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bstract

In this investigation, the effectiveness of using photocatalytic sol–gel TiO2 thin film to decolorize anthraquinonic dye Acid Blue 80 was
valuated experimentally. The TiO2 photocatalysts synthesized were characterized by DSC–TG, XRD, HRTEM, UV–vis spectra, SEM, and
PS. The experimental results showed that a TiO2 thin film formed without high temperature calcination could effectively perform photocatalytic
ecolorization under UVA irradiation. After the TiO2 thin film was modified by Cr ion implantation, the characterization by UV–vis spectra showed
hat the light absorption was extended beyond UV to the visible range. The modified thin film could perform visible-light-assisted photocatalytic

ecolorization of the dye. The overall study demonstrates the promise of solar photocatalytic decolorization of dye for treatment of textile effluent.
y adopting immobilized TiO2 thin films instead of conventional suspended TiO2 particles, the photocatalytic water treatment method becomes
ore cost-effective as the costly filtration process, normally needed to recover TiO2 particles from the effluent discharge, can be omitted.
2006 Elsevier B.V. All rights reserved.
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. Introduction

The textile industry is expanding worldwide especially in
he developing countries. In response to the continuous increase
n effluent discharge from textile factories, it is necessary to
evelop effective and low-cost wastewater treatment methods.
xisting methods, such as reverse osmosis, ultra-filtration, and
dsorption, are efficient mitigation measures but the costs are
igh.

Advanced oxidation processes, particularly photocatalytic
xidation technology, offer promising wastewater treatment
lternatives. Titanium dioxide (TiO2), a viable photocatalyst,
apable of oxidizing various pollutants, is non-toxic, chem-
cally stable, inexpensive, and commercially available [1–4].

elevant studies showed that TiO2 photocatalysis could per-

orm decolorization of different dyes, such as Acid Blue 80 [5],
cid Orange 52 [6], Reactive Red 239 [7], Procion Red MX-
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B [8], and Solopheny Green [9]. The commonality in these
tudies was the use of TiO2 suspension in their photocatalytic
ecolorization systems. In commercial applications, costly sep-
ration procedures were required to recover the TiO2 powder
rom the treated effluent prior to discharge. Another concern for
sing TiO2 suspension was that excessive TiO2 loading would
iminish the light penetration resulting in poor photocatalytic
ctivity [10]. Alternatively, Kim and Park studied photocatalytic
ecolorization of a dye, rhodamine B, by immobilized TiO2 on
ilicone sealant [11].

The aim of the present study was to investigate the photocat-
lytic decolorization of Acid Blue 80 (molecular structure shown
n Fig. 1) by sol–gel TiO2 thin film and thin film modified by
hromium (Cr) ion implantation. When TiO2 is bombarded with
r ions accelerated in a high-voltage field, the high-energy ions
re injected into the TiO2 lattice. This process modifies the TiO2
lectronic structure and extends its photo-response to the visible

ange up to 700 nm [12–18]. The substrate was made of light-
ransmitting glass material. The photocatalysts synthesized were
ully characterized for the chemical contents and crystal struc-
ures. Dye decolorization tests using both UVA and visible-light
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dx.doi.org/10.1016/j.cej.2006.10.022


154 C.H. Ao et al. / Chemical Engineerin

i
m
i

2

2

h
1
d
a
s
c
t
l
a
a
s
p
a
a
t
d
i
C
u
t
a
l

2

u
T
a
D
r
S

t
1

L
T
w
t
s
p
P
f
n
o
a
s
T

2

d
A
A
p
t
s
t
i
s
P
m
d
l
I
f
p

C
o
p
w
t
e
s
p
t
t

3

3

Fig. 1. Molecular structure of Acid Blue 80.

rradiation were conducted. The detailed methodology, experi-
ental results, and reaction kinetics are presented and discussed

n this paper.

. Methodology

.1. Preparation of TiO2 thin films and Cr ion implantation

The details of the fabrication of the sol–gel TiO2 thin films
ave been described elsewhere [19,20]. The first step was adding
5-ml titanium isopropoxide and 1-ml nitric acid into 150-ml
eionized water. The solution was refluxed in a stirring flask
t 80 ◦C for 3 days to produce a sol–gel solution. The sol–gel
olution was then evenly applied onto the inner surface of a
lean 90-mm borosilicate Petri dish. The TiO2 coated dish was
hen heated in an oven at 75 ◦C for 24 h to drive out all the
iquid content to complete the synthesis of the first photocat-
lytic thin film sample. The weight gain by the thin film was
bout 7 mg. The second thin film sample was synthesized by the
ame procedures described above with an additional calcination
rocess at 400 ◦C for 2 h. The third sample was a visible-light-
ssisted photocatalytic thin film produced by modification of
TiO2 thin film of the first sample type by Cr ion implanta-

ion (denoted by Cr/TiO2). In this process, a borosilicate Petri
ish coated with a sol–gel TiO2 thin film was placed inside an
on implanter and the system was evacuated to 1 × 10−7 Torr.
hromium ion beam was produced from a Metal Vapor Vac-
um Arc (MEVVA) ion source. The ion implanter was regulated
o achieve a loading of 1 × 1017 ion cm−2. The fundamentals
nd detailed processes of ion implantation can be found in the
iterature [13,14].

