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ABSTRACT

In the present research, double-layer chitosan (CS)/polyvinyl alcohol (PVA) polyacrylonitrile
(PAN) and single-layer PAN nanofibrous membranes were prepared by electrospinning
method. The blend weight ratio of CS/PVA and concentration of PAN solutions were varied
to obtain the optimal electrospun mats in terms of fiber diameter, porosity, and pore size. The
50/50 CS/PVA was determined as the optimal top layer with respect to the obtained results.
Moreover, the electrospun nanofibrous membranes were characterized by wastewater treat-
ment. The maximum rejection values of chemical oxygen demand (COD), total dissolved sol-
ids (TDS), and turbidity using CS/PVA-PAN nanofibrous composite membranes were 61.14,
34.6, and 99.8%, respectively. Such findings imply that the electrospun nanofibrous composite
membranes can be used as appropriate membranes for pretreatment process.

Keywords: Electrospun nanofibrous membrane; Polyacrylonitrile; Chitosan; Polyvinyl alcohol;
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1. Introduction

Recently, nanoscale materials have attracted a lot
of attention due to their small physical size [1].
Among the other techniques, electrospinning was the
simplest and the most effective method for producing
ultrafine polymer nanofibers [2]. The standard
electrospinning setup comprises three portions: a
high-voltage power supply, a spinneret connected to a
syringe, and a collector. In this process, a polymer
solution is loaded to the syringe and pushed with a
syringe pump at a specified rate. As a high voltage is
applied, the pendent drop of the polymer solution at
the spinneret nozzle will be highly electrified. Then,
the electrostatic repulsion force will overcome the sur-
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face tension of the polymer solution, which causes
stretching of the polymer solution and ejection of
a fluid jet. This jet undergoes elongation with a contin-
uous solvent evaporation before deposition on a
collector [3] as a nonwoven nanofibrous mat or mem-
brane [4,5].

Electrospun mats showed potential applications in
some areas such as filtration, biomedical application,
and battery [6,7]. Filtration is the second largest group
of nanofiber application. Commercial nanofibrous fil-
ters have been used for industrial air cleaning [7]. In
liquid filtration, porous polymeric membranes pre-
pared by conventional methods have intrinsic limita-
tions such as low flux and high-fouling performance
[8,9]. The characteristics of electrospun nanofibrous
membranes such as large surface area-to-volume ratio
and highly interconnected pore structure give hope to
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overcome some of these limitations [9]. For instance,
Veleirinho and Lopes-da-Silva [9] studied poly(ethyl-
ene terephthalate) electrospun nanofibrous membrane
filtration for apple juice clarification. They demon-
strated that this filtration had high flux performance,
less time consumption, and much lower work pres-
sure in comparison with ultrafiltration.

Chitosan (CS) is a natural polysaccharide that has
useful properties such as hydrophilicity, biocompati-
bility, biodegradability, mechanical durability, antimi-
crobial activity, non-toxicity, and cost-effectiveness
[10-12]. The potential applications of nanofibers con-
taining chitin or CS are in many different areas such
as filtration, recovery of metal ions, catalyst and
enzyme carrier, tissue engineering, drug release,
medical implant, wound healing, protective clothing,
biosensor, and energy storage [13]. It is necessary to
blend CS with other water-soluble polymers like poly-
vinyl alcohol (PVA) for improvement of CS spinnabili-
ty [11].

In the present study, CS/PVA electrospun mats
with different blend weight ratios were prepared to
obtain an optimized nanofibrous mat. As polyacrylo-
nitrile (PAN) is a well-known polymer that
possesses good stability and mechanical properties
[14], the optimized CS/PVA solution was electro-
spun on PAN electrospun nanofibrous substrates.
The prepared CS/PVA-PAN nanofibrous membranes
were cross-linked in glutaraldehyde (GA) solution.
In addition, the performance of the electrospun com-
posite membranes in comparison with single-layer
PAN membranes was evaluated by filtration of
wastewater of food industries.

2. Experimental
2.1. Materials

PAN (M,,=150,000, p=1.184gcm ) and sodium
dodecylbenzene sulfonate (SDBS) were purchased
from Aldrich. CS (medium molecular weight and 75-
85% deacetylated) and PVA (M, =72,000, p=1269¢g
cm ) were obtained from Orbital and Fluka, respec-
tively. N,N-dimethylformamide (DMF), acetic acid
(glacial), GA (50% solution in water), hydrochloric
acid (HCl 37% aqueous solution), and acetone were
supplied from Merck. The wastewater was sampled
from the food industries effluent obtained from the
wastewater treatment plant of a local industrial estate.
The values of chemical oxygen demand (COD),
total dissolved solids (TDS), and turbidity of the
wastewater were in the range of 6,500-7,000 mg 1
500-2,200 mg 17!, and 900-1,200 NTU, respectively.
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2.2. Preparation of PAN electrospun nanofibrous mats

PAN was dissolved in DMF for 36-48 h to obtain
different homogeneous polymer solutions (9, 11 and
13 wt.%). Then, 0.01 wt.% SDBS was added into the
PAN solutions. It was reported that SDBS increased
the conductivity, reduced the surface tension, and
facilitated the DMF evaporation [15].

