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In this article, we have reported self-assembled synthesis of pore tunable, mesoporous ZnS microsphere
and its photocatalytic activity. The photocatalytic activity was evaluated using Methyl Orange (MO)
as model pollutant under UV light irradiation. The mesoporous photocatalysts was synthesized using
hydrothermal method without using any templates or catalysts in large scale. The products were charac-
hotocatalysts
esoporous
egradation
ethyl Orange

terized by field emission scanning electron microscopy (FE-SEM), high resolution transmission electron
microscopy (HR-TEM), X-ray diffraction (XRD) and energy-dispersive X-ray spectrometry (EDX). The
nitrogen adsorption analysis confirmed the presence of mesoporous structure. The pore size of the pho-
tocatalysts could be enlarged from 2.6 to 7.2 nm by changing the concentration of the zinc precursor. The
microsphere formation has been facilitated by self-assembly followed by Ostwald ripening process. In

ynthe
conclusion, this simple s
in large scale.

. Introduction

Synthesis and understanding the growth of nano/micro struc-
ured photocatalysts and study their applications are at the leading
dge of today’s research. Design and synthesis of well defined
orphology and surface properties-controlled colloidal nanocrys-

als have been intensively studied in the past decade for their
ize and shape-dependent properties [1,2]. A simple, template
ree self-assemble process may provide an opportunity to tailor
he functional materials which are attracted a great attention on
heir wide range of applications [3–5]. Interestingly, mesoporous

aterials exhibit wide potential applications in catalysis, sorption,
eparations, sensing, optics, drug delivery and industrial catalytic
eactions, because of their large and uniform pore size with high
urface area, multidimensional framework and easy recyclability

6–9]. Moreover, due to high photocatalytic activity, mesoporous

aterials have successfully been used as photocatalyst for the
batement of pollutants [10–13]. Nevertheless, the use of tem-
lates and its high fabrication cost may limit the applications of
esoporous catalysts and may be overcome by developing a sim-
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tic methodology open new vistas to prepare mesoporous photocatalysts

© 2010 Elsevier B.V. All rights reserved.

ple methodology. However, templates removal needs additional
energy and may inhibit the porous structures.

ZnS is one of the important II–VI semiconductor materials with
wide band gap energy of 3.5–3.7 eV for cubic zinc blend struc-
ture and 3.7–3.8 eV for hexagonal wurtzite structure [14]. In recent
years, attention has been focused on heterogeneous photocataly-
sis for the treatment of recalcitrant and toxic pollutants present in
the wastewater [15,16]. Because of its high efficiency, commercial
availability and high chemical stability, the photocatalysis is con-
sidered one of the most promising remediation processes. Thus,
mesoporous photocatalysts offer uniform and adjustable environ-
ment for encapsulating the target pollutants on the internal surface
of the pores which may increase the degradation rate substan-
tially. Moreover, ZnS was successfully used as a photocatalyst for
the degradation of various pollutants under UV light irradiation
[17–20]. The modified ZnS was also used as a visible light responsive
photocatalyst [4,21,22]. Hu et al. [23], reported a low-cost self-
assembly route for the fabrication of nanoporous ZnS and found
that the synthesized photocatalysts exhibit superior photocatalytic
activity. Therefore, the development of cost-effective, simple and
template free, mesoporous photocatalysts with high photocatalytic

activity is highly challenge job for scientist.

The fabrication of ZnS microsphere has been reported with and
without using templates in various synthetic procedures; however,
the synthesis of mesoporous microsphere is limited [24–40]. Thus,
in this article, we have reported simple, template free and large
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http://www.sciencedirect.com/science/journal/10106030
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major objective of this research was to prepare mesoporous pho-
tocatalysts in large scale and therefore we used higher initial
concentration for the synthesis. Initially, we have used 6 g of Zn2+

concentration for the synthesis which yields around 10 g of pho-
tocatalysts. The formation of zinc sulfide has been confirmed by
34 M. Muruganandham et al. / Journal of Photochemi

cale fabrication of mesoporous ZnS with tunable pore size and
urface area. The photocatalytic activity of the synthesized pho-
ocatalysts was investigated using Methyl Orange dye as a model
ollutant. The influence of various experimental parameters on the
urface properties and its photocatalytic activity is also reported.

