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ARTICLE INFO ABSTRACT

Keywords: This study presents sustainable membranes prepared from cellulose nanofibers (CNF) using a simple solution-
Cellulose nanofiber casting method, focusing on the incorporation of low weight percentages (1 %, 2 %, and 4 %) of poly-
PO}ylcapr_Olac_tgne caprolactone (PCL) and polylactic acid (PLA) to compare membrane performance. The nanocomposite mem-
Polylactic aci branes were evaluated based on thickness, wettability, electrolyte uptake, porosity, thermal behaviour, and
Membrane . . o1 s . . .

Eco-friendly mechanical properties. The results indicate that CNF-PCL membranes exhibit superior mechanical flexibility and
Sustainable stress tolerance but lower thermal stability, with a glass transition temperature (Tg) of 34.39 °C at 1 wt%,

compared to CNF-PLA’s Tg of 144.15 °C at the same concentration. The higher crystallinity and greater hy-
drophilicity of PLA enhance its stability. Additionally, CNF-PLA membranes demonstrate better interfacial
compatibility due to hydrogen bonding between PLA’s ester linkages and cellulose’s hydroxyl groups, improving
dispersion, liquid uptake, and overall hydrophilicity (34.66° for CNF-PLA vs. 72.64° for CNF-PCL at 1 wt%
loading). These properties make CNF-PLA membranes more resistant to plasticisation and better suited for high-
temperature applications. These findings highlight the crucial role of polymer selection and concentration in
optimising CNF-based membranes for specific applications.

1. Introduction

Over the past two decades, global energy consumption has increased
significantly, driven by rapid technological advancements and economic
growth. As a result, the demand for efficient energy production and
storage systems has reached unprecedented levels. Currently, energy
production primarily relies on fossil fuels, nuclear power, and renewable
energy sources. However, the expansion of energy production and
storage technologies has led to considerable environmental challenges,
including greenhouse gas emissions and ecological degradation. To
mitigate these adverse effects, there is a growing global commitment to
adopting renewable energy sources and developing biodegradable, eco-
friendly materials for sustainable applications across various industries.
Consequently, scientists and researchers are prioritising sustainable
production methods, the use of environmentally friendly materials, and
the reduction of greenhouse gas emissions. Biomass and cellulose-
derived resources are gaining significant attention as essential compo-
nents in a wide range of applications, as well as in the development of
various sustainable materials. As the most abundant natural polymer on
the planet, cellulose offers a renewable, biocompatible, and cost-
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effective green resource. Its unique properties, including high mechan-
ical strength, biodegradability, and versatility, make it an ideal candi-
date for applications in energy storage, sensing devices, and sustainable
material development. The increasing demand for eco-friendly alterna-
tives to synthetic materials has further accelerated research into
cellulose-based technologies, paving the way for innovative and envi-
ronmentally responsible solutions in the energy sector [1]. Cellulose
nanofibers (CNFs) are ultra-fine fibres derived from cellulose, the pri-
mary structural component of plant cell walls, with diameters typically
ranging from 5 to 20 nanometres and lengths extending to several
micrometres [2]. Due to their high surface area, mechanical strength,
and biodegradability, CNFs have gained significant attention in various
applications, including energy storage, biomedical engineering, water
purification, and sustainable packaging, among others [3]. poly-
caprolactone (PCL) is a synthetic, biodegradable polyester known for its
flexibility, biocompatibility, and ease of processing. It undergoes hy-
drolytic degradation, which is further accelerated by microbial enzymes,
making it suitable for environmentally friendly applications. Notably,
PCL’s film-forming properties and biodegradability make it a promising
candidate for use in membranes for energy storage, providing a
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sustainable alternative for eco-friendly energy devices [4]. Similarly,
Polylactic acid (PLA), a biodegradable thermoplastic polymer derived
from renewable sources such as corn starch and sugarcane, is widely
used in packaging, agriculture, and biomedical applications due to its
excellent mechanical properties and environmental sustainability [5].

In addition to their environmental benefits, CNFs demonstrate
exceptional mechanical strength, with tensile strengths reaching up to
1.57 GPa and elastic moduli in the range of 140-220 GPa. This unique
combination of strength and biodegradability enables the development
of durable yet environmentally friendly material [6]. The abundant
hydroxyl groups on CNF surfaces enhance hydrophilicity, promoting
water absorption and microbial activity, which further contributes to
degradation. Studies have shown that CNF-based coatings can degrade
by up to 97 % within seven days under composting conditions, high-
lighting their potential for sustainable applications [6]. Furthermore,
CNFs can be readily modified or blended with other biodegradable
polymers to create composite materials with tailored properties, such as
improved barrier performance and controlled degradation rates. These
attributes make CNFs highly suitable for biodegradable packaging and
other eco-friendly products, supporting the transition towards a more
sustainable materials economy [7]. PLA, another biodegradable poly-
mer, offers a promising alternative to conventional plastics. Its chemical
structure, composed of ester bonds, facilitates hydrolysis, the initial step
in its biodegradation process [8]. PLA’s degradation rate is influenced
by its structural characteristics, with amorphous regions degrading more
rapidly than crystalline ones. Studies have shown that amorphous PLA
degrades by 14 % within four months, while crystalline PLA takes about
20 months to reach a similar degradation level [9]. PLA’s biodegrada-
tion is also temperature-dependent, occurring most efficiently at tem-
peratures above 58°C and relative humidity levels exceeding 70 %.
Under these optimal conditions, PLA can biodegrade significantly within
30-60 days. Additionally, PLA’s molecular weight plays a crucial role,
with lower molecular weight PLA degrading at a faster rate. The poly-
mer’s hydrophilicity promotes water absorption, accelerating hydrolysis
and enhancing degradation [10]. Beyond hydrolytic degradation, PLA is
also susceptible to enzymatic attack by microorganisms, which further
break it down into non-toxic by-products such as lactic acid, carbon
dioxide, and water [11]. These characteristics underscore PLA’s poten-
tial in the development of sustainable and biodegradable materials.
Similarly, PCL possesses several attributes that support its biodegrad-
ability, making it a versatile material for various applications. PCL is a
semi-crystalline, aliphatic polyester with a low melting point (60°C),
which facilitates its easy processing [12]. Its biodegradation follows a
two-phase process: first, molecular weight loss due to chain scission
occurs without significant weight loss, followed by a slower chain scis-
sion rate and noticeable weight loss [12,13]. This biodegradation is
primarily driven by hydrolytic cleavage of ester bonds and enzymatic
attack by microorganisms [14]. The semi-crystalline structure of PCL,
with amorphous regions degrading faster than crystalline regions, al-
lows for a controlled biodegradation rate. PCL is capable of bio-
degrading in various environments such as soil, water, and compost,
with degradation rates influenced by factors like temperature, pH, and
microbial activity [15]. Under optimal conditions, PCL can degrade
significantly within months, though in natural environments, the pro-
cess may span several years. These properties make PCL suitable for
applications in medical implants, drug delivery systems, and environ-
mentally friendly packaging materials [14].

