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ABSTRACT: Novel photocatalyst membrane materials were successfully
fabricated by an air jet spinning (AJS) technique from polyvinyl acetate
(PVAc) solutions containing nanoparticles (NPs) of titanium dioxide
(TiO2). Our innovative strategy for the production of composite nanofibers
is based on stretching a solution of polymer with a high-speed compressed
air jet. This enabled us to rapidly cover different substrates with TiO2/PVAc
interconnected nanofibers. Surprisingly, the diameters of the as-spun fibers
were found to decrease with increasing amount of NPs. Our results showed
that AJS PVAc-based fibrous membranes with average fiber diameters of
505−901 nm have an apparent porosity of about 79−93% and a mean pore
size of 1.58−5.12 μm. Embedding NPs onto the as-spun fibers resulted in
increasing the tensile strength of the obtained composite fiber mats. The
photodegradation property of TiO2 membrane mats proved a high
efficiency in the decomposition of methylene blue dye. The novel fiber
spinning technique discussed in this paper can provide the capacity to lace
together a variety of types of polymers, fibers and particles to produce interconnected fibers layer. Our approach, therefore, opens
the door for the innovation in nanocomposite mat that has great potential as efficient and economic water filter media and as
reusable photocatalyst.
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1. INTRODUCTION

Photocatalysis has been demonstrated as a low cost and
sustainable technology for the treatment of pollutants in air and
water including organics and heavy metals.1,2 Titanium dioxide
(TiO2) is the most frequently used photocatalyst because of its
photostability, low cost, and resistance to corrosion.3−7

Additionally, TiO2 nanoparticles (NPs) have high capability
to absorb ultraviolet and pigments and which allows it to be
used for photocatalytic degradation of pollutants in water.
Therefore, TiO2 NPs are widely used as effective and stable
photocatalysts for water pollutants. Unfortunately, most of the
researchers ignored the separation process of the utilized TiO2
NPs from the treated water. This created a secondary pollution
problem where the free TiO2 NPs that remain in the
environment have been shown to be harmful to living
organisms.8 Besides, the tendency of the NPs to agglomerate
into larger particles can result in a reduction of the
photocatalytic efficiency during the cycling use,9,10 which is
another dilemma in water treatment.

To avoid free NPs in water, TiO2 NPs are usually
immobilized on a substrate or integrated into thin-films or
polymers. In these regards, polymer materials substrates play an
important role in immobilizing active catalyst11−13 because of
their good film forming ability, flexibility, toughness, separation
properties, and cost-effective.
Different methods have been used to incorporate inorganic

NPs into a polymer matrix. Electrospinning is the most existing
popular strategy used for production of polymer and composite
nanofibers mats that contain high-quality nanofibers.14 Electro-
spinning can be performed by charging a droplet of polymer
liquid using electricity. Despite the versatility of electrospinning
technique, there are still several drawbacks that limit its
application in industry. Examples of these drawbacks are the
need for a high-voltage power supply, the sensitivity to the
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change in solution conductivity, very low production rate (0.3
g/h per jet), and the difficulty to fabricate 3D open structures.14

Several researchers have attempted to find an alternative
method for fabrication of 3D porous nanofibers suitable for
several applications. For example, Benavides and co-workers
have fabricated micronano scale fibers based on high velocity
expanding gas jet.14 However, this process seems quite complex
and hard to fellow due to applying multi necessary steps to
obtain nanofibers. Recently, our research group has successfully
developed a novel, simple and cost-effective one-step air jet
spinning (AJS) system for fabrication of 3-D porous and
micronano polymeric fibers.15−17 AJS is a simple processing
technique that allows fabrication of high aspect ratio nanofibers
in a commercial scale. A number of advantages including low
capital cost, lower energy requirements, high fibers production
rate and ease of operation can be offered by the AJS. Our
system is based on exploiting a high-speed compressed air onto
the prepared solution to form a polymer jet, which undergoes
extensive stretching before solidification (Figure 1A). On the
basis of our previous results, TiO2 NPs can be immobilized
onto individual fiber surface during the fabrication process
using the same principle of AJS. Thus, the catalytic capability
can be enhanced using an AJS nanofiber mat as catalyst carrier
(the extremely large surface due to the nanofiber structure can
provide a huge number of active sites). Accordingly, we expect
that this technique can enable the surfaces to be covered very
rapidly with a nonwoven polymer composite fiber matrix.
The rubbery polymers can perfectly adhere to variable

surfaces owing to their soft and flexible nature.17 Therefore, we
have chosen polyvinyl acetate (PVAc) as a polymer matrix to
immobilize inorganic TiO2 NPs for photocatalytic applications.

PVAc is expected to avoid the problems associated with the use
of soft and rigid polymers. PVAc is commonly used as an
adhesive, binder, coating and a biomedical material.18,19 Results
showed that PVAc has good adhesion with the inorganic fillers.
Our previous results showed that PVAc could induce a superior
fiber formatting capability using the AJS technique and has a
superior adhesion performance on metal substrates.17,20

Herein, novel composite photocatalysts nanofiber membrane
(CPNM) composed of an adhesive polymer (as a fiber
continuous phase) and loaded with TiO2 NPs (as a dispersed
phase) were prepared and characterized. To the best of our
knowledge, this pair of polymer and filler has never been used
before in the literature to prepare CPNM matrix by means of
AJS. The combination of PVAc and TiO2 employing AJS for
making CPNM can cause Ti−OH groups on the surface of
TiO2 to react with the alkyl group hydrogen of the PVAc chain,
making hydrogen bonding at the interface before and upon
impact of AJS fluctuated NPs onto fiber substrates. In this way,
TiO2 NPs may be anchored to the fiber surface of PVAc
molecules such that the surface of individual fiber will be
decorated with the NPs. Consequently, mixing of these two
materials at the nanoscale and then applying them as a coating
using AJS technique proved to provide superior adhesion and
tensile properties in addition to the formation of a unique and
effective multifunctional CPNM. Formation of multifunctional
CPNM can lead to a remarkable increase in the number of
reactive sites with a corresponding improvement in hydro-
philicity and photocatalytic activity in the oxidation of dyes.
Also, we were able to coat high-aspect-ratio polymeric
nanofiber mats with TiO2 NPs without aggregation by means
of AJS. The morphologies of membrane surfaces porosity, pore

Figure 1. Comparison of the air jet (A) spinning and (B) electrospinning approaches for fabricating nanofiber membrane mats. Insets a and b of
panel A illustrate convergent-divergent nozzle and output throat of AJS mechanism.
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size and pore size distribution were studied. The interactions
between nano-TiO2 particles and PVAc polymer were analyzed
by XRD and FTIR methods. This CPNM matrix prepared by
AJS can play an important role in immobilizing active catalyst
and would have a great potential for pollutant removable
sources applications, such as water treatment, especially in the
developing countries, where millions of people die each year
because of polluted drinking water.

