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Nanoscale zerovalent iron (nZVI) has garnered significant attention as an efficient advanced oxidation
activator, but its practical application is hindered by aggregation and oxidation. Coating nZVI with carbon
can effectively addresses these issues. A simple and scalable production method for carbon-coated nZVI
composite is highly desirable. The anti-oxidation and catalytic performance of carbon-coated nZVI
composite merit in-depth research. In this study, a highly stable carbon-coated core-shell nZVI composite
(Fe0@RF-C) was successfully prepared using a simple method combining phenolic resin embedding and
carbothermal reduction. Fe0@RF-C was employed as a heterogeneous persulfate (PS) activator for
degrading 2,4-dihydroxybenzophenone (BP-1), an emerging contaminant. Compared to commercial
nZVI, Fe0@RF-C exhibited superior PS activation performance and oxidation resistance. Nearly 95% of BP-
1 was removed within 10 min in the Fe0@RF-C/PS system. The carbon layer promotes the enrichment of
BP-1 and accelerates its degradation through singlet oxygen oxidation and direct electron transfer
processes. This study provides a straightforward approach for designing highly stable carbon-coated
nZVI composite and elucidates the enhanced catalytic performance mechanism by carbon layers.
© 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Zerovalent iron (ZVI) has attracted extensive attention in envi-
ronmental remediation due to its environmental friendliness, low
cost, and high reactivity [1,2]. ZVI can be directly used for the
reduction of pollutants such as heavy metals [3], nitro compounds
[4,5], halides [6e8], and other pollutants readily accept electrons.
For pollutants that do not readily accept electrons, such as phenols,
ZVI can also be used as an activator of persulfate (PS) and H2O2 to
oxidize them [9,10].
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Nanoscale ZVI (nZVI) has a higher specific surface area and
reduction activity than commonly usedmicroscale ZVI. However, in
practical application, nZVI is prone to aggregation and oxidation by
air, seriously affecting its performance [11e14]. Many porous ma-
terials, such as resin [15], activated carbon [16], biochar [17], and
carbon nanotubes [18], have been used as supports for nZVI to
promote its dispersion. However, the nZVI particles are exposed on
the surface of these supports, which makes it difficult to effectively
solve the problem of air oxidation [11,14]. Recent studies have
found that encapsulating nZVI into porous carbon materials can
significantly improve air stability [11e14]. Hydrothermal carbon-
ization combined with carbothermal reduction is the most used
method to prepare carbon-coated nZVI composites [12,14]. The
nZVI precursor (iron salts or iron oxides) first undergoes a hydro-
thermal reaction with a glucose solution. The resulting residue is
subjected to high-temperature carbothermal reduction under an
inert gas atmosphere to obtain carbon-coated nZVI composites.
This method has several drawbacks, including a long hydrothermal
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reaction time (10e18 h), high temperatures (typically 180 �C), and
pressurized hydrothermal equipment, which poses safety risks and
is not conducive to large-scale production. In addition, as
mentioned above, ZVI can be used as an activator of PS to degrade
pollutants. However, most current studies on carbon-coated nZVI
compositesmainly focus on improving nZVI oxidation resistance by
the carbon layer, with few studies investigating its role in activating
PS to enhance pollutant degradation. Moreover, apart from indi-
cating that the carbon layer adsorbs and concentrates pollutants,
there is a lack of research on how it enhances pollutant degrada-
tion. Therefore, it is necessary to develop a simpler method for
preparing carbon-coated nZVI composites that can be easily scaled
up for production and systematically study the influence of carbon
layers on the catalytic performance of nZVI composites.

As a typical benzophenone-type ultraviolet (UV) filter, 2,4-
dihydroxybenzophenone (BP-1) is widely utilized in pharmaceu-
ticals and personal care products [19]. Due to its extensive use, BP-1
has been detected in different water bodies and human urine,
blood, and milk [20e24]. For example, the concentration of BP-1 in
surface waters ranged from 4.22 to 19.4 ng L�1 [19], while the mean
concentration of BP-1 in the effluent in Hong Kong is as high as
163 ng L�1 [25]. Many studies have shown that BP-1 has endocrine-
disrupting and carcinogenic effects [26e28], which pose potential
risks to the ecological environment and human health. Unfortu-
nately, it is difficult to completely remove BP-1 using conventional
methods in wastewater treatment plants [25]. In recent years, an
advanced oxidation process (AOP) based on hydroxyl or sulfate
radicals has been widely used to oxidize various refractory organic
pollutants [9,29e34]. The activation of PS by nZVI is an effective
way to produce hydroxyl and sulfate radicals. Given the carbon
layer on carbon-coated nZVI composite enhances nZVI stability and
pollutant absorption, the high degradation efficiency of BP-1 is
anticipated when activating PS with this composite.

Phenolic resin has a high carbon content, which can generate
many pores during high-temperature carbonization. Fe3O4 is cheap
and can be reduced to ZVI by carbon at high temperatures. There-
fore, phenolic resin and Fe3O4 are ideal carbon and iron sources for
preparing carbon-coated ZVI composites. In this study, spheroidal
nano-Fe3O4 was firstly coated with resorcinol-formaldehyde (RF)
resin under mild conditions, then a stable carbon-coated core-shell
nZVI composite, Fe0@RF-C was successfully prepared through car-
bothermal reduction under the protection of N2. The degradation of
BP-1 in the Fe0@RF-C/PS systemwas systematically investigated. In
addition, the activation mechanism of Fe0@RF-C on PS was
explored, based on which the important role of the carbon layer in
improving the catalytic performance of Fe0@RF-C was discussed.
Finally, possible degradation pathways of BP-1 were proposed, and
the toxicity changes during the degradation process were evaluated
using the ecological structure-activity relationship (ECOSAR) pro-
gram. This study provides a simple, feasible scheme for preparing
stable carbon-coated core-shell nZVI composite. It elucidates the
important role of the carbon layer on the catalytic performance of
nZVI composites and its underlying mechanism. These findings
significant for applying nZVI and removing refractory organic
matter in water.
2. Material and methods

