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Abstract: The theoretical simulation and verified experiments on metal separation in a Sb3+−OH−−Cl− complexation−precipitation 

system involving hydrolysis−precipitation reactions of SbOCl, Sb4O5Cl2 and Sb2O3 were carried out. The equilibrium concentration 

of [Sb3+]T was obtained by calculation and verified by experiments. The precipitates SbOCl, Sb4O5Cl2 and Sb2O3 were analyzed 

through the equilibrium concentration of Sb3+ in the solution and the ΔrG
Θ

m of transformation reactions of these materials. It is found 

that the concentration of [Sb3+]T in verified experiments was larger than the theoretical value, where the theoretical minimum 

concentration of [Sb3+]T was 10−10.92 mol/L at pH value of 4.6 and the minimum concentration obtained from the verified experiment 

was about 10−3.8 mol/L at pH value of 5.1. Different precipitates can be obtained at certain pH. The SbOCl cannot be obtained both in 

theoretic calculations and in verified experiments, while the Sb8O11Cl2∙H2O was generated in the experiment. 
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1 Introduction 
 

There exist a series of antimony oxides, such as 

Sb2O5, Sb6O13, Sb4O4, Sb2O3, Sb2O and gaseous     

SbO [1−5]. The most stable antimony oxide is Sb2O3, an 

important antimony product [6]. Most Sb2O3 products 

are produced by pyrometallurgy, while some are obtained 

by hydrometallurgy involving hydrolysis reactions of 

SbCl3 solution. Recently, hydrometallurgical processes 

of sulfide ores have greatly been promoted for lowering 

SO2 emission, and some advanced technologies, such as 

oxidation leaching and slurry electrolysis of sulfides [7], 

have already been developed and adopted. Generally, in 

an acid system of SbCl3, the Sb2O3 is obtained by 

hydrolysis of SbCl3, which involves the complexation of 

Sb3+ with Cl− and OH−. Because of the complexation, the 

stability of the SbCl3 system in hydrochloric acid is 

influenced by the concentrations of Cl− and OH−. When 

the system is changed or the equilibrium of 

complexation−precipitation is altered, either the 

antimony ion precipitates from the solution or the 

antimony precipitate dissolves in the solution. In the 

hydrolysis process of SbCl3 solution, SbOCl, Sb4O5Cl2, 

Sb2OCl4, Sb2O3, Sb4O3(OH)3Cl3 and Sb4O3(OH)5Cl. 

could be generated depending on certain conditions [8,9]. 

In the hydrometallurgy of antimony in a hydrochloric 

acid system and other hydrometallurgical processes 

involving SbCl3, the equilibrium of complexation− 

precipitation of Sb3+ with Cl− and OH− must be 

controlled to prevent unexpected reactions. Based on the 

known data on Sb compounds and other materials in 

complexation−precipitation system of Sb3+ with Cl− and 

OH−, theoretical simulation of the complexation− 

precipitation equilibrium could be achieved [10,11−13]. 

As to the system of SbCl3, researches on the hydrolysis 

equilibrium of the Sb3+−Cl−−H2O system [14] are limited 

to achieve theoretical simulation without verification by 

experiments. And there exist some deficiencies in these 

theoretical analyses, such as limitation to acidic system, 

no consideration on the precipitates generated in the 

system neither in theoretical analyses nor in verification 

experiments, which will hinder the comprehensive 

understanding of the system [15]. 

In this work, in order to well understand 

complexation−precipitation equilibrium of the Sb3+− 
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OH−−Cl− system, comprehensive theoretical simulations 

and verified experiments were carried out respectively. 

The thermodynamic equilibrium model was established 

and experiments were conducted for verifying the 

theoretical model. 

 

2 Experimental 
 

2.1 Thermodynamic simulation 

The element of antimony, complexing agent of OH− 

and Cl−, precipitant of OH− and Cl− were selected for 

composing the complexation−precipitation system of 

Sb3+−OH−−Cl−. The related reactions and constants are 

listed in Table 1, where the stability constants of 

complexes are cumulative. The equilibrium 

concentration of Sb was calculated based on the principle 

of mass balance and simultaneous equilibrium, where the 

Sb concentration comprises all soluble Sb materials such 

as Sb3+, SbO2
−, SbO+ and complex of Sb3+ with Cl− and 

OH−. Some unknown parameters in the complex 

equations of complexation−precipitation system are 

obtained by Gibbs free energy changes of the related 

reactions or calculated with the data known in Table 2. 