2. EXPERIMENTAL SECTION
2.1. Raw Materials. Polyvinyl acetate was supplied from Sigma-

Aldrich with an average Mw of 500 000 and viscosity 60.0−75.0 cps. It
was provided in the bead shape and hydrophobic nature. Dichloro-
methane (CH2Cl2, DCM) was purchased from Junsei Chemical Co.,
Japan in spectrophotometer grade 99.5% pure, having density 1.325 g/
cm3 at 25 °C, boiling point 40 °C. The low boiling point of DCM
ensure that it will need relatively shorter time to evaporate and
subsequently ease the formation of micronano scale fibers using AJS
strategy. In addition, it helps to avoid sedimentation of the inorganic
particles in the resulting nanocomposites membrane. TiO2 powder,
99.8% trace metals basis, was supplied from Sigma-Aldrich. The
powder particle size was in a range of 60−230 nm (morphological
properties using FESEM TiO2 particles used in this study are shown in
the Supporting Information, Figure S1). From the image, it is a
heterogeneous material containing small spheres.
2.2. Preparation of Photocatalyst Composite Membrane

Mats. PVAc was solubilized in DCM at 4 and 6% concentrations (wt
%) at 28.5 °C (room temperature). Following total polymer
dissolution, TiO2 in two concentrations (namely 5 and 10 wt %,
based on the polymer solution,) was added to the optimized polymer
solution (6%) to improve the properties of nanoscale fibers. This
mixture was vigorously stirred for more than 18 h followed with 1 h
sonication at room temperature to produce well-dispersed NPs in the
polymer solution. The mixing process is based on solution blending
method where the polymer and inorganic phases are connected by van
der Waals forces or hydrogen bonds.21 This solution mixing method is
a facile way to prepare polymer-inorganic composite solution and
suitable for all kinds of inorganic materials where the concentration of
the organic and inorganic components is easy to control. Solutions
viscosities were measured by a Brookfield, DV-III ultra programmable
Rheometer at room temperature and the results are listed in Table. 1.

Each prepared solution (two pure PVAc solutions and two TiO2/
PVAc suspended solutions) was injected into a custom designed
airbrush spraying apparatus (Pa-201, IWATEC, Taiwan; Figure 1A) at
room temperature and 40% humidity with a nozzle that had a diameter
of 250 μm, double action/internal mixing capability and a gravity fed
color cup. We used two different solute concentrations (4 and 6 wt %),
while keeping other processing parameters constant, and the duration
of spraying was controlled to ensure that the total mass of the polymer
blend delivered to each surface remained also constant. At all solute
concentrations, AJS nanofibers layer formed in 1.45 min (15 mL/min)
was found to rapidly cover the collected substrate (12 × 5 cm2). The
designed AJS system consists of a customized atomizer that plugged
into compressed medical grade air (420 kPa) and filled with the as-
prepared solutions through a fed color cup based on gravity-controlled
rate. The distance between the collector and the AJS tip was 30 cm
which was optimized according to our previous publications.15,17 We
observed that the variations in the spraying distances within this

distance range can create interconnected and well-defined fibers. The
airbrush was automatically fixed using a novel AJS system by our
research group, in which the whole AJS setup was enclosed in a sealed
chamber and maintained at room temperature (seeFigure S2 in the
Supporting Information).The spinning fibers were directly deposited
on rotating collector (speed, 60 m/min). To compare between the
pristine fiber mats prepared by AJS and those prepared by electrospun
process, PVAc fibers were prepared by electrospinning using an
apparatus and process described previously.22,23 Briefly, the electro-
spinning power supply was connected to the metal capillary tip. The
voltage was 21 kV, and the tip-to-collector distance (TCD) was 14.0
cm. The droplet instantly disintegrated into spinning fibers, which
were drawn onto a grounded substrate (Figure 1B). After the
fabricated mats were dried in a vacuum oven for 24 h at 30 °C the
mats were annealed at 6 °C to provide an additional strength.

2.3. Membrane Mat Characterization. Membrane mats layer
thickness was assessed by ultrasonic measurement (coating thickness
gauge meter OMEGA instrument, OM179−745) with a precision of
±1.0 μm. The membrane mats surface topography was characterized
using a scanning electron microscope (SEM, JEOL, JSM 820, Japan).
All specimens were freeze-dried and coated with a thin layer of gold
before SEM observation. The average fiber diameter, porous mean
size, and porous distribution of the prepared mats were calculated for
three different specimens using image analysis software (ImageJ,
National Institutes of Health, USA, http://imagej.nih.gov/ij/). The
porosity of the pristine and composite prepared mats were calculated
using the following equations according to a previous study24,25.

=
·

density of mat(g/cm )
mat mass (g)

mat thickness (cm) mat area (cm )
3

2

(1)

= −porosity (%) 1
density of mat (g/cm )

density of used materials (g/cm )

3

3
(2)

The nitrogen adsorption−desorption isotherms which were measured
at 77 K using Monosorb, USA apparatus were used to investigate the
Brunauer−Emmett−Teller (BET) specific surface areas of PVAc/TiO2
composite photocatalyst membrane samples as descripted previously
in our study.22

The phase composition of fabricated samples surfaces was analyzed
by glancing-angle X-ray diffraction (GA-XRD, Philips X’Pert, Holland)
using Cu Kα (k = 1.54056 A°) radiation over 2 h range angles from 5
to 80°. The operating voltage and current used were 40 kV and 30 mA,
respectively, with a beam size of 20 μm. FT-IR spectra in transmission
mode were collected using an ABB Bomen MB100 spectrometer
(Bomen, Canada) to investigate the phase composition and any phase
interaction between the compounds. Thermogravimetric analysis
(TGA) was used to determine the loading of TiO2 NPs within the
polymer matrix. The TGA measurements were conducted using SDT
Instruments SDT Q600, Elmer Inc., USA, under nitrogen atmosphere
over the temperature range of 25−600 °C at a heating rate of 10 °C/
min.

2.4. Wettability. The hydrophobic or hydrophilic properties of the
as-fabricated membrane mats were measured with deionized water
contact angle measurements using a contact angle meter (Digidrop,
France). Deionized water drops (6 μm in diameter) were automati-
cally dropped on each AJS mats. AJS fibrous mats (5 × 4 cm2) of
different samples were measured four times for each sample. The
contact angles were measured immediately after deionized water was
allowed to fall freely onto the surfaces of the flat nonwoven mats and
STD was calculated.

