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KEYWORDS Abstract The stability and toxicity of quinolines are difficult to degrade by conventional physic-
Electro-Fenton: ochemical and biological methods, posing a threat to human health and the environment. In this
Catalytic; study, we prepared NiCo,S,/g-C3Ny particles and applied them in an electrochemical reactor to
Particle electrodes; form a three-dimensional catalytic particle electro-Fenton system (3D-EF), which can efficiently
Hydroxyl radicals; remove quinoline from wastewater. The NiCo,S,/g-CsNy catalytic particles were characterized by
Degradation XRD, SEM, TEM, XPS. The optimum conditions for 3D-EF were 30 min reaction time, 60 g/L

NiCo,S4/g-C5Ny particles dosage, pH value of 3, 67.6 mmol/L H,0O, concentration, 12.1 ms/cm
conductivity and 5 A current. Under the optimum conditions, a chemical oxygen demand (COD)
removal rate of 95.6% was achieved. NiCo,S,/g-C3N, catalytic particles can be easily recovered
by filtration and can be reused. Kinetic analysis showed that the COD degradation of quinoline
solutions by the 3D-EF followed a first-order kinetic model. To determine the important role of
hydroxyl radicals in the electrochemical process, electron paramagnetic reaction (EPR) and radical
scavenging experiments were performed. Finally, in order to elucidate the degradation mechanism,
the intermediates were identified by high performance liquid chromatography-mass spectrometry
(HPLC-MS) and two possible degradation pathways were proposed. Meanwhile, the biochemical
analysis of quinoline wastewater was also performed.
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1. Introduction

Quinoline is a typical nitrogen-containing heterocyclic compound,
which is an important raw material for various artificial compounds
such as drugs, dyes, solvents, preservatives and disinfectants (Luo
et al., 2020). At the same time, due to the larger polarity and higher
solubility, it is more likely to exist in the aqueous environment, such
as coking wastewater, rubber wastewater and petroleum wastewater.
Most nitrogen-containing heterocyclic compounds are toxic, muta-
genic and carcinogenic, difficult to biodegrade and incompletely
degraded in actual wastewater, posing a great threat to the ecological
environment and human health (Zhao et al., 2021). Therefore, a simple
and efficient technology is needed to solve the quinoline wastewater.

Advanced oxidation processes that converts difficult to degrade
complex organic pollutants into small molecules by generating free
radicals ("OH, "SO,) with oxidizing power (Long et al., 2018). Ozone
oxidation (Yuan et al., 2023), photocatalysis (Masekela et al., 2023),
and catalytic wet air are all advanced oxidation processes, but the
low removal efficiency, complex operating conditions, and high cost
of industrial applications of these methods have limited their develop-
ment in the treatment of wastewater. Electrocatalytic has the charac-
teristics of energy-saving and time-saving, long life, stable
performance and multi-functionality, which is gradually attracted peo-
ple’s attention (Liu et al., 2021). The three-dimensional electrode cat-
alytic oxidation has received increasing attention in recent years, and
it is just an extension and upgrade of electrocatalysis. Three-
dimensional electrode catalytic oxidation is a technique in which par-
ticles are filled between the main electrode plates to form a three-
dimensional electrode in a conventional electrolyzer, and electrochem-
ical reactions occur on the surface of the particle electrodes to degrade
organic matter (Hong et al., 2021, Chen et al., 2022b). The three-
dimensional electrode catalytic oxidation is mainly used to treat
wastewater by coupling the electrocatalytic with the three-
dimensional electrode method, which can simultaneously carry out
direct anodic oxidation, cathodic reduction to produce H,O,, Fenton
reaction catalyzed by Fe*", "OH indirect oxidation, particle electrode
adsorption, particle electrode catalytic oxidation (Zhang et al., 2018a,
Hou et al., 2017, Li et al., 2021a). It is an electrochemical oxidation
technology that combines multiple effects. In this technique, the choice
of particle electrodes is crucial.

Metal sulfides are not only the main materials for lithium-ion bat-
teries and supercapacitors due to their high electrical conductivity and
good thermal stability, but also are widely used as bifunctional cata-
lysts for hydrogen and oxygen evolution (Barhoumi et al., 2017,
Chen et al., 2019). In recent years, it has been shown that metal sul-
phides can have many positive effects in the wastewater treatment pro-
cess. Xu et al. performed Fenton-like catalytic degradation of
rhodamine wastewater by preparing CooSg nanocrystals with a
removal efficiency of 100% in 14 min (Xu et al., 2021). In a recent
study by Lin et al. a small amount of Fe;S; was used as a catalyst
to remove 95% of the BPA within 120 min (Lin et al., 2019). Poly-
metallic doping can further enhance the catalytic activity of sulphides
(Li et al., 2021b). Transition metals, such as Fe, Cu, Co, Ni and Mn,
are essentially excellent activators of oxidants in homogeneous or non-
homogeneous reactions (Feng et al., 2018). Among them, Co is recog-
nised as one of the best activators. Its catalytic properties are compa-
rable to those of precious metals (Chen et al., 2020). It is able to
coordinate with surface oxygen-containing groups to create new active
sites and enhance surface charge transport on the material (Song et al.,
2019). In addition, intentional doping with Co can reduce the local
functional density and protect the specific sub-stable structure from
damage in strong oxidizing environments (Chaugule et al., 2019). Ni
can be effectively used for the catalytic decomposition of organic pol-
lutants due to its environmental friendliness, unique magnetic proper-
ties, high electron donating ability and cost effectiveness (Bhaumik
et al., 2022). The incorporation of transition metal elements such as
Co and Ni can significantly increase the number of effective active sites

