Express Polymer Letters Vol.17, No.3 (2023) 334-351 express
Available online at www.expresspolymlett.com

https://doi.org/10.3144/expresspolymlett.2023.24 p lymer letters

Research article

Manufacturing and characterization of highly
environmentally-friendly composites with polylactide matrix
and mango kernel seed flour

Jaume Gomez-Caturla"™®, Diego Lascano'®, Nestor Montanes'®, Rafael Balart'®,
Franco Dominici*®, Debora Puglia®®, Luigi Torre*

ITechnological Institute of Materials (ITM), Universitat Politécnica de Valéncia (UPV), Plaza Ferrandiz y Carbonell 1,
03801 Alcoy, Spain

“Dipartimento di Ingegneria Civile ed Ambientale, University of Perugia, UdR INSTM, Strada di Pentima 4, 05100 Terni
(TR) Italy

Received 7 July 2022; accepted in revised form 5 October 2022

Abstract. This work reports on the development of polylactide (PLA)/mango kernel seed flour (MKSF) composites combined
with tributyrin (TBN) and triacetin (TCN) as plasticizers. Thus, wood plastic composites (WPC) are obtained by extrusion
and injection-molding processes. The solubility, mechanical, morphological, thermal, colorimetric, water absorbance, flowa-
bility, and disintegrability properties are evaluated. The ductility of the PLA+MKSF composite is improved by the plasticizing
effect of TBN and TCN (10 phr (parts per hundred resin) each). Elongation at break is increased from 4.4 up to 9.5 and
8.3%, respectively. The theoretical solubility analysis supports the good miscibility between PLA with TBN and TCN (relative
energy difference (RED) values of 0.86 and 0.73, respectively) deduced from the mechanical performance. Field emission
scanning electron microscopy (FESEM) images also corroborate the mechanical findings, where a decrease in the presence
of voids in the PLA matrix suggests certain compatibility between MKSF and TBN, and TCN. Differential scanning calorime-
try (DSC) and dynamic-mechanical-thermal analysis (DMTA) results show that the plasticizers decrease the glass transition
temperature and the melting temperature of PLA, thus improving its ductility. Thermogravimetric analysis (TGA) results
indicate that the thermal stability of the composite is slightly decreased due to the relatively high volatility of the plasticizers,
while MKSF does not affect this matter. The composites exhibit excellent biodegradability, presenting more than 90% of
disintegration in compost soil conditions in 12 weeks. Finally, MKSF provided the composites with a wood-like dark brown
color and with high water absorbance.
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1. Introduction of WPC implies the incorporation of wood-based el-
Wood-plastic composites (WPC) have risen as an al-  ements. However, in the last years, other fillers have
ternative for products made of wood. Those materi- been proposed as alternatives for wood-derived
als have a visual appearance similar to that of wood.  fillers, either lignocellulosic fillers or mineral fillers
The main difference is that they are composed of a  (talc, calcium carbonate, among others), or agro-
thermoplastic polymeric matrix (such as polyethylene  forestry waste flours [3, 4]. The latter have gained
and polypropylene, among others), which is loaded quite a popularity due to the significant amount of
with fillers from the wood industry (sawdust, fibres,  generated waste (skin, calyx, seeds) [5—7]. As a result
flour) [1, 2]. In the first approach, the manufacturing  of their low cost and abundance, the incorporation
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of fillers from food byproducts and agroforestry
wastes has become a technical and viable solution in
the plastics industry. Moreover, the materials ob-
tained from them possess balanced properties and
advantageous environmental efficiency [8]. The use
of biofillers presents several advantages, such as fa-
cilitating or accelerating the disintegration of mate-
rial; reducing the amount of used polymer, and the
revalorization of a lignocellulosic waste, all these
promoting the transition from a traditional linear
economy to a circular economy and thus, remarkably
reducing the carbon footprint [9, 10]. Rojas-Lema et
al. [11] used wastes from persimmon peel to manu-
facture composite materials with a biopolyethylene
matrix. Moreover, they studied the effect of silaniza-
tion treatments and esterification with palmitic acid
to enhance compatibilization between the filler and
the polymer matrix. They reported interesting results
compared to the conventional use of a maleic anhy-
dride-grafted copolymer of polyethylene as a refer-
ence compatibilizer. It was also proved that this
waste provided additional features to composites
with polyethylene. In particular, it was observed that
the persimmon peel wastes gave tremendous antiox-
idant activity to the polyethylene matrix. The com-
patibility between the polymeric matrix and the filler
was also increased. The esterification with palmitic
chloride treatment improved the hydrophobic behav-
iour of the materials, diminishing their water absorp-
tion capacity.

Tropical crops like mango have become one of the
preferred products for consumers in the European
market. This is because this fruit is considered exot-
ic, has attractive colours, delicious flavour, and a
comfortable odour [12]. Moreover, it presents a high
nutritional value as it contains a large number of
macronutrients (carbohydrates, proteins, lipids) and
micronutrients (vitamins A, B, C, folic acid, and min-
erals), which help to prevent degenerative diseases
[13]. The greatest producers in 2019 were Asia, ac-
counting for 71.5% of the global market, followed by
Africa (16%), America (12.3%), and finally Oceania,
with 0.1% of the global production, according to the
Food and Agriculture Organization of the United Na-
tions. Even though the composition of mango fruit
varies depending on its species, the flesh includes
typically between 33—85 wt% of the total mass, re-
sulting in a waste of 7-24 wt% of mango peel and
9-40 wt% of the kernel. The kernel contains 6—
16 wt% of mango oil [14]. It has been reported that
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the kernel possesses a large amount of carbohydrates
and proteins (5880 and 6—13 wt%, respectively),
apart from containing oleic and stearic acids [15] and
polyphenols [16].

