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bstract

Zr4+ doped nano titania was prepared by sol–gel method using titanium(IV) isopropoxide and zirconium nitrate as precursors. The materials were
haracterized by XRD, BET, UV–vis, FT-IR, SEM-EDX and TEM techniques. The nanoparticles of pure TiO2 contained both anatase and rutile
hases together but Zr4+ doped TiO2 gave anatase phase only. The framework substitution of Zr4+ in TiO2 was established by XRD, SEM-EDX and
T-IR techniques. The band gap value of Zr4+ doped TiO2 was higher than the parent nano TiO2. TEM observations confirmed the nanocrystalline
ature of Zr4+ doped TiO2. The presence of dopants therefore could suppress the growth of TiO2 grains, increase the surface area, decrease the
natase–rutile phase transformation and accelerate the surface hydroxylation. These properties resulted higher photocatalytic activity for Zr4+

oped nano TiO2 than undoped nano TiO2. The presence of anatase type structure in TiO2 with high crystallinity and high phase stability, even after
nnealing at 800 ◦C substantially indicated that the dopants might inhibit densification and crystallite growth by providing dissimilar boundaries.

he photocatalytic activity in the degradation of 4-chlorophenol was found to be higher for Zr4+ doped TiO2 than both nano TiO2 and commercial
iO2 (Degussa P25). The experimental parameters such as initial concentration of 4-chlorophenol, catalyst loading, pH and light intensity were
ptimized for maximum degradation efficiency.

2006 Elsevier B.V. All rights reserved.
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. Introduction

4-Chlorophenol (4-CP), a known toxic and non-biodegrad-
ble organic compound, is present in the wastewater of pulp
nd paper, dyestuff, pharmaceutical and agrochemical indus-
ries. This compound is currently removed from the wastewater
y conventional treatment methods such as biological treatment,
hlorination and adsorption. However, the biological process
sually requires considerably long treatment period to break
own 4-CP, thus leading to unacceptable level in the final effluent
1]. Chlorination poses another problem since it often generates
arcinogenic by-products. Granular activated carbon adsorption

s the other commercialized process but the spent carbon needs
o be disposed safely [2]. Semiconductor mediated photocat-
lytic oxidation has been accepted as a promising alternative

∗ Corresponding author. Tel.: +91 44 22203144;
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o the conventional methods because most of the pollutants can
e completely mineralized to CO2 with suitable catalysts in the
resence of UV light illumination. Among the semiconductors
mployed, TiO2 is proved to be a good photocatalyst because of
ts high photosensitivity, non-toxicity, easy availability, strong
xidizing power and long-term stability [3–5].

Despite the positive attributes of TiO2, the main drawback
ssociated with its use is that most of the activated charge car-
iers will undergo recombination before reaching the surface
o interact with adsorbed molecules. In fact, 90% of the gen-
rated carriers are lost within nanosecond of their generation,
eading to low photoactivity of TiO2. To circumvent the lim-
tation, numbers of strategies have been proposed to improve
he light absorption features and lengthen the carrier life time
haracteristics of the photocatalysts [6–8].

The influence of transition metal ions on the photoactivity

f pure TiO2 has been studied with the aim to improve the effi-
iency of the photocatalytic process. It has been hypothesized
hat the incorporation of transition metal ions on titania increases
he rate of photocatalytic oxidation due to the electron scaveng-
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ng effect of the metal ions on the surface of TiO2. Most of the
etal doped TiO2 were prepared by co-precipitation or incipi-

nt wet impregnation method [9]. Substitution of metal ions in
he bulk TiO2 crystallites is not likely to occur in the impreg-
ation method and at the best substitution may take place on
he surface of TiO2. In the co-precipitation method, post heat
rocessing of mixed metal hydroxides yields metal doped TiO2.
his high temperature and long time heating may separate out

he dopant metal ion into respective metal oxide and in many
ases it segregates on the surface of TiO2 [10].

