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Abstract

In this study, various amounts of carbon nanotubes (CNTs), nanosilver (AgNPs), and polyaniline (PANI) were incorpo-

rated at the same pot into the structure of composite polyacrylonitrile (PAN) nanofibers, which were produced by

electrospinning process in order to see synergistic effect of the additives on the final properties of the composite

materials. Performance and characteristic properties of composite nanofibers were analyzed by tensile tester, electrical

conductivity meter, Fourier Transform Infrared Spectroscopy, differential scanning calorimetry, X-ray diffraction, scanning

electron microscopy, and antimicrobial activity test. Statistical analysis (analysis of variance) was performed to see

whether the differences were statistically significant or not. It was seen that samples with AgNPs had higher breaking

strength and electrical conductivity than the samples with CNTs. Generally, PANI improved the crystallinity of the

composite material more than the nanoparticles (CNTs and AgNPs). Even though each of the nanoparticles was used in

low concentrations, the composite materials (PAN–1CNT–1AgNO3–R and PAN–PANI–1AgNO3–R) gained antimicro-

bial properties due to the synergistic effect of additives. The results suggested that PAN composite nanofibers with 3 wt%

PANI and 1 wt% AgNO3 generally presented better performance than the other samples in terms of electrical con-

ductivity, antimicrobial activity, mechanical strength, crystallization, and thermal stability.
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Introduction

As it is known, polyacrylonitrile (PAN) is one of the
most important polymers, which can have applications
in textiles, automotive industry, drug applications, and
implant materials in medical sector, membranes, etc.1

Polyaniline (PANI) is also an important polymer, for
example, doped PANI has electrical conductivity
property.2 Thus, polymer composites including PANI
can be employed in many areas such as antistatic tex-
tiles, electromagnetic shielding, filtration media, sensors
and actuators, and radiation detectors.3–10 There are
also many inorganic nanofillers available, which are
used to improve the properties of polymer matrix.
Carbon nanotubes (CNTs) have desirable properties
including good mechanical, electrical, and thermal

properties11 and are reported to improve the mechan-
ical properties when they are incorporated into the
polymers.12 CNTs are generally functionalized with
carboxyl or amine groups to provide better interfacial
bonding between polymer matrix and CNTs.11,13

Besides, silver nanoparticles are also widely used in
polymer composites. Various reduction methods exist
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for in situ synthesis of silver nanoparticles from silver
nitrate (AgNO3) such as chemical reduction by hydra-
zinium hydroxide (N2H5OH), reflux method, and
exposure to light, which can affect the properties of
the final material.14 With the addition of silver nano-
particles, composites may have the potential to be
used in wound-healing applications, filtering media,
chemical and biological protective materials (biocidal
agents against bacteria), air or water filters for
purification purposes due to their good electrical
conductivity, antimicrobial, reinforcing and catalyst
properties.13,15

As seen from the published literature, there are many
studies performed on composite nanofibers of PAN
with CNTs and composite nanofibers of PAN with
AgNO3, but very limited number of studies on compos-
ite nanofibers of PAN with PANI. Qiao et al.15

observed increases in diameter, E-modulus, and tensile
strength by the addition of CNTs. Park et al.16 investi-
gated the effect of the functional groups of CNTs on
PAN/CNT nanofibers and pointed out that the
enthalpy of cyclization of the composites with the func-
tional CNTs increased compared to pure PAN fibers.
Wang et al.17 pointed out that the mechanical proper-
ties improved with the addition of functionalized
CNTs. Shi et al.18 studied the properties of PAN/
nanosilver (AgNPs) nanofibers and reported excellent
antimicrobial activity with the incorporation of Ag
nanoparticles. Sichani et al.19 reported in situ prepar-
ation and characterization of PAN/AgNPs nanofibers.
According to their research, polymer crystallinity
increased with the addition of silver nanoparticles.
When compared with the number of the studies that
were performed on PAN/CNT and PAN/AgNPs com-
posite nanofibers, there are very limited number of
studies performed on PAN/PANI composite nanofi-
bers,7,20 which mainly focused on morphological prop-
erties, chemical structure, thermal properties, and
structural properties. They had no information regard-
ing the mechanical properties and conductivity of
PAN/PANI composite nanofibers although PANI can
have an important influence on the mechanical and
electrical properties of composite nanofibers.

