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Biopolymer-Based Pectin/PVP/CNC Nanocomposites
as Sustainable Matrices for Solid Polymer Electrolyte Systems

Biopolymer-based solid polymer electrolytes (SPEs) are attractive as sustainable alternatives to petroleum-
derived systems; however, balancing mechanical integrity and chain mobility remains challenging. In this
study, cellulose nanocrystals (CNCs) were incorporated into an optimized pectin/poly(vinyl pyrrolidone)
(PVP) polyblend to elucidate their role as functional nanofillers in biopolymer-based SPE matrix design.
CNCs were introduced into the pectin/PVP (7:1, w/w) matrix at loadings of 2, 4, and 6 wt% via solution cast-
ing. FTIR and SEM analyses suggest good compatibility and homogeneous dispersion of CNCs through hy-
drogen-bond-mediated interactions. Mechanical testing shows that CNC incorporation does not function as
conventional reinforcement; instead, low to intermediate CNC contents reduce stiffness and strength while
enhancing ductility, indicating increased segmental mobility. DSC analysis reveals CNC-induced modulation
of Tg-related enthalpy relaxation without inducing crystallinity. SEM observations further confirm a continu-
ous polymer matrix with CNC-induced interfacial heterogeneity and no macroscopic phase separation. These
findings demonstrate that CNCs function as mobility-regulating nanofillers, enabling controlled tuning of
thermal-mechanical behavior, and highlight pectin/PVP/CNC nanocomposites as promising sustainable ma-
trices for future solid polymer electrolyte systems.

Keywords: biopolymers, nanocomposite, pectin, poly(vinyl pyrrolidone), cellulose nanocrystals, solid poly-
mer electrolyte, polyblend, sustainable polymer matrices

Introduction

The rapid growth of electrochemical energy storage technologies has intensified the demand for safe,
flexible, and sustainable electrolyte materials. Among various candidates, solid polymer electrolytes (SPESs)
have attracted considerable attention owing to their improved safety, mechanical integrity, and processability
compared to liquid electrolytes [1]. Conventional SPE matrices are predominantly based on petroleum-
derived polymers such as poly(ethylene oxide) (PEO) [2], poly(vinylidene fluoride) (PVDF) and its copoly-
mers [3], poly(methyl methacrylate) (PMMA) [4], and poly(vinyl alcohol) (PVA) [5], which have demon-
strated promising ion-transport capabilities when combined with lithium salts and suitable plasticizers. How-
ever, concerns regarding environmental sustainability, resource depletion, and end-of-life disposal have mo-
tivated the exploration of biopolymer-based alternatives.

Biopolymers derived from renewable resources, including polysaccharides and their derivatives, offer
inherent advantages such as biodegradability, low toxicity, and abundant functional groups capable of coor-
dinating ionic species [6—8]. Among these materials, pectin, a naturally occurring anionic polysaccharide,
has emerged as a promising host polymer due to its film-forming ability, hydrophilicity, and rich hydroxyl
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and carboxyl functionalities. Nevertheless, pristine pectin films often suffer from limited mechanical strength
and thermal stability, restricting their direct application as SPE matrices. To overcome these limitations, pol-
ymer blending, particularly with poly(vinyl pyrrolidone) (PVP), has been demonstrated as an effective strat-
egy to enhance mechanical performance and compatibility through hydrogen bonding interactions [9].

Beyond polymer blending, the incorporation of nanoscale fillers has proven to be a powerful approach
for tailoring the structure—property relationships of SPE matrices. In particular, cellulose nanocrystals
(CNCs) have attracted increasing interest as sustainable nanofillers due to their high aspect ratio, superior
mechanical stiffness, large specific surface area, and abundance of surface hydroxyl groups. Previous studies
have shown that CNCs can enhance mechanical integrity, modify polymer chain mobility, and influence die-
lectric properties, all of which are critical parameters governing ion transport in polymer electrolytes. In ad-
dition, CNCs may act as physical crosslinking points and facilitate the formation of continuous ion-
conduction pathways through polymer—filler interactions [10, 11].

Despite growing interest in CNC-containing SPE systems, most reported studies focus on synthetic pol-
ymer matrices, while biopolymer-based CNC-reinforced matrices remain relatively underexplored. In partic-
ular, systematic investigations addressing how CNC incorporation influences the mechanical, thermal, and
physicochemical properties of pectin/PVP matrices—as prerequisites for SPE applications—are still scarce.
Understanding these effects is essential for establishing design principles for sustainable SPE platforms that
balance mechanical robustness, thermal stability, and ion-hosting capability.

