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In this study, the degradation of indole wastewater by a tin-antimony anode (Ti/SnO2-Sb) modified by 

carbon nanotubes (CNTs) was evaluated in an electrochemical oxidation system. The Box-Behnken 

design with response surface methodology was proposed to evaluate the effects of current density, 

Na2SO4 concentration, and initial pH on the total organic carbon (TOC) removal rate. Subsequently, the 

process of indole degradation was optimized. Under optimal conditions (current density of 23.43 

mA/cm2, Na2SO4 concentration of 45.44 mmol/L, and initial pH of 9.49), the TOC removal rate reached 

95.36%. Further, the electrochemical oxidation of indole at the Ti/SnO2-Sb-CNTs anode was determined 

to be caused by hydroxyl and sulfate radicals using radical scavenger experiments and a mechanism 

analysis. The energy consumption of the electrochemical oxidation of indole was 392.74 kWh/kgTOC, 

and the mineralization current efficiency at 10 min was 40.40%. It would provide a reference for the 

engineering application of advanced treatment of industrial wastewater. 

 

 

Keywords: indole; response surface methodology; mechanism; energy consumption; Ti/SnO2-Sb-

CNTs anode 

 

1. INTRODUCTION 

The demand for coke has proliferated in the wake of developments in the steel industry. In 2020, 

coke production will exceed 400 million tons in China[1, 2]. High-yield coke is accompanied by high-

concentration coking wastewater, which is highly toxic, unstable in nature, and pollutes the 
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environment[3]. Further, coking wastewater is difficult to biodegrade and treat. However, after 

anaerobic-aerobic combined treatment processes, most of its alkenes and alkynes can be degraded. 

Nevertheless, heterocyclic substances, such as indole and quinoline, have poor biochemical properties, 

and various residues remain after biochemical treatment[4-6]. 

As a typical nitrogen-containing heterocyclic compound in coking wastewater, indole is widely 

used in medicine, pesticide, and chemical industries[7-9]. When the concentration of indole is high, it 

has a strong fecal odor and long-lasting diffusion. Moreover, if accumulated in the body for a long 

period, indole, which is an enterotoxin, can cause pathological changes, such as inflammation, colon 

damage, and central nervous system problems[10]. In addition, indole can synergistically cause 

carcinogenesis. It also promotes the denitrification of secondary amines through nitrite and acts as a 

cancer accelerant[11]. Further, it has teratogenic and mutagenic properties. Therefore, the indole residue 

in coking wastewater severely restricts its safe discharge and reuse, which is of increasing public 

interest[12, 13]. Anodic electrochemical oxidation is a promising method for the advanced treatment of 

refractory organic pollutants because it has strong oxidation performance, mild treatment conditions, 

and environmental compatibility[14, 15]. The tin-antimony (Ti/SnO2-Sb) anode is a representative 

inactive anode. As the interaction between anode surfaces is powerless, the organic matter removal rate 

is high, but the degree of stability is relatively poor[16]. 

In this study, a tin-antimony anode (Ti/SnO2-Sb) modified by carbon nanotubes (CNTs) was 

employed to electrochemically oxidized indole. Moreover, the Box–Behnken design (BBD) was 

proposed as a response surface methodology (RSM) to evaluate the influences of current density, Na2SO4 

concentration, and initial pH on indole and total organic carbon (TOC) removal. In addition, its operating 

parameters were optimized. Moreover, radical scavenger experiments were conducted, and the 

electrochemical oxidation mechanism was analyzed. Finally, the energy consumption and mineralization 

current efficiency were calculated to explore its potential economic applicability. 

 

 

 

2. MATERIALS AND METHODS 

2.1. Materials and reagents 

Ti/SnO2-Sb and Ti/SnO2-Sb-CNTs anodes (50 mm × 50 mm × 1 mm) were prepared by our 

group. Methanol was of high-performance liquid chromatography (HPLC) grade, while indole, ethanol 

(EtOH), and tert-butanol (TBA) were of analytical grade, purchased from Sino Pharm Company. All 

solutions were prepared in deionized water.  

