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Abstract

Poly(bisphenol A-co-4-nitrophthalic anhydride-co-1,3-phenylenediamine) (PEI) fibers were successfully prepared by
electrospinning from PEI solutions in dichloromethane (DCM), 1,2-dichloroethane (DCE), N-methylpyrrolidone (NMP) and
certain mixtures between NMP and N,N-dimethylformamide (DMF). Electrospinnability of PEI solutions in NMP was greater
than that in DCM and DCE. The addition of DMF with NMP for the preparation of PEI solutions helped improve electro-
spinnability of the PEI solutions. The effect of solution concentration on morphological appearance and/or size of the obtained
products was investigated. At low concentrations of the PEI solutions, discrete beads and/or beaded fibers was formed.
Smooth fibers were obtained at the highest concentration investigated, i.e., 20% (w/v). The size of the obtained fibers was
found to be an increasing function with the solution concentration or, to be exact, the solution viscosity. The water fluxes
through the electrospun fiber mats prepared from 20% (w/v) PEI solutions in 75/25 and 50/50 NMP/DMF mixtures were
investigated in comparison with the films prepared by phase immersion-precipitation technique. The fiber mats exhibited
much greater fluxes of water than the films, which implied their potential for uses as filtration membranes.
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1. Introduction

In the past decades, electrospinning has become a
powerful and highly sought-after technique for fabricating
ultrafine fibers with diameters in the range of tens of micro-
meters  down  to  tens  of  nanometers.  The  principle  of  this
technique is the application of electrical forces as the means
for fiber formation (Doshi et al., 1995; Reneker et al., 2008).
When an electric field of a critical magnitude is applied to a

polymer liquid (i.e., solution or melt), a pendant droplet of the
polymer liquid at the open end of a capillary tip is deformed
into a conical shape. Upon increasing the magnitude of the
imposed electric field beyond a critical value, a stream of the
charged polymer liquid (i.e., charged jet) is ejected towards a
collection device and driven by the electrical forces. Both, the
Coulombic repulsion and electrostatic forces are responsible
for  the  thinning  of  the  charged  jet  during  its  flight  to  the
collector. This usually results in the deposition of ultrafine
polymeric  fibers  on  a  collector  as  a  non-woven  fibrous
membrane.

Due to the high surface area-to-volume or mass ratio
and high porosity of the electrospun fibrous membranes,
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these materials are ideal for various applications. Some of the
proposed uses are as carriers for delivery of drugs (Zeng et
al., 2003), wound dressings (Min et al., 2004), scaffolding
matrices for cell/tissue culture (Li et al., 2005), active compo-
nents in electronic and optical devices (Norris et al., 2000),
and filters (Yoon et al., 2006). In filtration applications, the
porous polymeric membranes were conventionally fabricated
by means of the phase immersion method (Asatekin et al.,
2007; Zhu et al., 2007; Rahimpour et al., 2008). Some limita-
tions  associated  with  this  type  of  membranes  are,  for
example,  low  flux  rate  and  high  fouling  (Wrasidlo  et  al.,
1984). Non-woven fibrous membranes as prepared by elec-
trospinning have been found to overcome some of these dis-
advantages and have been tested for applications in filtra-
tion (Yoon et al., 2006; Gopal et al., 2007; Sang et al., 2008).
The advantageous characteristic of electrospun fibers for
these purposes is their interconnected pore structure with
high porosity which is likely to improve the flux rate.

Various types of polymers have been fabricated into
filtration membranes. Some of these are poly(amide imide)
(Rahimpour et al., 2008), poly(ethylene glycol) (Hilal et al.,
2007), cross-linked poly(ethylene oxide) (Ju et al., 2008),
poly(ether sulfone) (Kaeselev et al., 2001; Rahimpour et al.,
2008; Ma et al., 2009), polysulfone (Kaeselev et al., 2001),
and poly(ether imide) (Xu et al., 2003; Albrecht et al., 2006).
Poly(ether imide)  was  chosen  here  as  the  candidate  for
further  fabrication  into  electrospun  fibrous  membranes
because of its good thermal, mechanical, and chemical stabili-
ties (Barbosa-Coutinho et al., 2003) that are highly applicable
for applications in filtration. The successful fabrication of
electrospun fibers of the blends of poly(ether imide)/poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) was reported (Han
et al., 2004) but not for the neat poly(ether imide). Polymers
in the form of electrospun fibrous membranes that have been
investigated for their filtration performance are, for example,
polysulfone (Ma et al., 2006; Gopal et al., 2007), poly(vinyl
alcohol) (Sang et al., 2008), cross-linked poly(vinyl alcohol)
(Wang et al., 2006), and polyacrylonitrile (Yoon et al., 2006).
Chitin-coated electrospun polyacrylonitrile (Yoon et al., 2006)
and cross-linked electrospun poly(vinyl alcohol) (Wang et
al., 2006; Tang et al., 2009) fibrous membranes have been
shown to provide higher flux rates than that of the commer-
cial membranes. Electrospun polysulfone fibrous membranes
were capable of filtering up to 99% of 7, 8 and 10 µm-particles
with a high flux performance and without a permanent foul-
ing (Gopal et al., 2007). Modified electrospun polysulfone
fibrous membranes showed higher fluxes than the corres-
ponding  membranes  prepared  by  the  phase  immersion
method (Ma et al., 2006).

