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ABSTRACT

TiO2 sol was synthesized under mild conditions (25 ± 1˚C and ambient pressure) by hydro-
lysis of titanium isopropoxide in aqueous solution and subsequent reflux to enhance crystal-
lization. The material was characterized by X-ray diffraction, transmission electron
microscopy, and Fourier transform infrared. The synthesized sample presented a pure
phase anatase with nanometric particle size. The photodegradation of reactive dyes (mala-
chite green, methylene blue, and rhodamine B) and industrial effluents was elucidated in
aqueous suspension containing titania nanoparticles under UV irradiation. Also, the effect
of pH in nanoparticle synthesis and role of catalyst dose and dye concentration were evalu-
ated. The experimental result showed that particles synthesized by sol–gel method are of
20–40 nm anatase form with cuboidal structure and OH− as a major functional group. These
particles showed efficiency to degrade dyes up to 98% and industry (paint and textile)
effluents can be decolorized in the TiO2/UV system.

Keywords: Methylene Blue; Malachite Green; Rhodamine B; Industrial effluents; TiO2

adsorbent; Photocatalysis

1. Introduction

Now-a-days, most colorants have the purpose to
satisfy the esthetical needs of the environment and
thus, thousands of dyes and pigments are produced in
industrial scales [1]. Textile industry has shown a sig-
nificant increase in the use of synthetic complex
organic dyes as coloring material [2]. Synthetic
dyestuffs, a group of organic pollutants, are used

extensively in textile, paper, printing industries, and
dye houses. It is reported that there are over 100,000
commercially available dyes with a production of over
7 × 105 metric tonnes per year [3,4]. Estimates indicate
that approximately 10–20% of the synthetic textile
dyes used are lost in waste streams during manufac-
turing or processing operations [5,6]. Even at low con-
centrations, textile wastewater is intensely colored. It
poses genotoxic and carcinogenic properties and
affects the immune system and reproductive system.
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Reactive dyes have been identified as the most envi-
ronmental problematic compounds in textile dye efflu-
ents [7,8]. Most of the dyes and poisonous metals
used in the textile industries are stable to light and are
non-biodegradable [9]. In order to reduce the risk of
environmental pollution from such waste, it is neces-
sary to treat them before discharging into the environ-
ment. There are various methods for removal of
organic and inorganic compounds from the wastewa-
ter such as filtration, electrolysis, precipitation, ion-
exchange and adsorption processes [10,11]. Most of
these methods require high capital and recurring
expenditure and consequently they are not suitable for
small-scale industries [12]. Among all the above-men-
tioned methods, photocatalysis is highly effective and
cheap process than the other methods [13]. Besides,
photocatalytic detoxification is a process where a
semiconductor upon adsorption of a photon acts as a
catalyst in producing reactive radicals, mainly hydro-
xyl radicals, which in turn can oxidize organic com-
pounds and totally neutralize and/or completely
destroy the organic and inorganic compounds in the
water instead of simply removing or displacing [14].

In this paper, an attempt has been made on the
synthesis and characterization of TiO2 nanoparticles
and removal of the most commonly used coloring dyes
such as malachite green, methylene blue, rhodamine B,
and industry effluents (paint and textile industry efflu-
ents) by anatase TiO2 nanoadsorbent. These dyes are
used for present study, because they are the brightest
class of soluble dyes used in textile and color industry
[15,16]. Moreover, the influence of pH on nanoparticle
synthesis, role of dye concentration, and catalyst dose
in photocatalytic activity was evaluated.

2. Materials and methods

2.1. Materials

Reactive dyes were purchased from Merck India
and their properties are mentioned in Table 1 [16–19].
Titanium tetraisopropoxide (97%) and acetic acid
(99.7%) were purchased from Hi-media, while chemi-
cals of analytical reagent grade were used without fur-
ther purification. Double-distilled water was used as
the solvent for all the studies and Ultraviolet (UV-C)
with two 15-W lamps (Philips Model) was used as the
source of UV radiation (with constant inten-
sity = 2.8 mW/cm2).

