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Introduction: Dimethyl phthalate (DMP) which has been widely detected in water
is neurotoxic to humans and should be effectively eliminated. Persulfate-based
advanced oxidation processes are considered to be reliable methods aiming at
emerging contaminants degradation, while an efficient catalyst is urgently needed
for the activation of the reaction. As a typical 2D material, 1T-MoS2 is expected to
be applied to the activation of persulfate owing to its abundant active sites and
excellent electrical conductivity. In practical applications, 1T-MoS2 has the
phenomenon of reunion which affects the exposure of its catalytic sites.

Methods: Therefore, in this study, we used waste cowmanure as a rawmaterial to
prepare biochar and achieved high exposure of 1T-MoS2 activation sites by
loading 1T-MoS2 onto the surface of cow manure biochar through
hydrothermal synthesis. The prepared composite catalytic material CMB@1T-
MoS2 was used to activate PMS for the degradation of DMP.

Results: It was found that CMB@1T-MoS2 has better effect than CMB or 1T-MoS2
alone for the degradation of DMP, reaching 77.65% at pH = 3. Under alkaline
conditions, the degradation rate of DMP was reduced due to the inhibition of the
catalytic process. Among the different coexisting anions, HCO-3 interfered and
inhibited the degradation process themost, leading to the lowest degradation rate
of DMP with 42.45%.

Discussion: The quenching experiments and EPR analysis showed that SO-
4• and

•OHwere the main ROS in the CMB@1T-MoS2/PMS process. This study promotes
the resourceful use of cowmanure and is expected to provide a novel persulfate-
based advanced oxidation process catalyzed by CMB@1T-MoS2 for the
elimination of DMP in an aqueous environment.
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1 Introduction

Phthalic acid esters (PAEs), due to its low production cost and
lack of cheaper alternative, is commonly used as plasticizer for
various daily products across commence, industry, and medical
fields (Das et al., 2021; Tuan Tran et al., 2022). The production and
usage of PAEs increased from 2.7 to approximately six million tons
per year from 2007 to 2017 (Gao et al., 2018). Notably, due to the
prevalence of the global pandemic COVID-19, it is estimated that
40,000–230,000 tons of microplastics will enter the ocean by 2040 if
mask consumption continued, and dimethyl phthalate (DMP)
releases into marine environment increased in a time dependent
manner (De-la-Torre et al., 2022; Chen et al., 2023a). Consequently,
the wide application led to exposures to the surrounding
environment. PAEs have been found in soil, air, and water
resources, through discharge or leaching, thus exposing them to
animals, plants, and human (Liu et al., 2019a; Tuan Tran et al.,
2022). United States Environmental Protection Agency, European
Nation, China, and other nations have listed dimethyl phthalate
along with other five PAEs as priority pollutants (Kashyap and
Agarwal, 2018). Known for its neurotoxic, reproductive, and
endocrine disruptive responses, DMP has adverse effects in the
health of animals and plants, leading to disfunctions in red blood
cells’ oxygen carrying capability, induction of blood
immunotoxicity, and inhibition of growth of plants (Chi et al.,
2021; Chi et al., 2022; Pietrini et al., 2022). Therefore, a more
efficient degradation method for the degradation of DMP is needed.

Various physical, biological, and chemical treatments have
been utilized by researcher for the removal of DMP. Adsorption
(Jedynak et al., 2017), atmospheric plasma (Ulucan-Altuntas
et al., 2022), and biological treatments (Zhang et al., 2016;
Zhou et al., 2022; Zhao et al., 2023) are mature methods
removing DMP from the surrounding environment, but failing
to degrade the target organic pollutant and varying performances
influenced by multiple factors. Advanced oxidation processes
(AOPs) have raised much attention from researcher. The
generation of oxygen species in AOPs enables reliable and
efficient complete degradation of targeted contaminants. The
following AOPs were used in degradation of DMP: Photocatalytic
oxidation (Souza et al., 2014a; Zhou et al., 2022; Zhang et al.,
2023), Fenton oxidation (Pan et al., 2021; Chen et al., 2023b),
persulfate oxidation (Zhou et al., 2019; Lai et al., 2021; Yang et al.,
2021), electrochemical oxidation (Souza et al., 2014a; Souza et al.,
2014b), ozone oxidation (Wang et al., 2009; Liu et al., 2019b), etc.
Persulfate-based oxidation generates high oxidative potential
sulfate radicals (2.5–3.1 V) compared with hydroxyl radicals
(2.7 V) (Duan et al., 2016), exhibiting better performances for
the degradation of organic pollutants. The high input of energy
and additives, the potential residue of metals (i.e., irons), and
relatively high operation cost of the above AOPs is outcompeted
by persulfate oxidation. Researchers have successfully activated
persulfate for the degradation of DMP using nZVT (nanoscale
zero valent tungsten) (Zhou et al., 2019), FCBCs (iron–cerium
bimetallic catalysts) (Dong et al., 2019), Fe-MOF-74 (Fe-based
metal-organic framework) (Ding et al., 2021a; Ding et al., 2021b),
and g-C3N4 (metal-free graphitic carbon nitride) excited under
visible light (Xu et al., 2020). However, those approaches include
drawbacks such as high dosage of persulfate and residue sulfate,

hindering their sustainability and application in real world (Han
et al., 2022). Therefore, the application of persulfate oxidation
requires improved external conditions, enhancing the formation
of sulfate radicals.

