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ABSTRACT

Polymeric membranes have low mechanical, chemical, and thermal resistances, whereas carbon nano-
tubes (CNTs) have excellent mechanical properties, in addition to high chemical and thermal stability.
Hence, polyacrylonitrile/multiwalled CNT (PAN/CNT) nanocomposite fibers were synthesized via
an electrospinning process in order to modify the properties of PAN nanofibers. The resultant nano-
fibers were then characterized by scanning electron microscopy, transmission electron microscopy
and Fourier transform infrared spectroscopy. It was found that the addition of CNTs into the polymer
solution increased the roughness of the fiber surface. The diameters of the PAN, 0.1% CNT doped PAN
and 0.5% CNT doped PAN nanofibers are 1.63, 0.59 and 1.39 um, respectively. Hence, the thickness
of the nanocomposite fiber was seen to be dependent on the CNT concentration. The protein adsorp-
tion onto the 0.1% CNT doped PAN nanofibers and 0.5% CNT doped PAN nanofibers were 26% and
34% less than the PAN nanofibers, respectively. Hence, adding CNTs to the PAN/CNT nanocomposite
fibers also had the potential to alleviate fouling. Based on these results, the modification of PAN/CNT
nanocomposite fibers was confirmed, and these fibers were deemed to be a good alternative to current

support materials for membranes.
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1. Introduction

Membrane phenomena were first observed in the eigh-
teenth century. However, even though the elements of mod-
ern membrane science were developed in the 1960s, they were
used only in laboratory-scale studies [1]. Membrane opera-
tions use a membrane to execute a particular separation, and
due to either physical or chemical differences between the
membrane and permeating components, membranes can
transport some elements more readily than others [2]. To
date, their cost, unreliability, low speed, and unselectivity
have prohibited their widespread use as a separation pro-
cess [1], though over the last decades membrane processes
have been developed within specific industries [3]. Hence,
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this form of development ensures that neither a single type
of membrane nor a single technology has been developed [4].
Indeed, membrane operations can be classified according to
the driving force, mechanism of separation, structure of the
membrane, and the phases in contact [5]; most membrane
operations are governed by pressure, concentration, electri-
cal potential, or temperature gradients [4].

Polymeric membranes are widely being used in mem-
brane operations due to their good film-forming ability,
flexibility, toughness, separation properties, and low cost.
However, they have low mechanical, chemical, and thermal
resistances, and poor anti-fouling ability because of their
hydrophobic nature [6]. Furthermore, even though poly-
acrylonitrile (PAN) based membranes have good chemical
stability and filtration performance, they are very prone to
fouling [7].
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Nanosized organic or inorganic material blended com-
posite membranes are attractive because of their enhanced
properties, which include high permselectivity, good hydro-
philicity, and improved fouling resistance [6]. For example,
polymeric nanocomposites have the potential to be used in
a wide range of applications due to their easy processability,
low cost, and good adhesion to substrates [8]. Since their dis-
covery in 1991 by lijima [9], carbon nanotubes (CNTs) have
attracted interest because of their excellent mechanical prop-
erties, high chemical and thermal stability, and high aspect
ratio [10]. Overall, CNTs have the potential to improve the
material properties of polymers due to their high aspect ratio,
at a low density with high strength and stiffness [11].

Since its discovery in 1934, electrospinning has attracted
continued interest due to its potential for use in fabricating
different types of nanofibers [12]. Notably, nanofibers pre-
pared by electrospinning have a small diameter, high aspect
ratio, large specific surface area, composition diversity,
unique physicochemical properties, and design flexibility for
chemical/physical surface functionalization [8].

