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Abstract

In an electrochemical reactor made by the authors, the degradation of simulated methyl orange 
wastewater was experimentally studied by using a diaphragm system with an anode and cathode 
coaction electrochemical method. Response surface methodology was used to optimize the one-factor 
test results. The optimum condition was that when the voltage was 20.56 V, the distance between 
the plates was 4.4 cm, and the aeration rate was 2.21 L/min. The order of influence of each factor 
was as follows: voltage> distance between electrodes> aeration rate. The two most influential factors 
were the voltage and aeration rate. Under optimal conditions, the decolorization rate of methyl orange 
in the cathode chamber reached 90.81%, and in the anode chamber, it was 98.75%. At the same 
time, the energy expenditure of the diaphragm system during electrolysis is analyzed. UV-visible 
absorption spectroscopy showed that methyl orange experienced both molecular structure degradation  
and mineralization during the electrolysis process. The decolorization effect in the anode chamber was 
better than that in the cathode chamber, but the degree of mineralization of methyl orange in the cathode 
chamber was better than that in the anode chamber.
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Introduction

Printing and dyeing wastewater have the 
following characteristics: complex water quality, large 
emissions, high chroma and poor biodegradability. If 
these wastewaters are discharged into natural water 
without effective treatment, they pose a great threat 
to the ecological environment and human health [1-
2]. Therefore, in order to minimize the pollution and 
protect the environment, the pretreatment of dye 
wastewater discharge is important. At present, the 
common treatment methods of dye wastewater include 
physicochemical methods [3], chemical methods [4]
and biological methods [5].I n recent years, the use 
of electrochemical methods for the treatment of dye 
wastewater has received extensive attention [6-9]. 
Electrocatalytic oxidation technology is a new type of 
advanced oxidation process that directly or indirectly 
produces strong oxidizing substances through the 
catalytic oxidation of active electrodes, thereby 
degrading refractory organics. At present, researchers 
mostly use electrocatalytic activity (DSA) electrodes 
as anode materials, mainly through H2O2 electrolysis, 
to produce strong oxidizing substances such as ·OH 
to degrade pollutants. This method has been applied 
to the treatment of refractory wastewater [10-12]. 
However, due to the difference in the cathode and 
anode electrolysis products, the reduction reaction by 
the cathode cannot directly generate strong oxidizing 
radicals, so the reduction of organic pollutants by the 
reduction reaction of the cathode is inefficient. A well-
designed electrochemical reactor can efficiently treat 
organic pollutants in wastewater by the oxidation of DSA 
anodes and the oxidation of cathodes. In view of this, 
the author took methyl orange simulated wastewater as 
the research object; utilized a diaphragm device in the 
electrochemical reactor; and selected a titanium plate 
as the cathode, a titanium-based ruthenium coating as 
the anode, and polyester 729 as the separator material. 
Then, the effect of electrochemical catalytic oxidation 

in the cathode and anode chambers on the degradation 
of methyl orange was studied. Experiments show that 
fully utilizing the electrocatalytic oxidation technology 
of the anode, namely, the reduction of H2O2 by cathode 
reduction and the further oxidation of free radicals, 
which provide more oxidizing ability, can jointly 
degrade organic pollutants. Thus, the degradation 
effect of organic pollutants are highly improved, while 
simultaneously decreasing energy expenditure. The 
response surface method was used to optimize the 
influencing factors of methyl orange decolorization in 
cathode chamber and anode chamber, and more accurate 
reaction conditions were obtained. This research will 
lay the foundation for the application of electrochemical 
technology in wastewater treatment.

Materials and Methods

Reagents and Instruments

Methyl orange wastewater was simulated in this 
study. The wastewater was prepared by adding specific 
reagents at concentrations of 100 mg/L. Industrial  
pure methyl orange was purchased from Fuchen 
Chemical Reagent Factory, Tianjin; Anhydrous sodium 
sulfate was purchased from China Pharmaceutical 
Group Chemical Reagent Co. Ltd; Drugs such as 
concentrated sulfuric acid and sodium hydroxide were 
all from Tianjin Cobra Chemical Reagent Development 
Center.

