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Figure 4.13 Comparison of mechanical properties of plasticized high amylose cornstarch
(HASTPS), HASTPS/PLA and HASTPS/PLAgMA; (a) tensile strength, (b) modulus, and
(c) elongation at break. (Blending ratios: HAS/glycerol/water: 50/36/14 wt/wt,
HASTPS/PLA: 70/30 wt/wt and HASTPS/PLAgMA: 70/30 wt/wt)

65



10

Nanoclay (30B) content (%)

(b)

66

N {
« ¢ 3
g ]
= 6
t
=
£
14
2 4
Z
[}
fe
2 —
O K T T T
0 2 4 6 10
Nanoclay (30B) content (%)
(a)
800.0
;g 600.0 - {
= +
z ¢t }
g 400.0 1
£
=2
‘®
g 0.0 -
S 200.0
0.0 - — |
0 2 4 6 10



5.00

t
& 400 1 }
vt
S
E 300 -
®
~
g {
§ 2,00 .
g
==
1.00 -
0.00 : . I .
0 2 4 6 8 10

Nanoclay (30B) content (%)

©

Figure 4.14 Mechanical properties of thermoplastic high amylose cornstarch (HASTPS)/
PLAgMA blended with various nanoclay contents; (a) tensile strength, (b) modulus, and
(c) elongation at break. (Blending ratios: HAS/glycerol/water: 50/36/14 wt/wt,
HASTPS/PLAgMA: 70/30 wt/wt and Cloisite 30B ratios are 0%, 1%, 2%, 3%, 5% and
8%, wt%, respectively.)
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Table 4.8 Effect of nanoclay (Cloisite 30B) on mechanical properties of thermoplastic
high amylose cornstarch/PLAgMA blends

No| Starch Blonds Ratio Ofcgnl?e);lt Mechanical Properties .
Type Blends o Tensile Modulus |Elongation
wtYe strength MPa MPa at break %
1 H.A.S [HAS-TPS36 100/0 0 10.768+0.095| 16.9+£39 |12.31£2.25
2 HA.S [HAS-TPS36/PLA 70/30 0 13.287+0.528 | 156.8+19.5 |10.10+0.41
3 HA.S [HAS-TPS36/PLAgMA] 70/30 0 7.165+0.674| 440.3+81.3 | 4.15+£0.30
4 H.A.S HAS-TPS36/PLAgMA| 70/30 1 ]7.366+0.158 | 457.6+29.5 | 3.73+0.40
5 H.A.S |HAS-TPS36/PLAgMA| 70/30 2 |7.506£0.740 | 497.2+84.4 | 2.85+0.76
6 HA.S [HAS-TPS36/PLAgMA{ 70/30 3 7.729+1.083 | 555.0+£94.0 } 2.57+0.49
7 HA.S |HAS-TPS36/PLAgMA! 70/30 5 18.139+0.668 | 606.2+49.0 | 2.51+£0.70
8 H.A.S [HAS-TPS36/PLAgMA| 70/30 8 |8.286+0.795|660.2+146.6 | 1.87+0.05

strength of low-density polyethylene (LDPE) but the modulus exceeds LDPE (tensile

strength of 11.7 MPa and modulus of 393 MPa for LDPE); nevertheless, tensile strength

and modulus are much smaller than polystyrene (tensile strength of 43.9 MPa and

modulus of 3000 MPa for PS). However, elongation at break decreased to 1.87% from

10.10% as the concentration of clay increased from 0% to 8%. Similarly, plasticized

normal cornstarch/PLAgMA blends filled with Cloisite 30B also exhibited an

improvement in tensile strength and modulus. Elongation at break shows a decrease as the

concentration of Cloisite 30B increases as well as HASTPS/PLAgMA/ Cloisite 30B

blends (as shown in Table 4.9 and Figure 4.15)
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Cloisite 30B is a type of organoclay with a good dispersion in the PLA matrix and
it can form a nanocomposite system with PLA (Pluta, 2006). However, the dispersion of
Cloisite 30B in a starch matrix is not as good as in PLA. Park et al (2002) thought that
Cloisite 30B is hydrophobic and does not match with the polarity of TPS, indicating the
lack of compatibility between TPS and Cloisite 30B. Interestingly, PLAgMA might act as
a compatibilizer to enhance the dispersion of Cloisite 30B into TPS matrix. This is a
possible reason why the tensile strength and modulus of the samples filled with Cloisite
30B improved compared to the unfilled sample. The reduction of elongation may be due
to the interaction between clay and polymer matrices, which may lead to reduced

polymeric chain mobility making the material more rigid (Modesti, 2005).

Table 4.9 Effect of nanoclay (Cloisite 30B) on mechanical properties of thermoplastic
high amylose cornstarch/PLAgMA blends

Starch Ratio of] Clay Mechanical Properties

No Type Blends Blends content

o Tensile Modulus |Elongation
wt% strength MPa MPa at break %

1 N.S. NS-TPS36/PLAgMA | 70/30 0 [0.726+0.141| 11.2+6.7 |18.09+5.05

2 N. S. NS-TPS36/PLAgMA | 70/30 2 12.609+0.107 | 109.5£15.0 |10.67+1.50

3 N.S. NS-TPS36/PLAgMA | 70/30 3 1291440460 107.5+18.5 | 5.76+0.13

4 N. S. NS-TPS36/PLAgMA | 70/30 5 14.766+£0.276 | 133.0+£14.2 | 3.96+0.57
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Figure 4.15 Mechanical properties of thermoplastic normal cornstarch (NSTPS)/
PLAgMA blended with various nanoclay contents; (a) tensile strength, (b) modulus, and
(c) elongation at break. (Blending ratios: HAS/glycerol/water: 50/36/14 wt/wt,
HASTPS/PLAgMA: 70/30 wt/wt and Cloisite 30B ratios are 0%, 2%, 3%, and 5%, wt%,
respectively.)
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The effects of blending time on mechanical properties of blends were evaluated
and the testing results are shown in Table 4.10. A longer blending time can provide clay a
better dispersion and a greater interaction in material system, but it can cause thermal
degradation as blending time is longer than 6 min (Huang, 2005). The greater interaction
leads to improvement both in tensile strength and modulus but it could also be responsible

for the lower elongation at break (Modesti et al, 2005).

Table 4.10 Effect of blending time on mechanical properties of thermoplastic high
amylose cornstarch/PLAgMA/Cloisite 30B (70/30/2 wt/wt) blends

Ratio of|] Clay | Blending Mechanical Properties
No Blends B“l:/nds cont;nt tm.le Tensile Modulus | Elongation
wt | wtte min strength MPa| MPa | at break %
HASTPS-
1 PLAgMA 70/30 2 4 6.772+0.409 | 434.3+£52.9| 3.06+0.64
HASTPS-
2 PLAgMA 70/30 2 6 7.506+0.740 {497.2+84.4 | 2.85+0.76
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4.1.4 Morpholegical Properties

Mechanical properties of polymer blends are highly related to their morphology.
Morphologies of selected samples were observed on a Philips scanning electron

microscope (SEM) and the images are shown in Figure 4.16 and Figure 4.17.

For MA compatibilized thermoplastic high amylose cornstarch/PLA blends (in
Figure 4.16 (a) and (b)), SEM micrographs show a very good compatible morphology
without cavities and edges resulting from poor interfacial adhesion. Images of
thermoplastic normal cornstarch indicate the same behavior (in Figure 4.16 (c) and (d)).
This result implied that the reaction between hydroxyl groups on the starch molecule and
anhydride groups on MA increased the adhesion between starch and PLA phase. This
result also explained why the blends compatibilized by MA show higher tensile strength

and modulus than the blends unfilled by MA do (see section 4.1.3).

