3 group in the two position partially blocks the 
nitrogen site, if protons were contributing they would do 
so less in the 2-methyl melt than in the 3-methyl melt. 
Alternatively, steric factors and exigencies of packing 
resulting from a combination of spacial orientation and 
electrostatic forces may be causing the conductivity dif­
ferences. The labile proton may, in fact, be playing an 
entirely different role. Since it is not possible to 
separate these "hydrogen bonding effects" from substitu- 
tent effects in 2,3 and 4-mepyr-Cl because the two effects 
are intertwined, we have extended our investigation to 
include 1,2 and 1,3 dimethylpyridiniurn chloride 
(dimepyr-Cl) because hydrogen bonding is eliminated, but 
asymmetry is preserved. We have also studied the three 
symmetrical dimethylpyridiniurn chlorides, 2,4 dimepyr-Cl 
and 4-t-butylpyridiniurn chloride (4-t-bupyr-Cl) in order 
to reach a better understanding of substitutent effects.

EXPERIMENTAL DETAILS

All salts were synthesized by bubbling HCl or CH3 C 1 
through a solution of the substituted pyridine in pet. 
ether. The synthetic details are described elsewhere 
( 1 0 ) .

Conductivity measurements were made at 1 kHz using a 
Pyrex capillary cell fitted with cylindrical platinum 
electrodes. A Canon-Fenske viscometer was used for visco­
sity measurements and a modified Lipkin bicapillary arm 
pycnometer was used to measure density. All of the 
experimental details have been described earlier (8 ,1 1 ).

Elemental analyses were performed at Galbraith 
Laboratories, Knoxville, TN.

All transfer operations were performed in a dry box 
through which nitrogen gas circulated.

RESULTS

The normal boiling and melting points of the six 
dimethylpyridiniurn chlorides and 4-t-butpyr-Cl are listed 
in Table I. Also listed are the melting and boiling 
points of pyridinium chloride to serve as references.
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TABLE I

Normal Melting and Boiling Points of Pyrdiniun Chloride

Salt V ° c ) Tb (°C)

1,2-di mepyr-Cl 102 163
1 ,3-di mepyr-Cl 148 185
1 ,4-di mepyr-Cl 216±2* 218+2*
3,5-di mepyr-Cl 232 239*
2 ,6 -di mepyr-Cl 239* 239*
2 ,4-di mepyr-Cl 230 242*
4-t-butpyr-Cl 154 240*
pyri di ni um-Cl 144 219

^slight decomposition

It is evident that the three symmetrical 
dimethylpyridiniurn chlorides have no appreciable liquid 
range at atmospheric pressure. Therefore their transport 
properties could not be measured. It is also evident that 
the hydrogen bonded liquids have substantially higher 
boiling points than liquids without hydrogen bonds.

Carbon, H and Cl analysis of the salts whose 
transport properties were measured were within 0 A% of 
theoretical for t-butpyr-Cl and 2 ,4-dimepyr-Cl and within 
2% of theoretical for 1,2 and 1,3 dimepyr-Cl.

Figure 1 shows the density of each of the four salts 
plotted as a function of temperature. Included in the 
figure for reference are the densities of pyr-Cl and
2-methyl-pyridiniurn chloride (2-mepyr-Cl) taken from 
earlier studies (5,11). It can be seen from these curves 
that steric effects determine the relative densities to a 
greater extent than do molecular weights or electrostatic 
effects. The bulky 4-t-butpyr-Cl is the least dense 
liquid, even though it has the highest molecular weight, 
while pyr-Cl is the most dense, but has the lowest molecu­
lar weight. The ionic radius seems to be the principal 
factor that governs the relative densities.

The logarithms of the equivalent conductances of the 
four salts plotted as a function of T - 1 are shown in Fig.
2 and Fig. 3 shows the logarithms of their absolute visco­
sities plotted as a function of T _ 1 . The l\ s for pyr-Cl 
and the viscosities for 2-mepyr-Cl are included for 
refe re nc e.
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DISCUSSION

To validly assess substituent effects each substi­
tuted molecule must be in the same thermodynamic state.
The "practical" standard state is, of course, a common 
temperature at which the salts being compared are liquids. 
The "natural" standard state for liquids seems to be the 
ideal glass transition state, T 0 , or the normal boiling 
point, Tb (12). T 0 is the temperature where the con­
figurational entropy vanishes and T^ is the temperature at 
which it is maximized for the liquid state. We have cho­
sen to use T 5 as the reference state.

Referring first to the conductivity data in Fig. 2 it 
is evident that 4- t- bu tp yr -C l, 1 ,2-dimepyr-Cl and 
2 ,4-dimepyr-Cl all have similar A s at their respective 
T^'s. The A for 1 ,3-dimepyr-Cl is considerably higher at 
its T^ and also higher at any "common" temperature. This 
means 1 ,3-dimepyr-Cl is a better conductor than 1,2 
dimepyr-Cl and a CH3 group in the 3 position enhances con­
ductivity relative to a CH3 group in the 2-position. 
C o m p a r i n g A ' s  at 425 K, which was the common temperature 
used in earlier studies when neither T 0 nor T^ data were 
available (5), gives the results shown in Table II.

TABLE II

Equivalent Conductances at 425 K

Sal t A c m 2 (ft e q ) - 1

3- mepyr-Cl 8.58

2-mepyr-Cl 6 .68
1,3-dimepyr-Cl 10.91

1 ,2-di mepyr-Cl 9.32
4 -  t-butpyr-Cl 2.92

difference actual 
di ffere nee

22 1.9

14 1.52

These data indicate that protonic contribution to the 
conductivity in the 3-mepyr-Cl is probably very small or 
nonexi stent.

In all likelihood, if the more valid T^ reference 
state were used it would increase the differene between a 
CH3 on the 2 position and one on the 3-position (as it 
does in the 1,2 and 1,3 dimethylpyr-Cl melts) and there 
would no longer be a need for a "protonic contribution" to 
explain the conductivity differences. Comparing the A  's 
of pyr-Cl with those of 1,3 dimepyr-Cl (23 vs 18 cm^ { S I
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eq)“ M  at the respective boiling points, again shows that 
a protonic contribution seems to be unnecessary. The dif­
ference in A  would be expected from differences in mass 
and ionic radius alone. In fact, if In A  vs T "1 for 1,3 
dimepyr-Cl is extrapolated to 219°C the A  's are virtually 
indistinguishable. The principal role of a nitrogenic 
proton is to hydrogen bond and by so doing form neutral 
species (ion pairs or molecules) that do not contribute to 
the conductivity. This is almost certainly the reason why 
the 1,2 and 1,3 dimethyl chlorides are respectively better 
conductors than the 2 and 3 methyl chlorides despite their 
greater molecular weights.

Focusing attention on the viscosity data in Fig. 3 it 
can be seen that the viscosities of the two dimethylpyri- 
dinium isomers are, within experimental error, the same at 
their respective boiling points. This is especially 
reassuring since it is expected that at T b , where is a
maximum and the interionic attractive forces are approxi­
mately equal to the thermal forces, the viscosities would 
be equal for isomers with nearly the same radii. 
Furthermore, these results support the contention that, at 
least for viscosity, T b is a valid standard state.

It is also evident that for 1 ,2-dimepyr-Cl and for 
1,3 dimepyr.Cl t h e n ' s  are about equal at lower tem­
peratures. For example, at 0.95 T b (a temperature in com­
mon to both melts and hence a valid standard state) 
corresponding to 435 K for 1 ,3-dimepyr-Cl and 415 for
1 ,2-di mepyr-Cl , t h e n ' s  are 3.06 cp and 3.00 respectively. 
As the temperature drops, the viscosities diverge a bit.
A much larger difference, but in the same direction, is 
obtained if a practical constant temperature standard 
state is used. In any case, the sizeable difference in 
conductivity between the isomers cannot be attributed to 
viscosity differences nor to protonic contributions and 
therefore must arise out of a distinctive charge transfer 
mechanism.

Extrapolating ^  of t-butpyr-Cl to its T b , a value 
of 0.9 cp is obtained. This is clearly much lower than 
the viscosities of either di-methyl isomer at its T b . At
0.95 T b , a more reasonable standard state since no decom­
position is occurring, n  is only 1.04 c p . What is 
perhaps more striking is that at 425 K 4-t-butpyr-Cl has 
an ^  of 5.52 cp while N-mepyr-Cl has an of 5.24 cp.
The large 4-t-butyl ion is actually less viscous than the 
smaller N-mepyr-ion despite the fact that the t-butyl 
moiety is about the same size as the pyridinium moiety and 
the molecular weight of 4-t-butpyr-Cl is greater than that 
of either the dimethyl isomer or the methyl isomer.
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Since it bears on the discussion that follows, the 
relevant dipole moment data of Bauge and Smith are repro­
duced in Table III. It is evident from these data

TABLE III

Measured Dipole Moments of Alkyl Ammonium Salts in 
Benzene Solution at 25°C

Sal t M> D (D ) U o(correspond 
'  '  ino quart-ng qu a r t ­

ernary salt)

Tri-n-butylammoniurn bromide 8.50 12.2 
Tri-n-butylammoniurn pi crate 11.79 15.3 
Tri- n-buty1ammoniurn chloroacetate 6.41 14.8 
Tri-n-butylammoniurn benzoate 4.27 12.1

that a shortening of the principal interionic axis will 
not completely explain the reduction o f /  D in the 
chloroacetate and benzoate solutions even though it is 
adequate to explain much of the reduction of II  $ in the 
bromide and pi crate solutions. '

The mechanism we propose to account for the unusual 
viscosities of the H-bonded pyridinium melts (and possibly 
for some of the data of Bauge and Smith) assumes that the 
equilibrium shown below persists in the H-bonded melts but 
not in the H-methyl melts.

R R R
Cl" + N pyr-R+ = V pyr-R+ ---Cl" = ^  pyr + R-Cl

ion pair neutral molecules

When R+ is a proton this "mobile equilibrium" (7) lies con­
siderably further to the right (favoring a higher ion pair 
and neutral molecule concentration) than when R+ is a 
CH3 group. The labile proton jumps back and forth between 
pyridine and Cl" and may remain at the bottom of a potential 
well for perhaps 10"6 or 10"? sec. This is too short a time 
span to be detected by ^HUMR, but represents perhaps 10 ,0 0 0  
translational or rotational movements of the molecule. The 
model is shown schematically in Fig. 4. The cation and anion 
are initially drawn together via H-bonding along the prin­
cipal interionic axis. The proton hops from pyridine to 
C 1~ creating two neutral species and a modicum of empty 
space. The neutral species rotate and translate relatively 
freely thus lowering the viscosity, but not increasing the
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conductivity. The extra free space increases the probabi­
lity of an appropriate density fluctuation and thereby 
decreases the absolute viscosity. In other words, charge 
neutralization causes local liquid relaxation and local 
liquid expansion. Without this sort of microscopic pr o ­
cess it is very difficult to account for the fact that
4-t-butpyr-Cl is less viscous than N - me py rC l. The extre­
mely low viscosity of 4-t-butpyr-Cl at T 5 is not 
unreasonable if, on a fast time scale, a high enough con­
centration of HC1 and 4-t- bu ty1pyridine persists.

The energies of activation for viscosity and equiva­
lent conductance are listed in Table IV.

TABLE IV

Energies of Activation

Salt E n p (k J / m o l e ) E/\ (kJ/mole) E«j/E

t-butpyr-HCl 47.4 33.2 1.42
1,3 dimetpyr-Cl 37 .6 26.7 1.40
1,2 di metpyr-Cl 33.6 24.5 1.36
2,4 dimetpyr-Cl (66.4) 27 .6 2.4

With the exception of E m  for 2 ,4-dimepyr-Cl which is 
probably unreliable because ot the small liquid range and 
partial decomposition, the values are not, especially 
remarkable. The large E 7. for 4-t-butpyr-Cl is expected 
because of the cations' size and the H-bonding in the 
melt. The ratios are lower than those for inorganic melts 
which generally range between 2 and 5 and are a bit higher 
than the values for typical methylpyridiniurn halides and 
al k y 1ammoniurn salts which range between 1.09 and 1.4, with 
the bulk of the ratios clustering around 1.1. The domi­
nance of attractive forces, coupled with the need for 
cooperative movement for large ions to move past one 
another in an environment containing relatively little 
free space, ensures that neither viscosity nor conductance 
will require substantially different amounts of energy.
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Fig. 1 Density as a function of temperature
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Fig. 2 Equivalent conductance as a function of temperature
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Fig. 3 Viscosity as 
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Fig. 4 Model of hydrogen bonded pyridinium melts
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STRUCTURES IN MOLTEN METAL HALIDES
W. Bues, M. Atapour/ G. Popper1
Institute of Inorganic Chemistry 
Technical University Clausthal 
D-3392 Clausthal-Zellerfeld 
Federal Republic Germany

Abstract: Cesium tetrabromoaluminate complexes 
show identical line-widths of the A-| -mode in 
melt and in crystal. This means that their 
life-span is longer than 10“Hsec. In the melts 
of LiInBr4 to CsInBr4 the line-width increases. 
In all these cases the life-span is shorter 
than 1 0“11 sec.

Raman spectra of molten magnesium and cal- 
ciumbromides and iodides mixed with alkali hali­
des are discussed. In the mixture of CaBr2 with 
KBr the life-span of the complex is so short that 
no Raman spectrum can be obtained. In Cal2“KI mix­
tures the Cal42-complex has a life-span of ap­
proximately 10“12 sec.

The life-span At of a complex is related to the line-width 
by the Heisenberg uncertainty principle

At AE = _ h
2tt AE = hA vc

h is Planck's constant, c the velocity of light and Av is 
the increase in the half-width of a Raman line in cm~1 .

At
1

2ttAvc [ sec ] At
0.5
Av 10-11 [sec]

With our spectrograph it is impossible to measure an in­
crease of less than 0.5 cm"1 in the half-width of the 
Raman line. As the last equation shows, an increase of 
0,5 cm“1 in the half-width results in a life-span At of 
10“11 sec. A longer life-span cannot be measured by this 
method. To hold the influence of asymmetric electric 
fields on the line-width as low as possible, we examined 
the pulsation of tetrahalogeno complexes. These cause no 
electrical moment in vibration.

In Fig. 1 the Raman spectra of aluminum tetrabrom 
complexes of Cs, K, Na and Li are shown. In all cases, 
using an entering slit of 8 cm“1 on the spectrograph, the 
line-width of the pulsation is 9 cm~1 in the crystal at 
room temperature. In the liquid state we observe the same 
line-width for aluminum tetrabromo complexes of Cs, K and
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Na within the margin for error. This shows that the life­
span of these complexes is 10"11 sec or longer. Only the 
lithium complex with a line-width of 11.4 cm“1 shows an 
increase of 2 to 3 cm""1 which demonstrates that, as a re­
sult of contrapolarization, the life-span of this complex 
is reduced to just under 10"11 sec.

In Fig. 2 Raman spectra of molten alkali tetrabromo- 
indates are shown. With a slit-width of 8 cm"*1 , CsInBr4 in 
the crystal has a line-width of 10.3 cm"1 at room tempera­
ture. At 400°C, the pulsations of the alkali tetrabromoin- 
dates show line-widths of 12, 18, 19 and 20 cm"1, respec­
tively. This increase in the line-widths, compared with 
line-widths in the crystal enables us to calculate the 
following life-spans:

CsInBr4 3*10"12 sec KInBr4 0.7-10"12 sec
NaInBr4 0.6*10"12 sec LiInBr4 0.5«10”12 sec

The comparison of AlBr4" with InBr4~ in the melt shows 
that both the increase in the polarity of the bond and the 
increase in the contrapolarization caused by the cation 
reduce the life-span of the complexes.

In Fig. 3 Raman spectra at 550°C of Cs2MgBr4, K2MgBr4 
Na2MgBr4 and Li2MgBr4 are shown. In these cases also an in 
crease in the line-widths of 8.9, 13.5, 17.2 and 20.9 cm"1 
is observed. Assuming the same conditions as for InBr42", 
we estimate the life-span of these complexes to be as 
follows:

Cs2MgBr4 0.6*10"12 sec K2MgBr4 0.4 *10"12 sec
Na2MgBr4 0.3*10“12 sec Li2MgBr4 0.25•10“12 sec

The heigth of the pulsation of the MgBr4"2 complexes shows 
a gradual decrease as noted below:

Cs2MgBr4 157 cm"1 K2MgBr4 156 cm"1
Na2MgBr4 147 cm"1 Li2MgBr4 144 cm"1

Through the increase in the contrapolarization, the pulsa­
tion assumes more and more the character of a Li-Br-Mg- 
bridge-mode. The characteristic Mg-Br-Mg-bridge-mode is ob 
served in molten MgBr2 at 140 cm"1. MgBr2 has coordination 
number four in the melt.

In the melt of CaBr2*2KBr no Raman bands could be ob­
served. In this case, the difference in polarity between 
Ca and Br is so great that the life-span becomes so short 
that the complexes can no longer be observed by spectro­
scopy. This means that the life-span of the complex is 
shorter than one mode.
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Fig. 4 shows the Raman spectrum of Cs2Mgl4 in molten 
state at 500°C. The slit-width of the spectrograph is now 
4 cm”1 . The pulsation of Mgl42” at 106 cm”1 is polarized. 
The F2 deformation mode at 61 cm”1 is depolarized. The 
line-width of the pulsation in the melt is 9 cm”1. The 
Cs2Mgl4 crystal also contains the Mgl42“ tetrahedron and 
shows the same spectrum as the melt except that the line- 
width is now 5 cm”1. The difference in line-width of 4 cm”1 
between the melt and the crystal allows us to calculate 
the life-span of Mgl42” in the melt to be 0.6*10“12 sec.

Fig. 5 shows the Raman spectrum of a mixture consis­
ting of two mols Csl and one mol Cal2* The slit-width of 
the spectrograph is again 4 cm”1. In the solid state there 
are two compounds: Cs4Cal6 and CsCal3. Both have coordina­
tion number six. Cs4CaIg contains Cal64“ octahedra and 
CsCal3 has perowskite structure. According to our experi­
ence, all iodides of divalent cations have the coordina­
tion number four in the melt. We assume that the very 
broad Raman line in the Cal2*2CsI melt is the pulsation of 
the Cal42” tetrahedron. Its line-width is 30 cm”1. Assum­
ing a standard line-width identical to that of Cs2Mgl4 
(5 cm”1), we estimate the life-span of the CaBr42“ complex 
in the melt to be 2.0*10“12 sec. This is the shortest life­
span we have ever observed.
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Fig. 1 Raman spectra of molten alkali tetrabromo- 
aluminates
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Fig. 2 Raman spectra of molten alkali tetrabromoindates
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Li2MgBr4, 550°C

Na2MgBr4, 550°C

K2MgBr4, 550°C

Cs2MgBr4, 550°C

cm“l 300 200 100 0
Fig. 3 Raman spectra of molten alkali tetrabromomagnesates
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Fig. 4 Raman spectra of molten cesium tetraiodo- 
magnesate
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Fig. 5 Raman spectra of the melt Cal2 ’ 2 Csl
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THEORETICAL STUDY OF THE REACTION OF AIF^ AND A1C1J- 
WITH OXIDE AND SULFIDE IONS

L. A. Curtiss and M. Blander 
Chemical Technology Division 
Argonne National Laboratory 

Argonne, Illinois 60439

ABSTRACT

Ab initio quantum mechanical calculations were performed, using the 
3-21G extended basis set, on reactions of molecules and ions con­
taining Al-F or Al-Cl bonds with oxygen or sulfur containing species 
to form products with Al-O or Al-S bonds; from these we deduce 
the structures of the species and the energetics of the reactions. The 
results provide evidence for the stability of Al-O and Al-S bonds in 
molten salts. In addition, this study shows that (1 ) it may be possible 
to create simple ionic pair potentials to simulate Al-O and Al-S bonds 
in a molecular dynamics calculation and (2) that quantum mechani­
cal calculations can provide useful information on the structures and 
energetics of species in molten salt solutions.

INTRODUCTION

The formation of complex species involving Al3+ and O2- or S2- in molten 
salts is of fundamental scientific significance as well as of importance technologi­
cally in current and advanced aluminum smelting processes and batteries. Such 
species have been extensively studied experimentally in fluoride and chloride sol­
vents.1-10 Little experimental work4,6 and no theoretical studies of the energetics 
of bonding have been published. In this paper, quantum mechanical calculations 
are reported on the structures and energetics of gaseous molecules involved in 
react ions of Al3+ with O2- and S2“ . Insofar as it is possible, the gaseous molecules 
are chosen to correspond to species which are expected or possible in molten halide 
melts. The aims of this calculation are (1 ) to determine the structures of known 
moieties in molten salt solutions and (2) to determine the energetics of reactions 
for the formation of species containing Al-O and Al-S bonds. From a knowledge of 
the energetics of vapor molecules it is hoped that we can deduce pair potentials for 
the A13+- 0 2“ and Al3+-S2~ pairs which can be used to realistically simulate the 
behavior of molten salt solutions of these ions in a molecular dynamics calculation.
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QUANTUM MECHANICAL CAJ CITATIONS

Ab initio molecular orbital LGAO-bGF calculations11 were carried out to 
determine the structure and energetics of a number of metal halide and metal 
halide oxide molecules. The extended 3-2IG basis set 12 was used and the structures 
of the chosen species were optimized subject only to imposed symmetries. Two sets 
of molecuies were optimized: one involving anions and the other involving neutral 
species.

The following set of reactions involving anions was studied:

AICIJ +  ,$’2“ A/C73S 2“ 4- c r (1)

AICIJ +  S 2~ -* AlCloS- + 2C r (2)

AIF4 +  0 2~ -  A/F3O2" + F~ (3)

The structures of AlCl^, AIF^, AICI3S2” , AlCUS-  and AlFsO2- were optimized. 
The structural parameters used in the optimizations are illustrated in Fig. 1 . The 
opt imal geometries and total energies of the five anions are given in Table I. Based 
on previous geometry optimizations of molten salt vapor complexes 13 the stuctures 
of the anions should be relatively accurate with the exception of the Al-Cl bond 
lengths which are probably about 0.1 —0.2 A too long.

The 3-21G energy changes, AEqm, for the three reactions are given in Table
II. The difficulties of molecular orbital theory at this level in calculating energies 
of anions are well known.14 The most significant inaccuracy is probably in the 
calculat ion of the energetics of the divalent anions S2“ and 02“. Both of these ions 
are predicted to be very unstable, but since such divalent anions have neVer been 
observed there is no wav of checking the accuracy of our calculations. In addition, 
the 3-21G electron affinities of the other anions in the reactions will be in error by 
varying amounts. To a certain extent the errors in the electron affinities of anions 
on one side will cancel with those on the other side. Another inaccuracy in the 
reaction energies comes from neglect of electron correlation in the calculational 
method. However, in calculations for reactions such as (1) and (3) where there 
are the same number of bonds on both sides of the reaction, there should be 
considerable cancellation of correlation energies15 and the error introduced into 
values of AEqm from this source is likely to be small. Despite these uncertainties 
in the energies of reactions (1)—(3), it is likely that, as mentioned previously, the 
calculated structures of the anions are reliable.

In order to improve the reliability of the results for AEqm we performed 
further calculations for the following reaction involving only neutral species:
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LiAlF\ + LioO —► L12AIF3O + LiF (1)

Reaction ( I) eliminates the problems with the anions in reactions (l) (3). We 
assumed ( ‘3,. structures for the IJAIF4 and LioAlFaO species. They should be 
only slightly less stable than the most stable configuration.13 The C$v structures 
give the same number and types of bonds on both sides of the reaction which 
allows for cancellation of correlation energy errors. The energies and geometries 
of the individual species are given in Table I, the value of AEqm is given in Table 
II, and the structures are exhibited in Figure 2. Comparisons of 3-21G reaction 
energies for several related reactions with experimental values in the JANAF 
tables16 indicate that the AEqm for reaction (4) is probably accurate to within 
about 20%. The AEqm for reaction (4) is considerably less negative than those for 
the three reactions involving anions.

CLASSICAL ELECTROSTATIC CALCULATIONS

The quantum mechanical results are now compared to energy changes, AEeSl 
calculated from the electrostatic energies of interactions of the ions in the species 
involved in all four reactions. This comparison provides a test of the efficacy 
of coulomb models for predicting the energetics of bonding in solution4,6. The 
electrostatic calculation is only for reference and is used to gauge the manner in 
which one might construct pair potentials for effective molecular dynamics simula­
tions. We chose to perform a simple calculation based on coulomb interactions, 
ZjZje~/r, where ẑ e and zje are charges on spherical ions separated by a distance
r, and the ions are Al3+, F - , Cl- , O2 - , S2- and Li+ . In addition, a soft r 9 
repulsion was assumed. The method of calculation was simply to calculate all of 
the coulomb energies for the ions involved using the distances deduced from the 
quantum mechanical calculations given in Table I. These coulomb energies were 
multiplied by 8/9 to take into account the soft repulsions. The results for AEes 
are given in Table II. For reactions (1), (2), and (3) this simple electrostatic cal­
culation is close to the results of the quantum mechanical calculation, being espe­
cially close for reaction (1). However, this correspondence should be considered 
fortuitous in view of the large uncertainties in AEqrn for the reactions involving 
anions. For reaction (4), AEes is much more negative than AEqm. Since AEes is 
a small difference between the much larger values of Ees, moderate changes in the 
pair potentials can lead to such relatively large differences in AEes. For example, 
softening the repulsive potential between Al3+ and O2- ions to r~n where n< 9  
w ill lower the stability of the LUAlFgO species and make the calculated value of 
AEes much less negative. Thus, it is possible to create a pair potential which leads 
to a reliable value of AEes for reaction (4) and which is likely to provide realistic
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results for the formation of Al-O near neighbor pairs in a molecular dynamics 
calculation for molten salts.

CONCLUSIONS

The theoretical study presented here provides evidence for the stability of 
Al-O and Al-S bonds in molten salts. The evidence is twofold. First, in all of the 
reactions considered the replacement of an aluminum halide bond by an aluminum 
oxide or sulfide bond is favored energetically. Secondly, the Al-O (and Al-S) bonds 
are in all cases shorter than the Al-F (and Al-Cl) bonds.This occurs despite the 
fact that the the Pauling radius of O-2  is 0.04 A larger than that of isoelectronic 
F“  and the radius of S~^ is 0.03 A larger than that of isoelectronic Cl~.

This study also shows that (1) it may be possible to create simple ionic pair 
potentials to simulate Al-O (and Al-S) bonds in a molecular dynamics calculation 
and (2) that quantum mechanical calculations can provide significant information 
on the structures and energetics of species in molten salt solutions.
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Table I. Calculated 3-21G geometries and total energies

Structure® Geometry6 Energy, a.uA

AlC17(Td) r(AI-Cl) =  2.24 -2070.20141

AIF7(Trf) r(Al-F) =  l.G7[1.69rf] -636.59205

AICI3S2-(C 3„) r(Al- Cl) =  2.35, r(Al-S) =  2.17, 
0 =  118

-2008.35595

AICl->S-(C2t,) r(Al-CI) =  2.25, r(Al-S) =  2.11, 
0 =  128

-1551.03530

AIF30 2-(C 3,) r(Al-F) =  1.72, r(Al-O) =-- 1.65, 
0 =  118

-611.82848

LiAIF,(C3„) r(AI-F) == 1.71, r(Al-F') =  1.63, 
r(AI-Li) =  2.26, 0 =  125

-644.04689

Li..AIF30(C 3„) r(AI-F) =  1.74, r(AI-Li) =  2.25, 
r(AI-O) =  1.65, r(Al-Li') =  3.24, 
0 — 127

-627.02952

LiFf r(Li-F) =  1.52(1.564] 106.35419

l,i..O(C2l,)' r(Li O) =  1.58(1.59, 1.55], 
0 =  180 [180]

-89.28714

® Assumed symmetries in parentheses.

b Bond lengths in A. bond angles in degrees. Experimental values 
in square brackets.

r 1 a.u. =  027.5 kcal mol-1 .

d JANAF Thermochemical Tables 1978 Supplement, M. \V. Chase, Jr., et al., 
J. Phys. Chen*. Ref. Data, 7, 826 (1978).

e Ref. 12.

f  K. Raghavachari, J. Chem. Phys., 76, 5421 (1982).
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Table II. Reaction energies (in kcal mol l )

Reaction® &Eqm &Ee8

(i) -1 4 7 -145

(2) -168 -143

(3) -242 -194

(4) -3 1 -9 7

a See text for reactions.
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Influence of Redox and Lewis Acid Functions of SbCl3-Rich Molten Salt 
Catalysts on the Reactions of Coal Model Compounds

A. C. Buchanan, III, A. S. Dworkin, and G. P. Smith 
Chemistry Division 

Oak Ridge National Laboratory 
Oak Ridge, Tennessee 37830

Abstract

Recent studies of the chemistry of coal model compounds 
in SbCl3«based molten salt catalysts have shown that both 
the redox and Lewis acid functions of these media can play 
principal roles in catalyzing reactions for organic sub­
strates. These two catalytic functions are discussed in 
relation to two reaction types that have been recently 
discovered in highly purified, anhydrous SbCl3-rich melts. 
The redox function of the melt is shown to play the dominant 
catalytic role in a transfer hydrogenation reaction for oxi- 
dizable arenes that are selectively hydrogenated by tetralin 
at only 80°C. The arene radical cation is found to serve as 
the key organic reactive intermediate. The Lewis acid func­
tion of the melt is shown to catalyze selective transalkyla­
tion chemistry for the a,w-diphenyl alkanes, C6H5(CH2)n 
c6h5 £n = 1-4] with the catalyst generating a benzylic car- 
benium ion as the key reactive intermediate.

Introduction

Molten SbCl3 is one of the metal halide melts that has been 
reported to be an effective, selective catalyst for hydrocracking coal
(1). From our extensive fundamental studies of the chemistry of coal 
model compounds (e.g. aromatics, hydroaromatics, and 
a,w-diphenylalkanes) (2-7), the SbCl3-based molten salt catalysts have 
exhibited substantial flexibility particularly with regard to tuning 
the strength of the catalytic functions. This ability to alter the 
strength of the catalytic functions in a reproducible manner results 
in a catalyst system in which not only reaction rates can be 
controlled but also product selectivities.

Earlier research concentrated on the chemistry of individual 
polycyclic aromatic hydrocarbons (arenes) in the SbCl3-based melts 
(2-4). These arenes were activated by the redox function of the cata­
lytic medium, and arene radical cations were found to be key inter­
mediates. Tuning the strength of the redox function of the melt was 
found to dramatically alter reaction rates and product selectivities.
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In the present description of the melt catalyzed transfer hydrogena­
tion reaction, the versatility of these SbCl3-based melts is further 
illustrated by the ability to activate one organic substrate (a poly­
cyclic arene) in the melt in the presence of a second unactivated 
substrate (tetralin) and observe the resulting reaction.

The a,w-diphenylalkanes, on the other hand, are not capable of 
being oxidized to radical cations in the SbCl3-based melts, and the 
transalkylation chemistry observed results from activation by the 
Lewis acid function of the melt. Tuning the strength of this cataly­
tic function leads not only to a control over reaction rates, but also 
provides a valuable means for the investigation and discovery of a 
novel mechanism for this important organic reaction.

Catalytic Functions of SbCl3

Molecular SbCl3 is a notoriously weak Lewis acid. However, in 
the molten state SbCl3 is weakly ionized, as modeled in eq. 1, with

SbCl 3 * SbCl 2+(sol v.) + ^"(solv.) (1)

a reported ionization constant, ICj, at 99°C ranging from 3 x 10~H to 
2 x 10"8 M2 (8,9). The modest Lewis acid function of the melt resides 
in the chloride deficient antimony cation, SbCl2+- As indicated in 
eq. 1 the ions are not present in the melt as discrete entities, but 
instead are strongly solvated to neutral SbCl3 molecules (or chains) 
through chlorine bridge bonds as indicated from Raman and electrical 
conductivity studies (10,11). However, for the purposes of discussing 
the organic chemistry, it will be sufficient to use SbCl2+ to model 
the chloride deficient antimony species that is acting as the Lewis 
acid in the melts.

The Lewis acidity of the melt is tuned by controlling the con­
centration of SbCl2+ in the melts by adding chloride donors or accept­
ors. Basic melts are formed by adding a few mol % of a strong 
chloride donor such as CsCl (eq. 2), while acidic melts are generated 
by adding a strong chloride acceptor such as AICI3 (eq. 3). The 
degree to which the Lewis acidity can be

SbCl 3
CsCl ----- ► Cs+ + Cl’ (2)

SbCl 3
SbCl 3 + A1C13 ----- ► SbCl 2+ + AICI4- (3)

altered is indicated from the calculation that in an SbCl3-IO mol %
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AT Cl 3 melt the concentration of SbCl2+ is increased by a factor of 
104 - 105 compared to that in a neat SbCl3 melt (as estimated from 
the range of ICj values at 99°C).

We have also found that SbCl3 melts have a redox function in 
which Sb3+ can act as an oxidant. The concomitant reduction of Sb3+ 
in the melt liberates chloride and, thus, the oxidizing power of the

1/3 SbCl3 + e t  1/3 Sb + Cl" (4)

melt will depend on the melt acidity. The effect of added chloride 
donor or acceptor on the formal potential of the Sb3+/Sb couple was 
measured by electrochemical methods (12). As expected the addition of 
a few mol % of a strong chloride donor (KC1) decreased the oxidizing 
power of SbCl3, while the addition of a few mol % of a strong chloride 
acceptor (A1 Cl3) increased its oxidizing power. In going from an 
SbCl3-5 mol % KC1 melt to an SbCl3-6 mol % AICI3 melt, the formal 
potential of the Sb3+/Sb couple and the resulting oxidizing strength 
can be tuned over ~0.5 V (9,12).

We have reported that antimony has lower oxidation states between 
3+ and the metal, the nature of these species depending on the melt 
acidity (13). Thus, the single electron oxidation of organic com­
pounds by Sb3+ can take place homogeneously in the melt with the 
soluble lower oxidation state species acting as electron carriers.
When SbCl3 is reduced in significant quantities, Sb metal may be iso­
lated from the reaction products upon hydrolysis of the melt as a con­
sequence of a disproportionation reaction of the lower oxidation state 
species (4).

Redox Catalyzed Transfer Hydrogenation (6)

Certain arenes can be oxidized to radical cations by Sb3+ in 
SbCl3-based melts with the degree of oxidation depending on melt acid­
ity as shown in eq. 5. This oxidation process has been studied for

ArH + 1/3 SbCl3 t ArH+* + 1/3 Sb + Cl" (5)

many arenes by ESR spectroscopy (14) and, for the case of perylene, by 
UV-VIS spectroscopy (15). If no other substrates are present to react 
with the aren6 radical cations, they will react with themselves*, or 
perhaps with unoxidized arene, leading to condensed products with new 
aryl-aryl bonds. These radical cation reactions produced some unusual 
hydrogen transfer chemistry in the melts, which we have previously 
reported (2-4).
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We have i n i t i a t e d  a s tudy  o f  th e  ch em istry  o f  th e se  arene ra d ic a l 
c a t io n s  w ith  o th e r  o rg a n ic  s u b s t ra te s  th a t  are  not r e a c t iv e ,  a lo n e , in  
th e  m e lt. In t h i s  c u r re n t  in v e s t ig a t io n ,  t e t r a l i n  
(1 ,2 ,3 ,4 - te t ra h y d ro n a p h th a le n e )  was chosen as th e  second re ag en t. 
T e t r a l in  i s  a w e l l  known hydrogen donor f o r  th e rm a lly  genera ted  
n e u t ra l r a d ic a l s ,  and we w ished  to  see i f  t e t r a l i n  c o u ld  re a c t  w ith  
a rene  r a d ic a l  c a t io n s .

The a renes th a t  were exam ined co ve r a w ide range o f  o x id i z a b i l i t y  
in  th e  m e lt , and they  a re  shown in  F ig .  1 a long  w ith  the  co rre sp ond in g  
a n o d ic  E i^  v a lu e s  measured in  a b a s ic  SbC l3  m e lt a t  99°C (16). The 
o x id a t iv e  Eiy£ o f  phenanthrene l i e s  beyond the  a n o d ic  l im i t  o f  th e  
m e lt (Sb3+ +• Sb5+) ,  bu t i t  has been e s t im a ted  from  th e  e x c e l le n t  
c o r r e la t io n  w ith  a rene Ely  ̂ v a lu e s  measured in  a c e t o n i t r i l e  (17). Of 
th e se  a re n e s , phenanth rene i s  th e  most d i f f i c u l t  to  o x id iz e  w h ile  
naphthacene i s  th e  most e a s i ly  o x id iz e d .

Phenan th rene and pyrene a re  not capab le  o f  be ing  o x id iz e d  to  
r a d ic a l  c a t io n s  by neat SbC l3 . Equ im o la r s o lu t io n s  o f  e i t h e r  o f  these 
a renes  w ith  t e t r a l i n  in  SbC l3  p roduces no re a c t io n  even a t  tem­
p e ra tu re s  up t o  150°C. The 200 MHz *H NMR o f  th e se  m e lts  g iv e s  w e l l-  
re s o lv e d  s p e c t ra  o f  th e  m o le cu la r  components w ith  no in d ic a t io n  o f  any 
com p le xa tio n  o f  th e  o rg a n ic s  w ith  the  s o lv e n t .

The more o x id iz a b le  a ren e s , an th ra ce n e , p e ry le n e , and naphtha­
cene , a re  c a p a b le  o f  be ing  o x id iz e d  t o  r a d ic a l c a t io n s  in  neat SbC l3 , 
as we have p r e v io u s ly  observed  in  d i lu t e  s o lu t io n s  by ESR (14). 
An th racene  i s  observed  by NMR to  re a c t  r e a d i ly  w ith  t e t r a l i n  a t  80°C. 
A n a ly s is  o f  th e  p ro d u c t m ix tu re  f o l lo w in g  h y d r o ly s is  o f  th e  m e lt shows 
th a t  a very  s e le c t iv e  t r a n s fe r  hyd rogena tion  r e a c t io n  has taken p la ce  
as shown in  F ig .  2 w ith  9 ,1 0 -d ih yd ro a n th ra cen e  (DHA) th e  on ly  hydro­
an th ra cene  p roduced . The an th racene  r a d ic a l c a t io n  i s  a p p a re n t ly  
e f f i c i e n t l y  tra p p e d  by th e  t e t r a l i n ,  and no b ia n th ra ce n e s  are  de tec ted  
t h a t  w ou ld  r e s u l t  from  c o u p lin g  r e a c t io n s  o f  th e  r a d ic a l  c a t io n  (2 ,4 ) . 
P ro d u c t a n a ly s is  f u r t h e r  shows th a t  no naph tha lene  i s  g ene ra ted , and 
th a t  th e  on ly  o th e r  m ajor p ro d u c ts  a re  
l^ S ^ j S ^ e '^ j ^ - o c t a h y d r o - l^ - b i n a p h t h a l e n e  ( 1 ) and 
2 - ( l, 2 ,3 ,4 - te t r a h y d ro - l- n a p h th y l) a n th r a c e n e  (2 ). The y i e ld  o f  DHA, 1, 
and 2  depend on th e  i n i t i a l  c o n c e n t ra t io n  o f  t e t r a l i n  p re s e n t , and 
t h i s  dependence i s  i l l u s t r a t e d  in  T ab le  1. Anth racene c o n ve rs io n s  
a re  in  th e  range o f  35 t o  45% a f t e r  th e  30 min r e a c t io n  p e r io d  a t
80°C. The y i e ld  o f  DHA is  m axim ized a t  a te t r a l in / a n t h r a c e n e  r a t io  o f
2 .0 . Note th a t  i t  i s  c r i t i c a l  t o  m a in ta in  SbC l3  as a co n ce n tra te d  
m e lt in  o rd e r  t o  have c a t a l y t i c  a c t i v i t y .  As th e  la s t  e n try  in  the
t a b le  in d ic a t e s ,  i f  t e t r a l i n  i s  p re sen t in  la rg e  excess such th a t  i t
i s  a c t u a l ly  th e  s o lv e n t  and SbC l3  i s  p re sen t as a homogeneous c a t a ly s t  
(w ith  th e  same SbC l3 /an th ra ce n e  r a t io s ) ,  no r e a c t io n  o c cu rs .  The \ / %  

p rod u ct r a t io  i s  a ls o  found to  in c re a s e  w ith  in c re a s in g  
t e t r a l in / a n t h r a c e n e  r a t io .  The fo rm a tio n  o f  th e se  p a r t ic u la r  com­
pounds and th e  dependence o f  t h e i r  y ie ld s  on the  i n i t i a l
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tetralin/anthracene ratio will be discussed later in relation to the 
proposed mechanism.

Naphthacene also undergoes the transfer hydrogenation reaction 
with tetral in in SbCl 3. The reaction is even more rapid than that for 
anthracene with a 97% naphthacene conversion after a 30 min reaction 
period at 80°C. This reaction is also very selective as shown in Fig. 
3 with 5,12-dihydronaphthacene the only hydronaphthacene formed. The 
byproducts are analogous to those produced in the anthracene reaction 
with the tetralyl-substituted naphthacene (2) product being a mixture 
of two isomers as indicated.

Perylene is also partially oxidized to a radical cation by Sb^+ 
in the melt. However, the radical cation is very persistent and 
undergoes no further reaction even in the presence of tetral in and at 
temperatures up to 130°C. This results in a NMR spectrum of the 
melt that exhibits signals due only to the tetralin, while the pery­
lene signals are not observed because of rapid electron exchange be­
tween the perylene radical cation and unoxidized perylene.

The proposed mechanism for the catalytic transfer hydrogenation 
of arenes by tetralin in SbCl3 is shown in Fig. 4 using anthracene as 
an example. The first step is the oxidation of the arene to the radi­
cal cation. Phenanthrene and pyrene do not undergo this electron 
transfer step and, thus, do not react. Perylene on the other hand 
undergoes the electron transfer reaction, but as described earlier the 
resulting radical cation is very persistent and undergoes no further 
reaction. Anthracene and naphthacene are also oxidized in the melt, 
and the radical cations react with tetralin by hydride transfer to the 
cationic center of the radical cation rather than hydrogen transfer to 
the radical center. The resulting 1-tetralyl cation, 5, then 
undergoes competitive electrophilic attack on unreacted tetralin and 
arene as shown in the third and fourth steps. The formation of the 
particular positional isomers shown is consistent with the known 
Friedel-Crafts alkylation chemistry of tetralin (18) and anthracene
(19) when sterically bulky electrophiles are employed. Since the 
reaction is catalytic in SbCl3, there must be a reoxidation step as 
shown in the last two equations. The detailed nature of the reoxida­
tion step is not known, and it has been combined with the hydrogen 
transfer step that lead to the formation of the hydroarene.

Altering the oxidizing power of the melt has dramatic effects on 
the transfer hydrogenation reaction. If anthracene and tetralin (1:2 
mole ratio) are reacted in a weakly oxidizing SbCl3 - 8 mol % KC1 
melt, the reaction rate is substantially reduced with only a 2%. DHA 
yield (rather than 39%) after 30 min at 80°C. On the other hand, if 
the reaction is run in the highly oxidizing SbCl3-IO mol % AICI3 melt, 
not only are the rates enhanced but the product selectivity is com­
pletely altered. The transfer hydrogenation reaction is no longer 
observed and, instead, coupling reactions of the radical cations are
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observed exclusively, which produce condensed anthracenes in a reac­
tion that has been previously characterized (4).

The transfer hydrogenation chemistry has produced the first evi­
dence that solution phase hydrocarbon radical cations can react by 
hydride abstraction. The research also points out the versatility of 
the SbCl3-based molten salt catalyst resulting from the ability to 
reproducibly tune the strength of the redox function, which leads to 
control over reaction rates and product selectivities. Furthermore, 
the facility with which arene radical cations can be produced in the 
presence of a second unactivated organic substrate should allow for 
substantial advancement in the understanding of reactions of arene 
radical cations.

Lewis Acid Catalyzed Transalkylation (7)

The a,w-di phenyl alkanes CgHsCC^JnCeHs [n = 1-4] have first ioni­
zation potentials from photoelectron spectroscopy that are comparable 
to that of toluene (20). The high oxidation potentials of these com­
pounds, compared to those of polycyclic arenes, places them beyond the 
range of the oxidizing power of SbCl3 even in acidic melts. However, 
these compounds react readily in SbCl 3-rich melts in a reaction that 
is catalyzed by the Lewis acid function of the melt.

Diphenyl methane (DPM) is the most reactive of the diphenyl alkanes 
with about a 60% conversion in SbCl3 after 2 hrs at 130°C. The 
overall reaction is a transalkylation (Fig. 5) that produces, at low 
conversions (<10%), only benzene and the 0-, m-, and p-isomers of 
benzyl diphenyl methane. At higher conversions, larger polybenzyl oli­
gomers are observed.

1.2- Diphenyl ethane (DPE) is much less reactive than DPM. At 
130°C in SbCl3, the DPE reaction rate is measured to be 1 x 103 slower 
than that of DPM. However, rapid reaction rates may be obtained if 
the more acidic SbCl3-IO mol % A1 Cl3 melt is employed as catalyst. At 
100°C, nearly 60% of the DPE reacts within the first 10 min and pro­
duces the same product mixture (Fig. 6) as observed in neat SbCl3. 
Again a transalkylation reaction has occurred producing benzene, the
0-, m-, and p- isomers of (2-phenylethyl)-l,2-diphenylethane, and also 
the higher oligomers at higher conversions. The observed cleavage of 
the benzylic sp^-sp3 bond for DPE is very selective, and no products 
are detected resulting from the cleavage of the central sp3-sp3 bond.

1.3- Diphenyl propane (DPP) and 1,4-diphenyl butane (DPB) react at 
very similar rates compared to DPE and require the SbCl3-IO mol %
A1 Cl3 melt for rapid reaction rates. However, neither DPP or DPB 
undergoes an intermolecular transalkylation reaction. Instead, as 
shown in Fig. 7, they exclusively undergo an analogous intramolecular 
reaction to produce benzene and either indan (from DPP) or tetralin
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(from DPB)• These extremely selective reactions have been monitored 
by in situ *H NMR spectroscopy to near quantitative conversions of the 
DPP and DPB, and the only products observed are those described in 
Fig. 7. As before, only cleavage of the benzylic sp2-sp3 bond of 
these diphenyl alkanes is observed.

The transalkylation chemistry of alkyl benzenes has been exten­
sively studied and, normally, protons are invoked as key catalytic 
agents. In fact the reaction is typically performed in strong pro- 
tjonic acid media such as AlBr^-HBr, GaBr3-HBr, and BF3-HF (21-25). We 
have examined the least reactive of the alkyl benzenes, toluene, and 
found it to undergo typical transalkylation chemistry (Fig. 8) in the 
aprotic SbCl3-10% A1 Cl3 melt, although at a much slower rate (-4 x 102 
slower than DPE in SbCl3-10% AICI3 at 100°C).

The transalkylation chemistry for the diphenyl alkanes and toluene 
in aprotic SbCl3-based melts can be explained by a mechanism in which 
the rate determining step involves the abstraction of a benzylic 
hydride by the Lewis acid species in the melt, SbCl2+ (in its solvated 
form), as shown for the diphenyl alkanes in eq. 6.

PhCH2(CH2)xph + SbCl2+ t PhCH(CH2)xPh + HSbCl2 (6)

The relative reaction rates in SbCl3 melts,

PhCH2Ph »  Ph(CH2)2Ph - Ph(CH2)3Ph - Ph(CH2)4Ph »  PhCH3 ,

are exactly those predicted based on the stabilities of the corre­
sponding benzylic cations, namely

PhCHPh »  PhCHCH2Ph - PhCH(CH2)2Ph - PhCH(CH2)3Ph »  PhCH2

Additional evidence supporting eq. 6 as the key mechanistic step 
i ncludes:

(1) For DPM the initial reaction rate has a first order depend­
ence on the initial DPM concentration, which was varied from 0.028 to 
1.02 M.

(2) For DPE the rate in SbCl3-10% A1 Cl3 at 100°C is greater than 
that in SbCl3 at 130°C by 1 x 10 .̂ The rate enhancement at a common 
temperature, e.g. 100°C, should be greater than 10^. This rate 
enhancement corresponds roughly to the calculated increase in SbCl2+ 
concentration of 104-105.

(3) We have also previously reported stoichiometric hydride
abstractions for 9,10-dihydroanthracene and 5,12-dihdyronaphthacene in
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SbCl3-10% AT Cl 3 melts. For these substrates, the benzylic cation 
formed is stable in the melt and can be characterized by 1H NMR (5).

Once the benzylic cation is formed in the rate determining step, 
the product distributions can be readily understood as shown for the 
case of DPP in Fig. 9. For DPM and DPE stable cyclic products cannot 
be produced, and the incipient benzylic cation instead undergoes an 
electrophilic attack on unreacted starting material resulting in the 
intermolecular transalkylation chemistry observed.

The Lewis acid function of SbCl3 melts is capable, therefore, of 
catalyzing a selective bond cleavage reaction for the 
a,a)-diphenyl alkanes by generating a benzyl ic carbenium ion as the key 
organic reactive intermediate. The ability to tune the strength of 
this Lewis acid function allows for control of the reaction rates and 
provides kinetic information concerning the role of the catalyst.

Experimental

The reactions described above were studied by *H NMR 
spectroscopy at 200 MHz and by product analysis following quench and 
separation procedures. Detailed experimental procedures have been 
previously reported (6,7). Both NMR and large scale experiments were 
performed with highly purified reagents in tubes that were sealed on a 
vacuum line under purified argon. Material transfers were performed 
in a controlled atmosphere drybox whose argon atmosphere was con­
tinuously purified and monitored for moisture and oxygen content, 
which amounted to <1 ppm each. Products were analyzed by GC, GC-MS, 
HPLC, and, where applicable, by *H and NMR. Quantitative results 
were obtained by GC using internal standards and by HPLC separation 
with subsequent analysis by UV spectroscopy.
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Table 1. Influence of Tetralin Concentration on the 
Anthracene-Tet ra1i n-SbC13 React i ona

Anthracene
(mmol)

Tetralin
(mmol)

SbCl3
(mmol)

DHA Yieldb 
(%)

1/2 Yield 
(mole ratio)

1 .AO 0 3A.2 — —

1 .AO 0.70 3A.2 20 0.15

1 .AO 1 .AO 3A.2 30 0.50

1 .AO 2.80 3A.2 39 1.5

1 .AO 5.60 3A.2 38 3.5

0.39 37.8 9.52 — —

Reactions were run at 80° for 30 min. 
bBased on original anthracene (±2%).

[a
u

1
(V)

0.9

Figure 1. Anodic E-,/? values for 
selected arenes ir/^a basic SbClo 
melt at 99°C. Value for 
phenanthrene (0.9 V) is estimated.

0.59

0.51

0.24
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Figure 2„ Transfer hydrogenation reaction for anthracene 
with tetralin in molten SbCl^.

Figure 3„ Transfer hydrogenation reaction for naphthacene 
with tetralin in molten SbCl^

+ <6yj© 0
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Figure 4. Proposed redox mechanism for the transfer hydrogenation 
reaction of an arene catalyzed by molten SbCl- 

(illustrated for anthracene). J

2 [OToTO J + 2/3 Sbci3 fo o') + 2/3 Sb° + 2 Cl'

4 + 6 + V3 Sb°+ Cl' OT TOJ + i  + V3 SbCI3

4 + 7 + V3 Sb° + Cf OT IOJ + 2 + V3 SbCI3

Figure 5. Transalkylation reaction for DPM in molten SbCl^.

SbCI3 
100- 130*
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0^
-0

Figure 7. Intramolecular transalkylation reactions for 
DPP and DPB in molten SbCl3"10% A1C13-

Figure 8. Transalkylation reaction for toluene in 
molten SbClg-10% A1Cl3.
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Figure 9, Proposed mechanism for the SbCl3~A1Cl3 catalyzed 
intramolecular transalkylation reaction for DPP 

following the initial hydride abstraction 
by SbCl2+ .

H

+  H V

H H
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REACTIVITY OF ANTHRACENE IN LIQUID SbCl3-AlCl3-N-(l-BUTYL)PYRIDINIUM
CHLORIDE MIXTURES

S. P. Zingg, A. S. Dworkin, Morten Stfrlie,* D. M. Chapman,+ 
A. C. Buchanan, III, and G. Pedro Smith

Chemistry Division, Oak Ridge National Laboratory 
Oak Ridge, Tennessee 37830

Abstract

Mixtures of SbCl3 and N-(l-butyl)pyridiniurn chloride 
(BPC1) containing 75-87 mol % SbCl3 and SbCl3-AlCl3-BPd 
mixtures containing 60 mol % SbCl3 and 17-24 mol % BPC1 
were found to be liquid at 25°C. Dilute solutions of 
anthracene were stable in ternary mixtures containing 18 
mol % A1C13, but in mixtures containing 22-24 mol % A1C13, 
anthracene reacted under the influence of the solvent, 
which behaved as both oxidant and H-transfer catalyst.
The oxidized product was protonated anthracene, which 
was stable in this melt. The source of protons was 
provided by hydrogen-1iberating Scholl condensations 
combined with the reduction of Sb(III). A part of the 
hydrogen from Scholl reactions reacted with anthracene 
to form 9,10-dihydroanthracene. By contrast, a liquid 
mixture without SbCl3, A1C13-BPC1 (2:1 mole ratio), 
proved to be a much less active H-transfer catalyst than 
the SbCl3-rich liquids even though it is a stronger Lewis 
acid, and it did not induce protonation beyond a trace 
attributable to protic impurities.

Introduction

Studies of polycyclic aromatic hydrocarbons and hydroaromatics 
in anhydrous SbCl3-based melts have shown these melts to be extreme­
ly active catalysts for a variety of hydrogen redistribution reac­
tions at surprisingly low temperatures, 80-130°C (1-5). This 
research has revealed that liquid SbCl3 (m.p., 73°C) possesses a 
previously unrecognized redox functionality and reactions have been 
observed which involve SbCl3 as an oxidant in both a catalytic (1-3) 
and stoichiometric (4,5) fashion. The melts investigated previously

*Visiting scientist from the Department of Chemistry, University of 
Tennessee, Knoxville, Tennessee
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have either been pure SbCI3 or SbCl3 with 1-10 mol % of added 
chloride ion donor such as KC1 or chloride ion acceptor such as 
AICI3. The added chloride ion donor reduces the oxidizing power of 
the melt while the added acceptor increases it.

The development by Osteryoung, et al. (6) of binary room- 
temperature melts consisting of N-(l-butyl)pyridinium chloride 
(BPC1) and Al Cl 3 led us to investigate the possibility of preparing 
SbCl3-rich mixtures that are molten at ambient temperatures. We 
felt these mixtures might retain the useful properties of the higher 
melting salts and, at the same time, have the advantage of being 
liquid under ambient conditions. We found that SbCl3-BPCl mixtures 
containing 75-87 mol % SbCl3 and SbCl3-AlCl3-BPCl mixtures con­
taining 60 mole % SbCl3 and 17-24 mol % BPC1 are liquid at 25°C.
The ternary mixtures were of particular interest to us because of 
the possibility of varying the melt acidity and oxidizing power over 
substantial ranges by making relatively small changes in the 
AlCl3:BPCl ratio in the neighborhood of the 1:1 value.
Consequently, we undertook investigations of the physical and 
electrochemical properties of these liquids and of the behavior of 
organics dissolved in them. The results of the first phases of our 
study are described in this and the following paper (7). In this 
paper we describe the reactions of anthracene in liquid 
SbCl 3-Aid 3-BPCl mixtures at ambient temperatures. Anthracene was 
chosen for this investigation because of the extensive research 
(1,3-5) on its reactivity in SbCl3-rich, high-melting mixtures.

Experimental Section

Materials. —  Antimony(III) chloride (Alfa, 99% minimum) was 
purified by the following procedure. It was first melted under 
argon and mixed with Sb metal in order to reduce any Sb(V) and with 
Sb203 to remove volatile chloride impurities. This was followed by 
two sublimations under dynamic vacuum and, then, by zone refining a 
minimum of thirty passes. The resultant colorless crystals melted 
to give a clear, colorless liquid.

Aluminum chloride (Fluka, puriss), to which 1 wt % purified 
NaCl was added, was refluxed over high-purity aluminum (Alfa, M6N) 
for 3 days in sealed quartz ampoules, and then distilled away from 
the NaAlCl4 phase. This procedure was repeated twice and the 
resulting Al Cl 3 crystals were then vacuum sublimed through a fine 
porosity Pyrex frit. The purified Al Cl 3 crystals were colorless and 
melted to form a colorless liquid. The NaCl used in this procedure 
was prepared from reagent grade material, purified by vacuum drying 
in the solid state followed by melting and bubbling first HC1 and 
then argon (both high-purity grades) through the melt.
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BPC1 was prepared from pyridine (Fisher, certified ACS) and
1-butyl chloride (Matheson, Coleman and Bell, >98%). The starting 
materials were further purified by distillation from P2O5 under 
argon. The synthetic procedure given by Robinson and Osteryoung (8) 
was followed. As an added precaution, each step was carried out 
under argon because BPC1 is exceedingly hygroscopic. The product 
was recrystallized five times under argon from acetonitrile (Fisher, 
certified ACS) which had been distilled under argon from P2O5. In 
the original procedure (8) ethyl acetate was used in recrystal 1izing 
the final product but we omitted this material because we were 
unable to remove it completely from crystalline BPC1 even after pro­
longed heating under vacuum at 110°C. The BPC1 was dried under 
vacuum in the presence of P2O5 in a drying pistol at 110°C and the 
drying pistol was transferred to the glovebox while still under 
vacuum. During preparation and all subsequent handling, BPC1 was 
shielded from exposure to light. The water content of the final 
product was determined by Karl Fischer analysis (Galbraith 
Laboratories) to be < 0.2%. The elemental analysis (Galbraith 
Laboratories) showed 62.75% C, 8.06% H, 8.34% N, 20.59% Cl and
0.14% 0 (calculated values: C 62.97; H 8.22; N 8.16; Cl 20.65).
The BPC1 was further analyzed for organic impurities by dissolving a 
1-g sample in a small amount of water and then extracting with three 
30-ml aliquots of methylene chloride. After drying with CaS04 and 
reducing the volume to 5 ml the methylene chloride was analyzed 
using a Hewlett Packard model 5880 gas chromatograph equipped with a 
flame ionization detector and an 0V-101, 12-m capillary column. No 
measurable levels of organic impurities were found in BPC1 that had 
been purified without the use of ethyl acetate. The melting point of 
the final product was 132.3-133.1°C (corr.).

Anthracene (Eastman, scintillation grade) was recrystal 1ized 
from acetic acid and then toluene before sublimation. Analysis by 
HPLC and GC showed less than 0.1% impurities.

9H-anthracenium heptachlorodialuminate (C14H11AI2d 7) 1 was 
prepared in Schlenk-ware according to the procedure of Koptyug (9). 
Thereafter it was stored and handled in a glovebox. The 200-MHz 
*H-NMR spectrum of a solution of this compound in molten SbCl3-10 
mol % A1Cl3 was that of the 9H-anthracenium g (the cation of 1, 
shown in Fig. 2) ion without extraneous peaks.

2-Ethyl anthracene (Aldrich, 98%) was recrystallized twice from 
ethanol. No impurities were detected by GC or HPLC analysis.

Preparation of Solvents and Solutions. -  All handling of salts 
(including weighing on an analytical balance) was carried out in an 
argon-atmosphere glovebox in which both water vapor and oxygen were 
monitored instrumentally and kept below 1 ppm by continuous cir­
culation of the atmosphere through a purification train. In pre­
paring the ternary SbCl3-A1C13-BPCl melts, SbCl3 and BPC1 were mixed

250



to form a binary liquid to which AICI3 was slowly added. This pro­
cedure allowed dissipation of the heat generated by the AICI3-BPCI 
reaction so that the rise in temperature was only slight. In the 
preparation of AICI3-BPCI melts a substantial temperature rise 
could not be avoided.

The formal compositions of ternary melts are specified here in 
terms of mole percentages of the three constituents in the order 
SbCl 3-AlCl 3-BPd . Melts for which the mole ratio A1 Cl3 :BPC1 
exceeded unity are referred to as acidic while those for which this 
ratio was less than unity are termed basic.

For the preparation of solutions, anthracene and 
2-ethyl anthracene were weighed on a microbalance outside of the 
glovebox while 1 was weighed on an analytical balance in the glove- 
box. The quantity of solvent (SbCl3-AlCl3-BPCl) was determined by 
analytical weighing in the glovebox. Solvent volume was calculated 
from the density values reported below.

Density. —  The densities of selected ternary compositions were 
measured by pycnometric weighing in the glovebox at 28°C (60:16:24, 
1.998 ± 0.002 g/cm3 ; 60:19:21, 2.025 ± 0.002 g/cm3 ; 60:21:19,
2.042 ± 0.002 g/cm3). Values for other compositions were determined 
by linear extrapolation.

Decomposition Reactions. —  The decomposition of anthracene in 
acidic ternary melts was initiated by mixing a solution of anthra­
cene in a basic 60:19:21 melt with an appropriate amount of an acid­
ic melt. For anthracene solutions at the 150-mM concentration level 
the extent of reaction was measured by quench and separation at the 
end of a given reaction period. The same quench and separation 
procedures were followed as those used previously to study the 
decomposition of anthracene in SbCl3-rich melts at elevated 
temperatures (1). These solutions contained 160-200 mg of solute. 
Product analysis included antimony metal as well as organics.

Studies of solutions at the 30-mM level included in situ opti­
cal spectroscopy (see below) in addition to quench and separation. 
Product analysis did not include antimony metal because of the small 
amounts of material involved. After a solution had been prepared, 
it was divided into two portions. One portion was weighed and left 
in the glovebox for quench and separation at the end of the reaction 
period. This portion contained 10 mg or more of solute. The other 
portion (-1 ml) was loaded into an optical cell (see below) which 
was then sealed, removed from the glovebox and placed in the 
spectrophotometer. In several runs, a second 1-ml spectroscopy 
sample was withdrawn from the quench-and-separation portion after 23 
h. The spectrum of this second sample was the same as the 23-h 
spectrum of the sample that had been removed at the beginning of the 
run.
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Optical Spectroscopy. —  Optical absorption spectra were meas­
ured either with a Cary 14 or a Cary 219 spectrophotometer. The 
optical cell, shown in Fig. 1, consisted of a 1-cm pathlength quartz 
glass cuvette attached by means of a graded seal to a 100-cm long 
Pyrex glass neck with a #15 Ace threaded glass joint at the top. A 
quartz glass insert, to which an eyelet was attached, could be 
lowered into the cell by means of a glass rod with a hook on the 
end. A Teflon bushing and 0-ring provided an air-tight seal. The 
quartz insert could be rotated so that two different optical 
pathlengths of about 60 and 110 urn were obtainable. The sample com­
partments of both spectrophotometers were modified to accommodate 
these cells. Pathlengths of cells with inserts in place were 
calibrated using the 373-nm band of K2Cr04 solutions in aqueous 0.05 
N KOH [e = 4842 M"1 cm” 2 (10)]. Measurements were made with at 
least four independently prepared concentrations of dichromate for 
each calibration and the results were reproducible to within 0.5%.

ESR Spectroscopy. —  The spectrometer, sample tubes and experi- 
mental procedures have been described previously (11). All material 
transfers were performed in a drybox. The loaded sample tubes were 
sealed under argon on a vacuum line. Concentration of anthracene in 
the melts was -5 mM. ESR spectra were obtained at ambient tem­
peratures (22-23°cy.

Results and Discussion

Reactions Among Solvent Components. —  The SbCl 3-A1 Cl 3-BPCl mix­
tures considered here have formal compositions with the following 
mole fractions: 0.60 SbCl 3, (0.20+a_)AlCl 3 and (0.20-a_)BPCl, where 
-0.04 < £  < 0.03. Since these components vary enormously in 
chloride donor/acceptor strength, extensive chloride-exchange chem­
istry occurs on mixing. Aluminum trichloride is a strong chloride 
ion acceptor while SbCl 3 is a much weaker chloride ion acceptor and 
BPC1 is a chloride ion donor. Therefore the dominant chloride 
exchange reaction is

BPC1 + A1 Cl 3 + BP+ + AlClzf [1]

Since the A1 Cl 3:BPC1 ratio is close to unity for all melts, the 
liquid may be regarded as consisting of the binary mixture SbCl3-25 
mol % BP( A1 Cl 4) with relatively small additions of A1 Cl 3 or BPC1. 
Pure, molten SbCl3 is very slightly ionized as shown in Eq. [2] (12).

SbCl 3 * SbCl 2+(sol vated) + CT(solvated) [2]

It is plausible to suppose that the same equilibrium occurs in our 
low-melting mixtures and is displaced strongly to the left.
Likewise, it has been shown that in liquid BPC1-A1Cl3 mixtures at_ 
ambient temperatures the A1 Cl4" ion is in equilibrium with AI2CI7’
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and Cl” ions (13). In our ternary mixtures a similar equilibrium 
must occur as shown in Eq. [3]

2A1C14” t A12C17” + Cl”(solvated) [3]

where Cl” is solvated by SbCl3 molecules. Since AI2CI7” is a much 
stronger chloride ion acceptor than SbCl3, the equilibrium in 
Eq. [3] is strongly displaced to the left. The A12CI7” anion should 
also be a stronger chloride ion acceptor than SbCl2+(solvated) so 
that the equilibrium in Eq. [4]

A12C17” + SbCl3 t SbCl 2+(solvated) + 2A1C14" [4]

should be displaced to the right. This also appears to be the case 
in SbCl3-A1Cl3 mixtures at elevated temperatures (12). Thus, when 
AICI3 is added to liquid SbCl 3-BP(A1 Cl 4), the dominant acidic spe­
cies should be SbCl2+(solvated) rather than A12C17”. On the other 
hand, BPC1 is expected to dissolve in SbCl3-BPCl to form BP+ cations 
and Cl“(solvated) anions with the concomitant suppression of the 
formation of SbCl2+(solvated), according to Eq. [2].

In summary, for all of the SbCl3-A1 Cl3-BPd compositions con­
sidered here, the_primary consitutents are SbCl3 molecules, BP+ 
cations and A1 Cl4” anions. Secondary constituents are 
SbCl2+(solvated) and Cl“(solvated). When the formal mole ratio 
A1Cl3:BPC1 exceeds unity to a significant degree, the concentration 
of_SbCl2+(solvated) is correspondingly increased while that of 
Cl“(solvated) is greatly suppressed. This situation is reversed 
when the A1 Cl3:BPC1 ratio is significantly less than unity. The 
A12C17” anion is probably no more than a minor constituent in all of 
the ternary melts considered here.

Optical Spectra. —  During the decomposition of anthracene the 
principal species observed by optical spectroscopy are unreacted 
anthracene and the anthracenium ion. Therefore, for purposes of 
both identification and quantification the spectra of these species 
were measured in SbCl3-AlCl3-BPCl melts under non-reactive con­
ditions.

Fig. 2 shows the spectrum of a 31.1-mM solution of anthracene 
in a basic 60:18:22 melt and that of a 9.75-mM solution of 
9H-anthracenium heptachlorodialuminate 1 in an acidic 60:22:18 melt. 
The positions and molar absorptivities of the three maxima in the 
anthracene spectrum are 347 nm, 4130 cnr*; 366 nm, 4660 M~* 
cm-1; 384 nm, 3830 M*1 cnr*. We attribute these bands to vibronic 
components of the 1La <■ *A electronic transition (14). By com­
parison we found that the corresponding bands for anthracene in 
methanol have as coordinates 339 nm, 5447 M' 1 cm-1; 356 nm, 8130 M"*1 
cnrl; 375 nm, 7967 M“1 cnr*. Other bands in this group that we
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shall make use of later have maxima at 309 and 323 nm. The vibra­
tional spacing for all 5 bands is close to 0.14 ynr1. The bands of 
anthracene in the molten salt are much broader than those of anthra­
cene in methanol so that the band areas and oscillator strengths are 
more nearly comparable than are the molar absorptivities.

The spectrum of the solution of 2 in Fig. 2 consists of an 
intense band with maximum at 424 nm and molar absorptivity of 34,500 
M“1 cm-1. This is plausibly attributed to the 9H-anthraceniurn 
cation g, the structure of which is shown in the figure. The 
spectrum of this ion in anhydrous HF at 25°C (15) has a similar band 
at 408 nm (37,400 M"* cnrl) while in concentrated H2SO4 at 25°C (16) 
the band maximum is at 424 nm (ca. 30,000 M“* cirri).

Spectral data and the results of analysis by hydrolysis and 
separation show that both the solution of anthracene in the basic 
melt and that of 2 in the acidic melt are stable. Their spectra 
remained unchanged after 24 hr. Following hydrolysis of the anthra­
cene solution, the starting material was recovered and no decom­
position products were found. Hydrolysis of the solution of 1 
resulted principally in the deprotonation of 2 and led to recovery 
of anthracene equivalent to 85% of the starting material. A simi­
lar recovery factor was found when solutions of 2 in SbCl3-IO mol % 
A1 Cl 3 were hydrolyzed by the procedure used here.

Anthracene Decomposition Reaction. —  We found that the reac­
tions by which anthracene decomposes in acidic SbCl3-A1C13-BPCl 
mixtures at 28-40°C are closely related to those that occur in 
SbCl3-rich melts at 80-175°C. These elevated-temperature reactions 
are of two types. First, in SbCl3-10 mol % AICI3, anthracene reacts 
rapidly and completely with the solvent in a redox process that is 
schematically illustrated in Eq. [5]* (4). The oxidized product is 
the 9H~anthracenium ion g, produced in 55-65% yields. The source of 
protons for this product is a combination of Scholl-type 
condensation-dehydrogenation reactions and the reduction of Sb(III). 
The dominant condensed product is anthra[2,l-a]aceanthrylene 3, pro­
duced in yields of -20 wt % of the starting anthracene. The 
remaining organic material (-15-25 wt %) consists of a variety of 
condensed compounds. The accompanying reduction reaction converts 
Sb(III) into a lower oxidation state, which, when hydrolyzed, 
disproportionates into Sb metal and Sb(III) (17). Stoichiometry 
requires that the mole ratio g:Sb(metal) be 3:1.

The second type of reaction occurs when anthracene is dissolved 
in SbCl3 without AT Cl 3. This reaction is a relatively slow catalyt­
ic hydrogen-transfer with the melt serving as solvent/catalyst (1).

*This equation is at the end, with the figures.
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Part of the anthracene is hydrogenated to form mostly
9,10-dihydroanthracene }*  and the source of hydrogen is Scholl-type 
condensation-dehydrogenation reactions. A wide variety of condensed 
products is formed, including 3, but no single product predominates.

In the present study we find that both of the above types of 
reactions occur simultaneously for anthracene in acidic 
SbCl3- A i d3-BPCI mixtures at 28-40°C. Evidence regarding the for­
mation of 2 comes from the optical spectroscopic measurements. As 
noted earlier, this cation is destroyed by hydrolysis so that its 
presence in the melt cannot be established by quench and separation. 
The spectra in Fig. 3 are typical of those obtained when -30 mM 
anthracene reacts in the acidic melt during a 23-h run at 28-30°C. 
These spectra are referenced to air and can be converted to 
absorbance by subtracting the curve labelled solvent. The solvent 
melt was quite transparent except at the shortest wavelengths so 
that over most of the wavelength-range in Fig. 3 the apparent 
absorption of the solvent consists of light losses due to reflec­
tions at cell windows.

After 20 min reaction time, the concentration of anthracene 
fell to -95% of its starting value of 34.4 mM. A shoulder at -420 
nm is attributed to 2 at a concentration estimated to be 1-2 mM. 
Bands at 510 and 530 nm are due to unidentified reaction products. 
With increasing time absorption due to anthracene slowly decreased 
while that due to 2 slowly increased along with bands due to other 
reaction products at longer wavelengths. At the end of 1380 min 
(23 h) some anthracene remained but the concentration could not be 
evaluated accurately because of interference from the band of 2.
The concentration of 2 reached -7.5 mM, which is 22% of the initial 
anthracene concentration.

Identified substances obtained from quench and separation were 
the following: anthracene (partly unreacted starting material and 
partly from the hydrolysis of 2); 3; 4; 4 isomers of bianthracene, 
grouped together here as 5 (2,9'-isomer produced in highest yield); 
a dihydroanthraaceanthrylene 6, (not identified as to isomer); and 
antimony metal (recovered only for runs at the 150 mM-concentration 
level). In addition small quantities of unidentified products 
(usually -5 wt % of the initial anthracene) were obtained and when 
the HPLC column was washed with CH2C12* some highly condensed 
material came off.

Quench and separation was performed for 8 runs, each terminated 
after 23 h. Five of these runs were made with 60:22:18 melts at

^Structure displayed at the end, with the figures.
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28-30°C and used initial anthracene concentrations of 31, 34, 34,
141 and 157 mM. One run was made with a 60:22:18 melt at 40°C and 
an initial concentration of 31 mM, while 2 runs were made with 
slightly more acidic 60:23:17 melts at 28-30°C and initial con­
centrations of 28 and 139 mM. The only substantial differences in 
the relative amounts of substances recovered from these runs was 
between those with initial concentrations of 28-34 mM and those with 
initial concentrations of 139-157 mM. Table 1 summarizes the 5 runs 
made with 60:22:18 melts at 28-30°C. In this table the amounts of 
substances are given as wt % of the initial weight of anthracene. 
Results for the three runs with initial concentrations of 31, 34 and 
34 mM are averaged under the column headed -30 mM and those with 
initial concentrations of 141 and 157 mM are averaged under -150 mM. 
Typical of deviations about the average values were those for 
anthracene, namely: 57-67% and 27-30%, respectively. The amounts 
of anthracenium ion for runs with initial concentrations of -30 mM 
were obtained from optical spectra and those for the other runs were 
calculated from the amounts of Sb metal recovered from quench and 
separation (moles of anthracenium = 3 x moles of Sb).

Table 1. Substances recovered from anthracene 
decomposition in liquid SbCl3-AlCl3- B P d (60:22:18) 

after 23 h at 28-30°C.

Amount(wt %)
Substance -30 mM -150 mM

Anthracene 63 29
Dihydroanthracene } 4 10
Bianthracenes 5 11 11
Anthra[2,l-a]aceanthrylene 3 3 4
Dihydroanthraaceanthrylene § 2 13
Anthracenium ion £ 20 14
Highly condensed material trace large

The anthracene recovered from quench and separation consisted 
of unreacted starting material plus that regenerated from hydrolysis 
of the anthracenium ion. We estimate a recovery factor of 85% for 
hydrolysis, hence the amounts of unreacted anthracene were on the 
order of 43-47% and 15-18% for initial concentrations of -30 mM and 
-150 mM, respectively. Identified products typically accounted for 
-80% of the starting material for the former and -70% for the latter 
concentration. In both cases an additional amount of material (-5%) 
consisted of small amounts of various unidentified products observed
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during chromatography. The highly condensed material accounted for 
an appreciable part of the remainder in runs with initial con­
centrations of -150 mM, but very little of this material was found 
for runs with initial concentrations of -30 mM.

These results show that a part of the hydrogen lost in forming 
condensed products was consumed in forming hydroarenes while the 
rest was consumed in protonating anthracene. The same reactions 
occurred in melts with initial anthracene concentrations of 31-157 
mM. At the higher concentrations the conversion of anthracene was 
greater and relatively less protonated product 2 formed than at the 
lower initial concentration. Thus, the decomposition of anthracene 
in acidic SbCl3-A1 Cl3-BPd melts proceeded by a combination of the 
same types of reactions found at elevated temperatures in SbCl3-IO 
mol % AT Cl 3 and in SbCl3 alone. It is as though the low-melting 
mixtures were intermediate in oxidizing power to SbCl3 with and 
without 10 mol % AICI3. Further evidence that this is, in fact, the 
case is provided by the ESR studies described below and the EMF 
studies in the following paper (7). The reactions in the low- 
melting mixtures at 28-40° were very much slower than those at 
higher temperatures in SbCl 3 and SbCl 3-10% AICI3.

ESR Spectra. -  The fact that Sb(III) in acidic SbCl3-AlCl3-BPd 
melts acts as a mild oxidizing agent toward anthracene was 
established by the recovery of Sb metal. It is interesting, there­
fore, that we were also able to identify the presence of the anthra­
cene radical cation in these solutions by means of ESR spectroscopy. 
Dilute solutions (-5 mM) of anthracene in two acidic melts, 60:22:18 
and 60:21:19, were examined by ESR at ambient temperatures 
(22-23°C). In both cases the ESR spectrum of the anthracene radical 
cation was observed, and the measured proton hyperfine coupling 
constants (a* = 3.05, a? = 1.37, and ag = 6.47 G) were similar to 
those measured in SbCl3-8 mol % A1 Cl3 at elevated temperatures (11). 
However, these spectra were much less intense than the corresponding 
anthracene radical cation spectrum observed in SbCl3-8 mol % A1 Cl3 
suggesting that the SbCl3-AlCl3-BPCl melts are weaker oxidants. EMF 
studies presented in the following paper support this conclusion 
(7). Thus, the acidic SbCl3-AlCl3-BPCl melts can act as oxidants 
toward anthracene producing radical cations that may be key reactive 
intermediates in the protonation-condensation reaction as previously 
proposed for arenes in SbCl3-IO mol % AICI3 (4).

Anthracene in AICI3-BPCI (2:1). - The important role that SbCl3 
played in the anthracene decomposition reactions in acidic 
SbCl 3-Al Cl 3-BPd melts is emphasized by comparison with the behavior 
of this solute in a solvent containing only A1 Cl 3 and BPC1. For 
this comparison we chose the formal composition A1 Cl 3-BPd (2:1), 
which is, in fact, the liquid compound N-(l-butyl)pyridinium hepta- 
chlorodialuminate BPAI2CI7 (13). This is a very strong Lewis acid
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and if Lewis acidity in combination with such protonic impurities as 
our melts may contain is sufficient to catalyze the decomposition of 
anthracene, then the 2:1 melt should be a very active catalyst.

Studies using optical spectroscopy and quench and separation 
were carried out on a 35-mM solution of anthracene in the 2:1 melt 
and followed the same general procedures used with acidic 
SbCl3-A1Cl3-BPC1 melts in so far as possible. The calculation of 
concentrations was based on the value 1.33 g cm“3 f0r the density of 
the melt (19). The reaction temperature was 30°C, the time to 
quench was 24 h, and optical spectra were measured at intervals from
0.5 h to 29 h after mixing and included a spectrum taken at the time 
of quench.

After quench and separation the only substances found in more 
than trace amounts were anthracene (78 wt %), 4 (2 wt %) and 5 (6 wt 
%). No more than a trace of highly condensed material was found 
when the HPLC column was washed with CH2C12-

Spectra measured after 0.5 h and 24 h are shown in Fig. 4.
These are referenced to air and can be converted to solute absorb­
ance by subtracting the curve labelled solvent. In between 0.5 and 
24 h the spectra changed slowly and progressively, never exceeding 
the extremes shown in the figure. The spectrum measured at 29 h was 
almost indistinguishable from that measured at 24 h.

The A1 Cl3-BPC1 solvent melt transmitted further into the ultra­
violet than did SbCl3-AlCl3-BPCl mixtures so that for the anthracene 
solution 5 vibronic bands of the *La «* *A electronic transition were 
exposed at 312 (sh), 328, 344, 362 and 381 nm with a 0.14 ynr1 
vibrational spacing. These are slightly red shifted with respect to 
the corresponding bands of anthracene in methanol (see above), and 
the 344, 362 and 381-nm bands are very close to the corresponding 
bands for anthracene in SbCl3-AlCl3- B P d . Assuming the con­
centration of anthracene after 0.5 h to be 35 mM or slightly less, 
the molar absorptivity of the 362-nm band is calculated to be about 
6 x 10  ̂M“ 1 crtr*. This value is intermediate to those for anthra­
cene in methanol and in SbCl 3-Ald 3-BPCl, respectively, which is in 
keeping with the fact that the band widths for anthracene in the 2:1 
melt are likewise intermediate.

The only absorption in the 0.5-h spectrum not attributable to 
anthracene was a band at ~420 nm that we attribute to 2. Assuming 
that the molar absorptivity of £ has a value similar to that for 2 
in SbCl3-A1C13-BPCl, we estimate that its concentration in 
A1C13-BPCl was ~1 mM. This small amount of £ probably came from 
impurity proton sources. With increasing time the concentration of 
2 diminished although a small amount persisted after 24 h.
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The only product absorption (other than 2) found after 24 h was 
a very broad band centered near 640 nm. This does not correspond to 
either of the major products found on quench and separation; the 
bands of $ should lie well out of range in the UV and those of 5 
should lie in the same general region as the anthracene bands. The 
most reasonable source of the 640-nm absorption is a trace of a 
highly condensed arene in a protonated or oxidized form. Such 
cations usually have intense absorptions in the visible range and 
the parent arenes are usually more easily protonated and oxidized 
than anthracene, 4 or §.

The long-wavelength absorption bands of bianthracenes in metha­
nol were found to be very similar to those of anthracene in the same 
solvent. Among other small differences, they were somewhat red 
shifted. Assuming that a similar state of affairs holds in the 2:1 
melt, the absorption in the 300-400 nm region of the spectrum after 
24 h was what one would expect for a mixture of anthracene and 5 in 
the ratio found on quench and separation with an anthracene con­
centration reduced to roughly 80% of its initial value.

Thus we find that the 2:1 melt, unlike the acidic 
SbCl3-A1C13-BPCI melt, did not promote the oxidative protonation of 
anthracene to an appreciable extent. It did catalyze the Scholl 
condensation-dehydrogenation reaction (to form 5) accompanied by a 
partial hydrogenation of the substrate (to form 4), but even for 
these reactions the 2:1 melt was not nearly as active a catalyst as 
the less acidic melts containing SbCl3.

Effects of Impurities. —  Because of the low concentration of 
anthracene used in the spectrometric studies, we found it necessary 
to pay close attention to the effects of impurities. Thus, it was 
not until water and ethyl acetate were identified and eliminated as 
impurities in BPC1 that we obtained consistently reproducible 
results. Since BPC1 is a widely used constituent in low-melting 
salt mixtures and since studies of the spectroscopy and electrochem­
istry of solutes in these melts is commonly done at low concentra­
tions, we describe what we learned about impurity effects.

We found that when BPC1 was dried by a less rigorous procedure 
than that described above and then used to prepare acidic 
SbCl3-AICl3-BPCI melts, solute anthracene was protonated at a much 
faster rate and the concentration of 2 reached a much higher level 
than it did in the reactions described above. When BPC1 was dried 
under vacuum over P2O5 at 110°C for progressively longer times, the 
amounts of g diminished. The concentration level for promptly 
formed 2 achieved after prolonged drying was about 1-2 mM and this 
we attribute to impurities (not necessarily water).

In the literature procedure (8) for the preparation of BPC1, 
ethyl acetate is used as a cosolvent along with acetonitrile in the
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recrystallization of the product. In our initial experiments, which 
followed this procedure, an unknown product was observed in 16% 
yield from the reaction in an acidic room temperature melt con­
taining 11 mM anthracene. This product was identified by GC-MS as 
three isomeric ethyl anthracenes. The ethyl group could not have 
come from the fragmentation of anthracene since no other fragments 
of the parent arene were found. It is well known (18) that esters 
will alkylate arenes in organic solvents with a Lewis acid present 
as catalyst. Analysis of the BPC1 showed that the small ethyl ace­
tate content of the sample could account for all of the 
ethyl anthracene found in the reaction of anthracene in the acidic 
SbCl3-AICI3-BPCl mixture. Vacuum drying of the 8PC1 crystals 
resulted in a decrease in the ethyl acetate content and thus in the 
yield of ethyl anthracene. However, traces of ethyl acetate remained 
even after a week of drying. To determine whether the presence of 
ethyl acetate and thus ethyl anthracene would significantly effect our 
results, the reaction of 2-ethyl anthracene was followed spectroscop­
ically in the acidic, room temperature melts under the same con­
ditions utilized for the reaction of anthracene. Protonated 
ethyl anthracene was formed and found to absorb at 424 nm (the same 
wavelength observed for the anthracenium ion). In addition ethyl- 
anthracene reacted more rapidly than anthracene, probably because 
ethyl anthracene is more easily oxidized and protonated than anthra­
cene. Since the presence of ethyl anthracene would obviously inter­
fere with the investigation of the anthracene reaction, all 
subsequent purifications of BPC1 excluded the use of ethyl acetate.
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A

Fig. 1. Optical cell. A, Pyrex glass 
rod with hook; B, threaded Teflon 
bushing; C, threaded Pyrex glass 
joint; D, FETFE 0-ring;
E, quartz glass insert;
F, quartz glass optical cell.

B

C

D

E

F

Fig. 2. Spectra of
anthracene and the 
9H-anthracenium ion 
in SbCl3—A1Cl3-BPCl 
melts with 
compositions of 
60:18:22 and 60:22:18, 
respectively.
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Fig, 3. Spectra measured
during the decomposition 
of anthracene in an 
SbCl3-AlCl3-BPCl 
(60:22:18) melt at 30°C 
together with the 
spectrum of the solvent. 
All spectra referenced 
against air.

Fig. 4. Spectra measured during the decomposition of anthracene in 
an A1C13-BPC1 (2:1) melt at 30°C together with the spectrum of 
the solvent. All spectra referenced against air.
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KINETICS OF ORGANIC SUBSTITUTION REACTIONS 

IN MOLTEN ACETATE AND THIOCYANATE SALTS

1 2 1 
Thomas I. Crowell, Ernest H. Braue, Jr., and Paul S. Hillery

Department of Chemistry, University of Virginia, 
Charlottesville, VA 22901 and Department of 
Chemistry, The Pennsylvania State University, 
Mont Alto,PA 17237

Methyl 3,5-dihydroxybenzoate, like many polyhydroxy 
compounds, is soluble in molten potassium thiocyanate and 
in the eutectic Na+K+SCN“ , and reacts by nucleophilic 
attack of thiocyanate ion on the methyl group. The rate 
of this solvolysis for the ethyl ester is only 0.02 times 
that of the methyl at 150°C. Methyl 2,4-dihydroxybenzoate 
decarboxylates subsequently to displacement but the kinetics 
show no catalysis by the neighboring hydroxyl group.

Alkyl p-hydroxybenzoates undergo similar nucleophilic 
displacements in molten acetates such as Li+ ,Na+ ,K+0Ac~.
In contrast to the thiocyanate melt, the fused acetate is 
basic as well as nucleophilic. In this medium at 181-250°C, 
methyl, ethyl, propyl, isopropyl, 2-butyl and neopentyl 
p-hydroxybenzoates show the progressively decreasing rates 
typical of SN2 reactions. The 2-butyl ester undergoes 
elimination as well as displacement; optically active 
substrate is 58% inverted, 42% racemized. Neopentyl 
p-hydroxybenzoate yields neopentyl acetate without 
rearrangement.

The rate of isomerization of phenyl ammonium 
thiocyanate has been determined over the entire concen­
tration range, from dilute solution to fused thiocyanate 
eutectic.

Nucleophilic substitutions comprise a class of reactions very im­
portant in, though not limited to, organic chemistry. In the general 
case (1) and the example (2), the nucleophile X and the leaving group 
Y are bases:

X: + R-Y -* R-X + Y

OH" + c h3ci -> c h3oh + Cl

O)
( 2 )
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Thiocyanate ion is a more reactive nucleophile than hydroxide (3). 
Potassium thiocyanate moreover is a low-melting salt (mp 177°C). These 
facts suggested to us the possibility of carrying out nucleophilic 
displacement reactions in molten KSCN at temperatures compatible with 
organic substrates. Heterogeneous reactions of the the vapor of 
simple alkyl halides bubbled through such melts had already been 
noted (4). This paper reports results obtained with homogeneous 
solutions in fused thiocyanate salts and extension of the research 
to fused Group I acetates.

Molten Sodium-Potassium Thiocyanate

The working temperature was lowered by making use of the binary 
eutectic (5) Na ,k+SCN', 25-75%, mp 133° which we designate M+SCW. 
Most substrates for conventional substitution reactions in common 
organic solvents--alkyl halides, for example--are insoluble in this 
ionic, aprotic liquid. We found, however, that compounds having at 
least two hydroxyl groups per molecule for hydrogen bonding to thio­
cyanate ion were generally soluble in M+SCN“, just as in ammonium 
nitrate melts (6). Ethylene glycol, pentaerythritol, hydroquinone and 
glucose are all quite soluble, for example (7). Some monohydroxy com­
pounds such as water, methanol and benzoic acid are very soluble while 
higher alcohols and phenols are not. Although quantitative acid-base 
studies are precluded by the instability of HSCN, simple indicator 
experiments show that the hydroxyl groups of the soluble alcohols are 
unionized in the fused salt. The NMR spectrum of pentaerythritol 
in M SCN" at 150°C shows singlets for CH« and OH separated by 0.4 ppm 
at 60 MHZ. The freezing point-composition curve of the hydroquinone 
(mp 171°C)-KSCN (mp 177°C) system shows a minimum, 140°C at about 60 
mol % hydroquinone, and complete miscibility above 177°C (7).

In a search for suitable substrates, sodfum chloroacetate proved 
insoluble in anhydrous M+SCN“ (8) and 1-chloro-2,3-propanediol under­
went undesirable cyclizations. Alkyl dihydroxybenzoates, how­
ever, were soluble and reacted at a convenient rate at 140-160°C, by 
attack of thiocyanate ion on the a-carbon atom of the alkyl group (9):

(3)

2
(4)
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Though recognized early by Ingold (10) as a possible mechanism 
of hydrolysis, nucleophilic attack at this position is atypical of 
esters and occurs only when carbonyl attack is impossible. In one 
striking demonstration, methyl benzoate with sodium methoxide slowly 
yielded dimethyl ether (11):

c6h5c o o c h3 + c h3o ” -> c6h5c o o “ + c h3o c h3

3
In our case, the affinity of thiocyanate ion for Sp carbon is 
apparently much higher than for Sp2.

The kinetics of reaction 3 were followed by trapping the volatile 
products, methyl thiocyanate and methyl isothiocyanate. (One of the 
few convenient properties of molten salts is low volatility.) An air 
pressure of 20 Torr was maintained in the vacuum system to prevent 
volatilization of the substrate S,. The products were redistilled 
through calcium chloride and weighed. Since methyl 2,4-dihydroxy- 
benzoate (S^) undergoes decarboxylation as in equation 4, this 
reaction could easily be followed by measuring the volume of carbon 
dioxide evolved. But unlike the first-order reaction of Sj, the sub­
strate S2 proceeded only 50% to completion with kinetics according 
to equation 5:

1/2 In a^Zx = kt (5)

This observation is consistent with the fact that resorcinol distils 
out of the solution, leaving S2 as an unreactive and probably insol­
uble anion, effectively removing one mol of S2 for each mole under­
going displacement.

The rate constants-.for reactions 3 and 4 at 150.5°C are res­
pectively 3.2 x 10~4 S“ and 4.7 x 10"5 S“^. The fact that the
2,4-dihydroxy ester reacts more slowly than the 3,5 shows that acid 
catalysis by the hydroxyl group adjoining the reaction center is 
absent. It also strongly suggests that decarboxylation occurs sub­
sequently to displacement rather than concurrently, since extra 
driving force (or lowering of free energy of activation) of concerted 
fragmentation reactions is usual.

Further evidence for non-participation of the ortho hydroxy group 
in S2 is the lack of any appreciable kinetic^isotope effect when both 
OH groups were replaced by 0D (k = 4.8 x 10”b S~l).

The product from both substrates was 96% CH3SCN and 4% CH-NCS,
C-S bond formation predominating as in SN2 reactions at room tempera­
ture. Ethyl 3,5-dihydroxybenzoate is l/50as reactive as the methyl 
ester S->, This is typical of bimolecular displacements. Nearly 
50% of the product is C2HrNCS, an unexpected result indicating some 
ionic character in the transition state or some other structural 
effect on its interaction with the nucleophilic solvent. Esters

267



higher than ethyl are not sufficiently soluble in M+SCN~ for further 
studies of the effect of structure on reactivity.

Molten Lithium-Sodium-Potassium Acetate

The second fused salt used as a solvent was a eutectic (M+0Ac~) 
of three Group I acetates: Li ,Na ,K/OAc" (32, 3Q, 38 mol %) mp 
162°C (12). Like the MSCN melt discussed above, M+0Ac" dissolves 
organic alcohols and phenols, which however include many monohydroxy 
compounds. The acetate melt is much more basic than the thiocyanate, 
as expected from the 107-fold greater basicity of acetate compared 
with thiocyanate ion in aqueous solution at 25°C. 2,4-dinitroaniline
(pK 15.00) but not p-nitroaniline (pK 18.37) is ionized to ArNH" 
in M+0Ac~ at 200<>C (13). a

Acetic acid is soluble in the fused salt; its tendency to assoc­
iate with the solvent anion to form the hydrogen-bonded species 
CH3C00~___ HOOCCH3 ("homoconjugation") (.14) is shown by large deviat­
ions of the vapor pressure of the solutions from ideality (15). The 
presence of acetic acid is required for ready solubility of phen- 
oxides and certain carboxylates such as sodium benzoate, which are 
likely associated with the acid molecules. The fused salt, M+0Ac“, 
if it could be freed initially of all traces of water and acetic acid, 
would seem to be an aprotic solvent though the observed exchange of 
alpha hydrogen atoms between acetate ions shows that this is not 
strictly true (13). Clearly, however, the presence of ionized 
phenols in all our experiments and of acetic acid itself in most, 
introduced the possibility of acid-base interactions and catalysis 
in our reactions.

The nucleophilic displacements we chose to study in the acetate 
melt were analogous to reactions 3 and 4, but since alkyl p-hydroxy- 
benzoates were soluble, it was unnecessary to employ dihydroxy com­
pounds:

c h3c o o " + c2h5o c o c6h4o “ + c h3cooh

S3- (6)
-►c h3c o o c2h5 + co2 + c6h5o " + c h 3c o o "

The above example shows the attack of acetate ion on the ethyl group 
of ethyl p-hydroxybenzoate to give ethyl acetate. The substrate and 
the phenol formed by decarboxylation are both ionized and hydrogen- 
bonded to acetic acid. p-Hydroxybenzoic acid, like 2,4-dihydroxy- 
ben zoic acid (eq. 4) is known to decarboxyl ate at this temperature; 
the ring position vacated by carbon dioxide is filled by a proton from 
acetic acid, if available, or from another substrate molecule. In all 
kinetic studies, a constant concentration of acetic acid was main­
tained in the M+0Ac" solvent, by saturating a stream of nitrogen with 
acetic acid at 24°C and passing it through the molten salt. The gas
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served to sweep out carbon dioxide into absorption tubes for following 
the kinetics.

Reactions were first order in the substrate ester under these 
conditions, while in the absence of added acetic acid, equation 5 
described the kinetics. These observations might be explained by the 
necessity of one mol of acetic acid in the melt to solvate the phen- 
oxide ion, S y .  If the acid is consumed as it donates a proton in the 
decarboxylation, $3“ is insoluble and is effectively removed analog­
ously to the removal of the unionized substrates S-. and S2 » used in 
the molten salt M+SCN“.

In one experiment, however, acetic acid vapor was introduced only 
after the reaction had proceeded 36% to completion and the plot of In 
a/(a-x) vs time had begun to taper off. The presence of acetic acid 
then caused the reaction to accelerate to a rate higher than normal, 
the last point falling on the linear plot expected in the presence of 
acetic acid. This "catching up" would not have been caused by the 
redissolving of $3“ temporarily removed from solution; it suggests the 
accumulation of an intermediate such as the primary displacement 
product 'OC5H4COO- which cannot decarboxyl ate in the absence of a 
proton donor.

The rate constants (15) for reaction of several alkyl p-hydroxy- 
benzoates in M+0Ac" at 200°C are shown in Table I.

Table I. Rate Constants for Reaction of p-R0CfiHdC00R with Molten 
________M+0Ac~ at 200°Ca_____________________ _ _________________

R k.s- 1
no. of 
runs

av dev,
%

k calcd 
25°Cc

CH3 9.5 x 10' 5 3 0.8 30

c h3c h2 1.65 x 10' 5 2 0.6 (1)

Cd3CH2CH2 8.1 x 10'6 2 1.8 0.4

(c h3}2ch 4.8 x 10' 6 2 3.3 Q.Q25

CH3CH2(CH3)CH 2.63 x 10"6 2

SH3 9.1 x 10"5 lb

Containing CHgCOOH from nitrogen stream saturated at 24°C.

^Nitrogen stream saturated with CHgCOOD. 

cRelative to the ethyl ester.
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The decrease in rate with increasing a or 3 substitution at the 
reaction center is again characteristic of SN2 reactions.

An Arrhenius plot for the methyl ester over the temperature range 
181-220°C is given by k(S“ ‘) = 1.49 x lO^e"19Q00/RT. Using this 
activation energy for methyl and adding average increments for the 
other groups in displacement reactions (16) we calculated the hypo­
thetical relative rates at 25°C shown in the last column of Table I 
which are more closely comparable with known reactions than the 200° 
data.

We used two additional experimental probes which are obligatory 
in the study of nucleophilic solvolytic reactions. The first was to 
employ an optically active substrate, 2-butyl p-hydroxybenzoate, the 
fifth entry in Table I. The product was 58% inverted, 42% racemized 
2-butyl acetate. A one-step bimolecular displacement would cause 
100% inversion, but our result is more typical of solvolytic reactions 
of secondary substrates.

The second experimental variation was to introduce a second 
nucleophile into the solvent to determine the effect of its concentra­
tion on the rate and product composition. Potassium thiocyanate, 
which is miscible with the molten acetate, M+0Ac", indeed accelerated 
the displacement in concentrations up to 4M or about 25 mol per cent. 
The acceleration moreover appeared to be greater than would be 
expected on the basis of the thiocyanate consumed; in other words, 
thiocyanate ion not only reacted to form RSCN but catalyzed the for­
mation of ROAc. While this suggests an ion-pair intermediate, such a 
postulate should be supported by correlation of the product ratio with 
the rates.

One further classical experiment was carried out in the molten 
salt M+0Ac". Neopentyl p-hydroxybenzoate (R = (Ch^qCCh^-) was used 
as the substrate in eq. 6. If the reaction proceeded via a free 
neopentyl cation in this ionic, high-temperature medium, the re­
arranged product, 2-methyl-2-butyl acetate would be expected. Only 
the unrearranged product, neopentyl acetate, was obtained, proof that 
the alkyl group does not exist as a carbonium ion and confirmation of 
the proposed SN2 mechanism.

From Dilute Solution to Fused Salt

One of the original goals of this research was to determine the 
rate of an organic reaction as a function of ionic strength "from 
dilute solution to fused salt (17)." We now report the first such 
study, utilizing the Wohler isomerization of anil ini urn thiocyanate to 
phenyl thiourea in M+SCN“:

C6H5NH3+ + SCN' + C6H5NHCSNH2
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The reaction was followed by acid-base titration. Ani1 in­
i’ um chloride was used in the aqueous solutions, with increasing con­
centrations of sodium and/or potassium thiocyanate. In molten M+SCN", 
anil inium thiocyanate was used as the substrate. This compound, 
prepared by precipitating potassium chloride from anilinium chloride 
and potassium thiocyanate in absolute ethanol, was more soluble in 
M+SCN" than was anilinium chloride.

1 /2Figure 1 is a plot of log k (second-order) vs (ionic strength) 
at 106^C. The Debye-Hu'ckel limiting slope for the cation-anion reaction 
is shown by the dotted line. The increase in rate constant with ionic 
strength at higher concentrations may be related to the decreasing 
dielectric constant of the medium: the triangle shows the similar 
effect of ethanol.

At 138°C, just above the melting point of the molten salt 
eutectic, the reaction was too fast to obtain accurate rate constants; 
values of k2 ranged from 1.1 x 10"3 to 2.6 x 1(T3 1/mol-s for the 
rearrangement in molten M+SCN“, which is 17 M. A series of rate 
measurements with 15.2 M solutions was made at 100°C, 106°C and 113°C, 
giving an Arrhenius plot from which an extrapolated value of 1.0 x 
10“3 1/mol-s was calculated for 138°C. We conclude that the increase 
in k from 15.2 M solution to the molten salt is probably not more 
than about 2 to 3-fold.
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Figure 1. Rate of reaction of anilinium thiocyanate 
to form phenyl thiourea at 106° C, in aqueous solutions 
of thiocyanate salts; O  NaSCN; %  KSCN; Q N a + , K+SCN“;
^  KSCN in 50% 02^ 0^ 20. Horizontal axis terminates at 
the concentration of the anhydrous molten salt Na+ , K+SCN".
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REACTIONSOF ETHANE, CHLOROETHANE, AND CHLOROETHENE 
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Reactions of chlorine with C2H0, C2H5CI, or C2H3CI 
were studied in a molten salt bath of LiCl-KCl eutectic 
or CUCI2-KCI mixtures. The variables in the experiments 
were C^/organic feed composition, molten salt composi­
tion, and bath temperature. The analysis of the product 
gases showed chlorinated ethanes and ethenes as well as 
ethene and ethyne.

Mass balance calculations have been performed. When 
C2H3CI became an important species, data showed a decrease 
in amount of chlorinated products believed to be caused by 
polymer formation. The extent of chlorination correlated 
very well with the amount of CI2 in the reactant mixture 
and with the pressure of CI2 from the presence of CUCI2 in 
the melts.

The experimental results were analyzed for the frac­
tional achievement of chemical equilibrium. The equili­
brium between cis- and trans-l,2-C2H2Cl2 was well estab­
lished in all melts. In the case of other isomer equili­
bria, the amounts of 1,1 substitution products were fa­
vored to those of 1,2 substitution products. However, 
melts containing CUCI2 catalyzed the species associated 
with 1,2 substitution reactions.

INTRODUCTION

Reactions of organic species in molten salts have been reviewed 
by Kenney(1). Reactions of hydrocarbons with chlorine have many prac­
tical applications. Large amounts of chloroethene are manufactured 
for the production of polymers. Chloroethene can be made by addition 
of HC1 to ethyne or by chlorine addition to ethene followed by a de­
hydrochlorination reaction. Both of these reactions have the disad­
vantage of using expensive reactants. The Lummus Corp. has patented
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the Transcat process in which ethane or ethene are reacted with chlo­
rine and oxygen in the presence of a molten salt of KCl, CuCl2 , and 
CuCl. Kenney(1) points out that several reactions are occurring at 
the same time. Three distinct steps are postulated: (1) chlorination 
of organic feed, (2) catalyst regeneration, and (3) dehydrochlorina­
tion.

Reactions of chlorine with ethane, chloroethane, and chloroethene 
have been performed with molten salt baths of LiCl-KCl eutectic and 
KC1-CuC12 mixtures. The reactions have been performed in a batch pro­
cess using a bubble reactor at temperatures ca. 400°C. Multiple pro­
ducts have been observed including chlorinated ethanes and ethenes, 
ethene, and ethyne. The detailed results can be found in a paper by 
S0rlie, Wahlbeck, and 0ye(2). Experimental data are given in Figure 1. 
A summary of the results are given as:

1) With increasing chlorine in the gaseous reactant mixture, more 
chlorinated products both in quantity and in the number of chlorine 
atoms added to the organic molecules occurred, and the amount of un­
saturated products increased.

2) With the LiCl-KCl eutectic molten salt bath, if no chlorine 
was in the reactant mixture, no reaction was observed.

3) With CuCl2 as a component of the molten bath, if no chlorine 
was present in the reactant mixture, the bath would provide chlorine 
for the chlorination reaction.

4) An increase in the activity of chlorine in the salt bath in­
creased the extent of the production of chlorinated and unsaturated 
compounds.

5) With the LiCl-KCl eutectic molten salt bath, a change in tem­
perature did not change the product distribution by a large amount.

6) With CuCl2 as a component of the molten salt bath, chlorina­
tion increased with increasing temperature.

7) No carbon-carbon bond breakage or formation was observed from 
detected species (the only products which were observed were C2 mol­
ecules) . A small amount of polymeric species may have occurred in some 
experiments in which the concentration of C^H^Cl was large.

ANALYSIS OF THE RESULTS

The data from the chlorination experiments were product distribu­
tions as a function of reactant composition, bath composition, and 
bath temperature. Time was not a variable in the experiments, and 
chemical kinetic data were not available from these results.

The following model for the reaction was considered. The bubble 
containing the reactants is a sphere with constant radius where the 
boundary is the molten salt. The chemical reaction occurs on the mol­
ten salt surface. In the case of baths containing CuCl2, the bath may 
be a source of chlorine. The reaction occurs until the bubble bursts
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at the surface of the molten salt bath at which time the reactants and 
products are diluted with helium.

The reactants and products observed in these experiments consists 
of 16 species. It would be possible to calculate the amounts of these 
species if one assumed that chemical equilibrium existed among the 
species. Thirteen chemical equilibria and three mass balance equations 
would be required for these calculations. They are:

C2H6 + C12 = C2H5C1 + HC1 (1)
c 2h 5ci + Cl2 = 1,1-C2H4C12 + HCl (2)
C2H5C1 + Cl2 = 1,2-C2H4C12 + HCl (3)

1'1_C2H4C12 + C12 = 1'1,1-C2H3C13 + HC1 (4)

1'1_C2H4C12 + C12 = 1'1'2-c 2H3C13 + HC1 (5)

C2H4 + C12 = C2H3C1 + HC1 (6)
C2H3C1 + Cl2 = 1,1-C2H2C12 + HCl (7)
C_H Cl + Cl„ = cis-1,2-C_H_Cl„ + HCl 2 3 2 2 2 2 (8)
C2H3C1 + Cl2 = trans-l,2-C2H2Cl2 + HCl (9)
i ,i-c 2h 2c i2 + ci2 = c 2h c i3 + HCl (10)

C2H2 + H2 = G2H4 (11)

C2H4 + «2 = C2H6 (12)
H2 + Cl2 = 2 HCl (13)

and mass balance equations for C, H, and Cl. The mass balance equation 
for Cl is

N<C1>(excess) = N<C1>(reactants) + Y N<C H > - (2-Y) N<C HrCl>2 6 2 5
- (4-Y) N<1,1-C2H4C12> - (4-Y) l S K l ^ - C ^ C l ^
- (6-Y) N<1/1,1-C2H3C13> - (6-Y) N<1,1 ,2-C H3C1 > (14)
- (4-Y) N<C2H3C1> - (6-Y) N<1,1-C2H2C12>
- (6-Y) N<cis-1,2-C2H2C12> - (6-Y) N<trans-1,2-C2H2C12>
- (8—Y) N<C HCl > - (2-Y) N<C H > - (4-Y) N<C H > ,^ ^ 2 4 2 2

where Y = 0 for C2H^ as a reactant, Y = 2 for C2H5CI, and Y = 4 for 
C2H3CI. The chemical analysis procedures require a mass balance on C. 
Since CI2 and HCl are not directly determined in the experiment, HC1 
is calculated by assuming a H balance. The chemical reactions (1) 
through (10) are written conveniently as isomolecular reactions in 
which CI2 is a reactant and HCl is a product. Equilibrium constants 
for these reactions have been calculated from thermodynamic data given 
by Stull et ad. (3,4) and by Zwolinski et al.(5).
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MASS BALANCE CONSIDERATIONS

Calculations of the mass balance of chlorine by adding together 
the amounts of Cl in products and the Cl in HCl (calculated by using 
a balance on H) gave results which are plotted in Figure 2.