. Experiments

.1. Chemicals

Zinc nitrate hexahydrate, zinc acetate dihydrate, zinc sulfate
epta hydrate, potassium thiocyanate, 2-propanol were obtained

rom Aldrich chemicals Ltd. (Helsinki, Finland). Methyl Orange
MO) dye was received from Fluka Chemicals Ltd. All these chem-
cals were used without further purification. For all experimental

ork Milli Q-Plus water (resistance = 18.2 M �) was used.

.2. Synthesis of mesoporous ZnS

In a typical experiment, required amount of ZnSO4·7H2O is
issolved in 75 mL of water and required amount of potassium
hiocyanate is separately dissolved in another 25 mL of water. The

olar ratio of Zn2+:SCN− was maintained at 1:2 in all experiments.
nder magnetic stirring, potassium thiocyanate was added drop
y drop into zinc sulfate solution. The clear solution was stirred
or another 30 min and then transferred into a Teflon cup (200 ml)
hich was covered by a stainless steel cover and the autoclave was

ept at 195 ◦C at desired time in the oven. All other hydrother-
al experiments were also performed using the same procedure.
fter the reaction, the samples were harvested and washed with
lenty of water and methanol and finally dried in an oven at 120 ◦C
or few hours. The synthesized catalyst was characterized using
ppropriate analytical techniques.

.3. Photocatalytic degradation experiment

A 100-mL semibatch reactor, which was made of glass with the
imensions of 6 cm diameter and 10 cm tall, was used to facilitate
he operation of all photocatalytic process. The experiments have
een performed at room temperature by purging air. In all cases
5 mL of 10 mg/L of Methyl Orange dye solution (natural pH is 5.7)
ontaining 1 g/L mg of the photocatalyst were used. The resulting
olution was then stirred continuously in the dark for 30 min to
chieve adsorption equilibrium of MO on the photocatalysts. Then,
he photocatalytic run was started under UV light (� = 254 nm)
llumination. A low-pressure mercury lamp (Pen-Ray, UVP Inc.)

as used for irradiation purpose, which predominantly emits sole
avelength at 254 nm and has an intensity of 5.5 mW/cm2. Sam-
les were withdrawn from the reactor at desired time intervals in
he course of the experiments. The solution was filtrated through

embrane filter (0.45 �m, polypropylene) in order to remove the
atalyst. The absorbance of MO at 463 nm was measured. The
bsorbance at 463 nm is due to the color of the dye solution and
t is used to monitor the decolorization.

.4. Characterization

The X-ray diffraction (XRD) patterns were recorded using a X’
ert PRO PAN analytical diffractometer, scanned angle from 10◦

o 100◦. High resolution transmission electron microscope images

ere recorded using (FE-TEM, Philips CM-200 FEG - (S) TEM -

uper Twin). Samples for HR-TEM were prepared by ultrasonically
ispersing the catalyst into ethanol, then placing a drop of this
uspension onto a copper grid and then drying in air. The work-
ng voltage of TEM was 200 kV. The morphology of the catalyst
d Photobiology A: Chemistry 216 (2010) 133–141

was examined using a Hitachi S-4100 scanning electron micro-
scope. Prior to SEM measurements, the samples were mounted on
a carbon platform which was then coated by platinum using a mag-
netron sputter for 10 min. The plate containing the sample was then
placed in SEM for the analysis with desired magnifications. The sur-
face area, pore size, and pore volume of the catalysts were measured
by nitrogen adsorption method using an Autosorp-1 Quantachrome
instrument. Prior to analysis, 0.5 g of powder was degassed at120 ◦C
for 15 h. The X-ray photoelectron spectra were collected on an
ESCA-1000 X-ray photoelectron spectrometer (XPS), using Mg K�
X-ray as the excitation source. The UV–visible diffuse reflectance
spectra were recorded using a Shimadzu MPS-2000 spectropho-
tometer and barium sulfate as a standard. The absorbance of the dye
was measured using Perkin-Elmer-Lamda-45 spectrophotometer.
The percentage of decolourization of MO dye was calculated from
the following expressions.

