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Abstract: River water can be used as a source of drinking water. However, it is vital to consider the
existence of natural organic matter (NOM) and its possible influence on water quality (low turbidity,
high color). The level of NOM in river water significantly impacts the ecosystem’s health and the
water’s quality, and needs to be removed. A membrane-based approach is attractive for treating
NOM successfully, but is still hindered by the membrane fouling problem. This study aims to develop
polyvinylidene fluoride (PVDF)-based membranes customized for NOM removal from river water.
The anti-fouling property was imposed by a coating of tannic acid (TA) and Fe3+ on the pre-prepared
PVDF membrane. The results show that the TA–Fe coatings were effective, as demonstrated by the
FTIR spectra, SEM, and EDS data. The coatings made the membrane more hydrophilic, with smaller
pore size and lower clean water permeability. Such properties offer enhanced NOM rejections (up to
100%) and remarkably higher fouling recovery (up to 23%), desirable for maintaining a long-term
filtration performance.

Keywords: membrane filtration; polyvinylidene fluoride; tannic acid; antifouling; natural organic matter

1. Introduction

River water can serve as a source of drinking water. However, it is crucial to consider
the presence of natural organic matter (NOM) in river water and its potential impact on the
treated water’s quality. NOM is an intricate mix of organic substances naturally occurring
in the environment, including rivers. NOM consists of various organic compounds such as
humic acids, fulvic acids, and other organic compounds derived from plants, animals, soil,
and microbial activity [1].

The amount of NOM in river water significantly impacts the water’s quality and
the ecosystem’s health. The water’s physical, chemical, and biological characteristics are
impacted by the presence of NOM. NOM, for instance, can affect water’s appearance, flavor,
and odor. It may also impact the movement and eventual fate of other elements in the
water, such as pollutants and nutrients [2]. The presence of NOM in water can also have
implications for disinfection processes. Chlorine, commonly used as a disinfectant, can react
with NOM to form disinfection by-products such as trihalomethanes. Trihalomethanes are
of concern due to their potential carcinogenicity and health risks [3].

Membrane technology has been widely used in the treatment of river water to produce
potable water and other applications. The use of membranes in river water treatment
largely depends on the specific water quality challenges faced and the desired level of
treatment. They can be used at various stages, but commonly after physical treatment as
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the main treatment unit or as the post-treatment to polish the water from the conventional
treatment unit. One of the membrane materials is polyvinylidene fluoride (PVDF). Due
to its durability, biocompatibility, chemical resistance, and insolubility in most organic
solvents, PVDF is a well-liked polymer [4]. The concentration of PVDF used during the
membrane fabrication is one of many variables that can affect its filtration performance [5,6].
PVDF can be blended with other polymers, which can be dissolved in a variety of solvents,
such as N-Methyl-2 Pyrrolidone, Tetrahydrofuran, and Dimethylformamide [5]. However,
the application of water as a green and cost-effective non-solvent in the phase inversion
process for PVDF membrane fabrication requires a hydrophobic polymer that later imposes
an issue of membrane fouling [7].

Due to the hydrophobic nature of neat PVDF membranes, their application for water-
based filtration—including river water filtration—is highly restricted. Fouling is the
buildup of undesirable compounds on the surface of a membrane, which can negatively
impact its effectiveness and performance [8]. Researchers have devised strategies to alter
the hydrophobic PVDF membrane’s surface and make it hydrophilic to overcome its draw-
backs. The authors of references [4,9,10] use chemical grafting, electrospinning, blending
PVDF with other polymers, and coating as their methods.

Coating methods are frequently employed in membrane development to change the
surface characteristics of membranes and enhance their functionality. These methods
entail covering the membrane surface with a thin material layer, improving the mem-
brane’s hydrophilicity, anti-fouling abilities, and water permeability [10]. Several factors
throughout the coating process of membrane formation heavily influence the qualities and
performance of the coated membranes. These factors include layer thickness and density,
coating techniques, interfacial crosslinking, ionic strength, pH, and the choice of coating
materials [11].

One of the more well-known coating materials is tannic acid [12]. It has been shown to
create super hydrophilic and anti-fouling surfaces, high-compatibility polymer/nanoparticle
interfaces, and thin film composite membranes with high permselectivity. Tannic acid can
react with metal ions like Fe3+. Tannic acid/metal complexes are created by the coordina-
tion of phenolic hydroxyl groups with metal ions. Phenolic hydroxyl groups and metal
ions form powerful coordination connections [12].

