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ABSTRACT

In this work, the sol-gel method is utilized to synthesize TiO2/powder-activated carbon
(PAC) from TiCl4 and PAC. The TiO2/PAC system was used to decolorize C.I. Reactive Red
2 (RR2) under ultraviolet (UV) and visible light irradiation. The surface characteristics of
TiO2 and TiO2/PAC were analyzed by X-ray diffractometer, scanning electron microscopy,
transmission electron microscopy, UV-vis spectroscopy, BET surface area analysis, and X-ray
photoelectron spectroscopy (XPS). The effects of the C/Ti ratio, calcination temperature, pho-
tocatalyst dose, RR2 concentration, wavelength of light, and pH on the decolorization of RR2
by TiO2/PAC were evaluated. The optimal calcination temperature for forming TiO2 and
TiO2/PAC was 400˚C; moreover, the surface areas of TiO2 and TiO2/PAC were 42 and
108m2/g, respectively. The sizes of the aggregates of TiO2 and TiO2/PAC particles were
approximately 40 and 30nm, respectively. Experimental results reveal that the percentage of
anatase increased with the amount of PAC in TiO2/PAC. The spectra indicate that C doping
of TiO2 shifted the absorption edge from 418nm to a longer wavelength of 471 nm. XPS char-
acterization verifies the substitution of the C species in the crystal lattice in TiO2/PAC for O
species, forming Ti–O–C. As the C/Ti ratio and the TiO2/PAC dosage increased, the decolor-
ization efficiency increased. Conversely, the decolorization rate decreased as the RR2 concen-
tration and pH increased. The TiO2/PAC was photoexcited by irradiation by UV and visible
light; however, TiO2 was photoexcited only by UV irradiation. The efficiency of TiO2/PAC
was better than that of TiO2 in both decolorization and total organic carbon removal.
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1. Introduction

Dyes are important water pollutants that are typi-
cally present in effluents from textile, leather, paper,

and dye manufacturing. The toxicity of several dyes
makes them environmentally hazardous. Small
amounts of dyes can be visible and adversely affect
the quality of water in an environment. Accordingly,
C.I. Reactive Red 2 (RR2), which is an azo dye with
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the most commonly used anchor—the dichlorotriazine
group—was selected as the parent compound in this
study.

Among various photocatalysts, TiO2 has attracted
considerable attention because of its chemical and
biological stability and high photocatalytic activity.
As is well known, valence holes are photogenerated
when TiO2 particles are irradiated by ultraviolet
(UV) light, resulting in the oxidation of OH� or
H2O by holes and the formation of hydroxyl radi-
cals that can destroy most organic compounds [1].
Oxygen acts efficiently as an electron trap, prevent-
ing recombination of photogenerated electrons and
holes. Numerous investigations have proven that
UV/TiO2 is an effective method for degrading
organic compounds [1–4].

In the UV/TiO2 system, rapid unfavorable
recombination of photogenerated electrons and holes
in TiO2 markedly reduces photocatalytic efficiency.
Moreover, TiO2 can only be photoexcited by UV
light so photocatalysts that use only visible light are
needed. Many studies have synthesized carbon-
doped TiO2 [5,6], which extends the spectral
response of TiO2 into the visible light region,
improving its photocatalytic activity. Several investi-
gations have used systems of TiO2/activated carbon
(AC) [7–13] and TiO2/carbon nanotubes (CNTs)
[5,14,15] to degrade organic compounds under irra-
diation by UV or visible light. Wang et al. [10] pre-
pared TiO2/AC under different C/Ti ratios and
calcination temperatures; the photocatalysts were
used to degrade Chromotrope 2R under UV irradia-
tion. Slimen et al. [13] demonstrated that TiO2/AC
has a higher degradation rate than TiO2 or Degussa
P25 under irradiation by visible light. Despite the
reported synergistic effect of TiO2 and AC, no study
has simultaneously elucidated the effects of C/Ti
ratio, calcination temperature, and light wavelength
on the photocatalytic activity of TiO2/AC. In this
work, TiO2 and TiO2/powder-activated carbon
(PAC) were synthesized by the sol-gel method, and
the photocatalytic activity of these photocatalysts
was tested under irradiation by visible light. The
objectives of this study were to (1) prepare TiO2

and TiO2/PAC using different C/Ti ratios and calci-
nation temperatures; (2) identify the surface charac-
teristics of the prepared photocatalysts; (3) evaluate
the effects of pH, RR2 concentration, and TiO2/PAC
dose on RR2 decolorization, and (4) compare the
RR2 decolorization efficiency of prepared photocata-
lysts under irradiation by light with wavelengths of
254, 365, and 410nm.