In the present contribution, electrospinning of poly
(bisphenol A-co-4-nitrophthalic anhydride-co-1,3-phenylene-
diamine), a polymer in the poly(ether imide) family, or PEI was
carried out to study the effects of solvent type and solution
concentration on morphological appearance and size of the
obtained  fibers.  Filtration  performance  of  the  electrospun
fiber mats was preliminarily investigated in terms of the water

flux rate in comparison with the corresponding films prepared
from the phase immersion-precipitation technique.

2. Experimental Part

2.1 Materials

Poly(bisphenol A-co-4-nitrophthalic anhydride-co-
1,3-phenylenediamine)  or  poly(ether  imide)  (PEI)  was
purchased from Sigma-Aldrich (USA). The chemical structure
of PEI is shown in Figure 1. Dichloromethane (DCM; Lab-
Scan (Asia), Thailand), 1,2-dichloroethane (DCE; Sigma-
Aldrich, USA), N-methylpyrrolidone (NMP; Sigma-Aldrich,
USA), and N,N-dimethylformamide (DMF; Lab-Scan (Asia),
Thailand) were used as solvents for PEI.

2.2 Preparation and characterization of spinning solutions
and electrospun fiber mats

To investigate the effects of solvent type and solution
concentration on morphological appearance and average
diameters of the obtained fibers, PEI solutions were prepared
by dissolving weighed amounts of PEI pellets in DCM, DCE,
NMP, 75/25 (v/v) NMP, and DMF or 50/50 (v/v) NMP and
DMF to achieve the concentrations of 10, 15, and 20% (w/v).
Prior to electrospinning, each of the spinning solutions was
characterized for the shear viscosity using a Brookfield DV-II
programmable viscometer at room temperature (i.e., 25±1°C).

In electrospinning, each of the as-prepared spinning
solutions was contained in a 5 mL syringe, the opening end of
which was connected to a 20-gauge stainless steel needle
(OD=0.91 mm) that was used as the nozzle. A rotating drum
(width and OD of the drum is 25 and 7.6 cm, respectively,
rotational speed is 50 rpm) was used as a collector. The outer
surface of the rotating drum was set at 10 cm from the tip of
the  needle.  A  Gamma  High-Voltage  Research  ES30P-5W
power supply was used to generate a high DC potential. The
applied  potential  used  was  15  kV  and  the  polarity  of  the
emitting electrode was positive. The collection time was fixed
at about 5 min. The electrospun fiber mats used in the filtra-
tion  test  were  prepared  from  20%  (w/v)  PEI  solutions  in
75/25 and 50/50 (v/v) NMP/DMF, and the collection time was
fixed at three hours. The thickness of the fiber mats was 130
µm on average.

The electrospun fiber mats were dried in vacuo at
40°C overnight to remove as much solvent as possible. The
morphological appearance of the individual fiber segments

Figure 1. Chemical  structure  of  poly(bisphenol  A-co-4-nitro-
phthalic anhydride-co-1,3-phenylenediamine) (PEI).
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was examined by a JEOL JSM-5200 scanning electron micro-
scope (SEM). Each sample was coated with a thin layer of
gold using an SPI Supplies sputtering device prior to the
SEM observation. Diameters of the individual fiber segments
were measured directly from SEM images. At least 100 read-
ings of the fiber diameters for each spinning condition were
statistically analyzed using SemAfore 4.0 software. Certain
physical characteristics (i.e., average number of fiber segments
per unit area, average pore size and surface porosity) of the
fiber  mats  were  determined.  The  average  number  of  fiber
segments  per  unit  area  of  the  obtained  fiber  mats  was
measured from SEM images. The average pore size of the fiber
mats was taken as an average of both the vertical and the
horizontal  dimensions  of  the  pores  which  were  examined
from the SEM images. The surface porosity of the fiber mats
was measured on SEM images using Scion Image software,
which was taken as the percentage ratio between the areas of
the space (the area without fiber segments) divided by the
total area.

