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Silver-impregnated TiO,/nylon-6 nanocomposite mats exhibit excellent characteristics as a filter media
with good photocatalytic and antibacterial properties and durability for repeated use. Silver nanoparti-
cles (NPs) were successfully embedded in electrospun TiO,/nylon-6 composite nanofibers through the
photocatalytic reduction of silver nitrate solution under UV-light irradiation. TiO, NPs present in nylon-6
solution were able to cause the formation of a high aspect ratio spider-wave-like structure during electro-
spinning and facilitated the UV photoreduction of AgNOs5 to Ag. TEM images, UV-visible and XRD spectra

{-:(leey(:/‘t,rogsd;i:nning confirmed that monodisperse Ag NPs (approximately 4 nm in size) were deposited selectively upon the
Spider-wave TiO, NPs of the prepared nanocomposite mat. The antibacterial property of a TiO,/nylon-6 composite
Antimicrobial mat loaded with Ag NPs was tested against Escherichia coli, and the photoactive property was tested
TiO, /nylon-6 against methylene blue. All of the results showed that TiO,/nylon-6 nanocomposite mats loaded with Ag

Ag nanoparticles NPs are more effective than composite mats without Ag NPs. The prepared material has potential as an

economically friendly photocatalyst and water filter media because it allows the NPs to be reused.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The prevention of toxic chemical and microbial contamination
is essential in the health care system. Therefore, the development
of effective material having both photocatalytic and antimicrobial
properties is of great significance. Many studies show that TiO,
NPs can be widely applied in environmental remediation because
of their availability, nontoxicity, stability, low cost and efficiency
[1]. The commercially available TiO, (Degussa, P-25), an ultra-fine
catalysts with a sub-nanometer size, presents superior chemical
activity due to the large surface-to-volume ratios. However, in a
large scale photocatalytic process, separating powder photocata-
lysts from solution after the reaction is difficult, and the tendency of
the NPs to agglomerate into larger particles will result in a reduction
of the photocatalytic efficiency during the cycling use [2]. Further-
more, free TiO, NPs present in the environment have been shown
to be harmful to living organisms [3]. Another drawback of TiO,
NPs, used as photocatalyst, is their wide band gap (~3.2 eV) which
is only effective under UV radiation [4]. The deposition of noble
metals, such as Ag, Au, Pt, Ru, Rh, and Pd, onto TiO; can effectively
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improve the photocatalytic activity of TiO,, even in the absence of
UV radiation [5-7]. It is achieved due to the electron transfer from
TiO, to metal NPs, which decreases the number of electron-hole
recombination events. Among the noble metal/TiO, photocatalysts,
Ag/TiO, composite materials have attracted particular attention for
their low cost and the superior properties of silver [8-13]. It is now
well established that the catalytic properties of Ag depend on the
dimensions of the supporting material, the preparation method,
and particularly, the shape and size of the Ag clusters [6,14].

To prevent the NPs used as photocatalysts from being wasted,
some groups have used films or fibers with different polymers con-
taining these nanoparticles [15-21]. However, the aggregation of
NPs in solution makes these processes difficult, and the exposed
surface area for the appropriate reaction cannot be maintained. Fur-
thermore, the presence of inorganic NPs increases the diameter of
the polymeric nanofibers during electrospinning, which decreases
the surface-to-volume ratio of the material [19]. The aim of the
present work was to create high-aspect-ratio polymeric nanofiber
mats for TiO, NPs onto which Ag NPs could be decorated without
aggregation. Moreover, this process was conducted without any
capping or reducing polymeric reagent. In this work, we used TiO,
NPs as anchoring sites (for Ag NPs), which is incorporated with the
polymer matrix by means of electrospinning. Our previous work
showed that the electrospinning of a small amount of TiO, NPs
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with nylon-6 can give a spider-wave-like structure [22]. The for-
mation of such spider-wave nanofibers (up to the sub-nanoscale)
allows the creation more reactive sites [23]. We expect that well-
dispersed TiO, NPs on these high aspect ratio spider-wave-like
nanofibers can provide more surface area for the photocatalytic
deposition of Ag NPs without aggregation from the AgNOs3 solu-
tion upon UV-radiation exposure. The development of this type
of effective photocatalysts may be considered a breakthrough in
industrial-scale utilization of solar energy to address environmen-
tal needs.

