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Abstract

Poly(lactic acid) (PLA) is a sustainable, biodegradable polymer with high brittleness, elastic modulus, poor ductility, and
low tensile strain that might restrict the packaging applications. The properties of PLA can be modified by addition of vari-
ous materials. This study intended to reveal the effect of PLA with various concentrations of tomato peel extract (TPE)
on the morphological, structural, thermal, and mechanical properties of PLA/TPE biocomposites. TPE was incorporated
into the PLA matrix at 2, 4, and 6% w/w. The morphological analysis showed that films were successfully prepared by a
combination of solvent-casting and compression-molding. TPE was well dispersed at low concentrations, though at higher
concentrations above 2% w/w, an agglomeration of the TPE was observed. Thermal analysis revealed that the glass transition
temperature of the biocomposites decreased with increasing content of TPE. FTIR spectra of the biocomposites showed that
several components of TPE, such as phenolic compounds and fatty acid esters, could be incorporated into the matrix. Better
mechanical performance was obtained for 2 and 4% w/w of TPE content in terms of tensile strain (between 2.4 and 38%
higher compared to neat PLLA) that was an indication of higher mechanical flexibility. These results showed the application
performance of TPE in packaging materials.
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Introduction

In the last few decades, the depletion of natural sources and
global environmental pollution have been a great challenge
that mankind has come to face. Particularly, in the packag-
ing industry, several attempts have been made to generate
eco-friendly products underlining biodegradability and
sustainability concepts. In this regard, the use of biode-
gradable materials obtained from renewable, sustainable
resources has drawn considerable attention. Poly(lactic
acid) (PLA) is one of the biodegradable materials derived
from sustainable natural sources [1]. It is biocompatible,
processable, renewable, and energy-saving [2], highly
transparent with good water barrier properties [3, 4], eco-
friendly, and sustainable due to less CO, emission com-
pared to hydrocarbon-based polymers [5, 6]. Despite these,
it has several shortcomings such as high brittleness, poor
ductility [7-9], low melt strength, low chemical and ther-
mal stability [10-12], low elongation-at-break, and limited
gas barrier properties [13—15]. High durability, pliability
with little or no wrinkles (wrinkle-free), and easy process-
ability are some fundamental considerations for packag-
ing films [16—18]. Furthermore, flexibility is a significant
property that should be evaluated by considering tensile
stress and strain-at-break. To meet the desired mechanical
properties for an ideal packaging material, PLA can be
mixed with various natural ingredients including extracts
[19, 20], essential oils [21-23], and their combinations
[24, 25]. Green tea [19, 26], propolis [20, 23, 24], and
carotenoid extracts [25] were some of the extracts used for
obtaining PLA biocomposites. While green tea extract has
been reported to decrease tensile strength, the strain-at-
break is reported to increase [19]. On the other hand, the
addition of Propolis extract led to increase in tensile strain
and strength with a decrease in the elastic modulus [20].
Essential oils were the most common natural ingredients
used in the literature. Anise oil/PLA composites showed
a decline in tensile strength and an increase in strain-at-
break [22]. Parallel with these outcomes; thyme, rose-
mary, and oregano-containing composite films, showed a
decrease in tensile strength and a slight increase in strain-
at-break [26]. It was also reported that the amount of
oregano oil was significant in terms of strain-at-break and
flexibility [21]. Essential oil/extract combinations were
also reported in the literature to observe the synergistic
effects. Tanacetum balsamita essential oil/Propolis extract
containing PLA composites showed a drastic decrease in
tensile strength and an increase in tensile strain when
they were used together [23]. Similar results were also
reported for Thymus vulgaris/Propolis containing PLA
composites [24]. As mentioned above, the rigidity of the
PLA limits its applications, and extracts, essential oils, or
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their combinations can increase flexibility. For this reason,
in this research, it was aimed to enhance the mechanical
properties in terms of strength and/or flexibility of PLA
using tomato peel extracts.

Tomato is one of the most consumed agricultural products
in the world regardless of the culture and region. Tomato is
not only consumed in its fresh/dried fruit form but also in
processed form. Sauces, juices, pastes, and peeled tomatoes
are the processed form of tomatoes. To fabricate these prod-
ucts, tomatoes are peeled. Tomato production is~ 180 million
tons annually and ~45-50 million tons are used for industrial
tomato-based products. A huge amount of waste composed of
skins, fibers, and seeds (5-30% w/w of processed tomatoes)
is generated from industrial tomato processing [27, 28] that is
around ~ 8-8.5 million tons annually. Tomato peels (TP) build
up 45% of these tomato wastes and this corresponds to~3.5-4
million tons annually. TP includes several components, such as
cutin, lignin, cellulose, hemicellulose, and waxes [29]. Among
these, cutin is the major component that makes up 45-80% of
TP and tomato is one of the agro-products with the highest
cutin ratio [29, 30].