The search to reduce the use of petrochemical poly-
mers in the composite fabrication sector has made
the development and use of renewable and biodegrad-
able materials gain popularity in the last few years
[17]. Polylactic acid (PLA) is one of the most widely
used polymer matrices in environmentally friendly
materials. This is because PLA monomers are ob-
tained from the fermentation of starch-rich com-
pounds, so the products are biodegradable in con-
trolled compost soil conditions [18, 19].
PLA-based composites present several limitations
provoked by PLA’s low impact strength and tough-
ness and, subsequently, high fragility [20]. One of the
most common techniques to overcome this incon-
venience is mixing PLA with more flexible polymers
and/or incorporating additives (plasticizers) [21, 22].
Lascano ef al. [21] developed a binary blend using
PLA and poly (butylene succinate-co-adipate)
(PBSA). It was observed that the ductile behaviour
of the blend improved, increasing the elongation at
break and impact strength from 9.23% and 2.48 kJ/m?
for neat PLA, respectively, to 56% and 5.75 kJ/m?
for the blend with 30 wt% of PBSA. Several natu-
ral-origin plasticizers are being utilized due to their
low toxicity. Among those plasticizers are lactic acid,
lactic acid oligomers (OLA), vegetal oils (VO), cit-
rate esters, tributyrin, triacetin, and so on. Montes et
al.[23] developed a blend made of poly(lactic acid)/
poly(3-hydroxybutyrate) utilizing tributyrin as a plas-
ticizer to produce completely natural films for food
packaging applications. They observed that the in-
corporation of 15 wt% tributyrin increased the duc-
tile properties of the material apart from presenting
good water vapour barrier properties and certain trans-
parency. Crystallinity was also increased. Coltelli et
al. [24] studied the behavior of composites based on
PLA and polyhydroxybutyrate plasticized with tri-
acetin. They observed that PLA biodegradability im-
proved thanks to the disintegration of the amorphous
phase.

This work aims to develop a completely natural
composite based on a polylactic acid (PLA) matrix
and mango kernel seed flour (MKSF) as a biobased
filler. To overcome the low intrinsic toughness of the
PLA matrix, two bio-derived plasticizers were used,
namely glycerol tributyrate (tributyrin) and glycerol
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triacetate (triacetin). There is little literature regard-
ing the use of mango kernel flour as a filler for poly-
lactide. Additionally, TBN and TCN have not been
widely used for plasticizing PLA wood plastic com-
posites and never have been used in a PLA/MKSF
composite. The effects of both plasticizers and the
MKSF filler were evaluated through standard me-
chanical, thermal, and thermomechanical tests, mor-
phology characterization, water absorption, and dis-
integrability under controlled compost soil charac-
terization.

2. Materials and methods

2.1. Materials

Bio-based PLA Purapol L130 grade (min. 99% of
L-isomer) was supplied by Corbion Purac (The Nether-
lands, Amsterdam), with a density of 1.24 g/cm?, a
melt flow index of 16 g/10 min (measured at a tem-
perature of 210 °C and a load of 2.16 kg) and a melt-
ing temperature of 175 °C.

Flour extracted from mango kernel from Mangifera
indica L. species was used as a filler. The mango
seed was dried at 65 °C for a week. The mango ker-
nel was extracted and submitted to a milling process
in a Retsch Gmbh model ZM 1000 ultracentrifugal
mill (Haan, Germany) with a sieve size of 25 um and
a rotation speed of 12000 rpm. Figure 1 shows the
morphology and histogram (size distribution) of the
mango kernel seed flour particles (MKSF), which
present an average particle diameter size of 18—
20 pm.

Glycerol tributyrate (tributyrin) from ACROS Or-
ganics™ and distributed by Thermo Fisher Scientific
(Geel, Belgium) (Product Code: A11830.0B) and
glycerol triacetate (triacetin) from Sigma Aldrich
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Figure 1. FESEM image of mango kernel seed flour (MKSF)
particles at 150xwith a marker scale of 20 pum.

(Madrid, Spain) (Product Code: 90240) were used
as plasticizers. Tributyrin is 97% pure, with a density
of 1.0335 g/ml and a melting point of —75°C. Tri-
acetin presents a purity of 99%, a density of 1.16 g/ml,
and a melting point of 3 °C.

2.2. Manufacturing of PLA-MKSF composites
Prior to processing, PLA pellets and MKSF particles
were dried in an air circulating oven at 65°C for
12 hours to eliminate humidity. The compounds
were formulated with a constant MKSF weight per-
centage of 30 wt%. Plasticizers (tributyrin and tri-
acetin) were added directly in the extrusion process,
always maintaining 10 phr (parts by weight of plas-
ticizer per one hundred parts by weight of the PLA/
MKSF base composition taking the work of Pawlak
et al. [25]). The compounds were named using the
code PLA-MKSF/XX, where XX refers to the used
plasticizer, TBN for tributyrin, and TCN for triacetin.
These formulations were placed in a ziplock bag for
the initial mixing. Then, they were submitted to an
extrusion process in a co-rotating twin-screw extrud-
er from Dupra S.L. (Alicante, Spain). The extrusion
temperature profile was 160—-170-180-190 °C with
a rotating speed of 20 rpm. Then, the extruded fila-
ments were pelletized in an air-knife unit. Finally, an
injection-moulding process was carried out using a
Meteor 270/75 from Mateu & Solé (Barcelona,
Spain). Standardized tensile test and impact strength
test specimens were obtained. The injection-mould-
ing temperature profile was 170-175-180-190°C
from the hopper to the injection nozzle, with an in-
jection time of 5 s and a cooling time of 60 s.

2.3. Characterization of PLA-MKSF
composites
2.3.1. Theoretical miscibility between PLA and
the plasticizers
When studying the interaction between a polymer
and a plasticizer, the solubility of both components
is very useful information to consider before initiat-
ing all the experimental setups. The general solubil-
ity parameter (8) for each component can be calcu-
lated, according to the method of van Krevelen and
te Nijenhuis [26], Equation (1), which takes into ac-
count the contributions of the dispersion forces (8y),
polar forces (8,), and hydrogen bonding (dy):

5=258;+3,+5; (1)
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Each one of the contributions can be calculated by
Equations (2), (3), and (4):

F.
8= —ZV = ©)
Fa
O o

E..
8=y —ZV . 4)

where Fy; is the dispersive force contribution of the
chemical groups present in the molecule, F; is the
polar force contribution of the chemical groups pres-
ent in the molecule, £y, is the hydrogen cohesive en-
ergy contribution of the chemical groups in the mol-
ecule, and V is the molar volume of the molecule.

