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A B S T R A C T

In this study, molybdenum disulfide (MoS2) microsphere was prepared and employed as a visible-light catalyst
for the photocatalytic degradation of thiobencarb (TBC), a carbamate pesticide. The as-prepared MoS2 photocat-
alyst was characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), and X-ray photoelec-
tron spectroscopy (XPS). TBC elimination using MoS2 proved to be efficient and practical in both deionized and
environmental water samples. This photocatalytic method presented a set of advantages over other TBC removal
processes such as using visible light source without the need of costly additives (e.g.·H2O2). Optimization studies
of this process showed that the degradation efficiency could reach 95% in 12h at a pH range of 6–9. Further,
the effect of anions (Cl− and NO3

−) was minor on the photocatalytic activity of MoS2. Experiments using radical
scavengers indicated that hydroxyl radicals and holes are the prevailing reactive species involved in this process.
Three possible photodegradation pathways were proposed based on the major intermediates as verified by gas
chromatography/mass spectrometry technique. The practicality of this MoS2 photocatalyst was validated by its
use in the removal of TBC from real water samples and by its stability and reusability in three successive runs,
evidencing its prospective applications in the treatment of environmental water and contaminated wastewater
samples.

1. Introduction

Carbamates are used as one of the main classes of the widely con-
sumed pesticides in the world [1]. Indeed, this family is well known
for the diversity of its biological activity so that it is utilized as insec-
ticides, fungicides, nematocides, miticides, and molluscicides [2]. Car-
bamates are recognized with their toxicological effects to environment
and specifically to human beings by their neurological effects as acetyl-
cholinesterase inhibitors [3]. The United States Environmental Protec-
tion Agency (EPA) included carbamates on the priority list of pollutants
[4]. The major problem with usage of carbamates is their persistence in
the environment that might last for many years for certain compounds.
Owing to their high solubility in water, their residues can circulate in
aqueous mediums by leaching and runoff from soil into ground and sur-
face water [5]. Furthermore, their broad applications in agriculture re-
sult in raising their residues in environmental matrices.

In particular, thiobencarb (TBC, S-4-chlorobenzyl diethylthiocarba-
mate) represents a carbamate pesticide frequently used in rice fields.
The chemical

structure of TBC is displayed in Fig. 1. The worldwide rate of TBC con-
sumption is around 18,000tons per year (40 countries) [6]. TBC has
been detected in river waters constituting a threat to the aquatic ecosys-
tem due to its resistance to degradation by hydrolysis and its moderate
toxicity in acute toxicity tests [7,8]. In Japan for instance, the Ministry
of Health and Welfare specified the TBC level to be lower than 20μg/
L in tap water [9]. The search to find a simple and efficient method to
remove TBC from water is still ongoing and will definitely help in re-
ducing the environmental problems that result from its current applica-
tions.

Recent years have witnessed the development of innovative tech-
nologies for water treatment technologies and removal of organic
residues such as the advanced oxidation processes (AOPs) [10]. In
essence, photocatalytic processes [11,12] using semiconductors that can
generate reactive hydroxyl radicals upon exposition to UV–vis radia-
tion have been thoroughly investigated. Titanium dioxide (TiO2), as
one of the most applied photocatalysts, has been successfully imple-
mented to degrade thiobencarb [13,14]. However, the major draw-
back of this catalyst is its absorption of ultraviolet light only at wave-
lengths below 387.5nm, which accounts for about 4% of sun
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Fig. 1. Chemical structure of thiobencarb.

light. Thus, the photocatalytic activity of TiO2 is low under visible light
limiting its utility in the removal of organic molecules that requires high
energy especially at a large scale [15,16].

In our previous studies, we have demonstrated the efficient degrada-
tion of thiobencarb using a visible light-driven monoclinic BiVO4 cata-
lyst [17]. BiVO4 is found to be stable during 3 successive runs achiev-
ing a TBC removal level of 97% within 5h. Nonetheless, the addition of
hydrogen peroxide is indispensable to establish a prominent photocat-
alytic activity of BiVO4. Hydroxyl radicals are only generated in consid-
erable amount on BiVO4 if H2O2 is added; else it is below the blank level
[18]. There exist many studies that evaluate the economical and tech-
nical feasibility of treatment processes from all perspectives including
the usage of additives. Therefore, the costly H2O2 is a major drawback
that restricts the employment of BiVO4 in large-scale treatments of wa-
ter-soluble pesticides. In addition, the presence of anions has a dramatic
effect on the catalytic activity of BiVO4. In this study, we setup to find a
suitable photocatalyst that operates effectively in the photodegradation
of thiobencarb using only visible light irradiation without the need of
any additives such as H2O2.

