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Effects of date palm and green tea
polyphenol extracts on the thermal
stability and mechanical properties
of poly lactic acid

K. M. Zadeh'™, A. S. Luyt!, Mohammad K. Hassan?, Maryam Al-Ejji%,
Deepalekshmi Ponnamma!* & M. Messori%3**

Poly (lactic acid) (PLA) is a biodegradable polymer whose thermal and mechanical performance can

be enhanced through natural additives such as polyphenols. In this study, polyphenols extracted from
green tea (Camellia sinensis L.) and date palm (Phoenix dactylifera L., Arecaceae) were incorporated
into PLA at concentrations of 1, 5, and 10 wt.% using an internal mixer. The oxidative thermal stability
of the blends was examined by thermogravimetric analysis and differential scanning calorimetry, while
their morphology and mechanical properties were also characterized. Both polyphenols improved

the thermal stability of PLA, with green tea polyphenols showing a greater effect, likely due to their
broader range of active compounds. However, increasing polyphenol content reduced the glass
transition temperature, tensile strength, and Young’s modulus, while enhancing elongation at break
and ductility. These findings indicate that plant-derived polyphenols act as both thermal stabilizers and
plasticizers within the PLA matrix.

Keywords Polyphenols, Thermal degradation, Date palm fruit, Green tea leaves, Thermal stability, Poly
(lactic acid)

In recent years, increasing environmental concerns have driven extensive research on biodegradable polymers
that can decompose naturally without leaving persistent waste2. Among them, poly(lactic acid) (PLA) has
attracted significant attention as a bio-based and compostable polymer derived from renewable plant sources
such as corn starch and sugarcane. Owing to its high strength, stiffness, and good transparency, PLA is widely
used in packaging, biomedical, and agricultural applications®=>. However, its relatively low glass transition
temperature (~60 °C) and poor resistance to thermal oxidation limit its use in applications requiring dimensional
stability, toughness, and long-term durability*”. These challenges have encouraged the development of strategies
to improve the oxidative thermal stability and ductility of PLA without compromising its biodegradability®.

To overcome these limitations, various additives have been investigated to enhance the performance of PLA”.
While synthetic antioxidants® such as hindered phenols and phosphites are effective, their potential toxicity
and environmental impact have prompted growing interest in natural antioxidants as eco-friendly alternatives.
Polyphenols, the largest class of plant-derived phytochemicals’, are powerful antioxidants capable of scavenging
free radicals and inhibiting oxidative degradation in polymers'®-!2. Recent studies have demonstrated that
polyphenols can function as both thermal stabilizers-by delaying oxidation during heating-and plasticizers-
by improving flexibility and ductility in polymer matrices'®>. However, the magnitude and direction of these
effects vary depending on the type and concentration of polyphenols used. For instance, Majid et al.!* reported a
minimal plasticizing effect of synthetic polyphenols in PLA films, whereas Byun et al.!® observed decreased glass
transition temperature and increased elongation at break when using natural polyphenols, suggesting diverse
structure—property relationships. Such inconsistent findings highlight the need for systematic studies comparing
polyphenols from different botanical sources under controlled conditions *'°.

Date palm fruit (Phoenix dactylifera L., Arecaceae)'® and green tea (Camellia sinensis L.)'” represent two
contrasting natural sources of polyphenols. Although the total polyphenolic content of date palm fruit is lower
than that of green tea leaves, it contains unique compounds such as flavones, phenolic acids, and tannins, which
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exhibit strong antioxidant activity and good thermal stability. Moreover, date palm fruit is an abundant agro-
industrial by-product in the Middle East, offering an economically sustainable source of natural additives with
potential value for polymer stabilization. Using such locally available biomass aligns with circular economy
principles and promotes resource valorization's.

In this work, polyphenols extracted from green tea leaves (abbreviated as GT) and date palm fruit (abbreviated
as DP) were incorporated into PLA through melt mixing at concentrations of 1, 5, and 10 wt.%. The selected
range was based on previous studies where low (1-10 wt.%) loadings were sufficient to achieve antioxidant and
plasticizing effects without compromising mechanical integrity. The prepared PLA/polyphenol composites were
characterized using thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), and dynamic
mechanical analysis (DMA), to evaluate oxidative thermal stability and mechanical performance. Mechanical
properties, such as tensile strength, Young’s modulus, and elongation at break, were meticulously analyzed
to assess the plasticizing effect of the composites. Morphological analysis provided further insight into the
dispersion and interaction of polyphenols within the PLA matrix. The objective of this research is to perform a
comparative analysis of polyphenols from two distinct plant sources and elucidate their dual role as stabilizers
and plasticizers within the PLA matrix. The novelty of this study lies in (i) the use of underexplored date palm
fruit polyphenols as a natural stabilizer for PLA, (ii) a systematic comparison with the well-established green
tea polyphenols, and (iii) the comprehensive evaluation of structure-property correlations linking antioxidant
composition with polymer performance. These findings contribute to the broader effort of developing sustainable,
high-performance biopolymer composites using natural, renewable additives.

