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a b s t r a c t
In this work, a novel class of high-performance microfiltration membranes consisting of an 
electrospun polyvinyl alcohol (PVA) nanofiber top layer and a nonwoven polyester support was 
developed. To achieve water-insoluble PVA nanofiber membranes, two different cross-linking 
methods were used: (1) chemical cross-linking using citric acid as a cross-linking agent and subse-
quent thermal treatment of the prepared electrospun nanofibers and (2) photo-cross-linking of an 
ultraviolet (UV)-curable PVA polymer that was synthesized by adding C=C bonds to PVA. Effects of 
citric acid concentration on membrane properties and separation performance were investigated. The 
separation performance and antifouling properties of the membranes were studied for microfiltration 
treatment of an oil/water emulsion. The results showed that more concentration of citric acid in the 
specimens led to a lower swelling degree. The use of citric acid in combination with UV irradiation 
had a synergistic effect in the cross-linking reaction. The UV cross-linked electrospun membrane had 
uniform and finer fibers, which resulted in a membrane with small pore size and high porosity, while 
the chemical cross-linking reaction occurred between the polymer fibers and the fibers fused together 
during thermal treatment. Meanwhile, the most striking characteristic of the photo-cross-linked PVA 
nanofiber membranes was its high durability and mechanical strength. 
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1. Introduction

Electrospun nanofiber membranes based on polyvinyl 
alcohol (PVA) can be one of the most interesting membranes 
among researchers and industries due to the vast advantages 
of PVA, such as its high electrospinability, inherent adhe-
siveness, high hydrophilicity, high water permeability, and 
antifouling potential [1]. Nevertheless, the high solubility of 
PVA in water is the biggest obstacle for the use of this unique 
polymer in the fabrication of membranes, which are going to 
be used for aqueous applications or even for circumstances 
with relatively high moisture. To address this, the PVA should 

be adequately cross-linked through the consumption of OH 
groups responsible for its highly polar nature [2]. Hence, a 
vast majority of researches have been done to manipulate and 
modify this polymer. In addition to the traditional methods 
of PVA cross-linking such as freeze-thaw inducement of 
crystallization, heat treatment, and chemical cross-linking, 
photo-cross-linking through incorporating either photosen-
sitive bands or photo-reactive nanoparticles to the polymer 
is a novel cost-effective and time-efficient method, which is 
very suitable for heat-sensitive materials and pharmaceutical 
products [3]. This novel method has been examined not only 
on PVA but also on some other polymers [4–7].

In the photo-cross-linking technique, a component 
with an unsaturated double-bond group like l-methyl-4- 
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[2-(4-formylphenyl)-ethyl]-pyridinium-methosulfate (SbQ-4) 
[8], thionyl chloride [9], and acryloyl chloride [3,10] was 
added to the PVA through a chemical reaction to obtain an 
ultraviolet (UV)-curable polymer. Then the UV irradiation 
was applied during the electrospinning process or after 
preparation of the nanofibers in order to cross-link the elec-
trospun nanofibers. Zeng et al. [9] used thionyl chloride for 
the synthesis of the UV-curable PVA derivative. They pre-
pared photo-cross-linked PVA nanofibers by exposing the 
electrospun nanofibers to UV irradiation. In another study 
[3], photo-reactive bonds of the C=C were added to the PVA 
by reaction with acryloyl chloride. Afterward, the product of 
reaction was dissolved in water for preparing a highly sen-
sitive solution. A layer of PVA nanofibers was prepared by 
electrospinning, and this layer was exposed to the UV irradi-
ation for photo-cross-linking. Lyoo et al. [4] electrospun the 
blend fibers of poly(vinyl cinnamate)/poly(3-hydroxybutyr-
ate-co-3-hydroxyvalerate) from chloroform solutions, and 
subsequently, the nanofibers were cross-linked via UV irra-
diation as a complementary stage. The photo-cross-linking of 
the electrospun nanofibers can be performed during the elec-
trospinning process. Gupta et al. [5] synthesized the function-
alized poly(methyl methacrylate-co-2-hydroxyethyl acrylate) 
with the cinnamate functional group through an esterifica-
tion reaction between the hydroxyl group of 2-hydroxyethyl 
acrylate and cinnamoyl chloride. Then the cross-linked 
electrospun nanofibers were prepared by simultaneous elec-
trospinning and UV irradiation. Zeytuncu et al. [10] also 
prepared photo-cross-linked PVA nanofibers containing 
thioamide groups by a simultaneous electrospinning process 
and UV irradiation. 

Recently, Karimi et al. [11] used the photo-reactive 
nanoparticles like TiO2 to prepare the photo-cross-linked 
electrospun PVA nanofiber membranes by a simultaneous 
electrospinning process and UV irradiation. They investigated 
the effect of UV irradiation conditions on the surface proper-
ties and separation performance of the prepared membranes 
in the microfiltration of the oil/water emulsions. The main 
goal of the present work is to prepare the photo-cross-linked 
electrospun PVA nanofiber membranes by incorporating C=C 
bonds in the backbone of PVA to synthesize a UV-curable 
polymer and by simultaneous electrospinning and UV irra-
diation. The separation performance of the prepared photo-
cross-linked membrane was compared with the chemically 
cross-linked PVA membranes containing different amounts 
of cross-linking agent for the treatment of oily wastewater. 
The morphological, mechanical, and antifouling properties of 
the prepared electrospun membranes were characterized by 
the scanning electron microscopy (SEM), Fourier transform 
infrared (FTIR), swelling degree, and mechanical tests as well 
as by the membrane fouling analysis.