As heterogeneous catalysts for activation of persulfate
oxidation, nanomorphic two-dimensional transition metal
dichalcogenides (2D-TMDs) draw researchers’ interest. One
2D-TMD, molybdenum sulfide (MoS2)’s outstanding
physiochemical properties with its distinctive structure and
highly reactive received a lot of attention. Researchers have
utilized MoS2 as catalyst activating peroxymonosulfate (PMS)
in degradation of carbamazepine (Zhou et al., 2020) and
tetracycline (Li et al., 2022), degradation of antibiotics
wastewater (Zhu et al., 2020), and remediation of aromatic
organic pollutants (Du et al., 2020), etc. Among the common
crystal structures of MoS2, hexagonal MoS2 stable
semiconducting 2H-phase is more abundant in nature
compared with the trigonal sub-stable metallic 1T-phase
MoS2. 1T-MoS2 have been found having better catalytic ability
for the activation of PMS, due to its hydrophilic nature and
metal-like conductivity (Chen et al., 2020; Wang et al., 2023).
However, the clustering of flower like 1T-MoS2 nanosheets
compromises its catalytic capability, as less active sites are
exposed.

Biochar is widely used in wastewater treatment due to its low
cost, wide source and good adsorption properties (Pan et al.,
2021; Chen et al., 2022). Previous studies have shown that
biochar is effective in the removal of organic contaminants
such as tetracycline and carbamazepine, (Guo et al., 2021; Lei
et al., 2022; Su et al., 2022; Zhu et al., 2022), and has
demonstrated good reusability and stability (Gan et al., 2019).
In this study, we used cow dung as a raw material for biochar to
prepare the catalyst CMB@1T-MoS2 for AOPs by high
temperature calcination and hydrothermal technique. The
objectives of this study were 1) to clarify the effectiveness of
CMB@1T-MoS2 in activating PMS compared to CMB and 1T-
MoS2 alone; 2) to compare and analyze the effects of CMB@1T-
MoS2 dosage, PMS dosage and initial pH on the degradation of
DMP in the CMB@1T-MoS2/PMS process; 3) identification of
the main ROS in the CMB@1T-MoS2/PMS process. The results of
this study can provide new pathways for resource utilization of
cow manure and treatment of emerging contaminants.

2 Materials and methods

2.1 Materials

Cow manure used in this study to produce cow manure-
derived biochar (CMB) was collected from a farm near Nanping,
Fujian Province, China. Chemicals such as ammonium
molybdate tetrahydrate [(NH4)6Mo7O24·4H2O, 99%], thiourea
(CH4N2S, 99%), peroxymonosulfate (PMS, KHSO5), and
L-histidine (C6H9N3O2, 99%) were purchased from Shanghai
Macklin Biochemical Co., Ltd, China. Methanol (CH4O, ≤100%),
acetonitrile (C2H3N, ≤100%), ethanol (C2H6O, ≤100%),
polypropylene centrifuge tubes (15 mL, 50 mL) and standard
substance (bisphenol A (BPA), ciprofloxacin (CIP), thiacloprid
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(THA)) of instrumental analysis were purchased from ANPEL
Laboratory Technologies (Shanghai, China) Inc. Syringe filter for
sample separation and purification using syringe filter were
purchased from SORFA Life Science Research Co., Ltd
(Beijing, China), the target containment in this study, and
p-Benzoquinone (C6H4O2, 99%) were ordered from Aladdin
Chemical Co., Ltd.

2.2 Synthesis of cow manure-derived
biochar and CMB@1T-MoS2

2.2.1 Synthesis of cow manure-derived biochar
After collection from a farm near Nanping, Fujian Province,

China, fresh cow manures were air dried, and those lump like air-
dried cow manures were powdered by an electric grinder. Those air-
dried cow manure particles will then be screened by a 100-mesh
sieve to further refine them and placed into a ball mill to ball mill for
three times at 500 r/min. Finally, powdered cow manures were
pyrolyzed in a tube furnace under argon atmosphere for 2 h at
500°C using a heating rate of 10°C/min. The final product was then
referred to as cow manure-derived biochar.

2.2.2 Synthesis of CMB@1T-MoS2
The synthesis of 1T-MoS2 starts with dissolving 4 mmol of

(NH4)6Mo7O24·4H2O and 56 mmol of CS(NH2)2 in 140 mL of
Milli-Q. 0.12 g of L-ascorbic acid (AA) and 1 g of cow manure-
derived biochar (CMB) were added after 30 min of vigorous stirring.
After another 30 min of stirring, the solution was transferred into a
200 mL para-polyphenol-lined autoclave and kept at 200°C for 18 h
in an oven. The product was centrifuged and washed with ethanol
and Milli-Q each for three times. At last, CMB@1T-MoS2 was
obtained after drying in vacuum. The Schematic illustration of
the route for CMB@1T-MoS2 synthesis is shown in
Supplementary Figure S1.

