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Abstract: As—Sb alloy was electrodeposited from high arsenic-containing solutions. The influences of current density, Sb*"
concentration, reaction temperature and HCI concentration on the electrolyte composition, cell voltage and current efficiency were
investigated. The surface morphology, composition and structure of the deposits were analyzed by scanning electron microscopy
(SEM), inductively coupled plasma mass spectrometry (ICP-MS) and X-ray diffraction (XRD), respectively. The results show that
the prepared As—Sb alloy shows an amorphous structure under all conditions. Under the optimized condition, i.e., 10 g/L As®*, 2 g/L
Sb**, 4 mol/L HCI, current density of 4 mA/cm? and temperature of 20 °C, desired As—Sb alloy with a composition of 70.26% As
and 29.74% Sb (mass fraction) is obtained. What is more, the current efficiency is as high as 94.74% and high arsenic removal rate is

achieved under this condition.
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1 Introduction

Until now, many scientists have exploited various
technologies and materials to remove arsenic efficiently,
such as chemical precipitation [1], adsorption [2], ion
exchange [3], membrane separation [4], biological
removal [5] and electrocoagulation [6]. By these
methods, a large number of arsenic-bearing compounds
were produced, most of which cannot be reused and had
to be accumulated perennially, causing secondary
pollution easily. Therefore, the recovery processing of
the arsenic-containing waste becomes the research
direction in this field, that is to say, not only toxic arsenic
pollution should be eliminated, but also useful arsenic
resource can be obtained simultaneously. The fabrication
of nontoxic elementary arsenic from high arsenic-
containing solutions by electrochemical deposition is one
of the efficient methods and has attracted most research
interest. However, toxic AsHjz will be produced during
the electrodeposition  process [7,8] and the
nonconductive arsenic film causes the current efficiency
to decrease remarkably [9], which restricts the
application of this method.

As—Sb alloy and As—Sb-based alloy have broad
application perspective in many areas due to the
excellent semiconductor property [10,11], photoelectric

property [12], thermoelectric property [13,14] and
electromagnetic property [15]. MUSIANI et al [16]
prepared As—Sb alloy by electrodeposition in citric acid
solutions containing As,O; and SbCl; and discussed the
relationship between the electric-conductivity of alloy
and the mole ratio of As to Sb in alloy, which depended
on the concentrations of arsenic and antimony in
electrolyte. Besides, the structure of deposits [17] and the
kinetic model of electrodeposition process [18] were
analyzed. Our previous studies [19,20] found that the
nucleation process of As—Sb alloy on glassy carbon
electrode follows the three-dimensional growth
mechanism under diffusion limitations, and the toxic
AsH; can be efficiently inhibited during the
electrodeposition by the addition of Sb*" into
arsenic-containing solution.

This study focuses on the arsenic-containing
hydrochloric acid solution produced from the leaching
and the continuous distillation process of antimony-rich
lead anode [21,22], for which electrodeposition method
was adopted to extract arsenic and get As—Sb alloy. The
influences of HCI concentration, Sb** concentration,
current density and reaction temperature on the
electrolyte composition, cell voltage, current efficiency
as well as the composition of the deposit were
investigated. It is expected that by doing this, the toxic
arsenic contaminants can be eliminated and the recycle
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of arsenic resource and hydrochloric acid solution can be
realized.

2 Experimental

2.1 Raw material

Arsenic-containing hydrochloric acid solution and
crystal antimony trichloride were derived from the
chloridizing leaching process of lead anode slime
containing arsenic and antimony, which were purified by
double distillation before use. Various solutions with
different contents of As’*, Sb’* and hydrochloric acid
were prepared from the purified AsCl; hydrochloric acid
solutions and crystal SbCl;.

2.2 Electrodeposition

The electrodeposition of As—Sb alloy was carried
out in a sealed cell with a volume of 290 mL under
certain current density. Copper plate (30 mm x 60 mm x
2 mm) and graphite were used as cathode and anode,
respectively. High purity nitrogen was kept bubbling to
drive away the generated AsH; and SbH; on the cathode,
which was then adsorbed with 4 mol/L HNO; solution.
The current efficiency was calculated according to

Eq. (1):

3F[mmj
5= M,, Msg, (1
It

where mas and mg, (g) are the mass of arsenic and
antimony in deposits, respectively, Ma, and Mg, (g/mol)
stand for the relative mole mass of arsenic and
antimony, respectively, F (C/mol) is the Faraday
constant, / (A) and ¢ (s) are the applied current and time,

respectively.

