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Abstract: The function mechanism of Sb(V) in As, Sb and Bi impurities removal from copper electrolyte was investigated by adding
Sb(V) ion in a synthetic copper electrolyte containing 45 g/L Cu*", 185 g/L H,SO4, 10 g/L As and 0.5 g/L Bi. The electrolyte was
filtered, and the precipitate structure, morphology and composition were characterized by chemical analysis, SEM, TEM, EDS, XRD
and FTIR. The results show that the precipitate is in the shape of many irregular lumps with size of 50—200 um, and it mainly
consists of As, Sb, Bi and O elements. The main characteristic bands in the FTIR spectra of the precipitate are As—0O—As, As—O0—
Sb, Sb—0—Bi, Sb—0—Sb and Bi—O—Bi. The precipitate is the mixture of microcrystalline of AsSbO,, BiSbO, and Bi;SbO, by
XRD and electronic diffraction. The removal of As, Sb and Bi impurities by Sb(V) ion can be mainly ascribed to the formation of

antimonate in copper electrolytes.
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1 Introduction

In the smelting and refining of copper, it is difficult
to remove the completely by the
pyrometallurgical process [1,2]. Thus, copper anode
needs to be electro-refined to meet the requirement for
purity in most application fields. During the electrolytic
refining of copper, some of the impurities contained in
the anode dissolve into the electrolyte and accumulate in
the form of metal ions. These impurities typically include
antimony, arsenic and bismuth. Since their standard
reduction potentials are very close to that of copper,
these impurities are liable to be electrodeposited at
cathode. The practice of purifying the electrolyte so as to
keep their concentrations constantly below the prescribed
levels proves to be very important to achieve the desired
quality of cathode copper.

Up to now, most major copper refineries still
employ electrowinning to treat electrolyte in their daily
operation, while this conventional method has a number

impurities

of disadvantages, such as difficult materials handling,
energy consumption, formation of toxic arsine gas, and
loss of high value copper in a low recycle product [3,4].
It was reported that a part of the impurities As, Sb and Bi
dissolved from the anode can spontancously precipitate
from the electrolyte to the anode slimes or residue during
the electrorefining of copper [1,5,6]. The novel
purification technology of copper electrolytes based on
these co-precipitation reactions among As, Sb and Bi
impurities in bath has been put forward [7] and well
applied in copper smelting industries [8]. However, the
purification mechanism has not been fully understood up
to now.

It was generally regarded that the arsenate formed
from As(V), Sb(IIl) and Bi(III) ions was the main reason
for the removal of these impurities [1,8—10]. Although
the formation of arsenate well explains the impurities
removal from electrolyte, the contents of As, Sb, and Bi
in the anode slime do not always agree with the
stoichiometry of the arsenates [11]. Furthermore, it
was reported that the Sb content of larox residue was
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remarkably higher than those of As and Bi [12], which
indicates that Sb element plays an important role in
impurities removal from electrolyte, and it cannot be
simply explained by formation of arsenate. Besides, it
was found that As(IIT) can react with Sb(IIl) and Sb(V)
to form antimony arsantimonate by adding copper
arsenite in the electrolyte, resulting in the decline of Sb
concentration in the electrolyte [6,13]. Nevertheless, in
an accidental experiment, it was found that the
precipitation reactions among As, Sb and Bi occurred
even in the absence of Sb(III) ion in copper electrolyte.
Obviously, this phenomenon cannot be adequately
explained by arsenates or arsenato antimonates.

In this work, the purification experiments of
synthetic electrolyte containing Cu*’, H,S0,, As(I1),
As(V), Sb(V) and Bi(IIl) were carried out to study the
effects of Sb(V) ions on the removal of As, Sb and Bi.
Also the removal mechanism of As, Sb and Bi by Sb(V)
ion in the co-precipitation reactions was investigated by
characterizing the sediment structure.

2 Experimental

First, As(Il), As(V), Sb(V) and Bi(Ill) stock
solutions were prepared. The sample of As,O; was
dissolved in water under heating and stirring to obtain
the As(III) stock solutions [12]. The sample of Bi,O3 was
added in concentrated sulfuric acid, stirred and heated to
prepare the Bi(Ill) stock solution. The As(V) stock
solution was prepared by adding hydrogen peroxide to
the As(IIl) stock solution under stirring. Besides, a
sample of Sb,O; was firstly dissolved in concentrated
sulfuric acid and diluted with water, and then oxidized
with hydrogen peroxide to obtain the Sb(V) stock
solution. A small amount of hydrochloric acid was added
to promote Sb,O; dissolving. The excess H,O, was
decomposed by boiling the solution for about 30 min.
The total content of the elements was determined by
atomic absorption spectroscopy (AA700, American
PerkinE Corp).

