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Abstract

Facile solvothermal techniques were used to manufacture ZnS/1T-2H MoS, nanocomposite (ZMS) with outstanding adsorp-
tion-photocatalytic activity. The formed catalyst was characterized by different tools; XRD, HR-TEM, EDX, FTIR, Raman,
N,adsorprion/desorption, Zeta potential, PL,and XPS. The analysis provided the formation on mixed phase of metallic 1Tand
2H phases. ZMS has a high porosity and large specific surface area, and it has a high synergistic adsorption-photocatalytic
degradation effect for MB, with a removal efficiency of ~100% in 45 minutes under visible light irradiation. The extraor-
dinary MB removal efficiency of ZMS was attributed not only to the high specific surface area (49.15 m?/g) and precious
reactive sites generated by ZMS, but also to the formation of 1T and 2H phases if compared to pristine MoS, (MS). The
best adsorption affinity was induced by the existance of 1T phase. The remarkably enhanced photocatalytic activity of ZMS
nanocomposite can be ascribed to the 2D heterostructure which enhances the adsorption for pollutants, provides abundant
reaction active sites, extends the photoresponse to visible light region.

Keywords Solvothermal-synthesis - 1'T-MoS, - ZnS/1T-2H MoS, - Photocatalytic - Methylene blue

Highlights Introduction

e ZnS/1T-2H MoS, were synthesized by facile
solvothermalmethod.

o The growth mechanism of ZnS/1T-2HMoS, based nanocomposite

o The effect of ZnS on the structure and morphology of ZnS/1T-2H
MoS, has been investigated.

o The enhanced photocatalytic activity is attributedto synergetic interaction
between ZnS/1T-2H MoS, and the separation of charge carriers.

o High concentrations of different scavengers inhibit the dye degradation
process.

o Hydroxyl radicaland superoxide radical anions contribution dominates
in the degradation of MB dye.

Because many dyes have carcinogenic effects on humans and
aquatic life, water pollution from synthetic is a developing
environmental concern. Dyes are one of the most harmful
pollutants from industrial effluents such as printing, textiles
industries, and papermaking (Shen et al. 2020; Uddin et al.
2021; Waheed et al. 2021). Organic wastes will certainly be
created during the application of organic dyes, which are
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more difficult to breakdown due to their complex aromatic
compounds and xenobiotic characteristics (Liao et al. 2019;
Shen et al. 2020). To eliminatedyes from industrial waste-
water numerous technologies such as coagulation, advanced
oxidation, membrane separation, and adsorption have been
utilized (Uddin et al. 2021; Waheed et al. 2021).

Adsorption is a well-developed technology for remov-
ing dyes from wastewater since it is a simple process with
a lower cost than other methods (Galhoum 2019; Waheed
et al. 2021; Zheng et al. 2019). However, the process of
dye removal from industrial wastewater using conventional
adsorbents is not sufficiently efficient (Issaabadi et al. 2017
Uddin et al. 2021; Waheed et al. 2021). But, one of the most
promising methods is photocatalysis as an efficient, simple
method, and no need for assisting agents to eliminate the
organic pollutants from wastewater. As a result, developing
ecologically acceptable, sustainable, simple, quick, easy-to-
control, and energy-efficient ways for preparing adequate
catalytic activity remains a challenge. As their fundamental
importance applications for solving energy and pollution
problems, semiconductor photocatalysts have attracted a
subject of extensive interest (Cheng et al. 2017; Liao et al.
2019; Zhang et al. 2020a).

Henceforward, adsorption enhanced by a photocatalytic
technology has now been investigated as a novel and consist-
ent method for the cleanup of persistent contaminants. Pol-
lutants adsorption by the photocatalyst is regarded a nesse-
cery and pre-requisted, under visible region (Ebrahimi et al.
2021; Gao et al. 2021; Pathania et al. 2021).

Because numerous photocatalysts have been employed
to degrade organic pollutants, including TiO, (Mahmoodi
et al. 2006), Si0,@CeO, (Dhmees et al. 2019), Bi, WO, (He
et al. 2021), ZnS-ZnO/MCM-41 (Amdeha et al. 2021), and
MoS, (Cheng et al. 2017). 2D Transition Metal Dichalco-
genides (TMDs) such as MoS,, WS, and others has ignited
interest in the fields of energy harvesting, storage, and water
treatment.

Photocatalytic method produce highly reactive oxygen
species (Gao et al. 2021). These radicals have the ability
to degrade harmful compounds into innocuous products.
This method is safe, applicable, and has a higher visible
area absorption with excellent photochemical stability (Hay-
ati et al. 2021; Kumar et al. 2021; Pathania et al. 2021).
Molybdenum disulfide (MoS,) is a typical photocatalyst in
photocatalytic oxidation technologies that may successfully
breakdown numerous contaminants and toxins (Cheng et al.
2017; Cheng et al. 2022).

Layered MoS, is an inorganic equivalent of graphene,
with a sandwiched structure created by the weak Vander
Waals' force in the S-Mo-S form. MoS, is a widely used
material in Li-ion batteries (Liu et al. 2020a), supercapaci-
tors (El Sharkawy et al. 2020; Elkholy et al. 2019), waste
water purification (Wang et al. 2020), catalysis (Cheng
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et al. 2022), sensors (Ding et al. 2021) and other uses, due
to its low toxicity, low cost, thermal stability, and oxidising
properties. Despite having enormous active sites and a large
surface area, layered MoS, provides excellent photocatalytic
reactions. However, due to the fast recombination of pho-
toexcited electrons and holes, it lags behind in industrial
applications (Yu et al. 2019). As a result, it is suggested
that hetero-structures be created by mixing two different
semiconducting materials in order to accomplish effective
photo-excited electron and hole separation (Yu et al. 2019).
The hexagonal 2H phase of natural MoS, is made up of
a sandwich structure of S—Mo-S. (semiconductor phase).
There is another metastable octahedral 1T (metallic) phase
MoS,, which has better catalytic activity than 2H-MoS,
(Chang et al. 2016) Pure 1T-MoS,, on the other hand, have
two fatal defects: a metastable state and need extremely
harsh synthesis conditions, both of which severely limit its
use (Geng et al. 2017; Zhang et al. 2020c). To overcome
these problems, current researchers have discovered that by
introducing 1T-MoS2 into 2H-MoS2, the number of catalyti-
cally active sites in MoS, may be enhanced effectively while
retaining stability. Zinc sulphide (ZnS) is a well-known
semiconductor photocatalyst with a broad band gap energy
(3.2-4.4 eV) that may be utilised to segregate photo-induced
electrons and holes in MoS,.

