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Abstract: The effect of the addition of hydrolyzed thermoplastic maize starch on the physico mechanical properties of
low-density polyethylene (LDPE)-based composites was studied. Acid-hydrolyzed native starch was thermoplasticized
using 15 and 30% glycerol in weight relative to starch, after which the LDPE/thermoplastic starch (TPS) composites were
prepared at TPS concentrations of 10, 25, and 50%. According to the results of Raman spectroscopy, the appearance of
a new band at 756 cm™ was observed, and it was attributed to the hydrolysis process and associated with the C-C-O
vibrational modes of the glycosidic bond. The addition of both native and polyethylene hydrolyzed TPS reduced the
Young’s modulus of the composites; but the reduction was greater for those containing native starch. Both the maximum
stress and deformation decreased to a greater degree for the composites with hydrolyzed TPS. The composites
containing TPS prepared with 15% glycerol exhibited a higher Young's modulus compared to those with LDPE, although
they exhibited fragile behavior. The degree of matrix crystallinity increased with the addition of TPS and showed the
largest increase when TPS 50% hydrolyzed by weight was added, showing an increase of 35%. It was observed that the
size of the TPS particles, both native and hydrolyzed, increased in size as the concentration of TPS in the matrix
increased. The size of the hydrolyzed TPS particles was greater than that of the native TPS particles, and in the case the

of the hydrolyzed TPS particles, some exhibited an ellipsoidal and/or fibrillar morphology.

Keywords: Chemical modifications, LDPE, hydrolyzed thermoplastic starch.

1. INTRODUCTION

The inadequate containment of large volumes of
synthetic plastics, once they have completed their
useful lifespan, has caused serious environmental
problems. Therefore, there is a growing interest in the
development of biodegradable materials to replace
synthetic plastics and/or to help minimize their
environmental impact. Among the  different
biodegradable polymers, starch has been the most
extensively studied, mainly due to its widespread
availability and low cost. This polymer is composed of
D-glucose polysaccharides (98-99%) and consists of
two polymers: amylose, a linear polymer formed by D-
glucose units linked by a-(1-4) bonds, and amylopectin,
a branched molecule formed by D-glucose units linked
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by a-(1-6) and a-(1-4) bonds in its linear section [1].
The ratio of these two polysaccharides varies
according to the botanical origin of the starch. An
example is waxy maize starch, which contains a
concentration of amylose of 1 to 2%. This
concentration gives it a low degree of viscosity, which
makes it less prone to retrogradation and allows its
structure to be more easily modified via chemical
methods [2].

For the starch to be manageable and able to be
processed, it has to undergo a hydrothermal process
called gelatinization, which occurs under conditions of
humidity and temperature. When a plasticizing agent
such as glycerol is used in addition to water, a viscous
paste called thermoplastic starch (TPS) is obtained.
The properties of TPS depend on the concentration of
the plasticizing agent, the type of starch, and the
amylose/amylopectin ratio [3, 4]. The mechanical
properties of TPS are inferior to those of synthetic
polymers, and it is highly hydrophilic [5, 6]; as a result
its applications remain limited, which is why it has been
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recommended that they be mixed with synthetic
polymers to obtain partially biodegradable materials
with useful properties for a range of applications [7, 8].
In this regard, polyolefins have been the primary
matrices to which TPS has been added [9], and the
final properties of the composites are directly
dependent on the following characteristics: the
morphology of the TPS in the matrix [10], the TPS
concentration, the amount of plasticizer that the TPS
contains, and the type of starch, among other aspects
[10]. It has generally been reported that the addition of
TPS causes a reduction in the tensile strength, Young's
modulus and elongation at the break of composites [11,
12]. This behavior is essentially due to the
incompatibility of the two phases as a result of their
different polarities [13, 14]. To make the reduction of
these properties less significant, some compatibilizing
agents such as maleic anhydride have been used.
When grafted onto a polyethylene matrix, these
compatibilizing agents improve the properties
compared to non-maleated composites. Another
alternative that has been explored is chemically
modifying the starch at its OH groups to change its
functionality and grant it new properties such as a
reduction in the degree of retrogradation and
hydrophobic properties [15-17].