and further improve the catalytic activity of the wastewater treatment.
Finally, the choice of catalyst carrier is a key step in the successful
preparation of the particle electrode. g-C3N, is stable, non-toxic and
non-polluting and is often used as an environmentally friendly catalyst
or catalyst carrier for pollutant degradation, CO, reduction and
hydrogen separation reactions (Jiang et al., 2015). In addition, the g-
C3Ny surface can provide lone pairs of electrons to trap transition
metal ions, forming a tight heterojunction interface and thus reducing
the leaching of metal ions (Wang et al., 2021). Considering the syner-
gistic effect between Co ions and Ni ions, the stable physicochemical
properties of g-C3Ny4, and electron effects between sulfur element
and transition metals, we expect that CoNiS-modified g-C3N4 (NiCo,-
S4/g-C3Ny) can be used as a Fenton-like catalyst for the degradation of
organic pollutants.

In this work, we synthesised NiCo0,S4/g-C3N4 composites as cat-
alytic particle electrodes. The catalytic particle electrodes were filled
in an electrolytic cell composed of stainless steel plates to form a
three-dimensional electro-Fenton system (3D-EF). The catalytic parti-
cle electrodes were physicochemically characterized by XRD, SEM,
TEM, and XPS. The degradation ability of CoNi,S4/g-C5N, catalytic
particle electrodes on quinoline wastewater under different conditions
was investigated. The basic degradation mechanisms of the systems
developed are described in detail. Finally, possible mineralisation path-
ways are proposed based on high performance liquid chromatography
detection.

2. Material and methods

2.1. Reagents

Nickel chloride hexahydrate (NiCl,-6H,0), Cobaltous chlo-
ride hexahydrate (CoCl,-6H,0), urea (CH4N,0), sodium sul-
phide (NaS-6H,0), quinoline, tert-butanol (C4HO(), sodium
hydroxide (NaOH), sulphuric acid (H,SO4), melamine
(C3HgNg), Ethanol (EtOH) and graphite powder were
obtained from Shanghai Macklin Biochemical Co., Ltd. All
chemicals were not further purified.

2.2. Preparation of catalysts

Firstly, 100 g of melamine was packed into a 200 ml crucible
and calcined in a muffle furnace at a temperature increase of
10 °C/min for 2 h at 550 °C. After cooling to room tempera-
ture, a lump of yellow g-C3;N, was obtained and then ground
into a powder (Molaei and Rahimi-Moghadam, 2021). Sec-
ondly, 1 mmol NiCl,-6H,0O, 2 mmol CoCl,-6H,0O and 10 mmol
urea were dissolved in 30 ml deionized water. The mixed solu-
tion was stired for 30 min on a magnetic stirrer. The mixed
solution was then put into Teflon-lined stainless-steel auto-
claves to react at 180 °C for 12 h to obtain the pink product
was nickel-cobalt bimetallic hydroxide (NC-LDH). The
obtained sample was washed with deionized water and ethanol
for 3 times, and dried in a vacuum drying oven at 60 °C for
12 h. Thirdly, NC-LDH was selected as the precursor for sul-
fidation. 0.0609 g of the dried NC-LDH precursor was dis-
solved into 30 ml of deionized water and stirred for 30 min
to prepare a mixed solution. Added 0.4 g Na,S-6H,O to the
mixed solution and stired evenly for 30 min. The final mixed
brown solution in an Teflon-lined stainless-steel autoclaves
to react at 160 °C for 10 h. The black precipitate was washed
by centrifugation with deionised water and ethanol for 3 times,
and finally dried in a vacuum drying oven at 60 °C for 12 h to
obtain the black product CoNi,S4. Finally, CoNi,S4, g-C3Ny,
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graphite powder, asphalt and NH;HCO; with a mass percent-
age of 15%, 60%, 10%, 14% and 1% were mixed and granu-
lated evenly. Graphite powder was used as a filler to increase
the electrical conductivity, asphalt as a high temperature bin-
der and NH4HCO; as a pore-forming agent to increase the
specific surface area of the particle electrodes. The particles
were calcined up to 500 °C at 5 °C/min in a vacuum tube fur-
nace and then to obtain the black columnar particles NiCo,S,/
g-C3N4.

