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ABSTRACT: The use of natural antioxidants as substitutes for traditional synthetic stabilizers has been investigated for the
stabilization of biobased and biodegradable polymers, with the aim of designing fully biobased plastic formulations. This study
focused on the thermo- and photostabilization of poly(lactic acid) (PLA) using vegetal polyphenol extracts as biosourced
antioxidants. The polyphenols were extracted by microwave-assisted extraction from the valorization of vegetal waste, and their
potential as antioxidant additives was evaluated (e.g., polyphenol content, composition, and antioxidant activity). PLA was then
formulated with 2 wt % of the extracts exhibiting the highest antioxidant activities: green tea residues, pomegranate peels, grape
marc, bramble leaves, and yellow onion peel extracts. The efficiency of the natural additives as thermal stabilizers was evaluated and
compared with a synthetic antioxidant using rheological and thermal analyses. The results demonstrated the capacity of grape marc
extract and pomegranate peel extract to significantly improve PLA thermal stability during processing and thermo-oxidation. Finally,
photorheology was conducted to evaluate the influence of the bioadditives on the biopolyester photodegradation. The different
polyphenol extracts seemed to significantly hinder the photo-oxidation of PLA and constitute very promising natural UV stabilizers,
combining UV absorbers and antioxidant functions.

1. INTRODUCTION
Nowadays, the plastic field increasingly develops sustainable
solutions to meet environmental concerns such as plastic
pollution and resource depletion. Bioplastics, i.e., biosourced
and/or biodegradable polymers, constitute sustainable materi-
als to face these challenges.1,2 Biobased polymers, produced
from renewable resources rather than fossil resources, are
alternatives.3 Additionally, the use of biodegradable polymers
represents an approach to regulating the plastic waste by
controlling the end-of-life of the materials.1 A particular
interest is given to promising materials such as biopolyester
poly(lactic acid) (PLA).4 Another perspective is to substitute
synthetic additives with greener chemicals with the intent of
developing environmentally friendly plastics. Environmental
and health concerns regarding the additives (toxicity,
migration...) are important issues that call into question the
use of conventional additives in formulations.5 The replace-
ment of synthetic additives with biobased additives represents
a major challenge in the plastic field.6

Stabilizers are essential additives to enhance polymer
durability and stability, providing long-term performances of
the material during the service life. Throughout their lifetime,
polymers are exposed to environmental factors (heat, UV light,
oxygen, humidity, etc.), leading to the deterioration of their
properties.7−9 For instance, PLA undergoes initial degradation
during the melting process at high temperatures, typically
around 200 °C, through thermal degradation, thermo-oxidative
degradation, and thermo-mechanical degradation.10 Some
PLA-based materials can also be degraded by photo-oxidation
caused by the exposure to UV radiation during their service life
(e.g., outdoor applications exposed to sunlight, such as mulch

films in plasticulture, and packaging or medical products
exposed to artificial lightning).11,12 Thermo- and photo-
oxidative degradation proceeds by radical chain reactions,
leading to changes in the molecular structure of the polymer,
resulting in physical, mechanical, and chemical modifications,
affecting polymer properties.7,9 Stabilizers are therefore used to
prevent polymer aging by inhibiting or delaying the
degradation mechanisms. To protect polymers from thermo-
oxidative degradation, polymers are mainly stabilized with
antioxidants, while photostabilization can be managed by the
use of antioxidants as well as UV absorbers, lights screeners, or
quenchers.7,13 Studies demonstrating the migration and
diffusion of antioxidants and light stabilizers from polymers
have raised concerns,5 as toxicity assessments reveal the risk of
synthetic phenolic antioxidants.14 To that extent, much
research studies on polymer stabilization have focused on the
use of natural stabilizers with the view of replacing conven-
tional synthetic stabilizers.
In recent years, bioactive compounds with antioxidant

properties have been considered as additives and have
demonstrated promising results for the protection of polymers
against degradation.15,16 The main class of natural antioxidants
used to stabilize polymers is the polyphenols, which regroup a
large number of phenolic compounds classified as a function of
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their structure (flavonoids, stilbenoids, phenolic acids, and
phenolic polymers). The antioxidant activity of polyphenols
involves mechanisms of radical scavenging�through a hydro-
gen atom transfer or a single-electron transfer from the
phenolic hydroxyl�as well as chelation of transition
metals.17,18 Many publications have compared synthetic and
natural antioxidants to achieve polymer stabilization. However,
studies need to be conducted for each matrix−additive
combination since the efficiency of polyphenols as antioxidants
depends on different parameters, such as their chemical
structure, their concentration (anti-/pro-oxidant effects), and
the nature of the polymer. Among polyphenols, flavonoids
have been particularly investigated as antioxidant agents for
biopolyesters. Studies have shown that catechin protected PLA
and PLA-polyhydroxybutyrate (PHB) from thermal oxidative
degradation,19 as did rutin and hesperidin with PLA and
P(3,4HB) polymers.20 Other research studies revealed the
efficiency of quercetin as a photostabilizer for PLA and a
starch-based polymer blended with biopolyesters21,22 and its
stabilizing effect on polyhydroxybutyrate-hydroxyvalerate
thermo-mechanical degradation.23 Among the phenolic acids,
ferulic acid derivatives enhanced the stability of polybutylene
succinate (PBS) to thermo-oxidative degradation,24 while
gallates improved the resistance to oxidation of PLA and
PHA P(3,4HB).25 Resveratrol, a polyphenol from the
stilbenoid class, enhanced PLA stability under air for both
thermo- and photo-oxidation.26 Furthermore, other classes of
polyphenolic molecules characterized by higher molecular
weights have been examined as stabilizers. Within the tannins
class, tannic acid procured an effective thermal stabilization of
PHB, constituting a promising thermal and processing
stabilizer.27 Several researchers used lignin, a phenolic polymer,
as a suitable and cheap natural antioxidant for polyesters with
regard to the weathering of PLA28 and the thermo-oxidation of
polybutylene adipate terephthalate.29

An environment-friendly and cost-effective strategy for
polymer stabilization is the use of vegetal extracts containing
molecules of interest, such as polyphenol natural antioxidants.
Investigations are conducted on the valorization and
exploitation of biowaste and agri-food byproducts as a resource
of high-value additives. The use of such products offers many
advantages, such as a lower risk of migration and leaching of
potentially toxic synthetic antioxidants and byproducts formed
during the aging process of a polymer, as well as a broad
spectrum of action for exerting their antioxidant activity.30