Mechanochemical doping, hydrothermal crystallization and
etal organic vapor deposition are the other methods that have

een reported for the preparation of metal doped TiO2. Com-
arison of the results reported in the literature for doped TiO2
amples is difficult since the preparation methods of the photo-
atalysts are usually different [11,12]. It has been shown that the
hotocatalytic activity of TiO2 can be influenced by its crystal
tructure, surface area, size distribution, porosity, band gap and
urface hydroxyl group density. Most of the studies have been
ocused on the preparation of nanosized TiO2 with a view to
mprove the light absorption capacity. Additionally, the small
ize of TiO2 particles can make indirect band electron transition
nd thus increase the generation rate of electrons and holes.

Recently, sol–gel method is proved to be a novel technique
or the preparation of nanocrystalline TiO2. It has been demon-
trated that the physiochemical and electrochemical properties
f TiO2 can be modified to improve its efficiency by sol–gel
ethod. Since this method is a solution process, it has all the

dvantages of wet chemical process such as control of stoichiom-
try, doping of desired amount of transition metal ions, and fine
ispersion of the dopant and titanium source. Generally, par-
icle size is an important parameter for photocatalysis since it
irectly impacts the specific surface area of a catalyst. With a
mall particle size, the number of active surface sites increases
nd so does the surface charge carrier transfer rate in photo-
atalysis [13–16]. The physiochemical properties of Zr4+ doped
ano TiO2 and correlation of these properties in the photocat-
lytic activity of TiO2 for 4-chlorophenol (4-CP) degradation
re presented in this manuscript.

. Experimental

.1. Materials and methods

All the chemicals were obtained from Merck (India) and used
s such without further purification. The commercially avail-
ble TiO2 (Degussa P25) was obtained from Degussa Chemical,
ermany. The typical synthesis procedure for nano TiO2 and
etal doped nano TiO2 is as follows: titanium(IV) isopropox-

de, glacial acetic acid and water were maintained in a molar ratio
:10:350. Titanium(IV) isopropoxide (18.6 ml) was hydrolyzed
sing 35.8 ml glacial acetic acid at 0 ◦C. To this solution 395 ml
ater was added drop wise under vigorous stirring for 1 h and
ontinued the stirring for further 5 h until a clear solution of
iO2 nanocrystals was formed. The prepared solution was kept

n the dark for nucleation process for 24 h. After the period, the
olution was placed in an oven at a temperature of 70 ◦C for a

%

w
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eriod of 12 h for the gelation process. The gel was then dried
t 100 ◦C and subsequently the catalyst was crushed into fine
owder and calcined in a muffle furnace at 500 ◦C for 5 h. In the
reparation of Zr4+ doped TiO2, requisite amount of zirconium
itrate (0.3, 0.5, 0.7, 1.0, 2.0 and 3.0 mol%) was dissolved in
95 ml water and the above procedure was adopted as such.

.2. Catalyst characterization and analytical method

The XRD patterns were recorded on a PANAalytical X′
ert PRO X-ray diffractometer using Cu K� radiation as the
-ray source. The diffractograms were recorded in the 2θ

ange 10–80◦ in steps of 0.02◦ with a count time of 20 s at
ach point. The average crystallite size of anatase and rutile
hases was determined according to the Scherrer equation
sing the full width at half maximum (FWHM) data of each
hase after correcting the instrumental broadening. The spe-
ific surface area (BET method), specific pore volume and
verage pore diameter (BJH method) of the samples were
etermined by nitrogen adsorption–desorption isotherms using
uantochrome Autosorb 1 sorption analyzer. The calcined sam-
les were outgassed at 250 ◦C under vacuum (10−5 mbar) for
h prior to adsorption experiments. The particle size and mor-
hology of nano TiO2 and Zr4+ doped TiO2 were observed using
ransmission electron microscope (TEM) (JEOL 3010) and scan-
ing electron microscope (SEM) (Stereo scan LEO 440). The
mission spectra of the catalyst samples were recorded using
pectrofluorometer (Horiba Fluromax-2) at the excitation wave-
ength of 290 nm. UV–vis absorption spectra of the catalyst
amples were recorded using UV–vis spectrophotometer (Shi-
adzu 2601). FT-IR spectra of the samples were recorded on a
I-IR spectrometer (Nicolet Avatar 360). The extent of 4-CP
egradation was monitored using UV–vis spectrophotometer
Shimadzu1601) and high performance liquid chromatograph
HPLC) (Shimadzu LC10 ATVP series equipped with UV–vis
etector). The intermediates were identified using gas chromato-
raph coupled with mass spectrometer (GC–MS) (Perkin-Elmer
larus 500). The extent of mineralization was determined using
total organic carbon analyzer (TOC) (Shimadzu VCPN).

