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Abstract

The thermodynamic properties of the liquid Ag–Sb alloys were determined using solid oxide galvanic cells with zirconia electrolyte. The
emfs of the cells:

AgxSb(1−x),Sb2O3/O2−/air

were measured in the temperatures range 950–1100 K in the whole range of the alloy compositions.
First, the Gibbs free energy of formation of liquid Sb2O3 from pure elements was derived:

�G◦
f (Sb2O3) (J/mol) = −687100+ 243.23T.

Next, the activities of antimony were measured as a function of the alloy compositions,x. Redlich–Kister polynomial expansion was used to
describe the thermodynamic properties of the liquid phase. From the model equations the limiting value of the logarithm of activity coefficient
of antimony in silver was obtained as a function of temperature:

ln γ0
Sb = −3812.5/T + 0.4112.

The obtained results were compared with the experimental values reported in the literature.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The process of silver production from sledges left after
copper electrochemical refining is based in principle on the
subsequent reduction and oxidation stages carried out in
Kaldo furnace. The resulting distribution of solutes between
silver and the slag phases is dependent on both: tempera-
ture and oxygen partial pressure applied during the process.
Thus, thermodynamic properties of silver multicomponent
alloy must be known first before any attempt to predict al-
loying elements distribution is undertaken. Moreover, before
this kind of analysis is attempted for the multicomponent
alloy, the thermodynamic properties of all binaries being
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respective parts of this multicomponent solution should be
known exactly.

Consequently, since antimony is one of the solutes being
present in silver, the knowledge of its activity, especially
in dilute solution range, is required to predict its behavior
during the reaction with the slag phase.

The thermodynamic properties of the liquid silver–
antimony alloys were examined by different research
groups. They used various experimental techniques but,
surprisingly, there are only a few data on Sb activity in
these alloys. The integral heat of mixing was measured by
Castanet et al.[1] at 950, 1100 and 1300 K. These results
indicate temperature dependence of the heat of mixing. Pre-
del and Emam[2] measured the heat of mixing at 1250 K
and these results are almost identical with those of Castanet
et al. obtained at 1300 K.
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The activity of antimony in the alloy was determined
by Hino et al. [3] who measured vapor pressure of anti-
mony using the transportation method between 1273 and
1473 K. In turn, Nozaki et al.[4] and Vecher and Gerasimov
[5] employed galvanic cells with molten salts electrolyte
and solid silver reference electrode. From the measured
emfs, the activity of silver as well as its partial thermody-
namic functions were determined. In the present work we
employed galvanic cells with the solid oxide electrolyte
for the determination of Sb activity in the liquid Ag–Sb
alloys.

2. Experimental

2.1. Materials

Metallic silver was obtained from POCh, Gliwice, while
antimony was obtained from Fluka AG, Buchs SG, Switzer-
land. They were 99.99 and 99.999% pure, respectively. An-
timony oxide, Sb2O3, was obtained from POCh, Gliwice
and was 99.9% pure. Closed at one end yttria stabilized
zirconia solid electrolyte tubes (length 50 mm, outside di-
ameter 8 mm) were supplied by the Friatec DG, Germany.
Antimony–silver alloys were prepared from pure metals sep-
arately by melting weighed pure metals in evacuated and
sealed silica capsules.

2.2. Technique

The experimental technique is in principle similar to that
used by us in the previous study of Ag–Bi alloys[6], though
the cell construction is different. A schematic representation
of the cell assembly is shown inFig. 1. The tube of solid
zirconia electrolyte contained about 2 g of metallic alloy
of a chosen composition. Alloys of Ag–Sb were prepared
separately from pure metals by melting weighed amounts
of antimony and silver in the silica capsules evacuated and
sealed under vacuum. The kanthal wire with welded Re
wire tip, kept inside the alumina shield, acted as an elec-
tric contact with a liquid metal electrode. The platinum
wire was connected to the outer part of the electrolyte tube
and worked as an air reference electrode. The whole cell
was placed inside the silica tube, which was suspended
on an upper brass head, which closed the tube of a resis-
tant furnace. The cell was kept in the constant tempera-
ture zone of the furnace under a stream of purified argon.
The temperature inside the cell was maintained constant
within ±1 K.

