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Traditional Fenton-like catalysts suffer from low efficiency and poor catalytic activity. In this study, Zn-
modified a-Fe,Oz (FZ13) catalysts were prepared using a hydrothermal method, and their catalytic
performance was evaluated for activating peroxymonosulfate (PMS) to degrade tetracycline (TC) under
visible light. The results showed that the degradation efficiency of TC in the FZ13 + PMS + light system
reached 84% (FZ13: 0.3 g L™, PMS: 3 mM, TC concentration: 40 mg L™, temperature: 25 °C, pH: 5.5),
with a rate constant (k) of 0.0642 min~%, which is 1.6 times higher than that of the unmodified a-Fe,Oz +
PMS + light system. The heterojunction structure of FZ13 forms Fe—O-Zn bonds, enhancing electron
transport efficiency, approximately 2.17 times that of the unmodified a-Fe,Osz and improving the
separation of photogenerated electron—hole pairs. Additionally, FZ13 exhibits a high redox capacity,
promoting electron transport and charge transfer. DFT calculations confirm that the adsorption energy
of FZ13 (-5.826 eV) is higher than that of a-Fe,O3z (—4.6 eV), with FZ13 exhibiting metallic characteristics
and a more stable hybrid peak further from the Fermi level. In the FZ13 + PMS + light system, the
complex FZ13/PMS* is formed, which facilitates electron transfer and promotes the degradation of TC.
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1. Introduction

The peroxymonosulfate (PMS)-based oxidation process has
emerged as a cutting-edge technology for degrading various
organic pollutants and mitigating wastewater pollution by
generating reactive oxygen species (ROS) and promoting non-
radical pathways.! Sulfate radicals (SO, ) and hydroxyl radi-
cals ("OH), which are generated by PMS activation, possess high
redox potentials (SO, ": 2.5-3.1 V, 'OH: 1.8-2.7 V), long half-
lives (SO, : 30-40 ps, "OH: 20 ns), and a wide operational pH
range, making them highly effective in pollutant degradation.>™*
Among existing activation methods, transition metal oxides
have shown promising results in PMS activation.
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a feasible strategy for photo-assisted activation of PMS using Fenton-like catalysts.

Iron oxides, particularly, have been widely studied for PMS
activation due to their low toxicity, low cost, and abundance as
the second most common metal on Earth.*>® But many defects
are exposed with only iron oxide activation of PMS, such as low
efficiency, weak catalytic activity, low conversion efficiency from
Fe*' to Fe?"/M"™" to M(""™" (M = other transition metals), poor
repeatability after use, etc., which are the limiting factors of the
Fenton reaction.” Thus, FeMO, bimetallic catalyst activation of
PMS has been proven to be an effective strategy for enhancing
its performance. These catalysts promote an increase in the
specific surface area, facilitate rapid O-O bond cleavage in PMS,
enhance the conversion of Fe*" to Fe**, and improve electron
transfer, while also regulating the adsorption model of reactant
molecules.”*** Furthermore, FeMO, bimetallic catalysts can
enhance the free radical pathway to accelerate the rate of ROS
production. Meanwhile, they can also enhance the non-free
radical pathway.” The barrier of O-O bond breakage in PMS
is effectively dropped through the interaction between Fe and M
bimetals, thus accelerating the decomposition of the system to
produce more singlet oxygen (*O,), and promoting the O-H
bond breakage in PMS to form high-valent metal oxides with Fe/
M." In this regard, investigating an outstanding FeMO, bime-
tallic catalyst that can remarkably lower the activated PMS
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barrier, or increase ROS generation and enhance non-free
radical pathways is a decisive task.

Recently, coupling photo-assisted activation of PMS has
been proposed as an effective strategy for enhancing pollutant
degradation. The electron transfer rate under visible light
determines the efficiency of ROS generation during PMS acti-
vation.™ Visible light stimulation increases electron generation,
thereby improving PMS activation performance.">*® Further-
more, PMS acts as an electron acceptor, enhancing the sepa-
ration and transfer of photoexcited carriers, which maximizes
the utilization of both PMS and catalysts.”” ZnO, has been
widely studied for its visible light photocatalytic properties.****
However, ZnO,'s wide band gap structure and high carrier
recombination rate limit its efficiency as a PMS activator.”®
These drawbacks hinder the practical application of ZnO, in
PMS activation.*® Combining ZnO, with FeO, to form a hetero-
junction structure has been shown to improve photocatalytic
performance and enhance PMS activation activity.*»** Hetero-
junctions improve electron transfer in photo-assisted PMS
activation systems, facilitate the separation of photogenerated
electron-hole pairs, and increase the specific surface area of
composites while reducing the metal ion leaching rate.>***

Inspired by these findings, a-Fe,O; was modified by intro-
ducing a Zn precursor (FZ13) through a hydrothermal method
in this study. The catalytic performance of these materials was
evaluated for tetracycline (TC) degradation via PMS activation
under visible light. The role of Zn modification in enhancing
the photo-assisted activation of PMS by FZ13 was explored, and
the mechanism behind TC degradation in the FZ13 + PMS +
light system was elucidated. Finally, the broad applicability of
the FZ13 + PMS + light system was discussed.

2. Experimental
2.1 Reagents and methods

All reagents are analytical grade. Details of the reagents and
methods used are provided in S1 and S2.7

2.2 Characterization

The performance of the catalyst is evaluated by characteriza-
tion. The methods are described in S3.7

2.3 DFT calculations

The adsorption energy, differential charge density (DCD), and
density of states (DOS) of the catalyst were investigated through
DFT calculations. Detailed information regarding the DFT
calculations is presented in S4.F

2.4 Catalyst preparation

The preparation method for a-Fe,O; is outlined in S5.t

The synthesis steps of Fe/Zn bimetallic catalysts are as
follows. 1.365 g of FeCl;-6H,0, 2.789 g of CH3;COONa, and
varying amounts of Zn(CH;COO),-2H,0 were added to a 93.3%
50 mL ethanol solution. The pH of the mixed solution is
approximately 4. The mixture was stirred for 30 minutes until it
became homogeneous (rotational speed: 200-250 rpm). Then,
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the solution was transferred to a homogeneous reactor and
hydrothermally treated at 180 °C for 12 hours. After the reac-
tion, the mixture was cooled to room temperature, washed
several times with deionized water and anhydrous ethanol, and
dried in an oven at 60 °C for 12 hours to obtain the catalyst. The
resulting Fe/Zn bimetallic catalysts were named based on the
molar ratio of Fe to Zn (e.g., FZXX), with the specific samples
being labeled FZ31, ¥Z21, FZ11, FZ12, FZ13, and FZ14.

