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GRAPHIC ABSTRACT

* Magnetic Co-y-Fe,0,/MoS, were prepared via
facile hydrothermal methods.

* Doping y-Fe,O; with cobalt greatly increased
PMS activation for BPA abatement.

* The compounding of MoS, significantly
enhanced the stability of the catalyst.

* Hybrid radical-nonradical pathways acted for
effective degradation of BPA.

* The toxicity of intermediates was lower than
BPA via T.E.S.T analysis.
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ABSTRACT

Iron-based catalysts have been widely used to treat refractory organic pollutants in wastewater. In this
paper, magnetic Co-y-Fe,O; was synthesized by a facile tartaric acid-assisted hydrothermal method,
and Co-y-Fe,03;/MoS, nanocomposite catalyst was obtained via in situ growth of MoS, nanosheets on
Co-y-Fe,0O; nanoparticles. The nanocomposite catalysts were used to decompose bisphenol A (BPA)
by activating peroxymonosulfate (PMS). It was shown that only 0.15 g/L catalyst and 0.5 mmol/L
PMS degraded 10 mg/L of BPA (99.3% within 10 min) in the pH range of 3-9. PMS was activated
due to redox cycling among the pairs Co(IIl)/Co(II), Fe(Ill)/Fe(Il), and Mo(VI)/Mo(IV). Quenching
experiments and electron paramagnetic resonance spectroscopy demonstrated that both radical and
non-radical pathways were involved in BPA degradation, in which active radical sulfate radical and
non-radical singlet oxygen were the main reactive oxygen species. Ten intermediates were identified
by liquid chromatography-coupled mass spectrometry, and three possible BPA degradation pathways
were proposed. The toxicity of several degradation intermediates was lower, and Co-y-Fe,O3;/MoS,
exhibited excellent reusability and could be magnetically recovered.

© The Author(s) 2024. This article is published with open access at link.springer.com and
journal.hep.com.cn
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In recent years, bisphenol A (BPA) has become one of the
most broadly utilized and consumed chemicals for
plasticizers, hardeners, and adhesives in plastic products
(Wang et al.,, 2020). However, after entering aquatic
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environments and subsequent exposure to human beings
and animals, BPA interacts with their endocrine receptors
and impacts their reproduction, development, and
neurological and immune systems (Gao et al., 2021; Liu
et al., 2022). BPA has been frequently detected in aquatic
ecosystems at concentrations of up to 21 pg/L (Sun et al.,
2022), which has raised growing public concern. Hence,
the removal of BPA has become an urgent problem.
Among the techniques for the removal of bio-
recalcitrant contaminants, advanced oxidation processes
based on sulfate radicals (SO,™) generated by activating
persulfates have attracted increasing research attention.
Compared with hydroxyl radicals (*OH), SO,"~ exhibits
some advantages, including: 1) a higher oxidizing
potential (£, = 2.5-3.1 V vs. 1.8-2.7 V for «OH) (Pan
et al., 2018; Sun et al., 2022), 2) a longer half-life (30—
40 ps vs. < 1 ps for *OH), and 3) applicability over a
wider pH range. Regarding persulfates, peroxymono-
sulfate (PMS) is a better oxidant than peroxydisulfate
(PDS) due to its asymmetric structure and longer
superoxide O—O bond, which is more easily activated by
the catalyst to produce reactive oxygen species (ROSs)
(Duan et al., 2018). Notably, several methods have been
used to activate PMS, mainly including heat-activated
(Liu et al., 2023), ultraviolet-activated (Lu et al., 2019),
ultrasound-activated (Xu et al., 2020), and transition
metal-based heterogeneous activation methods (Lu et al.,
2022). Among them, transition metal-based (e.g., Fe, Co,
and Cu) heterogeneous activation allows catalysts to be
developed that show magnetic recovery, excellent
catalytic performance, and application over a broad pH
range (Chen et al., 2019b; Long et al., 2023). Recently,
iron-based catalysts, especially one-dimensional (1D)
7-Fe, 05, have a high natural abundance, eco-friendliness,
stability, and ease of recovery (Niu et al., 2021; Wang
et al., 2022b; Zhao et al., 2022). However, the application
of iron-based catalysts is usually limited due to the low
conversion of Fe3™ to Fe?" (Mao et al., 2018). Ma et al.
(2019) found that rhodamine B could barely be removed
by y-Fe,O,/PMS within 150 min. Compounding y-Fe,O,
with other metal oxides or doping other transition metal
ions on y-Fe,O, are efficient ways to enhance the
catalytic performance of y-Fe,O,. Notably, the integration
of cobalt ions (Co?") or cobalt oxide can generate one of
the most effective activators for PMS. Zhu et al. (2019a)
reported that atrazine degradation was more efficient in
the Co-doped mesoporous FePO,/PMS system than in the
FePO,/PMS system. However, these activation systems
were susceptible to the leaching of toxic Co?' after
oxidation (Duan et al., 2018; Zhu et al., 2019a; Sun et al.,
2020a). Additionally, earlier investigations demonstrated
that the stability and recoverability of the Co-based
catalysts require improvements, and the ROS generation
mechanism during the reaction requires further
investigation (Ma et al., 2019). Molybdenum sulfide

(MoS,), a transition metal dichalcogenide with a two-
dimensional (2D) layered structure with high electron
mobility, accelerated the production of ROSs (Xie et al.,
2022; Yan et al.,, 2022). Moreover, it prevented the
leaching of metal ions and thereby enhanced the stability
and catalytic performance of the catalyst for recycling.
He et al. (2022b) used a SrCoO./MnFe,O,/MoS,
nanocomposite to remove levofloxacin (LVF) by
activating PMS under visible light, and the removal
efficiency of LVF remained at 85.2% after five cycles. It
has been demonstrated that catalyst performance for the
decomposition of different target pollutants is also
connected to the activation mechanism of PMS. Recently,
apart from radical pathway activation, several studies
have demonstrated that PMS can also be activated via
non-radical pathways, such as the generation of single
oxygen (10,) with a gentle oxidative capacity (2.2 V) and
a high selectivity for attacking organic pollutants (Zhu
etal., 2019b).