2. Materials and methods

2.1. Materials

Titanium (IV) chloride was the source of Ti
(ACROS). Ethanol and PAC were purchased from the
Katayama Reagent Company. Ethanol was used as a
modulator in the preparation of TiO2 and TiO2/PAC.
The parent compound, RR2, was purchased from the
Sigma–Aldrich Chemical Company. The formula,
molecular weight, and maximum wavelength of the
light absorbed by RR2 were C19H10Cl2N6Na2O7S2,
615 g/mol, and 538nm, respectively. The pH of the
solution was adjusted using HNO3 or NaOH. All
compounds were used as received without further
purification. All solutions were prepared using deion-
ized water (Milli-Q) and reagent-grade chemicals.

2.2. Preparation of TiO2 and TiO2/PAC

Fig. 1 presents the flowchart of the procedure by
which TiO2/PAC (C/Ti = 1) was prepared. Briefly,
0.1301 g PAC was mixed with 60mL ethanol (95%).
This mixture was shaken for 10min in an ultrasonic
bath (Delta, DC 400H) and then mixed with 6mL tita-
nium (IV) chloride. The mixture was then stirred mag-
netically at 250 rpm for 24 h. After gel formation, the
gel was rinsed in 10mL ethanol (99%) and the batch
was dehydrated at 120˚C. Dehydrated gels were
ground and then calcined at 400˚C for 3 h to generate
TiO2/PAC powder. The TiO2 particles were produced
by the same procedure as was utilized to prepare
TiO2/PAC, but without adding PAC.

0.1301 g powder activated carbon 60 mL ethanol (95%)

6 mL titanium (IV) chloride

10 mL ethanol (99%) rinsing

120°C drying

400°C, 3h calcination

mixing 24 h

ultrasonic shaking 10 min.

Fig. 1. Flowchart for the procedure used to prepare TiO2/
PAC (C/Ti = 0.2).
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2.3. Surface characterization

The crystalline structures of the prepared TiO2 and
TiO2/PAC were determined by X-ray diffractometer
(XRD) (PANalytical X’Pert Powder). The accelerating
voltage and applied current were 40 kV and 30mA,
respectively. The XRD patterns were recorded with 2h
values of 20–80˚. The morphology and structure of the
prepared TiO2 and TiO2/PAC were characterized by
scanning electron microscopy (SEM) (JEOL 6330 TF)
and transmission electron microscopy (TEM) (JEOL
3010). The specific surface area, pore size, and pore vol-
ume of the samples were determined using nitrogen as
the adsorbate at �196˚C in a static volumetric appara-
tus (Micromeritics ASAP 2020). UV–vis spectroscopy
(Jasco V-670) was utilized to obtain the absorbance
spectrum of photocatalysts at wavelengths in the range
of 200–800 nm. The UV–vis diffuse reflectance spectra
were used to calculate the band gap energy of the phot-
ocatalysts. The X-ray photoelectron spectroscopic (XPS)
measurements were made using a vacuum generator
ECSALAB MKP photoelectron spectrometer (East
Grinsted) with an ALKR 1, 2 (1486.6 eV) X-ray source.

2.4. Photodegradation of RR2

In all experiments, except those for determining
the effect of RR2 concentration on RR2 decolorization,
the RR2 concentration was 20mg/L. The reaction pH
was 7 in all runs, except in those for determining the
effect of pH on RR2 decolorization. The effects of pho-
tocatalyst dosages of 0.5, 1, and 2 g/L were evaluated.
Decolorization experiments were performed in a 3L
hollow cylindrical glass reactor. An 8W lamp (254,
365, or 410 nm, Philips) was placed inside a quartz
tube as the light source. The reaction temperature was
25˚C in all experiments. The reaction medium was
stirred continually at 300 rpm to suspend the photo-
catalysts. Aliquots with a total volume of 15mL were
withdrawn from the photoreactor at predetermined
intervals. Suspended photocatalyst particles were sep-
arated by filtration through a 0.22lm filter (Millipore).
The RR2 concentration was measured using a spectro-
photometer (Hitachi U-2001) at 538 nm. Mineralization
of RR2 was identified by the reduction in total organic
carbon (TOC), measured using an O.I. 1010 TOC ana-
lyzer. Some experiments were conducted in triplicate
and average values were reported.

