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Abstract

As the forefront in fiber materials development, electrospun nanofiber membrane (NFM) is potentially
reliable for wastewater treatment due to its excellent properties for instance; large surface area, high
porosity, tuneable pore size, and has great flux as compared to other conventional membranes.
However, fouling issue will lead to degradation of membrane performance. Fouling issue can be
alleviated by applying membrane surface modification. In this study, thermal annealing is applied onto
nylon 6,6 nanofiber membrane with three different temperatures (60°C, 80°C and 120°C). Results show
that annealing causes membrane shrinkage and reduction of membrane fiber diameter where the fiber
reduced from 138.5 nm to 108.5 nm when annealed at 120°C. The optimum annealing temperature for
the membrane was found to be at 60°C as the membrane shows the highest flux at 1200 L/m2h at 75
minutes filtration time and took longer time to get fouled (>75 minutes) compared with un-annealed
membrane (55 minutes). Nylon 6,6 nanofiber membrane is also proven to give more than 90% of COD
and turbidity rejection.
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INTRODUCTION

Nowadays, the wastewater treatment has become more challenging due to the
stringent limit for wastewater discharge into the water bodies. Clean water is highly
demanded which requires more wastewater to be treated (Sun, Bai, Jiayu, Zhiwei, &
Fuyi, 2017). Therefore, a more reliable technology is needed for excellent wastewater
treatment. Membrane technology is one of the advanced methods for wastewater
treatment due to its stable effluent quality, small footprint and low energy
consumption (Azizo, Wirzal, Bilad, & Yusoff, 2017; Ibrahim, Wirzal, Nordin, & Halim,
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2018). Moreover, particles with sizes less than <10 pm can be removed as the
membrane pore size can be tuned into sub-micron size (Abd Halim et al., 2021).

The application of nanofiber membrane (NFM) has been extensively studied for
wastewater treatment due to its porous structure, huge surface area, great flux with
small fiber diameter and has low production cost (Abd Halim et al., 2021; Bilad et al.,
2018; Foong, Wirzal, & Bustam, 2019; Jificek, Komarek, & Lederer, 2017; Saad,
Balasubramaniam, et al., 2020; Saad, Wirzal, Abd Halim, & Khar, 2020).

However, membrane technology are prone to fouling issue which leads to
membrane permeation flux reduction (Ibrahim et al.,, 2018; J. Zhang et al., 2015).
Fouling causes membrane blockage through particle deposition on a membrane
surface or in membrane pores. Besides that, particles can easily entrap inside the
multi-layered mat causes internal fouling. Thus, membrane productivity will be
lower besides having a higher cost for membrane cleaning and replacement (Benito,
Garcia, & Gonzalez-Olmos, 2017; Eliseus, Bilad, Nordin, Putra, & Wirzal, 2017).

To treat this problem, membrane surface modification can be applied where it
will enhance the membrane performance by altering the membrane surface properties
(Abd Halim et al., 2021; Mat Nawi et al., 2020; Mohd et al., 2020). Furthermore, the
characteristic surface of a membrane plays an important role in controlling fluid
separation during membrane filtration process. There are several membrane surface
modification methods can be applied such as coating, heat-pressed treatment, thermal
annealing and solvent vapor treatment (Abd Halim et al., 2021; Mat Nawi et al., 2020).

Ideally, annealing treatment with suitable conditions may be more environment
friendly compared with the other surface modification methods (Li, Hashaikeh, &
Arafat, 2013). Annealing can be conducted by drying a membrane inside an oven at
different temperature. Several research show that annealing will make an impact on
surface morphology of membrane and able to enhance membrane performance and
mechanical strength. Zhang et al. (2012) studied two types of heating methods which
are relaxed heating and tension heating (L. Zhang et al., 2012). It is found that relaxed
heating causes fiber shrinkage while tension heating reduces fiber diameter through
stretching and rearrangement of the molecular chains along the direction of the
external force. Besides, Li et.al. (2013) conducted thermal annealing on poly (lactic
acid) nanofiber membrane at different annealing temperatures. The results shows that
the annealed membrane has the highest solid rejection (~85%) and the Young's
modulus improved remarkably by about 2500% (Li et al., 2013).

