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Abstract

In this study, we demonstrate the fabrication of multifunctional composite polyurethane (PU) membrane from a sol gel system containing TiO,
and fly ash (FA) nanoparticles (NPs). The adsorptive property of FA and photocatalytic property of TiO, can introduce different functionalities on
PU mat for water purification. Different types of PU nanofiber mats were prepared by varying the composition of NPs in blend solution. FE-SEM,
TEM, TGA, XRD, UV-visible spectra, and water contact angle measurement confirmed the incorporation of FA and TiO, NPs on/into PU
nanofibrous mat. The influence of NPs on PU membrane was evaluated from the adsorption of heavy metals (Hg, Pb), removal of dyes
(methylene blue), antibacterial activity, and water flux. The improvement of all these activities is attributed to the adsorptive property of FA and
photocatalytic/hydrophilic property of TiO, NPs. Therefore, as-synthesized composite membrane can be utilized as an economically friendly filter

media for water purification.
© 2013 Elsevier Ltd and Techna Group S.r.I. All rights reserved.
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1. Introduction

Inorganic/organic nanocomposites (IONCs) have attracted
growing attention due to their improved physicochemical
properties for different applications. A variety of IONCs with
different morphologies can be synthesized by using various
methods such as chemical/physical vapor deposition, arc
discharge, laser ablation, and electrospinning [1-9]. Among
them, electrospining is a simple technique for the production of
polymeric nanofibers containing inorganic nanoparticles. In
this process, inorganic NPs can be simply blended with
polymer solution prior to electrospinning and this sol gel
system is allowed to pass through high electric field where
electrically driven liquid jet can produce polymeric nanofibers
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containing inorganic NPs. The unique properties such as high
surface area, high aspect ratio, good mechanical properties of
electrospun nanofibers and the incorporation of multifunctional
inorganic NPs through them can produce excellent filter media
for water purification.

In the last few years, a wide range of synthetic polymers have
been used to produce pristine and composite nanofibers. Among
them PU is a thermoplastic elastomer of significant industrial
importance. It possesses a wide range of desirable properties
such as good mechanical properties, excellent hydrolytic
stability, and resistance to abrasion [10-14]. Electrospun PU
nanofibrous mats are widely used in air/water filtration, protec-
tive textiles, biomaterials, and sensors [11,15—17]. Therefore,
PU nanofibers have been found to be a very promising material
of interest. Incorporation of inorganic NPs through PU fibers
can broaden its application as such kinds of composite
membranes possess unique properties.

Fly ash (FA) is a by-product generated in coal fired power
plants and may cause environmental pollution if it is not
disposed properly. Its favorable properties such as sphericity,
porosity, nontoxicity, lightweight property, and high strength
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make it cost effective materials for different applications
[11,15,18]. Fly ash has been widely studied in wastewater
treatments as a porous low-cost adsorbent to replace costly
granular activated carbon [19,20]. These properties of FA can
be further improved by incorporating varieties of metal or
metal oxide NPs through it [5,20]. Most of the commercially
available adsorbent materials are usually obtained in powder or
in a granular form, which in many cases constrains their use
for practical applications for water treatment. The particle size
of the sorbent is small and additional separation system
becomes necessary. Therefore, The incorporation of TiO,
(a well known photocatalyst) and FA NPs (a good adsorbent)
through polymer matrix can produce stable and reusable
material for water treatment. Their properties can be improved
by incorporating them into PU fibers because increasing
surface-area-to volume ratio may provide a sufficient area for
interaction without agglomeration of NPs during water
treatment.

In this study, we prepared TiO, and FA NPs incorporated
PU composite nanofibers using electrospinning of blend of
these materials. Pristine PU, FA/PU, TiO,/PU and TiO,-FA/
PU composite nanofibrous membranes were fabricated. The
physicochemical properties of as-fabricated fibers were ana-
lyzed by field scanning electron microscopy (FE-SEM), X-ray
diffraction (XRD), ultra-violet—visible (UV—vis) spectroscopy,
thermo-gravimetric (TGA) analysis, and water contact angle
measurement. The improved properties of composite mat
compared to the pristine PU were evaluated for heavy metal
adsorption, dyes adsorption/degradation, antibacterial capacity,
and water flux.

2. Experimental
2.1. Materials

Commercial-grade polyurethane (PU) pellets (Estane™ Sky-
thane®™ X595A-11, Lubrizol Advanced Materials, Inc., USA),
TiO, NPs (Aeroxide P25, 80%anatase 20% rutile, average particle
size of 21 nm and specific surface area 50 + 15 m> g 1), and the
purified fly ash particles (FAPs) (from Won Engineering Company
Ltd., Gunsan, Korea) were used for the fabrication of composite
nanofibers. N, N dimethylformamide (DMF) (Showa, Japan) and
methyl ethyl ketone(2-butanone) (MEK) (Junsei, Japan), HgCl,
(99.5%, Sigma-Aldrich, India) and Pb(NO;), (99.0%, Sigma-
Aldrich, Japan) were used as-received.

