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ABSTRACT
A new class of biobased composites with tailorable mechanical properties made of natural fibers,
polylactic acid, and ferulic acid derivatives (FAD) is studied. FAD was used to develop composites
with elastomeric properties like improved elongation at break and highly reversible deformation
upon elongation. Composites were prepared using raw and enzymatically treated hemp fibers.
The fibers were defibrillated due to the enzymatic treatment increasing their aspect ratio. The
composites were characterized by their mechanical properties and their reaction to fire. No
significant change in the dispersion of the fibers in the composites was reported.
Homogenously dispersed crystallites of FAD were observed by scanning electron microscopy in
the PLA matrix and at the interface between the PLA and the fibers, where they are suspected
to increase the free volume in correlation with a decrease in mechanical properties following
the increase in the aspect ratio of the fibers. FAD also degraded the reaction to fire of the
material with an increase in 10% of the peak of Heat Release Rate (pHRR) in comparison to neat
PLA. It also increased the charring residue up to 3 wt.%. A synergistic effect between FAD and
the lignin increasing the charring residue is also reported.

ARTICLE HISTORY
Received 1 August 2022
Accepted 28 December 2022

KEYWORDS
Biocomposite; lignocellulosic
fiber; polylactic acid;
elastomer; mechanical
testing; reaction to fire

Introduction

Over the last decades plant fibers are much more con-
sidered to serve as reinforcement material especially
since they are sustainable with high availability (1).
Indeed, natural fibers can be produced from various
plants all around the world (e.g. hemp, flax, ramie, jute,
cotton, sisal, coir, bagasse, banana, pineapple, and
wood). Composite materials find their uses in many
applications (e.g. transportation, building, goods, and
additive manufacturing) and their markets are growing
(2). As a consequence, thermoplastic polymers
reinforced with natural fibers are preferred for appli-
cations requiring a good balance between costs, proces-
sability, and performance, (1,3,4) but these materials
often encounter high flammability and poor reaction

to fire, limiting their applications in some industrial
sectors (e.g. building, transportation) (5). Nevertheless,
end-of-life concerns account to favor of more sustain-
able composites. Indeed, LCA studies demonstrated
the choice of the polymeric matrix is important regard-
ing the sustainability of the resulting composites (6).
To this aim, bio-based polymers, such as polylactic acid
(PLA), are considered greener alternatives than oil-
based polymers (e.g. polypropylene (PP)) (7). They also
have a better perspective regarding end-of-life concerns
(e.g. biodegradation, composting, and recycling) (8,9).
Numerous works were conducted during the last
decades to promote the use of PLA reinforced with
natural fibers (10–12). These composites mainly exhibit
high stiffness but low flexibility and elongation at
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break reducing their interest for many uses. Elastomeric
PLA could be a solution as elastomers reinforced with
natural fibers have the potential to make stiff materials
with relatively preserved elasticity and flexibility (13).
Unfortunately, most of the published studies report
the use of raw thermoplastic or plasticized PLA and no
elastomeric PLA. Indeed, the literature report blends
PLA and oil-based elastomers (e.g. thermoplastic poly-
urethane (TPU), natural rubber (NR)) suitable to serve
for composite applications (14–18). The blends of PLA
and natural rubber require coupling agents to solve
compatibility problems and avoid defects in the material
(14). Both NR and TPU exhibit end-of-life concerns due to
poor recyclability and/or partial biodegradability (19–
22). As an example, the market of coated fabric and
alternatives to leather is in the urge for more recyclable
soft materials to replace TPU (20,23).

Moreover, a surface treatment is often used on
natural fibers to improve the surface adhesion
between the fibers and the polymeric matrix (12,24,25).
Chemical surface treatment and chemical grafting
showed promising results in increasing the mechanical
properties of composites. They also suffer from
financial and environmental costs reducing their interest
(25). Enzymatic treatments are more eco-friendly as the
process requires less energy and they can be reused
several times. Literature works were conducted on enzy-
matic grafting of ferulic acid on natural fibers to improve
the mechanical properties of polypropylene (PP)-based
composites (26).

Our previous works on the blending of a commercial
grade of PLA with a significant amount of a ferulic acid
derivative (hereafter named BDF) permitted the devel-
opment of a material with an elastomeric behavior
(27,28). Not only is ferulic acid, a naturally occurring com-
pound (e.g. lignocellulosic biomass), but also BDF is syn-
thesized through enzymatic catalysis. The plasticizing
effect of BDF in PLA was investigated at a content up
to 20 wt.% resulting in soften thermoplastic blends
(29). The elastomeric behavior is obtained when an
amount of 25 wt.% of BDF is incorporated in PLA and
is optimal at 30 wt.% with an elongation at break
higher than 400% (27,28). This fully bio-based elasto-
meric blend is hereafter named ePLA.