Decolourization (%) = C(MO)0 − C(MO)t

C(MO)0
× 100

3. Results and discussion

The synthesis of zinc sulfide by hydrothermal method was
facilitated in aqueous solvent at 195 ◦C for desired time. One
Fig. 1. (A) EDX analysis of ZnS and (B) XRD pattern of ZnS.
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Fig. 2. The XPS analysis of ZnS (A) Zn 2p core levels, (B)
DX, XRD and XPS analysis. The EDX microanalysis demonstrates
hat the crystal consists of Zn and S elements and the quantitative
nalysis confirmed Zn: S ratio nearly equals statiometric ratio (1:1)
s shown in Fig. 1A. The XRD pattern in Fig. 1B revels that the syn-

Fig. 3. The FE-SEM pictures (A–C) and (D) elemental ma
ore levels, (C) N 1s core levels, and (D) XPS wide survey.
thesized ZnS can be indexed as cubic ZnS (JCPDS card no. 77-2100).
However, a peak at 27.3◦ appears which can be indexed as the (1 0 0)
reflection of hexagonal wurtzite phase. The percentage of hexago-
nal phase is less when compared to cubic phase. No other impurities

pping of zinc and sulfur atom of synthesized ZnS.
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ere, (B and C) lattice fringes and (D) SAED pattern.
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Fig. 4. The HR-TEM images ZnS (A) microsph

eaks were noted in XRD which imply the formation pure ZnS. In
rder to confirm the chemical purity of synthesized ZnS, the XPS
nalysis was studied and the results are presented in Fig. 2. The XPS
n 2p3/2 and Zn 2p1/2 peaks found at 1023 and 1046 eV indicated
hat zinc presented as zinc sulfide. Similarly, the S 2p peak found at
62.5 eV which implies that sulfur exists as sulfides. No additional
eaks were observed from 165 to 170 eV, which clearly demon-
trated the absence of an oxidized form of sulfur. The XPS spectra
lso confirm the absence of possible impurities like K, N and C which
ndicated the purity of the synthesized photocatalyst as confirmed
n Fig. 2C and D. However, a weak O1S XPS peak was noted and
ased on further analyses; we found that the O peak comes from
ir and such impurities peak were noted in other samples during
PS analysis.

The FE-SEM pictures showed in Fig. 3A and B confirms the
ormation of microsphere. It is quite interesting to note that the
ormed microspheres were aggregates free, well dispersed, and its
urface structures are uniform with size ranging from 1 to 5 �m.
he high magnification FE-SEM picture in Fig. 3C showed that the
icrosphere surface was assembled by small nanoparticles size

anging from 5 to 15 nm. The elemental mapping of both zinc
nd sulfur showed homogeneous distribution as shown in Fig. 3D.
ue to the large size of the microsphere (Fig. 4A), the HR-TEM
nalysis provided only limited information. We were not able to
nalyze the surface of the microspheres and therefore analysis was
one on the edge of the microspheres. Thus, close examination of
he microsphere reveals that the microspheres formed by small
anoparticles which were assembled by oriented attachment as
onfirmed by Fig. 4B. The nanoparticles lattice fringes in Fig. 4C
eveals a part of well crystallized and amorphous nature of the

atalysts. The SAED pattern implies polycrystalline nature of the
icrospheres (Fig. 4D).
Fig. 5 shows a typical N2 gas adsorption–desorption isotherm.

he isotherm displays the typical type IV curve, which is usually
ttributed to the predominance of mesopores. The high magnifica-

Fig. 5. The nitrogen adsorption analysis of ZnS prepared at 195 ◦C for 10 h (A). The
nitrogen adsorption–desorption analysis results (B) pore size distribution.
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ion FE-SEM picture (Fig. 3C) shows that the mesopores are formed
etween the particles on the microsphere surface. The average
ore size and pore volume was found to be 7.2 nm and 0.052 cc/g,
espectively. The BET surface area was found to be 40 m2/g. The
oted surface area is higher than the mesoporous ZnS nanospheres
eported in the literature [41]. The narrow pore size indicated uni-
orm pore size distribution on the microspheres surface. Therefore,
his synthetic methodology open a door to synthesis precisely con-
rolled, mesopore structured, uniform ZnS microsphere.

