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Abstract

Poly (vinyl alcohol) (PVA) nanofibers were prepared via electrospinning of
concentrated PVA solutions. The nanofibers were crosslinked to enhance their
resistance against the moisture. The chemical crosslinking of the nanofibers was
carried out using glutaraldehyde as crosslinking agent in the presence of hydrochloride
acid. The chemical structure, water solubility, and morphology of the electrospun PVA
nanofibers were characterized by Fourier transform infrared (FTIR)
spectrometer,water durability test, and scanning electron microscope (SEM),
respectively. In addition, the crosslinked nanofibers were coated by copper
nanoparticles (CNPs) using electrospraying technique. For this purpose, colloidal
CNPs were synthesized through the chemical reduction of copper ions in the presence
of different stabilizers, i.e. poly (vinyl alcohol) and ethylene glycol (EG), in an aqueous
media. The effect of the stabilizer concentration (0.001 and 0.005 M) and reduction
temperature (25 and 70°C) were investigated on the CNP dispersion in the media using
UV-visible spectroscopy. Furthermore, the dispersion of the CNPs on the PVA
nanofibers was studied by means of SEM. The SEM micrographs showed that the
nanofiber scould properly imprison the CNPs. Successful the proposed approach would
be exploited to prepare polymer nanofibers incorporating metal nanoparticles which
might have interesting properties such as antibacterial activity.

Keywords: Copper Nanoparticle, Electrospinning, Coating, Crosslinking, PVA
Nanofibers

1. Introduction

Polymer nanofibers are one of the most
important nanostructured materials with
various interesting applications, such as
healthcare, catalysts, electronics, protective
clothing, biotechnology, and waste water
treatment. A number of processing
techniques, such as drawing, template
synthesis, phase separation, and

electrospinning have been used to produce

* Corresponding author: mr_moghbeli@iust.ac.ir

polymer nanofibers in recent years [1-3].
Electrospinning is a  simple method for
fabricating submicron fibers. In this process,
a polymer solution or melt is placed into a
syringe with a millimeter-size nozzle and is
subjected to a high electric field. Under the
high applied electrostatic force, the polymer
is ejected from the nozzle as a filament
whose diameter is significantly reduced as
transporting to and depositing on a collector

[5,6].
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In thepast few decades, PVA has been
intensively studied because of its good film
forming, biodegradability, hydrophilicity,
biocompatibility, processability, and
chemical resistance [7,8]. However, when the
electrospun PVA nanofibersare immersed in
water, they would be dissolved because of
the high PVA water-solubility. Although the
applications of PVA are limited by its
hydrophilicity, chemical crosslinking can
improve PVA stability in the aqueous media.
The chemical crosslinking of PVA has been
well studied using glutaraldehyde (GA) in
which the PVA hydroxyl groups and GA
aldehyde groups react with each other in the
presence of a strong acid [9]. Generally,
Crosslinking of PVA is a useful method
because it renders the polymer insoluble in
all solvents and increases its mechanical
properties for applications such as membrane
and hydrogel preparation [10].

Recently, the incorporation of metal
nanoparticles on polymer nanofibers has
attracted the interest of scientists and
industries because the metal nanoparticles
can endow the polymer nanofibers with
such as

distinctive properties, optical,

electronic, catalytic, and antimicrobial
properties [11-13]. Electrospinning,electro-
spraying, and metal vaporization are the most
important approaches to incorporate the
nanoparticles on the nanofiber mat [14-16].
Metallic

significant attention due to their unique

nanoparticles have attracted
properties, which lead to some potential
applications in preparing catalysts, sensors,
and anti-bacterial agents [17-19]. Among
various metal particles, CNPs have attracted
more attention because of their proper optical
and electrical conducting properties and

especially their low cost. CNPs are also
particularly attractive for applications in
flexible
biocompatibility, and biocides [20, 21].

electronics, catalysts,

These nanoparticles have been synthesized
by different methods, i.e. thermal reduction,

thermal decomposition, direct
electrochemical reduction, mechano-
chemical process, chemical reduction,

electro-exploding wire (EEW), and ion beam
radiation [22-24]. Chemical reduction is the
most convenient, fast, clean, and economical
method  to
nanoparticles because the synthesis process is

synthesize  the  metallic
simple and the size and shape of
nanoparticles can easily be controlled.
Nevertheless, the control of nanoparticles
dispersion in the colloidal media is one of the
most important challenges because of their
high agglomeration tendency. Various types
of stabilizer were used to control the
dispersion state of nanoparticles in the
aqueous media [25-27].