Cutin is a biopolyester-based polymeric network cross-
linked by ester bonds [31]. It exhibits viscoelastic material
behavior and imparts plasticity to TP [32] due to its structure
composed of mainly polyhydroxy long-chain (C16-C18) fatty
acids [30, 33, 34]. It contains some epicuticular waxes and
several flavonoids (naringenin, chalconaringenin, etc.), phe-
nolic compounds (ferulic and p-coumaric acid) as well that
act as polymer fillers for reducing free space and consequently
increase the rigidity of polymer matrix [35-37]. Other com-
ponents of tomato peel extract (TPE) consist of cell wall poly-
saccharides, such as lignin, cellulose, and pectin, which are
responsible for the stiffness of plant cuticles because of their
rigid chain backbone [32]. Because of these properties, it was
hypothesized that when TPE is used as a component, it may
tune the morphological, thermal, and mechanical properties of
biomaterials. It was seen that only a few studies with respect
to the use of TPE for obtaining the packaging films either by
polycondensation [38] or solvent-casting [39] were reported
in the literature. However, there is not any study investigating
the effects of TPE on biodegradable packaging material such
as PLA. In this regard, to verify the hypothesis of TPE, it was
used to tune the properties of PLA films, and this research
aimed to determine the effects of different concentrations of
TPE on the morphological, chemical, thermal, and mechani-
cal properties of PLA biocomposite films by a combination of
solvent-casting and compression-molding.
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Experimental
Materials

PLA (96% 1-lactic acid) (Luminy LX175) was kindly sup-
plied by Total Corbion (The Netherlands). Before process-
ing, it was dried in a vacuum oven at 80 °C for 4 h to remove
the residual moisture. Fresh tomato pomace was supplied
by a local tomato paste factory. Sodium hydroxide (NaOH),
hydrochloric acid (HCl1), and dimethylformamide (DMF)
were purchased from Merck-Millipore. All the chemicals
were used as received.

Preparation of TP

The tomato pomace was initially exposed to a sedimentation
process that basically includes the separation of the seeds
from the skins in water-filled containers. After removing
the tomato seeds, the skins and fibers were dehydrated in a
cabinet dryer at 60 °C for 8 h under the air flow rate of 1 m/s.
Next, the dried tomato peels were milled using a hammer
mill with a fixed rotor speed of 10 rpm for 30 s (50 g/min as
feeding rate) (Brook Crompton 2000 Series, UK) and sieved
by a mesh pore diameter of 500 p (Retsch, Germany). The
dried peels were stored at — 20 °C in vapor-proof, airtight
packages until the extraction process started.

Alkaline extraction of TP

The extraction was carried out using the procedure described
in the literature [29, 40]. The tomato peels were treated with
NaOH solution (3% w/v) with the solvent/solute ratio of
10:1. After the filtration, the residue was washed twice with
excess distilled water, and the supernatant was combined
with the filtrate. Subsequently, the supernatant was acidified
with 3 M of HCI until the pH of the solution reached 4.3.
The samples were then centrifuged at 4000 rpm for 15 min
three times by dialyzing with alkaline water (pH 8.45) until
the pH reached 6.5. Afterward, the precipitates were freeze-
dried using a freeze dryer for 12 h (Christ, Alpha 1-2 LD
plus, Sweden). The freeze-dried TPE in sticky solid form
was ground in mortar and pestle, weighed immediately and

stored at — 18 °C in vacuum packages until the analysis
started (Fig. 1).

Approximate composition analysis of TPE

The approximate composition analysis of TPE was per-
formed gravimetrically as described by [29, 41].

Wax fraction

Briefly, a certain amount of TPE (4 g) was treated using a
hexane/methanol mixture (3:1 v/v) to remove waxes. The
mixture was filtered, and the filtrate which contained waxes
was evaporated until constant dryness, and it was weighed
and identified as a wax fraction (WX).

Polyphenols and water-soluble pectin fraction

The dewaxed TPE (the residue after the first filtration) was
treated with boiling water for 10 min to recover polyphenols
and water-soluble pectin. The mixture was filtered again and
the supernatant that contained polyphenols and pectin was
dried until constant weight and then weighed as polyphenol
and water-soluble pectin fraction (PP).

Acid-soluble pectin fraction

In the following stage, the residue of the second filtration
was acidified with 1 M and 0.5 M HCI, respectively, for
30 min at 85 °C twice to separate acid-soluble pectin. The
solution was filtered, and the supernatant was dried until
constant weight, weighed, and identified as acid-soluble
pectin fraction (ASP).

Cutin fraction

The residue after the third filtration was treated with 1 M
NaOH for 30 min at 85 °C three times. The supernatant of
this stage was acidified with 3 M HCI and freeze-dried to
yield cutin (C) as described in “Alkali extraction of TP”
section.

Fig. 1 Digital images of: a tomatoes, b fresh tomato peel, ¢ dried powdered tomato peel, d freeze- dried TPE in sticky and clustered form, e

freeze-dried TPE ground by mortar and pestle, and f TPE/DMF solution
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Lignin and cellulose fraction

The residue of the final stage was treated with NaOCI (1.5%)
at 95 °C twice for 1 h and then filtered to separate lignin
from cellulose fraction, where the supernatant contained
lignin fraction (L) and the residue contained cellulose (CF)
after the final filtration.