.1. Influence of experimental parameters on the morphology and
urface properties

Generally, various surface properties of the photocatalyst played
mportant role to control the efficiency of photocatalysts. Therefore,
n order to prepare highly active photocatalyst and to understand
he influence of various experimental parameters on the formation
f mesoporous ZnS microsphere, the synthesis has been studied
nder different experimental conditions. For examples, Yu et al.
41], synthesized solid microspheres using zinc salt and thiourea
ith 1.6 and 40 mmol in a hydrothermal process. However, Jay-

lakshmi and Mohan Rao [42], prepared zinc sulfide nanoparticles
sing 1:1 molar ratio of zinc salt with thiourea. The aforementioned
esults clearly explain the importance of experimental parameters
n the synthesized materials. Therefore, it is interesting to study
he influence of initial concentration of the precursors, various zinc
recursors, hydrothermal reaction time and temperature.

The formation of ZnS microsphere was investigated using zinc
ulfate, zinc nitrate and zinc acetate as zinc precursor while
eeping KSCN as thiocyanate source. The hydrothermal synthesis
as carried out using 4 g of Zn2+ initial concentration at 195 ◦C
or 10 h. The XRD results in Fig. 6 confirmed the formation of
ubic phase ZnS from all three zinc precursors. As discussed ear-
ier, the wurtzite phase peak coexists along with (1 1 1) peak
f the cubic phase and wurtzite phase is noted in all three
ynthesized samples. Fig. 7 shows the formation of two differ-

Fig. 7. The FE-SEM pictures of ZnS prepared at 195 ◦C fo
Fig. 6. The XRD pattern of ZnS prepared using (A) zinc sulfate, (B) zinc acetate, and
(C) zinc nitrate.

ent types of microspheres. Though, zinc sulfate and zinc nitrate
facilitates microsphere, zinc acetate yields flower like morphol-
ogy. Nevertheless, high magnification FE-SEM clearly shows that
both microspheres and microflowers surface were assembled by
nanoparticles. Thus, such self-assembly of nanoparticles may result
mesoporous surface structures in both morphology. The formation
of mesoporous structure from zinc sulfate at higher initial concen-
tration (6 g of Zn2+) was already presented in Fig. 5. Zinc sulfate
also facilitated mesoporous structure at low concentration (4 g of
Zn2+) and the results are presented in Fig. 10A. In order to con-
firm the formation of mesoporous structured ZnS from other zinc
precursors, the microspheres formed from zinc acetate was exam-
ined. The nitrogen adsorption experiments confirm the formation

of mesoporous ZnS with the average pore size of 3.7 nm. These
experimental results revels that the zinc precursor did not influence
the formation of mesoporous surface structure.

r 10 h using (A) zinc nitrate and (B) zinc acetate.
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Fig. 8. FE-SEM pictures of ZnS prepared using

The influence of initial concentration of the precursor was inves-
igated by changing the initial concentration of Zn2+ from 6 to 0.6 g
nd the results are shown in Fig. 8. The FE-SEM picture clearly
ndicated that low concentration of the precursor (0.6 g) results
owerlike morphology and are almost similar to one formed in zinc
cetate as precursor. However, further increase the concentration
esults quite similar morphology presented in Fig. 3B. Though, the
orphology is different, all ZnS posses quite similar surface struc-

ure i.e. self-assembled by nanoparticles. Interestingly, the noted
ore size of the microsphere is varying according to the concentra-
ion of the precursors. The average pore size of 2.6, 3.4 and 7.5 nm
nd 39, 64 and 40 m2/g, is noted when the initial concentration
f 0.6, 4 and 6 g of Zn2+, respectively. These results indicated that
y simply adjusting the precursor concentration we could control
he pore size. However, higher pore volume (0.74 cc/g) is noted
t higher initial concentration (6 g) when compared to other two
oncentrations which yield 0.52 cc/g. Moreover, such precisely con-
rolled, narrow pore size, pore tunable synthesis is the novelty of

his research and such self-assembly is not reported earlier. Sun et
l. [43], reported co-template approach for the pore size enlarge-
ent of mesoporous ZnS and such fabrication involves complicated

rocedures.

