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a  b  s  t  r  a  c  t

In this  study,  a new  compatibilizer  was  synthesized  to improve  the  compatibility  of  the  poly(lactic
acid)/thermoplastic  starch  blends.  The  compatibilizer  was  based  on  maleic  anhydride  grafted  poly-
ethylene  glycol  grafted  starch  (mPEG-g-St),  and  was  characterized  using  Fourier  transform  infrared
spectroscopy  (FTIR),  dynamic  mechanical  thermal  analysis  (DMTA)  and  back  titration  techniques.  The
results  indicated  successful  accomplishment  of  the  designed  reactions  and  formation  of  a  starch  cored
structure  with  many  connections  to  m-PEG  chains.  To  assess  the  performance  of  synthesized  compati-
bilizer,  several  PLA/TPS  blends  were  prepared  using  an  internal  mixer.  Consequently,  their  morphology,
LA/thermoplastic starch blend
orphology
echanical properties

iodegradability

dynamic-mechanical  behavior,  crystallization  and  mechanical  properties  were  studied.  The  compatibi-
lizer  enhanced  interfacial  adhesion,  possibly  due  to  interaction  between  free end  carboxylic  acid  groups
of compatibilizer  and  active  groups  of TPS and  PLA  phases.  In  addition,  biodegradability  of  the  samples
was  evaluated  by  various  methods  consisting  of  weight  loss,  FTIR-ATR  analysis  and  morphology.  The
results  revealed  no considerable  effect  of  compatibilizer  on biodegradability  of  samples.

©  2016  Elsevier  Ltd.  All  rights  reserved.
. Introduction

In recent decades, biodegradable and renewable polymers have
ntensively attracted attention due to their huge influence on
educing the environmental pollution (Leja & Lewandowicz, 2010;
iracusa, Rocculi, Romani, & Rosa, 2008; Vroman & Tighzert, 2009).
oly lactic acid (PLA) is one of the most important representa-
ives of this category which is produced from natural resources
uch as corn, starch, sugar, etc. (Auras, Harte, & Selke, 2004; Auras,
im, Selke, & Tsuji, 2011; Garlotta, 2002). PLA is linear thermoplas-
ic polyester with stiffness, tensile strength and gas permeability
omparable to those of synthetic polymers. However, low degra-
ation rate, relatively high cost and high inherent brittleness are
onsidered as limitations for its applications (Jamshidian, Tehrany,
mran, Jacquot, & Desobry, 2010). Blending with other natural poly-
ers (with higher degradation rate) is recommended to overcome
he low degradation rate of PLA. Due to low cost, abundance and
vailability from different botanical resources (Tester & Karkalas,

∗ Corresponding author.
E-mail address: I.Ghasemi@ippi.ac.ir (I. Ghasemi).

ttp://dx.doi.org/10.1016/j.carbpol.2016.02.035
144-8617/© 2016 Elsevier Ltd. All rights reserved.
2001), starch can be a good candidate to increase the biodegrad-
ability of PLA (Lu, Xiao, & Xu, 2009; Schwach & Avérous, 2004).
On the other hand, poor processability because of higher melt-
ing point compared to its decomposition temperature is the most
important limiting factor for starch. In this regard, gelatinization
with plasticizers such as glycerol (Lourdin, Bizot, & Colonna, 1997;
Poutanen & Forssell, 1996; Stepto, 2003; Tang, Alavi, & Herald,
2008), water (Hulleman, Janssen, & Feil, 1998; Teixeira, Da Roz,
Carvalho, & Curvelo, 2007), urea (Ma,  Yu, & Wan,2006; Shogren,
Swanson, & Thompson, 1992), citric acid (Shi et al., 2007), sorbitol
and other sugars (Poutanen & Forssell, 1996) has been reported
to enhance starch processability (Da Róz, Carvalho, Gandini, &
Curvelo, 2006) and the obtained compound is known as thermo-
plastic starch (TPS). During gelatinization, plasticizers destroy the
hydrogen bonds between starch macromolecules, along with a par-
tial depolymerization of starch backbone.