2.2. Catalyst preparation

TiO2 nanoparticles were synthesized following a
procedure reported elsewhere [20]. The synthesis was

carried out at a high degree of super saturation in
order to achieve a nucleation rate much greater than
the growth rate. The samples were prepared by a
modified sol–gel route [21]. Twelve milliliter titanium
isopropoxide was added to 23 mL of acetic acid with
continuous stirring. After that, 72 mL water was
added to the mixture drop by drop with vigorous stir-
ring. pH was adjusted to 1, 3, 6, and 9 by dilute HNO3

for acidic condition and NaOH for basic condition.
The solution was stirred for 6 h until a clear transpar-
ent sol was achieved; it was dried at 100˚C, and after
that it was calcined at 600˚C for 2 h at a ramp rate of
5˚C/min. Then, particles were characterized for their
shape, size, and identification of functional groups.
The photocatalytic activities of the materials were
studied by examining the degradation reaction.

2.3. Physico-chemical catalytic characterization

The crystallinity was determined by Powder XRD
(Phillips X’pert MPD system, Holland) using Cu–Ka
radiation (λ = 1.5405 Å) in a 2y range of 5–601 at a
scan speed of 0.11 s−1, maintaining applied voltage at
40 kV and current at 40 mA. About 0.5 g of the dried
particles was deposited as a randomly oriented pow-
der onto a Plexiglas sample container, and the XRD
patterns were recorded between 20˚ and 80˚ angles.
XRD patterns were compared with the standard ana-
tase diffractograms [22]. The shape and size of the
particles were obtained through transmission electron
microscope (TEM) using a model Philips Tecnai 20,
Holland with an accelerating voltage of 100 kV. For
TEM measurements, the samples were placed on car-
bon-coated copper grids. This sample was prepared
from much diluted dispersions of the particles in 2-
propanol. The chemical composition of the synthe-
sized material was evaluated using Fourier transform
infrared (FTIR) spectrophotometer (SPECTRUM GX,
Perkin-Elmer). The spectrum is recorded in the range
of wave number 400–4,000 cm−1 [23].

2.4. Photocatalytic experiment

Batch experiments were carried out using a series
of Erlenmeyer flask of 50 mL capacity covered with
aluminum foil to prevent the introduction of any for-
eign particle contamination. The effects of concentra-
tion of dye solution and dose of catalyst were studied.
Isotherms were run by taking selected different con-
centrations (10, 20, 30, and 40 ppm) of methylene blue,
malachite green, and rhodamine B. Dye-containing
flasks were stirred in dark for half an hour. For kinetic
studies, the batch technique was used due to its
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simplicity. From flasks, defined volumes of methylene
blue, malachite green, and rhodamine B were taken in
test tubes to which known different amount of the cata-
lyst was added to each tube. Catalyst-containing tubes
were placed directly on the surface of UV-radiation
lamp. Four 15 W low-pressure mercury UV tubes
(Spectronics) emitting near UV radiation with a peak at
365 nm were used (Fig. 1). The photocatalytic oxidation
process started when UV radiation reached the TiO2

photocatalyst. Then, tubes were allowed to agitate occa-
sionally by gentle stirring. At given time intervals, vari-
ous parameters like temperature and pH were
measured. Then, samples were centrifuged and the
supernatants were analyzed for methylene blue, mala-
chite green, and rhodamine B by a UV–vis spectropho-
tometer. The residual dye concentration in each
solution was measured spectrophotometrically at the
corresponding λmax (665, 615, and 555 nm for methylene
blue, malachite green, and rhodamine B, respectively).
Blank sample tube-containing dye without nanocatalyst
was also placed on UV irradiation. This shows that
during UV irradiation, decolorization of dyes only takes
place in the presence of a photocatalyst [24]. In the pho-
todegradation experiments, the extent of removal of the
dye in terms of the values of percentage removal has
been calculated using the following relationship:

Percentage removal ð%RÞ ¼ 100� ðCi � Cf Þ=Cf

where Ci, initial concentration of dye (ppm); Cf, final
concentration of dye (ppm) at given time.