In this study, we reinforced ePLA with natural fibers to
produce bio-based composites with a good balance
between stiffness and elongation at break. The study
aims to characterize the thermomechanical properties
and the reaction to fire of composites of ePLA reinforced
with non-treated or treated hemp fibers at different
content from 10 to 20 wt.%. As discussed previously,
the treatment of natural fibers is a common way to
improve surface adhesion between the fibers and the

polymeric matrix increasing mechanical properties (12).
Grafting the ferulic acid derivatives at the surface of
the hemp fibers should improve the interface between
the fibers and the PLA matrix. The mechanical properties
of bio-based composites are of great importance as they
will determine their potential as replacement materials
for less sustainable composites. Studying the reaction
to fire is also interesting to investigate the potential
for applications in industrial sectors (e.g. furniture, build-
ing, and transportation). Moreover, the reaction to fire of
blends of PLA and BDF was never studied before.

Hemp fibers were used in a will of valorizing the local
natural resources. The hemp fibers were pretreated to
enhance their aspect ratio and to increase the surface
contact between the fibers and the polymer (4,12). The
first step of this work was to pretreat the hemp fibers
using an enzymatic process. The enzymatic treatment
with laccase from Trametes Versicolor and BDF is in
accordance with green chemistry principles and offers
a soft pretreatment process. In the second step, non-
treated and treated hemp fibers were incorporated
into raw PLA or ePLA by the hot-melt process. The set
of materials prepared with raw PLA was done as a refer-
ence to make comparisons between thermoplastic and
elastomeric matrices. The resulting composites were
characterized in the third step. Tensile testing was
used to quantify the mechanical properties of the com-
posites and to determine the effect of the matrix as well
as that of the enzymatic treatment of the fibers. The
aspect ratio and the surface of the fibers were investi-
gated by Scanning Electron Microscopy (SEM) before
and after the enzymatic treatments. The dispersion of
the fibers was characterized by optical microscopy. The
interface between the fibers and the PLA was observed
by SEM. The thermal properties and the reaction to fire
of the composites were analyzed by thermo-gravimetric
analyses and cone calorimetry to investigate the syner-
gistic effect between PLA, BDF, and fibers.

Experimental section

Materials

Composites were prepared with Ingeo PLA 4043D from
NatureWorks. This PLA has a glass transition (Tg) from
55 to 60 °C and a melting point of 160 °C. It contains
4.3% of the D-lactide unit. Fibers Recherches Développe-
ment® (Troyes, France) provided hemp fibers (Cannabis
sativa, variety Fedora 17, monoicous plants). These
fibers were chopped into 5 mm-long pieces; they still
contained some woody impurities. Ferulic acid
(reagent grade, ≥99% purity) was purchased from
Sigma-Aldrich. 1,4-Butanediol (reagent grade, 99%
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purity) was purchased from Alfa Aesar. The BDF was pre-
pared as described elsewhere (30,31). The enzyme
(Laccase from Trametes Versicolor) was purchased
from Novozyme.

Pretreatment of fibers

Two sets of composites were prepared. For the first set,
fibers were incorporated into the polymer without any
pretreatment. For the second set, fibers were pretreated
with an enzymatic treatment involving Laccase and BDF
before their incorporation into the PLA matrix. Each
batch of treated fibers was prepared by the immersion
of 11 g of crude fibers, 1.1 g of BDF (after being dissolved
in 25 mL of acetone), and 110 mg of Laccase (1 mg≥ 10
U) in a beaker containing 300 mL of a citrate/phosphate
buffer (pH = 5.6). The dissolution in acetone was done to
help the dispersion of BDF in water. The batch was then
stirred at 600 RPM for 48 h at 40 °C. The beaker was not
sealed during the enzymatic reaction as oxygen is
required for the laccase to oxidize phenols (32). Under
the experimental conditions, acetone was removed
from water by evaporation as there is no azeotrope.
The batch was then filtered and rinsed 3 times with
500 mL of water until the pH reached 7. The filtered
fibers were then dried in an oven at 105 °C for 48 h.
The mass was approximately 9.2 ± 0.2 g for each batch,
meaning there is a loss of mass of almost 24 ± 2%. Five
batches were prepared to have a suitable amount of
treated fibers to perform the process of the composites.
The 5 batches were mixed and homogenized before the
hot-melting process.

