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b Inönü University, Faculty of Education, Department of Science, 44280 Malatya, Turkey

c Institute für Neue Materialien, D-66123 Saarbrücken, Germany
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Pure anatase-TiO2 nanoparticles with 8 nm average crystallite size was synthesized hydrothermally at 200◦C in 2 h. The structural and physic
hemical properties of nano-TiO2 were determined by powder XRD, FT-IR, BET and SEM analyses. The behavior of anatase nano-TiO2 in catalytic
egradation of Rhodamine B (RB) dye in transparent nano-TiO2 sol under UV-light was examined as a function of irradiation power of UV-l

rradiation time, amount of nano-TiO2 and initial RB concentration in the sol. Rhodamine B was fully degraded with the catalysis of the nan2
n a short time as low as 60 min. Photocatalytic activity of the nano-TiO2 for degradation of RB was compared with Degussa P-25 at opt
atalysis conditions determined for the nano-TiO2. It was found that, when compared to Degussa P-25, the nano-TiO2 could be repeatedly us
ith increasing photocatalytic activity. It was found that the photodegradation obeys the pseudo first-order reaction kinetics with the rant
f 0.0658 min−1, and the half periodt1/2 was 10.53 min.
2005 Elsevier B.V. All rights reserved.
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. Introduction

One of the major sources of environmental contamination is
yestuff that mainly comes from the textile and photographic

ndustries[1–3]. Within the overall category of dyestuffs, Rho-
amine B dye (RB), one of the most common xanthene dyes,

s famous for its good stability as dye laser materials[4]. It has
ecome a common organic pollutant, so the photodegradation
f RB is important with regard to the purification of dye efflu-
nts. Photocatalytic degradation of several organic contaminants
sing large band gap semiconductor particles (such as TiO2, ZnO
nd WO3) have been studied extensively[3,5,6]. These contam-

nants present in an aqueous suspension of TiO2 can be degraded
ith ultraviolet and visible light[7–9]. As one of the most pop-

∗ Corresponding author. Fax: +90 422 341 0042.
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ular photocatalyst, TiO2 particle has long been investigated
environmental purification, decomposition of dyes in was
ater[10–12]. Anatase, brookite and rutile are three crysta
forms of TiO2 and anatase-TiO2 has attracted more attenti
for its vital use as pigments[13], gas sensors[14], catalysts
[15,16], photocatalysts[17–19]in response to its application
environmental related problems of pollution control and ph
voltaics[20]. The catalytic and other properties of these m
rials strongly depend on the crystallinity, surface morphol
particle size and preparation methods. The increased su
area of nanosized titania particles may prove beneficial fo
decomposition of dyes in aqueous media. TiO2 nanoparticles i
powder have real advantages in relation to photocatalytic a
ity. In order to do this, different preparation processes have
reported, such as sol–gel process[21], hydrolysis of inorgani
salts[22], ultrasonic technique[23], microemulsion or revers
micelles and hydrothermal process[24–26]. Polar or non-pola
different solvents have been used in this process. Excep

304-3894/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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hydrothermal process, in these processes, high calcination tem-
perature above 450◦C is usually required to form regular crystal
structure. However, in the meantime, the high temperature treat-
ment can decline the surface area and lose some surface hydroxyl
or alkoxide groups on the surface of TiO2, which prevents easy
dispersion. Thus, in this work, the hydrothermal process was
selected to synthesize nanosize crystallized TiO2 at low temper-
atures, which has been attractive to further improve the photo-
catalytic activity of TiO2 as catalysts. Compared with the other
TiO2 powders, these TiO2 nanoparticles have several advan-
tages, such as fully pure anatase crystalline form, fine particle
size with more uniform distribution and high-dispersion either
in polar or non-polar solvents, stronger interfacial adsorption
and easy coating on different supporting material. Moreover,
the hydrothermal process including aqueous solvents as reac-
tion medium is environmentally friendly since the reactions are
carried out in a closed system, and the contents can be recovered
and reused after cooling down to room temperature.

