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Abstract: Copper and arsenic in acidic wastewater were separated by cascade sulfidation followed by replacement of arsenic in the 

precipitates by copper in the solution which was realized by recycling precipitates obtained in the first stage into the initial solution. 

The effects of reaction time, temperature and H2S dosage on copper and arsenic removal efficiencies as well as the effects of solid-to- 

liquid ratio, time and temperature on the replacement of arsenic by copper were investigated. With 20 mmol/L H2S at 50 °C within 

0.5 min, more than 80% copper and nearly 20% arsenic were precipitated. The separation efficiencies of copper and arsenic were 

higher than 99% by the replacement reaction between arsenic and copper ions when solid-to-liquid ratio was more than 10% at 20 °C 

within 10 min. CuS was the main phases in precipitate in which copper content was 63.38% in mass fraction. 
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1 Introduction 
 

Many industrial processes, especially in the mining 

and metallurgical processing industry, discharge acidic 

effluents contain significant amounts of metals such as 

copper, nickel, zinc, lead and arsenic [1−4]. Copper is 

often associated with arsenic in mixed sulphide minerals 

such as enargite (Cu3AsS4) and tennantite (Cu12As4S13) 

[5], therefore, among theses heavy metals, Cu and As are 

found to behave similarly and exist simultaneously in the 

wastewater [6]. Arsenic contamination has greatly 

threatened water safety due to its high toxicity and 

carcinogenicity [7,8]. However, copper in the wastewater 

is still valuable product that can be recovered from the 

residual water, which is beneficial to the reuse of the 

purified water to the production process [9]. 

The undesirable effects of copper and arsenic can be 

avoided after treatment prior to discharge [10], by which 

the recovery of copper can be also achieved. While the 

first challenge is the effective removal and separation of 

copper and arsenic [11,12]. In the case of liquid effluents, 

there are many methods available for the removal of 

heavy metals: chemical precipitation, adsorption, 

coagulation, ion-exchange, microbial reduction, and so 

on [13−21]. On the other hand, dissolved-air flotation 

was used to recover and separate heavy metals. 

STALIDIS et al [22] separated copper, zinc and arsenic 

ions from dilute aqueous solutions by using the 

dissolved-air technique for the production of fine gas 

bubbles. It seems to be complex and expensive for the 

treatment of acidic wastewater. Sulfide precipitation is 

indeed an effective process for the treatment of toxic 

heavy metals ions [23,24]. One of the primary 

advantages of using sulfides is that sulfide precipitation 

process can achieve a high degree of metal removal over 

a broad pH range. Metal sulfide sludge also exhibits 

better thickening and dewatering characteristics than  

the corresponding metal hydroxide sludge [25]. 

BHATTACHARYYA et al [26] separated arsenic and 
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other heavy metals by using sodium sulphide. The 

removals of Cd, Zn and Cu from the actual wastewaters 

are greater than 99%, and those of As and Se are 98% 

and >92%, respectively. However, it is H2S that reacts 

with heavy metals by gas−liquid reaction as sulfur exists 

almost in the form of H2S rather than S2− and HS− in acid 

conditions. It takes 5−10 times excess of theoretical 

amount of sodium sulphide, moreover, a lot of hydrogen 

sulfide gas escapes, which leads to serious secondary 

pollution [27]. 

Gas−liquid sulfidation reaction was proposed in this 

work to constantly break the balance between hydrogen 

sulfide and sulfur ions and intensify dynamics process, 

achieving the high sulfidation efficiency with low cost. 

H2S was controlled and recycled in a closed system. The 

objective of this work is to separate copper and arsenic 

from wastewater by sulfide precipitation and 

replacement of arsenic in the precipitates by copper in 

the solution, from which copper is concentrated in the 

precipitate and recovered. The feasibility of sulfidation 

and separation of copper and arsenic was analyzed by 

thermodynamic calculation first. Secondly, the effects of 

time, temperature and sulfide dosage on copper and 

arsenic removal efficiencies were investigated, followed 

by influence of solid-to-liquid ratio, time and 

temperature on the replacement of arsenic by copper. 