Although some scientists have investigated
the effect of various process parameters on
the morphology of PVA
nanofibers, less attention has been paid to the

electrospun-

use of these materials as a support for noble
metal nanoparticles [28]. In this research
work, PVA nanofibers were prepared via
Thereafter, the
prepared nanofibers were crosslinked using a

electrospinning  process.

crosslinking agent, i.e. glutaraldehyde (GA),
in the presence of a strong acid as the catalyst
of the chemical reduction to increase the
water  solubility of the nanofibers.
Additionally, the preformed colloidal CNPs
were deposited on the nanofibers via
electrospraying technique to create anew
multifunctional nanofiber material.
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2. Experimental

2-1. Materials

All reagents were purchased from Merck Co.
(Darmstadt,
stated. Copper (II) sulfate trihydrate salt,
CuNOs33H,0, was prepared. Sodium
borohydride (NaBH4,Reagent Plus 99%,
Sigma-Aldrich) was used as the reducing

Germany), unless otherwise

agent. Poly(vinyl alcohol) (88% hydrolyzed
PVA, Aldrich) with molecular weight of
67,000 and 147,000 g.mol' and ethylene
glycol (EG, Aldrich) were purchased and
any further
Glutaraldehyde (25% aqueous solution) and
acid (37% purity)
purchased and used as received. Distilled

used without purification.

hydrochloric were
deionized water (DDI) was prepared in the
author's laboratory. Escherichiacoli bacteria
were prepared from Iranian Research
Organization for Science and Technology
(IROST) and its type

collection code was 13. Lysogenic broth was

Persian culture
prepared by mixing 3 g of yeast and 5 g
peptone in one liter of DDI.

2-2. Synthesis of colloidal CNPs

The four-step preparation scheme for copper
different

agents and

nanoparticles (with two

concentrations, stabilizing
temperature) starts with dissolving the copper
(IT) nitrate trihydrate salt (0.001 M and 0.005
M), in 10 ml DDI [29-31]. Next, the
stabilizing agent (0.5% wt PVA and ethylene
glycol) was dissolved in 10 ml DDI and then
added to the aqueous solution containing the
copper salt stirred vigorously [31-33]. In the
third step, sodium borohydride (0.1 M) was
dissolved in 10 ml water and then added to
the salt solution, while the solution was kept

at two different temperatures 25 and 70 C.

An instant color change occurred in the
aqueous solution. The appearance of color
change indicated that the reduction reaction
had started. The source of electrons for the
reaction was BH,4 . The mixture was further
stirred rapidly about 10 min in ambient
atmosphere to complete the reaction [33-36].
Table 1 indicates the sterilizer type, reduction
temperature, and the salt concentration which
CNPs

were used to prepare colloidal

dispersions.

Table 1. Ingredients used for preparing colloidal CNP

dispersions.
Code Stabilizer CuNO;(M) Temperature(°C)
CNP1 EG 0.001 25
CNP2 PVA (Mw=67000)  0.001 25
CNP3 PVA (Mw=67000)  0.005 25
CNP4 EG 0.005 25
CNP5 EG 0.001 70
CNP6 PVA (Mw=67000)  0.001 70

2-3. Preparation of PV Ananofibers

PVA solution, 12 wt%, was prepared by
dissolving 2.4 g PVA powder in 20 ml
distilled water and stirred at 80°C for 4 h
[37,38]. The solution was placed into a 5 ml
syringe pump with a blunt-ended metallic
needle whose inner diameter was 0.5 mm.
The rate of mlh™.
Electrospinning was performed at room

spinning was 1

temperature and 20% humidity. The process
was carried out under applied voltage of 18
kV using a power supply device (HV35P
OC, FNM Corp., Iran). The electrospun-
nanofibers were collected on a cylindrical
stainless still drum at a distance of 17 cm
from the syringe needle [38,39].
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2-4. Crosslinking of the PVA nanofibers

In order to improve the mechanical strength
resistance of the PVA
nanofibers, the nanofibers were crosslinked

and moisture

using GA in the presence of hydrochloric
acid [40]. For this purpose, the GA solution
was prepared by diluting the 50% aqueous
GA solution to 0.2 M concentration. The
nanofibers attached on a stainless steel frame
were subjected to saturated vapor which was
equal to GA/HCE (10/1mol/mol) aqueous
mixture in a sealed glass chamber at 80°C.
The nanofibers were exposed to the vapor for
1 h, and then placed into a vacuum oven at
50°C for 24h to complete the cross-linking
Thereafter, the
nanofibers were washed with DDI three

reactions. crosslinked
times and dried in an oven overnight at 50°C
to remove any traces of the unreacted agent
[41-44].

2-5. Coating the crosslinked PVA nanofiber
with CNPs

The colloidal CNP dispersions were loaded
on the syringe pump. The electrospray
process was carried out with 1 ml h™ flow
rate under 5 kV. The distance between the
needle and the rotating cylinder was 17 cm
and the rotating speed was held at 150 rpm
[45-47].

