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Surface modification of electrospun nanofibrous
membranes for oily wastewater separation

Fatma Yalcinkaya, {2 *@ Anna Siekierka® and Marek Bryjak®

This paper presents a method for producing nanofibrous composite membranes for the separation of
a vegetable oil-water mixture. Neat polyvinylidene fluoride (PVDF), polyacrylonitrile (PAN) nanofibres and
PVDF/PAN mixtures were used to prepare the membranes. Argon plasma treatment, followed by
a chemical surface modification, was applied to alter the hydrophilicity and oleophobicity of the
membranes. The obtained results showed that the membranes change their surface character
(hydrophilicity and oleophilicity) in relation to the mixing ratio of the PVDF/PAN nanofibres and the
surface modification parameters. These results can extend the application of PVDF, PAN and PVDF/PAN

rsc.li/rsc-advances

1. Introduction

Oil-water emulsions emitted into the soil or water from
domestic and industrial wastewater are one of the most severe
issues that threaten human life and ecological systems, with
a significant amount of oily wastewater generated every day.
Thus, there is a growing demand to produce an oil-water
separation system that has high selectivity, high efficiency, low
fouling properties and is easy to apply and manage.

Microfiltration membranes are applied for oil-water sepa-
ration treatment, along with other methods, such as bioreme-
diation and chemical methods.”® The production of high-
performance membranes with anti-fouling properties still
remains challenging. Surface absorption, surface grafting and
blending are some of the methods used for the surface modi-
fication of membranes*™® to improve their anti-fouling prop-
erties. A hydrophilic membrane surface helps to reduce bio-
fouling and protein adhesion in microfiltration. Blending
materials is considered the simplest and most inexpensive
approach for surface modification. Recently, the plasma
modification method has attracted interest due to its extremely
short modification time and non-destructive action. However,
the modification is usually not permanent on most polymer
surfaces, often disappearing within hours or days of treat-
ment.”** To counteract this phenomenon, a post-treatment
method should be applied to provide a permanent surface
modification.

Polyvinylidene fluoride (PVDF) is one of the most
frequently used polymers in membrane technology due to its
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nanofibrous membranes to the treatment of oily water.

outstanding chemical, thermal and oxidation resistance
properties,**™¢ while polyacrylonitrile (PAN) is a common
polymer that is characterised by its thermal stability, toler-
ance to most solvents, strong antioxidant capacity and
commercial availability."”** PVDF has better mechanical
properties than PAN." PAN is a hydrophilic polymer, whereas
PVDF is a hydrophobic polymer. The versatility of
both polymers thus makes them suitable for
manufacturing membranes for liquid/liquid and liquid/solid
separations.

The objective of this paper is to evaluate the properties of
modified nanofibrous composite membranes obtained from
PVDF, PAN and PVDF/PAN mixtures. Mixing the polymers
should increase the hydrophilicity of the nanofibre web while
also increasing the strength of the web by binding its fibres
together. However, the main disadvantage regarding the use of
nanofibres in filtration is their lack of mechanical integrity.
Two of the novelties of this paper are that the nanofibre layers
were produced with the Nanospider industrial equipment,*
and that the layers strongly adhered to a nonwoven supporting
layer without any damage, using hot-press lamination tech-
nology to improve their performance in liquid filtration
applications. The microwave plasma technique, followed by
a chemical post-treatment, was used to hydrophilise the
membrane surfaces. While similar papers dealing with the
plasma modification of polymer membranes have been pub-
lished,>?¢ none have considered the use of a nanofibre web
surface modification with both plasma and chemical treat-
ments for liquid/liquid and liquid/solid separations. This
study may thus provide a better understanding of the effects of
surface modifications on the permeability and liquid selec-
tivity of the membranes as a function of chemical modifica-
tion time.

