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Abstract

This study presents a systematic approach for the synthesis of synergized nanocomposite films (SNCFs) by incorporating
graphene oxide (GO) and varying weight ratios of multiwalled carbon nanotubes (MWCNTs) into a chitosan (Ch) matrix
via a solution-blending method. The resulting films were comprehensively characterized to evaluate their structural,
thermal, mechanical, electrical, and antioxidant properties. Fourier-transform infrared spectroscopy (FTIR) revealed
distinct peak shifts, while X-ray diffraction (XRD) showed peak suppression and broadening, providing direct evidence
of strong interfacial interactions, including hydrogen bonding and n—m stacking, which facilitate efficient interfacial
charge transfer between chitosan, GO, and MWCNTs. SEM and XRD analyses further confirmed the successful synthesis
of a uniformly dispersed nanocomposite comprising nanoscale GO sheets and entangled MWCNT networks embedded
within the chitosan matrix. Thermogravimetric analysis demonstrated enhanced thermal stability of the SNCFs compared
to pristine chitosan. Significant improvements in tensile strength and modulus were observed with increasing MWCNT
content, accompanied by a reduction in elongation at break. Electrical conductivity exhibited a pronounced enhancement,
with a percolation threshold identified in the range of 0.03-0.05 wt.% MWCNTs. Moreover, antioxidant activity
increased markedly, reaching approximately 90% enhancement at 0.09 wt.% MWCNTs combined with 0.05 wt.% GO.
These multifunctional enhancements are attributed to synergistic electron-transfer processes and strong interfacial
interactions within the hybrid nanofiller network.
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1. Introduction

The integration of electrically conductive polymers into food and biological processes poses several significant
challenges, mainly due to cytotoxicity, low biodegradability, and poor biocompatibility. An effective plan to overcome
these issues would be to incorporate electrically conductive fillers into naturally available biocompatible polymers [1-5].
Chitosan (Ch), one of the most researched biopolymers due to its characteristics such as abundance, renewability,
biodegradability, and non-toxicity, has found many applications in food packaging and medicine for its natural
antibacterial and antioxidant properties [6—10]. However, the mechanical and electrical properties of chitosan are too low
and, accordingly, it requires the addition of suitable fillers to increase its functionality [11, 12]. Among the possible fillers,
carbon nanofillers, in particular carbon nanotubes (CNTs) and graphene oxide (GO), are the most promising, as they
possess high mechanical, thermal, and electrical properties and a large specific surface area [13, 14]. The polymer/carbon
composites are prepared by carefully combining polymers with carbon nanofillers. The effectiveness of these composites
depends strongly on the homogenization of nanosized fillers, which in turn depends on aggregation and quantum-size
effects [15]. Carbon nanotubes (CNTs) are valued for their exceptional mechanical properties and high aspect ratios.
Nonetheless, achieving optimal dispersion in a polymer matrix remains a significant challenge for creating efficient
composites, mainly because CNTs tend to aggregate [16-17]. The inert nature of CNTs and the lack of functional sites on
the surfaces make this dilemma even worse [18]. Conversely, graphene oxide (GO), a major product of graphene, has
attracted significant interest for its future applications in the biological field. The large surface area of GO, as well as its
hydrophilic properties, is due to the presence of carboxyl and hydroxyl functional groups. In addition, GO through its
non-covalent interactions appears to enhance the dispersion of carbon nanotubes [19, 20]. Therefore, multi-wall carbon
nanotubes (MWCNTSs) in conjunction with graphene oxide could have a beneficial effect that is not achievable when
MWCNTs are used alone.

The synergistic combination of GO and MWCNTs offers a promising approach to improve composite performance while
minimizing agglomeration and preserving film flexibility. The utilization of GO as a structural bridging and dispersion-
mediating agent can potentially enhance nanotube distribution and interfacial interactions within the chitosan matrix,
thereby improving mechanical reinforcement, electrical conductivity, thermal stability, and antioxidant functionality
simultaneously.
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In the present study, we have synthesized synergized nanocomposite films (SNCFs) of chitosan by incorporating
graphene oxide and varying weight ratios of multiwalled carbon nanotubes (MWCNTSs) via the solution-blending
technique. An extensive range of characterization methods was employed to elucidate the synergistic interactions between
graphene oxide and varying ratios of MWCNTs, as well as the effect of these interactions on the properties of chitosan.
2.0. Materials and Methods

