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Abstract We have determined the thermodynamic activity
of Pb and Sb in the Pb-Sb binary system. For the experi-
ments, we used a galvanic cell in which the measuring
electrode was made of Pb-Sb alloys with different chemical
compositions. The reference electrode was manufactured
from pure lead, and a mixture of salts (35% KCI, 17%
NaCl and 48% PbCl,) was used as an electrolyte, which
had a melting temperature of 399 °C (672 K). Tungsten
wires were used for the contact conductors of the elec-
trodes, and platinum wires were used for the electrical
contacts between the measurement instrument and the
contact conductors. The variations of activity coefficients
depending on its atomic fraction were calculated for the Pb
and Sb in the Pb-Sb binary alloy system. The experimental
measurements were performed at a temperature of 650 °C
(923 K). The obtained data are reliable and consistent, and
now, based on these, thermodynamic functions can be
obtained that can help the scientific community to correctly
describe the behavior of the Pb-Sb binary alloy system.
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1 Introduction

Thermodynamic information concerning the components
of a system is of great importance in the development,
design, planning and operation processes in the chemical
industry and metallurgy.!"*! The importance of knowing
the values of thermodynamic measurements (Gibbs free
energy, enthalpy, entropy) of system components and their
variation to the temperature is justified by the significant
number of scientific papers which have appeared over time
in the specialized literature.® ' In recent works, 521214
the study of various binary alloy systems have had a dif-
ferent form of presentation and a superior accuracy com-
pared to previous publications (period 1960-1970).

Given the importance of knowing the thermodynamic
measurement values for the system components''>'® and
their variation with temperature, in the present work we
aim to achieve a broader and more precise thermodynamic
study of Pb-Sb binary alloy systems. The Pb-Sb system has
great importance in different domains such as the electrical
industry or the automotive industry (as anti-friction alloys),
or in applications such as soldering alloys, fusible alloys,
cable sheathing alloys, and typography alloys.

After analyzing the main experimental methods for
determining the thermodynamic activities of the elements
in metallic smelt, we have focused on the measurements of
electromotive voltage for defining the thermodynamic
activities in Pb-Sb binary alloys. Therefore, in this article,
we present our experimental research regarding the ther-
modynamic activities in the Pb-Sb binary system by ana-
lyzing the results of measurements of the electromotive
voltage which we obtained using a galvanic cell. The
choice of this method was made due to its high precision
and good reproducibility as proven in other research con-
cerning the thermodynamics of metallurgical melts.
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The element of originality and novelty of the paper
consists in the working temperature used for the experi-
mental measurements of the thermodynamic activities
which were performed at 650 °C (923 K) for the Pb-Sb
binary system and which are not mentioned in the spe-
cialized literature. Based on these measurements, the cal-
culations of the most important thermodynamic
measurements of this system (partial or integral molar
properties) were effected for the first time.!'’~'"!

2 Materials and Methods

The method used in our experimental research was based
on the measurements of the electromotive voltage in a
galvanic cell which has a reversible concentration with a
liquid or solid electrolyte. In order to determine thermo-
dynamic activities of the Pb and Sb from Pb-Sb binary
system we used galvanic cells in which the measuring
electrode was prepared from the Pb-Sb alloy (we used Sb
and Pb of 99.99% purity) with different chemical compo-
sitions. The reference electrode was prepared from pure
lead, and the electrolyte used was a mixture of salts from
the system KCI-NaCl-PbCl, whose chemical composition,
in mole percent, was 35% KCI, 17% NaCl and 48% PbCl,.
The melting temperature of the electrolyte was 399 °C
(672 K).

The electrolyte was prepared from pure chlorides of
potassium and lead which were previously dried in an oven
at 70 °C for about 2 h. Successive weighings of the elec-
trolyte were made and introduced into the oven, and the
drying process ended when the measured value of each
weighed electrolyte was constant. The contact conductors
for the electrodes were made of tungsten wires, a metal
which is insoluble in lead or in the Pb-Sb binary alloy, and
platinum wires were used for the electrical contacts
between the two tungsten wires and the instrument mea-
suring the electromotive voltage.

