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H I G H L I G H T S

• CuFe2O4 was uniformly doped onto MoS2 to activate peroxymonosulfate.• Hydroxyl radicals and sulfate radicals were the major reactive oxygen species.• Efficient degradation was ascribed to the rapid decomposition of peroxymonosulfate.• Nine intermediates involving hydroxylation and open-chain or -ring were detected.
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A B S T R A C T

By modifying copper ferrite on the surface of molybdenum disulfide (MoS2/CuFe2O4), an excellent catalyst that
can be used for interaction with peroxymonosulfate was successfully synthesized. Owing to the large number of
active sites (unsaturated sulfur) on the surface of the composite material, the electron transfer and decom-
position rate of the oxidant in the reaction system were significantly enhanced. The removal ability was the
strongest when the molar ratio of MoS2/CuFe2O4 was 1.5. The removal efficiency of fluoxetine reached 97.7%
within 20 min, which was higher than those obtained by pure MoS2 (38.6%) and CuFe2O4 (22.1%). The free
radical test and electron paramagnetic resonance analysis indicated that sulfate radicals and hydroxyl radicals
were the dominant reactive oxygen species in the reaction system. In addition, in situ Raman spectroscopy
revealed that peroxymonosulfate was rapidly decomposed in the composite material system. Meanwhile, the
degradation products of fluoxetine were explored by high-performance liquid chromatography-tandem mass
spectrometry, and a transformation pathway based on nine intermediates was proposed, mainly involving the
breaking of the carbon-oxygen bond around oxygen atom, hydroxylation, and ring-opening reactions of fluox-
etine and its intermediates.

1. Introduction

Pollution of freshwater systems worldwide by thousands of in-
dustrial and natural compounds has become a major environmental
problem [1]. Pharmaceuticals and personal care products, as some of
the most concerning emerging pollutants, have been widely detected in
natural water in recent years [2]. Fluoxetine, which is a typical, widely
used antidepressant, has long-term effects of biological accumulation

and toxicity to aquatic life even at low concentrations in the environ-
ment [3]. However, traditional sewage treatment processes can no
longer handle the increasing impact of refractory pollutants because of
their complex structures and high stability [1,4]. Therefore, it is ne-
cessary to explore new water treatment technologies to address such
contaminants.

Advanced oxidation processes are widely used to remove organic
pollutants owing to their strong ability to decompose pollutants by
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generating free radicals [5]. Compared with the traditional Fenton re-
action, sulfate radical (SO4%−)-based advanced oxidation processes can
generate more active radicals (SO4%−with 2.5–3.1 V/NHE vs. %OH with
2.5V/NHE) [6,7]. Another advantage is that it can adapt to a wider pH
range compared with the strict acidic conditions required for the Fenton
reaction. A series of methods, including UV [8], thermal [9], ultrasound
[10], and transition metals [11–13], have been used to activate per-
oxymonosulfate to generate active O species. However, some draw-
backs can be observed in the UV, thermal, and ultrasound methods,
such as high cost and relatively complex operation. In recent decades,
considerable development has been achieved regarding transition
metal-based materials. Among the various transition metal oxides,
copper ferrite (CuFe2O4), as a typical material of spinel ferrite, has at-
tracted great interest in the activation process of heterogeneous per-
oxymonosulfate owing to its high stability and environmental friend-
liness as well as its reactive activity [14]. In addition, CuFe2O4 can be
separated from water by a magnet. Thus, the integration of CuFe2O4
with peroxymonosulfate has considerable potential for oxidation and
removal of organic contaminants. However, developing methods for
enhancing the utilization rate of peroxymonosulfate and for avoiding
material aggregation and further obtaining a higher activation effi-
ciency are two major issues that need to be addressed in this advanced
oxidation process.

Molybdenum disulfide (MoS2) is widely used in field photocatalysis
and electrocatalysis because of its abundant active sites and high
electron mobility [15]. Recently, Xing et al. [16,17] introduced Mo-
based catalysts into the Fenton system and clarified that MoS2 not only
plays an important role in repairing the activity of catalysts, but also
accelerates the decomposition of oxidants. In addition, Sheng et al. [18]
added MoS2 to the conventional Fe(II)/peroxymonosulfate system and
found that the boost in catalytic performance and the Fe(III) formed
after the reaction could be quickly reduced to Fe(II) by MoS2, which
further improved the utilization rate of oxidants. Meanwhile, the pre-
sence of unsaturated S enables MoS2 to have reduction properties and
can transfer electrons to peroxymonosulfate molecule. However, MoS2
also has some disadvantages that limit its practical application, such as
a short charge transfer and poor conductivity [19,20]. However, what
the role of molybdenum disulfide that is clear only in Fe(II)/H2O2 and
Fe(II)/peroxymonosulfate systems Therefore, to overcome the various
defects of CuFe2O4 and MoS2, we compounded CuFe2O4 and MoS2 ex-
pecting that the decomposition rate of peroxymonosulfate and the
electron transfer capacity between the metal elements near the S va-
cancies and peroxymonosulfate would be greatly improved from the
following considerations. On one hand, the aggregation of magnetic
CuFe2O4 would be alleviated, which would ensure its good dispersion
on the surface of MoS2. On the other hand, the composite material
would still maintain a favorable magnetic quality, which plays a sig-
nificant role in its recovery and reuse.