Besides, it still remains to be a question what the
synergistic effect of the additives will be when they
are used all together. As it is already known, improve-
ment in mechanical properties is achieved by the
incorporation of CNTs and AgNO3; antimicrobial
property is developed by the use of AgNPs; and elec-
trical conductivity is improved by the use of PANI,
CNT, and AgNO3. Will it be possible to get more con-
ductive and stronger composite material with anti-
microbial properties when all the additives (CNT,
AgNO3, and PANI) are used together? In this study,
for the first time, CNTs, AgNO3, and PANI were used

together in order to see their synergistic effect on the
structure and properties of composite PAN nanofibers.
While PANI content was kept constant as 3wt%, the
CNT and AgNO3 contents were varied as 1wt%
and 3wt%.

Experimental details

Materials

PAN (molecular weight of 150,000 g/mol), PANI
(molecular weight of 65,000 g/mol), and camphorsulfo-
nic acid (CSA, 232.3 g/mol) were purchased from Sigma
Aldrich. Multi-walled CNTs (pristine, 60–100 nm in
diameter, 5–15 mm in length) were purchased from
NTP (China). They were amine-functionalized before
use. Sulfuric acid (H2SO4), nitric acid (HNO3), sodium
nitrite (NaNO2), isophorone diamine, N,N0-dimethyl-
formamide (DMF) were used in the functionalization
of the CNTs. AgNO3 with 99.9995 % purity was pur-
chased from Alfa Aesar Premion. Hydrazinium hydrox-
ide (N2H5OH) was obtained from Merck. Dimethyl
sulfoxide (DMSO) was used as the solvent in the prep-
aration of the electrospinning solutions.

Methods

Amine functionalization of CNTs. Firstly, carboxyl
functionalized CNTs (CNT–COOH) were synthesized
according to Gao et al.’s method.21 Then, amine func-
tionalization was performed according to Zhao et al.’s
method by using the CNT–COOH.22

Preparation of the solutions. A total of 7wt% PAN was
dissolved in DMSO to produce PAN-reference (PAN-
ref) nanoweb. To make composite solutions of
PAN—3wt% PANI, required amount of PANI and
CSA (equivalent molar ratio PANI:CSA¼ 1:2) were
added to DMSO and mixed with magnetic stirrer at
40�C for two days. Then the solution was filtered
with Sartorius Stedim filter paper (No.389).23 For the
preparation of PAN–CNT or PAN–AgNO3 solutions,
required amount of the additives (CNT–NH2 or
AgNO3) were added to DMSO and the dispersions
were homogenized with ultrasonic homogenizer
(Bandelin Sonopuls HD 2070, probe type: KE76) for
10min and then with ultrasonic bath for 45min.
Finally, PAN was added and the solutions were mag-
netically stirred at 40�C for 2.5 h until PAN was dis-
solved. For the preparation of PAN–PANI–CNT and
PAN–PANI–AgNO3 solutions, the additives of CNTs
or AgNO3 were added to the filtered PANI solutions
and then the procedure for the PAN–CNT or PAN–
AgNO3 solutions was followed. The concentration of
PANI was kept constant as 3wt%, while the
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concentrations of CNTs and AgNO3 were changed as
1wt% and 3wt% (with respect to the weight of PAN).
The beakers that contained composite solutions with
AgNO3 were covered with aluminum foil to protect
them from the negative effects of sunlight.

The composite samples were coded according to the
additives used in their production. For example, nano-
web of PAN with 3wt% PANI was coded as PAN–
PANI, while nanoweb of PAN with 1wt% CNT was
coded as PAN–1CNT. The samples with AgNPs were
coded as PAN–1AgNO3–R and PAN–3AgNO3–R with
the additive amounts to be able to make a distinction
between them although AgNPs were formed in the
nanoweb structure after chemical reduction process.
R was used to show that they were treated with the
aqueous solution of hydrazinium hydroxide for the in
situ synthesis of silver nanoparticles. The codes of the
samples can be seen in Table 1.

Production of nanofibers by electrospinning. A high-voltage
power supply was used to obtain an electric field in the
electrospinning system. Polymer solution was loaded
into a 10ml syringe and then the solution was purged
by the syringe pump to the needle tip. Grounded rotat-
ing drum collector was covered with aluminum foil.
Nonwoven mat was covered on the aluminum foil.
Polymer solution was drawn from needle tip due to
the electric field and collected on the nonwoven mat
as nanofiber web. The feeding rate of the solution was
1ml/h, the applied voltage was 15 kV, and the distance
between the needle tip and the collector was 10 cm
(Figure 1). The nanowebs were produced under

standard atmospheric conditions (temperature:
(20� 2)�C, relative humidity: (65� 5)%) and were col-
lected for 4 h.