.3. Adsorption study

Prior to photocatalytic experiments, adsorption of 4-CP on
he catalyst surface was carried out by mixing 100 ml of aqueous
olution of 4-CP (250 mg/l) with a fixed weight of the catalyst
200 mg) at pH 5. Aliquots were withdrawn at specific time
ntervals and the change in 4-CP concentration was measured
y HPLC. The extent of equilibrium adsorption was determined
rom the decrease in 4-CP concentration. From the adsorption
xperiments, the percentage of 4-CP adsorbed on the catalyst
urface was determined from the following equation:
of 4-CP adsorbed = C0 − Ct

C0
× 100

here C0 is the initial concentration of 4-CP and Ct is the
oncentration of 4-CP after t minutes.
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.4. Photocatalytic studies

The cylindrical photochemical reactor was made up of quartz
lass with a dimension of 30 cm × 3 cm (height × diameter). The
op portion of the reactor has ports for sampling, gas purging
nd gas outlet. The aqueous 4-CP solution containing appro-
riate quantity of either nano TiO2 or Zr4+ doped TiO2 was
aken in the quartz reactor and subjected to aeration for thor-
ugh mixing. The set-up was placed inside the reactor which
as 6.5 cm away from the lamps. The lamp housing consisted
f low-pressure mercury lamps (8 × 8 W) emitting 365 nm with
olished anodized aluminium reflectors and black cover to pre-
ent UV leakage. The photocatalytic degradation was carried
ut with 100 ml aqueous 4-CP solution (250 mg/l) and 200 mg
ano TiO2 or Zr4+ doped TiO2 photocatalyst. The experiments
ere performed at room temperature and the pH of reaction
ixture was kept at 5. Prior to irradiation, the slurry was aer-

ted for 30 min to reach adsorption equilibrium followed by
V irradiation. Adequate aliquots of the sample were with-
rawn after periodic interval of irradiation and analyzed after
entrifugation. Since optimization of reaction variables will
aximize the degradation efficiency, reaction parameters like

nitial 4-CP concentration, catalyst loading and solution pH
ere optimized.

. Results and discussion

.1. Physiochemical characterization

The XRD patterns of nano TiO2 and Zr4+ doped nano TiO2
re shown in Fig. 1. Though the patterns of nano TiO2 calcined
t 500 ◦C correspond to both anatase and rutile forms (Fig. 1a),
natase phase is the predominating one. The XRD patterns of
mol% Zr4+ doped TiO2 indicate complete absence of rutile

hase (Fig. 1b). The doped TiO2 samples devoid of amorphous
tructures. It can be seen that increase of calcination tempera-
ure from 400 to 600 ◦C, the peak intensity of anatase increases
nd the width of (1 0 1) plane at 2θ = 25.3◦ becomes narrow. The

ig. 1. XRD patterns of TiO2 calcined at 500 ◦C (a) nano TiO2 and (b) 1 mol%
r4+ doped TiO2.
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utile phase starts appearing at 500 ◦C for pure nano TiO2 but the
utile peaks appear only at 700 ◦C for Zr4+ doped TiO2. Thus,
he dopant is expected to play a significant control on the selec-
ive crystallization of anatase phase during the sol–gel process
17,18]. The close examination of XRD patterns of both nano
iO2 and Zr4+ doped TiO2 illustrates the existence of splitting
f peaks at 62.79◦, 68.77◦, 70.33◦ and 75.09◦ (2θ). The average
article size was estimated by applying the Scherrer formula on
he anatase (1 0 1) and rutile (1 1 0) diffraction peaks (the most
ntense peak for each phase):

