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Abstract
In this work, GAC@Ni/Fe particle electrodes were prepared and employed for the degradation of
Sulfamethylthiadiazole (SMT) by three-dimensional electrocatalytic technology.The effects of particle
electrode bi-metal loading ratio, cell voltage, particle electrode dosage, electrode plate spacing and SMT
initial concentration on SMT removal were studied.In addition, GAC@Ni/Fe particle electrode was
analyzed by the scanning electron microscope (SEM), transmission electron microscope (TEM), X-ray
diffractometer (XRD), X-ray photoelectron spectrometer (XPS) and Fourier transform infrared
spectrometer (FTIR) to characterize . which indicated that a signi�cant amount of Iron-nickel oxide were
formed on the surface of GAC@Ni/Fe particle electrode.The results indicated that when the nickel-iron
loading ratio is 1:1, the SMT removal effect is the best, and the removal rate can reach 90.89% within 30
minutes,Compared with the granular activated carbon without bimetal, the removal e�ciency is increased
by 37.58%. The degradation of SMT in the GAC@Ni/Fe particle three-dimensional electrode reactor is the
joint result of both direct oxidation and indirect oxidation. The contribution rates of direct oxidation of
anode and particle electrode and indirect oxidation of ·OH in the degradation are 32%, 27% and 41%,
respectively. Based on the intermediate detected by ultra high liquid chromatography and the calculation
of bond energy of SMT molecule by Gauss software the degradation pathway of SMT in the GAC@Ni/Fe
three-dimensional electrode reactor is proposed. This research provides a green, healthy and effective
method for removing sulfonamide micro-polluted wastewater.

1. Introduction
In recent years, the widespread use of pharmaceuticals and personal care products (PPCPs) has greatly
improved the healthy life of human beings, but it has also caused potential safety risks to the ecological
environment and ecosystems (Kurade et al., 2021.;Lu et al., 2021.; Shahriar et al., 2021.;Yxc et al.,
2021.;Chaturvedi et al., 2021). Water environment serves as one of the major pollution transmitting
carriers of the emerging organic pollutants, and more and more PPCPs are also frequently detected in the
water(Shannon et al., 2008.;Ying et al., 2021.;Ren et al., 2021.;Meng et al., 2021.;Chen et al., 2021.;Chen et
al., 2020.;Yang et al., 2020), both of which have attracted wide attention from researchers.

PPCPs mainly include antibiotics, hormones, anti-epileptic drugs and personal care products such as
preservatives, fungicides, disinfectants, etc.(Yi et al., 2017.;N. et al., 2019). They have the characteristics
of high toxicity, strong bioaccumulation, and refractory biodegradability. In the environmental media they
can be absorbed and enriched by the human body or other organisms (Zhang et al., 2020), causing the
feminization of biological organisms, increasing the cancer rate of the reproductive system, destroying
the immune system and central nervous system and other hazards(Jl et al., 2019). Among antibiotics,
sulfonamides (Sulfonamides, SAs), as a common medicine for both humans and animals, has been used
frequently as an important chemotherapeutic drug(Dumont et al., 2006), and its dosage accounts for
more than 12% of the total types of antibiotics(Xu et al., 2009). The removal e�ciency of SAs in sewage
treatment plants is very low(Yi et al., 2017.;N. et al., 2019.;K Jüttner et al., 2000), due to the fact that by
means of the traditional treatment process, it is di�cult to effectively remove the sulfonamide organics in
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the water(Yang et al., 2021.;Wang et al., 2016.;Dao et al., 2020.;Tarpani et al., 2018.;Samaras et al., 2013).
Biological treatment technology requires many restrictions, the investment in operation and maintenance
is large, and the effect is di�cult to maintain for a long time(Oller et al., 2012). Physical and chemical
methods are at high cost relatively and may cause secondary pollution and other risks. A majority of
sulfonamides directly discharged into environment with the excrement of livestock and poultry and
gradually accumulated in the groundwater due to its refractory property, and were detected in pig
slurry(up to 500 mg/L), in surface water (up to 40 ng/L) and in groundwater (up to 20 ng/L)(Zhang et
al.,2019), which caused serious environmental pollution including antibiotic resistance of bacterial
pathogens and generation of superbacteria(Zhu et al., 2016;Teng et al., 2019).Therefore, it is an urgent
demand to develop effective and economical methods for elimination of sulfonamide from wastewater
to prevent water environment pollution (Liu et al., 2015;Muhammad et al.,2021).

