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Using conductive carbon black (CCB) as a carrier, a heterogeneous catalyst with Fe3O4 as the active 

material (Fe3O4/CCB) was prepared by the impregnation method, and its performance in degrading of 

high-concentration methyl orange (MO) wastewater in the three-dimensional electro-Fenton system 

(3DEF) was explored. Characterization by TEM and XRD showed that Fe3O4 was uniformly loaded on 

CCB, and due to the synergistic effect of Fe3O4 and CCB in promoting degradation of pollutants, the 

degradation rate of this catalyst was 2.14 times higher than that of Fe3O4 alone. Under the optimal 

conditions, the COD removal rate and MO decolorization rate reached the maximum, values of 75.02% 

and 93.75%, respectively. After 5 cycles, the MO degradation rate was still 83.83%, indicating that the 

prepared particle electrode has good reusability. In addition, a reasonable catalytic mechanism of the 

3DEF system for MO mineralization was proposed, confirming that the hydroxyl radicals were 

particularly important in the oxidation. 
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1. INTRODUCTION 

 

Water pollution attributed to organic emissions, especially the textile industry, has become a 

serious environmental concern [1]. Azo dyes with one or more –N=N– groups are the foremost pollutants 

in textile wastewater. Their structures are complex, and they are usually stable in the water environment. 

They harm human health and aquatic organisms [2]. A variety of methods such as adsorption [3], 

flocculation [4], membrane separation [5], photo-Fenton process [6], ozone oxidation [7], and 
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electrocatalytic oxidation [8], have been used to treat dye wastewater. Comparatively, electrocatalytic 

oxidation as an advanced oxidation process (AOP), possesses many advantages, incorporating high 

efficiency, low energy consumption, and convenient operation [9-11], and is generally considered to be 

the most promising method. 

AOPs, processes based on producing hydroxyl radical strong oxidants, have been broadly used 

to remove organic matter [12]. Among them, the three-dimensional (3D) electro-Fenton process is an 

effective method to degrade refractory organic compounds [13,14], including dyes [15], oil refining 

wastewater [16], phenolic compounds [17], pharmaceutical compounds [18], etc. In the 3D electro-

Fenton system, the catalyst particles are charged to form tiny electrodes, thus shortening the mass 

transfer distance and greatly improving the current utilization rate. However, the problems of particle 

agglomeration, low recyclability, and high dependence on the main electrode still exist, hindering its 

practical application [19]. To overcome these shortcomings, exploring a novel type of catalyst particle 

with high catalytic activity is imperative. 

Metal oxide nanomaterials have been widely studied by scholars for their advantages, such as 

economy, environmental protection, non-toxicity, and energy-saving [20]. Magnetite nanoparticles are 

often used as catalysts in 3D electro-Fenton systems due to their high catalytic activity and good 

magnetic separation performance, but magnetite is prone to agglomeration, weakens pollutant treatment 

effect [21]. This study improved upon this basis. In this research, a catalyst containing Fe3O4 was 

circulated in the reactor, and the dissolved Fe2+ participated in the Fenton reaction. The production of 

Fe2+ was mainly achieved through anodization and the redox reaction between iron and hydrogen ions. 

The oxygen molecules on the cathode surface generated H2O2 through a reduction reaction. The 

generated H2O2 rapidly reacted with Fe2+ in the solution to form ·OH radicals, which can oxidize and 

degrade organic matter non-selectively. Since the reduction potential of Fe3+ is higher than that initial of 

O2, in the process of reducing O2, Fe3+ can be reduced and regenerated into Fe2+ [22]. 

Conductive carbon black (CCB) has a large specific surface area and excellent conductivity. Its 

rough surface is conducive to the adhesion of nanoparticles, which is the optimal choice of carrier. 

Because the unique hexagonal network layer structure of CCB can provide channels for O2 diffusion, 

increase the active sites of the cathode, and CCB is easy to obtain at a low price [23]. Therefore, choosing 

CCB as the carrier of iron-based catalysts can not only improve the catalytic activity of magnetite 

nanoparticles, but also reduce the loss and agglomeration of catalysts, which is of great benefit to 

industrialization. 

Iron carbon composite nanoparticles are often used as catalysts for wastewater treatment [24]. 

Fe3O4 has the advantages of simple preparation, low cost and high chemical stability. However, its low 

specific surface area leads to fewer active sites, and the low current efficiency restricts its practical 

application [25], while CCB alone has poor performance. CCB is stable owing to its porous structure. 

Combining the two to prepare Fe3O4 /CCB nanoparticle electrodes may provide the advantages of both. 