Considering the excellent properties of MoS,, the
integration of Co-y-Fe,O; and MoS, is expected to
enhance the cyclic activity and stability of the material,
and the novel magnetic nanomaterial Co-y-Fe,05/MoS,
was fabricated via a two-step hydrothermal method in this
work. The structure, morphology, surface composition,
and magnetic properties of the compound materials were
characterized by various techniques such as X-ray
diffraction (XRD), transmission electron microscopy
(TEM), scanning electron microscopy (SEM), and
vibrating  sample magnetometry (VSM). Co-y-
Fe,0,/MoS,/PMS was employed to remove BPA in
aqueous solution. The effects of reaction systems, initial
pH, catalyst dosage, PMS concentration, coexisting
anions, and natural organic matter on BPA degradation
were investigated and discussed. As expected, Co-y-
Fe,0,/MoS, demonstrated excellent degradation of BPA
and enhanced cycling stability. Furthermore, the main
active species were investigated by quenching
experiments and electron paramagnetic resonance (EPR)
analysis. The potential decomposition pathways of BPA
were proposed according to liquid chromatography-
coupled mass spectrometry (LC-MS), and the toxicity of
the substances formed during degradation was explored
by a toxicity estimation software tool (T.E.S.T).

2 Materials and methods

2.1 Materials

Cobalt nitrate hexahydrate (Co(NO;), 6H,0, 99%), iron
nitrate nonahydrate (Fe(NO,);"9H,0, 99.9%), ammo-
nium molybdate tetrahydrate ((NH,);Mo,0,,-4H,0,
99%), thiourea (CH,N,S, 99%), ethanol (C,H.O, 75%),
p-benzoquinone (p-BQ, 97%), sodium nitrate (NaNOj),
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sodium sulfate (Na,SO,), sodium chloride (NaCl), and
sodium bicarbonate (NaHCO,;) were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China).  Polyethylene glycol 400 (PEG 400,
H(OCH,CH,),OH), tartaric acid (C,H,O4), bisphenol A
(BPA, C,,H4N,O;, 99%), methanol (MeOH, CH,O),
tert-butyl  alcohol (TBA, C,H,,0), L-histidine
(CHN;O,), and acetonitrile (CH;CN) were purchased
from Aladdin Chemical Reagent Co., Ltd. (Shanghai,
China). Hydrochloric acid (HCI) and sodium hydroxide
(NaOH) were purchased from Tianjin Fuchen Chemical
Reagent Co., Ltd. (Tianjin, China). Acetonitrile and
methanol were HPLC grade, and the remaining chemicals
were analytical grade purity. All chemicals were used
without further purification.

2.2 Catalyst synthesis

The magnetic Co-y-Fe,0; and Co-y-Fe,05/MoS,
composites were fabricated via hydrothermal methods.
Co-y-Fe,O, was synthesized by using environment-
friendly and readily available tartaric acid as an assisting
agent. The detailed preparation processes are as follows.

2.2.1 Preparation of Co-y-Fe,0,

The Co-y-Fe,O; complex was obtained by a simple
hydrothermal method based on the synthesis method of
Liu et al. (2019). The schematic diagram of the synthesis
is shown in Fig. S1. Briefly, Fe(NO,);-9H,0 was
dissolved in a solution of PEG 400 in deionized water.
Then, magnetic stirring was performed, while tartaric acid
and Co(NO;),"6H,0 were added to the solution. The
optimal ratio of Co to Fe for BPA degradation was 3: 100
(Text S1 and Fig. S2). The mixture was moved into a
Teflonlined autoclave and kept at 180 °C for 9 h. Finally,
the black products were washed multiple times with
deionized water and anhydrous ethanol and then dried to
gain the final products. In this work, tartaric acid was
chosen as an auxiliary synthesis material because of its
low toxicity and low cost, as well as its ability to provide
the carboxyl groups necessary for the reaction (Golestani
et al., 2018).

2.2.2  Preparation of Co-y-Fe,05/MoS,

A novel hydrothermal method was adopted for the in situ
loading of MoS, nanosheets on the synthesized Co-y-
Fe,O; nanomaterials. Specifically, (NH,);Mo-O,,-4H,0
and CH,N,S were dissolved in 30 mL of deionized water
under ultrasound. Co-y-Fe,O; powder was mixed into the
above solution, and the obtained black suspension was
ultrasonicated intermittently. Then, the mixture was
transferred into a 50-mL Teflonlined autoclave and
heated at 180 °C for 10 h. After the reaction, the black

precipitate was separated by centrifugation, washed
several times with deionized water and anhydrous
ethanol, and finally dried at 60 °C for 12 h. Pure MoS,
was obtained via a similar method.

2.3 Catalyst characterization

XRD was performed using Cu Ko radiation to observe
the crystal structure of the catalysts (Bruker AXS,
Germany). X-ray photoelectron spectroscopy (XPS;
ESCALAB Xi*, Thermo Fisher Scientific, USA) was
conducted to identify the chemical components on the
catalyst surface before and after the reaction. To study the
surface morphology and obtain the element maps of the
catalysts, field emission scanning electron microscopy
(FE-SEM; GeminiSEM 300, ZEISS, Germany) and high-
resolution transmission electron microscopy (HRTEM;
FEI Tecnai F30, USA) were employed. The zeta
potentials of the catalysts were determined with a
nanoparticle potentiometer (Malvern, Nano-ZS90, UK).
Magnetic properties were measured at room temperature
by VSM (Quantum Design, PPMS-9, USA). The surface
functional groups of the samples were identified and
analyzed by Fourier-transform infrared (FTIR)
spectroscopy.

2.4 Evaluation methods

Details of the used evaluation methods regarding the
determination of BPA degradation efficiency, investiga-
tion of major ROSs, assessment of catalyst reusability,
identification of generated intermediates, possible
degradation pathways, and toxicity of intermediates are
provided in Text S2.

