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Abstract: The alkaline leaching of arsenic (As2O3) by Na2S, together with its precipitation by Fe2(SO4)3 was studied. 
Response surface methodology based on central composite design was employed to quantify and qualify the effect of 
pertinent factors and to develop statistical models for optimization purposes. Based on the obtained results, 89% of 
arsenic is removed from the dust under following optimum predicted conditions: Na2S concentration of 100 g/L and 
solid to liquid ratio of 0.163 g/mL at 80 °C. It is found that solid to liquid ratio and Na2S concentration are the 
significant factors influencing the leaching process. In the precipitation process, more than 99.93% of arsenic from the 
leaching solution is removed in the form of amorphous ferric arsenate, at pH 4.8 when Fe3+ to arsenic and H2O2 to 
arsenic molar ratios are set at 5:1 and 4:1, respectively. Also, Fe3+ to arsenic ratio and pH are the most significant  
factors, and the interaction between these terms is significant. 
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1 Introduction 
 

During pyrometallurgical production of copper, 
a substantial amount of dusts containing copper and 
other impurities including arsenic, lead, zinc, and 
antimony are produced. Returning these dusts to the 
process results in the accumulation of impurities in 
the blister copper and makes the copper electrolysis 
process difficult [1]. More importantly, these dusts 
cannot be directly disposed, due to their very fine 
size since they are airborne and can be easily spread 
through a larger area, which is hazardous for the 
environment [2]. Arsenic, as a well-known toxic 
element, can be found widely in the waste materials 
of the copper industry [3]. Any process for the 
removal and safe stabilization of arsenic from the 
electrostatic precipitator (ESP) dust is not only 
necessary due to the utmost exploitation of its 
valuable metallic content, but also pivotal regarding 

the environmental concerns [4]. Propitiously, very 
fine size of these dusts facilitates the leaching 
process because it significantly enhances the rate of 
the leaching process. 

Different strategies have been employed for 
the leaching of arsenic from various dusts including 
acidic and alkali leaching systems [5,6]. However, 
the primary deficiency of the acidic leaching is the 
dissolution of other metallic constituents present in 
the dusts including lead, copper and zinc. This 
means that acidic leaching is not selective and 
requires additional separation and purification 
processes [7,8]. On the other hand, alkali leaching 
systems such as Na2S, NaOH or their mixtures, are 
selective with respect to arsenic in either sulfide [9] 
or oxide [6] forms. For instance, RUIZ et al [9] 
reported that 97% of the arsenic content of enargite 
could be dissolved at 80 °C by a mixture of Na2S 
and NaOH solution while the copper content     
of enargite does not change. Also, LI et al [6] found  
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that 95% of arsenic content of smelter dusts (in the 
form of As2O3) can be dissolved by NaOH solution 
and only 20% of its Pb content enters into solution. 
They also showed that more than 92% of arsenic 
content of the dust could be dissolved by Na2S 
solution at 90 °C and less than 37% of its zinc 
content enters into the solution [10]. 

After arsenic leaching, its safe stabilization is 
the next essential step. Arsenic can be found in the 
forms of arsenite and thioarsenite with the oxidation 
state of +3, and arsenate and thioarsenate with the 
oxidation state of +5 in the aqueous solutions. One 
of the most stable compounds of arsenic is 
scorodite (FeAsO4ꞏ2H2O) which is the product   
of the reaction between As5+ and Fe3+ at specific  
pH [11]. To precipitate FeAsO4, not only pH 
adjustment is needed (e.g., the addition of Ca(OH)2 
or NaOH solutions [12,13]), but also arsenic 
content of the leaching solution should be in the 
form of As5+ by providing oxidative condition (e.g., 
aeration [14]). However, it should be pointed out 
that the use of Ca(OH)2 solution, for pH adjustment, 
can also result in the formation of calcium arsenate 
depending on the values of pH and redox potential; 
this form of arsenic precipitation is not favorable 
since calcium arsenate slowly reacts with 
atmospheric CO2 and eventually arsenic is released 
into the environment [13,15]. 

According to the above-mentioned leaching− 
precipitation strategies for arsenic leaching and 
stabilization, one essential step towards developing 
an effective removal−stabilization process is the  
use of a suitable methodology for optimization of 
the relevant parameters in both leaching and 
precipitation processes. The most significant factors 
influencing arsenic alkali leaching from dust 
sources are temperature, leachant concentration and 
solid to liquid ratio [16−18]. Also, H2O2 (as the 
oxidative agent) to arsenic molar ratio, Fe3+ to 
arsenic molar ratio and pH are also the significant 
factors affecting arsenic precipitation [19−22]. The 
appropriate choice of these factors is required if an 
effective arsenic leaching−stabilization process is to 
be proposed. The key point in such processes is that 
the level of each factor can be influenced by the 
other factors; i.e., there may be some interactions 
among influential factors. 

