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The goal of this study was to examine the morphology and
characteristics of a blend of polylactic acid (PLA) with thermoplastic
corn starch (TPS) and polyethylene glycol (PEG-400) using the
extrusion process. The blends were evaluated through the tensile and
impact strength tests, scanning electron microscopy (SEM), and X-ray
diffraction (XRD) analysis. The experimental design method was
selected to quantitatively analyze the influence of the content of TPS and
concentration of the plasticizer on mechanical properties. Results from
the tensile test showed that the addition of PEG-400 decreased tensile
strength and elastic modulus, but increased elongation at break and
impact strength, significantly. The blend with 20% TPS and 20 phr PEG-
400 had the best overall performance in terms of tensile strength, elastic
modulus, elongation at break, and impact strength. The SEM analysis
indicated increased incompatibility and phase separation in samples
with 40% TPS. Additionally, at high concentrations of PEG-400, the
excessive plasticizer caused polymer saturation, resulting in unabsorbed
plasticizer and phase separation. The findings suggest that the blend
with 20% TPS and 20 phr PEG-400 could be suitable for use in eco-
friendly applications.
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1. Introduction

production capacity of petroleum-based

Following the improvement in living standards
and the growth of industries, the production
and utilization of plastics have experienced
significant growth, providing numerous
benefits to human life [1, 2]. The annual

plastics has witnessed a remarkable increase,
surpassing 400 million tons in 2018, compared
to 1.5 million tons in 1950 [3]. These materials
possess favorable characteristics such as
affordability, rapid production, lightweight
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nature, satisfactory mechanical properties, and
durability, encouraging their widespread use
across various industries [4, 5]. However,
despite these advantageous features, a
considerable portion of plastic products are
designed for single-use or possess a short
lifespan. Unfortunately, only a small
percentage of these non-biodegradable plastics
undergo recycling or incineration (less than
20%), while the remainder accumulates in the
environment, ultimately transforming into
microplastics and posing a threat to organismal
health. To address this crisis, experts propose
the substitution of such products with bio-
plastics [6-11]. This type of materials,
commonly known as biopolymers, is divided
into different types based on their origin and
production methods.

Polysaccharides such as starch, proteins, fats,
poly lactic acid (PLA), and
polyhydroxyalkanoates are among the most
important biopolymers [12-16]. PLA, a bio-
based and biodegradable substance, can also
be produced from recyclable materials. This
polymer helps mitigate the problems caused by
the accumulation of the plastic waste by
reducing dependence on petroleum-derived
products. PLA possesses humerous beneficial
properties, including high transparency, tensile
strength, wear resistance, low toxicity,
moisture barrier, and biodegradability [17-19].
To enhance the properties of the PLA matrix
and reduce costs, various approaches have
been employed, including the use of different
biodegradable and non-biodegradable
polymers, reinforcements, plasticizers, and
nanoparticles [20-24]. A study conducted by
C. Linz et al. investigated the effects of green
and biocompatible plasticizers, maleic and
fumaric acid esters, on the mechanical and
thermal properties of PLA [25]. Vasil and
colleagues were able to increase the
crystallization percentage by up to 30% and
improve the properties of PLA by adding
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nanoparticles of copper/silver oxide, resulting
in a reduced glass transition temperature and
providing antibacterial properties [26]. Arita
et al., through a review of studies on the blend
of PLA/poly hydroxybutyrate, found that both
polymers were relatively hard and brittle,
making them less suitable for industrial
applications [27]. Rao and his team added
montmorillonite  nanoparticles to  the
PLA/polycaprolactone (PCL) blend and
investigated its properties, discovering that the
addition  of  nanoparticles  improved
compatibility between PLA and PCL [28].
Among bio-based and  biodegradable
polymers, starch, in combination with PLA, is
a promising option due to its availability,
affordability,  non-toxicity, and  mass
production [29-31]. Starch can be converted
into thermoplastic starch in the presence of
plasticizers, heat, and shear stress [32-34].
Abdollahi Moghadam et al. examined the
effect of the maleic anhydride compatibilizer
grafted with PLA on the blend of PLA/starch
thermoplastic [35]. Przybytek and his team
added soybean epoxidized oil (0-2%) as a
modifier and plasticizer to the PLA/starch
thermoplastic blends, investigating their
miscibility [36]. In another study by Lendvai
and Burn, the effect of maleic anhydride,
isocyanate, and chain extenders, as coupling
agents, was explored to enhance the surface
adhesion and various properties of
PLA/thermoplastic starch blends, resulting in
the creation of a finer and more uniform
morphology with the optimal percentage of
compatibilizer [37, 38]. However, the modifier
most used in PLA/TPS blends was toxic and
unsuitable for eco-friendly applications.