2.3. Experimental setup

As shown in Fig. 1, the electrochemical unit consists mainly of:
(1) A high frequency pulsed switching power supply. (2) A
cathode and anode plate made of stainless steel with a spacing
of 5 cm and the effective area of each electrode plate was
8 cm x 15 cm. (3) An electrochemical reactor with a volume
of 1.5L made from polypropylene material. (4) Particle elec-
trodes filled between the two electrode plates form the third
pole under the action of an electric field. (5) Air was injected
into the unit via a micro-porous aerator.

2.4. Characterization techniques

The compositional data of NiCo,S4/g-C3N, particles was char-
acterized using X-ray diffraction (XRD, D8-Advance, Bruker,
Germany) by Cu Ko radiation at a 26 range of 10-80° with a
scan speed of 4° min~!. The scanning electron microscopy
(SEM, Quanta 200, FEI, America) coupled with transmission
electron microscopy (TEM, JEM-2100F, JEOL, Japan) was
emplied to identify the microscopic images and textural prop-
erties of the particles. The valence states of the constituent ele-
ments of NiCo,S,/g-C3Ny particles was measured by X-ray
photoeletron spectroscopy (XPS, Kratos Axis Ultra DLD,
SHIMADZU, Japan). XPS were carried out using
unmonochromatized Al Ka line at 1486.6 eV (12 kV with
20 mA anode current) and a Leybold EA-11 analyzer with
constant pass energy of 100 eV.

2.5. Electrolysis tests

In this study, quinoline was added to deionised water and then
stirred for 30 min to obtain a quinoline solution (1.5 g/L). The
particle electrodes were placed in simulated wastewater for 6 h
to eliminate the effect of adsorption on the test results. Stain-
less steel plates were placed parallel to each other on both sides
of the electrochemical reactor, and then wastewater was added
and connected to the power supply. It is also filled with a cer-
tain number of catalytic particles electrodes between the elec-
trode plates. The pH and conductivity of the reaction
solution was adjusted by the addition of H,SO4 and NaCl.
During the experiments, the organic concentration in the
wastewater was determined by the potassium dichromate
method, and the COD removal rate was used to evaluate the
degradation efficiency of the particle electrode. The experi-
ments were conducted with stainless steel plates as the anode
and cathode and NiCo,S4/g-C3Ny as the catalytic particle elec-
trode. The three-dimensional electro-Fenton method (3D-EF)
was used to treat quinoline solution with an initial COD of
3000 mg/L. The effects of electrolysis time (10-60 min), parti-
cles dosage (30-70 g/L), initial pH (2-6), H,O, concentration

(19.4-96.4 mmol/L), conductivity (6.2-18.7 ms/cm) and cur-
rent (2-6 A) on the COD removal of quinoline solution were
investigated by the single-factor method.

2.6. Analytical test methods

The value of pH and conductivity in the solutions were mea-
sured with pH meter (PHSJ-4F, Shanghai Shanghai Yidian
Scientific Instrument Co., Ltd, China) and conductivity meter
(DDS-307A, Shanghai Yidian Scientific Instrument Co., Ltd,
China), respectively. Chemical oxygen demand (COD) was
directly measured using COD rapid tester (5B-3B, Beijing
Lianhua Co., Ltd, China). Electron paramagnetic resonance
(EPR, A300, Bruker, Germany) experiments were carried out
identify free radicals in solutions, with 5,5-dimethyl-1-
pyrroline-N-oxide (DMPO) as the spin-trapping agent. The
degradation or transformation intermediates were analyzed
using high performance liquid chromatography (HPLC,
1290, Agilent, America) and quadrupole time-of-flight mass
spectrometry (Q-TOF-MS, 6530, Agilent, America).

The intermediate products were analyzed by HPLC with a
TC-C18 column in positive ion mode. The HPLC-MS inter-
mediate analysis is as follows: column temperature, 40 °C;
mobile phase: (A) H,O, (B) methanol A:B = 40:50 (V/V);
fow rate, 1 ml/min; injection volume, 1.0 pL; drying gas tem-
perature, 300 °C; drying gas fow rate, 8 L/min; nebulizer gas
pressure, 35 psi; sheath gas temperature, 300 °C; sheath gas
fow rate, 11 L/min; capillary voltage, 3500 V.

3. Results and discussion

3.1. Characterization of catalyst

Fig. 2(a) shows the XRD spectra of NiCo,S4, g-C3N4 and
NiCo0,S,4/g-C3Ny. The diffraction peaks at around 16.3°,
26.7°, 31.5°, 38.1°,47.1°, 50.5°, 55.2° can be indexed as the
(111), (220), (311), (400), (422), (511) and (440) planes of
the standard card of NiCo,S; (PDF 43-1477) (Su et al.,
2022). g-C3N4 has a strong (002) diffraction peak near
27.6 °C, corresponding to the diffraction peak of the conju-
gated aromatic unit in the interlayer stacking; a weak (100)
characteristic peak appears at 13.1 °C, attributed to the
diffraction peak of the conjugated aromatic ring in the in-
plane repeating unit (Jin et al., 2019). As for the XRD patterns
of NiCo0,S4/g-C3N,4 composites contain the peaks of both g-
Cs3N4 and NiCo,S,, the diffraction peaks at 2 theta of 31.8°,
38.3°,47.2°, 50.7° and 55.3° corresponded to the characteristic
diffraction peak of Composite metal sulfides NiCo,S4 and the
reflections at 2 theta of 13.1° and 27.8° were assigned to g-
C3Ny, which directly proved the successful loading of NiCo,S,
on g-C3Ny. Due to the low content or low crystallinity of Co,
Ni and S elements, there was low intensity of diffraction peaks
corresponding to transition metal sulfur compounds in the
composites was observed by XRD analysis.

