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ABSTRACT: Polyacrylonitrile (PAN)/Fe3O4 composite
nanofibers were prepared via the electrospinning of the
PAN spinning solutions with magnetite Fe3O4 nanopar-
ticles. The experimental results showed that the morphol-
ogy and diameter of the nanofibers strongly depended
upon concentrations of PAN and salt additives in the
spinning solutions. A suitable PAN concentration and
LiCl additives could effectively prevent the occurrence of
beads in the electrospinning process and affected the

diameters of the electrospun nanofibers. The breaking
strength and breaking strain decreased when the magne-
tite Fe3O4 nanoparticles were incorporated. The prepared
PAN/Fe3O4 nanofibers were superparamagnetic at room
temperature. VC 2009 Wiley Periodicals, Inc. J Appl Polym Sci
115: 1781–1786, 2010
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INTRODUCTION

Magnetic fibers have many applications such as
magnetic paper, health-care cloth, and magnetic fil-
ters. Traditionally, magnetic fibers have been pro-
duced by coating magnetite particles on the surface
of the fibers.1–3 However, the magnetization of these
products was not high enough for magnetic applica-
tion because of small amounts of magnetite particles
coated on the surface. Moreover, the magnetization
would weaken as a result of the losses of magnetite
particles after post treatments such as washing, heat
setting and knitting. To obtain a magnetic fiber with
higher magnetization and higher tolerance to wash-
ing, people proposed to incorporate the magnetic
particles into a polymeric fiber matrix directly. In
this case, the size of the magnetic particles should be
very small to get a continuous spinning process.
Recently, magnetic nanoparticels have been exten-

sively used as the fillers to prepare the superfine
magnetic composite fibers because of their high
processability, versatility, and lower cost.4–7

Electrospinning is a highly versatile method to
process solutions or melts into an interconnected
membrane-like web of superfine fibers with a diam-
eter ranging from a few micrometers to a few nano-
meters.8–10 Because of the large surface areas and
small pore sizes in comparison with commercial tex-
tiles,11–13 the nonwoven mats composed of electro-
spun fibers have become excellent candidates for
applications in filtration,10,14 biomedical films,15,16

and scaffolds for tissue engineering.17 This novel
fiber-spinning technique provides the capacity to
blend a variety of types of polymers and magnetic
nanoparticles to produce superfine magnetic com-
posite fibers. In the past few years, electrospun poly-
mer-based composite nanofibers containing magnetic
nanoparticles have been described, for example,
poly(F-caprolactone)/FePt,18 poly(hydroxyethylme-
thacrylate)/Fe3O4 (or poly-L-lactide/ Fe3O4),

19 poly-
methylmethacrylate/Fe3O4,

20 polyaniline/Fe3O4,
21

and poly(ethylene oxide)/Fe3O4.
22 But the prepara-

tion of magnetic polymer-based nanofibers from a
broad range of polymers with specific magnetic and
mechanical properties is still a challenge. And the
ability to electrospin the various polymer/magnetite
has not been systematically studied.
Here, we describe the formation of magnetic

polyacrylonitrile (PAN) nanofibers containing super-
paramagnetic nanoparticles (Fe3O4) via electrospin-
ning. The effects of PAN concentrations of spinning
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solutions and salt additives on the diameter and
morphology of the electrospun nanofibers were
studied in detail. The magnetic and mechanical
properties of these nanofibers were also
characterized.

EXPERIMENTAL

Materials

Poly(acrylonitrile) (PAN, Mg: 48,000) was supplied
by Sinopec Shanghai Petrochemical (shanghai,
China). All other materials such as N,N-Dimethyla-
cetamide (DMAC) and sodium dodecyl benzene sul-
fonate were purchased from Shanghai Chemical
Reagents. LiCl was purchased from Pinjiang Chemi-
cal. All chemicals were used directly without further
purification.

Preparation of spinning solutions

Fe3O4 nanoparticles were synthesized in our lab
using chemical co-precipitation method.23,24 In a typ-
ical experiment, FeCl3.6H2O (2.5 g) and FeSO4.7H2O
(1.7 g) were dissolved in 75 mL of deionized water.
A total of 40 mL of 2M NaOH was added drop-wise
to the mixture solution at 60�C. Then, the tempera-
ture was increased to 80�C followed by adding 10
mL of sodium oleic acid within 10 min. After that,
10 mL of polyethylene glycol was added and the
reaction was kept at 40�C for 15 min. The particles
were obtained by filtering, washing, and drying. The
Fe3O4 nanoparticle-dispersed DMAC solution was
prepared by dispersing the desired amount of as-
synthesized Fe3O4 nanoparticles in DMAC solvent
with 30 min sonication. The various concentrations
of PAN/Fe3O4 nanoparticle solutions were then pre-
pared by adding the desired amount of PAN pow-
ders directly to the Fe3O4 nanoparticle-dispersed
DMAC solution prepared as described earlier. The
solutions were stirred vigorously for at least 1 h at
80�C in order to obtain homogeneous solutions.
LiCl, as a salt additive, with a weight concentration
from 1 to 4 wt % was added into the spinning solu-
tions with vigorously stirring. The weight ratio of
Fe3O4 and PAN was set to 3 : 97 in which case the
electrospinning had a relative good efficiency.

