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a b s t r a c t
At present, it is difficult to remove the ultra-high concentration of chloride ions (about 20,000 mg/L) 
in desulfurization wastewater by traditional methods. The aim of this work was to evaluate the 
removal of chloride ions from desulfurization wastewater by electro-catalysis progress using 
Ti/SnO2–Sb2O3/PbO2 electrodes. Response surface methodology (Box–Behnken design (BBD)) was 
employed to investigate the effects of current density, pH value, and electrolysis time on the removal 
of chloride ions. Three factors-three levels (BBD) was used for the optimization of process param-
eters. The predicted value in the established model agreed well with the actual value. The chloride 
ion removal reached 68.7% with an operating cost of 10.68 $/m3 wastewater under the optimum 
conditions of the current density of 690 A/m2, pH value of 8, and electrolysis time of 90 min.
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1. Introduction

Desulfurization wastewater is complex industrial 
wastewater generated from limestone–gypsum wet flue–
gas desulfurization [1,2]. In the desulfurization progress, 
the chloride ion (Cl–) will be enriched and become increas-
ingly high. The concentration of chloride ions in some 
power plants could reach 10,000–20,000 mg/L. This ultra-
high concentration of chloride ions reduces the effective-
ness of desulfurization, affects the quality of the gypsum, 
and accelerates the equipment corrosion. Therefore, the 
removal of chlorides from desulfurization wastewater has 
become a practical problem and deserves in-depth study. 
Treatment of this type of wastewater is very difficult due 
to its high concentration of Cl–. Besides, it is difficult to 
remove ultra-high concentration chloride ions (about 

20,000 mg/L) in desulfurization wastewater by traditional 
methods [3]. In order to reuse the desulfurization waste-
water, the concentration of chloride ions must be reduced 
by more than 50%, according to the requirement of a coal-
fired power plant enterprise in Xinjiang province, China. 
In recent years, multi-effect evaporation crystallization 
is used to solve the crystallization of chlorides. However, 
this method consumes a lot of energy. The increased Cl– 
concentration would corrode the materials used in the 
reactor and produce a new solid waste [4].

Therefore, the development of new processes for the 
efficient treatment of various industrial wastewaters with 
relatively low operating costs is urgent nowadays [5–8]. 
Recently, many investigations have pointed out that the 
use of advanced oxidation processes (AOPs) are desirable 
[9–11]. Especially, the electro-catalysis process has attracted 
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great attention due to the easy operation, excellent effect, 
and no discharge of secondary pollution to the environ-
ment [12–15]. However, to the best of our knowledge, 
there is little literature that studied the optimization of 
the electro- catalysis progress using Ti/SnO2–Sb2O3/PbO2 
electrode to treat the Cl– from desulfurization wastewater. 
The mechanism of removing chloride ions was proposed 
as following: the electro-catalysis process based on the 
employment of Ti/SnO2–Sb2O3/PbO2 anode is presented in 
Eq. (1). A hydrogen evolution reaction occurs simultane-
ously at the cathode to form H2 and OH− through Eq. (3). 
There are some side reactions in the solution as shown in 
Eqs. (5)–(7) [16]. Under alkaline conditions, the side reac-
tions produce ClO– ions, which will be converted into 
Cl– ions via Eq. (4) and finally be removed by the main 
reaction (Eq. (1)). The produced Cl2 gas on the anode 
side was absorbed by an absorption tank.

On the anode side:

2Cl− − 2e− → Cl2↑ (1)

4OH− − 4e− → 2H2O + O2↑ (2)

On the cathode side:

2H2O + 2e− → H2↑ + 2OH− (3)

ClO− + 2H2O + 2e− → 2OH− + Cl− (4)

Side reaction in solutions:

Cl2 + 2OH− → ClO− + Cl− + H2O (5)

Cl2 + H2O → HClO + H+ + Cl− (6)

HClO + H2O → H+ + ClO– (7)