Polymer/CNT fibers are more suitable than bulk polymer/
CNT composites for many applications. Moreover, it is pos-
sible to align the nanotubes in a polymer matrix using vari-
ous fiber production techniques [13]. Examples of polymer/
CNT composite fiber preparation methods include the fol-
lowing. Andrews et al. [14] prepared composite carbon fibers
having isotropic petroleum pitch matrices and CNTs using
a single-hole fiber spinning apparatus. They showed that
these composite carbon fibers had enhanced mechanical and
electrical properties. Naebe et al. [15] synthesized polyvinyl
alcohol (PVA) nanofibers having CNTs, using an electrospin-
ning method. They showed that the CNTs caused an appar-
ent increase in the crystallinity of PVA. Wan et al. [16] then
showed that vibration electrospinning increased the disper-
sion and alignment of CNTs in PAN nanofibers, compared
with traditional electrospinning techniques. Khan et al. pre-
pared graphene nanoflakes embedded PAN nanofibers by
electrospinning [17]. They showed that the physical proper-
ties, such as wettability, dielectric constant, ionic conductivity,
and thermal conductivity values of the PAN nanocomposites
increased as a function of graphene concentrations. Khan et al.
prepared CNT incorporated PAN nanofibers by electrospin-
ning [18]. They showed that the CNT incorporation increased
the thermal conductivity of the nanofibers more than tenfold.

In our previous publications, it was shown that there
might be hydrogen-bonding interactions between function-
alized CNTs and polyethersuflone [19]. Based on these con-
siderations and the body of previous research, the objective
of this work is to synthesize CNT-doped PAN nanocom-
posite fibers by electrospinning as a support material for
membranes. To subsequently characterize the PAN/CNT
nanofibers, Fourier transform infrared (FTIR) spectroscopy,
transmission electron microscopy (TEM), and scanning elec-
tron microscopy (SEM) were employed.

2. Materials and methods
2.1. Materials

PAN (molecular weight: 150,000) and anhydrous N,N
dimethylformamide (DMF; 99.8%) were purchased from
Polysciences Inc. (USA) and Sigma (USA), respectively. CNTs

(diameter: 20-30 nm) were supplied by Nanostructured
and Amorphous Materials Inc. (USA). In addition, bovine
serum albumin (BSA) having a molecular weight of 68 kDa,
molecular size of 14 nm x 4 nm x 4 nm, and an isoelectric
point of pH 4.7-4.9 [20] was purchased from Sigma (USA). All
materials were used as-received without further treatment.

2.2. CNT modification

The chemical modification of CNTs in concentrated sul-
furic and nitric acid is described elsewhere [19,21]. In brief,
raw CNTs were modified in a 3:1 (v/v) HNO,:H,SO, mixture
at 70°C for 9 h under ultrasonication. Modified CNTs were
then washed using Deionized (DI) water and filtered until
a neutral pH was attained, before being dried overnight in a
vacuum oven at 100°C.

2.3. Nanocomposite fiber fabrication

CNT-doped PAN nanofibers were synthesized via electro-
spinning. The nanofiber solutions were prepared as follows.
CNTs were ultrasonicated in DMF to ensure good dispersion.
After dispersing CNTs in the solvent, PAN (13 wt%) was
dissolved in the dope solution under continuous stirring and
heating at 80°C until the PAN was completely dissolved and
the solution became homogenous. The resultant polymer
solution was then ultrasonicated to remove air bubbles;
after air bubble removal, electrospinning was applied to
synthesize the nanofibers.

Control and CNT-reinforced PAN nanocomposite fibers
were all prepared using an automated electrospinning instru-
ment (NE100, Inovenso Co. Ltd., Turkey), as schematically
shown in Fig. 1. In the figure, an electric field was generated
between a nozzle system and a grounded collection drum,
which rotated constantly at 350 rpm. The nozzle system con-
sisted of a tube having four nozzles, each having a 700-um
inner diameter. The polymer solution was pumped into the
system with a syringe pump, and nanofibers were collected
on a non-woven fabric. The voltage of the solution, distance
between the nozzles and collection drum, and feed rate of
all polymer solutions were optimized; for each polymer solu-
tion, electrospinning was applied under the values given in
Table 1. Note that nanofibers marked as PAN/CNT-0.25 refer
to nanofibers prepared in a solution in which the content of
the CNTs with respect to PAN was 0.25% by weight.
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Fig. 1. Schematic representation of electrospinning setup.
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Table 1
Electrospinning characteristics

