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With high toxicity, carcinogenicity and teratogenicity, quinoline has been threatening human health and
ecological environment. Herein, Fe-Co-Ni-P/g-C3N4 particles are developed as electrochemical reactors
to form a three-dimensional catalytic particle electrode system (3D-CPE) for efficient removal of
quinoline from wastewater by electro-Fenton (EF) oxidation process. with reaction time of 30 min, the
particles dosage of 50 g/L, pH of 3, conductivity of 11.5 ms/cm, and current density of 37.04 mA/cm?,
the chemical oxygen demand (COD) removal rate can up to 90.95%. In addition, electron paramagnetic
response (EPR) and radical scavenging tests are performed to determine the hydroxyl radicals of
electrochemical processes produced. The degradation products are analyzed by high performance liquid
chromatography-mass spectrometry (HPLC-MS). Finally, through theoretical calculation and analysis
of degradation products, a reasonable degradation mechanism is proposed.
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1. INTRODUCTION

Quinoline, as an important raw material, is widely used in rubber, paint, herbicide, metal processing
and dyeing industries. However, due to its toxicity, carcinogenicity, mutagenicity and environmental
pollution, the degradation of quinoline and its derivatives has received more and more attention in recent
years. [1]. Removal of quinoline in wastewater is difficult because of the presence of steric barrier in the
bicyclic fused structure and the lengthy photooxidation half-life (10~99 h) [2]. Therefore, an economical
and effective quinoline wastewater treatment technology is required.
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So far, advanced oxidation processes (AOPs), including ozonation [3], electro-Fenton (EF)
oxidation [4], wet catalytic oxidation [5] and photocatalytic oxidation [6], have been employed to
remove contaminants from wastewater by producing reinforcing oxidants, such as hydroxyl radical (
OH)[7, 8]. EF process, one of the most popular AOPs, has received a lot of attention in the past few
years, in which the production of *OH does not involve the use of hazardous chemicals [9, 10]. EF
process is considered as an electrochemically aided Fenton process. Fenton reagent is produced on the
electrode plates (Egs. 1 and 2) and then reacts to produce *OH (Eg. 1), attempting to avoid the
consumption of too much H2O2 and iron(ll) salt. *OH can degrade most of organic pollutants in
wastewater due to high standard potential (2.80 V/SHE).

O2 + 2e + 2H" — H202 1)

Fe3* + e — Fe?* 2)

H20; + Fe?*+ H* — +OH + Fe*'+ H,0 (3)

However, the traditional EF systems have many unresolved problems, such as low efficiency,
small surface area and accumulation of iron mud [11, 12]. Three dimensional EF (3D-EF) systems are
developed with high activity and durability, where particle electrodes served as both catalysts and
electrodes [13, 14]. The addition of catalytic particle electrodes (CPE) as a third pole provides high
current efficiency, large effective electrode area and fast mass transfer rate, thereby improving
degradation efficiency of organic pollutants in wastewater [15]. Zhang et al. took Ti, Ti/RuO- and cobalt
loaded powder active carbon as cathode, anode and catalyst, respectively, to construct 3D-CEF system
to degrade humic acid [12]. However, high electrode cost hinders the large-scale industrial application.
Li et al. used a stainless plate as cathode, a lead alloy as anode and ceramic particles as particle electrodes
to decompose pesticide intermediate [16]. It was discovered that the mineralization effect is
comparatively ineffective and the COD removal is low (35.17 %).

Due to low cost, stable physical and excellent chemical properties, transition metal phosphides
(TMPs) gradually substitute for precious metals. [17]. The combination of the three dimensional
electrode and EF systems with TMPs as the particle electrodes has been the subject of only few studies.
The particle electrodes can be polarized to shape numerous small electrolytic cells under external electric
field conditions. When TMPs are used as particle electrodes, hydroxyl radical can be produced at the
anodes of TMPs, and H20> can be generated at the cathodes, where H2O> breaks down into *OH [18].
Carbon nitride with graphitic structure (g-C3Na) has significant potential as non-toxic and pollution-free
visible light-driven catalyst because of the special electronic structure [19], providing a good carrier for
TMPs.

In this paper, the Fe-Co-Ni-P/g-C3N4 particles were prepared with g-C3N4 as the carrier and
loaded with Fe, Co, Ni, P through the solid phase calcination method. For evaluating the effectiveness
of quinoline elimination, a 3D-CPE system was built. The Fe-Co-Ni-P/g-CsNs particles were
characterized by X-ray diffraction (XRD), Scanning electron microscopy (SEM), X-ray photoelectron
spectroscopy (XPS), transmission electron microscopy (TEM), and pyridine adsorption infrared
spectroscopy (Py-IR). The influence of different conditions on the degradation rate of quinoline is
systematically studied, including reaction time, dosage of the particle electrodes, pH value, conductivity,
and current density. The degradation products were investigated by high-performance liquid
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chromatography-mass spectrometry (HPLC-MS), and the degradation mechanism of quinoline was
deduced by combining with theoretical calculations.

