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Abstract-In this study, Low Density Polyethylene (LDPE) and 

Thermoplastic Starch (TPS) reinforced with different amounts of 

Starch Nanocrystals (SNCs) with and without Dicumyl Peroxide 

(DCP) were blended in an internal mixer. The XRD results 

showed that crystallinity decreases with increasing SNC content 

with and without DCP. Tensile test results showed that 

elongation at breaking, tensile strength, and elastic modulus are 
lower than that of neat LDPE, whereas, the elastic modulus for 

the LDPE/TPS/SNC5%/DCP is higher than that of LDPE. AFM 

showed a decrease in the roughness of the surface after the 

addition of SNC and the surface become less rough after DCP 
addition. 

Keywords-nanocomposites; thermoplastic starch; LDPE; starch 
nanocrystals; DCP 

I. INTRODUCTION  

Environmental pollution from consumed polymers has 
become a serious global concern. This type of pollution comes 
mainly from plastic waste, particularly from packaging 
materials, offset plastic bags, bottles, cups, etc. [1]. 
Considerable efforts are being directed towards developing 
biodegradable composites using renewable resources in an 
attempt to replace petroleum-based plastics with more 
sustainable materials [2, 3]. Starch is one of the most promising 
materials that can remedy these problems and improve the 
properties of plastic packaging materials. Experience has 
shown that it is possible to transform native starch into 
thermoplastic resin products under deformation and 
plasticization conditions. Unfortunately, Thermoplastic Starch 
(TPS) is a very hydrophilic material with limited performance. 
To overcome this difficulty and maintain its biodegradability, 
one strategy is to combine plasticized starch with another 
biodegradable polymer [4]. To decrease the brittleness of 

biodegradable plastics, another approach is to blend 
thermoplastic starch with synthetic materials such as LLDPE, 
HDPE, PP and others. Synthetic materials have advantages 
such as high mechanical properties. Polyethylene (PE) is one of 
the most widely produced non-biodegradable polymers, and 
different types of PE are commonly used in many fields. The 
main sectors are food packaging products and garbage bags [5]. 
Biodegradable plastics made from blends of TPS/synthetic 
materials have little compatibility with hydrophilic starch and 
hydrophobic synthetic polymers. In order to achieve 
compatibility between these two fractions, compatibilizers can 
be added to reduce the interfacial energy and homogenize the 
polar starch with the synthetic polymer. Compatibilizers can 
act by reactive process, for example grafting techniques or 
hydrogen bonding based on the polarity of the material. Among 
these, maleic anhydride, succinic anhydride and acid acrylate 
are the most widely used compatibilizers [6]. With the 
development of biodegradable materials, polysaccharides and 
nanocrystals/nanoparticles in particular, are attracting more 
scientific interest. These materials are among the more 
promising sources for the production of nanoparticles mainly 
due to their semi-crystalline structure. Starch is a promising 
candidate for the production of nanoparticles because it has a 
semi-crystalline structure that confers some interesting 
properties [2]. Over the last decade, Starch Nanocrystals 
(SNCs) have attracted a growing interest due to not only their 
nano-scaled size but also their renewable and biodegradable 
nature. The availability of reactive hydroxyl groups on the 
surface of the freeze-dried powders was essential for the 
chemical modification of the SNCs. Most studies have only 
focused on the use of SNCs as reinforcing agents for polar 
polymers. SNCs have been used as filler for latex of Natural 
Rubbers (NRs). It is shown that up to a content of 20wt % this 
new filler presents the advantage to reinforce NRs without 
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decreasing significantly the elongation at break of the material 
[7]. SNCs prepared by acid hydrolysis of native granules were 
used as a reinforcing agent in a thermoplastic waxy maize 
starch matrix plasticized with glycerol. SNCs have showed a 
reinforcing effect which can be attributed to strong filler/filler 
and filler/matrix interactions due to the establishment of 
hydrogen bonding. The presence of SNCs slows down the 
recrystallization of the matrix during aging in humid 
atmosphere [8]. Poly(Îµ-caprolactone) (PCL) was grafted to the 
surface of SNCs via microwave-assisted ring-opening. The 
resultant nanoparticles were then incorporated into a poly(lactic 
acid) matrix to produce fully-biodegradable nanocomposites. A 
loading level of 5wt% SNC-g-PCL resulted in simultaneous 
enhancements of strength and elongation. The SNC-g-PCL 
self-aggregated as rubbery microparticles to enhance 
elongation. Meanwhile, the grafted PCL chains were miscible 
with PLA and formed a stress-transferring interface to the 
SNCs, providing a reinforcing function [9]. Thermoplastic 
Starch (TPS) films were prepared with normal maize starch 
matrix using glycerol, D-isosorbide and 1,3-propanediol as 
plasticizers. TPS nanocomposite films were prepared using 
normal maize starch matrix plasticized with glycerol filled by 
Waxy Starch Nanocrystals (WSNCs) and Cellulose 
Nanocrystals (CNCs). The results suggested that effective 
interfacial hydrogen bonding interactions were achieved by 
extrusion/compression processing, obtaining tensile strength, 
strain at break and Young’s modulus increments higher than 
100% for nanocomposites reinforced by only 1wt% of 
polysaccharide nanocrystals, either with only WSNC or with 
combinations of WSNCs/CNCs in different ratios [10].  