Nylon-6 is a synthetic polymeric material that is widely used in
many industrial fields because of its low cost, superior fiber forming
ability, good mechanical strength, and strong chemical and ther-
mal stability [24,25]. Hence, the nanocomposite material obtained
from nylon-6, TiO, and Ag is a potential candidate for many dif-
ferent applications. The resulting silver-coated TiO, on the nylon-6
nanofiber showed not only the effective photocatalytic activity in
the oxidation of dyes but also showed good bactericidal effects in
water even in the absence of UV radiation. Hence, this (cost effec-
tive) nanocomposite material will be a potential water filter media
for people in developing countries, where millions of people die
each year due to contaminated drinking water.

2. Experimental procedure

2.1. Preparation of nylon-6/TiO, nanocomposite mat

A nylon-6/TiO, nanocomposite mat was prepared by mixing
1wt% of TiO, NPs (Aeroxide P25, 80% anatase, 20% rutile, with
an average particle size of 21 nm and a specific surface area of
50+ 15m?2 g~1) with a 20 wt% nylon-6 (KN20 grade, Kolon, Korea)
solution prepared in a 4:1 ratio by weight of formic acid and acetic
acid (Showa, Japan). The electrospinning process was carried out
with a voltage of 18 kV and 18 cm from the collector to the tip of
the syringe. After vacuum drying for 24 h, the fiber mat was used
for further analysis.

2.2. Silver photodeposition on the TiO,/nylon-6 nanocomposite
mat

For silver photodeposition, nylon-6 and TiO, /nylon-6 nanocom-
posite matrices (4 cm x 4 cm) were placed into 5ml of 1 x 1074 M
AgNOs3 solution. The photodeposition was conducted under UV
light (at 254 nm) for irradiation times of 15, 30 and 60s, respec-
tively. After washing with distilled water, the mats were vacuum
dried for 24 h at room temperature.

2.3. Characterization

The surface morphology of the nanofibers was studied by field-
emission scanning electron microscopy (FE-SEM, S-7400, Hitachi,
Japan). The EDX spectrum of a Ag-TiO,/nylon-6 nanocomposite
mat was also recorded with the same FE-SEM instrument. Informa-
tion about the phase and crystallinity was obtained with a Rigaku
X-ray diffractometer (XRD, Rigaku, Japan) with Cu Ko (A =1.540A)
radiation over Bragg angles ranging from 10° to 80°. High resolution
images of nanofibers containing TiO, NPs were obtained via trans-
mission electron microscopy (TEM, JEM-2010, JEOL, Japan) with
a 200kV accelerating voltage. The samples were prepared either
by directly collecting the nanofibers on the TEM grid during elec-
trospinning or by microtome cutting of the nanofibers mats. In
addition, TEM EDX (JEM-2200, JEOL, Japan) was used to observe
the deposition of the Ag NPs and their sizes on the surface of the
TiO, NPs. The UV-visible spectra of different nanofiber mats were
obtained with a UV-visible spectrometer (Lambda 900, Perkin-
Elmer, USA) over the range of 200-800 nm.

2.4. Photocatalytic activity measurements

The photocatalytic activity of different mats was evaluated by
observing the degradation of methylene blue (MB) dye solution in
a simple photochemical reactor. In the present investigation, the
reactions were carried out in Petri dishes of 1.5 cm in height and
5.5 cm in diameter under sunlight. The experiment was conducted
in a natural atmospheric environment on a sunny day (between
10AM and 1PM) in September (the average amount of solar radi-
ation 16.21 MJ/m?). For the photodegradation experiments, 25 ml
of dye (10 ppm concentration) was reacted with different mats in
the Petri dish. 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).

2.5. Antibacterial property test

The antibacterial activity of different mats was tested against
Escherichia coli (E. coli), which is a waterborne pathogenic microor-
ganism. E. coli was cultivated in 100ml of a Tryptic Soy Broth
solution to give a bacterial concentration of about 4.5 x 108 CFU/ml,
which was incubated at 37 °C for 12 h with shaking. After washing
and centrifugation at 4000 rpm, the E. coli bacteria were resus-
pended and diluted up to several decimal dilutions. Before the
nanofiber exposing the bacteria under daylight, the diluted cell
solution was incubated at 37°C for 12h on a Tryptic Soy Broth
solution in dark. The number of viable cells was determined by
counting the colonies. For the antibacterial testing, different mats
(4cm x 4cminarea)were placed into the solution and kept at room
condition in day time for 4 h. After this, 0.1 ml of the solution was
extracted and quickly spread on Tryptic Soy agar pates. The num-
ber of viable E. coli cells was determined by plating the extracted
solution onto the Tryptic Soy agar plate and counting colonies after
12 h of incubation at 37 °C. The average number of viable cells was
obtained by repeating the above procedure three times with error
bars.

