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Figure 19: TEM images, Batch Clay Amount
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Tensile Strength

The recorded stress strain data revealed a brittle behavior for starch clay sample films.

Effect of Ultrasonification Time on Tensile Strength
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Figure 20: Tensile Strength Results, Batch Ultrasonification Time

Figure 20 illustrates the effects of ultrasonification time on tensile strength. The samples
were prepared with 5% Cloisite Na+ as indicated in Table 12. The TS of starch composite
films tends to increase with increasing ultrasonification times. The data in Figure 20 can
be grouped into three sections (I, II an III). Section I contains the pure mung bean starch
samples with the lowest tensile properties. Section II depicts starch/clay composite
samples with improved tensile properties. The non-ultrasonified clay composites show
only slight improvement over the control. The tensile properties of composites are

constant up to 10 minutes of ultrasonification and reveal greater TS properties than the
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control sample. Increased ultrasonification time resulted in increased TS. The highest TS
values were obtained for specimens ultrasonified for 30 and 60 minutes (as shown in
Section III). Both differ significantly from the control and the low ultrasonified sample
values. However, TS values for 30 and 60 minute samples differed insignificantly from
each other. Ultrasonification for 30 and 60 minutes increased TS by 57% and 58%

respectively.

The improvement of mechanical properties for starch-clay composite films have been
attributed to the structure and dispersion of silicate layers in polymer films (Park et al.,
2002). The increased TS for the longer ultrasonified composite samples can be attributed
to better dispersion of the clay layers in the matrix. The exfoliated film composition
includes clay layers which secure a more rigid and crystalline-like structure, thus
increasing the TS. Figure 16 depicts the exfoliated clay layers in the matrix. The
intercalated clay layers for the remaining composite films show decreased mechanical
properties of specimen when treated with lower ultrasonification times. The clay layers in
the samples are less dispersed in the film matrix, thereby creating larger amorphous areas

which limit optimum TS.
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The Effect of Clay Content on Tensile Strength
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Figure 21: Tensile Results, Batch Clay Amount

Figure 21 shows the effect on tensile strength as percent clay content. The graph can be
grouped into two parts. The first part of the graph depicts specimens with 5-15% wt. clay
content. Films with 5-15% clay showed a significant improvement in TS, especially
S30C5 which had a 54% increase in strength. This improvement is related to excellent
dispersion of nanoclay. Interestingly, the TS for higher clay content (>15%) films
showed a decrease in TS values. The TS decreased significantly, even lower than the
control. This is due to the poor distribution of nanoclay within the mung bean starch
matrix. The occurrence of clay agglomerates resulted weak films. TS was decreasing
significantly. Clay agglomerates do not support the matrix and create weak areas in the

film. Similar results were observed by Kampeerapappun (2006). Kampeerapappun noted
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that the TS for composite films decreased with higher clay contents. It was explained that
this phenomena was caused by poor particle distribution of the higher clay content
samples. Similar observations regarding the dispersion of clay particles and mechanical
film properties were also reported by Pandey (2005). The samples with 10% clay content
ultrasonified for 60 minutes showed no difference when compared to the same sample

ultrasonified for 30 minutes.

% Elongation at Break

Effect on Ultrasonification Time on % Elongation at Break
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Figure 22: % Elongation at Break, Batch Ultrasonification Time
The EB was determined for the control and ultrasonified composite films. All composites

showed lower EB than pure starch films. Composite films compared to each other do not
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differ significantly. These results indicate that the ultrasonification time has no influence

on the EB.
Effect of Clay Content on % Elongation at Break
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Figure 23: Elongation at Break (%), Batch Clay Amount

Figure 23 illustates how all specimen incurred lower EB values with the addition of
Cloistie Na+. The 5 and 10% clay samples are satistically indifferent and have lower EB
values compared to the control. The 15% and 20% clay samples show low EB (less than
3%). Increasing the clay content of the films lowers the EB; this is revealed by the 25 and
30% composite films. Both Figure 22 and Figure 23 illustrate that the addition of clay
reduces EB. Increasing ultrasonification times do not influence the EB. When EB

decreases and the TS increases the clay particles have reinforced the matrix (increasing
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tensile) but have weakened the starch matrix (decreases EB). Similar research examined
how immiscible additives (i.e. clay) reduce the EB properties. Results indicated that
when an additive was dispersed into a "ductile matrix," portions of the matrix material
became fragile (St-Pierre et al, 1997). A similar behavior has been reported by
Mondragon (2008). This explains why the weakening of the matrix only effects the EB
properties. The addition of nanoclay strengthens the film matrix, yet prevents it from

achieving an EB value equal to a pure starch matrix.

