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AbstractWe synthesized nanostructured TiO2 thin films by the modified sol-gel template method using the polyeth-
ylene glycol as filler media. The TiO2 surface modification for both the thin films, i.e., template and non-template, was
done with the ascorbic acid. All the four thin film samples, S1 (TiO2 (non-template), TiO2 (template), S3 (S1 modified
with ascorbic acid) and S4 (S2 modified with ascorbic acid), were characterized by various analytical methods. Phase
evaluation was monitored by the X-Ray diffraction analysis. Moreover, the thin films particle sizes were obtained to be
22.32, 21.20, 14.52 and 16.77 nm, respectively for the samples S1, S2, S3 and S4. The changes in particle size and mor-
phology due to the PEG and ascorbic acid were determined by scanning electron microscopy (SEM). Similarly, ther-
mal gravimetric (TG) and differential scanning calorimetry (DSC) were performed to determine the decomposition
behavior of organic compound present in the solid samples. The functional groups were determined by infrared (IR)
analysis. The photocatalytic efficiency, as a reference of Congo red, was conducted using all the four samples of TiO2
thin films. Complete photocatalytic degradation of Congo red was achieved by these samples within 130, 80, 40 and
30 mins of UV illumination.
Keywords: Nanostructured Surface Modified TiO2, Photo Catalytic Oxidation, Congo Red

INTRODUCTION

Water pollution is the greatest threat and challenge that human-
ity is facing at present. A variety of human activities introduce sev-
eral contaminating substances into water bodies, resulting in a
deleterious effect on the quality of rivers, lakes, ground, aquifers and
oceans [1-4]. A variety of water contaminants include various syn-
thetic organic/or inorganic compounds including industrial dyes,
noxious gases etc. [5-8]. The heavy metal toxic ions seemingly pose
serious environmental concerns affecting significantly the water
quality of water bodies [9].

Several water pollutants were found to be highly toxic and even-
tually showed serious health issues to living beings even at trace lev-
els. It was demonstrated that an enhanced level of contaminated
water eventually causes lesser availability of fresh water to living
beings. Many developed or developing countries are facing a seri-
ous scarcity of fresh water. A rough prediction showed that by
2025, one-third of world population will live in water scarce areas
[10]. Moreover, the recycled waste waters are composed of several
pollutants--suspended particles, variety of bacteria/pathogens or
the soluble pollutants--and were found to be difficult for efficient
treatment [11].

The decontamination of polluted water is basically conducted by
various treatment steps. The primary screening and removal of par-
ticulate matters is followed by the biological treatment. However,
there are several contaminants which were found relatively stable

that needs greater attention for its effective degradation/or elimina-
tion by using the advanced treatment process [12,13]. Chlorination
is widely used for disinfection of contaminated water; however, the
by-products formed, hypohalous compounds, are found to be muta-
genic and carcinogenic [14-16]. On the other hand, the advanced
oxidation processes (AOPs) using the suitable photocatalyst for
degradation of stable organic compounds present in wastewater are
well accepted processes, and several studies have demonstrated how
to utilize effectively the AOP process to meet the stringent regula-
tory guidelines of safe water [17,18]. The AOPs treatments are per-
formed with in situ production of radicals, H2O2, ·OH, O·

2, O3, which
readily mineralizes the stable organic contaminants [19,20]. The role
of hydroxyl radical was, although, found less selective for water
contaminants. The radical readily degrades many stable contami-
nants that are dissolved in water [21,23].

Therefore, the process of AOPs contained with heterogeneous
photo-catalysts including titanium dioxide has shown fairly good
efficacy in removing a variety of stable pollutants to its possible bio-
degradable products. In a word, TiO2 shows efficient photo-cata-
lytic performance operated with radiation energy wavelength 300-
390 nm. Moreover, photo-catalysis is not only employed in water
treatment; however, the process is increasingly employed in air puri-
fication, self-cleaning solid surfaces etc. [24]. The fundamentals of
photo-physics and photo-chemistry using the semiconductor TiO2

catalyst was utilized extensively [25,26]. The semiconductor TiO2

photo-catalyst induces a series of redox processes on its solid sur-
faces [27].

