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Abstract. In a blend of poly(lactic acid) (PLA) and thermoplastic starch (TPS), a 15% load of hemp seed lignocellulosic
filler (HF) was incorporated. Additionally, separate petrochemical-based compatibilizers, such as dicumyl peroxide (DCM)
and benzoyl peroxide (LRL), as well as a bio-based compatibilizer, maleinized hemp seed oil (MHO), were introduced.
Adding HF to the PLA/TPS blend reduced tensile mechanical properties due to the stress concentration phenomenon arising
from the lack of interaction between components, yielding a more brittle material. This issue was mitigated by adding com-
patibilizers, notably the incorporation of MHO into the PLA/TPS/HF blend this increased elongation at break by enhancing
compatibility among the blend components and providing a plasticizing effect. Moreover, regarding thermal properties, it
was observed that the inclusion of HF led to a decrease in the glass transition temperature (7}), cold crystallization temperature
(Te.), and melting temperature (7y,). Conversely, adding MHO to this blend increased all these values compared to the
PLA/TPS/HF mixture, attributed to the plasticizing effect imparted by the modified oil. Additionally, following fracture in
Charpy impact testing, the samples were subjected to field emission scanning electron microscopy (FESEM) analysis to ex-
amine the fractured surface of the various samples.
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1. Introduction

Poly(lactic acid) (PLA) is one of the most extensive-
ly studied biopolymers. It possesses a series of prop-
erties such as excellent mechanical properties [1],
high transparency resulting from its high crystallini-
ty [2], and great ease of processing through highly
productive techniques like extrusion and injection
molding [3]. Besides its technical features, PLA
boasts competitive pricing, the capability of deriva-
tion from biomass, and biodegradability [4]. These
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attributes place it favorably against other biopoly-
mers, making it an ideal choice for applications in
sectors like packaging and wrapping [5]. However,
in order to be applied effectively at an industrial level,
it is necessary to improve certain properties of PLA.
The main drawbacks include its limited elongation
capacity, low flexibility, and low toughness, making
it excessively rigid for certain applications [6].

Melt blending PLA with other more ductile poly-
mers is an efficient and cost-effective technique to
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enhance its ductile properties [7]. Multiple studies
have demonstrated the effectiveness of blending
PLA with non-renewable ductile polymers, such as
low-density polyethylene (LDPE). Wang et al. [8]
showed that crystallinity is a key parameter in the
toughness of PLA/LDPE blends. Reddy and Hillmyer
[9] conducted blends of PLA with polypropylene
(PP), increasing ductile properties and hydrolysis re-
sistance but, of course, reducing biodegradability.
Other studies have been conducted along the same
lines with the use of polyamide (PA) [10] or poly-
styrene (PS), demonstrating a thermal stabilization
of the blend despite the confirmed two glass transi-
tion temperatures (7,), which indicated the immis-
cibility of the polymers [11].

To avoid compromising the biodegradability and
compostability of PLA, multiple studies have ex-
plored blends of PLA with other biodegradable poly-
mers. As examples of these studies, lannace et al.
[12] and Takagi et al. [13] conducted blends of PLA
with polyhydroxyalkanoates (PHA). The studies
demonstrated that the toughness of the blends was
slightly increased due to weak interactions, but the
lack of miscibility between the polymers led to com-
patibility issues. A similar effect has been observed in
blends formed by PLA and poly(caprolactone) PCL
[14], poly(butylene succinate) (PBS) [15], or ther-
moplastic starch (TPS) [16]. Blends of PLA and TPS
(or starch) offer several advantages, such as low den-
sity, low cost, and improved thermal resistance. How-
ever, the lack of miscibility results in poor interfacial
adhesion. Furthermore, the potential moisture absorp-
tion by TPS granules can lead to reduced moisture
resistance and accelerated aging [17]. Furthermore,
when adding natural fillers to these blends, which
can reinforce mechanical properties, and barrier prop-
erties, improve biodegradability and reduce costs,
proper phase compatibility becomes crucial [18].
One of the primary methods for enhancing phase
compatibility is reactive compatibilization. During
this process, a dispersed domain is formed in a low
proportion, which facilitates physical and chemical
interaction between phases [19]. This chemical re-
action, occurring between two polymers or even be-
tween a polymer and a filler, enhances interfacial ad-
hesion, resulting in a better balance of properties.
Numerous studies have conducted reactive compat-
ibilization processes between PLA and TPS. Some
of the most commonly used compatibilizers include
maleic anhydride (MA) [20], silane coupling agents
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[21], citric acid (CA) [22], isocyanate-based com-
pounds [23], and even itaconic acid (IA) [24].