2.1 Chemicals and reagents

The following chemicals and materials were acquired from Sigma-Aldrich USA for the purpose of this research: Sulfuric
acid (H2SOa, 99.9% purity), Sodium nitrate (NaNOs, >99.5% purity), Hydrochloric acid (HCl), Potassium permanganate
(KMnOs, 99.9% purity), Graphite (fine powder), Chitosan (C3646, 75% deacetylated), Acetic acid (CHzCOOH, 99%
purity), N, N-Dimethylformamide (DMF), Multiwalled carbon nanotubes (MWCNTs). Furthermore, distilled water was
employed where required throughout the course of experimentation.

2.2. Preparation of graphene oxide (GO)

A two-step process was used to prepare graphene oxide. Firstly, the graphite oxide was prepared according to the
Hummers method [21]. 2.50 g of graphite and 5 g of NaNOs were put into concentrated HoSO4 under constant stirring.
The suspension was held at 20 °C, and 7.5g of KMnO4 was added, and stirring was carried out. The mixture was stirred
and heated at 35 °C for 30 minutes, after which deionized water was added, and the temperature was adjusted to 98 °C for
15 minutes. After the mixture cooled, a 5.0 % H>O solution was added. The graphite oxide was recovered through
filtration, washing, and drying of the supernatant. The graphite oxide was subsequently dispersed in
N,N-dimethylformamide (DMF) via continuous stirring and sonication to give graphene oxide [22].

2.3. Synthesis of synergic nanocomposite films (SNCFs)

Solution blending was used to synthesize both nanocomposite films (NCFs) and synergized nanocomposite films (SNCFs)
[23]. To optimize GO concentration, nanocomposite films (NCFs) comprising chitosan (Ch) and GO were synthesized at
varying GO concentrations. The methodology involved the systematic combination of a chitosan solution in acetic acid
with a GO dispersion in dimethylformamide (DMF). The resulting mixture was stirred continuously and sonicated to
achieve homogeneity. After homogenization, the dispersions were cast onto standard glass Petri dishes (~9 cm in diameter)
and dried at ambient temperature for 12 hours, followed by an additional 12 hours at 60°C to form uniform, free-standing
nanocomposite films. Subsequently, the material underwent drying. This procedure was replicated with varying GO
concentrations, and it was observed that the NCFs containing 0.05 wt.% GO exhibited superior dispersion and flexibility.
Thereafter, this optimized 0.05 wt.% GO dispersion was employed in the synthesis of SNCFs, specifically Ch/0.05 wt.%
GO in conjunction with different weight ratios of multiwalled carbon nanotubes (MWCNTs). The synthesis process
entailed the integration of the chitosan solution in acetic acid with the 0.05 wt. % GO dispersion in DMF, followed by the
incorporation of MWCNT dispersions in DMF. The resultant mixture was stirred thoroughly and sonicated. The final
formulation was then dried in a petri dish at ambient temperature for 12 hours, followed by an additional 12-hour drying
phase at 60°C to yield the SNCFs (Ch/0.05 wt.% GO/MWCNTs). This protocol was executed with various weight ratios
of MWCNTs to investigate their effects on the resulting properties of the SNCFs.

2.4. Characterization of the SNCF

Fourier Transform Infrared (FTIR) spectra were collected on a Nicolet 6700 spectrometer (Thermo Electron Corporation)
at ambient temperature. The spectral resolution was 4 cm’!, and the measurements were taken in the 4000-400 cm’!
frequency range. The Smart Lab diffractometer (Rigaku) was used to measure X-ray diffraction (XRD) over the 20 range
from 5° to 90°. TA HDi texture analyzer (Stable Micro Systems) with a 5 kg load cell was used to measure the
mechanical properties of the SNCFs. As per ASTM D882-83, tests were performed in triplicate using 90mm x 10 mm?
specimens [24]. JSM-5910 (JEOL Japan) scanning electron microscopy (SEM) was used to characterize surface
morphology. Mettler Toledo TGA/SDTA851e was used to test the thermal stability under flowing nitrogen. Samples
(6-8 mg) were heated from ambient to 700°C at 20°C/min. A four-point probe configuration measured the electrical
conductivity of SNCFs. For this purpose, SNCFs having a dimension of 0.5x3.5 cm? were used [25].

