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Abstract

The separation of Polycyclic Aromatic Hydrocarbons (PAHs) from wastewater is essential due to its mutagenic and
carcinogenic properties. Cellulose acetate-chitosan membranes (CA-CS) coated with polyelectrolyte complex
poly(acrylic-acid) (PAA) at various concentrations (100, 200, 500 and 1,000 ppm) have been synthesized to improve the
separation performance of PAHs. Fourier Transform Infrared (FTIR) characterization confirms the formation of
polyelectrolyte complex PAA-CS through NHs*/COO" ion pairs (strengthening of the bands 1,560 - 1,600 and 1,410 cm ™
and attenuation of C=0 at 1,730 cm™!), while Scanning Electron Microscopy (SEM) analysis and surface contours show
changes from a nodular surface of CA-CS membrane to a more homogeneous layer during the coating process. X-Ray
diffraction patterns indicate structural regularity in the composition. The water contact angle decreased from 65.56° in
CA-CS to 36.34° after PAA coating at 500 ppm, and the swelling index increased from 48.24% to 73.95% confirming
the membrane’s hydrophilic nature after coating. Mechanically, tensile strength increased with increasing PAA
concentration, due to physical cross-linking via hydrogen bonds that solidified the network. Membrane performance test
showed that permeate flux and PAHs rejection increased after CA-CS coating and achieved the best performance at 500
ppm PAA across all operating pressures (2 - 8 bar) with an optimum flux of 11.56 L-m2-h™! and optimum PAHs rejection
of > 90%. In addition, the CA-CS/PAA 500 membrane also showed the best antifouling properties with the lowest Flux
Decline Ratio (FDR) of 20% and the highest Flux Recovery Ratio (FRR) of 78%. Ultimately, poly(acrylic acid)-coated
cellulose acetate-chitosan biopolymer-based membranes have great potential for continuously and sustainably separating
PAH pollutants from wastewater.
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Introduction water supplies. One type of pollutant of particular

Water pollution remains a crucial global concern is polycyclic aromatic hydrocarbons (PAHs),

challenge, necessitating the management of a wide
range of pollutants. Wastewater discharge from both
residential and industrial areas is a major pathway for
the distribution of pollutants, as it typically contains a
variety of chemical reagents and reaction byproducts [1-
3]. These components damage affected ecosystems and

readily spread to receiving waters, including drinking

which exhibit significant toxicity and established
carcinogenicity, can induce genotoxic damage and
promote malignant transformation of normal cells [4,5].
Recent studies have further emphasized the severity of
PAHs pollution and its multifaceted toxicological
impacts. Research by Takam et al. [6] demonstrated that

exposure to PAHs such as phenanthrene, fluoranthene,
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and benzo[ghi]perylene significantly reduced cell
viability and induced micronuclear formation in human
alveolar and macrophage cell lines. The study also
revealed that PAHs trigger pro-inflammatory responses
by increasing IL-6 secretion while suppressing anti-
inflammatory IL-10 production. Moreover, an
epidemiological investigation reported that combined
exposure to PAHs and heavy metals adversely affects
human pulmonary function. These impairments were
found to be mediated by immune dysregulation and
oxidative stress pathways [7].

Polycyclic aromatic hydrocarbons (PAHs) are a
group of aromatic compounds with 2 or more fused
benzene rings, planar in structure and n-conjugated. In
aquatic environments, PAHs generally originate from
the incomplete combustion of organic matter and can
enter water bodies through atmospheric deposition or
waste disposal. Chemically, PAHs are highly
hydrophobic, have low water solubility, are easily
adsorbed on suspended particles and sediments, and
tend to have high partition coefficients, making them
potentially bioaccumulative [8,9].

Several approaches have been explored for
removing polycyclic aromatic hydrocarbons (PAHs),
including adsorption, photocatalysis, bioremediation,
and membrane-based separation [5,8]. In membrane
processes, PAHs removal efficiency is chiefly governed
by 2 factors: The membrane’s pore architecture (size,
distribution, and overall porosity) and its surface
properties (chemistry, charge, hydrophilicity, and
roughness) [10]. A review of recent literature indicates
that membrane development for pollutant separation has
focused primarily on controlling pore size and porosity
[11]. In contrast, systematic engineering of surface
characteristics has received comparatively little
attention. The study by Lang ef al. [12] demonstrated
that although RO membranes grafted with ionic liquid
monomers and sulfonic acid showed high flux,
biofouling caused by organic compounds still led to a
significant decline in performance. Similarly, a recent
study by Gao et al [13] reported that NF/RO
membranes with petite pore sizes remained susceptible
to fouling by low-molecular-weight organic
compounds, resulting in a drastic reduction in separation
efficiency. Meanwhile, another research by Utomo et al.
[14] revealed that despite the high separation efficiency
and largely reversible fouling observed in Fe/Co

amorphous MOF-modified PVDF/PAA membranes,
mechanical stability and surface durability remained
major challenges. In practice, however, the principal
cause of performance decline during prolonged
operation is the membrane’s susceptibility to fouling
[15], underscoring the need for targeted surface
modifications to enhance fouling resistance and sustain
separation efficiency.

