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Pecan nutshells are a solid form of waste obtained from the pecan nut production and they have been explored as an inexpensive
filler for incorporation bymelt blending into the poly(lactic acid) (PLA)matrix.The pecan nutshells contain polyphenols, proteins,
tannins, sugars, and lipids; some of these components must be released in order to improve adhesion with a polymeric matrix. The
physicochemical characterization of the extruded biocomposites of pecan nutshell powder (PNSP) at 0, 5, and 7.5% wt. with two
treatments (untreated and defatted) into PLA is presented in this work. The incorporation of PNSP into the PLA matrix caused
a variation in color and density and increased the water absorption. However, some mechanical and thermal parameters of the
biocomposites showed a significant decrease.Themorphological analysis showed good dispersion and adhesion of the PNSP to the
PLAmatrix. Based on the results of the characterization, biocomposites formulated with defatted PNSP have a potential to be used
as sustainable fillers in PLA biocomposites. These biocomposites have a potential application as food containers, packaging trays,
or disposable items.

1. Introduction

Agricultural residues represent a wide variety of waste
materials produced from the agriculture and food industries
that can cause serious pollution problems. Several studies
have reported the use of biomass wastes as natural fillers in
polymeric composites [1–3]. These composite materials are
reinforced with natural fillers and fibers, such as peanuts
shells, nuts, rice, coconut, and wood [4–6] and have low costs
and density, good thermal insulation, strength, acceptable
resistance, and abundant availability in certain regions [7, 8].

The poly(lactic acid) (PLA) is one of the most devel-
oped biodegradable bioplastics from a technological point of

view [9]. It is a semicrystalline, transparent, high strength
biopolymer synthesized from the polymerization of the lactic
acid monomer, which is obtained from corn, sugarcane,
beet, and other products rich in starch [10]. This biopolymer
has excellent optical and mechanical properties, but its
thermomechanical characteristics limit its use in different
fields [11, 12]. Hence, it is desirable to use fillers of a natural
origin that do not affect the biodegradability of the PLA
matrix. The incorporation of natural fillers to the PLA and
other polymer matrices has been reported by some authors
[3, 5, 13–17]. Some aspects, such as cost reduction, along with
an improvement in the physical, chemical, mechanical, and
thermal properties, are motivating the development of the
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biocomposites in order to reduce the use of synthetic plastics
obtained from the oil.

Thepecan nutshells are a renewable lignocellulosic source
obtained as an agricultural byproduct. The pecan nutshell
covers the pecan nut [Carya illinoinensis (Wangenh) C.
Koch] and this fruit belongs to the family Juglandaceae from
North American countries (USA and Mexico). In Mexico,
the production of pecan nuts accounted for 38,660 tons in
2016. In order to consume the pecan nut, several operations
are to be considered, such as, grading and sizing, cracking,
shelling, and drying. Around 50%of theweight of a pecan nut
is constituted by its shell, which is a byproduct. Finely ground
pecan nutshells are used as an organic abrasive product for
cleaning, polishing, and deburring metallic or plastic parts.
The automotive industry uses nutshells in powders in order
to clean engines without scratching their surface, whereas
the cosmetic industry uses them as exfoliating agents in face,
body, and feet cleaners. Some authors have reported that
nutshells can be used as filler in the biocomposites of various
applications where a high dimensional stability is required
[7, 13]. Moreover, the pecan nutshell powder (PNSP) is a
hydrophilic biofiller that contains cellulose, lignin, tannins,
and hemicelluloses. The presence of hydroxyl groups in
the molecules of the lignocellulosic macromolecules causes
a difficult interfacial interaction between the natural filler
and the polymer matrix [18]. Therefore, solvent extraction
(hexane, chloroform, ethanol, etc.) using the soxhlet method
is a common lab procedure implemented in order to remove
impurities (waxes, lipids, tannins, and low molecular lignin)
from biofillers.

The mechanical and thermal properties of the biocom-
posites containing particulate fillers show a strong depen-
dence on the particle size, particle loading, interface adhe-
sion, and homogenization of the filler in the polymericmatrix
[19]. Another important factor is the type of mixing between
the matrix and the filler, noting that the polymer matrix
must completely embed the filler particles, thus preventing
the separation of the body components [20]. An extrusion
process is ideal in order to fabricate biocomposites with
good homogenization, because this procedure can melt the
polymer matrix while being mixed with the particulate filler
passing through a screw process. This processing technique
has been used since the 1950s, but its application in bio-
composites when using biodegradable matrices is recent
[21]. In this regard, Tisserat et al. discussed the limitations
of moisture in the particulate fillers used in the extrusion
process and reported that a reduction of themoisture content
improves the interaction particle-matrix [22]. Considering
these factors, the properties of the biocomposites can be
modified as needed and in accordance with the required
application, such as food containers, packaging trays, or
cutlery.

