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The manufacturing of pure polyacrylonitrile (PAN) fibers and magnetic PAN/Fe304 nanocomposite fibers is
explored by an electrospinning process. A uniform, bead-free fiber production process is developed by
optimizing electrospinning conditions: polymer concentration, applied electric voltage, feedrate, and
distance between needle tip to collector. The experiments demonstrate that slight changes in operating
parameters may result in significant variations in the fiber morphology. The fiber formation mechanism for
both pure PAN and the Fe304 nanoparticles suspended in PAN solutions is explained from the rheologial
behavior of the solution. The nanocomposite fibers were characterized by scanning electron microscopy
(SEM), Fourier transform infrared (FT-IR) spectrophotometer, and X-ray diffraction (XRD). FT-IR and XRD
results indicate that the introduction of Fe304 nanoparticles into the polymer matrix has a significant effect
on the crystallinity of PAN and a strong interaction between PAN and Fe304 nanoparticles. The magnetic
properties of the nanoparticles in the polymer nanocomposite fibers are different from those of the dried as-

Keywords:
Nanocomposite fibers
Electrospinning
Polyacronitrile (PAN)

received nanoparticles.
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1. Introduction

Polymer nanocomposites have been extensively investigated for
their potential wide applications because of their easy process-
ability, low-cost manufacturing, good adhesion to substrates [1],
and unique physicochemical properties. Unique physicochemical
phenomena such as giant magnetoresistance (GMR) or tunneling
magnetoresistance (TMR) could be created, in which the non-
magnetic conductive or insulating polymer serves as a spacer [2,3].
This phenomenon is completely beyond the simple addition of the
advantageous physicochemical properties of a single polymer
matrix and inorganic fillers, and a typical application of polymer
nanocomposites is GMR/TMR sensors. Various nanomaterials have
been explored for polymer nanocomposite fabrication, including
transition metals and rare earth oxides [4], such as Fe;O3 [5],
CoFe;04 [6], Al,O3 [7,8], ZrO; [7], AgCl [9], AgNO3 [10], TiO,-SiO,
[11], ZnO [12,13], ZnCl; [14], Er,053 [15], and Pt-loaded TiO; [16].

One dimensional (1-D) nanocomposite fibers have attracted
much interest due to their often enhanced electrical, electronic,
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optical and chemical characteristics and wide potential use in
applications such as sensors, filtration membranes, microelec-
tronics and photonic devices, structural reinforcement [17,18],
biomedical applications, defense and security, and energy genera-
tion [19-23]. Different approaches have been reported to produce
nanofibers, such as drawing, templates, phase separation self-
assembly and electrospinning [24]. Among them, electrospinning is
the most handy, low-cost and high speed method to produce
nanocomposite fibers. Electrospinning is a process that involves
applying a high voltage (more than 6 kV) between the tip of a needle
and a collecting electrode (collector). A pendent drop of solution
under surface tension will be charged, and the induced charges will
be evenly distributed over the surface. The Columbic repulsive force
will overcome the solution surface tension and thus force the
ejection of a liquid jet, which results in the formation of a Taylor
cone. The electrified jet of viscoelastic solution then undergoes
a stretching process and forms thin fibers on the collector.

This electrospinning technology has attracted much attention
since it was first reported in 1934 [20], and it has been used to
fabricate different types of hybrid nanofibers by incorporating
nanomaterials into various polymer matrices. The nanofibers
produced by electrospinning have several remarkable advantages
including: small diameter (50 nm-10 um), high aspect ratio (the
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ratio of length to diameter), large specific surface area (surface area
to volume ratio), diverse in composition, unique physicochemical
properties, and design flexibility for chemical/physical surface
functionalization [10,20,25,26]. Together with the complex pore
structure and easy fiber surface modification, electrospun nano-
fibers are ideal for certain applications [19-21,27,28]. Poly-
acrylonitrile (PAN) was chosen for this study is due to its carbon
precursor which is for perfect carbon fabrication, such as carbon
fiber, and it’s soluble in solvents such as dimethylformamide (DMF)
and dimethylacetate (DMAC).[29] Fe304 nanoparticles were chosen
due to its relatively higher stability in air than metal nanoparticles
[30] and fairly higher magnetization than Fe,03 nanoparticles [31].