 

2.2. Electrochemical oxidation experiment and analytical method 

The Ti/SnO2-Sb-CNTs electrode with a working area of 25 cm2 served as the anode, while a 

stainless-steel plate with the same area was used as the cathode. The current density was controlled by a 

direct-current power supply, and the influencing factors were explored. All experiments were performed 

in triplicate. The pH of the solutions was adjusted using dilute H2SO4 and NaOH.  
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The concentration of indole was measured using HPLC (Ultimate 3000) with a C-18 column 

(250 nm × 4.6 nm × 5 nm). The detection wavelength was λ = 270 nm. Methanol and acetic acid mixtures 

(70:30, V/V) were employed as the mobile phase with a flow rate of 0.4 mL/min. The injection volume 

was 20 μL. The TOC concentration was measured using a TOC analyzer (TOC-L CPH).  

 

2.3. RSM design 

The BBD of RSM was used to explore the effects of current density (X1), Na2SO4 concentration 

(X2), and initial pH (X3) on the TOC removal rate[17]. The experimental ranges and levels for the three 

variables are summarized in Table 1. 

 

 

Table 1. Design factor codes and levels. 

 

level factor variable 
coding level 

-1 0 +1 

Current density (mA/cm2) X1 20 25 30 

Na2SO4 concentration (mmol/L) X2 30 40 50 

Initial pH X3 7 9 11 

 

The fitting polynomial is as follows: 

Y=β
0
+ ∑ β

i

k

i=1

Xi+ ∑ β
ii

k

i=1

Xi
2+ ∑ β

ij

k

i=1
i<j

XiXj,    (1) 

where Y (%) is the TOC removal rate, and β0, βi, βii, and βij (i = 1, 2, 3; j = 1, 2, 3; k = 3) are the regression 

coefficients. 

 

2.4. Energy consumption calculation 

Each indole molecule requires 36 electrons to be fully mineralized, which are detailed as follows: 

C8H7N+16H2O → 8CO2+35H++36e-+NH4
+,   (2) 

Therefore, the mineralization current efficiency is calculated as follows: 

MCE = 
96487nVs∆TOCexp

4.32×10
7
mIt

,       (3) 

where MCE (%) represents the mineralization current efficiency, Vs (L) is the volume of the solution, 

∆TOC (mg/L) is the TOC change, m is the quantity of carbon atoms, I (A) is the current, t (h) is the 

processing time, and n is the number of transferred electrons. 

 

3. RESULTS AND DISCUSSION 

3.1. Effect of operating parameters on electrochemical oxidation process 

In the Ti/SnO2-Sb-CNTs anode electrochemical oxidation system, the removal effects of indole 

and TOC were related to the rate of active group generation, and conductive and hydrogen ion 
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concentrations, which correspond to the current density, and Na2SO4 concentration and initial pH, 

respectively.  

 

3.1.1. Effect of current density 

Fig. 1a shows the degradation results of the indole concentration by current density (at 10 

mA/cm2, 15 mA/cm2, 20 mA/cm2, 25 mA/cm2, and 30 mA/cm2). As current density increased from 

10mA/cm2 to 25 mA/cm2, the removal rate of indole increased from 82.32% to 94.83%. The generation 

rate of hydroxyl radicals was also determined by the current density. When the current density gradually 

increased, both the hydroxyl radical production and the chance of contact with indole increased, thereby 

accelerating the ring opening of indole molecules, which degraded them into other organic molecules, 

thus increasing the removal rate of indole[18]. However, when the current density was higher than 25 

mA/cm2, the removal rate decreased. The TOC removal rate also experienced a similar phenomenon 

(Fig. 1b). This might be because the excessive current density undermines the anode performance, 

limiting the electron transfer ability. This is consistent with Johanna, who also achieved lower energy 

and current efficiency at lower current densities[19]. 
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Figure 1. Effect of different current densities on (a) indole and (b) total organic carbon (TOC) removal 

under 30 mmol/L Na2SO4 concentration and an initial pH of 7.  