In the present study, we synthesized MoS2/CuFe2O4 using a two-
step reaction method and activated peroxymonosulfate with the gen-
eration of free radicals for the first time. Fluoxetine was chosen as the
target contaminant to estimate the catalytic ability of the MoS2/
CuFe2O4/peroxymonosulfate system [21]. The effects of various para-
meters, including the catalyst dosage, peroxymonosulfate concentra-
tion, ratio of MoS2/CuFe2O4, and presence of inorganic ions (nitrate
(NO3−), sulfate (SO42−), carbonate (CO32−), chloride (Cl−)) and nat-
ural organic matter (humic acid), on the removal of fluoxetine were
investigated. In addition, the reaction species were also investigated by
quenching experiments and electron paramagnetic resonance analysis.
Meanwhile, the decomposition rate of peroxymonosulfate was also
detected by in situ Raman spectroscopy. Finally, liquid chromato-
graphy-tandem mass spectrometry (LC-MS/MS) was used to determine
the degradation intermediates of fluoxetine under the MoS2/CuFe2O4/
peroxymonosulfate degradation system.

2. Materials and methods

2.1. Chemicals and materials

Fluoxetine hydrochloride was purchased from Aladdin Industrial
Corporation (China; purity > 98.5%). Potassium peroxymonosulfate
(2KHSO5·KHSO4·K2SO4) was purchased from Alfa Aesar (Germany;
purity > 98.5%). Methanol and acetonitrile (high-performance liquid
chromatography (HPLC) grade) were ordered from Merck KGaA
(Germany). All the other chemicals (analytical grade) were purchased
from Sinopharm Group Co., Ltd. (Shanghai, China).

2.2. Preparation of MoS2/CuFe2O4

CuFe2O4 nanoparticles were prepared according to our previous
study [22]. Briefly, Cu(NO3)2·3H2O and Fe(NO3)3·9H2O were dissolved
in ultrapure water and guaranteed the molar ratio of Cu to Fe of 1:2,
and a magnetic stirrer was used to stir the solution for 2 h at 60 °C.
Equimolar citric acid and metal cations was then added and stirred at
60 °C for 2 h. The homogeneous solution was evaporated at 125 °C for
14 h in an oven to remove water, and then a nitric acid-citric acid
composite gel was calcined at 400 °C for 2 h to decompose the citric
acid.

MoS2/CuFe2O4 nanocomposites was synthesized using a modified
two-step hydrothermal method [23]. First, 0.17 mmol of
(NH4)6Mo7O24·4H2O and 6.00 mmol of thiourea were dissolved to-
gether in 30 mL of distilled water and stirred for 30 min. The mixture
was then dispersed by ultrasound after adding a certain amount of as-
prepared CuFe2O4. The obtained solution was subsequently transferred
to a 50 mL Teflon-lined stainless-steel autoclave and maintained at
180 °C for 10 h. After the reaction system cooled, the final black pro-
ducts were collected by a magnet, washed three times with distilled
water and ethanol, and dried at 60 °C for 24 h under a vacuum. In
addition, the marks of MC1, MC1.5, and MC2 indicated that the molar
ratio of MoS2 and CuFe2O4 were 1:1, 3:2, and 2:1, respectively. We also
utilized a similar method to synthesize pure MoS2.

2.3. Characterization

The X-ray diffraction (XRD) pattern was recorded by an X’pert PRO
MPD diffractometer (PANalytical) operating at 40 kV and 40 mA under
Cu Kα radiation (λ = 0.15406 nm). Fourier transform infrared (FTIR)
spectra were provided by a Thermo Scientific Nicolet spectro-
photometer (iS10) with samples embedded in KBr pellets. The
morphologies of the samples were determined on a transmission elec-
tron microscope (TEM; Tecnai G2 F20). X-ray photoelectron spectro-
scopy (Kratos Analytical Inc.) with unmonochromatized Al Kα radiation
(150 W) as an X-ray source was used to measure the surface chemistry
properties, and all the binding energies were calibrated with C1s at
284.8 eV. The charge of as-prepared catalysts was analyzed by zeta
potential (Malvern Zeta PALS), the catalysts were dispersed in deio-
nized water and then adjusted the pH (HCl and NaOH) to form solutions
at pH values ranging from 3 to 11. Specific surface areas of as-prepared
catalysts were measured by N2 adsorption–desorption experiments at
77 K (Micrometrics Inc., ASAP-2020 M analyzer) using Brunauer-
Emmett-Teller (BET) method. The electron paramagnetic resonance
spectra of trapped radicals were obtained by a JES FA200 electron
paramagnetic resonance (EPR) device, which used 100 mM of 5,5-di-
methyl-1-pyrroline N-oxide (DMPO) as a spin-trapping agent to identify
the radicals generated from the MoS2/CuFe2O4/peroxymonosulfate
system. The measurement conditions included a microwave frequency
of 9.056 GHz, microwave power of 0.998 mW, and temperature of
25 °C.
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2.4. Experimental procedures

