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Fulvic acid (FA), a key constituent of humic substances, not only contributes to the color of
aqueous environments but also leads to the formation of carcinogenic disinfection by-
products during chlorination, posing serious ecological and health risks. In this study, a
recyclable BiOCI/MXene Schottky junction photocatalyst was successfully synthesized via
a conventional hydrothermal method and employed for the photocatalytic activation of
Peroxymonosulfate (PMS) to degrade FA efficiently. The BiOClI/MXene composite achieved a
high FA removal efficiency of 98.43% within 30 min under visible light. The apparent rate
constant (0.1388 min~') was 3.27 times higher than that of pure BiOCl (0.0425 min™"),
revealing a remarkable photocatalysis-PMS synergistic effect (synergy factor = 5.28). The
composite maintained excellent performance over a broad pH range (3-9) and at various FA
concentrations (20-100 mg L™"), showing strong resistance to ionic interference and out-
standing recyclability, with above 80% efficiency retained after five cycles. Characterization
and mechanistic studies indicated that the incorporation of MXene significantly increased
the specific surface area (41.73 m? g~') and improved charge separation efficiency. Trapping
experiments and electron paramagnetic resonance (EPR) tests confirmed that h* and O,~
serve as the dominant reactive species in the degradation process. UV-vis absorption and
three-dimensional excitation—emission matrix (3D-EEM) fluorescence spectroscopy revealed
the effective disruption of the aromatic structure and chromophores in FA, leading to a total
organic carbon (TOC) removal rate of 49.95%. This work provides new mechanistic insights
into PMS-assisted stable composite photocatalysts and offers a novel technical strategy for
the removal of refractory organic pollutants.

BiOCl/MXene, Fulvic acid, Photocatalysis, Peroxymonosulfate, Synergistic effect

* Hydrothermally synthesized visible-light-responsive BiOClI/MXene Schottky junction photocatalysts.
+ Rapid and efficient fulvic acid degradation achieved via PMS activation under visible light.

+ The catalyst demonstrates excellent stability, recyclability and adaptability to various water conditions.
+ Mechanistic insights reveal key reactive species and pathways driving FA mineralization.

* Correspondence: Chunyan Yang (cyyanghit@163.com); Guangshan Zhang (gszhang@qau.edu.cn)
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Fulvic acid (FA), a vital component of humic acids (HA), is primarily
derived from the long-term transformation of plant residues and
microbial metabolites. It is ubiquitously present in soils, sediments, and
surface waters!"l, FA possesses a complex macromolecular structure
with significant heterogeneity!”, containing abundant functional
groups such as aromatic moieties, carboxyl groups, and phenolic
hydroxyl groupsP!. These functional groups enable FA to form stable
complexes with metal ions (e.g., heavy metals including Fe, Cu, and
Pb), thereby altering the mobility and bioavailability of the metal
ions*., Furthermore, FA can interact with various organic pollutants,
including antibiotics, pesticides, and pharmaceutical residues®”. In
water treatment systems, FA is often regarded as a key precursor of
disinfection by-products (DBPs). Its presence can lead to the formation
of harmful by-products, such as trihalomethanes and haloacetic acids,
which pose potential risks to drinking water safety!®='%, Consequently,
the effective removal of FA from aqueous systems to mitigate its
interference with subsequent treatment processes has become a
critical focus in environmental research.

Photocatalytic technology exhibits multi-dimensional core advan-
tages in pollutant degradation: it is driven by clean energy such as
solar energy, with reusable catalysts and no secondary pollution; the
highly oxidative reactive oxygen species (ROS) generated in the
reaction can break the stable chemical bonds of complex and refrac-
tory pollutants, achieving deep mineralization; meanwhile, it has
extremely strong synergistic potential and can be flexibly coupled
with other AOPs to significantly enhance efficiency. The fundamen-
tal mechanism involves the excitation of semiconductor catalysts
under light irradiation to generate electron-hole pairs, which sub-
sequently produce ROS such as *‘OH and O,~ for pollutant
oxidation['12, However, under practical conditions, photocatalytic
oxidation faces several challenges, including wide bandgap limita-
tions, low quantum efficiency, and the rapid recombination of
photogenerated electron-hole pairs!'3l, Particularly, for the degrada-
tion of complex and refractory organic compounds like FA, a single
photocatalytic oxidation process often fails to achieve complete
mineralization['¥l. Therefore, it is necessary to combine photocata-
lytic oxidation with other AOPs to improve degradation efficiency.
Compared with traditional pollutant removal methods, AOPs exhibit
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stronger treatment capacity for refractory organic pollutants. While
traditional biological treatment technologies rely on microbial
metabolism, AOPs can avoid 'transfer-type' pollution, achieve pollu-
tant mineralization, and reduce the risk of secondary pollution. In
contrast, traditional methods are highly susceptible to factors such
as water pH, temperature, and pollutant concentration, whereas
some AOPs can operate stably within a wide pH range and tempe-
rature intervall'516], demonstrating higher adaptability for the treat-
ment of high-concentration organic wastewater with complex com-
ponents. Among these, the integration of photocatalytic oxidation
with persulfate (PS)-based activation has gained growing attention,
as it can simultaneously utilize photogenerated charge carriers and
sulfate radicals (SO,™) to achieve superior oxidative performance.

Persulfate, including PMS and peroxydisulfate (PDS), is an ideal
oxidant precursor with high stability and controllability. Under
appropriate conditions, PMS can be activated to generate SO, {171,
Typical activation methods include thermal activation!'8, carbon-
based material activation'?), transition metal activation2%, and
photocatalytic activation!?'22. Compared with single persulfate or
photocatalytic systems, photocatalytic PMS activation more effec-
tively promotes S-O bond cleavage via photogenerated electrons,
facilitating rapid SO, generation and enhanced oxidation
capacity!?3l. For instance, Liu et al. synthesized a novel S-scheme
2D/3D g-C3Ns/BiVO, heterojunction photocatalyst that activated the
Fe2+/PMS system under visible light for the degradation of tetracy-
cline (TC), achieving a removal efficiency of 96.80%(24. Similarly, Mg-
doped ZnFe,0, nanoparticles coupled with PMS activation exhi-
bited a high degradation efficiency of 89% for 4-nitrophenol (4-
NP)25), These studies highlight the remarkable potential of PMS acti-
vation systems for the degradation of refractory organics. SO,
one of the active species with the strongest oxidizing capacity,
featuring a standard redox potential as high as 2.6 V. This potential
is significantly higher than that of most other ROS, enabling it to effi-
ciently attack electron-rich functional groups of organic pollutants
(such as aromatic rings and double bonds) and achieve deep degra-
dation of refractory pollutants. The high redox potential and anti-
interference ability of sulfate radicals are its core advantages[?,
while PMS has become the preferred oxidant for generating this
radical in experiments, due to its high yield of dual active radicals
after activation, pH-controllable stability, and efficient synergistic
activation with ultrasound (US).
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Among various photocatalysts, bismuth-based materials have
attracted increasing interest due to their unique electronic struc-
tures and superior light response properties. In particular, bismuth-
based halides (BiOX, X = Cl, Br, I) have attracted special attention
among numerous photocatalysts due to their layered structure and
excellent charge separation properties, with BiOCl being the most
widely studied representative material?7l. BiOCI consists of alternat-
ing [Bi,O,]?* layers and halogen anions, a structure that facilitates
efficient separation of photogenerated charge carriers. Additionally,
BiOCl possesses a suitable bandgap, enabling it to respond effec-
tively to both UV and partial visible light ranges, thereby enhancing
photocatalytic efficiency[?829, Under light irradiation, BiOCl can
effectively activate PMS to generate both SO, - and OHBEY, exhibit-
ing synergistic oxidation effects toward antibiotics, dyes, and
organic pollutants'32, For example, Yu et al. prepared an S-scheme
Co30,4/BiOCI heterojunction with enriched oxygen vacancies (OVs)
to enhance photocatalytic PDS activation for TC degradation,
achieving 92.3% TC removal and 66.2% TOC elimination3334], Des-
pite its promising properties, pure BiOCI still suffers from rapid elec-
tron-hole recombination and limited visible-light absorption, which
constrain its practical application. Therefore, rationally designing
composite photocatalysts to enhance charge separation and extend
light utilization remains a key research direction.

In this study, a recyclable BiOClI/MXene heterojunction photocata-
lyst was synthesized via a conventional hydrothermal method and
employed for PMS activation to degrade FA. The catalyst design
aimed to enhance FA degradation efficiency, elucidate interfacial
charge-transfer behavior, and reveal degradation pathways. Com-
prehensive structural and photoelectrochemical characterizations
clarified the structure-activity relationship and stability. Meanwhile,
the stability and applicability of the material were investigated.
Radical trapping and EPR analyses identified dominant reactive
species and confirmed the mechanism of the synergistic oxidation
effect between photocatalysis and PMS. Combined UV-vis and 3D-
EEM analyses further elucidated degradation pathways.

All chemical reagents and solvents used in this study were of analytical
grade, and deionized water was employed throughout the experiment
(Supplementary Text S1).

As shown in Supplementary Fig. S1, the BiOCI/MXene photocatalyst
was synthesized via a traditional hydrothermal method (Supplemen-
tary Text S2).

The microscopic morphology of the material was observed using
Scanning Electron Microscopy (SEM) and Transmission Electron Micro-
scopy (TEM). The crystal structure and surface elemental chemical
states of the material were characterized by XRD and XPS (Supple-
mentary Text S3).

The experiment on the degradation of FA via photocatalytic activation
of PMS by BiOCI/MXene was conducted in a photochemical reactor
(Supplementary Fig. S2 & Supplementary Text S4).
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To investigate the evolution patterns of FA during degradation
(including its decomposition mechanism and changes in chemical
composition), a fluorescence spectrophotometer was used to perform
3D-EEM fluorescence spectral analysis (Supplementary Text S5). A TOC
analyzer was employed to monitor the dynamic changes in dissolved
organic carbon (DOC) concentration throughout the degradation
reaction, and this indicator can serve as a quantitative basis for eva-
luating the mineralization degree of FAB?. In addition, the specific
ultraviolet absorbance at a target wavelength (SUVA)) is a key para-
meter reflecting the aromaticity and molecular weight characteristics
of FA. It is calculated as the ratio of the ultraviolet absorbance at the
target wavelength (A,, measured by an ultraviolet-visible spectro-
photometer) to the corresponding DOC concentration at the same
reaction time point®®, To study the mechanism of FA degradation via
photocatalytic activation of PMS, the light absorption performance
of the material and the separation efficiency of photogenerated
electron-hole pairs were tested. The mechanism of photocatalytic
PMS activation was inferred through the analysis of the FA solution
degradation process (Supplementary Text S6).

