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ARTICLE INFO ABSTRACT

Keywords: The ubiquity of antibiotics challenges water treatment and public health. Herein, a novel heterogeneous Fenton
Carbon nitride-type polymers system was constructed to remove antibiotics, and carbon nitride-type polymers compounded with FeOCl (CNPs/
FeOCl FeOCl) were used as catalysts. The efficiency for removal of tetracycline hydrochloride (TC-HCI) reached 100 %
erogeneous Fenton within 6 min ([TC-HCI] = 20 mg/L, [CNPs/FeOCI] = 0.2 g/L, [H;02] = 0.3 mM, pH = 3.5), and the catalytic
Degradation activity of CNPs/FeOCl was higher than those of FeOCl and CNPs alone. In particular, the TC-HCI degradation

efficiencies over a wide pH range of 3 to 11 were nearly 100 % within 8 min. TC-HCI and its oxidation in-
termediates were degraded by the -OH radicals produced from Fe?*/Fe3* induced degradation of Hy0,, and
small molecules (H20 and CO3) were eventually produced, which enabled antibiotic degradation through three
possible pathways. Additional results showed that electrons promoted the cycling of Fe?* and Fe*' from the
FeOCl, which enhanced the decomposition of HyO, to produce more -OH and improve the catalytic activity.
Finally, the novel Fenton system catalyzed efficient degradations of antibiotics in natural water, providing a

potential method for removal of antibiotics and other organic pollutants with CNPs/FeOCl.

1. Introduction

Widely used antibiotics inevitably flow into aqueous environments
and are frequently detected in water columns [1-4], which poses major
threats to human health and aquatic environments and creates condi-
tions that facilitate the proliferation of antibiotic-resistant bacteria and
antibiotic resistance genes [5]. The coexistence of antibiotics and anti-
biotic resistance genes increases the risks of creating new resistance
genes and accelerates the spread of antibiotic-resistant bacteria in
aquatic environments, which poses potentially lethal threats to the
environment and public health [6-9]. For example, tetracycline, a
typical antibiotic, is used to treat protozoan and bacterial infections in
aquaculture, and due to improper handling of this antibiotic, tetracy-
cline is subsequently discharged into the environment [10]. Conse-
quently, effective measures are needed to address this challenge.

Fenton reactions are widely used for effective treatment of organic
pollutants, and they use Fe?* and H,0, to generate -OH under acidic
conditions [11]. However, the Fenton reaction has certain limitations.
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One is that the divalent Fe?* in the system is easily oxidized to Fe>*, and
the reaction rate of Fe® with Hy0, is very low; thus, methods are need
to improve the Fe?*/Fe®* redox rate [12-14]. Another limitation is that
the reaction must be performed under acidic conditions, which inevi-
tably limits its application in neutral environments [15]. Furthermore,
the entire system tends to produce iron sludge, which in turn pollutes the
environment [6,16]. Due to these shortcomings, researchers have
focused on developing catalysts that are catalytically active under
acidic, neutral or even alkaline conditions [17]. In heterogeneous
Fenton-like reactions, the Fe?" in solution can be replaced with solid Fe-
based catalysts, which mainly degrade organic pollutants with nonse-
lective and highly active -OH [18-20]. Typically, Fe3Os, Fe304, Mn—Fe
compounds, and iron ore, among others, are used as heterogeneous iron-
based catalysts [21-24]. Researchers have tried many techniques to
improve the catalytic activities of the catalysts and have found that the
introduction of transition metals or their oxides into the catalyst is an
effective way to improve the catalytic activity [24-27].

In recent years, the two-dimensional catalytic material FeOCl has
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gradually received research attention [28-36]. Due to the weak in-
teractions between the FeOCl layers, FeOCl can serve as an inorganic
host molecule for intercalation reactions in which the guest molecules
interact with, or adsorb onto, the FeOCl. FeOCl is an efficient catalyst
with high catalytic activity due to its good photoelectric conversion
properties, which provide abundant electrons to reduce 25 % of the
existing Fe3* to Fe?"; thus, FeOCl has received widespread attention for
use in Fenton reactions [30,36]. The standard reduction potential of
FeOCl is relatively low, and the conversion of Fe>* to Fe?" is slow
(E%(Fe>*/Fe®™) = 0.771 eV), which inhibits its ability to activate HyO;
thus, the lack of Fe?' regeneration makes practical applications difficult
[37]. Therefore, improving the Fe?t/Fe>* redox cycle is a challenge that
must be addressed, and researchers have conducted studies on this issue.
For example, Sun et al. coated FeOCl on the surface of a polyvinylidene
fluoride ultrafiltration membrane to modify the polyvinylidene fluoride
and thus improve the antifouling performance and self-cleaning capa-
bility of the composite membrane, and these researchers used the
composite membrane for degradation of bisphenol A [31]. Li et al.
synthesized novel FeOCl-modified sludge-derived biochar composites
and showed degradation efficiencies for rhodamine B of up to 99 % over
a wide pH range [38]. Although the performance of FeOCl has been
improved through these studies, its catalytic performance has not been
significantly enhanced; therefore, problems associated with long
degradation times and poor Fe?"/Fe" redox cycling still need to be
resolved.