2.1. Chemicals and materials

All chemicals and materials used in this study are presented in
the Supporting Information (Supplementary Material Text S1).
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2.2. Fe0@RF-C preparation

The Fe0@RF-C composite was prepared by calcining pre-
synthesized RF resin coated magnetite particles (Fe3O4/RF) under
N2. Specifically, 2.5 g resorcinol was fully dissolved in 20mL ethanol
and 50 mL water. Then, 1.25 g Fe3O4 nanoparticles were added to
the solution and fully dispersed by ultra-sonication. In the resultant
dispersion, 1.25 mL of ammonia was added, followed by 3.5 mL of
formaldehyde, and the mixture was mechanically stirred for 1 h at
200e300 rpm and 30 �C. After magnetic separation, the solid par-
ticles were washed three times with deionized water and then
vacuum dried at 80 �C for 12 h to obtain Fe3O4/RF particles. Sub-
sequently, the Fe3O4/RF particles were calcined under a N2 atmo-
sphere at 400 �C for 3 h, followed by further treatment at 850 �C for
3 h at a heating rate of 5 �C min�1. Carbon derived from the
formaldehyde resin (RF-C) without adding Fe3O4 was also synthe-
sized for comparison.

2.3. Characterization

The characterization of Fe0@RF-C is presented in Text S2
(Supplementary Material).

2.4. Experimental procedures

Batch oxidation reactions of BP-1 were carried out in 250 mL
conical flasks in a water bath at 25 �C. In a typical experiment, 5 mg
of Fe0@RF-C was fully dispersed in 100 mL of BP-1 solution
(20 mmol L�1) with an initial pH of 5.0 ± 0.1 (adjusted with
0.1 mol L�1 H2SO4 and 0.1 mol L�1 NaOH) under stirring
(200e300 rpm). After that, 100 mL of PS solution (1 mol L�1) was
added to the mixture to initiate the oxidation reaction. At given
intervals, 1 mL of the reaction solution was withdrawn and
immediately quenched with 1 mL of methanol. After filtered
through a polytetrafluoroethylene (PTFE) membrane, the concen-
tration of BP-1 in the sample was analyzed using high-performance
liquid chromatography (HPLC). In addition, the effects of the cata-
lyst dosages, initial solution pH, [PS]:[BP-1] ratios, humic acid (HA)
concentrations, common inorganic ions, and water matrices
(including ultrapurewater (UP), tap water (TW), secondary clarifier
effluent (SCE), synthetic wastewater (SW) and river water (RW)) on
the degradation of BP-1 were also studied. The water matrices are
detailed in Text S3 (Supplementary Material), and the water pa-
rameters are listed in Table S1 (Supplementary Material).
Quenching experiments were conducted with methanol (MeOH),
tert-butanol (TBA), superoxide dismutase (SOD), furfuryl alcohol
(FFA), 2,2,6,6-tetramethyl-4-piperidinol (TEMP), L-Histidine (L-his),
and sodium azide (NaN3) as quenching agents, respectively. All
experiments were duplicated, and the results were presented as
mean data with standard deviations.

2.5. Analytical methods

The concentration of BP-1 was determined by an Agilent 1260
HPLC (Agilent Technologies, USA). The degradation intermediates
were analyzed using an Agilent 1260 HPLC system in tandemwith a
high-resolution hybrid quadrupole time-of-flight mass spectrom-
eter (Triple TOF 5600, AB Sciex, Foster City, CA) equipped with an
electrospray for electrospray ionization (ESI) in negative ion mode.
The HPLC and HPLC-mass spectrometry/mass spectrometry (HPLC-
MS/MS) parameters are described in Text S4 and Text S5
(Supplementary Materials). Before analysis, all the degradation
intermediates were enriched through solid phase extraction (SPE)



Fig. 1. aec, SEM images of RF-C (a), raw Fe3O4 particles (b), and Fe0@RF-C particles (c).
d, EDS mapping images of Fe0@RF-C particles. eef, HRTEM images of Fe0@RF-C par-
ticles at 50 nm (e) and 10 nm (f) scales.
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using CNWBOND LC-C18 SPE cartridges (1 g, 6 mL, CNW Technol-
ogies, Shanghai, China) conducted on an automatic solid phase
extraction instrument (Trace 280, Thermometer). The SPE opera-
tion procedure is described in detail in Text S6 (Supplementary
Material).

The reaction solution's total organic carbon (TOC) was deter-
mined during the oxidation process using a TOC analyzer (multi N/
C 3100, Analytik Jena). The concentration of PS was measured using
a UVeVis spectrophotometer (SPECORD 210, Analytik Jena) based
on themethod of Liang et al. [35]. The reactive oxygen species (ROS)
generated in the oxidation system were detected using the EMX
PLUS spectrometer (Bruker BioSpin, Germany) with 5, 5-dimethyl-
1-pyrroline N-oxide (DMPO) and TEMP as spin-trapping reagents.

