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ABSTRACT: Silver nanoparticles were prepared from a
polyacrylonitrile (PAN)/N,N-dimethylformamide solution
of silver nitrate (0.05–0.5 wt %) with light treatment (xe-
non arc) to reduce Agþ ions into Ag0. The formation of sil-
ver nanoparticles in the PAN solution and the effect of
treatment time on the numbers of silver nanoparticles,
their average diameter and size distribution were investi-
gated by UV–visible spectroscopy. In addition, the average
size of silver nanoparticles and their shapes in colloidal so-
lution were determined by transmission electron micros-
copy images and found to be on the order of 10 nm. The
resulting solution was electrospun into PAN nanofibers.

An increase in the salt concentration led to decreases in
the nanofiber diameter and bead numbers (determined by
scanning electron microscopy images) and an increase in
the crystallinity (confirmed by X-ray diffraction patterns).
A continuous rate of silver release from the nanofiber web
was monitored by the atomic absorption technique. These
nanofibers showed strong antibacterial activity against
Pseudomonas aeruginosa. VC 2009 Wiley Periodicals, Inc. J Appl
Polym Sci 116: 1021–1029, 2010
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INTRODUCTION

Nowadays, the preparation of nanofibers containing
metal nanoparticles, especially silver nanoparticles,
has drawn great attention1–6 because of the fact that
these nanocomposites combine the remarkable prop-
erties of metal nanoparticles with the outstanding
characteristics of polymeric nanofibers.1 Nanofibers
themselves, because of their high surface area, have
different applications in composites, filtration,7,8 pro-
tective textiles,8,9 medical applications, the biomedi-
cal sciences,9 and so on. With the addition of nano-
silver, nanofibers will be given other properties,
such as catalytic,10 optical,1 and especially antibacte-
rial properties.3,11,12 This is due to the fact that silver
nanoparticles are strong antibacterial agents that can
kill different bacteria,13 and with just a small
amounts of silver precursor, large surface areas that
have antibacterial properties can be obtained.14

Lately, the application of antibacterial synthetic
[polyacrylonitrile (PAN) and poly(vinyl chloride)
(PVC)] nanofibers for air filtration has been
reported.15

There are different methods of preparing a poly-
meric matrix containing metal nanoparticles. The
mechanical mixing of a polymer solution and nano-
particles powder is an easy method,16 with the dis-
advantage that it undergoes agglomeration.16,17

Because of this disadvantage, recent methods based
on the in situ reduction of metal ions18–21 and the in
situ polymerization of monomers22 have attracted
more attention. The in situ reduction method is
based on the reduction of silver ions, provided by a
metal salt, into Ag0 in a polymeric matrix.
Different polymers, such as poly(N-vinylpyrroli-

done),4 cellulose acetate,3 polypyrrole,23 PAN,1,2,4,22

polyurethane,17 poly(vinyl alcohol) (PVA),11 and
polyacrylamide,24 have been used as stabilizers for
silver nanoparticles. It was reported that the narrow-
est size distribution characteristics were obtained
with poly(ethylene imine).18

Depending on the reduction time, equipment, type
of polymer, and end uses, different methods can be
used for in situ reduction. Agþ ions can be reduced to
silver nanoparticles with chemicals (e.g., an aqueous
solution of N2H5OH, potassium borohydride),25–29

radiation (e.g., UV radiation,19,27 c rays,27,30 sunlight2),
and high temperatures.5

Yang et al.2 in 2003 were the first to report the in
situ preparation of nanosilvers in a PAN/N,N-dime-
thylformamide (DMF) solution. They reduced silver
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ions in the PAN/DMF solution by hydrazine hy-
droxide. The silver nanoparticles with a polymeric
cover were then precipitated by the addition of ace-
tone. The precipitate were separated and redissolved
in DMF and electrospun into PAN/Ag nanofibers.
Their production process was time-consuming (four
steps and 36 h for the mixing solution), and their
nanofiber production process was tedious because of
the large size of the silver nanoparticles (100 nm),
and it led to some precipitation during the electro-
spinning process.

