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Highlights:

- UCST-type poly(acrylamide-co-acrylonitrile) imparted temperature responsiveness to poly(vinylidene
fluoride) membranes.

- Electrospun nanofibres exhibited high porosity and an interconnected structure.

- Hydrophilicity increased, with contact angle decreasing from 90° to 34° at 10 wt% copolymer loading.
- Dynamic light scattering confirmed reversible swelling—collapse between 25 °C and 60 °C.

- The membranes show potential for responsive water treatment applications.

Abstract: Ensuring access to clean and safe water requires the development of advanced
membrane materials with tunable and adaptive surface properties. However, conventional
polymeric membranes typically exhibit static physicochemical characteristics, limiting their
ability to respond to changing operating conditions. In this study, a stimuli-responsive
poly(vinylidene fluoride) (PVDF) nanofibre membrane was developed through the
incorporation of a thermoresponsive copolymer, poly(acrylamide-co-acrylonitrile) (PAAmM-co-
AN), which exhibits upper critical solution temperature (UCST) behaviour. The PAAm-co-AN
copolymer was synthesized in-house via free-radical copolymerization of acrylamide (AAmM)
and acrylonitrile (AN) at a 70:30 molar ratio and blended with PVDF at 0, 3, and 10 wt%.
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Electrospun membranes displayed uniform nanofibrous architectures with interconnected pore
networks. Scanning electron microscopy (SEM) revealed systematic morphological evolution
with increasing PAAm-co-AN content, transitioning from uniform smooth fibres in neat PVDF
to slightly thicker fibres and a more interconnected nanofibrous network at higher copolymer
loadings. Surface wettability measurements showed a significant reduction in water contact
angle from approximately 90° for pure PVDF to 49° and 34° for membranes containing 3 and
10 wt% PAAmM-co-AN, respectively, indicating enhanced hydrophilicity. Temperature-
dependent behaviour was further examined using dynamic light scattering (DLS), which
demonstrated a greater than 60% increase in hydrodynamic diameter at 60 °C compared to
room temperature, attributed to strengthened hydrogen bonding and interpolymer
complexation between PAAmM amide groups and the PVDF backbone. Overall, the results
confirm that incorporating PAAm-co-AN into PVDF nanofibre membranes enables
temperature-responsive modulation of structural and surface properties, providing a promising

material platform for the future development of smart membrane systems.

Keywords: PVDF nanofibre membrane; thermoresponsive polymer; UCST; electrospinning;

water purification

1. Introduction

Access to clean and safe water is one of the most pressing challenges of the 21st century, as
increasing industrialization, population growth, and environmental pollution continue to strain
global water resources (Boretti & Rosa, 2019; Wu et al., 2025). This challenge is directly
aligned with the United Nations Sustainable Development Goal 6 (SDG 6), which aims to
ensure the availability and sustainable management of water and sanitation for all. Membrane-
based separation technologies have emerged as a promising solution for water purification due
to their high efficiency, energy savings, and ability to selectively remove contaminants (Chen
etal., 2024).

However, conventional membranes often suffer from limitations such as fouling, low
selectivity, and limited adaptability to changing environmental conditions, which hinder their
long-term performance and sustainability (Elimelech & Phillip, 2011). In recent years, the
design of stimuli-responsive or “smart” membranes has gained considerable attention as a
strategy to overcome these drawbacks. By incorporating functional materials that respond to

external stimuli such as temperature, pH, or light, these advanced membranes can dynamically
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alter their physicochemical properties, enabling tunable permeability, selective separation, and

even self-cleaning behaviour (Khalil, Teow, Yoshizawa-Fujita, et al., 2025; Pan et al., 2023).

Among these, thermoresponsive polymers are of particular interest because temperature is an
easily controllable stimulus in many water treatment processes (Khalil, Teow, Takriff, et al.,
2025). Conventional polymeric membranes such as PVDF, polysulfone (PSf), and
polyethersulfone (PES) are widely used in water treatment; however, their surface properties
and separation performance are inherently static (Lalia et al., 2013). The upper critical solution
temperature (UCST) type polymers represent a unique class of thermoresponsive materials that
undergo a phase transition from an insoluble to a soluble state when the temperature increases
above their UCST. This reversible change in polymer—solvent interactions can be exploited to
modulate membrane wettability, permeability, and fouling resistance (Lalia et al., 2013).
Poly(acrylamide-co-acrylonitrile) (PAAm-co-AN) is one such copolymer, known for its
tunable UCST behaviour and compatibility with polymeric matrices (Liu et al., 2011; Mat
Nawi et al., 2020).