The following instruments were used for testing:  
a 881-6 thermostatic blast dryer; a JD5000-2 electronic 
balance; an LZB-3 WB rotor flowmeter; a 8453 UV-
Vis spectrophotometer; UV-VIS; a D40-2F electric 
centrifuge; a YJ65 DC power supply; a ACO-318 rotor 
flowmeter; a 85W UV high-pressure mercury lamp;  
a PHS-25 acidometer.

The experiment used an electrochemical reactor 
made by the authors, as shown in Fig. 1.

Fig. 1. Schematic diagram of the experimental device.
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The electrolytic cell was made of plexiglass (from 
Shenyang Donglin plexiglass manufacturer) and had 
dimensions of 200 mm×200 mm×150 mm and an 
effective volume of 3.5 L. The diaphragm was fixed in 
the middle of the cell and measured 150 mm×150 mm. 
The anode plate and cathode plate were placed in the 
groove. The anode material was a titanium-based 
ruthenium coating. The cathode material was a titanium 
plate. The plate area was 120 mm×120 mm, and the 
distance between the plates could be adjusted.

Pretreatment of test Materials

Pretreatment of Electrode Plates

Electrode plates must be soaked in dilute sulfuric 
acid for 24 h before using, The surface impurities and 
organic matter were then washed with deionized water, 
Then immersed in deionized water for 12 h, placed in 
110ºC drying standby furnace drying reserve.

Pretreatment of Diaphragm Materials

Flushed the diaphragm material repeatedly with 
deionized water to remove the surface toner and other 
impurities, then boiled with deionized water, and finally 
dried in an electrothermal blast dryer for 120ºC and set 
aside.

Test Method

The treated electrode plates and diaphragm were 
placed in the reactor, and then adjusted the distance 
between electrode plates, add 3500 ml of pre-configured 
methyl orange solution to the electrochemical reactor, 
added a certain amount of electrolyte, connect air 
compressor to aeration, regulating air flow through 
rotor flow meter. Finally, switched on DC Power Supply 
so that the reaction takes place at a certain voltage. 
Samples were taken and analyzed every 10 minutes, 
the absorbance of water samples was measured by  
UV-Vis Spectrophotometer, Then the decolorization rate 
of methyl orange was calculated. Tests were performed 
at room temperature of 20ºC.

Analysis Methods

UV-VIS

10, 20, 30, 40, 50 and 60 min of water samples 
were selected, then scan on UV-Vis absorption spectra. 
Wavelength was set between 200 nm and 700 nm, set to 
display 3 peaks and 3 valleys.

Determination of Chroma

A methyl orange solution of 10 mg/L was selected  
to determine the absorbance value at different 
wavelengths, as shown in Fig. 2. The graph shows 

from the figure that the methyl orange solution has the 
maximum peak at 460 nm wavelength, therefore was 
chosen 460 nm as the absorption wavelength of the 
methyl orange in this test.

The chromaticity is represented by the absorbance 
value at the maximum absorption wavelength, The 
water samples of different concentrations were removed 
for 10 mL, first centrifuged and then diluted to a certain 
multiple with distilled water, then mixed evenly. The 
absorbance of water samples with different degradation 
degrees was determined with distilled water at 460 nm 
wavelength with a colorimetric dish of 10 mm. The 
absorbance of water samples was determined with 
distilled water as reference. The standard curve is 
shown in Fig. 3.

In the experiment, the chroma removal rate is 
calculated according to the following formula:

                   (1)

Fig. 3. The standard curve of concentration-absorbency.

Fig. 2. The curve of absorbency-wavelength 
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Where η(%) represents the removal rate of chroma, 
A0(A) and At(A) represent the dye absorbance at time 0 
and time t, respectively.

Determination of pH 

The pH was measured by Glass Electrode Method. 
Tests was conducted under neutral conditions.

One-Factor Analysis

For exploring the effect of different reaction 
factors on the degradation effect of methyl orange, 
the decolorization rate of dyes under different voltage, 
electrolyte dosage, distance between the plates, 
aeration and other test conditions were investigated, and 
the optimal conditions of the reaction were determined 
by comprehensive analysis.