2.6. Electrochemical measurements

The electrochemical tests were conducted in 100 mmol L�1

phosphate buffer solution (pH 7) using an electrochemical work-
station with a standard three-electrode configuration (CH1760E,
Beijing Huakeputian Technology Co., Ltd.). The Ag/AgCl/KCl elec-
trode, platinum wire electrode, and an activator-coated glassy
carbon electrode were used as the reference, counter, and working
electrode. 10 mg of activator, 2 mL of ethanol and water mixture
(v:v¼ 1:1), and 10 mL of Nafion perfluorinated resin solution (5 wt%,
3A materials) were sonicated for 1 h. Then, the mixture (5 mL) was
dropped onto a glassy carbon electrode and dried for 10 min at
60 �C. The above procedure was repeated three times. Ampero-
metric i�t curves were measured by applying a potential of þ0.6 V
(vs Ag/AgCl) to the working electrode.

2.7. Toxicity assessment

The acute and chronic toxicity of BP-1 and its oxidation in-
termediates to three typical aquatic organisms (i.e., fish, daphnia,
and green algae) were evaluated using the ECOSAR program, which
has been widely used for toxicity prediction by the United States
Environmental Protection Agency (US EPA), Organization for Eco-
nomic Co-operation and Development (OECD), and the European
Union (EU) [19,29]. Toxicity was assessed regarding the half-lethal
concentration (LC50) for daphnia and fish and the half-effective
concentration (EC50) for green algae, with smaller values indi-
cating higher toxicity.

3. Results and discussion

3.1. Characterization of Fe0@RF-C

3.1.1. Morphology characterization
RF-C comprises irregular particles with distinct stacking pores

(Fig. 1a). The Fe3O4 particles primarily occurred as smooth spher-
oids with sizes ranging from a few hundred nanometers to two
microns (Fig. 1b). After carbon coating, the prepared Fe0@RF-C
composites maintained the spherical morphology with rougher
surface, which was reflected by the broken particles in the scanning
electron microscopy (SEM) images (Fig. 1c). Energy-dispersive X-
ray spectroscopy (EDS) mapping (Fig. 1d) revealed that almost all
Fe0@RF-C composites were coated with a layer of carbon. In the
high-resolution transmission electron microscopy (HTEM) image
(Fig. 1e), a core-shell structure of Fe0@RF-C composites with a
coating of approximately 20 nm thick can be observed. The lattice
fringes with a spacing of approximately 0.36 nm in the carbon
coating layer, which is assigned to the (002) plane of graphitic
carbon, can be observed (Fig. 1f), indicating that the carbon layer
was partly graphitized [36]. Many researchers have reported that
graphitic carbon has excellent charge transfer performance, which
3

is beneficial to the oxidation of pollutants [37e40]. In addition,
lattice fringes with a spacing of about 0.20 nm can also be observed
in the iron core, which is attributable to the (110) plane of crys-
talline Fe0 [36].

3.1.2. Compositional characterization
The diffraction patterns of the Fe0@RF-C composites were well

consistent with the standard X-ray diffraction (XRD) patterns of Fe0

(JCPDS 99e0064) with diffraction peaks at 2q of 44.9�, 65.3�, and
82.5� (Fig. 2a) [14]. The characteristic diffraction patterns of Fe3O4
were not detected in Fe0@RF-C, indicating that the Fe3O4 was
completely reduced into Fe0 during the calcination. Moreover, an
obvious diffraction peak at 2q of 26.3� was observed, which was
attributed to the (002) plane of graphitic carbon (JCPDS 26e1080)
[36].

The intensity of the Fe 2p X-ray photoelectron spectroscopy
(XPS) spectra is very weak (Fig. 2b), indicating low iron content on
the surface, which further confirms that the iron species are closely
wrapped by graphitic carbon layers. Two major peaks corre-
sponding to Fe 2p3/2 and Fe 2p1/2 with binding energies at 710.5
and 723.6 eV were detected, characteristic of Fe3O4 [41]. The Fe0

peak, which often appears at 707.2 eV [42], was not detected, which
could be attributed to the superficial oxidation of Fe0 upon expo-
sure to air.

The Raman spectra were determined to investigate the state of
carbon in Fe0@RF-C (Fig. 2c). Two distinct characteristic peaks were
observed at 1350 and 1580 cm�1, corresponding to the D and G
bands, respectively. The D band was associated with disordered
carbon, while the G band was attributed to in-plane vibrations of
the sp2 carbon [17]. The ratios of band intensity of the D band to G



Fig. 2. a, XRD pattern. b, High-resolution XPS spectra of Fe 2p. c, Raman spectra. d, N2 adsorption-desorption isotherm. eef, Pore distribution (e), and magnetic hysteresis loop (f) of
Fe0@RF-C.

Fig. 3. Removal of BP-1 under different oxidation systems. Typical reaction conditions:
[BP-1] ¼ 20.0 mmol L�1, [BP-1]:[PS] ¼ 1:50, catalyst dosage ¼ 50 mg L�1, initial solution
pH ¼ 5.0 ± 0.1, T ¼ 25.0 �C.
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band (ID/IG), which reflect the degree of graphitization [43], were
2.65 and 2.72 for Fe0@RF-C and RF-C respectively, indicating that
the carbon layer was partly graphitized.

Considering the results of SEM, HTEM, EDS mapping, XRD, XPS,
and Raman spectra, a core-shell structure with a Fe0 core and
partially graphitized carbon coating of Fe0@RF-C can be verified.

