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ABSTRACT
Semiconductor nano structures namely titanium dioxide (TiO2), Zinc oxide (ZnO) and Zinc sulphide (ZnS) were
synthesized by a simple sol-gel procedure via ultrasonication. The structures and morphologies of the synthesized nano
crystallites are derived from characterization by X-ray diffraction, scanning electron microscopy and Fourier transform
infra-red spectral techniques. X-ray diffraction pattern revealed the presence of single crystalline TiO2 in anatase phase
and both ZnO and ZnS in wurtzite phase. Scanning electron micrographs revealed the spherical nature in all the three
semiconductors. The photo catalytic activity of these semiconductors was studied using Crystal violet dye as a mode of
organic pollutant. Experimental results showed that these semiconductor nano materials have excellent photo catalytic
activity for the degradation of the dye. The effects of various parameters, such as illumination time, the amount of the
photo catalyst, initial concentration and initial pH values were investigated to find desired conditions. The results
indicate that the maximum degradation (more than 90%) of the dye occurred with ZnO photo catalyst at basic pH.
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INTRODUCTION
Advances in the synthesis and characterization of nanometer sized materials indicates more exciting

opportunities  are lying ahead if the structure can be scaled down to nanometer levels.1 Semiconductor nano
materials have various properties that differ from these of their corresponding bulk counter parts partly due to
their 3D confinement of electrons and holes in a small volume. The surface of the nanoparticle is more
important than the bulk, with regard to its properties, due to their large surface volume ratios. Surface atoms
are bound by weaker forces because of their missing neighbours, which lead to high surface reactivity. These
nanoparticle surfaces act as a platform on which adsorption, desorption, chemical reactions occur2.
Semiconductor nano materials preparation has been a task of considerable interest3-6. Semiconductor nano
materials namely  titanium dioxide  (TiO2), Zinc oxide (ZnO) and Zinc sulphide (ZnS) etc. can be synthesized
by various physical and chemical routes. Titanium dioxide was prepared by various methods which includes
soft chemistry route 7, sol-gel 8, metal organic precursor method9. ZnO an active semiconductor material was
synthesized by high temperature physical evaporation10, the micro emulsion hydrothermal process 11 etc.
Similarly ZnS preparation was also explored by various research groups which include molecular beam
epitaxy method and sol-gel method 12, Chemical vapour deposition 13 In the present study a simple sol-gel
process coupled with ultrasonication was made of to prepare the three semiconductor nanostructures.( TiO2,
ZnO, ZnS).Many  semiconductors materials has been tested for their photo catalytic activity ,but it is
generally accepted that TiO2 is the most reliable material, due to its low cost, high reactivity and stability
under irradiation. Among the employed photo catalysts SiO2,, semiconductors such as TiO2, ZnO, WO3, CdS
and NiO are very common14. However widespread usage of TiO2 is uneconomical for large scale water
treatment, hence efforts have been made to find suitable alternatives to TiO2. Attempts were made by various
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research groups to study the photo catalytic activity of various semiconductors such as SnO2, ZrO2, CdS and
ZnO 15-19. . ZnO was found to be more efficient catalyst than TiO2 in the photo degradation of reactive blue
19(RB-19) using TiO2 and ZnO 18. The degradation of an azo dye Acid Red 14 by Daneshwar et al 20

suggested a similar mechanism for ZnO as TiO2 and stated that zinc oxide would be a suitable alternative to
TiO2.

Zinc oxide is suitable for use as UV screening agent in a diverse range of applications which includes
sunscreens. In such applications ZnO is superior to TiO2 due to its broader absorption of UV light (ZnO
absorbs both UV A and UV B region where as TiO2 absorbs in the UV A region) 21. Also transition metal
sulphides in particular ZnS, CdS have been intensively studied, because of their unique photo catalytic
properties compared to that of TiO2

22, 23. An important application of ZnS as photo catalysts in environmental
protection is through the removal of organic pollutants and toxic water pollutants. In non-metalized ZnS photo
catalysis was observed to be an irreversible two-electron transfer photo reduction of organic substrates 24, 25.
However, the application of ZnS as photo catalyst are limited due to their high cost in large scale production,
tremendous difficulty in separation, recovery and recycling in industrial applications.