3. Results and discussion

3.1. Surface characteristics of TiO2 and TiO2/PAC

Fig. 2 shows the XRD patterns of TiO2 and TiO2/
PAC. Anatase content was determined from the

integrated intensity of (1 0 1) anatase diffraction, IA,
and that of (1 1 0) rutile diffraction, IR, using Eq. (1)
[16]. From these XRD patterns, the crystalline size of
the prepared powders was calculated using the Scher-
rer formula, Eq. (2):

Anatase ð%Þ ¼ 1

1þ 12:6IA
IR

� 100 ð1Þ

D ¼ 0:9k
b cos h

ð2Þ

where D is crystalline size in nm; k is the X-ray wave-
length (0.15418 nm); b is the line width at medium
height of the anatase (1 0 1) and rutile (1 1 0) peaks,
and h is the diffraction angle [17].

The diffraction peak at 2h= 26.5˚ can be accurately
indexed as the (0 0 2) reflection of graphite. The peaks
of carbon in the pattern were not clearly recognizable
due to its amorphous structure. Another likely reason
is that the main peak of carbon at 26.5˚ overlaps the
main peak of rutile TiO2 at 27.4˚. Peaks at 25.4, 37.9,
48.1, and 53.9˚ correspond to the diffractions of the
(1 0 1), (0 0 4), (2 0 0), and (1 0 5) crystal planes of
anatase, respectively (JCPDS no. 21-1272). Other
crystal phases were assigned to the (1 1 0) and (1 0 1)
diffraction peaks of rutile at 27.4 and 36.1˚, respec-
tively (JCPDS no. 21-1276). The XRD patterns show
the diffraction peaks of a mixture of anatase and
rutile, which are favorable for photocatalytic reactions
[18–21]. Table 1 presents the surface characteristics of
TiO2 and TiO2/PAC at different calcination tempera-

Fig. 2. XRD patterns of photocatalysts (a) TiO2, (b) TiO2/
PAC (C/Ti = 0.2), (c) TiO2/PAC (C/Ti = 0.5), and (d) TiO2/
PAC (C/Ti = 1) (calclination temp. = 400˚C).
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tures. The phases of the prepared TiO2/PAC were
mostly anatase with small amounts of rutile. Calcina-
tion at 400˚C generated the highest phase percentage
of anatase in both TiO2 and TiO2/PAC. TiO2 with the
anatase crystalline structure typically exhibits higher
photocatalytic activity than that with other crystalline
structures, such as rutile and brookite. TiO2 and
TiO2/PAC that are calcined at 400˚C may exhibit the
highest photocatalytic activity.

The TiO2/PAC crystals were smaller than the TiO2

crystals (Table 1). Li et al. [22] made the same obser-
vation. The dispersion of TiO2 on the surface of PAC
inhibits aggregation of TiO2 during calcination; hence,
particle size reduced. Li et al. [22], Wang et al. [23],
and Slimen et al. [13] also demonstrated that AC acts
as a barrier that controls the growth of TiO2 powder
and prevents its agglomeration. Crystalline size
increased with calcination temperature (Table 1); this
trend resembles that identified by Li et al. [22] and
Gao et al. [12]. The decrease in particle and pore sizes
in TiO2/PAC was correlated with the observed
increase in surface area; additionally, surface area
increased as pore volume increased (Table 1). The sur-
face area of TiO2/PAC increased by the doping the
PAC surface on TiO2 particles because PAC has a
high surface area (300 and 400˚C). The surface area of
TiO2 and TiO2/PAC decreased as calcination tempera-
ture increased, in which the finding was similar to
that of Wang et al. [10]. Adding PAC increased the
surface area of the photocatalyst and reduced the size
of the titania particles (Table 1).