2.2. Preparation of composite electrospun mats

FAPs (ball-milled using 3 mm zirconia balls and sieved for
12 h) and PU pellets were dried for 3 h in oven at 80 °C prior
to dissolution in solvents. Pure PU solution was prepared by
dissolving 10 wt% PU in DMF/MEK (50:50 by weight)
solvent system and stirring for 10 h using magnetic stirrer.
Blend solutions containing 25 wt% FA, 3 wt% TiO,, and 3
wt% TiO, plus 25 wt% FA were prepared using a magnetic
stirrer (10 h) followed by ultrasonication (2 h). The prepared
solution was placed in a syringe tube and fed through a nozzle

with a diameter of 0.25 mm to get a fibrous mat on a
polyethylene-sheet-coated rotating drum. Electrospinning was
carried out at an applied voltage of 20 kV, tip-to-collector
distance of 18 cm, and a solution feed rate of 0.5 ml/h at room
temperature. Temperature and humidity were 28% and 39%,
respectively. As-fabricated electrospun nanofibrous mats were
placed in vacuum being dried for 12 h at 30 °C and were used
for further analysis.

2.3. Characterization of electrospun nanofibers

The surface morphologies of different electrospun fibers
were analyzed by field emission scanning electron microscopy
(FE-SEM, S-7400, Hitachi, Japan). The incorporation of TiO,
and FAPs into/on PU fibers were evaluated using XRD
analysis (Rigaku X-ray diffractometer), thermo-gravimetric
analysis (TGA, Perkin-Elmer, USA), and UV-visible spectro-
meter (Lambda 900, Perkin-Elmer, USA). The wettability of
the electrospun mats was measured with deionized water
contact angle measurements using a contact angle meter
(GBX, Digidrop, France). Deionized water was automatically
dropped (drop diameter 6 um) onto the mat.

2.4. Antibacterial property test

The antibacterial activity of different mats was tested against
Escherichia coli (E. coli). The antibacterial experiments were
carried out in a sterilized glass beaker containing an E. coli
suspension (50 ml) with different mats (3 cm x 3 cm). The
initial E. coli concentration was cultivated at about 10’ CFU/
ml, which was incubated at 37 °C for 12 h in dark and the tests
were performed at room temperature for 3 h. The UV light
intensity of 1.1 W/cm? using a mercury vapor lamp (OmniCure,
EXFO) was passed through the system. The use of low strength
UV-light (1.1 W/cm?) can prevent from the fast degradation of
PU caused by UV radiation. At specific time intervals, 1 ml of
the solution was extracted and immediately spread on Tryptic
Soy agar plates. Petrifilm (3 M Petrifilm, USA) and agar plates
were prepared to count bacterial colonies. After 24 h of
incubation at 37 °C, the number of viable E. coli colonies was
counted using a colony counter.

2.5. Adsorption of heavy metals

As-synthesized membranes (50 mm x 50 mm in dimension)
were used in adsorption experiments for the removal of
mercury (II) and lead (II) from synthetic aqueous solution.
The aqueous solutions were prepared by dissolving the
appropriate amount of HgCl, (10 ppm) and Pb(NOj3),
(5 ppm) salts in water. All experiments were carried out in
Petri dish containing 50 ml of salt solution with different mat.
The progress of adsorption was monitored by determination of
the concentration of metallic ions in solution after sampling
(aliquot of 5 ml) at specific intervals of time (3 h and 24 h) by
means of an inductively coupled plasma mass spectrometer
(ICP-MS; Agilent 7500a, USA).
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Fig. 1. FE-SEM images of pure PU (a), FA/PU (b), TiO,/PU (c), and TiO,—FA/PU (d) mats. Insets are their corresponding contact angles after 9 s on the surface of mats.

2.6. Dye adsorption/degradation test

Dye adsorption/degradation capacity of as-prepared mem-
branes was evaluated using aqueous methylene blue (MB)
solution. In the present investigation, the reactions were carried
out in Petri dishes under UV-irradiation. 35 ml of dye (10 ppm
concentration) was treated with different mats (approximately
the same dimension). The samples were taken at regular
intervals of time, and the concentration of the dye was
measured by recording its absorbance at 663 nm with a UV—
visible spectrophotometer (HP 8453 UV-vis spectroscopy
system, Germany).

2.7. Water permeability test

For the water permeability test, circular electrospun mem-
branes of 44.5 mm in diameter with an effective area of
13.4 cm® were used applying Amicon stirred cell model
8050 [21]. The nitrogen gas was used to supply pressure to
the feed water and filter efficiency of membrane was compared
by measuring the time required to pass equal volume of pure
water through different membranes under similar condition.
Four different pressures (0, 5, 10, and 20 psig) were used in
this measurement.

