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Abstract: The stability constants of Sb>" with CI™ as well as thermodynamics of the Sb—S—CI-H,O system were
calculated. The stability constants of Sb°* with CI~ were obtained by theoretical calculations of the absorbance of a
Sb*"-containing solution at different CI” concentrations, which was detected by spectrophotometric analysis at certain
wavelengths of light (380 nm). The logarithmic values versus 10 of stability constants of Sb>" with CI” were 1.795,
3.150, 4.191, 4.955, 5.427 and 5.511, respectively, and partly filled the data gaps in the hydrometallurgy of antimony.
The presence and distribution of pentavalent antimony compounds under different conditions were analyzed based on
equilibrium calculations. Thermodynamic equilibrium calculations were performed for Sb—S—CIl—H,O system, which
included the complex behavior of Sb with Cl, and the equilibrium equations of related reactions in this system were

integrated into the potential-pH diagram.
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1 Introduction

Antimony is widely used in various industrial
fields in the form of alloys or compounds [1].
The most important compound of antimony is
Sb,0s3, which is mainly used as a flame retardant
agent [2]. Most Sb,O; products are produced by
pyrometallurgy [3,4], while some are produced by
hydrometallurgy, which involves the hydrolysis of a
SbCl; solution obtained by acid leaching of
antimony sulfides [5,6]. Some studies were reported
on the hydrometallurgy of antimony in an alkaline
system, while a few studies were reported in
acid solution [7,8]. The antimony ions could not
stabilize independently in solution, and hence, the

concentration of antimony would be very low,
unless the antimony ions were converted into stable
species [9]. Generally, antimony needs to be
maintained in stable form, as (thio)antimonite/(thio)
antimonite [10,11] in alkaline solution and
antimony complexes in acid solution [1,12]. The
thermodynamic data of antimony complexes are
different from those of antimony ions, and the
Gibbs free energies (or equilibrium constants) of
related reactions are also different. The standard
redox potential of SbCl;/Sb is lower than that of
Sb**/Sb, and the pH required for hydrolysis of
SbCl; with H,O is higher than that of Sb**" with H,0.
However, antimony complexes are not considered
in thermodynamic studies, which leads to
misunderstanding of the hydrometallurgical process
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of antimony. Therefore, it is important to modify
such thermodynamic studies by considering the
complex behavior of antimony with chlorine. There
are two aspects of the complex behavior of
antimony, namely, Sb>" with CI” and Sb>" with CI".
The complex reactions between antimony and
chlorine are listed [13]:

Sb**+CI'=SbC1®™, B=[SbCI®Y[SH™I[CIT (1)
Sb>"+iC1'=8bC1®™, B=[SbCI®Y[SHT][CIT (2)

where B is the stability constant of Sb** with CI,
the 10-based logarithms for which are 2.26, 3.49,
4.18,4.72, 4.70 and 4.10, respectively [1,14], and f;
is the stability constant of Sb>" with CI”, which is
unknown.

There are comprehensive studies on the
complex behavior of Sb’* with CI” [14]. A
theoretical study of the Sb**—OH —CI” system,
which is based on the complex behavior of Sb**
with Cl', was carried out in our previous study [15].
The presence and distributions of Sb>" complexes
under different conditions were analyzed by
thermodynamic calculations. Theoretic calculations
and verified experiments revealed that the
hydrolysis reaction of SbCl; complexes produced
SbsOsCl, but not SbOCI, which was different
from our default understanding [1,16,17]. Thermo-
dynamic studies such as potential-pH diagrams do
not take SbyOsCl, into account [18,19], and the
results of the thermodynamic calculations are
different from the reality. Therefore, this
inconsistency must be addressed to gain a better
understanding of antimony-containing solution.

A thermodynamic study based on the complex
behavior of Sb>" with Cl” is absent, due to the
absence of the stability constants of Sb>* with CI~
and the loss of some thermodynamic data of the
pentavalent antimony ions. The presence and
distributions of Sb>* complexes under different
conditions are still unclear. However, some Sb>*
ions can exist in acidic solutions during the
oxidation leaching of antimony sulfides in acid
solution, and they can form complexes with
ligands [20—22]. The reaction thermodynamics
conditions for these complexes are different from
those for Sb>", and it is difficult to determine the
production conditions in the hydrometallurgy of
antimony without a systematic thermodynamic
study. Therefore, it is necessary to study its
complex behavior and obtain the stability constants

of Sb>* with CI". Then, the thermodynamic data can
be obtained by determining its complex behavior,
and the thermodynamic study of antimony can be
further modified.