Hemicellulose fraction

All the fractions including the supernatants in each stage
and the final residues were dried until constant weight. The
ratio of each component in the sample was calculated based
on Eq. (1)

Yield (%) = (wg/w;) x 100, 1
where w; presents the initial weight of the analyzed sample
and w; represents the final weight of the dried fraction.

The hemicellulose weight fraction (HC) was calculated
using Eq. (2)

[w; — (WX + PP + ASP + C + L + CF)]

w

HC (%) = x 100.

2

i

Preparation of the films

Polymeric films were prepared by a combination of solvent-
casting and compression-molding (Fig. 2). Before mixing,
two different solutions were prepared using DMF which was

Fig. 2 Digital images of casted
mixtures, dried casted films, and
compression molded films

PLA

Cast
mixtures

Dried cast
films

Compression
molded films
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chosen, since both TPE and PLA are soluble in it. The PLA
concentration was 10% w/w and the TPE concentration was
2% wlw. The films were around 3 g.

The cast films were dried at 80 °C for 24 h. After that
to remove the solvent completely, samples were kept in a
vacuum oven at 80 °C for 4 h. Since the thickness of the
cast films was not very homogeneous after drying, films
were compression molded between Teflon-coated plates at
200 °C for 15 s under 2.5 MPa. In the next step, samples
were cooled down for 6 min until reaching room temperature
under the same conditions. The sample codes of the films
can be seen in Table 1.

Characterization
Morphological characterization
Field emission scanning electron microscope (FESEM) anal-

ysis was conducted with the instrument Thermo Scientific
Apreo S that operated at 7.5 kV with a resolution between

Table 1 Sample codes and compositions

Sample code TPE (% wiw) PLA (% wiw)
PLA 0 100

TPE 100 0

PLA/TPE2 2 98
PLA/TPE4 4 96
PLA/TPE6 6 94

PLA/TPE2
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0.7 and 1.2 nm. The device was equipped with a Schottky
electron source module. The samples were coated with gold
(6-8 nm thickness) using a coating assembly (Leica EM
ACEG600). Both surface and edge images were captured.
Digital image analysis was performed using Thermo Scien-
tific AutoScript’ 4 Software—Python. The optical images
were taken by a light microscope (AmScope 40X-2500X
LED Digital Binocular Compound Microscope) and images
were processed for obtaining high-contrast mode.

Fourier transform infrared spectroscopy (FTIR)

FTIR spectrums were provided using a Perkin Elmer Spec-
trum instrument with an ATR auto-sampling unit. While
TPE was analyzed in powder form, the other samples were
in film form. The spectra were collected over the range of
4000-650 cm™". For each sample, spectral scans were pro-
vided at a spectral resolution of 0.5 cm™!. The data of the
investigated samples were plotted as wavenumber versus
transmittance (%).

Thermogravimetric analysis (TGA)

The TGA analysis was performed as the methodology
described by Cifarelli et al. [40]. The mass loss (%) in TPE
during progressive heat application between 20 and 600 °C
was measured at a thermal increment of 5 °C/min using the
TA instruments SDT-Q600 under a nitrogen atmosphere
with a flow rate of 100 mL/min. A total of 10 mg of sam-
ple was inserted in an alumina crucible onto the sampling
unit of the instrument. The change in mass was recorded,
and a curve was obtained by plotting the percentage mass
loss against temperature to indicate the degradation zone of
the extracts. Weight loss (Aw) and derivative thermograms
(DTG) were analyzed using TA instruments Universal analy-
sis software.

Differential scanning calorimetry analysis (DSC)

The DSC analysis was based on the procedure described
by Benitez et al. [29] with TA instruments Q20 model
from — 50 to 200 °C under nitrogen flow at a flow rate of
50 mL/min. The accurately weighed samples (0.3 mg) were
installed in the pans. Subsequently, a heating (1st)—cool-
ing (1st)-heating (2nd) process was conducted. The first
step involved heating from -50 °C to 200 °C, the second
step involved cooling from 200 to — 50 °C, and the final
step involved heating from — 50 to 200 °C by increments
of 10 °C/min. The graph of temperature versus change in
the heat flux was plotted for the second heating step. DSC
thermograms were analyzed by Universal Analysis Software
(TA instruments). The percentage crystallinity of PLA and
biocomposites was calculated using Eq. (3)

X.(%) = [(AH,, — AH,) /wAH, 4] % 100, 3)

where AH_ and AH_ represent the experimental melt and
cold crystallization enthalpies, respectively, and w is the
weight fraction of PLA. AH_, is the melt enthalpy for a
theoretical fully crystalline PLA structure that was assumed
to be 93 J ¢! as reported in the literature [42].

