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Abstract. Polybutylene adipate-co-terephthalate (PBAT) is one of the promising materials for the
production of environmentally friendly biodegradable polymers. The mechanical properties of PBAT such as
flexibility and softness are inadequate for various final-product applications. For suitable mechanical
properties, the biodegradable polymer matrix mix with fillers. Starch, one of most abundant natural food
sources for most plants, has been considered an attractive biopolymer filler because of its low cost, low
density, nonabrasive nature, biodegradability, and so forth. This work was started to examine in depth the
effect of starch and gelatinized starch on the mechanical and physical properties of PBAT/starch blends.
Different degrees of gelatinization were used with several amounts of ethylene glycol and glycerol. The
blends were characterized with thermal analysis, including thermo gravimetric analysis(TGA) and
differential scanning calorimeter (DSC). The elongation and tensile strength at break were evaluated and
elucidated in a morphology study with scanning electron microscopy(SEM). In summary, this study could
lead to a better understanding of blend performance and pave the way to producing a new generation of
biodegradable plastics for our environment.

Keywords: Biodegradable polymer, PBAT, TPS, Blends.

1. Introduction

Synthetic polymers made from petrochemical have given a serious problem for waste disposal after use.
Development of a biodegradable polymer is one of the most useful path to solve the problem. Biodegradable
polymers from renewable sources can be developed by combining biodegradable matrices and biodegradable
fillers. Generally, Biodegradable polymers are classified into three groups : 1) nature polymers such as starch;
2) biodegradable synthetic polymers such as polylactic acid (PLA) and polybutylene adipate-co-terephthalate
(PBAT); 3) polymers from microbial fermentation such as poly hydoxybutyrate (PHB). PBAT is one of the
promising materials for the production of environmentally friendly biodegradable polymers. The mechanical
properties of PBAT are insufficient for various end-use applications. The prices of PBAT are commonly
high cost, thus blending with low cost polymers become alternative approach to finding a solution.

Starch is a widely useful material for making biodegradable polymer. Starch has been considered highly
attractive biopolymer fillers owing to its low density, biodegradability, nonabrasive nature, low price, and so
on. Unfortunately, native starch generally exists in a granular state because of the inherent hydrogen bonding
between adjacent molecules. Efforts to find a solution have led newly development of thermoplastic starch
prepared by the combination of proper amount of water and plasticizers; this is known as gelatinization.'

This work attempted to examine in depth the effect of starch and thermoplastic starch(TPS) on the
mechanical and thermal properties of PBAT/starch blends. Different grade of gelatinization were used with
diverse amount of glycerol and ethylene glycol. This blends were characterized by thermal analysis by TGA
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and DSC. The tensile strength and elongation at break were evaluated and elucidated in a morphology study
with SEM.

2. Experimental

PBAT (ECOFLEX F BX 7011) consisted of butanediol(50 mol %), adipic acid(22 mol %) and
terephthalic acid(28 mol %) was produced by BASF. PBAT was dried at 70°C for 12 hours before
processing. Corn starch consisted of amylose and amylopectin was supplied by Daesang Co, KOREA.
Dicumyl peroxide(DCP, Percumyl® D) was supplied by Nippon Oil & Fats Co, JAPAN. Glycerol and
ethylene glycol was supplied by DUKSAN Chemical Co, KOREA. Corn starch was dried at 70°C for 12
hours before processing. TPS was synthesized with EG or glycerol in Plasticorder PLE 331 from Brabender
at 100°C with blade speed of 50 rpm. formulation of TPS is shown in TABLE 1. PBAT dried at 70°C for 12
hours and TPS were mixed at 140°C with the blade speed of 50 rpm until torque was stabilized.”® PBAT and
TPS blends contained in turn 20, 40, 60, 80 phr TPS and 0.4, 0.8, 1.2, 1.6, 2.0 phr DCP each. After blending,
all samples were compressed to make films (10 mm x 70 mm x 0.1 mm) at 150°C with 2000 psi by hot-press
from Fred S. Carver.

