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ABSTRACT: Small molecular carboxylic acids (SCAs) are
common in natural waters, but their impact on advanced oxidation
processes (AOPs) is understudied. This study investigates the
effects of various carboxylic acids, such as oxalic acid (OA), formic
acid (FA), acetic acid (AA), succinic acid (SA), and benzoic acid
(BA), on a Ce single-atom-doped graphitic carbon nitride (Ce—
CN) photocatalytic ozonation (PCO) system. Among the tested
SCAs, only OA significantly promoted Oj activation and pollutant
degradation. When degrading atrazine (ATZ), Ce—CN performed
worse than CN, but Ce—CN exhibited superior activity when OA
was the target. The OA removal was 98% in the PCO/Ce—CN
system, while it was 82% in the PCO/CN system in 30 min. The
introduction of OA also enhanced ATZ removal from 55 to 86%
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within § min in the PCO/Ce—CN system. Moreover, OA’s yield during macromolecular organic compound degradation and its
proportion among SACs affected PCO/Ce—CN activity. Mechanistic studies showed that OA could bind with Ce—CN, forming a
Ce—OA complex that facilitated ligand-to-metal electron transfer (LMET), reducing the redox potential of the Ce(III)/Ce(IV)
cycle, enhancing the ATZ removal efficiency, and boosting ozone activation. O; decomposed into *O and *OH on Ce—CN, which
were the primary reactive oxygen species for pollutant degradation. These findings highlighted the unique role of OA in Ce-based

PCO systems, offering insights for enhancing AOP performance.
KEYWORDS: photocatalytic ozonation, cerium-doped g-C3N,, oxalic

1. INTRODUCTION

With the acceleration of industrialization, water pollution had
become increasingly severe, which was potentially harmful to
the environment." Traditional water treatment methods often
struggled to remove these persistent organic pollutants
(POPs), making the development of new and efficient water
treatment technologies particularly important.” Photocatalytic
ozonation (PCO) technology was an emerging water treat-
ment and had garnered widespread attention for its potential in
environmental remediation.”

PCO combined the advantages of photocatalysis and
ozonation, characterized by its high efliciency, environmental
friendliness, and sustainability. The core of PCO involved the
excitation of photocatalysts and activation of ozone (O;).*
Under light irradiation, the photocatalyst was excited to
generate electron—hole pairs (h,*—ey ™), and these high-
energy carriers could react with water molecules, dissolve
oxygen (DO), and O; to produce highly reactive oxygen
species (ROS).” Under the joint function of the ROS, organic
pollutants in water were oxidized, which facilitated their
degradation. The development and optimization of catalysts
were at the core of PCO. Researchers were dedicated to
synthesize novel photocatalysts, such as g-C;N,,° metal
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acid, ligand effects, valence cycling

oxides,” and composite materials,® to enhance their light
absorption capacity, the separation efficiency of h,,"*—ey,~, and
reactivity with O;. Researchers assessed the effectiveness of
catalysts and explored the involved mechanism with the help of
a range of organic pollutants, such as dyes,” pharmaceuticals,"’
and pesticides.'' However, they primarily used deionized water
as the background solution. In practical water treatment, water
bodies often contained various organic pollutants and
coexisting substances, such as inorganic ions, other organic
compounds, and suspended solids.'"> These coexisting
substances significantly affected the effectiveness of PCO.
Recently, some researchers had noted the unique function of
coexisting substances on AOPs. For instance, coexisting
substances, like CI~, might compete with a photocatalyst for
O;, thereby decreasing the amount of O; available for
generating ROS."” Some organic compounds would be
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absorbed onto the surface of the catalyst, either occupying the
surface active sites'* or hindering the separation of hy —ey "
Carboxy compounds, like oxalic acid (OA), benzoic acid (BA),
and humic acid (HA), were special substances commonly
found in actual water.'*'” Moreover, in the PCO process, the
degradation of organic pollutants would also yield these
carboxy compounds. For a long time, researchers considered
that the above-mentioned substances were harmful to the AOP
process because they exhibited strong chelation with metal
sites, which masked active centers or consumed ROS.'®
However, recently, some studies showed that certain carboxyl
compounds, like OA, could 0promote electron transfer and
enhance ROS production.'””" However, little attention was
given to the influence of these coexisting carboxy compounds
on the PCO process.

This study focused on the influence of coexisting carboxylic
acids on the PCO process for treating organic pollutants, using
single-atom cerium-doped g-C;N, (Ce—CN). In comparison
to pure g-C;N, (CN), cerium doping enhanced photocatalytic
properties, such as light absorption, and increased ozone
reactivity. Notably, Ce—CN exhibited improved PCO activity
for oxalic acid (OA) but lower activity for atrazine (ATZ)
compared to CN. Ce—CN outperformed CN in ATZ
degradation only in the presence of OA. Similar promoting
effects were observed with humic acid (HA). To better
understand the impact of small organic carboxylic acids on the
PCO system, comparative experiments and characterizations,
including X-ray photoelectron spectroscopy (XPS), attenuated
total reflection Fourier transform infrared spectroscopy
(ATR-FTIR), electron paramagnetic resonance (EPR), in
situ Raman spectra, and electrochemical potential measure-
ments, were conducted.

2. EXPERIMENTAL SECTION

2.1. Reagents. Atrazine (ATZ), cerium nitrate hexahydrate
[Ce(NO,);6H,0, 99.5%], succinic acid (SA), and formic acid
(FA) were obtained from Shanghai Macklin Biochemical Co., Ltd.
Dicyandiamide, oxalic acid dihydrate (OA), and humic acid (HA)
were bought from Aladdin Biochemical Technology Co., Ltd. Acetic
acid (AA), NaOH, and HCl were purchased from Guangzhou
Chemical Reagent Factory. Methanol, acetonitrile, and phosphoric
acid were obtained from Tianjin Kemiou Chemical Reagent Co., Ltd.
Benzoic acid (BA) and citric acid (CA) were bought from Tianjin
Zhiyuan Chemical Reagent Co., Ltd. Agar powder was bought from
Guangdong Huankai Microbial Sci. & Tech. Co., Ltd. All chemicals
used in this research were at least analytically pure grade.