Materials and methods

Materials

PLA used in this study was Ingeo™ PLA 4032D (NatureWorks LLC, USA), a semicrystalline high molecular
weight grade with a number-average molecular weight of approximately 1.8 x 10° g mol™!, density of 1.24 g
cm™ and a melt flow index of 6.0 g/10 min (2.16 kg/210 °C). Date palm fruits of the Khalas variety were sourced
from a local Qatari farm. Polyphenols were extracted from dried and ground date palm fruit pulp following
the previously reported protocol of Zadeh et al., with minor modifications. In brief, 10 g of powdered fruit
was mixed with 100 mL of 80 % methanol-water solution (v/v) and sonicated for 30 min at room temperature,
followed by centrifugation and solvent evaporation under reduced pressure at 40 °C. The dried extract was stored
at 4 °C until use. Total phenolic content was determined using the Folin-Ciocalteu method and expressed as mg
gallic acid equivalent per gram of extract. A commercial polyphenol powder extracted from green tea leaves,
standardized to contain 260 % epigallocatechin gallate (EGCG), was purchased from Natures Aid Ltd. (UK).
The presence of major catechins (EGCG, epicatechin, epicatechin gallate, and epigallocatechin) was verified by
high-performance liquid chromatography (HPLC) prior to use.

Sample preparation

PLA pellets were dried at 60 °C under vacuum for 12 h prior to compounding to minimize moisture-induced
hydrolytic degradation. Blends were prepared using a Brabender Plastograph EC Plus internal mixer (Germany)
equipped with roller rotors. PLA was first pre-melted in the mixer at 180 + 2 °C for 5 minutes at a rotor speed of 30
rpm. Subsequently, polyphenol extracts (1, 5, and 10 wt.%) were gradually added. Mixing continued for 10 min to
ensure uniform dispersion. The selected processing temperature, shear rate, and residence time were deliberately
kept moderate to limit thermo-mechanical degradation of PLA during melt mixing. The compounded blends
were compression molded into sheets using a Carver laboratory hydraulic press (Model 3851, USA) at 180 + 2
°C, 1.0 £ 0.1 ton, for 5 + 0.5 min, followed by air cooling to room temperature. Sheet thickness was 0.13 + 0.01
mm. Three independent batches were prepared for each composition, and all subsequent measurements were
reported as mean + standard deviation (SD). The sample codes and formulations are listed in Table 1.

The selected polyphenol loadings (1, 5, and 10 wt.%) were chosen to systematically investigate the effect of
additive concentration on the thermal and mechanical behavior of PLA across a low-to-moderate composition
range. A loading of 1 wt.% represents a minimal additive content typically used for antioxidant or stabilizing
functions in polymer matrices, while 5 wt.% corresponds to an intermediate concentration commonly reported
in the literature for natural additives. The upper limit of 10 wt.% was selected to evaluate the maximum practical
concentration at which polyphenols remain processable and sufficiently dispersed in PLA without causing any
processing instability. This concentration range allows assessment of concentration-dependent transitions from

Sample code | PLA (wt.%) | Polyphenol (wt. %) | Polyphenol source
PLA 100 0

DP1 99 1

DP5 95 5 Date palm fruit
DP10 90 10

GP1 99 1

GP5 95 5 Green tea leaves
GP10 90 10

Table 1. Sample codes and compositions.
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predominantly stabilizing nature to combined stabilizing-plasticizing effects, which is particularly relevant for
biodegradable polymer systems.

Characterization techniques

Total Phenolic Content (TPC) determination

The total phenolic content (TPC) of the date palm extract was determined using the Folin-Ciocalteu colorimetric
method, as described in our previous work>. Briefly, 40 uL of the extract was mixed with 1.8 mL of Folin-Ciocalteu
reagent previously diluted tenfold with distilled water. After 5 min of incubation at room temperature, 1.2 mL
of a 7.5 wt.% sodium carbonate solution was added. The mixture was then allowed to react for 60 min at room
temperature, after which the absorbance was measured at 650 nm using a UV-Vis Biochrom spectrophotometer.
Gallic acid was used as the reference standard, and a calibration curve was constructed using a series of known
gallic acid concentrations (R* = 0.98). Based on this method, TPC was expressed as mg gallic acid equivalents
(GAE) per 100 g of fresh weight (FW) of date palm fruit, and for the extract the TPC was determined to be 2.5
mg GAE/100 g FW.