2.5. Antioxidant Activity

1.0 cm? SNCF sample was incubated with 2, 2"-azinobis- (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS). The solution's
absorbance was measured in the presence and absence of the SNCFs, allowing calculation of antioxidant activity using
equation [26].

(%) = x 100

3.0. Results and Discussion

3.1. FTIR Spectral analysis

The Fourier Transform Infrared (FTIR) spectra of pristine chitosan (Ch), graphene oxide (GO), Ch/0.05 wt.% GO NCFs,
Ch/0.05 wt.% multiwalled carbon nanotubes (MWCNTs) NCFs, and synergized nanocomposite films (SNCFs) containing
0.05 wt.% GO with varying MWCNTSs concentrations is presented in Figure (1). The Fourier Transform Infrared (FTIR)
spectra of chitosan (Ch), graphene oxide (GO), and chitosan/0.05 wt.% GO nanocomposite films (NCF),
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chitosan/0.05 wt.% multiwalled carbon nanotubes (MWCNTs) NCF, and chitosan/0.05 wt.% GO/MWCNTs SNCFs
having different weight ratios of MWCNTs as shown in Figure (1). The FTIR spectrum of chitosan exhibits a strong peak
at 3400 cm!, which is ascribed to vibrations of O-H and N-H functional groups. In addition, it shows peaks at 1650 cm'!
and 1590 cm™!, corresponding to the amide I stretching vibration and the amide II N-H bending vibration of the NH>
group, respectively. The spectral peaks in the range of 2800-3000 cm™ are linked to the C-H stretching vibrations,
whereas those that occur in the range of 900-1150 cm™! are related to the alcohol and primary amine functionalities that
exist in the chitosan structure [27]. In the case of Graphene oxide, the FTIR spectrum shows three clear peaks at
1070 cm!, 1380 cm’!, and 1730 cm’!, corresponding to C-O-C, C-OH, and COOH, respectively. Moreover, a significant
band at 3300 cm indicates the occurrence of OH groups. In the FTIR spectrum of Ch/0.05 wt.% GO NCF the
characteristic peaks of both components (Ch and GO) remain evident. However, the amide I, amide II, and hydroxyl
bands exhibit noticeable broadening and slight shifts toward lower frequencies. These spectral changes indicate the
formation of strong hydrogen-bonding interactions between chitosan and GO, suggesting enhanced interfacial
compatibility [28]. Likewise, the Ch/0.05 wt.% MWCNTs NCF spectrum shows peaks in the 750-840 c¢cm™ and
840-900 cm™! regions, which can be attributed to the meta-distribution process associated with the benzene rings of
MWCNTs [29]. FTIR spectra of SNCFs with different MWCNT ratios show peaks characteristic of chitosan, GO, and
MWCNTs. Increasing MWCNT loading results in progressive broadening of the amide and hydroxyl bands, suggesting
stronger secondary intermolecular interactions. Furthermore, the gradual reduction in intensity of the GO's C-O
stretching peak at 1070 cm™ with increasing MWCNT concentration indicates possible n—r stacking interactions between
GO sheets and nanotube surfaces. Mutually, these spectral modifications confirm the successful incorporation of both
nanofillers and demonstrate the formation of a hydrogen-bonded, n—n-stacked hybrid network. Such enhanced interfacial
interactions are expected to facilitate efficient stress transfer, improve electron transport pathways, and contribute to
multifunctional performance enhancement in SNCFs
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Figure (1): FTIR spectrum of Ch, GO, Ch/0.05 wt. %GO NCF, Ch/0.05 wt. % MWCNTs NCF and Ch/0.05 wt. % GO /
MWCNTs SNCFs with varying contents of MWCNTSs