2.3 Preparation and characterization of cast films prepared
by phase immersion-precipitation technique

Cast films fabricated from the phase immersion-pre-
cipitation technique were used to compare the performance
related to filtration applications with the electrospun fiber
mats. The 20% (w/v) PEI solutions in 75/25 and 50/50 (v/v)
NMP/DMF  were  cast  into  glass  molds,  each  of  which
consisted of two pieces of glass plates. The gap between the
glass  plates  was  about  130  µm.  The  molds  were  later
immersed in de-ionized (DI) water at room temperature (i.e.,
25±1°C) to allow the phase inversion to occur. After 15 min
of immersion, the films were demolded and were immersed in
DI water at 70°C for two hours to remove as much solvents
as possible. The films were then stored in DI water at room
temperature for at least another two days to allow further
removal of residual solvents. The thickness of the films was
about 130 µm.

2.4 Evaluation of water flux

A dead-end filtration system was used to characterize
the filtration performance of the electrospun fiber mats and
the  cast  films.  The  dead-end  filtration  set-up  is  shown  in
Figure 2. The effective membrane area was circular in shape
with  diameter  of  4.8  cm.  A  membrane  was  placed  in  the
membrane cell, which was filled with 200 cm3 of DI water. The
water flux was calculated at each constant pressure of 0.5,
1.0, 1.5, and 2.0 bars by weighing the cumulative amount of
DI water that had been permeated through the membrane for
1 min for the total observation period of 15 min. The flux
measurements  were  repeated  three  times  to  confirm  the
performance of each sample. The permeation flux was calcu-
lated according to the following equation:

tA
QJ


 , (1)

where J is the permeation flux (L×m-2×h-1), Q is the cumula-
tive volume of permeated DI-water, A is the effective area
of the tested membrane (m2), and t is the sampling time (h).
Practically,  the  water  flux  is  taken  as  the  slope  of  a  plot
between Q and t.

3. Results and Discussion

3.1 Effect of solvent type

To investigate the effect of solvent type on morpho-
logical appearance of the electrospun PEI fibers, DCM, DCE,
and NMP were chosen as the solvents because they were
able to dissolve PEI over a reasonably wide range of concen-
trations investigated in this work. It should be noted that
tetrahydrofuran (THF) and DMF had also been tested, but no
complete dissolution was observed when the concentrations
of the solutions were greater than about 10% (w/v) (even the
solutions had been continuously stirred for five days). THF
and DMF were therefore proven to be inferior solvents for
PEI to DCM, DCE and NMP.

To investigate the effect of solvent type, the solutions
of 10, 15, and 20% (w/v) PEI in DCM, DCE, or NMP were
electrospun at a fixed electric field of 15 kV/10 cm for 5 min.
Figure 3  shows  a  series  of  SEM  images  of  the  products
obtained from each type of solutions at the magnification of
500x. Equivalent images, but at a greater magnification of
3,500x, are shown in Figure 4. Considering at 15 and 20%
(w/v) of the PEI solutions, the numbers of the smooth or
beaded fiber segments within a viewing area obtained from
the solutions in NMP (see Figure 3h and i) were obviously
greater than those obtained from the solutions in DCM (see
Figure 3b and c) and DCE (see Figure 3e and f). In other
words, the electrospinnability of the solutions was greater
when  NMP  was  used  as  the  solvent,  in  comparison  with
DCM and DCE. The possible explanation of this should be

Figure 2.  Schematic diagram of the flux measurement setup.



P. Thitiwongsawet et al. / Songklanakarin J. Sci. Technol. 33 (3), 315-323, 2011318

concerned with the dielectric constants of the solvents. Since
the dielectric constant of NMP (i.e., 32.6 at 20°C) is greater
than those of DCM (i.e., 9.1 at 20 °C) and DCE (i.e., 10.4 at
20°C) (Dean, 1999), the PEI solutions in NMP should exhibit
greater electrical conductivity than those in DCM and DCE.
The greater electrical conductivity of the PEI solutions in
NMP comparing to those in DCM and DCE leads to greater
Coulombic repulsion (responsible for the stretching of the
charged jet) and electrostatic (responsible for the transport
of the charged jet to the collector) forces (Wannatong et al.,

2004), which are responsible for the greater mass throughput
rate, hence greater electrospinnability.

