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Abstract: A novel electrode consisting of a Ti/PbO2 shell and Fe3O4/Sb–SnO2 particles was developed
for electrochemical oxidation treatment of wastewater. Scanning electron microscope (SEM), X-ray
diffraction (XRD), the current limiting method, toxicity experiments, and high-performance liquid
chromatography were adopted to characterize its morphology, crystal structure, electrochemical
properties, the toxicity of the wastewater, and hydroxyl radicals. Acid Red G (ARG), a typical azo
dye, was additionally used to test the oxidation ability of the electrode. Results indicated that the
2.5D electrode could significantly improve the mass transfer coefficient and •OH content of the 2D
electrode, thereby enhancing the decolorization, degradation, and mineralization effect of ARG, and
reducing the toxicity of the wastewater. The experiments revealed that, at higher current density,
lower dye concentration and higher temperature, the electrochemical oxidation of ARG favored.
Under the condition of 50 mA/cm2, 25 ◦C, and 100 ppm, the ARG, Chemical Oxygen Demand (COD)
and Total Organic Carbon (TOC) removal efficiency reached 100%, 65.89%, and 52.52%, respectively,
and the energy consumption and the current efficiency were 1.06 kWh/g COD, 8.29%, and energy
consumption for TOC and mineralization current efficiency were 3.81 kWh/g COD, 9.01%. Besides,
the Fe3O4/Sb–SnO2 particles after electrolysis for 50 h still had remarkable stability. These results
indicated that the ARG solution could be adequately removed on the 2.5D electrode, providing an
effective method for wastewater treatment.

Keywords: 2.5D electrode; electrochemical oxidation; the mass transfer coefficient; hydroxyl radicals

1. Introduction

Electrochemical oxidation (EO) is an environmentally friendly technology for treatment of
hazardous or refractory contaminants from wastewater [1–5]. The application of EO is highly
promising for yielding some useful by-products. Electrodes, especially the anode, are the core
of the electrochemical system, therefore, numerous studies have been carried out on the various
electrode materials [6–8]. The most common electrocatalytic anodes include titanium-based electrode
(Dimension stable anode (DSA electrode), including PbO2 [9,10], Sb–SnO2 [11,12], IrO2 [13] and
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RuO2 [14] electrodes), noble metal electrode and graphite electrode (including common graphite
electrode and boron doped diamond electrode [15,16]). Each electrode has some specific properties on
account of its advantages and disadvantages [1]. Compared with other electrodes, the DSA electrodes
are inexpensive, easy to prepare, and have high catalytic properties and strong stability [1,11,17,18].

The mass transfer process, as a significant restriction of the electrochemical oxidation, is primarily
influenced by the electrochemical reactor structure [2]. The EO system has been conducted by using a
conventional 2D electrode or by a newly developed 3D cell while both have their limitations regarding
practical applications [19]. The traditional 2D electrochemical reactor, including cathodes and anodes,
has the mass transfer limitation and the low area–volume ratio [20–22]. On the other hand, 3D
electrochemical reactor promotes the mass transfer efficiency, current efficiency, and decreases the
energy consumption, whereas relatively low cyclic stability is still an issue [23–25].

