
Uddin et al. International Nano Letters 2013, 3:16
http://www.inl-journal.com/content/3/1/16
ORIGINAL ARTICLE Open Access
Tailoring the photocatalytic reaction rate of a
nanostructured TiO2 matrix using additional gas
phase oxygen
Mohammed Jasim Uddin1,4*, Md Mohibul Alam1, Md Akhtarul Islam1, Sharmin Rahman Snigda1, Sreejon Das1,
Mohammed Mastabur Rahman1, Md Nizam Uddin2, Cindy A Morris3, Richard D Gonzalez4*, Ulrike Diebold5,
Tarik J Dickens6 and Okenwa I Okoli6
Abstract

Nanostructured TiO2 was synthesized by the sol–gel method. The titania was supported on nanoporous poly
(styrene-co-divinylbenzene) (PS). The samples were characterized by several techniques (scanning electron
microscopy, energy-dispersive spectroscopy, X-ray diffraction, and ultraviolet–visible spectroscopy). Three types of
TiO2 samples were prepared using various temperatures and were studied for the photocatalytic degradation of
methylene blue. The photocatalytic efficiency of TiO2 was observed to increase by activating the TiO2 surface using
nanoporous PS. The photocatalytic performance of the synthesized samples showed a higher performance using
molecular O2, which was purged through the reactor.

Keywords: Titanium dioxides (TiO2), Sol–gel method, Photocatalyst, Poly(styrene-co-divinylbenzene), Oxygen
Background
The photocatalytic activity of TiO2 is widely used in
many fields, such as microorganism disinfection [1],
medical treatment [2], environmental purification [3],
and photovoltaic cells [4,5]. It was reported that the
physical characteristics of TiO2, including crystallization,
grain size, morphology, specific surface area, surface
state, and porosity influence the photocatalytic activity
of TiO2 [6-8]. TiO2 can be synthesized into various
shapes, e.g., nanoporous materials, nanoparticles, nano-
wires, nanorods, nanotubes, and nanofibers using differ-
ent preparation methods, e.g., sol–gel, hydrothermal,
solvothermal, microemulsion, and vapor deposition
[9-11]. Following this advancement, TiO2 plays an im-
portant role as a photocatalyst in many applications, such
as fog proof and self-cleaning textiles, antibacterial tex-
tiles, antiviral textiles, self-cleaning glass, and water treat-
ment, including dye removal from industrial wastewater
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[12-15]. Photocatalytic oxidation is one of the most
promising techniques used in the remediation of or-
ganic micropollutants because it is highly efficient in
mineralization using sunlight as an energy source [16].
TiO2 nanoparticles are effective for the photocatalytic
degradation of various organic contaminants in water.
However, its practical use is difficult for filtration and
the recovery of small TiO2 particles [17]. TiO2 has
proven to be an excellent photocatalytic material, which
undergoes complete mineralization under UV exposure
[18]. Redox reactions of environmental interest are ini-
tiated on a TiO2 surface by trapped electron holes fol-
lowing bandgap excitation. Significant effort has been
made in the last 20 years to modify TiO2 particles,
which can be activated under visible light irradiation
(λ > 400 nm) [19]. Titanium dioxide has been exten-
sively used, either as a thin film or as a submicron
powder, in electronic or optical devices as well as in pig-
ments or catalysts. The photocatalytic activity of TiO2 can
be improved by using it as carbon, carbon nanotubes, ful-
lerenes, or graphene composites to enhance the photocata-
lytic activity as opposed to using TiO2 alone [20-23]. It was
previously reported that the incorporation of nanoporous
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poly(styrene-co-divinylbenzene) (PS) during the synthesis
of TiO2 has positive effects on surface morphology [24].
In the present study, TiO2 powders were synthesized

