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Abstract

The present study analyses the changes in antioxidative behavior of biodegradable
Poly(lactic acid) (PLA)-based composite films with bioactive additives derived from
pomegranate peel, an abundant agricultural by-product rich in antioxidants and antimicro-
bials. PLA-based composites were prepared by incorporating industrial-grade pomegranate
peel powder (PoP) via melt extrusion at concentrations of 1-5 percent by weight (wt.%).
For mechanical characterization, the resulting films were subjected to tensile testing. Their
thermal properties were further characterized using thermogravimetric analysis (TGA),
differential scanning calorimetry (DSC), dynamic oxidation induction temperature mea-
surements (OIT), complemented by Fourier-transform infrared spectroscopy (FI-IR), color
analysis, rheology, scanning electron microscopy (SEM), and UV-Vis spectroscopy. Results
show that the incorporation of PoP had no significant impact on the characteristic transition
temperatures (Tg, Tm, and Tc) of PLA, indicating that the thermal behavior of the polymer
matrix was largely preserved. However, while the thermo-oxidative stability of PLA was
improved in the presence of PoP, with a maximum at 3 wt.% of PoP, increasing the OIT
by 30 °C, the mechanical performance of the composite films was adversely affected, as
evidenced by decreased tensile strength and elongation at break indication embrittlement,
especially for >3 wt.% of PoP. Significant changes were observed in the films’ surface
properties, as well as in their color parameters and UV transmittance values. Consequently,
while PoP offers potential bioactive functionality for use as a sustainable additive, its con-
tent must be carefully optimized to maintain an acceptable balance between functionality
and mechanical integrity.

Keywords: Poly(lactic acid) (PLA); pomegranate peel powder (PoP); biodegradable
composites; bioactive additives; melt extrusion; film characterization

1. Introduction

Plastic pollution is one of the most pressing environmental challenges of our time.
Mainly derived from finite petrochemical resources, globally, 400 million tons of plastic are
produced annually, of which only a small fraction of 14% is recycled effectively [1]. This
results in massive waste accumulation, with an estimated 22 million tons of plastic entering
natural ecosystems in 2019 alone [2], not only increasing the consumption of non-renewable
resources but also endangering the environment through the release of toxic additives [3].
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Addressing these challenges, biodegradable polymers from renewable resources have
emerged as promising alternatives. Among these sustainable materials, polylactic acid
(PLA) stands out as a leading candidate, as it offers additional advantages such as reduced
energy consumption by 25 to 55% during production compared to fossil-based plastics [4].
PLA shows great potential for use in various industries, with food and beverage packaging
currently representing the main industrial application for PLA [5]. As the global demand
for sustainable materials grows, biodegradable polymers like PLA offer a viable solution
to plastic pollution and support the transition towards a circular economy by integrating
renewable resources and reducing environmental impacts. However, PLA still faces chal-
lenges such as brittleness and limited stability, which can be overcome through advances
in material blending, processing techniques, and the use of additives [5-7].

Biogenic materials are particularly attractive for the latter approach. Ashori et al. [8]
reinforced polypropylene with wheat straw and rice husk as sustainable alternatives to
wood fibers, improving the mechanical properties, especially with a coupling agent [8].
Valdés et al. [9] investigated biocomposites based on poly(e-caprolactone) (PCL) and
almond skin, an agricultural by-product. The addition of almond skin improved the
modulus of elasticity, increased crystallinity, and reduced enzymatic degradation rates [9].
Xie et al. [10] developed biodegradable and active food packaging films from potato peel
with bacterial cellulose and curcumin. The films showed enhanced tensile strength, reduced
water vapor permeability, and effective antioxidant capacity. As a result, lipid oxidation
of stored fresh pork was significantly reduced, demonstrating a sustainable approach for
food preservation [10].

Pomegranate peel accounts for about 30-40% of the fruit, is often discarded as a
by-product of juice production, and is rich in polyphenols, which have remarkable an-
timicrobial and antifungal activities [11-13]. Blueberry extracts not only prevent oxidative
degradation of packaged products but also inhibit foodborne pathogens [11,14]. Grapefruit,
with its oils rich in limonene and bioactive compounds like flavonoids, offers potent antimi-
crobial properties while utilizing waste peels effectively [11,15]. Consequently, packaging
materials, such as plastic films, can be given antimicrobial and antioxidant functionalities
by incorporating oils, extracts, and peels from fruits such as pomegranate, blueberry, and
grapefruit, not only avoiding waste from landfills but also contributing to extended product
shelf life and improved food safety [11,16,17].

Previous works on PLA filled with pomegranate focus on antimicrobial activity using
laboriously produced pomegranate peel extract in solvent-casted PLA films or electrospun
PLA/HPMC mats [18,19], and on PLA /starch composites, where peel powder primarily
serves as an antimicrobial/reinforcing phase [20]. In contrast, the present work targets
the more practical approach of incorporating industrial-grade pomegranate peel powder
(PoP) into neat PLA films using solvent-free melt extrusion and analyzing its potential as a
natural antioxidant with respect to commercial film production. Therefore, the PLA-based
materials are (i) produced at realistic processing temperatures (~195 °C) that can affect the
bio additive chemistry, (ii) analyzed for improvements in thermo-oxidative stability, and
(iii) their mechanical properties are linked to processing- induced molar-mass changes
and filler dispersion. In addition, optical coloration and UV-blocking are investigated as
application-relevant characteristics to establish PoP as a possible natural antioxidant and
colorant for PLA film by closing the research gap in processing—structure—property rela-
tionships and determining optimal filler contents for balancing stabilization, appearance,
and mechanics of PLA-based biocomposite films.
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2. Materials and Methods
2.1. Materials

Characterized by a density of 1.24 g/cm?, a melting peak temperature (Tm) of 155 °C,
a glass transition temperature (Tg) of 60 °C, a tensile strength of 45 MPa, and an MFI of
3 g/10 min at 190 °C and 2.16 kg, PLA Luminy® LX175 was purchased from Total Corbion
PLA BV (Gorinchem, The Netherlands). This PLA grade is suitable for use in food contact
applications. Industrial pomegranate peel (PoP) waste was supplied in powder form from
DOHLER (Izmir, Tiirkiye), derived from commercial pomegranate juice production. It was
obtained by drying the waste remaining at the end of pomegranate processing with a hot
air dryer (60-65 °C for 4-5 h) and then grinding it to an average size of approx. 6.5 um
(D50). No bleaching or chemical pretreatment was applied.