= Kλ

β cos θ

here D is the crystal size of the catalyst, λ the X-ray wave-
ength (1.54 Å), β the full width at half maximum (FWHM) of
he catalyst, K = 0.89 and θ is the diffraction angle. An aver-
ge crystal size from 6 to 12 nm (Table 1) was obtained for
r4+ doped TiO2 samples. As a result of calcination, there is
nhanced intensity for all the patterns compared to uncalcined
iO2. Hence, there might be condensation of free defective OH
roups to form TiO2 with high percentage crystallinity. The
iffraction patterns of Zr4+ doped TiO2 (up to 5 mol%) calcined
t 500 ◦C show typical peaks of TiO2 nanocrystalline anatase
hase without any detectable dopant related peaks. Hence, the
opant may be occupied either interstitial positions or substi-
utional sites of the TiO2 crystal structure. The nanocrystalline
natase structure for Zr4+ doped TiO2 was confirmed by (1 0 1),
0 0 4), (2 0 0), (1 0 5) and (2 1 1) diffraction peaks. Since Zr4+

s more electropositive than Ti4+, the electronic cloud in each
iO2 nanoparticle might be loosely held, thus favoring forma-

ion of less dense anatase phase. In other words, the tight packing
rrangements required for rutile phase formation is fully sup-
ressed by the addition of zirconium nitrate in water which
nhances the polarity of water, thus facilitating the formation
f anatase phase only. The entry of Zr4+ in the lattice of TiO2
revents interconversion of anatase to rutile during calcination.
ince Zr4+ is larger in size and more electropositive character

han Ti4+, the lattice can exhibit better bonding property and thus
igher thermal stability than pure TiO2. However, 5 mol% Zr4+

oped TiO2 (Fig. 2) did not give any peak corresponding to ZrO2
nd better existence of peak splitting in anatase phase. Hence,
t might be amorphous or below the detectability limit of XRD
ut the intensity of anatase peaks decreased and the splitting
f anatase peaks were well resolved. This is due to the forma-
ion of nanosize particles in the range undetectable by XRD
n addition to those that are detectable. The formation of TiO2
articles of size less than even 4 nm is also evident from TEM
nalysis.

Table 1 presents the textural properties of nano TiO2 and
r4+ doped TiO2. It can be seen that the specific surface area
hifts towards lower values at higher calcination temperatures.
he surface area of the catalysts increased with increase of Zr4+

ontent. This increase may be due to Zr4+ present on the surface

f TiO2 which inhibits densification and crystalline growth of
iO2 nanoparticles by providing dissimilar boundaries. Fig. 3

llustrates the pore size distribution curve calculated from the
esorption branch of nitrogen adsorption isotherm by BJH
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Table 1
Textural and structural properties of nano TiO2 and Zr4+ doped nano TiO2

Catalyst Specific surface
areaa (m2/g)

Pore diameterb

(nm)
Particle sizec

(nm)
Band gap
energyd (eV)

4-CP adsorbed
(%)

Nano TiO2 66 3.6 18–20 3.21 14.2
0.5 mol% Zr4+-TiO2 80 4.3 12–15 3.23 18.3
1.0 mol% Zr4+-TiO2 95 4.8 8–12 3.27 26.8
2.0 mol% Zr4+-TiO2 125 5.2 6–12 3.29 29.6
3.0 mol% Zr4+-TiO2 133 5.6 4–10 3.31 34.2
5.0 mol% Zr4+-TiO2 139 5.1 4–12 3.31 37.4

a BET surface area calculated from the linear portion of the BET plot in the relative pressure range of p/p0 = 0.05–0.35.
b Average pore diameter estimated using adsorption branch of the isotherm.
c Particle size obtained from TEM pictures.
d Bandgap energy (eV) calculated using the formula BG = 1240/λ.
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Fig. 2. XRD patterns of 5 mol% Zr4+ doped TiO2 calcined at 500 ◦C.