The surface chemical state and elemental composition of
NiCo,S,/g-C3N, structure were analyzed by XPS. Fig. 2(b)
shows the XPS spectra of the Co 2p region. 778.8 and
793.8 eV peaks were attributed to Co 2ps; and Co 2p; », while
Co 2p,» and Co 2p3), had sharp orbital splitting values above
15 eV, indicating that Co>* /Co®* coexist on the surface of the
NiCo,S4/g-C3N,4 composite. In addition, the peaks at 782.1 eV



J. Chen et al.

1 3
ﬁas @ /
2 ®23 | |
2%s ®

% (€]
G0/
939%9 4

V

Fig. 1
cell, (4) particle electrodes, (5) aeration system.

and 798.3 eV were consistent with the Co-N bond and the oxi-
dation state of Co (Wang et al., 2017a). Fig. 2(c) shows the
Ni2p XPS spectrum of the NiCo,S4/g-C5Ny. In the Ni 2p spec-
trum, the peaks at 853.3 and 874.8 V belong to Ni* and the
peaks at 856.9 and 880.0 eV belong to Ni**. Meanwhile, the
peaks at 862.2 and 882.4 belong to the corresponding satellite
peaks (Jin et al., 2021). As shown in the Fig. 2(d), S 2p XPS
spectra can be fitted to four peaks at 161.6, 162.8 eV,
168.9 eV, and 163.8 eV, corresponding to Ni-S bonds, Co-S
bonds, satellite peaks, and the bond between metal and sulfur,
indicating the presence of S*~ species (Li et al., 2020). The C s
spectrum in Fig. 2(e) was fitted to two peaks. For NiCo,S,/g-
C3Ny, the two strong peaks for Cls are concentrated at 284.7
and 288.5 eV. These peaks were attributed to sp? carbon atoms
in the N—C=N and to carbon species on the surface of g-
C3Ny (Li et al., 2020). Similarly, The N 1s XPS spectra of
NiCo,S,/g-C3Ny composites exhibit two main peaks at
399.2 eV and 400.7 eV in the Fig. 2(f), which assigned to the
bond of Co—N and the peak of pyrrolic nitrogen. An earlier
study reported that the presence of pyridine nitrogen facilitates
the redox process (Teng et al., 2023). Finally, we also added
the elemental distribution table of each element in NiCo,S,/
g-C3Ny4 by XPS as shown in Table S1.

The morphology and microstructure of g-C3Ny, NiCo,S,
and NiCo,S,/g-C3Ny composites were investigated by SEM
and TEM. Fig. 3a-c show the SEM images of g-C3N4, NiCo,-
S4 and NiCo,S4/g-C3Ny. The g-C3N, shows irregular blocky
particles that are loosely agglomerated, thus leading to the for-
mation of some cavities due to their physical accumulation.
NiCo,S, particles are made up of layers of nanoflakes con-
nected in a tightly packed manner. The flaky NiCo,S, particles
were found to be uniformly doped with granular g-C3Ny in
NiCo0,S,/g-C3Ny, and a pleated coating was formed on the sur-
face of the compound. The transmission electron micrographs
of g-C3N4, NiCo,S; and NiCo,S,/g-C3Ny are shown in
Fig. 3d—f. g-C3Ny has a lamellar thin nanosheet stacking com-
position with irregular morphology. Fig. 3d clearly reveals the
irregular needle-like nanostructure of the NiCo,S; sample.
Fig. 3f shows that the NiCo0,S,4 nanorods are embedded in very
thin sheets of g-C3N4. By SEM and TEM, we found that
NiCo0,S,4/g-C3Ny is composed of porous g-C3Ny and NiCo,S,

Schematic of the three-dimensional electrochemical system. (1) power supply, (2) cathode plate and anode plate, (3) electrolytic

uniformly doped, which has the advantages of both materials.
g-C3Ny can be used not only as a catalyst but also as a catalytic
carrier for NiCo,S;. NiCo,S4 as an active component that
facilitates the electrocatalytic reaction.

3.2. Effect of parameters on quinoline removal

We examined the effect of reaction time on the COD removal
efficiency as shown in Fig. 4(a). The degradation efficiency of
quinoline gradually increased with the increase of time. The
degradation efficiency stabilized at 95.6% when the reaction
time was 30 min. In the 3D-EF, the high organic component
content of the quinoline wastewater at the beginning of the
reaction was easily removed by the oxidation reaction. After
30 min, the content of organic matter decreases and the pres-
ence of refractory intermediates led to a decrease in COD
removal efficiency. Therefore, the optimum reaction time of
30 min was chosen for the subsequent experiments.