Polymeric graphitic-phase carbon nitride (g-CN, g-C3N4) is a metal
semiconductor, and the graphitic-phase carbon nitride is a conjugated
polymer with tri-s-triazine repeat units and an sp>-hybridized C—N
backbone, which makes it of wide interest for use as a photocatalyst or
carrier substrate in the field of catalysis [39,40]. g-CN, like graphene, is
a two-dimensional layered structure that is nontoxic, inexpensive,
thermally stable and easily dispersed, and it can be synthesized under
acidic or alkaline conditions and is widely used as a carrier for envi-
ronmental pollutant removal. g-CN has a high nitrogen content (theo-
retically higher than 60 %), and compared with other C—N materials,
this structure more effectively disperses nanoparticles and enables rapid
charge transfer to the active sites on the surface, increasing the gener-
ation of active substances for catalytic degradation of pollutants
[41,42]. The downside is that g-CN alone cannot improve the catalytic
conversion of activated H,O, to -OH. Therefore, modification with
transition metal oxides or metal ion doping into the g-CN backbone are
promising approaches. The electron-rich cavity in the g-CN backbone
provides an ideal platform for trapping positive transition metal ions,
and metal-containing catalytically active sites are available for multi-
phase catalytic processes [43-45]. Pi et al. synthesized CoFe2O4 via a
hydrothermal method and g-CN as a carrier for the CoFe,O4-mediated
degradation of levofloxacin in a peroxymonosulfate system and
observed excellent catalytic activity [46]. Hak et al. prepared Ag/g-CN
complexes by loading the precious metal Ag onto g-CN, and the Ag/g-
CN complexes exhibited high catalytic activity for the degradation of
bisphenol A [47]. However, the addition of g-CN to Fe to enhance the
catalytic degradation of antibiotics has rarely been reported.

In addition, rapid electron transfer accelerates the operation of the
Fe3*/Fe?t redox cycle that generates -OH, which has high catalytic
activity and therefore exhibits substantial potential to improve the Fe
activity [48-51]. Thus, g-CN composites and FeOCl serve as comple-
mentary materials with great potential for addressing the individual
limitations of FeOCl and g-CN and producing Fenton catalytic reagents.

Based on the mentioned above, we synthesized a novel carbon
nitride-type polymer (CNPs) compounded with FeOCl to give the CNPs/
FeOCl composite, improved the catalytic performance of the FeOCl and
CNP catalysts and systematically evaluated the effects of experimental
parameters, such as the mass ratio used for the catalyst synthesis, the pH
of the pollutant, and the H,O5 dose, on the removal of antibiotics. TC-
HCl was used as a typical antibiotic with which to test a new Fenton
system and investigate the mechanism. The dual synergistic removal
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mechanism involving adsorption and degradation of the TC-HCI and the
degradation pathway for TC-HCI were also explored and validated in
natural water matrices. We expect that the CNPs/FeOCl composites will
be useful heterogeneous Fenton catalysts and enable the removal of
organic compounds such as antibiotics from aqueous environments.

2. Experimental section
For specific reagents and instruments, see the Supporting Text.
2.1. Preparation of the catalysts

2.1.1. Synthesis of CNPs

CNP nanosheets were prepared by using the solvothermal method
with formamide as the precursor and nitrogen source [52]. 10 mL of
formamide, 0.75 g of citric acid and 0.75 g of sodium acetate were
stirred until the reaction was complete (40 min), which produced a
prepolymer consisting of citric acid and formamide in a weakly alkaline
environment. After thorough stirring, this solution was transferred to a
30 mL hydrothermal reaction kettle, heated in an oven to 230 °C, held at
that temperature for 3 h and then cooled to room temperature to obtain
a brown-black solution. The final mixture contained CNP nanosheets,
and unreacted material was removed by centrifugation to give a nano-
sheet suspension. A large amount of ethanol was added to the solution to
yield a brown-black precipitate, which had good water solubility. The
precipitate was washed 3 times with ethanol and dried at 40 °C for 12 h
to obtain the final product, which was labelled CNPs.

2.1.2. Synthesis of FeOCl

The preparation of FeOCl was carried out with a high-temperature
sintering method. During the typical procedure, 0.5 g of FeCl3-6H20
was weighed and ground thoroughly in an agate mortar to obtain a
yellow powder, which was subsequently transferred to a crucible,
wrapped with aluminium foil, labelled and transferred to a muffle
furnace to be heated to 250 °C at a heating rate of 2 °C/min, and the final
temperature was maintained for 3 h. When the reaction was complete
and the sample cooled to room temperature, it was removed, and the
unreacted FeCl3-6H,0 was rinsed out with a large amount of acetone
until the solution ran clear. The FeOCl was then dried overnight in a
vacuum drying oven at 60 °C for subsequent experiments.

2.1.3. Preparation of CNPs/FeOCl composites

The preparation of the CNPs/FeOCl composite involved reacting the
synthesized CNPs with the precursor to FeOCl, as follows: 0.5 g of CNPs
and 1.5 g of FeCl3-6H0 were weighed into a mortar and ground until
well mixed, transferred to a crucible, wrapped with aluminium foil, and
heated at a rate of 2 °C/min. After the reaction, the precipitate was
washed several times with acetone by centrifugation until the super-
natant was clear and transparent, and the precipitate was then trans-
ferred to a vacuum drying oven, heated at 60 °C and dried overnight for
subsequent experiments; the resulting compound was labelled CNPs/
FeOCl (1:3). Additionally, 1.5 g of the CNPs and 0.5 g of FeCl3-6H20
were weighed into a mortar and ground until well mixed, transferred to
a crucible, wrapped with aluminium foil, and heated at a rate of 2 °C/
min. The other steps were the same as above, and the resulting com-
pound was labelled CNPs/FeOCl (3:1).