Electrospinning experiments

The electrospinning apparatus used was similar to
that described by Shin et al.25 Briefly, the solution
was pumped at a constant flow rate by a syringe
pump to a stainless steel capillary with inner diame-
ter of 1mm located in the center of the upper alumi-
num disk. The capillary tube, also acting as an elec-
trode, was connected to an electrical potential of 50

kV relative to a ground electrode by a high-voltage
power supply (purchased from shanghai Shengfa
Detection Instrument). To obtain a stable jet, the
electrical voltage, solution flow rate, and the dis-
tance between the upper and lower aluminum plates
were set to be 50 kV, 3.2 mL/h and 7 cm, respec-
tively. After evaporation of the solvents from the jet
stream, the composite nanofibers of PAN/Fe3O4

were produced and the resulting nonwoven fiber
mat was collected. All electrospinning experiments
were performed at room temperature.

Measurement and characterization

Viscosity was measured on an ARES-rheometer (TA
Instruments) at 25�C. The conductivity was meas-
ured using a DDS-11A/C conductivity meter. The
deviations from the mean of the measured viscosity
and conductivity were about 5% and 9%, respec-
tively. The images of the electrospun fibers were
obtained using a JSM-5600LV scanning electron mi-
croscopy (SEM), and the diameters of the produced
fibers were determined by measuring 20 randomly
selected fibers for each sample. Specimens for SEM
were prepared by direct deposition of the electro-
spun nanofibers on an aluminum foil and sputter-
coating with gold using a Desk II cold sputter/etch
unit (Denton Vacuum LLC, NJ). Transmission elec-
tron microscopy (TEM, Hitachi H-800) was used to
study the morphology and estimate the average
sizes of the nanoparticles. The magnetic properties
of Fe3O4 nanoparticles and PAN/Fe3O4 nanofibers
were measured using a vibrating-sample magnetom-
eter (LakeShore, VSM7400) with an applied field
between �3.5 and 3.5 kOe. The mechanical proper-
ties were measured using a Material Testing System
(Instron 5565).

RESULTS AND DISCUSSION

Characterization of magnetite nanoparticles

The TEM image of as-synthesized Fe3O4 magnetite
nanoparticles is shown in Figure 1. The Fe3O4 nano-
particles show a very narrow size distribution and
an average diameter of about 8 nm. A typical mag-
netization curve of Fe3O4 nanoparticles is shown in
Figure 2. The Fe3O4 nanoparticles exhibit superpara-
magnetic behavior at room temperature in that there
is zero remnant magnetization at zero applied fields.
The saturation magnetization is � 60 emu/g that is
lower than the bulk value (� 92 emu/g). This is
mainly because of the reduced particles diameter.26
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Effect of PAN concentration

Polymer concentration of the spinning solutions is
one of the most important parameters in the electro-
spinning process because it is related to the viscosity
of the solutions. To study the effects of PAN concen-
tration on the diameters and morphologies of the
PAN/Fe3O4 nanofibers, three PAN concentrations
from 8 to 14 wt % were used in our experiments.
SEM images of obtained PAN/Fe3O4 composite
nanofibers are shown in Figure 3, and the viscosities
and conductivities of different spinning solutions
and the diameters of their products are listed in Ta-
ble I. As can be seen from Figure 3(a), many beads
appeared in the electrospun products when the PAN
concentration was 8 wt %. The number of beads
gradually decreased with the increase of the PAN

concentration, and there were no beads in the prod-
ucts when the concentration exceeded 14 wt %. The
diameters of produced nanofibers were also affected

Figure 1 TEM image of Fe3O4 nanoparticles.

Figure 2 Magnetization curves of Fe3O4 nanoparticles
and the nanofibers of PAN/Fe3O4 (97/3 w/w) prepared
from the spinning solutions with 10 wt % PAN and 1 wt
% LiCl additives.