Mechanical analysis

The stress—strain behavior of the samples was determined
by a universal mechanical testing system (Devotrans, DVT
GPU/RD). The related graphs were given as engineering
stress and strain. A digital thickness meter (Asimeto) was
used for the determination of thickness. Specimens were cut
from the film in both directions (x, y) with the dimensions
of 5x 15 mm (width X length), and for each sample, four
specimens were used, average and standard deviation (SD)
values were calculated. Samples were deformed under the

test speed at 50 mm min~".

Results and discussion
The approximate composition of TPE

The analysis revealed that TPE obtained at 100 °C for
6 h contained several weight fractions including cutin
(39.26% +0.70), hemicellulose (43.13% +0.58), acid-sol-
uble pectin (4.25% +0.23), water-soluble pectin and poly-
phenols (2.84% +0.08), lignin (7.2% + 1.54), and waxes
(3.34% +0.41) based on the dry weight. To the best of our
knowledge, there is no investigation in the literature that
focuses on the composition of the TPE. The most abundant
component in TPE has been found as hemicellulose. The
reason for the high ratio of hemicellulose abundance in TPE
might be that alkali treatment favored the extraction of sev-
eral hemicelluloses such as xylan, the main hemicellulose
in hardwood. It can be dissolved in an oligomeric form and
easily gained by the alkali process [43].

Cutin was found as the second most abundant component.
Its presence in tomato pomace was reported in earlier studies
[29]. The ratio of lignin was determined in low amounts in
TPE probably because the majority of lignin was removed
during the washing step of the precipitate obtained after
acidification in the extraction process. Mussatto et al. [44]
reported that 68.5% of the lignin could be precipitated in
the black liquor at a pH of 4.3, while 15.7% of lignin was
precipitated at a pH of 6. Since the solution after washing
and centrifuging had a pH of 6.5, most of the lignin was
removed during the washing step [44].

While the low ratio of acid and water-soluble pectin was
found in TPE, no cellulose could be determined in it, since
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no residue was left after the treatment with NaOCl solu-
tion which means that all the solids left after alkali treat-
ment were dissolved in NaOCI solution yielding only lignin
fraction. Because the filtration process (with a mesh size
of 300 um) was performed on the supernatant after alkali
extraction which removed the whole cellulose and some of
the pectin moieties. To observe the effect of the filtration
process on the ratios of the components, the same filtra-
tion was performed with a mesh size of 500 p. In the TPE,
filtered by a mesh size of 500 um, cellulose, acid-soluble
and water-soluble pectin ratios were found as 11.16 +2.26%;
10.97 £0.23%; 2.32 + 0.38%, while cutin and hemicellulose
ratios were calculated as 32.79 +2.43% and 28.87 + 6.53%,
respectively. These results revealed that filtration followed
by alkali extraction significantly affected the composition
of TPE.

Morphological characterization

The digital images of PLA/TPE mixtures, cast films, and
compression molded films can be seen in Fig. 2. As it is
obvious from the images, homogeneous films were fab-
ricated of all compositions after compression-molding.
The dark brown color of TPE/DMF solution can be seen
in Fig. le. By increasing the TPE % w/w, the color of the
sample became dark brownish. The light microscope images
can be seen from the inset of mechanical test results. As
seen at higher concentrations, TPE tends to agglomerate.
Surface and edge SEM images of PLA film, TPE, and PLA/
TPE biocomposite films are depicted in Fig. 3. As seen in

Fig. 3a, neat PLA was successfully molten under given pro-
cessing conditions, and a homogeneous, uniform film with a
prominent smooth surface was obtained. On the other hand,
the TPE had a more non-uniform structure with a rougher
surface. As known, TPE exhibits a reticulate type of struc-
tural organization resulting from a branched network which
predominantly consisted of 10, 16 dihydroxy hexadecanoic
acid [45] and polyhydroxy acid was reported as the main
component of tomato cutin [29, 40, 46]. Cutin is a polyester
showing viscoelastic material behavior thanks to its sticky
structure [32]. As given in Fig. 1c, the freeze-dried TPE was
in sticky form. It is thought that cutin plays an important role
in this sticky structure, since it consists of long-chain 16
or 18-carbon polyhydroxy fatty acids linked by cross-ester
bonds, and cuticular waxes [29]. It was reported in the lit-
erature that cutin is responsible for the viscoelastic property
of plant cuticles [47, 48] and sticky mass is obtained by an
alkaline extraction of tomato peels [40].

Before SEM analysis, the sample was removed from
the container by scraping it with a metal knife. Because of
scraping out a sticky structure, small hill-like protuberances
on the surface of TPE were observed with some irregulari-
ties. The ellipsoidal cells which are evident for the presence
of tomato peel epidermis [39, 49] are visible on the SEM
image of TPE (Fig. 3b). Surface and edge images of PLA/
TPE biocomposite films can be seen in Fig. 3d—i. As it is
obvious from the images, homogeneous film formation was
obtained for all TPE concentrations. However, the PLA/
TPE biocomposites indicated rougher surfaces with sub-
stantial non-uniformity that were assumed to be caused by