Considering the chemical structure and the group
contribution of neat PLA and both plasticizers (trib-
utyrin and triacetin), Table 1 gathers all the solubility
components and the solubility parameter. Moreover,
the parameter R, was also calculated, which indi-
cates the distance that exists between the solubility
coordinates of the plasticizers and the ones of PLA.
If R, is zero, it is indicative of good miscibility be-
tween the polymer and the plasticizer. So, the solu-
bility between both materials becomes poorer as the
parameter R, (the distance) increases until it surpass-
es a certain threshold, from which both polymer and
plasticizer become incompatible. This distance re-
lates to the polymer radius, R, which defines a spher-
ical solubility region of a polymer. The center of this
sphere is determined by the three solubility contri-
butions 84, 8, and dy. R, is calculated Equation (5):

elements are in the threshold of good miscibility,
while values superior to 1 are indicative of poor mis-
cibility between both elements.

R%l
RED = 2= (6)

As it can be observed in Table 1, both tributyrin and
triacetin have good miscibility for PLA, as their
RED value is smaller than the unity, with both plas-
ticizers exhibiting RED values of 0.86 and 0.73, re-
spectively.

2.3.2. Mechanical characterization

The mechanical characterization of neat PLA and
PLA-MKSF composites was carried out through ten-
sile, impact strength, and hardness (Shore D) tests.
Tensile tests were done following the ISO 527 using
a universal testing machine ELIB 30 from Ibertest
(Madrid, Spain), equipped with a cell load of 5 kN
and a crosshead speed of 5 mm/min. Young modu-
lus, tensile strength, and elongation at break were
obtained with this test. Five specimens were tested,
and their results were averaged.

The impact strength was determined through the
Charpy test, using a Charpy pendulum with an ener-
gy of 6 J, from Metrotec S.A. (San Sebastian, Spain)
on injection moulded rectangular unnotched samples
with dimensions 80%10x4 mm following ISO 179.
Finally, Shore D hardness was measured using a
durometer model 673-D from J. Bot S.A. (Barcelona,
Spain), according to ISO 868. At least five samples
were tested for each composite, and their correspon-
ding parameters were averaged.

2 2

R, = \/4 ' <6dplasl B 6dPLA>

Additionally, the relative energy difference (RED)
was also calculated. This parameter indicates the
ratio between R, and the solubility sphere radius of
neat PLA, Ry, which is 10.7 MPa!’? (Equation (6))
[27]. The lower the RED parameter is, the better the
affinity between the polymer and the plasticizer.
When the RED value is close to 1, it means that both

+ (Spplast - 8PPLA) + (Shplast -

2

S, (5)

2.3.3. Morphology characterization

Morphology of fractured Charpy test samples was
studied by field emission scanning electron mi-
croscopy (FESEM) using a ZEISS ULTRA 55 mi-
croscope from Oxford Instruments (Abingdon, United
Kingdom). The samples were sputtered with a gold-
palladium alloy in an EMITECH sputter coating

Table 1. Theoretical solubility parameters of PLA with tributyrin and triacetin plasticizers.

Material 3 3y 3 Ra RED
[MPa'?] [MPa'?] [MPa'?| [MPa'?] [MPa'?] -]
PLA 15.33 8.44 10.98 20.66 -
Tributyrin (TBN) 15.96 1.67 4.89 16.78 9.19 0.86
Triacetin (TCN) 16.21 2.60 6.10 17.51 7.81 0.73
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SC7620 from Quorum Technologies, Ltd. (East Sus-
sex, UK). The microscope was operated with an ac-
celeration voltage of 1.5 kV.

2.3.4. Thermal characterization

The main thermal transitions of the PLA-MKSF
composites were evaluated through differential scan-
ning calorimetry (DSC) in a DSC 821 from Mettler-
Toledo Inc. (Schwerzenbach, Switzerland). Samples
weighed about 5—8 mg and were placed in 40 ul alu-
minium crucibles. The samples were subjected to a
thermal cycle divided into three steps: a first heating
cycle from 30 to 180°C was followed by a cooling
cycle down to —50 °C and, finally, a second heating
stage from —50 up to 220°C was scheduled. The
heating and cooling stages were run at a rate of
10 °C/min in a nitrogen atmosphere (66 ml/min). Pa-
rameters such as the glass transition temperature
(Ty), the cold crystallization peak temperature (7¢)
and enthalpy (AH..), the melt peak temperature (7;,)
and enthalpy (AH,,) were obtained from the second
heating stage. Moreover, the degree of crystallinity
(X [%]) was calculated Equation (7):

|AH,, |- |AH,.|
|AHS |- (1= w)

where AHY, is a theoretical value representing the
theoretical melt enthalpy of a fully crystalline PLA
polymer, i.e. 93.7 J/g as reported in the literature
[28], and 1 — w is the weight fraction of PLA.

To evaluate the thermal stability and thermal degra-
dation of the PLA-MKSF composites and MKSF at
high temperatures, thermogravimetric analysis (TGA)
was carried out on a TGA1000 thermobalance from
Linseis (Selb, Germany). Samples of 15-20 mg were
used, which were placed in standard alumina cru-
cibles (70 pl). The heating cycle was established
from 30 to 700 °C with a heating rate of 10 °C/min,
with a nitrogen atmosphere (66 ml/min). The onset
degradation temperature was estimated at a mass
loss of 5% (Tsv,) in the corresponding TGA curve,
while the maximum degradation rate temperature
(Tmax) Was obtained from the first derivative thermo-
gravimetric (DTG) curve.

X.[%]= -100 (7)

2.3.5. Thermomechanical characterization

Dynamical mechanical thermal analysis (DMTA) was
carried out in a DMA1 dynamic analyzer from Met-
tler-Toledo (Schwerzenbach, Switzerland), working

in single cantilever flexural conditions. Rectangular
samples with dimensions 20x6x2.7 mm were sub-
jected to a dynamic temperature sweep from —50 to
140°C at a constant heating rate of 2 °C/min. The
selected frequency was 1 Hz, and the maximum
flexural deformation or cantilever deflection was set
to 10 pm.

