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ABSTRACT: Water is one of the important natural resources on earth whereas only 3% of the water is fresh and
suitable for drinking. Membrane technology offers efficient and versatile solutions for various water treatment
challenges, ranging from filtration and separation to desalination and water reuse. However, membrane fouling caused
by contaminants remains a significant issue that impairs performance. Enhancing the surface hydrophilicity of
membranes mitigates fouling and answers the recovery of membrane life span. Here, the two post-treatment
technologies for surface hydrophilicity enhancement: surface coating and plasma treatment, were investigated, and
compared the enhancement behavior originating from two. Several parameters for enhancing hydrophilicity such as
surface morphologies, surface roughness, and bulk properties varied by two treatment methods are reported. As a
result, it indicated an increase of surface hydrophilicity (i.e., from >35% to 60%) for both technical approaches, in
which the surface coating technology offered superior wetting dynamics, revealing the absence of hydrophobic surface
irregularities over the membrane surface.
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1. INTRODUCTION

Thin film membranes are being widely utilized in water
treatment applications by offering ease of modification, simple
fabrication techniques, diverse selectivity, and separation
efficiency [1]. Several parameters govern the performance of
membranes ranging from surface roughness, surface
hydrophilicity, permeability, pore size distribution, and
mechanical properties. Meanwhile, applying post-treatment
surface modification technologies is the impactful answer as
the membrane surface directly reflects the water contact and
fouling resistance. Various surface modification methods have
been suggested to enhance the surface properties of mem-
branes. These modifications include physical modifications
such as surface-coating [2], blending, and chemical modifi-
cations such as polymer functionalization, grafting [3], and
plasma treatment [4].

Surface coating enables the deposition of an active layer over

the surface which can go attractions or rejections to the
foreign colloids. Several works suggest the reproducibility of
membrane coating technology using polymer [5], and
nanomaterials [6,7] for effective water treatment applications.
The low-pressure plasma treatment can introduce polar
groups on the topmost surface of the membrane to enhance
hydrophilicity or can generate the active species to initiate
polymer grafting without affecting the bulk properties of
polymer [4,8]. Various kinds of polymer membranes such as
Polyethersulfone (PES), Polyvinylidene fluoride (PVDF), Poly-
vinyl chloride (PVC), polysulfone, Polyacrylonitrile (PAN),
and Poly(propylene) have been investigated by plasma treat-
ment and showed great potentials to improve the antifouling
and permeability characteristics of the membranes. These
treated plasma membranes have been applied to various
microfiltration [9], ultrafiltration (UF) [10], nanofiltration
(NF), and gas separation (GS) membranes.

Among the various parameters that influence the mem-
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brane performance, one frontier is enhancing the hydrophilic-
ity of the membrane surface as it can significantly reflect the
wettability answering the better permeability for the improved
flow rates [11]. Additionally, hydrophilic membranes can
exhibit reduced fouling tendencies with the hydrophilic/
hydrophobic rejection with the organic collides from the water
source leading to the facilitated rejection and longer mem-
brane life span [12]. 

For enhancing hydrophilicity, herein, metal-polyphenol
network (MPN) coating which is a known self-healing and
adhesive material was applied [13]. The Fe ions and tannic
acid (TA) were chosen to undergo the metal polyphenol
complex, and both are regarded as non-toxic and abundant
materials in nature. Furthermore, the MPN network is
composed of several hydrophilic (-OH) hydroxyl groups and
Fe-O coordination resulted from the polyphenols. On the
other hand, the chemical nature of the plasma gases and treat-
ment time have a strong influence on the surface modification
of the membrane. Many different gases and vapors are used as
process gases including air [14-16], oxygen [17-19], nitrogen
[20], argon [21-23], helium [24], ammonia [25], carbon diox-
ide [26], etc. Among them, the vacuum oxygen plasma treat-
ment is very effective in enhancing the hydrophilicity of the
membrane due to the formation of functional groups
(hydroxyl, carbonyl, and carboxyl groups) [9]. 