In this study, the effect of catalyst dosage (30-70 g/L) on
quinoline COD removal efficiency was explored. As seen in
Fig. 4(b), the COD degradation rate increased from 61.6%
t0 95.6% within 30 min when the catalyst dosage was increased
from 30 g/L to 60 g/L after adding NiCo0,S4/g-C3N4 to the
reaction system. However, when the catalyst dosage continued
to increase from 60 g/L to 70 g/L, the degradation rate of
quinoline did not change greatly and even decreased. On the
one hand, when the dosage of NiCo0,S,/g-C3Ny was increased
from 30 to 60 g/L, the increase of cobalt—nickel content leads
to an increase of active sites, which results in Fenton-like reac-
tion. Meanwhile, the further increase of catalyst dosage led to
the generation of a large amount of *OH radicals, which opens
the ring of quinoline due to the strong oxidation of *OH radi-
cals, thus causing the increase of COD removal efficiency
(Zhang et al., 2018b). On the other hand, a large number of
"OH radicals reacted with each other internally leading to rapid
quenching of the radicals, which caused a decrease in degrada-
tion efficiency (Wang et al., 2017b). Based on the above anal-
ysis, the catalyst dosage was set at 60 g/L in this study.

Considering the significant effect of pH on the Fenton reac-
tion process, batch degradation experiments were conducted at
different initial pH values, and the results are shown in Fig. 4
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(c). The removal rate of quinoline increased from 87.2% to
95.5% when the pH was increased from 2.0 to 3.0 and
decreased from 83.6% to 57.5% when the pH was increased
from 4.0 to 6.0 within 30 min. This indicated that the pH of
the solution had an important effect on the degradation reac-
tion rate. When the pH was above 4, the H,O, generated
in situ at the cathode tended to decompose into O, instead

XRD pattern of the samples: (a) NiCo,S,, g-C3Ny4 and NiCo,S,/g-C3Ny4. XPS spectra of NiCo,S,4/g-C3Ny: (b) Co 2p; (¢) Ni 2p;

of generating "OH radicals with catalytic oxidation ability. In
general, the optimal pH of most electro-Fenton catalysts was
about 3.0 (Zhong and Wang 2016), while NiCo0,S4/g-C3Ny
can effectively degrade quinoline in the pH range of 2.0-4.0,
indicating that the catalyst can show excellent catalytic ability
over a wide pH range.
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Fig. 3  Scanning electron microscopy images of (a) g-C3Ny, (b) NiC0,S,, (¢) NiCo0,S4/g-C3Ny4. Transmission electron microscopy images

of (d) g-C3Ny, (¢) NiCo,S,, (f) NiCo,S4/g-C3Ny.

The effect of H,O» addition on quinoline removal efficiency
was shown in Fig. 7(d). As the H,O, addition increased, the
rate of quinoline removal increased after 30 min reaction.
However, when the H,O, concentration reached 96.4 mmol/
L, the rate of COD removal declined instead-H»O, is the main
part of Fenton reaction and Fenton-like reaction. The aug-
ment of H,O, concentration induced more ¢OH generated
by particles, effectively removing the pollutants in short time.
However, excessive H,O, can inhibit the formation of ‘OH
and react with "OH to generate HO free radicals with low oxi-
dation activity, which weakens the oxidation ability of the
reaction system (Ghosh et al., 2011). In the constructed 3D-
EF system, the optimal H,O, concentration of 67.6 mmol/L
was obtained in the tests.

As can be seen from Fig. 4(e), conductivity had an impor-
tant effect on the quinoline COD removal rate. When NaCl
was added as electrolyte, the lowest COD removal rate
(68.2%) was observed with a conductivity of 6.5 ms/cm; and
the highest COD removal rate (95.6%) was observed with a
conductivity of 12.1 ms/cm. The electrolyte was injected in a
certain concentration range, which helped to improve the
quinoline degradation. With the increase of electrolyte concen-
tration, the transfer of positive and negative ions in the solu-
tion was accelerated, and the efficiency of current transfer
was improved. However, too high a concentration of elec-
trolyte can affect the Fenton and Fenton-like reactions and
hinder the chemical reactions on the catalyst and electrode sur-
faces (Hong et al., 2021). A comprehensive analysis suggested
that a conductivity of 12.1 ms/cm (1.5 g/L NaCl) was more
appropriate.