In the past 20 years, the electrochemical method has been called clean processing technology due to its
simple structure, small occupied area, and easy management(K Jüttner et al., 2000). In recent years the
three-dimensional electrode system has been highly valued by scienti�c researchers. The three-
dimensional electrode is the bipolar particles formed by �lling with granular materials between the plates
of the two-dimensional electrode electrolytic cell, and the �lled particles are polarized under the action of
an electric �eld. Each bipolar particle forms a micro electrolytic cell, and Hydroxyl radicals are generated
on the surface of particle electrodes to undergo oxidation-reduction reactions with organics. These
particle electrodes are usually some kind of granular or debris-like �llers. The choice of particle electrodes
is also the key to design and improve the overall operating e�ciency of the three-dimensional electrode
system(Feng et al., 2015). The most common particle electrodes are metal particles, granular activated
carbon (GAC)(Zhao et al., 2017.;Sun et al., 2014), carbon aerogel (GA), etc.(Zhuang et al., 2017.;Berenguer
et al., 2010.;Zhang et al., 2013) .

Bimetallic catalysis has been widely concerned by researchers since the 1950s(Hai-Yan et al., 2018).
Compared with single metal particles, bimetallic particles usually show higher catalytic activity(Chen et
al., 2017). The reserve of metal nickel and iron in the earth is extremely abundant, and as a magnetic
material, nickel is corrosion-resistant and has low cost. It can form a galvanic cell with iron to change the
properties of ferroelectronics(Kuang et al., 2015.;Weng et al., 2014) and slow down its passivation(Lu et
al., 2017.;Zhou et al., 2014.), both of which can effectively enhance the performance of each other, play a
synergistic catalysis, and improve the performance of degrading organic pollutants(Gon?Alves et al.,
2016.;Schrick et al., 2002.;Kadu et al., 2017).

In this study, GAC is used as the carrier, and the metal nickel and iron are loaded on the surface of the
GAC by the liquid-phase reduction method to prepare a high-performance particle electrode with
bimetallic synergistic catalytic function, which is used to degrade the typical SAs—sulfamethiadiazole
(SMT). SEM, TEM, XRD, XPS, FTIR, etc. are used to characterize the particle electrode. Moreover, we
discuss the synergistic catalysis of metal nickel's and iron's load ratio, the impact of key factors such as
the initial voltage, particle electrode dosage, electrode plate spacing and SMT initial concentration on the
degradation e�ciency, so as to determine the optimal reaction conditions. The study also reveals the
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mechanism and possible degradation pathways of electrocatalytic degradation of SMT, providing more
theoretical basis for the degradation of SMT by the three-dimensional electrode reactor, and offering a
research foundation to its wide application in the future.

2. Materials And Methods

2.1. Materials
Methanol (CH3OH) was purchased from Anhui Dadi High Purity Solvent Co., Ltd., acetic acid (CH3COOH)
was purchased from Tianjin Komiou Chemical Reagent Co., Ltd., dilute sulfuric acid (H2SO4) was
purchased from Beijing Chemical Plant, absolute ethanol (C2H5OH) was purchased from West Long
Science Co., Ltd., ferrous sulfate heptahydrate (FeSO4·7H2O) and nickel chloride hexahydrate
(NiCl2·6H2O) were purchased from Sinopharm Chemical Reagent Co., Ltd.; sodium borohydride (NaBH4)
was purchased from Shandong West Asia Chemical Industry Co., Ltd. Company; franular activated
carbon (GAC), nitrogen (N2), and sulfamethiadiazole (SMT) were purchased from Yuanye Biology; tert-
butanol (C4H10O) was purchased from Tianjin Guangfu Fine Chemical Research Institute; and
experimental water was deionized water, etc.

2.2 Preparation of GAC@Ni/Fe particle electrodes
The granular activated carbon was soaked in 0.05mol/L dilute sulfuric acid for 30 minutes, after being
�ltered it was washed with ethanol solution and deionized water for three times, and then dried in a
constant temperature drying oven at 105℃ for 10 hours, sealed and stored for later use.

Weigh an appropriate amount of FeSO4·7H2O and NiCl2·6H2O and dissolve them in a certain amount of
deionized water, and stir until they are completely dissolved (the mass ratio of nickel and iron in the
mixed solution is 2:1, 1:1, 1:2, respectively). The mixed solution was transferred to a 500mL three-necked
�ask containing an appropriate amount of pre-treated GAC. Under the protection of nitrogen, the newly
prepared NaBH4 solution was added dropwise to the mixed solution of nickel and iron at a rate of 1 drop
per second before completely stirring. The reduction reaction generated a supported nickel-iron bimetallic
particle electrode, which was quickly �ltered after full reaction, and placed in a drying oven for drying at
80℃ for 10 hours for later use(Liu et al., 2012).

