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1. Introduction

Dual-functional tannic acid-infused AgNPs-PVDF
membranes via coagulation methods: an
integrated study on antibacterial and antifouling
performances for oil-in-water separation

Irshad Kammakakam, €2 *@ |shfaq Showket Mir,°° Nadeem Baig, 2 * Ali Riaz® and

Younés Messaddeq®

Recently, the development of dual-functional surfaces combining antibacterial and antifouling properties
has remarkably gained significant attention in membrane separation technologies, particularly for oil-in-
water separations. Herein, we present a novel approach to synthesizing PVDF mixed matrix membranes
using the phase inversion process, with different concentrations of tannic acid and silver nitrate via the
coagulation bath method of fabrication, a naturally inspired tannic acid (TA)-based green chemistry
strategy to facilitate the simultaneous benefit of combining high antifouling ability as well as antibacterial
activities. A controlled approach for the in situ incorporation of AgNPs into the mixed-matrix membrane
was successfully achieved using an active coagulation bath. We have specifically focused on the various
concentrations of TA in the membranes to serve as a multifunctional component via an exclusive
coagulation method of fabrication, which further enables integration and dispersion of AgNPs into the
PVDF matrix. As such, five different membranes (M-1 to M-5) with distinct amounts of TAs were
prepared and investigated for their structural properties, primarily antibacterial activities and separation
performances, including pure water flux in cross-flow filtration and rejection of an oil-in-water
emulsion. The M-2 and M-3 membranes, containing moderate amounts of tannic acid, demonstrated
superior rejection and flux recovery with more than 90% oil-in-water emulsion. These membranes also
exhibited optimized performance in antifouling resistance when tested with synthetic natural organic
matter (NOM) solutions. Most interestingly, all the membranes showed extraordinary antibacterial
properties against E. coli when tested with the disk diffusion method. Overall, the unique surface
chemistry obtained by synergistic effects of the TA-AgNPs combination resulted in enhanced
performance of these membranes toward superior antibacterial and desirable antifouling properties,
yielding new PVDF matrix candidates for advanced oily wastewater treatments.

revolutionized various industries, from desalination to waste-
water treatment. Among the diverse array of membrane materials

Membrane technology has emerged as a cornerstone in water
treatment and purification processes, offering a versatile and
efficient approach to address global water scarcity and contam-
ination challenges.'™ The ability of membranes to selectively
separate contaminants from water at the molecular level has
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available, polyvinylidene fluoride (PVDF) has gained significant
attention due to its exceptional chemical resistance, thermal
stability, and mechanical strength.”® These properties make
PVDF membranes particularly suitable for applications in harsh
environments and for treating complex water streams.” However,
despite their numerous advantages, PVDF membranes are not
without limitations, primarily stemming from their inherent
hydrophobic nature."

The hydrophobicity of PVDF membranes presents several
challenges that hinder their widespread adoption and long-
term efficiency in water treatment applications."’ Foremost
among these is the issue of membrane fouling, a phenomenon
where contaminants adhere to the membrane surface or
become entrapped within its pores, leading to a significant

© 2025 The Author(s). Published by the Royal Society of Chemistry
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decline in permeate flux and separation efficiency over
time."®™* This fouling problem is particularly pronounced when
dealing with oily waters or solutions rich in organic matter, as
these substances have a strong affinity for hydrophobic surfaces.
Additionally, the hydrophobic character of PVDF membranes
results in lower water permeation rates compared to their
hydrophilic counterparts, necessitating higher operating pres-
sures and consequently increased energy consumption.'®'®
These limitations not only reduce the overall performance of
PVDF membranes but also escalate operational costs and main-
tenance requirements in water treatment facilities.

To address these challenges, researchers have explored var-
ious strategies to enhance the performance of PVDF membranes.
Surface modification techniques, such as plasma treatment,
grafting, and coating, have been extensively investigated to
impart hydrophilicity to the membrane surface, thereby improv-
ing its antifouling properties and water permeability.'” ">
Another promising approach involves the incorporation of nano-
particles, such as TiO,, ZnO, and Ag, into the membrane matrix
or surface to confer additional functionalities like photocatalytic
activity, antimicrobial properties, and enhanced mechanical
strength.”*” Several studies have reported the grafting of zwit-
terionic polymers onto PVDF membranes, which significantly
improved their resistance to organic fouling.”®** However, the
long-term stability of these grafted layers in harsh chemical
environments remains a concern.* Similarly, some studies have
investigated the incorporation of graphene oxide nanosheets
into PVDF membranes, which enhanced their antifouling prop-
erties against oil emulsions.*"*> While effective, the potential for
nanoparticle leaching and its environmental impact requires
further investigation.

Another strategy that has gained attention is the development
of composite membranes.>*™** A recent study fabricated a PVDF/
TiO, composite membrane with photocatalytic properties,
demonstrating improved flux recovery and organic matter degra-
dation under UV irradiation.>® However, the application of this
technology is limited by the need for an external light source and
the potential formation of harmful byproducts during the photo-
catalytic process. Membrane surface patterning has also been
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explored as a means to reduce fouling.>**” A study investigated
micro-patterned PVDF membranes that exhibited enhanced
antifouling performance due to improved hydrodynamics
at the membrane surface.*®*° Despite these promising results,
the scalability of such precise surface patterning techniques for
large-scale membrane production remains a significant
challenge.

