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Abstract. The present work reports on the development of environmentally friendly, completely biodegradable wood plastic
composites based on polylactide (PLA) and tangerine peel flour (TPF), plasticized by o-terpinyl acetate (TA). The TPF varied
in the 10-30 wt% while the PLA to TA (wt%/wt%) was set to 4 (i.e., 25 wt% TA plasticizer was added with regard to the PLA
wt%). The developed composites were processed by extrusion and injection molding. The composites presented excellent elon-
gation at break, achieving values of 300% for the PLA+TA sample. Elongation at break values of 200% for the PLA composite
with 10 wt% TPF and plasticized with TA were obtained. Those results were confirmed by the appearance of filament-like
structures observed in field emission scanning electron microscopy images. Differential scanning calorimetry and dynamic me-
chanical thermal analysis revealed a remarkable decrease in the glass transition temperature of PLA as a result of the plasticizing
effect of TA. Glass transition was reduced from 63 °C down to 41 °C approximately. This implied an increase in the ductility of
the material. The samples with TPF exhibited a dark brown color, making them perfect for wood plastic composite applications.
Water contact angle results show that TA and TPF change the wetting properties of the obtained composites. A general decrease
in the water contact angle was observed with the addition of TPF and TA. Finally, disintegration tests proved that the developed
composites are fully biodegradable. All the samples except for neat PLA achieved 100% disintegration in controlled compost
soil conditions after 5 weeks, while neat PLA reached complete disintegration in 6 weeks.
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1. Introduction which arise as an alternative to wood-based products
In the last decades, the environmental issues pro-  [1]. These kinds of materials are based on a thermo-
voked by the extended use of petrochemical poly- plastic polymer matrix, such as polypropylene (PP),
mers, such as an increase in the carbon footprintand  polylactide (PLA), or polyethylene (PE), among oth-
a great amount of generated waste, have risen social ers, and fillers obtained from the food and agro-
and scientific awareness related to the use of these  forestry industry. At first, the most popular fillers
polymers. Therefore, more environmentally friendly ~ were sawdust and wood fibers [2]. However, other
polymers and materials have attracted great attention  alternative fillers have been proposed in the last
in this field. One of the most popular examples is the  years, such as lignocellulosic fillers from the food
development of wood plastic composites (WPC), industry, including fruit peels, seeds, and other wastes
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[3, 4]. These fillers allow reducing the cost of the
material, as they are obtained from wastes and are
far cheaper than the neat polymer itself. Depending
on the fruit, the amount of by-products ranges from
10 to 60 wt%, so using those by-products as fillers
in polymer technology helps to upgrade them and
even provide polymers with additional properties,
such as enhanced mechanical resistance, biodegrad-
ability, antioxidant activity, antimicrobial properties,
or even different colors [5, 6].

Polylactide is a biobased biodegradable linear
aliphatic polyester. Lactic acid is its main monomer,
which is obtained from the fermentation of starch-
rich sources (rice, sugarcane, potato, corn, and so on)
[7]. This thermoplastic polymer is considered one of
the most promising materials in the bioplastics mar-
ket, with an annual production of 140000 tons [8].
Its most attractive properties are its biodegradability
and its renewable origin. However, composites based
on this polymer matrix present some limitations in
terms of ductility, as PLA itself is a brittle polymer,
and this brittleness is more pronounced in PLA-lig-
nocellulosic fillers, characterized by a low impact
strength and toughness [9]. Despite there are several
technical solutions to this drawback, a widely and
cost-effective technical solution is the use of plasti-
cizers that increase its ductility. Another methodol-
ogy is blending PLA with other flexible polymers
[10, 11]. The use of biobased plasticizers is becom-
ing especially important and interesting these days,
as they are very cost effective and efficient and help
to preserve the environmentally friendly nature of
PLA. These plasticizers mainly help to increase the
chain mobility of the polymer matrix by increasing
the free volume in PLA. Low molecular weight nat-
ural plasticizers such as cardanol are preferred due
to their high plasticizing effectiveness [12, 13]. Plas-
ticizers are preferred instead of copolymer synthesis
due to their ability to reduce the glass transition tem-
perature of PLA, increasing its toughness and overall
ductile properties [14, 15].

Tangerine (Citrus reticulata) is one of the most by-
product-generating crops, being its peel the main
waste produced in the tangerine industry. This waste
possesses great amounts of cellulose, lignin, and
hemicellulose, which are essential components for
defining a lignocellulosic filler, similar to wood
flour fillers [16, 17]. Tangerine peel has a composi-
tion of around 4 wt% essential oils [18, 19], which
possess several interesting chemical compounds.
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These compounds include terpenes and terpenoids,
such as D-limonene, B-myrcene, o-pinene, y-ter-
pinene, and linalool [20]. These compounds gener-
ally present great antioxidant, antimicrobial and an-
tifungal activities, and have proved to provide some
plasticization to PLA.

Some research works have studied the possibility of
combining citric waste fillers, such as orange peel
flour, into thermoplastic polymers, such as poly(vinyl
alcohol) (PVA) [21] or low-density polyethylene
(LDPE) [22]. Nonetheless, hardly any study has been
carried out related to the use of tangerine peel flour
as a filler for thermoplastic composites, especially
polylactide. Hejna et al. [20] developed wood plastic
composites based on high-density polyethylene
(HDPE) with tangerine peel flour, which gave the
polymer enhanced thermal stability, mechanical
strength, and flowability.

In this study, tangerine peel flour (TPF) is used as a
lignocellulosic filler for developing environmentally
friendly wood plastic composites based on polylac-
tide. Considering that tangerine peel has not been ex-
tendedly studied in the field of composites, several
amounts of tangerine peel flour, ranging from 10 to
30 wt% (with regard to PLA) have been used in the
study. Additionally, a-terpinyl acetate (TA), which is
a natural plasticizer originating from citric acid, is uti-
lized in order to reduce the brittleness of PLA and its
composites with TPF. TA and tangerine peel are ex-
pected to have a certain synergy, as TA is derived from
citric fruits and is a monoterpenoid [23]. This fact
makes TA possess a great affinity for TPF, as it has
terpenes and terpenoids in its composition, as stated
before. Therefore, plasticized and unplasticized wood
plastic composites have been produced, and their
properties have been evaluated according to theoreti-
cal solubility parameters, tensile tests, and fracture
surface morphology observation by field emission
scanning electron microscopy (FESEM). The main
thermal properties of the developed PLA composites
were obtained by differential scanning calorimetry
(DSC), thermogravimetric analysis (TGA), and dy-
namic-mechanic-thermal analysis (DMTA). More-
over, the surface appearance and wettability were
measured by colorimetry and water drop goniometry.

