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Magnetic poly (acrylonitrile-co-acrylic acid) (PAN-co-AA) composite 
nanofibers with different proportions of magnetic nanoparticles (MNPs) 
were fabricated using electrospinning technique. Electrospinning 
conditions like polymeric concentration, applied voltage, feeding rate, 
working distance, and collector type were explored and optimized to 
produce ultrafine- uniform size and bead free nanofibers. Electrospun 
nanofibers were characterized by scanning electron microscopy (SEM), 
energy dispersive X-ray spectroscopy (EDX), Brunauer−Emmett−Teller 
(BET) isotherms, X-ray diffraction (XRD), fourier transform infrared 
spectroscopy (FTIR) and vibrating sample magnetometry (VSM). 
The optimum electrospinning conditions were obtained to be 12wt% 
concentration, 20 kV voltages, 20 cm tips to collector distance and 0.5 
mL/h flow rate. At the optimal operating condition the nanofibers diameter 
dropped from 359 nm to 74 nm and the specific surface area increased 
to 12.09 m2g-1  with respect to  MNPs content (0 to 40 wt. %). Also, the 
magnetic property of magnetic nanofibers facilitated the separation 
of solid phase much easier than nonmagnetic nanofiber. 

INTRODUCTION
Electrospinning is an efficient method for the 

production of nonwoven nanofibers ranging 
from 5 to 500 nm in diameter [1]. Due to their 
large surface area to volume ratio and types of 
morphology,  nanofibers have been extensively 
used in various areas [2-8].

The morphology and surface properties of 
electrospun nanofibers are affected by several 
factors including solution properties (polymer 
concentration, solvent type, viscosity and 
conductivity), presence of nanoparticles in 
polymeric solution, electrospinning conditions 
(applied voltage, feeding rate and distance 

between capillary tip and collector type), and 
ambient conditions (temperature and relative 
humidity), many research groups have examined 
the role of these conditions in nanofiber structures 
[9]. 

Recently, PAN-co-AA has been the subject of 
growing attention in fiber preparation [10] (Table 
S1, supplementary file). Some specifications 
of this copolymer such as, ease of production, 
solubility in inexpensive solvents, insolubility in 
water, high capacity for pollutants adsorption 
(caused by carbonyl (C≡N) and carboxyl groups 
(C=O) on their surface), high biocompatibility, and 
pH sensitivity, have led to many studies about the 
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PAN-co-AA nanofibers [11-12]. For example, Guo 
et al. [13] showed that the mean diameter of 
PAN nanofibers was raised by increasing of PAN 
concentration solution and applied voltage. Zhi-
Kang Xu et al. [14] found that an increase in the 
polymeric concentration of PAN-co-AA, led to 
the change in the shape of beads from spherical 
to spindle-like structures. The results about the 
effect of nanoparticles on nanofibers structures 
are heterogeneous. Zhou et al. [15] showed 
that the size and smoothness of the pure PAN 
nanofibers changed slightly with a rise in the FeCl2 
content. Also, it was found that the roughness 
of PAN-co-AA nanofiber can be changed into 
smoothness in the presence of carbon nanotube 
[16]. Also, it was found that these effects are 
caused by the competition between the solution 
viscosity and the electrical conductivity. However, 
Kim et al. [10] and Bayat et al. [17] suggested that 
fiber morphology of PAN did not change in the 
absence and presence of carbon quantum dots 
and Fe3O4 nanoparticles, respectively. Wei [18] 
revealed that the addition of Fe3O4 nanoparticles 
increased the thickness of electrospun fibers. 

In the present study, the effects of 
electrospinning conditions such as polymeric 
concentration, applied voltage, feeding rate, 
working distance and collector type were  
investigated on the morphological appearance 
of magnetic PAN-co-AA (with molecular weight 
of 131,000 g/mol) for  the first time. Ultrafine- 
uniform size and bead free nanofibers were 
prepared on the optimum conditions: 12wt% 
concentration, 20 kV voltages, 20 cm tips to 
collector distance and 0.5 mL/h flow rate. At the 
optimal operating conditions for electrospinning, 
the role of MNPs content on the nanofibers 
diameter and specific surface area were explored. 
It was shown for the first time that, when the 
Fe3O4 mass proportion was increased from 0 to 40 
wt. %, the fiber diameter dropped from 359 nm 
to 74 nm and the specific surface area increased 
from 9.66 m2.g-1 to12.09 m2.g-1. 

