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ABSTRACT

In the present study, polyphenylsulfone (PPSU) nanofibrous membranes were prepared and
their potential use in liquid filtration was investigated. The optimum polymer concentration
and solvent system for producing beadless fibers were found as 24 wt.% PPSU in
N-methyl-2-pyrrolidone/dimethylformamide binary solvent system at a 30:70 volume ratio.
The nanofibrous membrane was then heat treated in an oven which resulted in fusion of
the fibers at their junction points and also along their length. The untreated and heat-treated
membranes were characterized by water contact angle measurement, porosity determina-
tion, and tensile tests. Furthermore, performance of the untreated and heat-treated mem-
branes was evaluated by determination of pure water flux and filtration of canned beans
production wastewater. The remarkable pure water flux of 7323 L/m*h was observed for
the heat-treated membrane as a result of high porosity, improved mechanical stability, and
low compaction imposed by the applied heat treatment. The untreated and heat-treated
membranes showed 100% turbidity rejection, while chemical oxygen demand and total dis-
solved solids rejections were 30 and 29% for the untreated membrane and 27 and 25% for
the heat-treated one, respectively.

Keywords: Electrospinning; Nanofiber; Filtration; Heat treatment; Polyphenylsulfone

1. Introduction

Electrospinning is a simple and versatile method
for fabrication of fibrous mats. The resultant electro-
spun fiber diameters are usually in the submicrometer
range as opposed to conventional fiber spinning tech-
niques where the typical fiber diameters are in the

*Corresponding author.

order of micrometers [1]. In this process, a high
voltage is applied to a metallic spinneret in which a
polymer solution is passing through. When the volt-
age reaches a critical value at which the solution
charge overcomes the surface tension of the deformed
drop of the polymer solution, a jet is produced at the
spinneret tip. As the jet travels toward a collector, the
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solvent evaporates and the polymer fibers are
deposited on the collector [2].

In textile industry and fiber-related scientific litera-
ture, the fibers with diameters less than 1,000 nm are
generally referred to as nanofibers [3-6]. Nanofibrous
mats are notable for their large specific surface area
[7,8]. This feature together with their high porosity
and interconnected porous structure [7,8] makes the
nanofibrous nonwovens as the good candidates for a
wide variety of applications such as tissue engineering
scaffolds [9], wound dressings [10], sensors [11],
catalysts [12], affinity membranes [13], and filtration
membranes [8,14].

A variety of polymers, e.g. polysulfones, have been
successfully electrospun into nanofibrous mats [5,6,14].
Polysulfones include a class of amorphous thermo-
plastic polymers characterized by high mechanical
strength and supreme thermal resistance [15,16]. Three
commercially important polysulfones include polysul-
fone (PSU), polyethersulfone (PES), and polyphenyl-
sulfone (PPSU) [15]. The repeat units of these
polymers are shown in Fig. 1.

Electrospinning of PSU [17-19] and PES [20-24]
solutions into nanofibers have been reported in the
literature. The PSU or PES electrospun membranes
were further modified via heat treatment [18-21],
addition of zirconia [22] and titania [24] nanoparticles,
oxidation treatment [23], plasma treatment [19], and
fiber coating by polydopamine [17] and were applied
in liquid filtration. Despite the prevalent use of PSU
and PES, PPSU has dominant properties in compar-
ison with the two other polysulfones. Its glass transi-
tion temperature is higher than that of PSU and
almost equal to that of PES [15,25,26]. The PPSU sub-
stantial improvement over PES in hydrolytic stability,
impact strength, chemical resistance, and flammability
resistance [15] has made it to be considered more
recently.
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Fig. 1. Repeat units of polysulfone, polyethersulfone, and
polyphenylsulfone [15].
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With respect to the aforementioned reasons, the
objectives of this study were to electrospin PPSU and
investigate the effect of parameters including solvent
system as well as polymer concentration on morphol-
ogy of the electrospun nanofibrous membranes. In
order to reduce the compaction of the nanofibrous
membranes during filtration, a heat treatment was
applied and the morphology and mechanical stability
before and after the heat treatment were studied.
Moreover, porosity, water contact angle, and pure
water flux (PWF) of the untreated and heat-treated
membranes were determined. Furthermore, the
untreated and heat-treated PPSU membranes were
applied for treatment of canned beans production
wastewater, and their performance was compared.

