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ABSTRACT

Polymeric membrane is susceptible to fouling particularly when it is used to treat surface water contaminated by natural organic matters and
bacteria. Surface modification may address the issue by imparting antifouling and antibacterial properties to the membrane. In this study, a
neat polyethersulfone (PES) membrane (denoted as membrane P1) was prepared by phase inversion method followed by polydopamine (PDA)
coating to improve its membrane hydrophilicity. Thereafter, the physicochemical properties of the PDA-coated PES membrane (denoted as
membrane P3) were further improved by in situ reduction of silver (Ag) onto its surface to impart antibacterial properties (denoted as membrane
P4). All membranes were instrumentally characterized while their filtration performance against humic acid (HA) and antibacterial properties
were evaluated. Results showed that membrane P1 removed 77.81% of HA and achieved a fouling recovery rate (FRR) of 65.72%. Upon Ag
immobilization, the HA rejection of membrane P4 was further improved to 95.14% with FRR recorded at 92.17%. This membrane also demonstrated
good stability and excellent antibacterial properties over other fabricated membranes (P1, P2 and P3) in this study. Moreover, it exhibited a
lower total flux decline and higher contaminant removal performance over membrane P1 in treating surface water samples.
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1. Introduction

Water stress is among the main problems that currently being
faced by many societies in the twenty-first century [1]. The presence
of organic pollutants in water sources severely deteriorates its
quality and limits its usage. These pollutants consume oxygen
(to decay) and thus lower available oxygen in the water, affecting
the organisms living in the stream. The breakdown of plant and
animal tissues releases a mixture of carbon-based compounds,
known as natural organic matters (NOMs) which potentially con-
tribute towards water contamination. Apart from reacting with
chlorine to form carcinogenic compounds, NOMs also cause un-
pleasant taste and colour in the water body. Therefore, humic
acid (HA) as the major species in NOMs was widely used to study
separation efficiency and antifouling capability of pressure-driven
membranes [2,3].

Different methods of removing NOMs from water source have
been reported in the literature including coagulation, advanced
oxidation processes, adsorption and so forth [4-6]. Membrane proc-
ess that operates as a stand-alone filtration unit possesses several
advantages over other methods such as a small footprint, low
manpower requirement and easy as well as flexible operation with
minimal use of chemicals [7]. The polyethersulfone (PES) is a
frequently used polymer for ultrafiltration (UF) membrane fab-
rication particularly in removing NOM [8-10]. Despite the PES
membrane possessing good mechanical properties, thermal stabil-
ity and chemical inertness, the neat PES membrane has a moder-
ately high water contact angle, which indicates its hydrophobic
nature and susceptibility to fouling [10-12]. On top of that, the
filtration of surface water containing organic compounds along
with the bacteria population using a hydrophobic membrane would
easily give rise to membrane biofouling that is difficult to be re-
moved and would cause a sharp decline in flux and membrane
lifespan [11]. To prevent the membranes from losing their inherent
characteristics and performance due to biofouling, the membrane
surface properties must be carefully tailored using innovative
approaches.

Previous studies had proven that the coating of hydrophilic
polymers on the membrane surface could tackle membrane fouling
effectively because a hydrophilic surface could prevent the deposi-
tion of hydrophobic foulants [13]. Amongst various modifiers,
bioinspired polydopamine (PDA) emerges as a promising material
to fit the purpose. The high anchoring ability of PDA film can
anchor metal nanoparticles via a chemical reaction of immobiliza-
tion and offer secondary functionalization [11]. Furthermore, the
PDA possesses many advantages such as self-polymerization, com-
pact structure and special recognition [14]. The hydrophilic func-
tional groups in the PDA film would decrease static water contact
angle and improve membrane wettability against the adsorption
of hydrophobic foulants [15,16]. On the other hand, silver (Ag)
has been reported as an excellent antimicrobial agent regardless
of its state [15,17,18]. Studies showed that direct interaction be-
tween Ag and Escherichia coli (E. coli) would form holes and
pits on the bacterial cell wall, causing cytoplasmic material to
leak out and eventually lose its morphological integrity [15,19].
Upon entering the bacterial cell, the released Ag* ions would

bind to deoxyribonucleic acid (DNA) bases to prevent DNA repli-
cation as well as cell division [15,20,21]. The exact toxicity mecha-
nism of Ag remains debatable but most researchers opined that
both metallic Ag” and the released Ag® ions contribute to anti-
bacterial properties. Various approaches have been adopted to
incorporate Ag into the polymeric membrane. Among others, in
situ immobilization of Ag would be a preferred route to ensure
Ag deposition on the membrane surface for maximum biocidal
capacity. With a high reductive ability with a redox potential
of -795 mV, the catechol groups in PDA would oxidize to cat-
echoquinone while the chelated Ag* ions will be reduced into
Ag® almost instantaneously [9,13]. The reduced Ag’ would be
strongly anchored on the PDA film, for which the stable adhesion
will control the release of Ag in the filtration process [13,22].