MATERIALS AND METHODS
Anhydrous ferric chloride (FeCl3), anhydrous 

sodium acetate (CH3COONa), α,α′-azobisisob-
utyronitrile (AIBN), diethylene glycol (DEG), 
dimethylformamide (DMF), dimethyl sulfoxide 
(DMSO), acrylonitrile (AN) and acrylic acid (AA) 
were of analytical grade and purchased from 
Merck Co., Germany. AIBN was purified by 

recrystallization of methanol. Other materials 
were used as received without further treatment. 
Mili-Q water was used with a minimum resistivity 
of 18.2 MΩ.cm-1.

Synthesis of PAN-co-AA 
Poly (AN- AA) copolymers were synthesized 

by radical copolymerization in DMSO in the 
presence of AIBN as follows [19]. AN and AA 
(mass ratio of 4:1) were dissolved in DMSO 
with a total monomer to DMSO mass ratio of 
4:11. The initiator, AIBN was added to the mixed 
solution with a weight ratio of 1:450 to the 
total monomers. After exposing the solution to 
nitrogen for 1h, polymerization was carried out 
in an airtight device at 60°C for 6 h. After the 
reaction, the viscous mixture was progressively 
added to a large quantity of water to precipitate 
the crude copolymer. Subsequently, it was washed 
several times with water and finally soaked in 
methanol to remove the residual monomers 
and initiators completely. The final copolymer 
was dried at 60° C in a vacuum oven for 72 h 
(with 78.63% efficiency). The intrinsic viscosity 
of 0.5 wt.% copolymer in DMF was determined 
by Ubbelodhe-type viscometer at 30˚C [20-21]. 
The copolymer molecular weight was estimated 
according the following equation (Eq. (1)) for PAN 
in DMF at 30 ˚C [20].

[ ] ( )5 0.7520.9 10  / vdl g Mµ −= ×                                    (1)

Preparation of electrospinning solution
Fe3O4 nanoparticles (NPs) were synthesized with 

solvothermal approach [23-24]. A specific amount 
of the as-prepared Fe3O4 NPs was ultrasonically 
dispersed into DMF for 60 min. Copolymer was 
dissolved in DMF at 60°C overnight. Then, Fe3O4- 
DMF solution was introduced to the polymeric 
solution to produce a final solution with Fe3O4 
mass ratios of 0%, 10%, 25% and 40% respectively 
(Table 1). Then, the magnetic-polymeric solution 
was also sonicated for 2h at room temperature.

Electrospun nanofibers preparation
The electrospinning setup for nanofiber 

fabrication consists of a high-voltage power 
supply. A plate (5×5 cm2) and a rotating drum 
(5-cm height and 5-cm diameter) were used as 
the collector for fabricating aligned and random 
ultrafine fibers. The viscous fluid was added 
with a syringe (10 mL) using a stainless steel 
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spinneret (inner diameter of 0.72 mm), which 
was connected to the positive electrode of a high-
voltage power supply. The negative electrode of 
the high-voltage power supply was attached to the 
collector. All experiments were performed at room 
temperature, with an ambient humidity of 23% to 
45% (the humidity percentage was recorded by 
sensor which was installed in the electrospinning 
device). Finally, the obtained nanofibers was dried 
overnight in the vacuum oven at 60°C. 