The 3D microtopography of the material was characterized by SEM. As
shown in Fig. 1a, pure BiOCl nanoparticles exhibit a typical nanosheet-
like structure with irregular arrangement and agglomeration. Pure
MXene resembles an accordion-like morphology (Fig. 1b), presenting a
layered structure. Its glaze surface contains narrow slits, which are
conducive to the dispersion of BiOCI nanoparticles®”. When BiOClI is
combined with MXene to form the BiOCI/MXene composite, it can be
observed that BiOCl is loaded onto MXene (Fig. 1¢c). Combined with
energy dispersive spectroscopy (EDS, Fig. 1d) and elemental mapping
(Fig. 1e), the mass and atomic percentages of each element were
obtained. This further confirms the successful introduction of Bi, O,
Ti, C, Cl, and other elements in BiOCl/MXene, verifying the uniform
distribution of BiOCl on MXene. To further explore the internal struc-
ture of BiOCI/MXene, TEM characterization was performed on this
photocatalytic material (Fig. 1f, g). In the HRTEM image of the catalyst
(Fig. 1h), the (101) and (110) crystal planes of BiOCl (PDF#06-0249) can
be observed, with their interplanar spacings (d-values) of approxi-
mately 2.848 A and 3.882 A, respectively®®3%, Meanwhile, the (002)
crystal plane of MXene (Ti;C,) was also observed, and the interplanar
spacing of this crystal plane is approximately 4.696 A“?. Based on the
above, this confirms the successful synthesis of the BiOClI/MXene
catalyst.

To further analyze the crystal structure of the as-prepared BiOCl/
MXene powder catalyst, XRD analysis was performed. Figure 2a
presents the XRD patterns of the powder catalysts. The MXene used
in the experiment was purchased directly, with Ti;C, as its main
component. The diffraction peaks at 34.1°, 36.7°, 60.7°, and 72.1°
correspond to the standard MXene card (PDF#98-000-0264). The
peaks at 12.1°, 24.2°, 25.9°, 32.6°, and 33.5° are consistent with the
standard BiOC| card (PDF#06-0249)1'1. Although the low MXene
content results in less distinct characteristic peaks, the presence of
MXene is confirmed by the characteristic peaks at 42.6° and 60.6°.
The coexistence of diffraction peaks of BiOCl and MXene in the com-
posite indicates good integration between the two components,
verifying the successful preparation of the composite. Specific
surface area and pore size distribution are critical properties affect-
ing the catalytic performance of catalystsi“2. The pore size and
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Fig. 1 (a) SEM Image of BiOCI. (b) SEM image of MXene. (c) SEM image of BiOCl/MXene. (d) EDS. (e) Elemental mapping of BiOCI/MXene. (f) TEM image.

(g) HRTEM image. (h) Elemental lattice of BiOCI/MXene.

surface characteristics of the catalysts were analyzed via nitrogen
adsorption-desorption experiments. As shown in Fig. 2b, the
adsorption isotherm of MXene belongs to Type Il with an H3-type
hysteresis loop, indicating the presence of large pores formed by
vertical smooth pores—this is also confirmed by its SEM images!*3.
In addition, the isotherms of BiOCl and BiOCl/MXene are classified as
typical Type IV curves (IUPAC classification) with H3-type hysteresis
loops, demonstrating that the catalysts possess a mesoporous struc-
ture, which is beneficial for enhancing catalytic performance. As
shown in the inset, the pore sizes of all three materials are con-
centrated in the range of 2 to 10 nm. The average pore sizes of
BiOCl, MXene, and BiOCl/MXene are 8.59, 5.01, and 9.34 nm, respec-
tively—further confirming their mesoporous nature. The specific
surface area of BiOCI/MXene (41.73 m2 g7 is larger than that of
BiOCl (9.17 m2 g~') and MXene (9.72 m2 g~'). A higher specific

surface area provides more active sites, thereby improving the
catalytic performance of the as-prepared catalyst*4l. The Ti;C, cha-
racteristic peaks of MXene are retained in the composite, which
confirms that MXene can form a stable crystalline composite struc-
ture with BiOCl, preventing excessive agglomeration of BiOCl nano-
particles. In addition, its own macroporous structure can comple-
ment the mesoporous structure of BiOCl, significantly increasing the
specific surface area of the composite catalyst to 4.5 times that of
BiOCl and 4.3 times that of MXene, and increasing the number of
active sites for catalytic reactions. The pore structure of MXene can
also act as 'mass transfer channels', facilitating the contact between
reaction substrates and active sites, and further enhancing the
catalytic performance of the composite.

To further investigate the atomic valence states, bonding charac-
teristics, and electron transfer behavior in the material, XPS
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Fig. 2 (a) XRD patterns. (b) Nitrogen adsorption-desorption isotherms with pore size distribution curves (inset). (c) XPS survey spectra of different
materials. (d) Bi 4f. (e) O 1s. (f) Cl 2p. (g) Ti 2p. (h) C 1s high-resolution XPS spectra.

measurements were conducted on the photocatalytic material. In
the full XPS spectrum of BiOCI/MXene (Fig. 2c), the presence of Bi, O,
Cl, Ti, and C elements is clearly observed—confirming the success-
ful synthesis of the BiOCI/MXene composite catalyst. Under hydro-
thermal conditions (160 °C, 10 h), effective interfacial interactions
are formed between BiOCl and MXene. Since the work function of
BiOCl is lower than that of MXene, electrons transfer from BiOCI to
MXene, resulting in an increased electron cloud density around Bi,
O, and Cl atoms in BiOCI. XPS analysis reveals that the binding ener-
gies of Bi 4f, O 1s, and Cl 2p all shift toward lower energies, confirm-
ing the effective transfer of interfacial charges. Meanwhile, the
oxygen-containing functional groups (-O, -OH) on the MXene
surface undergo a coordination interaction with Bi3+ in BiOCl, and a
characteristic peak attributed to the C-O bond appears at 288.06 eV
in the C 1s spectrum, indicating the formation of Bi—-O-C bonds. This
chemical bonding not only enhances the interfacial bonding
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strength between BiOCl and MXene, preventing the detachment of
components during the reaction process, but also further promotes
the transfer of interfacial charges. As shown in Fig. 2d, two strong
characteristic peaks of Bi 4f appear at 159.20 and 164.51 €V, corre-
sponding to the orbital electron transitions of Bi 4f;,, and Bi 4fs,,
respectively. In the O 1s spectrum (Fig. 2e), the binding energy
peaks at 529.92 and 530.84 eV indicate the presence of surface-
adsorbed oxygen and the formation of Bi-O bonds in BiOCl. The
surface-adsorbed oxygen is associated with water molecules or
hydroxyl groups on the BiOCl surface. Furthermore, in Fig. 2f, bind-
ing energy peaks at 197.91 and 199.50 eV are observed, which result
from the spin-orbit splitting of the Cl 2p orbital—corresponding to
the energy levels of Cl 2p;;, and Cl 2p,,,, respectively. After the
introduction of MXene, the characteristic peaks of Bi 4f, O 1s, and Cl
2p in BiOCl all shift toward lower binding energies, indicating elec-
tron transfer and strong interfacial interaction between BiOCl and
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MXenel*3). Fig. 2g shows the XPS spectrum of Ti 2p. The characteris-
tic peaks of Ti 2p in BiOCl/MXene appear at 459.56 (Ti 2ps,,) and
465.69 eV (Ti 2p,s), which are the characteristic peaks of Ti in
MXene—further confirming that MXene was successfully incorpo-
rated into the composite#®l. The Ti 2p spectrum of pure MXene is
dominated by characteristic peaks of Ti3*, accompanied by a small
amount of Ti** formed by surface oxidation. After compositing, the
distinctive peaks of both Ti3* and Ti** shift toward higher binding
energy by approximately 0.3-0.5 eV, and the proportion of Ti3*
increases from 75% to 82%. This indicates that electrons transfer
from Ti atoms of MXene to BiOC|, resulting in a decrease in the elec-
tron cloud density of Ti. This process originates from the migration
of electrons from the conduction band of BiOCl to MXene, which not
only induces the reconstruction of the Ti electronic state but also
forms a Schottky junction at the interface. The Schottky junction
effectively promotes photogenerated charge separation and inhi-
bits electron backtransfer, laying the foundation for subsequent
PMS activation. Figure 2h presents the XPS spectrum of C 1s. The
C 1s peaks of MXene are located at 282.00 and 284.88 eV (corre-
sponding to C-C bonds). For BiOCI/MXene, the C 1s peaks appear
at 284.84 (C-C bonds) and 288.06 eV, with obvious changes. These
shifts and variations in elemental characteristic peaks further
confirm the successful synthesis of the BiOCl/MXene composite
photocatalyst. The C 1s spectrum further confirms the existence of
Bi-O-C covalent bonds at the interface. Compared with the domi-
nant C-C and C-O peaks in pure MXene, the composite material
exhibits a characteristic C-O-Bi peak at 288.2 eV, and the intensity
of the C-0 peak is significantly enhanced. This change is attributed
to the coordination reaction between Bi3* in BiOCl and the -OH
groups on the MXene surface, forming stable chemical bonding.
The C-0-Bi bond not only enhances the interfacial binding strength
and maintains the stability of the Schottky junction structure but
also constructs an efficient electron transport channel from BiOCI
through the interfacial bond bridge to the MXene framework.
This accelerates the migration of electrons to the MXene surface,
promotes the reduction of PMS to generate *O,~, and ultimately
improves the FA degradation performance.

To clarify the synergistic mechanism of BiOCI/MXene for photocatalytic
activation of PMS, this study evaluated the catalytic performance of
the photocatalytic material by measuring the degradation efficiency of
FA. First, the synthesis conditions of the BiOCl//MXene composite
catalyst were optimized, with synthesis temperature, synthesis time,
and MXene dosage as variables to screen for the optimal parameters
(Supplementary Text S7). The results of a series of experiments showed
that the optimal synthesis conditions were a synthesis temperature
of 160 °C, a synthesis time of 10 h (It can meet the requirements of
short-term degradation efficiency and support subsequent synergis-
tic catalytic mechanism exploration as well as cyclic usability
verification)*”), and a MXene dosage of 15% (Supplementary Fig. S3).
This optimization result is consistent with findings from similar studies.
After preparing the composite catalyst under the optimal conditions,
the FA removal performance of different reaction systems was com-
pared (Fig. 3a). The results showed that the BiOCl/MXene + PMS + Vis
system exhibited the highest catalytic activity, achieving a FA removal
rate of 98.43% within 30 min. In contrast, the FA removal rate of the
BiOCI + PMS + Vis system was only 72.16%. The FA degradation rates of
the sole photocatalysis system (14.16%) and PMS-only system (21.77%)
were much lower than those of the photocatalysis-PMS synergistic
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systems. Notably, no FA degradation occurred under sole visible light
irradiation. Kinetic analysis revealed (Fig. 3b) that the degradation rate
constant (k) of the BiOCl + PMS + Vis system was 0.0425 min~'. After
compositing with MXene, the k value of the BiOCI/MXene system
increased by 3.27-fold (k = 0.1388 min™"), confirming that the intro-
duction of MXene can significantly promote the process of BiOCI-
mediated photocatalytic activation of PMS for FA degradation. Addi-
tionally, the k value of the sole photocatalysis system (0.0031 min~")
accounted for only 2.23% of that of the Vis + PMS system, indicating
that PMS is the core donor of ROS in this synergistic system. Without
PMS, sole photocatalysis cannot achieve effective FA degradation. The
k value of the PMS-only system (0.0232 min~') was only 16.7% of that
of the Vis + PMS system, demonstrating that visible light can excite the
catalyst to generate photogenerated carriers. Furthermore, this study
evaluated the photo-Fenton synergistic effect by comparing the
degradation rates of the photocatalytic system and the heterogeneous
Fenton-like reaction. To further elaborate on the synergistic mecha-
nism between photocatalysis and Fenton-like reaction, a synergy
equation was used to quantify the synergistic effect, which is
presented as follows:

k
Synergy index = kp-*——kp 1)

where, k, kp, and k; are defined as the degradation rate constant of the
photo-Fenton system, the heterogeneous photocatalytic system, and
the PMS-only system, respectively“s], The calculation result showed
that the synergy factor of the BiOClI/MXene system was 5.28, indicating
a significant synergistic effect between the photocatalytic and PMS
oxidative degradation processes. From the perspective of the photo-
catalytic mechanism, Wang et al. reported the 'hole-dominated
degradation' phenomenon in TCNQ-modified BiOlOs, which confirms
the core role of carriers (holes) in photocatalytic reactions“?., In this
study, the rapid transfer of photogenerated carriers in the BiOCI/
MXene system may synergistically activate the photo-Fenton process
and accelerate degradation through a similar 'carrier-driven reaction'
mechanism.