2.3 Construction of three-dimensional electrode �lter
system
The experimental devices of this study are shown in Figure 1. Three-dimensional electrode
electrochemical reactor, including water inlet unit, peristaltic pump, main reaction unit, e�uent collection
unit, stirring system, cathode (graphene electrode), anode (ruthenium-iridium coated titanium electrode),
particle electrode (self-made nickel-iron double metal particle electrode), DC power supply, water inlet and
outlet valves, etc. The main reaction unit is equipped with an electrode card slot, which can control the
distance between the positive and negative electrodes and set the particle electrode �lling slot.
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2.4 Analysis methods
Scanning electron microscopy (ZEISS SIGMA 500, SEM) and transmission electron microscopy (FEI
Tecnai F30) characterization methods were used to analyze the surface morphology and element
composition of the particle electrode, Fourier infrared spectroscopy (Perkin-EImer Spectrum GX) was used
to characterize the change of surface functional groups of the particle electrode after loading; X-ray
diffractometer (X Pert-Pro MPD) was used to characterize the crystal structure of the particle electrode; X-
ray photoelectron spectrometer (Thermo 250XI) was used to analyze the valence state of the bi-metal on
the surface of the particle electrode; liquid chromatograph (Agilent 1260 In�nity II) was used to detect the
concentration before and after the SMT reaction; a high-resolution mass spectrometer (Waters Q-TOF
SYNAPT G2, USA) was used to analyze the degradation pathway.

2.5 SMT degradation experiment
In order to study the optimal reaction conditions of the GAC@Ni/Fe particle electrode electrocatalytic
oxidation degradation of SMT, a single factor experiment was used to control the initial cell voltage,
electrode plate spacing, particle electrode dosage and SMT initial concentration as the key variants of
in�uencing factors to study the degradation e�ciency. And in order to eliminate the in�uence of
adsorption, adsorption experiments were carried out on the particle electrode before the experiment, and
electrolysis experiments were carried out after the adsorption was saturated. The initial test conditions:
cell voltage was 5V, electrode plate spacing was 1cm, particle electrode dosage was 3g, and SMT initial
concentration was 1mg/L.

3. Results Adn Discussion

3.1 Preparation of GAC@Ni/Fe particle electrodes
Under the experimental conditions of 2.5, the electrolyte was 0.01mol/L sodium sulfate (Na2SO4)
solution, and the degradation effects of two-dimensional electrodes and three-dimensional electrodes
were compared. As shown in Figure 2a, within 30 minutes, the degradation rate of the three-dimensional
electrode was 90.89%, being signi�cantly better than that of the two-dimensional electrode at 29.34%. It is
mainly attributed to the formation of tiny electrolytic cells for each particle electrode added, which
increased the effective reaction area, improved the mass transfer e�ciency of the reaction, and reduced
the reaction distance so as to raise the generation of ·OH and improve SMT degradation e�ciency.

3.1.1 Effect of active components on SMT removal rate
The active catalytic components loaded by the particle electrode also have an important in�uence on the
electrocatalytic performance of the particle electrode(Wang et al., 2008.). Figure 2a shows the effect of
electrocatalytic degradation of SMT by particle electrodes loaded with different active ingredients. Under
the same experimental conditions, the degradation performance of the unloaded particle electrode is
signi�cantly lower than that of the particle electrode loaded with metal active ingredients. The metal
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active components increase the catalytic performance of the particle electrode; compared with the single
metal, the bimetallic load represents a higher synergistic catalytic activity. The bi-metal also promotes
each other to form a galvanic cell, which enhances each other’s performance and improves the
degradation e�ciency.

3.1.2 Effect of Ni/Fe mass ratio on SMT removal rate
Figure 2b shows the effect of Ni/Fe loading mass ratio on the degradation of SMT in a three-dimensional
electrode reactor. Under the same experimental conditions, the quality of ferronickel changes from 1:2 to
2:1, the degradation e�ciency changes from 85.36–70.2%, and the maximum is reached when the mass
ratio of ferronickel is 1:1, while the degradation rate is 90.89% in 30 minutes. The loaded bimetallic
material promotes the degradation e�ciency, but too much nickel or iron will produce side reactions that
inhibit free radicals, so as to affect the synergistic catalysis and reduce the reaction e�ciency. This study
shows that when the mass ratio of nickel to iron is 1:1, the synergistic catalytic performance is the best.
Therefore, the particle electrode is selected under this ratio in the single factor research experiment.