Thus, in our present study, the hydrothermal reduc-
tion has been preferred due to its high purity of themate-
rial, low-temperature reaction,andlarge production rate
(Krishnan et al. 2019). Due to there have been few studies
on nanocomposite of ZnS/MoS,. Herein, this work focuses
on the ZnS/1T-2HMoS, nanocomposite synthesis as a het-
erogeneous photocatalyst via a simple solvothermal three
components one-pot reaction. The catalytic activity of the
as-product ZnS/1T-2HMoS,nanocomposite (ZMS)has been
compared and evaluated to those of pristine MoS, (MS)
(rather than ZnS (ZS)) for the methylene blue (MB) degra-
dation: which can be reused for five photocatalytic reaction
cycles. The physicochemical specifications of thesepre-
paredcatalysts were extensively examined by XRD, EDX,
BET, XPS, Raman, HR-TEM, FTIR, PL,UV-visible, TOC,
and Zeta-potential.

Experimental
Materials and analysis

Sodium molybdate (Na,Mo00O,.2H,0, 99.9%) and zinc
acetate ((CH;C0O0),Zn-2H,0, 98.5%) were purchased
from BDH Chemical Ltd. Ethanol (99.0%) and ethylene
glycol were provided by Fisher Chemical. Thiocarbamide
((NH,),CS, 99.0%) was supplied by Merck. All analytical
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grade compounds were used as obtained. Methylene blue
(MB) (A.R grade, FineChem., India) was measured spectro-
photometrically (using a HITACHI U-4100 UV-Vis spec-
trometer) at A, : 664 nm (Sabarinathan et al. 2017).

Preparation of ZnS/MoS,

MoS, and ZnS/MoS, catalysts were synthesized applying
the following method. Initially, Ultrasonication was used to
dissolve Na,Mo00O,.2H,0 (1 mmol) and (CH;COO), Zn (1
mmol) in C,H;OH (40 mL), then (NH,),CS (4 mmol) was
added under continuous sonication for another 30 minutes,
at room temperature (298 k). After that, the homogeneous
clear mixture was put into a Teflon-lined stainless autoclave
(100 mL), which was kept at 180°C in an oven for 12 hours.
Afterward, centrifugation was used to collect the resulting
black powder, which was then extensively washed with water
and ethanol. The ZnS/MoS,was vacuum dried at 60°C for
12 hours. While the pristine MoS, was prepared under the
same conditions and procedures but in absence of zinc salt.

Characterization

Using Philip’s PW1390 X-ray diffractometer, Cu
Ka(A:1.544) to investigate The crystal structure of prepared
catalysts. The surface charge and stability of prepared
catalysts: Zeta-potential was performed using Dynamic
light scattering (DLS, UK). Quanta Chrome Nova 3200
analyzer was used to evaluate Textural properties using
N,-adsorption/desorption isotherms at 77 K. A Nexus-870
FTIR spectrometer was used to measure the Fourier trans-
form infrared (FTIR) analyses, Nicolet, USA. The surface
morphology of thecatalyst was investigated by high-reso-
lution transmission electron microscopy (HR-TEM Model
JEM-200CX, JEOL, Japan). The elemental composition and
distribution mapping was measured by energy-dispersive
X-ray spectroscopy (EDS). Using SENTERRA Dispersive
Raman Microscope (Bruker, Billerica, USA), Laser Raman
analysis was conducted at room temperature. The UV-vis
difuserefectance spectroscopy (DRS) study of the produced
photocatalysts was performed using a JASCO (Japan). The
photoluminescence characteristics were evaluated using a
spectrofluorometer (JASCO FP-6500, Jasco, Japan). X-ray
photoelectron spectroscopy (XPS) was used to identify the
catalyst structure (Thermo Fisher Scientific, Waltham, MA,
USA). The total organic carbon (TOC) analyzer was used to
evaluate the degree of mineralization (TOC/TNb Analyzer-
multi N/C Series-Analytik Jena, German).

Photocatalytic studies

The photocatalytic activity of both prepared ZMS compared
to pristine MS was evaluated for degradation of methylene

blue (MB) under visible light. A tungsten halogen lamp
(400-800 nm) was a visible light irradiation source (power
50W). The sample and the source of irradiation are separated
by about 50 cm.Typically,catalyst (20 mg) was immersed in
MB solution (20 mL,C,: 10 mg MB L'l). Before irradiation,
to reach the sorption/desorption equilibrium, the solution
was sonicated for 60 minutes in the dark with magnetically
swirled. At predetermined intervals of time, the sample
solution (5 mL) was collected and then centrifuged. The
MB concentration was measured spectrophoto-metrically
(Sabarinathan et al. 2017). The MB's photodegradation
percentage was calculated using a mass balance equation:
D(%)=((C,—C)100)/ C,, where C, and C(mg/L) are the
concentration of MB at time O and t, respectively; and t is
the period between sample intervals.

Results and discussion

The growth mechanism of ZnS/1TMoS, based
nanocomposite

One of the most essential tools for enhanced materials pro-
cessing of mono-dispersed nanoparticles of diverse metal
oxides is the hydrothermal approach (Krishnan et al. 2019;
Vattikuti et al. 2016). Sodium molybdate (Na,Mo0O,.2H,0)
used Na,Mo00O,.H,O used as a source of molybdenum.
Wang et al. (Wang et al. 2010), suggested that the reaction
involves a complex process, which contains three steps: (a)
the hydrolysis of CS(NH,), to form H,S); (b) the reduction
of Mo(VI) to lower valent produce Mo(IV); (c) the forma-
tion of MoS, nanosheets. The synthesis of MoS, can be
described as a reaction process as follows:

The hydrolysis of thiourea CS(NH,), to form H,S (acts
as a reductant):

CS(NH,), +2H,0 — 2NH; + CO, + H,S 1)

The solubility equilibrium of Na,M00O,.2H,0 in aqueous
solutions can be described as follows:

Na,M00,.2H,0 < 2Na* + MoO? + 2H,0 )

When sodium molybdate reacted with thiourea, Mo? is
reduced to lower valent Mo™ followed by further sulfurized
to produce a black precipitates of MoS, (pristine MoS,):

4Na,MoO, + 15CS(NH,), + 6H,0 — 4MoS, + Na,SO, + 6NaSCN
) 3
+24NH, +9CO, 3)
There are few publications on the role of zinc acetate
and thiourea (complexes) in the synthesis of ZnS by the
sol-gel method (Ashoka et al. 2009; Auer et al. 2000) here
was no visible reaction when zinc acetate and thiourea were

@ Springer



86828

Environmental Science and Pollution Research (2022) 29:86825-86839

combined together, and the solution remained clear. The
reaction appears to be reliant on externally provided ther-
mal energy. The solution generated a complex [ZnCS(NH),]
when it was refluxed at 90°C. Due to heat energy, the
obtained complexcontinually interacted with water in the
solution and converted into ZnS, CO,, and NH;.