The effect of blending time on the morphological properties was evaluated. Figure
4.17 showed the images of SEM of blends prepared under blending times of 4 minutes
and 6 minutes. Diameters of the granules of starch in 4-minutes blends were
approximately 10-12 z m but that of 6-minute blends showed 5-8 4 m diameters, which
is much smaller than 4-minute blends did. The better mechanical properties were
exhibited in blend with 6-minutes blending time also because of its smooth and uniform

morphology.
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@

Figure 4.16 Comparisons of SEM images of thermoplastic starch/PLA and MA
compatibilized thermoplastic starch/PLA blends: (a) HAS-TPS/PLA, (b) HAS-TPS/
PLAgMA, (c) NS-TPS/PLA, and (d) NS-TPS/PLAgMA. TPS/PLA blend ratio (wt/wt):
70/30, MA and L101 content (wt%): 2% and 0.25% PLA basis, respectively.
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(a) (b)

Figure 4.17 Comparisons of SEM images of thermoplastic high amylose
cornstarch/PLA/Cloisite 30B prepared under the different blending time on Haake
rheomixer: (a) 4min, and (b) 6min. HAS-TPS/PLAgMA/Cloisite 30 ratio: 70/30/2 wt/wt.
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4.1.5 Water Resistance

The contact angle formed between a water droplet placed at the surface of a
material and the kinetics of spreading are related to the hydrophobicity of material. For
TPS, the water droplet is very rapidly absorbed because the hydroxyl group in starch can
form a hydrogen bond with water (Averous et al, 2000). The contact angles of
HASTPS/PLAgMA/clay and NSTPS/PLAgMA/clay blends were measured and
illustrated in Figure 4.18 and Figure 4.19, respectively. For blends of HASTPS/PLAgMA

/clay, the initial angles are 50.7°, 59.5° and 66.2° as the contents of clay are filled at 2%,

3% and 5%, respectively but the drop rates for three formulations stay at the same level
(shown in Figure 4.18). For blends NSTPS/PLAgMA/clay, the initial angles are 62.0°
and 70.3° as the contents of clay are 3% and 5% (shown in Figure 4.19). A slight
increase was achieved as clay increased for both types of cornstarch. In all cases, the

water droplet was penetrated into the samples and it was believed to be absorbed by the

component of starch.

In order to increase the hydrophobicity, AKD, a type of sizing agent, was
introduced into the material system. Normally, AKD acted as a sizing agent was widely
used in sizing treatment of paper products to improve the hydrophobicity of the paper. In
this work, two treatment methods were applied: surface sizing and internal sizing. The
test results of surface sizing are shown in Figure 4.20. Compared to untreated samples,
treated samples exhibited an improvement in hydrophobicity for both types of starch. For

the blends that included HAS, the evolution of contact angle with time is slower
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Figure 4.18 Contact angles of thermoplastic high amylose cornstarch/PLAgMA/Cloisite
30B. Ratio of TPS/PLAgMA: 70/30, wt/wt. Concentration of Cloisite 30B: 2%, 3%, and
5% (wt%) respectively.
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Figure 4.19 Contact angles of thermoplastic normal cornstarch/PLAgMA/Cloisite 30B.
Ratio of TPS/PLAgMA: 70/30, wt/wt. Concentration of Cloisite 30B: 3% and 5% (wt%).
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Figure 4.20 Effect of AKD surface sizing on contact angles of TPS/PLAgMA/Cloisite
30B blends, (a) high amylose cornstarch, (b) normal cornstarch. Ratio of TPS/PLAgMA:
70/30, wt/wt. Concentration of Cloisite 30B: 5%, wt%.
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and more constant (illustrated in Figure 4.20a). For the blends involved NS, the sample
treated by AKD showed higher initial angle than the one untreated did. The initial angles

were increased from 69.5 to 76.7 after surface treatment by AKD.

Similar to the reaction between AKD and cellulose in the paper sizing process,
AKD also easily reacts with hydroxyl functional groups on starch molecular chains.
Figure 4.21 shows the possible reaction of AKD with starch, but this reaction needs more

work to prove.

Qﬂ,(}

RACHAGCHR, | 1 Coiions] —» R,-cuc—cﬂcwfggm_.
O-Ca0

| o ]
R-CH,CCHR, + €O,

A

- -

Figure 4.21 Possible reaction between AKD and starch

The internal sizing treatment was performed but no significant improvement on

hydrophobicity was found as shown in Figure 4.22.
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Figure 4.22 Effect of AKD internal sizing on contact angles of TPS/PLAgMA blends, (a)
high amylose cornstarch, (b) normal cornstarch. Ratio of TPS/PLAgMA: 70/30, wt/wt.
Concentration of AKD: 0.1% starch basis, wt%.
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4.2 Structure and Properties of Thermoplastic Pulse Starches and PLAgMA Blends

with Nanoclay

In this research work, three types of pulse starches were studied: mung bean,
lentil and pea. Pulse starches were plasticized in the presence of water and glycerol to
form thermoplastic pulse starches. Similar to the studies with cornstarch, rheological,
thermal and mechanical properties and hydrophobicity of blends filled with pulse

starches were investigated.

4.2.1 Thermal Properties

The thermal properties of thermoplastic pulse starch/PLAgMA were evaluated
using DSC. The DSC thermograms of blends in a second thermal scan are recorded and

the data read from DSC thermograms were listed in Table 4.11.

The glass transition temperatures (Tg), crystallization temperatures (T.) and
melting temperature (Tr,) for blends (70/30 wt/wt) of thermoplastic bean starch/PLAgMA,
lentil starch/ PLAgMA and pea starch/PLAgMA were studied. The results indicated that
three types of plasticized pulse starches blended with PLAgMA exhibited a very similar
thermal behavior. Compared to the thermal transition temperature and DSC thermogram
of PLAgMA (Figure 4.3), the similar thermal behavior (as shown in Figure 4.23)
indicated the same results from the investigations of cornstarch were achieved: the

thermal behaviors are mainly dominated by the component of PLAgMA.
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However, the melting enthalpy and crystallization enthalpy of bean starch showed
much lower values than other two pulse starches, which may be attributed to the

molecular structure and granular size of bean starch.

Table 4.11 DSC characteristics of thermoplastic pulse starch/PLAgMA/nanoclay blends

Ratio of Clay Melting

Starch T T. Crystallization T
Blends Blends content .5 . . enthalpy
Type wiiwt v (O (O enthalpy, g (C) [

Bean Be-TPS/PLAgMA  70/30 0% 59.7 116.0 5.945 153.1 5.546
Be-TPS/PLAgMA  70/30 5% 60.5 116.8 5.744 154.0 7.630
Lentil Len-TPS/PLAgMA 70/30 0% 59.5 1156 10.02 153.5 9.280
Len-TPS/PLAgMA 70/30 5% 59.6 115.7 9.83 153.9 8.715
Pea Pe-TPS/PLAgMA  70/30 0% 602 115.7 9.269 153.7 8.326
Pe-TPS/PLAgMA  70/30 5% 59.2 109.9 10.86 153.7 10.080

All DSC data were read from the second thermal scan in DSC thermograms. Tg, T, and
Twm are glass transition temperature, crystallization temperature and melting temperature,
respectively.
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Figure 4.23 DSC thermograms of three types of thermoplastic pulse starch (TPPS)/
PLAgMA blends in a second thermal scan. Starch/water/glycerol ratio (wt/wt): 50/14/36;
TPPS/PLAgMA ratio (wt/wt): 70/30.
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Figure 4.24 DSC thermograms of thermoplastic bean starch (TPBS)/PLAgMA blend and
TPBS/PLAgMA/Cloisite 30B blend in a second thermal scan. Bean starch/water/glycerol
ratio (wt/wt): 50/14/36; TPBS/PLAgMA ratio (wt/wt): 70/30 and Cloisite 30B content:
5%, wt%.
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Figure 4.25 DSC thermograms of thermoplastic lentil starch (TPLS)/PLAgMA blend and
TPBS/PLAgMA/Cloisite 30B blend in a second thermal scan. Lentil starch/water/
glycerol ratio (wt/wt): 50/14/36; TPLS/PLAgMA ratio (wt/wt): 70/30 and Cloisite 30B
content: 5%, wt%.
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Figure 4.26 DSC thermograms of thermoplastic pea starch (TPPeS)/PLAgMA blend and
TPPS/PLAgMA/Cloisite 30B blend in a second thermal scan. Pea starch/water/ glycerol
ratio (wt/wt): 50/14/36; TPPeS/PLAgMA ratio (wt/wt): 70/30 and Cloisite 30B content:
5%, wt%.
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Figure 4.27 DSC thermograms of three types of thermoplastic pulse starch (TPPS)/
PLAgMA/Cloisite 30B blends in a second thermal scan. Starch/water/glycerol ratio
(wt/wt): 50/14/36; TPPS/PLAgMA ratio (wt/wt): 70/30; Cloisite 30B concentration: 5%
wt%
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Nanoclay (Cloisite 30B) was also used to improve the properties of blends. The
effects of nanoclay on thermal properties of thermoplastic pulse starch/ PLAgMA blends
were also analyzed on DSC. DSC thermograms in the second thermal scan were shown
from Figure 4.24 to Figure 4.26. Figure 4.27 showed comparison of thermal behaviors of
three types of thermoplastic pulse starch blends filled with 5% of Cloisite 30B. The
effects of nanoclay (Cloisite 30B) on thermal properties are very slight except pea starch.
Crystallization temperature of pea decreased from 115.7°C to 109.9°C in presence of
Cloisite 30B. The difference may be attributed to some physical properties of pea starch

such as granular size, molecular structures and molecular weight distribution.