This study focuses on the effect of
polyethylene glycol (PEG-400) as a green
plasticizer for PLA/TPS blends, examining its
effects along with the varying contents of TPS.
The effect of PEG on the properties of PLA
was studied previously [39,40]. PEG-400 is
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non-toxic, biodegradable, and partially
miscible with PLA, making it a viable option
for products in contact with food [39-41]. But,
the impact of this plasticizer on the properties
of PLA/TPS blend was rarely investigated
[30]. The biodegradability and compostability
of this blend were studied in previous works
[31,36,38]. In this study the PLA/TPS blends
were plasticized with PEG-400 at various
contents of TPS and PEG. The morphology
and mechanical properties of the resulting
blend was analyzed, using the scanning
electron microscopy (SEM) and tensile and
impact tests respectively. The findings of this
study can contribute to the development of
eco-friendly materials.

2. Materials and Methods

2.1. Materials

Commercial PLA (4032D grade,
MFR=7g/10min at 210°C, 2.16 kg) was
purchased from NatureWorks, USA. Corn
starch, with the moisture content of 12% and
amylose content of 28-25%, was purchased
from Glucosean, Iran. Polyethylene glycol-
400 (Neutron Pharmaceuticals, Iran), with the
boiling point of 250°C, was used as a
plasticizer in the PLA/TPS blend. Glycerol and
citric acid, as plasticizers, were obtained from
DaeJung, South Korea.

2.2. Preparation of samples

2.2.1. Preparation of TPS

To prepare TPS, first 72.5% starch was dry
mixed with 1.5% citric acid, as thermal
stability enhancer [42], and 1% zinc stearate,
as lubricant. Then, this composition was mixed
with 25% glycerol for 4 minutes in a high
speed mixer. The final mixture was stored at
ambient temperature (25°C) without the
penetration of moisture for 48 hours. The
mixture was slowly entered into the laboratory
single screw extruder feeder (L/D ratio of 26:1,
Karajan Company, Iran). The temperature

profile was set at 130 °C, 140 °C and 140 °C
from the feed hopper to the die zone and the
speed of the machine was set at 32 rpm. The
final thermoplastic starch strands were cooled
at air temperature and turned into pellets for
further blending.

2.2.2. PLA/TPS blends

To prepare the PLA/TPS blends, an internal
mixer, model IPPI-Rheo Sense and
manufactured by Iran  Polymer and
Petrochemical Research Institute, was
employed. Initially, the PLA was melted,
followed by the addition of TPS pellets and
PEG-400. The melting and mixing process
took place for 8 minutes at the temperature of
170°C and speed of 80 rpm. The composition
of the PLA/TPS blends can be seen in Table 1.
Finally, the samples were compression molded
using a hot press at 190 °C and 4 MPa to obtain
proper samples for mechanical tests.

Table 1.
Formulation of prepared PLA/TPS blends.
SAMPLE PLA:TPS PEG-400
(Wt%) (Phr)
PLA 100:0 0
P100E10 100:0 10
P100E20 100:0 20
P100E30 100:0 30
P8OE10 80:20 10
P8OE20 80:20 20
P8OE30 80:20 30
P60E10 60:40 10
P60E20 60:40 20
P60E30 60:40 30

2.3. Design of experiments (DOE)

The full factorial method is one of the most
common analytical methods in DOE, in which
all independent variables can be varied
simultaneously in a set of experimental tests.
Also, all data on main and interaction effects
are obtained by this method [43].