Nanofiber name CNTratio Voltage Feedrate Distance
(%) (kV)  (mL/h)  (em)
PAN 0 33,8 8 16
PAN/CNT-0.1 0.1 32 7.5 16
PAN/CNT-0.25  0.25 32 8 16
PAN/CNT-0.5 0.5 35 12 16

2.4. Characterization

The morphology of the raw and modified CNTs and also
the orientation of the CNTs in the fibers were analyzed by TEM
(G2 F20; FEI Tecnai, USA). The surface morphologies of the
nanofibers were directly observed by SEM (Quanta FEG 250;
FEI, USA), and the structures of the raw and modified CNTs
and nanofibers were characterized by FTIR (Spectrum Two,
PerkinElmer, USA). The viscosities of the polymer solutions
were determined using a viscosimeter (Vibro, AND, Japan).

2.5. Protein adsorption

BSA was chosen as the protein source for evaluating the
adsorptive fouling property of the membranes. In the BSA
adsorption experiments, membranes were cut into small pieces
and immersed into a 1-mg/mL BSA solution and gently shaken
at room temperature for 4 h. The solution was maintained at
pH 7 using PBS or at pH 3 using NaOH and HC], as needed. The
membrane coupons were then washed in DI water and ultra-
sonicated for 2 min. Thereafter, the amount of adsorbed BSA
was directly measured using a UV-vis spectrometer (UV-VIS
Spectrophotometer, Shimadzu, Japan) via its absorbance at
280 nm. The average of at least two measurements was reported.

3. Results and discussion
3.1. CNT modification

TEM images of the raw and modified CNTs are given in
Fig. 2. In Fig. 2(A), raw CNTs were around tens of microme-
ters in length, and most of the tips of the CNTs were closed
(Fig. 2(B)), though subsequent treatment with a strong acid
mixture shortened the lengths of the CNTs to around 500 pm
(Figs. 2(C) and (D)). Hence, the tips of the shortened CNTs
are open due to the sonication and the treatment with the
strong acid mixture.

FTIR spectra of the raw and modified CNTs are shown
in Fig. 3. There are very small two peaks ~3,440 and 1,630 cm™
on pure CNTs. However, modified CNTs exhibited very clear
three peaks: ~3,440 cm™ (-OH), ~1,630 cm™ (>C=0) [22,23], and
~1,460 cm™ (O-C=0) [24]. These TEM and FTIR results confirm
the successful modification of the CNTs obtained by using an
acid mixture. This observation also confirms that the surface of
the CNTs functionalized by strong acid mixture and the terminal
carbons on the CNTs were converted to carboxylic groups [25].

3.2. Electrospun nanofibers

The viscosities of the polymer solutions for nanofiber syn-
thesis are given in Table 2, where it is seen that the viscosity

Fig. 2. TEM images of (A), (B) raw and (C), (D) modified CNTs.

r-CNT

8 | m-CNT

s g8

g g g

2

I

) g

4000 3500 3000 2500 2000 1500 1000

Wavenumbers (cm’)

Fig. 3. FTIR spectra of the raw (r-CNT) and modified (m-CNT)
CNTs.

Table 2

Viscosities of the polymer solutions
Polymer solution Viscosity (Pa.s)
PAN 1.19
PAN/CNT-0.1 1.64
PAN/CNT-0.25 1.66
PAN/CNT-0.5 3.70

of the 0.1% CNT added PAN solution is higher than the vis-
cosity of the pure PAN solution. Overall, the viscosities of
the CNT-doped PAN solutions increased when increasing
the CNT concentration in the solution. This increased vis-
cosity subsequently improved the dispersion of CNTs in
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Fig. 4. SEM images of: (A), (B) PAN; (C), (D) PAN/CNT-0.1; (E), (F) PAN/CNT-0.25; and (G), (H) PAN/CNT-0.5 nanofibers.
(The dimensions of the scale bars are 4 um on (A), (C), (E) and (G), and 10 um on (B), (D), (F) and (H).)

the polymer solution, though the huge viscosity increase
observed by the introduction of CNTs might be due to the
agglomeration of CNTs in the polymer solution [26].