 

3.1.2. Effect of electrolyte concentration 

Fig. 2 shows the influence of the electrolyte concentration of Na2SO4 on the removal of indole 

and TOC. As the concentration of Na2SO4 increased from 10 mmol/L to 40 mmol/L, the removal rates 

of indole and TOC increased from 82.64% to 93.21% and 70.24% to 89.19%, respectively. However, 

when the Na2SO4 concentration increased to 50 mmol/L, both removal rates decreased (90.62%, 

84.19%). Thus, the increase in Na2SO4 concentration may cause the solution to contain substantial 

electrolyte anions, cations, and indole. Moreover, various intermediate products were produced during 

the degradation process, which affects the mass transfer resistance to the migration of organic pollutants 

to the anode surface[20]. Therefore, as the concentration of organic matter continued to decrease, organic 

matter had to overcome a greater mass transfer resistance. Thus, it is difficult to reach the anode surface 

and participate in the reaction, which results in a decrease in the diffusion rate of the organic matter[21]. 

a b 
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This result was verified by Mora-Gómez[22]. Therefore, too high of an electrolyte concentration 

prevents the degradation rate from improving. 
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Figure 2. Effect of different Na2SO4 concentrations on (a) indole and (b) total organic carbon (TOC) 

removal under 20 mA/cm2 current density and initial pH condition of 7.  

 

3.1.3. Effect of initial pH 

The initial pH condition influenced the electrochemical oxidation of indole and TOC, as shown 

in Fig. 3. Compared with acidic conditions, the degradation efficiency of indole in solution was higher 

under neutral or alkaline conditions. Previous research has shown that under alkaline conditions, 

hydroxyl radicals are adsorbed inside the positioning ion layer of the electric double layer on the anode 

surface[23, 24]. Meanwhile, the metal oxide anode is very hydrophilic. Therefore, H2O and OH- behavior 

in the electrochemical oxidation process changes, as shown in Eqs. (4)-(5)[25]. 

H2O-e-→OH-+H+,     (4) 

OH--e-→·OH (under alkaline conditions).     (5) 

Herein, the alkaline medium was beneficial to neutralizing H+. The stronger the alkalinity, the 

more likely the reaction and the more hydroxyl radicals produced, which improved the treatment effect 

of organic wastewater. Furthermore, Arseto et al. found that at higher pH values, the COD of the reverse 

osmosis concentrate (ROC) was enhanced[26]. In addition, strong acidic conditions could easily lead to 

the loss of metal oxides and reduce electrode life[27, 28]. 
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Figure 3. Effect of different initial pH values on (a) indole and (b) and total organic carbon (TOC) 

removal under 20 mA/cm2 current density and 30 mmol/L Na2SO4 concentration condition.  

a b 
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3.2. Process optimization using response surface methodology 

Based on the univariate factor experiments, the TOC removal rate was related to the current 

density, Na2SO4 concentration, and initial pH. Herein, it was observed that the TOC removal rate varied 

between 84.75% and 95.79% (Table 2).  

 

 

Table 2. Test design and results 

 

Number 

Coding level  TOC removal rate / % 

Current 

density 

mA/cm2 

Na2SO4 

concentration 

mmol/L 

Initial pH 

 
 

Experimental 

value 

Predicted 

value 

1 25 40 9  95.79 95.07 

2 20 40 7  89.02 88.48 

3 25 40 9  95.17 95.07 

4 20 50 9  92.81 93.25 

5 25 50 11  93.37 93.47 

6 30 30 9  86.15 85.72 

7 20 40 11  92.79 92.26 

8 30 40 7  85.83 86.36 

9 25 30 7  89.23 89.14 

10 25 40 9  94.85 95.07 

11 30 50 9  86.83 86.20 

12 20 30 9  87.14 87.77 

13 30 40 11  84.75 85.28 

14 25 40 9  94.92 95.07 

15 25 30 11  91.22 91.12 

16 25 50 7  92.65 92.75 

17 25 40 9  94.62 95.07 

 

The RSM analysis revealed that the model had extreme points and a range of optimal operating 

parameters. Therefore, the software optimization function STATISTICA was used to obtain the most 

optimal conditions (current density of 23.43 mA/cm2, Na2SO4 concentration of 45.44 mmol/L, and initial 

pH of 9.49). Under these conditions, the response value of the TOC removal rate was 95.92%. To verify 

that the model had a good predictive effect, three sets of parallel experiments were conducted, achieving 

TOC removal rates of 95.85%, 95.14%, and 95.09%, with an average of 95.36%, and the relative 

deviation from the predicted value of 95.92% was found to be only 0.56%. This shows that using RSM 

to predict the optimal parameter for TOC removal had high accuracy and reliability[29]. 