Fig.3 SEM images of: a TPE surface (1kx); b TPE surface (10kx);
¢ PLA film surface; d PLA film edge; e PLA/TPE2 film surface; f
PLA/TPE2 film edge; g PLA/TPE4 film surface; h PLA/TPE4 film
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edge; i PLA/TPE6 film surface; and j PLA/TPE6 film edge (The
magnifications of ¢, d, e, f, g, h, i, and j are 5kx)
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an indented structure of neat TPE. Several researchers also
confirmed the roughness of the surface in PLA composites
reinforced with natural polymers [49]. Tedeschi et al. [50]
reported that the roughness of sodium alginate films rose
by the introduction of increasing content of tomato pom-
ace monomers into sodium alginate. Several micro features,
agglomerations, and low-volume cavities are visible on the
edge images of PLA/TPE4 and PLA/TPEG6 biocomposites
(Fig. 3h and j) whereas PLA/TPE2 biocomposite appeared to
have almost no features compared to the other biocomposites
which were probably associated with increasing weight ratio
of the TPE from 2 to 4 and 6% w/w. As the ratio of TPE
increased in the composites, the number of polar hydroxyl
groups present in cutin, hemicellulose and lignin also rose.
Due to the increasing number of the polar hydroxyl groups,
agglomeration occurred in TPE4 and TPE6. The polar
hydroxyl groups had a high free surface energy and hence
led to a greater attraction of molecules between each other
which consequently gave rise to poor dispersibility and poor
stability of the interfacial layer in these composites [51].
This can also be seen from optical light microscope images

given in the inset of stress—strain graphs. At higher TPE
concentrations, the density of black spots (TPE) increased
noticeably. As a result, the composites became more prone
to stress concentration and showed poorer mechanical prop-
erties. Similar outcomes were also reported for agro-extract
filled PLA composites. As reported by [52, 53], increase in
the extract amount led to rougher surface and formation of
micropores throughout the composite thickness.

FTIR analysis

The results of the FTIR analysis are shown in Fig. 4a and
b. The band assignments, specific to the neat PLA, were in
accordance with the findings reported in earlier studies. The
bands assigned in our study were as the following, as shown
in Fig. 4a: Asymmetric and symmetric C—H stretching of
methyl groups between 3000 and 2800 cm™! [54-56]; C=0
stretching at 1745 cm™! [57, 58]; CH; bending at 1452 cm™!
[57] C-H-bending vibration of CH; at 1382 em™! [55, 59]
and C-O stretching at 1267 cm™! [59] C-O-C stretching
at 1180 cm™' [55, 58], ~OH bending at 1041 cm™" [58],

Fig.4 a Stacked FTIR spectra T T v T v T v T v T v T
of TPE, PLA, and PLA/TPE — (a)
biocomposites between 4000 TPE
and 500 cm™!, b between 3750 B V 7
and 2750 cm™!, and ¢ 1750 and
1500 cm™! ~——
.PL A V W\w“f\v
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C—C stretching in amorphous phase at 865 cm™~! [58], C—C
stretching in crystalline phase at 751 cm™! [58], C=0 out-
of-plane bending at 696 cm™! [60]. The FTIR spectrum of
the neat TPE is presented in Fig. 4a. TPE exhibited several
bands like PLA and several different bands from PLA. The
band assigned in the range of 3600-3000 cm™! was —~OH
stretching, and the bands at 2922 and 2852 cm~! were asso-
ciated with saturated aliphatic chains with asymmetric and
symmetric CH, stretching, respectively [58—60]. The char-
acteristic bands for TPE were assigned as the bands ascribed
to C =0 stretching of carboxylic acid at 1706 cm™'; C=C
stretching of phenolic acids at 1633 cm™'; C—C stretching
of phenolic compounds at 1607 and 1516 cm™'; CH, bend-
ing at 1463 cm™!; O—H bending at 1411 cm™'; the carbonyl
stretch of carboxylic acid to ester v, (C—O-C) band at 1167
and 1105 cm™!; out-of-plane bending of C—H and C—C in
phenolic compounds at 835 cm™!; CH, bending at 723 cm™,
respectively. In addition, several bands with respect to some
cell wall polysaccharides were also detected in the FTIR
spectrum of TPE. The band associated with xyloglucan, a
common hemicellulose, was ascribed to C1-H § anomeric
link bending at 897 cm™'. The band with respect to pectin
was assigned to C—O stretching at 1246 cm™'. These band
assignments are in agreement with the results reported by
Szymanska-Chargot et al. [61], and Toscano et al. [62]. In
addition, the FTIR spectrum of TPE is very similar to the
spectrum of tomato peels reported by Mallampati et al. [63].
The characteristic absorptions for tomato peels after extrac-
tion were also assigned in the spectra of tomato peels as it
was found in the study of these researchers.

Several bands associated with lignin (stretching of aro-
matic ring) and pectin (antisymmetric stretching of C=0
carboxylate) might be overlapped with the C—C stretching
of phenolic compounds; C=C stretching of phenolic acids
at 1516 and 1633 cm™!, respectively. The assignments for
the overlapping bands with respect to lignin and pectin were
reported by Toscano et al. [62]. It should be pointed out that
the signals for the bands of all cell wall polysaccharides were
much weaker compared to those assigned for cutin and phe-
nolic compounds in the FTIR spectrum of TPE. This may
be because the filtration of the DMF extract of tomato peels
just before the introduction into PLA during solvent-casting
provided the removal of a significant amount of cell wall
polysaccharides from the TPE.

