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ABSTRACT: The mechanical stability of titania (TiO,)
nanofibers was improved by fabricating TiO,/poly(di-
methyl siloxane) (PDMS) composite fibers using a combi-
nation of hybrid electrospinning and sol-gel methods,
followed by heat treatment at 250°C for 3 h. The composi-
tions (90/10, 80/20, and 70/30, w/w) of the TiO,/PDMS
composite fibers were varied by adjusting the flow rate of
the PDMS sol with the flow rate of TiO, sol fixed. There
was no significant change in morphology and average
diameter of the as-spun TiO,/PDMS fibers after heat
treatment. Both the tensile strength and modulus of the

TiO,/PDMS composite fibers increased gradually with
increasing PDMS content up to 30 wt %. In addition, from
the photo-degradation reaction of methylene blue, the pho-
tocatalytic activity of TiO,/PDMS composite fibers was
strongly dependent on the TiO, content (%) in the com-
posite fibers. © 2009 Wiley Periodicals, Inc. ] Appl Polym Sci
116: 449-454, 2010
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INTRODUCTION

Titania (titanium oxide, TiO,) is a promising mate-
rial because of outstanding photocatalytic activity.
To maximize its functional activity, TiO, has been
fabricated into nanostructures including nanopar-
ticles, nanotubes, and nanofibers. This nanostruc-
tured TiO, has been studied widely for optical and
electrical applications, such as, photocatalysts, chem-
ical sensors, dye-sensitized solar cells, and bat-
teries."™ Among the many nanostructures produced,
nanofibers have a distinctive advantage of being
able to form the assembled structures (e.g., nonwo-
ven) with a high surface area-to-volume ratio and
porosity.

Electrospinning generally results in an assembled
nonwoven structure composed of randomly oriented
nanofibers. The electrospinning process, in combina-
tion with the sol-gel process, has been used to fabri-
cate TiO, nanofibers from a TiO, precursor solution
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mixed with an organic polymer (binder or gelator),
such as, poly(vinyl pyrrolidone). The organic poly-
mer is usually removed by a thermal treatment.”'°
Although this approach is advantageous, the poly-
mer facilitates the formation of TiO, nanofibers by
increasing the solution viscosity, the polymer addi-
tive needs to be removed from the resulting TiO,/
polymer blend fibers after electrospinning. This
leaves pure TiO, fibers with inherent brittleness that
can be broken easily, even under a low impact,
which has restricted its practical use considerably.

In previous work,'! ultrafine TiO, fibers were pre-
pared from a titanium alkoxide precursor solution
without an organic polymer by controlling the water
content in the sol. Interestingly, the as-spun TiO,
fibers could be converted to pure anatase by a heat
treatment at lower temperatures (250°C, 3 h). How-
ever, the TiO, fibrous mat showed very poor
mechanical stability. To improve the mechanical sta-
bility of the TiO, fibers, TiO,/poly(dimethyl silox-
ane) (PDMS) composite fibers were fabricated by a
hybrid electrospinning and sol-gel process. In the
fabrication of the TiO,/PDMS composite fibers, the
use of PDMS has two important advantages. First,
PDMS has high thermal stability that is capable of
supporting the mechanical stability of TiO, fibers
after heat treatment (250°C, 3 h). Second, the PDMS
prepolymer also forms a network structure via a



450

Power supply

Figure 1 Schematic diagram of the hybrid electrospin-
ning process. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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polycondensation and/or crosslinking reaction
under the heat treatment conditions (250°C, 3 h), as
reported elsewhere.'?

The morphology and mechanical properties of the
TiO,/PDMS composite fibers with different PDMS
contents were investigated after heat treatment. In
addition, the photocatalytic activity of the heat-
treated TiO,/PDMS composite fibers was examined
using the photo-degradation reaction of methylene
blue (MB), and compared with that of pure TiO,
fibers.