Wang et al.1 in 2005 omitted the precipitation stage
with acetone. They electrospun a PAN/DMF solution
that contained silver ions into nanofibers and then
reduced the silver ions on the nanofibers by hydra-
zine hydroxide. Their process was shorter and easier
(three steps and 24 h of mixing), but because of pres-
ence of a high concentration of silver nitrate (437% on
the basis of the polymer weight) in the electrospin-
ning solution, this procedure may lead to inhomoge-
neity in the distribution of silver nanoparticles in the
produced nanofibers. In addition, we showed that
good antibacterial properties can be achieved with a
very low concentration of silver ions.

Youk et al.4 in 2005 also prepared Ag nanopar-
ticles in situ in a PAN/DMF solution by using just
DMF as the reducing agent. Their process was easy
(two steps) but long (10 days).

Although PAN nanofibers containing silver nano-
particles have been prepared by the aforementioned
workers,1,2,4 to the best of our knowledge, no quanti-
tative analysis of the properties, such as the antibac-
terial activity, yellowness index (YI), silver-ion
release, and X-ray diffraction (XRD), of their pre-
pared PAN/Ag nanofibers have yet been reported.

In this study, the in situ preparation of silver nano-
particles in a PAN/DMF solution was carried out
over 4 h for the first time with a xenon arc lamp (a
lamp that closely mimics natural daylight), and the
resulting colloidal solution was then electrospun into
nanofibers. Moreover, different methods, such as ultra-
violet–visible (UV–vis) spectroscopy, XRD, reflectance
spectroscopy, and transmission and scanning electron
microscopy (SEM) techniques, were used to character-
ize the PAN nanofibers and silver nanoparticles. Also,
the silver release of the prepared PAN nanofibers con-
taining silver nanoparticles and their antibacterial fea-
tures against Escherichia coli, Staphylococcus aureus, and
Pseudomonas aeruginosa were investigated.

EXPERIMENTAL

Materials

PAN (weight-average molecular weight ¼ 100,000
and number-average molecular weight ¼ 70,000) was
provided by Polyacryl Co. (Isfahan, Iran). AgNO3

(99.99%) and (DMF) were purchased from Sigma-
Aldrich and were used as received. Gram-positive S.
aureus PTCC 1112 bacteria and Gram-negative E. coli
PTCC 1338 and P. aeruginosa PTCC 1074 bacteria
were used (Persian Collection, Tehran, Iran). Nutrient
agar, nutrient broth, and Normalin were also used.

Solution preparation

PAN was dissolved in DMF to make solutions with
a concentration of 10 wt %, and 0.05–0.5 wt %
AgNO3 (the weight percentage of AgNO3 in the so-
lution was calculated on the basis of PAN weight)
was then added to the solutions. The solutions con-
taining silver salt were stirred for 24 h at 27�C. Dur-
ing the mixing process, the samples were covered
with aluminum foil to prevent the probable and
unwanted reduction of silver ions. Then, the solutions
were exposed to light (a xenon arc) by a xenon tester
150 S for 4 h (irradiation was continued until the
absorption spectrum no longer changed) to increase
the rate of Agþ reduction into Ag0. Yellow coloration
of the PAN/DMF solution containing silver salt was
observed with the naked eye after the first 15 min of
irradiation; this confirmed the reduction of silver ions
and the subsequent formation of silver atoms.4 To
monitor the changes in the colloidal mixture, consec-
utive absorption spectra were obtained at various
time intervals during the course of irradiation.

Electrospinning of the nanofibers

The apparatus for the electrospinning was
assembled as reported elsewhere.1,2,4,31 A high-volt-
age power supply was used to generate an electric
field of 0–20 kV. The polymer solution was loaded
into a 1.0-mL syringe with a capillary tip having a
2.5-cm length and an outer diameter of 0.7 mm. The
needle of the syringe was connected to the positive
electrode by a copper wire. A flat piece of aluminum
foil, which was connected to the negative electrode,
was used to collect the nonwoven nanofiber mat. A
syringe pump was used to control the constant mass
flow of the polymer solution during the electrospin-
ning. All of the spinning experiments were per-
formed under ambient conditions. The electrospin-
ning variables for the preparation of the nanofiber
webs for different analyses are presented in Table I.