3.2. XRD Analysis

Figure (2) outlines the X-ray diffractograms of chitosan (Ch), graphene oxide (GO), multiwalled carbon nanotubes
(MWCNTs) and the chitosan-based NCF containing 0.05 wt.% GO (Ch/0.05 wt.% GO NCF), the chitosan-based NCF
consisting of 0.05 wt.% MWCNTSs (Ch/0.05 wt.% MWCNTs NCF) and the SNCFs made out of chitosan and 0.05 wt.%
GO combined with varying weight contents of MWCNTs. X-ray diffraction (XRD) pattern of pristine chitosan shows a
broad diffraction peak at 20 = 20.9°, which is typical of its semicrystalline characteristics, an attribute arising from
ordered regions formed by hydrogen bonding between the polymer chains. Also, the shoulder at 26 = 15.1° corresponds
to amorphous domains. The GO shows an evident peak at 20 = 9.1°, corresponding to the (001) plane, with an increase in
interlayer spacing to about 0.97nm, owing to the presence of oxygen-containing functional groups and water molecules
between the structural layers. Comparatively, the MWCNTs exhibit diffraction peaks of 26=26.1° and 43°, respectively,
which corresponds to planes (002) and (100) of the graphitic carbon, indicating that MWCNTs are highly crystalline and
graphitic in nature [30, 31]. A clear peak is observed at 25° in the diffractogram of the Ch/0.05 wt.% GO NCEF, and the
characteristic peak of GO at 9.1° does not appear. The absence of this peak indicates exfoliation and a homogeneous
distribution of GO sheets throughout the chitosan structure, suggesting strong interfacial interactions between chitosan
and GO, such as hydrogen bonding and electrostatic repulsion. On the other hand, the diffraction pattern of Ch/0.05 wt.%
MWCNTs NCF shows a broad peak of chitosan at around 20.9°, with slight shifts and broadening. This finding suggests
that crystallinity is partially reduced and the ordered structure of chitosan is disturbed, likely due to the intercalation or
physical entanglement of MWCNTs with the polymer chains. Furthermore, the diffractogram of SNCFs shows that as the
MWCNT loading increases from 0.01 wt.% to 0.09 wt.% there is a progressive intensification and sharpening of the peak
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at about 26.1°, which corresponds to the (002) plane of MWCNTs, confirming enhanced graphitic network formation and
structural integration within the polymer matrix. Importantly, the absence of separate crystalline filler peaks indicates
effective nanofiller dispersion without phase separation. These structural modifications support the development of
interconnected hybrid filler networks that are critical for improving mechanical strength and electrical conductivity.
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Figure (2): X-ray diffractogram of Ch, GO, MWCNTs, Cs/0.05 wt. % GO NCF, Ch/0.05 wt.% MWCNTs NCF and Ch/0.05
wt.% GO/MWCNTs SNCFs with varying content of MWCNTSs

3.3. Thermal gravimetric analysis

A comprehensive investigation was carried out to evaluate the thermal stability of chitosan (Ch), Ch/0.05 wt. % GO NCF,
Ch/0.05wt.% MWCNTs NCF and Ch/0.05wt.GO/MWCNTs SNCFs with different MWCNTSs contents, in nitrogen
ambient in the temperature span of 25 to 700°C, and the results were plotted in Figure (3). In case of Chitosan (a) it is
observed that moisture content starts to decrease at around 100°C whereas the degradation of chitosan moieties takes
place between 174-270°C [32]. This process of degradation can presumably be explained by depolymerization and
subsequent elimination of glycosidic units [33]. It was observed that at 700°C, approximately 43% of the residue
remained. In the Ch/0.05 wt. % GO NCF (b): a 5% weight loss is observed at a temperature range of 180 to 250°C, after
which there is a further reduction in weight in the temperature range of 260 to 320 °C. In comparison, the weight
remaining at 700°C is about 55%, indicating improved thermal stability compared to the pure chitosan film. In the case of
Ch/0.05 wt. % MWCNTs NCF (c), weight loss is first observed at the temperature between 200 and 260°C, and a further
degradation is found at between 260 and 350 °C. The weight remaining at 700 oC is 59%, indicating higher thermal
stability than the Ch/0.05 wt. % GO. The combination of GO and varying weight contents of MWCNTSs with chitosan
produced SNCFs (Ch-0.05wt%GO/MWCNTs), and the thermal stability in this case depends directly on the weight ratio
of MWCNTs. At 700°C, the increase in the weight ratio of MWCNTs from 0.01 to 0.09 wt. % (as shown in d-f), the
residual weight % age rises from 63% to 70%. This enhancement is attributed to the synergistic barrier effect of GO and
MWCNTs, which restricts polymer chain mobility, inhibits thermal diffusion, and promotes char formation. The hybrid
nanofiller network likely acts as a heat-resistant scaffold, delaying thermal decomposition and enhancing overall
structural integrity.
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Figure (3): Thermal gravimetric analysis of (a) Ch (b) Ch/0.05wt.% GO NCF c) Ch/0.05wt. %eMWCNTSs NCF d)
Ch/0.05wt. % GO /0.01 wt. % MWCNTs, (e) Ch/0.05 wt. % GO/0.05wt. % MWCNTSs and (f) Ch/0.009 wt. % GO/
0.009wt. % MWCNTSs SNCFs