2.3 Experiment procedure

All experiments were conducted in 500 mL beakers at room
temperature. The following steps are followed for most
experiments in this study. 20 mL of 100 ppm DMP stock
solution is mixed with 180 mL of deionized water inside the
500 mL beaker using magnetic stirring at 500 r/min. 10 mmol/L
of PMS and 0.1 g of CMB/1T-MoS2 was then added to initiate the
degradation experiment. A control sample will be taken at 0 min
before the addition of PMS and CMB/1T-MoS2, and at 1, 5, 10,
15, 30, 60, and 90 min, 1 mL of the sample was collected and
mixed with 1 mL of methanol to stop the degradation process.
These samples will then be diluted with 8 mL of Milli-Q and
filtered through nylon filter membranes that have a pore size
0.22 μm using a syringe.

During the degradation experiment, five different conditions-a
blank control group containing only of DMP, dosing CMB only,
PMS only, CMB/PMS, and CMB@1T-MoS2/PMS were conducted.
Furthermore, different dosage of PMS (1 mmol/L, 2 mmol/L,
5 mmol/L, and 20 mmol/L), different pH value (3, 5, 7, 9, 11),
different dosage of CMB@1T-MoS2 (0.05 g/L, 0.1 g/L, 0.2 g/L, 0.5 g/

L, and 1.0 g/L), and various coexisting anions (Cl−, HCO-3, NO-3,
PO3-4) were carefully modified, respectively to test influence factors
of this experiment. TBA, EtOH, L-histidine and p-BQ were used as
quenching reagents. The degradation kinetics of this experiment was
calculated to be in accordance with the pseudo-first-order kinetic
equation as follows:

−ln C

C0
( ) � kobst (1)

where C0 and C represent the initial and residual concentrations of
DMP, respectively; kobs (min−1) is the apparent kinetic constant.

2.4 Analytical techniques

Scanning electron microscope (SEM, ZEISS Gemini 300) was
used to identify the surface morphology of CMB@1T-MoS2, CMB
and 1T-MoS2, along with energy spectrometer (EDS, Energy
Dispersive Spectrometer) used to analyze the elemental
composition, content, and distribution of CMB@1T-MoS2, CMB
and 1T-MoS2. X-ray photoelectron spectroscopy (XPS, Thermo
Scientific K-Alpha) and X-ray diffraction (XRD, Regaku
SmartLab) were used for the qualitative and quantitative
analysis of the elemental composition and crystal phase
composition of CMB@1T-MoS2, CMB and 1T-MoS2. Fourier
Transform Infrared spectrum (FT-IR spectrum, Thermo Niolet
iN10) and Raman spectrum (WiTech alpha300R) were used to
identify the molecular structural properties as well as typical
characteristic functional groups of CMB@1T-MoS2, CMB and
1T-MoS2. Nitrogen adsorption and desorption experiments
(Micromeritics APSP 2460) were used to determine the specific
surface area, pore volume and average pore diameter of the
materials. UPLC system (Agilent 1,290 Series) equipped with a
triple quadrupole mass (QQQ-MS/MS, Agilent G6495 Series) was
used to quantify the concentration of DMP in samples.
Chromatographic separations in quantitative analysis were
carried out by a Zorbax SB-C18 column (Agilent, 3.5 μm ×
Ø2.1 mm × 100 mm). The mobile phase was the mixture of
40% ultra-pure water containing 0.1% formic acid and 60%
acetonitrile. The flow rate was 0.3 mL min-1 and the column
temperature was kept at 40°C. The intermediate products of
DMP were detected via a UPLC system (Agilent 1,290 Series)
equipped with a quadrupole time-of-flight quadrupole mass
(Q-TOF-MS/MS, Agilent G6545 Series). The column type used
for qualitative analysis was Eclipse Plus C18 column (Agilent,
1.8 μm× Ø3.0 mm × 150 mm). Ultra-pure water containing 0.1%
formic acid and acetonitrile were used as mobile phases at a flow
rate of 0.3 mL min−1 with the gradient method described as
follows. The initial composition was 90% Ultra-pure water
containing 0.1% formic acid (mobile phase A), held for 9 min,
followed by a decrease to 70% A (9–15 min). Next, the ratio of
mobile phase A continuously declined to 40% (15–20 min). Then a
further decrease to 10% A (20–27 min), which was maintained
until the end of the analysis (27–30 min). The capillary voltage was
set at 3.50 kV. The gas temperature and sheath gas temperature
were set at 325°C and 350°C, respectively. The drying gas flow and
sheath gas flow were set at 10 L min-1 and 11 L min−1.
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3 Results and discussion