Molybdenum disulfide (MoS2) has captivated large attention since it
possesses exceptional features like large surface area and catalytically
active sites [19,20]. MoS2 has found important applications in differ-
ent domains including hydrogen evolution reaction, hydrodesulfuriza-
tion, and photocatalytic degradation of organic pollutants [21]. MoS2 is
characterized by a narrow band gap that allows the absorption of visible
light and generation of electron–hole pairs upon excitation [22,23]. This
attribute has made MoS2 a potential candidate for photocatalytic ap-
plications under visible light. The photooxidation activity of MoS2 nan-
oclusters and their catalytic role in the photolysis of organic molecules
using visible light were first reported by Thurston et al. [24]. The higher
utilization of solar radiation for nano MoS2 announces it as an attrac-
tive alternative to TiO2. James et al. [25] realized MoS2 nanoparticles
via thermal decomposition method and tested them in photocatalytic
degradation of methylene blue bringing about an efficiency of 30%. Hu
et al. [26] investigated the activity of nano-slice, nano-ball, and bulk
MoS2 in the photodecomposition of methyl orange using visible light.
They found that the best photocatalytic activity was accomplished with
MoS2 nano-slice attaining a decomposition ratio greater than 90% after
2h. Sheng et al. [27] studied the influence of excess sulfur source on the
photocatalytic behavior of MoS2 spheres and found that increasing the
stoichiometric ratio of S/Mo by more than 2 led to enhance the photo-
catalytic activities.

As far as we know, the degradation of thiocarbamate herbicides us-
ing a MoS2 photocatalyst has not been yet explored. Little knowledge
can be hitherto obtained regarding the usability of MoS2 in the treat-
ment of thiobencarb in aqueous medium. Herein, the optimization of
MoS2 photocatalytic degradation of thiobencarb is described including
systematic studies of the influence of various parameters (dosage, pH,
effects of anions). Secondly, the dominant reactive species in this TBC
photocatalytic decomposition are identified using experiments engaging
the addition of different scavengers. Thirdly, the mechanism of the pho-
todegradation of TBC in the MoS2/visible light process is proposed by
assigning the intermediates of this reaction. Lastly, this work investi-
gates the recyclability and the potential of MoS2 photocatalysis for prac-
tical applications in treatment of environmental water samples.

2. Experimental

2.1. Material

Thiobencarb was obtained from Sigma-Aldrich (99.8?) and used
without further purification. Stock solution containing 5mgL−1 of TBC
in water was prepared, protected from light, and stored at 4°C. HPLC
analysis was employed to confirm the presence of TBC as a pure or-
ganic compound. Sodium molybdate Na2MoO4·2H2O (Sigma, 99.5%)
and l-cysteine (Alfa Aesar, 98%) were used as the molybdenum and
sulfur sources of the MoS2 catalyst. Reagent-grade ammonium acetate,
sodium hydroxide, nitric acid, and HPLC-grade methanol were pur-
chased from Merck. De-ionized water was used throughout this study.
The water was purified with a Milli-Q water ion-exchange system (Mil-
lipore Co.) to give a resistivity of 1.8×107 Ωcm.

2.2. Preparation and characterization of MoS2

For the synthesis of MoS2 catalyst, 5g of l-cysteine was dissolved
in 40mL distilled water under magnetic stirring at room temperature.
Then 40mL of sodium molybdate (1.2g) solution was added to the
l-cysteine solution under vigorous stirring for 30min. The obtained
slurry was then transferred into Teflon-lined stainless steel autoclave
and heated to 180°C for 24h. After being naturally cooled to room tem-
perature, the obtained precipitate was collected by filtration, washed
with absolute ethanol and distilled water several times, and dried at
60°C for 12h.

X-ray powder diffraction (XRD) pattern was recorded on a PHILIPS
X’PERT Pro MPD X-ray diffractometer with Cu Kα radiation, oper-
ated at 40kV and 80mA. Field emission scanning electron microscopy
(FE-SEM) measurement was carried out with a field-emission micro-
scope (HITACHI S-4800) at an acceleration voltage of 15kV. An HRXPS
measurement was performed with VG Scientific ESCALAB 250 XPS. The
Al Kα radiation was generated with a voltage of 15kV. The peak posi-
tion of each element was corrected by C1s (284.6eV).

