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Abstract: The production of biocomposites based on natural fiber waste and biopolymers is constantly
increasing because of their renewability, biodegradability, and the accordance with the circular
economy principles. The aim of this work is to contrast the disadvantages in the production of
biocomposites, such as reduction of molecular weight through the use of biobased chain extenders.
For this purpose, epoxidized soybean oil (ESO) and dicarboxylic acids (DCAs) were used to contrast
the slight chain scission observed in a poly(lactic acid) (PLA)/poly(butylene succinate-co-adipate)
(PBSA) binary blend caused by the melt mixing with hazelnut shell powder (HSP). Two different
dimensions of HSPs were considered in this study as well as different concentrations of the ESO/DCA
system, comparing succinic acid and malic acid as dicarboxylic acids. Melt viscosity parameters, such
as torque and melt volume rate (MVR), were measured to investigate the chain extender effect during
the extrusion. In addition, the reactivity of the ESO/DCA system was investigated through infrared
spectroscopy. The effect of chain extenders on thermal properties, in particular on the crystallinity
of PLA, and on mechanical properties of final biocomposites was investigated to understand their
potentialities in industrial application. Results of this study evidenced a modest increase in melt
viscosity due to ESO/malic acid chain extension system, but only for the HSP with the lower
dimension (so the higher surface area) and adding 0.5 wt.% of ESO/malic acid. Thus, the slight chain
scission of polyesters, not significantly affecting the final properties of these biocomposites, is the
most relevant effect that was revealed in this complex reactive system.

Keywords: poly(lactic acid); poly(butylene succinate-co-adipate); epoxidized soybean oil; succinic
acid; malic acid; biocomposites; biobased thermoset resin; hazelnut shell powder; chain extender

1. Introduction

Bioplastics are considered an environmentally-friendly alternative to replace fossil-
based plastics [1]. The use of bioplastics is particularly interesting in fields such as packag-
ing because of their recyclability and compostability that guarantee a versatile and sustain-
able end-of-life [2]. Additionally, their use in a wide range of applications in the biomedical
field for the preparation of scaffolds [3], wound dressing [4,5], and artificial membranes [6]
was enabled thanks to their biocompatibility [7] and bioresorbability [8]. Moreover, most
bioplastics can be synthetized directly from renewable resources or from living organ-
isms such as bacteria, fungi, and plants [9]. A significant group of biobased materials
is represented by composites where natural fillers such as flax, wood, hemp or cellulose
fibres, cellulose nanowhiskers, bran, nuts or wood flour are embedded in a biodegradable
plastic matrix, since this strategy leads to fully biodegradable materials [10–12]. More-
over, the hydrophilicity of natural fillers can accelerate the degradation kinetic of bio-
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composites, favouring the adhesion and proliferation of microorganisms and biofouling
phenomena [13,14].

Among the natural sources derived from agriculture waste, nut shells can be ma-
terials of considerable interest because of their wide availability. The most important
production of nut waste derives from the markets of ground nut, with a production over
41 million tons/year, but also walnut, cashew nut, hazelnut, that represent productions
ranging from 500,000 to 1 million tons/year. All these kinds of nuts are used for human
nutrition because they are rich in healthy oils and fats but they showed potentialities also
in other sectors linked to skin care. For example, argan nut was found useful to produce
both edible oil and cosmetics [15–18].

Nut waste can be used as a valid green alternative source for energy production with
a reduced carbon footprint in respect to common fuels such as wood pellets [19–21], for
the production of filters in water treatment [22], or as reinforcing materials in sectors such
as building [18] or packaging [23].

One of the most interesting nut shell wastes is represented by hazelnut shells. This type of
waste is composed of 90% of a lignocellulosic fraction (51.3% holocellulose, 38.7% lignin [24])
with crude fiber accounting for over 85% and the remaining part mainly composed by
proteins (2–4%), ashes (0.8–2%), and oils (0.3–0.7%) rich in phenolic compounds [25,26].
Considering the high amount of lignin and a predominantly fibrous structure, the hazelnut
shell is considered a highly stiff material [24]. Thus, it can be considered suitable as
mechanical reinforcement for the production of biocomposites.

Materials composed by a polymer matrix and a lignocellulosic filler are recently
grouped under the name of wood plastic composites (WPCs). The use of WPCs with
biodegradable matrix is one of the most attractive applications of these composites be-
cause it creates a reinforced, fully biodegradable material with a similar appearance to
wood [27,28].

Clearly, the success of WPC production is based on the interaction between matrix
and filler that allows the achievement of good final mechanical properties. For this reason,
the modification of the matrix and/or the filler with coupling agents that improve the
adhesion of inorganic fillers to the polymer matrix by physical or chemical interactions is
often required [29,30]. A good adhesion is in fact fundamental to efficiently transfer the
bearing load from the matrix to the fibers [31].