2.3.6. Water uptake characterization

Water uptake of neat PLA and PLA-MKSF compos-
ites was characterized following ISO 62:2008. Rec-
tangular samples of dimensions 80x10x4 mm were
sunk in distilled water at room temperature for nine
weeks up to saturation. The samples were extracted
from the distilled water, dried with absorbent paper,
and weighed; the specimens were then again im-
mersed in the distilled water. The weighting process
was made on an analytical balance model AG245
provided by Mettler-Toledo (Schwerzenbach, Switzer-
land) with an accuracy of 0.001 g. This process was
repeated every week under the same conditions;
measurements were taken in triplicate to ensure re-
liable results. The percentage of water absorption
was calculated using Equation (8):

W=
0

Water absorption[%]= 100

8)
where W; [g] is the weight of the dry sample at any
time, and W, [g] is the weight of the initial dry
sample.

2.3.7. Disintegration in controlled compost soil
The degree of disintegration under composting con-
ditions of PLA samples and PLA-MKFS composites
was studied at a temperature of 58 °C and relative
humidity of 55% according to ISO 20200. Samples
of dimensions 25x2x1 mm were placed inside a tex-
tile mesh to facilitate their removal. Then they were
buried in a controlled compost soil made of organic
solids 45%, vegetable solids 40, 30% water content,
and pH between 6 and 7. Samples were periodically
extracted from the compost and cleaned with dis-
tilled water. Then they were dried and weighted with
an analytical balance model AG245 from Mettler-
Toledo (Schwerzenbach, Switzerland) with an accu-
racy of 0.001 g. The percentage of weight loss was
calculated using Equation (9):

Weight loss [%]= W~ W
Wo

-100 )
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where W) is the initial dry weight of the sample and
W is the weight of the sample after t burial time. All
assays were carried out in triplicate to ensure accu-
racy and reliability.

2.3.8. Melt flow index

The melt flow index (MFI) of neat PLA and PLA-
MKSF composites was determined using MFI equip-
ment from Metrotec S.A. (San Sebastian, Spain),
equipped with a 1 mm diameter nozzle. Measure-
ments were taken using a temperature of 190 °C and
an applied load of 2.16 kg, following ISO 1133. MFI
measurements were done in triplicate for each com-
position.

2.3.9. Surface wettability and colour
measurement
The wettability of the PLA and the PLA-MKSF com-
posites was estimated by water contact angle (WCA)
measurements. To this, an Easy drop FM 140 gonio-
meter supplied by Kriiss equipment (Hamburg, Ger-
many) was used. The test was carried out at room
temperature with water droplets of approximately
~15 pl randomly deposited on the sample surface.
The WCA was measured eight times for each droplet
for each formulation, and the average values were
provided.
The effect of MKSF on the colour of the PLA matrix
was analysed with a colorimeter model KONICA
CM-3600d Colorflex-DIFF2 from Hunter Associates
Laboratory (Reston, Virginia, USA). The instrument
was calibrated considering the standard white tile
and a mirror unit for black. The CIELab colour scale
(coordinates L*, a” and b") was recorded. L" refers
to lightness, a" stands for the colour coordinate be-
tween red and green, and b represents the colour co-
ordinate between yellow and blue. The total colour
difference (AEy,) was calculated by Equation (10):

AEL = (ALY +(Ad'T +(Ab) (10)

where AL", Aa", and Ab” are the differences between
the CIELab colour coordinates of the samples and
the reference colour.

3. Results

3.1. Mechanical characterization

Table 2 summarises the main values of the tensile test
parameters, impact strength, and Shore D hardness of
neat PLA and PLA-MKSF composites. In the case of
neat PLA, high values of elastic modulus (£}) and ten-
sile strength (o) are obtained (3848 MPa and
40.1 MPa, respectively), while a low percentage of
elongation at break (gp,) is obtained (4.7%). These
properties are typical of PLA, being a rigid and brittle
material [21]. The incorporation of MKSF leads to an
increase in the stiffness and brittleness of the material.
This is demonstrated by the high elastic modulus val-
ues reported, which are 35% higher than the values of
neat PLA. It is also verified by a decrease in tensile
strength and elongation at break of 40 and 35%, re-
spectively, related to neat PLA. This provokes a high-
ly brittle behavior in PLA-MKSF composites. This
behaviour can be related to the low interaction be-
tween the MKSF and the surrounding PLA matrix,
which generates a stress concentration effect, provok-
ing a detriment of mechanical properties [29].

As expected, the incorporation of tributyrin (TBN)
and triacetin (TCN) improves the ductile behaviour
of PLA-MKSF composites. In the case of PLA-
MKSF/TBN, a decrease in the tensile modulus and
tensile strength of 37 and 58% can be observed, re-
spectively. An increase in elongation at break can
also be observed up to 9.5%, thus, demonstrating the
plasticizing effect of tributyrin. Even though impact
strength is lower than neat PLA, the PLA-MKSF
composite plasticized with tributyrin has a higher
impact strength than the unplasticized PLA-MKSF
composite. This effect was also reported by other
studies [30], with tributyrin as a plasticizer in a
PLA/PHB blend. In general, it was observed how the

Table 2. Mechanical properties of PLA, PLA-MKSF composites obtained from tensile tests (elastic modulus — E, tensile
strength — oy, elongation at break — g;,), Shore D, impact strength.

Code Tensile
Impact strength
Elastic modulus, E; Strength, o, Elongation at break, g, | Shore D hardness (kJ/m?]
[MPa] [MPa] [%]
PLA 3848+245 40.1+3.7 4.7+0.5 63.8+1.3 33.6+3.6
PLA-MKSF 5219+£27 23.9+0.9 4.4+0.6 60.8+1.3 21.7+1.5
PLA-MKSF/TBN 2424+193 16.9+0.5 9.5+0.6 61.0+1.3 27.7+1.6
PLA- MKSF/TCN 2995+199 18.7+0.6 8.3+0.7 61.7+£1.2 33.143.1
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incorporation of tributyrin provoked a reduction of
the tensile strength and elastic modulus in all formu-
lations. However, no significant changes were ob-
served in the elongation at break.