In situ synthesis of silver nanoparticles. Chemical reduction
by hydrazinium hydroxide was performed for the in
situ synthesis of the silver nanoparticles. Composite
nanofiber webs containing AgNO3 were immersed
into a solution of 20:1 v:v distilled water:hydrazinium
hydroxide.24 Then the nanowebs were washed two
times with 100ml distilled water and finally dried.

Characterization. Fungilab viscometer with R7 spindle
was used to measure the viscosities of the solutions.
Fourier Transform Infrared Spectroscopy (FTIR) spec-
tra of functionalized CNTs, pure PAN, and PAN–
PANI nanowebs were collected with Thermo
Scientific Nicolet IS10 spectrometer. The scanning
ranged from 4000 to 400 cm�1 with a signal resolution
of 4 cm�1. While KBr pellet method was used to collect
the FTIR spectrum of CNT–NH2, ATR method was
used to collect the FTIR spectra of PAN-ref and PAN–
PANI nanofibers. The morphology and the surface
structure of composite nanofiber samples were investi-
gated by scanning electron microscopy (SEM; Carl
Zeiss EVOMA10). Image J Software was used to meas-
ure the diameters of nanofibers from SEM photomicro-
graphs. At least 50 measurements were taken to obtain
the average nanofiber diameters. Tensile tester with a
100N load cell at a crosshead speed of 20mm/min was
used to measure the breaking strength and breaking
elongation of nanofiber webs. The gage length was
15mm. Specimens were cut in 35mm (length)� 5mm
(width) dimensions for tensile testing. Mitutoyo digital
micrometer was used to measure the thicknesses of the
samples. At least seven measurements were performed
to obtain the average values. Measurements were car-
ried out at the standard atmospheric conditions.
Microtest LCR Meter 6370 (with a measuring range
of 0.01m�–100M�) with two circular probes and
four wires was used for the measurement of the elec-
trical resistances of composite nanofibers at standard
atmospheric conditions. At least seven measurements
were performed to obtain average values of volume
resistance. The thicknesses of the samples were mea-
sured with an integrated thickness meter. Volume con-
ductivity of the samples in S/cm were calculated using
the formula indicated in ASTM standards.25,26

�v ¼ t=ðA� RvÞ ð1Þ

where �v is the electrical conductivity (S/cm), Rv is the
volume resistance (�), A is the area of the electrodes
(cm2), and t is the distance between the electrodes (cm).
Wide-angle X-ray diffraction (XRD) traces were

Table 1. Codes of the samples produced.

Sample codes
Additives

CNT–NH2 AgNO3 PANI

PAN-ref – – –

PAN–PANI – – 3%

PAN–1CNT 1% – –

PAN–3CNT 3% – –

PAN–PANI–1CNT 1% – 3%

PAN–PANI–3CNT 3% – 3%

PAN–1AgNO3–R – 1% –

PAN–3AgNO3–R – 3% –

PAN–PANI–1AgNO3–R – 1% 3%

PAN–PANI–3AgNO3–R – 3% 3%

PAN–1CNT–1AgNO3–R 1% 1% –

PAN–PANI–1CNT–1AgNO3–R 1% 1% 3%

Note: CNT: carbon nanotube; PANI: polyaniline; AgNO3: silver nitrate;

PAN: polyacrylonitrile.
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obtained using a Bruker� AXS D8 Advance X-ray dif-
fractometer system using nickel-filtered CuKa radiation
(�, 0.15406 nm). The observed equatorial X-ray scatter-
ing data were collected in reflection mode in the 5–40�

2� range. Apparent X-ray crystallinity is based on the
ratio of the integrated intensity under the resolved
peaks to the integrated intensity of the total scatter
under the experimental trace.27 Differential Scanning
Calorimetry (DSC) Q10 was used for thermal analysis
at a temperature range between 20�C and 350�C, at a
heating rate of 20�C/min, under nitrogen atmosphere.
Antimicrobial activity of the nanowebs against
Staphylococcus aureus bacteria was determined accord-
ing to ASTM E2149-10 standard.

Statistics. All data regarding diameter and mechanical
properties were expressed as mean� standard devi-
ation. Differences between samples were analyzed by
investigation of analysis of variance (ANOVA-SPSS
21.0) at 0.05 significance level.

Results and discussion

FTIR spectroscopy

FTIR spectroscopy was used to confirm the successful
functionalization of CNTs and to compare the spectral
differences between pure PAN and PAN/PANI com-
posite nanowebs.

KBr pellets were prepared to characterize the amine-
functionalized CNTs. Peak positions of the functiona-
lized CNTs can be seen in Figure 2 in comparison with
that of the pristine CNTs.

In comparison with pristine CNTs, new
peaks appeared in the spectra of CNT–NH2.