In this work, the full factorial method was used
to investigate the effect of two independent
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variables, TPS (thermoplastic starch) and PEG
(polyethylene glycol plasticizer), on the
mechanical properties of the composites. The
Minitab 22 statistical software was used for
DOE and the results were analyzed using the
analysis of variance (ANOVA) and some
statistical diagrams such as the main effect,
interaction effect and normal probability. This
method consisted of two variables, TPS and
PEG, and each at three different levels, as
shown in Table 2. The mean value of the
replicates for each mechanical property and the
standard deviation (St. Dev) of all responses
were generated and shown in Table 3.

Table 2.
Factor information.
Factor Levels Values
TPS 3 0, 20, 40
PEG 3 10, 20, 30

A linear regression model was used to fit the
mathematical relationship  between the
independent factors (xi) and the response (y),
as shown in Eq (1):

y = ao + a1Xq + arX, + a12X1x2 + -4 €
(1)

where a, denotes the intercept coefficients, ;

and a;; denote linear and interaction terms,

respectively, and e represents the error term.

2.4. Characterization

2.4.1. Tensile properties

Tensile testinthe g was performed on molded
pellets of the PLA/TPS specimens, with
dimensions of 150x25x1 mm?3, at ambient
temperature, following the ISO 527 standard.
This test was conducted using a Universal Test
Machine (SANTAM STM-50, Iran) with the
load cell of 10 KN and crosshead speed of 5
mm/min. Tensile strength (o), elongation at
break (g), and elastic modulus (E.M) were
calculated. Elastic Modulus was obtained by
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calculating the slope of a linear regression to
the stress-strain curve between 0.1-0.3%
strain. Tensile strength was gotten from the
maximum stress in the stress-strain curve
before the curve dropped (yield peak).

Five specimens were tested for each blend, and
the results were reported as the average of
these specimens, excluding outliers.

2.4.2. 1zod impact strength

The 1zod impact strength test was performed,
using the SIT-20E device (SANTAM, Iran)
and in accordance with ASTM D4812
standard, on specimens with the dimensions of
64x13x3.5 mm?. In order to increase the
accuracy of the results and repeatability, 5
specimens were prepared and tested after a
week of conditioning at ambient temperature.
The behavior and resistance of different
materials against impact (instantaneous load)
are significantly different compared to the
same against tensile (static load). Based on the
impact test, the behavior of the plastics (brittle
or ductile) can be classified.

2.4.3. Scanning electron microscopy

The scanning electron microscope (SEM)
model VEGA/XMU (TESCAN, Czech
Republic) was used for the examination of the
morphology of PLA/TPS blends with different
amounts of PEG-400. Broken specimens from
the impact test were used for it. In order to
facilitate the observation, the surface of the
molded cross section was etched using
distilled water, as a solvent, at a temperature of
50°C for 6 hours. Then, the specimens were
placed in a vacuum oven at a temperature of
60°C for 5 hours to completely dry. To
enhance conductivity and increase contrast and
image clarity, the fracture surfaces of the
specimens were coated with a thin layer of
gold. The v6.3.0 Digimizer was used to
measure the particle size of the dispersed phase
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and investigate the effect of the plasticizer on
it.

2.4.4. X-ray diffraction

To determine and measure the crystallinity of
blends, the X-ray diffraction (XRD) pattern
was used. This test was performed using the
D8 advance instrument (Bruker, Germany)
from 5 degrees to 80 degrees with the step size
of 0.05 degrees per second. For a pure
polymer, the X-ray diffraction pattern is like a
unique fingerprint for that polymer, and for
multi-component compounds, the resulting
diffraction pattern is a combination of patterns
for each phase in its pure form. The percentage
of crystallinity was calculated according to the
Eq (2):
X% =

Ac

ATotal (2)

Where Ac denotes the area of crystalline
regions and Arotal denotes the total area of the
X-ray diffraction pattern (including both
crystalline and amorphous regions). For
plotting, analyzing, and calculating the area of
crystalline and amorphous parts, the
OriginPro2022 software was used.