During the process of pollutants oxidization in the 2D reactor, the DSA electrode became inactive
due to corrosion and the coatings dispersed in solution that also cannot be recycled, which result in
serious material waste [26]. In our previous work [27,28], a new electrolytic cell type named 2.5D
electrode system was proposed, as shown in Scheme 1. It consists of a DSA anode as the central
electrode, and metal oxide coated magnetic particles as the auxiliary electrodes while the use of a
magnet conduces to tightly join the central electrode and the auxiliary electrodes as well as to effectively
recycle the magnetic particles. In contrast to the 3D reactor, the particles do not scatter in the solution
but comes on the surface of the electrode, which increases the real surface area of the electrode and
decreases the applied current density on the central electrode, leading to higher current efficiency and
stronger electrode stability.
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In the preliminary work, Sb–SnO2 electrode shell (central electrode) and Fe3O4/Sb–SnO2 magnetic
particles (auxiliary electrodes) were used for electrochemical oxidation. The Sb–SnO2 electrode did
not perform well in terms of stability [4], and the accelerated life of the previous 2.5D electrode was
only 24 h [27], which would limit its further industrial application. The PbO2 electrode was a typical
titanium-based electrode with excellent stability and high hydroxyl radical yield [29]. However, the
leakage of lead ions was an obstacle in further use [7,26]. In this work, the new 2.5D electrode system
(as shown in Scheme 1) consists of PbO2 electrode and Sb–SnO2 particles. That combination makes full
use of the high stability of PbO2 electrode and the high catalytic activity of Sb–SnO2 particles. At the
same time, it is also expected to reduce the release of lead ions on the surface of PbO2 electrode by
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covering with Sb–SnO2 particles. In this paper, the mass transfer and electrochemical performance
of this new 2.5D electrode system were investigated in detail, and the electrocatalytic degradation
experiments of relevant target organics were also conducted.

2. Materials and Experiment

2.1. Chemicals and Reagents

All chemicals used in the experiment were obtained from Sinopharm Chemical Reagent Xi’an
Co., Ltd. (Xi’an, China), and were of analytical grade without further purification. The pure water
fabricated in a water purification system (EPED-S2-D, EPED, Nanjing, China).

2.2. Electrode and Magnetic Powder Preparation

Ti cylinder tube (Purity > 99.6%, BaoTi Ltd., Baoji, China) with a dimension of φ 3 cm × 12 cm
were used as the electrode substrate. The Sb–SnO2 layer was coated on the Ti tubes through a brush
coating method as reported by our previous work [30,31]. After that, one end of the Ti tubes was
sealed with epoxy ethyl ester and polyamide ethyl ester. Finally, the PbO2 coating was fabricated by
electrodeposition with an inner layer (α-PbO2) and an outer layer (β-PbO2). The electrodeposition
process was conducted in a two-electrode system undercurrent of 10 mA·cm−2. The α-PbO2 and
β-PbO2 layers were prepared by electrodeposition at 40 ◦C for 30 min and 65 ◦C for 120 min respectively.
Details for the electrodeposition process of PbO2 coating can be found in our previous work [6,7,32,33].

The specific preparation method of the Sb–SnO2 magnetic particles was the same as our previous
work [27], mainly including heating and stirring, calcination, grinding, and sieving.

The 2D electrode system consisted of titanium tube-based lead dioxide anode and annular copper
cathode. In the 2.5D electrode system, the titanium tube-based lead dioxide electrode was covered by
a certain amount of Sb–SnO2, magnetic powder used as the anode. The annular copper cathode in the
same size as the 2D electrode system was used as the cathode.

2.3. Material Characterizations

The morphology, microstructure and element content of the prepared magnetic particles were
analyzed by scanning electron microscopy (SEM: JSM-6390A, JEOL, Tokyo, Japan) equipped with
an EDX (energy-dispersive X-ray spectroscopy) detector. X-ray diffraction (XRD: X’pert PRO MRD,
PANalytical, Almelo, Holland, Cu Kα) was adopted to analyze crystal structure, with the scanning
angle ranging from 10◦ to 80◦. The magnetic property of the granules was determined by a vibrating
sample magnetometer (VSM: 735 VSM Controller, LakeShore, Westerville, OH., USA). The powder
sample was sealed in a 3 mm × 1 mm space on the vibrating stick and the mass of each sample was
recorded. The range of magnet field intensity was set between −7500 Oe and 7500 Oe.

2.4. Electrode System Characterizations

2.4.1. Determination of Mass Transfer Coefficient

The mass transfer coefficient determined by the most common method reported in the literatures
is the current limiting method [34,35]. The volume of the test solution was 500 mL, and it contained
0.2 mol/L K3Fe(CN)6 and 0.1 mol/L K4Fe(CN)6 with 1mol/L Na2SO4 as the supporting electrolyte.
Then a three-electrode system was scanned with an Amperometric i-t Curve in an electrochemical
workstation (CHI 660D, Chenhua, Shanghai, China). The working electrode was a 2.5D electrode and
a 2D electrode, respectively. The reference electrode was a saturated calomel electrode. Raising voltage
from 0.4 V to 3.4 V every 0.2 V with a scanning interval of 400 s, the results were made into a U–I curve.
The corresponding mass transfer coefficient can be calculated through Equation (1).

k =
Ilim

nFACB
, (1)
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where k is the mass transfer coefficient, m/s; Ilim is the limiting current, A; n is the electron transfer
number; F is the Faraday constant (96,500 C·mol−1); A is the plate area, m2; CB is the bulk solution
concentration, kmol/m3.