3.4. SEM Analysis

Scanning electron microscopy (SEM) was used to investigate the surface morphology of pure chitosan, its
nanocomposites, and synergized nanocomposite films (Fig. 4). It was observed in Figure 4(a) that the surface morphology
of chitosan (Ch), which appears smooth and featureless, implies a homogeneous polymer. This morphology is typical of
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pure chitosan and corresponds to its inherent limitations in mechanical strength and thermal stability. Figure 4(b) shows
the Ch/0.05 wt.% GO NCF, and embedded sheets of GO can be seen in the matrix. The sheet-like structures observed are
rough, indicating that GO was successfully incorporated and dispersed in the chitosan matrix. The wrinkled appearance
can be explained by interfacial stress between chitosan and the rigid GO nanosheets, which enhances mechanical
interlocking and, consequently, increases the composite's mechanical properties. Figure 4(c) outlines the Ch/0.05 wt.%
MWCNTs NCF, which is a web-like, entangled network of nanotubes. Lastly, Figure 4(d) depicts the Ch/0.05 wt.%
GO/0.09 wt.% MWCNTs SNCF, which exhibits a highly porous, networked structure. This morphology indicates
synergistic dispersion of GO and MWCNTs and suggests improved interfacial bonding within the polymer matrix. The
formation of continuous hybrid filler networks is particularly important for simultaneously enhancing mechanical
reinforcement and electrical conductivity.

Figure (4): SEM images of a) Ch (b) Cs/0.05 wt.% GO NCF (c) Ch/0.05 wt.%MWCNTs NCF (d) Ch/0.05 wt.% G0O/0.09 wt.%
MWCNTs SNCF

3.5. Mechanical analysis

The mechanical behavior of SNCFs reinforced with chitosan and graphene oxide (GO) and varying concentrations of

multiwalled carbon nanotubes (MWCNTs; 0.01-0.09 wt.%) was systematically evaluated. Key mechanical parameters,

including tensile strength, Young's modulus, and elongation at break, are presented in Figures 5a, 5b, and 5c, respectively.

All reported values represent the mean of three independent tensile measurements (n = 3) conducted in accordance with

ASTM D882-83 [24]. Error bars represent the standard deviation (+SD), reflecting experimental variability and

measurement reproducibility.
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Figure (5a): Effect of various contents of MWCNT:s on tensile strength of Ch/0.05 wt. % GO/MWCNTs SNCF
Figure (5a) illustrates the effect of MWCNT concentration on the tensile strength of the SNCFs. Tensile strength, defined
as the maximum stress a material can withstand before fracture, shows a pronounced dependence on MWCNT loading.
The tensile strength of the chitosan/GO film without MWCNTs is approximately 12 MPa, which progressively increases
to about 28 MPa at 0.09 wt.% MWCNTs. This substantial enhancement is attributed to the formation of a synergistic
reinforcing network within the polymer matrix [34]. MWCNTs function as high-aspect-ratio, load-bearing fillers, while
graphene oxide facilitates their uniform dispersion and enhances interfacial compatibility with chitosan [35]. Strong
hydrogen bonding interactions between chitosan and GO, together with n—m stacking interactions between GO and
MWCNTs, promote efficient stress transfer from the polymer matrix to the rigid carbon nanofillers, thereby suppressing
crack propagation [36, 37]. As the MWCNT content increases, a more interconnected reinforcing network is formed,
enabling more effective stress distribution and delaying crack initiation and propagation. Consequently, slippage at the
filler—matrix interface is minimized, resulting in improved load transfer efficiency and a continuous increase in tensile
strength. In Figure 4a, the relatively small error bars across all compositions indicate good uniformity in film preparation
and consistent filler dispersion. Although slightly larger deviations are observed at higher MWCNT loadings, likely due
to minor local heterogeneities, these variations remain within acceptable limits. Importantly, the progressive separation of
the mean tensile strength values with increasing MWCNT content exceeds the corresponding standard deviations,