3.Results and discussion

3.1.Tensile properties

By using the results obtained from the tensile
test, the tensile strength at yield, elastic
modulus, and elongation at break of blends
were calculated. The stress-strain curves of
PLA/ TPS blends are shown in Figure 1. The
data obtained from these curves are also
reported in Table 3.
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Figure 1. Strain stress curve of a) pure PLA and
b) PLA/TPS blends with different contents of

PEG-400.

Figure 1-a illustrates the effect of PEG-400 on
the stress-strain behavior of PLA. As shown,
adding 20% of PEG increased the strain at
break from 20% (pure PLA) to approximately
180%. However, further increases in the
amount of PEG-400 negatively affected the
strain at break due to plasticizer saturation and
phase separation. In Figure 1-b, the behavior
of samples containing TPS under tensile stress
was evaluated, revealing a completely ductile
behavior in all blends. Generally, the addition
of TPS to the PLA matrix led to a reduction in
the values of properties, such as tensile
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strength (o), modulus (E), and elongation at
break (¢), of the samples. This decline can be
attributed to the inherent incompatibility
between the hydrophilic TPS and hydrophobic
PLA, which results in weak interfacial
adhesion and stress concentration points.
Additionally, TPS has lower mechanical
strength than PLA, so its incorporation results
in the the overall rigidity of the blend being
diluted. As the percentage of TPS increased
from 20% to 40%, a significant decrease in the

values of tensile properties was observed, with
the highest reduction observed in the value of
the o of the P60E30 sample. This sharp
deterioration suggests that beyond a critical
content (20%) of TPS, poor stress transfer
between the two phases becomes more
pronounced, leading to premature failure.
Consequently, it can be seen that blends
containing 40% TPS exhibited relatively poor
properties. But, up to 20%TPS, the blend had
comparable properties with pure PLA.

Table 3.

Average value of tensile properties of PLA/TPS blends.
Sample o (MPa) E (MPa) e (%0) Impa(lzllsr;r:):ngth

PLA *40.69+1.1 *740.9 £ 26 *172+1.2 *41.9+3.8

P100E10 31.05+0.4 600.5 + 19 65+ 35 555+2.9
P100E20 16.5+0.6 329.3+10 1795+6.5 120.5+6.2
P100E30 16.9+£0.7 350 + 36 135+4.1 1146+2.1
P8OE10 18.48 + 0.3 583.3 + 27 229+1.2 319+16
P80OE20 17.19+0.6 563.2 + 20 335+29 33.8+1.2
P8OE30 17.2+0.3 581.6 + 24 28+2.2 264 +25
P60E10 10.55+0.1 450.13 £ 6 29+53 2552+ 1.7
P60E20 6.24 £ 0.02 361.1+22 29.9+1.6 33+14
P60E30 6.16 +0.5 342 + 28 25+16 16+1

*Data are reported in mean * standard deviation.

The combined influence of TPS and PEG-400
on the tensile properties of the samples has
been determined, as presented in Table 3.
Generally, the incorporation of TPS into PLA
led to a decrease in the values of ¢ and E due
to the weak mechanical properties of TPS. For
instance, in samples P100E10, P80E10, and
P60E10, which have equal amounts of PEG-
400, the sample without TPS exhibited an E of
600.5 MPa, while the sample with 20% TPS
had an E of approximately 583.3 MPa, and the
sample with the highest TPS content (40%)
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had an E of 450.1 MPa. Similarly, the values
of o for these three samples were measured as
31.05, 18.48, and 10.55 MPa respectively.
These results clearly demonstrated the decline
in properties, resulted from the addition of
TPS, and they aligned with the findings
reported by Chauhan et al. [44]. However, in
samples without TPS, the addition of
plasticizer led to a much more severe loss in
the values of properties such as ¢ and E
compared to the same of the PLA/TPS
samples.
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Figure 2. Graph of the tensile strength and elastic modulus of blends based on the contents of the two
parameters of TPS and PEG-400.

