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The effective Fe'l/Fell cycling and rapid activation of oxidants are the key problems that expand the ap-
plication of iron-based Fenton-like reaction in water purification. Herein, bamboo-like Fe-Mo bimetallic
catalysts (FeMo@CNT) were prepared to activate peroxydisulfate (PDS) for organic pollutants removal.
FeMo@CNT/PDS system can completely degrade bisphenol (BPA) within 30 min (ks = 0.444 min-!, which
was 17.1 times that of Fe@CNT/PDS system). Results showed that singlet oxygen ('0;) and sulfate radical
(S04) were dominant reactive oxygen species in FeMo@CNT/PDS/BPA system, where '0, was derived
from superoxide radical (0,") oxidized by SO4. Mo species in FeMo@CNT/PDS system could accelerate
the O-0 breaking in PDS and reduce the energy barrier of 10, production, thus achieving the increase
of both SO4~ and '0,. Meanwhile, FeMo@CNT/PDS system exhibited good catalytic activity with wide
pH and multiple environmental substrates. The high oxidation performance after 23 h in dynamic exper-
iments further demonstrated the stability of this system. And the toxicity of the original pollutants was
further declined, indicating that the FeMo@CNT/PDS system was ecologically friendly. This work provides
new insights for solving hindered Fe!'/Fe!' cycle and proves a new mechanism of '0, generation in SR-

AOPs.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Bisphenol A (BPA) is broadly utilized as additive in many indus-
tries, such as the production of food, toys, and plastic-related con-
sumer goods [1]. Meanwhile, however, the risk of environmental
exposure of the novel pollutant BPA is also increasing in aquatic
environments. BPA have a serious impact on the endocrine sys-
tem of human and animal body [2]. Therefore, it is urgent to study
the cost-effective degradation strategies for BPA to address this sit-
uation. Sulfate radical (SO4™)-based advanced oxidation processes
(SR-AOPs) have the advantages of high activity, good tolerance and
easy storage, which received wide attention in water environment
restoration [3-5]. Among them, persulfate (PS) activation is the
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key in SR-AOPs and the efficient, energy-saving and environmen-
tally friendly transition metal heterogeneous activation strategy is
a good choice [6]. Cheap, accessible and abundant transition metal
Fe is a good raw material for catalyst synthesis [7]. Abundant Fe
sites are conducive to PS activation and organic pollutants degra-
dation [8]. However, the use of Fe-based catalysts in SR-AOPs is
limited due to hindered Fe(Ill)/Fe(Il) circulation [9].

Metal doping is a feasible and efficient strategy to enhance
the activity of Fe-based catalysts [10]. Among them, the transi-
tion metal Mo, equipped with multiple valence states, has a strong
interaction with Fe, which can stimulate the Fe redox reaction
and enhance the Fe-based catalyst activity by the efficient electron
transfer mechanism [11,12]. More and more research focus on the
study of Fe/Mo-based catalysts. However, attention should be paid
to the secondary contamination caused by the metal ion overflow
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from the catalysts. How to heighten the catalytic activity and stabi-
lization of Fe/Mo-based materials is a noteworthy concern. Carbon
materials are promising nonmetallic catalysts with large specific
area and good electron transfer, but with relatively low catalytic
activity [13,14]. The doping of heteroatoms into the carbon mate-
rial is reported to produce holes or excess electrons, creating new
active sites, which can enhance the catalytic activity of carbon ma-
terial [15]. At the same time, combining transition metal with the
carbon material can further fix the metal atoms and heighten the
catalytic activity and stability [16-18]. Therefore, for actual appli-
cation of Fe/Mo-based materials in SR-AOPs, it is a feasible strategy
to fix Fe and Mo on a carbon matrix.