2. Materials and methods

2.1. Materials

Bio-based PLA Purapol L130 grade was supplied by
Corbion Purac (The Netherlands, Amsterdam), with
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a density of 1.24 g/cm?, a melt flow index of
16 g/10 min (at 210°C/2.16 kg), and a melting tem-
perature of 175 °C.

Tangerines from the Clemenvilla variety were pur-
chased from the local market in Alcoy, Spain. a-ter-
pinyl acetate (TA) (Product Code: 1003313906) was
supplied by Sigma Aldrich. Tangerines were peeled,
and the peels were first dried at 45°C for 48 hin a
dehumidifying stove (MCP Vacuum Casting System,
Lubeck, Germany) to remove residual moisture.
Then, the peels were milled in a ZM 200 centrifugal
mill from Retsch (Diisseldorf, Germany) at a speed
of 8000 rpm and finally sieved with a 300 pm mesh
filter. Thus, tangerine peel flour was obtained (TPF).
Figure 1 illustrates the field emission scanning elec-
tron microscopy (FESEM) image of TPF, as well as
the distribution of the particle size. The average di-
ameter of the particles was 25 um, approximately,
as obtained from FESEM study.

2.2. Processing of PLA/TPF composites

PLA and TPF were initially dried at 40 °C for 48 h in
a dehumidifying dryer MDEO to remove any residual
moisture prior to processing. Thereafter, the corre-
sponding proportions of each component, including
the a-terpinyl acetate plasticizer, were mixed and ho-
mogenized. Table 1 shows the composition of each
developed formulation, the plasticizer content was
kept constant with regard to PLA wt%. In particular,
the wt% PLA to wt% plasticizer ratio was 4 for all
compositions (i.e. 25 wt% plasticizer was added with
regard to the wt% PLA). The formulations were com-
pounded by an extrusion process in a twin-screw ex-
truder from Construcciones Mecanicas Dupra, S.L.
(Alicante, Spain). This extruder has a 25 mm diameter
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Table 1. Compositions of the developed formulations of
PLA/TPF with TA plasticizer.

Code PLA TPF TA
[Wt%] [Wt%] [phr]
PLA 100 0 0
PLA+10TPF 90 10 0
PLA+10TPF+22.5TA 90 10 22.5
PLA+20TPF+20TA 80 20 20
PLA+30TPF+17.5TA 70 30 17.5
PLA+20TA 80 0 20"

“This composition means 20 wt% instead of 20 phr.

with a length-to-diameter ratio (L/D) of 24. The ex-
trusion process was carried out at a rate of 22 rpm,
with a temperature profile from the hopper to the die
of 170-175-180-185 °C. The compounded materials
were pelletized using an air-knife unit. In all cases,
residence time was approximately 1 min.

Pellets were shaped into standard samples using a Me-
teor 270/75 injection molding machine from Mateu
& Solé (Barcelona, Spain). The temperature profile in
the injection molding unit was 175 °C (hopper), 180,
185, and 190 °C (injection nozzle). This injection unit
was operated with a clamping force of 75 tons. Other
processing parameters, such as the filling and cooling
times were set to 1 and 10 s, respectively. Standard
samples for mechanical and thermal characterization
with an average thickness of 4 mm were obtained.

2.3. Characterization of PLA/TPF composites
2.3.1. Theoretical analysis of the PLA/plasticizer
interaction

In the process of plasticization, the solubility of the
selected plasticizer in the chosen polymer plays a very
important role. In this work, the group-contribution
method developed by van Krevelen and Hoftyzer was
10
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Figure 1. Tangerine peel flour morphology (TPF) a) FESEM image at 250x magnification of TPF, b) histogram of the particle

size of TPF.
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used to calculate the solubility parameter (3). Its main
contributions were also calculated, which are related
to the dispersion forces (84), polar forces (3p), and hy-
drogen bonding (dy,) (see Equation (1)):
§=8;+8.+8; (1)
As proposed by van Krevelen and Hoftyzer, the three

solubility components can be estimated from group
contributions as indicated by Equations (2) to (4):

F.
8= —ZV . @
JEF
5 - V27 o
E,.
3, = V ZV = “4)

The F-method, based on the molar attraction con-
stants, is quite accurate for predicting the dispersive
and polar contributions (34, and 8, respectively) as
indicated in Equations (2) and (3), respectively. How-
ever, the F-method cannot be applied to the hydrogen
bonding component (3y). Hansen concluded that the
hydrogen bonding energy (£y;) per structural group
could be considered almost constant. Considering the
structure and the group contribution proposed by van
Krevelen and Hoftyzer [24], the solubility compo-
nents are gathered in Table 2. Additionally, Table 2
includes the R, parameter, which is indicative of the
distance existing between the solubility coordinates
of the plasticizer in relation to neat PLA. R, has been
calculated according to Equation (5), where the con-
stant 4 in the first term was obtained from plots of
experimental data to define spherical solubility re-
gions rather than spheroidal regions. If R, (the dis-
tance) equals zero, it means that both plasticizer and
polymer are thermodynamically similar, which leads
to great affinity and good solubility. As expected, the
greater the distance, the lower the solubility. When a
certain distance threshold is surpassed, the solubility
becomes negligible. This distance is related to the
polymer radius (or sphere radius), Ry, which defines
a spherical solubility region of a polymer. The center
of the sphere is defined by the three solubility param-
eters 94, Op, and Jdp:

Table 2. Theoretical approach for the solubility of polylac-
tide (PLA) formulations with o-terpinyl acetate.