Instrumentation
Intrinsic viscosity [η] of copolymers was 

measured in the DMF solution using an 
Ubbelohde. To investigate the surface morphology 
and size of electrospun fibers, the fibrous scaffolds 
were sputter-coated with gold and visualized with 
a field emission scanning electron microscope 
(FESEM, XL-300). SEM images were analyzed using 
Image J software. The average fiber diameter and 
fiber orientation were calculated for 300 fibers 
randomly. The elemental analysis was undertaken 
by an energy-dispersive X-ray spectrometer (EDX, 
Oxford Instruments) attached to the SEM. The 
crystalline-phase compositions of samples were 
identified by an x-ray powder diffractometric 
(XRD, Bruker, D8 FOCUS) with Cu Ka radiation. 
The brunauer–emmett–teller (BET) surface area 
of the sample was analyzed using a Micromeritics 
ASAP 2020 nitrogen adsorption apparatus. The 
functional groups in the composited fibers were 
identified by Fourier transform infrared (FTIR) 
spectroscopy using a thermo scientific nicolet iN10 
spectrometer (thermo fisher scientific, waltham, 
MA, USA).The magnetic property of the samples 
was investigated using VSM (Vibrating sample 
magnetometer, Leckeshore model).

RESULTS AND DISCUSSION 
The presence of willow in electrospun mat 

nanofiber and its low surface area can reduce the 
effectiveness of fibers [22]. Thus, to achieve fibers 
with the minimum diameter, maximum surface 
area and non- woven format, the electro-spinning 
parameters were examined in this article.

For preparation of bead free nanofiber with 
minimum diameter, we have to examine all 
parameters classified in the introduction section. 
The optimum electrospinning variables were 
selected for adding nanoparticles and also their 
role in mats structures were investigated.

Effect of copolymer concentration 
All polymeric solution (from 1- 20 wt. %) 

prepared for electrospinning process are shown in 
Table 1. The polymeric solution with 1 and 20 wt. % 
were not suitable for fabrication of fibers because 
very dilute solution (1 wt. %) dripped from the tip 
of syringe and the concentrated solution (20 wt. 
%) could not pass through the needle. The SEM 
micrographs of pure polymer nanofibers with 4, 6, 
8, 12 and 15 wt. % concentrations are shown in 
Fig. 1. 

As shown in this Figure, the nanofibers at 4 wt. 
% exhibited a mixture of beads and fibers along 
with thin fibers (mean diameter of 111 nm). These 
images show numerous nano-sized to micro-sized 
fibers which were woven (20-400 nm) along the 
electrospun nanofibers axis. An increase in the 
concentration of polymeric solution (6 and 8 wt. 
%) led to the enlarged diameter of fibers and 
reduced the number of willows. By increasing 
concentration up to 12 wt % PAN-co-AA, smooth, 
uniform, continuous and bead-free nanofibers 
with a mean diameter of 390 nm were fabricated 

Spinning name Mass of 
polymer (g) 

Mass of DMF for 
polymer dissolved (g) 

Mass of 
MNPs (g) 

Mass of DMF for 
dispersed MNPs (g) 

Total mass of 
DMF (g) 

1wt. %-0% 0.10 10 - - 10 
4wt. %-0% 0.42 10 - - 10 
6wt. %-0% 0.64 10 - - 10 
8wt. %-0% 0.87 10 - - 10 

12wt. %-0% 1.36 10 - - 10 
15wt. %-0% 1.76 10 - - 10 
20wt. %-0% 2.50 10 - - 10 
12wt. %-10% 1.36 5 0.136 5 10 
12wt. %-25% 1.36 5 0.34 5 10 
12wt. %-40% 1.36 5 0.544 5 10 

 

Table 1. Electrospinning solution
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(Figs 1g and 1h). The further rise of copolymer 
concentration to 15 wt. % led to the formation of 
fibers of greater thickness (424 nm) and regularity 
(Fig. S1). This confirmed the chain entanglements 
in the polymer solution. It was found that for bead-

free and continuous fibers deposit on the collector, 
a critical viscosity (µc) was required [25]. In each 
dilute solution (1 wt. %) the viscosity was so low 
that bead was only formed on the collector. When 
the viscosity of polymeric solution reached critical 

 

  

 

Fig. 1. SEM images and fiber diameter distributions of PAN-co-AA  nanofibers at 15kv, distance between nozzle-collector of 200 mm, 
flow rate of 2 mL/h, with different solution concentrations: (a and b) 4 wt.%, (c and d) 6wt.%, (e and f) 8 wt.%, (g and h) 12 wt.%, 

and (i and j) 15 wt.%.