The reaction process could be expressed as follows:

Zn(CH;C00), < Zn** +2 CH;COO™ )

Then further H,S (obtained from the thiourea hydrolysis
(Eq.1) reacts with Zn** to yield ZnS nanoparticles.

Zn**HS, — ZnS + 2H* 5)

Ashoka et al. stated that zinc acetatewas used as a precur-
sor, can undergo decomposition in water-ethylene glycol-
mixture, and forms ZnO nuclei at lower temperature region
below 100°C without forming any intermediates (Ashoka
et al. 2009). The possible reaction for the formation of ZnO
(this suggested agreed with the XPS results) is as follows:

Zn(CH;C00), — ZnO + CH;COOCOCH, ©)

The reaction of ZnO with H,S, (i.e. sulfidation reaction)
is as follows:

ZnO + H,S = ZnS + H,0 @)

where ZnO is used to scavenge H,S ) impurities in the natu-
ral gas (Auer et al. 2000).

The mechanisms to produce these reactions

At a hydrothermal temperature at 180°C, the MoS, nuclei
self-assembled to form the laminated nanostructures along-
witha preferred axis orientation. There are abundant sul-
fur vacancies distributed on the edge of the MoS, layered
structure. The more stable cubic form of ZnS exists in two
primary crystalline forms (coordination geometry at Zn and
S is tetrahedral (zinc blende) and hexagonal (wurtzite)), and
this dualism is an example of polymorphism (coordination
geometry at Zn and S is tetrahedral (zinc blende) and hex-
agonal (wurtzite)). ZnS exists in two polymorphs at ambi-
ent temperatures: cubic zincblende and hexagonal wurtzite.

Fig.1 Schematic view of the
structure of the Zn-S-Mo phase

\/\/\/\/
/\/\/\/\
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S\ZH/S\ZII/S\ZH/S\Zn/S

Under typical conditions, the latter is metastable and easily
converts to the cubic form (Zhao et al. 2015). MoS, gener-
ated on the surface of ZnS, the electrons transfer from Zn
to Mo through the S atom and formed the Zn-S-Mo struc-
ture (Fig. 1). These results match with the results obtained
from the XPS results. The reaction between ZnS and the
MoS, nanosheet molecules inthe nanocomposite matrix
doesn't form any coordination bonds but are stabilized by
weak columbic or Van der Waal's interactions. Such interac-
tions between the nanocomposite's ingredients can improve
current features while also introducing exciting new char-
acteristics. The higher negative zeta-potential of MoS, (-36
mV), compared with ZnS/MoS, (-22 mV), as MoS, possess
many S-atoms with large electronegativitywhich can attract
Zn which has positive charges.

Materials Characterization
XRD analysis

XRD pattern was applied to emphasize the as-synthesized
ZS, MS and ZMSnanocomposite formation and evaluate
its crystalline phase (Fig. S1). A typical crystalline
peaks appeared at 20 angle: 28.49°, 47.51° and 56.33°,
respectively to (111), (220) and (311) cubic planes of ZnS
according to (JCPDS 65-0309), with a very weak shoulder
at 34.2° for (200) (Lydia Caroline and Vasudevan 2009,
Vattikuti et al. 2016). While the pure MoS, pattern is
primarily due to the amorphous and nanocrystalline MS,
these findings are consistent with the obtained amorphous
MoS, nanoflakes (Liu et al. 2020b). The ZMS XRD
pattern is quite consistent with the pure cubic phase of
ZnS nanoparticles (Wahab et al. 2009). No distinctive
MoS, diffraction peaks were identified in ZMS, but the
(111) diffraction peak of ZnS at 28.49° was shifted to lower
20 at 28.33°. This shift may be related to the difference
between Mo and Zn in atomic radius (Hu et al. 2018). The
main cause for theabsence of MoS, characteristic peak
related to that reaction temperature (180°C) is notsufficient
to give good peaksof crystallinity (Hou et al. 2020). The
crystallinity of MoS, nanosheets was reported to depend
on the sulfur precursors, amount, preparation method,

\/\/\/\/
\/\/\/\
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temperature, and reaction time (Gopalakrishnan et al.
2020; Hou et al. 2020; Liu et al. 2020b); high temperatures
and long reaction time usually contribute to increasing the
crystallinity (Hou et al. 2020).

EDX analysis

Figure S2 displays EDX measurements for ZS, MS, and
ZMS: exhibited the existence of all the elements Zn, Mo,
and S signals constitutive of the corematerials. In the EDX
spectra: the specific peak of theZn element was character-
ized by L, and Lﬁz, which their peaks at 8.639, 9.572, and
1.012 keV, respectively. The characteristic K,; and K,
peaks forS were exhibited at 2.307 and 2.464 keV, near 2.39
keV reveals the L, of Mo (Soltani et al. 2012).

Textural characteristics

The textural propertiesof the two MS and ZMS catalysts
(specific surface area (SSAggyr), pore volume, and pore
diameter) have been analyzed by N, ads/desorption iso-
therms (Fig. S3)). According to the IUPAC classification,
ZMS pertain to a type-IV curve with an H; hysteresis loop,
suggesting a mesopores catalyst. The introduction of Zns
into MoS, layers improved and enhanced the SSAgp of
pristine MS from 16.23 m%.g~! to 49.31 m>.g~! in ZMS
(i.e. 3.1 times). These trends are consistent with the differ-
ences observed in the average pore size: the average pore
size increases from ~3.52 nm for ZMS to ~4.40 nm for MS
resulting in ZMS nanocomposite larger surface area. Also,

Fig.2 A) TEM image, B)
HRTEM image of ZMS, and C-
F) EDX-mapping of the ZMS
sample (SEM micrograph; Zn,
Mo, and S distribution cartog-
raphies)

the same observation for the pore volumes were: 0.034
(cm*/g) and 0.025 cm®/g for MS and ZMS, respectively.

HR-TEM

Figure 2 shows the HR-TEM images of the prepared ZMS
nanocomposite. The morphology of nanosheets as exfoli-
ated has a typical layered structural morphology with sev-
eral edge nanolayers. The ZnS nanoparticles have appeared
as spherical dense dots (surrounded by bright layers rep-
resenting the MoS, nanosheets, whichcould be due to the
difference of electron-absorbing differences between both
metal—sulfide phases. The TEM-images relivenanosheets
with several 100 nm in size with irregular shapes. The
thin nanolayers with an interlayer spacing of 0.68 nm
were assigned to the MS as illustrated in Fig. 2B: where
MoS,nanolayers (red areas) were occasionally apparent.
The mapping characterization of the layers structure using
energy-dispersive X-ray spectroscopy (EDS) (Fig. 2(C-F)).
The mapping analysis demonstrates the good homogenous
distribution for elements Zn, Mo, and S.