4.2.2 Rheological Properties

The effects of nanoclay on the rheological behaviors of thermoplastic pulse
starch/ PLAgMA were investigated at 150° C. As illustrated by Figures 28-30, the
thermoplastic pulse starch materials exhibited shear-thinning behaviors, which can be
expressed by power-law equation as shown in Eq. 4-2. The power-law parameters
calculated from power-law equation were shown in Table 4.12. Consistency values of
TPPS/PLAgMA blends are 1915 Pa.s", 7917 Pa.s" and 12219 Pa.s" for bean, lentil and
pea starch, respectively. The values are increased to 10127 Pa.s", 11614 Pa.s" and 18522

Pa.s" in the presence of 5% Cloisite 30B.
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Figure 4.28 Rheological properties of thermoplastic bean starch (TPBS)/PLAgMA(70/30)
blends with 5% of Cloisite 30B (starch/glycerol/water ratio: 50/36/14 wt/wt)

(Temperature on Rosand: 150° C)
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Figure 4.29 Rheological properties of thermoplastic lentil starch (TPLS)/PLAgMA
(70/30) blends with 5% of Cloisite 30B (starch/glycerol/water ratio: 50/36/14 wt/wt)

(Temperature on Rosand: 150° C)
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Figure 4.30 Rheological properties of thermoplastic pea starch (TPPeS)/PLAgMA (70/30)
blends with 5% of Cloisite 30B (starch/glycerol/water ratio: 50/36/14 wt/wt)

(Temperature on Rosand: 150° C)

Table 4.12 Power-law parameters for thermoplastic pulse starch/PLAgMA/Cloisite 30B
blends

Content of Consistency Power law

S;;g:: Blends Cloisite  index, m, index, R?
30B (%) Pas" n
Bean BeTPS-PLAgMA_70-30 0 1915 0.4017  0.9893
BeTPS-PLAgMA-30B 70-30-5 5 10127 0.3194  0.9999
Lentil LenTPS-PLAgMA-30B_70-30 0 7917 0.3135  0.9526
LenTPS-PLAgMA-30B_70-30-2 2 8568 0.3472  0.9808
LenTPS-PLAgMA-30B_70-30-3 3 11133 0.3316  0.9997
LenTPS-PLAgMA-30B 70-30-5 5 11614 0.3340  0.9999
Pea PeaTPS-PLAgMA_70-30 0 12219 0.3245  0.9998
PeaTPS-PLAgMA-30B_70-30-2 2 17041 0.2967  0.9999
PeaTPS-PLAgMA-30B_70-30-3 3 16731 0.3026  0.9998
PeaTPS-PLAgMA-30B 70-30-5 5 18522 0.2958  0.9999

Temperature: 150°C
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All the blends filled with Cloisite 30B showed an increase of their shear
viscosities in comparison to the unfilled blends. This result may be attributed to the high

dispersion of Cloisite 30B in the polymeric matrix but it needs to be proofed.

4.2.3 Mechanical Properties

Mechanical properties of thermoplastic pulse starches (TPPS) and TPPS/
PLAgMA blended with Cloisite 30B were studied on an Instron tensile testing machine.
Figures 4.31, 4.32 and 4.33 show tensile strength, tensile modulus and elongation at
breaks respectively. For bean and lentil starch, tensile strength and modulus were
significantly improved in the presence of PLAgMA with respect to the blends of pulse
starches plasticized by glycerol/water (36/14 wt/wt). But the improvement of tensile
strength for bean starch was slight. Table 4.13 presented the mechanical properties of
pulse starches quantitively. Tensile strengths of plasticized pea and lentil were increased
from 1.717 MPa and 1.264 MPa to 4.371 MPa and 3.084 MPa as blending with
PLAgMA (ratio of TPS/PLAgMA: 70/30 wt/wt). Moduli were increased to 159.9 MPa
and 156.9 MPa from 8.059 MPa and 3.766 MPa. However, the improvement for bean
starch was not as large as those two starches: modulus increased from 4.793 MPa to
86.07 MPa and tensile strength increased from 1.085 MPa to 1.295 MPa. The possible
reason may be related to the bean molecular structure such as length of branch chains,

molecular weight and distribution and reaction between bean starch and PLA in presence
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of Luperox 101. Little information is available concerning effects of bean molecular

structure on mechanical properties.

Table 4.13 Mechanical properties of thermoplastic pulse starch and its blends with

PLAgMA and Cloisite 30B
1 Mechanical Properties
Starch Ratio off Clay
No Type Blends l?if/r:}ts c“’;‘;jnt Tensile | Modulus |Elongation at
® |strength MPa| MPa break %
1 Pea [PeTPS36 100/0 0 1.717+£0.297 | 8.059+2.6 | 79.73%£7.23
2 Pea |PeTPS36/PLAgMA | 70/30 0 4371+0.298 |159.9+12.9| 8.13+£2.46
3 Pea [PeTPS36/PLAgMA | 70/30 2 5.2454+0.418 {264.3£70.8| 4.75+1.18
4 Pea [PeTPS36/PLAgMA | 70/30 3 5.288+0.8221259.9+29.8] 4.27+1.34
5 Pea [PeTPS36/PLAgMA | 70/30 5 6.215+0.297 |329.2+46.8| 3.87+0.34
6 | Lentil LenTPS36 100/0 0 1.264+0.084 | 3.766+0.6 | 94.32+7.07
7 | Lentil |LenTPS36/PLAgMA | 70/30 0 3.084+0.417 [156.9+£39.8| 5.91+1.46
8 | Lentil [LenTPS36/PLAgMA | 70/30 2 3.554+0.169 | 162.0£7.7 | 7.47+1.99
9 | Lentil [LenTPS36/PLAgMA | 70/30 3 3.854+0.410 [155.0£24.3] 8.30+0.55
10 | Lentil {LenTPS36/PLAgMA | 70/30 5 4.719+0.235 {222.7+32.8| 9.55+1.88
11 | Bean |BeTPS36 100/0 0 1.085+0.097 | 4.793+0.5 | 85.57+10.68
12 | Bean |BeTPS36/PLAgMA | 70/30 0 1.295+0.171 | 86.1£72.9 | 9.93+2.38
13 | Bean |BeTPS36/PLAgMA | 70/30 5 3.704+0.219 {192.4+£52.1] 6.79+1.53
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Figure 4.31 Comparison of tensile strength of thermoplastic pulse starch and its blends
with PLAgMA and Cloisite 30B. Ratio of starch/glycerol/water: 50/36/14 wt/wt (TPS36:
thermoplastic starch with 36%wt glycerol)
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Figure 4.32 Comparison of modulus of thermoplastic pulse starch and its blends with
PLAgMA and Cloisite 30B. Ratio of starch/glycerol/water: 50/36/14 wt/wt (TPS36:
thermoplastic starch with 36%wt glycerol)
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Figure 4.33 Comparison of elongation at break of thermoplastic pulse starch and its
blends with PLAgMA and Cloisite 30B. Ratio of starch/glycerol/water: 50/36/14 wt/wt
(TPS36: thermoplastic starch with 36%wt glycerol)

For all blends filled with Cloisite 30B, tensile strength and modulus increased as
content of clay increased. This result is consisted with the behaviors of cornstarch when
filling with clay. But lentil starch presented an opposite behavior on elongation at break:
elongation at break was increased from 5.91% to 9.55% as content of Cloisite 30B
increased from 0% to 5%. A further investigation is needed to understand why the

difference exists between starches.
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4.2.4 Water Resistance

Contact angles of a water droplet on the sample surface were measured for

different type of pulse starches and are presented in Figures 4.34 - 4.36.

