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Synergistic activation of peroxymonosulfate by
highly dispersed iron-based sulfur—nitrogen co-
doped porous carbon for bisphenol a removal:
mechanistic insights and selective oxidationt

Yu Sun, Chuning Zhang, Yan Jia, 2 * Yalei Zhang ¥ and Jianwei Fan

Efficient and pervasive solutions are urgently needed to mitigate pollution from emerging contaminants in
aquatic environments. Activation of peroxymonosulfate (PMS) is commonly employed to remove refractory
organic pollutants from water. Herein, we synthesized sulfur—nitrogen co-doped porous carbon materials
loaded with highly dispersed iron species (FeSNC) using template-assisted and ligand site construction
methods. The uniform doping of N, S, and Fe in the carbon substrate, along with their synergistic effects,
significantly enhanced catalytic activity by creating a high degree of defects in the catalyst (Ip/lg = 1.47).
This enhancement facilitated efficient removal of BPA, achieving an apparent rate constant of up to
2.83 min~%, which was 30 times higher than that of SNC and 6 times higher than that of FeNC. The
FeSNC/PMS system demonstrated robust catalytic stability across the pH 3-9 range, and showed
minimal sensitivity to environmental factors like the aqueous matrix, with low iron ion dissolution
(<0.01 mg L™) and certain reusability. Mechanistic investigations employing quenching experiments, EPR
tests, probe experiments, and electrochemical tests elucidated that the system catalyzed the degradation
of BPA via two non-radical pathways: high-valent iron oxidation and singlet oxygen pathways.
Additionally, the system further exhibits selective degradation of electron-rich organics (e.g., 4-
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1 Introduction

With the process of industrialization and the development of
the chemical industry, contaminants of emerging concern
(CECs), also known as “emerging contaminants (ECs)”, are
constantly emerging in the atmosphere, soil, water, and other
environmental mediums.* Due to their structural stability and
solubility, CECs that enter aquatic environments are recalci-
trant (difficult to degrade naturally) and persist through
wastewater treatment. This persistence allows CECs to bio-
accumulate in humans and animals through consumption of
contaminated food and water, posing a serious threat to human
health and the ecological balance.”* In the treatment of
refractory organic pollutants in water column, advanced
oxidation technologies (AOPs) have outstanding advantages
over other treatments due to their fast reaction speed and
strong oxidizing ability, which can efficiently mineralize various
types of refractory organic pollutants into CO, and H,O and
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chlorophenol, sulfamethoxazole, ofloxacin, etc.).

remove them completely.>® Currently, AOPs with more indus-
trial applications include Fenton oxidation,” ozone oxidation,?
supercritical oxidation® and wet oxidation.'® Catalytic oxidation
based on the peroxymonosulfate (PMS) system stands out due
to its high application value and research significance. This
system offers several advantages, including high oxidation
potential, a wide range of adapted pH, and safe storage and
transportation of the oxidant.***?

Beyond traditional methods like heat, radiation, and alkali
activation, employing non-metal catalysts (graphene, carbon
nanotubes, graphitized nano-diamonds, biochar) avoids heavy
metal contamination of aquatic environments compared to
conventional heavy metal catalysts. However, the catalytic
degradation of pollutants in water using pure carbon materials
for peroxymonosulfate activation often suffers from slow
degradation rate and catalyst failure due to oxidation by its own
catalytic reactive oxygen species (ROS).”* Metal doping is a well-
established strategy to improve the catalytic activity of carbon
materials. In recent years, metal-carbon catalysts with desirable
physicochemical properties have been synthesized using
avariety of transition metals, such as iron,*** cobalt,'® copper,”
manganese,' and nickel,” as additives. However, transition
metals, transition metal alloys and their oxide materials often
have problems in the catalytic degradation of pollutants by

© 2025 The Author(s). Published by the Royal Society of Chemistry
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peroxymonosulfate, such as the low number of exposed metal
sites in loaded metal catalysts due to the natural aggregation
tendency of the metal sites, and the pollution of aqueous
environments by leaching metals.” Compared with other
transition metals, iron is a particularly attractive metal for
catalyst development due to its abundance and environmental
friendliness, making the enhancement of catalytic performance
of iron-based catalysts a popular research topic.”***