The upper three curves on Figure 2 are for experiments using LiCl- 
KCl eutectic baths with the reactants being chlorine with 02%,
C2H5CI, and C2H3CI. These data all pass through the origin of the 
plot showing that if no chlorine is in the reactant gas mixture no 
chemical reactions occur. In all cases with CI2 in the reactant mix­
ture, not all CI2 reacts, but an excess of Cl2 is noted through the 
mass balance. Chlorine and HCl will not dissolve in the LiCl-ICCl 
bath(6). Thus, the bubbles breaking at the surface have Cl2, HCl, and 
organic species present.

The lower two curves on Figure 2 are for experiments using baths 
containing CuCl2 with the reactants being chlorine and C2Hg. These 
data indicate that even with no CI2 in the reactant mixture chlorina­
tion reactions are occurring. The source of Cl2 is the molten salt 
bath. For cases in which excess chlorine is negative, chlorine is 
being removed from the molten salt bath. At the reactant composition 
at which excess Cl goes through zero, the reactant mixture is such 
that all Cl2 in the reactant mixture is consumed. However, since Cl2 
is not being directly measured, Cl2 may be lost from the molten salt 
bath.

The intercepts on Figure 2 show a correlation with the equili­
brium pressure of CI2 associated with the salt bath. The pressure of 
Cl2 is a function of salt bath composition and temperature. Correla­
tion of the intercepts with these two variables are shown in Figures 
3 and 4 using equilibrium pressure of CI2 data by Stfrlie and 0ye(7). 
This correlation shows that the baths containing CuCl2 provided a 
source of Cl2.

CHEMICAL EQUILIBRIUM

Does chemical equilibrium occur within these small bubbles? Cal­
culations were performed using the SOLGASMIX(8-10) computer program. 
This program used a data base for possible organic species through C12 
including many of the possible chlorinated species. Up to 15 reac­
tants at a specified temperature and pressure may be entered. Equili­
brium concentrations are computed. In the case of reactants being 
C2H0 and CI2 at the experimental temperature and pressure, SOLGASMIX 
indicates that the products should be C(s) and HCl(g). These products 
are in agreement with observations when C2%  and CI2 are placed in 
light in which the products are noted to be "soot" and "vapor". The 
reaction occurring in light is believed to use a free radical mechan­
ism. Thus, chemical equilibrium was not observed since the number
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of C atoms was not changed in the data for products.

Does chemical equilibrium exist among any of the species in the 
reaction? The following equilibria among isomers are considered:

w - y A  = 1,2-C2H4C12 (15)

1'1'1-C2H3C13 =  i , i , 2 - c 2 h 3 c i 3 (16)

= cis-l,2-C2H2Cl2 (17)

1'1-C2H2C12 “ trans-1,2-C2H2Cl2 (18)
cis-l,2-C2H2Cl2 = trans-l,2-C2H2Cl2 (19)

In Figure 5 are plotted the ratios of K coefficient to K equil, where 
K coefficient is the ratio of experimental quantities like those of 
the equilibrium constant. From these data, reaction (19) was noted to 
be always in equilibrium. Whatever mechanism is producing 1,2-C 
was occurring such that the cis and trans isomers were in equilibrium. 
The points which are plotted in Figure 5 are averages over data using 
differing amounts of Cl2 as a reactant. No strong dependence on 
amount of Cl2 was noted in the data. The upturn in K coeff/K equil 
as the amount of CuCl2 increased in the bath shows that the bath was 
providing catalytic activity for the reactions also. As the CuCl2 
content increased, reactions (15) to (18) proceeded closer to chemi­
cal equilibrium.

The reactions proceeded such that 1,1 substitution reactions oc­
curred preferentially to 1,2 substitution reactions as shown by the 
data for the isomer reactions (15) to (19).

The fractional achievement of chemical equilibrium for reactions 
(1) through (11) may be evaluated. Since these reactions are all 
written with Cl2 as a reactant and HC1 as a product, one may compute

X[Cl ]/X[HC1] = 1/K {X _ /X ^ 1 . (20)2 eq product reactant
Since CI2 and HCl are both present in the gas bubbles, the experimen­
tal ratio should be close to unity. Data for the above ratios are 
plotted in Figure 6 for LiCl-KCl eutectic melts and in Figure 7 for 
CUCI2 containing baths with no Cl2 present in the reactant mixture.
The figures show that reactions (2) and (4) are closer to equilibrium, 
and these reactions are ones in which 1,1 substitution reactions oc­
cur. Reactions (1), (3) , (5), and (6) are grouped together on these 
figures— this set of reactions contains the 1,2 substitution reactions.

MECHANISM

A free radical mechanism occurs when the reactant mixture is 
placed in light. This produces C(s) and HCl(g) as products. Since a 
free radical mechanism is a chain reaction mechanism, the probability 
that a free radical mechanism is occurring is low.
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The reaction mecnanism involves reaction steps which are chlorine 
addition reactions and dehydrochlorination reactions. Products which 
are formed are dependent upon the order of these two steps. If dehy­
drochlorination occurs first followed by chlorination,

C2H5C1 * C2H4 + HC1 (21)

C2H4 + C12 - 1'2-C2H4C12 ' (22)
1,2 substitution products will be formed. If chlorination occurs 
first followed by dehydrochlorination,

C2H5C1 + Cl2 = 1,1-C H4C1 + HCl , (23)
1,1 substitution products will be formed.

Chlorinated hydrocarbons interacted with molten salt baths con­
taining CUCI2 probably through a Lewis acid-base interaction using 
electron pairs on the chlorine of the chlorinated hydrocarbon. This 
interaction would weaken the other bonds in the hydrocarbon facilita­
ting the dehydrochlorination reaction. In this way, CuCl2 would 
catalyze the 1,2 substitution reactions.

CONCLUSIONS

The experimental results for the chlorination of C2Hg, C2H5C1, 
and C2H3C1 using molten salt baths have shown that the products are 
chlorinated ethanes and ethenes and in addition C2H^ and C2H2 .
Amounts of the products were determined.

Comparison of K coeff with K equil provided a way of determining 
if chemical equilibrium was achieved and also provided a way of clas­
sifying reactions.
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30

Q  : single carbon bond; g  : double carbon bond; ■ ; triple carbon 
bond. Lines from symbols indicate the number and location of Cl 
atoms on the molecules; e.g-OJ : cis-l,2-C2^2^2 *
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Fig. 2 (upper left) Mass balance 
results: g-atoms of Cl in ex­
cess in products per mole of C2 
in reactants, vs. composition of 
reactant mixture. For meaning 
of squared symbols, see Fig. 1. 
0: 40 mol % CuC12-KC1; • : 60 
mol % CuC12-KC1. 400°C.

Fig. 3 (upper right) Relation 
between amount of chlorination 
and equilibrium pressure of Cl2 
for salt bath. Intercepts from 
Fig. 2. All data at 400°C. 
Pressures changed by changing 
salt bath composition.

Fig. 4 (lower left) Relation be­
tween amount of chlorination 
and equilibrium pressure of Cl2 
for salt bath. Intercepts from 
Fig. 2 type data. Pressure 
changed by varying bath tempera­
tures .
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Fig. 5 (upper left) Data for iso­
mer equilibria. Experimental K 
coefficient/K thermodynamic vs. 
P(Cl2) in equilibrium with salt 
bath. # , reaction 15; O  r reac­
tion 16? reaction 17; A  , 
reaction 19.

Fig. 6 (upper right) Data for 
LiCl-KCl eutectic bath. 
Xc ^ / X h c I* equ (20), is plotted 
vs. composition of reactant mix­
ture, , reaction 4; ̂  , reac­
tion 2; O  r reaction 1? •  , re­
action 3? A ,  reaction 5; A, 
reaction 6? ̂  , reaction 7? a  / 
reaction 10. Data for reactions 
1, 3, 5, 6 form a consistent 
group.

Fig. 7 (lower left) Data for salt 
baths containing CuCl2. See 
caption for Fig. 6 for symbols.
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ABSTRACT

The chemistry and the state of development of rechargeable molten 
salt cells and batteries of current interest are reviewed in this 
chapter.

INTRODUCTION

Molten-salt cells offer the most attractive combination of high 
specific energy (100-200 Wh/kg), high specific power (50-200 W/kg), 
and long cycle life (300-1500 cycles) of any rechargeable cells under 
investigation at this time. It is these important features that 
justify the development and application of cells that have the disad­
vantages of operation at elevated temperatures, and difficult materi­
als problems.

There are two major categories of molten-salt cells: those in 
which the molten salt is the sole electrolyte, and those in which the 
molten salt serves as a reactant and as an auxiliary electrolyte (the 
main electrolyte is a solid)• In the first category are such cells as 
LiAit/LiCfc-KCil/FeS, LiA£/LiCJl-KCJl/FeS2 , and Lit*Si/LiCJl-KCJt/FeS2 ; in the 
second category are Na/Na2 0 *xA&2 C>3 /Na2 Sn-S, Na/Na+ glass/Na2 Sn-S, 
Na/Na2 OxA]t2 0 3 /SCJt3 AJtCJht in KaCl-klCl3, and Li/Li2 0 /LiN0 3-KN0 3/V2 0 5 . 
These cells have operating temperatures ranging from 150 to 475°C, and 
all must be sealed from the atmosphere because of the alkali metal 
reactants and hydrolytic degradation of molten salt electrolytes.

In this chapter, we will review the relevant chemistry of several 
of the systems mentioned above, and the state of development of re­
chargeable cells and batteries based on those systems.
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CELLS WITH MOLTEN SALTS AS THE SOLE ELECTROLYTE

The LiAA/LiCA-KCJl/FeS Cell:
This cell makes use of a solid lithium-aluminum alloy as the 

negative electrode. It supplies lithium as the reactant; the aluminum 
serves primarily to immobilize the lithium and store it in a solid 
form at cell operating temperature (450-475°C). The most recent phase 
diagram of the Li-M system^) indicates that at the cell operating 
temperature (400-460°C) the solubility limit of lithium in aluminum is 
10 at.%, which is the boundary of the a-AJl phase field. The 3-Li-AJl 
field has a composition width of 9 at.% lithium (47-56 at.%). The 
electrode is normally cycled across the two-phase region between 1 0  

and 47 at.% lithium, within which the emf of the electrode at 450°C is 
constant at 292 mV relative to lithium.^*3) As the lithium content 
is increased above 47 at.% into the 6 -phase. the potential decreases 
steeply and approaches that of lithium.^> •

The positive electrode of this cell is iron monosulfide. The 
chemistry of the FeS electrode has been the subject of considerable 
research, much of it focused at Argonne National Laboratory (ANL). 
Recently, Tomczuk et al.,(5) published a definitive paper on the 
phases formed in the electrode, the phase sequence during charge and 
discharge, and the thermodynamics of the electrochemical and chemical 
reactions occurring in the electrode, as well as electrolyte effects 
on such reactions. As much of the earlier work(6“10) was discussed 
and cited in this paper, it was used as the principal source of infor­
mation for this review, unless stated otherwise.

Five phases have been identified in the FeS electrode when oper­
ated in LiCfc-KCJl electrolyte: FeS, LiK6Fe2i*S26c* (Ej-phase), Li2 FeS2  

(=X-phase), Li2 S and Fe. The FeS phase corresponds to a fully charged 
cell, the J- and X-phases are present at intermediate states of charge 
and discharge, and the Fe and Li2 S phases are present in the fully 
discharged state. Figure 1 shows the ternary Li-Fe-S phase diagram 
for 450°C, on which all of the phases just mentioned (except J-phase) 
can be located. Line H-M of Figure 1 represents the pathway of the 
overall electrode composition as the cell is discharged.

Using the Gibbs phase rule for condensed systems and the fact 
that all the FeS electrode phases can be prepared from five compo­
nents: LiCJl, KCJl, Li2 S, Fe and FeS, it was found that for a given 
Li+/K+ ratio in the electrolyte and a given temperature, only two sul­
fide phases can be in equilibrium; therefore, six such combinations of 
four sulfide phases result in six possible electrode discharge reac­
tions. These reactions are as follows:

285



26FeS + Li+ + 6K+ + CZ~ + 6e“ ♦ J + 2Fe [1]
J + 25L1+ + 20 e~ + 13X + llFe + 6K+ + CJT [2]

J + 51Li+ + 46 e“ + 26Li2S + 24Fe + 6K+ + CJT [3]
2FeS + 2Li+ + 2e- X + Fe [4]
FeS + 2Li+ + 2e~ + Li2S + Fe [5]
X + 2Li+ + 2e“ 2Li2S + Fe [6]

In an actual electrode, different regions are not always in equi­
librium with one another. For example, it will occasionally be neces­
sary to consider mixtures of three sulfide phases with iron. Such 
mixtures can be at equilibrium in a given electrolyte at only one tem­
perature. At other temperatures in the same electrolyte, the three 
sulfide phases are not in equilibrium, and a chemical reaction tends 
to consume one of them. The four possible chemical reactions are:

23X + Fe + 6KCJI -► J + 20Li2S + 5LiCJL [7]
3X + 20FeS + Fe + 6KCJL -► J + 5LiCZ [8]

23FeS + 3Li2S + Fe + 6KCZ > J + 5LiCJt [9]
FeS + Li2S -► X [10]

In their work, Tomczuk, et al., used extensive emf and cyclic 
voltammetric measurements combined with metallographic examinations of 
the electrode to determine the electrode phase sequence during charge 
and discharge.

Metallographic examinations of the electrodes showed that during 
the first discharge, when large particles of FeS are present, the dis­
charge of the particle proceeds in four successive stages: (1) FeS on 
the surface discharged to J-phase and iron, (2) FeS in the core dis­
charged to X-phase and iron, (3) X-phase in the core discharged to 
Li2S and iron, and (4) J-phase on the surface discharged to Li2S and 
iron. Because the formation of J-phase was limited by diffusion and 
the discharge of J-phase was found to be a slow, lower-voltage reac­
tion, suppressing these reactions and accentuating the X-phase reac­
tion seemed desirable.

One method found and implemented to decrease the stability of 
J-phase was to increase the Li^/K* ratio of the electrolyte, which 
tends to drive the chemical reactions [7] — [9] to the left.(°»̂ ) 
Saboungi, et al., investigated the stability of J-phase and the effect 
that the l F^/K^ ratio has on the stability of J-phase, using both an 
electrochemical titration method^) and a metallographic reaction 
product-examination method.^^

A first discharge of FeS in LiCil-saturated ( 6 8  mol % LiCJl) elec­
trolyte at 425°C indicated the J-phase surface layer generated under 
these conditions was only one fifth as thick as the surface layers 
generated under similar conditions in the eutectic (~58 mol % LiCA) 
electrolyte.^) Vissers, et al./^ in tests of small FeS cells 
found the active material utilization of FeS electrodes improved
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markedly as the LiCi content of electrolyte was increased above that 
of the eutectic. From these cell studies, it was apparent that the 
LiCJl-rich electrolyte (68 mol % LiCi-32 mol % KCi) permitted recharge 
of the electrode at a low voltage (-1.55 V, IR-included) and 
discharge of the electrode at high current densities (50-100 mA/cni ). 
Consequently, this electrolyte composition was taken to be an optimum 
and it is referred to as LiCA-rich electrolyte. This electrolyte is 
now routinely used in 300 Ah cells.

To determine the phase sequence in the FeS electrode during 
charge and discharge, cyclic voltammetric, emf, and metallographic 
studies were conducted on the FeS electrode both in the eutectic and 
in the LiCJi-rich electrolytes.^^ These studies were conducted with 
well-cycled electrodes where the particle size of the active electrode 
material was <20jjra.

The phase sequence determined for the electrode during charge and 
discharge in the eutectic and LiCJt-rich electrolytes is summarized in 
Figure 2. In this figure, the Roman numerals indicate the sequence of 
electrochemical reactions, while the broad arrows indicate the chemi­
cal reactions.

In the eutectic electrolyte, the charge sequence found was Ic, 
U-2S X; IIC, X *> FeS; chemical reactions [7] X * J + Li2S, [8] FeS 
+ X * J and IIIC , J FeS. The X J + Lo^S chemical reaction is 
believed to be minimal. On discharge, the sequence was Ip, FeS + J; 
IID , FeS -> X, IIID , J > X; IVD , X -► Li2S; VD , J -► Li2S (Note 
that each phase discharges by multiple pathways). The chemical reac­
tions [7] and [8] or X + Li2S and J, and FeS + X * J are superimposed 
on the electrochemical discharge pathways.

In the LiCJl-rich electrolyte, the phase sequence during charge is 
very similar to that in the eutectic electrolyte, except that the 
chemical reactions forming J-phase are greatly reduced. The result is 
an electrode that is much more readily charged. On discharge, the 
electrochemical phase sequence is similar to that found in the eutec­
tic electrolyte, except that J-phase may now react chemically with 
Li2S to form X-phase, a material with fast electrochemical kinetic 
properties.

Phase transition potentials were measured in an investigation on 
the thermodynamic properties of the FeS electrode system in LiC£-KCJl 
eutectic e l e c t r o l y t e . F o r  three of the phase transitions: E3(J 
** X), Eif (J - Li2S) and E7 (X -► Li2S), the emf of the FeS electrode 
was measured at appropriate states of charge and discharge. In making 
such measurements, an emf value was extracted from such data only when 
certain reversibility criteria were satisfied. For example, the J X 
(E3) data were obtained at both 20% discharge and 80% charge, which 
are equivalent states of charge approached from different directions. 
The agreement in these measurements is an indication of reversi­
bility. To obtain the other three phase-transition potentials, the
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emf of the FeS * Li2 S transition was calculated from the available 
free energy values for (a + 8 )-Li-A£, FeS and Li2 S; the FeS X and 
FeS *► J values were then calculated from the thermodynamic interdepen­
dence that exists between the potentials. The potentials E2 , E3 , and 
Ei*, which are dependent on electrolyte composition, were then calcu­
lated for the LiCJt-rich (67 mol % LiCfc) electrolyte from the reaction 
stoichiometry and the changes in the activity of LiCJfc and KCi with 
electrolyte composition. The regions of phase stability and emf 
values for the respective transitions in the two electrolyte systems 
(eutectic and LiCJl-rich) are summarized in Figures 3 and 4.

Using the emf equations and the activities of LiCi and KC£, 
Tomczuk, et al., calculated the temperature at which the emf curves 
intersect in LiC&-saturated electrolyte. The intersection of E2*, 
E5 *, and E3 , which occurs at 621°C in eutectic electrolyte, was calcu­
lated to occur at 481°C in electrolyte saturated with LiCi [75.2 mol % 
LiC**11)]. This temperature is in excellent agreement with the 
metallographically determined temperature of 481° t. 5 °C.(7 ) Similar 
calculations for the intersection of E3 , Et**, and E7 (which occurs at 
473°C in eutectic electrolyte)provided a value of 429°C in 
LiCi-saturated electrolyte [68.4 mol % LiC£^)], which is in 
reasonable agreement with the 419° t 5°C temperature determined in 
the metallographic studies.^) The above temperature calculations 
rely on the reaction stoichiometries and certain emf differences, 
while the metallographic studies only require the presence or absence 
of phases. The good agreement between these independent methods tends 
to confirm the emf equations and the reaction stoichiometries. 
Therefore, the free energy changes of the chemical reactions can be 
calculated with a reasonable degree of confidence.

The free energy changes of the four chemical reactions were cal­
culated from the thermodynamic relationships between the six electro­
chemical transition potentials and the free energies. The free energy 
changes of the chemical reactions are:(5)

AG7 « 322.6 + 0.682T
AGs = -236 + 0.380T
AG9 - -223 + 0.336T
Ag Jo = 4.32 - 0.015T

where the temperatures are in °C and free energy changes are in kj.
In a more recent study, Tomczuk, _et_al.,(12) determined the 

phase transition potentials of the FeS electrode from similar studies 
in LiF-LiCil-LiBr, where the only phase transitions are FeS *► X and X *• 
Li2 S. The results of these emf measurements were:
*Indicates the emf has been calculated.
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E (In mV), FeS - X - 1338.9 + 0.0133T(K)
E (in mV), X - Li2S * 1432.11 - 0.147T(K)

These values are in good agreement with their earlier values.(^)
Thermodynamically, one would predict that the principal over­

charge reactions of the FeS electrode are as follows:

FeS + F e ^ S  + x Fe+2 + 2xe“ [11]
2FeS -► FeS2 + Fe+2 + 2e" [12]

The calculated voltages for these reactions vs. (a + 3)-Li-A£ at 
450°C are 1.84 and 2.17 V, respectively; studies of overcharged FeS 
electrodes by Tomczuk, et al., confirm the proposed overcharge reac­
tions. (13)

A large number of LiAJl/LiCfc-KCit/FeS cells of various sizes and 
designs have been built and operated. A typical cell design is shown 
in Figure 5. The electrodes are pressed plaques of electrode reac­
tant and powdered electrolyte; the electrolyte between the electrodes 
is usually held in a boron nitride felt (but sometimes is used in a 
paste form using MgO p o w d e r ) . C e l l s  of the type shown in Figure 
5 having capacities up to about 330 Ah have been tested, and they have 
demonstrated cycle lives of 250-400, with a few cells surpassing 1000 
deep cycles. Specific energy values up to about 100 Wh/kg have been 
achieved.

A few batteries of LiAil/FeS cells have been tested in sizes up to 
about 4 kWh. The lifetimes, as is to be expected, have been shorter 
than for single cells. These batteries have shown cycle lives up to 
about 275.(1*) The main cause of failure is the extrusion of the 
pasty positive electrode active material out of the positive elec­
trode. This extruded material bridges across to the negative elec­
trode, shorting the cell.

Table 1 summarizes the status of cell performance, lifetime, and 
other features. The recent cell development activities are also 
summarized, including work on 10-cell batteries, as are the remaining 
problem areas.

The Li-Si/LiCA-KCA/FeS2 Cell:

This cell is closely related to the one discussed just above. It 
makes use of electrodes that have a much lower equivalent weight, and 
therefore has a significantly higher specific energy.

The negative electrode of this cell is a solid lithium-silicon 
alloy, which operates very effectively at practical current densities, 
and can store up to about four lithium atoms per silicon atom. The 
Li-Si phase diagram has been subject of several investi­
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gations,(16-18) with considerable discrepancy regarding exact phase 
compositions. According to the most recent work,'19-21) the phases 
include Li4#4Si, Li3#25Si, Li-2.33Si > Li^#7jSi, and Si. The 
emf values (vs. Li) for the corresponding phase transitions are 44, 
150, 277 and 326 mV, respectively, at 4 5 0 ° C .  ( ̂ _18) During normal 
cell operation, the Li-Si electrode is usually operated between the 
Li-3.25^ and Si° sections of the phase diagram to avoid the 
corrosion and self-discharge problems associated with the 
Li4#4Si-Li3#25Si two-phase region.

The positive electrode of this cell is solid FeS2« This is an 
attractive material because it is plentiful, has good electronic con­
ductivity, a reasonably low equivalent weight, rapid reaction rates at 
cell operating temperature (450°C), and has a sulfur activity such 
that good potentials are achieved (1.6-2.1 V vs. Li).

The most extensive study of the high-temperature phases in the 
Li-Fe-S system was conducted by Martin(^2,23) who employed metal­
lography to establish the number and identity of the phases and X-ray 
diffraction to support the phase identification. In his work,
Martin developed the Li2S-FeS-FeS2 section of the Li-Fe-S phase dia­
gram, which provides an excellent guide for electrochemical investiga­
tions. Tomczuk, _et_al.,(24) have subsequently updated this work on 
the phase relationships of the FeS2 electrodes and elucidated their 
role in the chemistry of the electrode. The updated phase diagram is 
shown in Figure 1. The major ternary phases in the diagram are indi­
cated by the point F, which is the compound Li3Fe2Si+ (or 
Lii.5FeS2), and the field C-D-E, which is a solid solution whose 
composition can be approximated by Li2+xFel-x^2• This field is 
quite narrow and is best approximated in the diagram by a line, 
although, of course, it must have some finite width. At X = 0 (point 
E), this phase has the composition Li2FeS2 and it is a major phase'in 
FeS electrodes. At X = 0.2 (point D), the composition is approximate- 
iy Li2,2Fe0.8S2J this composition is in equilibrium with 
Li3Fe2St+. At X * 0.33 (point C), the composition is 
Li2 .33Feo .67^2* an<* the material of this composition is in equi­
librium with Li2S and FeS2«

The dashed lines A-L and H-M are given in Figure 1 to indicate 
the equilibrium phase progressions in FeS2 and FeS electrodes, 
respectively. [These progressions are only valid, of course, in the 
absence of phases like LiKfcFe2i+S26C£ (which would require a quinary 
diagram)]. Thus, the dashed line H-M gives FeS - Li2FeS2 and Fe ~
Li2S and Fe as the predicted phase progression in the FeS electrode, 
but, as noted before, more complex phase progressions are also known. 
The dashed line A-L gives as the predicted phase progression in FeS2 
electrodes:

FeS2 ~ Li3Fe2Si| ** Li2+xFei_xS2 + Fei_xS ~ Li2FeS2 ~ Li2S + Fe
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The arrows on the above phase progression are a shorthand notation 
used by Tomczuk, jet_al.,'24) for the cell reactions.

The phases found in the room-temperature examinations of the FeS2 
electrodes were FeS2 , KFeS2 , Li3Fe2Si+, Li 2.33Fe0.67s2» Li2FeS2>
Fej_xS, LiKgFe2^8250)1, Li2S, and Fe. In raetallographic examina­
tions, these phases could be readily distinguished from one another by 
their color, isotropy, and crystal structure. The X-ray diffraction 
patterns and crystal systems are presented in this work(24) for the 
respective phases. If the two potassium-containing compounds, which 
were present at low levels, are excluded from consideration, the 
phases identified by Tomczuk, et al.,(24) in the FeS2 electrodes are 
in agreement with Martin’s phase diagram.

Coulometric discharge data(24) obtained on the FeS2 electrode 
also support Martin’s phase diagram. The breaks in the discharge 
curve were located at 37.9, 42.6, and 50% of the total capacity.
These values compare well with the breaks predicted by the phase 
diagram, namely 37.5, 41.8, and 50%, and they indicate that the phase 
sequence during discharge observed in the FeS2 electrodes agrees with 
that predicted by the phase diagram if one neglects the 
potassium-containing compounds.

The phase sequence during charge was found by Tomczuk, j2t 
ajL. ,(24) to be slightly different than that observed during dis­
charge for the Li3Fe2Sit ~ FeS2 phase transition. During discharge, 
the Li3Fe2Sit formed on the FeS2J during charge, the FeS2 formed on the 
Fei_xS. The phases formed during charge are shown in Table 2.
Cyclic voltammetry studies (25) have shown that the discharge begins 
very near 1.76 V vs. (a + g)-Li-A£, but the charge reaction occurs at 
1.82 V; these observations are also supported by the cell d a t a . (24)
A nonequilibrium soluble electrode species also seemed to be formed in 
this transition region during charge,(24) which further suggests 
that the charge and discharge reactions for this transition must be 
quite different.

The principal overcharge reaction(25) Qf the FeS2 electrode 
occurs at -2.4 V vs. ( a +  8)-Li-A£ and is:

FeS2 + 2CJT -► FeC&2 + 2S + 2e~ [13]

where the formation of sulfur and ferrous chloride increases the 
porosity of the electrode and decreases the coulombic efficiency of 
the cell.

A number of Li-Si/FeS2 cells ,of various designs have been built 
and operated at Argonne National Laboratory, and General Motors 
Research Laboratories. The GM cell was disk-shaped and had the con­
struction shown in Figure 6. Cells of this type had a capacity of 
about 70 Ah, and had voltage vs. capacity curves as shown in Figure 7.
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These cells had Lifetimes of up to 16,000 h, and cycle lives of up 
to about 700 cycles. Only a small amount of work has been performed 
on batteries of Li-Si/FeSa cells. This system is in an earlier stage 
of development than LiA£/FeS, but offers the possibility of twice the 
specific energy, as shown in Table 3, which summarizes the status of 
the Li-Si/FeS2 cell.

CELLS WITH MOLTEN SALTS AS REACTANT AND AUXILIARY ELECTROLYTE

The Na/Na20-xA&203/Na2Sn-S Cell:

This cell makes use of a molten sodium negative electrode; a 
solid tubular electrolyte of beta alumina (Na20«xAJl203, x = 5 to 11) 
which conducts sodium ions; and a molten sulfur-sodium polysulfide 
positive electrode with graphite felt as the current collector. The 
operating temperature is 350°C. The overall cell reaction can be 
represented by

2Na + xS Na2Sx

The reaction at the sulfur electrode 

(x-1)Sx + 2e“ — xSx_i 

is followed by equilibration with the 

sx-l + S S=

as long as free sulfur exists.

This overview will discuss the Na2S2“S phase diagram, some of the 
properties of sodium polysulfides and the electrochemical reactions at 
the electrode interface including diffusion and subsequent chemical 
reactions. Only highlights can be given of facts that are well 
established and of important questions that are stilL open.

The phase diagram (Figure 8) has been investigated numerous 
times.(26-30) The main difficulty in such investigation is that in 
this system equilibria are established slowly and that sodium 
polysulfides tend to undercool and solidify as glasses.(3-0 xf the 
glass is subsequently crystallized, the resulting crystals are not 
necessarily in equilibrium with the melt at the liquidus line. The 
salient features of the phase diagram are the existence of the three 
polysulfides Na2S2, Na2Si+ and Na2S5, and a miscibility gap with liquid 
sulfur and Na2S5 saturated with sulfur in equilibrium. This 
miscibility gap plays an important role in electrode kinetics and

(x = 2 to 3) [14]

(x = 3 to 5) [15]

free sulfur phase

116)
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consequently in cell performance. Na2S3 is stable at room 
temperature, but decomposes above 100°C into Na2S2 and NaoSi*, which of 
course does not preclude its existence in the melt.(32,337

Attempts have been made to interpret the dependence of the open 
circuit voltage of the cell on melt composition thermodynami­
cally. (34-36)

One difficulty in analyzing the kinetics in this system is our 
limited knowledge of the exact composition of the melt, i.e., of the 
nature of the ions present. However, it has been established that un­
charged sulfur is present in the polysulfide melt only in the form of 
polysulf ide ions. ( 36 )

The propensity of polysulfide melts to solidify as glasses was 
used to advantage in Raman spectroscopy.(33) Investigations at the 
temperature of the melt gave little insight, because of the coexis­
tence of a series of polysulfides,(37) whereas with glasses inter­
pretable results were obtained. The presence of the ions S?, S5, and 
Sj in melts of the appropriate composition was confirmed, but the 
existence of Sf in the melt is still controversial.

Another difficulty in analyzing the kinetics is the problem of 
defining diffusion in a pure melt. Earlier approaches used in other 
systems have been applied here successfully.(3°>39) Also, it must 
be kept in mind that in electrochemical measurements in pure melts 
without solvent, migration of reactant ions is not negligible, and 
diffusion coefficients obtained are only effective values. However, 
these values (around 10” an /s) agree quite well with those deter­
mined by tracer studies.(^0) Activation energies are in agreement 
with those found for melt viscosity.(41-43)

The rate of the interfacial reactions at practical current densi­
ties is clearly determined by diffusion. Exchange currents are 
extremely high. Relaxation methods have yielded values of 1 A/cni 
with steps up to 400 mV and of more than 10 A/cm2 with steps of a few 
millivolts. This may be understood as measuring one and in the former 
case both of two consecutive steps in the two electron reac- tion.(38,39)

Kinetics have been investigated by potential sweep chrono- 
amperometry,(33,39) by chronopotentiometry,(^^) and by the rotat­
ing disk method.(^3,46)

The kinetics of the cell reactions are illustrated by Figure 9 of 
a cyclic potential sweep with melt resistance measured concurrently. 
Neither anodically nor cathodically do we see a limiting current. On 
both sides the reaction peak (A,F) is followed by an abrupt decrease
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in current caused by an insoluble reaction product: solid Na2S2 on 
the cathodic side (B) and liquid sulfur on the anodic side. The con­
ductance decreases correspondingly. The formation of insoluble prod­
ucts necessitates the use of expanded electrodes in all but very thin 
layers of polysulfide electrolyte. The reduction peak A has been 
identified as a superposition of two consecutive one electron reaction 
peaks. On the return sweep the current always passes through zero at 
the potential of a melt saturated with Na2S2»

It has been suggested that the Randles-Sevcik equation cannot be 
applied because of formation of these blocking surface layers. How­
ever careful analysis has shown that the influence of layer formation 
becomes noticeable only after the peak has been reached, and the con­
sistent results obtained with Randles-Sevcik analysis bear this out.

The formation of solid Na2S2 does not pose a problem in cell 
operation, especially since the layers seem to be crystalline and not 
very dense; they in fact inhibit overdischarge. The influence of 
sulfur formation at the anode depends on the nature of the electrode 
material, i.e., on its preferential wettability. Carbon and many 
other materials are preferentially wetted by sulfur. When the melt 
composition reaches Na2Ss and becomes saturated with sulfur, there is 
no longer a mechanism for the removal of the adsorbed insulating 
sulfur layer. Current flow is blocked, and the cell cannot be 
recharged beyond this point. Fortunately there are means of modifying 
the surface so that it becomes preferentially wetted by polysulfide 
and permits charge into the two phase region of the phase diagram. 
Certain metal surfaces (e.g., those of chromium steels) will not block 
anodic current at all. These surfaces (covered by a corrosion layer) 
are clearly preferentially wetted by polysulfide. Unfortunately they 
are not stable enough for use in practical cells.

Basic research stimulated by the invention of the sodium/sulfur 
cell has established many facts that are essential for the development 
work. But there are still a few important questions to be solved:

1) the distribution of ion species (x - 2 to 6) in sodium 
polysulfide melts;

2) the actual values of the very high exchange currents at the 
electrode;

3) the role of migration in the transport process.

Even though there are some unanswered questions about the 
sulfur-sodium polysulfide electrode, there is enough known to allow 
high-performance, long-lived cells to be built in significant quanti­
ties. Cells of various sizes, recently 65-200 Ah, have been operated, 
and have demonstrated specific energies of 120-160 Wh/kg, peak spe­
cific power values of 100-200 W/kg, and cycle lives of 300-1500. A 
typical cell design is shown in Figure 10.

Difficulty has been encountered in obtaining full recharge of the 
sulfur electrode because of the formation of an insulating layer of
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sulfur at the sites of the electrochemical reaction. Various schemes 
were devised for maintaining electrolytic and electronic contact 
between the solid electrolyte, the polysulfide phase, and the graphite 
current collector. Some useful approaches have included graded- 
resistance graphite felt current collectors (to distribute the reac­
tion zone more widely), layered current collectors (graphite felt, 
well wetted by sulfur, in alternating layers with alumina cloth, well 
wetted by polysulfide), with the planes of the layers perpendicular to 
the axis of the electrolyte tube, and additives to sulfur, to improve 
its electronic conductivity.

A number of batteries of Na/Na2Sn-S cells have been tested.
Figure 11 shows typical charge and discharge curves for a parallel- 
connected module of 25 cells'^) Most of the batteries have been 
able to store about 10 kWh, and a recent one has stored 100 kWh. One 
25 kWh module of the latter battery has operated for over 600 cycles. 
This represents the largest and longest-lived high-temperature battery 
known to these authors.

The status of the work on this system is summarized in Table 4. 
The remaining problems include corrosion of the metals in contact with 
the sulfur electrode, the high cost of the electrolyte, seals, and 
failure of cells during freeze-thaw thermal cycling.

The Na/NaaO’xAJ^Oa/SCAaAJlCfct in AJtC£3-NaCJt Cell:

This cell offers an unusually high voltage of 4.2 V, and a theo­
retical specific energy of 563 Wh/kg, corresponding to the reaction:

4Na + SCJ^AACJ^ + 3klCZ3 •* S + 4NaAJtCJt»+ [17]

It is also possible to discharge the sulfur to the minus-two valence 
state. In this case, the reactions are:

4Na + SClsklClit + 3A£rCJt3 -► S + 4NaAJtCJh* [17]

2Na + S + AJtC&3 -► AZSCZ + 2NaC£ [18]

In addition, the operating temperature is in the range 180-250°C vs. 
350°C for Na/Na2Sn-S.

As discussed below, Reaction 17 proceeds through several interme­
diates. The evidence for the reactants, products and the intermedi­
ates may be summarized as follows:

1. The Raman spectrum of the melt in the positive electrode com­
partment of a fully charged cell^**) is a summation of the spectral 
features of A£2C&7” ,AHOti*”” and SCH3+ (the presence of Na+ ions is, of 
course, not detected by Raman spectroscopy). The fully charged state 
may be obtained either by a four electron oxidation of elemental 
sulfur in the melt or by the addition of the compound SCZ^AZCZ^^ ' 
to an acidic (AJtC£3/NaCJl molar ratio > 1) melt.
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2. Raman spectra taken at different stages of the first dis­
charge plateau clearly show the disappearance of SC&3+ , the increase 
of AfcCJh*” , and the decrease of A&2C7” bands.(^®) jn fact, the melt 
compositions estimated from the intensities of the Raman bands of 
M2CA7" and AZCili*” are in reasonable agreement with melt compositions 
calculated from the stoichiometry of the electrochemical process.
Thus, the discharge corresponds to a decrease in the modified Lewis 
acidity of the melt in the positive electrode compartment, in agree­
ment with Equations 17 and 18. Although no clearcut assignments of 
intermediate species could be made based on Raman spectra, UV-visible 
and electron spin resonance spectroelectrochemical and electrochemical 
studies(50-54) Qf more dilute melt solutions provide evidence for 
monovalent sulfur species, present as S2CJI2 or possibly SgC£-+, and, in 
A&C£3-rich melts, for cations such as Ss2"1", S5+ and Sg+ .(50»5l)
Thus the overall reduction process of SCĴ 3+ involves an increase in 
S-S bonds and decreasing CXT complexation.

3. The end of the first discharge plateau corresponds to the 
formation of elemental sulfur, present predominantly as Sg.(^>55)
The solubility of sulfur in the melt increases with the melt acidi- 
ty(55) or, in other words, it decreases as the discharge proceeds. 
Thus, it is likely that in a cell most of the elemental sulfur is pre­
sent as a suspension.

4. The product formed during the second discharge plateau 
depends on whether the melt is acidic or basic (this will usually 
correspond to NaA&CJli* saturated with NaCl(56)). In acidic melts 
polymeric (AJtSCJl)n is formed, while in basic melt polymeric 
(A^SC^2)n is present.(48,57) The values of n are believed to be 
**3-4 in dilute melts.(57) There is no evidence for the formation
of polysulfide ions in AJtCJi-3-NaCJl melts, although Raman evidence for 
the S3” ion in basic A&CJI3-CSCJI melts has been obtained.(58)

The electrochemistry of sulfur oxidation and reduction has been 
investigated in very acidic (AACJ^/NaCi, 63/37 mole %) melts,(52) 
melts of intermediate pC£ (where pCJt is defined as -log [CJl”]),(54) 
and in MCl3/NaC£ melts saturated with NaC&.(53) These investiga­
tions, as well as spectroelectrochemical studies in 63/37 A£C&3/NaC£, 
melts,(51) were performed in more dilute melts than is normally the 
case for cell studies•

In very acidic melts the oxidation of sulfur to SCA3+ involves 
three voltammetrically distinguishable steps. The first of these 
steps results in Sg+ and probably Sg2+ and S5+;(51) the apparent 
n-value per sulfur atom ranges from 0.13 to 0.22 depending on the tem­
perature (175-250°C) and the concentration of sulfur. The second step 
results in the formation of monovalent sulfur which is oxidized to
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SC£3+ in the third step, Spectroelectrochemical studies(51) point 
to the formation of + and divalent sulfur as intermediates in the 
second and third oxidation steps. The low oxidation states of sulfur, 
such as Sg+ and Sg2+. were found to be unstable in slightly acidic 
melts (pC£ < 3.8);(54) only two voltammetric steps are observed 
corresponding to the formation of S2CJI2 and SC&3+ . In NaCJl-saturated 
melts SCJ&3+ is unstable; the main oxidation product is S2C£2»^^

A number of simple glass laboratory cells of up to twenty ampere 
hours capacity have been operated, and a few metal-cased cells have 
been tested.(59,60) Some voltage vs. capacity curves for a cell 
employing both Reactions 17 and 18 above are shown in Figure 12. The 
upper plateau corresponds to Reaction 17; the lower plateau corre­
sponds to Reaction 18. This cell used a reticulated vitreous carbon 
current collector in the positive electrode. Tungsten spirals have 
also been used.

Recent work with this cell has demonstrated that high power den­
sities (up to 788 mW/cm2 at 360 mA/cm2 and 2.2 V) can be achieved.
Some cells of this type have demonstrated cycle lives in excess of 400 
cycles, and one small cell (0.56 Ah) was operated for 1370 cycles 
(with the positive electrode inside the $”-AJt203 tube).

Values for specific energy and specific power of complete cells 
cannot be quoted because no cells of practical design have been con­
structed yet. The status of this cell is summarized in Table 5. The 
problems include: highly corrosive positive electrode material; 
significant vapor pressure of A&CJI3; seals; poor wetting of the 
electrolyte by sodium requires special start-up procedures.

CONCLUSIONS

Based upon the material presented in this paper, the following 
conclusions may be drawn.

1. Molten-salt rechargeable cells are making good progress in 
their evolution into high-performance, long-lived batteries.

2. The chemistry and electrochemistry of these systems are com­
plex, but are reasonably well understood.

3. Materials problems are significant for these systems, and 
could well be the pace-setting issues in their development.

4. The field of molten salts offers interesting opportunities 
for the development of new electrochemical cells. More are sure to 
follow.
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Table 1, Summary of LiAA/LiCJMCCA/FeS Cell

2L1M + FeS -► Li2S + 2A*

E = 1.33 V; 458 Wh/kg Theoretical

Recent Work

Multielectrode cells 
LiX-rich electrolyte 
BN felt separators 
Wetting agent for separators 
Powder separators-MgO 
Freeze-thaw cycling 
Improved current collectors 
Batteries of 320 Ah cells

Problems

Low specific energy
Low voltage per cell
Cell shorting major failure mode
Electrode swelling and extrusion
Agglomeration of Li-AJl with cycling
Capacity loss
High separator cost
Leak-free feedthroughs
Thermal control

T = 450°C

Status

Specific Energy 
Specific Power 
Cycle Life 
Lifetime 
Cost

60-100 Wh/kg @ 30 W/kg 
60-100 W/kg, peak 
300+ @ 100% DOD 
5000+ h 
>$100/kWh
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Table 3. Summary of LiitSi/LiCJl-KCJl/FeS2 Cell

L^Si + FeS2 2Li2S + Fe + Si

E = 1.8, 1.3 V; 944 Wh/kg Theoretical

T = 450 °C

Status

Specific Energy 120 Wh/kg @ 30 W/kg 
180 Wh/kg @ 7.5 W/kg

Specific Power 100 W/kg, peak
Cycle Life 700 0 100% DOD
Lifetime -15,000 h
Cost >$100/kWh

Recent Work

Bipolar cells 
Li-Si electrodes
BN felt separators 
70 Ah cells

Problems

Materials for FeS2 current 
Leak-free feedthroughs 
High internal resistance 
Low-cost separators needed 
Thermal control

collector
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Table 4. Summary of Na/Na+ Solid/S Cell

2Na + 3S -► Na2S3

E - 2.0 V; 758 Wh/kg Theoretical

T = 350°C

Status

Specific Energy 
Specific Power 
Cycle Life 
Lifetime 
Cost

90-180 Wh/kg @ 30 W/kg 
60-180 W/kg peak 
300-1500 
3000-15,000 h 
>$100/kWh

Recent Work

Batteries, 10-100 kWh
CgN^ additive to S
Ceramic (Ti02) electronic conductors
Shaped current collectors
Tailored resistance current collectors
Sulfur-core cells
Layered current collectors
Graphite cladding
^al+x^r2 Six?3-x®12 Thermocompression bonded seals

Problems

Low cost electrolyte
Corrosion-resistant material for contact with S
Thermal cycling
Low cost seals
Robust electrolyte seals
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Table 5

Na/Na20*xAil203/SCil3AJlCJlit in A£CJt3-NaCJl 

4Na + SC£3A£Cĵ  + 3A£C£3 -► 4NaA£C&t + S 

E = 4.2 V; 563 Wh/kg Theoretical 

T = 250°C

Status: laboratory cells

Current Density 
Power Density 
Cycle Life 
Lifetime 
Cost

Recent Work

only (4 Ah)

20 mA/cm2 @ 3.5 V 
790 mW/cm2 max. I? 2,2 V 
1370 0 100% DOD 
7000 h 
too early

Larger cells - 20 Ah
Less expensive current collectors
Reduction to S=

Problems

Sodium wetting?
Vapor pressure of A&CJI3
Corrosion of metals and some electrolytes
Electrolyte cracking?
Seals
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TEMPERATURE, °C
XBL 8 2 9 -1 1 4 3 4 A

Figure 3. Regions of stability of FeS, LiK6Fe2ifS2 6C£ (djerfischerite 
or J-phase), Li2FeS2 (X-phase), and Li2S in the LiC£-KC£ 
eutectic. An asterisk indicates a calculated emf.

TEMPERATURE, °C
XBL 829-11435A

Figure 4. Regions of stability of FeS, LiK6Fe2itS26C& (J-phase), 
Li2FeS2 (X-phase), and Li2S in LiC£-rich electrolyte 
(67 m/o LiC£) • An asterisk indicates a calculated emf. 
Note that E2*', E3f, and Ei**1 are shifted from their 
corresponding values in eutectic electrolyte.

307



XBL 829 -1 1 4 3 2

Figure 5. Design used for the immobilized electrolyte/powder 
separator cells.

Molybdenum Positive
Electrode Lead

XBL 802-8075
Figure 6. Cross section of a disk-shaped LiitSi/FeS2 cell, having 

about 70-Ah capacity.
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Figure 9. Cyclic sweep and melt conductance in Na~S^ at 300°C.
Vitreous carbon electrode area is 0.004/ cm^. Sweep 
is IR corrected.(37)
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Figure 10. Exploded view of a 168-Ah sodium/sulfur cell of the 
sodium-core design.

Figure 11. Charge and discharge curves for a 25-cell parallel- 
connected Na/S battery.
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NITRITE MOLTEN SALT FOR USE IN INTERMEDIATE 
TEMPERATURE LITHIUM CELLS

J. Poris, I. D. Raistrick and R. A. Huggins

Department of Materials Science and Engineering 
Stanford University 
Stanford, CA. 94305

ABSTRACT

The LiN02-KN02 (40-50 m/o) molten salt, which melts at 
120°C, has been employed as an electrolyte in intermediate 
temperature lithium cells. The behavior of solid lithium in 
this electrolyte is analogous to the behavior of lithium in 
the similar intermediate temperature alkali nitrate 
electrolyte. Lithium reacts with the melt to form a thin, 
lithium ion conducting, protective layer which is believed 
to be Li20. The electrolyte is electrochemical 1y reduced 
below 1.9 volts versus Li+/Li, and is oxidized to lithium 
metal and N02 gas above 3.5 volts versus Li+/Li. This 
electrolyte can be used in secondary cells with lithium or 
high lithium activity negative electrodes, and lower lithium 
activity positive electrodes which react reversibly with 
1 i thiurn.

The resistance of the protective layer on lithium 
increases with time as the thickness increases. Its 
resistance is of the order of 1-10 ohms after 10 hours at 
150° C.

INTRODUCTION

Most lithium batteries presently under development operate either at 
the high temperatures associated with the LiCl-KCl molten salt 
(350-450°C), or at ambient temperatures utilizing organic solvent-based 
electrolytes. Intermediate temperature lithium batteries would be an 
attractive alternative if the problems associated with high temperature 
corrosion could be avoided, without sacrificing reasonable kinetic 
properties. Recently, the lithium chlorate and alkali metal nitrate 
systems have been proposed as electrolytes in intermediate temperature 
1i thi urn cells (1,2).

Several battery systems are able to utilize lithium or high lithium 
activity negative electrodes whose potentials lie below the reduction 
limit of the electrolyte. This is a result of the formation of a 
protective layer which acts as a second electrolyte in series with the 
original electrolyte. A schematic drawing of this arrangement is shown
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in Figure 1. This layer must have an adequate lithium ion 
conductivity, a relatively small electronic conductivity, and be 
mechanically and chemically compatible with the original electrolyte. 
This appears to be the situation with lithium in some organic solvent- 
based cells and in the sulfur dioxide and thionyl chloride systems.

When solid lithium is exposed to the LiN02-KN02 (40-60 m/o) molten 
salt, which melts at 120°C, it is immediately covered by a thin layer 
of lithium oxide, as shown in Figure 2. This prevents a massive direct 
chemical reaction of the solid lithium with the molten nitrite, whilst 
allowing the ready transport of lithium ions across this newly formed 
intervening layer. This protective layer allows the use of this 
electrolyte in primary and secondary lithium cells with promising 
kinetic and energy storage properties.

THERMODYNAMICS OF THE NITRITE ELECTROLYTE

Solid lithium metal reduces the nitrite electrolyte at 150°C to form 
a thin lithium oxide layer. The identity of the other reaction product 
is not known at this time. It is possibly a hyponitrite species or 
even nitrogen gas.

The stability limits of an electrolyte define the potential range 
within which the electrolyte is stable to electrochemical reduction or 
oxidation by a chemically inert electrode. The reduction and oxidation 
potentials of this nitrite electrolyte were determined by cyclic 
voltammogram experiments. The voltage of an inert platinum electrode 
was swept at a constant rate between two voltage limits while the 
current and voltage with respect to a lithium reference electrode were 
recorded. Figure 3 shows that a reduction reaction occurs at 1.9 volts 
versus Li+/Li at 150°C. A maximum in the reduction current was 
observed when the potential was swept below this value. This occurs 
because lithium oxide, a relatively insoluble product of the reduction 
reaction, forms on the inert platinum electrode and prevents the 
further reduction of the electrolyte by blocking the transport of 
electronic species. If the lithium oxide is not removed, only a small 
current will pass until a potential is reached at which lithium (or a 
lithium-platinum alloy) is formed. If the lithium oxide is removed by 
oxidation, dissolution or any other process, a substantial reduction 
current will once again be observed upon lowering the potential below 
1.9 volts versus Li+/Li. Because the other product of the reduction 
reaction is not known, no theoretical calculation of the reduction 
potential can be made at this time.

The half cell electrochemical reaction associated with the oxidation 
of the nitrite electrolyte is believed to be:

N02" = N02(g) + e‘ ( 1)
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This can be combined with the lithium reduction half cell reaction:

Li+ + e" = l i(s) (2)

The chemical oxidation reaction for the nitrite electrolyte is 
therefore:

LiN02 = Li(s) + N02(g) (3)

This was observed to occur experimentally at 3.5 volts 
150°C in a cyclic voltammogram experiment, as shown in 
the free energies of formation of LiN02 (3) and N02(g) 
theoretical potential of 3.4 volts versus Li+/Li can 
this reaction, which is in quite good agreement with the experimental 
results. The stable potential range of this system is therefore 1.9 to
3.5 volts versus Li+/Li> similar to some organic solvent-based lithium 
el ectrol yt,as.

versus Li+/Li at 
Figure 4. Using 
(4) at 150°C, a 
be estimated for

SECONDARY CELL APPLICATIONS

Suitable positive electrode materials must be found in order to 
construct a nitrite secondary lithium cell. The combination of
negative and positive electrode materials must provide an adequate 
specific energy. This requires a maximization of the capacity for 
lithium and the cell potential and a minimization of the molecular 
weights of both the negative and positive electrode materials.

Several positive electrode materials which have been used in other 
lithium cells were tried in the nitrite electrolyte. V20s, Nao.i»W03, 
Na0.5W03, M 0 O 3, TiS2, FeS and FeS2 all reacted chemically with the 
nitrite melt and released a gaseous product. The composition of these 
gases and the final products of these reactions are not known at this 
time.

An alternative approach to positive electrode materials in the 
nitrite electrolyte is the use of lithium-containing binary or ternary 
alloys. These typically have higher lithium activities than oxides or 
sulfides, hence lower cell potentials. A capacity of 1/2 of a lithium 
per metal ion in an oxide is common, while some binary alloys react 
with up to 3 lithiums per metal ion. Therefore a secondary cell with 
an alloy positive electrode material may well have a smaller cell 
potential but a larger capacity than a cell with a typical oxide 
electrode. The specific energy of a secondary cell with an alloy 
positive electrode should be similar to that of a cell with an oxide 
reactant if the molecular weights are comparable. One possible 
disadvantage of using alloy positive electrodes is that they may be 
corroded by the nitrite melt because of their high lithium activity. 
If their potentials are below the reduction limit potential of the 
electrolyte, they will be oxidized by the nitrite ions. This phenomenon 
also occurs on the negative electrode, as will be discussed in a later 
section of this paper.
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The lithium-bismuth system has been studied in the LiCl-KCl 
electrolyte at elevated temperatures (5). The high temperature results 
indicated that this would be a good system to study in the nitrite

Electrodes were prepared by two different methods. Elemental 
bismuth was mechanically pressed onto a steel screen and was used 
directly. Another method of electrode preparation was to melt the 
bismuth in a molybdenum bucket at approximately 300°C in a helium- 
filled dry box. Lithium was then added a little at a time while the 
temperature was raised to keep the mixture in a molten state. The 
maximum temperature was a function of the composition of the mixture, 
as determined by the lithium-bismuth phase diagram. A steel screen was 
then dipped into the molten alloy and removed. The amount of the alloy 
which froze onto the screen was then weighed and used as an electrode 
of that specific composition. The bismuth-containing electrode was 
then placed in the nitrite electrolyte along with a lithium electrode 
at 150°C. Electrochemical experiments werfe performed in order to 
determine the equilibrium potential versus composition (coulometric 
titration) curve for this system. Current was passed through the cell 
with a galvanostat while the amount of charge was monitored with a 
coulometer. This allowed the calculation of the amount of lithium 
added to or subtracted from the electrode. The voltage of the 
electrode was monitored on a chart recorder. When equilibrium was 
attained, the voltage and composition of the electrode were recorded. 
This was repeated over the compositional range of interest for this 
electrode system. The solid line in Figure 5 shows the equilibrium 
coulometric titration curve for the lithium-bismuth system in the 
nitrite melt at 150°C. A two-phase mixture of Bi and Li B i exists from 
x=0 to x=1 at a potential of 0.833 volts versus Li+/Li. This is 
similar to the results obtained in the LiCl-KCl melt at elevated 
temperatures, except for the fact that bismuth is molten above 271°C 
and dissolves an appreciable amount of lithium. The titration curve in 
the LiCl-KCl melt at 380°C is shown as a dashed line in Figure 5 (5). 
There is virtually no solubility of lithium in solid bismuth at 150°C. 
A second two-phase plateau consisting of LiBi and L i 3 B i exists from x = 1 
to x=2.8. Once again, this is similar to the high temperature data
(5). The potential of this plateau was measured as a function of 
temperature in the LiCl-KC! melt (5). If these data are extrapolated, 
a value can be predicted at 150°C, as shown in Figure 7. The potential 
experimentally measured in the nitrite melt, 0.797 volts, agrees well 
with the extrapolated value of 0.803 volts. The L i 3 B i phase has a 
width of approximately 0.2 lithiums per bismuth in both the nitrite and 
chloride melts, as shown in Figure 5. The maximum theoretical specific 
energy can be calculated from the equilibrium coulometric titration 
curve obtained using the nitrite electrolyte. A value of 233 watt- 
hours/kg is thereby assigned to the lithium-bismuth system at 150°C.

The lithium-antimony system has also been studied at elevated 
temperatures in the LiCl-KCl melt (5). It should exhibit a greater 
theoretical specific energy than the lithium-bismuth system because of 
the smaller molecular weights and higher potentials of the antimony 
al1oys.
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Lithium-antimony electrodes were prepared in a similar manner to the 
lithium-bismuth electrodes. Lithium and antimony were reacted in a 
helium-filled dry box. The mixture was equilibrated, ground into a 
fine powder and pressed into small pellets. A pellet was then placed 
in a molybdenum noose and used as an electrode. The method of dipping 
a steel screen into the molten mixture could not be used because iron 
reacts with antimony at the temperatures required to keep the mixture 
in a molten state. The equilibrium coulometric titration curve was 
obtained for this system using the nitrite electrolyte and is displayed 
as the solid line in Figure 6. The corresponding curve in the LiCl-KCJ 
melt is shown as a dashed line in the same figure (5). Both curves 
show a two-phase plateau from x=0 to x=2, and a two-phase plateau from 
x=2 to x=3. The temperature dependence of the plateau potentials 
measured in the chloride melt is shown in Figure 7 (5). If these are 
extrapolated, they can be compared to the values obtained in the 
nitrite melt at 150°C. The experimentally obtained potential of the 
Sb-LizSb plateau in the nitrite melt, 0.958 volts, is slightly higher 
than the extrapolated value from the chloride melt data, 0.947 volts. 
Similarly, the Li2Sb-Li3Sb plateau potential found in the nitrite, 
0.930 volts, is higher than the value obtained from the chloride melt 
experments, 0.914 volts. The maximum theoretical specific energy 
calculated from the titration curve utilizing the nitrite melt is 535 
watt-hours/kg.

NITRITE CORROSION REACTION

A spontaneous chemical corrosion reaction occurs in all cells which 
employ an electrode which forms a protective layer. This is a 
consequence of the electrode potential being below the reduction limit 
potential of the electrolyte. The electrode is oxidized by the 
electrolyte while the electrolyte is reduced by the electrode.

Several properties of the protective layer, the dissolution rate, 
mechanical stability, thickness, ionic and electrical conductivity will 
control the rate of this corrosion reaction. This is an important 
property to quantify, since the corrosion reaction decreases the 
capacity of the electrode.

An experiment was devised to estimate the magnitude of this 
corrosion current. A constant lithium activity of 0.01 volts versus 
LiVLi was maintained on an inert nickel electrode in a nitrite melt 
saturated with lithium oxide. This was done to simulate the high 
lithium activity present at a lithium electrode, while minimizing the 
dissolution of the lithium oxide layer. If the potential were below 
0.0 volts versus Li+/Li, lithium plating would occur. The inert 
electrode should differ from a lithium electrode only by the morphology 
of the metal-protective layer interface. The current which passes 
through this electrode is due to the reduction of nitrite ions, the 
only species capable of being reduced at this potential. The electrons 
in the nickel electrode can reduce a nitrite ion only if there is a 
discontinuity in the protective layer, or an operable electronic
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transport mechanism. This may be the result of a break in the layer, 
as shown in Figure 8. Another possible mechanism could be the local 
dissolution of the layer resulting in a thinner region, which increases 
the probability of electron tunnelling.

The measured current density was a constant 20 microamps/cm2 of 
nickel, similar to the corrosion current density measured in the 
LiNOn-KNOa electrolyte, which also exhibits a lithium oxide protective 
layer on lithium (6). This experiment was repeated with a L i 3 B i 
electrode replacing the inert nickel electrode in the nitrite melt. 
Once again, about 20 microamps/cm2 was measured for the corrosion 
current density. These corrosion current densities are a measure of 
the rate of loss of the electrode due to corrosion.

PROTECTIVE LAYER RESISTANCE

The impedance of the protective layer on lithium or lithium alloys 
in the nitrite melt is important because the layer is in series with 
the molten salt electrolyte and contributes to the total cell 
impedenee. This determines the IR losses, a critical battery 
parameter.

AC techniques were used to measure the impedance of the protective 
layer on lithium in the nitrite melt. A small amplitude sine wave was 
applied between two new lithium electrodes and the response was 
analyzed at several frequencies. A frequency low enough to obtain a 
response similar to a DC resistance was chosen, 1000 Hz. The DC 
resistance was then measured as a function of time at different 
temperatures. Figure 9 shows a plot of the resistance of two reaction 
product layers plus the electrolyte versus time at two different 
temperatures. As one would expect, the resistance is greater at lower 
temperatures. The resistance increases with time, but it does not obey 
simple parabolic oxidation kinetics. This is probably a result of 
complicating phenomena such as electron tunneling, breaking of the 
protective layer and possibly local dissolution of the protective 
1ayer.
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F i gure J.
Schematic drawing of an electrode-electrolyte system with a 
protective layer
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T=150°

Ficure 2
Configuration of the lithium electrode in the nitrite melt 
at 150°C
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VOLTAGE VS. Li+/Li

Figure 3
i Cyclic voltammogram of the
| nitrite reduction reaction on
H a platinum electrode at 10
C mV/sec and 150°C

VOLTAGE VS. Li+/Li

Figure 4
Cyclic voltammogram of the 
nitrite oxidation reaction on 
a platinum electrode at 10 
mV/sec and 150°C

x in LixBi

figure 5
Equilibrium coulometric
titration curves for the LixBi 
system in the nitrite and 
chloride melts
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Thermal Behavior of the Potassium-Sulfur Electrolyte
George J. Janz and Derek J. Rogers 

Cogswell Laboratory, Rensselaer Polytechnic Institute 
Troy, N. Y. 12181

ABSTRACT
Enthalpy of fusion and heat capacity data are reported 

for the compositions: di-, tri-, tetra-, penta-, and hexa- 
polysulfides. Pronounced glass forming tendencies on 
cooling from the molten state are observed in the region 
of ^ 62 to ^ 67 wt% sulfur; this composition range is also 
characterized by inverse crystallization phenomena, much 
as observed in the closely related sodium-sulfur system. 
The calorimetric studies were extended to compositions in 
the region of liquid-liquid immiscibility, and the 
behavioral aspects are also reported.

Introduction
High-temperature thermodynamic data have recently been 

reported for the Na2S-sulfur system as part of investiga­
tions of energy-related candidate salt systems for the 
molten sulfur electrode. In the present communication we 
report the results of an extension of these studies to the 
K 2S-sulfur system. Interest in this system has been re­
stimulated through two recent developments in advanced 
battery concepts, namely the reports by Tsang (1) of 
potassium permeable hollow glass fibre techniques and by 
Crosbie and Tennenhouse (2) and Crosbie (3) of potassium 
beta"-alumina membranes. The potassium-sulfur system 
differs from the sodium-sulfur system in at least two 
aspects of practical interest; the open-circuit voltage 
(OCV) is higher in the potassium system, (2.414 V and 2.08 
V, respectively) and the solidus-liquidus fields in the 
potassium system enable operation of the molten sulfur 
electrode at temperatures significantly lower than in the 
corresponding sodium system. For additional information, 
see ref. 3.

Investigations of the thermal properties appear 
limited to the work of Bousquet et al. (drop calorimetry; 
differential thermal analysis) (4). Markedly different 
values for the enthalpy of fusion were reported for two of 
the potassium polysulfides, viz: K2S4 and K 2Ss,the 
technique of DTA leading to values ^ 70-250% larger than 
from drop calorimetry. Our principle effort, thus, was 
aimed at obtaining reliable values for the thermal 
properties. The measurements were extended to the
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characterization of the melting-crystallization behavior 
of compositions lying in the liquid-liquid immiscible 
region of the K2S-sulfur system, and these results are 
also reported.

Experimental
The differential scanning calorimetry facility in 

this laboratory centers around a Perkin Elmer DSC-Model 2 
calorimeter, together with an LMS system of microprocessor 
components and software (5) for computer-assisted data 
acquisition, base-line corrections, and data analysis in 
enthalpy and heat capacity measurements. A Cahn electro­
balance for quantitative and accurate small mass measure­
ments completes the assembly. The latter was kept in a 
dry N 2 atmosphere together with the sample capsules and 
seal-press so that all steps in the sample transfers and 
encapsulations were carried out in an inert environment.

Energy calibrations were made with three metals, 
indium, tin, and lead, and two salt systems, KNO3 and 
LiCl-KCl eutectic (6-8 ). The accuracy limits of the 
measurements thus established were as follows: 
temperatures, ±0.5°C; heats of fusion, ±2%; heat 
capacities, ±2%.

For the enthalpy and heat capacity measurements, the 
compositions were prepared "in-capsule" i.e, the reactant 
materials were directly weighed into the DSC sample pans 
in milligram amounts and in the exact stoichiometries 
required for the desired compositions. Contamination 
through trace impurities, such as moisture and oxygen, 
is thus minimized, if not completely by-passed.

The K 2S 3 was prepared from metallic potassium 
(Purified Grade; Baker Chemical Co., Inc.) and highly 
refined sulfur (9) using the ethanolic technique of 
Pearson and Robinson (10). The analytical procedures of 
Feher and Berthold (11) were used to establish the exact 
composition of the K 2S 3 (±2%). The tetra-, penta-, and 
hexa-sulfide compositions were prepared by the "in- 
capsule" DSC technique using K2 S 3  and the highly refined 
sulfur in the required (weighed) amounts. For K2S2, the 
"in-capsule" technique was also used, but with K2S (99.9% 
purity; Cerac/Pure Chemicals Co., Inc.) and K2S3 as 
reactant materials. The use of K2S and sulfur as starting 
materials for the preparation of the above polysulfides 
via the "in-capsule" technique was explored but was not 
successful. The events during the above processes are 
illustrated in Fig. 1 and the values are given in Table 1. 
Completion of the reaction was taken as disappearance of
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the K2 S3 or the sulfur endotherms (via repetitive scans). 
The DSC scans for the melting process for the polysulfides 
thus prepared are also in Figure 1, together with the 
results for elemental sulfur. Melting temperatures were 
determined from the leading edge of the melting endotherms 
(12,13).

The enthalpies of solid-solid transitions and 
melting, and the heat capacities of the polysulfides as 
crystalline solids and as glasses and molten liquids are 
summarized in Tables 2-5. For these measurements, the 
heating and cooling rates were set at 10°/min, with a 
N 2 sweep of ^ 20 cm3/min throughout the assembly. The 
heat capacity data were acquired in overlapping 50° 
temperature increments over the total temperature range 
spanned.

Results and Discussion
The data of the Phase-Rule studies (3,10,15,and 

present work) are summarized in Figure 1. Inspection 
shows the existence of five maxima and three eutectics.
For the di-, tri-, penta-, and hexa-polysulfides the 
maxima are well defined; for the tetra- the maximum 
appears to be slightly hidden (i.e., incongruently melting 
composition). At compositions of 71.8 wt% sulfur and 
greater, there is a separation into two layers (3), one 
consisting of a saturated solution of sulfur in the 
hexasulfide and the other, a saturated solution of the 
polysulfides in sulfur. The proposal by Pearson and 
Robinson (10), that the di- and tri-polysulfides do not 
melt congruently is not supported by the present melting- 
crystallization studies. In a related communication from 
this laboratory concerning structural studies (14), the 
macroscopic preparative synthesis and the characterization 
of this polysulfide series are reported (melting points, 
elemental analyses, X-ray powder diffraction data). The 
results from the present DSC measurements (Table 2, mpts) 
are in close accord with the earlier observations (^±3°C); 
for the disulfide the limits are somewhat larger, (^±5°C). 
The Na2S-sulfur system is also shown in Figure 1. 
Inspection shows the lower range of temperature available 
for the molten sulfur electrode in the K2S-sulfur system.

Melting-crystallization behaviors are illustrated in 
Figure 3 for the five stoichiometric compositions, and 
Figure 4 for the two additional compositions of higher 
sulfur content. The partial crystallization exhibited by 
some compositions (e.g., K2S5, Fig. 3), the pronounced 
supercooling effects, and the onset of the crystallization
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exotherms on reheating the materials (i.e., "inverse” 
crystallization, K2S4; K2S5; Fig. 3) indicate clearly the 
difficulties that would be encountered in obtaining trust­
worthy transition point data (m.pts., enthalpies, heat 
capacities) with techniques such as drop calorimetry 
and/or DTA (differential thermal analyses). It is of 
interest to examine the enthalpies of fusion from the 
various calorimetric techniques, viz:
AH (k J mol*1) K2s2 k 2s 3 k 2s , K 2S 5 k 2s 6
Drop cal. (4) 11.150 16.150 8.305 7.196 25.941
DTA (4) - 14.64 14.23 25.10 26.36
DSC (this work) 18.28 24.94 11.63 26.99 27.61

Inspection shows that the results from all three 
techniques for K 2S6 are in close accord and for K2S5 the 
agreement is moderately good from two (for DTA and DSC). 
For K2S5, the difference between the drop and the differ­
ential calorimetric techniques is in the direction pre­
dicted for partial crystallization effects.

The differing results from the DTA (4) and the 
present DSC measurements are not as readily understood. 
Some of the differences may be due, in part, to the 
thermal history of the materials prior to the measure­
ments. In the present work an "in-capsule" preparative 
technique, with K2S, K2S3, and sulfur as reactants, was 
used to gain the various polysulfides as polycrystalline 
materials.

For the two compositions that fall in the region of 
liquid-liquid immiscibility, the melting behavior is 
summarized in Table 2 and in Figure 4, respectively. The 
melting point data (Table 2) indicate very sparing solu­
bilities of the second components. Quantitative solubil­
ity estimates, however, were not undertaken in the present 
work. Relative to the enthalpies of fusion and the heat 
capacities it is found that these can be predicted quanti­
tatively from the known stoichiometries of these samples, 
and the data for sulfur (9,12) and for the hexa-sulfide 
(Tables 2-5), using the principles of mol-fractions and 
state-functions additivity. Thus using heat capacity as 
illustration the results are: K2S7.08/ cp deg-1 mol'1): 
obsv’d, 169.4; calc’d, 173.0 at 300°C; and for K 2S iqs^
Cp (J deg'1 mol'1): obsv’d, 86.9; calc'd, 84.7 at 250°C. 
The agreement leaves little to be desired, and offers 
additional support for this as a region of liquid-liquid 
immiscibility.
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Comparison of the composition ranges over which the 
glass-forming tendencies are greatest in the Na2S-sulfur 
system and in the K2S-sulfur system is of interest. In 
the sodium system it was found to be most pronounced in 
the tri-sulfide composition range (10,12,15,16); by 
contrast, in the potassium system, the tri-sulfide compo­
sition shows sharp crystallization exotherms, with virtu­
ally no supercooling (present work), i.e., the same 
behavioral aspects as shown by well-defined crystalline 
materials such as NaCl, KC1,...). The tendency to glass 
formation in the potassium system is greatest in the 
tetra- to penta-polysulfide composition range. The glass 
transition temperature (Tg) from the present measurements, 
for K2S4 and K2Ss are respectively 46.9°C and 49.4°C. For 
the tetrasulfide, Cleaver (16) reported a value of 42°C; 
no value was reported for K 2S 5.

The melting-crystallization measurements of "aged" 
melts were limited to two compositions in this glass­
forming range, namely the tetra- and the penta-polysulfide 
compositions. Samples of each, after ’’aging" in the 
molten state for ^ 800 hrs at 315°C were re-examined by 
the DSC technique by repeated thermal cycling, much as for 
the freshly prepared systems. The properties for the 
penta- were virtually unchanged from those prior to this 
aging treatment, i.e., the DSC thermal spectra were 
unchanged from those in Fig. 3, and the m.pts. and 
AHfus were as in Table 2. The tetra- samples, however, 
showed differences in the melting-crystallization pattern 
after this "aging" in the molten state. The tendency to 
formation of amorphous glassy masses on cooling was 
retained, but on reheating, the on-set of crystallization 
was no longer reproducible. When crystallization did 
occur, the on-set of this event now had shifted to higher 
temperatures (see Fig. 3, K 2Sl+). Thus at the tetra­
sulf ide composition, "aging" in the molten state induces 
structural changes that favor a complete "loss-of-memory" 
of crystallinity in the amorphous material gained by 
cooling the melts. Measurements are in progress to 
characterize the range of compositions for this, and 
further discussion is deferred until additional results 
are on-hand.
Acknowledgements. This work was made possible in large 
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Table 1. Thermicities of events during preparative reactions

Temperature Range 
(°C)

Event
thermicity AH(joule mol"-1)

k 2s 3 + K 2S + 2K2S2

265° - 293° endothermic 2,610 (per mole W
293° - 340° exothermic 9,880 (per mole k 2s 2)

K2S3 + S -*• k 2s ^

100° - 121° endothermic 15,930 (per mole sulfur)
127° - 260° *** 6,380 (per mole K2s„)

K2S3 + 2S + k 2s 5

100° - 121° endothermic 15,590 (per mole sulfur)
129 ° - 177° endothermic 1,372 (per mole K2S5)
177° - 197° endothermic 2,778 (per mole k 2s 5)*
177° - 217° exothermic 1,058 (per mole k 2s 5)*+

K2S 3 + 3S -*» k 2s 6

100° - 121° endothermic 15,000 (per mole sulfur)
132° - 177° endothermic 4,100 (per mole k 2s 6)
177° - 200° exothermic 460 (per mol I<2Ss)*

endothermic 2,340 (per mole K2S6)*

integrated for all the exotherms and endotherms in this temp, 
range

+prior to enthalpy of fusion 
* ★integrated over both the endo- and exo- therms
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Table 2. Enthalpies of Fusion and Solid-Solid Transitions (a)

Composition t A H
sulfur 
(wt %)

formula
(°C) (J g"1 (J mol"1)
solid state transition

45.1 K2S2 146°
solid

1.05 
-f- melt

150 
(fusion)

45.1 K 9S 9 487° 128 18,280
55.2 k 2s 3 302° 143 24,940
62.1 k 2s 4 154° 56.1 11,630
67.2 k 2s 5 205° 113 26,990
71.1 k 2s 6 189° 102 27,610
74.3 ^2S 7.0 6 sulfur sat’d layer melts -v 118°C
81.6 K 2S 1 O.81+ and the hexasulfide layer melts 

% 188°C

(a) for conversion of SI units to other units: 4.184 J = 1 cal.

Table 3 . Heat Capacity-Temperature Equations

Composition t range S  ■ a + bt + ct2(J deg"1 mol"1)
(°C) a b x 103 c x 106

k 2s 2 57°-450° 110.47 64.58 _
k 2s 3 57°-252° 158.46 -438.27 1890.29

327°-492° 709.56 -2859.30 3906.18
k 2s 4 57°-130° 146.90 425.43 -

K2S5 5 7 0-1 7 7° 176.41 274.32 -

K2S6 57°-150° 185.04 427.81 -
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Table 4. Heat Capacity Data
[cp/ J deg'-1 s ’ 1 ; c p/ J deg" 1 mol" 1 ]

t t C „
(°C) P p (°C) P P

k 2s 2 k2s 5
60 0.80 114.3 60 0.81 192.9

100 0.82 116.9 100 0.85 203.8
20 0 0.87 123.4 150 0.91 217.6300 0.91 129.8 170 0.93 223.0400 0.96 136.3 205 m.pt.450 0.98 139.5 225 1.21 290.2487 m.pt. 325 1.21 290.2507 1.13 160.2 375 1.21 290.2550 1.13 160.2
590 1.13 160.2 k 2s 6

K2S ' 60 0.78 210.7
100 0.84 227.860 0.80 139.0 150 0.92 249.2

100 0.77 133.6 160 0.93 253.5
20 0 0.84 146.4 189 m.pt.250 0.96 167.0 215 1.14 308. 3
302 m.pt. 250 1.14 308. 3330 1.10 191.4 320 1.14 308. 3350 1.07 186.4
400 1.09 190.6 K.S 7.0 6450 1.23 213.9
490 1.41 246.4 118 S melting

189 k 2s 6 melting
s. 260 0.55 169.4

280 0.54 166.560 0.83 172.4 300 0.55 169.4
100 0.91 189.5 310 0.56 172.1
120 0.95 197.9
130 0.97 2 0 2.2
154 m.pt. k 2s 1 0.8 4175 1.12 233.2
300 1.12 233.2 118 S melting475 1.12 233.2 189 K 2S6 melting

200 0.21 91.4
220 0.21 91.4
250 0.20 86.9
270 0 . 2 0 86.9
280 0.2 0 86.9
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Table 5 Heat Capacity Data: Glassy State and
Super-Cooled Liquid State

(v . J deg yQ
1 cp, j deg"  ̂mol -1)

t c c t c C
CC) P p (°C) P P

k 2s .» K2S 5

-15° 0.73 151.7 -15° 0.71 170.5
-10° 0.73 151.4 -10° 0.72 171.5
- 5° 0.74 152.8 - 5° 0.73 173.2

0° 0.75 155.4 0° 0.74 175.6
5° 0.76 157.3 5° 0.73 174.9

10° 0.76 156.3 10° 0.74 176.6
20° 0.77 158.4 20° 0,75 178.2
40° 0.79 162.5 40° 0.78 185.5
45° 0.93 186.6 45° 0.85 203.1
50° 1.23 255.2 50° 1.07 254.4
55° 1.14 234.8 55° 1.27 303.0
60° 1.14 234.8 60° 1.16 276.5
70° 1.14 234.8 70° 1.16 276.5
75° 1.14 234.8 75o 1.16 276.5

tg = 46.9 °C tg = 49,. 4°C
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Figure 1.
Phase diagrams for the systems 
K2S-sulfur and Na2S-sulfur

K2S5
K2S ^ 2S2 ^2^3 ^2^4 ^ 2 %

Figure 2.
DSC scans illustrating thermicity of preparative reactions and of 
melting for a series of potassium polysulfides.
(a) thermicity of reactions observed by the in-situ DSC 
preparative technique: A: sulfur melting zone; B: chemical 
reaction zone; (b) fusion endotherms for sulfur and five 
polysulfides
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Melting-crystallization behavior on thermal cycling a series of potassium polysulfides.
For the tetra-sulfide, the open circles show 

the DSC heating scan for a sample that had been "aged" in the 
molten state (% 800 hrs, at 315°C); no crystallization was 
observed on cooling from the molten state to ambient temperatures.

Figure 3.

100 ( 0 q ) 200
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Figure 4.
The thermal behavior observed for polysulfide compositions 
greater than 71 wt% sulfur.
The DSC scans for "melting" are shown for two polysulfide 
compositions, K 2S 7̂06 (74.3% sulfur) and K2Sio.8<+ (81.6% sulfur), 
respectively. The 'behavioral pattern is that of the melting of a 
mixture of sulfur and K2S6 to form two immiscible liquid phases.

heating _______________ _ — “““

sulfur \ [  

melting

A

K ,S ,
melting

K2 S 7 0S

i

i

____ i__________________ __ 1 , — ,

334



CANDIDATE MATERIALS FOR THE SULFUR ELECTRODE 
CONTAINER/CURRENT COLLECTOR 

CERAMIC OXIDES

R. P. Tischer and H. Wroblowa 
Advanced Components and Energy Systems

G. M. Crosbie and G. J. Tennenhouse 
Ceramic Materials Department

Research Staff 
Ford Motor Company 

Dearborn, Michigan 48121

SUMMARY

In the search for materials for the container/current collector 
of the sulfur electrode in the sodium-sulfur cell, several chro­
mium oxide based candidates for possible use as coatings have 
been tested. Samples of chromium oxide doped with Li20, MgO, NiO 
and Ta205 have been produced and characterized. The only n-type 
oxide - Ta205 - was rejected, a priori, owing to its high initial 
resistivity. Corrosion tests were carried out at 350°C in small 
laboratory cells using the bulk oxide samples as test electrodes. 
The latter were exposed to the extremes of electrochemical con­
ditions to which the container/current-collector might be locally 
exposed in a practical Na/S cell for periods of time up to ~6 
months. Surface attack was found to be negligible. However, an 
increase of bulk resistivity of the samples and of overpotential 
was observed in all cases. The increase of resistivity is attri­
buted to the loss of carriers in the p-type semiconductor oxides, 
caused by equilibration of the latter with the negligible partial 
pressure of oxygen in the reducing atmosphere of the sulfur- 
polysulfide melt at 350°C. The increase of overpotential is 
interpreted in terras of the loss of the electroactive surface 
area due to, among other reasons, the accumulation of sulfur or 
solid lower sulfides at the interface and/or changes of its 
adsorptive properties.

Potential candidate materials are Li20-doped and MgO-doped Cr203.
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I. Introduction

Secondary batteries employing molten sulfur electrodes 
must operate above the melting point of sulfur (113°C) and of 
the medium containing the sulfur ions 300°C in the case of 
sodium polysulfides Na2Sx, where 3 < x < 5). At the upper end, 
the practical operating temperature is limited to ~400°C by the 
increasing vapor pressure of sulfur. Material problems, i.e., 
accelerated corrosion of electrodes, of the container/current 
collector, and seals also become more severe with increasing 
temperature. Container corrosion can have diverse effects.
Apart from attacking the material and consuming active reactant 
(thereby reducing capacity), it forms surface layers that 
increase contact resistance to the felt electrode. Also soluble 
corrosion products can be redeposited, clogging the felt 
electrode, obstructing transport of active materials, and 
causing uneven current distribution. If deposited on the 
electrode surface, they may change its structure and wettability 
and therewith the kinetics of reactions occurring at this sur­
face to the point where it may become partially or completely 
blocked. Corrosion products can also be deposited on the sur­
face of the solid electrolyte partially blocking, damaging or 
destroying it by causing locally excessive current densities or 
by direct interaction or penetration.

Few conductive materials can withstand the attack of 
the polysulfide melt at the operating temperature of the Na/S 
cell. Metals are thermodynamically unstable. They form sulfi­
des, whose solubility in the polysulfide/sulfur melt is, in most 
cases, not negligible. Some metals like chromium, molybdenum,' 
tungsten, and aluminum become covered by protective layers 
which, however, lose their passivating properties under certain 
conditions. Among electronically conductive materials which 
have been reported, or are expected, to resist polysulfide melt 
attack are various forms of carbon, certain oxides, carbides, 
nitrides, and conductive glasses.

This part of the ongoing study involves doped chromium
oxides.

II. Corrosion in Polysulfide/Sulfur (PS) Melts

Chromium oxide has been chosen as the base for candidate 
coating materials in view of the prior experience of corrosion 
stability of Cr£03 under static conditions (1).
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III. Required Coating Characteristics

The necessary coating characteristics consist of 
inherent material properties:

Corrosion stability of the doped material interfacing with the 
polysulfide (PS) melt, when exposed to the wide range of the 
inter facial potential drops encountered in a practical Ma/S 
cell.

• Sufficient and stable conductivity, such that the resistance 
of the coating is negligible in comparison with that of the 
entire Na/S cell. The percentage of the power loss as a func­
tion of material resistivity and coating thickness is shown in 
Fig. 1.

Fig. 1 Power loss as a function of material resisti­
vity and coating thickness for a 230 cm^ con­
tainer and for 0.02 ft cell resistance due to 
all other sources.

. Preferential wettability for sodium polysulfide rather than 
sulfur.

In addition to these inherent material properties, 
coatings must also have the following characteristics:

. Adherence to the substrate under conditions of thermal and 
electrothermal cycling.

. Impermeability.
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• Cost-viability, involving primarily a cheap production method 
of deposition on a self-healing substrate, i.e., one which 
passivates upon exposure to the melt.

IV. Conductivity of Oxides Studies

Doped Chromium Oxides

A reliable value of the resistivity of air-annealed 
polycrystalline (^03 (97+% dense, total impurity less than 
0.01%) at 350°C is reported as 410 ftcm (5). The interpretation 
of the electronic resistivity of highly pure Cr203 in terms of 
defects, their concentrations, and mobilities remains 
incomplete. Lower partial pressures of oxygen (below 1125°C) 
cause higher resistivities. This, together with the sign of the 
thermoelectric coefficient, implies p-type conduction.

Impurities of p-type, such as NiO, appear to be charge 
compensated by electron holes (high PO2) or oxygen vacancies 
(low POo)* Thus, p-type dopants tend to enhance electronic con­
ductivity after an air anneal.

A substantial increase in the conductivity of air 
annealed 0^03 (above 400°C) by doping with NiO (7,8) and MgO 
(7,9) has been reported. Literature data concerning the conduc­
tivity of Li20 doped Cr203 are inconclusive (6,10). Other 
dopants are reported either to increase the resistivity (Nb205 
(7,9,10) Ti02 (7,8,11) WO3 (8)) or to have little or no effect 
(A1203 (10), Fe203 (7), ZnO (8)). V.

V. Experimental

A. Materials

A separate paper on the preparation and charac­
terization of doped chromium oxides will be published (presented 
at the April 1983 meeting of the American Ceramic Society).

B. Apparatus 

Test Procedure

The corrosion test cell (Fig. 2) consisted of a glass 
vessel provided with graphite counter and reference electrodes 
and a graphite rod to which the test sample was dove-tailed and 
fastened by Dylon graphite cement. The contact resistance of 
this connection was negligible. The cell had a separate outlet 
for evacuation.
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Fig. 2 Corrosion test cell.

The corrosion tests were preceded and followed 
by ex situ measurements of sample resistivity as a function of 
temperature, using the AC method at 1.6 and 20 kHz.

The surfaces of the samples were examined before and 
after the corrosion tests by means of SEM,* EDAX,** and AES.***

The cell was assembled by fitting the electrodes and 
the thermocouple-well into the silicone stopper. A weighed 
amount of sodium polysulfide was filled into the cell in the dry 
box. Before heating in the furnace, the pressure in the cell 
was reduced to about 60 kPa by a vacuum system filled with pre­
purified argon to prevent backstreaming of air into the cell. 
Cells were tested at 350°C.

* SEM —  Scanning electron microscopy
** EDAX —  Energy dispersive analysis of x-rays

*** AES —  Auger electron spectroscopy
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The samples were either exposed to cathodic or anodic 
polarization at various current densities and periods of time, or 
cycled at the desired current densities with a frequency of 5 
cycles/day. The resistive contribution to the sulfur electrode 
potential was monitored by the AC and/or the interrupt method.

VI. Resistivities of Test Materials

These resistivities at 350°C are shown in Table I. The 
values given are measured with 20 kHz AC, and they are within 3% 
of the 1.6 kHz values in all cases. The capacitive contribution 
(phase shift) was negligible at both frequencies.

TABLE t

RESISTIVITY OF DOPED CHROMIUM OXIDE AT 350°C 

AFTER AIR ANNEAL

Mol % dopant 

Cr203 - CP

Li20 MgO

ftcra

NiO Ta2°5

0 170.
0.1 530. 2.5 — —
0.2 — — 16.0 —
0.5 66. 4.3 —

5.4
1.0 162* 3.8 3.8 —

4.3 5.0
7.8

2.0 — — 2.5 —
3.6

Cr203 - HP

0.5 4.4 2.6* 3.2 470,
4.0 152. 4.3

a) Air-annealed as a 2.5 mm thick bar.
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Dopant homogeneity is likely to improve with the 
exposure of the oxide to an oxidizing environment, and such 
treatment would be expected to cause a shift of positive defect 
types from ionic ones (such as oxygen vacancies, which are 
likely needed for low-oxygen-pressure sintering, or chromium 
interstitials) to electron holes.

Resistivities considered acceptable (<100 Slcra) were 
achieved in all samples (Table I), except CP - 0^03 without 
dopant, HP - (^03 with Ta205, and CP - Cr203 with l^O. (CP: 
chemically pure, HP: high purity)

As an example, the resistivity of the as-oxidized NiO 
doped series is shown (Fig. 3) to follow a simple pattern in 
spite of different oxide purity level (HP and CP) and variations 
in density and grain size: a higher dopant level produces a 
lower resitivity. The approximate linearity suggests that the 
solubility limit for NiO is not passed.

1000F*

500 -

200

100o
H  50

20

10

5

2
I

--------Undoped Cr203

__ t I 1 . lnnJ____|__l_I
0.1 0.2 0 5  1.0 2.0

NiO CONCENTRATION (mol % )

Fig* 3 Resistivity of NiO-doped 0^03 at 350°C.
Each symbol denotes bars from one hot pressing.
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VII. Method of Testtng Material Suitability

The corrosion tests, as a rule, involve bulk samples 
in order to separate the inherent material suitability from 
complications arising due to poor adhesion and/or porosity of 
coatings. Also, the development of an lengthy adequate coating 
method is a difficult task, and bulk testing allows the elimina­
tion of unsuitable materials at an early stage.

The bulk samples are tested as electrodes polarized in 
sodium polysulfide (PS) melt at 350°C.

The exposure of the sample to the PS melt is accom­
panied by extremely fast Faradaic redox reactions of the sulfur 
system. Therefore corrosion currents cannot be observed 
directly. Electrochemical measurements can only indicate 
changes in the apparent resistance, which may be due to

a) changes of the resistance of the part of the circuit 
comprising the test and reference electrodes, and 
the PS melt,

and/or

b) changes of overpotential, reflecting the loss of 
electroactive surface area and/or change of the adsorptive 
properties of the interface.

Re a): The ohmic component involves primarily the 
ohmic drop, IRe, in the oxide electrode. The remaining part 
(i.e., the resistance of the electrolyte between the test and 
reference electrodes, as well as that of the current leads) is 
constant and negligible as compared with Re.

Re b): The overpotential consists mainly of concentra­
tion polarization. Therefore, a change of the melt composition 
in the immediate vicinity of the test electrode will result in a 
change of potential at constant current. An increase of activa­
tion overpotential may be observed due to the accumulation of 
reaction products blocking large parts of the surface.

The suitability of the tested sample has to be inferred 
from a) the observed changes in resistance and overpotential (at 
constant current) as a function of time and electrochemical 
treatment; b) comparison of the surface by optical, SEM, and 
spectroscopic methods before and after the experiment.

It follows that the acquisition of the electrochemical 
data necessary to evaluate the sample requires
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1. Separation of the ohmic potential drop from the electrode 
overpotential. This is accomplished by monitoring the test 
electrode resistance, Re;

2. Establishment of the real current density at the tested 
sample. Owing to the high resistivities of ceramic oxides, 
the current distribution along the sample may not be uni­
form, and therefore the apparent average density of the 
polarizing current does not represent the real situation.

In Fig. 4 the approximate equivalent circuit of the 
test cell is shown, on which the calculation of the current 
distribution at the test sample as a function of its resistivity 
is based (similar calculations have been previously reported 
(12)).

h------v

Rp -  RESISTANCE OF THE PELT PER UNIT LENGTH O F TESTED S A FP LE,*Vcm 

Rs -  RESISTANCE OF TESTED S A IP LE PER ITS UNIT LENGTH, <Vcm 

V -  STEADY STATE VOLTAGE, V

i K -  CURRENT INCREMENT, d i / j x  , I N  THE ELEMENT V .  A /cm

Fig. 4 Approximate equivalent circuit of the test cell under 
current.
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Solving (n + 1) Kirchhoff equations one arrives at the
equation

(in+1 - ln) - (in - in_i) = (Rs/Rp) in U >

where 1^ « i^/Ix = dl(x)/dx, Ix = Ix /It > x = x/L,

Rg = resistance per unit test-sample length,

Rp = effective melt resistance per unit length of 
test sample,

L = length of the immersed electrode,

Ix = total current.

The solution of eq. (1), rewritten in the form

i,H - (Rs/Rp) T 1 = o (2)
is given by

Tx = sinh (x/Rg/RP)/sinh /Rg/Rp (3)

which represents the current profile along the electrode. The 
task is to find the part of the electrode length x, which prac­
tically carries no current, e.g. Ix < 0.1. Introducing the 
latter condition into eq.(3) and solving for x, one obtains

x = /Rp/Rg sinh""1 [0.1 sinh /Rg/RpJ (4)

Then the electrode length which has to be taken into 
account in evaluating the current density is given by

1 - x = 1 - /Rp/Rg sinh”l [0.1 sinh /Rg/RpJ (5)

The plot of the percentage of the electroactive 
electrode area as a function of /Rg/Rp (lower scale) is shown in 
Fig. 5. On the upper non-linear abscissa scale resistivities of 
the test materials are indicated (which take into account the 
resistivity of the melt and the geometry of the test cell).

It can be seen that for the doped 0^03 samples 
(p > 50 &cm) over 90% of the current is carried by only ~6% of 
the electrode area.
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Fig, 5 Percent of the electrode area which carries 80, 90, 95 
and 99% of total current as a function of /Rg/Rp (lower 
scale) and material resistivity (upper scale),
Rg resistance of the electrode, Rp resistance of the 
electrode (&cm“"l).

VIII. Results and Discussion

Ceramic oxide samples were exposed to polysulfide melt 
at 350°C for periods of time of up to 6 months. During this 
time they were polarized anodically, cathodically, and/or cycled 
at current densities sufficient to expose the sample surface to 
the entire span of melt compositions between sulfur and Na2S3, 
to which parts of the container (current collector) can be 
exposed locally.

No signs of corrosion have been observed either by 
surface examination (SEM, EDAX, AES) (exemplified by Fig. 6) or 
by analysis of the melt carried out using ICP (inductively- 
coupled plasma) atomic emission spectroscopy. Results of the 
latter analyses showed negligible traces of the elements present 
in the sample to be dissolved in the melt even after 150 days of 
exposure (10 - 20 ppm).
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before after

Fig. 6 SEM-photographs of sample surfaces before and 
after test.

Fig. 7 Resistivity change with time during test of 
doped Cr203 samples.
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However, all samples showed changes In their 
electrochemical behavior in that both the resistive and the 
other components of overpotential varied with time.

A. Resistivity as a Function of Time

The resistivity of all materials changed with time, as 
shown in Fig. 7 for doped ^ 203. This behavior seems to be 
independent of polarization, since the resistivity of a non­
polarized MgO doped Cr203 sample also increased upon exposure to 
Na2S5 melt (cf. Fig. 7). In the case of Li20 doped HP-Cr203 
and MgO doped ( ^ 03, the resistivities eventually stabilized at 
values about 60 Mem, measured in situ.

There was the possibility that the resistance increase 
was due to surface leaching of the dopant. However, this proved 
not to be the case. The phenomenon was found to be 1) a bulk 
effect (abrading the surface layer did not improve the conduc­
tivity of the sample as measured ex situ or in situ after 
reintroduction into a new cell), 2) resulting from exposure to 
the melt (cf. Table II, AC) as well as from exposure to sulfur 
vapor only (cf. Table II, AE), or to a low Pq2 in the absence of 
sulfur (cf. Table II, AF), 3) reversible (ex situ) by a 6 h 
anneal in air at 1500°C, i.e., by repeating the pretreatment of 
hot pressed oxides (cf. Table II, AD and ADA, AC and ACA).

This leads to the conclusion that the reducing 
atmosphere of a sulfur or polysulfide enviroment (in which the 
sample tends to equilibrate with an extremely low partial 
pressure of oxygen) results in an increase of oxygen vacancies 
and a concurrent decrease in the number of holes (carriers), and 
therefore of conductivity.

B. Overpotential (at Constant Current) as a Function of Time

The overpotential, remaining after deducting the IR 
drop from the total polarization, also shows an increase with 
time, for which there are three possible mechanisms.

1) Part of this increase is due indirectly to the rise in sample 
resistance. This reduces the effective surface area of the 
sample (cf. Fig. 5) and thereby increases the current den­
sity.

2) An increase in polarization may also be caused by accumula­
tion of reaction product(s) (S, Na2S2) or of Na2S04 (which 
may result from oxygen diffusion through the porous graphite 
rods) on the sample surface. Even during cycling, reaction
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TABLE II

SUMMARY OF TREATMENTS AND POST-TESTS FOR CHROMIUM 
OXIDE BARS EXPOSED TO THE SULFUR/POLYSULFIDE MELT

Key to treatments: A - initial resistivity of air
annealed samples, 1500°C, 6 h 

B - held in air, 35CTC for 20 h 
C - held in 350°C, no current
D - polarized in polysulfide melt at 

350°C
E - held above Na2 S5 , 350°C, with 

current
F - held above Cu/Cu20 at 350°C

# Treatment
Time
(day)

Resistivity 
at 350°C 
(Stem)

Ea( D(100 to 350°C) 
eV

Ea(H)
(300 to 350°C) 

eV

0.5 mol % Li20 - HP

1 A 0 4.1 0.36 0.32
2 A 0 3.1(4.0)3 0.45 0.35
3 A + B 20 4.4(4.5)3 0.35 0.33
4 A + D 20 10.8^ — —

5 A + D 183 47. 0.41 0.38
followed by

6 A — 1.4 0.33 0.27
7 A + F 20 8.9 0.37 0.37

0.5 mol % MgO - CP

8 A 0 4.3 0.36 0.31
9 A 0 14.2 0.42 0.41

10 A + C 90 86.(97)3 0.46 0.33
followed by

11 A — 1.74 0.33 0.29
12 A + D 210 510. 0.57 0.51

1.0 mol % MgO - CP

13 A 0 2.9 0.32 0.32
14 A + D 159 163. 0.45 0.37
15 A + E 159 90. 0.65 0.37

2.0 mol % NiO - CP

16 A 0 2.5 0.41 0.35
17 A + D 19 170. 0.49 0.47

followed by
18 A — 3.6 0.34 0.36

a) (Actual value) at 350°C differed more than 10% from least squared error 
fitted value.

b) In situ measurement.
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products are not always totally removed by the opposite half­
cycle.

3) In some cases there is evidence which implies a change in 
surface adsorptivity toward more preferential wetting by 
sulfur. But it may also be argued that the accumulation of 
sulfur growing with each cycle during the later stages of 
testing is caused by the higher current density arising from 
the phenomena described under 1) and 2).

There is no easy way of separating these effects, 
which will be of minor importance in the practical Na/S cell, 
where the reaction predominantly proceeds on the graphite felt 
rather than on the current collector.

IX. Conclusions

1) The Cr203 based materials did not exhibit morphological or 
chemical surface changes upon prolonged exposure to sodium 
polysulfide (PS) melt under dynamic conditions.

2) Wettability changes toward preferential wetting by sulfur may 
occur at the surface of these materials. However, the evi­
dence is not conclusive.

3) The attainment of high densities for the sintering conditions 
used here depends on the addition of dopants. Dopants of 1+ 
and 2+ valence are effective in lowering the resistivity of 
high purity 0^ 03.

4) A high purity of the precursor oxide does not appear to be 
necessary for either the low resistivity (except in the case 
Li20), nor for high corrosion resistance in sodium penta- 
sulfide at 350°C.

5) Bulk resistivity increases during exposure to PS melt of up 
to 210 days are observed for all samples. This increase is 
not linked to the leaching of the substituent, but rather 
to the equilibration with the low oxygen pressure in the 
polysufide melt.

6) Among chromium oxide based materials, the high purity 0^03 
doped with 0.5 mol% Id^O seems most suitable as a potential 
coating. After the initial increase (over 30 days) the 
resistivity of the sample cycled in the PS melt remains 
constant at ~50 ftcm for 150 days. In the case of MgO doped 
^r2°3 the value is ~100 ftcm after 100 days.
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SOLUBILITY OF Li2S IN LiF-LiCl-LiBr ELECTROLYTE: 
MEASUREMENTS AND CALCULATIONS

Z. Tomczuk, D. R. Vissers and M. L. Saboungi 
Argonne National Laboratory 
Chemical Technology Division 

Argonne, Illinois 60439

ABSTRACT

The solubility of Li2S in LiF-LiCl-LiBr electrolyte was determined at 739 
and 773 K, by measuring the change in the emf of the L i-A l/N i3S2 couple 
as the LioS concentration was changed in the electrolyte. The measured 
solubility values were 6840 ±  300 ppm at 739 K and were 8700 ±  300 ppm 
at 773 K. The LioS solubilities in different solvents have been calculated 
using the conformal ionic solution theory. The computed values are in very 
good agreement with experiments and confirm the strong dependence of the 
solubility on the composition.

INTRODUCTION

High performance lithium-alloy/iron sulfide cells have been considered as possible 
power sources for electric vehicles(l). These cells were operated at high temperatures 
(703 to 773 K) and utilized Li-Al or Li-Si negative electrodes, FeS positive electrodes, 
and a molten salt electrolyte. In the early work, LiCl-KCl of eutectic composition (58.2 
mol %LiCl 41.8 mol %KC1) was the only candidate but various Li containing electrolytes 
were also considered, i.e., LiCl-rich LiCl-KCl (typically 67 mole %LiCl), LiF-LiCl-KCl, or 
LiF-LiCl-LiBr (1). It was shown that, upon cycling, local electrolyte compositional changes 
occurred resulting from a combination of ion transport processes and chemical reactions in 
the cells containing LiCl-KCl as electrolyte (2-4). These compositional changes could be 
avoided if the LiF -LiCl-LiBr electrolyte was used. However, the final discharge products, 
iron and lithium sulfide, are unaffected by the temperature or the electrolyte. A systematic 
investigation of the Li2S solubilities in LiCl containing electrolytes as a function of tem­
perature is technologically significant. From a fundamental point, the solvent dependence 
of the Li2S solubility can be examined using available molten salt theories.

The solubility of Li2S in LiCl-KCl eutectic (58.2 mol %LiCl-42.8 mol %KC1) has 
been thoroughly investigated in the temperature range 673 to 823 K (5-7) using different 
experimental techniques. The results indicate a relatively low solubility (e.g., ~1000  ppm 
at 723 K) increasing with temperature (~2000 ppm at 773 K). At a fixed temperature the 
Li2S solubility decreases with increasing KC1 content and increases with the LiCl content 
(8 ). The Li2S solubility is relatively high in the LiF-LiCl eutectic (5).

In this paper, we report solubility measurements of Li2S in the LiF-LiCl-LiBr electrolyte
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(22 mol Ur 31 mol co-47 mol %) at 739 and 773 K using electromotive force (emf) 
measurements. The results are compared to those calculated from equations derived 
by Saboungi et al. (5,9) on the basis of the conformal ionic solution theory.

EXPERIMENTAL

The solubility of Li2S in the LiF-LiCl-LiBr eutectic mixture was determined us­
ing the Nernstian response of the N i/N i3S2 half-cell to Li2S activity in the following 
electrochemical cell:

N i / a  -  Al,  0 -  Li A l l  LiF  -  LiCl -  L iB r , Li2S  /  N i 3S 2/ N i

The details of cell construction have been reported elsewhere (10). In this work the 
ternary solution of eutectic composition was used instead of the LiCl-KCl electrolyte; 
the Li Al electrode consisted of a premixed alloy (38 atom ^ L i, 62 atom crcAl). The 
sulfide concentrations were changed by successive additions of weighed amounts of Li2S. 
Following each addition, the cell was discharged and held at temperature for ~ 1 6  Hrs. 
After this time period, the Ni-200 rod was anodized to produce between three and ten 
coulombs of Ni3S2 (1.6 and 6.2 mg, respectively); the emf of the Li-A l/N i3S2 couple was 
then measured. The time needed to reach an equilibrium value was typically 20 minutes, 
and the emf value was stable for periods in excess of 1 hour. Additions of Li2S were 
continued until at least three consequent compositions yielded the same emf, indicating 
that the electrolyte was saturated with Li2S. The cell temperatures was measured with 
a calibrated chromel alumel thermocouple; the two temperatures, 739 and 773 K, were 
chosen to correspond to the extreme temperatures of practical interest in the operation 
of the Li-Al/FcS cells. At the end of each set of experiments, the anodized Ni-200 rod 
was removed quickly from the electrolyte and examined metallographically and by X- 
ray diffraction. The results of these examinations showed that the only nickel containing 
sulfide phase formed was Ni3S2-

RESULTS

The emf data as a function of Li2S concentration in the melt are shown in Fig. 1. 
At each temperature, the data can be fit by two straight lines. The first line shows a 
dependence on the LioS concentration, while the second is independent of the Li2S con­
centration and is horizontal. The intersection of these two lines yields the Li2S saturation 
solubility. Thus, the measured solubility of Li2S is 6840 ±3 0 0  ppm (8.8 ± 0 .4  X 10-3  mole 
fraction) at 739 K and 8700 ±  300 ppm (1.12 ±  0.4 X 10-2  mole fraction) at 773 K. The 
experimental Nernstian slope values are 70.1 and 76.4 mV at 739 and 773 K, respectively, 
and these values agree well with the theoretical values of 73.3 at 76.7 mV calculated for 
the expected reaction:

4 LiAl  +  N i 3S2 — 3 N i  +  2 Li2S  +  4 A l (1)
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X-ray diffraction results of the products are consistent with the above cell reaction.

DISCUSSION

Our results confirm the trend noted in the earlier work (5), namely that L^S solubility 
increased with increasing LiCl content of the electrolyte. In what follows, the dependence 
of the Li2S solubility on the nature and composition of the solvent is analyzed using 
theoretical considerations based on the conformal ionic solution theory (5,9).

As mentioned above, the solubility of I^ S  in the LiCl- KC1 eutectic has been thorougly 
investigated so one could use these data as a baseline for the calculations.

The dissolution of Li2S in LiCl-KCl leads to a ternary reciprocal system (5); at low 
sulfide concentrations, the activity coefficient of Li2S, 7/,*2s , can be expressed as:

RTlnlLhs =  2 [XK AG°+Xk (Xk  - X Li)\ci+XKX L̂ s + X Li\ u +X k Xk } - ^ — —

(2)
where A G° is the Gibbs free energy change for the reaction:

1/2Li2S(l) +  K C l( l )  & l / 2 K 2S(l) +  LiCl(l)  (3)

In Equation [2], X u  and X k  are the ion fractions of Li and K, respectively, Xj is an 
interaction coefficient for the binary subsystem having i as the common ion and Z is a 
parameter, similar to a coordination number and is taken to be 6 . Experimental values for 
\ u  and \ k  for the two common cation subsystems (LiCl—Li2S and KCI-K2S, respectively) 
are not available to our knowledge; they are likely to be small and thus are assumed to be 
zero .The value of X5 has not been measured but is likely to be negative and of the same 
order of magnitude as \ c i  for the LiCl-KCl; we therefore assume that X5 =  \ c i  =  —3.2 
kcal.mol” 1 (11). The calculated value of AG° is equal to 8.32 kcal.mol” 1 at 823 K (12,15).

The dissolution of Li2S in LiF-LiBr-LiBr leads to a quaternary additive system. At 
low sulfide concentration, the activity coefficient, 7^ 5 , is given to a first approximation 
(5) by:

RTln^'Li2s =  — 2{XclXgr\LiCl — LiBr +  XciXF^LiCl-LiF +  XjsrX f  X LiBr— LiF ) (4)

where X u d - L i F —  -0.2 kcal.mol” 1, \[,ici-LiBr =  0.1 kcal.mol” 1 and \ l%Bt- l%f  =  — 0.9 
kcal.mol” 1 ( 11). Thus, the solubility of L12S in the LiF-LiCl-LiBr eutectic, N5 , can be 
calculated from that in LiCl-KCl eutectic by :

N's =  Ns (5)
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where Ns is the measured value of Li2S solubility in LiCl-KCl eutectic at the temperature 
of interest and X and X' are the ion fractions of lithium in the LiCl-KCl eutectic and 
LiF-LiCl-LiBr electrolyte, respectively.

