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a b s t r a c t

The synthesis of distinct nanocrystalline TiO2 capped ZnS samples was carried out using a chemical depo-
sition method. The materials characterization showed that the presence of ZnS onto TiO2 surface results
in a red shift of the material band edge when compared with the initial semiconductor. The photocatalytic
activity of the prepared nanocomposites was tested on the decolorization of methylene blue (MB) aque-
vailable online 6 April 2008

eywords:
iO2

ethylene blue
ecolorization

ous solutions. The dye photodecolorization process was studied considering the influence of experimental
parameters such as catalyst concentration, TiO2/ZnS ratio, pH and methylene blue adsorption rate. The
material with the best catalytic activity towards the methylene blue photodecolorization was the TiO2

doped with 0.2% of ZnS. The complete photodecolorization of a 20 ppm methylene blue solution, at natural
pH was achieved in less than 20 min, nearly 70 min faster than the TiO2 photoassisted process.
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. Introduction

Nowadays, heterogeneous photocatalysis processes are one
f the most efficient methods for destroying organic pollutants
n aqueous media [1–3]. Over the past decades, many studies
ave revealed that nanosized TiO2 particles can photocatalyti-
ally oxidize many organic wastes into inorganic substances [1,4,5].
owever the TiO2 photoefficiency, activity and photo response
akes it unsuitable for direct application in environmental pro-

esses due to the band gap energy of about 3.2 eV (the light
bsorption of TiO2, takes place in only approximately 3% of the
isible spectrum), and the high recombination rate of the photo-
enerated electron/hole pairs.

An important advance in this field is the development of visible
ight responsive TiO2 photocatalyst by doping it with metals [6,7],
r non-metallic elements like C, N, S, F and B [1,8,9]. Unfortunately,
hose metal/non-metal-doped TiO2 materials are generally difficult

o prepare with needs of lattice exchange at high temperature and

ulti-step experimental process.
It is also expected that the photocatalytic activity of the soli-

ary TiO2 will be greatly improved, by the enhancement of charge

∗ Corresponding author. Tel.: +351 217500000; fax: +351 217500088.
E-mail address: ocmonteiro@fc.ul.pt (O.C. Monteiro).
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eparation and minimization or inhibition of charge-carrier recom-
ination, via preparation of nanoscale coupled semiconductors:
hen both semiconductors are illuminated, electrons accumulate

t the low-lying conduction band of one semiconductor while holes
ccumulate at the valence band of the other compound. These
rocesses of charge separation are very fast and the efficiency
f reduction or oxidation of the adsorbed organics remarkably
ncreases.

Several methods have been published concerning the photo-
ensitization of TiO2 by MxSy nanoparticles for heterogeneous
hotocatalysis applications [10]. Photocatalytic active TiO2/ZnS
omposites were prepared by homogeneous hydrolysis of a mixture
f titanium oxo-sulphate and zinc sulphate in aqueous solutions
ith thioacetamide. These composites exhibit better UV charac-

eristic compared with the bulk TiO2 and ZnS [11]. Homogeneous
nS-coating onto TiO2 nanoparticles can also be prepared by a
imple one pot sonochemical method [12]. Photoactive ZnS/TiO2
anocomposites can be prepared via a microemulsion-mediated
olvothermal method. In this case factors including the interactions
etween the ZnS and TiO2 phases and a strong adsorption of the

ubstrate at the ZnS/TiO2 nanocomposites surface are responsible
or this enhanced photocatalytic activity [13].

On the basis of these considerations, in this work we report a
tudy concerning the effect of the ZnS doping level on the catalytic
roperties of TiO2 for the methylene blue (MB) photodecoloriza-

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:ocmonteiro@fc.ul.pt
dx.doi.org/10.1016/j.jhazmat.2008.03.133
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ion process, under UV–vis radiation. In order to deconvolute the
atalytic activity of the ZnS from TiO2, and considering that SiO2 is
photo-inert material, the preparation of SiO2/ZnS nanocompos-

tes was also performed. The synthesis of the nanocomposites was
chieved by a single-source deposition method [14]. This method
akes use of zinc dithiocarbamate, which acts as single-source,

or the ZnS growth on the TiO2 and SiO2 surface. MB was cho-
en as a pollutant in this study, due to its high importance as dye
n textile industries and in a variety of other applications [15]. It
an also have various harmful effects on human beings; on inhala-
ion it can give rise to difficult breathing, while injection through

outh produces burning sensation, nausea, vomiting, diarrhoea
nd gasestrics, painful micturation and methemoglabinemia like
yndromes [16].