2.2. Synthesis of Catalysts. To synthesize the Ce—CN catalyst,
1.00 g of dicyandiamide (11.9 mmol) and 0.217 g of Ce(NO;);-6H,0
(0.50 mmol) were mixed into 20 mL of deionized water. The mixed
solution was then stirred for 60 min in a water bath at 60 °C and then
continually stirred at 90 °C until the water was completely
evaporated. Next, the remaining mixture was ground into powder
and then heated at 600 °C for 3 h under a N, atmosphere to obtain
Ce—CN.”' g-C;N, was prepared analogously to Ce—CN by dissolving
2.00 g of dicyandiamide in 20 mL of DI water and then following
identical synthesis procedures.

2.3. Characterization of Materials. The physical composition,
crystallinity, and structural characterization of the catalysts were
studied by X-ray diffraction (XRD, Bruker D8 ADVANCE, Germany)
with Cu Ko radiation. The functional groups and chemical bonds of
the catalysts were studied by Fourier transform infrared (FTIR,
Thermo Scientific iN 10, U.S.A.), and the scanning wavelength was
500—4000 cm™'. The monatomic structure was obtained by high-
angle annular dark field scanning tunneling electron microscopy
(HAADF-STEM, JEM-ARMB300F, Japan), and the distribution of
elements on the sample surface was obtained by STEM mapping. The

Ce concentrations of Ce—CN and Ce leaching were measured by
inductively coupled plasma—atomic emission spectrometry (ICP—
MS). The surface chemical elements and bond characteristics were
investigated by X-ray photoelectron spectroscopy (XPS, Thermo
Scientific K-Alpha, U.S.A.) with Al Ka radiation. The valence and
coordination structure of catalysts were obtained by X-ray absorption
spectroscopy (XAS), and the extended X-ray absorption fine structure
spectra were processed using IFEFEIT. Wavelet transform (WT) was
measured by the software package (K = 10 and 6 = 1) developed by
Funke and Chukalina. The absorbance of samples in the ultraviolet
(UV) and visible range was measured by ultraviolet—visible diffuse
reflectance spectroscopy (UV—vis DRS, Shimadzu, UV-2600, Japan).
An electrochemical workstation (CHI 660E, Zhenhua, China) with
0.1 M Na,SO, (electrolyte solution) was used to depict the Mott—
Schottky (M—S) curves and electrochemical impedance spectroscopy
(EIS). The composite rate of ey~ and hy" was measured by
photoluminescence (PL) spectra (Hitachi, F-4600, Japan) at room
temperature. The Lewis acid site was detected by pyridine adsorption
Fourier transform infrared spectroscopy (Py—IR, Brook, Tensor 27,
Germany). The specific surface area and pore size of the samples were
analyzed by a gas adsorption desorption instrument (Micromeritics
ASAP 2460, U.S.A.) with the Brunauer—Emmett—Teller (BET)
method. The ROS produced during the catalytic process were
detected by EPR (Bruker A300, Germany), and the specific test
conditions and instrument parameters were enclosed in Text S1 and
Table S1 of the Supporting Information. In situ Raman spectra of Ce—
CN in the presence and absence of ozone were taken with a confocal
micro-Raman spectrometer (inVia, Renishaw) at a laser light
irradiation of 633 nm and a resolution of 1 cm™.

2.4. Experimental Procedure. The PCO reaction was conducted
in a double-glass cylindrical reactor with a volume of 1.4 L. O; was
generated from dry air through an ozone generator (flow rate, 1.0 L/
min; input power, 20 mg/h) and then bubbled into the reactor
through an aeration plate at the bottom. A 300 W long arc xenon
lamp, which was placed in a quartz tube with a bushing, was used, and
its wavelength was ~310 W/m?2. The circulating cooling water was
passed into the quartz tube bushing to keep the temperature of the
reaction solution constant. A 0.1 g catalyst was mixed with the
reaction solution, poured into the reaction column, and then sampled
at the set time. All water samples were quenched with NaHSO; and
filtered before analysis.

2.5. Analysis Method. The concentrations of ATZ and different
carboxylic acids (except HA) were measured by HPLC (LC10A,
Shimadzu, Japan). The injection volume for all samples was 100 uL,
and other detailed information was presented in Table S2. The
concentration of HA was measured by an ultraviolet—visible
spectrophotometer (UV-5200PC), with the wavelength (1) of 254
nm.
The synergy factor (1) represents the coupling of light exposure
(P) and heterogeneous catalytic ozonation (HCO) in the PCO
process [ = kpco/(kp + kuco)], which could be used to access the
role of Ce in the catalyst. The reaction constants (k) were calculated
by the pseudo-first-order equation (eq 1)

ln(CO/Ct) =kt (1)

where C; represented the initial concentration of contaminants, C,
represented the concentration of contaminants at a certain time, and ¢
was the reaction time.

The typical horseradish peroxidase method was adopted to
measure H,0, due to its low concentration in solution.”

The Tauc plots could be converted from the UV—vis diffuse
reflectance spectra (UV—vis DRS) according to eq 2

(ahv)* = A(hv — E,) (2)

where a, h, v, A, and E; correspond to the absorbance coefficient,
Planck constant, light frequency, constant, and bandgap energy,
respectively.”>**
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Figure 1. (a) XRD pattern and (b) FTIR spectra of CN and Ce—CN, (c) HAADF—STEM image, and (d) elemental mapping image of Ce—CN.

