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ABSTRACT

Polyamide (PA) nanofiltration membranes are widely used in water treatment; however, their performance is often
limited by insufficient hydrophilicity, permeability, and fouling resistance. This study aimed to enhance the filtration
performance and physicochemical properties of PA membranes by incorporating polyethylene glycol (PEG) as a
hydrophilic modifier and precipitated calcium carbonate (PCC) as an inorganic functional filler. The membranes
were fabricated via a blending and phase-inversion method, with PEG content varying from 10-30 wt.% and PCC at
1-5 wt.% based on an optimized PA/PEG composition. The results showed that PEG significantly improved
membrane hydrophilicity and permeability, with PWF reaching 60.0 L m™ h™! at the optimal PA/PEG ratio of 85/15
wt.%. Further PEG addition reduced permeability and salt rejection due to increased structural resistance. The
incorporation of PCC further enhanced membrane performance, with the membrane containing 3 wt.% PCC
achieving the highest PWF of 75.0 L m? h™!, stable salt rejection, and superior antifouling performance, as indicated
by a flux recovery ratio of 96.0% and an irreversible fouling ratio of 4.0%. Thermal and structural analyses
confirmed that PEG and PCC did not alter the PA backbone, while effectively improving membrane permeability,
fouling resistance, and operational durability. These findings highlight the potential of PEG and PCC modification
as an effective strategy to overcome permeability-selectivity trade-offs and develop high-performance nanofiltration
membranes for water treatment applications.
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INTRODUCTION
Polyamide (PA) membranes are widely used in nanofiltration because of their excellent chemical
resistance, mechanical strength, and ability to form dense, selective layers, enabling efficient separation
with low energy consumption. Consequently, PA membranes are extensively applied in water and
wastewater treatment.!? Their separation performance is governed by physicochemical properties such as
membrane morphology, surface hydrophilicity, and thermal stability, which influence permeation, solute
rejection, and fouling behavior.>”> However, the relatively hydrophobic nature of PA surfaces contributes
to fouling, altering the membrane's physicochemical properties and reducing flux and lifespan.®~ Polymer
blending with hydrophilic additives is a widely adopted strategy to tailor membrane physicochemical
characteristics and improve filtration performance. Polyethylene glycol (PEG) is a hydrophilic,
chemically stable polymer commonly used as a pore-forming and surface-modifying agent, and its
effectiveness is reflected in changes in water flux, salt rejection, and fouling resistance.!!> The
incorporation of inorganic fillers has been reported to further enhance the physicochemical properties of
membranes.'*"'® Among various fillers, precipitated calcium carbonate (PCC), which possesses a
controlled particle size and good dispersibility, has been reported to modify membrane morphology and
thermal stability, thereby enhancing membrane durability during filtration operations.!”!* Although the
individual effects of PEG and PCC on PA membranes have been reported,'®!' a comprehensive
understanding of their combined effect on both filtration performance and physicochemical properties
remains limited, particularly in establishing a clear correlation between membrane structure, permeability,

Rasayan J. Chem., 19(3), 1228-1237(2026) () ®
http://doi.org/10.31788/RJC.2026.1939755 This work is licensed under a CC BY 4.0 license.



RASAYAN J. Chem.
Vol. 19 | No. 3 | 1228-1237| July-September | 2026

selectivity, and fouling behavior. This limitation highlights the need for a systematic approach to optimize
membrane performance while maintaining structural stability and durability. Accordingly, this study aims
to evaluate the filtration performance of PA nanofiltration membranes modified with PEG and PCC,
followed by physicochemical characterization to elucidate the relationship between membrane structure
and performance. Furthermore, this work contributes to Sustainable Development Goal (SDG) 6 (Clean
Water and Sanitation) by proposing an effective strategy for developing high-performance nanofiltration
membranes for improved water treatment applications.

EXPERIMENTAL
Material
Polyamide-6 (PA6) was purchased from Sigma-Aldrich (USA). Polyethylene Glycol 400 (PEG 400) and
Precipitated Calcium Carbonate (PCC) were supplied by Merck (Germany). Bovine Serum Albumin
(BSA) and phosphate buffer solution (pH 7.0) were purchased from Sigma-Aldrich (USA). Hydrochloric
acid (HCl, 25%) and sodium chloride (NaCl) were obtained from Merck (Germany). Deionized water was
supplied by OneMed (Indonesia).