2. Materials and methods
2.1. Materials

Polyphenylsulfone (PPSU, density = 1.29 g/cm?)
was obtained from Sigma-Aldrich. The Mn and Mw
approximate range of PPSU measured by gel perme-
ation chromatography based on polystyrene standards
were 21,000-23,000 and 53,000-59,000, respectively,
which were reported by the supplier. Dimethylfor-
mamide (DMF) and N-methyl-2-pyrrolidone (NMP)
were supplied from Akkim and Merck, respectively,
and used as solvent. All materials were used as
received. Wastewater was sampled from a local
canned beans production factory. Turbidity, chemical
oxygen demand (COD), and total dissolved solids
(TDS) of the wastewater were 293 NTU, 2,660, and
1,420 ppm, respectively.

2.2. Electrospinning

PPSU with different concentrations (20, 22, and
24 wt.%) was dissolved in pure NMP, pure DMF, and
NMP/DMF mixtures of different volume ratios (20:80,
30:70, and 40:60) by stirring at 30°C for 12 h to obtain
the homogeneous solutions.

The electrospinning apparatus was purchased from
Asian  Nanostructures  Technology =~ Company
(ANSTCO), Iran. The polymeric solutions were held in
a 10-ml plastic syringe fitted with a needle with an
inner diameter of 0.7 mm. The needle was connected
to a DC power supply, capable of applying 0-20 kV
voltages. During electrospinning, the applied voltage
and distance of needle tip to collector were 12 kV and
18.75 cm, respectively. All PPSU solutions were ejected
from the syringe at a constant flow rate of 0.4 ml/h.
The generated fibers were collected on a grounded
collector which was a 5-cm-diameter and 5-cm-long



16252

stainless steel drum, covered with aluminum foil, and
rotating at 300 rpm. The linear motion of the collector
perpendicular to the drum rotation direction was
220 mm/min resulting an oscillation distance of 4 cm.
The operational relative humidity and temperature
were kept constant during the experiments at 15-17%
and 26-28°C, respectively. The relative humidity and
temperature were measured using a digital humidity
and temperature sensor (TFA Dostmann/Wertheim).

In order to obtain the nanofibrous membranes for
morphological studies in terms of affecting parame-
ters, the electrospinning was performed at the
conditions listed in Table 1.

However, preparation of the nanofibrous mem-
branes for water contact angle measurement as well as
characterization of porosity, mechanical properties,
and filtration performance was carried out by electro-
spinning of a solution containing 24 wt.% PPSU in
NMP/DMF mixture with 30:70 volume ratio. The
obtained membranes were kept overnight at room
conditions to remove the residual solvents.

2.3. Heat treatment

Post-heat treatment of the prepared membranes
was conducted in a SFCN-301 forced convection dry-
ing oven (Shinsaeng, Korea) at 245°C for 1h to
increase the structural integrity of the as-spun nanofi-
bers. The membrane was placed in the oven with its
sides fixed in order to prevent its shrinkage during
heating.

2.4. Scanning electron microscopy

The morphology of electrospun PPSU nanofibrous
membranes was investigated by LEO 1,450 VP scan-
ning electron microscope (SEM) made in Germany.
Before the SEM characterization, the specimens were
sputtered for 2 min by Au-Pd sputter coater (5C7620,
England).

Table 1
Electrospinning conditions for morphological studies

No. PPSU conc. (Wt.%) NMP:DMF vol. ratio
1 24 0:100
2 24 100:0
3 24 20:80
4 24 30:70
5 24 40:60
6 20 30:70
7 22 30:70
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2.5. Determination of average fiber diameter, average pore
size, and porosity of the electrospun membranes

The fiber diameter distributions and average fiber
diameters were determined using Microstructure
Image Processing software.

Porosity (g) of the electrospun membrane was
calculated by applying the following equation [14]:

e=P0"P  100% M
Po

where pg and p are the density of the polymer used in
electrospinning and the apparent density of the
nanofibrous membrane, respectively. The electrospun
membrane density was determined by measuring the
area, thickness, and mass of the specimen. The speci-
men thickness was measured using a digital outside
micrometer (Insize Co.).

The following equation was used for determining
the mean pore radius () of the electrospun
membranes [27,28]:

v om
= <210g(%) 1)d 2)

where ¢ and d are the porosity and mean fiber diame-
ter of the nanofibrous membrane, respectively.

2.6. Water contact angle measurement

Water contact angle of the nanofibrous membranes
was measured by dispensing 40-pl droplets of distilled
water on three different points of the membrane at
room temperature. Microscopic images of the droplets
were taken using an Olympus DP71 camera mounted
on an Olympus SZH10 stereo microscope. The images
were then analyzed and the measured angles were
averaged and reported.

2.7. Mechanical characterization

Tensile tests were conducted by applying a SAN-
TAM (STM-20, Korea) universal testing machine
equipped with a 6 N load cell at room temperature.
The tests were performed using the rectangular strips
of the membranes with dimensions of 90 mm x 5 mm
at a crosshead speed of 12.5 mm/min.