2. EXPERIMENTAL

2.1 Materials

Melamine, quinoline, NiSO4¢7H20, Co(NO3)2¢6H20, FeSO4+7H20, NaH2PO2*H20, NHsHCO3
and Al(H2PQO4)s were obtained from Shanghai Macklin Biochemical Co., Ltd. H.SO4 and H2O> were
purchased from Yantai Shuangshuang Chemical Co., Ltd. polyacrylamide (PAM), Tert butanol (t-
BuOH), NaOH, and NaCl were purchased from Shanghai Aladdin Biochemical Technology Co., Ltd.
None of the chemicals were further purified before usage.

2.2 Synthesis of g-C3Na4

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 temperature, a lump of yellow
g-CsN4 was obtained and then ground into a powder.

2.3 Preparation of Fe-Co-Ni-P/g-C3Na4 particles

The prepared g-CsNa (45.5 g) was dispersed in appropriate amount of deionized water with
ultrasonic stirring for 45 min. Meanwhile, certain amounts of FeSO4+7H.0 (22.8 g), Co(NO3)26H.0
(11.9 g) and NiSO4+7H20 (10.8 g) were dissolved to generate a clear solution, and then the solution was
added by drop into the g-C3Na4 suspension. The above mixture was stirred uniformly for 1 h by means of
a magnetic stirrer and then dried at 100 °C by vacuum oven. After cooling, the finished product was
carefully crushed into powder in a mortar rinsed with deionised water and dried at 70 °C in a vacuum
oven to obtain Fe-Co-Ni/g-C3Ns. Fe-Co-Ni-P/g-C3N4 particles were prepared by thermally
phosphorylating Fe-Co-Ni/g-C3Na. Briefly, 10.7 g of Fe-Co-Ni/g-C3Nas and 7.1 g of NaH2PO2+H20 were
mechanically mixed and ground to a homogeneous powder in a mortar. The mixture was then calcined
at 300 °C in a nitrogen atmosphere for 2 h. Samples labelled as Fe-Co-Ni-P/g-C3N4 composites were
washed 5 times with deionised water and then dried in an oven. Fe-Co-Ni-P/g-C3sN4 composites,
Al(H2PO4)3 and NH4HCO3 with a mass percentage of 95%, 4%, 1% were mixed and granulated evenly,
where Al(H2PO4)3 and NH4sHCO3 were used as binders and pore-forming agents, respectively. The
pretreated particles were heated up to 300 °C at 5 °C/min in a vacuum tube furnace and calcined for 2 h
under nitrogen atmosphere. Finally, Fe-Co-Ni-P/g-C3N4 particles were obtained. The original Fe-Co-Ni-
P was prepared in a similar way, without the addition of g-C3Na.
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2.4 Experimental setup

The volume of three-dimensional electrochemical reactor was 2 L, which was made of
polypropylene. The two stainless steel plates were used as anode and cathode, respectively, with the
distance of 10 cm between them. The effective area of each electrode plate was 9 cm x 15 cm. Particle
electrodes were filled between the electrode plates. An aeration pump was used to inject the air and
accelerate the mass transfer process. The schematic diagram was showed in Figure S1.

2.5 Characterization techniques

Microscopic images, structural morphology and compositional data of the CPE were obtained
using SEM (Quanta 200, FEI, America), TEM (JEM-2100F, JEOL, Japan), XPS (Kratos Axis Ultra
DLD, SHIMADZU, Japan) and XRD (D8-Advance, Bruker, Germany). The catalyst's acidity was
determined with Py-IR (Nicolet6700, Thermo Fisher Scientific, America). EPR (A300, Bruker,
Germany) analyses and quenching tests was performed to identify the hydroxyl radicals in the
electrochemical processes. X-ray photoelectron spectroscopy measurements 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. X-ray diffraction analysis was performed using a Cu Ka
source operated at 40 kV and 40 mA. The diffraction patterns were recorded in the range 10° to 80°.
Pyridine adsorption infrared spectroscopy were measured using a Nicolet 6700 smart Fourier transform
pyridine infrared spectrometer from Thermo Fisher Scientific, America, with a resolution of 4 cm™.
Electron paramagnetic resonance spectrometer parameters included a center field at 3510 G and a sweep
width of 100 G.