Figure 2 illustrates the impact of the contents
of TPS and PEG-400 on the ¢ and E of the
blends. Based on this Figure, the influence of
the contents of TPS and PEG-400 on the ¢ and
E of the blends is depicted. The graphs indicate
that certain samples with 20% TPS exhibited
distinct properties contrarily to previous
claims. Specifically, in the PBOE20 or PSOE30
sample, the addition of TPS did not result in
any loss of the values of properties. In fact,
properties like elastic modulus and tensile

strength either remain consistent or show
improvement. This can be attributed to the
absorption of plasticizer in both phases.

The main effects and interaction of the
investigated factors on the ¢ and E of the
blends are indicated in Figure 3. According to
Table 3, the values of the ¢ and E of all blends
was less than those of pure PLA. As shown in
Figure 3, the value of o decreases with
increasing the contents of TPS or the
plasticizer. However, the content of the

o1
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plasticizer had a better effect on preventing the
tensile loss than the level of TPS. In general, it
can be concluded that both factors had a clear
impact on the responses. In the plots for E, as

Main Effects Plot for ¢ (MPa)

Data Means

TPS (Wt%)

PEG-400 (Phr)

Mean of o

0 20 40 10 20 30

Main Effects Plot for E (MPa)

Data Means

TPS (Wt%) PEG-400 (Phr)

600

500

Mean of E

450

400

0 20 40 10 20 30

mentioned before, samples containing 20%
TPS showed a different trend, which can be
related to the absorption of the plasticizer in
both phases.

Interaction Plot for o (MPa)
Fitted Means

IPS " PEG PEG-400
30 —— 10.0
—=- 20.0
o 125 - 30.0
S
=]
= 20
o~
L
= 15
10
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Interaction Plot for E (MPa)
Fitted Means
&50 IPS - PRG PEG-400
—— 10.0
600 —=- 20.0
e
= 550 300
s
= 500
€ as0
< 8
400
350
300

0.0 20.0 40.0
TPS

Figure 3. Main effect and Interaction plot of the ¢ and E of blends.

The presence of the plasticizer notably
increased elongation at break, particularly in
pure PLA. The elongation at break of PLOOE20
was 10 times higher than that of pure PLA. The
introduction of TPS to the combination of PLA
and PEG-400 (20 Phr) resulted in a significant
decrease of up to 150% in the elongation at
break of the samples. This reduction was
attributed to the incompatibility between TPS
and PLA, which caused the system to become
incompatible and resulted in decreased
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elongation at break. However, the addition of
PEG-400, acting as a plasticizer, enhanced
flexibility and toughness, and increased
elongation at break, by facilitating the chain
movement. Figure 4 illustrates the relationship
between elongation at break and variations in
TPS and PEG-400. The P80E20 sample in the
PLA/TPS blends demonstrated the highest
value of strain at 33.5%, which was
approximately double that of pure PLA.
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Figure 4. ¢ diagram of blends based on the contents of TPS and PEG-400.

In a PLA matrix devoid of TPS, enhancing the
content of the plasticizer and improving
flexibility led to the maximum 180%
elongation at break (¢). However, upon
incorporating TPS, the blend's incompatibility
increased, resulting in a more brittle system.
Consequently, the € values in these samples
were lower compared to the same in the PLA
matrix without TPS.

As expected, the main effects of the contents
of TPS and the plasticizer on € show that these

two factors have different trends in changing
this parameter, and it is clear that using the
optimal content of PEG-400 has a good effect
on increasing the value of ¢ (Figure 5).
According to the main effect plot, changes in
the level of the TPS factor are much more
effective than that of PEG-400, which is also
seen in the interaction plot of €. If the lines in
the plot are closer together, it indicates that the
change in the level of the factor has no
significant effect on the responses.
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Figure 5. Main effect and Interaction plot of the € of blends.