A literature survey on arsenic leaching− 
precipitation studies indicates that “one-factor-at- 
a-time method” has been used to evaluate the 

relevant factors [23,24]. This methodology gives no 
information about the probable interactions among 
factors in a process. On the other hand, response 
surface methodology (RSM) can simultaneously 
consider several factors at different levels, develop 
an appropriate empirical model for the interaction 
among several factors and the response, and find 
the optimum value of each factor [25]. 

The present work aimed to evaluate the 
selective leaching and precipitation processes of 
arsenic in oxide form, As2O3, from the dust 
collected from ESP of a Pierce−Smith copper 
converter. While Na2S and NaOH or their mixture 
have been abundantly used for leaching of sulfide 
form of arsenic [9,23,26,27], only in some limited 
works, Na2S has been employed for the leaching of 
oxide form of arsenic. Moreover, while iron(III) 
sulfate is the common reagent for precipitation of 
arsenic from acidic leaching solutions [14,22,24,28], 
precipitation behavior of arsenic from the Na2S 
leaching solution using Fe2(SO4)3 is unknown. In 
both leaching and precipitation processes, RSM 
coupled with central composite design (CCD) was 
employed [29]: 

(1) To develop a statistical relationship, albeit 
approximate, between responses and influential 
factors that can be used to predict response for a 
given set of factors. 

(2) To determine the significance of factors 
and the interaction among relevant factors. 

(3) To estimate the optimum levels of factors 
that result in the maximum (or minimum) response 
over a specific region of interest. 
 
2 Experimental 
 
2.1 Dust and reagents 

Sodium sulfide hydrate (Na2SꞏxH2O, ~35%), 
iron(III) sulfate hydrate (Fe2(SO4)3ꞏxH2O, 76%− 
82%) and H2O2 (30%) were obtained from Merck; 
the former reagent was employed for the 
preparation of leaching solution and the last two 
reagents were used in the precipitation experiments. 
Also, sodium hydroxide (NaOH, 97%) and sulfuric 
acid (H2SO4, 95%−98%) were purchased from 
Sigma−Aldrich and employed for pH adjustment in 
the precipitation experiments. 

Three dust samples obtained from copper 
converter electrostatic precipitator (Shahrbabak 
Copper Complex, Khatoonabad, Kerman, Iran) 
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were well mixed and divided using riffle splitter. 
Arsenic content of the obtained mixture was 
determined using inductively coupled plasma 
optical emission spectrometry (ICP-OES, Varian, 
720−ES) after complete digestion of the mixture by 
alkali fusion method. Besides, X-ray fluorescence 
spectrometry (XRF, Philips, PW1404) was 
employed for the estimation of the level of other 
elements in the mixture (Table 1). According to 
X-ray diffraction (XRD) analysis (PANalytical, 
X’Pert Pro MPD), arsenic was present in the 
mixture mainly in the form of As2O3; in addition, 
the other phases in the mixture were PbSO4, SiO2 
and Cu2S. Observation based on the field emission 
scanning electron microscopy (FESEM, TESCAN, 
Mira3−XMU) showed that mostly submicron 
spherical dust particles agglomerated into larger 
particles (Fig. 1). The mean particle size of the dust 
measured by static light scattering (SLS, Fritsch, 
Analysette 22) was 39 μm (Fig. 2). 

 
2.2 Procedure 
2.2.1 Alkali leaching 

Leaching experiments were conducted in a 
250 mL two-neck flat bottom flask immersed in a 

 
Table 1 Chemical composition of ESP copper converter 

dust (Arsenic was measured using ICP analysis and other 

elements/compounds with XRF) (wt.%) 

As Pb Cu S Zn Fe 

2.96 23.4 20.7 11.2 7.3 2.0 

Sb Al2O3 MgO K2O SiO2 LOI* 

0.2 0.48 0.79 0.35 5.96 3.18 
* Loss on ignition 

 

 
Fig. 1 FESEM image of convertor flue dust showing 
most submicron spherical dust particles agglomerated 
into larger particles 

 

 

Fig. 2 Size distribution of copper converter flue dust 

(Mean size of particles is 39 μm and D80 is 48 μm) 
 
water bath. The system was stirred at 400 r/min for 
4 h at different combinations of temperatures, Na2S 
concentrations, and amounts of the dust mixture at a 
fixed solution volume of 100 mL. After each 
experimental run, the resulting pulps were filtered 
and the concentration of the dissolved elements in 
the solution was determined using ICP-OES (Varian, 
720−ES). Furthermore, the final obtained leaching 
residues were analyzed by XRD method 
(PANalytical, X’Pert Pro MPD) for verification 
purposes. The leaching rate of arsenic (R) was 
estimated using Eq. (1) [30]:  