2-6. Characterization

Ultraviolet-visible spectroscopy was carried
Lambda 25 double-beam
(PerkinElmer, USA) to
investigate the effect of reduction process

out on a
spectrometer

parameters on the CNP agglomeration state.
If there is a peak in a range of 500 to 600 nm,
it shows that the particles are in the scale of
nanometer. Dynamic laser light scattering

(DLLS) was used to determine the particle
size distribution of the CNPs [48-52].

Fourier transform infrared (FTIR)
spectroscopy (SHIMADZU, IR solution
8400S) was applied to characterize the
presence of specific chemical bonds in the
nanofibers before and after crosslinking. The
spectra were obtained in the wavenumber
range from 650 to 4000 cm ' [40]. The
surface morphology of the PVA nanofibers
and dispersion state of the CNPs on the
nanofibers surface was studied using
scanning electron microscopy (Philips XL30

SEM, Eindhoren, Netherlands).

3. Results and discussion

3-1. CNPs preparation

A number of methods have been used to
generate CNPs from copper ions, such as
chemical reduction, UV photocatalytic
reduction, photoreduction, and simple heat
treatment [48—51]. Among these approaches,
the chemical reduction is the most widely
used method to prepare CNPs colloidal
dispersion using a suitable stabilizing agent.
Copper (II) nitrate is often used as the
primary source of copper ions to generate
CNPs. For this purpose, stabilizing agents are
used to control the growth rate and dispersion
state of the CNPs in the aqueous media
[51-53]. Table 1 indicates the different
process parameters which were investigated
for CNPs preparation. The reduction process
for CNP1-4 dispersions was carried out at
ambient temperature, whereas the other
stabilized CNP5-6  were
prepared at a higher reduction temperature of
70°C. Adding the reducing agent to the
copper nitrate solution and consequently

dispersions,

reducing the copper ions changed the color of
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initial dispersion. After a while, the color
changed to reddish brown. Fig. 1 shows the
UV-visible spectra of the colloidal CNP
dispersions prepared using various different
solution concentrations, reducing agents, and
reduction temperatures. The values of the
absorption band atmaximum peak (A,) andthe
width of half peak height (PWHM) are listed
in Table 2. The surface plasmon absorption
bands centering around 560-600 nm were
first observed for the colloidal dispersions
containing CNPs [53-55]. In this case, the
higher A, exhibits larger CNP agglomerates,
while the largerWHPH indicates the broader
CNPs size distribution (Table 2). In addition,
the increase in the peak intensity shows more
particle concentration.For the stabilized
CNP2 and CNP3 dispersions, increasing the
copper salt concentration from 0.001 to 0.005
considerably shifted the absorption band
toahigher wavelength. In fact, the higher
copper ion concentration increased the
nucleation growth rate and the possibility of
gathering the nuclei as bigger CNPs
agglomerates. A sharp absorption pattern
with a narrower particle size distribution was
observed for the CNP dispersion sprepared
athigher temperature, CNP5-6 (Fig. 1). In
contrast, reducing at ambient temperature
resulted in broadening of the plasmon peak
and broadened particle size distribution. The
higher stability and narrower size distribution
for CNPs prepared at the higher temperature
may be due to the strong binding that exists
between the CNP and PV A hydroxyl groups.
In addition,the size distribution of the CNPs
became narrower usingthe PVA rather than
the EG. This behavior showed that the
reduction process at the ambient temperature
even in the presence of the proper stabilizing

agent, i.e. PVA, cannot provide stable CNPs
dispersion [56]. The peak width at half of
maxima (PWHM), an approximate broadness
characteristic of particle size distribution for
the CNP4 dispersion was much higher than
that of the other CNP dispersions. In fact,
both the lower reduction temperature and
using the EG stabilizer further broadened the
size dispersion (Table 3). This behavior
revealed that the
reduction and using PVA as the reducing

higher temperature
agent resulted in narrower particle size
distribution. Therefore, the CNP6 dispersion
prepared at higher reduction temperature
with lower amount of PWHM parameter
(Table 2) was used to coat the prepared PVA
nanofibers. DLLS results indicated mean
particle size of 70 nm for the CNP6
dispersion [55-57]. In fact, the size and
properties of the dispersed CNPs on the
nanofibers would be correlated with their
initial mean size and morphology.

3-2. Antimicrobial test of CNPs

In this study, the antimicrobial activity of the
CNP6 dispersion with an average size of 70
nm was tested against Escherichia.coli,
gram-negative bacteria. This bacteria is
responsible for 80% of infections. The
antibacterial test was carried out on solution
containing CNP6 and in a control solution.
The Erlenmeyers were put into the shaker at
37°C for 24 h. Then, the samples were
observed for the bacterial growth for one
week. For the only sample containing the
nanoparticles, inhibitory zones were evident.
The results indicated that the CNP6 held
broad-spectrum antibacterial property against
the E.coli (Fig. 2).
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Figure 1. UV-visible absorption spectra of the colloid CNP dispersions.