This journal is © The Royal Society of Chemistry 2017
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2. Materials and methods

PAN (Elmarco s.r.o., Czech Republic) was dissolved in dime-
thylformamide (DMF) to produce an 8% wt. PAN solution, and
PVDF (Solef 1015, Belgium) was dissolved in dimethylacetamide
(DMACc) to produce a 13% wt. PVDF solution. The DMF and
DMAc solvents were purchased from Penta s.r.o., Czech
Republic. The solutions were stirred overnight. Five different
samples were prepared, defined by their PVDF/PAN nanofibre
blend ratios (Table 1). A Nanospider electrospinning device
(Elmarco s.r.o., Czech Republic) was used to produce the
nanofibres under controlled and stable processing conditions,
following previous studies (Fig. 1).*” A solution carriage feeds
the polymer solution on a 0.2 mm moving stainless steel wire.
The speed of the carriage is 245 mm s~ . High voltage suppliers
are connected to the wire electrode (60 kV) and the collector
electrode (—15 kV). When the applied voltage exceeds a critical
value, the polymer solution jets move towards the collector, the
solvent evaporates, and the nanofibre web is collected on
baking paper moving in front of the collector electrode. The
speed of the movement of the baking paper is 10 cm min~*. The
distance between the electrodes is 18 cm. The temperature and
humidity of input air are set to 23 °C and 20% by the air-
conditioning system. The intake and outlet airflows are 100
and 115 m® h™", respectively.

The zero-shear viscosity of the polymer solutions was
measured using a Fungilab Expert viscometer at 23 °C.

Pressure-driven liquid filtration applications require that the
membranes possess sufficient mechanical strength to with-
stand the operational conditions. The nanofibres were thus
laminated onto a nonwoven spunbond supporting material to
improve the mechanical strength of the membranes. The
surface of the membranes was characterised by Scanning
Electron Microscope (SEM, Vega 3SB) and the fibre diameters
were analysed using the Image-J image processing software. The
surface contact angle of the samples was measured at room
temperature using a Kruss Drop Shape Analyzer DS4 with
distilled water on the clean and dry samples. The PVDF/PAN
mixture of polymeric nanofibres was evaluated using Fourier
transform infrared spectroscopy (FTIR, Nicolet iZ10 by Thermo
Scientific). A 1200-AEL capillary flow porometer (Porous Media
Inc., Ithaca, NY) was used in this study to measure the pore size
of the samples.

The prepared nanofibrous composite membranes were cut
into 5 cm x 5 cm squares and subjected to the standard plasma
treatment.’® Microwave-induced low vacuum argon (Ar) plasma
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Fig. 1 Schematic illustration of the electrospinning device, with key
components labelled. (A) Solution tank (feeds the solution towards the
wire); (B) wire electrode; (C) spinning area; (D) collecting electrode,
connected to a silicon paper as supporting material; (E) high voltage
supply; (F) air intake; and (G) air outlet.

was used to modify the surface for 5 min. The scheme of the
plasma reactor is shown in Fig. 2. After the plasma treatment,
the samples were exposed to the atmosphere for 20 min and
then immersed in 1 M sodium hydroxide (NaOH) aqueous
solution. The times of sample immersion were 0, 2, 4, 6 and
24 h. The samples were then rinsed and kept in distilled water.

A Millipore Amicon 50 mL stirred filtration cell (Millipore
Corporation Billerica, Massachusetts, USA), with an active
filtration area of 13.4 cm?, was used to evaluate membrane

Fig. 2 Remote microwave plasma device, with key components
labelled. (A) Low vacuum microwave plasma head; (B) reaction
chamber; (C) MW generator; (D) Ar gas flowmeter; and (E) Ar gas tank.

Table 1 Key physical parameters of the PVDF/FAN samples analysed in this study

Sample code PVDF/PAN wt ratio

Viscosity (mPa)

Area weight (g m™?) Pore size (nm)

S1 1/0 969.3
S2 0/1 190.9
S3 2/1 718.0
S4 11 499.3
S5 1/2 348.5

This journal is © The Royal Society of Chemistry 2017

3.52 £ 0.5 2030 £ 562
1.29 = 0.5 710 £ 344
1.99 +£ 0.5 790 £ 516
4.35 £ 0.5 910 + 245
0.72 £ 0.5 820 + 324
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Fig. 3 Schematic diagram of dead-end filtration.