Of the different reactive compatibilizers, maleic an-
hydride (MA) can be taken as a reference due to its
good balance of properties, including low self-reac-
tivity in the presence of free radicals and low toxicity
and cost [25]. Various studies have shown how MA
can react with the hydroxyl groups present in PLA
and TPS. However, the efficiency of the reaction has
been demonstrated to improve when a peroxide ini-
tiator is also used. One of the most commonly used
initiators is 2,5-bis(tert-butylperoxy)-2,5-dimethyl
hexane, commonly known as Luperox, from a petro-
chemical source [26]. In these types of studies, the
combination of peroxide and MA significantly in-
creases the phase interaction, enhancing the strength
of blends based on PLA/TPS. Other studies demon-
strate the efficiency of treatment with alternative per-
oxides such as dicumyl peroxide (DCM) [20] or
even a potentially bio-based peroxide like lauroyl
peroxide (LRL) [27]. These studies often involve
prior functionalization of PLA, transforming it into
PLA-g-MA, and subsequently carrying out the ex-
trusion process, resulting in a two-step transforma-
tion of the blend [28]. Research on functionalization
using reactive compatibilizing agents in a single step
is less common.

Hence, the current study aims, firstly, to evaluate the
efficiency of reactive compatibilization in a single
step using a combination of reference reagents, con-
sisting of MA and DCM, and MA and LRL (possibly
obtainable from bio-based sources). Secondly, it
seeks an ecological alternative to these reagents,
which is where the use of bio-based plasticizers
comes into play. The use of triglycerides can be an
alternative to increase the fragility of PLA, but they
will not react with the hydroxyl groups of PLA or
even TPS by themselves because both PLA and TPS
are hydrophilic, while triglycerides are hydrophobic
[29]. This can lead to phase separation. This issue
can be resolved by chemically modifying the oils
through processes such as epoxidation or maleiniza-
tion. In these modifications, epoxy or maleic groups
are anchored to the triglycerides, enabling them to
interact with the hydroxyl groups. Furthermore, the
high molecular weight of these triglycerides mini-
mizes the known problem of possible plasticizer mi-
gration, which can cause stiffening and aging of the
blend. The limited bibliography found up to this
point evaluates the use of maleinized linseed oil
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(MLO) in PLA/TPS blends [30], but despite that,
demonstrated the efficiency of maleinized hemp oil
(MHO) for the compatibilization/plasticization of
PLA [31], no studies have been found in PLA/TPS
blends.

In the present study, composites consisting of PLA
and TPS as biopolymer matrices are developed, with
the addition of 15% by weight of hemp flour (HF)
as a natural filler. This HF is obtained as a byproduct
of the hemp oil extraction process and is chemically
modified into MHO. The reuse of this lignocellulosic
residue from hemp seeds avoids the potential draw-
backs associated with the use of natural fibers, such
as increased pressure on natural resources, forest
preservation, biodiversity, and the acquisition of
low-cost raw materials. The composites are devel-
oped with three types of reactive compatibilizers,
namely DCM, LRL, and MHO. The first two are
widely used in scientific research as reactive com-
patibilizers, but the use of MHO as a reactive com-
patibilizer and plasticizer is still relatively unex-
plored. The study conducts a comparative analysis
of the main mechanical, thermal, colorimetric, and
biodegradative properties of the developed compos-
ites, aiming to assess whether MHO is a technically,
ecologically, and economically viable alternative to
the current commercially employed reactive com-
patibilizers.

2. Experimental

2.1. Materials

Poly(lactic acid) (PLA) with a commercial-grade
3251D was supplied by NatureWorks LLC (Min-
netonka, MN, USA). Its melt flow rate was
80 g:10 min~! at 210°C and its density was
1.24 g-cm™3. Thermoplastic starch (TPS) with a com-
mercial-grade Mater-Bi®NF 866 was supplied by
Novamont SPA (Novara, Italy). TPS was character-
ized by a melt flow rate of 3 g-10 min~! at 150°C
with a load of 5 kg and a melting temperature of 110
to 120°C. In addition, dicumyl peroxide (DCM),
maleic anhydride (MA), and Luperox® A75 Benzoyl
peroxide (LRL) were supplied by Sigma Aldrich
(Madrid, Spain). On the other hand, a residual cake
obtained after cold pressing extraction of hemp seed
oil (HSO), using a CRZ-309 press machine (Changy-
ouxin Trading Co., Zhucheng, China), from whole
hemp seed supplied by a local market (Callosa de
Segura, Spain) was used as a lignocellulosic filler.

The residual cake was ground using a centrifugal
mill from Retsch GmbH (Diisseldorf, Germany) at
8000 rpm and equipped with a 0.25 mm sieve. The
hemp flour (HF) obtained after milling was used as
the lignocellulosic filler. Finally, HSO was modified
to obtain maleinized hemp seed oil (MHO) follow-
ing the method used in previous studies [31]. The
chemical structure of each compatibilizer is shown
in Figure 1.

First of all, PLA and TPS pellets were dried at 50 °C
for 24 h to remove dampness. Similarly, the HF
was dried at 50 °C for 24 h before processing. A
fixed weight content of PLA and TPS of 80 and
20 wt%, respectively. As for the amount of HF, it
was set at 15%.

