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ABSTRACT
This study aimed to evaluate the photocatalytic activities of poly(methyl methacrylate) (PMMA)/titanium
dioxide (TiO2) nanofiber mat. TiO2 nanoparticles in crystal phase were first prepared by sol-gel process and
then PMMA/TiO2 nanofiber mat was prepared through electrospinning. The composite (PMMA/TiO2)
nanofiber mat was compared with that of pure PMMA nanofiber mat through performing FTIR and UV-Vis
spectroscopy, scanning electron microscopy, thermogravimetric analysis, weight loss and water contact
angle measurements. The photocatalytic activity of PMMA/TiO2 nanofiber mat was evaluated by
investigating both the photocatalytic decomposition of a model dye, methylene blue, and photocatalytic
degradation of the composite nanofiber mat in the ambient air under ultraviolet light irradiation.
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1. Introduction

TiO2 nanoparticles are a special type of semiconductor, which has
been the focus of numerous studies due to its excellent photocata-
lytic and hydrophilicity properties in absorbingUV rays and its sta-
bility, cheapness and commercial availability (1). However, the
powder form of TiO2 nanoparticles is not suitable for large-scale
applications. For practical application, it is more advantageous to
immobilize TiO2 nanoparticles in the polymer matrix (2). When
TiO2 nanoparticles are incorporated to a polymer matrix, all prop-
erties of the pure matrix may change depending on the properties
of individual components, the shape, size, and amount of the filler,
the morphology of the system (3). The main benefit of using TiO2

nanoparticles with polymer is the improvement of matrix perfor-
mance at elevated temperatures and pressures. Many researches
have been performed to investigate the influence of incorporating
TiO2 nanoparticles on the performance of polymer matrices (1, 4,
5). Another benefit of using TiO2 nanoparticles with polymer
matrix is the reduction of membrane fouling. Therefore, many
studies have been conducted in preparation of TiO2 nanoparticles
filled polymer composites with antifouling properties (1, 6, 7).

When TiO2 is illuminated with UV light, the energy is greater
than its band gap, promoting electrons from the valence band to
the conduction band. These electrons transfer quickly to the surface
of the particle and they react with oxygen and surface absorbed
molecules to form superoxide and hydroxyl radicals. These active
radicals are able to degrade the organic molecules by oxidizing the
C-H bonds (8, 9). Regarding the photocatalytic ability of TiO2

nanoparticles, polymer based photocatalysis UV-TiO2 systems
have been investigated to solve a variety of environmental problems
such as water purification, self-cleaning material production and
solid-phase photocatalytic degradation of polymer (1). The immo-
bilization of TiO2 nanoparticles in polymer matrix eliminates the
necessity of a separation process following the water purification

and prevents the problems concerning the ecotoxicity to certain
extent (10). In literature, polyhydroxybutyrate/TiO2 (2), poly
(methyl methacrylate)/TiO2 (10–12), polypyrrole/TiO2 (13) com-
posite systems were studied and the photocatalytic activity of the
systems was determined from degradation of a model dye, methy-
lene blue. Photodegradation experiments of methylene blue indi-
cated that polymer/TiO2 composite systems were found to be
effective in decolorization of the model dye and they were promis-
ing in self-cleaning performance (2, 10–13).

Because of their inertness, most of polymer based materials
are non-biodegradable in natural environment. They do not
decompose in landfills, which causes a serious environmental
problem (14). Although polymer based photocatalysis UV-
TiO2 systems have been widely researched in the remediation
of wastewater pollutants, there are a few studies on the solid-
phase photocatalytic degradation of TiO2 filled polymer com-
posite. The photocatalytic degradation of LDPE/TiO2 (9), PS/
TiO2 (14, 15), PANI/TiO2 (16) and PVC/TiO2 (17, 18) was
investigated. The photocatalytic degradation process of TiO2

filled composite proceeded much faster than the simple photol-
ysis of pure polymer (9, 14, 15, 17, 18).

Polymers in nanofiber form have an exceptionally high spe-
cific surface area, resulting in quantum efficiency, nanoscale
effect of unusually high surface energy, surface reactivity, high
thermal and electrical conductivity, and biodegradability. Poly-
mer nanofibers are of considerable interest for various kinds of
applications such as catalyst supports, drug delivery systems,
photonics and sensors (19). Electrospinning is a unique pro-
cess, creating nanofibers through an electrically charged jet of
polymer solution (20). Not only pure polymer but also compos-
ite (21) and blend (22, 23) nanofibers can be prepared using
electrospinning process. Electrical properties (21), surface
hydrophobicity (23), thermal property (22, 23) of pure
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nanofiber can be enhanced by electrospinning of polymer
matrix with functional fillers or another polymer matrix.
Within this scope, TiO2/polymer nanofiber mats, prepared by
electrospinning, have been investigated as materials for the
adsorption of heavy metal ions from aqueous solutions (24,
25). In addition, researchers have focused on the photocatalytic
activity performance of polymer nanofiber mats functionalized
with TiO2. Photodegradation experiments of methylene blue
indicated that polymer nanofiber mat containing TiO2 nano-
particles resulted in enhanced photocatalytic activity (26–29).
Also, TiO2 included polymer nanofiber mat could be degraded
by solid-phase photocatalytic degredation (30).