Tensile Strength (MPa)
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confirming that the observed enhancement is statistically significant and directly attributable to the reinforcing effect of
MWCNTs.
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Figure (5b): Effect of various contents of MWCNTSs on Young's modulus of Ch/0.05 wt. % GO/MWCNTs SNCF
The variation in Young's modulus with MWCNT content is shown in Figure (5b). Young's modulus, which reflects
material stiffness, also exhibits a strong dependence on nanofiller concentration. Pure chitosan exhibits a relatively low
modulus, consistent with its flexible, ductile polymeric nature. The incorporation of a small amount of MWCNTSs results
in a sharp increase in stiffness, with the modulus reaching a maximum value of approximately 2.4 GPa at 0.01 wt.%
MWCNT loading. This pronounced initial enhancement indicates that even a very low concentration of well-dispersed
MWCNTs is sufficient to significantly restrict polymer chain mobility. However, further increases in MWCNT content
beyond 0.01 wt.% lead to a gradual decrease in Young's modulus. This reduction may be associated with partial
agglomeration of MWCNTs at higher loadings, which can disrupt uniform stress transfer and act as stress concentration
sites [38]. In addition, excessive filler content may reduce the reinforcing efficiency per unit filler by interfering with
optimal filler matrix interactions [39]. Despite this decline, the modulus values of all SNCFs remain higher than those of
pure chitosan, confirming the overall stiffening effect of carbon nanofiller incorporation. In Figure (5b), the low standard
deviation is observed at low MWCNTs concentrations, particularly at 0.01 wt.%, suggesting excellent dispersion and
uniform mechanical behavior. Slightly increased variability at higher loadings reflects minor heterogeneities but remains
indicative of good experimental control. The distinct increase in modulus at low MWCNT content, followed by a gradual
decrease at higher loadings, represents a reproducible and statistically meaningful trend rather than random experimental
variation.

Young's Modulus (GPa)

- - (%] [
(=) (4] [=] [+ ]
i i n
=
=

Elongation at Break (%)
n

.Lliii_

0 0.01 0.03 0.05 ) 0.08
MWCNTs (wt%)

o
i

Figure (5¢): Effect of various contents of MWCNTSs on elongation at break of Ch/0.05 wt.% GO/MWCNTs SNCF
Figure (5c) presents the elongation at break of the SNCFs as a function of MWCNT content. Elongation at break, a
measure of ductility and flexibility, decreases sharply with the incorporation of MWCNTs. Pure chitosan exhibits the
highest elongation at break (approximately 19.5%), reflecting its flexible polymer backbone and ability to undergo
significant deformation before fracture. The introduction of only 0.01 wt.% MWCNTs results in a drastic reduction in
elongation at break to below 2%, indicating a transition from ductile to brittle behavior [40]. With further increases in
MWCNT loading (0.03-0.09 wt.%), the elongation at break remains low. However, minor fluctuations or slight
recoveries may occur at intermediate concentrations. These modest variations may be related to improved filler dispersion
or partial nanofiller reorientation that locally accommodates deformation.

Nevertheless, the overall ductility of the SNCFs remains significantly lower than that of pure chitosan, highlighting the
inherent trade-off between mechanical reinforcement and flexibility in nanofiller-reinforced polymer systems [41]. The
pronounced reduction in elongation at break is primarily due to reduced polymer chain mobility resulting from the
incorporation of rigid nanofillers. The high stiffness and aspect ratio of MWCNTs promote the formation of a rigid,
percolated reinforcing network that limits chain sliding, rotation, and reorganization under tensile stress [42].
Furthermore, strong interfacial interactions-such as hydrogen bonding between chitosan and graphene oxide and n—n
stacking between GO and MWCNTs enhance stress transfer but simultaneously anchor polymer chains to the filler
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surfaces, reducing energy dissipation mechanisms associated with plastic deformation. At higher MWCNT loadings,
localized agglomeration may further contribute to embrittlement by acting as stress concentration sites that facilitate early
crack initiation and rapid propagation [43]. In Figure Sc, pure chitosan exhibits relatively larger standard deviations due
to its higher ductility and sensitivity to minor variations in film thickness and microstructure.