To further improve the electrospinnability of the PEI
solutions, DMF was used as the modifying co-solvent with
NMP. DMF, due to its relatively high dielectric constant (i.e.,
38.3 at 20°C) (Dean, 1999), was used to increase the electro-
spinnability of a polymer solution (Lee et al., 2003). The PEI
solutions in the mixed solvent systems of NMP and DMF at
75/25 and 50/50 (v/v) were electrospun at a fixed electric field
of 15 kV/10 cm for 5 min. It was found that beaded fibers

Figure 3. Selected SEM images (magnification 500x, scale bar is 50 µm) of electrospun fibers obtained from solutions of PEI in DCM at
concentrations of (a) 10, (b) 15 and (c) 20% (w/v), in DCE at concentrations of (d) 10, (e) 15, and (f) 20% (w/v), in NMP at
concentrations of (g) 10, (h) 15, and (i) 20% (w/v), in 75/25 (v/v) NMP/DMF at concentrations of (j) 10, (k) 15, and (l) 20%
(w/v), and in 50/50 (v/v) NMP/DMF at concentrations of (m) 10, (n) 15, and (o) 20% (w/v).
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were obtained from the 15% (w/v) PEI solutions in NMP,
75/25 NMP/DMF, and 50/50 NMP/DMF (see Figure 3h, k,
and n), but the number of beads was found to decrease with
an increase in the DMF content (higher magnification images
can be seen in Figure 4h, k, and n). In other words, electro-
spinnability  of  the  PEI  solutions  was  improved  with  the
increasing of DMF content in the solutions. A similar result
was observed for the electrospun products from the 20%
(w/v) PEI solutions in NMP, 75/25 NMP/DMF and 50/50
NMP/DMF (see Figures 3 and 4i, l, and o).

The improvement in the electrospinnability of the PEI
solutions due to the addition of DMF as the modifying co-
solvent could be assessed quantitatively by observing the
average numbers of fiber segments per unit area (see Table
1), which were measured directly from SEM images (see
Figure 3i, l, and o). Only the fibers obtained from the 20%
(w/v) PEI solutions were used in the analysis. According to
Table 1, the value for the electrospun fibers from the solution
in 75/25 NMP/DMF (ca. 9.9×106 #/cm2) was comparable to
that for the fibers from the solution in 50/50 NMP/DMF (ca.
10.4×106 #/cm2). These values were much greater than that
for the fibers from the solution in NMP (ca. 7.1×106 #/cm2).
The increase in the numbers of fiber segments per unit area
corresponded  to  the  increased  electrospinnability  of  the
solutions. As mentioned, the greater dielectric constant of
DMF in comparison with that of NMP should be responsible
for this. The greater dielectric constant of DMF would cause
the PEI solutions in NMP/DMF to exhibit greater electrical
conductivities than the solutions in NMP alone. The greater
electrical conductivity would lead to greater Coulombic re-
pulsion (responsible for the stretching of the charged jet) and
electrostatic (responsible for the transport of the charged jet
to the collector) forces (Wannatong et al., 2004) subjected
to the jet segments. This finally leads to increased mass
throughput rate, hence greater electrospinnability.

The  average  pore  size  of  the  obtained  electrospun
fibers was investigated (see Table 1). The average pore size of
the electrospun fibers from the solutions in 75/25 NMP/DMF
and 50/50 NMP/DMF were approximately similar (i.e. 2 µm)
which was smaller than that from the solution in NMP (i.e.
2.8 µm). The higher electrospinnability of the solutions in
75/25 NMP/DMF and 50/50 NMP/DMF than that in NMP,
which was previously mentioned could be the reason that
the fibers overlapped more on the surface and therefore lead-
ing to the smaller pore size. According to Table 1, the surface

porosity of the obtained electrospun fibers was also investi-
gated. The surface porosities of the electrospun fibers from
the solutions in 75/25 NMP/DMF and 50/50 NMP/DMF were
about 45% which were lower than that from the solution in
NMP (i.e. 52%). These results can be explained in term of the
electrospinnability as well. Due to the higher electrospinn-
ability, the lower surface porosities were observed for the
electrospun fibers from the solutions in 75/25 NMP/DMF
and 50/50 NMP/DMF. Yoon et al. (2006) reported the results
that the surface porosity of the electrospun polyacrylonitrile
membrane analyzed from image analysis program was found
to be very close to its bulk porosity and stated the relation-
ship between the flux and the surface porosity.

3.2 Effect of solution concentration

The effect of solution concentration on the morpho-
logical  appearance  and  size  of  the  electrospun  PEI  fibers
was also investigated and it can be evaluated from the results
summarized in Figures 3 and 4. For the electrospun products
from the 10% (w/v) PEI solution in DCM, discrete beads were
the predominant features of the obtained products (see Fig-
ure 3a), with trace amounts of beaded fibers with fine fibrous
texture between adjacent beads being observed in a greater-
magnification image (see Figure 4a). Increasing the solution
concentration to 15 and 20% (w/v) resulted in the complete
disappearance  of  the  discrete  beads,  with  flat  ribbon-like
fibers being the predominant features of the obtained prod-
ucts (see Figures 3, 4b, and c). The size of these fibers was
relatively large (i.e., >10 mm on average) (see Table 2). In case
of the PEI solutions in DCE, a combination of discrete beads
and beaded fibers was obtained at 10% (w/v) (see Figures 3
and  4d).  Increasing  the  solution  concentration  to  15  and
20% (w/v) resulted in a dramatic decrease in the number of
beads (see Figures 3, 4e, and f). Similar to the case of the
fibers obtained from the solutions in DCM, flat ribbon-like
fibers  were  the  common  features,  with  their  size  ranging
between 6 and 7 mm on average (see Table 2).

