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In present work, a mixture of glycerol and derivatives of pentaerythritol (PTT0) 
- -diglycerol(AADG0) are used as a plasticizer for preparing a thermoplastic starch 

(TPS). A plasticizer containing both hydroxyl groups and long aliphatic chain was synthesized 
by esterification reaction between pentaerythrito - -diglycerol with palmitoyl chloride in 
different mole ratios, i.e. 1:1 mol (PTT1 or AADG1) and 1:2 mol (PTT2 or AADG2).  The 
esterification reaction was investigated by using Fourier Transform Infrared (FTIR)  and C

13

Nuclear Magnetic Resonance (C
13

NMR) spectroscopy.  The starch and a mixed plasticizer 
were blended in an internal mixer.  The mechanical properties and retrogradation behavior of 
thermoplastic starch were studied by dynamic mechanical analyzer, tensile testing machine, 
impact testing machine, and X-ray diffractometer (XRD).  The factors of the improvement of 
tensile strength and Young’s modulus are hydrogen bonding between plasticizer and starch 
molecule and antiplasticization effect. Using PTT0/AADG0 20% of mixed plasticizer shows 
the highest Young’s modulus and tensile strength. However using in the higher content tends
to phase separation occur. TPS using higher content of PTT0 and AADG0 derivatives in a 
mixed plasticizer showed lower moisture adsorption due to a long aliphatic chain 
(hydrophobic part) of PTT0 and AADG0 derivatives that also can prevent starch molecule to 
form hydrogen bond and recrystalline again (retrogradation).
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[1]

biodegradable plastic thermoplastic starch (TPS) 

[2]

starch)

anhydroglucose

amylose amylopectin hydroxyl (-OH) 

hydroxyl

(degradation)

(thermoset polymer) [3]

plasticizer plasticizer

TPS glycerol

plasticizer glycerol plasticizer glycerol

plasticized thermoplastic starch (GPTPS)

1



2

(RH50%, 37
o
C [4]

 (retrogradation) [5] GPTPS

glycerol

 2 

esterification diglycerol,

pentaerythritol palmitoyl chloride LiCl/DMF NBS

[6]

1.2

plasticizer renewable resources 

esterification - -diglycerol, pentaerythritol palmitoyl chloride 

LiCl/DMF 5% NBS 

plasticizer

internal mixer

1.2.3 plasticizer

TGA

1.2.4 tensile properties impact strength

1.2.5 phase phase plasticizer TEM

DSC

1.2.6 53%RH

retrogradation XRD

hydroxyl diglycerol pentaerythritol –OH

aliphatic palmitic acid 

polyol esterification palmitoyl chloride 
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polyol  palmitoyl chloride : 1) (1 : 2)  

–OH

aliphatic chain 

1.4

PTT AADG0

esterification polyol - -diglycerol,

pentaerythritol  fatty acid plamitoyl chloride (1:1)

(1:2) LiCl/DMF 5% NBS 

plasticizer PTT AADG0

glycerol mixed plasticizer 

plasticization thermoplastic starch 

internal mixer torque

plasticizer

(onset temperature)

(inflection point temperature) 

 native starch plasticization

1.4.4 micro tensile

ASTM D638 impact testing ASTM D 256 -

One way ANOVA analysis

1.4.5 phase phase plasticizer 

TEM DSC glass transition temperature 

micro tensile impact testing 

53%

retrogradation

XRD 2  = 10-30
o

53%  0 , 7, 14, 28 
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1.5

PTT AADG0

1.5.4.2 plasticizer

.5.4.4

plasticizer

phase plasticizer phase

retrogradation

plasticizer PTT AADG0

plasticization

plasticizer

retrogradation



5

2.1

 (C6H10O5)n

anhydroglucose unit -glycosidic linkage 

1  4 2

1 [7]

1.

-1,4

1. -1,4

-1,6

2. 200-6,000 2. 20-25

3. 3.

4. 4.

5.
5.

6.
6.

5
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 (amylose) 

1,000 – 6,000 

-1, 4 –glycosidic linkage 1

1 amylose [ ]

 22-30% 

 (amylopectin)

-1, 4- glycosidic linkage 

DP 10 - 60 -1, 6-glycosidic linkage 

amylopectin [8]
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semi-crystalline)

3 9 nm

 amorphous lamellar 

crystalline lamellar [8]

3

A (

B (

A B C ( 4

[8]
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 [7]

 10% 

reversible)

crystallite

60-75
  o

C

60
  o

C

 crystallite 

(irreversible)

“ ” [8]
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 (Retrogradation)

 crystallite 

X-ray diffraction 

 7% 

[8]

7

7 non-food application

2.7.1.1 adhesives hot-melt glues, stamps, bookbinding, 

envelopes , labels (regular and waterproof), wood adhesives, laminations, automotive, 

engineering, pressure sensitive adhesives, corrugation paper sacks 

2.7.1.2 Explosives Industry wide range binding agent, 

match-head binder 

2.7.1.3 internal sizing, filler retention, 

surface sizing, paper coating (regular and colour), carbonless paper stilt material, disposable 

diapers  feminine products 

2.7.1.4 concrete block binder, asbestos, 

clay/limestone binder, fire-resistant wallboard, plywood/chipboard adhesive, gypsum, board 

binder paint filler

2.7.1.5  foundry core binder, sintered metal 

additive sand casting binder

2.7.1.6 warp sizing, fabric finishing printing

2.7.1.7 dusting powder, 

make-up, soap filler/extender, face creams, pill coating, dusting agent  tablet 

binder/dispersing agent 
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2.7.1.8 ore flotation, ore sedimentation oil

well drilling muds 

2.7.1.9 biodegradable plastic film, dry cell 

batteries, printed circuit boards leather finishing

8

anhydroglucose unit (repeating unit) 

amylose amylopectin hydroxyl (-OH) 

hydroxyl hydroxyl

amylose amylopectin

amylose amylopectin

(thermoset polymer) [1]

plasticizer

plasticizer hydroxyl amylose amylopectin

amylose amylopectin

amylose amylopectin

plasticizer

hydroxyl group amide group plasticizer

plasticizer

retrogradation (retrogradation

plasticize

thermoplastic starch )

plasticizer thermoplastic starch glycerol

plasticizer
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glycerol plasticizer TPS (thermoplastic starch) 

(RH~50%, 37
o
C)

retrogradation glycerol

plasticizer

glycerol sorbital, formamide, acetamide, urea 

plasticizer amide

glycerol retrogradation

thermoplastic starch plasticizer

co-plasticizer plasticizer  urea + formamide, 

urea + ethanolamine [8] plasticizer

[1]