XPS

The chemical composition and surface oxidation state
of ZMS were confirmed by XPS analysis (Fig. 3) which
agrees with the EDS results. The high-resolutionspectra
for Mo 3d can be separated into five peaks: the peak at
roughly 226.1 eV is assigned to the S 2s of MoS,, while
the peaks at 229.8 and 235.3 eV are attributed to the Mo
3dsj, and Mo 3d;,, of Mo®*, respectively (Zhao et al.
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Fig.3 XPS spectra of Mo 3d, K PS-Survey 70 2pas Zn2p
Zn 2p, O 1s, and S 2p in the as- y
prepared ZMS nanocomposite - Mopd O 1s ;,\'
g 3
s =
z Z
Z 2
2 =
£ =
0 200 400~ 600 800 1000 1200 g7 1023 1029 1035 1041 1047
Binding Energy (eV) Binding Energy (eV)
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= =
£ 5
DOIED)S
-
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2014). The Mo 3ds;, peak indicates that Mo is found as a
hexavalent oxide (Mo®"). The Mo 3ds;, and Mo 3d,, of
Mo** in MoS, have two more peaks at 228.8 and 231.9
eV, respectively (Harish et al. 2019). The peaks of Mo
3d: 228.8 eV and 231.9 eV (3ds,, and 3d;,) are said to
correspond to 1T-MoS, phase (metallic), while 229.8 eV
and 235.3 eV (3ds), and 3d;,,) are reported to correspond
to 2H-MoS, phase (Zhao et al. 2014), indicated a mixed
phases of 1T-MoS, and 2H-MoS, (Zhao et al. 2014). The
spectra of Zn 2p splits the two emission peaks of Zn 2p5,,
and Zn 2p,,, at: 1022.8 eV and 1044.9 eV, respectively,
and this result is cosistent with the binding energy of Zn>*
in ZnS (Harish et al. 2019). The values are 1.0 eV higher
than pure ZnS owing to the strong interaction between
MoS, and ZnS (wurtzite-type) via the sharing of metal
sulphide bonds between Mo and Zn (Rao Akshatha et al.
2020). The asymmetric S 2p peakwas deconvoluted into
two subpeaks corresponding to S 2ps,, and S 2p,,, are
observed at 162.3eV and 163.5 eV, respectively, indicat-
ing the S*" presence (Rao Akshatha et al. 2020; Zhang
et al. 2020a). However, the intensity ratio of the spin-orbit
splitting S2p;,, and S 2p,,, was about 1:1 (is not 2:1); this
can be attributed to the increased bonding states of sulfur-
related surface defects in Mo-S-Zn (Mao et al. 2015; Rao
Akshatha et al. 2020). These results correspond to ZnS,
MoS,, and Zn—-S—-Mo respectively. The S 2p;,, peak was
attributed to the typical metal-S bond, while the S 2p,,,
peak was corresponding to the sulfur with low coordina-
tion, which is generally related to sulfur defects (Gao et al.
2015; Zheng et al. 2019). Surprisingly, the observation
of two signals at 284 eV and 533 eV, respectively, that
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represents C 1s peak (C=0 /and C-OH groups) and Ols
signal together (Tolba et al. 2017). For the O 1s signal
consistently with theZnS formation mechanism above.
This confirms the presence of traces of carboxylic groups
from Zn-acetate salt could be due to the insufficient wash-
ing or incomplete reaction, or the CO, gas adsorption as
in FTIR analysis (not shown).

Raman

As shown in Fig. S4, the Ramanspectrum of ZS shows
mainly the first-order modes at ~265.5 cm™ and ~354.0
cm’! corresponding to the transverse optical (TO) and lon-
gitudinal optical (LO) phonon (Cheng et al. 2009, Lin and
Ho 2017), In addition, other Raman peaks at 145 cem’l, 175
cm’!, 386 cm™!, and 440 cm’! are also (Zamiri et al. 2014).
On the other hands, The existence of 2H- and 1T-phases
of MS and ZMS were confirmed by Raman measurements
(Fig. S4). The 2H-phase has two notable bands at 383 cm’!
(Elzg) and 409 cm™! (A! g). However, the prestine MoS, give
a low peak at 383 cm’! (Elzg) which come from the atom’s
motion along the x-axis, and ZMS give also a small band at
412 cm’! (A;) that attribute to the S atoms’ motions along
the Z-direction (Zhang et al. 2020b). Typical and high-inten-
sity peaks at 146 (J;), 226 (J,), and 333 em™' (J 5) confirm the
formation of high percentage in metallic phase of 1T-MoS,
nanosheets (Zhang et al. 2020b; Zhao et al. 2014). The sig-
nificant change (peak width, intensity, and shifted) in ZMS
nanocomposite and the intensity peak of the ZMS at 333
cm’! is much higher than that of MS, confirm the good effect
of ZS on MS phase to stable 1T phase.
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Zeta Potential

Figure S5 shows the zeta potential values for MS and ZMS
were measured as a function of pH. The {-potential values at
pH 6.0 are -16 mV for MS and -5 mV for ZMS and its value
increase with increasing the pH. The surface is negatively
charged over the pH of zero point charge (pHzpc): 4.15 and
4.95 for MS and ZMS, respectively. The negative charge of
MS and ZMS provides high dispersion and improves the
capture of cationic dyes (MB™).

Optical absorption

The band gap energy of semiconductors can be calculated
using the equation ahv = A(ho - Eg)”2, which is based on
the link between absorbance and photon energy, where a
and hv represent the absorption coefficient, and incoming
photon energy, respectively, A is a constant, and Eg repre-
sents the material's band gap. Thus, for ZMS the band gap
was calculated to be 2.75 (as shown in Fig. S6), while for
ZS and MS were 3.6 and 1.86, respectively (Li et al. 2018;
Lin et al. 2015; Zhang et al. 2020a). It is clear that MoS,
modified with ZnS is more favorable in terms of improving
light absorption, lowering the band gap, and changing the
electrical structure of MS (Lin et al. 2019).