In this study, pure PAN and PAN nanocomposite fibers with
different iron oxide (Fe304) nanoparticle loadings have been fabri-
cated via a high voltage electrospinning process. Optimum condi-
tions (feedrate, applied electric voltage and working distance) to
achieve bead-free fibers with different characteristics, especially
particle loadings are explored. The surface morphology, thermal
stability, and crystal (phase) structure of the PAN/Fe3O4 nano-
composite fibers are characterized by various techniques, including
attenuated total reflection Fourier transform infrared (FT-IR) spec-
troscopy, scanning electron microscopy (SEM), and X-ray diffraction
(XRD). The magnetic properties were carried out in a physical
properties measurement system by Quantum Design.

2. Experimental
2.1. Materials

Polyacronitrile (PAN, MW = 150,000 and degree of polymer-
ization = 283) was purchased from Scientific Polymer Products Inc.
Anhydrous N,N dimethylformamide (DMF, 99.9%) was purchased
from Alfa Aesar. Fe304 nanoparticles (~13 nm diameter) in chloro-
form were supplied by Ocean NanoTech LLC (Springdale, AR, USA).
All the materials were used as-received without further treatment.

2.2. Pure polymer and nanocomposite fiber fabrication

2.2.1. Polymer solution preparation

The PAN/DMF solutions with polymer loading of 4.0 wt%,
5.0 wt%, 6.0 wt%, 6.5 wt%, 7.0 wt%, and 10.0 wt% were prepared. A
specific amount of Fe304 nanoparticles (1.0 wt%, 5.0 wt% and
9.0 wt%) were added into 7.0 wt% PAN and 10.0 wt% PAN solutions,
respectively. Ultrasonication was applied for 40 min to disperse the
Fe304 nanoparticles in the PAN/DMF solution at room temperature.
Both the pure polymer solution and the iron oxide nanoparticle
suspended polymer solution were used for fiber electrospinning
fabrication and subsequent rheological investigation.

2.2.2. Pure polymer and nanocomposite fiber fabrication

Pure PAN and PAN/Fe304 nanocomposite fibers were prepared by
using an electrospinning method. The viscous polymer solutions
were loaded in a 5 ml syringe equipped with a 0.60 mm (inner
diameter) stainless steel gauge needle. The needle was connected to
a high voltage power supply (Gamma High Voltage Research,
Product HV power Supply, Model No. ES3UP-5w/DAM), which is
capable of generating a DC voltage up to 30 kV. The grounded
counter electrode was a flat aluminum foil. The solution was
constantly and controllably supplied using a syringe pump (NE-300,
New Era Pump Systems, Inc.) The feedrate was controlled at 10 pl/
min, 8 pul/min, and 4 pl/min, respectively. In this study, the applied
voltage was controlled at 10 kV, 15 kV and 20 kV, respectively. An
external electric field with a high voltage applied to the polymer
solution through the positive electrode can overcome the surface
tension of the viscous polymer solution and form a polymer jet,

which is accelerated toward the collector and forms the fibers. The
fibers were accumulated on the aluminum surface after evaporating
the solvent. The obtained fibers were then dried completely at 45 °C
for further analysis.

2.3. Characterization

The morphology (size, shape and diameter) of the pure PAN and
PAN/Fe304 nanocomposite fibers was evaluated using scanning
electron microscopy (Hitachi S-3400 scanning electron micros-
copy). Fourier transform infrared spectroscopy (FT-IR, a Bruker Inc.
Tensor 27 FT-IR spectrometer with hyperion 1000 ATR microscopy
accessory) was used to characterize the electrospun pure PAN and
PAN/Fe304 nanocomposite fibers.

The crystal structure of the pure PAN and nanocomposite fibers
were investigated by powder X-ray diffraction. The powder X-ray
diffraction analysis of the samples was carried out with a Bruker
AXS D8 Discover diffractometer with GADDS (General Area
Detector Diffraction System) operating with a Cu-K, radiation
source filtered with a graphite monochromator (1= 1.5406 A). The
detector used was a HI-STAR two-dimensional multi-wire area
detector. The samples were loaded onto double sided scotch tape,
placed on a glass slide, and mounted on a quarter-circle Eulerian
cradle (Huber) on an XYZ stage. The X-ray beam was generated at
40 kV and 40 mA power and was collimated to about an 800-um
spot size on the sample. The incident w angle was 5°. A laser/video
system was used to ensure the alignment of the sample position on
the instrument center. XRD scans were recorded from 7 to 77° for
26 with a 0.050° step-width and a 60-s counting time for each step.
The XRD data were analyzed using the DIFFRAC-Plus EVA program
(Bruker AXS, Karlsruhe, Germany), and the patterns were identified
using the ICDD PDFMaint computer reference database.