The galvanic cell was built of quartz which is not
attacked by the Pb-Sb alloy, the pure lead or the mixture of
electrolytic salts. Since the tungsten wires penetrate into
the cell from the top through the electrolyte layer, quartz
sheaths prevent contact with it. The measurement cell was
placed in the reaction chamber of an electric oven with
thermal resistances made of Kanthal and provided with an
automated system for adjusting and maintaining a constant
temperature. The temperature inside the cell was measured
by placing a thermocouple of chromel-alumel (with a
ceramic sheath) directly into the electrolyte.

After the introduction in the solid state of the elec-
trolytic components (pure lead, the Pb-Sb alloy, and the
electrolyte) into the cell compartments, they were heated
slowly to the preset temperature of 650 °C (923 K) and the

temperature was kept constant for the whole duration of the
experiments. After reaching the working temperature were
introduced the tungsten wires and, after stabilization of the
temperature, were coupled to the electronic millivoltmeter
for measuring the electromotive voltage of the cell.

The binary Pb-Sb alloy system is a well-known and
well-researched system. Noticeable research on the Pb-Sb
binary alloy system has been made by many researchers at
different temperatures ranges and different atomic fractions
of elements,”*>* but none of these studies have used the
temperature of 650 °C (923 K) at which we performed the
measurements in our research. In recent research® on the
Pb-Sb binary system the enthalpy of the mixture was
measured at the temperature of 700 °C (973 K) with an
atomic fraction of Sb ranging from 0.2 to 0.6 using direct
liquid-liquid reaction calorimetry (DLLRC).

Thermodynamic activities measurements at the tem-
perature of 650 °C (923 K) were performed for the first
time in this experimental research. For a thorough check,
we compared the results obtained by us with the results
obtained™” at the temperature of 627 °C (900 K). Unfor-
tunately, measurements of the electromotive voltage were
not conducted in that research.

2.1 Principle of the Method

The electrochemical systems, in which the electrolytes
differ only by the (concentration) of elements, are called
galvanic concentration cells. The source of the energy in
this type of cell is represented by the transfer energy from
the substance with the higher thermodynamic activity to
the substance with lower activity. The electrochemical
chain of a galvanic concentration cell can be illustrated as
shown in Fig. 1:

The transfer of an atoms-gram of metal Me from the
reference electrode to the measuring electrode determines a
variation of the free energy of the system (partial molar
free energy of the mixture) between the two electrodes that
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Fig. 1 The electrochemical chain of a galvanic cell of type (I)
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are in equilibrium, at a constant temperature or pressure, is
equal to the electric activity, as per the formula:

AG = —zEF (Eq 1)

where AG is the variation of the partial molar free energy
of mixture in the measuring electrode at the transfer
between the two electrodes of one atoms-gram of the ele-
ment Me with the charge of the z ion, in the j/atom-gram;
F is the Faraday constant (96485.34 C/atom-g); and E is
the electromotive equilibrium intensity of the cell, in V.

The partial molar propriety of a substance in a mixture
(AY;), represents the difference between the extensive
partial molar property adequate for the substance in the
solution (Y;) and the extensive partial molar property of the
pure substance (Yl-o). As a result, for the analyzed cell, the
variation of the partial molar free energy of the mixture
(AG) represents the difference between the partial molar
free energy of the Me metal from the measuring electrode
(Gme) and, respectively, the partial molar free energy of the
pure metal from the reference electrode (Gy,):

AG = Gy — G, (Eq 2)

The partial molar free energy of the pure metal corresponds
to the following transformation:

[Me], — {Me},

And it is given by the relationship:Gl(i,[e =RTIn pg,[e, where
Py is the vapor pressure of the metal Me in the pure state.
The partial molar free energy of the Me metal in the Me—
Me solution corresponds to the following transformation:

[(n 4+ 1)Me + mMe'],, < [nMe + mMe'], + {Me},

And is given by the relationship: Gwme = RT In pyge, where
m and n represent the number of moles of the metals Me
and Me’ in the solution Me-Me', py. is the vapor intensity
of the metal Me in the solution Me-Me'.