3. Results and discussion
3.1. Morphology of electrospun mats

The morphologies of electrospun pristine nylon-6 and nylon-
6/TiO, nanocomposite mats are shown in Fig. 1A and B,
respectively. From these images, it is clear that the pristine nylon-
6 mat does not contain any spider-wave-like structure whereas
the nanocomposite mat with 1% TiO, consists of a highly intercon-
nected spider-wave-like structure. The cause and mechanism of the
formation of the spider-wave-like structure was explained in our
previous work [22]. To support the reported mechanism, we per-
formed a microtome TEM analysis of the 1 wt% TiO, nanocomposite
mat. Fig, 1D clearly shows that the TiO, NPs are well-distributed
throughout the spider-wave-like structure of composite mat,
which supports the assertion that the TiO, NPs are responsible for
the formation of the high-aspect-ratio spider-wave-like nanostruc-
ture. The good interaction of nylon-6 with TiO, NPs may be due to
the formation of complex compound of TiO, with the C=0 group
of nylon-6.

We decorated these TiO, NPs present on the high-aspect-ratio
spider-wave nanofibers with monodispersed Ag NPs by the photo-
catalytic deposition of Ag NPs from AgNOs3 solution in the presence
of UV light. The photographs of different mats after the photode-
position of Ag from AgNOs3 at different times (Fig. 2) show that
the Ag NPs are not deposited on the pure nylon-6 mat because the
color of the mat does not change, but the TiO;, /nylon-6 mat becomes
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Fig. 2. (A) SEM-EDX of an Ag-TiO;/nylon-6 mat. (B), (C), (D), and (F) the photographs of the TiO,/nylon-6 mats after 0, 15, 30 and 60 s UV irradiation in a AgNOj3 solution,
respectively. (F) and (G) the photographs of pure nylon-6 before and after 60 s UV irradiation in a AgNO3 solution, respectively.

more brownish-gray with the increasing duration of UV irradiation,
which shows that the Ag NPs are deposited on it. Longer irradiation
times were observed to greatly enhance the photoreduction of the
Agions and led to the formation of a considerable amount of Ag NPs
on the surface of the TiO, NPs. Therefore, TiO, present on nylon-6
nanofibers not only act as catalyst for the reduction of AgNO3 but
also act as anchoring sites for Ag NPs to be attached on the surface
of nanofibers.

To investigate the distribution of Ag NPs and their size on the
TiO,/nylon-6 nanofibers, linear analysis TEM EDX was utilized.

Fig. 3 shows that both Ag and TiO, NPs are present on the polymeric
mat. Furthermore, Fig. 3D shows the size of the Ag NPs (approxi-
mately 4 nm) deposited on the surface of the TiO, NPs. From this
image, it is clear that Ag NPs were deposited on the surface of the
TiO, NPs without aggregation. Silver NPs (~4 nm) deposited upon
the surface of the TiO, NPs could greatly accelerate the rate of
a photocatalytic reaction by effectively consuming the produced
electrons thereby reducing the deleterious recombination of elec-
trons and holes [26]. Under these conditions, the enormous amount
of free electrons and holes can be used for the decomposition of
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Fig. 3. TEM-EDX of Ag-TiO,/nylon-6 nanofibers: EDX spectra of TiO, and Ag NPs (A), TEM-EDX image of nanocomposite fibers (B), TiO, NPs on the nanocomposite mat (C),

and Ag NPs on the surface of TiO, (D).

organic materials: therefore, the photodegradation and antimicro-
bial capacities are enhanced as explained in Sections 3.2 and 3.3.
Furthermore, this interfacial interaction of Ag-TiO, can act as the
barrier to the oxidation of metal nanoparticles which can enhance
the chemical stability of the Ag NPs.

The deposition of the Ag NPs on the TiO, NPs was further
confirmed by XRD and UV-visible spectra analyses. The XRD pat-
terns of the nylon-6, TiO, /nylon-6 and Ag-TiO, /nylon-6 composite
mats are shown in Fig. 4. The XRD patterns of pristine nylon-6
and TiO,/nylon-6 are explained in our previous work [22]. Com-
paring the XRD spectra of the TiO,/nylon-6 and Ag-TiO,/nylon-6
mats (Fig. 4B and C) shows that the peak at 20=38 is broad-
ened and a new peak appears at 20=44.39 due to the Ag NPs
[27]. The UV-visible measurements (200-800nm) of different
mats are shown in Fig. 5. From the results, the spectrum of
TiO,/nylon-6 indicates that TiO, only has no absorption in the
spectral region above 420 nm. After the deposition of Ag NPs onto
the TiO,/nylon-6 mat, the absorption curve of Ag-TiO,/nylon-6
was obviously improved in the 380-780 nm spectral region. This
additional absorption peak in the visible region occurs due to
the surface plasmon resonance (SPR) effect, which describes the
interference of electromagnetic field with the conduction elec-
trons of silver particles dispersed on the TiO, NPs. The enhanced
absorption is an indication of the greater probability of enhanc-
ing the photocatalytic efficiency of Ag-TiO, by broadening the
light absorption in the visible region with Ag NPs. The fact that
the reflection capacity of the Ag-TiO,/nylon-6 mat is lower than
that of the others conforms that the new composite material is
better for protective clothing because Ag-TiO,/nylon-6 can absorb
more UV light. The presence of Ag in the electrospun TiO,/nylon-
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Fig. 4. XRD pattern for pristine nylon-6 (A) TiO,/nylon-6 (B), and Ag-TiO,/nylon-6
(C) nanocomposite mats.