Similarly, photocatalytic experiment was carried
out with paint industry effluent and textile industry
effluent. Samples were collected from the source point
outlet of finishing unit of industry. Some physico-
chemical parameters of the effluent like pH, COD,
ions-PO4, SO4, NO3 and hardness were measured.

Distinct amount (10, 20, and 30%) of crude effluent
sample was taken and high dose of particles were

Table 1
Chemical structure and properties of methylene blue, malachite green, and rhodamine B

Dye Methylene Blue Malachite Green Rhodamine B

Structure

λmax 660 nm 610 nm 550 nm
Mw 319.86 464.91 479.02
IUPAC

name
3,7-bis
(Dimethylamino)-
phenothiazin-5-ium
chloride

4-{[4-(dimethylamino)phenyl](phenyl)
methylidene}-N,N-dimethylcyclohexa-2,5-
dien-1-iminium chloride

[9-(2-carboxyphenyl)-6-diethylamino-
3-xanthenylidene]-diethylammonium
chloride

C.I. number C.I. 52015 C.I. 52015
C.I.
45170

5      10      15      20      C
Sample outlet

Test tube containing dyes and photocatalyst
Test tube containing dye (control)

UV light tubes

Photocatalysis chamber

Dose of particles (mg)

Fig. 1. Schematic diagram and photography of photocata-
lytic experiment.
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added and UV treatment was applied. Percentage deg-
radation was calculated. Photocatalysis experiment
was repeated three times.

3. Results and discussion

3.1. X-ray diffraction

Fig. 2 shows the X-ray diffraction (XRD) patterns
of the powder samples prepared in initial solution
with different pH. From these patterns, it is easy to
see distinct peaks at 25.3˚. It is also noticed that pH
affects particles size and degree of crystallinity. A
trace of rutile was found in sample prepared at pH 9
at 30.21˚ with high peaks of impurities. In this case, it
is found that lower acidity will favor anatase
formation [25,26].

The preparation of the TiO2 colloids in the nano
range can be effectively conducted through the hydro-
lysis and condensation of titanium alkoxides in aque-
ous media. In the presence of water, alkoxides are
hydrolyzed and subsequently polymerized to form a
three-dimensional oxide network. These reactions can
be schematically represented as follows:

Ti(OR)4 þ 4H2O ! Ti(OH)4 þ 4ROH (hydrolysis) (I)

Ti(OH)4 ! TiO2 x H2Oþ ð2� xÞH2O (condensation)

(II)

where R is ethyl, i-propyl, n-butyl, etc. [27]. It is well
known that the tetravalent cations are too much acidic
so that the nucleation of stable hydroxide Ti(OH)4 can-
not occur. Water molecules formed according to reac-
tion (II) always bear a positive partial charge [28].
Therefore, oxolation and olation can proceed simulta-
neously during nucleation and growth leading to the
formation of amorphous hydrous oxide (TiO2·nH2O),
where the number n of water molecules depends on
experimental conditions. Depending on the experi-
mental procedure, the precipitation of TiO2 lead to
rutile or anatase phases [29]. The formation of such
structures from aqueous molecular precursors can be
described as follows: when deoxolation (O Ti–OH2 →
HO–Ti–Ti–OH) does not occur during nucleation, ola-
tion leads to a linear growth along one of the two
equivalent directions in the equatorial plane of
[Ti2O2(OH)4(OH2)4]0 dimers. Then, oxolation between
the resulting TiO(OH)2(OH)2 linear chains after an
internal proton transfer leads to corner-sharing octahe-
dral chains (Ti3O bridges) characteristics of the rutile
structure. The formation of rutile may then be associ-
ated to the metastability of apical Ti O bonds within
monomers or dimers. Now, if deoxolation occurs prior

Fig. 2. XRD patterns of nanocrystalline titania samples prepared by sol–gel method with various pH conditions such as
(a) pH 6, (b) pH 1, (c) pH 3, and (d) pH 9.
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to olation, condensation can proceed along apical
direction leading to skewed chains typical of the ana-
tase structure. Controlling the stage of deoxolation
prior to olation can be obtained by adjusting the pH
and initial water concentration. This control leads to
precipitation of anatase nanopowder TiO2 in the
experimental procedure.