SR-AOPs mediated by Fe-based catalysts include radical-
dominated mechanism and non-radical-dominated mechanism
[19]. Radical-dominated AOPs can achieve high removal to organic
pollutants in a short time, but often have weak resistance to en-
vironmental interference [20]. Non-radical-dominated AOPs with
the advantages of strong resistance to environmental interference
and good selective oxidation, are more suitable for wastewater
treatment in complex environment [21]. Non-radicals, such as '0,,
high-priced metals and electron transfer, will react preferentially
with pollutants containing electron groups, thus improving the
degradation of electron-rich pollutants such as BPA [21,22]. 10, is
an important ROS with oxidation capacity, which could frequently
detected in the field of SR-AOPs induced by Fe-based catalysts
[23]. And '0, has good oxidative degradation performance to
phenol-containing wastewater. According to the researches, 10, in
SR-AOPs is usually generated by oxidized superoxide radical (0,")
through multiple catalytic reactions, such as peroxynomosulfate
(PMS) activation, Fenton reaction, photocatalysis and electrocat-
alytic [24]. Zhou et al. successfully synthesized carbon nanotube
material Fe-N-C to activate PMS for phenol degradation. Fe-N-C has
ample and dispersive FeNy sites, where the electrons transfer from
PMS to FeNy site leading to O,* production. And O, recombina-
tion to form large amounts of 105, thus promoting the degradation
of phenol [24]. Xu et al. synthesized albumin-mediated molybde-
num sulfide nanocatalyst with high activity, which can activate
hydrogen peroxide to generate O,* and '0,. O,* was mainly pro-
duced from the catalytic reaction of Mo(IV) and hydrogen peroxide,
while 10, was produced from the action of Mo(VI) and hydrogen
peroxide [25]. However, previous studies have often emphasized
the connection between 0, and '0,, while neglecting the role
of other radical can play in this pathway. The generation path
of 10, may not be limited to the above form process. SO4™, the
most common oxide species in SR-AOPs system, does it have the
potential to produce '0,? This study focused on the role of SO4"
in the way of 0," to 10,. Further insight into the 10, generation
pathway is a significant challenge in the field of catalytic oxidation.

In this work, composite catalysts co-doped with Fe and Mo
(FeMo@CNT) were prepared by introducing Fe and Mo into
nitrogen-doped carbon nanotubes. BPA was chosen as object pol-
lutant for estimating the performance of FeMo@CNT/PDS system
under different conditions. The purpose of this work was to (i)
study the important function of Mo to 10, production in Fe/Mo-
based SR-AOPs; (ii) reveal a new mechanism of 10, generation
from SO4™ and O,"; (iii) estimate the practical application poten-
tial of FeMo@CNT/PDS system in BPA removal.

Details of chemicals (Text S1), catalyst synthesis method (Text
S2), catalyst characterization (Text S3), degradation experiments
(Text S4), analytical methods (Text S5 and Table S1), electrochem-
ical measurement (Text S6), and density functional theory (DFT)
calculation (Text S7) are presented in Supporting information.

Synthesized schematic of FeMo@CNT catalyst is shown in
Fig. 1a. According to the scanning electron microscope (SEM) and
high-resolution transmission electron microscopy (HRTEM) pic-
tures of Fe@CNT (Figs. 1b-d), Fe@CNT showed a bamboo-like car-
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Fig. 1. (a) Synthesis image of sample FeMo@CNT. SEM and HRTEM pictures of (b-d)
Fe@CNT and (e-g) FeMo@CNT. (h) TEM mapping images of FeMo@CNT.

bon nanotube structure with a large stretching ratio. The metal
particles Fe;C3 were wrapped in the nanotubes [26]. As shown
in Figs. 1e and f, FEMo@CNT also presented a bamboo-like carbon
nanotube structure. The metal particles were encapsulated inside
the tubes to form a shell-nuclear structure, and the disordered ac-
cumulation between the nanotubes formed rich holes. This geo-
metric structure was beneficial to prevent the agglomeration and
dissolution of metal nanoparticles, which could effectively alleviate
the metal leaching problem and increase the stabilization of mate-
rials. According to the HRTEM image of FeMo@CNT (Fig. 1g), clear
lattice stripes with the particle crystal surface spacing of 0.23 nm
were existed in the catalyst structure, corresponding to the (340)
crystal surface of Fe;MoC, which indicated that the metal parti-
cle was Fe,MoC [27,28]. This finding also further successfully con-
firmed the synthesis of Fe/Mo-loaded carbon composite catalyst.
Furthermore, according to the energy dispersive X-ray spectroscopy
mapping (EDS-mapping) spectra of FeMo@CNT in Fig. 1h, the nan-
otubes were mainly composed of carbon and nitrogen elements,
indicating that nitrogen was also successfully doped to form N-
doped carbon nanotubes. The metal particles were composed of Fe
and Mo elements, and the overall distribution positions of the two
elements were basically the same, which revealed the successful
binding of Fe and Mo.