3.2 Physical and chemical properties of GAC@Ni/Fe
granular electrode

3.2.1 SEM characterization
Scanning electron microscope is used to observe the unloaded GAC particle electrode and GAC@Ni/Fe
particle electrode, and the results are shown in Figure 3a,b. The surface of GAC without metal loading has
less impurities, and is loose and porous; the surface of the particle electrode after loading nickel-iron bi-
metal presents a spherical structure with pleated "petal-shaped" �akes, which are evenly distributed on
the GAC surface. The average diameter of the spherical particles is about 4.77µm. This pleated structure
increases the speci�c surface area of the particle electrode and enhances the mass transfer performance
of the material. The quantity of reactive sites increases, and the particle electrode better contacts the
target pollutants, making it have better degradation performance(Zhang et al., 2020).

3.2.2 TEM-EDS characterization
In order to better analyze the apparent morphology and element composition of the particle electrode
after loading, a transmission electron microscope is used to scan the homemade GAC@Ni/Fe particle
electrode. As shown in Figure 3c, the boundary of the particle electrode particles is clear and smooth,
showing a transparent state. It shows that the ultra-thin characteristics of petal-like nanosheets(Huang et
al., 2014) are consistent with the SEM results. Figure 3d is the HRTEM �gure of the GAC@Ni/Fe particle
electrode, which shows different visible lattice fringes, which are 0.205nm, 0.247nm, 0.328nm and
0.239nm, respectively, corresponding to the crystal planes of Fe3O4 (311), Ni2O3, FeO (104) and NiO (200)
separately. And through EDS analysis, the percentage increase of nickel after loading is the same with
that of iron, and they are evenly distributed on the GAC surface. The loading effect is better. In addition to
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the detection of nickel, iron, and carbon, the peaks corresponding to oxygen also appear in the EDS
spectrum. Part of the oxygen element comes from the GAC carrier, and the other part is caused by the
oxidation of the nanoparticles during the processes of washing, drying and testing.

3.2.3 XRD characterization
Figure 4a is an analysis graph of the crystal form after the particle electrode is loaded with nickel and
iron. It can be seen from the �gure that a broad peak appears when the diffraction angle is 2θ = 26.6°,
which is the main peak of the graphite crystal form of granular activated carbon. The material shows the
characteristic peak of iron oxide when the diffraction angle is 2θ = 36.820° and 2θ = 60.694°each, and the
characteristic peak of nickel oxide appears at diffraction angles of 2θ = 44.832°and 2θ = 43.275°; the
main body of the particle electrode is composed of GAC, and the bi-metal is later loaded, only attached on
the surface. Combined with the EDS analysis, the content of iron and nickel is relatively less, so their
characteristic peak display and degree of crystallinity are not so obvious as those of the C element.

3.2.4 XPS characterization
XPS is mainly used to analyze the element composition and valence state distribution on the surface of
the particle electrode after loading. From Figure 4b the full spectrum we can see that the surface of the
particle electrode after loading mainly contains carbon, oxygen, iron, nickel and other elements. Among
them, the particle electrode uses GAC as the carrier, which is the main source of carbon. Oxygen is caused
by the long-term exposure of particles in the air and the oxidation of metal elements in the preparation
process. It can be seen from the high-resolution spectrum of Fe 2P in Figure 4c that the binding energies
of 714.7eV and 712.4eV, 725.4eV represent the characteristic peaks of Fe2+ and Fe3+ oxides respectively;
from the high-resolution spectrum of Ni 2P in Figure 4d, it can be concluded that the binding energies of
855.6eV, 856.9eV, 861.8eV, 864.1 and 880.5 are all the characteristic peaks and satellite peaks of Ni2+
oxide, and 874.3eV is the characteristic peak of Ni3+ oxide. The results show that iron and nickel were
successfully loaded on the GAC and formed a metal oxide layer.