In contrast, MWCNT-containing SNCFs display smaller standard deviations, indicating more uniform and reproducible
fracture behavior. This consistency supports the conclusion that the observed reduction in elongation at break is an
intrinsic material response to nanofiller incorporation rather than an artifact of experimental variability. The observed
trends in mechanical properties reveal a fundamental trade-off between mechanical strength and flexibility. Tensile
strength increases with increasing MWCNT content, whereas stiffness reaches a maximum at low MWCNT loading,
accompanied by a pronounced reduction in flexibility at all nanofiller concentrations. These results underscore the critical
importance of controlled nanofiller dispersion and optimized filler loading as key parameters for tailoring the mechanical
performance of the nanocomposite films to meet specific application requirements. Although the reduction in elongation
at break is a common limitation in nanofiller-reinforced polymer systems, several strategies—such as the incorporation of
plasticizers and the surface functionalization of MWCNTs may be employed to restore or enhance flexibility without
compromising mechanical strength [44].

3.6. Electrical conductive analysis

Neat chitosan exhibits essentially insulating behavior, with electrical conductivity approaching 0 S.cm ', consistent with
its intrinsically nonconductive polymeric nature. The incorporation of graphene oxide alone, as in the chitosan/0.05 wt.%
GO nanocomposite film does not result in a significant change in electrical conductivity. This limited effect is attributed
to the presence of abundant oxygen-containing functional groups on GO, which disrupt the sp*-conjugated carbon
network and hinder efficient electron transport [45]. In contrast, the addition of multiwalled carbon nanotubes
(MWCNTs), as in the chitosan/0.05 wt.% MWCNT nanocomposite film produces a modest increase in conductivity.
However, the enhancement remains limited due to the very low MWCNT loading, which is insufficient to establish a
fully percolated conductive network within the polymer matrix [46]. A pronounced increase in electrical conductivity is
observed when GO and MWCNTs are simultaneously incorporated into the chitosan matrix, as shown for the
chitosan/0.05 wt.% GO/MWCNT SNCFs with varying MWCNT contents (Figure 6). The electrical conductivity
gradually increases with increasing MWCNT loading, reaching a maximum value of approximately 1.0 x 10 * S.cm ' at
0.09 wt.% MWCNTs. The conductivity values reported in Figure 5 represent the mean of three independent
measurements (n = 3) obtained using a four-point probe technique, with error bars denoting the standard deviation (+ SD).
The observed enhancement in electrical conductivity is attributed to the formation of a percolated conductive network
composed of interconnected GO sheets and MWCNTs, which facilitates electron transport through the nanocomposite
[47]. The synergistic interaction between GO and MWCNTs, particularly through n—m stacking interactions, promotes
effective interfacial contact and network formation even at relatively low filler concentrations [48]. A sharp increase in
conductivity is observed in the MWCNT loading range of 0.03-0.05 wt.%, indicating that the electrical percolation
threshold lies within this concentration window [49]. Beyond the percolation threshold, MWCNTs form continuous
conductive pathways, significantly enhancing charge-carrier mobility. In this hybrid system, GO acts as an effective
bridging agent between adjacent MWCNTs, improving network connectivity and reducing contact resistance [50]. The
relatively small standard deviations observed across most compositions indicate stable and reproducible conductivity
measurements, reflecting uniform filler dispersion and consistent film thickness. Slightly increased variability near the
percolation threshold can be attributed to the high sensitivity of electrical conductivity to minor variations in filler
distribution and interparticle spacing within this critical concentration range. Nevertheless, the clear separation of mean
conductivity values between successive MWCNT loadings exceeds the associated standard deviations, confirming that
the observed electrical conductivity enhancement is statistically significant. Collectively, these results demonstrate that
the synergistic combination of GO and MWCNTs effectively transforms inherently insulating chitosan into a conductive
nanocomposite material.
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Figure (6): Effect of various contents of MWCNTSs on electrical conductivity of Ch/0.05 wt.% GO/ MWCNTs SNCF
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3.7. Antioxidant analysis