2.6 Quinoline degradation procedure

Deionized water was used to prepare simulated quinoline wastewater (1.0 g/L). The particle
electrodes were placed in the quinoline solution for 24 h prior to the electrolysis to avoid the effect of
CPE adsorption on the electrolysis experiments. The circumstances for all trials were galvanostatic. To
measure the COD concentrations, samples are collected after degradation at specific time intervals. The
parameters affecting the degradation efficiency of quinoline, such as initial pH value, conductivity, H20-
concentration, voltage, current density and dosage, were examined. HPLC-MS was also used to identify
the quinoline's degradation products.

2.7 Analytical methods

The amount of organics in wastewater can be indirectly measured by using the COD [20]. The
COD concentrations were measured with an intelligent multi-parameter digester (LH-25A) and a multi-
parameter water quality analyzer (5B-3B(V8), Beijing Lianhua YongXing Science and Technology
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Development Co.,Ltd, China). The COD removal rate of wastewater could be calculated with Equation

(4):
COD removal efficiency(%) = =2 x 100% (4)

where Cj and C; denote the concentration of COD in the feed solution and the treated solution,
respectively.

Degradation products were investigated by high performance liquid chromatography and
quadrupole time-of-flight mass spectrometry ( HPLC, 1290; Q-TOF-MS, 6530, Agilent, America) with
a TC-C18 column (4.6 mm x 250 mm, 5 um). The mobile phase was 0.1% formic acid water and
methanol, with a volume ratio of 20:80 and a flow rate of 0.4 mL/min.

3. RESULTS AND DICUSSION

3.1 CPE characterization

Figure 1 exhibits the SEM images of g-C3N4, Fe-Co-Ni-P, Fe-Co-Ni-P/g-CsN4 composites and
Fe-Co-Ni-P/g-C3Na particles. Massive irregular small crystals are observed on the rough g-C3Na (Figure
1(a)). It is clear that Fe-Co-Ni-P nanoparticles connect with each other through thin sheets (Figure 1(b)).
The prepared Fe-Co-Ni-P/g-C3N4 composites are aggregated into a highly folded structure (Figure 1(c)).
As shown in Figure 1(d), the Fe-Co-Ni-P/g-CsNg particles show a relatively smooth interface and a large
number of channels, which may increase active sites. The elemental mapping by energy dispersive x-
ray spectroscopy (EDS) shows the presence of Fe, Co, Ni, P, C and N (Fig. S2), suggesting that the Fe-
Co-Ni-P was successfully supported on the pristine g-CsNa.

The TEM images were used to identify the morphological characteristics and structures. The as-
prepared g-CsN4 shows flaky with microscale layers (Figure 1(e)). Figure 1(f) shows that the size of the
Fe-Co-Ni-P nanoparticles is ca 100-200 nm. In Figure 1(g), the gray small particles are the g-CsN4
support, and the black large particles are the Fe-Ni-Co-P. It was found that Fe-Co-Ni-P is closely
embedded in the g-C3Na surface, forming a co-catalyst composite (Figure 1(g)). For Fe-Co-Ni-P/g-C3Na
particles (Figure 1 (h)), Fe-Co-Ni-P is densely and completely wrapped in g-CsN4, possibly due to the
action of binder.

The successful preparation of g-CsN4 and Fe-Co-Ni-P/g-C3N4 particles was demonstrated by
XRD analysis. As shown in Figure 2, for both samples, two characteristic diffraction peaks are detected
in the (100) plane of g-CsN4 with repeating cycles in the heptathiazine framework plane and the (002)
plane of interlayer stacking of conjugated aromatic structures, which are located at 12.8° and 27.5°,
respectively [21].
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Figure 1. Scanning electron microscopy images of (a) g-CsN4, (b) Fe-Co-Ni-P, (c) Fe-Co-Ni-P/C3N4
composites, (d) Fe-Co-Ni-P/g-C3Na4 particles. Transmission electron microscopy images of (e)
g-CsNg, (f) Fe-Co-Ni-P, (g) Fe-Co-Ni-P/C3N4 composites , (h) Fe-Co-Ni-P/g-CaN4 particles.
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The peaks of 31.7°, 35.7° and 38.2° are attributed to FeP4 (JCPDS No. 71-0482). The
characteristic peaks located at 41.1° and 45.0° are attributed to CoNiP (JCPDS No. 71-2336). According
to the XRD results, the Fe-Co-Ni-P/g-CsN4 particles is successfully fabricated by loading Fe, Co, and
Ni metal phosphides onto g-CzNa.
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Figure 2. XRD patterns of g-C3N4 and Fe-Co-Ni-P/g-CsN4 particles.