The main challenge for obtaining a blend based on PLA/TPS
with suitable properties is the enhancement of interfacial adhesion
between hydrophilic starch granules and hydrophobic PLA phases

(Ke & Sun, 2003; Kim, Chin, Yoon, & Jung, 1998). Many efforts
have been done to improve the compatibility in PLA/TPS blends
using a variety of compatibilizers. Using PLA-g-MA as a compat-
ibilizer for this binary blend has been reported by researches. It

dx.doi.org/10.1016/j.carbpol.2016.02.035
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2016.02.035&domain=pdf
mailto:I.Ghasemi@ippi.ac.ir
dx.doi.org/10.1016/j.carbpol.2016.02.035
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Table 1
Formulation of samples.

Sample code PLA (wt.%) TPS (wt.%) Compatibilizer
mPEG-g-St (phr)

PEG (phr)

Pure PLA 70 30 0 0
30T0C0P 70 30 0 0
30T5C0P 70 30 5 0
M. Akrami et al. / Carbohydr

s believed that the reaction between anhydride groups of PLA-g-
A and hydroxyl groups of starch can improve the interactions

etween two phases (Chapleau, Huneault, & Li, 2007; Huneault &
i, 2007; Li & Huneault, 2011; Orozco, Brostow, Chonkaew, & Lopez,
009; Tachaphiboonsap & Jarukumjorn, 2013).

According to literature, the next alternative compatibilizer for
his system is isocyanates derivatives groups. Formation of uret-
ane groups between isocyanate and OH groups presented on
oth starch and PLA improves interfacial adhesion. The effects of a
henyl diisocyanate (PDI) compatibilizer on the properties of cit-
ic acid modified PLA/TPS blends has been studied and it was  found
hat PDI increases homogeneity, improves particle size distribution,
nd enhances interfacial interaction in citric acid modified PLA/TPS
lends (Karagoz & Ozkoc, 2013; Ke & Sun, 2003).

In this regard, Shi et al. (2011) reported significant improvement
f mechanical properties including a decrease in the glass transition
emperature in PLA and size reduction of the TPS phase as a result
f 10–15 wt.% GPOE (glycidyl methacrylate grafted polyethylene
ctane).

Similarly, Polyethylene glycol (PEG) enhances interfacial inter-
ction between TPS and PLA, and increases PLA crystallization
ecause of plasticizing effect on PLA (Ferrarezi, de Oliveira Taipina,
a Silva, & do Carmo Gonç alves, 2013; Ping, Kejian, Mingyin, &
eijuan, 2013). Other compatibilizers such as maleic anhydride

MA) (Wang, Yu, & Ma,  2007; Zhang & Sun, 2004), PLA-g-MTPS
Wootthikanokkhan et al., 2012), PLA-g-amylose (Schwach, Six, &
vérous, 2008) have also been reported in literatures.

This work is motivated by current studies for the develop-
ent of biodegradable polymers. In this study, a new type of

ompatibilizer was synthesized to enhance the interfacial adhe-
ion of PLA/TPS blends. The structure of synthesized compatibilizer
as based on grafting maleated PEG on the surface of starch. To

ssess the efficiency of the compatibilizer, different blends based
n PLA/TPS (containing obtained compatibilizer) were prepared
ia melt mixing method. Influence of the compatibilizer on mor-
hology, mechanical, thermal and biodegradability properties of
ompounds were studied and discussed in detail.

. Experimental

.1. Materials

PLA (3251D, density 1.24 g/cm3, MFI  = 30 g/10 min  at 190 ◦C) was
upplied by NatureWorks (U.S.A) as a semi-crystalline grade. The
orn starch was obtained from Mahshad Company (Yazd, Iran) and
GA measurements showed that the water content of starch was
round 12%. Glycerol (99% purity), MA  (density 1.48 g/cm3, 99%),
nd PEG2000 were supplied by Merck Co.