For thermoplastic pulse starch/PLAgMA, initial angles were 54.61°, 52.44° and
52.27° for bean, lentil and pea starch, respectively. When the blends filled with 5%
Cloisite 30B, the initial angles were increased to 60.45°, 61.87° and 75.04° respectively.

The hydrophobicity was improved when blends filled in 5% of Cloisite 30B. Similar to
cornstarch, water droplet penetrated into the sample and combined with the component of
starch. But when the blends filled with clay, the silicate layers can act as barriers to
prevent water from entering. That may be the reason why hydrophobicity of blends was

enhanced in presence of Cloisite 30B.
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Figure 4.34 Comparison of contact angles of thermoplastic bean starch (BeTPS36)/
PLAgMA and BeTPS36/PLAgMA/Cloisite 30B. Ratio of BeTPS36/PLAgMA: 70/30,
wt/wt. Concentration of Cloisite 30B: 5% (wt%).
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Figure 4.35 Comparison of contact angles of thermoplastic lentil starch (LenTPS36)/
PLAgMA and LenTPS36/PLAgMA/Cloisite 30B. Ratio of LenTPS36/PLAgMA: 70/30,
wt/wt. Concentration of Cloisite 30B: 5% (wt%).
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Figure 4.36 Comparison of contact angles of thermoplastic pea starch (PeTPS36)/
PLAgMA and PeTPS36/PLAgMA/Cloisite 30B. Ratio of PeTPS36/PLAgMA: 70/30,

wt/wt. Concentration of Cloisite 30B: 5% (wt%).
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Chapter 5

Conclusions

Three types of pulse starches and two types of cornstarches were used in this
research. Starch was blended with water and glycerol to form thermoplastic starch (TPS).
Poly (lactic acid) (PLA) was used to improve the properties of TPS. Maleic anhydride
(MA) acted as a coupling agent to increase the miscibility of the PLA phase with the TPS
phase. Cloisite 30B, a type of organoclay, was filled into material system to improve the
properties of blends. The thermal, rheological, mechanical and morphological properties
of blends were investigated. In order to enhance the hydrophobicity, alkyl ketene dimer

(AKD) was used as a sizing agent. Two types of sizing methods were applied.
5.1 Corn Starch

DSC investigation showed that the action of water removal from TPS had little or
no effect on the thermal behavior of the TPS and PLA blends. PLA grafted by maleic
anhydride showed a lower glass transition temperature (T,) and melting temperature (Tr)

and a higher crystallization temperature (T.) in comparison with PLA did. Blending time
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had very slight effect on thermal properties. Cloisite 30B had no significant effect on

thermal behaviors of TPS/PLA blends at concentrations less than 5 wt%.

The presence of MA caused TPS/PLA to exhibit a lower shear viscosity than the
blends with pure PLA. Thermoplastic cornstarch/PLAgMA/Cloisite 30B blends presented
shear-thinning behaviors at 150° C when concentration of clay was less than 5 wt%. No
significant effect on rheological properties was detected when the blending time was
extended from 4 min to 6 min but the thermal degradation was occurred as blending time
extended longer than 6 min (according to the previous research). For thermoplastic
cornstarch/PLAgMA/Cloisite 30B blends, high amylose cornstarch demonstrated a higher

shear viscosity than normal cornstarch in the same blending ratio.

Coupling agent MA significantly improved the tensile strength and modulus of
blends. When blends of TPS/PLAgMA filled with Cloisite 30B (ub to 5 wt%), the tensile
strength and modulus were remarkably improved so as to approach to the level of LDPE,
but the elongation at break is decreased. The blends with 6-min blending time exhibited
higher tensile strength and modulus and lower elongation at break than the blends with 4-

min blending time.

An improvement in morphology was obtained for TPS blended with PLAgMA
compared to TPS blended with pure PLA. Blends of TPS/PLAgMA exhibit more
homogeneous morphologies and smaller TPS particle size than blends of TPS/PLA.
Therefore, we surmise that MA improved the interfacial adhesion between TPS and PLA

phase. The smaller TPS particle size was found in the longer blending time (6min).
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Starch is a hydrophilic material and water droplet on the surface of TPS is readily
absorbed but the water droplet contact angle for TPS/PLAgMA was significantly
improved compared to TPS alone due to the hydrophobicity of PLAgMA component. The
existence of clay in blends improved the hydrophobicity of blends because the layer of
silicate acts as a barrier to prevent water from going through the surface. In surface sizing,
the samples treated by AKD showed higher hydrophobicity than the untreated samples.
However, internal sizing blended into the material showed very little improvement in

hydrophobicity.

5.2 Pulse Starch

Thermoplastic pulse starch/PLAgMA blends exhibited similar thermal behavior as
thermoplastic cornstarch/PLAgMA blends; the thermal behaviors were mainly dominated
by the PLAgMA component. For pulse based starches, blends of bean starch showed
lower melting enthalpy and crystallization enthalpy than pea and lentil starch. Cloisite
30B had no significant effect on thermal behavior of thermoplastic pulse starch/PLAgMA

blends.

At 150°C, all thermoplastic pulse starch/PLAgMA blends showed shear-thinning

behaviors, which can be expressed by power law equation. Shear viscosity increased as

blends had higher percentages of filler with Cloisite 30B.

Tensile strength and modulus improved remarkably for blends of pea and lentil

starch when MA acted as coupling agent was used in blends, but the improvement for
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blends of bean starch was slight. The addition of Cloisite 30B improved the tensile

strength and modulus, but elongation at break decreased.

The initial contact angle of a water droplet in the surface of thermoplastic pulse

starch/ PLAgMA sample was less than 55°, but it increased up to 75° as nanoclay

(Cloisite 30B) was added to the blends up to 5% by weight.
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Chapter 6

Recommendations

The ultimate goal of this research should is to make thermoplastic starch basis
materials available for producing the packaging applications such as film. Based on the
fact that some mechanical properties of TPS/PLAgMA/clay blend approach the properties
of LDPE, future research work should thoroughly evaluate some properties and enhance

the properties, which is weak for making such as film and tray,
(1) Ductility improvement

Although the tensile strength and modulus were improved to reach the level of LDPE,
the elongation at break was still too low (2-4%). Ductility improvement, which is

important for the thin packaging applications, such film, should be studied.

(2) Barrier properties evaluation
Nanoclays in the material system proved to enhance the mechanical properties of
blends. Meanwhile, theoretically, the addition of nanoclay should benefit for
improving barrier properties if structures of nanocomposites were formed. So the

barrier property evaluation for blends should be performed.
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(3) Pulse starch research
Further studies should be done on the relation between molecular structure of pulse

based starches and final properties.

(4) Hydrophobicity improvement
Hydrophobicity was improved as AKD was introduced to material system. The

mechanism of reaction should be studied.