In this study, thermodynamic study of the
Sb—S—CI-H,O system was carried out by
considering the complex behavior of Sb with CI'.
The stability constants of Sb>* with CI” were
obtained using the spectrophotometric method, and
thermodynamic equilibrium calculations were
developed by considering the complex behavior of
antimony with chlorine. Then, equilibrium
equations of related reactions in the thermodynamic
study of the Sb—S—CIl-H,0 system were obtained
and systematically integrated into a potential-pH
diagram.

2 Experiment and theoretical calculation

2.1 Spectrophotometric experiments

The stability constants of Sb>* with CI°
were obtained by using the spectrophotometric
method [23]. The Sb’*-containing solution was
prepared by oxidation-leaching of Sb,O; (AR,
Sinopharm Chemical Reagent Co., Ltd.) in sulfuric
acid (AR, Sinopharm Chemical Reagent Co., Ltd.)
with an oxidant of ozone-containing gas, which was
generated by an ozone generator (OZOMJB—80B,
ANQIU OZOMAX, China). The pH value of the
solution was kept at approximately 1.0 and the
potential of the solution was maintained above
0.9 V by oxidation of the ozone-containing gas,
which was measured by using a pH/mV meter
(PHS—3E, Inesa, Analytical Instrument Co., Ltd.),
allowing the antimony(Ill) to be completely
oxidized into antimony(V) [19]. The oxidation
process was performed in a water bath at 25 °C.
When the potential of the solution was stable, the
oxidation process was complete, and the solution
was immediately sent for detection, as shown in
Fig. 1.

The oxygen used in this study was of industrial
grade, and the ozone content was 7 wt.%. The Cl
ligand was added in the form of a NaCl powder
(AR, Sinopharm Chemical Reagent Co., Ltd.). The
purities of the chemicals are given in Table 1.

The concentrations of antimony and chlorine
in solutions were determined by an inductively
coupled plasma atomic emission spectroscopy
(ICP-AES, PS—6, Baird, USA). The absorbance of
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the solutions with different concentrations of
antimony and chlorine were detected by a
spectrophotometer (721, INESA, Inesa, Analytical
Instrument Co., Ltd.) under certain wavelengths of
light, and the stability constants were calculated
using the methods described in Section 2.2. The
path length of the cuvette (Quartz Cells, Changzhou
Putian Instrument Manufacturing Co., Ltd.), or the
thickness of the solution, was 1.0 cm. The light path
and optical system of the spectrophotometer are
shown in Fig. 2.

The absorbance of the solutions was detected

Table 1 Purities of chemicals

at 25°C in the thermostatic chamber, and the
system was operated at atmospheric pressure. The
structure of the sulfate radical makes it hard to
establish a relationship with cations compared to
that of the chloridion, so it is reasonable to take no
account of the interactions between sulfates and
antimony ions in this study.

2.2 Theoretical calculations of stability constants

Thermodynamic calculations were based on
the following assumptions [23,24]: (1) The system
was operated at 25 °C and under atmospheric

Component Supplier Mass fraction Application
Sb,0; Sinopharm Chemical Reagent Co., Ltd. >0.990 Provide antimony
H,S0O, Sinopharm Chemical Reagent Co., Ltd. >0.980 Prepare acid solution
NaCl Sinopharm Chemical Reagent Co., Ltd. >0.995 Provide ligands
O, RUIXIN Gas Co., Ltd. >0.9999 Act as material for oxidant
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\\O g

Oxygen cylinder
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Fig. 1 Apparatus used for preparation of Sb>*-bearing solution
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Fig. 2 Light path and optical system of 721 model spectrophotometer
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pressure; (2) The thermal effects of system
reactions were not considered; (3) The activity
coefficient equaled 1.0 and was not affected by
ionic strength or the solution system; (4) The
system was in a state of equilibrium; (5) No gas and
other unexpected materials were generated.

According to the Lambert—beer law [25], the
absorbance of a solution with a certain thickness
certain wavelengths of light
demonstrated according to Eq. (3):
lg(lo/D)=D=¢,[M]! (3)
where [, and [ stand for the intensities of the
incident and emergent light, respectively, D stands
for the absorbance of the solution, gy is the
extinction coefficient of metal compounds, / is the
thickness of the solution, and [M] stands for the
concentration of metal compounds in the solution.
If the ligands and other ions have no influence on
the incident light, the absorbance of the solution can
be obtained by Eq. (4). In this study, the pH value
of the solution was acidic and maintained at
approximately 1.0, where few SbO; existed, as well
as HSbO; and other pentavalent antimony
compounds. Thus, the influence of SbO;, HSbO;
and other pentavalent antimony compounds on
absorbance was not considered here, which could
be wverified after the stability constants were
obtained.