Placing the nanoparticle electrodes in an electrochemical reaction system can promote oxygen reduction 

and electro-Fenton reaction. Sufficient hydroxyl radicals can be produced without additional hydrogen 

peroxide to oxidize and degrade wastewater, which is an advantage different from traditional oxidation 

processes [26]. Methyl orange (MO) is extensive used and difficult to degrade, so it is often chosen as 

the target dye pollutant to test the performance of catalysts. 
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Herein, we prepared magnetic iron oxide-supported CCB (Fe3O4/CCB) catalyst nanoparticles 

using a simple impregnation method as an electrocatalyst to degrade simulated MO wastewater. 

Electrochemical impedance spectroscopy (EIS) and linear sweep voltammetry (LSV) were used to 

analyze the electrochemical performance of the Fe3O4/CCB catalyst. The impacts of the applied voltage, 

pH value, electrolyte concentration, catalyst dosage, simulated MO wastewater concentration and 

current density on chemical oxygen demand (COD) removal rate and decolorization rate of simulated 

MO wastewater were investigated. The catalytic oxidation mechanism was further analyzed by radical 

quenching experiments. 

 

 

 

2. MATERIALS AND METHODS 

2.1 Materials 

FeCl3·6H2O, FeSO4·7H2O and MO were purchased from China Titan Co., Ltd. CCB was 

obtained from Shanghai Chenqi Chemical Technology Co., Ltd. Tert-butyl alcohol (TBA, 99%) was 

bought from Shanghai Aladdin Biochemical Technology Co., Ltd. All of the chemicals were analytical 

grade, and used directly without further purification. 

 

2.2 Preparation of Fe3O4/CCB particle electrodes 

Pretreatment of CCB: CCB was heated and refluxed in a 3:1 mixture dilute solution of H2SO4 

and HNO3 at 80 ℃ for 40 minutes. When the reflux was completed, CCB was rinsed with deionized 

water many times until it became neutral. Then, it was dried at 80℃.  

 Synthesis of catalysts: In a three-necked flask, 0.15 mol/L FeCl3·6H2O and 0.1 mol/L 

FeSO4·7H2O were dissolved in 100 mL deionized water, and then 2.0 g CCB was added to the flask. 

Ammonia was slowly dripped into the reaction solution with magnetic stirring under nitrogen protection. 

The solution temperature was maintained at 40 ℃, and the pH value of the solution was monitored in 

real time. Dropping of ammonia was stopped when the reaction solution gradually turned dark and the 

pH value of the solution reached 10. The obtained suspension was stirred and insulated for 30 minutes. 

The filtered raw product from the suspension was washed sequentially with ethanol and deionized water, 

and then dried at 80 ℃ for 12 h under vacuum. Finally, the raw product was calcined for 2 h at 400 ℃ 

in a nitrogen-protected tubular furnace, and the temperature was increased by 5 °C/min. The prepared 

Fe3O4/CCB particle electrodes were stockpiled in a vacuum container.  

 

2.3 Electrocatalytic degradation experiments 

 Electrocatalytic degradation experiments were carried out in a 500 mL beaker. Two graphite 

electrode plates of the same size (10×5×3 mm) served as the cathode and anode for the catalytic system, 

which were positioned 2 cm away from the bottom of the beaker. The two electrodes maintained a 

constant distance of 4 cm. Under a DC power supply, the synthesized Fe3O4/CCB particle electrodes 
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form a 3D electrochemical system to degrade the simulated MO wastewater. All experiments were 

performed at room temperature. The experimental setup is shown in Figure 1. 

 

 
 

Figure 1. Response device diagram 

 

2.4 Characterization of the Fe3O4/CCB catalyst 

The Fe3O4/CCB catalyst was characterized through transmission electron microscopy (TEM, 

JEOL JEM 2100), and analyzed with X-ray diffraction (XRD, Bruker D8 Advance). The magnetic 

properties of the catalyst particles were determined using a vibrating sample magnetometer (VSM, 

LakeShore7404). The electrochemical performance of the Fe3O4/CCB particle electrodes was evaluated 

on an electrochemical workstation (CHI 660E, Chenhua Instruments). The three-electrode system 

consisted of a glassy carbon electrode (GCE) coated with the catalyst, a Pt sheet and a saturated calomel 

electrode (SCE). The manufacturing steps of the working electrode were as follows: 5 mg catalyst 

powder and Nafion (5 wt%, 15 μL) were dispersed in 1 mL ethanol with ultrasonic stirring to obtain a 

slurry to be determined. Then, 10 μL of the slurry was coated on the GCE. The oxidation-reduction 

performance of the Fe3O4/CCB particle electrodes was determined by LSV in a simulated MO 

wastewater solution with a 50 mV/s scan rate. EIS was performed in the frequency range of 100000 to 