Most of the time, those compounds can be extracted from their
vegetal matrixes with simple water extractions, an eco-friendlier
solvent for industry.31 Wine byproduct extracts, rich in
polyphenols, are studied for their stabilizing effect on
polymers. The grape pomace extract and wine seed extracts
demonstrated stabilizing effects by reducing the thermal
degradation of PHB,32,33 just as the wine seed tannin extract
stabilized PBS with regard to thermo-mechanical degradation
during reprocessing and thermo-oxidation during aging.34

Other vegetal extracts have been studied for the stabilization of
biopolyesters. Coffee, cocoa, and cinnamon extracts improved
polymer stability relating to the weathering aging of PLA,35

while citrus and green walnut husk extracts enhanced the
thermal stability.36

The objective of this present work is to investigate the
thermal and photostabilization of PLA using polyphenol
extracts as biobased antioxidants. This study aims to provide
new inputs on the biomass valorization for the replacement of

synthetic additives in plastic formation, with a view of
developing fully biobased materials. Eleven vegetal polyphe-
nolic extracts were developed and characterized (polyphenol
content, antioxidant activity, composition, etc.) to select
potential natural antioxidants for polymers. The influence of
five promising extracts on the processing stability and service-
life durability of PLA was then evaluated using different
characterization techniques to look at thermal degradation and
photodegradation. We propose to identify suitable and relevant
techniques for thermal degradation measurements [in situ
thermal aging with melt rheology, oxidation induction time
(OIT) with calorimetry, accelerated long-term thermal aging].

2. EXPERIMENTAL SECTION
2.1. Materials, Chemicals, and Reagents. The PLA

Luminy L175, “PLA L175”, was provided by Total Corbion
PLA. According to the supplier, this grade of PLA is
characterized by a glass transition temperature of 60 °C and
a melting temperature of 175 °C.
The commercial synthetic antioxidant Irganox 1010 from

BASF was used as an antioxidant reference for the study. This
compound is a sterically hindered primary phenolic antiox-
idant, generally used as a processing stabilizer for polymers.
The vegetal biomasses used for the extraction were either

collected in Clermont-Ferrand (France), provided by local
producers, or bought in grocery stores. The screening was
done with yellow onion peels (Allium cepa), pomegranate peels
(Punica granatum), pineapple skin (Ananas comosus), olive
leaves (Olea europaea), Sequoia needles, Cedrus needles,
bramble leaves (Rubus sp.), wheat bran, sawdust, green tea
residues (Camellia sinensis), and grape marc (Vitis vinifera var.
Gamay/Pinot Noir).
Characterization tests were realized with the following

reagents: Folin−Ciocalteu reagent was obtained from Sigma-
Aldrich, sodium carbonate from Fluka, and DPPH (1,1-
diphenyl-2-picrylhydrazyl free radical) from TCI chemicals.
2.2. Additive Development and Characterization.

2.2.1. Polyphenol Extraction�Microwave-Assisted Extrac-
tion. Natural extracts containing a mixture of polyphenols have
been extracted from vegetal biomass on a laboratory scale by
microwave-assisted extraction (MAE). Extractions were
realized with several vegetal matrices from biomass valorization
(food peels, wild plant leaves, industrial residues, etc.) using a
mixture of water/ethanol at 1:1 (v/v) as the solvent of
extraction, with a proportion of 1 g of a grounded biomass
sample in 40 mL of the solvent. MAE extractions were
performed using the microwave-accelerated reaction system
MARS 5 from CEM at 800 W and 105 °C for 30 min. After
different steps of separation, rising, and filtration, the liquid
extracts of polyphenols were stored at 5 °C in a fridge. Then,
the solid extracts were obtained by the elimination of the
solvent by vacuum distillation with a rotary evaporator,
followed by lyophilization with a freeze-dryer. The freeze-
dried extracts were stored in a freezer at −20 °C for further
characterization and formulation with polymers.

2.2.2. Total Phenolic Content�Folin−Ciocalteu Assay. In
order to quantify the concentration of polyphenols in the
liquid extracts, the total phenolic content (TPC) was
determined by the Folin−Ciocalteu method.37 This colori-
metric dosage is based on the reduction of the Folin−
Ciocalteu reagent by the hydroxyl groups of phenols, forming
tungsten and molybdenum blues, characterized by λmax = 765
nm. Absorbance measurements at 765 nm allow quantification
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of the phenolic compounds present in the extracts. A
calibration curve with gallic acid (GA, the phenol of reference)
permits the determination of the TPC of the extracts,
expressed in milligrams of the gallic acid equivalent/g
(GAE/g) sample. A modified version of the essay was
used.38 In a test tube, 0.5 mL of the extract solution is
mixed with 2 mL of the Folin−Ciocalteu reagent solution
(10% v/v in Milli-Q water). After 30 s, 2.5 mL of a sodium
carbonate solution (7.5% w/v in Milli-Q water) is added. After
mixing, the solution is incubated for 30 min in a thermostatic
water bath at 25 °C in the dark. Then, absorbance at 765 nm is
measured with the UV−visible spectrophotometer UV mini-
1240 using Milli-Q water as a blank. The calibration curve
obtained with GA (0−250 mg/L) allows the deduction of the
GA equivalent concentration in the extract, enabling the TPC
of the extracts to be calculated using

C
C

TPC GAE

extract
=

where TPC is the total phenolic content (mg GAE/g biomass
sample), CGAE is the concentration determined from the GA
calibration curve (mg/L), and Cextract is the concentration of
biomass in the extract solution (g biomass/L).