Starch hydrolysis is a random process that
generates a blend of polymers with different molecular
weights that can be composed of anything from
glucose monomers to polymers the size of starch
molecules, depending on the severity of the hydrolysis
process. Hydrolyzed starch is colorless, does not
crystallize [18], has a lower viscosity, and is more
easily biodegradable [3]. These properties can improve
the properties of composites based on synthetic
polymers, thereby increasing their  possible
applications. There are no reported cases in the
literature on the impact of using hydrolyzed starch on
the physicochemical properties of synthetic polymer-
based composites.

On the basis of the above, the main aim of the
present work is to determine the effect of the addition
of acid-hydrolyzed thermoplastic starch (TPSH) on the
physicochemical properties of low-density polyethylene
(LDPE)-based composites. The hydrolysis of the
granular starch is performed using hydrochloric acid,
after which it is thermoplasticized in a mixing chamber
using glycerol as a plasticizing agent. LDPE/TPSH
composites in different proportions are then prepared,
and the mechanical, thermal, and morphological
properties of these composites are determined.

2. MATERIALS AND METHODS

2.1. Materials

This study used Infra brand Waxy maize starch from
the commercial distributor Ferzabeth that contains 98%
amylopectin, hydrochloric acid (HCI) with a purity of
36.5%, J.T. Barker brand analytical grade glycerol, and
low-density polyethylene (LDPE) 20020 X-L 23-70334
produced by Petréleos Mexicanos (PEMEX).

2.2. Acid Hydrolysis of the Waxy Starch

Acid hydrolysis was performed using the
methodology described by Zambrano and Camargo
[19], with some modifications as described: The waxy
starch (Sy) was mixed with 3.4% (V/V) HCl in a 1:5
ratio, and the mixture was stirred with a magnetic stirrer
for 4h at a temperature of 50°C. It was then neutralized
with 20% NaOH, washed, centrifuged, dried, and
stored for subsequent use.

2.3. Thermoplasticization of the Waxy Starch

Mixtures of granular starch with 15 and 30%
glycerol by weight were prepared by adding water at
18% base weight to the starch, and the mixtures were
left to stand for 24h. These starch/water/glycerol
mixtures where thermoplasticized in a Brabender ATR
Plasti Corder S/N K07-17A interior Mixer (Germany) at
a speed of 60 rpm for 20 min and at a temperature of
100 °C, using CAM-type rotors for the process. The
labels for the various plasticized starches are given in
Table 1.

Table 1: Experimental Design to Obtain the
Thermoplastic Starches (TPS)
Type of starch Glycerol (%) Blend
15 TPSsnis
Sn
30 TPSsnso
15 TPSshis
Sh
30 TPSshso

Si: Native starch; Sy: Hydrolyzed starch; TPS: thermoplastic starch; 15 or 30:
(%) glycerol used for thermoplasticization.

2.4. Preparation of the LDPE/TPS Composites

The LDPE/TPS composites were prepared in the
melted state in the same chamber in which the starch
was thermoplasticized. The composites were heated at
160 °C at 60 rpm for 10 min. First, the polyethylene
pellets were added, and after 3 min, when the polymer
was fully melted, the TPS was added. The torque of the
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Table 2: LDPE/TPS, Low-Density Polyethylene (LDPE) and Thermoplastic Starch (TPS) Formulations
TPS (%) LDPE (%) Composites
- 100 LDPE

TPSsnis 25 75 A(75/25)n15
TPSsnso 10 90 B (90/10)n30
25 75 C (75/25)n30

50 50 D (50/50)ns0

TPSshis 25 75 E (75/25)n1s
TPSsh3o 10 90 F 90/10)n30
25 75 G (75/25)10

50 50 H (50/50)130

LDPE: low-density polyethylene; Composites: A(75/25)n1s, B(90/10)nz0, C(75/25)nz0, D(50/50)n30, E(75/25)115F(90/10)130,G(75/25)u30, @and H (50/50)30; Weight
ratioLDPE/TPS letter A (75/25), B (90/10),C (75/25), D (50/50), E (75/25) F (90/10),G (75/25), and H (50/50); subscript N: native starch; subscript H: hydrolyzed

starch; number 15 or 30 : percentage of glycerol in the TPS.

composites was measured throughout the preparation
using the Brabender mixer program software (Fusion
Behaviour, Germany) version 3.2.29. The prepared
formulations of the LDPE/TPS composites and their
assigned names are given in Table 2. In short, they can
be interpreted as follows: A (75/25)n15. The letter A
refers to the LDPE/TPS composite, 75/25 refers to the
ratio by weight of LDPE/TPS, N is native starch, and
the number 15 refers to the glycerol concentration in
the TPS. The composites labeled with the subscript H
are those that contain hydrolyzed starch.