2.4.2. Cyclic Voltammogram Test

The cyclic voltammogram test was performed at an electrochemical workstation (CHI 660D,
Chenhua, Shanghai, China) in a three-electrode cell system. Copper sheets acted as the counter
electrode, and Ag/AgCl (sat KCl) served as a reference electrode. The measure of cyclic voltammogram
test performed in 0.5 mol·L−1 Na2SO4 solutions at the scan rate of 0.05 V·s−1 from 0 V to 2 V.

2.4.3. The Determination of •OH

Hydroxyl radicals were measured by an indirect method with DMSO as the capture agent [36,37].
2.5D and 2D electrode were used to electrolysis a 500 mL-volume solution with 250 mmol/L DMSO
for 1 h at 40 mA/cm2, sampling 2 mL every 15 min. The samples were filtered through a 0.45 µm
filter, maintained at 25 ◦C for a certain time, then 2.5 mL pH 4.0 H3PO4–NaH2PO4 and 0.2 mL six
mmol/LDNPH were added and diluted to 5 mL. The mixture was maintained at room temperature for
30 min and analyzed by HPLC (Sykam S500, Sykam, Eresing, Germany). HPLC conditions: λ = 355 nm,
injection volume: 20 µL, mobile phase: methanol/water = (60/40, v/v). The flow rate of 1.0 mL·min−1.
Samples were ultrasonically degassed and filtered with a 0.45 µm PTFE filter.

2.5. Electrochemical Oxidation Process

Acid Red G (C18H13N3Na2O8S2, Chemical Abstracts Service Number ( CAS no.) 3734-67-6)
and three other organics (including Salicylic acid (CAS no.69-72-7), Phenol (CAS no.108-95-2), and
Aniline (CAS no.62-53-3)) were selected as the target organics in the electrochemical oxidation process.
Electrochemical oxidation was conducted in a thermostatic glass cell (φ = 5 cm) using the two-electrode
configuration, and the electrolyte circulated through a peristaltic pump. The 2.5D and 2D electrode
were used as the anode and a copper sheet was employed as the cathode. The volume of the electrolyte
solutions was 500 mL. To maintain the conductivity of the solution (27.2 mS/cm), 0.1 mol·L−1 Na2SO4

was added to the aqueous solution. The experiments were operated with a magnetic stirrer for 120 min,
sampling 5 mL every 30 min. A UV-visible spectrophotometer (UV2600A, Unico, Shanghai, China)
was employed to measure the absorbance spectra of Acid Red G (ARG), and the maximum absorption
peak of ARG was at 505 nm. The Chemical Oxygen Demand (COD) was measured with a water quality
tester (ET99722 Lovibond, Shanghai, China). TOC was analyzed by ET1020A TOC analyzer.

The calculation methods of some indexes, such as ARG removal efficiency (ηARG), COD removal
efficiency (ηCOD), TOC removal efficiency (ηTOC), current efficiency (CE), energy consumption
(ECCOD, kWh/gCOD), mineralization current efficiency (MCE) and TOC energy consumption (ECTOC,
kWh/gTOC), are shown in the following equations.