The objective of this study is to produce biocomposites
formulated with PNSP and PLA by means of extrusion.
The treatment used to remove the impurities from the
PNSP was the soxhlet extraction method. The effect of the
PNSP treatments on the mechanical, structural, thermal, and
morphological properties of the biocomposites is reported.
The present paper is the first report that analyzes the effect

of the degreasing treatment of the PNSP on the adhesion in
a PLA matrix. It is important to point out that the PNSP is
a byproduct from the pecan nut industry that generates high
volumes and is regarded as a waste pollutant that is damaging
the environment.

2. Experimental

2.1. Materials. The material used in this work was pecan
nutshell [Carya illinoinensis (Wangenh) C. Koch] powder
(PNSP) provided by Nuez Pecanera, S.A (Mexico).The PNSP
was sieved using an 80 mesh and part of this powder was
defatted using the soxhlet extraction method using hexane
(Sigma-Aldrich). As a polymeric matrix, poly(lactic acid)
(PLA) from Ingeo Biopolymer, grade 2003D, was supplied by
NatureWorks, Inc.

2.2. Preparation of the Biocomposites. Pellets of PLA were
reduced in size using a Thomas Wiley mill model 4 and
the milled material was sieved with a mesh of 2mm. The
PNSP samples, untreated and defatted, were dried in an air
convection oven at 60∘C, until the moisture content reached
less than 1% wt. The biocomposites of the PLA with 0, 5, and
7.5% wt. of PNSP (untreated and defatted) were physically
mixed in a plastic bag. Each formulation was processed
using a single screw minilaboratory extruder from Polymer
Evaluation Products model ATLAS (Chicago, IL), with a
temperature profile of 145∘C (feed zone) and 160∘C (die
zone). The extruder shaft (≈1 cm diameter) was rotated at
60 rpm.The sheet (5 cm wide and 0.2 cm thick) was collected
with a stainless steel idler roll. Finally, all the biocomposites
obtained were stored in plastic bags, before testing.

2.3. Color Measurements. The color measurements of the
PLA-PNSP biocomposites were performed using a Konica
Minolta CR-300 colorimeter calibrated with a standard series
(𝑌 = 92.4, 𝑥 = 0.3161, and 𝑦 = 0.3324). The measurement
was performed by placing the sample over the standard. The
luminosity determined by 𝐿∗ and the chrome coordinates
𝑎∗ (red-green) and 𝑏∗ (yellow-blue) were used to calculate
the chroma (𝐶∗), hue angle (ℎ∘), and color difference (Δ𝐸),
by (1), (2), and (3), respectively. Ten measurements were
performed on each sample and the average values were
obtained.

𝐶∗ = √𝑎∗2 + 𝑏∗2, (1)

ℎ∘ = arctan(𝑏∗𝑎∗) , (2)

Δ𝐸 = √(Δ𝐿∗)2 + (Δ𝑎∗)2 + (Δ𝑏∗)2, (3)

where Δ𝐿∗ = 𝐿∗–𝐿∗0, Δ𝑎∗ = 𝑎∗ − 𝑎∗0 , and Δ𝑏∗ = 𝑏∗ − 𝑏∗0 , 𝐿∗0,𝑎∗0 , and 𝑏∗0 , represent the color parameter values of the neat
PLA, and 𝐿∗, 𝑎∗, and 𝑏∗ represent the color parameters of the
sample. Measurements were performed by placing the film
sample over the standard. All of the samples were analyzed
by recording six measurements for each sample.
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2.4. Identification of the Functional Groups. The identifi-
cation of the functional groups was performed using an
infrared Fourier transform (FTIR) spectrophotometer Perkin
Elmer model Spectrum GX (Mexico), in the attenuated total
reflection (ATR) mode. The PLA-PNSP biocomposites were
analyzed in a spectral range from 4000 to 400 cm−1 with
4 cm−1 resolution.

2.5. Water Absorption. The PLA-PNSP biocomposites were
cut into specimens of 1.3 cm in width and 5 cm in length,
and each sample was weighted with a Mettler Toledo model
MS303S (Switzerland) precision balance.These samples were
placed at constant weight, (𝑤𝑖) before being introduced into
containers with 100mL of distilled water. At specific intervals
of time, the samples were released from the container and
superficial water was released using absorbent paper. The
total immersion time of the samples was up to 120min. The
percentage change in weight or the water absorbed (𝑤𝑓) was
calculated with the following equation:

Water absorption (%) = 𝑤𝑓 − 𝑤𝑖𝑤𝑖 × 100. (4)

This test was performed in triplicate for each formulation and
the average water absorption values were calculated.