The objective of this work is to synthesize the nano semiconductors TiO2, ZnO and ZnS by a simple,
cost-effective sol-gel process coupled with ultrasonication. The structure and morphology of the as
synthesized semiconductors were identified using X-ray diffraction(XRD) and Scanning Electron
Micrographs (SEM), respectively. Further, utilization of their photocatalytic property for environmental
remediation purposes.This was done by investigating the efficiency of photodegradation of crystal violet dye
using  three different semiconductors .The effect of pH in both acidic and basic medium were also
investigated.

EXPERIMENTAL
CHEMICALS
Titanium (IV) tetra isopropoxide (99%) was purchased from Alfa Aesar Lancaster, a Johnson Mathey
Company, UK and used as such. Analar grade, iso-propanol was obtained from Sd’s Fine Chem (P) Ltd, India
and triply distilled. The Degussa P 25 TiO2 (75% anatase and 25% rutile) was used as received for comparison
studies at optimized conditions. Zinc acetate, zinc chloride was supplied by E Merck and Analar grade ethanol
and mercaptoethanol obtained from Sd’s Fine Chemicals were used as such without further purification. The
dye, Crystal Violet (CV) was procured from Sd’s Fine Chemicals and used as received.
SYNTHESIS OF NANOCRYSTALLINE TITANIUM DIOXIDE (TIO2)
Titanium (IV) tetra iso propoxide (l00) is added to 500ml of isopropyl alcohol with constant stirring. To the
reaction mixture, milli- Q water (15ml) is added slowly. The contents are stirred vigorously for 8 h. The
excess solvent is evaporated by drying in a vacuum air oven at 1000C for 30min. The TiO2 sol obtained was
ultrasonically treated for 15 min.  The derived gel is subjected to calcinations at 5000C for 1h.

SYNTHESIS OF NANOCRYSTALLINE  ZINC OXIDE (ZNO )
Zinc acetate (3.0 g) is added to 50 ml of double distilled water and ethanol mixture in a 250ml round bottom
flask and subjected to constant stirring. The contents are stirred vigorously for 6-8 hours.  The excess solvent
is evaporated by drying in a vacuum air oven at 50oC for 1 h. The ZnO sol obtained was ultrasonically treated
for 15 min. The derived gel is subjected to calcination at 500 oC for 1h.

SYNTHESIS OF NANO CRYSTALLINE ZINC SULPHIDE (ZNS)
Equimolar concentration of zinc chloride and sodium sulfide were prepared. In a three necked glass round
bottom vessel (250ml) a 20 mM concentration of zinc chloride was continuously stirred and the
mercaptoethanol (1M) was added in drop wise to get a homogeneous stabilized mixture. The pH of the above
solution was adjusted to around 10 by adding 1M NaOH solution and sodium sulfide solution (20mM) was
injected slowly into it. The reaction mixture was continuously stirred for another 6 h to get a homogeneous
stabilized dispersion. The round bottom flask containing the above mixture was subjected to ultrasonic
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irradiation for 15 min and magnetically stirred thoroughly. The solution was then centrifuged and dried in a
vacuum to obtain a fine powder, which was calcined at 500°C (1h) to obtain the ZnS nanostructures.

PHOTO CATALYTIC PROCEDURE
Experiments were performed in a quartz reactor of 150 ml capacity, provided with water circulation in order
to maintain constant temperature.  The UV irradiation was carried out using 125 W (311 nm) medium
pressure Hg arc lamp (SAIC, INDIA). In a photo Reactor, 150ml of desired initial concentration (10, 15, 20 &
25 ppm) of dye solution is mixed with a fixed amount of three different sets of photo catalyst namely, nano
TiO2 (50 mg) , nano ZnO (50mg) and nano ZnS (50mg) at natural pH (6.2). and the experiments were carried
out individually for each photo catalyst. Adsorption studies (Both in absence and presence of light) were
carried out to achieve   the maximum adsorption of the dye onto sol. The average light intensity on the
reaction vessel at a distance of 15cm from the lamp was calculated to be 1.6X10-4 Einstein min-1 in both the
cases. In all studies, 150ml of CV solution with fixed amount of TiO2, ZnO and ZnS was separately
magnetically stirred, before and during illumination. At specific time intervals, 5ml of the samples were
withdrawn and filtered through 0.5µm filters. Changes in the concentration of CV were observed from its
characteristic absorption at 585nm using a UV-VIS spectrophotometer (Shimadzu UV-1601).