As shown in Fig. 4c, mainly the bands associated with
phenolic compounds (1633, 1607, 1516, 835, and 723 cm™h)
in TPE were not detected in the spectrum of neat PLA.
These findings were also parallel with the results of pre-
vious studies [29, 40, 46]. It was shown that the presence
of several unsaturated, saturated fatty acids (oleic acid,
linoleic acid, palmitic acid, and stearic acid), and phenolic
compounds such as p-coumaric acid were presented in TPE
[64]. In addition, based on our ongoing project results, it was
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determined that unsaturated, and saturated fatty acids, and
several phenolic acids, such as p-coumaric acid, ferulic acid,
4-hydroxy benzoic acid, and caffeic acid, were found in TPE
and that confirms the extraction process was successful [65].

The FTIR spectra between 3750 and 2750 cm™" and 1750
and 1500 cm™! are given in Fig. 4b and c, respectively. It
was found that no significant changes occurred with respect
to the chemical bonding of the neat PLA (Fig. 4b). This
is an evidence of the occurring physical alterations (color,
morphological structure) rather than chemical changes in
the structure of the biocomposites compared to neat PLA
films. However, it was found that the absorbance of sev-
eral bands at 1411, 1516, 1633, 2852, 2922, and 3360 cm™!
associated with phenolic compounds and saturated aliphatic
chains of TPE increased with the ascending weight ratios of
TPE except for PLA/TPE2 which showed almost no change
compared to the intensity of neat PLA. The intensities of
these bands in all biocomposites indicated a high positive
correlation (R2=0.725; 0.768; 0.833; 0.805; 0.812; and
0.841; p<0.01, respectively) with the weight ratios of TPE
in the biocomposites. The band intensity increased linearly
as the weight ratio of TPE increased from 2 to 6% in the
biocomposites.

TGA analysis

Thermal degradation behavior of the samples between 20
and 600 °C is illustrated in TGA and DTG graphs in Fig. 5a
and b, and the decomposition temperatures of the samples at
T4109%> Tys0%, and Typ,y are given in Table 2. TPE indicated
three different major decomposition peaks at 198, 404, and
445 °C in the DTG graph. The peaks at 198 and 404 °C are
the evidence for the presence of trihydroxy hexadecanoic
acid and monohydroxy hexadecanoic acids, respectively
[66]. The third peak that arose at 445 °C was reported as
estolides which were formed because of the degradation of
long-chain fatty acids and their oligomers [40]. However,
these peaks were not observed in the DTG graphs of the
biocomposites, since the weight ratios of TPE in the bio-
composites were considerably low, and only a slight increase
was observed for PLA/TPES6 as given inset image of Fig. 5b.
The thermal degradation of PLA took place in one-step
as previously reported [67]. PLA film started to degrade
around 250 °C and showed T, value at 341 °C. PLA/TPE
biocomposites revealed a thermally stable behavior up to
220-250 °C with negligible weight losses that might occur
due to the volatile compounds present in PLA and TPE [40].
However, when the thermal treatment proceeded to higher
temperatures, all the biocomposites revealed a lower thermal
stability compared to that of a neat PLA. The incorpora-
tion of TPE into PLA led to a drop in the thermal stability
of the samples and T4;o4, T4s504> and Ty, decomposition
temperature values declined. The T, of the biocomposites
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Fig.5 a TGA and b DTG curves of PLA, TPE, and PLA/TPE bio-
composites (inset: DTG curves of TPE and PLA/TPE6 between 300
and 550 °C)

Table2 Thermal degradation behavior of PLA, TPE, and PLA/TPE
biocomposites

Sample code  Tyi9q (°C)  Tyspq (°C)  Tymax (°C)  Weight loss at
Tinax degradation
(%)

PLA 301.50 332.55 341.26 72.19

TPE 273.84 414.50 445.00 68.10

PLA/TPE2  282.20 324.20 336.15 69.67

PLA/TPE4  296.37 329.19 336.03 64.29

PLA/TPE6  256.30 285.61 289.32 59.30

shifted slightly to lower values with the addition of 2% and
4% of TPE from 341 °C to 336 °C for both biocomposite
films. When the content of TPE was further increased to 6%,
T ymax decreased drastically to 289 °C. That was assumed to
be caused by the behavior of TPE between 200 and 250 °C.
Although no significant difference was found between PLA/
TPE2 and PLA/TPE4, PLA/TPEG6 showed the lowest thermal

stability because of higher TPE content. Similar results were
also obtained in the study of Manrich et al. [39] to produce
edible films by adding tomato peel-extracted cutin to pectin.