However, the presence of dissolved oxygen (DO) in water bod-
ies plays an important role in the degradation of water contami-
nants. Devoid of DO and water molecules restricted greatly the
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generation of hydroxyl radicals (·OH) [28].
Titanium dioxide mainly exists in the crystalline phases: rutile,

anatase and brookite. Further, rutile and anatase have shown poten-
tial application in photocatalytic implications. Overall, the photo-
catalytic property of TiO2 was demonstrated based on the crystallinity
of solid, specific surface area of catalyst, number of surface hydroxyl
groups, point of zero charge of catalyst, defects in crystal etc. [29].
The anatase phase of TiO2 eventually showed an enhanced effi-
ciency in photocatalytic operations; however, the rutile phase was
found to be effective in various redox processes [30].

TiO2 is widely employed either as dispersed fine particles in pol-
luted aqueous medium [31] or as impregnated on suitable solid
substrate [32,33]. Recently, a report showed that TiO2 nanoparticles
possessed potential photo-toxicity towards the Oryzias latipes embryos
and sac-fry exposed to different irradiation conditions [34]. How-
ever, this problem was overcome by employing the impregnated
TiO2 on different substrates. The impregnation of TiO2 was obtained
by chemical vapor deposition [35], chemical spray pyrolysis [36],
electrodeposition [37] and sol-gel dip coating methods [32]. This
method is carried out preferably by hydrolysis and polycondensa-
tion of titanium alkoxide, which results in gel formation. Further
annealing of sol gives an ordered crystalline network of TiO2 [38,
39]. Catalytic performance is improved significantly by using porous
solid materials. The mesoporous TiO2 thin film was synthesized
by template synthesis using polyethylene glycol as filler media [40].
The surface modification of TiO2 could further enhance its suit-
ability in photocatalytic operations [41]. In principle, surface mod-
ifiers play an important role in catalyst performance by reducing
significantly the electron hole pair recombination, enhancing the
wavelength responses or even the selectivity of catalyst.

Therefore, the aim of the present study was to synthesize the
porous TiO2 film, using the polyethylene glycol (a template), on solid
substrate (borosilicate glass) by adopting sol-gel dip impregnation
method and surface modification of TiO2 thin films with L(+)-
ascorbic acid (AA). The photocatalytic efficiency of these thin films
was investigated using a reference water contaminant, Congo red.

EXPERIMENTAL

1. Preparation of TiO2 Precursor Sol
Two different TiO2 precursor sols were prepared: Sol 1 and Sol

2. Sol 1 was prepared by dissolving 11.10 g of titaniumisopropox-
ide (TTIP) in 100 ml of absolute ethyl alcohol under continuous
stirring. A drop of acetic acid (3 M) was added to the precursor
titanium isopropoxide solution and it was ultra-sonicated for 12
mins and the solution was aged for 12 hrs. Sol 2 was prepared
using the same procedure as the one described for Sol 1 except
that 2 g of polyethylene glycol (PEG) was added simultaneously
with titanium precursor solution.
2. Preparation of Thin Film

The clean and dried borosilicate glass plates were immersed in
to the Sol 1 and Sol 2 solution at a control speed and remained
dipped for 1 hr. It was removed carefully and placed in air at room
temperature for 12 hrs. TiO2 was aggregated on to the substrate
and formed a thin film on it. The solvent was evaporated at 100 oC
for 1 hr and then fired at 500±1 oC for 3 hrs in an electric furnace.

The immersing of glass plate was repeated for another three times
for both sol solutions separately in order to obtain the desired thin
uniform film onto the borosilicate glass.

The remaining amount of solutions (Sol 1 and Sol 2 named as
S1 and S2) was centrifuged for 20 mins. At 8,000 rpm to remove
water and ethyl alcohol and were dried at 100 oC for 48 hrs in
order to obtain dried gel powders.
3. Surface Modification

The TiO2 thin films were prepared by using the Sol 1 (S1) and
Sol 2 (S2). The disks were dipped into the aqueous solutions of
ascorbic acid (AA) for 10 mins, resulting in a deep orange color of
the surface. These films were heat-treated for 30 mins at 120 oC to
eliminate physisorbed water and the obtained samples were named
as S3 and S4, respectively. The color developed implies that a chemi-
cal bond was formed between the ascorbic acid and TiO2 (chemisorp-
tion) [41]. The films were then removed, thoroughly rinsed in a
dilute acidic aqueous solution and washed repeatedly with dis-
tilled water. They were then stored in an argon atmosphere until
employed for catalytic activity.
4. Characterization