From the preceding equations, the calculated values are 6350 ppm (8.2 X 10-3  mol 
fraction) and 8175 ppm (1.06 X 10“ 2 mol fraction) at 739 and 773 K, respectively. For 
comparitive purposes, the measured values were 6840 ±  300 ppm and 8700 ±  300 ppm at 
these same temperatures. One should be aware, however, that RTlnrf ij  s  is assumed to 
remain constant in this temperature range.

The Li2S solubility calculated for different solvents based upon that for the LiCl-KCl 
eutectic is sensitive to the values obtained for A G° of reaction [3]. These calculations 
indicate, however, that small changes in temperature or the use of coordination parameter 
of either four or five as compared to six do not change the computed values significantly. 
The results of such calculations are shown in Figs. 2-4. Figure 2 shows that the Li2S 
solubility relative to that in LiCl-KCl eutectic increases as the LiCl content is increased 
for a given value of A G°, and changes markedly as A G° for reaction [3] is changed from 
6320 calories by increments of 2000 calories.The major uncertainties in the numerical 
values of A G° stem from the large uncertainties affecting the experimental values assigned 
to the Gibbs free energy of formation of Li2S and K2S (see for example refs. 12, 13,14, 
15).

Similar calculations were carried out for LiCl-rich and KCl-rich LiCl-KCl solutions 
at 673 and 723 K and the results were compared to data reported by Warin et  aI. (8). 
For these calculations, the solubility in the off-eutectic electrolyte was computed from 
equation (5). At 723 K, the computed Li2S solubility is 2.14 X 10-3  mol fraction (1840 
ppm) for LiCl-rich (66 mol %LiCl) and agrees well with the measured value of 2.16 
X10-3  mol fraction (1860 ppm). For KCl-rich (54 mol %LiCl) electrolyte at 723 K, the 
computed value is 1.27 X 10” 3 mol fraction (1063 ppm) and the experimental value is
1.06 ±  0.1 X 10“ 3 mol fraction (840 ppm). At 673 K, the computed solubility becomes 
1.29 X 10” 3 mol fraction (1104 ppm) for LiCl-rich (65 mol %LiCl) electrolyte, and this 
value compares well with the measured value of 1.28 ±  0.13 X 10~3 mol fraction (1100 
ppm). For KCl-rich electrolyte (55 mol %LiCl), the calculated value is 8.05 X 10“ 4 mol 
fraction (664 ppm), a value which agrees well with the measured value of 8 .04±0.8  X 10“ 4 
mol fraction (650 ppm).

The excellent agreement between calculated and measured values suggests that the 
free energy values derived for K2S and Li2S from data in Mills (12) are reliable. In fact, 
the computed values for Li2S at 673 and 723 K agree within 1 kcal.mol” 1 with those which 
can be derived from the data of Tomczuk et  a 1. (13). The values derived for K2S agree well 
with those derived using the data of Johnson and Steele (14), but differ signficantly from 
the data in the JANAF tables (15). (Note that there is a difference of ~ 1 0  kcal.mol” 1 
between the JANAF and Johnson and Steele data).

From our results and the calculations reported in Table 1, better agreement between 
measured and calculated Li2S solubility values is obtained if the value for the Gibbs free 
energy of formation of K2S as derived from the data of Johnson and Steele (14) is used. 
A similar trend is also obtained if the experimentally derived values for Li2S (13) are used 
for such calculations. Thus the results of our calculations suggest that the A G values for 
K2S over the temperature range considered (673-723 K) in the JANAF tables are too
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positive, and the correct values should be closer to the results of Johnson and Steele (14).

CONCLUSION

The solubility of Li2S in LiF LiCl-LiBr was determined at 739 and 773 K. Calculations 
using an equation deduced from the conformal ionic theory yield solubility values which 
are in excellent agreement with experiment and confirm the observed trend in the varia­
tion of the solubility. Additional calculations for LioS solubility in LiCl and KC1 rich 
electrolytes at 673 and 723 K reproduce experimental values reported earlier. These 
calculations also suggest that the value reported by Johnson and Steele (14) is more 
consistent with our analysis than that selected by JANAF.
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Table 1. Comparison of U 2S Solubility Results With
Calculations When Other Values For K2 S Are Used

Electrolyte T,K
Measured Solubility, 
ppm (mol fraction)

Predicted Solubility Using K2S 
Values from Johnson (A) and 
JANAF (B), ppm (mol fraction)

A &

65 mol % LiCl, 
35 mol % KC1

673 1100 (1.28 X 10~3) 1261 (1.47 X 10-3 ) 1729 (2.02 X 10“3)

55 mol % LiCl, 
45 mol % KC1

673 650 (8.04 X 10-4 ) 617 (7 64 X I0-4 ) 513 (6.35 X 10"4)

66 mol % LiCl, 
34 mol % KC1

723 1860 (2.16 X 10-3 ) 2064 (2.39 X 10-3 ) 2891 (3.36 X 10~3)

54 mol % LiCl, 
46 mol % KC1

723 840 (1.06 X 10“3) 970 (1.21 X 10“3) 769 (9.57 X 10~4)

22 mol % LiF, 
31 mol % LiCl, 
47 mol % LiBr

[ 739 

( 773

6840 (8.80 X 10"3) 

8700 (1.12 X 10~2)

10516 (1.36 X 10“ 2) 

12415 (1.61 X 10“ 2)

15400 (2.00 X 10 '2) 

19484 (2.50 X 10“ 2)

357



e
i

ACTMTY OF UCI
0.80 0.70 0.60 050 055 025 0.15

Fig. 1. Emfs of Li-Al/Ni-S- cell for different 
sulfide concentrations in LiF-LiCl-LiBr 
electrolyte at 739 and 773 K. The 
slanted portion of the solid curves 
represent the least squares fit of 
the data before saturation with I^S.

Fig. 2. Effect of electrolyte 
composition and AG* of 
Reaction 3 on computed 
Li2 S solubility. Gibbs 
free energy change val­
ues are 6320 cal (-- ),
8320 cal (---), 10320 cal
(------- ), and 12320 cal
(—  ‘ — )•

ACTIVITY o r ua

MOLE FRACTION KQ

Fig. 3. Effect of temperature 
on predicted Li2S 
solubility relative to 
that in LiCl-KCl eutectic 
for a given value for 
AG of Reaction 3* Temp­
eratures are 673 K (— ), 
723 K (— ), 773 K 
(------- ),^and 823 K

ACTMIYOFUQ

Fig. 4. Effect of coordination 
parameter on Li2 S sol­
ubility relative to that 
in LiCl-KCl eutectic. Co­
ordination parameter
values are 4 (---),
5 (---- ) ,  and 6 (---------------) .

358



S P E C T R O S C O P IC  S T U D IE S  O F  T R A N S I T I O N  M E T A L  IO N S  
I N  M O L T E N  A L K A L I  M E T A L  C A R B O X Y L A T E S *

V. A. Maroni and M. L. Maciejewski^ 
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9700 South Cass Avenue 
Argonne, IL 60439

A b s tra c t

Electronic absorption and C-13 NMR spectroscopic studies were carried 
out to investigate the structure of (i) alkali metal formate (Fm) and 
acetate (Ac) eutectic melts and (ii) solutions of 3d transition metal (TM) 
cations in these eutectics. Measurements were made over the tempera­
ture range 90—►190°C. The most stable oxidation states of the individual 
TMs in the Fm and Ac eutectics were: Ti3+, V3+, V 02+, Cr3+, Mn2+,
Fe2+, Co2+, Ni2+, and Cu2+. The ligand field absorption spectra ob­
tained in these carboxylate melts bore a consistent resemblance to the 
spectra of these same cations in aqueous media, but the absorptivities 
were generally higher than are observed for the hexaquo complexes. The 
results were interpreted in terms of the existence of bidentate coordina­
tion in some (if not all) cases, leading to noncentrosymmetric complexa- 
tion geometries. Key results of the NMR measurements included the 
apparent observation of two different carboxylate anion environments in 
Ni2+ solutions. C-13 spin-lattice relaxation of the carboxylate anions in 
the TM-free eutectics was found to be controlled by dipolar coupling to 
another nucleus. In the TM-containing solutions, the spin-lattice relaxa­
tion times were reduced by a factor of 10 to 1000, evidencing the expected 
shift to electron-nuclear dipolar coupling. Activation energies for viscous 
flow derived from the spin-lattice relaxation measurements on TM-free 
melts were in the 10—*11 kcal/mol range, reflecting the highly ordered, 
glassy nature of the eutectics studied.

In tr o d u c t io n

Whereas there has been considerable spectroscopic study of inorganic ionic 
melts, relatively few studies of the spectroscopy of liquid organic anion salts, such 
as formates and acetates, have been reported. The work that has appeared has 
consisted mainly of absorption spectrophotometric (1-4) and proton NMR studies 
(5,6). This paper presents selected results of recent work in our laboratory involving 
electronic absorption and C-13 NMR measurements on (i) molten alkali metal 
formates, acetates, formate-thiocyanate mixtures, and acetate-thiocyanate mixtures 
and (ii) solutions of 3d transition metal ions therein. These studies provide a unique

Work performed under the auspices of the U. S. Department of Energy. 
^Undergraduate Research Program participant from Barat College, Lake Forest, IL.
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opportunity to explore (i) the highly ordered, viscous nature of some alkali carboxy- 
lates and carboxylate-thiocyanate mixtures in the molten state, (ii) the ligand field 
properties of the formate and acetate ions, and (iii) the coordination chemistry of 
the 3d transition metals in melts containing carboxylate anions.

E x p e r im e n ta l S ectio n

To provide the broadest possible temperature range for study and, at the same 
time, mininize decomposition, low-melting eutectic mixtures of the alkali metal 
formates, acetates, and thiocyanates were employed. To prepare these eutectic 
mixtures, reagent grade chemicals were dried in a vacuum oven overnight at ~ 110°C, 
weighed to desired proportions, mixed, and loaded into Pyrex filter tubes. All these 
operations were performed in a helium atmosphere glove box. The loaded filter 
tubes were capped off with stopcock joints, removed from the glove box, placed in 
a Marshall furnace, and connected to a glass vacuum line. The salt mixtures were 
fused under vacuum to remove any remaining moisture and forced through the 
Pyrex filters (10-20 /im pore size) by pressurization to ~ 105 Pa with dry helium.

In the case of samples prepared for C-13 NMR experiments, additions of 5 to 
10 mol % of C-13-containing CH3C*OOK, HC*OOK, and KSC*N were included 
in the preparation. The C-13 enriched salts (90% C-13 enriched) used in these 
preparations were obtained from Stohler Isotopic Chemicals. The transition metal 
(TM) solutions were prepared by adding small measured quantities of the TM 
acetate or chloride (commercial high-purity grades) to the carboxylate-containing 
eutectic, fusing under vacuum, and filtering as described above. Since the quantity 
of TM acetate or chloride added was always a very small fraction of the weight of a 
sample (<0.5 wt %), the traces of acetate or chloride introduced as a foreign anion 
(e.g., to formate and formate-thiocyanate melts) was considered inconsequential to 
the experimental results.

Electronic absorption spectra were recorded using a Cary 17H Absorption Spec­
trophotometer coupled with a specially designed furnace for elevated-temperature 
spectrophotometric measurements. The sample to be studied was loaded into an 
optical assembly consisting of a 1-mm-path-length, UV-grade quartz cell (12.5 mm 
wide and 45 mm high, from J&S Scientific) fused to the end of a 15 mm diameter 
quartz tube (~200 mm long) that terminated at the opposite end with a ground 
joint. After loading in the glove box, the cell assembly was capped off with a 
stopcock joint, returned to the Marshall furnace, connected to the glass vacuum 
line, evacuated, and heated to ~150°C. When the sample was completely melted, 
the cell assembly was backfilled with dry helium, forcing the melted salt to fill the 
optical path of the cell if it had not already done so. The cell assembly was then 
rapidly transferred to the preheated spectrophotometer furnace before the sample 
had a chance to solidify.

C-13 NMR spectra were obtained using a Varian FT-80 Fourier Transform 
NMR Spectrometer equipped with a variable temperature probe. The spin-lattice 
relaxation experiments were performed by the inversion-recovery method (7). The 
NMR cells used in this work were constructed in the following way: A 100 mm
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long, 5 mm OD, thin-walled Pyrex tube was fused to a 60 mm length of 8 mm 
OD, thin-walled Pyrex tubing using a glass lathe. The open end of the 8 mm OD 
tube was sealed off and a ground joint was fused to the open end of the 5 mm OD 
tube to finish the cell. A “lock tube” was prepared by sealing a 20 mm depth of 
(CD3)2SO into a 70 mm long, 3 mm OD, thin-walled Pyrex tube (closed at one 
end). The seal was made near the middle of the tube, with care taken to preserve 
its straightness. (The deutero-dimethyl sulfoxide in the “lock tube” provides the 
field lock for the NMR spectrometer during pulsing.) First the carboxylate sample 
and then a “lock tube” were loaded into an NMR cell, and the cell was sealed off 
under slightly reduced pressure at a point just below the ground joint. The sample 
was then melted (using a heat gun) and placed in the preheated probe of the NMR 
spectrometer. The amount of sample placed in each tube was adjusted so that the 
height of liquid in the tube during NMR measurements was 2 to 2.5 cm (i.e., enough 
to just slightly overfill the receiver coil volume). This type of cell was found to be 
well suited for NMR studies using the FT-80 with sample spinning and operation 
to ~ 200®C, provided the gross cell weight did not exceed ~8  g.

To provide an approximate reference point for the C-13 chemical shifts, a 
small quantity of methyl benzoate having 90% C-13 substitution in the carboxyl 
position (obtained from Prochem/Isotopes) was included in some of the “lock tubes.” 
Chemical shifts relative to tetramethyl silane (TMS) were then determined by 
adding the known chemical shift difference between the methyl benzoate carboxyl 
carbon (MBCC) and TMS (166.8 ppm) to the chemical shifts observed in the 
carboxylate melts relative to the MBCC.

R e s u lts  a n d  D iscussion

The experimental results of the electronic absorption and C-13 NMR studies 
and their interpretation are presented and discussed below in two separate sections. 
In the case of the electronic absorption measurements, comparisons are made with 
the prior related work of Ingram and co-workers (1,2) and Bailey et al. (3). The 
authors are not aware of any previous C-13 NMR studies of molten carboxylates.

Electronic Absorption Studies. — Attempts were made to obtain the ligand field 
spectra of a variety of 3d TM cations dissolved in the eutectic salts listed in 
Table I. Spectra were recorded for molten samples and, in some cases, for the 
transparent glasses formed from these melts after cooling to room temperature. 
Beyond mentioning that the spectrum of each glass was very much the same as that 
of its corresponding melt, the remainder of this paper will focus on the analysis and 
interpretation of the data for the molten state, with the understanding that the 
findings most probably apply to the glasses as well.

The cations of titanium are only marginally stable in acetate media even at the 
lowest liquidus temperatures (i.e., around 100°C). Spectroscopic evidence of Ti2+ 
and Ti3+ has been observed in Ac-02. Ti3+ introduced to Ac-02 as TiCl3 appears 
to react over a period of several hours, producing Ti2+ and (presumably) Ti4+. 
Initially, prior to any significant decomposition, Ti3+ solutions in Ac-02 are purple 
in color. No studies have been made to date on Ti3+ in formate- and thiocyanate-
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containing melts.

In the case of vanadium, the 3+ oxidation state is reasonably stable in Ac- 
01 and Ac-02, although evidence for VO2-1- has been seen in the spectra of VCI3 
solutions in both eutectics when they were left standing at elevated temperature (i.e., 
~150°C) for a few days or were intentionally exposed to oxygen. Our observations 
of the spectral characteristics of the vanadyl ion are essentially the same as those of 
Duffy and Ingram (2). V3+ solutions in formate- and thiocyanate-containing melts 
decompose rapidly. A typical spectrum of the dark green V3+ solution in Ac-02 
is shown in Fig. 1 . (In Fig. 1 , and in all subsequent figures presenting absorption 
spectra, the bands marked with an asterisk are due to vibrational overtones of the 
formate or acetate ions. With the exception of these overtone bands, the optical 
transparency of alkali formate and acetate melts is found to be quite good over a 
wide range of wavelengths.)

For chromium, the 3-}- state is extremely stable in all of the eutectics listed 
in Table I to temperatures as high as 170°C. Cr2+ introduced to Ac-02 (as CrAc2) 
reacted immediately upon fusion to give Cr3+. Cr3+ solutions in Ac-02 and Fm-02 
are dark green in color and are characterized by the spectrum shown in Fig. 2. The 
findings for Cr3+ are in accord with the results of Duffy and Ingram (2).

Only the 2+ state of manganese was tested. Mn2+ solutions formed by intro­
duction of MnAc2 were extremely stable in Ac-02 and Fm-02 to 150 °C. None of the 
other eutectic salts in Table I were tested with Mn2+. The spectrum of Mn2+ in 
Ac-02 and Fm-02 is very much like the spectrum of Mn(H20)g+ in aqueous solution
(8). Molar absorptivities, 6, are extremely small (e < 0.I), evidencing a decidedly 
low-spin ligand field. Solutions of Mn2+ in formate and acetate eutectics have a pale 
pink color. Duffy and Ingram (2) reported that Mn2+ solutions in acetate glasses 
were yellow-brown in color and that their spectra were “uninformative.” In our work 
we have found the formation of brownish melts to be indicative of decomposition.

Solutions of iron in the 2+ state are relatively stable in all of the eutectics listed 
in Table L These solutions are reddish-orange in color and their spectra typically 
resemble the one in Fig. 3. Fe3+ in Ac-02 (introduced as FeAc3) appears to be at 
least partially reduced to Fe2+. This interpretation of the results obtained with 
iron in the 2+ and 3+ states differs somewhat from the one given by Duffy and 
Ingram (2), who reported that yellow-brown melts formed, that Fe3+ was the stable 
oxidation state, and that the absorption spectra were “uninformative.”

In the case of cobalt, Co3+ reacts to form Co2+, the only stable oxidation state 
found for cobalt solutions in the eutectics in Table I. Co2+ solutions in Ac-01, Ac- 
02, and Fm-02 are a beautiful bluish purple color. The absorption spectra of these 
solutions are typified by the one shown in Fig. 4. Our absorption spectral data for 
Co2+ in molten acetate media are in accord with earlier work (1-3).

Only the 2-f state of nickel has been investigated in the eutectics listed in Table
I. Solutions in Ac-01 and Ac-02 are a yellow-green color and are reasonably stable
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over periods of several hours to a day. However, on prolonged standing at elevated 
temperature (i.e., ~150°C) evidence of gradual decomposition can be seen. The 
spectrum of Ni2+ in Ac-02 is shown in Fig. 5. Our spectral results for solutions of 
Ni2+ in molten acetate media are in good agreement with prior work (2,3). Solutions 
of Ni2+ in formate-containing eutectics were found to decompose rapidly just after 
melting occurred.

Efforts to prepare Ac-02 and Fm-02 solutions of copper in both the 1+ and 2-F 
oxidation states were generally unsuccessful. Slowly decomposing solutions (blue 
in color) of Cu2+ were prepared in Ac-02 on a number of occasions, but the rate 
of decomposition was such that appreciable deterioration of the sample occurred 
during the time span of a typical spectral run (around 20 to 30 minutes). The 
best spectra obtained for these Cu2+ solutions showed a broad absorption band 
centered near 13,900 cm” 1, but having appreciable Jahn-Teller distortion of the 
long-wavelength side. This experience with Cu2+ in alkali acetate media is consistent 
with that reported by Duffy and Ingram (2).

The most conclusive results obtained to date in this work have been those 
for formate and acetate solutions of V3+, Cr3+, Fe2+, Co2+, and Ni2+; hence, 
the remainder of the present discussion will focus on these solutions. Work on 
Ti3+ /T i2+, the vanadyl ion (V02+), Mn2+, and Cu2+ is either incomplete or 
inconclusive and will be left for a future paper, as will be the results for thiocyanate- 
containing melts.

The absorption spectrophotometric data for V3+, Cr3+, Fe2+, Co2+, and Ni2+ 
are summarized in Table II. In appearance, the ligand field spectra of these cations 
(see Figs. 1—>5) in molten carboxylate media are very much like the corresponding 
spectra in aqueous solution (8), where octahedral hexaquo cations, M(H20)g+, are 
known to exist. However, in several cases, the molar absorptivities (particularly 
those for the divalent cations Co2+ and Ni2+) are considerably greater in molten 
carboxylate media than in aqueous media. This finding regarding the absorptivities 
is consistent with the prior work of Duffy and Ingram (1 ,2) and Bailey et al. (3) on 
TM solutions in both molten and glassy alkali carboxylates. A review of these studies 
and of similar effects in other molten salt systems has been made by Johnson and 
Dickinson (9). A reasonable interpretation of the seemingly anomalous high molar 
absorptivities in terms of bidentate coordination can be made based on a structural 
principle advanced by Cotton and Bergman (10) for polyatomic ligands having two 
or more chemically equivalent binding sites. In the case of oxo ligands, there are 
several reported examples of ML2~ complexes (M =  a divalent 3d cation, L =  a
bidentate coordinated NO3 , SO4” , or CF3COO-  ligand), where two oxygen atoms 
of each L appear to lie within the binding shell of the TM cation, leading to an eight 
coordinated dodecahedral structure (11-13). To a first order of approximation, the 
geometric arrangement may be thought of as a distorted cube with oxygen atoms 
of the ligand occupying the eight corners and the TM cation located in the center 
of the cube. This principle of Cotton and Bergman has been further elaborated on 
by Johnson and Dickinson (9) for molten salt systems, wherein they view the eight-
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coordinated structure as representing a transitive species between octahedral and 
tetrahedral coordination. This bidentate dodecahedral arrangement has no center 
of inversion and, thus, provides an explanation of the high molar absorptivities 
observed for the M L^-type complexes.

It is concluded from the observations of the present work that, to some extent, 
bidentate coordination interactions (of a type leading to loss of center of inversion 
of the complex) probably occur for all of the 3d TMs in molten and giassy carboxy- 
lates. This would explain the consistently higher molar absorptivities compared 
to aqueous media (see Table II). In the case of Cr3+, for example, the observed 
molar absorptivities in carboxylate media are intermediate between those for the 
purely monodentate Cr(H20)g+ complex and the purely bidentate Cr(Ox)3“  com­
plex (see Table II). Additional studies of the energetics of these multidentate com­
plexes, through application of ligand field theory and electrostatic formalisms, could 
shed new light on the details of the complexation interactions.

(7-13 NMR Studies. — The C-13 NMR spectra of Fm” , Ac” , and SCN” in molten 
alkali metal cation environments are much the same as those found for these same 
anions in other solvent media, as far as chemical shifts and coupling constants are 
concerned. Typical spectra recorded at —1508C are shown in Fig. 6. The values of 
the coupling constants observed in our work for the Fm”  and Ac”  ions in molten 
alkali halide media are:

for Fm : Jqjj =  —185 Hz 
for Ac” : Jch  =  ~127 Hz 

Jcc =  ~  52 Hz

Spin-lattice relaxation times in the 125->175°C temperature interval ranged from
0.5 to 10 seconds for the carboxyl carbons and from 5 to 30 seconds for the 
thiocyanate carbon. Additions of —0.1 mol% of Ni2+, Co2+, or Mn2+ reduced 
these relaxation times by a factor of —10, —10, and > 1000, respectively. (In the 
case of Mn2+, all resonances were completely broadened out.) The chemical shifts 
measured for the melts containing Co2+ and Ni2+ were not significantly different 
from those for the TM-free melts.

One of the more interesting findings of the C-13 NMR studies of TM-containing 
melts was evidence for two distinguishable Ac”  environments in Ni2+/Ac-02 solu­
tions. Spectra of one such solution, showing the two resonances observed in the 
carboxyl region and the effect of temperature on their chemical shift difference, 6, 
are presented in Fig. 7. A plot of 6 versus reciprocal Kelvin temperature is given in 
Fig. 8. The slope of the Arrhenius plot yields an activation energy of —6.6 kcal/mol 
for the apparent exchange reaction. For Ni2+ in weak ligand fields, the d8 system 
tends to have crystal field activation energies that range from 2.0 Dq for Sjy.1 reac­
tions to 4.26 Dq for S^ 2  reactions (14). Typical values of Dq for Ni2+ coordinated 
by oxo ligands are around 850 cm” 1; hence, the expected activation energies for 
Sjyl and Sjy2 reactions would be —4.9 kcal/mol and —10.4 kcal/mol, respectively 
(1000 cm” 1 =  2.86 kcal/mol). The observation of an activation energy in the range
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expected for S^/T or S^ 2  reactions suggests that the process giving rise to the 
results in Figs. 7 and 8 may involve exchange of “free” and “coordinated” Ac~ ions 
around the Ni2+ cation.

Further useful insights concerning the structure of molten carboxylates were 
obtained from C-13 spin-lattice relaxation, 7\, experiments on the pure (TM-free) 
eutectics. Results for the Fm”  and Ac“ carboxyl carbons in Ac-02 and Fm-01 are 
presented as a semi-log plot of T\ versus reciprocal Kelvin temperature in Fig. 9. 
(The corrections for the nuclear Overhauser effect due to the formyl proton in the 
case of Fm-01 melts is illustrated in the figure.) Literature data for formic and 
acetic acid (15,16) are also shown in Fig. 9 for purposes of comparison. It is clear 
from the data in Fig. 9 that spin-lattice relaxation in the formate and acetate 
melts is considerably more rapid than in pure liquid formic and acetic acid. The 
interpretation of the T\ data for formic and acetic acid (15) has been that at lower 
temperatures, spin-lattice relaxation of the carboxyl carbon results primarily from 
dipolar coupling with the methyl protons. At higher temperatures, spin-rotation 
interaction of the molecule with its own molecular magnetic moment becomes the 
dominant contributor to relaxation. It so happens (still referring to formic and acetic 
acid) that both mechanisms play a role throughout the temperature range in Fig.
9.

An attempt has been made to analyze the results for the formate and acetate 
melts in Fig. 9 on the basis of existing theories and formalisms for C-13 relaxation. 
The relationship that best fits the data is one based on dipolar coupling of the C-13 
nucleus with a second spin system. This second spin system could be (i) the protons 
present in each anion; (ii) the quadrapolar ^N a, 39K, and/or 41K nuclei (all with 
nuclear spin equal to 3/2); or (iii) a paramagnetic impurity in the melt. Although 
the latter possibility can not be completely eliminated, it is rather unlikely; hence, 
the remainder of this discussion will center on the concept of dipolar relaxation 
due to coupling with another nucleus. As this process is generally controlled by the 
rotational motion of one nucleus with respect to the other, the equations derived 
by Abragam (17) for the correlation of relaxation with rotation can be applied. 
Without including all of the details, T\ can be related to the rotational correlation 
time, r, as follows:

j r  =  C0 r (2)

where C0 is a term that includes geometric and magnetogyric parameters, which 
are independent of temperature and which may be looked up in Refs. (7) and (17). 
Several other useful relationships that are somewhat approximate in the context of 
this analysis are

r =  T0 exp{Qr/R T) =  (3)

kT
n =  v0exp(Qr,/RT) =  WF- D (4)

2
D =  D0exp(-QD/R T) =  (5)

365



where 17 and D  are the viscosity and rotational diffusion coefficient, respectively, 
the Qi s are the corresponding activation energies, a is the radius of the rotating 
species (assumed for simplicity to be spherically symmetric), and T is the Kelvin 
temperature. Substitution of Eq. 4 and Eq. 5 into Eq. 2 gives

1 _ _  mexp(Qv/ R T )
Tx ~~ °l k T

Ti =  C2D0ezp(-QD/RT) (7)
where again C\ and C<i are terms incorporating temperature independent parameters. 
From Eqs. 2, 3, 6 , and 7 one sees that a plot of ln[T/Ti] versus 1/T  will yield the ap­
proximate activation energy for viscous flow, Q tj, and that a plot of In T\ versus 1/T  
will yield approximate values for Qp =  Qr. The latter plot is given in Fig. 9 and the 
resulting “activation energies” are listed thereon.

A semi-log plot of T/f\ versus 1/T  for the Ac-03 and Fm-01 data in Fig. 9 is 
given in Fig. 10. These plots correspond to activation energies for viscous flow that 
are on the order of 10 to 11 kcal/mol. Similar studies of the SCN” ion in these 
same melts also gave values of —10 kcal/mol. This range of values is consistent with 
studies of mesophasic carboxylate melts (18), but is 2 to 3 times greater than the 
range for pure acetate melts containing a single alkali cation (19). The interesting 
feature of these results is that the molten carboxylate-thiocyanate melts present an 
opportunity to study nearly pure dipolar coupling, free of the perturbing effects 
of other relaxation mechanisms that crop up in aqueous media and in pure acetic 
and formic acid (15). This is undoubtedly related to the highly ordered viscous 
nature of many carboxylate-containing melts, particularly, near their melting points 
(18,20,21).

C on clus ions

With the exception of Cu2+, all of the 3d TMs appear to have at least one 
oxidation state that is reasonably stable in low-melting alkali metal carboxylate 
eutectics. The ligand field spectra of the stable 3d TM cations in these eutectics 
bear a consistent resemblance to their corresponding spectra in aqueous media, but 
the molar absorptivities are significantly greater than are observed for the hexaquo 
complexes. The absorption spectrophotometric results are interpreted herein as 
being indicative of the existence of bidentate coordination by the carboxylate group 
in some (if not all) cases, leading to noncentrosymmetric complexation geometries.

The apparent existence of distinguishable “coordinated” and “free” Ac” in 
Ni2+-containing melts over the temperature range from 100->180*C suggests that 
the residence time for exchange of “coordinated” and “free” Ac” is relatively 
long. In the case of molten formate-thiocyanate and acetate-thiocyanate melts, the 
finding of (i) rather large activation energies for viscous flow and (ii) a purely dipolar 
coupling mechanism (as derived from spin-lattice relaxation data) seemingly reflects 
the persistence into the molten state of a highly ordered, relatively rigid structure.
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Table I. Composition, melting point, and designation of eutectic 
salts used in the electronic absorption and NMR studies.

Composition Melting
Components® (mol %) Point (®C) Designation

LiAc-NaAc-KAc 32-30-38 -160 Ac-01
CsAc-NaAc-KAc 50-25-25 -9 0 Ac-02
KAc-KSCN 42-58 -130 Ac-03
KFm-KSCN 54-46 -8 0 Fm-01
LiFm-NaF m-KFm 25-25-50 -110 Fm-02

°Ac =  acetate, Fm — formate.

Table II. Ligand field transition energies (in thousands of cm” 1) 
and molar absorptivities for 3d TM cations in selected 
molten carboxylates and in aqueous solution.

Ligand Field Maximum
3d TM Ligand Transition Molar
Cation Medium Energies® Absorptivity6
y3+ Ac-01 (32.8)/23.5*/15.6 25

Ac-02 (31.1)/22.3*/14.9 27
H2Oc (36.0)/25.6*/17.2 8

Cr3+ Ac-02 (34.3)/21.8*/16.3 70
Fm-02 (35.9)/23.5*/17.0 45

(Ox2 -)o? (37.8)/23.6*/17.4 100
H2Oc (37.0)/24.0*/17.0 15

Fe2+ Ac-02 ~8.0* 9
Fm-02 ~9.2* 16
H2Oc ~10.0* 2

Co2+ Ac-02 18.8/17.4*/7.3 200
Fm-02 18.6/17.6*/7.7 50
H2Oc 21.6/19.6*/8.0 5

Ni2+ Ac-02 23.1*/14.7/7.7 50
H2Oc 25.3*/14.5/8.7 5

®Transition energies in parentheses were not observed. They were estimated 
using Tanabe-Sugano diagrams for octahedral complexes (8).

6Molar absorptivity at the peak marked with an ( ) in the column to the left. 
cData taken from reference (8); aq =  aqueous media.
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Fig. 1 . Absorption spectrum of V3+ in Ac-02 at ~150°C.
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Fig. 2. Absorption spectrum of Cr3+ in Ac-02 at ~150°C.

Fig. 3. Absorption spectrum of Fe2-1" in Ac-02 at ~150°C.
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Fig. 4. Absorption spectrum of Co2+ in Ac-02 at ~150°C.

Fig. 5. Absorption spectrum of Ni2+ in Ac-02 at ~150°C.
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ppm versus TMS

Fig. 6. Selected C-13 NMR spectra of formate-thiocyanate (Fm-01), 
acetate (Ac-02), and Co2+ /Ac-02 melts at ~150°C.
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Fig. 7. C-13 NMR spectra of a Ni2+/Ac-02 melt showing the 
frequency region of the carboxyl resonance at two temperatures. 
The black dots mark signals that are due to spinning side-bands.
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Fig. 8. Plot of log S versus 1/T for the Ni2+/Ac-02 melt in Fig. 7, where 
S is the chemical shift difference between the two carboxyl resonances.

374



C
AR

B
O

XY
L 

S
P

IN
-L

A
TT

IC
E

 R
EL

AX
AT

IO
N 

TI
M

E/
s

TEMPERATURE / °C

Fig. 9. Spin-lattice relaxation data for the carboxyl carbon in selected 
formate (Fm-01) and acetate (Ac-03) melts from Table I. Literature data 
for formic acid, acetic acid, and aqueous formates are shown for compar­
ison. NOE=nuclear Overhouser effect, N o/N =the NOE correction factor, 
and F] =  the uncorrected spin-lattice relaxation time.
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Fig. 10. Semi-log plot of T / t \  versus 1/T for the carboxyl carbon 
in Fm-01 and Ac-03 melts, using data from Fig. 9.
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ON THE THERMODYNAMIC CHARACTERISTICS OP WATER IN 
HYDRATED MELTS OP MAGNESIUM CHLORIDE

H .-H . Emons, W. V o ig t and P .-W . W ollny
S e k t io n  C hem ie, B ergakadem ie  P r e ib e r g  

DDR-9200 P r e ib e r g ,  German D em o cra tic  R e p u b lic

An a p p a r a tu s  f o r  v a p o u r p r e s s u r e  m easu rem en ts  by a  
s t a t i c  m ethod had  b een  d e v e lo p e d , w h ich  a l lo w s  one to  
exam ine v e ry  c o r r o s iv e  sy s te m s  up to  te m p e ra tu re s  
o f  523 K. The b in a r y  sy s tem  M g C ^ -^ O  c o n ta in in g  
betw een  4-8  m oles o f  w a te r  p e r  m ole MgCl2 was i n ­
v e s t i g a t e d .  The a c t i v i t i e s  and e n th a lp i e s  o f  vapo­
r i z a t i o n  o f  w a te r  a r e  p r e s e n te d  and i n t e r p r e t e d  in  
c o n n e c tio n  w i th  th e  t r a n s i t i o n  " c o n c e n t r a te d  e l e c ­
t r o l y t e  s o l u t i o n  -  m o lte n  h y d ra te  -  m o lte n  s a l t " .
P o r t r e a t i n g  th e  d a ta  q u a n t i t a t i v e l y  th e  a p p l i c a -  
b i l l i t y  o f  th e  B .E .T . e q u a t io n  i s  t e s t e d  and  d i s ­
c u s s e d .

In  r e c e n t  y e a r s  g r e a t e r  e f f o r t s  have been  made to  s tu d y  
u n ifo rm ly  th e  therm odynam ic p r o p e r t i e s  o f  s a l t - w a t e r -  
sy s te m s  o v e r  th e  e n t i r e  c o n c e n tr a t io n  r a n g e , from  d i ­
l u t e  s o l u t i o n s  to  m o lten  s a l t s  /1  /  . W ith in  t h i s  co n ­
c e n t r a t i o n  s c a l e  th e  c o m p o s itio n  ra n g e  o f  th e  h y d r a te d  
m e lts  p la y s  a  key r o l e  i n  th e  d eve lopm en t o f  a p p r o p r i a t e  
t h e o r i e s .  The c o n c e n t r a t io n  ra n g e  w i th  w a te r  c o n te n t s  in  
which, o n ly  th e  s t r o n g e s t  h y d r a t in g  io n s  can form  
th e  f i r s t  h y d r a t io n  s h e l l  i s  by defin itio n  a "hydrated m elt."  
T h is  s h o u ld  be th e  c a se  f o r  m o la r  w a t e r / s a l t  r a t i o s  b e t ­
ween 4 - 9 .

U n f o r tu n a te ly ,  therm odynam ic p r o p e r t i e s  a t  su c h  
w a te r  c o n te n ts  a r e  known o n ly  f o r  a few  s a l t s  fo rm in g  
low  m e lt in g  h y d ra te s  ( e . g .  Ca(NOo)o> LiNO^, L iC l ) .  In  
g e n e r a l ,  f o r  e x p e r im e n ta l  i n v e s t i g a t i o n s  i n  th e  com posi­
t i o n  ra n g e  o f  h y d ra te d  m e lts , e l e v a te d  te m p e ra tu re s  a r e  
r e q u i r e d  w h ich  c o m p lic a te  p r e c i s e  m easu rem en ts  ow ing to  
th e  e le v a te d  v ap o u r p r e s s u r e  and th e  c o r r o s io n  p ro b le m s .

P o r i n v e s t i g a t i n g  c o r r o s iv e  s a l t  s o lu t i o n s  up to  tem pe­
r a t u r e s  o f  525 K an e x p e r im e n ta l  d e v ic e  f o r  v ap o u r p r e s ­
s u re  m easu rem en ts  b a se d  on th e  s o - c a l l e d  " b i th e r m a l  
m ethod" h a s  been  d e v e lo p e d .

E x p e r im e n ta l

The a p p a r a tu s  ( P ig .  1) c o n s i s t s  o f  two i d e n t i c a l  a u to ­
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c l a v e s ,  one c o n ta in in g  th e  h y d ra te d  m e lt an a  th e  o th e r  one 
f o r  d i s t i l l e d ,  d e g a s se d  w a te r .  The a u to c la v e s  a r e  l o c a ­
te d  in  a lum inium  b lo c k  th e r m o s ta t s  c o n t r o l l e d  in d e p e n d e n t­
ly  w i th in  + 0 .01  K. F o r te m p e ra tu re  m easurem ents, s h ie ld e d  
p la tin u m  r e s i s t a n c e  th e rm o m ete rs  a re  im m ersed in  th e  
m e lt and th e  p u re  w a te r ,  r e s p e c t i v e l y .  Tubes c o n n e c t th e  
a u to c la v e s  w ith  a t h i r d  p r e s s u r e  v e s s e l  c o n ta in in g  a mem­
b ra n e . The tu b e s  and th e  membrane a re  th e rm o s tr a te d  
a t  a te m p e ra tu re  above th e  d e w -p o in t . A ll  p a r t s  in  
c o n ta c t  w ith  th e  m e l t ,  w a te r  o r  v ap o u r p h ase  w ere made 
from  T iPd a l l o y .  O nly th e  membrane c o n s i s t s  o f  a  Cu-Be 
a l l o y  c o a te d  w i th  te m p e ra tu re  r e s i s t a n t  s i l i c o n  r e s i n .

The membrane i s  o n ly  u se d  as  a  z e r o - p o in t  i n d i c a t o r  f o r  
p r e s s u r e  d i f f e r e n c e  b etw een  th e  two a u to c la v e s .  Membrane 
d e fo rm a tio n s  g r e a t e r  th a n  0 . 3 /Um (=  10  Pa s e n s i t i v i t y )  
c o u ld  be d e te c te d  by a d i f f e r e n t i a l  t r a n s f o r m e r :  By v a ­
r y in g  th e  te m p e ra tu re  o f  th e  w a te r  a u to c la v e  th e  membrane 
i s  b ro u g h t in to  ze ro  p o s i t i o n .  E q u il ib r iu m  c o n d i­
t i o n s  w ere assum ed to  be r e a c h e d ,  i f  f o r  a t  l e a s t  two 
h o u rs  th e  p r e s s u r e  d i f f e r e n c e  A  P and th e  d r i f t  in  tem p e- 
r a tu r e A T  w ere w i th in  th e  l i m i t s  o f  A  P + 100 P a ; A T  
+ 0 .0 1  K. Under e q u i l ib r iu m  c o n d i t io n s  th e  v ap o u r p r e s ­
s u re  o f  th e  s o lu t io n  e q u a ls  th e  v ap o u r p r e s s u r e  o f  p u re  
w a te r .  The l a t t e r  was c a l c u l a t e d  from  th e  m easu red  e q u i l i ­
b rium  te m p e ra tu re  by means o f  p-T r e l a t i o n s  f o r  th e  s a t u ­
r a t e d  v ap o u r p r e s s u r e s .

F o r te m p e ra tu re s  o f  up to  373 K th e  r e l a t i o n  from  
GOFF / 2 /  was u se d  and  f o r  h ig h e r  te m p e ra tu re s  th e  r e l a ­
t io n s  p ro p o se d  by SATOH / 3 /  and by WUKALOWITSCH / 4 /  w ere 
a p p l i e d .

T e s t m easu rem en ts w i th  5 m o la l NaCl s o lu t i o n  a g re e d  
w ith  LINDSAY’S r e s u l t s  / 5 /  w i th in  1 %. In  th e  b in a r y  
sy stem  M g C ^ -^ O  th e  v ap o u r p r e s s u r e  was d e te rm in e d  up 
to  513 K. M e lts  w i th  th e  fo l lo w in g  i n i t i a l  c o m p o s itio n s  
w ere i n v e s t i g a t e d :
I  MgCl2 + 8 .0 0 2  H20 IV MgCl2 + 5 .5 0 0  HgO
I I  MgCl2 + 7 .0 0 4  H20 V MgCl2 + 5 .0 0 4  HgO
I I I  MgCl2 + 6 .0 0 4  H20 VI MgCl2 + 4 .6 0 4  HgO
F or th e  p r e p a r a t io n  o f  th e  m e lts  MgCl2 *6H20  was 
d is s o lv e d  in  d i s t i l l e d  w a te r  and th e  s o lu t i o n  was h e ld  a t  
th e  b o i l i n g  p o in t  f o r  one day b e fo re  i t  was f i l t e r e d .  The 
r e c r y s t a l l i z e d  p ro d u c t  was s lo w ly  d r i e d  down to  5 . 5- 4 .0  
m oles H2 O p e r  m ole MgCl2 ? pow dered and a n a ly z e d  f o r  Mg2+ , 
01*" and H2O. The c a l c u l a t e d  w a te r  c o n te n ts  from  th e  d i f ­
f e r e n t  com ponents d e te rm in e d  a g re e d  w i th in  + 0 .0 0 2  m oles
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HpO p e r  m ole MgClg. A f te r  c h a rg in g  th.e a u to c la v e  w ith, an 
e x a c t ly  known amount o f  m agnesium  c h lo r id e  h y d ra te  o f  b e t -  
ween 2 0 0 -2 2 0  g, th e  amount o f  w a te r  n eed ed  was added  and 
th e n  th e  a u to c la v e  was c lo se d *

The r a t i o  o f  v ap o u r p h a se  to  l i q u i d  p h ase  volum e was 
a b o u t 1:1* T h e re fo re  th e  c o n c e n t r a t io n  in c r e a s e  due to  
h e a t in g  up to  th e  h ig h e s t  te m p e ra tu re s  was s m a lle r  th a n
0.257o f o r  m e lt  I  and 0.21% f o r  m e lt  VI.

R e s u l t s  and D is c u s s io n

The vap o u r p r e s s u r e  d a ta  , w hich w ere n o t  c o r ­
r e c t e d  f o r  c o n c e n t r a t io n  i n c r e a s e ,  f u l f i l  th e  s im p le  r e l a ­
t i o n  ln p  = (A /T) + B ( 1 )
w i th in  th e  maximum e x p e r im e n ta l  e r r o r  o f  2 %. The p l o t s  
a r e  shown in  P ig .  2 . By u se  o f  Eq. (1) and th e  w e l l -  
known r e l a t i o n

--- =—  (2)
p *AvVH20

th e  p a r t i a l  m o la r  e n t h a lp i e s  o f  v a p o r i z a t i o n A Q have
been  c a l c u l a t e d .  P o r th e  c o m p u ta tio n  o f  th e  vo lum i d i f f e ­
re n c e  A y Vjj q f o r  th e  g a s  p h ase  volume th e  v i r i a l  eq u a­
t i o n  was u s i d .

*<£)Vh 2°

B.10- Lm3 J
4 .8 1 9 9 1 5 9 .1 0 "

P
2 .9 8 4 0 7 6 3 .10“ 2 + 2 .7108543  T_1 -

T~ 2 -  2 .1 0 8 0 5 6 4 .106 T- 3  + 1 .4117653 108

(3 )

T“4
(4 )

The p a r t i a l  m o la r  volume o f  w a te r  in  th e  m e lt  h a s  o n ly  
a slight in f lu e n c e  on th e  r e s u l t s  and was ta k e n  a s  20  cm-V 
m o le . The r e s u l t s  f o r A y Hg q a r e  g iv e n  in  T ab le  1.
In  P ig .  3, A , r Hw n i s  e x h ib i te d  as a fu n c t io n  o f  th eV H  r \ \ J

m o la r w a t e r / s a l t  r a t i o  Rpj. P o r lo w er s a l t  c o n c e n t r a t io n s  
v a lu e s  from  th e  l i t e r a t u r e  w ere e x t r a p o la t e d  from  2 9 3 -  
363 K to  474 K / 6/ .  Coming from  th e  p u re  w a te r  s id e  th e  
r a p id  i n c r e a s e  o f  th e  c u rv e  b e g in s  a t  ab o u t Rj^ 7  w hich 
m eans, a t  a w a te r  to  c a t io n  r a t i o  w hich i s  n e a r  th e  
h y d ra t io n  number o f  th e  magnesium  c a t io n .
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T ab le  1: The p a r t i a l  m o la r  e n th a lp i e s  o f  v a p o r iz a t io n  o f  
w a te r  in  sy s te m  o f  m agnesium  c h lo r id e - w a te r

%
mole H2 0 

moleMgGl^
HH20

k J

mole 
.____ J

8 .0 0 2 4 3 .8
7 .0 0 4 4 5 .2
6 .0 0 4 4 8 .5
5 .5 0 0 5 1 .5
5 .0 0 0 5 3 .3
4 .6 0 4 5 5 .7

T h is  c l e a r l y  d e m o n s tra te s  th e  t r a n s i t i o n  c h a r a c t e r  o f  th e  
h y d ra te d  m e lts  w ith  respect to the energetics o f .the w ater^salt 
i n t e r a c t i o n s .  S im i la r  c u rv e s  w ere r e p o r te d  f o r  th e  s y ­
stem s (LiNOoj KUO., e u t e c . )  -  HQ0 , L iC l-H Q0 , LiN07 -H Q0 , 
CaCNOOp^HpO a t  te m p e ra tu re s  b e tw een  2 9 8 -3 9 3  K A 7 / .
Only f o r  th e  sy stem  (LiNO~, KNO  ̂ e u te c .  )-HpO th.e cu rv e  
c o u ld  be p l o t t e d  to  th e  p u re  m o lte n  s a l t  ( ^ F ig . 3)* At 
p r e s e n t ,  f o r  th e  MgClp-EUO sy stem , th e  u p p e r  l i m i t  o f  
A v %  o °* m o lte n  s a l t  s id e  can n o t be e s t im a te d
from  tS e  e x p e r im e n ta l  d a t a .

B ased  on th e  v ap o u r p r e s s u r e s  th e  a c t i v i t y  o f  w a te r  
was a l s o  c a l c u l a t e d  t a k in g  i n t o  a c c o u n t th e  r e a l  g as  
c o r r e c t i o n  w i th  th e  seco n d  v i r i a l  c o e f f i c i e n t  o f  
s te a m . W ith  v a lu e s  r a n g in g  betw een  0 .1 0  and  0 .3 8  th e  
a c t i v i t i e s  a r e  v e ry  low i n  t h i s  sy s tem  even a t  h ig h  
te m p e r a tu r e s .  The te m p e ra tu re  dependence  i s  d e m o n s tra te d  
i n  F ig .  4 i n  th e  c o o r d in a te s  ln a  -  1/T .

U sin g  th e  r e l a t i o n

A s  ex
a s h 2o

w ith  f

R I n fh2o

®H20

H,
and  N-

'h2o

1 ^ -^ H L O  \
RT - 2

l 3T /P»x
\

TV
xH20

% 2o
xh9o + 'K x s a l t  *

(5 )  

; £ =  3

th e  p a r t i a l  m o la r  e x c e s s  e n t r o p ie s  f o r  w a te r  A s ^ q w ere 
c a l c u l a t e d .  F o r  th e  c a l c u l a t i o n  o f  th e  t e m p e r a tu r i  s lo p e
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( 9 l n a / 3 T) th e  a c t i v i t y  d a ta  w ere d e r iv e d  from
P j a

l n a  = (A f/T )  + B* ( 6 )
f o r  e x a c t ly  i s o c o n c e n t r a t e d  m e l ts  by in c lu d in g  th e  evapo­
r a t i o n  c o r r e c t io n *  The maximum c o r r e c t i o n s  o f  th e  a c t i v i t y  
w ere o f  th e  o r d e r  o f  2 % and t h e r e f o r e  a  l i n e a r  i n t e r p o l a ­
t i o n  betw een  n e ig h b o u r in g  m e lt  c o m p o s itio n s  was s u f f i c i e n t *

A p l o t  o f  ( A S ® xq/R ) a g a in s t  RH a t  a  te m p e ra tu re  o f
480 K i s  shown in  P ?g . 5 .At f i r s t  we s t a t e  v e ry  h ig h  n eg a ­
t i v e  v a lu e s  i n  co m p ariso n  w i th  f o r  exam ple sodium  c h lo r id e  
s o lu t io n  w i th  ( A  S ^ q/R ) = -0 .0 6  a t  R^ = 7*4 and  th e  same
te m p e ra tu re  /5 /»  T h e^sh a rp  d ro p  o f  th e  e n tro p y  c u rv e  i s  
fo u n d  a g a in  a t  a p p ro x im a te ly  Rtt«*7 , w h ich  means t h a t  th e  
w a te r  m o le c u le s  lo s e  th e  m ost e n tro p y  in  th e  
c o n c e n t r a t io n  ra n g e  o f  h y d r a te d  m e l t s .  Prom th e  s i m i l a r  
b e h a v io u r  o f  th e  e n th a lp y  o f  v a p o r iz a t io n  and th e  p a r t i a l  
m o la r  e x c e s s  e n tro p y  o f  w a te r  i t  can  be co n c lu d ed  t h a t  
th e /A H - A S  c o m p en sa tio n  e f f e c /w e l l - k n o w n  f o r  aq ueous solu­
t io n s  a ls o  h o ld s  f o r  h y d ra te d  m e l t s .  To d e m o n s tra te  t h i s ,  
th e  p a r t i a l  m o la r  e x c e s s  e n th a lp y  and  e n tro p y  o f  w a te r  
w ere p l o t t e d  a g a in s t  e a c h  o th e r  a t  480 K (P ig*  6 ) .  The 
num bers a t  th e  p o in t s  r e f e r  to  th e  num ber o f  th e  m e l t .  
W ith in  th e  c o n c e n t r a t io n  ra n g e  i n v e s t i g a t e d  th e  c u rv e  ex­
h i b i t s  o n ly  a  s m a ll  c u r v a tu r e ,  w h ich  means t h a t  th e  com­
p e n s a t io n  e f f e c t  e x i s t s *  T h is  e f f e c t  may be one re a s o n  f o r  
th e  a p p l i c a b i l i t y  o f  th e  s im p le  BROTAUER-EMMETT-TELLER 
(B .E .T .)  a d s o r p t io n  is o th e rm  to  th e  q u a n t i t a t i v e  d e s c r ip ­
t i o n  o f  a c t i v i t y  d a t a .

A c c o rd in g  to  a  p ro p o s a l  by STOKES and ROBINSON / ? /  th e  
o r i g i n a l  B .E*T. e q u a t io n  was m o d if ie d  f o r  e l e c t r o l y t e  s o lu ­
t i o n s  and in  th e  m ole f r a c t i o n  s c a l e  i t  h a s  th e  fo l lo w in g  
fo rm :

w

w ( 1 _ax )

1 ( c - 1 )

c . r  c . r w (7)

w here a , x  a re  th e  a c t i v i t y  and  m ole f r a c t i o n  o f  w a te r  
and b o th  c and  r  r e p r e s e n t  e m p ir ic a l  p a ra m e te r s .  D e riv e d  
from  t h i s  e q u a tio n  th e  p a ra m e te r  r  g e t s  th e  m ean ing  o f  a  
mean h y d r a t io n  num ber o f  io n s  and c i s  c o n s id e re d  as  a n  
e n e r g e t i c  p a ra m e te r  e x p re s s e d  by

c exp
(E ad

RT
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w ith  th e  d i f f e r e n c e  -  E ^ ) ,  d e f in e d  E ^ i s  th e  h e a t
o f  a d s o r p t io n  f o r  a  m o n o lay er a ro u n d  th e  io n  and Ê . i s  
th e  h e a t  o f  l i q u e f a c t i o n  o f  p u re  w a te r .  By a  more r i g o ­
ro u s  d e r iv a t io n  i t  can be shown t h a t  th e  h e a t s  sh o u ld  be 
r e p la c e d  by th e  c o r r e s p o n d in g  so t h a t  s ta n d a rd  f r e e  energies 
I t  was fo u n d  t h a t  th e  B . E . T .  e q u a t io n  a p p l ie s  w e ll  f o r  
w a te r  a c t i v i t i e s  up to  0 .7  / 9 / • B ecause  o u r  a c t i v i t i e s  
d e te rm in e d  a r e  below  t h i s  v a lu e ,  we f i t t e d  o u r  d a ta  to  
t h i s  e q u a t io n .  In  F ig .  7 th e  a c t i v i t i e s  a r e  p l o t t e d  
a g a in s t  th e  l e f t  h a n d - s id e  e x p re s s io n  o f  ( 7 ) f o r  d i f f e r e n t  
te m p e r a tu r e s .  W ith  a maximum d e v ia t io n  o f  2 -7  %  and  mean 
d e v ia t io n s  o f  1 .5  %  th e  f i t  i s  r e a s o n a b ly  good . The com­
p u te d  p a ra m e te rs  r ,  c and (E ^ -  E^) a r e  l i s t e d  i n  T ab le  2 .

T ab le  2 : The com puted p a ra m e te rs  r ,  c and (E , -  ET ) o f  
th e  B .E .T . e q u a t io n  aCL

I  [k ] r c A  E [^kJ/moleJ

3 9 3 ,1 5 6 .1 0 6 3 4 2 -0 6 5 6 1 2 . 2 2

4 0 3 ,1 5 6 .0 2 8 9 42-7944 12.59
4 1 3 ,1 5 5-8724 3 9 .5740 12 .63
4 2 3 ,1 5 5-7313 41 .4269 13-10
4 3 3 ,1 5  ■ 5-6225 39 .58 26 13-25
4 4 3 ,1 5 5-5525 34 .6848 13-07
4 5 3 ,1 5 5-4650 31 .7281 13-03
4 6 3 ,1 5 5-3790 28 .9843 1 2 -9 6

4 7 3 ,1 5 5-2949 26 .4 2 10 1 2 -8 8

4 8 3 ,1 5 5-2127 24 .0199 12-77
4 9 3 ,1 5 5-1339 21 .7384 12-63

The v a lu e s  o f  r  be tw een  5 .1  -  6 .1  can be a c c e p te d  a s  a 
mean h y d r a t io n  num ber o f  th e  m agnesium  c a t i o n .  The tem pe­
r a t u r e  dependence  a g re e s  w ith  th e  f in d in g s  t h a t  th e  h y ­
d r a t i o n  num ber i s  lo w e re d  a t  h ig h e r  te m p e r a tu r e s .  In  F ig .  
8 t h i s  te n d e n c y  i s  i l l u s t r a t e d .  The c u rv e  in c lu d e s  a 
v a lu e  o f  r ,  which, had  been  e s t im a te d  from  room te m p e ra tu ­
r e  a c t i v i t y  d a ta  / 1 0 / .  A lso  th e  ra n g e  o f  12 -  13 k J /m o le  
f o r  -  (E , -  Ey) i s  c o n s i s t e n t  w ith  i t s  p h y s ic a l  
m e a n in g .aXs e x p e c te d  t h i s  v a lu e  i s  much h ig h e r  th a n  that- 
r e p o r t e d  f o r  th e  c a t i o n s  T l+ , Ag , ( 1 ,3  k J ; ,  Cd2+
(4>0 k J ) ,  and Ca^+ (4  >6 k J )  i n  t h e i r  n i t r a t e s  a t  te m p e ra ­
t u r e s  o f  ab o u t 370 -  400 K / 1 1 / .
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A n o th e r calcu la tion  y i e l d s  th e  te m p e ra tu re  d ependence  o f  
( 1 / c . r ) .  I t  can be shown t h a t  th e  r e l a t i o n

*j c o

c . r  H^O (8)

i s  v a l i d ,  w here ^ 1-1 0 ^he a c t i v i t y  c o e f f i ­
c i e n t  o f  w a te r  in* n 2 u th.e p u re  m o lte n  s a l t ,  F u r th e rm o re , 
from  th e  te m p e ra tu re  dependence  o f  ( 1 / c . r )  th e  e n th a lp y  
o f  v a p o r iz a t io n  ^ f  w a te r  a t  i n f i n i t e  d i l u t i o n  in  th e  
m o lte n  s a l t , A vHpj q, i s  calculable from th e  r e l a t i o n  / 1 2 /

A  h H  n -  A3In(1/c.r) v H20 v HgO
3 0 / T ) RT

(9 )

w here A  vHy q  s ta n d s  f o r  th e  v a p o r iz a t io n  e n th a lp y  o f
p u re  w a t e r . 2By m eans o f  ( 8 ) and  (9 )  from  o u r  d a ta  a  v a lu e  
o f  18 ,3  k J /m o le  had  been  c a l c u l a t e d  f o r  ( A vH ® q -
A  H® 0 ^* ^ a:n&i;ng from  p u re  w a te r  to  th e  p u re  m § lte n  ma­
gnesium  c h lo r id e  th e  e n th a lp y  o f  v a p o r iz a t io n  sh o u ld  
in c r e a s e  by t h i s  am ount. From th e  cu rv e  in  F ig . 3 , t h i s  
in c r e a s e  i s  a p p a re n t ly  to o  s m a ll .  But ta k in g  in to  acc o u n t 
th e  g r e a t  ran g e  o f  c o n c e n t r a t io n  from  R-̂  = 4 .6  to  = 0 , 
th e  r i g h t  o rd e r  o f  m ag n itu d e  i s  in d eed  o b ta in e d .
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Fig# 1 s E x p e r im e n ta l d e v ic e  f o r  v a p o u r p r e s s u r e  m easu re ­
m ents
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1.0-

ina
x

F ig . 4 : The te m p e ra tu re  dependence  o f  th e  a c t i v i t y  o f
w a te r  in  th e  c o o r d in a te s  In  a -  7T (o r i s i n g  and 
•  f a l l i n g  te m p e ra tu re  re g im e )
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P ig .  3 : The p a r t i a l  m o la r  e n th a lp y  o f  v a p o r iz a t io n  in  
dependence  on th e  m o la r  w a t e r / s a l t  r a t i o  R^ 
•our v a l u e s ,  x pAHNE, HUSCHENBETT

P ig .  5 2 The p a r t i a l  m o la r  e x c e s s  e n tro p y  o f  w a te r  in  
dependence  on th e  m o la r  w a t e r / s a l t  r a t i o  rh 
• our v a lu es»o HOLMES, B A E S , MESM ER
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MgCU-HjO

Fig. 3: The partial molar enthalpy of vaporization in 
dependence on the molar water/salt ratio R,.
• our values ? x DAHNE, HUSCHENBETT

dependence on the molar water/salt ratio RH 
• our values, o HOLMES, BAES, MESMER
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480 K

^ig *  6 : The p a r t i a l  m o la r  e x c e s s  e n th a lp y  o f  w a te r
a g a in s t  th e  p a r t i a l  "molar e x c e s s  e n tro p y  o f  w a te r  
a t  480 K
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Pig. 7: The activities of water against the left-hand- 
side expression of equation 7 for different 
temperatures
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6.5-1

Fig. 8: The parameter r of the B.E.T. equation as a 
function of temperature
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THE BEHAVIOR OF WATER IN MOLTEN SALTS

S. H. White and U. M. Twardoch
EIC Laboratories, Inc., Ill Chapel Street, Newton, MA 02158 USA

ABSTRACT

The differing behavior of water equilibrated with 
three separate molten salt solvents is discussed 
with respect to the chemistry of the solutions and 
the electroreductive mechanisms at gold electrodes.

INTRODUCTION

Generally water in molten salts is an undesirable impurity (1,2), 
but in some applications it is introduced into the molten solvent de­
liberately as a solute (as in the new gasification and fuel cell tech­
nologies) . In this paper, the differing chemical and electrochemical 
behavior of water will be discussed on the basis of new data obtained 
for three different solvent systems in which water either (l)dissolves 
as a simple solute and obeys Henry*s law as is the case for sodium 
nitrate-potassium nitrate mixtures (3-5), or (2)causes hydrolysis of 
the molten solvent as is the case for alkali metal carbonates and 
sulfates. The chemistry and electrochemistry of water has generated 
considerable discussion of late, and these new results should help to 
resolve some of the apparent anomalies implied in the earlier studies 
(1-5).

EXPERIMENTAL

The preparation of the melts, the experimental cells, electrode 
design, and procedures were similar to those described previously 
(5-8), except that in the molten carbonate work the gas reference 
electrode:

Au /pCq 2 (0.667), Pq 2 (0.333)//ternary carbonate eutectic

was employed. Gold working electrodes were used in all the measure­
ments. The studies were conducted in the temperature range 250 to 
560°C. The water partial pressure was maintained within the range 5 
to 50 torr.

RESULTS AND DISCUSSION

Water in the Equimolar Sodium Nitrate-Potassium Nitrate Mixture.
The behavior of water in this mixture has been studied at temperatures 
between 250 and 525°C equilibrated with water partial pressures between 
5 and 50 torr. under these conditions water can be reversibly taken 
up or removed from the melts. No electrochemical evidence for hydrolytic 
reactions was found (loc.cit.).
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Typical cyclic voltammograms for the reduction of water are illus­
trated in Figure 1. Only a single peak was observed on the first 
cathodic scan (for scan rates between 0.02 to 3.0 V/sec). On the 
reverse scan, the oxidation peak which can be related to the reoxida­
tion process is absent in the potential region normally expected for a 
simple reversible electrochemical reaction. However, as the reverse 
scan continues, an anodic peak (Z) is observed at more anodic poten­
tials, and on the subsequent cathodic cycle, a corresponding peak (Y). 
The features of the voltammograms at the more anodic region (around 
-0.5V) show dependence on the scan rate. At high scan rates, the 
peaks (labeled Y and Z in Figure 1) split into two components.

The cathodic peak current function, ipV”i (peak X), is dependent 
on the scan rate. It is larger at low scan rates and decreased to a 
constant value at high scan rates. This dependence is most marked at 
a temperature around 300°C. At temperatures greater than 350°C, and 
around 250°C, the peak current function is rather independent of the 
scan rate. The cathodic peak current (at constant scan rate, at which 
the peak current function is independent of scan rate) is proportional 
to the water partial pressure (5) . The potential of the cathodic peak 
(X) Ep, shifts cathodically as the scan rate is increased. There is 
also a cathodic shift in the peak with increase in the water vapor 
pressure. The difference between half peak and peak potential shows 
a weak dependence on the experimental parameters such as scan rate and 
partial pressures of water. Generally, the values are less than 
2.2RT/F but larger than 2.2RT/2F.

The above results, particularly the absence of a reverse anodic 
peak related to the primary cathodic peak (X) and the appearance of 
the redox system (Y/Z) in the much more anodic potential regions, 
imply that chemical reactions may be coupled to the electrochemical 
process involved. The enhancement of the current function (more than 
20%) is bigger than expected even for a second order following reaction 
(chi changes from 0.446 to 0.527) (9,10). These facts indicate the in­
volvement of an ECE mechanism. The enhanced current function and the 
wide separation of peaks (X) and (Z) are consistent with the presence 
of a chemical reaction, the product from which is more easily reduced 
than the water, E2 > E^. It should be emphasized that the strong ca­
thodic shift of the peak potential Ep (X) with increasing partial 
pressure of water (3RT/Flnpn2o) indicates that a second order catalytic 
reaction cc

2RED + Z t OX + Product (1)

interferes in the overall process. Furthermore, it is concluded from 
these experimental data that both schemes, EiCE2 and E^Cc , act simul­
taneously (11,12). The experimental conditions such as scan rate, 
water concentration and temperature will determine which of the reac­
tion pathways predominate in the overall process.
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The results at 230°C of the massive electrolysis of water contain­
ing melts (12 torr ) at platinum cathodes showed that the ratio of 
hydroxide/nitrate was 2.381, and some gaseous product, thought to be 
hydrogen, was observed at the cathode (4). On the other hand, at 
350°C with melts equilibrated at "very low water contents" (4), this 
ratio was reported to be 2.000 (4,13) but 2.20 at 227°C (14) , and no 
hydrogen was detected in the supernatant argon by mass spectrometry. 
Zambonin et ah. (4) interpreted their results in terms of two parallel 
reactions occurring simultaneously and corresponding to the two overall 
reactions:

H20 + N03" + 2e £ N02" + 20H” (2)

H20 + e t *H2 + OH" (3)

The results of Geckle and Jordan (13,14) at 350°C are consistent with 
reaction (2). Since the publication of these results, some controver­
sial discussions of the water reduction mechanisms has occurred (see 
Ref. 15). These observations can be accommodated by the "ECE" mech­
anism presented here.

El
C

E2

T  -t-nou
Path I^/
N03" + H -*■ N02~ + OH

Path II

2H(H2) + N03" t N02" + H2i 

^OH + e t OH"

(4)

(5)

(6)

(7)

Although it had been implied that reaction (6) only occurs at higher 
temperatures (16), it was also suggested that such a reaction is cata­
lyzed by precious metals and nitrite ions (17,18). In the present work, 
the strong influence of water concentration is undeniable and it is con­
cluded that this reaction is significant, certainly at the electrode 
surface, even at lower temperatures. In addition, the melts used in 
these studies were carefully purified (NO2 treatment) but because of 
the equilibrium

N03" t N02“ + i02 (8)

always contained some nitrite ions. The nitrite ion content was at the 
level predicted from the results of Nissen (19) even under inert argon 
gas, but three orders of magnitude greater (see Table 1) than that 
reported by Zambonin for his melts (15). The apparent inconsistencies 
between the results obtained for the electrolysis experiments discussed 
above can be explained simply in terms of the proposed new mechanism, 
and the influence of the water to nitrite ratios which would have been 
significantly different in the two sets of experimental conditions 
employed. For example, in Zambonin's experiments (230°C), the ratio 
H20/NC>2" was around 50,000 compared to that estimated for Geckle' s
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experiments (350°C) where the H20/N02~ ratio is unity. The influence 
of the reaction pathways can clearly be seen to depend on the experi­
mental conditions and the proposal that different overall reactions are 
necessary is superfluous in the light of the newly proposed mechanism.

Water in the Ternary Alkali Metal Carbonate Eutectic Mixture. The 
interaction of water with molten ternary alkali metal carbonate eutectic 
mixture at 460°C was studied over the range of water partial pressure 
from 5 to 50 torr. Figure 2 illustrates the cyclic voltammograms 
acquired when the carbonate melt was equilibrated with a water-argon 
atmosphere. Only one cathodic peak (X) appears but two anodic peaks 
(Y,Z) are seen. The anodic peak (Y) grows at the expense of peak (Z) 
as the scan rate is increased. Peak (Z) is most prominent at the 
lowest scan rates, shifting anodic with increasing scan rate. The 
cathodic peak current function ipV“  ̂ shows a marked enhancement as the 
scan rate is lowered below 1.0 V/sec (Figure 3). The peak (X) moves in 
the cathodic direction with increasing scan rate, becoming independent 
of this latter parameter at its higher values. At a given scan rate, 
the peak potential Ep (X) shifts anodically with increasing partial 
pressure of water and reaches a limiting value of Ph 20 around 32-39 torr, 
Figure 4. The cathodic half peak width Ep/2-Ep is constant (independent 
of scan rate and water partial pressure) and equal to 107 ± 7 mV. The 
peak separation Ep(Y)-Ep (X), which is equal to 139 ± 8 mV, is independ­
ent of the partial pressure of water and scan rate. The ratio ip/ip 
depends on the scan rate and the partial pressure of water, tending to 
unity as these variables are increased.

From these results, it is concluded that the charge transfer proc­
ess is followed by an irreversible dimerization reaction. At scan 
rates lower than 0.5 V/sec, the effect of a preceding reaction is 
sensed, since the magnitude of the change in the peak current function 
is considerably greater than that expected for a following irreversible 
iimerization reaction.

These observations require some consideration of the solution 
chemistry involving water. The following experiments were carried 
out to aid in the resolution of this problem. Potassium hydroxide 
was added to the pure melt equilibrated with dry argon. No electro­
chemical response within the electrochemical window for the melt was 
observed. In addition, no change in the cyclic voltammograms obtained 
under wet argon was detected when potassium hydroxide was added to the 
wet melt. From these results, it is concluded that the hydroxide ions 
are electroinactive on gold and/or the solubility of this compound is 
limited at this temperature. Indirect evidence for the formation of 
hydroxide ions in the water containing melts was obtained in the 
following manner. The melt was equilibrated with wet argon until the 
stable "water response" was confirmed. At this time, dry argon re­
placed the original equilibrating gas and the cell was purged for about 
12 hours until the initial melt background was obtained. When carbon 
dioxide was then substituted for the dry argon, the "water response"
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redeveloped, the peak current passing through a maximum before the 
profile decayed to the initial background. No peak in these final 
cyclic voltammograms could be seen, showing that the carbon dioxide 
reduction was insignificant at this condition.

These results can be explained with the following model for the 
solution chemistry and electrochemistry. Water, when equilibrated 
with the melt, undergoes a reaction with carbonate ions to form bi­
carbonate and hydroxide ions in accord with the reaction:

H20 + CO3-2 t HC03“ + 0H“ (9)

precipitating the hydroxide ions from solution. (The cathodic peak 
current at scan rates greater than 1 V/sec is proportional to the water 
partial pressure, thus supporting this stoichiometry under these condi­
tions.) In the presence of dry argon, the bicarbonate ions decompose 
essentially by the process:

2HCO3- t C02 + H20 + CO3" (10)

On passing carbon dioxide, the reformation of bicarbonate ions then 
occurs by the reaction:

0H“ + CO2 t HC03“ (11)

HCO - ultimately decomposes via reaction (10) . Further support for reac­
tions (9) and (11) was obtained by introducing carbon dioxide into the 
wet argon stream. At any partial pressure of water, this caused an 
increase in the "water response" peak (X). In the cases where the 
atmosphere was rich in carbon dioxide (>75%) and at a fixed EC02' the 
peak current of peak (X) was proportional to the square root of water 
partial pressure (20). The electroreduction thus involves bicarbonate 
ions, followed by the chemical dimerization of the hydrogen atoms to 
form molecular hydrogen:

HC03“ + e t H + CO3" (12)

2H -* H2 (13)

The anodic peak (Z) in the region -0.8 to -1.0V arises from the oxida­
tion of this molecular hydrogen. Independent measurements of the 
oxidation of hydrogen (1 atm) in this melt showed a similar peak in 
this potential region whose characteristics with regard to the scan rate 
(anodic shift of 112 mV per decade of the scan rate (logio)) were re­
markably close to the shifts observed for peak (Z).

Water in the Ternary Alkali Metal Sulfate Eutectic Mixture. The 
results for the alkali metal nitrate and carbonate solvents contrast 
the interaction of the water with the molten salt, the latter melt 
emphasizing the possibility of hydrolytic reactions. Since the
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interaction of the proton with sulfate ions can occur to form stable 
bisulfate ions, it was anticipated for the water-sulfate system that 
reactions akin to that of (9) and (10) may take place under wet atmos­
pheres. The identification of hydroxide and oxide ions is important 
in resolving such reaction schemes. Figure 5 shows partial cyclic 
voltammograms for the oxidation of hydroxide ions introduced into the 
melt by adding lithium hydroxide at two different concentrations. The 
half-peak potential indicates that the position of the peak is in the 
region 0.0 versus the silver reference and shifts cathodic with increas­
ing concentration. This oxidation is considerably more anodic than that 
for oxide ion as can be seen in Figure 6. When water is introduced in 
the argon stream, the voltammograms in Figure 7 were obtained with the 
scan direction first anodic (7a) and then cathodic (7b). The measure­
ments show that hydroxide ions are formed under the experimental con­
ditions, the major anodic peak being shifted because of the concentra­
tion effect pointed out above, and the cathodic response is again due 
to the reduction of complexed hydrogen ions. The details of these 
processes are currently being investigated, but it suffices to say here 
that the chemistry is considerably more involved than in the previous 
melts because of the numerous sulfur derivatives that are possible in 
these systems.
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TABLE 1
NITRITE CONTENT IN BINARY KN03-NaN03 MIXTURE FOLLOWING 

_______________DIFFERENT PURIFICATION TREATMENTS_______________
Nitrite Concentration (molAg)

Method of Temperature ______Literature
Preparation °C_____  This Work [19] [15]

N03 treatment, 230 2.02-10”4 0.32-10-4
ACS material, 260 3.39-10”4 1.25-10-4
Recrystallized 300 5.36-10"4 5.73-10-4
Vacuum treatment 
Ultrapure/ 
Puratronic material

300 25.90-10-4 5.73-10-4

0 .0021-10"4

E/V vs. Ag/Ag+ 0.07m REFERENCE ELECTRODE

Fig. 1. Cyclic voltammograms for the reduction of 
water on a gold electrode in molten KN03-NaN03 
(50 mol%) at 295°C; Ph 20 = 10*2 mm Hg. Scan rate: 
a = 0.05V/sec; b = IV/sec.
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Scan Rate

REFERENCE ELECTRODE

Fig. 2. Cyclic voltammograms acquired 
at a gold electrode for the ternary 
alkali carbonate eutectic at 460°C 
equilibrated with water (pe^ O  - 17.1 
mm Hg) - argon atmosphere.

vs. scan rate for the reduction process at 465°C in molten 
ternary carbonate under H20-Ar atmosphere at gold electrode 
(0.52 cm2) at different partial pressures of H2O.
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Jtnv, V  sec 1
Fig. 4. Plot of the half peak potential (E^/2) vs. 
logarithm of scan rate for the cathodic reduction 
process in molten ternary carbonate eutectic under 
H20-Ar atmosphere at gold electrode at 465°C. Ep/2 
vs. reference electrode CO2/O2 (25%/75%).

REFERENCE ELECTRODE

Fig. 5. Cyclic voltammograms acquired on a gold 
electrode (0.34 cm2) for the oxidation of hydr­
oxide ions (concentrations: a = 2.8*10”2 mol kg“l, 
b = 8.8*10“3 mol kg-1) in the ternary alkali metal 
sulfate eutectic at 560°C. Scan rate = iV/sec.
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Fig. 6. Cyclic voltammograms 
acquired at a gold electrode 
(0.34 cm2)in the ternary alkali 
metal sulfate eutectic at 560°C. 
Scan rate = lV/sec under the 
following conditions: a) wet 
argon, pi^O = 21.85 mm Hg? b) 
dry argon and addition of 
lithium hydroxide, Cq h ” =
8.8* 10“3 molAg; c) dry argon 
and addition of lithium oxide, 
C02- = 1.768*10-2 mol/kg*

REFERENCE ELECTRODE
Fig. 7. Cyclic voltammograms ac­
quired on a gold electrode (0.34 cm2) 
for the ternary alkali metal sulfate 
eutectic equilibrated with the water 
(pH o ® 21.85 mm Hg) argon atmosphere 
at 560°C; scan rate = IV/sec. Ini­
tial scan direction: a = anodic; 
b = cathodic.
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ABSTRACT

Measurements of the physical properties of hydrate melts 
have been made on only a very limited number of systems, 
mainly because few systems exist in the liquid state at 
temperatures below 200°C. Such data are needed to test 
generalized models proposed for electrolyte-water solutions. 
This paper reports the results of a vapor pressure study on 
hydrate melts containing a mixture of lithium nitrate and 
alkali nitrites over the concentration range 0.05-1.7 mol 
H20/mol cation at five temperatures between 110° and 150°C. 
The system is attractive because it exists in the liquid 
state over the whole range of composition from molten salt 
to pure water at temperatures above 110°C and is suitable 
for extending the vapor pressure measurements into the 
transition region where the electrolyte and water mole 
fractions are approximately equal. The vapor pressure 
obeys Henry's Law over the range 0-1 mol H20/mol cation; 
the same behavior was observed for hydrate melts contain­
ing LiNO^-KNC^. The results are discussed in light of the 
trends observed for the other hydrate melt systems already 
studied.

Introduction

Progress towards a general understanding of solutions containing 
electrolytes and water has been inhibited by a lack of information on 
hydrate melt systems, i.e., those solutions of electrolytes and water 
with insufficient water to complete the hydration sheaths of the ions. 
A major factor contributing to this state of affairs is the apparent 
existence of only a few hydrate melt systems at temperatures below 
200°C, which severely limits the number of melt compositions access­
ible to experimental study. To date, only the systems LiN03-KN03~H20 
(1, 2, 3) and AgNO^-TlNC^-^O (4, 5) have been studied over the entire 
range of composition from molten salt to dilute solutions of electro­
lytes in water. Recently, hydrate melts containing alkali nitrates 
and nitrites were identified (6) which exist in the liquid state at 
temperatures as low as 90°C over the whole range of electrolyte-water 
composition. This paper reports the results of a transpiration vapor 
pressure study on hydrate melts containing a specific composition of 
LiN03-KNC>2-NaN02 which is intended as the first in a series of inves­
tigations on this newly identified class of hydrate melts.
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Experimental

The lithium nitrate, potassium nitrite and sodium nitrite were 
purchased from Alpha Products Co. and were used without further puri­
fication. The LiNO^ was dried for 24 hours at 150°C and the alkali 
nitrites were dried a minimum of 48 hours at 85°C. The salt mixture 
consisted of 0.5199 mol LiNO^/mol cation, 0.1684 mol KNC^/mol cation 
and 0.3117 mol NaNC^/mol cation, corresponding to approximately 50% 
LiN03, 20% KNC>2 / and 30% NaNC>2 by weight. Mixtures for study were 
prepared by direct weighing of the compounds into a beaker, mixing, 
and then transferring the mixture to the transpiration cell. Water 
was added by difference weighing using a gas tight syringe fitted with 
a metal stopcork and a long, large bore needle.

The water vapor pressures were measured by a differential tran­
spiration method, which has been previously described (1, 3), at five 
temperatures between 110° and 150°C and over the concentration range
0.05 to 1.7 mol H20/mol cation. The estimated uncertainty in the 
vapor pressures due to the measurement of pressure, temperature and 
water masses was ±1 torr. The observed reproducibility of the vapor 
pressures obtained from this and earlier studies was ±1 torr.

Results and Discussion

Table I summarizes the vapor pressures of hydrate melts contain­
ing .52 LiN03-.17 KN02~.31 NaN02 at 110.00°, 118.76°, 129.51°, 139.61° 
and 149.51°C. These results were calculated from the directly meas­
ured pressures and drying tube mass gains by the procedure previously 
described (1, 3) which includes corrections for the deviations of the 
water and carrier gas mixtures from ideality, solubility ofthe carrier 
gas (nitrogen) in the melt and the Poynting effect. Each value of the 
vapor pressure listed is the average of two runs at the specified water 
concentration and temperature.

The water fugacities listed in Table I were calculated from the 
equation

f  = P exp(Bp/RT)
where p is the vapor pressure, and B is the second virial coefficient 
of water. The water activities were calculated from aw = f/fQ where 
f Q is the fugacity of pure water.

Figure 1 summarizes the results in terms of vapor pressure as a 
function of water mole ratio, RH (mol I^O/mol cation). The LiNO^- 
(K,Na)N02 system exhibits the same linear dependence of vapor pressure 
on water mole ratio found for the (Li,K)N03 system (1). This Henry's 
law behavior was also observed for (Li,K)N03 hydrate melts containing 
D20 (2).
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The vapor pressures of the LiNO-j- (K,Na) N02 system at 110°C devi­
ate from linear dependence on Rjj at water concentrations greater than 
about 1.2 mol H20/mol cation. This behavior is consistent with the 
infinite upper limit of the water mole ratio and the trend of the com­
bined water activities for the (Li,K)N03 system obtained from a vapor 
pressure study (1) and an isopiestic study (7). The region of the 
nonlinear dependence of vapor pressure begins at a point where the 
system is in transition from one where water is the solute to one 
where water is the solvent. One of the attractive features of the 
LiN03-(K,Na)N02 system is that the magnitude of the vapor pressure 
allows for measurement by the differential transpiration method, 
through this water solute to solvent transition region.

The Henry's law constants, KH = lim (//%) listed in Table II
rh-*o

were obtained by least squares fitting of an equation of the form 
jf=K*RH to the fugacity data at each temperature. At 110°C, only the 
data below 1.2 mol H20/mol cation were used to evaluate a Henry's Law

Table II

Henry's Law Constants for the System 
0.52 LiN03-0.17 KN02-0.31 NaN02-H20

Temperature Henry Law
°C Constant

110.00
118.76
129.51 
139.61
149.51

212.8
292.5
408.9
578.2
761.3

constant. The temperature dependence of the Henry's Law constant 
yields an average enthalpy of vaporization of water from the melt of 
10.4 Kcal/mol over the temperature range 110°-150°C. The enthalpy of 
vaporization of water from (Li,K)N03 melts over the same temperature 
range is also 10.4 Kcal/mol (1). The enthalpy of vaporization of pure 
water at 135°C is 9.3 Kcal/mol (8).

Figure 2 summarizes water activities for several hydrate melt 
systems as a function of water mole fraction. The solid line repre­
sents the behavior of systems which obey Raoult's Law. Figure 3 
summarizes vapor pressures for several hydrate melt systems, including 
preliminary data on the system LiN03-KN02-H20 at 129.51°C, as a func­
tion of water mole ratio.

Two related significant trends are apparent from the summaries. 
The (Ag,Tl)N03 system exhibits positive deviations from Raoult's Law 
and does not have a linear dependence of the vapor pressure on the 
water mole ratio. By contrast, the other hydrate melt systems show
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negative deviations from Raoult's Law and a linear dependence of the 
vapor pressure on the water mole ratio at concentrations less than 
RH = 1. A difference between the (Ag/TIJNO^ system and the systems 
showing negative deviations from Raoult's Law is the absence of a 
strongly hydrated cation in (Ag,Tl)N03 hydrate melts (4). It appears 
that the presence of a strongly hydrated cation like Li+ causes a 
hydrate melt system to have negative deviations from Raoult's Law and 
a region of linear dependence of the vapor pressure on the water mole 
ratio. Further evidence for the influence of the presence of a 
strongly hydrated cation on the vapor pressure and water activity 
behavior of hydrate melts is revealed by the (Ag,Tl,Ca)N03 system (5) 
which contains the strongly hydrated calcium ion and shows negative 
deviations from Raoult's Law and a linear dependence of the vapor 
pressure on the water mole ratio.
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TABLE I

Vapor Pressures, fugacities and activities for 
the system .52LiN03 -.17KNC>2 -.3lNaN02

110.00°C

Vapor
Pressure

% Torr Fugacity Activity

0.5451 115.3 115.1 .1091
0.5466 113.8 113.6 .1077
0.5678 121.7 121.5 .1151
0.6105 130.2 129.9 .1231
0.6437 138.0 137.7 .1305
0.6601 142.2 141.8 .1344
0.7308 157.5 157.1 .1488
0.7536 161.0 160.6 .1521
0.7786 166.6 166.2 .1575
0.8367 178.9 177.9 .1691
0.8515 182.9 181.3 .1718
0.9270 197.2 196.5 .1862
0.9334 198.0 197.3 .1870
1.0046 212.6 211.8 .2007
1.0236 221.1 220.2 .2087
1.0443 221.8 221.0 .2094
1.0533 226.4 225.5 .2137
1.1287 240.9 239.9 .2274
1.1713 248.8 247.8 .2348
1.2405 263.2 262.0 .2482
1.2855 269. 9 268.7 .2546
1.2986 273.0 271.7 .2574
1.3525 282.0 280.6 .2659
1.3875 287.7 286.3 .2713
1.3939 290.8 289.4 .2742
1.5127 312.2 310.5 .2942
1.6140 327.2 325.4 .3084
1.7163 343.0 341.1 .3232

118.76°C

0.2598 74.3 74.2 .05296
0.3139 91.9 90.8 .06582
0.3551 102.2 102.0 .07284
0.4052 117.7 117.5 .08485
0.4711 138.1 137.8 .09838
0.4967 144.7 144.4 .1031
0.5660 167.1 166.7 .1190
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TABLE I Continued

Vapor
Pressure

rh Torr Fugacity Activity

0.5900 171.8 171.4 .1223
0.6546 192.8 192.3 .1373
0.6924 203.9 203.3 .1451
0.7511 222.2 221.5 .1581

129.51°C

0.0947 38.2 38.2 .01964
0.1724 70.1 70.0 .03604
0.1727 69.8 69.7 .03589
0.2631 108.7 108.5 .05585
0.2745 111.7 111.5 .05738
0.3477 144.7 144.4 .07433
0.3723 151.5 151.2 .07780
0.4526 186.8 186.3 .09590
0.4739 193.7 193.2 .09944
0.5727 234.3 233.6 .1202

139.61°C

0.0679 41.9 41.9 .01615
0.1089 64.1 64.1 .02469
0.1622 93.4 93.3 .03594
0.2007 115.1 115.0 .04431
0.2579 147.7 147.4 .05681
0.2865 164.6 164.3 .06332
0.3580 210.3 209.8 .08084
0.3778 218.1 217.5 .08383
0.4759 276.8 275.9 .1064

149.51°C

0.0626 46.2 46.2 .01365
0.0664 50.0 50.0 .01480
0.1293 98.1 98.0 .02898
0.1439 109.1 109.0 .03223
0.1953 148.2 147.9 .04376
0.2108 161.3 161.0 .04764
0.2696 207.9 207.5 .06136
0.2895 220.6 220.0 .06509
0.3494 266.0 265.2 .07847
0.3598 275.2 274.3 .08116
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Figure 1. Vapor pressures for the system 
.52 LiNO^-.17KN02-.31NaN02 at five tempera­
tures.

Figure 2. Water activity vs. water mole 
fraction for several hydrate melt systems.
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Figure 3. Vapor pressure vs. water mole 
ratio for several hydrate melt systems.
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VAPOUR PRESSURES AND THERMODYNAMICS OF MOLTEN HALIDE
MIXTURES

H.-H. Emons and IV. Horlbeck
Sektion Chemie, Bergakademie Freiberg 

DDR-0200 Freiberg, German Democratic Republic
ABSTRACT

Vapour pressure measurements by the Knudsen effusion me­
thod in combination with high-temperature mass spectrome­
try were used to obtain thermodynamic activity data of 
molten mixtures alkaline earth halide-alkali halide. The 
gas phase over these mixtures contains molecules of the 
pure halides as well as heterocomplexes. Using the experi­
mental results of vapour pressure measurements, thermo-  ̂
dynamic parameters were calculated. The dependence of GL 
on the kind of cations or anions supports our assump­

tion about the structure of molten salt mixtures, derived 
by other physico-chemical properties.

In the last 15 years binary charge-unsymmetrica1 mol­
ten mixtures of the type alkali halide-alkaline earth ha­
lides were systematically studied in our laboratory. Such 
physico-chemical properties as phase diagrams, molar vo­
lumes, transference numbers, and molar electrical conduc­
tivities were measured. The last of these methods, measu­
rement of electrical conductivities, was tested in the 
Molten Salts Standard Program organized by the Molten 
Salts Data Center.

In connection with the other methods vapour pressure 
measurements by the Knudsen effusion method in combina­
tion with high-temperature mass spectrometry were carried 
out to determine thermodynamic and transport properties 
of molten salt mixtures. In this way it should be possib­
le to obtain information on the structure of melts.

Data on vapour pressures of bromide and iodide mixtu­
res could not be found in literature. The systems calcium 
chloride-alkali chloride were studied by TOPOR et al (1) 
at higher temperatures using the quasi-static Rodebush- 
Dixon method. Vapour pressure data for the systems stron­
tium chloride-sodium chloride, strontium chloride-potas­
sium chloride (2) and barium chloride-cesium chloride (3) 
are published by KUSHKIN et al and SMIRNOV and co-workers, 
respectively.
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By the classical Knudsen effusion method vapour pres­
sures of binary chloride and bromide mixtures oT calcium, 
strontium, and barium with sodium, potassium, rubidium, 
and cesium were measured (4, 5). A direct comparison be­
tween literature values and our own vapour pressures of 
chloride mixtures shows a good agreement.

Exper imenta1
Vapour pressure p can be calculated by the Knudsen 

equation -j

p = riTT (23rR TA!)2
from the mass loss m accompanying the effusion process in 
the time t.
The symbols are I-the absolute temperature,

R-the gas constant,
M-the molar weight of vapour,
A-the effusion orifice area, and 
W-the Clausing factor.

Effective orifice areas of Knudsen cells were determi­
ned microscopically considering the tabulated Clausing 
factors for geometry correction. The molecular effusion 
formula is applicable only to a small vapour pressure 
range. CARLSON (6) stated by effusion experiments with 
mercury that molecular flow exists to a pressure £  10 Pa. 
In this region the molecules of the gas passing through 
the small effusion orifice move nearly independently of 
one another. At higher pressures the mean free path (A.) 
of molecules is small enough in relation to the orifice 
dimensions (D) so that dependent motion prevails (hydro- 
dynamical flow). In the Knudsen equation the factor 
must be changed to e.

Different limits of transition from molecular flow to 
hydrodynamica1 flow expressed by the ratio A/D are given 
in literature. In this paper the equation for a hydrody­
namica 1 flow was used to calculate vapour pressures in 
the region A./D <0.05.

Resu1ts
The vapour pressure of alkali ha 1 ides is much higher 

than the vapour pressure of alkaline earth halides. So it 
could be assumed that the vapour over mixtures consists 
only of alkal i, halides to a good approjcimation .
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In the mass spectra of pure alkali halides ions from 
monomeric, dimeric, trimeric, and in some cases tetrameric 
molecules were observed. An extensive study of dimeriza­
tion process

2 MX MoX0
of alkali halides in gaseous phase was carried out.

From temperature dependence of mass spectra equili­
brium constants of dimerization reactions and enthalpies 
of dimerization were calculated (Table I).
Table I. Temperature dependence of equilibrium constants

of dimerization 
of dimerization

In = A/T - 
-AHq of alkali

B and en 
ha 1 ides

thalpies

s a 11 A B - AH°(k3/mole) temperature 
range (K)

NaCl 20377 30.1646 169.4 873 - 1163
KOI 20470 32.3253 170.2 818 - 1118
RbCl 19635 33.1073 163.3 788 - 1113
CsCI 15083 29.8339 125.4 708 - 1043
INiaBr 19151 31.1980 159.2 793 - 1103
KBr 18096 30.5968 150.5 783 - 1103
RbBr 14395 27.7597 119.7 758 - 1088
C s B r 17465 33.0468 145.2 678 - 993
Nul 15261 28.8781 126.9 723 - 1048
KI 15635 29.8592 129.7 748 - 1073
RbT 15590 30.2483 129.2 733 - 978
Os I 14243 29.7522 113.4 6S3 - 958

In the yapour phase ever bromide and chloride, mix­
tures species other than monomers and dimers can be neglec­
ted in pressure calculation. In iodide mixtures - as an 
example in Fig. 1 the mass spectrum of the potassium 
iodide-calcium iodide system is shown - a higher content 
of calcium iodide molecules and heterocomplexes was ob­
served.

Gaseous heterocomplexes of composition 1:1 were found 
over all mixtures. The contents of 2:1- and 1 .^-hetero- 
complexes are essentially lower (Table II).
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Table II. Gaseous heterocomplexes over mixtures alkali 
halide-alkaline earth halide (%)

mixture temperature (K) MM * X3 m 2m 'x 4

RbCl - CaCl2 1273 3.0 0.5
RbBr - CaBr0 1073 1. 1 o CJl

RbOr - SrBr2 1073 0.4 0. 1
RbBr - BaBr^ 1073 0.2
RbI - Cal^ 1073 3. 1 1.0
CsBr - CaBr0 1073 1.2 0.5
CsBr - SrBr^ 1073 0. 3 0.1
CsBr - BaBr0 1073 0. 1 0.01

The absolute content depends on differences of ionic 
potentials, as is seen in the case of bromides, de­
creasing in the order calcium-strontium-barium. This de­
pendence of properties of molten salt mixtures on ionic 
parameters, such as ionic potentials or charge densities 
of cations or polarizabilities of anions is characteristic 
of mixtures studied in this paper. Deviations of proper­
ties from ideality as a measure of interactions in molten 
ionic mixtures versus differences of charge densities of 
c ali o n s a re p resent ed i n Fig. 2 and 3.

In fig. 2 we plot the negative deviation of vapour 
pressure - A p from the "ideal pressure" at molar fraction 
xM*rlo “ ^* 5 °F molten chloride mixtures. General ly the
alkaline earth cation has the higher charge density. But 
in the lithium chloride-barium chloride system the role 
of cations has changed. The difference of charge densi- 
t i e s vv o u 1 d h a v e t o b e - 1.63!

The excess free energy of mixing, Gl: calculated on 
the basis of* vapour pressure data may be another example 
(Fig. 3). Three dependences are shown: dependence of Gf 
on ion sizes of alkaline earth cations, of alkali cations, 
and of anions. In molten mixtures with great differences 
of charge densities of cations stronger interactions, ex­
pressed by the negative deviation of excess free energy 
from ideality, exist. An analogous behaviour was observed 
with increasing polarizabilities of anions.
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On the basis of all our physico-chemical studies we 
could divide the investigated alkali halide-alkaline earth 
halide mixtures into three groups, using the quotient of 
charge densities of cations (Table III).
Table III. Dependence of interactions in mixtures on 

differences of charge densities of cations

group z/r22+ 1 Z/ rM+ mixtures

A >  1.5 (Na, K, Kli, Cs)X - CaX, 
(K, Rb, Cs)X - SrX2 
(K, Rb, Cs)X - BaX£

B 1 . 5 --- NaX - (Sr, Ba)X0

C < 1.0 LiX - (Cn, Sr, Ba)X0

If the ratio is greater than 1.5 (group A), strong 
interactions exist in the mixtures. The anions are coordi­
nated around the alkaline earth cation M^+. In mixtures 
containing lithium halides the Li+ ion has the higher 
charge density. Thus it is a competition between cations 
of alkaline earth and lithium (group C). Mixtures with 
nearly ideal behaviour were arranged in the medium group
B.
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F i y , 1 M a s s 8 p e c t r u m o F m i x t u r e p o t a s s i u ;n iodide-calci u m 
iodide; = 0.4; T - 1073 K.
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Fig. 2 Deviation of vapour pressure from ideality
versus difference of charge densities of cations. 
Chloride mixtures; T = 1243 K; o literature data,
• own values.

Fig. 3 Excess free enthalpy of molten mixtures.
a) dependence on alkali cations; T = 1243 K,

1) NaCl-BaClp, 2) KCl-BaCl , 3) RbCl-BaCl ,
4) CsCl-BaCl^;

b) dependence on alkaline earth cations; T = 1073 K 
1) KBr-CaBr2, 2) KBr-SrBr , 3) KBr-BaBr

c) dependence on anions; T = 1073 K,
1) NaCl-SrCl2., 2) NaBr-SrBr2, 3) Nal-Srl2.
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PERFORMANCE OF ALUMINUM DEPOSITION 
FROM CHLORIDE MELTS

Hartmut Wendt and Klaus Reuhl
Institut fur Chemische Technologie, TH Darmstadt 
Petersenstr. 20, D-6100-Darmstadt, West Germany

ABSTRACT

Aluminum deposition from KCI/AICI3 , NaCl/AlCl3 , and 
LiCl/AlCl3 melts at variable temperatures (but at 700°C in 
most experiments) involves several factors which are 
detrimental for obtaining high current yields:

(i) Chlorine is dissolved in the melts and decreases 
current efficiencies for A1 deposition by reoxidation of 
dispersed aluminum and by direct chlorine reduction at the 
cathode. Increasing chlorine solubilities and hence 
decreased current efficiencies are observed with increas­
ing A ICI3 concentration in the melt and — at least in 
melts of low AI C I 3 content—  with increasing temperature 
( 1 ).

( ii) Dispersion (and subsequent reoxidation of dis­
persed aluminum) is favored at cathodes which are poorly 
wetted by A 1 , especially at vertical cathode faces in 
front of which the electrolyte is stirred vigorously by 
evolved chlorine gas. Carbon, due to the formation of 
thin A1 carbide coatings, is not the most suitable cathode 
material because it is poorly wetted by liquid Al.

(iii) Higher oxygen content (AI2O 3) in melts results 
in CO at the carbon anode which gives rise to rapid anode 
deterioration and - since CO readily dissolves as C OCI 2 in 
the melts - in enhanced reoxidation of aluminum (yielding 
additional contamination of the electrolyte by finely 
dispersed carbon particles). For these reasons it seems 
desirable to change the technique for Al deposition from 
chloride melts by introducing well-wetted cathodes and 
dimensionally stable (i.e. non-corroding) anodes. The 
introduction of suitable diaphragms may also be of some 
advantage.

INTRODUCTION

Since the publication of ALCOA's patents (2), inter­
est in the technique of aluminum electrowinning from chlo­
ride melts has increased steadily.

It is well-known that the ALCOA method still has to 
cope with some difficulties among which is a lower current
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yield than for A1 deposition in the Hall-Heroult electro­
lysis.

Only very little is known about the details of the 
ALCOA process. Therefore, some experiments on A1 deposi­
tion from NaCl-AlCl3 melts were performed in a cell which 
allowed the visual observation of the electrolysis in 
order to obtain additional information on fluid dynamics 
and general physical behavior of electrolyte, gases and 
deposited metal within the electrolysis cell.

EXPERIMENTAL PROCEDURE

Fig. 1 depicts schematically the apparatus used which 
was constructed with the aim to allow visual inspection of 
the process, expecially the dispersion of electrodeposited 
metal (forming either brown fog or small but distinguisha­
ble droplets), the fluid dynamic behavior of the melt in 
front of the anode and the cathode, and formation of 
carbon particles and other insoluble materials in the 
melt .

The electrolysis vessel consisted of a quartz tube 
(quartz is relatively stable in chloride melts and is 
etched only very slowly by release of some SiClt* or Si(>2 > 
respectively, into the m e l t ) . The vessel was heated by a 
gas burner and was insulated thermally by an asbestos 
screen equipped with an asbestos window which could be 
removed intermittently for visual inspection of the 
electrolysis process.

The electrodes (as indicated in Fig. 1) could be 
arranged vertically and horizontally at any desired dis­
tance between 5 mm and 50 mm. The aluminum electrode, 
immersed in the same electrolyte as used for electrolysis, 
was taken as reference electrode (R. A1 el.). The refer­
ence electrode was connected to the measuring electrode by 
the usual (quartz) Luggin capillary. In some cases a 
diaphragm made of hard sintered AI 2O 3 (Staatliche 
Porzellanmanufaktur Berlin) was put between the vertically 
arranged electrodes. The electrolyte was prepared from 
thoroughly dried alkali chlorides. A I C I 3 was purified 
initially by double sublimation and later by distillation 
at pressures under 2 bars. Fig. 2 shows the vapor pressure 
of aluminum chloride vs temperature in order to demon­
strate that A I C I 3 can be refluxed easily in the laboratory 
by applying conventional means and apparatus.
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RESULTS

a) Voltammetry of A1 deposition was performed on solid and 
liquid aluminum surfaces and at carbon electrodes. The 
voltammetric curves for A1 deposition from LiAlCli*,
NaAlCli+ and KAlCli* melts were very similar. Fig. 3a shows 
the voltammogram measured for deposition and dissolution 
of aluminum at liquid aluminum surface from a melt con­
taining 60 mole % KC1 and 40 mole % A ICI 3 . The current- 
voltage curve shows some hysteresis (10 to 15 mV) but in 
general it exhibits (up to a current density of 100 
mA/cmZ ) nearly ohmic behavior with a formal impedance of 
0.8 ft era which must be due to an uncorrected IR-drop in 
the electrolyte (because of experimental reasons the tip 
of the Luggin capillary could only be kept at a minimal^ 
distance of 1 cm from the surface ; K(KAlCli+) ~lft- cm” ). 
Thus A1 deposition and dissolution seem to proceed 
completely reversibly (as expected).

Fig. 3b shows the voltammogram measured at a carbon 
electrode (Sigri BK 02). The voltage range extends from 
-200 mV up to + 2.5 V vs rev. A1 el. so that the process 
of A1 deposition as well as of CI2 evolution is observed.

Whereas chlorine evolution does not exhibit any pecu­
liarities, the prewave of cathodic A1 deposition is 
remarkably different from A1 deposition on A1 surfaces and 
very typical for A1 deposition at carbon cathodes. The 
completely irreversible anodic peak with a current maximum 
at 1 V is due to reversal of the cathodic process 
observed by appearance of the prewave. The half-peak 
potential ( + 300 mV) of the cathodic prewave which is not 
mass transfer controlled and instead is attributed to a 
process which consumes current (/i dt) proportional to the 
area of the electrode, leads to the assumption that the 
cathodic prewave is due to aluminum carbide formation (AG° 
(Al4 C3 )iQ00 k = ” 385.870 kJ/mol corresponding to a 
calculated formation potential of + 0.33 V vs rev. A1 
e l .) .

Since aluminum carbide is an insulator, it covers 
blocks the carbon surface very effectively so that on 
further cathodic polarization and further increase of 
cathodic current, aluminum deposition and formation of 
liquid aluminum droplets may be observed only at singul 
points of the carbon surface. The mean surface density 
active sites where aluminum is actively deposited^as dr 
lets does not exceed several ten to twenty per cm .

and
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(45/55 mole %) M e l t s . The aim of these experiments was to 
investigate the influence of electrode geometry 
(horizontal/vertical) and electrode wettability (by liquid 
aluminum) on current yields of cathodic A1 deposition.

For these experiments the following electrode 
arrangements were used:
a) Two rectangular vertical electrodes ( 2 x 4  era ) with 

an electrode gap of 5 mm (upper electrode pair in 
Fig. 1)

b) Two circular electrodes horizontally arranged with an 
electrode gap of 5 mm (lower electrode pair in Fig.
1). The upper circular electrode was a perforated 
plate with approx. 50 % transparency and 2 mm 0 of 
the holes and served as chlorine evolving anode.

All experiments were performed with anodes made of 
graphitized carbon (Sigri BK 02) but different cathode 
materials were chosen. Total current-voltage curves wer| 
measured over the current density range 0.01 to 1.5 A/cm 
and by extrapolation to zero current density "experimental 
decomposition potentials" were obtained.

Fig. 4 shows in its lower part the temperature 
dependence of the theoretical decomposition potential of 
NaCl-AlCl3 melts (45 mole % A I C I 3 , 55 mole % NaCl) in com­
parison to the "experimental decomposition potentials" of 
these melts and the measured^cell voltages at standard 
current densities of 0.5 A/cm . Experimental decomposi­
tion potentials as well as experimentally determined cell 
voltages are influenced only slightly by the choice of the 
respective cathode materials (less than 50 mV at the 
highest current density of 1.5 A / c m ; .  This observation 
clearly shows that under stationary conditions A1 depo­
sition proceeds always at fresh A1 surfaces. The upper 
part of Fig. 4 shows schematically what occurs at the 
carbon anode and^cathode, respectively, at current densi­
ties of 0.5 A/cin in the temperature range from 200° to 
7 50 0 C .

b) Preparative A1 deposition from NaCl/AlCl^

Cathode behavior. At the cathode finely dispersed 
dendritic deposits are observed as long as the working 
temperature lies below the A1 melting point of 660°C. In 
no case was it possible to melt down this metal powder to 
liquid metal because, due to traces of moisture or oxygen 
present in the melt, the small aluminum crystals are 
covered by a layer of alumina which prevents coagulation 
of the metal powder on melting. Below 660°C current
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efficiencies for cathodic A1 deposition are therefore 
always assumed to be virtually zero (Table 1). The situa­
tion is quite different for A1 deposition above 660 °C. 
Then on carbon electrodes many small aluminum droplets are 
formed which on horizontally arranged cathodes eventually 
coalesce to form larger droplets or even a closed aluminum 
surface or pool which covers the cathode surface complete­
ly. On vertical carbon electrodes, however, the A1 drop­
lets which do not wet the surface show only very little 
tendency to coalesce. Instead it is observed very often 
that smaller aluminum droplets literally "explode” into 
the melt where a brown and glittering cloud of finely dis­
persed and minute aluminum droplets is formed which slowly 
settles to the bottom of the electrolyzer vessel. Usually 
the melt in an undivided cell is strongly agitated by ano- 
dically generated chlorine so that parts of this metal 
mist are moved to the anode where they undergo, at least 
partially, reoxidation to aluminum chloride. Furthermore, 
homogeneously dissolved chlorine (1) consumes some dis­
persed aluminum metal so that due to this pronounced and 
undesired metal dispersion at carbon electrodes, current 
yields for cathodic aluminum and anodic chlorine produc­
tion do not exceed 50 % (second row, Table 1). At a 
horizontal carbon cathode lying below a perforated anode, 
current yields improve dramatically (to near 90 %) 
provided the carbon cathode is covered completely by a 
"pool” of molten aluminum, so that the aluminum deposits 
on a completely closed surface of molten aluminum (row 4, 
Table 1). As long as small single droplets can be 
distinguished at the cathode, the "explosion" phenomena 
continue to occur and give rise to dispersion even at 
horizontal carbon cathodes; current efficiency does not 
exceed 60 %. It should be stressed that the use of a 
perforated horizontal anode above the horizontal cathode 
reduces greatly the convective motion of the electrolyte 
because the chlorine gas is allowed to escape through the 
electrode holes.

If instead of carbon cathodes, iron, steel or other 
cathode materials (T iB 2) are used which are "wetted" by 
liquid aluminum (i.e. at which the wetting angle of liquid 
aluminum approaches zero), then even at vertically 
arranged cathodes liquid aluminum is deposited with cur­
rent efficiencies very close to 100 %. There is a 
distinct influence of the nature of the electrolyte on 
current efficiencies of A1 deposition on carbon anodes. 
Cathodic current efficiencies obtained at vertical carbon 
cathodes decrease from ~45 % to below 20 % if KCI/AICI 3 
(60/40) is used instead of NaCl/AlCl3 (60/40). This seems 
to be due to the enhanced chlorine solubility in
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KAlCli* melts compared to NaAlCli* melts (.compare in (1) the 
difference between LiAlClt* and CsAlCli* melts).