Global plastic production has quadrupled with the growing reliance
on polymers, driving a sharp rise in greenhouse gas emissions, measured
in carbon dioxide equivalents (COze), across their entire lifecycle. By
2050, these emissions are expected to contribute up to 15 % of the
world’s total carbon budget [16]. The carbon footprint (CF) of cellulose
is influenced by its origin, whether sourced from wood or agricultural
residues and the processing techniques employed. While natural cellu-
lose polymers generally have a far smaller carbon footprint than syn-
thetic counterparts, both mechanical and chemical pulping are
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energy-demanding, and the production of nanocellulose requires even
greater energy inputs. Reported global warming potential (GWP) values
for nanocellulose range from 18.6 to 1160 kg COze/kg at the laboratory
scale, compared to 5.6-16.8 kg CO2e/kg at the industrial scale, high-
lighting the considerable gap in energy use and efficiency between
small-scale research and large-scale manufacturing [17]. One study
estimated the carbon footprint for producing chitosan-CNF composite
films at about 3.91 kg CO-e per kilogram of film, a value slightly below
that of both fossil-derived low-density polyethylene (LDPE) and
bio-based poly(lactic acid) (PLA) films[18].

Although PLA is regarded as a more sustainable option compared to
petroleum-derived plastics, its production still carries a moderate car-
bon footprint because fermentation and polymerization are energy-
demanding processes. Furthermore, growing feedstocks like corn or
sugarcane involves fertilizer use, irrigation, and potential land-use
changes, all of which add to its overall environmental impact. The car-
bon footprint and 100-year Global Warming Potential (GWP100) asso-
ciated with the life cycle of polylactic acid (PLA) trays for fresh food
packaging have been assessed, with comparisons made to polystyrene
(PS)-based trays. Two transportation scenarios were considered for the
supply of PLA granules to the tray production facility: transoceanic
freight vessel and intercontinental freight aircraft. The study revealed
that the GWP100 is mainly driven by the production of PLA granulate
and its transportation to the manufacturing site. Depending on the
transportation method, the carbon footprint associated with PLA trays
can increase to the point where they are no longer more greenhouse gas
emission-efficient compared to PS trays. The GWP100 for the system
analysed was 4.826 kg COze/kg of packed trays, with the production of
PLA granulate accounting for 61.26 % of the impact. The study showed
that the GWP100 of PLA trays (4.826 kg COze) is only slightly lower than
that of EPS trays (5.11 kg COze), indicating a small difference of 5.5 %
between the two types of trays [19]. There is limited information
available on the GWP of PCL, which could make it an interesting area for
future research.

Recent advancements in nanocellulose-based aerogels have pro-
pelled the development of eco-friendly and high-performance air
filtration materials, addressing global concerns over pollution and sus-
tainability. Sepahvand et al. evaluated the fabrication process, modifi-
cation techniques, and processing of cellulose nanofiber (CNF)-based
aerogels and their potential applicability in particulate matter (PM) or
CO; catchment as they present large specific surface areas, pore struc-
ture, and enhanced mechanical properties [20]. In complementary
studies, bacterial cellulose aerogels immobilized with reactive silane
compounds have been shown to improve their PM removal rate more
than 95 %, with chitosan-integrated aerogels better than 99.5 % filtra-
tion efficiency of PM2.5 with enduring stability [21]. Furthermore, the
introduction of additional substances, including zeolitic imidazolate
frameworks and carbon dots with nanoscale size elements, endows
cellulose-based filters with new antibacterial features and multi-
functionality, which significantly increases their range of use [22].
Although these results are encouraging, obstacles are still present in the
industrialization of such structures based on many-body interactions,
achieving mechanical stability, and the trade-off between porosity and
filtration performance in practice. Recent developments in hybrid ma-
terial construction, green manufacturing technology, and life cycle an-
alyses suggest that a sustainable, biodegradable, multifunctional aerogel
filter with strict environmental and functionality standards will evolve
in the future [23].

Biodegradable nanofiber filters were developed using surface-
modified CNFs substituted with graphene oxide (GO) in a promising
pathway to removing particulate matter (PM) in the air effectively and
sustainably. Ashori et al. (2024) recently described the manufacture of
CNF-GO nanocomposites through the ultrasonic substitution of CNFs
with 0.5-1.5 wt% GO and freeze-drying to obtain light weighted, porous
aerogels. Such CNF-GO filters showed excellent PM capture efficiencies
that ranged between 86.37 and 99.98 (w/w) with increasing GO loading
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up to 1.5 wt./wt., which has been attributed to the large specific surface
area, large amount of oxygen-containing functional groups on GO and
its entrapment of particles by its nanoplatelet morphology. It was
observed that GO addition enhanced thermal stability with minor de-
pressions of porosity and surface area attributable to the filling of pores.
Although there was partial loss of biodegradability upon addition of GO,
the filters did exhibit significant degree of degradation in soil conditions,
a factor that portrays their sustainability. The study highlighted the
balance between mechanical robustness, filtration efficiency, and
biodegradability in designing next-generation green air filters [24]. This
aligns with other research demonstrating that GO modification enables
uniform and hydrophilic surfaces, which promote efficient and stable
PM2.5 adsorption, crucial for airborne pollutant control [25,26]. The
increase of hydrophilicity and dipole interactions of particulate aerosols
also assist in capturing and retention on the cellulose nanofibers due to
the oxygen-containing groups on the surface of GO. Synthetic
polymer-based filters are inferior in some respects such as being
biodegradable, light weight, tuneable by tailoring the surface chemistry
and composition to such nanofiber filters. There are still capabilities
needed to scale up production and to optimize pore structure to not
compromise porosity or biodegradability, but the combination of CNFs
and GO will enable sustainable and high-performance air filtration
materials equal to the challenge of pressing environmental and health
problems [27].

Fazel et al. offer a sustainable and effective way to achieve the oil -
water separation using CNF aerogels by examining the improvement of
the oil adsorption capacity with surface hydrophobization of cellulose
nanofiber (CNF) aerogels, by hexadecyltrimethoxysilane (HDTMS).
Treating CNF aerogels with optimized HDTMS concentrations, espe-
cially at an optimal 2 mL loading, allowed the authors to increase
dramatically the hydrophobicity of the surface and enhance the pressure
resistance of the material without and altering the lightweight nature
and oil sorption capacity of the aerogel. Salinization steps also caused
significant morphological alterations, including the decrease in the pore
size and pore wall thickening, and a more distinct change in the native
hydrophilic character of CNFs to a highly hydrophobic character. These
constructed morphological and topographical features facilitated se-
lective oil absorption by pushing water away, thus the material would
prove very useful in the less favourable oil spill clean-up environments.
Moreover, the mechanical stability increased as well, which made it
possible to recycle it after a series of adsorption and desorption pro-
cesses and create long-lasting absorbents [28]. This method is in line
with more general trends in the study of nanocellulose aerogels, where
chemical surface modification has proved capable of dramatically
enhancing oil selectivity and long-term stability, most commonly
through alkyl or fluoro-silane treatments. More precisely, modification
of HDTMS is also useful as it can attach long chains of hydrophobic
molecules to cellulose surfaces thus reducing surface energy and affinity
towards nonpolar hydrocarbons. In comparison to unmodified CNF
aerogels, the HDTMS modified materials showed improved sorption
rates and retention rates upon compression and structural robustness in
wet conditions, some of the main drawbacks that otherwise hamper the
possible use of bio-based absorbents. The study of Fazel et al. is a step
towards the attainment of scalable, cost-effective, and environmentally
friendly remediation solutions that can decrease oil contamination in
marine and industrial environments by introducing biodegradable sub-
strates into the picture [28].