On the other hand, contaminants in oily wastewater contain
not only complex organic matter but also various bacteria,
which are detrimental to the membranes as they form biofilms
and cover the surfaces of the membrane partially or even com-
pletely, leading to a significant depletion of flux.*>*' Therefore,
the fabrication of a high-performance membrane matrix ideally
requires an offering of both extraordinary antifouling and anti-
bacterial performance in oil/water emulsion separations. There
have been various studies introducing metallic or non-metallic
nanomaterials to disrupt bacterial growth and inhibit the for-
mation of biofilms on the surface of wastewater treatment
membranes.*>**> Among them, silver nanoparticles (AgNPs) have
attracted great attention to mitigate the growth of bacteria with
strong anti-bacterial activity, mainly used for biomedical applica-
tions. Nevertheless, oily wastewater treatment demands relatively
green chemistry pathways in separation and purification technol-
ogy. Keeping this in mind, utilizing a nature-inspired biomacro-
molecule such as tannic acid (TA) acting as both an anti-bacterial
and a potential reducing agent for the synthesis of silver nano-
particles could be a better option.*® Furthermore, it is already
evident that tannic acid contributes to the enhancement of
hydrophilicity of polymeric membrane matrices, making dual
functional TA/Ag nanoparticle-based fillers for enhanced oil-in-
water separation applications while simultaneously providing
anti-bacterial and antifouling performances (Fig. 1).

Given the above-mentioned persistent challenges, this study
exclusively investigates the development of a new approach to
combine the distinct benefits of tannic acid and Ag NPs via a
coagulation bath fabrication method, yielding novel TA/Ag NP-
induced PVDF mixed matrix membranes, anticipating enhance-
ment in antifouling and antibacterial properties while offering
high performances toward oil-in-water emulsion separations.

Oil/Water Emulsion Separation

Live bacterium D;;(,;‘)Xj Dead bacterium Ag nanoparticle / \

/

water () Oil

Fig. 1 Schematic representation of the newly developed tannic acid-infused silver nanoparticle-decorated PVDF membrane explicating superior

antibacterial activities and enhanced oil-in-water separation.
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Scheme 1 Schematic illustration of TA-infused AgNPs PVDF membrane fabrication via the green approach of the coagulation method for oil-in-water

separation.

As such, by utilizing the phase inversion process of TA-impregnated
PVDF with silver nitrate (AgNO;) in the coagulation bath, a unique
and tailored surface chemistry is developed that effectively resists
foulant adhesion while simultaneously exhibiting antimicrobial
activity. On the other hand, according to our previous investiga-
tions, we have also introduced the benefits of polyvinylpyrrolidone
(PVP) as a pore-forming agent in the TA/PVDF matrix, foreseeing
the enhancement of the membrane’s performance by optimizing
its pore structure and distribution. Overall, central to our
approach is the multifunctional role of TA, which not only
contributes to the membrane’s antifouling properties but also
facilitates the integration and dispersion of silver nanoparticles
within the PVDF matrix while enhancing hydrophilicity, as
depicted in Scheme 1. This synergistic combination of TA and
AgNPs is expected to address the dual challenges of organic
fouling and microbial contamination, which are particularly
challenging in the treatment of oily waters and effluents rich in
natural organic matter. This study aims to contribute to the
ongoing efforts in membrane technology by offering a potentially
scalable and effective solution to enhance the efficiency, longevity,
and applicability of PVDF membranes in challenging water treat-
ment scenarios.

2. Materials and methods

2.1. Materials

PVDF-44080 was obtained from Alfa Aesar. AgNO;, polyvinyl-
pyrrolidone (PVP) Mw ~ 40000 and N,N’-dimethylacetamide
were purchased from Sigma Aldrich. All other chemicals were
obtained from commercial sources and used as received.

2.2. Synthesis of mixed matrix membranes

Various PVDF membranes were synthesized using the phase
inversion process. Before the various PVDF dope solutions
were prepared, the PVDF powder was dried overnight at 60 °C.

5590 | Mater. Adv, 2025, 6, 5588-5604

Then, 15% of the PVDF dope solution was prepared by adding
the PVDF powder to dimethylacetamide. 2% PVP was added to
all dope solutions as the pore-forming agent. In preparing the
M-2, M-3, M-4, and M-5 membranes along with PVDF and PVP,
TA was added at 0.2, 0.4, 0.6, and 1%, respectively. All dope
solutions were prepared in an oil bath by heating at 60 °C for
12 hours under continuous stirring. A thin film of the dope
solutions was prepared with the help of a membrane applicator
on a glass plate and immediately dipped into the coagulation
bath for the phase inversion process. For the M-1 membrane, the
coagulation bath consisted of double distilled water, whereas
for the synthesis of the M-2, M-3, M-4, and M-5 membranes, the
coagulation bath consisted of 0.0025 M AgNO; (Table 1).

2.3. Characterizations

The morphology and microstructure of the membranes were
examined using scanning electron microscopy (SEM). Before
imaging, the specimens were mounted on holder stubs and
vacuum-dried for 24 hours. They were then sputter-coated with
gold to ensure conductivity, and SEM images were captured at
an accelerating voltage of 15-20 kV. Imaging was performed
using a Quanta™ 250 field-emission environmental scanning
electron microscope equipped with a Schottky field emission
gun, operating at 10 kv.

FTIR spectra of all membrane samples were recorded on an
Invenio-R FTIR Spectrometer (Bruker Ltd, Canada) equipped

Table 1 Composition of the various PVDF membranes

PVDF Tannic DMA PVP Coagulation
Membranes (%) acid (%) (%) (%) bath (AgNO3)
M-1 15 0 83 2 0
M-2 15 0.2 82.8 2 0.0025 M
M-3 15 0.4 82.6 2 0.0025 M
M-4 15 0.6 82.4 2 0.0025 M
M-5 15 1 82 2 0.0025 M

© 2025 The Author(s). Published by the Royal Society of Chemistry
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with a nitrogen-cooled MCT detector. The spectra were aver-
aged over 64 scans acquired in the wavenumber range of 500-
4000 cm ™" at a spectral resolution of 4 cm ™. The experimental
setup and data recording were managed using OPUS software
(Bruker, USA).