2.3 Characterization
Sb*" was titrated by ceric sulfate and As®" was
titrated by potassium bromate in hydrochloric acid

medium with methylene blue—methyl orange as indicator.

Inductively  coupled plasma  optical  emission
spectrometer (Leeman Prodigy) was used to analyze the
trace amount of Sb’" and As®*. The structure and surface
morphologies of deposits were characterized by X-ray
diffraction (XRD, RIGAKU D/Max 2550 PC) and
scanning electron microscopy (SEM, VEGA3),
respectively. The cathodic deposits were dissolved with
6 mol/L HCl and H,0,, and then inductively coupled
plasma mass spectrometry (ICP-MS) was applied to
analyzing the amount of arsenic and antimony.

3 Results and discussion

3.1 Effects of current density on electrodeposition of
As—Sb alloy
The concentration variation of each ion in

electrolyte during the electrodeposition under different
current densities are shown in Fig. 1. It is observed that
the As’* and Sb®" concentrations keep declining while
those of As’"and Sb™" increase as the electrodeposition
progresses. As’" and Sb>" generate from the oxidation
reaction on the graphite anode. The decrease of As® and
Sb*" concentrations is mainly due to the cathodic
reduction to form As—Sb alloy and the anodic
oxidization to produce As’” and Sb>". Besides, trace
amount of As’" and Sb*" may be reduced to form AsH;
and SbH;.

From Fig. 1, the concentrations of As’" and Sb**
change slowly at the current density of 1 mA/cm?,
indicating low removal efficiency. With the current
density increasing to 4 mA/cm’, the concentration of
As’" declines rapidly in the initial 90 min, after which the
rate slows down, while the concentration of Sb>*
decreases in a fast rate during the whole
electrodeposition process. Simultaneously, there is a fast
increase of concentrations of As’* and Sb’*. The
accumulation of these pentavalent ions to a certain
amount will play a negative role in the cathodic deposits,
i.e., the black granules mainly composed of oxides are
produced on the surface of deposits. So, how to keep a
stable and slow increase rate for the concentrations of
As”" and Sb>" is one of the critical factors to obtain
high-quality electrodeposits.

The mass and compositions of the electrodeposited
film as well as the current efficiencies at different current
densities are displayed in Table 1. It is shown that the
cathodic current efficiency at 4 mA/cm? is 96.39%. That
is to say, 3.61% actual electricity may be contributed to
the generation of AsH; and SbH; at the cathode. This
result is consistent with the previous research [19], in
which As—Sb alloy was electrodeposited from a low
arsenic-containing solution and the actual electricity used
for the AsH; evolution is only 2.12%. Furthermore, the
composition of electrodeposits changes with the applied
current density. When the current density increases from
1 to 4 mA/cmz, the mass fraction of arsenic in the
electrodeposits reduces from 57.14% to 33.11%,
suggesting that the current density plays an important
role in the composition of the electrodeposits. However,
the amount of deposits is abundant at 4 mA/cm?, in this
case, the mass of As in deposits reaches 0.1802 g, more
than that obtained at 1 mA/cm?, which means higher
removal rate of As®* at 4 mA/cm’.

The prepared As—Sb alloy presents a typical
metallic luster. The surface is uniform and even with
silver-white appearance. Figure 2 shows the XRD
patterns of electrodeposits at different current densities.
Two broad peaks appear in 26 ranges of 21°-40° and
46°—58°, which are similar to the XRD patterns of
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Fig. 1 Variation of concentrations of As® (a), Sb>" (b), As>" (c¢) and Sb>* (d) in electrolyte during electrodeposition at current

densities of 1and 4 mA/cm? (20 °C, HCI concentration of 3 mol/L, As®" concentration of 10 g/L, Sb*" concentration of 4 g/L)

Table 1 Mass and compositions of electrodeposits as well as current efficiencies at different current densities

current density/ . Mass of As in Mass fraction Mass fraction Current
- Mass of deposits/g . .
(mA-cm °) deposits/g of As/% of Sb/% efficiency/%
1 0.1321 0.07548 57.14 42.86 98.20
4 0.5441 0.1802 33.11 66.89 96.39

electrodeposited As [23]. It is observed that even when
the content of antimony in alloy reaches 66.89%, there
are no typical antimony diffraction peaks. Therefore, the
electrodeposits have an amorphous structure.