Titanium dioxide (TiO3) nanoparticles-modified CNF aerogels have
been designed as functional nanofiltration materials capable of
removing PM with extraordinary high performances. 1-2.5 wt% of TiOy
nanoparticles within CNF aerogels using citric acid cross-linking and
freeze-drying methods also produced aerogels with better characteristics
such as higher density (11.8-19.7 mg/cm 3), elevated specific surface
area (287-370 m 2 /g), as well as greater mechanical strength indicated
by a larger young modulus (33.5-125.5 kPa). The TiO; treatment was
also successfully used in decreasing the pore size (20.2 nm to 15.6 nm)
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and porosity (99.6 percent to 97.7 percent), thus leading to the positive
filtration performance. Subsequently, these aerogels removed 100
percent ultrafine particulates whose size fell within 0.1-5 m range at
2.5 wt% TiO3 loading. Notably, even after such improvements, the CNF-
TiO4 aerogels still exhibited their intrinsic biodegradability as more than
70 per cent degraded in the first month of burial in soil thereby indi-
cating its sustainability as a green filtering media. Such a combination of
enhanced filtration efficiency and mechanical strength with eco-
friendliness makes TiO, -functionalized CNF aerogels potential re-
placements of current synthetic filters in the field of advanced air
filtration and nanofiltration [29]. Further studies confirm the results in
TiO2 nanoparticles enhancing both filtration through the reduction of
pore size and elevation of adsorption sites and, added, lending the aer-
ogels photocatalytic abilities to degrade pollutants in the presence of
light, conceiving potential dual-purpose filters with the ability to
degrade pollutants when the filters are exposed to light. The given
cross-linked arrangement of CNFs allows excellent dispersion of TiOq
and maximizes its contact with particulate impurities, an additional
factor that increases filtration efficiency. This is because TiO3 and CNF
provide a synergy that makes the filtered lightweight, porous, and me-
chanically sturdy filters that have the multifunctional capability of air
purification [30].

A recent study has pointed at the emerging potential in terms of
biocompatible nanofiber composite and skin hydration and cosmetic
use. The patents effectively produced electro spun poly (vinyl pyrroli-
done) (PVP)/CNF/Aloe vera composites that have remarkable moisture
absorption rates, (up to 1829), porosity (ranges between 86 and 93), and
fibroblast viability of more than 98 percent, revealing good biocom-
patibility and capability to hydrate facial masks. The Aloe vera powder
also enhanced homogeneity and flexibility of fibres without detrimental
effect on mechanical properties, and these composites allow contacts
with skin. In parallel with this research, another research study by Wang
et al. synthesized poly (vinyl alcohol) (PVA)-based facemask nanofibers
with natural and bioactive items, including honey and eggshell mem-
brane using environmentally friendly electrospinning applications.
These masks showed over 400 percent water absorption, enriched
antioxidant potential, and antibacterial action in favouring skin hydra-
tion, protection, and preservation with no synthetic preservatives being
used [31]. On the same note, Liu et al. reported on CS/PVP nanofiber
membranes having chlorogenic acid, which exhibited increased hydro-
philicity, faster wound healing, and antimicrobial properties to establish
the legitimacy of biopolymer mixtures and plant extracts in modern skin
care fabrics [32]. These studies collectively highlight on the increased
adoption of the use of cellulose nanofibers and natural bioactive com-
pounds like Aloe vera in polymer nanofibers through electrospinning
resulting in composites with multiple features, extreme porosity, and
biocompatibility, and are most applicable as a moisturizing and pro-
tective facial mask.

Surface modification of CNF aerogels has proven to be an effective
strategy for tuning their structural, mechanical, and functional proper-
ties for targeted applications. Sepahvand et al. (2020) demonstrated that
phthalimide functionalization of CNF aerogels increased surface area
and modulus while reducing pore size and thermal stability due to
hydrogen bond disruption, thereby altering the aerogel’s microstructure
and performance characteristics [33]. Similar modification approaches
have been reported using silane-based treatments. For example, trime-
thylsilylation of bacterial cellulose aerogels with trimethylchlorosilane
produced highly hydrophobic, oleophilic fibres while maintaining high
surface area (~169 m? g™!) and porosity (~99.6 %), enabling selective
oil adsorption without compromising mechanical integrity [34]. Like-
wise, methyltrimethoxysilane (MTMS) modification of CNF aerogels has
been shown to impart strong water repellences while preserving the
three-dimensional nanofiber network, thereby maintaining high surface
area and porosity for efficient oil-water separation (Wu et al., 2025).
Collectively, these studies highlight that targeted chemical mod-
ifications—whether via phthalimide incorporation or silane
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functionalization—can significantly influence CNF aerogel properties,
enabling customized performance for applications such as oil adsorp-
tion, hydrophobic coating, and environmental remediation [35].

Hydrogels based on CNF are already actively developed to treat the
burn and they possess high values of biocompatibility, structural sta-
bility, and wound-healing efficiency. Basti et al. (2022) prepared
hydrogel film made of CNF, hydroxyethyl cellulose (HEC), and citric
acid, as a cross-linker that would bring about pain relief, in addition to
promoting wound healing after burn injuries. They determined that the
CNF structure remained intact after fabrication, and cationization of
CNFs was verified through FTIR spectroscopy, which helped in the drug
absorption and controlled release attributes [36]. The hydrogels tested
with the cell viability (MTT test) showed strong biocompatibility and
non-toxicity, and, therefore, may be considered as a great alternative to
hydrogel burn dressing. Besides, these hydrogels integrated moisture
and mechanical resilience, which is essential to ensuring an optimal
wound environment favourable to wound healing (Basti et al., 2022)
[36]. The potential of CNF hydrogels in wound and burn management is
also supported by research. As an example, Bag et al. (2023) described
transparent hydrogels prepared with TEMPO-oxidized CNFs of soft-
woods, which demonstrated robust mechanical behaviour and great
fibroblast and keratinocyte biocompatibility levels, required for wound
dressing products [37]. These nanofibril hydrogels can support a stable
3D network, in addition to having moisture retention and non-toxicity,
which can induce wound healing and tissue regeneration. Furthermore,
robust mechanical strengths and broader antibacterial and self-healing
properties of the pH-responsive cellulose nanofibril/poly (vinyl
alcohol)-based hydrogels described by Yang et al. (2022) promoted
faster wound closure and the prevention of bacterial infection. These
multifunctional hydrogels prove how the use of bioactive functionalities
in CNF-based materials can enhance the therapy of burn wounds and
infected skin lesions tremendously [37,38].

In this study, eco-friendly CNF nanocomposite membranes were
fabricated using a simple solution-casting method and systematically
evaluated for their thickness, wettability, electrolyte uptake, porosity,
thermal behaviour, and mechanical properties. Alongside CNF, weight
percentages (1 %, 2 %, and 4 %) of PCL and PLA were incorporated to
assess their impact on the overall performance of the nanocomposite
membranes. This approach provides valuable insights into how polymer
composition influences membrane properties, emphasising their po-
tential for various sustainable applications. With the growing focus on
biodegradable materials, CNF-based membranes have attracted signifi-
cant interest due to their sustainability, mechanical robustness, and
adaptable surface chemistry, making them promising candidates for
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amorphous CNF-based supercapacitors with enhanced electro adsorp-
tion capabilities, making them particularly suitable for compact,
portable devices and renewable energy applications [39]. Similarly, PLA
and PCL have shown great potential due to their flexibility, biodegrad-
ability, and customisable physical properties. Research on PLA/PCL
composite membranes, particularly those enhanced with additives like
zinc oxide (ZnO) and polyethylene glycol (PEG), has demonstrated im-
provements in crystallinity, mechanical performance, and thermal
behaviour [40]. Advancements in fabrication techniques, such as elec-
trospinning and breath-figure templating, have further facilitated the
development of porous membrane structures optimised for energy ap-
plications [41]. Review articles on PLA nanocomposites have reinforced
their suitability for sustainable energy technologies, while studies
optimising the ratio of PCL in PLA/PCL blends have highlighted im-
provements in electrochemical stability [42]. Collectively, these find-
ings underscore the increasing relevance of CNF, PLA, and PCL-based
membranes in the development of biodegradable, high-performance
materials for eco-friendly applications [42]. Fig. 1 shows schematic
representation of the synthesis process for CNF-PCL/PLA nanocomposite
membranes and some of its diverse applications.

