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a b s t r a c t
Nanofibers-based membranes are essential separation membranes due to their several advan-
tages for oil-water separation. However, the low mechanical strength is the weak point of nano-
fibers membranes due to their small fiber diameters, extremely porous structure, and insufficient 
fiber bonding. This study fabricated a multilayers configuration of polyacrylonitrile (PAN) elec-
trospun nanofibers membrane of a hierarchical structure by electrospinning three solutions of dif-
ferent PAN concentrations (10, 13, and 16 wt.%) consequently. Then, the solvent-vapor method 
was used as a post-treatment modification approach to improve the mechanical properties of the 
fabricated PAN-based multilayers nanofibers membrane via solvent-induced fusion of inter- 
fiber junction points. The surface morphology, fibers size, porosity, and mechanical properties 
were investigated to evaluate the modification effect on the fabricated membranes. According to 
the analysis results, the post-treated multilayers PAN-based nanofibers membranes significantly 
enhanced their strength and flexibility. In addition, the fabricated membranes were applied in emul-
sified oil filtration using a cross-flow cell filtration system. The post-treated multilayers PAN-based 
membrane by vapor-solvent showed a high performance with a long operating time.
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1. Introduction

As a result of the rapid growth in global energy demand, 
numerous oil contamination accidents have occurred during 
offshore oil production and transportation procedures [1]. 
Most industrial wastewater contains emulsified oil (drop-
let size less than 20 µm) among its pollutants [2,3]. At the 
moment, oil-water separation technologies fall into three 
categories: chemical processes (flocculation and dispersant), 
biological processes, and physical processes (flotation, skim-
ming, and filtration) [4,5]. However, oil removal remains a 
global engineering difficulty because of the various phase 
states of oil, the small size of the oil droplets (less than 
10 µm), and the comparatively high viscosity [6]. Membrane 

filtration technology has garnered considerable interest in 
water purification treatment because of its integrity, low 
energy consumption, simple performance, and friendliness 
to the environment [1,7,8].

Electrospinning has long been regarded as an extraor-
dinarily robust and versatile method for producing nano-
fibrous materials from a polymeric solution under a high 
voltage field [1,9]. It is a valuable and uncomplicated way to 
produce customized surfaces with submicron to nanoscale 
fibers that are becoming increasingly common [10]. The 
electrospinning method is characterized by the ease with 
which additives can be combined in nanofibers, the high 
versatility that enables precise control of nanofiber diame-
ter, membranes with porosity of more than 90%, and high 
surface-to-volume ratio [11,12]. Owing to their unique 
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properties, the nanofibers membranes were preferred choices 
to be used in various applications such as drug delivery sys-
tems [13], protective clothing [14], solar cells [15], lithium-ion 
batteries [16], sensors [17], and air filtration [18,19]. Despite 
the inherent advantages of nanofibers filtration membranes, 
they are generally avoided in wastewater treatment due to 
their low mechanical strength due to their small fiber diam-
eters, extremely porous structure, and insufficient fiber 
bonding [1,20].

Several methods have been developed to provide suit-
able mechanical strength to electrospun nanofibers. One of 
these methods is to fabricate dual or multilayers membranes. 
It is well documented that the membrane support layer pro-
vides mechanical strength and significantly affects the per-
meability of composite membranes [21]. The developed dual 
layers or multilayer structured membranes combine sev-
eral distinct advantages of individual layers to address the 
problem [6,22]. For water filtration, composite membranes 
with multi-layer composite structures have been developed 
to reduce membrane resistance and enhance permeate flux 
[23]. Yoon et al. [24] fabricated three-tier composite mem-
branes by a direct spinning of polyacrylonitrile (PAN)/
dimethylformamide (DMF) solution onto the surface-coated 
PET non-woven substrate.