0.1 Hz.  

 

2.5 Analytic procedure 

The concentration of MO was determined by ultraviolet-visible spectroscopy. H2O2 

concentration was determined using the titanium salt spectrophotometry method [27]. The ·OH radical 

concentration in the system was measured by the fluorescence method, which mainly depended on the 

characteristic signal of 2-hydroxybenzoic acid produced by the reaction of ·OH and terephthalic acid 

[28]. To further identify the intermediates and degradation pathway of MO, a UV–vis spectrophotometer 
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(Shimadzu, UV-2700) was applied to scan the MO solutions before and after degradation at 200~800 

nm wavelength. The three-dimensional fluorescence method (RF-5301pc) showed the change of organic 

matter in the degradation process.  

The COD removal rate and decolorization rate were used to evaluate the catalytic effect of the 

Fe3O4/CCB catalyst. During the reaction, 10 mL samples were taken every 15 min and filtered by 0.22 

um filter membrane for further testing. The calculation formula is below: 

Decolorization (%) =
A0 − At

A0
× 100 

Where A0 and At represent the absorbance of MO at the initial and degradation time t, respectively. 

The COD values were read out by a Lianhua water quality tester. Moreover, the calculation 

formula is below: 

COD removal  (%) =
COD0 − CODt

COD0
× 100 

Where COD0 and CODt are the COD of MO at the initial and degradation time t, respectively. 

All results were the average of three experiments. 

 

 

 

 

3. RESULTS AND DISCUSSION 

3.1 TEM, XRD and VSM analyses 

The morphology of the CCB, Fe3O4 and Fe3O4/CCB particle electrodes was observed with TEM. 

Figure 2(a), shows that the surface of CCB is rough and uneven, which is conducive to loading of 

nanoparticles. Typical TEM micrographs of Fe3O4 (Figure 2(b)) clearly shows an obvious particle cluster 

phenomenon. The average size of the nanoparticles is also measured by counting more than 100 particles 

in different regions using TEM. Figure 2(c) shows the histogram of the average diameter distribution of 

the catalyst particles. The average size of the nanoparticles was 12.2 nm, which was very similar to the 

value obtained by XRD analysis. In contrast, the micrograph of Fe3O4/CCB showed a denser structure, 

as shown in Fig. 2(d). The results displayed that Fe3O4 was uniformly loaded on the surface of the CCB 

particles. Further elements of Fe3O4/CCB particle electrodes were identified by energy dispersive 

spectrometer (EDS) analysis, which confirmed the existence of Fe, C and O elements (Figure 2(e, f)). 

The proportions of Fe and O in the catalyst are 8.30% and 17.32%, respectively. (Explanation: The 

copper element was present because the test sample was swept out of a copper mesh). 
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Figure 2. TEM pictures of (a) CCB; (b) Fe3O4; (c) particle size image of Fe3O4; (d) Fe3O4/CCB; (e)-(f) 

EDS spectras of Fe3O4 and Fe3O4/CCB. 

 

 

The structure of the Fe3O4/CCB catalysts was indicated by XRD patterns (Figure 3). The CCB 

pattern exhibited a strong bulge peak near (2θ = 25°) and a weak (100) diffraction peak near (2θ =

44°), inferring that CCB was an amorphous carbon and that some of it was graphitized after pretreatment 

[29]. However, the CCB peak weakened after Fe3O4 loading, possibly because the diffraction peak of 

the metal oxide crystal masked the diffraction peak of the amorphous state [30]. The main diffraction 

peaks of Fe3O4/CCB well matched the standard card of Fe3O4 (JCPDS No. 99–0073). The results showed 

that the spinel structure of Fe3O4 was retained in the composite catalyst. Concretely, diffraction peak of 

Fe3O4/CCB (2θ = 30.25°, 35.57°, 43.14°, 53.40°, 57.05° and 62.83°) could be observed, consistented 

with (2 2 0), (3 1 1), (4 0 0), (4 2 2), (5 1 1) and (4 4 0) crystal planes, respectively. The results showed 

that magnetic catalysts were successfully prepared.  

 

 
 

Figure 3. XRD patterns of CCB and Fe3O4/CCB particle electrodes. 
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The magnetic properties of the Fe3O4 and Fe3O4/CCB particle electrodes were evaluated by VSM 

analysis (Figure 4). The results displayed that the saturation magnetization (Ms) of Fe3O4/CCB (24.8 

emu/g) was distinctly lower than that of Fe3O4 (49.7 emu/g), which was probably because the load on 

the CCB weakened a part of the magnetic strength. Although the magnetic saturation is reduced, the 

Fe3O4/CCB catalysts can still be simply separated from the electrocatalytic system by a magnet.  