2.5. Mechanical Properties of the AJS Composite Nano-
fibers. The mechanical properties of the fabricated samples were
carried out according to our previous studies.26 The pristine and
composite mats were tested using a tabletop tensile tester (Instron
LLOYD Instruments, LR5K Plus, UK) with a load cell of 100 N.
Testing was performed at a crosshead speed of 10 mm min−1. Four to
five specimens were used for each sample and were expressed as the
mean ± standard deviation. Stress−strain curves were plotted to

Table 1. Viscosity Measurements of PVAc and TiO2/PVAc
Solutions

4/96 PVAc/
DMC

6/94 PVAc/
DMC

5% TiO2
mat

10% TiO2
mat

viscosity
(cP)

35.1 285.4 328.3 430.1

torque % 1.3 11.9 13.1 17.8
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calculate the tensile properties in terms of the ultimate tensile strength,
Young’s modulus and breaking elongation of the nanofibers scaffolds.
All of the samples were tested after being conditioned in a laboratory
environment for 24 h under identical conditions.
2.6. Adhesion Performance. The adhesion (pull off) tests were

used to investigate the adhesion strength of the directly deposited
layer-by-layer formed by AJS at the same distance between the AJS tip
and three different ground substrates. The three ground substrates are
watch glass with thickness 4 mm and diameter 12 cm, commercial pure
titanium sheet with thickness around 2 mm and diamter 25 mm with
the chemical compositions shown in Table S1 of the Supporting
Information, and a plastic sheet made from PLLA material with
rectangular dimension of 2 cm × 8 cm. The adhesion tests of the
coated samples were performed under dry conditions at room
temperature. After drying the coated substrates, the dolly secured with
adhesive under a static load using Araldite Epoxy adhesive, which was
cured at room temperature for 24 h. Subsequently, the pull-off test was
conducted using the Elcometer Adhesion tester (England). Three
samples were tested for each coating substrate and the reported data
represent the mean of these measurements.
2.7. Photocatalytic Activity Measurements. The photocatalytic

activity of the as-prepared photocatalysts materials was measured by
observing the degradation of methylene blue (MB) dye solution in a
simple photochemical reactor, as described elsewhere.Briefly, the
reactions were conducted in a crystallizing dish (Duran) of 300 mL
capacity by immersing the photocatalyst mats in 200 mL of MB dye
solution (concentration: 1.5 × 10−5 M) in Petri dishes under sunlight.
The experiment was conducted in a natural atmospheric environment
on a sunny day (between 11 AM and 2 PM) in September in Charouk,
South Korea, with average amount of solar radiation 16.21 MJ/m2).
Photodegrdation properties were investigated by immersing the
pristine and composite mats in MB dye solution and cover them
with aluminum foil followed by stirring in dark for 1 h to ensure the
complete adsorption of MB dye. The dish containing photocatalysts
was exposed to the sunlight. The samples were withdrawn at regular
intervals of time, and the concentration of the dye was measured by
recording its absorbance at 663 nm wavelength with a UV−visible
spectrophotometer (HP 8453 UV−vis spectroscopy system, Ger-
many), from which the degradation efficiency of the photocatalyst was
calculated. The 663 nm wavelength is chosen due to it is the main
UV−vis absorption peak of MB and can be easily monitored during
dye degradation (as illustrated in Figure S2 in the Supporting
Information).
The durability of the repeated use of the AJS composite fibrous mat

was evaluated. Our results showed that the as-prepared photocatalyst
composite mats can be used repeatedly without a significant decrease
in its efficiency. Therefore, we are expecting that this material will be a
promising purification media for contaminated water and air. In fact,
some tests were performed at least three times to confirm a final

conclusion. We followed very systematic procedures to achieve and
optimize our results by using several evaluation techniques supported
by several characterization tools to confirm our findings.

3. RESULTS AND DISCUSSION
3.1. Characterization and Morphology of the Poly-

mer/TiO2 Nanofiber Composites Membrane. Our pre-
vious study showed that changing the solution concentration of
the dissolved polymer is one of the most effective schemes to
alter the membrane morphology.15,17 This finding was also
verified in the present study. The morphologies and the
diameter size distribution histogram of AJS pristine mats are
shown in Figures 2 and 3, respectively. SEM images revealed

formation of a layer with interconnected porous structures
combined with some locally oriented fibers at 4% solute
concentration (Figure 2A). As the solute weight ratio increased
to 6%, an interconnected bonded (point-bonded fibrous, inset
of panel B), smooth, and beadless nanoscaled fiber mat was
formed (Figure 2B). Our results confirm the possibility for
obtaining fibers with diameter 901.5 ± 32.8 nm, (Figure 3)
using AJS. SEM images (Figure 2B) also highlights that the
PVAc nanofibers have extremely small diameters.

3.2. Mechanism of Formation of Polymer/TiO2 Nano-
fiber Composite Membrane. The cause and mechanism of

Figure 2. SEM photographs of AJS PVAc pristine membrane sample with two different solution concentrations: (A) 4 wt % and (B) 6 wt % PVAc
concentration. Inset of panel B shows interconnected bonding structure fibers.

Figure 3. Fiber diameter distribution of AJS membrane fiber mats.
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the formation of interconnected porous bead and bonded
nanofiber structures by means of AJS were explained in our
previous work.17,26 High-magnification images shown in the
inset of Figure 2B enabled us to visualize how the PVAc
nanofibers were interconnected. PVAc fibers seem to be linked
by “‘fusion-like”’ junctions (inset of Figure 2B). Whether these
junctions are associated with remaining solvent or mechanical
bonding remains unclear. Regardless of their origin, these
junctions led to a better cohesion of the PVAc nanofiber mesh.
The presence of interconnected fibers as seen in SEM image in
Figure 2, we believe, will be extremely beneficial for water
treatment applications owing to their greater filtration
accessibility. Barhate et al.27 illustrated that improving the
interpore connectivity in the web enhances the filtration
capability of the web and the interfiber bonding makes the web
rigid and mechanically stronger (by improving the tensile
strength). The diameter size distribution of fibers produced by
AJS of polymer solutions containing PVAc were also
comparable to fiber diameters of electrospun fibers reported
elsewhere.23,28 When examining the PVAc AJS mat nanofibers
using SEM, a similar nanofiber diameter and morphology was
observed in different locations in the mat, indicating that air
spun nanofiber mats were uniform (data are not shown here).
The deposition of TiO2 NPs on PVAc fibers using the simple

AJS technique discussed in this article will provide new insights
toward the fabrication of a durable high-performance photo-
catalyst. The optimized membrane fibers created at higher
dilute solutions were used in a subsequent study by adding
TiO2 NPs to the PVAc solution in order to produce a
nanocomposite suspension for photocatalytic application. The
nanocomposite suspension was subsequently spun under the

same conditions used previously to obtain TiO2/PVAc
composite membrane mats. Our results confirmed that the
incorporation of TiO2 NPs into the polymer solution does not
have any negative effect on AJS nanofiber formation perform-
ance. It was expected that when a large amount of TiO2 powder
used, jamming problems with the air-spinning system can
occur. Surprisingly, the results showed that further loading of
TiO2 NPs into the PVAc solution decreased the fiber diameter
size. To prove our results, we measured the diameter size
distribution using imageJ software analysis from at least three
SEM images for each composite membrane mat. The results of
histogram distribution and selected SEM images are shown in
Figures 3 and 4. Interestingly, 5% TiO2 mats showed uniform
nanofiber through their longitudinal direction with free-beads
formation and interconnected fibers with fiber diameter of
526.7 ± 26.2 nm. With further NPs loading (10%), average
diameter size of composite nanofibers was further decreased to
505.8 ± 41.6 nm (Figures 3 and 4). This was attributed to the
fact that the loaded TiO2 particles did not hamper the uniform
jet initiation and further elongation into fibers. The possible
reasons for decreasing fibers diameter size with further TiO2
NPs loading may be due to increasing the composite solution
viscosity after the incorporation of NPs, as shown in Table 1.
The viscosity of the polymer is among the critical factors that

can affect the morphology of spinning fibers.29 In this article,
the viscosity of TiO2/PVAc solution was changed remarkably
by adding TiO2 (Table 1), indicating a change the morphology
of AJS fibers. Accordingly, we argue that high TiO2 NPs
concentration and solution viscosity might have played a
significant role in production of lower nanometer range fibers.
This can be explained by the fact that the TiO2/PVAc spinning