.2. Catalyst characterization

A Bruker D8 Advance diffractometer employing Cu K� was
sed to identify the X-ray diffraction (XRD) pattern and the
iO2 crystal structure. An accelerating voltage of 40 kV and

current of 40 mA with a scan rate of 0.05◦ s−1 were used.
ifferential scanning calorimetry (DSC) and thermal gravimet-

ic (TG) analyses were performed together using a NETZSCH
TA 449C instrument. A 10-mg photocatalyst removed from a

s
T
1
w
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hin film sample by a spatula was tested with a heating rate of
0 ◦C min−1 in flowing air.

The surface morphology of a TiO2 thin film was obtained by a
EO 1530 field emission scanning electron microscope (SEM).
he diffuse reflectance UV–vis absorption spectra of a thin film
as obtained by a Perkin-Elmer Lambda 900 UV–vis–NIR spec-

rophotometer. The compound BaSO4 was used as a reflectance
tandard in the UV–vis diffuse reflectance experiment. X-ray
hotoelectron spectroscopy (XPS) tests were conducted by a
hysical Electronics 5600 multi-technique system. The sur-
ace probe detected electrons generated in a depth within few
anometers on the sample surface. The C 1s peak at 248.8 eV
f the surface adventitious carbon was used as a reference for
ll the binding energy measurements. High resolution transmis-
ion electron microscopy (HRTEM) was performed by a Philips
ecnai 200-kV transmission electron microscope.

.3. Experiments

Experiments were conducted to evaluate the performance of
ifferent photocatalytic thin film samples in decolorization of
cid Blue 80. At the beginning of each test, 10-ml diluted
cid Blue 80 (10 ppm and pH 5.78) was dispensed into a
hotocatalyst-coated Petri dish. The setup was kept in the dark
o allow the adsorption of dye to reach a state of equilibrium as a
tandard starting point of photocatalytic test. During this period,
he dye solution was sampled every 10 min. It was found that
t took about 30 min for the adsorption to reach the equilibrium
tate. Then, an 8-W UVA lamp (Philips) placed 50 mm above the
etri dish was turned on. The UVA irradiance was 3 mW cm−2

easured by a Lutron UVA 365 light meter. Samples of the
ye solution were taken at designated time intervals and ana-
yzed by a calibrated UV–vis spectrophotometer (Spectronic
nstrument, Spectronic Genesys 2). The tests were repeated
or photocatalyst-coated Petri dish without UVA irradiance and
lain Petri dish with UVA irradiance for experimental control.

For testing the visible-light-assisted photocatalytic effect of a
r/TiO2 thin film, a 250-W metal halide lamp (Philips) instead
f the UVA lamp was placed 400 mm above the Petri dish to
roduce a visible-light irradiance of 3 mW cm−2. A UV filter
as used to block the radiation under 470 nm to ensure that the

est was carried out entirely under visible-light irradiation. The
xperimental procedures followed the same above-mentioned
teps. For testing each combination of material and operational
arameters, dye absorbance measurements were taken to obtain
he maximum, minimum and mean values of the dye concentra-
ion at different time intervals.

. Results and discussion

.1. Characteristics of photocatalysts

Fig. 2 presents the results of the DSC–TG analysis of the

ol–gel TiO2 photocatalyst finished by a drying process at 75 ◦C.
wo stages of weight loss were observed from the TG curve: (1)
1% weight loss from room temperature to 375 ◦C and (2) 6%
eight loss from 375 to 975 ◦C. The first stage of weight loss
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Fig. 4 display the TiO2 spherical particles. HTREM analyses
were also performed to obtain the crystal phase and crystal size
of TiO2. As shown in Fig. 5, the measured crystal size of the
TiO2 dried at 75 ◦C was about 7.4 nm (measured by Gatan), in a
Fig. 2. DSC–TG analysis of photocatalyst TiO2.