The electrolyte used in the experiments contained
the following basic components: 44—46 g/L Cu®*, 180
185 g/L H,SO,, and As, Sb and Bi impurities. The
contents of As and Bi in the synthetic electrolytes were
adjusted according to the commercial electrolyte [6] and
the initial concentrations of the synthetic electrolytes are
listed in Table 1. The purification of the electrolyte was
carried out by heating the electrolyte to 65 °C under
stirring at 300 r/min for 4 h. The purified electrolyte was
then filtered to collect the precipitate for structural
characterization. The removal amount of impurity was
calculated according to the impurities concentrations
before and after purification experiments.

Table 1 Initial compositions of synthetic copper electrolytes
Electrolyte p(As)/  p(Sb(V)) p(Bi(II))/ p(Cu*")/ p(H,SO4)/

No. L) (L) (L) (L) (L)
1 10 0.4 0.5 4412 1814
2 10 0.8 0.5 4527 1837
3 10 1.0 0.5 4574 1845
4 10 1.2 0.5 4465 1828
5 10 15 0.5 4568 1847

The composition of the precipitate was determined
by chemical methods and energy dispersive spectrometry
(EDS) (Genesis 60S, EDAX Company). Microscopic
observations were carried out by transmission electron
microscopy (JEM—2100, Japanese Electron Company)
and scanning electron microscopy (JSM—5610LV, JEOL
Corp). The FTIR spectrum was obtained by the KBr
disk method with a VERTEX70 (JANPAN)
spectrophotometer operating in the wavenumber range of
4000-400 cm'. The X-ray diffraction (XRD) patterns
were recorded on a diffractometer (D8 ADVANCE,
German Electron Company) with Cu K, X-ray radiation
at 35 kV and 20 mA.

3 Results and discussion

3.1 Influence of initial Sb(V) ion concentration on

removal of As, Sb and Bi

The purification experiments of electrolytes were
carried out according to the above experimental
procedure and the removal amount of As, Sb and Bi was
calculated. The influence of initial Sb(V) ion
concentration on the removal amount and removal rate of
Sb is shown in Fig. 1. The influence of initial Sb(V)
concentration on the removal amounts of As and Bi is
shown in Fig. 2.

80 1.4
or 112 £
L =
g ¥ 110 &
» S0r 7
[T - G
5 ol 08 %
g 30l 106 £
= g
2 20F 104 =
E s
o -
~ 10 ¢ — Removal rate 102 g
oF + — Removal amount 0 o~
04 06 08 10 12 14 16

Initial Sb(V) concentration/(g-L™")

Fig. 1 Influence of initial Sb(V) concentration on removal
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Fig. 2 Influence of initial Sb(V) concentration on

removal amounts of As and Bi

As seen in Figs. 1 and 2, the precipitation reactions
occur only when the initial Sb(V) ion concentration
reaches 0.8 g/L. The removal amounts of As, Sb and Bi
increase with increase of initial Sb(V) concentration, and
remain nearly constant with the further increase in Sb(V)
ion concentration after it exceeds 1.2 g/L. The removal
rates of Sb and Bi reach 76.83% and 79.2%, respectively,
at Sb(V) ion concentration of 1.2 g/L. The purification
time was prolonged to obtain the higher impurities
removal rate. It was found that the removal rates of As,
Sb and Bi reached 15.26%, 88.61% and 91.01%,
respectively after stirring for 16 h under the same
conditions. This result indicates that the increase of
purification time can improve the purification efficiency.
Obviously, Sb(V) ion has a distinct effect on the removal
of As, Sb and Bi from electrolytes. Similar result was
found by WANG et al [5]. They proposed that the
increase of the oxidation rate of antimony from Sb(III) to
Sb(V) in copper electrolyte can improve the percentages
of the impurities As, Sb and Bi dissolved from the copper
anode and then the impurities deposited into the anode
slimes increased.