TQI a0 & & & =
5 T e 2 | s=lQ
£ SE | SE £E <% |WE| 8
= = 2| 2| 22| =2

PLA 1533] 8.44 10.98 | 20.66

a-terpinyl

acetate (TA) 1534| 2.38 583 | 16.58 | 6.57 | 0.61

The relative energy difference (RED) is also calcu-
lated, and it is defined as the relation between R, and
the solubility sphere radius of neat PLA, Ry, which
is 10.7 MPa!’? (Equation (6)) [25]. The closer the
RED value is to zero, the better the miscibility be-
tween PLA and the chosen plasticizer. When the
RED parameter is close to 1, it means the plasticizer
and the polymer are at the threshold of good affinity,
whereas RED values greater than 1 indicate a poor
affinity between them. Briister et al. [26] reported
RED values of 0.93 and 0.99 for limonene and
myrcene in PLA-plasticized formulations. Despite
the RED values being close to 1, they observed that
limonene, with a lower RED value, gave PLA more
efficient plasticization than myrcene, which RED
value was very close to the solubility borderline:

_Ra
RED =gt

(6)
As it is denoted by the values in Table 2, a-terpinyl
acetate possesses a great affinity for PLA, as its RED
value is far below 1, thus proving their potential mis-
cibility. This theoretical result will be verified by the
results obtained in the experimental section.

2.3.2. Mechanical characterization

The tensile properties of the PLA/TPF composites
were evaluated using a universal testing machine
ELIB 50 from S.A.E. Ibertest (Madrid, Spain). The
test was conducted following the instructions of ISO
527-1:2012. A 5 kN load cell was used while the
cross-head speed was set to 5 mm/min. Tensile test
specimens of dimensions 150x10x4 mm. The
Shore D hardness was measured in a 676-D durom-
eter from J. Bot Instruments (Barcelona, Spain) on
80x10%4 mm rectangular samples according to ISO
868:2003. The impact strength was studied on
80x%10x4 mm rectangular samples in a Charpy pen-
dulum (1-J) from Metrotec S.A. (San Sebastian,

2 2

Ra = \/4 <6dplast o 8dPLA) + (Spplast o 6PPLA) + <6hplast - 8

2
hPLA)

)
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Spain) on notched samples (V-notch type with a ra-
dius of 0.25 mm), following ISO 179-1:2010. A min-
imum of 5 samples were tested for each material.

2.3.3. Field emission scanning electron
microscopy (FESEM)

The surface morphology of the cross-section of frac-
tured impact test samples was evaluated by field
emission scanning electron microscopy (FESEM)
using a ZEISS ULTRA 55 microscope from Oxford
Instruments (Abingdon, United Kingdom). The sam-
ples were sputtered with a gold-palladium alloy in
an EMITECH sputter coating SC7620 model from
Quorum Technologies, Ltd. (East Sussex, UK). The
microscope was operated with an acceleration volt-
age of 1.5 kV.

2.3.4. Thermal characterization

The main thermal properties of the PLA/TPF com-
posites were obtained by means of differential scan-
ning calorimetry (DSC) in a DSC 821 from Mettler-
Toledo Inc. (Schwerzenbach, Switzerland). Samples
weighed about 5-8 mg, and they were placed in
40 pl aluminum crucibles. Three thermal steps were
applied to the samples: first, a heating cycle from 30
to 200 °C, then a cooling cycle down to 0 °C, and, fi-
nally, a second heating stage from 0 up to 250°C.
The heating/cooling rate was 10 °C/min, and the tests
were carried out in a nitrogen atmosphere with a
flow rate of 66 ml/min. The glass transition temper-
ature (7), the cold crystallization temperature (7¢)
and enthalpy (AH,.), and the melting temperature
(Tw) and enthalpy (AH,,) were obtained from the
second heating stage. Additionally, crystallinity (.
[%]) was calculated according to Equation (7):

|AH,, |- |AH,|
|AHS |- (1= w)
where AH) is a theoretical value that represents the
estimated melt enthalpy of a 100% crystalline PLA

polymer, i.e. 93.7 J/g, where 1 — w is the PLA weight
fraction.

¥ [%]= 100 (7)

2.3.5. Dynamical mechanical thermal
characterization

Dynamical mechanical thermal analysis (DMTA)

was carried out in a DMA1 dynamic analyzer from

Mettler-Toledo (Schwerzenbach, Switzerland), work-

ing in single cantilever flexural conditions. Rectan-

gular samples with dimensions 20x6x2.7 mm were
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subjected to a dynamic temperature sweep from —150
to 100 °C at a constant heating rate of 2 °C/min. The
selected frequency was 1 Hz, and the amplitude of
the cantilever flexural deformation was set to 10 um.

2.3.6. Visual appearance characterization

The visual appearance of the PLA/TPF composites
was assessed by colorimetric analysis using a col-
orimeter model KONICA CM-3600d Colorflex-
DIFF2 from Hunter Associates Laboratory (Reston,
Virginia, USA). Prior to measurements, the instru-
ment was calibrated using a standard white tile and
a light trap. CieLab color coordinates were measured
and recorded. Measurements were taken in triplicate
and averaged.

2.3.7. Water contact angle measurements

The distilled water contact angle in PLA/TPF com-
posites was evaluated in order to assess their hy-
drophilicity. An Easy drop FM140 goniometer sup-
plied by Kriiss equipments (Hamburg, Germany)
was used. Distilled water drops were deposited at
random on the surface of impact test samples. At least
10 measurements were taken for each material.

2.3.8. Fourier transformed infrared
spectroscopy (FTIR)

The chemical interactions present in the PLA/TPF
composites were studied through the use of attenuat-
ed total reflection-Fourier transformed infrared spec-
troscopy (ATR-FTIR). Three spectra of each mate-
rial were recorded by using a Bruker S.A Vector 22
(Madrid, Spain) coupled to a PIKE MIRacle™ sin-
gle reflection diamond ATR accessory (Madison,
Wisconsin, USA). 20 scans were taken and averaged
for each measurement, between 4000 and 500 cm™!,
with a resolution of 2 cm™.

2.3.9. Biodegradability

The biodegradability of PLA/TPF composites was
evaluated in compost soil conditions at a temperature
of 58°C and a relative humidity of 55% according
to ISO 20200. 25%25x1 mm samples were placed in
a textile mesh. Then they were buried in a solid syn-
thetic wet soil prepared with 40 wt% sawdust,
30 wt% rabbit feed, 10 wt% corn starch, 10 wt%
compost, 5 wt% sugar, 4 wt% of corn oil, and 1 wt%
of urea. Samples were periodically extracted from the
compost and cleaned with distilled water, then they
were dried and weighted with an analytical balance
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model AG245 provided by Mettler-Toledo (Schw-

erzenbach, Switzerland) with an accuracy of 0.001 g.

