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Abstract
The development of solar-responsive polymer nanocomposites offers a sustainable pathway for water
purification. In this work, polyvinyl alcohol (PVA) films reinforced with graphene nanoplatelets
(GNPs) and multi-walled carbon nanotubes (MWCNTSs) were fabricated and systematically
investigated for their mechanical, thermal, viscoelastic, and thermal transport properties. Neat PVA
displayed moderate tensile strength (~38 MPa) and high elongation (~165%), whereas 1.0 wt%
nanofiller loading enhanced tensile strength to ~52 MPa and modulus to ~1.3 GPa, demonstrating an
optimal balance of stiffness and ductility. Differential scanning calorimetry (DSC) revealed an
upward shift in glass transition temperature (Tg) from ~82 °C to ~89 °C with nanofiller addition,
while crystallinity decreased from ~44% in neat
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water sources, posing serious risks to health, livelihoods, and sustainable development [1].
Conventional water purification strategies such as distillation, chlorination, and reverse osmosis are
effective but often require large energy inputs, advanced infrastructure, or generate harmful by-
products [2]. In recent years, solar-driven purification technologies have gained increasing attention
as sustainable alternatives because of their reliance on abundant and renewable solar energy [3].
Central to these technologies is the development of functional materials capable of efficiently
harvesting solar radiation and converting it into localized heat to drive water evaporation or pollutant
degradation [4].

Among various candidates, polymer-based nanocomposites have emerged as promising solar-
responsive platforms due to their scalability, flexibility, and tunable structure—property relationships
[5]. Polymers such as polyvinyl alcohol (PVA), polyethylene, and polyvinylidene fluoride (PVDF)
have been widely investigated for photo-thermal applications because of their excellent film-forming
ability, low cost, and ability to incorporate diverse nano-fillers [6]. However, pristine polymers
typically suffer from limited optical absorption in the visible range and insufficient thermal
conductivity, which restrict their performance in solar-assisted purification systems [7].

To overcome these limitations, carbon nanostructures have been integrated into polymer matrices.
These nanostructures exhibit broadband solar absorption, high photo-thermal conversion efficiency,
and superior thermal conductivity, making them ideal fillers for enhancing solar harvesting
capabilities [8]. Graphene nanoplatelets (GNPs), for instance, provide large specific surface area and
high thermal diffusivity, while CNTs form conductive percolation networks that facilitate rapid heat
transfer across the composite [9]. When embedded in hydrophilic polymers like PVA, these carbon
nanostructures not only boost solar absorption but also improve mechanical reinforcement and
interfacial water—polymer interactions, both of which are critical for efficient solar evaporation [10].

Studies have shown that carbon-based nanofillers can disrupt polymer crystallinity, alter glass
transition temperature, and enhance viscoelastic stability under cyclic heating [11]. These
modifications are particularly important for solar-driven purification applications, where materials are
exposed to repetitive thermal fluctuations and require high durability. Therefore, a comprehensive
evaluation of their properties is essential to establish the suitability of polymer—nano-composite films
for real-world solar water purification [12].

Traditional characterization provide structural insights but do not directly capture the functional
performance under solar conditions. Instead, emphasis should be placed on mechanical testing, and
transient plane source (TPS) thermal transport measurements, which together provide a holistic
picture of nano-composite reinforcement, thermal transitions, and heat localization [13]. This
systematic evaluation allows for correlating nanofiller content with solar-relevant properties, thereby
guiding the rational design of next-generation purification membranes.

In this study, PV A-based nanocomposites reinforced with GNPs and MWCNTs were fabricated via
a solution casting and solvent evaporation technique. The nano-composite films were systematically
characterized to elucidate the role of carbon nanostructures in modifying their mechanical, thermal,
viscoelastic, and thermal transport behaviour. The novelty of this work lies in combining conventional
thermal-mechanical tests with TPS-based transport measurements, thereby offering direct insights
into heat localization capacity, which is highly relevant for solar-assisted purification systems [14, 15].

MATERIALS AND METHODS
Materials

Polyvinyl alcohol (PVA), used in this study has excellent film-forming ability, hydrophilicity,
biocompatibility, and the abundance of hydroxyl groups that facilitate strong hydrogen-bonding
interactions with nano-fillers. To impart solar responsiveness and photo-thermal activity, carbon
nanostructures in the form of graphene nanoplatelets (GNPs, 6—8 nm thickness, 5—-10 um lateral size,
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99.5% purity, XG Sciences) and multi-walled carbon nano-tubes (MWCNTs), were employed. These
nanostructures were selected for their broadband solar absorption, high thermal conductivity, and
ability to disrupt polymer crystallinity while improving mechanical reinforcement. Ethanol (AR
grade, Merck) was used as a co-solvent for nanofiller dispersion, while de-ionized water (18.2
MQ-cm resistivity) served as the solvent medium and purification test feedwater.

