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Abstract: Currently, greater environmental awareness promotes research and development advances in biodegradable
materials; they represent an alternative that decreases the environmental impact caused by traditional synthetic plastics. This
study consists of the development and characterization of thermoplastic corn starch-based composites, reinforced with barley
straw particles made by thermal compression. The study materials were prepared by using three particle concentrations (5,
10, and 15 %), while the matrix (0 %) was used as a reference. A mechanical evaluation of all samples was carried out, as
well as that of their water absorption properties. They were also characterized by scanning electron microscopy (SEM),
infrared spectroscopy (FTIR), X-ray diffraction (XRD), and flammability tests. The inclusion of straw in the thermoplastic
matrix increased water absorption and quickened carbon formation, although it also increased its tensile strength (7 MPa) and
the Young’s modulus of activity (MOE) (420 MPa) with a 15 % reinforcement. The FTIR analysis highlights the presence of
a carbonyl signal (1720 cm™) caused by a thermal breakdown (caramelization) linked to barley particles. Moreover, X-ray
diffraction demonstrated a V,-type crystallinity pattern (anhydrous) within the biocomposites and an increase of the

crystallinity index, through incorporating barley particles in the thermoplastic corn starch-based matrix.
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Introduction

Synthetic polymers have been widely used in the
application of human products, the petroleum-derived
plastics representing around a fifth of household waste in
cities. During the last few decades, the plastic volume and
related issues about its disposal and prolonged degradation
time have caused several environmental problems [1].

Conversely, the increasing demand for technologies (and
products that cause less environmental impact) has driven
ecologic awareness and an interest in studying and applying
biodegradable and renewable raw materials. Research in the
material engineering field has developed easily degradable
packaging materials that are less harmful to the environment
[2]. The adaptation of composite materials, classified in the
scope of sustainable development and included in ecological
projects, is a philosophy being applied in both technology
and new materials development.

Starch is the second most abundant polymer in the world
after cellulose, and it is obtained from renewable resources
[3]. Plants synthesize and store starch within their seeds
(corn grain, wheat, rice, sorghum, barley, and beans) as well
as within their tubercles and roots (potato, cassava, yucca),
used as an energy reserve by the plant. Starch is considered a
promising candidate for sustainable materials development,
as it (i) is a natural occurring polymer, (ii) economical, (iii)
abundant, and (iv) biodegradable. It can be turned into
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plastic through temperature change and shearing. A partial
substitution of the original hydrogen bonds between amylose
and amylopectin macromolecules with other hydrogen
bonds and the plasticizer is needed [4]. Thermoplastic starch
materials (TPSs) may be reinforced with lignocellulosic
fibers to produce biocomposites or “green” composites, a
special class of composite materials that are currently quite
relevant. As every component is biologically- or naturally-
derived, it is considered completely biodegradable. Generally,
all composite materials made from thermoplastic starch
display low mechanical properties. As such, the inclusion of
lignocellulosic fibers has been proposed, as they may
improve its mechanical performance [5]. There is no limitation
regarding the use of natural fibers as a reinforcement for a
thermoplastic starch matrix, including non-timber fibers
(kenaf, jute, sisal, coconut, banana, sugarcane bagasse, etc.)
and wood particles (hard and soft woods). All vegetable
resources may be used directly from the production process
or in the form of residues from a number of agricultural
activities.

Several studies have demonstrated improved properties of
thermoplastic starch [6-8] by including several types, along
with lignocellulosic fiber materials. The use of natural fibers
is considered to be renewable, biodegradable, and less of a
pollutant on the environment, and may be obtained from
several plant species. The use of vegetable fibers as composite
reinforcement has the following advantages: abundance, low
cost, low density, lack of toxicity, non-abrasive, biodegradable,
anisotropic, viscoelastic, reactive, renewable, recyclable,
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and compostable: their handling is also safer in comparison
with synthetic fibers. High-resistance products are obtained
with a highly specific modulus, as well as suitable thermal
stability, high electric resistance, and good acoustic properties
[9]. Barley is an agricultural waste that is increasingly
produced in large amounts, but has no intended use. According
to reports by the Food and Agriculture Organization (FAO)
in 2014, it is the fourth most harvested cereal worldwide,
with approximately 145.5 million tons produced [10].
Barley straw represents an important source of lignocelluose
material that may be used as raw material in several industrial
processes or as a reinforcement of polymeric matrices
[11,12].

Thermoplastic starch (TPS) is a sustainable component
that incorporates reinforcements of natural origin to form
biocomposites that are completely biodegradable. Most of
them are obtained following a typical injection-extrusion
process of several steps; every step involves time and energy
consumption. On the other hand, biocomposites prepared by
thermal compression offer several advantages in comparison
to the traditional injection-extrusion process: (i) the process
is relatively new, (ii) fibers are used as a reinforcement to be
better distributed in the matrix, (iii) they are economically
profitable, since the complete process of plasticization takes
place in one step, saving energy and preparation time.