An alternative way to improve the polymer-filler interaction is represented by cross-linker
systems, which allow the formation of a polymeric network through inter-macromolecular
bonds formation [32]. The choice of a crosslinker agent able to react with both polymer
and filler can induce the formation of a polymeric network with covalently bonded fibers
or particles. These molecules, called chain extenders, were widely used to obtain polymers
with an increased molecular weight [32,33]. Nowadays, chain extenders are extensively
used with biopolymers, both in their synthesis by polymerization and during melt com-
pounding, extrusion, or injection molding of the final product [34]. Chain extenders in
biopolymers can be also used as compatibilizers, for example with other polymers [35]
or inorganic filler [36], but also to increase molecular weight of polymers [37], often to
counterbalance chain scission occurring during their processing.

The use of chain extenders in the recycling process can result in the increase of
melt viscosity, thermal stability, and mechanical properties of biopolymers [38]. This
strategy is widely used and very efficient for PLA-based blends, used in a wide range of
applications [37,39–42].

One of the most used chain extenders is represented by the group of products commer-
cialized with the name of Joncryl ADR, epoxidized styrene-acrylic copolymers produced
by BASF company. In literature there are many applications of Joncryl reported, such as
a compatibilizer between PLA and PMMA, a melt and viscosity enhancer in PLA/PBAT
blend, or chain extender for PLA/PBS [40,43,44].

A chain extender can be also used to increase the performances of biocomposites
increasing the surface interaction between matrix and filler and favouring their dispersion.
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For example, it was reported that the addition of a chain extender in a PLA/PBS system
incorporating microcrystalline cellulose (MC) resulted in a higher impact strength than the
reference composite [45].

The study of biobased chain extenders should be considered fundamental in the produc-
tion of biocomposites, where a biobased and/or biodegradable additive is preferred [46,47].
Possible alternatives to fossil-based chain extenders can be represented by the various
types of agro-based polymer products derived from cardanol, itaconic acid, tannin, sugar
(isosorbide), and vegetable oils as starting materials due to their abundant availability,
low price, and unique reactive chemical structure [46]. In the last decades, natural oils
were modified by introducing functional groups, for instance by epoxidation, to increase
their use in the production of lubricants, paints, coatings, or biodiesel [48–51]. Regarding
PLA-based biopolymers, it is reported that epoxidized vegetable oils (EVO) have a good
miscibility and interfacial adhesion with PLA [52]. However, their effectiveness as chain
extenders is limited by the number of epoxy groups in the vegetable oil molecule. Since
the epoxidation reaction takes place on the double bonds present on the vegetable oil
molecules, which is generally limited at two groups for each fatty acid chain, their efficien-
cies as crosslinker agent is limited [53]. In fact, their addition into PLA-based biopolymers
results more in plasticization rather than in chain extension [54,55].

Recent studies on biobased thermosetting polymers from vegetable oils reported that
EVO can be used as thermoset if they are used in combination with hardeners such as
biobased amines, acids, anhydrides, phenols, alcohols, and thiols [56,57]. The use of these
systems as innovative chain extenders for PLA-based polymer and composites is still a very
recent topic and up to now few studies are present. The main novelty is the selection of
innovative chain extenders that can replace the fossil-based systems to compatibilize and
contrast the thermal degradation and hydrolytic chain scission of PLA-based composites
with natural fibres. In a recent study, the reaction between epoxidized soybean oil (ESO)
and biobased dicarboxylic acid (DCA) was investigated in composites containing wheat
bran [47], where an increase in melt viscosity was observed in case of an epoxide-carboxylic
group 1:1 mole ratio and for specific contents of the chain extender system in the polymer
matrix ranging between 0.5 and 5% by weight. In this work, both malic acid and succinic
acid were investigated as possible dicarboxylic acids improving the reactivity of ESO. The
selected matrix for the composite is the blend PLA/PBSA 60:40 [47], showing a good
balance of stiffness and ductility [58].

In the present paper the same process was studied, but replacing wheat bran with
hazelnut shell powders. Several parameters were considered. In particular, hazelnut shell
powders (agro-food waste) having two different dimensions were used in the biocompos-
ites preparation. Moreover, malic acid and succinic acid were compared as dicarboxylic
acid components in the chain extension system and composites were prepared increasing
the concentration of ESO/DCA from 0.5 to 2% by weight. The change of the melt vis-
cosity due to the chain extension and the infrared characterization were considered for
deducting the main chemical paths occurring in the melt biocomposites. Moreover, the
investigation of the thermal and mechanical properties of the biocomposites was carried
out to correlate them to the occurred processes, thus evidencing eventual potentialities in
several final applications.