The evolution of the cell voltage during the
electrodeposition at different current densities is shown
in Fig. 3. When the current density is 1 mA/cmz, the cell 1 mA/cm?2
voltage is 1.0 V at the initial 60 min, then it increases to
1.1 V and remains unchanged. Under the condition of
4 mA/cm?, the cell voltage is 1.3 V at the initial 30 min, 4 mA/cm?
then, it gradually increases to 1.6 V. This phenomenon
indicates good electrical conductive property of the

10 20 30 40 50 60 70 80 90

electrodeposits, even the Sb>* concentration reduces to 0 .
~1 g/L after electrodeposition for 180 min. 26/C°)
. . 2. .
It is obvious that 4 mA/cm” is an appropriate current Fig. 2 XRD patterns of electrodeposits at different current

density due to good quality of electrodeposits, high densities (20 °C, HCIl concentration of 3 mol/L, As*
3+ .
removal rate of As™ and current efficiency. concentration of 10 g/L, Sb>* concentration of 4 g/L)
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Fig. 3 Variation of cell voltage during electrodeposition at
different current densities (20 °C, HCI concentration of 3 mol/L,
As** concentration of 10 g/L and Sb>* concentration of 4 g/L)

3.2 Effect of Sb>" concentration on electrodeposition
of As—Sb alloy
Figure 4 shows the concentration variation of each
ion in electrolyte during the electrodeposition under
different initial Sb>" concentrations. It is found that the
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initial Sb®" concentration has little influence on the
variation of As®" and As>" concentrations, but there is an
obvious acceleration in the decrease of Sb**
concentration and the increase of Sb’* concentration
under the initial Sb®* concentration of 4 g/L. These
results indicate that high initial Sb®" concentration is not
beneficial to the electrodeposition of As—Sb alloy since
large number of pentavalent ions generate in this case
and deteriorate the quality of electrodeposits.

Table 2 shows the mass and compositions of
electrodeposits as well as the current efficiencies under
different initial Sb’" concentrations. It is obvious that
more products are obtained at the Sb**
concentration of 4 g/L, while the content of As in
deposits is only 33.11%, which is as high as 67.13% at
the initial Sb®" concentration of 1 g/L. Therefore, the
composition of alloy can be controllable by adjusting the
initial Sb** concentration.

Although the mass of As in deposits is the most at
the initial Sb*" concentration of 1 g/L, the corresponding
current efficiency is only 88.49%, which means that the
side reaction is obvious. The low current efficiency at the
initial Sb®* concentration of 1 g/L maybe results from the
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Fig. 4 Variation of concentrations of As*" (a), Sb*>" (b), As®* (c) and Sb*" (d) in electrolyte during electrodeposition with initial Sb*"
concentrations of 1, 2 and 4 g/L (20 °C, HCI concentration of 3 mol/L, As>" concentration of 10 g/L, current density of 4 mA/cmz)
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Table 2 Mass and compositions of electrodeposits as well as current efficiencies under different initial Sb>* concentrations

p(Sb*Hy/ Mass of Mass of Mass fraction Mass fraction Current
(gL™h deposits/g As in deposits/g of As/% of Sb/% efficiency/%
4 0.5441 0.1802 33.11 66.89 96.39
2 0.5188 0.2322 44.77 55.23 97.46
1 0.4247 0.2851 67.13 32.87 88.49
long time electrodeposition, causing the Sb*' different temperature are shown in Table 3.

concentration in solution decrease to a very low level at
which the electrodeposits are mainly composed of
nonconductive As. So, the electrodeposition process is
hindered and more toxic gas may be released under this
condition.