.2. Synthesis of compatibilizer

Synthesis of the compatibilizer was accomplished in two  steps.
t first, the grafting reaction between MA  and PEG (MA/PEG
:40 w/w ratio) was done by melt mixing in a flask at 130 ◦C
ith 2 h agitation. Starch particles (56 wt.%) were added to the
ixture of PEG and MA  at the second step, and reaction was

ontinued for another 2 h at 150 ◦C. A proper quantity of toluene
as added to reduce the viscosity. The moisture content of starch

nd the produced water during reaction was removed by isotropic
istillation with toluene. The pasty product was cooled to room
emperature, and samples were immersed in dimethylsulfoxide

DMSO) for 24 h at room temperature followed by centrifugation
t 7500 rpm for 15 min  to remove the unreacted materials. The
nsoluble materials were dried in a vacuum oven for 24 h at 90 ◦C.
o obtain samples of high purity, the above process was  repeated
30T10C0P 70 30 10 0
30T15C0P 70 30 15 0
30T0C10P2000 70 30 0 10

using ethanol as solvent. The obtained compatibilizer was labeled
as mPEG-g-St in this study.

2.3. Blends preparation

At first, TPS was obtained by adding 25 wt.% glycerol to corn
starch using an internal mixer (Brabender 55WTH, Germany) at
40 rpm and 140 ◦C for 6 min.

The obtained TPS was  used in preparation of blend samples in
the next step.

The blend samples were also prepared using Brabender mixer
(60 rpm, 180 ◦C, for 8 min). In binary and tertiary blends, the TPS
content was  fixed at 30 wt.% and the mPEG-g-St content was
0–15 wt.% of total weight. A binary blend without compatibilizer
(PLA/TPS) was  also prepared for comparison. The composition and
codes of samples are depicted in Table 1. As can be seen in Table 1,
pure PLA was considered as standard sample. Finally, the samples
were hot-pressed in a compression molding machine (Toyoseki,
Japan) at 190 ◦C and 25 bar for subsequent measurements. In the
given codes, C and P denote the concentrations of compatibilizer
and PEG respectively and the number after P (2000) corresponds to
PEG molecular weight.

2.4. Measurements

2.4.1. Characterization
Chemical structures of m-PEG and mPEG-g-St were examined

using a Fourier transform infrared spectroscopy (Bruker, EQUINOX
55) over the wavenumbers ranging from 400 to 4000 cm−1. The
sample for the FTIR experiment was  prepared by a KBr disk method.

The presence of COOH groups in the m-PEG was  evaluated
using back titration technique according to Wootthikanokkhan
et al. (2012).

At first, 0.5 g of the m-PEG was dissolved in 50 mL of ethanol,
and mixed with 50 mL  of an aqueous NaOH solution (0.1 mol/L). The
mixture was stirred until the homogeneous solution was  obtained.
Then, phenolphthalein was  dropped into the solution and the solu-
tion was titrated with 0.1 mol/L of HCl until reaching the end point
(the solution turning from pink to colorless). Finally, acid number
of the polymer sample was  calculated using Eq. (1):

Acid number (mg  NaOH/g)

= VNaoH(mL) × CNaOH × 40/Polymer blend (g) (1)

where VNaOH = volume of sodium hydroxide solution (mL) and
CNaOH = concentration of sodium hydroxide solution (mol/L)

2.4.2. Dynamic mechanical thermal analysis (DMTA)
Glass transition temperatures of the samples were determined

using dynamic mechanical thermal analysis by Tritec 2000 DMA
instrument, Triton Technology, UK. The sample dimensions were
10 × 30 mm2 in rectangular with a thickness of 1 mm.  The DMTA

experiment was  operated under a tension mode, at 1 Hz oscillat-
ing frequency, 1.0% static strain, 0.05% dynamic strain, and 10 mm
amplitude. The used heating rate was 5 ◦C/min and the samples
were scanned over temperatures ranging between −100 to 130 ◦C.
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3.2.1. Morphology
For the evaluation of polymeric blend systems, it is better to

start by explaining the morphology because of its vital role in other

Table 2
Acid numbers of PEG and m-PEG.
56 M. Akrami et al. / Carbohydr

Tensile tests (Santam STM-20, Universal Test Machine) were
erformed at room temperature according to ASTM D638. At least
ve specimens were tested for each run and average values are
eported.