2.2. Sample processing

Before preparing the composites, PLA, TPS, and HF
were dried at 45°C in an air oven to remove the
residual moisture. All samples were reweighed ac-
cording to the proportions given in Table 1 and fol-
lowing the process outlined in previous related liter-
ature. All samples were processed in a Dupra S.L.
(Castalla, Alicante, Spain) corotating extruder at a
constant rate of 40 rpm. The temperature profile for
extrusion from the hopper to the output was set as
follows: 163, 165, 170, and 175 °C. After extrusion,
the samples obtained were cooled at room tempera-
ture and pelletized. Before injection, all extruded
samples were allowed to dry again at 50 °C for 24 h.
Once the mixtures were dried, they were made into
pieces by injection molding in a Mateu & Solé ma-
chine (Barcelona, Spain). The temperature profile
was set as follows: 190, 195, 197, and 200 °C, from
the hopper to the injection nozzle. The filling time
was set to 1 s and the cooling time to 10 s.

2.3. Characterization techniques

2.3.1. Mechanical properties

Mechanical tests were performed to evaluate the in-
fluence of compatibilization effects on PLA/TPS/HF
composites. These tests included tensile characteri-
zation, impact strength measurement, and hardness
determination. Tensile characterization was per-
formed using an Ibertest ELIB 30 universal testing
machine from SAE Ibertest (Madrid, Spain). Speci-
mens with dimensions of 150x10x4 mm were used,
following the recommendations of ISO 527. A load
cell of 5 kN and a crosshead speed of 10 mm-min!
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Figure 1. Scheme of the chemical structure of different compatibilizers used. a) Maleinized hemp seed oil (MHO), b) dicumyl

peroxide (DCM), ¢) benzoyl peroxide (LRL).

Table 1. Composition of compatibilized and non-compatibilized PLA/TPS/HF samples.

Sample PLA TPS HF MA DCM MHO LRL
[Wt%] [wt%] [%% [phr] [phr] [phr] [%]
PLA/TPS 80 20 - - - - -
PLA/TPS/HF 80 20 15 - - - -
DCM 80 20 15 2 0.1 - -
MHO 80 20 15 - - 75 -
LRL 80 20 15 2 - - 1

were applied. In addition, an SAE Ibertest axial ex-
tensometer was used to obtain the tensile modulus
accurately.

The impact strength was measured with a 1]
Charpy pendulum manufactured by Metrotec SA
(Madrid, Spain). The specimens had dimensions of
80x10x4 mm, according to the guidelines specified
by ISO 179. In addition, hardness was assessed using
aJ. Bot SA (Barcelona, Spain) model 676-D Shore D
durometer, as suggested by ISO 868.

All mechanical tests were performed at room tem-
perature, and a minimum of five specimens per sam-
ple were tested to obtain the corresponding mean
values and standard deviations. The analysis of these
mechanical results will allow a better understand-
ing of the properties and behavior of PLA/TPS/HF
composites, as well as evaluate the effectiveness of

compatibilization effects in improving the mechan-
ical properties of these composites.

2.3.2. Field emission scanning electron
microscopy (FESEM)
Fractured surface morphologies resulting from impact
testing of PLA/TPS/HF composites incorporating
various compatibilizers were examined using field
emission scanning electron microscopy (FESEM).
FESEM measurements were performed using a
ZEISS ULTRA 55 microscope, provided by Oxford
Instruments (Oxfordshire, UK), with an operating
accelerating voltage of 2 kV. Before the examina-
tion, a thin layer of Au-Pd alloy was applied to all
fractured surfaces using a Leica Microsystems EM
MEDO020 sputter coater (Wetzlar, Germany) under
vacuum conditions for 120 s.
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2.3.3. Differential scanning calorimetry (DSC)
The thermal behavior of PLA/TPS/HF composites
incorporating various compatibilizers was investi-
gated by differential scanning calorimetry (DSC).
The primary thermal transitions of the PLA/TPS/HF
composites were determined by DSC measurements
using a Mettler-Toledo 821e calorimeter from Met-
tler Toledo Inc (Schwerzenbach, Switzerland). A dy-
namic temperature program was applied, consisting
of an initial heating from 30 to 300 °C to eliminate
any thermal history, followed by a cooling cycle
from 300 to 30°C, and finally, a heating program
from 30 to 300°C. Each sample, with an average
weight of approximately 5-10 mg, was subjected to
a cooling and heating rate of 10°C-min~! according
to ASTM D3418. All thermal cycles were performed
under a nitrogen atmosphere, maintaining a constant
flow rate of 66 ml-min~'. The degree of crystallinity
(X¢) of the compounds was determined by the Equa-
tion (1):
AH_ —AH_,

o AH 100 (1)

m

X, [%]=

where w denotes the weight fraction attributed to
PLA. AH,, represents the enthalpy of fusion [J-g™'],
AH,. stands for the entalpy of cold crystallization
[J-g7'], and AH?n denotes the enthalpy of fusion for
a theoretically fully crystalline PLA structure, which
according to the literature, is 93 J-g~! [32].