To test the catalytic effect of MoS2/CuFe2O4 nanocomposites, we
chose fluoxetine as a model pollutant. All the experiments were con-
ducted in 150 mL glass beakers containing 80 mL of 20 mg/L fluoxetine
and certain quantities of catalyst with continuous stirring with a me-
chanical mixer at 300 rpm. The reaction was subsequently initiated by
adding various amounts of peroxymonosulfate. At each interval,
0.75 mL samples were extracted and immediately quenched by 0.75 mL
of methanol, and then the mixture was centrifuged for 10 min at 10
000 rpm to remove the catalyst before the test. Before the reaction,
1 mol/L methanol and tert-butanol were added to the system to conduct
the free radicals quenching experiment. In addition, various con-
centrations of NO3−, SO42−, CO32−, Cl−, and humic acid were added
to the system to test their effects on the degradation system. The total
organic carbon of the sample was determined by a Shimadzu TOC-VWP
analyzer. The concentration of leached ions after reaction was detected
by inductively coupled plasma optical emission spectrometer
(PerkinElmer Optima 7000DV)

2.5. Analysis method

An HPLC system (L-2000, Hitachi, Japan) equipped with a UV de-
tector and Agilent column (Zorbax Eclipse Plus C18; 4.6 × 250.0 mm;
5 μm) was used to measure the concentration of fluoxetine. The mobile
phases consisted of 10 mmol/L of potassium dihydrogen phosphate
(phase A, pH adjusted to 3 by phosphoric acid) and acetonitrile (phase
B) (55/45; v/v). In addition, the wavelength of detection was 227 nm
and the temperature of the column was set at 25 °C. The degradation
byproducts of fluoxetine were measured by an ultra-HPLC system
(Ultimate 3000) with MS (Thermo Scientific Q Exactive). A C18 column
(2.1 × 50.0 mm; 1.8 µm; Agilent ZORBAX Eclipse XDB) was used for
separation, and the detection wavelength was set from 210 nm to
254 nm. In addition, the mass spectra were obtained in positive elec-
trospray (ESI + ) and negative electrospray (ESI-) mode with m/z
ranging from 50 to 750.

3. Results and discussion

3.1. Characterization of catalysts

XRD patterns of prepared MoS2/CuFe2O4 nanocomposites are
shown in Fig. 1a. The main peaks at 2θ at 14.46°, 29.12°, 32.96°, 38.15°,
47.90°, 51.85°, and 58.15° corresponded to the (0 0 3), (0 0 6), (1 0 1),
(1 0 4), (1 0 7), (0 1 8), and (1 1 0) planes of MoS2, respectively, which
matched well with PDF no. 089-3040. Meanwhile, the peaks at 18.33°,
30.17°, 35.54°, 43.43°, 47.30°, and 62.74° could be assigned to (1 1 1),
(2 2 0), (3 1 1), (4 0 0), (3 3 1), and (4 4 0) of CuFe2O4 indexed to PDF

no. 077-0010. The XRD patterns indicated that CuFe2O4 was well
combined with MoS2. In addition, the XRD patterns of different ratios of
MoS2/CuFe2O4 are shown in Fig. S1. The intensity of the (0 0 3) dif-
fraction peak of MoS2 gradually increased with the weight ratio of MoS2
in the composite CuFe2O4/MoS2.