Replacing the expression of the free energy from the
relationship 2 and taking into account the definition of
thermodynamic activity as being the ratio of the vapor
pressure of an element in the solution and the vapor pres-
sure in the pure state, (apme = PMe/, pg,[e) and thus results in:

AG = RT Inpye — RTInply, = RTIn2> — RT1n ay,
Me
From the formula 1, we obtain:
RTInaye = —zFE (Eq 3)
or
5043zE
lgave = —— (Eq 4)

@ Springer

Based on the relationship 3, through the measurement of
the equilibrium electromotive voltage of a type (I) galvanic
cell, the thermodynamic pressure of the metal (ay.) can be
determined in the alloy Me-Me'.

Regarding the binary Me-Me' system, if the activity of
the metal Me depending on the concentration is known, the
activity of the other element (ay/) at a constant tempera-
ture can be determined using the Gibbs-Duhem

relationship:
OAG OAGMe'

e M) e (m ) =0 (Eq 5)
Oxpe! OxMe

From the relationships:
AGye = RT Inaye = RT Inyyy, + RT In xye
AGy, = RTInaye = RT Iy}, + RT In Xy,

where yy. and y,,. are the activity coefficients of the two
elements, resulting in:

Olnape Oln ayge
XMe XMe/ =
Oxme Oxme
Also, considering that xye + Xyt = 1 and dxye = —dxpes

result in the relationships:

0lnyy, Oln yye
X 4+ Xpme! =0 Eq 6
Me axMe’ Me' axMe ( q )
" XMe Olname
| P=— dx
e / 1 - XMe afo: Me
0
XMe
|
- / BOMe e — —M 10 aye (Eq 7)
(1 — xMe) 1- XMe
0
i a1
XMe NYpve
1 )= — .
v / 1 —xme OXMe M
0
AMe
- / n e My (Eq 8)
(1w’ L=awe

Based on these mathematical relationships, the thermody-
namic activity or the activity coefficient of the Me metal is
determined by varying the activity coefficient of the Me
metal with its atomic fraction.

2.2 Experimental Method

To determine the thermodynamic activities of the Pb and
Sb in the Pb-Sb binary system, we have used a galvanic
concentration cell of type (II) (Fig. 2) in which the mea-
suring electrode was prepared from Pb-Sb alloys with
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different chemical compositions, the reference electrode
was prepared from pure lead, and as an electrolyte, we have
used a mixed of salts from the system KCI-NaCI-PbCl, as
we previously described in Section 2.

The scheme of the experimental appliance used in this
paper is shown in Fig. 3.

The measurements of temperature in the galvanic cell
were carried out through inserting the thermocouple
directly into the electrolyte. For the measurements of
electromotive voltage, we used a Hewlett-Packard electron
multimeter having impedance measurements with a cov-
erage range between 1 V and 10'° Q.

3 Results and Discussion
The research was realized in the concentration area of

Zsp € (0.1). For all alloys, two measurements have been
made and, using the average values, we have defined the
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Fig. 2 The electrochemical chain of an galvanic concentration cell of
type (ID

Fig. 3 The experimental
appliance scheme

a) voltmeter

b) milivoltmeter
c) ampermeter
d) voltmeter

e) transformer
f) furnace

g) thermocuple
h) W electrode
i) refractory lining
j) resistance

k) quartz cell

thermodynamic activity of the lead with relationship 4,
which in the case of the Pb-Sb system at the temperature of
650 °C (923 K), becomes as follows:
5043zE

T

lgap, = — (Eq 9)

The results of the experimental measurements of the
electromotive voltage and the activity coefficient at the
temperature of 650 °C (923 K) are shown in Tables 1
and 2.