Therefore, in this work, CNCs were incorporated into an optimized pectin/PVP polyblend to elucidate
their role as functional nanofillers in biopolymer-based SPE matrices. Rather than focusing on ionic conduc-
tivity at this stage, this study emphasizes the structure—property relationships induced by CNC incorporation,
including mechanical behavior, thermal transitions, hydrophilicity, and microstructural homogeneity, which
collectively determine the suitability of the material as a solid polymer electrolyte matrix.

Experimental

Materials. Pectin extracted from citrus peel, poly(vinyl pyrrolidone) (PVP, average molecular weight
40 kDa), and glycerol were purchased from Sigma-Aldrich (Merck, Germany) and used as received. Bacteri-
al cellulose (BC), in the form of nata de coco sheets, was obtained from a local commercial source and used
as the precursor for cellulose nanocrystal (CNC) isolation.

Isolation of CNC. BC pellicles were dried at 70 °C for 7 h, ground into powder, and sieved to obtain a
homogeneous particle size distribution. CNCs were isolated from BC via sulfuric acid hydrolysis under op-
timized conditions reported previously [12, 13]. Briefly, BC powder was hydrolyzed using 50 wt% sulfuric
acid at a solid-to-liquid ratio of 1:50 (m/v) at 45 °C for 45 min under continuous stirring. The reaction was
guenched by dilution with cold distilled water (1:10, v/v), followed by centrifugation at 4000 rpm for
10 min. The collected suspension was dialyzed against distilled water until pH =~ 6, sonicated for 20 min at
75 % amplitude, and freeze-dried to obtain CNC powder.

Preparation of Pectin/PVP Polyblend Films. Pectin/PVP polyblend films were prepared by the solution
casting method with minor modifications from reported procedures [9]. PVP and pectin were dissolved sepa-
rately in distilled water, combined under stirring, and plasticized with glycerol (0.5 mL). The total polymer
concentration was kept constant, while pectin/PVP weight ratios were varied at 8:0, 7:1, 6:2, and 5:3 (w/w).
The resulting solutions were degassed, cast onto plastic Petri dishes, and dried at ambient conditions to ob-
tain free-standing films.

Preparation of Pectin/PVP/CNC Nanocomposite Films. Pectin/PVP/CNC nanocomposite films were
prepared by incorporating CNCs (2, 4, and 6 wt% relative to total polymer weight) into the optimized pec-
tin/PVP matrix using solution casting. CNCs were dispersed in distilled water, stirred overnight, and
ultrasonicated prior to addition into the polymer blend. The resulting ternary mixtures were homogenized,
degassed, cast, and dried under ambient conditions to obtain free-standing nanocomposite films for charac-
terization.

Fourier Transform Infrared (FTIR) Spectroscopy. FTIR spectroscopy was employed to investigate the
chemical structure, intermolecular interactions, and crystallinity of BC, CNC, and polymer films. FTIR spec-
tra of BC and CNC powders were recorded using a Bruker Alpha Il FTIR spectrometer. The samples were
prepared in the form of KBr pellets and analyzed over the wavenumber range of 4000-500 cm ™ to evaluate
changes in chemical composition induced by the acid hydrolysis process.

FTIR spectra of pectin, PVP, pectin/PVVP polyblend films, and pectin/P\VP/CNC nanocomposite films at
the optimum composition were recorded using a Shimadzu 8400 FTIR spectrometer in the frequency range
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of 4000-400 cm ™. FTIR analysis of the film samples was performed to identify functional groups, assess
changes in chemical composition, and elucidate intermolecular interactions through hydrogen bonding
within the polymer matrix.