Proximate composition of PoP was ~6—7 wt.% of moisture (before drying), ~3—4 wt.%
of protein, ~4-5 wt.% of ash, ~17 wt.% of crude fiber, ~0.8 wt.% of fat, and ~66-67 wt.% of
carbohydrates [21,22]. PoP is rich in antioxidants, polyphenols, tannins, pectic polysaccha-
rides, and lignocellulosic matter [23-25].

2.2. Processing of PLA Films

The PLA pellets were predried at 60 °C for at least 8 h in a BIN S 15 with a LUXOR
50 dry air generator (Motan Holding GmbH, Konstanz, Germany). The PoP was dried
in a Memmert UF450plus (Memmert GmbH Co. KG, Schwabach, Germany) at 60 °C
overnight to achieve a moisture content of ~3% to minimize hydrolytic degradation. The
moisture content of PoP was determined via a Kern DBS60-3 (KERN Sohn GmbH, Balingen,
Germany). The dry PLA pellets were dry-blended with the dried PoP in ratios of 1, 2, 3,
and 5 percent by weight (wt.%). Dry-blending was performed by manual tumble mixing in
closed containers (2-3 min tumbling) and directly fed into the extruder.

The mixed materials were extruded using a Composer 450 miniaturized single-screw
extruder equipped with a mixing screw (3D Evo B.V,, Utrecht, The Netherlands). The screw
diameter of the extruder was 20 mm, and it had a L/D-ratio of 15:1. The miniaturized
single-screw extruder was operated with modifications, and the details were thoroughly
documented in an earlier study [26]. The four heating zones of the extruder were set to 190,
200, 195, and 180 °C from the first (hopper) to fourth (die) zone. The turning speed of the
screw was 6 rpm. The minimum residence time was around 12 min, and the maximum
residence time was up to 34 min. Mass throughput was around 240 g/h. No degassing
during processing was used. The diameter of the die was 2 mm. The resulting biocomposite
filaments were obtained at the end of the extrusion process and cut into pellets.

The PLA-based biocomposite pellets were hot-pressed with a hydraulic laboratory
press P 200 S (VOGT Labormaschinen GmbH, Berlin, Germany) to form films. Sample
masses of 4 g of PLA pellets were placed between two polytetrafluoroethylene sheets for
easier removal. The pressing was conducted in three consecutive phases. The first phase
took 90 s with a pressure of 2 bar, a temperature of 195 °C, and an opening gap of 2.5 mm.
The time of the second phase was 30 s, at a pressure of 120 bar, a temperature of 195 °C,
and an opening gap of 0.3 mm. In the third phase, a pressure of 200 bar and a temperature
of 195 °C were applied for 90 s. After pressing, the films were rapidly cooled between two
metal plates. With this last step, films containing 0, 1, 2, 3, and 5 wt.% PoP and with an
average thickness of 0.11, 0.09, 0.08, 0.10, and 0.10 mm, respectively, were obtained. The
resulting films were named PLA ref, PLA 1% PoP, PLA 2% PoP, PLA 3% PoP, and PLA 5%
PoP with respect to the PoP content wt.%.

The PLA-based biocomposite pellets were used for differential scanning calorimetry
(DSC), thermogravimetric analysis (TGA), dynamic oxidation induction temperature (OIT),
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and rheology analysis, while color measurements, Fourier-transform infrared spectroscopy
(FTIR), and tensile testing were performed with the produced films.

2.3. Film Characterization

Fourier-transform infrared spectroscopy analysis (FTIR) of PLA films was conducted
with a Nicolet IS50 ATR from Thermo Fisher Scientific Inc. (Waltham, MA, USA). All the
PLA films were analyzed in a frequency range from 400 to 4000 cm~!. Measurements were
taken from three different areas of each sample.

Differential scanning calorimetry (DSC) measurements were performed on a Netzsch
DSC Polyma 214 (NETZSCH-Gerdtebau GmbH, Selb, Germany). Each measurement
consisted of two cycles with a heating run from 0 to 220 °C and a cooling run from 220 to
0 °C at 10 K/min in a nitrogen atmosphere with a sample mass of 5.0 & 0.5 mg. The DSC
derived glass transition temperatures (Tg) carry an accuracy of £2 °C, while the melting
(Tm) and cold-crystallization (Tcc) temperatures have an accuracy of £1 °C.

Dynamic oxidation induction temperature (OIT) measurements were also conducted
using a Netzsch DSC Polyma 214 (NETZSCH-Geradtebau GmbH, Selb, Germany). A sample
mass of 5.0 £ 0.5 mg was placed in an open aluminum crucible. The temperature was
increased from 25 to 450 °C at a constant heating rate of 20 K/min in a 100% oxygen
atmosphere at a flow of 50 mL/min. The dynamic OIT was determined by the offset
method with a delta of —0.15 W/g to the baseline. The temperature measurement accuracy
for OIT determinations was approximately 2 °C.

For thermogravimetric analysis (TGA), a Netzsch TG 209 F3 Tarsus (NETZSCH-
Gerdtebau GmbH, Selb, Germany) was utilized. The measurements were performed
in a temperature range from 60 to 700 °C with a heating rate of 10 K/min and sample
masses of 5.0 = 0.5 mg in both nitrogen and oxygen environments. For determining the
mass loss, the 100% sample mass was obtained at 120 °C to consider water evaporation.
Each sample was measured in two sets to ensure the reliability of temperature values.

For tensile testing, the ASTM D882 standard was followed [27]. Rectangular tensile
specimens with a gauge length of 50 mm, width of 15 mm, and thickness of 0.08-0.11 mm
were tested at a pulling speed of 10 mm/min. Tests were performed using the Instron 5966
(Norwood, MA, USA). A minimum of six measurements was conducted for each sample.
The stress and strain values were expressed as average values, considering the standard
deviations of the data.