3. Results and discussion

The effect of different amounts of FA on fiber morphology
was explained in our resent report which showed that 30 wt%
FA containing PU solution is the best combination for the
fabrication of FA/PU composite fibers [11]. Therefore, we
assume that 25 wt% FA and 3 wt% TiO, in PU solution might
be suitable for the fabrication of TiO,-FA/PU composite

fibers. The morphology of the electrospun PU nanofibrous
mats with different combination of inorganic NPs are shown in
Fig. 1. Pure PU mat showed bead-free and smooth nanofibers
with an average diameter of 354 + 22 nm, while the composite
mats showed thinner nanofiber. The average diameter of FA/
PU, TiO,/PU, and TiO,—FA/PU nanofibers were 302 4+ 23 nm,
310 + 25 nm, and 320 + 35 nm, respectively. The cause of
decrease in fiber diameter of composite fibers was explained in
our previous work [11]. The addition of FA/TiO, NPs in PU
solution led the increase in solution conductivity and conse-
quently decreases the fiber diameter [11]. FA containing fibers
exhibited the effectively embedded NPs through the surface.
However, TiO, and TiO,/FA containing fibers showed that
large number of particles were also present on the surface of
the fibers. It indicated that FA particles have better affinity
towards PU compare to TiO, NPs. Our previous results
showed that sufficient amount of FA (up to 70 wt%) can be
incorporated through polymer fibers [11], while large amount
of TiO, cannot be incorporated through polymer fibers during
electrospinning [21,22].

Effective incorporation of inorganic NPs through polymer
matrix was further supported by XRD, and UV-visible
spectroscopy. The XRD patterns of pure PU, FA/PU, TiO,/
PU, and TiO,-FA/PU fibers are shown in Fig. 2. It shows
similar XRD pattern as was reported in our previous result [11]
for PU and FA/PU membrane. FA/PU membrane demonstrates
the existence of mullite (card no. 150776) and quartz crystal
[23]. The presence of characteristic peaks of anatase and rutile
phase of TiO, are clearly observed in composite TiO,/PU
fibers which are in exactly same patterns as observed in TiO,/
nylon-6 fibers of our previous report [22]. The corresponding
peaks of FA and TiO, are clearly seen on TiO,—FA/PU mat
and indicate the incorporation of these inorganic NPs through
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Fig. 2. XRD patterns of different mats.
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Fig. 3. UV-visible absorption spectra of pure PU (a), FA/PU (b), TiO,/PU (c),
and TiO,—FA/PU (d) mats.

polymer matrix. The incorporation of TiO, NPs through
composite fibers was also confirmed by UV-visible spectra.
Fig. 3 shows the UV-visible absorption spectra of the
electrospun pure PU fibers and those of the three different
composite PU fibers containing inorganic NPs. The absorption
band of TiO, below 400 nm is pronounced in the composite
mats containing TiO, and TiO,—FA NPs. The UV-visible
spectra not only show the presence of TiO, NPs on the fiber
but also indicate the use of nanocomposite membrane for UV
protecting textile. It shows that this composite textile material
can absorb UV radiation which prevent from passing UV
radiation through it and reach up to the human body.

The incorporation of inorganic NPs through PU fibers was
also confirmed via thermo-gravimetric analysis (TGA) which
is shown in Fig. 4. In this figure, one can see the initial thermal
degradation of each mats is started from about 300 °C and
completed at about 400 °C which shows the thermal degrada-
tion of PU fibers [24]. Inorganic NPs-free PU mat is thermally
more stable than the hybrid mats. The maximum thermal
decomposition temperature of pristine PU fibers is 345 °C
where as this value for FA/PU, TiO,/PU, and TiO,-FA/PU
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Fig. 4. TGA curves for pure PU (a), FA/PU (b), TiO,/PU (c), and TiO,—FA/
PU (d) mats.
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Fig. 5. Antibacterial efficiency of different mats on E. coli bacteria under UV
radiation.

composite fibers is 327, 330, and 328 °C, respectively.
Similarly, overall weight loss of different mats is in the order
of PU < TiO,/PU < FA/PU < TiO,-FA/PU which is in the
good agreement with the initial amount of NPs added into the
electrospinning solution.

Our aim is the fabrication of unique multifunctional
membrane where single mat posses different properties to
remove the verities of contaminants present in water. Fly ash
and PU are good adsorbent where as TiO, is excellent
photocatalyst. Therefore, the combination of these three
materials as a nanocomposite fiber can provide an excellent
filter media for water purification. The antibacterial capacity of
as-synthesized mats was evaluated under mild UV radiation
and result is presented in Fig. 5. The figure clearly indicates
the better antibacterial capacity of TiO, NPs containing PU
fibers compared to the TiO,-free fibers. The antibacterial effect
of FA/PU composite membrane is effectively increased
when small amount of TiO, is incorporated through it. The
photocatalytic activity of TiO, semiconductor under UV
irradiation is well known for the destruction of bacteria
[25,26]. Therefore, TiO>,—FA/PU membrane can be used as a
good antibacterial filter media for water purification.