To examine the surface wettability of these membranes,
contact angle measurements were performed at 24 °C in a
video-based contact angle system model FTA200 (First Ten
Angstroms, Inc.) using the sessile drop method. A water droplet
of 0.5 pL was placed on the membrane using a syringe with a
needle diameter of 0.525 mm. Contact angle measurements were
recorded from the software (FTA 32) by analyzing the shape of
the distilled water drop after it was placed over the membranes.

The surface charge of the membranes was evaluated by
measuring the zeta potential using a SurPASS Electrokinetic
Analyzer. The streaming potential was generated by applying a
controlled pressure increase up to 250 mbar across a channel,
which was formed by stacking the membranes between layers
of PTFE film. The background solution used was 10 mM KCl,
with an initial pH of 2. To adjust the pH, precise amounts of
0.1 M HCl and 0.1 M KOH were automatically added to the test
solution. For each pH value, three washing cycles and four zeta
potential measurements were conducted to ensure accuracy.

2.4. Antibacterial tests

The test started with defrosting the 1 mL Eppendorf tube contain-
ing bacterial strains of model Gram negative E. coli (from the
stock stored at —80 °C) by carefully submerging in lukewarm
water for 5 minutes to defrost the contents. At the same time, TSB
(tryptic soy broth) was prepared at 30 g ™" and autoclaved for 15
minutes at 121 °C. After autoclaving, TSB was allowed to cool
down and 10 mL of it was poured into each of 4 test tubes. The
bacterial strains were inoculated in test tubes containing 10.0 mL
of sterile TSB and then cultured in a shaking incubator (37 °C, 230
rpm) for 6 h. In another test tube containing 10.0 mL sterile TSB,
200 pL bacterial solution was subcultured to make the turbidity
equal to 0.5 McFarland (~1.5 x 10° CFU mL™"). The bacterial
cultures were collected after 6 h and were subjected to centrifuga-
tion (4500 rpm, 5 min), with the resultant residue rinsed multiple
times with phosphate-buffered saline (PBS) to yield bacterial
pellets. The membrane samples were pre-drilled with a 5 mm
sterile hole puncher. The obtained round membranes were sub-
jected to UV-sterilization on both sides for 15 minutes.

The M-1, M-2, M-3, M-4 and M-5 membranes were tested for
antibacterial activity against E. coli by the disk diffusion
method. Agar slants were prepared with a concentration of
15 ¢ L " in 30 g L' of LB media spread with 100 uL E. coli
culture and incubated overnight at 37 °C. Post-incubation, the
inhibition zone, which is the area between the radius of the
pellicles, and the distance of the bacterial colonies to the
pellicle centers were observed and measured by averaging
results from three independent experiments.

2.5. Membrane pure water flux

The pure water flux of the membranes was evaluated using a
crossflow filtration unit equipped with a cross-flow assembly,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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which held membranes with an active surface area of 21 cm®.
Prior to flux measurements, the membranes were primed at
2 bar for 30 minutes to stabilize their performance. The pure
water flux was then measured across a range of pressures, from
0.5 bar to 2.5 bar, to assess their behavior under varying
pressure conditions. The permeate was collected and pure
water flux (/, L m~> h™" as unit, abbreviated as LMH) of the
membranes was calculated using eqn (1)

Vv

Jo =
YT Axt

(1)

where V is the volume of permeate collected (L), A is the
effective filtration area (m?®) and ¢ is the time of filtration (h).

2.6. Oil in water emulsion

Surfactant-stabilized oil-in-water (O/W) emulsions were pre-
pared using the previously described method with slight
modifications.*” In summary, 0.2 g of diesel was added to 1 L
of water and stabilized with 0.5 g of SDS. To achieve a stabilized
emulsion, the mixture was vigorously stirred for 24 hours until
a milky-colored emulsion was obtained.

The anti-fouling performance of the membranes was
assessed by filtering a diesel-in-water emulsion using a cross-
flow filtration setup. The evaluation consisted of three filtration
and washing cycles, each lasting 1 hour. Initially, the oil-in-
water emulsion was filtered, and the flux decline was recorded
over the course of 1 hour for each membrane. Following this,
the membranes were flushed and washed with deionized water,
after which the flux recovery was measured by running pure
water through the system for 1 hour. These fouling and wash-
ing cycles were repeated, continuing for a total duration of
6 hours. To determine the anti-fouling aspects of these mem-
branes, two methods were adopted for membrane cleaning.
In the first method, DI water was used to clean the membranes
by cross-flow shear velocity. The PWF of the membranes was
recorded after cleaning with DI water. In the second method,
the same procedure was adopted, except that instead of DI
water, a 0.05 M NaOH solution was used as the cleaning
solution. The reusability of the membranes was evaluated by
calculating the flux recovery ratio (FRR) of the membranes
using the pure water flux.

Jw,

Wn—1

FRR (%) = ( ) x 100% (2)
where J,, and J,,  are the water flux in the nth cycle and (n — 1)th
cycle (LMH), respectively.

The separation efficiency of the membranes for oil in water
emulsions was measured by a TOC analyzer using a non-
dispersive infra-red detector (NDIR) with a supply gas pressure
of 254.0 kPa, and carrier gas flow rate of 150 mL min~'. The
furnace temperature was maintained at 681 °C and the NDIR
temperature set at 65.4 °C. The rejection of the oil in water
emulsion was calculated with the equation:

R=1- (%) x 100% 3)

f
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where C;, and Cy are the TOC concentrations in the permeate
and feed solutions, respectively.