Surface immobilization of Ag on PDA has been adopted in
several fields including biomedical applications [23,24] and mem-
brane technology. Wang et al. [22] incorporated Ag into the
PDA-coated polyacrylonitrile (PAN) membrane and applied it in
the emergency water treatment system. However, the author did
not study foulant rejection or membrane antifouling behaviour.
In contrast, Huang et al. [15] synthesized Ag/PDA on a commercial
polysulfone (PSf) membrane for bovine serum albumin (BSA)
rejection. In the biofouling experiment, the Ag/PDA/PSf membrane
reported a lower flux decline at 17% compared to a control PSf
membrane at 45%. Significant enhancement in membrane wett-
ability can be noticed alongside with a slight improvement in
solute rejection from 80 to 85% upon Ag/PDA modification.
Nevertheless, the modified membrane has improved anti-adhesive
property and showed a higher sterilization ratio at 91% upon 30
min contact with E. coli cells. In a recent study, Saraswathi and
co-workers [13] fabricated Ag/PDA supported poly(ether imide)
(PED) membrane for the removal of BSA protein, oil and HA aqueous
solution. Hydrophilicity enhancement contributed by PDA coating
and Ag immobilization increased rejection performance and flux
recovery rate (FRR) by approximately 20% against all three types
of foulant. The authors also reported the synthesized Ag/PDA/PEI
membrane demonstrated excellent antibacterial properties in the
diffusion inhibition zone test.

To our best knowledge, the study involving Ag/PDA-modified
membranes in treating surface water was rarely reported. Most
studies only focused on synthetic foulants like BSA, oil and organic
dye instead of the actual water sample. Many types of pollutants
exist in surface water samples (i.e. river water samples), thus the
Ag/PDA-modified membrane could behave differently in terms
of solute rejection as well as antifouling properties. Moreover,
the filtration of surface water samples containing different types
of microorganisms may give rise to complex fouling issues and
lower bacterial removal performance. The results of the bacterial
diffusion inhibition zone test would not be sufficient to justify
the bacteria removal efficiency of the fabricated membrane. Hence,
the performance of Ag/PDA-modified membranes in treating sur-
face water samples must be carefully investigated to ensure their
practicability. The River of Life Project was launched by the
Malaysia Government to restore Klang River along Kuala Lumpur
Independence Square for recreational use. Water fountains, pools
and water mist systems that create atmospheric fog effects were
built with light shows, which turn the waterfront landmark into



Environmental Engineering Research 28(6) 220097

a stunning cobalt blue at night. In such circumstances, water recla-
mation from the Klang River for landscaping purposes is, therefore,
a socially and environmentally viable solution. This effort could
help to utilize our water resources more efficiently and reduce
the stress of water scarcity especially during the dry season. The
paramount factor of enabling a cost-effective water reclamation
system in the city centre through membrane technology is its
small footprint and relatively simpler operation with minimal
chemicals.

In the current study, the rejection performance and antifouling
properties of different types of membranes (i.e., PES, PES+PVP,
PDA/PES+PVP and Ag/PDA/PES+PVP) were first compared using
a synthetic feed solution containing HA. The membrane anti-
microbial activity was evaluated using an electron microscope
and bacterial disk diffusion assay. The cross-sectional and surface
of the fabricated membranes were viewed under a scanning electron
microscope (SEM) and field emission scanning electron microscope
(FESEM), respectively. The elemental composition of the mem-
branes was quantified by energy-dispersive X-ray analysis (EDX)
whereas the membrane wettability was studied using a static water
contact angle goniometer. The stability of the immobilized Ag
on membrane P4 (Ag/PDA/PES+PVP) was investigated using in-
ductively coupled plasma-optical emission spectrometry
(ICP-OES). This membrane was further adopted in treating two
types of surface water samples, namely Kelana Lake and Klang
River water samples and their performances were then compared
with the control PES membrane to outline the improvements grant-
ed by PDA coating and Ag immobilization.

2. Experimental

2.1. Materials

Polyethersulfone (PES, pellet, 35 kDa) was received from Solvay,
United Kingdom (UK) while polyvinylpyrrolidone (PVP, powder,
29 kDa) was purchased from Sigma-Aldrich, Germany. N-meth-
yl-2-pyrrolidone (NMP, > 99.5%) was obtained from Merck,
Germany. Dopamine hydrochloride (powder, > 99%) and
Trizma-HCI buffer solution (Tris-HCl, 1M) were obtained from
Sigma-Aldrich, Germany. Silver nitrate solution (2.5 w/v% AgNO;
in H,0) and humic acid (HA, powder, 4.71 kDa) were supplied
by Sigma-Aldrich, Switzerland. Sodium bicarbonate (pellet, > 99
%) was provided by Chemsoln, Malaysia. All analytical reagents
were used as received. The distilled water adopted in the experi-
ment was produced by a laboratory water distiller (W4L Water
Stills) supplied by Favorit, Malaysia.

2.2. Membrane Preparation

All PES membranes were synthesized by phase inversion
technique. First and foremost, the polymers (PES and PVP) were
dried at 60 °C oven (Mermmert, Germany) for 12 h. To fabricate
the control membrane (designated as P1), 25 wt% PES was added
into solvent NMP and stirred overnight at 50 °C [25]. Other mem-
branes, i.e., P2, P3 and P4 (see Table S1) were fabricated under
a similar stirring condition but with the addition of 6 wt% of

PVP as a pore-forming agent. The dope solutions were left to cool
at room temperature for 30 min before casting the membrane using
an adjustable doctoral blade (Braive Instrument, Germany) at the
rate of 5 cm / min in an atmosphere of 90% relative humidity
[26]. The wet polymeric film was then immersed in a 25 + 2
°C distilled water coagulation bath [10]. The membrane was formed
and kept in 300 mL deionized water before modification and per-
formance evaluation. The composition of dopes and the surface
modifications of the membranes are tabulated in Table S1.