 

2 Experimental 
 

2.1 Reagents 

Experiments were carried out with simulated 

solution. Analytical grade reagents were used in 

experiments. CuSO4·5H2O and Na2HAsO4·12H2O were 

used for preparing certain concentrations of the solutions. 

pH value was adjusted by 0.05 mol/L H2SO4 and     

0.1 mol/L NaOH solution. Gaseous sulphide source  

(H2S) was generated by reaction of FeS and HCl. 

2.2 Experimental design 

The experimental program was divided into two 

stages. In the first stage, copper and arsenic were 

primarily separated by sulfide precipitation. The 

schematic diagram of the experimental apparatus is 

shown in Fig. 1. 

All experiments were operated at time of 0.5−4 min, 

temperature of 24−60 °C, and sulfide dosage of      

0−75 mmol/L in order to investigate the effect of time, 

temperature and sulfide dosage on removal efficiencies 

of arsenic and copper, respectively. In the second stage, 

precipitates obtained in the first stage were recycled to 

the initial solution to improve the grade of copper in the 

precipitates through the replacement of arsenic by  

copper. Investigations on the effect of liquid-to-solid 

ratio, time and temperature on the removal efficiency 

were conducted. The removal efficiency was defined by 
 

0

0

100%i i

i

C C

C


                             (1) 

 
where η is the removal efficiency, Ci0 is the copper or 

arsenic concentration in the initial solution, Ci is the 

copper or arsenic concentration in the solution after 

reaction under certain conditions. 

 

2.3 Experimental procedures 

Gaseous sulfide source (H2S) generated was 

collected by displacement of water. Two-way valve was 

turn off at first. The gas tank was filled with the saturated 

H2S solution and sealed with paraffin. Gaseous sulfide 

generated in three-necked flask was then introduced into 

the tank. Solution in the gasholder was pushed into the 

fluid reservoir when the two-way valve was opened. A 

certain volume fraction of H2S gas was obtained by 

introducing nitrogen into the gasholder when the 

pressure gauge of cylinder was adjusted to the 

specified pressure with nitrogen cylinder open. The 

 

 

Fig. 1 Schematic diagram of experimental apparatus (1—Nitrogen cylinder; 2—Fluid reservoir; 3—Two-way valve; 4—Gasholder;  

5—Gas generating bottle; 6—Temperature controller; 7—Peristaltic pump; 8—Separating funnel; 9—Reactor; 10—pH meter) 
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operating temperature and pH were controlled at a 

desired level. H2S gas was then delivered to the reactor 

and the simulated copper sulfate was pumped to the 

reactor by peristaltic pump. 

 

2.4 Sample collection and analysis 

Liquid samples were collected from the reaction 

system at the end of each reaction under certain 

conditions. The concentrations of metals in the solutions 

were determined by inductively coupled plasma 

spectroscopy (ICP) (iCAP7000), pH measurements were 

done by a pH meter (PHS−3E). When the sulfidation 

reaction was finished, PAM was added into the aqueous 

system to accelerate precipitation and the precipitates 

were separated by filtration. The precipitates were 

prepared for analysis by SEM-EDS elemental analysis 

using scanning electron microscope (SEM) 

(JSM−6360LV) equipped with energy dispersive X-ray 

spectrometer (EDX) (EDX-Genesis). 

 

3 Results and discussion 
 

3.1 Feasibility analysis for sulfidation and separation 

of copper and arsenic 

With the introduction of S2−, Cu2+ and As3+ 

precipitated in the form of CuS and As2S3, respectively. 