Figure 4. SEM photographs of (A, B) 5 wt % TiO2 and (C) 5 wt % TiO2 AJS composite fiber mats, and (D) SEM-EDS and element concentration
of the composite fiber mat. Inset of panel B shows embedded TiO2 NPs on individual surfaces of AJS PVAc fibers. The selected areas demonstrate
the loading of TiO2 NPs.
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solution became more viscous with increasing the amount of
TiO2. Consequently, this could decrease the solution flow rate
(feed rate) flowing from the gravity feed cup of AJS, resulting in
a lower feed rate and much thinner fibers, as shown in Figure
4A, B. Further reasonable reason is likely that the AJS basically
uses the energy stored in high pressure compressed air to
propel a solution at high velocities to the output of throat. On
the basis of these hypotheses, we proposed a possible
mechanism for the formation of composite nanofibers mat
structure, as shown in Figure 1A. At the throat section shown in
inset of Figure 4A (noted as b), the deposited particles slightly
reduced the diameter size of the throat, resulting in reduction
of the ejected solution to lower amount through the throat of
AJS. Subsequently, the solution amount of stretched fibers can
be controlled. The same observation was reported by Francois
et al.30 where they noticed that a high polymer flow rate can
stimulate the formation of polymer droplets that smashed the
fibrous mat. This undesirable effect was alleviated by
maintaining the polymer at the lower selected flow rate values.
The change in fiber diameter can provide an opportunity to
fine-tune the membrane porosity.31 Successful AJS of the TiO2
NPs-loaded PVAc nanocomposites provided further evidence
of the excellent spinnability of AJS with respect to previous
PVAc spinning formulation. In contrary, the increase in fibers
diameter with viscosity has been reported for many electrospun
polymer fibers.13,32 The presence of inorganic NPs in the
electrospun solution increases the diameter of the polymeric
nanofibers during electrospinning.13,32 A higher NPs contents
adversely affected the electrospinnability of the polymeric
solution (blocking the tip of the syringe at higher concentration
was also observed33). Hence, there are significant differences
between the fibers spinning using AJS and electrospinning
techniques. The AJS is based on ejecting (blow spinning) the
polymer solution to output nozzle using pressurized gas,
whereas electrospinning is based on stretching (pull out) of the
polymer solution under high potential static voltage. This
means that the larger amount of suspension could not facilitate
the electrospinning process for the formation of smaller
diameter fibers.
TiO2 nanoparticles can be agglomerated in organic solvent−

polymer solution due to the residual surface OH groups exists
on NPs. Because of the fluctuation of NPs inside AJS jet and
the plastic deformation between the NPs and fiber substrates
during AJS, the NPs could be easily dispersed and completely
combined with PVAc fiber surface. Our results showed that AJS
TiO2/PVAc composite nanofibers mat formed at 5 wt % TiO2
NPs are well-embedded uniformly onto and around the
polymer fiber surfaces (Figure 4A, B). Conversely, the TiO2
NPs were agglomerated on the fiber surfaces and inside the
matrix in case of 10 wt % TiO2 (Figure 4C). At lower TiO2
loading (5 wt % TiO2), NPs were well-dispersed and stick onto
the top surfaces of individual fiber as clearly shown by the
marked dashed box and higher magnified image in Figure 4B.
On the other hand, larger particles sat between interfiber spaces
and some amount of aggregation were occurred, imparting a

rough texture to the substrates during the higher particles
loading (10 wt % TiO2) as shown in Figure 4C. In this case, the
nanocomposite fiber surfaces were found to be irregular and
uneven exhibiting protruded granulate-like morphology,
presumably because of the aggregation of TiO2 NPs. TiO2/
polymer composite were prepared by Pant and his co-
workers32,34 fabricated electospinning composite nanofibers
mats at the same concentrations (5 and 10% TiO2). They
showed that TiO2 NPs were agglomerated and heavily loaded
mass on some parts of composite fiber matrix. This reveals that
our preliminary results of immobilization TiO2 particles on
nanofiber surfaces using AJS could show better morphological
structure properties than that previously prepared.

3.3. Effect of Spray Particle Velocity on the Spinning
Fiber Morphology. In general, as mentioned above, an air
spray accelerates the polymer ejection through a needle,
stretching it to form nanostructured fibers (Figure 1A). Hence,
the basic principle of the jet-spinning process is very simple. A
high velocity air jet, further formed using a converging-
diverging nozzle (inset of Figure 1A, noted as a), is used to
accelerate TiO2/PVAc composite solution and spin them onto
a substrate. Accordingly, the most important parameter of spray
particle in AJS process is its velocity prior to impact on surface
substrate. The particles that are suspended in a polymer
solution fluctuate through a convergent−divergent nozzle
(Figure 1A) of AJS and upon impact with the prior spinning
fiber substrate; the particles were well-embedded and adhered
onto the fiber surfaces. The kinetic energy of the particles,
supplied by the expansion of the gas, is converted to plastic
deformation energy during bonding. This allows intimate
conformal contact between the exposed polymer fiber surfaces
under local pressure, permitting bonding to occur between the
components. It is accepted that the kinetic energy of the
particles is higher than that of the polymer molecules (because
of a higher mass). This helps the particles to plastically deform
on impact and form strong interfacial bonding with spun fibers,
which bond together to produce advanced composite mat. This
can avoid or minimize many deleterious shortcomings of
traditional method such as electrospinning process. In this
process, TiO2 particles were fluctuated inside the convergent-
divergent airbrush nozzle and subsequently accelerated by the
high-speed gas jet at a room temperature, resulting in
precipitating of TiO2 NPs onto each single spun fibers. The
surface distribution of the photocatalyst membrane composite
mat formed at 5% TiO2 is more uniform than that formed 10%
TiO2. Our previous work showed that PVAc could be air
spun,17 whereas the current work demonstrates that nanofiber
membrane composite mats composed of PVAc and TiO2 NPs
could be air spun too.