The color characteristics of the samples were quantitatively evaluated using a Minolta
colorimeter (Model CM-5, Konica Minolta, Tokyo, Japan), and the results were expressed as
L* (lightness), a* (redness/greenness), and b* (yellowness/blueness). Values were gathered
in triplicate and averaged. Chroma (C*) was calculated using Equation (1), and Hue angle
(°Hue) was calculated using Equation (2). The total color difference (AE) was calculated
compared to the PLA reference sample, and values greater than 5 were considered to
represent perceptible color differences visible to the human eye [28]:

C* = <a2+b2)%, 1)

o _ -1 b
Hue = tan <a> (2)

Oscillation rheology measurements were performed using an HR 20 rheometer from
TA Instruments (New Castle, DE, USA) with a 25 mm plate-plate geometry. Two frequency
sweeps at 130 and 180 °C were performed from 0.1 to 629 rad/s in air. From the two sweeps,
the master curve was created using the TRIOS software (version 5.5.0.232), also provided
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by TA Instruments (New Castle, DE, USA). Prior to the frequency sweeps, a strain sweep
was conducted to ensure measurements were performed on the Newtonian plateau.

For the scanning electron microscope (SEM) analysis, films were cut into small pieces
and then coated with a thin gold layer for 30 s to minimize surface charging. Imaging was
performed on a Thermo Scientific Phenom XL SEM (Waltham, MA, USA) operated at an
accelerating voltage of 5 kV. Micrographs were acquired at nominal magnifications of 500
and 2500 at room temperature.

An Agilent 8453 UV-Vis spectrophotometer (Santa Clara, CA, USA) was used to
measure the UV-Vis spectroscopy of PLA films in the 280-1000 nm range.

The analysis results were assessed using the SPSS software (version 27) program (IBM
SPSS Statistics, Armonk, NY, USA) for statistical analysis. The normality of data distribution
was assessed using the Shapiro—Wilk test before statistical analysis. A significance level
of p < 0.05 was applied in the evaluation, using one-way ANOVA and Duncan’s multiple
comparison methods.

3. Results and Discussion
3.1. FTIR Results

In Figure 1, FT-IR results of pristine PLA and PoP-containing PLA films were pre-
sented. The peaks in the range of 3000-2850 cm ! represent the symmetric and asymmetric
stretching of aliphatic C-H bonds, from the PLA and PoP [29,30]. A sharp peak around
1750 cm ! is associated with the C=0 functional group, a key structural feature of PLA [29].
Additionally, the region between 1300 and 1000 cm~! shows medium-to-strong peaks
corresponding to C-O stretching and C-O-C asymmetric vibrations, which indicate ester
linkages in the polymer [29].
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Figure 1. FTIR results of neat PLA and PoP-containing films. Spectra without background and
background measurement can be found in the Appendix A.1.

In PLA films compounded via the melt extrusion process, PoP was incorporated at
relatively low concentrations (1-5 wt.%). As can be seen in Figure 1, FT-IR analyses did not
reveal any significant spectral differences. However, a slight decrease in the intensity of the
characteristic peaks of PLA, such as peak around 1750 cm ™!, was observed in the PLA 5%
PoP sample. The reduced C=0 intensity at 1750 cm~! in PLA 5% PoP likely results from a
combination of optical dilution by the filler, hydrogen-bonding interactions between PoP
phenolics and PLA ester groups, and possible partial hydrolytic/thermal degradation of
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PLA during high-temperature extrusion. However, FTRI analysis alone does not yield any
conclusion for an actual molar mass decrease.

Despite extensive studies on PLA films, a specific knowledge gap persists regarding
the detailed influence of different plant fibers and food waste additives on molecular
interactions, as determined by FTIR. Several studies have reported the retention of hydroxyl
groups or specific functional groups that influence hydrophilicity and compatibility, thereby
affecting composite properties [31]. However, some studies have noted minimal or no
significant FTIR shifts with certain additives, indicating that physical rather than chemical
interactions predominate [32].

It should also be considered that although PoP is inherently rich in polyphenols,
tannins, flavonoids, and hydroxyl functional groups, it is likely to undergo significant
structural changes when exposed to elevated temperatures (~195 °C) during the melt
extrusion process [12]. As a result, in contrast to unprocessed PoP samples, the characteristic
—OH stretching bands were not observed in the FT-IR spectra, most likely due to the thermal
degradation or transformation of hydroxyl-containing compounds [33].

In summary, FI-IR confirms the characteristic PLA bands, such as C-H at 3000-2850 cam~1,
C=0 near 1750 cm~!, and C-O/C-O-C at 1300-1000 cm~!, and adding 1-5 wt.% PoP
produces no major spectral changes. A comparison to the literature suggests that, in such
systems, physical interactions often dominate over new chemical bonding. The absence
of —OH stretching bands from PoP likely reflects thermal degradation of hydroxyl-bearing
compounds during melt extrusion at 195 °C.

3.2. DSC Results

The DSC analysis of the PLA pellets indicates that the PoP addition into films causes
small changes in PLA’s main transition temperatures rather than radically altering them.
The neat polymer (PLA ref) exhibits a glass transition temperature (Tg) near 59 + 2 °C, a
cold crystallization temperature (Tcc) around 125 + 2 °C, and a melting peak temperature
(Tm) close to 151 £ 2 °C, as shown in Figure 2. These values are fully consistent with the
data sheet of PLA LX175 provided by the producer.

220
I d1g_JTec_JTm

200 F
180 |

Temperature (°C)
=9 - - -
[ F -y D w0 o N B (=2
(=] o o =1 o o o (=3
1
L
|

(=]

0 1 2 3 5
Filler content (wt.%)

Figure 2. Tg, Tce, and Tm values of neat PLA and PoP-containing films. DSC curves where values
were obtained from are shown in the Appendix A 4.