performance (Fig. 3). The feed solution was prepared by mixing
blue-coloured distilled water with vegetable (kitchen) oil in
a 1:1 volume ratio. Water was coloured using methylene blue
to properly observe the separation process. The feed solution
was mixed with a hand mixer for a few minutes until a uniform
mixture was obtained. The tested dry membrane was placed in
the filtration cell, which was then filled with 20 mL of filtrated
distilled water. The separation conditions were created under
0.02 bar pressure. A 50 mL oil-water mixture was used for each
test. The oil-water mixture did not separate into two phases
during filtration. A magnetic stirrer was used to mix the feed
solution during filtration. After the separation test, the
permeate solution was collected in a glass graduated cylinder
tube and sealed tightly to avoid evaporation. The permeate was
kept for 24 h to separate into two phases and then determine
the resultant water and oil percentages in volume ratio. The oil
and water contents were calculated according to eqn (1):

Cs = U5« 100%, (1)
Ve

where Cg is the content of selected liquid (oil or water), Vs is the
volume of selected liquid and Vp is the total volume of the
permeate.

The permeate flux (F) and permeability (k) of the membrane
were calculated according to eqn (2) and (3), respectively:

1 dv
F
k==, 3
’ €)

where A4 is the effective membrane area (m?>), V is the total
volume of F, p is transmembrane pressure (bar) and ¢ is the
filtration time.

3. Results and discussion

3.1.
membranes

Surface analysis and characterisation of the unmodified

The SEM images in Fig. 4 show that there is no damage to the
fibres on the top surface of the substrate, which suggests that
the lamination was done successfully.

56706 | RSC Adv., 2017, 7, 56704-56712
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Fig. 4 SEM images of the unmodified samples after lamination.

It should be noted that the PVDF nanofibres possess a fibre
diameter that is ~2.5 times larger than that of the PAN nano-
fibres. Mixing the PVDF polymer with PAN yields a fibre diam-
eter that is ~1.6 times smaller than that of the neat PVDF
sample nanofibres. It was observed that the neat PAN nano-
fibres have a beaded structure, which could be due to the low
viscosity of the PAN solution (Table 1). Bead-free nanofibres
were obtained after mixing PAN with PVDF. There were no
visible changes in the observed fibre diameter after lamination.

Water contact angle measurements are one of the simplest
and easiest methods for determining the hydrophilic or
hydrophobic nature of chemical groups attached to the surface
of the layers. Based on the water contact angle observations
(Fig. 5), it was evident that the addition of PAN increased the
hydrophilicity of the resultant PVDF/PAN membranes. The
results showed that a neat PAN (S2) web, with a contact angle of
less than 90°, could be considered as a hydrophilic material.*®
Sample S5 had a contact angle close to 90°, while samples S1, S3
and S4 each had angles larger than 90° and exhibited hydro-
phobic characteristics. The contact angles changed after surface
modification. The plasma and chemical modifications resulted
in fully wettable surfaces with a contact angle of 0°. Only two
modified images are shown in Fig. 5. Tran et al.*® found that
using non-polymer-forming plasma gas treatments, such as Ar,

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Water contact angles of unmodified and modified nanofibrous
membranes.

He and O, plasma treatments, increase the membrane surface
hydrophilicity and membrane permeability. Similarly, super-
hydrophilic PVDF electrospun membranes have been obtained
by oxygen plasma treatment. Moreover, the plasma treatment
did not significantly influence the average size and morphology
of the nanofibres.** Another study showed that both the surface
modifications of PVDF and the surface wettability improved
under plasma exposure.** The most significant result is the
hydrophilic modification of the PVDF membrane.

The FTIR spectra were collected to investigate the chemical
structure of the PVDF/PAN nanofibrous webs, shown in Fig. 6.
The spectra confirmed the presence of both polymers in the
blends, the absorption bands at 2240 cm ™" and 1664 cm ™" for
the PAN nitrile groups and the stretching bands at 1173 cm™*
and 876 cm ! for the ~CF, and C-F groups of PVDF, respec-
tively. The characteristic peaks for PVDF and PAN were modified
according to the composition of the PVDF/PAN mixture.

3.2. Characterisation of the modified membranes

The mechanism of plasma deposition and chemical surface
modification is shown in Fig. 7. Ar plasma treatment and

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 FTIR spectra of the five PVDF/PAN samples.

chemical operation with NaOH were used to modify the
membrane surfaces. The Ar plasma treatment should crosslink
the polymers on the surface fibres and introduce polar groups
there, while the chemical operation with NaOH should turn the
nitrile groups into more polar carboxylic functionalities. The
exploitation of both methods of surface modification should
provide more stable and highly hydrophilic properties for the
long-lasting service of the membranes.