ηARG =
A0 −At

A0
× 100%, (2)

ηCOD =
COD0 −CODt

COD0
× 100%, (3)

ηTOC =
TOC0 − TOCt

TOC0
× 100%, (4)

CE = FV
COD0 −CODt

COD0
× 100%, (5)

ECCOD =
UIt

V(COD0 −CODt)
, (6)
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ECTOC =
50UIt

3V × TOC0 × ηTOC
, (7)

MCE =
nFV(TOC0 − TOCt)

mIt× 4.32× 107 × 100%, (8)

where A0 and At are the absorbance value in 505 nm of initial wastewater sample and electrolysis at
the given times t, COD0 and CODt are the COD of initial wastewater sample and electrolysis at the
given times t, g·m−3. TOC0 and TOCt are the TOC of initial wastewater sample and electrolysis at the
given times t, g·m−3. I is the current (A); U is the cell voltage (V); V is the volume of the electrolyte
(m3); t is the treatment time (min); n is the number of electrons consumed during ARG mineralization
(98); 4.32 × 107 is the conversion factor (3600 s·h−1

× 12,000 mg); m is the number of carbon atoms in
the ARG molecule (18).

2.6. Toxicity Evaluation of Degradation Result

The concentration of a metal element in the solution after electrolysis was determined by ICP-OES
(ICPE-9000, SHIMADZU, Kyoto, Japan).

Biofluorescence method. According to GB 15441-1995, toxicity experiments were carried out
to evaluate the toxicity of samples after electrochemical oxidation. Photobacterium phosphoreum
T3 was purchased from the China Microorganisms Collection Center. Three sets of parallel and one
control group were set for each sample to test. In the parallel-group, 867 µL of the test sample was
added, and in the control group, 867 µL of pure water was added. After contacting with the sample,
the broth was placed on a Modulus™ single-tube multi-purpose detector and counted. Relative
luminosity significantly negatively correlated with the concentration of toxic components in the water
sample. Therefore, the relative luminosity of the water sample can be measured with a bioluminescence
photometer to indicate its toxic luminescence level.

3. Results and Discussion

3.1. The Comparison of 2D and 2.5D Electrode

3.1.1. Mass Transfer Coefficient

Figure 1a shows the ampere-voltage curve of 2.5D electrode system under different magnetic
particle dosage. As shown in Figure 1a, one can find that the ampere-voltage curve of the 2.5D electrode
at different particle dosage has the current plateau. When the particle dosage increased from 0 to
5 g, the plateau current value increased slowly. When the particle dosage increased to 7.5 g and
10 g, the plateau current value was significantly higher than the data when the particle dosage was
0 g. The mass transfer coefficient can be calculated by combining the current platform value with
equation 1, as shown in Figure 1b. The corresponding mass transfer coefficients were 0.00148, 0.00172,
0.00206, 0.00361, and 0.00495 m·s−1 when the particle dosage was 0 g, 2.5 g, 5 g, 7.5 g, and 10 g. The
data confirmed that the addition of particle dosage could increase the electrochemical system mass
transfer coefficient.

3.1.2. Hydroxyl Radicals

Hydroxyl radicals are generated from the oxidation of water, as shown in Equation (9). It is the
core of electrocatalytic reaction. Hydroxyl radicals were measured by an indirect method with DMSO
as the capture agent. HPLC was used to qualitatively determine the •OH content of 2.5D electrodes
with different magnetic particle dosage. The variation of •OH content with electrolysis time is shown
in Figure 2. The •OH content grew up improperly with the increase of Sb–SnO2 magnetic particle
dosage and the extension of electrolysis time as shown in Figure 2. It meant that the •OH yield of the
2.5D electrode system was more than that of the traditional 2D electrode system. When the magnetic
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particle was 10 g, the •OH yield of the 2.5D electrode system was the highest. At 60min, the •OH yield
of 2.5D electrode system was 673.4 µmol·L−1, while that of 2 D electrode system was 425.8 µmol·L−1.

H2O→ •OH + H+ + e (9)
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3.1.3. Electrochemically Active Site

Literature reports that the number of electroactive sites on the electrode surface is proportional to
the area of its cyclic voltammetry curve. Figure 3 is the cyclic voltammetry curve of a 2.5D electrode
system under different Sb–SnO2 magnetic particle dosage. It can be seen from Figure 3 that the
introduction of magnetic particles significantly increased the cyclic voltammogram area of the electrode
system. This indicates that the number of electrode surface active sites in 2.5D electrode system was
larger than that in the traditional 2D electrode system.

