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Abstract: In this work, several ultrafiltration (UF) membranes with enhanced antifouling properties
were fabricated using a rapid and green surface modification method that was based on the
plasma-enhanced chemical vapor deposition (PECVD). Two types of hydrophilic monomers—acrylic
acid (AA) and 2-hydroxyethyl methacrylate (HEMA) were, respectively, deposited on the surface of a
commercial UF membrane and the effects of plasma deposition time (i.e., 15 s, 30 s, 60 s, and 90 s)
on the surface properties of the membrane were investigated. The modified membranes were then
subjected to filtration using 2000 mg/L pepsin and bovine serum albumin (BSA) solutions as feed.
Microscopic and spectroscopic analyses confirmed the successful deposition of AA and HEMA on
the membrane surface and the decrease in water contact angle with increasing plasma deposition
time strongly indicated the increase in surface hydrophilicity due to the considerable enrichment
of the hydrophilic segment of AA and HEMA on the membrane surface. However, a prolonged
plasma deposition time (>15 s) should be avoided as it led to the formation of a thicker coating layer
that significantly reduced the membrane pure water flux with no significant change in the solute
rejection rate. Upon 15-s plasma deposition, the AA-modified membrane recorded the pepsin and
BSA rejections of 83.9% and 97.5%, respectively, while the HEMA-modified membrane rejected at
least 98.5% for both pepsin and BSA. Compared to the control membrane, the AA-modified and
HEMA-modified membranes also showed a lower degree of flux decline and better flux recovery rate
(>90%), suggesting that the membrane antifouling properties were improved and most of the fouling
was reversible and could be removed via simple water cleaning process. We demonstrated in this
work that the PECVD technique is a promising surface modification method that could be employed
to rapidly improve membrane surface hydrophilicity (15 s) for the enhanced protein purification
process without using any organic solvent during the plasma modification process.

Keywords: ultrafiltration; membrane; PECVD; hydrophilicity; antifouling property; protein purification

1. Introduction

For the past several decades, ultrafiltration (UF) membrane technology was widely used for the
separation of macromolecules from the aqueous solution for a wide range of industrial applications [1–3].
One important application of UF membranes is to provide high retentions of protein, involving the
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separation of biological solution comprised of amino acid, peptides and enzymes [4]. Nevertheless, the
major concern of using UF membranes for protein separation is the deterioration of water productivity
as a result of membrane surface fouling caused by the protein deposition/adsorption which leads to an
increase in water transport resistance [2].

The commercially available UF membranes are mainly made of polymeric materials (e.g.,
polysulfone (PSf), polyethersulfone (PES), and polyvinylidene difluoride (PVDF)) that are not
hydrophilic in nature [5–7]. There are many studies which have reported the low antifouling
properties of these UF membranes during the filtration process. For instance, Jia et al. [8] found the
severe flux decline (>80% flux reduction) of the PSf-based membrane after being tested for 1000 mg/L
bovine serum albumin (BSA) solution for 5 h. Jamshidi Gohari et al. [9] reported that the flat sheet
membrane made of PES suffered from great irreversible fouling resistance (Rir: 0.46) compared to the
nanomaterials-modified PES membrane (Rir: 0.04) after both membranes were tested under the same
conditions using 1000 mg/L BSA solution for 2 h. Rahimi et al. [10] on the other hand reported that
PVDF membrane was very susceptible to the organic foulants present in the solution. The statement
was supported by the remarkable flux deterioration (>66% flux reduction) and the formation of a cake
layer on the membrane surface.

Two main strategies to improve the membrane antifouling properties are (1) bulk membrane
modification via incorporation of hydrophilic nanomaterials [11–14] or hydrophilic polymers [15–17]
and (2) top surface modification using methods such as dip-coating [18,19] and layer-by-layer (LbL)
assembly [19–21]. Nevertheless, these surface modification approaches are always associated with
significant drawbacks. One of them is the requirement of using large quantity of inorganic nanoparticles,
i.e., as high as 3–4 wt% in the dope formulation [22,23]. Although the membrane surface hydrophilicity
was able to improve upon the nanomaterial incorporation, the resultant membrane morphology is
usually found to be adversely affected (e.g., enlarged pore size and/or poor mechanical stability)
owing to the uneven distribution of the nanoparticle and/or its severe aggregation [24,25]. In addition,
the possible leaching of nanoparticles from the membrane matrix is another main concern of using this
kind of membrane.

In general, most of the top surface modification approaches are labor-intensive which require
long working hours to achieve desired properties. For instance, Tran et al. [26] reported that up to
26 h was needed to complete the coating process of the polydopamine/amine-terminated polysiloxane
(PDA/PSI-NH2) on the PSf membrane surface. Although Bai et al. [27] utilized a relatively short
modification period (30 min) to coat cellulose-based materials on the PES membrane using an ultrasonic
treatment, the effective membrane coating area was very low, i.e., 50 cm2. It must be pointed out that
most of the modification approaches are not environmentally friendly as organic solvents/chemicals
are generally needed for nanoparticle surface functionalization and/or membrane post-treatment.
Although Mitev et al. [28] employed a solvent-free plasma-enhanced chemical vapor deposition
(PECVD) to modify the surface of polyetherimide (PEI)-based membrane using hexamethyldisiloxane
(HS) as a monomer, the modified membranes were only used for the organic solvent separation process.

In this work, we intend to use a solvent-free PECVD method to rapidly modify the surface
properties of the UF membrane to achieve desirable fouling resistance during the water treatment
process. During the PECVD process, the plasma polymerization of the precursors, which is induced
in the plasma stream, is of the random radical recombination type. For this reason, there is always
a radical that initiates the process of polymerization and makes it so fast to form the unique and
extremely thin layer [29].