The other approach is improving the bonding of nano-
fibers at the junction points in the nanofiber membranes 
using a solvent vapor or by controlling the solvent com-
position of the electrospinning solution [25,26]. By this 
method, the fibers weld, and the connection points rein-
force using a minimally invasive post-treatment procedure 
that does not materially alter the membrane’s morphology 
or dimensions. This post-treatment involves using solvent 
vapor that may stay on the fibers in their nonwoven struc-
ture after spinning. This solvent will aid in fusing fibers at 
junctions [27]. Huang and her group applied the DMF sol-
vent vapor post-treatment strategy to modify the mechanical 
strength of the fabricated 10% PAN/DMF-based nanofiber 
membrane that contained uniform fibers, as they produced 
using one concentration of polymer [28].

In this work, the mechanical property of the membranes 
was enhanced by the emerging two strategies. First, fabri-
cating PAN-based nanofibers membrane with a hierarchi-
cal structure by spinning multilayers of various PAN/DMF 
concentrations (10, 13, and 16 wt.%) spun consequently 
within the same membrane mat. Then, the fabricated mem-
brane was exposed to DMF vapor post-treatment method for 
various time. Combining these two strategies is supposed 
to show a better modification of the membrane strength 
because of the different effect of the solvent vapor on the var-
ious fiber sizes. The joint points containing small fibers can 
be effected and melt more than the large fibers, increasing 
the flexibility of the membrane. Meanwhile, the large fibers 
in the membrane are important to increase the strength of 
the fibers at the breakpoints. By this way, the mechanical 
strength of the fabricated membrane of different fiber sizes 
would be modified better than membranes that contain the 
uniform sizes of fibers. The surface morphology, porosity, 
and mechanical strength were assessed using the analysis 
devices. Additionally, the resilience of the fabricated nano-
fibers membrane’s high mechanical pressure was evaluated 
using a cross-flow cell in oil filtration.

2. Materials and methods

2.1. Electrospinning of nanofibers membranes

The polymer polyacrylonitrile (PAN) (molecular 
weight = 150,000 g/mol) and the solvent N,N-dimethyl-
formamide (DMF) (density = 0.948 g/cm3) were purchased 
from Aldrich and Alfa Aesar, respectively. To obtain trans-
parent solutions of PAN/DMF of different concentra-
tions (10, 13, and 16 wt.%), a specific amount of PAN was 
dissolved in DMF at 50°C for 5 h of stirring. All the nano-
fibers membranes in this work were created using the 
electrospinning approach, which includes the pulling 
action of polymer droplets in a high voltage 22–24 kV elec-
trostatic field. The setup of the basic electrospinning con-
tains a syringe containing a polymer solution, a needle 
made of metal, a voltage power supply, also a collector [29].

The single-layer PAN-based membrane configuration 
was prepared by spinning the 10% PAN/DMF solution 
on the collector to fabricate. The Multilayer configura-
tion membrane with a hierarchical structure was prepared 
by spinning the various PAN solution concentrations 
(10%, 13%, and 16%) layer by layer.

All the fibers were spun at the same process param-
eters; the distance between the needle and collector of 
15 cm, the injection flow rate of 1 mL/h, and the speed of 
the collector speed of 140 rpm. All the fabricated membranes 
were fabricated at room temperature at humidity (10–20). 
All the fabricated membranes had a thickness of 200–250 µm.

2.2. Post-treatment by solvent vapor

To enhance the mechanical strength of the multilayer 
PAN-based nanofibers membranes, the PAN-based nano-
fibers membranes were, immediately after fabrication, 
sealed in a glass desiccator saturated with DMF vapor for 
4 d and then air-dried for 24 h to evaporate the residual 
DMF solvent before further characterization.

2.3. Emulsion preparation

To prepare the feed solution of 300 mg/L concentra-
tion of emulsion solution (oil/water), a specific amount of 
Kerosene (from midland Iraqi refineries company) was 
added to distilled water and mixed using the ultrasonic pro-
cessor (Hielscher UP400s, Teltow, Germany) at 10,000 rpm 
for 20 min at room temperature. The oil concentration in 
water was measured using a UV/V spectrophotometer; 
the wavelength was 196 nm.