Characterization

UV–vis absorption spectroscopy of the PAN/DMF/
Ag colloidal solutions from 300 to 800 nm were car-
ried out on a UV–visible spectrophotometer (Carry
UV–VIS 300, Variyan, PaloAlto, CA) at room tem-
perature with a 1-cm quartz cell. To investigate the
effect of the silver precursor (silver nitrate)
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concentration on the electrospinning solution and
electrospun nanofibers accordingly, the conductivity
of the prepared silver colloidal solutions containing
different amounts of silver precursor were deter-
mined by a conductometer (Konduktometer CG 855,
Schott, Hofheim, Germany) at 25�C.

We obtained transmission electron microscopy
(TEM) images with a transmission electron micro-
scope (CEM 902 ZPICC, Jena, Germany) operating at
100 kV by placing one drop of the colloidal solution
onto a carbon-coated grid and letting the drop dry.
The morphology of the electrospun PAN/Ag gold-
coated nanofibers was determined with SEM (Phi-
lips, XL-30, Eindhoven, Netherlands). The average
diameters of the electrospun nanofibers and pre-
pared nanoparticles were determined by analysis of
the SEM and TEM images with Motic software
(DC imaging, Chester, PA). The size distribution
was derived from histograms. Fourier transform
infrared (FTIR) spectroscopy of the PAN/DMF solu-
tions containing silver nanoparticles was performed
in transmission mode on KBr pellets with a BOMEM
MB-series 100 FTIR spectrophotometer (Victoria, Aus-
tralia). The XRD patterns were taken on a Philips X-
ray diffractometer (model XPERT-MPD, Philips, Eind-
hoven, Netherlands). The YIs of the nanofiber webs
(4 cm2) were determined by a reflectance spectropho-
tometer (Datacolor, TexFlash, Zurich, Switzerlands)
under standard conditions (27�C and 60% relative hu-
midity). Agþ ions extracted from the PAN/Ag elec-
trospun web (weight ¼ 0.1 g and area ¼ 49 cm2) in
deionized water with the pH adjusted to 4.5 with a
HNO3 solution at 37 6 2�C (to simulate natural con-
ditions) were measured by an atomic absorption
spectroscope (SCHOTT 2380, PerkinElmer, USA).

It was reported32 that PAN fibers bound S. aureus
and P. aeruginosa bacteria at high ratios (>80%), and
consequently, the preparation of antibacterial
PAN33,34 fibers has been discussed in many articles.
The antibacterial activity of prepared PAN nanofiber
webs (4 cm2) with and without silver nanoparticles

were tested against Gram-positive S. aureus (PTCC
1112), Gram-negative E. coli (PTCC 1338), and P. aer-
uginosa (PTCC 1074) according to AATCC test
method 100-1999. Before inoculation of the bacteria,
the pieces of the webs were disinfected by UV (ë ¼
220 nm) irradiation for 1 min.35

RESULTS AND DISCUSSION

In situ preparation of the silver nanoparticles
in the PAN/DMF solution

The nanometallic particles exhibited a high optical
absorbance because of the discrete energy levels of
electrons caused by the quantum size effect. The sil-
ver nanoparticles had a rather strong absorption
band in the visible region (� 410 nm). Although the
exact position of the absorption maximum in the
UV–vis spectra depended on the dielectric constant
and the range and shape of the nanoparticles, the
spectra gave preliminary information about the size
and size distribution of the silver nanoparticles.10 In
this study, UV–vis spectroscopy was used to deter-
mine the formation of metallic silver in the PAN/
DMF solution and to record changes in the nanopar-
ticle size, size distributions, and number of silver
nanoparticles during their synthesis.3,18,30 Figure 1
shows drastic changes in the absorption spectrum of
a 10 wt % PAN/DMF solution containing 0.2 wt %
AgNO3 in the course of irradiation. All of these
spectra exhibited strong peaks centered at about 418
nm with a gradual increase in the intensity with
irradiation time [Fig. 2(a)]. This increase was attrib-
uted to a significant increase in the amount of
reduced silver.36 Table II shows a summary of the
different preparation parameters of the PAN/DMF
solution containing silver nanoparticles. The rate of
silver-ion reduction in the PAN/DMF solution by
N2H5OH was more than that by the xenon arc but
needed a precipitation process, as Yang reported.2

The maximum absorption shifted slightly to lon-
ger wavelengths during irradiation [Fig. 2(b)]; this