.4.3. Morphology
The morphology of the samples was examined by a scanning

lectron microscope (Tescan VEGA-II, XMU, Czech Republic). The
EM specimens were prepared from cryogenically fractured sur-
ace under liquid nitrogen. Extraction of the TPS phase in the binary
lend was performed using 6NHCl at room temperature. The etched
pecimens were washed with distilled water before drying at 60 ◦C
or 24 h. All samples were sputter coated with gold prior to obser-
ation. The SEM micrographs were processed with image analysis
oftware (Image J) in order to obtain particle size distribution of
PS granules.

.4.4. Biodegradation test
Biodegradability assessment of the samples was  accomplished

y buried in soil method. The soil consisted of composting microor-
anisms (PegahMilk Co., Tehran, Iran). The samples were kept
t 30 ◦C for 3 months. During the course of this testing, weight
emaining was measured at two weeks intervals and the biodegra-
ation rate was calculated as follows:

eight loss (%) = Md

M0
× 100 (2)

here Md is the remaining mass after degradation, M0 is the original
ass (dry) of the sample.

.4.5. Thermal analysis
DSC analysis of PLA blends was carried out using NETZSCH-

00F3 Maia (Germany). For each measurement, the samples were
eated to 200 ◦C, remained at this temperature for 5 min, cooled
own to room temperature, and reheated to 200 ◦C (heating and
ooling rates of 10 ◦C/min). Crystallization and melting temper-
tures and crystallization percentage were obtained from DSC
hermogram.

. Results and discussion

.1. Characterization of synthesized compatibilizers

As mentioned in the experimental section, preparation of the
ompatibilizer consisted of two steps: the production of m-PEG
nd the reaction of m-PEG with starch to produce mPEG-g-St. Fig. 1
hows the FTIR spectra of PEG, MA  and m-PEG in specific stretching
egions.

In Fig. 1, the PEG characteristic peaks are seen at 1114 cm−1

C O C), a broad peak from 3200 to 3600 cm−1 (O H stretching
ibration) and peaks at 1349 cm−1 and 2888 cm−1 (C H), while
he main characteristic peak for MA  is at 1787 cm−1. After reaction
etween MA  and PEG, a new peak appeared at 1643 cm−1 (C C
tretching vibration), indicating the opening of anhydride ring.
oreover, the presence of peaks at 1732 cm−1 (C O), 1126 cm−1

C O) and hydroxyl broad peaks at 3300–3600 cm−1 can be indica-
ive of a reaction between PEG chains and MA resulting in the
ormation of COOH groups at the end of PEG molecules. In addi-
ion, there is no peak at 1787 cm−1 corresponding to the ring
nhydride carbonyl group, which implies a full reaction and open-
ng of the MA  ring. The formation of carboxylic groups at the end

hains of PEG was also checked by back titration, and the results
re depicted in Table 2. The acid number value of m-PEG is higher
han that of pure PEG which implies a successful reaction and the
resence of COOH groups on the PEG chains.
Fig. 1. FTIR spectra of PEG, MA,  and m-PEG.

The FTIR spectrum of the synthesized compatibilizer as a prod-
uct of the reaction between m-PEG and starch is illustrated in
Fig. 2a. In this spectrum, the ester bond can be realized by peaks at
1743 cm−1 (corresponding to C O stretching vibration) and peaks
between 1000–1300 cm−1 (representing C O stretching vibration
bond). The presence of these peaks confirms the reaction between
m-PEG and starch. To confirm the aforesaid reaction, DMTA was
also performed on synthesized compatibilizer and physical mixture
of m-PEG/starch (Fig. 2b). In physical mixture of these compo-
nents, two peaks were observed at −53 and 24 ◦C which are related
to m-PEG and starch respectively. These peaks were shifted in
synthesized compatibilizer to 4 and 35 ◦C due to formed chemi-
cal bonds between m-PEG and hydroxyl groups of the starch. In
other words, because of limitation in m-PEG movements by starch
through chemical bonding the m-PEG related peak was shifted to
higher temperatures.