2. Methodology
2.1. Materials and fabrication

The materials required for all stages of this project were sourced from
Sigma-Aldrich (UK) and Fisher Scientific. Solution casting was chosen as
the fabrication method due to its simplicity in producing membranes.
Various solvents were tested for their ability to dissolve PLA, including
tetrahydrofuran (THF), dimethylformamide (DMF), chloroform, and
toluene. However, only DMF was suitable for solvent exchange, making
it the preferred choice for preparing PLA nanocomposite membranes.
Similarly, PCL was tested with THF, toluene, DMF, and dichloromethane
(DCM), with DMF being selected as the optimal solvent for dissolving
PCL. Although both polymers were soluble in THF, DMF, and toluene,
DMF was ultimately chosen due to its superior compatibility with the
solvent exchange process, ensuring uniform dispersion of nanofillers and
enhanced film formation.

The method used to prepare the CNF from water hyacinth fiber pulp
is developed based on our previous work [43], and is outlined as follows:
60 g of dry water hyacinth powder is soaked in deionized water (DI Ho0)
and homogenized for 15 min at 2000 rpm to form a fibre slurry. The DI
H,0 is removed by using a 5 pm pore size nylon cloth, and the fibres are
soaked in sodium hypochlorite and DI H,O solution at a 1:3 vol ratio

next-generation applications. Recent studies have highlighted using acetic acid to adjust the pH level to 4. The solution is stirred at
Energy Storage
and Conversion
Homogeniser
Biodegradable
membrane
/‘/—“\ Stirring Drying Sensors and
/ \ @ Applications Wearable
/ \ . Electronics
\ Casting
u
Membrane
Filtration
CNF-
PLA/PCL
Biomedical

Fig. 1. Schematic illustration of the procedure for CNF-PCL/PLA nanocomposite membranes synthesis and its various applications.
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200 rpm and left overnight in a fume hood at 25 °C. The fibres are then
washed and filtered using DI HO and dried in the fume hood for 2 h,
three times. Next, the fibres are soaked in a sodium hydroxide solution
for 2 h, washed in DI H;O, filtered with a nylon cloth, and dried in the
fume hood three times. Then, fibres are soaked in sodium hypochlorite
and DI H,0 1:3 vol ratio (acetic acid for adjusting the pH to 4) for 2 h.
After washing, filtering using the nylon cloth, and drying the fibres in
the fume hood, three more times, the final step is to soak the fibres in DI
H20 and through a microfluidizer using a 200 pm chamber (10 passes)
to make the final CNF suspension.

The CNF suspension was dried in the oven at 35 °C for 72 h to get a
CNF powder. The polymers and DMF were mixed at a 1:10 polymer-to-
solvent ratio, with 10 g of polymer dissolved in 100 g of solvent. The
mixture was then placed on a magnetic starrier for 24 h to ensure
complete dissolution and achieve a homogeneous solution. Once fully
dissolved, the polymer solution was mixed with the correct amount of
solvent exchanged-CNF for each membrane and the solution was poured
into a glass petri dish. It was left in a controlled environment to facilitate
the slow evaporation of the solvent. To ensure the complete removal of
residual solvent, the samples were left to dry in a fume hood under
ambient conditions for 24 h. This step is critical in preventing solvent
retention, which could compromise membrane integrity and mechanical
properties. Fig. 2 shows the schematic representation of the fabrication
process.

2.2. Characterisation

Membrane thickness was measured using digital callipers. Wetta-
bility, a key factor in material interactions, significantly influences ab-
sorption and compatibility with liquids. Poor wettability can hinder
fluid penetration and distribution, potentially affecting overall perfor-
mance in various applications. Liquid uptake (LU) is directly related to
porosity, as a higher pore density improves water absorption, ultimately
influencing performance, lifespan, and safety. LU was calculated using
Eq. 1 after soaking the membrane in deionised water for four hours at
room temperature.

N

CNF-DI H,O PLA/PCL- DMF
Solvent
exchange-DMF
=
Magnetic starrier
e CNF-PLA/PCL
Glass petri dish
CNF-PLA/PCL
Membrane

() =

Fig. 2. Schematic diagram illustrating the membrane fabrication process.
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wl — w0

LU(%) = -

x 100 (@)
where wo is the dry membrane mass, while w1 denotes the mass after
water absorption. Wettability is influenced by the material’s hydrophi-
licity, with hydrophilic membranes exhibiting superior wettability,
whereas hydrophobic surfaces repel liquid. Wettability was evaluated at
25 °C by measuring the water contact angle using AutoCAD Inventor. A
contact angle greater than 90° indicates hydrophobicity, while a contact
angle less than 90° signifies hydrophilicity. To assess wettability, a
droplet of deionised water was placed on the membrane surface, and an
image was captured for analysis. Membrane porosity, defined as the
ratio of void volume to total volume, was determined using mineral oil
absorption and calculated using Eq. 2.
Mw — Md

oy —
Porosity(%) b X V x 100 )

where M, and Mq are the wet and dry weights, pb is the mineral oil
density (0.87 g/cm®), and V is the membrane volume. Differential
scanning calorimetry (DSC) was performed using a TA Q2000 DSC to
analyse thermal transitions, including the glass transition temperature
(Tg) and melting temperature (Tp). Membrane samples were cut,
weighed using a six-point balance, placed in Tzero aluminium pans,
sealed with pierced lids, and heated at a rate of 10 °C/min from 0°C to
350°C. Scanning electron microscopy (SEM) was conducted using a
Hitachi 4800 SEM to examine membrane surface topography, texture,
and porosity. Samples were cut, mounted on SEM stubs with carbon
tape, and sputter-coated with platinum for approximately two minutes
to minimise charging effects. Imaging was performed at 5 kV for low-
magnification and 15 kV for high-magnification surface morphology
analysis, with cross-sectional images captured at an accelerating voltage
of 1-10 kV. The air permeability tests are carried out using Gurley
Densometers Permeability/Porosity 4190 N + 4320 model (Gurley time
in seconds 100 cm™3). The Fourier Transform Infrared Spectroscopy
(FTIR) of the samples was obtained using a PerkinElmer spectrometer.
Thermogravimetric analysis TGA tests were conducted on a TA In-
struments TGA550 at 20°C/minute to 500°C. Tensile testing was carried
out using a Lloyd LRX Tensile Tester equipped with pneumatic grips,
following the "Plastics-Tensile Test-Until Break" protocol. Membrane
samples with a gauge length of 25 mm and a width of 10 mm were tested
at a strain rate of 10 mm/min to determine ultimate tensile strength
(UTS) and percentage strain. The toughness is calculated using Eq. 3:

of
Toughness = / ode 3)
0

Where, ¢ represents the stress, € denotes the strain, and ef refers to the
strain at failure.