eferred to the evaporation of physically adsorbed water. The
econd stage of weight loss was due to the chemisorbed water
nd residual organics in the photocatalyst [21]. From the DSC
urve, an endothermic peak was found at 240 ◦C, the boiling
oint of titanium isopropoxide used as the parent chemical solu-
ion. The endothermic peak was due to the energy required for
aporization of the titanium isopropoxide. No exothermic peak
as observed as the sample was heated up to 900 ◦C. The results

mplied the absence of crystallization [21,22].
As shown in Fig. 3, the XRD diffraction patterns of both TiO2

hotocatalyst dried at 75 ◦C and TiO2 calcined at 400 ◦C showed
natase peaks at 25.4◦ with reference to the 21–1272 anatase
STM card. Formation of brookite phase was also observed at
0.8 ◦C in both TiO2 samples. The XRD results, consistent with
he previous DSC–TG results, indicated no new crystal phase
ormation in the calcination process. The sol–gel thin film was
rystallized when it was dried at 75 ◦C. The crystallinity of the
iO2 calcined at 400 ◦C was higher because a higher thermal
nergy was applied in the synthesis process [23].

Scherrer’s equation is widely used to determine the crystal-
ite size of the TiO2 particles from the (1 0 1) plane diffraction

eak [24,25]. The calculated crystal sizes of TiO2 dried at 75 ◦C
nd TiO2 calcined at 400 ◦C were found to be 3.2 and 7.5 nm,
espectively. The SEM images of the calcined sample shown in

Fig. 3. XRD pattern of TiO2 photocatalyst.
F
o

Fig. 4. SEM micrographs of TiO2 calcined at 400 ◦C.
ig. 5. HRETM of TiO2 dried at 75 ◦C (left insert: electron diffraction pattern
f TiO2; right insert: lattice fringe of TiO2).
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Fig. 6. XPS spectra of TiO2 and Cr/TiO2 thin film.

easonable agreement with the calculated value from the XRD
iffraction pattern. The electron diffraction pattern is shown in
he right inserted figure. The first ring was assigned as anatase
hase (1 0 1) and the second ring was assigned as brookite phase
2 1 1). The findings indicated the presence of the brookite phase.
he left inserted figure shows the lattice fringe of the TiO2 with
spacing of 0.17 nm.

Fig. 6 shows the XPS spectra of the TiO2 and Cr/TiO2 thin
lms. The C 1s peak at 248.8 eV was the adventitious hydro-
arbon originated from the analytical instrument. Photoelectron
eaks observed at binding energies (Eb) of 458 and 531 eV were
orresponding to Ti 2p and O 1s, respectively, for all the TiO2
hin films with a chemical state of Ti4+. The aforementioned
inding energies were the characteristic parameters of TiO2 [26].
he two distinct peaks observed at Eb equal to 576.8 and 586.4

or the TiO2 thin film implanted with Cr ion represented the Cr
p of Cr3+ state [27,28]. A study [29] showed that Cr4+ might be
ormed at a binding energy of 597.4 eV. As no peak at 597.4 eV
as observed in Fig. 6, the measurements implied the presence
f Cr3+ state only.

It is reported that chromium ion causes certain toxic effects,
uch as cellular necrosis by chronic oral exposure [30]. The
eported toxic effect, however, is related to Cr6+. At the present
oment, Cr6+ is as a known a human carcinogen but not Cr3+.
he use of Cr3+ for wastewater treatment is a feasible approach.

The compositions of the TiO2 and Cr/TiO2 thin films are
resented in Table 1. The red shift from the UV–vis spectropho-
ometry analysis, as shown in Fig. 7, also manifests the presence
f Cr/TiO2 in the thin film. The XPS peak of Cr 2p being higher

han that of Ti 2p, as shown in Fig. 6, implies deposition of Cr
on on the thin film surface [27,28].

Similar finding of the abovementioned brookite TiO2 phase
as also reported in other studies [31–34]. These studies

able 1
omposition (at.%) of TiO2 and Cr/TiO2 thin film

hin film Element (%)

Ti O Cr

iO2 dried at 75 ◦C 25.7 61.49 0
r/TiO2 4.9 58.66 21.5

t
a
a
T
t
T
e
i
p
r
a

Fig. 7. Diffuse reflectance spectra of TiO2 and Cr/TiO2 thin film.

xplained that sodium oxide migrated from the glass substrate
nto the TiO2 film during the heat treatment process inhibited
he anatase formation and produced the brookite phase. How-
ver, different phenomena were observed in the present study.
irst, no sodium peak was found in the XPS analyses. Second,

he XRD pattern and the HRTEM electron diffraction pattern
howed the presence of brookite phase even in the TiO2 photo-
atalyst dried at 75 ◦C. Migration of sodium ion is only possible
nder calcination at a high temperature of several hundred degree
elsius [34]. It was therefore concluded that the brookite phase
as formed without the presence of the sodium ion.
Anatase TiO2 mostly absorbs light with a wavelength shorter

han 380 nm [35]. In order to increase the light absorption range,
he electronic property of the TiO2 was modified by Cr ion
mplantation [13,14,36]. The UV–vis absorption spectra dis-
ributions of TiO2 and Cr/TiO2 thin films were measured. As
hown in Fig. 7, when the TiO2 thin film was implanted with
r ion, the absorption of the light spectra was extended to the
isible region.

