
Photocatalysis of methylene blue on titanium dioxide nanoparticles

synthesized by modified sol-hydrothermal process of TiCl4

Sung-Yeon Kim,a,b Tae-Ho Lim,a,b Tae-Sun Chang,a,* and Chae-Ho Shinb

aAdvanced Chemical Technology Division, Korea Research Institute of Chemical Technology, Daejeon 350-343, Korea
bDepartment of Chemical Engineering, Chungbuk National University, Cheongju, Chungbuk 361-763, Korea

Received 1 April 2007; accepted 2 April 2007

Titanium dioxide nanoparticles were synthesized by the hydrolysis and condensation of TiCl4, an economic titanium precursor,

in a mixed solvent of iso-propyl alcohol and water. As-prepared powders were characterized by X-ray diffraction (XRD), Fourier

transform infrared spectroscopy (FT-IR), field emission scanning electron microscopy (FE-SEM), energy filtering transmission

electron microscopy (EF-TEM). To examine the photocatalytic activity of the as-prepared TiO2, the photodegradation of MB

which is a typical dye resistant to biodegradation has been investigated on TiO2 powders in aqueous heterogeneous suspensions.

The photocatalytic activity of TiO2 powders prepared by the hydrolysis of TiCl4 in the mixed solutions of iso-PrOH/H2O exceeded

that of commercial TiO2 powders. The apparent first order rate constants (kapp) for the photodegradation of methylene blue (MB)

showed a good correlation with the absorbance area obtained by UV-VIS DRS on wavelength in the limits of used lamp emission

300�420 nm.

KEY WORDS: TiO2 nanoparticle; photoactivity; methylene blue; TiCl4.

1. Introduction

Nano-sized titanium dioxide (TiO2) is an excellent
candidate for a multi-purpose photocatalyst, because of
its optical properties, including a high refractive index
leading to a hiding power and whiteness, as well as it
chemical stability and relatively low production cost [1].
The photocatalytic approach is attractive in what regard
catalytic activity. Titanium dioxide powders, added to
organic contaminated water and illuminated by mild
UV light, works as a photocatalyst, oxidizing dissolved
toxic organic compounds into relatively benign species.
Whereas organic compounds are not fully decomposed
by conventional technology they can be completely
decomposed to H2O and CO2 by photocatalysis. In
addition, no secondary pollutants are generated in the
latter process.

When TiO2 absorbs a photon of energy greater than
or equal to the band gap energy, an electron moves to a
conduction band from a valence band. An electron is
distributed in the conduction band and an electron
vacancy or ‘‘hole’’ is distributed in the valence band. If
charge separation is maintained, the electron and hole
may migrate to the catalyst surface where they partici-
pate in redox reactions with adsorbed species. A hole
and an electron range respectively at the valence band
and conduction band by the irradiation of light. A hy-
doxyl radical (–OH) and superoxide radical then occur

after reacting with water and oxygen in the atmosphere.
Therefore, a limiting factor of the photocatalytic reac-
tion is recombination of the electron and hole prior to
the superoxide activation step.

With regard to enhancing the catalytic activity and
process efficiency of industry, it is important to develop
TiO2 materials with small grain size, high surface area,
controlled porosity, and tailor-designed pore size dis-
tribution. Moreover, the phase and the degree of crys-
tallinity of the TiO2 particles also play important roles.
For example, numerous studies have confirmed that the
anatase phase of TiO2 is a photocatalytic material for air
purification, water disinfection, hazardous waster
remediation, and water purification [2,3].

TiO2 nanoparticles in powder have real advantages
in relation to photocatalytic activity. In order to do
high activity, several methods of preparation have been
reported, such as sol-gel [4,5], hydrothermal [6], and
microemulsion methods [7]. Also, powder morphology
is affected by the properties of the solvent. Look and
Zukoski [8] reported that colloidal stability plays an
important role in the development of precipitate mor-
phology. Fang et al. [9] used TiCl4 to produce uniform-
sized titanium dioxide by using n-propanol as a
solvent.

In this work, nano-sized titanium dioxide powders
are prepared by modified sol-thermal hydrolysis of TiCl4
in the iso-PrOH/H2O mixed solutions. Titanium dioxide
with different crystal structures, particle sizes, formation
and morphologies are obtained by simply varying the
calcination temperature. To examine the photocatalytic
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activity of the as-prepared TiO2, the photodegradation
of methylene blue (MB) which is a typical dye resistant
for water purification has been investigated. The pho-
tocatalytic activity of the prepared titanium dioxide
nanoparticles was higher than that of typical commer-
cial nanosized-TiO2 (Ishihara ST-01, ST-21) under same
operating conditions. Also, the photoactivity of MB
showed a good correlation with the absorbance area
obtained by UV-VIS DRS.