In the past few years, a large number of studies have been
conducted on highly dispersed or even dispersed to the atomic
level iron-nitrogen-carbon (Fe-N-C) catalysts, which have been
shown to possess both the uniform and efficient activity of
homogeneous catalytic systems and the easy separation and
structurally stable and recyclable characteristics of heteroge-
neous catalytic systems, which can efficiently activate peroxides
(persulfate, hydrogen peroxide, periodate, etc.) for the degra-
dation of organic compounds.’**?* The introduced hetero-
atoms (N, P, S, B) can influence the formation of active centers
and structural species of iron-based materials to enhance the
adsorption and activation effects of the materials.**** Baitao Li
et al*® used a metallic organic framework derived carbon
framework co-doped by Fe, S, N tri-elements as an alternative
electrocatalyst to the conventional Pt/C cathode catalyst, and
the performance of microbial fuel cell was improved by
enhancing the kinetics of cathodic oxygen reduction reaction.
Lei Jiao et al.”” synthesized atomically dispersed Fe atoms on
hierarchically S/N co-doped porous carbon (FeSNC) using
a template-assisted method with unsymmetrically coordinated
Fe-N;S, as the active sites, which improves the peroxidase-like
activity and achieves a sensitive detection of organophosphorus
pesticides. Heng Liu et al*® has explored the role of sulfur
functionalities in regulating the electron distribution of single-
atomic Fe sites by the construction of single-atomic Fe-Nj sites
with sulfur functionalities (FeSNC) using sulfur-containing
molecules with different molecular structures. It is shown that
the sulfur functionalities of thiophene S and oxidized S both
possess the electron-donating properties, which can regulate
the electronic configurations of Fe-Nj, site, resulting the weak-
ened adsorption of ORR intermediates and thus accelerating
the kinetics of the ORR process. Based on this, it is reasonable
to assume that sulfur- and nitrogen co-doped iron-based cata-
lysts have good potential for enhancing Fenton-like catalysis.

Here, sulfur-nitrogen co-doped porous carbon materials
(FeSNC) loaded with highly dispersed iron species, as well as
contrasting materials, were synthesized using template-assisted
and ligand site-constructed methods for activating PMS for
pollutant removal in the aqueous phase. Bisphenol A (BPA),
a typical endocrine disrupting compounds (EDCs), was used as
a target pollutant to test the catalytic performance of the cata-
lysts for PMS. The morphology, specific surface area and
elemental valence states of the synthesized catalysts were
characterized. Due to the co-doping of sulfur and nitrogen
atoms and the synergistic effect of iron sites on each other,
FeSNC showed the best results in activating PMS for the
removal of BPA, with an apparent degradation rate constant of
2.83 min~ . The catalytic effect was highly stable in the range of
pH 3-9 and was almost independent of the environmental
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factors, such as ions in the aqueous phase and quenching effect
of organics. FeSNC/PMS system had extremely low iron ion
dissolution (<0.01 mg L™") and was reusable. In addition, the
FeSNC/PMS system was proposed to catalyze the degradation of
BPA via two non-radical pathways (high-valent iron oxidation
pathway and single-linear oxygen pathway) through quenching
studies, probe experiments, and electrochemical tests. The
FeSNC also exhibited degradation selectivity for electron-rich
organics (e.g., 4-chlorophenol, sulfamethoxazole, ofloxacin,
etc.).

2 Experimental
2.1 Preparation of FeSNC

SiO, spheres enriched with surface groups were prepared as
hard templates by the typical Stober method.*® FeSNC,
a controllable sulphur-nitrogen co-doped carbon material with
hyperdispersed iron active sites, was synthesized by the hard
template method using Fe(NO;);-9H,0 as the metal precursor
and 1-allylthiourea as the sole sulphur, nitrogen and carbon
source. As detailed in Fig. S1,t quantitative SiO, spheres, 1-
allylthiourea and Fe(NOj3);-9H,O were ultrasonicated in ultra-
pure water and mixed and stirred at 70 °C for 12 h. The mixture
was dried by slow evaporation in an oven at 60 °C, and the
reddish-brown solid powder obtained was pyrolyzed under
argon atmosphere in a tube furnace at 700 °C, 900 °C, and
1100 °C for 3 h at a heating rate of 5 °C min ', respectively. The
black powder obtained was first placed in 50 °C solution of
5.0 M NaOH and stirred for 6 h to remove the hard template
spheres, followed by washing with ultrapure water twice and
centrifugation for collection, and then passed through 1.0 M
H,S0, solution and stirred for 1 h to remove the possible large
metal particles. The products were vacuum dried at 60 °C
overnight to obtain FeSNC, named FeSNC-700, FeSNC-900 and
FeSNC-1100 depending on the pyrolysis temperature. As
a comparison, sulphur-nitrogen-carbon (SNC) and iron-
nitrogen-carbon (FeNC) catalysts were also prepared.

In addition, the details about the reagents and chemicals,
and the characterizations of catalysts are provided in ESI (Texts
S1 and S2).1

2.2 Catalytic activity test

The high efficiency of the catalyst in activating PMS for degra-
dation of organic pollutants was demonstrated with bisphenol
A (BPA), rhodamine B (RhB), 4-chlorophenol (4-CP), sulfame-
thoxazole (SMX), nitrobenzene (NB), benzoic acid (BA), 4-
nitrophenol (4-NP), and ofloxacin (OFL), as the target pollut-
ants. The degradation experiments were carried out in a beaker.
A quantitative amount of catalyst was added to 25 mL of BPA
solution (20 mg L"), sonicated for 30 s to make full dispersion,
and stirred for 10 min at 300 rpm to reach adsorption equilib-
rium, after which a quantitative amount of PMS was added to
initiate the catalytic reaction. 1.0 mL of the solution was
removed at the set time interval, and the reaction was imme-
diately terminated by filtration through a 0.22 pm cellulose
acetate membrane into a solution containing 20 uL Na,S,0; (0.5
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M), and the concentration of the filtrate was analyzed by HPLC.
The influences of various factors, including different pyrolysis
temperatures (700-1100 °C), catalyst dosages (0-0.2 g L"), PMS
dosages (0.1-2 mM), initial pH of solutions,*” coexisting inor-
ganic anions and organic pollutant species, were investigated.
The catalytic stability of FeSNC was also evaluated through
cycling tests. Reactive oxygen species quenching experiments
and probe experiments were used to explore the reaction
mechanism. Deionized water was used for all experiments. In
exploring the effect of pH on the system, at pH 3.0, the pH was
adjusted by manually adding perchloric acid; when the experi-
ments were conducted at pH 5.0 and above, the pH dropped
significantly due to the decomposition of PMS, thus a mixture of
acetic acid-sodium acetate solution and boric acid-sodium
borate solution was used as a buffer to keep the pH constant
during the reaction.