As it occurs with the composites with TBN, the in-
corporation of triacetin is quite notorious regarding
ductile properties. On the one hand, a decrease in the
elastic modulus and tensile strength of 22 and 33%
with respect to neat PLA is observed. Additionally,
an increase of 77% in elongation at break is observed.
In spite of this, the impact strength of the material
remains quite high, with a value of 33.1 kJ/m?, com-
parable to the impact strength of neat PLA but with
a noticeable difference since ductile properties have
been improved. This effect can be related to the ex-
cellent miscibility that TCN has with the PLA matrix,
as it was stated in the theoretical solubility section.
This phenomenon, together with the compatibility
of TCN with MKSF (composed mainly of polysac-
charides and protein), enhances the general plasti-
cization effect [31]. Some studies have reported that
the plasticizer embeds the surface of lignocellulosic

particles, thus making the particles slide all over the
matrix [32].

Regarding Shore D hardness, it can be observed that
the incorporation of MKSF provokes a slight decrease
in hardness from 63.8 down to 60.8. Different plasti-
cizers (TBN and TCN) do not significantly affect the
hardness, despite a little increase. These results are
similar to those reported by Gonzalez et al. [33], who
observed that the use of maleinized linseed oil (MLO)
plasticizer did not alter the hardness of the matrix.
These results are in accordance with the estimated
miscibility between neat PLA and tributyrin and tri-
acetin. As the theoretical study showed good com-
patibility between the plasticizers and the polymer,
which has been demonstrated by the good mechani-
cal response in both cases.

3.2. Morphological characterization.

Figure 2 shows the morphology of the fracture sur-
face of impact test samples of each one of the devel-
oped composites observed by FESEM at 1000x
magnification. Figure 2a corresponds to neat PLA,

a)

c)

b) 10 um

Figure 2. FESEM image of mango kernel seed flour (MKSF) particles at 1000x with a marker scale of 10 um. a) PLA,
b) PLA-MKSF, ¢) PLA-MKSF/TBN, d) PLA-MKSF/TCN.
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which shows the typical morphology of a brittle
polymer. This behaviour is detected by a smooth and
flat surface, with the presence of little microcracks
[21]. This perfectly matches the mechanical results
observed in the previous section, where PLA exhib-
ited an extremely low ductility (low elongation at
break). In the case of Figure 2b, the morphology of
PLA with the incorporation of MKSF is shown. The
presence of MKSF particles is clearly seen all over
the matrix, where the adhesion of the particles is un-
doubtedly poor, as evidenced by the presence of
voids (white arrows) in the matrix surface. Pulled-
out MKSF particles generate those voids during im-
pact fracture due to the poor compatibility between
PLA and MKSF [34]. Figures 2¢ and 2d show the
FESEM morphology of the composites with tribu-
tyrin and triacetin, respectively. The concentration of
voids in the PLA matrix has been observed to be re-
duced with respect to the unplasticized PLA/MKSF
composite. This indicates an increase in the affinity
between PLA and MKSF microparticles, thanks to
the addition of both plasticizers, which possess ester
groups that enhance interaction with MKSF through
hydrogen bonds [20]. Additionally, the gap (yellow
arrows) between the MKSF particles and the sur-
rounding PLA matrix is smaller than in the unplasti-
cized composite. This fact corroborates the increased
ductile properties observed in the mechanical char-
acterization section, especially by using triacetin,
which provided an elongation at break of 9.5%.

3.3. Thermal properties of PLA-MKSF
composites

Differential scanning calorimetry (DSC) was used in
order to study the thermal properties of the PLA-
MKSF composites. Figure 3 gathers the thermograms
that correspond to the second heating cycle of neat
PLA and each one of the PLA-MKSF composites. At
the same time, Table 3 summarizes the main thermal
parameters extracted from these thermograms. Neat
PLA shows a glass transition temperature at about

62 °C, which is a typical value for this polymer, as
observed by Petchwattana et al. [20]. The addition of
MKSF into the polymer matrix decreases this value
by approximately 1°C, indicating almost negligible
plasticization.

On the other hand, adding tributyrin and triacetin
decreases this temperature to 40.6 and 46.4 °C, re-
spectively. This remarkable decrease is ascribed to
increased chain mobility of the amorphous phase of
PLA induced by both plasticizers [20]. The addition
of triacetin and tributyrin also plays a key role in the
cold crystallization process. The cold crystallization
peak temperature of neat PLA is located at 115.3 °C.
In contrast, the addition of MKSF decreases it down
to 109 °C, but, once again, the incorporation of trib-
utyrin and triacetin plasticizers moves the cold crys-
tallization peak temperature down to such low values
of 89 and 98 °C, respectively. This decrease in cold
crystallization is also ascribed to the increase in PLA
chain mobility, which provokes polymer chains to
rearrange more quickly to a packed structure in the
presence of plasticizers. Pure PLA exhibits a melting
temperature of approximately 167 °C, which is in-
creased by the presence of MKSF up to 169 °C. This
effect is typical in rigid lignocellulosic fillers, as they
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Figure 3. Differential scanning calorimetry (DSC) thermo-

grams of neat PLA and plasticized and unplasti-
cized PLA-MKSF composites.

Table 3. Glass transition temperature (7;), cold crystallization peak temperature (7¢.), cold crystallization enthalpy (AH..),
melting temperature (71,), melting enthalpy (AH,,,), and crystallinity X, of the PLA-MKSF composites, obtained by

differential scanning calorimetry (DSC).

Code T, Te AH. T AH,, X.
[°C] [°C] 1V/g] [°C] 1/gl (%]
PLA 62.4+1.2 115.343.5 0.7+0.1 167.140.2 10.1£0.1 10.1£0.5
PLA-MKSF 61.3+1.5 109.5+4.1 24.6+0.4 169.1+0.4 30.3+1.2 8.7+0.2
PLA-MKSF/TBN 40.642.1 88.9+3.6 19.1<1.1 164.1£1.0 30.4£1.7 17.3£0.1
PLA-MKSF/TCN 46.4+1.7 98.2+2.7 24.7£0.5 165.0+1.2 29.3+1.2 7.1£0.3
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are more thermally stable than neat PLA, thus delay-
ing the melting phenomenon.

