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Abstract

The results of investigations of the electrochemical behaviour of multicomponent lead–tin alloys under cathodic
polarization in a sodium hydroxide melt are presented. It has been shown that as a result of the formation of
intermetallic compounds, such elements as antimony, tin, bismuth and arsenic are extracted from the cathode to the
anode. The electrolysis product on the cathode is lead with a total percentage of the above impurities of 0.065–
0.070%. The extraction kinetics have been studied, the dissolution rate constants for each of the alloy components
have been determined and a mechanism of mass exchange between the electrodes has been proposed. The current
consumption for the extraction of metals from the melt has been determined.

1. Introduction

When heavy nonferrous metals, such as tin and lead, are
produced and refined, a large number of multicompo-
nent alloys are formed [1–6]. The composition of these
alloys is very diverse and depends both on the compo-
sition of the raw materials to be processed and on the
method of their processing. For example, the production
of high-purity tin is accompanied by the formation of a
large number of alloys containing up to (wt%): 30–40
tin, 10 bismuth, 5–6 antimony, 3–5 copper, 0.1–0.2
silver, 0.3–1.5 arsenic, 0.3 iron, 0.1–0.2 indium, and the
rest is lead [4]. Such compositions are a valuable source
for the production of a number of nonferrous metals
and alloys for special purposes (e.g., solders etc). It was
shown earlier [5–9] that cathodic refining enables the
selective extraction of components from nonferrous
alloys. The essence of the method is the electrodeposi-
tion of an alkali metal M (in this particular case,
M¼Na), which forms intermetallic compounds with
most nonferrous metals Mi:

aNaþ bMi ¼ NaaMib ð1Þ

on the surface of the metals or alloy to be refined.
Individual molten alkali metal hydroxides or their
mixtures are usually used as the electrolyte. Under
definite conditions (temperature, current density etc),
these compounds transfer from the cathodic metal to the

electrolyte. By changing the electrolysis conditions, alloy
components can be extracted selectively. The conditions
for the selective extraction of the metals from an alloy
have been described [5–7].
This paper presents the results of an investigation of

the electrochemical behaviour of lead–tin alloys, con-
taining accompanying metallic impurities, in the case of
cathodic polarization in molten sodium hydroxide. The
kinetics of extraction of alloy components have been
studied as a function of the quantity of electricity
passed, and the current yield of the metals in electrolysis
has been estimated.

2. Experimental details

The electrolysis was conducted in a reactor, depicted in
Figure 1. A cylindrical tank (1) 0.4 m in diameter and
0.3 m in height made of (5–6) · 10)3 m thick corrosion-
resistant steel 12Kh18N10T contained molten sodium
hydroxide and served as a receiver for electrolysis
products formed on the anode. Within, a nickel anode
(2) and a tank (3) for the cathodic alloy (11) were
mounted concentrically. To stir the cathodic metal and
electrolyte, there was an electrically driven stirrer (7) in
the reactor. The temperature conditions of the electrol-
ysis were maintained by means of nichrome heaters (6)
with a total power of 8 kW. The electrolysis temperature
was controlled by means of a temperature control
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potentiometer and a chromel–alumel thermocouple to
within ±10 degrees. Analytically pure molten sodium
hydroxide was used as the electrolyte (10). Samples of
the metals on the electrodes and the electrolyte were
taken at regular intervals and their quantitative com-
position was determined by chemical and atomic ab-
sorption analysis. The electrolysis was conducted at a
current load of 250 A, at 430–450 �C for 116 h. During
electrolysis, the cathodic metal was stirred with a stirrer,
whose rotational speed was constant in all experiments
at 15 rpm. The effect of the rate of stirring of the
cathodic metal on the extraction rate of the alloy
components (arsenic, antimony, tin, bismuth) was not
studied.

3. Results and discussion

Electrolysis results are listed in Table 1. It is seen from the
table that under the given cathodic refining conditions, all
metals accompanying lead are practically wholly re-
moved from the starting alloy. On the cathode, lead was
obtained as a result of electrolysis (78–80%of themass of
the starting alloy), which contained, as a whole, no more
than 0.065–0.070% heavy nonferrous metallic impurities
and up to 5% sodium. This metal is easily removed from
lead under anodic polarization. On the anode, a lead–
bismuth alloy with a higher bismuth content as compared
to the starting alloy and sludgelike products were
obtained. The ratio of the amounts of the heavy nonfer-
rous metals accompanying lead is much the same in the
anodic sludgelike products and in the starting alloy. This
indicates that a transfer of the alloy components accom-
panying lead from cathode to anode mainly occurs
during electrolysis. The amount of the anodic alloy is
7.2% and that of sludgelike products 19.3% of the mass
of the starting alloy loaded on to the anode.
The laws governing the mass exchange between the