There are only a few studies available on the use of SNCs 
as reinforcing agents for nonpolar polymers, especially for 
polyolefins. Three types of starch were converted into 
nanoparticles for the purpose of modifying the matrix of Low-
Density Polyethylene (LDPE) in order to enhance its 
biodegradability. Authors in [11] outline the process of the 
synthesis and characterization of starch nanoparticles from 
three different starch sources. The utilized kinds of starch were: 
Zea mays (corn), Ipomoea batatas (potato), and Manihot 
esculenta (cassava). In [12], starch nanoparticles (SNPs) were 
synthesized and used as fillers to prepare high density 
Polyethylene (PE) composites by in situ polymerization. The 
effect of these particles on thermal degradation, isothermal and 
nonisothermal crystallization, and photodegradation of PE has 
been studied. SNPs decreased the thermal degradation 
temperature of PE and increased the relative crystallinity and 
crystallization rate under isothermal conditions. The composite 
PE/SNP showed the nucleating effect of SNPs. This nucleating 
agent effect was confirmed by nonisothermal crystallizations as 
composites presented higher crystallization temperatures than 
neat PE. The photodegradation tests showed that NPs promoted 
the polymer degradation by forming cavities at the NP/PE 
interface. 

Based in [12], where PE/SNPs in situ polymerization was 
investigated, we aim to determine the influence of various 
amounts of SNC incorporation in LDPE/TPS blends in the 
presence of a low amount of DCP. LDPE/TPS blend has 
mediocre mechanical properties, the DCP is added to create 
some crosslinking in the LDPE matrix and therefore to 

overcome the weakness of LDPE/TPS composites. The 
structural, morphological, and tensile properties of different 
samples were examined using FTIR analysis, X-Ray 
Diffraction (XRD), tensile properties, and AFM imaging. Until 
now, no scientifics work has been focused on the study of the 
LDPE/TPS/SNC/DCP system. 

II. MATERIALS AND METHODS 

A. Materials 

The materials studied were LDPE supplied by SABIC 
society (Saudia Arabia), with a Melt Flow Index (MFI) of 
0.8g/10min at 190°C and a density of 0.92g/cm3. Corn starch 
(supplied by Roquette firm, with a density of 1.46g/cm3 and 
13µm average size) initially composed of 23% amylose and 
77% amylopectine, was used as degradable component. 
Glycerol (with a density of 1.25g/cm3) was used as plastizer for 
starch. The peroxide used is DCP provided by ACROS, 
Belgium. It is a white powder, and its decomposition 
temperature is 140°C. 