The primary objective of this study is to develop a highly antifouling resistant UF membrane using
a rapid and green PECVD method to handle feed solution containing a high concentration of foulants.
Two hydrophilic monomers which are acrylic acid (AA) and 2-hydroxyethyl methacrylate (HEMA)
were, respectively, used to modify the surface properties of the UF membrane, and the impacts of
plasma deposition duration (ranging from 15 s to 90 s) on the physiochemical properties of the UF
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membrane were then evaluated using a series of analytical instruments prior to filtration process using
BSA and pepsin as the model proteins.

2. Materials and Methods

2.1. Materials

A commercial flat sheet UF membrane (PS20, molecular weight cut-off: 20 kDa) supplied in dry
condition by RisingSun Membrane Technology (Beijing, China) Co. Ltd. was utilized in the work as the
substrate for PECVD surface modification. Two monomers, i.e., 2-hydroxyethyl methacrylate (HEMA,
97%) and acrylic acid (AA, 99%) purchased from Sigma-Aldrich (Darmstadt, Germany) were used
without further purification to modify the surface characteristics of the UF membrane. The chemical
structures of these two hydrophilic monomers are shown in Figure 1. Bovine serum albumin (BSA,
66.5 kDa) and pepsin from porcine gastric mucosa (35 kDa) purchased from Sigma-Aldrich were
used to determine membrane rejection and antifouling behavior by dissolving respective solutes in
pure water.

Figure 1. Chemical structure of (a) 2-hydroxyethyl methacrylate (HEMA) (MW: 130.14 g/mol) and
(b) acrylic acid (AA) (MW: 72.06 g/mol).

2.2. Surface Modification of the UF Membrane

A self-customized PECVD system as illustrated in Figure 2 was utilized to modify the surface
properties of the UF membrane by depositing two different monomers onto the membrane surface
under vacuum conditions. A cylindrical quartz vacuum chamber 30-cm in length and 6-cm in diameter
was utilized as a reactor. The UF membrane sample (Dimension: 6 cm × 15 cm) was then placed on
flat silicon wafers before being transferred to the chamber. A copper coil antenna connected with
13.56 MHz radiofrequency plasma generator was surrounded through the quartz window of the
chamber. First and foremost, a vacuum condition was created within the chamber by switching on
the vacuum pump with the aim to eliminate air within the reactor. The monomer (either AA or
HEMA) was then vaporized in a stainless-steel jar before it was delivered to the vacuum chamber by
controlling the fine metering valve. A backside cooling plate was installed as a substrate holder in
order to maintain the membrane temperature. The desired operating pressure (<100 mtorr) in the
chamber was maintained using a proportional integral derivative (PID) controlled butterfly valve
which connected to a capacitance manometer. In this work, the optimized flow rate and plasma power
of AA (0.75 sccm; 40 W) and HEMA deposition (0.4 sccm; 50 W) were used throughout the modification
process. The only variable during PECVD process was the plasma deposition time. For each monomer,
the impacts of its deposition time (i.e., 15 s, 30 s, 60 s, and 90 s) on the membrane surface properties were
investigated. These resultant membranes samples are then denoted as AA-modified membranes and
HEMA-modified membranes, depending on the type of monomer deposited on the membrane surface.
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Figure 2. Illustration of the plasma-enhanced chemical vapor deposition (PECVD) process for surface
modification of a polysulfone (PSf) flat sheet membrane.

2.3. Characterization of Surface-Modified UF Membranes

The chemical composition of the membrane surface with and without plasma modification was
determined using Fourier transmission Infrared (FTIR) spectrometer (Nicolet 5700, Thermo Scientific,
Madison, WI, USA) with wavenumber ranging from 600 to 4000 cm−1. All the membrane samples
were dried in an oven at 35 ◦C for 24 h prior to FTIR analysis. The surface wettability (hydrophilicity)
of membranes was evaluated using a contact angle goniometer (OCA 15Pro, DataPhysics Instruments,
Filderstadt, Germany) via the sessile drop method. At least 10 measurements were randomly performed
on the membrane sample to yield the average result. A field emission scanning electron microscope
(FESEM) (Crossbeam 340, ZEISS, Oberkochen, Germany) was used to compare the surface morphology
and cross-section of the membrane with and without plasma modification. All the membrane samples
were sputter coated with platinum in order to avoid the surface charging effect. X-ray photoelectron
spectroscopy (XPS) analysis was performed on selected membrane samples using X-ray photoelectron
spectrometer (K-Alpha, Thermo Scientific, Hong Kong, China) to gain an in-depth understanding of
the membrane surface chemical elemental composition.

2.4. Membrane Performance Evaluation

The pure water permeability of membranes was determined in a dead-end mode using a
stainless-steel permeation cell (HP4750, Sterlitech Corp., Kent, OH, USA). Each membrane sample
with an active surface area of 14.6 cm2 was first compressed at 2 bar using reverse osmosis (RO) water
for 30 min to achieve flux stability. Then, the membrane was evaluated with respect to its pure water
permeability at 1 bar. At least three measurements were performed on the same membrane sample to
yield an average value. The membrane pure water permeability, J (L/m2 h bar) was evaluated based on
the following equation:

J =
∆V

A× ∆t × ∆P
(1)

where ∆V, A, ∆t and ∆P represent the volume of permeate obtained (L), membrane active surface area
(m2), time for collecting permeate volume (h), and operating pressure (bar), respectively.