FTIR spectra were used to verify the effect of the plasma and
chemical modifications on the composite membrane surfaces
of S1, S2 and S4 (Fig. 8-10). Fig. 8-10 show that the modification
caused a marked change in the surface functionality for the
PVDF membranes, while only slight changes were observed for
the PAN and PVDF/PAN (1/1) membranes. Tables 2 and 3
describe the key absorbance peaks of the evaluated membranes
in greater detail.

Compared to unmodified PAN membranes, the peak at
1737 em " shifted to 1733 em ™' after surface modification
(Fig. 8). A sharp increase in the peak at 1733 cm ™' was observed
after the plasma treatment and NaOH surface modification,
likely due to the presence of an extra carboxylic group on the
modified surface.

Significant differences were observed after surface modifi-
cation of the PVDF membranes (Fig. 9). The very broad and less
intense peak between 2500 and 3500 cm ™' was due to O-H
functionalities that improve the hydrophilicity of the
membranes. The change in peak shape was due to of the extent
of hydrogen bond stretching among the alcohol or carboxylic
acid groups. These peaks change significantly with the surface

Mw plasma
Free | A r )
radicals A gas Carbonyl or hydroxyl ; - ;
\ vYyvovw i group . Carboxylic group |
© e e« 20minAir s e e NaOH
[ Membrane ] oMM A, N erbrane ]t

Fig. 7 Schematic diagram of membrane surface modification using
a plasma and NaOH solution.
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Fig. 8 FTIR spectra of PAN membranes before and after surface
treatment (only Ar plasma, Ar plasma + 2 h NaOH, Ar plasma + 24 h
NaOH).

modification and length of NaOH treatment. The peak at
2928 cm™ " indicated the C-H stretching frequency due to the
parent hydrocarbon chain of the compound.

There were no significant changes in the PVDF/PAN 1/1
mixture after surface modification (Fig. 10). The FTIR results
indicate that the surface of the PVDF membrane was success-
fully modified, following the modification mechanism shown in
Fig. 7. Given the presence of carboxylic groups on the
membrane surface, one can expect the highly permeable and
anti-fouling reaction of such materials.
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Paper

3.3. Oil-water separation

Surface treatment allows for the creation of specific surface
chemistries that increase membrane permeability and reduce
membrane fouling. However, separation of the oil-water
mixture is always difficult, so several microfilters are used for
this purpose.

The filtration results for the unmodified membranes, as well
as the membranes modified by the Ar plasma and NaOH
treatments, are shown in Fig. 11. The permeability of the
membranes was compared before and after surface modifica-
tion. The time “0” refers to the membranes without any treat-
ment. The distilled water permeability values increased
tremendously for the modified membranes.

The permeability of all of the composite membranes
depends on both the surface modification and modification
time. It was found that the immersion of the samples in NaOH
for 6 h resulted in the highest permeability result for each
membrane type (Fig. 11). The highest permeability was achieved
for the S5 sample, which was 20 times higher than the perme-
ability of the untreated S5 sample.

It was observed that the permeabilities of S2, S4 and S5
decreased after increasing the NaOH immersion to 24 h
(Fig. 11). A commercially available ultrafiltration membrane of
PAN was pre-treated in NaOH solution.”” The NaOH-induced
hydrolysis of nitrile groups on the membrane surface led to
a decrease in both the pore diameter and permeability of the
membrane. The average pore diameter underwent a 4.3-fold
decrease during the hydrolysis. The results showed that modi-
fication of the membrane surface by anchoring carboxylic
groups made the surface less prone to protein deposition. The
hydrolysis of PAN and PAN/PVDF membranes resulted in the
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Fig. 9 FTIR spectra of PVYDF membranes before and after surface treatment (only Ar plasma, Ar plasma + 2 h NaOH, Ar plasma + 24 h NaOH).
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NaOH).

swelling of the PAN polymers and a decrease in pore diameter.
The pore sizes of the membranes were not measured after
surface modification. The swollen pores apparently reduced the
permeability of the membranes. A 6 h NaOH treatment seems
optimum for all membranes.

An example filtration procedure for an oil-water mixture
through the prepared membranes is shown in Fig. 12, with the
results of the separation included in Table 4.