2.3 Analytical methods

The concentrations of bisphenol A (BPA), 4-chlorophenol (4-
CP), sulfamethoxazole (SMX), nitrobenzene (NB), benzoic acid
(BA), and ofloxacin (OFL) were determined by high performance
liquid chromatography (HPLC, Agilent HPLC 1200) with a UV
lamp using an Agilent 5 TC-C18 column (150 X 4.6 mm, 5 pm).
The specific detection methods for different pollutants are
shown in Table S1.f The concentration of rhodamine B (RhB)
and 4-nitrophenol (4-NP) were measured by UV-vis spectro-
photometer (UV765) at the maximum absorption wavelengths
of 554 and 317 nm, respectively. The total organic carbon (TOC)
was identified by a TOC analyzer (Vario TOC, Thermo Fisher
Scientific). Fe leaching of catalysts during the reactions was also
measured by inductively coupled plasma optical emission
spectrometer (ICP-OES, Agilent 5110). In quenching experi-
ments, EtOH, MeOH, TBA, FFA, p-BQ, KSCN and PMSO were
selected as quenching agents to determine the active species in
the system. Additionally, electron paramagnetic resonance
(EPR) measurement was performed on a Bruker EMXplus-6/1
spectrometer, as detailed in Text S3.f Electrochemical
measurements were performed at the CHI 660D electro-
chemical workstation, as detailed in Text S4.t
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3 Results and discussion
3.1 Properties of the catalysts

The surface morphology and elemental distribution of FeSNC
were measured by SEM and SEM-mapping. Fig. 1(c) and (d)
shows a hard template of SiO, nanospheres with an average
diameter of about 150 nm prepared by the modified stober
method, and the void size of FeSNC is comparable to the size of
SiO, nanospheres. After removal of the SiO, templates, FeSNC
showed an irregular skeletal structure composed of porous
carbon with the presence of graphitized structure (Fig. 1(a) and
(b)), which gave the catalyst a larger specific surface area and
more exposed active sites for promoting mass transfer. No
obvious particles were observed on the surface of FeSNC, indi-
cating that the loaded iron elements were highly dispersed in
the carrier. Combined with the elemental distribution images
in Fig. 1(e), it reveals that the elements C, N, Fe, and S are highly
and uniformly dispersed on the catalyst surface.

The crystal structures of the catalysts were obtained using
XRD (Fig. 2(a)). The SNC, FeNC and FeSNC catalysts showed two
broad and weak diffraction peaks near 26.3° and 44.3°, which
can be attributed to the characteristic derivation peaks on the
(002) and (101) facets of graphitic carbon (JCPDS No. 41-1487). It
indicates that the graphitic carbon is structurally disordered
and defective.***" It is noteworthy that no characteristic metal
peaks were observed in the XRD plots, further demonstrating
the absence of metal-related particles and that the synthesized
iron species are highly dispersed on the surface of the carbon
material.

Raman is commonly used to evaluate the degree of defects in
carbon materials. As shown in Fig. 2(c), the D band (carbon
layer defects/disorder) and the G band (crystalline graphitic
carbon) are two peaks in the sample, located at 1350 cm™* and
1580 cm ™', respectively, and the degree of defects in the carbon
material was assessed by fitting the D and G peaks to obtain the
Ip/lg intensity ratio and comparing the degree of graphitiza-
tion.** The Ip/I; value of FeSNC is 1.47, and the Raman spec-
trum shows a high D band, indicating that the surface of FeSNC
is highly disordered with many lattice defects. The high degree
of defects in the material can be attributed to Fe reduction
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Fig.1 SEM images of (a and b) FeSNC and (c and d) SiO,; (e) elemental distribution of FeSNC.
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(a) XRD pattern of SNC, FeNC and FeSNC; (b) N, adsorption—desorption isotherms of SNC, FeNC and FeSNC; (c) Raman spectra of FeSNC;

high-resolution XPS spectrum of (d) Fe 2p, (e) S 2p and (f) N 1s of FeSNC.

during pyrolysis, gasification of allyl thiourea and co-doping of
Fe, N and S.>9%3-%°