Comprehensive appeal results show that the 2.5D electrode system is superior to the traditional
2D electrode system in terms of mass transfer coefficient, hydroxyl radical yield, and surface-active
sites. The reason for that phenomenon is that Sb particles are excellent electroactive particles, whose
introduction can greatly expand the surface area of lead dioxide electrode. Considering that the
electrode surface cannot adsorb more particles magnetically, 10 g was chosen as the number of
magnetic particles.
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3.1.4. Electrocatalytic Capacity Comparison

An electrocatalytic degradation experiment was carried out with ARG as the target. The results are
shown in Figure 4 and Table 1. As shown in Figure 4a, the removal efficiency (including ηARG, ηCOD, and
ηTOC) of the 2.5D electrode system is higher than that of the 2D electrode system. Meanwhile, the 2.5D
electrode system has a higher CE, almost twice as much as the 2D electrode, with the current efficiency
of 12.21% compared with 7.1%. The ECCOD decreases from 1.71 kWh/gCOD to 0.961 kWh/gCOD,
as shown in Table 1. From the above results, one can find that the 2.5D electrode system has better
performance in the electrocatalytic process than 2D electrode system. It may be because the 2.5D
electrode system has a higher mass transfer coefficient, greater hydroxyl radical production, and more
surface-active sites than the 2D electrode system.
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Figure 4. The removal efficiency (a) and relative luminance before and after electrolysis (b) of Acid
Red G (ARG) by 2.5D and 2D electrode (electrolysis condition: ARG 100 ppm, 10 mA/cm2, 0.1 mol/L
Na2SO4, room temperature, and electrolysis time of 1 h).

According to GB/T 15441-1995, the toxicity of wastewater samples before and after degradation
by the 2D and 2.5D electrode system were tested, as shown in Figure 4b, indicating that the relative
luminosity of samples treated by 2.5D electrode system is higher than that of the raw water. Nevertheless,
the relative luminosity of samples treated by the 2D electrode was significantly lower than that of the
raw water. It means that the 2.5D electrode system reduced the biotoxicity of the raw water and greatly
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increased compared to the 2D electrode system. One of the reasons for this phenomenon is that the
electrocatalytic oxidation ability of the 2.5D electrode system is stronger than that of the 2D electrode
system. ARG molecules can be decomposed by the 2.5D electrode system to a higher degree and more
non-toxic or low-toxic small molecular substances. Another reason is the concentration of lead ions
released during electrolysis. The lead dioxide of the 2D electrode system is exposed to the solution. In
this case, the lead ion will leak into the solution, increasing the toxicity of the wastewater. Inductively
Coupled Plasma (ICP) test results showed that the concentration of a lead ion in the electrolyzed
water of 2D electrode system was 0.25 mg/L. For the 2.5D electrode system, the Sb−SnO2 magnetic
particles adhere to the lead dioxide electrode surface and can inhibit the leakage of lead ion during the
electrolysis. The concentration of lead ion in the electrolyzed water of 2.5D electrode system was 0.10
mg/L, less than that of the 2D electrode system.

Table 1. The parameters comparison of 2.5D and 2D electrode.

CE/% ECCOD/kWh/gCOD ηTOC/%

ARG a 2D 7.10 1.71 15.6
2.5D 12.2 0.961 22.6

Salicylic acid 2D 5.04 0.45 40.85
2.5D 7.30 0.32 54.68

Phenol
2D 6.97 0.34 27.04
2.5D 8.64 0.27 52.77

Aniline
2D 10.05 0.23 28.92
2.5D 12.06 0.19 56.01

a The applied current density was 10 mA/cm2 for ARG and 50 mA/cm2 for three other organisms. The electrolysis
time was 1 h for ARG and 2 h for three other microorganisms.