Processing of composites

The composites were prepared by melt blending on a
Haake Rheomix from ThermoFisher Scientific. The temp-
erature was set at 180 °C and the screw rotational speed
was at 50 RPM. The composites prepared are listed in
Table 1. For the composites with PLA matrix, the PLA

was first introduced in the feeder for 5 min and the
fibers were added for 10 min. For the composites with
the ePLA matrix, the PLA was first introduced in the
feeder for 5 min then the BDF was added for 15 min,
and the fibers were added and mixed for 10 min (27).
The PLA reference was melt blended solely for 15 min.
PLA was first introduced for 5 min, then the BDF was
added for 15 min to prepare the ePLA matrix.

Composites were injected into tensile test specimens
according to ISO 527-2-5 A (length = 74.0 mm, center
width = 4.1 mm, and thickness = 2.0 mm). The speci-
mens were prepared by injection molding using a
bench scale DSM Xplore micro injection mold IM 12.
The processing temperature was set at 180 °C. The
mold temperature was set at 45 °C for composites with
the PLA matrix and room temperature for composites
with the ePLA matrix. The injection pressure was set at
1.6 × 103 kN.m−2. It was maintained for 30 s before the
removal of each specimen.

Plate samples with dimensions of 50 mm× 50 mm×
3 mm used for reaction to fire were prepared with a Fon-
tijne heating press with a pressure of 5 × 103 kN.m−2 for
5 min. The temperature was set at 180 °C. The plates
were cooled at 40 °C under pressure before their
removal. The duration of the cooling ramp was 15 min.

Mechanical characterizations

The tensile testing was performed according to ISO 527-
2-5 A standard (room temperature = 20 °C and room
humidity = 65% RH) with a Desktop Universal Tester
from Testwell equipped with a 2 kN sensor (correspond-
ing to the maximum force that the device can provide).
The specimens were clamped with serrated wedges
between two crossheads. The constant displacement
rate of the moving crosshead was set at 10 mm.min-1.
The strain was measured in the longitudinal direction
with a nominal length of 20 mm. Five specimens were
tested for each formulation on each test. The specimens
were stored in a controlled environment for 24 h before
the experiments. The values given hereafter are mean ±
the standard deviation σ.

Scanning electron microscopy & optical
microscopy

Scanning Electron Microscopy (SEM) images were taken
using a JEOL JSM 7800F LV scanning electron micro-
scope at 5 kV and 20 mm working distance. Before ana-
lyses, fibers were deposited on carbon tape and were
carbon coated using a Bal-Tec SCD005 sputter coater.
Fourteen pictures were collected for each set of fibers
with a scale from 1 µm to 100 µm. Two pictures of

Table 1. Composites of PLA and/or ePLA filled with non-treated
or pretreated hemp fibers.
Sample
name

PLA
(wt.%)

BDF
(wt.%)

Non-treated hemp
fibers (wt.%)

Treated hemp
fibers (wt.%)

PLA 100 0 0 0
PLA-H10 90 0 10 0
PLA-H20 80 0 20 0
PLA-T10 90 0 0 10
PLA-T20 80 0 0 20
ePLA 70 30 0 0
ePLA-H10 63 27 10 0
ePLA-H20 56 24 20 0
ePLA-T10 63 27 0 10
ePLA-T20 56 24 0 20
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each collection were chosen according to their represen-
tativeness. SEM images were also taken on fractured
composites to investigate the interface between the
fibers and the polymeric matrix. Nine pictures were
taken for each composite.

The samples were embedded into epoxy resin,
polished with SiC polishing papers from grade 80 up
to grade 4000, and analyzed with a Keyence VHX-7000
optical microscope. Three pictures were taken for each
composite.

Thermal analysis

The Thermo-Gravimetric Analyses (TGA) were conducted
on a TA Q500 from TA Instruments with a heating ramp
of 10°C.min−1 from 50 °C to 500 °C under a nitrogen flow
of 60 mL.min−1. An isotherm of 30 min at 50 °C was done
before the heating ramp. T5% and Tdmax respectively
correspond to the temperatures where 5% mass loss
was reached and where the maximum value was
reached for the derivative of the mass loss curve. The
derivative of the mass loss curve corresponds to the
thermal degradation rate. The final residue corresponds
to the residual mass at 500 °C.

The Differential Scanning Calorimetry (DSC) was per-
formed on a TA Q20 from TA Instruments with a heating
and a cooling ramp of 10 °C.min-1 between −80 and 200
°C. Each material was analyzed during two cycles. The
first cycle allowed determining the crystallinity fraction
(χ) using the melting enthalpy and erasing the thermal
history. Tg was determined during the second cycle.
The margin of error was assumed to be equivalent to
the one measured with 5 replicates of PLA in our pre-
vious study as long as we use the same standards to
perform calibrations regularly, the same device, and
the same grade of PLA (29).