2.3. Apparatus and instruments

The apparatus for studying the photocatalytic degradation of TBC
has been described elsewhere [28]. The C-75 Chromato-Vue cabinet of
UVP provides a wide area of illumination from the 4W visible-light
tubes positioned on two sides of the cabinet interior. A Waters LC sys-
tem, equipped with a binary pump, an autosampler, and a photodi-
ode array detector, was used for determining the amount of TBC in
the aqueous solution. Solid-phase microextraction (SPME) and gas chro-
matography/mass spectrometry (GC/MS) were utilized for the analysis
of intermediate products resulted from the photocatalytic degradation
process. SPME holder and fiber-coating divinylbenzene-carboxen-poly-
dimethylsiloxane (DVB-CAR-PDMS 50/30μm) were supplied from Su-
pelco (Bellefonte, PA). GC/MS analyses were run on a Perkin-Elmer
AutoSystem-XL gas chromatograph interfaced to a TurboMass selective
mass detector.

2.4. Procedures and analysis

TBC solution (5mgL−1) with the appropriate amount of photo-
catalyst was mixed and used in photocatalytic experiments. For re-
actions in different pH media, the initial pH of the suspension was
adjusted by adding either NaOH or HNO3 solution. Prior to irradi-
ation, the suspension was magnetically stirred in the dark at room
temperature for ca. 30min to ensure the establishment of the adsorp-
tion/desorption equilibrium. Irradiation was carried out using two vis-
ible lamps (F4T5/CW, Philips Lighting Co.). The lamp mainly pro-
vides visible light in the range of 400–700nm. The average light inten-
sity striking the surface of the reaction solution was about 1420lx, as
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measured by a digital luxmeter. At the given irradiation time intervals,
a 5mL aliquot was collected and centrifuged to withdraw the MoS2 cat-
alyst. The amount of the TBC residual was thus determined by HPLC.
Two types of eluents were employed in this study: 0.025M ammonium
acetate (solvent A) and methanol (solvent B). LC was carried out on
an AtlantisTM dC18 column (250mm×4.6mm i.d., dp=5μm). The flow
rate of the mobile phase was set at 1mL/min. A linear gradient was
run as follows, t=0, A=95, B=5; t=20, A=50, B=50; t=35–40,
A=10, B=90; and, t=45, A=95, B=5. The elution was monitored
at 220nm.

SPME-GC/MS was used for identifying the reaction intermediates.
The SPME fiber was directly immersed into the sample solution to ex-
tract TBC and its intermediates for 30min at room temperature, with
magnetic stirring at 550±10rpm on the Corning stirrer/plate (Corning,
USA). Finally, the compounds were thermally desorbed from the fiber to
the GC injector for 45min. Separation was carried out in a DB-5 capil-
lary column (5% diphenyl/95% dimethyl-siloxane), 60m, 0.25-mm i.d.,
and 1.0-μm thick film. A split-splitless injector was used under the con-
ditions of injector temperature 250°C and split flow 10mL/min. The he-
lium carrier gas flow was 1.5mL/min. The oven temperature was pro-
grammed at 60°C for 1.0min then increased at 8°Cmin−1 until reaching
240°C. It was kept at this temperature for 21.5min, and the total run
time was 45min. Electron impact mass spectra were obtained at 70eV
of electron energy and monitored from 20 to 350m/z. The ion source
and inlet line temperatures were set at 220 and 250°C, respectively.

2.5. Procedure for degradation of thiobencarb in real samples

In order to investigate the efficiency of MoS2 photocatalysis system
in the real natural water solution, river water was collected from the
Han River in Taichung city and lake water was collected from the lake
in Taichung Park. All samples were filtered through a 0.45μm mem-
brane for the removal of suspended solids and stored in the dark at
4°C until analysis. Finally, the real water samples were spiked with
the target compound (at 5mgL−1) just prior to photocatalytic exper-
iments. Degradations

were performed on 100mL of real water samples containing 1.0gL−1

MoS2 at pH 6.5.