High-Performance Liquid Chromatography (HPLC)

HPLC analysis of both polyphenol extracts was performed using an Agilent (HP 1090) liquid chromatograph
equipped with a Gemini C18 column (4.6 x 250 mm, Phenomenex). The mobile phase consisted of (A) 2 % acetic
acid in water and (B) acetonitrile, with a flow rate of 1 mL min! under a programmed gradient from 95 % A
to 100 % B over 45 min. Detection was carried out using a diode-array UV detector at 278 nm. Extracts (2 mg
mL™) were prepared in 2 % acetic acid-methanol solution, and a 10 pL injection volume was used. Major peaks
were identified by comparison with standard catechin and gallic acid spectra.

Thermogravimetric analysis

Thermal decomposition behavior was studied using a Perkin Elmer TGA 4000. Approximately 5-10 mg of
sample was heated from 30 °C to 600 °C at 10 °C min™' under nitrogen and oxygen flows (60 mL min™!). The
upper limit of 600 °C ensured complete mass loss and accurate determination of degradation stages, even though
practical polymer processing occurs below 200 °C. Data above 200 °C were interpreted solely for comparative
degradation kinetics, not for application conditions.

Fourier transform infrared spectroscopy

FTIR spectra of the samples were recorded using a PerkinElmer Spectrum equipped with an ATR accessory.
Each sample was scanned from 4000 to 1500 cm™! at a resolution of 4 cm™. The range was limited to 1500 cm™
since the characteristic absorption bands of PLA and polyphenols-such as O-H, C=0, and C-H stretching-are
mainly found in this region. Extending below 1500 cm™! (fingerprint region) was avoided because overlapping
peaks from PLA and complex polyphenolic structures hinder clear interpretation®®.

Morphological analysis

The surface fracture morphology of cryo-fractured PLA composites was examined using a field emission
scanning electron microscope (Nova Nano-SEM 450, FEI, Czech Republic). Samples were coated with a 10 nm
thick gold layer prior to imaging.

Dynamic mechanical analysis

Dynamic mechanical behavior and glass transition temperature (T ) were measured using a RSA-G2dynamic
mechanical analysis (TA Instruments, USA in tensile mode at 0.03 % strain, 1 Hz, and temperature range 25-100
°C.

Tensile testing

Tensile properties were evaluated using a universal testing machine (Lloyd 1K LF plus UTM, USA), following
ASTM D638 standard. The specimens were cut into strips of 100 mm x 10 mm X 0.13 + 0.01 mm thickness.
Prior to testing, all samples were conditioned at 23 + 2 °C and 50 + 5 % relative humidity for 48 hours to ensure
consistent moisture content. Tests were conducted at a crosshead speed of 10 mm min~! with a gauge length of
50 mm. Results represent the average of five replicates (n = 5) reported as mean + SD.

Differential scanning calorimetry

Thermal transitions and oxidation induction time (OIT) were determined using a Perkin Elmer DSC8500
calorimeter under nitrogen (60 ml min!). Samples (6 + 1 mg) were heated from 0 °C > 200 °C > 0 °C - 200 °C at
10 °C min~!. OIT was determined isothermally at 220 °C after switching from nitrogen to oxygen (after 6 min),
and the onset of the oxidation exotherm was recorded as the OIT value.

X-Ray diffraction
Crystalline structure was analyzed using an X-ray diffractometer (PANalytical Empyrean, Netherlands) with Cu
Ka radiation (A = 1.5406 A) operating at 40 kV and 30 mA. Scans were recorded from 26 = 5-40° at a rate of 2°

minl.

Statistical analysis
All tests were conducted in triplicate unless otherwise specified. Results are expressed as mean + SD. Statistical
comparisons were performed using one-way analysis of variance (ANOVA) followed by Tukey’s post-hoc test
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Fig. 1. HPLC chromatogram of date palm polyphenol extract (DP) and green tea polyphenol extract (GP) at a
wavelength of 278 nm.

Phenolic compound | R.t. (min)

Tannic acid 3

Epicatechin 15

Epicatechin gallet 21-23

Table 2. HPLC analysis of polyphenolic compounds.

with p < 0.05 considered statistically significant. Analyses were conducted using OriginPro 2024 (OriginLab
Corp., USA).