 

 

 
 

Figure 4. VSM analysis of Fe3O4 and Fe3O4/CCB particle electrodes. 

 

 

To investigate the catalytic performance of Fe3O4/CCB, LSV tests were conducted. The 

nanoparticle catalyst was deposited onto a GCE as the working electrode, a Pt electrode was used as the 

counter electrode, and the reference electrode was an SCE. As shown in Figure 5(a), Fe3O4/CCB 

presented a faster reaction rate than CCB and pure Fe3O4, illustrating that the combination of CCB and 

Fe3O4 could increase the contact interface area between the electrode and the electrolyte, which 

promoted the electron transfer efficiency. The oxygen evolution potential (OEP) is the intersection of 

the tangent and the horizontal axis, which determines the hydroxyl radical generation capacity and 

current efficiency [31]. As clearly seen, Fe3O4/CCB could stimulate the electrochemical reaction at a 

low potential, and the current increased rapidly, indicating that extensive ∙OH radicals were released in 

the reaction system, which speeded up the electrocatalytic reaction. Fe3O4/CCB has higher catalytic 

activity and electrical conductivity, which can accelerate the electron transfer between the electrode and 

the solution interface. 

The Nyquist plots (Figure 5b) of the Fe3O4/CCB nanoparticle electrodes were obtained by EIS. 

The resistance (Rs) of the electrolyte solution is the real axis intercept at high frequency, and the charge 

transfer resistance (Rct) is the semicircle diameter in the high frequency range [32]. The Rct of 

Fe3O4/CCB was obviously the smallest, as shown in Figure 5, which might be attributed to the addition 

of Fe3O4 increasing the CCB active sites and the direct interface contact area, thereby reducing the Rct 

of Fe3O4/CCB. This demonstrated that the composites of the metal oxide and CCB could effectively 
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improve the electronic conductivity and electrocatalytic reaction rate, so that organic pollutants could be 

sufficiently degraded in a short time and the degradation efficiency enhanced [33]. 

 

 

 
 

Figure 5. Electrochemical properties of Fe3O4/CCB: (a) LSV curves of blank GCE, pure Fe3O4 and 

Fe3O4/CCB particle electrodes; (b) Nyquist plots of the different electrodes, where the inset 

shows a magnified Nyquist image of the high frequency region; (c) equivalent circuit model.  

 

3.2 Effects of different factors on MO degradation 

The reaction conditions have a significant influence on the electrocatalytic degradation effect. 

Therefore, factors including applied voltage, electrolyte concentration, pH, amount of catalyst, initial 

MO concentration and current density were examined, and the results are displayed in Figure S. 

Applied voltage: Increasing the voltage can accelerate electron transfer, which accelerates the 

electrocatalytic reaction rate, implying a higher pollutant degradation rate. When the applied voltage was 

increased from 3 V to 5 V, a marked improvement in the COD degradation rate was observed (Figure 

S1(a)). Further increasing the voltage to 8 V and 10 V led to little improvement in the degradation effect. 

Similarly, in the first 30 minutes of the reaction, the MO decolorization rate increased following the 

voltage increased; as the electrolysis reaction proceeded, the highest decolorization rate was observed at 

5V (Figure S1(b)). The reason might be that an appropriate increase in the voltage was beneficial to 

polarization of the catalyst particles; Besides, the electrochemical process would be promoted with 

more ·OH radical production. However, excessive electrolytic voltage would aggravate the side reactions 

of oxygen absorption and hydrogen evolution [34], which would not be conducive to the removal of MO 

and increases the cost. The optimal applied voltage of 5 V was set. 

Electrolyte concentration: The conductivity of the wastewater solution requires an external 
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electrolyte. In Figure S2, the effect of increasing the electrolyte concentration of Na2SO4 from 0.04 

mol/L to 0.06 mol/L on the degradation of MO was studied. We found that 0.05 mol/L was the optimal 

degradation condition, and the COD removal rate and decolorization rate were 75.93% and 87.12%, 

respectively. This might have occurred because a proper concentration of the electrolyte could enhance 

the conductivity of MO solution, boosting the electrocatalytic process. However, excessive Na2SO4 

might affect the production of ·OH radicals. When the electrolyte concentration was too high, excess 

negative ions (SO4
2-) adsorbed on the anode surface under the electric field, resulting in a decrease in 

active sites, which hindered the electrochemical reaction [34]. As a result, the electrochemical 

performance of the whole system was weakened [35,36]. Given these experimental data, 0.05 mol/L was 

selected as the optimal electrolyte concentration for MO electrocatalytic degradation.    

