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Abstract. Antifouling membranes have gained considerable interest in water filtration
applications. A dual layer of nonwoven nanofibers membranes was fabricated via the
electrospinning method using hydrophilic and hydrophobic polymers. The first (base)
layer was hydrophilic polyacrylonitrile (PAN) based electro spun nanofibers. In contrast,
the second (top) layer was hydrophobic polymethyl methacrylate (PMMA) based electro
spun nanofibers. A series of dual-layer nonwoven nanofiber membranes with various
PAN: PMMA amount percentages were fabricated and characterized regarding their
morphology and chemical composition using Scanning electron microscopy (SEM) and
X-ray diffraction (XRD). The chemical functional groups on the membrane surface were
detected using the Fourier transform infrared (FTIR). Also, the roughness and wettability
of the membrane surface were measured using the atomic force microscopy (AFM) and
the contact angle, respectively. The prepared nanofiber membranes efficiency was
examined in emulsified oil/water separation using a crossflow filtration system. The results
showed that the fouling resistance and permeate flux were significantly improved by
spinning the hydrophobic (PMMA) nanofibers on the surface of the hydrophilic (PAN)
nanofibers membrane.

Keywords: Electro spun nanofibers, emulsified oil, polyacrylonitrile, polymethyl
methacrylate, filtration.

1 Introduction

Membrane technology, with its high efficiency and integrity, plays a key role in delivering
sustainable water and energy resources [1,2]. Microfiltration (MF) is a membrane-based
technique for pre-treating feed for reverse osmosis desalination units or removing colloids,
bacteria, and oil from recovered wastewater [3,4]. In general, oil contaminates water in different
forms, including emulsified oil which is not easy to remove because of its aqueous phase
stability [5]. Emulsions pose particular challenges because of the deformability of the droplets,
coalescence in bulk and on the membrane surface, membrane wetting by droplets and films,
pore blockage, and oil intrusion [6]. In oil filtration membranes, the structural characteristics
and surface qualities are crucial, including the permeable structure and wettability (the ability
to separate oil from water) [7-9]. Recently, the membranes' hydrophilicity and hydrophobicity
development offer an alternative direction for oil/water separation [9-11]. Polymeric fibres are
amongst the most acceptable alternatives for functional materials with regulated porosity and
selected wettability [12,13]. Electro spun polymeric nanofiber membranes have gotten much
attention in recent years because of their unique properties such as the high surface-to-volume
ratio, high permeability, the ability to manufacture various materials by chemical alteration,
and the ability to create coaxial structures [14,15] [16]. The nanofiber membrane is made using
the electrospinning technique, which involves charging a jet of fluid that travels through a
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capillary tube with a high-voltage power source [17]. Because of their great mechanical and
chemical resilience, polysulfide (PSU), polyether sulfone (PES), polyvinylidene fluoride
(PVDF), and polyacrylonitrile (PAN) are commonly utilised to make nonwoven nanofiber
membranes [15,18].

On the other hand, fouling is a common problem for oil-removing membranes, causing a
significant reduction in initial membrane hydraulic permeability and durability (19)(20).
Membrane fouling formed due to the reversible and irreversible deposition of particles, colloids,
macromolecules, salts, and other components. Fouling mitigation approaches can be made in
various ways, including membrane surface modification and backwashing. Fouling mitigation
on membranes has been suggested using surface functionalization and the application of
blending additives to promote surface hydrophilicity or pore architecture [6,21][22].
Incorporating high porosity nanofiber layers also can reduce the contact time between the
fouling and filtrating layers [23]. A polymeric mixture of polyethylene terephthalate and
polyacrylonitrile has been electro spun to make a nanofibrous composite that serves as a support
layer for thin active coatings to increase the membrane fouling resistance and water
permeability (24)(25). Also, the electro spun polymeric membrane has been utilized as a porous
layer with reduced porosity in thin-film composite nanofiltration membranes to enhance
permeability [26].