Similarly, the addition of plasticizers follows an
analogous trend to the glass transition and cold crys-
tallization temperatures. Tributyrin and triacetin de-
crease Ty, to 164 and 165°C, respectively, due to
higher segmental mobility [20]. Finally, the crys-
tallinity of PLA did not suffer significant changes,
presenting a value of around 10%, except for the
sample with tributyrin, which showed a crystallinity
of 17.3%. This increase is related to the aforemen-
tioned enhanced chain mobility, which accelerates
the crystallization rate of PLA, allowing it to crys-
tallize at a lower 7., and then present a higher crys-
talline region.

In order to assess the thermal degradation behaviour
of the composites, a thermogravimetric (TGA) analy-
sis was carried out. Figure 4 shows the thermogravi-
metric (TGA) and first derivative (DTG) curves of
the studied composites, whereas Table 4 gathers the
main thermal parameters related to this analysis.
Neat PLA exhibits a single-step degradation curve,
typical of this polyester. Its onset degradation tem-
perature (7se,) is drastically reduced from 365°C
down to 273 °C due to the incorporation of MKSF.
This is due to the earlier decomposition of low mo-
lecular weight hemicellulose in the mango kernel
seed flour [20]. A similar trend occurs with the max-
imum degradation rate temperature extracted from
the first derivative diagram, as it decreases from
404.5 down to 322.6°C for PLA-MKSF. This is as-
cribed to the inherent lower thermal degradation sta-
bility of the lignocellulosic particles of MKSF, namely
hemicellulose, cellulose, lignin, and pectin [35]. This
phenomenon is clearly observed in the TGA dia-

100
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Table 4. Main thermal degradation parameters of the PLA-
MKSF composites: onset degradation temperature
at a mass loss of 5 wt% (7’sv,), maximum degrada-
tion rate temperature (7ycg), and the residual mass

at 700°C.
Code [TO' ;Co/,i [To' déﬁ Resid{l;zl] mass
PLA 365.242.5 | 404.5£3.1 0.2+0.1
PLA-MKSF 272.741.2 | 321.1+1.3 0.2+0.2
PLA-MKSF/TBN 216.4+2.0 | 324.743.3 0.1+£0.2
PLA-MKSF/TCN 204.1+1.1 | 321.2+1.1 0.1£0.2

grams, where the PLA mass decreases far later than
in the rest of the samples. The TGA curves of the
samples with tributyrin and triacetin show a two-step
degradation process, which is ascribed to the initial
degradation (plasticizer removal) of both plasticizers,
which are more volatile than the PLA matrix [36]. In
this case, the onset degradation temperature is further
decreased to 218 and 203 °C for tributyrin and tri-
acetin, respectively. This demonstrates the results ob-
served in DSC, as both plasticizers reduce the inter-
action between polymer chains and increase their mo-
bility, thus diminishing thermal stability. The maxi-
mum degradation rate temperature is also reduced to
325 and 322 °C, respectively, a decrease of approxi-
mately 20% relative to neat PLA. The residual mass
of PLA-MKSF composites increases due to a higher
tendency of MKSF for char formation than PLA.

3.4. Thermomechanical characterization

To assess the mechanical properties of the composites
in dynamic thermal conditions, DMTA was carried
out. This analysis also allows a more detailed evalua-
tion of the glass transitions of polymers. Figure 5
shows the dynamic-mechanical thermal analysis

0.0
-0.21
O -1.0
2
O
5 -1.51
—2.0 — PLA
—— PLA-MKSF
—— PLA-MKSF/TBN
—— PLA-MKSF/TCN
_2.: T T T T T T
100 200 300 400 500 600 700
b) Temperature [°C]

Figure 4. Thermal degradation of PLA-MKSF composites, a) thermogravimetric (TGA), and b) first derivative (DTG) of
neat PLA, plasticized and unplasticized PLA-MKSF composites.

342



J. Gomez-Caturla et al. — Express Polymer Letters Vol.17, No.3 (2023) 334-351

1000
g
=] 100 4
[T}
104 —— PLA
—— PLA-MKSF
—— PLA-MKSF/TBN
—— PLA-MKSF/TCN
T T T T T T T T T
-125 -100 -75 -50 -25 0 25 50 75 100 125
a) Temperature [°C]

204 — PLA
—— PLA-MKSF
—— PLA-MKSF/TBN
—— PLA-MKSF/TCN
1.5 1
X
)
E 1.0 1
0.5
0.0
T T T

T T T T T T
-125 -100 -75 -50 -25 0 25 100 125

Temperature [°C]

50 75

b)

Figure 5. Plot evolution of a) the storage modulus (£") and b) the dynamic damping factor (tand) of the PLA-MKSF com-

posites.

(DMTA) curves for all the PLA-MKSF composites,
namely the evolution of the storage modulus (£") and
the dynamic damping factor (tand). At the same
time, Table 5 gathers the main thermomechanical pa-
rameters to be analyzed. Figure 5a shows the varia-
tion of the storage modulus, which slowly decreases
in the whole temperature range until a sudden drop
is detected. This drop occurs between 60 and 70 °C
for neat PLA and PLA-MKSF, and between 40 and
50°C for the plasticized PLA-MKSF composites.
Those drops are related to the a-relaxation of PLA
chains once the glass transition region is surpassed
[37]. This is due to the plasticizing effect of TBN
and TCN, which increases the mobility of PLA
chains, thus reducing their stiffness in comparison
with neat PLA. These changes in rigidity are regis-
tered in Table 5, where there is a significant differ-
ence between the storage modulus at 5 and 70 °C,
which goes down from 1500-1700 MPa to values
of 850 MPa, respectively. Figure 5b allows observ-
ing more precisely the glass transition temperature
of the materials, which is indicated by a peak in the
evolution of the dynamic damping factor (tan 6) with
temperature. The glass transition temperature of neat
PLA is located at approximately 65 °C, as already

Table 5. Main dynamic-mechanical parameters of the PLA
MKSF composites.