3.1 Characterization

The morphology, microstructure, and surface elemental
composition of CMB@1T-MoS2, CMB, and 1T-MoS2 were
explored by SEM and EDS mapping techniques. As shown in
Figures 1A, B, cow manure derived biochar appears to have
porous and not smooth surface, providing substantial number
of active sties, thus enabling MoS2 to load on the surface. In
contrast in Figures 1C, D, the SEM images of CMB@1T-MoS2
shows a large number of MoS2 nanosheets loaded on the surface
of biochar. Furthermore, most of the MoS2 nanosheets were
uniformly dispersed on the biochar substrate, showing a high
degree of exposure. In Figures 1E, F, clustered nanoflower
morphology of the single MoS2 could be observed. This
phenomenon is attributed to the presence of van der Waals
forces, electrostatic attraction and surface energy between the
nanosheets, which tend to agglomerate and reach a more stable
state (Liu et al., 2021; Yin et al., 2022). Further, the composition
analysis of these three materials are performed by an EDS
measurement. The corresponding element mapping results are
presented in Supplementary Figure S2. It can be visually observed

that Mo and S elements are uniformly distributed on the surface
of CMB@1T-MoS2, indicating the successful synthesis and
loading of 1T-MoS2.

Raman spectroscopy and FT-IR spectroscopy are used to
characterize the crystalline phases, characteristic defects, and
characteristic functional groups of the experimental materials. In
Figure 2A, both CMB@1T-MoS2 and 1T-MoS2 exhibit typical
characteristic vibrational modes of molybdenum disulfide, where
the peaks at wavelengths 147.8, 238.4, and 337.1 cm−1 represent the
J1, J2 and J3 characteristic vibrational modes of the 1T phase,
respectively (Li et al., 2020). Meanwhile, 1T-MoS2 loaded on the
CMB exhibited a more responsive characteristic peak compared to
1T-MoS2 alone. This is attributed to the fact that CMB acts as a
substrate for hydrothermal synthesis, which facilitates the dispersion
of 1T-MoS2 nanosheets, resulting in a reduced degree of stacking
and a more pronounced Raman activity of the corresponding
vibrational moieties. Additionally, the characteristic vibrational
peaks, D peak and G peak, representing C-atom lattice defects
and C-atom sp2 hybridization were also detected in the Raman
spectrum of CMB. In Figure 2B, FT-IR spectra is used to identify the
characteristic functional groups of the three materials. Among them,
the characteristic peaks of C-C, M-O, C=O, S=S, Mo-S, C-H are
present nearby the wavelengths 1,620.5, 1,400.1, 1,107.5, 1,027.0,

FIGURE 1
(A, B) SEM images of CMB, (C, D) CMB@1T-MoS2, (E, F) 1T-MoS2.
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941.1, 889.5 cm−1, respectively. It is worth noting that in FT-IR
analysis, the characteristic peak responses of some functional groups
are relatively weak such as C-C, S=S, etc. This is mainly due to the
relative structural symmetry of these groups, resulting in slight
dipole changes and corresponding weak IR activity, which are
difficult to be detected significantly in FT-IR spectra.

XRD and XPS were analyzed to further investigate the crystalline
characteristics of the materials. In Figure 3A it can be seen that in
comparison with the powder diffraction file of 2H-MoS2 (PDF#37-
1,492), the characteristic diffraction peaks of the characteristic
crystal planes (0 0 2), (1 0 0), (1 0 1), and (1 1 0) are identified
for CMB@1T-MoS2 and 1T-MoS2, respectively. The (0 0 2)
diffraction peaks of CMB@1T-MoS2 and 1T-MoS2 are brightly
shifted and the diffraction peaks of CMB@1T-MoS2 appear at
2θ = 9.1°, which is consistent with the previously reported (0
0 2) characteristic crystal plane of 1T-MoS2. Based on the XRD
results, it was found that the experimentally prepared molybdenum
disulfide has a smaller characteristic derivative peak than the
powdered bulk-MoS2, which leads to the conclusion that the
experimentally prepared molybdenum disulfide has a larger layer
spacing, while the diffraction peak position of 1T-MoS2 loaded on
CMB is closer to the reference value of the 1T phase, and the
corresponding diffraction peak has a better response, so the presence
of CMB as a substrate promotes the formation of 1T-MoS2 crystals
and the transformation of the crystalline phase. In addition, XPS was
used to quantify the proportions of 1T phase in CMB@1T-MoS2 and
1T-MoS2 and to identify the characteristic binding bonds in CMB.
Figures 3B–F exhibit the deconvolution of the Mo 3d, S 2p, C 1s
spectrum for these materials. The peaks at approximate 228.7 eV
and 231.8 eV of CMB@1T-MoS2 correspond to with binding
energies of Mo (IV) 3d5/2 and 3d3/2 in 1T phase. Similarly, the
peaks at 229.4 eV and 232.8 eV of CMB@1T-MoS2 are attributed to
2H phase. By calculating the peak area, the proportion of 1T phase in
CMB@1T-MoS2 is 78.32%, and the proportion of 1T phase in 1T-
MoS2 is 73.21%. In addition, the peaks at 283.1, 284.8, and 287.2 eV
in the CMB represent the C-C, C-O, and -COOH, respectively. The
nitrogen adsorption-desorption isotherm of CMB and CMB@1T-
MoS2 are shown in Figure 4. It can be seen that there is no obvious
saturation adsorption plateau in both isotherms, which indicates

that the corresponding pore structures of the two materials are
irregular. The BET surface areas of CMB and CMB@1T-MoS2 were
6.12 m2/g and 9.97 m2/g, respectively (Supplementary Table S1).
Therefore, CMB@1T-MoS2 can provide more active sites to
activate PMS.