3 Results and discussion

3.1 Characteristics of photocatalysts

3.1.1 Structural features

The XRD patterns of pure MoS,, y-Fe,O,, Co-y-Fe,0;,
and Co-y-Fe,0,/MoS, are depicted in Fig. 1(a). The
diffraction peaks of Co-doped catalyst at 20 = 18.44°,
29.74°, 35.44°, 42.94°, 53.50°, 57.08°, and 62.48°
corresponded to the (111), (220), (311), (440), (422),
(511), and (400) crystal planes of y-Fe,O,, respectively,
consistent with data in JCPDS No. 39-1346. No
characteristic peaks of Co or Co-based compounds were
observed, indicating the atomic dispersion of Co species
in y-Fe,O, (Bai et al., 2020). Co-y-Fe,0;/MoS, retained
the characteristic peaks of y-Fe,O,. However, the
intensity of the corresponding peaks was reduced,
indicating that loading MoS, did not affect the crystal
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shape and phase of y-Fe,O,, but it did decrease the
crystallinity of the oxide (He et al., 2022b). No obvious
peaks of MoS, were observed, most likely due to its low
crystallinity, low content, and high diffusion of MoS, on
the Co-y-Fe,0; surface (Zheng et al., 2019; Zhou et al.,
2020).

3.1.2 Morphological analysis

The microscopic features of the compounds were
observed by SEM. Figure 1(b) displays the SEM image of
Co-y-Fe,0;, which consisted of fine nanoparticles with an
average particle size of about 20.88 nm. The morphology
of Co-y-Fe,0,/MoS, showed that Co-y-Fe,0O,
nanoparticles were well combined with 2D MoS,
nanosheets (Fig. 1(c)), indicating that MoS, was
successfully anchored to the surface of Co-y-Fe,O; (He
et al., 2022a). A previous study showed that ultra-thin 2D
nanosheets could expose sufficient active sites and reduce
the charge diffusion length to accelerate charge carrier
transfer, which facilitated the improvement of catalyst
activity (Geng et al., 2021). Furthermore, the MoS, nuclei
were grown in situ on the Co-y-Fe,O, nanoparticles in the
hydrothermal reaction, and the MoS, nanosheets were
also loaded with Co-y-Fe,O; nanoparticles. This
generated strong interactions between them and promoted
the formation of a favorable heterojunction at the
interface, ensuring the stability of the nanometer-sized
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thin flake flower-like structure.

In addition, HRTEM and FTIR spectroscopy were
performed to reveal more definite evidence for the nano-
heterostructures of Co-y-Fe,0;/MoS,. As shown in
Fig. 1(d), the samples consisted of nearly spherical
nanoparticles, which indicated the successful synthesis of
y-Fe,O; (Li et al., 2015). Furthermore, it could be
observed that some nanoparticles were attached to the
nanosheets. The HRTEM images in Figs. S3(a)-S3(c)
display the narrow interface between the two composites.
The lattice spacings 0.251, 0.241, and 0.295 nm were
attributed to the (311), (222), and (220) crystal planes of
y-Fe,0; (Ge et al,, 2021; Wu et al.,, 2022). The MoS,
nanosheets exhibited lattice spacings of 0.614 and 0.227
nm, which were attributed to the (002) and (103) crystal
planes, respectively (Zhang et al., 2018), compatible with
the XRD results. Besides, as demonstrated in Fig. S4, the
surface functional groups of y-Fe,0O,, Co-y-Fe,0;, MoS,,
and Co-y-Fe,0,/MoS, were studied by FTIR
spectroscopy. The small peak at about 685 cm™! was
related to the stretching of the Co—O bond in Co-y-Fe,0,
(Sakthi Athithan et al., 2021). In addition, the peaks
located at about 1089, 1629, and 2919 cm™! were
assigned to C—O-C, C-0, and C-H bond vibrations of
PEG, respectively (Abareshi and Salehi, 2022; Li et al.,
2022b). The peak near 699 cm™! was assigned to the
Mo-O bonds of MoS, (Ikram et al., 2020). The small
peak at about 1126 cm™! was assigned to the S=O
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(a) XRD patterns of y-Fe,0;, MoS,, Co-y-Fe,0; and Co-y-Fe,05/MoS,. SEM images of (b) Co-y-Fe,O; and (c¢) Co-y-

Fe,0,/MoS,. (d) TEM images of Co-y-Fe,0,/MoS,, (¢) SAED image of Co-y-Fe,0,/MoS, and (f) EDS images of Co-y-Fe,0,/MoS,.
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functional group, while the broad band at ~3441 cm™!
was ascribed to the symmetric stretching vibration of
O-H (Zhang et al., 2023). All of the above characteristic
peaks were also present in the spectra of the composite
catalyst Co-y-Fe,0;/MoS,, indicating the presence of
both Co-y-Fe,O, and MoS,. In Fig. 1(e), the selected area
electron diffraction (SAED) plot of Co-y-Fe,0;/MoS,
displays a set of concentric rings, and the rings and shiny
spots matched the reflections of y-Fe,O,; nanoparticles
during the synthesis of Co-y-Fe,05/MoS, (Ge et al,
2021), indicating that the sample was composed of
polycrystals (Xu et al., 2011). The elemental composition
of Co-y-Fe,0,/MoS, is displayed in Fig. 1(f). The sample
consisted of six elements, Fe, Co, O, Mo, S, and C, with
percentages of 24.58%, 1.28%, 48.73%, 6.49%, 8.25%,
and 10.67%, respectively. The presence of C was
attributed to the use of Lacey carbon carriers during the
test and the high C content in the precursors PEG 400 and
tartaric acid (Liu et al., 2021a). These results demonstr-
ated the successful doping of Co and compounding of
MoS,.