3.1.3. Pore structure characterization
The N2 adsorption-desorption isotherm of Fe0@RF-C composites

exhibited a clear hysteresis loop within the relative pressure range
of P/P0 ¼ 0.4e1.0, characteristic of large mesopores (Fig. 2d) [44].
Based on the Brunauer-Emmett-Teller (BET) model, the specific
surface area (SBET) of Fe0@RF-C was calculated to be 143m2 g�1. The
plot of pore size distribution, determined from the desorption
branch based on the Barrett-Joyner-Halenda (BJH) method,
exhibited obvious mesopores centered at 3.9 nm (Fig. 2e). For
comparison, the N2 adsorption-desorption isotherms and pore size
distributions of RF-C and raw material Fe3O4 were also plotted
(Supplementary Material Fig. S1). RF-C exhibited a type I isotherm
in the low-pressure region (P/P0 < 0.4) without any hysteresis loop
(Supplementary Material Fig. S1a), indicating its microporous
structure [43]. The SBET of RF-C was 491 m2 g�1. The pore size dis-
tribution of RF-C was concentrated at approximately 2.2 nm
(Supplementary Material Fig. S1b). A hysteresis loop was also
observed in the isotherm of Fe3O4 (Supplementary Material
Fig. S1c), which is attributed to the stacking of pores. The SBET of
Fe3O4 is 101 m2 g�1, and a wide pore size distribution centered at
approximately 10.4 nm could be observed (SupplementaryMaterial
Fig. S1d). The significant decrease of SBET for Fe0@RF-C compared
with RF-C is attributable to the large amount of nonporous Fe0 in
the composites. Based on the combustion method, the mass frac-
tion of Fe0 in Fe0@RF-C was 54.9%.

3.1.4. Magnetic characterization
The magnetic properties of commercial Fe3O4, nZVI, and

Fe0@RF-C were evaluated for comparison (Fig. 2f). All the samples
corresponded to the typical S-type magnetic hysteresis loop with
4

no remanence or coercivity at room temperature, indicating
superparamagnetic behavior [43]. The saturation magnetization
(Ms) of Fe0@RF-C, Fe3O4, and nZVI were 93.43, 57.56, and 199.34
emu g�1, respectively. Therefore, Fe0@RF-C has a lower magnetism
than nZVI, which may be attributed to the carbon layer on Fe0@RF-
C. A similar phenomenon has been reported in the composites of
nZVI and activated carbon (AC-nZVI) [45]. In addition, although the
magnetism of Fe0@RF-C was weaker than that of nZVI, it could be
easily separated by an external magnetic field after dispersion in
water (insert in Fig. 2f), which is beneficial for its practical
application.



Fig. 4. Degradation of BP-1 in PS systems using Fe0@RF-C (a) and commercial nZVI (b)
exposed to air for different days as activators.
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3.2. BP-1 degradation by PS activated with Fe0@RF-C

3.2.1. Evaluation of catalytic performance of Fe0@RF-C
In separate systems with only Fe0@RF-C, Fe3O4, and RF-C, 13.4%,

3.4%, and 9.1% of BP-1 were removed after 40 min, respectively
(Fig. 3), indicating that adsorption contributed little to the removal
of BP-1. For a sole-PS system, the removal efficiency of BP-1 was
only 3.6% after reacting for 40 min, indicating that the direct
oxidation of BP-1 by PS was negligible at room temperature.
Neither RF-C nor Fe3O4 could effectively activate PS because the
removal efficiencies of BP-1 after 40 min in the RF-C/PS and Fe3O4/
PS systems were only 9.0% and 7.5%, respectively. The ineffective PS
activation performance of Fe3O4 was also reported in an early study
for the degradation of 4-chlorophenol [14]. In contrast, the removal
efficiency of BP-1 in the Fe0@RF-C/PS system significantly increased
to 94.9% in only 10 min, suggesting that PS was efficiently activated
by Fe0@RF-C. Therefore, it can be concluded that in a mixed PS and
Fe0@RF-C system, neither the direct oxidation of PS nor adsorption
by Fe0@RF-C dominates the removal of BP-1. Instead, the removal of
BP-1 is primarily facilitated by the catalytic oxidation of PS acti-
vated by Fe0@RF-C. Similar results have been reported for BP-1
degradation in a Fe0/PS system, but the degradation rate of BP-1
is faster in the Fe0@RF-C/PS system in this study [29]. The
removal of BP-1 under different systems approximately obeys the
pseudo-first-order kinetics model (Supplementary Material
Fig. S2). The kinetics constant (kobs) of BP-1 removal in Fe0@RF-C/
PS system was calculated as 0.4892 min�1, which is much higher
than that in PS (0.0007 min�1), Fe0@RF-C (0.0046 min�1), Fe3O4
(0.0010 min�1), RF-C (0.0029 min�1), Fe3O4/PS (0.0021 min�1), RF-
C/PS (0.0029 min�1) systems.

The adsorption of organics by carbon materials has been re-
ported to have a positive synergistic effect on the following
advanced oxidation process [46,47]. In addition, the graphitized
structure was crucial to the electron transfer on the surface of
carbon materials [16,40,48,49]. Therefore, the outstanding oxida-
tive degradation performance of the Fe0@RF-C/PS system for BP-1
can be explained as follows. The porous structure of the carbon
layer on the surface of Fe0@RF-C is conducive to the adsorption of
BP-1 (13.4% of BP-1 was adsorbed in the sole-Fe0@RF-C system),
which increases the concentration of BP-1 on the surface and
shortens the distance between BP-1 and the generated free radicals
(described in section 3.3), thus enhancing the degradation of BP-1.
The adsorption and oxidation of BP-1 play a synergistic role in its
removal process; that is, adsorption can promote oxidation; simi-
larly, after the adsorbed BP-1 is oxidized, Fe0@RF-C can continue to
adsorb BP-1. In addition, the graphitized carbon layer may also act
as an electron transfer medium from BP-1 to PS (described in sec-
tion 3.3), further improving the degradation efficiency of BP-1.