Initial pH: The solution pH is important in electrocatalytic degradation processes. Moreover, the 

pH not only impacts the quantity of active substances and the surface charge state of the catalyst, but 

also affects the breakage of the organic structure in the degradation process [37]. Hence, a wider range 

of pH values from 3 to 11 was researched, as shown in Figure S3. The pollutants were rapidly degraded 

within the first 30 minutes, and then the degradation rate gradually slowed down. This might have 

occurred because the early reactants were sufficient and the rapid formation of ·OH radicals accelerated 

the reaction; as the reaction proceeded, the rate of ·OH radical generation gradually decreased with the 

consumption of Fe2+ [38]. When the solution was alkaline, the COD degradation effect worsened. From 

the results, the lower the pH is, the better the COD degradation. When the pH was 3-9, the MO 

decolorization rate difference in the first 15 minutes was not obvious, but the decolorization rate was the 

worst at pH=11 (Figure S3(b)).Hydrogen peroxide easily decomposes under alkaline conditions, 

hindering the formation of ·OH radicals [39]. After 90 minutes, the highest COD removal rate and MO 

decolorization rate were 75.02% and 93.75%, respectively, at pH=5. Under this condition, the number 

of ·OH groups increased to boost the formation of reactive oxygen species (ROS), which was beneficial 

to the enhanced catalytic activity [40]. Therefore, 5 was the optimal pH.  

Catalyst dosage: The effect on the COD removal rate and decolorization rate of MO solution was 

investigated when the dosage of the particulate catalyst was increased from 1.0 g/L to 2.4 g/L. The results 

are shown in Figure S4. The addition of an appropriate amount of catalyst particles increased Fe2+ and 

Fe3+, and the accelerated decomposition of H2O2 increased ·OH radical production, thus improving the 

removal performance [41]. Furthermore, the excessive presence of the catalyst in the reaction system 

caused ·OH to react with Fe2+, and consumed the active material [42,43]. Consequently, 2.0 g/L of the 

Fe3O4/CCB particle electrodes was chosen as being optimal for further investigations. 

Initial MO concentration: As shown in Figure S5, the COD removal rate and decolorization rate 

were affected by different initial concentrations of MO. When the initial concentration of MO was 50 

mg/L and 400 mg/L, the low concentration of MO was almost completely decolorized after 30 minutes 

of the electrocatalytic reaction, and the COD degradation rates were 81.7% and 58.5%, respectively. 

Additionally, the MO degradation efficiencies of MO per unit electrode plate area were 5.04% and 8.67%, 

respectively. According to the calculation results that the degradation efficiency for high-concentration 

wastewater exceeded that for low-concentration wastewater. Because the total amount of pollutants in 

high-concentration wastewater was large, it took longer to degrade. 

Current density: The current density is a major factor in the pollutant removal efficiency, and an 



Int. J. Electrochem. Sci., 17 (2022) Article Number: 220822 

  

10 

important indicator for measuring energy consumption. Therefore, the removal effect of the current 

density (from 6m A/cm2 to 20 mA/cm2) on the MO molecules was investigated. In Figure S6, the reaction 

degradation rate reached the fastest in 0-30 min, and then the degradation efficiency gradually slowed 

down. During the initial period of the electrolytic reaction, MO molecules easily contacted anode plate 

and Fe3O4/CCB particle electrodes, and were oxidized and degraded directly or indirectly, thus 

accelerating the degradation rate. However, as the reaction progressed, some intermediates still occupied 

the active sites, resulting in fewer active species that could contact MO molecules, and thus a lower 

degradation rate. When the current density was 15 mA/cm2, the COD removal rate and decolorization 

rate reached maximum values of 73.76% and 92.31%; while the current density continued to increase to 

20 mA/cm2, the removal effect decreased. This showed that an appropriate increase in the current density 

would promote the electrochemical reaction, while a too large current density would not only increase 

energy consumption, but also might lead to side reactions [44].15 mA/cm2 was the optimal current 

density for this experiment. 

The optimal applied voltage, Na2SO4 electrolyte concentration, initial solution pH, catalyst 

dosage, initial MO concentration and current density in this work were 5 V, 0.05 mol/L, 5, 2.0 g/L, 400 

mg/L, and 15 mA/cm2, respectively. 