2.3. Membrane Modification

The PES+PVP membrane (membrane P2) was secured on the cus-
tom-made acrylic plate with its active surface exposed to 2 g/L
of dopamine solution in 0.05 M Tris-HCI buffer for 4 h. The dop-
amine monomers would oxidize gradually in the presence of oxygen
and change the membrane surface colour from white to dark brown.
To get rid of the loosely adhered PDA, the membrane samples
were rinsed off with distilled water and stored wet before use.
This membrane was then denoted as membrane P3 (PDA/PES+
PVP). For Ag immobilization, the PDA/PES+PVP membrane was
fixed on the acrylic plate again with its active surface exposed
to 1 g/ AgNO; solution (in deionized water) for 2 h. The Ag*
ions would be reduced to Ag’, immobilized on the PDA film and
changed the membrane surface colour to silvery-grey. This
Ag/PDA/PES+ PVP membrane (membrane P4) was then rinsed
with distilled water to remove loosely immobilized Ag® and stored
wet. Fig. S1 illustrates the approach employed to modify the surface
properties of the membrane.

2.4, Membrane Characterization

The cross-sectional and surface of the fabricated membranes were
viewed under a scanning electron microscope (SEM, Hitachi
S-3400N, Japan) and field emission scanning electron microscope
(FESEM, JOEL JSM-6701F, Japan), respectively. The membrane
samples were cracked in cryogenic liquid nitrogen and sputtered
with gold before cross-sectional SEM analysis. The elemental com-
position of the fabricated membranes was quantified using en-
ergy-dispersive X-ray analysis (EDX, Ametek Apollo X, USA). The
static water contact angle of the membranes was determined by
using a contact angle goniometer (CA, Kriiss GmbH, Germany).
2 uL of deionized water was dropped on each surface of the mem-
brane specimens and the static water contact angle was measured
after five seconds. The measurement was repeated at three different
locations in each membrane sample and the values were averaged
to obtain a mean value.

2.5. Membrane Performance Evaluation

2.5.1. Pure water permeability test

The pure water permeability (PWP) test was performed at 1 bar
using a Sterlitech™ HP 4750 dead-end cell with an effective mem-
brane area of 14.6 cm® All membrane specimens were compacted
at 2 bar for 30 min before the experiment. The water permeation
flux, Jw of the membrane specimen was determined using Eq.
(1) [14,15],
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where V is the volume of permeate produced (L), A represents
the effective membrane area (m?) and ¢ is the sampling duration
(h). The membrane PWP was obtained as Eq. (2) [10,12],

Jw
PWP = —
Ap (2)
where Ap is the operating pressure (bar). The PWP test was repeated
three times for each membrane sample and the readings were
averaged to a mean value.

2.5.2. Humic acid rejection and antifouling tests

The HA rejection test was performed in a Sterlitech™ HP 4750
dead-end cell using 10 ppm of HA solution. During the filtration
process at 1 bar, the feed solution was continuously stirred at
300 rpm to minimize concentration polarization. The permeate
was poured into a quartz cuvette and its UV absorbance at 254
nm was recorded by using UV-vis spectrophotometer (PG instru-
ment, T60U, UK) [12]. A pre-drawn standard calibration curve
was adopted to determine HA concentration before the rejection
was computed using Eq. (3) [10,12,13],

Cp
Rys=(1—-=) x 100 (3)
Cr

where Ry, indicates the HA rejection percentage whereas Cp and
Cr represent HA concentration of permeate and feed, respectively.
The membranes’ antifouling properties were compared according
to their flux recovery rate (FRR, %), in which a higher FRR value
signifies a better antifouling characteristic of the membrane. The
initial water flux, /w1 (L.m%h™) of the fresh membrane was de-
termined by using Eq. (1). Typically, 200 mL of 10 ppm HA was
filtered across the membrane sample and discarded. The fouled
membrane was held using a pair of forceps and the active surface
was rinsed with running distilled water for 10 min. Next, the
water flux of the regenerated membrane was determined using
the same operating pressure and recorded as Jw, (L.m%h™). The
FRR could be treated as a suitable index of antifouling character-
istics and computed as Eq. (4) [27-29].

FRR = (ﬁﬂ) x 100 @)

wil

where Jw1 and Jw> represent the pure water flux of the membrane
before and after HA filtration, respectively. The HA rejection and
FRR tests were repeated three times for each membrane sample
and the readings were averaged to a mean value.

2.5.3. Membrane antibacterial activity

The bacteriostatic action of the fabricated membrane was demon-
strated in a diffusion inhibition zone test. 100 uL of E. coli inoculum
(3.0 X 10° CFU/mL) was spread evenly on a petri dish containing
sterilized agar. A membrane disk of 15 mm diameter was deposited
on the sterilized agar and incubated at 37 °C for 24 h. The bacteria

inhibition zone was observed and the diameter was measured
to examine the membrane bacteriostatic effect.

To illustrate the bactericidal capability, the fabricated mem-
branes were chopped into a 5 mm diameter membrane disc, irradi-
ated by UV and placed on the sterilized agar. Exactly 50 uL of
3.0 x 10° CFU/mL of E. coli suspension was carefully dropped
on the membrane surface and the agar plate was incubated at
37 °C for 24 h before SEM observation.