The solubility equilibrium reactions of CuS and As2S3 

can be expressed as follows: 
 
CuS Cu2++S2−   

    2+ 2 36
sp1 = [Cu ][S ] = 6.3 10K               (2) 

 

As2S3+6H2O 2H3AsO3+3H2S↑ 

    2 3 11.9
sp2 3 3 2= [H AsO ] [H S] =10K             (3) 

 

The sulfur-containing aqueous solution consists of 

[H+], [OH−], [H2S], [HS−], [S2−], and the total sulfur ion 

concentration of the system can be expressed as follows: 
 

2
T 2[S] = [H S]+[HS ]+[S ]                      (4) 

 
The stepwise stability constants for each ion at 

298.15 K are used as follows: 
 
H2S H++HS− 

    

+
7

1
2

[ H S ] [ H ]
= = 1 . 3 1 0

[ H S ]
αK


                        (5) 

 
HS− H++S2− 

    

2 +
15

2

[S ][H ]
= = 7.1 10

[HS ]
αK





                          (6) 

 

It can be deduced from Eqs. (4) to (6) that 
 

2 T

+ 2 +
1 2 2

[S]
[S ] =

[H ] / ( ) +[H ] / +1α α αK K K


          (7) 

 

+ 2
T

2 + + 2
1 2 1

[S] [H ]
[H S] =

+ [H ]+[H ]α α αK K K
              (8) 

 

The total copper of the solution system can be 

expressed as follows [28]: 
 

+ 2 +
sp1

T
T 1 2 2

[H ] [H ]
[Cu] = + +1

[S] α α α

K

K K K

 
  

 
 

31 2 4

+ + 2 + 3 + 4
1+ + + +

[H ] [H ] [H ] [H ]

KK K K 
 
 

          (9) 

 

Similarly, arsenic in the water has the following 

chemical equilibrium [29]: 
 

H3AsO3
+

2 3H AsO + H  

    
+

9.172 3
1

3 3

[H AsO ][H ]
= = 10

[H AsO ]
K


             (10) 

 

2 3H AsO 2 +
3HAsO + H    

    
2 +

14.13
2

2 3

[HAsO ][H ]
= = 10

[H AsO ]
αK





             (11) 

 
2

T 3 3 2 3 3[As] = [H AsO ]+[H AsO ]+[HAsO ]        (12) 
 

It can be deduced from Eqs. (10) to (12) that 
 

1 1 2T

+ + 2
3 3

[As]
= 1+ +

[H AsO ] [H ] [H ]

α α αK K K  
                (13) 

 
Combining Eqs. (3), (8) with Eq. (13), the total 

arsenic concentration can be expressed as follows: 
 

1 1 2
T + + 2

[As] = 1+ +
[H ] [H ]

α α αK K K   
 

 
 

3

sp2 1 2 1

3 + 2 +
T

+ +1
[S] [H ] [H ]

α α α
K K K K 

 
 

              (14) 

 
For [H+]=10−pH, it can be deduced from Eqs. (9) and 

(14) that 
 

36
21 2pH

T
T

6.3 10
[Cu] = (1.08 10 +

[S]




  

14 pH pH 71.41 10 +1)(1+10 +   

2pH 14.32 3pH 25 4pH 37.510 +10 +10 )             (15) 
 

pH 9.17 2pH 23.27
T[As] = (1+10 +10 )    

11.9
2pH 22 pH 7 3

3
T

10
(9.23 10 +1.3 10 +1)

[S]


     (16) 

 
Hypothesizing that CuS and As2S3 stoichio- 

metrically achieved dissolution equilibrium, then 

[Cu]T=[S]T, 3[As]T=2[S]T, the lg[Cu]T and lg[As]T as 

function of pH value are shown in Fig. 2. With the 

increase of pH value, the solubility of CuS decreases first 

and then increases. The minimum solubility of CuS is 
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1.733×10−14 mol/L when the pH value is 7.75. The 

solubility of As2S3 is greater than that of CuS and 

increases with the increase of pH value, which favors the 

possibility of cascade sulfidation of copper and arsenic in 

the solution. 