3.2.5 IR characterization
Infrared spectroscopy is used to analyze the changes in surface functional groups before and after the
particle electrode was loaded.The type and strength of the functional groups on the surface of the
GAC@Ni/Fe particle electrode have changed signi�cantly compared with that of GAC. The GAC wave
number has a broad peak at 3400.00cm−1, which is attributed to the tensile vibration of the hydrogen-
bonded OH group, and there is a small amount of bound water inside the polymer. After loading, The
absorption peak at the wave number of 1094.00cm−1 is generally considered to be the -C=O stretching
vibration or -C=C stretching vibration of phenol, ether or alcohol; the corresponding peak at the wave
number of 1384.38 cm−1 indicates the deformation vibration peak of the C-OH bond; the wave number at
the 1454.39cm−1 corresponds to the -CH2 scissors bending vibration peak. The increase of oxygen-
containing functional groups and the abundant chemical groups on the surface also play an important
role in the absorption and loading of nanomaterials(Zheng et al., 2014).
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3.3 The in�uence of key factors on SMT degradation
The removal of organic pollutants by three-dimensional electrode reactor in the water mainly depends on
the action of voltage, electrodes and catalytic particle electrodes, and generating ·OH oxidation groups,
which decompose them into non-toxic and harmless substances like CO2 and H2O, etc. In order to
determine the optimal process conditions for the process for SMT, the main in�uencing factors on the
degradation of SMT in the GAC@Ni/Fe three-dimensional particle electrode reactor were studied and
analyzed.

3.3.1 The in�uence of cell voltage on SMT removal
e�ciency
Energy consumption is one of the important factors that restrict the prospects of electrochemical
applications. The application of voltage during the degradation process directly determines the level of
energy consumption. This research experiment is carried out under low voltage conditions, whose voltage
range is 1-5V, and the main consideration is to save energy and prevent excessive voltage from breaking
down the electrode. The effect of cell voltage in the GAC@Ni/Fe three-dimensional particle electrode
reactor on the removal of SMT is studied through single factor experiments. Other experimental
conditions are described in 2.5, and the experimental results are shown in Figure 5a. The voltage has a
great in�uence on the removal effect of SMT. When the voltage is 1V, the degradation rate within 30
minutes is only 58.3%. When the voltage is increased to 5V, the degradation rate rapidly increases to
96.5%. The rise in cell voltage affects the distribution of power �elds in the reactor, and the increase of
the driving force after the particle electrode is re-polarized(Xiong et al., 2003) is one of the main factors
for the improvement of the degradation effect.

Figure 5b shows the kinetic �tting curves of the degradation of SMT in the GAC@Ni/Fe three-dimensional
particle electrode reactor under different cell voltages. The degradation process conforms to the
Langmuir-Hinshelwood (L-H) pseudo-�rst-order reaction kinetic model. In addition, the reaction kinetics
equations and rate constants related to this process are shown in Table 1. In the test range, the reaction
rate constant increases with the rise of the voltage. The degradation e�ciency is the best when the
voltage is 5V, and the low voltage can ensure that the system has a high degradation e�ciency.

Table 1

Reaction kinetic parameters of GAC@Ni/Fe particle electrode three-dimensional electrocatalytic system
for degradation of SMT under different cell voltages
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Cell
Voltage

pseudo-�rst-order reaction kinetic
model

rate
constants(min−1)

correlation coe�cient
R2

1V Y=0.02701x+0.04529 0.02701 0.97257

2V Y=0.03997x+0.12283 0.03997 0.95505

3V Y=0.05938x+0.35888 0.05938 0.87338

4V Y=0.07275x+0.42937 0.07275 0.89383

5V Y=0.08035x+1.18499 0.08035 0.54933

3.3.2 The in�uence of particle electrode dosage on SMT
removal e�ciency
From Figure 5c, we can see that with the conditions of other test conditions unchanged, when the dosage
of particle electrode is changed from 1g to 5g, the degradation rates are 66.6%, 87.5%, 99.9%, 97.5% and
99.3% respectively; with the increase of the particle electrode, the degradation e�ciency increases
signi�cantly, reaching the maximum at 3g. The degradation effect of the particle electrode takes on slight
�uctuations when particle electrode continues to be added, mainly because too many particle electrodes
are �lled in the electrode plates with a certain distance, which causes the particle electrode to accumulate
and congest, and contact between the positive and negative electrodes increases the short-circuit current,
causing the reaction current to �uctuate, which has a little impact on the degradation effect.