The magnetic properties of the nanocomposites at room
temperature were carried out in a 9 T physical properties measure-
ment system (PPMS) by Quantum Design.

The rheological behavior of the liquid polymer solution was
investigated with an AR 2000ex Rheometer (TA Instrumental
Company) at a shear rate ranging from 0.1 to 1200 rad/s at 25 °C. A
series of measurements were performed in a cone-and-plate
geometry with a diameter of 40 mm and a truncation of 64 pm.

3. Results and discussion
3.1. Microstructure of pure PAN nanofibers

3.1.1. PAN concentration effect

The presence of beads in the electrospun fibers is a common
problem as they can disturb the unique properties of the electro-
spun fibers, such as a decreased specific surface area [20,25]. Deitzel
and the co-workers [32] have reported that a mixture of fibers and
droplets was produced for polymer concentrations lower than
4 wt% during the electrospinning process. Therefore, all the PAN
concentrations used in this project were controlled higher than
4 wt%. Fig. 1 shows the SEM microstructures of the electrospun pure
PAN nanofibers with 4.0 wt%, 6.5 wt%, and 10.0 wt% polymer in
DMF, respectively. Polymer solutions with both 4.0 wt% and 6.5 wt%
polymer loadings were observed to produce nanofibers with beads,
Fig. 1(a,b). However, uniform and straight PAN (without beads)
nanofibers with a smooth surface were obtained, Fig. 1(c), when the
polymer concentration increased to 10.0 wt%. This observation
indicates that the beads decrease with an increase in the polymer
concentration. A balance among the electrostatic repulsion, surface
tension, and viscoelastic force [20,33] is reported to be important for
controlling the fiber quality during the electrospinning process. A
balanced force will form and maintain a Taylor cone, leading to
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Fig. 1. SEM microstructures of pure PAN nanofibers with a PAN loading (a) 4 wt%
(b) 6.5 wt%, and (c) 10 wt%. Electrospinning operational parameters: 15 kV, 4 ul/min
and 19 cm.

higher quality nanofibers. Otherwise, the instability of the jet at the
spinning tip will result in significant bead formation [23,32]. With
an increase of the polymer concentration (more viscous) in the
solution, the surface tension was suppressed by the other two
forces. The dominating viscoelastic force favors the formation of the
fibers [20], which resulted in a smooth surface and bead-free
nanofibers, as shown in Fig. 1(c).

The average diameter of nanofibers fabricated from 6.5 wt% and
10.0 wt% polymer solution, shown in Fig. 1, was 250 nm and 500 nm,
respectively. The diameter of the fibers increased with the increase

of the polymer concentration. This is due to the reduction of mass
loss during solvent evaporation or due to the higher resistance of the
more viscous solution being stretched by the electric charges
[19,24].

3.1.2. Voltage effect

Fig. 2 shows the SEM images of the pure PAN nanofibers
fabricated at different applied electric voltages. Fibers with tunable
diameters were fabricated from polymer solution with a polymer

X
]

3mm x3 00k SE

Fig. 2. SEM images of 6.5 wt% pure PAN nanofibers under an applied voltage of
(a) 10kV, (b) 15kV, and (c) 20 kV. Electrospinning operational parameter: feed-
rate: 4 pl/min, working distance: 19 cm.
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loading of 6.5 wt%. The applied electric voltage was observed to
have a significant effect on the fiber morphology. When the voltage
increased from 10 kV to 20 kV, the manufactured pure PAN fibers
became more uniform and thicker with an average diameter of
300 nm, Fig. 2(c), as compared with the diameters of 153 nm and
250 nm for fibers manufactured from 10 kV and 15 kV, Fig. 2(a, b).
It was observed that the shape of the beads changed from sphere
(Fig. 2(a)) to spindle (Fig. 2(b)) with the increase of the applied
voltage. A higher voltage was reported to induce more charges on
the solution surface and fully stretch the solution jet, which yiel-
ded more uniform and smooth nanofibers [14,20,26]. However, it is
also reported that if the voltage was increased further, to a certain
higher level (more than 20 kV) [23], fibers with some beads were
produced even though all other variables were maintained
constant. In addition, electric spark arising from electrostatic

charges was observed at the tip of the positively charged needle
during the electrospinning at higher voltage. Therefore, uniform
fibers can only be produced within a certain electric voltage range.