Modification of PA Nanofiltration Membranes with PEG

PA was weighed according to the compositions listed in Table-1 and dissolved in 100 mL of 25% HCI
under continuous stirring (500 rpm at 25 £ 2°C) until a homogeneous solution was obtained. PEG was
then added at various concentrations, followed by further stirring (500 rpm for 2 h) to form a uniform
polymer dope solution. The prepared dope solution was allowed to stand for 24 h (at room temperature,
25 £ 2°C) to remove entrapped air bubbles. The dope solution was cast onto a clean glass plate and spread
uniformly using a casting knife (with a controlled thickness of 150 um) to obtain a thin film. The cast film
was left for 10 min (under ambient conditions) to allow partial solvent evaporation, then immersed in a
coagulation bath containing deionized water (25 £ 2°C) to induce phase inversion. The resulting
membranes were thoroughly rinsed and dried at room temperature (25 + 2°C) for 24 h.

Modification of PA Nanofiltration Membranes with PEG and PCC

For the preparation of the AEC series, PA was weighed according to the formulation shown in Table-1
and dissolved in 100 mL of 25% HCI under continuous stirring (500 rpm at 25+2°C) until a homogeneous
solution was obtained. PEG was then added at a fixed concentration, followed by the incorporation of
PCC at different loadings. The mixture was stirred continuously (500 rpm for 2 h) to ensure uniform
dispersion of the inorganic filler within the polymer matrix. The resulting dope solution was degassed for
24 h (at 25 + 2°C) before casting. Membrane casting and phase inversion were performed using the same
procedure described in the previous section. After complete detachment, the composite membranes were
washed thoroughly with deionized water and dried at room temperature (at 25 + 2 °C) for 24 h. The
selected PEG and PCC compositions were based on preliminary optimization to obtain balanced
permeability, selectivity, and antifouling performance.

Table-1: Composition of PA/PEG and PA/PEG/PCC Nanofiltration Membranes

PA | PEG PA | PEG | PCC
Sample Code Wt%) | (wt.%) Sample Code wi%) | (wt) | (wt.%)
AEO 100 0 AEC-0 85 15 0
AE1 90 10 AEC-1 85 14 1
PA(féEG AE2 85 15| PAPEG/PCC | AEC-2 85 13 2
corics) AE3 80 20 | (AECscries) | AEC-3 85 12 3
AE4 75 25 AEC-4 85 11 4
AES 70 30 AEC-5 85 10 5

Pure Water Flux and Water Permeability Measurements

Pure water flux (PWF) and water permeability (WP) were measured using a stirred dead-end filtration
cell operated at a constant transmembrane pressure of 10 bar. The membrane was placed in the filtration
cell with the active layer facing the feed side, and deionized water at 25+1 °C was used as the feed
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solution. Prior to data collection, the membrane was compacted at the operating pressure for 30-60 min
until a stable flux was achieved (flux variation < 5%), and the permeate obtained during this compaction
stage was discarded. After stabilization, permeate was collected at 5-10 min intervals, and its volume was
measured; the experiment was repeated at least three times (n = 3). The obtained PWF data were
subsequently used to calculate the WP. The PWF and WP were calculated using the following equations:
—_V .

J T (At) 7 TP T AP
Where: J = pure water flux (L/m? h), V' = permeate volume (L), 4 = effective membrane area (m?), t =
filtration time (h), L, = water permeability (L/m?h bar), and 4P = the applied pressure (bar).

Salt Rejection Evaluation

Salt rejection was evaluated using a 1000 mg/L NaCl solution. The membrane was installed in the
filtration cell with the active layer facing the feed side and pre-compressed at an operating pressure of 10
bar until the flux variation was less than 5%. After stabilization, filtration was performed at 10 bar and 25
+1°C under steady-state conditions. Feed and permeate samples were collected, and the salt
concentrations in the feed (Cy) and permeate (C,) were determined based on conductivity measurements
(using a calibrated conductivity meter). Salt rejection (R) was calculated using the following equation:

(o)
Rw) = (1-22) x 100
Cr
Where: C, = salt concentration in permeate (mg/L), and Cy= salt concentration in feed (mg/L).