Precipitate  structural  characterization = was
performed to identify the removal mechanism of As, Sb
and Bi impurities by Sb(V) ion. Meanwhile, in order to
compare and clarify the structure, the structure of
industrial filter residue obtained from the Larox filter in
the copper electrolysis plant of Hubei Daye Copper
Smelter of China was also characterized in this work.

3.2 Precipitate structure characterization
The SEM images and EDS patterns of precipitates
formed in the synthetic electrolytes containing 10 g/L As,
1.2 g/L Sb(V) and 0.5 g/L Bi(II) are shown in Fig. 3.
From Fig. 3, it can be clearly seen that the synthetic
precipitate is in the shape of many irregular lumps with
size of 50—200 pum, and it mainly consists of As, Sb, Bi
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Fig. 3 SEM images (a), (b) and EDS analysis (c) of synthetic
precipitate

and O elements. The precipitate can deposit quickly at
the bottom of the container because of the large
size, which accelerates the precipitate removal from
copper commercial electrolytes. The exact compositions
of the synthetic precipitate and industrial filter residue
obtained from the commercial electrolyte of Daye
Copper Smelter were determined by chemical analysis,
and the results are listed in Table 2.
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Table 2 Compositions of synthetic precipitate and industrial
filter residue

Mass fraction/%

Element
Synthetic precipitate ~ Industrial filter residue
As 18.29 9.28
Sb 34.09 31.52
Bi 14.56 12.33

From Table 2, it can be found that the total content
of As, Sb and Bi in synthetic precipitate is 66.94%,
which indicates that As, Sb and Bi are the key elements
in the synthetic precipitate. The mole ratio
n(As):n(Sb):n(Bi) is approximately 3.5:4.0:1 in the
synthetic precipitate. The contents of Sb and Bi in the
industrial filter residue are approximately close to those
of synthetic precipitate, while the content of As is much
lower. The difference in the contents between the
precipitate and industrial filter residue may be caused by
the higher concentration of initial As (10 g/L) contained
in the synthetic electrolytes. Besides, the existence of
Sb(IlI), Pb, Sn, Zn and Fe elements, which are not
present in the synthetic electrolyte, may also result in the
difference.

The XRD measurement of the synthetic precipitate
and the industrial filter residue was performed, and the
results are shown in Fig. 4.
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Fig. 4 XRD patterns of synthetic precipitate and industrial filter

residue

XRD patterns shown in Fig. 4 reveal that although
the crystal performance of the precipitate is not so good,
some main crystalline diffraction reflections are detected
at the main diffraction angles of 20.9°, 25.49°, 26.67°,
27.83°, 28.88°, 29.54°, 32.40°, 33.32°, 33.95°, 39.82°,
42.81°, 43.85°, 46.06°, 53.48° and 57.14°. XRD patterns
of AsSbO,, BiSbO,; and Bi;SbO; were identified
according to the PDF pattern numbers 73—0875,
86—0126 and 45—0925, respectively. The same phases

were also found in the XRD pattern of the industrial
filter residue.

The TEM observation was carried out to get the
further information about the structure of precipitate, and
the results are shown in Fig. 5.

It can be seen from Figs. 5(a), (¢) and (e) that the
precipitate is composed of dendritic and lump particles.
The size distributions of the lump particles differ
substantially and range from dozens of microns to parts
of a micron. The diameter of the dendritic particles is
10—20 nm and its length reaches 100 nm. These particles
can agglomerate together to form large irregular lump
precipitate as shown in SEM images (Fig. 3). Electron
diffraction patterns shown in Figs. 5(b), (d) and (f) were
taken from regions in Figs. 5(a), (c) and (e), respectively.
Electron diffraction patterns indicate that the precipitate
contains crystalline phases. The inter-planar distances of
Figs. 5(b) and (d) were calculated according to the basic
formula of electron diffraction and the values of R which
is the distance between the central and diffraction spots
that measured in electron diffraction images, and the
results are listed in Tables 3 and 4, respectively.

In Table 3, the calculated inter-planar distances d,
d,, d; and d, are 3.9364, 2.0379, 1.9178 and 1.2366 A,
respectively, which are close to the theoretical values of
the crystalline AsSbO, based on PDF 73-0875.
Therefore, this phase of Fig. 5(b) can be inferred to be
crystalline AsSbO,. Similarly, the precipitate of Fig. 5(c)
can be inferred to be crystalline BiSbO,.