Figure 5d shows the kinetic curve �tting of the degradation of SMT in a three-dimensional electrode
reactor under different particle electrode dosages. The degradation process conforms to the LH pseudo-
�rst-order kinetic model. The related reaction kinetic equations and reaction rate constants are shown in
the following table: with the increase of the particle electrode dosage, the reaction rate constant increases
�rst and then decreases, and gradually stabilizes. When the dosage is 3g, the reaction rate is the largest.
Therefore, 3g is the most suitable dosage in this volume and degradation system.

Table 2

Reaction kinetic parameters of GAC@Ni/Fe particle electrode three-dimensional electrocatalytic system
for degradation of SMT under different particle electrode dosages
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Particle electrode
dosage

pseudo-�rst-order reaction
kinetic model

rate
constants(min−1)

correlation
coe�cient R2

1g Y=0.03592X+0.09878 0.03592 0.96384

2g Y=0.06996X-1.35750 0.06996 0.98164

3g Y=0.22907X-0.36435 0.22907 0.97274

4g Y=0.11625X-0.04426 0.11625 0.96110

5g Y=0.14872X-0.02857 0.14872 0.94417

3.3.3 The in�uence of electrode plate spacing on SMT
removal e�ciency
In order to discuss the in�uence of the distance between the electrode plates on the degradation effect of
SMT, the experimental conditions are as shown in 2.5, by changing the distance between the two
electrode plates. It can be seen from Figure 5e that when the electrode plate spacing is 0.5cm, the
degradation effect is very low. Within 30 minutes, only 45.9% of the target pollutants are removed, mainly
because of the too small electrode plate spacing, the negative electrode contact increases the short-
circuit current, which causes the reaction current to rapidly decrease and the degradation e�ciency of the
system to decrease. When the plate spacing is increased, the system gradually recovers its performance.
When the electrode plate spacing is 1cm—2.5cm, the degradation e�ciency within 30 minutes is 93.8%,
90.0%, 99.3% and 91.0%, respectively. A short distance can reduce material diffusion and promote mass
transfer(Lin et al., 2013), but a too small distance will result in excessive electric �eld strength, which may
cause instantaneous discharge of the electrode plate when the power is turned on; when the impressed
voltage is unchanged, the too large distance between the electrode plates will also increase the intensity
of the electric �eld between the electrode plates, resulting in a decrease in the reaction current, thereby
affecting the degree of re-polarization of the particle electrode(Shen et al., 2017). When the distance
between the electrode plates is 2cm, it is more moderate and the degradation e�ciency is the best.
Therefore, in this study, the best electrode plate spacing is 2cm.

Figure 5f shows the kinetic curve �tting of the degradation of SMT in a three-dimensional electrode
reactor with different electrode plate spacing. The degradation process conforms to the LH pseudo-�rst-
order kinetic model. The related reaction kinetic equations and reaction rate constants are shown in the
following table. When the electrode plate spacing is 2cm, the reaction rate reaches the maximum.

Table 3

Reaction kinetic parameters of GAC@Ni/Fe particle electrode three-dimensional electrocatalytic system
for degradation of SMT with different electrode plate spacings
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Plate
spacing

pseudo-�rst-order reaction kinetic
model

rate
constants(min−1)

correlation coe�cient
R2

0.5cm Y=0.01690x+0.17011 0.01690 0.73832

1.0cm Y=0.08388x+0.45864 0.08388 0.90225

1.5cm Y=0.06558x+0.49639 0.06558 0.83883

2.0cm Y=0.15225x+0.39037 0.15225 0.88535

2.5cm Y=0.07240x+0.54689 0.07240 0.82873

3.3.4 The in�uence of SMT initial concentration on SMT
removal e�ciency
The experimental conditions are as 2.5, on the basis of not changing other conditions, the initial
concentration of SMT increases from 1mg/L to 5mg/L. The result is shown in Figure 5g. In general, as
the concentration of pollutants increases, the degradation e�ciency and reaction rate constant of SMT
gradually decrease. In theory, increasing the initial concentration of wastewater can reduce the limitation
of mass transfer, thereby increasing the degradation e�ciency. But the opposite results show that the
degradation of SMT is not mainly controlled by electrochemical reaction. The increase of initial
concentration inhibits the progress of the reaction, mainly because SMT contains refractory functional
groups such as benzene ring(Chen et al., 2019), but has relatively slight effect on the degradation of SMT
by means of GAC@Ni/Fe three-dimensional particle electrode system. It shows that the three-dimensional
particle electrode is more suitable for effective removal of low-concentration pollutants. The
concentration of SAs in natural water bodies is also relatively low, so this method is suitable for e�cient
removal of them.