3.2 Influence factors to DMP degradation

3.2.1 Effects of different reaction processes on
DMP degradation

To evaluate the effect of different reaction processes on DMP
elimination, six control processes were set up for degradation
experiments (CMB@1T-MoS2/PMS, CMB@1T-MoS2, 1T-MoS2/
PMS, CMB/PMS, PMS, Blank). Figure 5A shows that in the blank
experiment, DMP was merely degraded by 5.79% within 90 min. In
addition, only 12.43% and 13.12% of DMP were eliminated in the
process with PMS or CMB @1T-MoS2 alone. This indicates that
neither the self-activation capacity of PMS nor the adsorption capacity
of CMB@1T-MoS2 is excellent. Furthermore, the degradation
efficiencies of DMP were significantly enhanced in the CMB/PMS
and 1T-MoS2/PMS processes with 32.17% and 56.10%, respectively.
And when CMB@1T-MoS2 was introduced to activate PMS, the DMP
degradation rate reached a maximum of 77.65%. The degradation
kinetic results presented in Supplementary Figure S3 show that in the
CMB@1T-MoS2/PMS process, the apparent rate constant kobs is
0.02042 min-1, which is much larger than the results in other
reaction processes. Such a significant enhancement is attributed to
the dispersive loading of 1T-MoS2 on the surface of cow dung biochar,
avoiding the stacking of nanosheet layers. This allowed the full
exposure of a large number of 1T-MoS2 activation sites. On the
other hand, the Mo-O-C interfacial coupling active center will be
formed between 1T-MoS2 nanosheets and CMB, which effectively
promotes the electron transfer in the catalytic system and achieves
excellent catalytic and degradation effects (Amiinu et al., 2017). In
addition, the introduction of 1T-MoS2 will induce electrons transfer
from the adjacent carbon atoms to S atoms, thereby breaking the
inertia of carbon skeleton sp2 hybridization and improving the surface
charge distribution of carbon atoms, which in turn leads to the

FIGURE 2
(A) Raman spectra and (B) FT-IR spectra of CMB@1T-MoS2, CMB, and 1T-MoS2.
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improvement of the electron transfer performance of CMB@1T-
MoS2. Furthermore, three typical organic pollutants (bisphenol A
(BPA), ciprofloxacin (CIP), thiacloprid (THA)) were selected to
examine the degradation efficiency of the CMB@1T-MoS2/PMS
process. The results showed that the CMB@1T-MoS2/PMS process
has good generalizability for degrading organic pollutants in water
(Supplementary Figure S9).

3.2.2 Effects of different initial pH, CMB@1T-MoS2
and PMS dosage

Given that CMB@1T-MoS2/PMS has the greatest catalytic
efficiency, the influence of different initial pH, CMB@1T-MoS2
dosage and PMS dosage on DMP degradation was investigated

through controlled experiments. Difference in initial pH is also
shown to have great impact on DMP degradation under the same
condition of 10 mmol/L of PMS and 0.1 g of CMB@1T-MoS2,
according to Figure 5B. The degradation ratio of DMP is 68.11%
and 54.43% at pH = 3 and pH = 5, respectively compared to that of
23.93% at pH = 11. The corresponding kinetic rate constant Kobs was
reduced from 0.00241 min−1 to 0.01965 min−1 (Supplementary
Figure S4). This result showed that CMB@1T-MoS2/PMS has a
better catalytic degradation efficiency under acidic conditions. This
result is mainly attributed to the effect of pH on the catalytic process
as well as on the ROS conversion process. On one hand, acidic
conditions can promote the dissociation of unsaturated S atoms at
the edge of 1T-MoS2 to S

2− and trigger a series of valence changes of

FIGURE 3
(A) XRDof CMB@1T-MoS2, CMB, and 1T-MoS2. The deconvoluted XPS results of high resolution (B, C)Mo 3d and S 2p for CMB@1T-MoS2, (D)C 1s for
CMB, and (E, F) Mo 3 and S 2p for 1T-MoS2.
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Mo by S2− trapping protons to form H2S. Meanwhile, the active
unsaturated Mo 4d orbital transfers electrons to PMS, causing the
peroxide bond of PMS to be broken to form SO-

4• and Mo(V).