The crystallinity of the TiO2 films was obtained by X-ray dif-
fraction (XRD) using Philips powder diffractometer with Cu-K

radiations. The surface morphology of TiO2 films was observed
using scanning electron microscopy (SEM, Philips XL-20) with an
accelerating voltage of 20 kV. The thermal properties of the TiO2

samples were carried out by means of thermo gravimetric/differen-
tial scanning calorimetry TG/DSC.
5. Photocatalytic Degradation Experiments

The photocatalytic degradation was carried out in the batch reac-
tor experimentation. A black box was arranged and inside the LED
based sensor was used to detect the degradation of Congo red
(Congo red, which is water soluble yielding a red colloidal solu-
tion). 40.0 mg/L of commercial Congo red was dissolved in distilled
water and used for its photocatalytic degradation. The increase in
concentration of Congo red caused for decrease in potential.

RESULTS AND DISCUSSION

1. Characterization of Solid Samples
The SEM images are presented in Fig. 1. Fig. 1 clearly shows that

the thin film surface obtained by S1 and S2 samples appears as a
plain and smooth uniform surface. However, it is clear that the wide
pore size distribution was appreciably more pronounced in S3 and
S4 than S1 and S2 samples. This indicates that that the S3 and S4
samples possessed an enhanced surface roughness and heteroge-
neity. Rough and more porous surface plays a useful role in the
photocatalytic activity since the photocatalytic reaction occurs at
the surface and a larger surface area is expected to provide more
photocatalytic reactions to take place. In comparison, the S4 sam-
ple could be accountable to provide larger surface area for more
photocatalytic reactions, and a slightly higher photocatalytic activ-
ity than S3 sample.

The crystallinity of the photocatalysts was analyzed by the X-ray
diffractometer obtained by X-ray diffraction (XRD) data. The anal-
ysis was carried out using Cu-K radiations operated at 40 kV and
250 mA at scanning angle (2) ranging from 5o to 80o at a scanning



Surface modified nanostructured-TiO2 thin films for removal of Congo red 2135

Korean J. Chem. Eng.(Vol. 35, No. 10)

rate of 4o min1. Fig. 2 shows the XRD patterns of the calcined
TiO2 thin films: S1, S2, S3 and S4. The anatase phase was the pre-
dominant structure of these thin films. This indicates that all TiO2

thin films are composed with a single crystalline anatase phase
since the characteristic peaks occurred at the 2 values of 25.4, 38,
48, 54, 55, and 63. Rutile and brookite phases were apparently absent
in these thin films.

The particle diameter of titanium dioxide was calculated by the
Debye-Scherrer Eq. (1):

(1)

where  is the incident X-rays wavelength, B and  are the full
width at half maxima (FWHM) and semi-angle of diffraction cor-
responding to the most intensive diffraction peak, respectively. [42].

Fig. 3 shows that the particle sizes of the four different TiO2 thin
film samples were 22.32, 21.20, 16.77 and 14.53 nm, respectively,
for the S1, S2, S3 and S4 samples. The thin film obtained by the
template PEG had relatively lower particle sizes, whereas the sur-
face modified samples, S3 and S4, further showed lower particle
size distribution compared to the unmodified S1 or S2 thin films.
Small particle size of thin films perhaps possesses enhanced spe-
cific surface area and shows efficient photocatalytic activity.

Fig. 4 shows the TG curves of the synthesized TiO2 samples. The
weight loss of all samples occurred in two stages. First weight loss
peak was observed between 139 oC to 150 oC, and second peak was
between 238 oC to 246 oC. These two peaks of weight loss appeared
due to the evaporation of absorbed water and ethanol in the tita-
nia gels and the combustion of unhydrolyzed isopropoxide ligands
or the evaporation of other organic substances bonded to nanotita-
nia particles. This further conformed to the exothermic processes by

D  
8.9x
B cos
----------------

Fig. 1. SEM images of TiO2 thin films S1, S2, S3 and S4 obtained on borosilicate glass substrates.

Fig. 2. X-ray diffraction pattern of TiO2 thin films S1, S2, S3 and S4.
Fig. 3. Particle size distribution of various TiO2 thin film samples.
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the DSC curves also.
Similarly, Fig. 5 shows the DSC curves of all these TiO2 sam-

ples. The figure clearly evidences two main exothermic processes,
which is almost identical for all the samples, i.e., S1, S2, S3 and S4.
The viewed difference is only the peak size. It further demonstrates
that the exothermic process is completed for all samples around
500 oC. The first exothermic peak is due to the evaporation of ab-
sorbed water and ethanol and release of organic substances. The
transformation of the amorphous phase to the anatase phase showed
the second exothermic peak.