2. Materials and methods

2.1. Materials

PVA (>98% hydrolyzed) with the molecular weight 
of 72,000  g/mol as the main material in the membrane 
electrospinning solution, citric acid as the cross-linking agent, 
Triton X-100, acryloyl chloride, and N-methylpyrridine (NMP) 
were used as received from Merck Co. Ltd. (Darmstadt, 
Germany) without further purification. Darocur®1173 as the 

photo-initiator was purchased from Sigma-Aldrich (MO, USA). 
The gas oil and deionized water were used for the preparation 
of oil/water emulsion.

2.2. Preparation of the chemically cross-linked PVA nanofiber 
membrane

The chemically cross-linked nanofiber membrane was 
prepared according to the procedure previously described 
by Karimi et al. [11]. Briefly, 10%wt. PVA was dissolved in 
water at 90°C, and the specific amounts of citric acid were 
added to the solution and stirred for 6 h at the same tempera-
ture, and then the heater was turned off for the next 24 h. One 
hour prior to the electrospinning process, 0.6%wt. Triton 
X-100 was added into the polymer solution under vigorous 
stirring. The obtained solution was loaded into a syringe 
attached to an electrospinning apparatus (Nanomeghias, 
Tehran, Iran), and it was stymied into the pump 12  cm 
far from the collector. A layer of nonwoven polyester was 
placed on the collector as the membrane support layer. The 
flow rate of the solution exodus from the needle was 2 mL/
min, and the high DC voltage was adjusted at 22 kV as well. 
Finally, the obtained PVA nanofiber membrane was cross-
linked by heating at 150°C for 5  min. The prepared elec-
trospun nanofiber membranes were named as indicated in 
Table 1. The schematic of the chemical cross-linking reaction 
is depicted in Fig. 1.

Table 1
The prepared electrospun PVA nanofiber membranes

Membrane PVA 
concentration 
(%wt.)

Citric acid 
concentration 
(%wt.)

UV irradiation

M1 10 5 –
M2 10 10 –
M3 10 15 –
M4 10 10 √

OH

O
O OH

O

HO

(Citric acid)

OH

OH

OH

(PVA)

+

Cross-linking
at 150°C

O

OH

OH

O

HO

O

O

OH

O

(Cross-linked PVA)  

Fig. 1. The schematic of the chemical cross-linking reaction.
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2.3. Preparation of UV cross-linked PVA nanofiber membrane

In order to prepare the UV cross-linked PVA nanofiber 
membrane, the following procedure was used for synthe-
sis of the PVA-based UV-reactive polymer by adding a 
UV-sensitive band to the PVA molecules:

•	 Ten grams of PVA was added to 200  mL of NMP and 
dissolved at 110°C for 2  h. Then the obtained solution 
was cooled to room temperature for 2 h.

•	 A 0.5  mL of acryloyl chloride was slowly added to the 
prepared polymer solution dropwise, and the solution 
was vigorously stirred for 1 h.

•	 The UV-reactive PVA polymer was obtained by pouring 
the solution in 1 L of methanol at 0°C.

•	 Finally, the precipitated polymer was put under vacuum 
for 3 discontinuous 12-h periods for removing the 
residual solvent.

All the procedures should be carefully done in a dark 
room because the prepared polymer is photosensitive. The 
schematic of the procedures for preparing the UV-PVA 
polymer is depicted in Fig. 2.

A 10%wt. of the UV-reactive PVA polymer and 10%wt. 
citric acid were dissolved in deionized water at 85°C and 
stirred for 1  h. Afterward, the heater was turned off for 
cooling the solution to ambient temperature. Subsequently, 
0.6%wt. Darocur®1173 and the same amount of Triton X-100 
were poured into the solution, distinctly 1 h prior to electro-
spinning. The homogeneous electrospun solution was fed 
to the electrospinning apparatus in which the nanofibers 

were exposed to a 200 W UV lamp parallel to the nanofibers’ 
path between the nozzle and the collector. The other electro-
spinning conditions were similar to those for the chemically 
cross-linked nanofiber membranes. This photo-cross-linked 
nanofiber membrane was named M4.

2.4. Preparation of oil/water emulsion

The oil/water emulsion is a stable system consisting of 
tiny droplets of oil dispersed in water. In this study, stable 
oil/water emulsions with 3,000 ppm oil concentration were 
prepared by dispersion of gas oil in water in the presence 
of 3,000  ppm Tween-80 as emulsifier by a homogenizer 
(WiseTis-HG-15D, Daihan Co., South Korea) at 12,000  rpm 
for 1 h.

2.5. Characterization tests

The morphology and structure of the prepared 
membranes were investigated using a SEM apparatus 
(AIS2100, Seron Technologies Inc., South Korea) after coating 
a thin layer of gold on the surface of each membrane sample. 