D=(eo[Sb* T+e:[SbCI* T+&,[SbCI® 7)1 (4)

The ¢, is used as the mean extinction
coefficient of metal ions and complexes, and thus
D=¢,, Tl (5)

The number of ligands (i in Eq. (1) or Eq. (2))
is related to the valence and radius of the central
ion, corresponding to the acting force between the
central ion and ligands and space for ligands.
Although the valence of the Sb>* ion is higher than
that of the Sb*>" ion, the radius (or space for ligands)
of the Sb°" ion is smaller than that of the Sb** ion,
and the number of ligands (i) is six by
comprehensive consideration. Thus, there exist
SbCI*, SbCL’, SbCL;", SbCl,, SbCls and SbCl,
complexes in the solution, the extinction
coefficients of which are ¢, &, &, €, &5 and &g,
respectively. The Sb’* ions and Cl™ ions are
coordinated together and form different complexes,
as shown in Fig. 3. The distributions of Sble_i
complexes are determined by pH, stability
constants, and other conditions.

under can be
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Fig. 3 Coordination processes between Sb>" and CI-

The Twm, 7. and 7 are used to describe total
metal ions, total ligands, and the mean complexing
number, respectively:

Tv=[Sb” T+ SbCI* T+ SbCL T+[SbC1; T+[SbCI, ]+

[SbCIs]+[SbCI, ] (6)
T=[CI J+[SbCI*']+2[SbCL ]+3[SbCL: T+
4[SbCl, 1+5[SbCls]+6[SbCI, ] (7)

71 =([SbC1*']+2[SbCL} [+3[SbCL: 1+4[SbCI; ]+
S[SbCIs]+6[SbCl,])/Tu
=(Bi[CI T+2B,[CI T+3B5[Cl T+4B,[Cl '+
SB5ICL T+6f6[CL )1+ [CL T+4[CT T+
B[CT PHB[CITHBS[CI T+A6[CI T)
=(T.~[CI'])/Tu (8)
Based on Egs. (2)—(8), &m could be obtained:

em=D/Tu/
=(eote 1 B1[Cl T+exfal Cl T+esBs[Cl P +eaul CL T+
&sPs[Cl T+egBs[C1 17V (141 [Cl T+B[CL T+
BA[CI THB[CIUTHBS[CI T+B6[C1T°) )

It is easily seen that g, (or D) and n are
functions of concentration of the ligand Cl'. When
the concentration of ligand Cl is fixed, &, (or D)
could be obtained. For a series of solutions with
different Tn (Ta, Twvo, T, co0) and Ty (Tty, Tio,
Tii, ***), when ey (or D) is constant, the free ligand
[CI'] in the solution should be the same, as well as

n:
(Toi—[CI D/ T =(Teo—[C1 )/ Tvp="""=
(T~ [CI' )/ Tu=n (10)

Each Ty; and Ti; pair was obtained under a
certain &, (or D). Then, Ty was plotted versus 7}
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and a straight line could be obtained using Eq. (11).
If the plot of Ty versus T is not a straight line, it
means that polynuclear complexes exist in the
solution.

Ti=n T+ Cl'] (11)
The slope of the line stands for 7, and the
intercept stands for [Cl ]. Afterwards, the stability

constants f; can be calculated by using a
multivariate Eq. (8).

2.3 Thermodynamic calculations and potential—

pH diagram
Thermodynamic  study could  provide
theoretical guidance for antimony metallurgy

analysis and applications. Owing to the interactions
between antimony and chlorine, a thermodynamic
study is inadequate and needs to be modified.
The thermodynamic equilibrium calculation of
antimony in solution was launched by the
equilibrium calculation of the complex behavior of
Sb>" with CI". The reactions in the Sb—S—Cl-H,O
system would be calculated based on the principle
of charge and mass balance. Every equilibrium
reaction would thus be a function of the redox
potential and pH. Three different situations in the
thermodynamic study are listed below [26].

(1) Reactions with H" and without electronic
transfer:

aA+nH =bB+cH,0
pH=-A.G2/(2.303nRT)-lg(al/a’)/n
where A.G? is Gibbs free energy of Reaction (12),
R is gas constant, namely 8.314 J/(mol-K), T is the
temperature, a, and ap are the activities of reactant
A and product B.

(2) Reactions with electronic transfer and
without H':
aA+ze=bB (13)
0=—AGo/(zF)~0.05911g(a)/a)/z
where F is faraday constant.