2.3.4. Thermogravimetric analysis (TGA)

The thermal stability of the composites was evalu-
ated by TGA analysis performed on a TGA/SDTA
851 thermobalance manufactured by Mettler-Toledo
Inc (Schwerzenbach, Switzerland). Each sample, with
an average weight of approximately 10 mg, was sub-
jected to a dynamic heating ramp from 30 to 700 °C
at a constant heating rate of 10°C-min~'. All exper-
iments were performed under a continuous nitrogen
gas flow at a 66 ml-min~' rate. In addition, the onset
temperature of degradation (7)) was determined as
the temperature at which a 5% weight loss was ob-
served in the sample. The temperature at which the
maximum degradation rate (7,,x) was identified
from the peak of the first derivative curve (DTG).

2.3.5. Melt flow index

An extrusion plastometer with a melt flow indexer
and cutting mechanism, manufactured by Metrotec
(Lezo, Spain), was used to determine the melt flow
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index (MFI). The loading mass was set at 2.16 kg,
and the temperature was kept at 190 °C. Each sample,
weighing approximately 20 g, was placed in the in-
dexer, and after a heating period of 2 min, the load
was applied, initiating the flow of the material. In-
tervals of 30 s were set, during which samples of each
material were collected and their masses were meas-
ured when the shear mechanism was activated. A
total of five tests were performed for each mixture.

2.3.6. Disintegration under compost conditions
In accordance with ISO 20200, the evaluation of dis-
integration was carried out under aerobic conditions
at 58 °C with a relative humidity of 55%. Rectangu-
lar samples of 25%25%1 mm were tightly enclosed
in a containment bag and immersed in a controlled
soil environment. The samples were subjected to a
24 h drying process at 40 °C to remove any remain-
ing moisture before being weighed. The soil compo-
sition used for burial comprised sucrose, specialized
rabbit feed, urea, maize starch, sawdust, maize oil,
and mature compost, according to the proportions
prescribed in ISO 20200. Over 35 days, the disinte-
gration process was carried out, which involved pe-
riodic digging up of the samples on days 7, 9, 14, 17,
21, 28, and 35. After recovery, the samples were care-
fully rinsed with distilled water, subjected to 24 h
exposure in an air oven at 40 °C, and reweighed. To
ensure robustness, all experiments were performed
in triplicate. The percentage of weight loss (/) was
determined by Equation (2):

Wy — W

Wo

W [%]= -100 2)
where wy represents the initial weight of the sample
after the drying process, while w corresponds to the
weight of the sample collected from the composted
soil at various time points after drying. In addition,
optical images were captured to document the time
evolution of the disintegration process.

3. Results and discussion
3.1. Mechanical properties of PLA/TPS
samples

The tensile mechanical properties of the different
PLA/TPS samples can be seen in Figure 2. The
PLA/TPS blend shows a tensile strength (Figure 2b)
of 46.8 MPa, Young’s modulus (Figure 2a) of
2300 MPa, and an elongation at a break (Figure 2c¢)
of 6.7%. These values are similar to those obtained
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Figure 2. Tensile mechanical properties of PLA/TPS sample and PLA/TPS/HF samples without compatibilizer and compat-
ibilized: a) Young’s modulus, b) tensile strength, and c) elongation at break.

by Ghari and Nazockdast [33] for PLA/TPS sam-
ples. The incorporation of HF in the blend results in
a significant reduction of the tensile mechanical
properties. This is typical for composites reinforced
with natural fibers, as their incorporation leads to
stress concentration phenomena due to the lack of
interaction between the HF residue and the matrix,
resulting in the brittleness of the material [34]. In this
case, the PLA/TPS sample reinforced with HF pres-
ents compatibilizers Young’s modulus of 833 MPa,
a tensile strength of 24.3 MPa, and an elongation at
break of 3.3. On the other hand, it can be observed
how the incorporation of the different compatibiliz-
ers hardly affects the tensile properties of the non-
compatibilized sample (PLA/TPS/HF), obtaining
very similar values of Young’s modulus, tensile
strength, and elongation at break. However, a slight
increase in the elongation at the break of the rein-
forced blend can be observed after the incorporation
of MHO, from 3.3 to 4.2% for the compatibilized
sample, representing an increase of 27.3%. This in-
crease in the elongation at break is due to the im-
proved compatibility between PLA and TPS and
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PLA/TPS and HF caused by MHO, as well as the
plasticizing effect of MHO [35, 36].