Response Surface Analysis

If there is a significant interaction between factors, 
the optimal conditions obtained by one-factor analysis 
will be different from the results of the multivariate 
optimization. The larger the interaction effects  
the greater the difference will be found. Therefore, 
the results of one-factor tests may be biased because 
the influence of one factor may depend on the level  
of other factors involved in optimization. This is why  
the level of all factors should be designed to change 
at the same time, that is, the importance of response 
surface analysis. The first step of multivariate 
optimization is to screen the studied factors and obtain 
the best operating conditions through more complex 
experimental design after determining the important 
factors [13].

The response surface optimization design Box-
Behnken Design (BDD) model is used in this study, 
and the three factors and three levels test design is 
carried out by Design-Expert software. According to 
the previous one-factor test, the range of factor level 
was determined, and 17 groups of tests were carried 
out. According to the statistical requirements of  
the Box-Behnken Design test design, the decolorization 
rate of methyl orange is in accordance with the 
quadratic polynomial model by comparing the variance 
analysis of different models such as linear, quadratic 
and cubic:

   (2)  

...where Y represents the response value, b0 represents 
the central point correction response, bi, bii and 
bij represent the Linear, quadratic and interaction 
coefficient, respectively. Xi, Xj was coded for different 
independent variables.

Results and Discussion

One-Factor Analysis

Effect of the Dose of the Na2SO4 

In the electrochemical system, in order to improve 
the conductivity of refractory organic wastewater 
solution, it is necessary to add the proper amount of 
electrolyte to the reaction system, so as to increase the 
current density, remove the organic pollutants quickly, 
and make the electrolytic reaction proceed smoothly. 
Direct electrolytes should have good conductivity, 
stability, and be soluble in water. The commonly used 
electrolytes are H2SO4 for acids, NaOH, KOH for alkali, 
Na2SO4, NaCl for salts and so on. The condition chosen 
in this experiment is neutral, so the electrolyte Na2SO4 
or NaCl of salt can only be chosen, but NaCl is used as 
an electrolyte, it is easy to produce refractory halides in 
the process of wastewater treatment, so the electrolyte 
used in this experiment is Na2SO4.

Fig. 4. Decolorization rate of methyl orange in the anode 
room(left) and cathode room(right) at (a) varying initial 
electrolyte dosage (initial concentration - 100 mg/L, pH - 7.0, 
voltage - 20 V, distance between electrodes - 4 cm, aeration rate 
- 2.0 L/min).
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Fig. 4 shows the decolorization of methyl orange 
in the cathode chamber and the anode chamber under 
different electrolyte dosage. The results show that if the 
electrolyte concentration is too low, the conductivity 
of the solution is low, which is not conducive to the 
degradation reaction; however, if the electrolyte 
concentration is too high, the hydrogen evolution 
side reaction will accelerate, the power expenditure 
will increase, and a large number of bubbles will be 
generated, which decreases the mass transfer rate;  
thus, the decolorization effect will be changed [14]. 
Based on the results, the optimum amount of Na2SO4 is 
0.02 mol/L.

Effect of Voltage

Voltage is a necessary condition for electrochemical 
reaction. It is the driving force for electrolysis, which 
determines the electrode potential of the cathode 
and anode plates, but the removal of organic matter 
is unfavorable when the applied voltage exceeds  
the reactor load. Therefore, it is very important to 
control the voltage and select the appropriate voltage to 
test it.

As seen from Fig. 5, there is an optimum value 
for the effect of voltage on the decolorization rate 
of methyl orange. When the voltage is 20 V, the 
decolorization effect of methyl orange is the best, 
and the decolorization rates of methyl orange in the 
cathode and anode chambers are 90.23% and 98.60%, 
respectively. When the voltage is increased from 5 to 
20 V, the decolorization rate is significantly improved. 
As the voltage increases, the electric field begins to 
increase, and the H2O2 produced by the reduction in the 
cathode chamber increases. The concentrations of •OH, 
•O2-, and HO2- also increase. Therefore, the degradation 
efficiency improves, while the amount of active oxygen 
generated in the anode chamber also increases, which 
promotes the progress of the reaction. When the voltage 
continues to increase, the decolorization rate decreases 
because when the voltage is too high, the electrolysis 
side reaction begins to increase; moreover, too high 
a voltage will cause a large amount of bubbles on the 
surface of the plate [15], affecting the degradation 
effect. Thus, 20 V is determined to be the optimal tank 
voltage.