2.5.4. Long-term stability test of Membrane P4

The stability of immobilized Ag was assessed based on the Ag
concentration detected in the permeate. Deionized water was fil-
tered across membrane P4 for 48 h at 1 bar. The permeate was
collected every 6 h and the concentration of Ag was quantified
using ICP-OES (PerkinElmer Optima 7000DV, USA).

2.6. Performance Evaluation of Membrane P4 Using Surface
Water Samples

Membrane P4 (Ag/PDA/PES+PVP) which carried the highest re-
jection and antibacterial properties was adopted to treat surface
water samples. Its performance was compared with the control
membrane (P1) to identify how much performance enhancement
was granted upon membrane modification by PDA coating and
silver immobilization. The lake and river water samples from
Kelana Lake (3°05'36.4" N, 101°35'51.3" E) and Klang River
(3°08'50.6" N, 101°41'42.6" E) were collected on a sunny morning
and followed by storage in a refrigerator at 4 °C.

2.6.1. Total flux decline (TFD)

250 mL of distilled water was filtered across the membrane samples
in a dead-end cell at 1 bar and the water flux was recorded as
Jw1. Then, 250 mL of the surface water sample was filtered across
the membranes at the same operating pressure and the permeate
flux was recorded as Jp. The percentage of total flux decline was
calculated using Eq. (5) [30].

Total Flux Decline (%) = (1 — ]]—p) x 100 (5)
wil

where /w1 and Jp represent the initial water flux and permeate
flux of the surface water sample (L.m™2h™), respectively. The TFD
test was repeated three times for each membrane sample and the
readings were averaged to a mean value.

2.6.2. Water samples quality assessment

The quality of the lake and river water samples before and after
filtration using membranes P1 and P4 were analyzed using various
analytic methods, including total suspended solids (TSS), turbidity,
chemical oxygen demand (COD), total dissolved solids (TDS) and
pH. The TSS of the water samples was determined based on APHA
Standard Methods 2540D while the turbidity of water samples
was measured using a turbidimeter (Eutech Instruments, TN-100,
Singapore). By employing the HACH Standard Method 8000 for
Low Range COD and digestion technique, the COD value of the
water samples was determined using a spectrophotometer (HACH,
DR3900, USA). The TDS value of water samples was measured
using a benchtop conductivity/TDS meter (Jenway, Model 4510,
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Fig. 1. Cross-sectional morphologies of membranes.

UK) while the pH value was measured using a portable pH meter
(Mettler Toledo, LP115 pH meter, USA). The water sample quality
assessment test was repeated three times for each membrane sample
and the readings were averaged to a mean value.

2.6.3. Removal of bacterial from Klang River and Kelana Lake
water by filtration

The bacterial removal performance by filtration between mem-
branes P1 and P4 was compared using lake and river water samples.
200 mL of water sample was filtered across both membranes (P1
and P4) at 1 bar in the sterilized dead-end cell. Spread plate count
was conducted on the permeate based on APHA Standard Methods
9215C. A dilution factor of 10X was applied before 200 uL of
the sample was spread on the sterilized agar. The agar plates
were sealed with parafilm and incubated at 37°C for 48 h. The
number of bacteria colonies formed on the agar plate was observed
and recorded.

3. Results And Discussion

3.1. Membrane Characterization

3.1.1. Cross-sectional morphologies

The SEM images in Fig. 1 demonstrate the cross-sectional mem-
brane morphologies at 750%. As can be seen, the fabricated mem-
branes displayed an asymmetric structure with a finger-like top
sublayer connected to a bottom sublayer containing macrovoids.
Membrane P1 is very dense and packed while the pore channels
in the top sublayer were blocked probably due to a delayed demixing
process [31]. Thus, membrane P1 was forecasted to have lower

m § UTARSSENYS 0kv 5 4mm 7

water permeability and separation efficiency. For membrane P2,
a thicker skin layer and evenly distributed pore channels could
be observed. The hydrophilic PVP induced thermodynamic in-
stability in the casting solution to speed up the demixing process
and formed larger macrovoids in the porous bottom sublayer [32].
The finger-like structure of the membranes P2, P3 and P4 are
well distributed as compared to that of membrane P1 (pure PES).
Hence, it was believed that the former membranes would exhibit
better rejection performance than the latter. On top of that, no
significant difference in bulk morphology among membranes P2,
P3 and P4 can be visually noticed. This is because the modification
was only carried out on the surface of the resultant membrane
without altering the bulk structure of cross-section.

3.1.2. Surface morphologies

The FESEM images in Fig. 2 illustrate the membranes' surface
morphologies at 10,000 X. Membrane P1 displays irregular pore
sizes on the surface with several huge pores, which probably ac-
counts for poor rejection. By blending 6% of PVP into membrane
P2, the pore agent regulated pores formation, minimizing the range
of pore sizes but increasing the surface pore density. By having
diminished pore sizes and the absence of huge pores, membrane
P2 is expected to show higher separation efficiency.