Fouling Test

The fouling test was conducted after measuring the initial pure water flux (Jy). The feed solution was then
replaced with a BSA solution (1 g/L at pH 7), and filtration was performed at 10 bar for 60-120 min
(until steady-state flux decline was observed). During this stage, the permeate flux (J;) was recorded until
the final fouling flux (Jy) was obtained. After fouling, the membrane was physically cleaned by flushing
with deionized water at low pressure for 10—15 min, after which the pure water flux after cleaning (J,)
was measured. The fouling behavior was evaluated based on flux recovery ratio (FRR), total fouling ratio
(R)), reversible fouling ratio (R.), and irreversible fouling ratio (Ri.v), calculated using the following
equations:

FRR(%) = (ﬁ)x 100, R,(%) = (7—ﬁ)x 100,
Jo Jo

x 100

R, (%) =

rev

LIy 100, R.
Jo

irrev

Jo—J
) = r
(%) 7
where: Jy = initial pure water flux (L/m? h), Jr= final fouling flux (L/m?h), and J, = flux after physical
cleaning (L/m?h).

Characterization

Thermal stability and degradation behavior of the membranes were evaluated using thermogravimetric
and differential thermal analysis (TGA/DTA; Hitachi STA-7300) under a nitrogen atmosphere (flow rate
~50 mL/min) at a heating rate of 10 °C min!. Chemical functional groups were identified by Fourier-
transform infrared spectroscopy (FTIR; Agilent Cary 630) over the wavenumber range of 4000650 cm™!
(resolution 4 c¢cm™). The surface morphology of the samples was examined using scanning electron
microscopy (SEM, ZEISS EVO MA-10) at an accelerating voltage of 5-10 kV after gold sputter coating.

RESULTS AND DISCUSSION
Pure Water Flux and Water Permeability Behavior
The pure water flux (PWF) and water permeability (WP) of the PA/PEG (AE series) and PA/PEG/PCC
(AEC series) nanofiltration membranes are presented in Fig.-1. In the AE series, the incorporation of PEG
into the PA matrix resulted in a significant enhancement of both PWF and WP compared with the control
membrane (AE-0). The performance increased with PEG content and reached an optimum at AE-2,
1230
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indicating that PEG effectively improved membrane hydrophilicity and facilitated water transport at
moderate loading. However, further addition of PEG (AE-3 to AE-5) led to a decline in both parameters,
suggesting that excessive PEG adversely affected water transport, likely due to increased structural
resistance, as reported in previous studies.?’??> Therefore, AE-2 was identified as the optimum
composition within the PA/PEG membrane series. For the AEC series, incorporating PCC into the
optimized PA/PEG matrix (AE-2) further improved both PWF and WP. The membrane performance
increased with PCC loading and reached a maximum at AEC-3, confirming the beneficial role of PCC as
a hydrophilic inorganic filler that enhances water transport. At higher PCC contents (AEC-4 and AEC-5),
performance decreased, indicating that excessive PCC loading negatively affected membrane structure
and transport pathways. Similar trends have been reported for CaCOs-filled polymeric membranes.?2
Accordingly, AEC-3 was determined to be the optimum composition for the PA/PEG/PCC membrane
system. This result indicates an effective balance between permeability and membrane structure,
contributing to improved nanofiltration performance for water treatment applications (SDG 6).