2.5 Experimental procedure

All experiments were conducted in a 500 mL beaker containing
the solution to be degraded. Two LED lamps were positioned
around the beaker to irradiate the solution with visible light
(wavelength A = 405 nm, light intensity = 24 pmol m™2 s™%).
During the reaction, 2 mL samples were withdrawn at regular
intervals and filtered using a 0.22 um polyether sulfone
membrane filter to determine the absorbance.

The catalytic performance was initially evaluated through
characterization, control experiments, and cycling experiments.
The reaction mechanism was further elucidated through
quenching experiments, electrochemical tests, and DFT calcu-
lations. Finally, possible reaction pathways and the toxicity of
intermediate products were investigated using LC-MS and the
Toxicity Estimation Software Tool (T.E.S.T.).

The composition of the electron-coupled oxidation system
(GOS) is shown in S6.7

3. Results and discussion
3.1 Characterization

The preparation process of the FZ13 catalyst is shown in
Fig. 1(a). The morphology of the o-Fe,O; catalyst appears as
elliptical disks (Fig. 1(b) and (c)). In contrast, the FZ13 catalyst
exhibits an irregular morphology with a porous structure, and
its surface changes from smooth to rough, as observed in
Fig. 1(d) and (e). The elemental mapping images (Fig. 1(f)-(i))
confirm the uniform distribution of C, Fe, O, and Zn in the FZ13
catalyst.

Further analysis was conducted through TEM and HRTEM to
investigate the differences between a-Fe,O; and FZ13, their
morphology, corresponding crystal planes, and plane spacing
under high magnification. a-Fe,O; also appears in an elliptical
disk under high magnification, consistent with the SEM results.
The a-Fe,O; plane is 0.25 nm, and it is proved to be the (110)
crystal plane, as shown in Fig. Si(a) and (b). TEM was per-
formed to observe the morphology of FZ13, and it is found to be
granular, which is consistent with SEM results (Fig. 1(j)).
Furthermore, its possible reaction crystal planes are analyzed
via HRTEM, as displayed in Fig. 1(k) and (). The spacing
between the two typical crystal planes is 0.24 nm and 0.26 nm,
which is closely related to the ZnO(101) crystal plane and
FeCOj3(104) crystal plane.

The crystal structure of the prepared catalyst was character-
ized by XRD, as displayed in Fig. 2(a). Two distinct characteristic
peaks of a-Fe,O; are detected at 34.98° and 61.66°, matching
the Fe,O3 phase (JCPDS no. 33-0664). For the FZ13 composite
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Fig.1 (a) FZ13 catalyst preparation process; (b and c) SEM of a-Fe,Os; (d and e) SEM of FZ13; (f—i) mapping images of FZ13; (j) TEM and (k and 1)

HRTEM of FZ13.

catalysts prepared by the hydrothermal method, Zn modifica-
tion leads to notable changes in the phase structure of the
original catalyst. Specifically, distinct peaks appear at 31.88°,
36.6°, 45.8°, 56.92°, 66.46° and 75.48° for FZ13 composites,
which are attributed to FeCO3(104), ZnO(101), Fe(111),
Zn0(110), ZnO(200), FeCO3(217) crystal planes, respectively.

Additionally, the functional groups of different materials
were detected by FT-IR (Fig. 2(b)). For a-Fe,03, a characteristic
tensile vibration peak is observed between 400 and 650 cm ™',
corresponding to the Fe-O bond. The FZXX composite materials
exhibit characteristic peaks at approximately 3440 cm *,
1570 cm™, and 1430 cm ™!, which are related to the H-O-H and
O-H bonds of adsorbed water on the surface.*® The tensile
vibration peaks between 400 cm ™' and 600 cm™ ' belong to the
Fe-O-Zn bond.”*

The chemical states of a-Fe,O; and FZ13 were further
researched by XPS, as demonstrated in Fig. 2(c). The XPS
spectrum reveals a new peak at 1020 eV for FZ13, corresponding
to Zn 2p, which is absent in a-Fe,O3. In comparison to the Fe 2p
high-resolution spectrum, the Fe 2p,,, Fe 2ps,, and satellite

This journal is © The Royal Society of Chemistry 2025

peaks in FZ13 shift, as displayed in Fig. 2(d). Notably, FZ13 has
a small but distinct peak at 710.2 eV, which is assigned to Fe®,
indicating the partial reduction of Fe*" under the influence of
the heterojunction.”® This is attributed to increased local elec-
tron density due to the Fe-O-Zn bond environment, which
facilitates electron transfer and results in the partial conversion
of Fe’* to Fe* and Fe® to maintain charge neutrality.”®
Compared with pristine o-Fe,O3;, FZ13 exhibits a higher Fe**/
Fe’" ratio and the emergence of Fe°, implying enhanced redox
activity. These reduced iron species (Fe*" and Fe®) are known to
act as active sites for PMS activation, promoting radical gener-
ation and improving catalytic performance.*

To understand the effect of Zn modification on the catalytic
performance of the composites, N, adsorption-desorption
isothermal curves were analyzed to evaluate the specific surface
area and mesoporosity of different materials. As depicted in
Fig. S2(a)-(g) and Table S1,} the specific surface area of the
FZXX composites increases, while the pore volume and average
pore diameter decrease to varying extents after Zn modification,
suggesting a high number of oxygen vacancies in the

J. Mater. Chem. A, 2025, 13, 25829-25841 | 25831


https://doi.org/10.1039/d5ta03221k

Published on 27 June 2025. Downloaded by Y unnan University on 8/6/2025 6:01:44 AM.