The surface properties of MoS2, CuFe2O4, and MoS2/CuFe2O4 were
further characterized by using FT-IR (Fig. 1b). The adsorption bands at
484, 904, 950, and 1626 cm−1 for MoS2 sample were derived from the
stretching vibration of Mo-eS, SeS bond, Mo]O band, and MoeO
vibration [24,25]. The adsorption band located in 3422 cm−1 could be
assigned to the stretching of OH groups of adsorbed water [26]. For the
pure CuFe2O4, the signal at 572 cm−1 was attributed to the symmetric
stretching vibration of the Fe-O band in the tetrahedral FeO6 groups of
spinel-type compounds [27]. Meanwhile, what we could observe was
that all the characteristic signals of MoS2 and CuFe2O4 were presented
in the MoS2/CuFe2O4 catalyst, which confirmed the successful synthesis
of the composite. As shown in Fig. S2, the N2 adsorption-desorption
isotherms of CuFe2O4, MoS2, MC1.5 could be ascribed to type IV curve
according to the Brunauer-Deming-Deming-Teller classification. the
detailed data about BET surface area, pore diameter, average pore sizes,
and pore volume of as-prepared catalysts were listed in the Table S1.
Hysteresis loops of type H3 at a relative pressure range of 0.9–1 in pure
MoS2 indicated that the presence of macropores, while Hysteresis loops
of type H3 of the pure CuFe2O4 and modified MC1.5 catalysts was at
range of 0.5–1.0, suggesting the presence of mesopores [28]. In addi-
tion, the BET surface area of MC1.5 increased after modified, which
may mainly due to the addition of CuFe2O4.

The morphology and structure of MoS2, CuFe2O4, and MC1.5 were
investigated by field emission-TEM. Fig. 2a shows MoS2 with a na-
nosheet structure, which had a dimension of approximately 400 nm. As
shown in Fig. 2b, most of the particles of 10±2.3 nm could be seen in
the TEM picture of CuFe2O4, which were slightly aggregated owing to
the magnetic effect. However, it can be clearly observed that some
nanoparticles were attached to nanosheets (Fig. 2c-d), which was
consistent with our assumption that CuFe2O4 nanoparticles were de-
posited directly on the surfaces of the MoS2. Meanwhile, compared with
pure CuFe2O4, there was no significant change about the particle size of
CuFe2O4 on the surface of composite MC1.5 (11± 2.6 nm). In addition,
the agglomeration of CuFe2O4 was improved by introducing MoS2 with
lamellar structure. As shown in Fig. S3, by analyzing the zeta potential
of as-prepared catalysts, we noticed that CuFe2O4 lacked stability (|zeta
potential|< 30 mv) under pH range from 3 to 8, while MoS2 was stable
due to a high zeta potential (about −50 mv). It is worth noting that the
stability of CuFe2O4 was improved (|zeta potential| > 30 mv) when
we doped it on the surface of MoS2 nanosheets, which might benefit
from the reduction of nanoparticles agglomeration. High-resolution
transmission electron microscope of MC1.5 (Fig. 2e) showed that the
lattice fringes with a spacing of 0.25 nm and 0.61 nm, which could be

Fig. 1. (a) X-ray diffraction patterns and (b) fourier transform infrared spectra of as-prepared catalysts.
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Fig. 2. Transmission electron microscope pictures of (a) MoS2, (b) CuFe2O4, and (c-d) MC1.5; (e) high-resolution transmission electron microscope; (f) high angle
annular dark-field scanning transmission electron microscope images and corresponding element mapping images of MC1.5 for (g) S, (h) Mo, (i) O, (j) Fe, and (k) Cu.
The inset of (b) and (d) is the corresponding particle size distribution of nano-CuFe2O4.
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attributed to the (3 1 1) plane of CuFe2O4 and (0 0 3) plane of MoS2 and
were consistent with XRD results. To further verify the above conclu-
sion, energy dispersive spectroscopy mapping was used to investigate
the distribution of elements in MC1.5, and showed a uniform dis-
tribution of Cu, Fe, O, Mo, and S throughout the catalyst (Fig. 2g–k). In
conclusion, CuFe2O4 was well loaded on the surface of MoS2.

3.2. Catalytic activity of as-prepared catalysts

3.2.1. Catalytic performance test and condition optimization
As illustrated in Fig. 3a, the result of the addition of perox-

ymonosulfate and MC1.5 alone showed an imperceptible removal of
fluoxetine, thereby suggesting that the contribution of adsorption and
the direct oxidation of peroxymonosulfate could be neglected. In ad-
dition, CuFe2O4/peroxymonosulfate and MoS2/peroxymonosulfate ob-
tained slight degradation of fluoxetine, achieving removal efficiencies
of 22.1% and 38.6%, respectively. However, compared with the
homogeneous catalyst, MoS2/CuFe2O4 as a heterogeneous catalyst
showed an excellent effect on the removal of fluoxetine. The composite
materials exhibited the best degradation efficiency of 97.7% within 20
min when the molar ratio of MoS2 to CuFe2O4 was 1.5:1. The kinetic
constants of the first-order kinetics fitting calculations showed that the
degradation rate of fluoxetine in the MC1.5/peroxymonosulfate system
was 17.6 times and 9.9 times higher than those of CuFe2O4/perox-
ymonosulfate and MoS2/peroxymonosulfate, respectively (Fig. S4a).
Simultaneously, different proportions of materials were tested and the
results showed that the removal efficiency of fluoxetine reached 92.3%
at a ratio of 2:1 and 89.9% at a ratio of 1:1. Therefore, we selected
MC1.5 to continue the subsequent experiment.