The conduction band (CB) position (vs Ag/AgCl, pH 7) could be
converted into the CB position (vs NHE, pH 7) according to the
conversion equation (eq 3).>

Exiie = Eng/aga — 0197 + 0.059pH 3)
The valence band (VB) position could be obtained via eq 4.
Fun = Fen + By @)

The Ry value, which was defined as the ratio of *OH exposure to O;
exposure, could be obtained by measuringé the concentrations of O;
and the *OH probe compound (p-CBA)*® (eq 5)

ll’l Cp—CBAt
Ceon Cp-cBA0 1
RCT -

Co,  —keompcra f Co,: dt

()

where C,.cpao was the initial concentration of p-CBA, C,.cpas and
Co, were the concentrations of p-CBA and Oj at a certain time, and

ko p-ca (5 x 10° M™! s7!) was the secondary rate constant, which

represented the reactivity between *OH and p-CBA. The O,

concentration could be measured by the indigo method (Text S2),

and In(M) =In (RLO”) =1In (&) Equation 6 was obtained by
Cp-cBa0 RcrO30 O3,

fitting the curve of the O; concentration with time. Thus, the Rcp

value could be evaluated only by analyzing the O; concentration.

_ ct
Co,=a — be

(6)
The electrode potential (¢) of Ce—CN with different ligands was
estimated by the electromotive forces (E) of constructed reversible
cells, which were measured by a compensation method using a digital
potential difference measuring instrument (SDC, Nanjing Sangli
Electronic Equipment Factory). The reversible cells were shown in eq
7, with the calomel electrode (saturated KCI solution) as the cathode
and an aqueous solution mixed with Ce—CN powder as the anode.
The method of making a salt bridge is shown in Text S3. The
temperature throughout the experiment was 25 °C. The conditional
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potential of the calomel electrode could be estimated by eq 8 (vs
SHE) to avoid the effect of the temperature. The cathode potential of
Ce—CN with different carboxzylic acid ligands at different concen-
trations was obtained by eq 9.”

Hg(l)ngZClz(s)lKCIllCe—CN solution[Pt, )

02412 — 6.61 x 10°%(T — 25)

(pcalomel =
— 175 x 107%(T — 25)* — 9.16 x 107°(T — 25)°
(8)

€)

(pCech =E+ (pcalomel

3. RESULTS AND DISCUSSION

3.1. Textural Properties of Catalysts. Crystal structures
of CN and Ce—CN were examined using XRD. As depicted in
Figure 1a, both samples exhibited two signals at 26 = 13.1° and
27.6°, matching JCPDS 87-1526.”* The peak at 13.1°
corresponded to the (100) plane, associating with the
repeating units of s-triazine, whereas the peak at 27.6°
corresponded to the (002) plane, which reflected the stacking
of the aromatic structure.”® The intensity of the peaks in Ce—
CN was significantly lower compared to that of pure CN,
suggesting a reduction in crystallinity due to perturbations of
the stacked layers.'"”*’ Furthermore, no peaks corresponding
to cerium oxides were detected, indicating that the Ce atoms
were effectively distributed and successfully incorporated into
the CN skeleton.”"”

As demonstrated in Figure 1b, all absorption peaks of CN
could be observed in the FTIR pattern of Ce—CN,
demonstrating that Ce doping did not alter the structure of
CN. The band at 804 cm™ corresponded to the bending mode
of the s-triazine ring, while bands in the range of 1200—1650
cm™! were related to the stretching vibrations.”* The weak
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Figure 2. (a) XPS survey spectra of CN and Ce—CN and (b) C 1s spectra, (c) N 1s spectra, and (d) Ce 3d spectra of Ce—CN.
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Figure 4. (a) UV—vis DRS spectra, (b) Tauc plots, (c) M—S plots, (d) band structure, and (e) PL spectra.

band at 2176 cm™ was attributed to surface defects associated
with the —C=N bond, which was induced by the presence of
Ce ions.”” The broad bands between 3000 and 3700 cm™
corresponded to N—H stretching vibrations from NH,/NH
groups and O—H bonds from absorbed H,0."” CeO,, typically
produced during the preparation of Ce-containing catalysts,
showed characteristic peaks near 624 and 3400 cm™.'*?!
However, no such peaks were detected in the Ce—CN sample,
further confirming the successful Ce doping, which was
consistent with XRD results. Ce doping weakened the peak
intensities of CN, likely due to the formation of Ce—N—C
bonds, disrupting the s-triazine ring structure. Notably, no
peaks for the Ce—N bond were observed in the FTIR
spectrum because of the low Ce content in the Ce—CN
sample. ICP—MS measurement indicated that the Ce content
in Ce—CN was only 11.33 atom %, with a maximum leaching
of 0.05 atom % during a 30 min PCO process, demonstrating
the stability of Ce—CN during the reaction. N, adsorption—
desorption isotherms of both CN and Ce—CN were classified
as type IIL. Sgpp values for CN and Ce—CN were found to be
24.42 and 12.15 m?/g, respectively (Figure S1 and Table S3).
To investigate the distribution of Ce atoms in Ce—CN,
HAADF—STEM was performed. As demonstrated in Figure
Ic, bright spots representing Ce atoms were clearly observed
throughout the CN matrix, with no aggregation detected.*?
Elemental mapping (Figure 1d) further confirmed the uniform
distribution of C, N, and Ce atoms on the CN nanosheets.
As displayed in the full spectrum (Figure 2a) of XPS, C, N,
O, and Ce elements could be detected in Ce—CN, among
which the peak of O 1s mainly came from surface-absorbed
CO, and H,0.” The C Is spectrum of both samples (Figure
2b) could be fitted into three peaks at 284.8, 286.1, and 288.2
eV, corresponding to amorphous C (C—C/C=C), surface-