2.2. Antibiotic removal process

2.2.1. Antibiotic degradation process

The entire heterogeneous Fenton reaction was carried out in a 100
mL reaction flask for the TC-HCl degradation experiments. The initial pH
of the TC-HCI solution was adjusted with 1 M HCI or NaOH. A 0.2 g/L
catalyst solution was injected into the reaction flask containing the TC-
HCI solution at room temperature, and 0.3 mM H,0, was added at
predetermined time intervals (2 min, 4 min, 6 min, 8 min, 10 min) to
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initiate the reaction. A 1.6 mL sample was placed in the reaction flask,
300 pL of tert-butanol was added immediately to stop the reaction, and
the solution was filtered through a 0.22 pm membrane for further
analysis. Each group of experiments was performed three times, and the
results were averaged. The samples obtained from the experiments were
refrigerated at 4 °C for HPLC testing.

Pure adsorption experiments without the addition of Hy0, were
carried out under the same conditions, and to evaluate the effect of
CNPs/FeOCl adsorption on the removal of TC-HCl during the hetero-
geneous Fenton reaction, the same experiments were carried out as
follows: the suspension was shaken in a constant temperature oscillator
(25 °C, 150 rpm) for 24 h, and a certain volume of the solution was
filtered to remove the solid catalyst. Each group of experiments was
performed three times, and the results were averaged. After the exper-
iments were conducted, the samples were refrigerated at 4 °C for HPLC
analyses.

The adsorption/degradation experiments were performed under the
same catalytic conditions; the adsorption experiments did not require
the addition of H,O,, but the other conditions were the same as those of
the degradation experiments.

To evaluate the feasibility of using the developed treatment method
in complex matrices, actual water samples were used for validation. The
water samples were collected from the Nanming River in Guiyang City,
China and simulated TC-HCl degradation experiments were performed.
Different concentrations of TC-HCl were added to the real water. The
removal experiments were performed under the same catalytic
conditions.

2.2.2. HPLC analysis process

The concentration of the TC-HCI solution was determined by high-
performance liquid chromatography (Agilent-1260) with an ultraviolet
detector using a reverse phase C18 column. The mobile phase for the TC-
HCI consisted of 65 % sodium dihydrogen phosphate and 35 % aceto-
nitrile, the elution flow rate was 1 mL/min, and the injection volume
was 20 pL. The detection wavelength was 360 nm, and the column
temperature was 25 °C. The mobile phase for amoxicillin (AM) consisted
of 70 % potassium dihydrogen phosphate and 30 % methanol, the
elution flow rate was 0.6 mL/min and the injection volume was 20 pL.
The detection wavelength was 240 nm, and the column temperature was
30 °C; the mobile phase for sulfamethoxazole (SMX) consisted of 65 %
H30 (containing 0.1 % glacial acetic acid) and 35 % methanol, the
elution flow rate was 0.8 mL/min and the injection volume was 20 pL;
the detection wavelength was 270 nm and the column temperature was
30 °C.

2.3. Identification of intermediates by HPLC-MS

For liquid chromatography-mass spectrometry (HPLC-MS) run in
the positive ionization mode, the following mobile phase was used: A-
0.1 % formic acid aqueous solution and B-0.1 % formic acid-acetonitrile
aqueous solution; for HPLC-MS run in the negative ionization mode, the
following mobile phase was used: A-0.03 % ammonia aqueous solution
and B-0.03 % ammonia-acetonitrile solution.

2.4. Procedure for ESR studies of -OH during catalysis

To identify the catalytically active species, experiments designed to
-OH bursts were conducted by using 10 mM and 30 mM tert-butanol
under the same catalytic conditions, and related experiments for su-
peroxide radical bursts were conducted using p-benzoquinone (10 mM,
30 mM). Additionally, 5,5-dimethyl-1-pyrroline N-oxide (DMPO) was
used as a spin trap to capture radicals in the ESR experiments for com-
parison. The solvent contained the TC-HCI substrate; the first group
consisted of pure DMPO blank experiments without H,O,, the second
group consisted of TC-HCl + H,0, + DMPO (100 mM) experiments, and
the third group consisted of TC-HCI + Hy02 + DMPO (100 mM) + CNPs/
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FeOCL
3. Results and discussion
3.1. Characterization of the synthesized materials

Scheme 1 reflects the synthetic procedure for CNPs/FeOCl. As shown
in Scheme 1, the CNPs were first prepared, and FeOCI was then loaded
onto the CNPs to obtain the CNP composite.