 

 

Fig. 2 Solubility equilibrium of CuS and As2S3 as function of 

pH value 

 

3.2 Effect of parameters on copper and arsenic 

removal efficiencies 

3.2.1 Effect of reaction time 

10 mmol and 70 mmol H2S was added into    

1000 mL of the simulated solution at 50 °C. The arsenic 

and copper removal efficiencies at different time are 

given in Fig. 3. 

 

 

Fig. 3 Arsenic and copper removal efficiencies as function of 

reaction time 

 

Arsenic and copper removal efficiencies are barely 

influenced by reaction time, which can be seen from that 

the arsenic and copper removal efficiencies are constant 

at 10% and 30% respectively as the reaction time 

increases from 0.5 to 4 min with addition of 10 mmol 

sulfide. However, they become 100% when 70 mmol 

sulfide is added into the solution, which implies that 

sulfidation of arsenic and copper is finished in 0.5 min. 

3.2.2 Effect of reaction temperature 

Arsenic and copper removal efficiencies of the 

reaction system at different temperatures are shown in 

Fig. 4. The copper removal efficiency increases from 

60% to 80% when temperature increases from 24 °C to 

60 °C, whilst arsenic removal efficiency decreases from 

25% to 15%, indicating significant effect of temperature 

on arsenic and copper removal efficiencies. Moreover, it 

can be inferred that the improvement of separation 

efficiency of copper and arsenic can be achieved via 

raising the temperature. Besides, the temperature of 

acidic wastewater discharged from the industry process 

is as high as 55 °C, so the separation of arsenic and 

copper under high temperature can be realized practically. 

Therefore, the optimal temperature is chosen as 50 °C. 

 

 

Fig. 4 Arsenic and copper removal efficiencies at different 

temperatures 

 

3.2.3 Effect of sulfide dosage 

Solutions with copper concentration of 600 mg/L 

and arsenic concentration of 2000 mg/L were prepared to 

investigate the effect of sulfide dosage on the removal 

efficiency at temperatures of 30, 40 and 50 °C, 

respectively. The arsenic and copper removal efficiencies 

and the residual concentrations are shown in Fig. 5. 

Arsenic and copper removal efficiencies increase as 

the amount of sulfide increases. In all cases, the copper 

removal efficiency increases more significantly than the 

arsenic removal efficiency. Both arsenic and copper 

removal efficiencies are as high as nearly 100% when the 

addition of sulfide is more than 70 mmol. Comparing the 

results obtained at 30, 40 and 50 °C, the difference 

between copper and arsenic removal efficiencies 

increases with the temperature increasing. The copper 

removal efficiency is higher than 80% and arsenic 

removal efficiency is only 20% when certain of sulfide is 

added into the solution at 50 °C. The results indicate that 

separation efficiencies of copper and arsenic become 

higher as the temperature increases, which consists with 

the results mentioned above. 
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Fig. 5 Arsenic and copper removal efficiencies and 

concentrations as function of sulifide dosage at different 

temperatures: (a) 30 °C; (b) 40 °C; (c) 50 °C 

 

3.3 Effect of parameters on replacement of arsenic by 

copper 

3.3.1 Effect of solid-to-liquid ratio 

Figure 6 shows arsenic and copper concentrations in 

acidic wastewater when precipitates generated in the first 

stage are recycled to the initial solution with different 

solid-to-liquid ratios. The results show that arsenic 

concentration in initial solution increases as solid-to- 

liquid ratio increases, while copper concentration 

becomes lower under similar conditions. It attributes to 

the replacement reaction between As2S3 and copper ions, 

it could be described as follows: 
 
3Cu2++As2S3+4H2O=3CuS+2HAsO2+6H+             (17) 
 

Nearly all of the copper in the initial acidic 

wastewater is distributed into precipitates and the copper 

concentration in the initial acidic wastewater is lower 

than 0.1 mg/L when the solid-to-liquid ratio is more than 

10%. Whilst arsenic precipitated into the residue before 

dissolves into the solution. Therefore, the addition of 

precipitates generated in the first separation stage into 

the initial acidic wastewater with certain solid-to-liquid 

ratio can promote the separation of arsenic and copper, 

effectively. 