adsorbed H,0 (C—0), and the sp* hybridization of s-triazine
units (N—C=N), respectively.” The N Is spectrum (Figure
2c) was divided into four peaks. The peak at 398.7 eV was
attributed to sp>-hybridized nitrogen (C=N-C),”> which
confirmed the presence of sp>bonded CN. Other peaks at
399.1, 400.9, and 404.3 eV were indexed as bridged N [N—
(C);], N—H bond, and n—n* excitation between stacked
layers, respectively.” As shown in Figure 2d, the spectrum of
Ce 3d could be spit into 10 peaks. The peaks at 900.1 and
904.2 eV corresponded to =Ce(Ill) of Ce 3d;/,, while the
peaks at 901.5, 907.3, and 916.7 eV were attributed to =
Ce(IV) of Ce 3d;/,. The peaks located at 880.8 and 885.9 eV
were =Ce(III) of Ce 3ds),, while the peaks at 882.4, 889.0,
and 898.4 eV were indexed as =Ce(IV) of Ce 3d;/,, which
indicated the existence of Ce(IV)/Ce(III) redox pairs.**
XAS was employed to further explore the chemical
environment of Ce in Ce—CN. As demonstrated in the X-
ray absorption near-edge structure (XANES; Figure 3a), the
absorption threshold of Ce—CN was smaller than that of
CeO,, indicating that the average valence state of the Ce atom
in Ce—CN was less than +4, suggesting that Ce—CN
contained both Ce(IIl) and Ce(IV), which was consistent
with the result of XPS. The Fourier transform extended X-ray
absorption fine structure (FT-EXAFS) (Figure 3b) demon-
strated that the peaks of the Ce atom in Ce—CN were distinct
from those of Ce—Ce and Ce—O bonds in CeO,, proving that
CeO, did not exist in Ce—CN and Ce existed in the form of a
single atom, which was in agreement with the result of
HAADF—STEM. The EXAFS in R space and the correspond-
ing fitting curve were shown in Figure 3¢, and the
corresponding fitted data were shown in Table S4. The
coordination number of Ce with N atoms was 4 =+ 0.3, forming
a Ce—N coordination structure with an average Ce—N bond
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Figure S. Influence of (a) different OA concentrations, (b and c) initial pH, and (d and e) common anions (2 mM) in the dual-pollutant system,
influence of (f) other small carboxylic acids and (g) other macromolecular carboxylic acids on ATZ removal, (h) degradation of typical pollutants,
and (i) ATZ removal in real water. Reaction parameters: dosage of catalyst, 0.1 g/L; concentrations of carboxylic acids, 100 zM; concentrations of

pollutants, 10 4M; volume, 1 L; and temperature, 25 °C.

length of 2.61 A. To elucidate the atomic-scale structure of the
catalyst, density functional theory (DFT) calculations were
performed. As shown in Figure S2, the optimized Ce—CN
configuration revealed four coordinated Ce—N bonds with an
average bond length of 2.62 A. This theoretical value showed
excellent agreement with experimental characterization data
(Table SS), exhibiting merely a 0.4% deviation, which validates
the reliability of the model. WT (Figure 3d) further confirmed
the coordination of Ce—CN, and the maximum intensity
occurred at about 3 A7, corresponding to the Ce—N bond. All
the above outcomes demonstrated the incorporation of Ce
atoms into CN in the form of Ce—N bonds. The single-atom
structure of Ce—CN not only enhanced atomic utilization
efficiency but also provided a unique structure that facilitates
in-depth investigation of catalytic mechanisms.

3.2. Optical and Electronic Properties of Catalysts.
UV—vis DRS (Figure 4a) showed that both Ce—CN and CN
exhibited absorption around 380 nm, which was attributed to
electronic transitions between N 2p and C 2p orbitals.”® Ce
doping caused a red shift in CN’s absorption edge and
enhanced its response in the UV and visible light regions,

suggesting the superior photocatalytic activity for Ce—CN.>
The bandgap energies (E,) of Ce—CN and CN were 2.67 and
2.79 eV, respectively, indicating that Ce doping could narrow
the bandgap, reduce the minimum energy required to generate
electron—hole pairs from absorbed photons, thus enhance
optical absorption, and increase the generation of h,"—eg™~
(Figure 4b). M—S plots in Figure 4c confirmed that both CN
and Ce—CN were n-type semiconductors, and their CB
positions were determined as —0.42 and —0.47 eV (vs NHE,
pH 7) (eq 3). Correspondingly, their VB positions were
calculated as 2.37 and 2.20 eV (Figure 4d and eq 4).
Furthermore, both CN and Ce—CN exhibited fluorescence
emission peaks near 485 nm in the PL pattern (Figure 4e), but
the fluorescence intensity of Ce—CN was weaker than that of
CN, indicating a lower recombination rate of h,*—e ™ due to
Ce doping.

In summary, Ce doping enhanced the light-harvesting
ability, charge transfer rate, and h,"—e,~ separation efficiency
of pure CN, which strengthened the photocatalytic perform-
ance.
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and temperature, 25 °C.