Considering the accomplished reactions, the structure of final
product is possibly consisted of a core of starch molecules with
many connections to m-PEG chains (Fig. 3a). Regarding to this
structure, pending chains including free carboxylic ends are capable
of interaction with active groups of TPS and PLA phases. The proba-
ble reactions which can enhance interfacial adhesion and improve
compatibility between polymeric phases are shown in Fig. 3b.

3.2. The effect of compatibilizers on the properties of the blends

To assess the efficiency of synthesized compatibilizers, the
blend samples (based on PLA/TPS) were produced; then morphol-
ogy, dynamic-mechanical behavior, crystallization and mechanical
properties were studied.
Samples HCl (ml) Acid No. (mgNaOH/g)

PEG 28.7 170.4
m-PEG 19.6 243.2



M. Akrami et al. / Carbohydrate Polymers 144 (2016) 254–262 257

Fig. 2. (a) FTIR spectra of synthesized compatibilizer. (b) DMTA of synthesized compatibilizer and physical mixture of m-PEG and starch.
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Fig. 3. Illustration of the synthesized compatibilizer: (a) end-capped reac

roperties. Fig. 4 presents the SEM micrographs of the cryogenically
ractured surface of the samples. TPS particles in 30T0C0P sam-
le were etched by HCl and black holes in the images are related
o the extraction of these particles. In sample without compatibi-
izer, TPS particles were not uniformly dispersed in the matrix, and
ome agglomerates were detected (Fig. 4a). This can be due to the
ifference of hydrophilic nature of PLA and TPS phases. In Fig. 4b–d
hich correspond to the samples containing compatibilizers, the

pherical particles were formed, and a better dispersion was

btained. This is possibly due to the improvement of interfacial
dhesion between the two phases.

Particle size distribution of the dispersed phase was determined
sing image analyzer. For samples containing compatibilizer, the
f PEG with MA;  (b) hypothetical reaction of end-capped PEG and starch.

image analysis indicated that the range of dispersed phase size was
between 10–19 �m without considerable agglomerates (Fig. 4c).

3.2.2. Dynamic-mechanical properties
Dynamic-mechanical analysis is the most common methods for

evaluation of the polymeric blend compatibility.
Temperature dependency of tan ı for the samples is demon-

strated in Fig. 5. According to literature, two  distinct tan ımax are
observed for TPS:tan ımax at −40 ◦C related to glycerol-rich phase

◦
and tan ımax at 15 C corresponding to starch-rich phase (Teixeira
et al., 2012). However, in this study the former tan ımax was not
observed. This may  be attributable to low concentration of TPS
in the compounds which is not able to respond in DMTA test
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Fig. 4. SEM micrographs and particle size distribution histogram of (a)

Wang, Yu, & Ma,  2007). In other hands, tan ımax appeared at

5 ◦C for PLA. The obtained results are summarized in Table 3. In
his table, �T  = (T1 − T2); difference between two tan ımax) was
alculated as an index of the compatibility of two  phases. It is
lear that reduction of �T  implies the increase of compatibility.
C0P, (b) 30T5C0P, (c) 30T10C0P, (d) 30T15C0P and (e) 30T0C10P2000.

The greatest reduction in �T  was  observed for the samples

including 10 phr of synthesized compatibilizer (30T10C0P) which
can be a result of esterification between compatibilizer and TPS
molecules and/or PLA chains. By comparing T1 for the blends
with neat TPS sample, the greatest reduction was  observed for
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Fig. 5. tan ı versus temperature of PLA, TPS and their blends.

Table 3
Transition temperatures of blends.

Samples T1 (◦C) T2 (◦C) �T

PLA NSa 65.5 –
TPS  −38.6 NS –
30T0C0P −42.6 63.9 106.5
30T5C0P −39.1 63.4 102.5
30T10C0P −34.4 61.2 95.6
30T15C0P −39.1 62.2 101.3
30T0C10P2000 −32.9 71.8 104.7

a Not seen.