2. Materials and Methods
2.1. Materials

Poly (lactic acid) (PLA), trade name Luminy LX175, was provided by Total Corbion
(Gorinchem, The Netherlands). PLA was produced from a natural source, appears as
a white pellet and has a content of L-isomer of 96% [density: 1.24 g/cm3; melt flow index
(MFI) (210 ◦C/2.16 kg): 6 g/10min].

Poly (butylene succinate-co-adipate) (PBSA), trade name BioPBS FD92PM, was pur-
chased by Mitsubishi Chemical Corporation (Tokyo, Japan). PBSA is a soft and flexible
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polymer from a renewable source that also appears as a white pellet [density: 1.24 g/cm3;
MFI (190 ◦C, 2.16 kg): 4 g/10 min].

Two different KERN hazelnut shell powders (HSPs) with different granulometry were
provided by Arianna Fibers (Pistoia, Italy). HSP with a coarser grain size are named H0210
while those with a finer grain size are named HM200 [ρ = 954.8 to 1079.4 kg/m3 with HR 5
to 30%] [59].

Epoxidized soybean oil (ESO), was purchased by Alcoplast (Vercelli, Italy) and appears
as a light-yellow liquid [epoxide number: 4.1 (mean number of epoxy group for molecule
of ESO), [molecular weight: 950 g/mol, density: 0.664 g/cm3].

L-malic acid (MA), was provided by OENO S.r.l. (Erbusco, Italy) and it is a white,
odorless powder [molecular weight: 134.1 g/mol].

Succinic acid (SA), was purchased by Carlo Erba Reagents S.r.l. (Cornaredo, Italy) and
it is a white and odorless powder [molecular weight: 118.1 g/mol].

Chloroform RPE-for analysis, was purchased by Carlo Erba Reagents S.r.l.
(Cornaredo, Italy).

2.2. Methods

In this paper the effect of ESO/dicarboxylic acid systems on ternary systems composed
by a PLA/PBSA based matrix in combination with hazelnut shell powder was studied.
A polymeric matrix reference blend composed by 60 wt.% of PLA Luminy LX 175 and
40 wt.% of PBSA BioPBS-FD92PM was selected. The polymeric blend was prepared in
a semi-industrial twin screw extruder Comac EBC 25HT (L/D = 44) (Cerro Maggiore,
Italy). Pellets were dried before extrusion in a Piovan DP 604–615 dryer (Verona, Italy).
The choice of this formulation was based on previous work [60] and it was used for all the
formulations prepared in this paper.

Nutshell powders were modified with different concentrations of ESO and dicar-
boxylic acids (SA or MA). A concentration of 0.5, 1 and 2 wt.% of mixture ESO + dicar-
boxylic acids in respect to the weight of HSP was used as a modifier.

The evaluation of molar ratio between ESO and dicarboxylic acids required
a consideration about the stoichiometry of the curing reaction. It was reported in many ar-
ticles that the reaction between a dicarboxylic acid (DCA), such as SA or MA, and an epoxy
group can be classified as a ring opening reaction [61–63]. As a molecule of ESO contains
many epoxy groups and dicarboxylic acid can react with two epoxy groups, the reaction
forms a crosslinked product. A scheme of possible reactions between ESO and DCA was
reported in Figure 1.

Proper utilization of epoxy precursors to be formulated in the correct proportion
required the evaluation of epoxy equivalent weight (EEW), defined as the weight of resin
in grams, which contains 1 equivalent of oxirane (epoxy group) [64] and calculated as
reported in Equation (1):

EEW = MW/en (1)

where MW is the molecular weight of one molecule of ESO and en is the epoxide number.
Technical data sheet of ESO report a molecular weight 950 g/mol and an epoxide number of
4.1, from which it is possible to calculate an epoxy equivalent weight of 232 g/equivalent.

The stoichiometric weight ratio (SWR) between ESO and DCA was thus defined by
Equation (2):

SWR = EEW/MWDCA (2)

where MWDCA is the molecular weight of dicarboxylic acid divided for the number of
carboxylic groups in each molecule. On the basis of Equation (2), the stoichiometric weight
ratios for ESO/MA and ESO/SA were calculated, which resulted in 3.46 eq/mol and
3.92 eq/mol, respectively.

Different blends at constant stoichiometric weight ratios were prepared fixing 80 wt.%
of polymer matrix and 20 wt.% including nutshell powder and modifier. The choice of this
formulation was based on literature where it was reported that modification of polyesters
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with 20 wt.% of natural fibers was a good compromise between an increment in mechanical
properties without incurring an excessive embrittlement of the composite [65–68].
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In Table 1 the compositions of the prepared blends were reported.