Anode behavior

The pronounced chemical instability of the anode at 
lower temperature is most important, which is very likely 
due to the formation of chlorine-aluminum chloride- 
graphite intercalation compounds (4). These intercalation 
compounds are formed preferentially at the graphite grain 
boundaries so that the matrix of the graphitized carbon is 
destroyed rapidly. Because the CI 2 decomposition pressure 
of the intercalation compound increases with increasing 
temperature, graphite anodes become more stable at higher 
temperatures. They are stable for no longer than ~10 
minutes at 250°C. Around 500°C their stability is some­
what better but only above 620°C they may be assumed to be 
reasonably stable. Nevertheless there is some doubt that 
graphite may be really a perfectly dimensionally stable 
anode because it may be corroded at high temperature by 
formation of carbon tetrachloride. According to JANAF- 
tables the equilibrium constant for CCli* formation at 
700°C amounts to

Kp (CCI4) 1000 K = 7•10-3 bar-1 (1)

so that in the presence of 1 bar of chlorine an equilibri­
um partial pressure for CCI4 of nearly 10“ bars has to be 
taken into account. The equilibrium constant for CCI4. 
formation decreases with increasing temperature, so that 
carbon anodes become more stable at higher temperatures.

c) Cathodic A1 deposition in the presence of A I 2O 3
Some electrolysis experiments were performed upon the 

addition of 2.5 to 3.5 mole % A I 2O 3 . The presence of 
oxo-anions in the melts at such high concentrations is 
very disadvantageous for the performance of cathodic A1 
deposition at any cathode material, whereas at carbon 
anodes the oxo-anions are preferentially discharged to 
form CO or COCI2 which is dissolved in the melt. At the 
cathode in the presence of A I 2O 3 one observes that

(i) Droplets of liquid aluminum which do not stay in 
contact with the cathode react relatively rapidly 
with dissolved phosgene to form A1 oxychloride 
and carbon.
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4 A1 + 3 C0C12 + 3 A10C1 + 3 C + A1C1 3 (2)

Single aluminum droplets are soon covered with a 
thin carbon layer and redissolve (depending on 
their size) in 10 to 20 minutes.

(ii) Because aluminum oxochloro complexes are dis­
charged at the electrode preferentially (5), the 
oxo-ion concentration at the cathode increases to 
an extent which exceeds the solubility product of 
A I 2O 3 . Aluminum oxide is coprecipitated with 
aluminum (and carbon) so that no longer a smooth 
cover of A1 (on well wetted cathodes) or a multi­
tude of single A1 droplets (on non-wetted carbon 
electrodes) is deposited but a firmly adhering 
sludge of AI/AI2O 3/C from which aluminum cannot 
be recovered and which, after some time, blocks 
the cathode or fills the electrode gap giving 
rise to anode/cathode short circuits. In KAlCli* 
melts these reactions decrease current efficiency 
to a larger extent than in NaAlCli* melts because 
CO, COCI2 and A I 2O 3 solubilities seem to be 
higher in K-melts than in Na- (or Li-) melts.

Cathodic A1 deposition at vertical electrodes of
different cathode materials

Since poor A1 wettability of carbon cathodes gives 
rise to dispersion and reoxidation of aluminum, different 
metals were investigated as cathode materials in order to 
evaluate their suitability. All of these metals are 
wetted well by liquid Al.

Table 2 compares the results for Al deposition 
obtained in short-term experiments (3 to 8 hrs) with 
current densities of 0.5 A/cm 2 in KCI/AICI3 (60/40) melts 
for carbon and the wettable metals stainless steel, 
titanium, zirconium, tungsten, and the refractory material 
TiB2 (from Elektroschmelzwerk Kempten GmbH). At all 
wettable metal cathodes comparable current efficiencies 
were obtained. As expected, stainless steel is strongly 
attacked by dissolution into the liquid aluminum (which is 
nearly saturated with iron). Titanium and zirconium 
cannot be used either since they are rapidly alloyed and 
further deteriorate by dissolution of the base metal into 
liquid aluminum (which was not expected from the published 
phase diagrams). Tungsten is stable for a short time, but 
a thorough inspection reveals that after only 8 hours of 
operation, there is some deterioration due to the
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beginning of alloying with aluminum. Only titanium 
diboride does not show any deterioration.

Thus it is quite clear that refractory metal 
compounds like carbides and borides with free enthalpy of 
formation which exceeds the free enthalpy of A1 alloying 
may be used as wettable cathodes. T i , Zr and W (and 
particularly steel) may be used only as support materials 
for those refractory metals if a perfectly dense layer of 
the refractory material can be formed on the metal 
support •

CONCLUSION

The aim to develop further aluminum electrowinning 
from chloride melts by decreasing cell voltages below 3.5 
V (for instance by reducing still further the electrode 
distance) and by raising simultaneously current 
efficiencies might call for a new cell concept which uses 
separator divided cells with vertical electrodes. For 
this purpose, but with some benefit from ALCOA*s 
technology, solutions for the following material problems 
should be found in:

1) Development of low-cost cathodes which are wetted by 
aluminum but have a low solubility in it (refractory 
metals or materials coated by refractory metals).

2) Development of non-carbonaceous anodes with high 
intrinsic electrical conductivity, anodic corrosion 
resistance and low CI2 overvoltage.

3) Development of corrosion resistant and electrically 
insulating materials for cell bodies, tubes, and heat 
exchangers, which would allow to handle the 
anodically generated chlorine at temperatures up to 
1000 K.
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Deposition
T a b l e  1 

Yields for Cathodic A1 Deposition

Electrode Temperature A1 current yield
graphite 
horizontal 
and vertical

200 - 6500 C virtually 0

graphite
vertical

600°C small droplets 
40 - 50 %

graphite
horizontal

660 0 C larger droplets 
45 - 60 %

Al-regulus
horizontal

660 0 C 95 %

iron or other 
wetting cathodes 
(vertical)

660°C 95%

T a b l e  2
Performance of Different Cathode Materials 

For A1 Deposition (From KC1/A1C13 :60/40 Melts)
T = 1000 K, 1=0.5 A/cm , Vertical Electrodes, Undivided 

Cell, Carbon Anode
Cathode Material Current Yield [%]* Material Performance
Carbon (EK 78 , 
Sigri)

15 Stays intact

Stainless steel 63 Surface corrosion 
by dissolution

Titanium 68 Deteriorated by 
alloy formation 
and dissolution

Zirconium 78 Deteriorated by 
alloy formation 
and dissolution

Tungsten 60 Slightly changed 
by alloy formation

TiB 2** 85 Material unchanged
* Mean value of several experiments performed from 3 to 

8 hours each.
** Delivered from Elektroschmelzwerk Kempten.
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OXYGEN EVOLUTION AT PLATINUM AND CERAMIC 
OXIDE ANODES IN CRYOLITE-ALUMINA MELTS

P. G. Russell
Great Lakes Research Corporation 

P. 0. Box 1031
Elizabethton, Tennessee 37643

ABSTRACT
Polarization measurements were carried out with 
Pt, Sn02, f © 2°3' and F e 3°4 anodes in a cryolite bath containing a nominal47w/o CaF2 saturated 
with Al^O- and A1 metal at 970°C. ^Water present 
in the oath appears to play a catalytic role in 
the 02 evolution mechanism. Platinum and Sn02 
were observed to act as reversible 02 electrodes 
in low cryolite ratio (1.10) baths. ^The usefulness 
of electrochemical parameters for predicting anode 
corrosion rates is limited by the unknown rate of 
chemical corrosion by bath constituents during 
cell testing.

Introduction
Overpotential during anodic polarization and corrosion 

resistance are two key parameters for consideration in the 
development of non-consumable anode (NCA) electrodes for 
the electrowinning of metals in high temperature molten 
salts. Fabrication of an NCA for the Hall process with 
acceptable corrosion rate is made difficult by the 
aggressive nature of the cryolite electrolyte toward most 
metals, refractory hard metals, and ceramic oxide compo­
sitions during anodic polarization. The reversible Hall 
cell potential is increased by ^1.0 volt at 970°C when 
carbon is replaced with an NCA because of the resulting 
loss in depolarization of the anode reaction by carbon(1).

Reversible 
Potential(V) 
at 970°C

A1203 + 3/2C 2A1 + 3/2C02 1.186 (Eqn. 1)
A1203 -* 2A1 + 3/202 2.213 (Eqn. 2)

Most of this increase will be made up through the expected 
reduction in operating voltage because of lower NCA 
overpotential, 0.2 vs. 0.5V for carbon at 800 mA/cm (2), 
and lower bath resistance for reduced anode-cathode 
spacing(3). The purpose of this work was to evaluate
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various ceramic oxide compositions for use as anodes in 
the Hall process.
Experimental

The electrochemical test cell was contained in a two- 
piece gas-tight Inconel jacket (Figure 1). The bottom 
section was lined with a graphite crucible which contained 
the cryolite bath. A ceramic plug provided with holes for 
the electrode configuration was placed above the crucible 
to prevent excessive heat loss from the bath. Conax 
packing glands mounted in the water-cooled top section of 
the Inconel jacket provided gas-tight entry ports for 
electrodes, thermocouple and bath purging. Each electrode 
sample was suspended by a Pt current lead and lowered 
slowly to minimize the effects of thermal shock. The 
active surface area was limited to the bottom face of the 
sample by an alumina sheath which also provided electrode 
support. The A1 reference potential was provided by a 
pool of Al in contact with the bath. A small increase in 
potential occurred with time as a result of alloy formation 
between the molten Al and Mo contact wire. Periodic 
removal of this alloy from the wire and maintenance of the 
pool resulted in a stable Al reference.

The bath was made from commercial grade components as 
shown in Table I. Synthetic cryolite containing a nominal 
7w/o CaF2 was saturated with both alumina and Al metal.

Table I
Bath Components

Component* Source Ingredients Percent
Synthetic Cryolite Alcoa Cryolite 

(AlF~-3NaF) 84.0 - 87.0
FreeJAlo0~ 3.0 - 6.0
sio 2 3 0.4
Moisture 0.1
L. 0. I. 2.0 - 6.0

Aluminum Fluoride Kaiser A1F 92.0
Calcium Fluoride MCB C a ^ 3

8.0
min. 98.0

Alumina Alcoa a i 26^
Na^O

99.5
0.5

Aluminum Belmont Al2 99.9
*A bath made from components listed above would 
include small quanities of the following elements: 
Li, Be, Mg, Ti, V, Cr, Mn, Fe, Cu, Ga, Mo, and Ag. 
Bath Charge = 1,800 grams.
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The bath cryolite ratio (expressed here as the weight ratio 
of NaF to AlF^) was adjusted by additions of AlF^. One 
unknown factor is the amount of moisture presentJin the
initial bath composition. Large quantities of water 
(150-200 g) were expelled during the slow bath heat-up.
The initial bath cryolite ratio was always larger than 
expected for the initial composition: reaction of water 
with A1F- to give additional A1203 and volatile HF during 
bath heat-up would explain this. JCarbon particles were 
removed by purging the bath with C>2 . Polarization mea­
surements for Pt and ceramic oxide^anodes were made in 
baths saturated with dissolved O9. The bath was maintained 
at temperature (970°C) for periods of 2 to 3 weeks without 
any major problems. Values for the cryolite ratio, CaF2 
content, and A12C>3 content indicate that the bath remained 
saturated with Al203 during periods of cell operation. 
Excess A10CU and CaF0 solids form a bottom layer in the 
bath. z * z

Steady state IR corrected polarization curves were 
obtained for Pt and a number of sintered high density 
ceramic oxide anodes. Measurements were made with a PAR 
Model 173D potentiostat with log current convertor plug-in 
module and the Model 175 programmer. Polarization data was 
plotted continuously on an Omnigraphic 2000 series X-Y 
recorder while sweeping the anode potential at a scan rate 
of 0.2 mV/sec. IR corrections were obtained by the current 
interrupt method. Open circuit cell potentials were 
observed with the digital display on the Model 173D 
potentiostat after electronically switching the cell 
current from 1.0A to zero amperes. The Pt anode (0.25" 
dia. x 0.5" rod) was heli-arc welded to a 40 mil Pt wire 
current collector. Metal oxide anodes were prepared by 
standard ceramic processing methods: ball-milling of 
powder mixtures, calcining, isostatic molding of screened 
powders, and high temperature sintering under conditions 
of controlled atmosphere and temperature profile. Anode 
densities were better than 98% theoretical.
Results and Discussion

A typical polarization plot for the 02 evolution 
reaction on Pt and the corresponding IR corrected curve 
are shown in Figure 2. The anode was pre-polarized at a 
current density of ^3100 mA/cm^ for a period of two hours 
prior to scanning toward lower potentials. In this curve 
the cathodic branch due to O2 reduction was observed for 
potentials below 2.13V. Anode potentials are plotted 
relative to the potential of the Al-pool reference. The 
open circuit potential observed on Pt for the decomposition 
of alumina was 2.18V. This value was observed for a period
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of 30-35 sec. only after C>2 was evolved anodically at a 
high current density for a period of 1-2 minutes. The 
thermoelectric potential at the Mo/Al interface (Al- 
negative lead) was measured from room temperature to 640°C. 
The estimated 16mV addition (extrapolated value at 970°C) 
gives a corrected decomposition potential of 2.20V, close 
to the theoretical value of 2.213V (Eqn. 2). The IR 
corrected curve for this polarization plot has two Tafel 
regions: 2a low slope region (70 mV) which extends from 
^30 mA/crrt to 1 A/cm^ and a high slope region (148 mV) for 
larger current densities. In general the anodic and 
cathodic branches of2a polarization plot were not reproduc­
ible below <̂30 mA/cmz. The Tafel region for current 
densities less than 30 mA/cm^ is discussed later for one 
polarization plot where the Pt anode behaved as a revers­
ible C>2 electrode.

Kinetic parameters for the 02 evolution reaction on 
Pt and the bath cryolite ratio are listed in Table II for 
several polarization experiments. The average value for

Table II
KINETIC PARAMETERS & BATH RATIO FOR THE 0? EVOLUTION 

REACTION ON Pt* ^
ryolite Tafel Slope (MV) Reversible0
Ratio Low High Potential(V)
1.42 73 161 1.93
1‘45v 70 148 2.12
1.37X 75 133 2.11
1.39 67 111 1.96
1.0 x 67 2.01
1.08 57 2.12
1.09 63 2.19
1.10 63 150 2.15

*Electrode prepolarized anodically for 2 hours 
at ^3000 mA/cm^.

xEstimated Value: Method not calibrated for cryolite 
ratios between 1.25 and 1.39 and below 1.08.

°Potential at intersection of anodic and cathodic 
branches.

the small Tafel slope is 67+4 mV. There is no apparent 
trend toward lower Tafel slope values as the cryolite ratio 
of the bath is decreased. With one exception the large 2 
slope observed for current densities greater than 1 A/cm 
disappears in low cryolite ratio baths. Variation in the
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alumina concentration may account for this result. The 
alumina concentration can vary throughout the cell espe­
cially after prolonged periods of anodic polarization (4). 
During polarization measurements the over-potential will be 
sensitive to changes in the bulk concentration of alumina 
near the anode/electrolyte interface at high current 
densities. Overpotential will increase if the bulk concen­
tration near the anode is less than the normal saturated 
value due to a variation in experimental parameters such as 
the 02 purge rate or the temperature profile in the bath. 
Bath stirring would help to alleviate this problem also. 
This sensitivity resulted in a greater average deviation of 
the large Tafel slope (138+16 mV) in high cryolite ratio 
baths (>J..37). Larger slope values were observed by 
Thonstad in a previous study carried out at 1000°C in a 
bath of hand-picked Greenland cryolite saturated with 
alumina (5). Values for the small slope varied from 82 to 
90 mV while values for the large slope varied from 245 to 
255 mV. The mechanism in Table III provided good agreement 
with his Tafel slope values. These results suggested that 
the presence of small mounts of water in the bath has no 
major influence on the mechanism for C>2 evolution.

Table III
MECHANISM FOR THE OXYGEN EVOLUTION REACTION 
IN THE ABSENCE OF WATER AS A MAJOR BATH IMPURITY

Tafel Slope of RDS* 
At 970°C (mV)

1. o2-
2- — > °ad + 2e 247

2. °ad + 0 — ► °2ad + 2e~ 82
3. °2ad — > o2 ( g) 62

*Rate determining step
The mechanism in Table III is not compatible with the 

smaller Tafel slope values of Table II obtained from steady 
state polarization measurements. Water is present in our 
bath most likely in the form of hydroxide ions. The 
present results suggest that water plays a catalytic role 
in O2 evolution. A more likely mechanism involves the 
discharge of a OH“to form an adsorbed OH species, OH 
The steps listed in Table IV are generally accepted for 
such a mechanism in alkaline solutions where OH” is the 
dominant anion. The Tafel slopes for step 2 (165 mV) and 
step 3 (62 mV) are in better agreement with the results 
presented in Table II. At low current densities where the
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Table IV
MECHANISM FOR THE OXYGEN EVOLUTION REACTION 
IN THE PRESENCE OF WATER AS A BATH IMPURITY

Tafel Slope Of 
RDS* at 

970°C (mv)
1. OH" 0Had + e" 492
2 . 0Had + OH" “ ► °ad + H20 + e“ 165
3. °ad + °ad  ̂°2 (g) 62

*Rate determining step
coverage by 0^  is small, the recombination rate is slow. 
Since the O , species are not necessarily adjacent surface 
migration plays a role in limiting the rate of recombina­
tion. In this case step 3 is rate determining with a 
Tafel slope of 62 mV. At higher current densities where 
coverage by 0 , is larger recombination is no longer 
limited by surrace migration. Here the second charge 
transfer step at a given surface site appears to be rate 
determining with a Tafel slope of 165 mV.

The disappearance of the high Tafel slope region in 
baths with low cryolite ratio may be influenced by changes 
in surface coverage by the Al-F complexes present in the 
bath due to changes in bath composition. Addition of A1F~ 
to lower the bath cryolite ratio will cause an increase in 
the concentration of the A1F^~ anion. A moderate increase 
in surface coverage by adsorption of additional A1F, anions 
could hinder surface migration without seriously limiting 
the number of surface sites available for OH adsorption.
In this case 0a<̂  recombination (step 3) would remain rate 
determining at higher current densities.

A typical polarization plot for the 02 evolution 
reaction on SnC>2 and the corresponding IR corrected curve 
are shown in Figure 3. The anode was pre-polarized at a 
current density of lA/cm^ for a period of 30 minutes prior 
to scanning to lower potentials. The cathodic branch (02 
reduction) starts at 2.13V. The IR corrected curve has 
two Tafel regions; a low slope region (53 mV) which extends 
from ^9 to 55 mA.cm^ and a high slope region (126 mV) for 
larger current densities. The anodic and cathodic brancheg 
of a polarization plot were not reproducible below 9 mA/cm.
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Kinetic parameters for 02 evolution on Sn02 and the bath 
cryolite ratio are listed in Table V. Stirring had no

Table V
KINETIC PARMETERS & BATH RATIO FOR THE 0^ EVOLUTION 

REACTION ON Cu/Sb-DOPED SnC>2*^

Cryolite
Ratio Low

Tafel Slope (mV)
High

Reversible0 
Potential (V)

1.07X 57
57
53
60

130
142
126
120

2.17
2.14 
2.13
2.15

X . U Zf
1.09

*Electrode prepolarized anodically for 30 minutes 
at ^1000 mA/cin . 

xStirred bath
Potential at intersection of anodic and cathodic 
branches.

obvious effect on the polarization curves. The average 
value for the small and large Tafel slopes is 57 mV and 
130 mV, respectively in a low cryolite ratio bath. These 
values although somewhat lower than the corresponding 
values for Pt in a high cryolite ratio bath suggest that 
the mechanism on Pt and SnO^ are similar. For SnC>2 this 
requires that the O ^ recombination step not remain rate 
determining at largecurrent densities in low cryolite 
ratio baths.

The polarization curve of an NCA with large corrosion 
rate is different in shape from the polarization curve for 
Pt, one metal that shows no signs of corrosion during C>2 
evolution in cryolite baths for current densities less 
than 3A/cm^. Four polarization parameters; the reversible 
potential (RP), the crossover current density (CCD), over­
potential (n) at the CCD, and n at 800 mA/cm^ were measured 
in an attempt to provide an initial indication of the 
expected anode corrosion rate. Steady state IR corrected 
polarization curves for Pt, SnC>2 , Fe202 and Fe^O^ are 
shown in Figure IV. An initial examination of these curves 
shows that the preferred Cu/Sb-doped SnC>2 anode with low 
corrosion rate has a polarization curve similar in shape 
to that of Pt while the curves for both Fe20^ and Fe^O^ 
anodes with large corrosion rates behave differently at 
potentials below the decomposition potential of alumina.
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Platinum behaves as a reversible O2 electrode in low 
cryolite ratio baths. The RP for Pt obtained in a bath 
with cryolite ratio of 1.09 at 970°C was 2.19V. The 
corrected value of 2.206V includes the thermoelectric 
potential of the Mo/Al interface and is close to the 
theoretical value of 2.213V for the decomposition potential 
of alumina at 970°C. The reversible behavior of Pt may 
result from the presence of a Pt-0 alloy formed during a 
2 hour anodic polarization at high current density prior to 
the start of polarization measurements. This alloy behaves 
more like a reversible O2 electrode than Pt in acid 
solutions of H2SC>4 and HF (6) . The Tafel slope in the 
current density region below 30 mA/cm2 is 34 mV for the Pt 
curve in Figure 4. This suggests that the reaction mech­
anism at low current densities involves a Pt (VI) surface 
complex. The Tafel slope for dissociation of this complex 
as the RDS is 41 mV. The mechanism in Table VI is com­
prised of one series of steps which gives the desired 
result. Formation of a bulk Pt-0 alloy, Ptn O, which is

Table VI
MECHANISM FOR THE OXYGEN EVOLUTION REACTION 

ON A Pt-0 ALLOY
Tafel Shope Of 

RDS* At 
970 °C (mV)

1. Pt + 20H — > pt0ad + H2° + 2e 247
2. nPt + Pt'°a-d* Pt 0 + Pt, 

n n< 4 bulk Pt
124

3- Pt0ad + 20H~— ^ Pt(°ad)2 + H 2°1 4- 2e~ 82
4 - Pt(°ad)2 + 2 OH-— f Pt03 + H20 + 2e" 49
5. Pt03 — ^ Pt0ad + °2 41

*Rate determining step
stable at high temperature (7) completes the process and 
restores catalytic activity to the surface. Surface 
etching and expansion of the Pt lattice (7) during pre­
polarization may be more favorable for formation of Pt-0 
alloy at small current densities. Pt is less reversible 
as an O2 electrode, i.e. the RP is lower, in a bath where 
the cryolite ratio is higher (_>1.3, Table II).

437



Polarization parameters and the corresponding corro­
sion rate of SnO^/ Fe2®3 and Fe3°4 are listed in Table VII 
for comparison with Pt. The curve for SnC>2 is similar to 
that of Pt and indicates that SnC>2 is nearly reversible as 
an 02 electrode in a low cryolite ratio bath. Reversible 
behavior was not observed in a bath with higher cryolite 
ratio (1.54); the RP was only 1.8V. The corrosion rate 
of 1 in./yr. listed in Table VII for SnO^ in a bath with 
cryolite ratio of 1.20 increased to 1.5 in./yr. when the 
bath ratio was increased to 1.5. These results with Pt 
and SnC>2 suggest that less corrosion can be expected under 
bath conditions where the anode behaves more nearly as a 
reversible O2 electrode, i.e. in a low cryolite ratio bath. 
As discussed below this behavior is dependent on the anode 
experiencing a low rate of chemical corrosion.

Anode compositions Fe2C>2 and Fe^O^ do not act as 
reversible O2 electrodes in cryolite since the RP is only
1.82 and 1.93, respectively; far less than the nearly 
reversible value of 2.19V observed for Pt. In each case 
the CCD is 3 times larger than for Sn02 . Values for these 
two parameters alone suggest that Fe^Cu and should
corrode much faster than SnC>2 (as observed) but at similar 
rates. However larger values of n at the CCD and at 800 
mA/cm^ suggest that Fe^O^ should corrode at a somewhat 
faster rate than Fe^O^"5 (which was not observed). Since 
polarization measurements include only the electrochemical 
component of corrosion the large increase observed in the 
corrosion rate of FeoO^ (1000 in./yr.) must be due 
primarily to chemical corrosion processes, i.e. extensive 
anode attack by the bath components during anodic polar­
ization. This limits the usefulness of polarization 
measurements for predicting anode corrosion rates.
Conclusions

Water present in the cryolite bath appears to play a 
catalytic role in the mechanism for C>2 evolution on Pt.
Both Pt and SnC>2 were observed to act as reversible 02 
electrodes during steady state polarization measurements 
in baths with low cryolite ratio. Formation of a stable 
Pt-0 alloy during prepolarization at a high current density 
may account for the reversibility of Pt observed at low 
current densities. Chemical corrosion of NCA electrodes by 
bath components during cell testing limits the usefulness 
of electrochemical parameters obtained from polarization 
measurements for predicting accurate corrosion rates of 
potential NCA electrode compositions.
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THE ELECTROCHEMICAL BEHAVIOR OF SULFIDE IONS IN 
MOLTEN CRYOLITE
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ABSTRACT

The electrochemical behavior of sulfide ions in 
molten cryolite (Na3AlF6) has been studied by cyclic 
voltammetry using graphite electrodes at 1323 K. The 
oxidation of sulfide ions is found to proceed via a 
quasi-reversible mechanism, i.e., one in which the 
current is controlled by both diffusion and charge 
transfer kinetics,

S2_ ----- S + 2e“

The transfer coefficient 3 and the standard rate 
constant ks are estimated to be 0.5 and 0.0042 cm/sec, 
respectively. The apparent diffusion coefficient for 
sulfide ions in cryolite at 1323 K is about 
3.93 x 10”5 cm2/sec.

INTRODUCTION

Since the work of Delarue (1,2) on the anodic oxidation of 
sulfide ions in molten salts, many investigations have been published 
on the subject. However, as indicated by the reviews (3-5) written on 
the electrochemical behavior of sulfide ions in molten salts, the 
mechanism of the reaction is still controversial and cannot be inter­
preted in an unambiguous manner.

The electrochemical behavior of sulfide ions in molten salts is 
of considerable interest from both fundamental and applied viewpoints. 
The oxidation of sulfide ions offers challenging fundamental research 
since the chemistry and electrochemistry of sulfur-sulfide in molten 
systems are quite complex. From the applied viewpoint, knowledge of 
the electrochemical reaction of sulfide is important for (i) battery 
technology such as high-temperature secondary batteries (6) and (ii) 
metallurgical molten-salt processes such as metal electrowinning from 
sulfides (5).

Most of the previous such studies reported in the literature were 
carried out on sulfides in chloride melts at a temperature range of
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700-850 K. Recently, in connection with research on the production of 
aluminum via the electrolysis of AI2S3, the present authors investi­
gated the anodic oxidation of sulfide in MgCl2“NaCl-KCl eutectic (7), 
AlCl3-MgCl2_NaCl-KCl melts (8), and LiF-NaF eutectic (9) at a higher 
temperature (1023 K). The electrochemical behavior of sulfide in 
molten cryolite (Na3AlF6) at 1323 K was also studied using the tech­
nique of cyclic voltammetry. The results obtained from that study are 
presented in this paper.

EXPERIMENTAL

The cell in the present work consisted of three electrodes 
inserted into a pyrolytic boron nitride crucible (5.2 cm dia., 7.2 cm 
high, Union Carbide) containing a blended mixture of molten cryolite 
and AI2S3. The boron nitride crucible was dipped into alumina granules 
held in a stainless steel crucible. The steel crucible was placed 
inside a furnace tube. The flanged top of the furnace tube was sealed 
to another flange consisting of inlet ports that provided access to 
the melt. The furnace tube was heated by a three-zone Mellen furnace 
(Model C-2-121) with a Mellen temperature controller (Model 919).

A three-electrode system was used for all measurements. The 
working electrode was a graphite rod (0.63 cm dia., Union Carbide, 
grade ECV) insulated with hot-pressed boron nitride (Carborundum) so 
that only a defined surface area was exposed to the molten salt.
Another graphite rod served as the counter electrode. A Pt wire was 
used as a quasi-reference electrode.

The molten salt was prepared from an accurately weighed and 
blended mixture of cryolite and AI2S3 reagent (Cerac Pure, 99.9% pure) 
inside a helium atmosphere glovebox. The mixture was charged into the 
boron nitride crucible and brought out of the glovebox, and the cell 
was quickly assembled under argon. An argon atmosphere was maintained 
above the cell in all experiments. For cyclic voltammetric measure­
ments, standard voltammetric instrumentation was employed.

RESULTS AND DISCUSSION

For background information, voltammetry of pure cryolite without 
sulfide added was carried out. A typical voltammogram of the melt at 
1323 K is shown in Fig. 1. The voltammetric curves for cryolite re­
semble those reported in the literature for Na3AlF6 (10, 11) and NaF 
(12). The steeply rising cathodic current observed at about -0.5 V vs_. 
Pt reference electrode (all potentials given vs. Pt reference electrode) 
is attributed to aluminum deposition. An anodic peak was observed at 
approximately +2.5V. This anodic peak represents the so-called criti­
cal current, i.e., the maximum current that is attained before the 
normal anode reaction is superseded by the anode effect, which is 
attributable to dewetting of the electrode by fluorocarbon compounds.
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As shown In Fig. 2, the background current of molten cryolite is quite small in the potential range +0.6 to -0.2V. Within this poten­
tial range, voltammograms of the cryolite melt containing AI2 S3 show a 
pair of peaks: the anodic oxidation of sulfide ions and, on the 
reverse scan, the cathodic reduction of the oxidation products (Fig. 3).

The anodic oxidation of sulfide in cryolite was studied at two 
AI2 S3 concentrations, 1.3 x 1 0 ” 5 and 3 . 1  x 10”  ̂mol/cm̂ . Voltammo­
grams for 1.3 x 1 0 “ 5 mol/cm^ sulfide in cryolite melt at sweep rates 
of 10-500 mV/sec are shown in Fig. 3. The properties of the voltam- 
metric curves obtained at both sulfide concentrations can be summa­
rized as follows:

(i) Peak potential for the oxidation of sulfide, Ê , shifts 
anodically with increasing sweep rate, v.

(ii) Plots of the peak current, ip, vs. the square root of sweep 
rate, v*'^ are straight lines (Fig. 4;« The slope of these lines is 
proportional to the concentration of AI2 S3 .

(iii) The separation between the anodic peak potential and the 
cathodic peak potential, | - Ê j, increases as v increases (Table I).

Table I
Potential Separation Data*for the Oxidation of Sulfide in 

Cryolite at 1323 K

1*3 x 10- 5  mol/cm3 A1 2 S3 3*1 x 10 mol/cm^ A^S^

v(mV/sec) |Ep - Ep| <mV> | Ep — Ep| <*V>
1 0 125 125
2 0 1 2 0 125
50 185 180

1 0 0 285 290
2 0 0 360 345
500 500 490

Corrected for ohmic drop.

The above properties are in agreement with the criteria for a quasi-reversible charge-transfer mechanism (13), i.e., one in which the 
current is controlled by both diffusion and charge transfer kinetics. 
For this type of reaction mechanism, if the sweep rate is slow enough, 
the reaction approaches reversible behavior. At slow sweep rates, at 
1323 K, the anodic-to-cathodic peak separation and the peak-to-half- 
peak separation of a quasi-reversible reaction approach 253/n and
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126.5/n mV, respectively, where n is the number of electrons involved 
in the electrochemical reaction. The voltammograms indicate that, at 
sweep rates of 10 and 20 mV/sec, the reactions obtained for sulfide 
ions are reversible, and the experimental values for the potential 
separations suggest two as the number of electrons involved for the 
anodic oxidation of sulfide ions. Using the Randles-Seveik equation 
for reversible reactions (13) and the experimental values for ip at 
10 and 20 mV/sec, an average value of 3.93 x 10"^ cm^/sec was 
obtained for the diffusion coefficient of sulfide in molten cryolite 
at 1323 K.

Thus, it is hypothesized that the oxidation of sulfide ions in 
cryolite involves the following reaction:

s2" ----  S + 2e“ (1)

where ks is the standard heterogeneous rate constant and 3 is the 
transfer coefficient.

The shape of the voltammogram for a quasi-reversible oxidation 
reaction depends on 3 and ks. For large values of 3, the anodic 
peak is much sharper and the peak current is larger than those of the 
corresponding cathodic peak. The opposite is true for small values 
of 3. For 3 = 0.5, the anodic-to-cathodic peak current ratio is equal 
to unity. The experimental values for the ratio of anodic-to-cathodic 
peak currents obtained at different sweep rates and the two different 
sulfide concentrations in this study are approximately one, thus 
suggesting that 3 = 0.5.

The standard heterogeneous rate constant ks can be derived from a 
working curve, developed by Nicholson (14), showing variation of the
peak separation-|- E^| with the kinetic parameter which is 
defined as

k
* =

(’
nFv \ 
RT~ D)

1/2 ( 2 )

where F is the Faraday, D is the diffusion coefficient, R is the 
universal gas constant, and T is the temperature. It was found that 
only the values of peak separation at 100 and 200 mV/sec in Table I 
could be used to estimate ks. From these peak separation values and 
Nicholson's working curve, ks was calculated to be about 
4.2 x 10~3 cm/sec.
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Fig. 1 Voltammogram of Molten 
Cryolite. T = 1323 K, 
Electrode Area = 0.32 cm 
v ■ 100 mV/sec.

Potential , V  vs. Pt reference

Potential , V vs. Pt reference

Fig. 2 Background Current of Molten Cryolite in the Potential Range 
+0.6 to -0.2V. T = 1323 K, Electrode Area = 0.32 cm2, 
v = 100 mV/sec
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Fig. 3 Voltammograms of the Oxidation of Sulfide Ions in Molten Cryo­
lite at Different Sweep Rates. T ■ 1323 K, Electrode Area = 
0.32 cm2, Concentration » 1.3 x 10~5 mol/cm3

Fig. 4 Plots of ip vs. v*/2 for the Anodic Oxidation of Sulfide Ions 
In Cryolite. T = 1323 K, Electrode Area = 0.32 cm2 
A: 1.3 x 10” 5 mol/cm3, O: 3.1 x 10“5 mol/cm^
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Abstract

The hot corrosion of metals and alloys has normally been 
investigated in the laboratory using simplified sulfate melts. 
These have not contained aluminum, employing rather added 
lithium cations to lower the melting point to plant operation­
al temperatures. Lithium is not found in superheater deposits 
and a consideration of deposit analyses indicated that the next 
most abundant cation, after sodium and potassium, was 
aluminum: only 15 mol% is needed to lower the melting point to 
550°C. Corrosion tests with this melt have shown little dif­
ference in the rate of hot corrosion determined using the 
1ithium-containing melts, but a very different mechanism. The 
generation of oxide ions in the melt upon oxidation of nickel 
(the metal studied in most detail) caused an aluminum-rich 
layer, 0.2 mm thick, to build up within the melt, adjacent to 
the scale, and the later precipitation of an insoluble residue 
within the bulk melt. This residue contained no nickel and, 
surprisingly, could not be identified by X-ray analysis as one 
of the 14 known modifications of alumina. The rate determin­
ing step for the dissolution of scale into the melt was found 
to be that of the passage of nickel-sulfato complexes through 
the aluminum-rich layer. Suggestions are made for the incor­
poration of the implications of this finding into future hot 
corrosion research.
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1. Introduction

Corrosion by molten salts contributes significantly to the cost 
of electricity generation from fossil fuels. In coal-fired boilers, 
the molten salts are principally alkali metal sulfates, while in oil- 
fired furnaces, vanadates are additionally found. Hot corrosion also 
occurs in gas turbines, particularly on the first stage nozzle guide 
vanes and rotor blades. The aggressive liquid deposits derive from 
impurities in the fuel and the combustion air and form on metal sur­
faces at temperatures of 550°C and above. Since it is not economi­
cally practicable to use impurity-free fuels hot corrosion must be 
investigated, and minimized to the best of our ability.

In such investigations it is obviously important to employ a 
molten sulfate mixture which is representative of that occurring in 
practice. Analyses of deposits for the cations present do not reflect 
the relative proportions found in the fossil fuel used. Some cations 
are concentrated in the molten deposit by one or more orders of magni­
tude: the concentration of the vanadium present in fuel oil is one 
well known example. In this study we focus on deposits, containing 
aluminum cations, expected on superheater and reheater tubes in coal 
fired power plants. However, the presence of very similar deposits 
are expected at those sites in gas turbines where hot corrosion 
occurs. Thus our findings can apply equally in this area.

2. Composition of the Deposit

Hot corrosion deposits are generally described, rather than fully 
identified, as alkali metal sulfates. The deposits are formed from 
the impurities in coal, and in this context the impurities may be de­
fined as any inorganic constituent and any element other than carbon, 
hydrogen and oxygen.

Inorganic constituents of coal are primarily ash-forming, and can 
be sub-divided into inherent or extraneous mineral matter. Inherent 
mineral matter, generally less than 2% by weight, comprises those 
inorganic compounds once part of the original plant substance. The 
main elements are Fe, Ca, Mg, P, K, Na, Si, A1 and Mn.

The remainder of the ash-forming substances are extraneous mineral 
matter, having been mixed with the plant material during coal-forma­
tion, or introduced later by contamination with mineral-laden water. 
They may also be derived from the roof of the seam during mining.

The mineral matter in coal may be classified into six main 
groups (1»2), and these are shown in Table 1. (A large number of 
associated minerals are also present in coal, but in negllegible amounts 
in this context.) Of the minerals listed, kaolinite, pyrites and 
cal cite comprise around 95%.
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Table 1

Classification of Mineral Matter Occurring in Coal^

Group

Shale

Kaoli n

Sulphide

Carbonate

Chiori de 

Oxi de

muscovite

hydromuscovi te

illite

bravaisite

montmorillonite

biotite

kaolinite

livesite

metahalloysite

Examples

(K9Na,H303,Ca)2(Al,Mg,FesTi)4-

(Al9Si)8020(0H5F)4

A1203 .2Si02 .xH20

pyrite, marcasite, FeS2

ankerite, Ca(Fe,Mg,Mn)(C03)2 

cal cite, CaC03 

siderite, FeC03

sylvite, KC1 

halite, NaCl

quartz, Si02 

haematite, Fe203 

magnetite, Fe304

(a) See Refs. 1 and 2.
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Sulfur and chlorine are the two most important impurities which 
are not ash-forming. The normal weight percent range for sulfur is 
1-4%, but up to 10% has been found. Chlorine levels in coal are 
normally 0.2-0.4%, but there is currently a trend towards the use of 
higher chlorine coals (up to 0.8 weight%), and this has focussed 
interest on the possibility of chloride ions being present in super­
heater deposits and thus participating in the corrosion process.

Chlorine occurs in the mineral form mainly as NaCl, with very 
little KC1, and this form probably accounts for around one half of the 
chlorine content. The form of the remainder is not clear. In the 
combustion zone NaCl is volatilized, and an exchange mechanism has 
been proposed (3) whereby potassium is replaced by sodium in the 
alumino silicates, allowing the formation of KC1 vapor. The tempera­
tures in the combustion zone are also sufficient to volatilize silica 
from shales and kaolins, and decompose carbonates to give CaO and MgO.

Table 2 gives reported chemical analyses for the fused inner white 
layer of superheater and reheater deposits. The year associated with 
the various reports is given because we believe the latest ones re­
flect improved analysis techniques and procedures. However, a consi­
derable scatter of the data is readily seen. This arises in part from 
the difficulties inherent in obtaining representative samples, but 
also from variations between power station fuel supplies, and operat­
ing temperatures and conditions.

The earlier analyses refer to the now older, and less efficient, 
220 megawatt boilers, and show sodium and potassium cations generally 
predominating over the alkaline earth cations. The iron in these 
deposits originates from both the coal and the superheater and re­
heater tubes and its concentration is thus expected to be time-depen­
dent. Since (Na,K)S04 eutectic melts above 800°C, and the operating 
temperatures of these tubes is around 600°C, another cation has to be 
added to produce a lower melting eutectic. That cation has in the 
past been lithium, but the (Li, Na, K)S04 eutectic, while melting 
around 550°C, contains 78 mole% lithium, not a major component of 
superheater deposits. Laboratory tests using this eutectic have pro­
vided insight into hot corrosion, but we wished to use a more typical 
melt.

The later analyses, reflecting the coming on-line of the larger 
660 megawatt generating plant, show generally some increase in the 
sodium and potassium levels in the deposits, but larger increases in 
aluminum levels. The calcium and magnesium levels are possibly now 
somewhat lower.

These conclusions are not clear cut from the data in Table 2, 
which contains only a selection of analyses of inner fused deposits. 
(It is traditional to give the constituents as their oxides: it does 
not imply they are present in that form.) A total analysis means that
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the figures represent the combined water-soluble and -insoluble con­
tents. Analyses for chloride are infrequently reported, and are thus 
not included. Table 3 contains similar analyses of the outer, mainly 
fly-ash, layers of deposits. A comparison of Tables 2 and 3 shows, 
as expected, more silica in the outer layer, and an enrichment of the 
inner layer in the alkali metals with respect to the fly-ash composi­
tion. However, there seems to be no common Na to K ratio within the 
fused layer, and we therefore based our search for an appropriate, 
simplified, yet representative melt using a ratio of unity, i.e. upon 
the (Na, K)S04 eutectic.

We thus investigated the effect of added aluminum upon the melt­
ing point of (Na, K)S04 eutectic (4). Only relatively small additions 
of aluminum were needed to produce dramatic reductions in the observed 
melting point. The composition chosen for this work contained 15 mole 
% aluminum, and equal portions of sodium and potassium. This mixture 
melted around 550°C, and was stable under a synthetic flue gas atmos­
phere. The important component of the gas was the small concentra­
tion of SO3, which prevented decomposition of the melt, (and the 
appearance of AI2O3), seen when the mixture was held molten in air.

An infrared investigation of the differences in structure and 
cation interactions within (Na, K, A1)S04 and (Li, Na, K)S04 
(solified) melts has been published (4), and we here now examine the 
interaction of the aluminum-containing melt with metals and alloys, 
considering initially in detail melts containing nickel coupons.

3. Experimental

A coupon, approximately 8 mm x 8 mm x 1 mm, of metal or alloy is 
placed in an optical silica cell (Fig. 1) containing molten sulfate. 
The cell is located in a specially designed furnace (5), heated 
largely from above to create a known, representative thermal gradient 
down the melt, and a synthetic flue gas mixture is passed over the 
upper surface of the melt. The furnace is sited in the large cell 
compartment of an Applied Physics Cary 14 H spectrophotometer, the 
optics of which are essentially reversed to prevent any light emitted 
by the hot sample affecting the pen position on the recorder. The 
conventional record of light absorbed by only the sample as a function 
of wavelength is thus obtained. The optical path of the instrument is 
modified with masks so that only a horizontal slot of light (1-2 mm 
high) passes through the molten salt. Consequently the spectra, and 
hence the concentration, of dissolved species are recorded as a func­
tion of time and distance from the coupon in the melt experiencing 
the thermal gradient. In addition, periodic visual inspections of the 
corrosion process can be made.

At the end of various exposure times to both lithium- and 
aluminum-containing sulfate melts, including some standard crucible 
tests, the melt was quenched and the metal coupon, with adhering melt,
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was separated from the remaining solidified melt. The coupons were 
prepared by conventional metallurgical procedures for subsequent 
electron micrograph (EM) and electron probe microanalysis (EMPA) 
studies. The quenched melt was subjected to elemental analysis and 
X-ray powder investigations.

4. Results and Discussion

The main finding concerning the crucible tests was that the 
aluminum-containing sulfate melt was somewhat more aggressive than the 
lithium-containing melt. The extent of corrosion appeared to be in­
creased by a factor of around two, from weight loss measurements.

The main difference in the mode of behavior showed up as the slow 
appearance of an insoluble white material after several hours in 
aluminum-containing melts in the presence of, particularly, nickel 
coupons. Initially this solid was considered as alumina, from the 
interaction of the aluminum cations in the melt with the oxide ions 
generated in the corrosion process. No oxide of lithium is expected 
to be insoluble under these conditions.

The white solid was observed as a fine uniform dispersion through­
out the melt at the end of experimental runs. We have not been able 
to identify it as exclusively A1203, or even majorly as having an 
alumina structure from X-ray diffraction measurements.

4.1. Examination of Quenched Melts

Of the various metal specimens investigated, the white solid 
appeared in greatest quantity and in the shortest time in the pre­
sence of nickel coupons, and thus we have concentrated on this system.

After removing the corroded coupon the solidified melt was tested 
for water-solubility. In each case, a white insoluble residue was 
obtained, approximately 5% (by weight) of the initial sample. To en­
sure no soluble material remained with or within the solid, extensive 
heating and leaching, using large volumes of distilled water and an 
ultrasonic bath, were performed. Upon X-ray diffraction, the residues 
produced extremely complex patterns, and no clear identification was 
possible.

The results are summarised in Table 4 for the X-ray powder analy­
sis for the residues obtained after corrosion runs at various nickel 
coupon temperatures, and contained in silica cells (Fig. 1). The 
thermal gradient in all cases had been close to 130°C, and synthetic 
flue gas (16% CO2, 4% 02, 0.4% S02, balance N2) had passed continuously 
over the melt surface. The apparent presence of water-insoluble 
mixed-sulfates is thus surprising. We stress that nickel compounds 
were entirely absent from the precipitate.

458



Table 4

X-Ray Powder Diffraction Analysis of Water-Insoluble 
Residues from Melts After Corrosion Runs

Metal
Temperature (°C) Major Constituents

a-Al203
Component9

587 Possibly NaAl(S04)2b 
+ some unidentified

Minor

606 Possibly KNaS04C Mi nor

616 Unidentified pattern Minor

632 Similar to 606°C Minor

JCPDS 10-173; b JCPDS 27-631; c JCPDS 20-927

The infrared spectra of solidified melts were therefore recorded, 
using the KBr-disc technique. The spectra of four solidified melts, 
from the corrosion runs at the four coupon temperatures (Table 4), 
were measured and compared with the spectrum of a "pure" sample. This 
was one that had been held in the molten state for several hours, but 
with no nickel coupon (and thus no corrosion products) present, and in 
which no precipitate was observed to form. No significant differences 
were seen between the four coupon-containing melts: some differences 
were noted between these and the pure melt spectrum, but none helped 
definitively to identify the precipitate. However, information upon 
the melt structure, and the effect thereon of corrosion product dis­
solution, was obtained, and the results published (4).

The appearance of the precipitate in the (Na, K, A1)S04 melt only 
in the presence of metals, particularly nickel, is interesting. The 
addition of oxide ions (as Na20) to the pure melt causes the immediate 
formation of a-alumina, but a corroding metal brings about a different 
reaction. X-ray diffraction analysis here failed to identify the 
solid as primarily alumina. Fourteen different A1203 structures are 
contained in the NCPD file, and of these only a-Al203 was observed as 
a minor constituent. Possibly AI2O3 can adopt an unlisted structure 
when formed under these conditions, or have a complex combination of 
modifications which make identification impossible. The presence of 
diffraction patterns attributable to mixed sulfates implies inclusion 
or incorporation of such species during precipitate formation in the 
melt. In our view, however, this is unlikely, because of the exten­
sive leaching treatment. The alternative we favor is that the preci­
pitate either contains, or may be (related to), an insoluble aluminum- 
sulfate mineral, several of which are known to exist.
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4.2. Metallographic Examination of Corroded Specimens

EM (electron microscopy) and EMPA (electron microprobe analysis) 
were used to examine the corroded coupons. In general there were no 
significant variations between coupons exposed at different tempera­
tures. The micrographs of a nickel coupon corroded at 616°C are 
typical (Fig. 2). The specimen was ground to 600 grit silicon-carbide 
paper along one edge to expose the bare metal, and is thus viewed with 
adherent solidified melt on both faces.

The feature which we believe is unique to aluminum-containing 
melts is the presence of a pronounced layered structure in the melt at 
the scale-melt interface. This inner layer, approximately 0.2 mm 
thick, is rich in aluminum and nickel, but deficient in potassium, 
relative to the outer layer, which is assumed to be representative of 
the bulk melt. EMPA studies of iron and chromium samples (6) revealed 
a thin aluminum-rich layer with iron, but not with chromium. However, 
the extent of scale formation with chromium was too small to be 
detected, and the mechanism for producing an aluminum- and chromium- 
rich layer within the melt may have been absent. At the time of 
writing, similar analyses on various nickel-based alloys and stainless 
steels are incomplete, but will be presented at the meeting.

4.3. Nature of the Inner Layer

In the hot corrosion of metals by molten sulfates the oxide layer 
on the metal surface is continuously being dissolved into the molten 
salt. The stabilities of the dissolved corrosion products, (largely 
transition metal-sulfato complexes), decrease with increasing tempera­
ture, and these species migrate outwards across the temperature 
gradient resulting from the heat flux. At the higher temperatures at 
the melt-ash interface most of these species, notably the iron and 
chromium complexes, decompose, being removed from solution as the in­
soluble oxides.

The rate-controlling step for hot corrosion has generally been 
considered as the rate of transport of the various sulfato complexes 
across the molten salt layer. Using our new technique (5) for the 
continuous monitoring of hot corrosion, termed EASE (Electronic 
Absorption Spectroscopy Experiments), we have recently shown (6) that 
the rate of migration across the thermal gradient is relatively rapid, 
and cannot therefore always be the rate controlling step, especially 
in the case of nickel. We now here propose and examine the idea that, 
where the inner layer is seen, the rate controlling step is the trans­
port of transition metal-sulfato species across this layer.

That this layer is involved is almost inescapable, since the rate 
of scale buildup on nickel is rapid, and often faster than the rate of 
concentration increase of nickel within the melt (6).
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4 .4  I n i t i a l  R e a c t io n s

A l l  o u r  m etal specim ens were p r e - o x id iz e d ,  g e n e r a l ly  in  a i r  f o r  
24 h a t  550°C, b e fo re  be in g  exposed to  th e  m e lt .  T h is  was done to  
make th e  exp e rim e n ts  r e p re s e n ta t iv e  o f  b o i l e r  c o n d i t io n s ,  in  w h ich  
o x id a t io n  o f  tube  s u r fa c e s  o c cu rs  b e fo re  m o lten  d e p o s it s  fo rm . Thus 
th e  f i r s t  r e a c t io n  i s  th e  in t e r a c t io n  between o x id e  and the  m e lt and, 
in  th e  case  o f  n i c k e l ,  r a p id  p e n e t ra t io n  o f  th e  o x id e  s c a le  by th e  
m e lt .

A n o d ic  o x id a t io n  o f  n ic k e l ,

N i -----> N i2+ + 2 e , (1)

then o c c u rs ,  and a c o rre sp o n d in g  re d u c t io n  o f  s u l f a t e  io n s ,

S042" + 8e“ — >  S2- + 402" (2)

S u l f u r  t r io x id e  w i l l  a ls o  be p re s e n t in  th e  m e lt ,  hav ing  been formed 
in  th e  s y n th e t ic  f lu e  gas v ia  th e  p la t in i z e d  Kaowool c a t a ly s t  ( F ig .
1 ) , ( in  g e n e ra t in g  p la n t  by th e  c a t a l y t i c  a c t io n  o f  Fe2 0 3  in  f ly - a s h ) .  
I t  w i l l  be t r a n s p o r te d  th rough  th e  s u l f a t e  m e lt  as a consequence o f  
th e  s u l f a t e - p y r o s u l f a t e  e q u i l ib r iu m ,  v i z .

S042- + S03 * S2072' (3)

S u l f u r  t r io x id e  may a ls o  be reduced  to  g iv e  s u l f i d e  and o x id e  io n s ,

S03 + 8e" ----->  S2'  + 302'  (4)

Ox ide io n s  can a ls o  a r is e  from  th e  a c id - b a s e  e q u i l ib r iu m  th a t  e x is t s  
in  m o lten  s u l f a t e s ,

S042- t  S03 + 02_ (5)

and from  p a r t ia l  r e d u c t io n  o f  s u l f a t e  to  y i e ld  s u l f u r  d io x id e ,  w h ich  
i s  e s s e n t i a l l y  in s o lu b le  in  m o lten  s u l f a t e s ,

S042"  + 2e" ----->  S02 + 202"  (6)

The d is s o lv e d  o x id e  io n s  from  th e  s c a le ,  and gen e ra ted  o x id e  io n s  
a t th e  s o l i d - l i q u id  in t e r f a c e ,  r e a c t  w ith  th e  aluminum c a t io n s  in  th e  
m e lt to  form  A1 2 0 3 , and thu s  d is p la c e  th e se  r e a c t io n s  to  th e  r ig h t ,  
th e re b y  enhanc ing  th e  o x id a t io n  ( c o r r o s io n )  o f  th e  m e ta l, and p rodu c­
in g  SO2  gas a t  th e  s o l id - m e lt  in t e r f a c e .

4 .5 .  T ra n s p o r t  C h a r a c t e r is t ic s

W ith  a lu m in u m -con ta in in g  m e lts  th e re  i s  thu s  a ready  mechanism
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for providing a precipitate at the solid-melt interface, within the 
melt, which might be expected to hamper the diffusion of nickel sulfa- 
to complexes into the bulk melt. Under conditions of rapid corrosion, 
oxide ions would later be able to diffuse into the bulk melt and in 
due course alumina or, as we now know, an insoluble aluminum-contain­
ing compound will appear in the melt. We have not yet been able to 
determine if the solid appears further and further from the solid- 
melt interface with increasing time, or if it appears uniformly within 
the melt after certain criteria are attained. The former is difficult 
to observe, and the latter could seem like the former, under the 
combined effects of appropriate particle size and gravity. Our perio­
dic inspections indicated a uniform distribution of the insoluble 
material throughout the melt after several hours, but more experiments 
are required, and under isothermal conditions.

However, the aluminum-rich inner layer in the melt may be of 
different composition or structure to that of the bulk precipitate, 
and further work regarding this layer is planned. At present we can 
note that the bulk precipitate contains no nickel, or any originally 
present was leached out. Thus, assuming the same composition for bulk 
precipitate and inner layer, the transport of nickel through this 
material can be expected. The criteria for a different composition 
for the inner layer would have to include an open structure or pore 
size which would permit transport through the material, and in addi­
tion the capacity to contain, and possibly also retain, large concen­
trations of nickel, and other transition metal-sulfato complexes. We 
note that alumina has been used successfully in the chromatographic 
separation of transition metal complex ions in molten salts (15).

This inner layer must also allow through it sulfate and pyrosul- 
fate ions, and sulfur dioxide (and possibly trioxide) gas. This is 
to enable the scale formation process, in the case of nickel, to con­
tinue. However, the evolution of gas, seen apparently at the solid- 
melt interface, any arise at the scale-melt interface, or within the 
melt, at the inner layer-bulk melt junction. In the former case, 
some disruption of the inner layer would be expected, and possibly 
erratic metal dissolution rates as a function time, but this was not 
found (6), and currently we favor the latter site.

4.6. Dissolution Rates

The rate of transport of corrosion products (transition metal- 
sulfato complexes), the rate controlling step, across the inner layer 
is obtained by determining the total concentration of these species 
in the bulk melt as a function of time (6). The concentration, at 
any time, of these corrosion products in the inner layer may be deter­
mined using the Tyrell equation (16) for the flux of corrosion pro­
ducts in a medium. This requires chemical diffusion and Soret coef­
ficients, but these are not known for our conditions, but suitable 
alternatives are available (17,18). For nickel, dissolution rates
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obtaining after 2.5 h at 632°C and 5 h at 587°C coupon temperatures 
were determined (6) as approximately 3.72 and 0.51 mg cnr2h-l respec­
tively, (equivalent to 4200 and 570 nm h~ ‘, 9350 and 1250 mil year-!, 
respectively). Fitting these rates into the Tyrell equation for a
0.2 mm layer gives a concentration difference equivalent to 16% (by 
weight) of nickel at 632°C and 2% (by weight) at 587°C. These would 
relate to values which an open net-work aluminum-containing material 
might reasonably be expected to hold.

5. Conclusions and Implications

(1) It is reasonable, and appropriate, that laboratory tests of 
the hot corrosion of metals and alloys by molten sulfates should, in 
the future, particularly for superheater corrosion studies, employ 
melts containing aluminum ions.

(2) The generation of oxide ions by the corroding metal causes 
an aluminum-containing layer within the melt and adjacent to the 
metal scale. Transport of corrosion products into the bulk melt is 
limited by this layer. Its composition is uncertain, and it is not, 
as might be expected, a common form of alumina.

(3) We propose that this finding may lead to economic benefits. 
We suggest that instead of seeking for better corrosion-resistant 
metals or coatings to withstand hot corrosion, the interaction be­
tween the metal surface and the corrodent could be tailored to produce 
within the melt an inner layer which has a very slow rate of trans­
port of corrosion products across it into the melt, and retards scale 
formation. This could be achieved by either the use of an appropriate 
surface metal treatment or coating, or by addition of an appropriate 
chemical to the fuel, particularly during start-up.
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Figure 2 Electron microprobe analysis of a corroded nickel 
coupon and adhering melt, showing nickel-rich and 
aluminum-rich regions in the melt. Clockwise,
(A) nickel; (B) potassium; (C) aluminum; (D) elec­
tron image. Arrow indicates upper coupon surface. 
Coupon temperature 616°C, magnification X25.
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IN SODIUM-POTASSIUM NITRATE MELTS AT 250-550°C
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ABSTRACT

The corrosion behavior of iron, nickel and Incoloy 800 
alloy (1800) electrodes in molten (Na,K)N03 has been in­
vestigated over a temperature range of 250-550°C. Anodic 
polarization curves as well as open circuit potential 
measurements for Fe, Ni and 1800 show evidence of spontaneous 
passivation when these metals are in contact with the melt 
at any temperature studied. Intergranular corrosion and 
pitting have been found in 1800 at potentials more anodic 
than the steady state potential, this phenomenon being 
more important at the lowest temperature investigated (250°C), 
than at the highest (550°C). Results of metallographic 
examination of the samples are presented.

INTRODUCTION

Studies of the corrosion behavior of possible container materials 
are quite important as part of the development of molten (Na,K)N03's as 
heat transfer fluids in solar collectors at temperatures in the range 
250-550°C (1). Although corrosion of iron, nickel, some steels and to 
a lesser extent chromium has been studied in molten nitrates, most of 
these studies involve temperatures well under 550°C and results are not 
directly applicable to high temperature, molten salt receiver systems 
(2-7). Literature data indicates that iron and nickel passivate 
spontaneously in contact with the (Na,K)N03 melt giving no detectable 
amount of ionic species of the metals in the fused salt. Passivating 
films are mainly magnetite (Fe30^) and NiO. Although the long term 
corrosion behavior of Incoloy 800 (1800) in molten nitrates in closed 
loops has been studied (8-10), no electrochemical studies appear to 
have been carried out on this material. 1800 appears to be a suitable 
container over the temperature range proposed for operation of solar 
receivers using the molten nitrates as heat transfer fluids.

RESULTS AND DISCUSSION

Open circuit potentials and polarization curves for Fe, Ni and 
1800 were measured at various temperatures. A gold pseudo-reference 
electrode was employed in these studies. In the case of iron, nitrite
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oxidation can be seen and an apparent limiting current is achieved. As 
iron is polarized further anodically, an initial passive region is 
formed (Figure 1). The E-log i curves appear to show Tafel behavior 
for about one decade. Massive evolution of a brown gas, presumably 
N02, starts to appear in this range. Beyond the Tafel region, the 
electrode depolarizes sharply, indicating a breakdown of passivity.
For experiments at 548°C, the E-log i curves are complex and not 
terribly reproducible. Initial cathodization of the electrode elimi­
nates the initial passive region.

The behavior of nickel is complex; breakdown of the passive film 
is rather sharp depending on the anodic potential to which the polari­
zation is carried. For instance, polarization of Ni to +0.73 V vs the 
Au reference gives a retrace, on scan reversal, of the initial anodic 
polarization curve. The surface is covered by a thin blue/black film. 
Scan reversal on anodic polarization at +0.78 V, however, yields 
continuing increasing currents (Figure 2). The electrode develops pits 
which spread on its surface, and a thin black film.

With 1800, polarization curves somewhat similar to those for Fe 
are obtained; the limiting current for the oxidation of nitrite is not 
as well defined at the 1800. However, the most striking observation is 
the fact that a sharp breakdown potential is observed at lower poten­
tials than for iron, and that these breakdown potential decrease - are 
less anodic - at lower temperatures. Such a polarization curve is 
shown in Figure 3 for 250°C. If the potential scan is reversed after 
the breakdown potential, one obtains a closed current loop, the size 
depending on the reversal potential. After such experiments the melt 
shows an orange color, and dichromate ion was determined to be in the 
melt. As the temperature is increased, the closed current loop, even 
after entering an apparently unpassivated region, is much smaller than 
those obtained at lower temperatures, indicating the initially passive 
film is quickly reformed. Figure 4 shows such a polarization curve at 
547°C.

Metallographic examination of the 1800 shows marked dependence on 
the temperature and polarization conditions. At 250°C, no significant 
change in the surface can be observed at the open circuit potential. 
Polarization to potentials where nitrite is oxidized forms a trans­
parent, light-blue film on the surface. At potentials slightly more 
anodic than the breakdown potential, the electrode surface shows very 
defined grain boundaries as well as pits spread out over the surface. 
Figures 5 and 6 show unetched and etched views of the same field of an 
1800 sample taken into the breakdown region and cycled at 250°C. 
Fissures seen in Figure 5 are shown to be intergranular cracks in 
Figure 6 caused by dissolution of chromium depleted regions in grain 
boundaries. An SEM photograph in Figure 7 shows evidence of pitting 
and intragranular cracking as well. This would not be as deleterious 
to mechanical properties as the intergranular attack. The more anodic 
the potential, once the breakdown potential is attained, the stronger

469



the surface attack. Above 350°C, a thin transparent brown/blue film is 
observed, which becomes more intense as the temperature increases. The 
higher the temperature, the thicker the film formed. At potentials 
more anodic than the nitrite oxidation wave, pits as well as a brown/ 
black film are observed. At 547°C, the highest temperature studied, no 
pits were found under any conditions; a very thick brown film is 
obtained after anodic polarization experiments to +1.54V vs the Au 
reference. Figure 8 shows an electrode polarized at 547°C. A thick 
brown oxide film is formed, but no pitting is evident. Table I shows 
open circuit potentials and breakdown potentials, obtained as that 
potential where the anodic current undergoes a sharp increase.

Table I

Open circuit potentials, vs Au reference, and breakdown potentials for 
Fe, Ni and 1800 at various temperatures.

—
1 o O m

o o < eb (V)

Iron

258 -0.277 +1.23
345 -0.200 +1.31
398 -0.040 +1.49
548 -0.015 - (n

Nickel

345 -0.105 _
398 -0.030 +0.78
548 +0.002 -

1800

250 -0.300 +0.85
350 -0.100 +0.98
452 -0.030 -

500 -0.017 - (n
547 -0.005

(not observed)

1800 samples etched in oxalic acid at high current densities showed 
similar etch-pit formation to those found in the molten nitrate at 
250°C. Grain boundaries were observed to have been heavily attacked 
and within the grains etch pits (geometric-sided depressions) were 
formed in areas of high dislocation densities and erosion has occurred 
around the TiC/N phases of the 1800. These observed microstructures, 
though not showing as severe surface deterioration as those produced in 
the molten nitrate bath at 250°C, have similar features. A protective 
passivating oxide film has been unable to develop or be maintained, 
and the chromium depleted grain boundary regions which would have
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provided a pathway for slow chromium diffusion to the surface under 
film forming conditions have dissolved. As Bradshaw has indicated
(10), 1800 under static, long term conditions in the molten nitrate at 
530°C had an outer iron oxide layer, probably FeaOi*, and a continuous 
layer beneath it which appeared to be a mixed spinel oxide, Fe(Fe, 
Cr)20i*. Sub-surface discontinuous phases consisted of a Cr-rich oxide 
phase, and apparently a pure Ni phase. It thus appears that 1800 is 
protected by a much more protective oxide film at higher temperature 
than at lower, at least over the 250-550°C range. Very recent work by 
Bradshaw on corrosion of 1800 in a thermal convection loop molten 
nitrate has indicated the formation of pits on a coupon immersed for 
approximately 5000 hours at 333°C (11). He reports that the pits 
appear to have sharply defined boundaries, indicating attack on indi­
vidual grains. Thus, the electrochemical experiments appear to be in 
general accord with these most recent long-term corrosion studies.
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Fig. 1. E-log i curves for IRON.(o) 
T = 250°C, +1.17V (precatho-
dized at -0.80V); (a) T = 398°C, 
—  +1.48V.

Fig. 2. E-log i curves for NICKEL;
— +0.73V. --- +0.78V.
T = 345°C.

Fig. 3. E-log i curves for 1800; 
— +0.85V, -•-•+0.88V, •••+0.95V. 
T = 250°C.

Fig. 4. E-log i curve for 1800;
--- +0.46V, •••+0.84V, — +1.20V.
T = 547°C.
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Fig. 5. Electrode, sectioned cross 
section, 250°C, 4 hr. Unetched.

Fig. 6. Same as Fig. 5; same 
field of view. etched.

Fig. 7. Same as Fig. 5; SEM. Fig. 8. Electrode, sectioned 
cross section of 547°C. Etched.
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OXIDE ION CHEMISTRY AND CORROSION IN MOLTEN ALKALI NITRATES 
AND NITRITES
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ABSTRACT

It has generally been assumed that corrosion in 
molten alkali nitrates proceeds by the participation of 
oxide ions (02’) directly from the melt. Such an assump­
tion is erroneous because oxide ions are completely 
converted to peroxide and superoxide ions in dry melts and 
to hydroxyl ions in melts exposed to water vapor. Oxide 
ions, however, could be stabilized by the addition of 
nitrite. To check whether corrosion in such melts depended 
on the concentration of oxide ions, experiments were 
carried out on zirconium and Zircaloy-2 in melts contain­
ing alkali metal nitrates, nitrite and hydroxide under 
different conditions. The oxide ion concentration in the 
melts is estimated to vary from IQ’ 12 to <_ lO’2^ m (mole 
kg’1); too small to account for the observed kinetics and 
polarization data. An analysis of the corrosion data, 
reported in the literature, for iron and carbon steel, 
shows that the oxide ion concentrations existing in the 
nitrate melts have no relation to the observed kinetics of 
oxidation. The source of oxide ions has to be the reaction 
of nitrate, nitrite and hydroxyl ions with the anion 
vacancies emerging on the surface.

INTRODUCTION

Several inorganic eutectic mixtures containing alkali metal 
nitrates are promising candidates for thermal storage systems (1); 
therefore, corrosion studies in these molten salts have recently gained 
technological importance. In interpreting the mechanisms of corrosion 
in molten nitrates and nitrites it has generally been assumed that the 
oxide ion species, 02“, participates directly from the melt (2-5).
Such an assumption, however, is ill-founded when the stability and 
hence the concentration levels of 02“ in these melts are considered.
For example, at 573 K, the concentration of oxide ions, produced by the 
self-dissociation of nitrate ions, is estimated to be ^ 10’ 12 m 
(m = mole.kg’1). However, the existence of oxide ions, even at such a 
low concentration, is highly questionable because of their reactivity 
towards NO3’, dissolved oxygen and water vapor in the melt. Zambonin 
and Jordan found that the voltammograms obtained using rotated platinum 
disk electrodes were similar with additions of Na20 and Na£02 to the 
nitrate melt (6 ). Their investigations revealed that oxide ions are 
virtually completely converted to peroxide and superoxide ions in dry
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melts and to hydroxyl ions in melts exposed to water vapor; under such 
conditions, the concentration of oxide ions could be « 10“2° m (7).

The concentration of oxide ions at the self-dissociation level of 
10~12 m could, however, be maintained by adding sufficient nitrite (one 
of the products of the reaction of 02“ with NO3") and having a blanket 
of inert gas or a vacuum over the melt. Corrosion measurements in 
molten alkali nitrates have been reported where no special precautions 
were taken to stabilize the oxide ions; yet the mechanisms proposed 
have assumed the participation of oxide ions directly from the melt 
(2,4,5). Moreover, even a concentration of 10~*2 m is found to be too 
low to account for the observed kinetics of oxidation of iron and steel 
at 573 K in the nitrate melts. A reappraisal of the role of oxide ions 
in the mechanism of corrosion in molten alkali nitrates and nitrites is 
thus warranted. Oxidation and polarization measurements carried out on 
zirconium and Zircaloy-2 in melts containing alkali metal nitrates, 
nitrite and hydroxide are presented here; analysis of the results shows 
that the source of oxide ions has to be the reaction of nitrate, 
nitrite and hydroxyl ions with the anion vacancies emerging on the 
surface.

EXPERIMENTAL

Zirconium and Zircaloy-2 samples were cut from rolled and 
annealed sheets; elemental analysis data are shown in Table I. Samples 
were paddle-shaped and the large test sections had a surface area of 
^ 10 cm2. Following the mechanical polishing step, they were pickled 
in a bath of hydrofluoric and nitric acids. The sodium and potassium 
nitrates were 99.99% pure; the purity of the other salts varied from 
97 to 99%. Experiments were carried out in NaN03[41]-KNO3 [59],
NaN02 [40]-NaN03 [7]-KNO3 t53]> NaN03140- - K N O 3 [58.:8]-NaN02 [0.7], 
NaN02 [100], LiNO3 [100] and LiNO3 [95]-LiOH[5]; the numbers listed refer 
to percentages by weight. Dry argon was bubbled through the melt 
containing the hydroxide at all times. The other melts were generally 
kept open to air; however, for comparison purposes, in a number of 
experiments, the cell containing the melt was evacuated by connecting 
to a vacuum system capable of pumping down to a pressure of 1.3 mPa or 
argon was bubbled through the melt.

The apparatus and the procedure followed for oxidation and 
polarization measurements are described in detail elsewhere (8 ). Vycor 
and stainless steel vessels were used as containers for the nitrate and 
nitrite melts; for the hydroxide containing melt a vessel made of 
Zircaloy-2 was used. Polarization data obtained in the nitrate and 
nitrite melts are reported here. A large area platinum wire gauze 
formed the counter electrode. A platinum wire fused in glass was used 
as a general reference electrode; its potential was frequently checked 
against a Ag/Ag+ (0.07 m in KN03-NaN03) reference electrode. The poten­
tials are quoted relative to the silver electrode. When a sample 
oxidized and polarized in one melt was polarized in another melt
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sufficient time, usually half an hour, was allowed for the attainment 
of steady potential. Only weight gain measurements were made with some 
control samples. For comparison purposes polarization and voltammetric 
data were obtained using small area wire electrodes of platinum, iron, 
zirconium and Zircaloy-2. All oxidations and polarizations were carried 
out at 573 K.

RESULTS

Thin film (<. 125 nm) growth: Two typical sets of curves showing 
the changes in potential with time and the kinetics of oxide growth in 
the initial stages are shown in Figures 1 and 2. The potentials on 
immersion were highly negative and they shifted in the positive direc­
tion with increasing oxidation; maximum changes occurred within the 
first 2 to 3 h after which they stayed nearly steady. Zirconium was 
always at a slightly more negative potential than Zircaloy-2. The 
steady potentials attained in nitrite and hydroxide containing melts 
(still negative) were slightly positive to those in the nitrate melts. 
Otherwise, in the cases of both zirconium and Zircaloy-2 the potentials 
attained and their variation with time was independent of the melt and 
the environment over the melt.

Oxide growth up to 24 h was followed by observing the changes in 
the interference colours developed on the sample; the colours were 
related to oxide thicknesses by comparison with a chart of oxide films 
grown anodically to various formation voltages (9). Generally two to 
three predominant colours, corresponding to a variation in oxide thick­
ness of 10 to 20 nm, were revealed by the optical examination; average 
thickness was estimated by taking into account the extent of coverage 
of these colours. The thickness at the end of a 24 h oxidation was 
obtained from weight gain measurements. The oxidation followed a near 
parabolic rate law and the rate decreased from a weight gain of 
^ 280 yg/dm2h in the first hour to ^ 35 yg/dm2h near the end of the 
24 h period; a weight gain of 1 mg/dm2h is equivalent to an oxide 
thickness of 67.3 nm. A tendency towards slightly increased rates of 
oxidation was observed in the nitrite and hydroxide containing melts. 
The kinetics of oxide growth were essentially the same when the melts 
were exposed to air, or evacuated and covered in a blanket of argon.

Thick film (up to 1 ym) growth: The kinetics of oxidation 
covering a range of weight gain from 1.5 to 15 mg/dm2 (oxide 100 nm to 
1 ym thick) are shown in Figure 3. A slightly faster rate of oxidation 
is observed in the melts containing nitrite and hydroxide than in the 
nitrates. The rate law followed changes from a near parabolic to a 
cubic one with the transition occurring at a gain of 4.5 mg/dm2 in the 
case of zirconium and at ^ 6.5 mg/dm2 in the case of Zircaloy-2; the 
rate of oxidation decreases from ^ 40 to ^ 3.5 yg/dm2h during these 
periods of oxide growth. Bubbling argon through the melts or evacuating 
the cell affected the kinetics little.
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Polarization measurements: Polarization curves for zirconium 
following oxidation, to a weight gain of 6 mg/dm2, in the binary 
eutectic of nitrates are shown in Figure 4. These curves were traced 
successively in the binary nitrates, ternary nitrates-nitrite and 
sodium nitrite; the reverse cathodic and the forward anodic portions 
are shown. Oxidation current was evaluated by extrapolation of the 
linear anodic part and finding the intersection of the corrected 
cathodic curve and the extrapolated anodic curve (8 ). There was a good 
agreement between the oxidation currents obtained from polarization 
measurements and the oxidation rates calculated from the weight gain 
data (8 ). It is important to note here that polarization of an oxidized 
zirconium sample in different melts gives essentially the same oxida­
tion current; as evidenced by the kinetics of oxidation in these melts 
(Figure 3(b)), this is to be expected. A set of polarization curves 
for Zircaloy-2 in the binary nitrates is shown in Figure 5; these were 
traced following oxidation of the sample in the same melt to various 
times. The linear portions of the anodic curves scan a shorter range 
of potentials than in the case of zirconium; the oxidation currents 
obtained from the polarization curves matched the kinetically derived 
oxidation rates well (8 ).

Wire electrodes: A typical voltammogram, traced at 20 mV/s, for 
platinum in the binary nitrate eutectic containing 10’ 1 m NaN02» is 
shown in Figure 6(a). The various peaks and their significance are 
interpreted as follows (10): cathodic peaks located at -1.68 and -1.9 V 
are due to the formation of insoluble sodium and potassium oxides on 
the electrode surface and their oxidation to the peroxides are 
associated with the corresponding anodic peaks at -1.29 and -1.56 V, 
respectively. Oxidation of the nitrite ion and its associated limiting 
current are observed at +0.3 to +0.9 V and at +1.2 V the sharp rise in 
current is due to the oxidation of the nitrate ion. A voltammogram 
obtained in the binary nitrates had similar features except that the 
saturation current due to nitrite ion oxidation was considerably less; 
in sodium nitrite the peaks due to insoluble oxide formation and its 
oxidation were not distinct and the rise in anodic current, due to the 
oxidation of the nitrite ion, occurred at 0 V. Polarization curves 
traced at the usually employed scan rate of 0.5 mV/s are shown in 
Figure 6(b); time of immersion in the melt had no effect on these 
curves.

Changes in the polarization curves, with time of immersion in 
molten binary nitrates containing 10’ 1 m NaN02* for iron, zirconium and 
Zircaloy-2 wire electrodes are shown in Figures 7, 8 and 9. In the case 
of the iron electrode, a sharp rise and fall in anodic current during 
the initial polarization, similar to that reported by Arvia et al. (2), 
was not observed. The behaviour of the wire electrodes was found to be 
quite similar to that of the large area samples. With increasing oxida­
tion, the rest potentials moved in the positive direction, the 
oxidation currents decreased and the linear portions on the anodic 
curves scanned a decreasing range of potentials; thus the rest poten­
tials and the shape of the polarization curves showed a tendency to
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approach those of the platinum electrode. This tendency was most 
obvious in the case of iron and decreased as Fe > Zr-2 > Zr, in the 
same order as their rest potentials varied with iron staying positive 
to Zircaloy-2 and zirconium.

DISCUSSION

Oxide ion chemistry: Investigations concerning the electro- 
chemical nature of the oxygen electrode in molten KN03»NaN03 have
suggested the existence of the following equilibria in the melt

N03 '  t  N02+ + 0 2'  . . . 1

02 '  + N03 "  2 N02 '  + 022" . . . 2

022'  + 2N03" t  2N02‘  + 202‘  ...3

° 22'  + 0 2 t  202" . . . 4

02' + H20 t 20H” ...5

At 500 K, the equilibrium constants for the equations 2 to 5 are 3, 
6.7 x 10-11, 3.5 x 105 and 1018, respectively. Oxide ions (02’) are 
thus rapidly converted to peroxide, superoxide and hydroxyl ions. 
Therefore, an oxygen electrode in the nitrate melts is treated as one 
involving a one electron transfer according to the equation

02 t °2+e 6

However, data supporting a two electron transfer equilibrium

02 - £  02+2e 7

have also been reported. It is recognized now that these studies were
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carried out in glass containers and that the 02” ion might have been 
stabilized by the reaction (11)

02~ + x Si02 i  (Si02)x02“ . . .8

The other obvious means of stabilizing 02~ ions is to add sufficient 
nitrite to the melt and to avoid exposure to oxygen and water vapor.
At 573 K for example, a maximum oxide ion concentration of 10“ 2̂ m can 
be expected in dry KN03-NaN03-NaN02 melts kept under vacuum or a 
blanket of inert gas. But in melts of KN03~NaN03 under all conditions 
and KN03“NaN03“NaN02 exposed to atmospheric conditions, the oxide ion 
concentration could be as low as 10“2^ m, or less (7).

Mechanism of corrosion: For interpreting the corrosion of iron 
and steel in molten nitrates pO2” (= -log[02“ ]) vs. potential 
diagrams, which reveal the thermodynamic stability of the various 
regions involved, have been constructed and used (3). The main equili­
bria involved are shown in Figure 10. Oxide growth is supposed to 
proceed by the following anodic reactions (2,4,5)

Fe+02' = Fe0+2e ...9

3Fe0+02" = Fe304+2e . . .1 0

2Fe304+02_ = 3Fe203+2e . ..1 1

But the discrepancy between the mechanism and the corrosion kinetics 
(parabolic rate law) becomes obvious when the flux of oxide ions and 
the rate of oxidation are compared. Assuming a diffusion coefficient 
of 5 x 10~6 cm2/s for oxide ions in the melt (the same as that for the 
diffusion of hydroxyl, peroxide and superoxide ions in nitrate melts) 
and the smallest possible barrier layer thickness of 0.2 nm (the size 
of a mean hole radius in molten salts) at an electrode surface the 
flux of oxide ions arriving at 573 K can be calculated as 2.8 yg/dm2h 
for an oxide ion concentration of 10"*2 m. For samples oxidizing in 
nitrate melts (5) and melts exposed to atmospheric conditions (2.4), 
the flux of oxide ions reaching the surface would be <.2.8 x 10“° yg/ 
dm2h. From the weight gain/loss data reported (4,5) the average rate 
of oxidation decreases from 500-800 yg/dm2h in the initial 10 h period 
to 200 yg/dm2h in the subsequent 100 h; the rates are ^ 10*° times 
the estimated flux of oxide ions.
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The main regions established by the pO2" vs. potential diagram 
are correct; but at the experimental conditions the stability of the 
oxide phases is determined by the rest potential and the concentration 
of oxide ions in the melt. For example in reference (2), specific 
mention is not made of the reference electrode used but a Ag/Ag+ elec­
trode is implied by referring to a previous publication. Then assuming 
an oxide ion concentration of 10~12 m in the melt, as suggested by the 
authors, the passivation potential on immersion of -0.25 V and the 
Ag/Ag+ reference zero would be located at -2.1 and -1.85 V on the 
diagram; these are marked as 'a' in Figure 10. Then the rest poten­
tials reported in reference (4) and measured in the present study 
would be those marked as 1b1 and 1c 1 in the figure. It can readily be 
seen that at these potentials, even assuming an oxide ion concentra­
tion of 10“I2 m in the melt, the iron and steel are to remain immune 
to oxidation; a conclusion contrary to the results obtained. A more 
realistic approach is that the oxide ion concentration in these melts 
is somewhere within the range of 10“2^ to lCT*2 m. Then the observed 
immersion potential of -0.8 V and a final rest potential of -0.4 V 
(attained following hours of oxidation) would fix the Ag/Ag+ reference 
zero at ^ -0.8 Y, as shown by the dotted line, in the p02“ vs. E 
diagram.

In the present study, the rate of oxidation of zirconium and 
Zircaloy-2 decreased gradually from 300 to 30 yg/dm2h during the thin 
film growth and then to 3 yg/dm2h during the thick film growth period. 
The kinetics followed a near parabolic rate law initially and then a 
cubic rate law; therefore surface reactions, e.g., arrival of oxide 
ion species to the surface from the melt, are not controlling the rate 
of oxidation. The oxidation rates and the kinetic behaviour were 
independent not only of the composition of the melts but also of the 
environment over them. The oxide ion concentration would have varied 
from m jn the specific cases of nitrate-nitrite melts kept under
vacuum or argon to _< lO"2^ m in all the melts generally kept exposed 
to atmospheric air; too low to account for the observed oxidation 
rates. In melts exposed to air the concentration of dissolved oxygen 
is estimated to be 10“5 m and of peroxide and superoxide ions to be 
^ 10“' m (7); such levels are high enough for these species to parti­
cipate in the oxidation process. However, the concentrations of these 
species in the melt under a vacuum or an argon atmosphere would still 
be extremely small. Therefore, a general mechanism operating under a 
variety of conditions in these melts could be the reaction of nitrate 
and/or nitrite ions with the anion vacancies emerging on the surface

□++ + no37 n o 2‘ -> h  + n o2+/n o+ . ..12

Zirconium dissolving in the oxide at the metal-oxide interface creates 
the oxygen ion vacancies; oxide growth is controlled by the diffusion 
of oxygen ions which is shown to be occurring along oxide crystallite
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boundaries (12). The cathodic half of the reaction at localized 
conducting sites might then be

N02+/N0+ + e ■+ N02/N0 . . . 1 3

and/or 02+e -* 02 ...14

to complete the oxidation process. In the case of iron and steel, 
corrosion proceeds by the diffusion of cations in the magnetite layer 
and oxygen ions in the hematite layer. At the hematite-salt interface, 
the reaction would be the same as equation 12 and at the magnetite- 
salt interface the reaction would be the oxidation of Fe2+ ions

3Fe2+ + 4N03‘ + Fe304 + 4N02+ + 2e ...15

Polarization measurements: The voltammograms and polarization 
curves obtained for platinum in the nitrate and nitrate-nitrite melts 
indicate that although reduction and oxidation of the nitrate and 
nitrite ions occurs at potentials highly cathodic and anodic to the 
rest potential?considerable current flows under steady state polariza­
tion conditions (cf. Figure 6(b)). The possible reactions contributing 
to the current flow are the anodic reaction 6 and the cathodic 
reactions 13 and 14. When zirconium or iron is corroding in these 
melts ionic and electronic transports are occurring through the grow­
ing oxide film; ion current is associated with the diffusing species 
in the oxide and the reactions 12 and 15 at the oxide-salt interface 
and the electron currrent is associated with reactions 13 and 14 at 
the oxide-salt interface. On immersion in the melts iron, zirconium 
and Zircaloy-2 attain highly negative potentials with respect to 
platinum indicating that the thin oxide films existing on their 
surfaces are resistive to electron transport. As a result the reac­
tions 13 and 14 and the reaction 6 occur at potentials more cathodic 
and anodic, respectively, than on platinum. Anodic polarization curves 
thus reveal a linear portion of gradually increasing current, that is 
characteristic of ion transport occurring through the growing oxide 
film, prior to the sharp increases in current due to reaction 6. When 
the polarizations are carried out immediately after immersing an 
unoxidized metal/alloy in the melt, these linear anodic portions would 
include contributions due to the high field anodic oxide growth. 
However, contributions to the oxide growth by the applied field during 
polarizations decrease rapidly with increase in oxide thickness and 
then the linear anodic portions represent mainly the variation of the 
ion current with the applied potential.

481



In the case of iron the absence of an anodic peak in the pre­
passivation region, during the initial polarization, would imply that 
a passive film was already existing on the surface or was formed 
during the time elapsed between immersion and polarization. The linear 
anodic portion distinctly evident in the initial polarization curve 
represents the growth of the passive magnetite layer. With increasing 
oxidation the changes observed in the rest potential and polarization 
curves indicate that this magnetite film, resistive to electron flow, 
is converted into a duplex film of magnetite and hematite having a 
good electronic conductivity. The behaviour of the oxidized iron elec­
trode thus becomes similar to that of platinum.

In the cases of zirconium and Zircaloy-2 electron conduction is 
localized at impurity (iron) and intermetal lie sites which exist as 
second-phase precipitates in the metal and alloy (8 ). A thin film of 
zirconia existing on these precipitates leads to highly negative 
immersion potentials initially. Migration of iron through this thin 
zirconia layer and formation of iron oxides lead to increased electron 
transport at these sites and to changes in the rest potentials towards 
the positive direction. However, the electronic conductivity of these 
oxide films does not increase to the levels attained by the oxide 
films on iron and steel. Thus the potentials of oxidized zirconium 
and Zircaloy-2 stay negative to platinum and iron and the anodic pola­
rization curves reveal linear portions even after hundreds of hours of 
oxidation. The observation that the oxidation currents derived from 
these linear anodic portions agree with the oxidation rates obtained 
from the kinetic data confirms that these anodic linear portions 
represent the variation of the ion current through the growing oxide 
with the applied potential.

CONCLUSIONS

The concentration of oxide ions (0^“) in molten alkali nitrates 
and nitrites is too low to account for the observed rates of corrosion 
or iron, steel, zirconium and Zircaloy-2. Oxide ions for oxide growth 
are provided by the reaction of nitrate/nitrite ions with emerging 
anion vacancies or cations at the oxide-salt interface. Analysis of 
the polarization curves obtained on corroding samples yields oxidation 
currents which agree with the kinetically derived oxidation rates. The 
higher the resistance of the growing oxide to electron transport, the 
more negative are the rest potentials and the more distinct are the 
anodic linear portions representing ion transport through the growing 
oxide films.
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TABLE I
INGOT ANALYSIS

Material Sn Fe Cr Ni Amount

Zirconium < 10 80 20 < 10 ppm

Zircaloy-2 1.46 0.13 0.08 0.05 wt%
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SOLUBILITY OF THE NiO FUEL CELL CATHODE IN Li2C03“K2C03 MELTS 
AS DETERMINED BY CYCLIC VOLTAMMETRY

Thomas D. Kaun
Chemical Technology Division 
Argonne National Laboratory 
Argonne, Illinois 60439

ABSTRACT

Development of molten carbonate fuel cells is concerned 
with the stability of the NiO (lithiated) cathode. Observa­
tions of metallic nickel deposits within the electrolyte 
matrix have prompted investigation into modes of operation 
to enhance NiO stability as well as a search for alternative 
cathode materials. In this paper, cyclic voltammetry has 
been applied to examine Ni^+ concentration in Li2C03“K2C03 
melts with NiO present. A test cell with three gold elec­
trodes, one being the reference with 1/3 O2 - 2/3 CO2 gas 
purge, employed voltage limits +0.2 to -1.0 V. Data and 
physical samples were collected at temperatures between 823 
and 1023 K. The Li2C03-K2C03 melt compositions ranged from 
65 to 38 mol % Li2C03» Solubility of NiO as a function of 
of increasing temperature (823-1023 K) differed for the 
respective dry carbonate melt compositions, increasing in a 
range from 5 to 45 wt ppm Ni for 62 mol % Li2C03, while 
decreasing in a range from 15 to 5 wt ppm Ni for 38 mol % 
Li2C03. In 50 mol % Li2C03, NiO solubility increased from 
10 wt ppm Ni at 823 K to 30 wt ppm Ni at 1023 K. Humidified 
cathode gas significantly increased NiO solubility (up to 
10 X). The increase was partially reversed by dry gas purge 
with a 2 to 4 fold increase of Ni concentration remaining 
even after days of dry gas purge. Humidified gas did not 
affect the coefficients of the respective NiO solubility 
functions with temperature.

I. Introduction

Observations of metallic nickel deposits in the electrolyte of 
molten carbonate fuel cells (MCFC) have prompted investigation of 
lithiated NiO cathode solubility. Under the current trend toward 
pressurized operation of the fuel cell cathode, NiO is not likely to 
survive the 40,000 h of operation desired for commercial cells (1,2). 
Therefore, a major effort in MCFC development is to improve cathode 
stability, including a search for alternative materials (3). Identifi­
cation of operating conditions which enhance NiO stability would 
therefore be of interest. In previous studies (2,3), lithiated NiO 
solubility measurements have focused on the standard MCFC cathode
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conditions of 823-1023 K temperature in 62 mol % Li2C03-K2C03 under 
1 atm of dry 30% CO2 - Air (3). Ingram and Janz (4) showed the 
influence of carbon dioxide partial pressure on NiO solubility. 
However, the effects on NiO solubility of the Li/K ratio of the 
carbonate melt and humidity in the MCFC cathode environment have not 
yet been examined.

In this study, cyclic voltammetry (CV) is used to quantify Ni2+ 
concentrations arising from NiO solubility by the reaction

NiO + C02 t Ni2+ + CO32" [1]

for the temperature range 823 to 1023 K and for electrolyte composi­
tions of 62, 50, and 38 mol % Li2C03. Cyclic voltammetry was chosen 
for this study because it provides an interactive and responsive 
analytical tool. To reduce time to attain equilibrium, the carbonate 
test melts were well agitated and gas-contacted by a 1/3 O2 - 2/3 CO2 
gas sparge. The CV current peak responses were calibrated for Ni 
concentration by analytical results of physical samples since the 
planar diffusion correlation (5) is not applicable.

II. Experimental

The three-electrode test cell for cyclic voltammetry (CV) in 
molten carbonate was constructed with gold and high-density alumina 
(Coors, AD-998) components (Fig. 1). Because AI2O3 forms a surface 
coating of LiA102 in the presence of Li2C03-K.2C03, the AI2O3 sample cup 
is pretreated with carbonate melt. The sample cup is suspended in a 
tube furnace with cell components mounted beneath a stainless steel end 
flange using baffles to reduce heat loss. Both working- and counter­
electrodes are gold wires (0.965 mm dia) with approximately 0.5 cm2 
exposed area, which form a figure "8". They are supported by AI2O3 
tubes (0.476 cm 0D - 0.238 cm ID). The reference electrode is of the 
same construction and is purged with a 2/3 CO2 - 1/3 O2 gas mixture 
(Matheson) through the support tube. A thermocouple is centered 
between the electrodes in an AI2O3 sheath. The test melt ranges in 
volumes from 3 to 12 cm^ and provides an electrolyte depth of 0.2 to 
1.0 cm. This melt is well mixed and gas-contacted by the gas sparge 
(0.25 1/min) of the reference electrode.

Tests are controlled in a voltage range of +0.2 V to -1.2 V vs. 
the reference electrode by a PARC Model 75 Universal Programmer driven 
by a Stonehart Associates Model BC1200 Potentiostat. Operating param­
eters for the cyclic voltammograms were established through trial. The 
potential of a clean nickel wire vs. the 2/3 CO2 ” 1/3 O2 reference 
electrode was -0.6 V. Winnick and Ross (6) have likewise observed 
reduction of NiO to Ni at -0.6 V under similar conditions. The typical 
scan of 100 mV/sec initiated at 0.0 V in the cathodic direction gave 
distinguishable peaks of Ni2+ Ni° at -0.8 V and anodic peak of 
Ni° -* Ni2+ at -0.4 V.
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Potential-bracket opening experiments (Fig. 2) to greater 
cathodic limits revealed no change in the cathodic current peak, but 
increasing anodic current peaks. Anodic current peaks begin to 
appear only when the cathodic limit exceeds -0.6 V. Faster scan rates 
(200 mV/sec) increased peak heights proportionally. This evidence 
supports a deposition/stripping mechanism for the CV current peaks. 
The anodic peak from a -1.0 V cathodic limit was selected for the NiO 
solubility comparison, because it provided the greatest discernment in 
the given range of temperature and electrolyte composition.

Temperature was changed at random to exclude time dependent 
effects. One hour was found to be sufficient to obtain equilibrium 
following temperature change. Under a given set of conditions, the 
cyclic voltammograms were reproducible for days at a time. Electrolyte 
composition changes were made at room temperature with a tube through 
the furnace end flange. Twelve hours were allowed for electrolyte 
composition change or for recovery from loss of CO2 purge. Purge gas 
was bubbled through water at room temperature for humidified gas 
experiments. The effect of humidity on NiO solubility used CYs taken 
after at least 1 h of dry gas purge and most often after days of dry 
gas purge.

About 40 physical samples (50-200 mg of the melt) were taken with 
an AI2O5 pipette subsequent to a CV run. These samples were analyzed 
for nickel by Inductively-Coupled Plasma/Atomic Emission Spectroscopy 
(ICP/AES) to provide a calibration of the peak currents of the CV. The 
calibrating factor was 50 ± 3 wt ppm Ni per mA of the anodic peak 
(Fig. 3). Scatter of values from physical samples above the calibra­
tion curve was expected, because some physical samples contained traces 
of NiO particulate. Samples were also analyzed for Li+/K+ ratio and 
OH^/CO^*- ratio. The 0H“ ion analysis by aqueous acid/base titration 
was difficult and had low reliability. Values did not clearly 
distinguish between dry and humid purge gas. Another analytical method 
will need to be found for these analyses.

The voltammograms were recorded on 50 mV/cm scale corresponding 
to 0.5 mA/cm. Current peak heights were measured vertically from the 
baseline for cyclic voltammograms using the -1.0V cathodic limit with 
a 10$ accuracy. With an approximate 10$ error in nickel concentration 
for the physical sample analyses, an overall error of 20$ for deter­
minations by the CV analysis is likely.

III. Results

Initial work centered on examining the viability of cyclic 
voltammetry for analyzing low levels of Ni^+ ion in carbonate melts. 
Cyclic voltammograms on blank solutions (<5 wt ppm Ni by ICP/AES) 
produced no distinguishable current peaks (Fig. 4).  However, after 
introduction of NiO to the carbonate melt, current peaks do arise at 
-0.8 V cathodic and -0.4 anodic. In anticipation of developing an 
in situ analytical method for MCFC, addition of MAIO2 powder (the
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matrix material for electrolyte tiles) to the carbonate melt was 
shown to have no effect. The effect of temperature change upon current 
peak height is also seen in Fig. 5. Here, the Ni2+ voltammogram 
current peaks of 38 mol % Li2C03 melt decrease with an increase in 
temperature, 823 to 1023 K. Also, at higher temperatures a greater 
baseline "tilt" occurs independently of melt composition, as influenced 
by the increased kinetics of the MCFC cathode reaction

1/2 02 + C02 + 2e” t 2C032~ . [2]

In tests with air purge or loss of C02 - 02 purge gas flow, the CV 
peaks for nickel diminished as would be expected.

After the test cell was purged periodically with humidified 
C02 - 02 gas, NiO solubility was irreversibly increased by 2-4 times 
(Fig. 6). The CV peak for nickel was nearly a factor of 10 greater 
during the humid purge than in the initially dry melt. These results 
agree well with the following reaction:

H20 + C032” I C02 + 20H” . [3]

The increased pC02 being chemically produced increases NiO solubility, 
but even after subsequent purge with dry 02 - C02 gas the effect of OH” 
persists. Figure 7 illustrates that 1 mol % OH” addition to the 
carbonate melt likewise produced an irreversible increase in the nickel 
CV peaks. The significant increase of NiO solubility due to humidity 
would appear especially deleterious to MCFC life in that the cathode 
gas is expected to contain up to 20% H20.

The solubility of NiO as a function of temperature (823-1023 K) 
for three carbonate melt compositions is presented in Fig. 8. The 
gaseous environment of 1/3 02 - 2/3 C02 at atmospheric pressure is an 
underlying parameter, because

NiO + C02 t Ni2+ + CO32- [M

The Li2C03“K2C03 phase diagram indicates two eutectic compositions at 
62 mol % and 42 mol % Li2C03, respectively. Of particular interest is 
the switch in NiO solubility as a function of temperature between the 
two eutectic compositions from a positive coefficient at 62 mol % 
Li2C03 to a negative coefficient at 38 mol % Li2C03. The NiO solu­
bility in 62 mol % Li2C03 as determined by CV increases with temper­
ature from ^5 wt ppm Ni^+ at 823 K to nearly 45 wt ppm at 1023 K. 
Whereas, with 38 mol % Li2C03, the other practical extreme in compo­
sition, the solubility of NiO decreases from 15 wt ppm Ni at 823 K to 
5 wt ppm Ni at 1023 K. The intermediate composition of 50 mol % Li2C03 
shows less temperature sensitivity of NiO solubility ranging from 10 wt 
ppm to 30 wt ppm Ni with increasing temperature.
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The cause of the change in the solubility temperature dependence 
is not yet understood. The oxo-acidity of the carbonate melt is a 
likely contributor to the NiO solubility mechanism in that

NiO t Ni2+ + o2" . [5]

A decrease in the Li+/K+ ratio would suggest an increase in 02“ ion (7) 
and, therefore, reduced NiO solubility. An additional consideration is 
a change in the degree of NiO lithiation. Bronstein et al. (8) report 
a reduced degree of NiO lithiation in the presence of lower lithium- 
activity carbonate melts. Lithiation of NiO in carbonate melts of less 
than 62 mol % Li2C03 has yet to be studied.

Figure 8 shows the approximate 4-fold irreversible increase in 
NiO solubility in the 38 mol % Li2C03 melt as a result of purging with 
humidified gas. Even after days of dry gas purge, the increased NiO 
solubility was maintained. Further, the negative coefficient in NiO 
solubility function with temperature is maintained. After a humidified 
gas purge, the intermediate equimolar electrolyte composition exhibits 
a "U"-shaped NiO solubility function with temperature— 60 wt ppm 
concentration at 823 K and 1023 K and 30 wt ppm at 923 K. Figure 9 
shows the incremental increase in NiO solubility in 62 mol % Li2C03~ 
K2CO3 as 1 mol % LiOH additions were made. After humidified gas purge, 
an added irreversible increase to the NiO solubility occurs. Bartlett 
and Johnson (9) observed a color change for NiO in carbonate melt 
exposed to humidified gas purge, which suggests a change in NiO 
composition. Further work in analyzing the degree of hydroxide incor­
poration into the NiO or change Ni oxidation state could provide an 
understanding of the increase of NiO solubility due to humidity. 
Equilibrium levels of OH" in carbonate melt likewise need further 
examination for carbonates of various Li+/K+ ratios. The CO2 - O2 
sparge is believed to allow only very low levels of OH- in carbonate 
(Eq. 3). Therefore, the irreversible increase in NiO solubility due to 
humidity is somewhat unexpected.

IV. Summary and Conclusions

The correspondence between physical sample analysis and CV 
analysis for nickel in carbonate melts in the tested range of Li+/K+ 
ion ratio and for temperatures ranging from 823 K to 1023 K indicates 
that CV is a viable analytical method for providing responsive results 
for NiO solubility. We have shown that the Li+/K+ ion ratio of the 
carbonate melt changes the solubility of NiO as a function of temper­
ature with a positive coefficient for 62 mol % Li2C03 melt and a 
negative coefficient for 38 mol % Li2C03 melt. It was also shown that 
humidified purge gas to the carbonate melt significantly increased NiO 
solubility. The increase was found to be irreversible and maintained 
the coefficient of the solubility function with temperature as deter­
mined in the dry melt. Additions of OH" to the carbonate melt provided
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similar results. At this time, the influence upon NiO solubility of 
the competing equilibrium states in the melt and the NiO itself is not 
understood.

An accurate assessment of NiO stability under alternative 
operating environments may lead to acceptable modes of MCFC operation 
with a NiO cathode. Coordination of operating temperature with 
carbonate composition and humidity should enhance NiO cathode stabil­
ity. This work has indicated cathode gas humidity to be a controlling 
factor in determining NiO cathode stability for molten carbonate fuel 
cells.
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Call Design for Cycllc-Voltametry In carbonate melts

purged with 1/3 O2 - 2/3 
CO2 gas and (b) and (d) 
serve as working and 
counter electrodes,
(e) sample electrode 
(e.g., Ni) for EMF 
measurements.

Cyclic Voltammogram current peak value, mA

Fig. 3. Calibration of CV peaks 
for Ni concentration,
30 wt ppm Ni/mA, using 
samples analyzed with 
Atom Emission Spec.

Fig. 2. Potential-bracket opening experiment 62 mol % 
In^CO^-^CO^. Anodic peak increases with 
cathode limits greater than -0.6 V vs. the 
reference electrode.
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Fig. 4* Ni peaks appear after
addition of NiO to melt. 
These peaks are symmetric 
about -0.6 V vs. the 
reference electrode.

Potential, V vs 1/3 0*-2/3 C02 on Au

Fig. 6. Effect of humidity in
38 mol % Li2 C0 3 -K2 C0 3 at 
1023 K on NiO solubility. 
Dry purge gas does not 
totally reverse the 
increase in NiO solu­
bility.

Fig. 5» Cyclic voltammograms at 
823, 923, and 1023 K for 
Ni2+ in humidified 
38 mol % Li2 C0 5 -K2 C0 3  

indicate reduced solu­
bility with increased 
temperature.

Anodic

Fig. 7« Effect of OH addition 
on NiO solubility in 
65 mol % Li2 C0 3 »K2 C0 3  

at 1023 K.
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823
TEMPERATURE, K 

1023 923

Fig. 8. Solubility of NiO cathode 
in three carbonate melts 
62, 50, and 38 mol % 
In^CO^-K^CO^ as a function 
of temperature in a 1/3 O2 - 
2/3 CO2 gas atm.

Fig. 9* NiO solubility increases
arising from LiOH addition 
to initially dry 68 mol % 
I^CO^-K^CO^ and further 
increases as a result of 
humid purge gas (1/3 O2 -
2/3 co2).
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THE SOLUBILITIES OF FeS2 AND FeS 
IN LiCl-KCl EUTECTIC MELTS

Ram A. Sharma and Randall N. Seefurth 
General Motors Research Laboratories 

Warren, Michigan 48090-9055

Solubilities of FeS2 in LiCl-K.Cl eutectic melts between 
720 and 900 K are represented by the equation:

They were measured by a new optical technique. This was 
necessitated by an excessive scatter in the solubility data 
determined by chemical analysis of the melts after establishing 
equilibria between the melts and FeS2 by diffusion and counter 
diffusion.

The solubility of FeS in these melts determined chemically 
also had an excessive scatter. In addition, the optical tech­
nique was inadequate, as no satisfactory solid FeS sample could 
be procured. Therefore, the solubilities were calculated from 
the equilibrium constant of the reaction

FeS(s) + 2 (LiCl)e ,lyte * (FeCl2)e,lyte + (Li2S)e ,lyte

ABSTRACT

5157.33
T + 0.666

using relevant thermodynamic data.
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INTRODUCTION

Rechargeable cells are being developed using Li-Al or Li-Si 
negative electrodes, iron sulfide or iron disulfide positive elec­
trodes, and LiCl-KCl melts contained in boron nitride cloth separators 
as electrolytes (1,2,3). These cells have performed for over 10,000 h 
(2), but the specific energy starts declining after about 3000 h. 
Post-test examination of some of the recent compact cells which had 
Li-Al electrodes indicated very fine iron particles associated with 
lithium sulfide particles within the boron nitride separators (4).
The degradation in performance of these cells may be caused by the 
loss of positive electrode active materials through their solubilities 
in the electrolyte. The iron sulfides in the positive electrodes 
themselves might have dissolved slightly in the electrolyte and 
reacted with dissolved lithium yielding iron and lithium sulfide par­
ticles. Boron nitride fibers could provide nucleating sites for their 
deposition. Therefore, it is necessary to have solubility data for 
the iron sulfides to evaluate this hypothesis. This investigation was 
a part of this effort and was conducted to measure the solubilities of 
FeS and FeS2 in LiCl-KCl eutectic electrolyte at different tempera­
tures.

As a first attempt, the solubilities were measured by 
equilibrating the LiCl-KCl melts with the respective solutes inside 
specially designed sealed silica capsules at different temperatures 
and determining the solute contents by chemical analysis. A large 
scatter was observed in these measurements. This scatter was caused 
by the difficulty in chemically determining the very low contents of 
the solutes in the equilibrated melts. Therefore, a new optical tech­
nique was developed. In general, this technique consists of sealing 
weighed amounts of solute and solvent inside a transparent silica 
capsule under vacuum. The capsule is slowly heated inside a furnace 
equipped with viewing ports. After the electrolyte has melted, the 
solid solute particle is observed occasionally with a microscope. At
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a certain temperature, the solute dissolves completely in the melt, 
and the solubility is determined from the weighed amounts of solute 
and solvent and the observed temperature of dissolution. The tech­
nique was tested by determining the solubilities of l ^ S  in LiCl-KCl 
eutectic melts. These solubility data were in agreement with data in 
the literature (5).

EXPERIMENTAL

Materials
Electrolytes obtained from two sources were used in these 

studies. First, LiCl of 99.6% purity and KC1 of 99.9% purity were 
combined to form the eutectic mixture [58 m/o LiCl-42 m/o KC1; m.p. = 
625 K (6)]. This mixture was purified by bubbling chlorine through 
the melt at 775 K for 4h, and subsequently removing the chlorine by 
bubbling with helium for lh. Second, a high-purity eutectic was 
obtained from Anderson Physics Laboratory and used for the majority of 
the tests.

A section of a large naturally occurring crystal of pyrite (FeS2) 
was cleaved off and broken into sample size pieces. These pieces were 
analyzed under a microscope capable of 30X magnification, and only 
pieces having smooth and shiny surfaces [indicating no entrapped 
silica (SiC^) impurities] were selected for testing. Chemical 
analyses of such specimens revealed an iron content of 46.3 weight 
percent (w/o) compared to the theoretical value of 46.55 w/o.

Inside a helium-atmosphere dry box, a quantity of high purity FeS 
(63.1 w/o Fe by chemical analysis against 63.53 w/o theoretical Fe) 
was placed in a graphite container with a tightly fitting cover which 
was cleaned by firing at about ~1300 K in a helium atmosphere. The 
container was placed in a flat-bottom silica tube which was closed 
with a rubber stopper having helium inlet and outlet ports. The 
silica tube was taken out of the dry box and positioned in a
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high-frequency furnace heating coil. The graphite container was 
heated to ~1550 K, kept at this temperature for about 30 min and then 
cooled in flowing helium. The silica tube with the content was trans­
ferred into a dry box. The FeS lump was taken out of the graphite 
container and crushed into small pieces for use in the solubility 
measurements using the chemical technique.