2.2.3. Antioxidant Activity�DPPH Radical Scavenging
Assay. The antioxidant activities of the natural extracts have
been determined by the DPPH assay.39,40 This colorimetric
assay evaluates the ability of an antioxidant to scavenge the
stable radical DPPH• (2,2-diphenyl-1-picrylhydrazyl) by a
hydrogen or electron transfer. The reduction of DPPH• by
antioxidants induces a color change from purple to pale yellow,
followed by a measurement of the absorbance at 515 nm. The
experiments provided access to the DPPH inhibition related to
the antioxidant efficiency of the compounds. The antioxidant
properties of the natural extracts studied were compared to
those of a synthetic commercial antioxidant Irganox 1010.
A modified version of the DPPH assay was used.41 The test

was performed with antioxidant solutions in ethanol at
different concentrations (0−1000 μg/mL). In a test tube,
100 μL of the antioxidant solution was mixed with 3.9 mL of a
DPPH solution (60 μM in ethanol). After mixing, the covered
test tube was incubated for 30 min at 25 °C in a thermostated
water bath in the dark. The absorbance at 515 nm was
measured with a UV−visible spectrophotometer UV mini-
1240 using ethanol as a blank.
The absorbance values were used to calculate the inhibition

of DPPH radical as a function of the antioxidant concentration
according to the following equation and to graphically
determine EC50 (the concentration of antioxidant reducing
50% of DPPH)

A A
A

DPPH inhibition 100control antioxidant

control
= ×

where DPPH inhibition is the antioxidant activity (%), Acontrol
is the absorbance at 515 nm of the DPPH solution/ethanol
mixture, and Aantioxidant is the absorbance at 515 nm of the
DPPH solution/antioxidant solution mixture.

2.2.4. Composition�Liquid Chromatography−Mass
Spectrometry (LC−MS). The chemical profiles of the extracts
were determined by chromatographic analyses using the
Gainche et al. method.42 LC−MS analyses were carried out
on an UHPLC Ultimate 3000 RSLC chain and an Orbitrap Q-
Exactive (Thermo Scientific, Waltham, MA, USA) with an

Uptisphere C18-3 (250 × 4.6 mm, 5 μm) column from
Interchim (Montluçon, France). Source operating conditions
were as follows: 3 kV spray voltage; 320 °C heated capillary
temperature; 400 °C auxiliary gas temperature; and sheath,
sweep, and auxiliary gas (nitrogen) flow rates at 50, 10, and 2
arbitrary units, respectively; collision cell was used in stepped
nCE mode, with an ionization voltage between 10 and 50
arbitrary units. The mobile phase was a mixture of formic acid
in water (0.1% v/v) (phase A) and formic acid in acetonitrile
(0.1% v/v) (phase B). The gradient of phase A was 100% (0
min), 80% (10 min), 73% (35 min), 0% (40−50 min), and
100% (51−60 min). The flow rate was 0.8 mL/min, and the
injection volume was 5 μL. Full scan data were obtained at a
resolution of 70,000, whereas MS data were obtained at a
resolution of 17,500. Data were processed using Xcalibur
software (Thermo Fisher Scientific Inc., Waltham, MA, USA).
The identification of all compounds described was carried out
using the negative ionization mode.
The analyses were conducted on solutions of extracts at 1

mg/mL in ultrapure water/ethanol absolute ratio at 1:1 (v/v)
and filtered with a 0.45 μm PTFE filter.

2.2.5. UV Absorption�UV−Visible Spectroscopy. The
capacity of the natural extracts to absorb UV radiation was
measured by UV−visible spectroscopy with a Lambda 265
Double Beam UV−visible spectrophotometer from PerkinElm-
er. UV−visible spectra of the natural extracts were obtained
from the absorbance measurements from 200 to 700 nm of
solutions of polyphenol extracts at 6.25 × 10−2 mg/mL in
water.

2.2.6. Thermal Stability�Thermogravimetric Analysis
(TGA). TGA using the TGA 4000 instrument from
PerkinElmer was carried out to evaluate the thermal stability
of the additives at processing temperatures. Measurements of
weight loss were performed with 10 ± 2 mg samples from 30
to 700 °C at 10 °C/min under N2 at 20 mL/min.
2.3. Polymer Stabilization and Characterization.

2.3.1. Formulation and Compounding�Extrusion. Com-
pounding and processing were realized by extrusion using
HAAKE Minilab II, a twin-screw micro compounder from
Thermo Fisher Scientific, with PLA pellets and additives
previously dried in a vacuum oven to eliminate residual
moisture and prevent hydrolysis during processing. Additives
were introduced at 0.5 or 2 wt % and mixed into the polymer
matrix at 200 °C for 10 min at 100 rpm using the extruder to
obtain extruded materials of 7 g. Neat PLA without additives
was processed under the same conditions and referred to as
“PLA (reference)”.

2.3.2. Accelerated Thermal Aging�Oven. The thermal
aging of PLA materials was simulated through the aging
treatment under accelerated conditions in a Binder E53
standard incubator oven with natural convection. Sample films
were prepared with a manual hydraulic hot press by pressing
the extruded materials at 200 bar for 1 min at 190 °C to obtain
100 μm thick films. The polymer films were disposed in the
heating chamber during 5 weeks at 100 ± 2 °C and taken for
the rheological analysis after various exposure times.

2.3.3. Polymer Degradation�Melt Rheology. The degra-
dation of the polymer was evaluated by melt rheology, which
permitted the assessment of the evolution of the macro-
molecular structure. The rheological measurements were
performed with an ARES Rheometric Scientific rheometer
from TA Instruments, equipped with two parallel plates of 8
mm diameter and a dry air convection oven. Preliminary tests
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were conducted to select suitable strain amplitude values,
ensuring measurements within the linear viscoelastic region.
Frequency sweep tests (from 0.1 to 100 rad/s) were

conducted at 200 °C and 10% strain amplitude on PLA
materials to study the impact of processing and thermal aging
exposure. The measurements provided, among others, the
dynamic complex viscosity η* and the determination of the
zero-shear viscosity η0 by using the Cole−Cole representation
η″ = f(η′) and nonlinear regression that draws a half arc from
the experimental values.
In situ thermal degradation of PLA materials was performed

by time sweep tests to evaluate the thermo-oxidation of the
polymers at high temperatures in the oven of the rheology tool.
Analyses were carried out at 200 °C, 10 rad/s, and 20% strain
amplitude for around 2 h. Normalized complex viscosity η*/
η*t0 was used to evaluate the kinetics of thermo-oxidative
degradation over time.