The current directly affects the efficiency of cathode H,O,
production and a suitable current needs to be selected
(Behrouzeh et al., 2022). As shown in Fig. 4(f), when the cur-
rent was increased from 2 A to 5 A for 30 min, the quinoline

COD removal rate increased from 60.4% to 95.6%. The degra-
dation efficiency of quinoline decreased by 4.7% after 30 min
by continuing to increase the current to 6 A. This was because
the increase of current can make the cathode produce a large
amount of H,O,, while the oxygen and hydrogen precipitation
side reaction occurs to produce micro bubbles to accelerate the
reaction. However, excess hydrogen peroxide can react with
hydroxyl radicals and consume them resulting in low degrada-
tion efficiency (Tao et al., 2008). At the same time, too high a
current has a high energy consumption, so the current was
optimal at 5A.

When the reaction time was 30 min, the catalyst particle
dosage was 60 g/L, the pH value was 3, the conductivity was
12.1 ms/cm, the current was 5A and the H,O, concentration
was 67.6 mmol/L as the optimal reaction conditions for 3D-
EF. The removal efficiency of different catalysts for quinoline
COD was investigated under optimal conditions. It can be seen
that when there was no catalyst, the COD removal rate of
quinoline reached 61.2% after 30 min. It shows that the degra-
dation of quinoline was mainly caused by the Fenton reaction
between the iron ions precipitated from the anode iron plate
and the H,O, produced at the cathode or additionally added.
g-C3Ny was widely used as a photocatalyst for wastewater
treatment, while the porous structure provides a large number
of active sites, but the COD removal can only be improved by
8.4% within 30 min, indicating that g-C3N4 does not play a
major role in the whole catalytic system, but only plays the role
of a carrier. NiCo,S, can improve COD removal about 17.4%
within 30 min and can be used as the active component of cat-
alyst. The main reason was that Co and Ni can generate ‘OH in
Fenton-like reactions on the surface of catalytic particles,
while the introduction of sulfur elements can increase the
transfer of electrons to speed up the reaction.The NiCo,S,/g-
C;3Ny4 prepared by mixing the above two components can be
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used as a non-homogeneous class of Fenton catalysts with bet-
ter catalytic degradation effect, which can enhance about 30%
COD removal, indicating a strong synergistic effect between g-
C3Ny and NiCo,Sy (Fig. 4(g)).

3.3. Kinetics analysis of COD degradation

The study of the reaction kinetics of degraded quinoline was
important to improve the degradation rate of the whole reac-
tion process and to optimize the reaction conditions (Zhang
et al., 2021). The quinoline COD removal efficiency was the
highest at a reaction time of 30 min, a NiCo,S4/g-C5;N, dosage
of 60 g/L, a pH of 3, a conductivity of 12.1 ms/cm, and a cur-
rent of 5A. The relationship between COD of quinoline solu-
tion and reaction time under optimal conditions was shown
in Table S2. The first-order kinetic constant k was determined
to be 0.1022 min~' by the first-order kinetic model (Eq. (1)). In
addition, the correlation coefficients R? of the degradation
processes are all close to 1, which further demonstrates that
the present reaction process was consistent with the first-
order kinetic model. The above relationships are shown in
Fig. 4(h).

Ln(C0/Ct) = K1t (1)
3.4. Investigation on the material stability

The stability of the catalyst was tested using continuous cat-
alytic experiments. The stability of the catalyst was investi-
gated when the NiCo,S4/g-C3N4 dosage was 60 g/L, pH was
3, conductivity was 12.1 ms/cm and current was 5A as shown
in Fig. Sl1(a). The COD removal rate of quinoline reached
more than 95% in the first five days of use, and after 25 days
of repeated use, the COD removal rate of quinoline still
reached more than 85%, and the catalytic performance
remained basically unchanged, which indicated that the stabil-
ity of the catalyst was good. In order to investigate the leaching
of metal ions from the catalyst, the catalytic properties of the
filtrate after the reaction were investigated. This was done as
follows: NiCo,S4/g-CsNy was filtered out, its filtrate was col-
lected, and the filtrate was heated to 50 °C to remove H,0O,
from the solution, which was used as a solvent to still prepare
a 1.5 g/L quinoline solution. The degradation rate of quinoline
was investigated when the reaction time, pH, conductivity, and
current were all optimal. We compare the differences between
the three cases of no catalyst addition, filtrate addition, and
NiCo,S4/g-C3N, addition as shown in Fig. S1(b). As can be
seen from the figure, the COD removal of the quinoline solu-
tion prepared from the filtrate was found to be almost
unchanged compared with that without the addition of cata-
lyst, indicating that the Co,Ni was almost not leached out
and the leached Co,Ni homogeneous Fenton had almost no
effect in the catalytic reaction. It was worth noting that the
COD removal of the quinoline solution prepared from the fil-
trate was mainly due to the Fenton reaction between the iron
ions leached from the anode and the hydrogen peroxide pro-
duced by the cathode, which generates ‘OH and thus reduces
the quinoline COD. In addition, the quantitative analysis of
metal elements by XRF to indirectly infer metal ion leaching
is shown in Table S3. It showed the content of the main com-
ponents of NiCo,S4/g-C3Ny4 particle electrodes and the

changes in the components after the reaction. Before the reac-
tion, the contents in the active ingredients, i.e., Ni and Co in
NiCo,S4/g-C3Ny particles were 5.35% and 7.87%, respec-
tively. After 25 days, the corresponding contents of the active
ingredients were reduced to 5.02% and 7.61%. In summary,
there was less metal ion leaching from the particles and the cat-
alyst had good stability and reusability.