The percentage of weight loss was calculated using

Equation (8):

Wo — Wy
Wo

Weight loss = -100% ®)
where wy is the initial dry weight of the sample and
wy is the weight of the sample after ¢ burial time. All
assays were carried out in triplicate to ensure more

accuracy and reliability.

3. Results

3.1. Mechanical properties

Table 3 gathers the main mechanical parameters for
PLA/TPF composites regarding the tensile test, the
Shore D hardness test, and the Charpy impact test.
As it can be seen, neat PLA shows an elastic modu-
lus of 3761 MPa, a tensile strength of 56 MPa, and
a very low elongation at break of 5.6%. These are
typical values of a strong and brittle polymer. Very
similar results were reported by Lascano et al. [27].
The incorporation of 10 wt% of TPF provokes a de-
crease in all tensile parameters, especially reducing
the elongation at break of the composite(from 5.6
down to 3.3%). It is possible that TPF is provoking
a stress concentration effect as a result of the forma-
tion of aggregates that act as stress concentrators [7].
Interestingly, the addition of TA into the PLA+10TPF
composite drastically enhances its ductile properties,
exhibiting an elongation at break of 194%, which is
an impressive feat considering the extreme brittle-
ness of the PLA+10TPF composite (3.3% elongation
at break). On the other hand, a decrease in elastic
modulus and tensile strength from 3420 and 37.4
down to 1804 and 11.1 MPa is observed. This proves
the plasticizing effect that TA exerts over the com-
posite, which is also a direct indicator of the good
miscibility between PLA and TA, as predicted in the

theoretical solubility parameter section. It is observed
that when the proportion of TPF is increased, elon-
gation at break is clearly decreased, so for the sam-
ples with 20 and 30 wt% of TPF, elongation at break
is 156 and 104%, respectively. This is ascribed to the
great number of lignocellulosic particles, which make
the formation of stress concentrator aggregates more
likely to happen [28]. Nevertheless, the reported val-
ues are still very impressive, considering the great
amount of lignocellulosic filler contained in the
PLA-based composites (30 wt%). In fact, tensile
strength and the elastic modulus decrease with the in-
crease in TPF, probably due to an excessive load of
hard organic particles. This effect was also observed
by Jorda-Reolid et al. [28] in biopolypropylene com-
posites with 30 wt% of argan shell particles, who ob-
served the formation of argan shell particles aggre-
gate in the composites, which acted as stress concen-
trators. Finally, the plasticized PLA (PLA+20TA)
shows the highest elongation at break registered
within these composites (327.6%). This definitely
proves the excellent plasticizing effect that TA pro-
vides to the PLA matrix, considering that PLA is ex-
tremely fragile (5.6% elongation at break), which in-
creases the mobility of the polymer chains and makes
them more flexible.

Regarding Shore D hardness, neat PLA shows a
hardness of 79.8, which is very similar to the value
reported by Lascano et al. [27]. The incorporation of
TPF into the PLA matrix increases the hardness up
to 82.0. This was expected, as TPF is a hard ligno-
cellulosic filler, thus enhancing the hardness of the
composite. Quiles-Carrillo et al. [29] also reported
an increase in the Shore D hardness of PLA compos-
ites with orange peel flour. This increase in hardness
is due to the intrinsic hardness of the filler, which is
a lignocellulosic element with considerable crys-
tallinity. The addition of the plasticizer to PLA and
PLA/TPF composites clearly reduces their hardness,

Table 3. Summary of the mechanical parameters of the PLA/TPF composites regarding tensile test: tensile modulus (E), ten-
sile strength (o) and elongation at break (gp); Shore D hardness and impact strength.

Code [Mlila] HS/I'“;;] [f/"’)] Shore D hardness Imp?litl/sg;;ngth
PLA 3761+787 56.0+1.9 5.6+£0.5 79.843.3 1.8+0.2
PLA+10TPF 3420+470 37.4+3.6 3.3+0.5 82.0+1.4 1.8+0.5
PLA+10TPF+22.5TA 1804+328 11.1£1.5 194.4+12.0 71.6+£3.8 3.1+0.3
PLA+20TPF+20TA 2159+251 8.4+1.6 156.6+13.6 74.6£2.3 4.3+0.9
PLA+30TPF+17.5TA 19764375 6.8+0.5 104.0+17.7 70.8+1.3 4.2+1.1
PLA+20TA 1861+170 15.9+1.3 327.6+0.1 71.44£3.0 5.1£2.0
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down to values in the range of 70-75, which is due
to the plasticizing effect of TA and the enhancement
of the mobility of PLA chains.

Finally, the impact strength results show that neat
PLA presents an impact strength of 1.8 kJ/m?, in-
dicative of quite a fragile polymer. The addition of
TPF to PLA does not vary this value, while the pres-
ence of the plasticizer in the polymer matrix clearly
improves its absorption of impact energy up to val-
ues in the range of 3 to 5 kJ/m?. Specifically, the
sample with 20TA is the one that presents the highest
impact strength (5.1 kJ/m?). This is a direct conse-
quence of the plasticizing effect, which improves the
ductile properties of PLA.