3.4. Filtration Efficiency of Polymer/TiO2 Nanofiber
Composites Membrane. The filtration efficiency is normally
influenced by the filter physical structure, such as membrane
thickness, matrix structure, pore size, porosity, etc.27,28 Table 2
shows that the thickness of the membrane mats based on 6 wt
% PVAc solution after a short time, 1.45 min, of air spinning

Table 2. Some Membrane Structural Parameters of the Fabricated Samples

sample diameter size (nm) thickness (μm) average pore size (μm) BET (m2/g) porosity (∼ %)

elecrospun pristine PVAc fiber 325.4 ± 61.9 77.22 ± 11.1 1.38 27.22 72
AJS pristine PVAc fiber 901.5 ± 32.8 85.12 ± 6.5 4.23 7.15 91
5 wt % TiO2 mat 526.7 ± 26.2 87.22 ± 9.41 5.12 328.70 93
10 wt % TiO2 mat 505.8 ± 41.6 89.00 ± 14.3 1.58 72.13 79

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b01418
ACS Appl. Mater. Interfaces 2015, 7, 13329−13341

13334

http://dx.doi.org/10.1021/acsami.5b01418


deposition was on the order of micrometers. Pore size and
porosity are important parameters in membrane structural that
influence the performance of water filtration and dust holding
capacity of the filter, thus porosity should be adequate enough
to avoid the pressure drop.28 Conventional ultrafiltration or
nanofiltration filters for water treatments are based on porous
membranes.31 Porous polymeric ultrafiltration membrane
fabricated by the phase immersion method (conventional
method) has its harsh limitations, e.g. low flux and high fouling
tendency due to geometric structure of pores and the
corresponding pore size distribution and undesirable macro-
void formation across the whole membrane thickness.35 Our
results showed that the nonwoven membranes prepared by the
AJS method could be highly porous with excellent pore
interconnectivity (Figures 2 and 4) than that of nonwoven
membranes prepared by conventional electrospinning process
(Figure S4 in the Supporting Information). Nanofibrous
membrane mat should have a much higher flux than
conventional nonporous membranes in ultrafiltration or
nanofiltration filters.35 The AJS membrane mat exhibited the
highest porosity value, which was significantly higher than the
values determined from commercial ultrafiltration (e.g., Pall
Corporation) and nanofiltration (e.g., Amicon XM300) filters
and more than 2.5 times larger than that of Millipore HAWP
microfiltration filter (∼34%). The average pore size (i.e., flow-
through pore size) of pure PVAc nanofibers membrane
prepared by AJS and electrospinning process were 4.23 and
1.38 μm, respectively. AJS nanofiber membrane showed
porosity of about 91%, which is higher than conventional
electrospun PVAc nanofibers that showed 72% porosity. To
further verify our results, the specific surface area (BET) of the
as-prepared membrane mats were measured in this study. The
BET of pristine mat obtained using AJS fibers was about 3.8
times lower than that of electrospun mat fibers (Table 2). The
difference in porosity and BET measurements can be noticed
by SEM examination which showed that AJS nanofiber mats
were loosely packed with large voids (few fiber mass per unit
area) (Figures 2 and 4), whereas electrospun nanofibers were
more tightly packed and entangled (Figure S4 in the
Supporting Information). AJS nanofiber membrane mats had
bundles of aligned nanofibers in some local areas, which crossed
one another to create larger pores, lower BET and subsequently
higher porosity. Conversely, electrospinning nanofibers mats
had single nanofibers that were more tightly packed with
smaller pore size and lower porosity. Our results are in a good
agreement with the previous reports data by Tutak et al.36 The
torturous porosity in electrospun membranes usually results in
a relatively low flux rate.31,27 AJS demonstrated a new type of
high flux ultrafiltration/nanofiltration medium based on a
nanofibrous membrane mat. The benefit of adjustable pore size
and high porosity is extremely attractive for the study in water
treatment applications. It was reported that the well-
interconnected adequate pores in the nanofiber mat warrant
effective interactions between the reactant and catalyst, which is
valuable for continuous-flow chemical reactions or biological
processes.28

The porosity of the as-prepared AJS composite membrane
mat increases and then decreases slightly with the increase of
the TiO2 content. The BET specific surface area of the TiO2/
PVAc AJS composite membrane mats illustrated a remarkable
difference compared with the pristine mat (Table. 2). The
surface area of 5 and 10% TiO2 mats were around 328.7 g/m2

and 72.13, respectively. This large difference between the

surface fiber mat before and after TiO2 loading might be
increased due to the presence of TiO2 NPs on/within the fiber
matrix. The measured porosities are 93 and 79% for 5 and 10%
TiO2 membrane mats, respectively. The average pore size of
the membrane with 5 wt % TiO2 content increased and then
decreased with increasing TiO2 content to 10% because of the
particle aggregation, and there are not enough free surfaces to
equilaterally distribute the particles onto the fiber mats, which
also might be the same reasons for decreasing the surface area
of 10% TiO2. However, the average pore size between
nanofibers demonstrated that these mats have still micropores
with a narrow distribution (Figure 4B, C): The mean pore size
of 5 and 10% TiO2 mats was 5.12 and 1.58 μm respectively
(Table 2). As demonstrated 5% TiO2 mat showed higher
porosity than both pure PVAc and 10% TiO2 mats. The
variations in the fiber diameter could partially change the
interconnected porosity of the nonwoven nanofibrous mat
under our experimental conditions. It can be concluded that
with proper control of the processing parameters, fibrous
membranes with significant porosities and pore size can be
made using AJS strategy. These characteristics are due to (a)
high porosity, (b) interconnected open pore structure, and (c)
tailorable membrane thickness.27 On the basis of these results,
we expect that the developed AJS nanofibrous membrane mats
can replace the conventional porous membranes and exhibit a
much higher flux rate for water filtration.

3.5. Thermogravimetric Analysis. One of the challenges
with the polymeric membrane is their low thermal stability to
cope with the harsh process conditions of temperature and
pressure.37 Loading of TiO2 particles and their effect on the
thermal stability of the AJS composite membrane mats were
evaluated via thermogravimetric analysis (TGA), whereas
thermal stability plays an essential role in determining both
technological applications and processing conditions of
polymeric nanocomposites. SEM-EDX analysis was performed
to affirm that the TiO2 was present in the composite mat.
Figure 4D confirmed that TiO2 particles were loaded on the
polymeric nanofibers. Figure 5 shows the TGA data as weight
loss vs temperature. A systematic change is clearly shown in the
decomposition temperature, weight loss and residue left as we
incorporate more TiO2 particles to the PVAc matrix. Pure
PVAc mat starts to decompose around 300 °C and continue