It is well-known that the operating parameters deter-
mine the performance of electro-catalysis progress by 
using Ti/SnO2–Sb2O3/PbO2 electrodes. A lot of studies on 
the optimization process focused on the one-factor-at-a-
time approach, which is time-consuming and cannot obtain 
optimization results [17]. Many experimental design meth-
odologies such as reaction kinetics [18–20], artificial neural 
networks (ANNs) [21,22], and factorial design [23] response 
surface methodology (RSM) [24,25] have been investigated 
to optimize and to predict the results of treatment pro-
cesses. Among these methods, RSM is a useful method for 
optimizing a process by combining several independent 
variables and their interactions [17,26–28]. It is a powerful 
statistical-based technique to evaluate the simultaneous 
effects of several variables and obtain the optimum condi-
tions for desirable responses. This procedure reduces the 
number of experimental trials and cost. According to the 
interaction effects between the studied factors, this method-
ology could determine the combination of levels in order 
to optimize the process [17,29,30]. However, RSM has still 
not been used for electro-catalysis progress to optimize 
chloride ion removal from desulfurization wastewater.

Hence, this study aims to evaluate electro-catalysis 
processes for the removal of chloride ions from desulfur-
ization wastewater and optimize the operating parame-
ters. A Box–Behnken experimental design (BBD) with three 
factors-three levels was employed to evaluate the effects 
of current density, electrolysis time, and initial pH on the 
chloride ion percentage removal efficiency. The interactive 
effect of process variables, the optimization of electro-catal-
ysis process parameters, and the operating costs were also 
investigated.

2. Materials and methods

2.1. Desulfurization wastewater and chemicals

The desulfurization wastewater employed in this work 
was taken from the outlet of a coal-fired power plant in 
Xinjiang province, China. Its characteristics are shown in 
Table 1.

The pH value of solution was monitored by a por-
table pH meter (Metteler–Toledo Instruments Co., Ltd., 
Shanghai). All analytical methods were carried out in accor-
dance with the Standard Methods of the APHA (APHA, 
1998). Chemical oxygen demand (COD) was determined 
using a closed reflux spectrophotometric method based on 
the Standard Methods. AgNO3 solution of 200 g/L concen-
tration was employed to deposit the chloride ion to elim-
inate the chloride ion interferences on COD analysis. The 
method was as follows: take 20.0 mL water sample into 
250 mL reflux conical flask, then add 10.00 mL standard 
solution of dichromate reagent (0.2500 mol/L) and several 
zeolite, then drop AgNO3 solution until brick-red precipita-
tion occurs. If the amount of silver nitrate solution exceeded 
5.0 mL, dilute the water sample again. The chloride ion 
concentration was determined by titration with a standard 
AgNO3 solution and K2CrO4 solution as a color developer.

2.2. Experimental method

As shown in Fig. 1, a cylinder organic glass reactor 
with volume of 2,000 mL was employed for electro-ca-
talysis experiment. The electronic cell was equipped 
with an electrode array: a reticular Titanium plate 
(10 cm × 6 cm × 0.2 cm) with a thin coating of Ti/SnO2–
Sb2O3/PbO2 as anode and a same dimension titanium plate 
as cathode. The distance between the two electrodes was 
kept at 1 cm. In each experiment, 1,500 mL of wastewater was 
placed in the reactor. After the reaction, and the samples 

Table 1
Characteristics of desulfurization wastewater used in the 
experiments

Parameter Average value

pH 8~9
COD (mg/L) 1,072 ± 100
Turbidity (NTU) 28 ± 5
Conductivity (mS/cm) 40.2 ± 10
Chloride (mg/L) 19,900 ± 200
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were collected for further analysis. All experiments were 
performed at constant temperature (25°C). Every electro-
catalysis experiment were carried out twice in parallel. 
The percentage removal efficiency of chloride ion was 
calculated using the following equation:

Percentage removal efficiency %( ) = −







×

C
C

C0

0

100  (8)

where C0 and C the initial and final concentrations of 
chloride ion.

2.3. BBD response surface design

To investigate the individual and interactive effects 
of process variables on the percentage of the chloride ion 
removal efficiency, a BBD based response surface method 
(RSM) with independent variables was employed. Based 
on our previous study [31] and the single factor experi-
ment, the independent variables of current density (A), 
time (B), and pH value (C) were selected for modeling and 
optimization of the electro-catalysis process. Response 
surface method was adopted to optimize the conditions 
under the assumption of the influence of experimen-
tal factors on chloride ion removal rate was curvilinear. 
According to the response surface BBD principle, three 
factors including current density, time, pH after the test 
results were obtained, response surface analysis method 
with 3 factors and 3 levels was adopted to obtain the qua-
dratic regression equation and find out the best process 
parameters. The levels of the variables used in the exper-
iments were shown in Table 2. The Cl– removal (%) was 
selected as the dependent response variable. The quadratic 
model was used to predict the relationship between inde-
pendent variables and dependent response variables for 
the electro-catalysis progress as given in Eq. (9):