Table 2. Characteristics of the CNP colloid dispersions determined by the UV-vis spectrum.

. CulNO; Con. Temperature Ay WHPH
Code Stabilizer o
M) (C) (nm) (nm)

CNP1 EG 0.001 25 588 48
CNP2 PVA 0.001 25 596 42
CNP3 PVA 0.005 25 592 40
CNP4 EG 0.005 25 596 76
CNP5 EG 0.001 70 600 60
CNP6 PVA 0.001 70 576 36

Ap: Absorption band of peak; HMPW: the width of half peak height

Table 3. Vibration modes and band frequencies of the uncrosslinked and GA-crosslinked PV A nanofibers

Material Chemical group Wavenumber (cm™)
PVA O-H 0 3550-3200
PVA+GA O-H 0 3550-3200
PVA C-H alkyl group 0 2840-3000
PVA+GA C-H aldehyde 0 3550—3200 peaks in [] 2830—2695
PVA Cc=0 0 1750-1735
PVA+GA Cc=0 0 1750-1735
PVA C-O crystalline structure L 1141
PVA C-0-C 0 1150-1085
PVA+GA C-0-C 0 1150—1085
PVA CH, 6 1461-1417
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Figure 2. Antimicrobial test of the CNP6 dispersion.

3-3. Morphology of thenanofibers

The morphology of nanofibers is an
factor that affects their
performance as the supporting substrate for

important

the coated nanoparticles. Some factors
including the physicochemical properties of
polymer solution and other electrospinning
process parameters sufficiently influence the
[58-59]. In this
research work, the effect of PVA molecular
weight (67000 and 146000 g.mol™") and flow
rate of the electrospinning process (0.8 and

nanofibersmorphology

1.5 mL.h") on the nanofiber morphology
were investigated. SEM micrographs (Fig. 3)
indicate the morphology of the electrospun
nanofibers prepared using PVA with
different molecular weights of 67000 and
146000 g mol'. In this case, the
electrospinning of 10 wt% PVA solution was
carried out at solution flow rate of 0.8 mL.h™'
and applied voltage of 18 kV. As shown,
increasing the molecular weight enhanced the

mean nanofiber diameter from 112 nm to 230

nm. This behavior can be attributed to longer
length of the higher molecular weight
(HMW) PVA chains, which enhances both
the viscosity and elasticity of the spinning
solution due to increasing chains
entanglement density [38,39]. A shift in the
size distribution curve to higher nanofibers
diameters was observed when the molecular
weight increased (Fig. 4). In addition, the
morphological structure of the nanofibers can
be altered by changing the solution flow rate.
As shown in Figure 5a, only a few small
beads were observed on the lower molecular
weight (LMW) PVA nanofibersprepared at
the lower flow rate of 0.8 mL.h"'. On the
contrary, the increase of the flow rate to
1.5mL.h" resulted in the nanofibers with
more numbers of beads (Fig. 5b). When the
flow rate was increased above a critical
value, the delivery rate of the solution jet, the
rate at which the solution was removed from
the tip by the electric force, was exceeded to
the capillary tip. This shift in the mass-
balance caused an wunstable jet and
formednanofibers with bigger and higher
numbers of beads [28,39]. Besides, the
increase of the flow rate shifted the size

distribution curve, to some extent (Fig. 6).

Figure 3. SEM micrographs of the nanofibers
prepared with different PVA molecular weight (a)
67000 and (b) 146000 g.mol ™.
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Figure 6. Effect of the spinning solution flow rate on the diameter distribution

of the nanofibers: (a) 0.8 and (b) 1.5 mL.h™".
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3-4. Effect of crosslinking on the nanofiber
morphology

Fig. 7 shows the morphology of the
crosslinked HMW PVA nanofibers using
different GA  concentration solutions.
Crosslinking using GA/PVA ratio of 100/1
mol/mol destroyed the discrete nanofibers
morphology (Fig. 7b). Using more dilute
aqueous GA solution and, consequently, less
GA concentration in the equilibrium vapor
phase does not result in more efficient
crosslinking. Thus, the partially crosslinked
nanofibers would be impaired when
immersed into water.On the contrary,
crosslinking with GA/PVA mole ratio of
140/1 seems to be more suitable because of
the establishment of nanofiber smorphology
(Fig. 7¢).