- (compression molding)

- (injection molding)

- (extrusion molding)

2.9

thermoplastic starch petroleum-based thermoplastic 

thermoplastic starch thermoplastic starch 

plasticizer

amylose

modulus thermoplastic starch amylose

plasticizer plasticizer

plasticize

retrogradation plasticizer

thermoplastic starch modulus (impact

strength) (strain at break) 

thermoplastic starch 

thermoplastic starch 

[9]
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thermoplastic starch 

thermoplastic starch 

(moisture sensitivity) 

thermoplastic starch 

hydroxyl repeating unit interaction

plasticizer starch thermoplastic starch 

modulus

[10]

2.9.1

reinforcing filler thermoplastic starch reinforcing

filler inorganic filler kaolin

fly ash interaction thermoplastic starch 

modulus thermoplastic starch 

retrogradation

thermoplastic starch jute fiber flax

fiber, chitin, jute flax cellulose

chitin amylose

amylopectin interaction

thermoplastic starch 

[11]

thermoplastic starch (nanocomposite)

montmorillonite clay nano-sized layered silicate starch nanocrystal 

starch nanocrystal filler
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interaction

thermoplastic starch nanocomposite filler

filler interaction

filler thermoplastic starch thermoplastic starch 

nanocomposite retrogradation

9

thermoplastic

starch

thermoplastic starch 

hydrophilic hydroxyl

hydrophobic modified starch 

acetylated starch, etherified starch esterified starch 

hydrophobic

surface modification/surface coating 

thermoplastic starch 

modified thermoplastic starch 

thermoplastic starch 

thermoplastic starch 

polycaprolactone,  hemicellulose zein

0 plasticizer

0 plasticizer

glycerol  amylose 

glycerol amylose

amylose g/100 g glycerol (20.0, 32.5 
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45.0 g/100 g amylose

glycerol

strain at break puncture deformation stress at break Young’s modulus 

[12]

0 plasticizer polyol

–OH plasticizer

4-butanediol (BUT), ethyleneglycol (EG), propyleneglycol

(PG), diethyleneoxideglycol (DEG), triethyleneoxideglycol (TEG), d-sorbitol (SOR),

poliethyleneoxi-deglycol (PEG)

plasticization

hydroxyl structure-plasticizer 

TPS additive melt-processing

 [13]

2.10.3 plasticizer (mixed plasticizer) 

2.10.3.1 critic acid

plasticizer retrogrdation critic acid 

(CA)

FDA

glycerol carbonyl critic acid

–OH

retrogradation ageing resistant 

ability CA  CA

[14]

partial esterification melt blending 

esterification

inter-molecular hydrogen bond intra-molecular hydrogen bond

retrogradation
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0 glycerol glucose,

fructose, sucrose %wt mixed plasticizer glycerol

thermoplastic starch glucose,

fructose sucrose %wt Tg [10]

2.11 esterification polyol fatty acid

2.11.1 N-bromosuccinimide (NBS) 

LiCl/DMF NBS esterification

NBS %

dried polyol - % [15]
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(vacuum oven) [EYELA, VOS-301SD]

( internal mixer) [BRABENDER, 30/50 EHT]

(compression molding) [CARVER, 2518]

(Universal testing 

machine) [Lloyd Innstrument UK, LR 50 K]

Impact Tester) [Zwick, 

B5102.202]

(Fourier Transform Infrared Spectrometer,

FT-IR) [BRUKER, VERTEX 70]

C
13

(Nuclear Magnetic 

Resonance Spectrometer, C
13

 NMR) [BRUKER, AVANCE 300]

Differential Scanning Calorimetry (DSC) [PERKIN ELMER Model : 

Pyris1, USA]

X-ray diffractometer) [JEOL JDX-3530]

(Thermo Gravimetric Analyzer) [Model: 

TGA7HT , Perkin Emer, USA]

(Scanning  Electron Microscope, SEM) 

[CamScan, MX-2000]

9. Dynamic Mechanical Analyzer,DMA [METTLER TOLEDO, 

DMA/SDTA861e]

16
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                1. tapioca flour) [ ]

 2. Glycerol 99.5% [Ajax Finechem Pty Ltd, Australia]

 3. Pentaerythritol (PTT) [Aldrich]

 4. bis(2,3-dihydroxypropyl) ether, - -diglycerol (AADG0) [Aldrich]

 5. Palmitoyl chloride [Aldrich]

 6. N-Bromosuccinimide (NBS) [Aldrich]

 7. Lithium chloride (LiCl) [Aldrich]

 8. N,N-Dimethylformamide (DMF) [Aldrich]

 9. Magnesium nitrate (Mg(NO3)2.6H2O) [Scharlau,reagent grade]

PTT1-20-80

plasticizer

% mixed

plasticizer

plasticizer
glycerol

80% mixed

plasticizer

aliphatic chain 

aliphatic chain 
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esterification

Polyol Acid chloride (mol)

Pentaerytrhitol 1 mol Palmitoyl chloride 1 mol PTT1

Pentaerytrhitol 1 mol Palmitoyl chloride 2 mol PTT2

- -diglycerol - AADG0

- -diglycerol 1 mol Palmitoyl chloride 1 mol AADG1

- -diglycerol 1 mol Palmitoyl chloride 2 mol AADG2

mixed plasticizer glycerol

mixed plasticizer : % : 75% 

glycerol Glycerol

PTT0/AADG0

pentaerythritol, LiCl NBS
o
C (

DMF)

o
C  flask molecular sieves cm

1 esterification polyol palmitoyl chloride

esterification
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PTT1

pentaerythritol mol)

ml DMF  ml magnetic bar 
o
C

 pentaerythritol LiCl (1% DMF )

NBS ( 5% polyol )

palmitoyl chloride ml (0.  mol) dropping funnel  ml 

o
C esterification

PTT2

pentaerythritol mol)

ml DMF  ml magnetic bar 
o
C

 pentaerythritol LiCl (1% DMF )

NBS ( 5% polyol )

palmitoyl chloride ml (0.  mol) dropping funnel  ml 

o
C

esterification

AADG1

- -diglycerol ml mol)

ml DMF  ml magnetic bar 
o
C

- -diglycerol LiCl 0.1 (1% DMF

) NBS (5% polyol )

palmitoyl chloride 2.29 ml (0.0732 mol) dropping funnel 50 ml 

o
C

esterification

AADG2

- -diglycerol ml mol)

ml DMF 10 ml magnetic bar 
o
C

- -diglycerol LiCl 0.1 (1% DMF )