from titanium isopropoxide, Ti(O-C3H7)4 (referred to
hereafter as TIP), in the presence of nanoporous PS, at
room temperature and atmospheric pressure. Under
such conditions, nanosized particles (20 to 60 nm) are
partly crystallized in the anatase phase. The aims of our
study are (a) to enhance the activity of the surface sites
using PS as a support, (b) to check the photocatalytic ac-
tivity of synthesized TiO2 using methylene blue (MB),
(c) to investigate the photocatalytic reaction kinetics
using molecular oxygen that passes through the reactor,
and (d) to investigate the photocatalytic degradation kin-
etics using several mathematical models. The addition of
molecular oxygen in the photocatalytic reactor increases
the degradation performance over that observed in the
absence of oxygen in the reactor. The solution contains
some dissolved oxygen that can also interact with TiO2

under illumination. However, superior activity is observed
through the addition of excess oxygen. This photocatalytic
degradation method is novel because a stream of natural
air is passed through the reactor in order to increase the
reaction rate. The photocatalytic activity of nanocrystalline
TiO2 modified with PS was prepared using a one-step
sol–gel process and monitored by measuring the photo-
catalytic degradation of absorbed MB. This was compared
to that observed using P25.

Methods

Materials
All graded chemicals, titanium(IV) isopropoxide (Ti(O-
C3H7)4), methylene blue (Merck, Darmstadt, Germany),
2-propanol (Sigma-Aldrich, St. Louis, MO, USA), and
poly(styrene-co-divinylbenzene) were used as received.
The cross-linked PS used in these experiments is a copoly-
mer resin commercialized by Aldrich in the form of 300-
to 800-μm beads. The polymer presents a BET surface area
of 1,000 m2 g−1, as evaluated by N2 adsorption at 77 K, and
a pore size distribution centered at approximately 16 Å
[25]. The water was double distilled and produced in our
laboratory. P25 (Degussa Germany) was used as a standard
photocatalyst material (TiO2) throughout this study.

Synthesis of TiO2 supported on PS using the sol–gel
process
Nanostructured TiO2 was prepared using sol–gel chem-
istry methods. The synthesis reactor consists of a
three-necked round-bottom reactor flask equipped with
a vertical condenser fitted to the middle neck. A sep-
aratory funnel was connected to one of the two side
necks. Deionized water (12.24 ml) was added slowly to
51.19 ml of isopropanol under vigorous stirring for 20 min.
After adding TIP, isopropanol, water, and nanoporous PS
(2 g) were added to the bottle, and the solution was vigor-
ously stirred for 24 h. Another batch was prepared follow-
ing the previous steps with the exception of PS. Following
a 24-h period, the solvent was dried using a vacuum evap-
orator and the white powder was calcined at temperatures
of 450°C, 550°C, and 650°C in an electric muffle furnace
(JSMT-30T, JEOL Ltd., Seoul, South Korea). The photo-
catalytic performance has been compared with that of P25
as the standard photocatalyst.

Characterization techniques
Scanning electron microscopy (SEM) was performed using
a Hitachi S-4800 field emission scanning electron micro-
scope (Hitachi Ltd., Chiyoda-ku, Japan) operated at 3 kV to
characterize the TiO2 nanostructure. Energy-dispersive
spectroscopy (EDS) spectra were recorded using a high-
resolution transmission electron microscope (TEM), JEOL
2010, operated at 200 kV and equipped with an EDS micro-
analysis system (Oxford Instruments, Abingdon, UK).
The X-ray diffraction (XRD) patterns were obtained

using a Bruker D-5000 diffractometer (Bruker AXS,
Inc., Madison, WI, USA) equipped with Cu Kα radi-
ation with a wavelength of 1.5418 Å. The accelerating
voltage and the applied current were 45 kV and 40 mA,
respectively.