For the photocatalytic activation of the PMS degradation experi-
ment, the volume of the reaction solution was 100 mL, the light
intensity was 296 mW cm-2, the wavelength (1) of the light source
was 420 nm, and the illumination area was approximately 44.2 cm2.
The photocatalytic apparent quantum yield (AQY) was calculated
according to the following formula:

N
AQY = — % 100% 2)
NP
Ne = NFA degraded XNe/FA X NA (3)
Crao XV X7
NFA, degraded = WM—M @)
EA
Np=— 5
b= ®)

where, N, refers to the total number of effective electrons involved
in the FA degradation reaction; N, represents the total number of
photons incident on the catalyst surface; Nga gegraded i the moles of FA
degraded within 30 min; ngsa is the number of electron transfers
required for the degradation of each FA molecule; N, is Avogadro's
constant (6.02 x 102 mol™); Cg, o denotes the initial concentration of
FA; n represents the FA degradation rate; h is Planck's constant (6.62 x
1073* J.s); ¢ is the speed of light (3.0 x 108 m s7"); E stands for the total
energy of incident light, with the incident light wavelength 1 being
420 nm. Finally, the AQY was calculated to be approximately 1.33%,
which indirectly confirms the effectiveness of the photocatalysis-PMS
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Fig. 3 (a) Degradation efficiency profiles, (b) pseudo-first-order kinetic plots of FA in different reaction systems, (c) effects of anions on FA degradation
experiment, and (d) comparison of inhibition strength based on the percentage decrease in fa removal efficiency (Experimental conditions: pH = 5.28,

UV =300 W; FA = 100 mg/L; BiOCl/MXene = 0.8 g/L; PMS = 2.0 mmol L™").

synergistic mechanism. The presence of PMS not only acts as a
precursor of ROS but also reduces carrier recombination by capturing
photogenerated electrons, further improving the effective utilisation
efficiency of carriers, thereby achieving stable high degradation
efficiency and excellent reaction kinetic performance.

To systematically clarify the regulation laws and intrinsic mechanisms
of different experimental conditions on the efficiency of BiOClI/MXene
composite catalyst for photocatalytic activation of PMS to degrade FA,
this study focused on investigating the effects of four key variables:
catalyst dosage, initial FA concentration, solution pH value, and PMS
dosage. As shown in Supplementary Fig. S4a, with the BiOClI/MXene
composite catalyst dosage increasing from 0.2 to 1.0 g L', the FA
degradation rate exhibited a characteristic trend of first increasing
and then decreasing. When the dosage reached 0.8 g L™', the FA
degradation efficiency peaked at 98.43%; a further increase in dosage
to 1.0 g L™ resulted in a slight decline. The essence of this pheno-
menon lies in the fact that an appropriate dosage enhances the
exposure density of active sites on the catalyst surface, providing
sufficient reaction sites for PMS activation and efficient separation of
photogenerated electron-hole pairs. However, excessive dosage
intensifies the light scattering effect in the system, impairs the effective
excitation efficiency of incident light, and simultaneously increases
the mass transfer resistance of the solution, ultimately inhibiting the
reaction kinetic process®. When the initial FA concentration increased
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from 20 to 100 mg L™" (Supplementary Fig. S4b), its degradation rate
remained above 90% throughout, fully demonstrating that the
BiOCI/MXene composite catalyst possesses excellent resistance to
pollutant concentration interference and stable, high-efficiency degra-
dation performance. Nevertheless, the degradation rate showed a
negative correlation trend of gradual decline with increasing concen-
tration. The core mechanism can be attributed to the fact that high-
concentration FA molecules compete with PMS for adsorption on
the catalyst's active sites; meanwhile, they exacerbate the light
attenuation effect in the solution, leading to a reduction in the
generation of photogenerated reactive oxygen species (ROS, e.g.,
*OH, SO,7), thereby decreasing the degradation efficiency®". For the
effect of solution pH, data in Supplementary Fig. S4c show that the FA
removal rate is significantly dependent on pH. Within the range from
strong acidity to weak alkalinity (pH 3-9), the degradation rate
remained above 90%, which was significantly higher than that in the
strong alkaline environment (pH 11, degradation rate 88.78%). The
intrinsic reason is that pH regulates the zeta potential of the BiOCl/
MXene surface, the dissociation forms of PMS (H,0,, HO,~, 0,>), and
the distribution of FA occurrence forms. This directly affects the
interfacial interaction intensity among the catalyst, pollutant, and PMS,
the selectivity of ROS generation pathways, and the contact efficiency
between FA molecules and active sitesP?. Results in Supplementary
Fig. S4d indicate that there is a clear optimal value of PMS concen-
tration for degradation performance. When the concentration
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increased from 1 to 2 mmol L', the FA removal rate improved sig-
nificantly; a further increase to 3 mmol L' led to a decrease instead.
The regulation mechanism of this phenomenon is that an appropriate
amount of PMS can act as an efficient ROS precursor to enhance
the oxidative activity of the system, while excessive PMS triggers
quenching reactions between ROSP?, resulting in a reduction in the
concentration of effective ROS and ultimately inhibiting the FA
degradation process.

Figure 3c shows the effect of different anion concentrations on
FA removal efficiency. CI- exerted a slight inhibitory effect on FA
removal, and this inhibition became more pronounced when the CI-
concentration ranged from 10-20 mM. CI- can react with *OH to
form chlorohydroxyl radicals (CIOH™-), which then decompose
rapidly into) *OH and CI-. At this stage, the reaction rates of these
two species are comparable, resulting in minimal impact on pollu-
tant degradation. However, under acidic conditions, CIOH~ can
further react with H* to generate Cl, and the presence of CI- thus
exerts a certain inhibitory effect on pollutant degradation!4. Nitrate
ions (NO;7) had no negative effect on FA removal; in fact, the FA
degradation efficiency increased slightly when the NO;~ concentra-
tion was 10 mM. This is because nitrate exhibits a certain degree of
photosensitivity—under light irradiation, it induces the generation
of *OH and nitrogen-containing radicals. This process increases the
radical concentration in the system, thereby accelerating the FA
removal ratel5l, CO;2- inhibited FA removal: when the CO;2- con-
centration reached 1 mM, the FA removal rate was only 80.13% after
30 min; when the concentration increased to 5-20 mM, almost no
FA degradation occurred. This is mainly due to the hydrolysis of
CO32, which increases the solution pH and further reduces photo-
catalytic efficiency. Additionally, CO32~ can act as a h* scavenger—
its presence consumes h*, leading to a decrease in photocatalytic
activity. Increased CO;2~ concentration also disrupts the buffering
capacity of the system, causing changes in the types and concentra-
tions of active species during the reaction®¢.. SO,2- exerted a certain
inhibitory effect on the photocatalytic degradation of FA by the
catalyst, but the effect was not significant. When the SO,2~ concen-
tration was < 20 mM, there was no obvious difference in the final FA
removal ratel>’), H,PO,~ inhibited the photocatalytic degradation
of FA by the catalyst, and the inhibitory effect strengthened with
increasing H,PO,~ concentration. This is because H,PO,~ has high
reactivity—it can react with both h* and *OH, resulting in the
scavenging of active species in the system®8l, Figure 3d indicates
that different anions had varying effects on the performance of
BiOCI/MXene for photocatalytic FA degradation. The order of

100 100
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inhibition strength is: CO;2~ > H,PO,~ > ClI- > SO,2-, while NO;~ had
almost no impact. Notably, under the condition of low-concentra-
tion coexisting substances, the photocatalytic performance of
BiOCI/MXene was not significantly interfered with, and the degrada-
tion rate remained above 80%. This phenomenon confirms that
the composite photocatalyst possesses excellent anti-interference
ability and system stability.