During membrane modification, the dopamine monomers oxi-
dized on the membrane surface via multiple interactions such
as covalent bonding, hydrogen bonding and p-p stacking [9]. A
continuous PDA film was formed on the membrane surface accom-
panied by several PDA aggregates due to the accumulation and
conjugation of the PDA nanoaggregate. Hence, the PDA film covered
up the surface pores and renders it invisible under the electron
microscope. Upon Ag immobilization, silvery-grey particles were
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Fig. 2. Surface morphologies of membranes.

found on membrane P4. A slight agglomeration can also be observed
due to the copious loading of Ag that blocked the membrane surface.
This phenomenon is expected to negatively affect membrane per-
meation [9].

3.1.3. Membrane elemental composition

The elemental composition of membranes is presented in Table
S2. As membrane P1 was made up of solely PES molecules, only
carbon (C), oxygen (O) and sulphur (S) composition were displayed.
The addition of 6 wt% PVP into membrane P2 shows a minor
composition of nitrogen (N) in the EDX spectrum. As the PVP
molecules have a greater affinity towards coagulant (water) as
compared to solvent (NMP), the PVP molecules leached out from
the casting film during the demixing process [33,34]. Upon PDA
coating, the N composition of membranes P3 and P4 was reported
in the range of 4-5% probably due to the presence of amine func-
tional groups in the PDA coating. The additional Ag element de-
tected in the EDX analysis also justified the successfully immobi-
lized Ag on membrane P4.

3.1.4. Static water contact angle

Static water contact angle measurement was performed and the
membrane P1 that made of semi-hydrophobic PES material ex-
hibited a contact angle of 73.73° = 0.61°. By introducing 6% of
PVP into the casting dope, its contact angle was reduced to 68.16°
+ 0.37° (membrane P2). This could be explained by the trapped
PVP had formed an integral part of the membrane matrix, thus
reducing surface hydrophobicity [35]. Some researchers also re-
ported that water-soluble polymers like PVP would induce swelling
in the membrane, thus increasing surface porosity [34]. The higher
surface porosity of the membrane has resulted in a lower static

water contact angle [36,37]. By forming a continuous PDA layer
on membrane P3, the hydrophilic groups (-OH and —-NH-) func-
tional groups [15,16] reduced the contact angle to 61.94° + 0.59°.
On top of that, the presence of Ag aggregates on membrane P4
further minimized the contact angle to 59.75° = 0.55° It could
be explained that the immobilized Ag particles are having a great
affinity towards water molecules while the formation of Ag ag-
gregates would increase surface roughness to facilitate the deposi-
tion of water molecules on the membrane [9,13]. Based on Wenzel’s
model, adding surface roughness would enhance wettability caused
by the chemistry of the surface [38], which is the immobilized
hydrophilic Ag. On top of that, PDA coating and Ag immobilization
would increase total surface energy due to an increase in polar
components on the modified membrane surface [13]. As a result,
the membrane P4 has demonstrated the lowest static water contact
angle.

3.2. Performance Evaluation of Membranes

3.2.1. Filtration performance of fabricated membranes

Table 1 shows the filtration performance of the fabricated
membranes. The PWP of a neat PES membrane P1 was recorded
at 27.16 + 2.27 L. m?>h™.bar" while its HA rejection was reported
at 77.81 = 1.52%. The addition of 6% PVP into membrane P2
has increased its PWP by more than threefold compared to mem-
brane P1. Research has reported that adding PVP would increase
membrane porosity and, therefore improve membrane permeability
significantly [32,37,39]. This is because the incorporation of hydro-
philic PVP would allow more water molecules to be pulled and
upheld to the permeate side through membrane pores and thereby
increase water permeability [25]. However, the increment of mem-
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Table 1. Filtration Performance of the Fabricated Membranes

Membrane PWP (L.mZh™.bar?)
P1 27.16 = 2.27
P2 89.86 + 5.64
P3 25.83 = 2.16
P4 10.66 = 0.70

brane PWP does not compromise membrane rejection performance.
The addition of PVP increased the total concentration of the polymer
in the dope and yielded the formation of a membrane with uniform
pore sizes [40], which can be observed from the FESEM images.
Hence, the PVP-added membrane P2 was found better in rejecting
HA along with higher permeance than the neat membrane P1.

The oxidation of dopamine monomers has formed a continuous
PDA film on membrane P3, significantly reducing water perme-
ability but improving membrane rejection. This is because the
PDA nanoaggregates were anchored to the membrane surface via
a strong physical bonding (- interaction) and resulted in pore shrink-
age with the in situ formation of a thin PDA layer. The membrane
P3 has demonstrated slightly higher HA rejection when compared
with the PDA-coated polyvinylidene fluoride membrane designed
by Saraswathi et al. [14]. Furthermore, the immobilization of silver
particles probably blocked surface pores and deteriorated PWP.
The Ag" ions also caused oxidation of the residual catechol group
which facilitated the self-crosslinking of the PDA nanoaggregates.
Although flux was negatively affected, the membrane tended to
have greater rejection capability, recording HA rejection of 95.14
+ 0.53%. The result bears comparison to the rejection performance
reported for Ag/PDA-coated cellulose acetate [41] and also other
thin film composite membranes, such as the TiO,/Pebax coated
PSf+PES [40] and graphene oxide-incorporated 5PES membrane
[42].