Results and discussion

Characterizations of the additives

High-performance liquid chromatography analysis

Figure 1 shows the HPLC chromatograms of the polyphenol extracts obtained from date palm fruit and green
tea leaves, analyzed at a wavelength of 278 nm. The chromatographic peaks were identified by comparing
their retention times and UV-visible absorption spectra with authentic standards and literature data?*?!. The
main phenolic constituents detected in both extracts are summarized in Table 2. The chromatogram of the GP
extract exhibited distinct peaks corresponding to tannic acid (R.t. = 3 min), epicatechin (R.t. = 15 min), and
epicatechin gallate (R.t. = 21-23 min), which are the dominant catechins responsible for the high antioxidant
activity of green tea. In contrast, the DP extract displayed lower overall peak intensity, indicating a smaller total
polyphenol content, and featured peaks assigned to gallic acid, catechol, and ferulic acid, with minor amounts of
epicatechin. These compounds belong primarily to the phenolic acid and simple flavonoid groups, differing from
the condensed tannins and catechins prevalent in green tea.

The qualitative difference in polyphenolic composition between the two sources suggests distinct antioxidant
and thermal stabilization mechanisms. The abundant catechins and gallates in GP are known to form stable
complexes with radicals and metal ions, enhancing oxidative resistance, whereas the phenolic acids in DP may
provide moderate stabilization but also act as mild plasticizers when incorporated into the PLA matrix. These
compositional variations are expected to influence the oxidative thermal stability and degradation behavior
discussed later in this article.

Thermogravimetric analysis

The thermal degradation behavior of polyphenols extracted from green tea and date palm fruit was evaluated
using TGA under nitrogen, as shown in Figure 2. The GP extract exhibits higher thermal stability than the DP
extract, which can be attributed to the higher content of catechins and gallates, particularly epicatechin and
epicatechin gallate, as confirmed by HPLC (Figure 1) For GP, three main decomposition stages are observed:
i) 50-120 °C due to the loss of moisture and residual solvents, ii) ~250°C corresponding to the of epicatechin,
consistent with literature values reporting thermal decomposition of epicatechin in the range of 220-260
°C?324, This degradation can produce intermediates such as 3,4-dihydroxybenzaldehyde, known to enhance the
thermal stability of polyphenolic compounds. iii) ~350 °C caused by the decomposition of epicatechin gallate
and related polyphenolic components, in agreement with previous studies on catechin gallates?®?°. In contrast,
the DP extract shows lower thermal stability, with two main decomposition stages: i) 50-120 °C, due to the
moisture loss, similar to GP and ii) ~200-270 °C from the degradation of simple phenolic acids (e.g., gallic acid,
ferulic acid, catechol), which occur at lower temperatures than catechins due to their simpler structure and lower
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Fig. 2. TGA curves for polyphenols extracted from DP and GP polyphenols under nitrogen.
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Fig. 3. FTIR spectra of neat PLA and its polyphenol blends.

molecular weight?”. The reduced thermal stability of DP is consistent with its lower total polyphenol content and
the predominance of simpler phenolic acids.

Characterizations of the blends

Fourier transform infrared spectroscopy analysis

Figure 3 presents the FTIR spectra of neat PLA and its blends with different loadings (1, 5, and 10 wt.%) of
polyphenols extracted from date palm and green tea. The baseline was corrected to eliminate any transmittance
values exceeding 100%, ensuring accurate interpretation of peak intensities. As shown in Figure 3, the
characteristic functional groups of polyphenols can be identified in the blends through the appearance of
new absorption regions and shifts relative to neat PLA. In both DP and GP composites, a noticeable shoulder
around 1620 cm™ corresponds to the C=O stretching vibration of aromatic carbonyl groups originating
from polyphenolic compounds. With increasing polyphenol concentration, this band shifts to approximately
1591 cm™! suggesting hydrogen bonding interactions between the hydroxyl groups of the polyphenols and
the carbonyl groups of the PLA matrix. Such interactions have been previously reported in PLA composites
containing plant-derived antioxidants and lignin derivatives?. The broad band observed at 3500 cm™ in the
DP10 blend is attributed to ~OH stretching vibrations from hydroxyl-rich phenolic structures. Its appearance
exclusively in DP10 suggests enhanced hydrogen bonding due to the higher concentration of polyphenolic
hydroxyl groups, possibly resulting from the presence of residual moisture or increased hydroxyl accessibility at
higher loading. This indicates partial phase separation and a more pronounced polyphenol-polymer interface
compared to lower concentrations.
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A similar broadening in the ~-OH region has been reported for PLA blends with natural extracts such as
tea polyphenols and caffeic acid. Additionally, the absorption band near 3000 cm™, clearly visible in Figure
3, corresponds to C-H stretching vibrations of the aliphatic -CH and -CHj; groups in the PLA backbone.
The intensity of this band remains nearly unchanged across all blends, indicating that the incorporation of
polyphenols does not significantly affect the aliphatic character of the PLA chain. Therefore, the observed shifts
and broadenings confirm the formation of intermolecular hydrogen bonding between PLA and the incorporated
polyphenols, supporting the morphological and thermal findings discussed later. These results demonstrate that
both date palm and green tea polyphenols interact physically with PLA through non-covalent bonding rather
than chemical reactions.