The results in Table 4 show that the modification of the
nanofibrous membranes had a great effect on the selectivity of
the membranes. The membranes in the first row, with a zero
immersion time, had no surface treatment. Opposite to
unmodified PAN, the unmodified PVDF shows hydrophobic/
oleophilic properties. Similar results were recorded in the
literature, where the neat PVDF membranes showed
hydrophobic/oleophilic characteristics either in surfactant-free

Table 2 FTIR spectroscopy absorption bands for modified and
unmodified PAN

Wavelength (cm™')  Explanation

1240, 1369, 1453,
2938
1733, 1737

Vibration of aliphatic CH groups

(CH, CH,, CH3)**

Stretching vibration of the C=0 bond.

The presence of this C=0 peak could be due
to residual DMF in the PAN fibers.*> Moreover,
additional surface treatment changes the
intensity of the peak due to the carboxylic
group on the surface

Stretching vibration of the nitrile groups

(CN) in acrylonitrile structure®®

2240, 2242

This journal is © The Royal Society of Chemistry 2017

water-in-oil emulsion or a surfactant-stabilised water-in-oil
emulsion.”®*® The hydrophilicity and oleophilicity of the
unmodified membranes change based on the ratio of PVDF/
PAN. In the sample of PAN composite membranes, the
hydrophilic/oleophobic characteristics of the PAN did not
change after surface modification. However, the water perme-
ability of the PAN composite membranes underwent a 4-fold
improvement after 6 h of immersion in the NaOH solution. It
was observed that surface modification of neat PVDF allowed
the material to exhibit hydrophilic properties. The literature
showed that treated PVDF membranes can convert the
membrane from being highly hydrophobic to being super-
hydrophilic when wetted with water and with a high perme-
ability.*"*> When the porous hydrophobic material is immersed
in water, the water cannot penetrate the pores. However, the
reduction of the surface tension of the solution (by the addition
of salt or NaOH) made the membranes ‘permeable’ for water.
The effects of both the surface modification and the increase in
pore permeability improve the membrane hydrophilicity. Zhang
et al>® prepared a superhydrophilic/superoleophobic PAN
ultrafiltration membrane by an alkaline-induced phase inver-
sion process by the addition of NaOH into coagulation bath.
This induced the in situ hydrolysis of -CN groups in the PAN
chain to -COOH groups, which resulted in the superwetting of
the PAN membranes. The membrane showed ultralow oil
adhesion, thus endowing the membrane with superior oil-
water separation properties and a high water permeability.
The mixture of polymers showed that it was possible to
control the oil or water uptake by altering the time of modifi-
cation. In general, it is possible to conclude that the surface
modification of the membranes improves their hydrophilicity

RSC Adv., 2017, 7, 56704-56712 | 56709
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Table 3 FTIR spectroscopy absorption bands for modified and
unmodified PVDF

Wavelength (cm™") Explanation

725 Methylene swing in-plane vibration
due to C-C rocking vibrations in —-(CHy),,.
The absorbance is originating from
exposure of the polymer + plasma bond
to air for 20 min****

841 C-F stretching vibration of PVDF*®

881 C-C-C asymmetrical stretching vibration
of PVDF*®

1175 Band for -CF, symmetrical stretching and
o phase of PVDF*"7°

1242 Enhanced carbonyl absorption peak -C-O-
stretching band***!

1401 -C-F- stretching®

1546 Carboxylate peak asymmetric ~-O-C-O-*>

1638-1718 Carbonyl (C=0) stretching vibrations.
Primarily centred around 1710-1720 cm ™"
(ref. 43)

2853 Symmetric stretching of CH,

2925 Asymmetric stretching of C-H**

3020 Asymmetric starching vibration of the
CH, groups™®

2500-3300 O-H stretching absorption*®

while decreasing their oleophilicity. PVDF nanofibres had
a better mechanical and abrasion resistance compared to the
PAN nanofibres. Surface-modified PVDF nanofibres seem to be
suitable for the separation of water from water-oil mixtures.
Moreover, it was found that a mixture of PVDF with PAN can be
hydrophilic/oleophobic and gain a higher permeability
compared to neat PVDF and neat PAN membranes.