The thermodynamic calculations are based on the 

assumptions: 1) system temperature is 25 °C and system 

is operated at atmospheric pressure; 2) thermal effect of 

reactions on the system is not considered; 3) activity 

coefficient is 1.0 and not affected by ionic strength and 

solution system; 4) the system is in equilibrium state;   

5) no gas and other unexpected materials are generated. 

All the thermodynamic calculations were carried out by 

using excel 2010. The unstable antimony compounds  

and the compounds without thermodynamic data such as 

Sb2OCl4 and Sb4O3(OH)3Cl3 are not taken into account 

in the thermodynamic calculations. Only stable 

compounds SbOCl, Sb2O3 and Sb4O5Cl2 are considered 

in thermodynamic simulation. 

 

Table 1 Complex constants of Sb3+ with Cl− and OH− [16] 

Cumulative 

complex 
lg β1 lg β2 lg β3 lg β4 lg β5 lg β6 

Sb3+−Cl− 2.26 3.49 4.18 4.72 4.70 4.10 

Sb3+−OH−  24.30 36.70 38.30   

 

Table 2 r mG  of related materials at 25 °C [12]   

Material r m /G  

(kJ·mol−1) 
Material r m /G  

(kJ·mol−1) 

H2O −237.178 2SbO  −339.740 

OH− −157.293 SbOCl −335.908 

Cl− −137.056 Sb4O5Cl2 −1349.533 

Sb3+ 69.467 Sb2O3 −626.604 

SbO+ −175.640   

Equilibrium equations of Sb3+ and Cl− in this 

system: 
 

Sb3++iCl−=SbCli
3−i, i=1−6; 

 
    βi=[SbCli

3−i]/([Sb3+][Cl−]i)                  (1) 
 

Equilibrium equations of Sb3+ and OH−: 
 

Sb3++iOH−=Sb(OH)i
3−i, i=2−4 

 
    β′i=[Sb(OH)i

3−i]/([Sb3+][OH−]i)               (2) 
 

Other equilibrium equations in this system: 
 

Sb3++Cl−+H2O=SbOCl(s)+2H+, 

    K1=[H+]2/([Sb3+][Cl−])                    (3) 
 

Sb3++H2O=SbO++2H+, 
 

    K2=[H+]2[SbO+]/[Sb3+]                   (4) 
 

Sb3++2H2O= 2SbO
+4H+, 

 
    K3=[H+]4[ 2SbO

]/[Sb3+]                   (5) 
 

4Sb3++2Cl−+5H2O=Sb4O5Cl2(s)+10H+, 
 
    K4=[H+]10/([Sb3+]4[Cl−]2)                   (6) 
 

2Sb3++3H2O=Sb2O3(s)+6H+, 
 

    K5=[H+]6/[Sb3+]2                                      (7) 
 

Sb(OH)3(s)=Sb3++3OH−, 
 
    K6=[Sb3+][OH−]3                                      (8) 
 

The Ki listed above could be obtained by calculation 

with given data. Based on the principles of simultaneous 

equilibrium and mass conservation, the equilibrium 

equations of each ion in solution could be obtained. 

1) Concentration of [SbCl]T formed by 

complexation of Sb3+ with Cl− 
 

 [SbCl]T=[SbCl2+]+[SbCl2
+]+[SbCl3]+ 4[SbCl ] + 

 
2
5[SbCl ] +

3
6[SbCl ] = 

  

β1[Sb3+][Cl−]+β2[Sb3+][Cl−]2+β3[Sb3+][Cl−]3+ 
 

β4[Sb3+][Cl−]4+β5[Sb3+][Cl−]5+β6[Sb3+][Cl−]6= 
 

 
6

3

1

[Sb ] [Cl ]i
i

                           (9) 

 

2) Concentration of [SbOH]T formed by 

complexation of Sb3+ with Cl− 
 

[SbOH]T= 2SbOH
+[SbOH3]+ 4SbOH

= 
 

β′2[Sb3+][OH−]2+β′3[Sb3+][OH−]3+β′4[Sb3+][OH−]4= 
 

4
3

1

[Sb ] [OH ]i
i

                          (10) 