2.5. Characterization of the LDPE/TPS Composites

The waxy and hydrolyzed starches were
characterized via Raman spectroscopy using a Horiba
brand micro-Raman model XploRA (Germany). The
analysis was performed in the 1000 to 400 cm™
frequency range with a 785 nm excitation laser under
ambient conditions.

The LDPE/TPS composites obtained from the
melted state were compressed into 15 per 15 cm plates
with a thickness of 1 mm in a press at a temperature of
160 °C and a pressure of 25 tons. From these, type 1
test specimens were obtained according to the
specifications established in the ASTM-D638-10
standard. Before being analyzed, the samples were
conditioned at 50% relative humidity for 40 h. Finally,
the test specimens were analyzed in a Universal United
CEF-80 machine (model 100-KNE) using a 500 N cell
at a speed of 50.8 mm/min. A total of 5 measurements
were taken for each sample.

The morphological properties of the composites
were determined via scanning electron microscopy with
a TOPCON brand microscope model SM-510 (Japan).

The samples were analyzed at a range of different
magnifications and in various fields to obtain
comprehensive information on the composites. A
working distance of 18 mm was used. The samples
were freeze-fractured and coated with a gold/palladium
alloy to avoid surface charging during the analysis.

The thermal properties of the samples were
determined using a TA Instruments (USA) brand
differential scanning calorimeter (DSC) Discovery
series model, and a heating-cooling cycle was used to
erase the thermal history of the blends in the 30-200-30
°C temperature interval. The analysis was performed
with a nitrogen flow of 50 mL/min, using a heating and
cooling speed of 10 °C/min. The value for the enthalpy
of fusion was taken from the second heating run to
obtain a more precise value with this methodology. The
value of AH from the second heating run was used to
calculate the degree of crystallinity of the composites
according to Equation 1:

k

AH,
Xe=—L %100
AH ,(1- D)

Equation 1
where AHy is the enthalpy of fusion of the composite
obtained by DSC; AH is the enthalpy of PE with a
crystallinity of 100%, whose reported value is 295.8 J/g
[20]; and 2 is the fraction by weight of the dispersed
phase of the composite.

3. RESULTS

3.1. Starch
Spectroscopy

Hydrolysis Studied by Raman

Figure 1 shows the Raman spectra of the native
(Sn) and hydrolyzed (Sy) starches. There is a good
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overall correspondence of the spectra to those reported
by Almeida et al. [21]. In the Sy spectrum, the
assignment of the observed bands is as follows. The
intense band between 2800 and 3000 cm™
corresponds to the C-H stretching vibration. The band
at 1457 cm™ is attributed to the bending mode of the C-
H, CH,, and C-O-H groups. The signal at 1397 cm™is
due to the bending vibration of the C-C-H group,
whereas the signal at 1377 cm™ is associated with the
C-0O-H bending vibration. The intense signal at 1337
cm® is due to a combination of the C-O stretching
vibration and the bending mode of the C-O-H group.
The medium-intensity band at 1258 cm™ is attributed to
the bending modes of the C-C-H, O-C-H, and C-O-H
groups. A low-intensity signal is observed at 1206 cm™,
which corresponds to the C-C and C-O stretching
vibrations. The intense band situated at 1124 cm™
corresponds to the stretching vibrations of the C-O and
C-C groups and the bending mode of the C-O-H group.
The bands between 810-975 cm™ correspond to the C-
C stretching vibrations and the signals below 800 cm™
correspond to the skeletal vibrational mode of the
glucopyranose ring [22, 23].