The electrospinning apparatus was purchased from
Asian Nanostructures Technology Company (ANS-
TCO). The solution was held in a syringe with a nee-
dle diameter of 0.55 mm. The needle was connected to
a power supply. For preparation of the electrospun
mats, the fibers were collected on a stainless steel
drum having a diameter of 5cm, covered with alumi-
num foil. The feed rate and distance between the nee-
dle and the collector were 0.8mlh™! and 20cm,
respectively. The rotational and linear speeds of the
drum were 300 rpm and 220 mmmin~', respectively.
The applied voltage was 18 kV.

2.3. Preparation of CS/PV A electrospun nanofibrous mats

A specific amount of glacial acetic acid was
added into water for preparation of 70 wt.% aqueous
acetic acid. PVA solution (8 wt.%) was prepared by
dissolving PVA in 70 wt.% aqueous acetic acid under
magnetic stirring at 50°C for 12h. CS powder was
dissolved into 70 wt.% aqueous acetic acid for 12h
to form a 3 wt.% solution. The PVA solution was
mixed with the CS solution in CS/PVA weight
ratios of 20/80, 30/70, 50/50, 70/30. The feed rate,
tip-to-collector distance, and applied voltage were
02mlh™', 10cm, and 13kV, respectively. The rota-
tional and linear speeds of the drum were 300 rpm
and 220 mm min~", respectively.

2.4. Preparation and cross-linking of CS/PVA-PAN
nanofibrous membrane

The optimal 50/50 CS/PVA solution was electro-
spun on the 9 and 11 wt.% PAN substrates. Then, the
CS/PVA-PAN membranes were immersed in the GA
bath (the concentration of GA was 5% in 95/5 ace-
tone/water solution) for 12h in order to cross-link
hydroxyl groups of PVA. HCI was added as a reaction
catalyst to the GA bath. The cross-linked membranes
were washed with double-distilled water before use.

2.5. Morphological characterization

The morphology of PAN and CS/PVA mats was
examined by a scanning electron microscope
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(KYKY-EM3200). The mat samples were gold coated
by KYKY-SBC12 system before imaging. The average
diameter of the electrospun fibers was determined
from scanning electron microscopy (SEM) images
using Image ] software.

2.6. Determination of porosity and mean pore size

The samples of prepared mats were cut into spe-
cific sizes, and their thickness and mass were mea-
sured by a digital micrometer (Insize 3109-25) and an
accurate balance (a resolution of 0.1 mg), respectively.
The apparent density of the electrospun mats (p)
was calculated by dividing their mass by volume.
Thereafter, the porosity of the electrospun mats (¢
was estimated according to the following equation
[16,17]:

o= Po=P) | 100% 1)

Po

where p, is the average density of the polymers used
in electrospinning. p, of the CS/PVA electrospun
nanofibrous mats can be calculated by using the fol-
lowing equation [16,17]:

19, Peva )
Po Pes Prva

where p. is 1.342gcm™> [18]. ¢, and ¢py, are the
mass fraction of CS and PVA, respectively.

The mean pore radius () of the electrospun nanofi-
brous mats was calculated by using the estimated
porosity and mean fiber diameter (d) according to the
following equation [17,19]:

i .
"=y (2 log (1) 1>d ®

2.7. Permeation and rejection evaluation

Performance tests of the membranes were done by
using an experimental setup. For determining pure
water flux (PWF), distilled water was passed through
the membrane module by applying the transmem-
brane pressure (TMP) of 0.5bar. PWF was calculated
according to the following equation [17,20]:

]::44524, 4)

1961

where ] is the flux Am?h™"), Q is the permeate vol-
ume (1), A is the effective membrane area (m?) and At
is the sampling time (h).

The treatment performance of nanofibrous mem-
branes was studied using the wastewater at a TMP of
0.5 bar. The permeate flux was calculated by using Eq.
(4). The rejection percent of pollution indices of COD,
TDS, and turbidity was calculated by using the follow-
ing equation [20]:

R (%) = (1 _%> % 100 5)

f

where C, and C; are the values of each pollution
index in the permeate and feed streams, respectively.
Turbidity, COD, and TDS were measured by turbidity
meter (Lutron TU-2016, Taiwan), COD photometer
(CheckitDirect COD, Lovibond, Germany) and con-
ductivity/TDS/Salinity meter (Extech EC400, USA),
respectively.