3) Total concentration of Sb in solution 
 
 [Sb3+]T=[Sb3+]+[SbCl]T+[SbOH]T+[SbO+]+ 2[SbO ] = 
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6 4
3 3 3

1 1

[Sb ] [Sb ] [Cl ] [Sb ] [Cl ]i i
i i          

K2[Sb3+]/[H+]2+K3[Sb3+]/[H+]4= 
 

6 4
3

1 1

[Sb ](1 [Cl ] [OH ]i i
i i        

K2/[H
+]2+K3/[H

+]4)                       (11) 
 

4) Total concentration of Cl in solution 
 

6
3

T

1

[Cl ] [Cl ] [Sb ] [Cl ]i
ii                   (12) 

 
The αi (α0, α1, α2, α3, α4, α5, α6, α7, α8, α9, α10 and  

α11) are defined as the percentages of Sb3+, SbCl2+, 

2SbCl , SbCl3(l), 4SbCl , 2
5SbCl , 3

6SbCl , 2Sb(OH) ,  

Sb(OH)3(l), 4Sb(OH) , SbO+ and 2SbO ,  which are 

listed as follows: 
 

αi=[SbCli
3−i]/[Sb3+]T, i=0−6                    (13) 

 
α7=[ 2Sb(OH) ]/[Sb3+]T                          (14) 
 
α8=[Sb(OH)3]/[Sb3+]T                           (15) 
 
α9=[ 4Sb(OH) ]/[Sb3+]T                         (16) 
 
α10=[SbO+]/[Sb3+]T                             (17) 
 
α11=[ 2SbO

]/[Sb3+]T                            (18) 
 

As to each solid product, there exists one 

relationship expression on equilibrium constant. Together 

with the dissociation equilibrium of water, eight 

variables and six equilibrium equations could be used in 

every complexation−precipitation equilibrium system, 

where the degree of freedom is two. In order to study the 

hydrolysis process of complexation−precipitation 

equilibrium, the concentrations of antimony and 

chloridion are supposed to be constant, where the total 

concentration of antimony ([Sb3+]T0) is CSb0 which stands 

for initial antimony concentration in solution and 

chloridion ([Cl−]T0) is CCl0. Then, another equation of 

initial state is added, and there are eight variables and 

seven equilibrium equations in the complexation− 

precipitation system with the degree of freedom being 

one. After that, the other variables could be calculated by 

the given pH value. 

i) The dissolution−precipitation equilibrium of 

SbOCl in complexation system 

According to equations above, 1 mol Cl− and Sb3+ 

are consumed to generate 1.0 mol SbOCl, then the total 

concentration of chloridion is 
 

[Cl−]T=CCl0−CSb0+[Sb3+]T                           (19) 
 

The concentration of Sb3+ in solution is 
 

[Sb3+]=[H+]2/(K1[Cl−])                        (20) 
 

Together with equations above, the total equation is 

obtained: 
 

6 4
2

1

1 1

[H ] /( ( (1 ) [Cl ] [OH ]i i
i iK i         

K2/[H
+]2+K3/[H

+]4+1)−[Cl−]2+(CCl0−CSb0)[Cl−]=0 

      (21) 
 

The concentration of Cl− could be calculated by 

dissolving equation under given CCl0, CSb0 and pH, and 

then [SbCl]T, [SbOH]T, [Sb3+]T and [Cl−]T could also be 

obtained. 

ii) The dissolution−precipitation equilibrium of 

Sb4O5Cl2 in complexation system 

Similarly, 2.0 mol Cl− and 4.0 mol Sb3+ are 

consumed to form 1.0 mol Sb4O5Cl2, and then the total 

concentration of chloridion is 
 
[Cl−]T=CCl0−0.5CSb0+[Sb3+]T                      (22) 
 

The concentration of Sb3+ in solution is 
 
[Sb3+]=[H+]2.5/(K4

0.25[Cl−]0.5)                   (23) 
 

Together with equations above, the total equation is 

obtained:  
 

6
2.5 0.25 0.5

4

1

[H ] /(2 [Cl ] ( (1 2 ) [Cl ]i
iK i      

4
2 4

2 3

1

[OH ] /[H ] /[H ] 1)i
i K K         

 