This project aims to make dual-layer antifouling membranes by electrospinning a top layer of
polymethyl methacrylate (PMMA) nonwoven nanofiber on a layer of polyacrylonitrile (PAN)
nonwoven nanofiber producing a dual-layer PAN: PMMA nonwoven nanofiber membrane. The
fabricated nanofibers membranes were characterized using scanning electron microscopy
(SEM), X-ray diffraction (XRD), Atomic force microscopy (AFM), Fourier Transform Infrared
(FTIR), water contact angle (WCA), and Porosity. The dual-layer nanofiber membranes
efficiency was applied in a crossflow filtration system using the emulsified Kerosene in water
as a model of organic pollutant.

2 Materials and Methods

2.1 Materials

Polyacrylonitrile (PAN) (Mwt. of 150,000 g/mole) and polymethyl methacrylate (PMMA)
(Mwt. of 350,000 g/mole) were supplied by Aldrich. N, N-Dimethylformamide (DMF) (density
of 0.948 g/cm3) was supplied from Alfa Aesar and used as a solvent to dissolve PAN. Acetone
(ACE) (density of 0.7845 g/cm3) was ordered from Sigma-Aldrich to be used with DMF in
dissolving the PMMA. Kerosene (from midland Iraqi refineries company) was used to prepare
the synthetic emulsion solution.

2.2 Methods

To prepare 11 wt.% PAN solutions, a specific amount of PAN was dissolved in DMF and stirred
continuously for 4 hr at 60 °C. Also, to prepare a homogeneous precursor solution of 6 wt.%
PMMA solution, a certain amount of PMMA was dissolved in a binary solvent of DMF/ACE
(weight ratio of 4:6) using a magnetic stirrer for 6 hr in room temperature. Although DMF is a
good solvent to dissolve PMMA, ACE should be added with the DMF to achieve a spun-able
precursor solution of PMMA [27]. The DMF solvent demonstrated a low degree of
macromolecule chains overlap and aggregation in solutions, leading to lower solution viscosity
and formation beads. The ACE, on the other hand, presents a larger degree of macromolecule
chain overlap and aggregation in solutions, which stops polymer chains from flowing, favouring
increased solution viscosity and continually inhibiting beads formation in manufactured
PMMA nanofibers [28].

All the nonwoven nanofibers membranes in this work were fabricated using the electrospinning
technique, a pulling motion of polymer droplets to solve the surface tension in a high-voltage



electrostatic field. The main fabricated nanofiber membranes were a pure 11 wt.% PAN/DMF
and a pure 6 wt.% PMMA (DMF: ACE). The other fabricated nanofiber membranes were dual
layers of different amounts percentages of the two polymers PAN: PMMA (75:25, 50:50, and
25:75). Firstly, the base layer of nonwoven PAN-based nanofibers membranes was fabricated
by spinning a certain amount of 11 wt.% PAN/DMF solution using a voltage of 21 kV. Then,
a top layer of nonwoven nanofibers was fabricated by spinning a certain amount of 6 wt.%
PMMA/(DMF: ACE) precursor solution using a voltage of 18 kV.

For all fabricated membranes, the electrospinning parameters were unchanged: flow rate of 1
ml/hr, the distance between the needle and collector of 15 cm, collector rotating speed of 70
rpm, and the relative humidity (10% -20%) at room temperature [29-31].