When 1-5 wt.% PoP is incorporated, Tg, Tcc, and Tm values deviated less than 3 °C
for each, and the minor fluctuations observed in these characteristic thermal properties are
negligible and do not indicate any negative effect. This suggests that the addition of PoP
maintains the thermal characteristic of PLA without compromising.
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Over the past decade, research has evolved from exploring simple PLA composites to
incorporating diverse natural fibers such as flax, jute, rice husk, and food waste residues,
aiming to enhance mechanical and thermal properties while reducing environmental im-
pact [34-36]. Conversely, the concentration of additives is a critical parameter influencing
the thermal behavior of polymeric systems. It has been stated in the literature that bio-
additives added to PLA at a rate of over 5 wt.% change the thermal properties of PLA
through the chain mobility and crystallization dynamics [37,38]. In this study, the incorpo-
ration of PoP at relatively low levels (1-5 wt.%) led to no appreciable changes in the Tg,
Tm, or Tcc, suggesting a minimal impact on the segmental mobility and overall thermal
transitions of the polymer chains.

In summary, DSC shows that PLA’s main transitions remain essentially unchanged
with 1-5 wt.% PoP. The neat PLA has Tg ~ 59 £ 2 °C, Tec = 125 + 2 °C, and
Tm ~ 151 £ 2 °C, which matches the LX175 data sheet. With PoP, Tg, Tcc, and Tm each
vary by <3 °C, indicating no meaningful impact on segmental mobility or thermal transi-
tions. This agrees with the literature, which notes that larger shifts typically appear only at
concentrations greater than 5 wt.% bio-additive loadings.

3.3. Tensile Test Results

As shown in Table 1, PLA ref exhibited a tensile strength of 45.32 4+ 5.26 MPa and
1 wt.% PoP remained statistically similar at 47.11 &+ 3.49 MPa, which is the same signif-
icance group as ref; p > 0.05. At higher loadings, strength decreased progressively to
39.20 £ 2.36 MPa, 34.85 £ 2.46 MPa, and 18.37 £ 1.94 MPa, respectively, with increasing
PoP concentrations. This trend is consistent with findings reported in the literature; for
example, Lyu et al. observed similar reductions in tensile strength when grapefruit seed
extract was incorporated into PCL films [39].

Table 1. Tensile strength, strain at break, and Young’s modulus values of neat PLA and PoP-containing
films. Indices a to d indicate significant differences in samples. Stress-strain curves are shown in the

Appendix A.6.
Sample Tensile Strength (MPa) Strain at Break (¢) Young’s Modulus (MPa)
PLA ref 4532 +5.262 0.03 + 0.003 2 3037 + 214 @
PLA 1% PoP 4711 +£349°2 0.02 + 0.004 b 3231 £+ 366 2
PLA 2% PoP 39.20 + 236" 0.02 & 0.001 © 3130 +=3552
PLA 3% PoP 34.85+246°¢ 0.02 + 0.002 © 2877 + 172b
PLA 5% PoP 18.37 4+ 1.944 0.01 £ 0.001 4 2385 + 310 €

A comparable pattern was observed for ductility. PLA ref showed the highest strain
at break, which is 0.030 £ 0.003, indicating the highest ductility among the samples.
Values decreased upon PoP addition to 0.020 % 0.004, 0.020 £ 0.001, 0.020 £ 0.002, and
0.010 £ 0.001, respectively.

Young’s modulus showed a modest increase at low loading, followed by a decline at
higher PoP levels. The PLA ref showed a modulus of 3037 £ 214 MPa; adding 1 wt.% PoP
increased it to 3231 &£ 366 MPa, and 2 wt.% PoP yielded 3130 &= 355 MPa. At higher contents,
the modulus decreased to 2877 &+ 172 MPa with 3 wt.% PoP and further to 2385 & 310 MPa
with 5 wt.% PoP. Thus, any initial stiffening at 1-2 wt.% gives way to a marked reduction
in modulus at >3 wt.%, aligning with the concurrent losses in strength and elongation.

The combined decrease in tensile strength and strain strongly suggests that the com-
posite is embrittled. Embrittlement in polymer composites is typically due to stress con-
centration points introduced by rigid filler particles, which hinder the mobility of polymer
chains and act as defect points within the structure [20]. Previous studies on PLA com-
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posites with additives also highlight similar embrittlement behavior due to rigid particle
incorporation and structural defects introduced during processing [19,40,41].

Another critical factor impacting mechanical properties is the filler particle distribution
within the PLA matrix. Poor dispersion or agglomeration can amplify the effects of stress
concentration and increase the deterioration of mechanical properties [35]. The SEM
images in Figure 9 prove that as the PoP concentration increases in the PLA matrix, the
agglomerations become visible.

In summary, incorporating PoP into PLA led to noticeable embrittlement, charac-
terized by decreased tensile strength and strain at break. These effects can be primarily
attributed to structural defects and reduced polymer chain mobility introduced by the rigid
filler particles, filler agglomeration, and possible hydrolytic degradation of PLA during
processing, rather than changes in crystallinity.

3.4. TGA N Results

Focusing on the thermal stability of the bio-filler before discussing the results for the
PLA-based films, PoP showed a first mass loss at 100 to 120 °C, as shown in Figure 3 (for
DTG curves see Appendix A.3). Natural materials, even after preparation to obtain dry
and fine powders, typically contain residual moisture. Accordingly, this mass loss can be
attributed to moisture evaporation [42].

100 |f——u E—— [ PLA ref
e ‘ [ PLA 1% PoP
L™ [ PLA 2% PoP
g0l [ PLA 3% PoP
-PLA 5% PoP
o —— PoP
2
" Go B \\
[74]
(=) -
- ~_
@ 4f 1 T —
= -
20|

100 200 300 400 500 600 700
Temperature (°C)

Figure 3. TGA graphs of neat PLA, PoP-containing films, and PoP bio-filler in N, environment.

However, the first main decomposition step of PoP was around 150 to 180 °C, which
is comparable to other fruit by-products, such as grape peels [43]. The multiple degra-
dation steps after 180 °C can be attributed to cellulose, lignin, and hemicellulose in the
pomegranate [29,42].