ethod and the corresponding nitrogen adsorption–desorption

sotherm of 3 mol% Zr4+ doped TiO2 powder calcined at 500 ◦C
or 5 h. The sharp decline in the desorption curve is indicative
f mesoporosity while the hysteresis (type IV) between the two
urves demonstrates that there is a diffusion bottle neck possi-

ig. 3. Nitrogen adsorption–desorption isotherms and the corresponding pore
ize distribution curve calculated from desorption branch of the nitrogen
sotherm (inset) of 3 mol% Zr4+ doped TiO2 calcined at 500 ◦C.
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ly caused by the non-uniform pore size of TiO2 [19]. The pore
ize distribution graph reveals pore size range of 3–8 nm with
n average pore diameter of 9.5 nm. These pores can allow rapid
iffusion of 4-CP molecules during photocatalytic reaction. Zr4+

oped TiO2 (3 mol%) calcined at 500 ◦C exhibits higher specific
urface area (133 m2/g), than that of TiO2 (50 m2/g) (Degussa
25).

SEM micrograph of calcined (500 ◦C) 1 mol% Zr4+ doped
iO2 is shown in Fig. 4. It is observed that the doped nano TiO2
articles are spherical with an average grain size of 10–12 nm,
hich is consistent with the XRD results. The EDX data of pure

nd Zr4+ doped TiO2 are shown in Figs. 5 and 6. Nano TiO2
hows a peak around 0.2 kev and another intense peak appears
t 4.5 kev. The intense peak is assigned to TiO2 in the bulk form
nd the less intense peak is assigned to surface TiO2. The EDX
atterns of Zr4+ doped TiO2 are shown in Fig. 6. The peaks
ue to TiO2 appear at the same position as shown in Fig. 5.
he peaks due to Zr4+ are not clearly distinct in 1 mol% Zr4+

oped TiO2 whereas one of the Zr4+ peaks appears intense in
he case of 3 mol% Zr4+ doped TiO2 which may be assigned to
ulk Zr4+. The less intense peak of Zr4+ is assigned to Zr4+ in
he TiO2 lattices. Figs. 7 and 8 are the TEM pictures and the

orresponding histogram (particle size distribution) of 1 mol%
r4+ doped TiO2, both are proven the nanocrystalline nature of
oped TiO2.

Fig. 4. SEM picture of 3 mol% Zr4+ doped TiO2 calcined at 500 ◦C.
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Fig. 7. TEM picture of 3 mol% Zr4+ doped TiO2 calcined at 500 ◦C.
Fig. 5. EDX patterns of pure nano TiO2 calcined at 500 ◦C.

FT-IR spectra of nano and Zr4+ doped TiO2 show peaks
orresponding to the stretching vibrations of O–H and bend-
ng vibrations of adsorbed water molecules around 3350–3450
nd 1620–1635 cm−1, respectively. The low intensity of these
eaks with increase in the calcinations temperature is indicat-
ng the removal of large portion of adsorbed water from TiO2
not shown in figure). Fig. 9 shows a broad intense band below
200 cm−1 which is due to Ti–O–Ti vibration. In addition, the
urface hydroxyl groups in TiO2 increase with increase of Zr4+

oading, which is not only favor the trapping of electrons to

nhance the separation efficiency of electron–hole pair but also
orm surface free radical (•OH) to enhance the photocatalytic
egradation of 4-CP [20].

ig. 6. EDX patterns of Zr4+ doped TiO2 calcined at 500 ◦C: (a) 1 mol% Zr4+

oped TiO2 and (b) 3 mol% Zr4+ doped TiO2.

Fig. 8. Particle size distribution histogram of 3 mol% Zr4+ doped TiO2 calcined
at 500 ◦C.

Fig. 9. FT-IR spectra of nano TiO2 and Zr4+ doped TiO2 calcined at 500 ◦C: (a)
nano TiO2, (b) 0.5 mol% Zr4+ doped TiO2, (c) 1 mol% Zr4+ doped TiO2 and (d)
3 mol% Zr4+ doped TiO2.
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ig. 10. UV–vis absorption spectra of nano TiO2 and Zr doped TiO2 calcined
t 500 ◦C: (a) nano TiO2, (b) 1 mol% Zr4+ doped TiO2 and (c) 3 mol% Zr4+

oped TiO2.