NBS 0.61 (5% polyol )

palmitoyl chloride ml (0.  mol) dropping funnel 50 ml 
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o
C

esterification

esterification

product beaker

ml product

ml

product beaker ml

product
o
C flask

film

product

product capillary tube 

product capillary tube

o
C

o
C

DSC
o
C/min – 80 

o
C

plamitic acid esterification

-
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g

x 40.0 x 4.5 cm
3

o
C

cooling

premixing

LDPE

plasticizer 25% w/w %

w/w batch

plasticizer batch

batch =  50 g All x ( 75 g g All ) = 37.5 g

plasticizer batch = 50 g All x ( 25 g Plz / 100 g All ) = 12.5 g Plz

mixed plasticizer (MPlz)

mixed plastizier =  12.5 g MPlz

PTT1-20-80)

- PTT1 % mixed plasticizer 

=  MPlz x ( 20 g PTT1 / 100 g MPlz ) = 2.5 g PTT1

- glycerol 80% mixed plasticizer 

=  MPlz x ( 80 g Gly / 100 g Plz ) =  g Gly

- PTT1-20-80

= 37.5g g PTT1 + 10 g Gly 

                = 50 g batch
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batch

Plasticizer
Glycerol

Glycerol 0 12.5 37.5

PTT1-20-80 2 10 37.5

PTT1-30-70 3.75 8.75 37.5

PTT1-40-60 5 7 37.5

4 PTT2-20-80 2 10 37.5

5 PTT2-30-70 3.75 8.75 37.5

6 PTT2-40-60 5 7 37.5

7 AADG0-20-80 2 10 37.5

8 AADG0-30-70 3.75 8.75 37.5

9 AADG0-40-60 5 7 37.5

10 AADG1-20-80 2 10 37.5

11 AADG1-30-70 3.75 8.75 37.5

12 AADG1-40-60 5 7 37.5

13 AADG2-20-80 2 10 37.5

14 AADG2-30-70 3.75 8.75 37.5

15 AADG2-40-60 5 7 37.5

internal mixer

Mixer

zone ) 160
o
C 60 rpm roller blade 

calibration torque screw

 (

toque) torque
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Torque-time

 mixer 

Mixer Data Correlation 

 (Plasticization energy) torque torque

kNm

internal mixer 

micro-tensile

impact testing g

compression molding plate

160
o
C

: 0 pound

:  pounds

: 15000 pounds 5

4 : 25000 pounds 5

5 : plate
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micro-tensile

PTT0/AADG0

3.1.1 Fourier transform 

infrared spectroscopy (FT-IR)

polyol

acid chloride ester g

KBr Disc TR wave

number - cm
-1

resolution scans scans
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ester

PTT/AADG0

peak esterification reaction 

OPUS

3.1.2

C
13

 Nuclear Magnetic Resonance Spectrometer (NMR)

polyol esterification

D2O PTT/AADG0

 CDCl3 mg

NMR FT mode  75.46 MHz.  

carbon

3.2

3.2.1 Impact testing (charpy impact) ASTM D256

3.2.1.1

-

pendulum ( Jules) pendulum

(J)

3.2.1.5 (kJ/mm
2
)

3.2.1.6
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3.2.2 Tensile testing ASTM D638

3.2.2.1 dumbbell

-

10 mm/min load cell kN ASTM D638

3.2.2.3  Young’s modulus, tensile strength 

percent strain at break 

3.2.3 Dynamic Mechanical Analyzing

3.2.3.1

3.2.3.2 shear mode Hz

force amplitude 5 N displacement amplitude um -
o
C

o
C 5

o
C/min

magnesium nitrate (Mg(NO3)2.6H2O)

magnesium nitrate

chamber chamber

%

- chamber

%

water adsorption 

Water adsorption (%) = ((Wt – W0)/W0) x 100

W0  Wt
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chamber

chamber %RH

- mg

TGA N2 -

o
C 10

o
C/min Onset

temperature Inflection point temperature 

4

XRD

XRD impact testing 

2 x 2 cm
2
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XRD chamber 53%

XRD 0, 7, 14, 30, 56 

XRD sample holder

sample slide XRD

XRD

copper radiation K  (  = 1.5418 A
o
) voltage 40 kV 

 30 mA 2  = 10-30
o

0.02

ASCII 2 intensity

JADE 5.0

JADE smooth

2
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peak fit curve 

R

%Xc  = ( Ac / At ) x 100 = { Ac / (Ac + Aa) }x 100            

 %Xc Ac Aa

Amorphous At Ac + Aa

5 One way ANOVA test

- SPSS version 12.0 

One way ANOVA %

Scheffe’s

test Posthoc

TPS

slit SEM

kV
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pentaerythritol alpha-alpha-diglycerol palmitoyl

chloride esterification 5% NBS 

PTT0 AADG0 esterification

palmitoyl chloride 

O C

O

H2C

C

OH

OHH2C

H2C
CH3C

O

Cl
14

NBS

DMF/LiCl

80 oC 48 hours

HCl

CH2

OH
H2C

C

OH

HO CH2

H2
C CH2

OH

HO

3-hydroxy-2,2-bis(hydroxymethyl)propyl palmitate (PTT1)
1 mol 1 mol

1 mol

esterification PTT0 palmitoyl chloride 

: 1

CH2

C

HO

OH
HO

OH

C
H2

H2C

H2C

Pentaerythritol

CH3C
O

Cl
14

Palmitoyl chloride

NBS

DMF/LiCl

80 oC 48 hours

1 mol 2 mol

O

H2
C

C

O

C

OH

O
C
H2

H2C

H2
C

C

O

2HCl

OH

2,2-bis(hydroxymethyl)propane-1,3-diyl dipalmitate

1 mol

(PTT2)

esterification PTT0 palmitoyl chloride 

: 2

30
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Alpha-alpha-diglycerol

O
CH2

CH

CH2

H2
C

HC

CH2

OH

OH

OH

HO
CH3C

O

Cl
14

Palmitoylchloride

1 mol1 mol

NBS

DMF/LiCl

80 oC 48 hours
O

H2C

CH

CH2

H2
C

HC

CH2

OH

OH

HO

O
C

O

HCl

2-(1,3-dihydroxypropan-2-yloxy)-3-hydroxypropyl palmitate

1 mol (AADG1)

esterification AADG0 palmitoyl chloride 

: 1

Alpha-alpha-diglycerol

O
CH2

CH

CH2

H2
C

HC

CH2

OH

OH

OH

HO
CH3C

O

Cl
14

Palmitoylchloride

2 mol1 mol

NBS

DMF/LiCl

80 oC 48 hours
O

H2C

CH

CH2

H2
C

HC

CH2

O

OH

HO

O
C

O

HCl

2-(1,3-dihydroxypropan-2-yloxy)propane-1,3-diyl dipalmitate

1 mol

(AADG2)