Y = a0 + a1x1 + a2x2 + a3x3 + a11x1
2 + a22x2

2 + a33x3
2 + a12x1x2 +  

   a13x1x4 + a23x2x3 (9)

where, Y is the response value (Cl– removal efficiency, %); 
x1, x2, and x3 represent the levels of the three independent 
variables (current density (A), time (B), and pH value (C)); 

a0 is the intercept; a1, a2, and a3 are the linear regression coef-
ficients; a11, a22, and a33 represent the quadratic regression 
coefficients; a12, a13, and a23 are the interaction regression 
coefficients.

3. Results and discussion

3.1. ANOVA analysis

In order to check the statistical significance of the fitted 
quadratic models and analyze the results, the analysis of 
variances (ANOVA) was conducted by using the software 
Design Expert 11. The full factorial BBD with three factors 
in three levels and the results of Cl– removal efficiency was 
illustrated in Table 3.

The data were fitted to the quadratic models and the 
significance and adequacy were tested by the ANOVA. 
As shown in Table 4, the overall ANOVA of the model 
shows that F is 350.948 and P is far less than 0.001, indicat-
ing that the model is valid and statistically significant. The 
ANOVA of the misfitting term shows that the F-value is 
3.241 and P is greater than 0.05, indicating that the model 
is reasonable. There is no need to fit higher order equa-
tions and introduce more independent variables. The model 
determination coefficient was 0.997 and the adjustment 
determination coefficient was 0.995, indicating that 99.5% 
of the change in response value came from the selected 
factors. Coefficient of variation (CV%) was used to eval-
uate the degree of variation between different levels of 
the treatment group. The value of the adjusted determina-
tion coefficient (adjusted R2 = 0.994) also proved the high 
significance of this model. The low value of the coefficient 
of variation (C.V. = 1.33%) suggested the reliability and 
the high precision of the experimental runs. The signal 
to noise ratio (adeq. precision) is usually expected to be 
greater than 4. In this model, the signal-to-noise ratio of the 
model is 47.08, which indicates the model could accurately  
reflect the experimental results. 

The values of all regression coefficients with the selected 
levels are given in Table 5. As can be seen, B-time (min), 
C-pH, AB, AC, BC, A2, B2, and C2 have significant effects on 
the removal rate of Cl– as the P is less than 0.01, indicating 
that A, B, and C factors have linear and quadratic effects 
on the removal rate of chloride ions. Among these factors, 
it is concluded that the developed mathematical models 
have the ability to describe the electro-catalysis process. 
On the basis of the estimation of the coefficients (Table 5), 
the response functions with the determined coefficients 
for Cl– removal are presented by the equation:

Fig. 1. Bench-scale electro-catalysis with electrode array in par-
allel connection.

Table 2
Coded and actual values of the variables of the design of 
experiments for the overall electro-catalysis optimization

Factor Independent variable Range and level

–1 0 +1

A Current density (A/m2) 500 700 900
B Time (min) 60 90 120
C pH value 6 8 10
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Chloride ion removal (%) = 68.56 + 0.12A + 1.58B + 2.27C  
 – 5.64AB – 5.95AC – 8.97BC – 11.78A2 – 7.90B2 – 6.40C2 (10)

3.2. Analysis of response surface

3.2.1. Overall effect analysis of the selected factors

The factors selected in this experiment have the qua-
dratic effect, linear effect, and interaction effect on the 
removal rate of chloride ions. As shown in Fig. 2, response 
values appear to increase rapidly after a certain value 
and then began to decline with the increase of the factor 
level. It can be seen from the three factors of variations in 
the steep degree of wave pattern that current density (A) 
is higher than time (B), while time (B) is higher than pH 

Table 3
Experimental design matrix and results of Cl– removal efficiency

Run A: current 
density (A/m2)

B: time of  
electrolysis (min)

C: pH Cl– removal 
(%)