3.5. Catalytic mechanism

In order to verify that "OH was the active substance in the pro-
cess of carrying out the electro-Fenton catalytic reaction, the
catalytic reaction was tested by EPR using DMPO as a radical
trapping agent, and the results are shown in Fig. 5(a). The
presence of four peaks with 1:2:2:1 within the EPR spectrum
can be seen, which shows that"OH was indeed the main reac-
tive group in the catalytic reaction process (Chen et al.,
2022b). In addition, fert-butanol was added to 3D-EF and
used as a free radical scavenge to capture "OH, and the results
are shown in Fig. 5(b). It can be seen that the system with the
addition of zert-butanol showed a significant decrease in the
quinoline COD removal rate. When the concentration of tert-
butanol was 5.00 mmol/L, the COD removal rate only reached
51.4% after 30 min, which may be due to the capture of "OH
by tert-butanol, making the COD decrease.

The EPR test identified "OH as the main reactive group in
the electro-Fenton process. In the radical scavenging experi-
ments, the addition of fert-butanol led to a decrease in the
COD removal rate of the catalytic system, which also supports
the view that "*OH is the main reactive group in the catalytic
process (Peng et al., 2017). In addition, the catalytic experi-
ments of the filtrate showed that Co?>*, Ni*" leached from
the particle electrode did not contribute to the catalytic pro-
cess, and it could be determined that NiCo,S;/g-C3N,4 was
the main active part in the catalytic reaction. The 3D-EF sys-
tem simultaneously occurs in Fenton and Fenton-like reac-
tions. A typical Fenton reaction was as follows. Firstly, the
anode Fe(0) was oxidized to Fe(II) under the action of current,
while Fe?" leached from the anode plate (Egs. (2) and (3)).
Subsequently, Fe(II) in the anode plate and Fe?" in the solu-
tion are reacted with H,O, generated from the cathode iron
plate in non-homogeneous and homogeneous Fenton reac-
tions, respectively (Egs. (4) and (5)). In addition the typical
Fenton-like reactions was as follows. The Co(II) and Ni(II)
on catalytic particles were reacted with H,O, produces ‘OH
(Egs. (6) and (7)). Subsequently, Co(III) and Ni(III) gaining
electrons in solution. They were reduced to Co(II) and Ni(II)
and adsorbed on NiCo,S4/g-C3Ny4 particles (Egs. (8) and
(9)). According to the XPS analysis of the obtained NiCo,S,/
g-C3N, particles, the catalytic particles contain $*~. S~ can
accelerate the transition of metal ions from higher to lower
valence states, and the generated Co(IIT) and Ni(IIT) can be
rapidly generated from Co(II) and Ni(Il) after electron trans-
fer by S>~ on the surface of NiCo,S4/g-C;Ny particles (Eq.
(10)) (Li et al., 2020). Co(II)/Co(IIT) and Ni(II)/Ni(III) on
the surface of the particle electrode were continuously oxidized
to remove contaminants in a reversible cycle. Finally, quino-
line molecules were rapidly mineralized to small molecules
(Eq. (11)) under the combined action of *OH on the the surface
of anode, "OH on the surface of NiCo0,S,4/g-C3N,4 particles and
‘OH in solution, as shown in Fig. 6. The possible catalytic
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3.6. Degradation pathways

The by-products generated by quinoline degradation in the
3D-EF system were analyzed by HPLC-MS as shown in
Figs. S2 and S3 of the Supplementary Materials, and the pos-
sible structures of the products were shown in Table 1. Due to
the strong oxidation of hydroxyl radicals, addition reactions
and substitution reactions mainly occur in the degradation of
quinoline molecules. We inferred two possible degradation
pathways (Fig. 7). In pathway 1, the 8-position on the quino-
line benzene ring was hydroxylated to form quinolin-8-ol, and
the pyridine ring was not broken. The addition of "OH at the 8-
position and 5-position to form quinoline-5,8-diol, and subse-
quent continued oxidation to quinoline-5,8-dione (Chen et al.,
2022a). The benzene ring in the quinoline molecule was broken
due to oxidation by the ‘OH generated on the surface of
NiCo0,S,4/g-C3Ny particles and the electrodes to form 3-
formylpicolinic acid, picolinic acid, pyridine. Finally, ‘OH con-
tinue to attack the pyridine ring to break the ring and form
small molecules. Quinoline may also be added to "OH at the
2-position as shown in pathway 2 to form quinolin-2-ol, which
was then oxidized to quinolin-2(1H)-one. The introduction of
oxygens at the 2-position led to an increase in the charge den-
sity at the 3-position of the pyridine ring, which makes it easy
for electrophilic reactions and ring-opening reactions at the 2-
position to 3-position to occur (Jing et al., 2012). After ring

Fig. 6 Proposed catalytic mechanism of 3D-EF system.