Fig. 9. The FE-SEM pictures of ZnS prepa
f Zn2+ initial concentration at 195 ◦C for 10 h.

One of the important experimental parameters that influenced
the formation of ZnS is hydrothermal temperature. Unlike, other
sulfur sources like thiourea and thioacetamide; thiocyanate com-
plex facilitates ZnS only at higher temperatures. As evident from
hydrothermal experiments, at low temperature (140 ◦C), the ZnS
is formed after 24 h and even after 48 h the yield of ZnS is very
low. Therefore, all hydrothermal reaction was studied at 195 ◦C.
The time dependent morphological evaluation and surface proper-
ties were investigated at 3, 6 and 10 h at 195 ◦C and the results are
presented in Fig. 9. The FE-SEM pictures confirmed the formation
of microsphere at all reaction time, however, a notable difference
observed in the microsphere size. After 3 and 6 h nanospheres with
size ranging from 400 nm to 1 �m were also noted with micro-
spheres and such nanospheres were not observed after 10 h. These
results confirm the involvement of Ostwald ripening process during
the microspheres formation. The surface properties of the micro-
sphere formed at different reaction times were studied. The BET
surface area and the average pore size of the microspheres were

found to be 74, 63, and 74 m2/g and 2.6, 3.2, and 3.4 nm after 3, 6
and 10 h, respectively. A representative nitrogen adsorption anal-
ysis result of ZnS prepared after 6 h is presented in Fig. 10B. The
higher surface area at early stages of the hydrothermal process is

red at 195 ◦C for (A) 3 h and (B) 6 h.
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ig. 10. The nitrogen adsorption analysis ZnS prepared using 4 g of Zn2+ initial
oncentration at 195 ◦C for (A) 10 h and (B) 6 h.

ainly due to the difference in the size of the microspheres at dif-
erent reaction times. However, there is no obvious change on the
urface properties of microspheres when the hydrothermal reac-
ion time increases from 6 to 10 h. Generally, the particles sizes
re also one of the influencing parameters for the surface area of
he mesoporous materials. Sun et al. [43], synthesized mesoporous
nS nanoparticles with the surface area of 354 m2 g−1 and similar
igh surface area is not observed in microsize ZnS reported in the

iteratures. In conclusion, the surface area of the synthesized ZnS
hotocatalysts is influenced by the size of the microspheres.

.2. Mechanism

The thiocyanate ion can bind to metal ions through either the
or N atom [44]. In principle, zinc (II) is a borderline element of
ard and soft acids. As the thiocyanate ion possesses two differ-
nt donor atoms of the softer S and the harder N, and the zinc (II)
on certainly is a hard acceptor and coordinates via N to form the
etrahedral coordination complex [45]. Thus, it is expected that the
inc ion coordinates with nitrogen, which results in a [Zn (NCS)2]
omplex in water. We have successfully synthesized N, C co-doped
ierarchical porous ZnS by thermal decomposition of zinc isoth-

ocyanate complex in air [4]. The formation of microsphere is also
nvestigated using other sulfur sources such as thiourea and thioac-
tamide under similar experimental conditions. The results clearly
hows that thiourea and thiocyanate facilitates microsphere for-
ation, where as thioacetamide facilitates nanoplate like particles.

he hydrothermal process results in weakening of the coordina-
2+
ion of the Zn-NCS complex and Zn will be released gradually.

eanwhile, the C S and C N double bonds of thiocyanate will
e broken to release S2− anions. Then the active S2− reacts with
n2+ to generate the ZnS nuclei. The formation of microspheres
fter fast nucleation is mainly related to two primary mechanisms:
Scheme 1. The schematic formation of microspheres and microflowers.