3. Results
3.1. Morphology

The scanning electron microscopy (SEM) analysis in Fig. 3 reveals
the morphological characteristics of CNF composites blended with PCL
and PLA at varying concentrations. In the top row Fig. 3(a—c), CNF-PCL
composites exhibit distinct structural changes as PCL content increases
from 1 % to 4 %. At 99 % CNF and 1 % PCL Fig. 3(a), the microstructure
appears homogeneous, with a continuous CNF network and minimal
phase separation, suggesting effective dispersion of the low PCL content
within the fibrous matrix. However, increasing PCL to 2 % (Fig. 3b)
introduces slight discontinuities, likely caused by the localised aggre-
gation of PCL domains, which disrupts the CNF network. At 4 % PCL
Fig. 3(c), phase separation becomes pronounced, with PCL forming
discrete spherical domains embedded in the CNF matrix, indicative of
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Fig. 3. (a-c) The morphological characteristics of CNF composites blended with PCL and (d-f) the morphological characteristics of CNF composites blended with PLA.

reduced interfacial compatibility at higher polymer concentrations. This
inhomogeneity could compromise mechanical integrity, though it may
enhance flexibility depending on PCL distribution.

In contrast, the CNF-PLA composites Fig. 3(d-f) display distinct
morphological trends. At 1 % PLA Fig. 3(d), the CNF matrix retains its
fibrous continuity, with PLA appearing as fine, well-dispersed particles,
suggesting favourable interfacial interactions. Increasing PLA to 2 %
Fig. 3(e) results in a co-continuous structure, where PLA forms inter-
connected phases without disrupting the CNF network, which can
potentially improve composite toughness. At 4 % PLA Fig. 3(f), how-
ever, phase separation emerges, with PLA aggregating into larger clus-
ters, though the overall CNF framework remains more cohesive
compared to the PCL counterparts. This implies stronger interfacial
adhesion between CNF and PLA, possibly due to polar interactions be-
tween CNF’s hydroxyl groups (-OH) and PLA’s ester linkages (~COO-).
The comparative analysis reveals that PLA blends generally demonstrate
better compatibility with CNF at higher polymer loadings than PCL. This
enhanced compatibility can be attributed to the inherent chemical af-
finity between cellulose fibres and PLA, as both materials share similar
polar characteristics. The hydroxyl groups in cellulose interact more
effectively with the ester linkages of PLA, leading to a stronger interfa-
cial interaction and more uniform dispersion of CNFs within the PLA
matrix. In contrast, PCL, with its more hydrophobic nature, tends to
exhibit weaker interactions with CNFs, especially at higher concentra-
tions. The lack of strong intermolecular forces between PCL and cellu-
lose limits the formation of a stable composite structure, often resulting
in phase separation or poor dispersion of the CNFs. This makes PCL-CNF
composites more challenging to optimise at higher loadings, though
they may still be suitable for applications where flexibility is the primary
requirement. The results underscore the important structural role of
CNFs and suggest that improving the fibre-matrix interface could lead to
further gains in mechanical performance. Recent studies propose several
approaches to achieve this, including surface modifications of the CNFs
through chemical grafting or physical treatments to improve compati-
bility with the hydrophobic PCL matrix. One effective strategy is graft-
ing PCL chains onto the CNFs via ring-opening polymerisation, which
enhances dispersion and interfacial bonding, which, in turn, increases
the tensile strength and modulus of the composite [44,45]. Compati-
bilisers like maleic anhydride grafted PCL (PCL-g-MA) also act as mo-
lecular bridges to enhance CNF-PCL interaction, improving mechanical

properties such as Young’s modulus, tensile strength, and elongation
[46]. Additional surface treatments, including alkali treatment and
acetylation have proven effective in enhancing fibre-matrix bonding and
mechanical strength [47]. These approaches collectively strengthen
composites by improving dispersion and bonding, addressing the me-
chanical drawbacks indicated by phase separation in SEM images, and
reinforcing the scientific rigor of the material design

Surface roughness analysis, quantified by the standard deviation
(SD) of height measurements (Fig. 4), reveals distinct trends based on
polymer type and concentration within the CNF films. Films incorpo-
rating Polycaprolactone (PCL) exhibited relatively high and inconsistent
roughness across concentrations (1 wt%: SD = 32.10; 2 wt%: SD =
28.33; 4 wt%: SD = 32.96), showing no clear concentration-dependent
pattern. In contrast, films with Polylactic Acid (PLA) demonstrated a
significant and consistent reduction in surface roughness with increasing
concentration (1 wt%: SD = 28.26; 2 wt%: SD = 24.55; 4 wt%: SD =
23.44). This progressive smoothing effect suggests PLA interacts more
favourably with CNFs or facilitates a more homogeneous film formation
at higher loadings. Consequently, the 4 wt% PLA composite achieved
the smoothest surface overall (SD = 23.44), indicating its potential su-
periority for applications requiring minimised surface roughness.
Hence, reflecting a relatively uniform and low-variation topography.
This minimized surface roughness suggests enhanced material homo-
geneity, which is advantageous for applications where smooth interfaces
are critical, such as barrier coatings, biomedical scaffolds, or membranes
requiring reduced friction, improved optical clarity, or uniform coating
performance.

3.2. Characterisation

CNF-based membranes have gained considerable attention due to
their biodegradability, high surface area, and tuneable properties. These
characteristics focuses on key parameters such as wettability, thickness,
liquid uptake, porosity, and air permeability to assess the suitability of
these blends for advanced material applications. Wettability analysis
(Fig. 5(a-c)) revealed that PCL incorporation steadily increased hydro-
phobicity, with mean contact angles rising from 72.64° at 1 % to 82.4° at
4 %. This trend aligns with PCL’s inherently hydrophobic nature. PLA
blends (Fig. 5(d-f)), however, demonstrated a distinct pattern, with a
pronounced peak in hydrophobicity at 2 % PLA (65.7°), likely due to
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Fig. 4. Surface roughness of the membranes (a-c) for PCL and (d-e) for PLA.
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Fig. 5. a-c) Wettability analysis of CNF- PCL membranes and (d-f) wettability of CNF- PLA membranes.

optimal cohesive interactions between PLA and CNF. At 4 % PLA, the
contact angle dropped to 41.41°, suggesting phase separation or reduced
interfacial compatibility, which may hinder hydrophobic performance.
Overall, the CNF-PLA membranes exhibits a more hydrophilic nature
compared to the CNF-PCL membranes. This difference in hydrophilicity
can be attributed to the inherent chemical characteristics of the two
polymers. PLA, with its polar ester linkages and the presence of hydroxyl
groups, tends to attract water molecules more readily, enhancing its
interaction with moisture. In contrast, PCL has a more hydrophobic
backbone due to its non-polar ester groups, which results in lower water

affinity.

The thickness (Table 1.) of the membranes varied based on the
polymer type and concentration. PCL-blended membranes exhibited a
linear reduction in thickness as the PCL content increased, decreasing
from 83.3 ym at 1 % to 40 um at 4 %. This trend suggests that PCL
promotes denser packing of CNF, leading to more compact membranes.
In contrast, PLA blends showed a non-linear thickness variation, peaking
at 40 ym at 1 % PLA, thinning to 30 ym at 2 %, and slightly increasing
again to 33.3 ym at 4 %. This irregular pattern indicates potential phase
separation at higher PLA concentrations, which may disrupt membrane
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Membrane characterisation.
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Liquid Uptake (%)

Porosity (%) Air permeability (Gurley seconds)

Membrane Thickness (pm) Wettability (°)

PE membrane 20 87.9 111.8
1 wt% PCL 83.3 72.6 451.2
2 wt% PCL 60.0 78.2 449.4
4 wt% PCL 40.0 82.4 173.0
1 wt% PLA 40.0 34.6 589.5
2 wt% PLA 30.0 65.7 520.4
4 wt% PLA 33.3 41.4 485.2