Photoluminescence (PL)

The photocatalytic efficiency of a catalyst is mainly con-
trolled by the separation and migration of the photo-gen-
erated charge carriers, because if the electron-hole pairs
recombine during the photocatalytic process a significant
amount of photonic energy is lost. The recombination of a
photo-generated hole with an electron occupying the oxy-
gen vacancy causes the emission wavelength to be precisely
connected to the energy band-gap. Therefore, it is vital to
suppress the recombination of charge carriers to increase
the activity of the catalyst. Thus, the PL spectra have been
used to investigate carrier trapping and recombination of
charge carriers. Figure S7 shows PL obtained for the pris-
tine MS and ZMS catalysts, in the range from 250-550 nm
at a 280 nm excitation wavelength. Because the band gap,
doping, and structure of the material all influence the PL
spectra, MS have a variety of PL activity (Nezamzadeh-
Ejhieh and Banan 2011). Both catalysts showed one broad
luminescence/emission peak (Fig. S7), a well-defined peak
was noticed in the spectrum at A,,.: 402 nm which can be
attributed to the radiation recombination of free charge car-
riers for the inter-band (CB-VB); that emits light with the
same or slightly higher energy as the band gap of catalysts.
Moreover, with additional weak peaks/shoulders at A: 533
nm, 488 nm, 460 nm, 438 nm, 423 nm, 350 nm, 288 nm,
and 273 nm. The position of the major peak at A_,.: 402 nm

max-*

in the MS, is not affected in ZMS, but its intensity is sig-
nificantly reduced by doping with ZS: as the metal sulfides
can function as agents to capture photo-produced electrons
(Vattikuti et al. 2016). Hu et al. reported that the PL inten-
sity of ZMS is substantially weaker and lower than pure
ZS and pure MS (Hu et al. 2018). The lower PL intensity
indicates that the recombination of holes (h*) and electrons
(e") is slower, indicating strong photocatalytic activity, and
the catalytic activity is then increased (Hu et al. 2018; Mor-
shedy et al. 2021).

Photocatalytic activity
Sorption equilibration-time

The degradation of MB dye effluents is a critical prob-
lem that has to be investigated (Azad et al. 2011). So, the
catalytic activity of MS and ZMS nanocomposite in MB
degradation is studied usingthevisible light lamp. The MB
solutions were agitated for 60 minutes before photocatalytic
degradation to achieve ad-/de-sorption equilibrium between
MB™ dye and photocatalyst. In dark area: MB* ions adsorp-
tion was compared for both catalysts (for the first 60 min
before irradiation) (Fig. 4). Obviously, ZMS shows higher
removal efficiency compared to pristineMS, whatever the
time. Both curves, regardless of the catalyst type, exhibit
comparable directions (Fig. 4). Within the first 10 min, a
very fast initial sorption capacity accounts for around 69.2%
of total capacities. While, the removal efficiencies were
about 44.6 and 52.0% for MS, and ZMS, respectively, the
removal efficiency (vs. time) in the dark area before irradia-
tion increased almost linearly (matching to a physisorption
process) and then gradually decreased as the time of reaction
increased (10 to 25 minutes): after that, a chemical reaction
involving charge neutralization and chelation is carried out
until equilibrium is reached (Galhoum 2019). The negatively
charged layer attracts the MB* to MS and ZMS surface to
initiate the photocatalytic reaction (Azad et al. 2011). After
that, thesorption rate of MB™ ions approached saturation and
nearly zero due to the sorptionequilibrium reached within
25/30 min. for MS and ZMS, respectively. Extending the
contact period up to 180 minutes and 24 hours, accord-
ing to preliminary investigations, has no significant effect
on removal performance. The change in the MB removal
efficiencies rate depends mainly on the accessible sorption
sites. Furthermore, as sorption duration increases, sorption
rate reduces due to a decrease in the concentration gradient
and the contribution of the intraparticle diffusion resistance
mechanism

Moreover, last step is controlled by resistance to intrapar-
ticle diffusion through internal micropores. The high adsorp-
tion affinity of ZMS almost related to highly surface area
of as-prepared ZMS catalyst which valued nearly the three
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times more than of MS. As a result, 30 minutes is enough
time to reach equilibrium (Cheung et al. 2007). The kinet-
ics key equationsfor modelling are shown in Table S1(see
Supporting Information Section) (Hu et al. 2021). Complex
models exist for systems where intraparticle diffusion resist-
ance is a controlling factor. Weber-Morris plots (Fig. S8),
which show diverse diffusion behaviors, corroborate these
trends. External surface adsorption is represented by the
binding of MB™ ions on the active sites at the surface of
the particles in the first part with a steep slope. The second
part involved progressive diffusion in micro- and mesopores,
where intraparticle diffusion was rate-controlled and slowed
due to the low dye content in solution (Galhoum 2019).
These multi-linear plots are the result of the MB* diffusion
performance. It's worth noting that the values of intraparticle
diffusion rate constants (K4 &K, ,) were higher, with the
sequence ZMS >MS, implying faster sorption processes for
ZMS. For diverse sorbents, the third rate constants (K4 3)
values were nearly close to zero, implying that the equilib-
rium state had been reached (Cheung et al. 2007; Galhoum
2019; Hu et al. 2021).

Furthermore, the pseudo-first-order rate equation
(PFORE) and pseudo-second-order rate equation (PSORE)
have been used to simulate uptake kinetics (Cheung et al.
2007; Hu et al. 2021). PSORE is based on the assumption
that adsorption follows the chemisorptions mechanism and
predicts behaviour over the entire concentration range.

@ Springer

While PFORE assumes that the rate of change of solute
uptake with time is directly proportional to the difference in
saturation concentration and the amount of solid uptake with
time. As well as, PFORE assumes that the rate of change of
solute uptake with time is directly proportional to the dif-
ference in saturation concentration and the amount of solid
uptake with time ( (Cheung et al. 2007, Galhoum 2019, Hu
etal. 2021, Tien 1994). The aforementioned kinetics models
were used to fit the experimental data, and their particular
parameters (along with their distinct correlation coefficients,
R?) are displayed in Table S2. Figure S9 demonstrate that
the PSORE fitted experimental data better than the other
models (including PFORE). The comparison of the equi-
librium sorption capacities (q.,) shows that the PSORE
allows approaching closer to the experimental value than the
PFORE: the Aqeqoverestimates ranges between (9.8-16.5%)
for PFORE, while for the PSORE by (9.9-15.8%). Addition-
ally, the correlation coefficient for the PSORE (R? ~0.99)
was higher than in the case of the PFORE (R? <0.99).
Moreover, the comparison of the apparent rate coeffi-
cients for PSORE (k,): where k, values were 30.0x10* mg
g min™! for ZMS and 23.5x10* mg g"! min! for MS; con-
firming the faster sorption for ZMS. Based on the obtained
k,, the half-adsorption time (t, 5: defined as the time required
to reach half the amount of the maximum sorption capacity
by the ion-exchange resins) was determined. The t; 5 could
be used as a measure of the adsorption rate, as described
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by Eqn (t, 5= 1/k,.q,) (Dogan et al. 2007). In addition, the
ty s for MS (5.7 min) are significantly higher by 1.39 times
than for ZMS (4.1min). This indicates that the MB™ sorp-
tion is more favorable by ZMS, this finding agrees with the
experimental results.