The existing functional groups in the structure of 
polymers were detected by an FTIR spectroscopy (Nicolet 
Instrument Co., Madison, WI, USA) with the resolution of 
4 cm–1 over a wave number range of 4,000–600 cm–1. The area 
of samples used in each test was 4 cm2.

The swelling degree of the prepared electrospun 
membranes was determined by the gravimetric method and 
calculated using the following equation [12]:

SD %( ) = −







×

W W
W
w d

d

100 	 (1)

where Wd and Ww are the membrane weight before and after 
soaking in the deionized water for 48 h. 

The mechanical properties including tensile strength, 
tension ratio, and subsequently the elastic module of the 
membrane were also determined for various prepared mem-
branes. The membrane samples were cut into 5 mm × 20 mm 
dimensions and placed in a tensile strength tester machine 
(AI-3000, Gotech Testing Machines Inc., Taichung, Taiwan). 
Then the machine started the test with a typical cross-head 
speed of 2 mm/min at room temperature. The thickness of all 
the samples was ~110 µm.

The inner contact angles between the curvature surface 
of the water droplet and the membrane samples were cal-
culated by analyzing photos which were taken from the 
surface of the membrane, where a 5-µL water droplet was 
put on the membrane surface by a microsyringe. To mini-
mize the experimental error, the contact angle was measured 
at several locations of the membrane surface and the average 
values were reported.

The mean pore diameter of the prepared electrospun 
membranes was estimated using the following equation [13]:

D
Q

A Pp =
−( )32 2 9 1 75. . ε ηδ

ε ∆
	 (2)

where Dp is the mean pore diameter, η is the water viscosity 
at room temperature (Pa·s), δ is the membrane thickness (m), 

0°C

Methanol

Acryloyl 
Chloride

UV-PVA

PVA/NMP

 

OH

OH

(PVA)

O

Cl

(Acryloyl chloride)

+

OH

O

O

(UV-PVA)

Fig. 2. The schematic of the procedure for preparing the UV-PVA 
polymer.
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Q is the permeate flow rate of pure water (m3/s), ε is the 
bulk porosity, A is the membrane area (m2), and ΔP is the 
operating pressure (MPa).

The bulk porosity of the electrospun membrane was 
calculated through the following equation:

ε
ρ δ

=
−W W
A

w d 	 (3) 

where ww and wd are the membrane weight (g) in wet and 
dry states, respectively, and ρ is the water density at room 
temperature (g/m3).

The separation performance of the prepared electrospun 
PVA membrane was investigated by the microfiltration of 
the pure water and oil/water emulsion using a cross-flow 
membrane module at 1.5 bar and room temperature. The 
schematic of the cross-flow microfiltration setup used in 
the experiments is presented in Fig. 3. By weighing the col-
lected permeate during a specific time, the permeate flux was 
calculated by the following equation:

J W
At

= 	 (4)

where J is the permeate flux, W is the weight of collected 
permeate, and t is the time duration of the experiments.

Furthermore, the oil concentrations in the feed and 
permeate were measured using the chemical oxygen demand 
(COD) test according to the 5220D standard method [14]. The 
COD of solutions was measured at the wavelength of 600 nm 
by a UV-Vis spectrophotometer (Hitachi U-2001 UV-Vis 
spectrophotometer, Hitachi, NJ, USA). Meanwhile, the oil 
rejection was calculated through the following equation: 

R
C
C
p

f

%( ) = −











×1 100 	 (5)

where R is the oil rejection and Cf and Cp are the concentrations 
of oil in the feed and permeate streams, respectively.

2.6. Evaluation of membrane fouling

In order to evaluate the antifouling property of the 
prepared electrospun membranes during the microfiltration 
of the oil/water emulsions, the flux decrease ratio (FDR) and 
the mass transport resistances were determined for various 
membranes. The FDR, as a measure of the membrane fouling, 
was calculated by determining the initial oil/water flux and 
final steady-state oil/water flux during the microfiltration 
test as follows: 

FDR f

oi

%( ) = −








×1 100

J
J
o 	 (6)

where Jof is the final steady-state oil/water flux and Joi is the 
initial steady-state oil/water flux.

The total mass transport resistance against the permeation 
through the membrane consists of three resistances, i.e. mem-
brane resistance, fouling resistance, and cake resistance [15]. 
The membrane resistance that represents the intrinsic resis-
tance of the membrane against the feed components transport 
through the membrane is determined by the microfiltration 
of pure water through the virgin membrane:

R P
Jm =
ρ
η
∆

wv

	 (7) 

where Rm is the intrinsic resistance of the membrane, ρ and η 
are the density and viscosity of the permeate stream, respec-
tively, ΔP is the operating pressure, and Jwv is the pure water 
flux of the virgin membrane.

The fouling resistance indicates the mass transport 
resistance due to the membrane fouling by blocking of the 
membrane pores and irreversible adsorption of the oil drop-
lets on the surface and wall of the pores. This resistance is 
determined by the microfiltration of pure water through the 
fouled membrane:

R P
J

Rf m= −
ρ
η
∆

wf

	 (8) 

where Rf is the fouling resistance and Jwf is the pure water flux 
of the fouled membrane.