Reaction to fire

The reaction to fire was performed on a Fire Testing
Technology (FTT) mass loss calorimeter device (ISO
13927) and Reduced Mass Loss Cone (R-MLC) exper-
iments. The external heat flux was calibrated at
35 kW.m−2 with a distance of 25 mm using a methane
flow varying from 0 to 6.7 mL.min−1 to determine the
calibration curve. The distance of 25 mm corresponds
to the distance between the heat flux and the surface
of the samples that were placed on a ceramic sample
holder after being wrapped in an aluminum foil. The
samples were exposed horizontally under the heat
flux. The ignition of the gases released by the samples
was forced using a spark (which was removed right
after the ignition). The temperature of the burnt and

unburnt gases was measured at the top of the
chimney of the mass loss calorimeter. The temperature
recorded was used to determine the heat released rate
(HRR) expressed in kW.m−2 and the total heat released
(THR). Three plates of each composite were burnt to
ensure the repeatability of the results. The margin of
error of experiments conducted with a mass loss calori-
meter is generally estimated at 10%.

Results and discussion

Pretreatment and surface analysis of hemp fibers

The ferulic acid derivative – BDF – was used in the pre-
treatment process for two reasons. First, it has a suitable
chemical structure to be oxidized by the laccase in the
enzymatic reaction and potentially bind at the surface
of the fibers. Second, the BDF located at the surface of
the fibers (grafted or deposited) would have affinities
with the BDF contained in the ePLA matrix. As the pre-
treatment medium was rinsed only with water and as
the BDF is not soluble in water, one can suggest there
is still some BDF residue at the surface of the fibers
(grafted or not). A significant mass (24 ± 0.2%) of fibers
and BDF was lost during the treatment of the fibers.
The filtrate was cloudy and yellowish and contained a
significant amount of visible but very small particles.
One can observe that the fibers were qualitatively
degraded. The combination of laccase and BDF could
have plasticized the middle lamella of the hemp fibers,
mainly composed of lignin and hemicelluloses (33).
Such plasticization in combination with stirring would
lead to defibrillation of the cellulose fibrils explaining
the presence of small particles in the filtrate. The fibers
were characterized by SEM before and after the enzy-
matic treatment. The results are shown in Figure 1. The
surface analyses of raw hemp fiber are presented in
Figure 1(a,b) and of treated hemp fibers in Figure 1(c,
d). A partial defibrillation of the treated hemp fibers
can be observed (Figure 1(c)). The surface of the
treated hemp fibers is covered with particles smaller
than 1 µm, as can be seen in Figure 1(d). These particles
do not appear at the surface of raw hemp fibers (Figure 1
(b)). These results confirmed our previous statement
about the plasticization of the middle lamella of hemp
fibers which is mainly composed of lignin and extrac-
tives (12,33). The enzymatic treatment caused a partial
defibrillation of the hemp fibers. Moreover, the small
particles could correspond to extracted lignin. The
lignin was removed from the middle lamella and dis-
persed in the water during the enzymatic treatment
(34,35). Small particles of spherical lignin were then
deposited at the surface of the fibers when the fibers

4 A. GALLOSA ET AL.



were filtered at the end of the treatment. The citrate/
phosphate buffer could also induce soft acidic-mediated
processes: acidic treatment commonly removes the
extractives (e.g. pectin, resins, waxes) which is consistent
with the yellowish color of the filtrate, (33) acidic treat-
ment is also known to ease the decohesion of the fiber
elements (12). The significant loss of mass during the
pretreatment should be related to a large amount of
the BDF used for the process, the removal of extractive,
and the degradation or removal of lignin.

Mechanical characterizations and dispersion of
the fibers

The tensile testing was conducted on each material
reported in Table 1. The elongation at break was
measured and the results are reported in Figure 2.
The composites made of PLA showed no significant
evolution of the elongation at break with the incorpor-
ation of non-treated or treated hemp fibers, even at 10
wt.% or 20 wt.%. The elongation at break of these com-
posites is comprised of between 8 ± 3% (PLA-H10) and
10 ± 0% (both PLA-T10 and PLA-T20) while the refer-
ence of neat PLA was measured at 11 ± 2%. The evol-
ution of the elongation at break of the composites
made of ePLA is much more significant because the