2.3.4. OIT�Differential Scanning Calorimetry (DSC).
Oxidation of materials was investigated with OIT measure-
ments43 using the differential scanning calorimeter DSC 3+
device from Mettler-Toledo. The procedure was realized with
40 μL of open pan containing material samples of 10 ± 1 mg.
The test consists of heating from 30 to 230 °C at 20 °C/min
under an inert gas (nitrogen) at 50 mL/min, followed by a
thermal stabilization at 230 °C for 10 min. Then, the gas was
switched to oxygen at 50 mL/min and 230 °C, leading to an
exothermic peak induced by the exothermic oxidation reaction.

2.3.5. Thermal Degradation�Thermogravimetric Anal-
ysis Coupled with DSC (TGA−DSC). Thermal analyses were
conducted by the Simultaneous Thermal Analyzer TGA/DSC
3+ from Mettler-Toledo. The measurements were realized
with 15 ± 1 mg samples from 30 to 600 °C at 10 °C/min
under air (25 mL/min).

2.3.6. In Situ Photodegradation�Photorheology. The
evaluation of UV stability was studied by means of photo-
rheology.44 This method combines viscoelastic analysis with
UV exposition, giving an assessment of the kinetics and
mechanisms of photodegradation. The device consists of two
quartz plates, of which the upper plate has a mirror that directs
the UV irradiation onto the sample. The measurements are
performed with a rheometer ARES Rheometric Scientific (TA
Instruments) and a mercury−xenon UV source LC6
(Hamamatsu) that irradiates between 250 and 600 nm with
an intensity of 3500 mW/cm2 at 365 nm.
Before analysis, the materials were dried in a vacuum oven

for 16 h at 70 °C to remove water residues. The sample was
heated to 200 °C for 5 min to melt the polymer and shape it
between the rheometer plates with a gap of 1.2−1.5 mm. Then,
the sample was cooled and stabilized for 15 min at 60 °C,
during which a gap decrease occurred due to the shrinkage of
PLA. A time sweep test was performed at a frequency of 1 rad/
s and a strain of 0.01%. The UV source was switched on after
1120 s and activated for several hours to study the reactivity of
PLA toward photo-oxidation at 60 °C. Normalized complex
viscosity η*/η*t0 was used to evaluate the kinetics of photo-
oxidative degradation over time.

3. RESULTS AND DISCUSSION
3.1. Additive Extraction and Characterization.

3.1.1. Extraction of Polyphenols. The extraction of poly-
phenols was performed by MAE as the most appropriate and
practical method. Among the extraction techniques, MAE
represents indeed an efficient and fast solid/liquid extraction

method, widely used for green extraction of polyphenols,
allowing shorter extraction times and reduced solvent
consumption.31,45−47 A mixture of water and ethanol,
commonly used to target polyphenols, was chosen as a suitable
ecofriendly solvent to realize the screening of extractions from
various biomass wastes (food peels, industrial residues, and
wild plant leaves). The nature and proportion of polyphenols
extracted from the vegetal extracts depend on both vegetal
matrices and conditions of extraction. The Folin−Ciocalteu
method was realized not only to quantify the polyphenols
contained in the different liquid extracts, with a view to identify
interesting vegetal matrices for further investigation, but also to
ensure the extraction method’s efficiency.
As observed in Figure 1, the TPC measurement allowed

identification of vegetal matrices containing high amounts of

polyphenols. The best results were obtained with pomegranate
peels and yellow onion skins, with 44.8 and 44.7 mg GAE/g
sample, followed by green tea residues, grape marc, bramble
leaves, and olive leaves, with TPC of 37.2, 34.0, 29.4, and 28.8
mg GAE/g sample, respectively. On the other hand, the cedar
needle and sequoia needle extracts showed intermediate
quantities of polyphenols, while sawdust, wheat bran, and
pineapple skin extracts displayed low polyphenol contents. The
TPC of the extracts is summarized in Table 1, along with the
extraction yields obtained at a laboratory scale, ranging from
7.0 to 24.4% depending on the biomass. The MAE extraction
using the water−ethanol solvent was suitable and efficient to
extract phenolic compounds. The Folin−Ciocalteu assay was
performed to quantify the concentration of polyphenols in the
vegetal extracts, but it was also necessary to assess the
polyphenolic composition and evaluate the antioxidant
capacity of the extracts.

3.1.2. Antioxidant Activity of Additives. The antioxidant
activities of the natural extracts were characterized by the
DPPH assay and compared to those of the synthetic
commercial antioxidant Irganox 1010. Figure 2 displays the
capacity of the compounds to scavenge and inhibit the stable
radical DPPH•, in function of the compound’s concentration,
and allows the determination of EC50, the concentration of the
antioxidant reducing 50% of DPPH•, informing on the
efficiency of the antioxidants (Table 1).
Typical dose−response curves showing the antioxidant

concentration dependency on the scavenging activity were

Figure 1. TPC of the natural extracts (in mg gallic acid equivalent/g
sample of biomass) obtained with the Folin−Ciocalteu assay.
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obtained.48 Sawdust, pineapple skin, and wheat bran extracts
did not present important antioxidant properties, in com-
pliance with TPC values, due to their very low concentration
of phenolic compounds. The extracts from sequoia needles,
cedar needles, and olive leaves displayed interesting anti-
oxidant activities comparable to those of the synthetic
antioxidant. The extracts of green tea residues, pomegranate
peels, grape marc, bramble leaves, and yellow onion peels
exhibited remarkable antioxidant capacities, even higher than
Irganox 1010. The reaching of a plateau at high concentrations
can be observed for the strongest antioxidants, attesting the
total consumption of DPPH•. Inhibition of DPPH• never
reaches 100%, even with a stoichiometric excess of antioxidant,
as discussed by de Menezes et al.,49 explaining those
limitations of the DPPH assay by the contribution of reaction
byproducts to sample absorbance. The highest antioxidant
activities were provided by the green tea residue extract (EC50
of 216 μg/mL) and the pomegranate peel extract (EC50 of 259
μg/mL). The extracts of grape marc, yellow onion peels, and
bramble leaves exhibited significant antioxidant activities with
EC50 of 361, 378, and 393 μg/mL, respectively.
The results attested that the vegetal matrices are worth for

their valorization and exploitation as renewable resources of
powerful biobased antioxidants. In that way, the five natural

extracts exhibiting the highest antioxidant activities were
selected for further characterization and incorporated as
polymer stabilizers.