3.2.2. Stability of Fe0@RF-C
Fe0@RF-C and commercial nZVI (50 nm, sphere) were exposed

to air for 40 days to estimate the stability of Fe0@RF-C. After five
days (Fe0@RF-C-5 d and nZVI-5 d) and 40 days (Fe0@RF-C-40 d and
nZVI-40 d) of exposure, Fe0@RF-C and nZVI were taken for BP-1
degradation experiments. The fresh Fe0@RF-C presented excellent
PS activation performance, with more than 90% degradation effi-
ciency of BP-1 in 5 min (Fig. 4a). Although the activation perfor-
mance of Fe0@RF-C-5 d and Fe0@RF-C-40 d slightly declined, more
than 90% of BP-1 could be degraded in 10 min, indicating the high
stability of Fe0@RF-C. The stability of Fe0@RF-C was also confirmed
by XRD characterization, which showed that thematerial still exists
in the state of Fe0 after exposure to air for 40 days (Fig. 2a). The
improvement of Fe0 stability by carbon coating has also been re-
ported by many other studies [13,14]. Fresh commercial nZVI
showed good PS activation performance, with over 80% of BP-1
5

degraded in 10 min (Fig. 4b). However, the performance of nZVI-
5 d and nZVI-40 d substantially declined, reflecting the suscepti-
bility of nZVI to oxidize in the atmosphere. The pseudo-first-order
kinetics model further fitted the removal of BP-1 under different
systems (Supplementary Material Fig. S3). The kobs values of BP-1
removal in PS systems activated by Fe0@RF-C, Fe0@RF-C-5 d, and
Fe0@RF-C-40 dwere calculated as 0.6002, 0.2131, and 0.2421min�1,
respectively. For comparison, the kobs values of BP-1 removal in PS
systems activated by nZVI, nZVI-5 d, and nZVI-40 d were only
0.1948, 0.0148, and 0.0115min�1, respectively. Even after 40 days of
air exposure, Fe0@RF-C showed better PS activation performance
than commercial nZVI. These results indicate that the oxidation of
Fe0 was significantly slowed down in Fe0@RF-C, which can be
attributed to the coating of the carbon layer [14,36,43,50].

3.2.3. Effect of catalyst dosage and PS concentration
The removal kinetics of BP-1 accelerates with the increase of

Fe0@RF-C dosage in the range of 10e100 mg L�1 (Fig. 5a). Addi-
tionally, BP-1 removal approximately followed by the pseudo-first-
order kinetics model and the kobs value increased from 0.3317 to
0.4973 min�1 with the Fe0@RF-C dosage increased from 10 to
100 mg L�1 (Supplementary Material Fig. S4a). After 10 min of re-
action, the removal efficiencies of BP-1 exceeded 94.0% and reached
their maximum for all the studied Fe0@RF-C dosages. The Fe0@RF-C
dosage was set as 50 mg L�1 in the following experiments for
convenience. It is worth mentioning that the dosage of Fe0@RF-C
used in this study is very low compared with other reported iron-
based catalysts for PS activation, usually ranging from 200 to
1000 mg L�1 [14,16,18,51].



Fig. 5. Effects of catalyst dosage (a), PS concentration (b), initial solution pH (c), HA concentration (d), and coexisting anions (e) and cations (f) on the degradation of BP-1. Typical
reaction conditions: [BP-1] ¼ 20.0 mmol L�1, [BP-1]:[PS] ¼ 1:50, catalyst dosage ¼ 50 mg L�1, initial solution pH ¼ 5.0 ± 0.1, T ¼ 25.0 �C.
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The increase in the ratios of PS to BP-1 from 25:1 to 50:1
resulted in a significant improvement in the degradation efficiency
of BP-1 (Fig. 5b). The improvement became less prominent with
further increases in PS concentration. The removal efficiencies of
BP-1 at all PS concentrations exceeded 90.0% after 20 min. Addi-
tionally, BP-1 removal approximately obeys the pseudo-first-order
kinetics model, and the kobs value increased from 0.1948 to
0.6964 min�1 when the molar ratio of PS to BP-1 increased from
25:1 to 100:1 (Supplementary Material Fig. S4b). According to
previous studies [29,52e54], excessive addition of PS may lead to
the consumption of the generated free radicals, which is detri-
mental to the oxidation of pollutants. However, this phenomenon
was not observed in this study, which may be related to the mul-
tiple degradation mechanisms of BP-1 in the system (see discussion
in Section 3.3). Considering the efficiency and economic advan-
tages, the molar ratio of PS to BP-1 was set as 50:1 in the following
experiments, which is much lower than those reported in most PS-
based advanced oxidation processes with the molar ratios of PS to
pollutants from 100:1 to 500:1 [16,29,37,55,56].
3.2.4. Effects of initial solution pH, HA, and coexisting ions
The degradation of BP-1 was almost unaffected by the initial

solution pH, except that the degradation of BP-1 was slightly
inhibited when the initial solution pH was 10.0 (Fig. 5c). After
reacting for 30 min, the degradation efficiency of BP-1 reached
more than 95% for all experiments. Additionally, BP-1 removal
approximately obeys the pseudo-first-order kinetics model, and
the kobs value slightly decreased from 0.4892 to 0.4070min�1 when
the initial solution pH increased from 5.0 to 10.0 (Supplementary
Material Fig. S4c). The final solution pH after reactions was also
measured, all below 3.1 (Supplementary Material Table S2). Under
acidic conditions, Fe0 in Fe0@RF-C was easily corroded to generate
Fe2þ, an effective homogeneous catalyst for PS activation, leading to
rapid degradation of BP-1.