FRR test was studied to examine the antifouling capability of
fabricated membranes. The FRR of the control membrane P1 is
reported at 65.72%. By blending 6% of PVP into the dope solution,
the fabricated membrane P2 only shows 1% of FRR improvement,
which indicates that the pore-forming agent has minimal effect
on membrane antifouling properties. Upon PDA coating, the wett-
ability of fabricated membrane P3 improved significantly alongside
FRR. It was believed that the hydrophilic surfaces could create
a hydrated layer to prevent the adsorption of foulant [29]. Besides,
the formation of PDA film on the membrane surface might reduce
the pore sizes and lead to the creation of a smoother surface,
which improves the antifouling properties of the fabricated
membrane. Upon Ag immobilization, the FRR of membrane P4
was further improved to 92.17% owing to enhanced membrane
wettability that minimized the interaction between HA foulant
and membrane surface. Researchers opined that water might tightly
hold in the vicinity of hydrophilic Ag to form a hydrated layer
to hinder HA adsorption [40]. Since the HA could only reversibly
contact the membrane, the HA fouling could easily be eliminated
by washing and therefore could achieve higher FRR. It is worth
mentioning that our membrane P4 showed a slightly higher HA
rejection than PDA-coated membranes designed by other re-
searchers [43,44]. Besides, the FRR performance of membrane
P4 also bears a comparison with other Ag-incorporated membranes

HA Rejection (%) FRR (%)
77.81 = 1.52 65.72
86.93 = 2.13 66.67
92.40 = 1.61 79.00
95.14 + 0.53 92.17

[45] and Ag/PDA-coated membranes [15,20] when applied for BSA
removal.

3.2.2. Antibacterial activity of the fabricated membranes

To evaluate the antibacterial activity of the fabricated membranes,
the bacterial diffusion inhibition zone test was conducted and
the results are shown in Fig. S2. A clear ring with no bacteria
growth would confirm the bacteriostatic effect of the fabricated
membrane. From the figure, E. coli bacteria infected the vicinity
of the membrane coupon of P1, P2 and P3. In comparison, a clear
ring without bacterial infection was observed around membrane
P4, which signifies excellent antibacterial properties possessed
by the Ag-immobilized membrane. It was believed that Ag* ions
had diffused into the agar and inhibited the growth of microbes
surrounding membrane P4. Besides, the released Ag” ions entered
the bacterial cell, bonded to DNA bases and inhibited DNA repli-
cation process [21]. This had prevented bacteria from dividing
and contributed to a bacteriostatic effect. The inhibition ring diame-
ter was measured at three random spots and averaged to be 22.8
mm, which is slightly larger than 21 mm reported for Ag/polyether
ether sulfone membrane [46].

From the SEM images in Fig. 3, bacteria cells infected membranes
P1, P2 and P3. It is clearly shown that the pure PES membrane
P1 and PVP-added membrane P2 do not exhibit antimicrobial
activity. Besides, the viable bacteria cells on membrane P3 also
justified that PDA coating did not impart an antibacterial effect.
In comparison, the E. coli cells were killed and the cell membrane
ruptured upon contact with the immobilized Ag on membrane
P4. Sile-Yuksel et al. [47] opined that the biocidal capacity of
Ag is strongly dependent on the accessibility of bacteria cells
to Ag particles. In this experiment, the direct contact between
E. coli and Ag caused the cell membrane to collapse, followed
by cell decomposition and eventually cell death. Ag has interacted
with the surface of bacteria cells, allowing the formation of holes
and consequent leaking of intracellular contents [48]. Upon com-
parison, it is evident that membrane P4 shows a bactericidal effect
due to Ag incorporation on the PDA-coated membrane.

3.2.3. Long-term stability test of Membrane P4

Silver leaching analysis was performed to examine the stability
of the immobilized Ag on membrane P4 for long-term filtration
purposes. The concentration of Ag in permeate was determined
by using ICP-OES at different time intervals and the results are
displayed in Fig. S3. At the beginning of the experiment (t=0),
the Ag concentration was detected at 0.054 ppm. It was believed
that the hydraulic pressure on the membrane might cause the
freely-bound Ag to leach out easily during the initial filtration
process. The amount of released Ag in permeate was reduced
to 0.020 ppm at 6 h and eventually dropped to 0.009 ppm after
12 h of filtration. The leaching of Ag became slow and steady
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in the next 36 h by contributing around 0.005 ppm of Ag in the
permeate. Such concentration is far below the guideline limit of
0.1 ppm for safe drinking water recommended by the World Health
Organization (WHO).

The literature has reported that hydroxyl groups would polymer-
ize and create a strong bonding between PDA and membrane surface
[13]. This physical bonding would facilitate a high level of PDA
binding on the membrane and minimizes the delamination of
the PDA coating. On top of that, catechol groups of PDA show
a strong affinity towards Ag. The strong reduction capability of
the catechol group would reduce Ag” ions, anchor metallic Ag”
on the membrane surface to improve structural stability [49].
Despite the Ag leaching can be governed by Egs. (6) and (7), Ag
formed via catechol redox chemistry is not sensitive to oxygen
and therefore could suppress it from leaching. Long-term stability
and safe operation of the Ag/PDA/PES+PVP membrane in a pro-
longed filtration process can be guaranteed.