Fabrication of Polymer Nanocomposites

The nano-composite films were fabricated through a solution casting and solvent evaporation
method (Figure 1), chosen for its simplicity, scalability, and ability to produce uniform thin films
suitable for solar-driven evaporation studies.

Initially, PVA (10 wt%) was dissolved in de-ionized water at 90 °C under continuous stirring for 3h
after which the temperature was reduced to 50 °C to prevent premature gelation. Separately, the
carbon nanostructures (GNPs and MWCNTs) were weighed according to the desired loading (0.5, 1.0,
and 2.0 wt% relative to polymer mass) and dispersed in ethanol (50 mL) using ultrasonication (40
kHz, 200 W) for 60 min to achieve de-agglomeration and stable dispersion. The nanofiller suspension
was then added dropwise into the warm PV A solution under vigorous mechanical stirring (600 rpm
for 1 h), followed by an additional 30 min of probe sonication. The homogeneous mixture was cast
into clean, leveled glass petri dishes and dried in a vacuum oven at 50 °C. The resulting flexible black
nano-composite films, with thicknesses ranging from 0.2 to 0.3 mm, were carefully peeled off,
trimmed into standard dimensions, and conditioned in a desiccator. For systematic comparison, the
films were designated as neat PVA (control), PVA—0.5C, PVA-1.0C, and PVA-2.0C corresponding
to the different nanofiller loadings.

Neat PVA PVA-0.5C PVA-1.0C PVA-2.

: - (d)
Figure 1. Fabrication steps of PVA-—carbon nanocomposite films: (a) PVA dissolution, (b) Nanofiller
preparation, (c) Nanofiller addition into PVA, (d) Final composite films after drying.
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Characterization Techniques
Mechanical Testing (Tensile/Young’s Modulus)

Tensile specimens with a gauge length of 20 mm, width of 4 mm, and thickness of 0.2 mm were
precisely cut from the prepared films. The tensile tests were performed at a constant crosshead speed
of 10 mm-min~'. From the resulting stress—strain curves, the tensile strength, Young’s modulus and
elongation at break were calculated. All reported values represent the mean of five independent tests
(n=5).

Differential Scanning Calorimetry (DSC)

Film samples weighing approximately 5-8 mg were hermetically sealed in aluminum pans to
prevent moisture absorption. Each sample was subjected to a heat—cool-heat program consisting of an
initial heating from 30 to 250 °C at a rate of 10 °C-min™', followed by cooling to 30 °C, and a
subsequent reheating to 250 °C at the same rate. The glass transition temperature (Tg), crystallization
temperature (Tc), melting temperature (Tw), and melting enthalpy (AHn) were obtained from the
respective exothermic and endothermic peaks during the cooling and heating cycles. The degree of
crystallinity (X.) was estimated using the relation:

Xe = (AHm/ (AHn - wp)) x 100%,

where AH." (138.6 J-g™') corresponds to 100% crystalline PVA and w, is the polymer mass
fraction in the composite.

Dynamic Mechanical Analysis (DMA)

Rectangular strips (20 x 5 % 0.2 mm) were tested under a temperature sweep from —50 °C to 150 °C
at a heating rate of 5 °C-min". The storage modulus (E’), loss modulus (E"), and damping factor (tan
d) were obtained as functions of temperature. The glass transition temperature (Tg) was determined
from the tan & peak, while E’ values in the rubbery plateau provided insights into reinforcement and
thermo-mechanical stability.

Transient Plane Source (TPS) Thermal Transport Measurements

The composite films were conditioned at 23 + 2 °C, 50 £ 5% RH for 24 h. To reach the
recommended thickness for TPS (> 0.5 mm total), three identical film layers were stacked (total
thickness measured at five points; average reported). The sensor was sandwiched centrally between
two stacks of the same sample, ensuring symmetric heat flow; a light, uniform weight (~0.5 kg)
provided stable contact without compressing the polymer. For each composition, power input (10—40
mW) and measurement time (1-5 s) were optimized via pre-tests to keep the temperature rise < 2 K,
maintaining the linear regime and avoiding moisture/phase changes. The instrument software fits the
transient temperature rise AT(t) to the TPS model to obtain k and a directly; volumetric heat capacity
(pCp) was subsequently computed as 555 =5/5.