Fig. 3 displays SEM micrographs of TiO2 and
TiO2/PAC. The prepared TiO2 and TiO2/PAC mainly
consisted of spherical nanoparticles with a high ten-
dency to agglomerate and form a porous structure.
The sizes of the aggregates of TiO2 and TiO2/PAC
were approximately 40 and 30 nm, respectively
(Fig. 3), agreeing with the values that were calculated
from the XRD patterns (Table 1). Fig. 4 presents TEM
images of TiO2 and TiO2/PAC. The TEM images indi-
cate that the spherical nanoparticles agglomerated and
they include crystal lattice lines.

XPS is a powerful technique for determining sur-
face chemical composition. Fig. 5 presents the fitted
XPS spectra of the C 1s region of TiO2/PAC. The bind-
ing energies at 284.8 and 285.4 eV were attributed to

Table 1
Surface characteristics of TiO2 and TiO2/PAC (C/Ti = 1) at different calcination temperatures

Photocatalyst Crystallination
(%)

Particle size (nm) BET (m2/g) Pore size (nm) Pore volume (cm3/g)

Anatase Rutile

PAC – – – 968 4 0.6395

TiO2 (300˚C) 62 38 40 47 9 0.1501

TiO2 (400˚C) 87 13 40 42 14 0.1814

TiO2 (500˚C) 49 51 49 38 23 0.2767

TiO2/PAC (300˚C) 88 12 26 163 11 0.1935

TiO2/PAC (400˚C) 91 9 28 108 17 0.1791

TiO2/PAC (500˚C) 90 10 49 27 20 0.1654

Fig. 3. SEM micrographs of photocatalysts (a) TiO2 and (b)
TiO2/PAC (calcination temp. = 400˚C, C/Ti = 1).
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C–C and C–O bonds, respectively [14,21]. Kang et al.
[17] demonstrated that the binding energy at 282 eV is

attributable to the Ti–C bond that is formed by the
substitution of carbon at the oxygen site in TiO2; addi-
tionally, the binding energy at 288.6 eV is attributable
to carbonate species following substitution of carbon at
the Ti site in TiO2. The prepared TiO2/PAC included
C–C and C–O bonds, but not Ti–C bonds. XPS analysis
revealed that the ratio of C–C and C–O binding was 48
and 52% in TiO2/PAC (C/Ti = 1), respectively; more-
over, the C/Ti ratio was 0.87. The Ti 2p3/2 and Ti
2p1/2 spin-orbital splitting photoelectrons were
located at binding energies 458.6 and 464.4 eV, which
were assigned to Ti4+ (TiO2) [24]. Based on the areas
under the curves for Ti 2p (Fig. 6), the proportions of
Ti 2p3/2 and Ti 2p1/2 in TiO2 were 32 and 68%,
respectively, and those in TiO2/PAC were 34 and 66%,
respectively. Peaks at 529.4 and 530.3 eV were assigned
to O 1s; the former can be attributed to TiO2 and the
latter is attributable to absorbed hydroxyl groups [24].
Based on the O 1s calculation (Fig. 7), the number of
absorbed hydroxyl groups on TiO2/PAC (39%)
exceeded that of those on TiO2 (29%). When the TiO2

Fig. 5. Fitting XPS spectra for C 1s region of TiO2/PAC
(calcination temp. = 400˚C, C/Ti = 1).

(a)

(b)

Fig. 4. TEM micrographs of photocatalysts (a) TiO2 and (b) TiO2/PAC (calcination temp. = 400˚C, C/Ti = 1).
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nanoparticles were deposited on PAC, the full width
at half maximum (FWHM) values of the asymmetric
bands at Ti 2p3/2 (from 1.2 to 1.3 eV) and Ti 2p1/2
(from 2.0 to 2.2 eV) increased (Fig. 6). Experimental
results reveal that the bonds between TiO2 and PAC
were on the TiO2/PAC interface. The FWHM of peaks
from TiO2/CNTs exhibited a similar trend [25]. XPS
characterization confirms the substitution of O in the
crystal lattice for C species in TiO2/PAC, forming Ti–
O–C (Figs. 5 and 7).

