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Abstract This study explores the multifunctional enhancement of polyvinyl alcohol (PVA) films through the incor-
poration of tea leaf—derived carbon quantum dots (CQDs) at loadings of 0.5, 1.0, 2.0, and 3.0 wt.%, focusing on struc-
tural, optical, mechanical, antimicrobial, and barrier properties. FTIR spectroscopy revealed strengthened hydrogen
bonding and compatibility between PVA and CQDs, with broadened O-H stretching peaks indicating interactions with
CQDs surface groups. XRD analysis showed preserved semi-crystalline PVA structure with increased crystallinity at
higher CQDs loadings, suggesting uniform dispersion without phase separation. Photoluminescence spectra demonstrated
strong blue emission from CQDs at 450 nm upon 360 nm excitation, attributed to quantum confinement and functional
groups. Tensile testing indicated significant improvements in stress at break (from 25.01 MPa for pure PVA to 83.28 MPa
at 3.0 wt.% CQDs) and Young's modulus (from 26.09 MPa to 115.84 MPa), highlighting reinforcement effects. Oxygen
transmission rate decreased markedly from 6.32 cc/m?-day for pure PVA to 0.11 cc/m?-day at 3.0 wt.% CQDs. UV shield-
ing was enhanced by the incorporation of CQDs, achieving complete UV-B blocking at 2.0 and 3.0 wt.% loadings and
over 75% UV-A blocking at 3.0 wt.%, while maintaining visible transparency. Antibacterial disk diffusion assays exhib-
ited concentration-dependent inhibition zones, maximizing at 3.0 wt.% CQDs, likely due to reactive oxygen species gen-
eration and electrostatic interactions.
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Introduction

Conventional petroleum-derived packaging materials pro-
vide effective protection for food products but generate sig-
nificant environmental concerns due to their non-biodegra-
dability’?. The resulting plastic waste crisis has intensified
research into sustainable and biodegradable alternatives that
can offer equivalent or superior protective properties. Polyvinyl
alcohol (PVA) is a promising candidate owing to its film-form-
ing ability, mechanical strength, and oxygen barrier perfor-
mance. However, its high hydrophilicity and limited antimicro-
bial properties restrict its broader application in food pack-
aging>¥.

Nanomaterial incorporation into polymer matrices has
emerged as an effective strategy to overcome these limitations.
Among them, carbon quantum dots (CQDs) have attracted
attention due to their tunable surface chemistry, excellent dis-
persibility, photoluminescence, and antimicrobial activity.
Recent studies have shown that CQDs can enhance polymer
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crystallinity, mechanical reinforcement, UV shielding, and bar-
rier properties, making them suitable for active packaging
applications. Importantly, CQDs derived from renewable bio-
mass precursors provide additional environmental benefits
compared with conventional synthesis routes>”.

Tea leaves, a biomass waste generated in large quantities
from forestry and landscaping, are an abundant and underuti-
lized precursor for green nanomaterials. Their high carbon con-
tent and natural polyphenolics make them ideal for the
sustainable synthesis of CQDs via hydrothermal carbonization.
Biomass-derived CQDs not only reduce waste but also offer
inherent antimicrobial and antioxidant activities, which can be
harnessed in food preservation®”.

Although several studies have explored the incorporation of
nanomaterials such as graphene oxide, cellulose nanocrystals,
and CQDs from various biomass sources (e.g., fruit peels, agri-
cultural residues, and lignin) into polymer matrices for food
packaging, limitations remain. Many biomass-derived CQDs
reported to date provide moderate improvements in UV shield-
ing and barrier performance but show variable antimicrobial
efficiency. Moreover, few studies have systematically exam-
ined the integration of biomass CQDs with PVA to balance
barrier, antimicrobial, and mechanical properties. Tea leaves
are an abundant, renewable, and underexploited precursor rich
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in aromatic compounds, which may yield CQDs with
enhanced antimicrobial and antioxidant functionalities. How-
ever, their application in the development of biodegradable
nanocomposite films has not been extensively investigated.
This gap underscores the need to explore tea leaf—derived
CQDs as sustainable nanofillers to advance the multifunc-
tionality of PVA-based food packaging'®'?.

In this study, waste green tea leaves were chosen as a carbon
source due to their rich carbon matrix and nitrogen-containing
polyphenols, enabling the synthesis of self-doped CQDs with-
out additional reagents. We hypothesize that CQDs will
enhance the barrier properties of PVA by reducing oxygen
transmission and increasing hydrophobicity, while simultane-
ously imparting antimicrobial effects against foodborne patho-
gens. To test this, PVA/CQDs nanocomposite films were
fabricated at varying loadings and systematically characterized
for their structural, optical, barrier, mechanical, and antimi-
crobial properties. The outcomes of this work highlight the
potential of biomass-derived quantum dots as eco-friendly
nanofillers for advanced food packaging applications.