After completing the pure water permeability test, the membrane samples were evaluated for
their rejection capability against BSA and pepsin. The rejection test was conducted at 1 bar using
either 2000 mg/L BSA solution or 2000 mg/L pepsin solution. The membrane rejection, R (%) was
evaluated using:

R (%) =

(
1−

Cp

CF

)
× 100 (2)
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where CF is the solute concentration (mg/L) in feed solution and Cp is the solute concentration (mg/L)
in permeate solution.

2.5. Membrane Fouling Test

The antifouling test was further carried out to examine the fouling resistance of modified
membranes against organic foulant. An amount of 2000 mg/L of BSA solution was used as a feed
solution to investigate the fouling behavior of membranes for a duration of 4 h at an operating pressure
of 1 bar. The permeate flux was collected every 30 min and a graph of normalized permeability (P/Po)
against filtration duration was then plotted to analyze the flux behavior of membrane, whereby Po

represented the initial permeate flux of membrane while P is the final permeate flux during filtration. In
order to maintain the properties of feed solution throughout the operation, the permeate collected was
recycled to the feed after it was analyzed. After completing the fouling test, the BSA feed solution was
replaced with pure water and the fouled membrane was surface-cleaned with the water for 15 min at a
stirring speed of 350 rpm without applying any external force. After that, the pure water permeability
of the surface-cleaned membrane was re-measured in order to determine its flux recovery rate (FRR,
%) using the following equation.

FRR =
J2

J1
× 100 (3)

where J2 is the pure water flux of membrane after water cleaning while J1 is the initial water flux of
pristine membrane.

3. Results and Discussion

3.1. Membrane Surface Chemistry

The FTIR spectra of control and AA-modified membranes at various plasma deposition times
are presented in Figure 3. The peak intensity of the –OH functional group at 3400 cm−1 for the
AA-modified membrane is significantly higher than that of the unmodified control membrane,
indicating the successful deposition of AA onto the membrane surface. The increase in the peak
intensity for the AA-modified membrane with increasing plasma deposition time from 15 s to 90 s
signifies the increased number of –OH functional groups originated from the chemical structure of
AA [30]. Other distinctive surface chemistry between the control membrane and the AA-modified
membranes is found at 1710 cm−1. This peak is attributed to the C=O stretching vibration of AA. These
findings provide a clear indication of the successful deposition of AA on the surface of the membrane.

Figure 3. FTIR spectra of the control membrane and AA-modified membranes, (a) wavenumber of
3800–2800 cm−1 and (b) wavenumber of 2000–600 cm−1.
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The effect of HEMA deposition time on the surface chemistry of the membranes was also evaluated
and the FTIR results are shown in Figure 4. Similar to the AA deposition, the membranes with HEMA
deposition also show a significantly higher peak intensity at 3400 cm−1. However, compared to the
AA-modified membranes, the –OH peak intensity of HEMA-modified membranes does not increase
obviously with increasing plasma deposition time from 15 to 90 s. Furthermore, the peak attributed
to C=O stretching vibration as a result of HEMA deposition can also be observed at 1710 cm−1 for
all the HEMA-modified membranes, confirming the presence of HEMA on the membrane surface.
The finding is in agreement with Hu et al. [31] in which HEMA was used to modify the surface of
commercial polypropylene microporous membranes via grafting approach.

Figure 4. FTIR spectra of control membrane and HEMA-modified membranes, (a) wavenumber of
3800–2800 cm−1 and (b) wavenumber of 2000–800 cm−1.

3.2. Membrane Surface Chemistry

The chemical composition of the membranes with and without plasma modification was further
analyzed via XPS and the results are shown in Figure 5. As can be clearly seen, all of the membranes
possess the same peaks at 530, 400, 285, and 164 eV, regardless of surface modification type. These peaks
correspond to binding energies of oxygen, nitrogen, carbon, and sulfur, respectively. The existence
of these elements is due to the organic polymers used in membrane making/surface modification.
Further analysis based on the high-resolution spectrum of O1s strongly suggests the existence of AA
or HEMA on the membrane surface. The O1s peak of AA-modified membrane can be curve-fitted into
two components with binding energies at about 533.0 eV and 534.4 eV which are attributed to –OH
and C–O bonds [32,33], respectively. This confirms the formation of polyacrylic acid (PAA) on the
control membrane surface. Meanwhile, the high resolution O1s peak of HEMA modified membrane
can be also deconvoluted into two different peaks, i.e., 533.0 eV and 534.5 eV. Both peaks are ascribed
to –OH and C–O/C–OH bonds [34], respectively. These significant characteristic peaks confirm the
presence of a polyhydroxyethyl methacrylate (PHEMA) coating layer atop the control membrane. It is
also worth noting that the O1s spectrum of control membrane is only dominated by two main peaks at
532.3 eV and 533.3 eV which belong to C–O–C and S=O bonds, respectively [35,36].
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Figure 5. XPS wide scans of (a) the control membrane (PS-20) and modified membranes and
high-resolution O1s spectra of (b) the control (Inset: Organic structure of PSf), (c) AA-modified
(inset: organic structure of AA), and (d) HEMA-modified membranes (inset: organic structure
of HEMA).