Tannic acid has been extensively studied for its potential to enhance the anti-fouling
properties of PVDF membranes. Several studies have investigated using tannic acid to
modify PVDF membranes and improve their anti-fouling properties. One study focused
on grafting a zwitterionic polymer brush onto the PVDF membrane surface using UV treat-
ment [13]. The modified PVDF membrane exhibited enhanced ultrafiltration performance
and improved anti-fouling properties. Another study reported the efficient preparation
of a super anti-fouling PVDF ultrafiltration membrane through the one-step sulfonation
of PVDF and polyaniline blend membrane in situ [14]. The addition of self-doped sul-
fonated polyaniline as a zwitterionic polymer improved the anti-fouling property of the
PVDF membrane.

The mechanisms by which tannic acid enhances the anti-fouling properties of PVDF
membranes are not fully understood. However, it is believed that tannic acid can change
the chemical properties of the membrane surface by adsorbing onto the membrane surface
and reducing the water contact angle. This leads to increased hydrophilicity and reduced
fouling propensity. Tannic acid can also form a crosslinking network with other polymers,
such as polyethyleneimine, to strengthen the coating on the membrane surface and improve
its stability [15]. In previous work, tannic acid was assembled directly into the membrane
matrix by blending it with polymer in the dope solution [14,16], and the complex of tannic
acid–Fe3+ was formed in one-step assembly during the phase inversion process. The Fe3+

was dissolved in water as the non-solvent. This one-step assembly was reported effective
in imposing anti-fouling properties, but alters the overall membrane morphologies as well
as imposing swelling vulnerabilities, which lower the permeabilities [16]. To avoid such
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limitations, a multi-step process involving phase inversion for membrane fabrication and
coatings for surface modification was proposed in this study.

The objective of this study is to develop a fouling-resistant PVDF-based membrane
by coating it with tannic acid and Fe3+ at various coating durations. The tannic acid was
expected to act as a hydrophilic agent by incorporating polar groups into the membrane
matrix. At the same time, complexation with Fe3+ would limit the leaching of tannic
acid from the membrane matrix. Such a fabrication method was expected to enhance the
membrane’s hydrophilicity and anti-fouling capabilities in treating river water containing
high NOM concentration. This study presents several notable advantages in comparison
to others. Foremost, it utilized real river water contaminated with a high concentration of
NOM, which provided more realistic data, instead of using model feeds. The approach
of tannic acid coating was also relatively simple and straightforward, and allows rapid
optimization when required in the future.

2. Materials and Methods
2.1. Membrane Preparation and Development

Four membranes were prepared using the phase inversion method, followed by tannic
acid and Fe3+ coatings. Tannic acid (Sigma Aldrich, St. Louis, MI, USA) and iron (III)
chloride hexahydrate (FeCl3·6H2O, Sigma Aldrich, St. Louis, MI, USA) were used as the
coating agents. At the same time, PVDF (average Mw 534,000 by GPC, Sigma Aldrich,
St. Louis, MI, USA) served as the polymer. Distilled water was used as the non-solvent in
the phase inversion process.

The polymer solution was made by mixing PVDF (12 wt. %) and DMF (88 wt. %) at
60 ◦C in a Schott bottle and agitated until homogeneous. In order to prevent membrane
defects, air bubbles were removed from the homogenous solution by letting the solution
idle in a 60 ◦C oven for at least 2 h. The solution was then cast using a casting knife
with a wet thickness of 200 µm on a glass plate, as depicted in Figure 1. The cast film
was immediately placed in a coagulation bath and left for 15 min to complete the phase
inversion. Before being coated, the membrane sheet was trimmed to the dimensions needed
for the filtration cell. The coating solutions included 1 g/L of tannic acid and 0.25 g/L of
Fe3+. The coating procedure involved submersion in the tannic acid solution for a specified
time and then exposure to Fe3+ for a given duration.
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Figure 1. An illustration of the phase inversion technique used to prepare the membrane samples.

The four membrane samples were a PVDF membrane without coating, PVDF-C2.5
with 2.5 min of coating, PVDF-C5 with 5 min of coating, and PVDF-7.5 with 7.5 min of
coating. Up until use, the membrane was kept moist. Due to its low clean water flux,
PVDF-C7.5 was held back for additional testing and characterization. In order to prevent
a considerable difference in the samples’ intrinsic permeabilities (<10%), the clean water
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permeability (CWP) of the pristine sheet was first assessed for the coated samples, and the
clean water permeabilities were ensured to deviate by less than 10% of the pristine PVDF.