C

O

esterification AADG0 palmitoyl chloride

: 2
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1. Fourier infrared spectroscopy 

(FT-IR)

1.1 PTT1 PTT2

 pentaerythritol 

pentaerythritol

5001000150020002500300035004000

Pentearythritol (PTT0)

PTT1

PTT2

3323

3414

3428

2940

2912 2850

2917

2849

1746

1746

1182

1176

wavenumber ( cm
-1

 )

FT-IR spectrum  pentaerythritol , PTT1 PTT2

cm
-1

O-H

cm
-1

C-H stretching (long aliphatic chain)

cm
-1

C-H stretching (long aliphatic chain)

cm
-1

C-H bending

cm
-1

C=O stretching (ester)

cm
-1

C-O  stretching (ester)

– cm
-1

hydroxyl group 

esterification PTT : palmitoyl chloride :

: hydroxyl group PTT ester linkage 

palmitoyl chloride) spectrum PTT1 spectrum

H2C

C

OH

OHH2C

H2C CH2

OH

OH

O C

O
H2C

C

OH

HO CH2

H2
C CH2

HO

O

H2
C

C

O

C

OH

O
C
H2

H2C

H 2
C

C

O

OH



33

PTT2 PTT2 hydroxyl group 

PTT1    intensity hydroxyl group PTT1

PTT2

 spectrum PTT1 PTT2 ester

linkage hydroxyl group PTT acyl chloride  palmitoyl chloride 

 (C=O),  (C-O) cm
-1

cm
-1

cm
-1

aliphatic chain palmitoyl chloride pantaerythritol

pure pentaerythritol [15]

1.2 AADG1 AADG2

- -diglycerol - -diglycerol

5001000150020002500300035004000

Alpha-alpha-diglycerol (AADG0)

AADG1

AADG2

wavenumber ( cm )
-1

3425

2912
2854

1736

1180

3451

2918
2854

1736
1184

3380

2938 2854
1049

1049

1049

FT-IR spectrum - -diglycerol , AADG1 AADG2

O
H2C

CH

CH2

H2
C

HC

CH2

OH

OH

HO

O
C

O

O
CH2

CH

CH2

H2C

HC

C
H2

OH

OH

OH

HO

O
H2C

CH

CH2

H2
C

HC

CH2

O

OH

HO

O
C

O

C

O
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cm
-1

O-H stetching

cm
-1

C-H stretching (long aliphatic chain)

cm
-1

C-H stretching (long aliphatic chain)

cm
-1

C=O stretching (ester)

cm
-1

C-H bending

cm
-1

C-O  stretching (ester)

cm
-1

C-O-C  stretching (ether linkage)

spectrum - -diglycerol - -diglycerol 18

spectrum pentaerythritol pentaerythritol

– cm
-1

hydroxyl group   

- -diglycerol palmitoyl chloride 

cm
-1

aliphatic chain  palmitoyl 

chloride [16] cm
-1

ether

- -diglycerol

intensity peak

esterification   2938-2940 cm
-1
 ( x)

C-H stretching polyol

esterification intensity –OH - cm
-1
 (

a ) intensity ester linkage ( c)

aliphatic chain ( b)
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 intensity esterification

peak I peak II peak III peak IV

hydroxyl group

( 3300-3400 

cm
-1
 )

aliphatic chain 

of palmitic acid

( 2910-2930 

cm
-1
 )

ester linkage

( 1736-1746 

cm
-1

)

ester linkage

( -CH2-

polyol

2940 cm
-1

)

ratio of intensity 

a

ratio of intensity 

b

ratio of intensity 

c

ratio of intensity 

x

PTT0 1.6 0 0 1.4

PTT1 0.7 1.5 1.4 1.2

PTT2 0.4 1.5 1.10 0.80

AADG0 1.4 0 0 0.80

AADG1 0.8 1.2 1.0 1.0

AADG2 0.6 1.3 0.85 0.8

 ( )

peak I peak II peak III

hydroxyl group

( 3300-3400 cm
-1
 )

aliphatic chain of 

palmitic acid

( 2910-2930 cm
-1
 )

ester linkage

( 1736-1746 cm
-1

)

ratio of intensity 

a/x

ratio of intensity 

b/x

ratio of intensity 

c/x

PTT0 1.14 0 0

PTT1 0.58 1.25 1.16

PTT2 0.50 1.87 1.37

AADG0 1.75 0 0

AADG1 1.00 1.5 1.00

AADG2 0.75 1.52 1.06
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C
13

 Nuclear magnetic resonance spectroscopy (C
13

 NMR)

PTT0 AADG0 C
13

NMR esterification

19 C
13

 NMR spectrum pentaerythritol

pentaerythritol (PTT0) 

a b

a)  chemicals shift) 

ppm sp
3

b 61 ppm 

( C-OH ) shift intensity  b 

 a  b a

H2C

C

OH

OHH2C

H2C CH2

OH

OH

a

b

b

a
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0 C
13

 NMR spectrum - -diglycerol

2 - -diglycerol

pentaerythritol a  

(-OH) ppm b 71 ppm 

ether linkage 

O
CH2

CH

H2C

H2
C

HC

CH2

OH

OH

HO

OH

b

a

a

b
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C
13

 NMR spectrum PTT1

C
13

 NMR spectrum PTT2
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(d) ppm

(COO), (e) 34 ppm (CH2COO f) 25 ppm (CH2CH2COO (g) 23 ppm (CH2CH3) , (h) 14.5 ppm 

(CH3) , (i) 29 ppm (-CH2-)n b) 63 ppm (CH2-OH) (a) 45 ppm ( C ) [17] 

esterification d i  intensity PTT1

25 PTT2 PTT2 ester

linkage long aliphatic chain b PTT1 intensity

PTT2 PTT2 esterification

C
13

 NMR spectrum AADG1
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C
13

 NMR spectrum AADG2

(d) ppm

(COO), (e) 34 ppm (CH2COO f) 25 ppm (CH2CH2COO (g) 23 ppm (CH2CH3) , (h) 14.5 ppm 

(CH3) , (i) 29 ppm (-CH2-)n b) 69 ppm (CH2-OH) (a) 63 ppm ( C ) 

esterification d i intensity AADG1

AADG2 AADG2 ester

linkage long aliphatic chain a AADG1

intensity PTT series 

FTIR  C
13

 NMR 

PTT0 AADG0

NBS

esterification [15]
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 intensity esterification