Fouling remains a major obstacle because it can
significantly reduce flux, increase energy consumption
and cleaning frequency, and shorten membrane lifespan.
Recent literature confirms that fouling mechanisms
include organic/colloidal deposition, inorganic scaling,
and biofouling, including self-fouling by PAHs [11,16].
While attempts have been made to adjust pore size to
match foulant particle size, these strategies are difficult
to control and ineffective for long-term membrane use.
Therefore, the most established approach is membrane
surface engineering to increase the foulant rejection.
One effective strategy to mitigate fouling is to confer
strong hydrophilicity by introducing polar or
zwitterionic groups onto the membrane surface [17-19].
A previous study by Bilal et al. [20] demonstrated that
membranes with strong hydrophilic properties, as
evidenced by low water contact angles, exhibit higher
flux recovery ratios, reflecting enhanced antifouling
performance. These functionalities establish a robust,
long-lived hydration layer that lowers interfacial
adhesion energy and suppresses foulant—-membrane
interactions. In feeds containing PAHs, the hydration
shell further promotes steric and hydration repulsion
against highly hydrophobic PAHs, thereby reducing
their deposition.

Recent studies have shown that PDA-MOF
composites can enhance fouling resistance while
maintaining selectivity [21], while graphene oxide (GO)
on polyamide/RO surfaces enhances reverse-
hydrophobicity (i.e., greater hydrophilicity), smooths
roughness, and increases flux recovery ratio after
BSA/humic exposure [22]. These findings reinforce the
thesis that interfacial chemistry-based anti-adhesion
design is crucial for maintaining long-term performance.
In addition to passive anti-adhesion functions, recent
research has integrated self-cleaning functions into
membranes using TiO: and g-CsNa photocatalysts and
superhydrophilic ~ groups.  Under illumination,
photocatalytic sites degrade organic foulants/biofilms
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near the surface. At the same time, the superhydrophilic
interface minimizes oil/protein contact and facilitates
rinsing with permeate flux recovery values reaching
75% and constant foulant rejection [23].

This study shows that combining these 2
approaches is effective at suppressing both reversible
and irreversible fouling during the separation of oil-in-
water and other complex feeds. As hydrophilic
biopolymers, cellulose acetate (CA) and chitosan (CS)
have been widely explored as membrane materials to
suppress fouling by forming a stable hydration layer at
the water-membrane interface. However, modification
of both membrane combinations is necessary because
the reduction in fouling is usually not accompanied by a
stable flux. A recent study reported that surface
modification of CA with dopamine (CA-2,3-DA)
increased the pure water flux to 167 L-m2-h™!, while
maintaining 92.5% BSA rejection and improving
antifouling metrics (FRR/flux decline), indicating that
increased hydrophilicity can shift the permeability-
selectivity trade-off in a favorable direction.
Furthermore, blending and nanofiller approaches to CA
with the addition of PEG/PS/Pluronic and carbon
nanoparticles were reported to boost water flux up to
394 L-m2-h"! and FRR close to 98% under optimized
conditions, while maintaining protein rejection,
indicating that the more open pore architecture
combined with a more hydrophilic interface effectively
reduces foulant attachment and facilitates flux recovery.

In addition to modification by adding nanoparticle
material to the membrane surface, either through coating
or grafting processes, membrane modification with the
potential to be developed and capable of overcoming
fouling is increasing the membrane’s hydrophilic
properties. The formation of membranes with
hydrophilic properties is one promising solution,
because PAHs compounds are very hydrophobic. The
membrane’s hydrophilic properties can be achieved by
modifying its surface with complex polyelectrolyte
additives. A recent study reported the modification of
nanofiltration membranes by depositing complex
polyelectrolyte materials, poly(allylamine-
hydrochloride) (PAH) and poly(acrylic-acid) (PAA),
which showed excellent results with a water flux of 120
L-m2-h™! and solute rejection of 98%. In addition, the
deposition of polyelectrolyte compounds with 20-30

repetitions can increase the resistance to impurities

(fouling resistance) by up to 15% without reducing the
initial permeation value [24]. Another study by Ounifi
[25] demonstrated the effect of adding PAA complex
polyelectrolytes to cellulose acetate-based membranes.
Their research results showed that the 15% CA/PAA
membrane had the highest antifouling properties, as
indicated by a Flux Recovery Ratio (FRR) of 97.65%
and a reversible fouling ratio that decreased with PAA
addition.