X-ray Diffraction (XRD). XRD measurements of BC and CNC powders were carried out using a dif-
fractometer equipped with Cu Ka radiation (A = 0.154 nm). Diffraction patterns were recorded over a 20
range of 2-90° with a step size of 0.02°, operating at a generator voltage of 45 kV and a tube current of
40 mA. XRD analysis was employed to determine the crystallinity index (Cl) and crystallite size (L) of the
samples. The Cl was calculated using the Segal method [14] according to Eq. (1):

u(%):Mxloo, 1)
IZOO
where Iy is the maximum intensity of the crystalline peak at 20 = 22.5°, and |,y is the intensity of the amor-
phous region at 20 ~ 18°. The crystallite size was estimated using the Scherrer equation (Eq. (2)) [13]:

K
B cosO’

where K is the Scherrer constant (0.94), A is the X-ray wavelength, B is the full width at half maximum
(FWHM) of the diffraction peak in radians, and 6 is the Bragg angle.

Transmission Electron Microscopy (TEM). Transmission electron microscopy (TEM) was used to ex-
amine the morphology and particle size of the isolated CNCs. A drop of CNC aqueous suspension was de-
posited onto a carbon-coated copper grid and allowed to dry at ambient conditions prior to observation using
a Hitachi HT7700 TEM. Particle dimensions were statistically determined by measuring approximately 200
individual CNC particles using the ImageJ software.

Particle Size Analysis (PSA). The particle size distribution of CNCs dispersed in distilled water was de-
termined using a particle size analyser based on dynamic light scattering (DLS). Prior to measurement, the
CNC suspension was ultrasonicated for 5 min to ensure uniform dispersion. Measurements were conducted
at 25.1 °C using a refractive index of 1.30.

Scanning Electron Microscopy (SEM). The surface morphology of pectin, pectin/PVP polyblend, and
pectin/PVP/CNC nanocomposite films were examined using an EVO MA 10 scanning electron microscope.
Film samples were cut into specimens with dimensions of 2x2 c¢m? and observed at an accelerating voltage
of 15 kV with magnifications of up to x2000.

Tensile Test. The mechanical properties of the films, including tensile strength, elongation at break, and
Young’s modulus, were evaluated using a Textechno Favigraph I-PI-067 tensile testing instrument. Tensile
tests were performed at a crosshead speed of 6.0 mm min under dry conditions at room temperature. Prior
to testing, all films were cut into rectangular specimens with a width of 3 mm and a gauge length of 50 mm.

Differential scanning calorimetry (DSC). The glass transition temperature (T4) and enthalpy relaxation
change (AHeisx) Of the films were investigated by DSC using a NETZSCH DSC 214 Polyma instrument un-
der a nitrogen atmosphere. Film specimens were hermetically sealed in aluminum DSC pans and heated from
25 t0 250 °C at a heating rate of 10 °C min .

Results and Discussion

)

The successful formation of cellulose nanocrystals (CNCs) from bacterial cellulose (BC) was confirmed
through a combination of FTIR, XRD, TEM, and particle size analysis (PSA). These complementary tech-
niques collectively verify that the acid hydrolysis process effectively transformed bulk cellulose into
nanoscale crystalline domains.

FTIR spectra of bacterial cellulose (BC) and cellulose nanocrystals (CNC) exhibit the characteristic ab-
sorption bands of cellulose, including the broad O—H stretching vibration in the range of 3300-3400 cm*,
C—H stretching near 2900 cm™*, and C—O—C stretching vibrations between 1000 and 1150 cm™* (Fig. 1). The
preservation of these characteristic bands after sulfuric acid hydrolysis indicates that the fundamental chemi-
cal structure of cellulose remains intact and that no significant chemical modification of the cellulose back-
bone occurs during CNC isolation [13].

Compared to BC, CNC shows a noticeable reduction in the intensity and breadth of the O—H stretching
band, which can be attributed to the preferential removal of disordered cellulose domains containing loosely
hydrogen-bonded hydroxyl groups. A decrease in the intensity of the CH, bending vibration at approximate-
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ly 1430 cm™ is also observed for CNC. Rather than being interpreted as a direct indicator of crystallinity,
this change reflects a reduction in flexible and amorphous chain segments resulting from the selective disso-
lution of amorphous regions during acid hydrolysis [15].