For  the  products  that  were  obtained  from  the  PEI
solutions in NMP, discrete and spherical beads were predomi-
nant features of the products obtained at 10% (w/v) (see Fig-
ures 3 and 4g). However, trace amount of very fine fibers was
also observed. Increasing the solution concentration to 15%
(w/v), only beaded fibers were the common features and the
shape of the beads became more elongated (see Figures 3

Table 1. Number of fiber segments per unit area, pore size and surface porosity values of
electrospun fiber mats obtained from 20% (w/v) PEI solutions in NMP, 75/25 (v/v)
NMP/DMF and 50/50 (v/v) NMP/DMF.

                          Solvent # Fiber/cm2 Pore Size (µm) Surface Porosity(%)

NMP (7.1 ± 1.5) x 106 2.8 ± 1.0 52
75/25 (v/v) NMP/DMF(ES 75/25) (9.9 ± 1.3) x 106 2.0 ± 1.3 45
50/50 (v/v) NMP/DMF(ES 50/50) (10.4 ± 1.8) x 106 2.0 ± 0.9 45
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and 4h). The size of the fiber segments between beads was
about 0.5 mm on average (see Table 2). At 20% (w/v), only
smooth fibers were the common features (see Figures 3 and
4i) and the size of these fibers increased slightly to 0.8 mm
on average (see Table 2). It is obvious that the size of the
fibers  from  the  PEI  solutions  in  NMP  was  considerably
smaller than that of the fibers from the solutions in both
DCM and DCE, likely a result of the much greater dielectric

constant value of NMP in comparison with those of DCM
and DCE. The addition of DMF as the modifying co-solvent
did not affect much the morphology of the obtained products
(see Figures 3 and 4j-o). According to Table 2, the size of the
fiber segments between beads for the beaded fibers obtained
from the PEI solutions in both mixed solvent systems was
practically the same as that of the fibers obtained from the
PEI solution in NMP alone (i.e., about 0.5 mm on average). At

Figure 4. Selected SEM images (magnification 3500x, scale bar is 5 µm) of electrospun fibers obtained from solutions of PEI in DCM at
concentrations of (a) 10, (b) 15, and (c) 20% (w/v), in DCE at concentrations of (d) 10, (e) 15, and (f) 20% (w/v), in NMP at
concentrations of (g) 10, (h) 15, and (i) 20% (w/v), in 75/25 (v/v) NMP/DMF at concentrations of (j) 10, (k) 15, and (l) 20%
(w/v), and in 50/50 (v/v) NMP/DMF at concentrations of (m) 10, (n) 15, and (o) 20% (w/v).
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20% (w/v), on the other hand, the size of the fibers from the
solutions in the mixed solvent systems was found to increase
from that of the fibers from the solution in NMP to about 0.9
and 1.0 mm on average, when the DMF content in the mixed
solvent systems increased from 25 to 50 vol.%.

Irrespective of the solvent systems investigated, elec-
trospinning   of   PEI   solutions   at   the   lowest   concentration
investigated  (i.e.,  10%  (w/v))  resulted  in  the  formation  of
discrete beads or beaded fibers as the major features. Accord-
ing to Table 2, it is obvious that the viscosity of the solutions
increased with an increase in the solution concentration. As
expected, this is due to the increase in the entanglements of
PEI molecules, hence the increase in the viscoelastic contri-
bution, with an increase in the solution concentration. At low
solution viscosities, the contribution from the viscoelastic
forces was not large enough to overcome the contribution
from  the  electrical,  stretching  forces  (Wannatong  et  al.,
2004). This would finally lead up to the break-up of the jet
into smaller ones which were later rounded up, due to the
action of the surface tension, to form beads (Mit-uppatham
et al., 2004). As the solution concentration increased, the
viscoelastic contribution would ultimately become greater
than  the  electrical  counterpart,  thus  preventing  the  total
break-up of the jet into smaller ones (Mit-uppatham et al.,
2004).  This  eventually  caused  the  morphology  of  the
products to change from discrete beads to beaded fibers and,
ultimately, to smooth fibers. Simultaneously, as the magni-
tude  of  the  viscoelastic  contribution  became  greater  with
increasing solution concentration (or, to be exact, solution
viscosity), the jet would be less subservient to being stretched
by the electrical forces, hence an observed increase in the
size of the fibers. The relationship between the average fiber
diameters and the viscosities of polyamide-6 solutions was
correlated well with exponential growth equation (Mit-
uppatham et al., 2004).