Region 3500–3400 cm�1 can be attributed to –OH
and N–H stretching vibrations.2 The peak at
1630 cm�1 was assigned to C¼C stretching of CNT
structure and C¼O stretching of amide (–NH–C¼O)
structure. The peaks at 1540 cm�1 and 1140 cm�1 were
attributed to C–NH, C¼N, and C–C stretching vibra-
tions, respectively. The peak at 620 cm�1 showed the
amide structure N–C¼O.28

The FTIR spectra of PAN nanofibers and PAN/
PANI composite nanofibers are presented in Figure 3.
Pure PAN nanofibers displayed the characteristic
absorption peaks of nitrile (–C�N) group at around
2240 cm�1. Also methylene (CH2) group of PAN
showed a series of characteristic bands in the regions
from 2930 to 2870 cm�1, from 1460 to 1450 cm�1, and
from 1380 to 1360 cm�1.23,28 In the FTIR spectra of
PAN/PANI composite nanofibers, in addition to the
characteristic peaks of pure PAN, a wide peak was
observed at around 3400 cm�1, which was due to the
free imine (–NH) group of PANI. Also a peak was
observed at around 3280 cm�1 attributed to the aro-
matic C–H strecthing of PANI. Another peak centered
at 1730 cm�1 originated from the carbonyl (–C¼O)
groups in the CSA.23

Morphological properties

SEM images taken with 10 k�magnification are pre-
sented in Figure 4, while the average nanofiber diam-
eters are presented in Table 2 with standard deviation
values and graphically in Figure 5. Pure PAN nanofi-
bers and composite nanofibers were uniform in
structure.

The additives such as CNTs, silver nanoparticles,
and PANI can promote two opposite effects on the

Figure 1. Scheme of electrospinning system.
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nanofiber formation and diameter. They may increase
the viscosity due to the increased substance concentra-
tion and result in larger nanofiber diameter or they may
decrease the diameter of nanofiber due to an increased
charge density leading to higher elongation of nanofi-
ber during electrospinning.29,30 Thus, the diameter of
nanofibers mostly depends on the phenomenon that is
dominant. In our case, increase in the diameter of the

samples with PANI was more pronounced than the
others as can be seen from Table 2. This might have
been due to the higher viscosity of the electrospinning
solution. The viscosity was measured as 820mPa/s for
PAN/PANI and 500 mPa/s for PAN–3CNT. Higher
diameter of samples with PANI might have also been
due to the longer drying time of nanofibers with PANI,
since it was observed that nanofiber web with PANI

Figure 3. FTIR spectra of (a) PAN-ref and (b) PAN–PANI nanofibers.

Figure 2. FTIR spectra of pristine and amine-functionalized carbon nanotubes.
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was damper than the samples without PANI after the
electrospinning process. Samples containing AgNO3 or
PANIþAgNO3 had smaller diameters than those con-
taining CNT or PANIþCNT. This might have been
due to the reduction of AgNO3 into silver nanoparticles
by hydrazinium hydroxide and the diffusion of metallic
silver atoms into the inner parts of the nanofibers form-
ing coordination bonds with nitrile (C�N) groups. It is
reported that formation of coordination bonds between
silver atoms and nitrile groups of PAN causes homo-
geneous distribution of silver nanoparticles in nanofiber
web, thus decreasing the agglomeration tendency.31

Nanofibers, which contained PANþPANIþAgNO3,
were thinner than the nanofibers, which contained
PANþPANIþCNT. Higher charge density might
have also been effective on this result. An increase in
the amount and type of additives generally resulted in
an increase in diameter due to the presence of higher
amount of substance, increased viscosity, and the

Figure 4. SEM images of (a) PAN-ref, (b) PAN–PANI, (c) PAN–1CNT, (d) PAN–3CNT, (e) PAN–PANI–1CNT, (f) PAN–PANI–3CNT,

(g) PAN–1AgNO3–R, (h) PAN–3AgNO3–R, (i) PAN–PANI–1AgNO3–R, (j) PAN–PANI–3AgNO3–R, (k) PAN–1CNT–1AgNO3–R,

(l) PAN–PANI–1CNT–1AgNO3–R nanofibers.

Table 2. Diameters of composite nanofibers.