Morphology analysis of PLA/polyphenol blends

Figure 4 represents SEM micrographs of the tensile-fractured surfaces of neat PLA and PLA blends containing
10 wt.% polyphenols (DP10 and GP10) at comparable magnifications. Neat PLA exhibits a smooth and
featureless surface, indicative of brittle fracture with minimal plastic deformation, which is typical of its
amorphous nature and limited chain mobility. In contrast, the fractured surfaces of DP10 and GP10 display
rougher morphologies characterized by microvoids and elongated deformation zones (highlighted in Figure
4 d and g), reflecting a transition to a ductile fracture mechanism?. These fibrillar-like features correspond to
localized plastic flow regions rather than fiber fibrils, signifying enhanced chain mobility induced by polyphenol
addition. The increased ductility can be attributed to the plasticizing and interfacial effects of polyphenols, which
contain multiple hydroxyl groups capable of forming hydrogen bonds with PLA carbonyls®. Such interactions
reduce intermolecular forces between PLA chains, facilitating chain slippage under stress>'. Among the two,
GP polyphenols exhibit a more pronounced effect on ductility due to their richer catechin and gallate content,
particularly epicatechin gallate, which offers stronger hydrogen bonding and higher compatibility with the PLA
matrix compared to the simpler phenolic profile of DP polyphenols.

Tensile properties of PLA/polyphenol blends

Figure 5 presents the tensile properties of neat PLA and PLA/polyphenol blends at various loadings of DP
and GP polyphenols. Neat PLA exhibits a brittle stress-strain response, with high stiffness (estimated Young’s
modulus ~8 MPa), relatively high tensile strength (~2 MPa), and low elongation at break (~25%), showing
minimal strain hardening. Upon addition of polyphenols, the mechanical behavior changes systematically. Both
DP and GP polyphenols decrease tensile strength and Young’s modulus with increasing loading, consistent with
a plasticizing effect®?. The estimated Young’s modulus decreases for GP blends from ~9 MPa (GP1) to ~18 MPa
(GP10) and shows a smaller reduction for DP blends (~16-17.5 MPa for DP1-DP5, slightly recovering at DP10
due to potential micro-aggregation). This reduction reflects increased chain mobility due to the presence of

Fig. 4. SEM images of fractured surfaces of (a&d) neat PLA, (b&e) GP10, and (c&f) DP10 at different
magnifications.

Scientific Reports |

(2026) 16:6846 | https://doi.org/10.1038/s41598-026-36473-7 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

30

Tensile Strength (MPa)

Elongation at Break (%)

PLA GP-1 GP-5 GP-10 DP-1 DP-5 DP-10

Fig. 5. Mechanical properties of neat PLA and its blends.

low-molecular-weight polyphenols, which disrupt intermolecular PLA interactions and increase free volume.
Elongation at break varies with the polyphenol content, particularly for GP blends. GP10 exhibits ~5% elongation
at break, demonstrating moderate deformability. This behavior correlates with the observed reduction in stiffness
and is consistent with a plasticization mechanism that facilitates segmental motion. Strain-hardening is most
evident in GP blends, suggesting better interfacial interactions between PLA chains and polyphenols that allow
load transfer over larger deformations. DP blends show less prominent strain hardening, consistent with weaker
hydrogen-bonding interactions.

Although phenolic compounds are generally rigid, their multiple hydroxyl functionalities can act as transient
hydrogen-bonding sites, temporarily loosening chain packing and mimicking a plasticizing effect at moderate
loadings®®. However, at higher concentrations (10 wt.%), partial aggregation may occur, potentially explaining
the slight deviation from the linear trend in mechanical properties. In fact, the mechanical trends can be
rationalized based on the chemical structure and reactivity of the polyphenols. Catechol and gallol groups in GP
polyphenols (e.g., epicatechin, epicatechin gallate, epigallocatechin gallate) form transient hydrogen bonds with
PLA carbonyls, temporarily loosening chain packing. These interactions enable reversible energy dissipation
under stress, contributing to enhanced ductility and strain-hardening behavior. GP polyphenols also exhibit
radical scavenging activity, which can protect PLA chains from chain scission during melt processing or thermal
exposure, preserving molecular weight and mechanical integrity. Thermal decomposition of polyphenols
occurs above the processing temperature (~180 °C), minimizing degradation during compounding. When
DP polyphenols, with fewer hydroxyl-functional groups, are used, the extent of hydrogen bonding and radical
scavenging is reduced, explaining the smaller changes in modulus, yield stress, and elongation. At higher
polyphenol loadings (10 wt.%), partial aggregation or reduced miscibility can occur, particularly in DP blends,
slightly limiting mobility enhancement and strain-hardening efficiency.