3.3. Membrane Surface Hydrophilicity

Figure 6 compares the water contact angle of AA- and HEMA-modified membranes at various
plasma deposition times. It can be seen that all the modified membranes show lower water contact
angle compared to the control membrane, indicating the improved membrane surface hydrophilicity
upon the plasma modification. For both types of modified membranes, the trend of water contact
angle is exactly the same, i.e., the higher the plasma modification duration the lower the membrane
water contact angle or vice versa. The water contact angle for the AA-modified membrane and
HEMA-modified membrane decreases gradually from 55.48◦ to 32.94◦ and from 55.97◦ to 43.36◦,
respectively, with increasing plasma deposition duration from 15 s to 90 s. The decreasing water
contact angle is a strong indication of the improved membrane surface hydrophilicity. This statement
is also supported by the high peak intensity of –OH groups at the modified membranes as presented
in Figures 3 and 4. This allows the modified membranes to have higher affinity towards water
molecules [37]. The membrane with a higher degree of hydrophilicity is important for the water
treatment process as it can mitigate fouling caused by protein deposition/adsorption [38].
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Figure 6. Comparison of surface water contact angle of membranes modified by different monomers at
different deposition time. Error bars indicate standard deviations.

3.4. Membrane Morphology

Figure 7 shows the cross-sectional morphology of the control membrane (a) at different
magnifications (b and c). This membrane is commercially available and is fabricated via the phase
inversion method by establishing an asymmetric microporous membrane over a non-woven fabric.
From the FESEM images, it can be seen that this membrane is composed of three distinct layers, i.e.,
a selective skin layer on top of a macrovoid sub layer supported by a thick fabric. The selective skin
layer is the main important part of the asymmetric membrane as it governs the solute rejection rate as
well as water productivity rate.

Figure 7. Cross-section structure of control membrane at different scale bars, (a) 20 µm, (b) 10 µm, and
(c) 1 µm (the red circles in the photographs indicate the enlarged area for further analysis).

The impacts of plasma modification on the membrane structure were further investigated and the
FESEM images as shown in Figure 8 indicate that there is no significant difference on the surface and
cross-sectional morphology of the modified membranes, except a thicker selective layer (at nm-scale)
is found on the membranes modified by the highest plasma deposition duration (90 s). Such a finding
is interesting but in good agreement with our previous studies in which the PECVD technique was
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utilized to develop an extremely thin layer on the surface of thin film composite nanofiltration and
reverse osmosis membranes [37] and polymeric foams [39].

Figure 8. Surfaces and cross-sections of AA-modified and HEMA-modified membranes at various
plasma deposition times of 15 s, 30 s, and 90 s.

3.5. Membrane Pure Water Flux and Rejection

Figure 9 presents the effects of AA deposition time on the membrane pure water flux and solute
rejection. By increasing the plasma deposition time, it is found that the membrane pure water flux
is negatively affected. This result can be explained by the fact of the increased membrane transport
resistance as a result of the presence of a thin but dense coating layer atop its surface as evidenced by the
FESEM images (Figure 8). The increasing AA layer thickness due to the increased plasma deposition
time has increased the transport resistance for water molecules to pass through the membrane, thus
affecting the membrane pure water flux [40].

However, it must be pointed out the membrane rejections against BSA (67 kDa) and pepsin
(36 kDa) are improved upon plasma modification. At 15-s plasma deposition, the resultant modified
membrane could improve the BSA and pepsin rejection from 69.7% to 97.5% and from 72.4% to 83.9%,
respectively. That is, 27.8% and 11.5% enhancement compared to the control membrane, respectively.
The results are due to decrease in the membrane pore size which corresponds to the reduced membrane
water flux. The increased coating layer thickness is closely linked to the narrowing or blockage of
the pores. Further increase in the plasma deposition time from 15 s to 90 s, however, did not have a
positive effect on solute rejection. This is mainly because the plasma layer deposited is not able to form
the extremely small pore size that can completely eliminate BSA and pepsin, although its coating layer
thickness is increased with increasing plasma deposition time.

Concerning the HEMA deposition on the membrane, it can be found that its impacts on the
membrane pure water flux and protein rejection are very similar to the effects imposed by AA deposition.
Figure 10 also shows that the water flux of the HEMA-modified membranes is reduced with increasing
plasma deposition time and the membrane rejection remains similar after 15-s plasma modification.
For both sets of experimental work, it can be said that the 15-s plasma modification duration is the best
condition to produce modified membranes with the highest BSA and pepsin rejection without having
to experience a further drop in the water flux. In comparison, the 15-s HEMA-modified membrane
displays slightly better pure water flux and protein rejection than the 15-s AA-modified membrane.
While AA has a carboxyl group in its molecular structure, HEMA has methyl, hydroxyl and ester
bonds [41]. The functional hydroxyl group of HEMA tends to make the HEMA-modified membrane
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more reactive to attract water molecules, leaving the protein molecules behind. In the following
section, only the membranes modified at 15-s deposition time were selected for further investigation to
compare their antifouling properties with the control membrane.

Figure 9. The impact of plasma deposition time of AA on the membrane pure water flux and solute
rejection using 2000 mg/L bovine serum albumin (BSA) solution and 2000 mg/L pepsin solution. Error
bars indicate standard deviations.