No new absorption bands appear in the CNC spectrum, confirming that sulfuric acid hydrolysis selec-
tively removes amorphous cellulose without altering the intrinsic cellulose framework. FTIR analysis pro-
vides qualitative evidence for the elimination of disordered domains while preserving the cellulose back-
bone, thereby supporting the successful formation of cellulose nanocrystals. Quantitative assessment of
crystallinity is therefore more appropriately derived from X-ray diffraction analysis, as discussed in the sub-
sequent paragraphs.
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Figure 1. FTIR Spectra of BC and CNC Figure 2. X-ray diffractogram of BC and CNC

XRD patterns of BC and CNC exhibit characteristic reflections of cellulose I, with diffraction peaks ap-
pearing at 20 ~ 14-17° and a dominant peak at 26 = 22-23°, corresponding to the (110), (110), and (200)
crystallographic planes (Fig. 2). The preservation of these diffraction features after sulfuric acid hydrolysis
confirms that the native cellulose I crystalline structure remains unchanged during CNC isolation. Compared
to BC, the diffraction pattern of CNC displays sharper and more intense crystalline reflections, particularly
for the (200) plane, indicating a higher degree of structural ordering. This observation is consistent with the
preferential removal of amorphous cellulose domains during acid hydrolysis, resulting in the enrichment of
crystalline regions within the CNC structure [13, 16].

In addition to changes in crystallinity, the crystallite size, estimated using the Scherrer equation, shows
an apparent increase after hydrolysis. The increase in crystallite size suggests that acid hydrolysis effectively
removes disordered regions surrounding the crystalline domains, leading to more well-defined and coherent
crystalline segments [17, 18]. The calculated values of crystallinity index (Eq. 1) and crystallite size (Eq. 2)
for both BC and CNC are summarized in Table 1.

Importantly, no additional diffraction peaks or phase transformations were observed after hydrolysis,
confirming that the acid treatment selectively removes disordered regions without altering the intrinsic crys-
talline form of cellulose. These XRD results provide quantitative evidence supporting the FTIR findings,
demonstrating that sulfuric acid hydrolysis effectively converts bacterial cellulose into cellulose nanocrystals
with higher crystallinity while maintaining the cellulose | crystal structure.

Table 1
Crystallinity index (Cl) and crystallite size (L) of BC and CNC

Sample Cl,% L,go, NM
BC 62 4.93
CNC 80 5.48

The morphology and size characteristics of the isolated CNCs were analyzed using TEM and PSA to
provide complementary information on their physical dimensions. TEM images (Fig. 3a) show that the
CNC:s exhibit a rod-like (needle-shaped) morphology, which is typical for nanocrystalline cellulose obtained
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via sulfuric acid hydrolysis. The nanocrystals appear well separated, indicating effective removal of the
amorphous regions of bacterial cellulose and the release of individual crystalline domains.

Quantitative analysis based on TEM images (Figs. 3b and 3c) reveals that the CNCs possess an average
length of 714 + 12 nm and an average diameter of 31 + 0.2 nm, resulting in a high aspect ratio (L/D) of
~ 23. Such a high aspect ratio is a defining characteristic of cellulose nanocrystals and is indicative of their
rigid, anisotropic nature. These dimensions confirm that the hydrolysis process successfully produced
nanocrystals rather than nanofibrillated or microcrystalline cellulose.

The particle size distribution obtained from PSA measurements (Fig. 3d) shows an average particle di-
ameter of 80 = 22 nm, which is larger than the diameter determined by TEM. This difference is expected, as
PSA based on dynamic light scattering measures the hydrodynamic diameter of particles in suspension,
which is influenced by solvation layers, particle orientation, and possible interparticle interactions. In con-
trast, TEM provides direct measurements of the physical dimensions of individual nanocrystals in the dry
state.

While TEM analysis shows a Gaussian distribution (Fig. 3c) corresponding to the actual geometric di-
mensions of CNCs, the DLS-derived number distribution exhibits a positively skewed profile (Fig. 3d). This
difference arises from the hydrodynamic nature of DLS measurements and the anisotropic morphology of
CNCs, and therefore a Gaussian distribution is not necessarily expected for DLS data.