In addition, first-order reaction kinetics and second-order reaction kinetics were used to simulate 

the kinetic characteristics of the electrochemical degradation of MO. The results in Figure 6(a, b) show 

that the COD removal rate conforms to the pseudo-second-order kinetic reaction model (formula 1), and 

the decolorization rate of MO conforms to the pseudo-first-order kinetic reaction model (formula 2). 

According to the fitting results of the COD removal rate in the MO solution, the catalytic activity of 

Fe3O4/CCB (0.0593 min−1) visibly outperforms that of the two-dimensional system without the catalyst 

(0.0182 min−1) and the Fe3O4 system (0.0193 min−1). Similarly, the decolorization efficiency when 

adding the Fe3O4/CCB catalyst (0.0250 min−1) is significantly higher than that in the two-dimensional 

reaction (0.0147 min−1) and Fe3O4 (0.0187min−1) system. This proves that the presence of Fe3O4 boosts 

the catalytic reaction. The catalytic activity of Fe3O4 is low, even though its Fe content is much greater 

than that of the composite catalyst, which is probably because of the small specific surface area caused 

by agglomeration. Loading of Fe3O4 on CCB reduces agglomeration and increases the specific surface 

area [45]. Based on these results, it can be said that there is a synergistic effect between Fe3O4 and CCB, 

thereby improving the catalytic performance. 
1

𝐶𝑡
−

1

𝐶0
= 𝑘𝑡                  (1) 

−ln
𝐴𝑡

𝐴0
= 𝑘′𝑡 + 𝑏               (2) 

Where t (min) is the electrochemical degradation time of MO; C0 and Ct (mg/L) represent the 

COD concentrations in MO solution at the beginning and time t, respectively; A0 and At represent the 

absorbances of MO solution at the beginning and time t, respectively; k and k’ (min−1) are the reaction 

rate constants. 
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Figure 6. Dynamic fitting (a) COD removal rate; (b) decolorization rate of MO (the optimal conditions 

were U=5 V, Na2SO4=0.05 mol/L, pH= 5, dosage=2.0 g/L, MO=400 mg/L). 

 

3.3 Reusability and stability of Fe3O4/CCB particle electrodes 

The reusability and stability of the Fe3O4/CCB particle electrodes represent their industrial 

application value. The optimal degradation conditions of MO were U = 5 V, pH = 5, Na2SO4 = 0.05 

mol/L, and Fe3O4/CCB = 2.0 g/L.  

 

 
 

Figure 7. (a) COD concentration changes; (b) MO decolorization rate change over 5 times catalyst cycles; 

(c) XRD patterns of CCB and Fe3O4/CCB particle electrodes over 5 cycles. 

 

 

After each use, the separated catalyst was washed with ethanol and deionized water many times 
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and dried. Then the above operation was repeated for the subsequent electrolysis experiments. The 

Fe3O4/CCB catalysts were recycled 5 times, and the COD removal rates of the MO wastewater were 

70.02%, 66.28%, 62.93%, 60.67%, and 58.76% (Figure 7(a)). The graph of the decolorization rate shows 

that a high decolorization rate can be reached in the first 15 minutes. After several cycles, the initial 

decolorization efficiency became lower, but the removal rate still reached 83.83% after 90 minutes 

(Figure 7(b)). The reason for the decrease in the catalytic performance after the cycling experiment may 

be that part of the catalyst was lost during recovery.  

Thus, the number of times the particle electrodes can be reused is limited because the small 

particles will be lost when repeated washing occurs [46]. Meanwhile, when the electrode material is 

under high pressure for a long time, the strong oxidizing atmosphere and the formation of surface bubbles 

will cause irreversible damage to the electrode plate and the catalyst, and they will lose their activity 

[47]. In Figure 7(c), after five cycles, the XRD peak position of the particles remained almost unchanged. 

The full width at half maximum (FWHM) of the particles before use was 0.758°, whereas that after five 

cycles was 0.547°. The FWHM of the catalyst particles decreased. According to the Scherrer equation, 

the particle size of the catalyst particles increased after five recycling-reuse cycles and the specific 

surface area decreased, resulting in a decrease in catalytic active sites, which is also the reason for the 

decrease in the catalytic efficiency.  

 

3.4. Mechanism analysis 

3.4.1 Three-dimensional fluorescence spectrum analysis 

Three-dimensional fluorescence spectra were used to study the changes in organic compounds 

before and after the catalytic treatment of MO wastewater by the synthesized catalyst. In Figure 8(a), the 

fluorescence intensity of MO was weak before electrochemical treatment, the main characteristic peaks 

located at Em/Ex=355/230 nm, which may be because the azo bond has a defluorescence effect [48]. In 

Figure 8(b,c), the fluorescence intensity of MO gradually decreased with the oxidation process of the 

Fe3O4/CCB nanoparticle electrodes. At the same time, a redshift occurred in the peaks position, 

indicating that the azo bond of MO was broken and that an aromatic small molecule with a benzene ring 

was produced in the degradation process. Hence, the synthesized Fe3O4/CCB particle electrodes can 

degrade MO wastewater in this 3D electrochemical system and achieve the purpose of this experiment. 