The surface elemental states and electronic structure of the Fe-Co-Ni-P/g-C3Na particles were
further probed using XPS. The Fe, Co, Ni, P, C and N exist in the Fe-Co-Ni-P/g-C3N4 particles according
to XPS survey scans. The Fe 2p spectrum (Figure 3(a)) shows two primary peaks at 706.2 and 719.7 eV,
coupled by two satellite peaks (labeled as “Sat.”) at 714.1 and 731.3 eV relating to Fe®* 2ps;» and Fe®*
2p12, respectively [22]. The other two distinct peaks at binding energies of 709.1 and 724.9 eV
corresponds to Fe?* 2ps and Fe?* 2pu2, respectively [23], suggesting the co-existence of Fe** and Fe?*
in the Fe-Co-Ni-P/g-C3N4 particles [24]. In the Co 2p spectrum, there can be significant peaks at 780.2
eV and 795.8 eV due to the formation of CoP as shown in Figure 3(b). The presence of cobalt oxides
was also indicated by the peaks at 783.3 eV and 800.5 eV. Furthermore, The peaks at 803.2 and 786.6
eV belong to the satellite peaks of Co 2p12 and Co 2p3.[25]. The Ni 2p spectrum clearly shows two
spin—orbit doublets of Ni 2ps/2 and Ni 2p12, while satellites can be observed at 859.8 eV and 879.1 eV
as in Figure 3(c) [26] [27]. The peaks at 854.6 eV and 869.3 eV could be designated to the metal Ni.
Meanwhile, the peaks at 855.1 and 872.7 eV correspond to the oxidized Ni [28]. A peak of 131.8 eV
was observed in the P 2p spectrum corresponding to P 2ps/2 on the surface of the sample. In addition, as
shown in Figure 3(d), there is a peak at 132.6 eV due to the presence of phosphorus oxide [29]. In Figure
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3(e), The C 1s spectrum has three peaks at 288.4 eV, 285.2 eV and 284.7 eV corresponding to O=C-O,
-C-P and -C=C, respectively [30]. In the N 1s spectrum (Figure 3(f)), three peaks at 398.5 eV, 399.2 eV
and 400.8 eV are caused by the sp? hybrid aromatic N atom (N-N=C), the tertiary nitrogen in the N-(C)*
group and the terminal amino functional group (C-N-H), respectively.
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Figure 3. XPS spectra of Fe-Co-Ni-P/g-C3Ns particles: (a) Fe 2p; (b) Co 2p; (c) Ni 2p; (d) p 2p; (e) C
1s; (f) N 1s. (g) Py-IR spectra.
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After doping Fe-Co-Ni-P with g-CsNg4, the binding energy of C 1s and N 1s in Fe-Co-Ni-P/g-
C3Ng4 particles moves to higher energies, indicating the existence of internal forces between Fe-Co-Ni-P
and g-CsNa [31]. The incorporation of P with nontoxic metallic elements of Co?*/Co%*, Fe?*/Fe** and
Ni2* could significantly boost the amount of available active sites and further improve the catalytic
activities for wastewater treatment. The results demonstrate that Fe-Co-Ni-P/g-C3N4 particles are
successfully fabricated.

In order to demonstrate the existence of Lewis (L) acid site and Briinsted (B) acid site type in the
Fe-Co-Ni-P/g-C3N4 particles, the CPE was characterized by Py-IR. As shown in Figure 3(g), the
absorption peaks at the acidic site of L acid are 1595 cm™ and 1445 cm™.The absorption peak near 1485
cm is a synergy between the B and L acid sites [32] [33]. No obvious absorption peak near 1540 cm
is observed, indicating that the amount of B acid is less than the L acid [34]. Table S1 shows the results
of Py-IR spectral analysis. The content of the B acid site decreases slightly and that of the L acid site
decreased sharply from 41.38 pmol/g to 6.66 umol/g, with increasing temperature. Based on the results,
it can be demonstrated that Fe-Co-Ni-P/g-C3Ns particles is a solid catalyst dominated by L acid sites,
which could facilitate the high catalytic stability in an agueous medium.

3.2 Effect of parameters on quinoline removal

Operation parameters, including reaction time, catalyst dosage, initial pH, electrical conductivity
and current density, were investigated for the quinoline degradation in the 3D-CPE system (Figure 4).
Single-factor experiment was conducted to optimize the experimental conditions.

As can be seen from Figure 4(a), the removal efficiency of COD increases as the increase of
reaction time. The highest COD degradation rate (90.95%) can be achieved after 30 min of treatment.
The rapid decrease of COD in the first 30 min is attributed to the oxidative degradation of quinoline by
free radicals [35]. After 30 min, the efficiency of the COD removal remained nearly stable, which could
be attributed to the formation of undegradable by-products. The pH of the wastewater increases with the
increase of reaction time, resulting in the formation of colloidal substances or flocculent precipitates of
Fe3* and Fe?* [36]. The colloidal substances or flocculent precipitates will cover the cathode/anode plates
and the third electrode surface, weakening the mass transfer efficiency of the particle electrode. Hence,
the optimal reaction time of 30 min is chosen in the subsequent tests.