3.1.3 Elemental surface composition analysis

To further identify the surface composition and chemical
states of the samples, the XPS spectra of the composites
were recorded, as displayed in Figs. 2(a)-2(f). The XPS
survey spectrum of the Co-y-Fe,05/MoS, composite is
displayed in Fig. 2(a), and all constituent elements of the
catalyst (i.e., Fe, Co, O, Mo, S, and C) were examined
and characterized. In Fig. 2(b), the binding energies at
724.5 and 710.9 eV were characteristic double peaks of
Fe3* 2p,, and Fe3* 2p, », respectively (Flak et al., 2018).
The peaks at 719.0 and 733.0 eV were assigned to
satellite peaks and were also characteristic features of
Fe3" rather than FeZ™ (Wang et al., 2022c). The variation
of binding energy between different orbitals was due to
spin-orbit coupling and was equivalent to that of y-Fe,O,
(Su et al., 2022). Therefore, the combination of XRD and
XPS proved that the catalyst was p-Fe,O; rather than
Fe;0,. The Co 2p XPS spectra (Fig. 2(c)) displayed two
peaks at binding energies of 780.5 and 795.9 eV, which
corresponded to Co 2p;, and Co 2p,,, respectively
(Barik et al., 2017). The peaks at 780.3 and 795.5 eV in
the Co 2p spectrum were attributed to Co?" (Guo and Hu,
2022), while the peaks at 782.4 and 797.1 eV originated
from Co3". Furthermore, the peaks at 787.1 eV and
803.2 eV were identified as satellite peaks of Co3" and
Co2", respectively (Li et al., 2022a). In Fig. 2(d), the
peaks at 228.7 and 232.1 eV were attributed to the Mo*"
3ds, and Mo*" 3d;, orbitals of MoS,. The peak at
225.9 eV was assigned to the S 2s orbital of MoS,, and
the peak at 235.8 eV originated from Mo%" 3d,,,, which
may indicate the presence of MoO; produced by partial
oxidation of MoS, in air atmosphere (Qi et al., 2019). In

the S 2p spectrum, the peaks at 161.5 and 162.7 eV (Fig. 2
(e)) were attributed to S 2p,, and S 2p,, (Yue et al,
2022). These results revealed that MoS, was synthesized
successfully and exhibited excellent complexation with
Co-y-Fe,0,. The O 1s XPS spectrum of the catalyst could
be deconvoluted into two components (Fig. 2(f)) at 530.1
and 531.4 eV, which were ascribed to lattice oxygen (O, )
and highly oxidizing oxygen (0?7, O7, or —OH),
respectively (Zeng et al., 2018). Additionally, the peak at
533.2 eV corresponded to physically adsorbed oxygen
(O,4.) on the composite (Zhang et al., 2018).

ads

3.1.4 Analyses of textural, surface charge, and magnetic
properties

The specific surface areas (Szpr) and porous structures of
synthesized Co-y-Fe,O; and Co-y-Fe,O,/MoS, were
studied by Brunauer-Emmett-Teller (BET) analysis. The
obtained N, adsorption-desorption isotherms and the
Barrett-Joyner-Halenda  (BJH)  porous structure
distribution curves are displayed in Figs. S5(a) and S5(b).
In the relative pressure (P/P,) range of 0.1-0.9, all
composites exhibited type IV isotherms with H3
hysteresis loops, indicating the mesoporosity of the
composites (Sarkar et al., 2022a). Compared with Co-y-
Fe,0; (Sgpr = 33.42 m?/g), the surface area of Co-y-
Fe,0;/MoS, was larger (45.26 m%/g) (Fig. S5(a)). The
relevant pore diameter distribution of composites peaked
at about 10 nm (Fig. S5(b)), and the average pore size of
Co-y-Fe,05/MoS, (11.36 nm) was slightly larger than Co-
y-Fe,0; (10.09 nm). Additionally, the total pore capacity
of Co-y-Fe,05/MoS, was higher than that of Co-y-Fe,0;,
which could be attributed to the uniform distribution of
the Co-y-Fe, 05 nanoparticles on the surface of MoS,. The
porous structure of Co-y-Fe,0,/MoS, exhibited better
adsorption performance and provided more active sites
exposed to the material surface, which contributed to the
degradation of the BPA molecules.

The variation in the surface zeta potential of the
composite with solution pH is displayed in Fig. S5(c),
indicating that the zero point charge (pH,,) of Co-y-
Fe,0,/MoS, was 4.25. Under acidic conditions (pH <
4.25), the material had a positive charge because of the
protonation of the surface functional groups, and the
negative charges at pH > 4.25 due to metal oxides being
hydroxylated. Additionally, the surface zeta potential
of Co-y-Fe,0,/MoS, changed from 24.2 mV (pH 2) to
—35.8 mV (pH 11) (Luciano et al., 2020).

The magnetic hysteresis loops of the samples were
analyzed by using VSM, and the related curves were
presented in Fig. S5(d). The magnetic moment of Co-y-
Fe,O, decreased slightly from 46.03 to 41.82 emu/g after
compounding the non-magnetic MoS,. Nevertheless, the
Co-y-Fe,0,/MoS, still demonstrated excellent magnetic
properties, and it could be easily separated from the
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Fig. 2 (a) XPS survey, (b) Fe 2p, (c) Co 2p, (d) Mo 3d, (e) S 2p, and (f) O 1s XPS spectra of Co-y-Fe,0;/MoS,.

mixture by applying a magnetic field to rapidly recover
Co-y-Fe,0,/MoS,.