The membrane’s performance stability was continuously
evaluated for 9 hours while separating a 200-ppm oil-in-water
emulsion. The rejection was monitored every hour using eqn (3).

2.7. Organic fouling tests

Organic fouling tests were performed on the best-performing
membranes from oil-in-water emulsion tests (M-1, M-2, M-3)
using a synthetic natural organic matter (NOM) solution. The
synthetic NOM solution was prepared according to established
procedures in the literature. In brief, solutions were made with
50.0 mg of BSA, SA, and HA dissolved separately in 10.0 mM
phosphate buffer (pH 7.00), ultrapure water, and 0.10 M NaOH,
respectively. The pH of the HA solution was adjusted to 7.00
using 0.50 M and 5.00 M HCI to control the ionization of
ionogenic groups. Subsequently, the NOM mixture was pre-
pared by combining 50.0 mg L™" of the BSA, SA, and HA
solutions with a solution of 1.00 mM CacCl, and 7.00 mM NaCl
in ultrapure water in a 1:1 ratio. The fouling experiments were
conducted in the same cross-flow filtration set-up, where the
retentate was circulated back to the feed solution under continuous
stirring in order to minimize the variation in concentration of feed
to the membranes. The NOM solution was run for three cycles of
filtration each lasting for 1 h. The membranes were cleaned in
between the filtration cycles. To determine the anti-fouling aspects
of these membranes, DI water was used to clean the membranes by
crossflow shear velocity. The PWF of the membranes was recorded
after cleaning with DI water. Flux recovery ratio was calculated
using eqn (2).

The NOM content in the feed and permeate solutions was
determined by TOC analyzer using a non-dispersive infra-red
detector (NDIR) with a supply gas pressure of 254.0 kPa, and
carrier gas flow rate of 150 mL min~". The furnace temperature
was maintained at 681 °C and NDIR temperature set at 65.4 °C.
The rejection of NOM was calculated with eqn (3).

3. Results and discussion

The initial discussion centers on the synthesis methods of
mixed matrix membranes, followed by their functionalization
with tannic acid and AgNPs. Subsequent sections delve deeper
into the membrane morphology, physicochemical, and anti-
bacterial properties of the membranes, concluding with an
analysis of their permeation properties, fouling behavior, and
effectiveness in rejecting organic foulants.

3.1. Fabrication and surface morphology characterization of
TA-infused AgNP-decorated PVDF membranes.

As outlined in Scheme 1, TA/AgNP composites on a polyvinyli-
dene fluoride (PVDF) matrix membrane were fabricated using a
reduction process involving tannic acid and silver nitrate
(AgNOs3) solution via a coagulation method. In this study, we
have exclusively aimed to utilize the multifunctional benefits of
TA, a nature-inspired biomacromolecule serving both anti-

5592 | Mater. Adv, 2025, 6, 5588-5604
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bacterial activities and superhydrophilic behaviors, which are
directly related to the separation efficiency. It is already evident
that the tannic acid molecule consists of polygalloyl ester chains,
a central core of glucose having multiple ester bonds exhibiting
reduction ability, acting as an ideal reducing as well as stabiliz-
ing agent. Unambiguously, the reaction mechanism for the
formation of AgNPs involves a redox reaction in which TA forms
quinones, disrupting the Ag"/TA complex (Scheme 1).””*® This
leads to the reduction of Ag" ions into Ag atoms, which then
aggregate into clusters, eventually yielding AgNPs through
further cluster growth upon the conversion of hydroxyl groups
of tannic acid into carbonyl groups, enhancing surface absorp-
tion interactions of AgNP n electrons present in the multiple
carbonyl groups.*®

Nevertheless, the whole membrane-modification process
was carried out with green and low-cost reagents under mild
and facile conditions. Considering TA impregnation as a cri-
tical step that determined the subsequent formation of the
AgNPs, the variation in the concentration of TA was controlled
in the dope solution. As such, 15% of the PVDF dope solutions
in DMAc having various weight percentages of TA (0, 0.2, 0.4,
0.6, and 1%) were prepared at 60 °C for 12 hours under
continuous stirring, and a phase inversion process-led fabrica-
tion was then carried out in a coagulation bath consisting of
0.0025 M AgNO; to obtain new TA/AgNPs PVDF membranes.
Hereafter, for convenience’s sake, according to the amount of
TA, each TA/AgNP PVDF membrane was named M-1, M-2, M-3,
M-4, and M-5, respectively. At the same time, it is noteworthy
that for the M-1 membrane, the coagulation bath was
composed of simple double distilled water to yield pristine
PVDF matrix membrane to compare the separation and anti-
bacterial performances of the newly designed TA/AgNPs PVDF
matrix membranes.

The surface morphology, cross sections, and microstructure
of the newly developed TA/AgNPs-PVDF membranes were
further analysed using scanning electron microscopy (SEM),
as shown in Fig. 2. The membranes exhibited the characteristic
structure of a polymer film formed via the phase inversion
process.’®> The incorporation of AgNPs into the modified
membranes was confirmed through energy-dispersive X-ray
spectroscopy (EDX) and elemental mapping (M2-M5). Notably,
the weight percentage of AgNPs increased from 0.16% to 2.46%
from M2 to M5, indicating a direct correlation between tannic
acid (TA) concentration in the dope solution and the AgNP
loading within the membrane matrix. Since the Ag" concentration
remained constant in the coagulation bath, the variation in AgNP
content was primarily influenced by the TA concentration.