PVDF is widely employed in membrane fabrication due to its excellent mechanical strength,
chemical resistance, and thermal stability (Qiu & Park, 2001). However, PVDF membranes are
intrinsically hydrophobic, which contributes to fouling and limits their water permeability.
Incorporating UCST-type polymers, such as PAAm-co-AN, into PVDF offers a promising
strategy for developing stimuli-responsive nanofibre membranes with enhanced adaptability
and functionality for water purification applications (Huang et al., 2023; Shannon et al., 2008).

In this study, we report the fabrication of a thermoresponsive PVDF nanofibre membrane
doped with PAAm-co-AN via electrospinning. The structural, thermal, and wettability
properties of the membranes were systematically characterized, and their UCST-driven
responsive behaviour was investigated. The findings highlight the potential of combining
PVDF with UCST-responsive polymers to design next-generation adaptive membranes that

address the growing challenges in sustainable water purification.
2. Materials and Methods

PAAmM-co-AN was synthesized in-house via free-radical copolymerization of AAm and AN
with an AAm:AN molar ratio of 70:30. Analytical-grade monomers of AAm and AN were
purchased from Sigma-Aldrich. Azobisisobutyronitrile (AIBN, >98%, Sigma-Aldrich)_has
been used as an initiator. N, N-Dimethylsulfoxide (DMSO, 99.8%, anhydrous, Sigma-Aldrich),

used as a solvent, was used to dissolve the two monomers in the desired molar ratio. AIBN (0.5
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wt%) was added, and the solution was heated to 70°C for 120 minutes. The polymerization
process was conducted via a freeze-pump-thaw technique. The monomer solution was
subjected to three freeze-pump-thaw cycles, which involve freezing, evacuation under vacuum,
and subsequent thawing, to eliminate dissolved oxygen. The initiator and chain transfer agent
were introduced under a Nitrogen inert atmosphere. The mixture was polymerized at a
controlled temperature (70 °C) for a 24-hour duration. The resulting copolymer network was
isolated, washed, and dried. PVDF was obtained from Sigma Aldrich and used as received. N,
N- Dimethylformamide (DMF, 99.8%, anhydrous, Merck) was used as the solvent for
nanofibre membrane preparation. Polyvinylpyrrolidone (PVP, molecular-weight ~40,000),
used as a pore-forming additive, was purchased from Sigma-Aldrich. Polymer solutions were
prepared by dissolving 15 wt% PVDF in DMF under magnetic stirring at 50 °C until the
polymer was fully dissolved. VVarying amounts of PAAm-co-AN (0 wt%, 3 wt%, and 10 wt%)
were gradually added to the PVDF solution to prepare different membrane formulations. In
selected samples, 2 wt% PVP was also included to enhance porosity. The mixed solutions were
stirred for 12 hours to ensure homogeneity and then degassed under vacuum for 1 hour to
remove entrapped air bubbles. Finally, the membranes were fabricated using the
electrospinning process. 20 kV, 0.1 mL/h flow rate, 17 cm tip-to-collector distance, and 18 G
needle type were used. After electrospinning, the membranes were dried in a vacuum oven at
40 °C for 12 h to remove residual solvent before characterization. Membrane surface
morphologies were analysed using a scanning electron microscope (SEM). Surface
hydrophilicity was assessed using a goniometer by placing 5 pL of distilled water on the
membrane surface. Contact angles were recorded after 5 seconds at ambient temperature and
pressure. The synthesized PAAmM-co-AN copolymer was characterized by *H NMR using a
Bruker Ascend Aeon 500 MHz spectrometer with DMSO-ds as the solvent to confirm the
characteristic proton signals of the copolymer. Dynamic Light Scattering (DLS) was performed
using a Litesizer DLS 700 to measure the hydrodynamic diameter (Dh) and polydispersity
index (PDI) at 25 and 60 °C, in order to evaluate the temperature-dependent aggregation
behaviour of the polymer solution (Grabowski et al., 2022; Najafi & Nasiri, 2025).