3.2 Catalytic performance of synthesized catalysts

3.2.1 Influence of molar Mo/Fe ratio

The effect of varying the molar Mo/Fe ratio on PMS
activation by the catalysts for BPA removal is presented
in Fig. S6(a). Compared with Co-y-Fe,O,/PMS (98.2%),
a slight increase in the BPA degradation efficiency was
observed when the molar Mo/Fe ratio was raised from 1%
to 4% in Co-y-Fe,0,/MoS, catalysts, resulting in BPA
degradation of 85.0%, 89.7%, 93.9%, and 95.9% at 30
min, respectively. When the Mo/Fe ratio was further
increased to 6%, BPA removal was significantly
improved (91.8% for Mo/Fe (5%) and 99.3% for Mo/Fe

(6%) within 10 min). When the Mo/Fe ratio exceeded
6%, MoS, doping did not further influence BPA removal
(99.2% for Mo/Fe (7%) and 98.1% for Mo/Fe (8%)). In
Fig. S6(b), InCy/C exhibited a linear relationship with ¢,
which can be expressed by Eq. (1):

InC,/C = K, )

where C, C, and K, denote the initial concentration
of BPA, the concentration of BPA after + min of
reaction, and the pseudo-first-order rate constant,
respectively. It could be observed that K, remarkably
increased from CFM, to CFM,. However, when the
proportion of MoS, continued to increase, Koo remained
nearly constant or slightly decreased. The appropriate
amount of MoS, improved the catalytic activity, and
CFM; expressed the highest catalytic performance with a
K,pp Of 0.4799 min~!, which was 3.83 times higher than
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that of CFM, (0.1253 min™!). Overall, the degradation
rate of BPA was accelerated as more active sites were
available upon increasing the MoS, content. In addition,
the total BPA degradation was enhanced by activating
PMS and promoting Fe?*/Fe3" cycling when MoS, was
introduced, which generated active species capable of
adsorbing BPA (Bai et al., 2020). The results show that
only the optimal ratio of Mo/Fe demonstrated a
significant promoting effect. Hence, a molar Mo/Fe ratio
of 6% was identified as the optimal ratio in this work.

3.2.2 Influence of different reaction systems

The degradation efficiency of BPA was assessed for
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different reaction systems. As indicated in Fig. 3(a), in
the presence of only y-Fe,O,;, Co-y-Fe,O;, or Co-p-
Fe,05/MoS,, 8.0%, 9.0%, and 6.4% of BPA was
removed, respectively. The results implied that only a
small amount of BPA could be removed by adsorption on
the surface of the materials (Sheng et al., 2019; Sun et al.,
2020a). In the presence of PMS alone, only a small
amount of BPA was degraded due to the weak oxidation
capacity of small amounts of PDS generated by PMS
(Zhang et al., 2020). For the MoS,/PMS and y-
Fe,0,/PMS catalyst systems, removal efficiencies of 15%
and 60% BPA were achieved, respectively, because the
transition metal ions activated PMS to produce ROSs,
which accelerated the removal of BPA. However, the
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Fig.3 (a) The removal efficiency of BPA under different reaction systems; the effects of (b) PMS concentration, (c) different
catalyst dosages, (d) initial pH and (e, f) common anions (2, 10 mmol/L) and HA (5, 10 mg/L) on the removal of BPA; Experimental
conditions: [BPA], = 10 mg/L, [Catalyst], = 0.15 g/L, [PMS], = 0.5 mmol/L, pH, = 6.30.
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decomposition of BPA was limited due to the low
catalytic performance of MoS, and y-Fe,O,. When using
Co-y-Fe,0; and Co-y-Fe,0,/MoS, as the heterogeneous
catalysts, significant degradation of BPA was observed
(Bai et al., 2020). Co-y-Fe,O; activated PMS to remove
98.3% of BPA in 30 min, while 99.3% of BPA could be
removed by the Co-y-Fe,0,/MoS,/PMS system in 10
min. This demonstrated that Co doping dramatically
improved the catalytic performance, and the
decomposition rate was accelerated via compounding
MoS,. As evident from the data in Table S1, Co-y-
Fe,0,/MoS, exhibited excellent catalytic activity for
PMS to degrade BPA in a shorter reaction time compared
with previously reported catalysts.

3.2.3 Influence of different reaction conditions

Variations in the initial pH, PMS, and catalyst
concentration are essential factors during -catalytic
oxidation. The effect of PMS concentration on the
degradation of BPA via the Co-y-Fe,O,/MoS,/PMS
system is displayed in Fig. 3(b). The efficiency of BPA
removal gradually improved when the PMS concentration
increased from 0.3 to 0.5 mmol/L, since higher PMS
concentrations generated more ROSs (Li et al., 2020).
However, the degradation efficiency slightly declined
when the PMS concentration was further increased,
which was attributed to several reasons: 1) PMS could
not be fully activated due to the limited active sites of Co-
y-Fe,05/MoS,; 2) excess PMS might have reacted with
free radicals (*OH, SO,™), as shown in Egs. (2) and (3)
(Bai et al., 2020).

HSO; +S0; — SO; +SO; +H* (2)

HSO; ++OH — SO +H,0 3)

As demonstrated in Fig. 3(c), there was a significant
enhancement in the BPA removal efficiency from 84.0%
to 99.1% when the amount of Co-y-Fe,0,/MoS, was
raised from 0.05 to 0.15 g/L. The removal efficiency
remained almost constant upon further increasing it to
0.25 g/L, which implies that 0.15 g/L of catalyst provided
enough active sites to activate PMS. Therefore, 0.15 g/L
of Co-y-Fe,0,/MoS, was wused for subsequent
experiments.

The influence of initial pH on BPA degradation was
studied. In Fig. 3(d), the efficiency of BPA
decomposition changed with initial pH. This impact of
pH on BPA removal was caused by the formation of
different active species. The first pK, of BPA is 9.2
(Zhang et al., 2013), i.e., at pH values below 9.2, the
cationic and zwitterionic molecular structures of BPA
dominated, while the anionic form of BPA dominated
above pH 9.2. Since the pK, of PMS is 9.4, PMS mainly
exists as HSO;™ below pH 9.4 and is primarily composed

of SO4% at higher pH. Thus, at pH < 5.0, the combination
of positive or neutral BPA molecules, negatively charged
PMS, and positively charged catalyst surfaces promoted
the removal of BPA. Simultaneously, due to the similar
charge Co-y-Fe,05/MoS, and PMS, the decomposition
efficiency of BPA was slightly reduced in the pH range of
5-9 (Sarkar et al, 2022b). Under highly alkaline
conditions, SO, would be eliminated by hydroxyl ions
to form <OH (Niu et al., 2022), and PMS would be
deprotonated and produce *SO¢2~ with weak oxidizing
ability (Yao et al., 2022). Thus, the efficiency of BPA
removal was noticeably reduced in highly alkaline
environments.