Experimental

1. Materials and Methods

1.1. Synthesis of Tea Leaf-Derived CQDs

Dried and powdered waste black tea leaves (2 g) were dis-
persed in 40 mL of distilled water and hydrothermally treated
at 200°C for 6 h in a Teflon-lined autoclave. After cooling, the
solution was centrifuged (10,000 rpm, 10 min) and filtered
(0.22 pum) to remove large particulates. The filtrate containing
CQDs was dialyzed (1 kDa cutoff) for 24 h and stored at 4°C.

1.2. Preparation of PVA/CQDs Films

A 10 wt.% aqueous PVA solution was prepared by dis-
solving PVA at 90°C with constant stirring for 1 h. CQDs were
then introduced into the PVA solution at loadings of 0.5, 1.0,
2.0, and 3.0 wt.% relative to PVA weight, followed by addi-
tional stirring for 2 h to ensure homogeneity. The mixed solu-
tions were cast into Petri dishes and dried at 40°C for 48 h. The
resulting films were peeled and conditioned at 25°C and 50%
RH before testing.

The final film thickness was in the range of 95-100 pm,
measured at five random points using a digital thickness gauge.
The CQD concentration range was selected to study con-
centration-dependent effects on film performance while avoid-
ing CQD aggregation at higher loadings.

1.3. Characterization

Transmission electron microscopy (TEM) images of CQDs
were obtained using a JEM-2100F JEOL microscope by plac-
ing a sample drop on a copper grid and evaporating it at room
temperature. Fluorescence images of PVA and PVA/CQDs

nanocomposite films were captured under UV light. Atten-
uated total reflection Fourier-transform infrared (FTIR) spec-
troscopy (65 FTIR, PerkinElmer) analyzed the chemical
structure of pure PVA and PVA/CQDs nanocomposite films in
transmission mode (4,000-400 cm™, 64 scans, air as reference).
X-ray diffraction (XRD) using a Smart Lab diffractometer
(Ultima IV, Rigaku, A=0.1539 nm) characterized the nano-
composite films, with intensities normalized over 26 = 58°—
60°. Mechanical properties were evaluated using a Universal
Tensile Strength Machine (UTM, Qmesys Co., South Korea) to
measure tensile strength and elasticity. Oxygen transmission
rate (OTR) was assessed using OX-TRAN 702 (MOCON,
USA), and film thicknesses were measured with a thickness
tester. Antibacterial efficacy against S. aureus was tested via
disk diffusion (JIS Z 2801:2010). S. aureus (ATCC 6538) was
selected as the representative Gram-positive foodborne bac-
terium due to its prevalence in food contamination and human
pathogens. The bacterial suspension was adjusted to 0.5
McFarland standard (=1 x 108 CFU/mL). Sterile film samples
(25 mm diameter) were placed on inoculated tryptic soy agar
plates and incubated at 37°C for 24 h. The inhibition zone
diameter was measured using a digital caliper, and results were
reported as mean + SD from three independent tests.

Results and Discussion

1. Morphological Analysis of the synthesized CQDs
The microstructure and morphology of the synthesized
CQDs were analyzed using transmission electron microscopy
(TEM) and high-resolution transmission electron microscopy
(HR-TEM). The monodispersity and spherical morphology of
the synthesized CQDs are presented in Figure la. HR-TEM
images clearly reveal lattice fringes of CQDs with an interplanar
spacing of 0.21 nm, corresponding to the (001) crystal plane of
carbon. The particle size distribution histogram of the synthe-
sized CQDs (Figure 1b) indicates that the CQDs have diameters
below 10 nm, with an average particle size of 3-4 nm'>'®.

2. PL analysis of the synthesized CQDs

The photoluminescence (PL) properties of the synthesized
CQDs were investigated, as shown in Figure 2. The PL spectra
consist of excitation (blue line) and emission (red line) spectra,
measured in the 350-650 nm wavelength range. The excitation
spectrum exhibits maximum intensity at approximately 360 nm,
indicating the optimal excitation wavelength for CQDs. When
excited at this wavelength, the emission spectrum peaks at 430
nm, demonstrating strong blue luminescence. The Stokes shift,
calculated as the difference between excitation and emission
maxima, highlights energy losses due to vibrational relaxation
and solvent interactions within the CQDs structure.