Figure 5h shows the kinetic curve �tting of the degradation of SMT in a three-dimensional electrode
reactor with different initial concentrations. The degradation process conforms to the LH pseudo-�rst-
order kinetic model. The related reaction kinetic equations and reaction rate constants are shown in the
following table. The degradation effect is best when the initial concentration is 1mg/L. The concentration
of PPCPs in the water environment is generally at the level of ng/L-µg/L, so this method can effectively
degrade pollutants in the water environment.

Table 4

Reaction kinetic parameters of GAC@Ni/Fe particle electrode three-dimensional electrocatalytic system
for degradation of SMT with different SMT initial concentrations
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Initial
concentration

pseudo-�rst-order reaction kinetic
model

rate
constants(min−1)

correlation
coe�cient R2

1mg/L y=0.09685x+1.26016 0.09685 0.69049

2mg/L y=0.07373x+0.74246 0.07373 0.82289

3mg/L y=0.07678x-0.59100 0.07687 0.90382

4mg/L y=0.06510x-0.51146 0.06510 0.89302

5mg/L y=0.07201x-0.52601 0.07201 0.90289

3.4 Research on SMT degradation mechanism and pathway

3.4.1 Analysis of degradation mechanism of three-
dimensional electrode
In order to prove the role of ·OH in this experiment, tert-butanol is used as a quencher to inhibit the
production of ·OH, so as to discuss the role of direct oxidation and indirect oxidation in this study(Sun et
al., 2019). The effect of tert-butanol dosage on SMT removal rate is shown in Figure 6a. The results show
that when the dosage of tert-butanol is 20mg/L, the degradation e�ciency of the three-dimensional
electrode reactor within 30 minutes decreases from 90.89–68.63%; when the dosage of tert-butanol is
100mg/L, it decreases to 57.78%; when the tert-butanol is continually added to be excessive, the
degradation rate tends to be stable and no longer decreases signi�cantly, and the degradation e�ciency
of SMT within 30 minutes is 53.65%. The above experiments prove that there is indeed the production of
·OH during the electrolysis process, and ·OH has a strong ability to oxidize and degrade SMT. In addition
to the indirect oxidation of OH, oxidation reactions occur to the main electrode (anode) and the particle
electrode, and the charge transfer among them effectively degrades SMT(Zhang et al., 2016.). The
experiments also show that in addition to hydroxyl radicals, SMT also has direct oxidation and another
degradation mechanism in the degradation process. Thus, the effective degradation of SMT in the
GAC@Ni/Fe three-dimensional particle electrode reactor is the symergistic result of both direct oxidation
and indirect oxidation(Wang et al., 2017). The main reaction mechanism is shown in Figure 6b.
Combined with the research and analysis of 3.1.1, the bimetallic catalytic particle electrode plays a key
role in the degradation process. The nickel-iron bi-metal shows higher degradation performance. Although
the increase of nickel fails to enhance the formation of hydroxyl radicals, in the neutrality condition, the
loading of Ni-Fe on the surface of the particle electrode promotes the oxidation of ferrous ions to produce
a catalyst under aerobic conditions(Lee et al., 2008). In the two-dimensional electrode system, the
degradation rate of SMT within 30 minutes is 29.34%, which is mainly the result of anodizing. The
degradation rate within 30 minutes in the three-dimensional electrode system is 90.89%, which is a
combination result of anodizing, particle electrode oxidation and the generated ·OH. The degradation rate
of SMT within 30 minutes is 53.65% in the quenching test. Therefore, the calculations show that in the
degradation of SMT in the GAC@Ni/Fe three-dimensional particle electrode electrocatalytic system, the



Page 13/24

contribution rates of direct oxidation of anode, particle electrode oxidation and ·OH are 32%, 27% and
41%, respectively.