6 nanocomposite was also confirmed with SEM-EDX, as shown in
Fig. 2A.

3.2. Photodegradation properties of the nanocomposite mats
The photocatalytic performance of the TiO,/nylon-6 and

Ag-TiO, /nylon-6 composite mats was evaluated by degrading the
methylene blue (MB) under solar light irradiation. It has been
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Fig. 5. UV-visible spectra of pure nylon-6 and different nanocomposite mats.
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Fig. 6. Comparison of the MB photodegradation in different specimen under sun-
light.

reported that MB may decompose itself under UV or solar light
irradiation [28]. From Fig. 6, it is clear that the efficiency of the
TiO,/nylon-6 mat is greatly increased by the deposition of Ag
nanoparticles. This outcome may occur because of the Ag NPs
deposited on the TiO,/nylon-6 which act as electron traps and
enhance the electron-hole separation and the subsequent trans-
fer of trapped electrons to the adsorbed O,, which acts as an
electron acceptor [26]. Furthermore, the higher chemical activity
of the Ag-loaded TiO,/nylon-6 mat can be explained by consid-
ering the Ag NPs to form locally Schottky junctions with high
potential gradients established by Schottky barrier than at the
TiO,/dye interface. Therefore, efficient charge separation of the
light-generated electron-hole pairs can be achieved [29-31]. More
effective cause to increase the efficiency of Ag-TiO,/nylon-6 mat
may be due to the surface plasmon resonance of the Ag NPs which
is excited by the sunlight and facilitates the excitation of the sur-
face electron and interfacial electron transfer [32]. We compare the
relative photocatalytic efficiency of TiO, NPs incorporated into the
spider-wave fiber and free TiO, powder. Approximately the same
amount of TiO, that was present in mat was weighed and made
into a suspension with 25 ml of water. The experiment was carried
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Fig. 7. Number of E. coli colonies grown on LB agar plates after treatment with
different mats in the daylight for 4 h: (A) pristine nylon-6 or TiO,/nylon-6 or dark
(neither any mat nor day light), (B) and (C) show the antibacterial result for Ag
deposited on TiO;/nylon-6 mat from a 1 x 10~* M AgNOs; solution for 60s and a
2 x 10~* M AgNOs solution for 120, respectively.

out without stirring the solution. Fig. 6 shows that the efficiency
of free TiO, NPs and TiO, NPs in a polymer matrix is almost same,
which confirms that the surface area of the TiO, NPs does not signif-
icantly decrease upon the incorporation of the NPs into the polymer
fiber. Because our aim is to make a cost-effective photocatalyst, we
performed an ability test of a reused Ag-TiO;,/nylon-6 mat for fur-
ther photocatalytic reaction. For this purpose, a used fiber mat was
kept in water for 7 days and reused after washing five times with
distilled water. Then the photodegradation of MB was carried out
under the same conditions as before. Fig. 6 shows that the efficiency
of the reused mat is nearly similar to that of the initially used mat.
We observed a slight decrease in the photocatalytic efficiency of the
reused mat, which may be due to the deposition of byproduct parti-
cles on the surfaces of the NPs. Initially, the efficiency of the reused
nanofibers was less than the initially used one, but after some time
it was nearly equal, which indicates the presence of some foreign
particles in the used mat. Moreover, the change in shape of the Ag
NPs due to the intense solar radiation may be the cause of decreased
photocatalytic efficiency.