Inset images display the visual appearance of the CQDs
solution under visible light (left) and under UV (right). The
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Diameter of CQDs (nm)

Fig. 1. (a) TEM of CQDs with 20 nm magnification (inset
shows HR-TEM of CQDs with lattice structure of 0.21 nm) and
(b) particle size distribution histogram
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Fig. 2. PL spectra of the synthesized CQDs.

synthesized CQDs appear as a colorless solution under visible
light, and bright blue luminescence under UV irradiation, cor-
roborating the PL data. This blue luminescence is attributed to
quantum confinement effects and the presence of surface func-
tional groups (e.g., hydroxyl and carboxyl groups), which pro-
mote radiative recombination of excitons. The observed PL
properties suggest the potential of CQDs for applications in
food packaging, leveraging their tunable emission and high
quantum yield'+'®.

3. Structural Analysis of PYA/CQDs nanocomposite
films

Figure 3 presents the FTIR spectra of pure PVA and PVA/
CQDs nanocomposites with varying CQDs loadings (0.5, 1.0,
2.0, 3.0 wt.%). The spectra were recorded in transmission
mode over the 4,000-500 cm™' wavenumber range. All sam-
ples exhibit characteristic PVA absorption bands, including a
broad O-H stretching vibration at 3,300 cm™' due to inter-
molecular hydrogen bonding, asymmetric and symmetric C-H
stretching modes at 2,940 cm™ and 2,850 cm™, a CH, bending
vibration at ~1,430 cm™, and a C-O stretching vibration at
1,090 cm .

The addition of CQDs induces subtle changes in these
bands, with the O-H peak broadening and intensifying as
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Fig. 3. FT-IR spectra of PVA/CQDs nanocomposite films.

CQDs concentration increases, suggesting enhanced hydrogen
bonding interactions between PVA hydroxyl groups and CQDs
functional groups (e.g., carboxyl or hydroxyl). Additionally, a
slight intensity increase in the C=0 and C-O bands is observed
with higher CQDs content, reflecting contributions from oxy-
genated surface groups of CQDs. The overall spectral profiles
remain similar across samples, confirming excellent compat-
ibility and uniform dispersion of CQDs within the PVA matrix.
Unlike pure PVA, the nanocomposite films exhibit a char-
acteristic peak at around 2200 cm™, indicating successful nitro-
gen doping of CQDs!7!),

4. UV Vis Transmittance analysis of PYA/CQDs nano-
composite films

The selective attenuation of UV-Vis by PVA/CQDs nano-
composite films arises from electronic transitions in the car-
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bonaceous domains and surface functional groups introduced
during hydrothermal synthesis. The complete UV-B blocking
was achieved for nanocomposites containing 2.0 and 3.0 wt.%
of CQDs. Sample PVA/CQDs-3.0 also showed more than 75
% UV-A blocking, demonstrating the ability of biomass-
derived CQDs to deliver targeted photoprotection without
compromising product visibility. Thickness-normalized absorp-
tion coefficients indicate an increased effective absorption per
unit thickness with higher CQDs loading, supporting the role
of CQDs as efficient UV-absorbing nanofillers. This improve-
ment is primarily attributed to the strong UV absorption prop-
erties of the synthesized CQDs. CQDs possess abundant 7-
conjugated domains and oxygen-containing functional groups
such as carbonyl, hydroxyl, and carboxyl moieties. These
structures facilitate mn* and n—m* electronic transitions,
enabling efficient absorption of UV photons. When CQDs are
uniformly dispersed within the PVA matrix, they act as nano-
sized UV filters, absorbing the harmful UV radiation before it
can penetrate the film.

Moreover, the nanoscale dimensions of CQDs (<10 nm) pro-
vide an additional scattering effect, particularly for shorter
wavelengths in the UV region?’. This dual mechanism of UV
photon absorption and scattering contributes to the overall
enhancement of UV-shielding efficiency. As a result, the PVA/
CQDs films block a substantial portion of UV light while
maintaining relatively high transparency in the visible region,
which is crucial for applications like food packaging, where
visibility of the packaged product is essential.

5. XRD analysis of PYA/CQDs nanocomposite films

Figure 5 presents the X-ray diffraction (XRD) patterns of
pure PVA and PVA/CQDs nanocomposite films with varying
CQDs loadings. The diffraction patterns were recorded over a
26 range of 10°-60°, enabling the characterization of the sam-
ples’ structural properties. Pure PVA exhibits a broad dif-
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Fig. 5. XRD graph of PVA/CQDs nanocomposite films.

fraction peak centered at 19.5° indicative of its semi-
crystalline nature with a predominantly amorphous structure
and random polymer chain orientation.