Another crucial factor is the dosage of Fe-Co-Ni-P/g-C3N4 particles. The elimination rate of
quinoline rises from 59.16% to 90.95% with the increase of the dosage of the CPE from 20 g/L to 50
g/L at 30 min, as shown in Figure 4(b), which may be due to the increase in the number of active sites,
resulting in a large number of hydroxyl radicals. However, when the dosage of the CPE is further
increased from 50 g/L to 60 g/L, the COD removal rate decreases. This is most likely due to the
obstruction of the mass transfer process by the excess CPE, which affects the removal of quinoline [37].
Here, the dosage is optimized to be 50 g/L for the COD removal.

The pH played an important role in the degradation of wastewater [38]. As shown in Figure 4(c),
the highest COD degradation rate (87.14%) can be achieved after 30 min when the initial pH is set to 3.
However, regardless of the initial pH increases or decreases, the general COD removal rate declines.
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The low pH usually facilitates the degradation of pollutants in the EF system [39]. The acidic solution
leads to the side reaction of hydrogen evolution on the cathode and suppressed the oxygen evolution
reaction [40], which accelerates the degradation of organic pollutants on the anodes or Fe-Co-Ni-P/g-
C3Ngy particles.
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Figure 4. Effects of operational parameters on COD removal rate: (a) reaction time; (b) dosage; (c) pH;
(d) electrical conductivity; (e) current density.

Due to the doping of Fe, Co, Ni and P, a large number of free radicals are generated on the surface
of Fe-Co-Ni-P/g-CsNg4 particles, which promotes the degradation of quinoline and the removal of COD.
However, high H™ concentration could reduce the transition metal phosphides in the particle electrodes,
thus lowering the catalytic activity. Moreover, with the high initial pH, the side reaction of the oxygen
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evolution is intensified, reducing the reaction current efficiency and the degradation efficiency [41]. As
a result, the ideal initial pH was set to be 3.

NaCl is utilized as supporting electrolyte to improve the conductivity in this study. Chlorine
evolution reaction is not excluded, which could result in secondary chlorine oxidation reaction,
facilitating the oxidative degradation of organic materials [42]. The COD degradation rate increases
gradually with increasing conductivity. As displayed in Figure 4(d), the maximum COD degradation
(86.29 %) is achieved when the conductivity is 11.5 ms/cm. The supporting electrolyte facilitates the
electron transfer in the EF reaction, which accelerates the elimination of quinoline [43]. When the
conductivity is raised from 11.5 ms/cm to 17.7 ms/cm, the efficiency of COD removal decreases from
86.29 % to 70.68 %. Excess electrolyte could cover the surfaces of the 3D-CPE under the electric field,
which hampers the production of catalytic active substances.

Figure 4 (e) displays the impact of the current density on COD elimination in the 3D-CPE. The
efficiency of quinoline degradation is significantly enhanced after 30 min of the treatment with the raise
of the current density in the range 14.84 - 37.04 mA/cm?. When the current density is boosted beyond
44.44 mAJ/cm?, the COD removal rate decreases. This finding demonstrated that a large current might
produce more H202 and *OH radicals, which is beneficial to the removal of the contaminants [44].
However, excessive current density will lead to undesirable side reactions. For example, the *OH
generated in the reaction are consumed by the oxygen evolution reaction [45]. Accordingly, the current
density of 37.04 mA/cm? is the optimum value in this study.

3.3 Investigation on the material stability

The stability of the Fe-Co-Ni-P/g-C3N4 CPE was tested through consecutive 3D-CPE system
under the optimal circumstances. As shown in Figure S3, after 30 days of operation, the COD removal
efficiency decreases only about 5.9%, but still maintains more than 85%. The decrease in degradation
efficiency may be due to the leaching of ions from the reaction, which reduces the catalytic performance.
Overall, CPE has a high removal rate for quinoline wastewater. At the same time, the resistivity of
particle electrodes and the energy consumption of 3D-CPE system are studied and shown in the
supplementary materials. The results show that the particle electrodes have higher resistance (1.2x10°
Q-cm) and the 3D-CPE system has lower energy consumption (11.45 kWh/kg quinoline).

3.4 Catalytic mechanism

The comparison between the two-dimensional and three-dimensional EF systems (Figure 5(a))
shows that the degradation rate increases sharply in the presence of particle electrodes. Previous research
have found that the «OH can be consecutively generated in the 3D electrochemical system [46]. The
electron paramagnetic response (EPR) was used in this experiment to identify the *OH [47]. It is
discovered that the DMPO-+OH adducts has a 4-fold characteristic peak, implying that the «OH is
generated (Fig. 5(b)) [48]. Furthermore, the *OH content of the system increases steadily with time.
Quenching experiments were performed with the free radical scavenger (t-BuOH) [49]. Figure 5(c)
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shows that the COD removal efficiency drastically diminishes with the increase of t-BuOH concentration.
The degradation rate of COD is 46.38% after 30 min of treatment when the concentration of t-BuOH is
5.00 mmol/L. With the addition of t-BuOH, the «OH generated by Fenton and Fenton-like reactions is
consumed. The decrease of *OH inhibites the degradation of quinoline and the elimination of COD.
These results suggest that -OH plays an influential role in the degradation of quinoline in the 3D-CPE
system.