Thus, this study aims to develop biocomposites from
thermoplastic corn starch by incorporating barley straw
particles to act as a reinforcement by thermal compression
(within the scope of producing environment-friendly
materials). Mechanical, structural, and chemical evaluations of
the matrix and biocomposites (related to different amounts of
barley straw) assess tensile strength, water absorption, and
use a flammability test (knowing the combustible properties
of biocomposites are an important parameter), optical
microscopy, scanning electron microscopy (SEM), X-ray
diffraction (XRD) and infrared spectroscopy (FTIR).

Experimental

Materials

Native corn starch was supplied by Indumex, Monterrey
N.L., barley straw (Financiera Cebaderos S.A de C.V del
Valle de Apan, Hidalgo, Mexico) and glycerol reactive
degree (Golden Bell) were used for preparing the TPS
matrix and the composites.

Samples Preparation

The barley straw was dried, milled and sieved to obtain
particles of length of mostly 425 uc. The cornstarch was
mixed thoroughly with 30 wt. % glycerol in a plastic bag
until attaining a homogeneous mixture. Then, the particles
of barley straw were added in different proportions to
prepare the composites with 5, 10 and 15 %, they were
compared with the thermoplastic matrix (0 %). These

Fibers and Polymers 2018, Vol.19,No.9 1971

mixtures were transferred to a stainless steel mold (170 mm
x170 mmx3 mm) to process composite. A hydraulic press
(Smart Steel model HI-TR2014) with a heating system and
controlled cooling was used to obtain the laminates of both
the thermoplastic starch (TPS) matrix and composites. The
processing conditions used were: temperature 160 °C with
applied pressure 100-150 bar and pressurization time of
50 min. From the resulted laminated biocomposites were
obtained the specimens for mechanical testing, water
absorption, X-ray diffraction, behavior to the flame and
chemical characterization by FTIR.

Water Absorption Test

The percentage of water absorption was evaluated
following the EN 317 standard (EN 317-1993) [13]. For this
test, specimens measuring 30x30%3 mm cut from the
laminates plaques were first dried in an air-circulating oven
at 60 °C and then immersed in water at room temperature
(23°C) for 2 and 24 h respectively. To determine the
percentage of water absorption, the samples were weighed
before and after immersion.

The water absorption (WA) of the laminates was
calculated using the following equation:

Yo WA = [(M, — My/My) > 100] M

where, M, and M, are the masses of the sample before and
after immersion in water.

Tensile Strength

Tensile samples of the matrix and the composites were cut
from respective laminates (plaques) using a laser cutting
machine (Guian Modelo GN 600 LS). The samples obtained
were tested in a universal testing machine (Instron model
4411), following ASTM standard D 638M [14] (specimen
type 1). All the specimens were tested after of thermal
treatment of which consisted of placing them in a drying
oven at 50 °C for 5 hours. Seven specimens were tested for
each sample and the average values of the tensile strength,
Young’s modulus and percentage of elongation were
recorded.

Flammability Test

The behavior to the composite specimens to flame was
made based on the ASTM D-635 [15]. For this assay, the
samples are approached to a flame of a Bunsen burner for 10
seconds to start burning. The parameters that were measured
were the amount and color of smoke, the color of the flame,
the kind of combustion, the odor, if fire is self- extinguished,
the possible deformation of the test and combustion rate
(mm/s).

Infrared Spectroscopy with Attenuated Total Reflectance
(ATR)
The FTIR analyses of the native starch and the bio-
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composites samples were performed in a Perkin-Elmer
(model Spectrum GX) spectrophotometer by means of ATR
(Attenuated Total Reflectance) technique. All IR spectra
were the average of 64 scans with a resolution of 4 cm™
within a frequency of 4000-700 cm™.

Optical Microscopy

A Motic stereoscope microscope (model K-400L)
equipped with a Moticam camera was used to observe the
transparency obtained in the composites, porosity and the
distribution of the particles of barley straw in the matrix of
thermoplastic starch. The composites were observed with no
previous preparation.

Scanning Electron Microscopy (SEM)

Through a Hitachi (model TM 1000) scanning electron
microscope was observed the fracture surface of the
specimens used in the tensile strength test, without gold
addition.

X-ray Diffraction (XRD)

X-ray diffraction (XRD) studies were carried out using a
Shimadzu diffractometer (Model XRD 7000), with mono-
chromatic Cu Ka radiation (k=1.5418 A), at operation
conditions of 40KeV and 20mA to determine the
crystallinity of the materials. All samples were dried at 60 °C
during 8 h, composites specimen used had dimensions of
40%20x%0.3 mm, while the starch sample was in the powder
form. The analysis was carried out in the 20 angle range of
2.5° to 60 ° with a scanning speed of 1 °/min. The relative
crystallinity of starch and composites was calculated
according to equation (1) [16], based on the deconvolution
calculus of amorphous and crystalline areas calculated with
the aid of the computer program ORIGIN 8.5.