B. Preparation of Thermoplastic Starch (TPS)   

Plastized Starch (PLS) was prepared according to the 
following experimental protocol [13]: PLS formulation used 
was composed of 23wt % of glycerol, 23wt% of distilled water 
and 54wt% of starch. First, the starch was introduced into a 
turbo mixer, and then water was gradually added during 
stirring. In the second step, glycerol was gradually added 
during stirring. After the complete addition of glycerol, the 
mixture was mixed at high speed to obtain a homogeneous 
dispersion. The resulting mixture was placed in an oven at 
170°C for 40 minutes in order to evaporate water and to 
facilitate plasticizer diffusion into starch grains. TPS was 
prepared by melting processing in an internal mixer at 140°C. 

C. Preparation of Starch Nanocrystals 

SNCs were prepared by acid hydrolysis. Native starch 
(147g) was dispersed in a 1l sulfuric acid (H2SO4) solution 
(3.16M) at 300rpm and 40°C. After three days of hydrolysis, 
the process was finished. The insoluble residue was washed by 
successive centrifugations with distilled water for 10 min at 
10000rpm until neutral pH was obtained. The precipitate 
containing starch crystals was dried and crushed [14]. 

D. Sample Preparation 

LDPE, TPS, SNCs and DCP were mixed together as dry 
mixtures. They were melt blended in one step in an internal 
mixer (PLASTI-CORDER) at 140°C with rotor speed of 50rpm 
for 10min. TPS and DCP contents were fixed at 30% and 0.2% 
(wt%) respectively for all formulations. SNC amount varied 
from 1, to 3 and 5wt%. The LDPE/TPS/SNC nanocomposites 
were prepared with different concentrations of SNCs with and 
without DCP. The various studied formulations are 
summarized in Table I. 

E. Films Preparation 

Concerning the different characterizations, after preheating 
and degassing, the samples are compressed at 140°C for 5min 
using a POLYLAB hydraulic press. The obtained films were 
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cooled to ambient temperature. The thickness of the films was 
~0.2mm. 

TABLE I.  SAMPLE CODES AND COMPOSITIONS  

Sample code LDPE 

(wt%) 

TPS 

(wt%) 

SNC 

(wt%) 

DCP 

(wt%) 

LDPE 100 0 0 0 
LDPE/TPS 70 30 0 0 

LDPE /TPS/SNC% 69 30 1 0 
LDPE/TPS/SNC3% 67 30 3 0 
LDPE/TPS/SNC5% 65 30 5 0 

LDPE/TPS/SNC1%/DCP 68.8 30 1 0.2 
LDPE/TPS/SNC3%/DCP 66.8 30 3 0.2 
LDPE/TPS/SNC5%/DCP 64.8 30 5 0.2 

 

F. Characterization 

1) FTIR Analysis 

The absorbance spectrums (FTIR) of prepared films were 
recorded in a Perkin-Elmer Fourier transform infrared 
spectrometer working in transmission and reflection. The 
spectra were obtained with a resolution of 4cm-1 for field study 
from 4000 to 450cm-1. 

2) Water Absorption 

Water uptake was carried out on specimens using square 
films (1cm×1cm) with around 0.2mm thickness. After being 
weighed, the samples were immersed in distilled water. At 
different times, they were removed from water, their surface 
was dried on paper, and the amount of the absorbed water by 
the samples was determined by weighting them periodically, 
until equilibrium of a constant weight was obtained. The water 
uptake (W%) was given by:  

��%� � ���	�
��
� � 100    (1) 

where, Wt is the weight of the sample at time (t) after 
immersion, and W0 its initial weight before immersion.  

3) XRD Analysis 

All the film samples were analyzed by XRD using a Philips 
diffractometer. The following conditions were employed: Cu K 
radiation, angular range (2θ) 2°–43°, and scan rate 0.05°/s. 
Crystallinity was calculated by dividing the area of crystalline 
phase with the total area of the XRD diffractograms of the 
sample. 