The crystallite size was determined by Scherrer
equation and summarized in Table 2. It was found
that the crystallite size varies from 23 to 47 nm.

When the pH level of the solution is lower than 6
i.e. more acidic, a white suspension of rough precipi-
tant is formed immediately after hydrolysis reaction.
However, when the pH level is above 6, homogeneous
suspension of fine particles is formed. Table 2 shows
that smaller crystals from homogeneous suspension
have been obtained from the hydrolysis of TTIP in the

slight acidic solution (pH 6). So, further characteriza-
tion followed by photocatalysis was performed using
particles prepared at pH 6.

3.2. Functional group analysis of TiO2nanoparticles

FTIR spectrum of as-synthesized anatase TiO2

nanoparticles is shown in Fig. 3. It was observed that
the strong band in the range of 700–500 cm−1 is associ-
ated with the characteristic vibrational modes of TiO2.
This confirms that the TiO2 phase has been formed.
The absorption in the range from 3,500 to 2,500 cm−1

may be related to the presence of O–H stretching
vibration (monomer, intermolecular, intramolecular,
and polymeric) [30]. The absorption band at
1,637 cm−1 due to the presence of O–H bending vibra-
tion is probably because of the reabsorption of water
from the atmosphere [31].

3.3. Structural characteristics of TiO2 nanoparticles

The above results indicated that the precursor tita-
nate obtained was in nanostructure, which is further
confirmed by TEM observation. The homogeneity, uni-
formity, and the size of the resulting TiO2 crystals were
studied by TEM, as shown in Fig. 4. TEM study

Table 2
Crystallite size of sample prepared via sol–gel method

pH Crystallite size (nm)

1 23
3 23
6 24
9 47

Fig. 3. FTIR spectra of synthesized TiO2.
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indicated that all the crystals were completely sepa-
rated from each other and uniform with a particle ana-
lytical grade with size of 20–30 nm. These particles do
not grow together to form bigger particles even after
an extensive period of time. It is worth noting that only
a small percentage of the total particles exhibit a diam-
eter size bigger than 30 nm. The crystallites had sets of
clearly resolved lattice fringes giving evidence that the
TiO2 material was highly crystalline [32].

However, there was a slight discrepancy between
the particles sizes determined by XRD analysis and
TEM. This could be due to the fact that the effective
mass approximation is relatively less correct for small

nanoparticles and statistical effects of spatial confine-
ment also influences the optical properties of nano-
crystalline semiconductors [33].

3.4. Photocatalytic activity

The experimental set-up for photocatalytic study
comprised of UV light chamber. The UV light source
was a 15 W mercury lamp with a wavelength of 365 nm.
Different dye concentrations (10, 20, 30, and 40 ppm)
were used to determine the effect of catalyst. Fluctuation
in pH and temperature during experiment was trifling.
In order to evaluate the maximum decolorization

Fig. 4. TEM image of synthesized TiO2 nanoparticles.

10ppm Methylene Blue 20ppm Methylene Blue

30ppm Methylene Blue 40ppm Methylene Blue

Fig. 5. Decolorization of methylene blue by TiO2 nanoparticles.
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capacity of the TiO2 nanoparticles, the effect of catalyst
doses-5, 10, 15, and 20 mg was observed. Average result
of triplicate experiment has been considered.

3.4.1. Decolorization of methylene blue

The effect of dye concentration on its degradation
was studied. Fig. 5 shows the percentage degradation
at various methylene dye concentrations. Less concen-
trated dye (10, 20 ppm) gave complete decolorization
at the end of 2 h. Whereas, higher concentrated dye

took almost 4 h for the complete removal of color
(Fig. 5). At higher concentration of catalyst, the color
removal was found to be high. This may be because
as the concentration of the dye increases, the catalyst
particles adsorb more and more dye. At higher con-
centration, the light travels up to a smaller distance.

3.4.2. Decolorization of malachite green

As seen in Fig. 6, malachite green took lesser time
by an hour for complete color removal of 10–40 ppm
dye. Though figure indicates that dye itself degrades
in UV irradiation, the activity was enhanced in pres-
ence of catalyst loading.