2.3 Characterization of membranes

The surfaces’ structure and morphologies of the pure PAN and the pure PMMA nonwoven
nanofiber membranes and the dual-layers of PAN: PMMA nonwoven nanofibers before and
after oil removal were visualized. The samples were coated with a thin layer of gold by
sputtering for 80 seconds to acquire a clear surface picture of the membrane surface by field
emission scanning electron microscopy (FE-SEM, mara-3, TESCAN). The average fibre size
of the PAN and PMMA nonwoven nanofibers was calculated using Image J software from SEM
images [30]. The Fourier Transform Infrared (FTIR) and energy-dispersive X-ray spectroscopy
(EDX) were also utilised to identify the chemical components of the membranes. The atomic
force microscope (AFM) was used to evaluate the surface roughness of the nonwoven fibre
membrane samples. The contact angles of the nonwoven nanofiber membrane samples were
measured at room temperature using a CAM (CAG-20, Jikan). The values were taken as an
average of five points after 10 seconds with 5 + 0.5 pL water droplet volume. The membrane's
porosities were measured using the following method. Each nanofibers membrane sample was
weighed and recorded as dry weight. Next, the nanofibers membranes were immersed in
distilled water for 1 hr. Then, the membrane sample was weighted after 30 minutes from
removing them from the distilled water. Then porosity by the nanofibers membranes was
calculated using equation 1 (32):

. (W1-W5)
Porosity (g,) = AlT*pz [€h)
Where the porosity of the membrane is (), W1 is the weight of the wet membrane, W is the
weight of the dry membrane. A, t, and p are the effective membrane area, membrane thickness,

and water density at room temperature, respectively.

2.5 Emulsion Separation Performance

To prepare a stable emulsion solution of 250 mg/l concentration (the feed solution), Kerosene
was mixed with distilled water using Hielscher ultrasonic processor (Hielscher UP400s, Teltow,
Germany) at 10,000 rpm for 10 minutes at room temperature (25-30) °C. The feed emulsion
was pumped to the crossflow filtration module cell using a pump. The effective filtration
membrane area was 20 cm? The permeate flow containing the passing components flew
through the membrane. The Permeate flux and its oil content concentration were measured over
experiment time 2 hr in each trial using a UV-vis spectroscopy based on the absorbance at a
wavelength of 196 nm. The permeation flux (J) and rejection rate (R) were calculated according
to the following formulas 1 and 2 [33]:
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where J, A, and t are the volume of permeated water, membrane effective area, measurement
time, respectively. And R is the oil rejection and Cr and C, are the oil concentrations in feed
and permeate solutions, respectively.

3 Results and Discussion

3.1 Membranes characterizations

Adding to the surface membrane SEM images of the fabricated pure 11 wt.% PAN/DMF and
pure 6 wt.% PMMA/(DMF: ACE) based nonwoven nanofibers membranes, the images of
surface morphologies of the various amounts of the prepared dual-layers (PAN: PMMA)
nonwoven nanofibers membranes are shown in Figurel. The images indicated that both 11
wt.% PAN/DMF and 6 wt.% PMMA/(DMF: ACE) membranes were successfully fabricated
and composed of long, free of beads, homogeneous and continuous nanofibers with average
fibre diameters of 200 and 800 nm, respectively.

The various dual-layers (PAN: PMMA) nonwoven nanofibers membranes ((75:25), (50:50),
and (25:75)) showed a mixture of fibre sizes confirming the existence of a layer of PAN and a
layer of PMMA in the membrane sample. PAN-based fibbers’ small size appeared in the bottom
layer of the membrane, where the larger size of PMMA based fibres formed a continuous top
layer above the PAN layer. Increasing the ratio of the PMMA in the dual-layer membrane
increases the number of the large fibres in the dual-layer membrane.

PAN:PMMA (75:25) PAN:PMMA (50:50) PAN:PMMA (25:75)

Fig 1. The surface SEM images of the various fabricated nanofibers membranes.

Table 1. The EDX analysis results of the various fabricated nanofibers membranes.