The variation of the activity coefficients of the Pb
depending on the molar fraction in comparison with the
Raoult line are shown in Fig. 4.

To obtain the maximum activity coefficient of the Pb 79,
in the Pb-Sb alloy, defined as the limit of the rapport %

when xp, — 0.1 (Fig. 5) we represent the variation of the
lead activity coefficient depending on its atomic fraction
and we extrapolate until the source of the xp, = 0, which
results in the value 79, = 0.881.

The thermodynamic activity of Sb and the activity
coefficient depending on its molar fraction were deter-
mined through the analytical method using the Gibbs—
Duhem relationship (Eq 5-7), which in the case of the
Pb-Sb system at the temperature of 923 K, becomes as
follows:

Xpb

XPb Oln app
1 = — dx
s / 1 —xp Onpy
0
i In app
= dx b — Ina b Eq 10
/ (l _pr)z P 1 ~ Xpp P! ( q )
d

a
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Table 1 The experimental

0.2 0.3 0.4 0.5 0.6 0.7 08 09

results of the electromotive *Po 0.0 0.05 0.1
voltage at 650 °C (923 K), in E, 122.88 122.9
mV

E, 125.45 123.45

E; 124.165 123.18

96.5
93.9
95.2

66.0 49.6 382 29.5 222 14.8 9.1 4.7
67.99 50.5 38.8 28.7 210 15.5 99 44
66.995  50.1 3835  29.1 21.6 1515 95 44

Table 2 The results of

thermodynamic activity and P 0.0 o1 0.2

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

activity coefficients for Pb at

dpp 0.00
650 °C (923 K)

yeo  0.881

0.091
0.913

0.186
0.928

0.284
0.946

0.381
0.953

0.481
0.962

0.581
0.968

0.683
0.976

0.787
0.984

0.896
0.995

1.000
1.000

14 s
0.9 v
0.8 /

0.7 o
P —e— activity at
0.6 923K

0.5 o

04 :

0,3 2

0.2 2

0.1 +—»

0+ ]

0 02 04 06 08 1
Molar fraction of Pb

------- Raoultline

Activity of Pb

Fig. 4 The variation of the Pb activity depending of the molar

fraction in the Pb-Sb alloy at 923 K

1 L] 1 I |

095} -
Tpy

09 -

1 1 1 1

0 02 04 06 08 1
b4
Pb

Fig. 5 The variation of the lead activity coefficient depending on its
atomic fraction at 923 K

XPb

Inyg, = —/

0
XPb

In X
_ / TP gy — P
; (1 — be) 1 — xpp

Xpp Olnyp,

1 — XPb abe

dxpy,

In yp,, (Eq 11)
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Relationships 10 and 11 have been resolved by using the
MathCAD software, and the obtained results, regarding the
thermodynamic activity and the activity coefficient, are set
out in Table 3.

The variation of the activity coefficients of Sb depend-
ing on its molar fraction in comparison with the Raoult line
are shown in Fig. 6.

The variations of the activity coefficients depending on
its molar fraction present a negative deviation from the
Raoult line, both for Pb (Fig. 4) and for Sb (Fig. 6). The
experimental results and also those estimated from the
activity coefficients of Pb and Sb are under the Raoult line
(negative deviation from the Raoult law), but close to the
unit considering the concentration area, and this indicates a
closeness to the ideal solutions.

Because we have not found any results for the Pb-Sb
system at the temperature of 650 °C (923 K) in the sci-
entific literature, we have compared our experimental
results of measurements of the electromotive voltage with
the results of other researchers””! acquired at the temper-
ature of 627 °C (900 K). The comparative results of the
thermodynamic activity and of the activity coefficients for
Pb and Sb in the Pb-Sb binary alloy are shown in Table 4
and Fig. 7 and 8.