2.2. Membrane Properties
2.2.1. Morphology and Elemental Mapping

The membranes’ surface and cross-section pictures were captured using scanning
electron microscopy (SEM, FEI Quanta-250, Thermo Fisher Scientific, Waltham, MA, USA)
for the membrane morphology analysis. Liquid nitrogen was used to freeze-fracture the
samples before testing, and a tiny film of gold was subsequently applied to them. Energy-
dispersive X-ray (EDX) mapping was carried out on the membranes’ surface to glean
insights into the chemical surface distribution. The primary detector was NCTC, with a
serial number of UVA11361. This method made it easier to see and analyze how different
chemical elements were distributed throughout the membrane’s surface.

2.2.2. Surface Chemistry

The membranes’ chemical functional groups and spectrum shifts were analyzed using
Fourier transform infrared spectroscopy (FTIR; PerkinELmer Inc., Waltham, MA, USA),
encompassing a spectral range from 500 to 4000 cm−1.

2.2.3. Surface Hydrophilicity

The hydrophilicity of the membrane surface was assessed by measuring the water
contact angle. Membrane samples were dried in an oven at 50 ◦C prior to measurement.
Distilled water was dropped onto the membrane surface for each measurement. A contact
angle meter (LR-sdc-10, Lonroy Equipment Co., Ltd., Dongguan, China) was used to
measure the contact angles between the membrane surface and the water microdroplet.
Dynamic contact angle measurements were made at ten points every 30 s for 5 min, and this
was done using multiple samples with the results presented as average ± standard deviation.

2.3. Filtration Test

The crossflow microfiltration setup used to assess the hydraulic performance of the
created membranes is shown in Figure 2. The filtration was run at a fixed trans-membrane
pressure of 8 kPa driven by a peristaltic pump (Type KCP600, Kamoer, Shanghai, China)
using a membrane sheet with an effective membrane area of 12 cm2. The filtering process
was carried out continuously, beginning with a 60 min membrane compaction at 8 kPa,
followed by a 60 min filtration test for clean water permeability (CWP) measurement. Then,
the feed was replaced with river water, followed by river water filtration (RWF) for 60 min,
with 10 min of water flushing (WF) and 20 min of subsequent RWF. The incorporation of
WF allowed the assessment of membrane fouling recovery.

The volume of the feed tank was 1 L, and the collected permeate volume in 10 min
was around 0.25–2.5 mL. The permeate volume was measured and collected every 10 min.
After volume measurement, the permeate was returned to the feed tank to allow full
recirculation and maintain the feed condition. A portion of the collected permeate was set
aside for analysis to determine the rejection of NOM. The membrane permeability (L, L/m2

h bar) and NOM rejection (R, %) were calculated using Equations (1) and (2), respectively.
The NOM concentration was indirectly inferred using platinum–cobalt standards and a
photometer (Multiparameter photometer, HI83399, HANNA Instrument, Smithfield, RI,
USA), according to earlier work [17].

L =
∆V

∆t A ∆P
(1)

R =
C f eed − Cpermeate

C f eed
× 100 (2)
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where ∆V is the collected permeate volume (L), ∆t is the filtration time (h), A is the
membrane effective area (m2), ∆P is the transmembrane pressure (bar), and C (PCU) is the
NOM value. The river water sample was obtained from Tutong River, Brunei, as shown
in Figure 2 (bottom). The sampling was taken near to Jetty Sungai Tutong with the GPS
coordinate of 4.80445,114.6571638 on 14 January 2023. The river water had the color of
204 PCU corresponding to UV254 and a humic acid concentration of 5.3 ppm obtained
from the color calibration of humic acid solutions. The river water used as the feed for
the filtration had turbidity of 18 NTU, pH of 5.9, aluminium content of 0.1 mg/L and
manganese of 0.74 mg/L. A river’s water composition can vary significantly depending on
its location, surrounding geology, human activities in the area, and other factors. However,
the typical composition of river water consists of water, dissolved gas, ions, suspended
solids, organic matter, nutrients, microorganisms, pollutants, and trace elements. The
specific composition of a river can change over time due to natural processes and human
activities. Water from River Tutong has been used as the resource for up to 85% of the
household water supply in Brunei Darussalam.
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2.4. Membrane Fouling Analysis

The progression of permeability over the RWF was examined to assess the fouling
characteristics of the produced membranes. The percentage of flow recovery following
water flushing, as demonstrated in Equation (3), was used as the parameter of fouling
reversibility (FR, %).