IRC = (AC/AC + AA) )

where, RC is the index relative crystallinity, AC is the
crystalline area and 44 is the amorphous area in the XRD
pattern obtained.

Results and Discussion

Water Absorption

Water sensitivity is an important criterion for many
practical applications of starch-based thermoplastic products:
their water absorption in high humidity or in direct contact
with water is very important, because it determines their
integrity and performance under adverse conditions [17,18].
Thermoplastic starch composites have a hydrophilic character
due to their chemical composition of starch (amylopectin
and amylose), and the hydroxyl groups and oxygen form
hydrogen bonds with water [18]. In addition, a plasticizer
increases the affinity to moisture [19]. Table 1 shows the
percentage of water uptake by the composites containing
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Table 1. Water absorption in matrix (0 %) and the biocomposites

Water absortion

Material
2 hr (%) 24 hr (%)
0% 41.6 (4.9) 95.1 (9.0)
5% 48.3 (3.4) 105.0 (5.6)
10 % 86.3 (4.2) 113.9(5.1)
15% 100.6 (4.5) 116.9 (6.4)

different amounts of particles of barley. After 2 h, the TPS
matrix showed 41.6 % of water uptake, while incorporation
of barley straw increased this amount up to 100 %, in the
composite with 15 %. Incorporation of barley particles in the
starch matrix with water uptake was more evident after 24 h.
The thermoplastic starch matrix absorbed water up to
95.1 %, while all composites (5, 10, and 15 % barley straw)
showed water absorption above 100 %. Increased incorporation
of barley straw particles in the starch matrix also increases
water uptake. This may be because barley straw has a great
deal of parenchyma, and a hydrophilic character. Saetun et
al. [6] reported an increase of water absorption with 12 wt%
rubber wood sawdust in TPS composites. However, several
authors report a less hydrophilic nature of composites when
lignocellulosic fibers are included in the matrix, as
biocomposite water absorption decreases when cellulose
fiber is added with its crystalline features [18].

Tensile Strength

Figure 1 shows the matrix tensile strength (0 % particles),
as well as that displayed by biocomposites containing 5, 10,
and 15 % barley particles. It is noticeable that only 10 and
15 % concentrations show significant differences for
increased tensile strength by including a reinforcement.
Shah er al. [21] and Miiller er al. [22] point out that the
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Figure 1. Results of tensile strength of matrix (0 % barley straw
particles) and the biocomposites (5-15 %).
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enhanced mechanical properties (e.g., tensile strength) of
starch-based composite materials compared to those of the
matrix (0 %) confirm the interfacial attachment and improved
interactions between the matrix and lignocellulosic fibers.
These results are favored by chemical similarities between
starch and cellulose fibers. In addition to the type and
amount of reinforcement, the starch type (native or
modified) used, the amount and type of plasticizer, and the
thermoplastic starch processing method also impacts the
resistance properties. For instance, with the tensile strength,
Miiller et al. [23] reported values ranging between 1.59 and
26.6 MPa by using cellulose fibers (eucalyptus) with the
casting method. Guimarées ef al. [24] found 1.73-4.34 MPa
by using sugarcane bagasse with the thermal conformation
method, and Texeira et al. [25] reported 1.6-4.6 MPa by
using cellulose nanofibers by Haake’s rheometer; Corradini
et al. [26] used coconut fibers to reinforce a starch matrix
processed with Haake’s rheometer and reported a 4.45 MPa
value, whereas Ma ef al. [18] found values between 5 and
15 MPa using cotton textile fibers in biocomposites,
processed by extrusion. The results obtained for tensile
strength, caused by the inclusion of barley particles, are
within the expected range for thermoplastic starch-based
composites by other authors. Prachayawarakomn er al. [27]
reported lower values of 3, 4, and 5 MPa for tensile strength
by studying 5, 10, and 15 % jute and kapoc reinforcements.
Sactun er al [6] found tension values of 1.2 MPa for
thermoplastic starch biocomposites, containing 12 % wood
sawdust and 0.7 MPa when a 12 % reinforcement with
thermal compression of commercially available cellulose
was used. Previously, Lomeli ez al. [8] evaluated the tensile
strength of composites made from cassava starch, reinforced
with different concentrations of green coconut fiber. The
tensile strength values were 3.5, 5.8, 7.9, and 9 for
biocomposites with 0, 5, 10, and 15 % reinforcements,
respectively. These are slightly higher than in the present
study associated with mechanical properties of coconut
fibers used as reinforcement.