2. Experimental

2.1. Preparation of nano-sized titanium dioxide powders

The preparation of nano-sized titanium dioxide was
carried out using a sol-hydrothermal method of titanium
tetrachloride (Extra pure grade, TiCl4, Yakuri Pure
Chemicals Co., Japan), which was used as a starting
material without any further purification. TiCl4 was
dissolved in deionized water maintaining at 4 �C to
avoid rapid precipitation. The concentration of titanium
was adjusted to 1.0, 2.0–3.0 M. The aqueous solution
was mixed with mixed solvent of iso-propyl alcohol and
water with a volume ratio of 2. Hydroxypropyl cellulose
(HPC) (75–150 cps, molecular weight �100,000, Aldrich)
with a concentration 6.4 � 10)4 g/cm3 was added to the
solution as a steric dispersant. The aqueous solution was
vigorously stirred for 4 h at room temperature. The
solution was then heated and aged at 70 �C for 1 h to
carry out hydrothermal hydrolysis and then white pre-
cipitate was formed. After precipitation, the solution
was neutralized with a 2% NH4OH solution adding
dropwise in order to remove chloride ions. The precip-
itate was separated by filtration and washing three times
with deionized water, and finally rinsed with acetone.
The obtained precipitate was aged in an autoclave at
250 �C for 4 h (SY-250). After aging the samples were
calcined at 400 �C (SY-400) and 600 �C (SY-600) for
2 h under flowing air, respectively. We called the pre-
pared samples that it is SY-x-y (x: Ti concentration, y:
calcinations temperature) here.

2.2. Characterization

Powder X-ray diffraction (XRD) patterns were col-
lected on a D/MAX-IIIB diffractometer with CuKa

radiation at 40 kV and 40 mA. XRD was used for
crystal phase, estimation of the anatase-to-rutile ratio
and the particle size of each phase present [10]: X = 1/
1 + 0.8(IA/IR), where X is the fraction of rutile phase;
IA the integrated (101) intensity of anatase; IR is the
integrated (110) intensity of rutile. The crystallite sizes
were determined from the broadening of corresponding
X-ray spectral peaks by the Scherrer formula using the
peak of the anatase (101) at 2h = 25.35� and the rutile
(110) at 27.45�: L = Kk/(bcosh), Where L is the particle

size, k is the wavelength of the X-ray radiation
(CuKa = 0.15418), K is usually taken as 0.89, and b is
the line width at half-maximum height, after subtraction
of equipment broadening.

A microstructural investigation of the fracture sur-
face of the compacted samples was conducted on Jeol
JSM-6700F field emission scanning electron microscope
(FE-SEM) and Carl Zeiss EM 912 Omega energy fil-
tering transmission electron microscope (EF-TEM). The
samples were dispersed in absolute ethanol and soni-
cated ultrasonically to separate out individual particles
for the determination of particle size.

Jasco 610 Fourier-transform infrared spectropho-
tometer (FT-IR) was used to characterize the functional
groups of the particles. FT-IR measurements were
carried out in the region from 400 to 4000 cm)1. The
sample was ground with dried potassium bromide
(KBr) powder, and compressed into a disc. The KBr
disc was subjected to analysis by an IR spectropho-
tometer.

Shimadzu UV-2401PC UV/VIS spectrophotometer
was used for the determination of dye disappearance
kinetics, recording the spectra over 200–600 nm. A
calibration plot based on Beer-Lambert’s law was
established, relating the absorbance to the concentra-
tion. The plot was determined at the maximum of
absorbance of MB.

BET surface area and total pore volume were mea-
sured on a Micromeritics ASAP 2010 nitrogen adsorp-
tion apparatus.

2.3. Photodegradation of MB

In order to examine the photocatalytic activity of
TiO2 prepared, the photodegradation of MB blue has
been investigated in aqueous heterogeneous suspen-
sions equipped with UV radiation source. A biannular
quartz glass reactor with the lamp immersed in the
inner part was used for all photocatalytic experiments.
In a MB aqueous solution of 1,000 mL with a con-
centration of 0.05 mM of MB, sample powders of 0.3 g
were dispersed under ultrasonic vibration for 5 min. A
9 W black light blue lamp (Philips, PLS9W/08.BLB)
was used as the UV radiation source. All experiments
were conducted at room temperature without a supply
of air.