3-5. Nanofiber characterization

The electrospun nanofibers were
instantaneously soluble in water.
Crosslinking with the GA reagent prevented
the solving of the nanofibersin water. FTIR
was used to prove the chemical crosslinking
of the PVA nanofibers. Fig. 8 shows the
FTIR spectra of the uncrosslinked and

crosslinked PVA nanofibers. The most
important characteristic bands of thes pectra
are summarized in Table 3. As seen, the
strong bands observed between 3200 and
3550cm™ correspond to OH stretching bands
of intermolecular and intra-molecular
hydrogen bonds. The vibrational band
observed between 2840 and 3000 cm™ refers
to C-H stretching of alkyl groups. The peaks
between 1730 and 1750 cm™ are due to C=0
and C-O stretching frequencies of acetate
group remaining from the PVA chains. On
the other hand, the reaction of the PVA
hydroxyl group with GA results in a
significant decrease in the intensity of the
OH peaks. This indicates a possible
formation of acetalbridgesas a result of the
reaction. Since GA has two aldehyde groups,
one of the groups may react with the PVA
forma  hemi-acetal

hydroxyl  groupto

structure, while the other group does not
react because of conformational and
kineticbarriers. This explains the possibility
of the presence of the aldehyde peaks in the
crosslinked nanofibers due to the incomplete
reaction between the GA and OH groups
[40—44, 60].

Figure 7. (a) Pure PVA nanofibers, and PVA nanofibers crosslinked using different GA
amount: (b) GA/PVA=100/1 and (c) GA/PVA=140/1 mol/mol.
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Figure 8. FTIR spectra of the uncrosslinked and crosslinked PV A nanofibers.

3-6. Morphology of the PVA nanofibers coated
with CNPs

Electrospraying throws the CNPs on the
nanofibers  surface under a  strong
electrostatic force [61,62]. Fig. 9 shows the
crosslinked PVA
nanofibers coated with a colloidaldispersion,
1.e. CNP6. As it is shown, there is a rather
good dispersion of the CNPs on

morphology of the

thenanofibers. Nevertheless, a few particle
agglomerates were observed (Fig. 9a). The
applied high electric field on the stabilized

CNP  dispersion may cause partial
destabilization, which forms agglomerated
particles. Fig. 9b indicates the coated
nanofibers at the higher magnification. The
nanoparticles with various particle sizes and
spherical and nonspherical particulate
morphologies are obvious. The interaction
between the OH groups of copper oxide on
the nanoparticle surface and on the
crosslinked nanofiber may provide a strong

interaction due to formation of good

hydrogen bonds.

Figure 9. The crosslinked PVA nanofibers (GA/PVA=140/1 mol/mol) which were coated by CNPs.
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4. Conclusions

PVA nanofibers were successfully fabricated
through controlling the electrospinning
conditions such as the polymer molecular
weight and spinning solution flow rate. The
showed that the

preparation of nanofibers at higher PVA

SEM  micrographs

concentration and lower flow rate resulted in
more stable nanofibers. In addition, the
nanofibers were successfully crosslinked
when subjected to the vapor of the aqueous
GA/HCI solution with GA/PVA and GA/HCI
ratios of 140/1 and 10/1
respectively. This work advanced the body of

mol/mol,

knowledge by demonstrating successful
crosslinked PVA
containing CNPs. For this

preparation of the
nanofibers
purpose, CNP dispersions were synthesized
through the chemical reduction of the copper
ions in the presence of the PVA and EG
stabilizers. The reducing agent type, copper
salt concentration, and reduction temperature
indicateda crucial role on the CNP
agglomeration state.

UV spectra exhibited the most stable CNP
dispersion prepared using PVA stabilizer at
higher reduction temperature (70°C) and the
lower salt concentration (0.001 M). This
colloidal dispersion with 70 nm mean size
was used to cover the crosslinkednanofibers
via electrospraying method. A rather good
dispersion of the CNPs on the nanofibers
surface was observed.

Acknowledgement

Partial financial support from the Iranian
Nanotechnology Initiative and the vice-
president for research and technology of Iran
University of Science and Technology
(IUST) is gratefully appreciated.

References

[1] Jian, F., HaiTao, N., Tong, L., and XunGai,
W., "Applications of electrospunnano-
fibers", Chinese. Sci. Bull., 53 (15), 2265

(2008).
[2] Bhardwaj, N. and  Kundu, S.,
"Electrospinning: A fascinating fiber

fabrication technique", Biotechnol. Adv.,
28,325 (2010).

[3] Beachley, V. and Wen X., "Structures:
fabrication, biofunctionalization, and cell
interactions", Prog. Polym. Sci., 35, 868
(2010).

[4] Baji, A., Mai, Y.W., Wong, Sh.Ch,
Abtahi, M. and Chen, P., "Electrospinning
of polymer nanofibers: Effects on oriented
morphology, structures and tensile
properties", Compos. Sci. Technol., 70, 703
(2010).

[5] Renker, D.H. and Yarin, A.L.,
"Electrospinning  jets and  polymer
nanofibers", Polymer., 49, 2387 (2008).

[6] Huang, Zh.M., Zhang, Y.Z., Kotaki, M.
and Ramakrishna, S., "A review on
polymer nanofibers by electrospinning and
their applications in mnanocomposites",
Compos. Sci. Technol., 63, 2223 (2003).

[7] Yang, E., Qin, X. and Wang, Sh.,
"Electrospuncrosslinked polyvinyl alcohol
membrane", Matter. Lett., 62, 3555 (2008).