3.1.3. Composition of the Extracts. As pomegranate, yellow
onion, green tea, grape marc, and bramble leaves showed
higher phenolic contents, LC−MS was performed to identify
the main polyphenols in these natural extracts. Chromato-
grams and detailed identification of all compounds with MS
data are reported in Figures S1−S5 and Table S1.
Identification was made according to standards or data
available in the literature.50−61

The green tea extract contains many compounds derived
from GA and catechin/epicatechin such as theogallin,
epigallocatechin isomer (EGC), epigallocatechin gallate
isomers (EGCG), or epicatechin methylgallate. It also contains
many flavonoids derived from quercetin (rutin, isoquercitrin),
kaempferol with several sugar moieties in position 3 (rutinose,
galactose, glucose), apigenin-8-C-glucoside, and myricetin-3-O-
glucoside. This chemical composition is supported by earlier
studies.50−52

The grape marc contains mostly catechin and epicatechin,
protocatechuic and GA, and traces of tannins, including
procyanidins B1, B2, and B3. Finding procyanidin derivatives is
not surprising as they are reported in grape.53−55 Finally, the
antioxidant activity of this extract seems to be correlated to its
content in procyanidin derivatives, not its content in tartaric
acid, as this compound plays a minor role in the global activity
as reported in published study.56

Bramble leaves from Rubus sp. contain phenolic acids such
as chlorogenic and neochlorogenic acids, quinic and citric
acids, and gallic and ellagic acids. The presence of these two
last compounds suggests the presence of ellagitannins which
are represented in this plant mostly by sanguiin H-6. Traces of
flavonoids can also be found with quercetin-3-O-glucuronide
and kaempferol-3-O-glucuronide, as well as epicatechin. Those
compounds are common compounds found in Rubus.57

Among polyphenols, flavonoids are particularly studied as
antioxidant agents in biopolyesters.58

A. cepa extract contains a few major compounds comprising
protocatechuic acid derivatives and flavonoids such as
kaempferol, isorhamnetin, quercetin, and quercetin-4′-O-
glucoside (also known as spiraeoside).59

Finally, the analysis of the pomegranate peel extract showed
the presence of gallic and ellagic acids, which suggests the
presence of ellagitannins. We can find punicalagin isomers in
the extract, a common tannin in this species.60 We also found
catechin and gallocatechin.
With the DPPH assay, the highest antioxidant activities were

obtained with extracts from green tea residues, pomegranate
peels, grape marc, yellow onion peels, and bramble leaves.
Those five plants contain mostly catechin derivatives (EGC,
EGCG, tannins), ellagic acid derivatives (sanguiin H-6,
punicalagin), and multiple flavonoids. All those compounds
are well-known antioxidant compounds due to the presence of
a phenolic group in their structure. The antioxidant activity in
green tea and grape marc is strongly linked to their content of
flavonoid and catechin derivatives.61

3.1.4. UV Absorbance of the Extracts. In addition to their
antioxidant activity, polyphenolic compounds are molecules
capable of absorbing UV radiation.17 This characteristic could
be interesting for the utilization of polyphenol extracts as light
stabilizers to protect polymers from photodegradation caused
by UV solar irradiation (290−400 nm). The UV absorbance of

Table 1. TPC, Extraction Yield, and EC50 Values of
Additives

additive
TPC (mg GAE/g

sample)
extraction yield

(% w/w)
EC50

(μg/mL)
Irganox 1010 968
pomegranate peel
extract

44.8 21.1 259

yellow onion peel
extract

44.7 10.3 378

green tea residue
extract

37.2 11.9 216

grape marc extract 34.0 14.6 361
bramble leaf extract 29.4 11.9 393
olive leaf extract 28.8 24.4 914
cedar needle extract 19.7 16.2 832
sequoia needle
extract

16.5 14.1 778

sawdust extract 4.5 7.0 N/Aa

wheat bran extract 2.5 12.4 N/A
pineapple skin
extract

1.5 11.3 N/A

aN/A: not applicable, too high to be determined.

Figure 2. Antioxidant activity of additives obtained with the DPPH
assay.
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the five selected extracts was evaluated through UV−visible
spectroscopy. As observed in Figure 3, the natural extracts

absorb the UV radiation. The five extracts exhibited relatively
widespread absorption in the range 250−400 nm, and the
spectra showed maximum absorbance peaks at 273, 278, and
293 nm for green tea residue, grape marc, and yellow onion
peel extracts, respectively. Thereby, the polyphenol extracts
could provide the potential light stabilizer activity through UV
absorption in parallel to the antioxidant activity.

3.1.5. Thermal Stability of Additives. Polyphenol extracts
are reported to be particularly sensitive to high temperatures,
undergoing degradation during thermal processing.62 The
thermal stability and structural integrity of the extracts were
then characterized by TGA before their incorporation into the
polymer, with the objective of verifying the match with PLA
processing temperatures (Figures S6−S11). Figure 4 shows
that the commercial synthetic antioxidant Irganox 1010 is
thermally stable, whereas the polyphenol extracts display a

relatively marked weight loss at high temperatures. The
compounding and processing of PLA formulations were
realized at 200 °C. At this temperature, the synthetic
antioxidant lost 0.5% of its weight, whereas the thermal
decomposition of the vegetal extract resulted in weight loss
between 11.7% (grape marc) and 24.1% (pomegranate peels).
As observed in the TG/DTG curves of the additives (Figures
S6−S11), the first stage of the weight loss for each extract
indicates a removal of ethanol/water solvents and moisture,
generally found in such extracts.63,64 The weight loss of
assumed residual solvents varies between 4.8% (grape marc)
and 10.8% (yellow onion peels), representing, on average, half
of the total weight loss at 200 °C due to both solvent
evaporation and thermal degradation of the compounds
present in the extracts. The results highlighted the need for a
drying step for extracts before processing to avoid PLA
hydrolysis and, above all, informed us that the stabilizing effect
of the polyphenol extracts on the polymer could be affected by
their thermal stability. It should be noted that natural
polyphenolic extracts can be protected to enhance their
thermal stability using protective strategies, such as encapsu-
lation, to maintain their bioactivity and antioxidant activ-
ity.65,66

3.2. Polymer Stabilization and Characterization.
Studies were conducted on PLA materials formulated with 2
wt % of the natural extract and 0.5 wt % of Irganox 1010. The
quantity of the polyphenol extract was chosen on the basis of
the average GA equivalent in the five extracts, equal to 0.29
gGAE/gextract, and the average thermal degradation at 200 °C,
around 8.2%, requiring the addition of 2 wt % to obtain 0.5 wt
% of GA equivalent from the extracts. The purpose was to
analyze the efficiency of the selected polyphenol extracts as
thermal and/or light stabilizers to improve PLA stability
against degradation and aging (processing impact and thermo-
and photo-oxidation during the service life).