100%
cV

R
mx

                             (1) 
 

where c and V are the arsenic concentration in 
leaching solution and volume of the solution, 
respectively; also, m and x are the dust mass and the 
mass fraction of arsenic in the dust mixture, 
respectively. 
2.2.2 Precipitation 

The precipitation step was performed on the 
leaching solution with the maximum leaching rate 
of arsenic (R) that was achieved from the set of 
factors proposed by the optimized leaching model. 
Initially, H2O2 was gradually introduced to the 
system for the complete conversion of As3+ to As5+ 
and then Fe2(SO4)3 was added to the solution at 
ambient temperature under constant stirring at  
400 r/min. During the Fe2(SO4)3 addition, the pH of 
the solution was monitored (Portable Mettler 
Toledo pH meter) and adjusted by the use of NaOH 
and H2SO4. Finally, the precipitated arsenic was 
separated from the solution, and arsenic 
concentration of the obtained solution was 
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measured by ICP-OES analysis. The redox potential 
of the system (φH), with respect to the standard 
potential of hydrogen, was also measured by 
oxidation reduction potential meter (ORP meter, 
EUTECH instruments, Pt/saturated calomel 
electrode (SCE)). The chemical composition of 
arsenic precipitate was analyzed by XRF (Philips, 
PW1404) and XRD; in addition, the levels of 
copper, zinc, and lead were determined using 
inductively coupled plasma optical emission 
spectrometry (ICP-OES, Varian, 720−ES) after 
complete digestion of the mixture by alkali fusion 
method. The structure of the resulting precipitate 
was analyzed using XRD and the Fourier transform 
infrared spectroscopy (FTIR, Thermo scientific, 
Nicolet, iS10). Finally, toxicity characteristic of 
leaching procedure (TCLP) was carried out based 
on Environmental Protection Administration (EPA) 
standards in order to investigate the stability of 
arsenic precipitate [31]. 

Arsenic precipitation rate was calculated using 
Eq. (2) [32]: 

 

f

i

1 100%
c

P
c

 
   
 

                        (2) 

 
where ci and cf are the initial (4293 mg/L) and final 
concentrations of arsenic solution, respectively. 
 
2.3 Experimental design 

RSM as a statistical approach has been widely 
used in various fields of materials science and 
metallurgical engineering [33−35]; in this approach, 
not only a correlation between the response and the 
factors for the prediction of response value can be 
established, but also the significance of the factors 
and their interactions can be identified and 
quantified. 

Seventeen experimental runs consisting of 
eight star points (star distance was zero) and three 
center points and six axial points were chosen by 
the principle of RSM using Minitab® Release 17 for 
both arsenic leaching and precipitation processes. 
To develop a second-order polynomial model, a 
central composite design (CCD) with linear 
regression was employed to estimate the model 
coefficients of the three selected factors believed to 
influence R and P with each factor set at its high 
level (+1), low level (−1) and medium level (0). 
Amongst different factors, temperature (T), solid to 
liquid ratio (S/L) and Na2S concentration ([Na2S]) 

were selected in the leaching process, and H2O2 to 
arsenic molar ratios (H2O2/As), Fe3+ to arsenic 
molar ratios (Fe/As) and pH were selected in the 
precipitation process due to their higher importance 
reported in the literatures [11,21,23,36]. 

The levels used for these three factors, 
according to a CCD, are listed in Tables 2 and 3 for 
leaching and precipitation processes, respectively. 
The results for the response are reported as a mean 
value of each two responses in a randomized order 
to avoid systematic bias. Finally, a quadratic 
polynomial regression model (Eq. (3)) was 
employed to estimate and predict the response value 
over a range of input values [37]: 

 
2

0
1 1 1 1

k k k k

i i ii i ij i j
i i i j i

Y b b X b X b X X
    

             (3) 

 
where Y is the dependent response variable (i.e., R 
and P), b0 is the intercept term, bi, bii, and bij are the 
measures of the effect of variable Xi, Xi

2 and XiXj, 
respectively. Xi and Xj represent the independent 
variables and k is the number of these factors 
namely temperature (40−80 °C), solid to liquid ratio 
 
Table 2 Central composite design arrangement and 

experimental results for arsenic leaching rate 

Run 
No.