Sample Diameter (nm)

PAN-ref 515� 72.1

PAN–PANI 575� 86.2

PAN–1CNT 536� 91.1

PAN–3CNT 531� 74.3

PAN–PANI–1CNT 556� 77.8

PAN–PANI–3CNT 719� 122.2

PAN–1AgNO3–R 491� 82

PAN–3AgNO3–R 413� 61

PAN–PANI–1AgNO3–R 410� 56

PAN–PANI–3AgNO3–R 491� 84

PAN–1CNT–1AgNO3–R 559� 60.26

PAN–PANI–1CNT–1AgNO3–R 864� 112.47

Note: CNT: carbon nanotube; PANI: polyaniline; AgNO3: silver nitrate;

PAN: polyacrylonitrile.
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tendency of agglomeration. PAN–PANI–1CNT–
1AgNO3 sample had the largest diameter (Table 2).
ANOVA statistical analysis showed that the differences
between PAN–PANI, PAN–PANI–3CNT, PAN–
PANI–1AgNO3–R, PAN–PANI–1CNT–1AgNO3–R,
and PAN-ref were statistically significance at 0.05 sig-
nificance level.

Analysis of mechanical properties

The mechanical properties of nanofiber webs are pre-
sented in Table 3, while the breaking strength values are
graphically represented in Figure 6. The mechanical
properties of electrospun nanofiber webs are closely
related to the geometric arrangement of nanofibers,
the bonding structure among the fibers, distribution of
nanofibers and pores between the nanofibers, existence
of imperfections, flaws and branching of the nanofibers,
structure and distribution of the additives, etc.32,33

PANI slightly improved the strength of PAN–CNT
composite nanofiber when the nano particle (CNT)
amount was not more than 1wt%. This might have
been due to the higher crystallinity in the presence of
PANI (Table 5 and Figure 7) leading to an increase in

breaking strength. As can be seen from the results, there
is a tendency of a decrease in breaking strength of com-
posite nanofibers as the amount and types of additives
increased due to the increase in agglomeration tendency.
Thus, while PAN–PANI–1CNT had higher breaking
strength than PAN–1CNT sample, PAN–PANI–
3CNT had lower breaking strength than PAN–3CNT
due to the increase in the content and additive type
leading to an increase in agglomeration. Samples with
AgNO3 had higher breaking strength than the samples
with CNT in connection with the homogeneous distri-
bution of silver nanoparticles (AgNO3) in nanofiber web
via reduction by hydrazinium hydroxide.28 Besides,
hydrazinium hydroxide might have also caused to the
formation of crosslinks between the polymer chains
leading to increased tensile strength.34 The highest
breaking strength values were obtained for the samples
of PAN–PANI–1AgNO3–R and PAN–1AgNO3–R,
which showed an improvement in breaking strength
approximately 60% compared to PAN-reference
together with an improvement in breaking strain. The
differences between the strength values of PAN–
1AgNO3–R, PAN–PANI–1AgNO3–R and PAN-ref
were statistically significant at 0.05 significance level

Figure 5. Average nanofiber diameters of reference and composite nanofibers.
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according to ANOVA. The analysis of breaking elong-
ation and the tensile modulus of the composite nanofi-
ber is very complex, since polymeric nanofiber webs do
not behave as the metallic rods. There are very complex

interactions between the uncontrollable parameters
such as the orientation of the nanofibers, the placement
of nanofibers in the nanoweb, pore size, and distribution
through the nanofiber web.32,35

Table 3. Mechanical properties of composite nanofibers.

Samples

Breaking strength Breaking elongation E-modulus

MPa % MPa

PAN-ref 8.64� 3.1 9.0� 2.7 10.6� 36.5

PAN–PANI 8.61� 1.1 73.4� 5.2 59.2� 17.1

PAN–1CNT 8.99� 2.0 9.7� 2.7 38.2� 17.8

PAN–3CNT 9.35� 1.2 14� 2.4 95.7� 36.0

PAN–PANI–1CNT 10.8� 3.1 14.2� 5.12 87.3� 33.1

PAN–PANI–3CNT 5.76� 1.7 65.4� 11.5 41.8� 14.0

PAN–1AgNO3–R 13.8� 2.4 36.4� 5.7 73.0� 29

PAN–3AgNO3–R 11.2� 3.1 18.7� 6.4 39.2� 13.1

PAN–PANI–1AgNO3–R 13.9� 2.2 7.0� 1.5 166.6� 53.12

PAN–PANI–3AgNO3–R 9.3� 2.3 7.6� 2.5 132.1� 30

PAN–1CNT–1AgNO3–R 6.8� 1.23 11.8� 3.4 31.1� 9.3

PAN–PANI–1CNT–1AgNO3–R 7.1� 1.1 11.8� 1.0 36.4� 12.1

Note: CNT: carbon nanotube; PANI: polyaniline; AgNO3: silver nitrate; PAN: polyacrylonitrile.