The Raman spectra of the hydrolyzed samples
exhibit a decrease in the intensity of most of the bands
compared to the native starch. However the
appearance of a new band at 756 cm™ was observed
and was attributed to the hydrolysis process and
associated with the C-C-O vibrational modes of the
glycosidic bond. There are also changes in some of the
bands, for example the band associated with the C-O
stretching vibration, which is situated at approximately

1334 cm™, shows a shift of 3 cm™ to a lower frequency.
This shift may occur because there is less strain on this
group as a result of a decrease in hydrogen bonding
interactions, in addition to the process of hydrolysis
itself. Another low-intensity band that appears as a
product of hydrolysis is the band that appears at
approximately 1302 cm™, which may be associated
with a bending vibration of the C-O group. This band is
not observed in the Sy spectrum, and its appearance
may be the result of the hydrolysis process. The
intensity of the band at 1206 cm™ shown a significant
decrease after hydrolysis has occurred.

As indicated above, an almost overall decrease in
the intensity of the S, spectrum, compared to that of Sy
can be observed. However, this decrease is particularly
noticeable in the alpha C-C bands contained within the
920-960 cm™ range. These bands are of great
importance, according to Phillips et al. [24], who report
a decrease in the intensity of these bands as the
amylose concentration increases. This finding is
supported by the fact that, during the process of
hydrolysis, the bonds of the waxy starch molecules
break, mainly those situated in the amorphous zones
where the highest number of the a-(1-6) bonds are
found. This result is consistent with the type of starch
used, which contains a greater number of amylopectin
molecules, that, when hydrolyzed at the a-(1-6) bonds,
may release linear chains with a low degree of
polymerization. This release is reflected in the
decrease in intensity of the bands, as noted by the
previously cited authors.

Raman intensity (a.u.)

T T T & T
3000 2500 2000 1500

Wavenumber ( cm_l)

T = T
1000 500

Figure 1: Raman spectra of the native (NS) and hydrolyzed (HS) starches.
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Figure 2: Stress-strain diagrams of LDPE and the LDPE/TPS compounds, native and hydrolyzed (75/25), with 30% glycerol (C,

G) and hydrolyzed TPS with 15% glycerol (E).

Although it cannot be observed clearly in Figure 1,
the band associated with amylopectin is situated at
approximately 1637 cm™, in agreement with the values
in the literature [24]. The band at 1657 cm™ attributed
to amylose is also missing because waxy starch was
used in this study. The absence of both of these bands
can be attributed to the wavelength used (785 nm) and
the conditions under which the analysis with this
technique was performed, among other reasons.

3.2. Stress-Strain Properties of the LDPE-Starch
Composites

The stress-strain diagrams of LDPE and the
LDPE/TPS composites in a ratio of 75/25, with native
and hydrolyzed starch, respectively, are shown in
Figure 2. The composites containing native and
hydrolyzed TPS with 30% glycerol exhibit stress-strain
curves similar to that of LDPE, although both the stress
and the strain of the composites are lower than those
obtained with pure LDPE.

However, when the glycerol content used in the
thermo plasticization of the starch is 15%, the resulting
stress-strain diagram has the shape of that of a
material of low ductility, although the maximum stress
of the material is similar to that of LDPE. This finding
clearly demonstrates the effect of the glycerol
concentration on the properties of the TPS, which is
fragile with a glycerol content of 15% and ductile with a
glycerol content of 30%.

In order to assessment the effect of the native and
hydrolyzed starches on the mechanical properties of
the composites, in Figure 3 is shown the Young's
modulus of composites LDPE/TPS containing of 30%
glycerol. In general, it can be observed that the
Young’s modulus decreases as the TPS concentration
increases and the same trend was observed in the both
native and hydrolyzed starches. The Young's modulus
decreases by up to approximately 32% when the TPS
concentration of the composite is 50%. The value of
the Young's modulus in the LDPE/TPS (75/25)
composites with hydrolyzed starch is higher compared
to the composites with native starch. This improvement
in the Young’'s modulus for the composites containing
hydrolyzed starch may be related to the morphology (a
decrease in the size of the dispersed phase) of the
composite during its preparation because the
hydrolyzed starch exhibits a lower viscosity compared
to native starch. The decrease in Young's modulus with
an increase in TPS concentration can be explained by
the fact that this material is less rigid than the matrix,
resulting in a corresponding decrease in this property in
the composite. This result corresponds to what has
previously been reported in the literature [25].