View Article Online

Journal of Materials Chemistry A Paper
(a) — o (b) [ g
W SRk L W TR B L HOoH
=. FZ13 - K W o i
< 5 | P :
N2 sk . FZ12 ) : v ;
ettt < |VVFe-0-Zn . :O0-H :
g FZ11 £ i~ O
5 5 | v :
FZ21 = ' e i
£ T ——
A a FZ31 . - N
A PRV S S . .
a-Fe,0; ——FZ14 -~ FZ13 — FZ12 :
Fe-O FZ11 FZ21 —— FZ31 — 0-Fey03
1 L1 | 3 | ] Ll 1 all L 1Ll LA 114
3 . . . . . . ,
% 4 * 8 500 1000 1500 2000 2500 3000 3500 4000
2 Theta (degree) Wavenumber (cm™)
(c) [ (d) O |
— J ’ Eg=2.04 ¢V
—— ZnO
: ' Fedp ‘ Eg=3.11eV4 |
| R FZ14
C 1s \“‘y
| A / I N N — U I . el Eg=1.80 eV
o -~ S FZi
; = satellite & e
& s ~ Eg=1.68 eV
T [oFea0s Z(0-Fe,0;, g Fe g Fz12
= ‘2 / Fe @ —/ﬁ«,._/
2 = - Eg=1.68 eV
= Ols [ [
= Fe 2p = = FZ11
= |Cls — -
Ll A N (A N N V@ v o R S Eg=1.68 eV
—— FZ21 e
| e Eg=1.68eV
satellite L FZ31
300 600 900 " ) T 1 . Fesl68eV,
710 720 730 740
.o - 1.6 20 24 28 32 36
Binding Energy (e Binding Ener eV . 3e
g gy (V) g gy (eV) Binding Energy (eV)
(e) —FZ31 FZ13 (g) ——a-Fey03
—F721 FZ14 FZ13
FZ11 ——a-FepO3
—Zn0
= =
= .
g &
8 =y
:
E g
2 e
< A~
200 300 400 500 600 700 800 280 320 360 400
Wavelength (nm) Wavelength (nm)

Fig. 2 (a) XRD patterns of a-Fe,Oz and FZ31-FZ14; (b) FT-IR spectra of a-Fe,Oz and FZ31-FZ14; (c) XPS spectra of a-Fe,Oz and FZ13; (d) Fe 2p
high-resolution XPS spectra of a-Fe,Oz and FZ13; (e) UV-vis of a-Fe,O3, ZnO and FZ31-FZ14; (f) Eg values of a-Fe,03, ZnO and FZ31-FZ14; (g) PL

spectra.

composites. Besides, the adsorption-desorption isotherms of
all materials exhibit a type IV isotherm with H3 hysteresis loops.
It means that the above catalysts are mesoporous with irregular
pore structures since there is no obvious saturation plateau for

25832 | J Mater. Chem. A, 2025, 13, 25829-25841

adsorption.®* The larger specific surface area facilitates more
active adsorption sites for redox reactions, which improves the
photocatalytic performance. Notably, in the photo-assisted PMS
activation co-degradation system, the specific surface area is

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5ta03221k

Published on 27 June 2025. Downloaded by Y unnan University on 8/6/2025 6:01:44 AM.

Paper

a secondary factor; the free radicals generated by photo-
generated electron holes are the primary contributors to
performance.*

The performance of the catalyst in activating PMS is closely
linked to its optical properties and electron migration.*
Therefore, the optical properties were examined. Metal doping
and defect structures generally enhance the photoabsorption
properties of composite materials. As shown in Fig. 2(e), the
FZXX composite demonstrates stronger absorption than o-
Fe,0,/ZnO in the visible light range (200-800 nm), with FZ13
exhibiting the widest absorption range. This can be attributed
to the formation of heterojunctions, which enhance the ability
of FZ13 to efficiently absorb visible light photons.™®

Simultaneously, the energy band gap (E,) of different mate-
rials was calculated to reflect their photocatalytic properties. As
illustrated in Fig. 2(f), the heterojunction formed by FZ13 cau-
ses a redshift in the absorption edge (E, 1.68 eV) compared to
the original a-Fe,O; (Eg 2.04 eV). This redshift facilitates the
generation of more free electrons under visible light irradiation,
thus promoting efficient PMS activation and improving the
composite materials' visible light utilization efficiency.****

PL was used to analyze the separation efficiency of photo-
generated electron-hole pairs in the different materials, as
shown in Fig. 2(g). «-Fe,O;3 produces a strong PL emission peak
near 350 nm, which is attributed to the recombination of pho-
togenerated electron-hole pairs.*> The peak intensity for the
FZ13 composite is significantly reduced after Zn modification,
indicating enhanced carrier separation and transfer. The
resulting heterojunction structure improves electron-hole
separation efficiency, while Zn modification shortens the elec-
tron transfer path and accelerates the movement of photo-
generated electrons and holes.***”

These results collectively indicate that both surface and
interfacial properties of the FZ13 catalyst play crucial roles in
enhancing its photocatalytic performance. The SEM and TEM
images show that the surface of FZ13 transforms from smooth
elliptical disks to a rough, porous texture, which increases the
number of active sites and facilitates better adsorption of PMS
and pollutants such as TC. Meanwhile, the formation of Fe-O-
Zn bonds at the heterojunction interface effectively enhances
interfacial charge separation and transfer. These bonds serve as
electron bridges that reduce the recombination of photo-
generated carriers, as evidenced by the significantly reduced PL
intensity and smaller arc radius in the EIS spectra. Further-
more, the heterojunction formed between FZ13 results in
appropriate band alignment and internal electric fields, which
promote the directional migration of electrons and holes under
visible light irradiation. Therefore, the synergistic effect of the
optimized surface morphology and the interfacial electronic
structure leads to improved light harvesting, more efficient PMS
activation, and enhanced overall catalytic performance.>®