Sorption isotherms

As a function of initial MB concentration (25.4 - 249.8 mg
MB L) solutions were investigated at neutral pH, 5.5 and
different temperatures (298 - 328 K) to evaluate the sorbents
capacities. As a forceful force, it overcomes the resistance of
mass transfer between the solution and solid phases in the
sorption process (Ibrahim et al. 2021; Neiber et al. 2022;
Rashad et al. 2021). Figure 4 compares MB* sorption iso-
therms; with increasing the C, and C, the sorption capacity
progressively increases as all accessible sites on the sorbent
surfaces were occupied. The equilibrium concentration-sorp-
tion diagram of the isotherm, shown in Fig. 4, is characterised
by; with an ever-increasing the initial, and equilibrium con-
centration, a gradual increase in sorption capacity, followed by
sorbent saturation at maximum experimental sorption capac-
ity ~191.5 and 161.1 mg MB L', for ZMS and MS, respec-
tively at 298 K. The plateau revealed that the sorbent's most
active sites reacted with MB. This illustrates the superiority
of ZMS sorption capacity over MS: systematically with the
equilibration time findings. This sequence can be explained
by the multi-functionality and the higher active site density
for ZMS than MS sorbent. The sorption capacities order is
consistently with the properties of SSAggy of the sorbents
(ZMS >MYS); that influences the accessibility to reactive sites.

The linear forms of the Langmuir and Freundlich equa-
tions were used to investigate the sorption isotherms (Liu
et al. 2019; Tien 1994). The key equations used to model the
isotherm profiles are listed in Table S1. The fitting of data
profiles with the Langmuir and Freundlich equations is com-
pared in Fig. S10. Table S3 lists the key parameters of these
models. The comparison of determination coefficients (R?) for
the Langmuir generally gives slightly higher coefficients (R*>
0.99) compared to Freundlich (R%><0.96). In addition, the sorp-
tion capacities were consistent with experimental results and
were systematically overestimated using the Langmuir model
(Aqeq: 8.9-14.9%, for ZMS, and 17.2-24.2% for MS), while
where underestimated for the Freundlich (Aq,: 84.0-88.4%
and 90.5-92.8% for ZMS and MS, respectively).

Table S3 illustrates the b; values (the Langmuir con-
stant related to the sorption energy) were nearly dublicated
for ZMS compared to MS sorbent. Moreover, the b; values
increased, for ZMS (from 523.92-t0-903.23 L mg'l), and
for MS (from 293.60-to-430.71 L mg™!): with increasing
the temperature from 298 to 328 K, consistently with pre-
vious observations of qm. This indicates the sorption is

more favorable at higher temperature. The greater the b,
value, the higher the sorption energy, and the stronger the
sorbent-sorbate affinity (Neiber et al. 2022, Rashad et al.
2021) The generated curve is close to experimental points,
demonstrating the Langmuir equation's ability to fit the
sorption isotherm. The saturation plateau corresponds to
the asymptotic trend associated with the Langmuir equa-
tion, whereas the Freundlich equation is a power-like
function, as expected based on the structure of sorption
isotherms (Neiber et al. 2022, Rashad et al. 2021). This
demonstrates that metal sorption occurs by monolayer uni-
form sorption, which involves a finite number of identical
sites spread across the sorbent surface.

Another model is the Temkin isotherm supposes that sorp-
tion free energy is proportional to surface coverage (Liu et al.
2019, Tien 1994). The Temkin model constants are reported
in Table S3 and Fig. S10. The constant Ay represents the
sorbent initial sorption heat: the higher the Ar, the greater
the sorption heat, and the higher the sorbent's affinity for the
sorbate (Liu et al. 2019). The A values increased from 46.11
to 47.25 L/gand 45.59 to 48.368 L/mg for ZMS, and MS,
respectively, while the energetic parameter (Ay) decreased as
follow: ZMS (0.539-to-1.063J/mol) > MS (0.265-t0-0.368 J/
mol): with increasing the temperature from 298 K to 328 K,
as previously observed (such as comparison of b; and q,, in
the Langmuir model (Liu et al. 2019).

Based on the Langmuir isotherms, the thermodynamics
might be examined. Thermodynamic parameters are cal-
culated by the van’t Hoff equation (Liu et al. 2019; Neiber
et al. 2022; Tien 1994).

AH® 1 AS°
Inb, = -2 x — + =2 8
oL R Tt (8a)
AG® = AH® — TAS? (8b)

where, the universal gas constant is R (8.314 J/mol.K), T (K)
indicates absolute temperature, b, is the Langmuir constant.
The AH®, and AS° values are obtained from the slope and
intercept of the plot of In b, vs 1/T (Fig. 4).

Table S4 summarizes the thermodynamic parameters.
The endothermic nature is confirmed by AH®'s posative
sign and the reaction is more favorable at higher tem-
peratures. Since, the AH® values are less than 40 kJ/mol,
suggesting that there are physical forces existing in MB
sorption process. The positive AS® value showed that the
interaction between MB and ZMS/MS would enhance
entropy, resulting in more degrees of freedom for solute
molecules (Abd El-Magied et al. 2017). The negative
AG° values (in the same range from -32.71 to —=39.13 kJ
mol!); imply that the sorption process is spontaneous.
The absolute AG® values is proportional with the tem-
perature. Moreover, Table S4 indicates that the reaction is
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controlled by entropic changes than by enthalpy changes
( | AH° | < | TAS® | ) (with values very close).

Photodegradation of MB over prepared catalyst

For catalytic application, the low concentrations of MB dye
were used. According to Elaziouti et al. (2011), higher con-
centrations in catalytic reactions can block or coat the catalyst
surface, which reduces the catalyst's catalytic efficiency by
absorbing a significant amount of light by the dye molecules
rather than the catalyst particles, reducing light penetration
to the catalyst's surface, and shielding the light (Saggioro
et al. 2011). Moreover, it inhibits the reaction of adsorbed dye
molecules with the photo-induced positive holes or reactive
oxygen species (ROS), since there is no direct contact of the
semiconductor with them (Akpan and Hameed 2009).