The X-ray diffraction (XRD) showed the crystal structures of dif-
ferent catalyst samples (Fig. 2a). The diffractogram of Fe@CNT and
Mo@CNT had characteristic peaks at 44.86° and 36.77° correspond-
ing to the (211) lattice plane of Fe;C3 (PDF #17-0333) and (006)
lattice plane of MoC (PDF #08-0384), respectively [29]. The com-
posite catalyst FeMo@CNT corresponded to the (340) and (006)
crystal surfaces of Fe;MoC (PDF #17-0911), indicating that the Fe
and Mo was present in the catalyst as the Fe,MoC structure [30].
The used FeMo@CNT retained the crystal structure, showing that
the catalyst equipped with good cycling stability and used catalyst
still had good activity. From the X-ray photoelectron spectroscopy
(XPS) spectra (Figs. 2b and c), the Fe in FeMo@CNT appeared in
the form of Fe?, Fe(ll), and Fe(IIl) [9,31], while Mo was present in
Mo(IV), Mo(V) and Mo(VI) forms [32]. Compared with Fe@CNT and
Mo@CNT, the content of low-valent Fe (Fe®, Fe(Il)) and high-priced
Mo (Mo(V), Mo(VI)) increased in FeMo@CNT, indicating that Mo
doping promoted Fe reduction during pyrolysis. C in FeMo@CNT
were mainly present in the form of C-C/C=C and C-N (Fig. S1
in Supporting information). And nitrogen source after carboniza-
tion was stored as pyrrolic N, pyridinic N, graphitic N and oxidized
N. The peak of Mo-N was also detected, indicating that a small
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Fig. 2. (a) XRD spectra of various materials. (b) Fe 2p, (c) Mo 3d and (d) N 1s spectrogram of various materials. (e) Nitrogen adsorption/desorption curves of various materials.

(f) Zeta potential of various samples in water with different initial pH.

amount of Mo was bound to the N-doped carbon network (Fig. 2d)
[33,34].

Additionally, the N, adsorption/desorption curve (Fig. 2e, Ta-
ble S2 in Supporting information) showed that specific area of
FeMo@CNT was 29.87 m2/g, which was smaller than that of
Fe@CNT and Mo@CNT (95.9 m?/g and 82.11 m?2/g). This was due
to Mo introduction changing the pore dimension of monometal-
lic material. N, adsorption/desorption curve of FeMo@CNT showed
feature of type IV isotherm curve with a lag loop, revealing that
the catalyst contained mesoporous [35]. And the pore dimension
of catalyst was basically distributed between 0-70nm (Fig. S2 in
Supporting information). Moreover, FeMo@CNT had good magnetic
properties (18.3 emu/g), which could be recycled by magnetic field
(Fig. S3 in Supporting information) [36]. Hydrodynamic radii of
various samples were shown in Table S3 (Supporting information).
Fig. 2f and Table S4 (Supporting information) show the zeta poten-
tials of both Fe@CNT and FeMo@CNT in water (pH 3-11). The abso-
lute values of zeta potentials for FeMo@CNT were generally bigger
than Fe@CNT, proving that the catalytic system after Mo introduc-
tion presented more stabilization. This facilitated the dispersion of
catalyst in solution and heightened catalytic activity [37].

BPA degradation and adsorption in various systems are exhib-
ited in Figs. 3a and b and Fig. S4 (Supporting information). Com-
pared with Fe@CNT/PDS and Mo@CNT/PDS system, BPA degrada-
tion in FeMo@CNT/PDS (Fe:Mo =1:1) system had been greatly im-
proved. Within 30 min, FeMo@CNT/PDS system could remove BPA
rapidly and completely. However, the degradation efficiency of
Fe@CNT/PDS and Mo@CNT/PDS systems for BPA were only 60%
and 51%, respectively. This suggested that the synergistic bene-
fits of Fe and Mo improved the degradation capacity of catalytic
system. Moreover, the optimal Mo doping amount was also ex-
plored (Figs. 3c and d and Fig. S5 in Supporting information). With
the rise of Mo content, removal rate of BPA evidently increased
to a peak and subsequently decreased. When the Fe/Mo molar
ratio was 1:1, BPA could be completely degraded within 30 min
and the k.., reached the highest value (0.444min!). Therefore,
Fe;Mo;@CNT (FeMo@CNT) was selected as the optimal catalyzer.
Comparison of FeMo@CNT/PDS system with some other oxidation
systems were shown in Fig. 3e and Table. S5 (Supporting infor-
mation) [38-44]. The data indicated that BPA degradation perfor-
mance under FeMo@CNT/PDS system was more superior than var-
ious systems based on SR-AOPs significantly. This demonstrated
outstanding BPA degradation performance of this system.