Element PAN 75:25

PAN:PMMA 50:50

PAN:PMMA 25:75 PAN:PMMA PMMA

C 77.03 7812 76.10 7415 9450

N 19.63  0.00 0.00 0.00 0.00




o 3.34 2188 2390 2390 5.5

Total: 100

Adding to the surface morphology, the roughness also influences the membrane fouling, which
can be characterized using atomic force microscopy (AFM) analyser and showed in Table 2.
The average roughness of the fabricated nonwoven nanofiber membrane based on pure PAN
recorded a larger value than that of the PMMA base membrane. As a result, in the fabricated
dual-layer nanofiber membrane, increasing the amount of PMMA based nanofiber (the top
layer) led to a decrease in the surface membrane roughness. In other words, the existing several
PAN-based nanofibers in the membrane structure resulted in increasing the roughness of the
membrane.

The measured water contact angles also were summarized in Table 2. The PAN-based nanofiber
membrane recorded the lowest value because of its high hydrophilicity. In contrast, the PMMA
based nanofiber membrane showed the highest contact angle due to its high hydrophobicity
(34). As a result, spinning a top layer of the high hydrophobic PMMA based nanofibers (110 °)
on the layer of high hydrophilic PAN-based nanofibers (33 °) caused a hydrophobic dual-layer
nanofiber membrane (around 88 °). Existing hydrophilic and hydrophobic nanofibers in the
same membrane resulted in trapping the water in the micro and rough nanoscale structure due
to the hydrophilicity and catching the oil droplets inside the hydrophobic fibres instead of
clogging the membrane pores.

The other important characterization is the membrane porosity measured depending on water
uptake for all fabricated membranes and showed in Table 2 too. The PAN and PMMA based
nanofibers showed the highest and lowest porosities, respectively, which can be attributed to
the big difference in their hydrophilicity. Existing the hydrophilic PAN-based nanofibers in the
dual-layers nanofibers membranes resulted in high porosities. The porosity increases as the
PAN content increases, which could be attributed to the nonwoven nanofibers membranes'
decreasing average fibre diameter [35].

Table 2. The measured values of average roughness (Ra), porosity, and contact angle of the fabricated
nanofiber membranes

Samples Roughness Porosity Contact

name (Ra) nm ) angle
©

PAN 108.4 94 33

(75:25) 59.28 94 83

PAN:PMMA

(50:50) 60.15 95 88

PAN:PMMA

(25:75) 60.88 96 95

PAN:PMMA

PMMA 40 79 110

FTIR spectrum study of pure PAN and pure PMMA based nanofiber membranes defining
functional groups is shown in Fig 2. The apparent sharp, intense peak at 1732.08 cm-1 in the
analysis of PMMA based nanofibers is due to ester carbonyl group stretching vibration. The C-
O (ester bond) stretching vibration is responsible for the broad peak extending from 1250-
1149.57cm-1. The broadband from 990 to 420 cm-1 is also due to C-H bending. Stretching
vibration is responsible for the broad peak ranging from 3523-2950 cm-1[36].

Due to the CN stretching band stretching of the acrylonitrile unit in the polymer chain, the most
recognisable peak in the displayed FTIR analysis of PAN-based nanofibers in Fig 2 was seen
at 2245.14 cml [37]. C=0 stretching and CH stretching aliphatic CH groups are allocated to
the other peaks at 1666.5 and 1373.32 cm1, respectively [38]. The stretching frequencies of the
(C-0) groups, which are coupled to the carbon atoms of the 1, 2, 3-propanetriol and the
succinimide ester (C-0O), are associated with the peaks at 1097.50 and 1066.67 cml. C—N



stretch peaks, CH2 bending, C=0 stretching, CH band, and the stretching vibrations of the -OH
bond emerged from absorbed water at 1236.3 7, 1452.40, 1737.86, 2926.31, and 3441.01 cm-
1, respectively [37,39,40].

Fig. 2 The Fourier Transform Infrared (FTIR) for pure PAN and PMMA nanofiber membranes.