Previous study on nylon 6,6 NFM surface modification was conducted by Abd
Halim et.al (2019), where they applied solvent vapor treatment (formic acid exposure)
onto nylon 6,6 NFM for produced water filtration (Abd Halim, Wirzal, Bilad, Md
Nordin, Adi Putra, Sambudi, et al., 2019). It is found that 5 hours is the optimum
treatment time with 100% of oil removal and the treated NFM has permeability almost
similar to the untreated one (733 L/m?2h.bar). Besides that, another study on the
modification of nylon 6,6 NFM was conducted by blending the membrane with ZIF-8
nanoparticles for produced water treatment (Abd Halim, Wirzal, Bilad, Md Nordin,
Adi Putra, Mohd Yusoff, et al., 2019). It is found that nylon 6,6 NFM modified with
0.2%ZIF-8 has the greatest steady-state pure water permeability (1967 L/(m? h bar),
twice higher than untreated one with 89% of oil removal.
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In this article, we will investigate the effect of thermal annealing onto nylon 6,6
NFM where the performance of filtration between untreated and treated membrane
will be evaluated based on flux, COD and turbidity rejection. To our best knowledge,
thermal annealing has not been applied yet onto nylon 6,6 NFM for wastewater
filtration. This study will give us a more insight on how heat treatment/annealing, a
simple yet more accessible method with no chemicals involved, can affect NFM
surface properties and performance.

METHOD

Membrane Solution Preparation

14 wt% of nylon 6,6 pellets (Sigma Aldrich) were dissolved in a mixture of formic
acid (98-100%, MERCK) and acetic acid (99.85%, VWR Chemicals) with 1:1 ratio. The
solution was stirred overnight until homogeneous solution is achieved.

Electrospinning Process

Electrospinning equipment, which comprises of a syringe pump attached with
metallic needle, a high-voltage power supply and a rotating drum collector was used.
Figure 1 shows the overall setup of the equipment. The voltage was set at 26 kV and
the flow rate of the polymer solution ejected from the syringe was set at 0.4 mL/h. The
rotator controller was set 500 RPM with the distance between the tip of the needle and
the collector was kept at 15 cm.

Collector
Syringe

Power Supply

Figure 1. A schematic diagram of electrospinning setup.

Membrane Annealing

The membrane was cut into small pieces of samples. The membrane was then
thermally annealed in the air oven at three different temperatures which are 60°C,
80°C and 120°C for 30 minutes and later was labelled as T60, T80 and T120.

Membrane Characterization

For membrane characterization, it was divided into few sections which are
surface morphology, porosity, surface roughness and contact angle. Surface
morphology of the NFMs were observed by using Field Emission Scanning Electron
Microscopy (FESEM, Model: VPFESEM, Zeiss Supra55 VP, Feldbach, Switzerland)
with up to 10,000 pixel (px) of magnification. The membrane was cut into smaller size
(1.5cm x 0.5cm) and mounted on metal substrate using carbon tape and coated with
thin layer of gold. All the images later were analyzed by using Image]J software to find
the average pore size and fiber diameter. The porosity was measured by using dry
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wet method. Micrometer gauge was used to measure the membrane thickness.
Equation 1 represents the overall formula for porosity.

Porosity = —¥ater 5 100 1)

membrane

where, Vyater is volume of water and Vmembrane is the overall membrane volume.

Membrane surface roughness measurement was conducted first by cutting the
membrane with dimension of 1.5cm x 0.5cm and analyzed by using Atomic Force
Microscopy (AFM, Model: NanoNavi E-Sweep Anton Paar, GmbH, Graz Austria) in
contact mode. The membrane was analyzed with area of 10,000 nm2. Membrane
hydrophilicity was measured by using goniometer (IFT, Model: OCA 20, Data
Physics, Filderstadt, Germany). Sessile drop method was chosen as the experiment
setup method. The reading was taken over time for 5 seconds with repetition three
times for each membrane.

Membrane Filtration

Membrane filtration was conducted based on wastewater flux. The wastewater
used was taken from secondary wastewater treatment unit in Universiti Teknologi
PETRONAS sewage plant. The overall experimental setup can be seen in Figure 2. The
membrane was cut in circular shape with the diameter of 5.7 cm. The flow rate was
fixed at 80 L/h. Equation 2 was used to determine the flux. The operating pressure
was set at 1 bar and conducted in 75 minutes filtration time. For cleaning purpose, the
membrane was immersed into 2000 ppm sodium hypochlorite solution (NaClO) for 1
hour after the filtration was completed. The filtration process was repeated three times
to measure membrane reproducibility.