The diffusion behavior of AgNPs within the membrane
matrix can be attributed to two key mechanisms: (a) solvent
and non-solvent diffusion and (b) the reduction of Ag" ions into
AgNPs. Tannic acid regulates these processes, ultimately influen-
cing the membranes’ performance in oil/water separation appli-
cations. During phase inversion, a dense surface layer rapidly
formed upon immersion of the thin film into the coagulation
bath, driven by the rapid outward diffusion of the solvent.>® As a
hydrophilic agent, tannic acid facilitated the inward diffusion of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2
and (m-o0) M5.

the non-solvent-containing Ag" ions. Consequently, higher TA
concentrations enhanced non-solvent diffusion, promoting
greater Ag' migration into the PVDF matrix. The subsequent
reduction of Ag" to AgNPs by tannic acid further increased the Ag
content within the membrane, explaining the observed rise in Ag
weight percentage from 0.16% to 2.46% in M2-M5.
Additionally, at higher TA concentrations, reduced TA mobi-
lity led to a greater accumulation of AgNPs on the membrane
surface. This was primarily attributed to hydrogen bonding
interactions between TA and polyvinylpyrrolidone (PVP) in
the casting solution, which induced agglomeration, preventing
a homogeneous AgNP distribution across the membrane.
While membranes with higher TA concentrations demon-
strated enhanced antimicrobial properties for water treatment

© 2025 The Author(s). Published by the Royal Society of Chemistry
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SEM images of the surface and cross-section, along with EDX and elemental mapping of membranes: (a—c) M1, (d-f) M2, (g—i) M3, (j-1) M4,

applications, their increased density potentially reduced per-
meability. This effect was later confirmed through permeability
analysis of different membrane compositions. A higher loading
of tannic acid, which consequently leads to an increased
deposition of AgNPs, results in partial blockage of membrane
pores. Although elevated tannic acid concentrations enhance
the hydrophilicity of the membrane surface, they do not
necessarily promote high permeability. This effect is particu-
larly evident in the SEM surface images of the M4 and M5
membranes, where a significant reduction in surface porosity
is observed (Fig. 2j and m). The densification of the membrane
structure at higher tannic acid concentrations likely contri-
butes to restricted water flow, thereby reducing overall
permeability.
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3.2. Physico-chemical characterization

ATR-FTIR was conducted to demonstrate the successful grafting
of tannic acid and AgNPs on the PVDF membrane, and the result
is shown in Fig. 3a. Compared with M1, the band at 1725 cm ™,
corresponding to the stretching vibration of the carboxyl group
or ketone group of PVP increases with the increase in the
concentration of TA from M-1 to M-5.>* The characteristic band
of the carboxyl group at 1725 cm™ " demonstrated the successful
grafting of TA onto the PVDF membrane surface via the phase
inversion method. The increase in intensity of the peak at
980 cm ™ * with higher concentrations of TA indicates the presence
of more C-O bonds, which are abundant in TA molecules.> This
peak can also be attributed to the CH, rocking vibration in the
a-phase of PVDF. The increase in intensity might suggest changes
in the crystalline structure of PVDF due to interactions with tannic
acid and AgNPs.*® The increase in the intensity of C-H out of
plane bending vibrations at around 750 cm ™" could be related to
the presence of aromatic rings in tannic acid.>

Fig. 3b exhibits the surface charges of membranes with and
without TA. Although the pristine M1 membrane surface is
found to be negatively charged, after the infusion of TA, the
surfaces were more negatively charged because of the phenolic
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hydroxyl groups in TA.”” Interestingly, TA reduced silver ions by
sacrificing some phenolic hydroxyl groups, the  potential of all
modified surfaces did not change dramatically compared with
that of the M1 membrane. All the membranes showed negative
zeta potential at higher pH values due to deprotonation of the
functional groups.>®®° In addition, because the cell walls of
microorganisms normally show negative charges, the modified
surface may result in electrostatic repulsion interactions with
bacteria; this is highly favorable to the formation of an anti-
adhesive membrane surface.®"

As shown in Fig. 3c, the contact angle of the M-1 membrane
was 78.2° and reduced significantly to 53.9° for M-2 in
the presence of TA. The abundance of phenolic hydrophilic
functional groups in TA defined the increase in surface
hydrophilicity.®*®* This finding further validated the grafting
of TA onto the membrane’s surface. Upon Ag deposition and
the subsequent increase in the capture of silver nanoparticles
on the membrane, the contact was further reduced by 36.4°,
21.2°, and 15.2° for M-3, M-4, and M-5, respectively. This also
confirmed that TA and PVP can significantly improve the
hydrophilicity of the membranes. This was because the DMF
solution inhibited the hydrogen bonding of TA and PVP, and

b) s

-204

-25 4

pH

a)
M5
E) M4
S
z M3
"*\\_JuJJ\.A/f‘/ﬁ\‘\_/“\__________ﬁﬁé
A
500 750 1000 1250 1500 1750 2000
Wavenumber cm’
90
c) 80 -
_. 70+
@
2 60+
(=]
c
(]
©
©
€
o
(&)

y - ¥
.