3. Results and discussion

3.1. Characterization of MoS2

In this paper, the MoS2 microsphere was hydrothermally prepared
with the assistance of l-cysteine, a common amino acid and an environ-
mentally benign sulfur source. Besides, the MoS2 microsphere was ob-
tained at lower temperature (180°C) and shorter time (24h) to reduce
the energy consumption. Table 1 summarizes the recent related papers
collected for MoS2 [21,29–37]. In these literatures, a hydrothermal re-
action of sodium molybdate with thiourea, thioacetamide, or cysteine is
carried out at 200–240°C for 24–48h.

The X-ray diffraction pattern for MoS2 powder obtained via the hy-
drothermal method is displayed in Fig. 2. The observed diffraction peaks
at 2θ=14.4°, 32.5° and 58.0° can be well attributed to the (002),
(100), and (110) planes of hexagonal MoS2 (JCPDS No. 37-1492), re-
spectively. No other impurity peak is observed in the spectrum, imply-
ing a high purity of the fabricated MoS2 structure. This result is in good
agreement with previous reports [29,38]. Fig. 3 shows the morphol-
ogy of the synthesized MoS2 powder under a field-emission SEM micro-
scope. It can be seen that the MoS2 products are irregular microspheres
with rough surfaces and the mean diameter of the spheres is around
500nm. Close observation indicates that these microspheres consist of
many crossed-linked nanorods with length around 100nm. The compo-
sition of the MoS2 powder and the valence state of Mo and S were veri-
fied using XPS spectra (Fig. 4). The peaks located at 232.8 and 228.6eV
are Mo 3d3/2 and Mo 3d5/2 binding energies, respectively. These peaks
can be attributed to the Mo ion species with +4 oxidation state. In
Fig. 4b, S 2p spectrum primarily showed a strong XPS peak at 162.8eV,
which corresponds to S2− ion in the MoS2. All the binding energies are
conformed to the values previously reported for MoS2 crystals [39,40].

Table 1
Summary of recent related papers collected for MoS2.

Sodium
molybdate

Sulfur
sourcea pH

Reaction
temperature

Reaction
time Use Reference

This study 5mmol CYS
40mmol

7 180°C 24h Photocatalyst

Chen et al. 1.5mmol CYS
4.5mmol

<1 240°C 24h − [29]

Park et al. 6mmol CYS
25mmol

1 220°C 36h Li-ion storage [30]

Huang et
al.

1mmol CYS
3mmol

6.5 180°C 48h Supercapacitor
electrode

[31]

Wang et
al.

1.25mmol CYS
10mmol

− 220°C 24h Supercapacitor
electrode

[32]

Zhou et al. 2mmol TAA
10mmol

− 240°C 24h Photocatalyst
MB

[21]

Guo et al. 1mmol TAA
8mmol

0.5mmol oxalic
acid

200°C 24h Hydrogen evolution [33]

Patel et al. 0.124mmol TAA
0.80mmol

− 200°C 24h Energy storage [34]

Feng et al. 4mmol TU
15mmol

3mmol oxalic
acid

200°C 24h − [35]

Kim et al. 2.77mmol TU
11.1mmol

− 210°C 24h − [36]

Sun et al. 7mmol TU
35mmol

<1 200°C 24h N2 reduction [37]

a Sulfur source: l-cysteine (CYS); thiourea (TU); thioacetamide (TAA).

3



UN
CO

RR
EC

TE
D

PR
OO

F

S. Huang et al. Separation and Purification Technology xxx (2018) xxx-xxx

Fig. 2. XRD pattern of the as-prepared MoS2 photocatalyst.

Fig. 3. SEM image of the as-prepared MoS2 photocatalyst.

3.2. Photocatalytic reaction

3.2.1. Effect of catalyst dosage on the degradation of TBC
The dosage of the photocatalyst is a critical parameter that decides

the photodegradation of organic compounds. Thus, we have performed
an optimization study using different concentrations of MoS2 ranging
from 0.25 to 1.5gL−1 to examine the effect of MoS2 concentration on
the rate of TBC degradation. The negligible degradation of TBC under
visible-light irradiation in the absence of the catalyst (up to 16h) evi-
dences the important role of MoS2 in the photodegradation of this or-
ganic compound (Fig. 5). The rate of the TBC photocatalytic degrada-
tion increased with increasing the MoS2 dosage up to a concentration
of 1.0gL−1. After this optimal dosage, the reaction rate was slightly
decreased. The observed faster degradation with increasing the MoS2
dosage is related to the increase in the total surface area (or number of
accessible active sites) available for the photocatalytic reaction. Over-
dosing MoS2 after the optimal concentration causes less penetration and
more scattering of the incident light, which counteracts the favorable
increment in the catalytic surface area, and hence the overall rate of the
photodegradation is decreased [41].