After the required cell temperature was reached first
time, the cell was left overnight to attain equilibrium.
The emf of the cell was then recorded by means of the
digital multimeter Keithley 2000 (USA) and next the tem-
perature was changed. The measurements were carried
out at increasing and decreasing temperature for several
days.

Fig. 1. Galvanic cell assembly: 1, air; 2, alumina shield; 3, solid electrolyte;
4, thermocouple; 5, wire Pt; 6, kanthal+ Re; 7, resistant furnace; 8,
working electrode; 9, thermocouple.

3. Results

In order to determine the antimony activity in liquid
Ag–Sb alloys the emf of the cell I

Re+ kanthal, AgxSb(1−x), Sb2O3(l)/O2−/air, Pt (I)

was measured in the temperature range 950–1100 K. The cell
scheme is written in such a way that the right-hand electrode
is positive. For galvanic cell I the electrode reactions are:

(a) at the RHS electrode:
3
2O2 + 6e↔ 3O2− (1)

(b) at the LHS electrode:

2Sb+ 3O2− ↔ Sb2O3 + 6e (2)

Consequently, the overall cell I reaction is:
3
2O2 + 2Sb↔ Sb2O3 (3)

For the reversible reaction (3) the change in Gibbs free
energy can be derived as follows:

�G = −6FE= µSb2O3 − 2µSb − 3
2µO2

= �G◦ − 2RT ln aSb − 3
2RT ln pO2 (4)

If antimony is in its pure, liquid state (aSb = 1.0) Eq. (4)
takes the form:

−6FE◦ = �G◦
f (Sb2O3)

− 3
2RT ln pO2 (5)

wherepO2denotes the oxygen partial pressure of the air ref-
erence electrode. Then, fromEq. (5) the Gibbs free energy
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Fig. 2. Temperature dependence of the emf of liquid Sb2O3.

of formation of the liquid Sb2O3, �G◦
f (Sb2O3)

, can be deter-

mined fromE0 measured against the air reference electrode
as a function of temperature.

emf values produced by the cell I in the range of temper-
ature from 950 to 1100 K after the necessary thermo-emf
Pt-Kanthal+ Re corrections are shown inFig. 2. The re-
sulting linear equations obtained by the least square method,
are presented inTable 1.

At first, from the results obtained for the equilibrium be-
tween pure liquid antimony and liquid antimony oxide, the
Gibbs free energy change for the reaction of formation of
Sb2O3 was derived usingEq. (5). The obtained values of
Gibbs free energy yield the following temperature depen-
dence:

�G◦
f (Sb2O3)

(J/mol) = −687100+ 243.23T (6)

Our data, represented byEq. (6), are shown inFig. 3
and compared with the results of other electrochemical
high temperature studies[7–14]. A good agreement is
found between all studies with the spread of the data of
the order of 15 kJ, which is about 3.5% of the measured
value.

Next, by combiningEqs. (4) and (5)the following ex-
pression for the activity of antimony in the alloy with silver

Table 1
The temperature dependence of the emf of cell I

XSb E (mV) = a + bT (K) σ

0.80 1191.7–0.4669T ±4.45
0.70 1178.6–0.4588T ±0.25
0.60 1189.1–0.4721T ±0.53
0.50 1191.1–0.4803T ±0.52
0.40 1203.4–0.4994T ±0.55
0.30 1209.3–0.5210T ±0.46
0.25 1187.1–0.5249T ±0.66
0.20 1173.9–0.5250T ±0.31
0.15 1150.3–0.5225T ±1.77
1.00 1186.7–0.4537T ±1.08

σ is a standard deviation ofE.
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Fig. 3. Gibbs free energy of formation of the liquid Sb2O3.

can be derived:

ln aSb =
(

3F

RT

)
(E − E0) (7)

whereF is the Faraday constant,T the absolute temperature,
andR the gas constant.