3.2. Morphological properties

Figure 2 gathers the morphology of plasticized and
unplasticized PLA/TPF cross-section samples by
means of field emission scanning electron micro-
scopy (FESEM) at a 500% magnification. Figure 2a
shows the typical flat and uniform morphology of
a resistant and brittle polymer such as PLA [30].
Figure 2b shows the addition of TPF into the PLA
matrix, in which the presence of the lignocellulosic
particles (black arrows) is clearly seen. The adhesion
between the particles and the matrix seems to be
good, as the gap between them is very narrow, thus
indicating a certain affinity between both compo-
nents. Nonetheless, as it was reported in the mechan-
ical properties section, it seems that TPF particles
have formed aggregates that act as stress concentra-
tors, increasing the brittleness of PLA. On the other
hand, as observed in Figures 2c—2e, the presence of
the plasticizer in the matrix with TPF leads to a
rougher surface with filament-like formations (in-
dicative of a ductile fracture) (black circles) and even
better interaction between TPF and PLA. This could
be ascribed to a compatibilizing effect exerted by the
plasticizer between TPF and PLA, as a-terpinyl ac-
etate can act as a chemical bridge between lignocel-
lulosic particles and the PLA matrix, considering that
both plasticizer and PLA possess good miscibility,
as studied in the theoretical solubility parameter sec-
tion by means of the van Krevelen-Hoftyzer method.
This improvement in adhesion is denoted by a very
narrow and practically inexistent particle-matrix gap.
Additionally, the increase in particle concentration
from Figure 2¢ (10 wt%) to Figure 2e (30 wt%) is
clearly observed, especially in the sample with
30 wt% TPF, where a higher number of particles is
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present in the matrix. Finally, Figure 2f shows the
morphology of PLA/TA, where some filament-like
structures can be observed. These structures are re-
lated to the ductile behavior observed in the mechan-
ical characterization [31]. All in all, the results pre-
sented here match the mechanical properties exhib-
ited in the previous section, concluding in a high
ductility provided by the plasticizer and a higher
strength provided by the TPF.

3.3. Thermal properties

Figure 3 shows all the DSC thermograms obtained
for the PLA/TPF composites, while Table 4 gathers
all the main thermal parameters extracted from those
thermograms. The first thermal transition observed in
the thermograms is the glass transition temperature
(Tg). Neat PLA shows a typically high T, value of
62.6°C, which is indicative of a certain rigid mate-
rial at room temperature [32]. The addition of TPF
does not significantly vary the glass transition tem-
perature of PLA. On the other hand, the addition of
the plasticizer drastically decreases the T, of the
polymer matrix, especially the PLA+20TPF+20TA
and PLA+20TA samples, which exhibit values of
44.0 and 41.6 °C, respectively. This is ascribed to the
enhanced chain mobility that the plasticizer provides
the PLA matrix, as 7 is a thermal parameter that de-
pends on the mobility of the amorphous phase of the
polymer [33]. Interestingly, the incorporation of TPF
and TA led to the appearance of a cold crystallization
peak in all the samples containing those components.
This is ascribed to a heterogeneous nucleating effect,
which provokes the appearance of several points
from where crystallites start to grow [34]. The plas-
ticized sample exhibits a considerable decrease in
this peak; this fact is related to the enhanced mobil-
ity of PLA chains, which can arrange more easily
(at a lower temperature). Regarding the melting
point of the materials, neat PLA shows a melting
temperature of 173.2°C, which is a very typical
value for this rigid polymer [35]. This value is
slightly affected by the incorporation of the plasti-
cizer, which reduces it down to 168, 171, and 169 °C
for the PLA+20TPF+20TA, PLA+30TPF+17.5TA,
and PLA+20TA samples, respectively. This effect is
ascribed to an increase in the chain mobility of the
polymer exerted by the plasticizer. Finally, the crys-
tallinity of PLA was increased as a result of the ad-
dition of TPF and TA from a value of 5.2% for neat
PLA up to 27.7 for the sample with 20 wt% TPF and
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e)

f)

Figure 2. FESEM images at 500x magnification of the PLA/TPF composites: a) PLA; b) PLA+10TPF;
¢) PLA+10TPF+22.5TA; d) PLA+20TPF+20TA; ¢) PLA+30TPF+17.5TA and f) PLA+20TA.

20 phr TA, which can also be responsible for the ob-
served mechanical performance. This effect is due
to the aforementioned increase in chain mobility,
which increases the crystallization rate of the amor-
phous phase of PLA, allowing it to crystallize at a
lower cold crystallization temperature, as was ob-
served in the PLA+20TPF+20TA and PLA+20TA
samples. On the other hand, TPF also promotes the
crystallization of PLA due to a heterogeneous nucle-
ating effect. This effect promotes the distribution of
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TPF particles all along the polymer matrix, forming
different points from which crystals start to grow [28].
The thermal degradation of the developed compos-
ites was studied by thermogravimetric analysis
(TGA) and the first derivative of the thermograms
(DTG). Figure 4 shows the TGA thermal degrada-
tion profiles and their first derivatives, while Table 5
gathers the main thermal parameters related to this
analysis. First of all, the onset degradation tempera-
ture (the temperature at which 5% of the mass is lost)
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Figure 3. DSC thermograms of all the PLA/TPF samples.

of neat PLA stays at 305 °C, which is a very similar
value that the one observed by Quiles-Carrillo et al.
[7]. The addition of TPF clearly decreases this value
down to 290 °C. This is ascribed to the relatively low
thermal stability of the lignocellulosic filler, which,
in turn, reduces the overall thermal stability of the
composite. This fact occurs due to the thermal degra-
dation of cellulose and lignin between 250 and 350°C,

as well as hemicellulose which degrades even at
lower temperatures than cellulose [7]. With the intro-
duction of the plasticizer into the polymer matrix, the
thermal stability of the composites considerably de-
creases, showing values of the onset degradation
temperature from 154 to 232 °C, far below the values
reported for neat PLA and PLA/TPF. This phenome-
non is clearly related to the volatility of the plasticizer
(i.e., a-terpinyl acetate is a typical component of some
essential oils), which possesses a boiling point of ap-
proximately 220°C. The volatility of the plasticizer
is clearly detectable on the TGA thermograms, noted
by a first mass loss step in the thermal degradation in
all the plasticized composites, which occurs approx-
imately at 220 °C, coinciding with the boiling point of
the plasticizer. This decrease in thermal stability is
also ascribed to enhanced chain mobility in PLA. A
similar trend is observed for the maximum degrada-
tion peak temperature, although in this case, the de-
crease in thermal stability is not so acute, as the plas-
ticizer has already been almost completely gone,
reporting values in the range of 321-356°C. In the
case of residual weight, it is very close to zero in all

Table 4. Glass transition temperature (7), cold crystallization temperature (7.), cold crystallization enthalpy (AH.), melting
temperature (7y,), melting enthalpy (AHy,), and degree of crystallinity (y.) of PLA/TPF plasticized and unplasticized
composites obtained by differential scanning calorimetry (DSC).