50
40 - w -
30 —-_—
20 —
o I L
0+

M-2

Fig. 3 Physico-chemical characterization of M1, M2, M3, M4, and M5. (a) ATR-FTIR spectra depicting changes in the bands and peak intensities from M1
to M5 with varying concentrations of TA. (b) Contact angle measurements showing a change of hydrophilicity values from M1 to M5. (c) Streaming

potential analysis showing surface charge variation of membranes.
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the polymer had an extended structure in the solution, allowing
it to enter the microporous structure of the membrane and form
a hydrophilic layer on the pore wall. The increase in concen-
tration of TA, which results in the capture of more Ag particles,
was clearly responsible for the enhanced hydrophilicity of the
membrane surface. This property of membranes is a governing
factor for anti-fouling behavior. The more hydrophilic a surface
is, the less it will be prone to the deposition of foulants because
of the formation of a strong hydration layer. The membrane
surface will be easy to clean off and hence the flux recovery of the
membrane will be significantly improved.®>®°

3.3. Anti-bacterial test

As depicted in Fig. 4, the antibacterial activity of all the mem-
branes was investigated using the disc diffusion method, a widely
used technique for assessing antibacterial activity.”” As antici-
pated, M1 did not demonstrate any action against Gram-negative
bacteria (E. coli) as there were no identified inhibition zones,
which are the areas between the radius of the pellicles and the
distances of the bacterial colonies to the pellicle centers. However,
the inhibition zone radius increased from M2 to M5, with M5
showing the highest inhibition zone at 3 mm. This was due to the
fact that Ag* can strongly attract the sulfhydryl group (-SH) on the
protease in the bacterial body, and binds rapidly to it, deactivating
the protease and causing the death of the bacteria.”® The PVDF
membrane achieves excellent antibacterial properties due to the
double bactericidal effect imparted by TA and silver ions.

The antibacterial functionality of the membrane is particularly
advantageous for oil-water emulsion separation, as biofouling
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caused by bacterial colonization is a major challenge in
membrane-based separation processes.®® Bacterial growth on the
membrane surface can lead to biofilm formation, reducing separa-
tion efficiency and shortening the membrane’s lifespan.”® The
incorporation of Ag" ions and TA in the PVDF membrane provides
an antibacterial barrier, effectively inhibiting bacterial adhesion
and biofilm formation. This is achieved through the sustained
release of Ag' ions, which disrupt bacterial cell membranes and
interfere with metabolic processes, as well as the presence of TA,
which further enhances antibacterial activity through its polyphe-
nolic structure and ability to chelate metal ions.”"”*

In aqueous medium with higher organic content such as oil-
water emulsion, the membrane’s antibacterial properties pre-
vent the accumulation of biofilms, which can otherwise lead to
pore blockage and reduced permeance. This is particularly
important for maintaining consistent flux and rejection rates
during prolonged operation. The antibacterial properties of the
membrane also contribute to its self-cleaning ability, as the
inhibition of bacterial growth prevents the formation of bio-
films that can act as a scaffold for the deposition of oil droplets
and other foulants.”"”® This minimizes the need for frequent
chemical cleaning or membrane replacement, thereby reducing
operational costs and enhancing sustainability. This self-
cleaning capability is crucial for maintaining high separation
efficiency and prolonging the membrane’s lifespan.”

3.4. Pure water flux and oil in water emulsion fouling

The pure water flux (PWF) and oil-in-water emulsion flux of
the newly developed TA/AgNPs PVDF matrix membranes were

M-5

Fig. 4 Antibacterial test by the disk diffusion method. The growth of the inhibition zone from M1 to M5, with M1 having no inhibition zone and M5

showing the highest inhibition radius.
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investigated under varying pressures, as depicted in Fig. 5. The analysis of membrane performance for fouling resistance
M2 and M3 demonstrated an increase in PWF because of the with diesel-in-water emulsions revealed interesting trends in flux
optimized pore structure and an increase in the number of decline and recovery across different membrane compositions.
pores by the pore-forming agent PVP. However, M3 and M5 Membranes M1, M2, and M3 demonstrate relatively stable
exhibit reduced PWF compared to other membranes. This performance with moderate flux declines and good recovery
decline in flux can be attributed to the deposition of tannic rates, particularly M2 and M3, which show improved initial flux
acid, which significantly reduces the membrane porosity.”> As and better recovery compared to M1, indicating that low con-
the concentration of tannic acid increases, more AgNPs are centrations of TA enhance membrane performance likely due
captured within the membrane matrix, further blocking the to improved hydrophilicity and antifouling properties.”®””
pores. This pore obstruction substantially reduces the mem- However, a significant drop in performance is observed for M4
brane’s permeability, limiting the overall water flux even with  (0.6% tannic acid) and M5 (1% tannic acid), which exhibit much
the pressure increments. Also, during the reduction of silver higher flux declines and lower flux recovery rates. Optical
ions, the Ag NPs formed near the pores tended to cover some photographs of the oil-in-water separation of the optimum
areas of the pores in the case of M4 and M5; this might haveled membrane are depicted in Fig. 8. The initial PWF for these
to a reduction in the pore diameter. SEM images also revealed a membranes is also lower than that of M2 and M3, indicating
dense membrane surface for M4 and M5. At the same time, the reduced permeability. This decline in performance can be
elemental composition indicated a higher loading of AgNPs in  attributed to the higher TA content leading to pore closure and
the M4 and M5 membranes (Fig. 2). On the other hand, the increased fouling during oil-water emulsion filtration. As the
improvement in the surface hydrophilicity in the case of M2 tannic acid content increases, there is a corresponding increase
and M3 greatly outweighed the reduction in the pore size and in the capture of silver AgNPs on the membrane surface, which
resulted in an improvement in the water permeability of the enhances antibacterial activity. However, this comes at the cost
modified membranes. Therefore, it was obvious that direct TA  of reduced flux and recovery rates. The mechanism behind this
modification combined with the in situ formation of Ag NPs performance drop likely involves the interaction between tannic
was feasible for the modification of membranes without sacri- acid and the membrane structure; at higher concentrations,
ficing water performance at optimized concentrations of 0.2% tannic acid may form a denser layer on the membrane surface
and 0.4%. The PWF increases linearly with pressure; the best and within the pores, leading to pore closure that reduces overall
operating pressure was 2 bar. The rest of the fouling experi- permeability, increased oil adhesion that heightens fouling