Overall, the tensile data, combined with DMA and SEM observations, demonstrate that polyphenols
simultaneously act as plasticizers and stabilizers in PLA. GP polyphenols, due to their higher catechin/gallate
content, provide superior interfacial interaction, chain mobility, and energy dissipation, whereas DP polyphenols
exert a weaker but still measurable effect on the mechanical behavior.

Dynamic mechanical analysis of PLA/polyphenol blends

Figure 6 presents the temperature dependence of the loss factor (tan §) for neat PLA and its blends with
polyphenols extracted from DP and GP. The temperatures corresponding to the maxima of the tan § peaks,
which are commonly associated with the glass transition temperature (T ) of PLA, are summarized in Table 3.
Neat PLA exhibits a T, of approximately 65°C, while the addition of poﬁyphenols slightly decreases T for all
blends. This reduction in T becomes more pronounced with increasing polyphenol content (1 > 5 > 10 wt.%),
indicating an increase in segmental mobility of the PLA chains due to the presence of low-molecular-weight
polyphenolic species.

In addition to the shift in T , the height of the tan § peak increases with increasing polyphenol content for
both DP and GP containing blends. An increase in tan § reflects a higher ratio of viscous to elastic response,
indicating enhanced molecular mobility and greater damping capacity of the material rather than a direct measure
of ductility. This behavior suggests that polyphenol incorporation modifies the viscoelastic balance of PLA by
increasing energy dissipation during dynamic deformation®!. The effect is more significant for GP-containing
blends compared to DP blends, likely due to the higher catechin and gallate content in green tea polyphenols,
which can form multiple hydrogen bonds with PLA carbonyl groups, leading to improved dispersion and more
effective free-volume generation at the molecular scale. In contrast, DP polyphenols, with a simpler phenolic
profile, induce a less pronounced modification of the viscoelastic response.

At higher polyphenol loadings (10 wt.%), a slight broadening of the tan § peak is observed, particularly
for DP-containing blends. This broadening suggests increased heterogeneity in segmental dynamics, which
may be associated with the onset of micro-phase separation or non-uniform polyphenol distribution at higher
concentrations. Despite this effect, GP-containing blends at 5-10 wt.% exhibit the most pronounced reduction
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Fig. 6. Tan § as a function of temperature for neat PLA and (a) date palm fruit polyphenol-containing PLA
blends, and (b) green tea leaves polyphenol-containing PLA blends.

T,CO [T,¢O [AH_ 0g) [T,c0  [aH,0g") [X.%)

PLA |558 - - 151.2 1.4

DP1 |50.3 110.9 -25.7 146.8 | 154.5 | 28.3 23.8
DP5 |50.7 111.6 -23.4 147.7 | 154.4 | 274 20.8
DP10 | 46.7 113.5 -22.0 144.7 | 152.2 | 27.9 20.6
GP1 51.9 112.9 -25.6 148.2 | 154.4 | 29.1 25.7
GP5 |51.3 111.0 -26.6 142.6 | 150.0 | 26.5 23.7
GP10 |51.1 99.0 -28.4 137.5 | 1479 | 25.8 23.5

Table 3. Thermal properties of neat PLA and polyphenol blends.

in Tg and the highest damping capacity, indicating enhanced chain mobility and damping behavior, which is
consistent with the improved tensile deformability observed in mechanical testing. These trends demonstrate that
both the polyphenol source and content influence the viscoelastic behavior of PLA blends, with GP polyphenols
yielding the most significant enhancement in chain mobility and energy dissipation.

Differential scanning calorimetry studies of the PLA/polyphenol blends

To investigate the thermal behavior of PLA and the effect of polyphenols on the PLA matrix, DSC measurements
were carried out. Thermal properties such as T, cold crystallization temperature (T_), cold crystallization
enthalpy (AH_), melting temperature (T ), meﬁting enthalpy (AH ), and degree of crystallinity (X ) are
summarized in Table 3. The DSC cooling and second heating curves are presented in Figure 7.

Neat PLA exhibits a predominantly amorphous structure, as evidenced by the absence of a cold crystallization
peak during cooling and the very low melting enthalpy (AH_ = 1.4 ] g™'), resulting in negligible crystallinity. In
contrast, all PLA/polyphenol blends show a sharp cold crystallization peak, indicating that the presence of low-
molecular-weight phenolic compounds enhances chain mobility and promotes crystallization during heating.
The first endothermic transition around 55 °C corresponds to the glass transition of the amorphous phase of
semi-crystalline PLA3®, while the melting peak at ~151 °C represents PLA crystalline regions.