In this study, we investigated the influence of MPN coating
and oxygen plasma treatment on the membrane morphology,
surface roughness, water contact angles, and the pore
structures of the membranes. On top of that, we also explored
the wetting behaviors that emerged from these two routes. The
result suggests that both types of modified TFMs give the
possibilities for the applications in filtration of various types of
foulants such as protein and natural organic matter (NOM),
oil-water separation, and bacterial virus separation due to their
cost effectiveness and versatility.

2. EXPERIMENTAL

2.1 Materials
Polysulfone (Psf), polyvinylpyrrolidone (PVP), Tannic acid

(TA), Iron (III) chloride (FeCl3) were purchased from Sigma-
Aldrich (USA). The solvent for membrane preparation N-
methyl-2-pyrrolidone (NMP, 99.7%) was purchased from
Daejung Chemical Co (Korea).

2.2 Fabrication of Thin Film Membranes (TFM)
The polysulfone (Psf) membranes were fabricated using the

non-solvent-induced phase separation method (NIPS). A
solution containing 13.5 wt% Psf and 0.5 wt% PVP additive
dissolved in NMP was prepared. To ensure a uniformly dis-
solved casting solution, the mixture was heated on a hot plate
at 70oC while gently stirring at 100 RPM to prevent the for-
mation of bubbles. Subsequently, the clear viscous casting
solution was cooled to room temperature and stand still to
make sure there were no bubbles remaining inside. Then, the
polymer solution was casted onto a flat glass plate using a cast-
ing knife which was adjusted to 150 μm. Then, it was imme-
diately immersed in a water bath filled with tap water, where
the TFM was formed through phase inversion. The membrane
was left in the DI water bath for more than 25 hr to remove
any residual solvents left. 

2.3 Surface modification of TFMs by Metal polyphenol
coating

The MPN coating on the UF membrane was carried out by
the surface interaction at the active layer interface of TA/Fe3+

as presented in Fig. 2. Tannic acid and FeCl3+ were dissolved in
DI water with different concentrations for thin and thick
coatings of MPN (Table 1). Metal polyphenol was allowed for
the complex formation by dipping the membrane inside the
TA solution and then in FeCl3+ solution. After all, the MPN-
coated membranes were washed with DI water to remove
non-incorporated or excessive MPN particles over the mem-
brane. 

2.4 Surface modification of TFMs by Plasma Treatment
Polysulfone membrane (TFM) sheets go through the

vacuum oxygen plasma treatment Femto-science CUTE
Plasma System for surface modification. The flow rate was set

Fig. 1. Graphical illustration of surface modification by MPN sur-
face coating and plasma-treatment 

Table 1. Concentrations of TA and FeCl3+ for two MPN coating

Case TA concentration FeCl3 concentration
Thin-MPN 0.625 g/L 0.125 g/L
Thick-MPN 1.25 g/L 0.25 g/L

Fig. 2. Illustration of modification to TFM by MPN surface coat-
ing  

Fig. 3. Surface modification to TFM by Plasma treatment with
CUTE Plasma system 
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to 20 standard cubic centimeters per minute (sccm), pressure
0.3-0.9 Torr, and power 60 W. Polysulfone films were treated
with various plasma treatment times of 20, 40, 60, and 120 s.
The step-by-step plasma treatment was presented in Fig. 3. 

2.5 Characterization of TFMs
The morphology of UF membranes and coated surfaces

were imaged by FE-SEM (JSM-7600F, JEOL). The membranes
were dried in ambient conditions for surface image and freeze-
fractured in a liquid nitrogen bath for surface imaging. For FT-
IR ATR analysis, the samples were freeze-dried and prepared
by placing an active layer surface on the ATR crystal. The
AFM imaging of all fabricated membranes was acquired by
Park Systems XE7 AFM instrument. The AFM images were
taken by tapping mode using the commercial silicon canti-
lever. The contact angle of the membrane surface was mea-
sured to investigate the hydrophilicity of the membrane using
a contact angle analyzer (Pheonix-MT(M), S-EO). In the ses-
sile drop method, each contact angle was measured imme-
diately after dropping ~3 μl of DI water. In order to determine
the effect of the hydrophilic behavior of polymer membranes
with plasma treatment, the as-prepared TFM and plasma-
treated TFMs were observed through a series of static and
dynamic contact angle measurements. 