305J Nanostruct 9(2): 301-315, Spring 2019

T. Sabzroo et al. / Electrospinning of Magnetic Poly (acrylonitrile- co- acrylic acid) Nanofibers

viscosity, the fiber was fabricated and the number 
of beads declined. As shown in SEM images, by 
increasing the copolymer concentration, the mean 
fiber diameter increased (a concentration of 4 wt. 
% yields fibers of 111± 189 nm, 6 wt. % produces 
fibers of 127± 69 nm, and 8 wt.%, 12 wt.% and 

15 wt.% generate fibers of 135 ± 45, 390± 70 and 
424± 74 nm, respectively.

Since non-woven and relatively regular fibers 
were achieved in concentrations of 12%, this 
level of concentration was selected for further 
study.

 
Fig. 2. SEM images and fiber diameter distributions of PAN-co-AA  nanofibers at 12wt. %, nozzle-collector of 200 mm, flow rate of  2 

mL/h, with different applied voltage: (a and b) 8 kv, (c and d) 10 kv, (e and f) 15 kv, (g and h) 20 kv, and (i and j) 25 kv.
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Effect of applied voltage  
Applied voltage is a crucial parameter in 

fabrication of electrospun fibers. For stable 
“Taylor cone” at the needle end and formation of 
smooth, uniform and continuous nanofiber, this 
parameter must be optimum. The researchers 
disagree regarding the effect of voltage on fiber 
structure. For instance, Zhang et al. reported 
that PAN fiber diameter increased from 153 to 
300 nm with raising applied voltage from 10 to 
20 kV [20]. Lanceros et al. [26] showed that PLLA 
(Poly (L-lactide acid)) diameter dropped when the 
voltage was raised from 12 to 20 kV and increased 
at higher voltages (>20kV). As the applied voltage 
and its effect on fiber structure are a function 
of the type of polymer, the effect of voltage on 
formation of electrospun nanofiber was studied. 
For this purpose, the applied voltage was changed 
from 8 to 25 kV. The SEM images and fiber diameter 
distributions of the nanofibers are shown in Fig. 2. 

Generally, the electrical field strength is 
reinforced proportional to the increased applied 
voltage, which leads to the augmented electrostatic 
repulsive force on the fluid jet, while the surface 
tension remains constant. Furthermore, at high 
voltage, the solution is quickly evaporated from the 
needle tip and the flight time is reduced. Thus, the 
polymeric jet do not have sufficient time to align 
themselves, and therefore broader distribution in 
terms of nanofiber diameter and bead formation 
in the fiber are required. In our case, a narrow 
distribution of nanofiber diameters was obtained 
at lower voltages (8 to 20 kV), due to higher flight 
time of the fiber to collector plate. The mean fiber 
diameter dropped from 536, 503, 390 and 361 nm 
to 354 nm when the applied voltage was increased 
from 8, 10, 15, 20 to 25 kV, respectively (Figs. 2, 
and S2). As can be seen in these figures, nanofibers 
have smooth morphology with no beads at low 
voltage (< 20kV), but at high voltage, some beads 
were formed into the fiber. To produce nonwoven 
fibers at 20 kV, this applied voltage was selected 
for further experiments.

Effect of flow rate 
SEM micrographs of nanofibers prepared 

by varying feed rate from 0.5 to 2.5 mL/h are 
shown in Fig. 3. In the flow rate of 0.5 mL/h, 
thinner nanofibers with broad distribution (about 
50-700 nm) were observed. However, narrow 
distribution diameters (about 550-750 nm) and 

thicker nanofibers were found at higher flow rate 
(2.5 mL/h). In fact, the volume charge density 
is a variable of feeding rate, especially at higher 
polymeric jets, so that with intensified instability, 
a narrow diameter distribution was observed 
(Fig. S3). In higher feeding rates, the solvent 
has no time for evaporation and fibers are been 
stretched completely. As a result, a thicker fiber 
is obtained, and fibers are combined to form 
bead structures. On the contrary, at low feeding 
rates, due to instability of polymeric jet, bead is 
observed in fiber morphology. These results have 
been reported in other studies as well [26-27]. In 
our case, the mean fiber diameter increased from 
225, 336, 359, 361 nm, to 399 nm when feed rate 
was raised from 0.5, 1, 1.5, 2 mL/h, to 2.5 mL/h, 
respectively (Figs. 3 and S3). Due to production 
of nonwoven fibers at the feed rate of 1.5 mL/h, 
this level of feeding rate was selected for further 
experiments.