Sarsari et al. [9] examined walnut shell composites through
three compatibilization processes: (i) haake rheometer, (ii)
extrusion, and (iii) pellets processed by injection, as well as
by powdered maleated anhydride grafted polypropylene
(MAPP) as a coupling agent to improve the interface
between components. Although the process involved shear
and chemical compatibilization, the tensile strength obtained
with 0 and 30 % reinforcement was not in accordance with
the values of 5 and 6 MPa, respectively. Recently, Guleria et
al. [10] evaluated the properties of thermoplastic starch
crosslinked with urea formaldehyde and reinforced with
okra cellulosic fiber through thermocompression. The values
of tensile strength reported were 11.2, 12.1, 14.8, and
17.7 MPa with 0, 5, 10, and 15 % reinforcement, respectively.
These results are higher due to the type of reinforcement
used, as well as the crosslinking of the starch, which
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Figure 2. Tensile modulus of the matrix (0%) and the
biocomposites (with 5, 10 and 15 % barley straw particles).

improves the mechanical properties.

Figure 2 shows the modulus of elasticity (MOE) of the
study materials. All composite MOEs exhibited statistical
differences with a 95 % confidence level. Elasticity modulus
concomitantly increased with the barley particle percentage.
It is well known that the fiber/particle geometry, orientation,
volume and density are factors that greatly impact on the
mechanical properties [22]. The elasticity or Young’s modulus
is a parameter that defines the tenacity and rigidity of a given
material. Milller ef al. [23] reported values ranging from 11-
1047 MPa for the elasticity modulus, Guimaraes et al. [24]
obtained 24.6-484.0 MPa, Texeira et al. [25] reported 16.8-
84.3 MPa, Corradini et al. [26] observed 331 MPa, and Ma
et al. [18] reported values ranging from 40 to 140 MPa. The
MOE values here were higher compared to those obtained
by Kaushik er al [28], using thermoplastic starch bio-
composites reinforced with barley straw nanofibers. The
observed values were 76, 107, 175, and 224 MPa for the
matrix and a concentration of 5, 10, and 15 % nanofibers,
respectively. Wattanakornsiri et al. [29] reported a 17 MPa
MOE by using a cellulose reinforcement obtained from
recycled paper.

Lopez-Gil et al. [7] also assessed the properties of
biocomposites, based on thermoplastic starch and barley
straw fibers with plasticizers at high temperatures and shear
forces applied by extrusion. The results obtained showed
that tensile strength values are comparable to those obtained
in this work; however, the MOE values are at the same
concentrations: 0 % (90 MPa), 5 % (150 MPa), 10 % (250
MPa), and 15 % (310 MPa), and are much lower than those
obtained by thermal compression.

Sarsari et al. [9] report MOE results for composites with
corn thermoplastic starch of 1 GPa with 0 % and 1.2 GPa
with 30 % of walnut shells. However, the authors did not
explain the direct contribution of the 3 stages and the
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Figure 3. Percentage of elongation at break of matrix and the
biocomposites.

coupling agent in the process over enhanced mechanical
properties of biocomposites. Guleria ez al. [10] also reported
high values of MOEs in biocomposites reinforced with 0 %
(0.5 GPa), 5% (1.1 GPa), 10 % (1.2 GPa), and 15 % (2.5
GPa) of okra fiber by crosslinking.

Figure 3 presents the results for the deformation percentage
with different concentrations of reinforcement barley straw
particles: increasing the number of particles within the
matrix causes an elongation decrease. Fibers restrict the
thermoplastic corn starch-based matrix elongation during
the tension test. Sactun ef al. [6] reported deformation
percentage values for thermoplastic starch biocomposites of
20 % with wood sawdust and 30 % with a commercially
available cellulose reinforcement. Shah ef al. [21] showed
that the waste cellulose fiber of biodegradable composites
include thermoplastic starch (containing waste cellulose
fiber), which increased the composite’s stiffness, thereby
increasing its tensile strength, although its elongations were
reduced. Miller er al. [23] reported elongation values
ranging from 13-101 %, Guimaraes et al. [24] observed 1.2-
75.5 %, Texeira et al. [25] obtained 29.8-92.4 %, Corradini
et al. [26] found 2.2 %, whereas Ma et al. [18] reported
values between 20 and 115 %. Guleria et al. [10] reported
that the elongation percentage decreased according to the
amount of okra fiber added in the thermoplastic starch
matrix. All results shown here are in agreement with earlier
reports on starch composites with different reinforcements.

Figure 4 shows typical stress vs strain curves in this study
for tensile strength tests of matrix (0 % fiber) and bio-
composites with 5, 10, and 30 % barley straw particles. The
curves of the matrix with and without reinforcement show
differences: typical curves of ductile material reveal large
deformation and low stress strain. In contrast, biocomposites
show typical curves of ductile materials with less deformation.
Increasing the reinforcement in the samples also increases
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Figure 4. Stress-strain curves compared the matrix (0 %) and the
biocomposites (5, 10 and 15 %).

the stress-strain.