3.2 Comparison of catalytic performance

First, the catalytic performance of FZXX catalysts with different
Fe/Zn molar ratios in the FZXX + PMS + light system is inves-
tigated, as plotted in Fig. 3(a) and (b). The FZXX bimetallic

This journal is © The Royal Society of Chemistry 2025
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catalyst demonstrates excellent catalytic activity at a Fe/Zn
molar ratio of 1:3 (FZ13), with the reaction rate constant k
increasing from 0.028 min~" to 0.0662 min~'. This improve-
ment can be attributed to the promotion of the non-radical
pathway as the Zn content increases, which accelerates the
degradation of TC. However, when the Zn content is further
increased (Fe:Zn = 1:4), the TC degradation efficiency slows
down, as Zn inhibits the catalytic activity of Fe.

The catalytic performance of various systems is systemati-
cally assessed through two key indicators: TC oxidative degra-
dation and reaction rate constant k, as displayed in Fig. 3(c)—(e).
In the PMS-only system, a modest TC degradation efficiency of
33% is observed, attributable to the absence of catalyst-PMS
interaction required for generating active sites. This insufficient
ROS generation consequently results in sluggish TC degrada-
tion kinetics. Notably, both the FZ13 + PMS (dark condition)
and FZ13 + light (PMS-free) systems exhibit unsatisfactory
performance, highlighting the essential synergistic effect
between light irradiation and PMS activation for effective TC
degradation.*® The FZ13 + PMS + light system demonstrates
remarkable superiority, achieving 84% TC degradation effi-
ciency with a reaction rate constant of 0.0642 min~'. This
performance significantly outperforms both the unmodified a-
Fe,0; + PMS + light system and single metal oxide systems
(ZnO/FeCO3/Fe + PMS + light). Meanwhile, the adsorption
capacity of FZ13 is higher than that of a-Fe,0j;, further high-
lighting its excellent performance (Fig. S31). Additional valida-
tion of the FZ13 system's efficiency is provided by comparative
analyses of PMS consumption and total organic carbon (TOC)
removal, which reached 56.67%, as quantified in Fig. 3(h) and
(i) and summarized in Table S2.t

The reusability of catalytic materials constitutes a critical
practical criterion encompassing environmental sustainability
and operational stability. The FZ13 catalyst maintains remark-
able consistency in TC degradation efficiency through five
consecutive catalytic cycles, providing compelling evidence for
its structural robustness and catalytic durability (Fig. 3(f)).
Furthermore, the leaching concentration of Fe and Zn ions was
monitored using ICP, as depicted in Fig. 3(g). The leaching rate
of both metal ions gradually stabilized as the number of cycles
increased (detailed Fe/Zn ion leaching concentrations are
provided in Table S37). Further characterization of FZ13 before
and after the reaction by FT-IR, XRD and UV-vis spectroscopy
(Fig. S4-S67) confirms that the phase structure of the catalyst
remains largely unchanged. Its excellent cyclability and struc-
tural stability significantly reduce the environmental impact
over the entire life cycle. Compared with conventional catalytic
systems, the approach proposed in this study offers distinct
advantages in terms of environmental footprint and aligns
closely with the principles of sustainable technology. This study
compared the performance of various catalysts in activating
PMS for the degradation of TC, highlighting the superior effi-
ciency of the FZ13 + PMS + light system, as presented in Table
S4.%

Additionally, the effects of individual factors on the degra-
dation efficiency of TC were investigated, as illustrated in
Fig. S7(a)—~(d).T As shown in Fig. S7(a),T increasing the catalyst

J. Mater. Chem. A, 2025, 13, 25829-25841 | 25833
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Fig. 3 (a) Degradation efficiency of TC with different molar ratios of Fe and Zn; (b) the fitted first-order reaction kinetics and rate constant k of Fe
and Zn with different molar ratios; (c) the degradation efficiency of TC in different systems; (d) fitting its first-order dynamics; (e) its corresponding
reaction rate constant k; (f) cycle experiment; (g) ICP detection of metal ion leaching with different cycle times; (h) PMS consumption rate; (i) TOC
removal efficiency. (experimental parameters: catalyst: 0.3 g L™ PMS: 3 mM; TC: 300 mL, 40 mg L™%; temperature: 25 °C; pH: 5.5))

concentration from 0 to 0.4 ¢ L™ " initially enhances the TC
degradation efficiency, which then reaches a plateau. This
behavior can be attributed to the catalyst providing sufficient
active sites for the reaction, thereby generating more ROS and
facilitating TC degradation. The efficiency levels off due to the
limited availability of PMS in the reaction system and the finite
adsorption capacity of the catalyst.

Similarly, Fig. S7(b)T shows that the degradation efficiency of
TC increases with the PMS concentration from 0 to 5 mM before
stabilizing. This trend arises because higher PMS concentra-
tions produce more SO, "~ ; however, excessive PMS can quench
these radicals, thereby reducing their effective concentration.

The influence of the initial TC concentration and reaction
temperature on degradation efficiency is presented in Fig. S7(c)
and (d),T respectively. As the initial concentration of TC
increases, the degradation rate decreases. This is due to the
fixed amount of ROS in the system, which becomes insufficient
to degrade the higher number of TC molecules. In contrast,
higher reaction temperatures significantly enhance TC

25834 | J Mater. Chem. A, 2025, 13, 25829-25841

degradation. This can be explained by the accelerated molecular
motion at elevated temperatures, which promotes more
frequent and effective collisions among reactants.