3.2.1. Impact of Processing. Polymers undergo a first
degradation during processing at high temperatures, during
which they are exposed to thermo-mechanical degradation.7

Thermal and processing stabilizers as antioxidants can be used
to reduce the impact of processing.
The influence of the additives on PLA stability during

processing was evaluated by melt rheology measurements
before and after extrusion. This technique makes it possible to
follow the evolution of the macromolecular structure,
informing on the kinetics and mechanisms of degradation,
including the competition between chain scission and
recombination.67 According to the power law η0 ∝ M3,4 for
linear polymers,68−70 melt viscosity is proportional to polymer
molecular weight, indicating the high sensitivity of a polymer’s
rheological properties to its molecular structure. When chain
scission mechanisms predominate during degradation, a
decrease in polymer molecular weight leads to greater chain
mobility and a decrease in viscosity, while an increase in
polymer viscosity is associated with an increase in polymer
molecular weight due to chain recombination and/or cross-
linking.71 Moreover, the Cole−Cole plot of the melt rheology
results allows calculation of the zero-shear viscosity η0. In this
study, the dynamic complex viscosity η* and the zero-shear
viscosity η0 were used to monitor structural changes within the
polymer during degradation and to evaluate the involved
mechanisms.
The processing of PLA is known to lead to a decrease in Mw

caused by thermal degradation, involving several phenomena

Figure 3. UV absorption of polyphenol extracts (C = 6.25 × 10−2 mg/
mL in Milli-Q water).

Figure 4. Thermal stability of additives obtained by TGA.
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as hydrolysis, depolymerization, oxidation, random chain
scission, and intra- and intermolecular transesterification.11

As illustrated by the reduction in the zero-shear viscosity
(Figures 5 and 6) and the complex viscosity (Figure S12), PLA

underwent thermo-mechanical degradation through mecha-
nisms of chain scissions during the processing at 200 °C.
D’Urso et al.72 also observed a decrease in PLA complex
viscosity after the extrusion at the same temperature, whose
melt degradation by chain scissions was confirmed by a weight-
average molecular weight decrease from 195 to 146 kDa,
obtained by gel permeation chromatography. The evolution of
zero-shear viscosity values, reported in Figure 6, reflects the
impact of the additives on the thermo-mechanical degradation
during extrusion. The zero-shear viscosity of neat PLA
decreased significantly from 2498 to 1391 Pa·s, whereas an
addition of 0.5 wt % of Irganox 1010 provides an efficient
stabilization. In the case of natural extracts added at 2 wt %, the
grape marc and pomegranate peel extracts exhibited stabilizing
effects and protected PLA from the thermo-mechanical
degradation during extrusion. The grape marc extract proved
to be particularly effective as a processing stabilizer within the
PLA formulation, offering an important antioxidant action
comparable to that of Irganox 1010. The pomegranate peel

additive also protected PLA to a certain extent, permitting a
decrease in viscosity less marked than the neat polymer. On
the other hand, the addition of 2 wt % of yellow onion peels or
bramble leaves did not impact the thermal stability of PLA
during processing. Surprisingly, the extract of green tea
residues demonstrated a pro-degradant effect that accelerated
the chain scission mechanism. This phenomenon may be due
to a concentration-dependent effect as this extract showed the
highest antioxidant activity of all polyphenol extracts (Figure
2). In the literature, some natural polyphenols were reported to
promote the oxidation of polymers due to the concentration-
dependent anti-/pro-oxidant action. Polyphenols are H donors
forming stable radicals, but at high concentration, they can
extract H atoms from the polymer chains and create
macroradicals accelerating the oxidation pathway.73

3.2.2. Thermo-stability. The intent was to explore different
techniques to characterize polymer degradation and aging
during service life. Usually, experiments are carried out at
elevated temperatures to accelerate the thermo-oxidation
mechanisms.74 The thermo-oxidative stability of the different
formulations was examined by melt rheology at 200 °C, OIT
measurements with calorimetry, TGA and DSC analyses, and
thermal aging under accelerated conditions at 100 °C. The
thermal stabilization procured by the biobased antioxidant
additives was compared to the Irganox 1010 formulation.
In situ thermal degradation in the rheometer oven was

performed to assess the influence of the additives on the
thermo-oxidative degradation behavior of PLA. This method,
combining melt rheological measurements with temperature
exposure at 200 °C, allowed us to monitor changes in the
normalized dynamic viscosity of the various formulations, as
reported in Figure 7. The exposure of PLA to elevated

temperatures in the presence of oxygen led to a mass reduction
of the material over time, as illustrated by the viscosity
decreasing over time. This phenomenon is the consequence of
thermo-oxidative degradation of PLA, which is reported to
occur predominantly by chain scission mechanisms, leading to
a reduction of the polymer’s chain length and resulting in a
decrease in PLA’s molecular weight and viscosity.10,75 The
presence of additives resulted in the same chain scission
mechanisms but impacted the thermal degradation kinetics of
PLA. The results demonstrated a significant thermal
stabilization obtained by the synthetic antioxidant, followed
by the pomegranate peel and grape marc extracts. For example,
after 1 h at 200 °C, neat PLA lost 54% of its viscosity, while the

Figure 5. Impact of processing on PLA materials: the Cole−Cole plot
(melt rheology: frequency sweep tests performed at T = 200 °C; γ =
10%).

Figure 6. Impact of processing on PLA materials: the zero-shear
viscosity determined by extrapolation of the Cole−Cole plot.