The chemical elemental composition and elemental valence
states of the FeSNC catalyst surface were probed by XPS. As
shown in Fig. S2,1 the full spectrum of XPS indicates that the
material is mainly composed of five elements, C, N, O, S and Fe.
According to Table S2,7 the content of N and S elements on the
catalyst surface reached 6.84 at% and 1.12 at%, respectively,
indicating that both S and N elements were dispersed on the
surface of the carbon material, and the synthesis process
successfully introduced S doping. The deconvolution of the
high-resolution Fe 2p profile of FeSNC (Fig. 2(d)) splits into two
peaks located in the Fe 2p;, orbitals around 709.98 eV and the
Fe 2p,,, orbitals around 724.3 eV, indicating that there is no or
a small amount of Fe-Fe bonding in FeSNC, i.e., there are no
metal monolithic nanoparticles present in the synthesized
catalyst sheet, and highly dispersed iron sites are mainly
present in the oxidation state.***” Fig. 2(e) shows the high-
resolution S 2p profile of FeSNC with two main peaks located
around 163.3 and 164.6 eV, corresponding to the S 2p3, and S
2p1/» peaks of the thiophene-S species (C-S-C) in the sample,
and small peaks were also observed around 167.6 eV and
168.8 eV, corresponding to the oxide S species.*® Thiophene-S
and oxide-S act as electron donors and absorbers, respectively,
on the surface of carbon materials and can influence the elec-
tron distribution effect on the carbon surface.®® The high-
resolution N 1s spectrum of FeSNC can be deconvoluted into
five peaks near 397.6 eV, 398.5 eV, 399.5 eV, and 402.4 eV
(Fig. 2(f)), which corresponds to the pyridine-N, Fe-N,, pyrrole-
N, graphite-N, and oxidized-N.** The presence of Fe-N, once
again demonstrates that the iron on the catalyst surface is

© 2025 The Author(s). Published by the Royal Society of Chemistry

anchored by nitrogen, avoiding agglomeration and presenting
a highly dispersed state.”* A significant amount of literature
reports that high Fe-N, and graphite-N contents in materials
favor PMS catalysis.*>™**

The pore structures of SNC, FeNC and FeSNC were charac-
terized by N, adsorption-desorption method, and the N,
adsorption-desorption isotherms and pore size distribution
curves of the three materials are shown in Fig. 2(b). As shown,
the shapes of the N, adsorption—-desorption isotherms of SNC
and FeSNC are similar, and all of them present type IV
adsorption isotherms of microporous/mesoporous materials
with typical H3 hysteresis loops, which confirm the existence of
the microporous/mesoporous structure. The adsorption-
desorption isotherm type of FeNC material belongs to type II of
the IUPAC classification, and the hysteresis loop belongs to type
H3. Comparing the corresponding specific surface area, pore
volume and pore size of the three materials based on the results
of the nitrogen adsorption-desorption method (Table S3t). The
specific surface areas of FeNC, SNC and FeSNC were 90.1 m* g~"
and 360.7 m*> g~ ' and 349.1 m> g™, respectively, suggesting that
the gasification of allyl thiourea introduced by S doping
increases the pore structure of the carriers drastically, while the
subsequent loading of iron clogs a part of the pores, leading to
a decrease in the specific surface area.

3.2 Catalytic performance evaluation

To evaluate the catalytic activity of the synthesized FeSNC
catalysts, BPA was selected as a model pollutant and the
performance of SNC, FeNC and FeSNC activated PMS for the
degradation of BPA was investigated (Fig. 3). The extent of BPA
mass concentration reduction, which was almost absent when

RSC Adv, 2025, 15, 4356-4368 | 4359
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(a) Degradation kinetic curves and (b) pseudo-first-order kinetic fitting of BPA by different catalytic systems; (c) degradation kinetic curve

of BPA adsorption by FeSNC; (d) degradation kinetic curves and apparent rate constant (kops) of BPA by FeSNC prepared at different pyrolysis
temperatures. Experimental conditions: [BPA]o = 20 mg Lt [PMS]o = 1 mM, [catalyst]o = 0.10 g L%, initial pH 4.2.

only PMS was used, suggests the limited role of PMS self-
activation in generating reactive radicals.”>*® The adsorption
of FeSNC on BPA can approach the adsorption equilibrium in
about 5 min (Fig. 3(c)), so we chose to stir the catalysts for
15 min to reach the adsorption equilibrium before adding PMS
to initiate the catalytic oxidation reaction. The BPA degradation
rates of SNC-PMS, FeNC-PMS and FeSNC-PMS systems reached
41%, 91% and 100% in 5 min, respectively, with the FeSNC-PMS
system amazingly reaching 100% degradation in 3 min. The
results show that both sulfur modification and Fe loading of the
nitrogen-carbon materials result in stronger activation of PMS.
Based on the literature research, FeSNC was compared with
other reported PMS catalysts, and the results are shown in Table
S4, which shows that the catalytic activity of FeSNC synthe-
sized in this study is very high, and it can activate PMS to
degrade 20 mg L' of BPA in 3 min, and the reaction time is
significantly shorter than most of the reported typical catalysts,
including metal-based catalysts, under similar reaction condi-
tions, metal-based catalysts, pure carbon-based catalysts, and
metal-carbon based catalysts.