Fig. 6. DSC thermograms in (A) cooli

Table 4
Thermal analysis data for PLA and the respective blends with TPS and compatibilizer.

Samples Tm (◦C) Tc (◦C) TCC (◦C) 

PLA 169.8 – 111.2 

30T0C0P 166.44 91.61 94.41 

30T5C0P 165.33 91.64 92.99 

30T10C0P 165.28 90.95 92.87 

30T15C0P 166.22 91.14 92.65 

30T0C10P2000 164.68 96.09 – 

Table 5
Mechanical properties of the samples.

Samples Tensile strength (MPa) 

PLA 55 ± 1.5 

30T0C0P 18 ± 1.02 

30T5C0P 19 ± 2.38 

30T10C0P 21 ± 2.96 

30T15C0P 18 ± 1.37 

30T0C10P2000 14 ± 2.12 
Fig. 7. Weight loss of samples.

binary blend (30T0C0P). This reduction represents a further phase
separation of glycerol from starch. Glycerol tends to migrate
to the interface due to decrease of surface energy, leading to
more reduction of tan ımax (or glass transition temperature)

for glycerol enriched phase. Migration of glycerol to the inter-
face can also induce softening of the PLA chains with glycerol
molecules, and decreases T2 of the blends. This phenomenon was
detected by DSC results which will be discussed later. Another

ng step and (B) reheating step.

�Hm (j/g) �Hc (j/g) �Hcc (j/g) �c (%)

45.17 – 42.26 48.56
35.61 1.24 23.91 54.70
35.52 3.21 17.76 54.56
34.31 2.22 18.74 52.70
31.91 3.30 16.41 49.01
30.81 25.95 – 47.32

Elastic modulus (MPa) Elongation at break (%)

2500 ± 50.47
1701 ± 86.56 1.34 ± 0.062
1815 ± 106.02 1.42 ± 0.1
1631 ± 73.57 1.49 ± 0.21
1563 ± 44.91 1.42 ± 0.14
1595 ± 76.55 1.15 ± 0.13
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nteresting point from DMTA analysis was the considerable
ncrement in T1 and T2, because of polar nature of PEG molecules.
t seems that, the main reason for this trend is the highly probable
nteraction between free PEG in compound with TPS molecules
30T0C10P2000). In other words, PEG molecules contribute to
orm of TPS-TPS branching or cross-linking rather than plasticizing
ffect on PLA.

.2.3. Crystallization
Fig. 6A and B shows the cooling and reheating steps of the

SC thermograms, and Table 4 summarizes the extracted data.
eat PLA did not show any crystallization peak in the cooling step

ossibly due to low crystallization rate (Fig. 6A). However, crystal-

ization peaks appeared when TPS and compatibilizer were added
o PLA. This behavior could be attributed to: the plasticizing effect
f glycerol, which can migrate to the matrix blend and increase

ig. 8. Neat PLA, PLA/TPS and blends films: (A) FTIR-ATR spectra of samples before and
ctivated sludge and (C) apparent variation of samples.
lymers 144 (2016) 254–262

PLA chain mobility and/or nucleating effect of dispersed TPS phase
(Shi et al., 2011). The highest crystallization temperature (96 ◦C)
was related to samples containing 10 phr free PEG. This indicates
that the dominant mechanism of facilitated crystallization is plas-
ticizing of free PEG rather than nucleating effect of TPS. There are
also peaks in the range of 92–111 ◦C that are attributed to the cold
crystallization in PLA (Fig. 6B). Cold crystallization usually occurs
for PLA due to the low kinetic rate of crystallization, and the
growth of crystals continues by thermal induced chain movement
in this range of temperature. Cold crystallization temperature (TCC)
decreased with the increment of compatibilizer proportion; as such
no TCC was observed for the sample (30T0C10P2000). The presence
of the compatibilizer could encourage the movement of polymeric
chains into crystal cells in cooling step, and led to a decrease in TCC

in reheating step. Samples containing free PEG did not show any
cold crystallization temperature which means the crystal structure
had already been completed in the cooling step.