4) Mechanical Properties 

The samples were prepared for tensile tests according to 
ASTM 638-72. Tensile strength, Young’s modulus, and 
elongation at break were measured. The tests were performed 
at a cross-head speed of 20mm/min using an MTS model 
LPS.504 machine.  

5) Atomic Force Microscopy Imaging 

Atomic Force Microscopy (AFM) was also used to explore 
the surface state of the resulting samples by imaging their 
morphologies. This characterization was carried out using a 
pacific Nanotechnology type atomic force microscope in non-
contact mode. 

III. RESULTS AND DISCUSSION 

A. FTIR Analysis 

Figures 1 and 2 show the FTIR spectra of pure LDPE, 
LDPE/TPS blend and LDPE/TPS/SNC nanocomposites at 
different SNC contents with and without DCP. LDPE spectra 
show characteristic bands at 2980 cm−1 and 2830 cm−1 which 
correspond to asymmetric and symmetric C-H stretching 
vibrations respectively (Figure 1). The sharp peak at 1462cm-1 
and the peak at 720cm-1 also indicate the C-H bending and C-C 
rocking deformation vibrations [15]. LDPE/TPS spectra show 
characteristic bands of saccharides localized between 950 and 
1200cm-1. They are characterized by stretching vibrations of C-
C and C-O bands present in amylose and amylopectin [16]. A 
wide band can be seen between 3100 and 3600cm-1 
corresponding to the vibration of O-H group [16]. A peak 
localized around 1650cm-1 is attributed to stretching vibrations 
of the O-H bond of absorbed water. In the FTIR spectra of 
LDPE/TPS/SNC nanocomposites at different contents of SNC 
without DCP, all characteristic peaks of LDPE and starch were 
observed (Figure1). The intensities of characteristic peaks of 
the LDPE were decreased by increasing SNC content in the 
nanocomposites without DCP. In Figure 2(a), a decrease in the 
intensities of LDPE peaks was observed. The characteristic 
peaks of DCP (1700-1740cm-1) did not appear on the 
nanocomposite spectra, maybe due to the low concentration of 
DCP (0.2wt%). No displacement of the peaks was observed for 
all nanocomposites. 

 

 
Fig. 1.  FTIR spectra of LDPE, LDPE/TPS blend and LDPE/TPS/SNC 
nanocomposites without DCP. 

 
Fig. 2.  FTIR spectra of LDPE, LDPE/starch blend and LDPE/TPS/SNC 
nanocomposites with DCP. 
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B. Water Abortion 

Figure 3 shows the evolution of swelling ratio (W%) for the 
LDPE/TPS blend and LDPE/TPS/SNC nanocomposites at 1, 3 
and 5wt% of SNCs with and without DCP. 

 

 
Fig. 3.  Water uptake ratio of the LDPE/TPS blend, LDPE/TPS/SNC 
nanocomposites with and without DCP. 

The kinetics of water uptake for all samples increased 
linearly with time in the initial step until the equilibrium was 
reached at about 20min after the immersion in distilled water. 
LDPE/TPS blend showed the lower water uptake compared to 
the other samples. This behavior is due to the hydrophilic 
nature of TPS, which is responsible for the water absorption in 
the blend. Water molecules interacted with the hydroxyl groups 
of starch and saturated the surface through voids at a short 
swelling time [17]. The water uptake of the LDPE/TPS/SNC 
nanocomposites increased at equilibrium state compared to the 
LDPE/TPS blend with increasing SNC content. This was 
probably caused by the increasing starch content, since the 
SNCs are starch-based. The percentage of water uptake for the 
LDPE/TPS/SNC/DCP nanocomposites increased more than 
those without DCP. This can be explained by the increasing of 
the voids caused by DCP after chains scission and crosslinking. 