On the other hand, Figure 3 shows the Shore D hard-
ness and impact absorption energy of the PLA/TPS
sample and of the PLA/TPS/HF composites without
compatibilization and compatibilized PLA/TPS/HF
composites. As can be seen in Figure 3, the incorpo-
ration of HF in the PLA/TPS blend resulted in a re-
markable reduction of the impact absorption energy
from 29.3 kJ'-m™ for the unreinforced blend to
9.9 kJ-m™2 for the blend reinforced with 15 wt% HF,
a decrease of about 66.2%. This decrease in impact
absorption energy is due to the lack of continuity of
the matrix due to the low interaction between the
polymeric matrix and the lignocellulosic residue,
generating stress concentration points in the region
of the particle-polymer interface, which facilitate the
formation of micro-cracks and their propagation
when the material is subjected to impact, embrittling
the material. Incorporating the compatibilizers into
the reinforced PLA/TPS sample slightly increases
the impact absorption energy. This increase is more
noticeable in the sample compatibilized with MHO,
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where an impact absorption energy of 15 kJ-m~ is
obtained, representing an increase of 51.5% concern-
ing the sample without compatibilization. This in-
crease in energy absorption may be due to two rea-
sons, one of them being the plasticizing effect caused
by the MHO. It has been shown that maleinized veg-
etable oils act as a plasticizer in polymers, leading to
an increase in the mobility of the polymer chains
caused by an increase in the free volume and a reduc-
tion in the secondary interactions between them. On
the other hand, the maleic anhydride groups of MHO
can react with the hydroxyl groups of PLA, TPS, and
HF, improving the compatibility between them and
thus reducing their brittleness [37]. A similar effect
can be observed in the DCM and LRL compatibilized
samples, where energy absorption values of 12.5 and
13 kJ-m™2, respectively, are achieved.

Regarding the Shore D hardness, the unreinforced
PLA/TPS sample shows a value of 78.4 Shore D. As
can be seen, the hardness of the blend is hardly af-
fected after the incorporation of HF and the different
compatibilizers, obtaining values very similar to
those of the unreinforced sample.

3.2. Thermal properties of PLA/TPS samples

The thermal properties of the PLA/TPS blend and
the PLA/TPS/HF composites without compatibiliza-
tion and compatibilized PLA/TPS/HF composites
have been studied by DSC and TGA. Figure 4 shows
the DSC thermograms of the different samples, while
Table 2 shows the main thermal parameters obtained
from the curves. All tests on each sample have been
carried out 3 times. As can be seen, the PLA/TPS
blend presents a glass transition temperature (7) of
62.2°C, a cold crystallization temperature (7¢.) of
95.8°C, and a melting temperature (7},) of 168.9 °C.
These values are very similar to those obtained by
Ferri et al. [35] for the PLA/TPS samples. Incorpo-
rating the HF reinforcement in the blend results in a
slight reduction of the Ty, T, and Ty, obtaining val-
ues of 60.5, 89.6, and 166.7 °C, respectively. In ad-
dition, a decrease in the crystallinity of the blend is
also observed after incorporating the filler, from
32.6% for the unreinforced blend to 24.6% for the
reinforced blend. These results show how the HF re-
inforcement hinders the folding process of the poly-
mer chains, thus preventing the formation of crystals

PLA/TPS |
/ \_ - B

/ — [ o
PLATPS/HF \\ /
\/

Vv

Exo
-

MHO

TR ﬂ/ﬁ

60 80 100 120 140 160 180 200

Temperature [°C]

Heat flow [W-g~"]

Figure 4. Calorimetric curves of PLA/TPS sample and
PLA/TPS/HF samples without compatibilizer and
compatibilized PLA/TPS/HF samples.

Table 2. Thermal properties of PLA/TPS sample and PLA/TPS/HF samples without compatibilizer and compatibilized
PLA/TPS/HF samples obtained by differential scanning calorimetry.

T, Tee AH,. Tm AH, X

Sample [°C] °C] g '] °C] g (%]
PLA/TPS 62.2+0.7 95.8+1.1 17.3+0.5 168.9+3 .4 41.6+1.5 32.6+£0.5
PLA/TPS/HF 60.5+£0.5 89.6+0.9 14.2+0.1 166.7+2.1 32.5+1.1 24.6+0.6
MHO 60.7+0.6 92.6+0.7 13.840.2 166.7£2.9 35.2+0.9 28.7+0.6
DCM 60.7+0.2 89.1+1.2 12.9+0.4 166.5+£3.2 36.9+1.8 32.24+0.8
LRL 60.0+0.3 88.6+0.4 14.1+0.4 166.1+1.7 31.9+1.7 23.9+0.5
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[38]. Incorporating the different compatibilizers in the
reinforced blend hardly affects its T, and 7r,. How-
ever, it is observed that the incorporation of MHO
leads to a slight increase in the T, from 89.6 °C for
the composite without compatibilization to 92.6°C
for the composite compatibilized with MHO. This
increase in T, in the MHO compatibilized sample
may be related to the increase in compatibilization
between the different constituents, which hinders the
crystallization of the polymer chains. Moreover, it
can be observed that the incorporation of MHO in
the PLA/TPS/HF composite gives rise to a slight in-
crease in crystallinity, obtaining values of 28.7%,
representing an increase of 4.1% concerning the
composite without compatibilization. This is due to
the plasticizing effect of the modified oil that favors
the mobility of the chains, leading to the formation
of crystals [39].