UV–vis absorption spectra of nano and Zr4+ doped TiO2 are
hown in Fig. 10. The absorption spectrum of nano TiO2 con-
ists of a single and broad intense absorption around 400 nm
ue to charge-transfer from the valence band (mainly formed by
p orbitals of the oxide anions) to the conduction band (mainly
ormed by 3d t2g orbitals of the Ti4+ cations) [21]. Pure nano
iO2 shows its absorption in the longer wavelength region than
r4+ doped TiO2. Hence, there is sufficient decrease in the par-

icle size and increase in the band gap value due to Zr4+ doping.
urthermore, zirconium is in the +4 oxidation state and the
alence band of TiO2 consists of only the O (2p) band. This

(2p) band is stabilized more on Zr4+ doping since it is more
lectropositive than Ti4+. Hence, there is an increase in the band
ap of TiO2 [22].

.2. Optimization of reaction variables in the degradation
f 4-CP

.2.1. Effect of initial 4-CP concentration
The influence of initial 4-CP concentration on degradation

ate was studied from 50 to 300 mg/l at a constant TiO2 loading
f 200 mg and a solution pH of 5. The volume of 4-CP solution
as 100 ml. It was observed that the degradation rate increased
ith increase in concentration of 4-CP up to 250 mg/l and then
ecreased. The degradation followed pseudo-first-order kinetics
t low 4-CP concentration, which is in accordance with our ear-
ier reports [23]. The UV λmax value of 4-CP is 280 nm. Hence,
he absorption of UV light by the pollutant dominated at higher
oncentrations. The screening effect dominated at concentra-
ions higher than 250 mg/l and hence degradation efficiency
ecreased. We have observed such type of screening effect in

he degradation of dyes and pesticides in our earlier reports [23].
urthermore, the formation of •OH radicals is constant for a
iven amount of the catalyst and hence the available •OH radi-
als are insufficient for 4-CP degradation at higher concentration
23].

s
o
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.2.2. Effect of catalyst dosage
A series of experiments were carried out to optimize the cat-

lyst loading by varying the amount of nano TiO2 from 100 to
00 mg in 100 ml 4-CP solution of concentration 250 mg/l. The
ate of degradation increased linearly with increase in catalyst
oading up to 200 mg and then decreased due to increase in tur-
idity of the solution, which interfere light transmission into the
olution. The low degradation rate at higher catalyst loading may
lso due to deactivation of activated molecules by collision with
round state molecules of titania [24].

.2.3. Effect of solution pH
Solution pH is an important variable in the evaluation of

queous phase mediated photocatalytic degradation reactions.
t influences adsorption and dissociation of the substrate, cata-
yst surface charge, oxidation potential of the valence band and
ther physiochemical properties. The role of pH on the rate of
hotocatalytic degradation was attempted under optimum con-
entration of 4-CP (250 mg/l) and TiO2 (200 mg) by varying the
nitial pH values from 4 to 9. It is reported that the zero point
harge (pHzpc) of TiO2 is 6.9 [5]. The rate of degradation in the
cidic pH range (at 5) was found to be higher than the alkaline
H. The high degradation rate in the acidic pH is due to enhanced
dsorption of 4-CP on the surface of TiO2 that carries positive
harge. In addition, minimization of electron–hole recombina-
ion in the acidic pH is also an additional important factor for
he enhanced degradation of 4-CP. In the alkaline pH (at 9) both
-CP and surface of TiO2 carry negative charge and hence the
egradation rate was found to be less [25].

.2.4. Effect of light intensity
The effect of light intensity was investigated from 16 to 64 W.

he results revealed that the degradation rate increased with
ncrease in the light intensity up to 64 W. Electron–hole recombi-
ation is a commonly encountered problem in photocatalysis. In
ddition, excitation of every catalyst particle by light irradiation
t any instant cannot be possible. But the probability of excitation
an be increased by increasing the intensity of incident light. It
lso increases the reexcitation of recombined electrons. Hence,
ncrease in the degradation rate was observed with increase in
he intensity of incident light. The mineralization of 4-CP was
tudied with lamps of wavelength 365 and 254 nm over TiO2
nd compared their efficiency. Though the mineralization rates
pparently appeared to be nearly equal for both the lamps, the
ineralization rate at 365 nm is slightly higher than at 254 nm.
ince the band gap excitation of electrons in TiO2 with 254 nm
an promote electrons to the conduction band with high kinetic
nergy, they can reach the solid–liquid interface easily, suppress-
ng electron–hole recombination in comparison to 365 nm. The
bservation of low rate for 254 nm is therefore unexpected. This
an be accounted by considering partial absorption and wasting
f the light of 254 nm by 4-CP itself. Generally, the pollutants
hould possess negligible absorption close to the wavelength