3. Results and discussion

3.1. The effect of concentration on the morphology of PAN
mats

The solution viscosity, controlled by polymer con-
centration, is one of the most effective parameters on
the morphology and fiber size of electrospun mats
[21]. Thereby, the 9, 11, and 13 wt.% PAN solutions
were used for electrospinning. Fig. 1 shows the SEM
image and the fiber diameter distribution of PAN elec-
trospun mats at different concentrations, illustrating
that the fabricated fibers are beadless and almost uni-
form. The 9, 11, and 13 wt.% PAN mats had average
fiber diameters of 332+21, 484+22, and 1,522+
194 nm, respectively. By increasing the solution con-
centration while keeping other parameters constant,
the average diameter of fibers was increased due to
the increase in viscosity and the resistance of the solu-
tion against stretching [22].

3.2. The effect of the blend weight ratio on morphological
structure of CS/PVA mats

The SEM image and fiber diameter distribution of
CS/PVA mats at different blend weight ratios under
the same processing conditions are shown in Fig. 2.
All the fabricated fibers of CS/PVA electrospun mats
were beadless and fused at their junction points. It
was reported that fusing the fibers of electrospun mats
together at their junction points could improve the
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Fig. 1. The SEM image and fiber diameter distribution of (a) 9 wt.%, (b) 11 wt.%, and (c) 13 wt.% PAN electrospun mats.

poor mechanical strength and structural integrity of
the mats [23].

The fibers became finer and more uniform with
increasing CS content in the blend weight ratio, as the
average fiber diameter of 20/80, 30/70, 50/50, and
70/30 CS/PVA electrospun mats was 351 +16, 316 +
12, 289+9, and 264 +9nm, respectively. As CS is a
linear cationic polymer, it was established that CS can
act like other ionic additives [13]. Hence, higher CS
content in CS/PVA blend increased the charge density
on the jet surface and the jet was more elongated
under electrical field [24]. However, with respect to
Fig. 2, as the CS content in the blend increased, the
fractures of final fibers were increased. Almost the
same result was obtained by other researchers [25].

3.3. Porosity and mean pore size

The porosity and mean pore size of the electrospun
mats are important parameters to evaluate the perfor-
mance of liquid filtration. Fig. 3 shows the porosity and
mean pore size of PAN electrospun mats. The 9, 11, and
13 wt.% PAN mats have the mean pore radius of approx-
imately 2.5, 6, and 19 pm, respectively. When the concen-
tration increased, the mean pore size of PAN electrospun
mats became larger because of increasing the porosity of
PAN mats from 82 to 87% and the fiber diameter from
332 to 1,522 nm, respectively. It must be noted that real
porosities of the mats should be higher than the calcu-
lated ones as the thicknesses of the mats were measured
under applying pressure of micrometer tip [26].
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Fig. 2. The SEM image and fiber diameter distribution of (a) 20/80, (b) 30/70, (c) 50/50, and (d) 70/30 CS/PVA electro-

spun mats.

As mentioned in Section 3.2, by increasing the CS
content in the blend, the fiber diameter of the mats
became finer, so that the porosity and mean pore size
reduced as illustrated in Fig. 4. However, the porosity
and mean pore radius of 70/30 CS/PVA electrospun
mat increased to 56% and 0.6 um, respectively. This

behavior is probably due to the toughness recovery in
higher CS concentrations [27] that caused an increase
in the porosity and mean pore radius.

Because of the broad distribution of fiber diameter
and also large fiber diameter and mean pore size of 13
wt.% PAN mat, it was not selected as a separate
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membrane and substrate for the composite membrane.
Also with respect to the aforementioned results,
because of the optimum porosity, mean pore size,
fiber diameter, fiber diameter distribution and fiber
fracture of 50/50 CS/PVA mat, its solution was
selected for electrospinning on the electrospun nanofi-
brous PAN substrates as presented in Table 1.

3.4. PWF

To discuss about PWF of the prepared electrospun
membranes, several parameters such as hydrophilicity,
porosity, and pore size should be taken into account.
The permeance behavior of the electrospun membranes

Table 1

Final prepared membranes and their composition
Membrane name Composition

PAN 1 9 wt.% PAN

PAN 2 11 wt.% PAN

PAN-CS 1 9 wt.% PAN+50/50 CS/PVA
PAN-CS 2 11 wt.% PAN+50/50 CS/PVA

can be expressed by Hagen-Poisseuille’s equation (Eq.
(6)) [26]:

er* Ap
] = 81t Ax (6)
where ] is the water flux (m>s™"), ¢ is the porosity (-),
r is the pore radius (m), 7 is the tortuosity (-), Ap is
the pressure difference across the membrane (Pa), u is
the dynamics viscosity (Pas) and Ax is the membrane
thickness (m).