UV-vis diffuse reflectance spectra measurements
revealed that the band gap of TiO2/PAC at C/Ti = 0.2,
0.5, and 1 was 2.96, 2.94, and 2.63 eV, respectively; and
the band gap of TiO2 was 2.97 eV. The spectra indicate
that the absorption edge of undoped TiO2 (418 nm)
shifted to a longer wavelength (471 nm) after C doping.
The decrease in the band gap was attributed to the for-
mation of Ti–O–C bonds [6]. As the PAC content
increased, the strength of visible light absorption
increased. A red shift indicates that the TiO2/PAC was

excited to produce additional electron-hole pairs under
light irradiation, potentially increasing photocatalytic
activity. Numerous studies have also obtained a red
shift in UV-vis diffuse reflectance spectra of TiO2/car-
bon composites [5,6]. We suggest that PAC improves
the thermal stability of titania by suppressing the ana-
tase-to-rutile phase transformation and the growth of
crystals (Table 1), and that it preserves a high number
of surface hydroxyl groups (Fig. 7); these findings are
similar to those of Wang et al. [23] and Slimen et al.
[13].

3.2. Photodegradation efficiency in the TiO2 and TiO2/PAC
systems

3.2.1. Effects of C/Ti ratio, calcination temperature, and
the wavelength of the light source

Adsorption by the TiO2 and the TiO2/PAC (calci-
nation temperature = 400˚C) suspension and direct

Fig. 6. XPS spectra for Ti 2p region (a) TiO2 (b) TiO2/PAC
(calcination temp. = 400˚C, C/Ti = 1).

Fig. 7. XPS spectra for O 1s region (a) TiO2 (b) TiO2/PAC
(calcination temp. = 400˚C, C/Ti = 1).
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photolysis of RR2 under 254, 365, and 410nm irradia-
tion were performed in background experiments to
compare their efficiencies of decolorization, which are
associated with photocatalytic reactions. At pH 7, the
RR2 decolorization percentage achieved by 180min of
direct photolysis at 254, 365, and 410nm irradiation
was 14, 1, and 0.3%, respectively. When the dose of
photocatalyst was 1 g/L, the RR2 decolorization
achieved by the adsorption of TiO2 and TiO2/PAC
during 180min of reaction was 1.5 and 46%, respec-
tively. Adsorption of RR2 by TiO2/PAC was very
high and we suggest that the high adsorption ability
of TiO2/PAC generates high photocatalytic efficiency
for RR2 decolorization (discussed later). At a calcina-
tion temperature of 400˚C, the effects of the C/Ti ratio
of UV/TiO2/PAC on RR2 decolorization were evalu-
ated (Fig. 8). After 180min of the reaction, the RR2
decolorization percentage achieved at C/Ti ratios of 0,
0.2, 0.5, and 1 in the UV (254 nm)/TiO2/PAC system
were 98, 99, 100, and 100%, respectively, and those in
of the UV (365 nm)/TiO2/PAC system were 57, 64, 69,
and 91%, respectively. Below 254 and 365 nm

irradiation, the decolorization efficiency of the TiO2/
PAC system increased with the C/Ti ratio. A high
doping concentration of C increases the energy shift
due to a large overlap of C and O states, leading to a
narrow band gap in TiO2/PAC, as obtained from
band gap analysis results. Optimal amount of C, N,
and/or S dopant exists, in which they synergistically
serve as electron traps, inhibiting the recombination of
photogenerated electron-hole pairs [26,27]. Excess
dopant can serve as charge recombination centers;
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Fig. 8. Effects of C/Ti ratio on RR2 decolorization for UV/
TiO2/PAC (a) 254 nm (b) 365 nm ([RR2] = 20mg/L,
[photocatalyst] = 1 g/L, pH=7, calcination temp. = 400˚C).

Fig. 9. Effects of calcination temperature on RR2
decolorization for TiO2 and TiO2/PAC systems (a) 254 nm
(b) 365 nm (c) 410 nm ([RR2] = 20mg/L, [photocatalyst]
= 1 g/L, pH=7, C/Ti = 1).

840 C.-Y. Kuo et al. / Desalination and Water Treatment 52 (2014) 834–843



however, it was not observed to do so in TiO2/PAC
at C/Ti ratios of 0.2–1. Hence, TiO2/PAC with a C/Ti
ratio of one was selected as the photocatalyst in the
following experiments.