C
13

NMR

5  intensity chemical shifts

esterification pentaerythritol

peak I peak II

C  (a)

44 ppm )

C

Hetero atom (b)

60

ppm)

Ratio of

( b/a )
%

intensity intensity ratio of intensity percent

PTT0 1.4 9.8 7 70

PTT1 0.3 1.98 6.6 66

PTT2 0.3 1.1 3.6 36

6  intensity chemical shifts

esterification - -diglycerol

peak I peak II

C

Hetero atom (a)

60 ppm )

C

ether (b)

70 ppm )

Ratio of

(b/a)
%

intensity intensity ratio of intensity percent

AADG0 5.8 4.7 1.23 12.3

AADG1 0.48 0.5 0.96 9.6

AADG2 0.45 0.5 0.90 9.0
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7 esterification

 (%)

( NBS 5% polyol )

70
o
C 80

o
C 90

o
C

PTT1 66.20 67.25 59.35

PTT2 75.57 73.29 69.02

AADG1 69.87 75.84 73.71

AADG2 71.96 88.32

7 esterification

o
C

o
C

[15]

(a) AADG1 80 
o
C

                               (b) AADG1 90 
o
C (c) PTT1 80 

o
C  (d) PTT1 90 

o
C

(a)

(b)

(c)

(d)
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2. PTT0/AADG0

capillary tube DSC

Temperature
o
C

40 60 80 100

H
e
a
t

fl
o
w

E
n
d
o

u
p

(m
W

)

-20

-10

0

10

20

30

40

61.288 
o
C

 DSC thermogram palmitic acid

Temperature
o
C

40 60 80 100

H
e
a

t
fl
o
w

E
n
d
o

u
p

(m
W

)

20

22

24

26

28

30

32

34

36

38

58.217 
o
C

48.539 
o
C

27 DSC thermogram PTT1
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Temperature 
o
C

40 60 80 100

H
e
a

t
fl
o
w

E
n

d
o

u
p

(m
W

)

-12

-11

-10

-9

-8

-7

38.539 
o
C

61.116 
o
C

28 DSC thermogram PTT2

Temperature 
o
C

40 60 80 100

H
e

a
t

fl
o

w
E

n
d

o
u

p
(m

W
)

18

20

22

24

26

28

30

32

61.619 
o
C

44.011 
o
C

29 DSC thermogram AADG1
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Temperature 
o
C

40 60 80 100

H
e
a
t

fl
o
w

E
n
d
o

u
p

(m
W

)

24

26

28

30

61.288 
o
C

28.117 
o
C

30 DSC thermogram AADG2

8 PTT0/AADG0 DSC

o
C

Pentaerythritol (PTT0)

- -diglycerol (AADG0)

Glycerol

PTT1

PTT2

AADG1

AADG2

26 - 0 DSC thermogram pasticizer

PTT1 > AADG1 > PTT2 > AADG2  polyol
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palmitic acid aliphatic chain 

free volume 

AADG2

aliphatic chain ether linkage 

AADG2

o
C

palmictic acid 

torque

rheometer plasticizer

3 mixing chamber 

o
C  roller blade 60 

torque (Nm) x  (t) y

plasticization energy 

torque-time torque toque

9
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9 Torque

Torque (Nm)

(steady torque)

(kNm)

(plasticization energy)

Glycerol 23.3

PTT1-20-80 23.6

PTT1-30-70 23.3

PTT1-40-60 23.8

PTT2-20-80 14.5

PTT2-30-70 13.6

PTT2-40-60 13.9

AADG0-20-80 29.4

AADG0-30-70 32.5

AADG0-40-60 35.1

AADG1-20-80 7.90

AADG1-30-70 2.16

AADG1-40-60 1.03

AADG2-20-80 0.91

AADG2-30-70 0.85

AADG2-40-60 0.59
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Time ( sec )

0 200 400 600 800

T
o

rq
u

e
(

N
m

)

0

10

20

30

40

50

60

70

80

(a) Glycerol
(b) PTT1-40-60
(c) PTT2-40-60
(d) AADG0-40-60
(e) AADG1-40-60
(f)  AADG2-40-60

(e)

(d)

(b)
(a)

(f) (c)

                                      PTT0/AADG0 % mixed plasticizer

1 mixed plasticizer 

plasticizer : glycerol :

starch granule 

plasticizer starch granule

plasticizer torque pseudo solid state”

torque starch granule 

plasticizer

hydrogen bonding 

(steady state 

torque) starch granule [18]

Power law model 
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= C1T 3  = C2N 3

= /  = ( C1T/C2N ) = A(T/N) 4

shear stress strain rate , T , N 

roller blade C1  C2 complex geometry blade

(N)  

plasticization energy)

31

AADG0-40-60 (35.1 Nm) > Glycerol 

( 3.3 Nm) ~ PTT1-40-60 (23.8 Nm) > PTT2-40-60 (13.9 Nm) > AADG1-40-60 (1.03 Nm) > 

AADG2-40-60 (0.59 Nm) 

plasticizer plasticizer hydrogen bond 

AADG0-40-60

(33 Nm, 90.1 kNm) AADG0 hydroxyl group 

hydrogen bond Glycerol

glycerol hydroxyl group 3 hydrogen

( 3.3 Nm) AADG0  PTT1-40-60

(23.8 Nm) glycerol hydroxyl group 

PTT2-40-60 PTT2 hydroxyl group 

long aliphatic chain hydrogen

PTT1 AADG1-40-60

hydroxyl group 3 long aliphatic chain 

ether linkage flexible (1.03 Nm) 

AADG0 AADG2-40-60 AADG2

hydroxyl group long aliphatic chain 

hydrogen bond 
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Time ( sec )

0 200 400 600 800

T
o
rq

u
e

(
N

m
)

0

5

10

15

20

25

30

(a) PTT1-20-80
(b) PTT1-40-60
(c) PTT1-30-70

(a)

(b)

(c)

3 PTT1 mixed plasticizer

Time ( sec )

0 200 400 600 800

T
o
rq

u
e

(
N

m
)

0

2

4

6

8

10

12

14

16

(a) PTT2-20-80
(b) PTT2-40-60
(c) PTT2-30-70

(a) (b) (c)

PTT2 mixed plasticizer
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Time ( sec )

0 100 200 300 400

T
o

rq
u

e
(

N
m

)

0

20

40

60

80

(a) AADG0-40-60
(b) AADG0-30-70
(c) AADG0-20-80

(a)

(b)

(c)

AADG0 mixed plasticizer

Time ( sec )