Effect of distance between spinner and collector 
It was found that the spinning process was 

also closely related to the evaporation rate of the 
solvent [28]. Varying nozzle-collector distances 
can influence fiber morphology by changing the 
flight time of liquid jet [25]. Fig. 4 shows fibers 
fabricated with a working distance at the range 
of 80 to 250 mm. When spinner and collector are 
distanced at a range of 80 and 100 mm, thicker 
and flatter fibers with some beads are produced. 
Also, a broader distribution fiber diameters was 
observed. On the other hand, by increasing the 
distance from 100 mm to 250 mm, cylindrical, 
straight and uniform nanofibers were fabricated 
(Fig. S4). Generally, at lower distances, the solvent 
is not evaporated completely and jet instability 
increases due to the higher supply of electric 
voltage. Therefore, by increasing the distance 
between spinner and collector, uniform and 
thinner fiber can be fabricated [29]. However, 
due to the relative decline of applied voltage at 
very high distance between tip and collector, 
some beads appeared in the nanofiber structure 
(Fig. 4). The thinner fibers were formed at long 
distances, but there was an optimum distance to 
obtain suitable fibers. The mean fiber diameters 
were 450, 427, 413, 359 and 301 nm, when the 
nozzle-collector distances were 80, 100, 150, 200 
and 250 mm, respectively (Figs 4 and S4). For the 
production of bead free and cylindrical nanofiber, 
200 mm was selected for further experiments.



307J Nanostruct 9(2): 301-315, Spring 2019

T. Sabzroo et al. / Electrospinning of Magnetic Poly (acrylonitrile- co- acrylic acid) Nanofibers

Effect of collector type and rotation speed
There are different collectors used for 

fabrication of nanofibers such as plane plate, 
drum rotatory, grid type, edge type and wire 
screen [23]. Schima. [30] introduced auxiliary 
electrodes behind the target to control the width 

of deposited and aligned fibers. In addition, it 
was shown that fibers could be aligned in the 
gap between two collecting electrodes. Han et al. 
[21] studied the effect of collector type on fiber 
morphology, finding that collector type affected 
on the fiber angle without any significant effect on 

 
Fig. 3. SEM images and fiber diameter distributions of PAN-co-AA nanofibers at 12wt. %, applied voltage of 20kv, nozzle-collector of 
200 mm, with different applied voltage: (a and b) 0.5mL/h, (c and d) 1 mL/h, (e and f) 1.5 mL/h, (g and h)2 mL/h, and (i and j) 2.5 mL/h
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fiber diameter. Fig. 5. shows morphology, diameter 
and angle distribution of nanostructured mats, 
which were obtained using the plate (5×5 cm) and 
rotating drum (5-cm height, 5-cm diameter) at 
different rotating speeds. As expected that plane 
plate collector produced randomly oriented fiber 

with some mini jets and fibers on drum rotary 
collectors were oriented along the same axis. It 
was expected that fibers with smaller diameter 
emerge on the drum collector due to greater 
solvent evaporation, but instead fibers with 
larger diameter were fabricated. It was suggested 

 Fig. 4. SEM images and fiber diameter distributions of PAN-co-AA nanofibers at 12wt. %, applied voltage of 20kv, feeding rate of 1.5 
mL/h, applied voltage at 20 kv, with different working distance: (a and b) 80 mm, (c and d) 100 mm, (e and f) 150 mm, (g and h)200 

mm, and (i and j) 250 mm.
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that divide applied voltage into bigger surface in 
comparison to the plane plate collector led to the 
production of fibers with larger diameters. This is 
consistent with the results reported by previous 
researchers [31]. Furthermore, in extremely 
low rotating speed of the collector, the fibers 

alignment cannot be initialized, and fibers cause 
fractures at an extreme rotating velocity [32]. 
The mean fiber diameter dropped from 359, 666, 
643, and 433 nm to 435 nm, respectively, when 
the rotational speed was raised from 0 (plate 
collector), 500, 1000, 1500 rpm to 2000 rpm 