It was also observed that bead-free PAN fibers can be obtained
from both relatively low (6.5 wt%) and high concentration solution
(10.0 wt%) by properly adjusting the operational parameters to
satisfy the required force balance. In other words, the electrostatic
force should balance the surface tension and viscoelastic force to
form a stable Taylor cone from the nozzle of the syringe and to fully
stretch the solution for fiber formation. 20 kV is observed to be
required to form bead-free fibers from solutions with a polymer
loading of 6.5%, Fig. 2(c). In other words, a higher electrical field is
needed in a polymer solution with lower polymer loading to fully
stretch the fibers along the lower viscous electrospinning jet with
a dominating surface tension [24].

Fig. 3. SEM images of 6.5 wt% pure PAN nanofibers under different feedrate conditions. (a) 10 ul/min,(b) 8 pl/min, and (c) 4 pl/min. Electrospinning operational parameter: 15 kV,
19 cm; (d) 10 pl/min, (e) 8 pl/min, and (f) 4 pl/min. Electrospinning operational parameter: 20 kV, 19 cm.
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3.1.3. Feedrate effect

Fig. 3 shows the feedrate effect on the microstructures (diam-
eter and morphology) of the fibers. Little improvement in fiber
quality was observed when the feedrate decreased from 10 pl/min
to 8 ul/min. As the feedrate decreased to 4 ul/min, relatively
uniform nanofibers were produced. Bead-free PAN fibers with
variable diameters were observed when 20kV was applied
between the needle tip and the collecting electrode, shown in
Fig. 3(f). For a given electric voltage, a corresponding feedrate is
required to maintain a stable Taylor cone, necessary for uniform
fiber fabrication. The lower feedrate will allow the solvent to have
more time to evaporate, and the fibers will have more time to
stretch, which will favor the formation of more uniform nanofibers.
Therefore, a lower feedrate is more desirable for bead-free fiber
manufacturing. The diameter of pure PAN fibers decreased from
approximately 500 nm (Fig. 3(d)) to 300 nm (Fig. 3(f)), which is

5.00kV 6.4mm x5.00k SE

m x5.00k SE

consistent with the observation that a higher feeding rate leads to
the formation of thicker fibers [23,32].

3.14. Distance effect

Figs. 4 and 5 show the pure PAN fibers fabricated from 6.5 wt%
polymer solution with a working distance of 10 cm, 15 cm and
19 cm, with an applied electric voltage of 15 kV and 20 kV, and
a feedrate of 4 ul/min and 10 ul/min, respectively. Relatively
uniform nanofibers were fabricated when the working distance
increased to 19 cm, Figs. 4 and 5. The beads were observed to
decrease significantly with the increase in working distance, which
is consistent with other observations that beads were formed with
a low working distance [24]. Decreasing the working distance was
reported to have an equivalent effect as increasing the supplied
electric voltage, which resulted in an increased instability of the jet
and subsequent formation of beads [20,22,25].

10.0um

Fig. 4. SEM images of pure PAN nanofibers fabricated from 6.5 wt% polymer solution with a working distance of (a) 10 cm, (b) 15 cm, and (c) 19 cm. Electrospinning operational
parameter: 15 kV, 4 um/min. (d) 10 cm, (e) 15 cm, and (f) 19 cm. Electrospinning operational parameter: 20 kV, 4 pm/min.
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Fig. 5. SEM images of pure PAN nanofibers fabricated from 6.5 wt% with a working distance of (a) 10 cm, (b) 15 cm, and (c) 19 cm. Electrospinning operational parameter: 15 kV,
10 pl/min. (d) 10 cm, and (e) 19 cm, Electrospinning operational parameter: 20 kV, 10 pl/min.