Fig. 9 displays the effects of calcination tempera-
ture on RR2 decolorization using the TiO2 and TiO2/
PAC systems under irradiation by light of different
light wavelengths. After 180min of reaction, the RR2
decolorization percentage at calcination temperatures
of 300, 400, and 500˚C in the UV (254 nm)/TiO2/PAC
system was 97, 100, and 99%, respectively; that in the
UV (365 nm)/TiO2/PAC system was 77, 91 and 61%,
respectively, and that in the visible light (410 nm)/
TiO2/PAC system was 59, 58, and 0%, respectively.
The photocatalytic activity was highest at a calcination
temperature of 400˚C for both the TiO2 and TiO2/PAC
systems; moreover, the photocatalytic activity of the
TiO2/PAC system exceeded that of the TiO2 system.
This distribution of TiO2 on layers of PAC particles
may cause charge transference between TiO2 and
PAC, improving the ability of photocatalysts to absorb
light. Additionally, PAC acts as an electron acceptor
that has an inductive effect, promoting the separation
of photo-induced electron-hole pairs, retarding their
recombination, and thereby increasing photocatalytic
activity [8,9,11]. PAC functions as an effective adsor-
bent that concentrates pollutants around the loaded
TiO2, enhancing the pollutant transfer process, and
thereby increasing photocatalytic efficiency [8,11,12].
This synergistic effect of TiO2 and AC has been
reported for the degradation of some organic com-
pounds in the photocatalytic process [7–9,11–13].

Below 410 nm irradiation, only TiO2/PAC that had
been calcined at 300 or 400˚C exhibited photocatalytic
activities (Fig. 9(c)). Total PAC combustion occurs
during calcination at over 400˚C in the TiO2/PAC sys-
tem. In such a case herein, the surface area declined
significantly at 500˚C (Table 1), and the synergistic
effect of the presence of a common contact interface
between TiO2 and PAC disappeared (Fig. 9(c)). The
proportion of anatase phase in both the TiO2 and
TiO2/PAC systems was great following calcination at
400˚C. Accordingly, 400˚C was selected as the optimal
calcination temperature. After 150min of the reaction
under irradiation by 410 nm, the RR2 decolorization
percentages that achieved using TiO2/PAC (this work)
and TiO2/CNTs [15] were 55 and 60%, respectively.
Kuo [15], who used TiO2 and TiO2/CNTs systems to
decolorize RR2 under irradiation of various sources of
light, found that the RR2 decolorization efficiency of
both TiO2 and TiO2/CNTs systems followed the order
254> 365> 410 nm; moreover, the rate of decolorization
achieved using TiO2/CNTs exceeded than that
achieved using TiO2 under all light irradiation

sources. The important findings of this study concern-
ing TiO2/PAC resemble those of Kuo for TiO2/CNTs
[15]. The TiO2/PAC and TiO2/CNTs systems were
photoexcited under visible light irradiation. Although
the role of PAC in the TiO2/PAC system was similar
to that of CNTs in the TiO2/CNTs system, PAC is
cheaper than CNTs. Hence, the TiO2/PAC system is
more suitable than the TiO2/CNTs system for use in
wastewater treatment.

3.2.2. Effects of pH, RR2 concentration, and
photocatalyst dosage

The pH of solution significantly affected photodeg-
radation. The pH influences the surface characteristics
of a photocatalyst, the dissociation of RR2, and the
formation of hydroxyl radicals. Table 2 lists the effects
of pH on the RR2 decolorization rate constants (k) of
the UV/TiO2 and UV/TiO2/PAC systems. The k val-
ues of RR2 in the UV/TiO2 and UV/TiO2/PAC sys-
tems fit pseudo-first-order kinetics, as has been
reported in various studies of dye decolorization [28–
30]. Low pH values do not support the production of
hydroxyl groups and high pH values do not support
the adsorption of RR2 on TiO2 and/or TiO2/PAC.
Zhao et al. [31] demonstrated that the rates of dye
adsorption and degradation were higher at lower pH
because the alkaline medium retarded anion adsorp-
tion. Therefore, the decolorization rate constants in the
UV/TiO2 and UV/TiO2/PAC systems followed the
order pH 5>pH 7>pH 9 (Table 2).