HA was selected as a representative to investigate the effect of
natural organic matter on the degradation of BP-1 (Fig. 5d). At a low
HA concentration of 1 mg L�1, the degradation efficiency of BP-1
was almost unaffected. However, the degradation efficiencies of
BP-1 decreased with further increasing HA concentrations. In
addition, BP-1 removal approximately obeys the pseudo-first-order
kinetics model, and the kobs value greatly decreased from 0.4892 to
6

0.1018 min�1 when the HA concentration increased from 0 to
20 mg L�1 (Supplementary Material Fig. S4d). The negative effect of
HA on the PS-based oxidation systems has also been reported by
many studies and can be explained by the competitive reactions
between HA and pollutants [55,57]. Moreover, although HA showed
an inhibitory effect on the degradation of BP-1, 93.9% of BP-1 could
still be degraded after 40 min at a high HA concentration of
20 mg L�1. Thus, the Fe0@RF-C/PS system strongly resists natural
organic matter interference in practical applications.

The effects of coexisting ions on the degradation of BP-1 were
studied at an ion concentration of 5.0 mmol L�1. According to the
literature, Cl� has different effects on the degradation of pollutants
in different oxidation systems. Generally, the presence of Cl� in-
hibits pollutant degradation due to its scavenging effect on HO� and
SO4

�� [58e60]. However, in this study, the presence of Cl� signifi-
cantly promoted the degradation of BP-1 (Fig. 5e). In fact, the
promotion of Cl� to the degradation of pollutants has also been
reported in many oxidation processes and it is generally believed
that the possible reason is due to the formation of various chlorine-
containing radicals (Cl� and Cl2��) and free available chlorine (Cl2)
[61e63]. The presence of HCO3

� and NO3
� showed no clear effect on

the degradation of BP-1. Ca2þ, Mg2þ, and NH4
þ showed similar and

very weak inhibition effects on the degradation of BP-1, but the
degradation efficiency of BP-1 all exceeded 90.0% in about 15 min
(Fig. 5f). The removal of BP-1 under different coexisting ions was
then fitted by the pseudo-first-order kinetics model
(Supplementary Material Figs. S4eef). The kobs values of BP-1
removal in the presence of Cl�, NO3

�, HCO3
�, Ca2þ, Mg2þ, and NH4

þ

were calculated as 0.8424, 0.4448, 0.4358, 0.2947, 0.3276, and
0.2876 min�1, respectively. The above results show that the
Fe0@RF-C/PS system has excellent resistance to interference from
ions.
3.2.5. The residual PS concentration and leakage of iron ions
The concentration of PS rapidly decreased to approximately 60%

in the first 5 min, after which it gradually decreased
(Supplementary Material Fig. S5a), indicating that Fe0@RF-C has
high activation performance for PS. It should be noted that nearly
30% of PS remained after 40 min, indicating excessive PS in the
system. In the system without PS and BP-1, the iron ion concen-
tration was only 0.4 mg L�1 after 40 min (Supplementary Material



G. Xu, L. Sun, Y. Tu et al. Environmental Science and Ecotechnology 22 (2024) 100457
Fig. S5b), indicating the stability of Fe0@RF-C in water. In the
Fe0@RF-C/PS/BP-1mixed system, the iron ion concentration rapidly
increased after adding PS. After 40 min, the iron ion concentration
reached 12.6 mg L�1. Furthermore, we found that in the mixed
system of Fe0@RF-C/PS without adding BP-1, the dissolution of iron
was less than that in the mixed system of Fe0@RF-C/PS/BP-1. This is
because the addition of BP-1 leads to the consumption of SO4

��,
which in turn promotes the reaction between Fe0 and PS, producing
more iron ions.
3.2.6. Removal of BP-1 in different water matrices
Considering the complexity of water matrices in practical

application, BP-1 degradation experiments were conducted in
different types of water matrices (Supplementary Material Fig. S6).
BP-1 was rapidly degraded in UP, with the degradation efficiency
reaching 94.9% in 10 min. Unexpectedly, the degradation of BP-1
was almost unaffected in TW, SCE, and RW, but it was slightly
inhibited in SW. The degradation efficiencies of BP-1 exceeded 90%
after 10min in all water matrices. These results differ from previous
reports that water matrices significantly influence the degradation
of BP-1 in the Fe0/PS system [29]. In their studies, Cl� in TP and SCE
promoted the degradation of BP-1, while organic matter in RW and
SW inhibited the degradation of BP-1. In this study, the influence of
different water matrices on the degradation of BP-1 was not sig-
nificant, which may be related to the different degradation mech-
anisms of BP-1 in the Fe0@RF-C/PS system (described in section
3.3).
Fig. 6. aeb, EPR spectra obtained by spin trapping with 100 mmol L�1 DMPO in water system
TEMP in the water system. d, Quenching experiments. e, Amperometric i�t curve measur
conditions: [BP-1] ¼ 20.0 mmol L�1, [BP-1]:[PS] ¼ 1:50, catalyst dosage ¼ 50 mg L�1, initial
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3.3. Activation mechanism of PS with Fe0@RF-C

To identify the types of reactive species generated in the
Fe0@RF-C/PS system, electron paramagnetic resonance (EPR) ex-
periments using DMPO and TEMP as spin-trapping agents for
radicals and singlet oxygen (1O2) were conducted first. The de-
tections of SO4

��, HO�, and 1O2 were performed in the water system,
while for O2

��, it was conducted in the MeOH system [64]. No free
radical signal is recorded in the DMPO system alone (Fig. 6a). Weak
signals of HO� are observed in the mixed system of Fe0@RF-C and
DMPO, which may be attributable to the reaction of Fe0 with H2O
and dissolved O2 [14,65]. Both SO4

�� and HO� signals are detected in
the PS/DMPO and Fe0@RF-C/PS/DMPO systems. Furthermore, the
signals of HO� in the latter are much stronger than those in the
former, indicating that the generation of HO� is greatly enhanced
after adding Fe0@RF-C. In addition, the HO� signals are much
stronger than SO4

��, which may be attributed to the rapid trans-
formation from DMPO-SO4 adducts to DMPO-OH adducts [66]. No
signals of DMPO�OOH are observed in the Fe0@RF-C/PS/DMPO
system (Fig. 6b), indicating that O2

�� is not generated in the system.
The TEMPO signals (1:1:1) in the PS/TEMP system are attributed to
the formation of 1O2 due to the self-degradation of PS (Fig. 6c).
These TEMPO signals are greatly enhanced in the Fe0@RF-C/PS/
TEMP system, suggesting a significant generation of 1O2 after the
addition of Fe0@RF-C.