To further verify the superiority of the 2.5D electrode system in electrocatalytic capability,
three other typical organic compounds (including Salicylic acid, Phenol, and Aniline) were used as
degradation targets for electrocatalytic degradation experiments. The results are shown in Figure 5
and Table 1. The ηCOD-2 h and ηTOC-2 h of aniline were 60.18% and 56.01% by using the 2.5D electrode
system, which were higher than 35.71% and 28.92% of the 2D electrode system. The CE of aniline for
the 2.5D electrode system was 12.06%, higher than 10.05% for 2D electrode system. Meanwhile, the
ECCOD decreased from 0.23 kWh/gCOD to 0.19 kWh/gCOD. Similar results could be obtained when
the other two organics were degraded. All the above results show that the 2.5D electrode system has
advantages in electrocatalytic capability over the 2D electrode system.

3.2. Degradation of ARG by Using the 2.5D Electrode System

3.2.1. Effect of Current Density

Current density is an important parameter in controlling the reaction rate and has a significant
effect on the electrochemical oxidation process. The current density was changed from 10 to 50 mA/cm2

in the process of degrading the ARG. As shown in Figure 6a,b, current density had a positive effect
on the degradation of ARG with the increasing of current density. The ηARG increased from 77.69%
to 100% after 120 min of electrolysis. When the current density reached 40 mA/cm2, the complete
discoloration of ARG can be achieved after 60 min. The ηCOD increased from 52.6% to 65.89% with the
raising of current density from 10 to 50 mA/cm2, but not completely removed. It may be because, of the
process of electrochemical oxidation where an azo bond oxidation easily occurred, the intermediate
products and other organics continued to be oxidized so that the rate of color removal was higher than
the COD reduction. Yao et al. [38] reported that current density was proportional to electrochemical
oxidation and could increase •OH production. Therefore, in the 2.5D electrode system, the increasing
current density is also beneficial to organic matter removal.
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From Table 2, it can be seen that with the increase of current density, ηTOC increased from 18.64%
to 52.51%. However, ECCOD and ECTOC both increased, and CE and MCE gradually decreased.
Li et al. [19] considered that with the increase of current density, the reaction of oxygen production
increased, which would compete with the degradation of organics, leading to the decrease of current
efficiency and the increase of energy consumption.

Table 2. Effect of different factors on ARG degradation by using the 2.5D electrode system.

CE/% ECCOD/kWh/gCOD ηTOC/% MCE/% ECTOC/kWh/gTOC

Current density
(mA/cm2)

10 5.90 0.22 18.64 3.28 1.43
20 3.48 0.46 23.76 2.52 2.28
30 2.56 0.71 27.05 1.90 3.46
40 2.45 0.83 37.35 1.97 3.74
50 2.07 1.06 52.51 1.62 4.94
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Table 2. Cont.

CE/% ECCOD/kWh/gCOD ηTOC/% MCE/% ECTOC/kWh/gTOC

Dye concentration
(mg/L)

50 0.89 2.43 41.77 0.86 9.13
100 2.07 1.06 52.52 1.62 4.94
200 3.08 0.7 35.22 2.55 3.09
300 3.39 0.66 17.70 1.45 5.60

Temperature (◦C)

5 5.76 1.72 40.69 6.8 4.60
15 6.48 1.46 46.07 7.92 4.03
25 8.29 1.06 52.52 9.01 3.81
35 5.79 1.45 62.97 11.11 3.24

3.2.2. Effect of Initial Organic Concentration

Figure 7 shows the effect of initial dye concentration on ARG degradation. As shown in Figure 7a,
complete color removal could be achieved when the ARG concentration increased from 50 ppm to
300 ppm. However, it would take more time to achieve the complete decolorization for higher ARG
concentration solution. The ηCOD after 120 min electrolysis was 76.17%, 71.96%, 56.05%, and 48.18%
when the initial ARG concentration was 50, 100, 200, and 300 mg·L−1, respectively. Table 2 also shows
that ECCOD and ECTOC significantly reduced with increasing initial dye concentration, while CE and
MCE significantly increased with the increasing initial dye concentration.Catalysts 2019, 9, 875 11 of 15 
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Figure 7. Effect of dye concentration on ARG removal efficiency (a) and COD removal efficiency (b).
Other operating conditions: Current density of 50 mA/cm2 and temperature of 25 ◦C.