 

 

Fig. 6 Arsenic and copper concentrations in acidic wastewater 

at different solid-to-liquid ratios 

 

3.3.2 Effect of reaction time 

Arsenic and copper concentrations in acidic 

wastewater as a function of reaction time are presented in 

Fig. 7. The data show that arsenic concentration 

increases within the first 10 min and then becomes 

constant at about 3200 mg/L as time increases, while 

copper concentration decreases rapidly from 110 to   

0.5 mg/L within the first 5 min and further decreases to 

lower than 0.1 mg/L when time is longer than 10 min. 

The separation efficiencies of arsenic and copper are 

more than 99%. It is indicated that separation of arsenic 

and copper is finished within 10 min, which is favorable 

to the application in the industry. 

3.3.3 Effect of temperature 

Figure 8 shows arsenic and copper concentrations in 

acidic wastewater at different temperatures. Secondly, 

the separation of arsenic and copper is temperature- 

independent represented by the results that copper 

concentration in the solution scarcely changes when 

temperature increases. However, arsenic concentration 

increases slightly with temperature increasing, which 
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attributes to the re-dissolution of arsenic sulfide in the 

precipitates at high temperature. 
 

 

Fig. 7 Arsenic and copper concentrations in acidic wastewater 

at different reaction time 

 

 
Fig. 8 Arsenic and copper concentrations in acidic wastewater 

at different temperatures 

 

3.4 Precipitates analysis 

SEM-EDS analysis of the precipitate obtained under 

the optimal condition is shown in Fig. 9. Generally, the 

morphology of the precipitate exhibits agglomeration of 

dense, amorphous particles in the micron range. 

Combined with the results of EDS, the mole ratio of Cu 

to S is 1.15, which is approximate to 1, indicating that 

the precipitate mainly consists of CuS. The copper 

content of precipitate is as high as 63.38% in mass 

fraction. 

 

4 Conclusions 
 

1) A novel process of treating acidic wastewater 

containing copper and arsenic is proposed, involving 

primary separation of copper and arsenic by sulfide 

precipitation and further separation by the replacement of 

arsenic in the precipitates by copper in the solution. 

2) In the first stage of primary separation, more than 

80% copper and nearly 20% arsenic are precipitated with 

20 mmol/L H2S at 50 °C within 0.5 min. 

 

 

Fig. 9 SEM image (a) and EDS spectrum (b) of precipitate 

 

3) In the second stage of separation, the separation 

efficiencies of copper and arsenic are more than 99% 

with precipitates generated in the first stage recycled to 

the initial solution when solid-to-liquid ratio is not less 

than 10% at 20 °C within 10 min. 

4) Precipitate obtained under the optimal condition 

mainly consists of CuS. The copper content of precipitate 

is as high as 63.38% in mass fraction. 
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污酸废水中铜和砷的气−液梯级硫化与分离 
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摘  要：通过气−液硫化反应初步分离污酸废水中的铜和砷，并将一级铜、砷分离渣按一定比例加入污酸原液中

实现溶液中铜和渣中砷的置换分离。考察反应时间、温度和 H2S 用量对铜、砷去除率的影响，同时考察固液比、

时间和温度对铜、砷置换反应的影响。当在 50 °C 时加入 20 mmol/L 的 H2S 时，在 0.5 min 时间内即可使铜的去

除率达到 80%以上，且砷的去除率约为 20%。将铜、砷一级分离渣按照 10%以上的固液比例加入污酸废水中，在

20 °C 下 10 min 后由于铜、砷置换作用，废酸中铜和砷分离率达到 99%以上。沉渣中主要物相为 CuS，富集的铜

渣中铜的质量分数为 63.38%。 

关键词：污酸废水；铜；砷；梯级硫化；分离 
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