Figure 5 shows plots of the diameters of the fibers
that  had  been  obtained  from  20%  (w/v)  PEI  solutions  in
NMP, 75/25 NMP/DMF, and 50/50 NMP/DMF as a function
of solution viscosity. Clearly, for a given data set, the dia-
meters of the fibers correlated well with the viscosity of the
solutions  and  the  relationship  between  the  average  fiber
diameters and the solution viscosities could be approximated
with exponential growth equations, as indicated in the figure.

3.3 Water flux

The filtration performance of the electrospun PEI fiber
mats was investigated and the result was compared with the
corresponding films prepared by the phase immersion-pre-
cipitation technique. Both, the fiber mats and the films were
prepared from 20% (w/v) PEI solutions in 75/25 and 50/50
NMP/DMF.  The  thickness  of  all  specimens  was  carefully
controlled at 130 µm on average. The permeation flux (J) of
each specimen was determined at each constant pressure of
0.5, 1.0, 1.5, and 2.0 bars. The results in Figure 6 show that
the permeation fluxes measured from the electrospun fiber
mats prepared from the PEI solutions in 75/25 and 50/50
NMP/DMF (denoted in the figure as ES 75/25 and ES 50/50,
respectively) were comparable. The values were much greater
than those of the corresponding films, which also showed
comparable values between them. The greater water fluxes of
the  fiber  mats  in  comparison  with  those  of  the  cast  films
were due obviously to the greater porosity of the fiber mat
membranes. Based on the SEM images of the fiber mats, the
surface porosity of the membranes was about 45%. Yoon et
al. (2006) reported a high porosity value (about 70%) for the

Table 2. Viscosities of PEI solutions in different solvent systems at concentrations of 10, 15, and 20% (w/v)
and diameters of the obtained electrospun fibers.

Viscosity (cP) Fiber Diameters (µm)
          Solvent

10% (w/v) 15% (w/v) 20% (w/v) 10% (w/v) 15% (w/v) 20% (w/v)

DCM   62 ± 1 164 ± 2 312 ± 1 0.41 ± 0.13 13.97 ± 1.97 10.17 ± 2.34
DCE   73 ± 2 143 ± 2 322 ± 2 2.63 ± 1.87   6.45 ± 1.69   5.73 ± 1.38
NMP 120 ± 1 389 ± 2 585 ± 2 0.22 ± 0.04   0.48 ± 0.10   0.77 ± 0.10
75/25 NMP/DMF   95 ± 2 276 ± 2 420 ± 2 0.25 ± 0.06   0.49 ± 0.09   0.77 ± 0.10
50/50 NMP/DMF   81 ± 2 337 ± 2 668 ± 2 0.23 ± 0.05   0.48 ± 0.10   0.79 ± 0.10

Figure 5. Average diameters of electrospun fibers obtained from
20% (w/v) PEI solutions in NMP, 75/25 (v/v) NMP/DMF
and 50/50 (v/v) NMP/DMF as a function of the solution
viscosity.
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electrospun polyacrylonitrile fiber mats, which was found to
provide higher flux rates than the commercial membranes with
the porosity of about 30%. The electrospun poly(ethylene
terephthalate) nanofibrous membrane with the porosity of
about 80% shown the higher flux and the better performance
in apple juice clarification process than a traditional clarifica-
tion technique (using clarification agents) and ultrafiltration
(using a commercial membrane) (Veleirinho et al., 2009). The
electrospun polyacrylonitrile nanofibrous membrane with the
porosity of about 90% and pores size of less than 2 m, was
found to provide high water permeability and high ability to
remove more than 90% of particles in the range of 1–20 m
from water (Bazargan et al., 2011).

Even though the results obtained herein suggested
the applicability of the electrospun PEI fiber mats in water
filtration  applications,  other  aspects  associated  with  such
applications, e.g., rejection efficiency should be investigated
further.

4. Conclusions

In the present contribution, electrospinning was used
to fabricate PEI fibrous membranes for potential for uses in
filtration applications. Electrospun fiber mats of PEI were
prepared from the solutions in dichloromethane (DCM), 1,2-
dichloroethane  (DCE),  N-methylpyrrolidone  (NMP)  and
certain mixtures between NMP and N,N-dimethylformamide
(DMF). It was found that the electrospinnability of PEI solu-
tions in NMP was greater than that of the solutions in DCM
and DCE. Electrospinnability of the PEI solutions could be
improved further with the use of DMF as the modifying co-
solvent. The effect of solution concentration on the morpho-
logical appearance and size of the obtained products was
investigated. At the lowest solution concentration investi-