The samples were centrifuged to separate the TiO2

from the solution, and the absorption was measured at
665 nm of the remained solution [11,12]. The absorption
was converted to relative concentration of MB (C/C0)
referring to a standard curve and displayed linear
behavior between relative concentration and the
absorption at this wavelength.

For comparison the photocatalysis of MB on com-
mercial TiO2 powders which are from Ishihara (ST-01,
ST-21) were conducted under same operating conditions.

S.-Y. Kim et al./Photocatalysis of MB on TiO2 nanoparticles prepared by TiCl4 113



3. Results and discussion

Figure 1 shows the effect of calcination temperature
on the crystallinity of the TiO2 prepared (SY-2-y) with
iso-PrOH/H2O solvent. Figures 1 (a)�(c) show TiO2

prepared were notably formed to anatase structure
(JCPDS 21–1272). When TiO2 powders are calcined at
higher temperatures least above 450 �C, the transfor-
mation of TiO2 anatase to rutile may occur [13]. How-
ever, TiO2 prepared with iso-PrOH/H2O solvent after
calcination at 600 �C consists of maximum 3% quantity
of rutile (figure 1(d)). BET surface areas of SY photo-
catalysts are significantly declined with increasing cal-
cination temperature as given in table 1.

The particle size was estimated by the Scherrer for-
mula [14], which is generally accepted to estimate the
mean particle size [15]. Sunstrom et al. [16] reported a
similar XRD pattern for TiO2 prepared by the hydro-

dynamic cavitation method. The particle size calcula-
tions were found to be around 5–17 nm.

The particle size of the powder as function of calci-
nation temperature and concentration of Ti is shown in
table 1. Gradually, the particle size increases with
increasing calcination temperature and concentration of
Ti. The growth of particle becomes slowly at low calci-
nation temperatures, but it is rapidly at high calcination
temperatures. Hence, the particle size increases very
quickly with the increasing of calcination temperature.

Figure 2 shows the SEM and TEM image of a sample
(SY-2-400) aged in an autoclave at 250 �C for 2 h and
subsequently calcined at 400 �C for 2 h. The particle size
and morphology are almost uniform, as shown in
figure 2. Uniform and ultrafine TiO2 nanoparticles were
observed in SY-400 and this crystallite size was in good
agreement with the calculated value from the broaden-
ing of XRD peaks.

Hydroxypropyl cellulose (HPC) was used as a steric
dispersant. HPC has been known to provide steric sta-
bilization during the precipitation of TiO2 from an
alcohol solution. K. D. Kim and H. T. Kim [17]
reported that HPC adsorbed onto the particles prevents
agglomeration during growth. The excess HPC would be
a nucleation site for precipitation. As the concentration
of HPC increase, the particle size and the size distribu-
tion would decrease. That is to say, there is an optimum
concentration of dispersant. The concentration of HPC
at 0.35 � 10)3 g/cm3 yielded the best spherical titania
particles.

The results of FT-IR spectra are summarized in
figure 3 as a function of calcination temperature. The
number of hydroxyl groups on the surface of TiO2 is
proportional to the intensity of the peak at 3420 cm)1.
It is found that as the substrate surface area is
increased, the hydroxyl groups on the surface also
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Figure 1. Powder XRD patterns of the samples (SY-2-y) as-prepared

from TiCl4 solution aged at 250 �C for 4 h (a), calcined at 400 �C (b),

500 �C (c) and 600 �C (d) for 2 h under flowing air.

Table 1

Surface and structural properties of commercial TiO2 and prepared SY-x-y series (SY-x-y, x: Ti concentration, y: temperature)

Sample Particle sizea (nm) BET surface areab (m2/g) Phasec Integral of spectrumd (nm) kapp
e � 10)3 (min)1)