Sucrose thermal degradation occurs by Maillard reaction and caramelization, and
the rate of reactions is accelerated by temperature increase, particularly above 100 °C [44].
During the caramelization process, fructose and fructofuranosyl cation may be produced.
The fructofuranosyl cation can be transformed into 5-HMF when heated to temperatures
exceeding 250 °C [45]. Gurbanov et al. reported that PoP displays a wide and endothermic
peak centered around 155 °C, with an additional shoulder at 210 °C [46]. This complex peak
encompasses several processes, including water evaporation, melting, dihydroxylation,
and decarboxylation, most likely involving pectin, other polysaccharides, and the protein
structures found in PoP.
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Compared to cellulose and hemicellulose, lignin exhibits a wider range of degradation
and, according to Dubey et al., cellulose decomposes from around 310 to 400 °C, hemicellu-
lose breaks down between 210 and 325 °C, and lignin degrades from about 160 °C up to
900 °C [47]. Lignin’s most significant weight loss occurs between 240 and 340 °C [48]. This
behavior of lignin is linked with various functional groups in it, such as carbonyl, hydroxyl,
carboxyl, phenolic, and methoxy groups [48]. Figure 3 shows that PoP leaves a residue
even after 700 °C, as it does not fully decompose. This suggests pomegranates have a high
carbon content. The study by Qureshi et al. also supports this argument [49].

As shown in Figure 3, all film samples followed a similar trend in TGA. Thermal
degradation started around 325 to 335 °C, with a main degradation step between 365 and
380 °C. The fact that the graphs of the biocomposite films are almost congruent to the
PLA ref indicates that the addition of PoP did not drastically alter the thermal stability
of PLA films in a nitrogen environment. The results are in line with findings using wine
grape pomace, biogenic by-products from winemaking, in PBS [50]. Especially at filler
contents below 5 wt.%, the authors found almost unchanged thermal stability of the
biocomposites [50]. Comparable conclusions were drawn for other agricultural wastes,
such as coffee parchment [51], wheat bran, and onion peels [52]. Consequently, the 5%
mass loss temperature values were very close for all samples, ranging from 330 to 333 °C.
As shown in Figure 4, PLA 1 wt.% PoP had the highest thermal stability, while the sample
with 5 wt.% PoP had the lowest. A previous study using different wine grape pomaces
as bio-fillers reported that low filler contents can have a positive impact on the resulting
thermal stability due to mild stabilization effects coming from polyphenols contained in the
by-product [50]. However, at higher filler contents, the lower intrinsic thermal stability of
the bio-filler, as shown in Figure 3, dominated the thermal behavior. Consequently, slightly
reduced 5% mass loss temperatures were obtained for the biocomposites filled with 2, 3,
and 5 wt.% PoP, as shown in Figure 4.

338
B PLA ref
® PLA 1% PoP
Vv PLA 3% PoP
- & PLA 5% PoP
334}
3 +
1]
7]
232t +
[7/]
[72]
«©
= &
2 330 % }’ 4
wn
328 |
326 1 1 1 1 L 1

0 1 2 3 4 5
Filler content (wt. %)

Figure 4. 5% mass loss temperature of films in N, environment.

Similar to our findings, in the literature, the addition of plant powders or fibers
either improved or maintained the thermal stability of PLA films. For example, PLA films
with orange peel powder demonstrated a degradation temperature of 546.6 °C, indicating
enhanced thermal stability [53]. In another study, the addition of Prosopis Juliflora fiber
to PLA increased the thermal stability, as evidenced by TGA results [54]. Furthermore,
microcrystalline cellulose from pineapple leaf fibers improved the thermal stability of PLA
composites, as evidenced by TGA [55].
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In summary, the incorporation of PoP into PLA films did not significantly affect
thermal stability, as shown by consistent and stable thermal degradation profiles across all
samples, comparable to neat PLA.

3.5. TGA O Results

In addition to TGA measurements in a nitrogen atmosphere, corresponding analy-
ses were conducted in an oxidative environment, as shown in Figure 5 (for DTG curves
see Appendix A.3). Starting with the bio-filler, PoP showed a similar degradation be-
havior in an oxidative as in a nitrogen atmosphere. This is in line with findings from
Nanni et al., who investigated the thermal stability of different wine by-products via TGA
in different atmospheres [43]. The degradation temperatures in both atmospheres for each
by-product were comparable, indicating thermo-oxidative stability of the grape seeds,
peels, and stems [43].

— PLA ref %1 PoP.
100 — %2 PoP %3 PoP!
R %5 PoP PoP
80 |
S
@ 60 |
(]
-l
a
o 40 |
s
20} ‘]
of g ==

100 200 300 400 500 600 700
Temperature (°C)

Figure 5. TGA graphs of neat PLA, PoP-containing films, and PoP bio-filler in O, environment.

Focusing on the PLA-based samples, PLA ref began to degrade around 280 °C, with a
main degradation step between 300 and 400 °C. As shown in Figure 5, PoP-added PLAs
started to degrade at slightly higher temperatures around 300 °C. In addition, the main
degradation step was also slightly shifted towards higher temperatures, indicating thermo-
oxidative stabilization effects coming from the bio-filler. As a result, higher 5 wt.% mass
loss temperatures were obtained for the PoP-added samples, as reported in Figure 6.
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Figure 6. 5% mass loss temperature of films in O, environment.
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Moreover, the stability of the samples increased with increasing PoP content, with
the highest degradation temperature observed for 5 wt.% PoP. The results are in good
agreement with previous studies using wine by-products as biogenic fillers [43,56].
Nanni et al. observed slightly reduced 5% mass loss temperatures for PP filled with
6 wt.% of grape seeds, peels, and skins in a nitrogen atmosphere, whereas about 20 K
higher temperatures were obtained for the filled samples in the oxidative atmosphere
compared to the neat PP sample [43]. Similarly, wine grape pomace increased the thermo-
oxidative stability of PBS with increasing filler content [56]. By adding wine grape pomace
in a range of 5 to 20 wt.%, the thermo-oxidative degradation of PBS was suppressed, result-
ing in higher degradation temperatures obtained from oxidative TGA measurements of the
filled samples compared to neat PBS [56]. Accordingly, oxidative TGA in the present study
indicates the potential of PoP to act as a thermo-oxidative stabilizer in PLA.