3.3 Reaction mechanism

3.3.1 Identification of ROS and non-free radical pathways.
To elucidate the ROS generation mechanism in the FZ13 + PMS
+ light system, systematic quenching experiments were per-
formed, as presented in Fig. 4(a). tert-Butanol (TBA) is selected
to quench "OH, and methanol (MeOH) quenches 'OH and
SO, ~.*** Notably, the inhibitory effect of MeOH is somewhat
stronger than that of TBA at the two concentrations of 0.3 M and
0.6 M. This is because TBA, being more hydrophobic, is more
likely to occupy the catalyst surface, hindering the adsorption
and activation of PMS.? This also identifies that SO,"~ plays
a dominant role in the oxidative degradation of TC.

Additionally, ascorbic acid (AA) and i-tryptophan (.-Tp) are
selected as quenchers of O,"” and '0,.”* As illustrated in
Fig. 4(a) and (b), the radical pathway involving SO,"~, "OH and

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5ta03221k

Published on 27 June 2025. Downloaded by Y unnan University on 8/6/2025 6:01:44 AM.

View Article Online

Journal of Materials Chemistry A

Paper
OF e = 1.
(@) [ )
AN 0.3 M TBA

08} \ N 5
08} \ —— 0.6 M TBA N\

| (" \

N L5 mM AA N S
\ —— 3ImMAA ok R s —— -
J 06 N —~—  Control (53 e — S
c \ C— ——Control h g G
0.4b——0.15mM L-Tp ~—~——__  contrl \
04 \\ ——0.3 mML-Tp \ - 0.4 D;;tro
\\‘:\ 02 mM KBrO3 = il \
—_— 02}——04 mM KBro3 R ~2 \
" o Ut e ——03 mM EDTA-2Na 0.2 02 ——
) ) . ) ) ; - 0.6 mM EDTA-2Na ) ) ) . ) . ) ;
0 5 10 15 20 25 30 o 5 10 15 20 25 30 0 5 10 15 20 25 30
Time (min) Time (min) Time (min)

—FZ13
—PMS

(@ [

—PMS

g

FZ13+PMS

FZ13+PMS FZ13+PMS+Light

FZ13+PMS+Light

Intensity (a.u.)
Intensity (a.u.)

DMPO SO+

A “DMPO *OH

AN

C

—FZ13
— PMS

FZ13+PMS
FZ13+PMS+Light

Intensity (a.u.)

DMPO 0,

MJM/J\ SR

Magnetic Field (mT)

324 327 330 333 324 326 328 330 332 334 324 326 328 330 332 334
Magnetic Field (mT)

Magnetic Field (mT)

2 100 00

(g) (h) 0 (1) PMSO Oxidation |
e ) PMSO; Production =
= o8t E 8o} loo 2
=S |- = S @
& ] s =
z 5 F ef {60 =
= |— FZI3+PMS+Light J S 0.6 \ g g
S |— Fz13+PMs Q = 5
E N g Z
= 04f \ £ 40f {a0 E
O W [ —— Fz13 \ S S
—— FZ13+DMSO \ s o S
TEMP h* a-Fez03 Sy S )
1 s : ¢ = 02F  4Fey03+DMSO = = 20p {0 2
310 320 330 340 350 : A~ a

Magnetic Field (mT) 0 5 10 15 20 25 30
: . 0 0
Time (min) FZI3 a-Fe,0,
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PMSO quenching experiments.

O,"" contributes minimally to the degradation of TC when
compared to 'O,. The inhibitory effect on TC degradation
increases significantly with rising concentrations of 1-Tp, indi-
cating that 'O, plays a crucial role in TC degradation. Gas-phase
control experiments further corroborate this mechanism
insensitivity of TC degradation efficiency to the N,/O, atmo-
sphere, confirming that 'O, generation originated intrinsically
from the catalytic system*' (Fig. 4(c)). Deuterium isotope effects
in heavy water (D,0O) solvent (Fig. 4(c)) provide additional
mechanistic validation, demonstrating marked reaction rate
suppression due to 'O, production inhibition.*
Ethylenediaminetetraacetic acid disodium salt (EDTA-2Na)
can act as a quencher of holes (h").*** As plotted in Fig. 4(b),
the degradation of TC drops instantly after adding EDTA-2Na,
indicating that h* has a huge contribution to the degradation
of TC. The reason for this is that EDTA anions adhere to the
surface of the FZ13 catalyst and can act as h" traps or electron
donors, resulting in the inhibition of catalyst photocatalytic
performance.*® Furthermore, it is also because EDTA-2Na
prevents h* from reacting with water to further generate ‘OH.2
As shown in Fig. 4(d)-(f), the ROS content of different
systems was detected such as FZ13, PMS, FZ13 + PMS, and FZ13
+ PMS + light. Interestingly, the signal intensity of the FZ13 +

This journal is © The Royal Society of Chemistry 2025

PMS + light system is much higher than that of the first three.
This is attributed to FZ13 producing sufficient ROS under the
synergistic effect of the photocatalyst and PMS. Meanwhile, the
intensity of oxygen vacancies in different systems is observed
respectively, as shown in Fig. 4(g). The signal intensity is
stronger in the FZ13 + PMS + light system, and the results show
that the introduction of visible light improves the generation of
e~ and h" and promotes the formation of defect sites.

In transition metal oxide-activated PMS systems, high
valence metal oxides (HVMOs) have been proven to contribute
to the degradation of pollutants.** To explore the role of
HVMOs, dimethyl sulfoxide (DMSO) was introduced as a probe
(Fig. 4(h)). After DMSO addition, the TC degradation efficiency
decreases by 7% in the FZ13 + PMS + light system, while that in
the unmodified a-Fe,O; + PMS + light system declines by 3%.
This suggests that the effect of HYMOs on TC degradation in
this system is minimal. Furthermore, the participation of
HVMOs in TC degradation was further evaluated by methyl
phenyl sulfoxide (PMSO) oxidation and PMSO, production, as
shown in Fig. 4(i). Approximately 20% of PMSO is consumed to
produce sulfones (PMSO,) in the FZ13 + PMS + light system,
suggesting that there is a trace amount of HVMOs in the
system.® Overall, the quenching experiments indicate that
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HVMOs have a minor role in TC degradation, with the process
primarily driven by free radicals and other non-radical
pathways.

