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Antibacterial Effect of Carbon Nanofibers Containing Ag Nanoparticles
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Abstract: Silver nanoparticles imbedded in polyacrylonitrile (PAN) nanofibers and converted into carbon nanofibers by
calcination was obtained in a simple three-step process. The first step involves conversion of silver ions to metallic silver
nanoparticles, through reduction of silver nitrate with dilute solution of PAN. The second step involves electrospinning of
viscous PAN solution containing silver nanoparticles, thus obtaining PAN nanofibers containing silver nanoparticles. The
third step was converting PAN/Ag composites into carbon nanofibers containing silver nanoparticles. Scanning electron
microscopy (SEM) revealed that the diameter of the nanofibers ranged between 200 and 800 nm. Transmission electron
microscopy (TEM) and energy dispersive spectroscopy (EDS) showed silver nanoparticles dispersed on the surface of the
carbon nanofibers. The obtained fiber was fully characterized by measuring and comparing the FTIR spectra and
thermogravimetric analysis (TGA) diagrams of PAN nanofiber with and without imbedded silver nanoparticles, in order to
show the effect of silver nanoparticles on the electrospun fiber properties. The obtained carbon/Ag composites were tested as
gram-class-independent antibacterial agent. The electrosorption of different salt solutions with the fabricated carbon/Ag
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composite film electrodes was studied.
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Introduction

Silver nanoparticles play a major role in the emerging field
of nanotechnology in the past two decades. Colloidal silver
is of particular interest because of its valuable application in
life science as biosensors, labels for cells and bio-molecules,
peptide probes, anti-microbial agents, wound healing agent
and cancer therapeutics. The exciting and most important
application of silver nanoparticles is its prominent anti-
microbial activity [1-9]. Polyacrylonitrile (PAN), a well-
known polymer with good stability and mechanical properties,
has been widely used in producing carbon nanofibers
(CNFs) as these have attracted much recent attention due to
their excellent characteristics, such as spinnability, environ-
mentally benign nature and commercial viability. Among the
various precursors to produce CNFs, PAN has been extensively
studied due to its high carbon yield and flexibility for
tailoring the structure of the final CNFs as well as the ease of
obtaining stabilized products due to the formation of a ladder
structure via nitrile polymerization. In view of this, they
have applications in areas such as electronics, tissue engineering,
membrane filtration and high performance composites [5-
7,10-19].

Adding metal nanoparticles to polymer nanofiber matrix
(metal-polymer nanocomposites) has attracted a great
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attention due to synergic combinations of the unique optical,
electrical, and catalytic properties of metal nanoparticles and
excellent specific surface area of polymer nanofibers [1-8].
The incorporation of Ag nanoparticles into polyacrylonitrile
(PAN) fibers exhibits excellent catalytic activity, surface-
enhanced Raman scattering activity, electrical conductivity,
and antimicrobial activity [2,5,6]. PAN is reported to be an
important engineering polymer that has been widely used to
produce a variety of synthetic fibers [2,20-33]. Zhang et al.
[2] and Wang et al. [3] were succeeded to synthesis well
dispersed Ag nanoparticles on the surface of the PAN nanofiber,
but their method is critical in preventing nanoparticles from
aggregation. Where conventional methods prepared by
mechanical mixing the metal nanoparticles into dissolved
polymer matrix leads to homogeneous dispersion of particles
especially in the low viscous matrix [34-39].

In this paper, in situ preparation of silver nanoparticles
mixed homogeneously in PAN solution to produce nanofiber
film spun by electrospinning technique has been presented.
Electrospinning is a process by which a suspended droplet of
polymer solution is charged to high voltage to produce fibers
with diameters ranging from 200 to 500 nm. When a voltage
is sufficient to overcome surface tension forces, fine jets of
liquid shoot out toward a grounded collector. The jet is
stretched and elongated before it reaches the collector, dries
and is collected as an interconnected film of nanofibers. This
novel nanofiber spinning technique has been explored mainly
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to prepare pure polymer nanofibers in past years [40-47]. We
present a convenient and effective way to add Ag nanoparticles
into PAN nanofiber film. UV spectrum and TEM studies
have been done in order to reveal the structural properties of
the Ag/PAN nanocomposite film.