=
=
S

I- Pure Water Flux (PWF)
Water Permeability (WP)

T T T 1
[ Pure Water Flux (PWF)
[ Water Permeability (WP)

N
S

Pure Water Flux (L.m2.h")
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Pure Water Flux (L.m2.h"")
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0 0
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PA/PEG membranes (AE series) PA/PEG/PCC membranes (AEC series)

Fig.-1: The PWF and WP of (a) PA/PEG Membranes and (b) PA/PEG/PCC Membranes

AE-0 AE-1 AE-2 AE-3 AE-4 AE-5

Salt Rejection Performance

The salt rejection characteristics of the PA/PEG (AE) nanofiltration membranes are illustrated in Fig.-2a.
Within this series, salt rejection exhibited a gradual decline as the PEG content increased. While the
pristine membrane (AE-0) maintained the highest rejection levels, the addition of PEG enhanced
membrane hydrophilicity and flexibility. This modification likely increased the effective pore size and,

consequently, reduced selectivity, a phenomenon consistent with previous studies.® '*2
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Fig.-2: The Salt Rejection of (a) PA/PEG Membranes and (b) PA/PEG/PCC Membranes

Among the AE group, AE-2 emerged as the formulation with the most balanced performance in terms of
salt rejection and permeability. Regarding the PA/PEG/PCC (AEC) membranes, the salt rejection data are
presented in Fig.-2b. The incorporation of PCC yielded higher, more stable rejection rates than the AE
series at equivalent compositions. It appears that moderate PCC loading helps maintain membrane
selectivity by improving structural stability and pore regulation.!®? However, exceeding the optimal PCC
content led to reduced salt rejection, presumably due to particle agglomeration and the formation of non-
selective transport pathways.?’?® Consequently, AEC-3 was identified as the optimum composition,
offering the best compromise between salt rejection and overall filtration efficiency. This finding
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demonstrates the ability to reduce the permeability—selectivity trade-off, which is a key challenge in
membrane development.

Fouling Performance

The fouling performance of AE and AEC membranes evaluated using a 1 g/L. BSA solution is presented
in Table-2. In the AE series, increasing PEG content improved antifouling properties, with AE2 at the
optimum condition exhibiting the highest flux recovery ratio (FRR) of 90.0% and a low irreversible
fouling ratio (Rimev) of 10.0%. This indicates that PEG at an optimal concentration enhances membrane
hydrophilicity and reduces protein adsorption, as reported in previous studies.?®?® Further PEG addition
did not result in significant improvement, likely due to structural heterogeneity or pore blockage.’®*! The
incorporation of PCC in the AEC series markedly enhanced membrane fouling resistance. AECO showed
fouling behavior identical to that of AE2, confirming AE2 as the baseline membrane. Among the AEC
membranes, AEC3 demonstrated the best performance, with the highest FRR (96.0%) and the lowest
Rirrer (4.0%), indicating that PCC acts as a functional filler that suppresses strong protein—-membrane
interactions by increasing surface hydrophilicity.?>* The dominance of reversible fouling in AEC
membranes suggests that foulants can be readily removed by physical cleaning, which is advantageous for
long-term nanofiltration applications.?>*? This improvement enhances membrane durability and supports
its practical application in sustainable water treatment systems.

Table-2: Fouling Performance of AE and AEC Membranes Using BSA Solution

Sample Jo Jr Jr FRR Rt Rrev Rirrev
(L/m>h) (L/m*h) (L/m*h) (%) (%) (%) (%)
AEO 45.0+£2.1 20.3+1.0 30,6 £14 68.0 54.9 22.9 32.0
AE1 50.0+2.3 28.0+1.3 350+ 1.6 70.0 44.0 14.0 30.0
AE AE2 60.0+ 2.8 42.0+1.9 54.0+2.2 90.0 30.0 20.0 10.0
series AE3 68.0+3.0 449+2.1 585+24 86.0 34.0 20.0 14.0
AE4 75.0+3.4 53.3+2.5 66.8+2.9 89.1 28.9 18.0 10.9
AES 82.0+3.6 60.7 + 2.8 74.6 £3.1 91.0 26.0 17.0 9.0
AECO 60.0 £2.8 42.0+1.9 54.0+2.2 90.0 30.0 20.0 10.0
AECI1 65.0+3.0 46.8+2.2 59.8+2.6 92.0 28.0 20.0 8.0
AEC AEC2 70.0 £ 3.2 525+24 64.4+29 92.0 25.0 17.0 8.0
series AEC3 75.0+3.5 60.0+2.7 72.0+3.1 96.0 20.0 16.0 4.0
AEC4 80.0+3.7 62.4+2.9 752+3.3 94.0 22.0 16.0 6.0
AECS 85.0+3.9 65.5+3.1 79.1+3.5 93.0 23.0 14.0 7.0