TEM results further confirm that the synthetic
precipitate contains AsSbO, and BiSbO,, which is
consistent with the XRD results. The diffraction pattern
in Fig. 5(f) displays that the diffraction points have no

Table 3 Inter-planar distances of crystal shown in Fig. 5(b)
compared with AsSbO,

Serial No. R/mm  dpeasured/A dandard! A (hkl)
1 8.18 3.9364 3.9365 (110)
2 15.82 2.0379 2.0370 (211)
3 16.79 1.9178 1.9178 (131)
4 26.04 1.2366 1.2366 (043)

Table 4 Inter-planar distances of crystal shown in Fig. 5(d)
compared with BiSbO,

Serial No.  R/mm  dpeured/A  dyandard/ A (hkl)
1 12.05 2.6722 2.6748 (200)
2 15.35 2.0977 2.0956 (015)
3 16.63 1.9362 1.9339 (006)
4 17.89 1.8000 1.8023 (204)
5 248 12973 12981  (413)




Fa-xin XIAO, et al/Trans. Nonferrous Met. Soc. China 23(2013) 271-278 275

Fig. 5 TEM images showing morphologies (a), (c), (¢) and corresponding electron diffraction patterns (b), (d), (f) of precipitates

obtained from synthetic electrolyte

regular arrangement, which is too complex to be
calibrated. This diffraction pattern indicates that with the
proceeding of co-precipitation reactions, the grains of the
precipitate form and assemble, and some of them begin
to accumulate directionally.

The FTIR spectra of the synthetic precipitate and
industrial filter residue recorded in the wavenumber of
4000-400 cm™' are given in Fig. 6. And the FTIR

spectrum of Bi,O3 recorded in the wavenumber range of
4000—400 cm ' is shown in Fig. 7.

From Fig. 6, it can be seen that the FTIR band at
2434.19 cm ' is due to CO, in the air, the band at
1231.82 cm' is the bending vibration absorption
spectrum of As—OH and Sb—OH [14,15], the band at
1061.62 cm' is the anti-stretching vibration absorption
spectrum of As—OH [16], the band at 788.55 cm ™" is the
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Fig. 7 FTIR spectrum of Bi,O;

anti-stretching vibration absorption spectrum of As—OX
(X=As, Sb) [17], the band at 625.63 cm ' is the
anti-stretching vibration absorption spectrum of Sb—OH,
and the band at 502.56 cm ' is the anti-stretching
vibration absorption spectrum of Sb—OY (Y=As, Sb, Bi)
[14,15]. The band at 450.10 cm ™' is not only inferred as
the bending vibration absorption spectrum of O—As—O
[18], but also is probably in association with antimony
atom [16]. Besides, it can also be inferred as the
absorption spectrum of Bi—O-—Bi since there is a
similar band at 446.52 cm' in the FTIR spectrum of
Bi,03, as shown in Fig. 7.

Therefore, the main valence bands of As—O—As,
As—O—Sb, Sb—0—Bi, Sb—0—Sb and Bi—O—Bi
are associated with the structure of the synthetic
precipitate. All these bands can be found in the structures
of the antimonates of BiSbO, and AsSbO,. Meanwhile,
Sb—O—Bi and Bi—O—Bi were discovered in the
crystal structure of Bi;SbO; [19] These results further
confirm the results of the XRD and TEM. Similarly, the
As—O—As, As—0O—Sb, Sb—0—Bi, Sb—O0—Sb and
Bi—O—Bi bands are also found in the FTIR spectra of

industrial filter residue.

3.3 Mechanism analysis

The structural analysis shows that the precipitate is
the mixture of microcrystalline of AsSbO,, BiSbO, and
Bi;SbO-. It is found that As(III), Sb(V) and Bi(III) exist
in the form of AsO", HSb(OH), and Bi*", respectively in
the copper electrolyte according to the thermodynamic
calculation [6]. Besides, during the electrorefining of
anode copper, antimony dissolves as antimonious acid
(HSbO,) and oxidizes to antimonic acid (HSb(OH),) by
the atmospheric oxygen dissolved in the copper refining
electrolyte [20]. And Bi(IIl) is also discovered in the
form of BiO" in the electrolyte [8,21]. Therefore, the
following reactions may occur in the process of
electrolyte purification:

AsO"+HSb(OH)¢=AsSbO, | +H'+3H,0 (1)
Bi**+HSb(OH)s=BiSbO, | +3H +2H,0 )
3BiO"+HSb(OH)s=Bi;Sb0, | +3H +2H,0 3)

The mixture of compounds forms and deposits in
the electrolyte according to reactions (1)—(3), which
leads to the removal of As, Sb and Bi impurities from
copper electrolyte.