Subsequently, Mo(V) continues to transfer electrons to PMS and
becomes Mo(VI). Eventually, the PMS in solution reduces the
generated Mo(VI) to Mo(IV), leading to a redox process (Eqs.
2–7) (Wu et al., 2022). Hence, when the initial pH gradually
increased, the activation process of 1T-MoS2 on PMS was
inhibited resulting in a decrease in the degradation rate of
DMP. On the other hand, as the initial pH increases, a large
amount of SO-

4• reacts with OH− to convert to SO2-4 and •OH.
However, the redox potential and half-life of •OH are lower than
those of SO-

4•, which reduces the reactivity of the oxidation process
and leads to a decrease in the degradation rate of DMP.

Figures 5C, D shows that the dosage of both CMB@1T-MoS2 and
PMS had effects on the DMP degradation. With the increase of CMB@
1T-MoS2 dosage from 0.05 g/L to 1.0 g/L, the degradation rate of DMP
increased from 47.24% to 73.87%. The corresponding kinetic rate
constant Kobs also increased from 0.00684 min−1 to 0.01912 min-1

(Supplementary Figure S5). It is noteworthy that with the increase
of CMB@1T-MoS2 dosing, the degradation rate of DMP growth trend
slows down. This may be due to the insufficient amount of PMS dosing
in the system. In addition, during the reaction, 1T-MoS2 and its reaction
intermediate Mo(V)S2 consume SO-

4• and •OH to generate MoO2-4
(Eqs. 8–11). And since the redox potential of MoS2/MoO2-4 (~0.43 V)
is much lower than that of •OH/OH− (2.2 eV–2.8 eV) and SO-

4•/SO2-
4

(2.5 eV–3.1 eV), it caused an inhibitory effect on the degradation
of DMP.

FIGURE 4
Adsorption/desorption isotherm of CMB and CMB@1T-MoS2.

FIGURE 5
Influencing factors of the degradation efficiency of DMP (A) different reaction processes (PMS = 5 mmol/L, CMB@1T-MoS2 = 1T-MoS2 = CMB =
0.05 g/L, initial pH = 3), (B) initial pH (PMS = 5 mmol/L, CMB@1T-MoS2 = 0.05 g/L), (C) CMB@1T-MoS2 dosage (PMS = 5 mmol/L, initial pH = 3) and (D)
PMS dosage (CMB@1T-MoS2 = 0.05 g/L, initial pH = 3).
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It is obvious that there is a positive correlation between the
dosage of PMS and the degradation rate of DMP. As the PMS
dosage increased from 1 mmol to 20 mmol/L, the degradation
rate of DMP increased significantly from 21.36% to 80.85%. The
corresponding kinetic rate constant Kobs increased from
0.00241 min−1 to 0.01965 min−1 (Supplementary Figure S6).
Meanwhile, the degradation rate of DMP was 77.65% when
the PMS dosage was 10 mmol/L, which was similar to the
effect of PMS of 20 mmol/L. This should be on account of the
fact that CMB@1T-MoS2 is limited and high concentration of
PMS is self-quenching to consume a certain amount of ROS in
the process (Eqs. 12, 13).

SO−
4• +OH− → SO2−

4 + •OH (2)
HSO−

5 +OH− → SO2−
4 +H2O (3)

MoS2 + 4H+ → Mo Ⅳ( ) + 2H2S (4)
Mo Ⅳ( ) +HSO−

5 → Mo Ⅴ( ) + SO−
4• + OH− (5)

Mo Ⅴ( ) +HSO−
5 → Mo Ⅵ( ) + SO−

4• +OH− (6)
Mo Ⅵ( ) + 2HSO−

5 → Mo Ⅳ( ) + 2SO−
5• +H+ (7)

MoS2 + 18 •OH → MoO2−
4 + SO2−

4 +6H2O + 6H+ (8)
MoS2 + 18SO−

4• + 12H2O → MoO2−
4 + 20SO2−

4 + 24H+ (9)
Mo Ⅴ( )S2 + 17•OH → MoO2−

4 + SO2−
4 + 5H2O + 7H+ (10)

Mo Ⅴ( )S2 + 17SO−
4• + 12H2O → MoO2−

4 + 19SO2−
4 + 24H+ (11)

HSO−
5 + •OH → SO−

5• +H2O (12)
HSO−

5 + SO−
4•→ SO−

5• + SO2−
4 +H+ (13)

3.2.3 Influence of different inorganic anions
Due to the potential presence of inorganic anions in the aqueous

environment that could negatively impact AOPs, the investigation of
the effects of coexisting anions (Cl−, NO3

−, HCO3
−, PO4

3−, and Humic
Acid) on DMP degradation by CMB@1T-MoS2/PMS process is
implemented. According to Figure 6A, the degradation rate of DMP
is most reduced by the presence of HCO-

3. HCO
-
3 reacts with H+ (Eqs.

14, 15), thus lowering the acidity of the solution and hindering the
activation of PMS by CMB@1T-MoS2. In addition, HCO-

3 also reacts
with •OH and SO-

4•, resulting in the generation of weakly oxidized
HCO3• (Eqs. 16, 17), which also prevents the degradation of the system.
Cl− and NO-

3 also inhibit the degradation of DMP causing by the
reaction of both with •OH and SO-