Figure 6. Average breaking strength values of reference and composite nanofiber webs.
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Electrical conductivity of composite nanofibers

The highest electrical conductivity value of 10�6S/cm
was obtained from the sample of PAN–PANI
(Table 4). As known, reduced AgNO3 and CNT have
also electrical conductivity properties. As seen from
Table 4, PAN–AgNO3 composite structures had
10�8S/cm electrical conductivity. However, PAN–
PANI–AgNO3 had 10�7S/cm electrical conductivity.
This improvement is because of the addition of
PANI. PAN–CNT composite structure had an elec-
trical conductivity of 10�8S/cm. However, PAN–
1CNT–1AgNO3 (1% CNT, 1% AgNO3) had an elec-
trical conductivity of 10�7S/cm. This is because of the

improvement in conductive network by using low
amount of CNT (1%).

As the filler type and content increased, the conduct-
ivity decreased due to the possible agglomeration and
disruption of the conductive network. Thus, PAN–
PANI samples containing 3% CNT (PAN–PANI–
3CNT) or PAN–PANI–1CNT–1AgNO3 showed lower
electrical conductivity (10�8 or 10�9S/cm) than PAN–
PANI due to the increase in the content and filler type
resulting in the increase in agglomeration and disrup-
tion of conductive network.

Second highest conductivity value was obtained
from the sample containing AgNO3 and PANI
(10�7S/cm) which is in the range of semiconductive

Figure 7. Crystallinity values (%) of reference and composite nanowebs.
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materials.36 Generally, samples containing CNT
showed lower conductivity (around 10�8 S/cm,
10�9 S/cm) than the samples containing AgNO3,
which was still in the range of antistatic materials.

X-ray diffraction

The crystallinity values (%) and peak positions are pre-
sented in Table 5, while the crystallinity values are
graphically presented in Figure 7 and equatorial XRD
traces are presented in Figure 8. The XRD traces and
crystallinity values appeared to be influenced by the
incorporation of the additives. The peak appeared at
2� value of 38�, which corresponded to the (111) plane
of silver confirmed the formation of silver nanoparticles
in the nanofiber structure for the samples containing
AgNO3.

19 Main characteristic peaks of PANI, which
are reported to occur at 2�¼ 15.07�, 20.22�, and

25.18�37 were observed for the samples that contained
PANI. Crystallinity of PAN-ref was found to be
11.3%. All the other samples showed higher crystallin-
ity values than PAN-ref, which varied between 20%
and 27% (Table 5 and Figure 7). The incorporation
of CNTs, AgNPs, and PANI caused an increase in
the crystallinity of PAN-ref due to nucleating effect of
the additives38,39 and long, rigid PANI chains.40

Generally, it was found that PANI improved the crys-
tallinity more than the CNTs and AgNPs. PANI poly-
mer chains are long, rigid, and contain aromatic rings
leading to an increase in the crystallinity of PAN
chains. PANI might have also caused an improvement
in the alignment and orientation of macromolecules in
the nanofibers due to the increased conductivity of
polymer solution jet during electrospinning. Another
reason for the improvement in the crystallinity of sam-
ples, which contained PANI may be the slow drying

Table 4. Electrical conductivity of the composite nanofibers.

Sample Conductivity (S/cm)

PAN–PANI 1.07� 10�6
� 4.22� 10�7

PAN–1CNT 2.80� 10�8
� 3.9� 10�9

PAN–3CNT 2.10� 10�8
� 7.8� 10�9

PAN–PANI–1CNT 3.07� 10�8
� 1.1� 10�8

PAN–PANI–3CNT 3.89� 10�9
� 1.2� 10�9

PAN–1AgNO3 4.56� 10�8
� 1.53� 10�8

PAN–3AgNO3 3.79� 10�8
� 1.12� 10�8

PAN–PANI–1AgNO3 1.47� 10�7
� 5.64� 10�8

PAN–PANI–3AgNO3 1.3� 10�7
� 3.66� 10�8

PAN–1CNT–1AgNO3 4.02� 10�7
� 6.88� 10�8

PAN–PANI–1CNT–1AgNO3 1.23� 10�8
� 1.15� 10�9

Note: CNT: carbon nanotube; PANI: polyaniline; AgNO3: silver nitrate;

PAN: polyacrylonitrile.

Table 5. XRD results of composite nanofibers.