RESULTS AND DISCUSSION
X-RAY DIFFRACTION STUDIES

Figure (1a) shows the XRD pattern of the sol gel derived titania particles obtained at 500C for 1h. All the
diffraction lines were assigned well to tetragonal anatase phase of TiO2 compared with a data from Joint
Committee Powder Diffraction Standards, JCPDS Card No: 21 -1272.The characterized peaks  (101) , (004),
(200),(106) and  (215) are attributed to the signals of anatase phase. The absence of any peak at 2 27.5 and
30.8 due to the (110) and (121) reflection of rutile and brookite indicates the absence of the same. The
information on the particle sizes (L) have been obtained from the following Debye–Scherrer relations26;

(1)

Where β is the full-widths-at-half-maximum (FWHM) of the diffraction peaks. The average crystallite size
determined using the Debye Scherer equation was found to be 20.2 nm and the average surface area was
found to be 77.35 m2/g.

Figure (1b) shows the XRD patterns of the ZnO nano particles obtained after annealing at 500oC for 1 h.  The
nano ZnO particles have three strong reflection at (100), (002) and (101) and moderate reflections at (102),
(110), (103), (112) and weak reflections at (200), (201), (004) and (202).  The preferential orientation of the
crystallites is not lost with annealing.   All diffraction peaks in the patterns of the ZnO nano particles can be
indexed to the hexagonal wurtzite structure of the ZnO crystal (JCPDS No.36 – 1451).  The diffraction peaks
are sharper and stronger which suggests that the crystal quality of the resultant nano particles and the particle
size is larger. The average crystallite size and surface area calculated from XRD patterns were found to be 20
nm and   53 m2/g.

An X-ray diffraction (XRD) pattern from the product is shown in Figure 1c, where all the diffraction peaks
can be indexed to wurtzite-type ZnS with lattice constants of a = 0.382 nm and c = 0.626 nm (Joint
Committee for Powder Diffraction Studies (JCPDS) Card: 36-1450). The average crystallite size and surface
area calculated from XRD patterns were found to be 25.2 nm and   59.82 m2/g.

SCANNING ELECTRON MICROSCOPIC STUDIES (SEM)
SEM brings microscopic information of the surface structure and roughness. The micrograph of sol – gel
derived nano crystalline TiO2 (Fig.2a), ZnO (Fig.2b) and ZnS (Fig.2c) suggest that the particles are somewhat
spherical in nature and are homogeneous. Some of the particles are agglomerates.
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APPLICATION OF SEMICONDUCTORS AS PHOTO CATALYSTS
It is well known that, when light of the same or greater energy as the forbidden bandwidths contacts a

semiconductor photo catalyst such as TiO2, charge separation of electrons and electron holes occurs. The
electrons disperse on the surface of the photo catalyst and react with external substances, causing reductions
and oxidations. As shown in Fig., oxygen and water exist throughout the atmosphere and types of active
oxygen such as OH radicals form, so normally only oxidation reactions occur.

The oxidizing power of the OH radical is greater than that of chlorine and ozone, and a large portion of the
multifarious environmental purification capabilities of photo catalysts come from this type of active oxygen.
This can be sequentially written as given above (Eqn.2-5).

CHARACTERIZATION OF CRYSTAL VIOLET DYE

It is a basic dye .The structure of crystal violet is shown in Fig.3. Its characteristic max is 590 nm. Empirical
formula is C25H30N3Cl, formula weight is 408 g.