Experimental

Materials

PAN was prepared with a redox system in aqueous solution
(precipitation polymerization). The procedure can be sum-
marized as following; In 250 m/ round-bottomed flask,
acrylonitrile (AN) (I) (15 m/, 230.30 mmol) was mixed with
distilled water (175 m/) at room temperature with stirring
under nitrogen atmosphere. Then, sodium disulfite solution
(5 %, 0.5 m/, 0.13 mmol) and ferrous sulfate solution (2.5 ml/,
9.10 mmol), were added followed by potassium proxodisulfate
solution (5 %, 2.5 m/, 0.46 mmol). The turbidity was noted
after 5 min and stirring was continuing for more 20 min. The
precipitated polymer was flittered and was washed with
distilled water (300 m/) and then finally washed with methanol
(100 m/). The product was dried in oven under vacuum at
50°C overnight to yield 7.9 g (65.83 % yields).
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Preparation of PAN Nanofiber Film by Electrospinning
PANNF film was prepared by electrospinning (Figure 1).
PAN (5wt.%) was dissolved in DMF, and stirred until
homogenous at room temperature. After that, the solution
obtained was added into a plastic syringe, the internal
diameter of plastic was 20 cm, the pinhead was connected to
a 20-kV high-voltage, and aluminum foil served as counter
electrode. The distance between the capillary and electrode
was 21 cm, the feed rate of the solution was adjusted to 0.1 m//h
through a syringe pump. The electrospinning was performed at
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Figure 1. Schematic for electrospinning system.
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room temperature.

Preparation of PAN Solution Containing Ag Particles

0.03 mg AgNO; (99.99 %, Sigma-Aldrich Co., USA)
dissolved in 70 m/ DMF with stirring at 30 min (the weight
percentage of AgNO; in the solution and the time of stirring
for optimum reduction was investigated by UV/vis spec-
trometer), 5 wt % PAN was then added to the solutions
followed by stirring for 24 h at room temperature. The
solution obtained was added into a plastic syringe with
20 mm internal diameter and 0.5 mm needle, the pinhead
was connected to a (20 kV) high-voltage, and aluminum foil
served as counter electrode. The distance between the
capillary and electrode was 21 cm. the feed rate of the
solution was adjusted to (0.1, 0.2, 0.3 and 0.4 m//h) through
a syringe pump. The electrospinning was performed at room
temperature.

Treatment of PAN/Ag Composite Nanofiber (Stabiliza-
tion, Carbonization)

The PAN/Ag nanofibers were stabilized in an air atmosphere
at 270 °C for 2 h (at a heating rate of 2 °C/min) and followed
by carbonization at 600, 650, 700, 750, 1000 °C for 1 h (ata
heating rate of 4.5 °C/min) under an inert nitrogen atmosphere
to yield carbonized. Stabilization is necessary to form a
ladder structure that can withstand high temperatures during
carbonization. During stabilization and carbonization, calcination
of Ag also occurs and it is important because it increases the
crystallinity of the nanoparticles which enhances photocatalytic
activity. Using a programmable tube furnace, the nanofibers
mats produced from electrospinning were heated at a rate of
2 °C/min up to 270 °C and maintained at this temperature for
2 hours (Figure 2). After the stabilization process, nitrogen
gas was purged into the furnace to remove unwanted air or
oxygen. This was done to prevent oxidation of fibers at high
temperatures. The nanofibers were then heated at a rate of
4.5 °C/min up to 600, 650, 700, 750, 1000 °C in a nitrogen
environment. The resulting carbon nanofibres were cooled
down to room temperature in an inert gas atmosphere before
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Figure 2. Stabilization and carbonization processes.
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they were taken out of the furnace.

Antibacterial Assay Using the Disc Diffusion Method

Microorganisms used for the experiment are from the
Microbiological Department, King Saud University University:
E.coli 0157:H7 ATCC 51659, Staphylococcus aureus ATCC
13565, Bacillus cereus EMCC 1080, Listeria monocytogenes
EMCC 1875 and Salmonella typhimurium ATCC25566.
Screening of different samples (4 discs samples in 5 mm
diameter) was tested by disc diffusion method. Each sample
(0.5 cm in diameter) was inoculation on Tryptose soy agar
supplement with yeast extract (TSAYE) in a standard Petri
dish from a 16-18 h culture grown in TSAYE broth inoculums
were incubated at 37 °C. The concentration of bacteria
inoculated in TSAYE was 2x10° cfu/m/. All experiments
were performed in duplicate. The inhibition zone diameter
was measured and expressed in millimeters.