TABLE I
Electrospinning Variables and Conditions

Distance between
the collector and
needle tip (cm)

Electrospining
time
(min)

Feeding
rate

(mL/h)
Voltage
(kV)

Silver nitrate
(wt %; polymer

based)
PAN/DMF

(wt %) Analysis

15 3 0.15 10.1 0 10 SEM
15 0.15 0.15 10.1 0.05 10 SEM
15 0.15 0.15 10.1 0.5 10 SEM
20 3 0.1 13.13 0.5 10 TEM
15 930 0.6 15.65 0.5 13 XRD
15 630 0.6 14.74 0.2 13 Silver release
15 1200 0.6 17.1 0 13 YI
15 1200 0.6 17.1 0.05 13 YI
15 1200 0.6 17.1 0.2 13 YI
15 1200 0.6 17.1 0.5 13 YI
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indicated that the size of the nanoparticles increased
during this process.1,4,5,26

Cluster size growth was carried out through dif-
ferent methods, as presented in eqs. (1)–(5):29

Ag0 þAg0 ! Ag2 (1)

Ag0 þAgþ ! ðAg2Þþ (2)

Agn þAgþ ! ðAgnþ1Þþ (3)

ðAgnÞþ þAg0 ! ðAgnþ1Þþ (4)

Agn þAg0 ! ðAgnþ1Þ (5)

The position of the plasmon band of nanoparticles
as a measure of the experimentally determined and
theoretically calculated particle radii.29 The peak
with a maximum wavelength of about 420 nm indi-
cated the presence of silver nanoparticles with sizes
of about 10 nm and smaller.1 In this study, accord-
ing to the UV–vis spectra, nanoparticles with mean
diameters of about 10 nm were prepared in situ after
4 h of irradiation. In the subsequent characteriza-
tions, the exact mean diameter of the nanoparticles
was determined to be 10.2 nm by the TEM images.
It was evident that the full width at half-maxi-

mum of the UV–vis spectra (Fig. 1) decreased (from
163 to 124) with time, which, in turn, was an indica-
tion of the decrease in the nanoparticle size distribu-
tion.14,18,26 It has been well established that the size
distribution of nanoparticles has a significant influ-
ence on prepared solution features, such as the solu-
tion stability.37

Characterization of the silver nanoparticles in
PAN/DMF

Figure 3 shows a typical TEM image of silver nano-
particles. Well-distributed spherical shaped silver
nanoparticles with sizes ranging from 6 to19 nm
were observed. The nanoparticle size histogram
showed a narrow size distribution around 10 nm for
the silver nanoparticles. A high correlation between
the nanoparticle size and UV–vis spectra was evi-
dent from these observations. It appeared that PAN
played a significant role in stabilizing the silver
nanoparticles. These results were comparable to
those reported by Lee et al.4 and Wang et al.,1 who
claimed that averages of 5- and 10-nm silver

Figure 1 UV–vis spectra of 10 wt % PAN/DMF solution
containing 0.2 wt % AgNO3 in the course of 4 h of
irradiation.

Figure 2 (a) Absorption maximum and (b) wavelength of
the absorption maximum of a 10 wt % PAN/DMF solu-
tion containing 0.2 wt % AgNO3 in the course of 4 h of
irradiation versus irradiation time.

TABLE II
Summary of the Different Preparation Parameters of the
PAN/DMF Solutions Containing Silver Nanoparticles

Reference

Silver nitrate
concentration
(wt % based
on polymer
weight)

PAN/
DMF
(wt %)

Reducing
agent

Reduction
process
time (h)

Yang2 64 0.01 N2H5OH 2
Youk4 <0.5 7 DMF 240
This study <0.5 10 DMF plus an

arc xenon lamp
4
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nanoparticles were synthesized with DMF and
N2H5OH as the reducing agents, respectively.