3.2. Nanocomposite fibers

PAN-Fe304 nanocomposite fibers with different Fe304 nano-
particle loadings were fabricated. Uniform nanocomposite fibers
with an average diameter of 1 um were fabricated from Fe304
nanoparticles (1.0 wt%) suspended in a PAN (10.0 wt%) DMF solution,
Fig. 6(h). However, the challenges of particle dispersion and
agglomeration were encountered during electrospinning, when the
Fe304 nanoparticle loading increased to 5.0 wt% or 9.0 %. The net
result is a high viscosity, which prevents a continuous polymer
solution jet and subsequent fiber formation. Nanocomposite fibers
were obtained when the PAN concentration was reduced, Fig. 6(a-e).
When the PAN concentration reached 7.0 wt%, relatively uniform
fibers with an average diameter of 400 nm were fabricated. The
beads were decreased in size with an increase of the PAN solution
concentration (4.0-7.0 wt%). Furthermore, Fe304 nanoparticles with

polar surfactant on the surface carry more charges, which resultin an
increased electrostatic repulsion, which favors the formation of
fibers with smooth surfaces. A 7-wt% PAN solution was observed to
be the minimum polymer concentration for producing uniform
fibers.

3.3. Rheological behavior

The solution viscosity (an indicator of polymer concentration)
and solution surface tension play important roles in determining
the morphology of the electrospun nanofibers as mentioned above.
Fig. 7 shows the rheology behavior of the pure PAN and PAN/Fe304
nanocomposite solutions.

Under relatively low concentration conditions (4.0 wt% 5.0 wt%,
6.0 wt% and 6.5 wt%), the viscosity of the solutions is observed to
decrease slightly. However, when the solution concentration
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Fig. 6. SEM microstructures of PAN/Fe304 nanofibers under different conditions. (a) 4 wt% PAN + 5 wt% Fe30y4, (b) 4 wt% PAN + 9 wt% Fe304, (c) 5 wt% PAN + 5 wt% Fe30y4, (d) 5 wt%
PAN + 9 wt% Fe30y4, (e) 6 wt% PAN + 5 wt% Fe304, (f) 7 wt% PAN + 5 wt% Fe30y4, (g) 7 wt% PAN + 9 wt% Fe304, and (h) 10 wt% PAN + 1 wt% Fe;04. Electrospinning operational
parameter: 15 kV, 19 cm, 4 pl/min.

increased to 7.0 wt% from 6.5 wt%, the viscosity decreased signifi- Non-Newtonian properties of fluids are governed by the
cantly with an increase in the shear rate. A further increase in the following power law equation, Equation (1):

concentration to 10 wt%, also produced another sharp drop in the n

viscosity. The viscosity dropped from 1.62 Pas. to 0.92 Pa's, when T = K(a_u) (1)
the shear rate reached 12005, ay
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Fig. 7. Rheological behavior (a) shear stress and (b) viscosity vs. shear rate of pure PAN
and PAN/Fe;0, solution system.

where 7 is the shear stress, K is the flow consistency index, du/dy is
the shear rate, and n is the flow behavior index. For Newtonian
fluids, n=1, and n <1 for a pseudoplastic fluid. The values of n and
R? (statistical correlation coefficient) are summarized in Table 1.
The larger deviation of n from 1, the more non-Newtonian
behavior the fluids would follow. Table 1 and Fig. 7 show that solu-
tions of lower concentration follow more Newtonian behavior at
high shear rates than that of the concentrated solutions. When the
concentration increased to 7.0 wt%, the PAN/DMF solution shows
more pseudoplastic behavior, which exhibits the shear thinning
phenomena (the viscosity decreased nearly linearly with the

Table 1

The values of n and R? for PAN/DMEF solutions.

Solutions n R?

4 wt% PAN Solution —0.01 0.9327
5 wt% PAN Solution —0.06 0.976
6 wt% PAN Solution —0.04 0.905
6.5 wt% PAN Solution —0.05 0.857
7 wt% PAN Solution -0.12 0.921
10 wt% PAN Solution -0.18 0.947
7 wt% PAN/DMF + 5 wt% NPs -0.15 0.927
7 wt% PAN/DMF + 9 wt% NPs -0.23 0.96

increase in the shear rate). The orientation of macromolecular chains
is the major cause of non-Newtonian behavior. With the increase in
the shear rate, the number of the oriented polymer segments
increases, which decreases the viscosity of the high concentration
PAN/DMF, greatly increasing the non-Newtonian behavior [34].