3. RESULTS AND DISCUSSION

3.1 Morphology of TFMs 
Surface modification techniques including surface coating

with active materials and plasma treatment have been widely
utilized for membrane surface functionalization to enhance
the wettability, adhesion, polarity, membrane fouling, and sep-
aration performance [27]. Understanding surface morphology
after the modification can help in explaining the enhanced
surface performance and chemical properties of the mem-
branes aimed for water treatment. Fig. 4 presents the FE-SEM
images of the top surfaces of un-treated, MPN-coated, and
plasma-treated polysulfone TFMs prepared in this study. 

More specifically, the un-treated polysulfone membrane
(Fig. 4a-c) exhibits a flat surface with several physical pores.
After coating MPN (i.e., an active layer of metal polyphenol
network complexed by tannic acid and ferric chloride) par-
ticles on the polysulfone membrane surface with several
spherical-like structures representing MPN particles can be
found on the membrane surface (Fig. 4d-i). Of course, these
MPN-containing active layers were well coated onto the poly-
sulfone membrane which can be seen in the color change
among these un-treated (Fig. 4a) and MPN-coated (Fig. 4d
and Fig. 4g) membranes. Clearly, the characteristics of the lay-
ering are varied with the amount of the MPN coating (Fig. 4d
and Fig. 4g). For the thin layering of MPN onto the poly-
sulfone membrane (Fig. 4d-f), the membrane surface is evenly
embraced with the MPN spheres while most of the pores of

the virgin membranes are still opened and only surrounded by
the MPN particles. Meanwhile, for the thick layering of MPN
onto the polysulfone membrane (Fig. 4g-i), the dense MPN
layer encloses the membrane pores with stacked MPN par-
ticles. 

In addition, the variations in morphological change after the
plasma treatment are also presented here with the two cases of
60 s plasma treatment and 120 s plasma treatment (Fig. 4j-o).
In both cases, a significant widening of pores was resulted. The
results also suggested that the membrane pores become more
enlarged during the longer-time- plasma treatment. The
enlargement of the pores strongly governs the hydrophilicity
enhancement of the membrane surface and permeability in
the filtration performances [4]. As such, the use of coating and
plasma treatment are successfully proposed for the polymeric
membrane surface, i.e., polysulfone TFM. 

3.2 Surface Roughness of TFMs 
The surface topologies of the un-treated and treated poly-

sulfone TFMs were also observed by the AFM tapping
method. The bright areas represent the highest points over the
membrane surface while the dark parts refer to the downside
valleys. The mean surface roughness and root mean square

Fig. 4. Digital and FE-SEM images of un-treated TFMs (a-c), after
thin MPN surface coating (d-f ), after thick MPN surface
coating (g-i), after 60 s plasma treatment (j-l), and after
120 s plasma treatment (m-o) 
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surface roughness calculated from the AFM images are also
presented in Table 2. The un-treated membrane showcases the
surface with the frequent nodules produced from the agglom-
eration of the polymer molecules, which is the typical struc-
ture of the membranes fabricated by the phase inversion (Fig.
5a). 

After the both post-treatments of MPN coating and plasma
treatment, the TFM surface roughness undergoes variations
resulting the smoother surfaces (Fig. 5b-e). For the thick lay-
ering of MPN onto the TFM surface (Fig. 5c), the surface
roughness is significantly reduced, probably arising from the
stacked MPN particles fully covering the nodules over the vir-
gin surface. However, the reduction in the surface roughness is
not significant for the case of thin MPN-coated polysulfone
TFM (Fig. 5b), possibly due to the insufficient thickness of the
MPN layer to cover up the polymer aggregates. For the cases
of the plasma-treated polysulfone TFMs, the surface rough-
ness was reduced by approximately 53% and 59% correspond-
ing to 60 s and 120 s plasma periods. As such, the surface
roughness of the polymeric membranes can be decreased after
the plasma treatment emerged from the fact that plasma treat-
ment can etch away the surface irregularities and clean the
surface defects. The smoother membrane surface arose by the
surface coating or plasma treatment can contribute to the
enhancing hydrophilicity and antifouling properties of the

membranes for water treatment [28,29]. Clearly, these also
agree with those of the above SEM analysis.