3.2.2. Effect of initial pH value on the degradation of TBC
Another principal parameter that can dramatically compromise pho-

tocatalytic activity is the initial pH. Investigating the effect of the ini-
tial pH value on the rate of TBC decomposition for the MoS2 sus-
pensions is presented in Fig. 6. These experiments have shown that
TBC can be degraded perfectly at pH value of 6–9 of the TBC solu-
tion. However, the photodegradation rate decreases rapidly with the
pH value decreasing from 6 to 3, the

Fig. 4. XPS spectra of the as-prepared MoS2 photocatalyst: (a) Mo 3d; (b) S 2p.

Fig. 5. Effect of MoS2 dosage on the photocatalytic degradation rate of TBC. Experimental
conditions: TBC concentration 5mgL−1; pH 6.5.

degradation of TBC is difficult to occur in acidic solution. The surface
charge of a semiconductor is affected by pH and is a key factor that
influences the electrostatic interactions with the substrate (neutral, an-
ionic, or cationic). These interactions, in turn, either enhance or inhibit
the photodegradation rate of the substrate [42]. Since TBC is initially
present in a neutral form, the rate enhancement of its photodegrada-
tion in an alkaline medium is most likely associated to the increased
hydroxylation of the photocatalyst as a result of the large concentra-
tion of hydroxide ions. This also leads to the formation of a higher con-
centration of  OH free radicals, which are the major oxidizing species
in this photodegradation reaction (vide infra). Thus, TBC photodecom-
position is accelerated in an alkaline medium. In contrast, the cata-
lyst surface is positively charged in an acidic medium and the concen-
tration of the hydroxide ions (and hence the hydroxyl active species)
is very low, which significantly decrease the degradation efficiency.
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Fig. 6. pH effect on the photocatalytic degradation rate of TBC. Experimental conditions:
TBC concentration 5mgL−1; MoS2 concentration 1gL−1.

A similar effect of pH on the photocatalytic reaction has been reported
for the degradation of methylene blue using a MoS2 photocatalyst [43].

3.2.3. Effects of anions on the degradation of TBC
The presence of anions is rather common in aqueous environment.

Thus, the inspection of how different anion species affect the pho-
todegradation of TBC is crucial. The impact of chloride and nitrate ions
on the rate of TBC decomposition was tested by respectively adding
NaCl and NaNO3 to the suspension to obtain a solution containing
0.05M of Cl− and NO3

− ions before the beginning of irradiation. The
degradation efficiency reached 85% and 80% after 12h in the presence
of Cl− and NO3

− respectively, showing a minimal effect on the pho-
tocatalytic activity of MoS2 (Fig. 7). This is an additional advantage in
favor of the usage of MoS2 in water treatment as compared to BiVO4
where Cl− species reduces the photodegradation efficiency to around
40% [17]. The slightly prolonged reaction time can be explained as the
anions may act as scavengers for the active species (hydroxyl radicals
( OH) and positive holes (h+)) in this reaction (Eqs. (1) and (2). Al-
though the generated radicals (ClOH− for instance) may have a con-
siderable reactivity, they are less reactive than h+ and  OH, and hence
they slightly reduce the rate of photocatalytic degradation [44,45].
Cl− + h+ → Cl (1)

Cl− +  OH → ClOH− (2)

3.2.4. Detection of active species by scavengers
Different scavengers have been introduced into the TBC/MoS2 sys-

tem in order to identify the nature of the active species (HO , h+,
 O2

−, etc.) playing a role in this photocatalytic reaction. Isopropanol
(IPA), ammonium

Fig. 7. Effect of anions on the photocatalytic degradation rate of TBC. Experimental con-
ditions: TBC concentration 5mgL−1; MoS2 concentration 1gL−1; pH 6.5.

oxalate (AO), and 1,4-benzoquinone (BQ) are used as the scavengers
for HO , h+,  O2

− respectively [46]. The photocatalytic degradation
of thiobencarb with the MoS2 catalyst in the presence and absence of
the three scavengers under visible-light irradiation is displayed in Fig.
8. The addition of BQ slightly changes the degradation pattern of TBC,
which eliminates the hypothesis that  O2

− can be a major reactive
species in this photocatalytic oxidation. On the contrary, adding IPA and
AO seriously decreases the TBC degradation efficiency, implying that
hydroxyl radicals and photogenerated holes represent the major reac-
tive species in the photocatalytic oxidation process.