reference of ePLA is close to 550 ± 60%. This led to a
series of composites with very different values for
their elongation at break. ePLA-H10 and ePLA-H20
reached 380 ± 80% and 90 ± 13%, respectively, while
ePLA-T10 and ePLA-T20 broke at 230 ± 60% and 90 ±
15%, respectively. The overall decrease in elongation
at the break following the incorporation of lignocellulo-
sic fibers (with or without any pretreatment) was often
reported in the literature for polylactic acid or elasto-
mer composites (13,36–38). A loss of cohesion in the
material due to a poor surface adhesion between the
matrix and the lignocellulosic fibers as well as fiber
aggregates was often pointed out. In our study, one
can also suggest a lack of adhesion between the BDF
contained in the ePLA matrix and lignocellulosic fiber.
As a hypothesis, the BDF used for the treatment of
the fibers only acted as a plasticizer to increase the
aspect ratio and was not grafted on the surface of the
fibers. Moreover, it appears the results are better
without treatment as ePLA-H10 has a better elongation
at break than ePLA-T10 (380 ± 80% vs 230 ± 60%).
Increasing the aspect ratio would logically increase
the surface contact between the matrix and the
fibers. Indeed, lowering the elongation at break is
fully consistent with the increase in aspect ratio and a
lack of adhesion between the matrix and the fibers.

Figure 1. Surface analysis of raw hemp fibers (a, b) and enzymatically treated hemp fibers (c, d).
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The interface between fibers and PLA as well as
between fibers and ePLA was studied by SEM. The
results are given in Figure 3. No significant differences
in the distance and in the free volume between the poly-
meric matrix and the fibers can be observed in the com-
posites. One can find more differences in the same
composite than in different composites, meaning the
experimental error of the characterization is very impor-
tant (Figure 3(a,b)). Some fibrils can be observed for PLA-
T20 and ePLA-T20 (Figure 3(b,d)). This is consistent with
the defibrillation observed after the enzymatic treat-
ment of the fibers (Figure 1). Figure 3(c,d) related to
ePLA-H20 and ePLA-T20 composites show the presence
of crystallites of BDF homogeneously dispersed in the
PLA matrix. Such crystallites were observed in our pre-
vious works (39). These crystallites can also be found at
the interface between the polymeric matrix and the
fibers. There is a correlation between the presence of
such BDF crystallites at the interface with the fibers
and the decrease in the mechanical properties following
the increase in the aspect ratio of the fibers which is con-
sistent with our previous statement. One can suggest a
physical mechanism in which the fibers are in contact
with the BDF crystallites instead of the polymeric
matrix. Indeed, there is more free volume between the
fibers and the polymer when BDF crystallites are
located at the interface (Figure 3(e,f)).

The dispersion of the fibers in the composites was
studied by optical microscopy. The results are given in

Figure 4. No significant differences in the dispersion of
the fibers can be observed. The decreases in the mech-
anical properties of the composites are much more
dependent on the interface between the fibers and
the polymeric matrix than on the dispersion of the fibers.

As reported in Figure 5, the tensile strength of PLA
containing fibers showed an increase from 81 ± 9 MPa
(reference of PLA) to 82 ± 10 MPa (PLA-H10) and 98 ±
13 (PLA-H20), and to 94 ± 9 MPa (PLA-T10) and 103 ±
9 MPa (PLA-T20). The treatment of the fibers appears
to slightly enhance the increase of the tensile strength
observed after the incorporation of fibers in the PLA
matrix. The tensile strength is not significantly
modified after the incorporation of fibers in the ePLA
matrix. Considering the margin of error, every material
based on the ePLA matrix shows a value in the range
of 19 ± 1 to 22 ± 1 MPa. This result is consistent with
our previous statement about the poor surface adhesion
between the ePLA matrix and fibers resulting in a loss of
cohesion in the composites. It could also mean the
surface adhesion between the PLA matrix and fibers
appears to be better than between the ePLA matrix
and fibers, even with or without pretreatment. The
orientation of the fibers could also play a role (40). Our
previous study in polycaprolactone (PCL) containing
up to 22.5 wt.% of hemp fibers has shown the fibers in
the core of the tensile test specimen were oriented fol-
lowing the longitudinal axis resulting from the injection
process (41). As the injection process was the same, one

Figure 2. Elongation at the break of PLA and/or ePLA filled with non-treated or pretreated hemp fibers.
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can suggest a very analogous orientation of the fibers in
the PLA-H and PLA-T composites.