3.3 Surface Hydrophilicity and Wetting Behavior of
TFMs

Hydrophilicity plays a critical factor in an antifouling sur-
face by forming a fouling resistance structure on the surface as
dominant numbers of fouling resulted from the deposition of
hydrophobic pollutants from water. The hydrophilicity of the
TFM surfaces was observed by the water contact angle mea-
surements (Fig. 6a,b). The un-treated TFM possessed a water
contact angle of 60°. After conducting the MPN coating pro-
cess on the TFM surface, the water contact angle (WCA) is
significantly reduced to 39° and 28° corresponding to the thin
and thick MPN-coated TFMs. As known, the metal polyphe-
nol network possesses abundant hydrophilic functional groups
such as hydroxyl (-OH) groups and metal-oxygen complexes,
which probably indicates the good incorporation of MPN
active particles and the TFM surface, as well as an increase in
surface hydrophilicity of the polymeric membrane. Similarly,
after conducting the surface plasma treatment at 20, 40, 60,
and 120 sec, WCA values decreased to 39°, 37°, 37°, and 30°,
respectively. As such, the use of a plasma treatment approach
on the membrane surface significantly impacted the polymeric
membrane during the initial period range of 0-20 sec), mean-
ing that the 20 sec of plasma period was possibly enough to
reach the hydrophilic equilibrium of the membrane surface.
Besides, the effect of the hydrophilic behavior slightly impacts
the polymeric membrane after 20 sec of the plasma period
(i.e., 40 sec; 60 sec and 120 sec), in which the WCA of the
plasma-treated membranes does not much change from 40 sec
to 120 sec period. These indicated an optimal hydrophilicity of
the plasma-treated TFMs occurred at 20 sec period instead of
longer term of plasma treatment for the polysulfone mem-

Table 2. Roughness values calculated by AFM

TFM Type
Mean Surface 
Roughness, 

Ra (nm)

Root Mean Square 
Surface Roughness, 

RMS (nm)
Un-treated 31.8 39.5

After Thin MPN 21.3 26.5
After Thick MPN 14.7 18.5
After 60 s Plasma 14.9 18.4

After 120 s Plasma 12.9 16.5

Fig. 5. AFM images of un-treated TFMs (a), after thin MPN surface
coating (b), after thick MPN surface coating (c), after 60 s
plasma treatment (d), and after 120 s plasma treatment (e) 
(Scanned area 10 μm x 10 μm) 

Fig. 6. Hydrophilicity and wetting behavior of TFMs driven by
MPN surface coating (a,c) and plasma treatment (b,d) 
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brane, meaning that the amount of hydrophilic groups/bonds
(–O or –OH groups) is enough and difficult to be further
formed onto the surface after longer-term plasma treatment,
similarly for the optimal enlarging membrane pores of the 20 s
plasma-treated membrane. 

Interestingly, the wetting behavior driven by the two post-
treatment technologies differs even though both cases resulted
in significant hydrophilicity enhancement. Dynamic contact
angle gives an insight into the wetting-dewetting membrane
over time. Herein, the series of dynamic contact angle mea-
surements were carried out for 600 s to know the adhesion and
wetting aspects of the un-treated and treated TFMs surfaces.
Wetting of the MPN-coated surface with a water drop exhibits
a fast slope (Fig. 6c) whereas the plasma treated surfaces
exhibit slow slopes (Fig. 6d). The fast slope is caused by the fast
adhesion of water drop representing the quick wetting dynam-
ics and the slow slope is derived from the slow spread of water
drop, slow wetting dynamics. As such, whether the thin lay-
ering or thick layering of MPN, there are fewer irregularities or
hydrophobic obstacles for the liquid movement suggesting
lower hysteresis. In contrast, over the plasma-treated surface,
the wetting of water drop is slowed down driven by the pres-
ence of surface irregularities. Even though the surface rough-
ness is reduced after the plasma treatment, the slow wetting is
caused by the stretched pores over the surface or by the phe-
nomenon of hydrophobic recovery over time, where the
plasma-treated TFM surface slowly reverting to the original
state. Water wetting dynamics is also an important parameter
for the membranes designed for water treatment as it directly
impacts the membrane’s water permeability and fouling resis-
tance which decreases the membrane life span and rejection
and filtration performances [30]. 