2.6. Density. The density was determined from the weight
and volume of each biocomposite sample. The biocomposite
samples were dried at 60∘C in an air convection oven,
until a constant weight was achieved. The samples were
weighed using aMettler ToledomodelMS303S (Switzerland)
precision balance. The dimensions of each sample (1.3 cm
in width and 5 cm in length, approximately) were measured
using a Mitutoyo digital vernier model CD-6 CSX (Japan)
and were used in order to calculate their volume.The density
was calculated on the basis of the following equation:

Density = 𝑀0𝑉0 , (5)

where𝑀0 is the dry weight in grams and 𝑉0 is the volume of
each of the samples in cm3.

2.7. Mechanical Tests. The tensile tests of the biocomposites
were determined using a universal testing machine United
model SSTM-5KN (Huntington Beach, CA). The tests were
conducted according to the ASTM method D882 in rectan-
gular shape (10mm × 70mm), using a crosshead speed of
1mm/min. The mechanical parameters evaluated were the
tensile strength, elongation at break, and the tensile modulus;
the number of the specimens tested was at least six for
each formulation. Mechanodynamic tests were performed
following ASTM D5026 (tension method), using a Perkin
Elmer DMA model 8000 (Waltham, MA), under the follow-
ing conditions: the temperature range used was from 0 to
100∘C, followed by a heating rate of 3∘C/min and a frequency
value of 1Hz.

2.8. Thermal Characterization. The thermal decomposition
analyses were conducted using a thermogravimetric analyzer

(TGA) from TA Instruments Inc. model Discovery (New
Castle, DE). Approximately, 10mg of the sample was heated
from 50 to 600∘C at a heating rate of 10∘C/min under an inert
atmosphere (N2) at a flow rate of 60mL/min. A differential
scanning calorimetry (DSC) analysis was performed on a
TA Instruments model Discovery (New Castle, DE) under
nitrogen atmosphere. Between 5 and 10mg of the sample
was heated from the room temperature (25∘C) to 200∘C,
at 10∘C/min. From the thermograms of the PLA-PNSP
biocomposites, the thermal parameters measured were the
glass transition temperature (𝑇𝑔), specific heat change (Δ𝐶𝑝),
enthalpies of melting (Δ𝐻𝑚) and crystallization just before
melting (Δ𝐻𝑐), the temperatures of crystallization (𝑇𝑐), and
melting (𝑇𝑚).
2.9. Morphological Analysis. The surface morphology of the
samples was observed using an AmScope model WD165
stereoscope (USA). The images of the samples were captured
using magnifications of 1.5x and 2.5x of the optical lens.
In order to observe the surface morphology of the samples
fractured cryogenically, scanning electronmicroscopy (SEM)
with a Philips model XL30 ESEM-FEG (Hillsboro, OR) was
carried out. The analysis was conducted in samples coated
with a thin layer of Au-Pd plasma produced by a sputter
coater (Quorum model QI5OR-ES, Sussex, UK) prior to
scanning.

2.10. Statistical Analysis. The experimental data obtained
were statistically analyzed by means of a one-way analysis of
variance (ANOVA) using NCSS 2007 edition by NCSS LLC
(Kaysville, UT). The significance of each property mean was
determined (𝑝 < 0.05) in order to evaluate the effect of the
PNSP content (untreated and defatted) on the color, thermal,
optical, and mechanical properties of the biocomposites.

3. Results and Discussions

3.1. Apparent Color of the Biocomposites. It is important to
note that color is an attribute of the commercial composites
and biocomposites. The PLA matrix is transparent and
uncolored; therefore, the addition of PNSP in the polymeric
matrix turned the color of the biocomposite to brown and
its shade varied with the PNSP content. Table 1 shows the
values of the color parameters, such as luminosity (𝐿∗),
chroma (𝐶∗), hue angle or saturation angle (ℎ∘), and the
color difference (Δ𝐸) calculated by (1) to (3). The results
indicate that as the content of the PNSP increases, the 𝐿∗
and ℎ∘ values decrease; this behavior was observed in both
treatments. In addition, the PLA matrix showed the highest
𝐿∗ value, and the biocomposites formulated with 7.5% wt.
PNSP showed lower values of this parameter. The reduction
of the 𝐿∗ values is attributed to the close vicinity of the PNSP
filler in the PLA matrix. A similar behavior was reported in
the PLA-seaweed waste biocomposites [14]. The 𝐶∗ values
calculated by (1) are reflecting color purity or saturation. The
results from this parameter indicate that the addition of the
PNSP increases the color saturation of the biocomposite and
significant differences (𝑝 < 0.05) were found among the
formulations. In contrast, the ℎ∘ values showed a significant
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Table 1: Color parameters of the PLA-PNSP biocomposites∗.