3.2.5. Reaction pathway of TBC degradation
Besides the catalytic behavior of MoS2 in TBC removal, it is impor-

tant to elaborate the formation of the intermediate products and to con-
clude a plausible mechanism for this reaction. SPME-GC/MS technique
was applied to identify the intermediates during the photodegradation
of TBC. Fig. 9 shows the chromatogram of the MoS2-treated solution af-
ter irradiation for 8h. The peak at 33.61min was the starting material
(TBC). The major peaks were labeled as I–IV. Minor peaks were barely
noticed; their intensities were not sufficient to elucidate their mass frag-
mentation, suggesting that they are less significant in this degradation
pathway. Peaks I–VI increased firstly and then decreased subsequently,
confirming the generation and consecutive transformation of the inter-
mediates. Table 2 summarizes the detected intermediates of TBC, their
retention times, and their characteristic ions of the mass spectra. As dis-
cussed before, h+ and  OH are the dominant reactive species in this
process. These radical species are known to be nonselective radicals that
can attack different reactive sites of the substrate, which is in line with
a number of TBC degradation products.

Based on the identified intermediates, the mechanism of TBC pho-
todegradation is proposed in Fig. 10. It comprises three different path-
ways, which correspond to the three possible reactive sites on the
TBC molecule. These routes are consistent with our previously reported
mechanism using BiVO4 [17]. The first possible degradation route in-
volves the initial attack of the aromatic ring by a hydroxyl radical form-
ing the ring-hydroxylated product (I). Indeed, it is well documented that
hydroxyl free radicals (HO ) undergo aromatic hydroxylation as a typ-
ical reaction, where the electrophilic nature of the HO radicals allows
the preferential attack on the aromatic ring, forming the hydroxycyclo-
hexadienyl radical intermediate. Further oxidation of the radical inter-
mediate by molecular oxygen generates the phenolic product (I) [47].

Concerning the N-dealkylation route, the HO radical electrophiles
can act on the C H bonds adjacent to nitrogen, known for the pro-
nounced stereoelectronic effect, which enhances the rate of abstraction
of the hydrogen atom. Thus, carbon-centered radicals can be formed
via the ab

Fig. 8. Photocatalytic degradation of thiobencarb with MoS2 catalyst in the absence and
presence of scavengers (IPA, AO, and BQ) under visible-light irradiation. Experimental
conditions: TBC concentration 5mgL−1; MoS2 concentration 1gL−1; scavenger concentra-
tion 1×10−3M; pH 6.5.
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Fig. 9. GC/MS chromatogram obtained for TBC solution (100mgL−1) after 8h of irradiation with visible light in the presence of MoS2 (1gL−1).

Table 2
Identification of the intermediates from the photodegradation of thiobencarb by GC/MS.

Peaks Photodegradation intermediates
R.T.
(min)

MS peaks
(m/z)

I S-4-chloro-2/3-hydroxybenzyl
diethylthiocarbamate

40.86 273, 141,
100, 72,
44, 29

TBC S-4-chlorobenzyl
diethylthiocarbamate

33.61 257, 125,
100, 72,
44, 29

II S-4-chlorobenzyl ethylthiocarbamate 32.03 229, 158,
125, 89,
72

III 4-chlorobenzyl mercaptan 19.43 158, 125,
89, 63, 45

IV 4-chlorobenzyl alcohol 18.27 142, 107,
79, 77, 51

V 4-chloro-2/3-hydroxybenzaldehyde 17.85 156, 155,
99, 63, 39

VI 4-chlorobenzaldehyde 16.17 140, 139,
111, 75,
50

straction of the α-hydrogen atoms of ethylamine group prone to radi-
cal attack. In addition, the reaction of the radicals with the lone-pair
electron of the nitrogen atom can produce a cationic radical that sub-
sequently converts to these carbon-centered radicals [48]. The oxygen
addition to these generated radical form the peroxyl radicals, which de-
compose to compounds (II).