Sample

Crystallinity

(%)

PAN (100)

(�2�)

PAN

disordered

(�2�)

PAN

(110) (�2�)

CNT

(002)

Ag

(111)

PANI

Peak-1

(�2�)

PANI

Peak-2

(�2�)

PANI

Peak-3

(�2�)

PAN-ref 11.3 16.70 26.60 29.20 – – – –

PAN–PANI 23.8 16.97 26.66 29.3 – 15.1 (broad) 20.0 (broad) 24.0 (broad)

PAN–1CNT 21.5 17.04 – 29.2 26.5 – – –

PAN–PANI–1CNT 25.5 16.97 – 29.2 26.5 15.1 (broad) 20.0 (broad) 24.0 (broad)

PAN–1AgNO3–R 22.0 17.07 26.68 29.2 – 38.3 – – –

PAN–PANI–1AgNO3–R 27.3 17.10 26.66 29.3 – 38.4 15.1 (broad) 20.0 (broad) 24.0 (broad)

PAN–1CNT–1AgNO3–R 20.3 17.11 – 29.2 26.5 38.4 – – –

PAN–PANI–1CNT–1AgNO3–R 23.4 17.04 – 29.2 26.5 38.37 15.1 (broad) 20.0 (broad) 24.0 (broad)

Note: CNT: carbon nanotube; PANI: polyaniline; AgNO3: silver nitrate; PAN: polyacrylonitrile.
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Figure 8. Equatorial X-ray diffraction traces of (a) PAN-ref,

(b) PAN–PANI, (c) PAN–1CNT–1AgNO3–R, (d) PAN–PANI–

1CNT–1AgNO3–R.
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of the samples. As it is very well known, the electro-
spinnning is a fast drying process generally retarding
the development of crystallinity.39

The addition of AgNPs resulted in a slightly higher
crystallinity values than the addition of CNTs. Pristine
multi-walled CNTs we used in this study are reported
to be 60–100 nm in diameter and 5–15 mm in length on
the material data sheet and with the amine groups
attached onto their walls, they become bulkier after
amine functionalization. On the other hand, the size
of the silver nanoparticles, which is obtained with the
applied method, is reported to be between 40 and
100 nm in literature and also one of our previous stu-
dies.19,31 Thus, CNTs are bigger in size than AgNPs.
The bulky nature of CNT–NH2 structure might have
kept the polymer chains apart from each other and
inhibited the crystallization of PAN polymer chains.
When the polymer chains are unable to approach
each other, crystallization becomes difficult to achieve.
The highest crystalinity was obtained from the sample
of PAN–PANI–AgNO3.

Thermal analysis

DSC results of composite nanofibers in the range of
40–400�C are presented in Table 6. As can be seen
from Table 6, additives of PANI, AgNPs, and CNTs
generally resulted in an increase in cyclization tempera-
ture (Tc). Increased cyclization temperature means that
the cyclization reactions in the presence of additives such
as PANI, CNTs, and AgNPs require higher temperature
to take place, leading to more stable thermal structure.

As the nanofillers content increased from 1% to 3%,
the enthalpy was found to decrease. Higher amount of

nanofillers in the composite structure facilitates the
agglomeration tendency and this might have resulted
in a decrease in the cyclization energy. Although com-
posite nanofiber of PAN–PANI had the lowest cycliza-
tion energy, presence of PANI in composite structure
together with other additives such as AgNPs and CNTs
resulted in an increase in cyclization energy (�H),
which meant that the whole system required more
energy for cyclization.

The results presented in Table 6 demonstrated that
the presence of AgNPs increased the cyclization energy.
The contribution of AgNPs on the formation of crys-
talline structures arises from their ability to coordinate
with the nitrile groups of PAN. When Ag ions and
nitrogen atom of nitrile groups form coordination
bonds, the resulting structure is reported to contain
certain amount of graphitic structure as demonstrated
by Raman spectra.33 The presence of isolated graphite
structure in the presence of AgNPs might have caused
an increase in the cyclization energy (Table 6). The
reaction between Ag nanoparticles and nitrile groups
is likely to result, at room temperature, in the dehydro-
genation reactions causing the formation of C¼C
double bonds when Ag nanoparticles act as a catalyst
for such coordination reactions.

Antimicrobial efficiency

Antimicrobial efficiency test results of composite
nanofibers are presented in Table 7. According to
FTTS-FA-002 standard, samples with 99% or over
99% antimicrobial efficiency are called as antimicrobial
material.41

While pure PAN nanofiber does not show antimicro-
bial effect,42 most of the nanoparticles can have anti-
microbial effect due to their large surface area.43 CNTs
have weak antimicrobial properties,44 while AgNPs
show excellent antimicrobial properties. The amount

Table 6. Cyclization temperatures and enthalpy values of

nanofibers.