In this study, a novel biopolymer-based composite
membrane composed of cellulose acetate (CA) and
chitosan (CS) was modified with PAA to create a CA-
CS/PAA multilayer system. The CA-CS matrix provides
a semi-biopolymeric backbone that combines the
mechanical stability of CA with the reactive amino
groups of CS, enabling tunable hydrogen bonding and
ionic interactions with PAA. The incorporation of PAA
promotes the formation of a polyelectrolyte complex via
directional hydrogen bonding and ionic interactions
between —COOH and —NH. groups, thereby enhancing
hydrophilicity and improving surface uniformity.
Therefore, this study aims to synthesize and improve the
hydrophilic properties of cellulose acetate-chitosan
membranes by coating them with poly(acrylic acid)
complex polyelectrolyte. The membrane performance in
separating PAHs pollutants was evaluated by testing
permeate flux, PAHs rejection, and antifouling
properties.

Materials and methods

Materials

The materials used in membrane fabrication
include cellulose acetate (CA) (Merck, AC = 43%),
chitosan (CS) (DA = 93%), acetone p.a (Merck), poly
(acrylic acid) (PAA) (Sigma-Aldrich), distilled water,
deionized water, 0.1 M NaCl solution, and 100 ppm
pyrene PAHs solution.

Preparation of the CA-CS membrane

The membrane was fabricated using the NIPS
(Non-Induced Phase Separation) phase inversion
method [25]. Initially, 2 g of cellulose acetate powder
was dissolved in 12 mL of DMAc solvent. Then, 0.5 g
of chitosan was mixed into the cellulose acetate solution
and stirred at 300 rpm for 6 h at room temperature to
form a gel. The gel formed was cast onto a flat glass
plate (20x10x0.5 c¢cm®) and left for 2 min until air
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bubbles disappeared. Finally, the resulting mold was
placed in a coagulation bath containing deionized water
to form a membrane. The membrane was removed and
dried in an oven at 50 °C for 14 h.

Modification of the CA-CS membrane
The CA-CS membrane was modified through

surface coating using a dip-coating method [24].

2 g Cellulose acetate
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=
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l

Initially, the CA-CS membrane was immersed in a
solvent mixture of ethanol: n-hexane (1:2) for 45 min.
Next, the membrane was rinsed with deionized water
and then dipped in a 100 ppm PAA solution for 2 h. The
treatment was repeated by replacing the PAA solution at
different concentrations (200, 500 and 1,000 ppm).

Cast a membrane
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Figure 1 Schematic of CA-CS/PAA membrane fabrication.

FTIR analysis

The FTIR spectra of membranes were recorded
using a PerkinElmer Spectrum Two ATR-FTIR
spectrometer (USA) equipped with a diamond ATR
crystal. Measurements were carried out at a resolution
of 4 cm™ with 32 scans per sample. The membrane was
placed on a sample holder for the ATR-FTIR, and its
absorption spectrum was recorded between 4,000 and
500 cm!. Next, the spectra were interpreted to
determine the differences in functional groups of each
membrane [26,27].

XRD analysis

The CA-CS and modified CA-CS membrane
samples were characterized wusing an X-ray
diffractometer Rigaku MiniFlex 600 diffractometer with

Cu Ka radiation (A = 1.5406 A), operated at 40 kV and
30 mA. The diffractogram peaks were recorded at 26
range of 5° - 40° with a step size of 0.02° and a scan rate

of 2°/min.

SEM analysis

SEM was used to characterize the membranes and
examine surface morphology. The membranes were cut
into 2x1 cm? pieces and characterized by SEM
(TESCAN Vega) at 5 - 10 keV to examine the top
surface. The membranes were first coated with gold for
60 seconds using a sputter coater to facilitate detection
by the instrument. SEM then -characterized the
composite membranes at specific magnifications

corresponding to the clearest morphological appearance.
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Hydrophilicity analysis

The membrane hydrophilicity analysis was
evaluated by measuring 3 parameters including water
contact angle (WCA), swelling index, and permeability.
The water contact angle analysis was conducted
following the procedure described by Kayadoe et al.
[28]. A dry, flat membrane sample was cut to 10x5 mm?
and placed on a clean, smooth glass plate. A droplet of
deionized water was carefully deposited onto the
membrane surface, and the droplet image was captured
using a high-resolution camera. The contact angle was
measured using ImageJ software. The procedure was
repeated 3 times to ensure the accuracy and
reproducibility of the measurements.

The swelling index analysis was performed
according to the method described by Ahmad et al. [29].
The membrane samples were immersed in distilled
water for 24 h. Subsequently, the surface water was
gently removed using filter paper, and the wet
membranes were weighed using an analytical balance.

The swelling index was then calculated using Eq. (1).

SI (%)=W'°‘W;dwdx 100% (1)

where, SI denotes swelling index (%), Ws denotes wet
membrane weight (g), and Wd denotes dry membrane

weight (g).

The pure water permeability of the membranes
was determined following the method by Lee et al. [30].
Each membrane was pre-compacted with deionized
water at 1.5 bar for 30 min to achieve a steady flux. The
pure water flux (Jy) was then measured at
transmembrane pressures of 1.5 - 3 bar using a dead-end
filtration cell. The water flux and pure water
permeability were calculated using Egs. (2) and (3). All
measurements were performed in triplicate, and the

average values were reported to ensure reproducibility.