0 100 200 300 400 500 600

T
o

rq
u

e
(

N
m

)

0

2

4

6

8

10

12

14

16

(c)

(a)

(b)

(a) AADG1-20-80
(b) AADG1-30-70
(c) AADG1-40-60

AADG mixed plasticizer
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Time ( sec )

0 100 200 300 400

T
o
rq

u
e

(
N

m
)

0

2

4

6

(c)

(a)

(b)

(a) AADG2-20-80
(b) AADG2-30-70
(c) AADG2-40-60

AADG2 mixed plasticizer

3 glycerol % mixed plasticizer 

(a)

starch granule glycerol (c)

PTT0 AADG0

starch granule 

PTT ( PTT1 PTT2 mixed plasticizer)

20%  30% %

5- AADG0 ( AADG1 AADG2

mixed plasticizer) 20%  30% %

glycerol plasticizer

plasticizer hydroxyl group mixed plasticizer 

AADG0 AADG0 20% 30% %
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plasticizer hydrogen

[ ]

mixed starch mixing chamber 

PTT0 AADG0 mixed plasticizer 

Glycerol roller blade 

PTT1-20-80

Glycerol PTT1-20-80
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Glycerol PTT

AADG0

Glycerol PTT1-20-80 PTT1-30-70 PTT1-40-60

PTT2-20-80 PTT2-30-70 PTT2-40-60

AADG0-20-80 AADG0-30-70 AADG0-40-60
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AADG1

AADG2

AADG1-20-80 AADG1-30-70 AADG1-40-60

AADG2-20-80 AADG2-30-70 AADG2-40-60
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plasticizer TGA -
o
C

o
C/min y

x

hydrogen native starch 

(
o
C) % weight loss % [20]

TGA thermogram hydrogen

                            plasticizer 

native starch 

o
C

o
C  

PTT0 AADG0 mixed plasticizer weight
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loss % native starch (288.70 
o
C) > 

AADG0-40-60 (284.34 
o
C) > Glycerol (280.08 

o
C) > PTT1-40-60 (276.55 

o
C) > PTT2-40-60 

(272.29
o
C) > AADG1-40-60 (262.66 

o
C) > AADG2-40-60 (265.64 

o
C) AADG0

–OH hydrogen bond 

Glycerol –OH PTT0

AADG0 (PTT1, PTT2, AADG1, AADG2) plasticizer

long aliphatic chain 

hydrogen bond AADG1  AADG2 

AADG2 AADG1
o
C

inflection point AADG1-40-60
o
C

AADG2-40-60 (211.2 
o
C)

TGA thermogram PTT1 mixed plasticizer
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TGA thermogram PTT2 mixed plasticizer

TGA thermogram AADG0 mixed plasticizer
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TGA thermogram AADG1 mixed plasticizer

TGA thermogram AADG2 mixed plasticizer
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10 TGA

PTT AADG 20%  30% %

mixed plasticizer %

TGA

internal mixer

Onset temperature (
o
C)

Inflection point temperature

(
o
C)

Glycerol 293.5 266.2

PTT1-20-80 283.7 256.3

PTT1-30-70 279.8 250.8

PTT1-40-60 279.2 252.7

PTT2-20-80 273.8 260.5

PTT2-30-70 272.8 257.5

PTT2-40-60 273.8 256.5

AADG0-20-80 296.5 274.3

AADG0-30-70 295.4 272.2

AADG0-40-60 294.1 269.1

AADG1-20-80 266.6 230.1

AADG1-30-70 266.3 231.2

AADG1-40-60 257.7 214.6

AADG2-20-80 227.6 220.1

AADG2-30-70 227.6 216.8

AADG2-40-60 224.6 211.2



61

impact tensile

%

AADG2 mixed plasticizer 

impact tensile

AADG2

glucose –OH

 TPS plasticizer

[4]

0

2

4

6

8

10

12

14

% water absorption

Days

(a) AADG0-40-60

     1      2      3       4      5      6       7       8      9     10     11    12    13    14    15

(b) Glycerol

(c) PTT2-40-60

(d) AADG1-40-60

(e) PTT1-40-60
(f)

AADG2-40-60

tensile

PTT0 AADG % mixed plasticizer

48 impact

PTT AADG 40% mixed plasticizer 

plasticizer –OH  

(a) AADG0 mixed plasticizer 

–OH (b) Glycerol plasticizer   % water absorption 

(a) (b) PTT0 AADG0 mixed plasticizer 

plasticizer long aliphatic chain 

hydrogen bond long aliphatic chain 
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hydrophobic starch matrix 

plasticizer % water absorption 

% water absorption PTT1-40-60 PTT2-40-60

PTT1 –OH PTT2  PTT1 hydrogen bond 

starch matrix 

matrix PTT2 hydrogen bond 

long aliphatic chain 

free volume starch matrix matrix

AADG1 AADG2

AADG1 AADG2 ether linkage 

chain mobility starch matrix ether linkage 

hydrogen bond AADG1 AADG2 mixed plasticizer 

% water absorption PTT1 PTT2

AADG2 mixed plasticizer 

starch matrix plasticizer

[ ] chamber

%

PTT0 AADG0 mixed

plasticizer

49-52
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0

2

4

6

8

10

% water absorption

Days

(a) Glycerol

(c) PTT2-20-80
(b) PTT2-30-70

(e) PTT1-20-80

(d) PTT2-40-60

(g) PTT1-40-60

(f) PTT1-30-70

     1       2       3      4       5       6      7       8      9     10    11    12    13     14    15

tensile

PTT1 PTT2 mixed plasticizer 

0

2

4

6

8

10

% water absorption

Days

(a) Glycerol

(b) PTT2-20-80

(c) PTT2-30-70

(d) PTT1-20-80

(e) PTT2-40-60

(g) PTT1-40-60

(f) PTT1-30-70

     1      2      3       4      5      6      7       8      9     10     11    12    13    14    15

impact

PTT1 PTT2 mixed plasticizer 
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0

2

4

6

8

10

12

14

% water absorption

Days

(a) AADG0-40-60

(b) AADG1-20-80

(c) Glycerol

(d) AADG0-30-70

(e) AADG0-20-80

(g) AADG1-40-60

(f) AADG1-30-70

     1       2       3      4       5       6      7       8      9     10    11    12    13     14    15

(k) AADG2-30-70

(i)
AADG2-20-80

(j)
AADG2-40-60

5  tensile 

                 AADG0,AADG1 AADG2 mixed plasticizer 

0

2

4

6

8

10

% water absorption

Days

(a) AADG0-40-60

(c) AADG1-20-80
(b) Glycerol

(e) AADG0-30-70

(d) AADG0-20-80

(g) AADG1-40-60

(f) AADG1-30-70

     1       2       3      4       5       6      7      8      9     10    11    12    13     14    15