Figure 3 Some representative SEM images of PAN/Fe3O4

(97/3 w/w) nanofibers prepared from the solutions with
(a) 8 wt % PAN, (b) 10 wt % PAN, and (c) 14 wt % PAN.
The concentration of LiCl was equal to 1 wt % for all
samples.
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by the PAN concentrations. From Table I, the aver-
age diameter of the produced fibers increased with
the PAN concentrations of the solutions. Lower sur-
face tension resulting from the lower polymer con-
centration may be the main factor to cause the for-
mation of beads.27

Effect of salt additives

The electrical conductivity of the spinning solutions
is another important factor that affects the morphol-
ogies and dimensions of the electrospun products
besides the viscosity and the surface tension of the
solutions.28 Here, the solution conductivity was
adjusted by changing the concentration of LiCl salt
in the solutions in the range of 1 to 4 wt % and the
PAN concentration was equal to 10 wt %. The con-
ductivity of the spinning solutions increased sharply
when 1 wt % of LiCl was added, but it did not
increase further when the concentration of LiCl
exceeded 2 wt % (Fig. 4). From the SEM images of
the electrospun products, few beads appeared when
the LiCl concentration was 1 wt % [Fig. 3(b)]. How-
ever, there were no beads in the products when the
LiCl concentration of the solutions was from 2 to 4
wt %. No beads were found in the products when
no LiCl was added, although the spinning process

was not very efficient. The diameters of the electro-
spun fibers decreased sharply when a small amount
of LiCl was added but increased with an increase of
LiCl concentration from 1 wt % to 4 wt % (Fig. 5).
Zong et al.15 thought that the addition of a salt leads
to better electrical conductivity of the jets, and as a
result, higher electrostatic force is imposed on the
jets in the electrospinning process. Therefore, the
size of beads should become smaller and the diame-
ters of the products should be thinner. Actually, the
addition of LiCl also affected the viscosity of the sol-
utions (Fig. 6). Without LiCl, the viscosity of the so-
lution was very high and the surface tension became
large that results in no beads in the products. When
1 wt % LiCl was added, the viscosity of the solu-
tions decreased rapidly, which tended to form some
beads in the products. However, the conductivity of
the solutions increased sharply that should minimize
the beads. When LiCl was added, both the net
charge density and the viscosity of the solution
changed. In this case, we think that the viscosity
play a more important role than the conductivity in
the formation of beads in the products. When the
LiCl concentration increased from 1 to 2 wt %, both

TABLE I
The Properties of Different Solutions and the Diameters of Their Products

Polymer concentration

Properties of the dopes

Morphology and diameters of
the produced nanofibers(nm)a

Conductivity
(lS/cm)

Viscosity
(Pa S)

8 wt % PAN þ 1 wt % LiCl 1654 0.13 110 � 20 fiber þ many beads
10 wt % PAN þ 1 wt % LiCl 1648 0.16 155 � 30 fiber þ few beads
14 wt % PAN þ 1 wt % LiCl 1249 0.25 355 � 55 fiber (no beads)

a 3 wt % Fe3O4 in the produced PAN fibers for all samples.

Figure 5 Relation between the LiCl concentration of the
spinning solution and the diameter of their produced
PAN/Fe3O4 (97/3 w/w) nanofibers. The PAN concentra-
tion was 10 wt % for all samples and all other conditions
were equal.

Figure 4 Relation between the solution conductivity and
the LiCl concentration. The PAN concentration was 10 wt
% for all samples.
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of the viscosity and conductivity increased, which
commonly lead to fewer beads in the products.
When the LiCl increased further, the conductivity
kept constant, but the viscosity kept going higher,
which lead to no beads in the products.

Magnetic and mechanical properties of
the nanofibers

The composite nanofibers with 3 wt % Fe3O4 nano-
particles were superparamagnetic at room tempera-
ture (Fig. 2), although the magnetization was much
lower than that of the magnetite Fe3O4 nanoparticles.
The mechanical properties of a nonwoven are very
important if the nonwoven is used. Figure 7 shows
the stress–strain curves for the mats composed of
PAN nanofibers with and without Fe3O4 nanopar-
ticles. The breaking strength and breaking strain
decreased when the Fe3O4 nanoparticles were incor-
porated. The reason for the reduction in mechanical
properties is still not clear. Further investigation on
the mechanical properties of electrospun mats and
the method of measurement are still in progress in
our group. Better properties could be expected by
adjusting the spinning conditions or by using in-situ
polymerization to prepare the spinning solutions.

CONCLUSIONS

Superparamagnetic PAN/Fe3O4 composite nanofib-
ers ranging in diameter from 110 to 355 nm were
prepared via the electrospinning of the PAN spin-
ning solutions with magnetite Fe3O4 nanoparticles.
The effects of the concentrations of PAN and salt
additives of the spinning solutions on the morphol-
ogy and diameter of the produced nanofibers were
studied in this work. The results showed that PAN
concentration could be the key factor to affect the
formation of the beads in the products and the con-

centrations of LiCl could address fewer effects on
the bead formation. Both PAN and LiCl concentra-
tion affected the diameters of the electrospun fibers.
The obtained composite nanofibers were superpara-
magnetic at room temperature, and the incorpora-
tion of magnetite Fe3O4 nanoparticles could weaken
the mechanical properties of the produced mats.
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