FR =
LF − LI

LF
100% (3)

where LF (L/(m2 h bar)) is the final permeability of the water filtration before flushing, and
LI (L/(m2 h bar)) is the initial water permeability after flushing.
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3. Results and Discussion
3.1. Membrane Properties
3.1.1. Membrane Morphology

In this study, the pristine PVDF and modified PVDF membranes are microfiltration
membranes with pore size ranges between 0.2 and 0.3 µm. Figure 3 shows the microstruc-
ture of the developed membranes. The pristine PVDF membrane (PVDF) possessed a
smooth surface with a uniform spatial distribution of surface pores. Compared to PVDF,
the surface pore size of PVDF-C2.5 and PVDF-C5 experienced a slight decrease, as shown
in Figure 3. The finding clearly demonstrates that introducing TA–Fe additives altered the
quantity and size of the surface pores on the membrane surface. This observation aligns
with the findings of the authors of references [4,16], where the pristine PVDF membrane
displayed a uniform pore size. The modified membranes exhibited a reduction in pore size
due to the formation of an additional TA–Fe coating layer onto the membrane’s surface or
on the pore wall of the membrane, constricting the pore mouth. The surface SEM image also
shows that the coated membrane surfaces were rougher than the pristine one, indicating
the presence of the TA–Fe complex on the membrane surface.
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The formation of TA–Fe complexes on the membrane surface did not alter the PVDF
membrane’s fibre structure, as seen by the cross-sectional SEM image (cross-section pictures
of PVDF, PVDF-C2.5, PVDF-C5). The coating layer atop the membrane was expected to
improve its hydrophilicity and anti-fouling capabilities. The authors of reference [4]
mentioned that the effective assembly of TA–Fe3+ complexes on the surface of a membrane
enhances its hydrophilicity, leading to improved anti-fouling performance.

The coating of tannic acid on the microfiltration membrane’s surface has been found
to have several effects on the membrane’s morphology and pore size, as also demonstrated
by the results in Figure 3. Chheang et al. (2022) [18] found that a tannic acid coating
on PVDF membranes reduced the membrane’s water contact angle, indicating increased
hydrophilicity. Wu et al. (2019) [15] observed that the tannic acid/polyethyleneimine
coating layer on the membrane was denser and more stable after the addition of metal
ions, potentially due to the coordination bond formed between the coating and metal ions.
Additionally, tannic acid has been shown to increase the number of nucleation centers and
render the morphology more uniform in other coating applications [19]. These findings
suggest that a tannic acid coating can modify the surface morphology of microfiltration
membranes and potentially affect the pore size, in line with the findings obtained in the
present study.
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3.1.2. FTIR Spectra

The spectrum analysis of the PVDF membrane revealed unique peaks at wavenumbers
1403, 1174, and 875 cm−1, as shown in Figure 4, which, in turn, correspond to the skeleton
vibration of C–C bonds, the stretching vibration of -CF2 groups, and the planar mixing
vibration of -CH2 groups, respectively [4,7,20]. The FTIR spectrum of tannic acid reveals
absorption bands for its functional groups, which include C=C aromatic, C−OH aromatic,
C=C skeletal, C=O phenolic ester and O−H stretching [21]. When tannic acid forms a
complex with PVDF and Fe3+, there might be changes or shifts in the FTIR spectrum. Shifts
or variations in peak intensity in the characteristic peaks of the tannic acid or PVDF can be
formed when the tannic acid and PVDF interact or produce a complex. Peaks in complex
mixes may overlap. Strong changes are also brought about in the 1300–1000 cm−1 region by
complexation with iron. The strong bands at this range in the tannic acid spectrum become
less prominent. Since these bands receive a large contribution from the v(C−O), δ(C−OH),
and ν(C−C) vibrations, an interaction of iron with the −OH groups of the phenolic group
is deduced [22].
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The proportion of components inside the membrane matrix can be determined by
comparing the relative intensities of the peaks within one sample to those of another. The
decreased intensities seen at 875, 1403, and 1174 cm−1 in the cases of PVDF-C2.5 and PVDF-
C5 compared to PVDF indicate a diminished presence of functional groups from the PVDF
polymer. The intensity of additional peaks connected to the existence of additives within
PVDF-C2.5 and PVDF-C5 was responsible for this decline, as suggested elsewhere [20].
This finding further confirms the presence of the TA–Fe complex on the coated membrane.