. Experimental

All reagents were of analytical grade (Aldrich and Fluka) and
ere used as received. The solutions were prepared with Millipore
illi-Q ultra-pure water. TiO2 Degussa P-25 (ca. 80% anatase, 20%

utile: BET area ca. 50 m2 g−1) was used for the preparation of the
iO2 nanocomposite materials.

.1. Materials synthesis

.1.1. ZnS precursor
The precursor for ZnS, zinc diethyldithiocarbamate,

Zn[S2CN(C2H5)2]2}, was prepared as previously reported [17].
0 mmol of the ethylenediamine {C2H8N2} and 13.5 mmol of
S2 were added to a suspension containing 10 mmol of ZnCl2

n water (50 mL). The mixture was stirred over 2 h and a white
olid was obtained. The zinc complex was identified by using IR
pectroscopic technique.

.1.2. SiO2 microparticles
The SiO2 was prepared using the Stöber method reported in

he literature [18]: 0.73 g of tetraethoxysilane (TEOS) was added
o 5 mL of absolute ethanol containing 0.06 g of distilled water, and
he mixture was allowed to stand for 30 min. Subsequently, 2 mL of
H4OH solution (25%) was added, and the solution was left to stand

or more 30 min. The SiO2 colloid formed was filtered and washed
horoughly with water and ethanol. The SiO2 particles were used
fter a thermal treatment at 700 ◦C for 4 h. This thermal treatment
ncreased the degree of dehydroxylation of the silica surface.

.1.3. Nanocomposites
The XO2/ZnS (X = Ti, Si) nanocomposite particles have been pre-

ared by adding drop-wise ethylenediamine (2.5 mL) to an acetone
olution (47.5 mL) containing the metal dithiocarbamate complex
nd 0.125 g of TiO2 or 0.250 g of SiO2 particles. The suspension
ormed was then refluxed with stirring. The white solids obtained,
fter 4 h, were collected by centrifugation, washed with acetone
nd dried at room temperature in a desiccator over silica gel
17]. TiO2/ZnS nanocomposites with different TiO2/ZnS ratio were
btained by varying the {C2H8N2}:{Zn[S2CN(C2H5)2]2}proportion.
he solids prepared were approximately 10, 0.5 and 0.2% of ZnS on
iO2.

.2. Studies in the absence of light
Before the photocatalytic experiments, studies have been car-
ied out, using 25 mL of a 20 ppm MB aqueous solution with 50 mg
f the nanocomposite, under stirring for 1 h in dark conditions.
he sampling has been performed periodically, and after centrifu-

s
(
s
a
y

Fig. 1. Photochemical experimental setup.

ation, the MB concentration was estimated by measuring their
bsorbance at 665 nm.

.3. Photodecolorization experiments

The photodecolorization experiments have been conducted
sing an Ace Glass photoreactor cooled by water circulation (Fig. 1).
he reaction vessel (250 mL) was made of borosilicate glass and
uitable to accommodate an immersion well. The quartz immersion
ell, was a double-walled, with inlet and outlet tubes for cooling.

he inlet tube extends down the annular space and ensures the
pward flow of coolant from the bottom of the well upward to the
utlet. The reactor had one angled joint for the sparger tube, one
ertical joint for the condenser and one Ace-Thread side arm for the
hermometer. The reactor bottom is flat to allow the use of a mag-
etic stirrer. The radiation source was a 450-W medium-pressure
ercury-vapour lamp (from Hanovia). Of the total radiated energy,

pproximately 40–48% is in the ultraviolet portion of the spec-
rum and 40–43% in the visible (see supplementary material for
he lamp spectral energy distribution). The radiated watt density
as 0.37 W/cm2.

Suspensions have been prepared by adding 50 mg of the
anocomposite powder into a 100 mL of 20 ppm MB aqueous solu-
ion, at natural pH. Prior to irradiation, the suspensions were stirred
n dark conditions for 15 min. During irradiation, the suspensions

ere sampled at regular intervals and centrifuged. The concen-
rations of the MB solutions were calculated by measuring their
bsorbance at the maximum absorption peak of the MB (665 nm).