4Ag’ + 02 - 2A2:0 (6)

2Ag:0 +4H' - 4Ag" + 2H0 ”)

3.3. Performance Evaluation of Membrane P4 using Surface
Water Samples

3.3.1. Total flux decline

The filtration performance of membrane P4 was examined using
water samples collected from Kelana Lake and Klang River. The
neat PES membrane P1 is also adopted in this experiment to act
as a control and to outline improvements granted by membrane
modifications. Table 2 shows the water flux and percentage of
TFD of the membranes after filtration. A lower percentage of TFD
indicates that the membrane possesses better flux-decline resist-
ance properties [30]. The control membrane P1 exhibited a high
percentage of TFD at approximately 50% upon treating surface
water samples. In contrast, the membrane P4 shows a much lower
flux decline after filtration, probably due to its enhanced membrane
wettability. The hydrophilic PDA coating could generate a tightly
bound water layer on its surface, for which the repulsive hydration
force would prevent the adsorption of hydrophobic foulants in
the water sample [50]. This reduced the likelihood of membrane
fouling thus rendered a steady flux during membrane filtration.
Nevertheless, the immobilized Ag disinfected microorganisms on
the membrane surface, suppressing the formation of biofilm and

Fig. 3. SEM observation of incubated bacteria on membranes.

Table 2. Membranes Water Flux and TFD upon Treating Surface Water Samples

Lake Water River Water
Membrane Pm?Lleé_lzt(;I‘_lflux Permeate Flux TFD Permeate Flux TFD
T (L.m2h™) (%) (L.m%h?) (%)
P1 27.16 = 2.27 13.15 = 1.76 51.59 13.67 = 1.79 49.67
P4 10.66 = 0.70 9.03 += 0.45 15.26 8.71 = 0.54 18.34
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Table 3. Water Quality Assessment for Lake Water

P.
arameters Permeate (mg/L)

P1 (Neat PES)

P4 (Ag/PDA/PES+PVP)

Removal (%) Permeate (mg/L) Removal (%)

TSS (Feed = 74.0 mg/L) 43.90 £ 1.75 40.68 = 2.37 36.77 = 2.21 50.32 = 2.99
Turbidity (Feed = 31.8 NTU) 2.80 = 0.19 NTU 91.18 * 0.59 NTU 0.75 = 0.29 NTU 97.63 * 0.93NTU
COD (Feed = 66 mg/L) 21.33 = 3.21 67.67 = 4.87 14.0 = 1.00 78.79 £ 1.52
TDS (Feed = 103.74 mg/L) 86.01 = 4.12 17.09 = 3.97 75.88 = 4.96 26.86 = 4.78
pH (Feed = 5.04) 5.75 = 0.04 6.34 = 0.06

Table 4. Water Quality Assessment for River Water

P1 (Neat PES)

P4 (Ag/PDA/PES+PVP)

Parameters Permeate (mg/L) Removal (%) Permeate (mg/L) Removal (%)
TSS (Feed = 71.5 mg/L) 27.17 = 0.86 62.00 = 1.20 19.80 = 1.67 72.31 * 2.34
Turbidity (Feed = 70.0 NTU) 3.05 * 0.78 NTU 95.63 = 1.11 NTU 0.99 = 0.45 NTU 98.58 = 0.63NTU
COD (Feed = 22 mg/L) 15.67 = 1.53 28.79 = 6.94 7.67 = 0.58 65.15 = 2.62
TDS (Feed = 94.12 mg/L) 73.12 = 2.05 22.32 = 217 65.44 = 3.69 30.47 = 3.92
pH (Feed = 5.68) 5.76 = 0.23 6.46 = 0.04

mitigating biofouling [48].

3.3.2. Water samples quality assessment

Tables 3 and 4 show the water parameters of Kelana Lake and
Klang River water samples along with the quality of permeate
produced by control membrane P1 and modified membrane P4.
In general, membrane P4 shows higher TSS, turbidity, COD and
TDS removal than membrane P1. Higher contaminant removal
could be attributed to several reasons. From Fig. 2, the addition
of PVP significantly minimized pore size distribution and sup-
pressed the formation of huge pores. The formation of continuous
PDA film covered up membrane pores and resulted in pore shrink-
age [9]. During Ag immobilization, Ag" ions also triggered
self-crosslinking of the PDA nanoaggregates in the PDA layer and
further improved membrane rejection performance.

As TSS are suspended particulates with size > 0.45 um, mem-
brane P4 with a more even pore size distribution could improve
the TSS removal rate by 10% for both surface water samples com-
pared to membrane P1. For turbidity investigation, the initial values
of lake and river water were reported to be 31.8 NTU and 70
NTU, respectively. This shows that river water contained more
suspended and dissolved particles (e.g., organic matter, algae and
microscopic organisms) than lake water, which scattered light
and turned water cloudy. Upon filtration, lake and river water
permeates released from both membranes P1 and P4 achieved
more than 90% of turbidity removal. It is worth mentioning that
the turbidity of the permeate generated by membrane P4 is similar
to the turbidity value of a tap water sample in Kuala Lumpur,
which is 0.86 NTU [51]. The superior performance could be attrib-
uted to the PDA coating that covered up membrane pores and
enhanced particulates rejection by molecular sieving.

The initial COD of lake water feed was much higher than river
water probably due to the presence of high algae content as observed
in the greenish lake water sample. Upon filtration, high COD re-
moval was achieved by both membranes in treating lake water
since the suspended algae could be easily removed by molecular
sieving. In contrast, the COD removal from river water by membrane

P4 was much higher than by membrane P1. It was believed that
the PDA coating and Ag immobilization improved the separation
efficiency of the membrane to retain more organic matter that
caused COD in river water. From the tables, both membranes
achieved a fair result in removing TDS from surface water samples.
This was a norm as TDS was mainly composed of dissolved ions
[52] which is not favourable to be removed by the PES membrane,
similar to the literature that reported 23.5% of NaCl rejection using
PES membrane [53]. Comparing membrane P1, membrane P4 shows
higher TDS removal from the lake and river water samples by
approximately 10% and 8%, respectively. This could be due to
the blocked pores in membrane P4 that improved solute rejection.