Apparatus and Procedure
Chemical Analysis Technique. Sealed silica (Vycor) capsules of 

different designs, as shown in Fig. 1, were used to hold the melts. 
These different designs were tested in an attempt to minimize the 
convective transport of fine undissolved solute particles during 
equilibration (i.e., to attain equilibrium by diffusion and counter 
diffusion only) and to minimize compositional changes due to transport 
of the melt from the different compartments of the capsule during 
quenching. To further reduce the chances of convective transport of 
the solute particles, silica shot was placed on the inner small solute 
tube. Any errors due to segregation were avoided by using the whole 
amount of melt from the lower limb. The results from these different 
designs were similar, therefore, the capsule of the design shown in 
Fig. 1A was arbitrarily used.

Before use, the silica capsules were cleaned a few times with 
soap and water, then with alcohol, and dried at 475 K. They were 
fired in hydrogen at 1100 K for 1 h.

Inside a helium-atmosphere dry box, enough LiCl-KCl eutectic 
mixture was melted in the silica capsules (Fig. 1, A,B,C) to fill only 
the bottom extensions. After removing gas bubbles from the melt, the 
second smaller tube with the solute reactant pieces (FeS or Fe52) was 
placed inside the silica capsule. An additional amount of LiCl-KCl 
mixture was slowly added, taking care to keep the mixture molten and 
to submerge the smaller tube completely. The melt was slowly solidi­
fied, avoiding gas bubble entrapment. The silica capsules were then
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taken oat of the dry box and sealed under a vacuum of ~10 torr.

A layer of thermal insulation was placed in the bottom of a 
stainless steel container, 200 mm long and 37 mm ID, Eight stainless 
steel tubes, 150 mm long and 14 mm ID, were positioned in the con­
tainer and the annular space was filled with sand. The sealed silica 
capsules were placed inside the smaller stainless steel tubes which 
were then covered by another layer of thermal insulation.

A vertical tubular furnace (450 mm long, 75 mm diameter) with a 
uniform temperature zone about 150 mm long was used to heat the 
melts. The other instruments used in conjunction with the furnace 
included a proportional band temperature controller, a potentiometer 
and calibrated Chrome1-Alumel thermocouples.

The stainless steel container was placed in the predetermined 
uniform temperature zone of the vertical tubular furnace and the empty 
space in the furnace was packed with thermal insulation. The furnace 
was heated to a desired temperature and kept at this temperature for 
the equilibration period. From the results of experiments carried out 
for different lengths of time, the equilibration period was determined 
to be about 15 days. However, the test samples were generally allowed 
to equilibrate about 30 days, and in some cases even 55 days. At the 
end of the equilibration period, the samples were quenched in oil, the 
limb containing the equilibrated solidified melt was broken off, and 
the solubility was determined by chemical analysis of the total con­
tents in the limb for iron.

In the case of silica capsule D, Fig. 1, the same preparatory 
procedure was followed except the smaller silica tube with the solute 
was positioned at the very beginning, the LiCl-KCl mixture was added 
in stages and melted until the level of the melt was above the capil­
lary. During the equilibration period, the silica capsule was not 
placed in the smaller stainless tube, rather it was submerged into the

—3
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Optical Technique. The transparent test capsules were made by 
closing one end of a 10 cm long piece of 25 mm 0D silica tube and 
adding a neck (20 cm long by 15 mm 0D) to the open end. A ground 
glass joint was attached to the neck, while the base of the capsule 
was provided with a small protrusion (3 mm deep by 5 mm ID) for facil­
itating sample location. The capsules were washed with soap and 
water, acetone and finally distilled water using an ultrasonic 
cleaner. They were oven-dried at 375 K and cooled to room tempera­
ture. A preweighed solute sample was inserted into each capsule which 
was then transferred into a helium-atmosphere (typically less than 
1 ppm C>2, N2 or 1^0) dry box. Predetermined amounts of LiCl-KCl 
eutectic were weighed inside the drybox and placed inside the respec­
tive capsules. Each capsule was closed inside the dry box using a 
ground glass joint and stopcock assembly. The loaded capsule was then 
removed from the drybox and sealed at the base of the neck under a

_3vacuum of ~10 torr using common glassblowing techniques. A liquid 
nitrogen cold trap was used between the mechanical pump and the cap­
sule to prevent back diffusion of vapors from the pump into the sample 
zone.

sand inside the bigger stainless steel container.

A description of the apparatus used in this optical technique is 
shown in Fig. 2. Briefly, the sealed capsule, together with three 
calibrated thermocouples and two optical prisms, were mounted in a 
stainless steel test fixture to insure system rigidity. Two of the 
thermocouples were positioned near the bottom of the melt area, the 
other near the top. This fixture was inserted into a two-zone, verti­
cal tubular clamshell heating element furnace (3.8 cm ID by 40 cm 
long). One of the lower thermocouples was used in conjunction with a 
proportional band temperature controller to control the temperature of 
the lower furnace zone. The other two thermocouples were used in 
conjunction with a digital temperature readout system and a data 
acquisition system to monitor the melt temperature. The top furnace
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zone (above the sample zone) was heated only to maintain a constant 
temperature throughout the test zone. It was regulated manually by 
means of an autotransformer.

Initially, the furnace was equipped with two viewing ports, which 
with the aid of the prisms, allowed transmission of light from the 
source through the test capsule to the microscope. Later, a third 
port, opposite the lower port, was introduced for versatility in 
lighting and observing the sample. The ports were covered with trans­
parent silica plates to eliminate air circulation, while the top and 
bottom of the furnace were closed with thermal insulation. A 
300-watt Xenon lamp was used to illuminate the sample capsule, and a 
stereomicroscope capable of 70X magnification was used to view the 
sample.

After the electrolyte was melted, the solid solute particle was 
observed occasionally with the microscope. The temperature was slowly 
raised in steps. Near the dissolution temperature, it was increased 
in approximately 5° increments and kept at each temperature at least 
6h. At a certain temperature, the solute would dissolve completely in 
the melt, and the solubility was determined from the weighed amounts 
of solute and solvent and the observed temperature of dissolution.

RESULTS AND DISCUSSION

FeS2 Solubility
The solubilities of FeS2 in LiCl-KCl eutectic melts at different 

temperatures determined by the chemical analysis technique are pre­
sented in Fig. 3. An excessive scatter in the data is observed. This 
scatter may be due to the difficulty in determining the very low 
solute content of the solidified melt by chemical analysis. However, 
the lower limits of the solubility are in agreement with those deter­
mined by a filtration technique (Fig. 3) reported by Hall (7).
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The solubility of twelve FeS2 samples in LiCl-KCl eutectic 
electrolyte at different temperatures determined using the optical 
technique are given in Table I. They are also represented graphically 
in Fig, 3 where the solid line represents a least squares fit to the 
data. The FeS2 solubility data can be further represented by the 
equation

l0g W
5157.33

+ 0.666 [ 1]

where ^pes2 = m°le fraction of FeS2 in eutectic salt, and T = 
temperature in degrees K. These results indicate FeS2 is markedly 
less soluble in eutectic than determined by the above equilibrium 
techniques. At comparable temperatures, the solubility appears to be 
two to three orders of magnitude less than in the above studies.

The slope from Fig. 3 can be used to calculate the relative 
partial molar enthalpy of solution of FeS2 in the LiCl-KCl melt. At 
equilibrium between the pure solid FeS2 and the melt,

^(s) = [21

where and p.^^ are the chemical potentials of FeS2 in the solid
and liquid phases, respectively. If pure solid FeS2 is defined as the 
standard state, then

*(s) **(3) = V,( A ) - | i ° = A H - T A S  = 0 (s) [3]

where AH is the relative partial molar enthalpy of solution and AS
is the relative partial molar entropy of solution
assume Henry's law,

(A)
FeS

I!0, = RT In a = RT An ------
(S) FeS2 XFeS„

In addition we

[4]

where R is the gas constant 
respect to pure solid feS2,

> aFeS2 
X ’FeS2

is the activity of FeS2 with 
is any mole fraction of FeS2 below
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the solubility limit and l / % es2 is the activity coefficient of FeS2 
on the assumption that it remains constant below its solubility 
limit. And

AS = AS62* + ASid = AS6* - R An X'Feg [5]

— sx — i_dwhere AS is the excess partial molar entropy of solution and AS is
the ideal partial molar entropy of solution.

By substituting the value of from Eq. [4] and that
of AS from Eq. [5] into Eq. [3], and rearranging the terms, the fol­
lowing equation can be obtained;

toXFeS2 = - f  + ¥ ^

Therefore, the slope of a plot between An X ^ g  and 1/T will be equal 
to -AH/R if our assumption of Henry’s law behavior is valid.

Proceeding in this manner, the partial molar enthalpy of solution 
of FeS2 was calculated from the data presented in Fig. 3. The partial 
molar enthalpy was calculated to be 23.5 kcal/mole which is about 
twice that of Li2S [13 kcal/mole (5)]. This higher enthalpy indicates 
a greater degree of difficulty for FeS2 to be accommodated into the 
melt.

FeS Solubility
The solubilities of FeS determined by the chemical analysis 

technique (Fig. 4) had an excessive scatter similar to that observed 
in the case of FeS2 solubilities. In addition, an attempt at 
measuring the solubility of FeS by the optical technique was unsuc­
cessful. The FeS samples, prepared by equilibration with FeS2, did 
not dissolve uniformly. Therefore, the solubilities were calculated 
as follows.
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CALCULATION OF THE SOLUBILITY OF FeS

The dissolution of FeS in LiCl-KCl melts may be represented by 
the reaction (see Reference (8),

FeS(s) + 2(LiCl)e ,lyte = (PeCl2).,lyt. + (Li28) e ,lyte [7]

This reaction has been used by Saboungi, et al., (8) to calculate sol­
ubility products and to determine the solubility of FeS in the electro­
lyte by an electrochemical technique. The equilibrium constant, K, for 
the reaction in terms of activities (a^) of the reactants and products 
is given by,

*
aFeCl, aLi,S

K ------ ------------- —  [8]

aLiCl aFeS

*where aFe^  is the activity of FeCl2 with respect to an infinitely 
dilute solution as the standard state, such that apeQ^ /Xped  =  ̂

when X, the mole fraction of FeCl2 ■* 0. The activities of the other 
compounds are with respect to pure solids as their standard states. 
Therefore aFeg = 1 and

^FeCl2 XLi2S YLi2S 
2

aLiCl
[9]

where y is equal to the reciprocal of the saturation mole fraction Li0S 
zSatof Li2S, XLi g . This is true on the assumption that the activity

coefficient of Li2S is constant below the saturation mole fraction. 
This assumption is reasonable when the values of the saturation mole 
fractions are very small (Table II). As per the dissolution reaction,
Xti2s 1s equal t0 XFeCl2, then>
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K [10]
^ e C l^  YL i2S 

_

aLiCl
The standard free energy change (AG®) of reaction [7] is given asK

AG0R AGLi2S + AG,FeCl, - AG0FeS - 2 AG0LiCl [ 11 ]

The standard state for AG*e^  is again an infinitely dilute
solution such that /xpeci w,ien Xpeci * w^ H e ttie
standard states for the other compounds are pure solids. Using
Eq. [11] and the data given in Table II, AG° is calculated to beK
27909, 28232 and 28793 cal at 673, 723 and 800 K, respectively.

Since
AG° = - RT InK , [12]

by substituting Eq. [10] into Eq. [12] we get 

SeCl YLi,S
AG“ = - RT In ---- =-----  . [13]

aLiCl
The in the LiCl-KCl eutectic melts at different temperatures has
been reported elsewhere (9) and is given in Table II. It is assumed 
that the a ^ d  remains constant on the dissolution of FeS in the LiCl- 
KC1 melt.

Taking the values of AG^ calculated above and the data in Table 
II the mole fractions of FeCl2 were calculated using Eq. [13]. They 
were found to be 6.5 x 10” ,̂ 1.5 x 10”  ̂and 4.16 x 10”  ̂at 673, 723 
and 800 K, respectively (Fig. 4). As per reaction [7], these equi­
librium concentrations of FeC^ are also the solubilities of FeS in 
LiCl-KCl eutectic melts at the respective temperatures.

The standard free energy change of reaction [7] can also be 
calculated by considering the following individual reactions,
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FeS + 2[Li]A1 = Li2S + Fe [14]

2Li " 2£LiU l [15]
2LiCl = 2Li + Cl2 [16]

Fe + Cl2 = FeCl2 [17]

which add up to

FeS + 2LiCl = Li2S + FeCl2 [7]

Tomczuk, et al., (10) report the potential of reaction [14] to be 
1.343, 1.338 and 1.333 V at 673, 723 and 773 K, respectively. Sharma 
and Seefurth (11) report the potentials for reaction [15]. Calcu­
lating the free energy changes of reactions [14] and [15] and com­
bining them with the free energy changes of reaction [16] (12) and 
reaction [17] (Appendix), the free energy change, AG^, for reaction
[7] was calculated to be 27760, 28284 and 28013 cal at 673, 723 and 
773 K, respectively. Proceeding as before, the solubility of FeS in 
LiCl-KCl eutectic melts was calculated from the values of AG^ for 
reaction [7]. The solubility was found to be 6.9 x 10 1.6 x 10”^
and 3.2 x 10”^ at 673, 723 and 773 K. These values are in good agree­
ment with the values calculated above and with those calculated by 
Saboungi, et.al., (8) (Fig. 4). They are also comparable with the 
solubilities of FeS2 in the LiCl-KCl eutectic melt at the corre­
sponding temperatures.

Proceeding as in the case of FeS2, the partial molar enthalpy of 
solution for FeS was calculated from the slope of Fig. 4. It was 
found to be 15.6 kcal/mole.
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Calculation of the Solubility of FeS in l ^ S  Saturated Electrolyte 
Since the cell electrolyte is saturated with Id^S during 

discharge, it is of significant importance to determine the solubility 
of FeS in the saturated melt. This can be determined from relation
[13] where a ^  g becomes unity upon saturation. Using the values of 
o ^AGr calculated above and the data in Table II, the mole fraction of 

FeCl2 in L ^ S  saturated LiCl-KCl eutectic melts were calculated to be 
7 x 10"10, 2 x 10-9 and 4.5 x 10-9 at 673, 723 and 773 K respec- 
tively. These mole fractions which are equivalent to the solubilities 
of FeS at the respective temperatures are about three orders of magni­
tude smaller than those in the unsaturated melt.

SOLUBILITIES OF OTHER IRON SULFIDE CONTAINING COMPOUNDS

The determination of the solubilities of the compounds, Li2S*FeS 
(13), Li2Fe2S^ (13) and Li2+xFel-xS2 in the eutectic electrolyte
is not possible, because at equilibrium, most of the Li2S is leached 
out of these compounds by the electrolyte leaving behind iron com­
pounds in the solid state. In this situation, final iron sulfide 
concentration in the electrolyte will be that of the electrolyte 
saturated with Li2S. Under the assumption that there is an equi­
librium between the compound and the electrolyte, then the concentra­
tions of iron sulfide and Li2S in the electrolyte will correspond to 
their activities in the compound. These concentrations should be 
smaller than those in the electrolyte in equilibrium with the pure 
phases of unit activities. The compound Li<jFe2S^ coexists with FeS2> 
so the iron concentration and sulfur concentration or species in the 
electrolyte should be the same whether the compound is equilibrated 
with FeS2 or 11^6284. That means if there is no polysulfide in the 
electrolyte in equilibrium with FeS2 or Li2S, then there should not be 
any polysulfide in the electrolyte in equilibrium with Li3Fe2S^. The 
same reasoning can be extended to discount the presence of polysulfide 
in the electrolyte in equilibrium with etc.
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TABLE I

Solubility of FeS2 (Pyrite) in LiCl-KCl Eutectic Melts

Sample
FeS2 Weight 

(^g>
Eutectic Weight 

(8)
Mole Fraction 

FeS2

Dissolution
Temperature

(K)

1 26 11.15 1.09 X 10-6 782
2 45 12.51 1.68 X 10-6 808
3 14 10.57 6.17 X 10_7 764
4 9 11.70 3.58 X 10 7 721
5 800 40.0 9.32 X io"6 893
6 245 40.0 2.85 X 10-6 824
7 62 30.0 9.63 X 10-7 783
8 171 30.0 2.66 X 10-6 828
9 73 30.0 1.13 X 10~6 783

10 117 30.0 1.82 X 10"6 800
11 40 30.0 6.21 X 10 7 745
12 10 10.0 4.66 X 10 7 727

TABLE II

Pertinent Thermodynamic Data Used for Calculating 
the Equilibrium Constant for Reaction [7] and the 

FeS Concentration in LiCl-KCl Melts

Temp. Xj^g ______ AG°, cal per mole, for
K aLiCl LiCl FeS Li2S FeCl2*

673 0.865 0.000655 -84409 -24143 -99650 -65402
723 0.753 0.00132 -83425 -24317 -98950 -63985
773 0.668 0.00204 -82450 -62568
800 0.635 0.00309 -81923 -24600 -97850 -61803

al<iCl from Ref- <*>• from Ref. (5). AG° for LiCl from Ref. (12).

AG° for FeS was calculated using the data from Refs. (18) and (19).

AG° for Li2S from Ref. (14) *. AG for FeCl2 from Appendix •
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Vacuum 10'3

Fig. I Schematic representation of the s i l ic a  capsules used 
fo r  s o lu b i l i ty  measurements (chemical technique).

Insulation —

Transparent Silica Plate

Prise
Boron Nitride Support

-Stainless Steel Ring Support 

•Silica Capsule

•Electrolyte

Solute Piece 
Itransparent Silica Plate

E2

❖ <--- Ml

Fig. 2 Schematic diagram of the s o lu b i l i ty  apparatus 
(optical technique).
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1/T  i  103 (K)

Fig. 3 S o lu b il i ty  of FeS2 (p yr i te )  in LiCI-KCI eutectic  
e le c tro ly te  meltsf where A ” optical technique, 
Q -  chemical technique and -  Hall (7 ) .

Fig. 4 S o lu b il i ty  of FeS in LiCI-KCI eutectic  e le c tro ly te  melts, 
where Q -  chemical technique, Saboungi, e t . a l . , ( 8 ) ,
0  “ Hall (7) and X "  present calculated values.
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APPENDIX

Calculation of AGFeCl2 for FeC12

The standard potential, S°, of a Fe/FeCl.2 electrode versus a 
Pt(II)-Pt(0) reference electrode in a LiCl-KCl eutectic melt at 723 K. 
has been reported to be 1.171 V by Laitinen and Liu (16). This is for 
an infinitely dilute solution as the standard state such that 
aFeCl2^FeCl2 =  ̂w^en %eCl2 ** They have also reported E° for a 
C^/Cl electrode versus the reference in the eutectic at 723 K to be 
0.216 V (16). Therefore, the standard formation potential of FeCl2 
with infinite dilution as the standard state can be calculated by 
combining the following reactions,

(FeCl2) + Pt -► (PtCl2l + Fe
0

Ex = -1.171 V [Al]

ci2 + Pt -► (PtCl2)

and obtaining,

E2 = 0.216 V [A2J

(FeCl2j -► Fe + Cl2 E3 = -1.387 V [A3]

AGFeCU 11FE _ [A4]

where n is the number of equivalents and F is the Faraday constant, 
&then AGpe£j^ is calculated to be -63,985 cal/mole at 723 K.

The value of AGpeQ ^  at other temperatures (673 and 800 K) was 
calculated using the temperature coefficient of the standard free 
energy of formation of pure solid FeC^. This temperature coefficient 
was calcualted to be 28.335 cal/K from the data reported in the JANAF
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tables (12). The values of AGpeQj^ at 673 and 800 K were calculated 
to be -65402 and -61803 cal/mole, respectively.

A second check of the calculations can be made using the work
of Saboungi, et al., (8). They report the potential, E, of a Fe/FeC^

_ oelectrode versus a AgCl/Ag electrode (8.4 x 10 mole fraction AgCl) 
in a LiCl-KCl eutectic melt to be 256.66, 231.58 and 209.09 mV at 673, 
723 and 773 K, respectively. The potential of the Fe/FeC^ electrode 
versus a standard AgCl/Ag electrode (standard state such that

/XAfr = 1 when XAg -* 0) was calculated to be 0.5339, 0.5294 anddAg'AAg
0.5275 V at the respective temperatures, and the corresponding 
standard free energies were found to be 024630, 024422 and 
024335 cal/mole at the same temperatures. The standard formation 
potential of a Fe/FeC^ electrode versus a Cl”/Cl2 electrode was then 
calculated by combining the reactions

2(AgCl) + Fe •. (FeCl2) + 2Ag [A5]

(PtCl2) + 2Ag -*• 2(AgCl) + Pt [A6]

and

Pt + Cl2 (PtCl2) [A7]

to obtain

Fe + Cl2 ->• (FeCl2) [A.8]

Using the potentials 0.637 and 0.216 V for reactions [A6] and [A7j 
reported by Laitinen and Liu (16), and 0.5294 V for reaction [A5J 
(derived above), the potential of reaction [A8] was calculated to be 
1.382 V at 723 K. Proceeding as above, was then calculated to
be -63754 cal/mole at 723 K, once again in good agreement with the 
value derived above.
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A second method was also used to check the values of AG^ r* at other
FeCi2 *

temperatures. The standard free energy of formation of AgCl, ^ G ^ ^ ,
was calculated using the value and the standard free energy
change of reaction [A5] (-24422^cal/mole reported above). It was

*found to be -19666 cal/mole at 723 K. The values of A G ^ ^  at &73 and 
773 K were then calculated using the temperature coefficient of the 
standard free energy of formation of pure solid AgCl (17). The tem­
perature coefficient was found to be 11 cal/K between 600 and 700 K,

*and 8 cal/K between 700 and 800 K (17). The AG , was calculated to
AgU.L

be -20216 and -19266 cal/mole at 673 and 773 K, respectively. Using
these values and the standard free energy changes for reaction [A5]

*(-24630 and -24335 cal/mole reported above), the values of AGreti«
were calculated to be -65062 and -62867 cal/mole at 673 K and 773 K,
respectively. These values are once again in very good agreement with 

*the values of AG „  calculated above.
6 v I2
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MEASUREMENTS OF THE PARTIAL ELECTRONIC CONDUCTIVITY IN 
LITHIUM CHLORIDE - POTASSIUM CHLORIDE MOLTEN SALTS

G. J. Reynolds, M. C. Y. Lee and R.A. Huggins 
Department of Materials Science and Engineering 

Stanford University 
Stanford, CA 94305

ABSTRACT

The partial electronic conductivity of the lithium 
chloride-potassium chloride eutectic molten salt electro­
lyte has been studied as a function of lithium activity, 
temperature and melt composition using the Wagner asym­
metric d-c polarization technique (1). Measurements were 
made over the temperature range 383-465°C and at lithium 
activities extending from 1.95 x 10“ ̂ to unity.

The results confirmed the applicability of this 
technique to molten salt systems. The partial electronic 
conductivity was shown to be much greater than the 
partial hole conductivity over the range of lithium 
activities investigated, and was found to increase mono- 
tonically with temperature and lithium activity, but 
decreased on addition of excess LiCl to the eutectic 
composition.

Approximate values of self-discharge currents for 
cells utilizing an "Al/LiAl" negative electrode and a 
LiCl-KCl molten salt electrolyte have been calculated.

Introduction

It is well known that a number of practical difficulties are
found in the use of lithium chloride - potassium chloride molten salts 
as electrolytes in the presence of high lithium activities. Lithium 
dissolves in the salt in the form of positive lithium ions and
itinerant electrons. The presence of these electronic species leads 
to self-discharge, and the transport and deposition of lithium and 
various lithium compounds within high temperature battery systems.

These problems are reduced if the negative electrode contains 
lithium-rich alloys with a lower lithium activity, instead of pure 
lithium. Because of the lowered lithium activity the solubility of 
lithium in this family of salts is reduced, and some of these practi­
cal problems are alleviated. Very little is known, however, about the
fundamental and quantitative aspects of this problem and about the
influence of both temperature and salt composition on these pheno­
mena .
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In this work, the Wagner asymmetrical d-c polarization technique 
(1) was used to determine the partial electronic conductivity, ae> 
of the lithium chloride - potassium chloride molten salt electrolyte 
as a function of lithium activity, temperature and melt composition.

The schematic asymmetrical cell arrangement required for the 
Wagner d-c polarization technique is shown in Fig. 1. In this cell 
configuration, one of the electrodes is inert and ionically-blocking: 
only electronic species can cross this electrode-electrolyte 
interface. The other electrode must be reversible to both ionic and 
electronic species, and should fix the value of the chemical potential 
of lithium and also the electron concentration in the adjacent 
electrolyte.

The theoretical basis for this experimental technique has been 
given by Wagner (1) and reviewed more recently by others (2,3). If 
one can assume that, under steady state conditions: (i) the driving 
force for ionic transport across the cell is everywhere zero and that 
no ionic current flows in the electrolyte; (ii) local equilibrium 
exists everywhere in the electrolyte; (iii) the total electronic 
current density across the cell is constant; and (iv) no chemical 
reactions occur in the electrolyte or at either interface, i.e. the 
electrode potentials must both be kept within the stability regime of 
the electrolyte (to prevent decompositon or electrolysis), then one 
obtains the equations:

- i + 1.e h

and

H  {o’ (l-exp [ .~F(-E~E-1 - ]) + oT (exp[I^ZEll] -1)} (1)
FG RT RT

o„a) = a (L)t e a (L) = G _®1_ 
" 3E(L)

(2)

where: It

^e > ^h

ae> <% 
E 
G 
F

total steady state current due to both electrons and 
holes
steady state current due to electrons and holes, 
respectively
total electron and hole conductivity 
electron and hole conductivities, respectively 
potential difference across cell 
cell constant 
Faraday constant

520



R = gas constant 
T = absolute temperature

indicates that these values correspond to some standard 
reference state

and
(L) is used to denote the conductivities and local potential 
occurring at the ionically-blocking electrode/electrolyte 
interface.

Thus measurement of the steady state d-c current vs. potential 
difference across the cell enables the direct determination of the 
partial electronic and hole conductivities.

Data Analysis Techniques

Examination of equation (1) shows that the total current that 
flows between such electrodes under steady state conditions varies 
with interelectrode voltage as the sum of two contributions. The 
electronic contribution increases rapidly with positive values of 
(E-E°) at first, but eventually approaches a plateau value. The hole 
contribution, on the other hand, increases exponentially with positive 
values of (E-E°). These two contributions and their sum are shown 
schematically in Fig. 2.

A. In cases where the concentration of electronic defects, [e']} is 
much greater than that of holes, [h°], one may assume that ae°» 
(7̂ °, and equation (1) may be written as

xt = B o°e [ l-exp(-W)] (3)

where the substitutions

= H
FG

(4)

and

W = F(E-E°)
RT

(5)

have been made.
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(i) A plot of (I/B) v s . [l-exp(-W)] thus yields a straight line 
of slope a°e and intercept zero. Similarly, plotting of 
ln(l/B) vs. ln[l-exp(-W)] gives a straight line of slope unity 
and intercept a°e.

(ii) When ae(L) »  o^(L), then equation (2) becomes

0 (L) = G (6)
6 3E(L)

Thus a graphical differentiation of the current vs. potential plot 
gives ae for a range of activities.

B. Under different conditions it is possible to make appropriate 
approximations which both simplify the data analysis and provide means 
to calculate o& independently.

Furthermore, if we can assume that a°e »  cf°h> then we can 
consider equation (3) in the following limiting cases:

(i) W is small, i.e. (E-E°) «  RT/F

Then

exp(-W) -► 1 - W (7)

[1 - exp(-W)] * W (8)

thus

I * B a°e W (9)

and a plot of I vs. W should be linear, with a slope of Ba°e 
and a zero intercept.

(ii) (E-E°) »  RT/F and W is large.

Then

exp(-W) «  1 (10)
and

[l - exp(-W) ] 1 (11)
so that
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I * B a e (12)

Thus the electronic current is seen to reach a saturation value 
as the imposed current increases.

(iii) (E-E°) is negative and, in magnitude, much greater than 
RT/F. W is negative and

[l - exp(-W) ] *► exp(-W) (13)

so that

I « B o°e exp(-W) (14)

and

ln(-l) = ln(B a°e) - W, (15)

i.e. a plot of ln(-l) vs. (-W) should be linear with a slope of 
unity and an intercept of ln(Ba°e)*

In the general case, for the electrolyte MX, this condition 
(negative I, negative E) can only be met if the reversible 
reference electrode is at some potential which is positive of 
unit activity of M. Otherwise, a negative applied potential 
difference would cause M metal to be deposited at the ionically- 
blocking electrode and an ionic current would flow in the 
electrolyte. In practice, in the LiCl-KCl molten salt electro­
lyte, this method of analysis is convenient when an "Al/LiAl" 
reference electrode is used.

Experimental Arrangement and Procedures

Polarization experiments were conducted over the temperature 
range 383-465°C on samples of the eutectic composition (41 mol % KC1 
and 59 mol % LiCl) obtained from Anderson Physics Laboratory and 
Lithium Corporation of America. They were used as supplied without 
further purification. In addition, an experiment was performed at 
430 °C on a composition containing more lithium chloride than is 
present in the eutectic composition (39 mol % KCl and 61 mol % LiCl). 
In this case Baker reagent grade LiCl, which was dried in vacuo 
overnight at 400°C was added to the Lithcoa eutectic composition in a 
helium filled dry-box.

Prior to running the polarization experiments, cyclic voltammetry 
was performed on a series of candidate ionically-blocking electrode 
materials. This technique performs a potential sweep at a constant 
rate (typically 5 mVs” 1) and measures the current flowing in the cell 
as a function of potential relative to some fixed reference electrode
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(here L10.75AI was used). As the presence of peaks on the I - V 
plot indicates that reactions are taking place which involve the 
transfer of electrons at the electrodes, an effective ionically-block- 
ing electrode should exhibit an absence of these peaks, indicating 
electrochemical stability, over a wide potential range.

The results of these experiments demonstrated the deleterious 
influence of any oxide layer existing on the surface of the electrode 
and also that graphite and platinum electrodes reacted at high lithium 
activities. Molybdenum, nickel and tantalum were found to be suitable 
materials. Removal of the oxide film on the surface of these metals 
resulted in their satisfactory and reproducible performance as ion­
ically-blocking electrodes.

A schematic representation of the apparatus used is shown in 
Fig. 3. The fused salt was contained in a high density alumina 
crucible, into which the electrodes were inserted. The reference 
electrode consisted of a loop of .002 inches thick Mo (or Ni) foil, 
firmly wound around a pellet 1/4” in diameter and of nominal composi­
tion LiQ.75Al. This two-phase (and hence constant lithium activity) 
reference material was prepared by chemically reacting the stoichio­
metric quantities of Li foil (Lithcoa) with A1 shot (Alfa) in a 
molybdenum bucket above 600°C. The ionically-blocking electrode was a 
strip of .010 inch Mo (or Ni) foil, the surface of which was previous­
ly cleaned with fine emery paper and by etching in a dilute solution 
of HNO3 - HF. Both electrodes were held in place by a teflon sleeve, 
which also held firm a chromel-alumel thermocouple protected by an 
alumina tube. The alumina crucible was placed inside a nickel 
crucible and lowered into the hot zone of a furnace sited in a helium 
filled Vacuum Atmospheres dry-box equipped with commercial de-oxygena­
tion and de-nitrogenation systems. A PAR 173 potentiostat plus 179 
digital coulometer were used to control the current in the external 
circuit. Cell potentials were monitored though the high impedance 
electrometer probe using a Keithley multimeter, and recorded on a 
strip chart recorder.

In order to prepare a clean surface on the ionically-blocking 
molybdenum electrode, a current was imposed which eventually plated 
out lithium metal on the electrode surface; the electrode was then 
removed from the melt and scraped clean.

A constant current was passed through the cell and the potential 
was allowed to reach a steady value (usually requiring about 15 
minutes, although sometimes drift occurred for several hours). The 
current was set so that the Mo electrode was always negat-ive with 
respect to the LiQ.75Al reference electrode, as the data obtained in 
this region were more reproducible and less subject to experimental 
noise. At the end of each experiment, the cell constant, G, was 
determined by a-c impedance measurements. An interesting observation 
was made under open circuit, i.e. zero current, conditions: a
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potential of between 0.7 and 1 V vs. Lig.75Al was observed at the Mo 
electrode. This potential decreased slowly with time and varied as 
the distance between the electrodes was changed. It is believed that 
this phenomenon arose due to the loss of potassium vapor from the 
system.

Results

Methods A(i), A(ii) and B(iii) were used to analyze the experi­
mental data, and representative plots are shown in Figs. 4, 5, and 6. 
Reasonable agreement was observed (within an order of magnitude) 
between the different modes of analysis. Fig. 7 shows a plot of log 
oe vs. log a ^  for a series of temperatures. As expected, ae 
was found to increase monotonically with increasing temperature. The 
slopes of the lines in Fig. 7 are close to unity, thus verifying the 
theoretical relationship (1):

Li

Li
( 16)

The dotted line in Fig. 7 denotes the data obtained for the melt 
containing 61 mole % LiCl. The partial electronic conductivity of 
this melt composition at 430°C is less than that of the eutectic 
composition at 415°C. This indicates that increasing the LiCl content 
of the electrolyte significantly decreases the partial electronic 
conduct ivity.

Discussion

The magnitudes of ae found here are signifcantly lower than 
those originally given by Heus and Egan (4) in the first work on this 
subject. However, these values were later retracted (5) and these
authors quoted a new value of oe = 5.6 x 10“ at a ^  =
5.7 x 10”  ̂ and T = 450°C, but did not include experimental details. 
This value corresponds reasonably well with the results reported here.

Our values range from a maximum of approximately 0.18 ohm^cm” 1 
at 465°C and unit activity Li to about cre = 8 x 10“  ̂ ohm” *cm“ * at 
383°C and at a ^  = 5.6 x 10”2 (corresponding to the activity of 
lithium in Lig.75Al at this temperature). An additional experiment 
in which Sb/Li2Sb (E vs. Li = 0.912 V) was used as a reference 
electrode gave a value of <je = 1.8 x 10“ 9 ohm" ̂ cnf1 at a . = 
1.95 x 10“ 'and T = 412°C.
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In their earlier work (4), Heus and Egan paid great attention to 
the possibility of problems associated with convection and took 
special precautions to eliminate any such effects. Although little 
attempt was made in these experiments to prevent convection currents, 
the alumina crucible was surrounded by nickel, and kept in the hot 
zone of the furnace to minimize temperature gradients within the 
melt. Any significant convection currents would cause the measured 
value of <je to be larger than the actual value. The overall repro­
ducibility of the results implies that neglecting convection effects 
does not lead to significant error.

If the value of ae at a particular temperature and activity of 
lithium is known, then the self-discharge current under these 
conditions can be calculated. This is an important parameter relating 
to the shelf-life and faradiac efficiency of a practical energy 
storage device. For such a device, based on lithium as the active 
electrochemical species, the activity of lithium at the positive 
electrode is very small compared to that at the negative electrode, 
and the self-discharge current can be approximated by the equation

For a cell with an interelectrode distance of 1 cm and an "Al/LiAl" 
negative electrode, then, using the data illustrated in Fig. 7, the 
self-discharge current due to electronic conductivity in the LiCl-KCl 
eutectic molten salt is 34 yA cm"2 at 405°C, rising to 200 yA cm-2 at 
465°C. The magnitude of ie is seen to be strongly temperature
dependent, and it is clearly advantageous to operate any cell using 
this molten salt electrolyte at the lowest possible temperature 
compatible with the kinetic requirements of the electrochemical 
system.

Wagner (6) has shown that the emf of any galvanic cell is given 
by the expression:

(5):

i = --- a (at the negative electrode)
6 FG 6

(17)

(18)
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where \i£ is the chemical potential of neutral species i, z is the 
charge number of the i ions, and t 'Lon is the ionic transference 
number:

t .ion
ion

a. + aion e
(19)

i.e., that fraction of the cell current which is transported by ionic 
species. In the case of a galvanic cell in which lithium is the 
electro-active species, one can write:

RT
II

m  H RT i ion lr>
F I F

aLi t.ion

( 20)

where superscripts I and II refer to the positive and negative 
electrodes, respectively.

The first term in the above equation relates the emf of a galvan­
ic cell to the difference in the activity of the neutral mobile 
species at the two electrodes. However, equation (20) demonstrates 
that one can use equilibrium voltage measurements to determine 
accurate activities only when the second term is vanishingly small. 
In the case of the cell

LiU) j LiCl-KCl(eut.) |"Al/LiAl" (s) (21)

for example, using a value for the ionic conductivity of 1.36 
ohirT^cni"1 (7) and the electronic conductivity data determined here, 
then at 405°C, the second term in equation (20) is equal to 3.7 mV, 
i.e. the Li activity in the "Al/LiAl" two-phase region measured using 
the LiCl-KCl eutectic molten salt electrolyte and a lithium reference 
electrode would be approximately 1% higher than the true value. The 
use of an "Al/LiAl" reference electrode for the determination of 
(lower) lithium activities in other alloys, would lead to no detect­
able error at temperatures below 460°C.

The LiCl-KCl fused salt has been used as an electrolyte by many 
workers and it has been established that, at high lithium activities, 
potassium evaporates from the melt (8,9). The mechanism for this 
reaction is dependent on the transport of electrons from the negative 
electrode to the potassium ions in the electrolyte, and thus the 
reaction rate will increase with increasing electronic conductivity of 
the molten salt. This phenomenon can also explain why, at zero
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current, i.e. on open circuit, a steady state zero voltage is not 
observed. When an external potential measurement is made, one actual­
ly measures the difference in the electrochemical potential of the 
electrons in the electrodes. In the Wagner asymmetric polarization 
cell, the electrochemical potential of the electrons in the electro­
lyte must everywhere reach a constant value identical to that in the 
reversible reference electrode in order for no potential difference to 
exist across the cell. However, in an unsealed system at high lithium 
activities, the continuous process of potassium evaporation prevents 
the attainment of equilibrium everywhere in the electrolyte. This 
gives rise to a lower electrochemical potential of electrons at the 
ionically-blocking electrode than exists at the reference electrode. 
Thus a finite positive potential difference is measured between the 
electrodes on open circuit.

The evaporation of potassium also provides a driving force for 
the continued dissolution of lithium ions and electrons from the 
reference electrode into the electrolyte, a process which eventually 
leads to the exhaustion of the electrode. In addition, the ionic 
current which flows due to potassium loss causes a systematic devia­
tion from the ideal steady state current vs. voltage behavior predict­
ed by the Wagner model. Wherever the local activity of Li is high, 
the rate of potassium evaporation, according to the equation

Li (eut) + K+ (eut) = Li+ (eut) + K (g) (21)

will be correspondingly larger. However, this ionic contribution to 
the total current will be less dependent on potential than the 
electronic contribution (which has an exponential dependence - see 
Fig. 2). Therefore more reliable data are obtained at high current 
densities. Use of a sealed system should also greatly reduce this 
problem, and also enable experiments to determine the hole conductiv­
ity* at very low lithium activities, and correspondingly higher 
partial pressures of chlorine gas.

It is interesting to note that, at sufficiently low activities of 
Li, and when clean molybdenum is used as an ionically-blocking 
electrode, an equilibrium open circuit voltage which is very close to 
zero is observed. This supports the hypothesis that potassium vapor 
loss from the melt causes a non-zero open circuit voltage.

The experimental arrangement used in these experiments could be 
further improved if the high density alumina crucible were replaced 
with magnesia or yttria. It is known (10) that AI2O3 is thermodyna­
mically unstable with respect to unit activity lithium. At the high 
activities of lithium and potassium present in these experiments, a 
blackening of the surface of the alumina components was observed. On 
addition of an oxidizing agent, such as LiN03, this surface layer 
was bleached to its original color. It is conceivable that AI2O3 
could provide a sink for lithium ions and electrons; however, due to
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the insulating nature of the product, diffusion into the bulk cannot 
occur at an appreciable rate.

Finally, it has been demonstrated that the addition of excess 
LiCl to the eutectic composition causes a decrease in the electronic 
contribution to the total conductivity. This can readily be explained 
in terms of the relative solubilities of the alkali metals in their 
respective halides, which increases with atomic number. This increase 
in solubility gives rise to a higher concentration of electrons, 
which, in turn, leads to a higher ae value. Thus decreasing the 
mole fraction of potassium chloride by addition of lithium chloride to 
the eutectic composition results in a lowering of the total alkali 
metal content, and hence of the electronic defect concentration in the 
molten salt.

Conclusions

Our experimental results demonstrate the general applicability of 
the Wagner asymmetric polarization technique to molten salt electro­
lyte systems. Anomalous effects due to convection were not encounter­
ed, and better data were obtained under galvanostatic conditions at 
higher current densities.

The data obtained were analyzed in three different ways: good 
overall agreement between the various modes of analysis was observed.

A monotonic increase of ae with increasing temperature was 
found, and the theoretical expression relating <je to a ^  
(equation (16)) was confirmed.

The partial electronic conductivity of the LiCl-KCl molten salt 
electrolyte was found to decrease upon addition of excess lithium 
chloride. It is thus advantageous to work in a molten halide system 
in which the concentrations of heavier alkali metals are kept to a 
minimum, although this necessitates the use of higher temperatures.
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Fig. 1. Schematic representation of d-c asymmetric polarization cell.
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C u rre n ts  d u e  to  e le c tro n s  end holes in th e  
p o la r is a tio n  exp erim en t

Fig. 2.
Currents due to electrons and 
holes in the polarization experi­
ment. An "Al/LiAl" reference
electrode (whose potential rela­
tive to pure lithium is indicated 
by the vertical dotted line) was 
used so that the ionically-block- 
ing electrode could be made
negative with respect to the
reference electrode without
depositing Li at the ionically-
blocking electrode/electrolyte
interface.

Fig. 3.
Experimental apparatus.
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RT
for LiCl - KC1 eutectic molten salt at 656 K.

E vs.  L I 0 7 5 AI  ( V o l t s )

Fig. 5. Plot of I vs. E for LiCl - KC1 eutectic molten salt at 678 K.
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Fig. 6. Plot of log(-l) vs. E for LiCl - KCl eutectic molten salt at 
738 K.

E vs. Li (T =700 K)

Fig. 7. Plot of log a& vs. log a { for LiCl - KCl molten salt 
at different temperatures.
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A B S T R A C T

The rates of electrode processes in high temperature molten salts are 
often very fast and special precautions are needed in their measure­
ment. The measurement methods are invariably some sort of relaxa­
tion technique where a fast perturbation of the current (or the poten­
tial) is applied and the resulting potential (or current) relaxation is 
recorded. The measuring cells used in these experiments have to be 
carefully designed so that the distortion of the fast electrical sig­
nals and the introduction of spurious signals are avoided. The two 
requirements of a good cell design can be simply stated as (*) the 
assurance of uniform current distribution on the working electrode 
surface and (ti) small impedance. The latter requirement includes 
small stray capacitances and small inductances, which is necessary to 
avoid detrimental phase shifts and inductive spikes in the signal. In 
addition, one requires a small ohmic resistance of the solution between 
the reference and the working electrodes. Three cell designs, aimed at 
fulfilling these requirements, are described.

The rates of electrode processes in high temperature molten salts are often very 
fast and special precautions are needed in their measurement. The measurement 
technique is invariably some sort of relaxation technique; that is, a fast perturba­
tion of the the current (or potential) is applied and the resulting potential (or 
current) relaxation is recorded. The measuring systems used in these experiments 
have to be carefully designed so that distortion of the fast electrical signals and in­
troduction of spurious signals are avoided. The measuring system includes the cell, 
the electronic instrumentation, and the connecting leads. In this communication, 
a review will be presented of some cells which were designed for the measurement.
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primary current distribution (but, see below). Uniform primary current distribu­
tion can be obtained with relatively simple geometric arrangements, e.g., parallel 
plate electrodes or concentric cylinders. Edge effects can be minimized by a large 
ratio of electrode dimension to interelectrode separation, or can be completely 
eliminated by employing nonconducting walls that contain the solution between 
the electrodes. On the other hand, the shape of the auxiliary electrode will have 
little effect on the current distribution if it is far enough removed from the working 
electrode.

The secondary current distribution is generally more uniform than the primary, 
but this smoothing effect is of little help in the case of fast electrode reactions 
since the charge transfer resistance will be generally very small. It should also 
be realized that, for the case of the relaxation techniques, the tertiary current 
distribution will be a function of time: while it may be nonuniform under steady 
state conditions, the nonuniformity may be negligible within the time frame of 
the measurements. For example, a circular disk inlaid electrode will have a con­
tribution from spherical diffusion at the edges, in addition to the dominating 
effect of linear diffusion; this edge effect depends on the radius of the electrode 
and the time frame of the measurement. Specifically, if the electrode radius is 
not smaller than 0.01 cm and the diffusion coefficients are 1 X 10-5 cm2 sec-1 , 
the error caused by the spherical diffusion component is less than 2% for a 
galvanostatic transient lasting for up to 1 msec (10-12). In this respect, another 
effect should also be considered. In calculating the tertiary current distribution, 
one usually assumes that the true area of the electrode is equal to the geometric 
area, that is, that the roughness factor of the working electrode surface is unity. 
This is a fair assumption, as long as the penetration of the diffusion layer is con­
siderably larger than the scale of the surface roughness. For a transient of 10 ^sec, 
the penetration of the diffusion layer, approximated as \[Dt, will be about 1X 10-5  
cm, which suggests that a very careful surface preparation is required. The primary 
and secondary current distributions will, of course, also be distorted by a rough 
surface; for a general review of the effect of surface roughness see reference (13).

The impedance requirements include (t) small stray capacitance of all com­
ponents, (ii) small, or compensating, self- and mutual-inductance of all com­
ponents, and (Hi) small ohmic resistance of the solution between the reference 
and working electrodes. These are needed to avoid (i) the slowing of the sig­
nal and detrimental phase shifts, («) inductive voltage spikes and phase shifts, 
and (*Vf) errors in the potential measurements or control. The overall ohmic 
resistance of the cell is usually of lesser importance, unless an unusually large 
voltage capability is required of the instrumentation. While the uniformity of 
current distribution is a general requirement, the emphasis on the impedance 
requirement depends on the experimental technique used, as discussed below.
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of fast electrode reactions. Instrumentation is usually commercially available and 
only some mention will be made of the requirements for leads. However, it should 
be emphasized that for best results the whole measuring system has to be con­
sidered as a design unit, because one part will often influence the requirements 
of the other. Detailed descriptions of general cell design principles for measuring 
the kinetics of electrochemical reactions are available in books (1,2) and so is a 
review on molten salt electrochemical techniques (3). Therefore, many important, 
but general design requirements for the cell (such as separation of electrode com­
partments, protection from the atmosphere, ease of operation, price, materials 
of construction, etc.) will not be discussed here. Emphasis will be placed on the 
special requirements due to the high rate of reactions.

D E S IG N  R E Q U IR E M E N T S

The requirements can be broadly classified in two groups: uniform current 
distribution on the working electrode surface and low impedance for the cell 
components. These requirements will be discussed below. Not all requirements 
are equally important in every instance, depending on the characteristics of the 
electrode reaction and on the measuring technique used. Furthermore, the require­
ments are sometimes contradictory; therefore, the best cell design for a given sys­
tem is often a compromise. For example, the close placement of the classical Luggin 
capillary to the working electrode will assure a small resistance between the work­
ing and reference electrodes, but will considerably distort the current distribution 
on the face of the working electrode (4).

Uniform current distribution is a tacit assumption in the theories of all relaxa­
tion techniques. It is always assumed that the measured electrode potential is 
representative of the whole surface of the electrode and does not vary with the 
location of the measurement. The results will be distorted if this condition is 
not fulfilled during the experiments, introducing a spurious frequency dependence 
of the electrode impedance. Kasper (5-7) has given the current distributions for 
many useful geometries, and recent reviews are available on the subject (8,9). For 
a measuring cell under consideration, the main concern is to achieve a uniform 
primary current distribution. The primary current disrtibution is calculated from 
the cell geometry and solution resistance, with the effect of surface processes on 
the working electrode surface being neglected. It is, of course, assumed that the 
preparation of the electrode will produce a uniform surface; consequently, the 
secondary current distribution (which includes the effect of the charge transfer 
resistance) and the tertiary current distribution (which also includes the effect of 
the mass transport impedance) will be identical to, or more uniform than, the
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G A L V A N O S T A T IC  A N D  C O U L O S T A T IC  T E C H N IQ U E S

The cell inductance is critical for relaxation methods using a fast-rising current 
pulse as the perturbing signal. In these cases, the inductive emf generated even in 
a straight piece of wire can be much larger than the overpotential to be measured 
(14), especially for fast reactions when one is forced to use large currents and 
very fast rising pulses (15-17). Thus, an inductive voltage spike will distort the 
potential relaxation at short times, creating a certain “dead-time” when meaning­
ful potential measurements are not possible. On the other hand, it is desirable to 
minimize this dead-time and to carry out the measurements at short times when 
the diffusional effects are not yet overwhelming. One could deliberately slow down 
the rise of the current pulse to diminish this effect, and use a computerized curve­
fitting data evaluation which corrects for the rise time (15-17). But, this will be of 
little help for fast reactions and/or low concentrations when the diffusional effects 
are significant at short times. Therefore, the requirement for small inductance cell 
will remain.

The leads connecting the cell to the instrumentation are very important with 
respect to the inductance. Widely separated, long leads will create a large induc­
tive loop. Very short, parallel-running or twisted leads will minimize this problem, 
but the best solution is to use coaxial cables because then much of the mutual 
inductances of the conductors cancel. Coaxial cables will introduce considerable 
capacitance, but this can be minimized by using driven shields. The effect of 
leads is especially important for high-temperature work, because the instrumen­
tation and the cell are often separated by long distances. To minimize this effect, 
Blomgren and coworkers (18) suggested a coaxial cable-like cell design, shown 
schematically in Fig. 1. The high-temperature coaxial connector is built around 
a glass capillary, the conductors being a thin wire in the capillary hole and a me­
tal tube surrounding the capillary. With this design, coaxial conductors are used 
from the instrumentation and into the furnace leading very close to the electrodes. 
Therefore, most of the inductance of the leads is eliminated (14,18) and the over­
all inductance is practically that of the loop A-B-C. This loop can be made very 
small by using microelectrodes sealed in glass. One of the electrodes is a work­
ing micro-electrode, while the other is a large-area (“unpolarizable”) auxiliary 
electrode, which also serves as a reference electrode. Several varieties of this cell 
design have been used for molten-salt electrode kinetic studies, and dead-times 
as short as 40 nsec were achieved (14,18,19). A third (reference) electrode can 
also be used with this design, but it will increase the dead-time. This design can 
easily be used in a sealed cell arrangement. Uniformity of the current distribution 
and minimization of solution resistance were not emphasized with this design. The 
stray capacitances were kept small by using coaxial cables as short as possible.
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Uniform current distribution and very small solution resistances can be achiev­
ed with the cell design shown on Fig. 2 (20). This is a two-electrode, thin-layer 
cell consisting of two identical working electrodes and no reference electrode. One 
of the working electrodes is polarized anodically and the other cathodically, while 
the sum of the two overpotentials and the IR-drop in the solution between the two 
electrodes is measured. This arrangement is favorable in the linear current den­
sity-overpotential range, because it considerably extends the applicability of the 
linearization approximation due to cancellation of errors (21,22). This arrange­
ment also restricts the use of the cell to the linear range; this restriction is not 
a serious disadvantage for very fast reactions because the current limitations of 
the instrumentation and the early onset of diffusion will often restrict the experi­
ments anyhow to a few millivolts. The electrodes are press fit into boron nitride 
holders and polished. By polishing the electrodes together in a common holder, any 
misalignment of the working faces from perfectly perpendicular will be corrected 
in assembly and the electrodes will be parallel. The gap thickness is controlled by a 
metal spacer between the electrode holders. This spacer and the alignment pins are 
fabricated from the same material as the working electrodes to avoid contamina­
tion of the melt. Gap thickness as small as 1.25 X 10-2 cm has been achieved, 
assuring small interelectrode resistance. The cell also has a large ratio between 
the electrode radius and the interelectrode distance, minimizing edge effects of 
the current distribution. The overall cell arrangement is like a micrometer: the 
top electrode is vertically movable, facilitating the introduction of electrolyte melt 
into the interelectrode gap. Because of the need to move the upper electrode, this 
design is not readily usable in a sealed-cell arrangement. It was designed to be 
used in a furnace well which is attached to a glovebox, with the melt exposed to 
the box atmosphere (20). Coaxial connectors of the type shown in Fig. 1 were also 
used with this cell. A disadvantage of this design is that the inductive loop, con­
sisting of the electrodes and their leads connected to the high temperature coaxial 
cable, is larger than that achievable with microelectrodes sealed in glass; thus, the 
dead-time increases to at least 200 nsec, and typically to around 400 nsec. This 
cell design has been used to study the kinetics of metal deposition/dissolution 
reactions in molten alkali halides (23).

P O T E N T IO S T A T IC  T E C H N IQ U E

For potentiostatic measurements a three-electrode cell is needed. In this case, 
the cell impedance is important for two reasons: (i) the cell is in the control loop 
of a feedback amplifier system, thus, phase lags introduced by the cell may cause 
instability of the potential control, and (it) the solution resistance between the 
reference and working electrodes will distort the potential control. General dis­
cussions on the interaction between the cell and the potentiostat, and discussions 
of stability criteria of the measuring system are available elsewhere (24-27) and
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only the cell design will be discussed here. The usual Luggin capillary cannot be 
placed very close to the working electrode (to decrease the solution resistance) 
without causing nonuniformity in the current distribution (4). Furthermore, exact 
positioning of the capillary is usually difficult in molten salt cells. A Luggin capil­
lary has further disadvantages when used in potentiostatic investigations of very 
fast electrode reactions: its high frequency characteristics are rather poor. The 
capillary usually has a high ohmic resistance, since it is made thin enough to allow 
close placement to the working electrode, and there is also a large capacitive cou­
pling between the solutions inside and outside the capillary. These characteristics 
are highly undesirable for fast potentiostatic measurements (27).

Several modifications of the Luggin capillary have been suggested. Piontelli 
et at. (28,29) proposed the use of a flat-ended glass tube pressed against the 
electrode surface, with the electrical connection to the main solution achieved 
by a hole near the electrode surface, as shown in Fig. 3. This design can result 
in small solution resistance between the reference and the working electrodes, 
but there still can be some distortion of the current distribution (especially if 
there is solution leakage under the flat glass surface) , and the high frequency 
characteristics are unimproved. Cahan et at. (30) used a side-hole electrode, which 
is an inside-out version of the Piontelli electrode, as shown in Fig. 4. A flat 
working electrode is pressed against an insulator cell body made of a heavy walled 
tube. The large hole (perpendicular to the working electrode surface) leads to 
the auxiliary electrode compartment, and a small capillary hole is drilled into the 
body, close to the surface of the working electrode, which leads to the reference 
electrode compartment. This design results in a small solution resistance between 
the working and reference electrodes because the capillary hole can be drilled 
very close the the working electrode surface. The high frequency characteristics 
are also improved: the stray capacitances are small because of the thick walls 
separating the reference compartment from the other compartments. The internal 
resistance of the reference electrode connection can also be made smaller than that 
of a conventional Luggin because the hole can be widened a short distance from 
the electrode surface. This design also provides a uniform current distribution 
on the face of the working electrode, independent of the shape of the auxiliary 
electrode, as long as there is a straight, long channel leading to the auxiliary 
electrode compartment, with a length-to-diameter ratio of at least six (5,31); 
however, leakage between the cell body and the working electrode surfaces must 
be avoided.

The side-hole electrode concept was further extended by Cahan et at. (27) 
to the designs shown schematically in Fig. 5 and 6. In the first design (Fig. 5), 
the “side hole” was extended 360° around to form a conical slot with the two 
body pieces held apart by suitable spacers. This design considerably reduces the 
internal resistance of the reference electrode connection, further improving the
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high frequency characteristics. It can be used advantageously when a limited area 
of a large electrode is to be studied; however, the seal between the cell body and the 
large-area metal surface may be a problem. The design shown in Fig. 6 eliminates 
this problem. The cell body consists of two parts made of insulating materials. 
The working electrode is press fit into the bottom piece, so as to provide a flush 
surface with the cell body. The top portion has a cylindrical hole corresponding 
exactly in position and dimension to the working electrode; this hole leads to the 
auxiliary electrode compartment. A thin gap between the pieces, controlled by 
a suitable spacer, leads to the reference electrode compartment, which surrounds 
(360®) the working electrode. The latter extension of the side-hole concept was used 
in aqueous electrode kinetic studies (32,33) and a detailed design is shown in Fig. 
7. Although this specific embodiment of the design is not suitable for molten salt 
studies, the concept of the extended side-hole reference electrode could be utilized 
as a basis for a molten-salt cell design. It results in a cell having uniform current 
distribution, very small resistance between the working and reference electrodes, 
and good high frequency characteristics, but with a somewhat larger inductive 
loop than the design shown in Fig. 1.

S U M M A R Y

The two main requirements for a measuring cell, to be used in the determina­
tion of kinetics of fast electrochemical reactions, were identified as the assurance of 
( t ) uniform current distribution on the working electrode surface and (t‘t ) small 
impedance for the cell components. These requirements were discussed and their 
implementations demonstrated with three specific cells used previously for fast 
electrode kinetic studies. The first cell was designed to provide extremely small 
cell inductance, which mininizes disturbing inductive spikes associated with fast 
current pulses. This was achieved by using a coaxial cable-like construction. The 
second cell aimed at very small solution ohmic drop and uniform current distribu­
tion. These were achieved by a two-working electrode, thin-layer design. The third 
cell was designed for potentiostatic work, aimed at small solution resistance bet­
ween the working and reference electrodes and good high frequency characteristics. 
These were achieved by eliminating the classical Luggin capillary and using a slot 
connection to the reference compartment.

A C K N O W L E D G M E N T

This work was performed under the auspices of the Materials Science Office, 
Division of Basic Energy Sciences, U. S. Department of Energy.

540



R E F E R E N C E S

1. D. T. Sawyer and J. L. Roberts, “Experimental Electrochemistry for Chem­
ists,” Wiley-Interscience, New York (1974).

2. D. D. Macdonald, “TYansient Techniques in Electrochemistry,” Plenum Press, 
New York (1977).

3. A. D. Graves, G. J. Hills, and D. Inman, in “Advances in Electrochemistry 
and Electrochemical Engineering,” P. Delahay and C. W. Tobias, Editors, 
Vol. 4, p. 117, Wiley-Interscience, New York (1966).

4. S. Bamartt, J. Electrochem. Soc., 9 9 , 549 (1952).
5. C. Kasper, Trans. Electrochem. Soc., 77, 353 (1940).
6. C. Kasper, Trans. Electrochem. Soc., 77, 365 (1940).
7. C. Kasper, Trans. Electrochem. Soc., 78, 131 (1940).
8. J. Newman, “Electrochemical Systems,” Prentice-Hall, Englewood Cliffs,

N.J. (1973).
9. G. A. Prentice and C. W. Tobias, J. Electrochem. Soc., 129, 72 (1982).

10. K. B. Oldham, J. Electroanal. Chem. Interfacial Electrochem., 122,1 (1981).
11. K. Aoki and J. Osteryoung, J. Electroanal. Chem. Interfacial Electrochem., 

122, 19 (1981).
12. S. Sarangapani and R. de Levie, J. Electroanal. Chem. Interfacial Electro­

chem., 102 165 (1979).
13. R. deLevie, in “Advances in Electrochemistry and Electrochemical Engin­

eering,” P. Delahay and C. W. Tobias, Editors, Yol. 6, p. 329, Wiley-Inter­
science, New York (1967).

14. W. E. Triaca, C. Solomons, and J. O’M. Bockris, Electrochim. Acta, 13, 
1949 (1968).

15. Z. Nagy, Electrochim. Ada, 26, 671 (1981).
16. Z. Nagy, J. Electrochem. Soc., 128, 786 (1981).
17. Z. Nagy and J. T. Arden J. Electrochem. Soc., 130, 815 (1983).
18. E. Blomgren, D. Inman, and J. O’M. Bockris, Rev. Sci. Instr., 32, 11 (1961).
19. A. D. Graves and D. Inman, in “Electromotive Force Measurements in High- 

temperature Systems,” C. B. Alcock, Editor, p. 183, American Elsevier, New 
York (1968).

20. Z. Nagy and J. L. Settle, Abstract 158, p. 408, The Electrochemical Society 
Extended Abstracts, Los Angeles, California, October 14-19, 1979.

21. D. J. Kooijman, M. Sluyters-Rehbach, and J. H. Sluyters, Electrochim. Acta, 
11, 1197 (1966).

541



22. Z. Nagy, R. H. Land, G. K. Leaf, and M. MinkofF, Abstract 321, p. 516, The 
Electrochemical Society Extended Abstracts, Detroit, Michigan, October 17- 
21, 1982.

23. J. L. Settle and Z. Nagy, to be published.
24. G. L. Booman and W. B. Holbrook, Anal. Chem., 37, 795 (1965).
25. R. R. Schroeder and I. Shain, Chem. Instr., 1, 233 (1969).
26. Z. Nagy, PhD Thesis, University of Pennsylvania, Philadelphia (1972).
27. B. D. Cahan, Z. Nagy, and M. A. Genshaw, J. Electrochem. Soc., 119, 64

(1972).
28. R. Piontelli and G. Bianchi, Gazz. Chim. Ital., 80, 581 (1950).
29. R. Piontelli, G. Bianchi, and R. Aletti, Z. Elektrochem., 56, 86 (1952).
30. B. D. Cahan, J. B. Ockerman, R. F. Amlie, and P. Ruetschi, J. Electrochem. 

Soc., 107, 725 (1960).
31. S. Barnartt, J. Electrochem. Soc., 106, 722 (1959).
32. J. O’M. Bockris, Z. Nagy, and A. Damjanovic, J. Electrochem. Soc., 119, 

285 (1972).
33. B. D. Cahan and C. T. Chen, J. Electrochem. Soc., 129, 474 (1982).

542



Fig. 1. Cell design with small 
inductive loop.

To reference

t

Cell Cell
solution solution

/ / / / / /7 7 /7 /7 7 7 Z
E lectrode

F ig . 3 . Piontelli electrode.

F ig . 4 . Side-hole electrode.

Fig. 2. Cell design with 
small solution resistance. A-to 
coaxial electrical leads, B-steel 
support rod, C-metal electrode 
contacts, D-boron nitride hous­
ing, E-metal electrodes, F-boron 
nitride electrode holders, G-Grafoil 
gasket, H-metal alignment pins, 
I-metal spacer, J-steel adapter, 
K-steel universal joint, L-steel rod 
connecting to micrometer head.
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Fig. a. Extension of the side- 
hole electrode concept, horizontal 
slot reference.

Fig. 7. Exploded cross sec­
tional view of a cell built with 
horizontal slot reference. 1-Teflon 
bottom piece, 2-KEL-F top piece, 
3-working electrode, 4-nylon bush­
ing, S-adjusting screw, 6-stainless 
steel contacts, 7~stainless steel 
spacer, 8-stainless steel locating 
pins, 9-reference electrode groove,
10- reference electrode connection,
11- auxiliary electrode compart­
ment, 12-connections for auxiliary 
electrode, solution inlet, etc., 13- 
hole for illuminating fiber light 
guide, 14-observation window, 15- 
part of stainless steel frame, 
16-Viton O-rings.
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THE ELECTROCRYSTALLISATION OF CHROMIUM FROM MOLTEN 
LiCl-KCl AT 450°C

D. Inman, T. Vargas, S. Duan and P. Dudley

Department of Metallurgy and Materials Science,
Imperial College, London SW7 2BP, U.K.

The ion Cr2+ is stable in molten LiCl-KCl at 450°C and 
chromium metal can be deposited from it by a two-electron 
charge transfer process.

The electrocrystallisation of chromium has been studied 
both by electrochemical, e.g. chronoamperometry, and struc­
tural, e.g. scanning electron microscopy techniques; in the 
latter case both at the initial nucleation stage and after 
the growth of the electrodeposit. The results indicated 
that the initial stage of deposition involved progressive 
three-dimensional nucleation with the growth of the nuclei 
controlled by diffusion of ions in the melt. The nuclea­
tion rate is well described according to classical nuclea­
tion theory. The electro-nucleation rate constant is pro­
portional to q-2  (u is overpotential) and increases with the 
concentration of Cr2+ in the melt.

On this basis, high quality deposits have been obtained 
by the use of a double-pulse potentiostatic procedure.

Introduction

The electroanalytical chemistry and the electrochemistry of chro­
mium and its ions in molten chlorides have been the subject of several 
previous investigations (1-5).In the previous work in this laboratory £), 
chronopotentiometric and steady-state voltammetric techniques were em­
ployed to study the electrochemical processes

Cr(III) + e ^ Cr(II) 
and Cr(II) + 2e ■* Cr(0)
separately, using the LiCl-KCl eutectic as the solvent at 500°C. The 
adsorption of ions on the electrode surface appeared to play a role in 
the overall electrode processes.

The general aim of the present study has been to relate the forms, 
structures, constitution and properties of chromium deposits prepared 
under well defined electrochemical conditions to the controlled para­
meters, and use this to optimise the properties of electroplates. In 
particular, attention has been focused on the mechanism of formation of 
the deposit in the initial stages of deposition, under potentiostatic
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conditions, and its effect on the morphologies of subsequent chromium 
electroplates.

The present study was carried out in the LiCl-KCl eutectic melt 
at 450°C. The chromium, present in the electrolyte as chromium (II) 
ions in concentrations ranging from 0.04 to 0.9 Mil”1, was introduced 
by anodic dissolution of aqueous electrolytic chromium or by addition 
of anhydrous CrC^. The system was studied by various electrochemical 
methods, e.g. sweep voltammetry and chronoamperometry, complemented 
with scanning electron microscopic examinations of the electrode sur­
faces at different stages of the deposition. The basic aspects of 
electrocrystallisation were studied on tungsten and platinum electrodes 
and the preparation of thicker deposits was attempted on stainless and 
low-carbon alloy steels.

Experimental

Full details of the equipment and electrodes employed and the ex­
perimental procedure are given elsewhere(6) or are referred to in the 
results and discussion section below.

Results and Discussion

Electroanalytical aspects. Figure 1 shows a typical cyclic voltam- 
mogram obtained at a sweep rate of lOOmV sec" 1 for the reduction of 
chromous (Cr3+) ions on platinum. The small pair of waves on the 
right hand side corresponds to Cr3+/Cr2+, while the large pair on the 
left corresponds to Cr2+/Cr°; as expected, the anodic (stripping) 
wave is much sharper than the cathodic (deposition) wave. The linear 
sweep voltammogram obtained at much lower sweep rates (1 mV sec"1) is 
more revealing (Fig* 2) The shift of the cathodic wave corresponding to the 
process Cr2+ + 2e Cr° in the cathodic direction and the consequent 
hysteresis after potential reversal, indicate that nucleation phenomena 
are involved. Similar sweep voltammograms were obtained for every 
substrate investigated in this study.

Electrocrystallisation phenomena. Chronoamperometry (I - t transients 
at constant potential) was employed to study the nucleation and growth 
phenomena per se. I - t transients, typical of those obtained on all 
substrates, are shown in Figure 3, The transients depend on the ap­
plied overpotential (n7 > r] > n etc.). The current first rises to 
very high values due to double liyer charging and initial cluster for­
mation without the clusters reaching the critical size for growth.
The current then decays during the induction time and then increases 
again due to the formation and growth of isolated stable nuclei which 
increase the area for deposition. As the diffusion zones for each 
nucleus eventually meet each other and start to form a uniform diffus- 
ional plane, the current reaches a maximum and then decays according to
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The I-t relations for the rising parts of these curves were exami­
ned in more detail. Log I - log t plots are shown in Figure 4. The 
middle portions of these plots are parallel straight lines, the slopes 
of which are 3/2. This indicates that nucleation and growth phenomena 
are occurring simultaneously.

the usual t ^ dependence.

The expression for the current to a single nucleus growing under 
mass transfer control and assuming a hemispherical diffusive flux, is 
given by (7)

* ./o n ^  J , JI1 = Z F n M <2 C D) t7p" ( 1 )

If nucleation and growth occur simultaneously, assuming that there 
is no overlap of diffusion zones, the resulting current is given by

I1 (u) (d N/dt)t=t_udu (2)

where u is the age of a nucleus and N is the number of nuclei at any 
time during the process of nucleation.

Assuming a steady state nucleation rate (JQ), we can write:
d N / d t = J (3)o

and, substituting u for t in the expression (1 ), the resulting current 
obtained by integrating (2) is:

I = 2 J Z F n (2 C D) ^ t 3p^ (4)o
This expression is valid for high overpotentials (Cs -> o); however 

if the overpotential is low, the surface concentration Cg is not negli­
gible but given by the Nernst relation:

C = C exp Z F n / RT s
In these circumstances, (4) becomes

I = 2 J Z F n M* (2 C D ) ^  fl - exp - ^ - ^ l ^ t ^ / S p 5 (5)
O  J, RT *1

According to the classical theory of nucleation, the expression for the 
steady-state rate of three-dimensional electrochemical nucleation is

J = K.. exp (-K /n2)O  1 Z

where n is the overpotential and K^, are constants. 

Introducing this expression in equation (5) we obtain: 

r = k3 Jl “ exp - /2 exp (-^/p2) t /2
A  3 / .  lwhere Kg = 2 K Z F II M 2 (2 C D) 72 /3p2

(6)

(7)

(8)
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(9)

Rearranging and taking logs

In (1-exp Z F n/R' In K0 K2/n
The description of the nucleation of chromium according to the 

classical theory is shown here for the specific case of the deposition 
on to a tungsten substrate.

3/>Figure 5 shows the expected linear dependency of I versus t 
(equation 7) and Figure 6 confirms the applicability of equation 9 
to the present case.

It was expected that the nuclei densities on the substrate would 
increase with increasing applied overpotential and this was confirmed 
by the Scanning electronmicrographs (Fig. 7) of the substrate obtained 
after 100s of potentiostatic deposition at four different applied 
overpotentials.

Macro-electrodeposition. Our electrocrystallisation studies have 
demonstrated that the nucleation of chromium occurs via a progressive 
nucleation mechanism and that an increase in overpotential increases 
the surface density of chromium nuclei . However, complete coverage 
of the electrode surface cannot be achieved (irrespective of the mag­
nitude of the overpotential) due to the inherent formation of nuclea­
tion exclusion zones (9).

Clearly, the growth of the highest number of nuclei possible is 
ultimately desirable for producing complete coverage of the substrate 
and the formation of a dense macrodeposit.

A schematic representation of the effect of the initial nuclea­
tion mechanism and the growth of nuclei at different levels of over­
potential upon the ’nature' of the final macro-deposit is shown in 
Figure 8. Continued growth of isolated nuclei at high overpotential 
results in a dendritic macrodeposit, having a relatively high porosity. 
However, if growth is continued at a low overpotential, then smooth 
dense and coherent macrodeposits are generally produced.

Figure 9 shows the surface structure (topography) of a typical 
chromium deposit obtained as a result of applying an initial high 
overpotential pulse to force ’instantaneous nucleation', followed by 
a low growth overpotential. Deposits were grown at low overpoten­
tials for several hours. The scanning electron micrograph, Figure 9, 
shows clearly that a fine, dense structure may be obtained with no 
indication of dendritic or nodular growth.

The purity of the deposit may be qualitatively evaluated using a 
microprobe analysis technique (a JOEL T-200 SEM was used). Figure 
10 shows the microprobe results corresponding to the area of chromium 
deposit shown in Figure 9. Two X-ray peaks are shown, corresponding
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to those for a-Cr and $-Cr; no impurity elements were detected using 
this technique. Thus it may be concluded that the deposits obtained 
were of high-purity chromium.

Transverse sections of the deposits are shown in Figures 11 and
1 2 . The low magnification micrograph (Figure 11) of a 36 ym thick 
coating, further shows that smooth, coherent coatings may be obtained, 
and that good adhesion to the substrate occurs over the entire surface. 
Both the low and the high magnification micrographs, and particularly 
the latter, show a distinct absence of any inclusions, voids or cracks 
within the deposit, even at high stress areas such as the edge of the 
electrode (figure 1 2 ).

In addition to a microscopic structural investigation, micro­
hardness profiles of the transverse sections have been undertaken, 
using a Reichert MeF2 microscope with a microhardness attachment.
The micrographs of the transverse sections and hardness profiles are 
shown for two samples in Figures 13 and 14. Typical hardness values 
of the chromium deposit ranged from a minimum value of 240 VHN to a 
maximum value of 383 VHN. This provides further evidence of the 
purity of the chromium deposit.

The predominant factor in determining the use of a chromium- 
deposited, low carbon alloy steel, is tho inherent strength of the 
chromium/ low carbon alloy steels interfacial bond. An intimate 
bond between the two metals may be obtained by an annealing process 
to produce a diffusion layer.

Figure 15 shows the transverse sections of the Cr/low carbon 
alloy steels interface before annealing. Table 1 shows the concen­
tration of chromium as a function of the distance from the interface 
to the low carbon alloy steels substrate as obtained by a spot analy­
sis technique using a JEQL JSM-35 SEM instrument. The results show 
that, even during an electrodeposition process at 470°C, a small but 
distinct chromium concentration gradient exists within the substrate, 
extending approximately 25 ym from the interface.

Conclusions

In this study, we have clearly shown that it is possible to op­
timise the properties of electroplates by the use of double-pulse 
potentiostatic procedures. These procedures are based on studies 
of the fundamental electrocrystallisation phenomena underlying the 
macro-deposition process.

Nomenclature

C bulk solute concentration, mol. cm'
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Cg solute concentration at the electrode surface, mol. cm 3
2D diffusion coefficient of electrodepositing species, cm- sec 

F Faraday constant C mol- 1

JQ steady-state nucleation rate, nuclei sec cm *
M molecular weight of depositing material 
N number of nuclei at any time 
t time, sec
R molar gas content, J. mol” 1 K”1

T absolute temperature, K
Z valence number
r| overvoltage, V

—3p density of deposited metal, gr. cm 
u age of nucleus
I, 1^ current, A 
K-p K2, K3 constants
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Fig. 1 . Cyclic voltammogram for 
the reduction of chromous ions 
on platinum. 39 mM CrCl2 , 100mV/ 
sec, 0.39 cm2

Fig. 2. Cyclic voltammogram for 
the reduction of chromous ions 
on platinum.Conditions as Fig. 1 
but sweep rate: lmV/sec.

Fig.3.Typical current-time profiles 
for chronoamperometric experiments 
at low concentrations (*-40mM)

Fig. 4. Plots of log I vs log t 
for the potentiostatic current 
transients obtained on tungsten 
electrodes at the overpotentials 
indicated (in mV). Cr2+ concn: 
42mM, area electrode: 0.045 cm2 .
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tungsten electrode at the overpotentials indicated (in mV). 
Cr+2 concn.: 42mM, area electrode: 0.045 cm-2

Fig. 6 . Test of equation (9) for the nucleation and growth of Cr depo­
sited on tungsten electrode (data from figure 5).
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CC) M)
Fig. 7. Scanning electron micrograph series corresponding to 100 sec 

of deposition under potentiostatic conditions, showing the 
increase of the nucleus saturation number with higher over­
potentials. Working electrode: stainless steel EN58B,
Cr^+ concn.: 39mM, a:45mV, b:54mV, c:64mV, d:74mV.
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Fig. 8. Scheme showing possible alternative paths followed during 
the formation of an electrodeposit under potentiostatic 
conditions.
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Fig. 9 Scanning electron micrograph of the surface of a chromium 
deposit, mag xl80. Nucleation: three, -500, 5s pulses. 
Growth: -20mV, 100 min.

K dpha Hn«
Link Syttum Ltd X fey Anttytn

Fig. 10. Corresponding X-ray analysis of Figure 9.
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Fig. 11. Low magnification (xl04) transverse section of chromium 
plate, Cr4 E12. Anodic cleaning: +300, 20s; +200, 20s. 
Nucleation: three -500, 5s pulses. Growth: -20mV,
75 min.

Fig. 12. High magnification (xl040) of the above figure 11.

556



Fig. 13. Transverse section of a chromium plate and hardness 
profile (Mag. x 180), Cr4 E24. Anodic cleaning +500 
5s; +300, 25s; +200, 25s. Nucleation: three -500,
5s pulses. Growth: -30mV 103 min.

Fig. 14 Transverse section (Mag. xl80) of a chromium plate and 
hardness profile Cr4 E12. Anodic cleaning: +300, 20s. 
+200, 20s. Nucleation: three -500, 5s pulses, at 1 
minute intervals. Growth: -20 mV, 75 min.
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Fig. 15. Transverse section of chromium plate Cr-4 E24 before heat 
treatment. Anodic cleaning +500, 5 sec.; +300, 25 sec. 
+200, 25 sec. Nucleation: three -500mV, 5 sec. pulses. 
Growth: -30 mV.

Table 1. Spot analysis (JSM-35)

Sample Position Cr%
Cr-4 E-24
before
heat
treatment

2.5ym from interface between chromium 
coating and substrate (in substrate) 

8ym (as above)
12ym (as above)
17ym (as above 
24ym (as above)
36ym (as above) 
in substrate

2.269

1.54
1.362
1.073
0.918
0.651
0.809
0.806
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THE ELECTROCHEMICAL DEPOSITION OF REFRACTORY 
METALS FROM CHLORIDE MELTS

S. H. White and U. M. Twardoch
EIC Laboratories, Inc., Ill Chapel Street, Newton, MA 02158 USA

ABSTRACT

The deposition of refractory metals such as 
chromium and molybdenum is discussed from the 
standpoint of the solution chemistry and the 
electrocrystallization phenomena involved in 
forming coherent metal.

INTRODUCTION

The precious metals, the refractory metals, and other transition 
elements which are required for use in the advanced technologies of 
aerospace and the nuclear industry have been plated from molten salt 
solutions. Molten alkali metal fluorides were proposed as general 
media from which the majority of the refractory metals might be ob­
tained in coherent form (1). However, there are limitations to these 
electrolytes, not the least of which concerns the high temperatures 
required (1,2). On the other hand, control of the morphology of the 
depositing metal is achieved albeit without a detailed understanding 
of the associated chemistry and electrochemistry involved. The inter­
relationship between the electrolyte solution chemistry and the elec­
trode processes is an important feature of these systems, and in the 
studies reported here, these two aspects are being examined to enable 
the development of low temperature baths from which the more noble 
refractory metals can be plated.

EXPERIMENTAL

The LiCl-KCl and the ZnCl2 based melts were prepared by vacuum dry­
ing, hydrogen chloride gas treatment, preelectrolysis with a tungsten 
cathode and graphite anode, followed by filtration (3). The products 
were stored and handled in a dry box. The cell design, experimental 
details, and electrochemical instrumentation were similar to those 
described earlier (4). The data were recorded on a BT microprocessor/ 
recorder and data analysis was carried out on this instrument and with 
an Apple computer.

RESULTS AND DISCUSSION

The importance of the acid-base chemistry in relation to refractory 
metal plating can be deduced from the recent results relating to molyb­
denum (5,6) in alkali metal chloride-aluminum chloride mixtures in which 
the pCl is in the range 3 to 5, and measurements (7) in the LiCl-KCl 
where the pCl is less than 1. The formation of metal in melts of high
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PCI is inhibited by the more favorable reactions to form metal bonded 
compounds of oxidation state greater than zero. Even at higher temper­
atures, the low pCl melts may induce this reduction pathway (8) . Thus, 
one of the major problems associated with the development of low tem­
perature, nonfluoride electrolytes, is to understand and then control 
the solution chemistry in such a way that the reduction pathway to metal 
avoids the intervention of these intermediates.

Zinc chloride is a weaker acid than aluminum chloride and when mixed 
with alkali metal chlorides reduces the melting points to less than 
300°C. Highly pure, water free melts have an electrochemical window 
of 1.5V at around 300°C, on appropriate substrates and thus can 
be employed with the more noble metals. Figure 1 shows that in the 
acidic composition region of such mixtures the pCl is still too high 
for successful metal deposition. Compositions excluding zinc chloride 
at 550°C show good indications that metal is produced, still in coher­
ent form, in contrast to the suggestions of earlier workers (9).

Chromium metal can be plated from the basic LiCl-KCl melt (7,10) in 
the temperature range 400-500°C in contrast to the 800-1000°C required 
in the fluoride melts (11). Figure 2 shows the redox behavior of chro­
mium (II) ions, soluble in the LiCl-KCl melt. The oxidation reaction:

Cr2+ *  Cr3+ + e (1)

provides a convenient means of determining the diffusion coefficient for 
the Cr2+ species, which in turn enables the chromium content of the bath 
to be monitored. Cyclic voltammetry, chronoamperometry, chronopoten- 
tiometry and normal pulse voltammetry have been employed to determine 
the diffusion coefficient, but the measurements indicate that the chro­
mium (II) concentration in the solution is a little unstable, especially 
at the lower concentrations. This is in agreement with the variation in 
the open circuit potentials of a chromium electrode with time. The cells 
were leak tight as demonstrated by the absence of oxidation of a piece of 
chromium suspended just above the melt. The stability of Cr203 and the 
presence of oxidic materials in the cell components may contribute to 
this behavior. Table 1 compares the results from this work with those 
of earlier studies (12,13). The diffusion coefficient is typical for 
that of a transition metal in this medium (13). The availability of 
this value is helpful in developing an understanding of the phenomena 
associated with the metal deposition process (14,15).

The evolution of a diffusion coefficient from the reduction of chro­
mium (II) species studied by current pulse, linear sweep, and normal 
pulse voltammetry gives diffusion coefficients in poor agreement with 
those from the anodic measurements, under the same conditions (which 
excludes the concentration variation as a factor). Closer examination 
of the resultant transients at higher resolution show features at 
shorter times which can be attributed to the influence of the electro­
crystallization process. Examples of these features on different
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substrates can be seen in Figures 3-5. Furthermore, the Ep/2 and the 
Et /4 for the cathodic voltammograms and chronopotentiograms were shifted 
in the cathodic sense some 50 to 100 mV from the Cr/Cr2+ potential meas­
ured simultaneously. Crossover of the return cathodic current after the 
switching potential was observed at any scan rate, especially if the 
switching occurred prior to the peak potential.

The previous analytical procedure for voltammograms and chronopo­
tentiograms has involved the assumption that the metal is depositing at 
an activity of unity and it might be expected, at the early stages of 
metal formation on foreign substrates, that this condition is not sat­
isfied (16). Conversely, this means that the early stages of the gal- 
vanostatic transients or the prepeak region of the voltammograms contain 
information about the deposition process. The deposition of metal 
(excluding alloy formation) is a heterogeneous process which disturbs 
the surface state so that techniques, in which the experimental vari­
ables such as voltage and current density can become time dependent 
simultaneously (7), are not so simple to resolve as the case of poten­
tial step measurements where only the time dependent current density 
reflects the details of the crystallization and growth processes.

Figures 6 and 7 show the potentiostatic transients obtained at gold 
and nickel electrodes resulting from the application of a single cathodic 
potential step of decreasing magnitude. The usual monotonous decay of 
current with time is only observed at the longer times. The initial 
charging current density decay is followed by an increase in current 
density reflecting the nucleation and subsequent growth of nuclei, 
ultimately passing through a maximum and decaying monotonously under 
diffusion control. The data from the region where the current density 
is increasing enables some insight to be gained into the way in which 
nuclei are formed and grow. Qualitatively, the rate of change of this 
growth current density is rather small, particularly on the nickel elec­
trode. By selecting the digital data recorded in the region, analyses 
were made by plotting log(i) versus log(t) to obtain the time dependence 
of the current density. The results for different overpotentials (vs. 
Cr/Cr2+ ) show that the current depends on the half power of time which 
suggests that for Cr deposition on gold the nucleation process is in­
stantaneous and the rate controlling step is probably the diffusion 
controlled growth at the hemispherical nuclei formed. Such a current 
is given (8) by:

I(t) = 3.14zFN0M1/2 (2DC0)3/2p"1/2 (l-expzFn/RT) ^ / 2 (2)

and the potential dependence of the intercept is seen in Figure 8. The 
number of nuclei were calculated and the relevant results are shown in 
Table 2. The post-maxima currents were analyzed in the same manner 
using the digital data and showed a t“i dependence, with an intercept 
of the log-log plot independent of the potential step. The diffusion 
coefficient calculated from the values of the intercept shows agreement 
with the diffusion coefficient obtained from the anodic oxidation of
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Cr2+. The spherical diffusion to the nuclei, initially formed, trans­
lates into a linear regime at the longer times, consistent with the 
presence of the current maximum.

The correspondence between the properties of the potential maxima 
and current maxima from the galvanostatic and potentiostatic pulse 
measurements on gold is seen by comparison of data in Tables 2 and 3. 
Using a simple model to relate the charge under the galvanostatic maxima 
with the charge required to create the nuclei, the radius of the indiv­
idual nuclei can be calculated (Table 3) for the extremes of nuclei 
density, measured in the potentiostatic experiment. The results suggest 
nuclei with radii in the region of 0.2 to 0.3 micrometer. These values 
are consistent with those reported for aqueous solution (19) and for 
first row transition metals (14) in the LiCl-KCl at 450°C. Control of 
the nuclear density and size is clearly possible and may lead to the 
preparation of coherent deposits of refractory metals with selected 
grain sizes.

The interpretation of the data obtained so far has ignored the in­
fluence of specific substrate metal-deposit metal interactions, as 
certainly can occur in the case of chromium deposition on gold, platinum 
and tungsten. Figure 9 shows cyclic voltammograms that contain oxida­
tion peaks which suggest alloy formation in the case of gold and nickel. 
Such interactions must be accounted for in any detailed consideration 
of the deposition process. Finally, the coverage (after the passage of 
a small amount of charge at low current density) of the less noble elec­
trodes seems such that the conditions referred to earlier concerning the 
simple theoretical treatments are met, since potential-time analyses of 
the galvanostatic transients, Figure 10, show excellent fits to the 
equation:

E ( t )  = E° + RT/ZFlnC + RT/ZFln ( l - ( t / T ) 1 ^ 2 ) (3)

showing that on copper and nickel at least the base metal is uniformly 
covered.

ACKNOWLEDGMENT

The authors wish to thank the Army Research Office for the support 
of this work under Contract No. DAAG29-82-C-0015.

REFERENCES

1. G. W. Mellors and S. Senderoff, Plating (1964).

2. D. Inman and S. H. White, J. Appl. Electrochem. , Q, 357 (1978) .

3. S. H. White, in Ionic Liquids, D. Inman and G. Lovering, eds (London 
Plenum, 1981).

562



4. S. H. White and U. M. Twardoch, in Proceedings 3rd Intern. Symposium 
on Molten Salts (New Jersey: The Electrochemical Society, Inc., 1981), 
p. 284.

5. S. H. White, D. Inman, R. Huq, T. Mukherjee and G. F. Warren, I.S.E. 
Zurich, Extended Abstract No. 254 (1976).

6 . J. Phillips and R. A. Osteryoung, J. Electrochem. Soc., 124, 1465 
(1977) .

7. S. H. White and U. M. Twardoch, unpublished work, 1982.

8. G. F. Warren, S. H. White and D. Inman, in Proceedings 1st Intern. 
Symposium on Molten Salts (New Jersey: The Electrochemical Society, 
Inc., 1976), p. 218.

9. S. Senderoff and A. Brenner, J. Electrochem. Soc., 101, 16 (1954).

10. T. Vargas and D. Inman, Euchem Conf., Abstract B2 (1982).

11. I. Ahmed, W. A. Spiak and G. J. Janz, J. Appl. Electrochem., 11,
291 (1981).

12. D. Inman, J. C. L. Legey and R. Spencer, Electroanal. Chem., 61,
289 (1975).

13. D. Inman, Dj. Jovanovic and S. H. White, Electroanal. Chem., 43,
37 (1973).

14. F. Lantelme, J-P. Hanselin and M. Chemla, Electroanal. Chem., 97,
49 (1979).

15. S. H. White, C. Bernard and D. Inman, unpublished work, 1978.

16. T. Berzins and P. Delahay, J. Amer. Chem. Soc., 75 ,̂ 555 (1953).

17. F. Lantelme, J-P. Hanselin and M. Chemla, Electrochim. Acta, 22,
1113 (1977).

18. G. J. Hills, D. J. Schiffrin and J. Thompson, Electrochim. Acta,
19, 657 (1974).

19. G. A. Gunawardena, G. J. Hills and I. Montenegro, Discussions of 
the Faraday Soc., 12 (1977).

563



TABLE 1
DATA FOR DIFFUSION OF Cr(II) IONS IN 

LiCl-KCl EUTECTIC MIXTURE

Method
Electrode Temperature 10 DCr(II)
Materials °C_____  cm2sec~l References

Calculated - 450 1.78 13
Reduction

CP
Cr Coated 500 1.53 12

Oxidation
CP

Tungsten 500 2.53 12

Oxidation
CA

Gold 425 1 .0 0 This Work

Oxidation
CV

Vitreous
Carbon

425 1.50 This Work

Oxidation
NPV

Gold 425 1.25 This Work

CP = Chronopotentiometry; 
CV = Cyclic Voltammetry;

r CA = Single 
NPV = Normal

Potential Step; 
Pulse Voltammetry
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TABLE 2
POTENTIOSTATIC TRANSIENT ANALYSIS VIA LOG LOG PLOTS OF THE 

PRE-MAXIMA AND POST-MAXIMUM REGIONS AT 425°C
Gold Electrode = 0.4 cm2
Concentration of Cr2+ = 8.75 x 10”6
Potential of Cr/Cr+ Electrode = -0.751 vs. Ag/Ag+
______ Pre-Peak Data______  _____Post-Peak Data

Pot. No. of Time
Step J(max) t(max) Slope/ Nuclei Range Slope/ 106D 
mV mA/cm2 msec Intercept 108 cm*"2 sec Intercept cm2 sec

-0.139 16.875 98 0.329
-2.114

-0.129 13.5 140 0.424
-2.18

-0.124 11.5 175 0.528
-2.211

-0.119 9.5 250 0.603
-2.311

-0.109 5.625 500 0.538
-2.793

1.52 0.25-0.50 -0.518
-2.961

8.25

1.30 0.30-0.50 -0.525
-2.969

7.96

1.20 0.35-0.50 -0.513
-2.971

7.88

0.95 0.30-0.50 -0.427
-2.954

8.52

0.31 - - -

TABLE 3
CALCULATION OF THE NUCLEAR RADIUS FROM GALVANOSTATIC CHARGING CURVES

Gold Substrate Electrode Area = 0.4 cm2 
Double Layer Capacitance = 30 yF /cm2
Atomic Wt Metal = 51.996 Density of Metal =7.1 gm/cm3 at 20°C

No. of
Nuclei = 310000 1510000

__________________________________________ (see Table 2)___________ ________
Nuclear

Eff. it(max) Charge
Over- i t(max) yCb Corr.

Potential mA msec 108 108 yCb
Nr2 cm2 

108
Radius Radius 
108 cm IQS cm

-0.154 10 59 588 577.1 1.046 3.23 1.91
-0.146 8 69 552 541.2 0.981 3.16 1.87
-0.139 6 102 612 601.3 1.090 3.28 1.94
-0.126 4 170 680 669.5 1.214 3.40 2.00
-0.109 2 420 840 829.7 1.504 3.65 2.15
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Fig. 1. Cyclic voltammograms for the reduction of K3M0CI6 on 
gold electrodes, scan rate 50 mV/sec in molten: a) ZnCl2“KCl 
(67-33 mol%), temp. 350°C, C = 2.61 x 10"2 mol/kg, A = 0.57 
cm2; b) LiCl-KCl (59-41 mol%), temp. 550°C, C = 5.06 x 10”4 
mol/kg, A = 0.4 cm2. Potential vs. the Ag/Ag+ (0.16 mol/kg) 
reference electrode.

Fig. 2. Cyclic voltammogram (scan rate 100 mV/sec) for reduc­
tion-oxidation of Cr(II) (C = 4.99 x 10“3 mol/kg) in molten 
LiCl-KCl (51.49 mol%) at a gold electrode (0.4 cm2 at 425°C. 
Potential vs. the Ag/Ag+ (0.16 mol/kg) reference electrode.
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at a gold electrode during the reduction of Cr^+ ions, 
a) ic = 25 mA cm"2; b) ic = 15 mA cm"2; c) ic = 5 mA cm-2.

Time in seconds

Fig. 6. Cathodic chronoamperograms for gold electrode 
deposition of Cr at increasingly negative potential steps: 
1 = -139, 2 = -129, 3 = -124, 4 = -119, 5 = -109 mV vs. 
Cr/Cr (II) . RP is 0 mV vs. Ag/AgCl (0.163m) in LiCl-KCl 
at 450°C.
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1 = -67 mV; 2 = -77 mV; 3 = -87 mV; 4 = -107 mV; 5 = -127 
mV vs. Cr/Cr(II) potential.

Fig. 8. Analysis of potentiostatic growth transients 
for Cr deposition on gold substrates.
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E/V vs. Ag/Ag(I) REFERENCE ELECTRODE

Fig. 9. Cyclic voltammograms acquired on different elec­
trode substrates showing the interaction of deposited Cr 
with the base metal. (a) Gold substrate at 425°C; (b)-(c) 
Nickel substrate at 450°C. Scan rate = 0.5 V sec-l.

log M i l

<K0
O'

Fig. 10. Potential time analysis of galvanostatic tran­
sient for Cr deposited on chromium coated copper. The 
slope gives n = 1.999 and from the intercept ET/4 is cal­
culated to be -0.811 mV vs. reference. ET/4 = -0.763V 
based upon E° and concentration.
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THE ELECTROCHEMISTRY OF TUNGSTEN (V), (IV) AND (III) 
IN MOLTEN LiCl-KCl EUTECTIC

D. Zuckerbrod 
R. A. Bailey

Reasearch and Development Center 
Westinghouse Electric Corporation 
Pittsburgh, Pennsylvania 15235

Chemistry Department 
Rensselaer Polytechnic Institute 

Troy, New York 12181
a b s t r a c t

The electrochemistry of tungsten (V), (IV) and (III) in 
molten LiCl-KCl eutectic was studied using cyclic voltammetry.

Tungsten (V) exhibited a reversible one electron reduction,
W(V)+e~~^...r W(IV), an irreversible reduction,
W(IV)+2e”---- ►  W(II), and a broad reduction wave near the
cathodic limit, W(II)+2e”-----►  W(O). A disproportionation,
W(II)-----►  W(IV)+W(0) occurred, as shown by the deposition of
powdery tungsten at any potential beyond that leading to the 
formation of W(II).

Tungsten (IV), added as K^WCl , exhibited oxidation to 
W(V), reduction to W(II), and other Will) related peaks. However 
on continued electrolysis, a continuous tungsten "mirror” was 
deposited on all cell surfaces. This was apparently due to the 
effect of the high W(IV) concentration on the disproportionation 
of W(II).

Tungsten (III), added as K^W^Cl^, exhibited a complex 
electrochemical behavior. Electrolysis at a platinum flag 
resulted in the formation of resistive film which prevented the 
deposition of tungsten metal. Electrolysis at a tungsten flag 
yielded a dendritic tungsten deposit.

INTRODUCTION
The purpose of this work was to elucidate the electrochemistry of 

tungsten (III), (IV), and (V) in molten LiCl-KCl eutectic. Information 
of this type is central in the development of new tungsten 
electroplating and electrowinning techniques and furthers the 
understanding of the chemistry of tungsten halides as well. While this
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has been attempted before, first by Balko (1), and then by Johnston (2), 
the results have been neither complete nor conclusive. Balko's work 
relied mostly on chronopotentiometry as the electroanalytical tool, a 
technique whose results are often difficult to interpret. He also often 
suggested that further study was needed. Several of his products were 
either unidentifiable or admittedly produced under less than rigorous 
conditions. The later study, by Johnston, was of a narrower scope. It 
included only studies of tungsten (III). To further complicate matters, 
some of his results were in direct contradiction of earlier, carefully 
performed work (3). These difficulties indicated that further study was 
necessary to clarify the electrochemistry of this important chemical 
system.

EXPERIMENTAL
The LiCl-KCl eutectic was prepared by pre-drying the components at 150° 
in a vacuum oven. After mixing, the eutectic was ball-milled and re­
dried. The mixture was then purified and made anhydrous by sparging 
with dry HC1 as the temperature was raised to 425° over four hours. The 
melt was then sparged with nitrogen to remove the HC1. Magnesium 
turnings were added to remove the last trace of HC1, and the melt was 
then filtered and solidified. Remelting under vacuum completed the 
process and routinely gave melts having low residual currents. 
Background voltammograms were recorded to ascertain melt purity and the 
melt was disacarded if these were unsatisfactory.

The electrochemical cell used in this study is shown schematically 
in Figure 1. A head (not shown) was clamped on the top of the cell to 
provide a hermetic seal as well as the necessary pass-throughs for 
gasses, electrical leads and sample addition. Measurements were made at 
450*C.

The tungsten species studied were prepared as follows: Tungsten 
(V) was added as WBr s, as obtained from Alpha Products. Tungsten (IV) 
was added as K2WC1< prepared by the method of Kennedy and Peacock (4). 
Tungsten (III) was added as K^^Cl^ prepared by the method of Saillant 
et. al. (5)

RESULTS AND DISCUSSION

Tungsten (V)

Tungsten (V) was added to the melt as WBrs. The bromide vras chosen 
over the chloride due to its higher boiling point (333° vs. 276°). It 
was added as pellets pressed in a die in a glove box filled with dry 
nitrogen. It was felt that the slight amount of bromide present would 
not affect the electrochemistry due to the five hundredfold excess of
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chloride in the melt. The pellets dissolved rapidly to form a blue 
green solution which later became yellow green, particularly at higher 
concentration. Measurements on the W(V) system were complicated by its 
high volatility at 450°C. Brown vapor was often noted above the melt. 
While the solubility of W(V) in the melt was sufficient to allow 
electrochemical measurements, the conclusion was reached that the 
concentration of W(V) in the melt could not have been held constant, nor 
would an exact analysis of the melt for tungsten after cooling have been 
of any use. Similarly, peak heights from the voltammograms would be of 
only qualitative use when compared with other such measurements.

Pure WCl^ was shown to be stable with respect to disproportionation 
into WC14 and WC1# by Drobot and Nikolaev (6). This was determined from 
measurements leading to a WC1 -WC1# phase diagram. While extrapolation 
of this information from the pure system to a dilute molten salt 
solution may have been risky, the results of this study did not indicate 
W(V) disproportionation.

A sample voltammogram of W(V) is given in Figure 2. The results
indicated a reversible couple believed to be W(V) + e*"^ ___lW(IV).
Tlie average potential of the cathodic and anodic peaks were 0.86+.04 and 
1.02+.04V respectively*. Neither peak, nor obviously, their separation,
0.15+.03V, changed with varying scan rate. From this value, n, the 
number of electrons transferred can be calculated from the equation:

K n  - Er*n = -(.059/n)(T/298) pc pa

The resulting value, n =0.9+.2, clearly indicated a one electron
transfer. It must be noted that the reduced species appeared to be
insoluble because i > i . This agreed with the observation that pa pcK WC1#, a plausible analog to an electrochemically produced W(IV) 
species, dissolved slowly and incompletely, even with agitation of the 
melt.

An irreversible cathodic peak was observed at E = 0.40V at a scan 
rate of 0.867V/sec. This peak shifted anodically with decreasing scan 
rate. When Ep was plotted versus log v, a value for the product on can 
be determined irom the slope according to the equation:

on ■ (30/m)(T/298)

where v was the scan rate in mV/sec and m was the slope in mV/decade,

♦all potentials given vs. mole fraction Ag/Ag+
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and a, the charge transfer coefficient. In this case an - 1.1+.4. If 
as was later assumed, n=2, then a=0.5+.2. The reaction giving rise to
this peak has been assigned to be W(IV) + 2e~-------►  W(II) and was
common to all the tungsten halide species studied.

A broad peak of variable shape and position occurred at negative 
potentials near the cathodic limit of the scan. The potential range of 
this peak was from -0.70 to -1.00V. While this peak could not be well 
characterized numerically, it was common to all tungsten halide species
studied and has been assigned to be W(II) + 2e”------►  W(O) for reasons
discussed below.

Two other peaks were found? a cathodic peak at 0.10V and a broad 
anodic peak at -0.02V. These could not simply be the reverse of each 
other and may involve various tungsten cluster ions of compounds such as 
WC1 , or WC1 € (7).

Controlled potential electrolysis was performed at two potentials 
to identify the products of the respective cathodic reactions. In the 
first case, the potential was controlled at a value just above the 
cathodic limit. A platinum flag was used as the working electrode. A 
black deposit was collected after overnight electrolysis. The deposit 
was insoluble in water. X-ray diffraction showed that the product was 
tungsten metal (8) with an impurity of 0-tungsten (9). The 0-tungsten 
was probably formed due to the presence of oxide or oxygen from 
atmospheric contamination of the melt overnight. While the melt 
initially was oxygen and oxide free, as shown by a background 
voltammogram, slow contamination was inevitable unless the cell was 
totally sealed. In the second case, the potential was controlled at 
+0.47V, just past the potential necessary for the reaction assigned to
be W(IV) + 2e”------ ►  W(II). A black material was produced which was
denser than the melt and insoluble in water and also appeared to be 
tungsten metal. The formation of the same product from both reduction 
steps is accounted for by a disproportionation of W(II) as discussed 
later. Analyses of the product were not made.

Tungsten (IV)

Tungsten (IV) was added to the melt as K^WCl^. This was found to 
be more practical than the addition of WC1 4, the next most likely 
source. It was assumed that the electrochemical behavior of K2WClfi was 
identical with that of WC1 , due to the favorable chloride ion affinity 
of WC14 (10). Thus any WC14 added to the large excess of chloride 
present in the melt would have reacted to form WC1*~.

K^WCl^ did not dissolve as readily as the other tungsten species 
studied. Upon mixing with bubbling nitrogen, a yellow green solution 
was produced. Complete dissolution of the material added was not always
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a c h i e v e d

The electrochemical results for this system were striking. 
Voltammetry at first appeared to give normal results. Subsequent scans 
showed the current growing rapidly to values above the capabilities of 
the potentiostat. Upon disassembly, the working electrode invariably 
had a conductive coating on the glass surrounding the platinum
microelectrode. This increased the area of the electrode so greatly
that voltammetry was no longer possible.. The initial voltammogran, for 
example Figure 3, indicated a pattern of two cathodic peaks and two 
anodic peaks. The first cathodic peak was an irreversible reduction
occuring at about +0.5V. This was believed to be the result of the
reaction V-(IV) + 2e”------ ►  W(II). The second peak occurred at about
-1.0V and was believed to show the reaction W(II) + 2e -►V’(O).
These two cathodic peaks were common to all the tungsten halide systems
studied. The anodic peak which occurred around +1.0V was believed to
indicate the reaction VJ(IV)------ ►W(V) + e~. Another anodic wave at
+0.32V probably indicated oxidation of W(II) to a tungsten species with 
a valence around 3. These peaks were also common to all the tungsten 
halide voltammograms. The exact peak currents associated with the
various reactions could not be determined due to the rapid increase in 
electrode size with time. This size increase also tended to reduce the 
resolution of the technique thus making the potential of the peak
difficult to estimate.

Ey far, the most striking result of the study of this system came 
from controlled potential electrolysis. Electrolysis of the solution on 
a platinum flag at +0.46V gave an initial current of about 3mA/cma. 
After overnight electrolysis, the current had increased to 6mA/cma. 
When the cell was shaken gently, the current dropped to linAVcm2 and then 
began to increase again. The electrolysis was carried on for another 
half hour and then was stopped. Upon solidification the melt was white 
and a metallic mirror was deposited on all the glass surfaces. 
Explanation of this behavior, which was unique to the W(IV) system, was 
the key to understanding the electrochemistry of tungsten halides in the 
melt.

The widespread deposition of tungsten on all surfaces in contact 
with the melt suggested a chemical reaction rather than a purely 
electrochemical deposition process. Electrodeposition would be expected 
to produce a smooth coating, dendrites or a powder only on the electrode 
surface. Some means of transport of a reduced tungsten species must be 
postulated in this actual case. To explain the phenomenon, it was 
proposed that disproportionation of W(II) gave rise to the tungsten film 
on all cell surfaces. This reaction was well documented (7). A film 
was forned instead of powder or dendrites due apparently to the 
equilibrium:

2W(II)^---- - W(0) + ff(IV)
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Tungsten (IV) was in much higher concentration here than in any of the 
other systems in this study. This would allow a higher equilibrium 
concentration of soluble W(II) which could migrate further from the 
electrode before disproportionating. Thus an extensive film was formed 
rather than a local product. The film was continuous, conductive, grew 
out from the electrode, and was fragile, as shown by the sudden decrease 
in current when the cell was shaken, followed by the gradual increase in 
current as the film was reestablished. In the absence of an 
electrolysis current, no film formed and no metallic deposit or 
precipitate was observed.

Dalko also found a 2-step reduction for this system by 
chronopotentiometry, though on the basis of less data he believed that 
the first product was W(III). This species seems unlikely to exist 
without disproportionating. He found no evidence of film formation but 
the use of a platinum flag electrode for the relatively short period of 
time necessary to record a chronopotentiogram would have made the 
additional area due to film formation, less apparent in the 
electrochemical results.

Tungsten (III)

Tungsten (III) was added to the melt as EM? Cl#. This cluster 
compound was chosen because no simple W(III) halide or alkali metal 
halide was stable under the conditions of this study. Attempts to 
synthesize WC1 by disproportionation of other tungsten halides have 
yielded only ^Cl^ (11) or WCl^ s (7). These non-stoichiometrie 
halides probably have a cluster structure as well.

The K3WaCl# dissolved rapidly in the melt to give a tan-orange 
solution. In the absence of electrolysis, a reaction slowly occurred 
leading to an orange precipitate, which turned brown overnight at 450°C. 
After this solution was frozen, it was leached with water. No heavy 
metallic particles were observed and only a yellow precipitate remained 
insoluble. Thus, while K W Cl may have disproportionated or reacted 
with the melt at 450°C, 3t£e *final product was not observed to be 
tungsten metal.