With regard to the maximum stress (Omax) that the
composites are able to endure as a function of the TPS
concentration, Figure 4 shows a graph that
demonstrates this trend. The LDPE matrix exhibits the
highest maximum stress of 12.2 MPa in comparison to
the various LDPE/TPS composites that contain 30%
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Figure 3: Young’s modulus (E) of LDPE and the native and hydrolyzed LDPE/TPS composites as a function of the concentration
of TPS containing 30% glycerol. Native LDPE/TPS: B(90/10)nz0, C(75/25)n30, and D(50/50)n30; and hydrolyzed LDPE/TPS:

F(90/10)H30, G(75/25)H30, and H (50/50)H30-
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Figure 4: Maximum Stress (Omax) of LDPE and the native and hydrolyzed LDPE/TPS composites at different concentrations of
TPS containing 30% glycerol. Native LDPE/TPS: B(90/10)nz0, C(75/25)n30, and D(50/50)n30; and hydrolyzed LDPE/TPS:

F(90/10)H30, G(75/25)H30, and H (50/50)H30-

glycerol relative to starch. As was the case for Young's
modulus, the maximum stress of the composites
decreases with the increase in TPS concentration. In
the case of the composites that contain hydrolyzed
starch, these exhibit a lower value than those that
contain native starch. This effect can be attributed to
the fact that the hydrolyzed starch deforms more easily
during the deformation of the composite, in addition to

the morphological difference of the dispersed phase,
resulting in reduced stress transfer. The maximum
stress of the LDPE/TPS 50/50 composites is reduced
by up to 42% when the TPS is hydrolyzed and by up to
36% when the TPS comes from the native starch. Park
et al. [26] have previously noted that the typical
tendency of these types of blends is that both the
increase in the TPS concentration of the composite and
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Figure 5: Elongation at break (g,) of LDPE and the LDPE/TPS composites at different concentrations of TPS containing 30%
glycerol. Native LDPE/TPS: B(90/10)nz0, C(75/25)n30, and D(50/50)nz0; and hydrolyzed LDPE/TPS: F(90/10)n3z0, G(75/25)n30,

and H (50/50)H30-

the addition of glycerol contribute to a reduction in the
maximum stress of the composites, which is in
agreement with the findings of the present study.

The tendencies with regard to the elongation at
break (¢) of the LDPE/TPS composites that contain
TPS originating from both native and hydrolyzed
starch, with 30% glycerol, are shown in Figure 5. For
the composites that contain TPS originating from
hydrolyzed starch, in all cases, a reduction in the
deformation with respect to the matrix is observed,
although the reduction is not significant for TPS
concentrations of 10 and 25%. However, when the
concentration is 50% by weight, the deformation is
reduced by up to approximately 70%. When the
composites that contain TPS originate from native
starch, the composites become more ductile at a
concentration of 10% by weight of TPS, even more so
than the matrix because the deformation increases by
approximately 20%. When the concentration of the
native starch TPS is 25% by weight, the deformation is
similar to that of the matrix, but when the concentration
of the TPS is 50% by weight, a drastic reduction in the
deformation of up to 52% occurs. The above results
clearly indicate that the addition of hydrolyzed starch
causes a greater reduction in the deformation of the
composites relative to the composites that contain
native TPS.

Each of the properties evaluated and extracted from
the stress-strain diagrams for all of the prepared

formulations are summarized in Table 3, highlighting
the fact that in the case of the LDPE/TPS (75/25)
composites containing TPS with a 15% glycerol
content, a reduction in the deformation of up to 98 and
93% is observed for native and hydrolyzed TPS,
respectively. This drastic decrease in the deformation
indicates that a glycerol content of 15% is not sufficient
to make the TPS flexible; indeed, it becomes brittle. A
positive effect in the LDPE/TPS composites containing
TPS with a glycerol content of 15% is observed in
Young’s modulus, which increases slightly, in the range
of approximately 25%. At this glycerol concentration,
the TPS behaves as a typical filler in the matrix, as has
been previously reported [27, 28].