Flammability Test

There are few studies on the behavior of biocomposites
exposed to fire. Some, however, have established that certain
combinations of matrix and fiber may reduce flammability,
while others state that the incorporation of fiber increases the
combustibility of composite material [30,31]. In general,
incorporating lignocellulosic fibers into thermoplastic starch
matrix improves its properties, but in the case of flammable
behavior, it can be a drawback: vegetable fibers have little
fire resistance. Thus, the flammability of a composite
material depends not only on the polymer matrix and fiber
type, but also on the interaction between them [32].

Table 2 shows the flammability test of the matrix and
biocomposites. During this process, carbon appeared in most
of the composites, although no leak was observed for the
thermoplastic starch matrix. It has been found that these
materials produced scarce but clear-colored smoke, with an
orange flame and slightly sweet odor during combustion.
The matrix tends to self-extinguish while the composites do
not. The test specimens are not deformed, as they only
burned, in turn forming carbon (Figure 5). The carbonized
layer created during combustion is an important criterion in
assessing a polymer’s flammability, as the produced carbon
may serve as a barrier between the ignition source and
internal unburned polymer layers. A carbon-forming polymer
may possess low flammability, which is a desirable quality
for a polymeric matrix [32].

TPS exhibits a low burning time and high burning rate due
to its flammable nature, although combustion is very slow
[31]. The progressive increase of barley particles in the
starch matrix causes a faster ignition. The combustion rate
(mm/s) was 0.20, 0.24, 0.34, and 0.81 for the matrix and
composites of barley particles, at a concentration of 5 %,
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Table 2. Flammability test of the different materials evaluated

Fibers and Polymers 2018, Vol.19,No.9 1975

Deformation of
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Figure 5. Behavior evaluation by flame test of matrix and
biocomposites.

10 %, and 15 %, respectively. This agrees with data reported
by Bocz et al. [30], having identified that the natural fiber
inclusion in the thermoplastic starch matrix increases
flammability. Thus, a retardant was needed to decrease
combustion.

FTIR Analysis

The chemical composition and differences of thermoplastic
biocomposites, prepared with native and modified starch,
have been extensively measured by FTIR spectroscopy
[7,18,33-36]. Figure 6 shows the FTIR spectra of the corn
starch samples, TPS, and biocomposites of 5, 10, and 15 %
barley straw particles with an average size of 425 u. All
samples depict a similar spectroscopic pattern of signals,
with a broad signal of around 3300 cm™ originating from
OH groups in the hydrogen bond system and stretching
vibrations of 2970 and 2850 cm™ of C-H aliphatic chains;
this includes the water signal of 1650 cm™, since signals
between 1500 to 900 cm™ are attributed to C-H bending as
well as C-C and C-O stretching vibrations. These signals
also corroborate alcohol, ether, and aliphatic composition
from the starch and glycerol matrix (TPS) of biomaterials.
Spectroscopic changes are observed in samples of TPS with
5, 10, and 15 % of barley straw with signals of 1720 cm™
and 1240 cm™-which are not appreciated in the corn starch

biocomposites (with 5, 10 and 15 % of barley straw particles).

spectrum. In the signal of 1720 cm™, this can be attributed to
C=0 stretching vibrations of carbonyl groups such as
aldehydes, ketones, and carboxylic acids formed by starch
decomposition in the thermal treatment of TPS lamination.
On the other hand, the signal of 1240 cm™ is associated with
CH-OH groups from glycerol in the TPS matrix. We
previously reported those signals in similar TPS biocomposites
[9]. Furthermore, the intensity of those signals increased
when the amount of barley straw increased in the TPS
matrix. In the carbonyl signal (1720 cm™), it increased as a
consequence of thermal decomposition in the biomaterials,
associated with the amount of barley straw particles. However,
this thermal decomposition (known as caramelization) only
occurs on the surface of samples without affecting their
mechanical properties, as we earlier reported [8]. This can be
explained by the molecular organization of the starch and the
glycerol changes when the barley straw particles are added
to the matrix, thus exposing more OH groups to thermal
oxidation. In addition, the molecular organization of OH
groups is also observed in the glycerol signal (1240 cm™),
which increased according to the barley straw particles in the
biocomposite; this is due to the hydrogen bond system in the
TPS being disturbed.

Optical Microscopy
Figure 7(a, b, and c) shows photographs of corn starch-



1976  Fibers and Polymers 2018, Vol.19, No.9

José Antonio Silva-Guzmdn et al.