 

 
Figure 8. Three-dimensional fluorescence spectra to characterize the degradation process of MO: (a) 

before degradation; (b) after 15 minutes degradation by Fe3O4/CCB particle electrodes; (c) after 

90 minutes degradation by Fe3O4/CCB particle electrodes. 
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3.4.2 UV-vis absorption spectra analysis 

The variation in the UV-vis spectra of the MO solution during the electrochemical degradation 

process using the Fe3O4/CCB particle electrodes is shown in Figure 9. Before electrochemical 

degradation, a strong absorption peaks appeared at 464 nm, which was designated as the absorbance of 

chromogenic azo groups in MO [49]. Along with the electrochemical oxidation reaction proceeded, the 

absorbance of the MO solution dramatically decreased, and the absorbance was close to completely 

disappearing after 90 min, indicating that the chromogenic group of the MO was eliminated. As the 

electrochemical reaction progressed, the MO absorption peak gradually weakened, which was a common 

phenomenon in other MO removal methods [50]. The reason was that the hydroxyl radicals generated 

by electrolysis in the 3D electrocatalytic system first destroyed the azo bonds in the MO structure, and 

then gradually decomposed into small molecules. Eventually, the small molecules degraded into CO2 

and H2O [51]. 

 

 

 
 

Figure 9. UV–vis spectra of MO during the electrochemical oxidation process by Fe3O4/CCB particle 

electrodes. 

 

3.4.3 Trapping experiments of radicals 

Then, 10mM TBA was added to the electrolysis system as a quencher of ∙OH radicals. In Figure 

10, the decolorization rate and COD removal rate of MO solutions attained 93.3% and 75.02%, 

respectively, without free radical quenching agents. After adding TBA, the decolorization rate and COD 

removal rate of MO solutions dropped to 73.8% and 30.2%, respectively, and it could be deduced that 

∙OH played a significant role in MO degradation. By all accounts, the experimental results displayed 

that ∙OH was the key to the electrocatalytic degradation in this system.  
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Figure 10. Effect of adding a free radical scavenger on MO degradation. 

 

 

3.4.4 Electrocatalytic mechanism 

H2O2 and ·OH radicals are regarded as the main ROSs in the 3D electrode catalytic degradation 

reactions [52]. To clarify the mechanism of the enhanced electrocatalytic activity, the variations of H2O2 

and ·OH radical contents in the reaction were detected. 

Fig. 11 shows the cumulative concentration of H2O2 at different electrolysis times. The 

cumulative concentration of H2O2 reached the highest value in the first 30 min reaction, then gradually 

decreased and stabilized. In the early reaction stage, dissolved oxygen was easily adsorbed on the active 

sites on the cathode surface, and quickly reacted with electrons to generate H2O2 [53]. However, Fe2+ in 

the catalyst reacted with H2O2 to produce ·OH radicals with the prolongation of electrolysis time. When 

the combination rate of H2O2 and Fe2+ and its generation rate reached a balance, the H2O2 concentration 

inclined to be stable. 

The cumulative concentration of ·OH generated in the system increased with the reaction time 

and then gradually stabilized in Fig. 11. The produced ·OH radicals were mainly attributed to two 

aspects. On the one hand, the anode directly produced ·OH radicals by electrolysis; on the other hand, 

Fe2+ could react with H2O2 to form ·OH radicals. The ·OH concentration also basically inclined to be 

stable with extension of the time, which was probably because the pollutant molecules and intermediate 

products consumed ·OH radicals. It could be seen from the figure 11 that H2O2 and ·OH could be 

continuously produced throughout the reaction process, which was why the system could efficiently 

degrade MO wastewater. 
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Figure 11. Content of active groups in the Fe3O4/CCB system. 

 

A possible electro-oxidative MO degradation pathway is shown in Figure 12. CCB has excellent 

electrical conductivity, and its chain structure forms more conductive paths [54]. The surface of the CCB 

after pretreatment was rough, which is beneficial to the loading of Fe3O4. Therefore, the electrochemical 

performance of Fe3O4 supported CCB was good. MO molecules were directly oxidized at the anode. 