Each value is the mean £+ SD of n = 5 runs. Reporting includes k (W-m™-K™), a (mm?s™"), and pC,
(MJ-m=3-K™). Uncertainty was assessed from repeatability and the manufacturer’s calibration
(validated using a PTFE and glycerol standard before sample measurements). To assess solar-relevant
stability, the same specimens were re-measured after 10 thermal cycles between 25-80 °C (5 min
holds at each extreme); retention of k and o (%) was reported. Lower-k, moderate-a films
indicated improved interfacial heat localization with limited bulk loss, desirable for solar-assisted
purification modules.

RESULTS AND DISCUSSION
Mechanical Properties

The behaviour of the PVA and PVA—carbon nanostructure composites is illustrated in Figure 2.
The curves demonstrate clear differences between neat polymer and nano-composite films. Neat PVA
exhibited a typical ductile profile with moderate strength (~38 MPa) and high elongation (~165%),
reflecting its semi-crystalline, hydrogen-bonded nature [16]. With the incorporation of 0.5 wt%
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Figure 2. Tensile Stress—Strain Curves of neat PVA and nanocomposites

nanofillers (PVA-0.5C), the curve shifted upward, with tensile strength increasing to ~47 MPa and
modulus to ~1.1 GPa. The enhancement is attributed to stress transfer at the polymer—nanofiller
interface, where PVA hydroxyl groups establish hydrogen bonding with surface functionalities on
graphene nanoplatelets (GNPs) and n—m interactions with CNTs [17].

At 1.0 wt% loading (PVA-1.0C), the tensile strength peaked at ~52 MPa, with a corresponding
Young’s modulus of ~1.3 GPa, reflecting an optimal balance of filler dispersion and interfacial load
transfer [18]. Elongation at break, although slightly reduced to ~135%, remained sufficiently high for
practical handling. The uniform dispersion observed at this concentration allowed CNTs and GNPs to
form interconnected networks, preventing premature crack propagation and enhancing toughness [19].

In contrast, the 2.0 wt% films (PVA-2.0C) showed a decline in ductility (elongation ~110%) and
slight reduction in strength (~48 MPa). This is explained by agglomeration-induced stress
concentration, which hinders effective stress transfer and initiates micro-cracks under loading [20].
Such phenomena are commonly reported in nano-carbonpolymer systems, where excessive filler
disrupts polymer chain continuity and induces brittleness [21].

Overall, the mechanical analysis confirms that 1.0 wt% nanofiller loading yields the best
reinforcement, balancing stiffness, strength, and ductility. These properties are vital for solar water
purification systems, where films must withstand repeated handling and wet—dry cycles [22].

Differential Scanning Calorimetry (DSC)

The thermogram profile of neat PVA and nanocomposites are shown in Figure 3. In the amorphous
curve (blue), only T, is observed, appearing as a subtle baseline step at ~82 °C, representing the
onset of segmental chain mobility in the amorphous regions of PVA [23]. In contrast, the
semicrystalline curve (red) of neat PVA exhibits all three transitions: T, at ~82 °C, an exothermic
crystallization peak at ~178 °C, and an endothermic melting peak at ~225 °C. These transitions
confirm the dual amorphous—crystalline nature of PVA, in line with established literature values for
semicrystalline polymers [24].

Upon addition of nanofillers, the T, values shifted systematically upward — ~87 °C for PVA-1.0C
and ~89 °C for PVA-2.0C — indicating that the hydroxyl-rich PVA chains strongly interact with the
n-conjugated surfaces of CNTs and GNPs through hydrogen bonding, dipole—r interactions, and
physical adsorption [25]. This restricts the mobility of the amorphous segments, requiring higher
thermal energy to achieve cooperative motion. Such T, enhancement is commonly interpreted as a
hallmark of good filler dispersion and strong polymer—filler interfacial adhesion, both of which are
essential for thermal durability under solar heating conditions [26].
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Figure 3. DSC thermograms showing Tg, Tc, and Tr, shifts with nanofiller content

The crystallization exotherm (T.) shifted downward from ~178 °C in neat PVA to ~172 °C in
PVA-2.0C. This depression is explained by the nucleation-disruption dual role of nanofillers. While
CNTs and GNPs can act as nucleation sites at low concentrations, excessive loading disrupts chain
packing and hinders lamellar growth, thus lowering the crystallization temperature [27]. The
integrated enthalpy of crystallization, and hence the degree of crystallinity (Xc), also decreased with
increasing nanofiller content — from ~44% in neat PVA to ~33% in PVA-2.0C. The reduction in
crystallinity is significant for photo-thermal performance: lower crystallinity correlates with more
amorphous domains that enhance solar light absorption and provide flexible diffusion pathways for
localized heat [28]. This structural reorganization ensures that nanocomposites retain high
responsiveness to solar irradiation, a critical factor for water purification membranes.