3.3.2 Electron transfer pathway. Considering that electron
transfer occurs during TC degradation in the FZ13 + PMS + light
system, a high-performance electron quencher (KBrO;) was
selected for verification. As shown in Fig. 4(b), the degradation
efficiency of TC is significantly inhibited after the addition of
KBrO;, indicating that electron transfer plays a crucial role in
the degradation of TC.

To further elucidate the electron transfer mechanism, an
electron-coupled oxidation system (GOS) was set up to ensure
that TC degradation occurs solely via the electron transfer
pathway (Fig. 5(a)). The current indicators reach peak values at
0 min for all systems (FZ13 + light 0 pA, PMS + light 10.5 pA, o-
Fe,O; + PMS + light 57 pA, and FZ13 + PMS + light 124 pA), after
which a general decline is observed (Fig. 5(b)). Notably, no
change in the current indicator is observed in the two systems
with only the FZ13 catalyst and PMS. This provides strong
evidence that TC degradation supplies electrons to PMS via the
catalyst (acting as an electronic medium), rather than directly.*’

View Article Online
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Furthermore, the highest current in the FZ13 + PMS + light
system suggests that Zn modification enhances the charge
transfer ability of the catalyst, compared to the unmodified a-
Fe,0; catalyst. This further confirms that electron transfer
occurs in the degradation of TC in this system.

The EIS results of a-Fe,O;, ZnO and FZ13 catalysts were
analyzed, as shown in Fig. 5(c). Interestingly, FZ13 shows the
smallest EIS arc radius, confirming its superior charge transfer
rate.”® The heterojunction structure in FZ13 effectively reduces
internal resistance.

The electron transfer properties of the three materials were
further evaluated using photoelectrochemical measurements,
as depicted in Fig. 5(d). The FZ13 composite exhibits the
highest current under visible light irradiation, indicating
minimal internal resistance, faster electron transfer, and higher
charge transfer efficiency.*” Additionally, the strong photocur-
rent intensity of FZ13 is attributed to the Fe-O-Zn bond, which
dominates the electron transport process. In contrast, the
unmodified ZnO/a-Fe,O3; shows poor visible light absorption.

The activation of PMS by different catalysts involves a charge
transfer process, which was investigated using CV. As illustrated
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in Fig. 5(e), FZ13 has the largest integral area, indicating the
greatest capacitance and the ability to transfer and store more
electrons. Meanwhile, FZ13 exhibits the highest current density,
suggesting that the valence transfer rate of Fe/Zn is faster,
enhancing the redox process during PMS activation.

An open circuit potential (OCP) test was conducted to
monitor the electron transfer process after adding PMS and TC,
as plotted in Fig. 5(f). The potential increases significantly after
two additions of PMS, which is attributed to the redistribution
of electron density in the working electrode caused by PMS
adsorption, and the formation of the FZ13/PMS* complex with
a high redox reaction in the system.*® The potential of the
system increases slightly at first after adding TC, but then
rapidly decreases after the second addition of TC. The initial
increase is due to the redox potential of the FZ13/PMS* complex
being elevated by TC, while the subsequent decrease is due to
TC consumption of the FZ13/PMS* complex, leading to
a decline in potential.* These results indicate strong electron
transfer between TC and FZ13/PMS* in the FZ13 + PMS + light
system, providing strong evidence for TC degradation through
electron transfer in this system.

The reaction process in the FZ13 + PMS + light system was
further investigated using Raman spectroscopy, as plotted in
Fig. 5(g). Distinct peaks at 650 cm ™" and 960 cm™ " become more
intense due to the adsorption of SO,>~ and the generation of
'0, during PMS activation.® Additionally, a new peak at
830 cm™ ! in the FZ13 + PMS system appears compared to the
PMS and FZ13-only systems, which is related to the formation of
the FZ13/PMS* complex.** The peak intensity weakens in the
FZ13 + PMS + TC system, indicating that the FZ13/PMS*
complex is consumed during TC degradation. This also
confirms that the FZ13/PMS* complex is one of the active
species responsible for TC degradation.

As depicted in Fig. 5(h), the peak near 3400 cm ™" in FZ13 is
attributed to O-H vibrations, while shifts in the O-H stretching
vibrations in the FZ13 + PMS and FZ13 + PMS + TC systems
provide strong evidence for the formation of FZ13/PMS*
complexes.** For PMS, a characteristic peak at 1130 cm ™'
corresponds to the S-O bond. Similarly, the S-O bond is shifted
in the FZ13 + PMS and FZ13 + PMS + TC systems, indicating that
the interaction between the FZ13 catalyst and PMS causes
electron rearrangement and weakens the electron density of the
S-O bond. This is direct evidence of the formation of FZ13/
PMS* complexes in the system.>

More importantly, the chemical state changes of C, O, Fe and
Zn were investigated by XPS to explore the electron transfer
mechanism in the FZ13 + PMS + light system. As shown in
Fig. S8(a),t the full spectrum of XPS remains uncharged, so
a closer examination of the fine spectrum is necessary. Fig.-
S8(b)t shows C 1s, corresponding to three types of bonds: C-C/
C=C, C=0, and -COOH. The content of these bonds does not
change before and after the reaction. The O 1s spectrum,
depicted in Fig. S8(c),} exhibits notable changes. The compo-
nents of O 1s, such as metal oxide (O, ), adsorption of water
(H,0), and metal surface hydroxyl group (-OH), show that after
the reaction, O,  decreases from 23.5% to 14.29%, while H,O
increases from 20.04% to 27.46%. This can be explained by the

This journal is © The Royal Society of Chemistry 2025
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consumption of the Fe-O-Zn bond during the reaction and
strong hydroxylation. Fig. S8(d)f displays two characteristic
peaks of Zn 2p located at 1021.78 eV and 1044.93 eV, corre-
sponding to Zn>" in the FZ13 samples. The shifts in these peaks
after PMS activation suggest that Zn>" is involved in activating
PMS. Zn”" also has high metal activity and can effectively reduce
Fe*" to Fe**, promoting the redox reaction of iron during PMS
activation. The fine spectrum of Fe 2p (Fig. S8(e)f) shows
a slight decrease in Fe’ and Fe**, while the Fe*" content
increases. This suggests that PMS activation leads to the
oxidation of Fe** to Fe*”, but the heterojunction in FZ13 helps
maintain the internal electron balance and stability.