electrodes during the cathodic refining of metals, the

Fig. 1. Electrolyser for the cathodic refining of metals in hydroxide

melts: (1) electrolytic tank, (2) nickel anode, (3) cathode tank with the

metal, alloy being refined, (4) electrolyser casing, (5) refractory, (6)

heaters, (7) stirrer for stirring the cathodic metal and electrolyte, (8)

electrolyser cover, (9) dielectric, (10) electrolyte and (11) cathodic

alloy.
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mechanism and kinetics of the electrode reactions
proceeding during this process are described in detail
elsewhere [4, 5].
The metal is obtained on the anode by a number of

electrochemical reactions, which may be represented
schematically in a simplified form as follows. The main
electrode reaction on an inert nickel anode in a sodium
hydroxide melt is the discharge of hydroxide ions:

4OH� � 4 e� ¼ O2 þ 2H2O ð2Þ

The intermetallic compounds NaaMib that have trans-
ferred from the cathode into the molten electrolyte are
oxidized on the anode by Reaction 2 products to form
metal Mi:

xNaaMib þ ax=4O2 þ ax=2H2O ¼ xbMi þ axNaOH

ð3Þ

At high current densities or in the case of long
electrolysis, the metal Mi deposited on the anode can
oxidize [5, 6] to oxides:

2xNaaMib þ x=2ðaþ bnÞO2 þ axH2O

¼ xbM2iOn þ 2axNaOH ð4Þ

where M2iOn ¼ Bi2O3, SnO, Sb2O3, As2O3, PbO etc., on
which the sludgelike products are based.
Figure 2 shows the dependence of the variation of the

amount of cathodic alloy components on electrolysis
time. This dependence is of both scientific and practical
interest since it is possible to assess the interrelation
between the rate of transformations on the cathode and
the parameters determining them, to obtain a mathe-
matical model of this process and hence to determine the
electrolysis time up to the production of metal of

predetermined purity. In the general case, the rate of
Reaction 1 may be represented [5, 6] by the equation:

Wi ¼ k½Na�n1 ½Mi�n2 ð5Þ

where k is the rate constant, and n1, n2 are the reaction
orders for sodium and some alloy component, respec-
tively. The overall order of the reaction, n0, is

n0 ¼ n1 þ n2 ð6Þ

It should be noted that in most cases the numbers n0,
n1 and n2 are not identical to the values of the
stoichiometric coefficients of chemical equations. This
is due to the fact that the formal notation of a chemical
equation does not reflect elementary steps of the
mechanism of the transformations that take place. The
reaction order is a strictly experimental quantity, which
characterizes the dependence of the rate of a particular
reaction on the reactant concentration.
The kinetic equation of any reaction may be repre-

sented in the general form as follows:

� dC
dt

¼ kCn ð7Þ

By integrating Equation 7, the reaction order with
respect to some component and the rate constant can be
determined. For first–order kinetic equations, integrat-
ing Equation 7 yields:

lnCt ¼ lnCo � kt ð8Þ

and for second–order equations:

1

C
¼ 1

Co
þ kt ð9Þ

It follows that if the reaction is of first order, the plot
of C against t must give a straight line in ln Ct against t
coordinates, and if it is of second order, the plot must
give a straight line in 1/C against t coordinates. The
slope of this straight line must correspond to the rate
constant k. An analysis of the experimental data
obtained (Figure 3) showed the plot of the concentra-
tion of the alloy components against the electrolysis time
in ln Ct against t coordinates to give a straight line with
a kink, the kink on the kinetic plots for each of them
being observed approximately in the same time interval,
which corresponds to the passing of 15 000–16 000 Ah
of electricity. This may indicate that in the course of
electrolysis, a change in the dissolution mechanism of
alloy components takes place in a certain period; on the
whole, however, the rate of their extraction is described
by a first-order kinetic equation. Since heavy nonferrous
metals are extracted at the interface, it is expedient to
characterize the moment of the change in the kinetic plot
by electricity consumption per unit surface area and
mass of the starting alloy. In this particular case, the
moment of the change in the shape of the kinetic plot