 after degradation, (B) SEM micrographs of the samples after 3 month placed into
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The percentage of crystallization was calculated from the data
btained in the reheating step. The lowest Xc is related to samples
ontaining 10 phr free PEG. This indicates a decrease in the present
f crystallization compared to neat PLA in spite of an increase in
rystallization rate. Melting behavior was also subjected to alter-
tion upon blending of the neat PLA with compatibilizers. Neat PLA
howed two melting peaks at 164 ◦C and 157 ◦C corresponding to �
nd � crystal types, respectively (Auras, Lim, Selke, & Tsuji, 2011).
hereas, � peak disappeared upon blending of PLA with TPS and

ompatibilizer (Fig. 6). � peak is usually formed in special condition
f chain movement and stress field which it was eliminated by the
resence of TPS (Auras et al., 2011). It seems, � crystal are more
table at the presence of these materials, � crystals vanished due
o limited chains movements.

.2.4. Mechanical properties
Tensile properties of the samples are depicted in Table 5. Since

he tensile strength of TPS is much lower than that of pure PLA,
he tensile strengths of all blends were lower than that of pure
LA, and followed the “rule of mixtures”. However, in the 30T0C0P
ample, tensile strength significantly decreased, and showed a
egative deviation from the rule of mixtures due to the incompati-
ility between the matrix and dispersed phase. In addition, tensile
trength improved in the presence of compatibilizer, and led to a
ositive deviation from the rule of mixtures. This is mainly because
f enhanced interfacial adhesion as well as delayed formation of
raze and micro-cracks. This trend was observed up to 10 phr of
ompatibilizer, and samples with higher content of compatibilizer
15 phr, 30T15C0P sample) showed lower tensile strength because
f phase separation.

Consideration the fact that the modulus of TPS is lower than
hat of neat PLA, because of large amount of plasticizer and loss of
rystalline parts, it is expected that addition of TPS to PLA reduces
he elastic modulus of the systems (Wang, Yu, Chang, & Ma,  2007).

oreover, the reduction of elastic modulus in the presence of
ompatibilizer is a proof of gelatinization and absence of starch
ranules. Otherwise, these granules can increase the tensile mod-
lus as solid fillers.

Elongations at break values for all compounds were small, and
he samples cracked up to 1.49% for the best case. This is because of
he brittleness nature of PLA and starch. Reduction of elongation at
reak by addition of more than 10 wt.% of TPS is previously reported
Shin, Jang, & Kim, 2011). The trend of elongation at break was to
ome extent similar to that of tensile strength upon addition of
ompatibilizer. Here, the reason of decline due to compatibilizer
s the phase separation that acts as defect sites, and reduces the
longation at break.

.2.5. Biodegradability
Biodegradability was evaluated by various methods including

eight loss, FTIR-ATR analysis and morphology. Fig. 7 shows the
eight loss of samples in compost testing. Neat PLA shows minimal
eight loss rate with less than 0.35% after 90 days. This is explained

y highly hydrophobic structure and steric shielding effect of the
ethyl side groups of the PLA (Vroman & Tighzert, 2009). On the

ther hand, pure TPS was  quickly decomposed in less than a month
data are not shown due to rapid degradation). Addition of TPS to
he samples increased hydrophilic nature of the compounds and
estroyed the crystalline structure of PLA. This facilitated microor-
anism’s penetration into the blends, and increased biodegradation
p to 42.61% of the initial weight after 3 months.

It seems the biodegradation kinetics is composed of two  stages:

he first stage is rapid because of high concentration of starch
nd diffusion of glycerol (as a small molecule) to the surface and
onsumption by microorganisms. On the other hand, decompo-
ition rate is slow in the second stage where the remained TPS
lymers 144 (2016) 254–262 261

particles surrounded by poly(lactic acid), hampers permeability
to microorganisms or enzyme (Tena-Salcido, Rodríguez-González,
Méndez-Hernández, & Contreras-Esquivel, 2008). We  observed
no significant alteration of weight loss at the presence of com-
patibilizer. This is because of constant concentration of the TPS
in all samples which plays the main role in the initiation and
development of degradation. The minor differences among sam-
ples containing compatibilizer can be referred to biodegradability
nature of the compatibilizers.