3.2.4 Influence of environmental factors

Inorganic ions including C1~, NO;~, HCO; ™, and SO,>~ as
well as natural organics such as humic acid (HA) are
commonly found in natural water and might affect the
removal efficiency of BPA. Therefore, the effects of these
representative substances on the efficiency of BPA
removal were studied, as presented in Figs. 3(e) and 3(f).
The BPA removal efficiency was significantly promoted
when the CI” concentration ranged from 2 to 10 mmol/L.
This could be attributed to the following reasons: 1) a
series of reactions occurred between CI™ and SO,"™ in the
Co-y-Fe,04/MoS,/PMS system to form highly oxidizing
chlorine species, such as CI° and Cl,"~ (Zhu et al., 2022)
(Egs. (4)«(7)); 2) the direct reactions of CI~ with PMS
generated HOCI and Cl,, which promoted the degradation
of BPA (Giannakis et al., 2021) (Egs. (8) and (9)). In the
presence of SO,2", the BPA removal efficiency was
slightly promoted when increasing the concentration from
2 to 10 mmol/L. This was possibly because SO,>
targeted the m electrons of BPA and facilitated the
breaking of bonds in the organic molecule, which
decreased the energy barriers of SO," to attack BPA.

Cl"+SO; — CI' + SO~ 4)

Cl” ++OH — HOCI™ (5)

HOCI™ +H* — CI' +H,0 (6)

Cl +CI' - CI} (7)

Cl” + HSO; — HOCI1 +SO;~ )

Cl" + HSO; + H* = SO +Cl, + H,0 )

Generally, NO;™ in solution reacts with *OH and SO,*~
to form the less-oxidizing NO;* (Egs. (10) and (11)) but it
suppresses the BPA removal efficiency only to a small
extent, which could be basically ignored even at high
concentrations (Niu et al., 2022).

SO; +NO; — SO; +NO; (10)
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NO; ++OH — NO; + OH" (11)

However, in the presence of HCO;~, the degradation
of BPA was reduced, even at low concentrations
(2 mmol/L). As an explanation for this strong effect,
HCOj; reacted with H' to neutralize the environment, the
marginal S atoms in MoS, were not easily trapped, and
the activation of PMS by Mo(IV) was remarkably
inhibited.

Natural organic matter (NOM) in the environment often
competes with ROSs to decrease the removal efficiency
of advanced oxidation processes for organic pollutants.
The BPA removal percentage declined gradually as the
concentration of HA increased from 5 to 10 mg/L because
HA competed with BPA for the generated free radical
species and reduced the number of active species in the
reaction system. In addition, HA was adsorbed on the
catalyst surface, covering the active sites to weaken
interactions of the catalyst with PMS and BPA (Chen
et al., 2018; Giannakis et al., 2021).

3.3 Mechanism of BPA degradation

3.3.1 Identification of major ROSs

To analyze the dominant ROSs generated in the Co-y-

Fe,0,/MoS,/PMS system, MeOH, TBA, and p-BQ were
added to the degradation system to quench various ROSs.
The reaction rates of these quenching agents are kSO,"™ =
2.5 x 107 Mbs7h and ko = 9.7 x 108 M 1-s7! for
MeOH, k*OH = 3.8 x 108-7.6 x 108 M~1-s7! for TBA,
and kO," =3.5 x 108-7.8 x 108 M~!-s7! for p-BQ (Bai et
al., 2020). As shown in Fig. 4(a), the BPA degradation
efficiency was hardly affected by adding 25 mmol/L p-
BQ (50 times the PMS concentration). When 250 mmol/L
TBA (500 times the PMS concentration) was added, the
removal of BPA was slightly inhibited, and its removal
rate decreased to 94.1% in 30 min. Furthermore, the
removal efficiency dropped sharply to 36.4% in the
presence of 250 mmol/L MeOH (500 times the PMS
concentration). The above results indicated that SO,"”
played a major role in the reaction. To assess the possible
involvement of 'O, as part of a non-radical
decomposition pathway, furfuryl alcohol (FFA) was
chosen as a quenching agent with reaction rates of 1.5 x
1019 M~1-s71 and 1.2 x 108 M1-s7! for *OH and 'O,
(Ren et al., 2022), respectively. Specifically, the addition
of 10 mmol/L FFA (20 times the PMS concentration)
remarkably inhibited BPA degradation, which was more
pronounced than MeOH, indicating that the contribution
of 10, to BPA decomposition could not be overlooked.

(a) (b) ¥ DMPO-HO-
109 %y v v * DMPO-SO,
Vb I v
081 | Py _
~— -
K _'}_‘**—-}———§ 3
= 0.6 | ~
Q —=— Control 2
S & —4— 250 mmol/L MeOH Z Co-y-Fe;0/MoS,+PMS
0.4+ 250 mmol/L TBA 2
—»— 25 mmol/L p-BQ =
0.2 "'4:,,} —=— 10 mmol/L FFA
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Fig. 4 (a) Effect of quenchers on BPA degradation in Co-y-Fe,0;/MoS,/PMS system; ESR spectra obtained using DMPO (b) and
TEMP (c) as spin-trapping agent in H,O- and D,0O-based. Experimental conditions: [BPA], = 10 mg/L, [Catalyst], = 0.15 g/L,
[PMS], = 0.5 mmol/L, pH, = 6.30.
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To further determine the ROSs generated in the system,
the EPR test was performed using DMPO and TEMP as
spin-trapping agents. As displayed in Fig. 4(b), no signal
of free radicals was observed in the pure PMS system
because PMS could not be activated without a catalyst. In
contrast, the typical signal of DMPO-+OH with a peak
ratio of 1:2:2:1 was detected in the Co-y-
Fe,0,/MoS,/PMS system, while some weak signals
around these four peaks could be attributed to DMPO-
SO,”. When TEMP was used instead of DMPO, a weak
1:1:1 triplet signal peak of 'O, could be discovered in the
pure PMS system (Fig. 4(c)), which was the result of the
autolysis of PMS, which would reasonably explain why
BPA was slightly degraded in the pure PMS system
(Sarkar et al., 2022b). The intensity of the TEMP-10,
signal increased significantly with the addition of the
catalyst, indicating that PMS produced a large amount of
10, due to activation by the catalyst. To further examine
the generation of '0,, we tested the singlet oxygen in
D,0 by ESR because 'O, had a longer lifetime in D,O
(20-32 ps) (Yun et al., 2018). As demonstrated in
Fig. 4(c), by comparing the typical triple ESR signal
intensity of 10, in both water bodies, the signal intensity
in D,0 was stronger than that in H,O. Previous
experiments have demonstrated that singlet oxygen plays
an important role in the BPA degradation process. Higher
reaction kinetic constants are predicted for the
degradation of BPA in D,O than in H,O (Chen et al,,
2019a; Wu et al., 2020). The above results indicated that
BPA could be degraded via both radical and non-radical
pathways, where 0, and SO,"~ were the major ROSs.