.4. Characterization

X-ray powder diffraction was performed using a Philips X-ray
iffractometer (PW 1730) with automatic data acquisition (APD
hilips v3.6B) using Cu K� radiation (� = 0.15406 nm) and work-
ng at 30 kV/40 mA. The diffraction patterns were collected in the
ange 2� = 20–60◦ with a 0.01◦ step size and an acquisition time
f 2.5 s/step. The UV–vis spectrophotometer (Jasco V560) was used
or monitoring the absorption of the MB solutions and the diffuse-
eflectance spectra of the powders, in the range 200–900 nm at a

canning speed of 400 nm/min. The scanning electron microscopy
SEM) images and energy dispersive X-ray spectroscopy (EDS) mea-
urements were carried out on a JEOL (JSM-35C) system operating
t 15 keV. The specific surface areas were obtained from the anal-
sis of the adsorption isotherms by the Brunauer–Emmett–Teller
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BET) method [19]. The nitrogen adsorption–desorption isotherms
t 77 K were determined on a CE Instruments Sorptomatic 1990,
fter outgassing the samples at 453 K for 8 h. The X-ray photoelec-
ron spectroscopy (XPS) spectra were taken in CAE mode (30 eV),
sing an Al (non-monochromate) anode. The accelerating volt-
ge was 15 kV. The quantitative XPS analysis was performed using
he Avantage software. The chemical oxygen demand (COD) of
he samples was determined by commercially available test tubes
Macherey & Nagel, Germany). After digestion at 421 K for 2 h of
he tubes containing the sample, sulfuric acid, mercuric sulfate and
hromic acid, the COD concentration was obtained by photometric
etermination, using a MN Nanocolor 500 D photometer.

. Results and discussion

.1. Material characterization

The MO /ZnS (M = Ti, Si) nanocomposites were prepared by
2
he reaction of the zinc dithiocarbamate complex with ethylene-
iamine in the presence of SiO2 or TiO2 particles [17]. The
haracterization by electronic microscopy did not demonstrate rel-
vant changes of the TiO2 morphology after ZnS deposition (Fig. 2a).

ig. 2. TEM image for the TiO2/ZnS (a) and SEM image for the SiO2/ZnS (b) nanocom-
osite particles.
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ig. 3. EDS spectra of TiO2/ZnS (10%) and SiO2/ZnS (10%) powder samples. Some
eaks identification was removed for convenience.

n the other hand the SEM images of SiO2/ZnS (10%) particles show
he presence of a deposited phase on the SiO2 surface (Fig. 2b). This
ifference is probably due to the more defined morphology and

arger size of SiO2 comparatively to the TiO2 particles. By EDS the
xistence of Zn and S were detected in both samples (Fig. 3). The
oor crystallinity and small amount of the ZnS present, in addition
o the high crystallinity and small size of the TiO2 or the amorphous
ature of the SiO2 were factors that contribute to the difficulty of
he ZnS identification by XRD. However the presence of ZnS, over
he substrates, was recognized by XPS.

The band gap energy of the TiO2/ZnS (0.2%) sample was cal-
ulated from the Kubelka–Munk (KM) spectrum (after conversion
f diffuse-reflectance to KM) show in Fig. 4, by plotting the func-
ion fKM = (FKM h�)2 versus h� [20]. The estimated Eg value was
.21 eV for the TiO2/ZnS (0.2%) sample. This value is red shifted from
he typical Eg of the TiO2 used (3.28 eV). This result suggests the
ossibility of using this material as photocatalyst on degradation
rocesses with lower energetic requirements than TiO2.

As the surface area is a very important parameter for the effi-
iency of the photocatalysts, this was also evaluated for TiO2 and
iO2/ZnS (0.2%). The BET specific total surface areas were found
o be 47 and 43 m2 g−1, respectively, thereby indicating that some

eduction occurred. However, it can be considered that the prepa-
ation method for obtaining the composite did not cause important
lterations in the specific surface area.

Fig. 4. KM vs. wavelength for the TiO2 and TiO2/ZnS (0.2%) samples.
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.2. Adsorption process

Since the photo-oxidation reaction usually takes place at the
atalyst surface, the adsorption characteristics of the system are
xpected to be quite important on the photocatalytic process. The
bility of the MB to be adsorbed on the nanocomposite surface
as tested using suspensions of MB and TiO2/ZnS in dark con-
itions. The dye adsorbs onto the TiO2/ZnS particles and after
he first 15 min a clear decrease on the MB solution concentra-
ion can be visualized (Fig. 5 for time zero). After this period
he adsorption–desorption equilibrium is achieved and no more
ecrease on the MB concentration occurs.