2.8. Membrane filtration

Permeability of the membranes was studied during
water flux measurements using a cross flow cell with
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effective membrane area of 12.56 cm®>. The feed
reservoir was put into a water bath to ensure constant
temperature of 22°C and filled with 1,000-ml distilled
water. The membranes were pre-compacted at trans-
membrane pressure of 1.8 bar for 2 h, then the pres-
sure was reduced to 0.6 bar and the water flux was
measured every 30 min until obtaining two equal suc-
cessive measurements. The final water flux was
recorded as PWF of the membrane sample, calculated
using the following equation [29]:

J=—r 3

where V is the permeate volume (L), A is the
effective membrane area (m?), and At is the sampling
time (h).

After determination of PWF, filtration of canned
beans production wastewater was performed at trans-
membrane pressure of 0.6 bars and temperature of
22°C using 1,000-ml wastewater. Once the filtration
process was started, the permeate flux was recorded
until it reached a plateau. Then the feed and permeate
were sampled and analyzed to determine the values
of turbidity, COD, and TDS. The turbidity was deter-
mined using Lutron (TU-2016, Taiwan) turbidity
meter. COD of the samples was measured using
Lovibond (CheckitDirect, Germany) COD photometer.
COD tubes were heated in Lovibond (RD125,
Germany) thermoreactor at 150°C for 2 h prior to the
measurement. An Extech (EC400, USA) conductivity/
TDS/salinity meter was applied for determination of
the TDS.

To evaluate the filtration efficiency, rejection (R) of
the wastewater pollution indices (COD, TDS, and tur-
bidity) was determined using the equation below [30]:

R(%) = 100 (1 - I—P) @
I

where I, and I are the value of the pollution indices
in the permeate and feed, respectively.

3. Results and discussion

3.1. Investigation of the membrane morphology and average
fiber diameter

Electrospinning of PPSU nanofibers was studied
by varying parameters such as solvent system and
polymer concentration. The effect of each parameter
on the membrane morphology and average fiber
diameter is discussed as follows.
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3.1.1. Effect of solvent system

In order to study the effect of solvent system, the
properties of each used solvent are required. For DMF
and NMP, the boiling points are 153 and 202°C,
respectively, and the viscosities at 25°C are 0.82 and
1.8 cP, respectively [31].

Electrospinning of PPSU/DMF solution was unsuc-
cessful because continuous spinning was interrupted
by volatility of the solvent, which resulted in rapid
evaporation of the solvent and clogging the spinneret
before formation of a stable jet [4,32]. Similarly, a
proper spinning solution could not be established for
NMP. The poor performance of this solvent is attribu-
ted to its high boiling point which prevents its suffi-
cient evaporation during electrospinning [33]. When
droplets are collected, a different process which is
called electrospraying is happening rather than elec-
trospinning [34]. The electrosprayed droplets of PPSU
can be seen in Fig. 2.

To achieve the intermediate physical properties,
PPSU was dissolved in a binary solvent system of
NMP/DMF at different ratios. Fig. 3 represents SEM
images and fiber diameter distribution of the electro-
spun membranes prepared from 24 wt.% PPSU at
NMP/DMF volume ratios of 20:80, 30:70, and 40:60,
having the corresponding mean fiber diameters of 856,
732, and 872 nm, respectively. Obviously, using mix-
ture of the solvents led to generation of the continuous
fibers free of bead. High boiling point of NMP pre-
vented the spinneret from clogging, while the
increased solvent evaporation, which was resulted
from DMF addition, avoided electrospraying of the
solution. Increase in the NMP/DMF ratio from 20:80

Fig. 2. SEM image of the droplets produced by electro-
spraying solution of 24 wt.% PPSU in NMP (magnification:
1,000).
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Fig. 3. SEM images and fiber diameter distribution of the electrospun fibrous membranes prepared from 24 wt.% PPSU at
NMP/DMF volume ratios of (a) 20:80, (b) 30:70, and (c) 40:60 (magnification: 5,000).

to 30:70 reduced the mean fiber diameter. This can be
attributed to higher boiling point of the solution,
which provides more time for elongation of the jet as
its solidification is slowed down. The enhanced
stretching of the solution jet in the electric field results
in reduction of mean fiber diameter [35,36]. However,
further increase in NMP content increases the solution
viscosity, causing higher mean fiber diameter [23]. In
addition, increased NMP content in the solvent mix-
ture decreased vapor pressure of the solution. The
slow evaporation of NMP caused the fusion of fibers
at their junction points as shown in Fig. 3(c) [23].