EXPERIMENTAL
Materials

Tetraisopropoxide titanium (TIPT, 98.0%) was pur-
chased from Samchun Chemical Co. 2-methoxy etha-
nol was obtained from Kento Chemical Co. Nitric
acid (NHO;) (Duksan Pure Chemical) was used as
an acid catalyst for the hydrolysis and polyconden-
sation of TIPT. Hydroxyl terminated PDMS (M, =
46,000) was supplied by Aldrich Co. Tetraethyl
orthosilicate (TEOS, 95%) was purchased from Junsei
Co. Tetrahydrofuran (THF, 98.5%), Samchun Chemi-
cal Co., and nitric acid (NHO;) were used as the sol-
vent and acid catalyst, respectively, for the hydroly-
sis of TEOS. The photocatalytic activity was
measured using MB, Samchun Chemical Co., as a
model pollutant dye. All chemical reagents were
used without further purification.

Hybrid electrospinning

The titanium precursor solution was prepared using
a titanium isopropoxide precursor and 2-methoxy
ethanol as the solvent, based on the sol-gel proce-
dure. Titanium isopropoxide (0.1M) was dissolved
in 50 mL of 2-methoxy ethanol, which was followed
by the addition of 0.01M nitric acid. The mixed solu-
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tion was stirred and aged at 80°C for 70 min, result-
ing in a viscous transparent TiO, sol. To induce a
slow hydrolysis reaction, the TiO, sol was placed in
contact with moisture in the air (RH = 50, T = 21°C)
for aging. The viscosity of the sol increased with the
hydrolysis reaction of the sol-gel precursor as a
result of contact with moisture and solvent evapora-
tion. The TiO, nanofibers were prepared by electro-
spinning a viscous TiO; sol.

The PDMS prepolymer solution was prepared
using TEOS and THF, based on a sol-gel procedure.
PDMS (0.13M) was dissolved in 30 mL of THF, and
TEOS (2 mL) and nitric acid (200 plL) were then
added. The mixed solution was stirred and aged at
80°C, resulting in a viscous transparent PDMS sol by
a hydrolysis reaction and solvent evaporation. The
viscosity of the sol was adjusted by adding THF (15
mL) for electrospinning. The PDMS fibers were pre-
pared by electrospinning the viscous PDMS sol.

Figure 1 shows a schematic diagram of the hybrid
electrospinning apparatus (Chungpa EMT) to fabri-
cate TiO,/PDMS composite fibers. In the hybrid
electrospinning process, the TiO, and PDMS sols
were electrospun simultaneously in opposite direc-
tions facing a single rotating target, which is herein
called hybrid electrospinning. The compositions (90/
10, 80/20, and 70/30, wt/wt) of the TiO,/PDMS
composite fibers were controlled by adjusting the
flow rate of the PDMS solution from 5.0 to 15.0 mL/
h at a fixed flow rate of the TiO, sol (3 mL/h). Table
I lists the optimized conditions of the TiO, and PSF
sols for hybrid electrospinning.

Photocatalytic activity measurement

The photocatalytic activity of the heat-treated pure
TiO, and TiO,/PDMS composite fibers was
evaluated by observing the degradation of a model
pollutant dye, MB. Fifty milligrams of fiber was
immersed into an aqueous 0.025M MB solution
(3 mL), and irradiated with UV light at 254 nm for
up to 8 h using a 500 W high-pressure Hg lamp
system (StabiLight, NT-LS-HG50-SR). At fixed time
intervals (2, 4, 6, and 8 h), the absorbance of

TABLE I
Optimized Processing Conditions for Hybrid
Electrospinning

TiO, PDMS
Prepolymer conc. (wt %) - 38
Needle size (mm) 0.838 0.838
Applied voltage (kV) 25 10.5
Flow rate (mL/h) 3 5-15
Spinning distance (cm) 10 10
Humidity (%) <40 <40
Temperature (°C) 21 21
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Figure 2 SEM images of the as-spun TiO,/PDMS composite fibers: (a) 90/10, (b) 80/20, and (c) 70/30.

solution at 660 nm was measured to determine the
concentration of MB using an UV-vis spectropho-
tometer (UV-2450, Shimadzu) over the wavelength
range, 200-800 nm.