Although SO4
��, HO�, and 1O2 were detected in the EPR experi-

ments, it does not necessarily mean that all of them are mainly
(a) and MeOH system (b). c, EPR spectra obtained by spin trapping with 100 mmol L�1

ements upon adding PS and BP-1 using Fe0@RF-C as the working electrode. Reaction
solution pH ¼ 5.0 ± 0.1, T ¼ 25.0 �C.
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responsible for the degradation of BP-1. To further confirm the
dominant active species, different quenchers were selected to
investigate their effects on the degradation of BP-1, and the
decomposition experiments of PS with and without the addition of
these quenchers were also conducted. MeOH was selected to
scavenge HO� and SO4

�� (kMeOHþHO� ¼ 9.7 � 108 M�1 s�1,
kMeOHþSO��

4
¼ 2.5 � 107 M�1 s�1), while TBA was used only to

selectively quench HO� (kTBAþHO� ¼ (3.8e7.6) � 108 M�1 s�1,
kTBAþSO��

4
¼ (4.0e9.1) � 105 M�1 s�1) [29]. SOD was used as a

scavenger for O2
�� [30]. FFA (kFFAþ1O2

¼ 1.2 � 108 M�1 s�1) [67], L-

his, and TEMP were used to quench 1O2. The addition of SOD
(50000 U L�1) shows almost no suppression in the removal of BP-1
(Fig. 6d), indicating that O2

�� radicals hardly contribute to BP-1
degradation. Similarly, the addition of TBA (200 mmol L�1) has a
very weak inhibition on the degradation of BP-1, and TBA does not
cause the decomposition of PS (Supplementary Material Fig. S7),
indicating that the contribution of HO� radicals is very limited. On
the contrary, adding MeOH (200 mmol L�1) significantly inhibits
the degradation of BP-1 but does not cause the decomposition of PS
(Supplementary Material Fig. S7), indicating that SO4

�� radicals play
an important role in the degradation of BP-1.

Furthermore, we noticed that after addingMeOH, a considerable
amount of BP-1 was still degraded, indicating the existence of non-
Fig. 7. Hypothetical degradation pathways of
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radical pathways within the Fe0@RF-C/PS system. To illustrate the
contribution of 1O2, FFA, TEMP, and L-his, commonly used in the
literature, were selected as scavengers to investigate their effects
on the degradation of BP-1. TEMP (100 mmol L�1) significantly
inhibited the degradation of BP-1 (Fig. 6d). Particularly, the addition
of FFA (100 mmol L�1) and L-his (100 mmol L�1) almost completely
inhibited the degradation of BP-1. According to the literature [68],
FFA can not only react with 1O2 but also quench HO� and
SO4

��radicals (kFFAþHO� ¼ 1.5 � 1010 M�1 s�1,
kFFAþSO��

4
¼ 4.1 � 109 M�1 s�1), therefore, it has a higher inhibitory

effect on the removal of BP-1. Unfortunately, these three kinds of
1O2 scavengers led to significant decomposition of PS
(Supplementary Material Fig. S7). Therefore, these quenching ex-
periments could not accurately confirm the contribution of 1O2. For
this reason, a low concentration of NaN3 (2 mmol L�1) was further
used as a 1O2 scavenger. After adding a low concentration of NaN3,
the degradation of BP-1 was significantly inhibited, with less than
70% of BP-1 removed at 40 min (Fig. 6d). Although the addition of
NaN3 would also cause the decomposition of PS, more than 70% of
PS (about 35 times the concentration of BP-1) was still retained in
the system at 40 min (Supplementary Material Fig. S7). Combined
with the result of PS concentration effect experiments (Fig. 5b), it
was found that when the PS concentrationwas 25 times that of BP-
BP-1 in PS system activated by Fe0@RF-C.



Fig. 8. Predicted aquatic toxicity of BP-1 and its degradation intermediates to fish by
the ECOSAR program.
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1, more than 90% of BP-1 could be removed within 40 min.
Therefore, it can be considered inhibitory effect of NaN3 on BP-1
degradation is mainly due to the quenching of 1O2. According to
previous studies, the generation of 1O2 may be due to the activation
of PS by graphitized carbon [69].

In addition to 1O2, the direct electron transfer process mediated
by graphite carbon is an important non-radical mechanism, often
reported in advanced oxidation systems based on carbonaceous
activators [70e72]. Thus, we hypothesized that BP-1 could also be
degraded through an electron transfer process mediated by the
carbon layer. Thereby, amperometric i�t curves were recorded to
monitor the charge transfer in the system. When PS was injected
into the system, a negative current emerged immediately, whereas
the addition of BP-1 resulted in an obvious signal of positive current
(Fig. 6e). These observations indicate that the electrons can transfer
from BP-1 to PS through a conductive graphitized carbon layer on
Fe0@RF-C surface, resulting in the decomposition of PS and the
simultaneous degradation of BP-1 [72].