The thermal stability of the different formulations
obtained was studied by thermogravimetry. Figure 5
shows the thermogravimetric curves and the first de-
rivative of these curves (DTG) of the PLA/TPS blend
and of the PLA/TPS/HF biocomposites without com-
patibilization and compatibilized. In addition, Table 3
shows the degradation onset temperature (7p) values,
the temperature at which the samples show a 5%
mass loss, and the maximum degradation tempera-
ture obtained from the DTG curves of the different
formulations, as in the DSC, all tests on each sample
have been carried out 3 times. As can be seen, the
PLA/TPS blend without reinforcement presents a
degradation onset temperature of 301.3°C and a
maximum degradation temperature of 339.1°C.
Adding the HF reinforcement in the blend reduces
the thermal stability of the blend, obtaining a 7, of

100
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Table 3. Thermal properties of PLA/TPS sample and
PLA/TPS/HF samples without compatibilizer and
compatibilized PLA/TPS/HF samples obtained by

thermogravimetry.

Sample IQ] [To"gi‘
PLA/TPS 301.3+1.4 339.143.1
PLA/TPS/HF 269.3+2.4 324.542.2
MHO 263.543.1 325.5+1.8
DCM 275.1£2.1 321.1+£2.3
LRL 276.4+2.3 322.8+1.9

269.3°C and a Ty, 0f 324.5°C for this sample. This
decrease in both temperatures is due to the lower
thermal stability of the lignocellulosic reinforce-
ment, the one which begins its decomposition
around 283.7 °C, which contributes negatively to the
thermal stability of the composite. As can be seen in
Table 3, the incorporation of the different compati-
bilizers hardly affects the Ti.x of the composite.
However, different behavior is observed at Ty ac-
cording to the type of compatibilizer used. In this
case, it can be seen how the incorporation of MHO
and LRL results in a slight reduction of the 7 con-
cerning the composite without compatibilization, ob-
taining values of 263.5 and 276.4 °C, respectively.
On the other hand, adding DCM increases the degra-
dation onset temperature up to 275.1°C.

3.3. Melt index of PLA/TPS samples

The melt flow index (MFI) analysis is interesting
from the point of view of material manufacturing, as
it determines how the material flows in the molten
state. In this case, the aim is to analyze the effect of
the incorporation of the lignocellulosic filler and the
different compatibilizers on the melt viscosity of the

_3.54 —— PLA/TPS
) —— PLA/TPS/HF
—— MHO
-3.01 —— DCM
LRL
-2.54
O 20
&
o —1.51
=
(@]
-1.04
-0.51
0.0+
05 T T T T T
200 250 300 350 400 450 500
b) Temperature [°C]

Figure 5. Thermogravimetric (TGA) curves (a) and its first derivative (DTG) (b) of the PLA/TPS sample and the
PLA/TPS/HF samples without compatibilizer and compatibilized PLA/TPS/HF samples.
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Melt flow index [g-10 min-"]

PLA/TPS PLA/TPS/HF MHO
Samples

Figure 6. Melt Flow index of PLA/TPS sample and PLA/
TPS/HF samples without compatibilizer and com-
patibilized PLA/TPS/HF samples.

PLA/TPS blend, taking into account that the relation-
ship between MFI and viscosity is inverse and, there-
fore higher MFI values correspond to a lower melt
viscosity [40]. Figure 6 shows the MFI of the PLA/
TPS blend and the PLA/TPS/HF composites without
compatibilization and compatibilized PLA/TPS/HF
composites. As shown in Figure 6, the PLA/TPS
blend has a melt flow index of 40 g-10 min~', and
after incorporating the filler, the melt flow index in-
creases to around 67 g-10 min™!, an increase of about
65%. Therefore, the HF load’s presence reduced the
material’s viscosity. This increase in the flow rate
may be due to the oil contained in the lignocellulosic
residue. Hemp seed has a high oil content, between
28 and 35% [41], which can act as a lubricant during
the processing of the material, thus reducing the vis-
cosity of the material [42]. On the other hand, the in-
corporation of MHO in the PLA/TPS/HF sample re-
sults in a slight increase in the melt flow index due
to better compatibility of the different constituents
of the composite [43]. Finally, it can be observed that
the blend is compatible with DCM and LRL. How-
ever, it presents higher flow index values than the
blend without reinforcement. These are lower than
those of the composite without compatibilization,
obtaining, in this case, flow index values of 54.6 and
52.7 g-10 min~! for the composite compatibilized
with DCM and LRL, respectively.

3.4. Morphological properties of PLA/TPS
samples

Figure 7 shows the FESEM images of the fracture

surface of the PLA/TPS blend and the PLA/TPS
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samples reinforced with HF, both non-compatibi-
lized and compatibilized. As can be seen, the fracture
surface of the PLA/TPS sample (Figure 7a) shows a
low roughness, which indicates the sample’s brittle-
ness. Furthermore, phase separation between both
polymers can be observed, which can be seen by
small spheres embedded in the PLA matrix [36]. This
phase separation is mainly due to the difference in
polarity between the two materials since PLA is a
highly hydrophobic polymer. At the same time, TPS
is hydrophilic — this lack of miscibility results in a
brittle material. After the incorporation of the ligno-
cellulosic filler into the PLA/TPS blend, an increase
in the roughness of the fracture surface can be ob-
served (Figure 7b) In addition, no agglomerates can
be distinguished in the matrix, which indicates good
load dispersion. In this sample, small voids can be
observed on the fracture surface, corresponding to
the HF particles released during the impact test due
to the lack of interaction between them and the poly-
mer matrix. The lack of continuity of the matrix due
to the presence of the particles leads to embrittle-
ment of the material, as observed in the mechanical
properties. The addition of petrochemical compatibi-
lizers such as DCM (Figure 7d) and LRL (Figure 7e)
hardly modifies the fracture surface of the material,
but the addition of MHO results in a more homoge-
neous surface, without the presence of phase sepa-
ration, due to the compatible effect of the modified
oil. This improvement in compatibility due to the
presence of MHO, together with the plasticizing ef-
fect of MHO, results in a slight increase in the duc-
tile mechanical properties of the sample, as observed
above.