In this work, photocatalytic activity of a nano-TiO2, which
was hydrothermally synthesized at 200◦C within 2 h, was exam-
ined for degradation of RB in aqueous solutions and the results
were compared with commercially available Degussa P-25 TiO2
at optimum catalysis conditions determined previously for the
nano-TiO2.
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according to the Scherrer’s equation. The surface morphology
of TiO2 was examined by a LEO EVO 40 Model scanning elec-
tron microscope (SEM). The BET surface area, average pore
diameter and micropore volume of the nano-TiO2 particle was
calculated from the N2 adsorption isotherm at liquid N2 tem-
perature using ASAP 2000 model BET analyzer. The sample
was degassed at 130◦C for 4 h before N2 adsorption. Pore size
distribution of nano-TiO2 was computed by DFT plus method.

Dye concentration in the solutions and mixtures before, dur-
ing and after UV-irradiation was measured by a Schimadzu
1601 model UV–vis spectrophotometer. C and H elements in the
nano-titania particle were analyzed by using element analyzer.
UV-irradiation was carried out by a Solar Box 1500 model radia-
tion unit with Xe-lamp and a controller to change the irradiation
time and power input from 390 to 1100 W m−2.

2.2. Preparation of nanocrystalline TiO2 and
photodegradation experiments

Ti(OPri)4 was dissolved inn-propanol. After stirring for
5 min at ambient temperature, an-propanol–hydrochloride acid
mixture was dropwise added into alkoxide solution by burette
at the rate of 1 ml min−1. After stirring for 5 min, the mixture
of water–n-propanol was added into the last solution dropwise
by burette at the same rate. The mixture was stirred at ambient
temperature for 10 min. Sol-solution was then transferred into
a
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. Experimental

.1. Materials

Titanium-iso-propoxide (Ti(OPri)4, 97%) purchased fro
lpha was used as titanium source for the preparation of2
hotocatalyst. Hydrochloride acid from Merck (HCl, 37%) w
sed as catalyst for alkoxide hydrolysis. Ti(OPri)4 and HCl were
sed without further purification.n-Propanol (Riedel de Hae
9%) stored over molecular sieve (Fluka, 3ÅXL8) was used a
olvent. Rhodamine B dye purchased from a local textile
ory was of analytical reagent grade and used without fu
urification, which its chemical formula is presented as,

Degussa P-25 (Germany) TiO2 with the BET surface are
f 50 m2 g−1 and anatase to rutile ratio of 80:20 was u
s received. Deionized water was used for the hydrolys
i(OPri)4 and for preparation of all sols and solutions.

The crystalline phase of the hydrothermally synthesized2
anoparticles was analyzed by X-ray powder diffraction (XR
attern obtained from Rigaku Geigerflex D Max/B diffr

ometer with Cu K� radiation (λ = 0.15418 nm) in the regio
θ = 10–90◦ with a step size of 0.04◦. The crystallite size of th
natase particle was calculated from the X-ray diffraction p
r

f

stainless steel Teflon-lined autoclave and heated at 200◦C for
h. The mole ratio of H2O/Ti(OPri)4 and HCl/Ti(OPri)4 were 2
nd 0.2, respectively. The as-obtained powders were sep

hrough centrifugation and dried in a vacuum sterilizer at 3◦C
or 4 h. Thus, nanosized TiO2 crystallite powder was obtaine

Before examining the photocatalytic activity for aque
egradation of RB, TiO2 sol was prepared. For this purpo
ertain amount of TiO2 was just mixed with deionized wat
ithout addition of any reagent, such as dispersants an
ixture was ultrasonicaly treated for 10–15 min. Meanwh

elf-dispersed and transparent nano-TiO2 sol was obtained.
For photodegradation experiments, required volume

ye solution was added into the nano-TiO2 sol. After the
emperature-constant sample preparation procedure and
izing the UV-light at the necessary power ınput for 15 min,
ano-TiO2/RB dye sol was poured into the glass reaction
hich has 12 separate sample compartments and one cov

he cell was immediately located in the Solar Box ready
V-irradiation inducing the photochemical reaction to proc
he nano-TiO2 sol/RB solution was also transparent before
fter the degradation procedure. The decomposition of RB
onitored by measuring the absorbency at 548 nm (λmax) and
egradation was quantified by detecting RB concentrationC)
irectly in the sol before, during and after UV-irradiation.
ltration or centrifuging was needed for the nano-TiO2 sol/RB
ystem after photocatalysis procedure and before UV–vis
rophotometric analysis, since it was already self-disperse
ransparent, i.e. it does not contain any visible solid particl