Oxygen Permeability

Table 15: Oxygen Permeability, batch ultrasonification time

Ultrasonification

Time (min) Clay amount (wt%) | O,Permeability (cc-mil/(mz-day))"
0 0 9.00 £ 2.60a"

0 5 540+ 249

5 5 528+ 236"

10 5 571+ 2.34%

30 5 471+ 1.73%

60 5 236+ 027"

* Permeability is measured at 23 degrees Celsius and 50% RH

* Means with the same letter are not significantly different

Table 15shows how oxygen permeability decreased with the addition of ultrasonified

clay. All samples had a uniform thickness of 84.46 + 13.32 micrometer. The quality of
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oxygen barrier is directly associated with the dispersion of nanoclay. Ultrasonification
time of 30 minutes did significantly effect OP when compared to non ultrasonification.
Increasing the ultrasonification time above 30 minutes did not significantly effect oxygen
permeability, as seen for both samples containing 10% clay. Thus, oxygen permeability is
a function of ultrasonification time. When clay sheets are exfoliated, layers are
delaminated from the clay creating a “torturous path” for oxygen to move through.
Increased clay dispersion creates a challenging path for oxygen to permeate through the

starch composite matrix (Figure 4).

Table 16: Oxygen Permeability, batch amount clay

Cloisite Na+ Ultrasonification
(wt%) Time (min) O, Permeability (cc-mil/(mz-day))a
0

0 12.63+ 3.09
5

30 584+ 1.10"
10

30 543+ 130"
10

60 599+ 226"
15

30 474+ 1.17%
20

30 447+ 135"
25

30 494+ 0.99"
30

30 411+ 0.78"
* Permeability is measured at 23 degrees Celsius and 50% RH
* Means with the same letter are not significantly different

62



Table 16 shows how oxygen permeability is affected by the addition of clay.
Interestingly, the percentage of clay in the film does not significantly differ from 5-30%
wt clay content. However, the data shows a slight, but not statistically significant, trend
that as clay content increases, OP decreases. The lowest OP results were obtained for

samples with 30% wt clay content.

In general, increasing crystallinity of a polymer reduces oxygen permeability. The
addition of a clay has a similar effect. The clay layers improve the oxygen barrier of the
film due to forming a tortuous path. The permeability rates were statistically insignificant
with the further addition of clay. This phenomenon can be explained by the degree of
dispersion of the clay platelets. As the clay content in the film increases, it becomes
more difficult to reach full exfoliation. Theoretically, the greater the exfoliated clay
content, the greater the oxygen barrier. However, it becomes increasingly difficult to
fully exfoliate high clay contents (>15%), and therefore a more optimal “tortuous path”

could not be achieved by the addition of more clay.

Water Vapor Permeability

Table 17 shows the effect of ultrasonification time on water vapor permeability (WVP).
WYVP was calculated using ASTM cup method (ASTM E96). Film thickness was 88.81 +

8.40 micrometer for all samples.

63



Table 17: Water Vapor Permeability, batch ultrasonification time

Ultrasonification

time (min) Clay (wt %) WYVP (ng m/m’ s Pa)
0 0 0.51980 + 0.0551"
0 5 0.52690 + 0.0712*
5 5 0.42020 + 0.0742"
10 5 0.4998 + 0.0295*"
30 5 0.49070 = 0.0196™
60 5 0.47830 + 0.0030™
* Means with the same letter are not significantly different