The effects of a tannic acid coating on PVDF microfiltration membranes on surface
chemical composition were observed through changes in functional groups and peaks in
the FTIR spectra, as also reported elsewhere [23]. The introduction of tannic acid onto the
surface of PVDF membranes can lead to the appearance of O−H and N−H peaks in the
FTIR spectra [23]. These changes in functional groups suggest the presence of tannic acid on
the membrane’s surface. Furthermore, the near-surface compositions of PVDF membranes
containing tannic acid can be determined using X-ray photoelectron spectroscopy spectra
analysis [20,24]. Overall, tannic acid coating alters the surface chemical composition of
PVDF membranes, resulting in increased hydrophilicity and the presence of tannic acid
functional groups.
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3.1.3. Surface Elemental Composition

The elements on the membrane surface were mapped using energy-dispersive X-ray
spectroscopy (EDS) to demonstrate further the preservation of the TA–Fe in the modified
membranes (Figure 5). The findings show that carbon (C) and oxygen (O) are present
in each membrane in varying proportions (Table 1). Increasing percentages of oxygen
elements are seen on the modified membranes compared to the pristine membrane, which
supports the successful integration of tannic acid additives into the membrane matrix. This
result is comparable to the one reported earlier [20].
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Table 1. The elemental composition of each membrane was obtained by EDS spectroscopy on the
surface of the SEM sample.

Membrane
Relative Composition (%)

C O O/C

PVDF 79.95 19.54 0.244
PVDF-C2.5 77.11 22.51 0.292
PVDF-C5 77.82 21.80 0.280

Figure 5 demonstrates that the relative amount of C decreases while the amount of O
elements rises, as the O/C ratio for PVDF, PVDF-C2.5 and PVDF-C5 were 0.244, 0.292 and
0.280, respectively. The earlier hypothesis of a greater retention of TA–Fe in the modified
membrane matrix is supported by the rising relative amount of O components. A good
distribution of the elements indicates a homogeneous membrane structure.

The presence of tannic acid on the surface of PVDF membranes has been found to have
significant effects on the surface elemental composition, as confirmed in earlier reports.
Tannic acid coatings on PVDF membranes have been shown to reduce the membrane’s
water contact angle, indicating changes in the surface chemistry [18]. X-ray photoelectron
spectroscopy spectra analyses of modified PVDF membranes with tannic acid have revealed
alterations in the surface elemental composition [25]. Additionally, the addition of metal
ions to tannic acid/polyethyleneimine coatings on PVDF membranes has been found to
result in a denser and more stable coating layer, potentially due to the coordination bonds
formed between the coating and metal ions [15]. These findings highlight the impact of
tannic acid on the surface elemental composition of PVDF membranes.
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3.1.4. Surface Hydrophilicity

Figure 6 depicts the effects of TA–Fe coating on the PVDF membrane’s wettability, as
represented by the water contact angle (WCA). The membrane surface composition was sig-
nificantly altered by the coating TA–Fe, as clearly shown by the membrane’s hydrophilicity
properties. Xue et al. (2021) reported that the increase in surface wettability was a result of
the decrease in the WCA [26]. The pristine PVDF membrane had a greater WCA than both
PVDF-C2.5 and PVDF-C5. A longer coating duration in the tannic acid and Fe solution
resulted in a lower WCA, as seen from the WCA data of PVDF-5 and PVDF-C2.5. The drop
in WCA demonstrates that the modified membranes’ hydrophilicity improved categorically.
The TA–Fe complex network endowed the membrane with surface-rich oxygen groups,
which aid in forming a hydrated layer by forming hydrogen bonds with water molecules.
This hydration layer reduced direct contact between the NOM and the membrane surface,
which improved the fouling resistance of the membrane. This hydration layer is the pri-
mary cause of the membrane’s significantly changed hydrophilicity before and after the
modification, as discussed elsewhere [4].
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Figure 6. Dynamic water contact angle formed on the membrane surface as measured by the sessile-
drop method.