2.4. Membrane characterizations

The surface morphology of the multilayer PAN-based 
nonwoven electrospun nanofibers (before and after treat-
ment with the vapor-solvent of DMF solvent) was observed 
using a scanning electron microscope (SEM, JEOL6335F). 
From each sample, the diameter of 35 fibers were measured 
using the Image-J software to evaluate the diameter distri-
bution. Also, the organic fouling on the fabricated mem-
branes was conceived by comparing the SEM images of 
the surface morphology of the fabricated nanofibers mem-
branes before and after emulsified oil removal from water.
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The porosity of a membrane is critical for various 
membrane applications, most notably the separation per-
formance of membranes. To assess the porosity of ENMs 
membranes, weighed a sample of each membrane prior 
to immersing it in distilled water for 1 h. The weight of 
the sample was determined before and after immersion 
in water as dry and wet weights, respectively. The poros-
ity percentage of the nanofibers membranes was then 
calculated using Eq. (1) [30]:

Porosity %� � � �� �
� �
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A t
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�
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where W1 and W2 are wet and dry membrane mass (g), A 
is membrane area (cm2), t is membrane thickness (cm), and 
ρ: water density at room temperature g/cm3.

The membrane’s mechanical strength is critical for 
practical applications such as reusability, handling, and 
deformation resistance [31]. The mechanical properties of 
the membranes were obtained using a dynamic mechan-
ical analyzer (DMA) by measuring the breaking strength 
and Young’s modulus of the membrane samples (AG-A10T, 
Shimadzu, Japan). Young’s modulus, which indicates an elas-
tic material’s rigidity, can be described as the stress-to-strain 
ratio [32]. Flexible materials have a low Young’s modulus. 
The tests were conducted at a temperature of 25°C using a 
specimen with a length of 10 cm and a width of 1 cm.

2.5. Emulsified oil filtration experiments

Fig. 1 shows the schematic diagram of the used cross-
flow filtration system for emulsified oil removal from syn-
thetic oily wastewater. The filtration system contained a 
homemade cross-flow filtration cell, a vessel for feed solu-
tion, a feed pump, and a pressure gauge. The size of the 
made cross-flow filtration cell was 14 cm3 × 5 cm3 × 3 cm3. 
The dimensions of the electrospun nanofiber membrane 
that would be cut were 2 cm × 10 cm and put in the mem-
brane cell. First of all, the operation of the filtration sys-
tem was run with distilled water for the first 20 min to 

settle down the flux through the membrane. Then, oil/
water emulsion was fed to be filtered through the mem-
brane cell. The operating conditions of the filtration exper-
iments were 300 mg/L inlets emulsified oil concentration, 
70 mL/min feed flow rate, 25 psig transmembrane pres-
sure, and 25°C temperature. The performance of the fab-
ricated modified and unmodified multilayer PAN-based 
nonwoven nanofiber membranes (permeate flux and oil 
rejection) were investigated under different transmem-
brane pressures to evaluate the DMF vapor-modification 
effect on the mechanical properties of the PAN-based 
single-layer and multilayer nanofibers membranes.

The flux of the membrane (J) (LMH) and the percentage 
of the oil rejection (R) (%) in operating running time was 
calculated using the equations, respectively [33]:
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where the volume of permeate flow is V (L), A (m2) is the 
effective area of the membrane, and the filtration time 
is presented by t (h). The initial oil concentration in the 
feed is Co (mg/L), and Ct (mg/L) at any time.

3. Results and discussion

3.1. Membrane characterizations

3.1.1. Influence of membrane configuration

Fig. 2 presents the SEM images of the top surface and 
the corresponding fiber size distribution of the two fabri-
cated membranes configurations: single layer and multilay-
ers PAN-based nanofibers membranes. Fig. 2a shows that 
spinning a single layer of 10% PAN/DMF produced straight, 
continuous, beads-free, and homogeneous fibers. Most 
of the produced fibers fall in the 200–300 nm range, with 
an average size of 290 nm.

Fig. 1. Schematic diagram of the cross-flow filtration system.
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Fig. 2b shows the fabricated multilayer PAN-based mem-
brane’s surface morphology from spinning various concen-
trations (10, 13, and 16 wt.%) of PAN/DMF layer by layer. 
The SEM images of the multilayer configuration showed 
that the fabricated fibers had a wide range of diameters due 
to different PAN concentrations in the spinning process. 
It is well known that the fiber diameter increases with the 
concentration of the polymeric solution due to increasing 
the viscosity of the spinning solution, which reduces the 
drawdown of the fiber prior to solidification [34]. Thus, the 
fiber size distribution of the fabricated multilayers mem-
brane was wide and mainly distributed between 200 to 
500 nm producing an average fiber size of 360 nm.