[8] Tang, Ch., Saquing, C., Harding, .
andKhan, A.S., "In Situ Cross-Linking of

ElectrospunPoly (vinyl alcohol)
Nanofibers", Macromolecules., 43, 630
(2010).

[9] Hassan, M., and Ch. Peppas, A. "Structure
and applications of poly(vinyl alcohol)
hydrogels produced by conventional
crosslinking or by freezing/thawing
methods", Adv. Polym. Sci., 153, 37 (2000).

[10] Gupta, S. and Webster, T.J., "Evolution of
PVA gels prepared without crosslinking
agents as a cell adhesive surface", Mater.
Med., 22, 1763 (2011).

[11] Mahouche-Chergui, S., Guerrouache, M.,

Iranian Journal of Chemical Engineering, Vol. 11, No. 3 55



[12]

[13]

[14]

[17]

[18]

[19]

[20]

56

Crosslinked Electrospun Poly (Vinyl Alcohol) Nanofibers Coated by Antibacterial Copper Nanopatrticles

Carbonnier, B., and Chehimi, M.,
"Polymer-immobilized nanoparticles",
Colliod. Surface, 439, 43 (2013).

Heness, G., "Metal-polymer nanocom-
posites", Adv. Polym. Nanocompos., 1, 164
(2012).

Barakat. N., Abadir, M.F., Sheikh, F.,
Kanjwale, M., Park, S., and Kim, H.Y.,
"Polymeric nanofibers containing solid
nanoparticles prepared by electrospinning
and their applications", Chem. Eng. J., 156,
487 (2010).

Liang, H., Li, Ch., Bai, J., Zhang, L., Guo,
L., and Huang, Y., "Synthesis and
characterization of Agl nanoparticles in -
CD/PAN nanofibers by electrospinning
method", Appl. Surf. Sci., 270, 617 (2013).
Zhang, Sh. and Kawakami, K., "One-step
preparation of chitosan solid nanoparticles
by electrospray deposition", Int. J. Pharm,
397,211 (2010).

Borra, J., Jidenko, N., Hou, J. and Weber,
A., "Vaporization of bulk metals into
single-digit nanoparticles by non-thermal
plasma filaments in atmospheric pressure
dielectric barrier discharges", J. Aerosol
Sci., 15,76 (2014).

Wang, Sh., Bai, J., Li, Ch. and Zhang, J.,
"Functionalization of electrospun -
cyclodextrin/polyacrylonitrile (PAN) with
silver  nanoparticles:  Broad-spectrum
antibacterial property", Appl. Surf. Sci.,
261, 499 (2012).

Wei, Q., Functional nanofibers and their
application, 1%ed., Woodhead publishing,
Cambridge, United Kingdom, P. 153
(2012).

Pencheva, D., Bryaskova, R.
Kantardjiev, T., "Polyvinyl alcohol/silver
nanoparticles (PVA/AgNps) as a model for
testing the biological activity of hybrid
materials with included silver
nanoparticles", Mater. Sci. Eng., 32, 2048
(2012).

Arul Dhas, N., Paul Raj, C., and Gedanken,
A., "Synthesis and characterization, and
properties of Metallic Copper

and

(21]

[22]

(23]

[24]

[25]

[26]

[27]

[29]

[30]

Nanoparticles", Chem. Matter., 10, 1446
(1998).

Singh, M., Sinha, 1., Premkumar, M.,
Singh, A.K. and Mandal, R.K., "Structural
and surface plasmon behavior of Cu
nanoparticles using different stabilizers",
Colliod.Surface., 359, 88 (2010).

Moussa, Sh., Abdelsaved, V. and El Shall,
M.S., "Chemical synthesis of metal
nanoparticles and nanoalloys. Nanoalloys:
Fundamentals to emergent applications",
Colliod. Surface., 453, 233 (2013).

Wu, B., Kuang, Y., Zhang, X. and Chen, J.,
"Noble metal nanoparticles/carbon
nanotubes nanohybrids: Synthesis
applications", Nanotoday., 6, 75 (2011).
S.Aazam, E. and Ahmed El-Said, W.,
"Synthesis of copper/nickel nanoparticles
using newly synthesized Schiff-base metals
complexes and their cytotoxicity/catalytic
activities", Bioorg. Chem., 57, 5 (2014).
Bhagathsingh, W. and Nesaraj, A.S., "Low
temperature  synthesis
properties of Ag—Cu alloy nanoparticles",
T. Nonferr. Metal. Soc., 23, 128 (2013).

and

and  thermal

Tiwari, A., Mishra, A., Mishra, Sh.,
Kuvarega, A., and Mamba, B,
"Stabilization of silver and copper

nanoparticles in a chemically modified
chitosan matrix", Carbohyd. Polym., 92,
1402 (2013).