3.5. Disintegration in controlled compost soil
of PLA/TPS samples

Figure 8 depicts the weight loss during the disinte-
gration process of the PLA/TPS blend and the non-
compatibilized and compatibilized PLA/TPS/HF
composites. On the other hand, Figure 9 illustrates
the visual appearance of the different samples during
the conducted disintegration process. As observed,
the PLA/TPS blend exhibits a 9 day incubation pe-
riod during which the sample undergoes minimal
disintegration, with a weight loss of less than 1%.
After this period, the sample begins to disintegrate
rapidly, with a weight loss exceeding 90% after
21 days. Figure 8 shows that the PLA/TPS blend be-
comes whiter at the 7 day mark. This phenomenon
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Figure 7. FESEM images at 2000x of the fracture surface of a) PLA/TPS; b) PLA/TPS/HF; ¢) MHO; d) DCM; e) LRL.

is also observed in the HF-reinforced samples. It is
attributed to an increase in the crystallinity of PLA,
as its Ty is close to the test temperature (58 °C). This
increase in chain mobility and alignment leads to an
enhancement in the material’s opacity. On the other
hand, adding HF filler to the PLA/TPS blend elimi-
nates its incubation period, resulting in rapid degra-
dation within the first 7 days, with a mass loss ap-
proaching 18%. Furthermore, at this point, the
sample becomes brittle and loses its structural in-
tegrity. The disappearance of the incubation period

223

in the PLA/TPS/HF sample is attributed to the highly
hydrophilic lignocellulosic filler, which facilitates the
transfer of water, enzymes, and microorganisms into
the matrix. This accelerates its disintegration during
the initial days [39]. However, regarding the total dis-
integration time, it can be observed that the incorpo-
ration of HF results in an extended degradation time
compared to the unreinforced blend, reaching 90%
mass loss at 35 days. This is attributed to the slower
disintegration rate of the lignocellulosic filler com-
pared to PLA and TPS [44]. Finally, in Figure 8, it
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Figure 8. Weight loss concerning time during the disintegra-
tion test in controlled compost soil of PLA/TPS
samples and of PLA/TPS/HF samples without
compatibilizer and compatibilized PLA/TPS/HF
samples.

can be observed that incorporating different compat-
ibilizers has little effect on the total degradation time
of the composite, with a 90% degradation rate
achieved at 35 days for all compatibilized samples.
However, the compatibilizers do influence the incu-
bation period of the sample. In this case, adding
MHO and LRL increases the incubation period of the
composite compared to the non-compatibilized sam-
ple, resulting in degradation rates of 3.4 and 7.5% at
7 days for the MHO and LRL compatibilized samples,

Aging time 0 day 7 days 9 days

PLATPS [ ‘

l |

PLA/TPS/HF
MHO

DCM

LRL

5

LY

14 days

"

respectively. Nevertheless, as shown in Figure 9, the
MHO-compatibilized sample maintains its integrity
at this time, while the LRL-compatibilized sample
is completely fractured. This highlights the effective-
ness of MHO as a compatibilizer, as its incorporation
enhances the interaction between the different con-
stituents, making it more challenging for them to dis-
integrate during the initial days of testing. Further-
more, it can be observed that the disintegration rate
of the sample compatibilized with MHO is lower
than that of the reinforced sample without compati-
bilization throughout the test.

3.6. Color properties of PLA/TPS samples

The visual appearance of the PLA/TPS sample and
the PLA/TPS/HF composites with and without com-
patibilizer can be observed in Figure 10. Further-
more, Table 4 presents the CIELab color space co-
ordinates values for each formulation and the color
difference compared to the unmodified PLA/TPS
blend. As observed, the unreinforced PLA/TPS
blend exhibits a whitish color, with L*, a*, and b” co-
ordinates of 84.7, 0.045, and 6.2, respectively. As
Figure 10 shows, adding HF filler to the blend im-
parts a brown hue to the material, giving it a wood-
like appearance. This is attributed to the intrinsic
color of the lignocellulosic reinforcement. Table 4
shows that incorporating the reinforcement reduces

17 days

21 days 28 days 35 days

Figure 9. The visual aspect of the disintegration test on controlled compost soil of PLA/TPS samples and PLA/TPS/HF sam-
ples without compatibilizer and compatibilized PLA/TPS/HF samples.