 

 

  

 

Fig. 5. SEM images and fiber diameter distributions of PAN-co-AA nanofibers at 12wt. %, applied voltage of 20kv, feeding rate of 1.5 
mL/h, applied voltage at 20 kv, working distance of 200 mm with different collector type and rotating speed: (a and b) plate 0 rpm, 

drum (c and d) 500 rpm, (e and f) 1000 rpm, (g and h) 1500 rpm, and (i and j) 2000 rpm.
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Fig. 6. SEM image and average diameter of magnetic nanoparticles.

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

Fig. 7. SEM images, fiber diameter distributions and snapshot of PAN-co-AA/ Fe3O4 magnetic nanofibers at 12wt. %, applied voltage 
of 20kv, feeding rate of 1.5 mL/h, applied voltage at 20 kv, working distance 200 mm at plate, with different mass ratio of MNPs: (a 

) 10 wt. % , (b) 25 wt. %, and (c) 40 wt. %.

(drum collector) (Figs.5 and S5). With an increase 
in the rotational speed, the electrical force exerted 
on the solution rose significantly, while the surface 
tension remained constant. Hence, lower fiber 
diameter was obtained when the rotational speed 
was increased. Also, at high rotating rate of the 
rotating drum, the smallest fiber was produced, 
but due to low density, the plate was selected for 
further study.

Under optimum electrospinning conditions 
(polymeric concentration of 12 wt. %, applied 

voltage of 20kV, feed rate of 1.5 mL/h, tip to 
collector of 200 mm and plan plate for collector 
type), nonwoven nanofibers with a fiber diameter 
of 360 nm and a surface area of 9.66 m2.g-1 were 
produced.

Magnetic nanoparticles effect
The morphology of magnetite particles is 

shown in Fig. 6. According to the results of SEM, 
uniform and monodispersed spherical magnetic 
nanoparticles with a mean diameter of about 390 
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nm were obtained. 
According to Figs. 7 and S6, by increasing 

magnetic nanoparticles in the polymeric matrix, 
the fiber diameter was significantly reduced. 
The mean fiber diameter dropped from 359 nm 
to 165, 139 and 74 nm, respectively, when the 
magnetic nanoparticles were increased from 0 
to 10, 25, and 40 wt. % (mass ratio of Fe3O4 to 
polymer). It is assumed that diameter reduction is 
related to the change of properties of polymeric 
solution such as viscosity, surface tension and 
conductivity. Also, as shown in Figs. 7 and S6, 
a narrow diameter distribution was observed 
with an increase of MNPs in the fiber matrix. 
EDX images (Fig. 7) confirm the existence of 
magnetic nanoparticles. Furthermore, as shown in 
optical images (Fig. 7), the color of mats changed 
from white to black when the content of Fe3O4 
nanoparticles in composites increased from 0 to 
40 wt.%. This result attributed that, incorporation 
of MNPs greatly improved mechanical properties 
of the nanofibers like tensile strength, yield 
strength, elastic modulus and elongation [33]. In 
fact, the amount of MNPs has a significant role 
in the enhancement of mechanical properties, in 
other words, addition of optimum value of MNPs, 
(this value is dependent to the type of polymer 
matrix and the nanoparticle) can increase the 
tensile strength and Young’s modulus, and then , 
further increase in the MNPs concentration lead 
to decrease in  mechanical properties.