The combined TEM and PSA results consistently confirm the formation of well-defined cellulose
nanocrystals with nanoscale dimensions and high aspect ratio, validating the effectiveness of sulfuric acid
hydrolysis in converting bacterial cellulose into CNCs.
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Figure 3. (a) TEM image of CNCs, (b) length and (c) diameter distribution of CNCs
based on TEM, (d) diameter distribution of CNCs obtained from PSA

The mechanical properties of pectin/PVP polyblend films with different compositions were systemati-
cally evaluated to identify an optimal matrix for subsequent CNC incorporation. As summarized in Table 2,
the mechanical response of the films shows a noticeable dependence on the PVVP content, reflecting the bal-
ance between intermolecular interactions and plasticization effects. Neat pectin films (8:0) exhibit moderate
tensile strength but limited flexibility, indicative of a relatively stiff and brittle polysaccharide network.
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The incorporation of a small amount of PVP (7:1, w/w) leads to an observable improvement in overall
mechanical performance, characterized by simultaneous enhancement of tensile strength and elongation at
break. This synergistic behavior can be attributed to strong intermolecular hydrogen bonding between the
hydroxyl groups of pectin and the carbonyl groups of PVP, which promotes good miscibility and efficient
stress transfer while preserving sufficient chain mobility. Similar structure—property relationships have been
reported for polysaccharide/PVP blends, where optimal PVP content maximizes mechanical performance
through hydrogen-bond-driven miscibility without excessive plasticization [19].

Table 2
Mechanical properties of pectin and pectin/PVP blend films
Pektin/PVVP composition, Film thickness, Tensile strength, Elongation at break, Young’s modulus,

wiw um Mpa % MPa

8:0 101+4 27.9+4.3 13.4+23 222.4 +96.0
7:1 93+4 30.5+5.7 175+28 1702.4 +£93.1
6:2 106+ 6 27.1+64 152+16 1944 + 67.4
5:3 100+ 2 28.6 +5.7 129+27 112.1+45.8

At higher PVP contents (6:2 and 5:3), the mechanical properties deteriorate, as evidenced by reduced
tensile strength, elongation at break, and modulus. In this system, the plasticization effect is primarily at-
tributed to PVP (40 kDa), which enhances chain mobility by disrupting pectin—pectin interactions. However,
at higher PVP contents, excessive incorporation leads to over-plasticization, where the disruption of cohesive
pectin—pectin interactions becomes dominant [20, 21]. This results in reduced intermolecular cohesion and
weakened mechanical integrity, indicating a balance between plasticization and structural weakening of the
polymer network [22]. Consequently, the pectin/PVP composition of 7:1 (w/w) provides the most balanced
combination of strength and flexibility and was therefore selected as the optimum matrix for CNC incorpora-
tion. Figure 4 displays a photograph of pectin, pectin/PVP, and pectin/PVP/CNC films.

—

Figure 4. Photograph of (a) pectin, (b) pectin/PVP (7:1), and (c) pectin/PVP/CNC 6 % films

The effect of CNC incorporation on the mechanical properties of the optimized pectin/PVP (7:1, wiw)
matrix was evaluated at CNC loadings of 2, 4, and 6 wt% (Tab. 3). The neat pectin/PVP film (0 % CNC)
exhibits a relatively high tensile strength and Young’s modulus with moderate elongation at break, indicating
a mechanically robust polyblend network.

Table 3
Mechanical properties of pectin/PVP/CNC films

CNC composition, % | Film thickness, um | Tensile strength, Mpa | Elongation at break, % | Young’s modulus, MPa
0 93+4 30.5+5.7 175+ 2.8 1702.4 +93.1
2 105+ 14 10.2+0.3 17.7+5.9 117.6 + 61.8
4 117 +2 9.2+1.8 245+6.2 59.4+15.4
6 108 + 4 13.8+25 15.0+3.4 123.0+51.0

Upon CNC addition, a pronounced reduction in tensile strength and modulus is observed, particularly at
2-4 wt% CNC. At 2 wt% CNC, tensile strength decreases to 10.2+0.3 MPa and modulus to
117.6 + 61.8 MPa, while elongation remains comparable to the CNC-free film. At 4 wt% CNC, the film
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shows the highest ductility with elongation increasing to 24.5 + 6.2 %, accompanied by the lowest modulus
(59.4 £ 15.4 MPa) and reduced tensile strength (9.2 = 1.8 MPa). This trend suggests that, within this loading
range, CNC incorporation does not act as a conventional reinforcing filler; instead, it likely disrupts the co-
hesive pectin—-PVP network and introduces interfacial regions that facilitate chain mobility, resulting in a
more compliant and extensible film [23].