For PLA/DP polyphenol blends, T gradually decreases from 55°C (neat PLA) to 46°C (DP10), reflecting an
increase in free volume and segmental mobility due to plasticization®®. The appearance of cold crystallization
at ~111-114 °C and the increase in AH, are accompanied by moderate crystallinity values (X_ = 20-24 %).
Notably, although chain mobility increases with DP content, the degree of crystallinity does not increase
proportionally. This suggests that while DP polyphenols facilitate chain motion, they do not act as efficient
nucleating agents, and at higher loadings they may partially hinder ordered crystal growth due to increased
heterogeneity within the PLA matrix®’. In the case of PLA/GP blends, a similar decrease in Tg is also observed,
confirming the plasticizing effect of GP polyphenols. However, these blends exhibit slightly higher crystallinity
values compared to DP blends, particularly at lower loadings (Xc = 25.7% for GP1). This behavior indicates
that GP polyphenols not only enhance chain mobility but also promote nucleation, likely due to the presence of
catechins and gallate groups capable of forming hydrogen bonds with PLA carbonyl groups®®. These interactions
facilitate more ordered chain packing during crystallization. At higher GP loadings (5-10 wt.%), the crystallinity
slightly decreases, which may be attributed to excessive plasticization and partial disruption of crystal growth,
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Fig. 7. DSC cooling (a, ¢) and second heating (b, d) curves of PLA and the PLA/polyphenol blends.

despite increased molecular mobility. The enthalpy required to melt the polymer increases significantly from 1.4
J/g for PLA to ~25 J/g for GP10, reflecting the effect of better interfacial interactions.

It is important to note that a decrease in T does not necessarily lead to a monotonic increase in crystallinity.
In PLA systems, crystallization depends on a balance between chain mobility, nucleation efficiency, and the
ability of chains to organize into stable lamellae. While polyphenols enhance segmental mobility, excessive
plasticization or strong polymer-additive interactions can interfere with crystal perfection and limit further
crystallinity development.

The DSC findings are consistent with XRD results (Figure 8), which show the characteristic PLA diffraction
peak at 20 = 16.2° for all samples, confirming the formation of a-crystalline PLA. The absence of significant
changes in peak position supports the conclusion that polyphenols influence the kinetics and extent of
crystallization rather than the crystalline structure itself.

Overall, DSC and XRD analyses demonstrate that both polyphenol source and concentration govern the
interplay between chain mobility and crystallization behavior. Green tea polyphenols exhibit a dual role by
enhancing mobility while also providing nucleation sites at low-to-moderate loadings, whereas date palm
polyphenols primarily act as plasticizers with a more limited influence on crystallization. These trends correlate
well with DMA and tensile results, confirming that polyphenols modify PLA through coupled effects on
segmental dynamics and semi-crystalline morphology.

Thermogravimetric analysis of the PLA/polyphenol blends

Figure 9 shows the TGA curves of the PLA/polyphenol blends under nitrogen and oxygen atmospheres. The
results, summarized in Table 4, indicate that all samples degrade in a single step. Under nitrogen atmosphere,
the incorporation of green tea polyphenols results in a noticeable delay in the onset of mass flow, as reflected by
an increase in the temperature corresponding to 5 % weight loss (T5%). Even at a low GP loading of 1 wt.%, a
significant upward shift in T5% is observed. However, this increase should be interpreted as a delayed onset of
volatilization and early mass-loss events, rather than a fundamental shift in the intrinsic pyrolytic degradation
temperature of the PLA backbone. Phenolic compounds are known to promote char formation and to act as
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Fig. 8. XRD scan of neat PLA and its polyphenol blends.

radical scavengers, which can suppress early-stage degradation processes and temporarily stabilize the material
during the initial heating phase. For DP polyphenols, T5% increases are smaller: ~10 °C for DP1 and DP5. DP10
shows a comparable stabilization effect to GP blends, suggesting that higher DP content is needed to achieve
similar interaction with PLA. This behavior is consistent with the lower phenolic concentration and different
phenolic composition of the DP extract compared to GP. Under oxygen atmosphere, the same trend is observed:
neat PLA degrades at lower temperatures, and GP remains more effective than DP in improving thermal stability.
The TGA results also show that for DP blends, the onset of degradation increases approximately linearly with
increasing polyphenol content. In this case, the stabilizing effect can be primarily attributed to the antioxidant
activity of phenolic compounds, which delays oxidative chain scission rather than altering the fundamental
thermal decomposition mechanism. Similar behavior was reported by Nanni et al.*? for polyphenols derived
from wine waste in polypropylene.