(5) Biodegradability research
The biodegradability of materials should be studied. The effects of nanoclay on

biodegradability should be evaluated.
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Appendix A

DSC measurements on cornstarch, pulse starch and
their blends

Heat flow (mW)
"

_3.5 ! { 1 L
0 50 100 150 200 250

Temperature (°C)

Figure Al DSC thermogram of thermoplastic high amylose cornstarch in a second
thermal scan. Blending ratio: HAS/glycerol/water = 50/36/14 wt/wt.
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Figure A2 DSC thermogram of thermoplastic high amylose cornstarch after water
removal in a second thermal scan. Blending ratio: HAS/glycerol/water = 50/36/14 wt/wt.
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Sample; PLAgMA File: C:\TA\Data\DSC\Yuging\PLAgMA-a

Size: 9.3470 mg DSC Operator: Yuqing
Method: TPS/PLA2 Run Date: 28-Feb-2007 15:23
Instrument: 2920 MDSC V2.6A

0.2

0.0+
Q)
g
3 02-
i
©
[}
T

57.61°C(l) 146.15°C
7.750)/g
s923°C 112.82°C
0.4+ 8.678J/g
151.91°C
0.6 —r v - T v . v T y v T T v T T T
-20 30 80 130 180
Exo Up Temperature ("C) Universal V4.1D TA Instruments

Figure A3 DSC thermogram of PLA grafted by maleic anhydride (PLAgMA) in a
second thermal scan. Blending ratio: PLA/MA/L101 = 100/2/0.25 wt/wt.
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Sample: TPS-PLAgMA-Clay_1Re File: C:..\DSC\Yuqing\TPS-PLAgMA-Clay _1Re.001

Size: 9.5720 mg DSC Operator: Yu Qing
Method: TPS/PLAZ Run Date: 02-Mar-2007 15:54
Instrument; 2920 MDSC V2.6A
0.2
1

0.0+
:CB 108.66°C
; ]
3 02
i
8 57.52°C
I 58.89°C(l)

. 147.06°C
6127°C 8.6634/g
101.70°C
10.04Jfg
0.4-
152.28°C
06 , . . — . —— e . T - . .
-20 30 80 130 180
Exo Up Temperature (°C) Universal V4.1D TA Instruments

Figure A4 DSC thermogram of thermoplastic high amylose cornstarch/PLAgMA/
Cloisite 30B in a second thermal scan. Blending ratio: HASTPS/PLAgMA/Cloisite30B =
70/30/1 wt/wt.
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Sample: TPS36-PLAgMA-Clay_2 File: C:\TA\Data\DSC\Yuqing\TPS-PLAgMA-Clay_2z

Size: 9.2830 mg DSC Operator: Hyun
Method: TPS/PLA2 Run Date: 02-Mar-2007 10:41
Instrument: 2920 MDSC V2.6A
0.2
0.0+

110.73°C

56.80°C

Heat Flow (W/g)

0.2+ 146.70°C
10.54J/g

103.11°C

10.41J/g
-0.4

152.39°C
-0.6 T T 4 T T T N T v T T T v — v T
-20 30 80 130 180
Exo Up Temperature (°C) Universal V4.1D TA instruments

Figure AS DSC thermogram of thermoplastic high amylose cornstarch/PLAgMA/
Cloisite 30B in a second thermal scan. Blending ratio: HASTPS/PLAgMA/Cloisite30B =
70/30/2 wt/wt.
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Sample: TPS-PLAgMA-Clay-3 File: C:\TA\Data\DSC\Yuqing\TPS-PLAgMA-Clay_3z

Size: 9.7490 mg DSC Operator: Yuging
Method: TPS/PLA2 Run Date: 28-Fgh-2007 12:41
Instrument: 2920 MDSC V2.6A
-0.1
107.10°C
-0.2+

0.3+ 54.98°C

57.75°C(h

59.73°C

144.81°C
95740y

99.47°C

Heat Flow (W/g)

0.4 10.31Jfg
-0.5
1
150.58°C
0.6 1+ T T T T T T T T T T T T
0 20 40 60 80 100 120 140 160 180
Exo Up Temperature (°C) Universal V4.1D TA Instruments

Figure A6 DSC thermogram of thermoplastic high amylose cornstarch/PLAgMA/
Cloisite 30B in a second thermal scan. Blending ratio: HASTPS/PLAgMA/Cloisite30B =
70/30/3 wt/wt.
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Sample: TPS-PLAgMA-Clay-5 Fite: C...\DSC\Yuqing\TPS-PLAgMA-Clay_5.001

Size: 9.8250 mg DSC Operator: Yuqing
Method: TPS/PLA2 Run Date: 28-Feb-2007 14:04
Instrument; 2820 MDSC V2.6A
0.1+
I
<014
@ 1
2 111.44°C
2
0
w 57.68°C
= 0.3+
o §8.63°C(l)
T |
J 102.83°C
9.991Jig
-0.6 1
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0.7 . . . : . : , ; — . ;
20 70 120 170
Exo Up Temperature ("C) Universal V4.1D TA instruments

Figure A7 DSC thermogram of thermoplastic high amylose cornstarch/PLAgMA/
Cloisite 30B in a second thermal scan. Blending ratio: HASTPS/PLAgMA/Cloisite30B =
70/30/5 wt/wt.
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Sample: NSTPS36-PLAgMA_70-30 File: C:..\Yuqing\NS\NSTP836-PLAgMA_70-30a

Size: 94840 mg DSC Operator: Yu Qing
Method: TPS/PLA2 Run Date: 04-Apr-2007 11:056
Instrument: 2920 MDSC V2.6A
-0.1
0.2 115.01°C
o 031
s
3
o
(e | 105.44°C
= 11.10J/g
£ 044
]
0.5
153.52°C
1
06 v - r T " - x y T - T T
20 70 120 170
Exo Up Temperature (°C) Universal V4.1D TA Instruments

Figure A8 DSC thermogram of thermoplastic normal cornstarch/PLAgMA in a second
thermal scan. Blending ratio: NSTPS/PLAgMA = 70/30 wt/wt.
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Sample: NSTPS36-PLAgMA-Clay_70-30-5 File: C:..\NS\NSTPS36-PLAgMA-Clay_70-30-5a

Size: 9.8560 mg DsC Operator: Yu Qing
Method: TPS/PLA2 Run Date: 04-Apr-2007 09:47
Instrument: 2920 MDSC V2.6A
0.0
114.32°C
0.2
&
s 56.76°C
3 58.39°C()
2 1 § 147.65°C
w 60.26°C T 8.923J/g
‘g‘ 104.59°C
2 9.083Jig
0.4
152.84°C
06 . . : . . . T . . - - T
20 70 120 170
Exo Up Temperature (°C) Universal V4.1D TA Instruments

Figure A9 DSC thermogram of thermoplastic normal cornstarch/PLAgMA/ Cloisite 30B
in a second thermal scan. Blending ratio: NSTPS/PLAgMA/Cloisite30B = 70/30/5 wt/wt.
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Sampie: TPS36-PLAgMA-Clay_70-30-2_4min File: C:..\TPS36-PLAgMA-Clay_70-30-2_4min.001

Size: 9.3840 mg DSC Operator: Yu Qing
Method: TPS/PLA2 Run Date: 18-May-2007 12:28
Instrument: 2820 MDSC V2.6A
0.2
0.0
o
S 112.31°C
3 02
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5 .
2 58.29°C
60.42°C(})
142.09°C
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15331°C
0.6 T r Bam— T v v — v ” T
20 70 120 170
&xo Up Temperature (°C) Universal V4.1D TA Instruments

Figure A10 DSC thermogram of thermoplastic high amylose cornstarch/PLAgMA/
Cloisite 30B in a second thermal scan. Blending ratio: HASTPS/PLAgMA/Cloisite30B =
70/30/2 wt/wt. Blending time on Haake: 4 min

115



Sample: TPS36-PLAgMA-Clay_70-30-2_8min File: C:...\TP836-PLAgMA-Clay_70-30-2_8min

Size: 9.4790 mg DSC Operator; Yu Qing
Method: TPS/PLA2 Run Date: 18-May-2007 11:10
Instrument: 2920 MDSC V2.6A
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Figure A1l DSC thermogram of thermoplastic high amylose cornstarch/PLAgMA/
Cloisite 30B in a second thermal scan. Blending ratio: HASTPS/PLAgMA/Cloisite30B =
70/30/2 wt/wt. Blending time on Haake: 8 min
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Sample: BeTPS36-PLAgMA_70-30 File: C:..\Bean\BeTPS36-PLAgMA_70-30.001