Figure 5. TGA curves of AJS pristine PVAc mat and different amount
of TiO2 containing nanocomposite mats.
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decomposing until around 500 °C which is consistent with the
previous reports.38 In a good agreement with our results,
previous study on the thermal degradation performance of
polyvinyl acetate reported that degradation takes place in two
steps such that around 72% in the first step and around 25% in
the second step.39 Pure PVAc polymer leaves some residue
after two stages of mass loss (2.62%) and that was attributed to
the char formation because of high temperature.40 When we
incorporate TiO2 particles to PVAc matrix, the decomposition
curve was shifted to the right and upside. With increasing the
amount of particles in the AJS CPM mat, the wt % of the
residue increases indicating the presence of TiO2 particles
within the AJS composite mats at different amount.
Considering the polymer degradation, it can be urged that
the wt % of the residue left has increased with further addition
of TiO2 particles. This increase in the residue content is
important to be considered when explaining the thermal
stability of the AJS TiO2/PVAc CPMs. The onset degradation
temperature of the nanocomposites was slightly increased with
TiO2 content. This improvement in the thermal stability can be
attributed to the presence of nanofiller (Figure 4A−C). It is
likely that the TiO2 NPs increase the surface sites for the
chemisorption of PVAc that would not be available when pure
PVAc is decomposed. It seems that both PVAc and TiO2 have
been integrated on molecular level and a new composite
material has been formed using AJS with improved thermal
stability.
3.6. X-ray Diffraction and FTIR Analysis. The XRD

patterns of as-received nanosized TiO2 crystal powders and as-
prepared membrane mats are shown in Figure 6a−d. The

pattern of TiO2 crystal powders showed different crystalline
characteristic peaks as shown in Figure 6a, which quantitatively
agrees with the crystallographic compositions of the as received
powder as well as the reported literature.22 The pattern of the
TiO2/PVAc composite mat also showed same crystalline
characteristic peaks analogous with the characteristic peaks of
TiO2 crystal powders.22 The characteristic peak intensity of
PVAc (2θ = 13°) increased at 5% TiO2 loading onto CPM
matrix (Figure 6c) in comparison with pure PVAc intensity
peak (Figure 6b). This can be related to the occurrence of some
hydrogen interaction bonding between the particles and the

polymer chain molecules during AJS spinning. In other words, a
plastic deformation can occur upon impact of TiO2 particles
onto AJS spun fibers causing a polymer chain mobility and
thereby induced chain conformation on PVAc molecules. The
intensity of the TiO2 peak increases as the content of TiO2
increases in the AJS CPM mats and both PVAc and TiO2 peak
positions are lightly shifted toward the right compared to the
peaks for the pure form, further supporting the likely
occurrence of an interaction bonding. The intensity of PVAc
peaks reduced with increasing theTiO2 content (Figure 6d).
The primary crystalline pattern in the PVAc due to hydrogen
bonding between hydrogen of alkyl groups is being disrupted
by the further addition of TiO2. This can be explained by the
particles aggregation of high TiO2 loading resulting in a
decrease in the PVAc crystallinity compared to the lower TiO2
loading.
To confirm the observed changes from X-ray profile, we

performed vibrational spectroscopy, which is more sensitive to
the molecular conformation of polymers.41 Vibrational spec-
troscopy showed similar trends to those of the X-ray profiles.
The IR spectra of different mats (Figure 7) showed a significant

effect on the crystalline structure of AJS PVAc mats due to the
TiO2 addition. Interestingly, the IR bands of the as-prepared
nanocomposites become sharper and stronger than that of the
pristine polymer fibers after loading TiO2 NPs to the fiber
matrix. This indicates the strengthening of hydrogen bond in
the composite mat. Further increase in the intensity of these
bands in 5% TiO2 mat revealed that hydrogen bonding
increased due to the well-dispersed TiO2 onto the fiber surfaces
(Figure 4B). We noticed that the several peaks of PVAc (inset
of Figure 7) become sharper, which further proves some
interaction between TiO2 and PVAc. Our previous work26

showed similar performance that the AJS process significantly
improved the interaction by embedding nanoparticles onto the
fibrous surface during air spun process. The possible
mechanism of PVAc and TiO2 combination in the CPNM
matrix may be one as briefly mentioned in the Introduction
section, where Ti−OH groups on the surface of TiO2 can react
with the alkyl group hydrogen of the PVAc chain, making
hydrogen bonding at the interface. Hence, well-dispersed TiO2
NPs at high impact force could rupture the intermolecular
hydrogen bonds of PVAc chain and form new hydrogen bonds

Figure 6. XRD patterns of as-received TiO2 NPs, pristine, and
composite AJS membrane fiber mats.

Figure 7. FTIR profiles of pristine and composite AJS membrane fiber
mats.
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between TiO2 and PVAc molecules. This observation confirms
the results of XRD where the addition of TiO2 NPs to the
PVAc using AJS has modified PVAc crystallinity, which is
consistent with the reported literature showing similar effect.26

The permeation results (Figure 7) showing an increase in the
hydrogen bonding upon the addition of TiO2 to PVAc also
suggest the creation of strong chemical interfacial bonding
between the NPs and polymer molecules using AJS process.
Previous reports by Ahmad and Hagg37,42 using PVAc/
inorganic NPs mixed matrix membranes did not induce chain
conformation on PVAc molecules and showed poor interfacial
bonding between the components. This further proves that our
developed AJS process has a strong affinity to strengthen the
hydrogen bonding of pure and composite matrix. Therefore, we
expect that the successful deposition of TiO2 NPs on the
surface of PVAc fibers with a strong interfacial bond will make
this composite as an effective photocatalyst in terms of the
enhanced photocatalytic activity and the stability of the
photocatalytic particles. The newly developed AJS membrane
mats are expected to strengthen the interface significantly
through the maximizing of hydrogen bonds with a positive
impact on the mechanical properties.27

3.7. Mechanical Properties of Polymer/TiO2 Nanofiber
Composites Membrane. However, the AJS process produces
“nonewoven” randomly orientated mats which result in extreme
difficult of the accurate measurement of the stress−strain
curves, we concern on the effects of TiO2 NPs loadings to the
polymer matrix on mechanical integrity of composite
membrane mats as a preliminary study. The representative
stress−strain curves of the AJS fibrous membrane mats are
shown in Figure 8 and Table 3. Interestingly, the AJS fibrous

membrane mats yielded drastically different tensile perform-
ance despite sharing the same specimen size, dimensions, and
loading rate (10 mm/min). The tensile strength of the pristine
mat was about 14.72 MPa, whereas that of the composite
scaffolds was greater than that of the neat one, with the
property value ranging between 22.3 and 32.13 MPa (see
Table. 3). The peak value of tensile strength should not be
reached at a TiO2 concentration as low as 5 wt % (Table. 3).
Poor dispersion and weak interfacial contact of the TiO2 at
higher concentration (10 wt %) of NPs may be responsible for
the observation that maximum tensile strength occurred at a
lower concentration. The steeper slope of the curves proves
that the Young’s modules of the composite nanofibers are
significantly increased. The trend of stress−strain curves shows
a higher value in Young’s modulus (121.65 MPa) at 5 wt %
TiO2. The strain to break became smaller with increasing the
TiO2 concentration.22 This significant stiffening can be
attributed to the high stiffness and high aspect ratio of the
incorporating NPs and is comparable to results reported from
HA-reinforced PLA fibers.26