(3) Reactions with H" and electronic transfer:

aA+nH +ze=bB+cH,0 (14)
0=—AGy/(zF)~0.05911g(a/a)/z=0.059 1npH/z

When equilibrium equations were integrated
into a potential-pH diagram, these thermodynamic
reactions in the Sb—S—CIl-H,O system could be
intuitive and systematical.

(12)

3 Results and discussion

3.1 Wavelength of light

The wavelength of light should be chosen
first in the spectrophotometry experiment. The
absorbance of SbCls under different wavelengths
of light was studied using quantum chemistry
calculations with Gaussian software. The density
functional theory (DFT) [27] at the B3LYP level
with DGDZVP as the basis set was carried out to
study the Uv—Vis absorption spectrum of SbCls in
water, as seen in Fig. 4. At the same time, the
verification test on the absorbance of SbCls solution
(0.05 mol/L Sb>" with 0.25 mol/L CI™ in sulfuric
acid solution) was carried out at different
wavelengths in the range of 300—700 nm, and the
results are shown in Fig. 4.

0.9
315 —— Theoretical calculation
Verification test 70.8
2708 i 40.7
5 250 106
. : i &
.; 180 := 0.5 —:’g
S 135¢ § 104 g
= ] 03
T 90t 4
—40.2
=) —40.1
0 1 1 y 0
300 400 500 600 700

Wavelength of light/nm
Fig. 4 Absorption curves of SbCls in theoretic calculation
and verification test

As observed in Fig. 4, the peak of the curve
was on the 380 nm light in the theoretic
calculations, so the absorbance of the SbCls
solution would be the maximum on the 380 nm
light. The same conclusion was reached from the
verification test. To guarantee the accuracy of this
study, the wavelength of light was chosen as
380 nm. The CI ligand was added in the form of
sodium chloride, which is a kind of strong
electrolyte, so there were equal concentrations of
sodium ions and chloridions in the solution. The
assumption was made that the sodium ion has no
effect on the absorbance of the solution in this
study.

3.2 Stability constants of Sb>* with CI”
The [ of the solution with different
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concentrations of Sb>" and CI” was detected. Then,
D and ¢, were calculated by using Eq. (3), and the
results of ¢, are listed in Table 2 while the plots
versus [CI ]y with different [Sb°]; are shown in
Fig. 5.

By fitting the data in Fig. 5, a fitted straight
line was obtained and the parameters of the line
were determined using Eqgs. (15)—(17):

1=9.21511x+6.70538, [Sb*1;=0.02345 mol/L,
R=0.95291, Dy=0.157241161 (15)

1=9.41905x+4.37793, [Sb**]:=0.04501 mol/L,
R>=0.97039, Dy=0.197050629 (16)

1=9.00882x+2.45486, [Sb*1;=0.08576 mol/L,
R’=0.93657, Dy=0.171251034 (17)

Table 2 Results of / detected by spectrophotometer and
D and ¢, by calculation

o [Sb™ 1/ [CI')y/ Em/
" (mol-L™") (mol-L™) (mol-L™"-cm™)
1 0.02345  0.02949 0.16241 6.92587
2 0.02345  0.09229 0.17587 7.49996
3 0.02345  0.13800 0.19179 8.17864
4 002345 022397 0.20343 8.67487
5 0.04501  0.09773 0.23284 5.17316
6 0.04501  0.19523  0.28400 6.30963
7 0.04501  0.29286 0.32975 7.32624
8 0.04501  0.3906 0.35556 7.89961
9 0.08576  0.26892 0.33630 4.82080
10 0.08576  0.35732 0.40894 5.86203
11 0.08576  0.48608 0.45469 6.51796
12 0.08576  0.55065 0.53018 7.60003
9 = — [Sb>];=0.02345 mol/L
o —[Sb5*];=0.04501 mol/L
Ml . + —[Sb*];=0.08576 mol/L
|g .
Lis 7 =
i f
'6‘ o,
é 6 [ A
:E
5t | .
4 1 1

0 0.1 0.2 03 0.4 0.5 0.6
[CIT]/(mol-L1)

Fig. 5 &, versus [CI ]; with different [Sb™];

From the results of fitted lines, the Adj. R
values were 0.95291, 0.97039 and 0.93657,
respectively, which means that the lines fit well
with the data. The intercepts of the lines represented
the &, of metal ions without ligands, namely &1, £,
and &y3; Dy indicated the absorbance of Sb>" without
CI', namely Dy, Dy, and Dy;. With the increase of
Sb>" concentration, the absorbance of Sb>" without
Cl' fluctuated in a narrow range. The standard
deviation (SD) of D, was 0.0202, which was
relatively small, indicating that the Sb>" ions have
little effect on the absorbance of Sb°* and CI". For
there are six f in the system, six ¢ values of equal
difference were chosen. Each & could find three
points in the three fitted lines, and each group of the
three points could form a straight line, as listed in
Eq. (11) and shown in Fig. 6. It can be seen that
there were two negative values of [Cl ]t in Fig. 6,
although it is impossible for this to be realized in
reality, as it is common and normal in the
mathematical model.