3.3. Photocatalytic Ozonation Performance. ATZ was
initially used as a model pollutant to investigate the PCO
activity of Ce—CN. As shown in Figure S3a, surprisingly, the
ATZ removal in the PCO/Ce—CN process was lower than
that in the PCO/CN process. The removal of ATZ by the
PCO/CN process was close to 100% within 10 min, while it
was only 84% by the PCO/Ce—CN process. According to the
previous characterization results, the incorporation of Ce into
the CN framework could markedly improve charge separation,
and the recombination of h,"—ey~ was effectively suppressed.
However, Ce—CN showed lower activity than CN, which
could be ascribed to the change of ROS generation affected by
Ce species. Normally, there existed one-, two-, and three-
electron reductions of O; during the PCO process (eqs
10—12).>" As shown in Figure S3b, a greater amount of H,0,
was generated in the PCO/Ce—CN process over that of the
PCO/CN process, which suggested that more ey~ was used to
reduced DO into H,0,, which then activated O; into ROS,
which hindered the one-electron pathway (eq 12).

e e 0.
0, - *0,” —» HO,*/H,0, — *OH (10)

0, 5 *0,” 5 HO,'/H,0, > *OH (11)
e L] - L] L] e L] - 03 L]
0O, - °0;7/HO," - *OH or O, > °0,” = "OH

(12)
However, when OA and ATZ coexisted (Figure S3c) in the
PCO/CN process, ATZ removal was inhibited. Only 86%

ATZ was removed in 10 min by the PCO/CN process.
However, in the PCO/Ce—CN process, it was interesting to
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see that the addition of OA increased ATZ removal. ATZ
degradation reached almost 100% in 10 min. As for OA
removal (Figure S3d), the degradation rate of OA in the PCO/
Ce—CN system (89.9%) was greater than that in the PCO/CN
system (52.8%). OA was highly stable, which was inert to O,
(kOA,03 =0.039 M~ s7!) and h,,", but it could be attacked by
*OH (kopton = 7.7 X 10° M™" s71).%° Generally, OA should
compete with ATZ for ROS, which was expected to hinder the
degradation of ATZ, as observed in the PCO/CN process. The
enhancement in the PCO/Ce—CN process reflected the
change in the mechanism.

To further investigate the role of OA, the influence of the
OA concentration on ATZ degradation was considered (Figure
5a). As the OA amount rose from 10 to 200 uM, ATZ removal
gradually increased. Notably, when the OA concentration
reached 200 M, ATZ removal achieved 100% within just S
min. Similarly, OA removal in the dual-pollutant system also
increased with higher initial concentrations of OA (Figure S4).
These results further suggested that, in the PCO/Ce—CN
system, OA enhanced the generation of ROS through its own
degradation rather than competing with ATZ for ROS. The
influence of pH on the performance of the PCO/Ce—CN
process was systematically explored with OA and ATZ as dual
pollutants. As demonstrated in Figure Sb, OA removal
efficiency significantly reduced with solution pH, which
suggested that acidic conditions were more favorable for the
generation of ROS in the PCO/Ce—CN system. As shown in
eqs 13 and 14, H* was vital to the production of *OH in the
PCO process. Under alkaline conditions, the hydroxide ions
(OH™) accelerated the decomposition of Os, thereby
weakened the synergistic effect between photocatalysis and
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ozonation.”” At pH 9, OA removal in the PCO/Ce—CN
system was approximately equal to the combined removal rates
of the standalone ozonation and photocatalytic systems.

O, +e +H'"—> *OH + 0O, (13)

O, + 3¢~ + 3H' - *OH + H,0 (14)

As depicted in Figure Sc, ATZ degradation in the dual-
pollutant system was highest at pH S. This was because, as the
pH increased from 4.3 to 5.0, OA was gradually deprotonated
from HC,0,” to C,0,>7, which was more conducive to the
generation of the Ce—OA complex. However, with a further
increase in pH, Ce(IIl) underwent hydroxylation with OH™,
forming Ce(OH)>* and Ce(OH),". These hydroxylated
species exhibited a low affinity for C,0,>", thereby reducing
the production of the active Ce—OA complex.”” The
influences of various anions were also explored (Figure Sd
and e). The presence of NO;~ inhibited the degradation of
both OA and ATZ, whereas SO,”~ and CI~ had a more
pronounced inhibitory effect, which was due to the scavenging
of *OH.™

In addition to OA, the effects of other common carboxylic
acids found in natural environments, such as FA, AA, and SA,
were also investigated (Figure 5f). However, these carboxylic
acids all exhibited an inhibitory effect on ATZ degradation.
The unique role of OA could be attributed to its enhanced
coordination capability, stronger electronic influence, greater
lowering of the Ce(III)/Ce(IV) redox potential, and unique
binding configuration (see section 3.4.1). Considering that the
degradation of large organic compounds might generate SCAs,
humic acid (HA), citric acid (CA), and benzoic acid (BA)
were also introduced into the system (Figure Sg). Interestingly,
among these, only HA demonstrated a promoting effect on the
PCO/Ce—CN system for ATZ degradation. The adsorption of
HA on Ce—CN led to a decrease in the electrode potential of
Ce—CN, attributable to HA’s strong electron-donating
capability, which enhanced the reducing capacity of Ce(III)
(Figure 6d). Additionally, the types of small carboxylic acids
produced during the breakdown of larger carboxylic acids also
accounted for these differences. As shown in Figure SSa, the
degradation of HA, CA, and BA was accompanied by the
production of OA and FA, while only limited amounts of AA
and SA were detected. HA degradation yielded the highest OA
concentration at 63 M, along with 95 ¢M FA. In comparison,
CA degradation produced the lowest OA production at 20 uM
and a slightly higher FA level of 104 uM. Meanwhile, BA
degradation resulted in OA production at 45 yM and the
highest FA accumulation at 220 M. Experiments were further
conducted to demonstrate the facilitation effect of OA. As
demonstrated in Figure S5b, compared to the existence of 100
H#M FA, the addition of S0 uM OA promoted the degradation
of ATZ. The above results suggested that the co-function of
OA and HA on the PCO/Ce—CN system was dependent on
OA produced. In addition to the unique role of in situ
generated OA, the enhancement induced by HA can be
attributed to its ability to lower the redox potential of the
Ce(III)/Ce(IV) couple (shown in section 3.4.1). This
potential reduction is particularly significant as it facilitates
the Ce®*/Ce*" redox cycling, which serves as a critical factor
for efficient ozone activation.”’