The measured pHs of the lake and river water samples were
5.04 and 5.68, respectively. A pond with a pH value less than
6 might result in a stunted, reduced or even absence of fish pop-
ulation, which greatly affects the ecosystem. Upon filtration, the
pH value of lake water permeates produced by the membrane
P1 was changed from 5.04 to 5.75. The increment was much more
significant after utilizing membrane P4 where the permeate pH
value was increased from 5.68 to 6.34. Similarly, the pH values
of river water also increased to 5.76 and 6.46 upon filtration using
control membrane P1 and membrane P4, respectively. This shows
that acidic pollutants have been effectively removed by the mem-
brane P4 owing to the coating of PDA and Ag immobilization.

3.3.3. Removal of bacterial from Klang River and Kelana Lake
water by filtration
The bacterial removal performance of neat PES membrane (P1)
and modified Ag/PDA/PES membrane (P4) were compared. A dilu-
tion factor of 10 was applied for both lake and river water samples
before incubation. The results are illustrated in Fig. 4. It can be
seen that bacteria colonies presented in lake and river water feed
were unquantifiable. Upon filtration using the control P1 mem-
brane, the bacteria colonies were slightly reduced but still consid-
ered too numerous to count (>300 colonies per plate). Low bacteria
rejection was probably due to the presence of extraordinarily huge
pores which significantly deteriorated the molecular sieving effect
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Feed

P1 (Control)
b

P4 (Ag/PDA/PES+PVP)

P4 (Ag/PDA/PES+PVP)

Fig. 4. Bacteria content in (a) Kelana Lake water sample and (b) Klang River water sample.

of membrane P1. In contrast, only 4 colonies formed on the agar
plate containing lake water permeate produced by modified mem-
brane P4. Approximately 25 colonies were observed in the river
water permeate for modified membrane P4. It should be noted
that the colonies presented in both permeate were considered
too few to count (<30 colonies per plate).

From this experiment, the modified membrane P4 (Ag/PDA/
PES+PVP) possessed excellent bacterial removal performance over
membrane P1 (neat PES). The immobilized Ag and the leached
Ag" are a non-specific antibacterial agent that acts against a wide
range of microorganism upon contact [15]. However, complete
elimination of microbes is not possible because Ag might not be
accessible to certain bacterial cells [54]. Furthermore, the working
environment where permeate was collected might have micro-
organisms contamination, which is generally unavoidable.

4. Conclusions

In this study, four membrane samples were produced, namely
PES (P1), PES+PVP (P2), PDA/PES+PVP (P3) and Ag/PDA/PES+
PVP (P4) membranes. All samples were characterized using SEM,
FESEM, EDX and contact angle goniometer to investigate the
cross-sectional morphology, surface morphology, elemental com-
position as well as the wettability of the membranes. For the HA
rejection test conducted at 1 bar, the pure PES membrane (P1)
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removed 77.81% of HA with 65.72% of FRR. Incorporation of
6% PVP into membrane P2 improved HA rejection to 86.93%
but showed minimal effect on membrane antifouling properties.
In contrast, the PDA coating on membrane P3 significantly im-
proved HA rejection and FRR to 92.40% and 79.00%, respectively.
Upon Ag immobilization, the HA rejection was enhanced to 95.14%
while FRR was improved to 92.17%. Nevertheless, the membrane
P4 (Ag/PDA/PES+PVP) demonstrated excellent bacteriostatic and
bactericidal capability in the antibacterial activity tests. The cat-
echol groups in PDA strongly anchored Ag to minimize its leaching,
thus the amount of Ag detected in the permeate throughout the
filtration process was maintained below the maximum Ag con-
tamination limit of 0.1 ppm in drinking water affixed by WHO.
The membrane P4 also showed higher contaminant removal (TSS,
turbidity, COD and TDS) and lower TFD as compared to control
membrane P1 in treating surface water samples. Last but not least,
the membrane P4 demonstrated excellent bacterial removal per-
formance to justify its practical application in treating bacteria-con-
taminated surface water samples.
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Nomenclature
Ag Silver
BSA Bovine serum albumin
CFU Colony-forming unit
COD chemical oxygen demand
Gy HA concentration of permeate
Gy HA concentration of feed
EDX Energy-dispersive X-ray analysis
FESEM | Field emission scanning electron microscope
FRR Flux recovery rate
HA Humic acid
ICP-OFS ir}l);h:;t;xgeli; yCoupled plasma-optical emission
MF Microfiltration
NOMs Natural organic matters
PAN Polyacrylonitrile
PDA Polydopamine
PEI Poly(ether imide)
PES Polyethersulfone
pPVP Polyvinylpyrrolidone
PWP pure water permeability
RO Reverse osmosis
BRua HA rejection percentage
SEM Scanning electron microscope
TDS total dissolved solids
TSS total suspended solids
UF Ultrafiltration
Juwi initial water flux
Juz water flux of the regenerated membrane
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