 [Cl−]+(CCl0−0.5CSb0)=0                  (24) 
 

The concentration of Cl− could be calculated by 

dissolving equation under given CCl0, CSb0 and pH, and 

then [SbCl]T, [SbOH]T, [Sb3+]T and [Cl−]T could also be 

obtained. 

iii) The dissolution−precipitation equilibrium of 

Sb2O3 in complexation system 

Obviously, 2.0 mol Sb3+ is needed for 1.0 mol 

Sb2O3, and then the total concentration of chloridion is 
 
[Cl−]T=CCl0                                      (25) 
 

The concentration of Sb3+ in solution is 
 
[Sb3+]=[H+]3/K5

0.5                              (26) 
 

Together with related equations, the total equation is 

obtained: 
 

6
3 0.5

5 C10

1

[H ] /( [Cl ] ) [Cl ] 0i
iK i C            (27) 

 
The concentration of Cl− could be calculated by 

dissolving equation under given CCl0 and pH, and then 

[SbCl]T, [SbOH]T, [Sb3+]T and [Cl−]T could also be 

obtained. 

 

2.2 Precipitation experiments 

The antimony chloride solution was prepared by 

leaching of antimony powder (AR, Sinopharm Chemical 

Reagent Co., Ltd.) by hydrochloric acid (AR) as leaching 
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agent. The NaOH (AR, Sinopharm Chemical Reagent 

Co., Ltd.) was used for neutralization in the experiment. 

The solution of antimony trichloride was put in 

water bath with magnetic stirring (DF−101, Yuhua 

Instrument, China) for controlling the experimental 

conditions. The pH value of the solution was adjusted by 

dropping NaOH slurry, and then liquid−solid separation 

was carried out by centrifuge (TDL−40B, Shanghai 

Anting Scientific Instrument Factory, China). After that, 

the separated solution was diluted and then detected, and 

precipitates were dried at 55 °C in dryer before further 

analysis. In the study, the influences of different pH 

values in the range of −0.5 to 14.0 at complexation− 

precipitation equilibrium of antimony compounds were 

investigated. The influence of chloridion concentration 

on the equilibrium process was also studied, in case that 

the concentration of chloridion was diluted by NaOH 

solution, NaOH was added in the form of NaOH slurry in 

stead of NaOH solution. 

 

2.3 Analysis 

The concentration of antimony ion in solutions was 

determined by inductively coupled plasma atomic 

emission spectroscopy (ICP-AES, PS−6, Baird, USA). 

pH values of the solutions were measured with a pH/mV 

meter (PHS−3E, INESA Scientific Instrument, China). 

The precipitates obtained were detected by X-ray 

diffractometer (XRD, S0902240, Rigaku, Janpan). 

 

3 Results and discussion 
 

3.1 Thermodynamic simulation 

The distribution of antimony compounds in solution 

could be derived from αi, which could be obtained with 

the given [Cl−], as shown in Fig. 1. 

 

 

Fig. 1 Curves of αi vs pH 

 

From Fig. 1, one can see that the antimony is 

mainly in the form of chloridion complex ( 4SbCl , 
2
5SbCl 

, 
3
6SbCl 

) when the pH is below 4.1. The α8 

firstly increases and then decreases in the pH range of 

3.4−8.0, and the α10 has the same trend between pH 3.4 

and 6.0. With the increase of pH value, the antimony 

complex with chloridion decreases and the α11 increases. 

It is speculated that the hydrolysis reaction mainly 

involves the formation of 4SbCl , 
2
5SbCl 

 and 
3
6SbCl 

 

when the pH is below 3.5, and the hydrolysis products 

would be antimony oxychlorides. The hydrolysis 

reaction mainly involves the formation of SbO+, Sb(OH)3 

and 2SbO
 when the pH is higher than 4.0 (where [Cl−] 

is 3.0 mol/L), and the products of the hydrolysis would 

be antimony oxides. 

The thermodynamic simulation of the 

complexation−precipitation equilibrium of the 

compounds SbOCl, Sb4O5Cl2 and Sb2O3 is shown in  

Fig. 2, where the influence of initial total Cl− 

concentration and pH value on the equilibrium 

concentration of [Sb3+]T
 is easily seen, where the [Sb3+]T 

stands for all the soluble Sb in the system. 