The TiO2 NPs provide an efficient means of stress transfer
and reinforcement in nanofibers composites.43 Hence, the
enhanced tensile properties upon incorporation TiO2 is due to
the maximizing of hydrogen bonds and good interfacial
bonding between the NPs and the polymeric molecules during
AJS process. We can also urge that some NPs were capsulated
inside the stretched fibers during AJS process, which restricts
the movement of polymer chains. Hence, AJS fabrics are
expected to take advantage of the mechanical inter locking
mechanism of load transfer between the NPs and nanofibers
and thereby creating a local region of enhanced strength, and
may significantly enhance the performance of a composite. To
confirm our hypothesis, we conducted morphological observa-
tion using SEM involving very small amounts (being applied at
very short durations of around 2 s) of AJS composite fibers
(Figure 9). As expected, we found that the NPs well-capsulated
inside the as-spun single fibers (see the inset and selected area
in Figure 9). Formation of a strong mechanical inter locking
can result in marked improvement in the tensile strength and
stiffness of the AJS composite mats. According to previous
reports for photocatalyst composite materials prepared using
various strategies,44−49 particularly those focusing on electro-
spinning,13,32,50 the load transfer from a matrix to a filler was
realized through a weak micromechanical interlocking and
chemical bonding between the filler and matrix. One further
possible reasonable explanation of the enhanced mechanical
properties of the composite mats is that the diameter size of the
as-spun nanofibers in the composite mat is smaller than that of
pure fiber and that may be responsible for the much higher
tensile properties. Wong et al.51 showed that the decreasing of
fiber diameter plays a dominant role in the abrupt increase of
mechanical properties (the modulus and strength) of fibers.
Indeed, our results strongly indicate that incorporating TiO2

Figure 8. selected typical stress−strain curves of AJS pristine and
composite membrane mats. Insets are their water contact angle
correspondingly.

Table 3. Measurement Values of Tensile and Adhesion Tests

adhesion strength (MPa)

sample tensile strength (MPa) Young’s modulus (MPa) breaking elongation (%) glass metal plastic

AJS pristine PVAc fiber 14.72 ± 0.85 48.8 ± 7.21 72.2 ± 9 17.14 ± 1.16 9.2 ± 0.7 4.5 ± 0.8
5 we.% TiO2 mat 32.13 ± 2.1 121.65 ± 12.4 54.1 ± 7.3 7.25 ± 1.14 15.22 ± 0.93 2.3 ± 0.5
10 we.% TiO2 mat 22.3 ± 1.85 88.65 ± 8.11 49.4 ± 5.8 5.15 ± 2.1 6.23 ± 1.5 1.87 ± 0.45
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nanofillers using AJS can be a promising approach to be utilized
for fabrication of high strength nanofibers.
3.8. Adhesion Performance of AJS Membrane Fibers

on Different Substrates. As the sustainability of drinking
water availability is challenged worldwide, nanofiltration is
becoming one of the most important technologies in this
century for water treatment because of its superb efficiency in
producing high-quality water at relatively low costs. We expect
that the commercial water/air filters media may be possible
tunable by spraying a fiber coating directly onto their surfaces
to incorporate additional functionality to the ultrafiltration
media such as particle filtration, capture and antimicrobial
functionality or catalysts.27 Recent research work by Podgorski
et al.52 and Lee et al.3 showed that fibrous filters containing
nanofibers are very promising and economic tools to enhance
filtration efficiency. Although electrospun membrane scaffolds
can be considered as effective filters for liquid filtration, there is
a major adhesion problems at the polymer and substrate
interface which causes the coatings to peel off easily,53 which is
not the case with AJS technique. The adhesion performance of
substrate-coated samples with AJS fibers layer was evaluated
using the pull-off adhesion test. Our experiments showed that
AJS could be used to deposit nanofibers directly onto different
objects made from a wide range of materials (Supporting
Information, Figure S5). In the present study, three substrate
materials were tested for comparison purposes: (1) a
commercial titanium plates treated with alkali solution to
increase the hydrophilicity using the same procedures described
elsewhere;54,55 (2) a glass substrate where it possess an
advantage as a catalyst support because of its transparency to
UV light in photocatalytic applications; and (3) plastic
substrate. No differences were observed between the fibers
sprayed on glass, metals, and PLA plastic film (data not shown).
Typical values for adhesion strength of AJS membrane mats
deposited onto these materials substrate are summarized in
Table 3. Prior to pull off test, through visual inspection, we
found that membrane mat layer was very adherent to both
metallic and glass substrates, and it was very hard to peel off by
hand. According to the measured pull off data (Table 3), the
adhesion of glass substrate coated with pristine PVAc mat
showed the highest adhesion, with an average value around
17.14 MPa, whereas the metal substrate coated with 5% TiO2
mat showed good adhesion, with an average value 15.22 MPa.

Samples coated on plastic substrate showed less adhesion
performance (Table 3). The reason behind these remarkable
differences between the adhesion values is unclear, particularly
for glass and plastic substrates. The adhesion performance on
metal substrate has been discussed previously.17,55 The ejected
spinning fibers impact the substrate with enough kinetic energy
to induce mechanical bonding. During the impact, the NPs and
nanofibers entrap into the porous surface structure of Ti
substrate and intimate conformal contact combined with high
contact pressure. There is an evidence for the deep-impact
penetration and locking of the coated materials into these
porous structure (The porous surface can significantly improve
adhesion integration), as shown in Figure S6 in the Supporting
Information. This SEM image shows the material adjacent to
the interface, supporting the reason for good adhesion strength
of 5% TiO2 composite mat on treated-Ti substrate with alkali
solution. It is accepted that adhesive attraction forces and
electrostatic effects at an interface depend on the electrical
double layer formed at the junction of two materials. An
electrical double layer is produced at any boundary, and the
consequent columbic attraction might account for adhesion and
resistance to separation.53 We hypothesize that these
mechanical interface and chemical interaction are strong
enough to avoid the membrane mat to peel-off from the
metal substrate, supporting the theory of metal−polymer
matrix interaction. Accordingly, AJS membrane mat layer has
provided an excellent adhesion on substrates. However, the
exact bonding mechanism in AJS process needs further
investigation. A work is currently in progress in our laboratory
in order to provide better understanding about the adhesion
mechanism on these substrates.