In summary, oxidative TGA shows that PoP behaves similarly in O, and Ny, and its
addition shifts PLA’s degradation to slightly higher temperatures, yielding higher 5% mass
loss temperatures, especially at 5 wt.% PoP. These trends match the literature on wine
by-product fillers, supporting that PoP can act as a thermo-oxidative stabilizer in PLA.

3.6. OIT Results

Dynamic OIT measurements were conducted to verify the thermo-oxidative stabilizing
nature of PoP. The accuracy for the determination is & 2 °C for single measurements. As
shown in Figure 7, the addition of PoP led to an increase in OIT of PLA. The stabilization by
PoP can be attributed to the natural antioxidants, such as polyphenols, contained in the by-
product [50]. In our previous study, the TPC of PoP ethanolic extracts varied from 901.2 to
1042.7 mg GAE/g, DPPH values were 349.1 to 396.1 mM TE/g, and ABTS were 45 to
51.4% [23]. The polyphenols in PoP can scavenge radicals and thereby prevent thermo-
oxidative degradation of the PLA, which is based on radical chain reactions [50,51,56].
Maximum thermo-oxidative stability was obtained for the sample filled with 3 wt.% PoP,
increasing the degradation temperature by about 30 K. At a filler content of 5 wt.%, a
slightly reduced OIT was obtained. A concentration-dependent stabilization effect is well-
known for antioxidants in polymers, as an over-concentration leads to pro-oxidant effects
and thereby reduces degradation temperatures after an initial increase in stability based on
antioxidant effects [57,58]. Accordingly, the OIT measurements verified the oxidative TGA
results regarding the potential of PoP for use as a natural antioxidant in PLA. In addition,
3 wt.% appeared as the optimum filler content for thermo-oxidative stabilization of PLA
by PoP.
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Figure 7. OIT result of neat PLA and PoP-containing films. DSC curves form for OIT measurements
are shown in the Appendix A.5.
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In summary, dynamic OIT tests show that PoP increases PLA’s thermo-oxidative
stability via its polyphenol antioxidants. The effect peaks at 3 wt.% PoP and then slightly
declines at 5 wt.%, which is consistent with the typical concentration-dependent behavior
of antioxidants. These results align with the oxidative TGA findings and identify 3 wt.% as
the optimal loading for stabilization.

3.7. Color Results

The color values of PLA ref and the PLA films enriched with PoP are reported in
Table 2. The L* value decreased with increasing PoP concentration (p < 0.05). The PLA ref
had the highest lightness (98.19), which means it is the most reflective or closest to white.
With 5 wt.% PoP, the L* value decreased to 88.55, indicating a darker color. The a* values of
PLA films increased from 0.06 to 2.96 with increasing PoP concentration. The redness of
PLA 3 wt.% PoP and 5 wt.% PoP films were found to be similar (p > 0.05) and higher than
the others. Moreover, there was no significant difference for the a* values of PLA 1 wt.%
and 2 wt.% PoP films (p > 0.05). The b* values of PLA films enriched with PoP showed an
increasing trend, indicating a shift towards yellow. The highest b* value was observed in
the PLA 5 wt.% PoP films, and no significant differences were found between 3 wt.% and
5 wt.% PoP addition (p > 0.05).

Table 2. CIELab color data of neat PLA and PoP-containing films.

Sample L* a* b* C* Hue® Color Difference (AE) Color
PLA ref 98.19 + 0.132 0.06 £0.01°¢ 0.36 £ 0.059 0.36 81.19 -

PLA 1%PoP  94.90 + 0.22b 1.11 + 0.06 P 5.38 +0.55 ¢ 5.49 78.39 6.1

PLA 2%PoP  93.34 +031°¢ 1.57 £ 0.12° 7.76 £ 046 7.91 78.59 90b

PLA 3% PoP 9041+ 09549 2.58 +0.362 12.33 + 1.432 12.60 78.17 14.352

PLA 5%PoP  88.55+ 0.49°¢ 2.96 +0.302 13.14 + 1.152 13.47 77.31 16.302

a7¢ Significant differences in the same column at p < 0.05.

Consistently, the overall color difference (AE) rose from 6.1 at 1 wt.% to 16.3 at 5 wt.%
PoP, with 1-2 wt.% belonging to the same statistical group and 3-5 wt.% forming a higher,
distinct group; thus, even 1 wt.% already yields a clearly perceptible change, while >3 wt.%
produces a strong, readily noticeable shift in appearance. The addition of PoP to PLA films
results in a noticeable transformation in color, making the films darker, more saturated, and
taking on a reddish-yellow tone. These color changes are driven by the natural pigments
in PoP, such as anthocyanins, tannins, and other phenolic compounds, which act as a
natural dye [59,60]. The intensity of the color transformation directly correlates with the
concentration of PoP, with higher concentrations imparting more pronounced changes. In
addition to its functional role as an additive for biodegradable films, this effect highlights
PoP’s potential as a sustainable, natural coloring agent, offering an eco-friendly alternative
to synthetic dyes for aesthetic and functional applications in packaging [59-61].

In the literature, it was reported that the addition of plant powders affected the
optical properties of PLA films. For example, Pueraria lobata root powder reduced the
transparency of PLA films, which could be beneficial for UV protection [47]. Moreover, the
lightness of citrus peel-based PLA films was also affected, with variations depending on
the type of citrus peel used [42].

3.8. Rheology Results

The changes in complex viscosity are shown in Figure 8a. Adding PoP to PLA leads
to a general decrease in viscosity. For 1 and 2 wt.% of PoD, the complex viscosity drops
significantly before increasing for 3 and 5 wt.% of PoP, which is slightly below the level of
the viscosity of 1 wt.% PoP. Adding fillers, especially inorganic fillers like silica, usually
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increases the complex viscosity, particularly in low-frequency regions, and a linear relation
between filler concentration and an increase in viscosity can usually be seen. The increase
in viscosity when fillers are added originates from an increase in both storage and loss
modulus. The storage modulus increases due to limiting chain mobility through more
entangled or structured networks. The loss modulus increases due to better energy dissipa-
tion during deformation [60]. When looking at fillers from agricultural waste and residues,
often the same trend can be seen [61,62]. But this is not the case for the data shown in this
work, and there are possibly two reasons why the data differs.