C. XRD Analysis  

Figure 4 shows the diffractograms of native starch SNCs. 
Native starch showed crystalline pattern A with three strong 
peaks (2θ) at 15.4°, 17.1°, and 23.3°. After acid hydrolysis 
treatment, there were significant changes in the diffraction 
pattern of SNCs [1]. The results showed that SNC peaks have 
higher intensity than those of native starch with a new peak 
appearing at 26.8°. The higher intensity of diffraction peak 
indicates that SNC crystallinity has been increased by acid 
hydrolysis [18]. The crystallinity values (determined from the 
XRD patterns) were estimated as 56% and 62% for native 
starch and SNCs respectively [19]. Figure 5 shows the X-ray 
diffractograms of neat LDPE, LDPE/TPS blend and the 
LDPE/TPS/SNC nanocomposites at 1, 3 and 5wt% of SNCs 
without DCP. The X-ray diffractogram of the LDPE reveals a 
crystal lattice showing the diffraction characteristic peaks at the 
2θ equal to 21.56° and 23.87°. The superposition of the LDPE 
spectrum with those of LDPE/TPS blend and the 
nanocomposites containing 1, 3, and 5wt% of SNC, showed a 

diminution in the intensity of characteristics peaks of LDPE 
with increased amounts of SNCs. Table II shows a decrease in 
the degree of crystallinity for LDPE/TPS /SNC by increasing 
SNC content indicating that SNC particles do not act as 
nucleating agents. In contrast to our result, an increase in 
crystallinity of LDPE was observed for LDPE/SNC composite 
after SNC addition using in situ polymerization[12]. 

 

 
Fig. 4.  X-ray diffractograms of native starch and its SNCs.  

 
Fig. 5.  X-ray diffractograms of LDPE/TPS blend and LDPE/TPS/SNC 
nanocomposites at various SNC contents without DCP. 

 
Fig. 6.  X-ray diffractograms of LDPE/TPS blend and LDPE/TPS/SNC 
nanocomposites at various SNC content with DCP. 
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Figure 6 shows the X-ray diffractograms of 
LDPE/TPS/SNC/DCP nanocomposites at different SNC levels 
in presence of DCP. A decrease in the intensity of 
characteristics peaks of LDPE is observed after the DCP 
addition. A diminution in the degree of crystallinity is also 
observed after the DCP addition (Table II). This is probably 
due to some crosslinking of LDPE by DCP, which can be 
considered as deficiencies center and hindered folding of 
macromolecular chains [17, 18]. This behavior led to a 
decrease in crystallinity. This behavior is also observed in [20-
22]. 

TABLE II.  CRYSTALLINITY 

Sample code Crystallinity 

LDPE 54 
LDPE/TPS 50 

LDPE/TPS/SNC1% 50 
PEBD/TPS/SNC3% 40 
PEBD/TPS/SNC5% 48 

PEBD/TPS/SNC1%/DCP 45 
PEBD/TPS/SNC3%/DCP 43 
PEBD/TPS/SNC5%/DCP 34 

 