0.7
0.6

05r
0.4+
03r

e/(mol-L"ecm™)

[CI]/(mol-L")

02r
=—85
0.1r « e—38.0
v Aa—175
Or ¢ v—7.0
< +—6.5
0.1 . |<_6,0|

0.02 0.03 0.04 0.05 0.06 0.07
[Sb>*]¢/(mol-L™")

Fig. 6 [C1 ] versus [Sb>']; at different &

From Fig. 6, it can be easily seen that the six
straight lines had almost the same slope, and the
differences were due to the differences in the
stability constants f; of the complexes, which would
lead to different complex concentrations. The
straight lines also indicated that there were no
polynuclear complexes in the solution, and the
stability constants B; could be obtained using the
method introduced previously. The six equations
are listed below:

y=,x+[CI ],=10.26360x—0.03841,
R*=0.99475 (18)
y=1, x+[C1 1,=10.23504x—0.09138,
R*=0.99381 (19)
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y=n,x+[Cl 15=10.20647x—0.14434,

R*=0.99279 (20)
y=1, x+[CI 1,=10.17791x—0.19731,

R*=0.99169 (21)
y=11,x+[C17]5=10.14934x—0.25027,

R*=0.99050 (22)
y=11, x+[CI ]¢=10.12078x—0.30324,

R*=0.98923 (23)

As mentioned before, the slope of the line
stands for 7 and the intercept stands for [CI ], so
the six groups of 7 and [Cl ] could be obtained
easily. Afterwards, the stability constants of Sb’*
with CI" could be obtained by Eq. (8), as seen in
Eqgs. (24)—(29). The value of S increased as the
number of ligands increasing, which could
concretely reflect the stability of the structure of
each complex. Compared to the stability constants
of Sb>" with CI, it is easily seen that the values of
of Sb°" with CI” were greater than those of Sb*"
with CI.

Sb™+CI'=SbCI*", 1g £,=1.795277456 (24)
Sb>*+2C1=SbC15", Ig £,=3.150053770 (25)
Sb*"+3CI'=SbCl;", lg f:=4.191309760 (26)
Sb>*+4C1'=SbCl;, lg f,=4.954755326 (27)
Sb>*+5C1'=SbCls, lg B5=5.427220559 (28)
Sb>"+6C1 =SbCly, lg f:=5.511405096 (29)

3.3 Presence and distribution of complexes

Besides SbCI®™, there existed Sb>, SbO;
(SbO;-3H,0 or Sb(OH),) and HSbO; (HSbO;-3H,0
or HSb(OH)s), and the presence and distribution of
the antimony compounds in the system could be
theoretically studied based on thermodynamic data.
The Gibbs free energies of the related compounds
are listed in Table 3. The AfGn? of Sb>" could be
obtained by using Eq. (28), where the fs, AfGn(? of
CI' and SbCls(1) are known.

Sb*+5CI'=SbCls, Bs=[SbCIJ([Sb™I[CIT)  (30)
8,Go=2-303R TIg([SbCLSJ/(Sb*J[CI 1))=
_2-30(§’R Tg B5=AtG (svcty™ AtGr sbsty™
SAme(Cl’)
A(G o sps+=157.540 kJ/mol
Similarly, it could be obtained that:
Sb>*+60H =SbO,+3H,0 (31)
AG1=—2.303RTlg ([SbO, J/([Sb™][OH ]))=
Ang(SbO§)+3 AfGn(? (HZO)_AfGri)(Sb5*)_
6AG s or-=439.415 kJ/mol

Table 3 AfG:? of related compounds [1,15,28]

Species AfG“?/_l Species AfG‘(g/_l
(kJ-mol ) (kJ-mol ")
H (g) 0 Sb,0s(s)  —829. 144
0, (g) 0 SbH; (g) 147.74
SbO, (aq)  —339.740 | Sb,0sCL(s) —1349.53
H,0 ()  —237.141 Cl (aq) ~1313
H' (aq) 0 SbCl; (aq) —-323
OH (aq) —157.293 | SbCls(aq)  —529.942
e (aq) 0 HCI (aq) —131.25
Sb,S;(s)  —140.293 | SbO;(aq)  —514.21
Sb (s) 0 Sb,05(s)  —626.333
H,S (aq)  —27.87 SO; (aq) ~744.5
HS (aq) 12.05 HSO, (aq) ~755.9
S (s) 0 Sb** (aq) 69.467