In summary, the SO4
�� radicals and 1O2 play a dominant role in

BP-1 degradation, and the direct electron transfer from BP-1 to PS
mediated by the graphitized carbon layer plays a secondary role,
while the role of HO� radicals and O2

�� is minor. Different from the
conventional Fe0 and PS-based oxidation process, where SO4

�� and
HO� radicals play a major contribution to the degradation of pol-
lutants, the Fe0@RF-C/PS system can not only generate SO4

�� radi-
cals but also generate 1O2 and can mediate the electron transfer
from pollutants to PS, promoting the efficient degradation of pol-
lutants through various ways. In addition, the enrichment of pol-
lutants by the carbon layer is also conducive to their rapid
degradation.

3.4. Oxidation intermediates and pathways

According to the LC-TOF-MS analysis, ten oxidation products
were speculated during the degradation of BP-1. The errors be-
tween the experimental and calculated mass for all products were
less than 5 ppm (Supplementary Material Table S3), indicating the
high reliability of the structural identification. The MS/MS spectra
were further used to analyze the oxidation products and their
fragmentation patterns (Supplementary Material Fig. S8). Based on
the analysis of oxidation products of BP-1 and previous reports
[29,73,74], five possible pathways were proposed for the degrada-
tion of BP-1 in the mixed system of Fe0@RF-C and PS (Fig. 7). In
pathways I and III, the benzene ring of BP-1 was attacked by SO4

��

and HO�, then the H atoms were easily substituted by them to
generate their corresponding sulfate addition product P1 and hy-
droxylation product P5. P5 was further oxidized to form carboxyl-
ated products P2 (B), P6, and P7 through ring-opening or bond
cleavage. The sulfate addition products and hydroxylation products
have also been observed in previous studies on PS-based advanced
oxidation processes [29,75]. In pathway II, HO� could also attack the
neighboring C atoms of carbonyl groups in BP-1 and cause bond
cleavage to produce P2(A), P3, and P4. Moreover, in pathway IV, the
BP-1 molecule was first attacked by free radicals (SO4

�� and HO�) to
generate a new free radical product with two single electrons, and a
ring-closed product P8 was then formed through intramolecular
coupling reactions, which was further oxidized to carboxylated
product P9. Finally, in pathway V, BP-1 was first transformed into
different radicals via electron extraction by SO4

�� and HO� and
product P10 were formed through free radical coupling reactions.
Other studies have also reported the coupling products [29,76].

3.5. The mineralization and toxicity changes

The TOC contents during the degradation process of BP-1 were
9

measured to evaluate the mineralization degree of BP-1. After
adding PS, the TOC of the mixture solution sharply decreased to
68.8% within 2 min and then gradually stabilized to 58.4% after
40 min (Supplementary Material Fig. S9). This result indicates that
most BP-1 was degraded into small intermediates in the oxidation
process rather than completely mineralized into CO2 and H2O. Low
TOC removal efficiencies have often been reported in other oxida-
tion systems under mild conditions [29,77], indicating that further
treatments are required to achieve complete mineralize pollutants.

To investigate changes in toxicity after the degradation of BP-1,
the widely used ECOSAR program was selected to calculate the
acute toxicity and chronic toxicity of BP-1 and its oxidation in-
termediates to fish, daphnia, and green algae (Supplementary
Material Table S4). According to the global chemical classification
system, the toxicity of chemicals can be divided into four levels:
very toxic (LC50/EC50/ChV �1.0 mg L�1), toxic (1.0 mg L�1 < LC50/
EC50/ChV �10.0 mg L�1), harmful (10.0 mg L�1 < LC50/EC50/ChV
�100.0 mg L�1), and not harmful (LC50/EC50/ChV >100.0 mg L�1)
[78]. The toxicity of BP-1 and its oxidation intermediates generated
in pathways IeIV to fish was then plotted (Fig. 8). As can be seen,
BP-1 is toxic to fish in terms of both acute toxicity and chronic
toxicity. Under pathway I, product P1 shows lower toxicity than BP-
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1 and is harmful to fish in acute and chronic toxicity. Under
pathway II, P2(A) and P3 show lower toxicity than BP-1 and are
harmful to fish in acute and chronic toxicity, whereas P4 is not
harmful. Under pathway III, all the products, including P2(B),
P5(AeC), P6, and P7, show prominently lower toxicity than BP-1 in
acute and chronic toxicity, amongwhich P6 and P7 are not harmful.
Under pathway IV, although P8 shows higher toxicity than BP-1, its
concentration is low and can be rapidly converted to P9, which is
not harmful. Overall, the toxicity of the solution in the Fe0@RF-C
and PS mixed system decreased after the oxidative degradation of
BP-1.

4. Conclusions

This study provided a simple and easy scale-up method to
prepare carbon-coated nZVI composite, Fe0@RF-C. Due to the pro-
tective effect of the carbon layer, Fe0@RF-C showed higher air sta-
bility than commercial Fe0. More importantly, the carbon layer
promotes the enrichment of BP-1 on the surface of Fe0@RF-C and
introduces new oxidation mechanisms, including 1O2 and direct
electron transfer, which greatly enhances the degradation perfor-
mance of the Fe0@RF-C/PS system on BP-1 and improves its anti-
interference ability against water background. This study offers
valuable insights into the rational design of carbon-coated nZVI
composites. It promotes the understanding of the crucial role of
carbon layers in enhancing the catalytic performance of the com-
posites, which is important for the practical application of ZVI.
However, this study also has some shortcomings. For example, high
temperature and a long calcination time are required to completely
reduce Fe3O4 to Fe0. It is possible to consider replacing Fe3O4 with
Fe0 to prepare carbon-coated nZVI composites by embedding
methods.
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