The surface area of magnetic nanofibers (MNFs) 
(at 40 wt. %) and nanofibers (NFs) were measured 
by BET surface area analysis and they were 
obtained 12.09 and 9.66 m2 g-1, respectively (Fig.
S7). According to Wang et al. [34], the reduction 
in nanofiber diameters resulted in increase in 
the nanofiber surface area by a magnification of 
nanofiber diameters ratio (S2/S1= r1/r2 ) S and r 
are surface area and diameter, respectively). But, 
it seems that there is not an exact inverse equation 
between surface area and diameter of nanofibres 
if the specific surface area of nanofibers calculate 
from nitrogen absorption/desorption isotherms, 
BET Isotherms. Eichhorn et al [35], showed that 
the specific surface area of a fiber network to be 
overwhelmingly influence by the fraction of the 
total fiber surface which is in contact with other 
fibers. They showed that the specific surface area 
of a network, Sn, is: (1 )n fS S= −Φ

 
 In this relation Sf is the specific surface area 

of a fiber (m2/g) and Φ  determine the fractional 
contact area of a network. Accordingly, the specific 
surface area of nanofibers network, which is used 
in BET test, is lower than the specific area of a 
nanofiber. 

XRD analysis
The crystal structures of Fe3O4 nanoparticles, 

copolymer powder and MNFs (0, 10 and 40 w % 
of MNPs) were collected (Fig. 8). Based on the XRD 

 

 

 

 

  

 

 

 

 

 

 

 

Fig. 8. XRD patterns of the as received (a) magnetic nanoparticles, (b) PANcoAA powder, (c) pure PANcoAA nanofibers, (c), and 
magnetic nanofibers (d) 10 wt. % and (e) 40 wt. %.

https://www.ncbi.nlm.nih.gov/pubmed/?term=Eichhorn SJ%5BAuthor%5D&cauthor=true&cauthor_uid=19812071
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pattern of MNPs (Fig. 8a), the XRD peaks can be 
indexed to (111), (220), (311), (400), (422), (511), 
(440), (533), and (642) at 2θ values of 18.2°, 29.5°, 
35.5°, 43.3°, 46.8°, 57.1°, 62.3°, 74.4°, and 85.5° for 
the face center cubic magnetite (Fe3O4) structure 
in accordance with ICDD card of Fe3O4 (ICDD-01-
089-0951, space group Fd-3m, a=b=c= 8.49 Å) 
[33]. In the case of PAN –co-AA powder (Fig. 8b), 
the peaks at 2θ value of 17° and 29° corresponded 
to (100) and (110) plane of PAN and 16.5° for 
the plane of poly acrylic acid [25]. These results 
suggest that copolymer was fabricated properly. 
In the case of electrospun PAN –co-AA nanofibers 
(Fig. 8c), (100) and (110) phase of PAN shown at 2θ 
= 17° and 29°, but the XRD peak corresponded to 
PAA shifted to 2θ = 21°[36-37]. Also, the increased 
intensity of peaks after spinning process indicated 
that the electrospinning process enhanced the 
degree of crystallinity. The enhancement in 
crystallinity was due to the stretching effect of 
the applied voltage [36]. From the XRD pattern of 
magnetic nanofiber with 10 wt. % of MNPs (Fig. 
8d), it was observed that peaks at 2θ =17° (100) 
and 29° (110) corresponded to PAN segment, and 
2θ =16° corresponded to PAA segment. Also, XRD 
peaks corresponded to the existence of MNPs on 
MNFs surface were indicated at 2θ =17.05° (111), 
29.45° (220), 34.1 (311). However, as can be seen 

from the spectrum of MNFs with 40 wt. % of 
MNPs (Fig. 8e), the main characteristic peaks of 
PAN and PAA are at 2θ=17° and 30° and 2θ =21.7°, 
respectively. Moreover, the characteristic peaks of 
MNPs can be observed in the XRD pattern of MNFs 
at 2θ =17 ° (111), 30.1° (220), 35 (311). Thus, Figs. 
8d and 8e confirm the existence of MNPs in the 
magnetic PAN –co-PAA electrospun nanofibers.