Ramyadevi, J., Jeyasubramanian, K.,
Marikani, A., Rajakumar, G., and
Rahuman, A., "Synthesis and antimicrobial
activity of copper nanoparticles", Mat.
Lett., 71, 114 (2012).

Zhang, Ch., Yuan, X., Wu, L., Han, Y., and
Sheng, J., "Study on morphology of
electrospunpoly (vinyl alcohol) mats", Eur.
Polym. J., 41, 423 (2005).

Kim, Y., Keun, D., Gi Jo, B., HeanJeong,
J., and Soo Kang, Y., "Synthesis of oleate
capped Cu nanoparticles by thermal
decomposition", Colloid. Surface., 284,
364 (2006).

Dey, G.R., "Reduction of the copper ion to

Iranian Journal of Chemical Engineering, Vol. 11, No. 3



[31]

[33]

[34]

[35]

[37]

[38]

[39]

Rezaee, Moghbeli

its metal and clusters in alcoholic media: A
radiation chemical study", Radiat. Phys.
Chem., 74, 172 (2005).

Kobayashi, Y., Shirochi, T., Yasuda, Y.,
and Morita, T., "Metal-metal bonding
process using metallic copper nanoparticles
prepared in aqueous solution", Int. J.
Adhes. Adhes., 33, 50 (2012).

Kobayashi, Y. and Sakuraba, T., "Silica-
coating of metallic copper nanoparticles in
aqueous solution", Colloid. Surface., 317,
756 (2008).

Kobayashi, Y., Shirochi, T., Yasuda, Y.
and Morita, T., "Preparation of metallic
copper nanoparticles in aqueous solution
and their bonding properties",Solid. State.
Sci., 13,553 (2011).

De, S. and Mandal, S., "Surfactant-assisted
Shape Control of Copper Nanostructures",
Colliod. Surface., 421, 1 (2012).

Tang, X.F., Yang, Zh.G., and Wang, W.J.,
"A simple way of preparing high-
concentration and high-purity nano copper
colloid for conductive ink in inkjet printing
technology", Colloid. Surface., 360, 99
(2010).

Yan, N., Xiao, Ch.,, and Kou, Y.,
"Transition metal nanoparticle catalysis in
green solvents", Coordin. Chem. Rev., 254,
1179 (2010).

Hang, A.T., Tae, B., and Park, J., "Non-
woven mats of poly(vinyl alcohol)/chitosan
blends containing nanoparticles:
Fabrication and characterization”,
Carbohyd. Polym., 82, 472 (2010).

Yan, E., Fan, Sh., Li, X., Wang, Ch., Sun,
Zh., Ni, L. and Zhang, D., "Electrospun
alcohol/chitosan  composite

silver

polyvinyl
nanofibers involving Au nanoparticles and
their in vitro release properties”, Mater.
Sci. Eng., 33, 461 (2013).

Zhao, Y., Zhou, Y., Wu, X., Wang, L., Xu,
L., and Wei, Sh., "A facile method for
electrospinning of Ag nanoparticles/poly
(vinyl alcohol)/carboxymethyl-chitosan
nanofibers", Appl. Surf. Sci., 258, 8867

[40]

[41]

[44]

[45]

[46]

[47]

[48]

[49]

Iranian Journal of Chemical Engineering, Vol. 11, No. 3

(2012).
Wang, Y. and Hsieh, Y., "Crosslinking of
Polyvinyl  Alcohol (PVA)  Fibrous

Membranes with Glutaraldehyde and PEG
Diacylchloride", J. Appl. Polym. Sci., 116,
3249 (2010).

Kim, K., Lee, S.B. and Han, N.W.,
"Kinetics of crosslinking reaction of PVA
membrane with glutaraldehyde", Korean. J.
Chem. Eng., 11, 41 (1994).

Gohil, J.M., Bhattacharya, A., and Ray, P.,
"Studies on the Cross-linking of Poly(Vinyl
Alcohol) ", J. Polym. Res., 13, 161 (2000).
Patel, A. and Vavia, P., "Evaluation of
Synthesized Cross Linked Polyvinyl
Alcohol as Potential Disintegrant”, J.
Pharm. Pharmaceut. Sci., 13, 114 (2010).
Krumova, M., Lopez, D., Benavente, R.,
Mijangos, C., and Perena, J.M., "Effect of
crosslinking on the mechanical and thermal
properties  of  poly(vinyl alcohol)",
Polymer., 41, 9265 (2000).

Qu, J, Liu, Y., Yu, Y., Li, J,, Luo, J., and
Li, M., "Silk fibroin nanoparticles prepared
by electrospray as controlled release
carriers of cisplatin", Mater. Sci. Eng., 44,
166 (2014).

Nakaso, K., Han, B., Ahn, K.H., Choi, M.,
and Okuyama, K., "Synthesis of non-
agglomerates  nanoparticles by an
electrospray assisted chemical vapor
deposition (ES-CVD) method", J. Aerosol.
Sci., 34, 869 (2003).