Figure 7. Thermal degradation in situ of PLA materials (melt
rheology: time sweep tests performed at T = 200 °C; γ = 20%; ω = 10
rad/s).
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grape marc and pomegranate peel extracts attenuated the
viscosity loss to 34 and 30%, respectively. The bramble leaf
extract exhibited a moderate protection against PLA thermal
degradation with a viscosity loss of 45% after 1 h. On the other
side, the extract of green tea residues accelerated the thermal
degradation of the material in the early stages, whereas the
result of PLA containing the onion extract was comparable to
the neat polymer. Finally, the two bioadditives providing the
greater thermal stabilization (grape marc and pomegranate
peel extracts) were the same vegetal extracts that ensured the
best protection during processing.
The thermo-oxidative stability was then investigated by

measuring the OIT measurement with the DSC. This method
can indicate the efficiency of an antioxidant in inhibiting
material oxidation. As observed in Figure 8, neat PLA was

directly oxidized when the gas switched from nitrogen to
oxygen, with the apparition of an exothermic signal, while PLA
with 0.5 wt % Irganox 1010 did not present oxidation reaction,
suggesting an effective stabilization against thermo-oxidation.
The use of polyphenol extracts allowed reducing oxidation, but
the interpretation of the exothermic peaks was compromised
by the nonstability of the polyphenol extracts at the experiment
temperature. OIT assays were conducted at 230 °C to obtain
an acceptable oxidation intensity of PLA, but this temperature
involved degradative reactions of the vegetal extracts compared
to the high thermal stability of Irganox 1010 as measured
previously with TGA. Lastly, this technique was not suitable
for our materials, as the results did not show an abrupt
exothermic oxidation reaction after an induction time, enabling
the OIT to be determined. PLA oxidation was characterized by
a low energy reaction with an onset at the start of the
experiment.26

Thermal analysis by TGA coupled with DSC under air was
then realized to characterize the thermal decomposition and

thermo-oxidation of the materials. Results from TGA (Figure
S13) and DSC (Figure S14) curves of PLA materials are
reported in Table 2.
According to TGA results, the PLA thermal decomposition

was shifted to a higher temperature by adding the pomegranate
peel extract and Irganox 1010, which delayed Tonset by 14.5
and 7.0 °C and maintained comparable Tmax values to neat
PLA. The four other polyphenol extracts showed lower Tmax
values. The onsets of materials weight loss were similar to the
neat polymer in the case of green tea, yellow onion, and
bramble leaf additives, while the grape marc extract shifted the
start of decomposition to 8.0 °C lower.
DSC results allowed observing the material’s thermal

degradation through the exothermic signal from thermo-
oxidation and the following endothermic decomposition
reactions (Figure S14). PLA oxidation and decomposition
appeared to be retarded by the pomegranate extract, whereas
the other extracts resulted in less energy released by oxidation
but earlier decomposition. Besides, the differences in Tg of the
formulations were not significant enough to inform the
degradation mechanisms from processing, unlike rheology
measurements.
Based on the thermal and rheological results, thermal

stabilization of PLA at high temperatures was achieved by the
pomegranate peel extract, which enhanced thermal stability
regarding decomposition and structure, and by the grape marc
extract, which provided great structural stability. However, the
results of such high-temperature methods (melt rheology, OIT,
TGA, and DSC) must be considered with precaution and
confirmed with accelerated thermal aging to predict the long-
term stability of the material. Thus, a thermal aging procedure
under accelerated conditions in an aerated oven at 100 °C was
then performed with two formulations and the references as a
complementary method to study the durability. Melt rheology
analysis was used to monitor the evolution of normalized
complex dynamic viscosity over thermal aging, which is
obtained by the ratio of the viscosity at t and at t = 0 of aging.
As illustrated in Figure 9, the thermal aging of PLA films at

100 °C is characterized by a decrease in viscosity, attributed to
chain scission as the predominant mechanism during thermo-
oxidation. This result was in line with the study of Rasselet et
al. (2014) on the thermo-oxidative degradation of PLA at low
temperatures, between 70 and 150 °C, leading to random
chain scission causing mass reduction.75 Furthermore, the
presence of synthetic and biosourced additives in the polymer
formulation also led to thermo-oxidation proceeding mainly by
chain scission, as confirmed by the overall decreases in
viscosity during aging. If Irganox 1010 managed to delay PLA
thermo-oxidation, pomegranate peel and grape marc extracts
exhibited stabilizing effects significantly higher at this low

Figure 8. Thermo-oxidation of PLA materials monitored by OIT
experiments performed at 230 °C.

Table 2. TGA and DSC Data of PLA Materials

TGA DSC

formulation PLA L175 Tmax (°C) Tonset5% (°C) Tg (°C) Tcc (°C) ΔHcc (J/g) Tm (°C) ΔHm (J/g) χc (%) Tdmax (°C)
reference (without additive) 354.7 307.0 59.2 100.7 23.76 175.2 −37.69 15.0 365.0
0.5 wt % Irganox 1010 355.0 314.0 59.0 105.7 25.74 176.3 −33.42 8.3 367.0
2 wt % grape marc 339.2 299.0 56.5 105.5 22.45 176.5 −28.61 6.6 350.0
2 wt % green tea residues 349.5 305.0 54.2 107.5 28.61 175.5 −37.05 9.1 359.0
2 wt % pomegranate peels 355.2 321.5 55.7 103.0 25.64 175.7 −35.74 10.9 367.0
2 wt % yellow onion peels 349.0 307.0 55.3 104.2 24.17 175.8 −35.31 12.0 357.0
2 wt % bramble leaves 350.5 309.5 55.5 106.0 27.18 175.8 −35.27 8.7 360.0
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temperature. It can be noticed that the addition of the two
extracts caused an increase in the PLA viscosity in the early
stages of thermal aging. This could be due to interactions or
branching between the polymer chains and the polyphenols
from grape marc and pomegranate peel extracts, acting as chain
extenders.