The addition of CQDs induces subtle changes in the dif-
fraction profile. The primary peak at 19.5° persists across all
CQDs-loaded samples, suggesting that the crystalline regions
of PVA are largely preserved. However, as CQDs content
increases, an increase in peak intensity is observed, particularly
pronounced in the PVA/CQDs-3.0 sample. This phenomenon
may reflect changes in crystallinity due to the nucleation
effects of CQDs. No distinct new peaks corresponding to
CQDs were detected, indicating excellent compatibility and
uniform dispersion of CQDs within the PVA matrix, with no
formation of independent CQDs crystalline phases”. These
findings suggest that CQDs incorporation maintains the struc-
tural integrity of the PVA matrix while increasing its crys-
tallinity degree, potentially influencing mechanical properties
for applications in food packaging.

6. UTM analysis of PVA/CQDs nanocomposite films
The tensile properties of pure PVA and PVA/CQDs nano-
composite films were evaluated through stress-strain testing, as
shown in Figure 6 and summarized in Table 1. The stress-strain
curves reveal distinct mechanical behaviors across the samples.
Pure PVA exhibits a stress at break of 25.01 + 1.4 MPa with a
strain at break of 95.86+5.1% and a Young's modulus of
26.09 + 0.3 MPa, indicative of its characteristic ductility and
moderate stiffness. Incorporation of CQDs enhances the mechan-
ical strength progressively with increasing CQDs content.
PVA/CQDs-0.5 shows a stress at break of 33.48 + 2.1 MPa,
strain at break of 90.22 + 4.8%, and Young's modulus of 37.10
+ 0.4 MPa; PVA/CQDs-1.0 reaches 54.06 + 2.5 MPa, 80.74 +
4.2%, and 66.95 + 0.6 MPa; PVA/CQDs-2.0 achieves 71.89 +
3.2 MPa, 78.04 + 4.1%, and 92.11 + 0.7 MPa; and PVA/
CQDs-3.0 attains the highest values of 83.28 + 3.7 MPa, 71.89
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Fig. 6. Stress-strain curve of PVA/CQDs nanocomposite films.
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Table 1. Mechanical and oxygen barrier characteristics of PVA/CQDs nanocomposite films

Film Thickness (pm) Stress (MPa) Strain (%) Young's Modulus (MPa) | OTR (cc/m?.day)
Pure PVA 97.6 + 1.4 2501 = 1.4 95.86 + 5.1 26.09 + 0.3 6.32 + 0.8
PVA/CQDs (0.5) 982 £ 1.4 3348 £ 2.1 90.22 £+ 4.8 37.10 £ 0.4 0.58 + 0.02
PVA/CQDs (1.0) 923 + 13 54.06 £ 2.5 80.74 + 4.2 66.95 £ 0.6 0.21 + 0.01
PVA/CQDs (2.0) 98.9 £ 1.7 71.89 + 3.2 78.04 + 4.1 92.11 + 0.7 0.16 + 0.01
PVA/CQDs (3.0) 953 £ 1.2 83.28 + 3.7 71.89 + 3.9 115.84 + 0.9 0.11 + 0.01

+ 3.9%, and 115.84 + 0.9 MPa, respectively. The initial linear
elastic region, followed by a yield point and subsequent plastic
deformation, is evident in all samples, with pure PVA dis-
playing the largest strain capacity before failure. The increase
in stress at break and Young's modulus with higher CQDs load-
ing suggests a reinforcing effect due to the uniform dispersion
of CQDs within the PVA matrix, enhancing intermolecular
interactions and load transfer. The observed reinforcement can
be directly correlated with the structural evolution evidenced
by FTIR and XRD analyses. The broadening of the O-H
stretching band (Figure 3) suggests stronger hydrogen bonding
between PVA hydroxyls and oxygenated CQD surfaces,
enhancing load transfer efficiency under stress. Simultane-
ously, the intensified XRD peak at 19.5° (Figure 5) indicates
increased crystallinity, which contributes to stiffness and tensile
strength. These combined effects explain the progressive
mechanical improvement observed with higher CQD content.
These findings highlight the potential of CQDs-reinforced PVA
composites for applications requiring improved mechanical
strength, such as food packaging, with the optimal CQDs load-
ing depending on the desired balance between strength and
flexibility®*).

PVA PVA/CQDs-0.5

Fig. 7. Antibacterial activity of PVA/CQDs nanocomposite.