1x10°
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—=— PLA ref
——a g, [—e— PLA 1% PoP|
. —— PLA 2% PoP|
\..\ l—— PLA 3% PoP| lower molar mass
PLA 5% PoP) >
Hpenegeganen o
E1%10%F sa 4 aa "AAA:A\V:*" u v A
‘A\A/ y 1x10°}
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PLA 2% PoP|
PLA 3% PoP)
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Complex viscosity (Pa*s)
Crossover points (Pa)
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Figure 8. Complex viscosity (a) and crossover points (b) of PLA films with different wt.% of
PoP. Storage and loss modulus as well as tan(d) against the angular frequency are shown in the
Appendix A.1.

PoP contains, compared to inorganic fillers, higher amounts of fats and oils. These
could possibly act as plasticizers. This, however, should also lead to more ductile behavior
in tensile testing due to the plasticization and a decrease in Tg, T, and Tr,, as well as in
degradation temperatures due to an increase in free volume of the polymer chains. As
shown above, this is not the case here. Therefore, plasticization cannot adequately explain
the loss of viscosity alone.

A decrease in the entanglement of polymer chains also leads to a decrease in viscosity,
and entanglement correlates with the chain length. When chains decrease in length through,
for example, degradation, entanglement decreases, and hence, complex viscosity decreases
also [63]. PoP contains hydrophilic pectin and polysaccharides, and PLA is very suscep-
tible to hydraulic degradation, especially at high temperatures, e.g., during processing
or melt rheology measurements [64-66]. Bio-additives, including PoP, contain free and
bound water. The amount of free water, the moisture content, of PoP was determined to be
around 3% during processing. Next to free water, bound water can possibly be released by
degradation of bio-additives during processing [67]. The intrinsic thermal stability of PoP
is not as high as that of PLA (see Figures 3 and 5). The degradation of PoP starts around
120 °C in oxygen and 110 °C in an inert atmosphere, meaning that additional water is
created through the degradation of the filler itself during processing [68]. The proneness of
PLA for hydrolytic degradation, as well as the moisture content of around 3% in combi-
nation with additional water release through the degradation of PoP during processing,
leads to a decrease in molar mass. Figure 8b shows the crossover points of the storage
modulus and loss modulus. The crossover points move to higher frequencies without any
greater changes in regard to their location on the x-axis. This behavior is usually attributed
to a decrease in molecular weight or molar mass. This means that hydrolytic degradation
during processing, and possibly during rheology measurement, is the main reason for the
reduction in viscosity of blends with PoP compared to the reference.
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This, however, does not explain the increase in the viscosity for 3 and 5 wt.% PoP up
to the viscosity valuesof the blend with 1 wt.% PoP. If the viscosity were solely influenced
by hydrolytic degradation, it would further decrease with increasing amounts of PoP.
The small increase in viscosity seen in Figure 8 might be attributed to the effect of the
filler on the viscoelastic response, where an increase in filler content leads to an increase
in viscosity [60-62].

In summary, the reduction in viscosity observed upon incorporating PoP into PLA can
be attributed to a decrease in molar mass caused by hydrolytic degradation during process-
ing, as was already indicated by FTIR measurements. This degradation is induced by the
water present in the PoP, including both free and bound water. The slight increase in vis-
cosity observed at higher PoP contents is likely due to the typical rheological effect of solid
fillers, which tend to increase the complex viscosity through particle-matrix interactions.

3.9. SEM Results

At 500 x magnification, the PLA ref in Figure 9a shows a smooth and uniform surface
without visible defects or porosity, which is consistent with its stable mechanical baseline.
With 1 wt.% PoP, the surface remains largely homogeneous, and no agglomerates are
evident in the SEM image in Figure 9b. This morphology indicates acceptable dispersion
and a mostly intact interface at this loading level, which aligns with tensile data that remains
close to the reference range. At 2 wt.%, the first clear clusters appear together with small
gaps around particles, creating local spots where stress can build up. Correspondingly;,
the tensile strength begins to decline. At 3 wt.%, a large agglomerate surrounded by
crescent-shaped separation gaps becomes visible, showing filler—matrix separation. The
associated tensile results show further reduction in strength. Finally, at 5 wt.%, the surface
is covered by several large clusters, which leads to cracks starting early, as evident in
Figure 9e. Focusing on these clusters at higher magnifications (x2500) reveals that in the
5% wt. sample in Figure 91, the PoP particles form agglomerated regions. The presence
of these regions is thought to promote crack growth and is related to the sudden drop in
stress and strain at rupture.

(e) )

Figure 9. SEM images at 500 x magnification showing the surface morphologies of (a) PLA ref,
(b) PLA 1% PoP, (c) PLA 2% PoP, (d) PLA 3% PoP, (e) PLA 5% PoP, and (f) PLA 5% PoP (x2500).
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3.10. UV-Vis Spectroscopy Results

The incorporation of PoP produced a clear, concentration-dependent decrease in
optical transmittance throughout the spectrum. As evident from Figure 10, at the mid-
visible region (=600 nm), transmittance decreased from ~57-58% for the PLA ref to ~38-40%
for 1 wt.% PoP, ~28-30% with 2 wt.% PoP, ~18-20% with 3 wt.% PoP, and ~8-9% for
5 wt.% PoP. Below ~350 nm, 3% and 5% PoP-containing films transmitted only traces of
light, evidencing a strong UV-blocking effect attributable to the phenolic content of the
filler. This overall behavior aligns with earlier reports on plant-polyphenol stabilizers
in PLA, which show that increasing the additive level results in a compromise in visible
transparency to achieve UV suppression [18,67]. Colorimetric measurements are fully
consistent with spectrophotometry. Relative to the reference film, the lightness coordinate
L* decreased from 98.19 4= 0.13 to 88.55 4= 0.49 as PoP increased from 0 to 5 wt.%, confirming
progressive darkening of the films (Table 2).