 

3.3. Variance analysis and model fitting 

These results prompted the use of a second-order model to describe the response of the TOC 

removal rate as a function of three independent factors in order to perform variance and significance 
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analyses. The ANOVA analysis results are summarized in Table 3. The following describes the response 

of the TOC removal rate: 

Y=95.07 - 2.275X1+1.49X2+0.675X3-1.2475X1X2-1.2125X1X3-0.3175X2X3 

-5.17875X1
2-1.65875X2

2-1.79375X3
2.     (6) 

  

 

Table 3. ANOVA results of the quadratic polynomial regression model. 

 

Source  
Sum of 

squares 
df 

Mean 

square  
F-value P-value Significance 

model 224.00 9 24.89 55.37 <0.0001 Significant 

A 41.40 1 41.40 92.12 <0.0001 Significant 

B 17.76 1 17.76 39.51 0.0004 Significant 

C 3.64 1 3.64 8.11 0.0248 Significant 

AB 6.23 1 6.23 13.85 0.0074 Not significant 

AC 5.88 1 5.88 13.08 0.0085 Significant 

BC 0.4032 1 0.4032 0.8971 0.3751 Not significant 

A² 112.92 1 112.92 251.23 <0.0001 Significant 

B² 11.59 1 11.59 25.77 0.0014 Not significant 

C² 13.55 1 13.55 30.14 0.0009 Significant 

Residual 3.15 7 0.4495    

Lack of fit 2.34 3 0.7815 3.90 0.1109 Not significant 

Pure error 0.8018 4 0.2004    

Cor Total 227.15 16     

 

 

The F value was 55.37, P < 0.0001, indicating that the model was highly reliable, and the 

simulation was accurate. The lack of a fit P was 0.1109 (> 0.05), indicating that the regression effect was 

significant, and consequently, the model was appropriate. The correlation coefficient (R2) was 0.9861, 

which is close to 1, indicating that the results were well simulated and had a small error[30]. 

Table 4 lists the definite correction coefficient (R2
Adj, 0.9683), which reveals that the response 

surface model analysis contributed 96.83% of the response value change. As the CV value was below 

10%, the experiment was determined to be highly reliable and accurate[31, 32]. Furthermore, it was 

confirmed that this model could be used to explain and analyze the TOC removal rate. 

 

Table 4. Statistical analysis of regression equation errors 

 

Statistics project Value Statistics project Value 

Std. Dev. 0.67 
Correlation 

Coefficient (R2) 
0.9861 

Mean 91.01  Adjusted R2 0.9683 

CV/% 0.74 Predicted R2 0.8293 

PRESS 38.77 Adeq Precision 19.0296 
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Figure 4. Experimental and predicted values of total organic carbon (TOC) removal rate. 

 

 

 
 

Figure 5. (a) Residual normal probability distribution diagram and (b) and residual and predicted value 

distribution diagram. 

 

The relationship between the predicted and experimental values is shown in Fig. 4. The predicted 

values fell near the experimental data, further verifying the effectiveness of the model. The distribution 

of residuals and predicted values was irregular (Fig. 5), which indicated that the constructed model 

conformed to a normal distribution[33]. 