3.2. Impact strength

The Izod impact strength diagram in Figure 6
corresponds to the samples, with results
outlined in Table 3. Interestingly, the impact
strength displayed a pattern similar to
elongation at break. Introducing 20 wt% PEG
to PLA resulted in a notable increase of up to
3-fold in impact strength primarily due to the
plasticizing effect of PEG, which enhances
chain mobility and energy dissipation during
the impact. However, this addition had
minimal impact on the impact strength of
PLA/TPS blends. The presence of TPS in the
sample, combined with heightened
incompatibility among components,
seemingly contributed to a reduction in impact
strength. Hydrophilic PS, has poor interfacial

54

adhesion with hydrophobic PLA, creating
weak boundaries that promote crack
propagation. While PEG improves the
toughness of PLA, by reducing brittleness, its
plasticizing effect is reduced in PLA/TPS
blends due to the weak TPS-PLA interface.
Moreover, in pure PLA, PEG is uniformly
distributed and enhances ductility. However,
in PLA/TPS blends, PEG may migrate toward
TPS domains due to its hydrophilic nature,
reducing its effectiveness in plasticizing the
PLA matrix. This uneven distribution limits
energy absorption during the impact. Thus,
while PEG significantly improves the impact
strength of neat PLA, its benefits are
diminished in PLA/TPS blends due to inherent
incompatibility or uneven distribution.
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Figure 6. Impact strength diagram of blends, based on the contents of TPS and PEG-400.

The main effects of and interaction plot for Figure 6 and according to the results of Table
impact strength are shown in Figure 7. 3, the optimal content of the plasticizer can
According to Figure 7, increasing the - amount improve the impact strength; But increasing
of TPS from 0% to 20% and then from 20% to the amount of TPS causes this parameter to
40% causes a decreasing trend in responses, decrease due to incompatibility and phase
which is seen in the coefficients reported in separation.

Table S1(supplementary file). As shown in
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Main Effects Plot for Impact Strength (kJ/m2)
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Figure 7. Main effect and interaction of the impact strength of blends.

3.3. Statistical analyses

The statistical analysis of the responses is
reported in the ANOVA (Analysis of
Variance) table. According to ANOVA, the
importance of the influence of variables, their
interaction and regression model on the
response can be observed. In the table, p-value
(probability values) for both TPS and PEG
factors with three levels and also TPS*PEG
interaction with 32 levels are reported. When
the p-value is less than 0.05, it can be
concluded that the effect of the factors is
statistically significant [45].

The amounts of p-values and coefficients are
reported in Table S1 (supplementary file). The
important output of DOE is the regression
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model based on the responses of the significant
variables. In order to present a more accurate
model, variables and their interactions with a
p-value greater than 0.05 (not significant) were
omitted. After this, the fitted regression model
in terms of the actual variables by all levels for
each response is reported in Table S2. The
coefficient values of the significant factors and
their interactions affect the fitted model in such
a way that any term with a positive sign has a
positive effect. On the other hand, a negative
one has the opposite. In addition, the term with
the highest coefficient has the highest effect on
the response.
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3.4. Morphology

The properties of polymers, including
mechanical, rheological, and physical
properties, are significantly influenced by the
interface characteristics, phase compatibility,
and the distribution of the dispersed phase and
other additives. The scanning electron
microscopy (SEM) is commonly used to
examine the morphology of polymer samples,
particularly the fracture surface. In Figure 8,

In the absence of TPS, an increase in the
amount of the plasticizer content led to a more
uneven fracture surface, which corresponded
to an improvement in impact strength. For
samples containing TPS, the phase separation
between the two polymers was evident. The
diameter of the black holes in the image was
measured, and an average of approximately 22

the fracture surface of the samples is depicted.
Prior to the SEM test, the etching process was
conducted using a water solvent, and the
dispersed phase (TPS) was extracted from the
samples, resulting in the appearance of black
holes in the image. This process provides
insights into the impact of TPS and phase
compatibility on the morphology of the
fracture surface of polymer samples.

PG60OE20.