Figure 7. Images of the biocomposites with 5 % (a), 10 % (b) and 15 % (c) of barley particles.

glycerol biocomposites with 5, 10, and 15 % barley particles
observed under a stereomicroscope. When the original semi-
crystalline structure of the starch granule is completely
disorganized by heat, shearing, and pressure, it becomes a
thermoplastic starch characterized by amorphousness,
transparency, and low crystallinity. A main feature of
amorphous polymers is their transparency [37], especially in
the polymeric phase (TPS matrix in Figure 7), allowing for
observation of the parenchymal tissue characteristic of the

L 200  S00um

TM-1000_4342 L 00 imm

TM-1000_4338

TM-1000_4345

barley straw. The uniform and homogenous distribution of
particles within the matrix is also observed. Vallejos ef al.
[38] reported poor dispersion of fibers during preparation of
thermoplasticized cassava starch composites with 10 %
sugarcane bagasse, processed in a rheometer (Haake).
Oniszczuk and Janssen [39] point out that the size of the
fiber or particle is a limiting factor for extrusion and
injection methods. Very long fibers or those in high amounts
may cause an excessive increase in viscosity that induces

i+

L x100 1mm

Figure 8. SEM micrographs of barley straw (a), and composites 5 % (b), 10 % (c), 15 % (d).
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aggregation and may increase mechanical energy during
processing. Small-sized fibrous materials are used for these
processes, with images showing no air bubbles or
unplasticized parts during the thermal plasticizing process.

Scanning Electron Microscopy

Figure 8(a) shows a SEM micrograph of barley straw.
Stomata arranged in rows (straw veins) can be observed, as
well as wax accumulation on the barley straws. The presence
of epicuticular waxes is common in monocotyledonous
plants, which appear as rods, granules, clusters, scales, and
several other forms that may reach 3.9 mm [40,41].
Wisniewska ef al. [42] similarly found various granules of
wax, with an approximate 5 mm diameter in the barley
straw.

Figure 8(b-d) shows the surface of the studied cylinders,
evaluated by traction of composites containing 5 %, 10 %,
and 15 % of barley particles, respectively. The images show
an interaction between barley particles and the thermoplastic
matrix during tensile stress. Some barley particles are
separated during the mechanical test, although there are
other particles that remain well attached to the thermoplastic
starch matrix, demonstrating the effect of the reinforcement.
The composites containing 15 % of barley particles were
deformed during the stress as a function of the tension test.
The reinforcement theory establishes that its effect is
reflected when a suitable interface (optimal attachment)
occurs during the mechanical test, as the tensile stress is
transferred to the matrix with an increased tensile resistance
[39]. Figure 8(c,d) shows wax granules on the barley particle
during the thermal compression process.

X-ray Diffraction

The crystallinity of corn starch was calculated according
to equation (2) at 33 %. Srichuwong et al. [43] reported a
31-37 value for corn, whereas Avérous and Halley [44]
observed it at 39 %. Figure 9 shows the X-ray diffractograms
for native starch, the matrix, and biocomposites. The
particular type-A crystallinity pattern of most cereals (corn,
rice, wheat, and oat) is observed on the diffractograms. It has
previously been described as amylopectin chains of the type-
A structure, and 23-29 glucose-units long, forming a highly
condensed and crystalline monocyclic cell unit that harbors
4 water molecules between its helixes [45,46]. Native corn
starch displayed particular diffraction peaks at 20 15° a
doublet at 18 °, along with an additional peak at 23 ° [25,47].
Figure 9 shows the diffractograms of the TPS matrix and its
composites. The direct plasticization process in the press,
and the combined action of temperature, pressure, and the
plasticizer caused granular disruption, leading to a change in
the characteristic profile of native starch from type-A to type
V. However, a change is observed when diffractogram
profiles of the studied materials are compared to those of
granular starch. This is caused by disorganization of the
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Figure 9. X-ray diffractograms of native starch, matrix (0 %) and
biocomposites.

starch granule (semi-crystalline structure) during the
plasticizing process, as the interaction between the hydroxyl
groups in amylose and amylopectin are modified, with new
interactions occurring between the plasticizing agent
(glycerin) and the starch chains. Furthermore, the combined
action of temperature, time, and applied pressure must be
taken into account [48]. The type-A crystallinity of corn
starch disappeared and a V, polymorphic was formed. The
identification of the peaks on the diffractogram was based on
the data reported by Van Soest e al. [49], Teixeira et al. [24],
and Corradini ef al. [26]. At 20 ~13.5°, a strong signal is
observed, whereas at 260 ~17.5 ° the signal is intermediate,
and at 20 ~20.9 ° a very pronounced peak occurs for both the
matrix and composites. According to Van Soest et al. [49],
these peaks match type-V, crystallinity (anhydrous). Lu et
al. [2] reported that the content of the plasticizer agent, the
temperature, and the processing method, including the
residence time and cooling rate, are factors impacting the
material’s final crystallographic pattern. The V, lattice has
more contracted amylose helices and less water than the Vy
lattice [49]. Dai et al. [50] also found a V,-type crystallinity
for thermoplastic corn starch at the same angles as seen in
this study. The crystallinity index is an important parameter,
as it impacts physical, mechanical, chemical, and technological
properties of materials. The crystallinity index observed for
the matrix was 0.56, whereas the values for 5 %, 10 %, and
15 % composites were 0.63, 0.68, and 0.74, respectively.
These values are higher in comparison to those we reported
previously [9].