Samples Tc (�C) �H (j/g)

PAN-ref 303.40 437.7

PAN–PANI 330.62 293.2

PAN–1CNT 320.04 430.2

PAN–3CNT 324.54 273.3

PAN–PANI–1CNT 323.25 516.2

PAN–PANI–3CNT 304.32 349.7

PAN–1AgNO3–R 314.11 451.6

PAN–3AgNO3–R 321.83 339.0

PAN–PANI–1AgNO3–R 325.63 491.4

PAN–PANI–3AgNO3–R 322.26 459.4

PAN–1CNT–1AgNO3–R 322.48 457.3

PAN–PANI–1CNT–1AgNO3–R 325.43 518.4

Note: CNT: carbon nanotube; PANI: polyaniline; AgNO3: silver nitrate;

PAN: polyacrylonitrile.

Table 7. Antimicrobial efficiency of nanofibers.

Samples Antimicrobial efficiency

PAN ref �

PAN–PANI �

PAN–1CNT �

PAN–PANI–1CNT �

PAN–1AgNO3–R �

PAN–3AgNO3–R þ

PAN–PANI–1AgNO3–R þ

PAN–1CNT–1AgNO3–R þ

Note: CNT: carbon nanotube; PANI: polyaniline; AgNO3: silver nitrate;

PAN: polyacrylonitrile.

(�) Represent not enough antimicrobial activity; (þ) represent anti-

microbial activity.
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of antimicrobial active material in the sample is import-
ant for the antimicrobial efficiency. While nanofibers
with 1% AgNO3 was unable to provide enough anti-
microbial effect due to low concentration, nanofibers
with 3% AgNO3 provided sufficient antimicrobial
effect. PANI may also behave as antimicrobial material
due to its surface hydrophilicity, electrostatic adsorp-
tion between PANI and bacteria, higher molecular
weight, and direct contact between polymer material
and bacterial cells.43 Interactions between nanoparticles
and PANI provided better antimicrobial effect. Although
PANI or nanoparticles with low concentrations (PAN–
1CNT and PAN–1AgNO3–R) could not provide enough
antimicrobial effect,when theyare used together, the com-
posite material (PAN–PANI–1AgNO3–R and PAN–
1CNT–1AgNO3–R) gained antimicrobial properties due
to the synergistic effect of the additives.

The synergistic effect may be caused by the inter-
actions between the additives, which might have
formed during the preparation of the electrospinning
solutions and changed the morphology of the nanofi-
bers. For example, PANI is reported to be effective in
stabilizing particles against aggregation. Smaller
AgNPs having larger surface area would have given
higher bactericidal effect than larger AgNPs.43,45

Besides, the fiber structure becoming more porous
with the addition of different types of the additives
might have led to the higher release of the silver ions
resulting in higher antibacterial efficiency.

Conclusions

This study was carried out to determine what kind of
synergistic effect occurs when more than one additive
(CNT, AgNPs, PANI) was used together during the
production of composite nanofiber. While many
important results were explained in the Results and dis-
cussion section, some important conclusions have also
been pointed out in the following.

1. Increase in the amount and types of additives gener-
ally resulted in an increase in the diameter of nano-
fibers and decrease in mechanical strength.

2. Increase in the diameter of the samples with PANI is
higher than the others and samples containing
AgNPs have smaller diameter than the nanofibers
containing CNTs.

3. Samples containing AgNPs showed higher breaking
strength and electrical conductivity than the samples
containing CNTs whose electrical conductivity was
still in the range of antistatic materials compared to
insulator PAN reference.

4. All of the composite nanofiber samples showed
higher crystallinity than pure PAN nanofiber
(PAN-ref). Generally, PANI improved the

crystallinity more than the nanoparticles (CNT,
AgNPs) and AgNPs provided slightly higher crystal-
linity than CNTs.

5. As the nanofillers ratio increased from 1% to 3%,
the enthalpy for cyclization decreased; however, the
use of the additives (PANI, CNT, AgNPs) at low
concentration resulted in an increase in the tempera-
ture and enthalpy for cyclization compared to pure
PAN nanofiber (PAN-ref).

6. While no antimicrobial activity was observed at low
concentration of each of the additives (PANI, CNT,
AgNPs), the composite materials of PAN–PANI–
1AgNO3 and PAN–1CNT–1AgNO3 showed anti-
microbial properties due to the synergistic effect of
the additives.

When all the properties of the composite samples are
considered, it can be said that the composite PAN
nanofibers with 3wt% PANI and 1wt% AgNO3

(PAN–PANI–1AgNO3) generally presented better per-
formance compared to others, especially for electrical
conductivity (semiconductive material applications),
antimicrobial activity, mechanical strength, crystalliza-
tion, and thermal stability.
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