From the measured emfs the expression for the partial
Gibbs free energy of antimony in the alloy can be derived

�µ̄Sb = 3F(E − E0) = 3F(�a + �bT) (8)

if the linear dependence of the typea + bT is assumed for
temperature variation of the emf

Then, using the well known relationship, the partial en-
tropy of antimony can be defined as

�S̄Sb = −
(

∂ �µ̄Sb

∂T

)
p

= −3F �b (9)

as well as the partial enthalpy:

�H̄Sb = (�µ̄Sb + T �S̄Sb) = 3F �a (10)

Thus, having experimentally determinedE versusT plots
for alloys of different composition, all partial thermody-
namic functions of antimony in the alloy can be derived.

The activities of antimony in the alloy were calculated at
1073 K from the emf values and are plotted inFig. 4. The
standard state of antimony is pure liquid Sb.Eq. (7)was used
to calculate activities for the respective alloy compositions
from the data gathered inTable 1.

Before an attempt to describe the thermodynamic proper-
ties of the liquid solutions analytically was made, the activ-
ity coefficient of antimony at infinite dilution with silver was
derived. According to Darken[15] the whole concentration
range of the investigated system can be divided into termi-
nal regions if ln�2 versus(1− X2)

2 is plotted at a constant
temperature. This so-called�-function method yields linear
dependence of ln�2 in the limit X2 ≥ 0 and consequently
ln �0 at infinite dilution can easily be obtained. InFig. 5this
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Fig. 4. Activities of components in Ag–Sb liquid alloys atT = 1073 K.

Darken’s plot is shown for ln�Sb at 1073 K. The limiting
value obtained in this way is equal to lnγ0

Sb = −3.133.
Having the limiting value of lnγ0

Sb at 1073 K, one can
integrate Gibbs–Duhem equation to obtain lnγAg = f(XSb)

at the same temperature. Using well-known relationship

d lnγAg = −
∫ XSb

XSb=0

(
XSb

XAg

)
d lnγSb (11)

logarithms of the activity coefficient of silver were calculated
and are shown together with values determined from emfs.
The ln� versus composition plots obtained in this way are
shown inFig. 6. Also, the activities of silver were calculated
and are shown inFig. 4.

In principle, all partial functions can be obtained in this
way for both components. However, since the split of the par-
tial Gibbs free energy between enthalpy and entropy terms
is always uncertain in electrochemical studies, we followed
different approach. It is based on computer optimization of
thermodynamic data existing for a given phase.

We selected the integral heat of mixing data from the liter-
ature. Calorimetric data of Predel and Emam[2] at 1250 K,
and Castanet et al.[1] at the highest experimental tempera-
ture 1300 K were chosen and they are shown inFig. 7. We
also accepted antimony activities calculated at 1073 K from
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our own emf measurements together with limiting values
of ln γ0

Sb obtained with�-function method. These data were
used together to describe the thermodynamic properties of
the liquid phase.

The results were described with the Redlich and Kister
formula [16]. It is assumed that the liquid solution phase
is described by the disordered substitutional solution model
and its excess Gibbs energy is expressed by the following
equation:

�GE = XSb(1 − XSb)[L
0
Ag,Sb + (1 − 2XSb)L

1
Ag,Sb

+ (1 − 2XSb)
2L2

Ag,Sb + . . . ] (12)

in which XSb is the mole fraction of antimony.
The expression of the partial excess Gibbs free energy of

antimony resulting from this model is:

�GE
Sb = (1 − XSb)

2[L0
Ag,Sb + (1 − 4XSb)L

1
Ag,Sb

+ (1 − 2XSb)(1 − 6XSb)L
2
Ag,Sb + . . . ] (13)