Calcination temperature also has an effect on the catalytic
activity of the synthesized catalysts, so FeSNC at different
calcination temperatures were synthesized to discuss the
calcination temperature that achieves the optimal catalytic
activity. As shown in Fig. 3(d), the BPA degradation rate

4360 | RSC Adv, 2025, 15, 4356-4368

increased when the calcination temperature was increased from
700 °C to 900 °C, and then decreased to a certain degree when
the calcination temperature was further increased to 1100 °C.
This may be due to the reconstruction of the carbon substrate in
the reduction process of iron species, which leads to a change in
the defect density of the synthesized catalysts, including
vacancies, edges, and topologic defects.*”** FeSNC900 synthe-
sized at 900 °C fully utilized the PMS, which had the best
degradation effect of BPA. Therefore, all the subsequent
experimental subjects were FeSNC900 synthesized at 900 °C,
which was denoted as FeSNC for the sake of simplicity.

In addition, the actual metal contents of FeSNC and FeNC
measured by inductively coupled plasma emission spectroscopy
are shown in Table S5,1 in which FeSNC contains 0.64 wt% of
elemental iron 0.133 times more than that of FeNC, but the
apparent degradation reaction rate constant ks value of FeSNC
reaches 2.83 min~ ', while the comparison material FeNC is only
0.64 min~ !, which reflects the low metal leaching risk and high
metal site utilization of FeSNC catalyst.

3.3 Experimental conditions optimization

In the PMS activation system, the catalyst FeSNC dosage affects
the BPA degradation efficiency. The effect of FeSNC dosing on
BPA degradation was explored by varying the FeSNC dosage (0,

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra08729a

Open Access Article. Published on 10 February 2025. Downloaded on 3/13/2026 10:00:29 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper RSC Advances
104 1.0 1.0f
(a) 107 —O— (b) 1 (©) ~ — —o0—pH30
: i ! | . —0—pH 42
038 el 084 0811 % Eeilise —A—pH 50
i G pH70
064 FEH] 0.6 064 Eailize P=pH 30
(=} 2 1= =3 P10 pIaZ (30 1D S
|9) |9) o
) O )
04 0.44 0.4
0.2 4 0.24 0.24
004, y ) : 004, — % i £ 2 0.04, — =0 ]
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
Time(min) Time(min) Time(min)

Fig. 4 Kinetic curves of BPA degradation and apparent rate constant (kops) by FESNC-PMS system with (a) different catalyst dosage, (b) different
PMS concentration and (c) different initial pH. Experimental conditions: [BPA]g = 20 mg L%, [PMS]lg =1 mM, [catalystlo=0.10 g L~ initial pH 4.2.

0.05gL™",0.10g L~ ", and 0.20 g L™ '), and the results are shown
in Fig. 4(a). It shows that the BPA degradation rate increased
with the increase of FeSNC dosage. When the FeSNC dosage was
0.05 ¢ L' 0.10 g L' and 0.20 ¢ L', BPA was completely
eliminated within 3 min. The apparent rate constant ks for
BPA degradation increased from 1.6 min~" to 3.6 min~" when
the FeSNC dosage was increased from 0.05 g L' to 0.20 g L™,
With the increase of FeSNC dosage, the active sites in the
reaction system FeSNC-PMS were increased, which allowed the
BPA to be degraded more rapidly, but in order to avoid the ROS
elimination reaction that might be caused by too much catalyst,
the FeSNC dosage of 0.10 g L™ " was selected as the condition for
the reaction to be carried out in order to consider the economic
efficiency.

The concentration of PMS also affects the efficiency of BPA
degradation in the FeSNC-PMS system, so the degradation of
BPA was explored at PMS concentrations of 0.1 mM, 0.5 mM,
1 mM, and 2 mM. As shown in Fig. 4(b), when the concentration
of PMS was increased from 0.1 mM to 0.5 mM, the degradation
efficiency of BPA increased from 80% to 100% within 5 min.
When the PMS concentration continued to increase to 2 mM,
BPA was completely degraded within 5 min. However, the
apparent rate constant k.,s decreased significantly when the
PMS concentration was increased from 1 mM to 2 mM. This
might be attributed to the fact that the presence of excess PMS
has a depleting effect on ROS, thus inhibiting the degradation
of the reaction substrate BPA.* In order to avoid the inhibitory
effect of excess PMS, the PMS concentration of 1 mM was
chosen for subsequent experimental investigations.

The pH of the reaction affects the surface properties of the
catalyst and the ionization state of the pollutant, so the effect of
pH changes from 3.0 to 9.0 on the degradation of BPA by the
FeSNC-PMS system was explored. The results, as shown in
Fig. 4(c), showed that the degradation rate of BPA by FeSNC-
PMS system reached more than 99% within 3 min, which
proved that the degradation effect of FeSNC-PMS system was
very stable and efficient in the interval of pH = 3 to pH = 9. The
main reasons for the influence of pH on the catalytic oxidation
process are as follows: (i) the charge of the pollutant, catalyst,
and oxidant; (ii) the existing form of the oxidant; and (iii) the
mutual interaction and type of transformation of reaction

© 2025 The Author(s). Published by the Royal Society of Chemistry

groups at different pH values.*® Thus, the main ROS generated
in the FeSNC-PMS system are more likely to be non-radicals that
are less susceptible to pH interference than the traditional
radical degradation pathway that is strongly influenced by pH.