The melting temperature (Tm), however, remained largely invariant at ~225 °C across all
formulations. This stability indicates that while the crystalline fraction is reduced, the crystalline
lamellae that do form are of similar perfection and size to those in neat PVA [29]. In other words,
nanofillers suppress the quantity of crystallites but not their intrinsic melting stability. This is
advantageous, since stable crystalline domains can still reinforce dimensional integrity at elevated
temperatures, ensuring mechanical robustness during prolonged heating cycles.

The thermogram also provides insight into the thermal stability mechanism of nanocarbon-filled
PVA. The elevated T,, depressed T., reduced crystallinity, and stable T, together suggest that CNTs
and GNPs act simultaneously as thermal stabilizers (by restricting chain motion) and crystallinity
disruptors (by interfering with chain folding and lamella formation). This dual effect aligns with
previous reports on nano-carbonpolymer systems, where dimensional stability under cyclic heating is
consistently improved [30].

Thus, the DSC results provide a comprehensive picture of how carbon nanostructures tailor the
thermal transitions and crystallinity of PVA. These modifications ensure that the nano-composite
films maintain structural integrity and enhance light-heat conversion efficiency during
prolonged solar exposure; a critical requirement for their application in solar-assisted water
purification membranes.
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Dynamic Mechanical Analysis (DMA)

The results of DMA analysis for neat PVA and its nanocomposites with 0.5, 1.0, and 2.0 wt%
carbon nanofillers are summarized in Figures 4(a) and (b). The curves clearly illustrate how the
incorporation of graphene nanoplatelets (GNPs) and CNTs modifies the viscoelastic performance
across the 3 different regions as shown in the Figure 4a & 4b.

As shown in Figure 4(a), neat PVA exhibited a storage modulus of approximately 1.2 GPa at room
temperature, consistent with its semicrystalline morphology. The modulus decreased steadily with
temperature due to softening of amorphous domains, reaching values below 0.5 GPa near 120 °C. In
contrast, the nanocomposites showed markedly higher E' across the entire temperature spectrum. At
room temperature, PVA—0.5C displayed ~1.4 GPa, PVA-1.0C reached ~1.8 GPa (a ~50% increase
compared to neat PVA), and PVA-2.0C maintained ~1.6 GPa. Even at 100 °C, the reinforced films
retained significantly higher moduli than neat PVA, demonstrating enhanced dimensional stability
under heating cycles.

Neat PVA
PVA-0.5C
PVA-1.0C
PVA-2.0C

=
~
w
o
T T

1000

750

500

2501

=50 =25 0 25 50 75 100 125 150
(a) Temperature (°C)
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—— E' PVA-0.5C
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Figure 4. (a) Storage modulus (E’) for neat PVA and composites, (b) Loss modulus (E”) and
Damping factor (tan §) for neat PVA and composites
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The improvement is attributed to efficient stress transfer between polymer chains and nanofillers,
where strong interfacial adhesion restricts molecular slippage and enhances load-bearing capacity.
The relatively high reinforcement at 1.0 wt% suggests an optimal filler—matrix interaction, while the
slight drop at 2.0 wt% indicates potential filler agglomeration, which reduces reinforcement
efficiency. These observations align with previous studies reporting that well-dispersed carbon
nanostructures markedly improve PVA’s stiffness and thermal integrity [28].

The loss modulus curves in Figure 4(b) display pronounced peaks around the glass transition
region. For neat PVA, the E” peak occurs near 85 °C, reflecting the onset of cooperative motion of
polymer chain segments. Upon nanofiller incorporation, the peak shifted slightly upward: ~87 °C for
0.5C, ~91 °C for 1.0C, and ~89 °C for 2.0C, indicating that the glass transition temperature (Tg)
increases with nanocarbon addition.

In addition, the intensity of the E” peak increased with nanofiller content up to 1.0 wt%, reflecting
greater energy dissipation. This enhancement is linked to increased interfacial friction and restricted
chain dynamics at the polymer—filler boundary, which promote viscoelastic damping. At 2.0 wt%,
however, the E” peak intensity slightly decreased, again suggesting the onset of filler agglomeration
that reduces effective chain—filler interactions. These findings confirm that carbon nanostructures
influence the relaxation dynamics and enhance energy dissipation, consistent with prior reports on
nanofilled polymers [29].