The study presents the first industrial nanofibre production
method to fabricate nanofibres for the separation of oily
wastewater. Moreover, easy spinnable polymers and an inex-
pensive surface modification method were used to change
surface hydrophilicity and oleophobicity. Compared to similar
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Fig. 11 The permeability of the samples after various modification
times in the NaOH solution.
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Fig. 12 Permeates after oil-water filtration. Sample S1 (left) and S2
(right) after 4 h in NaOH solution.

studies in the literature, the membranes tested here showed
very high permeability after separation.>*>*

Based on the permeability and selectivity results, S5 was
selected as the best candidate for the filtration of oily waste-
water. The surface morphology of S5 was investigated by SEM
image after surface modification and separation test, as shown
in Fig. 13.

The SEM results showed that the diameter of the nanofibres
increased with increasing immersion time, while the size
distribution of the nanofibres improved. This is due to the
swelling of PAN nanofibres in the NaOH aqueous solution.
Similar results were obtained in the literature.*” Yang et al.>®
found that after immersing the PAN membranes in NaOH, the
hydraulic permeability decreased, and an increase in the
rejection of dextran was observed due to the swelling of the
hydrolysed layer. Kim et al® found that the annealed PAN
membrane underwent a decrease in pore size after it was treated
with 2 M NaOH or CH;0ONa for over 2 h. The reason for this is
that NaOH-induced hydrolysis of the nitrile groups on the
membrane surface results in membranes with decreasing pore
diameters. The pore diameters of the samples were not
measured after modification, because the pore size measure-
ments were done on dry membranes. Drying the wet nanofibre
web would cause cracking on the surface of the nanofibres,
which highlights that it is better to keep the membrane in a wet
condition once it has been wetted. After surface modification,
the membranes were kept in distilled water until the separation
test was run. The SEM results indicate that fibres grew and
became flattened, likely due to the decrease in pore size. After
separation, the membranes were dried in the oven without any
cleaning, and the SEM images were taken. The images showed
that after oil separation, all membrane surfaces were contami-
nated with oil (Fig. 13). The fibres are barely visible under a cake

Table 4 The water and oil contents in the permeates

Water content (%) Oil content (%)

Time in NaOH

(h) S1 S2 S3 S4 S5 S1 S2 S3 S4 S5
0 0 100 O 50 73 100 0 100 50 27
2 10 100 26 100 81 90 0 74 0 19
4 18 100 50 100 86 82 0 50 0 14
6 74 100 100 100 100 26 0o 0 0o 0
24 78 100 100 100 100 22 0o 0 0 0

This journal is © The Royal Society of Chemistry 2017
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Fig. 13 SEM images of sample S5 after: (a) 4 h, (b) 6 h and (c) 24 h
surface modification and their SEM images after the separation test, (d)
unmodified membrane after the separation test.

layer. The permeability results of the 24 h modification were
quite low compared to the 2, 4 and 6 h separation tests. It is
visible from the SEM image that the total surface of the 24 h
modified membrane was totally covered with an oil film, which
led to a marked decrease in its permeability.

4. Conclusions

Functional PVDF, PAN and PVDF/PAN nanofibrous composite
membranes were successfully fabricated for the separation of
an oily wastewater. It was found that both the polymer
blending method and modification of the membranes can
change the surface hydrophilicity and oleophilicity. These
changes can be attributed to structural changes in the
membranes to decrease surface energy and increase in pore
permeability.

This journal is © The Royal Society of Chemistry 2017
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The membrane permeability can also be altered based on the
chemical treatment parameters. In the case of membranes with
modified PAN, water permeability increases dramatically.
Depending on modification parameter, a permeability of
25000 L m 2 h bar ' was achieved with Ar plasma exposure
followed by NaOH modification. The FTIR results confirm the
polymer mixture and surface modification. Contact angle
measurements showed that after surface treatment,
membranes become highly hydrophilic, with the water drop
immediately disappearing. SEM studies revealed no physical
damage to the polymer surface lamination.

The distilled water flux for the modified membranes
increased dramatically because of its high hydrophilicity. The
oily wastewater fouling was considerably reduced by the
membrane flux for modified membranes.

Improved strength and, in the instance of PVDF, the
improved wettability of the membranes, make them more
suitable for aqueous filtration. These prepared membranes
could thus be used for the practical microfiltration of oily
wastewater.
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