As can be seen in Fig. 2(a), the hydrolysis 

equilibrium concentration of Sb3+ of SbOCl decreases 

with the increase of pH value at first, and then increases 

when the pH is higher than 4.3. The concentration of 

[Sb3+]T is the largest when the initial concentration of Cl− 

is 1.0 mol/L, and reaches its minimum when the initial 

concentration of Cl− is 2.0 mol/L. Compared with    

1.0 mol/L Cl−, the increasing Cl− concentration could 

enhance the hydrolysis of Sb3+ with Cl− and H2O, leading 

to less [Sb3+]T left in the solution when the Cl− is     

2.0 mol/L. When the initial concentration of Cl− is more 

than 2.0 mol/L, the concentration of [Sb3+]T slightly 

increases with the increase of Cl− because of the complex  

reactions. In the acid system the Sb3+ is in the form of 

chloride complex ( SbClx
n ), while in the alkaline system 

it is in the form of antimonite ( 2SbO ), so the Cl− has 

influence on the equilibrium concentration of [Sb3+]T in 

acid system but has little influence in alkaline system. 

The hydrolysis equilibrium concentration of [Sb3+]T 

of Sb4O5Cl2 versus pH value at various initial 

concentrations of Cl− is demonstrated in Fig. 2(b). In 

acid system the Sb3+ slightly increases along with the 

initial concentration of Cl− because of the complex 

reaction, and the Cl− has no influence on the 

concentration of [Sb3+]T in alkaline system because there 

are rarely 3SbCl x
x
  but mainly SbO+, 2SbCl  and 

Sb(OH)3 in the alkaline system. As can be seen in    

Fig. 2(c), the influence of pH value and initial 

concentration of Cl− on the hydrolysis of Sb2O3 is similar 

to that of Sb4O5Cl2. 

3.1.1 Complexation−precipitation equilibrium of [Sb3+]T 

at various pH values 

Three concentrations of [Sb3+]T with 3.0 mol/L Cl− 

and 5.0 mol/L Cl− are put together as shown in Fig. 3.  
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Fig. 2 Thermodynamic simulation curves of total antimony at 

complexation−precipitation equilibrium of SbOCl (a), 

Sb4O5Cl2 (b) and Sb2O3 (c) 

 

It is easily seen that the concentration of [Sb3+]T in the 

complexation−precipitation curve of hydrolysis reaction 

of SbOCl is minimum when the pH is less than −0.2, 

which means that the hydrolysis reaction of SbOCl 

happens more easily than that of Sb4O5Cl2 and Sb2O3 in 

this range of pH, and the Sb is precipitated in the form of 

SbOCl. In the same way, the Sb4O5Cl2 rather than others 

is generated when the pH is between −0.2 and 6.6, and 

the hydrolysis reaction generates Sb2O3 when the pH is 

higher than 6.6. The predicted stable interval of these 

materials without any transformation is demonstrated in 

Fig. 3(b). 

 

 
Fig. 3 lg[Sb3+]−pH curves of antimony (a) and stability interval 

of these materials generated (b) 

 

The influence of Cl− on the concentration of [Sb3+]T 

could also be analyzed from Fig. 3(a). The Sb3+ is in the 

form of complexes because of the complexation of Cl− in 

an acidic system. The [Sb3+]T with 5.0 mol/L Cl− is larger 

than that with 3.0 mol/L Cl−. When the system is alkali 

the Sb3+ is in the form of antimonate hydrate, so there is 

no difference between the concentration of [Sb3+]T with 

different concentrations of Cl− where the hydrolysis 

product is Sb2O3. While the products are SbOCl and 

Sb4O5Cl2 (the Cl− takes part in the hydrolysis reaction), 

the Cl− will promote the hydrolysis and the Sb 

concentration with 5.0 mol/L Cl− is smaller than that 

with 3.0 mol/L Cl−. 