ADSORPTION STUDIES OF CV ONTO SEMICONDUCTOR SURFACE
The equilibrium constant for the adsorption of CV on photo catalyst-sol (here we have used   three different
photo catalysts namely TiO2 , ZnO and ZnS for our studies) surface at different concentrations in dark were
evaluated. The dye had a strong tendency to adsorb on the photo catalyst in the aqueous medium. This was
observed by the visible decrease in the concentration of the dye solution followed by the subsequent

equilibration with photo catalyst sol gel in the dark (one hour).  The number of CV molecules ( n
n K C

K C
c v e q

e q


1

)

adsorbed per gram of photo catalyst -sol as a function of the equilibrium solute concentration Ceq was given by
the following equation 27,28;

n
nKC

KC
cv eq

eq


1

(6)

Here  n is the total number of adsorption sites and K indicates the  equilibrium constant for the process of CV

adsorption. The number of CV molecules adsorbed per gram of photo catalyst sol ( n
n K C
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Where C is the difference in concentration of initial and equilibrated solution, V is the volume (0.150L) and
W is the weight of photo catalyst (0.05g).

In the competition with solvent molecules it is not possible to expect for all the available sites on photo
catalyst -sol surface to be occupied by the organic molecules. In this case, n can be expressed as nmax giving
the limited number of dye molecules that can be adsorbed on to 50 mg of photo catalyst- sol. Thus, the
adsorption data have linearised by using either of the following equations29,

C

n Kn

C

n
eq

cv

eq 
1

max max

(8)

C

n
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A K

N

A
eq

cv
A

sp

A

sp

 
  

(9)

Where 0 is the average area occupied by CV molecule on the surface monolayer, Asp is the surface area  of
the specific photo catalyst  and NA is the Avogadro’s number.
The value of Ceq/n versus Ceq for TiO2 , ZnO and ZnS sol are plotted (Fig.4). The values of nmax and 0are
calculated from the slope and intercept of straight plots from the Figs.5 using the equations (8) and (9), are
2.86 X 10-5 mol g-1 ,3.03 X 10-5 mol g-1 and 1.9 X10-5 mol g-1 and 5.45, 6.85 and 3.45 mol nm-2, respectively.

EFFECT OF INITIAL CONCENTRATION OF THE CRYSTAL VIOLET DYE
Figure 5 shows the time dependent graphs of degradation of CV at different dye concentrations (2.5x10-5,
3.8x10-5, 5.1x10-5 and 6.3 x10-5 mol/L) and fixed catalyst concentration (0.5g/L). The experimental results
revealed that the increase in the dye concentration decreased the rate of degradation, which suggested the
increase of the catalyst dose or the time span for complete degradation. The percentage degradation was found
to around 90 for TiO2 and 80 in the case of ZnS, While100% efficiency was observed with ZnO under
identical reaction conditions. When the initial concentration of the dye increases, the path length of the
photons entering the solution decreases and the reverse effect was observed, in lower concentration there by
increasing the number of photons absorption by the catalyst in lower concentration. Neppolian et al 16 also
observed the same effect under solar light, using TiO2 as photo catalyst on three commercial dyes (Reactive
red, Reactive yellow and Reactive blue).The reason was attributed to the higher quantum efficiency of ZnO
when compared to TiO2.

EFFECT OF PH
The discharged effluents may contain dyes at different pH. Therefore it is essential to study the role of

pH on the degradation of the dye (CV). The study was carried out at different pH ranges starting from 3 to10
at two different dye concentrations (2.5x10-5 and 5.1x10-5 mol/L) and fixed semiconductor photo catalyst
concentration (0.5g/L).The influence of pH on the degradation of CV is shown in Fig.6. The results showed
that there was a strong dependence of pH of the solution on the heterogeneous photo process in all the three
semiconductors. It is known that the metal oxide particles suspended in water behave similar to diprotic acids.
For TiO2, hydroxyl groups undergo two acid base equilibria. Generally, for any charged substrates, there
would be a significant dependency of the .photo catalytic degradation efficiency on pH value   observed, since
the overall surface charge and hence the adsorptive properties of TiO2 particles depend strongly on the
solution pH30,31. In the present case, any changes in initial degradation rate with varying pH values must be
ascribed to variations of the acid/ base properties of the photo catalyst particle surface .Since the photo
oxidation of dyes is accompanied by the release of protons32, its efficiency may then change because of the
reversible protonation of the TiO2 surface. Since, the zeta potential of TiO2 is 5.9, it is expected that pH below
5.9, TiO2 acquire positive charge and hence electrostatic repulsion between TiO2 and dye cation retards the
degradation rate. On the other hand, pH above 5.9, electrostatic interaction between the negative TiO2 surface
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and dye cation lead to strong adsorption with the corresponding high rate of degradation and reached a
maximum at pH 108.