Figure 10. The impact of plasma deposition time of HEMA on the membrane pure water flux and
solute rejection using 2000 mg/L BSA solution and 2000 mg/L pepsin solution. Error bars indicate
standard deviations.
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3.6. Membrane Antifouling Properties

A membrane with less tendency to foul is more favorable in the industrial process as it can last
longer before a cleaning process is carried out. Figures 11 and 12 compare the normalized permeability
and FRR of modified membranes with the control membrane in filtrating feed solution containing
different foulants. For both model proteins, the curves representing the control, AA-modified and
HEMA-modified membranes can be divided into three distinct phases during fouling. The first phase,
which is rapid flux decline, occurs in the early stage of filtration (<50 min). During this period, the
control membrane experiences a higher degree of flux reduction compared to the modified membranes.
The severe fouling of the control membrane is mainly due to its low degree of surface hydrophilicity
that favors the adsorption of foulants onto its surface, causing greater concentration polarization.
The second phase of fouling, which happens at a moderate rate, is due to the protein deposition on the
membrane surface. Eventually, the curves flatten at the third phase of fouling, where the time taken to
achieve the constant normalized permeability can indicate the membrane antifouling performance.
The constant normalized permeability indicates that a further filtration process would not render
obvious flux deterioration. At this stage, the fouling layer caused by the retained proteins would be
established on the membrane surface.

Figure 11. (a) Flux decline curves of membranes using 2000 mg/L BSA solution and (b) flux recovery
rate (FRR) of membranes after water cleaning. Error bars indicate standard deviations.

Figure 12. (a) Flux decline curves of membranes tested with 2000 mg/L pepsin solution and (b) flux
recovery rate (FRR) of membranes after water cleaning. Error bars indicate standard deviations.
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Based on the experimental data, it can be found that the AA-modified and HEMA-modified
membranes take an average of 180 min for the BSA and 210 min for the pepsin to reach the steady flux.
In other word, the membranes experience a lower degree of fouling during pepsin solution filtration.
As the pepsin (35 kDa) has a relatively smaller molecular size compared to the BSA (66.5 kDa), it is less
likely to cause membrane pores blockage/narrowing than the BSA. The statement is supported by its
lower removal rate compared to the BSA rejection (Figures 9 and 10). Another possible factor can be
due to the higher adsorption affinity of BSA than that of pepsin, causing it to foul the membrane at a
faster rate.

It must be noted that the enhanced surface hydrophilicity of the modified membrane has obviously
increased the control membrane’s antifouling properties, minimizing the flux deterioration as a function
of time. The hydration layer on the modified membrane surface could slow down the hydrophobic
protein from depositing onto the pores and thus reduce the fouling propensity [41–43].

With respect to FRR, the AA-modified and HEMA-modified membranes show much higher
values compared to the control membrane for both the filtration processes of BSA and pepsin. This
strongly indicates the reversible fouling of the modified membranes. The modified membranes achieve
almost complete FRR (i.e., 100%) in the pepsin filtration and slightly lower FRR (90–95%) in the BSA
filtration. The control membrane meanwhile only shows 71.2% and 42% FRR, respectively, when
tested under the same conditions. The results are promising as most of the foulants can be reversibly
removed with the use of only pure water (instead of chemical cleaning agents), revealing the positive
features of enhanced membrane surface hydrophilicity to induce a more stable selective layer for better
antifouling properties [44].

4. Conclusions

A rapid and green technology based PECVD technique was successfully employed to modify
the surface properties of a UF membrane to enhance its fouling resistance in handling feed solution
composed of high concentration of proteins. Two types of hydrophilic materials, i.e., AA and HEMA
were deposited on the top surface of the membrane and their respective plasma deposition duration was
evaluated with respect to the membrane surface physiochemical properties and filtration performance.
The water contact angle analysis supported by XPS and FTIR indicated significant enhancement of
membrane surface hydrophilicity due to the deposition of AA and HEMA on the membrane surface.
Based on the FESEM images, it can be found that the coating layer became thicker with increasing
plasma deposition time and the increase in the coating layer thicker corresponded well with the
decrease in membrane water flux. The study revealed that the ideal plasma deposition time for AA and
HEMA on the membrane was only 15 s. These two surface-modified membranes also demonstrated
much higher FRR values compared to the control membrane, indicating that the fouling is mainly
reversible and could be easily removed via a simple water cleaning process. Our findings also indicated
that the HEMA-modified membrane achieved a lower flux decline rate and higher FRR compared to the
AA-modified membrane but possessed slightly lower pure water flux. The discussed PECVD technique
is a promising surface modification method to rapidly improve membrane surface hydrophilicity for
enhanced protein purification process without using any organic solvent during the plasma process.
However, the conditions of PECVD process need to be further optimized in order to minimize the flux
decline rate of the modified membranes.

Author Contributions: Conceptualization, W.J.L., M.G. and M.K.; methodology, Y.S.K., N.S. and M.G.; formal
analysis, Y.S.K., N.S., W.J.L. and T.M.T.; writing—original draft preparation, W.J.L., N.S. and Y.S.K.; writing—review
and editing, W.J.L. and E.A.-L.; supervision, W.J.L.; Resources, A.F.I. All authors have read and agreed to the
published version of the manuscript.

Funding: Woei Jye Lau acknowledges the research grant offered by Universiti Teknologi Malaysia through UTM
SGSHINE (Grant No. Q.J130000.2451.07G79).

Acknowledgments: Noresah Said gratefully acknowledges the financial support given by Universiti Teknologi
Malaysia under Post-Doctoral Fellowship Scheme.