Results and Discussion

Polymerization of Acrylonitrile

The use of polymers to prevent agglomeration and to
obtain good dispersion in solution is quite well known [5].
Figure 3(a) illustrates the UV absorption spectra of the
prepared PAN/Ag solution for different AgNO; concentrations.
It was seen that the absorption band was centered at 450 nm
wavelength which was typical for the formation of Ag’ in
the solution. To study the effect of AgNO; concentration, a
0.0025, 0.005, 0.01, 0.03, 0.05 and 0.1 grams of AgNO;
were dissolved in 70 m/ of DMF then 0.01 gm of polyethylene
glycol was added as stabilizer and reduction agent. This
solution was stirred for 30 min before analyze using UV
spectra. While the influence of stirring time on UV absorption
spectra for the prepared PAN/Ag solution can be construed

1 = 0.0025 gm AgNO,
2 —» 0.005 gm AgNO;
3 = 001 gmAgNO,
4 = 003 gmAgNO,
5 = 005 gmAgNO,
66— 0.1 gm AgNO,

nm

(@)

422 22 nim, 0.58A
42393 nm, 0.544

425,80 nm, 0.484
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Figure 3. (a) Effect of AgNO; concentration and (b) effect of
stirring time.
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from the results shown in Figure 3(b). Furthermore, the
effect of stirring time has also been studied. The best
concentration from the previous step (0.03 gm of AgNO;
dissolved in 70 m/ DMF) was prepared with stirring during
3 hours and result taken every 15 min by UV spectra.
Noticeable changes in the UV absorption spectra were first
observed for the solutions that had been sintered for at least
15 minutes. Regardless of the initial AgNO; concentration,
an increase in the sintering time resulted in a monotonous
increase in the intensity of the surface. Plasmon band
centering around 420-430 nm, which reached a maximum
value at about 3 hours of sintering.

Electrospinning of PAN/Ag Fibers

Metal ions and metal compounds have been extensively
studied in various fields like antimicrobial filters, wound
dressing material, water disinfection, sensors, chemical and
gas filtration, protective cloth and air filtration, etc. Anti-
microbial agents which are used in industrial purposes have
included quaternary ammonium salts, metal salts solutions,
and antibiotics. Unfortunately, some of these agents are toxic
or of poor effectiveness, which makes them not suitable for
application in health foods, filters, and textiles, and for the
exclusion of pollution. Among nanoparticles used for these
purposes, the metallic nanoparticles are considered the most
promising as they contain remarkable antibacterial properties
due to their large surface area to volume ratio, which is of
interest for researchers due to the growing microbial resistance
against metal ions, antibiotics, and the development of
resistant strains. Thus, the incorporation of nanoparticles
into polymer nanofiber attracts the interest of researchers
who work in biomaterial and drug delivery fields. Different
types of nanomaterials like copper, zinc, titanium, magnesium,
gold, alginate and silver have been developed but silver

G,
7

Figure 4. SEM results for Ag/PAN at (a) x1000, (b) x5000, (c)
x10000, and (d) x20000.
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nanoparticles (Ag NPs) have proved to be most effective as
they exhibit potent antimicrobial efficacy against bacteria,
viruses and eukaryotic micro-organisms. Ag NPs is used as a
disinfectant drug.

The morphology of electrospun nanofibers was observed
using field emission scanning electron microscope (JEOL-
JSM-7600F) and scanning electron microscope (JEOL-JSM-
6610 LV). Figure 4 shows SEM images of the nanofibers that
were synthesized by electrospinning. These nanofiber com-
posites were randomly oriented with their lengths extending
to several micrometers.

Stabilization and Calcination of PAN/Ag Nanofibers

The electrospun PAN nanofiber bundle could be easily
peeled from the aluminum foil after being immersed in
distilled water. The stabilization and low-temperature car-
bonization were conducted in a tube furnace. A constant
flow of air was maintained through the furnace during the
stabilization. Prior to stabilization, the peeled electrospun PAN
nanofiber bundle was dried and then tightly wrapped onto a
glass rode with diameter of 2 cm; therefore, tension existed
in a certain degree during the stabilization. The stabilization
was carried out by heating the wrapped PAN nanofiber
bundle from the room temperature to 270 °C with the heating
rate set at 2 °C/min, followed by holding the temperature at
270°C for 2 h to allow the stabilization to complete.