Fourier transform-infra red (FT-IR) results were obtained for
the TiO2 solids S1, S2, S3 and S4 and illustrated in Fig. 6. Note that
the IR results are almost similar for these solids. A sharp vibra-
tional band occurred around the wave number 3,436 cm1 due to

the stretching vibrations of O-H present with Ti-OH [43]. Simi-
larly, the bending vibration of O-H appeared around 1,637 cm1.
On the other hand, IR absorption bands occurring around 471
and 421 cm1 were clearly due to the bending vibrations of Ti-O and
Ti-O-Ti [44] or possibly due to stretching vibrations of Ti-O [45].
Additionally, vibrational peaks around 2,920 and 2,861 cm1 oc-
curred because of the presence of ascorbic acids present with the
TiO2 matrix [46]. This eventually confirms the presence of ascor-
bic acid on the surface.
2. Photocatalytic Performance of TiO2 Thin Films

The photocatalytic behavior of these TiO2 thin films, S1, S2, S3
and S4, was assessed using the UV-illumination in the possible
removal of Congo red. The Congo red solution (40.0 mg/L) was
intended to degrade using these thin film samples photocatalysts. A
blank was also carried out using the Congo red (40.0 mg/L) and
with bare borosilicate glass and illuminated with UV light. Results
were recorded as a function of time and returned in Fig. 7. It is clearly
observed that very slow and incomplete degradation occurred with
bare silica glass (blank). However, a complete degradation occurred
with the S1, S2, S3 and S4 with the time taken, respectively, 130,
80, 40 and 30 mins. The results clearly indicate that the catalytic
performance of these thin films was in the order of S4>S3>S2>S1.
The surface-modified thin film shows remarkably high degradation
efficiency, and just within 20 mins of contact a complete removal
of Congo red was obtained. The thin films samples can further be
employed for their wider implications in the treatment of waste-
waters contaminated with a variety of pollutants, including the
emerging water contaminants. Previously, it was reported that the
CuO nanoparticles synthesized using a silk fibroin template fol-
lowed the pseudo-first order rate equation in the photocatalytic
degradation of Congo red [47].

CONCLUSION

Nanostructured TiO2 thin films samples were synthesized using
the filler media as polyethylene glycol (PEG). The thin film TiO2

samples S1 (without template) and S2 (with template) were sur-
face modified with ascorbic acid to obtain the thin film TiO2 sam-
ples S3 and S4, respectively. It was observed that these thin film
TiO2 samples i.e., S1, S2, S3 and S4, all had distinct anatase phase.

Fig. 4. TG curves of various TiO2 samples.

Fig. 5. DSC curves of various TiO2 samples.

Fig. 6. FT-IR spectra of various TiO2 samples.

Fig. 7. Photocatalytic degradation of Congo red using different syn-
thesized TiO2 thin film samples.
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The SEM images of the samples showed that S1 and S2 samples
were having very ordered nanosized particles, whereas samples S3
and S4 were very disordered and had micro to meso-pores on its
surfaces. The particle sizes of the four different TiO2 thin film
samples were found to be 22.32, 21.20, 16.77 and 14.53 nm, respec-
tively, for the S1, S2, S3 and S4 samples. Further, the photo-cata-
lytic behavior of these samples showed that the degradation efficacy
followed the order S4>S3>S2>S1. The TG data indicated these mate-
rials possessed two distinct peaks at the temperature range 139 oC
to 150 oC and 238 oC to 246 oC, referring to the evaporation of ab-
sorbed water and ethanol molecules with the titania and the com-
bustion of unhydrolyzed isopropoxide ligands or the evaporation
of other organic substances bonded to the nanotitania particles,
respectively. The photocatalytic efficiency of these TiO2 thin films
showed the order S4>S3>S2>S1 in the degradation of Congo red
from aqueous solutions. A complete degradation of Cong red was
achieved just within 20 mins of contact using the S4 thin film sam-
ples. These preliminary experiments further pave the way to utiliz-
ing the thin film samples in the large-scale treatment of wastewater
even contaminated with emerging water pollutants.
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