The effect of pH on FeMo@CNT/PDS system are shown in
Figs. 3f and g and Fig. S6 (Supporting information). At wide pH
conditions (pH 3-9), BPA could be completely degraded, and the

more acidic the solution, the more favorable the decomposition
of BPA was. However, the degradation was significantly inhib-
ited at pH 11, probably attributed to that Fe(Il) was more likely
to bind with OH- at strong alkaline environment, which inhib-
ited PDS activation [45]. The k,,s of BPA degradation was signifi-
cantly larger than adsorption at various pH value, indicating that
FeMo@CNT/PDS system had good PDS activation performance. In
contrast, the Fe@CNT/PDS system showed a poor PDS activation
performance under various pH values (Fig. S7 in Supporting infor-
mation). This revealed that inducted Mo promoted the PDS acti-
vation of catalytic system. BPA degradation under complex envi-
ronmental substrates (inorganic anions and HA) was still able to
reach 100% in Fe/Mo@CNT/PDS system (Fig. 3h). The date revealed
that this system had superior interference resistance to environ-
mental substrates. ICP test was conducted after FeMo@CNT was
used in the batch experiment and the leaching concentrations of
Fe and Mo ions were 0.03 and 0.08 mg/L, respectively (Fig. S8 in
Supporting information). The content of Fe and Mo ions was main-
tained at low concentration, which showed a weak influence on
the degradation of BPA (Fig. S9 in Supporting information) [46].
The above results showed great practical application potential for
Fe/Mo@CNT/PDS system.

The FeMo@CNT/PDS system also exhibited high degradation ca-
pability for other organic contaminants (Fig. 4a and Fig. S10 in Sup-
porting information). Objective contaminants containing BPA, PE,
4-CP, HBAC, SA and p-NP were chosen to assess the oxidation ca-
pability of Fe@CNT/PDS and FeMo@CNT/PDS system. Low adsorp-
tion capabilities were presented to both Fe@CNT and FeMo@CNT
for various pollutants removal. However, after adding PDS, the cat-
alysts could decompose different pollutants quickly. The degrada-
tion efficiencies of BPA, 4-CP, PE, SA, HBAC, BA and p-NP under
FeMo@CNT/PDS system were 100%, 98.3%, 97.2%, 77.3%, 67.1%,
66.2% and 20%, respectively, which were significantly bigger than
Fe@CNT system. Comparing the degradation kg, to different or-
ganics in Fe@CNT/PDS and FeMo@CNT/PDS system further showed
that Mo doping into the Fe-based catalyst significantly promoted
the PDS activation and thus improved the degradation performance
of pollutants. These results effectively manifested the significance
of Mo in enhancing catalytic oxidation capacity.

Different organics showed different degradation efficiencies in
the FeMo@CNT/PDS system, so we further explored the funda-
mental of the selective removal for different organics by this sys-
tem. The redox potential of organics could be identified by cyclic
voltammetry (CV). And half-wave potential (¢;,;) of various organ-
ics could represent their redox potential [47]. Among the selected
contaminants, there was lowest ¢, value (0.442V) for BPA, which
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was followed by PE < 4-CP < HBAC < SA < p-NP (Fig. 4b). Fig. 4c
revealed the correlation between ¢y, values of various organics
and their degradation k,,s values under FeMo@CNT/PDS system.
Obviously, the ¢, values of organics (BPA, 4-CP, SA, HBAC, PE, and
p-NP) were significant correlations with their Ink,,, values. The
date revealed that selective removal of organics by FeMo@CNT/PDS
system was strongly relevant with the redox potential. Briefly, the
higher redox potential of an organic pollutant the more difficult it
is to be degraded in FeMo@CNT/PDS system.