The removal of fluoxetine was also evaluated in different system,
including MC1.5/hydroxylamine, MC1.5/H2O2, MC1.5/persulfate and
MC1.5/peroxymonosulfate. (Fig. 3b). The removal rate of fluoxetine
was negligible in the MC1.5/hydroxylamine and MC1.5/H2O2 systems,
thereby indicating that MC1.5 could not activate H2O2 and persulfate to
produce reactive radicals. However, similar to the presence of perox-
ymonosulfate, MC1.5 also had a good ability to activate persulfate and
obtained efficient degradation of fluoxetine. This selectivity with per-
sulfate and peroxymonosulfate by MC1.5 might have been closely re-
lated to the addition of MoS2.

The effect of catalyst dosage on the degradation of fluoxetine by
MoS2/CuFe2O4/peroxymonosulfate is illustrated in Fig. 3c. There was
clear enhancement of the removal of fluoxetine when the concentration
of the catalyst MC1.5 was increased from 0.025 g/L to 0.1 g/L. With the
dosage of catalyst added to 0.2 g/L, the reaction rate was greatly im-
proved and almost all fluoxetine was removed during about 5 min. This
phenomenon occurred because the active site of the catalyst was suf-
ficient to activate peroxymonosulfate and generate radicals to obtain
efficient degradation of fluoxetine. Hence, we chose 0.1 g/L of catalyst
dosage to carry out the subsequent experiments.

As shown in Fig. 3d, the degradation efficiency improved con-
tinuously when the peroxymonosulfate concentration increased from
0.25 to 1 mM, which might have been attributed to the production of
free radicals would be improved as the concentration of perox-
ymonosulfate However, the degradation of fluoxetine underwent a
slight decrease when the peroxymonosulfate concentration was in-
creased to 2 mM, which could be explained by the following reasons.
On one hand, a limited number of active sites on the surface of the
catalyst only activated a certain amount of peroxymonosulfate to gen-
erate free radicals. On the other hand, excessive peroxymonosulfate
may produce quenching effects because of the reaction between extra
HSO5− and free radicals (%OH and SO4%−) [29], as described in Eqs.
(1–2), as follows:

+ + ++HSO SO SO H SO5 4 5 4
2 (1)

+ +HSO OH SO H O5 5 2 (2)

Besides, pseudo-first-order kinetics fit the degradation dynamics of
fluoxetine well under different process conditions (R2 > 0.9; Fig.
S4a–d). By detecting the total organic carbon of samples, we noticed
that the mineralization rate of MC1.5/peroxymonosulfate system was
about 15% in 20 min (Fig. S5), which may relate to the short reaction
time and the stable molecular structure of fluoxetine and its byproducts.
This also corresponds to the fact that there are few simple ring-opening
products in the analysis of products. In addition, we also tested the
reuse performance of MC1.5/peroxymonosulfate (Fig. S6a). MC1.5
showed good stability in the degradation of fluoxetine; after three cy-
cles of degrading fluoxetine, the removal efficiency remained at 83.0%,
with a slight decrease from the degradation efficiency of the first cycle

Fig. 3. (a) The degradation efficiency of
fluoxetine under various material ratios; the
effects of (b) different system, (c) different
catalyst dosages, and (d) peroxymonosulfate
concentration on the degradation of fluox-
etine. Experimental conditions: cata-
lysts = 0.1 g/L, oxidant = 1 mM, initial
pH = 6.9, stirring speed = 300 rpm, and
T = 25 °C. PMS: peroxymonosulfate; PDS:
persulfate; HA: hydroxylamine hydro-
chloride; H2O2: hydrogen peroxide.
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of 97.3%. No new patterns were found in the XRD spectrum of spent
catalyst, which was a good evidence that used MC1.5 maintained a high
removal capacity (Fig. S6b)

3.2.2. Influence of inorganic ions and natural organic matter
The effects of common inorganic anions (Cl−, CO32−, NO3−,

SO42−, and humic acid) on fluoxetine degradation in the MoS2/
CuFe2O4/peroxymonosulfate system were also tested (Fig. S7). The
addition of Cl− and CO32− exhibited a detrimental effect while NO3−

and SO42− did not have a clear impact on the fluoxetine removal even
at a high ion concentration. It was proved that the quenching effect will
appear in the system when Cl− ions are present because Cl− anions can
react with SO4%− to produce chlorine radicals (Cl2%−), and Cl2%− also
have a lower oxidation potential than that of SO4%−; thus, the oxida-
tion efficiency will be reduced in the presence of Cl− anions [30,31].
Similarly, a negative impact on fluoxetine degradation was found when
the solution contained CO32−. This may also occur because CO32−

anions can react with ·OH and SO4%− to produce the weaker free ra-
dical CO3%−, which may hinder the oxidation of contaminants [32,33].
In addition, humic acid as a common water matrix species was also
investigated, and the results suggested that the impact of adding 5, 10,
and 20 mg/L of humic acid on fluoxetine degradation can be ignored.