An increase in Young’s modulus was reported for
PLA-H10 (2860 ± 160 MPa) and PLA-H20 (3300 ±
380 MPa), as well as for PLA-T10 (3300 ± 60 MPa) and
PLA-T20 (3100 ± 260 MPa), in comparison with the refer-
ence of PLA (2490 ± 150 MPa), as reported in Figure 6.
No trend emerges from these results due to the
margin of error. An increase in stiffness is also commonly
described in the literature for PLA containing treated or
non-treated hemp fibers (42). Same overall trend is
reported for ePLA containing fibers. There is an increase
in Young’s modulus from 38 ± 9 MPa (ePLA) to 180 ±
40 MPa (ePLA-H10) and 530 ± 120 (ePLA-H20). The use

of treated fibers also increased Young’s modulus to
290 ± 40 MPa (ePLA-T10) and 590 ± 40 (ePLA-T20) in
comparison with the neat ePLA matrix. The ePLA
matrix appears to be of interest for the preparation of
composites reinforced with natural fibers with a
tunable compromise between elongation at break and
stiffness. For such purposes, the use of non-treated
hemp fibers appears to be more convenient and gives
better results. Moreover, a comparison with values
found in the literature demonstrates that ePLA
reinforced with hemp fibers has an analog behavior to
thermoplastic polyurethane (TPU) reinforced with
hemp fibers (13). The decrease inYoung’s modulus
with an increase in the elongation at break could make

Figure 3. Interface analysis of PLA and/or ePLA filled with non-treated or pretreated hemp fibers.
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these composites suitable for the replacement of TPU in
soft applications (e.g. coated fabrics, alternatives to
leather). The decrease in Young’s modulus in compari-
son with thermoplastic PLA could be a problem for
rigid applications. As reported in the literature, the
addition of other polymers (e.g. PBAT, PLGA) could
help prepare such rigid composite with enhanced
elongation at break (43,44). This could make these com-
posites suitable to serve as more sustainable alternatives
for oil-based composites currently used in rigid appli-
cations (e.g. transportation and building).

Thermal analysis

The crystalline fraction of PLA chains (χc) was comprised
between 1.2% and 3.6% for the full set of materials
(Table 2). The melting enthalpy of ePLA was too low to
be significant and the crystalline fraction was arbitrarily
considered to be lower than 1%. This overall crystalline
fraction is too low to play a role in the mechanical prop-
erties quantified and discussed earlier in this study (45).
This confirms that only the presence of hemp fibers in

the polymeric matrix plays a role in the evolution of
the mechanical properties of our materials. No trend
appears concerning the evolution of Tg regarding the
incorporation of hemp fibers. The crystalline fraction of
the material appears to be too low to be significant
and its evolution is also inconsistent with the evolution
of Tg. No correlation can be made at this stage
between the mechanical properties and Tg. The Tg of
ePLA explaining its elastomeric behavior at room temp-
erature was already described elsewhere (28).

The residue observed at 500 °C for neat PLA is 0.8%,
while the one for ePLA is 3.1%. This difference in a
residual mass of 2.3% means the charring is more impor-
tant for ePLA than for PLA (Table 2). One can suggest a
synergistic effect between PLA and BDF during the
thermal degradation of the blend. Neat PLA reinforced
with non-treated hemp fibers exhibits a residue of
3.9% (PLA-H10) and 7.7% (PLA-H20), while it is 3.1%
and 6.0% for PLA-T10 and PLA-T20, respectively. The
residue increases with the fibers content which is follow-
ing the analyses of the fibers where a higher residue was
obtained for non-treated hemp fibers (29.3%) and

Figure 4. Dispersion of non-treated and pretreated hemp fibers in the PLA and ePLA matrix.
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treated hemp fibers (23.4%). A lower residue reported
for treated hemp fibers in comparison with non-
treated hemp fibers is consistent with the removal of
lignin and extractives due to the enzymatic treatment
as discussed previously (46). The residues quantified
for ePLA-H10, ePLA-H20, ePLA-T10, and ePLA-T20 are
6.9%, 10.9%, 7.5%, and 8.9%, respectively. The overall
trend is the same as the one reported for neat PLA com-
posites. Moreover, it appears that the difference in resi-
dues between the ePLA composites and the PLA
composites (for equivalent content and comparable
treatment) is higher than the difference between the
residue of ePLA and the residue of PLA. The difference
in residual mass between ePLA-H10 and PLA-H10 is
3%, and between ePLA-H20 and PLA-H20 is 3.2%. This
accounts for a possible synergistic effect between the
fibers and BDF because the difference in residual mass
in the composite containing both BDF and fibers in
PLA versus the composite containing only fibers is
higher than the difference in residual mass in a blend
containing BDF in PLA (ePLA) versus raw PLA. The differ-
ence in residual mass between ePLA-T10 and PLA-10 is
4.4%, and between ePLA-T20 and PLA-T20 is 2.9%. This
is in accordance with the previous statement related to
a possible synergistic effect between BDF and fibers
in PLA.