When shear stress is applied to the polymer composite solution,
the strong interaction between the Fe3O4 nanoparticles and PAN
(evidenced by XRD and FT-IR analysis section) increases the solu-
tion inertia, which makes the PAN molecules easier to be aligned,
thereby exhibiting more shear thinning behavior. That is why when
5 wt% and 9 wt% Fe304 nanoparticles were introduced into 7.0 wt%
PAN/DMF solution, the viscosity is lower than that of 7 wt% pure
PAN/DMF solution. The viscosity of the solution containing 9 wt%
Fe304 nanoparticles is observed to decrease sharply at the begin-
ning of the applied shear rate.

Considering the above SEM figures, the optimum viscosity for
producing uniform fibers falls into a large range of values, which is
consistent with other observations to obtain uniform PAN nano-
fibers with different polymer concentrations. For example, Fen-
nessey et al. [35]. and Saufi et al. [36]. have produced uniform PAN
fibers with 15 wt% PAN solution, which is the highest concentration
reported in the literatures. Deitzel et al. [32] suggested that it
should be prohibited due to its high viscosity. 10 wt% was observed
to be the best concentration for uniform fiber fabrication (Figs. 1
and 6), similar to the observation by Zhang et al. [23]. Zheng
produced uniform PAN nanofibers with 8 wt% concentration
(nanoporous ultrahigh specific surface polyacrylonitrile fibers). Ji
[14] and Wang [17] have also reported uniform fiber fabrication
from a 7 wt% PAN solution.

3.4. FI-IR spectra

Fig. 8 shows the FT-IR spectra recorded in the spectral range of
500-4000 cm~! of the as-received PAN powder, pure PAN fibers,
and nanocomposite fibers with different particle loadings, respec-
tively. The peak at around 2935 cm™~! is assigned to the stretching
vibration of the methylene (~CH;-) group. The peaks at 2246 cm™!
and 1449 cm~! are due to the stretching vibration of nitrile groups
(-CN-) and the bending vibration of methylene (-CH,-), respec-
tively [37]. The peaks at around 2362 cm~! correspond to carbon
dioxide adsorbed from the atmosphere. The peak at 1693 cm™!
shifting toward lower wavenumbers indicates the chemical
bonding of the surfactant onto the nanoparticle surface [30].

1693 cm”’

3247 cm '

2362 cm’"

: 1449 cm’
© 2246 cm’

2935 cm”

(e)

Absorbance (a.u.)

T ¥ T ¥ T ¥ T ¥ T ¥ T b T y
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm'1)

Fig. 8. FT-IR spectra of PAN/Fe304 nanocomposite fibers with different Fe;04 nano-
particle loadings: (a) as-received pure PAN powder, (b) pure PAN fibers, (c) 1 wt%
Fe304, (d) 5wt% Fes04, (e) 9wtk Fe304, and (f) as-received Fe30, nanoparticles,
respectively.
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Fig. 9. XRD patterns of PAN/Fe304 nanocomposite fibers with different Fe30,4 loading:
(a) 0 wt% (as-received PAN powder), (b) 0 wt% (pure PAN fibers), (c) 1 wt% Fe30y, (d)
5 wt% Fe304 , and (e) 9 wt% Fe;0,, respectively.

Furthermore, the broad peak in dried nanoparticles at around
3247 cm~! is assigned to the characteristic band of the hydroxyl
group (—OH). This is due to the stretching vibrations of the hydroxyl
group (-OH) arising from carboxyl groups on the nanoparticle
surface, which is consistent with the fact that the nanoparticles are
functionalized. This peak becomes more obvious in the nano-
composites with higher particle loading. The spectrum difference
indicates an interaction between the nanoparticles and the poly-
mer matrix.

3.5. XRD

The crystalline properties of electrospun fibers are important
when the materials are designed and fabricated for commercial
applications.[38] In order to investigate the crystalline structure of
the PAN and the iron oxide nanoparticles in the electrospun PAN
nanocomposite fibers, XRD measurements were performed. Fig. 9
shows the XRD patterns of the as-received pure PAN powder,
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Fig. 10. Hysteresis loops of (a) Fe3O4 nanoparticles and (b) PAN (7 wt%)/Fe304
composites nanofibers with 9 wt% particle loading at room temperature.

electrospun pure PAN fibers, and the PAN/Fe3s04 nanocomposite
fibers with different Fe304 nanoparticle loadings, respectively.