To further explore the promoting effect of OA on the Ce—
CN system, we evaluated the degradation efficiency of other
pollutants. As shown in Figure Sh, the removal rates of

diazinon (DZN), florfenicol (FF), metronidazole (MTZ), and
phenol (Ph) significantly increased with the addition of OA.
Additionally, when using water samples from the Guanzhou
River (Guangzhou City, Guangdong Province, China) as the
reaction medium (water quality parameters were detailed in
Table S6), though the overall PCO efficiency was lower than
that in deionized water, the introduction of OA also enhanced
the ATZ removal (Figure S5i). Generally, common water
constituents, including HCO;~, CI7, and organic natural
organic matter (NOM) components, could inhibit the
degradation process by scavenging *OH.” Moreover, NOM
could also compete for Ce sites with OA, thereby reducing the
PCO activity. The three-dimensional excitation—emission
matrix (3DEEM) fluorescence spectra were employed to
study the inference of water components in the Guanzhou
River on the Ce—OA interaction. As demonstrated in Figure
S6a and b, a pronounced quenching effect in the aromatic
compound region (particularly for tyrosine-like fluorophores)
was observed following Ce—CN exposure, indicating sub-
stantial adsorption of these natural organic matter components
from river water.** This observation was corroborated by
ATR-FTIR spectroscopic analysis (Figure S6c), which
revealed characteristic vibrational bands in the 1010—1300
cm™' range (attributable to aromatic C—O/C—N stretching
modes) exclusively present in the river-water-treated Ce—CN
samples. Therefore, it was reasonable to infer that the aromatic
moieties competitively occupied the Ce sites, leading to the
partial deactivation of the catalytic surface. However, the
addition of OA markedly improved the removal rate of ATZ in
river water. These findings emphasized the unique role of OA
in the PCO/Ce—CN system and its potential to enhance the
water treatment efficiency in real-world applications.

3.4. Mechanism Exploration. 3.4.1. PCO/Ce—CN Activity
for OA. To further elucidate the role of OA, the comparative
OA removal in the PCO process was studied. As shown in
Figure 6a, systems like O;, solar, CN, PC/CN, and CO/CN
exhibited minimal OA degradation (less than 25%), indicating
their limited oxidative activity. Moderate OA removal
efficiencies were observed for CO/Ce—CN, with removal
rates remaining below 40% after 30 min. The PCO/CN system
exhibited notable OA removal, reaching approximately 85%.
Among all systems, the PCO/Ce—CN system demonstrated
the highest OA removal efficiency, achieving nearly 100%
removal within 30 min. The synergy coefficient of PCO/CN
and PCO/Ce—CN processes was calculated as 9.89 and 12.78,
respectively (Figure 6b and Table S7), which reflected that the
degradation of OA was a synergistic effect of photocatalysis
and ozonation, and the greater catalytic activity and synergetic
effect were obtained by Ce—CN.

As a matter of fact, Ce doping introduced redox-active Ce’/
Ce** centers, which enhanced electron transfer and facilitated
the continuous generation of ROS. Under the influence of O,
Ce®" was oxidized to Ce**, which was subsequently reduced by
eq - This Ce>"/Ce*" redox cycle ensured sustained catalytic
activity and consistent ROS production throughout the
reaction process.‘“’42 OA, as a weak organic acid, had the
ability to chelate metal ions, including those of Ce and other
metals involved in the AOP system.'”*’ This chelation could
stabilize the Ce** ion and facilitate the redox cycling between
Ce®" and Ce*", which could continuously generate ROS (such
as *OH and O,°”) to enhance the degradation of
contaminants.”” However, it should be noted that other tested
carboxylic acids, like FA, AA, and SA, did not accelerate the
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Figure 7. (a) EIS plots and (b and c) photocurrent curves of Ce—CN and Ce—CN/OA, (d) XPS and (e) valence bar chart of Ce, and (f) cyclic

tests of Ce—CN for ATZ and OA degradation.

PCO activity of Ce—CN, though they could also chelate with
Ce sites. The unique function of OA could be attributed to its
greater coordination capability, stronger electronic influence,
greater lowering of the Ce(IIl)/Ce(IV) redox potential, and
unique binding configuration.”” To further verify the above
proposal, ART—FTIR, DFT calculation, and CV tests were
conducted.

DFT calculations were carried out to explore the chelation
of selected carboxylic acids with Ce—CN. Considering that all
adsorption models share g-C;N, as a base and that carboxylic
acid and Ce active centers are actually responsible for the
interactions, the DFT model can be simplified to focus on the
interaction between carboxylic acids and the Ce active center
to enhance computational efficiency. As shown in Table S8,
the adsorption of OA on Ce sites exhibited the greatest
adsorption energy, which reflected the greater coordination
capability of OA. Moreover, compared to other molecules, OA
binds to Ce(IIl) in a side-on bidentate coordination mode,
whereas other molecules adopt an end-on bidentate config-
uration (Figure S7). The side-on coordination mode is more
conducive to electron delocalization between the metal and
ligand, thereby enhancing catalytic activity.”* ATR—FTIR was
employed to investigate the interaction of OA with Ce—CN
(Figure 6¢c). The C=O stretching band of OA, normally
located at 1400 cm™!, was shifted to 1417 cm™! when OA and
Ce—CN coexisted, indicating that OA coordinated with the Ce
active sites. This interaction resulted in the formation of the
OA—Ce coordination complex, thereby modifying the
chemical environment and electronic structure of the catalyst,
which were expected to enhance electron transfer and promote
ROS generation, contributing to improved catalytic perform-
ance.”” Furthermore, OA also demonstrates a pronounced
electron-donating effect, substantially increasing the charge on
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the Ce(III) center (Figure S8). This electronic effect enhances
the capability of electron transfer from Ce(IIl) to O;, thereby
promoting the activation and decomposition of O;.