Johnston did not agree with this (2). He found that solid ^3'»TaCl9 
was thermally unstable at this temperature. He postulated that;

K W Cl ------►  3KC1 + WC1 + WC1
3 2 *  2  4

This was based on the observation that a sample of the alkali tungsten 
halide held at 450°C in an argon atmosphere decomposed to leave only a 
1X1 residue. This was odd because a tkermogravimetric study has shown 
that solid WCl^ is stable to 600° in an inert atmosphere. V/C14 was not
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stable at 450° but decomposed to WC12 f and WCls (7) . He did not note 
any condensation of volatile tungsten ’species on the cooler portions of 
the cell. Poor temperature control or high rates of inert gas purge may 
have driven the above reaction to the right, but in this study, this 
decomposition did not appear to be a problem. Johnston also claimed 
that K3WaCl9 disproportionated in the melt to form tungsten metal and 
higher tungsten halides. His X-ray diffraction pattern of the insoluble 
reaction product did not indicate tungsten, nor did those of Balko for a 
similar experiment. Johnston noted the formation of a tungsten mirror 
on cell surfaces similar to that formed by W(IV) in this study. This 
phenomenon did not occur during any experiment with W(III) in this 
study. No mention of WCls evolution was made during any of these 
disproportionation experiments. While this study suggested that 
disproportionation occurred, it is doubtful that it proceded to the 
ultimately stable products, WCls and tungsten metal. Neither a metallic 
precipitate nor distillation of volatile tungsten species were ever 
noted. It was more likely that insoluble tungsten cluster compounds of 
valence less than three were formed along with soluble WC1*7 The 
electrochemical evidence supports this rather than the conclusions 
reached by Johnston.

The electrochemical investigation of W^Cl*” began with cyclic 
voltammetry performed on a platinum microelectrode. This resulted in a 
complicated pattern of peaks which changed greatly with scan rate. The 
slow disproportionation of W^Cl*” into insoluble products prevented 
accurate knowledge of the concentration of various tungsten species in 
the melt. A typical voltammogram of W^Cl^- at various scan rates is 
shown in Figure 4. The cathodic portion of the scan showed only one 
irreversible peak at Ep= +0.45V at a scan rate of lOOmV/sec. The peak 
shifted cathodically with increasing scan rate. The value of an was 
determined from a plot of versus log v to be -2.3+.2. The similarity 
of potential between this peak and those present in other systems has
led to its assignment as W(IV) + 2e“--------►  W(II). However, unlike
the other systems, controlled potential electrolysis at a potential 
slightly cathodic of this peak did not produce tungsten metal on a 
platinum flag electrode. A dependence of ip on v also suggested 
something other than a simple charge transfer. Instead, it appeared 
that an insoluble film, probably composed of lower tungsten halide 
clusters, was formed. This essentially insulated the platinum and 
stopped continued reduction to tungsten metal, even at the cathodic 
limit of the melt. It was therefore assumed that the W(II) produced at 
the electrode reacts with some lower tungsten species not found in the 
other systems. Otherwise, it would have disproportionated to tungsten 
as it did in every other case. Johnston also found that a resistive 
film formed on his platinum electrodes under some conditions while 
studying K W Cl . He found that the film could be produced in 
quantities sufficient for analysis and that it was actually tungsten 
metal (which should not be resistive). The results of this study do not 
agree with this. While sufficient product was not collected for 
chemical analysis, when voltammetry was performed on a tungsten
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electrode, the results were far different from the simple ohmic curve 
which Johnston obtained on his platinum, film covered electrode. These 
results will be discussed later in this section.

The anodic sweep of the cyclic voltammogram displayed a complicated 
pattern of oxidations. The first anodic wave was often resolved into 
two peaks, particularly at low scan rates. The peaks tended to shrink 
with increasing scan rate, suggesting that this was an oxidation of a 
species produced by the reaction of W(II) with another tungsten species 
present in the melt. It could not, however, simply be the reverse of
W(IV) + 2e~-------►  W(II) because the peak occurred at a potential
cathodic to this reaction. "Window opening" experiments with an 
increasingly cathodic vertex potential, E^, showed an increase in ip as 

became more negative. A more cathodic E^, or a slower scan rate 
would have allowed more time at potentials cathodic of the production of 
W(II). Thus more reactant for the oxidation indicated would be present, 
allowing a higher peak current and easier resolution of the peaks. The 
peaks did not shift significantly with jscan rate? Epi” +0.30, Ep2= 
+0.37, and i > ip2. Two peaks of similar potential in this case 
indicated either that two similar oxidations were taking place or that 
an adsorption of either the product or reactant occurred. The existence 
of non-stoichiometric lower tungsten chlorides gave credence to the 
former, while the lack of a continued high reduction current at very 
cathodic potentials supported the latter, whereby an adsorbed species 
may "poison" the platinum surface preventing electrodeposition of 
tungsten metal. Sufficient information was not available to 
discrimintate between these two mechanisms and subtle changes could 
cause the peaks to merge in either case as was occasionally observed. 
Due to the similarity in potential to the peak observed in the study of 
WC12”, which was characterized by a high concentration of W(II), the 
peats have been assigned as:

W(II)------►  W(~III) clusters + ~e“

The concentration of W(II) in this case must have been low due to its 
reaction with other tungsten components in the melt, or tungsten metal 
deposition would have occurred. This would also account for the low 
peak currents observed for the above reactions.

The next anodic peak also did not correspond to any cathodic peak. 
It was characterized by narrow width and high peak current compared to 
all other peaks recorded by this study. The high peak current suggested 
the oxidation of an insoluble reduced species that was adherent to the 
electrode. The peak potential, E , shifted anodically with increasing 
scan rate. At a ICOmV/sec scan rate, Ep= 0.85V. The slope of a plot of 
Ep versus log v was 43+3mV/decade. This corresponded to a value of an- 
1.7+.1. As no independent evaluation of a was available, the value of n 
could not be determined. Window opening experiments were performed to 
evaluate the effect of varying E^ on the peak current. The behavior
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clearly indicated that this oxidation involved the product of the 
cathodic reaction which occurred at +0.47V when scanned at 33mV/sec. 
When was anodic of 0.47V, the anodic peak disappeared. The anodic 
peak grew steadily as E^ was made more cathodic. In light of this 
information about the reactant for the oxidation, and the existence of 
still more anodic waves at higher potentials, the peak has been assigned 
to the reaction:

W(II) + W(III)----- ►  W(II-III) clusters
W(II-III) clusters------►  Yf(IV) + (l-2)e~

The next anodic peak was present only when the potential scan 
included the region at or near the cathodic limit of the melt. The peak 
vanished in scans with a more anodic E^. The peak occurred at around 
+1.01V at a scan rate of 33mV/sec. Faster scan rates tended to shrink 
the peak and the peak was never observed at 1000mV/sec. This could have 
been due to slight variations of E^ with different settings of v due to 
imperfect instrumentation, but more likely was a result of the minimal 
time spent in the region at the cathodic limit at high scan rates. It 
may represent oxidation of a different insoluble tungsten halide 
cluster, perhaps even one incorporating lithium generated at the 
cathodic limit. The data obtained were too variable to make a more 
rigorous mathematical analysis for camparison with the diagnostic 
criteria for peak identification.

The most anodic voltammetric peak observed in the system occurred 
in the potential range of +1.17- +1.24V. Its closeness to the anodic 
limit sometimes prevented an adequate identification. It was felt that, 
in view of its similarity in potential with peaks in other systems, that
it can be assigned to the reaction W(IV)------ ►  W(V) + e” . It must be
noted that no corresponding cathodic reaction has been recorded. This 
could have been due to the presence of a high concentration of reduced 
tungsten species which would quickly reduce any W(V) formed i. e. 
W(V) + W(III)----- ►  W(IV).

The electrochemical investigation included a set of experiments 
similar to those above except that they were performed on a tungsten 
wire microelectrode or flag electrode instead of platinum. The 
resulting pattern of voltammetric peaks was far less complicated than 
those described above. Controlled potential electrolysis gave a non­
adherent product which consisted of tungsten dendrites. Electrolysis at 
+0.21V gave a steady state current density of 0.26mA/cm2, while at 
+0.01V, the current density was 2.3mA/cm2. The voltammogram of W2Cl*-on 
a tungsten electrode is given in Figure 5. It showed one irreversible 
reduction, a reversible couple with an insoluble product and an 
irreversible oxidation. The irreversible cathodic wave occurred at a 
potential of +0.5V at lOOOmV/sec scan rate. The peak current was very 
strongly dependent on scan rate, and tended to disappear at the lowest 
available rate (33mV/sec.) This suggested weak adsorption of the
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reactant because i /v1 ^2 increased with increasing v (12). The peak 
current also tended to increase with time as the experiment proceded. 
The potential shifted cathodically with increasing scan rate, as would 
be expected for an irreversible reduction. Insufficient data prevented 
a reliable determination of an. Due to the similarity in potential 
between this peak and peaks observed in other systems, this peak has 
been assigned to the reaction:

W(IV) + 2e ------ ^ W d l )
where
W(III)----- ►  W(IV) + 17(11)

The increasing peak current suggested an increasing concentration of 
W(IV) in the melt due to continued disproportionation of W ClJ . 
Electrolysis at +0.21V yielded a steady but small current.

The next reaction was a reversible one. The peak anodic current 
was much greater than the peak cathodic current which indicated that the 
reduced species was insoluble. The peak potential did not display a 
significant shift with scan rate and occurred at +0.12+.02V. The 
corresponding anodic wave occurred at +0.22+.02V. The average value of 
IL -E - 102+4mV, which corresponded to n= 1.4 electrons transferred. 
This reaction was believed to be:

V7(III) + e ----- ►  Y/(II)
17(11) + W(III)------►insoluble clusters

This case differed markedly from that observed at the platinum 
microelectrode. The corresponding reduction was irreversible.
Moreover, on a tungsten electrode, tungsten metal was produced at a 
potential of +0.3V in quantities sufficient for analysis. On a platinum 
electrode, the electrolysis current was too low at accessable potentials 
to produce a significant amount of product. This may be due to some 
participation of the tungsten metal in the final disproportionation of 
V»(II) to W(C) and W(IV). Perhaps the tungsten catalyzed the 
disproportionation by providing low-energy nucleation sites for tungsten 
crystallization. Or, alternatively, the following mechanism could be 
proposed:

W(III) + e"------►  W(II)
V/(II) + 2 W(III)------ ►insoluble clusters
insoluble clusters + W(0)----- ^ 4  W(II)
4 V/(II)------^ 2  W(0) + 2 W(IV)

3 17(111) + e ----L— ►17(0) + 2 17(IV)

Further study of this system must be made to determine the complicated
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to theelectrochemical mechanisms governing the reduction of W^Cl* 
metal•

The last voltammetric peak observed for W^Cl*- on a tungsten 
electrode was an irreversible oxidation which occurred at a potential of 
+1.10V. The peak appeared only late in the run, probably due to the 
increased concentration of reaction products of the disproportionation 
of W^Cl*-. W(IV) has been postulated as one of these products as well 
as a product of the disproportionation of W(II) to tungsten metal. The 
potential of the peak was similar to the irreversible oxidation assigned
to the reaction \Y(IV)----- ►  V/(V) + e” in other, previously discusssed
systems, and may be assigned to the above reaction.

Both Balko and Johnston observed the disproportionation of V/^Cl*”. 
Johnston found one irreversible cathodic peak and no anodic peaks. This 
did not seem plausible because disproportionation products should surely 
show their voltammetry pattern as well. Also, a substance which 
disproportionates should also be oxidizable, but he found no anodic 
peaks. Balko observed the presence of W(IV) and W(V) in the melt by 
spectroscopy as well as by electrochemical measurements, although he 
differed with this study on some of the peak assignments.

CONCLUSION

The electrochemical results obtained for tungsten (V), (IV) and
(III) are summarized in the table below. The reaction scheme below 
agreed with the known chemical behavior of the various tungsten species 
and accounted for the various voltammetric peaks and types of tungsten 
deposits obtained through electrolysis.

Summary of Electrochemical Results
for Tungsten (III), (IV), (V)

Reaction PotA m l :
| 4  + f» + wi :**

W(IV)+2e"-*-W(II) +0.5 + + + +
w a n — *-wuv)+ w(o) - + 1 2 3
WUI)-*-WUI-III)+<0-l)e_ +0.3 + + 4 5
WUI)+2e~— ►W(O) -1.0 + + - -

WUI-III)— •^WUV)+U-2)e- +0.9 - + -

WaI-III)-I+•-^?av)+U-2)e■ +1.0 - - + -

WUV)— »V(V) +e“ +1.1 5 + + +

1. tungsten mirror deposited on cell surfaces
2. no tungsten deposited, only resistive film

♦•tungsten electrode
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3, complicated mechanism including tungsten clusters and 
tungsten participation
4, resolved into two peaks
5, reversible

The most significant finding of the study on tungsten halides was 
that tungsten was deposited at positive potentials by disproportionatjon 
of tungsten (II) rather than by direct reduction. However, further work, 
including product identification, is needed to bolster this conclusion. 
The disproportionation mechanism of tungsten deposition explains why 
tungsten deposited at a potential just cathodic of +0.5V when other 
reduction peaks were observed at potentials far more cathodic,. It 
accounted for normal deposition of tungsten from W(V) via an unhindered 
disproportionation of W(II), the tungsten mirror from Y>r(IV) via a 
hindered disproportionation which permitted W(II) diffusion, and the 
lack of deposition from Vi(III) due to a reaction of W(II) with tungsten 
species in the melt, except when a tungsten electrode was used whereby 
the deposition was catalyzed. The overall reaction scheme agreed with 
many documented disproportionation reactions and the formation of 
insoluble non-stoichiometrie halide complexes. Direct reduction to 
tungsten as proposed by others does not exj»lain the differences in 
tungsten deposition behavior.
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A -------

The Electrochemical Cell^ A-addition chute/gas bubbler, B- 
nelt container, C-reference electrode compartment/working 
electrode, D-fill hole, E-silver flag reference electrode, 
F-lOmm. fine porosity frit, G-flag type working electrode, II- 
thermocouple well, I-microelectrode type working electrode, J- 
platinum flag auxilliary electrode, K-level of melt, L- 
auxilliary electrode compartment/working electrode

583



584

t 
( V

ol
ts 

vs
 A

g/
Aq

*)

Fi
gu
re
 3

: 
Vo

lt
am

mo
gr

am
 o

f 
Tu

ng
st

en
 (

IV
)
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ALLOYS IN LiCI-KCI EUTECTIC MELT
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Ecole Nationale Superieure de Chimie de Paris 
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ABSTRACT
3+ The variation of the e .m .f. of the cell

La/La in LiCI-KCI eut/LayNi was measured over the 
whole composition range of lanthanum-nickel alloys, at 
a temperature of 450°C. The a l l o y s  w e r e  f o r m e d  by 
i n t e r m e t a 1 1 i c  d i f f u s i o n  f r o m  e i t h e r  c h e m i c a l  d e ­
p o s i t s  o f  n i c k e l  o r  l a n t h a n u m ,  o r  e l e c t r o c h e m ic a l  
d e p o s i t s  o f  l a n t h a n u m  on n i c k e l .  Seven in te rm e d ia te  
alloys LaNig, La2Ni7, LaNi2, LaNi3, La2Ni~, LaNi and 
La~Ni were observed. Moreover, our results suggest the  
e x i s t e n c e  o f  m e ta s ta b le  compounds. C o u lo m e t r ic  t i t r a t i o n  
te ch n iq ue  f o r  a c o m p o s i t io n  range from pure lanthanum 
to LaNi alloy confirmed these results. The determination 
of the composition dependence of the chemical diffusion 
coefficient for that composition range is included. The 
Gibbs free energies of formation of the La-Ni alloys have 
been deduced from these measurements.

INTRODUCTION
Some rare earth-transition metal alloys have the 

ability to absorb and desorb hydrogen reversibly. At room tempera­
ture, and for a pressure range of 1-10 atm, the absorbing capacity 
reaches a maximum a t  a composition close to ReM5 (1) (Re = Rare 
earth ; M = 2d Metal) ; in particular, the compound LaNi,. absorbs 
hydrogen2up to a density of nearly twice that of liquid hydrogen (up 
to 6 x 1 Qzz  atoms per cm'5). Thus, the hydride LaNi-H- is of conside­
rable interest for hydrogen storage purposes and for fuel technology 
(2).

As the rare earth metal cannot be readily obtai­
ned, the melting processes (direct fusion of rare earth and 2d metals 
mixed together in convenient proportions)are of little interest for 
large-scale production. The present procedure i s  a metallothermic 
reduction (3) which can be applied to the production of alloys with 
relatively fine particle size; the rare earth oxide is reduced by cal­
cium in the presence of the 2d metal powder or metal oxide, at high 
temperature (over 1000°C). This process is a simple and low-cost 
method for the production of alloys, but is subject to various draw­
backs :
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calcium is an expensive reactant, and the alloys have high oxygen 
contents and a heterogenous microstructure.

An electrolytic process was described  in  
1968 by Morrice et̂  a\_. (4 ). According to it, a liquid alloy is
obtained by electrodeposition of the rare earth metal on a 2d metal 
cathode, by electrolysis of Re2Og dissolved in a molten fluoride mix­
ture at about 900°C. This process may be easily controlled and moni­
tored, but is yet more expensive than the former. The composition 
of the alloy, determined by the temperature,is close to ReM2* There­
fore, it must be melted again with additional 2d metal to reach the 
convenient composition (ReM,., for instance).

The use of a molten chloride electrolyte instead 
of the fluoride + oxide mixture leads to a less expensive  
process at a rather low working temperature (400-500°C), with less 
difficulty for material selection and cell design.

We intended to obtain fundamental data which 
would help us to define clearly the practicability of such a process in 
the case of La-Ni alloys.

We have first studied the behavior of lanthanum and 
its ions in LiCI-KCI eutectic at 400-500°C, and then attempted to 
obtain the La-Ni alloys by electrodeposition of solid lanthanum on a 
nickel cathode at 450°C. We have determined the thermodynamic para­
meters of the alloys so produced, as well as the kinetic parameters 
of the lanthanum diffusion in the nickel electrode.

EXPERIMENTAL PART

Equipment and Procedure
Apparatus.
The cell consisted of a 150 ml pyrex crucible 

placed in an insulated pyrex body (Bercauverre) already described 
(5 ).

A gaseous atmosphere o f fixed composition or 
vacuum could be imposed on the cell. High vacuum was obtained by 
means of an ALCATEL 1004 AC vacuum pump. The temperature was 
maintained constant within 2°C by means of a furnace and a program­
mable device described elsewhere (6 ). Temperature was measured 
with a chromel-alumel thermocouple inside a closed pyrex tube sub­
merged in the melt. It was recorded with a SEFRAM Servofram recor­
der connected to a high impedance AOIP millivoltmeter.

E. m. f . measurements were carried out by means 
of a high impedance TACUSSEL Minisis 6000 voltmeter connected to a 
SEFRAM model Servofram recorder. A TACUSSEL PRT 10
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p o t e n t i o s t a t  was used as a c ou lom e te r  by means o f  a c a l i b r a t e d  
r e s i s t a n c e  (4 .7 f i ) .  T h is  p o t e n t i o s t a t  was c o n t r o l l e d  by a p e r i o d i c a l  
t r i a n g u l a r  s ig n a l  g e n e ra to r  TASCUSSEL model GSTP 3.

Melts.
Lithium chloride and potassium chloride were 

PROLABO (R .P . normapur quality) products. The procedure for the 
preparation and purification of the eutectic mixture has been pre­
viously described (7 ). Lanthanum chloride (LaC I-, 7H20 ) was supplied 
by Rhone-Poulenc. It was dehydrated using a procedure similar to 
that described by Johnson and Mackenzie (8 ). The hydrous salt was 
p l a c e d  on a sintered glass (porosity 0) assembly i n  a pyrex vessel. 
The chloride was heated under vacuum for two hours at 180°C/ then 
ground and placed at 250°C under an hydrogen chloride atmosphere 
for one hour and a half. The salt was then weighed and transfered 
into the eutectic mixture.

The dehydrated salt dissolved in water yielded a 
clear solution ; i t  may be considered as pure lanthanum chloride 
(less than 5% oxychloride detected by analysis). The possible oxy­
chloride was removed by hydrogen chloride bubbling through the melt 
for one hour.

Electrodes.
a )  . The working electrodes (cathodes) used were 

the following : (i) 0  1 mm nickel wire (Johson-Matthey), grade 1),
(ii) 0  1 mm tungsten wire (Sochibo, Koch-light, 99,9%), (iii) 0  1mm 
lanthanum wire (Johnson Matthey, grade 1, delivered in a vacuum 
sealed tube) set up in an inert atmosphere, (iv ) electrode constituted 
of a glassy carbon (Le Carbone Lorraine) rod : quality V 25 of 3 mm 
diameter, material which is non-oxidizable but forms i n t e r a c t i o n  
c o m p o u n d s  w i t h  l i t h i u m  ( 9 ) .

b )  . The a u x i l i a r y  electrode (anode) was glassy 
carbon (3 mm diameter, le Carbone Lorraine, quality V 25) in a pyrex 
compartment connected to a sintered pyrex capsule (porosity 4).

c )  . The reference electrode was made f r o m  a 
silver wire (1 mm diameter) dipped in a pyrex glass tube containing 
silver chloride 0.65 mol.kg- ! dissolved in LiCI-KCI eutectic. A l l
p o t e n t i a l s  m e a s u r e d  w i t h  t h i s  r e f e r e n c e  e l e c t r o d e  a r e  
g i v e n  v e r s u s  t h e  c h l o r i n e  r e f e r e n c e  ( C l 2 ( l  a t m ) / C l~ )  w h o se  
p o t e n t i a l  i s  1 , 0 6 0  V versus  o u r  e xp e r im e n ta l  r e fe r e n c e  e l e c t r o d e .

Preliminary determinations.
1. Voltammetric curves.

2+The reduction of Ni on a glassy carbon electro­
de has been studied by cyclic voltammetry at 450°C. Fig. 1 shows a
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voltammogram o b ta in e d  (cu rve  1 ) .  The r e a c t i o n  on the  e l e c t r o d e  i s  a 
r e v e r s i b l e  d e p o s i t  o f  m e t a l l i c  n i c k e l  under d i f f u s i o n  c o n t r o l l e d  con ­
d i t i o n s .  The peak p o t e n t i a l  v a lu e  Ep does n o t  depend on the  v o l t a g e  
sweep r a t e s ,  nor does the  r a t i o  ip/v'/2 ( i p  = peak c u r r e n t ;  v = sweep 
r a t e ) .  The peak c u r r e n t  i p  (Amperes) obeys the  fo rm u la  ( T O ) :

ip = 0.61 ( zF )3/2 (R T ) '1/2 ADl / 2 [Ni2+]v 1/2 (1)
2+

where z i s  the number of electrons (z = 2 for Ni ) ,  R the gas cons­
tant, F the Faraday. T the temperature (K ), A the area of the elec­
trode (7.07 10" 2 cm2) , D the diffusion coefficient (cm2 s” 1) , [N i2+] 
the concentration of Ni2+ ions (mol.cmr3) and v the voltage sweep 
rate (V .s - ^). The concentrations in moLcm-3 are calculated by consi­
dering the density of the bath as equal to 1.65 g.cm“3 * (11). The 
diffusion coefficient of nickel ion was determined to be D^. = 2.12 
10"5 cm2, s-1 which is in good agreement with the values given by 
s e v e r a l  authors (12-14).

On a glassy carbon electrode the reduction of 
lithium ions appears at a potential of -2 .3  V versus the chlorine 
reference electrode. Therefore it is impossible to use this electrode 
to study the lanthanum system. We have made La deposits on a tung­
sten electrode (0.15 cm2) and on a nickel electrode (0.13 cm2).

Typical voltammograms are shown in Fig. 1. The 
deposition on the tungsten electrode may be considered as reversible. 
Relation analogous to (1) was therefore used to determine the diffu­
sion coefficient of lanthanum ion. Our value, D. = 8.76 10“6cm2s” 1, 
is slightly l o w e r  t h a n  t h e  o n e  d e t e r m i n e d L a by S m i r n o v  e t  
al. (D u  = 1.28 ID’ 5 cm2 s-1 ) (15).

The voltammograms obtained on a nickel elec­
trode show several c u r r e n t  p e a k s  for potential values located 
between the peak potential of lanthanum ion on the tungsten elec­
trode and the peak potential of nickel ion on the glassy carbon elec­
trode. Those peaks are characteristic of the formation of inter- 
metallic compounds between nickel and lanthanum. La-Ni alloys 
can therefore be obtained by a deposit of lanthanum on nickel at 
450°C.

2. Standard potentials of the electrochemical systems La3+/La and 
Ni2+/N i.

In order to determine the standard potential of
Ni /N i, a nickel deposit was formed on a planar glassy carbon elec­
trode and the equilibrium potential of this electrode, dipped into a
mixture of LiCI-KCI eutectic and NiCI2, was measured for several 
concentrations of nickel chloride, at various temperatures (Table 1).
The o b s e r v e d  s l o p e  is in accordance with a two electron-exchange 
per nickel ion. The standard potential measured at 450°C(E =-1.084 V 
versus the chlorine reference electrode) is higher by 15 mN̂  than the
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value determined by Liu et aj. (16) E = -1.1 V ; these authors mea­
sured directly the potential of a nickel wire dipped into LiCI-KCI 
eutectic .

In a similar manner, the equilibrium potential of 
a lanthanum electrode (1 mm diameter wire) in presence of dissolved 
LaCI3 at various concentrations was measured.

This potential became stabilized in a few minutes 
(potential variation less than 1 mV/10 min). A fter each measurement 
the electrode was removed from the bath, and replaced by a new one, 
before the next measurement for a new concentration of lanthanum 
chloride. The Nernst relation :

Eu  = E° (La3+/La) log La3*

followed for temperatures 400, 45£+and 510°C, and Table 1 indi­
cates the corresponding values of E°(La5 /L a ). The standard potential 
as a function of temperature is given (in V versus the chlorine refe­
rence electrode) by :

E°(La3+/La) = -3.474 + 4.3 lO-4  T
(T  = temperature in Kelvin ) .  This result agrees well with the value 
given by Lesourd and Plambeck at 450°C (17) :

E°(La3+/La) = -3.159 V

Study of the lanthanum-nickel alloys formation.
Two sorts of experiments based on intermetallic 

diffusion were carried out. The first one corresponds to a chemical 
deposition of nickel on a lanthanum electrode, and the second one to 
an electrochemical deposition of lanthanum on a nickel electrode. In 
both sorts of experiments we have measured the variation of the 
potential of the electrode just after the metallic deposition. This poten­
tial is expressed in the following as the e .m .f .  e o f the c e ll  :

La/La3+ in LiCI-KCI eut./La Ni 
3+ yby using the value of E(La /La) previously determined. This proce­

dure makes easier the analysis of the results .
1. Experiments with chemical deposition.

Chemical deposits of nickel on a lanthanum elec­
trode have been achieved under an argon atmosphere from an elec-  ̂
trolytic bath containing i^nthanum trichloride ([L a 1* ] = 0.24 mol.kg ) 
and nickel chloride ([N i ] = 0.18 mol.kg ' ) .  Nickel cations react 
spontaneously with metallic lanthanum according to the following gene­
ral reaction :

(2 /3  + y) La + Ni2+ -* 2/3 La3+ + Lay Ni
A lanthanum-nickel alloy is therefore produced on the surface of the 
electrode, and we measured the variation of the potential of this
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electrode as a function of time. A typical chronopotentiogram obtained 
during this sort of experiment is given i n  F ig .  2. We can ob se rve ,  
before the complete corrosion of the electrode, two plateaus whose 
potentials are indicated in Table 2.

2. Experiments with electrochemical deposition.
Electrochemical deposits, either at a controlled 

potential or at a controlled current, of lanthanum on a nickel elec­
trode r e s u l t  i n  the  fo rm a t io n  o f  a l l o y s  i n  the whole range o f  composi­
t i o n  ( from pure lanthanum to  a lm os t  pure n i c k e l ) .

-  Deposits realized at a controlled potential.
The discharge curve 1 of Fig. 3 was obtained 

under an argon atmosphere after a lanthanum deposit realized at 
E = -3.230V ( t  = -0.070V) during 100 s. We can observe 9 plateaus 
before reaching the rest-potential of nickel in the melt. The potential 
of some plateaus varies (up to 50 mV)with the duration of the electrochemical 
deposition, especially for the plateau h (Fig. 3).

In such experiments, only 1.5.10 ® mole of lan­
thanum was deposited on the nickel electrode. So, oxide (or hydro­
xide) anions can interfere because the equilibrium concentration of 
O2 is about 10“  ̂ mol.kg” 1 after purification of the eutectic melt (18, 
19). Therefore we have carried out numerous experiments under a 
low HCI pressure which permits to reach a pO^“ value close to 8, for 
which no lanthanum oxychloride is formed (20). In the course of 
these experiments, HCI oxidized the lanthanum very slowly and the 
duration of the relaxation has practically been the same as the one 
observed for experiments performed under an argon atmosphere.

The curve 2 of Fig. 3 was obtained after depo­
sition of lanthanum at E = -3.230 V ( € = -0.070 V) during 100 s. We 
observe 9 plateaus of potential corresponding to the formation of 
La-Ni alloys by diffusion of La inside the nickel electrode , and one 
more relative to the rest-potential of nickel in melt (g *  1.860 ±  Q.G05V). 
We remark that the plateaus are very close to those obtained under 
argon. The most noticeable differences correspond (i) to the exis­
tence of a plateau at £ = 0.088 V, (ii) to the disappearance of the 
two plateaus a' and e' (observed on the curve 1), and (iii) to the 
shift of the potential of the 8*^ plateau (h ).

In the case o f  lanthanum deposition at 
E = -3.330 V ( G = -0.170 V ), the discharge curve 3 of Fig. 3 made 

clear the appearance of two supplementary plateaus (i and j ) ,  the 
others being similar to those of the preceding experiment achieved 
at E = -3.230 V.

In o rd e r  to  dete rm ine  the influence of the preelec­
trolyze potential upon the nature of the alloys formed, w e  o b ta in e d  
lanthanum deposits at potentials whose values varied between 
E = -3.100 V ( € = 0.060 V) and -2.700 V ( £ = 0.460 V ). For
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E = -3.100 V (curve 4, Fig. 3), only the last three plateaus ( f ,g ,h )  
are observed. For -3.05 V < E < -2 .95 V (curves 5 to 7), only the 
plateaus g and h, corresponding to the two nickel rich alloys, 
appear (for g, the more reductive is the preelectrolysis potential, 
the larger is the plateau). When we preelectrolyze at E > -2.700 V 
( t  ^ 0.460 V) no alloy formation is observed (curve 9), and  we 
reach the rest-potential of nickel d irec tly .

-  Deposits realized at a controlled current.
The preceding experiments only give the varia­

tion of the e .m .f. e as a function of time, but do not allow us to 
establish experimentally the relation between the e .m .f. and the com­
position of the alloys formed. We therefore made coulometric titrations 
using the method called "Electrochemical Galvanostatic Intermittent 
Titration Technique" or G ITT, developped by Weppner et al. (21-24). 
Very small amounts of lanthanum are deposited by means of p u ls e s  
at a controlled current, and after each p u l s e ,  t h e  e q u i l i b r i u m  
potential is measured at the end of the relaxation time. Thus, i t  was 
possible to know the exact composition of the alloy relative to the 
e .m .f. e  measured.

In these experiments, the cathode used was a
0.1 cm diameter nickel wire, dipped by 0.7 cm in the bath. The 
v a l u e  o f  the coulometric current lQ was 20 mA. With each p u l s e  
of current (duration X  = 60 s ), the variation in alloy composition is 
given by the formula :

zF mNiwhere z is the number of electrons exchanged, F the Faraday cons­
tant, the molecular weight of nickel, and m^. the weight of nickel 
in the aFroy. With our experimental conditions Ay is 5 .1 0 “ ^.
After each p u ls e ,  t h e r e f o r e ,  i t  i s  p o s s i b l e  to  c a l c u l a t e  the th e o ­
retical composition ot the alloy, assuming total interdiffusion. The 
duration of relaxation (between two p u l s e s  of current) was 1000 s, 
which appeared sufficient to reach equilibrium. In our experiments 
we applied the coulometric signal 200 times, in order to reach a final 
composition corresponding to LaNi.

Fig. 4a shows a typical curve which was experi­
mentally obtained under an HCI atmosphere and which gives the rela­
tion between the e .m .f. e and the alloy composition. This curve has 
the same general f r o m  as the curves shown in Fig. 3. The equili­
brium potential of the nickel-richest part of the curve has a value 
near that of plateau h of curve 1 in Fig. 3. It occurs after a shift 
of potential at a composition close to L aN i^ .

INTERPRETATION OF THE RESULTS AND CONCLUSION 
Lanthanum-nickel intermetallic compounds.

Fig. 5 gives the phase diagram of the lanthanum- 
nickel system which was determined by Bushow and Van Mai (25).
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This diagram shows the existence of seven lanthanum-nickel alloys of 
definite compositions. Moreover, all these alloys are solid at our wor­
king temperature (450°C) because the LaJMi alloy, which has the 
lower melting point, melts at 485°C. So after having coated a nickel 
electrode with lanthanum, this last metal diffuses inside nickel and 
the surface composition varies from pure lanthanum to an alloy very 
rich in nickel (the supporting metal).
Theoretical v a r i a t i o n  o f  t h e  e . m . f .  e as a f u n c t i o n  o f  the  s u r ­
face composition of the working electrode (lanthanum-nickel alloy).

The e .m .f. e(y) corresponding to a chemical 
composition of the alloy (formed at the surface of the electrode) is 
related to the activity of lanthanum, by the expression :

6 (y ) = -  (R T/3F) In a (La) (2)
where a (La) is the activity of the rare earth in the alloy (taking 
the pure lanthanum as the standard state). When the electrode sur­
face is composed of a mixture of alloys of definite compositions 
Lay-Ni and Lay2Ni, the activity of the lanthanum is fixed by the 
equilibrium :

Lay^Ni + (y 2 -  y ^ L a  *  Lay2Ni (3)

and so the e .m .f. € has a constant value during the complete trans­
formation of the definite alloy Lay^Ni into the definite alloy Lay2Ni. 
For the exact composition of a definite alloy, Lay^Ni for example, we 
observe a sudden variation of e from the value ot the two phase 
plateau corresponding to the mixture of L a y ^ i and Lay~Ni, to the 
value of the two phase plateau of Lay2Ni and Lay-Ni mixture. Such 
sharp variations, however, are not observed when solid solutions 
exist ; in that case the e .m .f. varies slowly from one two phase 
plateau to another. So, the plateaus observed in an e .m .f. -  compo­
sition diagram are related to the two plateau areas in the phase. d ia ­
gram (Fig. 5 and 6).

Analysis of experimental curves.
The e .m .f. corresponding to the two phase pla-r 

teaus observed with our experimental conditions, are listed in Tab le
2. The values obtained from the chemical deposits of nickel on a 
lanthanum wire (Fig. 2), can be assigned to the lanthanum-rich alloys 
La~m and LaNi mentionned in the phase-diagram of Fig. 5. The mea­
surements achieved under a low HCI partial pressure, and after an 
electrochemical deposition of lanthanum on a nickel electrode at a con­
trolled potential of -3.230 V (curve 2; Fig. 3) are the most reliable 
because the experimental conditions minimize the possibility of a code­
position of lithium and of the influence of dissolved 0 * 2“ ions. The 
plateaus a ,b ,c ,d ,e ,f ,g , may be clearly related to the successive 
two phase domains obtained with the lanthanum and its seven alloys 
with nickel (Table 2). The plateaus d1 and h also observed for
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e = 0.110 V and e= 0.648 seem to be due to metastable phases : the 
plateau d1 observed in curve 2 (Fig. 3) does not appear in curve 3, 
and the plateau h corresponds to different values of £ in curve 2 and 
curve 3. The plateausi and j (curve 3, Fig. 3) may be assigned to 
lanthanum-lithium alloys. In fact, no nickel-lithium alloys can be for­
med because no plateau appears after an electrochemical deposit of 
lithium alone on a nickel electrode, the potential varying from that of 
lithium to that of nickel in the bath (26) (Experiment performed with 
no lanthanum chloride in the bath) Besides, the analysis of the obtai­
ned deposits (X rays, b a c k s c a t t e r e d  electrons) does not indicate the 
presence of lithium.

The plateau e' which appears in curve 1 (F ig .3) 
may be due to the influence of oxide ion. It is not observed in  cur­
ves obtained under an HCI atmosphere, and the analysis of the com­
pound formed indicates the presence of lanthanum oxychloride.

The preceding assignment of the plateaus is 
confirmed by our results by the GITT method giving the relation 
between the e .m .f. eand the compositions of the alloys (Fig. 4a).

Our values agree very well with those calculated 
from values of Rezukhina and Kutsev (27) obtained at higher tempe­
ratures in molten fluorides (Table 2). These authors didn't study 
the alloys whose composition is included between LaNi and pure lan­
thanum.

Our results allow us to calculate the Gibbs free 
energies of formation of the lanthanum-nickel alloys at 450°C. The 
Gibbs free energy of formation AG£ of an alloy of composition Lay2Ni 
is related to that of a LayjNi alloy by the relation :

A C ^ La^ N i) = -  3F 2 e(y) dy + AG° (Lay iNi) (4)

The values obtained are collected in Table 3 and are corroborated by 
values derived from l i t e r a t u r e  data (27,28) as shown in  T ab le  3.

The kinetic parameters of metallic interdiffusion, 
the chem ica l  d i f f u s i o n  c o e f f i c i e n t  TJ, may be obtained from results 
of the GITT method as it was described by^Weppner and Huggins 
(21-23). The chemical diffusion coefficient D expresses the variation 
of the concentration of one species at the surface of the electrode, 
according to Fick's second law :

3C La ^  a2c
= D — La (5)

at a x
where t is the time, the local concentration of lanthanum, and 
x the distance into the solid form the electrode/electrolyte interface.
A solution of equation (5) gives the concentration C^a of lanthanum 
at the surface of the working electrode as a function of time f o r  
small t o t a l  c u r r e n t s  i.e. Z «  r  ID  { x  = duration of the current pulse; 
r = radius of the electrode) (24) :
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( 6 )CLa ( t )  " CLa (0) = 2 'o / t ( z  F A ^  D )" 1

with C. (t )  and C, (0) being respectively the surface concentration 
of lanthanum at time t and at the origin of time, I the current f o r

the cou lom etry  and A the  area o f  the  i n t e r f a c e  e le c^ ro ly te / ie le c t ro d e , .

Equation (6) may be related to the variation A ^  
of the cell voltage during the current pulse (neglecting the IR drop) 
and to the variation Aeof the equilibrium potential between two suc­
cessive relaxations (assuming that Ae is small and that the variation 
of e is linear as a f u n c t i o n  / t  d u r in g  the c o u lo m e t r i c  p u l s e ,  wh ich  
i s  c v e r i f i e d  f o r  o u r  expe r im en ta l  c o n d i t i o n s ) :

D * fv  Ae ,2 (7)

(V is the volume of_Jjie electrode). With our experimental conditions 
(r  = 60 s, V = 6.10 3 cm3), the relation (7) becomes :

D = 1.33.10-5 (A e/A t.c ) 2

The maximum values of the chemical diffusion 
coefficient reported in Fig. 4b correspond to sudden variations of the 
concentration of lanthanum at the surface of the electrode, i.e for 
single phase components. Related to Fig. 4a, this curve gives the 
composition of the definite alloys observed. The values of the coef­
ficient vary from 1.8.10”6cm2 s~l for the LaNu phase to 
1 .33 .10“ 7cm2s-1 for the La2Ni7.

Conclusion . . .
----------------- In this study we have determined the Gibbs
free energies of the seven lanthanum-nickel alloys. I t  was 
f o u n d  t h a t  t h e  presence of oxide ions must be carefully avoided, 
and that metastable phases might be formed, especially for a composi­
tion close to LaNi1Q. Further investigations are needed to b e t te r  under­
stand the phenomena th a t  o c c u r . At the present time experiments are 
carried out as a function of temperature in order to obtain the tempe­
rature dependence of the thermodynamic parameters of La-Ni alloys.
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Lanthanum Nickel

Temperature 2.3 RT/'3F. mV standard 2.3 RT/2F. mV standard
T/°C exp. Theor. potential/V Exp. Theor. potential/V

A 00 45 46 - 3.185

A35 77 74 - 1.083

450 45 49 - 3.164 80 75 - 1.084

500 81 80 - 1.086

510 54 53 - 3.137

3+Table 1 : Verification of the Nernst relation for the La /La 
and Ni2+/Ni electrochemical systems in LiCI-KCI 
eutectic.

lanthanum deposit on a nickel 
cathode

N. deposit 
on a La. 

electrode

Alloys in 
molten 

fluoride
observations

plateaus curve(1) 
Fig. 3

curve(2) 
Fig. 3

curve(3) 
Fig. 3

curve 
Fig. 2

REZUKHINA 
et a M 27|

i - 0.056 La-Li alloys

j - 0.030 La-Li alloys j

a 0 0 0 0 0 La on a Ni wire 
La/La^Ni alloys

a' 0.015 alloys+oxychlorides

b 0.042 0.042 0.041 La^Ni/LaNi alloys

c 0.070 0.072 0.075 0.071 La2Ni/La2Ni3alloys

d 0.088 0.085 0.094 La2Ni3/LaNi2 alloys

d' 0.109 0.110 metastable phase

e 0.131 0.136 0.130 0.137 LaNi2/LaNi3 alloys

e’ 0.153 oxychloride
influence

f 0.215 0.206 0.204 0.204
0.206

LaNi3/La2Ni^/ 
LaNi^ alloys

8 0.425 0.478 0.471 LaNi^/Ni alloys

h 0.608 0.648 0.700 Metastable phase

1.860 1.860 1.865 N. wire electrode 
potential

Table 2 : Relation between experimental e .m .f. (see text) and 
lanthanum-nickel phases. (T  = 450°C).
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Reaction of formation 
of alloys e.m.f. e /volt

- G® /KJ.mor1

This work From litteratun
La + 5 Ni = LaNi5 0.475 136.2 143 (27 );130<?8!

La + 3.5 Ni = La Ni3 0.205 111 114 (27 )

La + 3 Ni = La Ni3 0.205 112 H 5  (27 )

La + 2 Ni = La Ni2 0.133 81 88 (27 )

La + 1.5 Ni = La Ni} 0.087 68 68 <27 )

La + Ni = LaNi 0.071 56

La +.33 Ni = La N i ' 0.041 23 -

Table 3 : Gibbs free energies of formation 
of the La-Ni alloys.
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Figure 1 : Voltammograms of La and Ni ions 
in LiCI-KCI eutectic melt at 450°C.
(1) Ni2+ (4 .8 2 .10“2mol.kg_ l) on glassy 
carbon electrode.
(2) La3+ (4 .2 .10“2mo|.k g “ 1) on tungsten 
electrode.
(3) La (4 .2 .10 2mol.kg-1 ) on nickel 
electrode.

Figure 2 : e .m .f. variation (see text) as a function of 
time observed when a lanthanum electrode is 
dipped into LiCI-KCI eutectic melt containing 
N r + (0.18 mol.kg- ') at T = 450°C.
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Figure 5 : Phase diagram of the La-Ni system 
from Buschow and Van Mai (25).
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FURTHER DEVELOPMENTS IN MOLTEN SALT ANODISING

David G. Lovering* and K.P.D. Clark, 
R.M.C.S., Shrivenham, Swindon, U.K.,
L.S.U., Baton Rouge, Louisiana and 
R.M.C., Kingston, Ontario, Canada.

ABSTRACT

Samples of aluminium, titanium, niobium, tungsten and 
molybdenum have been anodised in a low melting urea-ammonium 
nitrate eutetic between 45 -85 C. The presence of dissolved 
water in the melt significantly influences the oxide growth 
process and breakdown voltage. Previous claims concerning 
the desirability of anodising in anhydrous media may need to 
be re-examined, as water would appear to be a necessary 
component of the electrolyte. Results for aluminium and 
niobium show some promise for commercial exploitation.

INTRODUCTION

In a previous report , important commercial and military appli­
cations of anodised films were suggested; these include corrosion 
inhibiting coatings, adhesive bonding keying surfaces, electronic 
devices and solar conversion cells as well as decorjtive finishing. 
With the exception of the latter, it was considered that anodising 
in molten salts might confer advantages. Work to date in this 
area is limited and has been critically reviewed-*-""4 . One claimed 
advantage of working in melts has been that they offer a non-aqueous 
medium. However, it was apparent-*-, in most cases, that dissolved 
water was present in the melts employed by previous workers. 
Furthermore, it has recently been established4 the presence or absence 
of water significantly influences the nature of anodised films formed 
in molten salts. New interpretations of data presented here suggest 
that the presence of water in melts may be necessary in order to grow 
reasonably thick, especially porous, films.

Another factor influencing film type appears to be the melt 
temperature5, such that lowering the temperature may produce thicker 
or more adherent films. As a result, the adoption of low melting 
nitrate and organic amide systems has been preferred. Frequently, 
these have included ammonium nitrate leading to ionisation of the 
strong Lux-Flood acid, NH^*; this entity could promote the growth of 
porous films if there were some interaction with the oxide. In this
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case, the appearence of porous films might be explained in terms of 
sparing solubility of the oxide according to accepted theory for 
aqueous anodising, but vide infra.

Certainly, anodised films produced in molten salts may be rather^ 
different to oxide films formed by other techniques or in other media . 
Thus, their electronic, mechanical and chemical properties deserve 
investigation. Most studies have been concerned with aluminium and 
its alloys^*'7, although titanium®, tantalum^ and zirconium10 alloys 
have also been anodised in melts; invariably the molten medium has 
consisted of alkali metal nitrates above 140 C. In the present 
programme, the eutectic system urea-40.4 mole% ammonium nitrate 
(M.Pt. 44.5 C) has been employed in the temperature range 45 -85 C. 
Samples of aluminium, titanium, tungsten, niobium and molybdenum 
have been anodised at constant voltage both in anhydrous melts and 
those containing water. Films have been characterised by electron 
microscopy, optical microscopy and interferometry, photoelectrochem- 
ically, as well as by in situ electrochemical and chemical analysis.
In some cases comparison with thermally grown oxide specimens has 
been possible. Tentative explanations of the electrochemical processes 
occurring are offered in some instances and the possible role of water 
assessed. It is possible to predict the most promising direction 
for future investigations.

EXPERIMENTAL

Metals:

Aluminium - strips of 0.15mm thick, super-pure (>99.99%) 
aluminium, 4mm wide and several centimetres long were electropolished 
and then bolted into a stainless steel chuck mounted on tungsten pins. 
The area contacted by the melt was determined after each experiment.

Titanium - 1cm squares of 1mm thick, 99.2% pure titanium sheet 
were polished on one face to % micron on diamond wheels. Titanium 
wires were spot welded to one corner to act as conductors. The 
reverse face, sides and contact wires were coated with epoxide resin 
as a mask. These specimens were then attached to tungsten pins via 
stainless steel chucks.

Niobium - 1cm squares of 0.5mm thick, 99.9% niobium sheet were 
mounted and finished as for titanium samples.

Tungsten - 1cm squares of 0.5mm thick "pure" tungsten, kindly 
provided by Murex, were similarly prepared.

Molybdenum - similar samples of 0.125mm molybdenum, also provided 
by Murex, of unknown purity, were also prepared. The Nb, W, and Mo
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specimens were provided with Nichrome wire contacts, great care being 
taken to adequately mask the joints. Samples were degreased and stored 
in a desicator prior to use. Large platinum foil counter electrodes 
were used.

Melts:

Eutectic melts of pre-dried BDH 'Analar' urea + 40.4 mole% 
ammonium nitrate were prepared in situ in the experimental cell. In 
some cases melts were further dried by melting under vacuum and 
sparging with dry N o r  Ar overnight.

Cells:

All-glass, borosilicate cells were used. A 52.5cm flanged cup, 
carried a flanged cell-head onto which were joined ground-glass joints. 
These were fitted with screw-cap joints through which plain glass 
tubes carrying electrodes, gas inlet/outlet and other accessories 
passed. The melt was contained within an inner glass cell. The 
assembly was placed in an aluminium block thermostat which was 
generally maintained at 63.5 + 0.5 C; the temperature was varied
in the range 45 - 85 C for some experiments. Water was injected
via a microlitre syringe. Gas samples were collected in evacuated 
glass capsules fitted with taps and assembled directly into the 
cell heads.

Equipment:

Samples were polarised in incremental steps of 2V using a 
stabilised power supply; currents were continuously recorded by 
monitoring the iR drop across standard resistors with a y-t recorder 
and a digital voltmeter. Samples were examined by a range of micro­
scopical techniques, by interferomtry and surface profiling. The 
photoresponse of some specimens was determined potentiostatically in 
aqueous 0.1M Na^SO^ at 20 C using a 2kW high-pressure mercury source 
and monochromator.

RESULTS AND DISCUSSION

Only a few specimens of aluminium were anodised in these melts. 
However, thick, white adherent films were formed in both anhydrous 
and "wet" melts over a range of voltages and temperatures. Visual 
inspection suggested that these films were similar to those formed in 
LiNOg - NH^NOg melts at 110°C, and, therefore would be of commerical 
interest.

Two different types of anodising behaviour were apparent for 
titanium specimens, depending upon the dryness of the melt. When quite 
small quantities of water were present, the anodising voltage could be
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raised, gradually, to the breakdown value of 83 as shown in Figure 1(b). 
Scanning electron microscopy evidenced local "punch-through" and melt­
ing, characterising dielectric failure at this voltage. Some gassing 
occurred at >76V - probably NC>2, judging by its colour. For anhydrous 
melts, an infinite current rise commencing at ^12V and accompanied by 
the evolution of a colourless gas, was observed (see Figure 1(a)).
Mass spectometric analysis of this gas indicated that it was predomin­
ately NO, with minor amounts of 02> N2» COp and NOp. Ammonia was 
absent implying stability of the urea component of the melt. The gas 
was colourless at all times suggesting that NO is not involved in the 
reaction scheme, and^that equations including this species would be 
difficult to justify . An overall reaction involving co-oxidation of 
the electrode by both the melt and the applied potential might be:

Ti + N03" - e“ — * TiOp + NO

Figure 1 compares the I vs. V curves for titanium with those for 
aluminium, obtained in eutectic LiNO^-KNCL melts at 140 C. In anhydrous 
melts only thin barrier films are generally formed in each case. For 
aluminium low currents are observed in anhydrous melts (Figure 1(c)) up 
to a breakdown voltage of ̂ 85^, indicating that the film is sufficiently 
insulating and coherent as to prevent melt decomposition at the outer 
oxide-melt interface. In the case of titanium, however, sufficient 
potential does seem to appear at this interface, £>£“ quite low applied 
voltages, such that massive melt eletro-oxidation Ouccurs. This suggests 
that the thin, anhydrous oxide films on titanium are extensively 
flawed when formed under these conditions i.e. there is a considerable 
leakage current. In contrast, in the presence of water, porous (non­
adherent) films can be grown between **15-40V on aluminium as shown by 
the larger currents in Figure 1(d). Although, films of only^2000& 
are indicated in "wet" melts for titanium, the current continues to 
rise, with a peak at^l8V, up to the limit of dielectric integrity,
Figure 1(b). Taken together, these results might suggest that the 
presence of water in melts actually promotes the growth of porous films 
and is a necessary co-reactant in the overall mechanism. In view of 
the uncertain levels of water present in the melts of previous investi­
gators and various claims concerning the desirability of anodising in 
anhydrous media, it may be worth emphasising the apparent requirement 
for water dissolved in the melt, if porous films are sought. If this 
is so, then mechanisms envisaged for aqueous anodising may pertain to 
melts also.

In order to assess the suitability of melt-anodised TiC>2 for photo- 
electrochemical devices, their photoresponses were recorded at 1.0V and 
1.6V vs. s.c.e. in aqueous 0/1M Na^SO^ solutions at 20°C, in the range 
300-450nm. Figure 2 shows the variation of maximum photoresponse, 
occurring at^360nm, with polarisation to 1.0V vs. s.c.e., as a function 
of film anodising voltage. At low formation voltages, ^12, first order 
interference colours, yellow blue, suggest a linear thickness - 
voltage relationship!! and a linear photoresponse is evident in Figure 2.

606



Second order interference colours were progressively observed between 
12-60V, parallelled by the photoresponse again, but obeying a different 
law. The anomaly occuring for films grown at ̂ 12V was reproducible,is 
unexplained, but may be associated with film rearrangement or with melt 
decomposition, film cracking and product inclusion as observed in 
anhydrous melts.

Definitive film thickness measurements proved illusive for titanium. 
However, comparisons with well characterised interference colours 
obtained for tantalum suggest1^ that the first order, completed at ^12V 
corresponds to ~  500 & and that the second order completed at 60V 
corresponds to ~1300 & . Probably 2,000 & represents an upper limit 
for films prepared in this way. Certainly, photoresponses were weak 
when compared with those resulting from thermally grown specimens.

No previous reports have appeared concerning the anodising of 
niobium in melts, even though this refactory, transition metal and its 
oxides exhibit interesting electronic, physical and chemical properties1'3. 
For this metal, anodising in the urea-ammonium nitrate melt was possible 
up to at least 103V without evidence of dielectric breakdown. However, 
a colourless gas (probably NO) was evolved in copious quantities between 
*>50 - 60V, corresponding to the large current peak shown in Figure 3.
The effect of the presence of water in the melt was less marked for 
niobium anodising, but this might have been due to the use of inadequate­
ly dried melts. Nevertheless, scanning electron microscopical examin­
ation of sectioned samples indicated two disticntly different layer 
structures between the substrate and bulk oxide on specimens anodised in 
"wet" melts. All films were barrier-type with a maximum probable 
thickness of ^  3,000 & , as determined by interferometry under illumin­
ation with a sodium lamp, \  = 5,400 & . The photoresponses of these 
anodised films under a range of conditions were relatively low, 
~100^A.cm”2 , as shown in Figure 2.

Although a few reports have been concerned with low voltage oxide 
films on tungsten in melts, no previous studies appear to have been 
concerned with molten salt anodising the metal to higher forming voltages. 
Results obtained in this study show, Figure 3, that an infinite current 
rise occurs at ̂ 28-32V and is accompanied by the evolution of a colour­
less gas (NO ?). Up to this voltage, barrier films were evident, with 
a maximum probable thickness of'n/1400 % , as determined by interferometry 
(Ar= 5,400 ft ),obtained in "wet” melts. As for niobium,the influence 
of the presence of water in the melt was less apparent. The photo­
responses of these films were also small, < 100juA.cm”21 as shown in 
Figure 2. Of particular interest for this metal, is the stability of 
its oxide films as a function of pH. Unfortunately no benefit appeared 
to be conferred by the molten salt anodising procedure; films were un­
stable in aqueous solutions at all pH's above^4.

Molybdenum may not normally be anodised in aqueous solution due to 
the solubility and conductivity of its oxide. Apparently the same
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pertains in melts, since brown dinitrogen tetroxide gas was evolved, 
with infinite current rise at applied voltages £ 2.

CONCLUSIONS

Anodising of aluminium, titanium and niobium in low melting salts 
can lead to the production of a wide range of barrier and, for aluminium, 
porous oxide films. The presence of water in the melt critically in­
fluences the structure of these films and the breakdown voltage. Water 
appears to be a pre-requisite for the formation of porous films on 
aluminium, and appears to be involved in the mechanism of growth of 
the thicker films on all metals. The ammonium cation may also influence 
film formation. Low temperature, molten salt anodising procedures may 
be of commercial interest for aluminium and niobium, although further 
investigations, especially of the role of dissolved water in the melt, 
are desirable. Detailed microscopical studies of films formed on 
aluminium, titanium and niobium are also called for.
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Figure 1

Figure 3

Figure 2
Figure 1. Current-voltage curves 
for anodising (a) titanium in 
anhydrous (NH2 )2 CO-NH4 NO3 at 
63.5°C (b) titanium in "wet"
(NH2 )2 CO-NH4 NO3 at 63.5 0 c, all 
curves, steady currents after 
3 mins, (c) aluminium in anhydrous 
LiN0 3 —KNO3 a_t 140°C (d) aluminium 
in "wet" LiN03-KN03 at 140°C
Figure 2. Photoresponse curves at 
360mm under IV polarisation vs. 
s.c.e. in aqueous 0.1M Na2 S0 4  at 
20°C.

Figure 3. Current-voltage curves 
for anodising niobium and tungsten 
in (NH2 )2 C0-NH4 N03 at 63.5°C. Nb 
in anhydrous melt, current after 
3 mins, W in "wet" melt after 1 
min. NOTE: current density scale 
for tungsten shown X4.
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ELECTRODEPOSITION OF TUNGSTEN CARBIDE 
COATINGS FROM MOLTEN SALTS

Kurt H. Stern and Stanley T. Gadomski 
Chemistry Division 

Naval Research Laboratory 
Washington, DC 20375

Dense, adherent coatings of tungsten carbide have 
been electrodeposited on nickel substrates from the 
ternary (Li, Na, K)F eutectic at 750-800°C. The source of 
tungsten was NaaW04; the source of carbon was KaC03. The 
concentration of both solutes was less than 10 wt%. By 
applying a voltage between a tungsten anode and the nickel 
cathode, the anions are reduced to the elements and react 
on the cathode to form the carbide. Current efficiencies 
of up to 50% have been achieved for the deposition of WaC. 
The dependence of surface structure on melt composition is 
shown.

Introduction

Refractory carbide coatings provide good protection for metal 
substrates because of their great hardness and good oxidation re­
sistance at moderately high temperatures. Tungsten carbide coatings 
have been prepared commercially by plasma processing in which the 
finely divided carbide impinges directly on the surface to be 
coated. However, this method requires very high temperatures and is 
line-of-sight.

Electrodeposition from molten salts offers the advantages of 
lower temperatures, the ability to coat complex shapes, and the fine 
control that can be applied to electrical variables.

We have recently shown (1) that adherent coatings of tantalum 
carbide can be electrodeposited from the ternary (Li, Na, K)F 
eutectic (FLINAK) containing KaTaF? as the source of tantalum and 
KaC03 as the source of carbon. The method depends on the simul­
taneous deposition of tantalum, first worked out by Senderoff, 
Mellors, and Reinhart (2), and carbon. The elements react on the 
cathode at 750-800°; a temperature ~600° lower than that of the re­
action of the elements in bulk.

Tungsten carbide was first prepared electrochemically by Weiss 
(3) from an alkaline borate-fluoride melt containing W03 as the 
source of tungsten and NaaC03 or LiaC03 as the source of carbon. 
Small crystals, whose composition depended on the carbonate/oxide 
ratio, were produced. More recently Gomes and Wong (4) reported the 
electrodeposition of WC from a NaCl melt containing NaaW04 as the
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tungsten source and a graphite anode as the source of carbon. How­
ever, this method was not intended to produce a protective coating. 
Senderoff and Mellors (5) reported the deposition of dense, adherent 
tungsten metal coatings from FLINAK melts. However, their method is 
complicated by the requirement that the valence of tungsten be +4.5, 
which is achieved by the reaction of WF6(g) with metallic tungsten 
dispersed in the melt. The authors concluded that an irreversible 
step is required for the deposition, but did not otherwise elucidate 
the mechanism.

4 5+Because the preparation of W ’ is rather cumbersome, we in­
vestigated the possibility of plating tungsten using WO. as the 
solute; Gomes and Wong (4) had already shown the reduction occurred 
in NaCl. Senderoff and Mellors (2,5) had found that FLINAK was 
necessary to form adherent coatings, therefore we retailed FLINAK as 
the solvent. Because F is more electronegative than 0 and is 
present in large excess, the effective species for electrodeposition 
may be a tungsten fluoride complex; e.g.

WO? + nF = WF6" 4 n + 40'.2-

This procedure was successful and, combined with simultaneous 
carbonate reduction, has led to adherent tungsten carbide coatings.

Experimental

The procedure follows closely that employed for tantalum 
carbide deposition (1). Reagent Na2W04.2H20 was vacuum-dried at 
150° to remove water.

Quarter inch diameter tungsten rods were obtained from the 
Rembar Company.

Results

Current-voltage curves were determined for the addition of 
Na2W04 in FLINAK using the cell C/FLINAK + Na2W04/C. As described 
previously (1 ), the solvent was first pre-electrolyzed between 
carbon electrodes to remove impurities. As seen in Fig. 1, the 
current increases substantially, even at very low Na2W04 concen­
trations relative to the pure solvent, showing that the solute is 
electro-active. Fig. 2 shows current-concentration curves at 
various constant voltages for the data in Fig. 1. At low voltages 
the current is low and nearly independent of concentration. As the 
voltage increases, the concentration dependence of the current 
becomes more pronounced and rises linearly after an initial rapid 
rise. Corresponding curves for carbonate reduction in FLINAK were 
published previously (1). We have not made any attempts to eluci­
date the electrode reactions. Although the mechanism is unknown, 
hexavalent tungsten is reduced on the cathode to the metal. The
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anodic reaction is believed to be the oxidation of 0 to elementary 
oxygen.

When tungsten is to be plated, the inert carbon anode is re^. 
placed by a tungsten anode and the anodic process changes from 0 
oxidation to tungsten oxidation. Therefore, assuming the same 
electrode area, for a given voltage the current will be much 
larger. For example, at 1.5V the current increased by a factor of 
~5 when the carbon anode is replaced by tungsten. Electroplating 
experiments were carried out at 1.5V to maintain the current below 
2A, the limit of the coulometer.

Because tungsten coatings previously had not been obtained from 
tungstate-containing melts, a series of experiments was run in which 
tungsten was plated onto nickel coupons (5x0.8cm) from FLINAK melts 
containing various concentrations of Na2W04. The plated cathodes 
were cleaned ultrasonically to remove loose deposit and adherent 
frozen melt. The current efficiencies were determined by weighing 
the cleaned cathodes. Thus, they are less than electrochemical 
efficiencies, which apply to the total reduced material, but are 
more significant for a m a t e r o f  interest as j_coating. Current 
efficiencies were based on W + 6e = W and CO^ + 4e = C + 30 
(when carbide is being plated) as the only cathodic processes. 
Therefore, the weight of material theoretically plateable depends on 
the nature of the deposit. For example, for 0.01 equivalents of 
charge passed, the weights of W, WaC, and WC are 0.306, 0.207, and
0.186 grams, respectively.

Current efficiencies (C.E.) for plating adherent tungsten alone 
generally did not exceed 20%, but higher C.E. were achieved for some 
carbides. Table 1 summarizes the results of several experiments 
relating melt composition, stoichiometry of the deposit (identified 
by X-ray diffraction), and C.E. Although the results are somewhat 
contradictory, some tentative conclusions emerge: (a) Composition - 
The usual composition of the coating is W 2C. Whether WC is produced 
depends not only on the C/W ratio, higher values favoring WC, but 
also on the individual concentrations. For example, with 3wt% each 
of Na2W04 and K2C03, (C/W = 2.13) W2C is produced; but at 7% each, 
WC is formed; for C/W < 2, only W2C forms. These results contrast 
with those of Weiss (3), who used borate melts and found that W2C 
formed for 4 < C/W < 7 ,  WC formed for C/W between 12 and 14 and 
mixtures were obtained between 7 and 12. Evidently the reaction 
medium and/or other differences between the two processes also 
affect the composition of the deposit. Current efficiencies are 
generally in the range 30-50% for W 2C, but are less for WC. (b) 
Surface Features - Deposits were examined by scanning electron 
microscopy (SEM), both for the surface features and the cross- 
section. A typical example of the latter is shown in Fig. 3. In 
contrast to tantalum carbide, which shows a broad Ta-Ni interdif­
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fusion zone between tbe carbide coating and the nickel substrate* an 
interdiffusion zone between the tungsten carbide coating and the 
nickel substrate is not visible.

Although all the coatings examined exhibit the same gross cross- 
sectional features* this is not true of the surface features. 
Figures 4 to 9 show a series of W2C coatings at 2000X for various 
melt compositions between 2 and 7 wt% Na2W04 and K2C03. For the 
more dilute melts (Figs. 4 and 5) the crystals exhibit a substruc­
ture which is clearly evident at 5000X. For melts 6 and 7 wt% 
Na2W04 (Figs. 6,7,8) substructure is absent* although the carbonate 
concentration varies from 3 to 5% (1.06 < C/W < 1.52). However, a 
small increase in the carbonate concentration* from 5 to 7% (C/W = 
2.13), has a dramatic effect on both stoichiometry and structure 
(Fig. 9). The coating now is WC, and the coating consists of ball­
like structures; angular crystals are not evident. The relation of 
these surface features to the wear characteristics of the coatings 
remains to be explored.

Oxidation Tests

The oxidation resistance of the coatings was tested in still* 
ambient air. Coated specimens were contained in small* open alumina 
crucibles in a Mettler TGA apparatus* capable of measuring weight 
changes to + O.lmg. The temperature was raised in 50° steps to 
determine the temperature at which weight changes became notice­
able. A weight loss was taken to indicate the oxidation of carbon 
(without oxidation of tungsten)* whereas a weight gain indicated the 
oxidation of tungsten as the predominant reaction.

Several representative samples were tested to see if the oxi­
dation resistance is related to the melt composition and the 
deposition parameters. Six of the seven samples tested had been 
analyzed by X-ray diffraction to be W2C, one was WC. For all the 
W2C samples* weight changes began near 450°* and each gained weight 
rapidly above 600°. The final product was always an adherent 
coating of W03. Some variations in stability occurred within this 
temperature range* but we cannot unambiguously attribute these 
reactions to differences in the electrodeposition procedure.

References

1. K. H. Stern and S. T. Gadomski* J. Electrochem. Soc. 130, 300 
(1983).

2. S. Senderoff* G. W. Mellors* and W. J. Reinhart* J. Electrochem. 
Soc. 112, 840 (1965).

3. G. Weiss, Ann. Chim. [12] 1, 424 (1946).
4. J. M. Gomes and M. M. Wong, U. S. Bur. Mines Report. Invest.

7247 (1969).
5. S. Senderoff and G. W. Mellors, J. Electrochem. Soc. 114, 586

614





Fig. 3Cross-section of tungsten carbide coating on nickel substrate
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Fig. 4
Surface of W^C coating. 2wt% Na^WO^, 1% K^CO^

b 5000X
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Fig. 5
Surface of W2C coating. 5% Na2WO^, 3% K2C03
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Fig. 6 Surface of W C coating 
6% Na2W04, 3% K2CO3, 2000X

Fig. 7 Surface of W^C coating 
7% Na2W04, 5% K2C03, 2000X

Fig. 8 Surface of W2C coating 
7% Na2W04, 4% K2C03, 2000X
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Fig. 9
Surface of WC coating. 7% Na£WO^, 7% K^CO,

b 5 0 0 0 X
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CALCIUM NITRATE TETRAHYDRATE AS AN ELECTROLYTE FOR ANODE

DEPOLARIZATION BY COAL SLURRIES

K e ith  E. Johnson 

and

F. Wayne Y e r h o f f  

Departm ent o f  C hem istry  

U n iv e r s it y  o f  Reg ina 

R e g in a , Canada S4S 0A2

The e le c t ro c h e m ic a l p r o p e r t ie s  o f  c a lc iu m  n i t r a t e  t e t r a -  
h yd ra te  were s tu d ie d  f o r  use in  co a l e le c t r o g a s i f i c a t io n .
The anode r e a c t io n  was o x id a t io n  o f  w a te r to  oxygen a t  +1.1- 
- . 3 V on e i t h e r  g o ld  o r  p la t in u m . A 1-2% s lu r r y  o f  c o a l a t  
the  anode low ered  the  e le c t r o ly t e  d e com p os it io n  p o t e n t ia l  by 
a p p ro x im a te ly  0 .65V  and y ie ld e d  C02 as p ro d u c t . The m ajor 
e le c t r o ly t e  r e a c t io n  on g o ld  was r e d u c t io n  o f  n i t r a t e  to  
n i t r i t e ,  w ith  con com itan t fo rm a t io n  o f  a s o l i d  c a lc iu m  hydro- 
x i d e / n i t r i t e  e le c t r o d e  f i lm .  Sm all amounts o f  oxygen and 
more than  th e  t h e o r e t i c a l l y  p r e d ic t e d  q a u n t it y  o f  n i t r i t e  
were d e te c te d ,  su g g e s t in g  a seconda ry  chem ica l r e a c t io n  be­
tween o x id e  and n i t r a t e  to  g iv e  n i t r i t e  and p e ro x id e . The 
re d u c t io n  r e a c t io n  a t  p la t in u m  c le an e d  in  n i t r i c  a c id  gave 
50-75% o f  t h e o r e t ic a l  n i t r i t e ,  bu t no d e te c ta b le  hydrogen o r  
any o th e r  reduced  n it r o g e n  compounds. T h is  suggested  the  r e ­
d u c t io n  o f  a p la t in u m  o x id e /a d so rb e d  oxygen f i lm ,  b u t the  
charge consumed re p re se n te d  hundreds o f  "m ono layers" o f  o x id e . 
The u n id e n t i f ie d  re d u c t io n  a t  p la t in u m  gave in  c y c l i c  v o l t a ­
mmetry a c a th o d ic  c u r r e n t  peak a t  -1 .2 5 V in  both the  c a th o d ic  
scan  and th e  r e tu rn  a n o d ic  scan . The m ajor e l e c t r o l y s i s  p ro ­
d u c ts  were i d e n t i f i e d  by t h e i r  i r r e v e r s ib l e  v o ltam m e tr ic  peak 
p o t e n t ia ls :  OH" o x id a t io n  a t  + 1 .0 -.1V  (A u ), + 0 .8 -.9V  ( P t ) ;
N02  o x id a t io n  a t  + 0 .4 -.6V  (Au, P t ) ;  HN03 re d u c t io n  a t  ap p rox ­
im a te ly  0V (Au , P t ) .  The o x id a t io n  o f  HN03 a t  P t  was com plex , 
g iv in g  d i f f e r e n t  peak shapes depend ing  upon c o n c e n t ra t io n  and 
scan r a te ;  one form  e x h ib it e d  a c a th o d ic  peak on the  a n o d ic  
r e tu rn  scan .
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C ou g h lin  and Farooque (1) f i r s t  dem onstra ted  th a t  hydrogen from  the  
e l e c t r o l y s i s  o f  4M s u lp h u r ic  a c id  was produced  a t  a low e r v o lta g e  when 
co a l was suspended in  the  s t i r r e d  a n o ly te ,  and p roposed  th a t  th e  p ro ­
d u c t io n  o f  oxygen in  the  a n o d ic  h a l f - c e l l  r e a c t io n :

2H20 - 4e- — 4H+ + 02

had changed to  a d i r e c t  anode -coa l c o n ta c t  o x id a t io n :

2H20 + C - 4e‘  — ►  4H+ + C02

S u b seq u en tly , th e  e x a c t mechanism o f  r e a c t io n  and the  s p e c ie s  in v o lv e d  
( e s p e c ia l ly  i r o n )  have been the  s u b je c t  o f  some debate  (2 ). In an 
e f f o r t  to  bo th  im prove the  e f f i c i e n c y  and c l a r i f y  the  mechanisms o f  t h is  
coa l e le c t r o g a s i f i c a t io n  r e a c t io n  we te s te d  f o r  anode d e p o la r iz a t io n  in  
a number o f  d i f f e r e n t  s o lv e n t  system s. Hav ing found  th a t  an a n o ly te  
co a l s lu r r y  does reduce  the appearance p o t e n t ia l  f o r  e l e c t r o l y s i s  o f  a 
c o n ce n tra te d  a c id  (85% p h o sp h o r ic )  and an i o n i c  m o lten  s l a t  (NaHSOi+, 
250°C) by 0 .9  to  0 .9 5 V, we went nex t to  m o lten  c a lc iu m  n i t r a t e  t e t r a -  
h yd ra te .

M o lten  c a lc iu m  n i t r a t e  te t r a h y d ra te  and s im i la r  m o lten  h yd ra te s  a re  
o f  c o n s id e ra b le  in t e r e s t  as s o lv e n ts  w ith  p r o p e r t ie s  in te rm e d ia te  be­
tween tho se  o f  aqueous s o lu t io n s  and i o n i c  m e lts .  Conductance m easure­
ments (3 ) ,  a d d i t i v i t y  o f  m o la r volumes ( 4 ) ,  PMR s tu d ie s  ( 5 ) ,  e n t ro p ie s  
o f  s o lu t io n  ( 6 ) ,  d i f f u s io n  c o e f f i c i e n t s  ( 7 ,8 ,  bu t see 9 ) ,  a c c o u s t ic  
v e lo c i t y  measurements (10) and X -ray  d i f f r a c t i o n  measurements (11-) a l l  
in d ic a t e  th a t  the  w a te r m o le cu le s  in  c a lc iu m  n i t r a t e  te t r a h y d ra te  m e lts  
are  s t r o n g ly  c o o rd in a te d  to  the  c a lc iu m  io n .  The r e s u l t  i s  a l i q u id  
w ith  the  p r o p e r t ie s  o f  an i o n i c  m e lt composed o f  b u lk y  (Ca(H 2 0)Lf ) + 2  
c a t io n s  and n i t r a t e  a n io n s . The low  m e lt in g  p o in t  o f  t h is  compound 
(4 2 .7 °C ) , to g e th e r  w ith  a m e ta s ta b le  su p e rc o o le d  phase e x te n d in g  to  
room te m p e ra tu re , thu s  a llo w s  the  d i r e c t  com parison  o f  an " io n ic "  s o l ­
ven t w ith  d i lu t e  aqueous s o lu t io n s .

C a lc ium  n i t r a t e  te t r a h y d ra te  has been used as a s u p p o r t in g  e le c t r o ­
ly t e  in  the  e le c t ro c h e m ic a l in v e s t ig a t io n  o f  a number o f  c a t io n s  (7 -9 ,
12-17). Courgnaud and T r e m i l l io n  (18) have in v e s t ig a t e d  the  e le c t r o ­
ch em is try  o f  th e  m o lten  h yd ra te  i t s e l f  a t  g o ld  and p la t in u m  e le c t ro d e s  
u s in g  both  b u lk  e l e c t r o l y s i s  fo l lo w e d  by chem ica l a n a ly s is  and s in g le  
sweep vo ltam m etry . The anode r e a c t io n  was found to  g iv e  oxygen and 
p ro to n s ,  as expe c ted  f o r  w a te r e l e c t r o l y s i s ,  bu t a t  a p o t e n t ia l  a lm ost
0 .7V  more n e g a t iv e  f o r  Au than f o r  P t .  The a u th o rs  c o n c lu d e d , 'o n  the 
b a s is  o f  t h e i r  f in d in g  no d e te c ta b le  c o n c e n t ra t io n  o f  n i t r i t e  io n  
a f t e r  e l e c t r o l y s i s  w ith  a p la t in u m  ca th o d e , t h a t  the  e l e c t r o l y l i c  r e ­
d u c t io n  o f  t h i s  m e lt a ls o  in v o lv e d  o n ly  w a te r . L ik e  the  anode r e a c t io n ,  
re d u c t io n  appeared  to  o c cu r  a t  a more n e g a t iv e  p o t e n t ia l  (0 .3V) a t  g o ld  
than a t  p la t in u m . These s o lv e n t  e l e c t r o l y s i s  p r o p e r t ie s  appeared  use­
fu l  f o r  a co a l e le c t r o g a s i f i c a t io n  s tu d y , s in c e  o n ly  w a te r was
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e le c t r o ly z e d  and some c o n t r o l o v e r i n i t i a l  d e co m p o s it io n  p o t e n t ia ls  
appeared  to  be a v a i la b le  s im p ly  by chang ing  e le c t r o d e  m a te r ia ls .  Our 
p r e l im in a r y  r e s u l t s ,  how ever, d id  n o t c o rre sp o n d  to  th o se  r e p o r te d ,  and 
we t h e r e fo r e  reexam ined  in  d e t a i l  th e  e le c t ro c h e m ic a l p r o p e r t ie s  o f  
c a lc iu m  n i t r a t e  te t r a h y d ra te .

R e s u lts

A w e l l  s t i r r e d  1-2% a n o ly te  s lu r r y  o f  l i g n i t e ,  l i g n i t e  ch a r o r  
g ra p h ite  was found to  reduce th e  appearance p o t e n t ia l  f o r  c a lc iu m  
n i t r a t e  t e t r a h y d ra te  e l e c t r o l y s i s  by a p p ro x im a lte y  0 .65V . C u rre n t/  
v o lta g e  p r o f i l e s  were run a t  s tepped  anode /ca thode  v o lta g e  d i f f e r e n c e s  
by m easuring  c u r r e n t  and anode p o t e n t ia l  v a lu e s  a f t e r  th re e  m inu tes a t  
c o n s ta n t  v o lta g e .  F ig u re  1 shows c u r r e n t / v o lt a g e  p r o f i l e s  ob se rved  f o r  
ch a r and l i g n i t e  s lu r r ie s  a t  115-20°C u s in g  a 66 .4  cm2 P t  anode and Au 
ca thode ; g ra p h it e  was s im i la r  to  l i g n i t e ,  bu t w ith  lo w e r l im i t in g  
c u r r e n ts .  L im it in g  c u r re n ts  were found in  th e  range 0 .03  to  0.3mA/cm2  
f o r  ch a r and 0 .02  to  0.25mA/cm2 f o r  l i g n i t e .  Both the  low  l im i t in g  
c u r re n ts  obse rved  and th e  h ig h e r  l im i t  f o r  ch a r  were t y p ic a l  f o r  th e se  
system s.

C h rom atog raph ic  a n a ly s is  o f  th e  gaseous p ro d u c ts  o f  ch a r o r  l i g n i t e  
e l e c t r o g a s i f i c a t io n  in  c a lc iu m  n i t r a t e  t e t r a h y d r a te ,  a f t e r  c o r r e c t io n  
f o r  chem ica l o x id a t io n  by the  e l e c t r o l y t e ,  re v e a le d  no d e te c ta b le  
hydrogen bu t 150% (ch a r)  to  250% ( l ig n i t e )  o f  th e  t h e o r e t ic a l  amount 
o f  carbon  d io x id e  p r e d ic t e d  f o r  d i r e c t  e le c t r o o x id a t io n .  No oxygen 
was d e te c te d ,  a lth o u g h  n it r o u s  and n i t r i c  o x id e s  were ob se rved . The 
carbon  d io x id e  co u ld  have been the  r e s u l t  o f  s e v e ra l p ro ce sse s  b e s id e s  
d i r e c t  e le c t r o o x id a t io n .  N i t r i c  a c id  form ed a t  the  anode d u r in g  
e le c t ro c h e m ic a l o x id a t io n  c o u ld  a c t  as a p ow e rfu l chem ica l o x id a n t  as 
was dem onstra ted  by e l e c t r o l y s i s  o f  pure c a lc iu m  n i t r a t e  te t r a h y d ra te  
in  an ap p a ra tu s  s e a le d  by ru b b e r s to p p e r s ,  w h ich  y ie ld e d  30-70% o f  
t h e o r e t ic a l  C02 . Chem ical o x id a t io n  o f  p a r t i a l l y  e le c t r o o x id iz e d  co a l 
by the  s o lv e n t  c o u ld  a ls o  r e s u l t  in  excess  C02 . In the  case o f  l i g n i t e ,  
e le c t r o o x id a t io n  o f  p a r t i a l l y  o x id is e d  m a te r ia l c o u ld  a ls o  r e s u l t  in  
C02 le v e ls  h ig h e r  than p re d ic t e d .

The p ro d u c ts  o f  o x id a t io n  o f  pure c a lc iu m  n i t r a t e  te t r a h y d ra te  
(90-95°C , +1.3V vs. Ag/Ag+ r e f . )  a t  a p la t in u m  anode were oxygen and
n i t r i c  a c id ,  as re p o r te d  (18). The n i t r i c  a c id  c o n c e n t ra t io n  in  the
gases above the  e le c t r o ly t e  was s u b s t a n t ia l ,  and r e s u lt e d  in  chem ica l 
a t ta c k  on the  gas sam p ling  bag used in  the  a p p a ra tu s , as w e l l  as any
ru b b e r o r  tygon  s e a ls  o r  co n n e c to rs  used. The measured q u a n t it y  o f
oxygen produced  in  such cases was somewhat v a r ia b le .  In a g la s s  
appa ra tu s  p lu s  sam p ling  bag w ith  r e l a t i v e l y  s h o r t  c o n ta c t  tim es o r  in  
runs where the  t h e o r e t ic a l  amount o f  Ca(OH ) 2 had been added to  n e u t r a l­
iz e  HN03 , oxygen p ro d u c t io n  was 100±5% o f  t h e o r e t ic a l .
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The m ajor p ro d u c t o f  r e d u c t io n  a t  a g o ld  ca thode  (90-95°C , - 1 .2  to  
1.3V) was n i t r i t e ,  as d e te c te d  by bo th  sp e c tro p h o to m e try  ( M a r s h a l l 's  
Reagent) and C e ( IV ) / F e ( I I )  redox  t i t r a t i o n  (methods ag reed  w it h in  1%). 
F ig u re  2 shows the  t o t a l  amount o f  N02 as a p e rcen tag e  o f  th e  t h e o r e t ­
i c a l  y i e l d  r e la t i v e  to  the  t o t a l  number o f  coulom bs passed . The amount 
o f  n i t r i t e  d e te c te d  in  excess  o f  1 0 0 % (8 % a t  6 8  cou lom bs) was w e l l  
above the  t o t a l  e s t im a te d  e r r o r .  A w h ite  f i lm  was a ls o  p roduced  on the  
ca thode: i t  was r e l a t i v e l y  in s o lu b le  in  w a te r b u t e a s i l y  d is s o lv e d  in  
n i t r i c  a c id .  No s ig n i f i c a n t  gas b ubb le  fo rm a t io n  was observed  on the 
e le c t r o d e  d u r in g  e l e c t r o l y s i s ;  in d e e d , the  o n ly  s ig n i f i c a n t  gaseous 
ca thode p ro d u c t was a sm a ll amount o f  oxygen , obse rved  a f t e r  e x te n s iv e  
e l e c t r o l y s i s  (100-350 cou lom b s), am ounting to  5-10% o f  the  t h e o r e t ic a l  
n i t r i t e  v a lu e . A f t e r  th e  most e x te n s iv e  e l e c t r o l y s i s ,  t r a c e s  o f  
hydrogen and n it r o u s  o x id e  were a ls o  d e te c te d  by GC.

The m ajor p ro d u c t o f  re d u c t io n  o f  c a lc iu m  n i t r a t e  te t r a h y d ra te  a t  a 
p la t in u m  ca thode  (90-95°C , V -1 .2  to  1.3V) was a g a in  n i t r i t e  io n ,  
a lth ou g h  in  c o n s id e ra b ly  lo w e r y i e ld .  F ig u re  2 shows n i t r i t e  p roduced  
a t  a P t  e le c t r o d e ,  c le a n e d  in  c o n ce n t ra te d  n i t r i c  a c id  b e fo re  each ru n , 
as a fu n c t io n  o f  t o t a l  coulom bs passed . E le c t r o d e s  no t c le an e d  in  a 
s y s te m a t ic  manner b e fo re  use gave le s s  r e g u la r  n it r it e / c o u lo m b  r e ­
la t io n s h ip s .  A w h it e ,  w a te r in s o lu b le  f i lm  was ag a in  form ed on the  
e le c t r o d e .  Gas b ubb le  fo rm a t io n  on th e  e le c t r o d e  was sometimes 
observed  to  a s l i g h t  e x te n t .  No m easurab le  q u a n t i t ie s  o f  gaseous p ro ­
d u c ts  c o u ld  be d e te c te d ,  a lth o u g h  t r a c e s  o f  oxygen and n it r o u s  o x id e  
were sugges ted  by GC a n a ly s is .  E l e c t r o ly s i s  under a propane atm osphere 
showed no s ig n i f i c a n t  p ro d u c t io n  o f  n it r o g e n .  The p o s s i b i l i t y  o f  
f u r t h e r  r e d u c t io n  o f  n i t r i t e  io n  a t  th e  e le c t r o d e  was c o n s id e re d . No 
s ig n i f i c a n t  q u a n t i t ie s  o f  th e  gaseous re d u c t io n  p ro d u c ts  NO, N2 0 , o r  N2  
were d e te c te d  by GC, n o r was any t r a c e  o f  th e  c h a r a c t e r is t i c  c o lo u r  o f  
N02  o r  th e  c h a r a c t e r is t i c  sm e ll o f  NH3 ob se rved  a t  any t im e . In  two 
cases  th e  c a th o ly te  was an a ly ze d  both  by C e ( IV ) / F e ( I I )  redox t i t r a t i o n  
and s p e c t r o p h o to m e t r ic a l ly  f o r  n i t r i t e .  The re d u c in g  c a p a c it y  o f  th e  
c a th o ly te  was found to  be e q u iv a le n t  to  the  q u a n t it y  o f  n i t r i t e  p re ­
s e n t ,  in d ic a t in g  th a t  no o th e r  s o lu b le  o x id iz a b le  p ro d u c ts  o f  NO5  
re d u c t io n  had been form ed.

In an a ttem p t to  c l a r i f y  th e  above r e s u l t s ,  c a lc iu m  n i t r a t e  t e t r a ­
h yd ra te  was exam ined by means o f  l i n e a r  sweep and c y c l i c  vo ltam m etry . 
F ig u re  3 shows f u l l  range (+2.0 to  -2 .5 V ) and p a r t ia l  range (+1.4 to  
-1 .2 V ) c y c l i c  volatammograms o b ta in e d  f o r  t h i s  e le c t r o ly t e  u s in g  both  
g o ld  (0 .062  mm2 ) and p la t in u m  (0 .018  mm2 ) e le c t r o d e s .  A l l  p o t e n t ia ls  
were r e la t i v e  to  a A g /(0 .0 5  m o la l Ag+ in  c a lc iu m  n i t r a t e  te t r a h y d ra te )  
re fe re n c e  e le c t r o d e .  The e l e c t r o ly t e  o x id a t io n  p o t e n t ia ls  were found 
to  be s im i la r  (+1.1 to  1 .3V) f o r  bo th  Au and P t ,  in  c o n t r a s t  to  the  
p r e v io u s ly  re p o r te d  (18) d i f f e r e n c e  o f  0 .7V . The m ajor c a th o d ic  p ro ­
ce ss  was a t t r ib u t e d ,  from  the  chem ica l e v id e n ce , to  re d u c t io n  o f  
n i t r a t e  to  n i t r i t e  w ith  concom m itant fo rm a t io n  o f  an in s u la t in g  f i lm
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on the  e le c t r o d e .  The a p p a ren t peak A in  F ig u re  3 w h ich  o c cu rre d  con­
s i s t e n t l y  a t  -1 .5 V  w ith  bo th  Au and P t  e le c t r o d e s  a t  50mV/s, was an 
a r t i f a c t  o f  f i lm  fo rm a t io n . I f  the  re v e rs e  sweep p o t e n t ia l  was no t 
taken  above +0.7 to  0 .8 V , a l l  c u r r e n t  f lo w  ceased . I n c re a s in g  the  
sweep ra te  r e s u lt e d  in  la r g e  c a th o d ic  s h i f t s  in  the  "peak" p o s it io n  
as w e l l  as la rg e  in c re a s e s  in  th e  maximum c u r r e n t ,  w ith  the  maximum 
s h i f t e d  to  th e  -2 .5 V  l im i t  a t  ra te s  g re a te r  than  lV / s .

The e le c t r o d e  f i lm  p roduced  d u r in g  r e d u c t io n  o f  n i t r a t e  was removed 
by the  o x id a t iv e  p ro ce ss  g iv in g  r i s e  to  a n o d ic  peak JB o f  F ig u re  3 in  
the  a rea  o f  +0.8 to  1 .3V . T h is  peak was n o t observed  where the  
c a th o d ic  sweep d id  n o t go beyond -1 .0 V . W ith  in c r e a s in g  sweep ra te  
the  peak maximum s h i f t e d  to  more a n o d ic  v a lu e s  and peak c u r r e n t  i n ­
c re a se d . T h is  p o s it io n  was found  to  co rre sp ond  to  the  o x id a t io n  
p o t e n t ia l  o f  c a lc iu m  h y d ro x id e  s o lu t io n  in  c a lc iu m  n i t r a t e  te t ra h y d ra te ,  
w h ich  was exam ined in  d e t a i l .  C y c l i c  vo ltam m etry  o f  t h i s  s o lu t io n  be­
tween +0.5 and +1.3V showed a s in g le  broad  a n o d ic  peak w ith  no t r a c e  o f  
a c o rre sp o n d in g  c a th o d ic  peak on the  r e tu rn  sweep. Maximum peak 
c u r re n ts  decreased  r a p id ly  on subsequen t c y c le s .  Peak v o lta g e s  were 
s im i la r  f o r  Au and P t  e le c t r o d e s  (T a b le  1 ). The s in g le  sweep peak 
c u r r e n t  v a r ie d  l i n e a r ly  w ith  c o n c e n t ra t io n  f o r  both  e le c t r o d e s  up to  
a p p ro x im a te ly  0 .02  m o la l , bu t f e l l  o f f  s h a rp ly  a t  0 .025  m o la l;  both  
gave l in e s  w ith  s im i la r  s lo p e s ,  w ith  a z e ro  in t e r c e p t  f o r  Au and a 
sm a ll p o s it iv e  c u r r e n t  in t e r c e p t  f o r  P t .  A l i n e a r  r e la t io n s h ip  between 
peak c u r r e n t  and th e  squa re  r o o t  o f  scan  ra te  was found  f o r  scan  ra te s  
from  10 to  300 mV/s f o r  bo th  m e ta ls ,  w ith  a s im i la r  s lo p e  and sm a ll 
n e g a t iv e  c u r r e n t  in t e r c e p t  f o r  each .

T a b le  1

PEAK POTENTIAL VALUES OF ELECTROACTIVE SOLUTES 

Ca(N03 ) 2 -4H2 0 , 70°C

I V a r ia b le  C o n c e n t ra t io n ,  50 mV/sec

0 .005 m o la l 0.025 m o la l
s o lu te Au P t Au P t

Ca(OH) 2 +1.03 +0.84 +0.99 +0 . 8 8

NaN02 +0.42 +0.55 +0.44 +0.47

h n o 3 +0.17 +0.03 +0.31 +0.28*
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II Variable Scan Rate, 0.010 molal
25 mV/sec 300 mV/sec

s o lu te Au P t Au P t

Ca(0H ) 2 +1 , 0 1 +0.83 +1.08 +0 . 8 6

NaN02 +0.44 +0.45 +0.45 +0.55

h n o 3 +0.23 +0.23* -0 .3 +0.05

* le a d in g  peak

Voltam m etry c y c le s  between +1.3 and -1 ,3 V  gave r i s e  to  an a d d i t io n ­
a l a n o d ic  peak a t  a p p ro x im a te ly  +0.5V on a g o ld  e le c t r o d e  (peak JD,
F ig u re  3 ). T h is  was i d e n t i f i e d  as th e  o x id a t io n  peak o f  n i t r i t e  io n  by 
s tu d ie s  o f  d i lu t e  s o lu t io n s  o f  sodium  n i t r i t e  in  c a lc iu m  n i t r a t e  t e t r a -  
h y d ra te . C y c l i c  voltammograms o f  such s o lu t io n s  showed a b road  peak 
n ea r +0.5V (T a b le  1) w ith  bo th  Au and P t  e le c t r o d e s ;  peak c u r r e n ts  de­
c re a se d  r a p id ly  on subsequen t c y c le s .  Both m e ta ls  a ls o  gave a sm a ll 
s h o u ld e r  abou t 0 .2V  le s s  a n o d ic ,  w h ich  d isa p p e a re d  on subsequen t c y c le s .  
The g o ld  e le c t r o d e  gave a sm a ll a d d i t io n a l  a n od ic  peak nea r +0.75V. 
S in g le  sweep vo ltam m etry  a n o d ic  peak c u r re n ts  were shown to  va ry  
l i n e a r l y  w ith  c o n c e n t ra t io n  f o r  both  m e ta ls  ( s im i la r  s lo p e s ,  in t e r c e p t s  
n e a r 0 ) up to  abou t 0.015 m o la l NaN02 ; the  s lo p e  cu rved  down s h a rp ly  
f o r  Au and more g ra d u a l ly  f o r  P t  above t h i s  c o n c e n t ra t io n .  The peak 
cu rre n t/ (sw e e p  r a t e ) '!  r e la t io n s h ip  was l in e a r  from  10 to  300 mV/s, w ith  
a sm a ll p o s i t iv e  in t e r c e p t  and a s lo p e  s l i g h t l y  g re a te r  f o r  Au than P t .  
T h is  r e la t io n s h ip  was a ls o  ro u g h ly  l in e a r  f o r  th e  sm a ll +0.75V peak on 
g o ld .

C y c l ic  vo ltam m etry  o f  NaN02  s o lu t io n s  w ith  e i t h e r  Au o r  P t  gave, 
on th e  c a th o d ic  sweep, a b road  c a th o d ic  peak a t  +0.1 to  0 .3 V , a ls o  seen 
in  th e  voltammograms o f  pure c a lc iu m  n i t r a t e  t e t r a h y d ra te  (peak C,
F ig u re  3 ) ,  and i d e n t i f i e d  as c h a r a c t e r is t i c  o f  n i t r i c  a c id  (b e low ). An 
a d d i t io n a l  sharp  c a th o d ic  peak was a ls o  seen w ith  a g o ld  e le c t r o d e  in  
bo th  system s (peak Z , F ig u re  3 ) ,  and was in v e s t ig a te d  f u r t h e r .  C y c l ic  
sweeps in  0.01 m o la l NaN02 a t  100 mV/s were run from  - 0 .2 V to  p o s i t iv e  
p o t e n t ia ls  b e g in n in g  a t  +0.6V and in crem en ted  by +0.1V. The sharp  
c a th o d ic  peak was j u s t  d e te c ta b le  (a t  +0.66V) on the  r e tu rn  from  a 
sweep to  +0.8V. The peak grew and s h i f t e d  to  +0.56V o v e r the  nex t 3 
c y c le s  ( to  + 1 .1V ), a f t e r  w h ich  i t  s ta y ed  ap p ro x im a te ly  c o n s ta n t .  A 
s im i la r  expe rim en t run w ith  pure  c a lc iu m  n i t r a t e  te t r a h y d ra te ,  how ever, 
showed no t r a c e  o f  t h i s  peak u n t i l  a n o d ic  sweeps to  +1.3 to  1 .4V were 
ru n , i . e .  u n t i l  some n i t r i c  a c id  had been genera ted  by s o lv e n t  e le c t r o ­
l y s i s .  In a d d i t io n ,  c y c le s  run as f a r  as +1.3V in  c ir cu m s ta n ce s  where 
an o x id iz a b le  s p e c ie s  (N02 , 0H% f i lm )  was p re s e n t bu t n i t r i c  a c id
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c o u ld  n o t p e r s is t  (eg. s a t ,  Ca(OH) 2 ) d id  n o t p roduce a +0.56V peak on 
th e  c a th o d ic  r e tu r n ,  bu t r a th e r  le d  to  a new c a th o d ic  peak a t  -0 .2 V . 
T h is  in d ic a t e d  th a t  the  fo rm a t io n  o f  th e  e le c t r o a c t iv e  s p e c ie s  re sp on ­
s ib l e  f o r  th e  + 0 ,56V peak re q u ir e d  bo th  a p o t e n t ia l  g re a te r  than +0.7V 
and the  p re sen ce  o f  n i t r i c  a c id .

The e le c t r o c h e m is t r y  o f  n i t r i c  a c id  in  c a lc iu m  n i t r a t e  te t r a h y d ra te  
proved  to  be v e ry  com p!ax, g iv in g  c o n s id e ra b ly  d i f f e r e n t  voltammograms 
w ith  g o ld  and p la t in u m  m ic ro e le c t ro d e s .  W ith  g o ld ,  a sweep from  +1.0 
to  -0 .5 V  gave two c a th o d ic  peaks ( F ig u re  4 , T a b le  1 ): a la r g e ,  b road  
peak a t  about +0.2V and a sha rp  peak, c o rre sp o n d in g  to  peak Z above, 
a t  about +0.6V. The fo rm er peak c u r r e n t  v a r ie d  l i n e a r ly  w ith  added 
HN03 c o n c e n t ra t io n s  up to  0.025 m o la l a t  a sweep ra te  o f  50mV/s 
( F ig u re  5 ) . The sharp  peak showed an a p p ro x im a te ly  c o n s ta n t  c u r r e n t  a t  
a l l  HN03 c o n c e n t ra t io n s .  The peak cu rre n t/ (sw e e p  ra te )^  r e la t io n s h ip  
f o r  th e  b road  peak due to  0 .010  m o la l HN03 was composed o f  two l in e a r  
p o r t io n s  w ith  a d i s t i n c t  b reak  between 100 and 150mV/s, a ls o  o b se rv ­
a b le  in  th e  peak p o t e n t ia l  v a lu e s  ( F ig u re  6 ) . The a n o d ic  sweep o f  the  
c y c le  showed a b road  peak a t  abou t +0.5V (F ig u re  4 ) ,  th e  p o s it io n  o f  
n i t r i t e  r e d u c t io n .  An a n o d ic  s h o u ld e r  and a m ino r peak a t  0 .8 V , ob­
se rved  in  th e  case o f  N0J were a ls o  seen h e re . The drop  in  c a th o d ic  
peak c u r r e n t  on re p ea ted  c y c l in g  was r e l a t i v e l y  sm a ll f o r  the  broad  
HN03 r e d u c t io n  peak, w h ile  the  re tu rn  N0J o x id a t io n  peak in c re a s e d  in  
s iz e .  A r e l a t i v e l y  s t a b le  r e d u c t io n / o x id a t io n  c y c le  c o u ld  be a ch ieved  
by c y c l in g  between +1.0 and 0 .0V .

The shape o f  th e  y o lta ra m e tr ic  cu rye s  due to  n i t r i c  a c id  on a 
p la t in u m  e le c t r o d e  was dependent upon bo th  the  n i t r i c  a c id  c o n c e n t ra ­
t io n  and the  sweep ra te .  A t low  c o n c e n t ra t io n s  o r  h igh  sweep ra te s  
th e  c a th o d ic  sweep gave a s in g le  peak nea r 0 ,0V  (T ab le  1 ) ,  o f  a s im p le  
sym m etrica l shape w ith  a t r a i l i n g  d i f f u s io n  c u r r e n t  much s m a lle r  than 
th a t  from  a g o ld  e le c t r o d e .  The re tu rn  a n o d ic  sweep gave a b road  peak 
a t  +0.6V, c h a r a c t e r is t i c  o f  n i t r i t e  o x id a t io n .  A t low  sweep ra te s  o r  
h ig h  c o n c e n t ra t io n s  the  voltammograms had the  form  shown in  F ig u re  4.
On the  c a th o d ic  sweep, a r e l a t i v e l y  sha rp  peak appeared to  be s u p e r­
im posed  upon the  le a d in g  edge o f  a broadened peak o r  "p la te a u "  re g io n  
around 0V w h ich  te rm in a ted  o v e r a range o f  150mV in  the  a rea  o f  - 0 .2 V, 
The a n o d ic  r e tu rn  sweep, s t a r t in g  from  0 c u r r e n t ,  p roduced  a s tro n g  
c a th o d ic  c u r r e n t ,  ag a in  w ith  the  form  o f  a sha rp  peak superim posed  on 
the  le a d in g  edge o f  a broad  peak around + 0 ,2V, T h is  was fo llo w e d  by 
a t y p ic a l  a n o d ic  n i t r i t e  peak a t  +0.6V. The r e la t io n s h ip  observed  
between c a th o d ic  peak c u r re n ts  and HN03 c o n c e n t ra t io n  a t  a 50mV/s 
sweep ra te  i s  shown in  F ig u re  5. The t r a n s i t io n  between s im p le  peaks 
and the  type  shown in  F ig u re  4 o c cu r re d  between 0 .005 and 0 .010  m o la l.  
F ig u r f  6  shows the  dependance o f  c a th o d ic  peak c u r r e n ts  on (sweep 
ra te )^  f o r 0 .0 1 0 m o la l HN03. Voltammograms o f  the  type  shown in  
F ig u re  4 o c cu rre d  a t  sweep ra te s  o f  50mV/s o r  l e s s ,  s im p le  voltammo­
grams were obse rved  a t  200mV/s o r  g r e a te r ,  and t r a n s i t io n a l  shapes were
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obse rved  a t  in te rm e d ia te  sweep r a te s .  T h is  t r a n s i t io n  was a fu n c t io n  
o f  bo th  sweep ra te  and c o n c e n t ra t io n :  th e  t r a n s i t io n a l  a rea  f o r  0 .019 
m o la l HN03 was between 100 and 300mV/s, w h ile  f o r  0.1 m o la l a c id  i t  
had j u s t  s t a r t e d  a t  IV / s .  A f u r t h e r  c o m p lic a t io n  was obse rved  in  a 
50mV/s c y c l i c  sweep o f  0.01 m o la l n i t r i c  a c id  between +1 and -0 .8 V . In 
t h i s  case  a sm a ll new c a th o d ic  peak appeared  on th e  c a th o d ic  sweep 
( - 0 .7 V ) ,  and an a d d i t io n a l  a n o d ic  peak appeared  on the  a n o d ic  sweep 
( -0 .6 V ) . The appearance  o f  th e se  peaks was accom panied by d e t e r io r a ­
t io n  in  th e  +0 . 2 V c a th o d ic  peak ( in  th e  a n o d ic  sw eep), w h ich  co m p le te ly  
d isa p p e a re d  i f  th e  c a th o d ic  sweep was taken  beyond - 1 . IV .  A s im i la r  
s e t  o f  sm a ll peaks a t  a s l i g h t l y  more a n o d ic  p o t e n t ia l  was a ls o  
d e te c ta b le  in  the  pure  s o lv e n t  voltammograms (peaks R and F ig u re  3 ).

A s id e  from  n i t r i c  a c id  r e d u c t io n ,  th e  most marked d i f f e r e n c e  be­
tween c a lc iu m  n i t r a t e  t e t r a h y d ra te  voltammograms u s in g  Au and P t  m ic ro ­
e le c t r o d e s  was th e  appearance o f  a la rg e  c a th o d ic  peak a t  -1 .2 5 V 
(peak Y_» F ig u re  3) o n ly  w ith  p la t in u m . The peak, w h ich  p a r t ly  o v e r­
lapped  the  n i t r a t e  re d u c t io n  "p e a k " , was presumed to  re p re s e n t  the  
p ro ce ss  w h ich  d id  n o t le a d  to  n i t r i t e  p ro d u c t io n  d u r in g  c o u lo m e t r ic  
a n a ly s is  u s in g  a P t  ca thode  a t  -1 .2 V  to  -1 .3 V . C y c l i c  voltammograms 
were run from  v a r io u s  p o s i t iv e  p o t e n t ia ls  to  -1 .3 5V . Those run from  
+0.7V o r  le s s  d e t e r io r a t e d  r a p id ly  to  0 c u r r e n t  f lo w .  However, c y c le s  
from  +1.25V to  -1 .3 5V  gave a s t a b le  system  w h ich  showed the  -1 .25V  
peak on th e  c a th o d ic  sweep. On the  a n o d ic  sweep, a c a th o d ic  c u r r e n t  
peak appeared a t  a p p ro x im a te ly  the  same p o t e n t ia l  ( F ig u re  7 ) . The 
o n ly  o th e r  c u r r e n t  obse rved  was an a n o d ic  peak a t  +1.0V, as expec ted  
f o r  h yd ro x id e  f i lm  rem ova l. T a b le  2 shows th e  r e s u l t s  o b ta in e d  from  
c y c l i c  vo ltam m etry  a t  v a r io u s  sweep r a te s ;  as r a te  in c re a s e s  the  
c a th o d ic  peak c u r r e n t  s ta y s  a lm ost c o n s ta n t  w h ile  the  a n o d ic  sweep 
c a th o d ic  c u r r e n t  in c re a s e s  u n t i l  i t  i s  th e  g re a te r  o f  th e  tw o , then 
le v e ls  o f f .  Peak p o t e n t ia ls  a re  a lm ost c o n s ta n t  th ro u g h o u t. In  o rd e r  
to  de te rm ine  w h ich  r e a c t io n  was r e s p o n s ib le  f o r  f i lm  fo rm a t io n ,  500mV/s 
c y c l i c  voltammograms were run from  0 .0V  to  n e g a t iv e  p o t e n t ia ls  s t a r t in g  
a t  -1 .20V  and in c rem en ted  by -0 .0 5V . Runs to  -1 .2 0  and -1 .2 5 V showed 
no s ig n i f i c a n t  change in  the  maximum (edge) c u r r e n t  a f t e r  1 0  c y c le s .  
Runs to  - 1 .3 0 , - 1 .3 5 ,  and -1 .40V  showed a d rop  in  maximum c u r r e n t  o f  
10, 20 and 40% r e s p e c t iv e ly  a f t e r  10 c y c le s .  Thu s, f i lm  fo rm a t io n  
appeared much more c lo s e ly  r e la t e d  to  the  n i t r a t e  re d u c t io n  "peak" 
than to  peak Y_-

The e f f e c t  o f  added w a te r on the  vo ltam m etry  o f  c a lc iu m  n i t r a t e  
te t r a h y d ra te  was s tu d ie d .  F u l l  +2.0 to  -2 .5 V  c y c le s  a t  50mV/s w ith  
a g o ld  e le c t r o d e  and added w a te r ( 1  to  1 0  m o la l)  showed no a d d it io n a l  
peaks. The n i t r a t e  re d u c t io n  "peak" h e ig h t  in c re a s e d  w ith  w a te r con ­
c e n t r a t io n ,  as d id  the  f i lm / h y d ro x id e  o x id a t io n  c u r r e n t  peak. A 
g en e ra l in c re a s e  in  c u r r e n t  f lo w  beyond -1 .5 V  was a ls o  ob se rved . The 
p la t in u m  e le c t r o d e  behaved s im i la r ly ,  bu t the  un ique  peak Y_ appeared 
to  d ec rea se  s l i g h l y  in  s iz e  and s h i f t  to  a s l i g h t l y  more a n o d ic  v a lu e .
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Table 2

Peak C u r re n t  and P o t e n t ia l  Va lues, Ca(N03)2 *4H20 , 70°C, P t  E le c t r o d e  

+1.25 to  -1 .3 5 V , V a r ia b le  Scan Rate

Scan Rate 
(mV/sec)

Cath .
Vp(V)

Scan
I* Vp(V)

A n o d ic  Sc 
I*

an
Vp(V) I*

50 -1 .21 -0 .9 4 -1 .1 7 -0 .31 +0.9 0 .19

100 -1 .2 2 -1 .2 5 -1 .2 0 -0 .8 6 +1.0 0.31

250 -1 .2 2 -1.31 -1 .31 -1 .4 2 +1.0 0 .47

500 -1 .2 2 -1 .31 -1 .2 0 -1 .5 3 +1.0 0 .58

1000 -1 .21 -1.31 -1 .2 0 -1 .5 3 +1.0 0 .69

* mA/mm2

Exam in a tion  o f  th e  peak shapes suggested  th a t  th e  a p p a ren t lo s s  o f  peak 
h e ig h t  was due to  a d e c re a s in g  c o n t r ib u t io n  from  the  edge o f  th e  
n i t r a t e  r e d u c t io n  c u r r e n t  r a t h e r  than an a c tu a l d e c rea se  in  c a th o d ic  
peak c u r r e n t .  W ith  bo th  e le c t r o d e s ,  th e  c u r r e n t  f lo w  d id  n o t e n t i r e ly  
cease on the  i n i t i a l  p a r t  o f  th e  re tu rn  a n o d ic  sweep a t  h igh  w a te r con­
c e n t r a t io n s .  T h is  sugges ted  t h a t  th e  in c re a s e d  peak h e ig h ts  were due 
to  b e t t e r  d is s o lu t io n  o f  e le c t r o d e  f i lm  w ith  in c r e a s in g  w a te r concen ­
t r a t io n .  Peak c u r r e n t  v a lu e s  o b ta in e d  from  50mV/s c y c l i c  vo ltam m etry  
between +1.4V and -1 .4 V  a re  shown in  T a b le  3 as a fu n c t io n  o f  added 
w a te r c o n c e n t ra t io n .  The c a th o d ic  peak p o t e n t ia l  becomes s l i g h t l y  
more p o s i t iv e  w ith  in c r e a s in g  w a te r c o n te n t ,  w h i le  the  a n o d ic  sweep 
c a th o d ic  c u r r e n t  in c re a s e s .  These peak c u r r e n t  changes may ag a in  be 
r e la t e d  to  e le c t r o d e  f i lm  d i s s o lu t io n  by w a te r .