1 0 0 0 68.01
2 0 1 1 48.89
3 –1 0 1 58.35
4 –1 –1 0 42.12
5 0 –1 1 63.48
6 1 1 0 44.36
7 0 1 –1 62.98
8 0 0 0 68.54
9 1 –1 0 52.69
10 0 0 0 69.01
11 0 –1 –1 41.69
12 0 0 0 68.05
13 1 0 –1 54.31
14 –1 1 0 56.36
15 1 0 1 47.62
16 0 0 0 69.18
17 –1 0 –1 41.23

Table 4
ANOVA test for the quadratic models

Standard deviation 0.750767 R-squared 0.997789
Mean 56.28647 Adj. R-squared 0.994946
C.V. % 1.333832 Pred. R-squared 0.973923
PRESS 46.52749 Adeq. precision 47.08222

Table 5
Estimated regression coefficients and corresponding significance level

Source Sum of squares df Mean square F P Saliency

Model 1,780.311 9 197.8123 350.9484 <0.0001 **
A: current density (A/m2) 0.1058 1 0.1058 0.187705 0.6779 **
B: time (min) 19.87651 1 19.87651 35.26388 0.0006 **
C: pH 41.08711 1 41.08711 72.89463 <0.0001 **
AB 127.3512 1 127.3512 225.94 <0.0001 **
AC 141.729 1 141.729 251.4483 <0.0001 **
BC 321.8436 1 321.8436 570.9983 <0.0001 **
A2 584.1888 1 584.1888 1,036.438 <0.0001 **
B2 262.5462 1 262.5462 465.7958 <0.0001 **
C2 172.544 1 172.544 306.1187 <0.0001 **
Residual 3.945555 7 0.563651
Lack of fit 2.795675 3 0.931892 3.241701 0.1428
Pure error 1.14988 4 0.28747
Cor. total 1,784.256 16

*p < 0.05 means significant, **p < 0.01 means extremely significant.

Fig. 2. Wave pattern of each factor.
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value (C). It can conclude that the current density and the 
electro-catalysis time determine the Cl– removal efficiency. 
As the concentration of chloride ions must be reduced 
by more than 50% to meet the requirement of the enter-
prise in Xinjiang province, China. The optimum current 
density and time need to be properly selected.

3.2.2. Interaction analysis among different factors

Response surface analysis diagram is an 3D surface 
diagram composed of response values and each vari-
able, showing the influence of the other two factors on 
the removal rate of chloride ion. The higher the slope of 
response surface diagram, the greater the influence of 
this factor on chloride ion removal rate. However, when 
two factors interact, the influence process of one factor on 
chloride ion removal rate is different at different levels. 
The contour map is on the surface of the same response val-
ues to form in the bottom curve. When the contour tends 
to be more rounds, it shows that the interaction of the 
two is smaller. If the contour lines in the ellipse are closer,  
it indicates that the interaction of the two is bigger. 
The intensity of contour reflects the degree of the influ-
ence of factors on the chloride ion removal rate. The 
more intense contour means the greater effect on chloride 
ion removal rate.

It can be seen from Fig. 3a that the contour line of cur-
rent density (A) and time (B) factors present an ellipse 
from the upper left to the lower right, indicating that cur-
rent density (A) and time (B) factors interact. As the con-
tour density of A factor is higher than that time (B factor), 
exhibiting that current density (A) has a higher influence on 
Cl– removal rate than time (B). The current density is one 
of the effective parameters in the electrochemical process, 
which influences the process efficiency significantly. For 
this purpose, the current density in the range of 500–900 A/
m2 was investigated for the chloride ion removal rate. As 
shown in Fig. 3b, chloride ion removal rate also increases 

with the increase of current density. Because the forma-
tion of Cl2 rate is mainly controlled by the applied current 
density during electrolysis. The chloride ion removal rate 
began to fall when the current density is more than a certain 
value (680–710 A/m2). The results showed that the highest 
chloride ion removal efficiency was obtained at higher cur-
rent densities, which is in good agreement with the results 
of the present study [31]. Because of the interaction effect, 
under the different level of time (B) factors, the level of 
current density factor increases on chloride ion removal 
rate changes have differences. Chloride ion removal rate 
decline slowly and then increasing rapidly when time fac-
tor is at low level with the increase of factor. Under the 
high level of the time factor, with the increase of current 
density factor, chloride ion removal declines faster after 
slowly rising. With the increase of time factor, the chloride 
ion removal rate also increases. When the time is more than 
a certain value (85–98 min), the chloride ion rate begins to 
fall. Because of the interaction, under different levels of 
current density factor, the increase of time factors leads 
to chloride ion removal rate changes have the difference. 
When the current density is low, with the increase of time, 
chloride ion removal rate slowly declined after increasing 
rapidly. When factor current density factor is high level, 
with the increase of operating time, chloride ion removal 
rate declined rapidly after rising slowly. This phenomenon 
agrees well with many previous electro-catalysis study [32].