The effect of tannic acid coating on the hydrophilicity of PVDF membranes has been
extensively studied in earlier works, with the overall results agreeing with those of the
present study. The polyphenolic compound in tannic acid has been shown to enhance the
hydrophilicity of PVDF membranes, leading to improved water contact angles. Chheang
et al. (2022) [18] found that tannic acid coating on PVDF membranes reduced the water
contact angle by 17–27%, depending on the concentration of tannic acid. This indicates that
tannic acid treatment can significantly increase the hydrophilicity of PVDF membranes.
Furthermore, Wu et al. (2019) [15] developed a stable and anti-fouling PVDF membrane by
surface coating tannic acid, polyethyleneimine (PEI), and metal ions. The resulting mem-
brane exhibited improved hydrophilicity and anti-fouling properties, making it suitable for
various filtration applications. In addition, Kan et al. (2023) successfully prepared a tannic
acid–Fe@PVDF nanocomposite membrane by coating Fe3+ and tannic acid on the surface
of PVDF membranes [27]. This nanocomposite membrane showed the positive effect of
tannic acid on the hydrophilicity and separation efficiency of PVDF membranes. Overall,
the research suggests that a tannic acid coating can significantly enhance the hydrophilicity
of PVDF membranes. This improvement in hydrophilicity can lead to reduced fouling, as
also proven in this work.
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3.2. Membrane Filtration Performance
3.2.1. Clean Water Permeability

Figure 7 shows that the CWPs of the modified membranes (PVDF-C2.5 and PVDF-
C5) were lower than those of the pristine membrane. The decrease in the CWP could
be attributed to the swelling of the hydrophilic segment on the pore wall, arising from a
significant quantity of TA–Fe remaining in the membrane matrix, constricting the flow path
of water permeation across the membrane pores. When water permeates, it moistens the
hydrophilic segments in the membrane matrix, causing them to expand and reducing their
flow paths, lowering the CWP, as reported elsewhere [20].
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Figure 7. Clean water permeability of each membrane.

As shown in Figure 7, the CWP loss due to compaction was less for the coated
membranes. The coated layer on top of the membrane surface and the pore walls seemed
to enhance the PVDF matric stiffness, resulting in lower compaction [28]. The tannic acid
could fill in the PVDF matric voids and prevent it from being compressed due to the
applied trans-membrane pressure. The swollen hydrophilic segment could also form elastic
hydrophilic segments that could absorb the force of the applied trans-membrane pressure.

Tannic acid coating has been found to have a significant effect on the clean water
permeability of PVDF membranes. Mulyati et al. (2022) [7] focused on the fabrication of
PVDF membranes with enhanced pore and filtration properties, using tannic acid as an
additive. The study found that the addition of tannic acid increased the bulk porosity,
water uptake, and hydrophilicity of the membranes. This resulted in an improved clean
water flux of the tannic acid-modified membranes, which was 3.3 times higher than that
of the pristine PVDF membrane. Another study by Nawi et al. (2021) [29] investigated
the development of PVDF membranes via vapor-induced phase separation (VIPS), by
incorporating a hydrophilic additive. The study found that the best performing membrane
showed an elevation of 84% in clean water permeability compared to the pristine PVDF
membrane. The increased clean water permeability was attributed to the incorporation
of tannic acid in the membrane. Furthermore, Chheang et al. (2022) [18] found that
tannic a acid coating on PVDF membranes enhanced the clean water permeability. These
reports suggest that the tannic acid coating on PVDF membranes can improve clean water
permeability by increasing membrane hydrophilicity and pore properties. The addition of
tannic acid enhances the bulk porosity, water uptake, and hydrophilicity of the membranes,
leading to improved clean water flux.
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3.2.2. River Water Permeability