The ability of the semiconductor phases (TiO2 and ZnS) to adsorb
B was also tested using TiO2, SiO2/ZnS (10%) and SiO2 particles.

he experiments were not conclusive, as the MB adsorption takes
lace on all the materials. However, the MB adsorbed percent-
ge is higher for the materials containing ZnS. These results are in
greement with other authors, and suggest that the MB photode-
omposition may occur with the dye adsorbed onto the catalyst
urface [21].

.3. Photodecolorization process

.3.1. Influence of catalyst composition
The photocatalytic efficiency of 50 mg of TiO2/ZnS materials

n the decolorization of a 20 ppm MB solution was tested during
20 min (Fig. 5). The MB decolorization in the absence of catalyst
photolysis) was also evaluated. After 120 min of photolysis, less
han 20% of the MB, in solution, disappeared. On the other hand, in
he presence of the TiO2, only 90 min were needed for the complete

B decolorization. A similar result was obtained using TiO2/ZnS
10%). For TiO2/ZnS (0.5%) the decolorization time was reduced to
0 min, and the minimum time (20 min) needed to the complete MB
ecolorization was achieved using the TiO2/ZnS (0.2%). Analysing
hese results it is possible to say that using 0.05% (w/v) (50 mg
anocomposite/100 mL 20 ppm MB solution) of this photocatalyst,
iO2/ZnS (0.2%), corresponding to a 0.04 g dye/g catalyst, the com-
lete photodecolorization occurs in less than 20 min, nearly 70 min

aster than the TiO2 photoassisted process.
From these facts it can be concluded that the introduction

f very small amounts of ZnS into the TiO2 surface results in
anocomposite materials with improved performance for the MB
hotodecolorization.
These results are based on the spectrophotometrical analysis of
he dye solutions. In order to verify whether the dye decoloriza-
ion is accomplish with its degradation, chemical oxygen demand
COD) measurements of the dye solutions, before and at the end of
he assays, have been performed. The initial (before adsorption) and

ig. 5. Photocatalytic decolorization of a 20 ppm MB aqueous solution (100 mL)
sing 50 mg of catalyst.
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ig. 6. Effect of photocatalyst amount on the MB decolorization process (TiO2/ZnS
0.2%), 100 mL of MB aqueous solution).

nal (after photo-irradiation) COD values of the aqueous dye solu-
ions indicate a COD removal of 33% during the photo-irradiation
rocess. The results show that using TiO2/ZnS (0.2%) as photocata-

yst the color is removed faster than COD.
Considering that SiO2 is a photocatalytic inert material, the abil-

ty of the ZnS to photocatalyse the MB decolorization, was tested
sing the SiO2/ZnS (10%) nanocomposite (in these conditions a
omplete coverage of the SiO2 surface with ZnS was obtained).
s Fig. 5 shows the pathway of the MB photodecolorization, in

he presence of SiO2/ZnS (10%), it is approximately parallel to the
athway of the photolysis process. It must be noted that after
eing submitted to the photo-radiation the solid remained blue.
hese two facts suggest that only photolysis has taken place and
he complete desorption of the dye, and/or its blue degradation
roducts, does not occur during irradiation. These results suggest
hat ZnS, when covering the SiO2 surface and under the experi-

ental conditions tested, do not show significant photocatalytic
ctivity.

.3.2. Influence of the catalyst amount
The effect of the catalyst concentration on the MB photodecol-

rization (Fig. 6) was investigated for the nanocomposite TiO2/ZnS
0.2%), since it was the material with the best photoactivity, con-
erning the MB decolorization. Fig. 6 shows that during light-off
first 15 min needed to reach the adsorption–desorption equilib-
ium), an increase of the percentage of the MB adsorbed was
bserved with the increase on the amount of the nanocomposite,
s expected.

After light-on the rate of MB decolorization is dependent on
he TiO2/ZnS (0.2%) concentration. The complete MB photodecol-
rization was achieved within 20 min using 50 mg of TiO2/ZnS
0.2%). Longer times were required when 25 mg and 100 mg were
sed, 30 and 60 min, respectively. These results can be explained
y two main reasons: first, and taking into account the 25 and
0 mg experiments, it must be considered that increasing the
atalyst concentration the number of dye molecules adsorbed
ill increase and the number of photons absorbed will increase

oo. As a result of the high density of molecules in the area of
llumination, the decolorization rate will be increased. However
or a very high particles concentration (in this case 100 mg) the

uspensions turbidity increases. In this situation the light penetra-
ion decreases, as a result of an enhanced light scattering effect,
nd consequently the photodecolorization will be less effective
22,23].
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ig. 7. Photocatalytic decolorization of a 20 ppm MB solution using different initial
H values (50 mg TiO2/ZnS (0.2%), 100 mL of MB aqueous solution).