Factor Measured As
leaching 
rate, R/% 

T/ 
°C 

(S/L)/ 
(gꞏmL−1) 

[Na2S]/ 
(gꞏL−1) 

1 40 0.15 50 38.3 

2 80 0.15 50 47.0 

3 40 0.25 50 8.6 

4 80 0.25 50 12.6 

5 40 0.15 100 78.3 

6 80 0.15 100 83.5 

7 40 0.25 100 72.6 

8 80 0.25 100 68.0 

9 40 0.20 75 51.1 

10 80 0.20 75 56.3 

11 60 0.15 75 60.0 

12 60 0.25 75 35.0 

13 60 0.20 50 25.0 

14 60 0.20 100 80.1 

15 60 0.20 75 57.0 

16 60 0.20 75 59.0 

17 60 0.20 75 55.0 
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Table 3 Central composite design arrangement and 

experimental results for arsenic precipitation rate 

Run 
No. 

Factor Measured As  
precipitation rate, P/%H2O2/As Fe/As pH 

1 2:1 2.0:1 3.0 48.8 

2 4:1 2.0:1 3.0 57.0 

3 2:1 5.0:1 3.0 88.0 

4 4:1 5.0:1 3.0 91.5 

5 2:1 2.0:1 6.0 93.0 

6 4:1 2.0:1 6.0 97.0 

7 2:1 5.0:1 6.0 99.8 

8 4:1 5.0:1 6.0 99.9 

9 2:1 3.5:1 4.5 94.0 

10 4:1 3.5:1 4.5 98.0 

11 3:1 2.0:1 4.5 80.0 

12 3:1 5.0:1 4.5 99.1 

13 3:1 3.5:1 3.0 68.0 

14 3:1 3.5:1 6.0 98.0 

15 3:1 3.5:1 4.5 99.2 

16 3:1 3.5:1 4.5 96.4 

17 3:1 3.5:1 4.5 86.4 

 

(0.15−0.25 g/mL) and Na2S concentration (50− 
100 g/L in leaching process, and H2O2 to arsenic 
molar ratio (2:1−4:1), Fe to arsenic molar ratio 
(2:1−5:1), and pH (3−6) in precipitation process. 

The analysis of variance (ANOVA) for the 
quadratic model was performed at 5% confidence 
level (i.e., P-value <0.05) [37]. The significance 
and the magnitude of the effect estimations for each 

variable and all their possible linear and quadratic 
interactions were also determined. The model was 
then used to predict the main effective factors. 
Finally, the predictions of the models were 
employed to reach the level of the factors that  
result in the maximum arsenic leaching and 
precipitation. The analysis was carried out using 
Minitab Release 17. 
 
3 Results 
 
3.1 Models fitting 

Table 2 presents the leaching rate for 17 
combinations of the factor levels. Similarly, Table 3 
lists the measured arsenic precipitation rate. Also, 
the values of the regression coefficients for each 
factor in leaching and precipitation processes are 
presented in Table 4. 

As it can be observed, the linear and quadratic 
terms are significant in both models indicating that 
the second-order polynomial model is necessary to 
represent the data. Based on P*-values obtained 
from the regression coefficients (Table 4), the 
factors with a P*-value lower than 0.05 were taken 
as the statistically significant factors in leaching or 
precipitation process. Thus, in the leaching process, 
the first order terms of S/L and [Na2S], the second 
order term of S/L and the interaction between   
S/L and [Na2S] were statistically significant. 
Moreover, in the precipitation process, the first 
order terms of Fe/As and pH, the second order term 
of pH and the interactive term of Fe/As and pH 
were statistically significant. 

 
Table 4 Regression coefficients in coded values corresponding to leaching and precipitation processes 

Leaching Precipitation 

Factor Regression coefficient P*-value Factor Regression coefficient P*-value

Constant 54.44 0.00 Constant 93.14 0.00 

T 1.85 0.12 H2O2/As 1.98 0.15 

S/L −11.03 0.00 Fe/As 10.25 0.00 

[Na2S] 25.10 0.00 pH 13.44 0.00 

T×T 1.18 0.58 (H2O2/As)×(H2O2/As) 3.51 0.18 

(S/L)×(S/L) −5.02 0.04 (Fe/As)×(Fe/As) −2.94 0.25 

[Na2S]×[Na2S] 0.03 0.99 pH×pH −9.49 0.00 

T×[Na2S] −1.51 0.24 (H2O2/As)×(Fe/As) −1.07 0.45 

T×(S/L) −1.81 0.16 (H2O2/As)×pH −0.95 0.51 

(S/L)×[Na2S] 5.36 0.00 (Fe/As)×pH −8.00 0.00 
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Based on the estimated values of the 
regression coefficients (Table 4), two polynomial 
regression models were proposed (in un-coded 
values) as 

 
R=−22.7+3.69(S/L)+0.320[Na2S]− 

0.2008(S/L)×(S/L)+0.0429(S/L)×[Na2S]   (4) 
 

P=−119.0+34.13(Fe/As)+61.30pH−4.22pH×pH− 
3.55(Fe/As)×pH                      (5) 
 
The low values of P* determined for the 

regression (P*<0.001), and the insignificance of the 
model’s lack of fit (P*>0.05) show that both models 
are suitable and applicable (Table 5). 