4•, producing radicals with lower
redox potentials (Eqs. 18–21). With the addition of PO3-4, the
degradation of DMP is slightly reduced, as PO3-4 underwent
hydrolysis to produce HPO2-4 and H2PO-4 (Eqs. 22, 23) inhibiting
degradation by increasing pH for the degradation system. However,
studies have shown that PO3-4 and HPO2-4 can effectively break the
O-O bond of PMS and promote the production of SO-

4• in the system,

FIGURE 6
(A) Influence of different Inorganic anions and organicmatters (HA) in the degradation process (DMP = 10 ppm, PMS = 10 mmol/L, CMB@1T-MoS2 =
0.5 g/L), (B) influence of recycling of CMB@1T-MoS2 (DMP = 10 ppm, PMS = 10 mmol/L, CMB@1T-MoS2 = 0.5 g/L), (C) TOC removal rate of the
degradation process (DMP = 10 ppm, PMS = 10 mmol/L, CMB@1T-MoS2 = 0.5 g/L), (D) Mo leaching concentration of the degradation process (DMP =
10 ppm, PMS = 10 mmol/L, CMB@1T-MoS2 = 0.5 g/L).
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thus enhancing the degradation process (Duan et al., 2021). The
degradation rate of DMP is greatly enhanced by the presence of
humic acid (HA) due to two reasons. Firstly, as a weak acid, humic
acid lowered the pH of the process, promoting the catalytic efficiency of
CMB@1T-MoS2 on PMS, thus increasing the degradation rate. On the
other hand, previous reports have shown that the abundant functional
groups on the surface of HA will bind to neonicotinoids through van
der Waals forces and hydrogen bonds to form new substances. This
mechanism would lead to a decrease in the detectable concentration
of DMP.

HCO−
3 +H+ → H2CO3 (14)

H2CO3 → H2O + CO2 ↑ (15)
HCO−

3 + SO−
4•→ SO2−

4 +HCO3 (16)
HCO−

3 + •OH → H2O + CO−
3 (17)

Cl− + SO−
4•→ SO2−

4 + Cl• (18)
Cl− + •OH → •ClOH− (19)

NO−
3 + SO−

4•→ SO2−
4 +NO3• (20)

NO−
3 + •OH → OH− +NO3• (21)

PO3−
4 +H2O → HPO2−

4 +OH− (22)
HPO2−

4 +H2O → H2PO
−
4 + OH− (23)

3.2.4 Reusability of CMB@1T-MoS2 in DMP
degradation

In order to evaluate the practical application of CMB@1T-MoS2,
the reusability and stability of CMB@1T-MoS2 are investigated in this
paper. As shown in Figure 6B, the degradation rate of DMP decreased
from 77.65% to 54.34% as CMB@1T-MoS2 was reused four times. This
result may be due to the fact that the residual DMP and its
intermediates on the surface of CMB@1T-MoS2 hinder the catalytic
reaction of CMB@1T-MoS2 with PMS. In addition, after many
repeated uses, the own structural properties of CMB@1T-MoS2
may also be the reason for the reduced degradation rate of DMP.
To investigate the changes in the surface and structural states of CMB@
1T-MoS2, the reused CMB@1T-MoS2 was washed and freeze-dried for
XPS and XRD analysis (Supplementary Figures S7, S8). Comparing the
CMB@1T-MoS2 before and after the reaction, it was found that the
position of the characteristic peaks and the ratio of the crystalline phase
composition were almost unchanged, indicating that the CMB@1T-
MoS2 still maintained good material properties after the reaction.

3.2.5 TOC removal rate and Mo ion leaching
concentration

As shown in Figures 6C, D, after the reaction, the TOC removal
rate of the system was 36.29% and the leaching concentration of Mo
changed from the initial 0.017 ppm to 0.895 ppm the TOC removal
rate was lower than the DMP degradation rate, indicating the
presence of incomplete mineralized intermediates in the
degradation system.

3.3 Identification of reactive oxygen species

Quenching experiments and EPR spectroscopy were
performed in order to investigate the contribution of different

reactive oxygen species in the CMB@1T-MoS2/PMS process. In
the quenching experiments, ethanol was used as a quencher for
•OH (k•OH/EtOH = 1.6 × 107 M−1 s−1) and SO-

4• (kSO-
4•/EtOH =

1.9 × 109 M−1 s−1), and tert-butanol (TBA) was used as a
quencher for •OH [(3.8–7.6) × 108 M−1 s−1]. The quenching
effect of TBA on SO-

4• (kSO-
4•/TBA = (4.0–9.1) × 105 M−1 s−1)

was negligible compared to •OH. L-histidine was used to quench
1O2, and p-benzoquinone (p-BQ) was used to quench O-

2•. In
Figure 7A, the degradation rates of DMP were 10.84% and
69.68% after the addition of ethanol and tert-butanol,
respectively. And after adding L-histidine and p-BQ, the
degradation rates of DMP were 51.29% and 75.94%,
respectively. The control experiment showed a degradation
rate of 76.4%. The results of the quenching experiments
showed that SO-