Eete
I:g ntate
hMembrane

holder l

Permeate Feed
Figure 2. Cross-Flow Microfiltration Unit

J = (L/m?h) 2)

where V is volume (L), A is area (m?2) and t is time (h).

Rejection Analysis

Membrane rejection analysis was based on chemical oxygen demand (COD) and
turbidity measurement before and after filtration. The COD was measured by using 2
mL Low Range (LR) COD tubes and the sample was heated in the COD reactor at
150°C for 2 hours to ensure complete digestion. Equation 3 was used to estimate the
rejection. The samples were measured using UV-VIS Spectrophotometer (Model: DR
5000 Spectrophotometer, Hach Company, Loveland, Colorado, United States), Hach-
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Lange kits for COD, and turbidity meter (Model: 2100Q Portable Turbidimeter, Hach
Company, Loveland, Colorado, United States), respectively.

COD % rejection = (1 - %) x 100 3)

0

where, C, is COD before filtration and Cs is COD after filtration.

RESULTS AND DISCUSSION

Membrane Characterization

Figure 3 shows the FESEM images for modified electrospun nylon 6,6 NFMs via
thermal annealing at temperature of 60°C, 80°C and 120°C. In a glance, no obvious
changes were observed with respect to non-annealed NFM. However, the results were
more profound for pore size and membrane fiber diameter. In comparison, the
straight fiber (T=0°C) wrinkled a bit with fiber diameter reduction between the
temperatures of 60°C to 120°C as can be seen in Table 1. The shrinkage of fibers occur
(the straight fiber became wrinkled) because the entanglement crosslink between the
tibers were restrained (Lu Zhang, Liu, Pan, Wang, & Pan, 2012). Apart from that,
membrane shrinkage could occur since the fibers were thermally annealed above the
glass transition temperature (Tg) of nylon 6,6 (Tg= 50°C to 60°C). T can be described
as the temperature range which allows the polymer to transform from a rigid glassy
material to a soft, un-melted material. Above this temperature, a non-restricted
motion of polymer chains allow rearrangement of membrane molecules (Chen, Deng,
Liu, & Songc, 2017; Kusworo, Aryanti, Firdaus, & Sukmawati, 2015; Wang et al., 2014).

Apart from membrane shrinkage, annealing also causes reduction of fiber
diameter with increasing treatment temperature as can be seen in Table 1. It was
reported by Tan et.al. (2006), which stated that annealed fibers are thinner than un-
annealed fibers, due to more closely-packed crystallites formed by amorphous chains
rearrangement (Tan & Lim, 2006). Furthermore, the reduction of membrane fiber
diameter causes the mean pore size of NFM to become larger, hence affecting the
porosity of NFM in which it increases as the temperature increases.

Besides that, it is found that surface roughness increases as temperature
increases (Table 1) which indicate that rougher surface can be obtained when
annealing is applied. This is due to membrane shrinkage phenomena where it causes
the fibers to be wrinkled, hence producing uneven surface. This is as explained by
Zhang et.al. (2012), as the membrane is in relaxation state, membrane shrinkage will
occur as the molecular chain tends to be in stable state with minimum energy,
however, the shrunk fiber will become curve at the same time as there is restrain of
the entanglement crosslink between fibers (Lu Zhang et al., 2012).
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Figure 3. Membrane surface morphology for T0, T60 and T80 and T120 NFMs.
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Table 1. Membrane properties of T0O, T60 and T80 and T120 NFMs.

Treatment Sample  Porosity Mean Membrane Surface
temperature Name (%) Pore Size = Diameter Roughness,
°C) (um) (nm) RMS (nm)
0 TO 702 0.050 138.5 £ 54 238.2
60 T60 73+13 0.057 133+ 72 275.7
80 T80 7715 0.067 128 + 54 280.9
120 T120 80+9 0.072 108.5 +£49.5 426.3

Water contact angle vs time for untreated and treated nylon 6,6 NFM with
treatment temperature of 60°C, 80°C and 120°C is represented in Figure 4. From the
graph, it is found that as the annealing temperature increases, the water contact angle
increases, producing less hydrophilic membrane. TO has the lowest water contact
angle which is around 34° compared to the T120 which is around 48°. This is due to
increase in membrane surface roughness which resulted in more wrinkled membrane.
This could happened because surface wettability is affected by membrane surface
roughness where smoother surface will have lower water contact angle compared to
a rougher surface (Abd Halim, Wirzal, Bilad, Md Nordin, Adi Putra, Mohd Yusoff, et
al., 2019; Abd Halim, Wirzal, Bilad, Md Nordin, Adi Putra, Sambudi, et al., 2019;
Ahmad, Leo, Ahmad, & Ramli, 2015).
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Figure 4. Contact angle vs time for TO, T60 and T80 and T120 NFMs.