As we all know, the concentration of OH is a
function of pH value:
1g[OH ]=pH—-14 (32)

The relationship between [SbO,] and [Sb>] is
set as
[SbO,1/[Sb” =K, (33)

Based on Egs. (31)—(33), K, is a function of
pH value:
lg K;=6pH—7.027403 (34)

Furthermore, the relationship between HSbO;
and Sb>* can be obtained by calculations:
HSbO;=H"+SbO;, K,=107>" (35)
[HSbOs]=[H][SbO, /K.=[H']K,[Sb* V/K,

Above all, the concentration of the total
antimony ions in the system can be calculated
according to Eq. (36):

[Sb” 1r=[Sb " ]+[SbCL"]+[SbO; ]+[HSbO3]  (36)

The o; (a0, a1, @2, 03, 04, 05, A6, 07 and ag) are
defined as the percentages of Sb>*, SbCI*', SbCl;_,
SbCl;", SbCl;, SbCls(l), SbCl;, SbO; and HSbOs,
which are listed as follows:
a=[Sb>"1/[Sb T

=[Sb> 1/([Sb” +[SbCL; " +[SbO; [+[HSbO;])
=[Sb™ J[Sb* J(1+A[CI HA[CI P+B5[C1 T+

BA[CTT+B5[CT P+B[CI*+K +10 P K1 /K,)

=V(4B[CUHA[CIP+B5[CL THA[CL T+

Bs[CUT+B6[CI T +K+10 K /K,) (37)
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a=[SbCL)/[Sb* 11 (i=1-6)
=BICIT/(1+B1[C1 T+A,[Sb™ ][CT T+B5[CI T+
Ba[CIT4B5[CIT+B6[CI T +K 1 +10 K /K,) (38)

o=[SbO; 1/[Sb* Ir
=Ki/(1+1[C1 T+B,[S™ [CI P+B5[CL T+A[CL T+
Bs[CI T +B6[CI °+K,+10 P K /K,) (39)

as=[HSbO;]/[Sb* ]
=10"""K /K, (145, [Cl [+Bo[C1 T+B5[Cl P+
BalCUTH+B5[ClITP+B6[CIT1°+K,+10PHK /K,)
(40)
It can be seen that the presence and
distribution of the antimony compounds are
functions of the [ClI] and pH wvalues from
Egs. (37)—(40). The a; changes with different
concentrations of CI™ and pH are plotted in Fig. 7.
As shown in Fig. 7, when the pH value was
approximately 1.0, there were mainly SbCL™ but
not SbO;, HSbO; or other pentavalent antimony
compounds, which proves that the assumption made
in Section 2.2 is correct and the obtained stability
constants are credible.

bCl a
1.0—SbC1gSC6 @
osf T 5b0;

s 06 5 HSbO,
— 1 mol/L [CI'];
04 ¢ HSbO; === 5 mol/L [CI];
= = 9mol/L [CI'];
0.2}
HSbO,
0

0 1 2 3 4 5 6 7 8 9
[CI]¢/(mol-L")

Fig. 7 Distribution of antimony compounds at different

pH values (a) and different concentrations of Cl™ (b)

When the pH value was less than 3.0, the
antimony was mainly in the form of SbCl, and
SbCls, and the gap between SbCl, and SbCls
increased with the Cl concentration increasing. It
was because fis was greater than fs, and the increase
of Cl concentration could strengthen the gap
between them. Similarly, the gap between SbCléi
and SbCL. in system of Sb>~CI™ showed the
reverse trend [15], because the s of Sb>" with CI”
was smaller than the fs of Sb’" with CI". The
HSbO; was distributed in the pH value of 1.0-5.0
with a similar parabola curve, and the ag decreased
with the Cl concentration increasing. The a5
increased sharply when the pH value was greater
than 2.0, and when the pH value was greater than
5.0, the percentage of SbO; was close to 100%.

There were mainly HSbO; and SbO; in the
solution without CI', as shown in Fig. 7(b). With
the increase of pH value, the percentage of HSbO;
decreased while the percentage of SbO; increased.
When the pH value was 2.0, the percentage of
SbCl, increased as the C1” concentration increased,
and the percentages of HSbO; and SbO; decreased
sharply. The percentage of SbCls increased first,
and then decreased when the concentration of Cl
was more than 2.0 mol/L. As the pH value was 3.0,
most HSbO; and SbO; were in the solution when
the concentration of ClI° was less than 4.0 mol/L,
and the percentage of SbCl, increased when the
concentration of CI was more than 4.0 mol/L.
When the pH value was 4.0, only HSbO; and SbO;
were in the solution and there were no changes in
the percentages of HSbO; and SbO, when the Cl”
concentration changed.