Photocatalytic activity of the nano-TiO2 was compared wit
egussa P-25 for degradation of RB at optimum catalysis
itions determined for the nano-TiO2, except that Degussa P-
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Fig. 1. XRD pattern of hydrothermally synthesized nano-TiO2 powder (the num-
bers above the major peaks correspond todh k l spaces).

TiO2 particles required to be removed from the system by filtra-
tion before UV–vis spectrophotometric analysis.

The nano-TiO2 and Degussa P-25 were repetitively used to
degrade 30 mg l−1 RB. After the first use, only Degussa P-25 was
filtered and re-used. Then the so-used catalyst was employed to
degrade a new 30 mg l−1 RB at the same conditions applied
before. The process was repeated for four times.

3. Results and discussion

3.1. Characteristics of the TiO2 photocatalyst

The crystalline phase of hydrothermally synthesized TiO2
sample was analyzed by XRD, and its XRD pattern is shown
in Fig. 1. When the XRD pattern was compared with PDF#21-
1272 data files, it was found that all the sharp peaks belong to
anatase-TiO2 and rutile and brookite phases were not detected.
Average crystallite size of TiO2 was estimated according to
the Scherrer’s equation,dh k l = k λ/(β cos(2θ)), wheredh k l is
the average crystallite size (nm),λ the wavelength of the Cu
K� radiation applied (λ = 0.154056 nm),θ the Bragg’s angle
of diffraction, β the full-width at half maximum intensity of
the peak observed at 2θ = 25.3◦ (converted to radian) andk is
the constant usually applied as∼0.94. The average crystallite
size of TiO2 was estimated to be 8 nm. According to elemen-
t
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Fig. 2. Typical SEM microphotograph of hydrothermally synthesized nano-
TiO2 particle.

Table 1
Some physicochemical characteristics of the synthesized TiO2

Property

Crystalline type Anatase
Crystallite size (nm) 8
TiO2 content (%) 90
BET surface area (m2 g−1) 114
Average pore diameter (nm) 2.12
Micropore volume (ml g−1) 0.023
Adsorption average pore diameter (Å) 21.3
Size of micropores (̊A) 15
Size of mesopores (Å) 22–33

area. The smaller the particles, the larger will be its specific
surface area and the higher photocatalytic activity.

The FT-IR spectrum of nano-TiO2 as-synthesized and dried
at 30◦C is shown inFig. 3. In the FT-IR spectrum, small bands
at 2923 and 2792 cm−1, small broad band at 2639 cm−1 are
assigned as−CH2− and C–H stretching of aliphatic−CH2 and
−CH3 groups bonded to Ti, respectively. C–H bending vibration
was observed as a sharp band at 1407 cm−1. Ti(O–C) vibration

Fig. 3. Typical FT-IR spectrum of as-synthesized nano-TiO2 particle dried at
30◦C.
al analysis, it was determined that the TiO2 contains 8.45%
and 2.05% H, which means that purity of the TiO2 is abou

0%.
Fig. 2 shows a typical SEM micrograph of as-synthes

ano-TiO2. The particles are spherical in nature and the siz
hem seems less than 0.010 mm.

Some of the physicochemical properties of the synthe
iO2 is givenTable 1. The BET surface area of the nano-Ti2

s bigger but pore diameter, crystallite size and pore volum
maller than Degussa P-25 with 63 m2 g−1 specific surface are
0 nm crystallite size and 0.06 ml g−1 pore volume[27] and the
rystallite size is much lower than many other commerc
vailable titanias. It is very-well known that the photocatal
ffect of a catalyst is dependent on the crystallite size and su
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Fig. 4. (a) Time dependent variation in the absorbency and (b) adsorption o
Rhodamine B in the nano-TiO2 sol kept in the dark.

was observed as a small band at 1053 cm−1. The O–H bending
vibration was observed as a weak band close to 1638 cm−1.
The sharp band observed at 930 cm−1 was attributed to Ti–O
stretching vibration.