In this study, TiO2 nanoparticles in crystal phase were syn-
thesized and immobilized in PMMA nanofiber mat using via
electrospinning process. Apart from the studies reported in the
literature, the photocatalytic activity of PMMA/TiO2 nanofiber
mat was evaluated by investigating both the photocatalytic
decomposition of methylene blue and photocatalytic degrada-
tion of the composite nanofiber mat in the ambient air under
ultraviolet light irradiation.

2. Experimental

Titanium dioxide was prepared by the sol-gel process through
the hydrolysis and condensation reaction of titanium isoprop-
oxide (Ti(OC3H7)4). 3 ml Ti(OC3H7)4 was dissolved in 5 ml of
ethyl alcohol and mixed with 2 ml of acetic acid. After stirring
at room temperature for 30 min., 0.75 ml of deionized water
was added to the solution. The reaction temperature was
increased to 60�C when the solution was stirred. Polymeric gel
structure has emerged in a short time. After drying at 80�C for
24 h, oxide powder particles were obtained. With this method,
amorphous titanium dioxide was produced (Figure 1a). The
calcination process was performed at 550�C to turn the pro-
duced oxide powder into the crystal phase (Figure 1b) (31).

Poly(methyl methacrylate), purchased from ABCR (Germany),
was dissolved in acetone to obtain 2 wt% solution. Calcinated TiO2

nanoparticles was mixed with 2 wt% PMMA-acetone solution to
obtain 3 wt% PMMA/TiO2 composite solution. Laboratory scale
electrospinning unit (NE-100, Inovenso) was used to prepare pure
PMMA and PMMA/TiO2 nanofiber mats. Prepared solutions
were filled up in a syringe and the feed rate of the solutions was
maintained as 0.1 ml/hr. An electric potential difference of 40 kV
was applied between the collector and the syringe tip. The distance

between the collector and the tip was set as 10 cm. Pure PMMA
nanofiber mat and the composite nanofiber mat were collected on
the collector covered with aluminum foil.

Fourier transform infrared (FTIR) spectra of calcinated TiO2

nanoparticles, PMMA nanofiber mat and PMMA/TiO2 nano-
fiber mat were recorded with a Nicolet 380 (Thermo Scientific)
spectrometer. FTIR characterization was done in the frequency
range from 4000 to 400 cm¡1 with a resolution of 2.0 cm¡1.
The surface morphology of calcinated TiO2 nanoparticles was
examined using a scanning electron microscope (SEM: EVO
LS10 ZEISS). The surface topography of pure PMMA nanofiber
mat and the composite nanofiber mat were also analyzed by
using SEM. The thermogravimetric analyses (TGA) of pure
PMMA and PMMA/TiO2 nanofiber mats were performed on a
thermogravimetric analyzer (Setaram Labsys TGA/DTA) oper-
ating at a heating rate of 5�C/min. up to 450�C under nitrogen
atmosphere. The water contact angles of pure PMMA and
composite nanofiber mats were measured with a drop shape
analysis system (Kr€uss, easydrop model) in the sessile mode at
room temperature. Three different contact angle measurements
were performed for each sample and average of these three test
results were given with their standard deviations.

Photocatalytic activities of PMMA nanofiber mat and PMMA/
TiO2 nanofiber mat were evaluated by monitoring the degradation
of the model dye, methylene blue. Pure PMMA and PMMA/TiO2

nanofiber mat samples of size 3£3 cm2 were immersed into 50 ml
methylene blue solution with a concentration of 10 mg/L and they
were held in the dark for 1 h for initialization. Then, they were
exposed to UV light irradiation supplied by 8 W, 254 nm UV
lamp. At specific time intervals, samples of methylene blue solution
were taken out and were subjected to UV–visible spectroscopy
(UV-Mini 1240 Spectrophotometer) at 665 nm to determine the
dye concentration. Photocatalytic degradation of pure PMMA and
PMMA/TiO2 nanofiber mat samples (8£8 cm2) were performed
under the same UV lamp (8 W, 254 nm) in the ambient air. The
degradation extent of the samples was evaluated directly by their
weight loss. Each photocatalytic activity experiment used a tripli-
cate set of samples.