Membranes 2020, 10, 401 13 of 15

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Kanagaraj, P.; Nagendran, A.; Rana, D.; Matsuura, T.; Neelakandan, S. Separation of macromolecular proteins
and rejection of toxic heavy metal ions by PEI/cSMM blend UF membranes. Int. J. Biol. Macromol. 2014, 72,
223–229. [CrossRef]

2. Ding, Y.; Ma, B.; Liu, H.; Qu, J. Effects of protein properties on ultrafiltration membrane fouling performance
in water treatment. J. Environ. Sci. China 2019, 77, 273–281. [CrossRef]

3. Modi, A.; Bellare, J. Efficient separation of biological macromolecular proteins by polyethersulfone hollow
fiber ultrafiltration membranes modified with Fe3O4 nanoparticles-decorated carboxylated graphene oxide
nanosheets. Int. J. Biol. Macromol. 2019, 135, 798–807. [CrossRef]

4. Saxena, A.; Tripathi, B.P.; Kumar, M.; Shahi, V.K. Membrane-based techniques for the separation and
purification of proteins: An overview. Adv. Colloid Interface Sci. 2009, 145, 1–22. [CrossRef] [PubMed]

5. Huang, Z.Q.; Guo, X.P.; Guo, C.L.; Zhang, Z. Magnetization influence on the performance of ferrosoferric
oxide: Polyacrylonitrile membranes in ultrafiltration of pig blood solution. Bioprocess Biosyst. Eng. 2006, 28,
415–421. [CrossRef] [PubMed]

6. Song, H.; Ran, F.; Fan, H.; Niu, X.; Kang, L.; Zhao, C. Hemocompatibility and ultrafiltration performance of
surface-functionalized polyethersulfone membrane by blending comb-like amphiphilic block copolymer.
J. Membr. Sci. 2014, 471, 319–327. [CrossRef]

7. Tan, J.S.; Liu, X.M.; Yu, B.; Cong, H.L.; Yuan, H.; Yang, S.J.; Li, Z.J.; Gu, C. Preparation of PVDF/PMMA
blend hollow fiber ultrafiltration membranes via wet spinning method. Integr. Ferroelectr. 2014, 151, 76–82.
[CrossRef]

8. Jia, Y.; Sun, S.; Li, S.; Wang, Z.; Wen, F.; Li, C.; Matsuyama, H.; Hu, S. Improved performance of polysulfone
ultrafiltration membrane using TCPP by post-modification method. Membranes 2020, 10, 66. [CrossRef]

9. Jamshidi Gohari, R.; Halakoo, E.; Nazri, N.A.M.; Lau, W.J.; Matsuura, T.; Ismail, A.F. Improving performance
and antifouling capability of PES UF membranes via blending with highly hydrophilic hydrous manganese
dioxide nanoparticles. Desalination 2014, 335, 87–95. [CrossRef]

10. Rahimi, Z.; Zinatizadeh, A.A.; Zinadini, S. Membrane bioreactors troubleshooting through the preparation
of a high antifouling PVDF ultrafiltration mixed-matrix membrane blended with O-carboxymethyl
chitosan-Fe3O4nanoparticles. Environ. Technol. 2018, 3330, 1–11. [CrossRef]

11. Zhao, C.; Xue, J.; Ran, F.; Sun, S. Modification of polyethersulfone membranes—A review of methods.
Prog. Mater. Sci. 2013, 58, 76–150. [CrossRef]

12. Xiang, T.; Yue, W.W.; Wang, R.; Liang, S.; Sun, S.D.; Zhao, C.S. Surface hydrophilic modification of
polyethersulfone membranes by surface-initiated ATRP with enhanced blood compatibility. Colloids Surfaces
B Biointerfaces 2013, 110, 15–21. [CrossRef] [PubMed]

13. Junaidi, N.F.D.; Othman, N.H.; Shahruddin, M.Z.; Alias, N.H.; Marpani, F.; Lau, W.J.; Ismail, A.F. Fabrication
and characterization of graphene oxide–polyethersulfone (GO–PES) composite flat sheet and hollow fiber
membranes for oil–water separation. J. Chem. Technol. Biotechnol. 2020, 95, 1308–1320. [CrossRef]

14. Doraisammy, V.; Lai, G.S.; Kartohardjono, S.; Lau, W.J.; Chong, K.C.; Lai, S.O.; Hasbullah, H.; Ismail, A.F.
Synthesis and characterization of mixed matrix membranes incorporated with hydrous manganese oxide
nanoparticles for highly concentrated oily solution treatment. Can. J. Chem. Eng. 2018, 96, 1612–1619.
[CrossRef]

15. Miller, D.J.; Dreyer, D.R.; Bielawski, C.W.; Paul, D.R.; Freeman, B.D. Surface modification of water purification
membranes. Angew. Chem. Int. Ed. 2017, 56, 4662–4711. [CrossRef]

16. Kochkodan, V.; Hilal, N. A comprehensive review on surface modified polymer membranes for biofouling
mitigation. Desalination 2015, 356, 187–207. [CrossRef]

17. Nazri, N.A.M.; Lau, W.J.; Ismail, A.F.; Matsuura, T.; Veerasamy, D.; Hilal, N. Performance of PAN-based
membranes with graft copolymers bearing hydrophilic PVA and PAN segments in direct ultrafiltration of
natural rubber effluent. Desalination 2015, 358, 49–60. [CrossRef]