7. Oxygen barrier perfformance of PYA/CQDs nano-
composite films

The oxygen transmission rate (OTR) of pure PVA and PVA/
CQDs nanocomposite films was evaluated, as summarized in
Table 1. The OTR values, expressed in cc/m>-day, were mea-
sured for films with thicknesses ranging from 95.3 to 97.6 um.
Pure PVA exhibited an OTR of 6.32 + 0.8 cc/m?-day, reflecting
its moderate oxygen permeability due to its semi-crystalline
structure with inherent hydrophilic properties. The incorpo-
ration of CQDs significantly reduced the OTR, demonstrating
a concentration-dependent barrier enhancement: PVA/CQDs-
0.5 showed an OTR of 0.58 + 0.02 cc/m?-day, PVA/CQDs-1.0
reduced it to 0.21 = 0.01 cc/m*-day, PVA/CQDs-2.0 further
decreased it to 0.16 £ 0.01 cc/m?-day, and PVA/CQDs-3.0
achieved the lowest OTR of 0.11 + 0.01 cc/m?-day. This pro-
gressive reduction in OTR with increasing CQDs content is
attributed to the uniform dispersion of CQDs within the PVA
matrix, which likely creates a tortuous path for oxygen dif-
fusion, enhancing the barrier properties. The slight variations in
film thickness (e.g., 97.6 + 1.4 um for pure PVA vs. 953 + 1.2
um for PVA/CQDs-3.0) have a minimal impact on OTR, as the
data are normalized per unit area and thickness effects are
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accounted for in standard testing protocols. These results sug-
gest that CQDs-reinforced PVA films, particularly at higher
loadings, are promising candidates for oxygen barrier appli-
cations, such as food packaging or protective coatings, where
reduced oxygen permeability is critical to extend shelf life or

prevent degradation®®??.

8. Antibacterial Performance

The antibacterial efficacy of the pure PVA and PVA/CQDs
nanocomposite films was evaluated using the standard disk dif-
fusion assay, with results shown in Figure 7. Disks impreg-
nated with the respective materials were placed at the center of
agar plates inoculated with a bacterial lawn. After incubation,
zones of inhibition were observed and compared. The pure
PVA control exhibited no distinct zone of inhibition, indicating
a lack of inherent antibacterial properties in the polymer
matrix. In contrast, PVA/CQDs nanocomposites demonstrated
a clear concentration-dependent enhancement in antibacterial
activity. At 0.5 wt.% CQDs, the inhibition effect was minimal,
but the zone of inhibition progressively widened at 1.0 and 2.0
wt.%, with the most pronounced antibacterial effect observed
at 3.0 wt.% CQDs, where the inhibition zone extended sig-
nificantly across the plate. The inhibition zones for PVA/CQDs
films were 0, 11 £ 0.1, 13 £ 0.1, 17 £ 0.2, and 20 = 0.1 mm
for the films containing 0, 0.5, 1.0, 2.0, and 3.0 wt.% CQDs,
respectively.

This trend underscores the critical role of CQDs in imparting
antibacterial properties to the composites, primarily through
mechanisms involving reactive oxygen species (ROS) gen-
eration, which induces oxidative stress and leads to cell mem-
brane disruption. Additionally, the positively charged surface
of CQDs promotes electrostatic interactions with negatively
charged bacterial cell walls, enhancing adhesion and bacte-
ricidal effects. These findings highlight the potential of PVA/
CQD:s films as food packaging materials, offering tunable anti-
bacterial performance to mitigate infection risks while main-
taining biocompatibility’.

Conclusion

This work demonstrates the successful synthesis of CQDs
from tea leaves via a sustainable hydrothermal route and their
effective incorporation into PVA to produce multifunctional
nanocomposite films. The addition of CQDs significantly
enhanced the films’ physicochemical and functional properties,
including mechanical strength, barrier performance, UV shield-
ing, and antimicrobial activity. At optimal loading, tensile
strength and Young's modulus improved, oxygen transmission
decreased markedly from 6.32 to 0.11 cc/m?® at 3.0 wt%
CQDs, and the films achieved complete UV-B blocking while
maintaining high visible transparency. Antimicrobial assays
confirmed strong inhibitory effects against S. aureus bacteria,

verified the potential to extend shelf life through reduced
microbial growth. These results highlight the potential of PVA/
CQDs nanocomposites as biodegradable, sustainable, and
active food packaging materials that address both environ-
mental and food safety challenges. The use of an abundant bio-
mass precursor such as tea leaves further underscores the green
and circular nature of the approach.
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