random aggregation and Ostwald ripening. At this initial stage,
most of the primary spherical aggregates were inclined to cap-
ture the monomers in the solution to form larger ones due to
the high concentration of the monomer. Driven by the minimiza-
tion of interfacial energy, the initially formed nanocrystals would
act as primary building blocks to produce larger self-assembled
aggregates. Thus, such aggregation facilitated by oriented attach-
ment of nanoparticles as evident from HR-TEM image as shown in
Fig. 4B. Subsequently, due to the polydispersity of the nanopar-
ticles, Ostwald ripening occurred in small spherical aggregates
because the smaller particles have a higher surface energy and
are hence less stable than larger ones which tend to dissolve and
recrystallize on larger ones. This kind of attachment process is
thermodynamically favorable, since the surface energy is signifi-
cantly reduced due to the elimination of the interface [46]. These
loosely bound microspheres undergo restructuring or rearrang-
ing into a more compact/dense microsphere texture. The process
repeated continuously until the disappearance of all small parti-
cles and only the perfect microsphere structure was appeared as
shown in the time dependent FE-SEM pictures. The corresponding
SAED pattern depicts that the sphere is polycrystalline in nature
because the sphere is composed of numerous nanocrystals. Gen-
erally, additives are necessary for the oriented aggregation-based
self-assembly in solution system. As no additives were added in
our synthesis we believe that the Ostwald ripening is more suit-
able to explain the mechanism. In addition to the above discussed
mechanism, the flower shaped microparticles formed when we use
zinc acetate instead of zinc sulfate and this may be due to the by-
products formed in the hydrothermal process could influence the
crystal growth. However, we do not have enough evidence to sup-
port our speculation and further multifold analysis is necessary to
understand clearly and will be addressed in our future publication.
The schematic formation mechanism of microsphere is shown in
Scheme 1.

3.3. Photocatalytic evaluation of mesoporous ZnS

It is known that many properties of the photocatalysts such
as crystalline phase, size, morphology, specific surface area, and
defect, can affect its photocatalytic activity. Therefore, it is very
interesting to study the photocatalytic activity of mesoporous ZnS
prepared under different experimental conditions. The photocat-
alytic activity was evaluated using MO dye as a model pollutant
under UV light irradiation and the efficiency was compared with
commercially available ZnS. The UV–visible diffuse reflectance
spectra showed absorption wavelength in the UV region as shown
in Fig. 11. The DRS spectra of other samples also similar to one dis-

played in Fig. 11 and therefore synthesized conditions could not
affect the absorbance spectra of ZnS. The onset absorption wave-
length and corresponding band gap were found to be 390 and
3.17 eV, respectively. The controlled experiments showed that 1 g/L
of photocatalysts was found to be optimum for efficient degra-
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Fig. 11. DRS spectra of ZnS (A) synthesized ZnS and (B) commercial ZnS.

ation and therefore all experiments were performed using 1 g/L
t natural pH. Initially, the photocatalytic activity was studied
ith the photocatalyst prepared using various zinc precursors.

ig. 12A shows the photocatalytic decolourization results using
hree different photocatalysts prepared under similar experimental
onditions. About 77, 63.1 and 58% of decolurization is noted after

0 min of irradiation with the photocatalysts prepared using zinc
ulfate, zinc acetate and zinc nitrate, respectively. The degradation
fficiency of the mentioned photocatalysts is in good agreement
ith the surface properties of the photocatalysts. Despite, similar

ig. 12. Photocatalytic decolourization of MO dye in the presence of mesoporous
nS prepared using (A) various zinc precursors and (B) under different experimental
onditions. [Catalysts] = 1 g/L, [MO] = 10 mg/L, pH = 5.7, temperature = 25 ◦C.
d Photobiology A: Chemistry 216 (2010) 133–141