18. Kang, G.; Cao, Y. Application and modi fi cation of poly (vinylidene fl uoride) (PVDF) membranes—A review.
J. Membr. Sci. 2014, 463, 145–165. [CrossRef]

http://dx.doi.org/10.1016/j.ijbiomac.2014.08.018
http://dx.doi.org/10.1016/j.jes.2018.08.005
http://dx.doi.org/10.1016/j.ijbiomac.2019.05.200
http://dx.doi.org/10.1016/j.cis.2008.07.004
http://www.ncbi.nlm.nih.gov/pubmed/18774120
http://dx.doi.org/10.1007/s00449-006-0050-7
http://www.ncbi.nlm.nih.gov/pubmed/16514522
http://dx.doi.org/10.1016/j.memsci.2014.08.013
http://dx.doi.org/10.1080/10584587.2014.899838
http://dx.doi.org/10.3390/membranes10040066
http://dx.doi.org/10.1016/j.desal.2013.12.011
http://dx.doi.org/10.1080/09593330.2018.1480665
http://dx.doi.org/10.1016/j.pmatsci.2012.07.002
http://dx.doi.org/10.1016/j.colsurfb.2013.04.034
http://www.ncbi.nlm.nih.gov/pubmed/23693035
http://dx.doi.org/10.1002/jctb.6366
http://dx.doi.org/10.1002/cjce.23092
http://dx.doi.org/10.1002/anie.201601509
http://dx.doi.org/10.1016/j.desal.2014.09.015
http://dx.doi.org/10.1016/j.desal.2014.12.012
http://dx.doi.org/10.1016/j.memsci.2014.03.055


Membranes 2020, 10, 401 14 of 15

19. Zhang, R.; Liu, Y.; He, M.; Su, Y.; Zhao, X.; Elimelech, M.; Jiang, Z. Antifouling membranes for sustainable
water purification: Strategies and mechanisms. Chem. Soc. Rev. 2016, 45, 5888–5924. [CrossRef]

20. Bilici, Z.; Keskinler, B.; Perendeci, N.A.; Dizge, N. Protein and lactose separation by modified ultrafiltration
membrane using layer by layer technique. J. Membr. Sci. Res. 2020, 6, 211–217.

21. Hu, M.; Mi, B. Enabling graphene oxide nanosheets as water separation membranes. Environ. Sci. Technol.
2013, 47, 3715–3723. [CrossRef] [PubMed]

22. Xu, H.; Xiao, K.; Wang, X.; Liang, S.; Wei, C.; Wen, X.; Huang, X. Outlining the roles of membrane-foulant
and foulant-foulant interactions in organic fouling during microfiltration and ultrafiltration: A mini-review.
Front. Chem. 2020, 8, 1–14. [CrossRef] [PubMed]

23. Wen, Y.; Yuan, J.; Ma, X.; Wang, S.; Liu, Y. Polymeric nanocomposite membranes for water treatment:
A review. Environ. Chem. Lett. 2019, 17, 1539–1551. [CrossRef]

24. Yong, L.; Wahab, A.; Peng, C.; Hilal, N. Polymeric membranes incorporated with metal/metal oxide
nanoparticles: A comprehensive review. Desalination 2013, 308, 15–33.

25. Abidin, M.N.Z.; Goh, P.S.; Ismail, A.F.; Othman, M.H.D.; Hasbullah, H.; Said, N.; Kadir, S.H.S.A.; Kamal, F.;
Abdullah, M.S.; Ng, B.C. Antifouling polyethersulfone hemodialysis membranes incorporated with poly
(citric acid) polymerized multi-walled carbon nanotubes. Mater. Sci. Eng. C 2016, 68, 540–550. [CrossRef]
[PubMed]

26. Tran, T.; Chen, X.; Doshi, S.; Stafford, C.M.; Lin, H. Grafting polysiloxane onto ultrafiltration membranes to
optimize surface energy and mitigate fouling. Soft Matter 2020, 16, 5044–5053. [CrossRef] [PubMed]

27. Bai, L.; Liu, Y.; Ding, A.; Ren, N.; Li, G.; Liang, H. Surface coating of UF membranes to improve antifouling
properties: A comparison study between cellulose nanocrystals (CNCs) and cellulose nanofibrils (CNFs).
Chemosphere 2019, 217, 76–84. [CrossRef]

28. Mitev, D.; Radeva, E.; Peshev, D.; Burgal, J.; Cook, M.; Peeva, L.; Livingston, A. PECVD modification of nano
& ultrafiltration membranes for organic solvent nanofiltration. J. Membr. Sci. 2018, 548, 540–547.

29. Ayyavoo, J.; Nguyen, T.P.N.; Jun, B.M.; Kim, I.C.; Kwon, Y.N. Protection of polymeric membranes with
antifouling surfacing via surface modifications. Colloids Surf. A Physicochem. Eng. Asp. 2016, 506, 190–201.
[CrossRef]

30. Seman, M.N.A.; Khayet, M.; Hilal, N. Comparison of two different UV-grafted nanofiltration membranes
prepared for reduction of humic acid fouling using acrylic acid and N-vinylpyrrolidone. Desalination 2012,
287, 19–29. [CrossRef]

31. Hu, M.X.; Yang, Q.; Xu, Z.K. Enhancing the hydrophilicity of polypropylene microporous membranes by the
grafting of 2-hydroxyethyl methacrylate via a synergistic effect of photoinitiators. J. Membr. Sci. 2006, 285,
196–205. [CrossRef]

32. Dietrich, P.M.; Hennig, A.; Holzweber, M.; Thiele, T.; Borcherding, H.; Lippitz, A.; Schedler, U.;
Resch-Genger, U.; Unger, W.E.S. Surface analytical study of poly(acrylic acid)-grafted microparticles
(beads): Characterization, chemical derivatization, and quantification of surface carboxyl groups. J. Phys.
Chem. C 2014, 118, 20393–20404. [CrossRef]

33. Rivolo, P.; Castellino, M.; Frascella, F.; Ricciardi, S. Ultra-thin plasma-polymerized functional coatings for
biosensing: Polyacrylic acid, polystyrene and their co-polymer. In Crystalline and Non-crystalline Solids;
InTech: London, UK, 2016; pp. 81–104.