From another study of TiO2 thin film, interference fringes
ere observed on a TiO2 film prepared by a radio-frequency
agnetron (RF-MS) deposition method with a high transparency

12]. In this study, no interference fringe was observed (Fig. 7)
ecause the TiO2 thin film sample exhibited semi-transparency
nd high absorption in the visible-light spectrum, resulting from
on-uniformity of the TiO2 film prepared by the sol–gel method.

.2. Decolorization of Acid Blue 80 by UVA irradiation

The UV–vis spectrophotometer was calibrated for measuring
he concentration of Acid Blue 80. As shown in Fig. 8, the entire
bsorption spectrum of Acid Blue 80 was obtained. The peak
t 626 nm of the 20-ppm curve was used as the reference [37].
he test results of the decolorization of Acid Blue 80 by the

wo TiO2 reactors under UVA irradiation are shown in Fig. 9.
he absence of either TiO2 or UVA irradiation, served as control
xperiments, caused no decolorization effect. These results also

mplied negligible photolysis and adsorption effects [38]. For the
resence of both TiO2 and UVA irradiation, the decolorization
ate was significant and complete decolorization was obtained
fter 360 min.
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Fig. 8. Absorption spectra of Acid Blue 80.

In general, the dye decolorization behavior closely follows
he Langmuir–Hinshelwood (L-H) kinetics model [1,6,39]:

= −dC

dt
= kKC

1 + KC
(1)

here C is the Acid Blue 80 concentration (ppm) at time t (min),
the reaction rate constant (ppm min−1), and K is the adsorption
oefficient of Acid Blue 80 (ppm−1). The integration of Eq. (1)
s:

= 1

Kk
ln

(
C0

C

)
+ 1

k
(C0 − C) (2)

s the initial concentration is in the order of ppm, the second
erm on the right-hand side of Eq. (2) is relatively negligible.
herefore, Eq. (2) can be further simplified to [1,6,40]:

n

(
C0

C

)
∼= kKt = k′t (3)

here k′ is the apparent rate constant (min−1).
For the experimental measurements presented in Fig. 9, it was

ound that the apparent rate constant k′ of the TiO2 thin film dried
◦ −1 ′
t 75 C was 0.01125 min and k of the one with additional cal-

ination at 400 ◦C was 0.01132 min−1, a slightly higher value.
hese results did not agree with the findings in other studies

34,41–43] showing that the amount of sodium migration from

Fig. 9. Decolorization of Acid Blue 80 by TiO2 under UVA irradiation.
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ig. 10. Decolorization of Acid Blue 80 by Cr/TiO2 under visible-light irradi-
tion.

he glass substrate to the TiO2 thin film increased with the cal-
ination temperature resulting in a lower photocatalytic activity.
s the TiO2 thin film dried at 75 ◦C already possessed photocat-

lytic reactivity, material of low-melting point, such as polymer,
ould be selected as the substrate material.

.3. Decolorization of Acid Blue 80 by visible-light
rradiation

Fig. 10 presents the visible-light irradiation test results. The
our tests with different combinations of photocatalyst and irra-
iation clearly exhibited the effectiveness of Cr/TiO2 irradiated
y visible-light for decolorization of Acid Blue 80. The photo-
atalytic oxidation reaction was activated due to the extension of
bsorption spectra to visible-light by Cr ion implantation. The
eaction rate decreased with irradiance time after 60 min because
competition for photodegradation might occur between the

eactant and the intermediate product. The slow down of the
ye degradation might be also due to heavy adsorption of inter-
ediate products that could not be degraded by visible-light

hotocatalysis [1].
In other related dye decolorization studies [6,44], TiO2 with-

ut any modification under visible-light irradiation could decol-
rize aminoazobenzene Acid Orange 52 and eosin. The chemical
eactions involved excitation of adsorbed TiO2 to the singlet or
riplet state and electron injection from the excited dye to the
onduction band of TiO2. As a result of photosensitized oxi-
ation, the dye molecules were converted into the cationic dye
adicals [1,44]. However, in this study, the TiO2 thin film with-
ut the presence of Cr ion failed to perform any decolorization
ffect under visible-light irradiation. It implied that there was no
hotosensitized oxidation effect.

. Conclusion

The performance of photocatalytic decolorization of

nthraquinonic dye Acid Blue 80 was tested experimentally.
he parametric experimental results showed that there was no
hotosensitized oxidation effect and the visible-light-assisted
hotocatalysis was entirely due to the extension of activating
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