Table 1. Weight composition of prepared biocomposites.

Sample PLA/PBSA (wt.%) H0210 (wt.%) HM200 (wt.%) ESO+MA (wt.%) ESO+SA (wt.%)

F1 100 - - - -
F2 80 20 - - -
F3 80 - 20 - -

F4 80 19.5 - 0.5 -
F5 80 19 - 1 -
F6 80 18 - 2 -

F7 80 19.5 - - 0.5
F8 80 19 - - 1
F9 80 18 - - 2

F10 80 - 19.5 0.5 -
F11 80 - 19 1 -
F12 80 - 18 2 -

F13 80 - 19.5 - 0.5
F14 80 - 19 - 1
F15 80 - 18 - 2

The biocomposites production, from F4 to F15, included a preliminary step of fibers
modification with ESO+DCA. The fibers modification was carried out in a beaker under
magnetic stirring in which a weighted amount of ESO+DCA in 150 mL of ethanol was
firstly dissolved. After complete dissolution the HSP was slowly added trying to avoid
aggregation phenomena. The suspension was left under mechanical stirring under a fume
hood until total evaporation of the solvent. Then it was placed in an oven for 24 h at
40 ◦C for completing the evaporation of ethanol. The compact dried mass was then softly
grinded to crush the aggregates and then put again in the oven for 24 h at 40 ◦C. The
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HSP used for F2 and F3 did not undergo the preliminary treatment but it was placed in
the oven for 48 h at 40 ◦C to replicate the same heat treatment of the HSP used in the
other formulations. All the blends were prepared by the addition of all the components in
a micro-extruder Haake Minilab II (Thermo Scientific Haake GmbH, Karlsruhe, Germany).
The materials flowed through a close loop for 1 minute with a rotating speed of 110 rpm
and a temperature of 190 ◦C. During this time the torque data was acquired by the software
Thermo Haake Polylab (Thermo Scientific Haake GmbH, Karlsruhe, Germany). The
material coming out from the mini-extruder was partially collected and transferred to an
Haake Minijet injection moulder (Thermo Scientific Haake GmbH, Karlsruhe, Germany)
to prepare tensile specimens. Injection molding parameters were set with a cylinder
temperature of 190 ◦C, mold temperature of 45 ◦C, injection pressure of 650 bar for 15 s,
and a post-pressure of 200 for 5 s. The remaining part of the extruded material was used
for other characterization tests.

While the reactivity between ESO/DCA and its interaction with PLA matrix was
demonstrated in literature [58], the evaluation of the reactivity between ESO/DCA and
HSP was investigated in this paper. F12 and F15, the samples prepared with the HM200
and, respectively, with the highest amount of MA (or SA) with ESO were dissolved in
chloroform, a good solvent for the matrix system but not for HSP [69]. After 24 h under
stirring the solution was filtered and washed many times with chloroform. Residue powder
on the filter was dried overnight at 60 ◦C. Dried powder was analyzed with an infrared
spectrometer Nicolet 380 (Thermo Fisher Scientific, Carlsbad, CA, USA) equipped with an
attenuated total reflection (ATR) smart ItX accessory (Thermo Fisher Scientific, Carlsbad,
CA, USA). Spectra were recorded in the range 550–4000 cm−1 collecting 256 scans with
a resolution of 4 cm−1. The spectra of F1 and F3 were also acquired as reference spectra as
well as the raw HSP (HM200) that underwent the same treatment step as F12 and F15.

Tensile tests were performed with a Universal tensile testing machine MTS Criterion
model 43 (MTS System Corporation, Eden Prairie, MN, USA) equipped with a 10 kN load
cell. Tests were carried out on Haake Type III specimens (25 mm × 5 mm × 1.5 mm), with
an initial grip separation of 25 mm and a constant deformation rate of 10 mm/min.

Melt behavior was investigated with a CEAST Melt Flow Tester model M20 (Instron,
Norwood, MA, USA). Tests were conducted according to the ISO1133D using a custom TTT
method. The sample was manually inserted in the chamber with a piston that remained
at 190 ◦C for 40 s, then a weight of 2.160 kg was released on the piston. After 5 s from the
release of the weight the machine cut the polymer strand and started the measurement for
60 s, acquiring a point every 3 s. Melt volume rate (MVR) was measured directly by the
instrument through an encoder, the melt flow rate (MFR) was determined weighting the
material flowed out in 60 s, and the melt density was calculated as the ratio between MFR
and MVR.