The adsorption/photocatalytic degradation performance of the
as-synthesized mats was evaluated by adsorbing/degrading
methylene blue (MB) under UV-light irradiation. It was clear
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from Fig. 6 that the FA/PU and TiO,/PU composite mats have
good capacity to remove dye from water. The dye removable
capacity of FA/PU composite is due to the good adsorption
capacity of FA particles [15,27,28] where as improved dye
removable capacity of TiO,~FA/PU composite is due to the
photocatalytic activity of TiO, NPs. The highest dye removable
capacity of TiO,—FA/PU composite is due to the combined effect
of adsorption (caused by FA) and phytocatalytic degradation
(caused by TiO,). The result is related to the role of FA on the
surface of PU fibers. Here, adsorbed dye molecules on the surface
of composite fibers (caused by FA) were photodegraded by TiO,
and adsorption process never becomes saturated. FA particles
continuously adsorb dye molecules which are subsequently
photodegraded by TiO, NPs.

Fly ash is highly used for the adsorption of heavy metals
[29-33]. Therefore, PU composite membrane containing FA
particles can be considered as a good adsorbent of heavy
metals. This capacity of composite membrane was experimen-
tally investigated using aqueous solution containing Hg and Pb
ions. Fig. 7 presents the removal of Hg and Pb by the different
membranes which indicates that FA/PU composite mat has the
highest adsorption capacity towards heavy metals. The adsorp-
tion performance of TiO,—FA/PU mat exhibited a lower effect
compared to that of FA/PU mat because of the deposition of
small TiO, NPs on the surface of big FA particles which may
block the adsorption site of FA. FE-SEM image clearly
revealed that TiO, NPs are deposited on the surface of the
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fibers (Fig. lc and d) whereas FA particles are effectively
embedded through the fibers (Fig. 1b). Therefore, presence of
TiO, NPs on the surface of composite mat may block the
adsorption sites of FA and consequently decrease the adsorp-
tion efficiency of the mat. From Fig. 7, it is clear that the
adsorbed amount of Pb is higher in FA/PU or TiO,—-FA/PU
composite mats compared to the amount of Hg adsorbed by the
same mat. Furthermore, Fig. 7 indicates that the sufficient
amount of Pb is adsorbed by composite mat within 3 h
whereas adsorption of Hg is continued up to 24 h. The better
adsorption efficiency of as-synthesized composite membrane
towards Pb compared to Hg is due to the different affinity of
formation of MOH ™ cations of these two metals [34]. Both Pb
and Hg could form MOH™ cations in water, however, greater
affinity of Pb ion (from highly soluble Pb(NOs3),) to form
PbOH ™ cation compared to the formation affinity of HgOH ™
cation (from less soluble HgCl,) led the better adsorption of
Pb, which was also reported in the literatures [31,34].

The filtration efficiency of as-synthesized membranes was
studied using Amicon stirred cell model 8050. The pure water
flux of different membranes is given in Fig. 8. From the figure,
it is clear that the order of water flux is PU > FA/PU < TiO,/
PU > TiO,—FA/PU. The slightly less value of water flux of
composite FA/PU membrane compared to the pristine PU
might be due the deposition of NPs on the surface of the fibers
which may decrease the pore size of the membrane. However,
more water flux of TiO,/PU and TiO,—-FA/PU composite

30000
25000  |m Pure PU

m PU+FA
20000 4 | PU+TiO2

B PU+FA+TIO2

15000 -

Flux (I/m2h)

10000 -

5000 -

0+

0 5 10 20
Pressure (psig)

Fig. 8. Water permeation flux of different mats.
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Fig. 7. Hg and Pb adsorption capacity of PU different mats.
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compare to pristine PU membrane is due to the increased
hydrophilicity of the membranes (See inset of Fig. 1).

4. Conclusions

TiO,~-FA/PU composite multifunctional membrane is success-
fully developed using eco-friendly facile one-step electrospinning
process for water purification. Observed physicochemical proper-
ties (FE-SEM, XRD, TGA, and UV-visible spectra) showed that
TiO, and FAPs were incorporated through the polymer matrix.
The adsorptive properties of FA and photocatalytic properties of
TiO, can induce the different functionalities to the composite
membrane. The antibacterial, photocatalytic, and adsorption
properties of composite membrane were evaluated using bacteria,
dye, and heavy metals/dye, respectively. Preliminary observations
used for above mentioned applications showed that it will be an
economically and environmentally friendly nonwoven matrix for
water purification.
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