To comprehensively clarify the practical application value of the BiOCl/
MXene photocatalytic PMS activation system, this study conducted a
systematic evaluation from three dimensions: cycling stability, water
matrix adaptability, and substrate universality. Since BiOCI/MXene is
non-magnetic (Supplementary Fig. S5), the material was recovered via
the precipitation method. Figure 4a shows that after five cycles of use,
the composite still maintained high efficiency for FA degradation, with
no significant decline in the overall removal rate (the FA degradation
rate remained above 80% in the 5th cycle). Combined with material
characterization, this confirms the structural integrity and catalytic
activity persistence of the composite, effectively overcoming the
common challenges of active site loss and structural collapse faced by
photocatalysts during cyclic use®.. To assess the system's water matrix
adaptability, the degradation behavior of FA in deionized water, tap
water, and lake water systems was compared (Fig. 4b). The FA removal
rate was the highest in deionized water (98.43%), followed by tap
water. In the lake water system, the degradation rate decreased slightly
due to the presence of high-concentration natural organic matter
(NOM) and coexisting ions (e.g., HCO;~, Ca?*)%%, However, the removal
rate still reached over 70% within 30 min, indicating that the system
has excellent resistance to complex matrix interference and can meet
the purification needs of various practical water bodies. For substrate
universality evaluation, Fig. 4c shows that the system exhibited high-
efficiency degradation performance for three types of typical organic
pollutants: antibiotics (doxycycline, DUR; sulfamethoxazole, SMR), dyes
(methylene blue, MB; rhodamine B, RhB), and phenols (bisphenol A,
BPA; nonylphenol, NP). The removal rates of antibiotics reached up to
99.99% (DUR) and 97.65% (SMR); the removal rates of dyes were
99.56% (MB) and 98.46% (RhB); although the phenols had slightly
lower removal rates due to the stability of their molecular structures,
the removal rates of BPA and NP still reached 85.57% and 94.71%,
respectively. This broad-spectrum degradation property originates
from the synergistic oxidation of multiple active species in the
system, such as *OH, SO, ~, and '0,"}, enabling the system to address
complex and diverse organic pollution scenarios in water bodies.
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In photocatalytic reactions, photocatalytic efficiency is determined by
three key factors: light absorption efficiency, photogenerated carrier
separation efficiency, and interfacial catalytic reactions. The energy
band structure significantly influences both the redox capacity and
light absorption performance of photocatalysts. Figure 5a presents the
UV-Vis absorption spectra of BiOCl and BiOCI/MXene. Both BiOCl and
BiOCl/MXene exhibit strong absorption in the UV region (200-350 nm),
reflecting their ability to absorb UV light. The absorbance decreases
beyond 350 nm, with a more pronounced decline for BiOCI. In contrast,
BiOCl/MXene shows significantly higher absorbance in the visible
light region (400-800 nm) compared to BiOCl, indicating that the
introduction of MXene effectively enhances the visible light absorption
capacity of the compositel?. To evaluate the separation efficiency of
photogenerated carriers, photoluminescence (PL) spectroscopy and
electrochemical impedance spectroscopy (EIS) were performed on
the catalysts. As shown in the inset, BiOCl exhibits the strongest
fluorescence intensity, while the BiOClI/MXene composite shows
the weakest. Generally, fluorescence emission intensity is inversely
proportional to the density of recombination centers—i.e., weaker
fluorescence intensity indicates higher electron-hole pair separation
efficiency. The significantly reduced PL intensity of BiOClI/MXene
composite confirms that MXene introduction effectively promotes
the separation of photogenerated carriers, enabling more carriers to
participate actively in the photocatalytic reaction process. Typically, a
smaller arc radius in the Nyquist plot indicates lower charge transfer
resistance, which is more favorable for electron transferl®. As shown in
Fig. 5b, the arc radius of BiOCI/MXene composite is smaller than that of
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pure BiOCl, demonstrating the superior charge transfer capability of
BiOCl/MXene. In summary, the BiOClI/MXene composite exhibits
excellent photocatalytic performance due to its efficient carrier sepa-
ration efficiency and superior charge transfer ability. Time-resolved
photoluminescence (TRPL) spectroscopy was used to investigate
photogenerated carrier lifetime and recombination kinetics. In Fig. 5¢,
both BiOCI and BiOCI/MXene were fitted with a double-exponential
model. The fitting parameters and R? values (0.9929 for BiOCl and
0.9914 for BiOCI/MXene) indicate good model adaptability. In com-
parison, BiOCI/MXene shows faster decay of luminescence intensity.
Combined with the fitted carrier lifetime parameters, this suggests
that MXene introduction accelerates the recombination or migration
of photogenerated carriers, alters carrier dynamics, and facilitates
improved carrier utilization efficiency in applications such as
photocatalysis.

From the Mott-Schottky curves in Fig. 5d, e, the positive slopes of
both BiOCl and BiOCI/MXene indicate that they are n-type semicon-
ductors. The flat band potentials were determined from the inter-
section of the curves with the potential axis: BiOCl has a flat band
potential of approximately -1.358 V vs Ag/AgCl, and BiOCl/MXene
has approximately -1.448 V vs Ag/AgCl. Using the conversion
formula E(NHE) = E(Ag/AgCl) + 0.197 (V), these were converted to
potentials vs the normal hydrogen electrode (NHE): BiOCl is approxi-
mately -1.358 + 0.197 = -1.161 eV, and BiOCl/MXene is approxi-
mately —1.448 + 0.197 = -1.251 eV. For n-type semiconductors, the
flat band potential (Eg) is close to the conduction band potential
(Ecg) and lies approximately 0.1-0.3 eV below the conduction band.
Thus, the conduction band potential of BiOCI (Ecg gioc)) is estimated
to be between -1.061 (0.1 eV above the flat band potential) and
-1.261 eV (0.3 eV above the flat band potential), while that of
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Fig. 5 (a) UV-vis DRS with inset PL spectra, (b) EIS Nyquist plots, (c) time-resolved fluorescence decay curves, (d), (e) Mott-Schottky plots, (f) photocurrent

response curves with inset photocurrent responses under different conditions.
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BiOCl/MXene (Ecg, giocymxene) 1S between —1.151 and -1.351 eV. BiOCl
shows the most significant increase at 500 Hz with the highest peak,
and its initial reduction potential is approximately -1.358 V; as the
frequency increases (1,000, 1,500 Hz), the amplitude of the increase
and peak value gradually decrease. BiOCI/MXene also exhibits a
noticeable increase at 500 Hz, with an initial reduction potential
of approximately -1.448 V, which is more negative than that of
BiOCl—indicating that the reduction reaction occurs more readily
after BiOCl is composited with MXene. Additionally, BiOCl/MXene
shows higher values than BiOCI at all frequencies, suggesting that
MXene compositing enhances capacitance-related properties, pro-
motes electron transport, or provides more active sites. The pho-
tocurrent response data in Fig. 5f show that the photocurrent
intensity of the BiOCI/MXene composite is significantly higher than
that of pure BiOCI. It also exhibits faster response kinetics and better
cyclic stability in 'on-off' light cycles. This is attributed to the high
electron conductivity and 2D layered structure of MXene, which not
only provides rapid migration channels for photogenerated elec-
trons and enhance carrier separation through the heterojunction
interface but also inhibits particle agglomeration and phase struc-
ture changes of BiOCl. The inset clarifies, through condition compa-
rison, the synergistic promotion effect of PMS-mediated electron
trapping and FA-induced hole consumption on carrier separation.
This directly corresponds to the electron transfer chain of 'photo-
generated carriers-reactive species-target pollutants' in the process
of photocatalytic PMS activation for FA degradation, providing criti-
cal electrical performance support for the high-efficiency degra-
dation mechanism of this systeml(®¥. Moreover, the relationship
between Zeta potential and pH for BiOCl and BiOCl/MXene was
discussed (Supplementary Fig. S6). The isoelectric point of pure
BiOCl is 5.29, and that of BiOCI/MXene is 5.48, indicating that MXene
introduction shifts the isoelectric point. As pH increases, the Zeta
potential of both materials decreases from positive to negative: the
materials are positively charged when pH is below the isoelectric
point and negatively charged when pH is above it. This change in
surface charge properties is related to the protonation/deprotona-
tion behavior of functional groups on the MXene surface.

To elucidate the core advantages of the BiOCI/MXene photocatalytic
PMS activation system and the contributions of active species, this
study systematically investigated the regulatory mechanism of PMS
activation on the generation of reactive species through scavenging
experiments and EPR characterization. Specific scavengers—
tert-butanol (TBA) for *OH, disodium ethylenediaminetetraacetate
(EDTA-2Na) for h*, p-benzoquinone (p-BQ) for <O,”, and FFA for
'0,—were employed to conduct degradation inhibition experi-
ments. As depicted in Fig. 6a, the FA removal efficiency decreased
dramatically from 98.43% to 6.80% with increasing EDTA-2Na con-
centration, underscoring the dominant role of h* in the degradation
process. Concurrently, the addition of p-BQ reduced the FA removal
rate from 98.43% to 52.67%, confirming the critical contribution of
+*O,™. Although TBA and FFA exhibited relatively moderate impacts on
the final removal efficiency, the gradual decline in FA degradation rate
with increasing scavenger concentrations indicated the synergistic
involvement of multiple reactive species in the reaction. This syner-
gistic effect originates from the efficient activation characteristics of
PMS[®, As shown in Fig. 6b, for the EDTA group, the apparent rate
constant (k) dropped sharply from 0.0171 min~' to nearly 0 as
the concentration increased from 0.5 to 10 mM, indicating high
dependency of the system on metal catalytic sites. For the TBA group,
kops continuously decreased from 0.0491 to 0.0363 min~', confirming
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that *OH is one of the key reactive species. In the FFA group, kg
declined from 0.0780 min~' (at 0.5 mM) to 0.0452 min~" (at 10 mM),
with a weaker inhibitory effect compared to the TBA group,
suggesting that *OH participates in the reaction but is not the sole
active species, and the contribution of 0, is relatively limited. For
the p-BQ group, ks decreased from 0.0857 to 0.0771 min~', and this
notable inhibitory trend verifies that <O, is one of the core reactive
species. To further verify and highlight the advantages of PMS, EPR
characterization was performed on the material (Fig. 6¢c-f). 2,2,6,6-
Tetramethylpiperidine-1-oxyl (TEMPO) and 5,5-dimethyl-1-pyrroline N-
oxide (DMPO) were utilized as spin-trapping agents to detect the
generation behavior of h* and <O, respectively. In the visible-light
PMS system, the characteristic peaks of DMPO-+O,~ adducts inten-
sified significantly with prolonged irradiation time, and the signal
intensity was substantially higher than that in the dark control,
demonstrating that PMS activation continuously drives the gene-
ration and participation of *O,". In contrast, the TEMPO-h* signal was
strong in the dark and gradually weakened under light irradiation®,
which can be attributed to the continuous generation of h* under
illumination and its subsequent reaction with the scavenger, further
confirming that PMS acts in synergy with photocatalysis to promote
h* involvement in the reaction. The EPR results are highly consistent
with the scavenging experiments, confirming that h* and -0, are the
primary active species in this system!®”. Their efficient generation
directly benefits from the superior activation performance of PMS: PMS
not only serves as an oxidation precursor but also enhances the
separation of photogenerated carriers and drives the synergistic gene-
ration of multiple reactive species through interfacial interaction with
BiOCI/MXenel®®. This represents the core advantage of PMS in this
photocatalytic system, providing a sufficient oxidative driving force for
the highly efficient degradation of FA.

From three dimensions—band structure, interfacial charge regula-
tion, and synergy of multiple active species—the core mechanism of
photocatalytic activation of PMS for FA degradation by the BiOCl/
MXene Schottky junction is systematically elaborated. Before contact
(Fig. 7a), the CB potential of BiOCl is -1.16 eV (vs NHE), its VB potential
is +2.138 eV, and its work function (®,) is 3.91 eV; the work function of
MXene (®,) is 4.26 eV. MXene exhibits metal-like high conductivity
and forms a Schottky junction with the semiconductor BiOCl. XPS
characterization shows that MXene is dominated by metallic Ti3*, and
its high conductivity is the core prerequisite for activating PMS. To
further investigate the formation mechanism of the BiOCI/MXene
heterojunction, after optimizing the crystal structure model of BiOCI,
the band structure (Supplementary Fig. S7a) and Fermi level (Supple-
mentary Fig. S7b) were calculated separately. The Fermi level of BiOCI
is 6.99 eV, with the conduction band located below it and the valence
band above it. The conduction band bottom and valence band top
are distributed at different high-symmetry points (K points), confirming
that it is an indirect-band-gap semiconductor structure, and the
calculated band gap width is 2.69 eV. The difference in their work
functions provides the driving force for interfacial charge transfer. After
BiOCI comes into contact with MXene (Fig. 7b), electrons migrate from
BiOCI (with a lower work function) to MXene (with a higher work
function), causing the energy bands of BiOCl to bend and the Fermi
levels to tend toward equilibrium. After MXene forms a Schottky
junction with BiOCI, its high work function enables it to enrich pho-
togenerated electrons, which then directionally attack the S-O bonds
to weaken their energy. Ti atoms with unsaturated coordination on the
surface reduce the cleavage energy barrier through coordination
adsorption and valence-variable electron transfer. Additionally, the
Schottky junction regulates band alignment to enhance electron
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Fig. 6 (a) Active species quenching experiments, (b) corresponding pseudo-first-order rate constant, and (c)-(f) EPR radical trapping spectra during FA
removal process (Experimental conditions: pH = 5.28, UV = 300 W, FA = 100 mg L™', BiOCl/MXene = 0.8 g L™', PMS = 2.0 mmol L™").