The variation of cell voltage under different initial
Sb*" concentrations is shown in Fig. 5. For the initial
Sb*" concentration of 1 g/L, the cell voltage rises fast
accompanied with large number of gas evolution and
reaches 3.3 V after deposition for 180 min, indicating a
poor electrodeposition layer. When the initial Sb**
concentration is over 2 g/L, the cell voltage increases
slowly not exceeding 1.8 V, and the As—Sb deposits
exhibit a macro-smooth surface with silver-white
metallic luster. Compared comprehensively, the initial
Sb*" concentration of 2 g/L is a suitable deposition
condition due to the excellent conductivity and
appearance of electrodeposits, high removal rate of As*
and current efficiency.
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Fig. 5 Variation of cell voltage during electrodeposition under
different initial Sb*" concentrations (20 °C, HCI concentration
of 3 mol/L, As® concentration of 10 g/L, current density of
4 mA/cm?)

3.3 Effect of reaction temperature on
electrodeposition of As—Sb alloy

Figure 6 shows the concentration variation of each
ion in the electrolyte during electrodeposition at different
temperatures. It is observed that temperature has a small
influence on the variation of As*", Sb**, As®" and Sb>*
concentrations. The mass and compositions of the
electrodeposits as well as the current efficiencies at

The content of arsenic in the deposit is about 45% at
10 and 20 °C, slightly below that prepared at 30 °C. The
current efficiency at 20 °C reaches 97.46%, higher than
those at other temperatures. The decrease of current
efficiency at 30 °C may be caused by the increased side
reaction, such as gas evolution.

Figure 7 shows the variation of cell voltage during
the electrodeposition at different temperatures. In general,
the cell voltage decreases as the temperature increases.
Specifically, the cell voltages are very close at 10 and 20
°C and the variation of the cell voltages are similar at all
temperatures. However, the surface of As—Sb deposits
prepared at 30 °C becomes rough. Therefore, 20 °C is the
appropriate temperature for the
electrodeposition due to the high current efficiency and
good quality of electrodeposits.

reaction

3.4 Effect of HCI concentration on electrodeposition
of As—Sb alloy

Figure 8 shows the concentration variation of each
ion in electrolyte during the electrodeposition under
different HCI1 concentrations. It can be seen that the HCI
concentration has a great influence on the variation of
As*, Sb*, As®" and Sb>* concentrations. For the case of
2 mol/L HC, the concentrations of As®" and As”" change
slowly, whereas the Sb®" concentration reduces
remarkably and there is a rapid increase of Sb’*
concentration, leading to an adverse effect on the quality
of electrodeposits. The surface of deposits is covered
with large number of black particles after deposition for
180 min. Moreover, there appear obvious micro-cracks
on the surface, as shown in Fig. 9(a). When the HCI
concentration increases to 3 mol/L, a similar result as
that in solution of 2 mol/L HCI is observed. It can be
seen from Fig. 9(b) that there still exists microvoid on
the surface although the surface becomes smoother.
When the HCI concentration is 4 mol/L, the
concentration of As®" decreases rapidly while those of
As>" and Sb>* increase gently. In this case, the deposits
are compact and smooth without any cracks on the
surface, as shown in Fig. 9(c).

The mass and compositions of electrodeposits as
well as the current efficiencies obtained at different
HCIl concentrations are displayed in Table 4. The
arsenic content in electrodeposits increases as the HCI
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Fig. 6 Variation of concentrations of As®" (a), Sb>" (b), As>* (c) and Sb°" (d) in electrolyte during electrodeposition at 10, 20 and
30 °C (HCI concentration of 3 mol/L, As®* concentration of 10 g/L, current density of 4 mA/cm?)