Interestingly, at 6 wt% CNC, the tensile strength partially recovers to 13.8 + 2.5 MPa and the modulus
increases to 123.0 = 51.0 MPa, while elongation decreases to 15.0 = 3.4 %. The partial recovery at higher
CNC loading may indicate the onset of a more effective filler contribution, potentially due to increased fill-
er—matrix contacts and the formation of a percolated rigid phase that restricts deformation. Nevertheless, the
overall decrease in strength and stiffness compared to the neat polyblend implies that CNC dispersion state
and interfacial compatibility dominate the mechanical response of the nanocomposites.

FTIR spectroscopy was employed to elucidate the intermolecular interactions within the pectin/PVP
matrix and to examine the effect of CNC incorporation on the chemical environment of the polymer films
(Fig. 4). The spectrum of neat pectin (Fig. 5a) exhibits a broad O—H stretching band centered at ~3406 cm ",
characteristic of extensive hydrogen bonding in polysaccharide networks. The absorption near 2924 cm™
corresponds to C—H stretching, while the band at ~1626 cm™ is associated with asymmetric stretching of
carboxylate groups. The strong absorption in the range of 1000-1150 cm™ originates from
C-O-C and C-O stretching vibrations of the polysaccharide backbone [24].

Pure PVP (Fig. 5b) shows a distinct absorption band at ~1659 cm ™, attributed to the C=0 stretching of
the pyrrolidone ring (amide 1), along with C—H stretching around 2955 cm™ and characteristic bands in the
1280-1300 cm* region corresponding to C—N stretching. These features confirm the presence of carbonyl
groups capable of acting as strong hydrogen-bond acceptors [25].
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Figure 5. FTIR spectra of (a) pectin, (b) PVP, (c) pectin/PVP, (d) pectin/PVP/CNC 2 %,
(e) pectin/PVP/CNC 4 %, and (f) pectin/P\/P/CNC 6 %

Upon blending pectin with PVP (Fig. 5¢), noticeable spectral changes are observed in the O-H stretch-
ing region. The broad O—H band of neat pectin centered at ~3406 cm™* (Fig. 4a) shifts to a higher wave-
number (~3418 cm™) in the pectin/PVP film and becomes narrower and sharper. This blue shift and band
narrowing suggest a more uniform hydrogen-bonding environment and a redistribution of hydroxyl interac-
tions, consistent with reduced heterogeneity of the polysaccharide hydrogen-bond network upon PVP incor-
poration [26]. In parallel, the carbonyl stretching band of PVP around ~1659 cm™ (Fig. 4b) shifts to
~1645 cm* in the polyblend (Fig. 4c), indicating specific interactions between the PVP carbonyl groups and
pectin hydroxyl/carboxyl functionalities. Together, these spectral changes support good polymer—polymer
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compatibility mediated by hydrogen bonding, which is consistent with the improved mechanical balance ob-
served for the pectin/PVP (7:1) matrix.

Following CNC incorporation into the pectin/PVP matrix (Fig. 5d-f), further systematic changes are ob-
served in the O—H stretching region. Compared to the pectin/PVP film, the O—H band remains centered in
the range of ~3416-3418 cm* but becomes slightly broader with increasing CNC content, reflecting the in-
troduction of additional hydroxyl groups from the CNC surface into the hydrogen-bonding network. Unlike
the pectin/PVP blend, where the O—H band is relatively narrow and sharp, the presence of CNC reintroduces
a degree of heterogeneity in hydrogen bonding due to polymer—CNC and CNC-CNC interactions [26].

In addition, subtle variations are detected in the CH, bending region (~1430-1440 cm™) and the C-O
stretching bands around 1039-1065 cm™ upon CNC addition. These changes indicate physical interactions
between CNC and the polymer matrix rather than the formation of new covalent bonds. The absence of new
absorption bands across all CNC loadings confirms that CNC functions as a physically interacting nanofiller,
primarily through hydrogen bonding.

The evolution of the hydrogen-bond-related bands provides a molecular-level explanation for the me-
chanical behavior of the nanocomposite films. At low to intermediate CNC loadings, the redistribution and
partial heterogenization of hydrogen bonds weaken the original pectin—-PVP cohesive network, resulting in
reduced tensile strength and modulus but enhanced ductility. At higher CNC content, the increased density of
polymer—CNC interactions contributes to partial restriction of chain mobility, which is consistent with the
observed recovery in mechanical stiffness. The FTIR results corroborate that hydrogen-bond-mediated inter-
actions govern the balance between mechanical compliance and rigidity in the pectin/PVP/CNC
nanocomposites.