As shown in Fig. 4a, the contour line of current density 
(A) and pH (C) factors present an ellipse from the upper 
left to the lower right, indicating that there is an interaction 
between A and C factors. The density of the contour line of 
factor A is higher than that of C factor, which suggests that 
the current density factor has a higher influence on the chlo-
ride ion removal rate than the pH factor. In the electro-ca-
talysis progress, the initial pH has also been observed to 
be a very important factor. In order to evaluate this param-
eter, the experiments were carried out at different initial 
pH values (6–10). As shown in Fig. 4b, with the increase 

Fig. 3. (a and b) Interaction of the factors current density (A) and the time (B).
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of current density (A) levels, the chloride ion removal rate 
increases. When the current density is more than a certain 
value (670–710 A/m2), the chloride ion removal rate began 
to fall. Because of the interaction, when the pH factor was 
low, with the increase of current density, the chloride ion 
removal rate increased quickly after a slow drop. When 
the pH factor was high level, the chloride ion removal slow 
declined after rising slowly with the increase of current 
density. With the increase of pH factors the chloride ion 
removal rate also raised. After a certain value (7.5–9.0), the 
chloride ion removal rate began to fall. But the change was 
very slight. Base on the previous study [31], the porous Ti/
SnO2–Sb2O3/PbO2 electrode has a good removal effect over 
the whole range of pH values. Because of the interaction, 
when the current density is at a low level, with the increase 

of pH, the chloride ion removal rate slow declined after 
increasing rapidly. When the current density was at a high 
level, with the increase of pH, the chloride ion removal rate 
declined rapidly after slowly rising. This may be attributed 
to the interaction between current density and pH values.

As shown in Fig. 5a, the contour line of operating time 
(B) and initial pH (C) factors presents an ellipse from the 
upper left to the lower right. The contour density of B fac-
tors is higher than that of C factor. It indicated that B factors 
have a higher influence on chloride ion removal rate than 
C factors. Increasing electrolysis time in many progresses 
could lead to greater contact between the electrode and the 
pollutant and increased removal efficiency. To study the  
effect of electrolysis time on the removal of chloride ions, 
electrolysis time was selected in the range of 60–120 min. 

Fig. 4. (a and b) Interaction of factors current density (A) and pH (C).

Fig. 5. (a and b) Interaction of factors current density (A) and pH (C).
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The results showed that electrolysis time was directly 
correlated with the chloride ion efficiency. It can be seen 
from Fig. 5b that the chloride ion removal rate increases 
with the increase of time. When the operating time was 
higher than a certain value (84–100 min), the chloride ion 
removal rate began to fall. Because of the interaction, when 
pH factor was low, with the increase of time, the chloride 
ion removal rate increased quickly after a slow drop. The 
chloride ion removal rate declined rapidly after a slow 
rise with the increase of operating time when pH was at 
a high level. The chloride ion removal rate rises with the 
increase of pH factors. When the pH value was more than 
7.5–9.0, the chloride ion removal rate began to fall. Because 
of the existence of interaction at different levels in operat-
ing time, when the time was low, with the increase of pH 
factors, the chloride ion removal rate slowly declined after 
a faster increase. When the operating time was at a high 
level, along with the increase of the pH factor levels, the 
chloride ion removal rate rises slowly and then decline 
rapidly. The results showed that electrolysis time was 
directly correlated with chloride ion so that it was increased 
by increasing electrolysis time from 60 to 120 min. The 
obtained results indicate that the chloride ion removal was 
increased rapidly with increasing operating time at the 
early reaction, but kept smooth growth after 60 min [31].