3.1.2 Theoretical precipitates at various pH values 

A preliminary deduction of the precipitates could be 

obtained from involving three complexation− 

precipitation equilibriums of Sb4O5Cl2, SbOCl and  

Sb2O3, then the three precipitates, Sb4O5Cl2, SbOCl and 

Sb2O3, will be theoretically analyzed from the 

perspective of thermodynamic conversion. Some related 

published literatures already illustrate the hydrolysis 

behavior of SbCl3, which are in the order of 

SbCl3→SbOCl→Sb4O5Cl2→Sb2O3 [5,17,18], and there 

exist rarely researches about the reverse reactions. To 

further clarify the relationship between pH and the 

products, the transformation Gibbs free energy of the 

three precipitates is calculated and is shown below, 

where the activities of related components are their 

concentrations and the initial concentrations of Sb3+ and 

Cl− are 1.0 mol/L and 3.0 mol/L, respectively. 
 

4SbOCl+H2O=Sb4O5Cl2+2H++2Cl−,              
 

ΔrGm=ΔrG
Θ

m−2×2.303×TR×pH+2×2.303×TR×lg[Cl−] 

 (28) 
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2SbOCl+H2O=Sb2O3+3H++3Cl−,  
 

ΔrGm=ΔrG
Θ

m−3×2.303×TR×pH+3×2.303×TR×lg[Cl−] 

 (29) 

Sb4O5Cl2+H2O=2Sb2O3+2H++2Cl−, 
 

ΔrGm=ΔrG
Θ

m−2×2.303×TR×pH+2×2.303×TR×lg[Cl−] 

 (30) 
 

The ΔrGm of transformation reactions (16)−(18) are 

shown in Fig. 4. In the given conditions, the SbOCl 

cannot exist in the system because it will turn into 

Sb4O5Cl2 spontaneously and then Sb2O3 is generated 

when pH is larger than 1.9. The Sb4O5Cl2 could only 

exist stably when the pH is less than 6.3. So, when the 

pH is less than 6.3 the Sb4O5Cl2 could be obtained 

directly or by transformation, while Sb2O3 could be 

obtained directly or by transformation when the pH is 

higher than 6.3. 

 

 

Fig. 4 ΔrGm of transformation reactions of three materials (a) 

and stable interval of these materials generated (b) 

 

3.2 Precipitation  

In the verified experiments, the precipitates came 

into being when the alkali slurry was added into the 

solution and the equilibrium of dissolution 

(complexation)−precipitation was altered. After keeping 

certain pH for 2.0 d, the solution and precipitates were 

separated and detected. Then, the results in verified 

experiments were compared with the theoretical ones, 

which were calculated from the equilibrium 

concentrations of SbOCl, Sb4O5Cl2 and Sb2O3. 

3.2.1 Equilibrium concentration of [Sb3+]T in verified 

experiments on complexation−precipitation 

equilibrium of [Sb3+]T with 3.0 and 5.0 mol/L Cl− 

at various pH values 

From the equilibrium of [Sb3+]T in the solution, the 

final concentration of [Sb3+]T should be the minimum 

value in any of the three concentrations as shown in  

Fig. 5(a). The results of verified experiments are shown 

in Figs. 5(a) and (b). 

 

 

Fig. 5 lg[Sb3+]−pH curves of thermodynamic simulation (a) 

and verified experiments (b) 

 

From the result, it could easily be seen that the 

concentration of Sb3+ in verified experiments has the 

same tendency with those obtained from the 

thermodynamic simulation: with the increase of pH  

value, the concentration firstly decreases and then 

increases. The concentration of [Sb3+]T with 5.0 mol/L 

Cl− is slightly larger than that with 3.0 mol/L Cl− because 

of the complexation of Cl−. Because there are some 

unknowns in the system such as multi-core complexes 

(SbaClb
(3a−b)+ or Sba(OH)b

(3a−b)+, a>1, b>0), mixed-type 

complexes (SbClb(OH)c
(3−b−c)+ or SbaClb(OH)c

(3−b−c)+, a>1, 

b>0, c>0), and the reactions corresponding to these 

complexes, the concentration of verified experiments is 

larger than the theoretical one, where the theoretical 

minimum concentration of Sb is 7.94×10−10 mol/L at pH 

value of 4.6 and the minimum verified concentration is 

about 6.31×10−3 mol/L at pH value of 5.1, which is 

drawn from the curve in Fig. 5(b). 
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3.2.2 XRD pattern of precipitates 

In verified experiment of 1.0 mol/L Sb3+ with    

3.0 mol/L Cl−, the precipitates obtained were detected by 

XRD. Certain pH values (pH=0, 2.0, 3.0, 4.0, 5.0, 6.0, 

9.0, 12.0 and 14.0) were selected for this study, the 

results of XRD pattern are shown in Fig. 6. 