The color of the pure PAN nanofibers was white, whereas
the PAN/CNT fibers were grey. The surface morphologies
of the PAN/CNT nanocomposite fibers were subsequently
characterized by SEM micrographs (Fig. 4). PAN nanofibers
are seen to be smooth (Fig. 4(A)), with the roughnesses of
the nanofibers increasing with further increases in the CNT
concentration (Figs. 4(C), (E), and (G)). Okiel et al. also con-
firmed the increased surface roughness of the polypropyl-
ene membranes by addition of CNTs [27]. This roughness
might be due to the ends of the CNTs sticking out of the
fiber surface [28]; these CNTs are thought to be the source
of the good adhesion to the polymer if nanocomposite fibers
are to be used as a membrane support material. Moreover,
the increased roughness also provides good adhesion to the
polymer surfaces.

In Fig. 4, there are no imperfections such as beads formed
in any of the nanocomposite fibers (Figs. 4(B), (D), (F) and
(H)). The fiber quality of the electrospinning process is thus
seen to be dependent on a balance between the electrostatic
repulsion, surface tension, and viscoelastic forces. When the
viscosity of the solution increases, the surface tension was
suppressed by electrostatic repulsion and viscoelastic forces.
Formations of the fibers are favored by the dominating vis-
coelastic forces [8], resulting in the formation of fibers having
bead-free and smooth surfaces (Fig. 4).

Variations of the fiber diameters were determined using
AxioVision Rel. 4.8 to view 20 nanofibers from 20 different
images for each fiber. The average nanofiber diameters are
shown in Fig. 5, with the diameters of the CNT-doped nano-
fibers being smaller than the diameters of the PAN nanofi-
bers. Moreover, the diameters of the nanofibers increased
with an increase in the CNT concentration. Based on a one-
way ANOVA test, there is a significant difference between
the diameters of the nanofibers synthesized. These results
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Fig. 5. Diameters of the nanofibers.

can also be visualized in the SEM images (Figs. 4(A), (C), (E)
and (G)). The gradual decrease of the diameters of the PAN/
CNT nanofibers compared with PAN nanofibers might be due
to the increased conductivities of the CNT-doped nanofibers
due to the conductive CNTs. In addition, the increase in the
fiber diameters of the nanofibers observed when increasing
the CNT concentration might be due to the increased viscosi-
ties that occurred when the CNT concentration was increased
(Table 2) [28].

Fig. 6 presents the FTIR spectra of the surfaces of the PAN
and PAN/CNT nanofibers having 0%-0.5% CNTs. The peaks
at ~2,950 cm™, ~2,850 cm™, and ~1,050 cm™ observed in both
the PAN and PAN/CNT nanofibers indicate C-H of -CH,
in acrylonitrile, C-H of ~CH, in acid, and C-CH, or C-CH,-
COOH, respectively [29]. The PAN/CNT nanofibers are
noticeably different from the bare PAN nanofibers, with two
new peaks at ~1,670 and ~1,455 cm™, related to the >C=O and
O-C=0 groups on CNTs loaded in nanofibers, respectively.
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Fig. 6. FTIR spectra of PAN, PAN/CNT-0.1, PAN/CNT-0.25, and
PAN/CNT-0.5.

Fig. 7. TEM images of PAN/CNT-0.5 nanofiber.

This result clearly confirms the successful incorporation of
CNTs into the PAN composite nanofibers.