Sample PNSP content
(% wt.) 𝐿∗ 𝐶∗ ℎ∘ Δ𝐸

Neat PLA 0% 88.0 ± 0.4a 1.02 ± 0.1c 317.09 ± 4.8a —

PNSP defatted 5% 48.7 ± 7.4b 8.173 ± 0.9b 47.89 ± 4.3b 111.9 ± 18.3b
7.5% 42.6 ± 0.8bc 11.11 ± 1.7a,b 42.89 ± 0.5b 180.4 ± 39.4a

PNSP untreated 5% 44.8 ± 1.7b 14.59 ± 2.3a 48.95 ± 2.3b 259.6 ± 71.0a
7.5% 36.2 ± 3.3c 12.40 ± 1.1a 48.32 ± 7.5b 200.2 ± 28.0a

∗Columns with the same letter for each treatment indicate that there is no significant difference (𝑝 < 0.05) between the samples according to Tukey-Kramer
method. Each value is mean ± standard deviation.

change (𝑝 < 0.05) in the color of neat PLA and PLA-PNSP
biocomposites. ℎ∘ is an important parameter of the color
analysis that indicates the position of the color of the sample
into the color sphere. The biocomposites showed an ℎ∘ range
within the 0 to 90∘ region, which means that a reddish yellow
color was observed in these formulations. This result agrees
with the visible observation of the samples.

The Δ𝐸 values between the formulation 5% wt., the
defatted PNSP formulation, and other formulations showed
a significant difference (𝑝 < 0.05). This color difference
between the biocomposites is attributed to factors such as
the drying process of the PNSP, filler packaging and content,
and dispersion into the PLA matrix [14]. Moreover, similar
results were reported by Tisserat et al. [22] using wood
particles in order to produce biocomposites by means of
an extrusion process. The change in the wood color was
attributed to the thermal interactions of the molecules that
make up the timber. Also, the authorsmentioned that the size
and homogenization of the filler particles within the polymer
matrix are crucial factors in the color change of the PLA-
Paulownia wood composites.

3.2. Identification of the Functional Group. The FTIR spectra
shown in Figure 1 reveal similar signals for both the neat
PLAand thePLA-PNSPbiocomposites, regardless of the used
treatment, differing only in the signals intensity. Madera-
Santana et al. [14] proposed that this is because of the fact
that the PLA completely coated the particles of the pecan
nutshell and the IR beam only detects signals from the PLA
matrix. Nevertheless, the FTIR analysis allowed us to identify
that some functional groups showed displacements in their
signals due to the interaction between the PLA and the pecan
nutshell particles. The absorbance peaks observed are 2998
and 2945 cm−1; they are assigned to the asymmetric (𝜐as)
and symmetric (𝜐s) stretching vibration of CH3 [10]. The
signal at 1750 cm−1 corresponds to the stretching region of the
carbonyl groups (C=O), which is characteristic of ester [14].
Other signals in the range of 1500–1300 cm−1 are observed in
Figure 1; they are attributed to the symmetric and asymmetric
deformational vibration of C–H in CH2 (1380 and 1360 cm

−1)
and the bending deformation of CH3 (1452 cm

−1) [10, 14, 23].
The band registered at 1183 cm−1 is a characteristic signal
of the ester groups (O–C=O). The intensity of this signal
shows a decrease attributed to the PNSP addition.The signals
situated at 1215, 1128, 1084, and 1045 cm−1 are attributed to
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Figure 1: FTIR spectra of PLA-PNSP biocomposites: (a) neat PLA,
(b) 5% wt. PNSP defatted, (c) 7.5% wt. PNSP defatted, (d) 5% wt.
PNSP untreated, and (e) 7.5% wt. PNSP untreated.

the anhydrides (C–CO–O–CO–C) valence vibration and the
O–C stretching vibration from carboxyl [10, 14], and these
signals do not change in position in all the spectra.

3.3. Water Absorption. The water absorption of the biocom-
posites is a key parameter because their possible applications
require materials with low absorption values. The biocom-
posites formulated with untreated PNSP showed higher
water absorption, in comparisonwith the biocomposites with
defatted PNSP. This is expected because the PNSP with the
defatted treatment shows a lack of tannins (polyphenols)
and low molecular lignin that could increase the water
absorption of the composites. The results obtained in the
biocomposites formulated in this work are presented in
Figure 2. The results are consistent with reports from the
literature, where polar lignocellulosic fibers show a greater
tendency to absorb water, compared to the control samples
[24, 25]. In this case, hydrophilicity is a main feature of
the nutshell due to its content of the hydroxyl groups from
lignin [26]. Spiridon et al., reported that the lower resistance
of the composites to water absorption is attributed to weak
interfacial bonding between the filler and the matrix [27].
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Table 2: Mechanical parameters from tensile tests of the PLA-PNSP biocomposites∗.

Sample PNSP content
(% wt.)