3. Results and discussion

Figure 2a illustrate FTIR spectrum of TiO2 nanoparticles in
crystal phase. The weak absorption peaks between 3000–
1000 cm¡1 were assigned to C–H vibrations due to the organic

Figure 1. SEM images of (a) amorphous TiO2 and (b) TiO2, calcinated at 550�C.
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residues remained in TiO2. The source of these peaks might be
the titanium isopropoxide precursor used during the synthesis
of the titanium dioxide. The broad absorption peak belonging
to Ti–O–Ti appears in Figure 2a in the range of 1000–
750 cm¡1 (32, 33). The characteristic peak at 1700 cm¡1

observed in the FTIR spectra of TiO2 nanoparticles was
assigned to the stretching CHO band (34). The broad peak
appearing between 3000–2700 cm¡1 was attributed to the sym-
metric CH2 stretching vibrations (35). In addition, the absorp-
tion peaks at around 2127 cm¡1 and 1995 cm¡1 might be
arised from adsorbed CO2 and H2O, respectively (Figure 2a)
(36). Figures 2b and 2c illustrate the FTIR spectra of both
PMMA nanofiber mat and PMMA/TiO2 nanofiber mat. There
are almost no differences in the FTIR spectra of both nanofiber
mat samples with its wavenumbers range from 4000 to
1000 cm¡1, indicating that the interaction between TiO2 nano-
particles and PMMA matrix is physical, not chemical (15).
Both nanofiber mat samples illustrate the characteristic peaks
of PMMA as reported in literature (23, 37, 38). Figure 2b shows
the characteristic absorptions of pure PMMA nanofiber mat at
2951, 1731, 1446, 1191 and 1149 cm¡1, corresponding to the
stretching vibrations of C��H, CDO, CH3, OCH3 and C��O,
respectively (23, 37, 38). In the FTIR spectrum of the composite
nanofiber mat (Figure 2c), the absorption peaks in the range
of 1000–750 cm¡1 were broadened slightly due to TiO2

nanoparticles.

The viscosity of polymer solution, used to prepare nanofiber
mat through electrospinning, plays a significant role in the
resultant fiber morphology by determining the extent of elon-
gation of the solution, which will in turn have an effect on the
diameter of the resultant electrospun nanofiber (20). Addition
of TiO2 nanoparticles into PMMA solution might result in an
increase in the solution viscosity (39). With increased solution
viscosity, the diameter of the electrospun nanofiber also
increases (20). As expected, the average fiber of the composite
nanofiber mat is thicker than the average fiber diameter of pure
PMMA nanofiber mat (Figure 3). At the low viscosity of poly-
mer solution, it is common to find beads along the resultant
electrospun nanofiber collected on the collector. When the vis-
cosity increases, there is a gradual change in the shape of the
beads from spherical to spindle-like until a smooth fiber is
obtained (20). As shown in Figure 3, less beaded fiber structures
were observed on the surface of the composite nanofiber mat,
which could be due to the increased viscosity of PMMA/TiO2

solution.
Figure 4 illustrates the TGA curves of pure PMMA and

PMMA/TiO2 nanofiber mats. Both of the nanofiber mats
exhibit two-step weight loss with lower residual production.
The first weight loss is due to the degradation of the polymer,
occuring between 270–300�C, and the second weight loss is
due to the cleavage of the PMMA backbone, observed after
350�C. Pure PMMA and PMMA/TiO2 nanofiber mats
completely decomposed at around 400�C (40). According to
the TGA data, TiO2 nanoparticles slightly enhanced the ther-
mal stability of PMMA nanofiber mat.

The water contact angle of pure PMMA nanofiber mat was
130.3� (§ 3.5�), in agreement with the intrinsic hydrophobic
characteristic of PMMA (23). The water contact angle was
insignificantly lowered to 127.4� (§ 3.1�) by introduction of
TiO2 nanoparticles. The decrease in hydrophobicity was
expected since TiO2 nanoparticles are hydrophilic in nature
(25, 39). The water contact angle also depends on the surface
roughness and the porosity of nanofiber mats. Enhanced sur-
face roughness and porosity results in nanofiber mats with
higher measured contact angles (23, 25). Although TiO2 nano-
particle introduction yields rougher nanofiber mat surfaces,
this effect appears to be masked by the hydrophilic character of
TiO2 nanoparticles (25).