Figure 8 displays the RWP of each membrane, showing the ability of the coated
membrane to recover from membrane fouling. The CWP is considered steady after one
hour of compaction, followed by one hour of CWP filtration. The drop from the final
reading of CWP in Figure 7 could then be used as a benchmark to assess the permeability
loss brought on by the membrane fouling. Compared to PVDF-C2.5 and PVDF-C5, PVDF
exhibited the highest ultimate permeability out of the river water filtrations. The high
RWP was caused by the larger pore diameter and the absence of swelling. As discussed
earlier, a significant drop in permeability was found for all membranes, which may have
been caused by the formation of membrane fouling, preventing water from penetrating [4].
Moreover, due to the reduction in pore size, as seen in the SEM image, the flux of river
water was reduced for the modified PVDF membranes.
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The positive effect of tannic acid coating on increasing the filtration performance of
PVDF membranes has been well documented in the literature, confirming the findings
of the present study. Singhal et al. (2020) [30] focused specifically on the development of
tannic acid-crosslinked graphene oxide membranes for the treatment of oil-contaminated
water. The researchers found that the tannic acid coating improved the stability and
efficiency of the membranes in removing oil and turbidity from water. Chheang et al.
(2022) [18] reported that hydrophilic surface modification via tannic acid coating enhanced
the filtration performance of membranes by reducing fouling and improving permeability.
Overall, the literature supports the positive effect of tannic acid coating on increasing the
filtration performance of PVDF membranes. The coating improves the hydrophilicity of the
membrane surface, reduces fouling, and enhances stability. These findings have important
implications for various membrane technologies, including water treatment, oil–water
separation, and the filtration of feed containing NOM, as confirmed by the results of the
present study.

3.2.3. NOM Rejection

Figure 9 shows the separation efficiency of the pristine and developed membranes.
The relationship between water flux and solute rejection is frequently inversely correlated
with the characteristics of the membrane pore: large pores lead to low rejection but high
flux, and vice versa [7]. The NOM rejection of pristine PVDF, PVDF-C2.5, and PVDF-C5 had
respective separation efficiencies of 82.2%, 95.6%, and 100%. The developed membranes
have a high separation efficiency and only require low operating pressure. It is noteworthy
that the membrane preparation process uses raw materials very effectively. As a result, the
membrane developed here has great potential for usage in real applications.
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Figure 9. Rejection of natural organic matter.

The PVDF-C5 membrane displayed the highest NOM rejection, fully rejecting the
NOM, followed by PVDF-C2.5 and the pristine PVDF membrane. This high rejection
can be attributed to the smaller pore size, as shown in the surface SEM images and the
high hydrophilicity. Small pores restrict the permeation of solutes (i.e., NOM) with larger
sizes and retain them in the feed side. The hydrophilic nature of the membrane limits the
interaction of the NOM materials with the membrane surface. The internal hydrophilicity
of PVDF-C5 could limit NOM transport across the membrane matrix and contribute to
significant rejection. Unfortunately, the high hydrophilicity also led to a swelling impact,
reducing permeability, as discussed elsewhere [20]. The high rejection of NOM for the
TA–Fe coated membrane suggests the potential of this approach to developing a membrane
targeted for NOM removal. However, the decrease in RWP indicates the need for further
optimization.

3.2.4. Fouling Resistance Analysis

Figure 10 shows the fouling reversibility (FR) results for all membranes, highlighting
the benefit of modified membranes with higher FR values. FR is frequently employed to
measure a membrane’s ability to recover flux performance following membrane flushing.
By looking at how easily a fouled membrane can be removed via simple flushing, the FR
also reveals the cleanability of a membrane [7]. Negative FR means that simply flushing
with the feed could not restore permeabilities, but could further consolidate the fouling
and increase the filtration resistance. The positive FR values indicate the effectiveness of
the water flushing in partially removing the foulant, in which an FR of 100% represents the
full recovery performance.

Figure 10 shows that PVDF-C2.5 had the highest FR. A simple flushing could remove
almost a quarter of the fouling resistance for the PVDF-2.5 membrane. The PVDF-C5
membrane showed a lower FR, and the pristine PVDF showed a negative FR. The findings
clearly show the advantages of the fouled membrane in handling the fouling. As can be seen
from FR after flushing with water, NOM particles on the pristine PVDF membrane surface
caused the initial water permeability after flushing to be lower than the final permeability
of the water filtering before flushing. The FR became negative, indicating that the pristine
PVDF membrane lacked anti-fouling properties. Instead of removing the foulant, flushing
the water helped the foulant to consolidate, forming a denser layer and higher resistance.
Conversely, the TA–Fe-coated membranes (PVDF-C2.5 and PVDF-C5) showed positive FR
values of 23.1% and 8%, respectively, exhibiting anti-fouling capabilities.



Sci 2023, 5, 42 13 of 15

Sci 2023, 5, x FOR PEER REVIEW 13 of 16 
 

 

 
Figure 9. Rejection of natural organic matter. 