Tensile strength
(MPa)

Elongation at break
(%)

Tensile modulus
(MPa)

Neat PLA 0 47.3 ± 2.5a 43.2 ± 2.3a 1902 ± 206a
PNSP defatted 5 32.7 ± 2.9b 3.2 ± 0.8b 1641 ± 160b

7.5 38.7 ± 3.6dc 3.1 ± 0.5b 2108 ± 132a
PNSP untreated 5 41.5 ± 3.2c 4.7 ± 1.3b 1940 ± 210a

7.5 31.4 ± 1.9b 5.2 ± 1.3b 1504 ± 228b
∗Columns with the same letter for each treatment indicate that there is no significant difference (𝑝 ≤ 0.05) between the samples according to Tukey-Kramer
method. Each value is mean ± standard deviation.
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Figure 2: Water absorption of neat PLA and PLA-PNSP biocom-
posites.

These data can be correlated with the mechanical properties
of the biocomposites, as it will be discussed later.

3.4. Density. The density values of the biocomposites formu-
latedwith PNSP and PLA are shown in Figure 3. It is observed
that the density of the neat PLA matrix was significantly
lower than for other samples (𝑝 < 0.05). Also, it is observed
that the average density decreased slightly in line with the
increase of the pecan shell content in the biocomposites with
defatted PNSP. However, this difference was not significant
(𝑝 > 0.05). Alternatively, the density values are higher as
the content of the untreated PNSP increases. This difference
was not significant either (𝑝 > 0.05). Usually, during the
incorporation of the biofillers into a polymer matrix, air and
volatiles may be trapped in the composite, as microvoids,
and thus they could affect the physicochemical properties
in the biocomposites. In this way, the drying process of raw
materials plays an important role in the fabrication of the
biocomposites, and the density parameter is essential for their
possible applications [22, 28].
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Figure 3: Density values of neat PLA and PLA-PNSP biocompos-
ites.

3.5. Mechanical Properties. Table 2 shows the mechanical
parameters calculated from the results of the tensile tests per-
formed on the PLA-PNSP biocomposites. The incorporation
of the PNSP into the PLA produced a decrease in tensile
strength, the biocomposites formulated with defatted PNSP
(5%) and untreated PNSP (7.5%) having the lowest tensile
strength values.No statistical significant difference (𝑝 > 0.05)
was found between these formulations. However, the other
formulations with the treatments showed an improvement
of this property, but they did not reach the tensile strength
of the PLA matrix (47.3MPa). The decrement of the tensile
strength in the biocomposites is attributed to factors, such
as poor wettability, dispersion, and filler-matrix adhesion.
Moreover, another factor responsible for the decrease in
strength is related to the differences in polar properties
between the nonpolar PLA and the polar filler. The decrease
in the maximum stress values in tension agrees with the
results from other authors [4, 27, 29].The elongation at break
of the PLA-PNSP biocomposites is shown in Table 2. The
results show that the elongation at break of the biocomposites
was significantly different (𝑝 < 0.05) compared to the neat
PLA. The incorporation of the PNSP produced a significant
decrease (𝑝 < 0.05) of the elongation at break, although
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Figure 4: TGA thermograms of the PLA-PNSP biocomposites: (a)
neat PLA, (b) 5% wt. PNSP defatted, (c) 7.5% wt. PNSP defatted, (d)
5% wt. PNSP untreated, and (e) 7.5% wt. PNSP untreated.

all the formulations of the biocomposites did not show
significant changes in this parameter. The decrease in the
elongation at break is expected considering that the addition
of PNSP reduces the chain mobility of the PLA matrix and
increases the stiffness of the biocomposite. A similar behavior
has been observed on the elongation at break in thermoplastic
biocomposites [4, 7, 14, 22].

The tensile modulus values of the PLA-PNSP biocom-
posites are shown in Table 2. The average tensile modulus
of the biocomposites with 7.5% defatted PNSP and 5%
untreated PNSP was slightly higher in comparison with the
neat PLA matrix. The other formulated biocomposites show
a significant decrease (𝑝 < 0.05) in this parameter. Some
authors have reported that fillers added to thermoplastic
matrices restrict themovement of the chains of the polymeric
material (reducing ductility), thereby increasing themodulus
of elasticity [7]. However, the biocomposites of the neat PLA
mixedwith organic fillers without coupling agents had shown
a similar tendency in the mechanical parameters [13, 14].