An analysis of the WVP of starch and composite films yielded that ultrasonified
composite specimens have lower permeability rates than non-composite films. Lower
permeability rates indicate increased water barrier properties for composite films. This
can be attributed to the excellent barrier properties of Cloisite Na+ clay. It should be
noted that film samples treated with ultrasonification showed decreased WVP when
compared to the control sample and the non ultrasonified samples. However, longer
ultrasonification times did not improve WVP. The dispersed clay displaces free water and
reduces the free volume in the film matrix, resulting in better WVP compared to films

with no clay addition.
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Table 18: Water Vapor Permeability: Batch Amount Clay

Ultrasonification
Clay (wt %) Time (min) WYVP (ng m/m’ s Pa)
0 0 0.57460+ 0.0799%
5 30 0.49150+ 0.0502*"
10 30 0.5169 + 0.0136™
10 60 0.5402 + 0.0437%"
15 30 0.5190 + 0.0312%"
20 30 0.5070 + 0.0521°"
25 30 0.4519 + 0.0603"
30 30 0.4405 + 0.0826"™
* Means with the same letter are not significantly different

WYVP properties were improved for films with clay (Table 18). Specimens with 5 to 20%
clay were significantly different than samples with 25 and 30% clay. The greater the clay
content, the lower the WVP. The samples with less than or equal to 20% wt clay were not
significantly different. Interestingly, samples with 5% and 10% clay content had the
greatest clay dispersion, but not the lowest WVP. Therefore, it could be argued that the
5% and 10% wt samples enhance barrier properties due to greater clay exfoliation, which
is not seen in higher clay samples. Due to excellent clay dispersion, the engagement of
OH groups within the layers makes the film less attracted to water absorption. Thus, it is

possible to hypothesize that greater barrier properties can be achieved for higher clay
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content samples if dispersion can be improved by other factors such as longer
ultrasonification times. However, the 10% clay samples ultrasonified for 60 minutes
showed no difference when compared to 10% clay samples ultrasonified for 30 minutes

because both film specimens were completely exfoliated.

Color and Haze

Table 19: Color measurements: Batch ultrasonification time

Ultrasonification

Time (min) L a b Haze (%) AE

Starch 98.52 | 0.65 0.49 62.32 £0.037°" | 0.053+ 0.03"

0 95.88 | 0.25 2.40 66.90 +2.55* | 3.280+ 0.35"

5 98.11 |0.20 1.78 60.10 £0.63°" | 1.430+ 0.05%

10 98.13 | 0.14 2.00 62.48 +1.09°" | 1.650+0.11°"
30 98.30 | -0.04 2.48 62.69 +2.01°" | 2.130+ 0.08"

60 97.88 | 0.12 1.92 62.33 £1.32°" | 1.770+ 0.13

* Means with the same letter are not significantly different
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Table 19 shows all color values and haze for the samples tested. Color difference (A E)
varied between 1.43 and 3.28. All samples tested were significantly different when
compared to the control (yellowish color). The greatest color difference was observed for
samples which were not ultrasonified. This could be due to the improperly dispersed clay
in the film matrix. The haze values were not significantly different for samples with
different ultrasonification times. Only SOCS5 showed a significant difference in haze, most
likely because it was not ultrasonified and had a poor dispersion of clay in the matrix. All
film samples had a color change towards yellow due to the fact that Cloisite Na+ is
yellowish in color. However, there was no optical difference detected by the researcher’s

eye between the clay samples.
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Table 20: Color measurements, Batch amount clay

Clay (wt %) L a b Haze (%) AE
0 98.30 0.35 0.51 57.60 £1.28° | 0.00+0.03°"
5 97.67 0.12 138 | 62.10+1.70°" | 1.10+0.19%"
10 96.89 | -0.24 292 | 62.19+2.88" | 2.87+0.44°
10 (60minSon.) | 97.49 | -0.59 3.84 | 62.84+1.29" | 3.26+0.06
15 96.38 | -0.23 321 | 61.81+2.19% | 3.02+047
20 95.73 | -0.23 3.81 | 65.86+0.93%™ | 422+0.36"
25 9530 | -0.20 3.61 | 63.14+1.50" | 3.36+0.10¢
30 94.15 | -0.28 5.01 69.70 £1.29%" | 6.17+0.06>
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Table 20 shows how color difference (A E) was affected by the addition of nanoclay. The
clay sample with 5% and 10% wt showed the lowest color differences, whereas the
addition of more clay resulted in a noticeable color difference (towards b-value). Table
21 illustrates how the addition of clay caused the film to become more yellow. The Haze
value increased also with the addition of nanoclay. Higher clay samples are more opaque

than lower clay films and the control.