3.1.2. Effect of polymer concentration

The effect of polymer concentration on morphol-
ogy and fiber diameter distribution of PPSU fibrous
membranes are illustrated in Fig. 4. With respect to
the SEM images, at PPSU concentration of 20 wt.%,

there were not enough polymer chain entanglements
to allow proper stretching of the solution jet [8,34,37].
Thus, the thin fibers with mean diameter of 173 nm
were formed with the presence of almost round-
shaped beads. When the polymer concentration was
increased to 22 wt.%, the morphology of beads chan-
ged from round-shaped to spindle-shaped as a result
of enhanced polymer chain entanglements and
increased stretching of the jet under the influence of
charges [37]. Moreover, diameter of the fibers
increased to 216 nm because of increasing viscosity of
the solution at higher polymer concentration [34,38].
Increasing the PPSU concentration to 24 wt.%
provided enough chain entanglements of the polymer
which resulted in formation of the uniform fibers free
of bead. However, higher solution viscosity hampered
stretching of the jet under electrostatic forces, thus
producing fibers with larger mean diameter of 732 nm
[34].
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Fig. 4. SEM images and fiber diameter distribution of the electrospun fibrous membranes prepared from (a) 20 wt.%
PPSU, (b) 22 wt.% PPSU, and (c) 24 wt.% PPSU at NMP/DMF volume ratio of 30:70 (magnification: 5,000).

Fig. 5. SEM images of (a) untreated (magnification: 5,000), (b) and (c) heat treated at 245°C for 1 h (magnification: 5,000
and 10,000, respectively) PPSU membranes prepared from 24 wt.% PPSU at NMP/DMF volume ratio of 30:70.

3.2. Effects of heat treatment on the membrane

. solution containing 24 wt.% PPSU in binary solvent of
characteristics

NMP/DMF at 30:70 volume ratio was considered. In

For generating a bead-free nanofibrous filtration order to increase structural integrity of the fibrous
membrane, the proper conditions were chosen with ~membrane, a heat treatment was applied at 245°C for
respect to the results obtained in Section 3.1. Thus, a 1h after electrospinning. The SEM images and fiber
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Fig. 6. Fiber diameter distribution of untreated and
heat-treated electrospun PPSU membranes.

diameter distribution of the untreated and heat-treated
membranes are presented in Figs. 5 and 6, respectively.
With respect to the SEM images, the fibers were fused
together at their junction points and also along their
length after the heat treatment while still maintaining
their fibrous structure. The fusion of fibers led to
improved structural integrity of the membrane [20,39].

According to Fig. 6, mean fiber diameter of the
heat-treated membrane (694 nm) was lower than that
of the untreated one (732 nm). During electrospinning,
internal stress remains in the fibers which are
stretched under electrostatic force. Throughout heat-
ing, the polymer molecules tend to rearrange to a
stable state. However, since the membrane sides were
fixed, an external force was applied. Therefore, rear-
rangement of molecular chains occurred along the
direction of the external force resulting in the fiber
diameter reduction [6].

3.2.1. Mean pore size, porosity, and water contact angle
of the membranes

Thickness, mean pore radius, porosity, and water
contact angle of the untreated and heat-treated mem-
branes are listed in Table 2.

The obtained results show a 67% increase in the
membrane thickness after the heat treatment. It should
be noted that micrometer measures the membrane
thickness in a compacted form due to the applied
pressure of the micrometer tip [22]. However, the
improved mechanical strength of the heat-treated
fibrous membrane gave rise to stability of the

Table 2
Properties of the untreated and heat-treated membranes
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Fig. 7. Stress—strain curves for the untreated and heat-
treated membranes.

membrane during determination of the thickness by
micrometer, thus resulted in recording higher thick-
ness. Moreover, the aforementioned reason is the
dominant cause for the observed increase in the mem-
brane porosity. Mean pore radius of the membranes
was calculated according to Eq. (2) and it was noticed
that mean pore radius of the heat-treated membrane
increased from 3,488 to 4,426 nm.

It is known that water contact angle is the angle
between water droplet and an ideal solid surface;
however, the contact angle for porous nanofibrous
membranes cannot directly be measured. Therefore,
for these surfaces, the apparent or macroscopic contact
angle is determined, which depends on surface chem-
istry as well as surface morphology (e.g. roughness)
[40]. According to Table 2, water contact angle of the
untreated membrane was 131.7° which is in consis-
tency with the hydrophobic nature of electrospun
membranes. This characteristic is associated with the
inherent surface roughness and trapped air pockets of
these membranes [41-43]. Interestingly, the contact
angle reduced to 118.4° after the heat treatment. Heat
treatment decreases the surface roughness [44]. Lower
surface roughness contributes to reduction of the
surface hydrophobicity, i.e. lower contact angle [40].