3.6. Thermal Analysis. A thermal analysis is defined as a
group of techniques inwhich a property of the sample ismon-
itored against time or temperature in a specified atmosphere
[30]. The thermogravimetric analyzer (TGA) was used in
order to determine the thermal stability of the neat PLA
and PLA-PNSP biocomposites, with a particular interest in
the measurement of weight as a function of temperature.
In Figure 4, the TGA thermograms of the PLA and the
biocomposites in a temperature range of 300–500∘C are
presented. In general, the thermograms of the biocomposites
have shown similarities between them and the weight loss
in all samples occurred in a single step. These thermograms
showed a thermal stability up to 300∘C and, shortly after, this
temperature began an inflection, which represented the ther-
mal degradation of the components of the biocomposite and
finished at 395∘C. Moreover, slight shifts in the thermogram
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Figure 5: DTGA thermograms of the PLA-PNSP biocomposites: (a)
neat PLA, (b) 5% wt. PNSP defatted, (c) 7.5% wt. PNSP defatted, (d)
5% wt. PNSP untreated, and (e) 7.5% wt. PNSP untreated.

formulations containing PNSP over the PLA matrix are
observed. The thermograms of the biocomposites with a
defatted PNSP of 5% and 7.5% and an untreated PNSP of 5%
show a similar behavior. Furthermore, these samples showed
an improvement in the thermal stability and a displacement
of the degradation temperature to a higher value, in compar-
ison with the neat PLA. Subsequently, in Figure 5, the first
derivatives of the TGA thermograms (DTGA) of the biocom-
posites are shown for their different concentrations and treat-
ments. The intervals of the decomposition temperature of
the neat PLA and the biocomposites formulated are between
310 and 395∘C. In addition, the concentrations of the PNSP
with 5% and 7.5% untreated and the formulation of 5% PNSP
defatted have the same decomposition temperature (372∘C).
In contrast, neat PLA and the biocomposite with 7.5 wt.%
untreated PNSP showed decomposition temperatures of 343
and 361∘C, respectively. The increase in the thermal stability
of the PLA-PNSP biocomposites could be attributed to the
char formation and it acts as a protective barrier in the PLA
matrix from the thermal decomposition [4]. Our results agree
with the results reported byMadera-Santana et al. [14], where
these authors reported a single degradation step in the PLA-
seaweed waste biocomposites through the temperature runs,
as well as a slight increase in the decomposition temperature
of the biocomposites.

The DSC is used in order to identify and quantify various
physicochemical parameters of the polymers, such as the
glass transition temperature and crystallization temperature.
In Table 3, the thermal parameters calculated from the first
run of this analysis are shown and it is noted that the glass
transition temperature (𝑇𝑔) of the biocomposites containing
PNSP was slightly lower than the PLA matrix; that is, as
the content of the PNSP increased, the 𝑇𝑔 value decreased,
regardless of the treatment type. A similar behavior was
observed in the crystallization temperature (𝑇𝑐); as the
content of the PNSPwas increased, this parameter decreased.
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Table 3: Thermal data measurements obtained by differential scanning calorimetry of the PLA-PNSP biocomposites.

Sample PNSP content
(% wt.)

𝑇𝑔
(∘C)

𝑇𝑐
(∘C)

Δ𝐻𝑐
(J/g)

𝑇𝑚1
(∘C)

𝑇𝑚2
(∘C)

Δ𝐻𝑚
(J/g)

Neat PLA 0% 62.5 111.7 24.3 149.5 154.9 26.9

PNSP defatted 5% 57.9 104.6 26.9 148.1 156.9 27.9
7.5% 58.4 106.4 25.7 149.0 156.4 28.9

PNSP untreated 5% 60.1 106.2 27.9 156.0 156.0 25.6
7.5% 59.8 107.2 25.9 148.3 155.9 27.1

𝑇𝑔, glass transition temperature; 𝑇𝑐, crystallization temperature; Δ𝐻𝑐, crystallization enthalpy; 𝑇𝑚1, first melting temperature signal; 𝑇𝑚2, second melting
temperature signal; Δ𝐻𝑚, melting enthalpy.

However, the 𝑇𝑐 values of the biocomposites with untreated
PNSP showed the higher values. For the crystallization
enthalpy (Δ𝐻𝑐), the PLA matrix showed a lower value in
comparison with the biocomposites. The incorporation of
PNSP in the PLA matrix increased the Δ𝐻𝑐 value, indicating
that the PNSP acts as a nucleating agent of crystallization for
the PLA matrix. From the results of the melting temperature
(𝑇𝑚) in the thermograms (data not shown), a double melting
peak was observed, which is why 𝑇𝑚1 and 𝑇𝑚2 are reported
in Table 3, respectively. The enthalpy of the melting (Δ𝐻𝑚)
values of the neat PLA is lower, compared with the samples
containing the PNSP for both treatments. The highest Δ𝐻𝑚
was observed in the biocomposite with 7.5% wt. PNSP
defatted.

According to Fortunati et al., a decrease in the 𝑇𝑔 values
is related to the low miscibility of the polymer mixture
[31]. Mathew et al. reported that the composite materials
formulated with cellulose fibers exhibit an increase in 𝑇𝑔
compared to the PLA matrix [32]. In contrast, some authors
have reported that biocomposites based on the PLA show a
decrease of 𝑇𝑔; they attributed that the inclusion of biofillers
produces a reduction on the PLA chain mobility [33]. The
cold crystallization temperature (𝑇𝑐) is influenced by the
filler, regardless of type and content, and is responsible for
a significant reduction of this temperature [11], as it can be
observed in the 𝑇𝑐 values of Table 3. Finally, the double
peak of the melting temperature of the neat PLA and PLA-
PNSP biocomposite is attributed to the rearrangement of the
lamellar fraction observed during the PLA crystallization and
melting of small crystals [12, 23].