Permeability Analysis

Based on Figure 5, NFM treated at 60°C shows the highest flux (1200 L/m?2.h)
compared to untreated nylon 6,6 NFM (980 L/m?2.h) at 75 minutes filtration time. As
the annealing temperature increases, the permeability also increases. As compare to
T80 and T120, T60 NFM is believed to face membrane shrinkage (wrinkle) only at the
upper/first layer of the membrane. This phenomenon causes an opening layer at the
membrane, hence enable water to pass through easily (Abtahi et al., 2019). However,
as the temperature increases to 80°C, the fibers wrinkles at all parts of membrane
layers, hence making it harder for the water to pass through. In other words, the
membrane tortuosity increases. Moreover, huge flux reduction also occurs at T80 and
T120 NFMs due to membrane fouling. The wrinkled fibers cause the membrane
surface to be uneven. Membrane fouling is often associated with uneven membrane
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surface (AFM results for T80 and T120 membrane surface roughness are 280.9 nm and
426.3 nm respectively). From here, it can be conclude that, thermal annealing can help
to improve the performance of the membrane by increasing the permeability and also
reducing fouling but only up to certain temperature (Hemra, Kitiwan, & Atong, 2011).

Apart from that, T60 NFM does not achieve steady state condition at 75 minutes
filtration time as compared with the other membranes. The greater water uptake at
the initial permeability causes the membrane to take more time to achieve steady-state
(Abd Halim, Wirzal, Bilad, Md Nordin, Adi Putra, Mohd Yusoff, et al., 2019). This
indicates that thermal annealing able to slow down the time taken for the membrane

to get fouled, in other words, annealing will help to reduce fouling.
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Figure 5. Wastewater flux for TO, T60 and T80 and T120 NFMs with condition of
pressure at 1 bar and flow rate at 80 L/h for 75 minutes filtration time.

Rejection Analysis

Based on the rejection analysis shown in Table 2, all nylon 6,6 NFMs able to
achieve excellent COD rejection and exceptional decrease in turbidity. This result
correlates with the standard COD rejection of NFM where it has more than 90%
rejection (Balamurugan, Sundarrajan, & Ramakrishna, 2011). Besides that, all treated
NFM also able to achieve >90% turbidity removal. This results were attributed by the
hydrophilicity of nylon 6,6 NFM where it attracts more water molecules to pass
through the membrane hence able to reject unwanted solid particles (Abd Halim,
Wirzal, Bilad, Md Nordin, Adi Putra, Mohd Yusoff, et al., 2019; Abd Halim, Wirzal,
Bilad, Md Nordin, Adi Putra, Sambudj, et al., 2019).
Table 2. COD and turbidity rejection for TO, T60, T80 and T120 NFMs.

Sample Name COD rejection (%) Turbidity (NTU)
Wastewater - 4-7
TO 91.50 0.42
T60 92.30 0.28
T80 92.32 0.29
T120 93.10 0.28
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CONCLUSION

In this study, the effect of thermal annealing on membrane properties of nylon
6,6 NFM has been studied. Based on the results obtained, the porosity of the
membranes shows an increasing trend when compared between untreated and
treated membrane. This is due to heating effect which causes membrane shrinkage,
hence increases overall porosity. The membrane shrinkage also increases membrane
surface roughness and reduces membrane hydrophilicity. However, based on
filtration test, it shows that the membrane with heat treated temperature of 60°C has
the highest flux (1200 L/m?2.h) at 75 minutes filtration time. The membrane also able
to achieve excellent COD and turbidity rejection (>90%). The optimum annealing
temperature for the membrane was found to be at 60°C as the membrane show higher
flux and took longer time to get fouled (>75 minutes) which increase the membrane
overall productivity.

RECOMMENDATION

Further characterization such as mechanical strength can be conducted to study
the effect of thermal annealing on NFM mechanical strength. Besides that, different
pressure for permeability test can be applied to observe the difference in membrane
performance when high hydraulic pressure is applied. Lastly, different type of
wastewater can be used so that it can be further proven that modified nylon 6,6 NFM
is practical to be used for treatment of heavy-duty waste.
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