Effect of the Distance between Electrodes

The electrode plate is the basis of electrochemical 
reaction. Not only the electrode plate material has 
an effect on the reaction effect, but also the distance 
between the plates has a direct effect on the reaction 
results. The distance between electrodes determines 
the size of the resistance in the electrolytic cell, the 
transfer distance of electrons and the transfer speed 
of matter, etc., thus affecting the energy consumption 
during the reaction. Choosing the appropriate distance 
between electrodes is not only beneficial to improve 

the reaction efficiency, but also can effectively reduce 
the energy consumption, thus improving the removal 
rate of organic matter.

Fig. 6 shows that as the distance between the plates 
increases, the decolorization rate of methyl orange in 
the cathode and anode chambers first increases and 
then decreases. When the distance between electrodes 
is increased from 1 to 4 cm, the decolorization rate of 
methyl orange in the cathode chamber increases from 
85.32 to 89.23%, and the decolorization rate of methyl 
orange in the anode chamber increases from 95.38 
to 98.60%. When the distance between electrodes 
is small, the internal resistance of the reactor is also 
small, and the current is large, but at this time, the 
concentration polarization of the solution is very high, 
and the current efficiency is low, thereby affecting the 
decolorization effect of methyl orange. As the distance 
between electrodes increases, the resistance also 
increases. At this time, the mass transfer efficiency 
of the solution is high, and the decolorization effect  

Fig. 5. Decolorization rate of methyl orange in the anode 
room(left) and cathode room(right) at (a) varying initial voltages 
(initial concentration - 100 mg/L, pH - 7.0, distance between 
electrodes - 4 cm, aeration rate - 2.0 L/min, electrolyte dose  
- 0.02 mol/L).
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of methyl orange is remarkably improved. However, 
when the distance between electrodes exceeds 4 cm, the 
decolorization rate of methyl orange in the anode and 
cathode chambers drops sharply. This result is because 
excessive electrical resistance decreases the electric 
field strength while the mass transfer distance increases, 
thereby affecting the degradation of organic matter [16]. 
Therefore, the optimal distance between electrodes is 4 
cm.

Effect of the Aeration Rate

In the electro-chemical oxidation unit of diaphragm 
system, there are three-phase interface reactions of 
gas, liquid and solid, so aeration is very important. 
In the process of electrolysis, the air provided by the 
air compressor enters the bottom aeration pipe of the 
reactor through the intake pipe and then enters the 
electrolytic cell through the air distribution plate.  

On the one hand, the aeration can increase stirring, 
reduce the short-circuit current, increase the effective 
reaction current and increase electrode area for 
degradation of organic matter. On the other hand, 
the aeration can provide oxygen needed for the 
reaction, thus producing hydrogen peroxide, further 
producing free radicals with stronger oxidation ability 
and improving mass transfer efficiency. Therefore, 
it is necessary to study the effect of aeration flux 
on the treatment of simulated dye wastewater in the 
electrochemical oxidation of diaphragm system. 

Fig. 7 shows that the effect of the aeration rate in 
the cathode chamber on the decolorization effect of 
methyl orange is the best when the aeration rate is 
2.0 L/min, resulting in the decolorization rate of methyl 
orange being 89.23%. When the aeration rate is low,  
the decolorization rate of methyl orange is also low.  
This is because the surface of the cathode is 
insufficiently supplied, so that the amount of H2O2 

Fig. 6. Decolorization rate of methyl orange in the anode 
room(left) and cathode room(right) at a) varying initial  
distance between electrodes (initial concentration - 100 mg/L, 
pH - 7.0, voltage - 20 V, aeration rate - 2.0 L/min, electrolyte 
dose - 0.02 mol/L).

Fig. 7. Decolorization rate of methyl orange in the anode 
room(left) and cathode room(right) at a) varying initial aeration 
rate (initial concentration - 100 mg/L, pH - 7.0, voltage  
- 20 V, distance between electrodes - 4 cm, electrolyte dose  
- 0.02 mol/L).
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produced is also insufficient, and the amount of strong 
oxidizing radicals is also small, thereby resulting in 
the poor oxidative degradation of organic matter [17]. 
However, if the aeration rate is too high, the stirring 
effect is enhanced, the contact time between oxygen and 
the cathode surface is short, and the generated hydrogen 
peroxide and strong oxidizing radicals are easily 
destroyed [18], thereby reducing the decolorization rate 
of methyl orange. A high aeration rate in the anode 
chamber is better than a low aeration rate for the 
decolorization of methyl orange, but the effect is not 
obvious. Considering that aeration may play a role in 
heat transfer and heat dissipation, the optimal overall 
aeration rate is 2.0 L/min.