In the UV/TiO2 and UV/TiO2/PAC systems, k
values declined as the RR2 concentration increased
(Table 3). This phenomenon existed for three possible
reasons. First, as the initially RR2 concentration
increased, increasing amounts of RR2 and reaction
intermediates competed with both hydroxyl radicals

Table 2
Effects of pH on RR2 decolorization rate constants for the
TiO2 and TiO2/PAC systems ([RR2] = 20mg/L,
[photocatalyst] = 1 g/L, C/Ti = 1, calcination temp. = 400˚C)

UV (nm) 254 nm 365 nm

pH effects k (hr�1) R2 k (hr�1) R2

TiO2 (pH5) 1.26 0.988 0.40 0.737

TiO2 (pH7) 1.20 0.997 0.27 0.957

TiO2 (pH9) 0.66 0.984 0.17 0.997

TiO2/PAC (pH5) 4.38 0.991 3.71 0.995

TiO2/PAC (pH7) 2.41 0.997 0.83 0.964

TiO2/PAC (pH9) 1.30 0.999 0.68 0.987
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and active reaction sites on the photocatalyst surface.
The rate of formation of hydroxyl radicals on the pho-
tocatalyst surface was constant because the amount of
photocatalyst remained constant. Accordingly, the
fraction of hydroxyl radicals that attack RR2 mole-
cules and the reaction intermediates declined as the
RR2 concentration increased. Second, a significant
amount of UV light may be absorbed by highly con-
centrated RR2 molecules, rather than by photocatalyst
particles, reducing decolorization efficiency. The dye
thus has a UV-screening effect. Third, as the initial
RR2 concentration increased, the photocatalyst sur-
faces adsorbed more RR2 molecules, inhibiting direct
contact between RR2 molecules and photogenerated
holes [32], and suppressing the formation of hydroxyl
radicals on the photocatalyst surface because RR2
molecules covered active surface sites [1]. Many inves-
tigations have found similar results for the UV/TiO2

system [1,29,32].
The RR2 decolorization rate increased as the pho-

tocatalyst dosage increased in the range 0.5–2 g/L
(Table 4). Photogenerated holes and hydroxyl radicals
were then produced, and the yields of the holes and

radicals increased with the photocatalyst dosage.
Therefore, the proportion of hydroxyl radicals that
attacked RR2 and the reaction intermediates increased
with the photocatalyst dosage. However, adding a
large amount of photocatalyst may have reduced UV
penetration and had a UV-screening effect, inhibiting
photodegradation. This study found that the UV-
screening effect of adding 2 g/L photocatalyst was
negligible and was associated with the highest decol-
orization rate. After 1 g/L photocatalyst had been
added and the reaction allowed to proceed for
240min, the TOC removal percentage in the UV
(254 nm)/TiO2 and UV (254 nm)/TiO2/PAC systems
were 40 and 56%, respectively. The efficiencies of
TiO2/PAC in both decolorization and TOC removal
were better than those of TiO2.

4. Conclusions

In this work, TiO2 and TiO2/PAC are produced
via the sol-gel method, and the prepared photocata-
lysts were applied to decolorize RR2 under irradiation
by light of different wavelengths. The phases of pre-
pared TiO2/PAC were mainly anatase with a small
amount of rutile. Adding PAC increased the surface
area of the photocatalyst and reduced the size of tita-
nia particles. XPS characterization verified the substi-
tution of C at the O sites in the crystal lattice in the
TiO2/PAC system, forming Ti–O–C. Additionally, the
amount of hydroxyl groups that was adsorbed on
TiO2/PAC exceeded that on TiO2. Under irradiation
by light with a wavelength of 410 nm, only TiO2/PAC
that had been calcined at 300 or 400˚C was photoexcit-
ed, and 400˚C was found to be the optimal calcination
temperature. The RR2 decolorization efficiency fol-
lowed the order of 254> 365 > 410nm in both the TiO2

and TiO2/PAC systems. The RR2 decolorization rate
increased as the pH and RR2 concentration decreased
and as the photocatalyst dose increased. The PAC
acted as an effective adsorbent and photo-induced
electron acceptor; therefore, the photocatalytic effi-
ciency of TiO2/PAC exceeded that of TiO2.
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