34. Bakas, I.; Yilmaz, G.; Ait-Touchente, Z.; Lamouri, A.; Lang, P.; Battaglini, N.; Carbonnier, B.; Chehimi, M.M.;
Yagci, Y. Diazonium salts for surface-confined visible light radical photopolymerization. J. Polym. Sci. Part A
Polym. Chem. 2016, 54, 3506–3515. [CrossRef]

35. Sánchez, S.; Pumera, M.; Fàbregas, E.; Bartrolí, J.; Esplandiu, M.J. Carbon nanotube/polysulfone soft
composites: Preparation, characterization and application for electrochemical sensing of biomarkers.
Phys. Chem. Chem. Phys. 2009, 11, 7721–7728. [CrossRef] [PubMed]

36. Thøgersen, A.; Selj, J.H.; Marstein, E.S. Oxidation effects on graded porous silicon anti-reflection coatings.
J. Electrochem. Soc. 2012, 159, D276. [CrossRef]

37. Khoo, Y.S.; Lau, W.J.; Liang, Y.Y.; Karaman, M.; Gürsoy, M.; Ismail, A.F. A green approach to modify surface
properties of polyamide thin film composite membrane for improved antifouling resistance. Sep. Purif.
Technol. 2020, 250, 116976. [CrossRef]

38. Yin, J.; Zhu, G.; Deng, B. Multi-walled carbon nanotubes (MWNTs)/polysulfone (PSU) mixed matrix hollow
fiber membranes for enhanced water treatment. J. Membr. Sci. 2013, 437, 237–248. [CrossRef]

http://dx.doi.org/10.1039/C5CS00579E
http://dx.doi.org/10.1021/es400571g
http://www.ncbi.nlm.nih.gov/pubmed/23488812
http://dx.doi.org/10.3389/fchem.2020.00417
http://www.ncbi.nlm.nih.gov/pubmed/32582627
http://dx.doi.org/10.1007/s10311-019-00895-9
http://dx.doi.org/10.1016/j.msec.2016.06.039
http://www.ncbi.nlm.nih.gov/pubmed/27524052
http://dx.doi.org/10.1039/D0SM00551G
http://www.ncbi.nlm.nih.gov/pubmed/32452496
http://dx.doi.org/10.1016/j.chemosphere.2018.10.219
http://dx.doi.org/10.1016/j.colsurfa.2016.06.026
http://dx.doi.org/10.1016/j.desal.2010.10.031
http://dx.doi.org/10.1016/j.memsci.2006.08.023
http://dx.doi.org/10.1021/jp505519g
http://dx.doi.org/10.1002/pola.28241
http://dx.doi.org/10.1039/b902710f
http://www.ncbi.nlm.nih.gov/pubmed/19950512
http://dx.doi.org/10.1149/2.jes113659
http://dx.doi.org/10.1016/j.seppur.2020.116976
http://dx.doi.org/10.1016/j.memsci.2013.03.021


Membranes 2020, 10, 401 15 of 15

39. Ng, Z.C.; Roslan, R.A.; Lau, W.J.; Gürsoy, M.; Karaman, M.; Jullok, N.; Ismail, A.F. A green approach
to modify surface properties of polyurethane foam for enhanced oil absorption. Polymers 2020, 12, 1883.
[CrossRef]

40. Vatanpour, V.; Zoqi, N. Surface modification of commercial seawater reverse osmosis membranes by grafting
of hydrophilic monomer blended with carboxylated multiwalled carbon nanotubes. Appl. Surf. Sci. 2017,
396, 1478–1489. [CrossRef]

41. Zhang, F.A.; Chen, L.; Ma, J.Q. Effects of hydrophilic monomer types on poly(styrene-acrylate)/
montmorillonite nanocomposites made by in-site emulsion polymerization. Polym. Adv. Technol. 2009, 20,
589–594. [CrossRef]

42. Shen, Z.; Chen, W.; Xu, H.; Yang, W.; Kong, Q.; Wang, A.; Ding, M.; Shang, J. Fabrication of a novel antifouling
polysulfone membrane with in situ embedment of mxene nanosheets. Int. J. Environ. Res. Public Health 2019,
16, 4659. [CrossRef] [PubMed]

43. Zhao, X.; Zhang, R.; Liu, Y.; He, M.; Su, Y.; Gao, C.; Jiang, Z. Antifouling membrane surface construction:
Chemistry plays a critical role. J. Membr. Sci. 2018, 551, 145–171. [CrossRef]

44. Wu, J.; Lin, W.; Wang, Z.; Chen, S.; Chang, Y. Investigation of the hydration of nonfouling material
poly(sulfobetaine methacrylate) by low-field nuclear magnetic resonance. Langmuir 2012, 28, 7436–7441.
[CrossRef] [PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3390/polym12091883
http://dx.doi.org/10.1016/j.apsusc.2016.11.195
http://dx.doi.org/10.1002/pat.1422
http://dx.doi.org/10.3390/ijerph16234659
http://www.ncbi.nlm.nih.gov/pubmed/31766756
http://dx.doi.org/10.1016/j.memsci.2018.01.039
http://dx.doi.org/10.1021/la300394c
http://www.ncbi.nlm.nih.gov/pubmed/22512533
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Surface Modification of the UF Membrane 
	Characterization of Surface-Modified UF Membranes 
	Membrane Performance Evaluation 
	Membrane Fouling Test 

	Results and Discussion 
	Membrane Surface Chemistry 
	Membrane Surface Chemistry 
	Membrane Surface Hydrophilicity 
	Membrane Morphology 
	Membrane Pure Water Flux and Rejection 
	Membrane Antifouling Properties 

	Conclusions 
	References