Thermal properties were investigated with a differential scanning calorimeter (DSC)
TA-Q200 (Waters, Milford, CT, USA) equipped with an RSC 90 cooling system. A first
heating ramp was performed from −70 ◦C to 190 ◦C at 10 ◦C/min to remove the thermal
history. The sample was then cooled to −70 ◦C at 10 ◦C/min, held for 1 min at this
temperature, and then a second heating ramp was performed from −70 ◦C to 190 ◦C at
10 ◦C/min. In addition to the main thermal transition (melting temperature, crystallization
and cold crystallization temperature, glass transition temperature) the effect of modified
and unmodified HSP on the crystallinity of PLA was evaluated. Crystallinity of PLA
(XC,PLA) was determined as reported in Equation (3):

XC,PLA =
∆Hm,PLA − ∆Hcc,PLA

∆H0
m,PLA·XPLA

(3)

where ∆Hm,PLA and ∆Hm,PLA are, respectively, the melting and cold crystallization en-
thalpy of PLA measured on the second ramp of DSC thermogram, ∆H0

m,PLA is the melting
enthalpy of 100% crystalline PLA, equal to 93.1 J/g [70] and XPLA is the weight fraction of
PLA (equal to 0.6).



Chemistry 2021, 3 1470

3. Results
3.1. Melt Flow Analysis

The effect of modified and unmodified HSP on the polymer blend was investigated
comparing torque and melt flow results. All the values were reported in Table 2.

Table 2. Torque and melt flow results of different biocomposites.

Sample Torque (N·cm) MFR (g/10 min) MVR (cm3/10 min) Melt Density (g/cm3)

F1 64 ± 4 3.3 ± 0.5 2.8 ± 0.7 1.16
F2 124 ± 8 4.5 ± 0.1 3.6 ± 0.2 1.25
F3 105 ± 17 6.5 ± 0.1 5.4 ± 0.1 1.20

F4 126 ± 6 4.7 ± 0.2 3.9 ± 0.3 1.23
F5 123 ± 6 5.4 ± 0.1 5.0 ± 0.6 1.09
F6 106 ± 3 6.1 ± 0.2 5.3 ± 0.4 1.15

F7 127 ± 5 4.5 ± 0.2 3.8 ± 0.4 1.18
F8 120 ± 11 5.2 ± 0.2 4.2 ± 0.2 1.22
F9 104 ± 8 7.0 ± 1.1 6.1 ± 1.3 1.15

F10 114 ± 12 6.0 ± 0.4 4.9 ± 0.4 1.22
F11 113 ± 4 6.8 ± 0.3 5.6 ± 0.3 1.22
F12 106 ± 2 7.6 ± 0.7 6.3 ± 0.7 1.20

F13 116 ± 3 7.9 ± 0.3 6.6 ± 0.2 1.19
F14 114 ± 3 7.6 ± 0.3 6.2 ± 0.3 1.22
F15 109 ± 4 7.8 ± 0.1 6.5 ± 0.2 1.19

The torque column reported the value at 60 s, which represents the real value of the
processed material at the end of extrusion.

The analysis of the data in Table 2 showed a clear difference between the pure matrix
(F1) and the composites that had higher torque values and higher MVR and MFR, indicating
the presence of interaction between the matrix and the fillers. Comparing the effect
of the coarser HSP (F2) in respect to the finest one (F3), it was shown a lower torque
value for the finest HSP. This result can be explained considering that HSPs induces into
the polymeric matrix some chain scission caused by the reactions between their surface
groups (mainly hydroxyl groups on holocellulose component) or the humidity content with
biopolyesters [47,59,71]. In fact, it was reported that the hydrolytic scission of ester bond of
PLA and its composites was mainly caused by the diffusion of water in the amorphous
region and the presence of –OH groups [72]. Augustin-Salazar et al. confirmed the
degradation effect of nutshell on polyesters reporting that the onset of thermal degradation
in PLA-based biocomposites with pecan nutshells assume the lowest values if mixed with
the holocellulosic fraction in respect to the lignin or the whole nutshell [73]. Moreover,
despite that the HSPs were dried before extrusion, some residual humidity could be also
present in the hygroscopic cellulosic material [59].

Regarding the samples from F4 to F15, the addition of different amounts of ESO/DCA
influenced all the composites in a similar way, with a reduction of torque at higher concen-
trations of ESO/DCA, especially in samples that contained the coarser HSP (from F4 to F9)
where the highest concentration of ESO/DCA (F6 and F9) produced a reduction in torque
of 20 N·cm. This descending trend of torque is in agreement with literature because it is
reported that ESO can be a plasticizer for this blend [74]. Decreasing of torque can be also
ascribed at the occurrence of hydrolysis during the extrusion.