All the samples show crystalline peaks at 26 = 17° and 21°. The
d spacing is calculated using Bragg’s law, Equation (2):[39]

_ nxa
~ 2sinf

where n is chosen as 1 and 4 is 1.5406 A for the wavelength of Cu K,
radiation. The calculated d spacings are 5.78 A and 4.68 A for
20 =17° and 21°, respectively. The average grain size (L) was esti-
mated from the Debye-Scherrer Equation:[40]

(2)

KA
L= Bbycos 0 @)
where, ((26) is the full width at half-maximum (FWHM), K is
a constant taken as the normal value of 0.9, and 4 is the Bragg angle.
The peak at 26 =17° was used to estimate the particle size. The
calculated values are about 6.9 nm, 4.3 nm, 4.1 nm, 4.0 nm, and
12.7 nm, Fig. 9(a-e).

Compared to the as-received PAN powder as shown in Fig. 9(a),
the peak at 26 = 17° is relatively broad for the electrospun pure PAN
fibers, Fig. 9(b). The polymer with orientated molecules becomes
crystallized, while the polymer solution jets through the nozzle and
undergoes a slow solidification process [41,42]. The broad peak of
the electrospun PAN fiber reflection patterns indicates a crystalline
microstructure, which is different from that of the as-received PAN
powder.

From Fig. 9(d) and (e), it is observed that the diffraction peaks at
260 =35°, 43° and 62° become more notable with increasing FezOy4
nanoparticle content, and they are assigned to the corresponding (3
11),(400)and (4 4 0) planes of crystalline Fe304 (PDF #26-1136),
respectively. The peak at 26 = 17°, Fig. 9(e), is very strong and sharp,
and there are also some new peaks at 26 = 14°, 18°, 22°, 25°. These
observations indicate a large influence of Fe304 nanoparticles on
the crystallinity of PAN in the nanocomposite fibers and a strong
interaction between the nanoparticles and the polymer matrix.

3.6. Magnetic properties

Fig. 10 shows the magnetic hysteresis loops of the as-received
Fe304 nanoparticles and PAN/Fe304 nanocomposite fibers with an
iron oxide nanoparticle loading of 9 wt%. The coercivity (H, Oe) is
the external applied magnetic field necessary to return the material
to a zero magnetization condition, and the remnant magnetization
(M) is the residual magnetization after the applied field is reduced
to zero. Both values can be read from the axes interception points,
Fig. 10. The coercivity increased from 20.1 Oe for dried nano-
particles to 206.7 Oe after the nanoparticles were dispersed in the
polymer matrix. In other words, the iron oxide nanoparticles
become much harder (magnetically) after incorporation into the
polymer matrix. The enhanced coercivity of the particle dispersion
in the polymer matrix is due to the decreased interparticle dipolar
interaction. This arises from the increased nanoparticle spacer
distance for the single-domain nanoparticles [31,43-45], as
compared to the close contact of the pure iron oxide nanoparticles.
The interaction between the nanoparticles and the polymer matrix
was also reported to be responsible for the coercivity enhancement
[46]. Saturation magnetization (M) was not reached even at high
magnetic field for the as-received nanoparticles and was deter-
mined by the extrapolated saturation magnetization obtained from
the intercept of magnetization vs. H™! at high field [30,46,47]. The
calculated M; of as-received Fe304 was 50.31 emu/g. The M; of the
nanoparticles after dispersed in the polymer matrix was observed
to be saturated even at a much lower field and is about 4.67 emu/g.
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The particle loading estimated from the Ms was found to be
9.28 wt%, which is consistent with the prior calculated particle
loading.

4. Conclusion

Pure PAN and PAN/Fe30O4 nanocomposite fibers have been
prepared by electrospinning process. The experiment demonstrates
that the solution concentration, applied electrical voltage, feedrate
and the distance between the needle tip to the collector have
significant effects on the fiber morphology. SEM analysis demon-
strates that uniform nanocomposite fibers with bead-free can be
produced under certain conditions. The beads can be effectively
minimized either by increasing the solution concentration,
distance and applied electric voltage to a certain level or by
decreasing the feedrate. XRD and FT-IR results indicate that the
addition of Fe304 nanoparticles has a significant impact on the PAN
crystallization structure and there is a strong interaction between
Fe304 and PAN. The nanoparticles in the composite nanofibers
become magnetically harder with a much larger coercivity than
that of the dried nanoparticles.
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