Photocatalytic experiment
The photocatalytic activity of titanium dioxides was stud-
ied by exposing the TiO2 sample, which contained a dye
such as MB, to solar-like conditions. For photocatalytic
reactions, the irradiation was carried out in a solution at
308 K, using a SOL 21500 lamp (SOL, Inc., Palm City,
FL, USA). The SOL bulb yields a spectrum very similar
to that of the natural sunlight ranging from ultraviolet to
infrared radiation (approximately 295 to 3,000 nm). For
this purpose, an aqueous solution (0.05% w/v) of reagent-
grade MB was prepared for the impregnation of refer-
ence and synthesized TiO2. The same amount (0.5 g)
of each TiO2 sample was inserted under very mild stir-
ring in the same amount of solution (50 ml) and
remained there for 2 to 3 min to complete the mixing.
The solution was then placed under the solar-like light
(50 to 60 mW/cm2). Continuous stirring (200 rpm) and
natural air flow (50 ml/min, 20 vol.% oxygen) were
maintained during the photocatalytic reaction. The gas
was passed underneath the reactor using a porous filter
media (mesh size, 200), which dissipates the gas molecules
(0.027 g O2 min−1 g−1 TiO2) to the MB solution. The
photocatalytic decomposition reaction was monitored with
an ultraviolet–visible (UV–vis) spectrophotometer (UV-
1650, Shimadzu Corporation, Nakagyo-ku, Kyoto, Japan)
in the transmission mode by investigating the evolution of
the absorbed MB band upon light exposure.



Figure 1 SEM images of TiO2 particles. Prepared (a) without and (b) with the presence of nanoporous PS using the sol–gel process.
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Degradation-diffusion kinetics
Four kinetic models were used to investigate the data
that were obtained during the photodegradation of the
catalyst [26-28]:

1. The zero-order model describes the photocatalytic
kinetic process and can be generally expressed as

Ct � C0 ¼ �kt ð1Þ
2. The first-order model expresses the photocatalytic
degradation rate which is dependent on the
amount of MB in the TiO2 matrix and can be
written as

log Ct=C0ð Þ ¼ kt ð2Þ
Figure 2 EDS spectrum of individual nanoparticles joined
together to form a TiO2 matrix. Synthesized (curve a) without and
(curve b) with the presence of nanoporous PS. The copper (Cu) and
carbon (C) peaks are from the TEM grids.
3. The parabolic diffusion model elucidates the
diffusion-controlled photodegradation of MB on the
TiO2 surface. The equation can be written as

1� Ct=C0ð Þ
t

¼ kt�
1
2 þ α ð3Þ
4. The modified Freundlich model explains
experimental data on molecular ion exchange and
diffusion-controlled processes using the following
equation:

C0 � Ct

C0
¼ ktb ð4Þ
Figure 3 XRD patterns of TiO2. Synthesized (curve a) without and
(curve b) with the presence of nanoporous PS, calcined at 550°C. ‘A’
indicates the anatase phase of TiO2.



Figure 4 UV–vis spectral changes of the photocatalytic degradation of MB on TiO2. Calcined at (a) 450°C, (b) 550°C, and (c) 650°C.
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In these equations, C0 and Ct represent the concentra-
tion of MB in the system at time 0 and t, respectively, k
is the corresponding reaction rate constant, and a and b
are fitting parameters whose chemical significance are
not clearly resolved [29].

Results and discussion
SEM and EDS analyses
Field emission SEM images of the synthesized TiO2

nanoparticles prepared using the sol–gel chemistry
Figure 5 UV–vis spectral changes in the photocatalytic degradation o
PS and calcined at (a) 450°C, (b) 550°C, and (c) 650°C.
method are shown in Figure 1a,b. Figure 1a,b shows
the TiO2 synthesized without and with support of PS,
respectively. Figure 1a shows that the TiO2 aggregates
are lumped together along with a portion of lose par-
ticles attached together, while Figure 1b shows a gen-
eral porous structure with a large number of pores of
very small dimensions. This feature suggests that the
porous nature of PS-supported TiO2 potentially results
in a high surface area and preferentially enable the par-
ticles to adsorb organic molecules [30] or pollutants
f MB under solar-like irradiation on TiO2. Synthesized on supported



Figure 6 Photocatalytic degradation steps of MB on TiO2 surface. (a) Monomeric and aggregated species of MB simultaneously present on a
TiO2 particle prior to light exposure. (b, c) Upon direct light irradiation, the adsorbed MB molecules disappear. (d) The particle is completely clean.
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adhered to the surface [31,32]. However, the morph-
ology of the PS-supported TiO2 matrix shows the
uniformity of the aggregates that consist of individual
particles in the nanoscale range, in agreement with
XRD analysis (vide infra). EDS was performed by
TEM analysis (figure not shown for the sake of brevity).
Each element is distinctly identified on the resulting
spectrum. Figure 2 shows that the matrix consisted
of only titanium (Ti) and oxygen (O). This implies
that the synthesized nanostructured TiO2 is free of
contaminants.