Figure 5 shows the SEM micrographs of the PAN/Ag
fibers after calcination process at 1000 °C. From the picture
we could see that nanofiber membranes were bent and
twisted partly, and were not linear in structure. It was seen
from the fibrous surface which was very rough as a reason to
presence of a few silver nanoparticles on the fibrous surface.
The PAN precursor nanofibers in the as-electrospun bundle
were uniform without microscopically identifiable beads

Figure 5. SEM results for PAN/Ag carbon nanofiber after
calcination with different magnifications (a) x1000, (b) x5000, (c)
x10000, and (d) x20000.
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and/or beaded nanofibers [48-57]. The fiber diameters were
increased slightly after calcination to be approximately
600 nm may be due to expansion of the PAN nanofibers and
the distortion as a result of burning.

Although most PAN/Ag nanofibers were aligned along the
rotational direction, the overall diameters of nanofiber
bundle were perfect. The morphologies of the stabilized and
carbonized PAN/Ag nanofibers were similar to those of the
as-electrospun nanofibers except for discrepancies in diameters.
The average diameter of the stabilized PAN nanofibers
appeared to be almost the same as that of the as-electrospun
nanofibers with little increase de to distortion. During
stabilization, the PAN macromolecules in the as-electrospun
nanofibers absorbed oxygen from air and went through
chemical changes that resulted in cyclization of PAN macro-
molecules and led to formation of a ladder like polymeric
structure, which no longer melted and therefore could retain
the fiber morphology in the subsequent carbonization. The
stabilized nanofiber bundle was subsequently un-wrapped
and then carbonized at a relatively low temperature of 1000 °C
in an inert (high purity nitrogen gas) environment with the
heating rate set at 2°C/min. All of the carbonized PAN
nanofiber bundles were held at the respective final temperatures
for 1.5 h to allow the carbonization to complete. The average
diameters of the 1000 °C carbonized PAN nanofibers were
600 nm. During carbonization, a variety of gases (e.g., H,0,
N,, HCN, and others) were evolved and the carbon content
increased to 90 wt.% or higher; the process therefore led to
increase in fiber diameter and the formation of three-
dimensional carbonaceous structures.

The range of particle size at different angles shown in
Figure 6. Thermal properties of electrospinning nanofibers
were examined through using thermogravimetric analysis
TGA (Figure 7) which were carried on TA-Q500 System of
TA; samples of 5-10 mg were heated in the temperature
range 30-800 °C at a scanning rate of 10 °C'min” under
nitrogen atmosphere, and by using TG-DTA: NETZSCH
germany (Model: STA 449 F;). While the bonding
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Figure 6. Particle size for Ag.
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configurations of the samples of carbon nanofibers were
characterized by Fourier-transformer infrared (FT-IR) Spectra
(Figure 8) were recorded using TENSOR 27, Bruker. Generally
PAN begins to degrade when heated near its melting point.
The degradation reaction of PAN is so exothermic that it
tends to obscure its melting endotherm in ordinary DSC
traces. Therefore, the melting endotherm is normally not
observed in PAN. In this study, DSC and DTA were conducted
in N, atmosphere as shown in Figure 7.

There is one sharp exothermic peak at 295 °C for electrospun
fibers. It has been reported that an exothermic reaction
ranging between 200 and 350 °C in an inert atmosphere is
typical of PAN/Ag. The peak is attributed to the cyclization
of the nitrile groups of PAN. However, the peak shifts to
lower temperature for electrospun fibers. The shift of
exothermic onset peak to low temperature suggests that
cyclization is more easily initiated at low temperature for
electrospun fibers. Molecular chains were oriented within
the electrospun fibers during the electrospinning process. On
the other hand, the shift may be attributed to the large
conductivity of electrospun fibers. The detailed mechanism
of the shift will be studied further.
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Figure 10. EDS analysis of carbon nanofiber confirms the
presence of Ag in PAN matrix.

Figure 8 reveals typical FT-IR spectra for the PAN
nanofibers. The vibrations characteristics of the PAN structure
are similar to those reported in Figure 9 for PAN/Ag
nanofibers. The only change that the bands are relatively
shifted little bet higher due to high conductivity of the PAN/
Ag nanofibers.

The energy dispersive spectrum (EDS) collected on the
PAN/Ag NPs sample (whose microstructure is illustrated in
Figure 4) distinctly identifies Ag as the elemental com-
ponent in the fiber and is shown in Figure 10. The other
peaks belonging to carbon are generated from the PAN.
Elementary analysis of PAN/Ag NPs nanocomposite was
carried out by using SEM-EDS. The results show that
carbon and Ag were the principal element of PAN/Ag NPs
nanocomposite. EDS analysis thus provides direct evidence
that Ag ions embedded in the PAN/silver nanocomposite. It
is indicated that silver nanoparticles were well loaded
without any chemical and structural modifications into PAN
polymer matrix to form an organic-inorganic nanocomposite.