Fig. 2. Impurity content of the cathodic metal as a function of the

quantity of charge passed (I ¼ 250 A, ic ¼ 5 · 103 A m)2, ia ¼ 2 ·
103 A m)2, t ¼ 450 �C, U ¼ 4.6 V; metal loaded into the cathode

tank: 41.4 kg, electrolyte loaded: 51.1 kg).
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corresponds to the value (6.3–6.7) · 103 Ah m)2 kg)1.
During this electrolysis time, the lead concentration in
the starting alloy increased by 10%, and the extraction
ratio of the accompanying components was: antimony,
99%; tin, 98%; bismuth, 70%; arsenic, 60%. A typical
plot of cathodic alloy component concentration against
electrolysis time in ln Ct against t coordinates is shown
in Figure 3, and the values corresponding to the
electrochemical reaction rate constants at each of the
electrolysis stages are listed in Table 2. The same table
lists the initial dissolution rates of the alloy components,
which were calculated from the slope of tangents to the
kinetic Ci against t plots (Figure 2).
It is evident that antimony and tin possess the highest

extraction rate at the initial electrolysis stage. At the
second electrolysis stage, the extraction rate constant for
practically all components, except bismuth, decreases.
When analysing experimental data it must be taken

into account that under certain conditions molten
sodium hydroxide can react with alloy components to
form corresponding oxygen-containing compounds (ars-
enates, antimoniates etc). According to [2, 6, 10], arsenic
reacts with sodium hydroxide with hydrogen evolution:

2Asþ 2NaOHþ 2H2O ¼ 2NaAsO2 þ 3H2 ð10Þ

In the presence of oxidants, compounds of arsenic in
the highest oxidation states are formed:

2Asþ 6NaOHþO2 ¼ 2Na3AsO4 þ 3H2 ð11Þ

Both water and oxygen are products of Reaction 2
and can get in some measure into the cathode chamber.
Antimony, tin and bismuth react weakly and lead hardly
reacts with thoroughly dehydrated molten sodium
hydroxide, but they oxidize readily in the presence of
oxidants in the following order: arsenic > tin >
antimony > bismuth > lead. The standard free energies
of formation of the corresponding oxygen-containing
compounds at 450 �C are: )304.47 kJ mol)1 for Na3-
AsO4, )300.20 kJ mol)1 for Na2SnO3 and )287.10
kJ mol)1 for Na3SbO4 [10]. Thus, arsenic is a reductant
for oxygen-containing tin, antimony, bismuth and lead
compounds. Tin is a reductant for antimony, bismuth
and lead compounds etc. An oxidant for all elements is
lead plumbite. If alloy components were removed by
oxidation and formation of oxygen-containing com-
pounds according to reactions similar to Reaction 11,
arsenic, then tin, antimony etc would be extracted in the
first place from the alloy in the fullest measure. The
observed order of the extraction of components from a
cathodically polarizable alloy is somewhat different
(Table 2). Since the main electrode process at the
cathode is the discharge of sodium ions:

Naþ þ e� ¼ Na ð12Þ

the oxidation of alloy components in the presence of
such a strong reductant as sodium is hardly probable.
The main process, which removes alloy components, is
the formation of intermetallic compounds and their
subsequent transfer into the salt phase. According to [5,
6], the intermetallic compounds having the highest heat
of formation and the highest melting point must be
removed from the alloy in the first place. One of the
necessary conditions for the extraction of such com-
pounds from a cathodic alloy is that they form a solid
phase in it.
Table 3 lists the standard free energies of formation

[11] and melting points [11, 12] of some intermetallic
compounds of sodium with heavy nonferrous metals.

Fig. 3. Logarithm of impurity concentration as a function of electrol-

ysis time in the cathodic refining of lead–tin alloy (I ¼ 250 A,

ic ¼ 5 · 103 A m)2, ia ¼ 2 · 103 A m)2, t ¼ 450 �C, U ¼ 4.6 V; metal

loaded into the cathode tank: 41.4 kg, electrolyte loaded: 51.1 kg).

Table 2. Rate constants and initial rates of the electrochemical extraction of intermetallic compounds of lead–tin alloy components under

cathodic polarization in molten sodium hydroxide

Parameters: t = 430 �C, I = 250 A, U = 4.6 V, Q = 29 000 Ah, rotary speed of the stirrer: 15 rpm

Rate constant,

k/s)1
Alloy component

Lead Antimony Tin Bismuth Arsenic

First region 4.3 · 10)7 4.6 · 10)4 4.1 · 10)4 1.4 · 10)5 1.5 · 10)4

Second region 5.2 · 10)9 1.5 · 10)18 5.3 · 10)5 4.5 · 10)4 3.9 · 10)5

Initial rate /g-at s)1 – 8.5 · 10)4 2.3 · 10)4 1.5 · 10)6 1.6 · 10)5
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It is seen from the data that there is a certain
correlation between the standard free energies of for-
mation, melting points, order and rate of the extraction
of intermetallic compounds (Table 2). Antimony inter-
metallide (Na3Sb) has the highest melting point, and tin
intermetallides have the highest standard free energies of
formation. Hence these compounds are removed from
the alloy first. In spite of the fact that lead intermetal-
lides possess a high heat of formation, they have a low
melting point. The high-melting intermetallic com-
pounds of bismuth are characterized by lower standard
free energies of formation and hence are extracted later
from the cathodic alloy. The change in the shape of the
kinetic ln Ct against t plots must be due to the
occurrence of the following reactions.
The oxides formed by the anodic oxidation of