Consequently, from these equations all thermodynamic
functions in the solution can be determined. Parameters
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Fig. 7. Enthalpy of mixing in the liquid Ag–Sb system.
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Li
Ag,Sb are linearly dependent on temperature and are given

in J/mol. Their values resulting from our calculations are as
follows:

L0
Ag,Sb = −3619.5− 8.2962T

L1
Ag,Sb = −21732.2 + 8.4996T

L2
Ag,Sb = −6345.2+ 3.2151T

(14)

Figs. 4 and 7show comparison of the activities of anti-
mony and silver derived from experiments, and the heat of
mixing of the Ag–Sb alloy, with the results of model calcu-
lations. Integral Gibbs energies of solutions calculated from
obtained activities are compared inFig. 8 with those calcu-
lated from the model. The determined partial enthalpy and
partial entropy functions in the liquid Ag–Sb system are
shown inFigs. 9 and 10, and are also compared with the
results of calculations. The experimental values were cal-
culated from respective coefficients of linear dependencies
given inTable 1and using expressions (9) and (10). Model
calculations were performed with Redlich–Kister formula.
A good agreement is found between calculated and mea-
sured values.
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Our measurements were performed in the temperature
range 950–1100 K and over the whole concentration range
of the alloy. Increasing discrepancy between calculated and
measured values of activities (visible for Sb-rich solutions)
probably results from growing uncertainty of these values as
the difference (E− E0) in Eq. (7)decreases forXSb ≥ 1.0.

The positive (forXSb → 1.0) and negative (forXSb → 0)
deviations from the Raoult’s Law obtained from the model’s
calculations are not so surprising. This kind of deviation is
indicated by the measured heat of mixing (Fig. 7). More-
over, diffraction experiments on Cu–Sb liquid alloys done
by means of neutron diffraction and X-rays by Knoll and
Steeb[17] at temperatures about 10◦ above liquidus indicate
not only the clustering of atoms in the liquid but also segre-
gation tendency. The simultaneous existence of compound
regions and segregation regions within the melt depending
on the concentration must influence the sign of the devia-
tion of activities from the Raoult’s Law. Since the Ag–Sb
phase diagram is very similar to that of Cu–Sb system[18]
one may expect that similar phenomenon takes place in the
Ag–Sb liquid solution.

Since we are mainly interested in the antimony behav-
ior in silver at low antimony concentration range, the log-
arithm of the activity coefficients of antimony was derived
for XSb ≥ 0 from Redlich–Kister formula (13) obtained af-
ter optimization. It is given by the following temperature
dependence:

ln γ0
Sb = −3812.5

T
+ 0.4112 (15)

Our measurements were carried out at temperatures lower
than those of the industrial process we are interested in.
Thus, in order to check the obtained temperature depen-
dence, we compared our calculated values with the experi-
mental results of Hino et al.[3]. It is the only experimental
study we found in the literature in which the activity of an-
timony was determined by vapour pressure measurements
at temperature as high as 1473 K.Fig. 11 shows the com-
parison of experimental and calculated values for ln�Sb at
this temperature. This comparison suggests that in the dilute
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solution range and temperature of the industrial process, the
value ofγ0

Sb may be higher than the results of Hino et al.
suggest.

4. Conclusions

It was demonstrated that properly designed electrochem-
ical cell with zirconia solid electrolyte can provide reliable
thermodynamic information about the liquid Ag–Sb solu-
tions. The comparison of the Gibbs free energy of formation
of the liquid Sb2O3 obtained in this study with the litera-
ture data speaks for reliability of our electrochemical cell
performance. Full thermodynamic description of the liquid
phase is given. Redlich–Kister formula was used to describe
temperature and composition dependence of thermodynamic
functions. Our results indicate that at temperature of 1473 K

limiting value of ln�Sb in silver obtained from calculations
is higher than that resulting from the study of Hino et al.
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