gated, i.e., 10% (w/v), discrete beads and/or beaded fibers
were the common features. Increasing the solution concen-
tration to 15% (w/v) resulted in the marked reduction in the
number  of  beads,  while  beaded  fibers  were  the  common
features. At the highest solution concentration investigated
(i.e.,  20%  (w/v)),  only  smooth  fibers  were  the  common
features. An increase in the solution concentration, and by
this also in the solution viscosity, resulted in a monotonous
increase  in  the  fiber  diameters.  For  the  fibers  that  were
obtained from the PEI solutions in NMP and its mixtures with
DMF, the average diameters of the fibers were in the range of
about 0.1 to 1 mm. Lastly, the applicability of the electrospun
fiber mats obtained from 20% (w/v) PEI solutions in 75/25
and 50/50 (v/v) NMP/DMF as water filtration membranes
was tested against the corresponding cast films that had been
prepared from the same solutions by the phase immersion-
precipitation  technique.  Clearly,  the  fiber  mats  exhibited
much  greater  water  fluxes  than  the  films,  especially  at
pressures greater than 0.5 bars.

Acknowledgements

The authors acknowledge a financial support received
from Faculty of Science Research Fund (Budget Year 2008),
Prince of Songkla University, and research facilities of De-
partment of Materials Science and Technology, Faculty of
Science, Prince of Songkla University.

References

Albrecht, W., Schauer, J., Weigel, Th. and Lendlein, A. 2006.
Preparation of novel composite membranes: Reactive
coating on microporous poly(ether imide) support
membranes. Journal of Membrane Science. 269, 49-59.

Asatekin, A., Kang, S., Elimelech, M. and Mayes, A.M. 2007.
Anti-fouling  ultrafiltration  membranes  containing
polyacrylonitrile-graft-poly(ethylene oxide) comb co-
polymer additives. Journal of Membrane Science. 298,
136-146.

Barbosa-Coutinho, E., Salim, V.M.M. and Borges, C.P. 2003.
Preparation  of  carbon  hollow  fiber  membranes  by
pyrolysis of polyetherimide. Carbon. 41, 1704-1714.

Bazargan, A.M., Keyanpour-rad, M., Hesari, F.A. and Ganji,
E.  2011.  A  study  on  the  microfiltration  behavior  of
self-supporting electrospun nanofibrous membrane in
water using an optical particle counter. Desalination.
265, 148-152.

Dean, J.A. 1999. Lange’s Handbook of Chemistry, McGraw-
Hill, New York, U.S.A., pp. 5.105-5.129.

Doshi, J. and Reneker, D.H. 1995. Electrospinning process
and  applications  of  electrospun  fibres.  Journal  of
Electrostatics. 35, 151-161.

Gopal, R., Kaur, S., Chao, Y.F., Chan, C., Ramakrishna, S., Tabe,
S. and Matsuura, T. 2007. Electrospun nanofibrous
polysulfone  membranes  as  pre-filters:  Particulate
removal. Journal of Membrane Science. 289, 210-219.

Figure 6. Water fluxes of the electrospun fiber mats (ES) obtained
from 20% (w/v) PEI solutions in 75/25 and 50/50 (v/v)
NMP/DMF  and  the  corresponding  cast  films  (CF)  as
prepared from the phase immersion-precipitation tech-
nique as a function of pressure.



323P. Thitiwongsawet et al. / Songklanakarin J. Sci. Technol. 33 (3), 315-323, 2011

Han, S.O., Son, W.K., Cho, D., Youk, J.H. and Park, W.H.
2004. Preparation of porous ultra-fine fibres via selec-
tive thermal degradation of electrospun polyetheri-
mide/poly(3-hydroxybutyrate-co-3-hydroyvalerate)
fibres. Polymer Degradation and Stability. 86, 257-262.

Hilal, N., Al-Abri, M., Al-Hinai, H. and Abu-Arabi, M. 2007.
Characterization and retention of NF membranes using
PEG, HS and polyelectrolytes. Desalination. 221, 284-
293.

Ju, H., McCloskey, B.D., Sagle, A.C., Wu, Y.H., Kusuma, V.A.
and Freeman, B.D. 2008. Crosslinked poly(ethylene ox-
ide) fouling resistant coating materials for oil/water
separation. Journal of Membrane Science. 307, 260-
267.

Kaeselev, B., Pieracci, J. and Belfort, G. 2001. Photoinduced
grafting of ultrafiltration membranes: comparison of
poly(ether  sulfone)  and  poly(sulfone).  Journal  of
Membrane Science. 194, 245-261.

Lee, K.H., Kim, H.Y., Khil, M.S., Ra, Y.M. and Lee, D.R. 2003.
Characterization  of  nano-structured  poly(-capro-
lactone) nonwoven mats via electrospinning. Polymer.
44, 1287-1294.