injection efficiency, and experiments such as EPR have verified the
increased generation of SO, ™. In the process of MXene activating PMS,
its metallic-level high conductivity serves as the core premise and
dominant factor determining reaction efficiency. It constructs a 'main
thoroughfare' for electron transfer, which can rapidly weaken the
molecular bond energy of PMS and lay the foundation for activation.
In contrast, surface functional groups primarily play an auxiliary
optimization role, enhancing practical efficiency by improving PMS
adsorption and local activation configurations, but their function is
highly dependent on the conductive framework's electron supply
capacity. These two factors synergistically enhance efficiency with clear
primary and secondary roles: metallic conductivity is an indispensable
condition for ensuring reaction feasibility and the upper limit of
reaction ratel®), At the same time, surface functional groups are an

Sunetal. | Volume2 | 2026 | e001

optimization method to further improve performance on this basis. By
integrating material characterization, active species verification, and
degradation performance data, the core mechanism of FA degradation
via photocatalytic activation of PMS by BiOCl/MXene is proposed as
'visible light-excited Schottky junction — directional charge transfer —
multi-path PMS activation — synergistic oxidation by multiple active
species'. The specific process is as follows (Fig. 7¢): Initially, visible light
irradiation on the BiOCI/MXene composite provides photon energy,
exciting electrons from the VB to the CB of BiOCI, thereby generating
photogenerated e —h™* pairs. Owing to the formed Schottky junction
between BiOCl and MXene, the MXene (Ti;C, layered structure) acts as
an ‘electron channel', directing the transfer of electrons from the CB
of BiOCl to its own surface, which significantly suppresses e —h*
recombination. The activated charge carriers facilitate PMS activation
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Fig. 7 (a)-(c) Mechanism of photocatalytic activation of PMS by BiOCI/MXene catalyst for FA degradation.

and ROS generation through three primary pathways: The electrons
enriched on MXene attack the S-O bond of PMS (HSO5"), leading to its
cleavage and the generation of SO,~. The consumption of electrons
further inhibits charge recombination, as evidenced by the enhanced
SO, signal in the EPR spectrum under the Vis + PMS system. The holes
retained on BiOClI directly oxidize FA molecules (the removal efficiency
of FA plummeted from 98.43% to 6.80% upon h* scavenging by EDTA-
2Na) and can also react with surface H,O/OH™ to generate *OH,
supplementing the oxidative capacity. Electrons on the MXene
surface that do not participate directly in PMS activation can react
with dissolved O, to form superoxide <O, as indicated by the time-
dependent enhancement of the DMPO-+O,~ adduct signal in EPR.
In this system, *O,” are synergistically generated through two
pathways—'direct reduction' and 'PMS-mediated'—ensuring a
stable supply. The direct reduction pathway provides thermodyna-
mic driving force via the negative shift of the conduction band
potential of BiOCl, achieved by the formation of BIOCI/MXene Schottky
junctions. Combined with the adsorption of O, by Ti sites on the
MXene surface, which lowers the kinetic energy barrier, this pathway
serves as the basic source of *O,”. The PMS-mediated pathway
involves PMS capturing photogenerated electrons to form SOs;~
radicals, whose disproportionation reaction efficiently increases the
*O,™ concentration and accounts for the majority of production, with
a small amount of secondary reactions supplementing the rest. The
synergistic effect can be indirectly verified experimentally: EPR
measurements show that the signal intensity of *O,~ in the PMS-
added system is 2.3 times that in the PMS-free system, confirming
the contribution of the PMS-mediated pathway. In the quenching
experiment, the reduction in FA degradation rate after p-BQ quenching
in the PMS-added system (46.5%) is significantly greater than that in
the PMS-free system (less than 30%). This difference indicates that
the additional +O,” generated by the PMS-mediated pathway
enhances the synergistic oxidation effect with other active species,
supporting the rationality of the dual-pathway synergistic mechanism
for *O,” generation. The <O, radicals directly contribute to FA
oxidation (the FA removal efficiency decreased to 52.67% after <O,
scavenging by p-BQ) and can further disproportionate to yield '0,. The
h* and <O, preferentially attack the conjugated structures (e.g.,
aromatic rings, carboxyl groups) of FA, as evidenced by the decrease in
SUVA,g, (indicating aromaticity) from 2.478 to 0.264 and SUVA,34
(indicating chromophores) from 0.73 to 0.008. 3D-EEM fluorescence
spectra showed a strong fluorescence in Region V (humic-like
substances) at 0 min, which significantly weakened after 5 min,
accompanied by the emergence of weak fluorescence in Regions I/1I
(protein-like, small molecular intermediates), demonstrating the

breakdown of macromolecular FA into smaller intermediates.
Subsequently, SO,~ and *OH further oxidize these intermediates,
progressively decomposing them into low-molecular-weight organic
acids, and ultimately achieving partial mineralization to CO, and H,O0.
TOC analysis confirmed this mineralization, showing a decrease in TOC
from 78.54 to 39.31 mg L™ after 30 min of reaction with 100 mg L™' FA,
corresponding to a mineralization efficiency of 49.95%. The involved
reactions can be summarized as:

BiOCl/MXene + hv — BiOCl(h*) + MXene(e™) (6)
MXene(e™) + 0y — *O,~ @)
MXene(e™) +HSOs™ — SO4 ~ + OH™ )
BiOCI(h*) + H,0 — *OH + H* ©)

BiOCl(h*) + FA — Oxidized FA intermediates + H* (10)

*0,7 /S04’ /*OH + FA — CO, +H;0 + Small molecular by-products (11)

Degradation process analysis of FA

Aromaticity loss and mineralization

SUVA is commonly used to characterize NOM. Among them, SUVA s,
(specific ultraviolet absorbance at 254 nm) can predict the molecular
weight and mineralization degree of organic matter; SUVA,g is used to
evaluate the integrity of aromatic structures in organic matter; SUVA;4;
represents the molecular volume of organic matter; and SUVA,34
denotes the chromophore status in NOM. TOC is often employed as
an indicator to assess the degradation effect of organic matter. By
measuring the difference in TOC concentration in water samples
before and after treatment, the removal efficiency and mineralization
degree of organic matter can be determined’?. As shown in
Supplementary Fig. S8, this study investigated the variation patterns of
SUVAxand TOC with time in the BiOCI/MXene -PMS process system
under light. The results reveal that all four SUVAxvalues exhibit a
decreasing trend over time, with an extremely fast decline rate
within the initial 5 min of the reaction. This indicates that most of the
FA degradation and chromophore destruction can be completed
rapidly after the reaction initiates—when samples were collected
5 min into the reaction, the solution was observed to become more
transparent. After 30 min of reaction: SUVA s, decreased from 2.592 to
0.520, and SUVA3z¢; decreased from 1.374 to 0.048, suggesting a
continuous reduction in the molecular weight and molecular volume
of FA; SUVA,4, decreased from 2.478 to 0.264, and SUVA,34 decreased
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from 0.73 to 0.008, indicating the destruction of chromophores and
aromatic structures in FA. Meanwhile, the TOC of the solution also
showed a decreasing trend (Supplementary Fig. S8). After reacting with
100 mg L' FA for 30 min, the TOC decreased from an initial 78.54
to 39.31 mg L, achieving a mineralization rate of 49.95%. This
demonstrates that FA has been mineralized into water, carbon dioxide,
and some small organic molecules.

Fluorescence spectral evolution of intermediate products

The occurrence of fluorescence peaks is attributed to the molecular
structure, chemical composition, or other properties of substances. To
simplify spectral response analysis and sample scanning, the scanned
spectra were divided into five regions, with the corresponding sub-
stance types for each region as follows: Regions | and Il: Represent
aromatic proteins in organic compounds, which are related to the
structure of aromatic amino acids in NOM. Region lll: Corresponds
to substances containing -OH and -COOH groups in humic-like
structures, including FA. Region IV: Corresponds to small-molecular
structures of organic matter, such as soluble microbial metabolic by-
products. Region V: Represents humic-like fluorescencel’"). At the initial
reaction stage (Fig. 8a), Region V exhibited strong red fluorescence,
while the fluorescence signals in Regions | and Il were extremely weak.
This indicates that the original FA system was dominated by humic-like
components, with abundant stable conjugated aromatic structures
in the molecules—these are the main structural characteristics of FA.
After 5 min of reaction (Fig. 8b), the fluorescence intensity of humic-
like substances in Region V decreased significantly, and at the same
time, a weak increase in fluorescence was observed in Regions | and
II. This change was attributed to the efficient activation of PMS by
BiOCl/MXene under photocatalysis, which generated active species
such as *‘OH and SO,. These active species preferentially attacked the
conjugated aromatic structures of FA, breaking down macromolecular

humic-like substances into a small amount of protein-like small mole-
cular intermediates. When the reaction proceeded to 15 min (Fig. 8c),
the fluorescence in Region V further attenuated, and the protein-like
fluorescence in Regions | and Il also began to weaken. This suggests
that the active species in the system were not exhausted as the
reaction progressed; they could still continuously oxidize and degrade
the remaining humic-like components, while gradually decomposing
the intermediates generated in the early stage. At 30 min of reaction
(Fig. 8d), the fluorescence signals in all regions faded significantly—
especially the characteristic red fluorescence of FA in Region V, which
almost completely disappeared. This implies that the conjugated
aromatic core structure of FA molecules was deeply destroyed: not
only were the original humic-like components completely degraded,
but the intermediates were also further converted into small molecules
with no fluorescent activity (e.g., CO,, H,O, and low-molecular-weight
organic acids).