Spectroscopic Analysis of the Reaction Mechanism 
of Electrochemical Oxidation 

Fig. 8a) shows that methyl orange has two main 
absorption peaks in the UV-Vis region, which are 263 
and 470 nm. According to the molecular structure of 
methyl orange and persistent organic pollutant (POP) 
theory, the peak at 263 nm is caused by the π-π* 
transition of the benzene ring conjugated system of 
methyl orange, and the peak at 470 nm is caused by the 
azo structure n-π* transition of methyl orange [19, 20]. 

The two peak values of the reaction gradually weaken 
until the reaction disappears for 60 min, indicating that 
both the π-π* bond and the azo structure n-π* bond of 
the benzene ring conjugated system of methyl orange 
is destroyed. The molecular structure changes, and the 
chromophore group no longer exists, thereby achieving 
discoloration.

As seen from Fig. 8b), before the start of 
electrolysis, there are two absorption peaks in the water 
sample, which are again at 263 and 470 nm. During 
the electrolysis process, the absorption peak at 470 nm 
redshifts to 508 nm because the anode chamber quickly 
becomes acidic (pH<3) after the start of electrolysis, 
and methyl orange is red under acidic conditions.  
The colour of azo dye is primarily determined by  
the azo bond and its associated chromophore and co-
colour groups. After 30 min, the absorption peak 
disappears at 508 nm, but there is still an absorption 
peak in the region below 470 nm, indicating that there 
is still an intermediate product in the solution. It can 
also be seen that there is no new absorption peak in 
the process of degrading methyl orange in the anode 
chamber, indicating that the degradation of methyl 
orange is caused by the destruction of its chromophore 
group.

Fig. 8. UV-vis Spectrum during the reaction in the cathode room a) and anode room b).
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Diaphragm System Energy Analysis

According to Fig. 9, regression analysis was 
carried out on the relationship between the voltage 
in the cathode chamber and anode chamber and the 
decolorization rate [21, 22]. The cathode chamber 
regression equation can be expressed as:

  (3) 

After conversion:

               (4) 

                 (5) 

The relationship between the energy expenditure 
and decolorization rate in the cathode chamber can be 
expressed as:

      (6) 

...where E1(%) represents the decolorization rate of 
methyl orange in the cathode chamber,U1(V), I1(A) 
and W1(J) represent Voltage , Current and Electricity, 
respectively.

The anode chamber regression equation can be 
expressed as:

   (7) 

After conversion:

                 (8) 

                     (9) 

The relationship between the energy expenditure 
and decolorization rate in the anode chamber can be 
expressed as:

       (10) 

...where E2(%) represents the decolorization rate of 
methyl orange in the anode chamber, U2(V), I2(A) 
and W2(J) represent Voltage, Current and Electricity, 
respectively.

Response Surface Design and Results 

It can be seen from the results of one-factor analysis 
that the effect of the distance between electrodes, 
voltage and aeration on the decolorization rate of 
methyl orange is greater than that of electrolyte dosage, 
Therefore, The three factors affecting the decolorization 
rate of methyl orange, namely, distance between 
electrodes, voltage and aeration rate, are chosen as 
variables X1, X2, and X3, respectively. The response 
value is the decoloration rate of the anode chamber (Y1) 
and cathode chamber (Y2). The Box-Behnken design 
model in Design-Expert 10.0.4 software is designed 
as a 3-factor 3-level experiment. The statistical 
significance of the model equations and parameters is 
evaluated by analysis of variance (ANOVA) and the P 
value (significance level). ANOVA is used to identify 
and estimate linear effects, quadratic effects, and 
interactions. The quality of the model is determined by 
the R2 value of the adjusted model. The range of factors 
are determined according to the previous one-factor test. 

Fig. 9. The relationship between voltage and current in the diaphragm system (1); the relationship between the voltage an decolorization 
rate in the cathode chamber (2); the relationship between the voltage and decolorization rate in the anode chamber (3).
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Design factor codes and levels are shown in Table 1. 
The experimental design and results of the response 
surface are shown in Table 2.