The main effect plots presented in Fig. 3 
indicate that in the leaching process, an increase in 
the concentration of Na2S from the lowest to 
highest values results in about three-fold increase in 
arsenic leaching rate (from ~25% to ~75%); 
however, increasing the S/L from its lowest to 
highest values leads to 25% decrease in arsenic 

leaching rate. These results are comparable to those 
reported by LI et al [21] in the case of arsenic in the 
form of complex lead arsenate leached by a mixture 
of Na2S and NaOH. They also found that an 
increase in the level of Na2S, in the NaOH 
(50 g/L)−Na2S mixture, from 0 to 100 g/L increases 
arsenic leaching rate from 40% to 80% at 80 °C and 
S/L≈0.33 g/mL. 

The main effect plot corresponding to 
temperature reveals that arsenic leaching rate 
slightly increases at elevated temperature, which 
means that the temperature is statistically 
insignificant within the studied range. 

According to the main effect plots presented in 
Fig. 4, the most significant factors affecting arsenic 
precipitation rate are pH and Fe/As approximately 
with a similar effect; also, H2O2/As is not 
statistically significant within the studied range. 
The predicted results obtained from the arsenic 
precipitation main effect plots can be compared to 

 
Table 5 ANOVA results corresponding to leaching and precipitation experiments 

Parameter 
Leaching Precipitation 

DF adj SS adj MS P* DF adj SS adj MS P* 

Regression 9 7909.4 878.8 0.00 9 3815.4 423.9 0.00 

 Linear 3 7550.9 2517 0.00 3 2896.2 965.4 0.00 

 Square 3 83.9 27.9 0.14 3 390.8 130.3 0.01 

 Interaction 3 274.6 91.5 0.01 3 528.5 176.2 0.00 

Residual error 7 76.7 11  7 102.9 14.7  

 Lack of fit 5 68.7 13.7 0.24 5 12.3 2.5 0.99 

 Pure error 2 8.0 4.0  2 90.6 45.3  

Total 16 7986.1   16 3918.3   
DF—Degrees of freedom; adj SS—Adjusted sum of squares; adj MS—Adjusted mean squares 
 

 

Fig. 3 Main effect plots for arsenic leaching efficiency from dust mixture by Na2S leaching: (a) [Na2S]; (b) S/L; (c) T 
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Fig. 4 Main effect plots of arsenic precipitation from leach liquor: (a) pH; (b) Fe/As; (c) H2O2/As 

 

the results reported by WANG et al [11]. In arsenic 
precipitation process by Fe2(SO4)3 from an alkaline 
solution, they found that more than 99% of arsenic 
content of the leaching solution can be precipitated 
with Fe/As of 1.5:1 within the pH range of 
4.02−5.25. 
 
3.2 Study of interactions among factors 

Surface plots were used to examine 
statistically significant interactions. The surface plot 
presented in Fig. 5 illustrates the interaction 
between [Na2S] and S/L in arsenic leaching process 
at 60 °C. 
 

 

Fig. 5 Surface plot for arsenic leaching rate with respect 

to S/L and [Na2S] at temperature of 60 °C 

 

As it can be observed, with an increase in 
[Na2S] from 50 to 100 g/L, there is a decrease in the 
slope of arsenic leaching rate with respect to S/L; in 
addition, at constant S/L, arsenic leaching rate 
increases by an increase in [Na2S]. 

Figure 6 demonstrates the interactive effect of 
pH and Fe/As on arsenic precipitation rate at 
H2O2/As of 3:1. As it can be seen, with an increase 
in pH values from 3 to 6, there is a decrease in the 
slope of arsenic precipitation rate with respect to 
Fe/As. 
 

 
Fig. 6 Surface plot for arsenic precipitation rate     

with respect to Fe/As and pH value at H2O2/As value  

of 3 

 

3.3 Optimization of factors in arsenic leaching 
and precipitation processes 
Optimization of these three factors for 

obtaining the highest arsenic leaching rate in the 
first step and also, the maximum arsenic 
precipitation rate in the second step was carried out 
using the developed second-order polynomial 
models (Eqs. (4) and (5)). Based on this 
mathematical exercise, maximum arsenic leaching 
rate is predicted to be 83.9% under the following 
conditions: [Na2S]=100 g/L, S/L=0.163 g/mL, and 
T=80 C. 
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To confirm this prediction, and therefore the 
applicability of the proposed second-order model 
for further optimization exercises, a confirmation 
run (i.e., run at the predicted optimum level of the 
factors) was carried out and arsenic leaching rate of 
88.6% was achieved; this can be taken as the 
confirmation of the suitability of the regression 
model for predictive purposes. The final solution 
obtained under these conditions with an arsenic 
concentration of 4293 mg/L was used as the starting 
solution for the precipitation process. 