Combined with experimental SUV, and 3D-EEM, data and the
general research conclusions on the degradation of humic sub-
stances, the degradation process of FA in the BiOCl/MXene-PMS-Vis
system was analyzed"2l. In the initial stage of degradation (0-5 min),
a critical period for the rapid destruction of FA structure, the core
driving active species are h* and +O,~. From the spectral data,
SUVA 4, decreased rapidly from the initial 2.478, and SUVA ;34 plum-
meted from 0.73 to below 0.1, indicating that the conjugated sys-
tem maintaining aromaticity in FA molecules was directly attacked.
Meanwhile, in the 3D-EEM spectrum, the strong red fluorescence
in Region V weakened significantly at 5 min (Fig. 8a, b), further
confirming the cleavage of the three-dimensional conjugated
skeleton of FA macromolecules. In terms of reaction mechanism, h*
preferentially oxidises the phenolic hydroxyl groups with higher
electron density in FA molecules, while *O,~ specifically targets
conjugated double bonds. The two synergistically disrupt the
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Fig. 8 (a)-(d) 3D-EEM fluorescence spectra of FA during its degradation by BiOCl/MXene photocatalytic PMS activation at 0, 5, 15, and 30 min.
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macromolecular aggregated state of FA, decomposing it into small
molecule fragments containing local aromatic rings. The light trans-
mittance of the solution is significantly improved, laying the founda-
tion for subsequent deep oxidation. As FA degradation proceeds
(5-15 min), under the continuous action of h*, «O,~, and SO,~ (PMS-
activated product), the cleaved FA fragments enter the stage of
aromatic ring opening. Spectrally, SUVA,;, further decreased from
2.592 to below 0.8, and SUVA;45 dropped from 1.374 to 0.05, indicat-
ing the destruction of aromatic ring structures and the continuous
reduction of molecular volume and molecular weight. In the 3D-EEM
spectrum, while the fluorescence in Region V further attenuated,
weak fluorescence appeared in Region /1l (Fig. 8b, c), suggesting the
formation of small molecule intermediates containing amino and
carboxyl groups after aromatic ring opening. From the reaction
mechanism, SO, (standard reduction potential 2.6 V) attacks the
para/ortho C-C bonds of aromatic rings with its high oxidation
capacity, triggering ring-opening reactions. *OH assists in oxidising
ring-opening products to generate small molecules with multiple
carboxyl groups. The TOC removal rate reaches 30%-40% at this
stage, indicating that part of the organic carbon has begun to
convert to inorganic carbon. In the late stage (15-30 min), the core
process is the deep oxidation and partial mineralization of small
molecule intermediates, reflecting the mineralisation capacity of the
system. Spectral data show that all SUVAx values drop to low levels,
indicating the almost complete destruction of the aromatic struc-
ture of FA. In the 3D-EEM spectrum, the fluorescence signals in all
regions almost disappear (Fig. 8¢, d), demonstrating that the fluores-
cently active intermediates are completely oxidised into non-fluo-
rescent low-molecular-weight substances. In terms of products, the
carboxyl and hydroxyl groups in small molecule intermediates are
continuously oxidized by h* and SO,-, and the C-C bonds are
further cleaved, with part converting into CO, and H,0. The incom-
pletely mineralised part exists in the form of short-chain organic
acids such as acetic acid and formic acid (non-fluorescent and unde-
tectable by 3D-EEM). Therefore, the FA removal rate reaches 98.43%
while the TOC removal rate is only 49.95%.

The complete degradation pathway of FA in the system can be
summarised as: FA (macromolecular aromatic conjugated structure)
— h*/O,~-driven skeleton cleavage (chromophore destruction) —
SO, ~/*OH-mediated aromatic ring opening (small molecule inter-
mediate formation) — synergistic oxidation by active species
(partial mineralisation into CO, + H,0, residual short-chain organic
acids).

A BiOCl/MXene Schottky junction photocatalyst was successfully
developed for PMS activation and efficient FA degradation under
visible light. The introduction of MXene significantly increases the
specific surface area from 9.17 to 41.73 m? g~' and optimized the band
structure, facilitating charge separation and transfer. The composite
achieved nearly complete FA removal (98.43%) within 30 min,
exhibiting a reaction rate constant over three times higher than that of
pure BiOCI, while maintaining stable activity in real water matrices and
under complex ion conditions. Quenching experiments and EPR
analysis confirm that h* and <O,~ were the dominant active species,
revealing multi-pathway PMS activation at the heterojunction
interface. UV absorption and 3D-EEM analysis demonstrated effective
destruction of aromatic structures, with a TOC removal efficiency of
49.95%, evidencing strong mineralization capacity. Overall, this work
offers an effective strategy for designing recyclable and stable
photocatalysts and provides theoretical and technical support for
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advanced oxidation of refractory organics in complex water
environments.
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The authors confirm contributions to the paper as follows: Chenglong
Sun: writing — original draft, methodology, formal analysis, data
curation; Chunyan Yang: writing — review & editing, supervision, formal
analysis; Guie Li: validation; Qiu Yang: methodology; Changhong Zhan:
formal analysis; Guangshan Zhang: writing - review & editing,
conceptualization. All authors reviewed the results and approved the
final version of the manuscript.

The datasets used or analyzed during the current study are available
from the corresponding author upon reasonable request.

The work was supported by the National Natural Science Foundation
of China (Grant Nos 52370174, 52500009), Natural Science Foundation
of Shandong Province, China (Grant No. ZR2022ME128), and Harbin
Institute of Technology (Weihai) Qingdao Research Institute (Grant No.
IQTA10100026).

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to
influence the work reported in this paper.

'Qingdao Engineering Research Center for Rural Environment, College
of Resources and Environment, Qingdao Agricultural University,
Qingdao 266109, China; College of Architecture and Environment,
Sichuan University, Chengdu 610207, China; 3Harbin Institute of
Technology (Weihai) Qingdao Research Institute, Qingdao 266109,
China

[11  Hricikova S, Kozérova |, Hudakova N, Reitznerova A, Nagy J, et al. 2023.
Humic substances as a versatile intermediary. Life 13(4):858

[2] Qiao H, Liu Z, Peng X, Xian H, Cheng K, et al. 2024. Significance of
humic matters-soil mineral interactions for environmental remedia-
tion: a review. Chemosphere 365:143356

[31 Zhu X, Liu J, Li L, Zhen G, Lu X, et al. 2023. Prospects for humic acids
treatment and recovery in wastewater: a review. Chemosphere
312:137193

[4] Santamaria-Fernandez R, Cave MR, Hill SJ. 2003. The effect of humic
acids on the sequential extraction of metals in soils and sediments
using ICP-AES and chemometric analysis. Journal of Environmental
Monitoring 5(6):929-934

[5] Khurana P, Pulicharla R, Brar SK. 2024. Occurrence of imipenem in
natural water: effect of humic acid on its stability and transformation.
Science of The Total Environment 927:177846

Sunetal. | Volume2 | 2026 | 001


https://doi.org/10.48130/aee-0025-0014
https://doi.org/10.48130/aee-0025-0014
https://doi.org/10.48130/aee-0025-0014
https://doi.org/10.48130/aee-0025-0014
https://doi.org/10.48130/aee-0025-0014
https://doi.org/10.3390/life13040858
https://doi.org/10.1016/j.chemosphere.2024.143356
https://doi.org/10.1016/j.chemosphere.2022.137193
https://doi.org/10.1039/b306865j
https://doi.org/10.1039/b306865j
https://doi.org/10.1016/j.scitotenv.2024.177846
https://doi.org/10.48130/aee-0025-0014
https://doi.org/10.48130/aee-0025-0014
https://doi.org/10.48130/aee-0025-0014
https://doi.org/10.48130/aee-0025-0014
https://doi.org/10.48130/aee-0025-0014

https://doi.org/10.48130/aee-0025-0014

[6]

[7]

[8]

[9]

[10]

(111

2]

[13]

[14]

[18]

[16]

171

[18]

19l

[20]

[21]

[22]

[23]

Lin Q, Luo A, Yu C, Chen K, Hamid Y, et al. 2024. Insights into the role
of endogenous humic acid on antibiotics bioadsorption process in
wastewater: mechanisms and potential implications. Journal of Water
Process Engineering 64:105606

Yang C, Lai J, Li S, Wang J, Yang L, et al. 2024. Insight into the humic
acid/antibiotic complexation for boosting tetracycline degradation by
heterogeneous persulfate activation. Journal of Environmental Chemi-
cal Engineering 12(1):111712

Mzinyathi M, Muthuraj V, Ajala EO, Kakavandi B, Janse van Rensburg
SJ, et al. 2025. Chlorine dioxide drinking water pre-oxidation and disin-
fection: a review of its effectiveness, mechanisms, and disinfection by-
products. Desalination and Water Treatment 323:101340

Nguyen HVM, Lim HB, Hur J, Shin HS. 2026. Hydrophobic neutral
dissolved organic matter: first insights into compositional changes and
formation of disinfection by-products induced by rainfall and degrada-
tion. Journal of Environmental Sciences 161:307-319

Wang Q, Luo W, Huang K, Li H, Xu Q. 2025. Unveiling the impact of
initial pH on humic acid degradation using ultraviolet light-activated
peroxydisulfate in landfill leachate treatment. Journal of Environmen-
tal Chemical Engineering 13(5):119062

Verma Y, Sharma G, Igbal J, Naushad M, Lai CW, et al. 2024. Recent
advances in transition metal-based photocatalytic heterojunctions for
algal inhibition and water disinfection: a review. Materials Today
Sustainability 28:101041

Ma J, Ding N, Liu H. 2023. Research progress in photocatalytic acti-
vated persulfate degradation of antibiotics by bismuth-based photo-
catalysts. Separation and Purification Technology 324:124628

Yaah VBK, Quimbayo JSM, Ahmadi S, Lempelto A, Sliz R, et al. 2025.
One-pot co-precipitation of enhanced visible light active BiOCl based
photocatalysts: characterization, mechanism and DFT modelling. /nor-
ganic Chemistry Communications 182(3):115699

Anwar S, Aslam Z, Aslam U, Mehmood U, Rana AG, et al. 2026.
Advances and challenges in photocatalytic water splitting: recent
developments and trends. Fuel 404(B):136280

Cao M, Xu P, Tian K, Shi F, Zheng Q, et al. 2023. Recent advances in
microwave-enhanced advanced oxidation processes (MAOPs) for
environmental remediation: a review. Chemical Engineering Journal
471:144208

Hassani A, Pourshirband N, Sayyar Z, Eghbali P. 2025. Fenton and
Fenton-like-based advanced oxidation processes. In Innovative and
Hybrid Advanced Oxidation Processes for Water Treatment, ed.
Hamdaoui O. Amsterdam: Elsevier. pp. 171-203 doi: 10.1016/B978-0-
443-14100-3.00006-5

Li S, Zhang T, Zheng H, Dong X, Leong YK, et al. 2024. Advances and
challenges in the removal of organic pollutants via sulfate radical-
based advanced oxidation processes by Fe-based metal-organic
frameworks: a review. Science of The Total Environment 926:171885
Wang L, Tang Y, Wang P, Fu Y, Xu C, et al. 2025. Radical generation in
thermally activated peroxydisulfate process with temperature thresh-
old as low as 45 °C. Chemical Engineering Journal 526:171071

Zhang J, Li Z, Lei Q, Zhong D, Ke Y, et al. 2023. Significantly activated
persulfate by novel carbon quantum dots-modified N-BiOCl for
complete degradation of bisphenol-a under visible light irradiation.
Science of The Total Environment 870:161804

Pu C, Lu G, Qi H, Isaev AB, Zhu M. 2023. Enhanced persulfate activation
process by magnetically separable catalysts for water purification: a
review. Chinese Journal of Structural Chemistry 42(6):100093

Wang W, Zhou S, Zhu Y, Li W. 2025. A g-C3N,/BiOl heterojunction acti-
vated persulfate (PDS) for photocatalytic degradation of tetracycline in
water/wastewater. Chemical Engineering Science 315:121881

Wang J, Chang X, Zhao Y, Xu H, He G, et al. 2022. A novel Bi,WO/
BiOBr/RGO photocatalyst for enhanced degradation of ciprofloxacin
under visible light irradiation: performance, mechanism and toxicity
evaluation. Diamond and Related Materials 128:109274

Naderi A, Sagadevan S, Rezaei Kalantary R, Kakavandi B, Pelalak R, et al.
2026. Heterogeneous sulfate radical-based advanced oxidation pro-
cess for the efficient pharmaceutical wastewater treatment: perfor-
mance, practicability, and mechanism. Journal of Colloid and Interface
Science 703:139106