3.4.2 Possible products and degradation pathways of SMT
At present, there are few studies on the intermediate products of SMT degradation in three-dimensional
electrode reactors. In order to better understand the degradation process of catalyzing and oxidizing SMT
by GAC@Ni/Fe three-dimensional particle electrode, the intermediate products in the reaction process are
identi�ed by mass spectrometry technology. The possible products are shown in Figure 7, and the
intermediate fragment ions of the mass spectrum are 76, 115, 140, 157, 172, 194, 217, and 248. The
study �rst used the 6-31G basis set under the b3lyp theory to optimize the con�guration of the SMT, and
calculated the NBO charge, so as to further calculate the size of the compression Fukui function of each
atom in the molecule, and combined it with the molecular electrostatic potential energy �gure(See
Supplementary Material) to indicate the interaction force between molecules. The red area represents
negative charge and electrophilic correlation, and the blue area represents positive charge and
nucleophilic correlation. The greater the color extent is, the greater the trend will be. To sum up, it is
judged that when ·OH attacks SMT molecules, the reaction active sites are prone to appear, the amino
groups on the benzene ring and the vicinity of the S-O bond, C-S bond and S-N bond are more likely to be
attacked and have bond-breaking reactions. As shown in Figure 8, it is speculated that there are mainly
two reaction pathways as follows. Firstly, through pathway 1 ·OH attacks the nitrogen atoms in the amino
groups on the benzene ring to form free radicals centered on N. The free radical cations undergo rapid
and reversible hydration to produce aniline free radicals. These free radicals are further neutralized by
oxygen molecules, resulting in the hydrolysis of hydroxylamine to nitro; at the same time,·OH also attacks
the C-S bond and S-N bond, etc., forming intermediate fragment ions 76, 115, 140, 157, 172, and 194,
consistent with the results of mass spectrometry; in pathway 2, ·OH attacks the N-N bond and C-S bond
on the �ve-membered heterocycle, forming intermediate fragment ions of 217 and 248. Finally, through a
series of oxidation reactions, these molecules will eventually be mineralized and converted into inorganic
substances, such as CO2 and H2O, etc.

4 Conclusion
In this research work, GAC is used as the carrier, and the liquid-phase reduction method is adopted to
prepare GAC@Ni/Fe particle electrode with bi-metal synergistic catalytic function to degrade SMT. When
the mass ratio of nickle to iron is 1:1, the synergistic catalysis of the particle electrode has the best
degradation performance. The SEM and TEM images show the morphology and structure of the
GAC@Ni/Fe particle electrode. EDS, XPS, XRD and IR analyze the chemical combination and
characteristics of the particle electrode, which proves the successful loading of nickel and iron bimetals
and they exist in the form of oxides. The single factor experiment shows that when the cell voltage is 5V,
the particle electrode dosage is 3g, electrode plate spacing is 2cm, and SMT initial concentration is
1mg/L, the degradation effect is best, conforming the �rst order kinetics,the removal e�ciency of SMT
can be stabilized above 90% within 30 minutes. The degradation of SMT in the GAC@Ni/Fe three-
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dimensional particle electrode reactor is the joint result of both direct oxidation and indirect oxidation.
·OH is the major factor of degradation, while oxidation anode and particle electrode are the minor factors,
whose contribution rates are 41%, 32%, and 27%, respectively. Through Gaussian calculations and mass
spectrometry techniques, it is analyzed that in the degradation process, ·OH attacks the amino groups on
the benzene ring and the S—O bond, C—S bond, and S—N bond for cleavage reactions, and proposes two
possible degradation pathways of SMT. This study prepares GAC@Ni/Fe particle electrode with good
performance, and realizes the effective degradation of SMT by constructing a three-dimensional
electrode reaction system, which promotes the application of the three-dimensional electrode reactor, and
provides new ideas for removal of the micro-polluted SAs pollutants in the water body.
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Figures

Figure 1

Three-dimensional electrode electrochemical reaction device
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Figure 2

Effect on SMT removal rate: a) active component of particle electrode; b) Ni: Fe mass ratio of the particle
electrode.

Figure 3

SEM photo of particle electrode a) GAC; b) GAC@Ni/Fe;c) TEM �gure of GAC@Ni/Fe particle electrode; d)
HRTEM �gure of GAC@Ni/Fe particle electrode; e) element distribution diagram; f) EDS total area
spectrum diagram; g)-j) carbon, oxygen, iron, nickel elements' distribution image of GAC@Ni /Fe particle
electrode
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Figure 4

a) XRD �gure of GAC and GAC@Ni/Fe particle electrode;XPS �gure of Ni-Fe-CAG particle electrode: b) Full
spectrum; c) Fe 2P; d) Ni 2P
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Figure 5

Effects of key factors on SMT removal rate and Simulation of reaction kinetics:(a-b)cell voltages, (c-
d)particle electrode dosages,(e-f)electrode plate spacing,(g-h)pollutants initial concentration.
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Figure 6

a)The effect of tert-butanol dosage on SMT degradation e�ciency;b)Degradation mechanism and
degradation contribution rate

Figure 7

The main fragments and structural information of the intermediate products
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Figure 8

Possible degradation pathways of SMT
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