Verma et al. (Verma et al. 2019), studied the effect of
initial dye concentration low and high concentrations (5-75
pg/L), and he deduced that, the dye concentration (MB)
decreased exponentially with time particularly at low ini-
tial concentrations of the dye and the apparent rate constant
was obtained from single exponential decay. The exponential
decay of the dye concentration with light irradiation time
shows first order rate kinetics of the associated dye degrada-
tion process. Such results have also been reported for other
photocatalytic systems (Atitar et al. 2018). SO, this study
was conducted at low concentrations.

The adsorbed dye molecules undergo several chemical
reactions (N-demethylation, deamination, and oxidative
processes) caused by photogenerated charge carriers and
reactive oxygen radicals in the observed heterogeneous
photocatalytic dye degradation. Figure 5 plots the photo-
degradation of MB+ against the exposure time.; the reac-
tion rate of both catalysts increased with increasing the
reaction time. After 45 minutes, the MS and ZMS cata-
lysts degraded the MB by 72.4% and 100%, respectively.
The presence of ZS in the ZMSnanocomposite increased
the rate of electron and hole pairs separation, as well as
the enhanced the surface area (Li et al. 2018). As a result,
MS acts as a photosensitizer enhancing ZS photocatalytic
activity (Krishnan et al. 2019; Li et al. 2018). The syner-
getic effect of two semiconductors (ZnS and MoS,) could
explain the improved photocatalytic activity (Cheng et al.
2017; Lin et al. 2015; Zhang et al. 2020a). Also, the ZMS
composite possesses a special interface and nanostructure
that increases the visible light absorption and increases the
electron-hole pair separation.

The kinetics of the photodegradation of MB catalyzed by
both as-synthesized catalysts are subjected to the pseudo-first-
order (i.e. the dye absorbance decreased exponentially with time
(Harish et al. 2019, Verma et al. 2019))and can be written as In
[C/C o)l = - kt, where k is the rate constant (obtained from the
slop of the above linear relation), and C, and C ;) are the MB
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Fig.5 The photodegradation of MB dye (C,: 13-17 mg/L) withir-
radiation time(a) using tungsten halogen lamp in presence of MS
and ZMS nanocomposite (0.5 g/L) and different scavengers agents
(10 mmol/100mL MB), and Pseudo-first-order linear relation of
In(C,/C(y)) vs the irradiation time(b)

concentration at times t and 0 min, respectively (Verma et al.
2019).In(C,/Cy, plotted against irradiation time t (Fig. 5).

A linear relationship exists for the entire reaction course.
The apparent rate constants (k) values (Fig. 5) for MB dis-
coloration were 0.024 and 0.0488 min™, using MS and ZMS,
respectively. The higher k (rate constant) for ZMS nano-
composites was nearly three times higher than for pure MS
(Sabarinathan et al. 2017); implying that ZMS possess more
efficient photocatalytic ability for MB degradation (i.e. the
band capacity of MS and ZS is matching). The conductive
band and valence band edge positions of MS are consistent
with those of ZS, making electrons and holes transport to MS
easier. So, the transfer of holes to MS increases the separation
of charges resulting in acting the MS as a site of oxidation.
Therefore, both MS and ZS semiconductors have conduc-
tive band potentials, which prevent electrons and holes in
the composite from recombining (Morshedy et al. 2021; Vat-
tikuti et al. 2016). These results reveal the superior catalytic
activity of ZMS nanocomposite towards MB degradation.
This is due to, the MSnanosheets network decorated by ZS
nanoparticles, which connects two inexpensive, versatile, and
chemically stable semiconductor materials (Krishnan et al.
2019; Lin et al. 2015; Vattikuti et al. 2016). Where, inthecase



Environmental Science and Pollution Research (2022) 29:86825-86839

of ZMS nanocomposites, ZS acts as ann-type semiconduc-
tor that hasalarge band gap (3.6 eV) and MS nanosheets act
as a p-type semiconductor has anarrow band gap (1.86 eV)
(Li et al. 2018; Lin et al. 2015; Zhang et al. 2020a); as MS
resulted in charge separation by lowering the electron and
hole pairs recombination rate (Hu et al. 2018; Li et al. 2018).

Table 1 compiles the efficiencyand comparison of ZMS
with other photocatalystsunder different experimental con-
ditions; this makes difficult the effective comparison of the
MB degradation when exposed to visible light in terms of
the rate constant respective catalytic performances. The rate
constant value of MS is comparable with the other catalysts.
The superiority of theZMS for MB degradation is evident
from the rate constant comparison (Table 1).

Total organic compounds (TOC) test

The TOC reflects the mineralization of organic matter by meas-
uring the quantity of total organic compounds in the standard
solution before and after the photocatalytic reaction converts
the organic dye to simpler molecules like CO, and H,O. So,
to confirm the rate of MB dye degradation, TOC values were
employed. According to the results, MB degrades at a rapid
rate using MS/ZMS catalysts. Photocatalytic performances of
MS/ZMS catalysts were investigated at different interval times
under visible light. As illustrated in Fig. 6, MB mineralization
is rapid in the first 30 min. and the greatest TOC reduction was
achieved at 45 min.: total mineralization =~ 70% and 100% TOC
removal for the MS and ZMS, respectively.

Scavenger effect and photodegradation mechanism

The generation of reactive oxygen species (ROS) is driven
by the capture of photogenerated electrons or holes by
various species in the solution, such as dissolved oxygen,
hydroxyl ions, and water molecules. The important ROS are
hydroxyl radicals (*OH), superoxide radicals (°O,), holes
(h*yp), and electrons (™). The influence of active-spe-
cies scavengers on the photodegradation of MB has been
examined and the results are provided in order to study the

Table 1 Maximum degradation efficiency for MB with selected catalysts
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photocatalytic mechanism and identify the primary oxi-
dative species (h*yp, e"¢g, *O,” and *OH) in the photo-
catalytic process with increasing time (Fig. 7). Isopropyl
alcohol (IPA), benzoquinone (BQ), ammonium oxalate
AO ((NH,),C,0,), and silver nitrate (AgNO;) was used to
scavenge hydroxyl radicals, superoxide radicals, holes, and
electrons. The apparent dye degradation rate constant was
discovered to be around 4.99x1072 and 2.4x1072, for ZMS
and pristine MS, respectively. Scavengers had a great impact
on reaction rate constants as follow: 1.38x1072, 1.2x1072,
2.4x107% and 1.4x10° min™! for AgNO,, AO, BQ, and IPA
agents, respectively (Fig. 5). Moreover, the dye degradation
efficiency (removal efficiency, %) has been reduced from
98% (modified catalyst: ZMS) and 79% (pristine MS) to
about 58%, 53%, 14 and 8% in the presence of AgNO;, AO,
BQ, and IPA respectively.