Jy=— 2)

Jw

PON-

3)

where, J, denotes water flux (L-m2-h™"), V is the

permeate volume (L), A is the effective membrane area

(m?), t is the permeation time (h), and P is water
permeability (L-m 2-h !-bar™).

Antifouling test

Membrane antifouling was evaluated by
measuring the Flux Decline Ratio (FDR) and the Flux
Recovery Ratio (FRR). The feed solution mixed with
foulant was passed through the membrane for 1 h at pH
7 and 25 °C and the initial flux (Jw,) was determined.
Furthermore, the solution permeation process was
continued for 2 h, maintaining the temperature
conditions until steady-state flux (Jws) and final flux (Jw:)
were obtained. After the process was completed, the
membrane was washed with distilled water to remove
foulants deposited on its surface, and was reused to
measure the water flux after membrane washing (Jwc)
[31]. The FRR and FDR values were calculated using
Egs. (4) and (5). The measurements were performed in

triplicate.

FRR (%) = ;L X 100 % (4)
0, — — ]W_t 0,

FDR (%) = (Juo ] ) x 100 % (5)

where FRR denotes Flux Recovery Ratio, FDR was Flux
Decline Ratio, Jy, was initial flux, Jy: was the flux at the
time, Jy was flux after cleaning [32].

Membrane performance test

The membrane performance in removing PAHs
pollutants was evaluated by measuring the permeate flux
of the feed solution and PAH rejection using a dead-end
vacuum filtration system. Measurements were
conducted using an effective membrane area of 20x10~*
m? at 25 °C and various operating pressures (1, 3 and 5
bar). The feed solution used was a pyrene solution at 100
ppm in water. The permeate flux (F) and rejection (R)
were then calculated using Eqs. (6) and (7). The

measurements were performed in triplicate.
== (6)

R (%) = % x 100% 7)
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where J was permeate flux (L/m*h), A was membrane
area (m?), V was volume of permeate (L), and t was
filtration time (h), R was percentage of PAHs rejection,
Qin was TDS feed (g/mL), and Q.. was TDS permeate
(g/mL).

Results and discussion

FTIR analysis

Figure 2 shows the FTIR spectra of the pure CA-
CS membrane and after PAA coating. In CA-CS
membrane, the spectrum shows a broad characteristic
O-H band at around 3,350 cm™ [33], aliphatic C—H at
2,920 cm™!, sharp C=0 cellulose acetate ester at 1,740 -
1,745 cm™, and Amide I/II bands of chitosan at 1,655
and 1,550 - 1,560 cm™, respectively [34-36]. The broad
absorption band at 3,400 - 3,500 cm™ corresponds to the
O-H stretching vibration. The intensity of this band
slightly increases and shows a minor broadening trend

250
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with
enhanced hydrogen bonding and surface hydrophilicity.

increasing PAA coating cycles, indicating
The polysaccharide fingerprint region appears at 1,245 -
1,050 cm™ (C-0O/C—0-C) and glycosidic bonds at 895
cm™ glycosidic [37]. After PAA coating, a new band
appears at 1,550 - 1,655 cm™. This band originates from
the overlap of the Amide I and II region of chitosan (N—
H bending/C-N stretching) with the asymmetric
carboxylate stretching of the -COO~ group [25]. At the
same time, the C=0 band of the free carboxylic acid in
1,710 - 1,730 cm™ decreases in intensity and can shift
slightly to lower wavenumbers. This indicates that some
of the -COOH groups change to —COO~ due to acid—
base interactions with the -NHs* group of chitosan under
acidic conditions [38]. The symmetric carboxylate band
(amide IIT) at 1,410 - 1,200 cm™" also increases, and the
broad O—H/N-H band (3,200 - 3,500 cm™) broadens,
indicating a stronger hydrogen bonding network [24].

Amide ITT

Glycosidic bond

CA-CS/PAA 1000

CA-CS/PAA 500

CA-CS/PAA 200

CA-CS/PAA 100

CA-CS

T T T
4000 3500 3000 2500

Wavenumber (cm™)

Figure 2 FTIR spectra of CA-CS and CA-CS/PAA membrane.

XRD analysis

Figure 3 shows the diffraction patterns of the CA-
CS membrane before and after PAA coating. All XRD
patterns are dominated by a broad amorphous halo
centered around 260 20°,
overlapping peaks at =~ 9.8°, 20.5°, 23°, and 29.5°,
typical of medium-range-order packages in the cellulose
acetate/chitosan matrix [39]. As the number of PAA
layers increases, this peak becomes sharper and more

with several weak

intense, indicating a marked decrease in the FWHM
from 6.31° to 4.78°, as calculated. The reduction in