3.4 Reaction mechanism

Active species including radicals and oxygen-contained species
were scrutinized throughout the FeSNC-PMS system using
a scavenging trial (Fig. 5(a)). EtOH, MeOH and TBA were
quenchers of sulfate radicals (SO,"”) and hydroxyl radicals
(‘OH) respectively, p-benzoquinone (p-BQ) was an inhibitor of
super oxygen (0, ") and singlet oxygen (*O,) was inhibited by
FFA.>** The degradation rate of BPA was consistent when
EtOH, MeOH and p-benzoquinone were added, respectively,
with a slight decrease relative to the blank, and the degradation
efficiency could still reach more than 99% within 2 min, indi-
cating that the effects of free radicals in the FeSNC-PMS system,
such as SO,"”, 'OH and O,"~, were negligible. Moreover, the
quenching results did not change significantly when adjusting
the dosage of MeOH (Fig. 5(b)). The FFA dosing with low molar
ratio (FFA/PMS = 10) had some inhibitory effect on the degra-
dation of BPA, and when the molar ratio was increased to FFA/
PMS = 1000 and FFA/PMS = 100, the oxidation reaction was
inhibited to a similar extent, and the degradation rate reached
90% within 5 min, which proved that 'O, was produced in the
activated PMS system, but other ROS still existed to play a major
role in the efficient degradation of the BPA reaction (Fig. 5(c)).
KSCN, as a masking agent for iron sites, was added and the
reaction was significantly inhibited with almost no degradation
of BPA, suggesting that the active site of the catalyst is related to
the iron site.* Both MeOH (kso,-=(0.2 — 2.5) x 10" M~ s™ %
kon =(0.78 — 1.0) x 10° M~ ' s™") and EtOH (kso, = (1.6 — 7.7)
x 10" M ' s koy = (1.6 — 2.2) x 10° M~ " s~ ") were reported
to react simultaneously with SO,"~ and "OH, whereas the reac-
tion rate of TBA (kso, = (4.0 — 9.1) X 10° M ' s "5 ko = (3.8 —
7.6) x 10° M™" s7!) with "OH reacts at a rate several orders of
magnitude higher than that with SO, ~.>>*® Theoretically, the
inhibition effect of adding EtOH and MeOH on the free radical
reaction should be higher than that of adding TBA.*” However,
the degradation rate in the experimental results with the addi-
tion of TBA was reduced compared to the reaction rate in both
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Fig.5 (a—c) Impact of scavengers on BPA degradation in the FeSNC/PMS system: EPR analysis for DMPO-X (d), YO, (e), and O,"~ () detection of

FeSNC/PMS system; (g) BPA degradation efficiency in different solvents;
loss and PMSO, production in the FeSNC/PMS system.

the blank control and the EtOH and MeOH groups, and the
degradation rate was less than 85% at 2 min of reaction. The
contradictory experimental phenomenon may be attributed to
the fact that the addition of TBA changed the solution and
catalyst surface properties, resulting in catalyst agglomeration.

EPR tests further identified the ROS generated in the FeSNC/
PMS system by capturing the free radicals and 'O, generated in
the FeSNC/PMS system with DMPO and TEMP in water or
methanol solvent, respectively.”® As shown in Fig. 5(d-f), no EPR
intensity signals were detected in the presence of PMS alone.
And no signal peaks of DMPO-'OH and DMPO-SO,"~ were
detected in the reaction solution of the FeSNC/PMS system,
which indicates that SO,"~ and 'OH radicals are hardly gener-
ated in the FeSNC/PMS system; meanwhile, a seven-line spec-
trum representing the intensity ratio of DMPOX in the ratio of
1:2:1:2:1:2:1 was observed to be present in the system (ay
= 7.4 G, ag = 3.9 G). DMPOX is an oxidation product resulting
from the oxidation of DMPO, and the presence of DMPOX
implies the presence of strong oxidizing substances that can be

4362 | RSC Adv, 2025, 15, 4356-4368

(h) amperometric /-t curves upon the addition of PMS and BPA; (i) PMSO

oxidized at high rates in the FeSNC/PMS system.**** TEMP-
trapping experiments in the FeSNC/PMS system observed
typical 1:1:1 triplet peak indexing to TEMP-'0, (ay = 16.9 G),
and the intensity increased with the reaction time, which
proved the presence and accumulation of '0,.*° Combined with
the results of the quenching experiments, 'O, is not the main
ROS in the FeSNC/PMS system, and in order to further explore
the strongly oxidizing species that produce DMPOX, O,"~ were
detected in the FeSNC/PMS/DMPO/MeOH system. As shown in
Fig. 5(f), no significant EPR signals for DMPO-O,"~ were
detected, indicating that O, was hardly present in the FeSNC/
PMS system, whereas O," was reported as a generated 10,
intermediate species in the relevant literature, and thus the
presence of 'O, needs to be further explored.”