pore size and pore volume of these three photocatalysts, the sur-
face area of the photocatalysts prepared using zinc sulfate is higher
than other two catalyst which may result in higher photocatalytic
activity. In order to understand the influence of hydrothermal reac-
tion time on the photocatalytic activity, photocatalytic degradation
experiments were performed with photocatalysts prepared after
3 and 10 h. The surface area of the above mentioned mesoporous
photocatalysts are 74 and 64 m2/g. The decolourization results in
Fig. 12B confirm that the photocatalysts prepared at 10 h has higher
photocatalytic activity than prepared at 3 h. Despite low surface
area the photocatalysts prepared at 10 h, it showed better photo-
catalytic efficiency and this may be due to the difference in the
crystallization of the two photocatalysts. The XRD results of these
two samples showed that the photocatalysts prepared at 10 h is
well crystallized when compared to one prepared at 3 h. In order to
understand the influence of crystallization effect, additional exper-
iments were also performed. Thus, the photocatalytic activity of
commercially available cubic phase ZnS was investigated and the
photocatalysts is well crystallized (confirmed by XRD), low sur-
face area (16 m2/g). This photocatalyst is ideal candidate to confirm
the influence of crystallization effect on the photocatalytic activity
with synthesized mesoporous photocatalysts. The photocatalytic
decolourization experiments showed that the efficiency of com-
mercial catalysts is almost equals to the synthesized mesoporous
photocatalysts (10 h), despite low surface area of the photocata-
lysts and the results are presented in Fig. 12B. The high efficiency is
due to well crystalline nature of the commercial sample. In conclu-
sion, well crystallized and high surface photocatalyst yields high
photocatalytic activity.

To understand the active species involved in the photocat-
alytic process, the formation of hydroxyl radicals were confirmed
in the photocatalytic process. The •OH radical rate constant with
2-propanol is 3.1 × 109 L/(mol S) [47]. About 58 and 60% of degra-
dation was noted in the presence 100 and 250 �l of 2-propanol
whereas in the absence of 2-propanol 77% of decolourization were
noted. The decrease in degradation rate in the presence of 2-
propanol is due to hydroxyl scavenging effect which decrease the
availability of hydroxyl radical for dye degradation. These results
clearly confirm the generation of hydroxyl radical in the photocat-
alytic degradation process.

3.4. Catalytic reusability and recyclability

One of the main disadvantages of slurry type photocatalytic pro-
cess is separation of photocatalysts after its task in the treatment
process. Therefore, the photocatalyst is expected to be reclaimed
by a simple method. Since the catalytic stability and reusability are
important factors in catalyzed reactions, it is necessary to study the
stability of the used catalyst. If the stability is poor or deactivation
of the catalyst is severe, the catalyst will be useless in a practical
industrial application. It is known that sulfide photocatalysts such
as ZnS may undergo photocorrosive oxidation during the photocat-
alytic degradation process which results sulfate ions [48,49]. The
entire catalytic reusability test has been investigated under iden-
tical reaction conditions. To evaluate the catalytic reusability, we
have studied the photocatalytic activity in three consecutive cycles.
The results indicated (not presented in the figure) that the pho-
tocatalyst retains its photocatalytic activity in three cycles. These
results imply that the mesoporous ZnS photocatalysts can be used
for long term environmental remediation process.

The catalytic recyclability of the mesoporous microsphere has

been studied and compared with commercially available ZnS and
TiO2 photocatalysts. About 0.025 g of the microsphere catalysts was
suspended in 7 mL of water and ultrasonicated for 5 min, and the
separation was noted after 5 min, as shown in Fig. 13. Obviously,
synthesized microsphere (A) is quite easily separated in a short time
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imilar observation is also noted in other easily recyclable photo-
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. Conclusions

We have successfully synthesized mono dispersed, aggregates
ree, homogenous surface structured mesoporous ZnS microsphere
y self-assembled process without using template or catalysts in

arge scale. By simply adjusting the experimental parameters, we
ould tune the pore size, pore volume and surface area of the pho-
ocatalysts. The XRD pattern reveals the formation of cubic phase
nS with small percentages of wurtzite phase. Despite, the dif-
erence in the morphology of the synthesized photocatalyst, the

icrospheres surface was assembled by nanoparticles by oriented
ttachment and mesopores are formed in between the nanoparti-
les. The photocatalytic degradation experiments showed that well
rystallized, high surface area photocatalyst yields higher photocat-
lytic activity. The hydroxyl radical is the main oxidizing species
n the photodegradation process. The photocatalytic reusability

as investigated up to three successive cycles and found that the
atalytic retains its activity even after three cycles. The catalytic
ecyclability experiments showed that mesoporous ZnS micro-
pheres are easily recyclable when compared to commercial ZnS
nd TiO2.
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