T
2000

T
1500 1000

FWHM indicates a higher degree of local structural
order, which is attributed to the formation of pseudo-
crystalline regions [40]. This increase in local order
arises from hydrogen bonding between the hydroxyl and
amino groups of chitosan and the carboxyl groups of
PAA, along with directional ionic interactions (-NHs"--
--COO") formed during the dip-coating process, as
illustrated in Figure 4 [41]. These intermolecular
interactions restrict chain mobility and promote denser
packing, leading to the sharpening of the observed
diffraction peaks [38]. The membrane with 100 ppm
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PAA is closest to CA-CS (broader peaks, lower

intensity) because interfacial interactions are

insufficient to induce more ordered packing. The
membrane with 200 ppm PAA showed a limited

500 ppm, possibly because the excess PAA disrupted the
packing of the polymer phase (overplasticization)
thereby reducing the coherence of the regular domains
[42,43].

increase in intensity, while 1,000 ppm did not exceed
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= CA-CS/PAA500
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Figure 3 XRD pattern of CA-CS and CA-CS/PAA membrane.
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Figure 4 Illustration of the interaction between cellulose acetate, chitosan, and PAA in membrane formation.
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SEM analysis

In general, the surface morphology and membrane
substructure, as shown in Figure 5, indicate phase
inversion dynamics in CA (forming a dense/nodular skin
and a sponge/finger-like sublayer) [44]. In contrast, the
addition of PAA forms a polyelectrolyte complex with
chitosan (PAA-CS), altering the surface roughness, pore
size, and homogeneity [24]. At the CA-CS membrane,
the surface appears smooth, with nodules typical of the
CA surface resulting from liquid-liquid demixing. The
presence of CS in the mixture tends to increase the
viscosity of the dope and delay demixing, resulting in a
relatively more compact skin and reduced macrovoids
[45]. This image is consistent with many SEM reports
of CA/blend membranes that show a dense surface over
the sponge substructure [44].

Even after coating with low PAA concentrations,
morphological changes remained limited. The coating
was not entirely continuous, so the CA-CS nodular
pattern remained dominant. The report by [46] also
showed that adding PAA at an initial level began to alter
the topography but did not yet form a homogeneous
film. At intermediate concentration (PAA 500 ppm), the

10 pm

n 2.50 kx 55,9 ym 11.70 mm
4 300 pA

TESCAN VEGA

RESOLUTION 10 keV 2025-06-16

surface appears more uniform/compact with a wavy
texture, indicating a continuous layer over the sponge
substructure. This is consistent with a more mature PEC
(complex polyelectrolyte) scenario (NHs*/COO~ ionic
bonds and H-bond networks) that densifies the surface
and stabilizes the substructure [42]. Similar effects have
been widely reported for CS-PAA-based membranes,
where the addition of PAA alters the morphology and
improves the robustness/water resistance [33,47,48]. At
the PAA concentration of 1,000 ppm, the surface
appears very smooth and homogeneous at the 20 um
scale, with few topographic features. This indicates
over-coating/over-plasticization (the PAA-rich layer
covers the CA-CS micro-features) and the possible shift
of surface pores to the nanoscale [49]. This observation
is consistent with the study by Regenspurg et al. [50],
which reported that excessive PAA content enhances
PEC formation, leading to a smoother, denser surface
morphology while suppressing macrovoid growth.
Similarly, another study by Baig et al. [24] observed that
high PAA concentrations strengthen interchain bonding,

resulting in improved surface uniformity.

10 pm

I 2.50 kx 55.7 pm 11.70 mm
- 100 pA RESOLUTION 5keVv 2025-06-16

TESCAN VEGA
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20 pm
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4 100 pA
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RESOLUTION 5 keV 2025-06-16

TESCAN VEGA

Figure 5 SEM micrographs of (a) CA-CS, (b) CA-CS/PAA 100, (c) CA-CS/PAA 500 and (d) CA-CS/PAA 1,000

membrane.

Figure 6 shows the surface contour as nodules
with contrasting peaks and valleys, a characteristic of
phase inversion in the uncoated CA-S membrane. At a
100 ppm PAA coating, some nodular relief remains
visible because the polyelectrolyte complexation of
NH5*/COO~ is not homogeneous. However, the surface
of CA-CS/PAA 500 becomes more homogeneous, and
the roughness level decreases. A continuous PAA film

2550

(a)

0.0

255.0

(b)

0.0

forms a hydrogen-bond network, thereby increasing the
polar components at the surface and hydration [44]. This
is reflected in the minimum WCA and maximum SI. At
1,000 ppm PAA coating, the surface becomes very
smooth due to overcoating, but this decreases SI and
increases WCA because more —COO~ is bound as an
NH;"/COO™ ion pair and physical cross-linking that
limits network expansion [51].
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Figure 6 Surface contour of (a) CS-CS, (b) CA-CS/PAA 100, (c) CA-CS/PAA 500 and (d) CA-CS/PAA 1,000 membrane.

Table 1 Result of pore analysis at various membrane.