Fig. 8A shows the FTIR-ATR spectra of the neat PLA and
blend samples (b) 30T0C0P; (c) 30T5C0P; (d) 30T0C10P200 before
and after degradation. In all compounds, the characteristic peaks
in the range of 3000–3600 cm−1 corresponding to hydroxyl
groups stretching of TPS disappeared after degradation. The main
characteristic peak of PLA (1750 cm−1 for Carbonyl group) did not
change significantly. It means, the main degradation occurred in
the TPS phase, and related peaks disappeared after full degradation
of this phase.

The morphologies of samples after 3 months degradation in
compost were investigated by SEM (shown in Fig. 8B). The surfaces
of samples were smooth before degradation. After degradation,
we observed several holes and cracks as a result of penetration of
microorganisms on the surface of samples which is the criterion for
sample decomposition. In other hand, the surface of samples was
eroded and became rough.

The changes in the appearance of samples after 3 months burial
in compost are presented in Fig. 8C. As expected, there was no con-
siderable change in neat PLA while in other samples the size of
the samples became smaller and some parts of them decomposed
completely.

4. Conclusion

This work is motivated by current researches in the devel-
opment of PLA applications as a biodegradable polymer. In this
study, a new compatibilizer based on maleic anhydride grafted
polyethylene glycol grafted starch (mPEG-g-St) was  synthesized
to improve the compatibility of the poly(lactic acid)/thermoplastic
starch blends. To study the efficiency of synthesized compatibilizer,
several blends samples were prepared based on PLA/thermoplastic
starch and their morphology, dynamic-mechanical behavior,
crystallization, mechanical properties and biodegradability were
studied. Following results can be drawn from this work:

• A new compatibilizer for PLA/TPS blend was  synthesized and
characterized by FTIR, DMTA and back titration methods. The FTIR
as a powerful method confirmed the creation of new peaks which
confirmed the occurrence of designed reactions. Our  imagination
of the structure of the obtained compabilizer is a starch cored
structure with many connections to m-PEG chains. Regarding to
this structure, there are pending chains including free end car-
boxylic acid groups which can interact with active groups of TPS
and PLA phases.

• Morphological studies using SEM micrographs showed that the
distribution of dispersed particle size (starch) in blend samples is
more homogeny and narrower for the samples containing com-
patibilizer.

• DMTA analysis showed a decrease in the differences between
tan ımax of the two  phases for samples containing compatibilizer.

• Crystallization behavior of the PLA was affected by compatibilizer

and influence the final properties. Cold crystallization tempera-
ture (TCC) decreased with the increase of compatibilizer ratio, and
no TCC was observed for samples (30T0C10P2000) which implies
to complete crystallization on the cooling step.
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The presence of compatibilizer cause to positive deviation from
the rule of mixture for tensile properties of the blend samples
which can be a good indication for compatibilizer efficiency.
Compatibilizer did not influence the biodegradability behavior.

eferences

uras, R., Harte, B., & Selke, S. (2004). An overview of polylactides as packaging
materials. Macromolecular Bioscience,  4(9), 835–864.

uras, R. A., Lim, L. T., Selke, S. E., & Tsuji, H. (2011). Poly(lactic acid): Synthesis,
structures, properties, processing, and applications. John Wiley & Sons.

hapleau, N., Huneault, M.  A., & Li, H. (2007). Biaxial orientation of
polylactide/thermoplastic starch blends. International Polymer Processing
(Special issue on bio based polymers),  22(5), 1–8.

a Róz, A. L., Carvalho, A. J. F., Gandini, A., & Curvelo, A. A. S. (2006). The effect of
plasticizers on the thermoplastic starch compositions obtained by melt
processing. Carbohydrate Polymers, 63,  417–424.

errarezi, M.  M. F., de Oliveira Taipina, M.,  da Silva, L. C. E., & do Carmo Gonç alves,
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