Code E'at5°C | E'at70°C T,

[MPa] [MPa] [°C]
PLA 1690.6+33.80 | 8.37+0.13 | 65.26+0.97
PLA-MKSF 1569.429.81 | 16.9:0.32 | 63.13%1.39
PLA-MKSF/TBN | 1579.0427.01 | 54.1:1.14 | 43.36x0.65
PLA-MKSF/TCN | 1704.9+30.68 | 45.9+0.92 | 44.43+0.71
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observed in DSC. Adding MKSF does not provoke
significant changes in its T, with an average value
of 63°C. On the other hand, adding the TBN and
TCN plasticizers reduces the glass transition temper-
ature to 43 and 44 °C, respectively. This is again due
to the chain mobility enhancement phenomenon that
both plasticizers provide. This result proves the suc-
cessful plasticization of PLA and demonstrates the
increase in elongation at break reported in the me-
chanical properties section. After the glass transition
process, there is a slight rise of £’ in the plasticized
samples and the PLA+MKSF composite, which can
also be observed in the tand graph, around 80 °C.
This rise is due to crystallization, as an increase in
chain mobility favors the formation of crystals after
the 7, [38]. This crystal formation slightly increases
the stiffness of the composites, which is why £’ in-
creases a little bit at high temperatures (75 to
100°C). This is in accordance with the DSC results,
where a cold crystallization peak was recorded for
the PLA+MKSEF, and the TBN and TCN plasticized
samples in the 75-100 °C temperature range.

3.5. Melt flow index (MFI)

Figure 6 gathers the melt flow index (MFI) for neat
PLA and the PLA-MKSF composites developed in
this work, measured at 190 °C with a load mass of
2.16 kg. Neat PLA presents an MFI of approximately
17 g/10 min, similar to that provided in the technical
data sheet. Once the MKSF is incorporated into the
PLA matrix, the melt flow index increases up to
about 18 g/10 min. A similar effect was observed by
Pantyukhov et al. [39] in polyethylene composites
with lignocellulosic fibres as fillers. As expected, the
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Figure 6. Melt flow index (MFI) of neat PLA and PLA-
MKSF composites.

addition of tributyrin and triacetin drastically in-
creased the MFI of the composites. This is ascribed
to the enhanced chain mobility that both plasticizers
provide to PLA-MKSF composites. Thus, the PLA
polymer chain entanglement becomes poorer, posi-
tively affecting the composite’s flowability. The meas-
ured MFI values for PLA-MKSF/TBN and PLA-
MKSF/TCN are 42.5 g/10 min and 32.5 g/10 min,
respectively. This indicates that the plasticizing ef-
fect of tributyrin is stronger than that of triacetin, as
it has also been demonstrated in its mechanical and
thermal properties.

3.6. Visual appearance and water contact
angle characterization

Visual appearance is an essential factor regarding the
product’s perception by the consumer. Figure 7 shows
the visual appearance of PLA-MKSF composites. At
first sight, it can be seen that only the neat PLA sam-
ple shows certain transparency due to the semicrys-
talline nature of the polyester [40]. The incorporation
of MKSF leads the samples to turn completely opaque
with characteristic dark brown colours, which are es-
pecially attractive from the point of view of wood-
plastic composites. Meanwhile, Table 6 gathers the
L*a"b” colour coordinates. Neat PLA exhibited a lu-
minance of 36.8, which is reduced to values close to

PLA PLA-MKSF

Table 6. Main colour parameters of the PLA-MKSF com-
posites in terms of the CieLab colour space (L"a"b")
and the colour difference AEy,.

Code L* a* b* AE3,
PLA 36.840.3 | —0.2+0.1 | 0.9+0.1 -
PLA-MKSF 25.8+0.3 | 3.1+0.1 | 3.5+0.1 | 11.7+£0.3
PLA-MKSF/TBN| 26.0+0.1 | 4.2+0.2 | 5.3+0.1 | 12.4+0.1
PLA-MKSF/TCN| 26.9+0.3 | 4.0+0.1 | 5.4+0.2 | 11.6+0.3

26 for all the rest of the samples as a result of the in-
corporation of MKSF, which turns the samples into
darker colours.

Regarding colour coordinates a* and 5", neat PLA
displays very low values (0.2 and 0.9, respectively)
due to its characteristic white colour. Adding MKSF
increases those values to 3.1 and 3.5, respectively.
This was expected, as the observed dark brown colour
is composed of red and yellow components. With the
addition of tributyrin and triacetin, both values in-
crease even more, as they provide a clearer tonality
to the dark brown colour of the PLA-MKSF com-
posite, as seen in Figure 7. The values of a” and b
for TBN and TCN are very close to 4 and 5, respec-
tively, in both cases. Finally, the colour difference
AE%, is very similar for all three PLA-MKSF com-
posites, giving values of approximately 12. That was
expected, as the three samples presented very similar
colours. A similar tonality was reported in previous
work for a polypropylene matrix with mango peel
wastes [41].

The water contact angle analysis gives information
regarding the affinity and interaction of the studied
materials with water. Figure 8 shows the contact angle
of distilled water with the surface of each one of the
PLA-MKSF composites developed in this study. As
it can be observed, neat PLA presents a contact angle
of 85°, which is characteristic of a hydrophobic
polymer according to Vogler, who established the
hydrophilic threshold at 65° [42]. Once MKSF is
added to the polymer matrix, the contact angle con-
siderably decreases to 75°, increasing the hydro-
philicity of the polymer. This behaviour is ascribed
to the polar groups contained in MKSF, mainly from

PLA-MKSF/TBN

PLA-MKSF/TCN

Figure 7. The visual appearance of the PLA-MKSF composites.
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Figure 8. Water contact angle measurements of plasticized
and unplasticized PLA-MKSF composites.

polysaccharides and proteins. Those molecules have
a great capacity to form hydrogen bonds, thus increas-
ing affinity towards the water and then enhancing hy-
drophilicity [43]. The addition of plasticizers into the
PLA-MKSF composite reduces the affinity towards
water, exhibiting contact angles of 78.5 and 82° for
tributyrin and triacetin, respectively. Both plasticizers
reduce the contact angle of neat PLA, as tributyrin
and triacetin are certainly hydrophilic [44]. However,
they increase the contact angle in relation to the PLA-
MKSEF sample. This could be due to the interaction
of ester groups contained in both plasticizers with the
hydroxyl groups in MKSF, thus reducing the avail-
ability of —OH functionalities in MKSF that can hy-
drogen-bond with water molecules.