To investigate the microstructures of the three compounds, the sur-
face morphologies of FeOCl, CNPs, and CNPs/FeOCl were studied with
scanning electron microscopy (SEM), transmission electron microscopy
(TEM) and high-resolution transmission electron microscopy (HR-TEM),
and the results are shown in Fig. 1. The SEM image of FeOCl and the
CNPs showed lamellar and irregular ultrathin curved sheets, respec-
tively (Fig. 1a, b). The SEM and TEM images of the CNPs/FeOCl com-
posite are shown in Fig. 1c (1d-enlarged image) and e. FeOCl filled the
porous lamellar structure of the CNPs, and the morphologies of the two
materials changed after formation of the composite, which may be
attributed to the fact that doping of the CNPs with the FeCl3-6H20
precursor during synthesis of the CNPs/FeOCl may have resulted in
chemical changes during the high-temperature sintering process. Thus,
the morphology of the composite did not reflect simple stacking of the
two compounds used to form the composite. Fig. 1f also shows that both
the CNPs and FeOCl were present in the CNPs/FeOCl composite. A
crystal lattice band for FeOCl was also observed in the HR-TEM image
for CNPs/FeOCl (Fig. 1g). Fig. 1h-n shows the elemental maps for Fe, O,
CL N, and C, which were distributed on the CNPs/FeOCl composite.
Among them, the presence of Fe, O, and Cl can be attributed to FeOCl,
and the presence of C and N is attributed to the CNPs.

The purities and crystallinities of the prepared materials were
characterized by X-ray diffraction (XRD). As shown in Fig. 2a, the (002)
and (100) planes of the CNPs were indicated by the two diffraction peaks
at 13.3° and 27.4° (JCPDS No. 87-1526) [53]. The 13.3° diffraction peak
corresponded to structural stacking of tri-s-triazine units in the CNPs
planar repeat unit, and the strong characteristic peak at 27.4° was
caused by the graphite-like interlayer structural motifs [54]. This peak
consisted of three diffraction peaks at 24.8°, 26.8°, and 28.2°, indicating
the presence of different layered structures in the CNPs crystals, which
was attributed to planar stacking and interlayer stacking of the aromatic
chain segments [53]. All diffraction peaks for the pure FeOCl phase were
matched with the standard card for FeOCl (JCPDS card No. 24-1005)
[55-57]; for the CNPs/FeOCl composite, due to the low CNPs content,
the diffraction peaks for the CNPs were not obvious in the XRD patterns
of the CNPs/FeOCl composite, which may be attributed to wrapping of
the CNPs with excess FeOCl, which masked the CNPs diffraction peak.
Therefore, the main diffraction peak was that of FeOCl. In contrast, for
CNPs/FeOCl (3:1), due to the low FeOCl content, the diffraction peak for
FeOCl was not obvious in the XRD pattern of the CNPs/FeOCl (3:1)
composite, which may be attributed to the excess CNPs that masked the
diffraction peak for FeOCl; the pattern mainly showed the diffraction
peak for the CNPs (Fig. S1). This is consistent with the results for CNPs/
FeOCl (1:3).

To determine the functional groups and chemical bonds present in
the catalyst, Fourier transform infrared (FT-IR) spectroscopy was used,
as shown in Fig. 2b. The broad peak near 3387 cm™* was assigned to the
stretching mode of the O—H groups in the absorbed H,0 molecules on
the surfaces of the three compounds, and the peak at 3466 cm™! was
attributed to the stretching vibrations of -NHx [58]. For FeOCl, the
Fe—O group showed a clear absorption peak at 499.87 cm™’, and a
stretching vibration for Fe—Cl was indicated by a peak near 1625 cm ™’
[59]. For the pure-phase CNPs compound, the absorption bands at
1394-1625 cm ™! corresponded to C=N stretching vibrations, and the
stretching vibration of the C—N bond in the triazine units of the CNPs
showed a peak near 798.3 cm™!; the absorption edge at 483.6 cm ™! was
related to the energy gap [60,61]. In the prepared CNPs/FeOCl system,
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Fig. 1. Characterization of the synthesized materials. (a) SEM image of FeOCl; (b) SEM image of CNPs; (c) SEM image of CNPs/FeOCl; (d) SEM-based local
enlargement of CNPs/FeOCl; (e) TEM image of CNPs/FeOCl; (f-g) HR-TEM images of CNPs/FeOCl. Elemental maps showing the distributions of the elements in the
CNPs/FeOCl composite: (h) image of CNPs/FeOCl; (i) map of CNPs/FeOCl; distributions of (j) Fe, (k) N, (1) O, (m) Cl and (n) C.

the absorption band at 1625 cm ! was assigned to C=0 and -CHy; the
corresponding peaks for the doped FeOCl were not shifted, but the
characteristic peaks in the complexes were weaker than those of the pure
FeOCl. Therefore, these results proved that CNPs coexisted with FeOCl
in the CNPs/FeOCl.

To investigate the chemical morphology of the CNPs/FeOCl com-
posite, a detailed analysis was performed with X-ray photoelectron
spectroscopy (XPS). The full spectrum in Fig. 2c shows the elements
present in the composite. The presence of Fe, O, Cl, C, and N in the
composite was confirmed. The spectrum in Fig. 2d showed the presence
of C; the 284.8 eV, 288.2 eV, and 286.5 eV peaks corresponded to C—C,