Actually, as a representative of natural organic matter, humic acid has a
complex role in various degradation systems, and its impact on the
degradation systems based on SO4%− is still unclear. For example, Oh
et al. [12] found that the addition of humic acid lead to a significant
negative impact on oxidation of bisphenol A in CuFe2O4–Fe2O3/per-
oxymonosulfate system. However, Li et al. [34] found that the effect of
humic acid (8.92 to 44.6 mg/L) on trichloroacetic acid could be ig-
nored, and the addition of humic acid would consume active species in
the early reaction (about 30 to 40 min), leading to a lag in the de-
gradation curve. We tend to think it may be related to the concentration
of humic acid and reaction time. In our work, the effect of the addition
of humic acid was not too significant may be due to the short reaction
time (only 20 min) and relatively low concentration of humic acid
(5–20 mg/L). The above experiments suggest that MC1.5/perox-
ymonosulfate has good adaptability to maintain a favorable removal
efficiency in the presence of interfering substances.

3.3. Mechanism of peroxymonosulfate activation by MoS2/CuFe2O4

The surface composition and oxidation states of the MoS2/CuFe2O4
nanocomposites were determined by X-ray photoelectron spectroscopy
(XPS). As shown in Fig. 4a, the elements of Cu, Fe, O, Mo, and S

Fig. 4. (a) X-ray photoelectron spectroscopy (XPS) survey, (b) Cu 2p XPS spectra, (c) Fe 2p XPS spectra, (d) S 2p XPS spectra, (e) Mo 3d XPS spectra, and (f) O 1s XPS
spectra of MoS2/CuFe2O4 before and after the reaction.
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coexisted in MoS2/CuFe2O4 before and after the reaction. The Cu 2p
XPS spectrum displayed two distinct peaks at 932.2 eV and 933.5 eV,
which could be ascribed to Cu(I) and Cu(II), respectively (Fig. 4b). In
addition, a new peak that occurred at 932.7 eV, which suggested the
appearance of a new valence state, could be ascribed to Cu(I) [35]. The
proportions of Cu(I) and Cu(II) before the reaction were 36.0% and
50.0%, respectively, while they changed to 57.5% and 42.5% after the
reaction, respectively. In addition, a change in the Fe 2p spectrum in
the fresh and spent catalysts was found, and two peaks at 710.5 eV and
712.1 eV could be identified as Fe(II) and Fe(III), respectively [36,37]
(Fig. 4c). Similar to Cu 2p, the increase in the proportion of Fe(II) was
accompanied by a decrease in Fe(III). Regarding S 2p, a peak located at
169.1 eV was observed (Fig. 4d), which could be assigned to SO42− ion
species.

As shown in Fig. 4e, four clear peaks at 226.1, 228.7, 232.4, and
235.7 eV could be identified as S 2s, Mo(IV), Mo(IV), and Mo(VI), re-
spectively [38]. No clear change in the Mo valence state was observed
in the Mo 3d XPS spectrum, thereby suggesting that Mo was stable
before and after the reaction. However, this did not mean that Mo was
not involved in the formation of free radicals. The large number of
defects (unsaturated S) on the surface of the composite material would
make Mo more active. Therefore, the stability of the Mo 3d XPS spec-
trum might have been caused by the formation of Mo(VI), which was
immediately reduced to Mo(IV) by peroxymonosulfate [18]. The O 1s
XPS spectrum showed two major peaks at 530.2 eV and 531.5 eV before
the reaction, which were assigned to the lattice O (O2− from the
CuFe2O4 lattice) and surface hydroxyl group (eOH), respectively
[36,39] (Fig. 4f). In addition, the XPS spectra before the reaction clearly
suggested the presence of Cu(I), Fe(II), and Mo(VI) within MC1.5,
which might have been attributed to the synthesis process that was
conducted at a low temperature in an air atmosphere [40].