ments were carried out at 2 bar. susceptibility, and reduced cleaning efficiency due to altered
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Fig. 5 PWF and fouling with oil in water emulsion for M1, M2, M3, M4 and M5. (a) PWF variation with pressure from 0.5 bar to 2.5 bar. (b) Reversible and
irreversible flux decline for M1 with oil in water emulsion. (c) Reversible and irreversible flux decline for M2 with oil in water emulsion. (d) Reversible and
irreversible flux decline for M3 with oil in water emulsion. (e) Reversible and irreversible flux decline for M4 with oil in water emulsion. (f) Reversible and
irreversible flux decline for M5 with oil in water emulsion.
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surface chemistry.®»** The flux declines, and the recovery rates
for M4 and M5 support these hypotheses, as both membranes
show significantly higher flux declines during oil-water emul-
sion filtration, 55.1% for M4 and 66% for M5 in the first cycle,
compared to M1, M2, and M3. Additionally, their recovery rates
are much lower, indicating persistent fouling that is not easily
removed by washing. Over multiple cycles, this performance
degradation becomes more pronounced; by the third cycle, M4
and M5 show alarmingly high flux declines of 71.4% and 77.8%,
respectively, from their initial PWF, while M3 maintains
relatively stable performance with only a 17.9% decline by the
third cycle. This analysis suggests that there is an optimal concen-
tration of tannic acid for enhancing membrane performance; low
concentrations (0.2-0.4%) appear to improve hydrophilicity and
antifouling properties without significantly compromising perme-
ability, whereas higher concentrations (0.6% and above) lead to
detrimental effects on membrane structure and function, resulting
in severe performance degradation during oil-water separation
(Fig. 6).

The average flux recovery values and oil rejection over three
filtration cycles for membranes M1-M5 showed varying perfor-
mance characteristics across different TA concentrations and
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cleaning methods. When using DI water for cleaning, M2 and
M3 exhibited better flux recovery (85.1% and 84.12%, respec-
tively) compared to M1 (70.5%), M4 (58.5%), and M5 (57.1%).
This trend was further enhanced when using 0.05 M NaOH as
the cleaning agent, with M2 and M3 showing even higher
flux recovery (91.16% and 90.8%), while M1, M4, and M5 also
saw slight improvements (73.63%, 60.86%, and 58.8%, respec-
tively). The better flux recovery when NaOH was used as a
cleaning solution can be attributed to its ability to saponify and
emulsify oil foulants, as well as its capacity to modify the
surface charge of the membrane, leading to decreased adhe-
sion between the membrane and foulants.”® Although no
apparent change was observed during NaOH cleaning, alter-
native cleaning agents should be explored to ensure minimal
impact on the structural integrity of the PVDF membranes.”®
The oil-in-water emulsion rejection for all membranes except
M1 demonstrated high efficiency, with M5 showing the highest
rejection at 95%, followed closely by M2 (93%), M3 (92%), and
M4 (91%). However, it’s crucial to note that while M4 and M5
exhibited higher oil rejection, they were more susceptible
to fouling and showed significantly lower flux recovery rates.
This suggests that the increased TA concentration in these
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Fig. 6 Flux recovery and rejection of diesel-in-water emulsions for M1, M2, M3, M4 and M5. (a) Flux recovery ratio (%) over three cycles of filtration when
DI water was used as a cleaning agent. (b) Flux recovery ratio (%) over three cycles of filtration when 0.05 M NaOH water was used as a cleaning agent. (c)

Rejection (%) of NOM measured in terms of total organic carbon analysis.
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membranes, enhancing oil rejection through increased hydro-
philicity and possibly smaller pore sizes, also led to more
persistent fouling and reduced permeability. In contrast, M2
and M3 achieved an optimal balance, demonstrating high oil
rejection (93% and 92%) while maintaining excellent flux
recovery, indicating better antifouling properties and overall
performance.

3.5. Organic fouling tests with NOM

From the fouling tests with the oil-in-water emulsion, the best-
performing membranes M1, M2, and M3 were further evaluated
for a complex organic foulant stream named NOM. The evaluation
of membranes M1, M2, and M3 for fouling resistance using a
synthetic NOM solution revealed performance trends similar to
those observed in oil-water emulsion tests. M2 and M3 demon-
strated better flux recovery and NOM rejection than M1, high-
lighting their enhanced antifouling properties. The average flux
recovery percentages for M1, M2, and M3 were 64%, 87%, and
85%, respectively, while the NOM rejection rates were 66%, 86%,
and 91%. These results indicate that the membranes, particularly
M2 and M3, exhibited excellent recovery and rejection capabilities
even with complex foulant solutions. The improved performance
of M2 and M3 can be attributed to the optimal concentration of
tannic acid, which likely enhances surface hydrophilicity and
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creates a more effective antifouling barrier.
reports that hydrophilic surfaces typically contribute to forming
a strong hydration layer, which enhances fouling resistance.®"-*>
Tannic acid is rich in hydrophilic groups, such as hydroxyl and
ester linkages. The hydroxyl groups, in particular, facilitate the
formation of a hydration layer through hydrogen bonding with
water, thereby preventing foulant adhesion to the membrane
surface. This performance surpasses several studies reported,
such as polyethersulfone ultrafiltration membranes, which
showed a maximum flux recovery of 71.2% with humic acid
fouling.®* Similarly, a study reported a flux recovery of 76.3% for
polyvinylidene fluoride membranes modified with graphene oxide
in NOM filtration.** Another study reported a maximum flux
recovery of 80% with polyethersulfone membranes incorporating
TiO, nanoparticles for NOM removal.*® The limitations in these
studies often stem from surface modification or suboptimal
hydrophilicity balance. Furthermore, a study reported NOM rejec-
tion of 85% for their best-performing membrane, which falls
short of the 91% achieved by M3 in the current study.*® Also, Liu
et al. demonstrated a flux recovery of 82.5% with their modified
polysulfone membranes in NOM filtration, which is lower than
the performance of M2 and M3.%® The superior performance of
M2 and M3 in the present study underscores the effectiveness of
TA modification in creating membranes with exceptional fouling
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Fig. 7 Membrane performance with synthetic NOM for M1, M2 and M3. (a) Flux decline and recovery profile over three filtration cycles for M1, M2 and
M3. (b) Average flux recovery ratio (%) measured over three filtration cycles. (c) Rejection of NOM measured as the organic carbon content analysis.
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Fig. 8 (a) Long-term operational stability of the M3 membrane during the
separation of an oil-in-water emulsion using a cross-flow filtration system.
(b) Image of the feed and permeate collected at different intervals.