The DSC thermograms of pectin, pectin/PVP, and pectin/PVP/CNC films (Fig. 6) exhibit two distinct
thermal events. The dominant thermal transition is a broad endothermic peak observed in the range of ~70-
100 °C, which is assigned to enthalpy relaxation (AHax) related to the glass transition region, strongly influ-
enced by the release of bound water and the rearrangement of hydrogen-bonded polymer chains. A second-
ary endothermic event observed at higher temperatures (~210-240 °C) is associated with further molecular
relaxation or the onset of structural rearrangement prior to thermal degradation, rather than crystalline melt-

ing.
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Figure 6. Thermogram DSC of (a) pectin, (b) pectin/PVP, (c) pectin/P\VP/CNC 2 %,
(d) pectin/PVP/CNC 4 %, and (e) pectin/PVP/CNC 6 % films

Quantitative DSC parameters derived from the thermograms (Fig. 6) are summarized in Table 4, includ-
ing the apparent glass transition temperature (Tg) and AHrax. It should be noted that, in hydrophilic biopoly-
mer systems, the reported T, values correspond to the temperature region of enthalpy relaxation rather than a
classical baseline step change, due to the strong influence of bound water and hydrogen-bond rearrange-
ment [27, 28].

Neat pectin exhibits a Ty-related relaxation at 78.9 °C with a relatively high AHax 0f 308.3 J g‘l, indi-
cating a rigid polysaccharide network with limited segmental mobility and a high degree of internal stress

ISSN 2959-0663 (Print); ISSN 2959-0671 (Online); ISSN-L 2959-0663 11



Anwar, B., Febriani, L.I. et al.

stored during film formation. Upon blending with PVP, the T, shifts to a higher temperature (82.5 °C), while
AH ek decreases substantially to 225.5 J g*. This reduction in relaxation enthalpy suggests a more homoge-
neous and dynamically equilibrated polymer network, consistent with hydrogen-bond-driven miscibility be-
tween pectin and PVP and the improved mechanical balance observed for the polyblend.

Table 4
Thermal properties of pectin, pectin/PVP, and pectin/PVP/CNC

Data Pectin | Pectin/PVP Pectin/PVP/CNC 2 % Pectin/PVP/CNC 4 % Pectin/PVVP/CNC 6 %

T, °C 78.9 82.5 76.3 84.4 86.5
AHeim JIg | 308.3 225.5 188.4 324.9 318.8

The incorporation of CNC further modulates the thermal relaxation behavior. At 2 wt% CNC, the T,
decreases to 76.3 °C, accompanied by a pronounced reduction in AH s (188.4 J g ™). This combination indi-
cates enhanced chain mobility and reduced structural constraints, which can be attributed to the disruption of
the pectin/PVP hydrogen-bond network by polymer—CNC interfacial interactions. Such behavior is con-
sistent with the increased ductility observed in mechanical testing at low CNC loading.

At higher CNC contents (4 and 6 wt%), T, shifts progressively to higher temperatures (84.4 and
86.5 °C, respectively), while AH ey increases to 324.9 and 318.8 J g*. The increase in T, reflects partial re-
striction of polymer chain motion due to the higher density of polymer—-CNC interactions, whereas the ele-
vated AHsx indicates the development of a more heterogeneous hydrogen-bonding network with increased
stored relaxation energy. This trend correlates with the partial recovery of mechanical stiffness at higher
CNC loading [29].

Scanning electron microscopy was employed to examine the surface morphology of neat pectin, pec-
tin/PVP polyblend, and pectin/PVP/CNC nanocomposite films (Fig. 7). The SEM micrograph of neat pectin
shows a relatively rough and heterogeneous surface, characterized by irregular features and micro-scale un-
dulations. This morphology reflects the rigid and highly hydrogen-bonded polysaccharide network of pectin,
which is consistent with its limited ductility and higher brittleness observed in mechanical testing.

@) (b)
Figure 7. SEM image of (a) pectin, (b) pectin/PVP, (c) pectin/PVP/CNC films

In contrast, the pectin/PVP (7:1) polyblend film exhibits a smoother and more homogeneous surface
morphology with no visible phase separation. The absence of distinct domains or cracks indicates good mis-
cibility between pectin and PVP, which can be attributed to strong intermolecular hydrogen bonding between
the hydroxyl groups of pectin and the carbonyl groups of PVP. This homogeneous morphology corroborates
the FTIR evidence of polymer—polymer interactions and explains the improved mechanical balance of
strength and flexibility in the polyblend film.