38.77 562.5
33.68 595.5
29.45 629.5
14.68 790.5
41.06 376.3
35.17 533.7
32.70 585.8

uniformity as discussed in Morphology section. Liquid uptake mea-
surements showed (Table 1.) significant differences between the two
polymer blends. PCL membranes exhibited high uptake at 1-2 %
(approximately 450 %) but experienced a substantial decline at 4 %
(173 %), suggesting that higher PCL concentrations led to pore blockage
or reduced porosity. In contrast, PLA blends displayed a gradual
decrease in liquid uptake, from 589.5 % at 1-485.2 % at 4 %. Despite
this reduction, PLA membranes consistently exhibited superior liquid
uptake compared to PCL at equivalent concentrations, emphasising
better pore retention and overall porosity, as can be seen in (Fig. 6).
Porosity and air permeability in Gurley seconds measurements further
supported these observations. PCL-blended membranes showed a sharp
decline in porosity from 33.68 % at 1-14.68 % at 4 % and increase in air
permeability through the membrane from 562.5 to 629.5 Gurley sec-
onds, reinforcing the notion that PCL promotes membrane densification.
Conversely, PLA blends started with a higher initial porosity of 41.06 %
at 1 %, decreasing moderately to 32.7 % at 4 %. The relatively stable
porosity of PLA blends suggests better compatibility with CNF, allowing
for the preservation of porous networks even at elevated concentrations.
A 1-2 % blend of PLA and PCL revealed that PLA produced thinner,
more uniform membranes with superior hydrophilicity at 1-2 %, along
with higher porosity and liquid uptake. However, at 4 % concentration,
both polymers exhibited reduced performance. Despite this, PLA
maintained an advantage in porosity (32.7 % vs. 14.68 %) and liquid
uptake (> 485 %). Mechanistic insights suggest that at higher concen-
trations, PCL forms dense, hydrophobic membranes, which enhances
mechanical robustness but compromises porosity and liquid uptake.
This makes PCL more suitable for applications requiring structural
integrity and moderate hydrophobicity. In contrast, PLA at 1-2 % ach-
ieves an optimal balance of hydrophilicity and porosity, making it a
promising candidate for wound dressings or controlled-release systems.
However, at 4 % concentration, phase separation diminishes PLA’s
performance, emphasising the need for concentration optimisation.
Overall, CNF membranes blended with 1-2 % PLA demonstrate superior
hydrophobicity, porosity, and liquid uptake, making them ideal for

biomedical and filtration applications. Meanwhile, PCL-blended
Membrane Porosity (%)
Membrane Electrolyte Uptake (%)
Membrane Wettability (°)
Membrane Thickness (pum)
41.06
35.17
33.68 29.45 —
451.23 ] 589.5
o4 14.68 2202 485.2
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72.64 EE)
833 60 — e° o 5e
Iwt% 2wt% 4wt% 1wt% 2wt% 4wt%
PCL PCL PCL PLA PLA PLA

Fig. 6. Graphical representation of Table 1.

membranes are better suited for applications prioritising structural
compactness, though with trade-offs in permeability. These findings
highlight the importance of polymer selection and concentration in
tailoring CNF membrane properties.

3.3. Fourier-transform infrared (FTIR) spectroscopy

Fourier-transform infrared (FTIR) spectroscopy was employed to
characterize the chemical structure and interactions within pure CNF,
PCL, and PLA membranes as shown in Fig. 7(a), as well as their
respective composites. The spectrum of pure CNF exhibits characteristic
features: a broad peak cantered at approximately 3300 cm™ attributed
to O-H stretching vibrations, C-H stretching bands between 2800 and
3000 cm™ , a peak at ~1640 cm™ indicative of adsorbed water (H-O-H
bending), and strong C-O/C-O-C stretching vibrations within the
1000-1100 cm™ region [48]. Pure PCL displays a dominant ester
carbonyl (C=0) stretch at ~1720 cm™ , asymmetric and symmetric CH
stretches near 2940 cm™ and 2865 cm™ , and key C-O-C stretches at
~1240 cm™ (asymmetric) and ~1165cm™ (symmetric) [49]. In
contrast, pure PLA shows its characteristic ester carbonyl stretch at a
slightly higher wavenumber (~1750 cm™), CHs asymmetric stretching
near 2995 cm™, complex deformation bands between 1450 and
1380 cm™, and prominent C-O stretches around 1180 cm™ and
1085 cm™ [50].

Spectroscopic interrogation of the CNF-based composites revealed
successful integration of both PCL and PLA into the CNF matrix. The
composite spectra are overwhelmingly dominated by the CNF signature,
confirming its role as the continuous phase as shown in Fig. 7(b).
Crucially, the emergence and progressive intensification of the charac-
teristic polyester carbonyl peaks — at ~1720 cm™ for PCL composites
and ~1750 cm™ for PLA composites — with increasing polymer loading
(1 wt% < 2 wt% < 4 wt%) provides definitive evidence for the incor-
poration of PCL and PLA within the CNF network. Furthermore, alter-
ations in the O-H stretching region (~3300 cm™) of CNF indicate
significant interfacial interactions. A pronounced decrease in intensity
and potential broadening of this band is observed in all composites,
signifying hydrogen bonding (H-bonding) between the hydroxyl groups
of CNF and the carbonyl groups of the polyesters. This interaction is
corroborated by subtle alterations and broadening of the polyester
carbonyl peaks in the composites compared to their pure states. Notably,
the suppression of the CNF O-H band is markedly more significant in
PLA composites compared to PCL composites at equivalent weight
loadings, strongly suggesting that PLA engages in stronger hydrogen
bonding interactions with CNF than PCL does. The absence of new ab-
sorption peaks confirms that the composites are physical blends stabi-
lized primarily by hydrogen bonding, rather than new chemical
compounds. In conclusion, FTIR analysis confirms the formation of
CNF/PCL and CNF/PLA composite membranes and demonstrates that
PLA exhibits a stronger hydrogen bonding affinity for CNF than PCL.

3.4. The thermogravimetric analysis (TGA)
The TGA and derivative thermogravimetric analysis (DTG) presented

in Fig. 8(a) and (b) respectively, provide important insights into the
thermal degradation behaviour of pure CNF membranes, PCL, PLA, and
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Fig. 8. (a) The TGA analysis of pure CNF, PCL, and PLA membranes and their composites (b) DTG analysis of all the corresponding CNF membranes.

their corresponding CNF/polymer composite membranes. In the TGA
curves (Fig. 8(a)), the percentage of mass remaining is plotted against
temperature for all samples. Pure CNF membranes and CNF-based
composite membranes distinctly exhibit higher thermal stability in
comparison to the neat polymer membranes. Up to about 300°C, these
CNF-containing samples consistently retain a greater proportion of their
original mass, demonstrating the significant thermal resistance imparted
by the nanofiber network. In contrast, both PLA and PCL membranes
display much sharper mass losses at their characteristic decomposition
temperatures with PLA degrading rapidly around 360 °C and PCL at
approximately 420 °C. The composites containing increasing concen-
trations of either PCL or PLA show intermediate stability, confirming
that the incorporation of CNF enhances the overall thermal resistance of
the blends, likely due to improved interfacial bonding and the

reinforcing effect of CNF.

Examining the DTG curves (Fig. 8(b)) further clarifies the degrada-
tion events of these materials, highlighting the temperatures at which
the most rapid mass loss occurs. Pure CNF membranes display a broad
decomposition peak at lower temperatures near 320 °C, illustrating a
relatively simple, single-step degradation process. The behaviour of the
CNF/polymer composites is distinctly more complex, as evident by
multiple overlapping degradation peaks that correspond to the decom-
position of both the CNF and the respective polymer phases. The DTG
signals of composite membranes are less pronounced and tend to
broaden and shift relative to those of the neat polymers, suggesting that
the thermal degradation occurs more gradually and over a wider tem-
perature window. This indicates enhanced compatibility between the
CNF and the polymer matrices, as well as improved thermal stability
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because of the composite architecture.