D. Tensile Properties 

Figures 7 and 8 show the evolution of elongation at break 
and of the tensile strength of the LDPE/TPS blend and 
LDPE/TPS/SNC nanocomposites as a function of SNC amount 
with and without DCP. LDPE/TPS blend exhibited a decrease 
in tensile properties compared to neat LDPE. This can be 
explained by the incompatibility between LDPE and TPS 
caused by the difference in their hydrophobic and hydrophilic 
character respectively. A significant decrease in tensile strength 
and elongation at break was observed for LDPE/TPS/SNC 
nanocomposites at 1, 3, and 5wt% SNC with and without DCP 
compared to pure LDPE (Figures 7-8). This result (summarized 
in Table II) suggests that SNC did not act as nanocomposite 
reinforcing agent. According to [12], SNC can create cavities 
in the LDPE due to the difference in the results in the 
deterioration of mechanical properties. This result confirmed 
the crystallinity decrease (measured by DRX). The addition of 
DCP for the LDPE/TPS/SNC/DCP nanocomposites at different 
amounts of SNC (Figures 7-8) added more cavities which are 
attributed to some crosslinking provoked by DCP. These 
cavities lead to the diminution of crystallinity and therefore to 
the decrease of tensile properties [23]. Figure 9 shows the 
effect of SNC content on the elastic modulus of 
LDPE/TPS/SNC nanocomposites at different SNC amounts, 
with and without DCP. It could be noted that the elastic 
modulus decreases at 1wt% of SNC and increases at 3wt%, but 
remained lower than LDPE modulus, whereas at 5wt% of SNC 
it is slightly superior to that of pure LDPE. The values of 
elastic modulus for all nanocomposites with DCP are slightly 
superior to those without DCP. This increase in the elastic 
modulus for the LDPE/TPS/SNC5%/DCP nanocomposite can 
be related to the SNC agglomeration [24] (because of the high 
amount of SNC (5wt%) ). Filler-filler interactions become 
more significant than the filler–matrix interactions [25] or the 
reduction in polymer chains mobility in the presence of the 
filler [26]. 

 
Fig. 7.  Elongation at break evolution of LDPE and LDPE/TPS/SNC 
nanocomposites at different SNC contents with and without DCP. 

 
Fig. 8.  Tensile strength evolutions of LDPE and and LDPE/TPS/SNC 
nanocomposites at different SNC content with and without DCP. 

 
Fig. 9.  Elastic modulus evolution of LDPE and LDPE/TPS/SNC 
nanocomposites at different SNC content with and without DCP. 

E. AFM Imaging 

The morphological aspect was evaluated by AFM. Figure 
10 shows the surface images of neat LDPE, LDPE/TPS/SNC5 
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nanocomposite of 5wt% SNC without DCP and 
LDPE/TPS/SNC5/DCP nanocomposites of 5wt% SNC with 
DCP. The film surface of LDPE is rigorous and dense which 
appeared well on the surface (Figure 10(a)). As the TPS and 
SNCs were added to LDPE for the nanocomposite 
LDPE/TPS/SNC5% (Figure 10(b)) the density of roughness 
decreased. Since the SNCs present a platelet -like- shape, a 
packet of sticks is observed on the film surface. The presence 
of DCP in the nanocomposite LDPE/TPS/SNC5/DCP (Figure 
10(c)) makes the surface smooth. The decrease in the film 
surface roughness in the presence of SNC and DCP may be 
caused by the decrease of density and crystallinity (measured 
by XRD) and was confirmed by the decrease in the tensile 
properties. 

 

 
Fig. 10.  AFM images of the surface of (a) neat LDPE, (b) 
LDPE/TPS/SNC5 nanocomposite with 5% of SNC, and (c) 
LDPE/TPS/SNC5/DCP nanocomposite with 5% of SNC in the presence f 
DCP. 

IV. CONCLUSION 

In this work, LDPE/TPS/SNC nanocomposites reinforced 
with various amounts of SNC with and without DCP were 
prepared with an internal mixer. Structural tests showed that 
the crystallinity of LDPE/TPS/SNC nanocomposites decreased 
with increasing SNC content and decreased even more after 
DCP addition. Water uptake test showed an increase in water 
absorption by increasing SNC amount, whereas the DCP 
addition provoked more increasing of this property. FTIR 
analysis showed a decrease in the intensity peaks of 
LDPE/TPS/SNC with increasing SNC content with and 
without DCP. The AFM showed that the SNC and DCP 
decreased the roughness of the nanocomposite surface. Tensile 
results showed that the elongation at break of the 
nanocomposites decreases sharply with increasing SNC 
content. The same behavior was noted in tensile strength and 
elastic modulus, whereas Young's modulus of the 
LDPE/TPS/SNC5%/DCP was slightly higher than that of the 
pure LDPE. AFM imaging showed a decrease in roughness and 
surface density after the addition of SNC and DCP. 
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