3.4.3. Decolorization of rhodamine B

Degradation of rhodamine B shown in Fig. 7
clearly demonstrates that the degradation rate
increases with the particle dose. However, the removal
efficiency was around 96% for 20 mg dose which is
five times of the initial value of 20 mg of higher con-
centrated dye solution. Hence, 20 mg adsorbent can be
taken as an optimum dose.

3.4.4. Decolorization of paint industry effluent

It can be seen that there exists a good correlation
between the light absorption properties and the photo-
catalytic activity of the samples. When the particle

10ppm Malachite Green 20ppm Malachite Green

30ppm Malachite Green 40ppm Malachite Green

Fig. 6. Decolorization of malachite green by TiO2 nanopar-
ticles.

10ppm Rhodamine b 20ppm Rhodamine b

30ppm Rhodamine b
40ppm Rhodamine b

Fig. 7. Decolorization of rhodamine B by TiO2 nanoparticles.
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content is 20 mg, photocatalytic activity is significantly
improved. Crude effluent took 8 h for 80–95% removal
(Fig. 8). Because of the presence of heavy metals,
lubricants, oils, and other pollutants in paint industry
effluent, degradation took longer time compared to
dye solution.

pH, COD, PO4, SO4, NO3, and hardness of the paint
industry effluent before photocatalysis was found to be
6, 370, 0.280, 360, 0.198, and 765 mg/L accordingly. On
discoloration of effluent, these values changed to 6.8,
360, 0.260, 342, 0.165, and 740 mg/L, respectively.

3.4.5. Decolorization of textile industry effluent

In textile industry effluent, the decoloration
efficiency was around 98% which is 5–6 times of the
initial value of decoloration. The organic constituent

of diluted wastewater to 10% was almost completely
photo oxidized after an irradiation of 3 h (Fig. 9).
Effluent was found to be almost completely decolor-
ized on irradiation for 3–5 h. The results showed simi-
lar value for adsorption capacity of catalyst for dyes
and effluents. At the end of decoloration,
physicochemical parameters of textile effluent showed
reduction from initial values, like pH value changed
to 6.5 from 7.2, COD changed to 389 from 402 mg/L,
PO4 changed to 0.25 from 0.275 mg/L, SO4 changed to
320 from 340 mg/L, NO3 changed to 0.155 from
0.175 mg/L, and hardness turned to 500 from
740 mg/L.

Lee et al. suggested that the different percent
decoloration can be related to chemical structure,
molecular size, and stereo-chemistry of the dyes and
effluents [34].

10% Dye from Paint Industry 
Effluent

20% Dye from Paint 
Industry Effluent

Fig. 8. Decolorization of paint industrial effluent by TiO2 nanoparticles.

10% Dye Industry Effluent 20% Dye Industry Effluent

30% Dye Industry Effluent

Fig. 9. Decolorization of textile industry effluent by TiO2 nanoparticles.
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4. Conclusion

Crystalline TiO2 nanoparticles of 20–40 nm were
synthesized using sol–gel method and the experiment
has revealed that lower acidic conditions promote ana-
tase cuboidal structure. The UV light irradiation of the
dye using nanoTiO2 as a catalyst has yielded percent-
age decoloration greater than 95% for a catalyst load-
ing of 20 mg. The results of the present photocatalytic
studies indicate that the maximum degradation of
methylene blue and rhodamine B was obtained at
20 mg, 4 h, 40 ppm of catalytic dose, contact time, ini-
tial concentration, respectively. On the other hand, the
maximum degradation of malachite green was
observed at one hour contact time with other similar
conditions as in case of methylene blue and rhoda-
mine B dyes. The nano-TiO2 capable of degrading
effluents within 3–8 h shows its high affinity and
capacity. The developed nanocatalyst system is an
efficient and cost-effective method for the removal of
the dyes from contaminated water and industrial
effluents [35].

References

[1] F. Wurthner, Topics in current chemistry, in: V. Balzani,
A. de Meijere, K.N. Houk, H. Kessler, J.-M. Lehn, S.V.
Ley, S.L. Schreiber, J. Thiem, B.M. Trost, F. Vögtle, H.
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