Table 21: Appearance composite films

Clay 0[Clay 5[Clay 10]Clay 15[ Clay 20 Clay 25] Clay 30

Wt %) | (Wt%) Wt%) | (Wt%) | (Wt%) | (Wt%) | (wt %)
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CHAPTER FIVE

V. CONCLUSIONS

Mung bean starch and nanoclay showed an expected affinity to each other since both
have a hydrophilic structure. A starch clay composite film was easily produced in
conjunction with water and glycerol. The dispersion of clay in the film matrix was
controlled by ultrasonification, allowing intercalation and exfoliation of the clay layers.
TS was increased to a maximum of 58% compared to non-composite mung bean starch.
Barrier properties were improved significantly. The oxygen permeability was reduced
from 12.63 + 3.09 cc-mil/m?/day for a pure mung bean starch film to 4.11 + 0.78 cc-
mil/m*/day for a 30% wt clay film ultrasonified for 30 minutes. WVP improved from
0.5746 + 0.0799 ng m/m’ s Pa for the control film to 0.4405 + 0.0826 ng m/m” s Pa for a
film with 30% wt clay ultrasonified for 30 minutes. The greatest barrier improvements
were obtained from films containing the greatest amount of Cloisite Na+. Film with
desirable properties and appearance was achieved with less clay addition. The addition of
clay greater than 10% affected the appearance of the film such (i.e. increasing the Haze
and A E). The X-Ray Diffraction Pattern as well as the TEM images illustrated the degree
of clay dispersion. Results indicated how proper ultrasonification time and the specific
addition of nanoclay enhances the mechanical and barrier properties of mung bean
composite films. These results can be attributed to proper clay dispersion. Only 5% wt
Cloisite Na+ samples had improved TS and oxygen permeability properties while

maintaining maximum optical appearance. However, adding more clay to the matrix did
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not result in an increase of mechanical strength. High clay sample films (20 to 30%)
showed lower mechanical strength when compared to the control, which can be related to
the poor exfoliation of clay (clearly illustrated in the X-Ray Patten and TEM images).
The addition of clay had an effect on the WVP, because Cloisite Na+ drastically
decreases amorphous regions in the mung bean starch, however ultrasonification time had
no effect beyond a base time of 5 minutes. EB increased significantly for all clay
composites, independent of ultrasonification time. Overall, the addition of low clay
illustrated the greatest mechanical strength and improved the barrier properties. The
optimum clay amount was found to be 5% wt Cloisite Na+ and ultrasonified for 30

minutes.
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CHAPTER SIX

VI.  FUTURE RESEARCH

Theoretically, a mung beach starch/nanoclay composite film could act as a layer in a
multilayer film. These films would be reasonable substitutes for conventional polymer
films and could be implemented into various packaging applications. Water vapor
properties could be improved by combining the composite film with a non polar polymer.
Further research could develop a method of creating biodegradable multilayer film,

having excellent mechanical, barrier and appearance properties.

Future research could entail a further investigation of the dispersion of clay in the starch
matrix by focusing on other factors influencing the dispersion of high clay amount
composites. Research could also investigate a method to create oriented clay particles in
starch composite films to compare mechanical and barrier properties to non oriented
composite films. Theoretically, oriented clay particles, if optimal distributed in the
matrix, could further improve properties because the matrix would show an excellent

ordered path.

Also, different packaging relevant properties, such as sealing strength properties of
starch-clay composite films could be studied. Sealing of thermoplastic materials is an
important film property when forming a package. Research could concentrate on

identifying the critical parameters and sealing methods for starch-clay films.
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Another interesting research investigation could be a concrete comparison of the
complete life circle of starch based composite polymers and conventional plastics. The
life cycle assessment includes all environmental inputs and outputs, real emissions and
waste over the products life cycle. The research could show if and how a biodegradable
starch composite film affects the environment compared to an oil based film with similar

properties.
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