3.4 Thermodynamic study

Because of the complex behavior of Sb with
Cl, which has a great influence on the thermo-
dynamic equilibrium of reactions, thermodynamic
study was modified by adding the reactions of
SbCl;, SbCls, and SbsOsCl, into the Sb—S—CI1-H,O
system. The thermodynamic data used in this study
are listed in Table 3. In this study, the activity
coefficient was set to be 1.0, namely, the value of
the activity was kept the same with the value of
concentration. The calculation procedures were
demonstrated in Section 2.3. Thermodynamic
equations of the related reactions in the system
were calculated under standard conditions, and the
results are listed in Table 4.
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Table 4 Chemical reactions and equilibrium equations in Sb—S—CI—H,0 system

No. Reaction

Equilibrium equation

1 Sb,S;+6H +6e =2Sb+3H,S
2 Sb,S;+3H +6e =2Sb+3HS™

3 Sb+3H"+3e=SbH;

4 28b,05+10H +2C1 +8e=Sb,05Cl,+5H,0

5 Sb,S;+6H +6C1 =3H,S+2SbCl;

6 S+2H"+2e=H,S

7 3S+2SbCl3+6e =Sb,S;+6C1

8 6S+Sbs05CL+10H +12e =2Sb,S;+5H,0+2C1
9 2SbCl3+3HSO,+21H +24e =Sb,S;+12H,0+6Cl-

10 SbyOsCl,+6HSO,+52H +48¢ =2Sb,S3:+29H,0+2CI"
11 Sb4O5C12+6SOi_ +58H " +48e =2Sb,S3+29H,0+2CI"

12 Sb,05+3S0; +30H +24e =Sb,S5+15H,0
13 HSO,+7H +6e=S+4H,0

14 Sb4OsCl,+10H +10CI =4SbCl3+5H,0
15 Sb,0s+10H +10CI =2SbCls+5H,0

16 2Sb0,+2H"=Sb,05+H,0

17 Sb,05+10H +6C1 +4e=2SbCl;+5H,0
18 SbCls+2e=SbCl;+2C1

19 HSO, =H'+S0;"

20 Sb,05+4H +4e=Sb,0;+2H,0

21 4SbCls+8e+5H,0=Sb,05Cl,+18Cl +10H+
22 2Sb,05+8e++2C1 +10H =Sb,05Cl,+5H,0
23 8e+14H'+4Sb0,+2C1 =Sb,05Cl,+7H,0
24 Sb405Cl,+H,0=2Sb,05+2H"+2CI"

25 28b0,+6H "+4e=Sb,0;+3H,0

26 4e+6H"+2Sb0,=Sb,0;+3H,0

27 HS +H'=H,S

28 2H+2e=H,

29 0,+4H +4e=2H,0

30 ClO,+8H +8e=Cl +4H,0

31 H™+CI'=HCl

9=—0.098—0.0591pH—0.029551g[H,S]
¢=—0.305—0.02955pH-0.029551g[HS ]
9=—0.510-0.0591pH—0.01971g[SbH;]
9=0.796—0.07388pH+0.007391g[CI T*
pH =—4.318—(1/6)Ig([C1 1%/[SbCL][H,ST})
9=0.144—0.0591pH-0.029551g[ H,S]
¢=0.400-0.009851g([CI 1%[SbCL;])
9=0.328—0.04925pH —0.0049251g([C1 T*)
¢=0.350—0.0517pH—0.002461g([C1 1%/([SbCI;]*[HSO, %))
9=0.332-0.0640pH —0.001231g([CI ]/[HSO,1%)
9=0.346-0.0714pH —0.001231g([C1 T/[SO; 1)
9=0.362—-0.0739pH+0.002461g([SO; T))
9=0.333—0.0690pH +0.009851g [HSO, ]
pH =—1.465-0.11g([SbC1;]*/[C1 1"
pH =1.812-0.11g([SbCIs]/[CI ')
pH =3.251+0.51g([SbO,T%)
¢=0.688-0.14775pH—0.05911g([SbCL]*/[CI 19
9=0.420—0.029551g([SbCl5][CI T/[SbCls])
pH =1.998+1g([SO; ]/[HSO,])
¢=0.7034-0.0591pH
9=0.528+0.073875pH—0.0073881g([C1 1"*/[SbCl5]*)
9=0.796—0.073875pH+0.0073881g([C1 T*)
¢=0.892-0.10343pH+0.0073881g([SbO,1*[CI T*)
pH =6.257+0.51g[CI T*
9=0.79957—0.08865pH +0.0147751g([SbO; )
9=0.799—0.08865pH +0.014775Ig([SbO, )
pH =6.996-1g([H,S/[HS )
¢=—0.0591pH
9= 1228-0.0591pH
9=1.389-0.0591pH+0.0741g([C1O, ]/[CI ])
pH=Ig [Cl ]-6.30-1g puci