Size: 9.4700 mg DSC Operator: Yu Qing
Method: TPS/PLA2 Run Date: 04-Apr-2007 12:22
Instrument: 2920 MDSC V2.6A
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5 0.2+
E’. 116.00°C
a 58.40°C
I 59.70°C() 14258°C
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Exo Up Temperature (°C) Universal V4.1D TA Instruments

Figure A12 DSC thermogram of thermoplastic bean starch/PLAgMA in a second

thermal scan. Blending ratio: BeTPS/PLAgMA = 70/30 wt/wt.
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Sample: BeTPS36-PLAgMA-Ciay_70-30-5 File: C....\Bean\BeTP836-PLAgMA-Clay_70-30-5a

Size: 9.2080 mg DSC Operator; Yu Qing
Method: TPS/PLA2 Run Date: 04-Apr-2007 13:38
Instrument: 2820 MDSC V2.6A
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Figure A13 DSC thermogram of thermoplastic bean starch/PLAgMA/ Cloisite 30B in a
second thermal scan. Blending ratio: BeTPS/PLAgMA/Cloisite30B = 70/30/5 wt/wt.
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Sample: LenTPS36-PLAgMA_70-30 File: C...\Lenti\LenTPS36-PLAGMA _70-30.001

Size: 9.6660 mg DSC Operator: Yu Qing
Method: TRS/PLA2 Run Date: 04-Apr-2007 14:58
Instrument; 2920 MDSC V2 6A
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Figure Al14 DSC thermogram of thermoplastic lentil starch/PLAgMA in a second
thermal scan. Blending ratio: LenTPS/PLAgMA = 70/30 wt/wt.
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Sample: LenTPS36-PLAGMA-Clay_70-30-5

File: C:..\LenTPS36-PLAgMA-Clay_70-30-5.001

Size: 9.4930 mg DSC Operator: Yu Qing
Method: TPS/PLA2 Run Date: 04-Apr-2007 16:16
Instrument: 2920 MDSC v2.6A
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Figure A15 DSC thermogram of thermoplastic lentil starch/PLAgMA/ Cloisite 30B in a
second thermal scan. Blending ratio: LenTPS/PLAgMA/Cloisite 30B = 70/30/5 wt/wt.
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Sample: PeaTPS36-PLAgMA_70-30 File: C:...\Yuqing\Pea\PeaTPS36-PLAgMA_70-30a

Size: 9.3780 mg DSC Operator: Yu Qing
Method: TPS/PLA2 Run Date: 04-Apr-2007 18:49
Instrument: 2920 MDSC V2.6A
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Figure A16 DSC thermogram of thermoplastic pea starch/PLAgMA in a second thermal
scan. Blending ratio: PeTPS/PLAgMA = 70/30 wt/wt.
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Sample: PeaTPS36-PLAgGMA-Clay_70-30-5 File: C:...\Pea\PeaTPS36-PLAgMA-Clay_70-30-5a

Size: 9.5020 mg DSC Operator: Yu Qing
Method: TPS/PLA2 Run Date: 04-Apr-2007 17:33
Instrument; 2920 MDSC V2.6A
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Figure A17 DSC thermogram of thermoplastic pea starch/PLAgMA/ Cloisite 30B in a
second thermal scan. Blending ratio: PeTPS/PLAgMA/Cloisite 30B = 70/30/5 wt/wt.
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Appendix B

Rheological properties of thermoplastic starch and their
blends with PLAgMA and nanoclay™”

Samples Shear rate | Shear viscosity
Starch Blend Ratio of blends |Clay content /s Pa.s
type nes wi/wt %
20 127234
44,01 699.87
96.86 398.11
HAS | HASTPS/PLAgMA 70/30 0 213.18 229.09
469.18 141.25
1032.37 85.11
2272.34 48.98
20 1445.44
45.18 851.14
102.04 501.19
230.40 288.40
HAS | HASTPS/PLAgMA 70/30 1 52038 199.53
1148.15 104.71
2654.01 60.26
5998.76 33.11
20 1994.73
45.18 1185.93
102.04 721.00
230.86 431.82
HAS | HASTPS/PLAgMA 70/30 2 52131 259.40
1176.67 123.59
2657.74 76.46
5998.76 42.00
20 2511.89
45.18 1412.54
102.04 812.83
230.40 489.78
HAS | HASTPS/PLAgMA 70/30 3 500,34 302.00
1288.25 154.88
2591.64 95.50
5998.76 53,70
20 2691.53
43.25 1698.24
102.04 977.24
217.77 616.60
HAS | HASTPS/PLAgMA 70/30 5 520,38 371.54
1309.18 181.97
2656.81 114.82
6002.48 67.61
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Samples

Shear rate | Shear viscosity

Starch Blends Ratio of blends |Clay content /s Pa.s

type wt/wt %
20 3235.94
44.01 2238.72
103.04 1412.54
213.18 870.96
HAS | HASTPS/PLAgMA 70/30 8 534.56 489.78
1032.37 309.03
2654.61 181.97
4998.97

20 1584.89
44.01 901.85
96.86 553.57
HASTPS/PLAgMA 213.18 361.84
HAS | ™4 min-Haake 70/30 2 469.18 201.68
1033.31 117.49
2272.34 66.07
5002.69 38.02
20 316.69
44.01 164.22
96.86 83.08
HASTPS/PLAgMA 212.71 37.83
HAS | ™ Gith water 70730 0 470.11 2021
1033.31 13.20
2272.34 8.13
4998.97 542
20 1073.24
44.01 751.64
96.86 599.18
HASTPS/PLA 213.18 396.16
HAS water removal 70/30 0 469.18 271.28
1032.37 181.42
2272.34 111.20
4998.97 65.51
20 233.72
44.01 164.45
96.86 90.49
213.18 50.35
NS NSTPS/PLAgMA 70/30 0 468.25 38.06
1033.31 33.30
2272.34 20.96
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Samples

— - e Shear rate | Shear viscosity

tarc atio of blends |Clay content /s Pa.s
o Blends et Y

20 669.54

44.01 315.07

96.86 175.12

212.71 129.44

NS | NSTPS/PLAgMA 70/30 2 469.18 69.78

1032.37 49.46

2272.34 32.76

5000.83 21.20

20, 712.24

44.01 323.23

96.86 206.39

213.18 160.36

NS NSTPS/PLAgMA 70/30 3 469.18 85.28

1033.31 59.37

2270.48 37.80

5000.83 24.43

20 680.93

44.01 522.92

96.86 317.55

213.18 194.47

NS | NSTPS/PLAgMA 70/30 5 470.11 120.69

1032.37 64.32

2271.41 40.25

4998.97 26.08

20 379.83

44.01 176.21

96.86 115.61

212,71 77.34

Bean | BeTPS/PLAgMA 70/30 0 470.11 43.73

1032.37 31.68

2272.34 20.14

20 1328.21

44,01 778.67

96.86 442.60

213.64 259.07

Bean | BeTPS/PLAgMA 70/30 5 469.18 156.29

1032.37 88.63

2272.34 53.32

5000.83 30.74
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Samples

Shear rate | Shear viscosity
Starch Ratio of blends {Clay content /s Pa.s
type Blends wt/wt %
20 1388.08
44.01 428.49
96.86 320.59
. 213.18 201.56
Lentil| LenTPS/PLAgMA 70/30 0 46918 102.37
1032.37 81.19
20 1482.58
44.01 630.96
96.86 374.16
_ 213.18 247.79
Lentil| LenTPS/PLAgMA 70/30 2 469 18 165.60
1032.37 97.74
20 1522.18
44.01 886.12
96.86 521.72
. 212.71 302.70
Lentil{ LenTPS/PLAgMA 70/30 3 470 11 178.34
1032.37 111.19
2272.34 64.96
5000.83 36.78
20 1567.31
44.01 939.33
96.86 553.27
. 213.18 325.25
Lentil | LenTPS/PLAgMA 70/30 5 468.25 192.43
1032.37 114.91
2272.34 69.32
5000.83 38.98
20 1623.63
44,01 937.21
96.86 547.77
212.71 334.73
Pea | PeTPS/PLAgMA 70/30 0 469 18 190.81
1031.44 113.07
2272.34 67.45
4998.97 37.90