DSC analysis

The thermal behavior of PLA, TPE, and PLA/TPE bio-
composites as a function of temperature is presented in
Fig. 6. The thermal parameters, including glass transition
temperature (Tg), cold crystallization temperature (T,),
crystallization enthalpy (AH,), melting temperature (T,,),
melting enthalpy (AH,,), crystallinity (X,), and normalized
crystallinity (Xg,mpie/Xppa) values of the samples, were
determined from the extracted data in Fig. 6 and given in
Table 3. Since all samples showed flat plateau-type heat flow
during cooling, no crystallization was observed, and no data
were obtained in this step. Since 1% DSC run was carried
out for creating similar thermal history to all samples, the
discussion was given based on 2" DSC run. T, and T, were
obtained from the peak value of crystallization exotherm and
melting endotherm, respectively. The degree of crystallinity
was calculated from the following formula: [(AH,, AH.)/
AH, ol/w where AH,, AH ., AH,, and w are cold crystal-
lization enthalpy of the sample, melting enthalpy of the sam-
ple, melting enthalpy for completely crystalline PLA, and
weight fraction of PLA in the biocomposite, respectively.
AH,_, of PLA was 93 J/g based on previous studies [42].
PLA is a semi-crystalline polymer and as it is obvious
from Fig. 6; Tg, crystallization exotherm, melting endo-
therm peaks were observed and neat PLA exhibited a glass
transition temperature (7,) of 62.2 °C. The crystallization
occurred during heating between 113 and 141 °C and the 7
was measured as 127.7 °C from the maximum value of crys-
tallization exotherm peak. The melting occurred between

M 1 M 1
—TPE

al ——PLA .
——PLATPE2

- ——PLATPE4

3L ——PLATPES ]
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Fig.6 The DSC thermograms of PLA, TPE, and PLA/TPE biocom-
posites
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Table 3 Thermal parameters

of PLA, TPE, and PLA/TPE Sample code Tg °C) T, (°C) AH,(J/g) T, (°C) AH,, (J/g) X, (%) §Xc p
biocomposites from DSC data Sample™PLA
(2nd run) TPE —48 _ _ _ _ — -
PLA 62.2 127.7 53.1 154.4 80.8 29.8 -
PLA/TPE2 61.0 127.6 21.0 151.9 30.3 10.2 0.34
PLA/TPE4 59.4 117.8 7.7 1*=148.5 1*=10.9 48" 0.16
2*=156.0 2*¥=1.1
PLA/TPE6 57.4 116.4 22.8 1¥*=144.5 1*=16.0 0.54" 0.02
2*=152.7 2*%=17.3

*Since PLA/TPE4 and PLA/TPE6 biocomposites had two melting points, they were identified as 1
and 2 and the crystallinity of these biocomposites was calculated based on a total enthalpy change

(AH\y=AHy, + AHyp)

otal

149 and 159 °C and a single T,, was measured as 154.4 °C
from the peak of melting endotherm which is parallel with
the previously reported outcomes [68—70]. X value for PLA
was calculated as 29.8%. The T, of TPE was determined
at — 4.8 °C and neither crystallization exotherm nor melt-
ing endotherm was observed. PLA/TPE biocomposites also
showed a similar trend in terms of heat flow with some dif-
ferences compared to neat PLA. For all biocomposites, T,
crystallization exotherm, and melting endotherm peaks were
observed. The glass transition of PLA decreased with the
increasing content of TPE in the biocomposites. T, values
of PLA/TPE2, PLA/TPE4, and PLA/TPE6 were determined
as 61.0, 59.4, and 57.4 °C, respectively. As it is obvious
from these results the higher the concentration of TPE in
the biocomposite, the lower the glass transition temperature
of the biocomposites. That was assumed to be caused by an
increase in the segmental motion of PLA macromolecules
because of TPE. As previously given, TPE showed relatively
lower T, compared to PLA and biocomposites showed T,
between PLA and TPE. Similar findings were also reported
by Heredia-Guerrero et al. [71]. T /the interval of crystal-
lization during heating was determined as 127.6/113-140,
117.8/110-126, and 116.4/108-124 °C for PLA/TPE2, PLA/
TPE4, and PLA/TPES6, respectively. T, /interval of melt-
ing during heating was determined as 151.9/146-158 °C
for PLA/TPE2. For PLA/TPE4, two melting temperatures
were observed as T, and T, at 148.5 and 156 °C, respec-
tively, between 145 and 160 °C. Similar behavior was also
observed for PLA/TPE6, and T, and T, were determined at
144.5 and 152.7 °C in the range between 141 and 155 °C,
respectively. As can be seen, T, and T,, of PLA/TPE2 have
shifted to lower values compared to neat PLA. Unlike neat
PLA and PLA/TPE2, two melting points (A/B and C/D °C)
were observed for PLA/TPE4 and PLA/TPE6 biocompos-
ites, respectively. As a result, the incorporation of TPE >2%
w/w into PLA caused an imperfect crystallinity in the bio-
composites associated with the decrease in T,,. Likewise,
the decline in 7, a decrease in T}, and T, was assumed to
be caused by higher chain mobility and free volume [69].

gslppl @ Springer

X, values of PLA, PLA/TPE2, PLA/TPE4, and PLA/TPE6
were calculated as 10.2; 4.8 and 0.54, respectively. As it
is obvious from the results, the degree of crystallinity was
found lower with higher TPE content.