3. Results and Discussion
3.1 Polymerization

PAAmM-co-AN is a random copolymer derived from two monomer units. The AAm monomer
has the structure (-CH.—CH(CONH2)-) with an amide (-CONH2) group, and its chemical
formula is CsHsNO. The AN monomer has the structure (—CH>—CH(CN)-) with a Nitrile (—
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C=N) group, and its chemical formula is CsHsN. After radical polymerization, the backbone is
saturated (no C=C double bonds remain). The NMR spectrum thus reflects the polymer’s —
CH>—CH- backbone plus the side groups -CONH: (from AAm) and —CN (from AN).

As shown in Figure 1, the DMSO-ds (6 = 2.50 ppm for residual proton signal). DMSO-ds is a
strong hydrogen-bond acceptor that allows good solubility for many polar polymers like
polyacrylamide derivatives and helps resolve the amide protons (which can exchange slowly
enough to appear as broad peaks). Because this is a high-molecular-weight, amorphous
polymer, the peaks appear narrow due to chain motion and heterogeneous environments,
sharper than those of solids but broader than those of monomers (Bansal et al., 2019). The
peaks at 1.477-2.507 ppm correspond to the polymer backbone methylene (-CH>-) and
methine (—CH-) protons arising from the —-CH.—CH- repeating units contributed by both AAm
and AN segment. These resonances commonly overlap, appearing as a broad envelope centred
around 1.5-2.2 ppm. In addition, the signals at 6.0-8.0 ppm are attributed to the amide (-
CONHy>) protons, confirming the presence of AAm units in the copolymer. The two broad
signals (often overlapping) correspond to the amide N—H protons of AAm units. Their exact
position depends on the strength of hydrogen bonding (Najafi & Nasiri, 2025). Usually, one
appears near 7.0-7.6 ppm and another near 6.3-6.8 ppm. No peaks are observed between 4.5
and 5.5 ppm, suggesting that the nitrile group has no directly attached hydrogen; it is detected
indirectly through backbone shifts.

—T7.197
—7.062
—6.831
—3.389

9 8 7 6 5 4 3 2 1 ppm
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Figure 1. *H NMR Spectrum of the random copolymer P(AAm—co—AN) in de-DMSO.
3.2 Membrane Morphology

SEM revealed noticeable changes in the nanofibrous structure of the PVDF membranes with
increasing PAAm-co-AN content (Figure 2). The pure PVDF membrane (0 wt% PAAmM-co-
AN) exhibited relatively uniform and smooth fibres without bead formation. After
incorporating 3-10 wt% PAAm-co-AN, the nanofibrous network became more porous and
interconnected, indicating modifications in fibre formation during the electrospinning process.
At 3 wt% PAAmM-co-AN, the membrane displayed a well-distributed nanofibre network with
improved pore connectivity. When the copolymer concentration increased to 10 wt%, slight
fibre merging and local structural irregularities were observed, which may be attributed to

increased solution viscosity and polymer interactions during electrospinning.

Figure 2. SEM Surface morphology of the membranes, (a) Pure PVDF (10,000x), (b) PVDF-
3wt% PAAmM-co-AN (10,000x) (c) PVDF-10wt% PAAm-co-AN (50,000x).

3.3 Hydrophilicity and Water Contact Angle

PVDF is hydrophobic, which can limit water flux and cause fouling. Adding PAAmM-co-AN
introduces hydrophilic sites, enhancing water permeability, anti-fouling behaviour, and surface
wettability (Ahmad et al., 2022; Teow et al., 2020). Water contact angle measurements

demonstrated a clear trend in surface wettability (Figure 3).
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Figure 3. Contact angle of the membranes, (a) Pure PVDF, (b) PVDF-3wt% PAAmM-co-AN
(c) PVDF-10wt% PAAm-co-AN. (d) Comparison of the average contact angle values for the

membranes.

The pure PVDF membrane exhibited a high contact angle of ~90°, confirming its hydrophobic
nature. As PAAm-co-AN content increased, the contact angle gradually decreased to ~49° at 3
wit% and ~34° at 10 wt%, indicating a dramatic shift toward hydrophilicity due to the presence
of PAAm-co-AN segments on the surface. All modified membranes maintained adequate
wettability for potential water filtration, suggesting that the hydrophilic nature of the PAAm-
co-AN effectively suppressed the hydrophobic nature of PVDF up to moderate concentrations
(Teow et al., 2023).