Characterization

The morphology of the as-spun and heat-treated
TiO,/PDMS composite fibers was observed by field
emission scanning electron microscopy (FE-SEM,
JSM-7000F, JEOL). The average fiber diameter was
determined by analyzing the FE-SEM images using a
custom-code image analysis program (Scope Eye II).
The tensile properties of the heat-treated TiO,/
PDMS composite fibers mat were measured 10 times
on an Instron tensile tester (Instron 4467) according
to the ASTM D-638.

RESULTS AND DISCUSSION
The morphology of TiO,/PDMS composite fibers

It was previously reported that TiO, nanofibers
could be fabricated using only a titanium precursor
sol solution by electrospinning in combination with
a sol-gel method.!' However, the TiO, nanofibrous
mats were easily broken, even under a low impact,
indicating very weak mechanical strength. In this
study, PDMS was chosen as a reinforcing fiber for
pure TiO, ultrafine fibers because it has high ther-
mal and chemical stability. Figure 2 shows SEM
images of the TiO,/PDMS composite fibers with
different PDMS contents electrospun under the opti-
mized processing conditions in Table I. The compo-
sition of the TiO,/PDMS composite fibers (90/10,
80/20, and 70/30, w/w) was varied by adjusting the
flow rate of the PDMS solution at a fixed flow rate

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 SEM images of the heat-treated TiO,/PDMS composite fibers: (a) 90/10, (b) 80/20, and (c) 70/30.

of the TiO, sol. As shown in Figure 3, the average
diameter (AFD, 11.4 pum) of the PDMS fibers was
much higher than that (1.11 pm) of the TiO, fibers.
The well mixed TiO,/PDMS composite fibers could
be fabricated by hybrid electrospinning.

As-spun TiO,/PDMS composite fibers with differ-
ent PDMS contents were subsequently heat-treated
at 250°C for 3 h, to produce both the anatase crystal-
line phase of TiO, fibers and the polycondensation
reaction of PDMS fibers. Figure 3 shows SEM images
of the heat-treated TiO,/PDMS composite fibers
with different PDMS contents. In particular, there
was no significant change in fiber morphology and
AFD of the TiO,/PDMS composite fibers after heat
treatment (The AFD of TiO, decreased slightly from
1.11 pm to 0.94 um, whereas that of PDMS increased
slightly from 11.4 to 12.7 pm.). This suggests that the
PDMS fibers have high thermal stability, which is
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different from the organic polymers. The thermal
stability of PDMS originated from the nature of the
Si—O bonds, which have higher bond strength than
the C—C bonds."

TABLE II
Tensile Properties of the Electrospun TiO, and
TiO,/PDMS Composite Fibers Mats

Tensile Breaking
strength ~ elongation =~ Modulus
(MPa) (%) (MPa)
TiO, - - -
TiO,/PDMS (90/10) 0.013 = 0.002 2.7 = 0.3 0.81 = 0.07
TiO,/PDMS (80/20) 0.015 + 0.002 3.0 £ 0.5 0.90 = 0.18
TiO,/PDMS (70/30) 0.023 = 0.005 2.6 * 02 1.18 + 0.34

PDMS 0.019 £ 0.001 97.8 = 6.2 0.027 = 0.002
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Mechanical stability of heat-treated TiO,/PDMS
composite fibers

Table II lists the tensile properties of the heat-treated
TiO,, PDMS, and TiO,/PDMS composite fibers. As
described previously, the pure TiO, fibrous mat did
not have sufficient mechanical strength to be mea-
sured. The PDMS fibers provided the mechanical
stability to the TiO, fibrous mat. Both the tensile
strength and the modulus of the TiO,/PDMS com-
posite fibers increased gradually with increasing
PDMS content up to 30 wt %, whereas the breaking
elongation remained unchanged. However, the
breaking elongation (~ 3%) of the TiO,/PDMS com-
posite fibers was much lower than that (~ 98%) of
the pure PDMS fibers, because the PDMS content in
the composite fibers was only 30 wt % at most.