126



Samples

Shear rate

Shear viscosity

Starch Ratio of blends |[Clay content /s Pa.s

type Blends wt/wt Y %

20 2073.07

44.01 1194.57

96.86 675.93

213.18 389.40

Pea | PeTPS/PLAgMA 70/30 2 47011 22591

1032.37 131.50

2272.34 75.30

5000.83 41.80

20 2052.53

44.01 1180.23

96.86 693.30

213.18 399.70

Pea | PeTPS/PLAgMA 70/30 3 469.18 233.63

1031.44 133.49

2271.41 77.59

4998.97 42.67

20 2249.16

44.01 1270.97

96.86 731.92

213.18 427.96

Pea | PeTPS/PLAgMA 70/30 > 469.18 248.52

1032.37 142.58

2272.34 80.22

4997.10 44.95

% measurement condition: 150°C
®. Bagley correction and Rabinowitsch correction were applied in calculation of shear rate
and shear viscosity
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Appendix C

Contact angle measurements

Table C1 Contact angle of thermoplastic high amylose cornstarch/PLAgMA/Cloisite 30B
blends

HASTPS/PLAgMA/Clay ~ HASTPS/PLAgMA/Clay ~ HASTPS/PLAgMA/Clay

=70/30/2, wt/wt =70/30/3, wt/wt =70/30/5, wt/wt
Graph Y _Axis Graph Y_Axis Graph Y_Axis

Secs Angle Secs Angle Secs Angle
0 50.83 0 59.46 0 66.19
0.033 50.74 0.033 59.47 0 66.19
20 48.59 20 56.66 20 65.09
40 47.16 40 54.92 40 64.22
60 45.52 60 53.32 60 62.81
80 44.43 80 52.21 80 61.72
100 43.19 100 51.27 100 60.84
120 41.95 120 50.03 120 60.09
140 40.54 140 49.01 140 59.22
160 39.49 160 47.9 160 58.38
180 38.46 180 47.06 180 57.56
200 37.63 200 45.97 200 56.73
220 36.58 220 44.92 220 55.88
240 35.38 240 43.94 240 55.05
260 34.52 260 42.63 260 5422
280 33.49 280 41.84 280 53.35
300 3223 300 40.54 300 52.48
320 31.17 320 39.16 320 51.55
340 30.08 340 38.1 340 50.77
360 29.25 360 36.89 360 49.70
380 28.22 380 35.84 380 48.71
400 27.12 400 34.44 400 47.75
420 25.78 420 33.23 420 46.88
440 24.63 440 31.55 440 45.96
460 23.49 460 30.54 460 44.96
480 22.77 480 29.11 480 44.13
500 21.28 500 26.97 500 43.14
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Table C2 Contact angle of thermoplastic normal cornstarch/PLAgMA/Cloisite 30B
blends

NSTPS36/PLAgMA/Clay NSTPS36/PLAgMA/Clay
70/30/3, wtiwt 70/30/5, wt/wt
Graph Y_Axis Graph Y_Axis
Secs Angle Secs Angle
0 61.83 0 69.75
0.033 61.81 0.033 70.97
0.067 61.89 0.067 70.33
0.1 61.98 0.1 70.32
20 61.25 20 69.16
40 59.95 40 68.39
60 59.14 60 66.71
80 58.23 80 66.78
100 57.75 100 65.19
120 57.47 120 64.66
140 56.71 140 64.06
160 56.41 160 63.48
180 55.99 180 62.82
200 54.81 200 61.78
220 54.36 220 62.43
240 53.99 240 60.49
260 53.51 260 61.00
280 53.16 280 60.33
300 52.33 300 59.63
320 52.39 320 59.16
340 51.91 340 58.90
360 51.82 360 59.07
380 51.51 380 58.42
400 51.01 400 - 57.86
420 50.72 420 58.70
440 50.56 440 57.65
460 50.16 460 57.21
480 49.94 480 57.30
500 49.67 500 57.24
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Table C3 Contact angle of thermoplastic high amylose cornstarch/PLAgMA/Cloisite
30B blends surface treated by AKD (Ratio: HASTPS/PLAgMA/Clay=70/30/5 wt/wt)

Untreated Treated

Graph Y Axis Graph Y Axis
Secs Angle Secs Angle
0 66.19 0 62.46
0.033 66.19 0.033 60.80
20 65.09 20 60.86
40 64.22 40 59.38
60 62.81 60 59.77
80 61.72 80 59.13
100 60.84 100 59.01
120 60.09 120 58.23
140 59.22 140 58.23
160 58.38 160 57.00
180 57.56 180 56.93
200 56.73 200 56.87
220 55.88 220 56.49
240 55.05 240 56.27
260 54.22 260 56.07
280 53.35 280 56.22
300 52.48 300 55.43
320 51.55 320 55.85
340 50.77 340 54.74
360 49.70 360 54.75
380 48.71 380 54.94
400 47.75 400 54.54
420 46.88 420 54.42
440 45.96 440 53.60
460 44.96 460 53.71
480 44.13 480 53.38
500 43.14 500 53.37
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Table C4 Contact angle of thermoplastic normal cornstarch/PLAgMA/Cloisite 30B
blends surface treated by AKD (Ratio: NSTPS/PLAgMA/Clay=70/30/5 wt/wt)

Untreated Treated
Graph Y _Axis Graph Y_Axis
Secs Angle Secs Angle
0 70.60 0 76.73
0.033 69.80 0.033 76.76
0.067 69.70 0.067 76.74
0 69.51 0 76.74
20 69.40 20 76.15
40 68.29 40 75.52
60 67.31 60 75.18
80 67.32 80 74.84
100 66.31 100 74.55
120 66.15 120 74.3
140 65.28 140 73.74
160 65.55 160 73.46
180 64.52 180 73.15
200 64.62 ' 200 72.83
220 63.82 220 72.34
240 64.08 240 72.24
260 63.42 260 71.94
280 62.85 280 71.66
300 62 300 71.33
320 61.9 320 70.98
340 61.46 340 70.74
360 61.61 360 70.29
380 61.29 380 70.19
400 60.68 400 69.69
420 60.64 420 69.43
440 60.08 440 69.19
460 59.53 460 68.89
480 59.78 480 68.62

500 58.89 500 68.18
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Table CS5 Contact angle of thermoplastic high amylose cornstarch/PLAgMA/Cloisite
30B blends internal treated by AKD (Ratio: HASTPS/PLAgMA/Clay=70/30/5 wt/wt)

Untreated Treated
Graph Y Axis Graph Y Axis
Secs Angle Secs Angle
0 66.19 0 69.98
0.033 66.19 0.033 69.1
20 65.09 20 68.22
40 64.22 40 67.52
60 62.81 60 67.04
80 61.72 80 66.26
100 60.84 100 65.46
120 60.09 120 65
140 59.22 140 64.72
160 58.38 160 64.4
180 57.56 180 64.15
200 56.73 200 63.61
220 55.88 220 63.34
240 55.05 240 63.09
260 5422 260 62.86
280 53.35 280 62.57
300 52.48 300 62.32
320 51.55 320 62.05
340 50.77 340 61.82
360 49.7 360 61.52
380 48.71 380 6135
400 47.75 400 60.29
420 46.88 420 60.19
440 45.96 440 59.94
460 44.96 460 59.28
480 44.13 480 58.76
500 43.14 500 58.62
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Table C6 Contact angle of thermoplastic normal cornstarch/PLAgMA blends internal
treated by AKD (Ratio: NSTPS/PLAgMA =70/30 wt/wt)