The values of porosity, tensile strength, and Young’s 
modulus of the two configurations of PAN-based nanofi-
bers membranes are presented in Table 1. Compared to a 
single layer 10% PAN-based nanofibers membrane, the 
multilayers of various concentrations (10%, 13%, 16%) 
PAN solution resulted in a slight increase in the porosity 
due to the large fiber sizes of the produced configuration. 
Also, the multilayer configuration showed higher tensile 
strength and flexibility, attributed to the included large 
fibers of the high polymer concentration. Spinning a high 
concentration polymeric solution produces more polymer 
chains per fiber and causes increasing chain interaction and 
entanglement. Larger fibers also contain a more residual 

 

10% PAN/DMF                    13% PAN/DMF                        16% PAN/DMF 

 

(a) 

(b) 

Fig. 2. The SEM images and the corresponded fiber size distribution of the fabricated PAN-based nanofibers membrane 
(a) single-layer configuration and (b) multilayers configuration.

Table 1
Characterizations of the two fabricated configurations of PAN-based nanofibers membranes

Configuration of nanofiber membranes Average fiber 
size (nm)

Porosity 
(%)

Tensile stress 
(MPa)

Young’s modulus 
(MPa)

Single layer 10% PAN-based membrane 290 ± 5 94 ± 1 1.4 16
Multilayer (10, 13, and 16 wt.%) PAN-based membrane 360 ± 8 95 ± 1 2.2 9.23
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solvent in their core than smaller fibers. The solvent evap-
oration facilitates the bonding of fibers; thus, the strength 
of the membrane improves [34].

3.1.2. Influence of solvent vapor treatment

Fig. 3 illustrates SEM images of the post-treated single 
layer and multilayers PAN-based nanofibers membranes 
by exposing them to DMF vapor for 4 d. The surface mor-
phology of both post-treated configurations showed sig-
nificant change compared to the untreated fibers shown 
in Fig. 2. The effect of exposing a membrane of uniform 
fibers size (single layer membrane) for DMF vapor is dif-
ferent from that of a membrane that includes different sizes 
of fibers (the multi-layers membrane). In the single-layer 
membrane, the impact of DMF vapor is the same on all 
fibers. However, in the multilayers membranes, some of 
the small fibers might melt in the conjunction points while 
the large fibers might swell, increasing the membrane 
strength in several aspects.

In the fiber size distribution of the single-layer membrane 
in Fig. 3a, PAN-based fibers appeared to swell, increasing 

the size of the fibers to the range of 300–400 nm. Fig. 3b 
indicated that all the fibers in the multilayers membranes 
swelled to a larger size and increased the average fiber 
size to 420 nm. Swelling the PAN-based fibers is related to 
the high polymer-solvent affinity. Also, it has been noticed 
from the corresponded fiber sizes that the small fibers were 
mainly affected by the solvent vapor than the large fibers, 
which could be related to the higher penetration of solvent 
in the small fibers. Also, the SEM images showed that fusion 
occurred among most fiber junctions due to condensing 
the solvent at the junction points and slightly dissolving 
the polymer to facilitate fusion [20].

Table 2 presents the porosity, tensile strength, and 
Young’s modulus values of the post-treated two configura-
tions of PAN-based nanofibers membranes. Exposing the 
fabricated nanofibers membranes to solvent vapor did not 
affect the porosity value. However, the mechanical strength 
of the membranes increased after the post-treatment step.