intermetallic compounds (according to Equation 4)
interact with molten sodium hydroxide. This interaction
results in the formation of oxygen-containing com-
pounds. As pointed out above, these compounds are
also formed on the direct interaction of heavy nonfer-
rous metals with molten sodium hydroxide (Equations
10 and 11) in the following order according to the
variation of standard free energies of formation [10]:
Na3AsO4, Na2SnO3, Na3SbO4, Na3BiO4, NaPbO2.
As a result of the forced convection of the electrolyte,

these compounds enter the cathode chamber during
electrolysis and are reduced to metal on the cathodic
alloy surface either by the action of direct current or by
the action of sodium. For example,

AsO3�
4 þ 5 e� ¼ Asþ 4O2� ð13Þ

or

AsO3�
4 þ 8Na ¼ Asþ 4Na2Oþ 3 e� ð14Þ

Thus, in a certain period the conditions are attained
under which metal transfers in the opposite direction,

from anode to cathode, takes place. It is this circum-
stance that gives rise to a change in alloy component
extraction kinetics in the course of electrolysis. Among
the components of the alloy under investigation, arsenic
possesses [10] the greatest ability to interact with molten
sodium hydroxide. Accordingly, its extraction from the
cathode to the anode is small. This element seems to
‘circulate’ between the cathode and anode. As pointed
out above, antimony and tin react weakly with alkali
melts, and hence the transfer in the opposite direction
from anode to cathode is less pronounced.
The considerable (about 30-fold) increase in bismuth

dissolution rate constant at the second electrolysis stage
is due to the fact that by this time bismuth becomes
practically the main cathodic alloy component that
accompanies lead.
At the moment of change in kinetic dependence

(Figure 3), the antimony content of the cathodic alloy is
0.05%, tin content 0.037%, arsenic content 0.03%,
whereas the bismuth content is 1.75%. It is not
improbable that the alloy component extraction kinetics
are influenced by hindrances in the transport of heavy
nonferrous metals from the bulk of the alloy to its
surface, where sodium ions are discharged, and inter-
metallic compounds are formed.
An important characteristic of any electrochemical

process is current consumption. Therefore, we have
estimated the relative quantity of electricity that is
consumed for the extraction of one or another alloy
component. The calculation was made according to the
equation:

gi ¼
Fni
Q

ð15Þ

where F is the faradaic constant, ni the quantity of
reacted component (g equiv.), Q the quantity of passed
electricity and gi the formal current efficiency.
The results obtained are shown in Figure 4. It is seen

that most of the current is consumed for the extraction
of antimony and tin. In the initial electrolysis stages
(electricity consumption, up to 5000 Ah), bismuth is
practically not extracted from the alloy, and its concen-
tration increases (negative values of formal current
efficiency).

4. Conclusion

The data obtained indicate that the cathodic refining
method makes it possible to extract almost completely
such elements as antimony, tin, arsenic from multicom-
ponent lead–tin alloys and to obtain cathodic lead with
a total percentage of these metals of 0.065–0.070% at an
extraction ratio of 78–80%.
The extraction rate of the alloy components is

satisfactorily approximated by a first order kinetic
equation. The extraction rate of such alloy components
as antimony, tin, and arsenic decreases during the course

Table 3. Standard free energies of formation and melting points of

intermetallic compounds of sodium with some heavy metals

Metal Intermetallic

compound

Standard free

energies of

formation [11],

DG�
298:15

Melting

point [11, 12]

/�C

/kJ mol–1

Arsenic NaAs )89.12 –

NaAs2 )98.32 –

Na3As )196.23 –

Antimony NaSb )67.78 465

Na3Sb )205.85 1010

Bismuth Na3Bi )167.36 848

Tin NaSn )62.85 578

Na2Sn )56.90 478

Lead NaPb )41.36 372

NaPb3 )46.38 320

Na9Pb4 )258.61 403

Na13Pb5 )284.46 391

Na15Pb4 )250.87 386
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of electrolysis. This is due to the codischarge on the
cathode of oxygen-containing compounds (Na3AsO4,
Na2SnO3, Na3SbO4), which are formed with time near
the anode. Rate constants for alloy component extrac-
tion in different electrolysis stages have been determined
from kinetic relations ln C ¼ f(s).

Information on the extraction kinetics of alloy com-
ponents can be utilized to optimize the conditions for
this process.
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