The degradation of the model dye, methylene blue, as
a function of irradiation time is illustrated in Figure 5. The

Figure 2. FTIR spectra of (a) TiO2, calcinated at 550�C, (b) PMMA nanofiber mat
and (c) PMMA/TiO2 nanofiber mat.

Figure 3. SEM images of (a) PMMA nanofiber mat and (b) PMMA/TiO2 nanofiber mat.
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degradation is presented with the variation of the ratio (C/C0)
with irradiation time, where C0 and C indicate the concentra-
tion of methylene blue solution before UV irradiation and after
UV irradiation, respectively. When pure PMMA nanofiber mat
was irradiated with UV, insignificant degradation of the model
dye was obtained. After 180 min of irradiation, only 4% of
methylene blue was degraded. On the other hand, a much bet-
ter photocatalytic degradation of methylene blue occurred
when TiO2 nanoparticles were incorporated in PMMA nano-
fiber mat. 20% of the model dye was degraded after 180 min of
UV irradiation (Figure 5). The degradation data of methylene
blue obtained with pure PMMA and PMMA/TiO2 nanofiber
mats were analyzed using the pseudo-first order kinetics
equation (41):

ln C0 6 Cð Þ D kt (1)

where t is the time and k is the apparent first-order rate con-
stant, which was obtained from the slope of the plot ln(C0/C)
vs. t (Figure 6). The discoloration rate of methylene blue for
pure PMMA and PMMA/TiO2 nanofiber mats is 0.0002 min¡1

(R2 D 0.987) and 0.0013 min¡1 (R2 D 0.992), respectively.
Results showed that the composite nanofiber mat exhibited
slightly higher photocatalytic activity than that of pure PMMA
nanofiber mat. The reason for the limited increase in photoca-
talytic activity of PMMA/TiO2 nanofiber mat might be the

presence of polymer on the surface of TiO2 nanoparticles,
blocking the reactive sites of the catalyst and leading to the
slower degradation rate of methylene blue (13).

Figure 7 illustrates photoinduced weight loss of both nano-
fiber mats in air under UV irradiation. The weight loss percent
of the composite nanofiber mat reached about 4% after 192 h
irradiation, while pure PMMA nanofiber mat presented only
about 1% of weight loss at the same experimental condition.
Photoinduced weight loss of the composite nanofiber mat
might occur because of the photocatalysis reaction of TiO2

nanoparticles and the direct photolysis reaction of PMMA (9).
The weight loss percent of the composite nanofiber mat was
almost 4 times higher than that of pure PMMA nanofiber mat
after 192 h irradiation, indicating the dominance of the photo-
catalysis reaction (9). Under UV irradiation below 300 nm, the
photolysis of pure PMMA nanofiber mat results in a random
scission of the polymer chain backbone by a radical process
and PMMA starts to degrade to lower molecular weight com-
pounds (42). The photocatalysis reaction of TiO2 nanoparticles
is different from the photolysis reaction. When the UV light
with energy higher than TiO2 band gap is absorbed by TiO2

nanoparticles, electron-hole pairs are generated, which can

Figure 4. TGA curves of (a) PMMA nanofiber mat and (b) PMMA/TiO2 nanofiber mat.

Figure 5. Photocatalytic degradation performance of methylene blue as the func-
tion of time onto (a) PMMA nanofiber mat and (b) PMMA/TiO2 nanofiber mat.

Figure 6. Photocatalytic degradation kinetics of methylene blue onto (a) PMMA
nanofiber mat and (b) PMMA/TiO2 nanofiber mat.

Figure 7. Weight loss of (a) PMMA nanofiber mat and (b) PMMA/TiO2 nanofiber
mat under UV irradiation as the function of time in air.
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react with adsorbed oxygen and water on the surface and pro-
duce various active species such as the superoxide anion and
hydroxyl radical. These active species might attack neighboring
polymer chains and diffuse into the polymer matrix to continue
the degradation reactions (9, 17, 30, 43, 44).

4. Conclusions

In this study, TiO2 nanoparticles in crystal phase were syn-
thesized and then immobilized in PMMA nanofiber mat by
electrospinning process. FTIR and UV-VIS spectroscopy,
SEM, TGA, weight loss and water contact angle measure-
ments were utilized to characterize the composite nanofiber
mat. The introduction of TiO2 nanoparticles yielded thicker
nanofibers with less beaded fiber structures. FTIR and TGA
confirmed the presence of TiO2 nanoparticles in the com-
posite nanofiber mat. The loading of TiO2 nanoparticles in
PMMA nanofiber enhanced both the photocatalytic decom-
position of methylene blue and photocatalytic degradation
of PMMA nanofiber mat in the ambient air under ultravio-
let light irradiation.
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