XRD analysis
The XRD patterns of synthesized TiO2 calcined at
550°C are in Figure 3 (curves a and b). Curves a and b
report three broad peaks and one intense peak at
37.95°, 47.68°, 54.31°, and 25.19°, respectively, which
Figure 7 Comparison of the photocatalytic activity. Between synthesize
circle) on MB solution under solar-like light. These TiO2 samples are calcine
constitute the XRD pattern of the anatase phase of
TiO2 [12]. No additional peaks belonging to rutile
phases were observed. The widths of the peaks associ-
ated with the TiO2 phase suggest that the size of the
particles is quite small. From the full width at half max-
imum (FWHM) of the peaks at 25.1° and 38.01° and
using Scherrer's equation, Lc = Kλ/(β cos θ) [33] (where
λ is the X-ray wavelength, β is the FWHM been
assumed to be 0.9), an average particle size of approxi-
mately 3 to 5 nm is calculated. In addition, the PS-
supported TiO2 shows a particle size of approximately
3.5 nm, which is indicative of a large surface area and is
consistent with the SEM analysis described above.

Photocatalytic performance
The photocatalytic activity of TiO2 nanostructures was
carried out at room temperature using solar-like
d TiO2 (black square) and TiO2 synthesized with support of PS (gray
d at temperatures of (a) 450°C, (b) 550°C, and (c) 650°C.
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radiation. To compare the photocatalytic activity, the
same concentration and conditions were maintained
during the experiment. The spectra were collected for
the prepared TiO2 samples calcined at different temper-
atures. The UV–vis spectra obtained in solution before
(curve i) and after illumination (curves ii to vii) are
reported in Figures 4 and 5. Figure 4 shows the photo-
catalytic activity of TiO2 toward MB, while Figure 5
shows the photocatalytic activity of the TiO2 synthesized
with support of PS towards MB. The spectra show the
consequence of the photocatalytic degradation of MB
using a batch reactor under solar-like light conditions
having a maximum absorbance at 664 nm.
From Figures 4 and 5, it can be observed that the com-

plex absorption band in the 500 to 700 nm (20,000 to
12,000 cm−1) interval due to the presence of MB changes
rapidly because dispersed TiO2 particles promote catalytic
photodegradation (curves i to vii). According to the pub-
lished literature [12], the bands at 600 nm (16,400 cm−1)
and 664 nm (15,400 cm−1) are assigned to monomer and
aggregates, respectively, the latter to dimeric and trimeric
MB species (Figure 6). Under light exposure, the aggregates
or dimers and trimers of MB disappear first, followed by
the monomeric species.
Figure 8 Photocatalytic degradation kinetic models. (a) Zero-order model
Freundlich model for synthesized TiO2 (black square) and TiO2 synthesized with
corresponding models.
Figure 7a,b,c shows that the photocatalytic degradation
of the sample calcined at a temperature of 550°C per-
forms better on MB than those of the samples treated at
450°C and 650°C. It should be noted that the sample cal-
cined at 450°C has a certain portion of hydrogen titan-
ate, while the sample calcined at 650°C contains a higher
concentration of TiO2 in the rutile phase [34], which are
less efficient in photocatalytic degradation of organics
(Figure 7). Among them, the sample supported on PS
and calcined at 550°C shows a better performance on
the photocatalytic degradation of MB which possibly is
indicative of high surface area, which could possibly be
associated with a larger number of active surface sites,
produced during the combustion of supported PS with
TiO2. This observation is in agreement with SEM and
XRD analyses. This sample shows a similar photocata-
lytic behavior in comparison to P25 that is the most effec-
tive photocatalyst (vide infra). Four types of degradation
kinetic models (zero-order, first-order, parabolic diffusion,
and modified Freundlich model) are applied and calculated
at the corresponding linear correlation coefficients (R2)
(Figure 8; Table 1). Here, the zero, parabolic diffusion, and
modified Freundlich models are not suitable to explain the
entire system, clearly the data points that do not form a
, (b) first-order model, (c) parabolic diffusion model, and (d) modified
a propylene support (gray circle). The solid lines show linear fitting of the