.3.3. Influence of the pH
Usually pH plays an important role in the industrial wastewaters

haracteristics and could be considered as one of the most impor-
ant parameters that influence the photo-oxidation processes. The
ffect of the pH, on the decolorization rate, can be explained mainly
y the modification of the electrical double layer of the solid-
lectrolyte interface, which affects the adsorption–desorption
rocesses and the separation of the photogenerated electron–hole
airs in the surface of the catalyst particles [21].

Normally, in aqueous solution, the P-25 TiO2 surface is positively
harged in acidic media and negatively in alkaline media, with a
ZC of about pH 6–7 [24]. Thus, adsorbates would prefer to adsorb
n the TiO2 surface by a negatively charged or electron-abundant
roup in acidic solutions and by a positively charged group in alka-
ine solutions due to the electrostatic interaction. According to this,
he efficiency of the MB photodecolorization, in the presence of
iO2, is expected to increases with pH owing to the electrostatic
nteractions between the negative TiO2 surface and the MB cations.

Taking into account these facts the study of the pH influence
n the MB decolorization process was performed. For pH 3 a slight
dsorption onto the TiO2/ZnS surface was visualized. This result can
e correlated with the cationic behaviour of both, TiO2/ZnS (0.2%)
nd MB, for this pH. Conversely, for pH 10 a very high amount of
he dye was adsorbed. However in this experiment, a violet solid
oloration was observed, probably correlated with the dye proto-
ation/deprotonation process [25]. For neutral pH an intermediate
dsorption situation was observed.

Concerning the adsorption results, the photodecolorization was
erformed at pH 3, 7 and 10, during 90 min (Fig. 7) in the presence
f TiO2/ZnS (0.2%). At pH 3 the time requested for the complete
ecolorization process was less than 75 min. This value is higher if
ompared with the 20 min needed at pH 7 and lower if compared
ith the 10 min necessary for pH 10. However at pH 10 it must be

emembered that at the starting irradiation time the percentage of
he MB adsorbed was still very high, close to 83%. After 10 min of
rradiation the solution was completely decolorized but the catalyst
emained violet. Increasing the irradiation time the color of the
atalyst did not change anymore. This fact can be associated with a
trong adsorption/interaction between the violet dye form and the
iO2/ZnS (0.2 %) surface, at pH 10 [26].

The strong adsorption leads to a major decrease of the active

entres and consequently a decrease of the absorbed light on the
atalyst’s surface. This could be the reason why the initial rate of
ecolorization is lower in alkaline solutions than in neutral pH
Fig. 7). In acid solutions an identical decrease of the initial decol-

[

[
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rization rate was observed (Fig. 7) reflecting the difficulty of the
ye molecules to approach the catalyst surface due to electrostatic

nteraction. As a result the optimum pH, among those studied and
nder the experimental conditions tested, appears to be the neu-
ral one. Similar observations have been made by other researchers
or dyes and other types of pollutants photodegradations studies
21,23].

Considering the good results obtained for the use of TiO2/ZnS
n the MB photodecolorization process, under UV–vis radiation,
t is possible to propose these materials as potential photocata-
ysts under solar light irradiation. The photodecolorization of MB
nd others pollutants, such as phenol and Orange II, using these
aterials, under visible light irradiation, are now in progress in our

ab.

. Conclusions

Nanocomposites TiO2/ZnS with different ZnS:TiO2 ratios have
een prepared using a chemical deposition method. The obtained
aterials were tested as photocatalysts on the MB decolorization

rocess. The presence of small ZnS percentages on the nanocom-
osite surface (0.5% and 0.2%) promotes an increase on the catalyst
hotoactivity, when compared with the original TiO2. The material
ith the best catalytic performance on the MB photodecolorization
as the TiO2/ZnS (0.2%) using 0.05% (w/w) of this photocatalyst

he complete decolorization of a 20 ppm MB solution, at natural pH
as achieved in less than 20 min, nearly 70 min faster than the TiO2
hotoassisted process.
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