The results from both TGA and DTG analyses clearly demonstrate
that CNF acts as an effective reinforcing and thermally stabilizing phase
when combined with either PLA or PCL. The onset of significant thermal
degradation is delayed, and the rate and profile of mass loss are
modulated in the composites, as opposed to the rapid, singular mass loss
of the neat polymers. The introduction of even modest amounts of
polymer (1-4 %) into CNF yields a composite with tunable and
improved thermal behaviour, underscoring the potential of such mate-
rials in applications where controlled degradability and thermal resis-
tance are critical. These findings support the design of advanced, eco-
friendly, and high-performance bio composites for applications such as
biodegradable packaging, insulation materials, or biomedical devices.

3.5. Tensile strength

The mechanical properties of cellulose nanofibril (CNF)-reinforced
membranes blended with PCL and PLA demonstrate significant differ-
ences in stress at maximum load (MPa) and strain at maximum load (%),
highlighting the impact of polymer selection and additive concentration
on overall membrane performance. The virgin PCL and PLA membranes
were mechanically fragile and disintegrated before a complete stress—
strain curve could be obtained. For comparison with previous reports,
virgin PCL typically exhibits a low tensile strength (~10-15 MPa) but a
high elongation at break (>400 %), indicative of its ductile behaviour
[51]. In contrast, virgin PLA generally shows a higher tensile strength
(~50-70 MPa) but a limited elongation at break (~1-10 %), reflecting
its brittle nature [52]. These baseline properties are used to assess the
reinforcing effects of CNF in the composite membranes. The result for
the pure CNF membrane, as shown in Fig. 9, displays the characteristic
response of a stiff and brittle material. The tensile strength data reveal
that PCL-based membranes consistently exhibit higher mechanical per-
formance compared to their PLA counterparts as can be seen in Fig. 10
(a) and (b). At 1 wt% concentration, PCL-CNF membranes achieve a
stress of 58.34 MPa with a strain of 6.59 %, indicating strong interfacial
bonding between CNF and PCL, which promotes both load-bearing ca-
pacity and flexibility. However, increasing PCL content leads to a
51.78 % decline in stress (28.12 MPa) and a 30.7 % increase in strain
(14.57 %) at 2 wt%, suggesting that excessive PCL dilutes the stress, but
strain effect is increased in the membrane. At 4 wt%, stress further drop
to 8.9 MPa (51.8 %) and an increase in strain of 7.87 %, respectively.
Despite this, PCL membranes consistently outperform PLA-based mem-
branes at all concentrations. In contrast, PLA-CNF membranes exhibit
markedly lower mechanical performance due to PLA’s inherent brittle-
ness. At 1 wt%, PLA membranes achieve a stress of 26.03 MPa with a
strain of 2.65 %, significantly lower than PCL-CNF membranes of the
same concentration. At 2 wt%, strain increases to 2.99 %, while stress
declines to 21.1 MPa. However, at 4 wt%, stress experiences a sharp
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Fig. 9. Stress- strain curve of pure CNF membrane.
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8.5 MPa, and strain increases to 3.33 %, indicating severe mechanical
degradation likely due to phase separation and weak interfacial
bonding.

An analysis of key trends (Fig. 11) reveals that PCL membranes
consistently demonstrate superior stress and strain characteristics over
PLA membranes compared to PLA, reinforcing its superior mechanical
adaptability. PCL’s semi-crystalline structure and low glass transition
temperature (Tg ~ —60 °C) enhance energy absorption, allowing for
improved deformation tolerance and flexibility. Furthermore, PCL’s
elastomeric nature enables stress distribution, reducing the risk of brittle
fracture. However, as PCL content increases, stress transfer efficiency
diminishes due to its relatively low intrinsic strength compared to CNF.
PLA, on the other hand, presents significant limitations. While its higher
Tg (~ 60°C) and rigidity may be beneficial for niche applications
requiring structural integrity, its poor interfacial adhesion with CNF
leads to brittle failure and rapid mechanical degradation. This in-
compatibility likely stems from hydrophilic-hydrophobic interactions,
where CNF’s hydroxyl groups struggle to integrate effectively with
PLA’s hydrophobic polymer chains. Unlike PCL, which exhibits some
degree of plastic deformation, PLA membranes fail to distribute stress
efficiently, leading to a steep decline in mechanical properties. From a
practical standpoint, the results suggest that PCL-CNF membranes are
the superior choice for applications requiring strength and flexibility,
such as biodegradable packaging and wound dressings. The optimal
concentration for PCL is 1-2 wt%, where it maintains a balance between
mechanical reinforcement and ductility. In contrast, PLA is best suited
for rigid, low-stress applications, such as disposable applications,
though even in these scenarios, its performance is inferior to PCL. Higher
additive concentrations (> 4 wt%) should be avoided for both polymers,
as they lead to diminished mechanical properties, with PLA experi-
encing catastrophic degradation.

Overall, PCL-CNF membranes outperform PLA-CNF composites
across all mechanical metrics, particularly at lower additive concen-
trations. The superior flexibility and stress tolerance of PCL make it a
more viable option for most applications, whereas PLA’s brittleness and
poor interfacial compatibility limit its practical utility.

The toughness of the CNF-based composite membranes, a critical
parameter reflecting their resistance to fracture under stress, exhibited a
pronounced dependence on both the type and concentration of the
incorporated polymer, as detailed in Table 2. Membranes containing
polycaprolactone (PCL) demonstrated higher toughness values
compared to those with polylactic acid (PLA) at equivalent loadings.
Specifically, the toughness of PCL-modified membranes decreased from
5.51 MJ/m?® at 1 wt% to 4.01 MJ/m? at 2 wt%, and further declined to
1.76 MJ/m? at 4 wt%. PLA-modified membranes followed a similar in-
verse relationship between concentration and toughness, but displayed a
more significant reduction, falling from 4.99 MJ/m?® at 1 wt% to 4.71
MJ/m? at 2 wt%, and sharply decreasing to only 0.53 MJ/m? at 4 wt%.
This consistent decline in toughness with increasing polymer concen-
tration for both systems suggests that higher polymer loadings may
detrimentally alter the membrane structure or interfacial interactions,
leading to increased brittleness. Notably, PCL consistently imparted
greater toughness than PLA across all concentrations tested, indicating
its potential advantage for applications requiring enhanced mechanical
durability.

3.6. Differential scanning calorimetry (DSC)

The thermal behaviour of polymeric membranes, determined by
their glass transition temperature (Tg) and melting temperature (Tm),
provides crucial insights into molecular mobility, crystallinity, and
overall material stability. In this study, membranes composed of PCL or
PLA blended with CNFs were analysed to assess how polymer type and
concentration influence Tg (amorphous phase mobility) and Tm (crys-
talline phase stability). The results reveal significant differences be-
tween PCL- and PLA-based composites, underscoring their distinct
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Table 2
Toughness results of CNF membrane.

Membranes Toughness (MJ / m®)
1 wt% PCL 5.51
2 wt% PCL 4.01
4 wt% PCL 1.76
1 wt% PLA 4.99
2 wt% PLA 4.71
4 wt% PLA 0.53

structure—property relationships (Fig. 12 (a) and (b)).