A ttem pts to  d e te c t  a number o f  o th e r  s p e c ie s  in  c a lc iu m  n i t r a t e  
te t r a h y d ra te  s o lu t io n  by vo ltam m etry  were n o t s u c c e s s fu l .  B u b b lin g  
o f  oxygen , hyd rogen , o r  n it r o u s  o x id e  f o r  up to  1/2 hou r gave no 
d e te c ta b le  peaks in  t h i s  s o lv e n t  o r. in  s o lv e n t  s a tu r a te d  in  Ca(0H)2 , 
a lth ou g h  changes in  the  n i t r a t e  r e d u c t io n  a rea  beyond -1 .5 V  were noted  
in  the  l a t t e r  two ca ses . The la c k  o f  r e a c t i v i t y  o f  oxygen has been 
n o t ic e d  p r e v io u s ly  (8 ,1 8 ) , and a t t r ib u t e d  to  th e  low  s o l u b i l i t y  o f  the  
gas in  t h i s  m e lt.
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Table 3

Peak C u rre n t and P o t e n t ia l  V a lues, H2 0 /Ca(N 0 3 ) 2 *4 H2 0 , 70°C, P t  E le c t r o d e  

+1.4 to  -1 .4 V , 50 mV/sec

[H2 0 j Cath. Scan A n o d ic  Scan
(m o la l) Vp(V) I* Vp(V) I* Vp(V) I*

0 -1 .2 7 -3 .0 5 - 1 . 2 2 -1 .35 +1 . 1 2 0.75

1 -1 .2 4 -2 .8 0 - 1 . 2 1 -1 .3 5 +1.05 0 .95

2 .5 -1 .2 3 -2 .5 5 - 1 . 2 0 -1 .4 0 +1 . 0 0 0.65

5 - 1 . 2 0 -2 .2 5 -1 .1 9 -1 .4 5 +0.95 1.05

7 .5 -1 .1 9 -2 .1 5 -1 .1 7 -1 .7 0 +0.90 0.85

1 0 -1 .1 9 -2 .3 5 -1 .1 9 -2 .3 5 +0 . 8 6 1.15

* mA/mm2

D is cu s s io n

The s o lv e n t  o x id a t io n  r e a c t io n  in  c a lc iu m  n i t r a t e  te t r a h y d ra te  
appears to  be a s t r a ig h t fo r w a r d  o x id a t io n  o f  w a te r . We have no t been 
a b le  to  re p rod u ce  the  0 .7V  d i f f e r e n c e  in  o x id a t io n  p o t e n t ia l  p r e v io u s ly  
observed  (18) between g o ld  and p la t in u m  e le c t r o d e s  in  t h i s  e le c t r o ly t e .  
Both vo ltam m etry  and th e  p o t e n t ia ls  observed  d u r in g  b u lk  e l e c t r o l y s i s  
in d ic a t e  s im i la r  o x id a t io n  p o t e n t ia ls  a t  bo th  e le c t r o d e  m a te r ia ls .  I f  
the  p re v io u s  w o rke rs  used the  g o ld  e le c t r o d e  to  f in d  the  ca thode  l im i t  
f i r s t ,  i t  i s  p o s s ib le  th a t  the  c u r r e n t  obse rved  d u r in g  the  a n o d ic  
sweep was due to  o x id a t io n  o f  a c a lc iu m  h y d r o x id e / n i t r i t e  f i lm  on the  
e le c t r o d e .  The v a lu e  obse rved  here f o r  th e  o x id a t io n  p o t e n t ia l  a t  a 
p la t in u m  e le c t r o d e  i s  s im i la r  to  th a t  re p o r te d  by th e se  w o rk e rs , a f t e r  
c o r r e c t io n  f o r  th e  d i f f e r e n c e  in  re fe re n c e  e le c t r o d e s .

The m ajor s o lv e n t  r e a c t io n  a t  a g o ld  ca thode  i s  c le a r l y  r e d u c t io n  
o f  n i t r a t e  to  n i t r i t e  io n .  The excess  o f  n i t r i t e  observed  appears to  
be r e a l ,  and when cou p led  w ith  the  o b s e rv a t io n  o f  oxygen as a ca thode  
p ro d u c t sug g es ts  the  r e s u l t s  obse rved  in  the  r e d u c t io n  o f  a l k a l i  
n i t r a t e  m e lts  (19 ). In these  system s, o x id e  d ia n io n s  produced  in  the  
e le c t ro c h e m ic a l r e d u c t io n  o f  n i t r a t e  r e a c t  c h e m ic a lly  w ith  n i t r a t e  io n  
to  g iv e  a d d i t io n a l  n i t r i t e s  and p e ro x id e  io n s . The e x is ta n c e  o f  o x id e
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io n s  in  a h yd ra te  m e lt  appears  u n l i k e ly ,  bu t in  t h i s  system  an i n ­
s o lu b le  b a s ic  f i lm  as shown by c y c l i c  vo ltam m etry  form s r a p id ly  on the 
ca thode . S im i la r  f i lm s  o c c u r  a t  th e  ca thode  d u r in g  th e  re d u c t io n  o f  
Ca(N03 ) 2 /KN03 m e lts  (2 0 ). L o c a l d e p le t io n  o f  w a te r  c o u ld  o c c u r  nea r 
th e  e le c t r o d e  s u r fa c e ,  a l lo w in g  o x id e  io n s  to  e x i s t  lo n g  enough to  
r e a c t  w ith  n i t r a t e .  The c o n c e n t r a t io n  o f  f r e e  w a te r in  th e se  system s 
i s  lo w , and the  ra te  o f  d i f f u s i o n  o f  b u lk y  (Ca(H 2 0 ) 4 ) + 2  in t o  th e  f i lm  
sh o u ld  be r e l a t i v e l y  s low . P e ro x id e  io n s  produced  by th e  o x id e / n i t r a t e  
r e a c t io n  w ou ld  d i f f u s e  o u t and p roduce  oxygen a f t e r  r e a c t io n  w ith  
w a te r . T h is  e v id e n ce  f o r  th e  p ro d u c t io n  o f  o x id e  d ia n io n  su g g e s ts  th a t  
w a te r i s  n o t in v o lv e d  in  th e  i n i t i a l  e le c t ro c h e m ic a l re d u c t io n  r e a c t io n .

The p r e v io u s ly  re p o r te d  0 f 3V d i f f e r e n c e  in  s o lv e n t  r e d u c t io n  
p o t e n t ia l  between Au and P t  appears to  be due to  th e  i d e n t i f i c a t i o n  o f  
th e  s lo p e  o f  peak Y ( F ig u re  3) as due to  s o lv e n t  r e d u c t io n ;  a peak in  
t h i s  p o s it io n  was in  f a c t  ob se rved  in  vo ltam m etry  o f  th e  2 .6H20 hyd ra te  
m e lt (18 ). The f a c t  t h a t  th e  r e a c t io n  re p re se n te d  by peak Y does no t 
g iv e  n i t r i t e  as a r e d u c t io n  p ro d u c t  e x p la in s  why th e  a u th o rs  con c lu ded  
th a t  w a te r re d u c t io n  was th e  m a jo r s o lv e n t  r e a c t io n  in  t h i s  system .

The r e a c t io n  re p re s e n te d  by peak X  has n o t been i d e n t i f i e d  w ith  
c o n f id e n c e . The a p p a ren t absence o f  bo th  hydrogen and n it r o g e n -b e a r in g  
r e d u c t io n  p ro d u c ts  su g g e s ts  t h a t  re d u c t io n  o f  a p la t in u m  o x id e  f i lm  i s  
o c c u r r in g .  The obse rved  r e a c t io n ,  how ever, re p re s e n ts  a v e ry  la rg e  
q u a n t i t y  o f  m a te r ia l .  I f  one assumes th a t  the  ro u g h ly  l i n e a r  in c re a s e  
in  n i t r i t e  p ro d u c t io n  ( F ig u re  2) re p re s e n ts  a l i n e a r  d ec rea se  in  peak 
Y m a te r ia l ,  th e  %N05/coulomb da ta  can be used to  e s t im a te  t h a t ,  w ith  
a 19 cm2  p la t in u m  e le c t r o d e ,  abou t 12.5  coulom bs o r  0 .65  coulom bs/cm 2  
a re  re q u ire d  f o r  the  com p le te  r e d u c t io n  o f  t h i s  m a te r ia l .  The s u r fa c e  
a rea  o f  b r ig h t  p la t in u m  has been e s t im a te d  to  be 1 .5  to  2 .5  t im es  th e  
t h e o r e t ic a l  v a lu e  by hydrogen c h a rg in g  e xp e r im e n ts . These v a lu e s  im p ly  
th a t  the  t o t a l  charge  re q u ir e d  to  reduce  one m ono laye r o f  PtO  w i l l  be 
400 to  650 C/cm2  (.21-23). I t  has been dem onstra ted  th a t  more than  one 
m ono layer may be d e p o s ite d  on a P t  e le c t r o d e  b u t ,  a lth o u g h  th e  e x a c t 
n a tu re  o f  t h is  o x id e /o xyg en  f i lm  i s  c o n t r o v e r s ia l ,  th e re  i s  g ene ra l 
agreem ent th a t  i t  amounts to  no more than  2-5 a d d i t io n a l  "m on o la y e rs ", 
w hether d e p o s ite d  by a n o d iz a t io n  (21-24) o r  c h e m ic a l ly  u s in g  HN03 
(25-27 ). T h is  g iv e s  an e s t im a te d  charge  re q u ire d  f o r  com p le te  f i lm  
removal o f  1-3 mC/cm2 , o r  a p p ro x im a te ly  300 tim e le s s  than th e  e s t im a t­
ed charge consumed he re . A lth o u g h  i t  has been shown th a t  the  e f f e c t iv e  
a rea  o f  P t - b la c k / P t  e le c t r o d e s  can be o v e r 100 tim es g re a te r  than 
s h in y  P t  (2 1 ), th e re  i s  no t v is u a l  e v id e n ce  f o r  s u r fa c e  changes o f  th a t  
m agnitude in  t h i s  case . The la r g e  cha rge  c a p a c it y  o f  th e  r e a c t io n  i s  
c o n firm ed  by th e  la r g e  peak c u r r e n t  obse rved  f o r  t h i s  r e a c t io n  by 
yo ltam m etry . The e s t im a te d  peak a rea  in  F ig u re  3 re p re s e n ts  abou t 
1 2 0 yC , w h ich  on th e  m ic ro e le c t ro d e  s u r fa c e  o f  0.018mm2 co n v e r ts  to  
a v a lu e  o f  0.7C/cm 2 . I t  thu s  appears e i t h e r  th a t  P t  e x h ib i t s  a much
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g re a te r  c a p a c it y  f o r  oxygen /ox id e  a d s o rp t io n / c o a t in g  in  t h i s  system  
than  in  o th e r  (m os tly  a c id ic )  e le c t r o ly t e s  te s te d  o r  t h a t  some, as y e t  
u n id e n t i f ie d ,  p ro d u c t o f  n i t r i t e  r e d u c t io n  has been form ed.

The u n c e r ta in t y  in  i d e n t i f i c a t io n  o f  th e  r e a c t io n  re p re se n te d  by 
peak X  i s  complemented by the  unusual b e h a v io r  o f  t h i s  peak d u r in g  
c y c l i c  vo ltam m etry . The o b s e rv a t io n  o f  c a th o d ic  peaks d u r in g  the  a n o d ic  
sweep o f  th e  c y c le  has been re p o r te d  in  a few o th e r  ca se s . Johnson and 
Sawyer (28) observed  t h i s  phenomenon d u r in g  the  s tu d y  o f  N20 re d u c t io n  
in  a lk a l in e  aqueous s o lu t io n .  The c a th o d ic  sweep was found  to  g iv e  a 
c a th o d ic  peak a t  a P t  (b u t n o t Au) e le c t r o d e  in  the  p re sen ce  o f  N2 0. 
R e ve rs in g  the  sweep d i r e c t io n ,  a f t e r  t h i s  peak had been passed, ag a in  
gave a c a th o d ic  peak a t  th e  same p o s it io n .  The a u th o rs  p roposed  th a t  
N20 had to  be adsorbed  upon a c le a n  P t  s u r fa c e  b e fo re  i t  c o u ld  be r e ­
duced. Such a d s o rp t io n  o n ly  o c cu rre d  a t  p o t e n t ia ls  be low  a v a lu e  
s l i g h t l y  more n e g a t iv e  than  t h a t  r e q u ire d  f o r  re d u c t io n .  A t more 
n e g a t iv e  p o t e n t ia ls  th e  N20 m o le cu le s  were desorbed  from  th e  e le c t r o d e  
and re d u c t io n  ceased  u n t i l ,  on the  re v e rs e  sweep, the  p o t e n t ia l  became 
low  enough to  once ag a in  a l lo w  a d s o rp t io n .

Narayan e t  a l . (1 3 -1 5 ) , u s in g  a hang ing  m ercury drop  e le c t r o d e  in  
c a lc iu m  n i t r a t e  t e t r a h y d ra te  m e lt ,  have observed  c a th o d ic  peaks in  the  
a n o d ic  sweep o f  c y c l i c  voltammograms o f  C d ( I I )  in  th e  p re sence  o f  
brom ide io n  o r  th io u r e a ,  P b ( I I )  in  the  p re sence  o f  b rom ide , and T 1 ( I ) .  
These peaks were a t t r ib u t e d  to  c o n v e c t iv e  d i f f u s io n  in  the  m ercury drop 
due to  a n on -u n ifo rm  re d u c t io n  o f  an adso rbed  f i lm .  M argare tha  and 
T is s o t  (29) a ls o  ob se rved  an a n o d ic  sweep c a th o d ic  peak a t  a HMDE 
d u r in g  c y c l i c  vo ltam m etry o f  1 - h a lo  a lkenones in  th e  p re sence  o f  t e t r a -  
alkylam monium  f lu o r o b o ra t e s  in  a c e t o n i t r i l e  o r  DMF. These were a t t r i ­
buted  to  fo rm a t io n  o f  a m ercury  in s o lu b le  amalgam a t  the  e le c t r o d e  
s u r fa c e  w h ich  b lo ck e d  f u r t h e r  r e d u c t io n  u n t i l  th e  f i lm  was o x id iz e d  on 
the  re v e rs e  sweep. A r e la t e d  phenomenon was re p o rte d  by B o c k r is  e t  a l .  
(30) a t  a P t  r o t a t in g  d is k  e le c t r o d e .  In  s u lp h u r ic  a c id ,  w h ich  had 
been c h e m ic a lly  bu t n o t e le c t r o c h e m ic a l ly  p u r i f i e d ,  c u r r e n t  measurements 
due to  re d u c t io n  o f  oxygen r e s u lt e d  in  a peak c u r r e n t  v a lu e  as the  
p o t e n t ia l  was r a is e d ,  w ith  c u r r e n t  d ro p p in g  to  a lm ost 0  on f u r t h e r  i n ­
c re a se  in  p o t e n t ia l .  As the  p o t e n t ia l  was lo w e re d , t h i s  r e d u c t io n  peak 
reappea red  a t  the  same v a lu e . The d ec rea se  in  c u r r e n t  a t  h igh  p o t e n t ia l  
d isa p p e a re d  when e le c t r o c h e m ic a l ly  p u r i f i e d  a c id  was used , bu t the  
e f f e c t  was shown to  re appea r on a d d it io n  o f  m inu te q u a n t i t ie s  o f  
to lu e n e . The phenomenon was t h e r e fo r e  a t t r ib u t e d  to  a d s o rp t io n  o f  o r ­
g a n ic  im p u r it ie s .

In t h i s  system , as in  the  p re c e e d in g , the  appearace o f  a c a th o d ic  
peak on the  a n o d ic  sweep i s  p ro b a b ly  a s s o c ia te d  w ith  an e le c t r o d e  
a b s o rp t io n / d e s o rp t io n  system , bu t none o f  th e  p re v io u s ly  observed  
exam ples a re  co m p le te ly  ana lag ou s . E x p la n a t io n s  based upon the  p ro ­
p e r t ie s  o f  m ercury a re  o b v io u s ly  n o t a p p l ic a b le  in  t h i s  ca se . The
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mechanism p roposed  f o r  N20 (28) i s  a re a so n a b le  p o s s i b i l i t y ,  bu t we 
were unab le  to  i d e n t i f y  any n e u t r a l e le c t r o a c t iv e  m o le cu le s  w h ich  c o u ld  
p a r t ic ip a t e  in  t h i s  r e a c t io n .  N20 and 02 showed no e f f e c t  upon t h i s  
peak. W ater d id  cause both  a change in  peak c u r r e n t  and a sm a ll pos­
i t i v e  s h i f t  in  peak p o t e n t ia l ,  b u t in  th e  absence o f  any d e t e c ta b le  
w a te r re d u c t io n  p ro d u c t t h i s  must be a t t r ib u t e d  to  a s o lv e n t  e f f e c t .
An im p o rta n t d i f f e r e n c e  in  the  Ip / ( s c a n  ra te )^  r e la t io n s h ip  was a ls o  
observed : w ith  the  N,20 re d u c t io n  peak th e se  v a lu e s  were found  to  be 
d i r e c t ly  p r o p o r t io n a l ,  w h ile  in  t h i s  work such a r e la t io n  was n o t found . 
The e x p la n a t io n  in v o lv in g  t r a c e  o rg a n ic  im p u r it ie s  may be re le v a n t  to  
t h i s  system : re a g en t g rade c a lc iu m  n i t r a t e  t e t r a h y d ra te  sh ip p ed  in  
p l a s t i c  b o t t le s  was used w ith o u t  f u r t h e r  p u r i f i c a t io n  and may w e l l  have 
co n ta in e d  t r a c e  o rg a n ic s .

The o v e r a l l  c y c l i c  voltammogram o f  c a lc iu m  n i t r a t e  te t r a h y d ra te  i n ­
d ic a t e s  no r e v e r s ib le  e le c t ro c h e m ic a l r e a c t io n s  f o r  any o f  th e  s o lv e n t  
o x id a t io n  o r  re d u c t io n  p ro d u c ts .  O f the  th re e  m a jo r p ro d u c t s ,  s o lu b le  
h y d ro x id e , p resum ab ly  in  the  form  (Ca0H(H2 0 ) 3)+, behaves in  th e  s im p le s t  
manner on bo th  g o ld  and p la t in u m  e le c t r o d e s .  L in e a r  r e la t io n s h ip s  w ith  
nea r z e ro  in t e r c e p t s  a re  seen, f o r  b o th  m e ta ls ,  between peak c u r r e n t  
v a lu e s  and bo th  the  c o n c e n t ra t io n  up to  15-20 m i l l im o la l  and th e  square  
ro o t  o f  scan  ra te  up to  300 mV/s. Peak p o t e n t ia ls  show a sm a ll i n ­
c re a se  w ith  in c r e a s in g  scan ra te .  The peak p o t e n t ia l  on P t  i s  in  
re a son ab le  agreem ent w ith  a s in g le  scan  v a lu e  d e r iv e d  p r e v io u s ly  (18).

The o x id a t io n  o f  n i t r i t e  a ls o  appears re a so n a b ly  s t r a ig h t fo r w a r d .  
V a r ia t io n s  o f  peak c u r r e n t  w ith  c o n c e n t ra t io n  a re  ag a in  l in e a r  up to  
15-20 m m ola l, as i s  th e  r e la t io n s h ip  w ith  (scan  ra te )^  up to  300mV/s. 
The d e te c t io n  o f  p ro p o r t io n a l q u a n t i t ie s  o f  HN03 on the  re v e rs e  sweep 
in d ic a t e s  t h a t  the  o v e r a l l  r e a c t io n  must be:

NOJ + H20 - 2e” — > m~3 + 2H+

The " s h o u ld e rs "  on the  o x id a t io n  peaks a t  v a lu e s  about 0 .2V  more a n o d ic  
may re p re s e n t  the  f i r s t  o f  two s in g le  e le c t r o n  t r a n s fe r s  w ith  s l i g h t l y  
d i f f e r e n t  e n e rg ie s .  The i n f l e c t i o n  p o in t  o f  the  s h o u ld e r  on the 
n i t r i t e / A u  re d u c t io n  peak appears to  rem ain a t  about 1/2 Ip w ith  
changes in  e i t h e r  c o n c e n t ra t io n  o r  sweep r a te .  T h is  does no t appear to  
be t ru e  f o r  th e  le s s  d i s t i n c t  s h o u ld e r  on P t ,  w h ich  appears to  grow more 
r a p id ly  than 1/2 Ip . T h is  was a ls o  n o t ic e d  in  the  s in g le  sweep v o l t a ­
mmetry work o f  Courgnaud and T r e m i l l io n  (1 8 ) , who found the  d i f f u s io n  
c u r re n t  re p re s e n t in g  the  s h o u ld e r  to  be a p p ro x im a te ly  p r o p o r t io n a l to  
c o n c e n t ra t io n  w h ile  the  c u r r e n t  to  the  second d i f f u s io n  p la te a u  was 
ro u g h ly  co n s ta n t .

A sm a ll seconda ry  peak on the  n i t r a t e  d i f f u s io n  c u r r e n t  seen a t  
+ 0 .75V o n ly  on a g o ld  e le c t r o d e  appears to  be a s s o c ia te d  w ith  th e  
grow th o f  a c a th o d ic  peak a t  +0.6V r a th e r  than n i t r i t e  r e d u c t io n .  The
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+0 . 6 V peak, a ls o  un ique  to  g o ld ,  i s  a p p a re n t ly  a g o ld  o x id e  f i lm  r e ­
d u c t io n  peak. I t  i s  obse rved  o n ly  in  th e  p re sence  o f  n i t r i c  a c id  and 
when th e  p o t e n t ia l  i s  more p o s i t iv e  than  + 0.7V, bu t the  peak c u r r e n t  
i s  in dependan t o f  n i t r i c  a c id  c o n c e n t ra t io n .  The peak i s  narrow  
(Ep-Ep/2  = 30raV) and sym m e tr ic a l;  th e re  i s  no d e te c ta b le  d i f f u s io n  
c u r r e n t  due to  t h i s  peak. In  th e  absence o f  n i t r i c  a c id  bu t in  the  
p re sence  o f  o x id iz a b le  sub s tan ces  t h i s  peak i s  n o t ob se rved ; r a th e r  a 
peak w ith  s im i la r  c h a r a c t e r is t i c s  appears a t  -0 .2 V . T h is  sug g es ts  a t  
le a s t  two d i f f e r e n t  form s o f  o x id e  f i lm  on g o ld ,  w h ich  may be form ed 
in  two s te p s :

Au(O xI) + X0~ -  ne- — ►  A u (O x II)  + X^n' ^ + Ep<+0.5

A u (O x II) + HN03 -  ne- — > A u (O x II I )  + H+ + (N02 )^n' ^ + Ep=+0’ 7

N i t r i c  a c id  may a ls o  be a b le  to  d i r e c t l y  o x id iz e  Au(OxI) to  A u (O x I I I ) .  
Au (O x II) i s  reduced  on the  c a th o d ic  sweep a t  -0 .2 V ;  A u (O x III)  a t  +0.7V.

The re d u c t io n  mechanism o f  n i t r i c  a c id  appears  com plex , w ith  sub­
s t a n t ia l  d i f f e r e n c e s  between g o ld  and p la t in u m  e le c t r o d e s .  The redu c­
t io n  peak shape on g o ld  i s  s im p le  ( F ig u re  4 ) ,  and th e  r e la t io n s h ip  be­
tween peak h e ig h t  and c o n c e n t ra t io n  i s  l i n e a r  a t  50mV/s to  a t  le a s t  
25 mmolal ( F ig u re  5 ). The Ip / ( s c a n  ra te )^  r e la t io n s h ip ,  how ever, shows 
a sharp  b reak  to  a lo w e r s lo p e  a t  a p p ro x im a te ly  lOOmV/s ( F ig u re  6 ). 
Changes in  s lo p e  o f  t h i s  k in d  a re  c h a r a c t e r is t i c  o f  a change from  r e ­
v e r s ib le  ( f a s t  e le c t r o d e  k in e t ic s )  to  i r r e v e r s ib l e  (s low  e le c t r o d e  
k in e t ic s )  sy stem s, as i s  th e  s im u lta n e ou s  change from  co n s ta n t  peak 
p o t e n t ia l  to  d e c re a s in g  peak p o t e n t ia l  o bse rved  h e re . In  s im p le  cases  
o f  t h i s  k in d ,  however, th e re  i s  a s u b s t a n t ia l ,  n o n - l in e a r ,  " q u a s i- r e -  
v e r s ib le "  zone n o t seen h e re . A d d i t io n a l l y ,  th e  low  s lo p e  and h igh  
s lo p e  l in e a r  p o r t io n s  o f  th e  r e la t io n s h ip  bo th  e x t r a p o la te  to  the  
o r ig in  in  th e  s im p le  system  (3 1 ) , whereas in  t h i s  case  th e  low  s lo p e  
l in e  e x t ra p o la te s  to  a la rg e  p o s i t iv e  c u r r e n t .  B e h av iou r o f  t h i s  
type  im p lie s  a more com plex re d u c t io n  mechanism. S w itch e s  from  h igh  
to  low  s lo p e  ro u g h ly  s im i la r  to  th a t  ob se rved  a re  p r e d ic t e d  in  system s 
where r e v e r s ib le  o r  q u a s i- r e v e r s ib le  e le c t r o d e  k in e t ic s  a re  fo llo w e d  
by i r r e v e r s ib l e  chem ica l r e a c t io n .  The p re s e n t  system  w i l l  be s t i l l  
more com plex s in c e  r e d u c t io n  he re  w i l l  p roduce two m o le c u le s ,  one o f  
w h ich  w i l l  be b a s ic  an io n  w h ich  sh ou ld  r e a c t  i r r e v e r s ib l y  w ith  an 
a d d i t io n a l  m o le cu le  o f  th e  s t a r t in g  m a t e r ia l ,  HN03.

The s i t u a t io n  a t  th e  p la t in u m  e le c t r o d e  appears  even more com plex. 
Two e n t i r e ly  d i f f e r e n t  peak shapes a re  o b se rve d , depend ing  upon both 
HN03 c o n c e n t ra t io n  and scan r a te .  The low  sweep r a te / h ig h  c o n c e n t ra ­
t io n  form  ( F ig u re  4) f e a tu r e s ,  on the  c a th o d ic  sweep, a le a d in g  peak 
w h ich  t r a i l s  in t o  a le v e l  p la te a u  re g io n  te rm in a t in g  in  a d rop  to  nea r 
z e ro  c u r r e n t  o y e r o n ly  150raV. T h is  i s  accom panied on the  re v e rs e  
a n o d ic  sweep by a c a th o d ic  c u r r e n t  peak, a ls o  o f  com plex shape. O the r
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in s ta n c e s  o f  re v e rs e  c u r r e n t  peaks have a lre a d y  been d e s c r ib e d  w ith  
re fe re n c e  to  peak Y_- In  t h i s  c a s e , th e  o b s e rv a t io n  th a t  c o n t in u a t io n  
o f  th e  sweep beyond -0 .6 V  g iv e s  r i s e  to  a new peak w ith  concom m itant 
lo s s  o f  the  r e tu rn  c a th o d ic  c u r r e n t  sug g es ts  th a t  an adso rbed  in s u la t ­
in g  f i lm  i s  r e s p o n s ib le  f o r  th e  c u r r e n t  d rop  a t  -0 .2 V  in  th e  a n o d ic  
sweep. Presum ab ly  the  a n o d ic  p e a k c a th o d ic  c u r r e n t  r e s u l t s  from  de­
s o rp t io n  o f  th e  f i lm  a l lo w in g  f u r t h e r  r e d u c t io n ,  w h ile  th e  -0 .6 V  peak 
re p re s e n ts  r e d u c t iv e  d e s t r u c t io n  o f  th e  f i lm  and renewed re d u c t io n  o f  
HN03. The c o r r e la t io n  o f  t h i s  peak system  w ith  HN03 c o n c e n t ra t io n  
sug g es ts  t h a t  the  adsorbed  m a te r ia l i s  a p ro d u c t o f  HN03 r e d u c t io n  
( o r  chem ica l r e a c t io n ) .  The shape o f  th e  c a th o d ic  p e a k /p la te a u  i s  o f  a 
type  p re d ic t e d  f o r  e i t h e r  a r e v e r s ib le  chem ica l r e a c t io n  fo l lo w e d  by 
r e v e r s ib le  r e d u c t io n  o r  r e v e r s ib le  re d u c t io n  fo l lo w e d  by i r r e v e r s ib le  
c a t a l y t i c  chem ica l r e a c t io n .  N e it h e r  o f  th e se  s im p le  s i t u a t io n s  i s  
l i k e l y  to  d e s c r ib e  the  system  f u l l y .

A t h ig h  sweep ra te s  o r  low  c o n c e n t ra t io n s  th e  peak shapes s im p l i f y  
to  a s in g le  c a th o d ic  peak on the  c a th o d ic  sweep w ith  no d e te c ta b le  
c a th o d ic  peak on th e  a n o d ic  re tu rn  sweep. The s im p le  c a th o d ic  peak 
h a s , however, an e x c e p t io n a l ly  low  t r a i l i n g  d i f f u s io n  c u r r e n t  r e la t i v e  
to  th a t  ob se rved  w ith  a g o ld  e le c t r o d e ,  w h ile  th e  Ip / ( s ca n  ra te )^  
r e la t io n s h ip  ( F ig u re  6 ) ,  a lth o u g h  a p p a re n t ly  l i n e a r ,  has a la rg e  
n e g a t iv e  c u r r e n t  in t e r c e p t .  Both o b s e rv a t io n s  sug g es t a c o n t in u in g  
e f f e c t  due to  adso rbed  m a te r ia l .  The reason  f o r  th e  change in  peak 
shape w ith  scan  r a t e ,  w h ich  i s  n o t o f  th e  type  p re d ic t e d  f o r  s im p le  
system s, i s  u n c le a r .  The d isa p p e a re n ce  o f  th e  c a th o d ic  peak on the 
a n o d ic  sweep shows th a t  th e  r o le  o f  a d s o rp t io n  has changed; the  ra te  
o f  fo rm a t io n  o f  a d so rb a b le  m a te r ia l ,  th e  t o t a l  q u a n t it y  o f  a d so rb ab le  
m a te r ia l ,  and the  r a te  o f  d e s o rp t io n  a t  p o t e n t ia ls  le s s  than -0 .2V  may 
a l l  be in v o lv e d .  The p o s s i b i l i t y  o f  a com plex e q u i l ib r iu m  network 
in v o lv in g  NO^, N02 , HN03 , HN02 , and H20 a ls o  re q u ir e s  c o n s id e ra t io n  in  
th e  re d u c t io n s  a t  both  P t  and Au e le c t r o d e s .
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Applied Voltage, V
Figure 1

Current/Voltage relationship for 
1-2% coal slurries/Ca0*03)2*41120 
Pt anode, Au cathode, 115-20°C.

Figure 2
Nitrite as a % of theoretical 
yield relative to total charge 
passed through Ca0*O3 )2 *4H20

Potential, V 
Figure 3

Cyclic voltammograms with Pt and Au 
microelectrodes of CaO*03)2 #4H20 at 

70°C
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Figure 5
Cathodic peak current relative to 
concentration of HN0 3/Ca(N03>2 *4H20 

at 70°C, 50mV/s Figure 6
Cathodic peak current relative to 
the square root of scan rate for 
0.01 molal HN03/Ca(N03)2*4H20,70oc

Figure 4
Cyclic voltammograms with Pt and Au 
electrodes of HN0 3/Ca(N03)2 #4H20 at 

70°C, 50mV/s

Figure 7
Cyclic voItammogram with platinum 
microelectrode of Ca(N0 3>2 *4H20 at 

70°C, 250mV/s
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EQUILIBRIUM MEASUREMENTS FOR THE ABSORPTION 
OF H2 S, COS AND HC1 BY ALKALI METAL CARBONATES

S. E. Lyke and L . J .  S e a lo c k , J r .
B a t t e l le ,  P a c i f i c  N o rthw est L a b o ra to r ie s  

Box 999, R ic h la n d ,  WA 99352

ABSTRACT

B a t t e l le  P a c i f i c  N o rthw est L a b o r a to r ie s  (PNL) has deve loped  
th rough  the  bench s c a le  a p ro c e ss  to  remove H2S and COS from  ho t fu e l  
gas w ith  a s o lu t io n  o f  L i ,  K, Na and Ca ca rb o n a te s  suppo rted  on a 
s o l id  s u b s t ra te .  In o rd e r  to  ex tend  t h i s  p ro ce ss  to  o p e ra te  in  i n t e ­
g ra ted  c o a l g a s i f ic a t io n / m o lt e n  c a rb o n a te  fu e l  c e l l  power p la n t s ,  
e q u i l ib r iu m  d a ta  a re  needed f o r  v a r io u s  c a t io n  co m p o s it io n s  in  the  
p re sence  o f  h ig h  C02  and H20 back p re s s u re s .  A p re s su re - c a p a b le  la b o ­
r a t o r y  system  has been r e c e n t ly  c o n s t ru c te d  and i s  b e ing  used to  s tu d y  
th e  c a r b o n a te / s u l f id e ,  c a rb o n a te / s u l fa te  and c a rb o n a te / c h lo r id e  e q u i l ­
i b r i a .

INTRODUCTION

G a s i f i c a t io n  o f  c o a l p rodu ces  a ho t gas la den  w ith  H2S and HC1.
I t  i s  d e s i r a b le  to  remove th e se  con tam in an ts  a t h ig h  tem pe ra tu re s  and 
p re s su re  b e fo re  u t i l i z a t i o n  o f  th e  gas in  a m o lten  ca rb on a te  fu e l 
c e l l .  Removal o f  H2S from  ho t c o a l gas w ith  s o l id  suppo rted  m o lten  
s a l t  has been dem onstra ted  (1 ) . T h is  paper d e s c r ib e s  measurements o f  
g a s - l iq u id  e q u i l i b r i a  r e le v a n t  to  m eeting  th e  con tam in a te  rem ova l, 
tem pe ra tu re  and p re s su re  c o n d it io n s  f o r  anode fe e d  gas . Under o p e r­
a t in g  c o n d i t io n s ,  th e  m o lten  s a l t  com p rise s  th e  L i ,  Na, K, Ca/C0 3 , OH, 
S, SO4 , C l system . A lth oug h  measurements in  s e v e ra l subsystem s have 
been re p o rte d  ( 2 - 6 ) and some c o r r e la t io n s  made w ith  th e  con fo rm a l io n ic  
s o lu t io n  th e o ry  (7 ) ,  a d d it io n a l  measurements a re  re q u ire d  f o r  d e s ig n  
and e v a lu a t io n  o f  th e  ho t gas c le a n -u p  system .

PREVIOUS WORK AT BATTELLE, PACIFIC  NORTHWEST LABORATORIES

The r e v e r s ib le  r e a c t io n  o f  H2S w ith  m o lten  ca rb o n a te s  has been 
under s tu d y  a t PNL s in c e  1982. L e t t in g  M re p re s e n t  L i 2 , Na2 , K2  o r  
Ca, th e  r e a c t io n  i s :

MCO3 U )  + H2 S (g )^ M S (£ ) + C02 (g) + H2 0 (g ) .  1

The p ro ce ss  was f i r s t  deve loped  based on c o n t in u o u s ,  c o u n te r-  
c u r r e n t  gas l i q u id  c o n ta c t in g  (9 ) . A b s o rp t io n  o f  H2S and p a r t ic u la t e s ,  
d e -e n tra in m e n t and re g e n e ra t io n  o f  th e  ca rb o n a te  were dem onstra ted  in  
a p ro ce ss  deve lopm ent u n it  (PDU) o p e ra t in g  on gas from  a f ix e d -b e d  
g a s i f i e r .  A v e n tu r i s c ru b b e r p ro v id e d  the  f i r s t  s u l f u r  a b s o rp t io n  
s tage  and a ls o  c ir c u la t e d  the  m o lten  s a l t  between b ub b le -cap  a b s o rp t io n  
and s t r ip p in g  co lum ns. In the  l a t t e r ,  steam and C02  were used to
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re c o v e r  H2 S. C ir c u la t io n  o f  th e  h o t, c o r r o s iv e  m o lten  s a l t  le d  to  
seve re  equ ipm ent p rob lem s, and o p e ra t io n  was never s u s ta in e d  f o r  more 
than  a few  hou rs  a t a t im e .

The S o lid -S u p p o r te d  M o lten  S a lt  (SSMS) Concept was deve loped  as 
a p r a c t ic a l  means f o r  h a n d lin g  th e  c o r r o s iv e  m o lten  ca rb o n a te s  ( 1 ). 
S eve ra l c e ram ics  were in v e s t ig a te d  as p o t e n t ia l  s u p p o rts . L ith iu m  
a lum ina te  was chosen f o r  chem ica l s t a b i l i t y  and f o r  ease o f  f a b r ic a t io n  
o f  s t ro n g , porous p e l l e t s .  A lth ou g h  th e  p e l l e t s  c o u ld  be f lu id i z e d ,  
use in  a c y c l i c a l ly - o p e r a t e d  f ix e d -b e d  avo ided  p o s s ib le  ag g lom e ra t io n  
prob lem s and s t i l l  a llow ed  th e  advantages o f  a g a s - l iq u id  e q u i l ib r iu m  
system  to  be e x p lo it e d .  L a b o ra to ry  and b e n ch -s c a le  t e s t in g  demon­
s t ra te d  up to  99.5% s u l f u r  removal from  a feed  gas c o n ta in in g  1% H2 S 
and produced re g e n e ra t io n  gases  c o n ta in in g  up to  50% H2 S on a d ry  
b a s is .  O p e ra t io n  was r e l a t i v e l y  t r o u b le - f r e e  w ith  b e n ch -s c a le  a b so rp ­
t io n  c y c le s  o f  up to  7 hours d u r a t io n .

APPLICATION TO MOLTEN CARBONATE FUEL CELL POWER PLANTS

Dem onstrated perfo rm ance  o f  th e  S o lid -S u p p o r te d  M o lten  S a lt  
P ro ce ss  i s  adequate f o r  c le a n -u p  o f  low  p re s su re  g a s i f i e r  p ro d u c t to  
meet s ta ck  e m iss io n  s u l f u r  s p e c i f i c a t io n s .  Th ree  a reas  r e q u ir e  a d d i­
t io n a l  a t t e n t io n  f o r  a p p l ic a t io n  to  h ig h  p re s su re  g a s i f i e r s  whose 
p ro d u c t must meet fu e l  c e l l  fe ed  re q u ire m e n ts . S u l fu r  lo a d in g  in  the  
p re sence  o f  h ig h  steam and CO2  back p re s s u re s ,  h igh  e f f i c i e n c y  s u l f u r  
rem ova l, and th e  rem oval and re g e n e ra t io n  o f  c h lo r id e s .

S u lfu r  Load ing

A b s o rp t io n  o f  H2 S a c c o rd in g  to  E q u a tio n  1 i s  fa v o re d  by low  
p re s su re s  o f  steam and CO2 . I t  i s  d e s i r a b le  to  o p e ra te  m o lten  ca rb o n ­
a te  f u e l  c e l l s  a t h ig h  p re s su re s  to  reduce  power p la n t  s iz e  and c o s t .  
The g a s i f i e r  p ro d u c t gas must c o n ta in  a t le a s t  enough steam and CO2  
to  a vo id  carbon d e p o s it io n  a t  the  p ro je c te d  650°C /7 .5-15  atm oper^ 
a t in g  c o n d it io n s .

F ig u re  1 i s  a p lo t  o f  e q u i l ib r iu m  d a ta  o b ta in e d  by Stegen (1) and 
Moore (3) f o r  f r e e  l iq u id  and s o lid - s u p p o r te d  m o lten  ca rb o n a te s  re s p e c ­
t i v e l y .  The broken l in e  re p re s e n ts  the  e q u i l ib r iu m  e x p re s s io n :

K] = -*_Pc°2 Ph2° = 1>8 2
[CO3 ' ]  Ph 2S

where m o le . f r a c t io n s  a re  used in  p la c e  o f  a c t i v i t i e s  o f  th e  a n io n s .

F o r a g a s i f i e r  p ro d u c t c o n ta in in g  8 % CO2 , 12% H2 O and 0.5% H2 S, 
th e  e q u ilb r iu m  s u l f id e / c a r b o n a te  r a t io  would be 0 .94  a t a tm ospher ic  
p re s su re , bu t would reduce  to  0 .064  a t 15 atm t o t a l  p re s su re . I f  th e  
h o t-g a s  c le a n -u p  s te p  must be o p e ra ted  a t th e  650°C fu e l  c e l l
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te m p e ra tu re , a le s s  fa v o ra b le  e q u i l ib r iu m  would be exp e c ted . Based 
on pure  component d a ta , R e a c t io n  1 sh ou ld  be endo the rm ic  by about 28 
K ca l/m o le . A t 650°C, K] shou ld  d rop  to  0 .22  g iv in g  a s u l f id e / c a r b o n a te  
r a t io  o f  0 .008  f o r  15 atm t o t a l  p re s su re .

The i n i t i a l  goa l o f  th e  c u r r e n t  exp e r im e n ta l program  i s  to  
d e te rm ine  w hether th e  s u l f u r  c a p a c it y  o f  th e  m o lten  ca rb on a te  can be 
in c re a se d  by changes in  c a t io n  c o m p o s it io n . The l i t h iu m - r ic h  compo­
s i t i o n  used by Moore and Stegen was chosen f o r  i t s  low  f r e e z in g  p o in t  
and was no t o p t im iz e d  f o r  s u l f u r  c a p a c it y .  S tanda rd  therm odynam ic 
d a ta  ( 1 0 ) can be used to  c a lc u la t e  K] f o r  each o f  th e  pure components 
in  the  s o l id  phase (T a b le  I ) .  A l l  o f  th e  c a lc u la t e d  v a lu e s  a re  h ig h e r  
than K] from  th e  measurements o f  F ig u re  1, but c a lc iu m  and po tass ium  
would seem to  be the  p re fe r re d  c a t io n s .  F o r sodium and p o ta ss iu m , K i 
can be c a lc u la t e d  f o r  the  pure component su b -co o le d  l iq u id s  (T a b le  i j .  
In the  ca se s  o f  l i t h iu m  and c a lc iu m , how ever, th e  re q u ire d  l iq u id  
phase d a ta  a re  no t a v a i la b le .  P r e d ic t io n s  canno t be made w ith  c o n f i ­
dence from  th e  s o l id  phase d a ta  f o r  c a lc iu m  because i t s  ca rb ona te  and 
s u l f i d e  m e lt a t tem p e ra tu re s  w e ll above th e  tem pe ra tu re  o f  in t e r e s t .

TABLE I . E q u i l ib r iu m  C on s tan ts*  f o r  R e a c t io n  o f
Pure C a rbona tes  w ith  H2 S

S o lid Phase o r (S ub -coo le d L iq u id )  K,
A tm ospheres, R e a c t io n 1

L i 2 Na2 k 2 Ca

800°K 0 .038 0 .038 0 .838 8.43
(0 .093) (0 .986)

900°K 0.429 0 .344 5.22 52.5
(0 .594) (5 .83 )

1100°K 12.29 7 .39 63.4 708.0
(7 .34) (62 .5 )

* C a lc u la te d  from  t a b u la t io n s  o f  B a r in  and Knacke (10) 

S u lfu r  Removal E f f i c i e n c y

G a s i f i e r  p ro d u c t t y p i c a l l y  c o n ta in s  3000 to  5000 ppm H£S and 500 
to  1000 ppm COS. The MCFC r e q u ir e s  H2 S/COS c o n c e n t ra t io n s  to  be le s s  
than  1 ppm. Fo r a f ix e d -b e d  ab so rb e r th a t  i s  w e ll re g e n e ra te d , c le a n  
b reak th roug h  b e h a v io r  r e q u ir e s  th a t  th e  e q u i l ib r iu m  cu rv e  be convex 
tow ard  th e  a x is  o f  th e  absorbed phase (1 1 ). F ig u re  1 shows th a t  t h i s  
c o n d it io n  i s  met by th e  m o lten  ca rb o n a te  system  ove r a w ide range o f  
c o m p o s it io n s . In so f a r  as R e a c t io n  1 a p p l ie s ,  a s in g le  bed ca p ab le  
o f  h ig h  s u l f u r  lo a d in g  sh o u ld , i f  w e l l  re g e n e ra te d , be a b le  to  meet 
any e f f lu e n t  H2 S s p e c i f i c a t io n .
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O p t im iz a t io n  o f  s u l f u r  rem oval e f f i c i e n c y  has n o t been a p r im a ry  
goa l in  p re v io u s  work a t  PNL. However, S tegen (1) d id  a ch ie v e  p re ­
b reak th rough  s u l f u r  le v e ls  be low  h is  1 0  ppm d e t e c t io n  l im i t s  f o r  
s e v e ra l c y c le s  in  la b o ra to r y  s c a le  a b s o rp t io n  t e s t s .  B e n ch -s ca le  
t e s t s  removed s u l f u r  down to  50 ppm. Prob lem s w ith  h ig h ,  p re -b re a k -  
th roug h  s u l f u r  l e v e ls  were t ra c e d  to  o x id a t io n  o f  s u l f i d e  in  th e  s a l t  
d u r in g  re g e n e ra t io n .  A d d it io n  o f  CO and H2  d u r in g  r e g e n e ra t io n  gave 
im proved r e s u l t s .  The b es t la b o ra to r y  runs  used 10% H2  a d d it io n  
w h ile  o n ly  4.5% H2  was added d u r in g  b e n ch -s c a le  r e g e n e ra t io n .  T h is  
reduced  H2  a d d it io n  may e x p la in  th e  f a i l u r e  to  a ch ie v e  low e r e f f lu e n t  
s u l f u r  le v e ls  in  th e  l a t t e r  t e s t s .

I f  th e  o x id a t io n  p ro d u c t i s  s u l f a t e  and th e  re g e n e ra t io n  gas 
CO2 /H 2 O r a t io  i s  c lo s e  to  one , th e  r e a c t io n  can be w r it t e n :

MS + 2C02  + 2H2 0^ M S0 4  + 2C0 + 2H2 . 3

S u lfa t e  form ed d u r in g  r e g e n e ra t io n  would be reduced  to  s u l f i d e  in  the  
subsequent a b s o rp t io n  c y c le  co n ta m in a t in g  th e  e f f lu e n t  gas. T a b le  I I  
l i s t s  e q u i l ib r iu m  c o n s ta n ts  f o r  th e  pure  com ponents. F o r the  range 
o f  c o n s ta n ts  in  th e  t a b le  between 0 .4  and 9% H2  + CO would be re q u ire d  
in  th e  re g e n e ra t io n  gas to  keep the  s u l f i d e / s u l f a t e  r a t io  above 5.
The a c tu a l re q u irem en t i s  c r i t i c a l  to  p ro ce ss  d e s ig n . The s u l f a t e /  
c a rb o n a te  e q u i l ib r iu m  in  m ix tu re s  o f  m o lten  L i ,  Na and K ca rb o n a te s  
has been s tu d ie d  u s in g  con fo rm a l i o n ic  s o lu t io n  th e o ry  (7 ) .  M easure­
ments are  re q u ire d  to  d e te rm ine  th e  e q u i l ib r iu m  c o n s ta n t  f o r  R e a c t io n  
3 in  m ix tu re s  c o n ta in in g  c a lc iu m .

TABLE I I . E q u i l ib r iu m  C on s tan ts*  f o r  O x id a t io n  o f  S u l f id e s  
to  S u lfa te s

S o l id  Phase o f  (S ub -coo le d  L iq u id )
K, R e a c t io n  3

L i 2  Na2  K2  Ca

800°K 5 .47E-9 4 .40E-7
(1 .97E -7 )

1.64E-6
(4 .31E -7 )

1.90E-11

900°K 3 .31E-8 1.36E-6
(8 .33E -7 )

4 .71E -6
(1 .72E -6 )

1 . 19E-10

1100°K 5 .40E-7 8 .48E-6
(8 .03E-6 )

2 .58E-5
(1 .4 9E -5 )

2 .03E-9

* C a lc u la te d  from  t a b u la t io n s  o f  B a r in  and Knacke (10)

HC1 Removal

G a s i f i e r  p ro d u c t i s  p ro je c te d  to  c o n ta in  50 to  200 ppm HC1 w h ich  
must be reduced  to  <1 ppm b e fo re  fe e d in g  to  a MCFC. Removal o f  HC1
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w ith  m o lten  ca rb o n a te s  has no t been te s te d  a t PNL. T a b le  I I I  l i s t s  
pure  component e q u i l ib r iu m  c o n s ta n ts  f o r  th e  r e a c t io n :

2HC1 + MC03 ^MC12  + C02  + H2 0 . 4

A b s o rp t io n  o f  HC1 i s  a p p a re n t ly  much more fa v o ra b le  than  th e  a b s o rp t io n  
o f  H2 S. F o r  a l l  components and te m p e ra tu re s  l i s t e d  in  th e  t a b le ,  200 
ppm HC1 wou ld be removed more r a p id ly  than  5000 ppm H2S from  a gas 
under 15 atm t o t a l  p re s su re . As a r e s u l t ,  c h lo r id e  wou ld  accum u la te  
near th e  e n tra n ce  o f  a f ix e d  bed d u r in g  a b s o rp t io n .  I t s  c o n c e n t ra t io n  
in  th e  s a l t  may be l im it e d  o n ly  by i t s  vapor p re s su re . I f  in c re a se d  
steam and C02  p re s su re s  o r  dec reased  tem pe ra tu re s  are  used f o r  re g e n e r­
a t io n ,  com parison  o f  th e  e q u i l ib r iu m  e x p re s s io n s  f o r  R e a c t io n s  4 and 
1 in d ic a t e s  s u l f i d e  would be more r a p id ly  s t r ip p e d  than  c h lo r id e .  
R e g e n e ra t io n  c o n d it io n s  wou ld  be chosen to  p roduce  a s u l f u r - r i c h  gas 
f o r  re c o v e ry  and c h lo r id e  would tend  to  a ccum u la te  d u r in g  m u lt ip le  
c y c le s .  I t  may be p o s s ib le  to  add one long  c h lo r id e  re g e n e ra t io n  
c y c le  to  e l im in a te  such a ccu m u la t io n  a f t e r  s e v e ra l a b s o r p t io n - s u l f u r  
r e g e n e ra t io n  c y c le s .  A lth ou g h  a b s o rp t io n  and re g e n e ra t io n  k in e t ic s  
wou ld  a ls o  be in v o lv e d ,  th e  f e a s i b i l i t y  o f  such a scheme would depend 
upon th e  r e l a t i v e  e q u i l i b r i a  f o r  H2S and HC1 a b s o rp t io n .

TABLE I I I .  E q u i l ib r iu m  C on s tan ts*  f o r  R e a c t io n  o f  HC1 
w ith  Pu re  C arbona tes

S o l id  Phase o r  (S u b -coo le d  L iq u id )  K,
R e a c t io n  4

800°K
L i 2

2.48E+6
(5.20E+6)

Na2

8.80E+10
(3.74E+10)

k 2

1.77E+13
(9.62E+12)

Ca

7.90E+4

900°K 9.94E+5
(1.93E+6)

7.08E+9
(4.65E+9)

8.68E+11
(7.51E+11)

3.84E+4

n o o °K 2.39E+5
(4.15E+5)

1.70E+8
(2.10E+8)

9.96E+9
(1.64E+10)

1.31E+4

* C a lc u la te d  from  t a b u la t io n s  o f  B a r in  and Knacke (10)

EXPERIMENTAL

A b ubb le  c o n ta c to r  p ro v id e s  a co n v e n ie n t method to  s tu d y  a v a r ie t y  
o f  g a s - l iq u id  e q u i l i b r i a  in  m o lten  s a l t s .  Gases a re  m etered th rough  
a poo l o f  s a l t  and th e  e f f lu e n t  gas i s  a n a ly ze d . M o lte n  ca rb o n a te s  
can be loaded  w ith  a s u l f u r  o r  c h lo r in e - r i c h  g a s , th en  s t r ip p e d  w ith  
a gas o f  a p p ro p r ia te  c o m p o s it io n . The e q u i l ib r iu m  c o n c e n t ra t io n s  o f  
H2 S/C0S and HC1 can be measured and con firm e d  by add ing  them in  excess 
to  th e  s t r ip p in g  gas and n o t in g  any in c re a s e  in  th e  o u t le t .  The
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e f f e c t  o f  CO2 and H2 O on the  p r im a ry  r e a c t io n s ,  1 and 4 , and o f  CO 
and H2 on the  o x id a t io n  R e a c t io n  3 can a l l  be s tu d ie d  by v a r ia t io n  o f  
th e  s t r ip p in g  g a s , c a r e fu l  a n a ly s is  o f  th e  e f f lu e n t  gas and m a te r ia l 
b a la n ce .

E q u i l ib r iu m  measurements a re  be ing  made w ith  a system  w h ich  w i l l  
l a t e r  be con ve rted  to  s tudy  b reak th roug h  and re g e n e ra t io n  b e h a v io r 
w ith  s o lid - s u p p o r te d  m olten  s a l t  o ve r th re e  decades o f  con tam inan t 
c o n c e n t ra t io n  and under t o t a l  p re s su re s  up to  15 atm. Measurements 
can th e r e fo r e  be made ove r a w ide  range o f  H2 S, HC1, CO2 , H2 O, CO and 
H2  p re s su re s .

F ig u re  2 d e p i c t s  t h e  l a b o r a t o r y  s y s t e m  in  u s e  f o r  
e q u i l ib r iu m  measurem ents. The m o lten  ca rb o n a te s  a re  co n ta in e d  in  an 
a lum ina  th im b le  w ith  a lo o se  f i t t i n g  l i d .  The th im b le  i s  c o n ta in e d  
in  a p re s su re  v e s s e l w h ich  a llo w s  o p e ra t io n  up to  15 atm. The o n ly  
a lum ina  th a t  c o n ta in s  d i f f e r e n t i a l  p re s su re  i s  sm a ll d iam e te r tu b in g  
e x ten d in g  th rough  th e  top  f la n g e .  The space s u rro u n d in g  th e  th im b le  
i s  purged w ith  n it r o g e n  w h ich  f lo w s  in t o  the  o f f - g a s  system  and i s  
accounted  f o r  in  th e  m a te r ia l b a la n c e . The In cone l 800-H v e s se l body 
can be heated to  800°C w h ile  th e  s t a in le s s  s te e l f la n g e s  rem ain be low  
150°C. Gases from  c y l in d e r s  pass th rough  ro ta m e te rs  and a heated 
tube  where w a te r i s  added. They a re  jo in e d  by H2 S o r HC1 and conducted  
to  the  bottom  o f  th e  th im b le  by an a lum ina  tu b e . B u lk  a d d it io n s  o f  
H2 S and HC1 a re  m etered th rough  a ro tam e te r and checked by w e ig h t. A 
mass f lo w  m eter a l lo w s  a d d it io n s  to  th e  feed  gas in  the  3000 to  5000 
ppm range .

D e te rm in a t io n  o f  H2 S and HC1 from  1 to  o ve r 1000 ppm in  a w et, 
p re s s u r iz e d  gas stream  p re s e n ts  some un ique p rob lem s. The H2 S and 
HC1 a re  scrubbed from  the  r e a c to r  e f f lu e n t  gas under p re s su re  in  
c i r c u la t i n g ,  c a u s t ic - s o d iu m  ca rb o n a te  s o lu t io n .  Tub ing  from  the  
a lum ina  r e a c to r  o u t le t  i s  heat tr a c e d  and t e f lo n  l in e d .  The ra te  o f  
a ccu m u la t io n  o f  c h lo r id e  and s u l f i d e  in  the  s o lu t io n  i s  d e te rm ined  by 
p e r io d ic  sam p ling  and a n a ly s is  w ith  O r io n  Model 94 s p e c i f i c  io n  e le c ­
t r o d e s .  The a b i l i t y  to  va ry  s c ru b b e r  s o lu t io n  volume as w e ll as 
sample t im in g  ex tend s the  range o f  c o n c e n t ra t io n  th a t  can be measured. 
The s c ru b b e rs  a ls o  p ro v id e  a b s o lu te  in t e g r a t io n  o f  s u l f u r  and c h lo r in e  
v a lu e s  le a v in g  the  s a l t  so th a t  changes in  s a l t  c o m p o s it io n  can be 
accounted  f o r  d u r in g  expe rim en ts  w ith o u t  sam p lin g . A f t e r  s c ru b b in g  
and p re s su re  le tdow n th e  e f f lu e n t  gas i s  ana ly sed  by gas ch rom ato­
g raphy . A f t e r  c o r r e c t in g  f o r  purge n it r o g e n ,  th e  CO/N2 and H2 /N 2  
r a t io s  can be checked f o r  the  e x te n t  o f  th e  s h i f t  r e a c t io n  and o f  
R e a c t io n  3.

IN IT IAL RESULTS AND DISCUSSION

I n i t i a l  e xp e rim en ts  conducted  in  ou r p re s s u r iz e d  la b o ra to r y  
system  have r e s u lt e d  in  poor s u l f u r  b a la n ce  among t o t a l  H2 S lo a d in g ,  
e f f lu e n t  a n a ly s is  and a n a ly s is  o f  th e  quenched s a l t .  T h is  prob lem
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has no t been c o m p le te ly  r e s o lv e d ,  but may be due to  o v e r lo a d in g  o f  
th e  s c ru b b e rs  w h ile  lo a d in g  th e  s a l t  w ith  an h^ S -rich  gas . Data 
o b ta in e d  from  two expe rim en ts  u s in g  the  quenched s a l t  a n a ly s is  to  
c a lc u la t e  s u l f u r  c o n te n ts  a re  re p o r te d  in  F ig u re  3. These d a ta  a re  
b e ing  con firm e d  by a d d it io n a l  t e s t in g .

The e q u i l ib r iu m  c o n s ta n t  f o r  R e a c t io n  1 i s  p lo t t e d  a g a in s t  
r e c ip r o c a l  tem pe ra tu re  in  F ig u re  3. Data f o r  L i 2 /Na2 /K 2 /Ca r a t io s  o f  
1 .9 /0 /1 .0 /0 .7  from  t h i s  work a re  compared w ith  d a ta  by Moore (3) f o r  
r a t io s  o f  1 .7 /1 .3 /1 ,0 /0  and 1 .7 /1 .3 /1 .0 /0 .7  and w ith  c a lc u la t e d  v a lu e s  
from  T a b le  I f o r  th e  pure com ponents. The low e r v a lu e s  f o r  th e  m ixed 
a l k a l i  c a rb o n a te s  in d ic a t e  th a t  a c t i v i t y  c o e f f i c i e n t s  f o r  th e  s u l f i d e s  
are  h ig h e r  than th o se  f o r  th e  c a rb o n a te s . N e g a tiv e  d e v ia t io n s  from  
R a o l t ' s  Law ( lo w  a c t i v i t y  c o e f f i c i e n t s )  a re  w e ll e s ta b l is h e d  f o r  the  
ca rb o n a te s .

The s lo p e s  o f  th e  l in e s  in  F ig u re  3 a l l  r e f l e c t  h ea ts  o f  r e a c t io n  
between 25 and 35 K ca l/m o le  ex ce p t M oo re 's  C a -c o n ta in in g  system  w ith  
an apparen t 16 K ca l/m o le . Data f o r  th a t  system  show c o n s id e ra b le  
s c a t t e r  and c o u ld  r e f l e c t  a c o n t r ib u t io n  from  R e a c t io n  3 w h ich  would 
r a is e  the  appa ren t K a t low e r te m p e ra tu re s .
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DISCUSSION

G. Peny (AWRE, Aidermaston, Reading, England)

In using Li20*Al203 as a support material for molten carbonate 
do you not find exchange of Li20 taking place with the melt, i.e., 
Li20-(Al203)n + MC03 ^  M20-(Al203)n + Li2C03?

S. Lyke, Reply:

According to thermodynamic calculations reported by Stegen (1), 
the reaction in question has a positive free energy change on the order 
of 10 Kcal for M ■ Na or Ca. Potassium is not expected to be signifi­
cantly different. Since Li2C03 is a component of the salt, the cited 
reaction is not expected to occur. Physical stability of the 
Li20’(Al203)n ceramic was demonstrated through months of contact with 
the mixed alkali carbonates and multiple thermal cycles.
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ACIDITY AND THERMOCHEMICAL STABILITY  
OF MOLTEN SODIUM NITRATE AND NITRITE MIXTURES

C .S . Picard, T .A . Flament and B .L . Tremillon 
Laboratoire d'Electrochimie Analytique et Appliquee, associe au CNRS 
(LA 216) -  Ecole Nationale Superieure de Chimie de Paris,
11, rue P. et M. Curie -  F. 75231 -  Paris Cedex 05 -  France.

ABSTRACT

The influence of acidity on the thermoche­
mical stability of molten sodium nitrate-nitrite mixtures used 
as heat transfer fluids (as in the case of the French elec­
trosolar power system called Thgmis) has been demonstrated 
by considering the potential-pOz diagram relative to redox 
systems corresponding to these mixtures, and established 2_ 
from thermochemical data. The importance of fixing the pOz 
value with a buffer has been clarified. The couple 
H20 (g ) /0 H ” whose acid-base constant was previously deter­
mined appeals as the most efficient for this purpose. The 
potential-pO diagram could be set up experimentally by 
studying the disproportionation of nitrite ion into nitrate 
and nitrogen monoxide and by determining the standard 
potential of the electrochemical system N0 I /N 0 2 by
means of potentiometric measurements with a platinum elec­
trode and with an yttria-stabilized zirconia membrane 
electrode indicator of p 0 2“ . This diagram has allowed us 
to specify, as a function of temperature,the boundary 
values of pO2 which should not be gone beyond in order 
to avoid the decomposition of the mixtures as a result of 
the nitrite disproportionation.

INTRODUCTION

Molten alkali nitrate-nitrite mixtures are known 
for their high heat capacities and their low melting points, which have 
led to their use as heat transfer fluids at temperatures not greater 
than 450°C. The use of the mixture called HITEC (K N 03 53 -  
NaNO^ 40 -  NaNO, 7 w.%) in the French electrosolar power system 
Themis built by Electricite de France, makes necessary that this liquid 
can circulate in a thermal loop where the extreme working temperatures 
are 250 and 500°C. In view of this use, we have undergone to study 
the chemical factors influencing the thermal stability of molten NaN0 3- 
NaN02 mixtures.

The thermochemical decomposition of nitrates
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(1 ,2 ) and nitrites (3-5) has been the subject of many studies, but 
authors do not agree about the reactions which take place. It seems 
nevertheless well established that decomposition is accompanied by the 
release of nitrogen, nitrogen oxides and oxygen, with the production 
of alkaline oxide. The complexity of these reactions has incited us to 
undertake a preliminary study based on the existing thermochemical 
data ( 6) .  Because the reactions put into play the redox systems of 
nitrogen on the one hand, and oxide ion on the othey hand, the results 
have^been expressed in the form of a potential-p(j diagram 
(pOz = -  log m(Oz ) measures the acidity of the medium ( 7 ) ) .This 
sort of presentation has already been used for alkali nitrates and 
for alkali nitrites by Conte and Casadio (8),Marchiado and Arvia (9) 
and by Haan and Van Der Porten (10), but not for their mixtures.

The calculated diagram has subsequently been 
specified by experimental determinations and the results obtained have 
finally permitted the definition of the conditions which would be favou­
rable to the thermochemical stability of the heat-transfer fluid.

We present here a part of our investigation 
concerning the effect of acidity, in studying especially the nitrate- 
nitrite-nitrogen monoxide systems.

CONCENTRATION UNITS AND SYMBOLS USED
The alkali nitrate-nitrite mixtures have been 

shown to behave ideally (11). So the activities _of their components 
can be expressed by their mole fractions N(NO~) and N (N 02) . The 
concentrations m of the dissolved (and consequently solvated) species, 
other than the "solvent" ones, are given in the molality scale. The 
partial pressures of gases are in atm.

The various compositions of the NaN0g-NaN02 
mixtures that we have considered, have been indicated in tne figu­
res by the following symbols.

Mark ■ □ • o ♦

N(NO") 0.99 0.85 0.50 0.15 0.01

N(NO~) 0.01 0.15 0.50 0.85 0.99

EXPERIMENTAL SECTION
Technical.

Products, preparation of melts and apparatus. 
After drying at 150°C, sodium nitrate and nitrite
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(MERCK) were mixed in the desired proportions. Dehydration of the 
mixtures was carried out by a progressive raising of the temperature 
and by maintaining for four hours at work temperature while bubbling 
dry nitrogen. The other products used were sodium carbonate dried 
at 1000°C, sodium hydroxide without any previous treat­
ment (pure products for analysis PROLABO), and nitrogen monoxide 
(99% pure) supplied by COOP-LABO.

For each experiment, 100 g of the nitrate-nitrite  
mixture thus prepared were introduced into a cylindrical platinum 
crucible. Platinum was choosen in order to avoid the effect of silica 
as an acid (12-14). The platinum crucible was itself contained in 
a Pyrex glass cell. The temperature was maintained at the desired 
value (420,470 or 520°C) at ± 1°C by means of an oven thermoregula- 
ted by a DICITOP(CHAUVIN-ARNOUX) coupled to a Teledyne 
(TEKELEC-AIRTRONIC) relay.

The pipes for the different fluids and the tubes 
of the thermocouples were in alumina Al 23 (from DESMARQUEST). 
Partial pressures of water vapor were imposed above the melt by satu­
rators at fixed temperature.

The e .m .f. were recorded with the help of a 
voltmeter TACUSSEL ARIES 20000 and a SEFRAM recorder (Servofram 
typ e ).

# Reference electrode.
The reference electrode used was made up of 

a silver wire (C .M .P .) dipped into a 0.057 mol kg-1 AgN03 solution 
in (N a -K )N 03 eutectic contained in a Pyrex glass tube.

All potentials are given in V vs. this reference 
electrode (whatever the NaN03-N aN 02 mixture used).

# Platinum working electrode.
The indicator electrode used was made from 

1mm diam.-platinum rod supplied by JOHNSON-MATTHEY.
2-

# pO measurements.
- Description of the indicator electrode used.

2-
In order to measure pO in alkali nitrates, it has been 

shown (15) that an electrode with an oxide ion selective membrane 
is preferable to an oxygen electrode. A calcia-stabilized zirconia 
membrane electrode with a solid inner filling used for the first time 
by E ich ler et al (16) and by Tremillon et al (17) in molten alkali 
chlorides, works quite well at temperatures above 600°C, but its 
potentiometric response becomes slow (equilibrium potential reached 
with difficulty) at lower temperatures. Flinn and Stern (15) for molten 
alkali nitrates, and Picard, Seon and Tremillon (18-20) for molten 
alkali chlorides, have therefore preferred to employ a mambrane of
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yttria-stabilized zirconia, which is twice more conductive,and a liquid inner 
filling. Such a device does not present the same problems as mentio­
ned above. The galvanic chain set up to measure p 0 2“ is schematized 

below :

(N a-K )N 03
l r 0 2Ag Ag+(m=0.057)

O2” (fixed m) V2°3

NaN03-N aN 02 
mixture 

pO2" to be 
measured

Pyrex
glass

(N a -K )N 0 3 

Ag+(m=0.057)
Ag

(the yttria-stabilized zirconia is supplied by DESMARQUEST : ZFYE 
tube).

tical expression
The e .m .f. of this cell has the following theore-

E = E° + 2 ‘2pRT pO2-
• Calibration.

In order to verify the potentiometric response 
of the yttria-stabilized zirconia membrane electrode (YZME) and to 
make its calibration, we have used sodium hydroxide. If we add to 
the melt a quantity m  ̂ of sodium hydroxide (per kg of molten mixture), 
the respective molalities of free O2” and remaining OH” are linked by 
the equilibrium :

2 OH' *  H20 (g ) + O2" (1)
When the partial pressure of water is made sufficiently low, the disso­
ciation of can be considered as practically total, and the concen­
tration of (J ions is given by :

m(C)2-) = 0 .5  mo(OH- )
« We have shown that a partial pressure of H20

less to 1(j atm is convenient for this ( 21) . z
The introduction of oxide ions by dissociation of 

OH was preferred to the direct addition of sodium oxide because this 
product is generally impure (presence of peroxide and superoxide).

Acidity buffers and acidity function.
The YZME allows us to study various buffers by 

means of acid-base titrations, as it has been described previously 
( 21- 22) .  We give only here thgbuffers  studied with the ranges of 
acidity that they cover on pO scales (Fig. 1) .

In order to analyze the effect of acidity on the 
thermochemical stability of molten nitrate-nitrite mixtures, we have 
choosen to consider, and to substitute foj* pO2 -, the temperature- 
independent function log P(H20)/m (0H  ) z which corresponds to the 
quantities (water pressure and hydroxide concentration) which are 
experimentally imposable whatever the temperature may be. This
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procedure is analogous to that employed in molten chlorides (23).
Thanks to the values of constant K- of equili­

brium ( 1) which have been determined (table 1) and whicn do not vary 
practically with the composition of the mixtures at a given temperature 
( 21, 22) ,  it is possible tgobtain the correspondance between this 
acidity function and pO (Fig. 1) .

Disproportionation of nitrite ions.
It has been observed_that increasing acidity pro­

duces the disproportionation of N 02 in toNO^ and nitrogen monoxide, 
according to the equilibrium :

3 NO" *  NO" + 2 NO(g) + O2" ( 2)
whose constant K2 is defined by :

K2 = N (N 0 " ).P (N 0 )2.m (0 2" ).N (N 0 2 ) " 3 (3)
This constant Jpas been determined by simply measuring with the 
YSZME the pO imposed by bubbling nitrogen monoxide (1 atm) into 
NaN03-N aN02 mixtures of given compositions. The results obtained 
at three different temperature^, verify a straight line variation of p &  
with the ratio N (N 03)N (N 0 2f a s  predicted by equation (3 ). The 
variation of pK^ with the temperature (Fig. 2) has been determined 
by regression analysis (see table 1) .  We can notice on Fig. 2 a slight 
dispersion of the measurements carried out in mixtures different from 
the 0.5 -  0.5 mixture for which a very good adjustment has been 
obtained.

N 0~ /N 02 electrochemical system.
The melts studied contained the two components

of the redox couple :
NO" + 2e“ = NO" + O2"
So, the redox potential E of a given melt ( i .e . 

at fixed NO, and NO~ mole fractions) has to follow the Nernst rela­
tions :

E = E° + U / 2) log [N(NOj) /NfNO^)] + (A /2 ).p 0 2" (4)

(
and consequently, only varies with the activity of oxide ion. Then, 
measurements of the potential of a platinum electrode deeping in molten 
NaN0,-NaN 02 mixtures must allow us to determine the standard poten­
tial value of the N0 3/N 0 2 redox couple.

But^while making these determinations we have 
to take care not to let p(j increase beyond the value corresponding to 
the disproportionation of nitrite ion according to equilibrium ( 2) . This 
limit value of pOz depends on the nitrogen monoxide partial pressure, 
the maximum value of pOz” being reached for P(NO) = 1 atm. This 
limit is represented in Fig. 3 for the three temperatures considered ;
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on Jthis figure we have also plotted the variations of potential versus 
pO^~ observed with five mixtures of sodium nitrate and sodium nitrite.

We observe in all cases that the variations of 
potential check very well the Nernst_relation (4 ). It is ^hus justified 
to determine the potential of the N0 3/N 0 2 system at pOz = 0_ by ex­
trapolation. Then b^_plotting as a function of the ratio N (N 03) / ( N 0 2), 
this potential at pO = 0, a straight line agreeing with relation (**) 
is obtained and permits to us to determine the standard potential of 
the N 03/N 0 2 electrochemical system. The results obtained according 
to this procedure at the three temperatures have led to the expression 
of the variation of the N0 3/N 0 2 standard potential as a function of 
temperature given in table 2 .

NQ2 /NO(g) and NQ3/NO(g) electrochemical systems.
The standard potentials E° and E® of the 

N 02 /N 0 (g ) and N 0 3/N 0 (g ) electrochemical systems :
NO” + e” = NO(g) + O* 2-

and :
N 0 3 + 3e" = NO(g) + 20 

defined by the respective Nernst relations :

2-

E = E° + A log [N (N O ')/P (N O )] + ApO2 
and : ,

E = E | + (X /3) log[N(NO”)/P(NO )] + (2A/3)pO
can be determined by combining the value of ^(constant of the N0 2 
disproportionation equilibrium) with the value of E® (standard poten­
tial of the N0 3/N 0 2 system).

We have in fact :
E£ = E® -  (X /2) pK2

and :
E® = (2E® + E®)/3

The values of E° and E® are also given in table 2.

DISCUSSION
Potential-acidity diagram.

2-  Fig. 4 summarizes our results under the form of 
a potential-pOz diagram. Only the curves corresponding to the equi­
molar sodium nitrate -  sodium nitrite mixture, in the cases where the 
nitrogen monoxide pressure is equal to 0.1 and 1 atm, are represen­
ted.

2-
In this diagram, the value of pO corresponding 

to the disproportionation of nitrite is given by the abscissa of the 
intersection of the straight lines representating the systems N0 3/N 0 2,
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N 03/N 0 (g ) and N 02 /N 0 (g ). This intersection is designated, in the 
following, as the "triple point". For example, in the case of the equi­
molar mixture, the triple point is represented by letter A for 
P(NO) = 0.1 atm, and by letter B for P(NO) = 1 atm.

So, we can assert that ^  molten NaN03-N aN 02 
mixture keeps its composition only if the pOz value remains less 
than the value of the triple point.

Composition-acidity diagram.
Fig. 5 gives the variation of composition of-the 

NaN03-N aN 02 mixtures (by the logarithm of N(NC>2)) versus pO2 
at T = 743 K. This diagram clearly shows the influence of the partial 
pressure of nitrogen monoxide on the range of acidity inside which 
a given mixture is stable. So, we2can remark that it is impossible to 
reach media more acidic than pOz = 6 (point B) for the equimolar 
mixture and P(NO) = 1 atm, without an increase of the nitrate ratio 
by disproportionation of n itrite.

Acidity-temperature diagram.
The influenc^ of temperature on the stability of 

nitrite in mixtures of various pOz has been specified. Fig. 6 cor­
responds to the case of the equimolar sodium nitrite-sodium nitrate 
mixture. This figure represents _t be variation of the value of the-aci- 
dity function log [P (H 20 )/m (0H  ) ] defined above (values of p<j 
are also given at T = 743 K for example) corresponding to the triple 
point, and various nitrogen monoxide partial pressures. So, at a 
given temperature, the decomposition of the mixture by disproportio­
nation of n itrite (reaction ( 2))  can be avoided by fixing 
log [P(H20 )/m (0 H  ) 2] at values less than the ones corresponding to 
these curves. If  for security reasons we want to keep the partial 
pressure of nitrogen-monoxide less than 0.01 atm, 
log [P(H20 )/m (0 H  ) j has to be maintained, at 743 K, at a value 
less than -0 .7  (point C)j. For a melt containing 1 weight % NaOH 
(m(OH ) ~ 0. 25 mol.kg ) the partial pressure of water must be 
maintained lower than 10“  ̂ atm.

CONCLUSION
2-

The influences of pO and temperature on the 
decomposition of molten sodium nitrite-sodium nitrate mixtures 
(disproportionation of nitrite ions) have been studied. In particular 
we have given the relation between the mixtures composition, pO2- 
and the partial pressures of nitrogen monoxide and water.

At the present time, this research is being com­
pleted by studying the stability of the mixtures in basic media, in 
which peroxide and superoxide ions can appear as it has
been shown in particular by Zambonin for low temperature melts (24).
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Figure 1 : Acidity scales in molten NaN03~NaN02 
mixtures.

T /°C
520 470 420

Figure 2 : Variation of constant K2 of the dispropor­
tionation of nitrite ions as a function of 
temperature.
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Figure 3 : Equilibrium potentials of the NO3/NO2
electrochemical system in various sodium 
nitrate-sodium nitrite mixtures.
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Figure 4 : Potential-pO 2- ,diagram at 743 K.
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Figure 6 : Acidity-temperature diagram.
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ELECTRODE REACTIONS INVOLVING LEAD OR CADMIUM 
IONS IN MOLTEN NITRATES

M. H. Miles, G. E. McManis, and A. N. Fletcher 
Energy Chemistry Branch, Naval Weapons Center 

China Lake, California 93555

ABSTRACT

Cyclic voltametric Studies show that the addition of 
either Pb+ + or Cd++ ions to molten nitrates produces a new 
cathodic wave, yet no reversible anodic wave is observed. 
Previous workers have always attributed this experimental 
result to the reduction of the metal ion to the free metal 
followed by the rapid reaction of the deposited metal with 
the molten nitrate. Our studies suggest that reduction to 
the metal never occurs in molten nitrates for Pb++ and Cd++ 
ions. Instead, the nitrate ion in Pb(N03)+ or Cd(N03)+ 
complexes is the actual substance reduced, i.e.,
Cd(N03)+ + 2e~ -> CaOl + NO2. Electrons, not the metal 
ions, transfer the charge across the double layer. This 
reaction is shifted to more positive potentials than the 
normal NO3 reduction wave due to the strong electric field 
of the metal ion in the complex.

INTRODUCTION

Numerous electrochemical studies have shown that the addition of 
lead or cadmium ions to various molten nitrate mixtures produces a new 
cathodic wave (1-6). The experimental current in various voltametric 
studies is found to be proportional to the concentration of the added 
metal ion (2-6). These observations have led previous workers to con­
clude that the cathodic reaction is the reduction of the metal ion to 
the free metal. There is no concrete evidence for a new phase of lead 
or cadmium metal ever forming on the electrode surface during the 
cathodic reaction in molten nitrates. When the current flow or poten­
tial sweep is reversed, the expected reversible anodic wave is never 
observed. This has been attributed to the reaction sequence

M** + 2e -* M (1)

M + NO” -> MO + NO” (2)

postulating that the reduction to the metal is followed by the rapid 
oxidation of the deposited metal phase by the molten nitrate (3,4,6).

Our studies indicate that reduction to the free metal never occurs 
for lead or cadmium ions in molten nitrates. Instead, the NO3 ion in
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M(N03)+ + 2e~ -> MO + N0~ (3)

In sharp contrast to Eq. 1, charge transfer across the double layer is 
accomplished via electrons rather than metal ions.

EXPERIMENTAL

The electrochemical cell was constructed from a section of glass 
tubing (pyrex or quartz, 3.2 cm diameter and 48 cm length) with a de­
sign similar to that described in a previous study (7). The platinum 
working electrode was in the form of a wire sealed in glass and cut to 
a length to give a geometrical area of 0.2 cm2 (0.7 cm length and 
0.08 cm diameter). The counter electrode consisted of either a plati­
num wire coil at the bottom of the cell or a platinum wire spiral sepa­
rated from the main cell compartment by a section of fritted glass 
tubing. All potentials were measured against the AgN03(0.1 m)/Ag ref­
erence electrode described elsewhere (7). Electrochemical studies were 
made with the cell placed in a fluidized sand bath (Tecam) where the 
temperature was monitored with a chromel-alumel thermocouple digital 
thermometer (Fluke, 2165A).

The regent grade nitrate salts used in the cell were dried under 
vacuum at 130°C for several days. The bubbling of dried helium gas 
through the molten salt in the cell at 350°C for at least 1 hour was 
effective in removing any residual water as evidenced by the disappear­
ance of the water wave (8,9). Generally, either 30.0 g of LiN03 or 
33.0 g of KN03 were used in the cell. In experiments requiring mass 
transport by diffusion, both the sand bath and the helium flow were 
turned off to give a quiescent solution. The hot sand surrounding the 
cell acted as a thermal insulator, thus the temperature measured in the 
cell remained constant within ±1°C for time periods up to 10 minutes.

Experimental measurements involved the use of a potentiostat/ 
galvanostat (PAR 173) equipped with a current follower plug-in 
(PAR 176). In potential scan studies, a programmer was also used 
(PAR 175) . Results were monitored with a X-Y recorder (Hewlett-Packard 
7047A) or with a digital oscilloscope (Nicolet Model 206). The repro­
ducibility of the potential scan experiments was improved by a standard 
conditioning of the working electrode between successive potential 
sweeps that involved an anodic treatment evolving NO2 and 0Z followed 
by a waiting time of 30 seconds at the initial potential before begin­
ning another sweep. For experiments involving exhaustive electrolysis, 
a large platinum electrode (A = 10 cm2) of rectangular shape was used 
in the molten nitrate solution that was rapidly stirred by the flow 
of helium gas to maximize mass transport.

Pb(N03)+ or Cd(N03)+ complexes is the actual substance reduced; i.e.,

663



RESULTS AND DISCUSSION

Cyclic voltametric studies of 0.10 mole % Fb(N03)2 in molten 
LiN03 at 350°C are shown in Figure 1. The addition of Pb++ ions pro­
duces a new cathodic wave beginning at -0.1 V with a peak potential 
near -0.3 V. The only new anodic peak is at a much more positive po­
tential (0.4 V) and can be related to the oxidation of nitrite ions 
that are produced in the cathodic wave. Experiments at several other 
scan rates shown in Figure 2 yield similar peaks. These results are in 
striking contrast to the studies of 0.10 mole % AgN03 in molten LiN03 
shown in Figure 3. The reduction of Ag+ ions to the free metal in mol­
ten nitrates is well documented (4,10,11); furthermore, the silver 
deposits can be visually observed with the aid of a microscope. The 
reversibility of the Ag+/Ag reactions is illustrated by the overlap in 
potentials for the cathodic and anodic waves and by the performance of 
the Ag+/Ag reference electrode in molten nitrates. The characteristic 
sharp drop in current observed following the anodic peak is due to the 
rapid depletion of the deposited silver. None of these features are 
observed for the electrochemical reactions involving Pb++ ions in mol­
ten nitrates.

Results of a potentiostatic study of the cathodic wave produced by 
the addition of 0.10 mole % Pb(N03)2 to molten LiN03 are shown in Fig­
ure 4. The platinum electrode remained bright throughout this study 
with no apparent changes in the effective surface area. This suggests 
that there is no deposition of lead metal or lead oxide. The Tafel 
slope (b = -0.27 V) and transfer coefficient (a =0.45) obtained from 
this study are very similar to those obtained previously for the elec­
trochemical reduction of molten LiN03, i.e., b = -0.22 V and 
a =0.57 (8). The second wave that begins at -0.8 V in Figure 4 is 
due to the direct reduction of molten LiN03#

These electrochemical studies of Pb(N03)2 in molten LiN03 suggest 
that the actual cathodic reaction is the reduction of nitrate ions com- 
plexed with Pb++ ions as proposed in Eq. 3. Since lead oxide is more 
soluble than Li20 in molten LiNC>3 (12), the final reaction products 
are Li20 and NO2 ions. This reduction reaction transfers electrons 
across the double layer rather than Pb++ ions; therefore, deposition 
of the metal never occurs. By letting Pb(NC>3)+ represent the reactive 
complex, the proposed reaction mechanism involves the steps

(Pb •* 0 - N02)+ + e- -* PbO + (NV a d s  (slow) (4)

(N02)ads + e" - N°2 (fast) (5)

PbO + LiN03 + Li+ (Pb - 0 - N02)+ + Li2(H (fast) (6)

that yield the net reaction

LiN03 + Li+ + 2e- -> Li201 + no” (7)
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The added Pb++ ions, therefore, act as a catalyst for the reduction of 
molten LiN03. Previous studies have shown that there is a considerable 
energy barrier associated with the reduction of molten nitrates (13). 
The positive electric field of the metal ion complexed with N03 aids 
both the electron transfer and the rupture of the 0-N bond in the slow 
step.

Cyclic voltametric studies of 0.10 mole % Pb(N03>2 in molten KN03 
at 385°C are shown in Figure 5. The addition of Pb++ ions produces a 
new cathodic wave beginning at -0.3 V with a peak potential near 
-0.45 V. Since PbO is insoluble in molten KN03 (12), the reaction 
mechanism involves only Eqs. 4 and 5 to give the net reaction

Pb(N03)+ + 2e” PbOl + NO” (8)

In contrast to LiN03 results, the added Pb++ ions are consumed in mol­
ten KN03 by their conversion to insoluble PbO that forms a yellow film 
on the electrode surface. Three new anodic peaks are visible in Fig­
ure 5, but these are considerably more positive in potentials than the 
reduction peak and can be related to the oxidation of insoluble lead 
oxides as well as to the oxidation of the nitrite ions formed. Possi­
ble anodic reactions Involving lead oxides include

4Pb0 -* Pb_0. + Pb** + 2e 3 4 (9)

Pb 0 -* 3Pb++ + 20of + 6e“ 3 4 2 (10)

As suggested by these reactions, anodic treatment of the platinum elec­
trode was an effective method of removing the PbO film.

If any metal were deposited during the cathodic reaction of 
Pb(N03)2* it seems reasonable to expect that it may be detected at fast 
scan rates before it has time to completely react with the molten ni­
trate. It is also possible that some of the deposited lead could be 
stabilized by alloying with the platinum electrode and then be detect­
able in the anodic sweep. Furthermore, any deposited metal should be 
more stable in molten KN03 than in molten LiN03 due to the less acidic 
character (Lux-Flood) of K + ions. Studies of Pb(N03)2 reactions in 
molten KN03 at fast scan rates up to 1000 V/s presented in Figure 6 
failed to reveal any new anodic peaks. The corrosion rate for lead in 
molten KN03 would have to be of the order of 106 yg hr'1 cm-2 to com­
pletely react with KN03 within the 0.5 ms required to sweep 0.5 V at 
1000 V/s. In contrast, the corrosion rate of silver is only 0.04 ]ig 
hr-1 cm-2 in molten NaN03 - KN03 at 324°C (14). Figure 6 shows that 
the net current remains cathodic during the reverse anodic sweep until 
the potential exceeds -0.5 V. As the cathodic reaction decreases dur­
ing the anodic sweep, the net current becomes anodic due to the large 
capacity current at fast scan rates that merges in with the oxidation 
of lead oxides, but no reversible peaks are found as with AgN03 reac­
tions (Figure 3). The fast anodic scans for Pb(N03)2 in molten LiN03
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in Figure 7 show only the capacity current and a single anodic peak due 
to nitrite oxidation.

Reactions involving Cd++ ions in molten nitrates are similar to 
those for Pb++ ions except that CdO is insoluble in both LiN03 and 
KNO3. The net reduction reaction, therefore, is

Cd(N03)"h + 2e“ CdOl + N0~ (11)

in both fused salts. Cyclic voltammograms at various potential sweep 
rates are shown in Figures 8 and 9 for 0.10 mole % Cd(N03)2 in molten 
LiN03. The addition of Cd++ ions produces a new cathodic wave, but 
there is no reversible anodic wave. The only anodic wave observed be­
gins at a much more positive potential (0.4 V) and is likely due to the 
oxidation of both CdO and NOJ merged into one wave. Fast scans again 
failed to produce any evidence for the deposition of any new metallic 
phase. The scan at 100 V/s (Figure 9) clearly shows that only the 
capacity current is observed during the anodic sweep up to a potential 
of 0.4 V.

Exhaustive electrolysis studies at low current densities in rap­
idly stirred solutions are presented in Figure 10 for Cd(N03)2 and 
Pb(N03)2 additions to molten KNO3. The 2e“ yield per added metal ion 
is in agreement with Eqs. 8 and 11 yielding the insoluble metal oxide. 
In molten LiN03, reduction of Cd (1103)2 to insoluble CdO again yields 
2e“/Cd++ however, the reduction wave due to the addition of Pb(1^3)2 
continues indefinitely since Pb++ ions act as a catalyst for the reduc­
tion of LiN03 as represented by Eqs. 4 through 7. The fact that both 
Eqs. 1 and 3 involve 2e“/M++ has contributed to the incorrect assump­
tion that the electrode reaction in molten nitrates is the reduction of 
the metal ion.

Studies of Pb(N03)2 additions to molten LiN03-KN03 at 150°C are 
shown in Figure 11. A new cathodic peak is produced, yet there is no 
corresponding reversible anodic peak. This lowering of the experi­
mental temperature by 200°C or more should have greatly reduced the 
corrosion rate of any deposited lead metal, yet there is no evidence 
for such a reaction. Thus, even at relatively low temperatures in mol­
ten nitrates, the cathodic reaction involves the reduction of nitrate 
ions in Pb(N03)+ complexes.

The cyclic voltammogram for 0.10 mole % Pb(.N03)2 in aqueous KOH 
(60 wt %) at 160°C is shown in Figure 12. This study shows the typi­
cal pattern for the reversible reduction of metal ions to the free 
metal during the cathodic sweep and the stripping of the deposited 
metal from the electrode surface during the anodic sweep similar to
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results for Ag+ ions in molten nitrates (Figure 3). The Pb(N03)+ com­
plexes probably do not exist in aqueous systems due to preferential 
solvation of the metal ions by water molecules (15) . For electrode 
reactions such as

Pb(H20)^+ + 2e~ ̂  Pb + x H20 (12)

desolvation steps are usually rate-determining for the reduction reac­
tions (16). This reversible reaction readily establishes a stable po­
tential at a platinum surface and was used as the reference electrode. 
The cyclic voitammogram in Figure 12 shows that the deposited lead is 
quite stable against corrosion at 160°C in aqueous KOH.

Previous studies have suggested that the free energy of activation 
for the reduction of the N03 ion is lowered by the cation in the com­
plex such that

AG°*= AG®*- ZqF/4iT£0er (13)

where Zq is the charge on the cation, r is the cation radius, and 
AGjj^ is the free energy of activation in the absence of cation effects 
(13). Table I presents values for Zq/r in coulomb/meter for various 
cations. As predicted by its low Zq/r value, Ag + is readily reduced 
to the free metal in molten nitrates (10, 11). It is interesting to 
note that the Ag+/Ag couple is also one of the few metal ion/metal 
reference electrodes that give stable potentials in molten nitrates.
The experimental overvoltage for the reduction of nitrate melts is 
strongly dependent on the cation radii and increases in the order 
LiN03 < NaN03 < KNQ3 (8). For many transition metal ions such as 
Ni++ and Fe+++, the potential field of the cation is sufficiently 
large that the nitrate complex decomposes in molten nitrates

(M •• 0 - N02)+ + NO” + MO + 2N02t + 1/2 0 ^  (14)

to form the oxide even without the aid of any electron transfer at the 
electrode.

The charge-to-size ratios in Table I suggest that other metal 
ions may aid the reduction of nitrate ions as observed for Pb++ and 
Cd++ ions. Figure 13 shows that the addition of 0.50 mole % Ca(N03)2 
produces a new reduction peak at -0.75 V. This cathodic reaction is 
obviously not the reduction of Ca++ ions to the metal since open- 
circuit potentials of -2.8 V versus Ag+/Ag have been measured for the 
calcium anode in molten KN03 (17). By analogy with the results for 
Pb++ and Cd++ ions, the cathodic reaction can be represented by

Ca(N03)+ + 2e_ -*■ CaCH + N0~ (15)
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The large anodic peak at -0.1 V is likely due to the oxidation of the 
Insoluble CaO

CaO Ca + 1/2 02+ + 2e (16)

As expected from these reactions, areas under the cathodic and anodic 
peaks are approximately equal.

Additions of 0.50 mole % LiN03 to molten KNO3 produces a new 
cathodic wave at -1.35 V as shown in Figure 14. Due to the preponder­
ant amount of K + ion in the melt, the formation of the LiK(N03)+ 
complex is more likely than the Li2(N03> complex, hence the cathodic 
wave can be represented by the reaction

LiK(N03)+ + Li+ + 2e” + Li20+ + K+ + N0~ (17)

The reduction of this complex occurs at potentials intermediate to those 
for the reduction of pure LiN(>3 and pure KNO3. The new anodic peak at 
-0.7 V can be attributed to the reaction

Li20 2 Li+ + 1/2 02+ + 2e“ (18)

Electrode reactions involving the deposition and oxidation of metallic 
lithium are implausible at these experimental potentials.

The peak cathodic currents produced by the addition of Pb++,
Cd++, Ca+4, and Li+ ions are all directly proportional to the amount of 
metal ion added. This implies that the dominant equilibria in molten 
nitrates are

M(N03)2̂ =  M(N03)+ + N03 (19)

LiN03 + KNC>3- =  LiKNO* + NO” (20)

and that essentially all of the added nitrate salt is in the ionized 
form. Simple calculations show that for K > 10, more than 99% of the
added nitrate salt will be in the ionized form for concentrations up 
to 10 mole %. Further dissociation of M(N03) to form M ++ appears to 
be negligible in molten nitrates. The cathodic peak current for 0.50 
mole % Ca(N03)2 is about twice that observed for 0.50 mole % LiN03 in 
molten KN03 (Figures 13 and 14). This is reasonable since Eq. 17 in­
volves only le_ per added Li+ ion as opposed to 2e~ per added Ca++ ion 
in Eq. 15.

Thermodynamics provides further evidence that the experimental reduc­
tion waves observed for Pb++, Cd++, Ca++, and Li+ additions to molten 
nitrates do not involve reduction of these ions to the metal. The ex­
perimental potentials for reduction to the metal as measured versus the 
Ag+(0.1 m)/Ag reference electrode should be within 0.2 V, considering
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errors and activity corrections, of the standard thermodynamic poten­
tials calculated for the cell

n Ag + M (N03)n + M + n AgNC>3 (21)

at 350°C. Table II presents the calculated thermodynamic potentials 
(E°) for comparison with the experimental potentials (E) at which the 
reduction wave commences. The experimental potentials for these reduc­
tion waves are considerably positive to the calculated E° in every case 
except for Ag+ ions. Thermodynamically, reduction of Pb++, Cd++, Ca++, 
and Li+ ions to the metal is not possible in molten nitrates at the 
observed potentials. The reduction of solvent anions that are complexed 
with polarizing metal ions may also occur in other oxidizing fused 
salt systems such as molten sulfates (18).

CONCLUSIONS

Experimental results obtained for the cathodic reactions of Pb','+ 
and Cd++ ions in molten nitrates can be clarified by the reaction in 
Eq. 3 involving the reduction of complexed nitrate ions. The confusing 
results of other workers can be explained by this simple reaction. 
Reports on the cathodic deposition of alkaline-earth ions at unusual 
potentials (19, 20) is more likely the reduction of Ca(N03)+ , Sr(N03)+ , 
or Ba(N03)+ complexes as given by Eq. 3. The observed potentials for 
the reduction shift towards more electropositive values in the sequence 
Ba++ < Sr++ < Ca++ due to the kinetic effects of Zq/r (Table I) as 
predicted by Eq. 13. Experimental diffusion coefficients should be 
reported for the nitrate complex rather than for the metal ion when the 
latter is not actually reduced to the metal. Previous reports on the 
electrochemical reduction of various metal ions in molten nitrates 
(1-6, 19-23) need to be re-examined in terms of Eq. 3.
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TABLE I. Comparison of Charge-to-Size 
Ratios for Various Metal Ions.

Cation r x 1010(m) Zq/r x 10^(C/m)
K+ 1.33 1.20

£ ■ 
+ 1.26 1.27

Na+ 0.95 1.69
Li+ 0.68 2.36
Ba++ 1.35 2.37
pb++ 1.20 2.67
Sr 1.13 2.84
Ca-n- 0.99 3.24
C d ^ 0.97 3.30
N i ^ 0.72 4.45
F e ^ 0.64 7.51

TABLE II. Thermodynamic (E^) and Experimental (E)
Potentials for the cell reaction: 

n Ag + M(NO^)n -* M + n AgNO^.

Metal Ion E° (v) E (v)a

Ag+ 0.00 -0.1
Pb** -1.05b -0.1
C d ^ -1.08b -0.1
C a ^ -3.43 -0.6
Li+ -3.43 - 1.2

Experimental potential at which reduction
wave commences in molten KNO«.

b 0 ^Based on AH .
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Fig. 1. Cyclic voltammetric study 
of 0.10 mole % Pb(N03)2 in molten 
LiN03 at 350°C. Dashed line shows 
background current.

Fig. 2. Cyclic voltammetric 
studies of 0.10 mole % Pb(N03)2 
in molten LiN03 at scan rates 
of 0.2, 1.0 and 5.0 V/s.

Fig. 3. Cyclic voltammetric 
studies of 0.10 mole %
AgN03 in molten LiN03 at 
350°C for scan rates of 
1, 5, and 20 V/s.

Fig. 4. Potentiostatic study 
of the cathodic reaction of 
0.10 mole % Pb(N03)2 in 
molten LiN03 at 350°C.
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Fig. 5. Cyclic voltammograms 
at 0.1 V/s and 0.5 V/s for 
0.10 mole % Pb(1*03)2 in molten 
KN03 at 385°C.

Fig. 6. Fast potential scan 
studies of 0.10 mole %
Pb(NO3)2 in molten KNO3 at 
385°C.

POTENTIALS POTENTIALS

Fig. 7. Fast potential scan 
studies of 0.10 mole % Pb(N03)2 
in molten LiN03 at 350°C.

Fig. 8. Cyclic voltammo­
grams for 0.10 mole % 
Cd(N03>2 in molten LiN03 
at 350°C.
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Fig. 9. Fast potential scan 
studies of 0.10 mole % 
Cd(N03)2 in molten LiN03 at 
350°C.

T = 375°C

ELECTRONS PER METAL ION

Fig. 10. Exhaustive electrolysis 
studies of Cd(N03)2 and Pb(N03)2 
additions to molten KN03.

Fig. 11. Studies of Pb(N03)2 
additions to molten LiNOo-KNOo 
at 150°C>

Fig. 12. Cyclic voltammo- 
gram for 0.10 mole % Pb(N03)2 
in aqueous KOH at 160°C.
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of 0.50 mole % Ca(N03)2 in molten 
KNO3 at 385°C. Dashed line shows 
background current.

Fig. 14. Cyclic vpltammetric 
study of 0.50 mole % LiN03 in 
molten KN03 at 385°C. Dashed 
line shows background current 
for the cathodic sweep.
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ELECTROLYSIS REACTIONS IN INORGANIC ACETATE MELTS

Elizabeth Rhodes, Frances Dale and David W.M. Williams
Department of Chemical Engineering 

University College of Swansea, Wales

Analysis of the electrolysis products of the molten 
eutectic mixture of sodium and potassium acetates in the 
temperature range 230 - 330°C . showed that the only gaseous 
cathode prjoduct was methane. Carbon dioxide and acetone 
were the,major, anode products. Cyclic ij-inear potential 
sweeps over the range 0.5V anodic to 0i8V cathodic with 
respect td a micro-platirium ‘reference electrode indicated 
that the sjystem was onlyiquasi-reversible. The siting and 
appearance! of the adsorption and desorption peaks on the 
potentiodyinamic curves confirmed the hypothesis from 
Faradaic efficiency considerations that the anodic decarbo­
xylation of the acetate ion was a mixed potential process 
resulting in the formation of a carbonium ion which was 
discharged at the cathode producing methane gas. When 
hydrogen gas was fed to a porous nickel working electrode 
the redox reaction for hydrogen was observed occasionally 
though usually only the gas adsorption and desorption 
processes were noted.

INTRODUCTION

For many years the Kolbe electrosynthesis reaction has been 
studied in aqueous solution and there are extensive reviews on this 
subject (1-5). The reaction is believed to proceed by a decarboxy­
lation process at the anode (6-7):-

CH3COO“ -y CHjCOO'  + e (1)

CH3COO* -y C°2 + CV (2)

2 c H 3* -y C2H6 (3)

In alkaline solutions the methyl radical formed on decarboxy­
lation will preferentially react with a hydroxyl radical to give an 
alcohol (8):-

H2° -* H+ + OH* + e (4)

CH3* + OH*. CH3OH (5)
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Recently there has been much interest in electrosynthesis, and 
reactions in solvents other than water in which the radicals formed 
couple with solvent molecules, dimerise or abstract hydrogen (5). 
Solvents can range from organic acids (9), to acetonitrile (10) and 
dimethyl formamide (11) whilst similar processes involving the 
oxidation of oxalic acid (12), fluorocarboxylic acids (13,14), formic 
acid, formaldehyde and methanol (15,16) have been investigated. Few 
electrochemical investigations have been carried out in molten 
carboxylate salts. Marassi and coworkers (17,18) have reported the 
behaviour of water and acetic acid in molten alkali acetates whilst 
Tissot has investigated electrochemical oxidation reactions in molten 
alkali trifluoroacetates (19,20). The results reported in this paper 
follow investigations into the thermal stability of alkali acetates 
(21,22,23) and the use of these melts as the electrolyte in a medium 
temperature fuel cell.

EXPERIMENTAL
The chemicals used were anhydrous reagent grade CH^COONa (99.0%) 

and CH^COOK (98.0%) supplied by Hopkins and Williams. Previous work 
(21,22,23) had shown that careful drying and exclusion of oxygen from 
the melt were essential. The salts were initially dried at 140°C in a 
vacuum furnace (7 N/m^) for 24 hours. The eutectic mixture (53.7 mol % 
CH^COO K ) (24) was then prepared in a dry box under an atmosphere of
n2 (°2 < PPm) and the mixture further dried under vacuum for several 
hours before melting (mp 230°C) in the electrolysis cell.

A simple U-shaped Pyrex electrolysis cell (CELL I) was used with 
10 mm diameter, 0.38 mm thick, bright platinum electrodes fused into 
supporting glass sheaths and 30mm apart. The anode and cathode com­
partments were separated by a sintered glass disc (porosity 3) and 
connected individually to two isolated gas traps and manometers. 
Electrolyses were carried out at 245 (i 2) °C. In the presence of 
slight traces of water, i.e. in air, the threshold voltage required 
to produce an appreciable current (1 ma) was lower (1.5 volt) than for 
the thoroughly dry melt under vacuum or an atmosphere of dry ^(2.2 volt) 
The power supply was a stabilized D.C. unit 0-15 V and 0-160 ma; 
polarisation voltages and currents were measured using a digital volt­
meter and milliameter. The electrolyses were at 2.5 +0.2 volt for 
1 to 2 hours and the products at the electrodes were collected in gas 
traps cooled by liquid nitrogen. After allowing the gas collected to 
warm up to room temperature the volume and the gas pressure were noted 
and the gas pressure made up to atmospheric with N2.

Analysis was by means of gas chromatography using both katharo- 
meter and flame ionisation detectors. The chromatographs Phase 
Separation LC2 and Perkin Elmer F30 were calibrated quantitatively 
using standard gas samples; product identification was by retention 
time coincidence. In the potentiodynamic studies a platinum wire
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(0.05mm diameter) reference electrode was introduced into the electro­
lysis cell in close proximity to the working electrode (Cell II, 
figure (1)). The cell was adaptable to enable the behaviour of 
various electrodes in the melt to be studied. The outputs from the 
potentiostat (Chemical Electronics TR40/JA) and linear sweep generator 
were fed to a Hewlett Packard model 7035B X-Y recorder, so that the 
current potential curves could be recorded directly. Particular care 
was taken to ensure that the bright platinum, nickel and reference 
electrodes were clean before use in the melt. The electrodes were 
boiled in nitric acid for several minutes, rinsed in distilled water, 
oven dried and stored in a desiccator before mounting in the cell.

In order to study the effect of an oxidisable gas feed to the 
fuel electrode in a fuel cell a three electrode cell was constructed 
such that gas could be fed to one side of a working porous nickel 
electrode (Cell III, figure (2)). The porous nickel electrode had to 
be arranged so that although wetted by the melt it was not flooded.
The porous nickel disc (porosity 50%), 10 mm diameter and 1 mm thick, 
was pressure welded to a nickel current lead and supported on a 
sintered glass disc (porosity 2) sealed into a Pyrex tube. To over­
come internal cell resistance a 1 mm diameter hole was drilled through 
the sintered disc immediately above the platinum wire tip reference 
electrode. Good three-phase contact was then maintained by careful 
control of the feed gas and nitrogen pressures; the secondary electrode 
was of bright platinum.

As the main object of the research was to investigate the 
behaviour and improve the performance of a molten acetate fuel cell 
using porous nickel electrodes a platinum wire micro electrode was 
inserted in the melt paste close to the fuel electrode in a fuel cell. 
The micro electrode was only separated from the working electrode by a 
glass fibre paper insulating disc. The system was then connected to 
the potentiostat and linear sweep generator. Hydrogen gas was fed to 
the fuel electrode and nitrogen, to balance the gas pressure, to the 
counter electrode. It should be noted that the voltage sign convention 
is opposite to that in common use.

RESULTS AND DISCUSSION

The current voltage curves for electrolysis of wet and dry alkali 
acetate eutectic melt using Cell I at 245°C were obtained. In the wet 
melt a point of inflection on the current voltage curve was evident at
2.7 volt comparable to the reduction waves for water at 1.8 volt 
obtained by Marassi against a silver/silver nitrate electrode (17,18).

Electrolyses at voltages between 2.3 and 2.7 volts in the dry 
melt corresponding to anodic current densities of 4 to 14 ma/cm2 gave 
the same relative proportions of products. At 2.3 volt and current 
density of 4.5 ma/cm^ the apparent anodic Faradaic efficiency was 92%. 
The platinum electrodes and melt remained clean even after 2 hours 
electrolysis indicating that there was little polymerisation at low
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current densities. At 2.7 volt and current density of 13.4 ma/cm^ a 
blue polymer film appeared on the anode and there was a considerable 
tarry deposit in the melt after only 1 hour of electrolysis (25,26). 
The Faradaic efficiency was now only 60%.