Suh, J., Han, B., Okuyama, K., and Choi,
M., "Highly charging of nanoparticles
through electrosray of mnanoparticles
suspension", J. Colloid. Interf.Sci., 287,
135 (2005).

Duang Dang, T., Le, T., Fribourge-Blanc,
E., and Dang, M., "Synthesis and optical
properties of copper nanoparticles prepared
by a chemical reduction method",
Nano.Sci. Nanotechnol., 2, 15009 (2011).
Kim, M., Son, W., Ahn, K., Kim, D., Lee,
H., and Lee, Y., "Hydrothermal synthesis
of metal nanoparticles using glycerol as a

57



[50]

[51]

[52]

[53]

[54]

[55]

58

Crosslinked Electrospun Poly (Vinyl Alcohol) Nanofibers Coated by Antibacterial Copper Nanopatrticles

reducing agent", J. Supercrit. Fluid., 90, 53
(2014).

Tufail, A., Ahmad, S., Farhan Khan, M.,
Shahzad, Kh.,Tabassum, S., and Mujahid,
A., "In situ synthesis of copper
nanoparticles on SBA-16 silica
sphere",Arab. J. Chem, 3, 256 (2014).

Jin, L., Yang, Sh., Tian, Q., Wu, H., and
Cai, Y., "Preparation and characterization
of copper metal nanoparticles using
dendrimers as protectively colloids",
Mater. Chem. Phys., 112, 977 (2008).
Siegel, J., Kvitek, O., Ulbrich, P., Kolska,
Z., Slepicka, P., and Svorcik, V.,
"Progressive  approach  for  metal
nanoparticles synthesis", Mater. Lett., 89,
47 (2012).

Pham, L., Sohn, J., Park, J., Kang, H., Lee,
B., and Kang, Y., "Comparative study on
the preparation of conductive copper pastes
with copper nanoparticles prepared by
electron beam irradiation and chemical
reduction", Radiat. Phys. Chem., 80, 638
(2011).

Chen, P. and Huang, H., "Formation of
noble metal nanoparticles through chemical
reduction induced by coordination-
alteration of complex ions in ionic liquids
and electroanalytical application",
Electrochem. Commun., 13, 1408 (2011).
Dung Dang, T., Thu Le, T., Fribourge-
Blanc, E., and Chien Dang, M., "Synthesis
and optical properties of  copper
nanoparticles prepared by a chemical
reduction method", Nanosci. Nanotechnol.,
2,5009 (2011).

Pham, L., Sohn, J., Kim, Ch., Park,].,
Kang, H., Lee, B., and Kang, Y., "Copper
nanoparticles incorporated with conducting
polymer: Effects of copper concentration
and surfactants on the stabilityand
conductivity", J. Colloid. Interf. Sci., 365,
103 (2012).

[57]

[58]

[59]

[61]

[62]

Hashemipour, H., EhteshamZadeh, M.,
Pourakbari, R., and Rahimi, P,
"Investigation on synthesis and size control
of copper nanoparticle via electrochemical
and chemical reduction method", J. Phys.
Sci., 18,4331 (2011).

Yun, K., Suryamas, A., Iskandar, F., Bao,
L., Niinuma, H. and Okuyama, K.,
"Morphology optimization of polymer
nanofiber for applications in aerosol
particle filtration", Sep. Purif. Technol., 75,
340 (2010).

Kishimoto, Y., Ito, F., Usami, H., Togawa,
E., Tsukada, M., Morikawa, H., and
Yamanaka, Sh., "Nanocomposite of silk
fibroin nanofiber and montmorillonite:
Fabrication and morphology", Int. J. Bio.
Macromol., 57, 124 (2013).
Mansur,S.,Sadahira, C., Souza, A.
Mansur, A., "FTIR  spectroscopy
characterization of poly (vinyl alcohol)
hydrogel with different hydrolysis degree
and chemically crosslinked with
glutaraldehyde", Mater. Sci. Eng., 28, 539
(2008).

Cui, L., Liu, Zh., Yu, Zhang, Sh., Bligh,
S.W., and Zhao, N., "Electrosprayed core-
shell nanoparticles of PVP and shellace for

and

furnishing biphasic controlled release of
ferulic acid", Colloid. Polym. Sci., 292,
2089 (2014).

Neubert. S., Eblenkamp, M., Pliszka, D.,
Sundarrajan, S., Ramakrishna, S., and
Wintermantel, E., "Precise deposition of
electrospunnanofibers and electrospraying
of nanoparticles as enabling technique for
biomedical engineering applications",
World Cong. On MedicolPlysics and
Biomedical Engineering,
124127 (2010).

Germany, 25,

Iranian Journal of Chemical Engineering, Vol. 11, No. 3