PLA-based membranes demonstrated pronounced thermal stability,
consistent with their semi-crystalline nature. At 1 wt% PLA, Tg and Tm
were recorded at 144.15 °C and 145.4 °C, respectively. Increasing PLA
content to 4 wt% elevated Tg to 153.5 °C and Tm to 154.22 °C (Fig. 13).
The narrow Tg-Tm gap of ~1-2 °C reflects PLAs tightly coupled
amorphous and crystalline phases, where structural order extends across
both regions. This coupling arises from PLA’s flexible aliphatic back-
bone, which promotes efficient chain packing into crystalline lamellae
even at low concentrations. The progressive increase in Tg indicates
restricted chain mobility in the amorphous phase due to strong
CNF-PLA interfacial interactions, while the concurrent rise in Tm sug-
gests enhanced crystalline phase stability through heterogeneous
nucleation at CNF surfaces. At higher loadings (2-4 wt%), the rate of Tg
and Tm increase diminished, indicating a crystallisation saturation ef-
fect. This plateau likely results from the limited number of nucleation
sites at the CNF interface and steric hindrance between tightly packed
PLA chains.

PCL-based membranes, in contrast, exhibited much lower transition
temperatures, reflecting their predominantly amorphous structure. At
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1 wt% PCL, Tg and Tm were measured at 34.39 °C and 77.39 °C,
respectively, increasing to 46.47 °C and 93.28 °C at 4 wt%. The large
gap between Tg and Tm highlights the dominance of disordered amor-
phous regions, with crystalline domains forming only at higher tem-
peratures. PCL’s relatively rigid backbone and stereochemical
irregularities limit chain packing efficiency, resulting in lower crystal-
linity and broader melting transitions. Its hydrophobic nature may
further weaken CNF-PCL interactions, reducing heterogeneous nucle-
ation efficiency. Nevertheless, the linear rise in Tg and Tm with polymer
loading suggests gradual improvement in crystalline order as higher PCL
content helps overcome kinetic barriers to chain alignment, though this
effect remains less pronounced than in PLA.

The contrast in thermal behaviour between PLA and PCL composites
is striking. At just 1 wt% loading, PLA reaches a Tg of 144.15 °C—almost
100 °C higher than PCL at 4 wt%—and a Tm of 145.4 °C, exceeding
PCL’s maximum Tm by over 50 °C. This superior performance stems
from PLA’s inherently higher crystallinity and greater nucleation effi-
ciency at CNF surfaces, enabling the formation of compact, thermally
stable crystalline domains. In comparison, PCL’s restricted chain pack-
ing and lower interfacial compatibility with CNFs limit crystalline phase
development, thereby reducing melting stability. From an application
standpoint, CNF-PLA membranes are better suited for high-temperature
applications such as filtration and packaging, where stability of crys-
talline domains is critical. CNF-PCL membranes, while less thermally
stable, offer advantages in flexibility and are appropriate for applica-
tions such as eco-friendly coatings, where moderate thermal resistance
(<100 °Q) is sufficient.

The thermal performance gap between PCL and PLA is striking. At
1 wt%, PLA exhibits a Ty of 144.15 °C, nearly 100 °C higher than the
46.47 °C observed for PCL at 4 wt%, while its Ty, of 145.4 °C exceeds
PCL’s highest T, of 93.28 °C by 52 °C. This disparity arises from the
intrinsic properties of the polymers. PLA’s high crystallinity, even at
minimal loadings, allows for stable crystalline domains that resist
thermal disruption, whereas PCL’s predominantly amorphous nature
limits its thermal resilience. Additionally, PLA’s flexible chains facilitate
nucleation on CNFs, enhancing crystallisation, whereas PCL’s rigid
chains hinder efficient packing, further contributing to its lower thermal
stability. Also, the variation in Tg observed in the CNF-reinforced
membranes can be attributed to the interactions between CNF and the
polymer matrix, which restrict polymer chain mobility. Previous studies
report a glass transition temperature of approximately ~60 °C for PLA
and —60 to - 65 °C for PCL, representing a difference of about ~100 °C,
which is consistent with our observations for the CNF-PCL/PLA mem-
brane [53,54]. Hence, CNF-PLA membranes are ideal for
high-temperature applications such as filtration and packaging, where
thermal stability is crucial. Their ability to achieve a robust Ty and Ty, at
just 1 wt% minimises material costs while ensuring durability. In
contrast, CNF-PCL membranes are better suited for eco-friendly
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composite membranes.

coatings, where moderate thermal resistance below 100°C is sufficient.
4. Conclusions

The eco-friendly CNF nanocomposite membranes were prepared a
simple solution casting methods and evaluated for thickness, wetta-
bility, electrolyte uptake, porosity, thermal behaviour, and mechanical
properties. This study highlights the distinct advantages and limitations
of CNF-PCL and CNF-PLA membranes, demonstrating how polymer
chemistry influences interfacial interactions, mechanical properties, and
thermal stability. PLA blends generally demonstrate better compatibility
with CNF at higher polymer loadings than PCL. This enhanced
compatibility can be attributed to the inherent chemical affinity be-
tween cellulose nanofibers and PLA, as both materials share similar
polar characteristics. Also, CNF-PLA membranes showed higher hydro-
philicity (34.66° for CNF-PLA vs. 72.64° for CNF-PCL at 1 wt% loading)
and wettability at all wt% ratios. Despite their weaker compatibility
with CNFs, PCL-based membranes can still be optimised for applications
where mechanical toughness and compactness are critical. CNF-PCL
membranes offer superior mechanical flexibility, at minimal loading
concentrations, CNF-PCL membranes outperform CNF-PLA composites
across all mechanical metrics, particularly at lower additive concen-
trations, 1 wt% concentration, CNF-PCL membranes achieve a stress of
58.34 MPa with a strain of 6.59 % compared to CNF-PLA’s 26.3 MPa
and 2.64 %. The thermal resistance of CNF-PLA T, of 144.15 °C, nearly

12

100 °C higher than the 46.47 °C observed for CNF-PCL membrane at
4 wt%. On the other hand, CNF-PLA membranes, with their higher hy-
drophilicity and better CNF dispersion, are well-suited for applications
requiring biodegradability, wettability, and liquid uptake. However,
their brittleness limits their performance under extreme conditions.
While the materials and fabrication method appear promising at the
laboratory scale, industrial implementation requires consideration of
several factors. These include the consistent and cost-effective produc-
tion of cellulose nanofibers, which can be resource and energy-intensive
depending on the extraction method. The incorporation of biopolymers
like PLA and PCL must also be evaluated in terms of material avail-
ability, processing compatibility, and biodegradability at scale.
Furthermore, the solution-casting technique used in the study may not
directly translate to high-throughput manufacturing processes such as
roll-to-roll coating or extrusion, which are commonly used in membrane
or film production. Also, the current study provides comprehensive in-
sights into the properties of CNF-based membranes, challenges remain
in balancing mechanical strength, flexibility, and hydrophilicity. Future
work could focus on optimising CNF dispersion, exploring hybrid
polymer blends, or incorporating plasticisers and crosslinkers to
improve toughness without compromising hydrophilicity. Additionally,
the high porosity and electrolyte uptake of these membranes suggest
potential applications as eco-friendly battery separators in aqueous or
non-aqueous electrochemical systems. Further studies are required to
evaluate their ionic conductivity, chemical stability, and long-term
cycling performance in batteries, as well as scalability for industrial
production. Tailoring CNF-polymer interactions and processing methods
could enable the development of multifunctional, sustainable mem-
branes for energy storage applications. Overall, these findings under-
score the importance of tailoring CNF-polymer interactions to enhance
performance in sustainable and functional material applications.
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