The presence of silver formation after drying was confirmed
by XRD as shown in (Figure 11). The nanofibers exhibited
two equatorial peaks with a diffuse meridian peak. The
primary equatorial (1010) peak at 26=16.88 ° corresponds to
a spacing of d=5.25 A while the weaker reflection (1120) at
260=29.5° corresponds to a spacing of d=3.05 A (note Miller
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Figure 11. XRD results for (a) pure PAN, (b) Ag PAN, (c) pure PAN after calcination, and (d) Ag PAN after calcination.

Figure 12. TEM results for Ag/PAN; (a) 50 nm, (b) 10 nm, (c) Ag
particles sizes, and (d) 5 nm.

indices (hkil) are used for identification of planes in
hexagonal crystals).

TEM images were obtained with a model JEOL JEM-
2010 FEF operating at 200 kV. Figure 12 showed Ag
nanoparticles (seen as black phase) were spherical in shape
and encapsulated in translucent PAN. It is also shows how
the embedding of Ag nanoparticles into these nanofibers to
form composite. Many factors influence the diameters and
morphology of the electrospun nanofibers, such as solution
concentration, applied voltage, solution velocity, tip-to-

Table 1. Inhibition zone of foodborne pathogens

Inhibition zone diameter (mm) 2x10°
PAN PAN/Ag

Bacillus cereus 6 8

Strains/Samples

Staphylococcus aureus No zone of inhibition observed 8

E.coli 0157:H7 No zone of inhibition observed 8

collector distance, and solution properties (polarity, surface
tension, electric conductivity, etc.). From the TEM images,
individual silver nanoparticles were examined using the field
emission transmission electron microscope (JEOL-JEM-
2100F, Japan), it is observed to be homogeneously distributed
within the fiber matrix, and no significant aggregation was
observed. While the NF (Figure 5(a)) had a smooth surface
without any particles, the silver nanoparticles were all
spherical, and their average size decreased from 20 to 10 nm

(Figure 12(c)).

Antibacterial Activities (Preliminary Results)

The 4 samples showed various degrees of inhibition
against the 3 bacteria strains using the disc diffusion method
as presented in Table 1. Sample with an enhanced inhibitory
effect was PAN/Ag nanofibers which inhibited all strains
(inhibition zone diameter 8 mm); sample pure PAN nanofibers
inhibited one strain (Bacillus cereus) with zone diameter
6 mm.
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Conclusion

Polyacrylonitrile (PAN) in its compositing with silver
nanoparticles (AgNPs) was successfully prepared in the
form of nanofibrous membranes by electrospinning. The
simultaneous one-pot synthesis of Ag/NF composites has
several advantages in terms of controlling particle size and
fiber diameter. The resulting solution was electrospun into
ultrafine NF composites. In addition, the FTIR spectroscopy,
thermal gravimetry analysis (TGA) proved the presence of
silver nanoparticles in the PAN fiber. The SEM micrographs
clarified that there are random orientation for nanofiber.
Fibrous membranes with antibacterial activity were prepared
from 5 % w/v polyacrylonitrile (PAN) solutions containing
silver nitrate (AgNO;) in the amounts of 0.5-2.5 % by
weight of PAN by electrospinning. N,N Dimethylformamide
(DMF) was used as both the solvent for PAN and reducing
agent for Ag ions. The enhancement in the reduction process
was achieved with UV irradiation, which resulted in the
formation of larger AgNPs in areas adjacent to and at the
surface of the fibers. Without the UV treatment, the size of
the AgNPs was smaller than 5 nm on average. Under the
10 min of UV treatment, the size of the particles increased
with an increase in the initial AgNO; concentration in the
solutions to range between 5.3 and 7.8 nm on average.
Without or with the UV treatment, the diameters of the
obtained PAN/AgNPs composite fibers decreased with an
increase in the initial AgNO; concentration in the solutions,
with the diameters of the obtained composite fibers that had
been subjected to UV irradiation exhibiting lower values
(i.e., 185-205 nm versus 194-236 nm on average). Both the
cumulative amounts of the released silver and the bactericidal
activities of the PAN/AgNPs composite fibrous materials
against two commonly-studied bacteria, i.e., Gram-positive
Staphylococcus aureus and Gramnegative Escherichia coli,
increased with increases in both the initial AgNO;
concentration in the solutions and the UV irradiation time
interval.
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