ST-01 7 321 Anatase (100%) 83.6 1.2815

ST-21 20 70 Anatase (100%) 80.7 0.9143

SY-1-250 6 109 Anatase (100%) 79.8 0.8758

SY-1-400 8 90 Anatase (100%) 86.8 1.3487

SY-1-600 10 79 Anatase (100%) 83.5 1.2383

SY-2-250 5 113 Anatase (100%) 81.6 0.9614

SY-2-400 8 98 Anatase (100%) 90.2 1.5128

SY-2-600 17 46 Anatase (97%) + Rutile (3%) 71.5 0.6602

SY-3-250 12 85 Anatase (100%) 70.2 0.6237

SY-3-400 18 59 Anatase (95%) + Rutile (5%) 81.5 0.9395

SY-3-600 25 36 Anatase (85%) + Rutile (15%) 69.3 0.5124

aObtained by Scherrer equation.
bBET surface area calculated from the linear part of the BET plot (P/P0 = 0.1595–1994).
cCharacterized by XRD.
dObtained by UV-VIS DRS on wavelength in the limits of used lamp emission 300� 420 nm.
eThe apparent first order rate constants calculated by MB photocatalysis.
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become larger. The peak at 1643 cm)1 is due to the
bending vibration of water molecules suggesting the
presence of water which corresponds to the surface
adsorbed water and hydroxyl groups [18]. We pre-
dicted that SY-2-600 would have much fewer surface
OH groups than SY-2-250 and SY-2-400 because the
calcination at high temperature (600 �C) diminishes
the surface OH groups of nano-sized titanium dioxide
particles. Hydroxyl groups are adsorption sites for
compounds tending to form hydrogen bond. Such
compounds are usually water-soluble. On the con-
trary, water-insoluble compounds would tend to
adsorb on hydrophobic adsorption sites. Hydroxyl
groups are progressively removed in the thermal
treatment of TiO2. The loss of surface hydroxyl
groups causes a decrease in the photoactivity of
nanoparticles because the photocatalysis is basically a
surface phenomenon and is very sensitive to the kind
of chemical species that is attached on the surface of
TiO2 nanoparticles. Larbot et al. [19] and Chhor et al.
[20] observed the same bands, which they assigned to
mTi-O = 653)550cm)1 and mTi-O-Ti = 495)436 cm)1.

The nitrogen adsorption-desorption isotherm of
material obtained under different conditions indicates a
mesoporous structure, as seen in figure 4. The isotherm
is of type IV, characteristic of mesoporous material [21].
The hysteresis loop observed with the isotherm was
mainly type H1, which is characterized by agglomerates
of approximately uniform size, giving rise to a narrow
pore size distribution. The sharp decline in the desorp-
tion curve is indicative of mesoporosity. The pore size
distribution calculated from the desorption branch of
the nitrogen isotherm by the BJH method reveals an
average pore size of 9.8 (SY-2-250), 11.6 nm (SY-2-400)
and 13.8 nm (SY-2-600). The pore size is in the range of
6–11 nm, 7–12 nm and 8–14 nm respectively. To con-
firm the increase in crystallinity as temperature increa-
ses, specific surface area measurements were carried out.
As anticipated, we found that higher calcination tem-
perature yielded lower specific surface area. Table 1
indicates that commercial TiO2 and samples prepared by
our method have mesoporous structures. These struc-
tures are the result of the formation of pores between
TiO2 nanoparticles [22,23].

Figure 5 depicts UV-VIS diffuse reflectance spectra
(UV-VIS DRS) of SY-2-y catalysts compare with com-
mercial photocatalysts. These spectra are noticeably
different in the ultraviolet area. Absorbance area of a
sample can be expressed quantitatively as an integral of
diffuse reflectance spectrum on wavelength in the limits
of used lamp emission 300 � 420 nm.

This characteristic obtained by UV-VIS DRS spec-
troscopy is represented in table 1. One can see that the
absorbance area in the ultraviolet region grows with
rise of calcinations temperature for samples aged at
250 �C, calcined at 400 �C and then diminishes for the
sample calcined at 600 �C. Samples calcined at
400 � 600 �C differ with the absorbance are according
to the concentration of Ti. Specific surface area of the
SY-photocatalysts steadily decreases with the increase
in temperature of thermal treatment. This is obviously
due to progressive aggregation of small crystallites into
larger particles. In spite of the fact that the specific
surface area diminishes, absorbance area increases until

Figure 2. FE-SEM (a) and EF-TEM (b) images for the TiO2 powders (SY-2-400) prepared by sol-hydrothermal method.
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Figure 3. Fourier transform IR spectra of the samples (SY-2-y)

as-prepared from TiCl4 solution aged in 250 �C for 4 h (a), calcined at

400 �C (b) and at 600 �C (c) for 2 h under flowing air.
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the temperature attains 400 �C and decreases only
then. Absorbance area (integral of UV spectrum) is
fairly related with photocatalytic activity [24]. It is
inclined to use absorbance area rather than reaction
rate per unit of surface area as characteristic of pho-
tocatalytic activity because it is very difficult to deter-
mine the surface area that actually takes part in the
reaction. Absorbance area was ranked in order from
the highest to the lowest: SY-2-400>SY-1-400>ST-
01>SY-1-600>SY-2-250>SY-3-400>ST-21> SY-
1-250>SY-2-600> SY-3-250>SY-3-600.