ROS quenching tests were carried out to identify main
species of ROS produced in FeMo@CNT/PDS system. EtOH was
utilized as scavenger for ‘OH (1.9x10°Lmol's1) and SO,
(4.3 x 107 Lmol ! s'1) [48]. TBA, FFA and p-BQ were used as "OH,
10, and 0, quenchers to evaluate their contribution for BPA re-
moval (krpa-on =5.2 x 108 Lmol 1571, Kepa10, =12 x 108 Lmol 1 s,

kp-B-0,~ =1x 109 Lmol s1) [49-51]. As exhibited in Fig. 5a and

Fig. S11 (Supporting information), BPA removal rate was reduced
from 100% without quencher to 43%, 22.1% and 5.4% with EtOH,
FFA and p-BQ, respectively. And the k,,; of BPA degradation were
0.045min! (with 200 mmol/L EtOH), 0.02 min! (with 100 mmol/L
FFA) and 0.007 min! (with 25 mmol/L p-BQ), which were much
smaller than 0.44 (without scavenger), suggesting that 10, 0,"
and SO4~ might be the main ROS (Fig. 5b). Additionally, the in-
troduction of TBA had slight impact on the degradation of BPA.
These implied that '0,, 0, and SO, were prominent in the
FeMo@CNT/PDS system, while the “OH was almost inexistent. And
the accelerated degradation effect of BPA in D,0 as the solvent fur-
ther proved the presence of 10, (Fig. S12 in Supporting informa-
tion). D,0 could been used to test 10, because the life span of 10,
in D,0 was far longer than that H,0 [52].

Electron paramagnetic resonance (EPR) tests were illustrated in
Figs. 5c and d. The test data were basically consistent with rad-
ical quenching experiment. Signals of TEMP-10, and DMPO-S0,4"
in FeMo@CNT/PDS system were clearly observed and more obvi-
ous than Fe@CNT/PDS system. This suggested a stronger oxidizing
capacity of the FeMo@CNT/PDS system than Fe@CNT/PDS system
through the production of more reactive species, which was agreed
with the date of above quenching tests [53]. This further affirmed
the significant function of SO, and '0, in BPA removal. The re-
sults also displayed the pivotal role of Mo introduction which ob-
servably facilitated ROS production in Fe-based SR-AOPs [54].

According to the above, '0,, 0," and SO, dominated the oc-
currence of reaction system. There may be some transforming re-
lationship between these ROS. We introduced different sacrificial
agents in FeMo@CNT/PDS system to monitor the content varia-
tion of 10, (Fig. 5e). The peak intensity of TEMP-10, was sub-
stantially diminished after introducing a small amount of EtOH
(the quencher for “OH and SO4*) or p-BQ (quencher for 0O,"). The
peak intensity was disappeared in the system with 100 mmol/L
EtOH or 25 mmol/L p-BQ. These suggested that SO, and O,™ in-
fluenced the production of '0,, while "OH proved absent in the
radical quenching experiments [53]. In addition, EPR test was used
to monitor the concentration of O, at different reaction times to
demonstrate O, generation and intermediate conversion (Fig. S13
in Supporting information). According to the experimental data,
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Fig. 6. (a) Reaction paths of PDS activation and (b) '0, production at Fe sites under different systems. (c) Differential charge density in various catalysts. (d) Cyclic voltam-
mograms of various samples. (e) The electrochemical impedance spectrum of various samples.