Li, W.J., Tuli, R., Okafor, C., Derfoul, A., Danielson, K.G., Hall,
D.J. and Tuan, R.S. 2005. A three-dimensional nano-
fibrous  scaffolds  for  cartilage  tissue  engineering
using human mesenchymal stem cells. Biomaterials.
25, 599-609.

Ma, Z., Kotaki, M. and Ramakrishna, S. 2006. Surface modi-
fied nonwoven polysulphone (PSU) fiber mesh by
electrospinning: A novel affinity membrane. Journal
of Membrane Science. 272, 179-187.

Ma, Z., Lan, Z., Matsuura, T. and Ramakrishna, S. 2009.
Electrospun  polyethersulfone  affinity  membrane:
Membrane preparation and performance evaluation.
Journal of Chromatography B. 877, 3686-3694.

Min, B.M., Jeong, L., Nam, Y.S., Kim, J.M. and Park, W.H.
2004. Formation of silk fibroin matrices with different
texture and its cellular response to normal human
keratinocytes.  International  Journal  of  Biological
Macromolecules. 34, 223-230.

Mit-uppatham, C., Nithitanakul, M. and Supaphol, P. 2004.
Ultrafine  electrospun  polyamide-6  fibers:  Effect  of
solution conditions on morphology and average fiber
diameter. Macromolecular Chemistry and Physics. 205,
2327-2338.

Norris, I.D., Shaker, M.M., Ko, F.K. and Macdiarmid, A.G.
2000. Electrostatic fabrication of ultrafine conducting
fibers: polyaniline/polyethylene oxide blends. Syn-
thetic Metals. 114, 109-114.

Rahimpour, A., Madaeni, S.S. and Mehdipour-Ataei, S. 2008.
Synthesis of a novel poly(amide-imide) (PAI) and pre-
paration and characterization of PAI blended poly-
ethersulfone (PES) membranes. Journal of Membrane
Science. 311, 349-359.

Reneker, D.H. and Yarin, A.L. 2008. Electrospinning jets and
polymer nanofibers. Polymer. 49, 2387-2425.

Sang, Y., Li, F., Gu, Q., Liang, C. and Chen, J. 2008. Heavy
metal-contaminated groundwater treatment by a novel
nanofiber membrane. Desalination. 223, 349-360.

Tang, Z., Wei, J., Yung, L., Ji, B., Ma, H., Qiu, C., Yoon, K.,
Wan, F., Fang, D., Hsiao, B.S. and Chu, B. 2009. UV-
cured-poly(vinyl alcohol) ultrafiltration nanofibrous
membrane based on electrospun nanofiber scaffolds.
Journal of Membrane Science. 328, 1-5.

Veleirinho, B. and Lopes-da-Silva, J.A. 2009. Application of
electrospun poly(ethylene terephthalate) nanofiber
mat to apple juice clarification. Process Biochemistry.
44, 353-356.

Wang, X., Fang, D., Yoon, K., Hsiao, B.S. and Chu, B. 2006.
High performance ultrafiltration composite membranes
based  on  poly(vinyl  alcohol)  hydrogel  coating  on
crosslinked nanofibrous poly(vinyl alcohol) scaffold.
Journal of Membrane Science. 278, 261-268.

Wannatong, L., Siriwat, A. and Supaphol, P. 2004. Effects of
solvents on electrospun polymeric fibers: Preliminary
study on polystyrene. Polymer International. 53, 1851-
1859.

Wrasidlo, W.J. and Mysels, K.J. 1984. The structure and some
properties  of  graded  highly  asymmetrical  porous
membranes. Journal of Parenteral Science and Tech-
nology. 38, 24-31.

Xu, Z.K., Shen, L.Q., Yang, Q., Liu, F., Wang, S.Y. and Xu,
Y.Y. 2003. Ultrafiltration hollow fiber membranes from
poly(ether  imide):  preparation,  morphologies  and
properties. Journal of Membrane Science. 223, 105-
118.

Yoon, K., Kim, K., Wang, X., Fang, D., Hsiao, B.S. and Chu,
B. 2006. High flux ultrafiltration membranes based on
electrospun nanofibrous PAN scaffolds and chitosan
coating. Polymer. 47, 2434-2441.

Zeng, J., Xu, X., Chen, X., Liang, Q., Bian, X., Yang, L. and
Jing, X. 2003. Biodegradable electrospun fibers for
drug delivery. Journal of Controlled Release. 92, 227-
231.

Zhu, L.P., Xu, L., Zhu, B.K., Feng, Y.X. and Xu, Y.Y. 2007.
Preparation and characterization of improved fouling-
resistant PPESK ultrafiltration membranes with am-
phiphilic PPESK-graft-PEG copolymers as additives.
Journal of Membrane Science. 294, 196-206.