3.7. Water uptake

The water uptake test evaluated the water absorption
capacity of neat PLA and PLA-MKSF composites
over 11 weeks. Figure 9 shows the evolution of the
water absorption of the samples over 11 weeks in
terms of the percentage of water mass absorbed in re-
lation to the initial weight of the specimens. As ex-
pected, neat PLA presents the lowest water absorption
profile, with maximum absorption of less than 1 wt%.
This is the typical behaviour of a hydrophobic poly-
mer; a similar profile was observed in previous works
[37] for neat PLA. When MKSF is added into the
PLA matrix, the water uptake of the composite dras-
tically increases up to almost 12 wt% at 11 weeks of
immersion in distilled water. This effect is ascribed to
the presence of polar groups in the composite coming
from starch, proteins, and lignin. Their characteristic
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Figure 9. Water uptake evolution of the PLA-MKSF com-
posites over 11 weeks.

functionalities provide the material with a great affin-
ity for water, as observed in the contact angle meas-
urements. Finally, adding tributyrin and triacetin also
increases the water absorption compared with neat
PLAup to 6.5 and 5 wt%, respectively. However, they
decrease the water absorption capacity with respect to
the PLA-MKSF composite. This decrease could be
related to the interaction between carbonyl groups in
both plasticizers and hydroxyl groups in MKSF, re-
ducing the possible reaction with distilled water [45].
The sample with tributyrin seems to slightly decrease
its mass over time from 4 weeks of immersion. This
could be ascribed to the certain water solubility of the
plasticizer in distilled water. The results presented
here are in total accordance with the contact angle
measurements, where tributyrin also presented a
slightly higher affinity for water than triacetin.

3.8. Disintegration test

The disintegrability of the PLA-MKSF composites
was assessed through the disintegration test. Figure 10
shows the disintegration profile of all the studied
PLA-based samples in terms of mass loss. As can
be observed, only neat PLA disintegrated at 100%
(at 9 weeks). Nonetheless, the remaining specimens
disintegrated up to 90% at 12 weeks, which is the
objective for considering a material biocompostable
[43]. Neat PLA exhibited the typical behaviour of
a biodegradable polymer, fully disintegration at
9 weeks due to a hydrolytic degradation process.
Once MKSF is added to the polymer matrix, the dis-
integration capacity decreases to 90% at 12 weeks
of incubation time in compost soil.
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Figure 10. Disintegration profile of the PLA-MKSF speci-
mens over 12 weeks.

Moreover, the addition of plasticizers does not signif-
icantly vary tPlease check all of the figures and tables,
carefully (axes, headings, designations, lowercase or
capital letters, etc.).

Please check the equations, carefully.he disintegration
process. This decrease in biodegradability could be
ascribed to an increase in the crystallinity of the
polymer, especially in the PLA-MKSF/TBN com-
posite. The hydrolytic degradation process occurs
more easily in the amorphous regions of the poly-
mer. Thus, the higher the crystallinity, the lower the
proportion of the amorphous phase in the polymer,
providing more resistance against biodegradation
[37]. Nonetheless, both plasticizers do increase the
disintegrability rate during the first 8 weeks. This
phenomenon could be ascribed to the hydrophilic na-
ture of TBN and TCN, which makes water absorp-
tion and diffusion through the polymer bulk in the
initial phase of disintegration to be faster. This re-
sults in higher hydrolysis in the polymer chains, lead-
ing to smaller molecules (monomers and short-chain
oligomers) being available for microorganisms to at-
tack [46]. In the last weeks, the samples with MKSF
seem to have a disintegrability threshold, which
could correspond to the MKSF fraction left in the
samples, which does not fully disintegrate.

Figure 11 gathers images that record the visual as-
pect of the samples all over the test. As has been
aforementioned, it is observed that neat PLA is en-
tirely disintegrated after 9 weeks, while the rest of
the specimens continue to degrade until week 12,
when just little remnants are left (90% of biodegra-
dation). Moreover, neat PLA started to decompose
at week 2, as demonstrated by the macrocracks that

appear in the square sample in Figure 11. In contrast,
the MKSF samples start their decomposition at
week 4. Thus, the results herein presented are in total
accordance with the disintegration profile shown in
Figure 10.

4. Conclusions

This work shows the successful development of
wood plastic composites based on a polyester PLA
matrix with mango kernel seed flour (MKSF) as a
reinforcing agent and tributyrin (TBN) and triacetin
(TCN) as plasticizers. The addition of MKSF gave
the composites a characteristic dark brown color,
which could prove to be interesting in replacing
wood-based materials for these wood-plastic com-
posites. Regarding their mechanical response, tribu-
tyrin and triacetin improved the ductility of the poly-
mer matrix, increasing the elongation at break from
4.4% for the PLA+MKSF sample to 9.5 and 8.3%
for PLA+MKSF/TBN and PLA+MKSF/TCN, re-
spectively. These results matched the theoretical sol-
ubility parameters of neat PLA and the plasticizers,
which were also studied, showing good compatibil-
ity between PLA, TBN, and TCN (RED values of
0.86 and 0.73, respectively). FESEM results also sup-
ported the mechanical properties of the composites,
as well as certain compatibility effects exerted by the
plasticizers over the polymer matrix and the MKSF
particles. The plasticizing effect was further verified
by thermal analysis, where the glass transition tem-
perature and melting temperatures were reduced in
relation to neat PLA as a result of the increased chain
mobility provided by both TBN and TCN. MKSF
made the affinity for water of the composite drasti-
cally increase, as was observed by means of contact
angle measurements and water uptake. Both plasti-
cizers reduced this considerably large water absorp-
tion of PLA+MKSF thanks to their bonding with
MKSF particles. The thermal degradation of the com-
posites became faster as a result of the presence of
both plasticizers, again attributed to the increased
chain mobility of the polymer chains ascribed to the
plasticizing effect. Finally, all the composites showed
a positive response towards disintegration under
compost soil conditions. Disintegrating over 90% of
the total mass of the samples.

All in all, these results prove that environmentally
friendly wood plastic composites can be obtained
from the combination of PLA, MKSF, TBN, and
TCN, with enhanced ductility, good thermal stability,
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Figure 11. Evolution of the visual appearance of the samples (25x2x1 mm) during the disintegration test.
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Figure 11. Evolution of the visual appearance of the samples (25%2x1 mm) during the disintegration test (continued).
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