In precipitation step, the highest arsenic 
precipitation rate, at the pH=4.8, Fe/As=5:1 and 
H2O2/As=4:1, was predicted to be 100%. The 
confirmation run was carried out and values of 
99.93% and 3 mg/L were achieved for arsenic 
precipitation rate and arsenic concentration in the 
final solution, respectively. 
 
4 Discussion 
 

Na2S dissociates in the aqueous media 
according to Eq. (6) and at the pH of about 13, S2− 
ions partially hydrolyze according to Eq. (7) [26]: 

 
Na2S 2Na++S2−                                    (6) 

 
S2−+H2O HS−+OH−, Keq=9.1×10−3               (7) 

 
This means that the hydrolysis of Na2S is not 

completed at pH around 13 and there is high 
enough S2− in the aqueous solution for the 
dissolution of As2O3 based on Eq. (8) [27]: 

 
2

2 3 2As O (s) + 6S (aq) + 3H O  
3
32AsS (aq) + 6OH (aq)                  (8) 

 
Thioarsenite ( 3

3AsS  ) is a soluble form of 
arsenic and this reaction leads to the release of OH−. 
Consequently, As2O3 can further react with OH−  
(Eq. (9)) to form arsenite ion ( 3

3AsO  ) [38]: 
 

2 3As O (s) + 6OH (aq) 3
3 22AsO (aq) + 3H O     (9) 

 
According to Eq. (8) and Eq. (9), As2O3 enters 

into the aqueous solution with an oxidation state of 
arsenic of +3 (in the form of 3

3AsO   and 3
3AsS  ). 

Under oxidizing conditions, OH− converts 3
3AsS   

to 3
3AsO   as described by LI [39] who studied the 

dissolution of As2O3 by Na2S. It is worthy of note 
that the level of OH− in the system as well as the 
ratio of OH− to As2O3 implicitly reflects the 
operational parameters namely [Na2S] and S/L. In 
other words, the level of As2O3 in the system varies 

with the amount of solid entering to the system and 
the level of OH− concentration directly depends on 
the concentration of Na2S. This interrelationship 
appears in the interaction between [Na2S] and S/L, 
as previously discussed in Section 3.2. 

A comparison of XRD patterns of the dust 
mixture and the leaching residue (from optimized 
run: T=80 °C, [Na2S]=100 g/L, S/L=0.163 g/mL) 
shows that the As2O3 peak at 2θ=18.6° is 
completely removed; however, the peak at 2θ=26° 
is still visible, which shows that some As2O3 is still 
present in the leached sample (Fig. 7). However, 
PbSO4 and Cu2S have remained unchanged during 
the leaching experiments. This is in agreement with 
the ICP-OES results of the leaching solution that 
shows the concentration of lead, copper, and zinc is 
negligible (i.e., selective leaching with respect to 
arsenic). Nonetheless, the ICP-OES results show 
497 mg/L silicon and 213 mg/L antimony in the 
leaching solution, meaning partial dissolution of 
silicon and almost complete removal of antimony. 
 

 

Fig. 7 Comparison between XRD patterns of dust (a)  

and leach residue obtained from optimized condition 

(S/L=0.163 g/mL, [Na2S]=100 g/L and T=80 °C) (b) 

 

For the effective precipitation of arsenic in the 
form of scorodite (FeAsO4ꞏ2H2O), the conversion 
of 3

3AsO   (arsenic with the oxidation state of +3) 
into 3

4AsO   (arsenic with the oxidation state of +5) 
is essential by the use of an oxidant such as   
H2O2 [36]. The measured pH value of the solution 
after the leaching is 13.1. At this value, arsenic 
species in the oxidation state of +3 and +5 are 
predominantly in the form of 2

3HAsO   and 3
4AsO  , 

respectively [40]. With the addition of H2O2, the 
oxidation reaction of 2

3HAsO   can be presented as 
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2
3 2 2HAsO (aq) H O (aq)   

3 +
4 2AsO (aq) H (aq) + H O               (10) 

 
Equation (10) indicates that the oxidation of 

2
3HAsO   by H2O2 accompanies pH change as it is 

experimentally detected by a slight decrease in pH 
from 13.1 to 12.9. The precipitation reaction can be 
described as 

 
3 3+
4AsO (aq) Fe (aq)  4FeAsO (s)           (11) 
 