224



A. Lerma-Canto et al. — Express Polymer Letters Vol.18, No.2 (2024) 214-228

PLA/TPS
PLA/TPS/HF

Figure 10. The visual appearance of PLA/TPS samples and
PLA/TPS/HF samples without compatibilizer
and compatibilized PLA/TPS/HF samples.

the luminosity (L") values and shifts the »* values
towards higher values, indicating a yellowing of the
samples. A similar behavior was observed by Yoksan
et al. [45] when incorporating different amounts of
water lentil flour into PLA/TPS blends. On the other
hand, it can also be observed that reinforced samples
exhibit small dark spots on the material’s surface.
This is attributed to the formation of aggregates of
the reinforcement during processing due to its highly
hydrophilic nature. The presence of such aggregates
is more pronounced in the non-compatibilized sam-
ple, thus the addition of compatibilizers enhances the
dispersion of the reinforcement in the polymer ma-
trix, resulting in a more uniform surface color. Com-
paring the compatibilized composites, it can be seen
in Table 4 that the L, a*, and b" values among them
are very similar, indicating that the incorporation of
compatibilizers has minimal impact on the color of
the samples. However, it is noticeable that the sam-
ple compatibilized with MHO exhibits a darker
brown hue than the others, as evidenced by a lower

Table 4. CIELAB coordinates and total color difference
(AE) of PLA/TPS sample and PLA/TPS/HF sam-
ples without compatibilizer and compatibilized.

Sample L a’ b AL
PLA/TPS 84.7+£0.01 | 0.04+0.03 6.24+0.02 —
PLA/TPS/HF | 48.7+0.02 | 3.31+0.02 | 10.1£0.08 | -36.0+0.01
MHO 40.5+£0.01 | 5.03£0.06 | 14.7+0.05 | —44.2+0.01
DCM 44.940.01 | 4.21+0.05 | 11.7£0.07 |-39.8+0.01
LRL 43.740.01 | 6.25+0.05 | 11.8+£0.05 |—41.0+0.01

L" value and a slight increase in the b* coordinate.
This darker tone in the MHO-compatibilized sample
is attributed to the orange-red color hemp oil ac-
quires after the maleinization process [46].

4. Conclusions

In conclusion, the investigation into the PLA/TPS
blend and its composites containing HF reinforce-
ment, both with and without various compatibility
agents, has yielded valuable insights into their me-
chanical, thermal, degradation, and visual character-
istics. The inclusion of HF had a notable impact on
reducing the tensile mechanical properties of the
PLA/TPS blend, leading to decreased tensile strength,
Young’s modulus, and elongation at break. This de-
cline can be attributed to stress concentration phe-
nomena and the limited interaction between HF
residue and the polymer matrix. However, the incor-
poration of different compatibility agents had a lim-
ited effect on the tensile properties of the non-com-
patibilized sample (PLA/TPS/HF), with similar
values for Young’s modulus, tensile strength, and
elongation at break. Maleinized hemp oil (MHO)
was an exception, which increased elongation at the
break by 27.3%, owing to enhanced compatibility
between PLA, TPS, and HF and MHO’s plasticizing
effect. Similar effects were observed in the DCM
and LRL compatibilized samples, though the in-
crease in energy absorption was less pronounced.
Regarding thermal properties, the addition of HF re-
sulted in a minor reduction in the glass transition
temperature (7), cold crystallization temperature
(T,c), and melting temperature (7;,) of the blend. This
decrease in crystallinity was due to HF reinforce-
ment hindering polymer chain folding. Thermal sta-
bility was assessed via thermogravimetry, revealing
that HF reinforcement decreased the composite’s
degradation onset temperature (7)) and maximum
degradation temperature (7.x). The choice of com-
patibility agent had variable effects on Ty, with MHO
and LRL reducing it while DCM increased it.

The melt flow index (MFI) analysis indicated that
adding HF reduced melt viscosity, likely because of
HF’s oil content acting as a lubricant. Compatibility
agents had minimal impact on MFI, but, in general,
they increased flow indices. Examination of the
fracture surface revealed that HF reinforcement
heightened roughness, resulting in phase separation
between PLA and TPS, indicating brittleness. How-
ever, MHO compatibility improved homogeneity
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and reduced phase separation, enhancing ductility.
Degradation behavior demonstrated that HF incor-
poration eliminated the incubation period and accel-
erated degradation due to HF’s highly hydrophilic
nature. Compatibility agents influenced the incuba-
tion period, with MHO significantly delaying degra-
dation. The addition of HF introduced a brown hue
and yellowing to the material due to HF’s intrinsic
color. Compatibility agents improved reinforcement
dispersion and surface uniformity, with MHO-com-
patibilized samples exhibiting a darker brown shade
attributed to the color of hemp oil following the
maleinization process.

To summarize, this investigation underscores the in-
tricate relationship between HF reinforcement, com-
patibility agents, and the properties of PLA/TPS com-
posites. Compatibility, especially when using MHO,
plays a pivotal role in enhancing harmonious blend-
ing, elevating specific material properties, and pro-
longing degradation, thereby presenting a promising
avenue for the development of sustainable biocom-
posites.
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