The cake resistance is the mass transport resistance due 
to accumulation of the oil drops on the surface of the mem-
brane and formation of a cake/gel layer. This resistance is 
calculated by the following equation:

R P
J

R Rc m f= − −
ρ
η
∆

of

	 (9)

where Rc is the cake resistance.

3. Results and discussion

3.1. Characterization of membranes

The SEM images from the top surface of various prepared 
electrospun PVA membranes are presented in Fig. 4. A com-
parison between SEM images of the UV cross-linked PVA 

 

Fig. 3. The schematic of the cross-flow microfiltration setup 
(1: Feed tank, 2: Feed pump, 3: Membrane module, 4: Perme-
ate, 5: Digital balance, 6: Pressure controller, 7: Pressure gauge, 
8: Regulating valve, 9: Flow meter).
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membrane and the chemically cross-linked one revealed that 
the UV cross-linked electrospun membrane had uniform and 
finer fibers. The mean fiber diameter for the M4 membrane 
sample was about 136 nm, whereas the mean fiber diameter 
for the M2 membrane sample was 531 nm. Another notewor-
thy result extracted from the SEM analysis is that the fibers of 
the UV cross-linked membrane are more uniform in diame-
ter than those of the chemically cross-linked PVA membrane. 
In other words, the difference between the diameter of the 
smallest and the largest fibers of the UV-PVA membrane 
was about 149 nm. On the contrary, this value for the chem-
ically cross-linked PVA membrane (M2 sample) was about 
2,047 nm. The finer and uniform fibers of the UV cross-linked 
electrospun membrane can be attributed to the lower glass 
transition temperature of the UV-PVA polymer and lower 
viscosity of the UV-PVA solution. Generally, a polymer with 
lower glass transition temperature has finer fibers that will be 
scaffolded from it through the electrospinning process [16]. 
Furthermore, as the viscosity of the PVA/citric acid solution is 
enormously higher than the viscosity of UV-PVA solution, its 
corresponding nanofibers are thicker than the UV-PVA nano-
fibers [9]. Additionally, Fig. 4(a) shows that in the chemically 
cross-linked nanofibers, the cross-linking reaction occurred 
between the polymer fibers and the fibers fused together 
during thermal treatment.

Fig. 5 indicates the FTIR spectra of the uncross-linked, 
chemically cross-linked, and photo-cross-linked PVA 
membranes. All the groups observed in the FTIR spectra of 
the nanofiber membranes are listed in Table 2. The CH3 sym-
metrical deformation mode is identified by peaks at 1,383 
and 1,467  cm–1. The vibrational band observed in the range 
of 2,850–3,000 cm–1 is an indication of C–H stretching of the 
alkyl groups [17]. The detection of C=C in the spectra of the 
UV cross-linked membrane sample underlines the fact that 
the efficiency of the photo-cross-linking reaction is not 100%, 
in the sense that during the UV irradiation some of the vinyl 
bonds did not break down. This is an indisputable fact that 
has been observed by some researchers, namely, Xu et al. 
[18] had a similar observation in their work as they found 
that all double bonds are not consumed in the cross-linking 
reaction. There is a core problem with this event. Despite this 
bond being very photosensitive, the time nanofibers were 
exposed to the UV beams during their travel to the collector 
is very short. In this reaction, the unstable vinyl bonds have 

a penchant for converting to stable ones by breaking down to 
free radicals and subsequently forming covalence bonds. The 
required energy for this reaction is supplied by the UV beams 
expeditiously. Meanwhile, the detected peak in the range of 
1,760  cm–1, which is attributed to the C–O–Cl bond, clearly 
highlights the presence of acryloyl chloride in the reaction 

 

 

 

 

(a) (b)

Fig. 4. The SEM images from the top surface of various prepared electrospun PVA membranes: (a) M2 and (b) M4.
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Fig. 5. The FTIR spectra of the uncross-linked, chemically cross-
linked, and photo-cross-linked PVA membranes.

Table 2
The observed absorption bands in the FTIR spectra of various 
PVA nanofiber membranes

Bond Wave number (cm–1)