Table 5 summarizes the OIT results, which also confirms that polyphenols improve PLA stability. Longer
OIT indicates higher oxidative stability. Both DP and GP enhance OIT, but GP shows higher values for all
concentrations. For example, GP10 reaches 40 min, compared to 38 min for DP10. Ambrogi et al.*® reported
similar trends for bio-based polyphenol additives in PP, attributing the stabilization to radical scavenging by
multiple classes of polyphenols in green tea.

Figure 10 illustrates the proposed mechanism by which polyphenols stabilize PLA against thermal and
oxidative degradation. The phenolic -OH groups can interact with PLA carbonyls through hydrogen bonding,
forming —~C=0---HO- interactions that can restrict local chain mobility and reduce the accessibility of reactive
sites. These interactions may be inferred from characteristic FTIR shifts of the C=O stretching vibration
(~1750 cm™) and -OH stretching (~3200-3500 cm™!), as reported in similar polymer-polyphenol systems?®%.
Polyphenols stabilize PLA primarily through three mechanisms: (i) Hydrogen atom transfer from the phenolic
-OH groups to polymer radicals, forming stabilized phenoxyl radicals and terminating radical chain reactions,
(ii) Single electron transfer from the polyphenols to reactive radicals, converting them into less reactive species,
and (iii) Metal chelation if trace metals are present in PLA, reducing metal-catalyzed radical formation.
PLAS local free volume and chain mobility influence these interactions. Regions with higher mobility allow
polyphenols to diffuse and interact more efficiently with radicals, enhancing stabilization. Conversely, hydrogen
bonding between PLA carbonyls and phenolic ~-OH groups can locally restrict chain mobility, further reducing
oxidative degradation. The combined effects of radical scavenging, hydrogen bonding, and mobility modulation
explain the observed OIT trends, particularly the higher stabilization provided by the chemically diverse green
tea polyphenols.
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Fig. 9. TGA curves of all the investigated samples under (a,b) nitrogen and (c,d) oxygen atmospheres.

Nitrogen Oxygen
Sample | T,, (°C) | dTGA peak (°C) | Wt.% residue at 600 °C | T, (°C) | dTGA peak (°C) | Wt.% residue at 600 °C
PLA 310.5 368.2 0.0 285.5 340.3 0.0
DP1 330.1 372.1 0.5 294.3 355.8 0.1
DP5 3424 3753 0.7 338.2 357.6 0.5
DP10 360.8 381.5 0.8 355.8 367.4 0.8
GP1 361.0 380.4 1.5 354.2 374.2 0.1
GP5 361.7 384.6 2.1 355.3 375.6 0.4
GP10 362.8 386.2 4.1 360.1 376.5 1.5

Table 4. TGA onset of degradation temperatures (T5%), dTGA peak maximum temperatures, and mass
residues at 600°C of all the samples analyzed under nitrogen and oxygen atmospheres.

Conclusions

In this study, PLA films were successfully prepared via melt-mixing with polyphenols extracted from green tea
leaves and date palm fruits. The incorporation of polyphenols significantly enhanced the thermal and oxidative
stability of PLA, as evidenced by TGA and OIT measurements. Green tea polyphenols, containing a broader
range of phenolic compounds, exhibited a stronger stabilizing effect compared to date palm polyphenols, even at
low loadings (1-5 wt.%). Mechanically, the addition of polyphenols reduced the tensile strength while increasing
elongation at break, indicating a clear plasticizing effect. SEM analysis confirmed a transition from brittle to
more ductile fracture behavior, with GP blends showing more pronounced ductility due to better dispersion and
stronger interactions with the PLA matrix. DMA and DSC results corroborated these findings, with decreased
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Sample | OIT (min)
PLA 15
DP1 20
DP5 25
DP10 38
GP1 25
GP5 35
GP10 40

Table 5. OIT values for neat PLA and its blends with polyphenols.
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Fig. 10. Mechanism of antioxidant activity of polyphenols.

glass transition temperatures and enhanced chain mobility, while XRD analysis confirmed that crystallinity was
minimally affected. In short, the dual role of polyphenols-as thermal stabilizers through radical-scavenging
activity and as plasticizers increasing polymer chain mobility-was clearly demonstrated. The study highlights
the potential of naturally derived polyphenols, particularly from green tea, as bio-based additives to improve
the processability, thermal resistance, and flexibility of PLA, making them promising candidates for sustainable
packaging and high-performance biodegradable materials.

Data availability
The data used for this study will be available on request, from the first author
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