'0, has been reported to exist about ten times longer in
deuterium oxide (D,0) (20-30 ps) than in H,O (2 ps), and taking
D,0 as a medium reaction will be faster than H,O medium if
a large amount of 'O, is generated in the reaction system.*’
However, the results in Fig. 5(g) show that the degradation rate

© 2025 The Author(s). Published by the Royal Society of Chemistry
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becomes slower in the D,O system relative to the H,O system,
which confirms that 'O, is not generated in large quantities in
the activated PMS system, and proves that the strong oxidizing
substance for oxidative generation of DPMOX is not 'O,.

Electron transfer is also one of the pathways for pollutant
degradation via activation of persulfate by carbon-based cata-
lysts, in which the pollutants are directly oxidized by providing
electrons to the oxidant with the catalyst as a bridge, resulting
in the immediate oxidation of the pollutant without the
generation of ROS during the reaction.”” The chro-
noamperometry tests method in electrochemistry has been
used to verify the existence of a mediated electron transfer
mechanism in the FeSNC/PMS system. As shown in Fig. 5(h),
a sudden change in current occurred after the addition of PMS
at 100 s, indicating that the electron transfer between the
catalyst surface and PMS occurred; whereas, the current
magnitude did not change with the addition of BPA at 200 s,
suggesting that the electron transfer process from BPA to PMS
with FeSNC as the bridge did not occur. This indicates that the
electron transfer in the FeSNC/PMS system occurs during the
reaction between PMS and FeSNC to generate ROS, and the
surface electron transfer pathway is not the sulfate activation
pathway in the FeSNC/PMS system.

In addition, the Fe sites in the catalyst can form high-valent
iron-oxo complexes (=Fe"V=0 and =Fe"=0) on reaction with
PMS, and similar to the non-radical reaction pathway, this
reactive intermediate can oxidize pollutant molecules efficiently
and is unaffected by other organics quenchers, such as ethanol,
methanol, and so on.”® The transformation efficiency from
methyl phenyl sulfoxide (PMSO) to the corresponding sulfone
(PMSO,) has been used to indicate the contribution of high-

> e

S_co,

H,
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valent metal species in the AOPs.** As shown in Fig. 5(i), the
content of PMSO decreased to 82.4% after 10 min of reaction in
the FeSNC/PMS system, while the generation of PMSO, was
14.6%, indicating that the high-valent iron-oxo complexes
played a significant role in the FeSNC/PMS system. In addition,
the formation of high-valent iron-oxo complexes leads to
a change in the binding energy of Fe, which is shifted in the
direction of high binding energy compared to that of Fe in the
low-valent state. Comparing the high-resolution XPS patterns of
Fe before and after the reaction (Fig. 2(d) and S5(b)t), the shift
of the characteristic peaks of Fe element towards higher
binding energy also confirms the generation of high-valent
iron-oxo complexes. On this basis, it can be assumed that the
DMPOX detected in the FeSNC/PMS/DMPO/H,O system was
generated by the rapid oxidation of the high-valent iron-oxo
complexes.

In summary, the reaction mechanism of FeSNC degradation
of BPA by activation of PMS is proposed as shown in Fig. 6. In
detail, PMS was first adsorbed onto the FeSNC surface and then
activated to generate ROS, which could react with BPA adsorbed
onto the FeSNC surface and in solution for oxidation. Activation
of PMS by FeSNC occurred mainly through two non-radical
pathways, high-valent metal species and singlet oxygen (*0,).
For the singlet oxygen pathway, FeSNC is not recombined to
generate 'O, via the decomposition of PMS into the interme-
diate O, after oxidation in contact with the sites, as the
intermediate O,"~ was not detected by EPR tests.*"*>°® Thus, 10,
can be generated mediated by the transfer of electrons from
M-N-C and M-O-C bonds and activation of the carbon layer to
form peroxides, as hypothesized by existing studies.®” For the
high-valent metal oxidation pathway, the Fe-N, active site in

Lo ]
_‘Q_‘("oz

H,0

HSO¢

Fig. 6 Possible catalytic mechanism of BPA degradation in the FeSNC/PMS system.
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FeSNC may cooperate with PMS to form complex complexes Fe-
0S0, or Fe-(OH)-0S03, followed by electron transfer and O-O
bond cleavage to produce the high-valent iron-oxo complexes
Fe™=0 (M =1V, V, and VI).** Ultimately, the generated 'O, and
high-valent iron-oxo complexes degraded the electron-rich
organic pollutants into small molecules, a portion of which
were thoroughly mineralized to produce CO, and H,O.

3.5 Environmental tolerance and sustainable water
treatment

Various common inorganic anions in aqueous humor possibly
affect the catalyst activation performance. To investigate the
effect of the system on the degradation of BPA in the presence of
different common anions, 20 mM CI~, NO;, HCO;  and
H,PO;~ were added to the system, respectively. As can be seen
from Fig. 7(a), when HCO;  and H,PO,;~ were added to the
solution, the degradation rate of BPA reached 100% after 3-
4 min, and the removal rate slightly decreased compared with
that of the blank control group; when C1™ and NO; ™~ were added
to the solution, the degradation rate of BPA reached 100% after
about 2 min, which was consistent with that of the blank control
group. The possible reasons for this are that HCO;  and
H,PO;™ in water compete with BPA to consume PMS or induce
the generation of ROS with lower reaction rates.*”® Overall, it
seems that the main reaction ROS generated by catalyst FeSNC
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in the FeSNC-PMS system is little disturbed by ionic changes in
the water.