The third pathway is initiated by the oxidative cleavage of the C
S bond resulting in compounds (III–VI). This transformation takes

place by the attack of positive holes on the TBC leading to its oxida-
tion into a cation radical via a transfer of a single electron from the
S atom. Cation radicals have previously been reported in the degrada-
tion of thioethers [49] and organophosphorus pesticides [50]. The gen-
erated cation radical can undergo a scission of the C S bond form-
ing ClC6H4CH2S radical as a precursor of compound (III). As shown
earlier by Kerzhentsev et al. [51], the proton reduction by photogen-
erated electron H±+e− →H provides the hydrogen atom needed for
the formation of the S H bond in compound (III). Similarly, the
scission of the C S bond can generate (4-chlorophenyl)methylium
ion, which is found to be unstable and rapidly hydrolyzed to form
4-chlorobenzyl alcohol (IV). Compound (IV) is subse

quently oxidized into 4-chlorobenzaldehyde (VI) and 4-chloro-2/3-hy-
droxybenzaldehyde (V).

3.2.6. Performance of recycled catalyst
As we know, it is essential to assess the stability and reusability

of a photocatalyst. The circulating runs in the photocatalytic oxida-
tion of TBC under visible-light irradiation were carried out to evaluate
these factors. The MoS2 catalyst was collected after each run, dried, and
reused under the same experimental conditions. It could be observed
that MoS2 did not show any loss of catalytic activity in 3 successive runs
(Fig. 11). In summary, this finding demonstrates that MoS2 photocata-
lyst exhibits excellent stability and reusability without encountering a
photocorrosion effect during the photocatalytic reaction, which favors
its long-term utilization in the removal of organic pollutants.

3.2.7. Photocatalytic process of real water samples
For application purposes, there is a need to investigate the MoS2

photocatalysis in the removal of thiobencarb from real water sample un-
der visible-light illumination. Fig. 12 illustrates the comparison of the
TBC photodegradation rates in deionized, river, and lake water. In the
real water samples, the TBC concentration in MoS2 photocatalysis de-
creased with the increase of irradiation time, confirming the catalytic
activity of the prepared photocatalyst. The degradation rate of thioben-
carb in real water samples was slightly decreased as compared to that
in deionized water. This decrease might arise from the presence of some
anions (Table 3) in real water acting as scavengers of the active radi-
cal species. Nevertheless, the results validate the photocatalytic activity
of MoS2 in the degradation of TBC in real water samples, affirming the
potential of this catalyst in the actual treatment of contaminated waste-
water and the environmental water samples.

4. Conclusions

MoS2 microspheres have been synthesized by the hydrothermal
method using sodium molybdate and l-cysteine as the source mate-
rials. Thiobencarb could be successfully degraded in a MoS2 suspen-
sion under visible-light irradiation and without the addition of hydro-
gen peroxide. At optimal operating parameters, its degradation effi-
ciency could reach 95% in 12h. The photodegradation rate of TBC was
found to increase with increasing the pH to 6–9 value and with in-
creasing the catalyst concentration until reaching the optimal dosage
of 1.0gL−1. Moreover, the presence of inorganic ions such as chlo-
ride and nitrate that are often found in natural water induced a
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Fig. 10. Proposed photodegradation mechanism of the thiobencarb followed by the identification of several intermediates by GC/MS technique.

minor effect on the degradation efficiency. The scavenger tests con-
clude that hydroxyl radicals and holes are the major active species
contributing to this photodegradation. The main intermediates of the
degradation process were described and characterized by GC/MS tech-
nique. The intermediates suggest that dealkylation, hydroxylation, and
C S bond cleavage are three possible transformations in TBC degra-
dation. The catalyst proved to be remarkably stable and reusable in
three successive runs without any significant loss in its photocatalytic
activity. Finally, the application of the MoS2

photocatalyst in TBC degradation from environmental water samples
(lake and river water) was carried out, demonstrating its prospect in wa-
ter treatment.
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Fig. 11. Cycling runs in the photocatalytic degradation of TBC with MoS2 catalyst under
visible-light irradiation.

Fig. 12. Photocatalytic degradation rates of thiobencarb in deionized and real water sam-
ples. Experimental conditions: MoS2 concentration, 1gL−1; pH 6.5.

Table 3
Characteristics of the real water sample.

Parameter River water Lake water

pH 6.30 6.24
Conductivity (μmhocm−1) 420 378
Turbidity (NTU) 2.9 4.9
Sulfate (mgL−1) 48.1 50.9
Chloride (mgL−1) 22.6 16.7
Nitrate (mgL−1) 84.8 2.9
Nitrite (mgL−1) 1.12 0.02
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