P
A

o P TR

microns (for 50 holes) was obtained for
P80OE10. In samples containing 20% TPS, an
increase of up to phr 20 in the plasticizer
content resulted in a gradual decrease in the
hole diameter to 19 microns and an increase in
uniformity in the distribution of TPS particles,
which is also shown by the narrowing of the
disperse phase pore size distribution curve
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(Figure 9). This observation confirmed the
compatibilizing effect of small PEG molecule
between PLA and TPS [46]. The hole diameter
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the coalescence of TPS particles at higher
concentrations of TPS.
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Figure 9. Distribution curve of the dispersed phase pore size (in blends containing TPS).

3.5. X-ray diffraction

Figure 10 depicts the X-ray diffraction patterns
of pure and plasticized PLA samples, clearly
illustrating the impact of the plasticizer on the
intensity and location of the peaks.

Additionally, Figure 11 exhibits the X-ray
diffraction patterns of samples containing TPS
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and PEG-400, providing insights into the
effect of increasing the amount of TPS on the
characteristics of samples. These patterns offer
valuable information about the structural
properties and the influence of plasticizers and
TPS on the crystalline structure of the polymer
samples.
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Figure 10. X-ray diffraction patterns of pure and plasticized PLA samples.

The X-ray diffraction patterns (Figure 10)
revealed that the amorphous parts made a
greater contribution than the crystalline parts
in pure PLA. Depending on the process
conditions, pure PLA typically exists in three
crystal forms: a, B, or y. The most common and
stable type is the a crystal, which also has a
relatively higher melting temperature. The
addition of PEG-400 increased the intensity of
the peak and caused a shift in the location of
the peak especially in P10OE20. Furthermore,
the addition of a plasticizer can enhance the
crystallinity index of PLA by increasing chain

mobility, reducing the glass transition
temperature, and lowering the energy required
during crystallization. It should be noted that
in all samples, increasing the content of
plasticizer from 20 to 30 phr causes a drop in
crystallinity, which is consistent with the
results obtained in the previous sections. PLA
presented a strong diffraction peak around
16.8, while PLA/PEG present diffraction
peaks around 16.6 to 17.8. These peaks were
ascribed to the (010) and (110/200) reflections,
respectively [47, 48].
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Figure 11. X-ray diffraction patterns of samples containing TPS and PEG-400.

According to Figure 11, the addition of TPS
resulted in wider peaks and reduced
crystallinity compared to pure and plasticized
PLA samples. This was attributed to the nature
of TPS, and at its higher percentages, the
potential for accumulation and subsequent loss
of properties was also noted. The crystallinity
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percentage reported in Table 4, obtained from
the X-ray diffraction patterns, revealed that the
addition of PEG-400 increased the crystallinity
of blends, while the addition of TPS at a
constant value of PEG-400 decreased the
crystallinity. This phenomenon explains the
nearly unchanged mechanical properties
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(tensile strength and modulus) observed until
at least 20% of TPS existed in the blends.

Table 4.
Crystallinity index of samples.
SAMPLES Crystallinity index (%0)
PLA 36.1

P100E10 41.6
P100E20 454
P100E30 43.3
P8OE10 37.3
P8OE20 40.1
P8OE30 39.4
P60E10 32.6
P60E20 33.8
P60E30 33.2

4.Conclusion

PLA and starch were selected as biodegradable
polymers to evaluate theproperties of their
blends. Pure starch was first transformed into
thermoplastic starch (TPS) using various
percentages (0-40%) of the glycerol plasticizer
. TPS exhibited weaker mechanical properties
than PLA, and increasing its content up to 40%
resulted in a decrease in tensile strength and
elastic modulus during tensiletest. The
addition of PEG-400, as a plasticizer,
improved the process conditions and increased
crystallinity. The plasticizer molecule, placed
between the PLA chains, increased the
mobility and flexibility of the PLA/TPS
blends, resulting in a decrease in modulus and
increases in elongation at break and impact
strength. The highest values of elongation at
break (33.5%) and impact strength (33.8
kJ/m?) were observed in PSOE20, according to
the results. Its tensile strength and elastic
modulus were the highest among other
samples after PBOE10.
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