N-C=N, and C-O-C bonds in the CNPs, respectively [62-64]. A typical Cl
2p XPS spectrum is shown in Fig. 2e, and the characteristic peaks for Cl
2p binding energies of 197.6 eV and 199.3 eV corresponded to Fe—Cl
bonds [65]. Fig. 2f shows the Fe 2p spectrum; the peaks at 711.2 eV and
725.17 eV corresponded to the binding energies of the 2p3,» and 2p; 2
states of Fe3™, respectively; the peaks at 710.26 eV and 723.45 eV were
assigned to the 2ps/- and 2p; 5 binding energies of Fe?", respectively,
whereas the two peaks at 713.39 eV and 717.38 eV were satellite peaks
[66-69]. In the N 1s spectrum of Fig. 4g, 398.6 eV and 399.7 eV are
assigned to C-N=C bond and N (N-(C3)) bond respectively [70]; 397.8
eV assigned to Fe—N [64,71]. Fig. 4h shows the spectrum of O 1s:
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Fig. 2. (a) XRD patterns of FeOCl, CNPs, and CNPs/FeOCl; (b) FT-IR spectra of FeOCl, CNPs, and CNPS/FeOCl materials; (c-f) XPS spectra of CNPs/FeOCl after the
reaction: (c) XPS survey spectrum, and (d) C 1s; (e) Cl 2p; (f) Fe 2p; (g) N 1s; (h) Ols XPS data.

529.19 eV-530.82 eV corresponds to the Fe—O bond phase matching of
metal oxides in FeOCl lattice [56,67]; 532.78 eV is attributed to surface
water molecules [72,73]; All of these findings confirmed the successful
synthesis of the CNPs/FeOCl and the interactions between FeOCl and the
CNPs. The other groups remained largely unchanged, indicating that
these catalysts exhibited robust stability (Fig. S3).

Additionally, the surface areas and pore size distributions of the
prepared materials were analysed with an automatic specific surface
area and porosity analyser (BET). As shown in Fig. S2a and b, the pre-
pared CNPs showed a type IV isotherm and a Hs hysteresis loop, which
indicated a mesoporous structure. The isotherms of FeOCl and CNPs/
FeOCl were type I isotherms, which indicated microporous structures.
The specific surface areas of the FeOCl, CNPs, and CNPs/FeOCl were
9.2854 m?/g, 58.4287 m?/g, and 9.1073 m?/g, respectively. However,
when FeOCl material was added to the CNPs, the specific surface area of
the CNPs/FeOCl composite was equivalent to that of FeOCl. Surpris-
ingly, the specific surface area of the CNPs/FeOCl composite was small,
but tetracycline was adsorbed readily (Fig. 4a, b). These results showed
why the formation of a microporous structure provides more active
centres.

()

3.2. Evaluation of antibiotic degradation with CNPs/FeOCl

3.2.1. Effects of FeOCl and CNPs doping levels on CNPs/FeOCl

The removal of TC-HCl was evaluated with different systems. The Fe
content had a significant effect on the removal of the contaminant via
-OH generation. As shown in Fig. 3a, the removal efficiency for TC-HCl
reached 78.5 % within 10 min upon addition of H,O5 and FeOCl, and the
removal rate for TC-HCI was only 27.0 % at 10 min upon addition of the
pure CNPs. In contrast, the CNPs/FeOCl solution that contained a CNPs:
FeOCl mass ratio of 1:3 showed significantly higher degradation activity
for TC-HCI solutions compared with those seen for other mass ratios of
the CNPs and FeOCl, and the removal efficiency for TC-HCl reached 100
% within only 8 min. Furthermore, when the amount of FeOCl exceeded
the amount of CNPs, the XRD patterns for the complex showed a
diffraction peak for FeOCl, but there was too little CNP to generate an
observable diffraction peak, and the degradation rate of TC-HCl reached
100 % with the CNPs/FeOCl (1:3). In contrast, when there more CNPs
than FeOCl, the XRD pattern of the complex mainly showed the
diffraction peak for the CNPs (Fig. S1), and the rate of TC-HCI degra-
dation was only 66 % with CNPs/FeOCl (3:1). This showed that the
amount of FeOCl doping affected the catalytic performance of the
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Fig. 3. (a) Effects of the FeOCl and CNPs proportions on TC degradation ([TC-HCl];pitia1 = 20 ppm, [CNPs/FeOCl] = 0.2 g/L, [H205] = 0.3 mM, and [pH] initia1 = 3.5);
(b) Effect of H,O5 concentration on TC-HCI degradation ([TC-HCl]pitia1 = 20 ppm, [CNPs/FeOCl] = 0.2 g/L, [H205] = 0.3 mM, and [pHlinitia1 = 3.5); (c) Effect of pH
on TC-HCI removal by CNPs/FeOCl ([TC-HCl]jpitias = 20 ppm, [CNPs/FeOCl] = 0.2 g/L, [H>05] = 0.3 mM, and [pHlipitia1 = 3.5).
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composite, from the data of BET, when FeOCl was incorporated into the
CNPs, the surface area of the CNPs/FeOCl was comparable to that of
FeOCl; Fe constituted the active centre in the CNPs/FeOCl, and the
combination of CNPs and FeOCl improved the adsorption performance
of the composite so that the TC-HCI reached the catalyst surface faster.
Therefore, preparation of the CNPs/FeOCl improved the catalytic per-
formance beyond those of FeOCl and CNPs.