Most of our experiments were run at an initial MB
concentration of 0.05 mM, at which adequate color
changes (hypsochromic effect) of the TiO2 particle
surface resulting from photocatalytic degradation of
MB were observed. The peaks between 600 and

700 nm were assigned as the absorption of the conju-
gated p-system [25]. MB degradation was also observed
in the dark condition with direct UV photolysis with-
out TiO2 (figure 6). The result showed that MB was
hardly decomposed without TiO2 and UV light irra-
diation. The difference in the photoactivity of SY-250,
SY-400 and SY-600 is attributed to calcination. In
figure 7, relative concentration C/C0 of MB in solution
is plotted in logarithmic scale against irradiation time
of UV rays for shown on the prepared TiO2 and
commercial TiO2. There are two major variables that
can vary during calcination. The positive change pre-
dicted is an increase of crystallinity and the negative
change is a reduction of surface OH groups. The loss
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of surface OH groups causes a decrease in the photo-
activity of nanoparticles because the photocatalysis is
basically a surface phenomenon and is very sensitive to
the kind of chemical species that is attached on the
surface of the titanium dioxide particles. SY-400 is
superior to SY-250 and SY-600 in term of photocata-
lytic activity.

Excessive quantities of hydroxyl groups on the TiO2

surface have detrimental effect on photocatalytic oxi-
dation, but small quantities are essential for sustained
reation rate [26]. Therefore, the peak in photocatalytic
activity at treated temperature 400 could be attributed
to optimal quantity of hydroxyl groups on the TiO2

surface. However, the decrease in specific surface area
and growth of crystallinity should not be disregared
because these factors are also important for photocata-
lytic activity [27].

As a comparison, MB degradation over TiO2 (ST-01,
ST-21) was also observed with the same method. The
plots of figure 7 provide a comparison between SY-2-y
and commercial photocatalysts. On the basis of the
results, Photocatalytic activity was ranked in order from
the highest to the lowest: SY-2-400>SY-1-400>ST-
01>SY-1-600>SY-2-250>SY-3-400>ST-21>SY-
1-250>SY-2-600>SY-3-250>SY-3-600.

At present, although the detailed pathway of MB
degradation reaction are not yet clear this study dem-
onstrated that MB could be degraded largely over the
SY photocatalysts under UV light irradiation.

In analyzing the kinetic data of photocatalyzed oxi-
dations, mediated by photo-activated semiconductor
particles, the data were fitted to the simple rate expres-
sion of the Langmuir-Hinshelwood (L-H) form as fol-
lows (equation (3)):

R ¼ � dC

dt
¼ KAdkC0

1þ KAdC0
ð3Þ

where C0, KAd and k are the initial concentration of MB,
the adsorption coefficient and the reaction rate constant

respectively. The integration of equation (3) yields
equation (4) as follows:

t ¼ 1

KAdk
In

C0

C

� �
þ 1

k
ðC0 � CÞ ð4Þ

The integrated form of equation (3) for a low initial
concentration of MB of this study can be written as
follows (equation (5)):

In
C

C0

� �
¼ �KAdkt ¼ �kappt ð5Þ

where kapp is the apparent reaction rate constant and t is
the reaction time.

Rate constant kapp has been chosen as the basic
kinetic parameter for different systems, since it is inde-
pendent of used concentration [28,29].

The apparent first order rate constants (kapp) for the
prepared photocatalysts are shown in table 1. As shown
in figure 8, there is respectively a similar result to table 1
in the absorbance area and the apparent first order rate
constant.

4. Conclusions

TiO2 particles with small grain size, high surface area,
and OH surface groups play an important role in catalytic
activity and process efficiency. Titanium dioxide nanopar-
ticles were prepared by hydrolysis using TiCl4, an economic
titanium precursor, in a mixed solvent of iso-proanol and
water. The prepared titanium dioxide exists in the form of
nanocrystalline anatase with higher specific surface area,
OH surface groups and absorbance area. Specially, the
absorbance area was directly proportional to photoactivity.
This correlation is used for quick estimation of photoac-
tivity without real photocatalytic measurements.

The photocatalytic degradation of MB was exam-
ined by UV-illuminated aqueous TiO2 dispersions, a
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representative of polluting dyestuff in textile effluents.
The photocatalytic activities were ultimately evaluated
by the rate constant k for MB decomposition reac-
tion, which was determined from the linear relation
between the logarithm of relative concentration of MB
in solution ln(C/C0) and irradiation time. The photo-
catalytic activity was ranked from highest to lowest:
SY-2-400>SY-1-400 > Ishihara ST-01>SY-1-600>
SY-2-250>SY-3-400 > Ishihara ST-21>SY-1-250
>SY-2-600>SY-3-250>SY-3-600.
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