3.2. Photocatalytic tests

The strong pre-adsorption of the RB on the TiO2 surface is an
important phenomenon for an efficient charge transfer, and no
only does it affect the photodegradation rate, but also change
the photocatalytic mechanism. For this reason, before examinin
the photocatalytic activity of TiO2 as a catalyst for degradation
of RB, adsorption tests were carried out by keeping 25 ml of so
in its natural pH, and containing RB (C0 = 30 mg l−1) and 1 wt.%
TiO2 in the dark at room temperature.Fig. 4a shows the UV–vis
absorption spectra of RB in TiO2 sol, which are changing with

the soaking time. The aqueous solution of RB (30 mg l−1) shows
a major absorption band at 548 nm in the absence of nano-TiO2.
The absorbencies of the TiO2/RB sols decreased slightly after
keeping 15 min in the dark, reflecting the extent of adsorption
of RB on TiO2. Fig. 4b shows the change ofC0/C with soak-
ing period, whereC0 andC designate the concentrations of RB
before and after treatment in the dark, respectively, and estimated
from absorbance at theλmax wavelength of RB. This indicates
that maximum 1.0% of RB could be adsorbed onto TiO2 within
15 min and the adsorbance did not changed with the prolonged
soaking time. Therefore, from now on, all TiO2/RB sols to be
subjected to irradiation were soaked for 15 min in the dark.

The degradation of RB was investigated by using the
hydrothermally synthesized nano-TiO2 crystalline as catalyst
under UV-irradiation. The UV–vis spectrum variation of RB
catalyzed by TiO2 under different irradiation times is shown in
Fig. 5a. Normalized concentration variations with irradiation
power, amount of nano-TiO2 in the sol and initial RB con-
centration in the nano-TiO2 sol are also shown inFig. 5b–d,
respectively.Table 2briefly summarizes the experimental con-
ditions for each factor affecting the photocatalytic degradation
of RB and optimum conditions determined.

Shown inFig. 5a is the effect of irradiation time on RB degra-
dation. The color of TiO2/RB sol changed to colorless with
increasing UV-irradiation time, which indicated the degrada-
t um
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Table 2
The values of experimental conditions for factors investigated for photodegrad

Factor Irradiation time Irradiation pow lue

Irradiation time (20–60 min)a – 60
Irradiation power (450–940 W m−2)a 690 –
Amount of nano-TiO2 (0.25–1 wt.%)a 1 1
Rhodamine B concentration (20–60 mg l−1)a 30 30
a The range studied during the examining of corresponding factor.
f

t
s
g

l

ion of RB. The experiments, which were repeated minim
hree times showed that the absorbance value correspond
48 nm increases as the irradiation time was increased fro

o 30 min. However, with the increasing irradiation time fr
0 to 60 min, the absorption decreased gradually to a v
ear zero. The increase in the absorbance from 10 to 30 m−1

ay be explained by the intermediate products of degra
B absorbing UV–vis light at the wavelength region of R
he reaction rate decreases with irradiation time since it

ows apparent first-order kinetics and additionally a compet
or degradation may occur between the reactant and the
ediate products. The slow kinetics of dyes degradation

ertain time limit is due to: (a) the difficulty in converting t
-atoms of dye into oxidized nitrogen compounds[28], (b)

he slow reaction of short chain aliphatics with OH• radicals
nd (c) the short life-time of photocatalyst because of a
ites deactivation by strong by-products deposition (carbon
29]. With the increasing irradiation power up to 770 W m−2

Fig. 5b), final RB concentration decreased immediately
alue near zero. With 690 W m−2, no significant concentr
ion was detected.Fig. 5b indicates that 60 min of irradiatio
ime is adequate for complete degradation of 30 mg l−1 RB

ation of Rhodamine B by the catalysis of hydrothermally synthesizednano-TiO2

er Amount of nano-TiO2 Rhodamine B concentration Optimum va

60 60 60
770 770 770

– 0.25 0.25
30 – 30
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Fig. 5. Change in the absorbance spectra of Rhodamine B in the nano-TiO2 sol with irradiation time (a) and normalized concentration variation of Rhodamine B
with irradiation power input (b), amount of nano-TiO2 (c) and initial Rhodamine B concentration (d).