3.9. Photocatalytic Oxidation Efficiency. Pant et al.34

compared the relative photocatalytic oxidations efficiency of
TiO2 NPs incorporated into the electrospun polymer fibers and
pure TiO2 powder. Approximately the same amount of TiO2
that was present in mat was weighed and made into a
suspension with 25 mL of water. Their results showed that the
photocatalytic efficiency of pure TiO2 NPs and TiO2 NPs
loaded in a polymer matrix mat is almost the same, which
confirms that the surface area of the TiO2 NPs does not
dramatically decrease upon the incorporation of the NPs into
the polymer fiber. Further, 5 and 10% TiO2 in electrospun mat
showed a negative effect on photodegradation activity; hence,
these electrospun mats will not be used in the present study for
comparison. The photocatalytic performance of the TiO2/
PVAc composite membrane mats was evaluated by degrading
the methylene blue (MB) under natural solar-light irradiation.
It was reported that MB may decompose itself under a UV/
solar-light irradiation.49 Lee et al.3 found that polymeric
nanofibers coated with TiO2 NPs can be used for photocatalytic
of organic materials under UV light source. In this work, the
plots showing the concentration of MB dye degradation with
respect to time is presented in Figure 10. Photocatalytic
efficiency of 5 and 10 wt % TiO2 mats has almost the same
performance up to 100 min. After that, the efficiency of 10 wt %
TiO2 is significantly higher than that of composite mat
contained 5 wt % TiO2. It is probably that after the 100 min
exposure time, the agglomerated and embedded TiO2 NPs
within the AJS matrix were well-dispersed into MB solution and
thereby causes a further increasing the exposed surface area of
the photocatalyst materials. The higher the loading of TiO2, the
higher the resulting catalytic activity.3 Comparing with
literature results measured at much higher loadings of TiO2,

Figure 9. Capsulation of TiO2 NPs within PVAc fibers using AJS. Inset
and selected rectangular areas further illustrate these capsulated NPs.
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it appears that these membranes show a higher level of catalytic
activity. In addition, it could be speculated that the 10 wt %
TiO2 mat has much more hydrophilic properties than 5% TiO2
mats. The incorporation of highly hydrophilic domains such as
TiO2 into a hydrophobic polymer surface (PVAc is hydro-
phobic due to its acetic groups) can alter the surface properties
of that polymer.22,56 The photocatalytic activity as well as water
filtration efficiency of nanofibers membrane are highly affected
by hydrophilicity of the membrane surface.49 The water contact
angles (WCAs) of the prepared photocatalyst mats and the
contact angle values of different mats at 1s are given in the inset
of Figure 10. The result shows that the 10 wt % TiO2 mat is not
only has a lower WCA than the pure PVAc mat but also slightly
more wettability than 5 wt % TiO2 AJS mats. This difference in
water contact angle clearly shows the higher hydrophilicity of
10 wt % TiO2 mat. It could be due to the presence of TiO2 NPs
on the AJS fibers22 and may be due to the formation of a
greater surface to volume ratio of the 5 wt % TiO2 composite
fibers.32 The more NPs loading contributes to an additional
scale of roughness, which may also serve to lower contact
angle.27 Furthermore, the high photocatalytic activity of 10%
TiO2 composite compared to 5% TiO2 composite could be due
to the high aspect ratio (smaller fiber diameter) of 10% TiO2
AJS composite mat (Table. 2). Therefore, TiO2/PVAc
composite mats should be highly effective for water treatment.
The durability of photocatalyst is a key issue for practical

application. The durability of our samples under the same
experimental condition was tested (inset of Figure 10). After
four cycles of MB degradation, the nanocomposites still showed
comparatively good photocatalytic activity, which proved to be
a potent reusable catalyst. Accordingly, it can be concluded that
the developed AJS composite membrane mats enhances the
efficiency of MB dye degradation under visible light.
Lee and his group3 stated that fabrication of polymeric

nanofibers coated with photocatalytic materials and processing
high photocatalytic activity without the deterioration (such as,
degradation) of polymeric substrate remains a big challenge. To
investigate this hypothesize using FTIR analysis, we have
examined the phase structure changes of polymeric substrate
decorated with and without TiO2 NPs after exposure for MB
dye degradation under UV solar light at environmental
temperature for 2 h (Supporting Information, Figure S7A, B).

The IR results of UV irradiation were compared with the non-
UV irradiation of PVAc/TiO2 composite membrane sample at
5% TiO2 loading (i.e., no photocatalytic activity) to observe any
distinguish changes in materials phase structure, Figure S7C in
the Supporting Information. It can be seen that there are no
remarkable changes in the FTIR range 1780−3650 cm−1 for
samples irradiated with and without UV light (Figure S7 in the
Supporting Information). The transmission bands at 1740 cm−1

(CO) after UV irradiated samples sharply decreased
compared with the non-UV irradiated sample. However, the
IR band (CO) of polymeric fiber samples decorated with
TiO2 NPs remains sharper and stronger than the polymeric
fiber with absence of TiO2 after exposure to UV light,
attributing that no distinguishable changes on IR bands after
exposure to UV light were observed (see above). This indicated
that no phase structure changes was detected using UV
photodegrdation in the absence and present of TiO2-decorated
on polymeric substrate.3

It was evident that TiO2 NPs immobilized onto and around
spinning nanofibers practically do not lose their photo-
degradation performance compared to that of TiO2 NPs
themselves.34 It is important to point out that the demonstrated
composite membranes have not been fully optimized for
possible industrial applications. It is conceivable that with the
addition or incorporation of antimicrobial nanoparticles (e.g.,
metallic silver and silver oxides)27 onto the surface of AJS
membrane mat and with further reduction of fiber diameter,
photocatalytic efficiency can be fully optimized for real
industrial application.

4. CONCLUSION AND FUTURE ASPECTS
Hydrophilic photocatalyst TiO2/PVAc composite nanofiberous
membrane mats have been successfully manufactured for the
first time using cost-effective air jet spinning strategy. The AJS
was designed to process a composite membrane that would be
immobilizing active catalyst TiO2 NPs with a large amount in a
short time. SEM micrographs of AJS pristine and composite
nanofibrous mats results revealed beadless, nanoscaled fibrous
structures formed under controlled conditions. High porosity
(>90.%), interconnected pores and large surface area could be
attained effortlessly by this accessible technique. TiO2 NPs (5
wt %) are homogeneously distributed and well-embedded onto
and around spinning fibers without aggregation because of the
NPs fluctuation and presence of a kinetic energy throughout
the process. The thermal stability and crystallinity of PVAc as
well as the interfacial bonding between the NPs and as-spun
fibers are improved by addition of the TiO2 NPs. In addition,
compared to the most common existing techniques for
nanoscale fibers fabrication, the newly developed AJS
techniques has some extra advantages where nonwoven webs
can be applied directly to any substrate without applying high
electric voltage, as in electrospinning. Because AJS is more
mobile, metallic, and nonmetallic target could be easily coated
with nanofibers.
This study could provide deep understanding and valuable

scientific fundamentals for the fabrication of new photocatalyst
composite membrane mats. The obtained results of photo-
degradation test are consistent with the reported literature data.
Development of this type of effective photocatalysts is a
breakthrough in industrial-scale utilization of water treatment
to address the environmental needs. It is our belief that AJS will
be one of the most effective and powerful tools for fabrication
of high performance membrane materials with broad range of

Figure 10. Photocatalytic degradation rate of MB over the different
samples under sun light (inset: recyclability of TiO2 /PVAc
nanocomposite mat).
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applications in multidisciplinary areas such as water treatment
and chemically/biologically protective clothing. We expect that
this technique, if integrated with computer aided design and
manufacturing (CAD/CAM) processes to allow air jet spun
fiber mat to be spun onto a commercial water filter media using
the digitized form, will allow for the fabrication of more
efficient photocatalysts and high flux ultrafiltration membranes.
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