Based on the discussion above, it is suggested that the produced «OH promotes the removal
efficiency of quinoline in the 3D-CPE system (Fig. (6)). g-C3N4 with large surface area, offers massive
active sites for the catalytic degradation of quinoline. Fe, Co, and Ni loaded on the g-C3Na4 surface are
the catalytically active species in the Fenton and Fenton-like reaction. The potential mechanism is
proposed as follows. Firstly, heterogeneous catalytic processes occur on the surface of the electrode
plates and the particle electrodes. At the cathode and Fe-Co-Ni-P/g-CsN4 particles, Oz is reduced to H20»
(Eq. (5)). Fenton reactions occur on the surface of the anode plates and Fe-Co-Ni-P/g-C3sNg particles.
Under the action of the current, Fe(0) is oxidized to Fe(ll) during the reaction (Eg. (6)). Then the classical
Fenton reactions occur on the surface to generate *OH to oxidize the pollutants, and Fe(ll) is oxidized to
Fe(I1l) (Eq. (7)), simultaneously [37]. The Fenton-like reaction also generated «OH on the surface of the
particle electrodes through the Co(Il)/Co(l11) and Ni(IT)/Ni(Ill) redox processes (Egs. (8) and (9)).
Subsequently, Fe(l11), Co(l11) and Ni(Ill) are reduced to Fe(1l), Co(ll) and Ni(ll) after gaining electrons
in solution, and adsorbed on Fe-Co-Ni-P/g-CsN4 particles (Egs. (10), (11) and (12)). Secondly, the
homogeneous Fenton reaction involves Fe?* (Egs. (13)) because some of the Fe would leak into the
solution [50]. Finally, the *OH radicals attacked the quinoline molecules, which degraded into inferior
products (Eq. (14)). Moreover, the presence of P with negative charge in Fe-Co-Ni-P/g-C3N4 particles
is favorable for negative shift as electron donor, which accelerates the charge transfer [51]. On the whole,
the advanced oxidation technology by using the 3D-CPE system is the coupling of the electro-Fenton
method and the three-dimensional electrode method, which can simultaneously carry out direct anodic
oxidation, cathodic reduction to produce H202, Fe?* catalyzed Fenton reaction, -OH indirect oxidation,
particle electrode adsorption, particle electrode catalytic oxidation. It is an integrated electrochemical
oxidation technology with multiple effects as shown in Figure 6.

Oz + 28 + 2H" — H202 (5)

Fe (0) — Fe(Il) + 2¢ (6)

Fe (I1) + Ho0; — Fe (I + -OH + OH (7)
Co (1) + H202 — Co (II) + -OH + OH" (8)
Ni (I1) + H2O2 — Ni (IIT) + -OH + OH" 9)
Fe (1) + e — Fe(Il) (10)

Co (I11) + & — Co (II) (11)

Ni (I11) + & — Ni (I) (12)

Fe 2* + H,02 — Fe 3 + -OH + OH" (13)

:OH + Quinoline — Degraded products (14)
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Figure 5. (a) Comparison of the COD removal rate between 2D-EF and 3D-CPE; 2D-EF conditions:
Reaction period of 30 min, pH of 3, electrical conductivity of 11.5 ms/cm, and current density
of 37.04 mA/cm?; (b) EPR detection spectra; (c) Effect of t-BuOH dosage on the rate of the COD
removal under 3D-CPE.

Figure 6. Proposed catalytic mechanism of 3D-CPE system.
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3.5 Degradation pathways

The color, pH value, and COD clearly vary with the reaction time in the heterogeneous 3D-CPE
process of quinoline, indicating the generation of some intermediate byproducts. HPLC-MS was used to
determine the possible molecular structure of the degradation products (Figure S4-S5 and Table 1). Two
potential quinoline degradation pathways and the reaction energies for each step were inferred (Figure
S6). Density functional theory (DFT) calculations were also performed for these pathways at the
MN15L/6-311G (d) level, taking into account the solvent effect [52]. Pathway I is an exergonic process
which release Gibbs free energy of -3.42 kcal/mol, while Pathway Il is essentially endergonic.
Consequently, only the first pathway is discussed in detail here.

Table 1. Possible major intermediates in the quinoline degradation process.