 

3.4. Parameters interaction impact analysis 

The three-dimensional (3D) and two-dimensional (2D) contour response surfaces of the model 

could be expressed for the removal rate of TOC when two variables were changed while the third was 

kept at the zero level[34]. The interaction between current density and electrolyte concentration on the 
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TOC removal rate is shown in Figs. 6a and b. When the initial pH was 9, increasing the current density 

or Na2SO4 concentration improved the removal rate. In addition, when the current increased from 20 

mA/cm2 to 25 mA/cm2 under 30 mL of Na2SO4 solution, the TOC removal rate increased from 87.77% 

to 92.06%, indicating that the electrolyte concentration had a great influence on the TOC removal 

rate[35]. When the initial pH was 9 and the current density was less than 25 mA/cm2, and the removal 

rate of TOC was higher than 92.22% under electrolyte concentration changes in the range of 40 – 50 

mmol/L. In other words, the removal rate of TOC under the appropriate current density and electrolyte 

concentration had a maximum value, which appeared in the range of lower current density and higher 

electrolyte concentration[36]. 

Figs. 6c and d show the interaction between the current density and initial pH and their effect on 

the TOC removal rate. When the pH was low, the minimum TOC removal rate was 86.36% with 

changing current density. Meanwhile, increasing the pH to greater than 9 and testing at the current 

density from 20 mA/cm2 to 25 mA/cm2 resulted in an increased TOC removal rate, reaching higher than 

95.07%, which indicated that the TOC removal rate depended more on the change in current density 

than the initial pH. 

Figs. 6e and f illustrate the effects of Na2SO4 concentration and initial pH on the removal rate of 

TOC with a current density of 25 mA/cm2. The electrolyte concentration played an important role in the 

removal of TOC at different initial pH values. When the electrolyte concentration was equal to 30 

mmol/L and the pH increased from 9 to 11, the TOC removal rate was almost unchanged, remaining in 

the range of 91.85% to 92.03%. Furthermore, when the pH was 7, a certain increase in the electrolyte 

concentration increased the TOC removal rate from 89.14% to 93.12%. Therefore, compared with pH, 

the influence of Na2SO4 concentration on TOC removal was more significant. 
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Figure 6. The two-dimensional (2D) and three-dimensional (3D) contour response surface interactions 

between the removal efficiency of total organic carbon (TOC) and (a – b) current density and 

electrolyte concentration (initial pH of 7), (c – d) current density and initial pH (electrolyte 

concentration of 40 mmol/L), and (e – f) electrolyte concentration and initial pH (current density 

of 25mA/cm2). 
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degradation mechanism was analyzed. Then, we found the influence mechanism of electrochemical 

oxidation degradation of organic pollutants. 
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Table 5. Reaction formulas and constants. 

 

Reaction formula Reaction rate constant (M-1s-1) 

EtOH + SO4∙
- → Substance k1 = 1.2 ×109 – 2.8×109 

EtOH + ∙OH → Substance k2 = 1.6×107 – 7.7×107 

TBA + SO4∙
- → Substance k3 = 3.8×108 – 7.6×108 

TBA + ∙OH → Substance k4 = 4×105 – 9.1×105 
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Figure 7. Effect of radical scavengers on indole degradation at 23.43 mA/cm2 current density, 45.44 

mmol/L Na2SO4 concentration, and initial pH of 9.49. 

 

 

Fig. 7 shows the removal effect of the indole concentration with and without excessive 

scavengers present. Note that the effect of the control group was significantly better than that of the test 

group. In this study, the relative contribution rates of hydroxyl and sulfate radicals were calculated by 

differences in the conversion percentage. After 60 min, the indole in the control group was almost 

completely oxidized, and the conversion rate was 97.50%. Meanwhile, adding 0.3 mol/L of TBA, the 

conversion rate of indole decreased by 53.06%, proving that the TBA consumed substantial hydroxyl 

radicals and inhibited its oxidation reaction. After adding 0.03 mol/L of EtOH, a similar inhibitory effect 

was observed, however, its inhibitory effect was stronger than that of the TBA test group. The indole 

conversion rate was reduced by 60.87%, meaning that excessive EtOH inhibited hydroxyl radicals, 

whereas TBA inhibited sulfate radicals[39 40]. 