Table 1 Apparent Faradaic Electrolysis Yields
Current Voltage Time Anode Cathode Anodic
Density Yield Yield Faradaic
ma/cm^ Volts (secs) moles xlO+4 moles xlO Yield %

4.5 2.3 7200 5.4 1.54 92
13.4 2.7 3600 6.1 1.54 60

The proportions of product gases obtained in these direct electrolysis 
results are shown in table (2). The results are from several electro­
lysis runs and the proportions of major gases found at the anode and 
cathode showed an average deviation of i  1% despite wide variations in 
current densities. This accords with Tissot's observations on the 
electrolysis of CF^COOK - CF^COO Na eutectic melt at 116°C when the 
proportions of products were essentially independent of the anodic 
current density (19). Water was also detected in trace amounts but 
not CO, ethane or ethylene.

Table 2 Electrolysis Products from GLC Analysis

Gases Total Products Anode Products Cathode Products
Mol % Mol % Mol %

Methane 26.8 6.3 20.5
Isobutene 0.5 0.1 0.4
Acetone 15.2 14.5 0.7
Carbon
Dioxide 57.5 57.5 trace

Previous work (23) on the thermal decomposition of the alkali
acetate eutectic melt had shown that there was no significant thermal 
decomposition at 250°C (hence the products should only be due to the 
electrolysis reaction). Three to four times more electrolysis product 
gases were formed at the anode than at the cathode so that overall the 
ratios of the main decomposition products were approximately methane : 
acetone : carbon dioxide 1.75 : 1 : 3.8.

Step-wise potential sweeps using the potentiostat and Cell (II), 
increasing the potential at a rate of 15 mv every 30 seconds, showed 
that the decomposition potentials were approximately + 0.8 V cathodic 
and - 0.5 V anodic with respect to the platinum micro-electrode. With
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nickel electrodes the cathodic decomposition potentials were also 
+ 0.8 V but slightly less at - 0.35 V (bright nickel) and - 0.4 V 
(porous nickel) for anodic decomposition. In the potentiostatic 
experiments the proportion of methane to other products found at the 
anode was rather less than in the direct electrolysis experiments and 
there was also a slight increase in tarry products and in production 
of water. Isobutene was not identified possibly because the sample 
quantities collected were small. Current densities varied from 
15 ma/cm^ to 90 ma/cm^ at the electrodes. There was little difference 
in the proportions of products collected if nickel rather than 
platinum was used for the electrodes.

Table 3 Potentiostatic Electrolysis Products
a) Ratio of Products

Electrode CH4 co2 Acetone *2°
Pt anode 1 26 11 3.6
Ni anode 1 24 11 0.15
Pt cathode 1 nil nil 0.02
Ni cathode 1 nil nil 0.10

b) Average Mole % of Products at Anode and Cathode

Gases Total Products Anode Products Cathode P3
mol % mol % mol %

Methane 21.65 2.15 19.5
Acetone 24.0 24.0 nil
Carbon dioxide 52.0 52.0 nil
Water 2.35 2.15 0.2,

Ethane was never identified as an electrolysis or thermal decomposition 
product in contrast to the Kolbe synthesis in aqueous solution (1-7) 
and in non-aqueous solutions (9-11). Even in molten alkali trifluoro- 
acetates the main products were the dimer (C2F ) and CO^ (19,20) , as 
in the electrolysis of CF^COO Na in acetonitrile (10).

The limiting anodic reaction appears to be the oxidation of the 
acetate ion to a methyl radical and CO2

CH3COO“— > CH3* + C02 + e (6)

However, the main anodic reaction products are acetone and CO^ with 
only a little methane and no ethane, hence the above reaction 
probably takes place in stages beginning initially with the adsorption 
of the acetate ion, followed by desorption of the acetate radical:-
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(7)CH COO" ■> CH-COO’ + e -* CH COO*
Ads Ads

acetate 
radical

Vasil'ev et al (27,28,29) from pulse potentiostatic techniques find 
that the slow step is the discharge of the adsorbed acetate ion. In 
their scheme the charged acetate ion is adsorbed rapidly before the 
slow discharge of an acetate radical followed by methyl radical 
formation by decarboxylation:-

CH-jCOO~ CH.COO- CH-COO* + e -> CH * + C0o + e (8 )3 fast 3 Ads slow 3 3 ^

This is in contradiction to the mechanism proposed by Lord Wynne Jones 
and co-workers (6,7) where the adsorbed radical CH^COO* reacts at the 
electrode surface with acetate ion

CEL COO + CH-COO- + C_ EL. + 2C0o + e ( 9)3 Ads 3 2 6 2
In our experiments it was not possible to differentiate between the 
schemes, but if the methyl radical were produced in significant 
quantities on adjacent sites at the anode one would expect immediate 
dimerisation to C 2H 6 ethane, but this does not occur. If, however, 
the acetate radical was first discharged into the solvent melt before 
decarboxylating the formation of ethane would be unlikely.

At the higher current densities in the direct electrolysis 
experiment there is a slight increase in the proportion of methane in 
the products and a marked increase in tarry polymer products coupled 
with a decrease in Faradaic yields of anodic products to 60%. At the 
low current density some 80% of the anode product is C0 2 so that the 
Faradaic efficiency for decarboxylation and production of CO2 is 70% 
which is consistent with the supposition that the primary electro­
chemical reaction is the one electron discharge of the carboxylate 
radical which disproportionates rapidly in the melt to give a methyl 
radical and C0 2 :

c h 3c o o * c h3* + co2 CIO)

The chemical reactions which follow are probably:-
a) Hydrogen abstraction from solvent acetate ions producing methane

b)

* 0CH- + CH_C + 3 3 q - CH4 + 'CH2 < o - (1 1)
polymerises

Formation of acetone 0
c h 3* + c h 3c ^ +

CHo
C = 0 + 0" (1 2)

0 c h 3
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Oxygen could not be detected but it is very probable that the melt 
contained trace quantities of oxide or hydroxide ions as eventually 
water was detected at both anode and cathode. The above two reactions 
compete and (1 2) is probably favoured at higher temperatures as shown 
by the thermal decomposition results (23).

Only relatively small quantities of methane were recorded at the 
anode, 2 - 6 % of the total, whilst the total gaseous product collected 
at the cathode (20%) was almost exclusively methane. The mechanism 
of the cathodic reaction is rather uncertain. Discharge of Na+ and K+ 
is possible. The decomposition potentials of molten NaOH and KOH are 
2.3 and 2.35 volts respectively (30), however, the potentiostatic 
experiments showed rapid electrochemical decomposition at cathodic 
potentials of only 0.7 to 0 . 8 volt.

Scheme (1)
If alkali metal deposition occurs the metal atom might react with 

the acetate solvent to form methyl radicals followed by hydrogen 
abstraction.

Na+ + e --- Na* (13)

CH C ' + Na* -> CH * + NaCO (14)
N 0 " very unstable

The cathodic efficiency for production of methane was 25%. No tarry 
products were formed at the cathode nor was there any which could 
be the final product of the highly unstable NaCC^-.

Scheme (2)
An alternative scheme is via the production of carbanions (31)

0 -  2 -
CH_C^ + e -* CH„ C ^ -> CH ’ + C0o (15)

3 \  -  3 \  3 2

Scheme (3)
A third possibility is the formation of a metal alkyl CH^ - Na+ 

at the anode which is discharged at the cathode giving a methyl 
radical.

Scheme (4)
If, however, the anodic process is a mixed potential process 

involving both single electron transfer to give the carboxylate 
radical followed by transfer of a second electron to the carboxylate 
radical which is still adsorbed on the electrode, then a carbonium ion 
CH^* could be formed at the anode
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CH.COO — -> 
 ̂ Ads

CH-COO* + e — i> CH COO+ + e — ► CH + 
J Ads J J

+ co2 
(16)

The CH^+ carbonium ion transfers to the cathode where it is discharged 
as the methyl radical which abstracts hydrogen from the solvent giving 
methane,

CH3+ + e — > CH3‘ + CH3COO CH4 + CI^COO" (17)
solvent

If the theoretical quantities of products which should be formed 
at the anode are calculated for a single electron transfer process and 
compared with the actual quantities of products obtained at the anode 
it is found that the Faradaic anodic efficiency for current density of 
4.5 ma/cm^ based on the amount of C02 produced is 70%. Whereas Faradaic 
anodic efficiency based on total moles of methane and acetone produced 
at the anode is only 20%. There is, however, a large amount of methane 
(95% of gaseous product) at the cathode, but as mentioned earlier the 
actual quantity produced is only equivalent to a cathodic efficiency 
of 25% for a single electron process such as schemes (1) or (2).

Scheme (3) involving the reaction of the methyl radical at the 
anode with Na+ ion and then transfer to cathode for single electron 
transfer discharge would mean that the organic ion discharge efficiency 
at the anode would still only be 45%. However, if as in scheme (4), 
the discharge of the carboxylate ion were immediately followed at 
slightly higher potentials by removal of a second electron to form a 
carbonium CH3+ ion the two electron process would use twice the amount 
of electrical energy so that the efficiency of the electrode reaction 
entailing formation of a carbonium ion is doubled to 50%. Thus the 
overall anodic efficiency based on total production of organic mole­
cules (CH4, (CH3)2CO) at both electrodes is 70% which is consistent 
with the anodic Faradaic efficiency for production of C02. Scheme (4) 
therefore seems the most likely from electrical energy efficiency 
considerations.

The potentiodynamic work was an attempt to trace the possible 
electrode reactions in the melt as outlined above. Working slightly 
within the decomposition potentials previously determined with refer­
ence to a point Pt electrode, both cathodic and anodic potential 
sweeps were carried out in the molten acetate melts at various tempera­
tures and sweep rates using the different electrode materials. Typical 
potentiodynamic curves are shown in figures 3-6. In most cases two 
adsorption current peaks and two desorption current peaks were observed 
in addition to the anodic and cathodic decomposition currents.
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Table 4 Potentiodynamic Adsorption & Desorption Peaks

Electrode Region II 
Adsorption 
(Peak lie)

Region III 
Adsorption 
(Peak IIIc)

Region IV 
Desorption 
(Peak IVa)

Region III 
Desorption 
(Peak Ilia)

Region II 
Desorption 
(Peak Ila)

(volts) (volts) (volts) (volts) (volts)
Pt black + 0.15 + 0.59 Nil + 0.42 Nil
Pt bright - 0.08 + 0.35 + 0.65 + 0.21 Nil
Ni bright - 0.07 0.4 to 0.5 Nil + 0.25 - 0.09
Ni porous - 0.15 + 0.64 + 0.62 + 0.39 - 0.11
Fuel Cell + 0 . 0 6 + 0.45 Nil + 0 . 2 0 - 0.13

The melt temperature was 245°C except for Pt black electrodes when a 
temperature of 305°C was used. The peak adsorption currents varied 
linearly with the square root of the sweep rate in accordance with the 
general equation for a redox reaction at a planar electrode i “ 
indicating that the reactions are diffusion controlled (32). ^

On the reactive platinum black electrode at 305°C two adsorption 
peaks at + 0.15 (Region II) and + 0.59 volts (Region III) against the 
microplatinum reference electrode were observed. The desorption peak 
was at +0.42 volt (Region III). On the less reactive bright platinum 
electrode peaks observed were at - 0.08 volt (Region II) and + 0.35 
volt (Region III) with the corresponding desorption peak at + 0.21 volt 
(Region III). There was also an earlier desorption peak at + 0.65 volt 
(Region IV) in this case, probably due to desorption of methane as 
predicted by the electrolysis experiments. For the nickel electrodes 
there is an adsorption plateau at + 0.4 to 0.5V (bright nickel) and at 
+ 0.68 V (porous nickel) followed by a desorption peak in Region III 
at + 0.25 volt (bright nickel) and + 0.43 volt (Porous nickel). There 
was also an earlier desorption peak at + 0.6V (Region IV) in the case of 
porous nickel due to desorption of methane.

Cairns (3) reports that methane is adsorbed on platinum black at a 
potential of 0.3 volt at 100°C and the electro-oxidation of methane has 
been extensively studied (3,4,33,34). Reduction of adsorbed methane 
gives not only methane but ethylene and ethane at the cathode (35). 
However, it is unlikely that the adsorption process at the cathode is 
due to adsorption of methane; it is more likely to be due to adsorption 
of methyl radical at the anodic or slightly cathodic potentials in Region 
II or to adsorption of the methane carbonium ion CE^+ at the main adsorp­
tion peak in Region III followed by reduction of the methyl radical at 
the cathodic decomposition potential of 0.8V.

Desorption of the reduced species CH. was not always observed 
but where it does occur it is at + 0.65V (Bright Pt) and + 0.6V 
(Porous Ni). The peak current corresponding to desorption of CH3+ was
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about a third of peak adsorption current, consistent with the 
observation that a good deal of CH^ was obtained at the cathode.

For a single electron reversible process the peak separation of 
the oxidation-reduction couple

CH3+ + e -> CH3 (18)

2 3 RT r\is given by AE_ = — !----  so that AE = 0.114V at 305°C, or
* P F P

AE = 0.104V at 250°C P

Table 5 Sweep Rates and AEp for Carbonium ion discharge

Electrode

Pt Black Sweep Rate mV/sec
AE (V)P

Pt Bright Sweep Rate mV/sec
AE (V)P

Ni Bright Sweep Rate mV/sec
AE (V)P

33 21 10.5 4.2 2.1
0.28 0.15 0.13 irr. irr

- 21 -
0.14

- 21 -

0.15

Porous Ni Sweep Rate mV/sec 25 21 16 4.2 2.1
AE (V) 0.20 0.17 0.16 irr. irr.P

The above results, even for single electron transfer indicate that 
the reaction is only quasi-reversible. At very low sweep rates the 
anodic peak was absent indicating that under some conditions the 
reaction is completely irreversible. More probably, however, the 
absence of the anodic peak is due to the rapid irreversible re­
duction of the adsorbed carbonium radical to CH^. This is corro­
borated by the fact that the peak separation also tended to increase 
with sweep rate being at a minimum at about 10 to 20 mV/sec., 
indicating that the electron transfer was slow and that the chemical 
reaction was faster than the electrochemical one as evidenced by the 
disappearance of the anodic peak at very slow sweep rates (36,37).

Sweep rate data is not very comprehensive for the bright 
platinum and nickel electrodes as the main interest was in the 
porous nickel electrode. Here it was evident that the process was
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somewhat more irreversible than at the platinum black electrode though 
the adsorption and desorption currents observed were about 10 0 times 
greater corresponding to the large surface area of the porous nickel.
A pronounced peak presumed to be desorption of the hydrogen-reduced 
species CH^ was observed at + 0.6 Volt.

Similar peak locations were found in the fuel cell experiments.
A typical example is shown in figure 7 which also shows the adsorption 
and desorption peaks for H2 gas at - 0.08V and -0.4V respectively, i.e 
a AEp of 0.32V. The adsorption and desorption peaks for H2 in molten 
acetate melt in the potentiostat electrolysis cell III are + 0.32V and 
- 0.13V with AEp = + 0.45 V at a scan rate of 33 mV/sec.

Considerable difficulties were experienced in the gas feed cell 
(figure 2 ) and careful balancing of the gas pressures was required in 
order to maintain three phase contact and avoid flooding the porous 
nickel electrode. The reference electrode was also separated from the 
working electrode by the sintered glass disc with the result that the 
potentiodynamic curves were somewhat featureless. It is estimated 
that the potential displacement was 0.3V positive due to the IR drop. 
The potential span was kept well within the decomposition limits. 
Figure 8 illustrates the appearance of the curves when hydrogen gas is 
adsorbed at the porous electrode. The anodic and cathodic peaks are 
ascribed to adsorption and desorption of hydrogen at the electrode 
rather than to the formation of hydrogen ions as similar adsorption 
peaks were observed when nitrogen was the gas feed to the electrode. 
Much more detailed results were obtained when hydrogen was fed to the 
working electrode in a fuel cell. Separation distances here are 
negligible though the cathodic adsorption peak is not very evident.
N2 was the feed to the counter electrode in both cases. When the 
effect of varying H2 gas pressure in the fuel cell was investigated 
it was found that the peak (cathodic adsorption of hydrogen), is 
only observed for low gas pressures ( < 5000 Nm~^X indicating that at 
the higher pressures the electrode is fully saturated with adsorbed 
hydrogen gas. Hydrogen peak separation in the fuel cell is 0.34V at 
21 mV/s though with a lower hydrogen concentration AEp at 26 mV/s was 
only 0.08 volt which agrees with the value calculated by Saveant (38)..

In the potentiostatic cell with gas feed AEp appeared to decrease 
with decreasing scan rate.

Table 6 Scan Rate and Shift of Hydrogen Peaks in Potentiostatic Cell

Scan Rate (mV/s) 50 33.3 16.7 10

Hc (volts) + 0.42 + 0.32 + 0.22 + 0.23

H^ (volts) - 0.10 - 0.13 + 0.02 + 0.08

AEp(volts) 0.52 0.45 0.20 0.15
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Anodic and cathodic currents were approximately the same which is 
consistent with the theory that these peaks are due to adsorption 
and desorption of hydrogen and are not due to the formation of H+ 
ions. Similar peaks were found if N2 was the gas feed.

Marassi (17,18) has investigated the behaviour of water and 
acetic acid on Bright Pt electrodes in acetate eutectic melt at 
250°C. The melts were wet and the voltages for adsorption and 
desorption were approximately + 0.12V and + 0.03V respectively 
with respect to a Ag/Ag+ electrode as secondary reference electrode. 
The peak separation for the water reaction

Ho0 + e — Hn + OH" (19)2 2 2

was 0.085V at a scan rate of IOO mv/sec. The hydrogen peaks for 
water formation are not so well developed as for acetic acid 
formation where the adsorption and desorption peaks are - 0.40V and 
- 0.53V with a peak separation of 0.13V for the reaction

H2 + CH3C00" 7 2CH3COOH + 2e (20)

comparable with the calculated values of 0.0795V and 0.0789V 
respectively (38).

Nickel is much less electrochemically active than platinum 
hence it is to be expected that it is difficult to observe the 
electron transfer reaction on porous nickel in the potentiostatic 
cell. The high internal resistance of this cell meant that the 
potentiodynamic curve was rather featureless apart from the adsorp­
tion and desorption of the gases. It is possible however that in 
the fuel cell with its much lower internal resistance the hydrogen 
peaks sometimes observed are due to the electron transfer redox 
reaction for hydrogen.

CONCLUSIONS

Analysis of the cathodic and anodic gaseous electrolytic de­
composition products of the sodium and potassium acetate eutectic 
melt indicated that the process was not a simple decarboxylation 
reaction. The calculated Faradaic efficiency at low current densities 
for decarboxylation was 70% for a single electron transfer. The 
appearance of methane at the cathode indicated that the electrochemical 
step was a multi-electron transfer leading to formation of a carbonium 
ion at the anode followed by decarboxylation. Ethane production was 
not observed so that it is unlikely that the methyl radical is present 
at adjacent sites on the anode hence it is postulated that the two 
electron transfer at the anode involves first of all charge transfer 
from the adsorbed acetate ion forming an acetyl radical which remains 
adsorbed on the electrode (Eqn. 16). The second electron transfer 
process is from this acetyl radical and not from a methyl radical and 
it is the discharge of the acetyl radical ion (CH3C00+) which results
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in the formation of the carbonium ion (2,5).

All the potentiodynamic traces showed evidence of adsorption 
and desorption of a cationic species at potentials very much lower 
than those expected for discharge of a metal cation. These peaks 
in region III of the traces would fit in very well with the presence 
of a carbonium ion in the melt. The peak potential separation for 
the oxidation reduction couple of the carbonium ion tended to a 
minimum value at moderate sweep rates indicating that the electron 
transfer reaction was slower than the subsequent chemical hydro­
genation. At very slow sweep rates the anodic desorption peak 
disappeared completely showing that the methyl radical formed on 
discharge had been completely hydrogenated.

The current peaks observed when hydrogen gas was fed to a 
working porous nickel electrode are attributed to adsorption and 
desorption of the gas. These peaks are at more negative potentials 
than those observed by Marassi (18) for the oxidation of hydrogen 
to water at platinum electrodes, hence it is thought unlikely 
that the peaks we observed are due to the formation of a hydrogen 
ion.
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ABSTRACT

Ores constituted by mixtures of oxides 
are among the principal mineral sources of metals. These 
ores can be treated in molten salts, in order to be trans­
formed in compounds allowing the obtaining of the corres­
ponding metals in an easy way. in particular, it is possi­
ble to use gaseous mixtures for the chlorination of oxides 
in suspension in molten chlorides.

The use of mixtures like HCI + H-O, HCI 
+ H2 + H O, HCI + CO + H2, Cl2 + 0 2, Ci2 + CO or COCI2 
and also C l2 + C (s ), has been explained in terms of oxi­
dation-reduction and acidity. As an example, molten LiCI- 
KCI eutectic at various temperatures is considered and 
selective chlorinat^ons of mixtures of oxides are predicted 
from potentiai-pO diagrams.

INTRODUCTION

The development of metal electrowinning in molten 
salts has caused an increase in the interest of using these media for 
the treatment of raw materials (salts or ores), in order to prepare 
salts for feeding electrolytic cells.

Chlorides are among the most used molten 
s a l t s ;  h o w e v e r ,  o x id e s  a r e  o f t e n  i n s o l u b l e  i n  them  and*  as 

a consequence, must be transformed into the corresponding soluble 
chlorides. An interesting way in this aim could consist in selectively 
chlorinating mixtures of oxides ih suspension in molten chlorides.

The purpose of this paper is to show how it is 
possible to take up this problem, from a thermodynamic point of view.
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CHLORINATION REACTIONS AND CHLORINATING REACTANTS

Chlorination reactions.
Chlorination of a metallic oxide corresponds to 

a reaction of exchange of O by Cl ions. Thus, for example, the 
chlorination reaction of an oxide like MO can be written :

MO (+ 2 C f)  *  MCI2 (+ 0 2_)

In order to realize it, it is necessary to p rovide a donor of CMons 
and of an acceptor of 0 2~, or of a compound which would be both a 
donor of Cl and an acceptor of 0 . In a chloride melt, the intro­
duction of an oxide gives rise to the equilibrium :

MO + 2 (M+, Cl- } t  MCI2 + M20  

(solid) (melt) ( solvated) (solvated) 
which can be written in a simpler manner :

MO(s) ^  M2+ + 0 2'

This equilibrium corresponds to the partial dis­
solution of MO(s) characterized by the solubility product :

Ks(MO) = [M2+ j[0 2' ]
In order that chlorination may occur this dissolution equilibrium must 
be shifted towards the formation of metallic ions. In general, the 
action of the melt is not sufficient (except in the rare cases of soluble 
oxides for which chlorination is only due to the effects of solvation). 
We must therefore use a compound called chlorinating agent (or reac­
tant) whose role is to shift the oxide dissolution equilibrium.

Among the most efficient chlorinating mixtures, 
the oldest to be used is carbon with either chlorine ( 6) or hydrogen 
chloride (7 ). It was proven at the beginning of this century ( 8) that 
no oxide can hold out against this method of chlorination. However, 
it is usable only for the preparation of volatile chlorides for which 
one does not fear a contamination by the excess of carbon necessary 
to o b ta in  a complete tra n s fo rm a tio n . In o rder to overcome 
this limitation, carbon monoxide (9) and even hydrocarbons (10) have 
been used instead of carbon. This process is still in use now ( 11, 12) .

A widespread method for the preparation of 
anhydrous chlorides from oxides makes use of volatile carbon-, sulfur- 
or nitrogen-containing compounds. One of the oldest chlorinations calls 
for the use of carbon tetrachloride (13). Methyl chloride and chloro­

form have also been envisaged (14), as well as phosgene (15). Sulfur 
dichloride and sulfur monochloride with chlorine or not (16,17), as 
well as thionyl chloride (18), have also been used ; above 400°C thio- 
ny! chloride is dissociated and the chlorination reaction is similar to
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the one obtained with a S^Cl2 + Cl2 mixture. Among the nitrogen 
compounds, ammonium chloride is one of the most efficient (19) ; 
nitrosyl chloride has also been considered sometimes ( 20).

Ways of action of a chlorinating reactant.
A chlorinating reactant (labelled in 2the following 

by CR) can act either as an acid, i.e . an acceptor of O (1 -4 ), or 
as an oxidant, or as both.

A chlorinating reactant which only works as an 
acid has to be stronger than M^+ ; then, chlorination is reduced to 
the simple reaction of exchange of oxide ion :

2+MO(s) + acid ^ M + base 
CR

Hydrogen chloride reacts in this way, giving water vapor (as the 
base).

2_ A chlorinating reactant can also act by oxidizing
O into oxygen according to the following reaction :

MO(s) + Ox ±  M2+ + I  0 ,(g )  + R 
CR 1 1

which is the sum of the oxide dissolution equilibrium and of the two 
redox systems :

Ox + 2e~ = R 
CR

and :
o 2'  - 2e~ = J  0 2(g)

Chlorine reacts in this way. Side reactions such as oxidation of the 
metallic cation to an upper oxidation state can also take place at 
the same time.

When one deals with,_very stable oxides, no suf­
ficiently strong acceptor or oxidant of O does exist and one must 
have recourse to compounds or mixtures whose action calls into play 
both acidity and oxidation-reduction at the same time. This latter 
method of chlorination brings about multiple chemical reactions which 
often allow one to obtain the selectiv ity  desired.

Thus, from a thermodynamic point of view, two 
sorts of data permit one to obtain the knowledge of the reactions for 
chlorinating metallic oxides in molten chlorides : on the one hand, 
the solubility products of the oxides, and more generally the disso­
ciation constants of the oxide complexes of metallic cations, and on 
the other hand, the acid-base constants and redox potentials of the 
chlorinating reactants under consideration.

Solubility products of oxides as well as acid- 
base constants of oxide complexes of metallic cations have been the 
aim of numerous determinations (5 ). On the contrary, the equilibrium 
constants of the chlorinating reactants had not yet been determined.
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Obtaining of the chlorination equilibrium constants.
In this study, we have only considered the main 

chlorinating mixtures whose reactions on oxide ion are given in 
table 1. Only equilibrium constant corresponding to the acidic 
strength of hydrogen chloride has been experimentally determined at 
various temperatures (21-23). The log K. vs T function which results 
from these experimental values has permitted us to deduce the 
variation, as a function of temperature, of the equilibrium constants 
relative to the other chlorinating gases (equilibria ( 2) to ( 10), 
table 1).

The method used consists in comparing the chlo­
rinating strengths of the different gaseous mixtures to that of hydro­
gen chloride. As an example, constant of equilibrium (3) :

C l2(g) + O2" t  I  0 2(g) + 2C f
has been calculated from constant of the Deacon equilibrium :

Cl 2 ( g) + H20 (g } *  2HCI(g) + 1 0 2(g)
obtained from thermochemical data from the litterature (25). We thus 
obtain :

log K3 = log k 3 + log K1

Analogous calculations for the other chlorinating gaseous mixtures 
have led to the variations given in table 1.

Comparison of strengths of the chlorinating gaseous mixtures. 
Preliminary classification.
The logarithm of the constant of each equili­

brium can be expressed as :
log K = pO^ + Zlog P,

an expression in which Z log P is the algebraic sum of the logarithm 
of the partial pressures of the gases intervening in the reaction. The 
strength of a chlorinating mixture is related to the pO^“ value which 
it can impose. A classification is thus possible by comparing the 
logarithms of the constants of equilibria ( 1) to ( 10) .

Figure 1, which represents the variations of 
these constants as a function of temperature, brings to the fore 
three groups of mixtures of increasing strengths : (i) Equilibria (1), 
( 2)and (3 )correspond to the weakest chlorinating mixtures ; (ii) equi­
libria (9) and (10) (containing sulfur and chlorine) correspond to 
mixtures of intermediate strengths ; (iii) equilibria (4) to ( 8) corres­
pond to the most powerful chlorinating mixtures.

In the following we shall only consider the most 
currently employed chlorinating mixtures, belonging to the first and 
third groups.
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Potential-pO domains of action of some chlori­
nating gaseous mixtures.

2-

We have seen that the chemical action of these 
mixtures implies in general the intervention of acid-base and oxida­
tion rreduction properties, so that it can be represented in the poten- 
tial-pO2- diagram as it will be shown through the following example.

by
A Cl2 + 0, mixture imposes a pO 2 - value given

pO2- = log K3 + log P(C I2) -  j  log P (0 2)
In the potential-pO2- diagram (fig . 2) , this 

value is the abscissa of the point of intersection of the straight lines 
representative of the two electrochemical systems C L (g )/C I and 
0 2( g ) /0 2” . It characterizes the chlorinating strength of the mixture: 
the higher this value is, the greater the chlorinating strength. More­
over, the mixture imposes a potential value (which characterizes its 
oxidizing strength) given by :

E = log P(CI2)
2-

These potential and pO values depend on the 
partial pressures of the different gases. In fig. 2, points correspon­
ding to two compositions [mixture M1 : Cl2( 0. 1 atm) + 02 (1CT2 atm)
+ inert gas ; mixture M2 : CL (0 .5  atm) * O2(0.5 atm)J have been 
represented.

By making the partial pressures vary, between 
definite limits, a domain of potential and pO2” can be covered by 
means of one type of mixture. In fig. 2, we have chosen arbitrarily  
the upper limit of 1 atm for the total pressure and the lower limit of 
10~2 atm for each component.

For each of the gaseous mixtures we have consi­
dered, such domains have been calculated by using data from tables 
1 and 2 ; they are represented in fig. 3a and 3b, for the tempera­
tures of 723 K and 1023 K.

HCI + H20 mixtures fix the pO2 but not the 
potential, which can be imposed by the addition of hydrogen. HCI +
+ CO + H2 mixtures have an oxidizing power close to the HCI + H20  
+ H2 mixtures, but a greater chlorinating strength. Chlorine 
(whether or not in the presence of oxygen) alone possesses a weak 
chlorinating strength, whereas, in the presence of carbon, it leads 
to the greatest chlorinating action (like phosgene).

PRINCIPLE OF CONCEIVING A SELECTIVE METHOD OF CHLORINATION

As an example we shall consider the chlorination 
of a mixture of iron, titanium, aluminium and silicon oxides in molten 
LiCI-KCI at 743 K. Such a case can correspond to practical applica-
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tions concerning the treatment of aluminum and titanium ores.
2_ The reactions of aluminum and iron chlorides

with 0 ion have been studied experimentally. The solubility pro­
ducts and other acid-base constants in molten LiCI-KCI have been 
determined by titrations followed by means of an yttria-stabilized 
zirconia membrane electrode indicator of pO2" ( 15,26-29). Similar 
constants for titanium and silicon have been deduced from l i te r a tu r e  
data (25, 30). The potential-pO2” diagrams so obtained are given in 
fig. 4.

The simple superimposition of each of these 
diagrams with the one representing the reactivity domains of the chlo­
rinating gaseous mixtures dem onstrate which m ixtures are capav 
ble of chlorinating one particular oxide, and consequently show 
a method appropriate to selectively chlorinate the mixture of oxides.

From the iron diagram, for example, it can be 
noticed that all the iron oxides can be easily chlorinated by all the 
chlorinating mixtures, with the one restriction that chlorine-oxygen 
mixtures must have a sufficiently weak oxygen partial pressure. More­
over the reducing mixtures HCI + H20 + H2 and HCI + CO + lead 
to chlorination of ferric oxide into ferrous chloride and not into (vola­
tile) ferric chloride as with the other mixtures.

Titanium dioxide is a more stable oxide than 
Fe20 3, so that the HCI + H -0 mixture (with H2 or not) and the CL 
+ 0 2 mixture will be inefficient on it. Only the mCI + CO + H2 mixture 
(at an appropriate composition) and the CI2 + CO mixture (or COCI2) 
are able to extract the volatile tetrachloride TiCI^.

Concerning aluminum and considering only 
a-alumina, its chlorination can take place through the action of chlo­
rine in presence of carbon or of carbon monoxide, or through the 
action of phosgene.

Finally silica, which is the most stable oxide, 
can only be chlorinated by using the Cl2 + CO mixture,or phosgene.

To sum up, a selective chlorination process of 
the oxide mixture can be the following. Ferric oxide can be chlorinated 
at first by HCI, then T i0 2 by a HCI + CO + H2 mixture at a suitable 
composition (i.e . not corresponding to the highest chlorinating power 
in order to avoid chlorination of alumina). Finally aluminum trichlo­
ride and silicon tetrachloride can be obtained with chlorine and 
carbon monoxide mixtures (aluminum and silicon chlorides are then 
separable by a fractional condensation ).

CONCLUSION
By consideration of potential-pO^ diagrams 

it appears possible to predict the thermodynamic conditions which have 
to be satisfied in order to realize the selective chlorination of mixtures
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of various oxides in suspension in molten chlorides, by means of 
gaseous chemical agents. Obviously this estimated approach has to be 
completed by experimental kinetical studies (31,32).

Such a method can also be applied to investi­
gate the possibility of separation by selective precipitation. In fact, 
the way of reasoning, here described, demonstrates the interest of the 
potential-pOz diagrams as a very useful too! to conceive, in a more 
general manner, any chemical process of metallurgical treatment of ores 
in molten salts.
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Table 1 - Values of constants K of some chlorination equilibria
in molten LiCl-KCl eutectic (concentrations in mol kg” ,̂ 
pressures in atm, T in Kelvins).

CHLORINATION EQUILIBRIA log K = A ■»■ B. lO3.!-1
A B

(1) 2HCI(g) + O 2' t H20(g) + 20 " -3.477 9.980
(2) 2HCI(g) + CO(g) * O 2' "Z- C02(g) + H2(g)+2Cf -5.264 11.88
(3) Cl2(g) + O 2' X I 02(g) + 2Cl“ -2.651.10~2 6.912
(4) Clj(g) + CO(g) + O 2' X C02(g) + 20“ -4.583 21.62
(5) COCI2(g) + O 2' X C02(g) + 20" 2.465 16.01
(6) Cl2(g) + j C(s) + 02~ t i C02(g) + 20“ 2.086.10“217. 14
(7) Cl2(g) + C(s) + O 2' ± C0(g) + 20“ 4.603 12.68
(8) I CCI^g) * O 2- t i C02(g) + 20“ 3.503 14. 77
(9) SOCI2(g) + O 2' t S02(g) + 20“ 2.776 11.49
(10) 1 S2CI2(g) * | Cl2(g) + o2“ S02(g) + 20“ -0.3999 14.48

Table 2 - Equilibrium potential expressions and standard potential
values(in V vs standard chlorine electrode), as a function 
of temperature T (in K), for some electrochemical systems 
in molten LiCl-KCl eutectic (concentrations in mol kg~l 
and pressures in atm).

€l«ctrochemfcs»l sy stem s EcfuWIhrlum p o le n th l?
S ta n d a rd  p o ten tia l*
E® = A*G . M»'*T

A B

M jlg l -  2e~ * 2Cl” s  2HCMg)

H Jg> - 2e" ♦ 0 7~ a H ^O tg) 

O 2’ -  2e” = 0 .5  O jCgl 

C ls l  -  ie* ♦ 2 0 2" a C O jtg )  

C(s> - 2e* * O2'  = C O (g) 

C O (g) - 2e” ♦ O 2'  a  C O jfg )

E a E® * 2 .3  R T F * ’ log P lH C IJ-2 .3  RT . «. 5. F~ ’log P T H ^

6 a E® * 2.3 R T .fl. 5 .F * , k»g P tH jO H P lH j)  * 2. 3 R T .o .s .F _f .p O 2 
E a E* + 2.3  R T . 0. 25 .F* Nog R T .0 .5 .F * ’ p O 2"

E a E® ♦ 2.3  R T . 0. 25. F* *log r f C O j ) ‘ 2 .3  R T .O .S .F '1 p O 2”

E a E” ♦ 2.3  R T .I» .S .F * 'lo g  P<CO )*2.3 R T .IJ .S .F * ’ p O 2*

E a E* * 2.3  R T .» .S .F - , log r tC O ^ /P f C O )  *2 .3  RT 0 . S . F ' , p O 2'

- 0 .9 7 t6

-1 .7 0 9  

- 1 .2*»6 
* 2 . I5S

- « 7 .27 

261.6 

2.603 

-2 .6 0 0  

-659 .6  
657.0
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STANDARD REFERENCE ELECTRODE FOR MOLTEN SALTS
James A. Plambeck 

Department of Chemistry 
University of Alberta 

Edmonton, Alberta, Canada T6G 2G2

ABSTRACT
The definition of the Ag(I)/Ag reference 

electrode as a standard reference electrode for 
fused salt media is discussed. The required 
definitions are three: the definition of the 
fused salt solvent system in terms of nominal 
composition, nominal temperature, and nominal 
composition; the definition of a solute 
concentration in terms of mole ratios; and the 
definition of the standard state of Ag(I) as that 
which prevails in sufficiently (ideally, 
infinitely) dilute solutions. The experimental 
construction of such an electrode is discussed.

Introduction
Molten salts constitute a diverse class of solvent 

systems in which various reference electrodes have been 
proposed and used. These reference electrodes have been 
of diverse types, but in virtually all cases the potential 
of the Ag(I)/Ag(0) couple has been carefully measured 
against the reference electrode used. It is proposed that 
the standard reference electrode in molten salts be based 
upon the Ag(I)/Ag(0) couple. In order to do so the 
conditions of measurement and of the standard itself must 
be unambiguously specified both in terms of the molten 
salt solvent system and in terms of the state of 
components of the reference electrode couple.

Definition of a Solvent System
A solvent system, whether for fused salt media or 

not, is defined as a uniform single-phase liquid chemical 
system whose nominal temperature, nominal pressure, and 
nominal composition can be unambiguously expressed in SI 
units. The nominal temperature is best expressed in 
kelvins (K), the nominal pressure in pascals (Pa), and the 
nominal composition in terms of amount of substance for
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which the unit is the mole. Specification of several 
fused salt solvent systems has been done in detail 
elsewhere (1 ).

The nominal composition of a fused salt solvent 
system is its most fundamental defining parameter. The 
solvent system can be defined as consisting of a single 
compound, such as NaCl or NaAlCl*, but it is more often 
convenient to specify a fixed mole ratio of two or more 
compounds, such as equimolar NaCl-KCl or NaOH-KOH, because 
the melting point of the mixture is well below that of 
either of the pure compounds and the range of temperatures 
accessible to measurement is significantly increased. 
Alternative specifications include mass ratio, which 
requires knowledge of the molecular weights of the 
constituent salts, or the eutectic composition, in which 
case the mole ratio of the eutectic composition must be 
accurately known. It is fortunate that preparation of a 
molten salt solvent system by measurement of component 
volumes is sufficiently inconvenient as to be unknown and 
so specification of composition as a volume ratio is not 
used; the complication that the volume of a mixture is not 
equal to the sum of the separate volumes of its components 
is thereby avoided.

The nominal temperature of a solvent system is 
defined empirically, but generally a consensus exists (1 ); 
in any event, measurements are usually made over a range 
of temperatures above and below the nominal temperature. 
The nominal temperature is selected as a convenient 
temperature above, usually well above, the melting point 
of the defined composition and below the temperature at 
which undesirable reactions of the solvent (decomposition, 
vaporization) or of the container materials (softening of 
glass, corrosion) become significant within the few hours 
normally required for completion of a series of 
experiments in a molten salt system.

The nominal pressure is almost invariably taken as 
one standard atmosphere (101.324 kPa) of an inert gas,
i.e., a total pressure of exactly one atmosphere made up 
of the vapor pressure of the molten salt (very low) plus a 
pressure of an inert gas. For certain molten salts, such 
as carbonates, the gas cannot be inert and must be 
specified in order to prevent solvent decomposition; the 
total pressure remains one atmosphere.

The compilations of Janz and co-workers on density 
(2) and eutectic composition (3) are extremely valuable in
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definition and characterization of molten salt solvent 
systems. Specific preparation procedures are compiled by 
Plambeck (1).

Definition of a Solute
A solute in a solvent system is any component present 

other than those of the nominal composition. The amount 
of solute is specified in terms of its concentration, 
which must be interpretable as a ratio between amount of 
solute (in mol) and amount of solvent system (in mol).
This ratio is itself the concentration on the mole 
fraction scale, which is the most fundamental measure of 
concentration but is also the concentration scale on which 
unity is the farthest removed from actual experimental 
conditions of measurement in dilute solutions. The use of 
the molality scale (mol solute/kg solvent system) and 
molarity scale (mol solute/dm3 solution) is common in 
molten salt studies since unit concentration on these 
scales is experimentally accessible. Conversion of 
molality data to mole fraction requires only knowledge of 
molecular weights, but conversion of molarity data 
requires knowledge of the solvent system density (2) as 
well. The density of the solvent system can be taken as 
equal to the density of the solution, as is the almost 
universal practice, only for dilute solutions without 
introduction of serious error. The molarity scale is 
therefore suitable only for measurements in dilute 
solutions. In practice, measurements below a mole 
fraction of 0.01 will have a neglegible error from this 
source.

Definition of Standard States for Reference Couples
Any electrochemical couple which can produce a 

reversible electromotive force consists of at least two 
species which differ in charge. In molten salt solvent 
systems, either one or both of these species are solutes 
and for the simplest couples such as Fe(III)/Fe(II) or 
Ag(I)/Ag(0) these solutes are ions. The standard states 
of all species involved in an electrochemical couple are 
the states which define the conditions under which the 
actual potential of the couple is taken as its standard 
potential against a reference electrode or, in the case of 
a reference electrode, the conditions under which its 
actual potential is taken to be exactly zero so that the 
entire measured potential difference is ascribed to the
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electrode whose potential is being measured against that 
of the reference electrode.

The standard state is necessarily taken as that of 
the nominal temperature, pressure, and composition of the 
molten salt solvent system. For a pure element or 
compound such as silver metal no more is required; if the 
nominal temperature is above 961°C the standard state is 
liquid silver and below that it is the solid metal. 
Likewise, for a material which is a constituent of the 
solvent system itself or is linked to a constituent by an 
equilibrium, no more is required because the activity of 
such a species is fixed by the composition of the solvent 
system. Couples for which both or all of the species 
involved are thus of fixed activity are often used as 
reference electrodes in molten salts. Examples include 
the Cl2 (g/ 1 atm), C/C1“ couple in equimolar NaCl-KCl (4) 
and the A1(III)/Al(0) couple in melts containing AICI3 as 
a constituent. Such reference couples are convenient, or 
even possible, in a comparatively small number of melts 
and differ considerably from one melt composition to 
another. Although the standard states are indeed well 
defined and the potentials are often well poised, such 
couples cannot form the basis of a universal or widely- 
applicable standard reference electrode for molten salt 
solvents.

As a consequence, the standard state of a solute such 
as Ag(I) must be taken as the state of Ag(I) in which the 
Ag(I ) has a neglegible effect upon the composition of the 
molten salt solvent system, which is to say in a 
sufficiently dilute solution that the behavior with 
concentration is, within experimental error, that of the 
infinitely dilute solution. For the purposes of the 
measurement of potentials, this is equivalent to the 
requirement that Henry's law, and thus the Nernst equation 
in concentration form, be obeyed.

Experimentally, in nearly all melts the potential of 
the Ag(I )/Ag couple varies with the logarithm of Ag(I) 
concentration at Ag(l) concentrations of at least 10~5 to 
10“2 mol/dm3. At lower concentrations of Ag(I), the 
potential deviates from this Nernstian response in a 
manner which is often nonreproducible and depends upon the 
melt, its preparation, and its history. At higher 
concentrations the potential deviates in a reproducible 
and systematic manner. The deviation at very low Ag(I) 
concentrations is probably due to the presence of other 
couples as impurities; their significance increases as the
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concentration of Ag(I) decreases because the exchange 
current, though comparatively high for the Ag(I)/Ag(0) 
couple, decreases with concentration until it is too low 
to control the potential. The deviation at high 
concentration is expected because, as concentration 
increases, the activity coefficient cannot remain that of 
the dilute solution which, for a solvent system of fixed 
nominal composition, is fixed also. Thus the standard 
state of Ag(I) is a physically unreal state in which the 
behavior of Ag(I) is that of an ion under conditions of 
essentially infinite dilution in the solvent system yet at 
an arbitrarily chosen fixed concentration. This fixed 
concentration can be selected as unity on the molarity, 
molality, or mole fraction scale as convenient.

The use of this electrode involves simply the 
measurement of its potential against any electrode of 
constant potential over the range of Ag(I) concentrations 
in which Nernstian behavior is observed. The standard 
condition is obtained by extrapolation using the Nernst 
equation to the arbitrarily fixed concentration of unity 
on the desired concentration scale. The potential of the 
cell so extrapolated is then assigned to the other 
electrode of constant potential, since the standard 
potential of Ag(I)/Ag(0) is defined as zero. It is most 
convenient to generate a series of increasing 
concentrations of Ag(I) by anodic coulometry from the Ag 
metal present using an auxiliary cathode. At low current 
densities the Faradaic efficiency is 100% within 
experimental error; the only problem is extensive 
recrystallization of solid silver metal.

Comparison With Other Reference Electrodes
The reference electrode suggested is already widely 

used (1). The Ag(I)/Ag couple has the advantages of use 
of a noble and unreactive metal; a relatively high 
exchange current; compatibility of Ag(I) with both solvent 
systems (5) and apparatus materials; low vapor pressure of 
both components of the couple at high temperatures; 
operation over a wide temperature range; and definition of 
the standard state of both components of the couples in a 
manner which does not vary with melt composition except 
for solvent systems based on silver salts, which are not a 
group widely used or studied. Of greater significance is 
the fact that it can be constructed with a very low 
junction potential because the solvent system at the 
reference electrode differs from that elsewhere only in
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the presence of a relatively low concentration of Ag(I).
A separator required to prevent mixing such as a glass 
frit, porous ceramic, or glass membrane will therefore 
develop across itself a junction potential of at most one 
or two mV, as is observed. Electrodes employing 
significantly different solvent melt compositions at the 
reference electrode than at the opposite electrode must 
necessarily have large, and often ill-defined, junction 
potentials across their separators.
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ABSTRACT.

In o rd e r  t o  o b ta in  therm odynam ic in fo rm a t io n  on m ix tu re s  
c o n s t i t u t e d  w ith  a l k a l i  m e ta ls  and t h e i r  h a l id e s ,  we in v e s ­
t ig a t e d  th e  K-KC1 system  by vapo r p re s su re  m easurem ents.

The method chosen uses th e  fe a tu re s  o f  both th e  Rodebush- 
D ixon and e b u l l i t i o n  m ethods. The a p p a ra tu s , c o n s is t e n t  
w ith  th e  e x p e r im e n ta l re q u irem en ts  o f  such a system , a llo w s  
one t o  in v e s t ig a t e  a w ide  tem p e ra tu re  and p re s su re  range .

The d e te rm in a t io n  o f  th e  vapor p re s su re  o f  po tass ium  
between 970 and 1140 K was a check  on th e  o p e ra t io n  o f  th e  
a p p a ra tu s .

Vapor p re s su re  measurements above th e  K-KC1 l iq u id  bath  
between 970 K and 1140 K y ie ld e d  th e  a c t i v i t y  o f  p o tass ium  a t 
XK = 0 .1 ,  0 .2 ,  0 .3 ,  0 .4 , 0 .5 ,  0 .6 ,  0 .7 ,  0 .8  and 0 .9 .

INTRODUCTION

S o lu t io n s  o f  a l k a l i  m e ta ls  and c o rre sp o n d in g  h a l id e s  a re  th e  most 
p re v a le n t  exam ples o f  system s in  w h ich  th e  m eta l - non m eta l 
t r a n s fo rm a t io n  i s  c o n tin u o u s  and is  governed by changes in  com pos i­
t io n .  Many t h e o r e t ic a l  approaches have been proposed in  o rd e r  to  
e x p la in  th e  e le c t r o n i c  s t r u c t u r e  and p r o p e r t ie s  o f  th e s e  s o lu t io n s  but 
none o f  them is  u n it a r y  in  the  sense t h a t ,  as p o in te d  ou t by Warren 
in  h is  re c e n t  re v iew  ( 1 )
- th e y  can be c l a s s i f i e d  a c c o rd in g  to  t h e i r  s t a r t in g  p o in t s  as "m e ta l­

l i c "  and "non -m eta l 1 i c "  m odels
- th e re  i s  a f u r t h e r  d i v is i o n  w it h in  th e s e  broad c la s s e s  in to  models 

v a l id  o n ly  f o r  d i lu t e  s o lu t io n s  and th o se  a ttem p t in g  to  d e s c r ib e  
c o n ce n tra te d  s o lu t io n s .
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One p rom is in g  approach was p roposed  v e ry  r e c e n t ly  by Hansen e t  a l .  
and was found re le v a n t  f o r  th e  d e s c r ip t io n  o f  th e  neu tron  d i f f r a c t i o n  
da ta  o b ta in e d  on th e  K-KC1 and Rb-RbBr system s (2 ) . T h is  was a m u lt i-  
component plasm a model d e r iv e d  from  th e  one-com ponent plasm a (OCP) model 
used s u c c e s s fu l ly  t o  d e s c r ib e  th e  s t r u c t u r e  o f  l i q u id  a l k a l i  m e ta ls  (3 ); 
a h yp e rn e tte d  ch a in  (HNC) method was used in  the  case  o f  th e se  
a l k a l i  m e ta l- h a l id e s  s o lu t io n s .

L ik e  s t r u c t u r a l  m ode ls , th o se  d e a lin g  s p e c i f i c a l l y  w ith  th e  the rm o­
dynam ics o f  such system s were a ls o  fra g m en ta ry . N e v e r th e le s s ,  i t  
s h ou ld  be m entionned th a t  P i t z e r  (4 ) , some tw en ty  y e a rs  ago was a b le  to  
p r e d ic t  a p r i o r i  th e  l im it in g  e n th a lp y  o f  d is s o lu t io n  o f  an a l k a l i  me­
t a l  in t o  i t s  c o rre sp o n d in g  h a l id e  on th e  b a s is  o f  a F - c e n te r  model ; 
th e  r e c e n t ly  o b ta in e d  e xp e r im e n ta l v a lu e s  f o r  th e  K-KBr (5-6) and 
Cs-CsX (7 -8) m ix tu re s  were found  in  f a i r l y  good agreem ent w ith  t h i s  
e s t im a t io n .  So i t  i s  o b v iou s  t h a t  a b e t t e r  know ledge o f  th e  b eh av io u r 
o f  th e  m eta l h a l id e  s o lu t io n s  w ou ld  be a f fo r d e d  by :
i)  on the  one hand, a model a b le  to  d e s c r ib e  th e  therm odynam ics o f  
th e se  system s a t  any c o n c e n t ra t io n  and tem pe ra tu re
i i )  on th e  o th e r  hand, a la rg e  s e r ie s  o f  ex p e r im e n ta l therm odynam ic 
excess  d a ta .

F o llo w in g  o u r p re v io u s  in v e s t ig a t io n  o f  th e  K-KBr system  (5 -6 ) ,  th e  
p re s e n t paper r e p o r t s  th e  r e s u l t s  w h ich  were o b ta in e d  f o r  th e  K-KC1 
system .

POSITION OF THE PROBLEM

Expe rim en ta l d i f f i c u l t i e s  can e x p la in  the  p a u c ity  o f  measurements 
[e x ce p t f o r  phase d iagram s (9 -13 )]  - perform ed on the system s con ­
s t i t u t e d  o f  an a l k a l i  m etal and i t s  h a l id e ;  chem ica l r e a c t i v i t y ,  
la r g e  vapor p re s su re  o f  the  m etal a t  e le v a te d  te m p e ra tu re s , h igh  upper 
c r i t i c a l  s o lu t io n  tem pera tu re  e t c .  make measurements d i f f i c u l t .

A n t ic ip a t in g  t h a t  th e  e a s ie s t  e x p e r im e n ta l approach  w ou ld  be th e  d e ­
te rm in a t io n  o f  a c t i v i t i e s  from  vapor p re s su re  measurem ents, we te s te d  
th e  f e a s i b i l i t y  o f  such a s tu d y  w ith  th e  com p le te  in v e s t ig a t io n  o f  th e  
K-KBr system  (5 ,6 ) .  A s im i la r  in v e s t ig a t io n  was conducted  f o r  th e  
K-KC1 m ix tu re .

ACTIVITY MEASUREMENTS 

Principle

The t a b le  be low  in d ic a t e s  th e  vap o r p re s su re s  o f  p o tass ium  and th o se  
o f  po tass ium  c h lo r id e  re p o rte d  by two a u th o rs  (14,15) a t  th e  e x p e r i­
m enta l tem pe ra tu re s  970 K, 1055 K and 1140 K.
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T/K 970 1055 1140
Pi,/kPa

P k C l/kPa
P “ ‘ / k P .

From t h i s  t a b le ,  i t  i s

59.21 127.66 245.43
(14) 0.01 0.065 0.295
(15) 0.011 

ob v iou s  th a t  :

0 .065 0.299

- th e  vapo r p re s su re  o f  p o tass ium  i s  ve ry  h igh
- th e  d i f f e r e n c e  between th e  vapor p re s su re s  o f  po tass ium  and p o ta s ­

sium c h lo r id e ,  a t  th e  same te m p e ra tu re , i s  ve ry  la rg e .

Assum ing th a t  th e  vapor above a l iq u id  bath K-KC1 c o n s is t s  o n ly  o f  
th e  more v o l a t i l e  com ponent, th e  a c t i v i t y  aK o f  po tass ium  can be ob­
ta in e d  as

aK = pK^pK /1/

from  th e  vapor p re s su re s  o f  p o tass ium  in  th e  re fe re n c e  s ta te  and above 
th e  K-KC1 m ix tu re  under in v e s t ig a t io n ,  a t  th e  same tem pe ra tu re  T .

The tem pe ra tu re  and c o n c e n t ra t io n  dependances o f  th e se  a c t i v i t i e s  
make i t  p o s s ib le  t o  deduce th e  ex ce ss  therm odynam ic f u n c t io n s ,  p a r t ia l  
o r  in t e g r a l ,  o f  th e  system .

Experimental method

The method d eve loped  d e r iv e d  from  th a t  p roposed  by Rodebush and 
D ixon (1 6 ) , was adopted  to  ou r expe rim en ta l c o n s t r a in t s .

The d e te rm in a t io n  o f  p re s su re  can be done

i )  e i t h e r  by r e c o rd in g  a g a in s t  t im e  th e  v a r ia t io n  o f  p re s su re  a r is in g  
from  a m ic ro le a k  in  th e  g a s - f lo w  c i r c u i t  above th e  l iq u id  : when 
th e  p re s su re  becomes equa l to  th e  vapor p re s su re  th e re  i s  a break 
in  th e  p re s su re - t im e  cu rv e  (Rodebush and D ix o n 's  m ethod).

i i )  o r  by re c o rd in g  th e  tem pe ra tu re  T o f  th e  l iq u id  w h ile  th e  p re s su re  
above i t  d e c re a se s  l i n e a r ly  w ith  t im e  ; b o i l i n g ,  an endo the rm ic  
p ro c e s s ,  causes c o o lin g  o f  th e  l iq u id  and hence a break  in  th e  
te m p e ra tu re - t im e  cu rv e .

In p r a c t ic e ,  i t  i s  o f  more in t e r e s t  t o  c o u p le  th e se  two methods so 
as to  su rvey  a w ide  exp e rim e n ta l range .

Apparatus

A com p le te  d e s c r ip t io n  o f  th e  e x p e r im e n ta l s e t-u p  was d e t a i le d  in  a
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p re v io u s  pape r ( 6 ) .  I t  sh ou ld  o n ly  be m entioned t h a t  th e  therm odynam ic 
in v e s t ig a t io n  o f  th e  K-KC1 system  was conducted  on a tem pe ra tu re  range 
w id e r  than  t h a t  concerned  f o r  th e  K-KBr m ix tu re  (970 K<T<1140 K and 
1000 K<T<1065 K r e s p e c t iv e ly ) .  Measurem ents were made a t th e  po tass ium  
mole f r a c t io n s  X„ = 0 .1 , 0 .2 ,  0 .3 , 0 .4 , 0 .5 ,  0 .6 ,  0 .7 , 0 .8  and
and 0 .9 . *

Experimental cares

P r i o r  t o  e xp e r im e n ts , each m ix tu re  was p repa red  in  a d ry  box w ith  
a l l  th e  usua l c a re  ne ce ssa ry  to  th e  h a n d lin g  o f  a l k a l i  m e ta ls .

Po tass ium  and po tass ium  c h lo r id e  o f  re ag en t g rade  (98 and 99.5  mole 
pe r cen t)  were purchased  from  P ro la b o  and Merck r e s p e c t iv e ly .  The s a l t  
was g r a d u a l ly  heated  under vacuum up t o  420 K and m a in ta in ed  a t  t h i s  
tem pe ra tu re  f o r  24 h. A l l  h a n d lin g  o f  th e  m a te r ia ls  was made in  a 
d ry  h ig h - p u r it y  argon atm osphere.

EXPERIMENTAL RESULTS

R e la t io n  (1) in d ic a t e s  th a t  th e  vapo r p re s su re s  o f  po tass ium  in  th e  
pure s t a t e  and above th e  l iq u id  K„ KC1, „ must be determ ined  a t  
th e  same te m p e ra tu re s . So, th e  f i r s t  in v e s t ig a t io n  shou ld  been devoted  
tg  th e  d e te rm in a t io n  o f  th e  v a r ia t io n  o f  p£ a g a in s t  te m p e ra tu re ,

= f ( T ) .

Vapor pressure of pure potassium

Our e x p e r im e n ta l r e s u l t s  between 970 K and 1140 K were f i t t e d  to  th e  
a n a ly t i c a l  e x p re s s io n  :

lo g 1Q p£ = 5.91337 - 4016.728 T ’ 1 /2 /

w ith  p£ in  kPa and T in  K e lv in s .

Vapor pressure of potassium above liquid Kx KC11 X

The m ix tu re s  o f  m o la r c o m p o s it io n  XK = 0 .1 , 0 .2 , 0 .3 ,  0 .4 , 0 .5 , 0 .6 , 
0 .7 , 0 .8  and 0 .9  were in v e s t ig a te d  o n H h e  w id e s t  tem pe ra tu re  ranges 
co rre p o n d in g  t o  s in g le -p h a s e  l iq u id  s o lu t io n s .

Fo r each m ix tu re , th e  e xp e r im e n ta l vapor p re s su re s  p K were f i t t e d  to  
an a n a ly t i c a l  e x p re s s io n  s im i la r  to  /2 /

lo g 1Q pK = A + B T ' 1

The e xp e r im e n ta l a c t i v i t i e s  o f  po tass ium  so o b ta in e d  were c o r re c te d  
f o r  d im e r iz a t io n  a c c o rd in g  to  the  e q u i l ib r iu m  :
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K2 ^  2K.

F ig u re  1 in d ic a t e s  th e  shapes o f  th e  a c t i v i t y  cu rv e s  a g a in s t  m o la r 
f r a c t io n ,  a t  th e  tem pe ra tu re s  1070 K, 1100 K, 1150 K and 1200 K.

The a c t i v i t y  o f  KC1 was o b ta in e d  from  th a t  o f  K by in t e g r a t in g  the  
Gibbs-Duhem eq u a t io n  :

XK d ln  aK + XKC1 d ln  aKCl = 0

We made use o f  th e  Darken and G urry  (17) p ro ced u re  w ith  a po ly n om ia l 
expan s ion  o f  th e  a - f u n c t io n .

F ig u re  2 re p o r t s  th e  a c t i v i t i e s  o f  p o tass ium  and p o tass ium  c h lo r id e  
a g a in s t  th e  m o la r f r a c t io n  XK a t  1100 K and f ig u r e  3 shows th e  c o r r e s ­
pond ing  p a r t ia l  and in t e g r a l  b ib b s  m o la r f r e e  e n e rg ie s  a Gk ,a GKCj and

a Gm -
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F ig .  1 Measured a c t i v i t i e s  o f  K a t  1070K (e), H O O K , 1150K and 120QK(h).

F ig .  2 A c t i v i t i e s  o f  K and KC1 a t  HOOK.
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Fig. 3

Free e n e rg ie s  o f  m ix in g
(a) P a r t i a l  m o la r f r e e  e n e rg ie s  o f  

m ix in g  o f  KC1
(b) P a r t ia l  m o la r f r e e  e n e rg ie s  o f  

m ix in g  o f  K
(c ) T o ta l m o la r f r e e  energy  o f  

m ix in g  o f  the  m ix tu re

720



ACTIVITIES AND OTHER PARTIAL MOLAR PROPERTIES OF THE 
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ABSTRACT

The thermodynamic properties of the quartemary molten 
salt system MnCl2-NaCl-KCl--CsCl have been investigated by 
emf measurements using a formation cell of the type:

Mn

(-)

MnCl2 (Xi) 
NaCl (X2) 
KC1 (X3) 
CsCl (X4)

Asbestos
fibre
diaphragm

MnCl2 (Xi) 
NaCl (X2) 
KC1 (X3) 
CsCl (X4)

C,(Graphite) 
Cl2(l at.) 
(+)

It was found that the partial molar free energies of 
mixing of MnCl2 in the quarternary solutions are well 
represented by a previously developed expression given as:

AGMnCl2
(in quartemary)

“ (1 - S)[(l - t) iGMnCl2
in

(MnCl2-CsCl)

+ t ACL, ] + S ACTMnCl2 MnCl2
in in

(MnCl2-KCl) (MnCl2“NaCl)

which is valid at constant .

In this expression, AG _ , .x etc. refer
to the corresponding parti axmoiar11 free ^nergy'of MnCl2 in 
the designated binary system having the same MnCl2 content 
as the quartemary.

The composition parameters S and t are defined as:
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t = ^ C l
^ C l + X s =

CsCl
______ ^aCl_______
^aCl + \ d  + XCsCl

INTRODUCTION

In previous publications from this laboratory(l,2) , theoretical 
equations have been developed from which the molar and partial molar 
properties of ternary and quarternary molten salt solutions may be cal­
culated from available data on the component binary systems.

The thermodynamic properties of binary fused salt solutions have 
been the object of several systematic investigations and extensive 
compilations of thermodynamic data are available. However, similar 
information on ternary fused salt solutions is limited to only a few 
selected systems, and for quarternary solutions there is hardly any 
information at all. Yet, systems of metallurgical importance are 
usually multicomponent and the application of the thermodynamic 
approach to high temperature equilibria is restricted by the lack of 
experimental data. Thus, it is evident that expressions from which 
the thermodynamic properties of ternary and quartemary systems may be 
predicted from available information on the related binary systems 
should be of considerable theoretical and practical importance.

In the present investigation, the thermodynamic properties of 
MnCl2 in the quarternary molten salt system MnCl2-NaCl-KCl-CsCl, have 
been obtained from emf measurements using a formation cell of the type:

Mn

(-)

MnCl2 (Xi) 
NaCl (X2) 
KC1 (X3) 
CsCl (Xi*)

Asbestos
fibre
diaphragm

MnCl2 (Xx) 
NaCl (X2) 
KC1 (X3) 
CsCl (X^)

C (graphite) 
Cl2(l at.)
(+)

For this system,the thermodynamic and structural properties of the 
binary solutions MnCl2“NaCl, MnCl2-KCl, MnCl2-CsCl, as well as of the 
ternary MnCl2--NaCl-CsCl, have been investigated in this laboratory and 
elsewhere(3,4,5,6).

It is of interest that the MnCl2”NaCl system is characterized by 
relatively low exothermic enthalpies of mixing which reach the maximum 
value of -1900 cal/mole at a composition of about 35 mole % MnCl2* 
Also, the change of volume on mixing indicates only slight positive 
deviations from additivity(6,7). On the contrary, in the MnCl2-KCl 
and the MnCl2~CsCl systems, the enthalpies of mixing are strongly exo­
thermic and the changes of volume on mixing show pronounced positive 
deviations from additivity, which is indicative of compound formation. 
For example at 33 mole % CsCl the integral enthalpy of mixing in the 
MnCl2“CsCl system has a value of -5,400 cal/mole at 700°C. Because 
of such pronounced differences in the properties of the binary systems, 
the quartemary system MnCl2-NaCl-KCl-CsCl should be considered as a
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test system for establishing the validity of the proposed theoretical 
expressions(1,2) .

EXPERIMENTAL

The alkali chlorides employed in the present work were reagent 
grade materials, and the anhydrous MnCl2 was 99.5 wt% pure. These 
salts were further dehydrated by heating under vacuum for several days 
at 200°C. The materials were handled and weighed in a dry box filled 
with anhydrous argon gas.

The cell design was similar to that used in the previous work(7). 
It consisted of a Mn indicator electrode immersed in the MnCl2-NaCl- 
KCl-CsCl molten solution of known composition, and a graphite-chlorine 
electrode which also dipped into a molten salt solution of the same 
composition. The two cell compartments were separated by an asbestos 
fibre diaphragm fused into silica glass(8).

The chlorine electrode was continuously flushed with anhydrous 
research grade chlorine gas. The Mn electrode was made by placing a 
tungsten rod, 1/8" in diameter, and crushed electrolytic manganese 
metal, in a stabilized zirconia ceramic tube closed at one end which 
was heated to about 1400°C under an argon atmosphere. The molten Mn 
was allowed to solidify very slowly to avoid cracking as it passed 
through its crystallographic transformation(9). This electrode was 
about 10 mm in diameter by 4 cm in length and was acid polished prior 
to use. During a run the Mn electrode was operated under an atmos­
phere of de-oxygenated argon gas.

The asbestos diaphragm had a resistance in the range of 1000 to 
2,000 ohms and its construction has been described elsewhere(8).

During a run, emf readings were taken at intervals of about 25°C, 
up to approximately 850°C. Potentials were fully reproducible to 
within 2mV during a temperature cycle and cell reversibility was also 
established through polarization tests at currents of about 1 mA.

Volatility of MnCl2 for the salt compositions used in this work, 
was insignificant and did not affect the reproducibility of the emf 
measurements during a temperature cycle.

DATA TREATMENT AND RESULTS

Compositions in a quartemary system are represented(lO) by points 
within the volume of an equilateral tetrahedron, as shown in Figure 1, 
in which the four apexes correspond to the pure components MnCl2> NaCl, 
KC1 and CsCl, and the edges represent the six binary systems MnCl2~ 
NaCl, MnCl2-KCl, MnCl2-CsCl, KCl-NaCl, KCl-CsCl and NaCl-CsCl.
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The triangular faces represent the four ternary systems MnCl2- 
NaCl-KCl, MnCl2-NaCl-CsCl, MnCl2-KCl-CsCl and NaCl-KCl-CsCl.

It is a property of all equilateral tetrahedra that lines origi­
nating from any internal point P, drawn parallel to the four different 
faces have a total length equal to one edge, and each of these seg­
ments may be taken to define the mole fraction of a particular com­
ponent occupying an apex.

In view of the complexity of such three dimensional plots useful 
composition paths have been defined mathematically(2), and the compo­
sition parameters, y, t and S have been defined by the following 
expressions:

y

t

s

1 - XMnCl9 where 1.0 ^  y ^  0

\ci
+^ C l  ' “CsCl

^aCl

where 1*0 >_ t >_ 0 
t = 1 along the MnCl2-KCl 
binary, and
t = 0 along the MnCl2-CsCl 
binary

^aCl + ŜcCl + XCsCl

(1)

(2)

(3)

where X's are mole fractions.

Considering Figure 1, in which MnCl2 is placed at the apex of the 
tetrahedron, constant "t" represents the pseudo-quarternary composi­
tion surface BeC. All compositions along that surface have in common

the constant ratio of \ C1
*KC1 + XCSC1 ‘

Also, constant "y" represents compositions along a pseudo-ternary 
surface parallel to the base of the equilateral tetrahedron having a 
constant X ^ ^  content.

The intersection of the planes, t and y, defines the line "SM 
which has the following limiting values; within the binary MnCl2-NaCl 
at point "b", S = 1, and at point e T within the ternary MnCl2-KCl- 
CsCl, S = 0.

The relationship between primary mole fractions and the composi­
tion parameters y, t and S, is readily found as,

XCsCl = y(i - t)(i - s) (4)

^aCl = ys (5)
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ty (1 - S) (6)

= 1 " y

*KC1
(7)

Considering the S-path be', within the quartemary tetrahedron 
shown in Figure 1, which is defined by the intersection of the y- and 
t-planes, all compositions along beT have the same content and
the same ratio of KC1 to CsCl. However, as S changes 2 from 0 
(point e1) to 1 (point b) the amount of NaCl in the quarternary 
changes in proportion to S (eq. 5), and the value of any thermodynamic 
property measured along such an S-composition path should reflect the 
reactivity of NaCl towards MnCl2 . In this melt the ratio of KCl/CsCl 
remains constant, but the absolute amounts of these two components 
decrease as they are replaced by NaCl.

It follows that the y, S and t parameters, proposed in this paper, 
define quartemary composition paths along which it is possible to 
follow the relative contributions of the various salt components to 
the magnitude of the thermodynamic properties of the solutions.

Compositions investigated in this study are given in Table 1 and 
cover the alkali chloride rich section of the quartemary up to 

= °-4 '
This composition range represents a region of increased thermo­

dynamic stability for MnCl2 because of the predominance of the complex 
MnCl^2 species, the formation of which requires an excess of chloride 
anions.

The results of the emf measurements for various X , S and t
values are summarized in Table 1 in the form of linear 2 equations 
of the form

E - E° = AT + B (8)

where, E is the measured cell potential in millivolts
E° is the "standard" potential of MnCl2 , i.e., the 

formation potential of pure molten MnCl2 at the 
temperature of the measurement, and 

T is the absolute temperature in degrees K.

Values for the standard potentials of molten MnCl2 at various tempera­
tures have been obtained in a previous investigation(3).

Thus for the reaction:

a-Mn, . + Cl2 f . -> MnClo,... .(s) 2(g,l at) 2(liquid)

For, 990 K > T > 923 K
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E° (in mV) = 2387.7 + 0.4043 T log T
- i ^ m - ^ 0 3 - 1.7179 T

0.3729 x 10  ̂ T2

(9)

For the reaction:

3—Mn, x + Cl0 , . = MnClo(s) 2 (g,l at) 2 (liquid)

For, 1200 K > T > 900 K

E° (in mV) = 2372.6 + 0.2721 Tlog T - 0.78 x 10~5 T2
7.32 x 10z - 1.3381 T (10)

The partial molar free energies, enthalpies and entropies of 
mixing may be readily calculated as:

AGMnCl2

11 1 ISJ *1 (E - E°) (11)

AHMnCl2 = - Z F B (12)

ASMnCl2 = Z F A (13)

where, A and B are the constants given in Table 1, E - E° is given in
millivolts, Z is the valence of the metal cation and F is the Faraday 
constant expressed as 23.060 cal/mV equivalent.

The activities of MnCl2 are calculated from the measured cell 
emfTs using the well known Nemst equation written as:

FT
Ecell “ EMnCl2 " ZF ln aMnCl2

where, E  ̂ and E° are expressed in millivolts, and the ideal
gas constant n 2 R = 1.987 cal/mol. K.

Activities of the MnCl2 calculated for equation (14) refer to 
pure molten MnCl2 as the standard state of reference.

Partial molar heats of mixing, entropies of mixing and activities 
of MnCl2 calculated from the data, are also included in Table 1.
Plots of E-E° versus temperature, for various , S and t values
are given in Figures 2 to 14. 2

DISCUSSION

The previously derived expression(2) for the calculation of the 
partial molar free energies of mixing in the quarternary system is:
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AGMnCl2
(in quartemary)

= (l-S)[(l-t) AG.MnCl2 
in

(M1CI2-KCI)

+ C AGMnCl2 ] 
in

(MnCl2-KCl)

+ S AGMnCl2 (15)

(MnCl2-NaCl)

The quantities, AGMnCl2 (in ^ c ^ - C s C l ) ’ AG*fciCl2(in MnCl2-KCl)
and AGMnCl2(in MnCl2-NaCl) are the partial molar free energies of 
mixing of MnCl2 in the designated binary systems having the same MnCl2 
content and temperature as the quartemary.

From equations (11) and (15), E - E° values were calculated and 
are given as dotted lines in Figures 2 to 14.

The quantities ,for the three binary systems, plotted as
E -E° versus * 2were available from previous measurements(3)
and are given 2 in Figure 15.

From Figures 2 to 14, it is evident that the agreement between 
the experimental and calculated partial molar free energies of mixing 
expressed by the E - E° quantities, is better than 3% over the investi­
gated composition range of the quartemary system.

From equation (15) the expression for the activity of MnCl2 in 
the quartemary system is readily derived as:

_ ( i - s ) ( i - t )  . ( i - s ) t
M11CI2 ntoClz ^ 0 1 2

(in quartemary) in in
(MnCl2-CsCl) (MnCl2-KCl) (MnCl2-NaCl)

In terms of activity coefficients equation (16) may be written as:

S
^ 0 1 2 (16)

YMnCl2
( (l-S)(l-t) 
W MnCl2;

. (Y ) d - S ) t  
U MnCl2'

quartemary) in in
(MnCl2-CsCl)

• (y )s U MnCl2
in

(MnCl2-NaCl)

(M1CI2-KCI)

(17)

where the quantities in parentheses represent activity coefficients in 
binary systems at compositions having the same values as in the 
quarternary. 2
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Plots of the partial molar free energies of mixing of MnCl2 as 
functions of the parameter S, at constant y and t values are given in 
Figures 16 to 19.

Activities of MnCl2 in the quarternary system, calculated from 
equation (16), are plotted as a function of at constant tem­
perature and constant S and t values. The 2 various curves
correspond to different t-values, and the composition path followed in 
this case starts from solutions very dilute in MnCl2 and moves upwards 
through the quarternary to = 0.4.

These plots are given in Figure 20 and include the few 
experimental points available for such a composition path. Again, 
agreement is indicated between equation (16) and the experimental 
values.

The partial molar enthalpies of mixing, AH^ , shown in Table 1, 
become more exothermic as t decreases, i.e. whentn£ CsCl content of 
the melt increases. AH^ ^  becomes less exothermic as ,S increases, 
i.e. when the NaCl content oi these melts increases. As expected the 
activities of MnCl2, indicate pronounced negative deviations from 
ideality, particularly for the CsCl rich melts.

Equations (15), (16) and (17), should be strictly valid for 
charge asymmetric molten salt solutions(2) like the system MnCl2-NaCl- 
fCCl-CsCl, in which the charge asymmetric component MnCl2 , is known to 
react with the alkali metal chlorides. Although an exact knowledge of 
the structure of such complexes is not necessary for a thermodynamic 
treatment there are certain indirect indications regarding their 
probable configuration. For example, recent structural evidence(11) 
as well as measurements of electrical conductivities and molar 
volumes(6,12) suggest that solutions of MnCl2 in alkali chloride melts 
appear to contain tetrahedrally coordinated complexes of the type 
MnCl42~.

For a tetrahedral configuration the following reaction is 
expected to occur upon mixing:

MnCl2 + 2 Cl” -* MnCl^2-
(from AC1)

and the enthalpies of mixing in binary melts containing alkali metal 
chlorides, should reach maximum values at a MnCl2 content of 33 mole %. 
Deviations from ideality may be attributed to the relative stability, 
or strength, of such complexes. Experimental evidence(3) indicates 
that the observed negative deviation in the activities of MnCl2 
increase^ with increasing size of the alkali metal cations in the 
order Li -> Na^ -* K -* Rb+ -* Cs .

Su£h trends reflect the effects of competing interactions between 
the Mn2 and A cations for the same Cl anions in which the alkali
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chloride acts as a ligand donor and the reactive meta^ chloride MnCl2 
is the ligand acceptor. Alkali metal cations like Na , because of 
their small size, are strongly attracted to their chloride anions and 
effectively the NaCl salt is less "dissociated'* _£han th<* other alkali 
metal chlorides containing larger cations like K or Cs . The 
difference in the strength of the complexes which are formed when the 
reactive metal chloride, MnCl2 , is mixed with either of the alkali 
chlorides of the type AC1 or BC1, is simply reflected by the diffe­
rence in the bond distances in configurations of the type Mn-Cl-A or 
Mn-Cl-B.

The spatial arrangement of such complexes within the ionic melt 
structure should be compatible with the requirement of local electri­
cal neutrality and with the concept of interlocking anionic and 
cationic "quasi-lattices" as proposed by Temkin(13).

CONCLUSIONS

It has been shown that the thermodynamic properties of non-ideal 
and non-regular charge asymmetric fused salt systems may be calculated 
from data on component binary systems along composition paths repre­
senting constant content of the charge asymmetric component MnCl2. 
Although the derivation of equation (15) was based on the formation of 
complex species in the binary solutions, its application depends only 
on the availability of experimental data on binary systems.

Regarding quartemary systems, the introduction of the composi­
tion parameters y, t and S, serves in the planning of experiments and 
in reducing the large number of compositions to be studied in order to 
characterize a quaternary system adequately.

Also, the use of these composition parameters makes it possible 
to plot thermodynamic data along well defined composition paths and to 
identify the effects of competing interactions on a charge asymmetric 
cation. For example, the complexing effects of CsCl or KC1 on MnCl2 
become evident as the quaternary solutions become richer in CsCl, 
or in KC1, respectively.

The successful application of equations (15), (16) and (17) to 
such non-ideal charge asymmetric fused salt solutions indicates that 
in quaternary and possibly even in higher order systems, reactions 
within the binary solutions account for most of the deviations from 
ideality. Thus, the formation of a higher order system represents 
mixing of such pre-reacted binary systems and the properties of the 
multicomponent system should be predictable.
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Summary o f  em t M easurem ents

TABLE 1

X5faCl:

0 .0 5

0 .0 5

0 .1 5

s C

E -  E® -  AT + B 
t mV S ca n d ard *

D e v ia t io n
(imV)

T em p era tu re
Range

00
^ I n C l j * *  

c a l .m o l” 1

iS Mr.Cl2 a JftiCl, 
(9  73  K)“A B

0 .1 0 .2 0 .0 8 2 2 3 5 0 .38 5 .7 8 940-1130 -1 6 ,1 6 0 3 .7 9 3 .50  x lO -5
0 .4 0 .0 9 7 5 322 .78 7 .3 9 940 -1140 -1 4 ,3 9 0 4 .5 0 4. 70 x lO " 5

0 .6 0 .1 0 7 3 299. 36 8 .3 3 935 -1140 -1 3 ,8 1 0 4 .9 5 6 .6 0  x 10” S
0 .3 0 .1 0 6 9 28 7 .6 9 7 .28 970-1145 -1 3 ,2 7 0 4 .9 3 8 .8 0  x 10” 5

0 .2 0 .2 0 .1 2 7 1 28 9 .6 0 8 .2 3 930-1090 -1 3 ,3 6 0 5 .6 1 5 .9 0  x l O '5
0 .4 0 .1 2 6 3 27 9 .5 2 9 .2 4 930-1120 - 1 2 ,3 9 0 5 .8 2 6 .8 0  x lO ” 5

0 .6 0 .1 1 4 2 2 7 8 .3 8 7. 76 950 -1130 -1 2 ,5 8 0 5 .2 7 1 .1 0  x lO -1*

0 .8 0 .1 1 2 8 2 6 8 .8 8 7 .7 3 950-1135 - 1 2 ,4 0 0 5 .2 0 1 .2 0  x lO -1*

0 .3 0 .2 0 .1 0 7 8 2 9 0 .9 8 7 .09 940-1110 -1 3 ,4 2 0 4 .9 7 7 .90  x lO ’ 5
0 .4 0 .1 1 3 4 275 .75 8 .15 940-1135 - 1 2 ,7 2 0 5 .2 3 1 .0 0  x 10~“
0 .6 0 .1 2 5 1 252 .69 8 .2 5 940-1120 - 1 1 ,6 5 0 5 .7 7 1 .1 0  x 10~“
0 .3 0 .1 2 3 2 24 4 .4 5 3 .3 6 950-1130 -1 1 ,2 7 0 5 .6 8 1 .7 0  x lO ” “

0 .4 0 .2 0 .1 1 9 4 261 .35 8 .5 1 935-1125 -1 2 ,0 5 0 5 .5 1 1 .2 0  x 10” '
0 .4 0 .1 1 9 0 2 5 2 .4 8 8 .2 7 940 -1130 -1 1 ,6 4 0 5 .4 9 1 .5 0  x 10” “
0 .6 0 .1 2 7 2 2 3 5 .9 3 7 .78 960-1125 - 1 0 ,3 8 0 5 .8 7 1 .9 0  x 1 0 ” u

0 .8 0 .1 3 4 6 2 2 1 .2 9 8 .0 9 970-1130 -1 0 ,2 0 0 6 .2 1 2 .2 0 x 1 0 ” “

0 .5 0 .2 0 .1 2 4 9 2 3 8 .9 0 3 .4 8 9 45 -1120 - 1 1 ,0 2 0 5 .7 6 1 .9 0  x 1 0 ~ “
0 .4 0 .1 2 9 4 2 2 6 .5 2 7 .72 950 -1110 - 1 0 ,4 5 0 5 .9 7 2 .2 0  x 10” “
0 .6 0 .1 3 1 5 21 7 .3 9 7 .9 8 9 4 5 .1 1 1 0 - 1 0 ,0 5 0 6 .0 7 2 . 70 x 10~u
0 .3 0 .1 3 0 2 2 1 1 .0 2 9 .1 4 9 50 -1130 - 9 ,7 3 0 6 .0 0 3 .2 0  x ! 0 ” “

0 .2 0 .1 0 .0 7 4 5 251 .09 5 .4 2 930 -1130 - 1 1 ,5 8 0 3 .44 4 .4 0  x 10”“
0 .4 0 .0 8 1 2 227 .3 2 6 .0 0 935-1130 -1 0 ,5 1 0 3. 75 6 .6 0  x 1 0 ” “

0 .4 0 .1 0 .0 8 0 5 2 1 3 .9 4 6 .1 6 940-1130 - 9 ,3 7 0 3 .71 9 .7 0  x 10” “

0 .4 0 .0 8 4 9 195 .3 3 5 .6 8 950-1120 - 9 ,0 3 0 3 .97 1 .3 0  x 1 0 '3

’• S ca n d ard  d e v ia t i o n s  b a se d  on a maximum o f  10 e x p e r im e n ta l  p o in t s  
f o r  e a c h  c o m p o s i t io n .
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TABLE 1 0 d)

^ C l i

E - E *  - 
in

* AT +  B
mV S ta n d a rd *

D e v ia t io n
(smV)

T em p era tu re
Range

(K)

" W i 2**
Tc

“MnCi:
A B c a l .m o l  1 e.u

0 .1 5 0 .6 0.1 0 .0 8 5 3 1 7 8 .5 3 5 .8 9 935-1120 - 8 ,2 4 0 3 .9 3 2 .0 0  >: 10~ ‘
0 .4 0 .0 8 6 1 1 6 8 .3 0 6 .4 4 940-1140 - 7 ,7 6 0 3 .9 7 2 .5 0  x l C ' 5

0 .8 0.1 0 .0 8 4 6 1 4 7 .9 9 5 .9 6 935 -1125 - 6 ,8 3 0 3.9C 4 .1 0  x ! 0 ' :

0 .4 0 .0 8 8 5 1 39 .21 6 .5 3 935-1125 - 6 ,4 2 0 4 .0 £ 4 .6 0  x 1C "3

0 .2 5 0 .2 0 .2 0 .0 5 7 9 18 9 .8 2 6 .4 7 940-1130 - 8 ,7 5 0 2 .6 * 2 .9 0 x 1 0 “ 5
0 .8 0 .0 8 1 3 1 3 5 .1 6 5 .8 7 930 -1110 - 6 ,2 3 0 3 .75 6 .0 0  x 1 0 ~ "

0 .4 0 .2 0 .0 4 7 8 1 7 4 .6 2 7 .12 935 -1130 - 8 ,0 5 0 2 .2 0 5 .1 0  x 1C"-5

0 .8 0 .0 6 0 3 1 3 7 .9 4 6 .5 4 935-1120 - 6 ,3 6 0 2 .7 8 5 .2C  x iO ~ -

0 .6 0 .2 0 .0 4 7 7 1 5 0 .2 8 3 .2 7 940-1135 - 6 ,9 3 0 2.2C 9 .2 0  x lO " -

0 .8 0 .0 5 8 5 1 2 3 .5 8 3 .5 6 955-1135 - 5 ,7 0 0 2 .7 0 1 .3 5  >: 1 0 " :

0 .8 0 .2 0 .0 4 5 8 1 2 8 .31 2 .7 9 930-1110 - 5 ,9 2 0 2 .1 1 1 .6 2  x 10~2

0 .8 0 .0 5 2 1 11 4 .8 5 2 .9 9 945-1115 - 5 ,3 0 0 2 .4 0 1 .9 3  x 10~2

0 . AO 0 .2 0 .3 0 .0 4 9 5 1 0 8 .2 5 3 .3 3 940-1120 - 4 ,9 9 0 2 .2 6 2 . 4 1 x 1 0 ~ 2

0 .6 0 .0 5 3 2 9 1 .9 4 3 .5 6 940-1125 - 4 ,2 4 0 2 .4 5 3 .2 4  x 1 0 ~ 2

0 .9 0 .0 4 7 4 8 4 .5 7 3 .1 6 9 40 -1130 - 3 ,9 0 0 2 .1 9 4 . 4 3 x 1 0 " 2

0 .4 0 .3 0 .0 4 8 6 9 2 .7 1 3 .6 0 930 -1130 - 4 ,2 8 0 2 .2 4 3 .5 0  x 10~2

0 .6 0 .0 4 4 5 9 1 .6 3 2 .9 4 930 -1130 - 4 ,2 3 0 2 .0 5 4 .0 0  x 1 0 " 2

0 .9 0 .0 4 0 5 9 0 .5 1 3 .0 8 9 30 -1130 - 4 ,0 8 0 1 .8 7 4.74 x io_i

0 .6 0 .3 0 .0 4 1 0 8 3 .0 0 2 .7 4 950-1130 - 3 ,8 3 0 1 .8 9 5 .3 3  x 1 0 ~ 2

0 .6 0 .0 4 0 2 7 7 .6 8 2 .7 9 950-1130 - 3 ,5 8 0 1 .8 5 6 .1 6  x 1 0 '2

0 .9 0 .0 3 6 9 7 2 .9 3 2 .3 6 940 -1130 - 3 ,3 6 0 1 .7 0 7 .46  x lO " 2

0 .8 0 .3 0 .0 3 7 7 6 6 .8 1 2 .3 6 930-1115 - 3 ,1 7 0 1 .7 4 8 .0 7  x  10'"2
0 .6 0 .0 3 6 2 6 6 .9 5 2 .5 6 940 -1140 - 3 ,0 9 0 1 .6 6 6 .7 4  x lO " 2

0 .9 0 .0 3 3 6 6 7 .4 0 2 .3 6 940-1140 -3 ,1 1 0 1 .5 5 9 .1 8  x 1 0 “ 2

** C a lo r i e s  may be  c o n v e r te d  to  th e  S . I .  u n i t s ,  J o u l e s ,  by m u l t i ­
p ly in g  w ith  th e  f a c t o r  A .1 84 .
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(y=0) C(MnCI2)

Figure 1. Representation of compositions in a quartemary system 
in terms of the parameters y, t, and S, where:

y = 1 ~ ^Sfocia 

. * k c i
Ŝcci + XCsCl

s . ______ ^NaCl_______
N̂aCl + ̂ Cl + XCsCl

Any composition P lies on a S line which represents 
the intersection of y and t planes.
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Figure 15. Plots of E-E° for the three binary systems (3) 
MnCl2-NaCl, MnCl2-KCl and MnCl2-CsCl, at 700°C 
and 800°C.
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s

Figures 16 to 19. Plots of the partial molar free energies 
of mixing of MnCl2 as functions of S, at 
constant y and t values. Each group of 
curves covers the entire composition sur­
face of a y-plane. Points on these graphs 
are experimental, while straight lines are 
calculated from theory.
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Figure 20. Activity isotherms of M11CI2 at 700°C, 
calculated at constant S = 0.4.
Solid circles represent experimental 
points, while open circles and lines 
have been calculated from theory.
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activation energy, 34, 154 
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acylation, 177 
adsorption peaks, 684 
adsorption spectroscopy, 359 
adsorption, 635, 639 
Al2Br6, 103 
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A12I6, 103 
A120 3, 458
Al-0 bond energy, 225 
Al-S bond energy, 225 
AlBr^ life-span, 217 
A1C13, 109, 183, 248 
AICI3, properties, 111 
AlCl3-NaCl-LiCl, 58 
A1C1J, 59, 225 
alkali fluoroberyllate, 31
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alkali halide dimers, 413 
alkali halides, 411 
alkali metals, 359, 641 
alkali nitrates, 403 
alkaline earth halides, 411 
alkyl pyridinium, 146 
alkylammonium salts, 207, 212 
alkylation, 175
alkylimidazolium chloride, 163, 174
alloy, rare earth transition metal, 585-594
aluminum cations, effect on corrosion, 456
aluminum chloride, 121, 146, 197
aluminum deposition, 418, 444
aluminum electrode, 82
aluminum halides as solvents, 90
aluminum oxide/chloride in LiCl-KCl, 696, 699, 706
aluminum sulfide, 444
angular distribution functions, 4, 10, 11
anilinium thiocyanate, 271
anodic decomposition, 680
anodised films, 603
antimony trichloride melts

— Lewis acid function, 235, 236
— redox function, 236

antimony, solubility in SbCl3-AlCl3, 114 
aromatic ketones, 163 
aromatics, 197 
autoclave, 378
B. E. T. parameters, 382, 391 
bath components, 431 
battery electrolyte, 146, 156 
benzil, 164 
benzoin, 167 
benzophenone, 164, 168
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benzylic cations, 240
bicarbonate equilibrium, 396
bicarbonate reduction, 396
binary melt, 52
breakdown potential, 469
bridging anions, 3, 6
bulk alumina concentration, 434
butyl pyridinium chloride, 133, 183, 248
butyl pyridinium chloride

— molten, conductance, 207, 210, 213
— molten, viscosity, 207, 211, 213
— mp, bp, 209

butylpyridinium - aluminum chloride mixture, 163
C-13 nuclear manetic resonance, 3359
C-13 spin-lattice relaxation, 365
cadmium nitrate, 666
cadmium oxide, 666
Call-  life-span, 219

Calg-  life-span, 219
calcia-sta.bilized zirconia, 651
calcium nitrate t.etrahydrate (Ca(N03)2-4H20), 621
calcium nitrate, 668
calcium, 642
calibration, 491
calorimetry, 53
carbide coatings, 611
carbon fiber, 199
carbon monoxide, 90
carbon, 196
carbonate melt, 395
carbonate sampling, 491
carbonates, 639
carbonium ion, 176, 682, 688
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catalysis, 90, 203, 248, 
catalytic chemistry, 236 
catalytic role of water, 434 
cathodic decomposition, 680 
cation radius, 667 
CdCl‘2, 52
cell design, 534, 536-538 
cell, 663
ceramic oxide anodes, 432
charge cancellation, 49
charge flux, 17
chemical corrosion, 438
chemical diffusion coefficient, 593, 594
chemical equilibrium, 276
chlorinating gaseous mixtures, 694, 695, 697-699, 702-706
chlorination reactions, 274
chlorination reactions of metal oxides 694, 706
chlorination steps, 279
chlorine activity, 275
chlorine electrode, 723
chlorine mass balance, 276
chloroaluminate anion, 124
chloroaluminate vapors, 74
chloroaluminate, organic reaction, 174
chloroaluminates, 1, 58, 74, 90
chloroaluminates-voltammetry in, 420
chloroantimonate(III) complexes, structure, 110
chloroethane, 274
chromatography, 677
chromium (III) in carboxylates, 362
chromium, 545, 561
chronoamperometry, 546
chronocoulometry, 188
CO2 effect, 490
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co-polymerization, 202 
coal model compounds, 234 
coal, 452
coatings for sulfur cell, 337 
cobalt chloride complexes, 134 
cobalt (II) in carboxylates, 362 
coke, 198
competing equilibrium, 493
complex impedance spectroscopy, 86
complex ion structure, 226
complex ions, 5
complex species, 728
complex, 664
complexing, 1, 5
composition-acidity diagram, 655 
conductivity of oxides, 338, 340 
conductivity, 187 
convection, 501, 529 
coordination numbers, 2, 9 
coordination, 48 
copper (II) in carboxylates, 363 
correlation functions, 46 
corrosion behavior of alloys, 471 
corrosion by polysulfide, 336 
corrosion by sulfates, 451, 452 
corrosion mechanism, 460 
corrosion product analysis, 459 
corrosion rate, 436 
corrosion resistance, 430 
corrosion tests, 338 
corrosion, 317, 463, 468, 474, 665 
coulometry, 166 
cross sections, 47 
cryolite ratio, 433
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cryolite, 444
CuClo-KCl melts
cuprous chloride, complexes, 134
current density, 439
current distribution, 535-537, 539, 540
current efficiencies, 613
current inversion, 628
current reversal, 632
cycle life, 284
cyclic voltammetry, 86, 134, 136, 164, 393, 490, 523, 628
dc resistance, 318
Debye-Huckel, 271
decarboxylation, 267-269, 676
decomposition of anthracene in a melt, 254
decomposition potential of alumina, 436
dehydrochlorination, 279
dendritic deposition of Al, 421
density of SbCl3-AlCl3-N-(l-Butyl)pyridinium chloride mixtures, 251
desorption peaks, 684
dichalcides, synthesis of, 99
diffusion coefficients, 138
diffusion coefficient Cr(II), 561
diffusion model, 39, 42
diffusion, 501, 586, 589-594
dihydroxybenzoate esters, 266
9,10-dimethyl anthracene, 183
dimethylpyridinium chlorides (isomers)

— mp, bp, 209
— molten, conductance, 207, 210, 213
— viscosity, 207, 211, 213 

dipole moments in benzene, 207, 212 
discharge curve, 590, 591 
dissolution of sulfides, 504
doped (>203, 335
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DTA, differential thermal analysis, 122, 127 
effusion, 74
electrochemical cell analysis, 13, 29
electrochemical reduction of ketones, 163
electrochemistry of water, 392
electrocrystallization, 545
electrode edge effect, 536, 538
electrode film, 631
electrode oxides, 634
electrode potentials for tungsten, 581
electrode surface preparation, 536
electrodeposition, 545, 586-594, 611
electrogasification, 623
electrolysis, 677
electrolytic stability range, 520
electromotive series, 151
electron spin resonance spectra, 257
electronic conductivity, 519, 522
electronic defects, 521
electronic leakage current, 521
electronic transference number, 527
electrostatic energy, 227
emf cell, 744
energy loss of cell, 21, 30
enthalpy of fusion, 323, 329
enthalpy of solution, 505
enthalpy of vaporization, 407
enthalpy of vaporization of water, 380, 387, 389
entropy of solution, 505
entropy production, 17
equilibrium constants of oxide/chloride exchange, 696-699, 702-706 
equilibrium constants, 507 
equilibrium measurements, 644 
etch pits, 469
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ethane, 274, 681 
ethene, 274 
ethyne, 274
eutectic temperature, 123, 129, 130 
faradaic efficiency, 679, 683 
fast electrode reactions, 534 
Fischer-Tropsch reaction, 90 
flinak, 611
fluoroberyllate anion, 37
formates in carboxylates, 359
Friedel-Crafts reaction, 175, 202
fuel cell, 640, 686
fuel-cell life, 489
galvanic cells, 12, 26
gamma-ray spectrometer, 33
gibbs free energy, 593, 594
glassy polysulfides, 326
gold cathode, 630
gold electrodes, 490, 626
grain boundaries, 470
grain size, 562
graphite, 201
graphitizability, 198
growth, 546
heat capacity, 323, 330
heat transfer fluid, 649
Henry’s law, 407
heterocomplexes of halides, 413, 414 
humidity effect, 492 
hydrate melt, 403 
hydrated melts, 377 
hydride abstraction, 240 
hydrogen adsorption, 686 
hydrogen chloride, 643
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hydrogen sulfide, 644 
hydrogen-bonding in melts, 207, 212 
hydroquinone, 266 
hydroxide effect, 493 
hydroxide, 633 
hypernetted chain, 51 
impedance, cell, 535, 536
impurities in N-(1-Butyl)pyridinium chloride, 259
InBrJ life-span, 218
incoloy 800, 468
incoloy polarization, 469
inductance, cell, 537, 538, 540
insertion compound, 85
intercalation compounds, 423
ion-ion separation, 48
ionic mechanism, 203
ionic pair potentials, 227
ionic transference numbers, 18, 19
ionization of SbCl3, SbClJ, A1C1J", 252
iron (II) in carboxylates, 362
iron chloride complexes, 134
iron oxidation, 475
iron oxides/chlorides in LiCI-KCl, 699, 705 
iron sulfide solubility, 352 
iron, 468
irreversible increase, 492 
irreversible thermodynamics, 14 
isomer equilibria, 278 
isomerization, 176 
isothermal zone, 502 
isotope effect, 44, 367 
Iv-KCl solutions, 713 
KC1 activity, 719 
ketone reduction, 163
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Knudsen effusion, 74, 75, 411 
Kolbe electrosynthesis, 676 
LaCl3, 584-594 
lanthanum, 585-594 
lead nitrate, 664 
lead oxide, 665 
leads, cell, 534, 537 
Lewis acid-base, 133 
Li2BeF4, 32 
Li2S solubility, 352 
LiAl-FeS battery, 285 
LiAl-FeS2 battery, 289 
LiAlCl4, 82 
LiBeF.3, 32
LiCl-KCl molten salt, 274, 519, 523, 524, 587, 694-706
LiCl-NaCl-AlCl3, 58, 121
LiF-LiCl-LiBr electrolyte, 352
LiF-NaF-KF, 611
life-span of com plexes, 217

lignite, 623

linearization of i-rf relation, 537, 538

liquidus temperature, 121, 129, 130

lithium , 152

lithium  activity, 525

lithium alloys, 527

lithium  aluruinate, 640

lithium - aluminum alloy, 524

lithium  aluminum chloride, 82

lithium -antim ony, 316

lithium batteries, 313
lithium-bismuth, 316
lithium cells, 315
lithium  chloride, 121

lithium-containing sulfate melts, 458
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lithium electrode, 82
lithium nitrate, 668
long range order, 4
lower oxidation states, 114
luggin capillary, 535, 538, 539
macrodeposits, 548
magnesium chloride-hydrated, 377
manganese chloride, MnCl2, 721
manganese (II), in car boxy lates, 362
mass balance, 277
mass flux, 17
mass spectra, 79, 81
mass spectrometry 74, 76, 411
mean spherical approximation, 53
melting-crystallization behavior, 326, 333, 334
mesophase-pitch, 199
metal-molten salt systems, 713
metallic dispersions, 90
metallography, 469
methane, 682
l-methyl-3-ethylimidazolium chloride, 133, 174
methyl radical, 681
methylnaphthalenes, 200
MgBr^- , 218
MgCl‘2, 46
Mgl|j“ life-span, 219 
migration of anion, 40 
minerals in coal, 453, 454 
mixed potential, 439 
molecular dynamics, 1 
molecular orbital, 226 
molten alkali fluoroberyllate, 42 
molten carbonate, 489 
molten chloride, 586
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molten polysulfides, 324 
molten salt anodising, 603 
molten salt batteries, 284 
molten salts in car boxy lates, 362 
molten silicate, 36
molybdenum chloride complexes, 134 
molybdenum, 560 
multi-component systems, 729 
NaCl-AlCl3-electrolysis of, 419 
NaCl-LiCl-A1C13, 58 
neopentyl group, 270 
Nernst equation, 14 
Nernstian behavior, 354 
neutron diffraction, 44 
Ni deposits, 489 
Ni peaks, 491 
Ni3S2, 353
nickel (II) in carboxylates, 362
nickel chloride complexes, 134
nickel corrosion by sulfate melts, 462
nickel electrodes, 678
nickel polarization, 469
nickel, 468, 585-594
NiO cathode, 489
NiO lithiation, 493
NiO solubility, 492
nitrate melt, 392
nitrate, 662
nitrate-nitrite mixture, 649-651, 655 
nitrate-nitrite electrochemical system, 653, 654 
nitrate-nitrogen monoxide electrochemical system, 654 
nitrates/nitrites, 474 
nitric acid, 627, 634
nitrite disproportionation, 649, 653, 655
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nitrite, 314, 395, 626, 633
nitrite-nitrogen monoxide electrochem. system, 654
nitrous oxide, 629
nuclear magnetic resonance, 33
nucleation, 546, 562
nucleophilic substitution, 265
octahedral coordination, 4
open circuit potential, 432
optical spectroscopy, 451, 456
optical spectrum of anthracene in a melt, 253
optical spectrum of 9H-anthracenium ion in a melt, 253
optical technique, 499
organic salts, 133
overpotential, 430, 434
overvoltage, 667
oxidation kinetics, 475
oxidation of dimethylanthracene, 189
oxidation of oxidic ions, 397
oxidation, 630
oxide growth, 475
oxide ion, 474
oxide passive layer, 471
oxides in molten chlorides, 694-706
oxychloro complexes, 138
pCl, 61
pO2- measurement, 651 
pair potentials, 2
partial electronic conductivity, 525 
partial hole conductivity, 528 
partial molar properties, 726 
passivation, 470 
penetration, 49 
phase diagram, 121 
phenols, 268
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plating, 613
platinum cathode, 631
platinum electrode, 627
polarization behavior of alloys, 470
polarization, 153, 475
polychloroalkanes, 201
polysulfides, 510
porous films, 603
positive electrodes, 315
potassium dimers, 716
potassium disulfide, 323
potassium evaporation, 528
potassium hexasulfide, 324
potassium metal, 716
potassium pentasulfide, 324
potassium tetrasulfide, 324
potassium thiocyanate, 266, 270
potassium trisulfide, 323
potential -pO2- diagrams, 698, 699, 703-706
potential of mean force, 2
potential-acidity diagram, 653
potentiodynamic curves, 683
potentiostat, 678
primary battery, 146, 156
protective layer, 317
protonation of anthracene in a melt, 255 
P t-0  alloy, 437
purification of butylpyridinium chloride, 251
purification of SbCl3 and AICI3, 249
pyridinium chloride, 146
quantum mechanical calculation, 225
quarternary salts, 721
quasi-reversible, 685
racemization, 270
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radial distribution functions, 2, 10 
radical cations, 236, 238 
radical, 151
Raman spectra of metal halides, 217 
Raoult’s law, 408 
rare earth, 585 
rate constant, 446
reactions of SbCl3 with AICI3 and N-(1-Butyl)pyridinium chloride, 252
rearrangement, 200
rechargeable batteries, 284
rechargeable cells, 499
reciprocal system, 124
recrystallization, 148
redox reaction, 687
redox, 153
reduced intensity, 45 
reduction, 624, 662 
reference electrodes, 707 
refractory metal, 559 
regeneration, 643 
relaxation techniques, 537, 538 
resonance absorption, 39 
reversibility of cell, 152 
reversible O2 electrode, 437 
reversible potential, 438 
room-temperature melts, 184 
saturation by sulfide, 510 
Sb2Cl4, 115 
Sb2+,115
Sb(III)/Sb(0) couple, emf of, 188
SbCl3, 109, 183, 248
SbCl3,

— auto-ionization, 113
— liquid structure, 110
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SbCl3-AlCl3-Sb system, 109 
SbCl3*AlCl3 reaction, 111 
SbCl3.GaCl3, structure, 112 
self discharge, 526 
self-diffusion coefficient, 31, 36 
shelf life, 526
silicon oxide/chloride in LiCl-KCl, 699, 706
silver chloride, 134
silver nitrate, 664
S/y2 kinetics, 267-270
SO2, insolubility in sulfate melts, 461
SO3 in sulfate melts, 461
sodium chloride, 121
sodium hydroxide, 649, 651, 652, 655
sodium-potassium nitrates, 468
sodium-sulfur battery, 292
sodium-sulfur trichloride cell, 295
solar receivers, 468
solgasmix, 277
solubility of lithium, 529
specific power, 284
spectra, optical, 189
spectroelectrochemical instrumentation, 185
spectroelectrochemical study, 190
spin-lattice relaxation, 38, 41
standard potential, 589
standard states, 709
steel oxidation, 475
Stokes relation, 40
stray capacitance, 536, 537, 539
structure, 622
structures of ions, 6
sulfate eutectic melts, 454
sulfate melt, 397
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sulfate melts containing aluminum, 463 
sulfate melts, corrosion, 451 
sulfate, 642
sulfate-nickel reaction,461 
sulfide ions in cryolite, 443 
sulfide oxidation, 445 
sulfides, 499
sulfur electrode materials, 335
supercooling, 150
surface coverage, 435
surface migration, 435
sweep rates, 685
Tafel slope, 433
temperature effect, 492
ternary solutions, 58
ternary system, 121
tetrachloroaluminate, 168
tetrahedral coordination, 4
thermal gradients, effect on transport, 102
thermodynamic model 58, 59, 62, 63
thermodynamic properties of hydrated melts, 377
thin-layer cell, 537
thiocyanates in carboxylates, 362
titanum oxides/chlorides in LiCl-KCl, 699, 705
transalkylation; o/w-diphenylalkanes, 239
transcat process, 275
transfer hydrogenation, arenes, 236
transference numbers, 15, 17
transition metals in carboxylates, 362
transition metal chloride, 134
transpiration, water fugacities, 404
transport in thermal gradients, 102
transport of charge, 12
transport processes, role in halide syntheses, 90
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transport properties of molten pyridinium chlorides, 206
transport-reaction coupling, 12
tungsten carbide, 611
tungsten chloride complexes, 134
tungsten in LiCl-KCl, 571
uncompensated solution resistance, 535-537, 539
vanadium (HI) in carboxylates, 362
vanadium oxides, 86
vanadyl ion in carboxylates, 363
vapor complexes, 60, 411
vapor pressure of water, 379
vapor pressure, 58, 72, 73, 74, 76, 80, 403, 714
vapor pressures of halides, 411
vaporization, 74, 75
viscosity, 187, 363
visual observation, 122
voltage loss, 21, 30
voltammetry in chloroaluminates, 420 
voltammetry, 188, 444, 587, 625 
voltammogram of tungsten, 573 
W(III), 571, 576 
W(IV), 571, 574 
W(V), 571, 572
Wagner polarization technique, 520
water, 629, 649, 652, 655
water activity, 386, 390
water electrolysis, 394
water reduction mechanism, 394
WC16, 136
x-ray diffraction, 45
yttria-stabilized zirconia, 649
zero scattering, 47
zinc chloride, 560
zircalloy-2 oxidation, 475

766



zirconia membrane electrode, 699 
zirconia, 649, 651
zirconium chalcohalides, synthesis, 104 
zirconium oxidation, 475
zirconium(III) halides, solubility in aluminum halides, 101 
zirconium(III) halides, synthesis of, 98 
zirconium, reaction with zirconium(IV) halides, 100 
Zr(III)-Zr(IV) mixed-valence compounds, synthesis, 104
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