FTIR analysis
FT-IR spectra of the PAN-co-AA powder, Fe3O4 

nanoparticles and magnetic nanofibers (40 wt. 
%) are depicted in Fig. S8, and the corresponding 
functional groups and their absorption wave 
numbers are listed in Table S2. In Fe3O4 
nanoparticles spectra (Fig. S8a), the characteristic 
absorption bands of O-H are shown by the 
stretching frequency bands at 3419 cm-1, which is 
consistent with functionalization of nanoparticles 
[36]. Magnetite nanoparticles were synthesized 
in the DEG media. The DEG molecules interacted 
with Fe3O4 surface via its C -O -C groups and the 
corresponding peak appears at 1087 cm-1 [38]. 
Distinct peaks appeared at 586 and 447 cm−1 can 
be assigned to the stretching vibration of Fe-O-
Fe and M-O bands [39]. In the case of PAN-co-AA 
copolymer (Fig. S8b), the peaks at 2242 cm-1 and 
1718 cm-1 indicate the characteristic bands of C≡N 

 

 Fig. 9. Hysteresis loops of (a) Fe3O4 nanoparticles and (b) PAN-co-AA (40 wt%) / Fe3O4 composites nanofibers at room temperature.
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in AN segment and C=O in AA segment, respectively 
[40]. No peak related to C=C stretching vibration 
absorption around 1600 cm−1 was observed, 
indicating that none of AA and AN monomers 
remained in copolymers and copolymer was 
washed properly [41]. In the case of magnetic 
nanofibers (Fig. S8c), total characteristic peaks of 
magnetic nanoparticles can be observed in the 
magnetic nanofibers, thereby demonstrating the 
successful incorporation of Fe3O4 NPs in/on the 
nanofibers. With the exception of Fe-O- Fe peak 
(at 586 cm-1), no additional bands appeared in the 
FT-IR spectra of magnetic nanofibers. These results 
indicate that the molecular structure of copolymers 
maintains constant after electrospinning with 
Fe3O4 nanoparticles.

Magnetic properties
The plots of magnetization versus magnetic 

field (M–H loop) of magnetic nanoparticles 
and magnetic nanofibers (40 wt. %) at room 
temperature are illustrated in Fig. 9. 

Both samples exhibit a superparamagnetic 
behavior at room temperature. The magnetization 
versus field (M–H) shows no coercivity. The hysteresis 
loop in the single domain is disappearing when the 
particle size becomes so small that the maximum 
anisotropy energy approaches to the thermal energy. 
Under this condition the ferro or ferrimagnetism 
called ‘‘superparamagnetism’’ as it does not present 
any hysteresis in M–H graph [42-43]. 

The saturation magnetization (Ms), remnant 
magnetization (Mr), coercivity (Hc), and Mr/
Ms ratio were estimated at 52.52 emu.g-1, 1.33 
emu.g-1, 14.65 Oe, and 0.0253, for naked magnetic 
nanoparticles, and 3.64 emu.g-1, 0.0918 emu.g-1, 
21.67 Oe, and 0.0252 for magnetic nanofibers, 
respectively. The decline in Ms value of MNFs is 
most likely attributed to the MNPs surrounded 
with polymer [44]. However, as shown in Fig. 9, 
it is still sufficient for magnetic separation by a 
conventional magnet.

This magnetic nanofibers, due to desirable 
properties such as high surface area, high magnetic 
properties and presence of carbonyl and carboxyl 
groups on their surface, can be used effectively 
in adsorption, separation (nanofiltaration), solid 
phase extraction, etc. 

CONCLUSION 
In conclusion, the ultrafine of PAN-co-AA/ 

Fe3O4 composite nanofibers were fabricated 

using electrospinning technique. To achieve bead-
free nanofibers with minimum fiber diameter, 
the effects of electrospinning parameters on 
fiber morphology were studied. The optimum 
electrospinning conditions were obtained as 
follows: polymeric concentration of 12 wt. %, 
applied voltage of 20 kV, flow rate of.5 mL/ h 
and working distance of 200 mm. Also, flat plate 
collector was used to produce thinner fiber. When 
the Fe3O4 mass proportion was increased from 0 
to 40 wt. %, the fiber diameter dropped from 359 
nm to 74 nm. The surface area of MNFs at 0 and 
40 wt. % was 9.66 and 12.09 m2.g-1, respectively. 
The magnetic properties of nanofibers was about 
3.6 emu.g-1, but according to the results, the 
magnetism is sufficient to carry out separation. 
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