FTIR spectra of the colloidal PAN/Ag solution

To investigate the effect of the addition of silver ni-
trate to the PAN/DMF solution, FTIR spectroscopy
was used. Figure 4 shows the FTIR spectra of PAN/
DMF solutions with and without silver nitrate. The
positions of all peaks in the IR spectra of both the
PAN/DMF and PAN/DMF/Ag solutions were
almost identical. This means that there was no no-
ticeable shift in the CAN triple-bond vibration (at
2234 cm�1) by the addition of silver salt that could
be detected by the IR measurements. Therefore, the
possibility of the formation of coordination bonds
between PAN and silver was negligible. These
observations were in agreement with those reported
by Zhang et al.22 However, the nitrile groups in the

PAN chains may have polymerized in the presence
of silver ions [eq. (6)], and therefore, the number of
CAN triple bonds decreased accordingly. This was
confirmed by the reduction of the intensity of the IR
peak corresponding to the nitrile group and was in
agreement with the results obtained by Wang et al.1

through the Raman scattering spectrum of the
PAN/Ag nanocomposite:

(6)

Solution conductivity

In the electrospinning process, one of the parameters
that had a significant effect on the properties of pre-
pared nanofibers was the conductivity of the electro-
spinning solution. Therefore, the conductivities of
the colloidal solutions containing different amounts
of silver precursor were measured (Fig. 5).
Silver salt contents of 0.5 wt % and less (<0.5 wt %)

caused a significant increase in the conductivity of the
solution.

Morphology of the PAN nanofiber web

To investigate the effect of the addition of silver ni-
trate on the morphology and diameter of the nano-
fibers, SEM images were used. Figures 6 show SEM
images of PAN nanofibers containing different
amounts of silver nanoparticles. Silver salt contents
of 0.5 wt % and less (<0.5 wt %) caused a significant
decrease in the average nanofiber diameter (from
170.8 to 113.6 nm), as the SEM images and their his-
tograms showed. The addition of salt led to an
increase in the charge density in the ejected jet, and
thus, stronger elongation forces were imposed on

Figure 4 FTIR spectra of 10 wt % PAN/DMF solutions
(a) without Ag NO3 and (b) with 0.5 wt % AgNO3.

Figure 3 Typical TEM image of silver nanoparticles in a
10 wt % PAN/DMF solution containing 0.5 wt % AgNO3

after 4 h of irradiation (140,000� magnitude).

Figure 5 Changes in the conductivity of 10 wt % PAN/
DMF colloidal solutions with different amounts of silver
precursor.
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the jets because of the self-repulsion of excess
charges under the electrical field; this resulted in
substantially finer nanofibers. These findings were
in agreement with the results obtained by Wang
et al.1 and Lee et al.4

The effect of silver salt on the surface structure of
the PAN nanofibers was also investigated. As shown
in Figure 7, beads (the most important fault that
occurred during the electrospinning of the nanofib-
ers) changed from spherical to spindlelike shapes,
and their numbers decreased as the amount of silver
salt was increased from 0 to 0.5 wt %. This was due
to the stronger elongation forces that were imposed
on the jet during electrospinning in the presence of
silver salt.

XRD pattern of the PAN/Ag nanofiber web

To study the presence of silver nanoparticles in the
prepared nanofibers and investigate their crystal
structure, X-ray analysis was used. The XRD pat-
terns of acrylic nanofibers with and without silver
nanoparticles are shown in Figure 8. The XRD pat-
tern of the pure PAN nanofibers showed a sharp
crystalline peak at a 2y value of 24� and a broad
noncrystalline peak at about 16–20�.22 In the XRD
pattern of PAN nanofibers containing silver nano-
particles, four new additional peaks were observed
that corresponded to the face-center cubic silver
phase. These peaks appeared at 2y values of 38.44,
44.52, 64.84, and 78.15�, which corresponded to the
(111), (200), (220), and (311) planes of silver, respec-
tively. These values were close to those in the Inter-
national Center for Diffraction Data (ICDD) card
(card no.4-783). Moreover, the XRD patterns showed
that the addition of silver nitrate to the electrospin-
ning solution enhanced the crystallinity, presumably
because of the formation of some cyclic structure in
the PAN chains,38 as mentioned in the FTIR section.

YI of the nanofiber web

One of the disadvantages of the use of silver nano-
particles as an antimicrobial agent is the tendency of
the substrate to turn yellow.25 To determine YI of
the prepared nanofibers and investigate the effect of
the storage time on their yellowness, UV reflectance
spectroscopy was used. The results are shown in
Figure 9. YI was calculated according to the follow-
ing Bill Mayer equation:

YI ¼ ð125:50X � 105:842ZÞ=Y (7)

where X, Y, and Z are the Commission Internatio-
nale de l’Eclairage tristimulus values. This equation
was accepted by the American Society of Testing
Materials (ASTM D 1925) for textiles, and it con-
forms to visual perception.39

As shown in Figure 9, with increasing storage
time, YI increased, presumably because of the grad-
ual reduction of silver ions to metallic silver and the
simultaneous oxidation of the PAN polymer,
although there was a gradual decrease in the rate of
changes.