Table 1 R2 of photocatalytic kinetic models applied to bare TiO2 and TiO2 synthesized with PS support

Photocatalytic degradation kinetic
models

Synthesized TiO2 TiO2 synthesized with support of PS

R2 k R2 k

Zero-order model 0.89742 0.02637 0.84587 0.02679

First-order model 0.98321 0.00649 0.98754 0.00784

Parabolic diffusion model 0.55254 0.02339 0.56175 0.0277

Modified Freundlich model 0.95004 0.73221 0.93236 0.70542
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straight line (Figure 8a,c,d). The other model indicates a
better fit (Figure 8b). The correlation coefficient lies
between 0.552 and 0.932 for the zero-order, parabolic
diffusion, and modified Freundlich models, while for the
first-order model, they are between 0.983 and 0.987. These
data indicate that the first-order model fits the experimental
photodegradation data quite well. A detailed examination
of the data point distribution in Figure 8 suggests that the
entire photocatalytic degradation process consists of
monolinear models. This result suggests that (1) the
system is adsorption-desorption-controlled and (2) the
photocatalytic degradation is occurring at the TiO2 surface.
Figure 9 shows the photocatalytic degradation kinetics of

MB using an oxygen flow to the reactor. The photocatalytic
activity of the different samples compared to that of the con-
trol experiment (Figure 9, dotted line), which was performed
Figure 9 Photocatalytic activity. Using synthesized TiO2 (gray circle),
TiO2 synthesized with support of PS (black square), and P25 (black
triangle) under controlled air supplied to the reactor. The dot line
represents (white triangle) the photodegradation of MB in aqueous
solution without the presence of TiO2 under same irradiation.
in the absence of TiO2 and oxygen, confirms that our catalysts
are capable of photocatalytic degradation. Figure 9 shows that
photodegradation of MB without the presence of any TiO2

catalyst is negligible. Notice that using the additional oxygen
flow, the MB molecules degrade at least three times more
rapidly than that of the photocatalytic system carried out with-
out oxygen flow (Figures 7 and 9). It is known that the degrad-
ation of stains by a UV/TiO2 process proceeds in the presence
of a humid atmosphere [12]. Probably, the dissolved oxygen
supplies the oxidant required for the preferred photocatalytic
reaction. These results suggest that the stain molecules are fa-
vorably degraded under solar-like light on the TiO2 surface in
the presence of oxygen molecules.
The illumination of TiO2 under ultraviolet light changes

the energy state of electrons from the valence band to the
conduction band to give electron-hole pairs. The holes
at the TiO2 valence band can oxidize water or hydrolyze
to produce hydroxyl groups. The hydroxyl radical is a
powerful oxidizing agent that attacks organic compounds
forming intermediates (I). These intermediates react
with hydroxyl radicals to produce the final product (P).
Hydroxyl radicals can also be consumed by inactive species
[35-37]:

TiO2 þ hv → e� þ hþ ð5Þ
hþ þ H2Oads → :OH�

ads þ Hþ ð6Þ
hþ þ :OH�→:OHads ð7Þ
:OHads þ MOads → I ð8Þ
:OHads þ I →P ð9Þ

In addition, we can arrange the photocatalytic reaction
to proceed by an additional reaction as follows:

O2 þ hv→O: þO: ð10Þ

H2OþO:→:OHþ :OH ð11Þ
The presence of molecular oxygen speeds up the po-

tential reactions of photon energy conversion to active
species which take part sustainably in organic/stain
photodegradation [38]. Photocatalytic reactions in the
solid or liquid phase should contain either adjacent gas-
eous or dissolved oxygen, respectively, to complete the
photodegradation process. This phenomenon is in agree-
ment with the dependence of the photodegradation abil-
ity of the TiO2 conduction band with the LUMO level of
the adsorbed molecule (band alignment) which has
already been observed [10,12]. From these data, it is evi-
dent that (1) supported PS particles promote the photo-
catalytic activity of TiO2 synthesized using the sol–gel



Figure 10 Photocatalytic kinetic models of the system with a controlled air supply. (a) Zero-order model, (b) first-order model, (c) parabolic
diffusion model, and (d) modified Freundlich model for synthesized TiO2 (black square) and TiO2 synthesized with support of PS which was
calcined at temperature of 550°C (gray circle).
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process and (2) the high surface area associated with the
small particle size ensures a favorable condition for rapid
degradation.
Four types of kinetic models (zero-order, first-order,

parabolic diffusion, and modified Freundlich model;
Figure 10) are also applied and calculated at the corre-
sponding reaction rate constant and linear correlation co-
efficient (R2; Table 2). Here, the zero-order model is not
suitable to explain the entire system, which is reflected by
modeling data that do not form a straight line (Figure 10a).
The other three models fit the data much better (R2 =
0.974 to 0.990; Figure 10b,c,d). A detailed examination of
Table 2 R2 of photodegradation kinetic models (with controll

Degradation decomposition kinetic
models

Synthesized TiO2

R2

Zero-order model 0.84348 0

First-order model 0.97443 0

Parabolic diffusion model 0.98359 0

Modified Freundlich model 0.98341 0
data point distribution in Figure 10 suggests that the
whole photocatalytic degradation process consists of
monolinear modeling. The modified Freundlich model
describes heterogeneous diffusion from the flat surfaces
to the solvent using a composition gradient. This result
suggests that (1) the system is adsorption-desorption
-controlled and (2) the photocatalytic degradation of the
dye molecules are occurring on the TiO2 surface before
leaving (desorption) the surface patches [39-41].
Table 2 shows the photocatalytic degradation perform-

ance of the photocatalyst on MB with the presence of
solar-like light and controlled air supply. The photocatalytic
ed air supply) applied to bare and synthesized TiO2

TiO2 synthesized with support of PS

k R2 k

.04148 0.66297 0.0502

.00973 0.991 0.0206

.13374 0.99006 0.2090

.27344 0.94383 0.38394
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removal (degradation) efficiency of bare TiO2 (kfirst-order =
0.000973 and kmodified Freundlich model = 0.2734) in compari-
son to TiO2 synthesized with a PS support (kfirst-order =
0.0206 and kmodified Freundlich model = 0.3839) is much less.
The lower degradation rate constant in synthesized TiO2

in general could be due to scattering phenomena, where
active sites on the surface of the catalyst do not bring
more electron–hole pair generation and therefore a de-
crease in the degradation rate occurs [42]. It can be con-
cluded that TiO2 synthesized on a PS support follows a
first-order photocatalytic MB degradation, and the reac-
tion rate (kfirst-order = 0.0206 and kmodified Freundlich model =
0.38394) is greater for the system in which molecular oxy-
gen is supplied as an additional oxidant for photoenergy
conversion.

Conclusions
Nanostructured TiO2 has been synthesized using a sol–gel
chemistry method with the support of nanoporous PS. The
photocatalyst shows better performance when additional
molecular oxygen is supplied during the photocatalytic deg-
radation process. It can be concluded that the photocatalytic
reaction could be forwarded with a higher rate of reaction
and photodegradation performance by supplying oxygen
(O2) molecules to the solution. These results demonstrate
that the TiO2 synthesized could be sustainably used for the
treatment of industrial wastewater, especially that which con-
tains organic dyes, to protect the environment.
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