4• dominated the degradation experiments
with the largest contribution to DMP in the CMB@1T-MoS2/
PMS system. Secondly, the non-radical pathway dominated by
1O2 also had a significant effect on the degradation of DMP. EPR
spectroscopy was performed to further confirm the generation of
•OH, SO-

4•, O-2•, and 1O2 by using DMPO and TEMP as spin
traps, respectively. In Figure 7B, EPR signals representing
DMPO-•OH and DMPO- SO-

4• can be detected. However,
the peak intensity of •OH does not show a typical ratio of 1:
2:2:1 because the signal of •OH is interfered by the offset of the
strongly SO-

4• signal; Figure 7C shows a significant EPR signal
with a 1:1:1 peak pattern, revealing the appearance of 1O2 in the
process. Besides, the weak signal of O-2• also appeared in
Figure 7D. The detection of the ROS signals corroborates the
results of the quenching experiments. The chemical equations
for the generation of these ROS are as follows (Eqs. 24–28):

HSO−
5 +H2O → H2O2 +HSO−

4 (24)
H2O2 → 2•OH (25)

•OH +H2O2 → HO2• +H2O (26)
HO2•→ H+ +O−

2• (27)
2O−

2• + 2H+ → H2O2 + 1O2 (28)

3.4 Degradation pathways of DMP

To further investigate the possible degradation pathways of
DMP, UPLC-Q-TOF-MS/MS was used to detect the possible
degradation intermediate products of DMP. According to the
results of the qualitative analysis, the degradation pathway of
DMP probably includes the following two ways (Figure 8).
First, the benzene ring in the DMP molecule is attacked by •OH
and undergoes a hydrogen abstraction reaction (P1). Next, the
C-O bond on the ester group is broken and the •OH undergoes
an electrophilic reaction at the break, which leads to the
formation of carboxyl groups (P2). With further attack by
reactive oxygen species, one of the carboxyl groups breaks
the C-C bond with the benzene ring to form product 3 (P3).
Further, the benzene ring is cleaved to form compound P4. The
final contaminant is mineralized to form CO2 and water. In
pathway 2, at first, the ester group in the DMP molecule is
attacked and the •OH undergoes an electrophilic substitution
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reaction to form the carboxyl group (P5), then, under the
continuous attack of ROS, the carboxyl group in the
molecule changes to an ether bond and finally forms with a

break between the benzene ring and the five-membered ring
(P8). The mass spectra of the products are shown in
Supplementary Figures S10–S17.

FIGURE 7
(A) The inhibiting effects of different quenching regents on the DMP degradation efficiency (DMP = 10 ppm, pH = 3, PMS = 10 mmol/L, EtOH =
1.2 mol/L, TBA = 1.2 mol/L, L-Histidine = 10 mmol/L, p-BQ= 10 mmol/L); and EPR spectra of (B) SO-

4•, •OH, (C) 1O2, and (D)O-2• (DMP = 10 ppm, pH =
3, PMS = 10 mmol/L, CMB@1T-MoS2 = 0.5 g/L, DMPO = 100 mmol/L, 30 μL, TEMP = 100 mmol/L, 50 μL).

FIGURE 8
Possible degradation pathways of DMP degradation in CMB@1T-MoS2/PMS process.
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3.5 Implications of this work

Firstly, CMB@1T-MoS2 with higher catalytic efficiency was
synthesized in this study through a series of ball milling,
calcination and hydrothermal processes, which led to the
effective degradation of organic pollutants in water, such as
DMP. Secondly, compared with other precious metal catalysts or
cobalt catalysts, the catalytic material in this experiment has a
simpler preparation process and lower price, which has the
prospect of large-scale production and application, and avoids
the secondary pollution caused by highly toxic cobalt-containing
compounds. In addition, this study provides a new way of resource
utilization for the large amount of cattle manure produced by animal
husbandry, and solves the problems of secondary pollution and low
added value in the traditional cattle manure treatment process.

4 Conclusion

In this study, we propose a degradation process using CMB@1T-
MoS2/PMS for the removal of DMP from water. CMB@1T-MoS2
prepared by high-temperature calcination and hydrothermal method
exhibited good catalytic performance for PMS and effectively degraded
DMP in aqueous environment. Under alkaline conditions, the
activation of PMS by Mo4+ was inhibited due to the dissociation of
S efficiency was reduced, thus affecting the degradation of DMP.
Different anions including HCO-3, Cl−, NO-3 and PO3-4 had
different degrees of inhibition on the degradation process of CMB@
1T-MoS2/PMS, among which HCO-3 had the most obvious inhibition
due to the large consumption of H+ and depletion of •OH and SO-

4•.
The quenching experiments and EPR analysis showed that SO-

4• and
1O2 were the reactive oxygen species that mainly played a degradation
role. In this study, CMB@1T-MoS2 was prepared by using cow dung as
the substrate, which not only realized the resource utilization of waste,
but also effectively improved the catalytic performance of 1T-MoS2 to
achieve the effective degradation of organic pollutant DMP. This study
be beneficial for the development of new catalysts in AOPs and the
development of treatment technologies for emerging contaminants.
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