Compound Molecular weight Tentative structure
. . X
Quinoline 129.1 ©\/j
N
OH
8-Hydroxyquinoline 145.1 S
=
N\ CHO
2.3-pyridinedicarboxyaldehyde 133.1 |
7 CHO
. AN
(2)-3-phenylprop-2-en-1-amine 133.1
H,N
(6]
Phenylpropanamide 149.2 ©/\)J\NHZ

Pathway | was *OH directly attacks the 8th position on the benzene ring and undergoes an
addition reaction with it due to the relatively high n-charge density of the C-atom at the 8th position in
the benzene ring part of the quinoline molecule, which makes the electrophile substitution reaction
usually attack this position. After dehydrogenation of 5,8-dihydroxyquinoline, 5,8-quinolinedione is
formed. Under the oxidation of «OH, the benzene ring is opened at position 5 and position 8 to form the
unstable intermediate product 2,3-pyridinedicarboxaldehyde, which is further oxidized to 2-
pyridinedicarboxaldehyde. Finally, these nitrogen-containing intermediate compounds were mineralized
to form small molecules.

Another potential degradation pathway is as follows. Because *OH is a strong electrophilic
reagent, organic contaminants were generally degraded via electrophilic addition reactions. As a result,
the hydroxyl radical was the first to attack the nitrogen ring of the quinoline, which is similar to Jiao's
quinoline degradation path in catalytic wet peroxide oxidation with CuO-doped Ce catalyst [53]. The
potential pathway was shown in Figure S6 Pathway 2.
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4. CONCLUSION

This contribution describes the successful synthesis of Fe-Co-Ni-P/g-CsN4 particles as non-
precious metal catalysts and the construction of a 3D-CPE system to investigate the degradation of
quinoline wastewater. The highest quinoline removal rate of 90.95% can be achieved at particle dosage
of 50 g/L, pH of 3, electrical conductivity of 11.5 ms/cm, current density of 37.04 mA/cm? and
electrolysis time of 30 min. The 30 days consecutive tests show excellent mineralization efficiency,
indicating that the Fe-Co-Ni-P/g-CsN4 particles are stable and reusable Fenton-like catalysts.
Furthermore, the potential mechanism and pathway of quinoline degradation in 3D-CPE system is
proposed by EPR detection spectroscopy and HPLC-MS analysis. The degradation of quinoline begins
with the cleavage of the benzene or pyridine ring under the attack of hydroxyl radicals. Finally, quinoline
is mineralized into small molecules. This study shows the potential application of Fe-Co-Ni-P/g-C3N4
particles based 3D-CPE system in wastewater treatment.

SUPPLEMENTARY MATERIALS:

Experimental Setup

By 3
/. ' L /i
L] (7] [ ]
s ® = o |©
s ®° a@
- & ® L] @
/ .‘
) [ g ¢ a® oF
4 /' .-.. - -‘- o - 5

Figure S1. Schematic of the three-dimensional electrochemical system. (1) aeration system, (2) cathode
plate, (3) anode plate, (4) electrolytic cell, (5) particle electrodes, (6) power supply.
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EDX characterization
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Figure S2. The EDS images of 3D-CPE

The EDS elemental spectrum of 3D-CPE indicated the presence of Fe, Co, Ni, P, C and N (Fig.
S2), which suggested that the Fe-Co-Ni-P was successfully supported on the pristine g-CzNa.

Py-IR spectra of Fe-Co-Ni-P/g-C3sN4 particles

Table S1 Distribution of L and B acid sites determined by Py-IR.

Amount of B Amount of L

Tem@‘*cr)a‘t“re acid acid T(SEL;ZS BIL
(umol/g) (umol/g)

100 113 41.38 4251 0.03

200 0.66 17.76 18.42 0.04

300 0.38 6.66 7.04 0.06

Investigation on the material stability

100

80

Y
S
1

COD removal (%)
T

I
S
1

Days
Figure S3. COD removal efficiency in continuous runs of 3D-CPE system.
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BET characterization

The BET surface area of Fe-Co-Ni-P/g-C3N4 particles was 45.66 m?/g, which was lower than
that of pristine g-C3Na with 92.56 m?/g. It can be expected that these abundant pores originated from g-
C3N4 may provide more exposed active sites for 3D-CPE system. The pure Fe-Co-Ni-P particles was
well dispersed onto the g-C3Na4 porous layer, so the BET surface area of pristine g-C3N4 was decreased.

Four-probe resistivity test

The resistivity of the Fe-Co-Ni-P/g-C3N4 particles was measured with a four-probe resistivity
meter. Compared with the low impedance conductive particles, the as-prepared Fe-Co-Ni-P/g-CaN4
particles show more resistivity (1.2x10° Q-cm). High impedance electrode particles were charged via
electrostatic induction of the electric field. The charged particles on the surface become independent 3D
electrodes, and the corresponding electrochemical oxidation and reduction reactions take place at two
ends of the particles, respectively. Each charged particle forms a “micro electrolysis cell”, thus
considerably enhancing the area of the electrochemical reaction. Meanwhile, high impedance conductive
particles avoid the short-circuit current, accelerate the mass transfer, and promote the electrocatalytic
degradation [42].