Figure (7) shows the effect of increasing MWCNT content on the antioxidant activity of Ch/0.05 wt.% GO/MWCNT
synergized nanocomposite films (SNCFs), as evaluated using the ABTS radical scavenging assay. The antioxidant
activity values presented in Figure 6 are expressed as mean values obtained from three independent experiments (n = 3)
for each film composition. The error bars represent the standard deviation (+£SD), indicating the reproducibility and
reliability of the ABTS assay. Pure chitosan exhibits relatively low antioxidant activity, which is consistent with its
limited ability to donate electrons or hydrogen atoms due to strong intra- and intermolecular hydrogen bonding within the
polymer matrix [51]. The incorporation of graphene oxide (0.05 wt.%) into chitosan leads to a modest increase in
antioxidant activity. This enhancement is attributed to the presence of oxygen-containing functional groups on GO, which
facilitate electron transfer and contribute to partial radical scavenging [52]. Similarly, chitosan films containing
MWCNTs alone exhibit a slight improvement in antioxidant performance, owing to the m-conjugated carbon structure of
MWCNTs that can interact with and stabilize free radicals [53]. A marked and progressive increase in antioxidant activity
is observed when GO and MWCNTs are combined in the SNCFs. As the MWCNT content increases from 0.01 to 0.09
wt.%, the antioxidant activity rises sharply, reaching approximately 90% enhancement at 0.09 wt.% MWCNTs. This
significant improvement indicates a strong synergistic effect between GO and MWCNTs in promoting free-radical
scavenging efficiency. The pronounced increase in antioxidant activity arises from synergistic electron-transfer
mechanisms between GO and MWCNTs embedded in the chitosan matrix. The extended sp*-hybridized carbon networks
of MWCNTs allow for efficient delocalization of unpaired electrons generated during radical scavenging, thereby
stabilizing reactive species.

Meanwhile, GO provides abundant oxygen-containing functional groups (e.g., hydroxyl, epoxide, and carboxyl groups)
that act as active sites for radical interaction. When combined, GO serves as an effective dispersing and bridging agent
between adjacent MWCNTSs, increasing the accessible surface area and facilitating rapid electron transfer across the
hybrid filler network. This cooperative interaction lowers the energy barrier for radical neutralization and suppresses the
formation of secondary reactive species. As a result, the SNCFs demonstrate substantially higher antioxidant performance
than either single-filler nanocomposites or pure chitosan. The relatively small standard deviations observed across the
dataset in Figure (7) reflect good experimental control and uniform interaction between the SNCFs and the ABTS radicals.
Slight increases in variability at higher MWCNT loadings may be associated with localized differences in filler
distribution or surface exposure; however, these variations remain minimal. Importantly, the separation between mean
antioxidant activity values at different MWCNT contents is significantly greater than the corresponding standard
deviations, confirming that the observed enhancement is statistically significant rather than due to random experimental
error.

1201
100 -

80 1

60 -
40
0

0.03 0.05
MWCNTs (wt%)
Figure (7): Effect of various contents of MWCNTSs on antioxidant activity of Ch/0.05 wt.% GO/ MWCNTs SNCF

4.0. Conclusion:

The present study demonstrates the successful development of multifunctional synergized nanocomposite films (SNCFs)
through the incorporation of graphene oxide and multiwalled carbon nanotubes into a chitosan matrix. Structural and
morphological analyses confirmed the formation of a well-dispersed hybrid nanofiller network facilitated by hydrogen
bonding and m—r interactions, resulting in significant improvements in mechanical strength, thermal stability, electrical
conductivity, and antioxidant activity compared to pristine and single-filler systems. The enhanced multifunctional
performance highlights the strong potential of SNCFs for applications in active food packaging, biomedical coatings, and
flexible electronic materials, where mechanical durability, electrical responsiveness, and oxidative protection are essential.
However, the reduction in elongation at break indicates a strength—flexibility trade-off that may limit applications
requiring high mechanical deformability. Additionally, challenges related to large-scale processing, solvent-based
fabrication, and potential cytotoxicity of carbon nanofillers require further investigation to ensure industrial scalability
and biological safety. Overall, the study establishes an effective hybrid nanofiller strategy for designing high-performance
biodegradable nanocomposite films and provides valuable insights for future development of sustainable multifunctional
materials.
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