C–H (Rocking) 820–870
CH3 (symmetrical deformation mode) 1,383 and 1,467
C–O–C 1,050–1,150
C–C (Stretching vibration) 1,100–1,300
OH (Alcohol, bending vibration) 1,490–1,600
C–O (Stretching vibration) 1,700–1,725
C–O–Cl 1,760
C–H (Stretching vibration) 2,850–3,000
O–H (Carboxyl, stretching vibration) 2,500–3,300
OH (Alcohol, stretch, H-bonded) 3,200–3,600
OH (Alcohol, stretch, free) 3,500–3,700
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environment. Another exquisite point to be mentioned is that 
the intensity of OH groups after either photo-cross-linking or 
chemical cross-linking reaction in the samples was decreased. 
It is also important that in the photo-cross-linking reaction, the 
presence of citric acid and photo-reactive bonds have a syner-
gistic effect on the progression of the reaction, which means 
they are complementary of each other. In the UV-cured PVA 
nanofiber membrane, not only do the UV-reactive bands read-
ily induce by UV irradiation due to their strong aspiration to 
breaking down and convert to free radicals to form new stable 
bonds with the chains in their vicinity but also the cross-link-
ing agent significantly contributes to the reaction. The lower 
intensity of the hydroxyl bond in the UV cross-linked sample 
in comparison with the uncross-linked PVA sample approves 
this effect. At the other extreme, the chemically cross-linked 
nanofiber membranes formed their covalent bonds through 
the ensuing reaction shown in Fig. 1. The broad peak in 
the range of 3,200–3,550  cm–1 refers to –OH intermolecular 
and intramolecular hydrogen bonding. In the esterification 
reaction between –OH in PVA and –COOH in citric acid, 
whereupon PVA is cross-linked, the chains lose their hydroxyl 
groups. This reaction is a good explanation for decreasing the 
intensity of the hydroxyl bond as shown in Fig. 5. 

PVA is a hydrophilic polymer due to the hydroxyl group 
it possesses. In fact, PVA is inclined to adsorb water force-
fully through its hydroxyl pendant groups. The cross-linking 
reaction is a way to hinder PVA from dissolving in aqueous 
environments. Although cross-linked PVA can withstand 
dissolving in water, it is plausible that this reaction would be 
carried out incompletely and the membrane would absorb 
water. There is a mutual relationship between the swelling 
degree and solubility. In other words, the increment in the 
solubility leads to enhancement in the swelling degree and 
vice versa. The swelling degree is an estimation of the weight 
of water uptake per weight of the nanofiber membrane 
[19]. Hence, the swelling degree is a convincing representa-
tive of cross-linking degree [20]. The results of the swelling 
test are listed in Table 3. The swelling experiments prove 
that the M4 membrane sample had the least water uptake. 
This underlines the fact that the proposed photo-cross-link-
ing reaction is an efficient method for modifying PVA. By 
comparing the corresponding results of the chemically 
cross-linked nanofiber membranes, it is found that the more 
cross-linked membrane has a lower swelling degree. This 
means that the M3 membrane sample successfully remains 
almost unchanged in water for 2 d. The swelling degree for 
the chemically cross-linked membranes is in the order of 
M1 > M2 > M3. This means that the swelling degree of the 

chemically cross-linked PVA membranes is decreased by an 
enhancement in the cross-linker concentration. A similar con-
clusion has been reported by other researchers, namely, Gohil 
and Ray [21] examined different concentrations of maleic acid 
for investigating the cross-linking degree and proved that 
the cross-linking degree has a direct relationship with the 
maleic acid concentration. Generally, the polymer swelling is 
a function of the cross-linking degree, polymer chain length, 
surface area, and porosity. In the case of PVA membrane, the 
swelling degree depends upon the availability of the number 
of hydroxyl groups and mobility of PVA chains [22]. Higher 
cross-linker concentration leads to a higher cross-linked 
polymer and vice versa for a lower cross-linker concentration 
[21] because enough citric acid molecules are present for the 
cross-linking reaction at higher cross-linker concentrations. 
As previously mentioned, the higher cross-linked membrane 
has a lower swelling degree. This is mainly because of the 
lower cross-linked polymers that have longer chain length 
and are easy to expand. In contrast, the chain length in the 
higher cross-linked polymers is smaller and difficult to swell. 
Moreover, the higher number of hydroxyl groups attracts a 
large number of water molecules. The absorbed water occu-
pies the empty spaces between the polymer chains and dis-
places them, thus resulting in the swelling. Once the chains 
are cross-linked, they have little mobility relative to each 
other and hence the incoming water cannot make space for 
itself, restricting the number of water molecules absorbing 
into the PVA membrane [23]. The polymer cross-linking 
hence performs a dual role in controlling water absorption: it 
reduces the number of hydroxyl groups and limits the move-
ment of the polymer chains by covalently linking them. Both 
of these lead to the reduction of water absorption and hence 
reduction in the membrane swelling. Likewise, the surface 
area and porosity of a polymer are tunable by changing the 
physicochemical parameters. High surface area and porosity 
also encourage the polymer swelling.

The values of the water contact angle, porosity, and pore 
size of different electrospun PVA membranes are provided in 
Table 3. It can be seen that the porosity of the prepared elec-
trospun membranes is high. For the chemically cross-linked 
membranes, the bulk porosity decreased as the concentration 
of the cross-linking agent enhanced. Based on the results of 
SEM analysis, the cross-linking reaction occurred between the 
polymer fibers and the fibers fused together during the ther-
mal treatment and led to thicker fibers. Thus, the membrane 
porosity decreased from 89% to 74% by increasing the citric 
acid concentration from 5%wt. to 15%wt. Moreover, the high 
porosity of the photo-cross-linked electrospun PVA mem-
brane can be attributed to its narrow fibers. Furthermore, 
Table 3 shows the mean pore size of the membrane which 
was measured by the filtration velocity method using the 
Guerout–Elford–Ferry equation [13]. It can be seen that the 
photo-cross-linked electrospun PVA membrane (M4 sample) 
had smaller pore size than the chemically cross-linked mem-
branes because of its narrow fibers. Likewise, the mean pore 
sizes of the M2 and M4 membrane samples were determined 
from the SEM image analysis using the Image J software, and 
the mean pore sizes of 320 and 116 nm were found for the M2 
and M4 membranes, respectively.