Using the Design-Expert software, the ANOVA 
results of the regression model and decolorization 
rate are shown in Tables 3 and 4, respectively. The 
multivariate quadratic regression equation between 
factors and response values is obtained by data analysis 
as follows:

 (11) 

 
(12) 

Table 3a) shows that the correlation coefficient of 
the model (R-Squared) is 0.9860, which indicates that 
the correlation between the experimental data and the 
proposed model is acceptable, the Radj2R1 is 0.9680, 
and the Rpred2R1 is 0.7762; that is, the difference 
between the correction coefficient and the prediction 
coefficient is small, which indicates that the predicted 
value of the model fits well with the experimental data. 
Table 3 (2) is similar to that mentioned above.

According to Table 4, the F values of the model 
are 54.69 and 61.00, respectively. Clearly, the model is 
significant, which means that the studied parameters 

Table 1. Design Factor Coding and Level Experimental design.

Table 2. Experimental Design and Results of Response Surface.

Factors  Variable
Level

-1 0 1

Distance between electrodes (cm) X1 2 4 6

Voltage (V) X2 15 20 25

Aeration rate  (L/min) X3 1.5 2 2.5

Number  Distance between electrodes
(cm)

Voltage
(V)

Aeration rate
(L/min)

Decolorization rate of 
anode chamber (%)

Decolorization rate of 
cathode chamber (%)

1 6 25 2 94.63 78.74

2 6 20 2.5 96.84 84.33
3 4 25 1.5 96.15 82.55
4 4 20 2 98.58 89.23
5 4 15 2.5 94.56 80.28
6 4 20 2 98.57 88.85
7 2 25 2 93.25 77.36
8 2 15 2 92.76 73.22
9 2 20 1.5 95.13 78.57
10 4 25 2.5 97.26 81.92
11 4 20 2 98.58 89.18
12 2 20 2.5 95.55 82.83
13 6 20 1.5 95.87 85.14
14 4 20 2 98.54 89.22
15 4 15 1.5 94.34 76.25
16 4 20 2 98.61 88.79
17 6 15 2 93.37 73.16

Table 3a). ANOVA results of regression models R1.

Std. Dev. 0.37 R-Squared 0.9860

Mean 96.03 Adj R-Squared 0.9680

C.V. % 0.38 Pred R-Squared 0.7762

PRESS 15.25 Adeq Precision 21.762



Ban F., et al.10

have a significant impact on the response. On the other 
hand, the order of the three factors in the two tables 
affecting the removal effect of methyl orange can be 
obtained from the F value: voltage>distance between 
electrodes>aeration rate; furthermore, the P value of 
the model is less than 0.0001. This result shows that the 

model is reliable for predicting the decolorization rate 
of methyl orange.

Two-Factor Interaction Effect Analysis 

The contours and response surfaces of the 
interaction between the three factors affecting the 
decolorization rate of methyl orange are shown  
in Figs 10 to 13, respectively. The response surface 
diagram is used to obtain the best value for each factor 
and to evaluate the interaction of independent variables, 
while other factors are fixed at their best value.

In the contour map, if the centre position is elliptical, 
the interaction between the two factors is significant;  
a circle at centre position indicates that the interaction 

Table 3b).  ANOVA results of regression models R2

Std. Dev. 0.95 R-Squared 0.9874

Mean 82.33 Adj R-Squared 0.9712

C.V. % 1.15 Pred R-Squared 0.8039

PRESS 97.76 Adeq Precision 22.656

Table 4a).  ANOVA results of the decolourization rate of methyl orange in the anode chamber.

Table 4(2).  ANOVA results of the decolorization rate of methyl orange in the cathode chamber.