Furthermore, species quenching experiments were conducted to
clarify the mechanism of peroxymonosulfate activation by MoS2/
CuFe2O4 (Fig. 5a). Generally, methanol is a common scavenger for
quenching ·OH (k = 9.7 × 108 M−1·s−1) and SO4·− (k = 2.5 × 107

M−1·s−1) [41,42], while tert-butanol is used to mainly suppress ·OH
because the reaction rate of tert-butanol with SO4·− (k= 4.0–9.1 × 105

M−1·s−1) is much lower than that of ·OH (k= 3.8–7.6 × 108 M−1·s−1)

[42,43]. Clear suppression of the fluoxetine degradation rate, which
sharply decreased from 97.7% to 13.5%, was observed after adding
1 mol/L of methanol to the system. Similarly, the addition of 1 mol/L of
tert-butanol also led to a clear decline, as the fluoxetine degradation
rate dropped to 27%. The results illustrated that %OH and SO4%− play a
major role in the presence of fluoxetine. Meanwhile, they also indicated
that 1O2 and O2%− had a negligible role in this system because the
suppression of the addition of methanol was not as clear if these two
radicals made a major contribution. In addition, EPR measurements
were employed to further clarify the radical oxygen species with DMPO
as a spin trapping agent of %OH and SO4%− [44]. As shown in Fig. 5b,
the EPR spectra of the 1:2:2:1 peak signal was obtained, which is the
typical signal for DMPO-·OH. Meanwhile, some weak signals sur-
rounding these four peaks could be assigned to DMPO-SO4%−. The
above results were consistent with the species quenching experiments,
which implied that MoS2/CuFe2O4 can effectively activate perox-
ymonosulfate to generate ·OH and SO4%−. In addition, low-temperature
EPR spectra of MC1.5 showed a strong signal at g = 2.0, indicating that
a number of S vacancies were on the surface of composite materials
(Fig. 5c), which made the catalyst more active and further promoted
the reaction rate [16].

In addition, the peroxymonosulfate molecules were determined by
in situ Roman spectra (Fig. 5d), and three peaks at 884, 983, and
1062 cm−1 were observed, which represented HSO5−, SO42−, and
HSO5−, respectively [45,46]. Meanwhile, I1062/I983 could also be used
to estimate the decomposition of peroxymonosulfate [47], and the ratio
was 0.95 in the peroxymonosulfate system. However, the figure de-
creased to 0.93 and 0.71 when the experiment was conducted in the
CuFe2O4/peroxymonosulfate system and MoS2/peroxymonosulfate
system, respectively, which indicated that the introduction of MoS2
accelerated the consumption of peroxymonosulfate molecules. In ad-
dition, a lower value of I1062/I983 (0.62) occurred in the presence of
MC1.5, thereby illustrating that HSO5− was converted to SO42− at a
faster rate.

According to the above results, mechanisms of MoS2/CuFe2O4 ac-
tivation of peroxymonosulfate for rapid degradation of fluoxetine were
proposed (Fig. 6). First, Cu(I) and Fe(II) on the catalyst surface could
directly contribute to the formation of free radicals (Eqs. (3)–(5)) [27],

Fig. 5. (a) Effects of the scavengers (MeOH:
methanol; TBA: tert-butanol); (b) DMPO-·OH
and DMPO-SO4·− adducts signal intensity de-
tected by electron paramagnetic resonance
(EPR) under room temperature ([fluox-
etine]0 = 20 mg/L, [catalyst]0 = 0.1 g/L,
[peroxymonosulfate]0 = 1 mM, initial
pH = 6.9, stirring speed = 300 rpm, and
T = 25 °C.); (c) low-temperature EPR spectra
of MC1.5; and (d) Raman spectra recorded
from MC1.5/PMS, CuFe2O4/PMS, MoS2/PMS,
and PMS solutions ([catalyst]0 = 2.0 g/L,
[peroxymonosulfate]0 = 20 mM, stirring
speed = 300 rpm, and T = 25 °C; PMS: per-
oxymonosulfate).
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which was clearly proved by the change in the proportion of elements
before and after the experiment from the XPS spectrum. Meanwhile,
compared with the pure MoS2, highly dispersed CuFe2O4 nanoparticles
on the surface of composite material could increase its specific surface
area and further facilitate the contact probability between the catalyst
and the oxidant, thus promoting the efficient activation of perox-
ymonosulfate also contributed to the improvement of the reaction rate.
Second, the composite material with a large number of defects was
bound to have a certain reduction property, which could adsorb the
peroxymonosulfate molecules and further accelerate the electron
transfer efficiency between the oxidant and the material surface. Deng
et al. [48] revealed that surface active sites could enhance the ad-
sorption of hydroxyl molecules on the surface of iron-doped ordered
mesoporous Co3O4, which was conducive to the transfer of electrons
from Co2+/Co3+ and Fe2+/Fe3+ to peroxymonosulfate and decom-
position of peroxymonosulfate. Recently, Chen et al. [45] made use of
theoretical calculations to predict that MoS2 has a significant affinity
for key intermediates during the activation of peroxymonosulfate,
which could be well confirmed by the appearance of sulfate species on
the S 2p XPS spectrum after the reaction. Hence, the metal elements
near S vacancies would become active because of the presence of de-
fects, and electrons could transfer on the catalyst surface through the
pathway of Metal-S Vacancy-Peroxymonosulfate molecule, partici-
pating in the decomposition of peroxymonosulfate to generate the free
radical.