Conclusion
It is possible to prepare thermoplastic corn starch-based

composites with the thermal compression method, reinforced
with 5 to 15 % of particles from barley straw residues. The
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materials had optimal transparency, enabling the observation
of homogeneous distribution of barley particles in the
thermoplastic matrix. The inclusion of barley particles
quickened combustion and carbon formation, as well as
water absorption. Although barley straw is a material
displaying high parenchyma and less fiber, its inclusion in
the thermoplastic starch matrix increased mechanical
performance of biocomposites. The SEM micrographs
showed the attachment of the particles to the thermoplastic
starch matrix and demonstrates the mechanical reinforcement
effect. The infrared analysis exhibited a carbonyl signal
(1720 cm™) caused by thermal decomposition (caramelization)
of biomaterials related to the amount of barley straw
particles. However, this decomposition did not affect the
materials or their mechanical properties. The composites’
crystallinity pattern was of the V, type (anhydrous) and the
crystallinity index increased concomitantly with the barley
straw content in the corn starch matrix. Finally, the present
work assessed the possibility of producing renewable and
sustainable materials, such as biocomposites, with attractive
mechanical and physicochemical properties, acting as an
alternative to classical synthetic polymers.

References

1. R. Ly, C. M. Xiao, and S. J. Xu, Express. Polym. Lett., 3,
366 (2009).

2. J. Ahmed, B. K. Tiwari, S. H. Imam, and M. A. Rao,
“Starch-Based Polymeric Materials and Nanocomposites”,
p-396, CRC Press, Boca Raton, FL, 2012.

3. S. Mali, M. V. E. Grossmann, M. A. Garcia, M. N.
Martino, and N. E. Zaritzky, Braz. J. Food Technol., 11,
194 (2008).

4. V. Saetun, Ch. Chiachun, S. Riyajan, and K. Kaewtatip,
Polym. Compos., 38, 1063 (2015).

5. A. Lopez-Gil, M. A. Rodriguez-Perez, J. A. De Saja, F. S.
Bellucci, and M. Ardanuy, Polimeros, 24,36 (2014).

6. M. G. Lomeli, K. G. Satyanarayana, R. Manriquez, S.
Iwakiri, G. B. Muniz, and T. Sydenstricker, Carbohydr.
Polym., 102, 576 (2014).

7. N. A. Sarsari, S. Pourmousa, and A. Tajdini, Bioresour.,
11, 6968 (2016).

8. A. Guleria, A. S. Singha, and R. K. Rana, 4dv. Polym.
Tech., 27, 104 (2018).

9. L. P. B. M. Janssen and L. Moscicki, Acta Sci. Pol., 5, 19
(2006).

10. Statistics of World Production of Barley in the year 2014,
http://www.fao.org/faostat/es/#data/QC, Consulted in 2017.

11. A. K. Bledzki, A. A. Mamun, and J. Volk, Compos. Sci.
Technol., 70, 840 (2010).

12. A. M. Kuzmin and V. N. Vodyakov, Mach. Equip. for
Rural Area, 1,26 (2015).

13. EN 317-1993. Book European Standardizitation Committee.
Brussels, 1993.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

José Antonio Silva-Guzmdn et al.

ASTM D 638-10. Book of Standards, 08.01. West
Conshohocken, PA, USA, p.16, 2010.

ASTM D 635-03. Book of Standards, 08.02. West
Conshohocken, PA, USA, p.7, 2003.

K. Frost, D. Kaminski, G. Klrwan, E. Lascaris, and R.
Shanks, Carbohydr. Polym., 78, 543 (2009).

U. Funke, W. Bergthaller, and M. G. Lindhauer, Polym.
Degrad. Stabil., 59,293 (1998).

X. Ma, P. R. Chang, J. Yu, and M. Stumborg, Carbohydr.
Polym., 75, 1 (2009).

S. Kuciel, P. Kuzniar, and A. Liber-Kne¢, Arch. Foundry
Eng., 10, 53 (2010).

P. Mathew and A. Dufresne, Biomacromolecules, 3, 609
(2002).

P. Shah, R. Prajapati, and P. Singh, Eur. J. Adv. Eng. Tech.,
4,282 (2017).

P. Miiller, K. Renner, J. Moczo, E. Fekete, and B.
Pukanszky, Carbohydr. Polym., 102, 821 (2014).

C. M. O. Miiller, J. B. Laurindo, and F. Yamshita,
Carbohydr. Polym., 77,293 (2009).

J. L. Guimaraes, F. Wypych, C. K. Saul, L. P. Ramos, and
K. G. Satyanarayana, Carbohydyr. Polym., 80, 130 (2010).
M. Teixeira, D. Pasquin, A. A. S. Curvelo, E. Corradini,
M. N. Belgacem, and A. Dufresne, Carbohydr. Polym., 28,
422 (2009).