Table 3 Mass and compositions of electrodeposited films as well as current efficiencies at different temperatures

Temperature/ Mass of Mass of As Mass fraction Mass fraction Current
°C deposits/g in deposits/g of As/% of Sb/% efficiency/%
10 0.4945 0.2253 45.56 54.44 93.25
20 0.5188 0.2322 44.77 55.23 97.46
30 0.4839 0.2486 51.37 48.63 93.83
2.0 concentration increases. In the solution containing
i 2 mol/L HCI, the arsenic content is only 34.71%, which
/ increases to 70.26% in the solution with 4 mol/L HCI.
18r This indicates that the HCI concentration has a great
influence on the composition of eletrodeposits. Besides,
%1.6 | when the HCIl concentration is above 3 mol/L, the
corresponding current efficiency exceeds 94%, much
higher than that obtained in the solution with
1.44 =— 10°C 2 mol/L HCL.
) :: %8 8 The wvariation of cell voltage during the
electrodeposition under different HCl concentrations is
1'20 45 90 135 130 shown in Fig. 10. It is found that the cell voltage

Time/min
Fig. 7 Variation of cell voltage during electrodeposition at
different temperatures (HCI concentration of 3 mol/L, As®"
concentration of 10 g/L, current density of 4 mA/cm?)

decreases as the HCI concentration increases. In
solutions with 3 and 4 mol/L HCI, the cell voltage is
below 1.8 V during the whole deposition process.
However, for the case of 2 mol/L HCI, the cell voltage
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Fig. 8 Variation of concentrations of As®" (a), Sb>" (b), As’* (¢) and Sb>" (d) in electrolyte during electrodeposition under different
HCI concentrations (20 °C, As®* concentration of 10 g/L, Sb*" concentration of 2 g/L, current density of 4 mA/cm?)

Fig. 9 SEM images of deposits prepared in solutions containing 2 mol/L HCI (a), 3 mol/L HCI (b) and 4 mol/L HCI (c) (20 °C, As>*
concentration of 10 g/L, Sb** concentration of 2 g/L, current density of 4 mA/cm?)

Table 4 Mass and compositions of electrodeposits as well as current efficiencies under different HCI concentrations

c(HC1y/ Mass of Mass of As Mass fraction Mass fraction Current
(mol-L™") deposits/g in deposits/g of As/% of Sb/% efficiency/ %
2 0.3820 0.1326 34.71 65.29 68.23
3 0.5188 0.2323 44.77 55.23 97.46

4 0.4485 0.3151 70.26 29.74 94.74
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Fig. 10 Variation of cell voltage during electrodeposition under
different HCI concentrations (20 °C, As®" concentration of
10 g/L, Sb*" concentration of 2 g/L, current density of 4
mA/cm?)

increases rapidly and reaches 2.4 V after 180 min, and a
large amount of gas generates simultaneously on the
cathode. Therefore, 4 mol/L HCI is the suitable condition
for the electrodeposition of As—Sb alloy considering the
high arsenic removal rate and current efficiency.

4 Conclusions

1) Compact As—Sb alloy with silver-white metallic
luster was successfully fabricated by electrodeposition
from HCI solution containing As’* and appropriate
amount of Sb>",

2) The density, Sb*"  concentration,
temperature and HCI concentration have a great
influence on the composition of electrodeposits. The
prepared As—Sb alloy shows an amorphous structure
under the studied conditions.

3) As—Sb alloy with good quality can be obtained in
solution with 10 g/L As™, 2 g/L Sb** and 4 mol/L HCI at
current density of 4 mA/cm® and 20 °C. Under this
condition, the deposits are composed of 70.26% As and
29.74% Sb, and the current efficiency and arsenic
removal rate are high.

current
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=3 N Y71 N A
SIREWRRPETIN As—Sb &%
G AF A, MRLJEA, RIS FREE
WL TR MRRE S TRE2ABE, BN 310014

B OE: EEREEE R BTRIL B As—Sb A4, BRI IR SOTYRIE . SN BE AN ER R
PR TR AR P R Sy« R R R USR5, R B (SEM) . LR & 55 1 R
(ICP-MS)FI X S A7 5 (XRD) A BIXT VIR R TR . A R GEREA T 00T . SRR eI R T 241
THI% M As—Sb S E U ER ARSI . B TEWT: ASRE N 10 g/L, SU™IRIEN 2 o/L, THIRIKE N
4 mol/L, ML N 4 mA/em?®, JREHN 20 °C, (EMLEAE F HEFRARIAE] 94.74%, VIRUZF 70.26% As il 29.74%
Sb(IE 7 40), A KBRS
FHEIR: TURVAW ERRIRR; RMUEL As-Sb A
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