To highlight the role of OA in facilitating the ligand-to-metal
electron transfer, the effects of different carboxylic acids on the
electrode potential (¢, measured in volts vs SHE) of Ce—CN
complexes were also systematically compared. ¢ values
exhibited a concentration-dependent trend, with variations
observed depending on the type of carboxylic acid. As shown
in Figure 6d, for FA, AA, CA, SA, and BA, ¢ values generally
increased with rising concentrations and their overall values
were consistently higher than those of OA and HA. The Ce—
CN/OA complex displayed the lowest electrode potential
across all concentrations, with a significant reduction even at
low concentrations (~50 yM). This behavior aligned with the
strong electron-donating ability of OA, which enhanced the
reduction capacity of Ce(III). The pronounced decrease in ¢
observed for Ce—CN/OA underscored OA’s ability to
effectively shift the redox potential of the Ce(III)/Ce(IV)
couple, thereby making the Ce(II[)—OA complex more
reactive toward O;. Therefore, it was evident that OA was
significantly more effective in modulating the redox potential
of Ce(II)/Ce(IV).

3.4.2. Influence of OA on Interfacial Electron Behavior.
Our previous study demonstrated that the metal component in
g-C;N, could accept ey, thereby enhancing interfacial
electron transfer.’ As shown in Figure $9a, the EIS radius of
Ce—CN was significantly smaller than that of CN, demonstrat-
ing its superior electron transport capability. Ce—CN exhibited
a notably lower photocurrent than CN under illumination,
suggesting that ey~ were preferentially captured by Ce before
participating in O; activation (Figure S9b and c). Upon the
addition of OA, the EIS radius of PCO/Ce—CN was further
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Figure 8. (a) UV—vis DRS spectra, (b) Tauc plots, (c) M—S plots, and (d) band structures of Ce—CN and Ce—CN/OA.

reduced (Figure 7a), while the photocurrents of both PC/Ce—
CN and PCO/Ce—CN increased, indicating that OA
facilitated interfacial electron migration (Figure 7b and c).

According to the reported literature, OA could form
complexes with metal active centers, and the resulting
metal—oxalate complexes may facilitate the valence state
cycling of active metals.”” To verify this hypothesis, the
valence state changes of Ce by using XPS under different
systems were examined. As shown in Figure 7d and e, Ce
primarily existed in the trivalent (Ce®") and tetravalent (Ce*")
states in Ce—CN. Fresh Ce—CN contained 65% Ce®" and 35%
Ce*". After PCO/Ce—CN treatment of ATZ, the Ce3*
proportion significantly decreased to 34%, indicating that
Ce—CN lost electrons during the O; activation. The rate of
reduction of Ce*" to Ce®" was relatively slow, leading to the
accumulation of high-valence Ce species. However, after
PCO/Ce—CN treatment in the presence of OA, the Ce?t
content only decreased to 52%, demonstrating that OA
enhanced the ability of Ce active centers to store ey, thereby
promoting the valence state cycling of Ce.

The valence state of the metal was strongly related to its
catalytic activity. As shown in Figure 7f, when ATZ was solely
treated, the PCO activity of Ce—CN gradually decreased over
S cycles. In contrast, when OA was targeted, the catalytic
activity of Ce—CN remained largely unchanged. This finding
further confirmed that OA promoted the valence state cycling
of Ce, which favored for its catalytic activity.

3.4.3. Influence of OA on Optical Properties of Ce—CN.
UV—vis DRS showed a slightly lower absorbance for Ce—CN/
OA compared to Ce—CN, with a slight reduction in the
bandgap from 2.67 to 2.63 eV (Figure 8a and b). This
indicated the enhanced electronic interactions between the Ce
center and OA, which facilitated electron excitation and
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improve redox activity. The CB potential shifted downward
from —0.47 eV for Ce—CN to —0.52 eV for Ce—CN/OA,
while the VB potential decreased slightly from 2.20 to 2.09 eV
(Figure 8c and d). The downward shift in both CB and VB
indicated that OA enhanced the electronic structure of Ce—
CN, promoting an improved electron transfer process. The
increased CB potential of Ce—CN induced by OA highlighted
its ability to activate the oxygen complex of Oj;. These findings
demonstrated that OA effectively tailored the optical,
electronic, and electrochemical properties of Ce—CN during
the PCO reaction. By promotion of electron transfer and
reduction of the bandgap, OA significantly enhanced the
catalytic performance of Ce—CN, establishing it as a promising
candidate for redox-driven and PCO applications.