Upon incorporation of CNC into the pectin/PVP matrix, the surface morphology shows noticeable
changes. The pectin/PVP/CNC nanocomposite films display a slightly roughened surface compared to the
polyblend, with fine granular features uniformly distributed across the surface. No large CNC agglomerates
or phase-separated regions are observed, indicating a reasonably good dispersion of CNC within the polymer
matrix. The increased surface roughness is attributed to the presence of CNC and polymer—CNC interfacial
regions, which disrupt the smooth polymer surface while maintaining overall film integrity.

The evolution of surface morphology with CNC incorporation is consistent with the observed mechani-
cal and thermal behavior. The introduction of CNC-induced interfacial heterogeneity contributes to enhanced
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ductility at lower CNC loadings and partial recovery of stiffness at higher CNC content, as well as to the
modulation of segmental mobility evidenced by DSC analysis. From the perspective of solid polymer elec-
trolyte matrices, the absence of macroscopic defects and the presence of a continuous polymer phase are es-
sential for maintaining electrode—electrolyte contact and mechanical stability during operation.

The combined FTIR, DSC, SEM, and mechanical analyses reveal a coherent structure—property mecha-
nism governing the behavior of the pectin/PVP/CNC nanocomposites. FTIR results demonstrate that the sys-
tem is dominated by hydrogen-bond-mediated interactions, where blending pectin with P\VVP reorganizes the
original polysaccharide network into a more homogeneous matrix, while CNC incorporation introduces addi-
tional hydroxyl-rich interfacial domains without forming new covalent bonds. These molecular interactions
directly influence chain dynamics, as evidenced by DSC, where the Ty-related enthalpy relaxation and its
evolution with CNC content reflect a tunable balance between segmental mobility and structural constraint.
SEM observations further confirm that this balance is achieved through good matrix continuity and uniform
CNC dispersion, with no macroscopic phase separation or agglomeration that could compromise mechanical
integrity. Consequently, the mechanical response of the films transitions from a rigid and brittle behavior
(neat pectin) to an optimized combination of strength and ductility (pectin/PVP), followed by a CNC-
modulated response in which low filler loading enhances compliance while higher loading restores stiffness.

The confirmed formation of cellulose nanocrystals with well-defined morphology and nanoscale dimen-
sions provides a robust nanofiller platform for tailoring the structure and properties of pectin/PVP matrices.
The combined results from FTIR, DSC, SEM, and mechanical analysis consistently demonstrate that CNC
incorporation modulates hydrogen-bond interactions, segmental mobility, and microstructural homogeneity
in a composition-dependent manner. At intermediate CNC loadings, enhanced chain mobility contributes to
improved ductility, while higher CNC contents partially restore stiffness and mechanical integrity without
inducing crystallinity. This tunable balance between flexibility and structural stability highlights the ability
of CNC to regulate the intermolecular network of the polymer matrix. These findings establish a clear struc-
ture—property relationship and indicate that the pectin/PVP/CNC system represents a promising platform for
further development of functional biopolymer-based materials, including future exploration in solid polymer
electrolyte systems.

Conclusions

This study demonstrates that pectin/PVP/CNC nanocomposites constitute a tunable biopolymer plat-
form whose structural interactions and thermal-mechanical responses can be systematically tailored through
controlled CNC incorporation. The results show that hydrogen-bond-mediated interactions govern the organ-
ization of the polymer network, enabling modulation of segmental mobility, relaxation behavior, and me-
chanical integrity without inducing crystallinity or phase separation. The optimized balance between compli-
ance and stiffness, together with preserved amorphous character and thermal stability, highlights the suitabil-
ity of the pectin/PVP/CNC system as a sustainable matrix for solid polymer electrolytes. These findings pro-
vide a mechanistic basis for the rational design of bio-based electrolyte matrices and open pathways for fur-
ther optimization through salt incorporation and electrochemical performance evaluation. Future work will
focus on lithium salt incorporation to evaluate the electrochemical window, ionic conductivity, and cycling
stability of the pectin/PVVP/CNC-based solid polymer electrolytes.
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