3.3.3 DFT calculations. The FZ13 composite material,
prepared through our modification, exhibits significantly
stronger PMS adsorption performance than the original o-
Fe,0;. The corresponding DFT calculations reveal the under-
lying mechanism behind this enhancement.

The adsorption of PMS on the catalyst surface is a prerequi-
site for electron transfer to occur internally, so we first compare
the adsorption energy.”* As displayed in Fig. S9(a),t the
adsorption energy of unmodified a-Fe,O; is —4.6 €V, consistent
with our previous study.”> After modification, the adsorption
energy of FZ13 increases to —5.826 eV, indicating that FZ13 is
more favorable for PMS adsorption (Fig. 6(a)).

DCD is used to further analyze PMS adsorption. In the DCD,
cyan regions represent areas where electrons are lost, while
yellow regions show areas where electrons are gained. The
electron enrichment ability of «-Fe,O; is relatively weak, as
shown in Fig. S9(b).T In contrast, FZ13 exhibits strong electron
conductivity, which facilitates electron transport (Fig. 6(b)).
After PMS adsorption, oxygen vacancies (O,) appear on the
surface, which further enhances adsorption.>® Additionally,
PMS chemisorption is evident at the heterojunction of FZ13,
indicating a significant electron transfer phenomenon between
Fe and Zn.*® These results provide clear evidence that hetero-
junctions and O, enhance the conductivity and charge transfer
capacity during electrochemical processes.>® As a supplement,
O, can further accelerate the charge transfer efficiency in het-
erojunction catalysts.

Next, we investigate the differences between o-Fe,O; and
FZ13 through DOS analysis, as well as electronic changes at
their interface, as shown in Fig. 6(c) and S9(c)t (Fig. 6(d)
provides an enlarged view of Fig. 6(c)). a-Fe,O; exhibits semi-
metallic properties, while FZ13 shows metallic properties,
indicating that FZ13 has superior electronic conductivity
compared to a-Fe,O3;. The range of O atoms adsorbed by FZ13
on PMS is wider, deeper, and more stable than the electron
distribution on a-Fe,O;. Simultaneously, the hybridization peak
between PMS and FZ13 is further from the Fermi level than that
of a-Fe,03, suggesting greater stability. The shift of the
hybridization peak towards the right is due to the lower electron
energy and increased conductive carriers.”” This also explains
why the adsorption energy of the modified FZ13 is higher than
that of «-Fe,0;. These findings demonstrate that the successful
construction of heterojunctions significantly promotes carrier
concentration, thereby enhancing the catalytic performance of
F713.%®
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Fig. 6 (a) Adsorption energy of FZ13; (b) DCD of FZ13; (c) DOS of FZ13;

3.3.4 Possible reaction mechanism in the FZ13 + PMS +
light system. The proposed reaction mechanism is based on
a comprehensive analysis from various perspectives, including
characterization, catalytic performance evaluation, ROS identi-
fication and non-radical pathways, electrochemical tests, and
DFT calculations.

The FZ13 catalyst was synthesized using a-Fe,O; modified by
introducing a Zn precursor. FZ13 exhibits a heterojunction
structure and abundant reactive sites, which enhance the
system's electron transfer efficiency and charge transfer
capacity. This results in a high redox ability within the system,
ensuring that the reaction process occurs effectively. In the FZ13
+ PMS + light system, photogenerated e~ and h* are produced at
the heterojunction interface of FZ13 under visible light irradi-
ation. Simultaneously, FZ13 and PMS interact to form the FZ13/
PMS* complex. The electrons accumulate in the conduction
band (CB), effectively trapping O, to generate O, ~, which is
further converted into '0O,. The strong oxidative h" in the
valence band (VB) and H,O/OH ™ form ‘OH. Additionally, FZ13
in the system contains various low-valence states, such as Fe°/
Fe**/zn**, which can activate PMS to produce SO, ~, ‘OH, and
Fe*'/Fe*'/Zn*". The resulting hypervalent Fe*/Fe**/Zn>" acts as
an electron trap center, capturing light-induced electrons and
being reduced back to Fe’/Fe*/Zn*", thus maintaining internal
electron balance. The generated ROS (SO,"~, "OH, and O, ")
and non-radical species (h", e, and '0,) then directly interact
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(d) is an enlarged view of (c).

with TC molecules. Ultimately, TC is degraded into small
molecules, H,0, and CO,, as shown in Fig. 7 and described by

eqn (1)-(8).

FZ13 + hv — ecp) + hyp)' 1)
FZI3 + PMS — FZ13/PMS* 2)
Oy +ecp — 02 (3)
0, + hye" — '0, (4)
hevs ' + H,O/OH™ — "OH 5)

Fe"/Fe**/Zn** + HSOs~ — Fe*'/Fe**/Zn** + SO, ~ + H" (6)
Fe**/Fe**/Zn** + e(cpy” — Fe’/Fe**/Zn** (7)

SO, /"OH/O, ~/h*/e /'O, + TC — small molecules
+CO, + H,0 (8)

3.4 Degradation performance in the FZ13 + PMS + light
system

3.4.1 Applicability of the FZ13 + PMS + light system. As
shown in Fig. S10(a),T the degradation efficiency of TC is not
inhibited—and even slightly enhanced—under weakly to
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Fig. 7 Reaction mechanism diagram of the FZ13 + PMS + light system.