the content of O,* increased first and then decreased gradually
with the reaction. This further confirmed the generation and trans-
formation of O,". Based on the above results, O, might be oxi-
dized into 10, by SO, in FeMo@CNT/PDS system.
Aforementioned experimental data suggested that O, and
S04 exhibited a pivotal role to 10, generation during catalytic
oxidation by FeMo@CNT/PDS system, but specific production prin-
ciple was still not clear. Therefore, the 10, production with 0,
and SO4™ conversion was further researched by DFT calculations
[55]. Optimized models (FeMo@CNT and Fe@CNT) were established
based on molecular structures of materials (Fig. S14 in Supporting
information). As presented in Fig. 6a, the energy barrier of PDS ad-
sorption onto FeMo@CNT was figured out as —6.54 eV smaller than
Fe@CNT (—4.8eV), showing that Mo introduction facilitated the
capture of PDS for succedent activation. In FeMo@CNT/PDS system,
the bond length of 0-0 (lgs_g) raised from 4.73 A to 5.07 A after
Mo introduction, suggested that O-O bonds were more easier to
fracture [56]. The bond angle between O-S-O was spread to 107.15°
and lps_gg further extended for SO4"~ desorption during further ac-
tivation. This process had the energy barrier of —6.48eV and was
accompanied by heat absorption. While in Fe@CNT/PDS system, to-
tal energy barrier for PDS activation was —4.33 eV, revealing that
introduced Mo could facilitate O-O cleavage and PDS activation

[57]. Fig. 6b reveals the generation mechanism of 10, converted
from O, and SO4~ where 0, and SO4* bound undergo redox re-
actions to generate 10, on the surface of catalyst. Subsequently
the generated 10, and SO, of adsorbed state will be released
from the catalyst surface (Eq. 1 and Fig. S15 in Supporting infor-
mation). By comparing the reaction energy barrier of different sys-
tems, the formation energy barrier of 10, in FeMo@CNT/PDS sys-
tem was 2.69 eV, slightly lower than Fe@CNT/PDS system (2.76eV)
[58]. This result confirmed that doped Mo facilitated '0, produc-
tion in the FeMo@CNT/PDS system.

05~ +S0; — 10, +S0;~ (1)

In addition, we explored the main active sites of samples by
differential charge density (Fig. 6¢). The results showed that charge
transfer distributed basically in Fe-C/N site, where electron trans-
ferred from Fe to C/N. Charge accumulation was more signifi-
cant in FeMo@CNT compared to Fe@CNT, showing that charge
transfer of catalytic system was promoted by doped Mo. Cyclic
voltammetry tests further showed the process of catalytic oxida-
tion by FeMo@CNT. Compared to Fe@CNT/PDS and Mo@CNT/PDS
system, oxidizing potential of FeMo@CNT/PDS system turned to
a higher value (Fig. 6d). This manifested that Mo doping pro-
moted the redox reaction on the catalyst surface, which enabled
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FeMo@CNT to activate PDS efficiently [55]. Further, electrochemical
impedance spectrum was exhibited in Fig. 6e. Radius of FeMo@CNT
was smaller than Fe@CNT and Mo@CNT, demonstrating that charge
transfer resistance of Fe@CNT was decreased after Mo introduction,
which quickened the electron transfer to promote activation capac-
ity of catalyst. According to the above results, Mo helped promote
the charge transfer efficiency of catalyst and accelerate PDS de-
composition, which boosted the production of S04 and 10, from
0, oxidized by SO4 and further improved the degradation per-
formance of pollutants.

HPLC-MS analysis in full scan mode was used to provide com-
prehensive analysis of BPA degradation path under FeMo@CNT/PDS
system. These were based on intermediate products of BPA degra-
dation, including the destruction reaction and hydroxylation re-
action of the benzene ring (Fig. 7a) [59]. First, F1 was formed
after hydroxylation, ring-cleavage reaction and ketylation reac-
tion of BPA parent. Subsequently, F2 was generated by the hy-
drogenation reaction, and with further breaking of the carbon
chain, F2 can be converted into F3 and F4. And finally, F4 could
be decomposed and converted into H,O and CO,. BPA was de-
graded more quickly and thoroughly in FeMo@CNT/PDS system
compared to Fe@CNT/PDS system (Fig. S16 in Supporting infor-
mation). Besides, the intermediates degraded ineffectively under
Fe@CNT/PDS system (m/z=230) could be further decomposed un-
der FeMo@CNT/PDS system. The signal peaks of MS-ESI scans were
low under Fe@CNT/PDS system, which might attribute to weak ox-
idizing capability. Compared with degradation paths of other cat-
alyst systems that have been reported, BPA removal path under
FeMo@CNT/PDS system was simpler and more efficient. These ex-
plained the significance of doped Mo to rapid and efficient removal
of BPA.