As indicated in Table 3, the water contact angle of the 
chemically cross-linked PVA membranes was slightly 

Table 3
The values of swelling degree, contact angle, porosity, and mean 
pore size of various prepared membranes

Membrane Degree of 
swelling (%)

Contact 
angle (°)

Porosity 
(%)

Mean 
pore size 
(nm)

M1 43 32.1 ± 1.2 89 333.8
M2 28 35.4 ± 1.7 82 313.2
M3 25 37.1 ± 2.0 74 232.8
M4 16 32.3 ± 1.3 93 101.0
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enhanced by increasing the citric acid concentration. This 
implies that the membrane hydrophilicity slightly decreased. 
As shown in Fig. 1, in the esterification reaction between –
OH in PVA and –COOH in citric acid, whereupon PVA is 
cross-linked, the chains lose their hydroxyl groups and the 
cross-linking reaction further proceeds as the concentration 
of the cross-linking agent increases. Therefore, the membrane 
hydrophilicity reduced by consuming the hydroxyl groups 
during the cross-linking reaction.

The values of tensile modulus, tensile strength, and 
elongation to break ratio of various prepared nanofiber 
membranes are given in Table 4. As observed in this table, 
the tensile strength and elongation ratio are contradicting 
with each other. An increase in the tensile strength shows the 
increase in the brittleness, and an enhancement in the elon-
gation shows the increase in ductility of the material. Thus, 
the usual trade between the tensile strength and elongation is 
that one grows while the other decreases. Also, a comparison 
between the chemically cross-linked membranes (M1, M2, 
and M3 samples) and the UV-cured membranes (M4 sam-
ple) indicates that the M4 sample had lower tensile strength 
and higher elongation ratio. As mechanical behavior severely 
undergoes a chemical structure [24], the changes occurring 
on the main chain and side chains on PVA to form UV-PVA 
can cause differences between Tg of these two polymers. It is 
well known that a decrement in the Tg of the polymers leads 
to a higher mobility; in fact, in lower Tg, the segments can 
rotate along the main chain freely. This means that a polymer 
with lower Tg exhibits a greater elongation compared with 
a rigid polymer, under lower applied force. In other words, 
this is a clear-cut reason and a good explanation for the dif-
ferent mechanical behavior of the M4 membrane from other 
membranes. Another reason for the different mechanical 
behavior of the UV-cured membrane from the chemically 
cross-linked membranes is the difference between the prepa-
ration methods for these electrospun membranes. The SEM 
image of the M4 membrane (Fig. 4(b)) shows that the poly-
mer fibers independently collected on the substrate during 
the preparation of the UV-cured membrane and resulted in 
an electrospun membrane with thinner fibers. On the other 
hand, the SEM image of the M2 membrane (Fig. 4(a)) reveals 
that when the cross-linking reaction chemically occurs, not 
only the polymer chains are connected to each other but also 
the fibers are connected together, and this leads to thicker 
polymer fibers. This implies that a nanofibrous membrane 
with fused fibers exhibits a greater tensile strength and a 
lower elongation ratio compared with a membrane with 
narrow fibers. Moreover, the differences in the mechanical 
behavior of the M1, M2, and M3 membrane samples are due 
to the differences in the cross-linking degree. Generally, a 

cross-linked PVA has a firm three-dimensional construction 
of chains connected together by a covalence bond [25]. As the 
cross-linking degree increases, these covalence bonds will 
be invigorated [26]. As previously mentioned, the swelling 
degree is a representative of the cross-linking degree due to 
the direct relationship it has with the cross-linking degree. 
Thus, as the swelling degree increases, mobility decreases. In 
the same vein, elongation ratio decreases from M1 to M3, as 
the swelling degree decreases. On the contrary, in this route, 
the tensile strength reduces due to the increase in rigidity.

3.2. Separation performance of membranes

The size of oil emulsion droplets in the feed solution was 
measured by a laser diffraction particle size analyzer (Nano 
ZS (red badge), ZEN3600, Malvern Co., UK). The droplet 
size distribution of the oil in water emulsion with oil concen-
tration of 3,000 ppm is presented in Fig. 6. As observed, the 
mean size of the oil droplet is about 901 nm.

The time dependency of the pure water flux and oil/water 
flux for various prepared electrospun PVA membranes is 
shown in Fig. 7. It is observed that both water and oil/water 
fluxes of the M4 membranes are lower than those of the chem-
ically cross-linked membranes. The permeation fluxes for the 
chemically cross-linked membranes decrease in the order 
of M1  <  M2  <  M3. The observed trends for the pure water 
and oil/water fluxes can be related to the pore size, porosity, 
hydrophilicity, and swelling degree of the membranes. The 
photo-cross-linked PVA membrane had lower permeation 
flux because of its lower mean pore size and the swelling phe-
nomenon. In the swelling phenomenon, the water molecules 
accumulate between the polymer chains and increase the free 
volumes in the membrane matrix, consequently increasing 
the permeation flux. In fact, more cross-linked membranes 
have lower swelling degree that results in lower water and 
oil/water fluxes. 