Untreated Treated

Graph Y_Axis Graph Y Axis
Secs Angle Secs Angle
0 65.53 0 7147
0.0334 64.73 0.0334 69.44
0.067 65.00 0.067 69.48
0.1 64.85 0.1 69.47
20 63.02 20 66.78
40 60.96 40 65.00
60 59.80 69 61.74
80 58.40 98 59.59
100 57.07 100 59.60
120 56.50 120 58.40
140 55.40 140 57.66
160 54.50 160 57.08
180 54.60 180 56.30
200 53.70 200 55.14
220 52.70 220 54.57
240 52.00 240 53.96
260 51.30 266 53.20
280 50.80 280 53.00
300 51.10 300 53.20
320 50.80 320 52.93
340 50.60 340 52.70
360 50.60 360 52.46
380 50.60 380 52.17
400 50.60 400 51.78
420 50.46 420 51.46
440 50.44 440 50.99
460 49.90 460 50.86
480 49.67 480 50.46
500 49.42 500 50.19
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Table C7 Contact angle of thermoplastic normal cornstarch/PLAgMA blends internal
treated by different concentrations of AKD (Ratio: NSTPS/PLAgMA =70/30 wt/wt)

AKD-0%"* AKD-0.05%" AKD-0.075%° AKD-0.1%"*
Graph Y_Axis Graph Y_Axis Graph Y_Axis Graph Y_Axis
Secs Angle Secs Angle Secs Angle Secs Angle

0 65.53 0 70.12 0 72.8 0 71.47
0.0334 64.73 0.0333 70.11  0.0333 73.81 0.0334 69.44
0.0667 65 0.0667 70.09  0.0666 73.88 0.0667 69.48

0.1 64.85 0 70.1 0.1 73.75 0.1 69.47

20 63.02 20 67.76 20 71.25 20 66.78

40 60.96 40 66.23 40 68.42 40 65

60 59.8 60 64.59 60 66.84 69 61.74

80 58.4 80 63.29 80 65.73 98 59.59
100 57.07 100 62.7 100 65.44 100 59.6
120 56.5 120 62.48 120 64.9 120 58.4
140 55.4 140 60.83 140 63.73 140 57.66
160 54.5 160 60.43 160 63.42 160 57.08
180 54.6 180 60.24 180 63.37 180 56.3
200 53.7 200 59.85 200 . 6297 200 55.14
220 52.7 220 58.9 220 62.92 220 54.57
240 52 240 58.22 240 62.5 240 53.96
260 513 260 57.91 260 61.93 266 53.2
280 50.8 280 57.57 280 61.89 280 53
300 51.1 300 56.8 300 61.91 300 532
320 50.8 320 56.5 320 61.35 320 52.93
340 50.6 340 56.3 340 61.32 340 52.7
360 50.6 360 55.6 360 60.53 360 52.46
380 50.6 380 54.7 380 60.64 380 52.17
400 50.6 400 54.01 400 60.35 400 51.78
420 50.46 420 53.78 420 60.55 420 51.46
440 50.44 440 53.2 440 59.59 440 50.99
460 49.9 460 52.98 460 59.18 460 50.86
480 49.67 480 52.85 480 584 480 50.46
500 49.42 500 52.56 500 58.21 500 50.19

%0 & 4, denote the AKD concentration are 0%, 0.75%, 0.5% and 0.1%wt (dry starch
weight basis, respectively.
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Table C8 Comparison of contact angle of thermoplastic bean starch/PLAgMA blends

BeTPS36/PLAgMA/Cloiste 30B BeTPS36/PLAgMA
70/30/5, wtiwt 70/30, wt/wt
Graph Y_Axis Graph Y_Axis
Secs Angle Secs Angle

0 58.95 0 53.61
0.0334 59.81 0.0333 54.64
0.0667 60.5 0.0667 54.49

0.1 60.45 0.1 54.61
10 58.78 10 52.54
20 58.48 20 51.88
30 58.01 30 51.32
40 57.81 40 50.66

50 57.32 50 50.43

60 56.72 60 49.53

70 56.4 70 49.36

80 56.41 80 48.88

85 56.2 85 49.41

90 56.1 90 49.05
95 56.14 95 48.56
100 56.13 100 49.12
110 55.84 110 48.11
120 55.28 120 47.67
130 55.44 130 47.41
140 54.96 140 47.65
150 54.98 150 46.8
160 54.47 160 46.98
170 54.39 170 46.77
180 54.18 180 46.08
190 53.56 190 45.51
200 53.97 200 45.8
210 53.94 210 45.14
220 53.61 220 43.85
230 53.5 230 43.65
240 53.08 240 44.5
250 52.98
260 52.7
270 52.5
280 52.16
290 52.5
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Table C9 Comparison of contact angle of thermoplastic lentil starch/PLAgMA blends

LenTPS36/PLAgMA LenTPS36/PLAgMA/Clay
70/30, wt/wt 70/30/5, wt/wt
Graph Y _Axis Graph Y Axis
Secs Angle Secs Angle
0 53.74 0 62.69
0.0333 52.23 0.0334 62.01
0.0667 53.44 0.0667 61.75
0.1 48.96 0.1 61.87
10 46.86 10 55.35
20 44.5 20 52.35
30 41.5 30 50.82
40 40 40 48.5
50 39.01 50 47.29
60 379 60 46.2
70 37.2 70 46.21
80 37.22 80 45.71
85 36.8 85 45.38
90 36.16 90 45.14
95 36 95 44.67
100 355 100 44.5
110 34.7 110 4424
120 33.6 120 43.95
130 32.91 130 43.73
140 32.46 140 43.47
150 32.6 150 43.15
160 32.25 160 43.12
170 32 170 42.9
180 31.1 180 42.64
190 30.39 190 42.5
200 30.21 200 41.98
210 29.58 210 41.76
220 289 220 41.2
230 289 230 41.64
240 29.1 240 41.3
250 28.9 250 41.6
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Table C10 Comparison of contact angle of thermoplastic pea starch/PLAgMA blends

PeTPS36/PLAgMA PeaTPS36/PLAgMA/Clay
70/30, wt/wt 70/30/5, wt/wt
Graph Y Axis Graph Y Axis
Secs Angle Secs Angle
0 51.81 0 76.92
0.0334 51.89 0.0334 74.76
0.0667 54.11 0.0667 74.57
0.1 52.27 0.1 75.04
10 43.58 10 66.12
20 39.52 20 63.04
32 37.16 30 60.81
40 36.35 40 58.81
50 34.21 50 58.05
60 32.75 60 56.7
70 31.6 70 56.7
80 30.54 80 56.86
85 29.8 85 56.48
90 29.1 90 56.32
95 27.8 95 56.1
100 27.39 100 55.22
110 26.7 110 55.67
120 25.68 120 55.68
130 25.35 130 55.48
140 25.11 140 55.08
150 24.87 150 53.9
160 24.62 160 54.05
170 24.38 170 54.57
180 24.14 180 53.42
190 23.9 190 53.81
200 23.66 200 53.9
210 23.41 210 53.96
220 23.17 220 52.9
230 22.93 230 52.11
240 22.69 240 52.29
250 2245 250 52.22
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Appendix D

Experiments on Brazilian cornstarches

Cornstarches were purchased from Corn Products Brasil Ingredientes Industriais Ltda

(Brazil). Blend ratios and experimental conditions were shown in Table D-1. Water and

glycerol acted as plasticizers and ratio of water/glycerol was fixed at 15/35 (wt/wt) for

each run. According to ASTM D882-02, the crosshead speed was set at 5 mm/min when

testing mechanical properties on Instron tensile testing machine. Properties were shown

in Table D-2.

Table D1 Blend ratios and experimental conditions

. . . Mold
No| HAS | Ns | ws | Amidex | High | Amidex o \ip1; cficisor] Temp™
4001 Amylose 3001 o
(O
1{ 0 0 |0367| 0.183 0 0 02| 025 160
21 0 0 |0267] 0.133 0 0 04| 02 170
30 0 0 | 04 0 0 0 04| 02 170

* Amidex 4001 contained 0-3wt% amylose and 97-100wt.% amylopectin with an average

molecular weight (Mw) of 486,000 g/mol and a density of 0.5-0.7 g/cm3.

** Mold Temp is the temperature on Rosand Capillary Rheometer

Table D2 Mechanical properties of blends

No Tensile Strength | Modulus Elongation at Break
’ (MPa) (MPa) (%)
1 9.79+3.76 1033.0+293.3 1.527+0.301
2 16.22+£2.13 1102.0+318.3 2.203+0.292
3 17.54+1.70 1013.0+£199.0 2.539+0.645
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