Table 1: Formulation of Tps (Phr)

Description Corn starch Glycerol Ethylene glycol Water
GITPS 100 30 - 10
EGTPS 100 - 30 10

Films of starch, EGTPS and GITPS were recorded at ambient temperature using FTIR spectrometer
(JASCO 620V spectrometer, JAPAN) at a resolution 2 cm™ in the range 4000 — 400 cm™. Films were
evaluated with KBr (IR grade) technique. Thermo gravimetric analysis (TGA) was carried out with a TA
Instrument Q2000. Each sample was run from 25 to 800°C at the heating rate of 20°C/min under atmosphere.
Differential scanning calorimetry (DSC), TA Instruments Q2000 was used to determine glass transitions T,
of TPS, melting points Tm of PBAT/TPS. Each sample was run from -20 to 200°C at the heating rate of
10°C/min under nitrogen atmosphere. An Universal Test (Model 4465, Instron, UK) was used to measure the
tensile strength and elongation of the composites. The cross head load cell was 5kN and the crosshead speed
was 10 mm/min. Specimens were tested 7 times each. The tensile strength and elongation values of
specimens were determined by the average of 5 values except maximum and minimum values. Melt flow
index (MFI) is the output rate in grams that occurs in 10 min through a standard die. After pre-heating at
190°C, Samples were tested at 190°C 7 times each using MFI 10 from DAVENPORT. The MFI of samples
was determined by average of the five measurements except maximum and minimum values. Morphologies
of the samples were studied by Field Emission Scanning Electron Microscopy (FE-SEM, Hitachi S-4300).
The samples were broken in liquid nitrogen and the fracture surface sputtered with Au.

3. Results and Discussion

Fig. 1 shows IR-spectra of starch, EGTPS and GITPS. The starch spectrum shows C-O bond stretching
between 1200 to 900 cm™. C-O bond stretching of C-O-H group of starch is showed 1160 cm™. C-O bond
stretching of C-O-C group of starch is showed 1020 cm™. In EGTPS and GITPS, each peaks are shifted to
lower wave number. Generally, if interaction between starch and plasticizer is strong. The peaks are showed
low wave number. As was indicated at Fig. 1, the wave numbers are different, due to different capabilities of
hydrogen bonds by C-O-H group and anhydroglucose ring C-O-C with ethylene glycol and glycerol. It can
be considered that there is stronger interaction if the peak appears at the lower. In conclusion, glycerol has
stronger hydrogen bonding than ethylene glycol with starch.”'? Heat capacity and melting point(Ty,) of
PBAT/EGTPS and PBAT/GITPS blends are shown in TABLE II. Melting point of blends is decreased as
increasing TPS contents and heat capacity is same. As plasticizer in TPS makes crystalline region of PBAT
decrease.
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Fig. 1: FT-IR spectrum of starch and TPS samples.
Table 2: Thermal Properties of Pbat/Tps Blends

Tw(C) AH{(J/g)

PBAT 124.5 14.41
EGTPS 20 phr 1222 13.22
EGTPS 40 phr 120.7 10.36
EGTPS 60 phr 119.8 6.23
EGTPS 80 phr 118.9 5.97
GITPS 20 phr 124.4 13.39
GITPS 40 phr 123.2 12.32
GITPS 60 phr 120.9 10.96
GITPS 80 phr 115.6 9.45

Generally, hydrolysis begins from amorphous region to crystalline region. Therefore, Biodegradability of
PBAT/TPS blends is better than PBAT. Fig. 2 shows DSC thermogram of PBAT/EGTPS and PBAT/GITPS.
It is assumed that the addition of TPS destroys hydrogen bonds in PBAT matrix. Hydrolysis, in general
occurs, firstly in amorphous area and after completion of hydrolysis in this area, decomposition happens in
crystalline area. The larger crystalline area it has, the more difficult for water to be permeated. This indicates

that the increase of concentration for TPS makes decrease of crystalline area. By this result, it can be
13-14

deduced that the decomposition is developed, as the concentration of TPS increase.

Heat Flow (W/g)

PBAT

GITPS 20phr
GITPS 40phr
GITPS 60nhr
GITPS 80phr

Heat Flow (Wig)

Fig. 2: DSC thermograms of T,, : PBAT/TPS blends of various contents (a) PBAT/EGTPS (b) PBAT/GITPS.
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Fig. 3: TGA thermograms of (a)PBAT/EGTPS and (b)PBAT/GITPS blends.

Fig. 3 shows TGA thermogram of PBAT/EGTPS and PBAT/ GITPS each. PBAT pyrolyze at 390 C only.
On the other hand, blends pyrolyze at 120 C (water), 270 C (starch, plasticizer) and 390 C (PBAT). This is
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supposed to be the reason, due to residue of plasticizer and can be confirmed by the result of DSC
thermograms.