3.4 Dynamic Light Scattering (DLS)

Dynamic Light Scattering (DLS), also known as Photon Correlation Spectroscopy (PCS), is
used to determine the hydrodynamic diameter and size distribution of dispersed polymer
aggregates or particles in solution (Teow et al., 2018). For polymer-blend membrane systems,
DLS provides insight into the dispersion uniformity of the copolymer within the PVDF matrix
solution, intermolecular interactions between the copolymer and PVDF chains, and the effect
of copolymer concentration (10 wt% in this case) on particle aggregation or compatibility prior
to membrane formation. When DLS is performed at high temperatures, the dispersed
nanoparticles of PVDF/PAAmM-co—AN undergo a change in the average hydrodynamic size of
polymeric micelles, clusters, or solvated aggregates, which subsequently affects the membrane
morphology and porosity.
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Figure 4. Dynamic Light Scattering of the PVDF-10wt% PAAmM-co-AN membranes at

different temperatures.

As shown in Figure 4, the resulting size distribution by number indicates that the solution
contains a single uniform population (monomodal) at both tested temperatures. There is a
second population (bimodal/polydisperse) at room temperature (25 °C). This suggests
increasing the hydrophilicity of the membrane at elevated temperature. The incorporation of
10 wt% PAAmM-co-AN as well as increasing the temperature increases the hydrophilicity and
intermolecular hydrogen bonding between PAAm amide groups and PVDEF’s —CF>— backbone.
DLS shows a relatively narrow, single distribution of particle size, implying good miscibility
and absence of large phase-separated domains in the solution. A dramatic increase of Dy at 60
°C compared to room temperature (> 60% more) reflects the formation of interpolymer
complexes or solvated clusters. Table 1 presents a comparison of the results obtained from the
produced membrane at 25 °C and 60 °C. At room temperature, the hydrophilic amide (—
CONH) groups in the Poly-AAm segments form extensive hydrogen bonds with water
molecules. The polymer chains are in an extended and hydrated state. Water penetrates the

membrane pores and the polymer network, causing chain expansion and an increase in free
volume.

Table 1. DLS results showing the hydrodynamic diameter and polydispersity index of
PAAmM-co-AN at 25 °C and 60 °C.

25°C 60 °C
Hydrodynamic diameter (nm) 889.6857612 1586.042393
Polydispersity index (%) 277.1861165 850.4707111
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Intercept g12 0.7558138 0.736050738
Baseline 1.964151793 1.617138379

Mean intensity (kcps) 361.8091246 534.7876431
Absolute intensity (kcps) 431592.9529 290772.2476

Figure 5 shows a schematic diagram of the swelling-collapsing mechanism of the produced
membrane. The incorporation of the hydrophilic copolymer PAAmM-co—AN into the
hydrophobic PVDF matrix introduces temperature-responsive functionality to the composite
membrane. This behaviour originates from the thermosensitive nature of the AAm-based
segments, which interact strongly with water molecules at low temperatures but lose hydration
as the temperature rises. Thus, the membrane exhibits swelling at room temperature
(approximately 25 °C), due to strong polymer—water interactions and collapses at higher

temperatures (approximately 60 °C), when these interactions weaken.
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Figure 5. A schematic diagram of Dynamic Light Scattering of the P\VVDF-10wt% PAAmM-co-

AN membranes.
5. Conclusion

In this study, hybrid nanofibre membranes were fabricated by incorporating PAAm-co-AN, a
thermoresponsive copolymer, into a PVDF matrix via electrospinning. The inclusion of
PAAmM-co-AN altered the membrane morphology, leading to increased porosity and improved
fibre interconnectivity compared to pristine PVDF membranes, as evidenced by SEM analysis.

76



Khalil et al. JETA 2026, 11 (1) 68 - 80

Among the compositions investigated, membranes containing 10 wt% PAAm-co-AN exhibited
the most pronounced structural and surface property changes, including a highly porous
nanofibrous architecture, a reduced water contact angle of approximately 34°, and clear
temperature-dependent swelling and collapse behaviour over the range of 25-60 °C. These
results indicate enhanced surface hydrophilicity and UCST-driven responsiveness resulting
from the presence of PAAm-co-AN within the PVDF matrix.

While the observed reductions in contact angle and the temperature-dependent behaviour
suggest favourable surface characteristics, direct measurements of water permeability and
antifouling performance were not conducted in this study. Therefore, conclusions regarding
filtration efficiency or fouling resistance cannot be drawn at this stage. Instead, the findings
demonstrate that PAAm-co-AN functions effectively as a structural and responsive additive,
enabling tunable membrane morphology and surface wettability. Future work will focus on
systematic permeability, fouling, and long-term stability assessments to establish the functional

performance of these membranes in water treatment applications.
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