3.2.2. Mechanical properties of the membranes

Mechanical properties of the untreated and heat-
treated membranes were examined by tensile test.

Membrane Thickness (um) Mean pore radius (nm) Porosity (%) Water contact angle (°)
Untreated 79 3,488 73.5 131.7
Heat treated 132 4,426 79.1 118.4
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Table 3
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Mechanical properties of the untreated and heat-treated membranes

Membrane Elastic modulus (MPa) Tensile strength at break (MPa) Elongation at break (%)
Untreated 87.88 1.75 23.71
Heat treated 137.27 10.38 30.22

Table 4

Pure water flux and rejection of pollution indices obtained using the untreated and heat-treated membranes

Membrane PWF (L/m” h) Turbidity rejection (%) COD rejection (%) TDS rejection (%)
Untreated 5,058 100 30 29
Heat treated 7,323 100 27 25

Fig. 7 shows the stress—strain curves of PPSU nanofi-
brous membranes before and after the heat treatment.
Regarding this figure for the untreated membrane, the
stress increased gradually to the maximum point and
then decreased smoothly. On the other hand, for the
heat-treated membrane, there was a relatively steep
increase in the stress up to the peak and then a rapid
drop. Similar results were previously reported for
other polymers [5,21,40,45].

The values of elastic modulus, tensile strength at
break, and elongation at break for the membranes are
presented in Table 3. The heat-treated nanofibrous
membrane showed higher elastic modulus, tensile
strength at break, and elongation at break as com-
pared to the untreated membrane. Such observations
were previously reported for the electrospun poly
(vinylidene fluoride) [5,46].

3.2.3. PWF and rejection of the pollution indices

Filtration performance of the untreated and
heat-treated membranes was evaluated through PWF
measurement as well as treatment of canned beans
production wastewater. PWF and rejection of turbid-
ity, COD, and TDS are listed in Table 4. The noticeable
value of PWF is the characteristic of nanofibrous mem-
branes because of their high porosity and intercon-
nected pores. The structural integrity and higher
mechanical strength of the heat-treated membrane,
which was previously proved by the SEM images and
tensile test, gave rise to its lower compaction and thus
higher porosity during filtration. This feature together
with larger pore radius of the heat-treated membrane
in comparison with the untreated one resulted in
higher PWF.

According to the rejection values reported in
Table 4, both of the membranes exhibited almost

similar results. Turbidity rejection of 100% was
achieved by the untreated and heat-treated mem-
branes, which implies proper removal of the wastewa-
ter suspended solids. It should be noted that screening
is not the only mechanism involved in removal of the
wastewater pollutants in the present study. Otherwise,
most of the pollutants would have passed through the
membrane because of the high pore radius resulting
in very low rejection values. In fact, separation of
pollutants using nanofibrous membranes occurs
through a combination of screening and depth filtra-
tion [44]. In the latter, the particles are adsorbed to the
nanofibers by several mechanisms such as direct inter-
ception, inertial compaction, and diffusion (Brownian
motion) [18,22]. The entrapped particles initiate the
formation of a cake layer within the membrane which
starts at the depth of the membrane and grows to the
surface [14,22].

The slightly higher COD and TDS rejection
obtained using the untreated membrane is a result of
its lower porosity intensified during the filtration pro-
cess due to the low mechanical stability and conse-
quently higher tendency for compaction. A more
compacted structure gives rise to the entrapment of
more contaminants.

4. Conclusion

In this research, PPSU nanofibrous membranes
were prepared and characterized. In the first step, the
effect of parameters such as solvent system and poly-
mer concentration on morphology and fiber diameter
distribution of electrospun PPSU membranes were
investigated. The optimum conditions including the
PPSU concentration of 24 wt.% and binary solvent sys-
tem of NMP/DMF at a 30:70 volume ratio were
applied to electrospin beadless PPSU nanofibrous
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membrane with mean fiber diameter of 732 nm. The
nanofibrous membrane was heated at 245°C to allow
fusion of the fibers and improve its structural integ-
rity. In comparison with the untreated membrane,
slightly thinner fibers, improved mechanical proper-
ties, lower water contact angle, increased porosity,
and higher mean pore radius were observed for the
heat-treated one. Moreover, PWF of the heat-treated
membrane was higher than that of the untreated one.
The prepared membranes rejected 100% turbidity and
25-30% COD and TDS during filtration of canned
beans production wastewater indicating that the mem-
branes are proper for the wastewater pretreatment.
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