3.2.2. Effect of H302 dose on the degradation of TC-HCI

The concentration of HyO> is also an important factor in a hetero-
geneous Fenton reaction. If the concentration of HyO3 is low, the amount
of -OH generated is insufficient to initiate the Fenton reaction success-
fully; if the concentration is too high, the HoO, scavenges the -OH
generated in solution to reduce the catalytic efficiency, which waste
reagents and increases the cost of catalysis. As a result, the effect of the
H,05 concentrations (0.05 mM, 0.1 mM, 0.3 mM, 0.6 mM, 1 mM) on TC-
HCI degradation in the CNPs/FeOCl heterogeneous Fenton system was
investigated. As shown in Fig. 3b, the TC-HCI removal efficiency was
related to the HoO, concentration and reached 100 % within 4 min when
the H,05 concentration was 1 mM, which was markedly higher than the
TC-HCI removal efficiency seen when the Hy0, concentration was
0.05-0.6 mM.

3.2.3. TC-HCI degradation with different pH

The initial pH value is a key factor affecting the catalytic perfor-
mance of the catalyst/H0, system. Since the Fenton reaction occurs
over a narrow pH range (pH 2-3), which limits application in natural
water samples, the influence of pH on the heterogeneous Fenton reac-
tion has an effect on the nature of the catalyst, on the degradation of
antibiotics, and on the decomposition of HyO, [74-77]. To determine
the role of HyO» in the overall reaction system, the initial pH of the
solution was varied (3.0, 5.0, 7.0, 9.0, 11.0) in the TC-HCI degradation
experiments, as shown in Fig. 3c. The initial pH of the solution had a
significant effect on TC-HCl removal, which was facilitated by pH of 3-9.
In particular, in the pH range 7-9, the TC-HCl removal efficiency
reached 100 % for a reaction of 2 min. When the pH was 11, the TC-HCl
removal efficiency was 60 % with longer reactions times, except when
CNPs/FeOCl adsorbed the TC-HCI, which indicated that H,O, was more
likely to produce ample -OH under acidic, neutral, and weakly alkaline
conditions. At low pH, the amine group of TC-HCI underwent proton-
ation, and it was deprotonated at pH > 7. Thus, depending on the pH,
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the TC-HCI formed a protonated form or a deprotonated form; therefore,
the pH played a crucial role in TC-HCI removal [78]. In terms of the
reaction rate, the TC-HCI removal efficiency was as high as 100 % under
neutral conditions with the optimal pH of 7.0, but the removal efficiency
was severely affected by strongly acidic or basic conditions [79].
However, CNPs/FeOCl maintained excellent catalytic performance over
a wide pH range. The results showed that CNPs/FeOCl effectively
addressed the pH limitations of the homogeneous Fenton process
without the introduction of light, which is preferred for use in real
aqueous environments [80]. In addition, previous publications related
to TC-HCl removal were investigated for comparison, as shown in
Table 1. Compared with the other catalysts and their catalytic activities,
the prepared catalyst required a shorter catalytic time and had a wider
pH range (3—11) without the introduction of light, and it required less
Hy0,. Therefore, this catalyst could be applicable for antibiotic
degradation.

3.2.4. Adsorption of TC-HCL by CNPs/FeOCl

During the catalytic experiments, the degradation process was
accompanied by adsorption; thus, experiments on CNPs/FeOCl adsorp-
tion of TC-HCl were carried out. Fig. 4a demonstrates that the adsorp-
tion levels reached 105.26 mg/g. The adsorption capacity of CNPs/
FeOCl at 1 h was high, and TC-HCI was completely adsorbed within 24 h
(Fig. 4b). To demonstrate that TC-HCl adsorption was required in the
degradation process, we used the same experimental conditions used for
the degradation experiments and performed adsorption experiments
without HyO». As shown in Fig. 4c, the TC-HCI removal efficiency in the
adsorption experiment was only 53.33 % after 10 min, whereas com-
plete TC-HCI removal was achieved within 4 min in the degradation
experiment run with HyO,, which indicated that adsorption and
degradation occurred simultaneously and TC-HCI removal was accel-
erated by HyO,. Additionally, the heterogeneous Fenton system was
shown to have practical value for degrading organic contaminants such
as antibiotics.

3.2.5. Validation of antibiotic removal in actual water matrices

In actual water matrices, a variety of parameters may affect the
performance of catalysts in many ways, such as by modulating the pH,
capturing -OH and influencing the efficiency of HyO, decomposition.
The effect of the natural water matrix on TC-HCI should not be neglec-
ted; therefore, to explore the effects of the water matrix on the

Table 1
Catalytic activities of different catalysts in Fenton reactions for TC-HCI degradation.
Catalyst category [Catalyst] (g/L) [TC-HCI] (mg/L) [H205] pH Experimental result Ref.
(mM)

MoS,/GDY 0.8 100 None 6.0 T = 40 min, Degradation efficiency = 92.15 % [81]

Fe-doped BisOsly 0.75 20 17.4 3.0-9.0 T = 80 min [82]
Degradation efficiency>90 %