+ + +Cu I Fe II HSO Cu II Fe III SO OH( ) ( ) ( ) ( )5 4
2 (3)

+ + +Cu I Fe II HSO Cu II Fe III SO OH( ) ( ) ( ) ( )5 4
2 (4)

+ + + +Cu II Fe III HSO Cu I Fe II SO H( ) ( ) ( ) ( )5 5 (5)

3.4. Proposed transformation pathway of fluoxetine

The byproducts of fluoxetine degraded by MoS2/CuFe2O4/perox-
ymonosulfate were identified using Q Exactive MS, and the inter-
mediates were analyzed in both ESI+ and ESI- mode. Nine products
(compounds P1–P9) caused by ·OH and SO4·− were detected, which
mainly involved a chain breaking reaction, hydroxylation reaction, and
ring opening reaction. The potential intermediates and proposed
transformation pathways are shown in Fig. 7 and Table S3.

The C-O bond of fluoxetine molecules was easily broken owing to
the attack of ·OH and SO4%−, which led to the occurrence of a chain
cleavage reaction to generate compounds P1 ([M−H]− at m/z 161;
C7H5F3O), P2 ([M+H]+ atm/z 166; C10H15NO), and P3 ([M+ H]+ at
m/z 164; C10H13NO). Mendez-Arriaga et al. also detected the product
P2 in a TiO2-photoassisted degradation fluoxetine system [49]. Re-
cently, Selina et al. also identified the product P1 using ESI- mode
during photodegradation [50]. In our degradation system, a variety of
hydroxylation products related to compound P1 were detected, in-
cluding P7 ([M−H]− at m/z 177; C7H5F3O2) and P8 ([M−H]− at m/z
209; C7H5F3O4). In addition, we also found a ring opening product (P9:
[M−H]− at m/z 185; C5H5F3O4), which might have been driven by the
ring cleavage reaction of compound P7.

In addition, plenty of ·OH in the MoS2/CuFe2O4/peroxymonosulfate
system also tended to be added to the fluoxetine molecules, which
could have resulted from the generation of hydroxylated molecule P4
([M−H]− at m/z 324; C17H18F3NO2). This is a typical intermediate in
the fluoxetine degradation system [51], and the ·OH tends to be added
first to the benzene ring further from the O atom. Meanwhile, this
hydroxylated fluoxetine (compound P4) was more active than the ori-
ginal fluoxetine molecule, which could not only be further hydro-
xylated to form a more complex molecule (P5: [M + H]+ at m/z 388;
C17H18F3NO6), but also be oxidized to compounds P1, P2, and P3 by a
chain cleavage reaction. In addition, the byproduct P6 ([M + H]+ at
m/z 260; C12H12F3NO2) generated from P4 could be explained by the
loss of the methyl group and opening of the benzene ring, which was
also detected in the ozonation of fluoxetine in a previous study con-
ducted by Zhao et al.[21]. The MS/MS spectra regarding all the above
intermediate products and the analysis of fragment ions generated by
secondary MS are shown in Figs. S8–16.

4. Conclusion

Based on all the results about the degradation of fluoxetine through
the MoS2/CuFe2O4/peroxymonosulfate system, the conclusions were as
follows:

(1) The use of a two-step hydrothermal method to prepare MoS2/
CuFe2O4 catalysts with different mass ratios and the characteriza-
tion of low-temperature EPR suggested that abundant S vacancies
were present on the surface of the composite catalyst.

Fig. 6. Proposed generation mechanism of radicals in the MoS2/CuFe2O4/peroxymonosulfate system.
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(2) The compound catalyst MC1.5/peroxymonosulfate system showed
the highest removal rate for fluoxetine, which was 17.6 times and
9.9 times higher than those of the CuFe2O4/peroxymonosulfate and
MoS2/peroxymonosulfate systems, respectively.

(3) The EPR and radical scavenging experiments indicated that %OH
and SO4%− played major roles in the MC1.5/peroxymonosulfate
system.

(4) The results based on in situ Roman spectra and the XPS spectra of
MC1.5 before and after the reaction illustrated the mechanism of
electron transfer between peroxymonosulfate and MoS2/CuFe2O4.

(5) HPLC-MS/MS analysis showed that nine degradation intermediates
were driven by breaking of C-O bonds, hydroxylation, and ring

opening of fluoxetine.

Our study provides a scientific reference for the further design of
new Mo-based multiphase catalysts, and has significance for the de-
gradation analysis of fluoxetine.
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