Generally, the strength and Young’s modulus of the 
fabricated PAN-based fibers membrane improved due 
to swelling the fibers and solvent-induced fusion at the 
fiber junction points, as seen in the SEM images. Also, 

Table 2
Characterizations of the post-treated two configurations of PAN-based nanofibers membranes

Post-treated nanofiber membranes Average fiber 
size (nm)

Porosity 
(%)

Tensile stress 
(MPa)

Young’s modulus 
(MPa)

Single layer 10% PAN-based nanofiber membrane 330 ± 6 94 ± 1 2 19
Multilayers (10%, 13%, 16%) PAN-based nanofiber membrane 420 ± 9 92 ± 1 2.44 11.3

 

(a) 

(b) 

Fig. 3. The SEM images and the corresponded fiber size distribution of the post-treated PAN-based nanofibers membrane 
(a) single-layer configuration and (b) multilayers configuration.
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the improvement in the fiber strength of single layer 10% 
PAN-based membrane (1.4–2 MPa) was more than that 
in multilayer configuration membrane (2.2 to 2.44 MPa), 
which can be attributed to the homogenously of the fiber 
sizes. The number of small fibers in the single layer of 
10% PAN-based fibers membranes is more than that in 
the multilayer configuration; thus, the junction points 
fused during the post-treatment are more.

3.2. Membrane performance in filtration

3.2.1. Effect of membrane configuration

The performance of the two fabricated configurations 
(single and multilayers) of PAN-based membranes has 
been investigated in emulsified oil removal from water 
using a cross-flow filtration system. The permeate flux and 
oil rejection percentage for the fabricated membranes over 
the experiment time are shown in Fig. 4a and b under a 
transmembrane pressure of 25 psig. Regarding the single 
layer, 10% PAN-based nanofiber membrane, the permeate 
flux was reasonable at 13000 LMH due to the high poros-
ity. Over time, the permeate flux declined to 5000 LMH 
at the rupture time (45 min) due to the accumulated oil 
droplets on the membrane surface clogged the perme-
ate flux passages. Also, the oil rejection increased from 
80% to 93% at the rupture time, which is attributed to 

the effect of the excluded emulsified oil droplets size 
that decreased the pore diameter of the membranes. On 
the other hand, the multilayer configuration showed less 
oil rejection percentage than the single-layer membrane 
because of the large fibers and pores within its structure, 
while the rupture time was more than 2 h.

Fig. 5 presents the formed fouling on the fabricated mem-
brane surfaces at the rupture time. The fouling was coales-
cences of excluded oil droplets during attempts at moving 
through the mats. The amount of fouling on the surface 
of the multilayer configuration (Fig. 5b) was much more 
than that formed on the single-layer membrane (Fig. 5a), 
which is attributed to the longer experiment time till the 
membrane ruptured.

According to the above results, incorporating layers 
of large fibers of 13% and 16% PAN/DMF on the top side 
of the small fibers of 10% PAN/DMF layer to fabricate the 
configuration of the multilayer resulted in decreasing the 
oil rejection but also increased the membrane strength 
and withstand longer time till rupture point.

3.2.2. Effect of solvent vapor treatment

To investigate the effect of vapor post-treatment on 
the membrane performance, the treated membranes were 
used for oil filtration using a cross-flow filtration sys-
tem and compared with the performance of the untreated 

 

(a) (b) 

Fig. 5. The SEM images of the two fabricated configurations after the oil filtration process (a) single-layer and (b) multilayers 
nanofibers membranes.

(a) (b) 

Fig. 4. The oil/water filtration efficiency using the two fabricated configurations: single-layer and multilayers nanofibers 
membranes (a) permeate flux and (b) oil rejection percentage.
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membranes. Fig. 6a and b present the filtration performance 
of the untreated and treated single membranes. The early 
fiber rupture due to the low mechanical strength of mem-
branes is the disadvantage of 10% PAN-based nanofibers 
membrane. Post treating of 10% PAN-based nanofibers 
membrane enhanced fiber strength (as shown in Tables 1  
and 2) and tripled the filtration time. Thus the treated 
membrane could be used in oil filtration for a longer time.