Furthermore, as indicated in Fig. 7(b), a sharp oil/water 
flux decline occurred during the early period (up to 20 min) 
of microfiltration, followed by smooth flux decay in the time 
interval of 20–40  min and then approached a steady-state 
limit after 40 min. The flux decline during the microfiltration 
of the oil/water emulsion is an indication of the membrane 
fouling due to pore blocking by small oil droplets, deposition 
of the oil drops on the membrane surface, and formation of a 
gel layer on the membrane surface. As the feed stream passes 
over the membrane surface, the small oil droplets enter the 
membrane pores and might deposit on the surface and wall 
of the pores, while most of the oil drops separate from the 
bulk feed solution due to their larger size than the mem-
brane pore size and accumulate on the membrane surface. 
The blocking of the membrane pores and the formation of the 
viscous gel layer on the membrane surface are responsible for 
the additional resistances toward the mass transport through 
the membrane in addition to the membrane resistance and 
result in the flux decline during microfiltration with the pre-
pared electrospun PVA membranes. Similar observations in 
the previous studies [11,27–30] were reported for the filtra-
tion of oil/water emulsions and oily wastewater by different 
polymeric membranes. Moreover, a comparison between the 
oil/water flux of the chemically cross-linked membranes (M1, 
M2, and M3 membranes) and the UV-cured membrane (M4 

Table 4
The values of tensile strength and elongation to break ratio of 
various prepared membranes

Membrane Tensile strength (MPa) Elongation ratio (%)

M1 98.56 256.56
M2 138.97 194.66
M3 169.59 153.52
M4 1.903 271.55
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membrane) indicates that the oil/water flux of the M1, M2, 
and M3 membrane samples rapidly decreased at the early 
period of the filtration due to the membrane pore blocking by 
the small oil droplets, while the oil/water flux of the M4 sam-
ple is almost constant. This means that the membrane pore 
blocking by the small oil droplets is more severe for the chem-
ically cross-linked membranes due to their larger pore sizes. 

As presented in Table 3, the M1, M2, and M3 membranes had 
a larger pore size; therefore, more small oil droplets enter the 
pores of these membranes and might deposit on the surface 
and wall of the pores, consequently sharply reducing the per-
meate flux at an early period of filtration.

The values of oil rejection for the prepared membranes 
are shown in Table 5. The M2, M3, and M4 membrane sam-
ples had an oil rejection higher than 99%, which implies that 
these membranes can successfully separate the oil/water 
emulsions. It is also found that those membranes suffering 
from the high swelling degree show a poor performance 
in terms of oil rejection. This means that by increasing the 
swelling degree, the pore size will consequently increase, 
providing a wider route for the oil droplets to convey readily. 
At the other extreme, these wide routes provide a chance for 
membranes to have higher flux as well. Nevertheless, as the 
tortuosity is very high for the electrospun membranes, their 
rejection is much higher than the other types of membranes. 
High tortuosity inhibits the oil droplets from convection to 
the other side of the membrane.

Finally, the separation performance of the prepared 
electrospun PVA nanofiber membranes was compared 
with the performance of different electrospun membranes 
reported in the literature for the separation of oil/water 
emulsions, and the results are given in Table 5. It can be seen 
that the oil/water flux and rejection of the electrospun PVA 
membranes prepared in this study are higher than those of 
the membranes reported in the literature. For example, the 
M2 and M4 membranes have the final steady-state flux of 
1,118.1 and 1,163.3 kg/(m2 h) and oil rejection of 99.4% and 
99.8% for the separation of a 3,000 ppm oil/water emulsion.

3.3. Antifouling performance of membrane

Although the fouling tendency of a membrane is affected 
by the hydrodynamic conditions of the filtration process 
[35], the fouling tendency of the prepared electrospun mem-
branes was studied experimentally and calculated based 
on Eqs. (6)–(9). Antifouling properties of the membranes in 
terms of the FDR and mass transport resistances are pre-
sented in Table 6. In this study, the FDR, as an indication of 
the fouling tendency of the membrane, was calculated based 
on Eq. (6). The greater FDR value shows the higher fouling 
tendency of the membrane. The FDR values for different 
membranes indicated that the M1 membrane sample had the 
lowest FDR value between the chemically cross-linked PVA 
membranes due to the highest hydrophilicity as confirmed 
by the water contact angle test and FTIR analysis. The FDR 
value depends on the structural properties of the membrane 
including porosity and pore size as well as on the membrane 
hydrophilicity. As presented in Table 3, the M4 membrane 
had a smaller pore size in comparison with the chemically 
cross-linked membranes. The membrane with narrow pores 
has more fouling tendency due to pore blocking and accumu-
lation of the oil droplets on the membrane surface; therefore, 
the flux decline is more serious for the M4 membrane.