 

 

Fig. 6 XRD patterns of precipitates at different pH values (a, b 

and c) and stable interval of precipitates obtained in verified 

experiment (d) 

Figure 6 shows that no SbOCl is obtained in the 

conditions of this study. When the pH value is less than 

4.0, there exists monoclinic Sb4O5Cl2 (JCPDS No. 30− 

0091) in precipitates. The orthorhombic transition 

material Sb8O11Cl2·6H2O (JCPDS No. 77−1584) could 

also be detected when the pH is between 2.0 and 4.0, and 

the Sb8O11Cl2 will transform to Sb2O3 when reacting with 

alkali liquor, which involves the Eqs. (19) and (20) [19]. 

Available data of Sb8O11Cl2 are hard to be found so that 

Sb8O11Cl2 is not discussed in this work. Orthorhombic 

Sb2O3 (JCPDS No. 11−0689) could be found in 

precipitates when the pH value is equal to or higher than 

4.0, and when the pH is 14.0, cubic Sb2O3 (JCPDS    

No. 43−1071) is obtained. It is known that orthorhombic 

Sb2O3 is stable crystal at low temperature while the cubic 

one is stable at high temperature. The steric 

configuration of orthorhombic Sb2O3 is Pccn, and there 

are four Sb2O3 molecules in a unit cell. The steric 

configuration of cubic Sb2O3 is 3Fd m , there are eight 

Sb4O6 molecules (or sixteen Sb2O3 molecules) in a unit 

cell. 
 
8SbCl3+11H2O=Sb8O11Cl2+22HCl              (31) 
 
Sb8O11Cl2+H2O=4Sb2O3+2HCl                 (32) 
 

According to the Ostwald law and the granularity 

effects [20], the atoms (molecules) of a unit cell at 

metastable phase are less than those at stable phase, thus 

the number of molecules and the nucleation energy 

needed for the formation of critical nucleus to generate a 

unit cell at metastable phase are less than those to 

generate a unit cell at stable phase. Therefore, the 

precipitate at metastable phase is generated prior to the 

final product at stable phase. Besides that, the precursor 

of Sb2O3 is monoclinic Sb4O5Cl2, which is easily to 

transform into orthorhombic ones. 

 

4 Conclusions 
 

1) The effect of Cl− on the separation (hydrolysis) 

process was discussed according to the calculation, and 

at the same time the precipitates obtained at different 

pHs were speculated from the perspective of equilibrium 

concentration of [Sb3+]T in the solution and from the 

ΔrGm of transformation reactions of the material. 

2) Most results from the verified experiments and 

from the theoretical simulation match up each other, but 

there exist some differences. For example, the 

precipitates obtained do not totally agree with those 

drawn from the theoretical calculation. 

3) There still exists room for further investigations 

on the complexation-precipitation system of Sb3+−OH−− 

Cl−. 
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配位沉淀体系中氯化锑水解分离的理论模拟及实验研究 
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摘  要：研究了 Sb3+−OH−−Cl−体系中配位溶解−沉淀平衡的理论模拟和实验验证，包括 SbOCl、Sb4O5Cl2和 Sb2O3

的水解沉淀过程。对不同配体浓度、不同 pH 值条件下的锑离子平衡浓度进行理论计算及实验验证，同时分别从

溶解平衡和物质转变吉布斯自由能的角度对沉淀产物进行理论分析，并开展验证实验。结果表明，实际锑离子平

衡浓度大于理论计算的浓度，其中理论计算的锑离子最小平衡浓度在 pH 值 4.6 时为 10−10.92 mol/L，而实验验证结

果表明在 pH 值 5.1 时最小平衡浓度为 10−3.8 mol/L。在一定 pH 值条件下可以得到不同沉淀产物，无论是在理论计

算或是验证实验中均不存在 SbOCl，验证实验中得到了产物 Sb8O11Cl2∙H2O。 

关键词：氯化锑；配位溶解−沉淀平衡；热力学平衡；验证 

 (Edited by Xiang-qun LI) 

 

 