Fe®/CeO, 0.1 100 100 5.8 T = 60 min [83]
Degradation efficiency = 91 %

Mn — CNH 0.2 20 0.6 5.8 T = 80 min [84]
Degradation efficiency = 100 %

Cup.gMng oFe;04 0.1 80 50 3 T = 30 min [85]
Degradation efficiency = 94.3 %

MnFe,04@C-NH 1 30 29.4 39 T = 180 min [86]
Degradation efficiency = 95.5 %

CQDs/a-FeOOH 0.25 20 0.5 3.09 T = 60 min [87]
Degradation efficiency = 93 %

SOH-600 0.02-0.147 50 1.58 3.0 T = 60 min [88]
Degradation efficiency>90 %

FeMo30y/g-C3Ny 1.33 25 20 5.0 T = 60 min [89]
Degradation efficiency = 98 %

C@FONC 0.5 150 4.90 2,3 T = 120 min [90]
Degradation efficiency = 97 %

o-FeOOH/y-Fe,03 0.5 10 10 3.0 T = 60 min [91]
Degradation efficiency = 93 %

CNPs/FeOCl 0.2 20 0.3 7-9 T = 8 min This work

Degradation efficiency = 100 %
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Fig. 4. (a) Adsorption of TC-HCI by CNPs/FeOCl (1:3) over 24 h; (b) Rate of TC-HCl removal by CNPs/FeOCl (1:3) over 24 h; (c¢) Comparison of adsorption/
degradation experiments (experimental conditions: [TC-HCI] initial = 20 ppm, [CNPs/FeOCl (1:3)] = 0.2 g/L, [H20,] = 0.3 mM, and [pHlinitia1 = 3.5).

degradation of TC-HCI, river water samples were collected. Before
studying the impact of actual water samples on the degradation of TC-
HCl, we carried out related analyses on the actual water samples and
determined the conventional indicators of water quality, including pH,
dissolved oxygen, dissolved organic carbon, water temperature and
conductivity. In addition, we also tested the concentrations of antibi-
otics in the actual samples (Table S2). Fig. 5a demonstrates that surface
water had no significant effect on TC-HCI degradation, and the removal
rate still reached 95.9 %. Even when the concentration of TC-HCl was
high (60 ppm), the CNPs/FeOCl composite showed strong adaptability
in complex water matrices.

3.3. Degradation of other antibiotics

The above analyses showed that the CNPs/FeOCl composite was
effective in degrading TC-HCl. To verify the general applicability of
CNPs/FeOCl for use with other antibiotics, we chose two other common
antibiotics, amoxicillin (AM) and sulfamethoxazole (SMX), as degrada-
tion targets. Under optimal conditions, the AM degradation efficiency of
CNPs/FeOCl was higher than 90 % within 1 h (Fig. 5b). Fig. 5c shows the
data for SMX degradation at different H,O, concentrations, and the
degradation efficiency of SMX was higher than 96 % when the H,05
concentration was 10 mM. In summary, the CNPs/FeOCl showed high
catalytic activity in degrading multiple antibiotics.

—
&
L=
—_
=2
—"

3.4. Degradation mechanism

3.4.1. Active species analysis

To gain insight into the degradation mechanisms, we investigated
the TC-HCI degradation efficiency of CNPs/FeOCl with radical capture
experiments (Fig. 6a). We chose different quenchers, including tert-
butanol (TBA) and p-benzoquinone (PBQ), to quench the -OH and su-
peroxide radicals, such as Oy-~ and HOy-, respectively [92-94]. Fig. 6a
shows that the TC-HCI degradation efficiencies were 64.95 % and 100 %
after 10 min for degradation experiments run with and without TBA,
respectively, which indicated that the addition of TBA inhibited the
degradation reaction. The addition of PBQ did not inhibit the reaction
rates in the degradation experiments, and the TC-HCl exhibited com-
plete degradation, indicating that -OH rather than HO,- played a
dominant role within the overall reaction.

To investigate the catalytic mechanisms of the major reactive species
formed in the heterogeneous Fenton system by the composite, the spe-
cies in the CNPs/FeOCl/H,0; system, such as -OH and superoxide rad-
icals, were probed. Electron spin resonance (ESR) spectroscopy was
applied with 5,5-dimethyl-1-pyrroline N-oxide (DMPO) used to trap the
radicals [82]. As shown in Fig. 6b, various TC-HCI degradation experi-
ments were conducted for comparison: the first group consisted of blank
experiments with pure DMPO and without Hy0,, the second group
consisted of TC-HCI + Hy05 + DMPO (100 mM) experiments, and the

(
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Fig. 5. (a) Effect of actual surface water samples (river water) on the removal of TC-HCI by CNPs/FeOCl composites (experimental conditions: [TC-HCI] = 20, 40, 60
ppm; [H>0,] = 0.3 mM, [CNPs/FeOCl] = 0.2 g/L; pH = 3.5); (b) CNPs/FeOCl composite removal of amoxicillin (experimental conditions: [AM] = 20 ppm, [H>0,] =
3 mM, [CNPs/FeOCl] = 0.2 g/L, pH = 3.5; (c) CNPs/FeOCl composite removal of sulfamethoxazole ([SMX] = 20 ppm, [H>0,] = 3 mM, 10 mM, 50 mM, 100 mM,

[CNPs/FeOCl] = 0.2 g/L, pH = 3.5).
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Fig. 6. (a) CNPs/FeOCl/H,0; system studied with different scavengers (TBA = 10 mM, 30 mM; PBQ = 10 mM, 30 mM, and [TC-HCl]ipitiai = 20 ppm, [CNPs/FeOCl]
= 0.2 g/L, [Hy02] = 0.3 mM, and [pHinitia1 = 3-5; (b) EPR identification of hydroxyl radicals ((DMPO] = 100 mM, [TC-HCl]jpjtia1 = 20 ppm, [CNPs/FeOCl] = 0.2 g/L,

[H202] = 0.3 mM, and [pHl;nitia1 = 3.5).

third group consisted of TC-HCI + H,05 + DMPO (100 mM) + CNPs/
FeOCl experiments. As indicated in Fig. 6b, the typical quartet with the
1:2:2:1 intensity ratio exhibited by the stable DMPO--OH adduct was
observed in the experiments using TC-HCI + Hy03 + DMPO (100 mM) +
CNPs/FeOCl; however, the other two sets of experiments did not show
significant signals. The results are consistent with those of the radical
burst experiment, which indicated that -OH was the main active species
for the removal of TC-HCl with CNPs/FeOCl/H204 by the heterogeneous
Fenton system.