3.2.4. Fouling Resistance Analysis 
Figure 10 shows the fouling reversibility (FR) results for all membranes, highlighting 

the benefit of modified membranes with higher FR values. FR is frequently employed to 
measure a membrane’s ability to recover flux performance following membrane flushing. 
By looking at how easily a fouled membrane can be removed via simple flushing, the FR 
also reveals the cleanability of a membrane [7]. Negative FR means that simply flushing 
with the feed could not restore permeabilities, but could further consolidate the fouling 
and increase the filtration resistance. The positive FR values indicate the effectiveness of 
the water flushing in partially removing the foulant, in which an FR of 100% represents 
the full recovery performance. 

 
Figure 10. Permeance recovery after flushing with water. 

Figure 10 shows that PVDF-C2.5 had the highest FR. A simple flushing could re-
move almost a quarter of the fouling resistance for the PVDF-2.5 membrane. The 

82.2

95.6
100.0

0

20

40

60

80

100

PVDF PVDF-C2.5 PVDF-C5

NO
M

 re
je

ct
io

n 
(%

)

Membrane samples

-15

-10

-5

0

5

10

15

20

25

30

35

PVDF PVDF-C2.5 PVDF-C5Fo
ul

in
g 

re
ve

rs
ib

ili
ty

 (%
)

Membrane samples

Figure 10. Permeance recovery after flushing with water.

It is worth noting that a long-term filtration involving multiple filtration and cleaning
cycles could not be done in this study because of the limited volume of the river water
samples. A limited sample volume might not represent the entire river water system,
especially if the river shows temporal changes in water quality. NOM characteristics
can vary over time due to seasonal changes, rainfall events, human activities, and other
factors. A limited sample might not capture this variability. With a limited volume of
river water, studying the longevity and saturation point of the tannic acid-coated PVDF
membrane might be challenging. Over time, as the membrane gets used, the efficiency
of NOM removal could decrease. However, by evaluating the RWF and FR values, the
PVDF-C2.5 is expected to show better long-term performance by maintaining a high RWF
when combined with an intermittent RWF recovery via regular membrane cleanings (i.e.,
flushing, backwashing, chemical aids cleanings, etc.).

Recycling PVDF membranes is a crucial step towards sustainable membrane technol-
ogy, considering the environmental concerns related to the disposal of used membranes.
The recycling process for PVDF membranes typically involves steps such as collection
and pre-treatment, depolymerization, separation, repolymerization, membrane fabrication
and quality checks. Researchers continuously improve the recycling processes to make
them more efficient and eco-friendly. Practically, a membrane can be used over 3–12 years,
depending on the nature of the operation. Enhancing the sustainability of membrane
materials is a research topic that has attracted great interest recently.

4. Conclusions

This study has revealed that coating a PVDF membrane using TA–Fe altered the mate-
rial properties and filtration performance when evaluated for the filtration of river water
containing high NOM concentrations. TA–Fe assembly could be developed via consecutive
coatings, as proven by the SEM images, the FTIR spectra, and elemental mapping via
EDS. The TA–Fe coating introduced a hydrophilic segment (i.e., non-polar groups) into
a hydrophobic PVDF matric. This made it more hydrophilic, as shown by a decrease in
water contact angle, and at the same time, lowered the surface pore size and CWP. When
evaluated for the filtration of NOM containing river water, the NOM rejection rates of
the pristine PVDF, PVDF-C2.5 and PVDF-C5 were 82.2%, 95.6%, and 100%, respectively.
Unlike the pristine PVDF membrane with a negative FR, the TA–Fe-coated membranes
(PVDF-C2.5 and PVDF-C5) featured anti-fouling characteristics (with positive FR being the
highest for PVDF-C2.5) of the scale desired to maintain long-term filtration performance.
The overall findings suggest the effectiveness of a simple consecutive coating of tannic acid
and Fe3+ to alter a PVDF membrane’s properties and enhance its anti-fouling properties
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for the filtration of real river water containing high concentrations of NOM. Developing
PVDF membranes using tannic acid holds promise from economic and environmental
perspectives. Economically, as a natural and sustainable material, tannic acid offers cost
advantages. Environmentally, the utilization of tannic acid aligns with sustainability objec-
tives. It diminishes chemical waste and energy consumption during production, reducing
the carbon footprint. Furthermore, these membranes effectively remove contaminants
from water, supporting cleaner water resources. Regarding the commercialization of these
membranes, the prospects are highly promising. As environmental concerns and regu-
lations continue to tighten, there is a growing demand for sustainable and eco-friendly
technologies.
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