Linear combinations were calculated to determine
the antagonistic and synergistic effects in the blends
during thermal degradation using the data collected

for raw materials (PLA, BDF, non-treated hemp fibers,
and treated hemp fibers). The results are given in
Figures 7–9. Destabilization effects are observed when
treated or non-treated hemp fibers are incorporated
into the blends meaning the combination of PLA and
fibers, with or without BDF, reduced the thermal stab-
ility. Lower thermal stability of the fibers resulting in
the production of decomposition products could
explain this antagonistic effect where PLA degrades at
a lower temperature. Indeed, non-treated and treated
fibers start to degrade at 225 and 259 °C, respectively,
while PLA starts its degradation at 334 °C (Table 2).
These results also surprisingly indicated there is no inter-
action between BDF and fibers (treated or not) during
the thermal degradation. Nevertheless, there is a signifi-
cant synergistic effect between PLA and BDF after 375 °C
leading to an increase in the charring and of the final
residue (Figure 9).

Reaction to fire

The reaction to fire of the materials was evaluated using
mass loss cone calorimetry to measure the Heat Release
Rate (HRR) during the combustion. The results are shown
in Figures 10 and 11. Pictures of the residues after the
experiments are given in Figure 12. The mean Peak of
Heat Release Rate (pHRR) of the three PLA plates is
342 kW.m-2 and the Total Heat Release (THR) of PLA is
75.6 MW.m-2. PLA left no measurable charring residue.

Figure 5. Tensile strength of PLA and/or ePLA filled with non-treated or pretreated hemp fibers.
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These data will serve as references to evaluate the reac-
tion to fire of the composites.

The mean pHRR of PLA-H20 is 344 kW.m-2 and that of
PLA-T20 is 329 kW.m-2. The mean charring residue left
by PLA-H20 is 2 wt.% and that left by PLA-T20 is less
than 1 wt.%. The mean THR of PLA-H20 is 76.0 MW.m-
2 and that of PLA-T20 is 80.4 MW.m-2. There is no signifi-
cant difference between the pHRR of PLA-H20 and PLA-
T20 in comparison with the pHRR of PLA. The incorpor-
ation of 20 wt.% of raw hemp fibers or enzymatically
treated hemp fibers in PLA did not change the reaction
to fire excepting a notable reduction of the ignition time
down to 50 s (Figure 10). The combustion of the compo-
sites left a small amount of residue. The differences in
THR between the composites and the PLA reference
are not significant. These results are consistent with
the literature where the incorporation of natural fibers

in PLA led to no significant effect on the reaction to
fire (47).

The mean pHRR of ePLA, ePLA-H20, and ePLA-T20 is
overall 10% higher than the mean pHRR of PLA (respect-
ively 361, 376, and 372 kW.m−2 vs 342 kW.m−2) which is in
the margin error. The mean charring residue left by ePLA,
ePLA-H20, and ePLA-T20 is respectively 3wt.%, 7wt.%,
and 2wt.%. The THR of ePLA is 12% lower than that of
PLA, and the THR of ePLA-H20 is 14% lower. The THR of
ePLA-T20 is 5% higher than that of PLA. The difference
in pHRR between ePLA and the PLA reference is not
very important but one can consider it significant. There
is a minor degradation of the reaction to fire due to the
presence of BDF in the material. This could be explained
by chemical interactions between the PLA matrix, the
BDF, and their respective degradation products. Lactide
oligomers, lactic acid, acetaldehyde, carbon monoxide/

Figure 6. Young’s modulus of PLA and/or ePLA filled with non-treated or pretreated hemp fibers.

Table 2. Thermal properties of fibers, BDF, PLA and/or ePLA reinforced with non-treated or pretreated hemp fibers.
Materials Tg (°C, ± 1) (thermal history erased) Tm (°C) χ (%, ± 3) (thermal history) T5 (°C) Tdma× (°C) Residue at 500 °C (%)