Type of membrane Average pore size (nm) £ SD Porosity (%) £ SD
CA-CS 3.09+0.028 10.56 + 0.049
CA-CS/PAA100 3.12+0.042 11.23 £0.028
CA-CS/PAAS00 5.16 £ 0.057 26.74 £0.085
CA-CS/PAA1000 4.57+0.071 14.42 £ 0.056

Further analysis showed that membrane coating
with PAA at various concentrations increased the
membrane’s porosity and average pore size, as shown in
Table 1. The optimum increase was observed in the CA-
CS/PAA 500 membrane, with a porosity of 26.74% and
an average pore size of 5.16 nm, but reversed when the
PAA concentration was increased. Based on the average
pore size data, all membranes are -classified as

nanofiltration membranes (1 - 10 nm).

Hydrophilicity analysis

Table 2 summarizes the results of the membrane
hydrophilicity analysis, which comprises 3 main
parameters: water contact angle, swelling index, and
permeability. Water contact angles (WCA) and swelling
index (SI) have been used to verify the hydrophilic
properties of CA-CS membrane before and after

Table 2 Results of hydrophilicity analysis at various membrane.

coating. As shown in Figure 7, PAA coating decreases
the membrane water contact angle (WCA) from 65.56°
(CA-CS) to 53.67° (100 ppm) and 44.87° (200 ppm),
reaching a minimum of 36.34° at 500 ppm. At 1,000
ppm, the WCA increases slightly to 38.21°, yet remains
far below the baseline CA-CS value. The pronounced
reduction up to 500 ppm indicates enhanced surface
hydrophilicity due to the incorporation of PAA
carboxyl/carboxylate (—~COOH/~COO") groups, which
increase the polar component of the solid surface energy
and reduce the solid—liquid interfacial energy [52-54].
This trend is consistent with independent reports on
PAA coating/grafting of PES membranes, where the
WCA decreased from 50° to 27°, supporting the
interpretation that PAA improves water wettability via
exposure of hydrated carboxylate groups [44].

Type of membrane Average WCA (°) = SD Average SI (%) +SD  Average P (L-m™2-h™!-bar™!) £ SD
CA-CS 65.56 +0.184 48.24 £0.155 1.36 £0.056
CA-CS/PAA100 53.67 £0.438 57.12+0.325 1.40 £0.085
CA-CS/PAA200 44.87 + 0.325 57.69 +0.339 1.52+£0.028
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Type of membrane Average WCA (°)=SD  Average SI (%) +SD  Average P (L-m2-h™!-bar™!) + SD
CA-CS/PAAS500 36.34 +0.183 73.95 £0.240 1.81 £0.084
CA-CS/PAA1000 38.21 £0.057 73.62 +£0.212 1.75+£0.042

Description: WCA denotes water contact angle; SI denotes swelling index; and P denotes permeability.
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Figure 7 The relationship curve between PAA concentration vs water contact angle and swelling index.

Figure 7 also shows that the swelling index
significantly  increased with increasing PAA
concentration on the CA-CS matrix, from 48.24% in the
membrane without PAA to 57.12% with 100 ppm PAA,
and then reached an optimum value of 73.95% at 500
ppm. The increase in SI up to a PAA concentration of
500 ppm reflects the increase in hydrophilicity and fixed
charges on the membrane surface/bulk due to the
addition of carboxyl groups (-COO") from PAA [51].
Under neutral pH test conditions, some of the -COOH

groups of PAA ionize to —COO™, resulting in strong
hydration (solvation by water) and Donnan osmotic
pressure from trapped counterions. These 2 factors
increase water absorption and cause swelling of the
polymer network [38]. Thermodynamically, the
addition of polar/charged groups increases the surface
energy and decreases the solid-liquid interfacial energy,
allowing water to penetrate the polymer network more
easily. This finding is consistent with the decrease in
WCA values at the same composition [23].

CA-CS CA-CS/PAA100 CA-CS/PAA200 CA-CS/PAA500 CA-CS/PAA1000

Type of membrane

Figure 8 Pure water permeability of the membrane.



Trends Sci. 2026; 23(5): 12081

12 of 19

Figure 8 shows that the water permeability
coefficient increases from CA-CS to CA-CS/PAA 500
ppm, then decreases slightly at 1,000 ppm. The increase
up to 500 ppm is accompanied by a decrease in WCA
(65.56° to 36.34°) and an increase in SI (48.24% to
73.95%). This correlation is also reflected in the more
homogeneous membrane surface contour at CA-
CS/PAA 500, leading to a more continuous water-
This  further the
membrane’s very high hydrophilicity after coating with
the PAA polyelectrolyte [21].
consistent with a recent study by [55], which reported

transport  pathway. confirms

These results are

that introducing PAA into polysulfone ultrafiltration
membranes reduced the water contact angle from
approximately 65° to 10° - 25°, thereby improving
rejection and antifouling properties. However, the
addition of excess PAA slightly reduced the flux due to
pore compaction. Similarly, PES membranes modified
with PAA-functionalized graphene oxide (GO-PAA)

showed a significant decrease in contact angle from 79°

25 4

18.79

to 36°, thereby improving water flux and dye rejection
[56].