Therefore, the overall oxidative precipitation 

can be expressed as 
 

2 3+
3 2 2HAsO (aq) Fe (aq) + H O (aq)   

+
4 2FeAsO (s) H (aq) + H O              (12) 

 
By considering the equilibrium constant     

of Eq. (12) at constant temperature, the inter- 
relationship among Fe3+, As5+ and H+ (pH) can be 
established as 

 
+

eq 2 3+
3 2 2

[H ]
=

[HAsO ][H O ][Fe ]
K


               (13) 

 
where Keq is the equilibrium constant and the 
activity of the solid product (FeAsO4) is assumed to 
be 1. As it can be observed, pH of the system 
changes during oxidation reaction. On the other 
hand, the equilibrium constant of the redox reaction 
occurring in the system (Eq. (10)) can be presented 
as 

 
3 +
4

eq 2
3 2 2

[AsO ][H ]
=

[HAsO ][H O ]
K




                   (14) 

 
Regarding that 3 5

4[AsO ] = [As ]  and 
2
3[HAsO ] =[As3+], the following relationship can be 

obtained: 
 

lgKeq=lg[As5+]−lg[As3+]−pH−lg[H2O2]          (15) 
 
According to Nernst’s equation, the standard 

potential difference (ε0) is described as 
 

0
eqln

RT
K

zF
                            (16) 

 
And by combination of Eq. (15) and Eq. (16), 

the following relationship for the redox potential 
(φh) can be proposed: 

 

0 0 5
h eqln (ln[As ]

RT RT
K

zF zF
         

    −ln[As3+]−2.3pH−ln[H2O2])              (17) 
 
Equation (17) provides a correlation among φh, 

H2O2 concentration and As3+ initial concentration 

from a thermodynamic viewpoint. This correlation 
can be further identified by monitoring the change 
in the equilibrium oxidation−reduction potential 
(ORP) of the system. Figure 8 shows the variation 
of ORP (with respect to the standard hydrogen 
electrode) versus H2O2 concentration at constant 
As3+ initial concentration (4293 mg/L). As it can be 
observed, the ORP approaches a constant value near 
130 mV at H2O2 concentration of 215 mmol/L from 
the initial value of −25 mV, which indicates the 
oxidation of As(III) [18]; this means that the 
addition of about 1.1 mL into 50 mL solution, 
significantly drops [As5+]/[As3+] from an initial 
small value to a final value of >105. Thus, the 
H2O2/As is not statistically significant as previously 
mentioned in Section 3.1. 
 

 
Fig. 8 Effect of H2O2 addition on ORP (vs saturated 

calomel electrode (SCE) to 50 mL solution with [As]= 

4293 mg/L) 

 

The levels of copper, lead and zinc are 
negligible in the precipitate obtained under 
optimum conditions (Table 6). Antimony is present 
in the precipitated product as well, which shows 
that this element has similar behavior to arsenic in 
the process. XRD pattern of the precipitated phase 
under optimum conditions (Fig. 9(a)) shows that 
only elemental sulfur is present as the crystalline 
product. Formation of elemental sulfur can be due 
to the reaction of excess Fe2(SO4)3 or H2O2 with 
Na2S that occurs when pH gets lowered to the 
desired value. After heating the precipitate at 
200 °C in the air atmosphere for 1 h, the elemental 
sulfur is removed and as can be seen in Fig. 9(b), 
the remaining precipitate is fully amorphous. 

It is worthy to note that crystalline scorodite 
cannot be achieved at ambient temperature during  
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Table 6 XRF and ICP analysis results of main and trace 

elements of precipitate under optimized condition 

(pH=4.8, Fe/As=5:1 and H2O2/As=4:1) 

Element XRF mass fraction/% ICP mass fraction/10−6

As 27.7 − 

Sb 3.3 − 

Fe 20.9 − 

S 25.3 − 

Si 0.1 − 

Pb − 39 

Cu − 332 

Zn − 172 

 

 

Fig. 9 XRD patterns of precipitate under optimized 

condition (pH=4.8, Fe/As=5:1 and H2O2/As=4:1):       

(a) As-recievied; (b) After heating at 200 °C for 1 h 

 
the precipitation process [41]. However, wide 
background of such pattern may be attributed to 
amorphous arsenate as the expected phase under 
these conditions [42]; besides, the level of iron and 
arsenic in the precipitate is consistent with the 
stoichiometric ratio of arsenic to iron in ferric 
arsenate compound. Moreover, the FTIR spectrum 
of this sample (Fig. 10) conforms to be poor 
crystalline ferric arsenate (FeAsO4ꞏnH2O) reported 
by SONG et al [43]. The results of TCLP show the 
concentration of dissolved arsenic in the solution is 
2 mg/L, which shows that the stability of the 
precipitate is acceptable. The stretching vibrations 
at 840 cm−1 belong to As—O—Fe, and the broad 
peak at about 3211 cm−1 is related to the —OH 
stretching mode in ferric hydroxide. The peak at 
1628 cm−1 is related to H—OH bending vibration of 
water and the peak at 460 cm−1 is related to 
ferrihydrite. 