Toxicity Estimation Software Tool (T.E.S.T.) was utilized to fore-
cast toxicity of above degradation products (Text S8 in Supporting
information). Mutagenicity of intermediates was decreasing with
oxidation reaction and ultimately converted to mutagenicity pos-
itive (Fig. 7b). Intermediates F1 and F2 were mutagenicity nega-
tive, while products F3 and F4 were mutagenicity positive. And
LCsq toxicity of intermediates declined evidently with reaction pro-
ceeded (Fig. 7c). Fig. 7d revealed the bioaccumulation factor of
products. As expected, bioaccumulation factors of reaction prod-
ucts decreased to harmless remarkably under FeMo@CNT/PDS sys-

tem [60]. Biological toxicity assays (using V. ginghaiensis Q67 lumi-
nescent bacteria) were performed to empirically demonstrate al-
tered toxicity in FeMo@CN/PDS/BPA system (Fig. S17 in Supporting
information). The inhibition rate of luminescent bacteria was 16.6 %
at 30 min, which was reduced by 44.8 % compared with the original
BPA. This showed excellent detoxification ability for BPA contain-
ing pollutants. In addition, we monitored the degree of mineraliza-
tion of the system. After 30 min, the mineralization rate was 85%,
showing good BPA purification ability of catalytic system (Fig. 7e
and Text S9 in Supporting information).

The dynamic catalytic capability and long stabilization of ma-
terial was evaluated using a microreactor filling FeMo@CNT-loaded
polyurethane (PU) sponges (Text S10 in Supporting information).
Photograph and schematic diagram of assembled reactor are pre-
sented in Figs. S18 and S19 (Supporting information), where
ten pieces of FeMo@CNT-loaded PU sponges were filled in re-
actor. Experimental data revealed that BPA could still be com-
pletely degraded after 12h of continuous dynamic degradation
in FeMo@CNT-loaded microreactor (Fig. 7f). And BPA removal ef-
ficiency remained above 80% after 23h of continuous dynamic
degradation. These showed excellent catalytic activation properties
and stability of FeMo@CNT. In contrast, microreactor that do not
load FeMoCNT had poor degradation performance. Additionally, the
ionic leaching was also detected during the dynamic degradation
process. Initially, a small amount of Fe and Mo ions were lost in
solution, and as reaction proceeded, the ion overflow content grad-
ually decreased and eventually disappeared, displaying good prac-
tical utilization potential.

Composite material (FeMo@CNT) was prepared via introducing
Fe and Mo into N-doped carbon nanotubes and utilized to degrade
BPA by PDS activation. Compared with single-metal catalysts, the
catalytic activity of FeMo@CNT/PDS system was significantly im-
proved. FeMo@CNT/PDS system can completely degrade BPA within
30min and had a high degradation rate in the presence of wide pH
and various environmental substrates. The enhanced catalytic ac-
tivity of FeMo@CNT was mainly attributed to Mo doping. Mo can
improve the electron transfer efficiency on catalyst surface, accel-
erate PDS decomposition and promote ROS generation. The exper-
imental results showed that this system was dominated by SO4™
and 10,. We further revealed the mechanism of 10, generation
derived from O, oxidized by SO4". Furthermore, Mo introduc-
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tion into FeMo@CNT could effectively promote PDS activation and
reduce energy barrier of 10, production, thus realizing the im-
provement of both SO4* and '0,. After catalytic oxidation reaction,
the overall toxicity was decreased significantly. And the continu-
ous degradation of BPA with the reactor loaded with FeMo@CNT
in dynamic experiments also further demonstrated the stability
and practical potential of FeMo@CNT/PDS system. This work offers
new ideas for establishing efficient catalytic systems and enriches
the theoretical research of AOPs introduced by radical and non-
radicals.

However, there are still some limitations for this study: (i) Real
wastewater and environmental matrix are often more complex
and different from simulated wastewater; (ii) although Fe/Mo@CNT
have excellent catalytic activity and stability, the release of metal
ions cannot be completely avoided. Future research can be com-
bined with other advanced processing technologies such as photo-
catalysis and electrocatalysis to improve the catalytic performance
for persulfate activation. The successful experimental theories and
models can be used to solve practical environmental problems.
And nanoconfined catalysts can be constructed to further avoid the
leaching of metal ions.
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