E. Corradini, A. J. F. Carvalho, A. A. S. Curvelo, J. A. M.
Agnelli, and L. H. C. Mattoso, Mater. Res., 10,227 (2007).
J. Prachayawarakorn, S. Chaiwatyothin, S. Mueangta, and
A. Hanchana, Mater. Des., 47,309 (2013).

A. Kaushik, M. Singh, and G. Verma, Carbohydr. Polym.,
82,337 (2010).

A. Wattanakornsiri, S. Tongnunui, T. Jamnongkan, and C.
Migliaresi, Appl. Mech. Mater., 855, 126 (2016).

K. Bocz, B. Szolnoki, M. W£adyka-Przybylak, K. Bujnowicz,
G. Harakaly, B. Bodzay, E. Zimonyi, A. Toldy, and G
Marosi, Polimery, 58, 385 (2013).

M. N. Prabhakar, Atta ur Rehman Shah, and J.-I. Song,
Carbohydr. Polym., 168, 201 (2017).

S. Chapple and R. Anandjiwala, J. Thermoplast. Comps.,
23, 871 (2010).

J. F. Mano, D. Koniarova, and R. L. Reis, J. Mater. Sci.
Mater. Med., 14, 127 (2003).

A. Alemdar and M. Sain, Compos. Sci. Technol., 68, 557
(2008).

K. Kaewtatip and J. Thongmee, Mater. Des., 40, 314
(2008).

N. Sarifuddin, H. Ismail, and Z. Ahmad, Bioresour., 7,
4294 (2012).

S. V. Canevarolo, “Polymer Science”, p.277, Artliber
Editora Ltda, 2006.

M. E. Vallejos, A. A. S. Curvelo, E. M. Texeira, F. M.
Mendes, A. J. F. Carvalho, M. C. Area, F. E. Felissia, and
G. B. Gavazzo, Congreso del XXI Encuentro Nacional
Tecnicelpa/VI Ciadicyp. Lisboa, Portugal, p.8, 2010.



Corn TPS-Barley Straw Composites by Thermal Compression

39.

40.

41.

42.

43.

44,

T. Oniszczuk and L. P. B. Janssen, “Thermoplastic Starch”,
(L. P. B. Janssen and L. Moscicki Eds.), p.258, Wiley-
VCH Verlag GmbH & Co., 2009.

W. Barthlott, C. Neinhuis, D. Cutler, F. Ditsch, I. Meusel,
N. Theisen, and H. Wilhelmi, Bot. J. Linn. Soc., 126, 237
(1998).

A. Richardson, R. Franke, G. Kerstiens, M. Jarvis, L.
Schreiber, and W. Fricke, Planta, 222, 472 (2005).

S. K. Wisniewska, J. Nalaskowski, E. Witka, J. Hupka, and
J. Miller, Colloids Surf. B-Biointerfaces, 29, 131 (2003).
S. Srichuwong, T. Sunarti, T. Mishima, N. Isono, and M.
Hisamatsu, Carbohydr. Polym., 60, 529 (2005).

L. Avérous and P. J. Halley, Biofuel. Bioprod. Bior., 3, 329
(2009).

45

46.

47.

48.

49.

50.

Fibers and Polymers 2018, Vol.19,No.9 1979

M. G. Sgjilata, R. S. Singhal, and P. R. Kulkarni, Comp.
Rev. Food Sci. Food Safety, 5, 17 (2006).

C. Denardin and L. P. Da Silva, Cienc. Rural., 39, 945
(2009).

C. Lin, T. An, H. Tsai, C. Tung, and Y. Wu, “Ninth Asia-
Pacific International Conference on Textile”, p.5, Feng
Chia University, Taiwan, 2007.

J.H. Yang, J. G. Yu, and X. F. Ma, Chinese Chem. Lett., 17,
133 (2006).

J. J. G. Van Soest, S. H. D. Hulleman, D. De Wit, and J. F.
G. Vliegenthart, Ind. Crop. Prod., S, 11 (1996).

H. Dai, P. Chang, J. Yu, F. Geng, and X. Ma, Starch/Stcirke,
62, 86 (2010).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.33333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 150
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