The untreated and treated multilayers configuration 
performances are shown in Fig. 7a and b. the results indi-
cated that the post-treating the fabricated multilayer con-
figuration membrane treated increased the filtration time 

and the oil rejection. This result is attributed to the obvi-
ous increase in the fibers’ size and strength (as shown in 
Tables 1 and 2). The permeate flux of the post-treated 
multilayers membrane was more than the untreated mem-
brane, which can be attributed to the effect of DMF vapor 
on the structure of the fiber. The number of large fibers in 
the treated multilayers membrane is more than that in the 
untreated membranes because of the swelling of the fibers 
during the post-treatment step. The large fibers played 
an important role in excluding the big droplets of emulsi-
fied oil, while the rest of the oil droplets were removed by 
the small fibers leading to a high rejection of oil with no 

(a)                                                                                       (b) 

Fig. 7. The oil filtration performance comparison of the untreated and post-treated multilayer nanofibers membranes (a) permeate 
flux and (b) oil rejection percentage.

 

(a) (b)  

Fig. 8. The SEM images of the post-treated PAN-based nanofibers membranes after the oil filtration process (a) single-layer 
configuration and (b) multilayer configuration.

  

(a) (b)

Fig. 6. The oil filtration performance comparison of the untreated and post-treated single-layer nanofibers membranes 
(a) permeate flux and (b) oil rejection percentage.
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slow accumulation of oil fouling amongst the small fibers 
of the membrane. As a result, the permeate flux through 
the treated multilayer membrane was higher than in the 
untreated membrane due to the slow accumulation of oil 
fouling. Also, the filtration time (till membrane rupturing) of 
the post-treated multilayers configuration membrane was  
twice that of the untreated multilayers membranes reach-
ing up to more than 4 h indicating the membrane’s  
strength improvement

Fig. 8 presents the formed fouling on the surface of the 
post-treated membranes at the rupture time. The excluded 
oil droplets on the treated multilayer membrane (Fig. 8b) 
were more than on the treated single-layer membrane 
(Fig. 8a) due to the longer filtration time. According to the 
above results, incorporating layers of large fibers of 13% 
and 16% PAN/DMF on the top side of the small fibers of 
10% PAN/DMF layer to fabricate the configuration of the 
multilayer resulted in decreasing the oil rejection but also 
increased the membrane strength and withstand longer 
time till rupture point.

In addition, the performance of the most improved 
nanofiber membrane (post-treated multilayer membrane) 
was evaluated under higher transmembrane pressure, and 
it was found that the TMP was 35 psig using pure water 
flow through the filtration cell.

4. Conclusion

Electrospun nanofibers have dragged great attention 
in the filtration of oil/water mixtures for their high surface- 
to-volume ratio. Highly porous nanofibers structures can 
be produced by electrospinning a polymeric solution; how-
ever, the low mechanical strength is the main disadvan-
tage of this membrane type. In this study, two approaches 
were applied to enhance the nanofibers membrane’s 
mechanical strength and filtration performance.

The first method was fabricating nanofibers membrane 
with hierarchical structure by spinning various concentra-
tions of 10%, 13%, and 16% PAN/DMF solutions layer by 
layer, producing a configuration of multilayer nanofibers 
membranes. Compared with 10% PAN/DMF single-layer 
polymeric membranes, the multilayer nanofibers membrane 
showed higher strength than the single-layer membrane; 
thus, it could operate in oil filtration for a longer operating 
time. For more improvement in the mechanical properties 
of the multilayer nanofibers membranes, the post-treat-
ment by solvent vapor for 4 d showed significant improve-
ment in the membrane strength. The fabricated membranes 
were applied for oil filtration using a cross-flow filtration 
system to investigate the effect of the applied modifica-
tion on the membrane filtration performance. The results 
showed better permeate flux and oil rejection with longer 
operating filtration time, up to six times for 10% PAN/DMF 
nanofibers membrane.

The obtained results showed a significant enhancement 
in the treated multilayer configuration membranes’ mechan-
ical properties without affecting membrane flux and rejec-
tion performance. Thus, the treated multilayer nanofibers 
membrane operates in the oil filtration system for a longer 
time, up to six times than that for 10% PAN/DMF nano-
fibers membrane. Also, the treated multilayer nanofibers 

membrane could withstand TMP of 35 psig in a cross-flow 
filtration cell. The followed enhancement procedure in this 
work showed a good strength improvement compared with 
other complicated procedures.
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