The membrane fouling in the microfiltration process is 
a combination of the pore blocking as irreversible resistance 
and the formation of a layer of oil droplets on the membrane 
surface as reversible resistance [36]. The values of the mass 
transport resistances in Table 6 show the cake resistance that 
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Fig. 6. The size of oil emulsion droplets in the feed solution.
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is due to the deposition and accumulation of oil drops on 
the surface of the membrane, which was the dominant resis-
tance against the permeation through the membrane. Similar 
results have been observed by other researchers [37,38]. Since 
the membrane fouling due to the cake/gel layer formation on 
the membrane surface is reversible fouling, the fouled elec-
trospun PVA membranes can be cleaned and reused by an 
appropriate washing procedure.

4. Conclusion

In this work, the photo and chemically cross-linked 
electrospun PVA nanofiber membranes were prepared and 
employed for the separation of oil from the synthetic oil/water 
emulsion. In addition, the chemical and physical properties 
as well as the separation and antifouling performance of the 
membranes were examined in detail. The main findings of 
this study may be summarized as follows: 

•	 Addition of C=C bonds to PVA not only changes PVA 
chemically but also alerts the physical properties of the 
resultant electrospun nanofiber membrane.

•	 The SEM analysis revealed the fact that the UV-cross-linked 
PVA membrane possesses finer fibers in comparison with 
the chemically cross-linked membranes.

•	 For the chemically cross-linked nanofiber membranes, 
the cross-linking reaction occurred between the polymer 

fibers and the fibers fused together during the thermal 
treatment.

•	 The swelling test indicated that as the cross-linking agent 
increased the swelling degree decreased.

•	 The permeation fluxes for the chemically cross-linked 
membranes decrease in the order of M1 < M2 < M3 due 
to a decrease in the pore size and hydrophilicity of the 
membranes.

•	 The analysis of the mass transport resistances indicated 
that the cake resistance was the dominant resistance. Since 
this type of membrane fouling is a reversible fouling, the 
fouled electrospun PVA membranes can be cleaned and 
reused by an appropriate washing procedure.

•	 Although the photo-cross-linked PVA nanofiber mem-
brane had a higher oil rejection, on the contrary, it suf-
fered from its poor antifouling behavior in comparison 
with the other specimens.

Symbols

A 	 —	 Membrane area, m2

Cf	 —	 Oil concentration in the feed, ppm
Cp	 —	 Oil concentration in the permeate, ppm
Dp	 —	 Mean pore diameter, m
FDR	 —	 Flux decrease ratio, %
Joi	 —	 Initial oil/water flux, kg/m2 h
Jof	 —	 Final steady-state oil/water flux, kg/m2 h

Table 5
The separation performance of some membranes in the separation oil/water emulsion

Membrane Oil concentration 
in feed (ppm)

Flux (kg/(m2 h)) Oil rejection (%) Process Ref.

M1 3,000 4,104 95.0 Microfiltration

This study
M2 3,000 1,118 99.4 Microfiltration
M3 3,000 390 99.5 Microfiltration
M4 3,000 1,163 99.8 Microfiltration

PVA coating on PVA nanofibers 1,350 60.8 99.5 Ultrafiltration [3]
PVA/TiO2 nanofibers 3,000 4,047 99.9 Microfiltration [11]
Polyether-block-amide (PEBAX) on 
PVA nanofibers

1,350 130 99.8 Ultrafiltration [25]

Polyethersulfone (PES)/TiO2 3,000 8 99.9 Ultrafiltration [29]
PVA nanofibers 1,350 130 99.5 Ultrafiltration [31]
PVA coating on PAN nanofibers 1,500 250 99.5 Ultrafiltration [32]
Polyvinyl acetate (PVAc)-coated nylon 
6/Silica nanofibers

1,000 4,814* 99.2 Microfiltration [33]

PA6(3)T nanofibers 250 44.3 92.7 Microfiltration [34]

*Pure water flux.

Table 6
The flux decrease ratio and mass transport resistances of various prepared membranes

Membrane RM (×1010/m) RF (×1010/m) RC (×1010/m) RT (×1010/m) FDR (%)

M1 4.80 2.80 6.60 14.20 42.09
M2 5.54 6.77 42.10 54.41 81.34
M3 7.10 30.00 110.00 147.10 91.10
M4 13.4 13.7 27.5 54.60 79.31
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Jwf	 —	 Pure water flux of fouled membrane, kg/m2 h
Jwv	 —	 Pure water flux of virgin membrane, kg/m2 h
ΔP	 —	 Operating pressure, MPa
Q	 —	 Pure water permeate flow rate, m3/s
R	 —	 Oil rejection, %
Rc	 —	 Cake resistance, 1/m
Rf	 —	 Fouling resistance, 1/m
Rm	 —	 Membrane resistance, 1/m
SD	 —	 Degree of swelling, %
t	 —	 Time duration of microfiltration experiment, h
W	 —	 Weight of collected permeate, g
Wd	 —	 Membrane weight at dry state, g
Ww	 —	 Membrane weight at wet state, g

Greek letters

δ	 —	 Membrane thickness, m
ε 	 —	 Bulk porosity
η	 —	 Water viscosity, Pa·s
ρ	 —	 Water density, g/m3
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