Consequently, when 3-5% PoP was added, UV transmittance was effectively reduced,
but the strong increase in chroma and decrease in lightness resulted in a semi-transparent,
reddish-yellow-toned film. Color and transmittance values gradually change depending
on the percentage of additive. When considered for food packaging, lower additive rates
can be used for products requiring shelf visibility, while higher additive rates can be used
for products where UV protection is prioritized.

|——PLA ref

PLA 1% PoP

PLA 2% PoP

PLA 3% PoP ——PLA 5% PoP]

60 |

50 |

Transmittance (%)

280 400 600 800 1000
Wavelength (nm)

Figure 10. UV-Vis spectroscopy transmittance percentages of PLA films.

4. Conclusions

This study presents the first comprehensive investigation of melt-extruded, solvent-
free PLA films incorporating industrial pomegranate peel powder (PoP) as a bio-additive.
In contrast to earlier work relying on pomegranate peel extracts or blends produced by
solvent casting or electrospinning, this research demonstrates that PoP can be directly inte-
grated into neat PLA under realistic processing conditions (=195 °C) relevant to industrial
film manufacturing.

The systematic characterization across thermal (DSC, TGA in N; and O,, and OIT),
mechanical, rheological, optical, and morphological domains revealed several key insights.
Incorporating PoP with 1-5 wt% did not significantly alter PLA’s characteristic thermal
transitions (Tg, Tcc, and Tm), but had a clear effect on its oxidation behavior: thermo-
oxidative stability improved markedly, with the OIT increasing by up to 30 K at 3 wt% PoP,
confirming the antioxidant potential of phenolic constituents retained after melt processing.
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At the same time, higher PoP contents (>3 wt%) led to reduced tensile strength and
elongation at break, primarily due to particle agglomeration and hydrolytic chain scission
during extrusion. Optical characterization showed a progressive darkening and strong
UV-blocking effect, highlighting PoP’s dual role as a natural colorant and UV stabilizer.

Overall, this work closes a critical gap in the literature by linking industrial-scale
processing, filler dispersion, and thermo-oxidative stabilization mechanisms for natu-
ral, phenolic-rich bio-additives in PLA. The findings establish pomegranate peel powder
as a scalable, circular-economy additive that enhances PLA’s functionality without the
need for solvent processing or chemical extraction. Future research should focus on
improving moisture management to further exploit PoP’s antioxidant potential while
mitigating embrittlement.
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Appendix A
Appendix A.1 FTIR Spectra
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Figure Al. FTIR baseline corrected FTIR spectra, including baseline.
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Table Al. FTIR peak assignment.

Assignment Peak Position (cm~1)

C-H stretch 2950-3000

C=0 stretch 1750

C-H stretch 1450

C-O stretch 1100-1200
C-O-C asymmetric stretch 1150-1060

The curves for tan(§) (G”/G’) span from 0.1 to 10,000 rad/s, capturing the full vis-
coelastic spectrum from viscous-dominated to elastic-dominated behavior (see Figure A3)
and exhibit a decrease in increasing angular frequency, which is consistent with the vis-
coelastic theory and reduced chain relaxation at higher frequencies [69]. For the PLA
reference, tan(8) decreases monotonically, which is consistent with reduced chain relaxation
at short time scales. When incorporating PoP, two changes occur: (i) The overall tan 5 level
decreases, and the position of the tan 5 maximum shifts toward higher angular frequencies.
This indicates shorter effective relaxation times, which can arise from reduced molecular
weight due to hydraulic degradation or restricted chain mobility due to the PoP particles.
Both mechanisms are consistent with the observed viscosity reduction at low PoP contents.
(ii) There is an increase in tan(d) for intermediate-to-high frequencies, with the most dra-
matic increase between the reference and 1 wt.% of PoP. This suggests that interfacial effects
dominate, while also indicating that the filler does not act as elastic reinforcement but
introduces new mechanisms for energy dissipation instead, or can be attributed to degra-
dation, since shorter chains also further energy dissipation. Agricultural-residue particles
typically form broad interphases with imperfect adhesion, generating localized regions
where polymer chains undergo additional frictional losses. These dissipative interfaces
can outweigh any elastic contribution from the particles, particularly at low filler loadings
where a percolating particle network is not expected.

Appendix A.2 Rheology
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Figure A2. Storage (a) and loss modulus (b) of PLA films with different wt.% of PoP.
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Figure A3. tan(8) of PLA films with different wt.% of PoP.

The combined shift in relaxation behavior (tan 6 maximum to higher frequencies)
and the enhanced high-frequency tan 5, therefore, point toward two concurrent mecha-
nisms: chain scission-induced acceleration of relaxation processes and interfacial damping
associated with PoP-PLA interactions.

Appendix A.3 DTG of TGA
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Figure A4. DTG of PLA with different wt.% of PoP in (a) nitrogen and (b) oxygen atmosphere.
Table A2. TGA N, data points.
Sample Final Residue (%) T at 5% Mass Loss (°C) Max T of DTG (Inflection) (1/°C) T Onset (°C)
PLA ref 0.08 332.5 341.3 347
PLA 1% PoP 0.66 332.9 340.2 345.6
PLA 2% PoP 1.28 330.2 338.6 344.5
PLA 3% PoP 0.85 330.4 337.8 342.1
PLA 5% PoP 1.55 330.1 338.5 343.6
Table A3. TGAO, data points.
Sample Final Residue (%) T at5% Mass Loss (°C) Max T of DTG (Inflection) (1/°C) T Onset (°C)
PLA ref 0.35 304.8 359.1 328.4
PLA 1% PoP 0.65 306.6 359.3 330.8
PLA 2% PoP 0.28 307.2 360.3 329.5
PLA 3% PoP 2.01 313 359.9 333.9
PLA 5% PoP 2.30 313.9 360.5 331.9
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Appendix A.4 DSC-Curves
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Figure A5. DSC curves of samples: First heating (a), first cooling (b), second heating (c), and second
cooling (d).

Appendix A.5 Oxidation Induction Temperature Curves
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Figure A6. OIT curves of PLA with different wt.% of PoP.
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Figure A7. Stress-strain diagrams of PLA with different wt.% of PoP.
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