According to Fig. 7 and 8, it can be observed that our
experimental results are in good agreement with the sci-
entific results. In these circumstances, the results can be
considered as a reference point for further mathematical
adaptation and modeling in order to obtain thermodynamic
functions which can correctly describe the thermodynamic
activity of the Pb-Sb binary alloy system.

4 Conclusions

The thermodynamic activities and also the activity coeffi-
cients of the Pb and Sb in the Pb-Sb binary alloys systems
were calculated by measuring the electromotive voltage at
923 K, highlighting the fact that, because experimental
results obtained at this temperature for the Pb-Sb binary
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Table 3 The results of the

thermodynamic activities and b 0.0 o1 0.2

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

the activity coefficients for Sb at

023 K as, 0.000 0.087 0.187 0287 0389 0490 0.592 0.694 0.797 0.900 1.000
ysv 0.793 0.873 0933 0958 0972 0979 0987 0.991 0.997 1.000 1.000
15 A 1 »
0.9 v
' /
0.8
2 activity at
a o7 // 7 923K
s 06 - 5
o Y e activity at
205 - .'/ 923K % 383&"’ *
> . E=]
E g: ,/ ....... Raoultline 2 : Raoultline
0.2 Z 1 : : ; :
0.1 +— 08 ; ; ; ; |
0 ’ 0 0,2 04 0,6 038 1

0 0.2 0.4 0.6 0.8 1
Molar fraction of Sb

Fig. 6 The variation of the Sb depending on the molar fraction in the
Pb-Sb alloy at 923 K

Table 4 Comparison of the results obtained by measuring the elec-
tromotive voltage

Experimental results at 923 K Scientific results at 900 K"
XsSb Pb apyp 7sb asp 7Pb app Vsb asp
0.0 1.000 1.000 0.793 0.000 1.000 1.000 0.786 0.000
0.1 0.995 0.896 0.873 0.087 0.999 0.899 0.802 0.080
0.2 0984 0.787 0.933 0.187 0.993 0.794 0.830 0.166
03 0976 0.683 0958 0.287 0.979 0.685 0.865 0.260
0.4 0968 0.581 0972 0.389 0.959 0.575 0.899 0.360
0.5 0962 0481 0979 0490 0933 0.466 0.930 0.465
0.6 0.953 0.381 0987 0.592 0903 0.361 0.955 0.573
0.7 0946 0.284 0.991 0.694 0.869 0.261 0.975 0.683
0.8 0.928 0.186 0.997 0.798 0.832 0.166 0.989 0.791
09 0913 0.091 1.000 0900 0.795 0.080 0.997 0.897
1.0 0.881 0.00 1.000 1.000 0.752 0.000 1.000 1.000
1
0,91
0,8
a 07
% 0,6 activity at
> 05- 923K
% 0.4+ —a— activity at
< 0,34 900K
g’f « Raoultline
0 - : - - \
0 0,2 04 0,6 038 1

Molar fraction of Pb

Fig. 7 Comparison between the experimental results of the activities
of Pb at 923 K and the scientific results at 900 K

Molar fraction of Sb

Fig. 8 Comparison between the experimental results of the activities
of Sb at 923 K and the scientific results at 900 K

system cannot befound in the specialized literature, this is a
novelty in this field. The variation of the activity coeffi-
cients depending on its molar fraction presents a negative
deviation from the Raoult line both for Pb and for Sb,
which indicates the closeness to the ideal solutions.

The results obtained through the method of measuring
the electromotive voltage at the temperature of 923 K were
tabulated and compared to those obtained at the tempera-
ture of 900 K by others researchers. The experimental
results are in good agreement with the scientific results and
represent a benchmark for further research on this system
of alloys. Using an appropriate thermodynamic model, the
thermodynamic functions that can help in the correct
description of the thermodynamic behavior of the Pb-Sb
binary alloy systems can be obtained.
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