Photocatalytic activity of heat-treated TiO,/PDMS
composite fibers

The mechanism of the photocatalytic reaction in the
presence of TiO, involves a free-radical reaction that
is initiated by UV light."* The photocatalytic activity
of TiO, strongly depends on the crystalline phase
and surface area.”™'® As reported elsewhere,'* the
TiO, and TiO,/PDMS composite fibers, after heat
treatment at 250°C for 3 h, were composed of a pure
anatase crystalline phase. These TiO, and TiO,/
PDMS composite fibers with the anatase phase were
used to examine the effect of the TiO, content in the
composite fibers on the photocatalytic activity. The
photocatalytic degradation of a MB solution was
used as a model photoreaction, and was measured
from the UV absorbance at ~ 660 nm, which is the
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Figure 4 UV absorbance of MB solution containing TiO,/
PDMS (80/20) composite fibers as a function of the irradi-
ation time: (a) 0, (b) 2, (c) 4, (d) 6, and (e) 8 h. [Color fig-
ure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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Figure 5 Degradation rate (C/Cy) of MB solution contain-
ing TiO,/PDMS composite fibers: (—ll-) TiO,, (-@-) TiO,/
PDMS (90/10), (-A-) TiO,/PDMS (80/20), and (-W-)
TiO,/PDMS (70/30).
maximum absorbance peak of MB in solution.'” "
Figure 4 shows the change in the absorbance on the
UV-vis spectrum of the MB solution containing
TiO,/PDMS (80/20) composite fibers as a function
of the UV irradiation time up to 8 h. As the photo-
degradation of MB proceeded, the absorbance on the
UV-vis spectrum decreased gradually, with the van-
ishing blue color of the MB solution. The decrease in
absorbance is probably due to degradation of the
MB chromophore.”® The intensity of the absorbance
at 660 nm is proportional to the concentration of MB
in the solution. Therefore, the rate of degradation
reaction can be determined by measuring the inten-
sity of the absorbance of the MB solution at 660 nm.
Figure 5 shows the rate (C/Cy) of MB degradation
in a solution containing TiO, fibers or TiO,/PDMS
composite fibers under UV irradiation. Cy and C
denote the concentration of MB at a UV irradiation
time of 0 and ¢, respectively. The rate of MB degra-
dation increased with increasing TiO, content.
Therefore, the rate of MB degradation is strongly de-
pendent on the TiO, content in the TiO,/PDMS
composite fibers. The complete degradation of MB
did not occur with TiO,/PDMS composite fibers
after 8 h irradiation. On the other hand, degradation
was completed within 6 h using the pure TiO,
nanofibers.

CONCLUSIONS

The TiO,/PDMS composite fibers were fabricated by
a combination of hybrid electrospinning and sol-gel
methods to impart mechanical stability to the TiO,
fibers. In addition, the compositions could be varied
by adjusting the flow rate of the PSF solution at a

Journal of Applied Polymer Science DOI 10.1002/app
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fixed flow rate of the TiO, sol. There was no signifi-
cant change in the fiber morphology and fiber diam-
eter of the TiO,/PDMS composite fibers after heat
treatment. Both the tensile strength and the modulus
of the TiO,/PDMS composite fibers increased gradu-
ally with increasing PDMS content. From the photo-
degradation reaction of MB, the TiO,/PDMS com-
posite fibers exhibited photocatalytic activity corre-
sponding to the TiO, content (%). Overall, it is
believed that the TiO,/PDMS composite fiber has
great potential for photocatalytic fibrous membranes
with mechanical stability.
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