3.7. Dynamic Mechanical Analysis. The dynamic mechanical
properties of the biocomposites in terms of the storage
modulus (𝐸) and the lossmodulus (𝐸) are shown in Figures
6 and 7, respectively. 𝐸 is helpful in surveying the molecular
base of the mechanical properties of the biocomposites since
it is sensible to basic changes, for example, structural and
interfacial bonding between the fiber and particle-matrix.
It can be observed in Figure 6 that the change in the
storage modulus values depends on the filler content and
temperature. The biocomposite with 7.5% wt. defatted PNSP
showed the highest 𝐸, that is, being the most rigid bio-
composite, followed by the biocomposite of the same PNSP
concentration, but with different treatment. The increase of
the PNSP content has decreased 𝐸 of the biocomposites and

this effect is more pronounced in formulations with 5% wt.
PNSP. As indicated in Figure 6, the 𝐸 values decreased in
line with the increasing PNSP content, which is attributed to
the agglomeration, dispersion, and distribution of the PNSP
into the matrix. It caused poor interfacial adhesion, which
diminished the interfacial bonding strength. 𝐸 of the neat
PLA dropped at around 57∘C, but the PLA-PNSP biocom-
posites were thermally more stable (>65∘C) in comparison
with the neat PLA. The exception was the formulation with
5% wt. defatted PNSP. Sperling indicated that changes in the
amorphous-crystalline interface, concentration, particle size
filler, and the area of the loading surface are factors that can
affect 𝐸 of the biocomposites [33].

Figure 7 shows 𝐸 as a function of temperature. The
maximum value of 𝐸 was observed for the biocomposite
with 7.5% wt. defatted PNSP and it was higher than the
neat PLA. The 𝐸 peak of the biocomposites compared to
the neat PLA showed a decrease as a result of the PNSP
addition. It is the particle rigidity of the PNSP that interrupts
the movement of the PLA chains and contributes to greater
mechanical losses, so this large scale movement elongates the
glass transition range [34].

Generally, tan 𝛿 is the ratio of the storage and the loss
modulus; it indicates a relationship between loss and the
recoverable energy [34]. In Figure 8, the behavior of tan 𝛿
versus temperature is shown for the neat PLA and the
PLA-PNSP biocomposites. This figure shows that the signals
appear in different temperatures and that the peak intensities
were higher than those obtained for the neat PLA and PLA-
PNSP biocomposites. All the biocomposite formulations
showed a tan 𝛿 peak at higher temperatures (>50∘C), with
the biocomposites formulated with defatted PNSP showing
temperatures above 65∘C. This result is indicating that the
defatted treatment in the PNSP produced a higher restriction
in the molecular mobility of the biocomposites. Similar
results were reported by Gregorova et al. for the PLA-wood
flour composites [21]. Moreover, different investigations of
the biocomposites have discussed the effect of rigid fillers in
polymeric matrices, which report that the fillers contribute to
higher mechanical and thermal losses in the biocomposites
[21, 35].

3.8. Surface Morphology. The physical properties of the
composites are influenced by their morphology. Therefore,
the microscopic study of these properties is useful for
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Figure 6: Storage modulus of the PLA-PNSP biocomposites: (a) neat PLA, (b) 5% wt. PNSP defatted, (c) 7.5% wt. PNSP defatted, (d) 5% wt.
PNSP untreated, and (e) 7.5% wt. PNSP untreated.
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Figure 7: Loss modulus of the PLA-PNSP biocomposites: (a) neat PLA, (b) 5% wt. PNSP defatted, (c) 7.5% wt. PNSP defatted, (d) 5% wt.
PNSP untreated, and (e) 7.5% wt. PNSP untreated.
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Figure 8: tan 𝛿 of the PLA-PNSP biocomposites: (a) neat PLA, (b) 5% wt. PNSP defatted, (c) 7.5% wt. PNSP defatted, (d) 5% wt. PNSP
untreated, and (e) 7.5% wt. PNSP untreated.
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Figure 9: Morphology of PLA-PNSP biocomposite surfaces at different treatments: (a) 5% wt. PNSP defatted, (b) 7.5% wt. PNSP defatted, (c)
5% wt. PNSP untreated, (d) 7.5% wt. PNSP untreated, and (e) neat PLA.