3.4 Bulk Properties of TFMs
The morphologies, surface roughness, and wetting dynam-

ics of the TFMs are altered by the post-treating with MPN
coating and plasma gas. Therefore, the un-treated and surface-
modified TFMs were monitored by an ATR FT-IR measure-
ment in order to comprehend whether the two surface mod-
ifications alter the bulk properties. As shown in Fig. 7, it gives
the information of functional groups present in the target sam-
ple giving the chemical characterization of the polysulfone
membrane surface before and after the surface treatments (i.e.,
technical approaches of coating and plasma). 

For the un-treated polysulfone membrane, a peak of O-S-O
stretching vibration is observed at 1151 cm-1, whereas, peaks
of C-O-C and C-C (i.e., aromatic ring) stretching vibrations
are corresponding to wavenumbers of 1244 cm-1 and 1585 cm-1,
respectively. For the MPN-coated polysulfone membrane, the
peaks representing the metal polyphenolic functional groups
were observed clearly, for example, main peaks assigned at
1728 cm-1 and 1365 cm-1 regarding to stretching vibrations of
C=O band of tannins and C-OH bonding of phenols, respec-

tively. Besides, the main peaks of polysulfone, i.e., O-S-O
(1151 cm-1), C-O-C (1244 cm-1) and C-C (1585 cm-1) stretch-
ing vibrations, were also detected in the spectrum of MPN-
coated membrane. For the plasma-treated polysulfone mem-
brane, the use of 120 sec-plasma treatment was sufficiently
enough to reach the hydrophilic equilibrium of the polysul-
fone membrane surface. However, there was no change in
wavenumbers of O-S-O, C-O-C and C-C groups among the
un-treated and 120 s plasma-treated polysulfone TFMs. Addi-
tionally, the absorbance intensity of these peaks had some dif-
ferences among the polysulfone membrane surface before and
after the surface treatments (i.e., technical approaches of coat-
ing and plasma). 

Overall, the results showed that even though surface hydro-
philicity has enhanced significantly, the bulk properties of the
polysulfone TFMs were not distorted by the plasma treatment.
And, another factor is that the surface modification depth
achieved by the plasma-treatment is lower than the penetra-
tion depth by the FT-IR ray. The understanding of the bulk
properties of the membranes is also critical as these arise due
to the variations in mechanical strength, chemical interaction
to the foulants and longevity of the membranes. 

4. CONCLUSIONS

In summary, the comparative study of the two surface
modification technologies: surface coating and plasma
treatment, for the enhancing hydrophilicity of the TFMs
designed for the water treatments was progressed here. For the
coating material, the metal polyphenol, MPN, as a self-
adherable green coating material was successfully applied. The
comprehensive analysis of surface morphology, surface
roughness, wetting dynamics, and bulk properties which are
the critical parameters for the filtration membranes highlights
the significant impacts varied by the two post-treatment
methods. The change in the surface properties by two surface

Fig. 7. FT-IR ATR spectra of TFMs: Un-treated polymer mem-
brane, after plasma treatment and after MPN surface
coating 
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modifications technologies are summarized in Table 3. The
modifications of the virgin polysome membrane to the
functionalized surface demonstrate the variations in the
porous structure of the TFMs with surface coating by
tightening the membrane pores and plasma treatment by
stretching out the pores. Surface hydrophily which is a notable
parameter to eliminate membrane fouling was successfully
enhanced to TFMs in this work by 35% to 53% after getting
applied to two surface modification technologies. Significantly,
the surface roughness can be instantly reduced to 53-59% just
by the short plasma treatment, whereas the surface coating
offers superior wetting dynamics among the two. Moreover,
surface coating resulted in notable variations in the functional
groups of the membrane surface which can be directly
reflected to the fouling resistance, meanwhile, plasma
treatment enhanced the hydrophilicity without changing the
bulk properties suggesting that mechanical properties or
chemical stability can stay intact. These interesting variations
triggered by two post-treatment technologies can give insights
for optimizing the membrane design for the desired water
treatment applications. For our future work, we will conduct
further investigations on permeability, foulant, and oil
rejections driven by these above-mentioned modified TFMs. 
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