Sunetal. | Volume2 | 2026 | e001

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

Agricultural Ecology
and Environment

Ouyang L, Wang H, Duan L, Zhang J, Jiang S, et al. 2025. Synergistic
photocatalytic degradation of tetracycline by Fe(ll)/PMS and g-C3Ns/
BiVO, S-scheme heterojunction: mechanism and performance.
Diamond and Related Materials 158:112640

Alhammadi S, Kang S, Ryu DG, Mady AH, Azhar MHA, et al. 2024.
Magnesium incorporation-mediated formation of oxygen vacancies in
zinc ferrite for PMS activation toward effective photocatalytic 4-nitro-
phenol degradation. Applied Surface Science 677:161064

Hassani A, Varank G, Eghbali P, Can-Glven E, Guvenc SY, et al. 2025.
Ultrasound-assisted oxidants for the degradation of organic pollu-
tants: a state-of-the-art mechanistic review. Journal of Environmental
Chemical Engineering 13(3):116682

Xu Z, Zhang C, Zhang Y, Gu Y, An Y. 2022. BiOCl-based photocatalysts:
synthesis methods, structure, property, application, and perspective.
Inorganic Chemistry Communications 138:109277

Xie K, Xu S, Xu K, Hao W, Wang J, et al. 2023. BiOCI Heterojunction
photocatalyst: construction, photocatalytic performance, and applica-
tions. Chemosphere 317:137823

Yang C, Rong Q, Shi F, Cao M, Li G, et al. 2024. Rationally designed S-
scheme heterojunction of BiOCl/g-C3N, for photodegradation of
sulfamerazine: mechanism insights, degradation pathways and DFT
calculation. Chinese Chemical Letters 35(12):109767

Tian W, Chen S, Zhang H, Wang H, Wang S. 2022. Sulfate radical-based
advanced oxidation processes for water decontamination using
biomass-derived carbon as catalysts. Current Opinion in Chemical Engi-
neering 37:100838

Li X, Jie B, Lin H, Deng Z, Qian J, et al. 2022. Application of sulfate radi-
cals-based advanced oxidation technology in degradation of trace
organic contaminants (TrOCs): recent advances and prospects. Journal
of Environmental Management 308:114664

Tian Y, Chu M, Yang J, Yao S, Li S. 2025. Advances in single/dual-atom
catalysts for activating persulfate applied to organic pollutant degra-
dation: the critical role of active site configuration. Resources Chemi-
cals and Materials 2025:In press, journal pre-proof

Yu CB, Xu C, He L, Huang WY, Yang K, et al. 2025. Trigger efficient per-
oxydisulfate-assisted photocatalysis by S-scheme Co30,/BiOCl hetero-
junctions: Vital roles of Co**/Co3* redox centers and oxygen vacancies.
Journal of Environmental Chemical Engineering 13(6):119195

Li G, Yang C, Yang Q, Zheng Q, Li M, et al. 2026. A magnetically recy-
clable CoFe,0,/BiOBr S-scheme heterojunction for efficient photocat-
alytic degradation of diuron: performance, durability and mechanism
exploration. Chinese Chemical Letters 37(1):111207

Ma C, Mi X, Li P, He Z, Wang H. 2024. Photo-assisted oxygen-rich
vacancy copper oxide catalyst to activate peroxymonosulfate (PMS)
for efficient degradation of fulvic acid. Journal of Water Process Engi-
neering 66:106060

Valenti-Quiroga M, Cabrera-Codony A, Emiliano P, Valero F, Monclus H,
et al. 2024. In-depth analysis of natural organic matter fractions in
drinking water treatment performance: fate and role of humic
substances in trihalomethanes formation potential. Science of The Total
Environment 954:176600

Wu J, Zhao L, Gao X, Li Y. 2025. Multiscale structural regulation of Two-
Dimensional materials for photocatalytic reduction of CO,. Progress in
Materials Science 148:101386

He Q, Gao K, Ding P, Zhang L, Yang J, et al. 2025. Bimetallic cocatalyst
for synergistic enhancement of Bi,TaOgCl/TisC,—MXene@PtPd Ohm
junctions photocatalytic hydrogen evolution performance. Separation
and Purification Technology 379(3):135086

Sharma G, Kumar A, Sharma S, Naushad M, Vo DVN, et al. 2022. Visible-
light driven dual heterojunction formed between g-C3N,/BiOCl@
MXene-Ti;C, for the effective degradation of tetracycline. Environmen-
tal Pollution 308:119597

Chen Z, Ma Y, Chen W, Tang Y, Li L, et al. 2023. Enhanced photocat-
alytic degradation of ciprofloxacin by heterostructured BiOCI/Ti;C,T,
MXene nanocomposites. Journal of Alloys and Compounds 950:169797
Ding T, Hu Y, Nie Z, Zheng M, Huang Y. 2025. Construction of nitrogen-
doped graphene/BiOCl Schottky heterojunction for efficient

page 150f 16


https://doi.org/10.1016/j.jwpe.2024.105606
https://doi.org/10.1016/j.jwpe.2024.105606
https://doi.org/10.1016/j.jece.2023.111712
https://doi.org/10.1016/j.jece.2023.111712
https://doi.org/10.1016/j.jece.2023.111712
https://doi.org/10.1016/j.dwt.2025.101340
https://doi.org/10.1016/j.jes.2025.08.022
https://doi.org/10.1016/j.jece.2025.119062
https://doi.org/10.1016/j.jece.2025.119062
https://doi.org/10.1016/j.jece.2025.119062
https://doi.org/10.1016/j.mtsust.2024.101041
https://doi.org/10.1016/j.mtsust.2024.101041
https://doi.org/10.1016/j.seppur.2023.124628
https://doi.org/10.1016/j.inoche.2025.115699
https://doi.org/10.1016/j.inoche.2025.115699
https://doi.org/10.1016/j.fuel.2025.136280
https://doi.org/10.1016/j.cej.2023.144208
https://doi.org/10.1016/B978-0-443-14100-3.00006-5
https://doi.org/10.1016/B978-0-443-14100-3.00006-5
https://doi.org/10.1016/B978-0-443-14100-3.00006-5
https://doi.org/10.1016/B978-0-443-14100-3.00006-5
https://doi.org/10.1016/B978-0-443-14100-3.00006-5
https://doi.org/10.1016/B978-0-443-14100-3.00006-5
https://doi.org/10.1016/B978-0-443-14100-3.00006-5
https://doi.org/10.1016/B978-0-443-14100-3.00006-5
https://doi.org/10.1016/B978-0-443-14100-3.00006-5
https://doi.org/10.1016/B978-0-443-14100-3.00006-5
https://doi.org/10.1016/B978-0-443-14100-3.00006-5
https://doi.org/10.1016/j.scitotenv.2024.171885
https://doi.org/10.1016/j.cej.2025.171071
https://doi.org/10.1016/j.scitotenv.2023.161804
https://doi.org/10.1016/j.cjsc.2023.100093
https://doi.org/10.1016/j.ces.2025.121881
https://doi.org/10.1016/j.diamond.2022.109274
https://doi.org/10.1016/j.jcis.2025.139106
https://doi.org/10.1016/j.jcis.2025.139106
https://doi.org/10.1016/j.diamond.2025.112640
https://doi.org/10.1016/j.apsusc.2024.161064
https://doi.org/10.1016/j.jece.2025.116682
https://doi.org/10.1016/j.jece.2025.116682
https://doi.org/10.1016/j.inoche.2022.109277
https://doi.org/10.1016/j.chemosphere.2023.137823
https://doi.org/10.1016/j.cclet.2024.109767
https://doi.org/10.1016/j.coche.2022.100838
https://doi.org/10.1016/j.coche.2022.100838
https://doi.org/10.1016/j.coche.2022.100838
https://doi.org/10.1016/j.jenvman.2022.114664
https://doi.org/10.1016/j.jenvman.2022.114664
https://doi.org/10.1016/j.recm.2025.100166
https://doi.org/10.1016/j.recm.2025.100166
https://doi.org/10.1016/j.recm.2025.100166
https://doi.org/10.1016/j.jece.2025.119195
https://doi.org/10.1016/j.cclet.2025.111207
https://doi.org/10.1016/j.jwpe.2024.106060
https://doi.org/10.1016/j.jwpe.2024.106060
https://doi.org/10.1016/j.jwpe.2024.106060
https://doi.org/10.1016/j.scitotenv.2024.176600
https://doi.org/10.1016/j.scitotenv.2024.176600
https://doi.org/10.1016/j.pmatsci.2024.101386
https://doi.org/10.1016/j.pmatsci.2024.101386
https://doi.org/10.1016/j.seppur.2025.135086
https://doi.org/10.1016/j.seppur.2025.135086
https://doi.org/10.1016/j.envpol.2022.119597
https://doi.org/10.1016/j.envpol.2022.119597
https://doi.org/10.1016/j.jallcom.2023.169797
https://doi.org/10.48130/aee-0025-0014
https://doi.org/10.48130/aee-0025-0014
https://doi.org/10.48130/aee-0025-0014
https://doi.org/10.48130/aee-0025-0014
https://doi.org/10.48130/aee-0025-0014

Agricultural Ecology
and Environment

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[62]

[63]

[54]

[565]

[56]

[57]

[58]

photocatalytic degradation and CO, reduction. Environmental
Research 264(1):120315

Cao M, Xu P, Shi F, Li G, Zhang G, et al. 2024. Ultra-Fast atrazine degra-
dation through synergistic enhancement: exploring the synergistic
mechanism of CoFe,0,/MXene and thermal on peroxymonosulfate
activation. Chemical Engineering Journal 497:154388

Cheng X, Liao J, Xue Y, Lin Q, Yang Z, et al. 2022. Ultrahigh-flux and
self-cleaning composite membrane based on BiOCI-PPy modified
MXene nanosheets for contaminants removal from wastewater. Jour-
nal of Membrane Science 644:120188

Khan S, Ahmad W, Akhtar N, Shah R, Ali A, et al. 2025. Cutting-edge
research progress in synthesis and applications of MXene-based
nanocomposites for water purification: a comprehensive review. Jour-
nal of Environmental Chemical Engineering 13(6):119941

Bi F, Jiang Z, Wang M, Lin Q, Liu X, et al. 2025. Enhanced remediation of
cadmium-contaminated farmland by smooth vetch (Vicia villosa var.)
coupled with phosphorus/sulfur co-doped biochar: synergetic perfor-
mance and mechanism. Journal of Cleaner Production 496:144986

Mu F, Dai B, Dai C, Chu X, Xu J, et al. 2025. Novel 2D/1D MXene/BisO,I
Schottky junction for photocatalytic degradation of bisphenol AF by
peroxymonosulfate-assisted photocatalysis. Chinese Chemical Letters
2025:In press, journal pre-proof

Xia L, Zhang K, Wang X, Guo Q, Wu Y, et al. 2023. 0D/2D Schottky junc-
tion synergies with 2D/2D S-scheme heterojunction strategy to
achieve uniform separation of carriers in 0D/2D/2D quasi CNQDs/
TCN/ZnlIn,S, towards photocatalytic remediating petroleum hydrocar-
bons polluted marine. Applied Catalysis B: Environmental 325:122387