3.3.2  Mechanistic analysis of Co-y-Fe,03/MoS,/PMS
system

The chemical surface compositions of fresh and used Co-
7-Fe,05/MoS, were determined by XPS, as presented in
Fig. 5. In the Fe 2p XPS spectra (Fig. 5(a)), the Fe 2p,,
peak of used Co-y-Fe,0,/MoS, was split into two peaks
at 710.6 and 712.4 eV, relating to Fe?"™ and Fe3*,
respectively. The Fe 2p,,, peak was also split into two
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peaks at 724.1 eV (Fe2") and 726.3 eV (Fe*") (Niu et al.,
2021), indicating that Fe3™ on the catalyst surface was
partially reduced to Fe?*. Correspondingly, the relative
contents of different Co valence states varied slightly
before and after the reaction (Fig. 5(b)), and a decrease in
the amount of Co*" from 54.4% to 51.1% was
accompanied by an increase in Co3' from 45.6% to
48.9%. The rather small change in the Co2"/Co3" ratio
indicated that Co?" was mostly regenerated after Co3*
reduction, allowing Co-y-Fe,0,/MoS, to maintain an
excellent activation potential (Fan et al., 2017).
Furthermore, in Fig. 5(c), the Mo*"Mo®" ratios on the
surface of Co-y-Fe,0,/MoS, before and after the reaction
were 2.704 and 3.167, respectively. An increase in the
amount of Mo*" indicated that Mo*" could be rapidly
regenerated after the reaction, thus accelerating the rate of
Fe2'/Fe3* cycling (Zeng et al., 2019a). Therefore, the
content of FeZ™, Co?" and Mo*" all increased, which was
favorable for the decomposition of BPA.

Based on the results discussed above and previous
literature, possible mechanisms of PMS activation
including both radical and non-radical pathways are
presented in Fig. 6. First, Co’" and/or Fe3* were
consumed by PMS to regenerate Co?" and/or FeZ", while
SO, with a lower activity was formed (Eq. (12)). Then,
the HSO4™ that originated from PMS was activated by
Co?" and/or Fe?* to reduce to SO," (Eq. (13)) (Liu et al.,
2021b). Since the standard redox potential of Co%"/Co3"
(1.81 V) is higher than that of Fe2*/Fe3" (0.77 V), Co3"
could be reduced by Fe?* (Eq. (14)). Secondly, SO5™
could be further converted to 'O, by reaction with H,O
(Eq. (15)) (Sun et al., 2020b). Furthermore, 'O, could
also be generated by chemisorbed oxygen (O*) from
lattice oxygen (O ,,) in the presence of PMS (Eqgs. (16)
and (17)), while SO,"~ could be hydrolyzed to produce
*OH (Eq. (18)) (Dong et al., 2019). Mo*" might be
oxidized to Mo®" by PMS, accompanied by the formation
of SO, and *OH (Eq. (19)). After the removal of S
atoms, the exposed Mo*" became very reactive and
contributed to the Fe3™/Fe?" cycle (Eq. (20)) (Zeng et al.,
2019b). Finally, BPA would be removed and mineralized
by large amounts of '0,, SO,"", and *OH (Eq. (21)).

@) e Fe 2p Fe 29*2 Fe 2p (b) Co 2p;,Co 2p (©  Mo(IV)3dy, Mo 3d
2 Coch‘—456f/( \ N
Wmmujm ﬁJ Dy A Mo (V1) 3d, |
_ JM L = , -1 A Y Mo (V) 3d,,
- - b A \k -1 AN
< < — - < =
 [fresh o] S | Fresh Co =5449% = =
f li:rw Fe+ Fe’]‘q 2 Co** =48.9% / E
R { \| Fe?* = % e k=
\ﬁh“*\f \\‘7 B 7":‘::«.‘\
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Fig. 5 (a) Fe 2p XPS spectra, (b) Co 2p XPS spectra, and (c) Mo 3d XPS spectra of the fresh and used Co-y-Fe,0,/MoS,.
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Fig. 6 Possible degradation mechanism of BPA in Co-y-Fe,05/MoS,/PMS system.
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3.3.3 Possible degradation pathways of BPA

LC-MS was used to identify the intermediates in the Co-
y-Fe,05/MoS, reaction system to explore the possible
degradation pathways of BPA. Ten products (P1-P10)
were formed mainly via oxidation, hydroxylation, and
ring cleavage. The obtained mass spectra of the
intermediates and the corresponding molecular formulae
and different mass-to-charge (m/z) ratios are provided in
Fig. S7 and Table S2. According to the products detected
by LC-MS and previous studies, three possible
decomposition pathways of BPA were formulated
(Fig. 7). In the first possible route, the BPA molecule was
hydroxylated to form P1 (Kakavandi et al., 2022) due to
the attack of ROSs, after which P1 was deprotonated and
dehydrated to open the ring to form P2. Then, P4 and P5

were formed after ring opening, hydroxylation, and
oxidation of the benzene ring of P1 and P2 by ROS attack
and finally further oxidized to P7. In pathway II, the BPA
molecule was attacked by ROSs causing ring cleavage to
form P3. The electron-rich C—C bond on P3 was broken
due to the attack of its methyl group by the ROSs,
followed by conversion to P6 (Wang et al., 2022a).
Finally, the para-phenol P10 was generated due to
oxidation and C—C bond fission of P6 (Yang et al., 2022).
In another pathway, the dimer P8 was produced by the
oxidation and polymerization of BPA, which was then
further oxidized to P9. Eventually, the resulting
intermediates were degraded to small-molecule products
or mineralized to CO, and H,0 (Sun et al., 2020a; Liu
et al., 2021b; Liu et al., 2022).