The degradation efficiencies drop drastically when
IPA and BQ are introduced. Demonstrating that the
photocatalytic degradation of MB over the ZMS catalyst is
significantly affected by the addition of IPA and BQ rather
than AgNO; and AO event (Liao et al. 2019), implying that
*OH and °0, radicals are the main reactive oxygen species

Material Light source Rate constant (min. ') Cat. Dose, /. C, [MB], mg/L. Time (min) Ref.

MoS,/TiO, Day lamp(30 W) - 1.0 10.0 90 (Hu et al. 2011)

TiO,/ zeolite ~ UV-light (125W) 0.04694 333 50.0 60 (Liao et al. 2019)

MoS,/ZnO Xe lamp (400W) 0.01579 0.5 32 180 (Chang et al. 2021)

MoS,/TiO, Asahi spectra (Xe-lamp) (400 0.4162 0.5 50.0 12 (Sabarinathan et al. 2017)
W)

ZnS/MoS, Halogen lamp (500 W) 0.003.61 0.17 10.0 6h (Soltani et al. 2012)

ZnO/AC-fiber UV lamp (6W) 0.042-0.017 1.0 50 120 (Albiss et al. 2021)

MS Tungsten halogen lamp (50W) 0.0242 0.5 13.2 45 Here

ZMS 0.0497 0.5 10.0
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Fig.7 the proposed mechanism
for thephoto-degradation pro-
cess over ZMS catalyst

Visible Light

h* h*h*

in charge for the degradation process, while the h* and e’
are only partially involved in the photocatalytic process.
The radicals (*OH) and (*O, ") react with MB molecules to
convert them to harmless forms or fully breakdown them
into CO, and H,O (Albiss and Abu-Dalo 2021). Obviously,
e cp reduces silver ion to metallic Ag (Ag* + e’ —
Ag(s)),as an effective electron scavenger (El-Morsi et al.
2000), that can act to help in the catalytic degradation.
All in all, the degradation mechanisms include all these
reactive species (h*yg, € g, "0, and *OH), but mostlyit
depends on the *O,” and *OH species, and has the
following sequence: (IPA (for *OH) > BQ (for *O,") >
AO (for h™) > AgNO; (for e”p)).

Photocatalytic degradation mechanism (Oxidation
Reaction)

To study the photocatalytic mechanism of ZMS nanocom-
posite, it is necessary to study the electron scavengers’effect.
Electron scavengers proved that photocatalytic MB degrada-
tion was an oxidative reaction. If the substrate's rate of deg-
radation was being reduced by a reaction with conduction
band electrons, e-CB scavengers would inhibit it down. If
the MB substrate was being oxidized, electron scavengers
might speed up photocatalytic degradation by reducing the
rate of e"CB and h*VB (El-Morsi et al. 2000; Mohibbul
etal. 2012).

Photoexcitation of semiconductors can result in the for-
mation of electron-donor (reducing) and electron-acceptor
(oxidizing) sites, providing great scope for redox reac-
tions. When the semiconductor is irradiated with light (hv)
of greater energy than that of the band gap, an electron is
transferred from the valance band (VB) to the conduction
band (CB) resulting in a positive hole in the valence band
and an electron in the conduction band illustrated in Fig. 7.
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The electrons in MS and ZS's valence band (VB) are
photoexcited to the conducting band (CB) as free elec-
trons when they are exposed to light, leaving holes in the
valence band. Photoinduced electrons (e™) travel from
MS's CB to ZnS's CB, while holes migrate from ZnS's
VB to MS's VB. At the same time, the photogenerated
holes and electrons migrate to the surface of thecatalyst
and react with either water (H,O) or hydroxyl ions (OH")
adsorbed on thesurface of thecatalyst to produce hydroxyl
*OH and superoxide anion (°*O,-) radicals to degrade the
organic pollutants (Hu et al. 2011).

Equations 9-11 can be used to represent the proposed
mechanism;

- ZS absorbs photons with high efficiency (hv > Egap):

ZMS +ho - e g +h™ )

Molecular oxygen is a well-known e—CB scavenger,
and it is transformed to the superoxide anion (e02-),
which regenerates adsorbed oxygen, O, ads.

0, +ecp = ("0,7) (10)
Neutralization of OH™ group into OH by the hole
(H,0 - H* +OH")_, +h*yy — "OH +H* an

The hydroxyl radical (*OH) and superoxide radical
anions (*0,") have been proposed as the principal oxidiz-
ing species in photocatalytic oxidation processes based
on the scavenger effect results. Organic pollutants will be
degraded as a result of these oxidative reactions. The total
mineralization of methylene blue (C,;H,sCIN;S) may be
represented by the following equation (Hu et al. 2011).

"OH, "0, + C,(H4CIN,;S — CO, + H,0 + SO,>” + NH,*
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Conclusion

A simple solvothermalmethodhad been used to prepare pristine
MS and ZMSnanocomposite, suitably to be used as photocata-
lysts for photodegradation of MB. Moreover, the prepared MS
and ZMS could be regarded as potential adsorbents to removal
of MB from aqueous solutions efficiently. The sorption char-
acteristics for MB sorption were thoroughly examined and
compared. The uptake kinetics (equilibrium reached ~ 25/30
min) is almost equally fitted by the pseudo-second-order rate
equation. The Langmuir model suits the sorption process well
with maximum sorption capacities for ZMS (219.3 mg MB
gy > MS (185.5 mg MB g''): enables single-layer chemical
reactions. Thermodynamic parameters (AG°, AH® and AS°)
indicate the spontaneous, endothermic nature and randomness
increases during the sorption process. Here, the introduction of
ZS to MS increased the photocatalytic activity when exposed
to visible light. ZMShas superior photocatalytic activity to MS.
XRD, HRTEM, XPS, Raman, N, adsorption-desorption, EDX,
UV-Vis., PL, and zeta potential were all used to investigate the
properties of MSand ZMS. Under ideal catalyst dose of 0.5 g/LL
and neutral pH, the ZMS catalyst displayed the best photodeg-
radation for MB, with an elimination efficiency of about 100%
within 45 minutes, compared to 72.4% for MS during the same
period light illumination with TOC removal of 98.6 and 70.2%,
respectively. Under optimal conditions, TOC analysis was used
to determine the mineralization of the model pollutant. The
scavenging activity of free radicals revealed the mechanism of
the photocatalytic process. We conclude that the ZMS nano-
composite can be utilized as a suitable bifunctional material
for future photocatalytic degradation applications based on our
thorough investigation of our results.
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