Code T, Tcc AH, Tm AH, Ae
[°C] [°C] [J/g] [°C] [J/g] [%]
PLA 62.6+1.1 - - 173.243.0 4.8+0.1 5.24+0.1
PLA+10TPF 61.6+£0.9 99.1+2.0 27.1+£0.5 173.9+2.2 50.2+0.6 27.6+£0.3
PLA+10TPF+22.5TA 61.1+1.2 104.8+1.5 24.240.3 173.3+1.2 40.5+0.8 19.5+0.1
PLA+20TPF+20TA 44.0+0.8 83.7+1.3 10.7£1.0 168.3+1.0 31.3+0.6 27.7+0.2
PLA+30TPF+17.5TA 47.5+0.7 99.5+1.6 21.3+0.7 170.9+1.5 27.9+0.4 10.1£0.1
PLA+20TA 41.6£1.1 88.5+1.0 25.6+0.1 168.9+2.0 38.5+0.2 17.3+0.3
120
— PLA PY N LA
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Figure 4. Thermogravimetric analysis (TGA) (a) and its first derivative of the plasticized and unplasticized PLA/TPF com-

posites (b).
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Table 5. Main thermal degradation parameters of PLA/TPF
composites plasticized with TA in terms of the onset
degradation temperature at a mass loss of 5 wt%
(Tse,), maximum degradation rate (peak) tempera-
ture (Tyeg), and residual mass at 700 °C.

Te, Taee Residual
Code °Cl) °C] weight
[%]
PLA 305.0+0.6 | 337.5+0.5 0.5+0.1
PLA+10TPF 290.0+0.4 | 332.0+0.3 0.9+0.1
PLA+10TPF+22.5TA | 206.5£0.7 | 349.0+0.8 0.7+0.1
PLA+20TPF+20TA 154.0+0.6 | 330.5+1.2 0.5+0.1
PLA+30TPF+17.5TA | 179.0+¢1.0 | 321.0+0.5 0.7+0.1
PLA+20TA 232.5+1.3 | 356.0+1.1 0.5+0.1

cases. This was expected as all the samples are organ-
ic and at 700 °C they are completely disintegrated.

3.4. Dynamic mechanical thermal properties

Figure 5a shows the storage modulus (£") variation
of the different PLA-based composites with TPF,
Figure 5b shows the dynamic damping factor (tan
diagram of these composites, whereas Table 6 gath-
ers the main thermomechanical parameters of the
composites in which the glass transition temperature
was calculated utilizing the tan § criterion (peak max-
imum). The DMTA curve of PLA shows a glassy re-
gion comprised between —150 and 50 °C approxi-
mately. This region is characterized by a rigid be-
havior with a storage modulus of around 1500 MPa.
Between 50-70°C, a dramatic decrease (of at least
two-three orders of magnitude) in the storage mod-
ulus can be seen, which is related to the glass transi-
tion region. Above 70 °C, the DMTA shows a rubbery
plateau region characterized by a very low storage
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@
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w
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a) Temperature [°C]

100

modulus. The glass transition temperature (7,) can
be assessed by several criteria, such as the onset of
the storage modulus decrease, or what is more com-
mon, the peak maximum of the dynamic damping
factor as seen in Figure 5b, resulting in a 7|, for neat
PLA of 63.9°C. the addition of TPF lignocellulosic
filler provides the expected behavior. In general, lig-
nocellulosic fillers lead to more rigid polymers,
which is reflected in DMTA by a shift of the charac-
teristic DMTA curve of neat PLA to higher £’ val-
ues, as observed in Figure 5a. As can be seen, the
glass transition region is similar to that of neat PLA,
but a slight decrease can be observed in the peak max-
imum of the dynamic damping factor (Figure 5b),
with a T, value of 60.4 °C. As the TPF increases, the
corresponding DMTA curves are shifted to higher £’
values, thus indicating more rigid materials are ob-
tained (this is clearly observed at low temperatures,
below —10°C). Nevertheless, at room temperature,
the plasticization effects are evident since the char-
acteristic DMTA curves are shifted to lower £’ val-
ues, thus indicating more flexible materials at room
temperature. The combination of TPF with the ter-
pene-based plasticizer leads to some synergistic ef-
fect since higher £ values are obtained, but a de-
crease in the 7, can be seen too with values com-
prised between 40—45 °C approximately.

PLA shows the lowest initial storage modulus, with
avalue of 1464 MPa at —100 °C. A very similar ther-
momechanical profile was observed by Lascano et
al. [27]. The incorporation of TPF increases this
value up to 1965 MPa, which coincides with what
was observed in mechanical properties, as the hard
lignocellulosic filler increases the rigidity of the

2.0
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1.84 — PLA+10TPE
—— PLA+10TPE+22.5TA
164 —— PLA+20TPE+20TA
PLA+30TPE+17.5TA
1.4 PLA+20TA
1.24
w
E 1.04
0.8 1
0.6 1
0.4 1
0.2 1
0.0 T T T T
-150 -100 -50 0 50 100
b) Temperature [°C]

Figure 5. Thermomechanical diagrams of the plasticized and unplasticized PLA/TPF composites: a) storage modulus (E");

b) dynamic damping factor (tand).
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Table 6. Dynamic-mechanical-thermal properties of PLA/TPF plasticized with a-terpinyl acetate (TA), at different temper-

atures.
Code E"at-100°C E'at20°C E'" at 80°C T,
[MPa] [MPa] [MPa] [°C]
PLA 1464+45 1245421 4+7 63.9+1.3
PLA+10TPF 1965+33 155127 169 60.4+2.2
PLA+10TPF+22.5TA 2013+28 798+25 108+5 46.2+2.1
PLA+20TPF+20TA 2280+32 811+30 108+7 39.9+1.7
PLA+30TPF+17.5TA 2534440 982+27 174+8 46.5+1.5
PLA+20TA 2081+40 75640 114+40 40.6+1.5

“The T, has been measured using the tan§ peak maximum criterion.