Aeroxide (or Degussa) P25 TiO, forms a milky white turbid
suspension in aqueous media, when it is used as photocatalyst.
Furthermore, it does not settle quickly, which hinders its sepa-
ration from the reaction mixture by centrifugation. The TiO, NPs
that remain in natural water after the reaction (due to the recov-
ery difficulty) are toxic to humans [3]. Therefore, the incorporation
of these NPs into polymeric nanofibers can prevent this drawback.
Our photocatalytic result shows that the reactivity of free TiO, NPs
and TiO, NPs in the polymer matrix is almost same. Furthermore,
it was observed that the Ag-TiO, /nylon-6 mat can be reused many
times as a photocatalyst because the efficiencies of the initially used
and reused composite material are almost same (Fig. 6). This noble
material may have great commercial potential as an economically
friendly photocatalyst.

3.3. Antibacterial behaviors of the nanocomposite mats

The antimicrobial ability of the composite mats was tested by
observing the survival of E. coli cells under daylight as described
in Section 2.5. Fig. 7 shows the antibacterial efficiencies of the
different composite mat surfaces against E. coli in daylight. To
compare the results, a reference E. coli solution was kept in the
dark. This dark and bacteria solution with nylon-6 or TiO,/nylon-
6 showed the same results as shown in Fig. 7(A). The results
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showed that the Ag-TiO;/nylon-6 nanocomposite mat has the low-
est survivability of bacteria in day light (Fig. 7). It showed that the
nylon-6 and TiO,/nylon-6 mats did not show any antimicrobial
effect, whereas the Ag-TiO,/nylon-6 mat showed an antimicrobial
effect. The actual mechanism of killing microorganisms with Ag in
absence of UV light is not clear. Some researchers have proposed
that Ag has innate antibacterial activity [33]. It is reported that
Ag* hinders DNA replication and inhibits the expression of riboso-
mal proteins and enzymes for ATP hydrolysis [34,35]. It is believed
that Ag nanoparticles display the same mechanism as Ag* and cre-
ate a redox imbalance, which causes extensive bacterial death. It
has been shown that the release of silver is controlled by an oxi-
dation mechanism at the surface of the nanoparticles, which can
prevent the loss of Ag NPs on the TiO; surface [36]. Furthermore, the
antibacterial activity of Ag NPs on the surface of the TiO; NPs may
be due to the plasmon resonance of the Ag NPs (at about 595 nm in
our case). Here, photoexcited electrons may transfer from the sur-
face of the Ag NPs to the conduction band of TiO,. On the surface
of the TiO, NPs, the injected electrons from Ag NPs are trapped by
0, molecules and other species (e.g., 02—, *O0OH, *OH) are gener-
ated [37]. The bacteria are oxidized by these species. To support this
mechanism, we tested the photodeposition of Ag on a nanocompos-
ite mat for longer time (120s) with a more concentrated AgNO3
solution (2 x 104 M). The efficiency of this mat was found to be
greater than the mat that was obtained by the photodeposition of
Ag from an AgNO; solution for 60 seconds with a concentration
1 x 1074 M (Fig. 7). This result may be due to the increased quan-
tity of transition of electrons from the increased number of Ag NPs
to the conduction band of the TiO, NPs, where the electrons are
used by O, molecules to generate large number of active species.
As a result, we use TiO, as the anchoring sites for Ag NP deposition
on the polymer surface. Furthermore, TiO, with polymer solution
can give a spider-wave-like structure during electrospinning and
therefore increase the surface area of the material, which can facil-
itate the deposition of Ag NPs on the well-dispersed TiO, NPs. The
spider-wave-like structure becomes a good filter media, and the
presence of TiO, NPs serves as antifouling agent [23], and the Ag
NPs serve as an antimicrobial agent even in the absence of UV light.
Therefore, this noble composite material can be used as a potential
water filter media for people in developing countries, where access
to modern water treatment technology is limited.

4. Conclusion

Ag-TiO, /nylon-6 composite nanofiber mats were prepared via
a combined technique involving electrospinning and photoreduc-
tion. TEM, XRD, EDX and UV-visible spectra analyses showed that
the Ag NPs (approximately 4nm in size) are homogeneously dis-
tributed throughout the TiO,/nylon-6 spider-wave nanofibers and
that they are selectively deposited on the surface of the TiO,
without aggregation. The experimental results showed that the
Ag-TiO,/nylon-6 fiber nanocomposites have good photocatalytic
and antimicrobial properties (evenin absence of UV light), excellent
recyclability and stability for potential applications in environmen-
tal remediation. The enhanced hydrophilicity (antifouling capacity)
of the spider-wave-like structure of the nylon-6 composite mat due
to the presence of TiO, NPs (reported in our previous work [23])
and the superior photocatalytic and antimicrobial properties of the
deposited Ag NPs on the surface of the TiO, showed that the noble
nanocomposite mat becomes an economically and environmen-
tally friendly potential water filter media.
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