It can be seen that there were many equations
in the system. Every equilibrium equation could be
a line where the potential was set as the X-axis and
the pH value was set as the Y-axis. As shown in the
equilibrium equations, the equilibrium states of the
antimony compounds would be changed along with
the change in potential, pH value, and the activity
of related compounds. The potential-pH diagram of
the system was plotted in Fig. 8 by integrating the

equations in Table 4.

As shown in Fig. 8, the stable regions of the
antimony compounds were specific, and the lines
between the regions stand for the equilibrium states
of the compounds. When the pH value and system
potential were satisfied with the conditions of a
certain region in the diagram, the antimony would
be in the form of the compound in this region, or
it could be transformed into this form from other
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10;
SbCl o4
08} ° 0,

SO SbO;

Fig. 8 Potential-pH diagrams of Sb—S—CI-H,0 system
(solid lines: Sb 1.0 mol/L, Cl1 5.0 mol/L, S 1.5 mol/L;
Dotted lines: Sb 0.2 mol/L, C1 1.0 mol/L, S 0.3 mol/L)

species derived from other regions. Therefore, the
experimental conditions could be determined based
on the potential-pH diagram. Because SbCls in the
solution is more stable than Sb>", the standard redox
potential of SbCl;/SbCls is lower than that of
Sb**/Sb>*. The gap between the potential of
Sb,S5/SbCl; and SbCls/SbCls is small, and SbCl;
will be oxidized to SbCls easily by common
oxidants, such as O,, H,O,, Cl, and NaClO. During
the oxidation or reduction processes of antimony
hydrometallurgy, the potential of the solution needs
to be controlled precisely to prevent the negative
influence of the Sb*" and Sb>" compound mixture
on production.

4 Conclusions

(1) The stability constants of Sb>" with CI°
were obtained by theoretical calculation using the
absorbance of Sb>*-containing solution, which was
detected by spectrophotometry at certain wave-
lengths of light (380 nm). The 10-based logarithm
values for the stability constants were 1.795, 3.150,
4.191, 4.955, 5.427 and 5.511, respectively.

(2) The presence and distribution of
pentavalent antimony compounds in the system
were studied by theoretical calculations. When the
pH value was less than 3.0, the antimony was
mainly in the form of SbCl, and SbCls, and when
the pH value was higher than 5.0, the percentage of
SbO; was close to 100%. The solution without CI-
mainly consisted of HSbO; and SbO,.

(3) SbCl;, SbCls and SbsOsCl, were

considered and calculated in the thermodynamic
model of the Sb—S—CI-H,O system. Thermo-
dynamic study was conducted, and equilibrium
equations of the chemical reactions in the system
were obtained. The potential-pH diagram was
plotted by integrating these equilibrium equations,
from which the stable states of the antimony

compounds under different conditions were
determined.
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I BEFSRBE FEARESENEK
Sb—S—CI-H,O 1xRHANZF

&Rl FEA BrA!, miL? £ oE etaRt

1. ERKE MRS E TR, EK 400044; 2. TEFRY AESHESE, Kb 410083,
3. VLPHER TR a4 TRESR, BN 341000; 4. Wigg Tk e E5MB TESR, ¥ 412007

B OE: WELMEE T 5EE TR E, IFHT Sb-S-CI-H,0 RIS R IREAT
PE Ay R W BN RE , R — B PK(380 nm) Nl 52 & TuA BB I RAE AN R GBS T2 R RO AEL, it Big i
AR TN B 75 S T ROBCAL AR E W8 BCAZASE W 4L 10 DR AT B ek #{E 70 008 1,795 3.150. 4.1914

4955, 5.427 A1 5511, A 7 EHERE S TR BIESE G

o SiEBCAIARE W HL MR A A LN B

TR A A, TR T 5 E T RAAT AR Sb—S—CI-H,0 R RIEATH 10T TE, 155

2 EHA—pH &,

REIR: FCALAT N REREG I Sb-S-CI-H0 K &
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