resistance and NOM rejection capabilities, potentially opening
new avenues for advanced and fouling-resistant membrane mate-
rials (Fig. 7).

The M2 and M3 membranes demonstrated the best overall
performance in terms of rejection efficiency, permeability, and
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resistance to fouling. Among them, the M3 membrane was
selected for further evaluation, focusing on its leaching beha-
vior and long-term operational stability.

Ag was incorporated in situ into the membrane matrix with
the assistance of TA, and its leaching potential was assessed
using ICP-OES. The M3 membrane was operated for 1 hour,
after which the permeate was collected and analyzed via ICP-
OES. The results indicated that Ag leaching was below the
detection limit, confirming the stable integration of silver
within the membrane matrix.

To assess long-term performance, the separation efficiency
of the M3 membrane was continuously monitored over a 9-hour
operation in a cross-flow filtration system. Throughout this
period, the membrane consistently maintained high rejection
rates, ranging from 92% to 97% (Fig. 8a). The camera captured
images of the feed and the permeate at different intervals, as
shown in Fig. 8b. A slight increase in rejection was observed
over time, likely due to the gradual accumulation of foulants on
the membrane surface, which may have enhanced the barrier
properties.

To compare the performance of the newly developed TA-
AgNPs-PVDF membranes for oil-in-water emulsion separation,
Table 2 presents a comprehensive comparison of their flux and
rejection capabilities against other reported membrane materi-
als in the literature.

4. Conclusion

This comprehensive study investigated the development and
performance of PVDF membranes modified with varying con-
centrations of TA and AgNPs for enhanced fouling resistance
for oil-water separation and natural organic matter (NOM)
filtration. This study explored incorporating varied concentra-
tions of TA (0% to 1%) to capture AgNPs from AgNO; in the

Table 2 Comparison of TA-AgNPs-PVDF membranes against other explored membranes in the literature

Membrane material Flux (L m 2 h™ ! bar ) Oil in water emulsion rejection (%) Ref.
Commercial PVDF <200 <90 87
PES/cellulose acetate/chitosan 70 98.2-99.5 88
CA-GO composite 45.2 80.1-90.3 89
CA-bentonite composite 53.4 75.0-95.0 89
CA-TiO, composite 100.3 90.3-95.2 89
Polystyrene + Al,O; nanoparticles 146 97.5-97.9 90
Polyamide 66/0-alumina composite 10-30 78.5-99.5 91
PES (commercial UF, MT) 87.4 97 91
PES (commercial UF, XT) 64.0 100 91
PES (commercial NF, NFS) 10.1 99 91
PES (commercial NF, NFX) 10.1 95 91
PA TFC (FILMTEC) 45.8 98 91
PA (GC) 26.1 100 91
Alumina (Al,03) 20-50 90-95 92
SiC-deposited alumina 30-60 95-98 92
Poly(trimethyl hexamethylene terephthalamide) 10-60 4-85 93
Modified ceramic (eggshell, starch) <100 90-95 94
PES + PVP 10-70 79-98 95
PES + bentonite 112-612 90-95 96
PVDF + grafted short chain alkylamines 3-100 60-98 97
TA-AgNPs-PVDF (M2/M3) ~300-400 92-93 This work
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coagulation bath. The morphology of the membranes revealed
that higher TA content led to increased capture of silver
nanoparticles, enhancing the membranes’ antibacterial proper-
ties. Performance evaluation using oil-water emulsions and
NOM solutions demonstrated that membranes M2 and M3,
with 0.2% and 0.4% tannic acid, respectively, achieved an
optimal balance between flux performance, fouling resistance,
and contaminant rejection. These membranes exhibited super-
ior flux recovery rates (up to 91.16% with NaOH cleaning) and
high rejection efficiencies for both oil and NOM. In contrast,
despite high rejection rates, M4 and M5 membranes, with
higher tannic acid concentrations, showed increased fouling
susceptibility and reduced flux recovery. This study also high-
lighted the effectiveness of 0.05 M NaOH as a cleaning agent,
significantly improving flux recovery compared to DI water.
Overall, the research demonstrated that carefully optimized
tannic acid modification can significantly enhance membrane
performance in complex water treatment applications, surpass-
ing several benchmarks reported in the literature.

Future research could further optimize the tannic acid
concentration and investigate these membranes’ long-term
stability and performance under various operating conditions
and with different contaminants.
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