Fig. 7 shows the TEM images of PAN/CNT-0.5 nano-
fibers. In the figure, CNTs were aligned along the axes of
the PAN nanofibers, which is consistent with the results of
Lisunova et al. [30]. There are three possible mechanisms for
aligning CNTs in the nanofibers: flow-induced confinement,
high-charge induced alignment, and fiber diameter confine-
ment induced orientation during electrospinning [31].

3.3. Protein adsorption

BSA adsorption onto PAN and PAN/CNT nanocomposite
fibers are demonstrated in Fig. 8. The isoelectric point of BSA
is around 4.7 [20,32]. Carboxyl functionalized CNTs increases
the negative zeta potential of PAN membranes [33]. At pH 3,
electrostatic attraction occurs since the protein and all fibers
had opposite charges. Moreover, at pH values below the
isoelectric point, protein denaturation is relatively high [34,35];
hence, the highest protein adsorptions were seen at pH 3. At
pH 7, both the BSA and nanocomposite fiber surfaces were
negatively charged, such that electrostatic repulsion was dom-
inant between the fiber surfaces and the protein. Overall, pro-
tein adsorption decreased with increases in the CNT concen-
tration in the dope solution, at both pH 3 and 7, thus indicating
the potential of using CNTs to alleviate fouling.
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Fig. 8. BSA adsorption on PAN/CNT nanofiber mats at pH 3 and 7
(average BSA adsorption of two replicates are reported).

Filtration membranes are the most common media
for separation tasks. However, they need a support layer
because of their fragile nature in order to remain robust
under practical operating conditions. Guechi et al. prepared
anorthite and Harabi et al. prepared aluminosilicate tubu-
lar ceramic supports for microfiltration and ultrafiltration
membranes [36,37]. Polymeric membranes are widely used
in filtration operations, and there is a necessity of a polymeric
supports for polymeric membranes to improve their lifespan
and material properties. Dumee et al. showed the improved
membrane distillation performances of the composite
CNT membranes compared with the pure self-supporting
CNT membranes [38]. The CNT-doped PAN nanocompos-
ite fibers developed here are a potential alternative to serve
as a support material for filtration membranes. Guclu et al.
prepared PAN/PSU fibers and proposed to be used as dis-
posable membranes such as are used in syringe filters [39].
Similarly, these CNT-doped PAN nanocomposite fiber mats
can be used as disposable membranes such as in syringe fil-
ters with their improved material properties.

4, Conclusions

PAN/CNT nanocomposite fibers were successfully pre-
pared via electrospinning. Prior to fiber synthesis, CNTs
were functionalized using a strong acid mixture to increase
their dispersion in an organic solvent. The tips of the short-
ened CNTs are open due to the sonication and the treatment
with the strong acid mixture. Moreover, the terminal carbons
on the CNTs were converted to carboxylic groups.

Even though the PAN nanofibers are smooth, the rough-
nesses of the nanofibers increase by increasing CNT concen-
tration. The diameters of the PAN, PAN/CNT-0.1, PAN/CNT-
0.25 and PAN/CNT-0.5 nanofibers are 1.63, 0.59, 0.82 and
1.39 um, respectively. That is, the diameters of the nanofibers
decreased by CNT addition but the diameters of the nano-
fibers increased with an increase in the CNT concentration.
Therefore, the roughness and thickness of the nanocomposite
fibers were found to depend on the concentration of CNTs in
the nanocomposite.
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Protein adsorptions onto PAN/CNT-0.1 and PAN/CNT-
0.5 nanofibers are 26% and 34% lower than the PAN nanofi-
bers. Hence, protein adsorption of the nanocomposite fibers
was alleviated by the addition of CNTs into the fiber struc-
ture. These PAN/CNT nanocomposite fiber mats can be used
as disposable membranes such as in syringe filters with their
reduced fouling tendency. In addition, PAN/CNT nanocom-
posite fibers are deemed to be a good alternative to current
support materials for membranes.
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