strongly alkaline conditions. In contrast, a slight decrease in
degradation efficiency is observed at pH 1 and pH 3. Zeta
potential analysis (Fig. S11t) reveals that the point of zero
charge (pHpyc) of FZ13 is 9.53. Under acidic conditions, HSO5
remains relatively stable, and its reaction kinetics with FZ13 is
suppressed, leading to reduced TC degradation. At strongly
alkaline pH levels (pH = 13), electrostatic repulsion between
negatively charged HSOs~ and the FZ13 surface inhibits the
formation of FZ13/PMS* complexes, thereby reducing catalytic
activity and ultimately lowering TC degradation efficiency.”
Additionally, the impact of various interfering substances (C1~,
SO4>~, H,PO,, NO;~, HCO; ™, and HA) on TC degradation
efficiency is explored, as shown in Fig. S10(b) and (c).T Although
differences are observed in their efficiencies, these substances
have minimal effects on TC degradation, indicating that the
FZ13 + PMS + light system has strong environmental applica-
bility in wastewater treatment.

Considering the diversity of actual wastewater pollutants
and water quality, the universality of the FZ13 + PMS + light
system was further examined (Fig. S10(d) and (e)7). Levofloxacin
(LEVF), rthodamine B (RhB) and methylene blue (MB) were
degraded by 72.4%, 84.5% and 93.8%, respectively. Meanwhile,
the degradation of TC was not affected by the water quality of
lake water or tap water, further confirming the superior appli-
cability of the FZ13 + PMS + light system.

Additionally, the real situation of the FZ13 + PMS + light
system was evaluated through medical wastewater. The degra-
dation efficiencies of COD, TOC and NH; N within 90 min were
64.7%, 37.1% and 56.9% respectively (Fig. S127). The original
data are shown in Table S5.7

3.4.2 Possible degradation pathways and toxicological
analysis of the FZ13 + PMS + light system. The possible degra-
dation pathways and intermediates of TC were identified
through LC-MS, as shown in Fig. S13.f In pathway 1, TC
molecules (m/z = 445) undergo deamination to form P1 (m/z =
392), followed by a ring-opening reaction and reduction to P2
(m/z = 350) and P3 (m/z = 218). In pathway 2, the C-N bond of

This journal is © The Royal Society of Chemistry 2025
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TC (m/z = 445) undergoes demethylation to form P4, which is
subsequently dehydroxylated to form P5 (m/z = 396). In pathway
3, TC is hydroxylated to produce intermediate P6 (m/z = 475),
and dehydration converts P6 to P7 (m/z = 431).

The possible transfer pathway of organic matter before and
after TC degradation in the FZ13 + PMS + light system was
verified using 3D-EEM, as shown in Fig. S14(a) and (b). The
fluorescence peak area significantly decreases after the reaction,
with the fluorescence shifting from zones IV and V to zone IV.
This is due to the degradation of humic acid substances in TC,
which are transformed into soluble microbial byproducts,
leading to weakened fluorescence intensity. This observation
indicates effective TC degradation, which is also reflected in the
decrease in TOC.

To evaluate the environmental safety of the TC degradation
process, the toxicity profiles of TC and its major degradation
intermediates (P1-P7) were predicted using the T.E.S.T. As
shown in Fig. S15 and detailed in Table S6,1 six toxicity indi-
cators were considered: fathead minnow LCs, (96 h), Daphnia
magna LCs, (48 h), oral rat LDs,, bioconcentration factor (BCF),
developmental toxicity, and mutagenicity. From the aquatic
toxicity perspective, all intermediates exhibit significantly
higher LCs, values compared to TC (0.9 for fathead minnow and
5.44 for Daphnia magna), indicating reduced acute toxicity. For
instance, P1 and P6 show fathead minnow LCs, values of 59.45
and 83.22, and Daphnia magna LCs, values of 103.00 and 173.83,
respectively. In terms of mammalian toxicity, oral rat LDs,
values for most intermediates exceed that of TC (1524.04),
suggesting reduced systemic toxicity. P1 and P5 exhibit LDs,
values of 1881.66 and 2930.77, respectively. Although P3 shows
a slightly lower LDs, (1038.53), it remains within a comparable
toxicity range. The bioconcentration factor of TC is low (0.71),
and while some intermediates display higher BCFs (P1: 12.66;
P4: 6.65), they remain relatively low, indicating minimal bio-
accumulation risk. Regarding chronic toxicity endpoints, such
as developmental toxicity and mutagenicity, most intermediates
show comparable or reduced levels relative to TC. For example,
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P3 exhibits a lower mutagenicity score (0.44) than TC (0.60),
while P5 shows a slight increase (0.82), but within a tolerable
range. Developmental toxicity values fluctuate slightly, but no
persistent or significantly enhanced toxicity is observed. More-
over, LC-MS analysis confirmed that these intermediates appear
only transiently during the degradation process and do not
accumulate to high concentrations. Therefore, the overall
toxicity of the FZ13 + PMS + light system decreases over time,
ensuring that the degradation pathway is both effective and
environmentally benign.

4. Conclusions

In this study, the FZ13 catalyst with high catalytic activity and
abundant active sites was synthesized, and the degradation of
TC by activating PMS under visible light was investigated. The
results confirm that the degradation efficiency of TC in the FZ13
+ PMS + light system reaches 84%, with a rate constant k of
0.0642 min~"', which is 1.6 times higher than that of the
unmodified o-Fe,O; system. DFT calculations reveal that the
characteristic peak of FZ13 is further from the Fermi level,
indicating better stability. The heterojunction structure of FZ13
forms Fe-O-Zn bonds, which not only enhance electron trans-
port efficiency but also improve the separation of photo-
generated electron-hole pairs. Meanwhile, forming the FZ13/
PMS* complex in the FZ13 + PMS + light system facilitates rapid
electron transfer. SO,"~, "OH, O,"”, h*, e~ and 'O, are co-
involved in the degradation of TC. This study provides an
effective strategy for the preparation of materials for photo-
assisted activation of PMS.
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