understanding the behavior of these materials. The images
of the surface morphology of the neat PLA and PLA-PNSP
biocomposites obtained from a stereoscopic microscope at a
magnification of 2.5x are presented in Figures 9(a)–9(e). In
general terms, the PNSP showed a homogeneous distribution
and fine dispersion in the PLA matrix. Biocomposites with
a content of 5% wt. PNSP (Figures 9(a) and 9(c)) had
small clumps of this material, while the biocomposites with
the highest content of PNSP (7.5% wt.) (Figures 9(b) and
9(d)) showed fewer dust-free spaces and a certain degree
of porosity. This is because the content of the PNSP of this
formulation is too high and thus the particles are on the

surface of the biocomposite. Figure 9(e) corresponds to the
surface of the PLA matrix; the parallel lines on the surface
are produced by the extruder die. Our results agree with
the morphological studies of Mathew et al., in which the
authors mentioned that the tendency of the PLA to involve
the fillers used in biocomposites is attributed to its low melt
viscosity [32]. Based on the above, it can be said that, in the
case of biocomposites, as those that have been developed in
this work, the surface topography reveals a certain cohesion
degree of the components, which depends on the PSNP
content.This parameter plays a significant role developing the
reinforcing effect of the PNSP in the PLA matrix.
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Figure 10: Morphology of fracture surface of PLA-PNSP biocomposites at 500x magnification: (a) neat PLA, (b) 5% wt. PNSP defatted, (c)
5% wt. PNSP untreated, (d) 7.5% wt. PNSP defatted, and (e) 7.5% wt. PNSP untreated.

The interfacial morphology of the PLA-PNSP biocom-
posites is shown in Figure 10.Themicrographs of the fracture
surface of the biocomposites at a magnification of 500x were
examined by the SEM. Figure 10(a) shows the micrograph
of the fractured surface of the PLA matrix. The behavior
observed in this fractured surface shows fragile and ductile
performance (matrix tearing of PLA). The biocomposites
analyzed showed a homogeneous distribution and good
dispersion of the PNSP. Moreover, the interfacial adhesion
between the PLA and the filler powder in the biocomposites
has shown that certain particles are not detached from the
matrix; instead these stay embedded and only had a takeoff.

The surface morphology of the 5 and 7% wt. defat-
ted PNSP biocomposites (Figures 10(b) and 10(d)) showed
rougher areas in comparison with the untreated PNSP bio-
composites. Also, the embedded particles presented more
defined holes, but the PNSP were not released from the
matrix.This can be interpreted as a good interaction between

the polymeric matrix and the PNSP. Furthermore, the bio-
composites formulated with untreated PNSP are shown in
Figures 10(c) and 10(e). These micrographs show few holes
where the PNSP was released from the polymeric matrix,
meaning that the untreated PNSP does not interact strongly
enough. Upon associating the micrographs in Figure 10 with
the results of the mechanical analysis (tensile strength), we
noted the concordance with the formulation of the 7.5%
wt. defatted PNSP biocomposite. In this way, Mohanty et
al. reported that waxy substances contribute to ineffective
matrix-filler interactions [29]. Meanwhile, Shah et al. [36]
mentioned that the particle size and surface roughness are
important for the adhesion of a filler in a polymer matrix.
Boontima et al. mentioned that the biocomposites processed
from extrusion have a better homogenization of the particles
within the PLA, compared to other processing methods [35].
Also, they indicated that the wax and other compounds rich
in fatty acids form a thin film on the filler surface. It could
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be occurring between the polymer matrix of the PLA and the
untreated PNSP.

4. Conclusions

Untreated PLA and PNSP biocomposites, or biocomposites
subjected to the defatting process, were prepared by means
of extrusion and characterized.The color parameter values of
the biocomposites indicate that an increase in the PNSP con-
tent produced a reddish yellow color in these formulations.
The color difference between the biocomposites is due to the
filler content and packaging, dispersion, and drying process.
The structural analysis (FTIR) showed that the PLA-PNSP
biocomposites did not form new functional groups. The
addition of untreated PNSP in the PLA matrix increased the
water absorption capacity and improved the thermal stability
of the biocomposites. The tensile strength and elongation
at break showed a significant decrease in their values when
the PNSP was added to the PLA matrix. The morphological
analysis showed good dispersion and adhesion of the PNSP,
although certain particle agglomerations were observed in
the biocomposites.

The release of fat from the PNSP did not affect the
physicochemical, mechanical, or thermal characteristics of
the biocomposites; it was attributed to the low content of
the filler in the PLA matrix. In further research, it would
be of interest to use a twin screw extrusion in order to
help the dispersion of the PNSP and to determine the
properties of the biocomposites with a higher PNSP content
into the PLAmatrix. Finally, pecan nutshells are an abundant
agroindustrial residue in certain regions, where their use
may benefit the economic sector and avoid environmental
pollution as a sustainable alternative as filler in bioplastic
materials in applications, where the cost factor is a concern
and reducing certain properties is acceptable without affect-
ing the performance of the material.
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