The oxygen dissolved in water was adsorbed on the surface of the Fe3O4/CCB particle electrodes and 

cathode plate, thus obtaining electrons and undergoing a reduction reaction to generate H2O2. The Fe2+ 

decomposed by the catalyst underwent the Fenton reaction with H2O2 to produce strong oxidizing 

hydroxyl radicals, and then ∙OH radicals oxidized MO. The 3D electrochemical system had both a direct 

oxidation process and an indirect oxidation process. The double oxidation firstly led to the breaking of 

the azo bond to produce an intermediate product with a benzene ring, which was then continuously 

degraded and mineralized through the reaction, finally generated CO2 and H2O [55].  

 

The main reaction process was as follows equation. 

Anode:     C + H2O → C(∙ OH) + H+ + e−                                (1) 

           C(∙ OH) + MO → ⋯ → CO2 + H2O + H+ + e−                    (2) 

Cathode: O2 + 2H+ + 2e− → H2O2                                     (3) 

Catalyst: Fe2+ + H2O2 → Fe3+ +∙ OH + OH−                             (4) 

        Fe3+ + e− → Fe2+                                           (5) 

        ∙ OH + MO → ⋯ → CO2 + H2O                                 (6) 
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Figure 12. Reaction mechanism of the Fe3O4/CCB system. 

 

 

 

4. CONCLUSIONS 

Pure Fe3O4 and Fe3O4/CCB particle electrodes were synthesized by a simple impregnation 

method. TEM and XRD results showed that the structure of CCB was conducive to uniform dispersion 

of Fe3O4. The average size of the prepared nanoparticles was 12.2 nm. Fe3O4/CCB could be easily 

recycled due to magnetism. The optimal conditions were 5 V applied voltage, 0.05 mol/L concentration 

of electrolyte, pH 5, the dosage of Fe3O4/CCB was 2.0 g/L and 15 mA/cm2 current density. After 90 

minutes of electrolysis, the COD removal rate was 75.02%, and the decolorization rate of MO reached 

93.75%. The catalytic activity of Fe3O4/CCB remained at 83.83% after 5 reuse cycles, indicating the 

good stability of the catalysts. Moreover, the fitting calculation verified that the COD removal rate 

followed pseudo-second-order kinetics and that the decolorization rate accorded with pseudo-first-order 

kinetics. Finally, the degradation mechanism of MO by Fe3O4/CCB was discussed, which was mainly 

because the structure of CCB promoted electron transfer, which facilitated the formation of H2O2 and 

the Fe3+/Fe2+ cycle, thus increasing the content of ∙OH. This promotes the application prospects in the 

dye removal process. 
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SUPPORTING MATERIALS: 

 

 
Figure. S1 Effect of applied voltage on the COD removal and decolorization rate during electrolysis of 

the MO. Initial MO concentration: 400 mg/L, Na2SO4: 0.05 mol/L, catalyst dosage: 2.0 g/L, pH: 

without adjustment. 

 

 
Figure. S2 Effect of Na2SO4 concentration on the COD removal and decolorization rate during 

electrolysis of the MO. Applied voltage: 5 V, initial MO concentration: 400 mg/L, catalyst dosage: 

2.0 g/L, pH: without adjustment. 

 

 
Figure. S3 Effect of initial pH on the COD removal and decolorization rate during electrolysis of the 

MO. Applied voltage: 5 V, initial MO concentration: 400 mg/L, Na2SO4: 0.05 mol/L, catalyst 

dosage: 2.0 g/L. 
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Figure. S4 Effect of catalyst dosage on the COD removal and decolorization rate during electrolysis of 

the MO. Applied voltage: 5 V, initial MO concentration: 400 mg/L, Na2SO4: 0.05 mol/L, initial 

pH: 5. 

 

 
Figure. S5 Effect of initial MO concentration on the COD removal and decolorization rate during 

electrolysis of the MO. Applied voltage: 5 V, Na2SO4: 0.05 mol/L, initial pH: 5, catalyst dosage: 

2.0 g/L. 

 

 

 
 Figure. S6 Effect of current density on the COD removal and decolorization rate during electrolysis of 

the MO. Initial MO concentration: 400 mg/L, applied voltage: 5 V, Na2SO4: 0.05 mol/L, initial 

pH: 5, catalyst dosage: 2.0 g/L. 

 

 

Fig S1-S6 | COD removal rate of MO under different conditions: (a) applied voltage, (b) 

electrolyte concentration, (c) initial pH, (d) particle electrodes dosage, (e) initial concentration of MO, 
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(f) current density (The best operation condition was U = 5 V, Na2SO4 = 0.05 mol/L, pH = 5, dosage= 

2.0 g/ L, MO=400 mg/L, and J=15 mA/cm2). 
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