Energy consumption

The Energy consumption (EC) is generally utilized to express the electrochemical oxidation

performance of quinoline, which can be calculated by Eqg. (1).
1000UIt

~ (Co-C)xV

where EC is energy consumption (kWh/kg quinoline), U is the cell voltage (V), I is the current
(A), tis the electrolysis time (h), V is the volume of wastewater (L), and Co (mg/L) and C: (mg/L) are
the quinoline concentrations at treatment time 0 and t, respectively [54].

In this study, it was measured that the initial concentration of quinoline was 3000 mg/L. Under
the optimal conditions, the concentration of quinoline degraded by 2D-EF system for 30 minutes was
1008.6 mg/L, and that of quinoline degraded by 3D-CPE process for 30 minutes was 271.5 mg/L. Under
the optimal conditions, voltage 25 V, current 5 A, time 30 min, volume 2 L was substituted into the
above formula. The energy consumption of 3D-CPE process was 11.45 kWh/kg quinoline, which is
significantly lower than that of 2D-EF system (15.69 kWh/kg quinoline). On the one hand, the addition
of the particle electrode increased the oxidation activity and produced a large number of hydroxyl
radicals to improve the degradation efficiency of quinoline. on the other hand, it is obvious that the
treatment of wastewater with high pollutant concentration can achieve low energy consumption [18].



Int. J. Electrochem. Sci., 17 (2022) Article Number: 221296 18

HPLC-MS analysis

Figure S4 showed the total ion current chromatograph of quinoline and degradation intermediates
by HPLC-MS under the optimal process conditions in positive ion mode. Seven peaks were observed at
1.732, 3.042, 4.103, 5.031, 6.988, 7.966 and 11.581 min, respectively. Except the peak formed by
quinoline at 3.042 min, other peaks were assumed to be related to oxidation intermediates of quinoline
degradation. Figure S5 showed the mass spectra in different retention times in positive ion mode. The
peaks at m/z=146, 130, 134 and 150 were related to the protonated intermediates and quinoline,
respectively. The possible molecular structure of the degradation products were deduced, as shown in
Table 1.

3.042

Relative abundance

1.732
T

T ¥ T ¥ T ¥ T * T
0.0 25 5.0 75 10.0 12.5 150

Time (min)

Figure S4. Total ion current chromatograph of quinoline and degradation products by HPLC-MS in
positive ion mode.

Relative
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T T t T T T T T T t T T T
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Relative abundance

Relat
E ¢

Ay " 1
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Figure S5. Mass spectra of quinoline degradation in different retention times: (a) 1.682~1.798 min; (b)
2.926~3.622 min; (c) 4.816~5.297 min; (d) 11.266~12.012 min in positive ion mode.
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Sum of electronic and thermal Free Energies

The thermodynamic function, Gibbs free energy was used to determine the reaction direction.
Figure S6 showed the chemical reaction equation of quinoline under the action of hydroxyl radical, and
the Gibbs free energy of part of the equation was derived according to the theory of computational
chemistry.

Pathway 1 Pathway 2
OH
I I Y 3 Y N
1.1 [ + . = | o AG(keal/mol)= 6.47 r [
AP OH - [ H 2.1 ) + 280 —> ) + o
S H,N
oH OH
; h""vN SN | ]+ -om - 1] £ H AG(keal/mol)= 3.47
2 ] s . L AGkeal 72 22 > 3 - i(kcal/mol)= 3.47
] H : | H S(keal/mol)= 7.21 AN 1N OH
OH
QH o i J
f Ny , Ne s ~oH 2°OH (O 2H,0
13 S AL + OH — [ + H0 +-H AG(kealmol)=11.39 : )
OH J
HN
(‘) " (8]
‘ . N._CHO T &
14 [ ) +4 08— £2C0,+4°H  AG(kealmol)=-5.44 24 (J L+ 2m0+ 26 =3 + 20H
I 7 CHO HN O i =
0 :
LN
o =0
N._CHO g ) s
s N._CHO A ~_COOH )
s ML+ on —— [ ] +H AG(kcalmol)= -11.29 25 g t 0 > J ¢ NHy  Sokealimol=8,66
CHO ZCOOH - ‘
_N.CHO N Ghio = ~_COOH o
1.6 A — > [ ] t CO, AG(kecal/mol)=-11.76 5% () } 4-OH = [ ] + 3co, + 4,

Figure S6. Reaction equation and partial Gibbs free energy.
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