Thermal Analysis

Figure-3 shows the TGA, DTG, and DTA curves of PA, PA/PEG (AE), and PA/PEG/PCC (AEC)
membranes, with the thermal parameters summarized in Table-3. All samples exhibit similar 77+ values
(27.5-27.7 °C), indicating comparable initial mass loss related to moisture and volatile components. The
addition of PEG increases Ts¢; from 44.5°C to 89.0°C, suggesting a delay in early-stage mass loss. This
trend is consistent with previous studies showing that PEG can improve low-temperature thermal
resistance in polyamide systems by enhancing intermolecular interactions.!*33 In contrast, the T’so; value of
AEC decreases to a level close to that of neat PA, suggesting that PCC weakens PEG's stabilizing effect
at low temperatures. DTG analysis shows that AE exhibits nearly identical 7). values (~450 °C),
confirming that PEG does not significantly affect the main degradation temperature of PA, in agreement
with earlier reports on PEG-modified polyamides.’**> However, incorporating PCC results in a
pronounced decrease in Tax to 391.5 °C. Similar reductions have been reported for CaCOs-filled polymer
systems, where CaCOQOs acts as a functional filler that modifies degradation pathways rather than
enhancing thermal stability.!** DTA results show a gradual decrease in melting temperature (75,) and
decomposition temperature (74) with the addition of PEG and PCC. This behavior has also been observed
in previous studies, where mineral fillers disrupt polymer crystallinity and introduce a trade-off in high-
temperature stability.>>*” Overall, PEG modifies the early thermal behavior of PA without altering the
main degradation temperature, whereas PCC alters melting and degradation as a functional filler.!%8
These results confirm that performance enhancement is achieved without compromising thermal stability.
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Fig.-3: (a) TGA, (b) DTG, and (c) DTA of PA, AE, and AEC
Table-3: Thermal properties of PA, PA/PEG (AE), and PA/PEG/PCC (AEC)

Sample T2 (°C) Ts50 (°C) Tnax (°C) T (°C) T4 (°C)
PA 27.5 44.5 450.8 252.3 450.8
PA/PEG (AE) 27.6 89.0 449.7 249.7 445.5
PA/PEG/PCC (AEC) 27.7 46.0 391.5 243.6 329.7

Note: T2 = temperature at 1% weight loss; T’so; = temperature at 5% weight loss; T = temperature of maximum
degradation rate (DTG); T, = melting temperature (DTA); 7z = decomposition temperature (DTA).

Chemical Functional Group Analysis

The FTIR spectra of PA, AE, and AEC membranes exhibit the characteristic absorption bands of
polyamide (Fig.-4), including broad N-H stretching vibrations in 3302.4 cm™', C-H stretching bands in
the 2937.1-2862.5 cm’! region, and the amide I band (1632.5 c¢cm), mainly associated with C=0
stretching, and the amide II band (1535.6 cm™!), attributed to C-N stretching coupled with N-H bending.
These bands are consistent with previously reported FTIR results for PA/CaCOs; composites, which
confirmed that the fundamental PA backbone remains intact after filler addition.!*3® Compared with neat
PA, the AE membrane shows increased intensity in the C—H stretching region, attributable to the —CH>
groups of the PEG. The absence of new absorption bands or significant peak shifts suggests that PEG
interacts with the PA matrix primarily through physical interactions, such as hydrogen bonding, rather
than by forming new covalent bonds. Similar observations have been reported in PEG-modified polymer
blends, where PEG incorporation does not change the main spectral features of the polymer but modifies
the relative intensities of existing bands.!%*

Asymmetric stretching €0, O0OP
(e) PCC of CO> ions | bending |

V— ; v
\ O—H stretching ‘\V/‘/h
(d) PEG  of surface hydroxyl

A C—H stretching W
c) PA/PEG/PCC (AEC)
-0-C

b) PAIPEG (AE) |

Transmittance (%)