According to this equation, by increasing the pore
size and porosity at higher polymer concentrations
and considering all the other variables constant, the
PWEF of PAN 2 is more than that of PAN 1 as seen in
Fig. 5.

Addition of 50/50 CS/PVA nanofibrous mat to the
substrates causes a relatively slight increase in the per-
meability of electrospun mats, probably due to
the water-permeable property of the top layer. The
behavior of PAN-CS 1 and PAN-CS 2 is similar to that
of PAN 1 and PAN 2, respectively. The PWF results
of PAN-CS 1 and PAN-CS 2 show that the substrates
play an important role in water permeance of the
composite electrospun membranes.

3.5. Filtration performance of the electrospun membranes

The permeate flux of the electrospun membranes is
a crucial factor for filtration. The stable permeate
fluxes of the prepared membranes are shown in Fig. 6.
As shown in this figure, the trend of variation in the
membranes’ flux is very similar to that of their PWF.
However, the membrane fouling reduced the fluxes in
comparison with PWFs, as the fluxes of PAN1 and
PAN2 were 200 and 3001 m >h™", respectively, while
their PWFs were 800 and 5,7001m >h~", respectively.
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Fig. 5. PWF of the prepared electrospun membranes.
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Similar to PWFs, PAN2 flux was more than PAN1 flux
due to its larger pore size and porosity. Also, the
fluxes of correspondent membranes after addition of
CS/PVA on the substrates were decreased in compari-
son with the PWFs, so that they were 230 and 3501
m 2h™!, while their PWFs were 1,140 and 6,0001
m *h™’, respectively. Furthermore, the fluxes of PAN-
CS1 and PAN-CS2 were higher than those of PAN1
and PAN2, respectively. These are probably attributed
to the hydrophilicity of the CS/PVA nanofibrous
layer.

Electrospun nanofibrous membranes perform as
depth filters according to the following explanations.
The particles are adsorbed to the nanofibers by three
mechanisms of direct interception, inertial impaction,
and diffusion (Brownian motion), so that the first
group of particles is entrapped within membranes by
adsorption and other particles are attached to them
afterwards. Thus, the result is a dense cake layer
growing from the depth to the surface of electrospun
membranes [26]. This behavior causes the prepared
electrospun membranes with different porosities and
pore sizes to reject almost majority of the wastewater
suspended solids even with the size less than their
pore size (the turbidity rejection =100%), as it is seen
in Table 2, which demonstrates the rejection percent of
pollution indices for the electrospun membranes.

Table 2
Rejection percent of turbidity, COD and TDS for the pre-
pared nanofibrous membranes

Pollution index PAN1 PAN2 PAN-CS1 PAN-CS2
Turbidity 99.7 99.5 99.8 99.64
COD 31.38 29.67 61.14 57.88

TDS 30.69 25.66 34.6 27

1965

PAN1 membrane has higher rejection percent than
PAN2 membrane because its porosity and pore size
are smaller. The COD rejection percent of PAN-CS 1
and PAN-CS 2 in comparison with that of PAN 1 and
PAN 2 increased from 31.38 to 61.14% and 29.67 to
57.88%, respectively. Electrospinning the CS/PVA
solution on the PAN substrates increases the rejection
percent of the wastewater pollution indices, mostly
due to lower porosity and pore size of the top layer.

4. Conclusion

The composite membranes containing a CS/PVA
top layer and a PAN substrate, as well as single-layer
PAN membranes, were prepared by electrospinning
and were used for the wastewater treatment.

The CS/PVA electrospun nanofibrous mats were
investigated by changing the blend weight ratios. All
the CS/PVA electrospun nanofibrous mats were bead-
less. As the CS content in the blend increased, the
fibers became finer but the fractures of fibers
increased. Regarding different parameters, the 50/50
blend weight ratio of CS/PVA was chosen as opti-
mum ratio for the top layer of the double-layer mem-
branes. The average fiber diameter, mean pore radius,
and porosity of the 50/50 CS/PVA top layer were less
than those of the PAN substrates.

The rejection percent of the wastewater pollution
indices and fluxes of PAN-CS 1 and PAN-CS 2 were
higher than those of PAN1 and PAN2, respectively.
Furthermore, the performance tests showed that the
prepared electrospun membranes almost rejected the
wastewater suspended solids with respect to high
rejection of the wastewater turbidity.
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