Thermal Properties of the LDPE/TPS Composites

The thermal properties of the composites are given
in Table 4. The data are obtained from the DSC
thermograms of the second heating run, and based on
these data, it can be observed that neither the fusion
temperature nor the crystallization of the matrix is
significantly affected by the presence of TPS. With
regard to crystallinity, a slight increase with the addition
of TPS is observed, in particular for TPS
concentrations of 25 and 50%. The increase in
crystallinity with native and hydrolyzed TPS (50% by
weight in the matrix) is 26 and 35%, respectively. The
increase in crystallinity of the LDPE appears to have
had no significant effect on Young’s modulus, given
that it is precisely the LDPE/TPS (50/50) composites
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Table 3: Summary of the Mechanical Properties of the Native and Hydrolyzed LDPE/TPS Composites

Sample Young(',\s/”g(;dulus Maximumstress (MPa) | Yield stress (MPa) | Breaking stress (MPa) EIongati((g/g) atbreak
LDPE 132.4+23.9 12.2+1.6 9.7+0.1 11.7+1.3 316.5+70.8
A(75/25)n15 169.3+43.8 4.0+0.2 4.2+0.4 2.4+1.6 5.8+2.3
B (90/10)n30 121.6+14.8 11.9+0.2 8.5+0.1 11.4+0.5 383.8+16.9
C (75/25)n30 92.0+11.1 11.1+0.5 8.1+0.2 9.8+1.6 318.5+75.5
D (50/50)n30 87.0+16.4 7.7+0.2 7.2+0.4 7.3+0.8 152.6+61.4
E (75/25)n1s 166.6+32.0 9.5+0.3 9.3+0.6 6.5+1.3 20.7+4.4
F 90/10)n30 123.4+23.9 10.3+1.2 8.7+0.1 9.3+2.5 276.6+125.1
G (75/25) 430 109.0+18.2 9.6+0.8 7.9+0.2 8.6x1.4 258.7+58.6
H (50/50) 130 89.0+2.9 7.0+0.2 6.4+0.3 5.3+1.3 88.2+20.2

LDPE: low-density polyethylene; Composites: A(75/25)n1s, B(90/10)nz0, C(75/25)n30, D(50/50)n30, E(75/25)n1s, F(90/10)30, G(75/25)n30, @and H (50/50)430; Weight ratio
LDPE/TPS letter A (75/25), B (90/10), C (75/25), D (50/50), E (75/25), F (90/10), G (75/25), and H (50/50); subscript N: native starch, subscript H: hydrolyzed starch;

number 15 or 30 : percentage of glycerol in the TPS.

Table 4: Thermal Properties of the LDPE/TPS Composites and Crystallinity of the Composites

Sample Tp(°C) Tc (°C) AH;(J/9) Crystallinity (%)

LDPE 110.71 96.87 106.7 36.07
B(90/10)n30 110.8 96.88 91.01 34.19
C(75/25)n30 110.58 97.07 85.22 38.41
D(50/50)n30 110.61 96.77 67.59 45.70
E(75/25)115 110.45 97.48 101.0 45.53
F(90/10) 130 110.75 96.44 97.4 36.59
G(75/25)n30 11117 96.64 81.53 36.75
H(50/50) 130 111.20 95.73 72.49 48.97

LDPE: low-density polyethylene; Composites: A(75/25)n1s, B(90/10)nz0, C(75/25)n30, D(50/50)n30, E(75/25)11s, F(90/10)30, G(75/25)n30, @and H (50/50)430; Weight ratio
LDPE/TPS letter A (75/25), B (90/10), C (75/25), D (50/50), E (75/25), F (90/10), G (75/25), and H (50/50); subscript N: native starch; subscript H: hydrolyzed starch;
number 15 or 30: percentage of glycerol in the TPS; T,: Peak temperature of fusion; T.: Crystallization Temperature; AH;: Fusion enthalpy of the composites.

that exhibit the lowest values for the modulus. This
finding indicates that the morphology developed in the
composites and that the shape and size of the TPS
particles in the matrix have a greater effect on the
physicochemical properties of the obtained composites.