f irradiation source. Hence, the entire light of irradiation at
54 nm in the reactor is not used for the excitation of TiO2 parti-
les because of the intervening 4-CP molecules as well as those
dsorbed on TiO2 particles. Hence, absorption and wasting of
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ight at 254 nm by 4-CP might be the actual cause for less rate
f degradation than at 365 nm.

.3. Mineralization studies

The extent of degradation and mineralization of 4-CP was
ollowed by UV–vis spectroscopy, HPLC and TOC analyzer.
ompounds like hydroquinone and hydroxyhydroquinone were

he predominant intermediates identified by GC–MS during
he photocatalytic degradation of 4-CP, in which hydroquinone
xisted for longer period during the photocatalytic degradation
f 4-CP. This may be due to the fact that hydroquinone in acidic
edium can exist in equilibrium with quinone as shown in the

ollowing equation:

Thus, the released electron can neutralize the holes of TiO2.
he electron in the conduction band can also be easily trapped
y quinone to form hydroquinone. Hence, the mineralization
f hydroquinone by photocatalytic degradation is rather diffi-
ult. The decreasing trend in TOC against irradiation time in the
egradation of 4-CP using Zr4+ doped TiO2, nano TiO2 and TiO2
Degussa P25) are depicted in Fig. 11. The TOC removal effi-
iency of TiO2 (Degussa P25) and nano TiO2 is lower than that of
r4+ doped TiO2. Under identical experimental conditions, min-
ralization of 4-CP required 300 min with 3 mol% Zr4+ doped
iO2, 420 min with nano TiO2 and 480 min with TiO2 (Degussa
25).

The experimental results revealed that dopant in TiO2 play
ignificant role in the enhancement of photocatalytic activity.
he experimental results also confirmed that the optimum dop-

ng molar ratio of Zr4+ ion and TiO2 is found to be 3:97 and
bove this ratio, the structural and textural parameters of TiO2

re affected. The entry of Zr4+ into the lattice of TiO2 cre-
tes charge compensating anion vacancy in the lattice points
f TiO2 which may enhance the adsorption of 4-CP. In addition,
he expected enhanced Lewis acidity of the catalyst is also an

ig. 11. Comparison of photocatalytic mineralization of nano TiO2 and Zr4+

oped TiO2 (experimental conditions: initial concentration of 4-CP = 250 mg/l,
olume of 4-CP = 100 ml, solution pH 5 and catalyst dosage = 200 mg).
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ig. 12. Fluorescent emission spectra of nano TiO2 and Zr4+ doped TiO2 cal-
ined at 500 ◦C.

mportant contributing factor for Zr4+ doped TiO2. The Lewis
cid sites act as electron traps and also act as effective adsorption
ites to enhance the rate of photocatalytic degradation of 4-CP
26]. SEM observations also gave convincing evidence for the
resence of zirconium on the surface of TiO2. Further, the dopant
on Zr4+ with ionic radius (0.79 Å) closer to Ti4+ (0.75 Å) can
ither isomorphously substituted or interstitially introduced into
he matrix of TiO2 to produce oxygen vacancies which accelerate
he transition and nanocrystallite growth of anatase TiO2. The
uorescent emission spectra of Zr4+ doped TiO2 (Fig. 12) also
ive convincing evidence for the oxygen vacancy in TiO2. Since
he excitation was carried out under equal adsorption conditions
t 290 nm, decrease in emission intensity was observed with Zr4+

oped TiO2 samples compared to pure nano TiO2. The decrease
n emission intensity may also due to the introduction of new
efect sites such as oxide ion vacancy. The oxide ion vacancy
an trap an electron in the following pathway. The ionized oxy-
en vacancy level is poised to trap rapidly the photogenerated
onduction band electron which subsequently interacts with a
alence band hole either radiatively or non-radiatively:

0
o + e−

CB → V0 (electron trapping in shallow traps)

0 + h+
VB → V 0

o + hν (radiative recombination)

During the sol–gel synthesis of metal doped TiO2, high water
atio was kept to enhance the nucleophilic attack of water on
itanium(IV) isopropoxide and to suppress fast condensation of
itanium(IV) isopropoxide species to yield TiO2 nanocrystals.
n addition, the presence of residual alkoxy groups can signifi-
antly reduce the rate of crystallization of TiO2 which favored
he formation of less dense anatase phase exclusively [27]. Fur-
hermore, among the two main kinds of crystalline TiO2, anatase
as been confirmed to possess high photocatalytic activity in the

hotodegradation of most pollutants in water and air, while the
hotocatalytic activity of rutile is still indistinct. Many reports
ave shown that the rutile form of TiO2 is a poor photocatalyst
28–30]. The reasons for this could be attributed that the adsorp-
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ive affinity of anatase for organic compounds is higher than that
f rutile, and anatase phase also exhibits low rate of recombi-
ation in comparison to rutile due to its 10-fold greater rate of
ole trapping [31]. The preparation of nano and Zr4+ doped TiO2
ere carried out in the presence of acetic acid. Since the pKa of

cetic acid is close to three, there is every chance for protonation
f TiO2 nanoparticles which could suppress further crystalliza-
ion. In addition, the excess acetate anion adsorbed on the surface
f TiO2 could also suppress the growth of TiO2. This type of
omplexation of acetate anion on the surface of anatase form of
iO2 might be responsible for the decrease in the crystallite size
f TiO2 during the sol–gel synthesis. The addition of acetic acid
oes not cause residual impurities on the surface of TiO2 after
alcination.

The formation of Ti–O–Zr inhibits the transition of TiO2
hase and blocks the Ti–O species at the interface with TiO2
omains stabilizing them, thus preventing the agglomeration of
iO2 nanoparticles and thus preventing the rutile growth [32].
ence, the entry of Zr4+ in the TiO2 lattices suppresses the par-

icle growth and consequently increases the band gap values of
iO2, which minimizes the electron–hole recombination during

he photocatalytic degradation of 4-CP. In addition, leaching
f metal ions from the TiO2 lattices during the photocatalytic
egradation of 4-CP is not observed. In order to investigate
he recyclable efficiency of the catalyst, the suspension after
egradation of 4-CP was filtered and washed several times with
istilled water and dried at 200 ◦C. The catalyst was used again
or photocatalytic study. There is about 25–30% decrease in
OC removal efficiency of used doped TiO2 compared to fresh
atalyst in the forthcoming three to four cycles. This may be
ue to blocking of active sites in TiO2. The XRD patterns
f recyclable catalyst show similar patterns compared to fresh
atalyst.

. Conclusions

Zr4+ doped TiO2 nanopowder with high photocatalytic activ-
ty can be successfully prepared by sol–gel method. The
hotocatalytic activity of the doped samples (3 mol% Zr4+) is
igher than that of nano TiO2 and bulk TiO2 (Dugussa P25).
he incorporation of Zr4+ in TiO2 led to small grain size, large
urface area and high band gap values. This also led to form
ore electron capture traps, which contribute to high separation

fficiency of photogenerated carriers. The entry of Zr4+ into the
attice of TiO2 is evidenced by XRD, SEM-EDX and fluores-
ent spectroscopic studies. The photocatalytic degradation of
-CP over Zr4+ doped TiO2 was revealed higher activity than
ano TiO2 and TiO2 (Degussa P25). The enhanced adsorption
f 4-CP over the catalyst surface and decrease in the particle
ize as a result of Zr4+ doping is suggested to be the cause

or high activity of the catalysts. This study therefore suggests
hat the introduction of metal nitrate can effectively control the
elective crystallization of anatase phase of TiO2. Thus, Zr4+

oped TiO2 photocatalyst system is proven to exhibit high effi-
iency in the photocatalytic mineralization of 4-CP in aqueous
edium.
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