Non-treated hemp fibers – – – 225 316 29.3
Treated hemp fibers – – – 259 352 23.4
BDF −19.1 106 100 206 348 0.5
PLA 56.0 140.1 1.2 334 373 0.8
PLA-H10 53.1 138.2 1.8 291 338 3.9
PLA-H20 58.1 140.9 1.3 276 317 7.7
PLA-T10 54.4 138.7 2.3 305 350 3.1
PLA-T20 52.8 137.2 2.8 287 331 6.0
ePLA 18.7 129.3 ≤1 299 356 3.1
ePLA-H10 15.7 125.0 1.9 268 304–341 6.9
ePLA-H20 16.7 119.9 1.9 263 302–334 10.6
ePLA-T10 18.8 126.1 3.6 275 320–353 7.5
ePLA-T20 17.4 123.9 3.5 271 5309–346 8.9
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dioxide, and water are produced during the thermal
degradation of PLA (48,49). The water and the lactic
acid produced during the degradation of PLA would
help the hydrolysis of BDF into ferulic acid and could
lead to the formation of guaiacol and guaiacol derivatives
(mainly 4-methylguaiacol, 4-ethylguaiacol, and 4-vinyl-
guaiacol after the thermal degradation of ferulic acid
(50). An analog trend is observed for ePLA-H20 in com-
parison with PLA-H20. The interaction between BDF and

hemp fibers appears to be an antagonistic effect increas-
ing the pHRR. Nevertheless, it is interesting to note an
increase in the charring residue going from almost
nothing (PLA) to 3wt.% (ePLA) and from 2wt.% (PLA-
H20) to 7wt.% (ePLA-H20). It is consistent with our pre-
vious statement from thermal analysis where a synergistic
effect was noted between BDF and fibers increasing the
residue. This charring effect is not sufficient to improve
the reaction to fire of PLA containing both hemp fibers

Figure 7. Difference between the linear combination of thermogravimetric analyses between PLA, BDF, and non-treated hemp fibers,
and thermogravimetric analyses of their respective blends.

Figure 8. Difference between the linear combination of thermogravimetric analyses between PLA, BDF, and treated hemp fibers, and
thermogravimetric analyses of their respective blends.
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and BDF, but it could be useful in combination with flame
retardants (FR). Literature reports several natural fibers
treated with FR exhibiting improved flammability that
could be used in combination with BDF (47). Moreover,
the use of nanoparticles could also be of interest to
improve fire performance as the literature reports (51).

Moreover, ePLA-T20 exhibits the worst flammability
results since its pHRR is close to that of ePLA-H20
(respectively, 372 and 376 kW.m−2) but its THR is the

biggest (+5% for ePLA-T20 in comparison with PLA,
while it is −14% for ePLA-H20) and its charring residue
is only 2wt.%. It could be very consistent with the
removal of lignin and extractives due to the enzymatic
treatment as lignin improve the flame retardancy of
PLA (52). One can suggest that the chemical interactions
between BDF and hemp fibers during the thermal degra-
dation leading to an increase in the charring residue
could involve lignin and extractives.

Figure 9. Difference between the linear combination of thermogravimetric analyses between PLA and BDF and thermogravimetric
analysis of their blends.

Figure 10. Heat release rates of PLA, PLA-H20, and PLA-T20.
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Conclusion

In light of the results described in this study and, in com-
parison with other elastomers such as thermoplastic
polyurethane (TPU) reinforced with natural fibers, it
appears that composites made of elastomeric PLA

(ePLA) and hemp fibers are of interest for the prep-
aration of fully bio-based composites with tunable
mechanical properties. The ePLA matrix is suitable for
the preparation of composites reinforced with natural
fibers with a compromise between elongation at break

Figure 11. Heat release rates of PLA, ePLA, ePLA-H20s and ePLA-T20.

Figure 12. Charring residues resulting from the fire testing experiments conducted on composites.
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and stiffness. The use of ferulic acid derivative has no sig-
nificant impact on the dispersion of the fibers. Crystal-
lites of ferulic acid derivative were found
homogenously dispersed in the PLA and some of them
were found at the interface between the fibers and the
PLA. There is a correlation between the decrease in the
mechanical properties following the increase of the
aspect ratio of the fibers and the presence of such crys-
tallites at the interface.

The enzymatic treatment of the fibers did not
achieve to graft ferulic acid derivative at their surface.
A defibrillation of the fibers was observed. A removal
of extractives and lignin from the fibers due to the
enzymatic treatment is suspected. Moreover, the ePLA
matrix showed a slightly degraded reaction to fire in
comparison with raw PLA and exhibited a charring
residue meaning that elastomeric PLA could be suitable
to be used in combination with intumescent conven-
tional flame retardant (e.g. phosphates) and/or nano-
particles (e.g. nanoclays). A synergistic effect between
the hemp fibers and the BDF increased the charring
residue. A chemical interaction between BDF and
lignin is suspected. The removal of the lignin from the
fibers due to the enzymatic treatment is correlated to
the degradation of the reaction to fire of the
composites.
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