3.3. Optimization of electro-catalysis process 
parameters and validation of the models

The suitability of the mathematical model equations 
for predicting the optimum response values were tested 
using the selected optimal conditions. The result showed 
that the optimized conditions were the current density 
of 690.88 A/m2, the time of 90.17 min, and the pH of 8.39. 
Under these conditions, the theoretically predicted value 
of the removal rate of chloride ions was 68.78%. Under the 
optimal theoretical conditions, three experiments were con-
ducted when the current density of 691 A/m2, the time of 
90 min, and the pH 8.4, the results were 68.75% ± 3.245%, 
which was very close to the predicted value in theory and 

the error was less than 5%. It is indicated that the optimal 
process conditions were reasonable and feasible. As shown 
in Fig. 6, the residuals normal diagram also indicates that 
residuals are closely distributed around the diagonal line, 
which satisfies the normality. 

A series of experiments were conducted to verify the 
model. The scatter points of both the actual and predicted 
values were given in Fig. 7. It can be seen that the pre-
dicted vs. experimental plot for the Cl– removal were dis-
tributed near to the straight line. The scatter points are 
closely distributed around the diagonal, which indicates 
the predicted values and the actual values fit well. Thus, it 
was a suitable model to predict chloride ion removal effi-
ciency. According to the established model, the predicted 
value was very close to the experimental data.

3.4. Operating costs of the electro-catalysis process for 
the chloride ion removal

The operating costs (OC) of the electro-catalysis process 
for the chloride ion removal were calculated by combining 
the electrodes cost, the electrical energy cost, chemicals, as 
well as labor, maintenance costs [33]. In this electro-cataly-
sis process, the energy, electrode material were taken into 
account as major cost items in the calculation of the OC 
as $/m3 for the removal of chloride ion wastewater [34,35]:

OC = xCenergy + yCelectrode (11)

where the constants x, y were provided by the China mar-
ket in September 2019 with a value of electrical energy 
price (0.1 $ /kWh), electrode price (40 $/m2), respectively.

Specific energy consumption per volume of treated 
model wastewater (kWh/m3) can be calculated by the 
following equation [36]:

C I V t
Venergy

waster water

=
× ×  (12)

Fig. 6. Residuals normal diagram.
Fig. 7. Predicted vs. experimental data regarding the Cl– removal 
efficiency.
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where I is the applied current (A), V is the voltage (V), t is 
the operation time (h), and V is the volume of the desul-
furization wastewater (m3). It was found that when 690 A/
m2 current density was applied, energy consumption was 
82.8 kWh/m3. According to the equations, OC for the elec-
tro-catalysis process for 68% removal of chloride ion was 
calculated as 10.68 $/m3, which was an acceptable price 
for the power enterprises. Compared with other work 
in the electrolysis–electrodialysis process for remov-
ing chloride ions [37], Cui et al. use pure Ti and Ti-based 
ruthenium–iridium–titanium coatings as the anode and 
cathode materials. Under the optimal condition, the treat-
ment cost from the energy consumption is 0.15 $/kg Cl−, 
with considering the profit of the Cl2, H2, and Ca(OH)2 
by-products. Especially, the electro-catalysis process 
required no feeding device which is economically feasible, 
industrially feasible, and worth popularizing.

4. Conclusion

In order to effectively remove ultra-high concentration 
chloride ions in desulfurization wastewater, the perfor-
mance of electro-catalysis progress for chloride ion removal 
from desulfurization wastewater was investigated in a lab-
oratory-batch study. The experimental parameters were 
optimized by using an RSM with BBD. Three factors-three 
levels Box–Behnken response surface design was used for 
the optimization of the process including current density, 
electrolysis time, and pH value. Their interactive effects on 
the response of chloride ions removal were also studied. 
The optimal process parameters were that the current den-
sity was 690 A/m2, the time was 90 min, and the pH was 
8. With the effect of Ti/SnO2–Sb2O3/PbO2 electrodes, the 
concentration of chloride ions can be removed by more 
than 50%. A reduction in the concentration of chloride 
ions can reduce the corrosion of equipment. Under these 
conditions, the removal rate of chloride ions was 68.78 
%, and the operating cost was 10.68 $/m3 wastewater. The 
results indicated that a BBD can be applied to identify 
the most significant operating parameter for removing a 
chloride ion from desulfurization wastewater during an 
electro-catalysis reaction. It can provide guidance for the 
potential industrial application.
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