Tensile strength

Figure 9 shows a gradual increase in the tensile
strength of the membrane before and after coating from
CA-CS from 17 to 21 N/mm?). This increasing trend is
due to the formation of the PAA-CS polyelectrolyte
complex on the membrane surface, as well as hydrogen
bonds as physical cross-links [54]. These cross-links
increase the network density and cohesion of the CA/CS
interface, reducing chain mobility and, in turn,
increasing the tensile strength. Surface smoothing at
PAA concentrations of 500 to 1,000 ppm (more
homogeneous 3D contours) reduces microdefects,
thereby minimizing premature damage and increasing
membrane strength. Although mechanistically, PAA
increases hydration (which usually plasticizes and can
reduce strength), this effect is offset by densification and
a greater number of ionic bonds, so that the tensile

strength remains increased [52].
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Figure 9 Tensile strength of the membrane.

Flux permeability and PAHs rejection

Table 3 summarizes the results of the membrane
performance analysis which consists of 2 main
parameters including permeate flux and PAHs rejection
at various operation pressure. Figure 10 illustrates the
permeate flux increased from the CA-CS membrane to
the CA-CS/PAA 500 ppm membrane, then decreased

slightly at 1,000 ppm. The increase up to 500 ppm is in
line with the smaller water contact angle and the larger
swelling index. The addition of the —COOH/-~COO~
group from PAA makes the surface more hydrophilic,
more easily hydrated, and forms more interconnected
nanoscale water channels, thereby reducing flow

resistance [38].
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Table 3 Summary of membrane performance test results in PAHs removal.

Type of membrane

Average flux (L-m2-h™!) + SD

Average PAHs rejection (%) = SD

2 bar 4 bar 8 bar 2 bar 4 bar 8 bar
CA-CS 1.12+0.014 5.52+0.014 8.18+0.190 55.23 £0.155 58.35 £ 0.035 62.08 £ 0.064
CA-CS/PAA100 1.54 +£0.021 6.05+0.184 8.35+0.056 70.17 £ 0.057 63.59 +0.240 75.32 £0.127
CA-CS/PAA200 2.03 +£0.028 6.36+0.042 8.62+0.014 72.48 £ 0.106 70.07 £ 0.084 74.06 = 0.233
CA-CS/PAAS500 2.56 +£0.063 6.84+0.134 11.56+0.155 92.09+0.106 90.71 +£ 0.084 93.21 £0.127
CA-CS/PAA1000 2.32 £0.035 7.06+0.191 9.84 £0.120 88.50 £ 0.099 89.22 £0.141 90.97 £0.261
[ ]2bar 12 bar
[ 14 bar| [ l4bar
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Figure 10 Flux and PAHs rejection of CA-CS and CA-CS/PAA membranes at various operation pressures.

In coating with PAA 1,000 ppm, over-coating or
surface densification occurs, which causes the layer to
become thicker. There are many physical cross-links, so
that hydraulic resistance increases, and as a result, flux
does not increase even though the surface remains wet.
The increasing hydrophilicity properties with increasing
coating concentration not only increase flux, but on the

other hand, also have a positive effect on increasing

rejection of PAHs pollutants. This is because the highly
hydrophobic PAHs are repelled by the increasingly
hydrophilic membrane surface, even though the pore
size increases with increasing concentration of PAA
coating material [27,57]. Based on the flux and PAHs
rejection data, it can be assumed that the CA-CS/PAA
500 membrane has the best performance with a balanced

trade-off between flux and PAHs rejection.

Table 4 Comparison of the performance of several types of membranes in removing pollutants.

Membrane Target solute Average flux (L-m™2-h™) Rejection (%) Ref.
CA-CS/PAA PAHSs (mix) Reached 11.56 93-94 This work
GO/TiO, membrane organics/ions 5.2 70.2 [58]
PDA-MOFS5 . .
modified membrane oil/organics 7.4 98 [14]
GO-porphyrin organics/salts 7.0 25 [59]
PA-MOF polyfluoroalkyl 21 84 [60]
NT103
nanofiltration PAHs (antrachene) - 76.90 [61]

membrane
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Table 4 compares the performance of the
developed CA-CS/PAA membrane with other reported
membranes for pollutant removal. Although not all
membranes were explicitly designed for polycyclic
(PAHs), the

provides a general benchmark for evaluating flux and

aromatic hydrocarbons comparison

rejection performance various membrane
systems. The CA-CS/PAA membrane demonstrated a

superior balance between permeability and selectivity,

across

achieving an average flux of 11.56 L-m?-h™ and a
rejection rate of 93% - 94% for mixed PAH compounds.
This performance is notably higher than that of the
GO/TiO2 membrane, which exhibited a lower flux (5.2
L-m2h™) rejection (70.2%) for
organic/ionic pollutants [58]. Similarly, while the PDA-

and moderate

MOF5 modified membrane achieved a high rejection
rate (98%) for oil/organics, its flux (7.4 L-m2-h™)
remained below that of the CA—CS/PAA system [14].
This indicates that the CA-CS/PAA membrane provides
more efficient water transport without sacrificing
rejection capability.

and PA-MOF

membranes showed limited rejection efficiencies or

Furthermore, =~ GO-porphyrin

moderate performance of 25% and 84%, respectively,
reflecting the permeability-selectivity trade-off common
to many hybrid or MOF-based systems [59,60]. In
contrast, the nanofiltration membrane, with a rejection
rate of 76.9% for anthracene removal, was lower than
that of the CA-CS/PAA membrane [61]. In addition, the
CA-CS/PAA membrane showed additional advantages
of higher flux and simpler fabrication process.