Mechanical analysis

Stress—strain curves of PLA and PLA/TPE biocompos-
ite films can be seen from Fig. 7a and b. Average tensile
strength and tensile strain with SD values are summarized
in Table 4 and Fig. 7b. PLA showed a typical stress—strain
curve with 56.04 MPa tensile strength and 7.11% tensile
strain. TPE concentration was found to be significant in
terms of mechanical properties. Tensile strength/strain (%)
values of PLA/TPE2, PLA/TPE4, and PLA/TPE6 were cal-
culated as 57.15/9.85, 41.47/7.28, and 38.14/3.98, respec-
tively. At 2% w/w TPE concentration, both tensile strain and
tensile strength increased, and on the other hand, at 4 and 6%
w/w, both properties dropped.

As known, PLA is a rigid polymer, and an increase in
chain mobility and/or decrease in 7, can increase strain-
and stress-at-break. In our case, 2% w/w TPE was found
enough to increase the flexibility and resistance-to-break.
However, at 4 and 6% w/w, TPE probably lowered the inter-
action between PLA chains, and samples have become more
sensitive to applied stress. These outcomes can also be sup-
ported by SEM images and inset high-contrast light micro-
scope images of the samples. As obvious from the images
(Figs. 3e—j, Fig. 7b inset), by increasing the TPE ratio, a
higher number of microfeatures and agglomerations were
observed for PLA/TPE4 and PLA/TPE6. These microfea-
tures and agglomerations led to the formation of cavities as
shown in edge images (Figs. 3h and j). Because of micro-
cavity and agglomeration, the force bearing capacity of the
biocomposites decreased which resulted in lower tensile
strength and strain.

In literature, there are many studies on incorporation
of low levels of agro-industrial waste extracts into PLA
which reveal similar results with respect to morphological,
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Table 4 Mechanical properties of PLA, TPE, and PLA/TPE biocom-
posites

Sample code Tensile strength  SD Tensile strain SD

(MPa) (%)
PLA 56.04 2.07 7.11 1.31
PLA/TPE2 57.15 3.28 9.85 0.81
PLA/TPE4 41.47 4.82 7.28 1.62
PLA/TPE6 38.14 9.62 3.98 0.64

thermal, chemical, and mechanical properties of PLA.
Since agro-extracts are low-molecular-weight materials,
they can easily deteriorate the mechanical properties at
very high concentrations. In a study, the addition of car-
rot pomace extract by 1% has led to an increase in tensile
strength of PLA from 26.39 to 28.66 MPa, but further
increase in the concentration to 4% led to lower tensile
strength to 23.45 MPa [52]. In another study, addition of
pomegranate peel extract (PEE) by 0.5-2% (by weight)
together with zinc oxide nanoparticles at 3% (by weight)

into PLA, the addition of 0.5% (by weight) PEE has led to
a slight increase in tensile strength of neat PLA from 62.5
to 65 MPa. Higher concentrations have led to the reduction
of tensile strength to 52.5 MPa. When low concentration
of PEE (0.5% by weight) was incorporated, the surface
morphology and cross-section changes of the composite
films were thin and small, and the PEE particles on the
surface of the composite were uniformly dispersed in the
PLA/ZnO NPs matrix. With the increase of PEE content
(1.5% by weight), the surface became rougher, and the
micropores in the cross-section images became visible. In
FTIR spectrum of all the composites, no significant new
peaks were observed, indicating that PEE and ZnO NPs
had a physical interaction only with the PLA rather than
any chemical bonds, implying the successful preparation
of the PLA-based composite film [53].

Conclusion

PLA biocomposites using different contents of TPE have
been successfully prepared for the first time in the litera-
ture. SEM analysis revealed better morphological proper-
ties at 2% w/w of TPE content compared to other con-
centrations. FTIR analysis exhibited that the chemical
properties of neat PLA remained unchanged by the incor-
poration of TPE. The presence of phenolic compounds and
fatty acid esters in the biocomposites was verified by the
results of FTIR analysis. The thermal stability of the films
decreased with the increasing content of TPE. Neverthe-
less, films were thermally stable under processing condi-
tions. TPE led to a decrease in T, and crystallization tem-
perature for biocomposites. Mechanical characterization
revealed that optimum improvement in mechanical proper-
ties was obtained at 2% w/w of TPE content. The ultimate
objective of this study was achieved by the improvement
of flexibility and strength of biocomposites. This work is
of significance not only for being the first attempt to pre-
pare PLA/TPE composites but also for providing a quick
route for the fabrication of sustainable biocomposites and
investigating their properties. The future work will focus
on the design and industrial fabrication of sustainable food
packages from PLA/TPE films and the evaluation of their
antioxidant, antimicrobial performance, and biodegrada-
bility in addition to morphological, mechanical, and struc-
tural properties.
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