As reported by WU et al [22], BiSbO, was
synthesized by a direct hydrothermal reaction of
Bi(NO3);-:5H,0 and Sb,O; in NaOH solution. During the
synthesis, Sb,0; is oxidized to SbO;™ in the presence
of O, and NaOH. As the reaction continues, the obtained
precursors diffuse to each other, leading to the formation
of nuclei and further crystal growth of the final product,
which manifests that Sb(V) can combine with Bi(IIl) to
form BiSbO,. Although the synthesis conditions are
different, it verifies that BiSbO,4 can be generated in the
solution containing Sb(V) and Bi(III).

Moreover, it was found that a large amount of
AsSbOy in the Southwire Anode Slimes is composed of
small well formed individual crystals. Similar material
was detected in the slimes from Huttenwerke Kaiser
[23]. It was found that they precipitated in the slime layer
or on the walls of the refining cells. This finding further
demonstrates that antimonate can be generated in copper
electrolyte.

According to the results above, Sb(V) can combine
with As(III) or Bi(IIl) ions to form AsSbO,, BiSbO, and
Bi3;SbO; in the synthetic and commercial copper
electrolytes. The formation of antimonate results in the
decline of the concentrations of As, Sb and Bi impurities
in electrolyte. Therefore, the main contribution of the
Sb(V) ion to the removal of As, Sb and Bi impurities can
be ascribed to the formation of antimonate in copper
electrolytes.

When Sb(V) ion concentration is too low (0.4 g/L),
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the As, Sb and Bi elements exist in the form of free ion,
the ion solubility product constant Ky, is less than those
of AsSbO,, BiSbO, and Bi;SbO;. Therefore, there is no
precipitation in the bath and the impurities of As, Sb and
Bi cannot be removed from the electrolyte. With the
increase in the concentration of Sb(V) ion, the formation
of antimonate based on Egs. (4)—(6) is speeded up and
the percentages of the impurities As, Sb and Bi deposited
into the precipitate increase, resulting in the increase of
impurities removal amount. When Sb(V) concentration
exceeds 1.2 g/L, the formation of antimonate is saturated,
and therefore the removal amounts of As, Sb and Bi
remain nearly constant.

In order to demonstrate the role of Sb(V) ion in the
impurities removal, the purification experiment was
carried out by adding 1.2 g/L Sb(V) ion in commercial
copper electrolyte. Before the purification experiment, a
proper amount of reductant was added in the electrolyte
to adjust the As(V) ion to As(IIl) ion. After stirring for
4 h, it is found that the concentrations of As, Sb and Bi
decrease from 12.584, 0.934 and 0.608 g/L to 10.637,
0.344 and 0.252 g/L, respectively. The results further
verify that the As, Sb and Bi impurities can be removed
by Sb(V) ion. While in the electrolyte, arsenic and
antimony are in the three and five valent states,
respectively [20]. And the Sb element mainly exists in
the Sb(IlIl) ion in the commercial copper refining
electrolyte [12]. Therefore, a method needs to be
proposed to accelerate the oxidation rate of Sb(III) ion in
order to improve the purification efficiency of copper
electrolytes.

4 Conclusions

1) The As, Sb and Bi impurities can be removed by
Sb(V) ion and the removal rates of Sb and Bi reach
76.83% and 79.2%, respectively in a synthetic electrolyte
containing 10 g/L As, 1.2 g/L Sb(V) and 0.5 g/L Bi(Ill)
under stirring at 65 °C for 4 h. The longer the
purification time is, the higher the impurity removal rates
are.

2) The precipitate, mainly consisted of As, Sb, Bi
and O elements, forms in the synthetic copper
electrolyte. It is in the shape of irregular lump with size
of 50-200 um which is agglomerated by fine dendritic
and lumps particles. The main characteristic bands in the
FTIR spectra of the precipitate are As—O—As, As—O
—Sb, Sb—0—Bi, Sb—0—Sb and Bi—O—Bi.

3) The precipitate is composed of microcrystalline
of AsSbQy,, BiSbO, and Bi;SbO,. The main role of Sb(V)
ion in the removal of As, Sb and Bi impurities can be
ascribed to the formation of antimonate in copper
electrolytes.
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