In the case of ZnO also the degradation rate increased with increase in pH exhibiting a maximum at
pH 10.Similar behavior has been reported for ZnO photo catalyst for the degradation of the azo dyes 33. The
adsorption of water molecules onto metal surface sites is followed by the dissociation of OH- ions leading to
the formation of chemically equivalent metal hydroxyl groups 34.

To understand the amphoteric behaviour of metal hydroxides, the following equations are considered.

M-OH + H+ M-OH2
+ (10)

M-OH M-O- + H + (11)

The zero point charge (ZPC) for ZnO is 9 ± 0.3.ZnO surface is positively charged below pH 9 and above
which it becomes negatively charged due to the presence of OH-ions on the surface. The presence of OH
groups leads to the formation of OH radicals, an oxidizing species , and hence increases the efficiency of the
degradation process19.

ZnS was also found to be an active photo catalyst in the photo degradation of CV.

The zero point charge (ZPC) for ZnS is 1.7 ± 0.3. ZnS surface is positively charged below pH 2 and above
which it becomes negatively charged due to the presence of OH-ions on the surface as a result the degradation
efficiency increases.

Although all the three semiconductors were efficient photo catalysts in the degradation of the CV dye, based
on this study we find that  ZnO was found be a better one .The reason being, it not only a better photo catalyst,
it also serves as a sensor in identifying the organic pollutants. It absorbs over a large area of the solar and has
been proven to be a better photo catalyst. Moreover the use of TiO2 for the industrial purpose is not
practically possible because of its high cost. In the case of ZnS there is tremendous difficulty in separation,
recovery and recycling in industrial applications. Further nano sized zinc oxide (ZnO) has the capability of
sensing organic pollutants and this is    indicated by change in visible emission signal. It converts the
pollutants to eco-friendly compounds through photo catalytic oxidation. Such type of multi functionality and
“smartness” is highly desirable for environmental applications35.

MECHANISM FOR DEGRADATION OF CV IN ACIDIC AND BASIC MEDIUM

In the acidic medium the CV is protonated and the two benzene rings (indicated by the dark shade) indicate
that they are in the same plane (conjugation is easier), while the other ring is in a different plane (conjugation
becomes difficult partly).Hence the rate of degradation is affected. On further protonation the planarity of the
rings is lost and hence the conjugation is affected and the degradation occurs.
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The structure is a highly conjugated system. This leads to the intense violet colour of this ion. When an OH-

group is attached to the centre carbon (which is no longer doubly bonded to a neighbour) the conjugation
between benzene rings is disrupted and the molecule becomes colorless. Hence it is more effective in the basic
region.

CONCLUSION
 Single crystalline anatase TiO2 and hexagonal ZnO and ZnS were synthesized by a simple and cost

effective sol-gel process via ultra sonication.

 The SEM micrographs revealed that all the three semiconductor nano materials have a roughly spherical
shape.

 The photo catalytic behavior of these semiconductors had been explored for environmental remediation.

 As the initial concentration of dyes was increased, the rate of decolorization decreased.

 The photo catalytic degradation followed pseudo-first order kinetics.

 Experimental results indicated that the decolourization of dyes is facilitated in the presence of catalyst and
is favourable in basic region.

 All the three semiconductors were effective photocatalysts.However, based on the studies under optimized
conditions, we suggest ZnO to be a better photo catalyst.

 Mechanism for CV degradation in acidic and basic medium is also discussed.
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Fig.1. X-ray diffraction pattern of a) nano TiO2 b) nano ZnO  c) nano ZnS

Fig.2. Scanning electron micrograph of a) nano TiO2 b) nano ZnO c) nano ZnS
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N (CH3)2

(CH3)2N N (CH3)2

Fig.3 Structure of Crystal violet
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Fig.6 Effect of pH on the photo degradation of Crystal Violet
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