3. 2 Filtration performance

The fabricated membrane's efficiency in removing the emulsified oil from water according to
the permeate flux and oil rejection percentage is shown in Fig 3 a and b, respectively. The pure
PAN-based nanofiber membrane showed a low permeate flux (900 LMH) and high oil rejection
percentage (96%) due to the accumulated oil droplets on the membrane surface, and clogged
membrane pores permeate flux passage, as shown in Fig 4. However, the pure PMMA based
nanofiber membrane revealed a much higher permeate flux which can be attributed to the large
pore’s sizes due to the large size of the PMMA based fibres. Also, the high hydrophobicity
surface of PMMA based nanofiber implies a high oil affinity and avoids the formation of an oil
fouling layer on the top surface of the membrane.

According to Figs 3 and 4, the dual-layer PAN: PMMA nanofiber membranes also showed a
high permeate flux and low fouling participation due to the high hydrophobicity of the
membrane surface that wicked the oil droplets into the fibre matrix and decreased the fouling
layer on the surface [20]. Incorporating the electro spun PMMA based nanofiber layer did not
offer significant additional hydraulic resistance, and hence the electro spun material did not
restrict the pores of the PAN-based nanofiber layer. The high permeability obtained using
hydrophilic and hydrophobic nanofiber membranes resulted in hydrophilic pores interacting
with the water molecules and facilitating water flux. At the same time, the hydrophobic pores



interact with the oil droplets and decrease the organic layer accumulation on the membrane
surface [41][42].

The oil rejection results of the various fabricated nanofibers membranes ranged from 80 + 0.7
% for pure PMMA to 95.5 + 0.6 % for pure PAN membranes. The dual-layers nanofibers
membranes showed a reasonable oil rejection (> 87%) with a slight difference between the
various dual-layers membrane. Consequently, incorporating the electro spun layer of PMMA
affects the membrane efficiency as expected, considering the PMMA membrane
hydrophobicity and pore sizes. The extracted oil droplets were attracted to the hydrophobic
surface of the top layer in the dual-layer membrane instead of accumulating on the surface,
resulting in an almost free fouling layer, as shown in Fig 4.
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Fig. 3 Oil/water filtration efficiency using the various fabricated nanofibers membranes (a) permeate
flux and (b) oil rejection percentage.

Adding to the hydrophobicity of the nanofiber's surface effect on the fouling formation, the
roughness plays an important role. The collection of oil at the valley of the rough surface
increases the fouling tendency as the roughness increases [43]. The influence of surface
roughness on membrane fouling appears to be reliant on the size of oil droplets in relation to
the roughness's characteristic length. The fouling tendency decreases if the oil droplets are much
larger than this characteristic length. On the other hand, if the oil droplets are small in
comparison to the roughness, they may become caught in the rough surface's valley, resulting
in oil collection and membrane fouling [44].



PAN:PMMA (7525)  PAN:PMMA (50:50) PAN:PMMA (25:75)

Fig. 4 various SEM images fabricated nano-membranes following oil filtration process.

4  Conclusion

In this work, dual-layer nanofiber membranes with high organic fouling resistance were
successfully fabricated via the electrospinning technique. The fabricated membrane consisted
of a top layer of the hydrophobic PMMA nanofibers that spun on the hydrophilic PAN
nanofibers membrane base layer. The characterization analysis of the fabricated membranes
showed the high effect of the spinning nanofiber layer of PMMA on the base layer of PAN,
including the fibre size, porosity, wettability, and roughness. The various prepared membranes
were tested in emulsified oil removal using a crossflow filtration system. The dual-layer
nanofibers membranes showed a significant improvement in the permeate flux and fouling
resistance. Spinning hydrophobic nanofibers of PMMA upon the hydrophilic PAN membrane
surface resulted in increasing the permeate flux, which can be argued to the large fibre size (800
nm) of the top layer helped the water droplets to flow through easier and cross to the small
fibres (200 nm) of the hydrophilic layer. At the same time, the high hydrophobicity of PMMA
nanofibers surface interacts with the oil droplets inside the fibres leading to an almost free
fouling membrane.
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