Antifouling study

The high performance of the CA-CS/PAA 500
membrane is greatly influenced by its strong antifouling
properties. This can be seen in the flux values for each
membrane across the 3 filtration phases (before
washing, during washing, and after washing), as shown
in Figure 11. The flux of the CA-CS/PAA 500 and
1,000 membranes did not decrease significantly after the
washing phase, unlike the CA-CS and CA-CS/PAA 100
and 200 membranes, which did. The low flux decrease
after the washing phase for both membranes indicates
that the fouling on the membrane surface is reversible,

or that the likelihood of fouling is very low.
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Figure 11 Flux of the membrane at various times.

This fact is confirmed by measurements of the
percentage of the Flux Decline Ratio (FDR) and the Flux
Recovery Ratio (FRR) for all membrane types. Based on
the measurement results shown in Figure 12, the FDR
percentage of the CA-CS/PAA 500 membrane is the

T
140

lowest among the membranes at 20%. This is followed
by the highest FRR percentage of the CA-CS/PAA 500
membrane at 78%, indicating that the membrane can
recover the best flux because it has the highest anti-
fouling properties [21,31]. This performance surpasses
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several previously reported polymeric membranes. For
instance, a study by Ounifi [25] reported a cellulose
acetate-poly(acrylic acid) (CA-PAA) blend membrane
with an FRR of approximately 65%, which was
primarily attributed to the hydrophilic character of PAA
but still limited by the absence of strong interfacial
hydrogen bonding. Similarly, another study by Guo [62]
observed that surface-coated polyamide membranes

modified with dopamine-MOF structures achieved FRR
values of 70% - 75%, indicating partial, but not
complete, flux recovery after fouling. In comparison, the
higher FRR in the CA-CS/PAA 500 membrane indicates
more efficient mitigation of irreversible fouling, likely
due to synergistic hydrogen bonding and ionic
interactions between PAA and chitosan, which enhance
its hydrophilicity.

FDR (%)

CA-CS

CA-CS/PAA100

CA-CS/PAA200

CA-CS/PAAS00

Type of membrane

Figure 12 FDR and FRR values of the various membranes.

CA-CS/PAA1000

Furthermore, recent studies by Kadadou et al.
[21]; Jasim et al. [45] reported advanced nanocomposite
or conductive membranes with FRR values of 85% -
90% under idealized laboratory conditions. However,
these membranes often involve complex fabrication
steps or costly precursors. In contrast, the CA-CS/PAA
system achieves comparable antifouling performance
with a more straightforward dip-coating process and
low-cost biopolymer materials, demonstrating not only
strong antifouling performance but also high practical
feasibility for large-scale water purification. The
combination of reduced FDR and enhanced FRR
confirms that the membrane’s surface chemistry and
structural design play a crucial role in minimizing
foulant adsorption and maintaining consistent flux

recovery.

Conclusions
CA-CS membranes coated with PAA complex

polyelectrolyte at various concentrations (100, 200, 500

and 1,000 ppm) have been successfully synthesized to
improve the separation performance of PAHs. FTIR
characterization results showed the formation of bonds
between PAA-CS polyelectrolytes through NH3*/COO~
ion pairs, as evidenced by the strengthening of the
absorption bands in the 1,560 - 1,600 and 1,410 cm™
regions and the attenuation of C=0 at 1,730 cm™!. The
results of SEM analysis and surface contours showed
changes from a nodular surface on the CA-CS
membrane to a more homogeneous layer after the
coating process. The 500 ppm CA-CS/PAA membrane
exhibits hydrophilic properties, as evidenced by a low
water contact angle of 36.34° and a high swelling index
of 73.95%. The membrane performance test results
showed that water flux and PAHs rejection increased
after CA-CS coating and achieved the best performance
at PAA 500 ppm across all operating pressures (2 - 8
bar) with an optimum flux of 11.56 L-m2-h™! and an
optimum PAHs rejection of 93%. In addition, the CA-
CS/PAA 500 membrane showed the best antifouling
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properties, with the lowest FDR of 20% and the highest
FRR of 78%. Furthermore, the membrane coating by
dip-coating method using complex polyelectrolyte
materials offers good reproducibility, controllable layer
thickness, and compatibility with continuous coating
systems, making it a promising approach for future
industrial-scale membrane fabrication. Overall, the CA-
CS/PAA membrane has
separating PAHs

enormous potential in
pollutants from contaminated

wastewater and seawater.
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