Silver-ion release

The rate and the amount of silver release were the
key factors in the antimicrobial performance of the
nanofibers. It was reported that a steady and pro-
longed release of silver, with a concentration above
0.1 ppb, can inhibit the growth of bacteria.6 The
results of silver release from the PAN/Ag nanofiber

Figure 6 SEM images of the PAN nanofibers containing
silver nanoparticles prepared from 10 wt % PAN/DMF sol-
utions containing (a) 0.0, (b) 0.05, and (c) 0.5 wt % AgNO3.
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web, investigated by atomic absorption spectros-

copy, are shown in Figure 10. It was evident that the

release of Agþ was relatively fast at the beginning

and became slower and relatively steady along with

the incubation time (140 h). Therefore, the PAN/Ag

nanofiber web was expected to show antibacterial

activity, as is demonstrated in the next section.

Antibacterial tests

The antibacterial activity of ultrafine PAN fibers
with and without silver nanoparticles was examined
against Gram-positive S. aureus (mostly existing on
the body surface of mammals), Gram-negative E. coli
(a widespread intestinal bacteria of mammals), and
P. aeruginosa by a viable cell-counting method.

Figure 7 SEM images of PAN nanofibers prepared from 10 wt % PAN/DMF solutions (a) without AgNO3 and with (b)
0.05 and (c) 0.5 wt % AgNO3.

Figure 8 XRD pattern of acrylic nanofibers produced
from 13% PAN/DMF solutions (a) without and (b) with
0.5 wt % silver salt.

Figure 9 YI versus aging time of a nanofiber web pre-
pared from a 10% PAN/DMF solution containing 0.5 wt %
silver salt.
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Gram-negative bacteria are responsible for more
than 80% of all infections.30 Tests were carried out
six times against each bacterium.

The reductions of bacteria were calculated accord-
ing to the following equation:

Reduction ð%Þ ¼ ðB� AÞ=B� 100 (8)

where A and B are the surviving cells (cfu/mL) for
the plates containing test samples and the control,
respectively, after 1 h of contact time.

The results are shown in Table III. Acrylic nano-
fibers containing silver nanoparticles showed good
antibacterial features, especially against P. aeruginosa.
These nanofibers killed 97.7 6 2.95% of P. aeruginosa,
54.8 6 2.82% of E. coli, and 72.9 6 3.07% of
S. aureus.

Figure 11 shows typical plates that contained 105

cfu/mL P. aeruginosa with the test sample (a sample
that contained silver nanoparticles) and a blank
sample.

CONCLUSIONS

The results of this research showed that silver nano-
particles can be prepared through the in situ reduc-
tion of silver ions in a PAN/DMF solution after 4 h
of irradiation by a xenon arc without any additional

chemicals used as reducing agents. UV–vis spectra
showed, first, that PAN is a suitable stabilizer for sil-
ver nanoparticles and, second, that the size distribu-
tion and number of nanoparticles in the colloidal so-
lution can be controlled by the irradiation time
interval. TEM images showed that nanoparticles
with a mean diameter of about 10 nm were well
dispersed in the PAN/DMF solution. SEM
images demonstrated that with the addition of up to
0.5 wt % silver salt to the solution, the electrospin-
ning process improved, and the bead number and
mean diameter of the nanofibers decreased. Accord-
ing to the FTIR spectra, the nitrile groups in the
PAN chains polymerized in the presence of silver
ions. The XRD patterns showed that the face-center
cubic silver nanoparticles were present in the nano-
fiber web. Moreover, with the addition of silver salt
to the electrospinning solution, the polymer crystal-
linity increased. The atomic absorption results and
antibacterial tests showed that the web of nanofibers
had steady and good antibacterial activity, especially
against P. aeruginosa.
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University of Technology, Iranian Nanotechnology Initia-
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Shafizadegan.
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