3.4.2. Identification of possible degradation pathways

The main intermediates of TC-HCl degradation were analysed by
LC-MS in the positive ionization mode to understand the TC-HCl
degradation pathway (Fig. 7). TC-HCl contains amine functional
groups, double bonds, and phenolic groups susceptible to -OH attack
[95]. The TC-HCI intermediates formed via -OH attack showed m/z
values of 427, 491, and 417. New peaks with lower m/z values appeared
with increasing degradation time, and their intensities increased
significantly. These results showed that TC-HCI was converted to small
organic molecules after 10 min of degradation, and additionally, organic
macromolecules were no longer detectable by mass spectrometry. Ac-
cording to previous literature, the TC-HCI degradation process is com-
plex and usually includes hydroxylation, decarboxylation, oxidation,
dehydration, demethylation and double demethylation products
[96-98]. According to the mass spectrometric results, there were three
possible pathways for TC-HCl degradation (as seen in Fig. 7). In pathway
I, -OH, which is a nonselective radical, reacted with both aliphatic and
aromatic fractions, and the reaction of -OH with TC-HCI occurred at the
aromatic ring and led to hydroxylation via -OH attack to form an in-
termediate product for pathway II with an m/z value of 491 [90]. An
intermediate with an m/z value of 293 was gradually degraded by ar-
omatic ring cleavage, dehydroxylation, C—C bond breakage and
demethylation occurring via carbon bond breakage and ring opening
reactions; the intermediate with a m/z value of 261 was further
degraded by aromatic ring and C—C bond cleavage. These results
showed that the intermediates present were oxidized to carboxylic acids
and eventually oxidized to small inorganic molecules. The intermediate
product in pathway III with a m/z value of 417 was attacked by -OH to
generate a demethylated intermediate with an m/z value of 403, and the
aliphatic ring was further degraded to form an intermediate product
with an m/z value of 109 via reactions such as ring opening, dehy-
droxylation and C—C bond cleavage [99]. In addition, it has also been
observed that the intermediate product with an m/z value of 417 can
undergo amino acid deamination to form an intermediate with an m/z
value of 402 [100,101], and this step is followed by deamidation, C—C
single bond cleavage, and decarboxylation to form small organic

molecules with m/z values of 151 and 107, respectively; the small
organic molecules described above were eventually oxidized to CO3 and
H30. The intermediates formed throughout the reaction were monitored
in real time by mass spectrometry (Table S1 and Fig. S4).

The cumulative results showed that CNPs/FeOCl/H50, effectively
degraded TC-HCI. The ESR and radical burst results combined with data
described above showed, as suggested in Scheme 1, that a heterogeneous
Fenton reaction was feasible for TC-HCI degradation and that -OH was
the main active species. CNPs doping improved the charge transfer ef-
ficiency, and when =Fe3" reacted with the HyO,, Fe®t was immediately
reduced to Fe?*, and HO,- and H* were produced (Eq. (1)). The addi-
tional =Fe?" present in solution reacted with H,O, to produce more of
the active species -OH and =Fe3t (Eq. (2)), which in turn converted
more Fe®" to Fe®". Due to the -OH radical attack, the structure of the
pollutant was destroyed, small organic intermediates were produced,
small inorganic molecules such as CO; or HoO were ultimately gener-
ated, and -OH was involved in the main pathway for TC-HCl degradation
based on the ESR and degradation experiments.

=Fe’* + H,0,— = Fe** + HO,- + H* 1)
=Fe?" + H,0,~ = Fe’" +-OH+ OH~ )
e — +H,0,~-OH+OH" 3
-OH + TC — HCl- Intermediate products @
Intermediate products +-OH—CO, + H,0 5)

4. Conclusion

In summary, the CNPs/FeOCl composite with a microporous struc-
tures comprising FeOCl and CNPs was successfully prepared via a simple
microwave-assisted hydrothermal method and high-temperature sin-
tering. The microporous composite material showed high catalytic ac-
tivity as a Fenton catalyst for antibiotic removal with low HO2
concentrations (0.6 mM), short reaction times (8 min) and a wide pH
range (3-11). Furthermore, CNPs/FeOCl achieved 96.0 % removal of
TC-HCI present with high concentrations in actual water samples. ESR
spectroscopy and XPS showed that the combination of CNPs and FeOCl
reduced FeOCl aggregation and enhanced interfacial electron transfer to
enable Fe?*/Fe>* redox cycling. Moreover, several TC-HCI oxidation
intermediates were identified, and three possible degradation pathways
were elucidated. The fabricated CNPs/FeOCl composite, which showed
excellent degradation performance with different antibiotics, provides a
potentially efficient treatment strategy for the removal of antibiotics and
other organic pollutants from aqueous environments over a wide pH
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Fig. 7. Schematic diagram showing the possible degradation pathways for intermediate products formed in TC-HCI solution.
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