3.2.3. Photostability. Given the antioxidant properties of
polyphenol extracts, their effectiveness as light stabilizers was
also well studied with a view to photostabilizing PLA and
improving its long-term stability. The influence of the
biosourced additives on the PLA photo-oxidation was
evaluated by photorheology. This method enables in situ
photodegradation while monitoring the evolution of the
viscosity of the material under UV irradiation and air at 60 °C.
As observed in Figure 10, the exposition of neat PLA to UV

radiation led to a significant drop in viscosity over time, which

is related to a molecular weight reduction caused by
photodegradative mechanisms. The photochemical degrada-
tion of PLA is reported to proceed through carbonyl polyester
cleavage via the Norrish II mechanism, leading to random
chain scission with the formation of C�C and carboxylic end
groups.11,76 In addition, PLA undergoes radical photo-
oxidation, leading to the formation of anhydride groups by
β-Scission reactions of hydroperoxides intermediates.77 Marek
and Verney (2016) studied the photo-oxidation of PLA close
to the glass transition region (50−70 °C) using the
photorheology method and also observed a decrease in the
PLA viscosity resulting from the degradation reactions under
UV irradiation.78

In Figure 10, the PLA containing Irganox 1010 was also
characterized by a chain scission mechanism during photo-
degradation. But, compared to the neat polymer, the synthetic
(thermo) antioxidant slightly improved the photostability,
attesting an oxidative pathway during photodegradation. On
the other hand, the presence of 2 wt % of polyphenol extracts
notably inhibited the drop in PLA molecular weight due to
chain scission during photodegradation. The high stabilization
of the natural extracts against UV radiation could result from
synergistic effects between UV absorbance and antioxidant
properties. Indeed, phenolic compounds have both UV
filtering ability correlated to absorption in the UV region
and antioxidant properties to scavenge UV-generated reactive
oxygen species.79 In addition, the use of natural extracts
composed of different types of polyphenols can reinforce these
phenomena. Such additives could provide preventive and
curative effects for the photostabilization of the biopolyester.
From our results, the polyphenol extracts seemed to

significantly hinder the photo-oxidation of PLA. In addition,
the pomegranate peel and grape marc extracts were the
biobased additives providing great thermal stabilization against
processing and thermo-oxidation, representing promising
natural photo stabilizer and thermal stabilizer for PLA.
To the best of our knowledge, the pomegranate extract has

not yet been studied for the stabilization of biopolyesters.
However, this extract has been shown to provide great
processing stabilization to polyethylene (PE) by hindering
oxidation and preventing the formation of long-chain
branches.80 Xia et al. (2020) demonstrated the good stabilizing
effect on PE thermo-oxidative, UV, and processing stability
provided by the pomegranate peel extract, which can be used
as a multiple stabilizer for PE.81 Regarding the grape marc
extract, studies have been conducted on the stabilization of
various biopolyesters, but not so far on PLA. Persico et al.33

studied the effect of a grape pomace extract as a stabilizer
additive for the biosourced and biodegradable PHB.
Rheological tests, GPC analysis, and thermal analysis
demonstrated the efficiency of the extract to improve the
processing and thermal stabilities of PHB. The stabilizing effect
of the biowaste additive was attributed to hydrogen-bonding
interactions between the polyphenol hydroxyl groups and the
carbonyl groups of PHB that could inhibit the PHB thermal
degradation mechanism by random chain scission. Wine
byproducts were also investigated as natural antioxidants for
the stabilization of PBS.34 The authors demonstrated the great
stabilization of PBS by a commercial grape seed tannin extract,
comparable to or even better than that of Irganox 1010,
regarding thermo-mechanical degradation during reprocessing
and thermo-oxidation during aging. The ability of the tannin
extract to lower PHB degradation was explained by its
composition of long-chain polyphenols, working as chain
extenders not only by hydrogen bonding but also by the high
radical scavenger activity of the extract. The grape marc
extracts have demonstrated a photoprotective effect on
polypropylene under accelerated photochemical conditions
by slowing down the oxidation by the chain scission
mechanism.82

While all five vegetal extracts introduced into PLA showed
strong antioxidant activities to scavenge radicals and interrupt
radical degradation reactions, only the pomegranate and grape
marc extracts demonstrated efficient thermal stabilization of
the polymer. In line with the stabilizing mechanisms proposed
in the literature, the bioadditive extracts from pomegranate

Figure 9. Thermal aging of PLA materials in accelerated conditions
(oven at T = 100 °C) (melt rheology: time sweep tests performed at
T = 200 °C; γ = 10%; ω = 1 rad/s).

Figure 10. Photodegradation in situ of PLA materials (photo-
rheology: time sweep tests performed at T = 60 °C; γ = 0.01%; ω = 1
rad/s; Hg−Xe lamp).
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peels and grape marc presented tannins in the polyphenols’
composition, which could provide optimal hydrogen-bonding
interactions with PLA chains, allowing a great stabilization by
hindering degradation by chain scission.

4. CONCLUSIONS
In this study, the thermal stabilization and photostabilization of
PLA were investigated using the vegetal polyphenol extracts as
biobased antioxidants, with the aim of developing sustainable
biobased materials. The exploitation and valorization of
biomass as renewable resources for value-added phytochem-
icals such as antioxidants were proposed as solutions for the
substitution of synthetic stabilizers.
Various vegetal extracts were extracted from different vegetal

wastes. The extracts from green tea residues, pomegranate
peels, grape marc, bramble leaves, and yellow onion peels
exhibited particularly strong antioxidant activities in radical
scavenging, high TPCs, and interesting UV absorbance
properties. The stabilization of PLA against processing
degradation and service-life aging was investigated with the
five vegetal extracts previously mentioned and compared to
that of Irganox 1010.
Rheological measurements revealed the efficiency of the

grape marc and pomegranate peel extracts to hinder PLA
thermo-mechanical degradation during extrusion at 200 °C by
limiting the mass reduction of PLA caused by chain scission.
TGA−DSC and in situ thermal degradation in the rheometer
indicated protection of PLA at elevated temperatures by the
pomegranate peel and grape marc extracts. Rheological analysis
seemed to be the more appropriate technique to inform on
materials thermo-oxidation, as the results were confirmed by
accelerated thermal aging used to predict long-term stability.
Thermal stabilization by the pomegranate peel and grape marc
extracts, slowing down the degradation kinetics of PLA during
processing and thermal aging, was attributed to hydrogen-
bonding interactions between polymer chains and polyphe-
nols�particularly tannins�hindering the molecular weight
reduction of PLA caused by degradation mechanisms.
The photostabilization was attributed to synergistic effects

between the UV absorbance and the strong antioxidant
properties of the polyphenols in the extracts. The polyphenol
extracts from pomegranate peels and grape marc seemed to
represent promising thermal and light stabilizers and could be
introduced in PLA formulations to enhance both thermal and
photostability.
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