4. FRACTURE MORPHOLOGY OF THE LDPE/TPS
COMPOSITES ANALYZED VIA SCANNING
ELECTRON MICROSCOPY (SEM)

The morphology of the LDPE and the LDPE/TPS
composites originating from native starch with a 30%
glycerol concentration are shown in the micrographs in
Figure 6. The composites were freeze-fractured, and
the samples were analyzed at the fractures. The matrix
exhibits ductile fracturing, given that the surface of the
matrix exhibits areas where the material was deformed
during the fracture. The composite B(90/10)n3o exhibits
a different fracture morphology from that of the matrix,

given that areas of greater relief and a more granular
texture can be observed. Darker areas with
hemispherical shapes can also be observed, which is
typical forthe presence of thermoplastic starch. The
size distribution of the starch particles ranges from 0.3
to 1 ym. At 25% by weightof TPS in the LDPE matrix,
an increase in the size of the TPS particles to between
0.5 and 2.5 ym is observed. In the case of the
composites with 50% by weight of TPS, although there
is no longer any significant increase in the size of the
particles, the number of larger particles increases (0.6-
2.7 ym). This finding may be due to the phenomenon
of coalescence between particles during the
preparation of the composites [11].

The glycerol content of the TPS also affects the
morphology of the composites. Figure 7 shows the
micrographs of the LDPE/TPS (75/25) composites
obtained from hydrolyzed starch, with glycerol



Effect of Acid-Hydrolyzed Thermoplastic Starch on the Mechanical

Journal of Research Updates in Polymer Science, 2015, Vol. 4, No. 4 199

Z.898Fm

2. BAFm  @EEA

Figure 6: Morphology of the fracture of LDPE (M) and the LDPE/TPS n3o composites at different concentration of TPS
originating from native starch and 30% glycerol. B (90:10) nzo, C (75:25) n3o, and D (50:50) n3o, Observed at an amplification of

5000 X.

Figure 7: The effect of glycerol on the morphology of the LDPE/TPS (75:25)4 composites with a glycerol concentration of 15%.
E(75:25)n15 and 30% G(75:25) w30 freeze-fractured, observed at an amplification of 500 X.

concentrations of 15 and 30%, respectively. With 15%
glycerol in the TPS, the morphology of the fracture
exhibits a fragile structure, and some cracks in the
surface can even be observed. The average size of the
TPS particles is 2.84 ym, and they have a near
spherical morphology. In the case of the composites
containing TPS with a 30% glycerol content, the type of
fracturing is less fragile, and the average size of the

particlesis 5.14 ym. Moreover, a percentage of these
particles have an ellipsoidal morphology, which can be
attributed to fact that the viscosity of the TPS is lower
and that it can therefore be more easily deformed
during the preparation of the composites. The
difference in the size of the particles and the type of
morphology of the composites containing 15% TPS
explain the large increase in Young’'s modulus, which is
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Figure 8: The effect of the type of TPS on the morphology of the composites C) native LDPE/TPS (75/25)n30 and G) hydrolyzed

LDPE/TPS (75:25)n30. The TPS contains 30% glycerol.

even higher than that of the matrix, in addition to the
reduced deformation of the composites.

The type of TPS added to the polyethylene matrix
also has a significant effect on the morphology of the
composites. In Figure 8, a few of the micrographs of
the LDPE/TPS (75/25) composites with TPS containing
30% glycerol are shown. In can be observed that for
the composites that contain TPS obtained from native
starch, the particles are homogeneously distributed in
the matrix and have an average size of 1.04 pm,
whereas the composites with hydrolyzed starch contain
particles with an average size of 5.14 ym. Moreover, a
fraction of the particles that exhibit fibrillar morphology
can be observed. These particles may be generated as
a result of the reduction in the viscosity of the TPS as a
product of hydrolysis. The significant increase in the
size of the particles of the composites that contain
hydrolyzed TPS may explain why both the maximum
stress and the deformation of the composites are lower
in comparison to the composites that contain native
TPS.

CONCLUSIONS

It is found that composites of LDPE containing
hydrolyzed TPS exhibits some differences in terms of
physicochemical properties that composite containing
native TPS, the Young’s modulus of the composites
with hydrolyzed TPS is greater than that of the
composites that contain native TPS, although both
maximum tensile strength and deformation are lower in
the composites that contain hydrolyzed TPS. It is also
observed that the addition of TPS causes an increase
in the degree of crystallinity of LDPE. Similarly,
hydrolyzed TPS causes a greater increase in
crystallinity than native TPS. The size of the hydrolyzed

TPS particles in the matrix increases significantly
compared to composites with native TPS. This finding
may be useful in a range of applications, given that
these composites may be more susceptible to
biodegradation.
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