(i)
AADG2-20-80

(j)
AADG2-30-70

(k) AADG2-40-60

5 impact

    AADG0,AADG1 AADG2 mixed plasticizer
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49-52 PTT1  PTT2  AADG0 

AADG1 AADG2 mixed plasticizer impact

tensile glycerol

% 70% % mixed plasticizer

PTT0 AADG0  mixed plasticizer 

polyol aliphatic chain % water absorption 

mixed plasticizer 

PTT0 AADG0

mixed plasticizer 

glycerol plasticizer

water absorption) 

one-way ANOVA %
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 (tensile properties) 

%

Young's modulus (MPa)

0 200 400 600 800 1000 1200 1400 1600 1800

Glycerol

PTT1-40-60

PTT1-30-70

PTT1-20-80

PTT2-40-60

PTT2-30-70

PTT2-20-80

AADG0-40-60

AADG0-30-70

AADG0-20-80

AADG1-40-60

AADG1-30-70

AADG1-20-80

AADG2-40-60

AADG2-30-70

AADG2-20-80
None water absorption

Water absorption

Young’s modulus 

%

Tensile strength (MPa)

0 5 10 15 20 25

Glycerol

PTT1-40-60

PTT1-30-70

PTT1-20-80

PTT2-40-60

PTT2-30-70

PTT2-20-80

AADG0-40-60

AADG0-30-70

AADG0-20-80

AADG1-40-60

AADG1-30-70

AADG1-20-80

AADG2-40-60

AADG2-30-70

AADG2-20-80
None water absorption

Water absorption

tensile strength 

%
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% Strain at break (MPa)

0 1 2 100 200 300 400 500 600

Glycerol

PTT1-40-60

PTT1-30-70

PTT1-20-80

PTT2-40-60

PTT2-30-70

PTT2-20-80

AADG0-40-60

AADG0-30-70

AADG0-20-80

AADG1-40-60

AADG1-30-70

AADG1-20-80

AADG2-40-60

AADG2-30-70

AADG2-20-80
None water absorption

Water absorption

percent strain at break 

%

1.1 (tensile properties)

 TPS 

PTT0  AADG0 mixed plasticizer Young’s modulus 

tensile strength PTT0  AADG0

plasticizer   PTT0  AADG0

% mixed plasticizer Young’s modulus 

tensile strength PTT1-20-80  Young’s modulus tensile strength

1352 MPa MPa glycerol

PTT1 hydrogen bond 

glycerol PTT1 –OH glycerol DMA

antiplasticization chain mobility 

AADG0-40-60 mixed plasticizer tensile strength Young’s
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modulus 20.95 MPa MPa AADG0

–OH hydrogen bond [22]

PTT0 AADG0

40% mixed plasticizer percentage strain at break 

 PTT0 AADG0 long aliphatic 

chain hydrogen bond 

10 mm/min 

1.2 (tensile properties) 

%

-

tensile properties 

starch matrix plasticizer [23] 

hydrogen bond Young’s modulus 

tensile strength 

starch matrix 

PTT0 AADG0

tensile strength  Young’s modulus 

PTT0 AADG0

starch matrix 

plasticizer

PTT0 AADG0 40% mixed plasticizer tensile

strength Young’s modulus 5.62±0.91 MPa 348.84±20 MPa

glycerol AADG0 mixed plasticizer
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2. (impact properties)

Impact strength (kJ/m
2
)

0.0 .5 1.0 10.0 20.0 30.0 40.0 50.0 60.0

Glycerol

PTT1-40-60

PTT1-30-70

PTT1-20-80

PTT2-40-60

PTT2-30-70

PTT2-20-80

AADG0-40-60

AADG0-30-70

AADG0-20-80

AADG1-40-60

AADG1-30-70

AADG1-20-80

AADG2-40-60

AADG2-30-70

AADG2-20-80
None water absorption

Water absorption

Water adsorption

impact strength 

%

2.1 (impact strength)

impact strength 

- kJ/m
2

one way ANOVA test) impact strength 

PTT0 AADG0 % mixed plasticizer plasticizer

hydrogen  impact strength 

AADG0-40-60  (0.95 kJ/m
2
) AADG0

AADG2-40-60 (0.39 kJ/m
2
)

 AADG2 

- kJ/m
2
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(impact strength) 

56 impact strength 

[25] impact strength 

% water adsorption ( glycerol

starch matrix 

PTT0 AADG0

matrix

(complete break)  impact strength

plasticizer AADG1-20-80

AADG0-20-80 mixed plasticizer % % water 

absorption %  8.46% 56

impact strength AADG0-20-80 (18.93±1.78 kJ/m
2
 ) AADG1-20-80

(2.74±0.242 kJ/m
2

) AADG0 –OH

AADG1 –OH 3 long chain aliphatic 1 

3. One way ANOVA

Young’s modulus, tensile strength

percent strain at break impact strength one-

way ANOVA post-hoc Scheffe’s tests 95%  (p<0.05)
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retrogradation

retrogradation PTT0

AADG0 % mixed plasticizer 

% XRD 2  = 10
o
-30

o

AADG1-40-60

AADG2-40-60

sample holder

%crystallinity [26]

1.

%

12 native starch

 starch granule 

retrogradation

12

%

(%Xc)

0 7 14 30 56

Native starch 51.71 - - - -

Glycerol 4.22 8.95 11.85 13.34 15.6

PTT1-40-60 10.53 8.01 11.2 9.31 9.15

PTT2-40-60 15.07 15.76 14.08 16.08 17.4

AADG0-40-60 3.58 3.98 4.23 4.77 9.67

AADG1-40-60 7.37 5.91 5.26 2.86 -

AADG2-40-60 3.39 4.02 4.89 - -
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starch matrix 

glycerol AADG0-40-60

PTT AADG 40% mixed

plasticizer  PTT1-40-60 PTT2-40-60

long aliphatic chain 

AADG1

starch matrix 

AADG1  [27] 

53%

2 Theta

10 15 20 25 30

15 o

17 o 18 o

13 o

23 o

26.5 o

XRD diffractogram  native starch 
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peak

2  = 15
o
   17

o
  18

o
   23

o
A intensity

A type 

[5]