10

J. Chen et al.

Pathway 1
‘OH
OH
Ny
=

quinolin-8-ol

Lo

OH
N

A

=

OH

quinoline-5,8-diol

¢ ‘OH

quinoline-5,8-dione

¢ ‘OH
N. COOH

(X
Z>CHO

3-formylpicolinic acid

¢ ‘OH
N. COOH
J
picolinic acid

-

N

| AN

>

pyridine Qﬁ

N
Z Pathway 2
N

quinoline

e 8

CC
N OH

quinolin-2-ol

l.oH

H
quinolin-2(1/4)-one

l -OH
i N"o

H

N-phenylformamide

©NH2

aniline

O

benzene

y

Further open the ring to form small molecules

Fig. 7 Possible degradation pathways of quinoline in 3D-EF system.

opening, intermediate products such as N-phenylformamide,
aniline and benzene were formed, which are eventually com-
pletely mineralized into small molecules.

In a previous study by our group, the degradation rate of
quinoline using Fe-Co-Ni-P/g-C3Ny particle electrode was
90.95%. Four intermediates were found by HPLC in addition
to quinoline with a minimum relative molecular mass of 133.1
were 2.3-pyridinedicarboxyaldehyde and (Z)-3-phenylprop-2-
en-1-amine, respectively (Chen et al., 2019). In this study, the
removal rate of quinoline reached about 95%, and eight inter-
mediates were found by HPLC in addition to quinoline, with a
minimum relative molecular mass of 79, 124 corresponding to
benzene and picolinic acid, respectively. When compared in
terms of degradation efficiency and relative molecular mass,
NiCo0,S4/g-C3Ny showed higher degradation efficiency and

better mineralization of quinoline. The possible reason for this
result is that the electronegativity of sulfur is greater than that
of phosphorus, and sulfur has a greater ability to attract elec-
trons, which accelerates the transfer of electrons in Fenton-like
reactions, increasing the rate of chemical reactions and pro-
ducing more hydroxyl radicals.

3.7. Biochemical analysis of wastewater

COD and BOD are the two commonly used indicators in the
biological treatment of wastewater, and BOD/COD is com-
monly used to evaluate the biochemical properties of wastew-
ater (Oladipo et al., 2017). When B/C < 0.2 means not suitable
for biochemical; 0.2 < B/C < 0.3 means difficult to biochem-
ical; 0.3 < B/C < 0.45 means can be biochemical; B/C > 0.45
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Table 1 Possible major intermediates in the quinoline degra-
dation process.

Compound [M + H]" (m/z)  Chemical structure
Benzene 79 ©
X
Picolinic acid 124 |
N COOH
X
Quinolin-8-ol 146 N/
OH
X
Quinolin-2-ol 146 _
N OH
CCL
inolin- i
Quinolin-2(1H)-one 146 N o
H
X
Quinoline 130 _
N
OH
X
Quinoline-5,8-diol 162 _
N
OH
N CHO
3-Formylpicolinic acid 152 ‘ _
N COOH
(0]
N-phenylformamide 122 . J
H

means good biochemical. As shown in Table S4, the COD of
quinoline wastewater decreased from 3540 mg/L to 155 mg/
L after 3D-EF treatment, and the removal rate was 95.6%,
indicating that the 3D-EF method can effectively remove most
organic pollutants from quinoline wastewater. The BOD could
be reduced from 885 mg/L to 72 mg/L, while the B/C ratio
increased from 0.24 to 0.46, which showed that the biochemi-
cal properties of the wastewater were obviously improved and
created good conditions for subsequent biochemical treatment.
Finally, we also studied the toxicological part of the data for
quinolines and their degradation products as shown in
Table S5 of the Supplementary Materials.

4. Conclusion

In this study, NiCo,S4 nanoparticles were prepared and doped NiCo,-
S4/g-C3Ny particle catalysts were prepared with g-C3Ny as the carrier.
NiCo,S,4/g-C;N, exhibited excellent Fenton-like catalytic activity and
cyclic stability. The degradation rate of high concentration quinoline
(COD = 3540 mg/L) was 95.6% within 30 min under optimal condi-
tions of 3D-EF. Kinetic analysis showed that the COD degradation of
quinoline solutions by the 3D-EF followed first-order kinetic model.
The excellent reactivity of the catalyst can be attributed to the large
amount of low valence metal ions (Fe? ™, CO(IT), Ni(I)) and the syn-

ergistic interaction between NiCo,S, and g-C;N4. EPR and radical
scavenging tests showed that hydroxyl radicals play a major role in
the degradation of quinoline. The degradation intermediates were
detected by HPLC-MS, and two main mechanisms and pathways of
quinoline degradation were proposed. The degradation of quinoline
by the 3D-EF system showed a significant tendency to reduce the tox-
icity level by BOD/COD values and partial ecotoxicity data of the
degradation products. This study provided a method for the removal
of quinoline wastewater by the addition of transition metal sulfide
catalysts.
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