The electrocatalytic oxidation process is controlled by mass transfer. At low initial ARG
concentrations, the electrochemical reaction is faster than the diffusion process. The dye molecule
was expected to be degraded completely at the electrode–solution interface. When the initial ARG
concentrations increased, the amount of ARG molecule achieved the anode surface was larger than
that in the low concentration solution. Thus, more ARG molecules reacted with the •OH on the
anode surface in the high concentration solution [2]. The amount of •OH generated on the surface
of the PbO2 anode at a given current density fixed. Active free radicals generated on the electrode
surface were insufficient for pollutant degradation with increasing ARG concentration. Then the ηCOD
decreased with the increase of the initial ARG concentrations, while ECCOD and ECTOC decreased with
the increase of the initial ARG concentrations.

3.2.3. Effect of Temperature

Figure 8 shows the effect of temperature on ARG removal efficiency and COD removal efficiency.
One can find that when the temperature was lower than 25 ◦C, ηARG and ηCOD increased as the
temperature rose. However, ηARG and ηCOD declined when the temperature rose to 35 ◦C. As shown
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in Table 2, ηTOC follows the same rules. Generally speaking, when the temperature is higher, the
chemical reaction rate increases, thereby increasing the utilization of •OH. When the temperature does
not exceed 25 ◦C, the experimental results prove this. However, when the temperature exceeds 25
◦C, all chemical reactions in the electrolytic cell are accelerated, including various side reactions. The
oxygen evolution side reaction reduced the utilization rate of hydroxyl radical and current efficiency,
and finally reduced the overall reaction effect.
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Figure 8. Effect of temperature on ARG removal efficiency (a) and COD removal efficiency (b). Other
operating conditions: Current density of 50 mA/cm2 and ARG concentration of 100 ppm.

3.3. The Stability of Fe3O4/Sb–SnO2

The XRD patterns, magnetization curves, and surface element content of the magnetic particles
before and after 50 h-electrolysis are shown in Figure 9 and Table 3. As shown in Figure 9a, there
were the diffraction peaks of Fe3O4 (35.51◦), Fe2O3 (33.1◦), TiO2 (62.8◦), Sb–SnO2 (26.6◦ and 51.8◦),
which were consistent with previous researches. After the electrolysis for 50 h, there was no change in
particle diffraction peak. It can be seen from Table 3 that, after electrolysis, the element content on the
surface of particles changed slightly. Sn and Sb decreased, while Fe and Ti increased. It indicates that
the surface of magnetic particles dissolved to a certain extent after electrolysis for 50 h, resulting in
increased exposure of ferric oxide. As shown in Figure 9b, the magnetic properties of the particles
increased after use. These results indicate that Sb–SnO2 magnetic particles had better stability than
Sb–SnO2 electrodes. More importantly, this 2.5D electrode system provides excellent convenience for
particle replacement and is conducive to the continuity of the electrocatalytic process improvement.
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Table 3. The surface element content of magnetic particles before and after electrolysis.

Sn Sb Fe Ti C O

Before electrolysis 23.57 3.03 7.23 11.89 10.26 44.01
After 50 h electrolysis 20.47 2.86 11.24 12.67 10.38 42.38

4. Conclusions

In this study, the PbO2 electrode and the Sb–SnO2 electrode were combined by a magnet to
construct a newly assembled 2.5D electrode. Due to the existence of Fe3O4/Sb–SnO2 particles, it proved
that the 2.5D electrode could improve the mass transfer coefficient and increase •OH content, relative
to the traditional 2D electrode. The degradation experiments showed that the 2.5D electrode could
improve the performance of decolorization, degradation, and mineralization for ARG, reduce the
energy consumption significantly, and increase the current efficiency, indicating the superiority of
the 2.5D electrode in ARG removal from wastewater. Through the experiments of temperature,
concentration, and current density, it was found that the removal efficiency of ARG is more favorable at
higher current density, average temperature, and lower concentration. Toxicity experiments revealed
that, compared with the 2D electrode, the 2.5D electrode could significantly reduce the toxicity of
wastewater, indicating the potential for reducing the toxicity of the dyeing wastewater.
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