10 12 14 16 18 20 22 24 26 28 30

2 Theta

0 day

7 days

14 days

30 days

56 days

18.2
o

19.6
o

17.4
o

19.6
o

22.4
o

17.4
o

17.2
o

19.6
o

22.4
o

19.4
o

16.6
o

22.3
o

XRD diffractogram 

glycerol

glycerol

peak 2  = 18.2
o
  B type  

[28] B type 2  = 17.4
o
  19.6

o
 (VH type)

VH type 

VH type crystal VH type 

[29]
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XRD diffractogram 

PTT1-40-60

PTT1-40-60

peak 2  = 13.5
o
 17.4

o
  20.9

o
  22.9

o
    

VH type  

 2  = 
o o

VH

type

10 12 14 16 18 20 22 24 26 28 30

2 Theta

0 day

7 days

14 days

30 days

56 days
19.7

o

17.2
o

22.3
o

19.6
o

17.4
o

22.3
o

19.6
o

17.4
o

22.3
o

20.9
o

12.7
o

12.7
o

12.7
o

22.5
o

20.9
o

17.4
o

13
o

13.5
o

22.9
o

17.4
o
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10 12 14 16 18 20 22 24 26 28 30

2 Theta

0 day

7 days

14 days

30 days

56 days

13
o

13
o

12.7
o

13.5
o

13.5
o

17.4
o

20.9
o

19.6
o

20
o

22.6
o

22.6
o

20
o

19
o

XRD diffractogram 

PTT2-40-60

PTT2-40-60

peak 2  = 13.5
o
 17.4

o
  20.9

o

VH type 2  = 17.4
o

  

 2  = 
o o

 2

=
o o

2  = 
o

VH type 
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10 12 14 16 18 20 22 24 26 28 30

2 Theta

0 day

7 days

14 days

30 days

56 days

18.4
o

20.8
o

19.6
o

20.8
o18.4

o

19.6
o

19.6
o

19.6
o

19.6
o

13.5
o

13.5
o

12.7
o

12.7
o

12.7
o

XRD diffractogram 

AADG0-40-60

AADG0-40-60

peak 2 = 18.4
o
 19.6

o
  20.8

o

2  = 18.4
o
 19.6

o
  20.8

o

VH type 2  = 12.7
o
19.6

o
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10 12 14 16 18 20 22 24 26 28 30

2 Theta

0 day

7 days

14 days

21.2
o

17.1
o

21.3
o

20.7
o

29.4
o

29.4
o

29.4
o

19.7
o

17.1
o

21.6
o20.6

o

21.2
o

19.9
o

30 days

XRD diffractogram 

AADG1-40-60

AADG1-40-60

peak 2  = 13.5
o
 17.1

o
  20.7

o
 21.3

o

B type  2  = 

o
intensity
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10 12 14 16 18 20 22 24 26 28 30

2 Theta

0 day

7 days

14 days

21.6
o

22.1
o

21.7
o

XRD diffractogram 

AADG2-40-60

AADG2-40-60

peak 2  = 21.7
o

 2  = 
o

o
% water absorption 
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SEM

plasticization

17.5 micron (a) shear

gel plasticizer

amylose amylopectin

amorphous

64 (b) XRD glycerol

%Xc % 4.22%

(a) (b) Glycerol

6 SEM

glycerol
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(c) PTT1-20-80 (d) PTT1-30-70

(e) PTT1-40-60

6 SEM PTT1
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(f) PTT2-20-80

(g) PTT2-30-70 (h) PTT2-40-60

SEM PTT2
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(i) AADG0- -80 (j) AADG0-30-70

(k) AADG0- -80

SEM AADG0
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(l) AADG1-20-80 (m) AADG1- - 0

(n) AADG1- -

SEM AADG1
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(o) AADG0- -80 (p) AADG0-30-70

(q) AADG0-40-60

SEM AADG2

AADG0

mixed plasticizer (i-k)

XRD (Xc= 3.58%) 

PTT1 mixed plasticizer 

semicrystalline material PTT1-20-80 (c) 

PTT1 % mixed plasticizer  

matrix

PTT1 % % mixed plasticizer 
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plasticizer starch matrix (d) (e)

PTT1

PTT1 (e) PTT2 mixed

plasticizer (f-h) PTT1

AADG1 AADG2 mixed plasticizer –

matrix AADG0

derivative AADG1

AADG2 AADG2

aliphatic chain 

8 DMA

Log storage modulus tan delta  

70-74 storage

modulus storage modulus Tan delta 

relaxation

-
o
C relaxation glycerol rich phase 

-
o
C relaxation starch rich phase 

plasticizer

glycerol PTT0/AADG0 plasticizer partially

miscible blend

Tgly relaxation glycerol rich phase Ts

relaxation starch rich phase glass transition temperature (Tg ) 

thermoplastic starch , Tdeform G’ Storage

modulus
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dynamic mechanical analysis 

*

Tg

AADG0

Tg AADG0

PTT2

Tg antiplasticization

effect  plasticizer

Sample
Tgly

(
o
C)

Ts

,Tg ( 
o
C )

Tdeform

(
o
C )

G’ at

 Tgly

 (MPa)

G’ at

,Tg

 (MPa)

G’ at

-50
o
C

(MPa)

G’ at

25
o
C

(MPa)

Glycerol -50 35 43 429 11 429 65

PTT1-20-80 -55 85 90 203 9.5 204 166

PTT1-30-70 -55 59 80 122 20.1 122 147

PTT1-40-60 -55 43 70 258 24.4 258 130

PTT2-20-80 -50 43 60 487 37.8 432 155

PTT2-30-70 -50 55 90 537 23.5 480 280

PTT2-40-60 -50 73 90 162 21.7 149 133

AADG0-20-80 -50 38 50 599 9.6 599 57

AADG0-30-70 -50 43 50 256 26.2 256 130

AADG0-40-60 -50 48 62 825 14.8 825 224

AADG1-20-80 -50 * 20 644 8.3 644 125

AADG1-30-70 -50 * 17 650 7.6 650 125

AADG1-40-60 -11 * 12 170 49 747 40

AADG2-20-80 -50 * 5 205 9.0 229 53

AADG2-30-70 -30 * 10 799 * 1027 *

AADG2-40-60 -34 * 35 63 * 81 *
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Tg

ethylene glycol propylene glycol plasticizer TPS)

modulus strength

plasticizer plasticizer

polymer matrix  specific atom 

halogen atom 

PTT2 aliphatic

PTT1 Tg

–OH plasticize

AADG1 AADG2 softening starch

matrix Tan delta  intensity 

relaxation AADG1

o
C AADG2 -

o
C intensity

AADG2 AADG1 AADG2 relaxation

 ether linkage aliphatic chain

Storage modulus 
o
C

Young’s modulus tensile properties  
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