polymer. Surprisingly, the addition of the plasticizer
also increases the storage modulus in the temperature
range between —150 and —10°C, with values higher
than 2000 MPa, probably due to some interaction
between the plasticizer and the lignocellulosic filler
below their characteristic 7, values. Nonetheless, as
the temperature rises, the plasticized samples clearly
decrease their storage modulus more rapidly as a re-
sult of the increased polymer chain mobility. Thus,
it can be seen that at room temperature (20 °C ap-
proximately), the storage modulus of the plasticized
samples is far lower than that of neat PLA and
PLA/TPF (PLA presents a value of 1245 MPa, while
the plasticized samples have values in the range
756-982 MPa). A sudden decrease in the storage
modulus can be appreciated for all samples, which
is indicative of their glass transition temperature, re-
lated to the mobility of the amorphous region of the
polymer [36]. This thermal transition is more accu-
rately observed in the tan é plot, where it is indicated
by a peak. As it was expected, the glass transition of
neat PLA (peak maximum of the tand peak) and
PLA/TPF occurs at higher temperatures than the
plasticized samples. The glass transition of neat PLA
is located at 63.9 °C, which is very close to the value
reported in the DSC analysis. The glass transition of
the unplasticized PLA/TPF composite is 60.4 °C. On
the other hand, the plasticized samples exhibit values
in the range of 40-46 °C; the samples with 20TA are
the ones with the lowest 7,. This fact is ascribed to
the enhanced mobility of the amorphous region of
the polymer as a result of the presence of a-terpinyl
acetate molecules, which diminish the activation en-
ergy barrier for segmental relaxations of the sur-
rounding polymer molecules to occur [37]. These re-
sults perfectly match the findings reported in DSC,
where the effect of the plasticizer was reflected in
the glass transition values. It is also worth noting the
cold crystallization process, which can be observed

by DMTA by an increase in the storage modulus at
temperatures above 60—70°C, as seen in Figure Sa.
Neat PLA does not show this process, which is con-
sistent with the previous DSC results on thermal
properties. On the other hand, both the TPF and the
terpene-based plasticizer promote cold crystallization
since TPF has a nuclear effect, and the plasticizer in-
creases the chain mobility, both phenomena having
a positive effect on increasing crystallinity, which
confirms the previously reported results by DSC.

3.5. Visual aspect and color properties

Color and luminance are essential parameters when
it comes to wood plastic composites, as these param-
eters determine the visual appearance of the com-
posites and the degree of similarity with several
kinds of wood. Figure 6 shows the visual aspect of
all the developed composites, while Table 7 gathers
the main color parameters regarding the CieLab
color space. As can be inferred from the appearance
of the samples, both the samples of neat PLA and
PLA with the plasticizer show clear colors, being the
plasticized PLA composite more opaque than neat
PLA. This is also seen in luminance values, where
these two samples present higher values of lumi-
nance than the samples with TPF, going from values
of approximately 45 down to values of 22-25, re-
spectively. This is because luminance stands for white
(higher values) and black (lower values). As expect-
ed, TPF samples possess darker brownish colors that
resemble that of certain woods, which gives them
great application as plastic materials that can substi-
tute wood-based materials [3].

Regarding color coordinates a" (green for negative
values and red for positive values) and 5" (blue for
negative values and yellow for positive values), the
samples that have TPF in their composition present
higher positive a* values than neat PLA and plasti-
cized PLA. This is ascribed to a characteristic brown
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a) b) o) d)

Figure 6. Visual appeal of the samples: a) PLA,;
b) PLA+20TA; ¢) PLA+10TPF
d) PLA+10TPF+22.5TA; ¢) PLA+20TPF+20TA
and f) PLA+30TPF+17.5TA.

Table 7. Luminance and color coordinates (L, a”, b") of the
PLA/TPF composites plasticized with a-terpinyl ac-

etate.

Code L a’ b*
PLA 46.16+0.87 | 0.084+0.04 | 0.72+0.15
PLA+10TPF 25.05+0.21 | 1.55+£0.12 | 1.78+0.05
PLA+10TPF+22.5TA | 22.25+0.19 | 0.74+0.35 | 1.72+0.18
PLA+20TPF+20TA 23.57£0.24 | 1.14+0.14 | 1.13£0.10
PLA+30TPF+17.5TA |23.61+£0.13 | 1.15+0.14 | 1.29+0.37
PLA+20TA 44.22+0.01 |-0.41+0.06 | 1.59+0.07

color that approaches the red color, which is located
in the positive region of @*. On the other hand, with
regard to b color coordinate, all samples except for
neat PLA possess positive values superior to 1. This
is related to an approach of the samples to the yellow
color, located on the positive side of the chromatic
space. These values can be verified by Figure 6,
where the plasticized sample presents a more yel-
low-like color than neat PLA; while the TPF samples
present dark brown colors, which are closer to yel-
low than the color of neat PLA.

3.6. Wettability

Wood plastic composites present a great trend to ab-
sorb water due to the presence of highly hydrophilic
components in their composition (i.e., cellulose,
hemicellulose, pectin, and lignin) [38]. This is con-
sidered one of the main drawbacks of this kind of
material. Figure 7 gathers the contact angle meas-
urements carried out in each one of the samples, with
the objective of studying the wettability of the de-
veloped composites. Neat PLA presents a contact

6 =87.3°

6 =83.0° 6 =380.8°

- - -

a) b) c)

6=70.7°

d) e) f)

6 =63.4° 6=2814°

Figure 7. Contact angle measurements of the PLA/TPF
composites: a) PLA; b) PLA+10TPF;
¢) PLA+10TPF+22.5TA; d) PLA+20TPF+20TA;
e) PLA+30TPF+17.5TA and f) PLA+20TA.

angle of 87.3° [39], which is a typical value for this
polymer, and it is indicative of a hydrophobic behav-
ior, considering the hydrophilic threshold of Vogler
located at 65° [40]. The addition of 10 wt% TPF de-
creased the water contact angle of PLA down to 83°.
This is ascribed to the presence of the aforementioned
lignocellulosic components, which are highly polar
molecules and possess a great concentration of hy-
droxyl groups (—OH). These functionalities give TPF
a great affinity for water, as they make it possible to
create hydrogen bonds. The addition of a-terpinyl ac-
etate slightly decreases the contact angle in relation
to the PLA/10TPF sample as a result of the free vol-
ume it provides to PLA. As expected, the contact
angle decreases as the proportion of TPF is superior.
This is corroborated by a contact angle of 63.4° for
the sample with 30 wt% of TPF, which makes
more —OH functionalities to be readily available to
interact with water. Finally, the sample of PLA/TA
also demonstrates the increased free volume provided
by the plasticizer, as the contact angle decreases from
87 down to 81.4° in relation to neat PLA.