The use of SA in respect to MA did not significantly influence the torque but there
were some differences in MVR and MFR, especially in the samples containing HM200
(from F10 to F15). In fact, the modification of this type of HSP with 0.5 and 1 wt.% of
ESO/MA (samples F10 and F11) did not relevantly induce changes in MVR and MFR, with
a MVR value of F10 that is even lower than the reference (F3). Conversely, the addition
of ESO/SA provoked an increase in MVR and MFR also at low concentration, indicating
a poorer effectiveness of the system ESO/SA than ESO/MA as chain extender.
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In Figure 2 the trends of torque values were shown comparing different samples.
Relevant differences can be observed in Figure 2a that represents the comparison between
the pure matrix (F1) and the composite with the raw HSPs (F2 and F3). In fact, values
of torque vs. time of F1 were almost constant while the composites showed descending
curves. Moreover, analyzing data reported in Table 3, that represent the difference of torque
values at the beginning and at the end of the extrusion, it is also clear that F2 had a higher
impact on torque decay than F3. As concern samples containing ESO/DCA systems, they
presented a similar descending trend as a function of time. Torque differences reported in
Table 3 from F4 to F15 showed nonrelevant differences between them and their relative
references (F3 and F4), suggesting that the ESO/DCA systems did not significantly affect
the degradation of polymers that depends only on the type of HSP.
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Figure 2. Torque values of: (a) pure matrix (F1) and untreated HSP (F2, F3); (b) H0210 (F2) and
ESO+MA at different concentrations (F4, F5, F6); (c) H0210 (F2) and ESO/SA at different concentra-
tions (F7, F8, F9); (d) HM200 (F3) and ESO+MA at different concentrations (F10, F11, F12); (e) HM200
(F3) and ESO/SA at different concentrations (F13, F14, F15).

Trends of MVR as a function of time recorded during the test were reported in Figure 3.
All the graphs showed an ascendant trend except for the pure matrix (F1). Hence, the 1-
minute extrusion did not provoke the thermal degradation of the pure matrix but significant
chain scission was promoted in the presence of the filler, which resulted in an increase in
slope for trend of F2 and F3 with respect to F1. Although the HSP was accurately dried
before use, it was found to retain bound water, which is released only during extrusion
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provoking the hydrolysis of the matrix [59]. Regarding the differences in trends of the two
HSP typologies, a higher effect of the ESO/DCA systems can be observed on the coarser
powder in respect to the finest one. The finest particles, with a higher surface area, have
a greater interaction with ESO/DCA and the matrix. ESO/DCA resulted thus mainly in
chain scission combined with the coarser HSP in respect to the finer ones. Only slight
differences in trends could be observed comparing SA and MA. The unique composite
showing a lower MVR than not compatibilized composite was F10, containing the lowest
amount of ESO/MA and the finest HSP.

Table 3. Difference of torque values between the beginning (T0) and the end (Tf) of the extrusion
process for all the prepared samples. Higher torque differences represent a faster decay of torque
over time.

Sample Torque Difference (T0-Tf) (N·cm)

F1 9.43
F2 39.14
F3 29.00

F4 41.29
F5 41.86
F6 39.00

F7 33.00
F8 34.14
F9 36.00

F10 26.86
F11 20.00
F12 25.14

F13 28.00
F14 30.57
F15 30.71
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Figure 3. MVR values of: (a) pure matrix (F1) and untreated HSP (F2, F3); (b) pure H0210 (F2) and
with different concentration of ESO+MA (F4, F5, F6) and ESO/SA (F7, F8, F9); (c) pure HM200 (F2)
and with different concentration of ESO+MA (F10, F11, F12) and ESO/SA (F13, F14, F15).

3.2. Thermal Characterization

The evaluation of the thermal properties of the final composites was performed on all
the prepared samples to investigate the effect of HSP and the ESO/DCA systems on the
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main thermal transition and the crystallinity of PLA. The obtained results were reported
in Table 4.

Table 4. Identification of the main transition temperatures and crystallinity.

Sample PLA Tg (◦C) PBSA Tm (◦C) PLA Tcc (◦C) PLA Tm (◦C) XC,PLA (%)