3.3.4 Toxicity analysis of intermediate products

The toxicity of BPA and its intermediates was predicted
by quantitative structure-activity relationship (QSAR)
using a toxicity estimation software tool (T.E.S.T.), as
shown in Fig. 8. In Fig. 8(a), although most of the
products were more mutagenic than BPA, all of them
were negative, including P3, P4, and P5, which had
positive mutagenicity, which became negative after being
attacked by ROSs (Jiang et al., 2020). In addition, all the
products except P2, P8, and P9 were less developmentally
toxic than BPA (Fig. 8(b)). Interestingly, Fig. 8(c) reveals
that the bioconcentration factors of the intermediate
products were smaller than those of BPA except for P1,
P6, P7, P8, and P9. They were further reduced due to
hydroxylation reactions, diminishing their threat to the
environment (Yang et al., 2021). In addition, the acute
toxicity of BPA and its intermediates was evaluated by
fathead minnow LC,;, (96 h) (i.e.,, the compound
concentration that killed 50% of fathead minnow after
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96 h), and the results are displayed in Fig. 8(d), where the
acute toxicity of all products was lower than that of BPA
except for P1, P7, P8, and P9. Overall, the overall toxicity
of BPA and its intermediates was reduced after
degradation in the Co-y-Fe,05/MoS,/PMS system.

3.4 Evaluation of catalyst applicability

degradation ability of Co-y-
other representative organic

To investigate the
Fe,0,/MoS, toward

pollutants, levofloxacin (LFX), sulfamethoxazole (SMX),
carbamazepine  (CBZ), tetracycline (TC), and
ciprofloxacin (CIP) were studied as contaminants. The
experimental conditions were consistent with the
conditions for BPA degradation, and the results are
shown in Fig. S8. According to Fig. S8(a), the removal
rates of the selected pollutants by the Co-y-
Fe,0,/MoS,/PMS system all exceeded 80%, and their
corresponding reaction rate constants well all high, with
the largest value corresponding to BPA (0.4799 min™1)
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intermediates.

and a relatively slow reaction rate for TC (0.0751 min!)
(Fig. S8(b)). The lower TC removal efficiency and
corresponding reaction rate constant may be related to its
relatively large molecular weight (He et al., 2022a),
which decreased the removal efficiency. Thus, TC may
require a large amount of PMS to be effectively degraded.

The reusability of catalysts is indispensable for
practical applications. To examine the reusability of Co-y-
Fe,O; and Co-y-Fe,0,/MoS,, cycling experiments were
performed to remove BPA. As demonstrated in Fig. 9(a),
the speed of BPA removal by Co-y-Fe,0; was
significantly reduced in the fourth and fifth cycles. This
might be explained by the damage of the active sites of
Co-y-Fe,0; caused by the intermediate products of BPA
during the removal process and the adsorption of SO,2"
and organic pollutants on the surface of Co-y-Fe,O,
(Zheng et al., 2019). Additionally, the XRD patterns of
Co-y-Fe, 0, before use and after the fifth cycle (Fig. 9(b))
revealed the disappearance of the diffraction peak
corresponding to the (111) crystal plane, indicating the
poor stability of Co-y-Fe,O;. The results of the cycling
experiment after compounding MoS, are shown in Fig.
9(c). After five cycles, the removal of BPA still exceeded
99%. In addition, the comparison of XRD patterns and
the XPS and VSM results before and after the reaction
indicated that the structural stability of Co-y-Fe,O, was
enhanced after MoS, compounding (He et al., 2022a).
Furthermore, in the Co-y-Fe,0;/PMS system, the leached
contents of Fe ions and Co ions after the reaction were
6.983 and 0.697 mg/L, respectively. However, they were
only 1.904 and 0.201 mg/L in the Co-y-Fe,0,/MoS,/PMS

system (Fig. S9), which could be assigned to the
synergistic effect between Fe, Co, and Mo (Sun et al.,
2020Db).

4 Conclusions

The environmentally friendly magnetic Co-y-Fe,0;/MoS,
nanocomposite was synthesized by a two-step
hydrothermal method through in situ growth of MoS,
nanosheets on Co-y-Fe,O; nanoparticles. The Co-p-
Fe,0,/MoS,/PMS system exhibited an excellent BPA
removal efficiency due to the synergistic effect between
Fe, Co, and Mo. In the Co-y-Fe,0,/MoS,/PMS system,
the BPA removal rate remained above 99% within 30 min
after five reuse cycles of the catalyst. Its ability to
maintain a high efficiency indicated that Co-y-Fe,O,
possessed excellent stability and low ion leaching after
compounding with MoS,. In addition, both radicals and
non-radicals were involved in the degradation of BPA,
and !0, and SO,”~ were the main ROSs in the Co-y-
Fe,0,/MoS,/PMS system. Ten intermediates of BPA
degradation were identified by LC-MS, and three possible
decomposition pathways were proposed. The toxicities of
BPA and its intermediates were predicted by T.E.S.T,
indicating that the toxicity of BPA was reduced after
degradation by the Co-y-Fe,0,/MoS,/PMS system, which
demonstrated its potential applications for degrading BPA
in actual water bodies. Overall, Co-y-Fe,05/MoS, is an
efficient and durable catalyst with wide applicability and
a promising future for organic pollutant treatment.
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(c) stability of Co-y-Fe,0;/MoS, for the degradation of BPA; (d) XRD patterns, (e) XPS survey patterns, and (f) magnetic hysteresis
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