3.4.4. Generation of ROS. EPR was conduted to explore the
production of ROS. As shown in Figure 9a and b, *OH and
*0O,~ were detected, with DMPO—"OH exhibiting a character-
istic quartet (1:2:2:1 pattern), while DMPO—O," displayed a
sextet. The concentrations of these ROS varied significantly
under different conditions. The *OH level in PCO/Ce—CN
showed only a little enhancement when compared to that in
PCO/CN. However, after the introduction of OA, the
generation of *OH in the Ce—CN/PCO system significantly
increased. As for *O,7, in the PCO system, these radicals were
primarily generated from the reaction between ey~ and
dissolved oxygen (O, + e~ = *0,7). The *O,” concentration
in the PCO/CN system was markedly greater than that in the
PCO/Ce—CN system. This discrepancy could be attributed to
the competition between Ce and O, for ey,~. Following the
addition of OA, the concentration of *O,” in the PCO/CN
system was unchanged, while the concentration in the PCO/
Ce—CN system significantly decreased. This suggested that
Ce—OA complexes could more effectively consume ey~
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The R value was utilized to assess the proportion of *OH
exposure in different systems, and the relevant parameters were
detailed in Figure S10 and Table S9. As demonstrated in
Figure 9¢, the addition of OA further increased the exposure of
Ce—CN to *OH, indicating a greater *OH generating rate in
the PCO/Ce—CN/OA system. The contribution of ROS to
pollutant degradation was explored by adding scavengers.
BrO;~, TBA, and DMSO were used to quench ey, free *OH,
and surface ROS (including *°O and **OH). PO,*” was also
introduced to shelter surface Ce sites for the formation of Os.
The applied scavengers exhibited similar effects in the
degradation of solely OA and in the OA—ATZ combined
system (Figure 9d and e). The addition of BrO; slightly
inhibited the PCO/Ce—CN system because it competed with
O; for ey, thereby suppressing O; activation. TBA had a
greater inhibitory effect on the PCO/Ce—CN system. When
OA was solely degraded, the introduction of TBA reduced the
OA removal from 89 to 24%. As for the OA—ATZ combined
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system, adding TBA decreased OA removal from 89 to 42%,
verifying the non-negligible role of *OH in OA oxidation and
the *OH-independent degradation pathways in the composite
pollutant system. As exhibited in Figure S11 and Table S10,
Ce—CN had a relatively large Lewis acid site (LAS), which
indicated that LAS played a significant role in catalyzing O; in
the PCO/Ce—CN system.* After the addition of PO,>, the
Lewis acid sites on the Ce—CN surface were masked, leading
to suppression of O activation. As a result, in both the OA-
alone system and the OA—ATZ system, the pollutant removals
were significantly inhibited. The introduction of DMSO
exhibited the most pronounced inhibition on the PCO/Ce—
CN system. In both the sole OA and OA—ATZ system, OA
removals were almost inhibited. However, in the sole ATZ
system (Figure 9f), the addition of DMSO reduced ATZ
removal from 100 to 70%, which was approximately the same
as TBA, while in the OA—ATZ system (Figure 9g), the
addition of DMSO reduced ATZ removal to 40%. As a matter
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Figure 10. Degradation pathways of ATZ.

of fact, DMSO could not only quench surface-adsorbed active
species but also had a high reaction rate with *OH.** Thus, in
the sole ATZ system, ATZ removal was mainly governed by
free *OH, while in the composite pollutant system, the
degradation of OA and ATZ was primarily driven by *OH and
surface-bound ROS.

In situ Raman spectroscopy was applied to observe the
intermediate oxygen species formed on Ce—CN upon contact
with ozone (Figure 9h). Characteristic peaks at 706 and 990
cm™! were detected in the presence of O, corresponding to
surface-adsorbed peroxide species (*O,) and surface-adsorbed
atomic oxygen (*O), respectively.”” Overall, the results
indicated that OA adsorbed onto the surface of Ce—CN,
forming a Ce—OA complex that served as an active site for the
adsorption of O3 and subsequent decomposition of O; into *O
and *O,. *O, with an oxidation potential of 2.43 V, degraded
pollutants by either directly attacking contaminants on the
catalyst surface or protonating/reacting with O; to generate
*OH, which indirectly oxidized contaminants.

3.5. Degradation Pathways of ATZ. To elucidate the
degradation pathways of ATZ, the transformation products in
the PCO/Ce—CN/OA system were systematically analyzed by
using LC—MS/MS. A total of 15 intermediates were identified,
with their molecular structures were confirmed by MS/MS
fragmentation patterns (Table S11). The primary reaction
mechanisms included alkyl hydroxylation, dealkylation, dech-
lorohydroxylation, alkylation, deacetylation, hydroxylation, and
olefination, consistent with previously reported literature.*”>’
As illustrated in Figure 10, four major degradation routes were
identified. In pathway 1, hydroxylation of one or both alkyl
side chains initially yielded CNIT and CHTE, where CNIT
subsequently underwent alkylation to form CDIT. This
intermediate was then further transformed via either alkyl
hydroxylation to CDHT or dechlorohydroxylation to ODIT.
Alternatively, CNIT could undergo olefination to produce

CVIT, which then experienced dealkylation to form CVAT.
Pathway 4 involved direct *OH attack, beginning with *OH
substitution at the chlorine position to generate DEIT,
followed by sequential dealkylation of both side chains to
produce DEAT, DAIT, and DAAT. Notably, DAIT could also
be formed through deacetylation of ODIT from pathway 1.
Pathways 2 and 3 proceeded through stepwise dealkylation,
where progressive removal of alkyl groups from both side
chains formed CEAT, CAIT, and CAAT,”" with CAAT being
subsequently either oxidized to CANT or converted to DAAT
via dechlorohydroxylation.

4. CONCLUSION

This study revealed the unique role of OA in Ce—CN-assisted
photocatalytic ozonation for water treatment. Ce doping
enhanced the light-harvesting ability, charge transfer rate, and
hyt—ey~ separation efficiency of pure CN. Additionally, the
incorporation of OA further reduced the bandgap and
improved the electron transfer in Ce—CN, facilitating the
degradation of both OA and coexisting ATZ. A similar trend
was observed in the presence of other pollutants and in real
water bodies. OA could be adsorbed on Ce—CN to form the
Ce—OA complex. The strong electron-donating effect of OA
promoted valence cycling of Ce(IIl)/Ce(IV), thereby
enhancing the reactivity of Ce—CN with O; O3 was
decomposed into *O and *OH, which were the main ROS
for pollutant degradation in the PCO/Ce—CN/OA process.
This study provided novel insights into the role of metal-based
catalysts in the PCO process, expanding the understanding of
their underlying mechanisms.
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