F1 57.64 82.62 117.83 150.01 4.2
F2 57.06 86.19 117.27 150.00 4.8
F3 55.68 85.86 114.22 149.15 4.3

F4 57.43 86.46 119.09 150.67 2.2
F5 56.97 85.99 117.21 149.83 3.1
F6 56.62 86.26 117.29 149.99 4.6

F7 57.62 86.26 118.47 150.43 4.4
F8 57.32 86.77 118.24 150.74 3.6
F9 56.48 86.24 117.14 149.89 7.3

F10 56.67 86.31 113.40 149.50 6.3
F11 55.61 86.11 111.45 148.66 6.5
F12 55.62 86.05 112.37 148.76 6.7

F13 56.10 85.80 112.89 148.90 6.4
F14 55.50 85.91 112.83 148.97 5.4
F15 55.71 85.78 111.87 148.45 7.2

A general assessment of the effect of biocomposite production on the main thermal
transition revealed a main effect of the Tcc and crystallinity of PLA rather than the other
temperatures. Small differences can be noticed in the Tg of PLA where the biocomposites
with the HM200 showed a shift to lower values. The melting temperature of PBSA was
increased by 3–4 ◦C with the addition of the HSP while the PLA melting temperature
remained almost unchanged. Instead, the crystallinity of PLA was not influenced by the
addition of HSP as by the ESO/DCA system. In fact, the addition of both ESO/DCA
systems in the composites with H0210 induced a reduction of crystallinity, while in the case
of HM200 the final crystallinity resulted higher. It can be hypothesized that a concurrent
mechanism between the formation of a crosslinked network, that interfered with the
ordering of chains, and the effect of the filler as a nucleating agent, where in the H0210 the
first mechanism and in HM200 the second prevailed (because of the higher surface area).

3.3. Mechanical Characterization

Tensile test results, reported in Table 5, obtained for materials after reactive extrusion
showed the effect of the systems ESO/DCA on the compatibilization of HSP and the final
properties of biocomposites.

Table 5. Mechanical properties for PLA-based blends.

Sample σy (MPa) εy (%) σb (MPa) εb (%)

F1 28.8 ± 0.7 4.5 ± 0.4 25.2 ± 1.3 170.1 ± 56.4
F2 29.8 ± 2.6 3.7 ± 0.6 25.4 ± 4.6 7.2 ± 1.9
F3 23.8 ± 0.5 5.0 ± 0.4 19.7 ± 0.7 22.6 ± 6.4

F4 30.7 ± 1.9 3.9 ± 0.5 28.2 ± 2.3 7.0 ± 3.5
F5 27.4 ± 7.8 3.8 ± 0.4 27.3 ± 1 7.0 ± 1.8
F6 29.6 ± 1.5 4.0 ± 0.5 26.7 ± 2 9.3 ± 4.8

F7 30.0 ± 1.9 3.8 ± 0.3 25.3 ± 7.5 6.2 ± 1.2
F8 28.0 ± 1.8 3.7 ± 0.4 25.6 ± 1.3 6.0 ± 1.5
F9 27.6 ± 1.9 3.7 ± 0.3 24.2 ± 1.8 6.9 ± 1.6

F10 23.2 ± 0.9 4.5 ± 0.3 18.5 ± 0.7 21.2 ± 6.9
F11 23.0 ± 0.7 4.2 ± 0.2 18.3 ± 0.9 23.4 ± 6.5
F12 21.8 ± 0.5 4.2 ± 0.6 17.1 ± 0.6 29.5 ± 5.5

F13 22.8 ± 0.6 4.4 ± 0.3 18.2 ± 0.7 22.9 ± 7.3
F14 22.4 ± 0.6 4.3 ± 0.3 17.9 ± 0.8 21.5 ± 7.4
F15 21.7 ± 1.1 4.0 ± 0.5 17.5 ± 0.7 28.6 ± 10.5
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Elongation at break of PLA/PBSA blend underwent an important reduction after the
mixing with HSP, changing from a very ductile material towards a much more fragile one,
as deductible comparing the results of F2 and F3 with F1. This is a well-known behavior
of biocomposites caused by the presence of the filler that reduces the bearing section and
acts as a stress concentrator. The reduced dimension of the finer particles results then in
a higher elongation at break and at yield in respect to the coarser ones. Regarding both
the yield stress and stress at break, the pure matrix and the composites with the coarser
HSP showed similar values while the HM200 had lower values. The addition of ESO/DCA
showed a similar trend in all the samples with a decrement at higher concentration of
additive, in agreement with the effect of a plasticizer in a polymer matrix. The effect of
SA/ESO and MA/ESO was very similar but it is possible to identify slightly higher stress
values using the MA/ESO systems.

3.4. Reactivity Study

The reaction between ESO/DCA and the HM200 particles was investigated by infrared
spectroscopy to verify its effectiveness. In Figure 4, a scheme of the supposed reaction that
may occur in the melt in the interfacial region between filler and matrix between HSP, ESO,
DCA, and PLA (representing biopolyesters in the composite) was reported.
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Figure 4. Scheme of the reaction occurring between HSP, ESO/DCA, and biopolyester matrix.

According to this scheme, a stable bond between HSP and biopolyesters was formed
after the reaction. For this reason, the investigation of composite with infrared spectroscopy
after dissolution in chloroform of the matrix can give information about this reaction. In
fact, the presence of bonded PLA (or PBSA) resulted in additional signals in the spectrum
of F12 and F15 samples.