The mineralization capacity of the FeSNC-PMS system was
evaluated by measuring the total carbon removal within 10 min
by TOC meter. The results in Fig. 7(b) show that the minerali-
zation rate of BPA rapidly decreases by about 15% within 1 min,
and the mineralization rate of BPA can reach 22% at 10 min,
indicating that although the FeSNC-PMS system can rapidly
destroy the structure of BPA, only a part of BPA is mineralized in
the overall reaction process. The reason may be that the
mineralization ability of the high-valent iron oxide species as
the main ROS is not as good as that of the SO, and ‘OH
radicals, which are selective oxidizers, which is in line with the
results of previous studies.®

To identify the selectivity of the FeSNC-PMS system for the
degradation of different types of refractory organics, different
types of refractory organics (BPA, RhB, 4-CP, NB, SMX, TC, BA, 4-
NP, and OFL) were selected for the catalytic degradation. The
results in Fig. 7(c) show that the FeSNC-PMS system can effec-
tively remove the dye (RhB), antibiotics (SMX, OFL, and TC),
chlorinated phenolics (4-CP), and endocrine disruptors (BPA),
but it is difficult to effectively degrade NB, BA, and 4-NP which
suggests that the system has the selectivity of catalytic oxidative
degradation of different types of pollutants. Among them, NB,
BA, and 4-NP are electron-deficient organics, while dyes,
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(a) Kinetic curves of BPA degradation by FeSNC-PMS system in the presence of different coexisting anions; (b) TOC removal efficiency in

FeSNC-PMS system. (c) Kinetic curves of FeSNC-PMS system for degradation of different organic pollutants; (d) cycling stability experiments of

FeSNC-PMS system for BPA degradation.
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antibiotics, chlorinated phenolics, and endocrine disruptors
are electron-rich organics.***>”* Electron-deficient organics are
usually not easily degraded by the non-radical pathway, and
their degradation mainly relies on oxidizing sulfate and
hydroxyl radicals, whereas electron-rich pollutants, with
electron-rich groups, are more biochemically reactive and can
be degraded by the slightly less oxidizing non-radical pathway.”

Four cycle experiments were performed on FeSNC to evaluate
the reusability and stability of FeSNC catalyst. In recovering the
catalyst, it was washed in alcohol and water, then centrifuged
and dried, and pyrolyzed at 900 °C for 3 h under the same
conditions as for the preparation of the catalyst. The results of
the tests are shown in Fig. 7(d), where the removal of BPA at
5 min for the four cycles was 100%, 100%, 95.5%, and 86.3%,
respectively, and the corresponding apparent rate constant kops
were 2.832 min~ ', 2.016 min~*, 0.621 min ', and 0.548 min ",
respectively. The apparent rate constant ks decreased signifi-
cantly in the four cycles, and the system was unable to degrade
BPA by 100% in the third cycle and thereafter, which may be due
to the accumulation of intermediates or loss of metal active
sites on the catalyst surface during the degradation process. In
addition, the poor dispersion of the catalyst after the two
reactions observed in the experiments may also be one of the
key factors leading to the decrease in the ability to degrade BPA.
The metal ions content in the reaction solution after the cycling
experiment was detected by ICP-OES, and it was found that the
iron ions were below the detection limit (0.02 mg L"), which
was much lower than the 10 mg L™ " stipulated in the national
emission standard GB31962-2015, and it would not cause the
secondary pollution in the practical use. It indicates that FeSNC
catalyst has certain reusability.

4 Conclusions

In this study, we have developed a highly dispersed Fe-based
sulfur-nitrogen co-doped porous carbon catalyst (FeSNC),
which exhibits unprecedented reaction rate and selectivity for
activation of PMS and removal of bisphenol A from the water
column. The FeSNC/PMS system was the most effective in the
degradation of 20 mg L™ of BPA with the FeSNC dosage of 0.1 g
L~ " and the PMS concentration of 1 mM. The best effect was
achieved with 100% degradation in 3 min and an apparent rate
constant of 2.83 min~". The catalytic effect was quite stable in
the range of pH 3-9, and was not affected by environmental
factors such as ions in the water and quenching effect of
organics, etc. The concentration of Fe ions dissolved was much
lower than that of the environmental emission standard
(<0.01 mg L"), and it had a certain degree of reusability. The
intrinsic constitutive relationship between active species and
pollutant removal was insightfully understood by combining
experimental analyses with characterization techniques. Two
non-radical degradation pathways, namely, the high-valent iron
oxidation pathway and the singlet oxygen, were predominantly
present in the FeSNC/PMS system, in which the main reactive
oxygen species were high-valent iron-oxidizing species; and the
FeSNC/PMS system was inclined to degrade the electron-rich
organic pollutants with oxidative selectivity. This work

© 2025 The Author(s). Published by the Royal Society of Chemistry
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provides potential guidance for synthesis strategies of efficient
metal catalysts and PMS-based water purification processes.
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