 Project Total variances Degree of freedom F P -

Model 67.18 9 54.69 <0.0001 Significant

X1 2.02 1 14.80 0.0063

X2 4.90 1 35.89 0.0005

X3 0.92 1 6.78 0.0353

X1 X2 0.15 1 1.09 0.3320

X1 X3 0.076 1 0.55 0.4809

X2 X3 0.20 1 1.45 0.2675

X1
2 24.29 1 177.96 < 0.0001

X2
2 30.06 1 220.22 < 0.0001

X3
2 0.45 1 3.29 0.1124

Residual 0.96 7 504.15 < 0.0001

Lack of Fit 0.95 3 54.69 < 0.0001 Significant

 Project Total variances Degree of freedom F P -

Model 492.31 9 61.00 <0.0001 Significant

X1 11.02 1 12.29 0.0099

X2 38.98 1 43.47 0.0003

X3 5.87 1 6.54 0.0377

X1 X2 0.52 1 0.58 0.4719

X1 X3 6.43 1 7.17 0.0317

X2 X3 5.43 1 6.05 0.0434

X1
2 126.59 1 141.17 < 0.0001

X2
2 266.17 1 296.80 < 0.0001

X3
2 3.07 1 3.42 0.1069

Residual 6.28 7

Lack of Fit 6.09 3 43.73 0.0016 Significant
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Fig. 10. Contour graphs of the distance between electrodes/Voltage a), distance between electrodes/Aeration rate b), Voltage/Aeration 
rate c).

Fig. 11. Surface plots of the distance between electrodes/Voltage a), distance between electrodes/Aeration rate b), Voltage/Aeration  
rate c).

Fig. 12. Contour graphs of the distance between electrodes/Voltage a), distance between electrodes/Aeration rate b), Voltage/Aeration 
rate c).

Fig. 13. Surface plots of the distance between electrodes/Voltage a), distance between electrodes/Aeration rate b), Voltage/Aeration  
rate c).
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between the two factors is weaker, and in the response 
surface diagram, the steep slope of the response 
surface indicates that the response value changes more 
sensitively.

Figs 10-11 show the interaction between the three 
factors in the anode chamber. From the contour map, 
can be seen that Fig. 10a) is micro-circular; that is, the 
interaction between the two factors is not significant. 
Fig. 10(b-c) are ovals, so the interaction is significant. 
It can be seen from the diagram that with increasing 
voltage, decolorization first increases and then 
decreases, while the change in the distance between 
the plates and aeration amount is the same as that of 
voltage. The optimum values are approximately 4 for 
the distance between electrodes, 2.0 for aeration rate 
and 20 for voltage. This result is consistent with the 
one-factor test. The response surface diagram shows 
that the methyl orange removal rate is sensitive to 
changes in the voltage and aeration rate, but the effect 
of voltage is greater than that of distance between 
electrodes. By analyzing the reasons, the increase in 
voltage will intensify the side reaction, and at the same 
time, it will produce a large number of bubbles on the 
surface of the plate. Additionally, excessive aeration 
will aggravate this effect; thus, hydrogen peroxide  
and strong oxidizing free radicals are more easily 
destroyed.

Figs 12-13 reflect the interaction among the three 
factors in the cathode chamber. The optimum values 
are also approximately 4 for the distance between 
electrodes, 2.0 for aeration rate and 20 for voltage. The 
response laws of the cathode and anode chambers are 
similar, and the response effect is remarkable.

Conclusions

In the electrochemical reaction of the anode and 
cathode in a diaphragm system, some factors have 
a large influence on the decolorization effect of dye 
wastewater. After optimization by response surface 
methodology, the optimal process conditions for the 
treatment of methyl orange solution with a mass 
concentration of 100 mg/L in the separated system  
were as follows: the dose of Na2SO4 electrolyte was 
0.02 mol/L, the voltage was 20.56 V, and the distance 
between electrodes was 4.4 cm. Additionally, the gas 
velocity was 2.21 L/min. Under optimal conditions, 
the decolorization rate reached 90.81% in the cathode 
chamber and 98.75% in the anode chamber. The most 
important factor affecting the decolorization rate was 
the cell voltage, and the two factors with the most 
interaction were the cell voltage and the distance 
between electrodes. The relationship between the 
energy expenditure and decolorization rate in the 
cathode is: W1 = (0.0369E1

2 – 5.344E1
 + 193.63)t, while 

the relationship between the energy expenditure of the 
anode and the decolorization rate is: W1 = (0.039E2

2 

– 6.667E1
 + 282.81)t. UV-Vis absorption spectroscopy 

indicated that there was both molecular structure 
destruction and mineralization during electrolysis.  
The anode chamber had a better decolorization 
effect, but the cathode chamber had a better degree of 
mineralization.
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