in 1 wt.% nano-TiO2 sol at 690 W m−2 irradiation power. The
effect of light intensity on the kinetics of the photocatalysis
process has been explained as (a) at lower light intensities like
0–20 mW cm−2, the rate would increase linearly with increasing
light intensity[30], (b) at intermediate increasing light intensi-
ties beyond a certain value like 25 mW cm−2, the rate would
depend on the square root of the light intensity[31] and (c) at
high light intensities, the rate is independent of light intensity. At
increased light intensity electron–hole pair separation competes
with recombination, thereby causing lower effect on the reaction
rate. Some researches observed that the enhancement of the rate
of degradation as the light intensity increased was also observed
[32–36]. The efficiency increases monotically with increasing
light power; meanwhile, this dependency is not linear as revealed
by a regression analysis. It is hoped that kinetic modeling and
mechanistic studies will elucidate the effect of the light intensity,
as well as the other ones, on the process efficiency. In our work,
the degradation rate was increased with increased light power.
This can be due to the absence of electron–hole recombination
at higher light intensity like 690 W m−2. It is also known that, at
increased light intensities, electron–hole recombination causes
lower effects on the reaction rate.

In order to avoid unnecessary excess catalyst and also to
ensure total absorption of light photons for efficient photomin-
eralization, usage of the optimum catalyst amount is important.
T t on
t
e
6 h the
a crea

in the percentage of degradation at higher catalyst loading may
be due to deactivation of activated molecules by collision with
ground state molecules[32]. Shielding by TiO2 may also take
place

TiO2
∗ + TiO2 → TiO2

# + TiO2

where TiO2
∗ is the TiO2 with active species adsorbed on its

surface and TiO2# is the deactivated form of TiO2 [32]. Agglom-
eration and sedimentation of the TiO2 particles have also been
reported[34]. In this condition, parts of the catalyst surface
become unavailable for photon absorption and dye adsorption,
thus bringing little stimulation to the catalytic reaction. On the
contrary, continuous increase of the photocatalytic degradation
rate of Reactive Black 5 was found up to 3500 mg l−1 TiO2 [35].
The crucial concentration depends on the geometry, the work-
ing conditions of the photoreactor, the power and wavelength of
UV-lamp.

The color of cream-colored TiO2/RB sol changed to yellow
with increasing initial RB concentration which indicated that
photocatalytic activity of the 0.25 wt.% nano-TiO2 was limited
to almost 30 mg l−1 RB concentration (Fig. 5d). The concentra-
tion of aqueous solution of dye has a significant effect on the
degradation rates. The higher the concentration, the lower the
rate of degradation. This negative effect can be commented as
follows: (a) when the dye concentration increases the amount
o crease
i hoton
e nifi-
c cules
r alytic
he optimum amount of catalyst is found to be dependen
he initial solute concentration[29,31]. 0.25 wt.% TiO2 in sol
asily catalyzes the photooxidation of 30 mg l−1 RB just in
0 min (Fig. 5c). Photodegradation rate of RB decreases wit
mount of the catalyst increases. This may be due to the de
 se

f dye adsorbed on the catalyst surface increases. The in
n dye concentration also decreases the path length of p
ntering the dye solution. At high dye concentration a sig
ant amount of solar light may be absorbed by the dye mole
ather than the catalyst and this may also reduce the cat
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Table 3
Comparison of the changes in the degradation times of the nano-TiO2 and
Degussa P-25

Catalyst Degradation time (min)