When an electrochemical oxidation reaction occurs, the H2O molecules and OH- ions in the 

solution lose electrons on the anode surface and generate hydroxyl radicals on the surface coating 

material M[41]. Herein, the surface coating material M and the O in the hydroxyl radicals did not form 
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a common valence bond. Meanwhile, hydroxyl radicals exhibited extremely strong oxidizing properties, 

non-selectively oxidizing organic matter as follows[42]: 

M+H2O→M (·OH) +H++e-,   (7) 

R+M (·OH) →CO2+H2O+H++e-.   (8) 

During the reaction process, the anode also generated other active groups with strong oxidizing 

properties, such as sulfate radicals, as shown in Eq. (9)[43]:  

SO4
2-→SO4·

-+e-.    (9) 

Therefore, a reasonable mechanism analysis of the electrochemical oxidation indole was 

proposed (Fig. 8). Overall, the Ti/SnO2-Sb-CNTs anode electrochemical degradation of indole was the 

result of the joint action of hydroxyl and sulfate radicals. Cai used a Blue-TiO2 nanotube anode to 

decompose phenol, where a similar regularity was identified[44]. 

 

 

 
 

Figure 8. Reasonable preliminary degradation mechanism of indole 

 

3.6. Energy consumption of electrochemical oxidation indole 

To evaluate the cost and practicality of the Ti/SnO2-Sb-CNTs anode, Ti/SnO2-Sb and Ti/SnO2-

Sb-CNTs anodes were used to process indole under optimal operating parameters (Fig. 9). Then, the 

electrical energy consumption (EC) for 60 min and mineralized current efficiency (MCE) were 

determined. 

In the first 30 min, the MCE of the Ti/SnO2-Sb-CNTs anode was always greater than 20.00%, 

which was higher than that of the Ti/SnO2-Sb anode. In the first 5 min, owing to the fast reaction rate 

and fewer intermediate products, the current utilization rate increased from 39.84% to 40.40%. As the 

intermediate products gradually increased, the mass transfer efficiency decreased. After 60 min, it 

decreased from 24.46% (5 min) to 10.79% and from 40.40% (10 min) to 12.28%. At the end of the 

reaction, the TOC degradation rate and the degree of MCE change were low, indicating that 
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electrochemical oxidation did not completely convert indole into carbon dioxide, water, and other 

inorganic substances. Instead, it was partially converted into other forms of low molecular weight 

organic substances. Comparing the EC of the two anodes, they were 493.55 kWh/kgTOC (Ti-SnO2-Sb 

anode) and 392.74 kWh/kgTOC (Ti-SnO2-Sb-CNTs anode). Previous studies have ascertained that in 

doping CNTs, the anode has an extra-high electrocatalytic activity[45]. Herein, the oxygen evolution 

potential of the anode increased, thereby reducing the occurrence of the oxygen evolution reaction[46]. 

As its performance was improved, the degradation rate of organic matter was accelerated and the energy 

consumption was reduced[47]. This proved that doping carbon nanotubes reduced the anode resistance, 

which was similar to previous studies[48]. 
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Figure 9. The transformation of total organic carbon (TOC) and mineralized current efficiency (MCE) 

at a 23.43 mA/cm2 current density, 45.44 mmol/L Na2SO4 concentration, and an initial pH of 

9.49.  

 

 

 

4. CONCLUSIONS 

The electrochemical oxidation system constituted by an Ti/SnO2-Sb-CNTs anode rapidly 

degraded indole. Herein, mono-factor experiments showed that with increasing current density or 

electrolyte concentration, the removal rates of indole and TOC increased. Further, the interactions of 

current density, electrolyte concentration, and initial pH on the TOC removal rate were assessed by the 

RSM with BBD, and an ANOVA analysis was performed to verify the fit of the model. Under optimal 

conditions (current density of 23.43 mA/cm2, electrolyte concentration of 45.44 mmol/L, and initial pH 

of 9.49), the TOC removal rate was 95.36%. Combined with the radical scavenger experiments, the 

mechanism analysis demonstrated that the degradation of indole was caused by hydroxyl and sulfate 

radicals. Moreover, the total energy consumption was 392.74 kWh/kgTOC, which was lower than that 

of the Ti/SnO2-Sb anode, and the MCE at 10 min was 40.40%. CNTs-doped Ti/SnO2-Sb anode can 

effectively improve pollutant degradation efficiency and reduce energy consumption. 
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