Also shown in Figure 4(b) (dashed curves), tan 6 provides a direct measure of damping efficiency
and interfacial interactions. Neat PVA exhibited a sharp tan 6 peak at ~85 °C, whereas
nanocomposites shifted upward to ~87-91 °C, confirming the Ty rise due to restricted chain segmental
mobility. Importantly, the tan & peak height decreased with nanofiller incorporation: neat PVA
exhibited the highest damping, while PVA—1.0C and PVA-2.0C showed progressively lower maxima.

A reduced tan 6 peak implies lower energy dissipation and stronger interfacial adhesion between
polymer chains and nanofillers. This is desirable for structural and thermal stability under cyclic solar
heating, as it means the material stores more elastic energy and resists deformation [30].

Thermal Transport Behaviour (TPS Analysis)

The thermal transport properties of neat PVA and PVA—carbon nanocomposites were presented in
Figure 4, where thermal conductivity (k), thermal diffusivity (a), and retention after 10 thermal cycles
are combined in a single multi-axis plot for clarity. This integrated representation allows direct
comparison of the effects of nanofiller loading on instantaneous heat transport and long-term stability.

From Figure 5, it is evident that neat PVA starts with a baseline conductivity of ~0.25 W-m™-K™*
and diffusivity of ~0.12 mm?-s™!, values typical of semi-crystalline insulating polymers with limited
phonon mobility across amorphous—crystalline boundaries. Upon nanofiller incorporation, both k and
a increased significantly, were reflecting the formation of percolative filler networks that enhance
phonon conduction pathways. At 1.0 wt%, k rose to ~0.58 W-m™-K™ and a to ~0.26 mm?-s™*, while
2.0 wt% reached ~0.72 W-m™-K™! and ~0.31 mm?*-s™!, respectively. This ~3-fold improvement in k
demonstrates the critical role of synergistic graphene—CNT frameworks in bridging interfacial voids,
minimizing phonon scattering, and enabling efficient energy transfer [16—18].

Interestingly, the curvature of both k and a trends highlights an important balance: while higher
filler loadings improve heat conduction, excessively high conductivity may promote undesirable bulk
heat dissipation rather than interfacial heat localization. This trade-off is clearly visible in Figure 4,
where the optimum lies around 1.0 wt%—sufficient to accelerate interfacial evaporation under solar
irradiation while preventing thermal leakage into the bulk water reservoir [19].
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Figure 5. TPS thermal transport properties of neat PVA and nanocomposites: thermal conductivity
(k), thermal diffusivity (a)), and retention after 10 cycles versus filler loading

The same figure 5 also depicts the retention of k and o values after 10 thermal cycles (25-80 °C).
All compositions retained more than 93% of their original performance, with neat PVA maintaining
100% and the nanocomposites stabilizing around 93-97%. The smooth maroon retention curve
confirms the long-term durability of polymer—filler interfaces, indicating no interfacial debonding,
phase segregation, or microcrack formation during cyclic thermal stresses. This durability is
particularly critical for real-world solar water purification systems, where the films are subjected to

repeated heating—cooling cycles [20].

CONCLUSION

The present study demonstrated that carbon nanostructure-reinforced PVA nanocomposites exhibit
enhanced thermo-mechanical and solar-relevant performance. Based on the obtained results, the

following key conclusions were derived:

e Tensile strength increased from ~38 MPa (neat PVA) to ~52 MPa at 1.0 wt% loading, showing

optimum reinforcement.

e  Young’s modulus improved from ~0.9 GPa to ~1.3 GPa, while elongation remained acceptable

(~135%), ensuring flexibility.

e Tg increased by ~7 °C, while crystallinity decreased by ~11%, promoting heat absorption

efficiency.

e Storage modulus rose by ~50% at 1.0 wt%, confirming superior stiffness and dimensional

stability.

e Thermal conductivity and diffusivity improved nearly threefold, reaching ~0.72 W-m™-K™' and

~0.31 mm?'s™', respectively.

e Thermal transport retention remained above 93% after 10 heating cycles, highlighting long-

term reliability.

These outcomes collectively establish 1.0 wt% nanofiller loading as the most effective balance for

mechanical durability, thermal responsiveness,

and energy localization, thereby underscoring the

potential of these nanocomposites for scalable solar-driven water purification.
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