First use Second use Third use Fourth use

The nano-TiO2 60 60 50 30
Degussa P-25 60 60 100 100

efficiency. Consequently, the degradation efficiency of the dye
decreases as the dye concentration increases. (b) It is gener-
ally noted that the degradation rate increases with the increase
in dye concentration to a certain level and a further increase
in dye concentration leads to decrease the degradation rate of
the dye[33,37]. The rate of degradation relates to the proba-
bility of OH• radicals formation on the catalyst surface and to
the probability of OH• radicals reacting with dye molecules.
As the initial concentrations of the dye increase the probability
of reaction between dye molecules and oxidizing species also
increases, leading to an enhancement in the decolorization rate.
On the contrary, the degradation efficiency of the dye decreases
as the dye concentration increases further. The presumed reason
is that at high dye concentrations the generation of OH• radi-
cals on the surface of catalyst is reduced since active sites are
covered by dye ions. Another possible cause for such results is
the UV-screening effect of the dye itself. At a high dye concen-
tration, a significant amount of UV may be absorbed by the dye
molecules rather than the TiO2 particles and that reduces the
efficiency of the catalytic reaction because the concentrations of
OH• and O2

•− decrease[34,35,38–42].
Since non-removability of the nano-TiO2 from the sol seems

like a disadvantage, reuse of the same sol for degradation of
freshly added dye was also investigated. For this purpose, dye
was again and again added to the nano-TiO2 sol and Degussa
P-25 suspension, after complete mineralization of the dye was
a
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Fig. 6. The pseudo first-order reaction kinetics curve for photodegradation of
Rhodamine B with the catalysis of nano-TiO2, as obtained by re-plottingFig. 5a
in the ln(C0/C)-t coordinates.

generate as a result of mineralization of RB, may be more less
than the nano-TiO2, mainly depending on the lower surface area
of Degussa P-25.

The equilibrium concentration data obtained fromFig. 5a
were re-plotted in the ln(C0/C)-t coordinates (Fig. 6). It was
observed that the photodegradation of RB simply follows the
pseudo first-order reaction equation, ln(C0/C) = kt, whereC0 and
C are the concentrations RB before and after the photoirradiation
(mg l−1), t the time (min) andk is the apparent reaction rate con-
stant (min−1). For RB with an initial concentration of 30 mg l−1

in 1 wt.% TiO2 sol, the value ofk is determined as 0.0658 min−1.
The half period,t1/2, of RB was found to be 10.53 min by using
the calculated parameter.

4. Conclusions

Pure TiO2 with an 8 nm crystallite size was synthesized
hydrothermally at 200◦C in 2 h. Anatase was the only crystalline
phase in the nano-TiO2 powder. The activity of the synthesized
anatase-TiO2 in catalytic degradation of Rhodamine B dye under
UV-light was examined and found that it is a very efficient
catalysis for complete degradation of higher concentrations of
Rhodamine B in very short irradiation times.

Oxidation conditions were determined for photocatalytic
degradation of Rhodamine B. Repeatedly usage of the synthe-
s found
t an
D

t
h

A

rt of
İ

ttained.
Degussa P-25 was filtered after being used and then i

eused in the degradation of RB in the residual water from
ormer degradation process at the same optimum photod
ation conditions determined for the nano-TiO2. Table 3gives

he photocatlysis times consumed until complete decoloriz
as observed during the reuse of the nano-TiO2 and Deguss
-25. As seen fromTable 3, much time was consumed wh
egussa P-25 was used. Moreover, after the second us
hotocatalytic activity of Degussa P-25 decreased, wherea
ano-TiO2 showed an increased activity (i.e. degradation
ecreased when the same nano-TiO2 sol was reused).

It was observed during the experiments that Degussa
dsorbs more dye than the nano-TiO2, resulting with a decrea

n degradation rate. This may be due to high pore volume
ore diameter of the Degussa P-25. Moreover, as the amo
ye adsorbed on the surface of catalyst increases, there
ctive sites may be covered with dye ions, formation of O•
adicals decreases. Higher dye adsorption of Degussa P-2
lso observed at the repeated usage. However, it was no
ured, amount of Cl− ions adsorbed onto Degussa P-25, wh
5

f
e

as
a-

ized catalyst was compared with Degussa P-25 and it was
hat the nano-TiO2 showed higher photocatalytic activity th
egussa P-25, even after the fourth use.
For initial concentration of 30 mg l−1 RB in 1 wt.% TiO2 sol,

he apparent reaction rate constant was 0.0658 min−1 and the
alf period of RB degradation was nearly 10.53 min.
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