Fig. 4-(a) shows the tensile strength of PBAT/EGTPS and PBAT/GITPS blends. The tensile strength of
blends is decreased as increasing EGTPS and GITPS contents each. The tensile strength of PBAT/GITPS
blends is stronger than PBAT/EGTPS blends. The tensile strength of GITPS blend has higher than that of
EGTPS blend. It indicates that there are some correlations with the properties of TPS. As ethylene glycol is
less effective to plasticization than glycerol for producing TPS, EGTPS has reduced performance to have
less tensile strength. Fig. 4-(b) shows the elongation at break of PBAT/EGTPS and PBAT/GITPS blends.
The elongation at break of blends is decreased as increasing EGTPS and GITPS contents each. As the
concentrations of TPS increased, the elongation decreased. It was observed dramatic decrease, after addition
of 20% by weight. The poor result of elongation was assumed, due to bad compatibility between two

materials. It’s well known that the rapid decrease of elongation property, when it is used with starch as the
filler.
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Fig. 4: (a) Tensile strength (b) Elongation at break of PBAT/TPS blends of various contents.
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Fig. 5: Melt flow indices of (a) PBAT/EGTPS (b) PBAT/GITPS blends.

In order to produce the blown films, they must have appropriate MFI(melt flow index) 3~5 g/10min.
Consequently, I investigated melt flow index of PBAT/TPS vulcanized to DCP. DCP is cut off the same
piece of alkyl peroxide and maximum processing temperature of DCP is 120°C. Because DCP and PBAT
show same melting point, DCP estimated vulcanization agent. As the polymer is hydrophobic and hydroxyl
group of TPS is hydrophilic, they are considered to be non- compatible each other. Therefore, there have
been lots of efforts to improve and develop polymers to be compatible to TPS. In order to produce the blown
films, they must have appropriate MFI(melt flow index) 3~5 g/10min. Consequently, I investigated melt flow
index of PBAT/TPS vulcanized to DCP. DCP is cut off the same piece of alkyl peroxide and maximum
processing temperature of DCP is 120°C. Because DCP and PBAT show same melting point, DCP estimated
vulcanization agent.

Fig. 5 shows different MFI each composition in a chart. PBAT without addition of TPS and DCP was 13
g/10min at the same condition as mentioned above. This indicates that the more content of DCP, the less
melt flow index. It can be confirmed that it decreases rapidly at the content rate, less than 0.6 phr. However,

the higher the content of TPS, the higher the melt flow index, because the residue of plasticizer may impact
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acceleration of thermal decomposition of PBAT. The melt flow index of EGTPS seems to be higher than that
of GITPS, since the molecular weight of ethylene glycol is lower than that of glycerol and it can be easier to
permeate to PBS chains. In case of content rate for DCP as 2.0 phr, the melt flow rate was 3~4 g/10 min,
which is considered to be proper condition for molding to have cross linking density. Therefore, PBAT,
to make films.
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Fig. 6: SEM micrographs of PBAT, PBAT/EGTPS and PBAT/GITPS blends (a) PBAT (b) EGTPS 20 phr
(¢) EGTPS 40 phr (d) EGTPS 60 phr (¢) GITPS 20 phr (f) GITPS 40 phr (g) GITPS 60 phr.

Fig. 6 shows the fracture surface of as contents of DCP are 2.0 phr that use for PBAT/TPS blown film.
As the increase of concentration for TPS, TPS could not homogenously dispersed to PBS matrix and
tendency of aggregation increased. As it was also observed to have micro-crack at PBS matrix, it was
supposed to have poor compatibility between PBS and TPS. Those micro-cracks can affect physical
properties, especially tensile strength and elongation. These results were confirmed to the results, as
mentioned, previously.

4. Conclusions

In this study, polybutylene adipate-co-terephthalate (PBAT) and thermoplastic starch were blended after
synthesize thermoplastic starch with glycerol and ethylene glycol. blends contained in turn 20, 40, 60, 80 phr
TPS. Observe the correlations between concentration of TPS and Tm and H¢(J/g) at PBAT /TPS blend. As
concentration of TPS increases, PBAT matrix eventually decreases the crystalline area. The residue of
plasticizer in TPS may transfer to PBAT chain to accelerate thermal decomposition of PBAT. Mechanical
performance of PBAT/TPS blend become poor, rapidly after addition of TPS, more than 20% by weight, due
to less compatible each other.
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