3.7. Chemical characterization

Figure 8 shows the FTIR spectra of neat PLA, PLA
with TPF, and the plasticized and unplasticized
PLA/TPF composites. First of all, neat PLA presents
a common spectrum for this polymer. One of the
main representative bands is located at 1751 cm™!
and it is ascribed to the C=O stretching. The bands
between 1250 and 1000 cm™ are also significant and
are related to the ester C—O and C—O—C stretching
vibrations. The bands in the range 1500-1300 cm™!
are indicative of symmetric and antisymmetric de-
formational vibrations of the C—H bond in methyl
groups [29]. The incorporation of TPF into the poly-
mer matrix did not significantly change the spectra
of PLA. On the other hand, the incorporation of
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Figure 8. FTIR diagrams of neat PLA and the plasticized
and unplasticized PLA/TPF composites.

a-terpinyl acetate induced some interesting changes
in the spectra. In the region of 3400 cm™' a small
band can be observed for all the plasticized samples,
which could be related to the presence of hydrogen
bonding between TA and PLA or TA with lignocel-
lulosic compounds in TPF [41]. Then, another peak
appears at approximately 1450 cm™', which is as-
cribed to C=O0 stretching in the ester group present
in TA; this peak becomes more intense in the
PLA/TA sample as the concentration of plasticizer
is higher in this composite. Finally, a small peak at
around 1200 cm™' appears due to the rocking vibra-
tion of the C—H bond.

3.8. Disintegration test

The biodegradability of the samples was assessed
through the disintegration test in controlled compost
soil. Figure 9 shows the disintegration evolution
(mass loss) all over 6 weeks in which the samples
were buried in controlled compost soil (the black
line at 90% is indicative of the disintegration goal).
On the other hand, Figure 10 illustrates the visual
appearance of the samples throughout the disintegra-
tion process. It can be seen that after an incubation
time of 5 weeks, all samples except for neat PLA
have achieved complete disintegration, while PLA
completely disintegrates after 6 weeks. This fact
demonstrates the biodegradability of all the herein-
presented composites. The disintegration profile of
neat PLA is very similar to the one observed by
Quiles-Carrillo et al. [29], who also observed the
complete disintegration of neat PLA and PLA/or-
ange peel flour samples. This suggests that both the
lignocellulosic filler (TPF) and the plasticizer enhance
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Figure 9. Disintegration profile of the plasticized and un-
plasticized PLA/TPF composites over time.

the biodegradability of PLA. Interestingly, in spite
of the fact that all samples except PLA fully disinte-
grate in 5 weeks, the plasticized samples present a
higher disintegration rate in the first weeks. This is
probably ascribed to the low thermal stability of the
a-terpinyl acetate, which provokes a higher weight
loss rate [42]. Moreover, the plasticizer seems to cat-
alyze the hydrolysis of PLA, making it easier for
bacteria to decompose the polymer. The visual ap-
pearance of the samples supports these results, where
it can be seen how in the second week all materials
have undergone severe weight loss. A color change
in neat PLA and PLA+20TA can be observed from a
white clear color to a darker tonality as a result of
the disintegration process. Therefore, it can be con-
cluded that all samples are effectively biodegradable
and that TPF and the plasticizer contribute to reduc-
ing the amount of time necessary to achieve 100%
disintegration. Probably due to the hydrophilic be-
havior of both components, as demonstrated in the
contact angle analysis.

4. Conclusions

In this work, environmentally friendly and fully bio-
degradable composites have been obtained by com-
bining a PLA polymer matrix, tangerine peel flour
(TPF) as a reinforcing filler, and a-terpinyl acetate
as a natural origin plasticizer to improve toughness.
The materials herein presented have proved to pos-
sess excellent mechanical performance in terms of
ductility. Especially thanks to the plasticizing effect
of a-terpinyl acetate, which allowed to achieve elon-
gations at break superior to 300% in the case of the
PLA+20TA sample, and elongations at break close



J. Gomez-Caturla et al. — Express Polymer Letters Vol.17, No.8 (2023) 789-805

PLA PLA+10TPE

PLA+10TPE+22.5TA PLA+20TPE+20TA PLA+30TPE+17.5TA

PLA+10TPF

Figure 10. Visual appearance of the disintegration process of PLA/TPF composites (25%25x1 mm samples) over time.

to 200% in the case of PLA+10TPF+22.5TA. The
performance of PLA+10TPF+22.5TA is quite an in-
teresting result considering that TPF is a hard and
rigid filler that would normally increase the brittle-
ness of PLA. This good interaction between PLA
and the plasticizer was confirmed by theoretical sol-
ubility parameter determination, which concluded
that, indeed both elements were highly compatible.
The mechanical characterization was verified by
FESEM, where filament-like structures were ob-
served, which were indicative of effective plasticiza-
tion. In terms of thermal characterization, a-terpinyl
acetate drastically reduced the glass transition tem-
perature of PLA, which gave the composites greater
ductility and better processability, reaching glass
transition temperatures around 40 °C, which is a no-
ticeable reduction considering that neat PLA pres-
ents a glass transition temperature of 63 °C. Addi-
tionally, it was observed how the plasticizer
increased the thermal disintegration rate of the com-
posites due to its volatility, decreasing the thermal
stability of the materials in the temperature range of
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200-300°C. The composites presented characteris-
tic dark brown colors, similar to that of wood, mak-
ing them perfect for substituting wood-based prod-
ucts. Moreover, the presence of TPF and the acetate
increased the affinity of PLA for water, according
to contact angle measurements, reaching contact
angle values of 60°. Finally, the disintegration test
proved that all the developed samples were com-
pletely biodegradable after 5 weeks under con-
trolled compost soil conditions, surpassing the
biodegradability of neat PLA (100% disintegration
after 6 weeks), which greatly enhances the environ-
mentally friendly nature of these materials, altogeth-
er with the natural origin of all of their components.
All in all, this work opens up a new research line
centered on the use of tangerine wastes as lignocel-
lulosic fillers for polymers. The great effectiveness
of TA as a plasticizer has also been demonstrated,
which could be tried in other brittle polymers, such
as poly(3-hydroxybutyrate-co-3-hydroxyhexanoate)
(PHBH) in order to evaluate if it is capable of in-
creasing its ductility.
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