In Figure 5, the comparison between the pure matrix and the pure HSP and their
resulting composite (F3) after dissolution and filtering in chloroform was reported. It was
possible to notice the absence of F1 signals in F3 spectrum that resembled HM200 except
for the C–H stretching signals at 2920 cm−1 and 2860 cm−1 that were clearly visible in the
HM200 spectrum while in F3 they change in a wide broad band.

The investigation of ESO/DCA effect on HSP was reported in Figure 6 where it was
possible to notice some differences in the spectra especially in the fingerprint region. In
particular it was possible to observe an increment in the 1730 cm−1 band intensity that
could be attributed to C=O stretching in the F12 and F15 samples corresponding to the
composites with MA/ESO and SA/ESO. This increment in the band could be attributed to
the ester C=O of the PLA (or PBSA) that remains bonded to HSP.
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Figure 6. Comparison of the FTIR spectra of composites produced with unmodified HSP (F3) and
HSP modified with MA/ESO (F12) and SA/ESO (F15).

4. Discussion

Despite the occurrence of some grafting onto the HSP surface, demonstrated by IR
analysis, the impact onto melt fluidity and properties of ESO/DCA biobased chain extender
was modest. Hence, the adopted characterization methodologies evidenced mainly slight
chain scission effects in the explored ESO/DCA content range.

The trend of MVR as a function of ESO/DCA content in biocomposites, reported
in Figures 7 and 8, confirmed the predominance of chain scission in respect to the chain
extension, except for the sample based on HM200 (lower dimension) with ESO/MA, where
a minimum in MVR can be identified at concentration of about 0.5 wt.%. This behavior,
already observed in similar biocomposites based on bran [47], evidenced a limit in con-
centration for these systems. Moreover, biocomposites with bran were more degraded
from MA while in the systems containing HSP the best results were reached with this type
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of dicarboxylic acid. These results can be explained assuming a significant reactivity of
ESO/MA that mainly caused chain scission in bran biocomposites. The differences ob-
served for bran and HSP biocomposites can be ascribed to the different compositions of the
two fillers. In fact, bran contains starch that is not present in HSP. Starch was found respon-
sible of strong molecular weight reduction in PLA/PBSA blends [75]. Moreover, bran and
HSP have different contents of lignin (6 wt.% and 39 wt.%, respectively), a macromolecular
material that can form complexes with ESO [76] but that can be considered less reactive
than polysaccharides (like cellulose and starch) because of its highly cross-linked mainly
aromatic rigid structure.
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5. Conclusions

Innovative biobased chain extenders obtained with the use of epoxidized soybean oil
(ESO) and malic acid (MA) or succinic acid (SA) were added in biocomposites composed
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by a PLA/PBSA blend matrix reinforced with hazelnut shell powders (HSPs) having two
different dimensions.

Integrating the data of torque recorded during extrusion and melt volume rate mea-
sured on the prepared biocomposites, it was possible to investigate the system as a function
of the adopted dicarboxylic acid (DCA), the ESO/DCA content, and the dimension of
HSP reinforcement.

Melt viscosity studies showed that the ESO/DCA had a modest effect as a chain
extender in these biocomposites. The best result was obtained by using ESO/SA, but only
with the finest HSP dimension and at a low concentration of ESO/SA. This suggested that
HSP was involved in the chain extension mechanism through the functional groups present
on its surface. The occurrence of reactions involving HSP was evidenced by band intensity
changes in IR spectra before and after the crosslinking reaction.

Thermal analysis revealed a significant effect of ESO/DCA systems on the crystallinity.
In particular, the H0210 systems modified with both ESO/DCA showed a reduction
of crystallinity in all its composites while the HM200 showed the opposite trend. The
mechanism could be attributed to the crosslinking limiting the crystallization in the case
of H0210 and a high effect of the HM200 as a nucleating agent. Tensile tests were not
significantly influenced by the ESO/DCA systems that mainly depend on the dimension of
HSPs used.

The present work can be compared with a previous work related to biocomposites in-
corporating bran. HSP biocomposites were less affected by chain scission than bran-based
ones, but in bran-based biocomposites the ESO/SA system resulted in a wider concentra-
tion range more effective than in HSP composites. Moreover, in HSP biocomposites malic
acid was more effective than succinic acid. The differences can be tentatively ascribed to
the different compositions of the two fillers; despite this, this highly complex topic would
require more research activity in the future.

In general, this work promoted the understanding of processes occurring in melt
polymers incorporating a significant agro-food waste, allowing their potentialities to be
better explored.
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