Li H, Wang C, Li X, Zhang L, Wang Z. 2023. MXene-induced electronic
structure modulation in BiOCl for boosting peroxymonosulfate activa-
tion under visible light: a combined experimental and DFT study. Envi-
ronmental Science & Technology 57:11837—-11847

Wang Q, Yu M, Xu W, Li D, Lin X, et al. 2025. Photo-generation of hole
dominated selective degradation of hydrophobic organic pollutants
with tetracyanoquinodimethane (TCNQ)-modified BiOlO; catalyst.
Chemical Engineering Journal 504:159036

JinL, YouS, Ren N, Liu Y. 2023. Selective activation of peroxymonosul-
fate to singlet oxygen by engineering oxygen vacancy defects in
Ti;CNTyx MXene for effective removal of micropollutants in water.
Fundamental Research 3(5):770-776

Zhong KQ, Zhang HC, Xie DH, Guo PC, Zhang X, et al. 2025. Boosting
carbonate radicals production to enhance photocatalytic Degradation
of micropollutants. Water Research 287(B):124441

Liu J, Yuan X, Dong H, Sans C. 2025. Progress in MnO,/MnO,-based
materials catalytic ozonation process for water and wastewater treat-
ment. Journal of Environmental Management 383:125493

Wang W, Zhang S, Cui Z, Gao F, Tai Y, et al. 2025. Enhanced photocat-
alytic ozonation of bisphenol A using Ce doped Bi-MOF derived
oxygen-rich vacancies Bi,03/CeO,. Separation and Purification Technol-
ogy 364:132350

Zhang Z, Lin J, Liu J, Li L, Zhuang W, et al. 2025. Effect of CI~ on acti-
vated peroxymonosulfate based advanced oxidation process: transfor-
mation of radicals and mechanism of singlet oxygen generation. Sepa-
ration and Purification Technology 367:132821

Ye J, Ren M, Qian J, Li X, Chen Q. 2025. Advances in graphene quan-
tum dots-based photocatalysts for enhanced charge transfer in photo-
catalytic reactions. Chinese Chemical Letters 36(9):110857

Singh A, Dhau J, Kumar R, Badru R, Singh P, et al. 2024. Tailored carbon
materials (TCM) for enhancing photocatalytic degradation of polyaro-
matic hydrocarbons. Progress in Materials Science 144:101289
Ruiz-Castillo AL, Hinojosa-Reyes M, Camposeco R, Hinojosa-Reyes L.
2026. Advances in Bi,Os-based photocatalysts: a review on synergistic
modifications and wastewater treatment applications. /Inorganic Che-
mistry Communications 183(1):115730

Lgaz H, Lee HS, Boukhlifi F, Messali M. 2026. Tetrabromobisphenol A
(TBBPA) remediation: state-of-the-art mechanistic insights, innovative
technologies, and sustainable management approaches. Separation
and Purification Technology 382(3):135905

page 16 0of 16

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

https://doi.org/10.48130/aee-0025-0014

Orimolade BO, Peleyeju MG, Yusuf TL. 2026. A comprehensive review
on bismuth-based ternary heterojunctions in photocatalytic waste-
water treatment. Journal of Environmental Management 397:128319
Amani AM, Abbasi M, Najdian A, Mohamadpour F, Kasaee SR, et al.
2025. MXene-based materials for enhanced water quality: advances
in remediation strategies. Ecotoxicology and Environmental Safety
291:117817

Erdem NG, Simsek EB. 2025. Engineering MXene based MWO, (M = Cu,
Ni, Co) catalysts for dual-functional photocatalysis: Insights into waste-
water remediation and hydrogen production. Surfaces and Interfaces
75:107786

Liu Y, Wang P, Yin C, Xu C, Kang X, et al. 2025. Strategy for enhancing
the degradation of tetracycline - a typical refractory antibiotic by Z-
type heterojunction g-C3Ns/BiOCl under visible light: electron capture
effect of PDS. Journal of Environmental Chemical Engineering
13(2):115565

Kaur M, Hait P, Basu S. 2025. Flower-like NiAI-LDH/BiVO, Z-scheme
photocatalysts for sunlight-driven degradation of azo dye: perfor-
mance and mechanistic insights. RSC Advances 15(44):37166—37182
Zhang H, Tian L, Han J, Wei Z, Wu Z, wt al. 2024. Insights into the PMS
activation towards phenol removal mechanism by a Ti;C,-MXene
doped BiVO, photocatalyst. Colloids and Surfaces A: Physicochemical
and Engineering Aspects 698:134561

Lin L, Xie D, Xu L, Huang Y, Qing XD, et al. 2023. One-step synthesis of
floatable BiOCI/BiOBr@FACs enriched in oxygen vacancies for
improved photocatalytic activity via peroxymonosulfate activation.
Colloids and Surfaces A: Physicochemical and Engineering Aspects
676:132165

Mu FH, Yang H, Xu SP, Chu XZ, Dai BL, et al. 2025. Peroxymonosulfate-
assisted layered MXene/flower-like C-doped SnS, Schottky junction
photocatalyst for ciprofloxacin effective degradation. Journal of Alloys
and Compounds 1039:183354

Shen T, Wang P, Shi F, Xu P, Zhang G. 2024. Metal foam-based func-
tional materials application in advanced oxidation and reduction
processes for water remediation: design, mechanisms, and prospects.
Chemical Engineering Journal 500:156825

Grzegorska A, Ofoegbu JC, Cervera-Gabalda L, Gomez-Polo C, Sannino
D, et al. 2023. Magnetically recyclable TiO,/MXene/MnFe,0, photocat-
alyst for enhanced peroxymonosulphate-assisted photocatalytic
degradation of carbamazepine and ibuprofen under simulated solar
light. Journal of Environmental Chemical Engineering 11(5):110660

Qu JH, Wang JY, Li ZR, Wang JC, Liu YT, et al. 2025. Surfactant-Trig-
gered Alkyl-like Radical Formation in Anaerobic Thermally Activated
Persulfate System for Deep Removal of Highly Chlorinated Contami-
nants. Environmental Science & Technology 59(50):27730-27739

Ye F, Wang JR, Ding Y, Bai JW, Shi Y, et al. 2025. Photoswitching-modu-
lated interfacial electron transfer in single-atom Co-TiO, for enhanced
pollutant mineralization in persulfate-based AOPs. Environmental
Science & Technology 59(33):17869—-17880

Xiao T, Hou JW, Zhang SX, Liu DP, Gao HJ, et al. 2025. Two-Dimen-
sional Heterospectral Correlation Analysis Elucidates Photodegrada-
tion Pathways of Riverine Dissolved Organic Matter Using
Excitation-Emission Matrix and Ultraviolet Spectroscopy. Analytical
Chemistry 97(30):16346—16354

Wu W, Gao Y, Zhang J, Li L, Li Y, et al. 2024. Humic acid removal by
persulfate activated with UV combined with magnetic ion exchange
resin: performance and mechanism. The Chinese Journal of Process
Engineering 24(5):566—579 (in Chinese)

Copyright: © 2026 by the author(s). Published by
Maximum Academic Press, Fayetteville, GA. This article

is an open access article distributed under Creative Commons
Attribution License (CC BY 4.0), visit https://creativecommons.org/
licenses/by/4.0/.

Sunetal. | Volume2 | 2026 | 001


https://doi.org/10.1016/j.envres.2024.120315
https://doi.org/10.1016/j.envres.2024.120315
https://doi.org/10.1016/j.cej.2024.154388
https://doi.org/10.1016/j.memsci.2021.120188
https://doi.org/10.1016/j.memsci.2021.120188
https://doi.org/10.1016/j.jece.2025.119941
https://doi.org/10.1016/j.jece.2025.119941
https://doi.org/10.1016/j.jclepro.2025.144986
https://doi.org/10.1016/j.cclet.2025.111866
https://doi.org/10.1016/j.apcatb.2023.122387
https://doi.org/10.1021/acs.est.3c02178
https://doi.org/10.1021/acs.est.3c02178
https://doi.org/10.1016/j.cej.2024.159036
https://doi.org/10.1016/j.fmre.2022.03.005
https://doi.org/10.1016/j.watres.2025.124441
https://doi.org/10.1016/j.jenvman.2025.125493
https://doi.org/10.1016/j.seppur.2025.132350
https://doi.org/10.1016/j.seppur.2025.132350
https://doi.org/10.1016/j.seppur.2025.132350
https://doi.org/10.1016/j.seppur.2025.132821
https://doi.org/10.1016/j.seppur.2025.132821
https://doi.org/10.1016/j.cclet.2025.110857
https://doi.org/10.1016/j.pmatsci.2024.101289
https://doi.org/10.1016/j.inoche.2025.115730
https://doi.org/10.1016/j.inoche.2025.115730
https://doi.org/10.1016/j.inoche.2025.115730
https://doi.org/10.1016/j.seppur.2025.135905
https://doi.org/10.1016/j.seppur.2025.135905
https://doi.org/10.1016/j.jenvman.2025.128319
https://doi.org/10.1016/j.ecoenv.2025.117817
https://doi.org/10.1016/j.surfin.2025.107786
https://doi.org/10.1016/j.jece.2025.115565
https://doi.org/10.1039/d5ra06146f
https://doi.org/10.1016/j.colsurfa.2024.134561
https://doi.org/10.1016/j.colsurfa.2024.134561
https://doi.org/10.1016/j.colsurfa.2023.132165
https://doi.org/10.1016/j.jallcom.2025.183354
https://doi.org/10.1016/j.jallcom.2025.183354
https://doi.org/10.1016/j.cej.2024.156825
https://doi.org/10.1016/j.jece.2023.110660
https://doi.org/10.1021/acs.est.5c09101
https://doi.org/10.1021/acs.est.5c04734
https://doi.org/10.1021/acs.est.5c04734
https://doi.org/10.1021/acs.analchem.5c01963
https://doi.org/10.1021/acs.analchem.5c01963
https://doi.org/10.12034/j.issn.1009-606X.223268
https://doi.org/10.12034/j.issn.1009-606X.223268
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.48130/aee-0025-0014
https://doi.org/10.48130/aee-0025-0014
https://doi.org/10.48130/aee-0025-0014
https://doi.org/10.48130/aee-0025-0014
https://doi.org/10.48130/aee-0025-0014

	Introduction
	Experimental section
	Chemicals
	Fabrication of BiOCl/MXene
	Characterization
	Evaluation of catalytic performance
	Analytical methods

	Results and discussion
	Characterization
	Performance of the photocatalytic-PMS system
	Photocatalysis-PMS synergistic effect
	Influence and optimization of reaction conditions
	Reusability and universality

	Mechanistic insights into the photocatalytic-PMS system
	Band structure and charge separation efficiency
	Identification of dominant reactive species
	Proposed synergistic mechanism

	Degradation process analysis of FA
	Aromaticity loss and mineralization
	Fluorescence spectral evolution of intermediate products


	Conclusions
	Supplementary information
	Author contributions
	Data availability
	Funding
	Declarations
	Competing interests

	References