(a) PA

N-H stretching vy v v‘
aliphatic C—H stretching c=0 CN C-H rock

: : : : : :
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™')

Fig.-4: FTIR Spectra of (a) PA, (b) PA/PEG (AE), (c) PA/PEG/PCC (AEC), (d) PEG, and (e) PCC

In the AEC membrane, additional absorption features are observed near 1416.3—-1468.5 cm™! and around
842.3 cm!, corresponding to typical carbonate (COs?") vibrational modes of calcium carbonate, which are
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well documented in FTIR analyses of CaCOs-based materials. The appearance of these carbonate bands
confirms the successful incorporation of PCC into the composite.'* 34 The FTIR analysis indicates that
the incorporation of PEG and PCC does not alter the characteristic absorption features of the polyamide
backbone.®? The presence of PEG and PCC is reflected primarily in changes in band intensities and the
emergence of additional absorption bands associated with each component. In this system, PEG serves as
a polymer modifier, while PCC functions as a functional filler, in agreement with previous reports on
polyamide/CaCOs composites. This indicates that the performance improvement is mainly due to
structural modification rather than chemical changes.

Morphological Analysis

The surface morphologies of PA, AE, and AEC membranes at magnifications of 1000x and 10,000x are
shown in Fig.-5. Neat PA (a,d) exhibits a relatively smooth and homogeneous fracture surface, which is
characteristic of brittle failure behavior commonly reported for unmodified PA due to its limited chain
mobility.*! After the incorporation of PEG, the AE membrane (b,e) shows a noticeably rougher surface
morphology compared to neat PA. The appearance of shallow grooves and micro-scale irregularities
indicates enhanced ductility and increased polymer chain mobility induced by PEG. Similar SEM features
have been reported in PEG-modified PA systems, where PEG acts as a plasticizing modifier and promotes
more energy-dissipative fracture behavior without causing phase separation.®”*? For the AEC membrane
(c,f), the surface morphology becomes more heterogeneous. At lower magnification (c), the presence of
dispersed PCC particles contributes to a less uniform surface, while higher magnification images (f)
reveal PCC particles embedded within the polymer matrix. The particles appear relatively well distributed
with no large voids or severe agglomeration, suggesting acceptable interfacial contact between PCC and
the PA/PEG matrix. This morphology is consistent with previous studies on CaCOs-filled polymer
composites, in which PCC acts as a functional filler that modifies fracture topography primarily through
physical and interfacial interactions rather than chemical bonding.®*** Overall, the SEM observations
indicate that PEG primarily modifies the matrix morphology by enhancing ductility and matrix continuity,
whereas PCC introduces microstructural heterogeneity associated with filler incorporation. These
microstructural characteristics support the role of PEG as a polymer modifier and PCC as a functional
filler in the PA-based composite system. This structure—performance relationship explains the observed
improvement in filtration performance.

Fig.-5: SEM Micrographs of (a, d) PA, (b, ¢) PA/PEG (AE), and (c, f) PA/PEG/PCC (AEC) Showing the Surface
Morphology at 1000 (a—c) and 10,000x (d—f) Magnifications

CONCLUSION
PA nanofiltration membranes were modified with PEG and PCC to improve filtration performance. The
incorporation of PEG enhanced membrane hydrophilicity and water permeability, with optimal
performance achieved at a PA/PEG ratio of 85/15 wt.%, while excessive PEG reduced permeability and
salt rejection. The addition of PCC further improved permeability, salt rejection stability, and fouling
resistance, with the best performance obtained at 3 wt.% PCC. Fouling analysis indicated predominantly
reversible fouling, and thermal, FTIR, and SEM results confirmed that PEG- and PCC-modified
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membranes retained PA backbone properties. Overall, the combined use of PEG and PCC provides a
balanced enhancement in permeability, selectivity, and membrane stability, representing an effective
strategy for improving nanofiltration membrane performance. These findings demonstrate the potential
application of the developed membranes in water treatment systems, supporting Sustainable Development
Goal (SDG) 6: Clean Water and Sanitation. Furthermore, future studies are recommended to investigate
long-term operational stability and scale-up feasibility for practical applications.
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