 

 

Fig. 10 FTIR spectrum of precipitate under optimum 

condition of pH=4.8, Fe/As=5:1 and H2O2/As=4:1 after 

heating in air at 200 °C for 1 h 

 

Another important point regarding the 
interaction between Fe/As and pH is that in spite of 
previously reported such interaction [11,24], the 
mechanism of this interaction cannot be found by 
reference. The addition of Fe2(SO4)3 into the 
solution results in arsenic precipitation via the 
formation of ferric arsenate and leads to a decrease 
in final pH. Based on these evidences, the following 
reaction can be proposed [22]: 

 
Fe(SO4)1.5+H3AsO4+wH2O 

FeAsO4ꞏwH2O+1.5H2SO4                    (18) 
 
Generation of a strong acid is another reason 

for the decrease in pH value during precipitation 
process; i.e., by the addition of iron(III) sulfate into 
the system, pH drops from an initial value of 13.1 
to 8.7−9.9, 5.6−6.2 and 4.3−5.6 when Fe/As molar 
ratio is 2:1, 3.5:1 and 5:1, respectively. 

The result of the leaching and precipitation 
experiments may be used to propose a flow diagram 
for the selective removal and stabilization of arsenic 
from the copper converter ESP flue dust (Fig. 11). 
Leaching using Na2S is beneficial in comparison 
with the acidic process where copper and zinc also 
enter into the leaching solution. Arsenic content of 
the leaching residue is 0.5% which is within the 
acceptable range to be recycled back to the copper 
production process; alternatively, this dust can be 
further treated for efficient separation and recovery 
of Pb and Zn. Moreover, lead, copper and zinc do 
not enter into the leaching solution, which 
simplifies the precipitation step and is advantageous 
for the recycling of the water back to the process. 
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Fig. 11 Process flow sheet for alkaline leaching and chemical precipitation of arsenic in copper converter ESP flue dust 

(R: Arsenic leaching rate; P: Arsenic precipitation rate) 

 

The precipitation step starts with the oxidation 
of As3+ to As5+ followed by the addition of 
Fe2(SO4)3 to form the highly insoluble amorphous 
FeAsO4. Fe2(SO4)3 effectively reduces pH to the 
desired value eliminating the use of pH modifier. 
This is specifically advantageous in comparison 
with the precipitation of arsenic from an acidic 
medium that requires a considerable amount of pH 
modifiers such as calcium hydroxide, which results 
in the formation of undesired byproducts. The 
solution that contains Na2SO4 can be crystallized 
through cooling to precipitate Na2SO4 and then 
recycled back to the process. 
 

5 Conclusions 
 

(1) Based on the statistical approach, 89% 
arsenic is leached with Na2S solution of 100 g/L 
and S/L ratio of 0.163 g/mL at 80 °C. S/L ratio and 
Na2S concentration are the most significant factors 
influencing the leaching process and the interaction 
between them is statistically significant. 

(2) The statistical analysis indicates that in 
arsenic stabilization, a precipitation rate higher than 
99.93% is achieved at the pH level of 4.8, Fe/As 
molar ratio of 5:1 and H2O2/As molar ratio of 4:1. 
Results show that both Fe/As molar ratio and pH 
are the significant factors influencing the 
precipitation process and their interaction is 
meaningful. 
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Na2S 选择性浸出铜转炉烟灰中的砷及 Fe2(SO4)3稳定化砷 
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摘  要：研究砷(As2O3)的 Na2S 碱性浸出，以及用 Fe2(SO4)3沉淀砷。采用基于中心组合设计的响应面法对相关因

素的影响进行定量和定性分析，提出用于参数优化的统计模型。结果表明，在 Na2S 浓度 100 g/L，固液比 0.163 g/mL

和温度 80 °C 的最优预测条件下，89%的砷可从烟灰中去除。研究发现，固液比和 Na2S 浓度是影响浸出过程的显

著因素。在沉淀过程中，当 pH 为 4.8、Fe3+与砷的摩尔比和 H2O2与砷的摩尔比分别为 5:1 和 4:1 时，浸出液中 99.93%

以上的砷以无定形砷酸铁的形式被除去。Fe3+与砷的摩尔比和 pH 值为最显著因素，而且他们之间的相互作用也

是显著的。 
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