CHAPTER IV

RESULTS AND DISCUSSION

4.1 Characterization of Banana Starch

4.1.1 Scanning Electron M|crosoopv f?}
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Figure 4.1 SEM micrograph of starch granules of banana.
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4.1.2 Compositional Analysis

Since the difference between flour and starch is the existence of protein
in the molecule, after extraction, banana starch contain only 0.11% of protein in its
molecule. Like any other starches, other compositions including amylose content were
analyzed and the proximate analysis is shown in Table 4.1. The amount of amylose in

the molecule implies that banana starch consists of both linear and branch molecules at

!l//
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approximately the same quantity.
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lipid contents of the extracted starch yere also dlfferent frem those °rsported by Kayisu
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higher than those presented in Table 4.1. The relative composition of these two

: ueﬂnublished by Lii and Chang

constituents is very much dependent on the stage of maturity and on the variety of the
banana. Therefore, this different finding is in fact the result of the variety in source and

stage of maturity of banana used in each study.
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4.1.3 Chemical Structure

Figure 4.2 depicts the FTIR spectra of banana starch. From the
spectrum, the characteristic broad peak of starch appears at 960 — 1190 cm”. This
peak is attributed to CO bond stretching [27]. The absorption bands at 1350 - 1380cm’’
is due to CH bending [27,31]. The intense peak at 1640 cm’ belongs to OH bending
(absorbed water) [27]. A strong broad band due to hydroxyl bond stretching and a CH
stretching peak appears at 3000, = 0 lem [3,27] and 2800 — 2950 cm” [27,31],
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4.1.4 Thermal Properties
4.1.4.1 Differential Scanning Calorimetry (DSC)
The gelatinization temperature range obtained from DSC

thermograms of banana starch is presented in Figure 4.3. As can be seen, the

gelatinization temperature ranges from 72 to 78 °C. From the literature, Lii investigated

some properties of banana starch d a gelatinization temperature range of
74 - 81°C for green banana and 79 - 8360 ic ening banana [2]. The difference
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4.1.4.2 Thermogravimetric Analysis (TGA)
The thermogravimetric analysis (TGA) of banana starch is shown

in Figure 4.4. In general, weight losses occur when volatile absorbed by the samples

takes place with the formation of volatile products. As seen in Figure 4.4, the initial
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weight loss began at approximately 50°C and reached a constant weight plateau after
losing 6% of its initial weight. This weight loss corresponds to the loss of the moisture
content from the banana starch. Further weight loss occurred at approximately 315°C.

At this temperature the banana starch began to degrade. Less than 2% residue was left

at 600°C.
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previously described in chapter Ill. Diethyl ether was used as a non-solvent in this test.

It was found that the density of banana starch was 1.74 g/cms.

4.1 .6 Moisture Absorption

The plot of moisture absorption as a function of time for banana starch is

exhibited in Figure 4.5. As expected, moisture absorption increased with increasing
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time. Because of its hydrophillic nature, banana starch absorbs moisture from the
atmosphere. The absorption rate was pretty fast at first and then slowed down a little
until it reached equilibrium within a day. Its moisture absorption at equilibrium is almost

20%.
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of banana starch.

4.2 Characterizatiop o

4.2.1 Chemical ﬁuctu :
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Spectra of LDP nd a 20% starch/LDPE blend are dispiayed in Uure 4.6(a). The
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[27], OH aendmg (absorbed water) at 1640 cm’ [27] and OH stretching (3000 — 3650
cm'1) [3,27] bands that came from the starch components. Table 4.2 shows IR
vibrations of the pure LDPE film. Figure 4.6 (b) shows the comparison of FTIR spectra
for the uncompatibilized blend and the compatibilized blend with 20% EVA. The
spectrum for compatibilized blend was almost the same as uncompatibilized blend
except a sharp peak occurred at 1745 cm’ [3,31]. This new peak in the compatibilized

blend is assigned to the carbonyl group(C=0) from EVA.



Table 4.2: Infrared Vibrations and Assignments for LDPE [3,27,31]
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Frequency (cm'1) Assignment and Remarks
2800 - 2950 CH stretching
1462 CH, bending
1350 - 1380 CH bending
720, 730 CH, rocking

CH bendjng
%T /
CH,bending CH,rocking
v |/
CcO
I
500
L 20% st
= 20%st+20% EVA
%T

T T I T
2500 2000 1500
Wave number (cm™)

|
1000 500

4000 3500 3000

(b)

Figure 4.6 Infrared spectra of (a) pure LDPE and 20% starch - LDPE films and (b) 20%
starch — LDPE films with and without 20% EVA.
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4.2.2 Thermal Properties
4.2.2.1 Differential Scanning Calorimetry (DSC)
DSC was employed to discern thermal transitions and to gain

some information on the miscibility between banana starch and LDPE. As described in

the experimental section, three scans for each samples were performed. Second
heating cycles provide more info atior ’f e rever5|ble transitions by erasing any
prior thermal histories associated with the

thermograms for pure LDPE

and LDPE/starch/EVA blefc ; OW . Comparing to the DSC

crystallinity. The perce@crys al cu ated.@ dividing the measured heat

of fusion (AH ) by the refqrqme value for perfect PE crystal AH

Although theregds only endothermic transition for the starch/LDPE
or starcqu%ﬂngtm%é M%@hﬂhﬂ@ﬁrﬂompatible. In
fact, like gny other starch, banana starch has no melting temperature, but gelatinization
and degradation temperatures; therefore, the endothermic transition occurred was

solely attributed from the LDPE phase.

Table 4.3 shows the percent crystallinity of the LDPE phase in the
blends. Comparing the difference of pure LDPE and 20% starch blends, there is

apparent decrease in the heat of fusion as the content of starch increases. However,
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when the heat of fusion is corrected by taking into account only the LDPE content in the

blend, it is evident that there is no change in the crystallinity of LDPE phase. It can be
concluded that LDPE is hardly miscible with starch. For compatibilized blend with EVA,
the percent crystallinity of the LDPE phase in the blends decreased as EVA content

increased. This decrease is due to the presence of an interaction between LDPE and

starch, which hinders the close packing of LDPE chains.

/)Blends
Film Samples .../p- ! ' Wty % Crystallinity

Table 4.3: Percent Crystallinity of !

(LDPE phase)

AN m
- 20% starch 'I/ / ﬂu\\\\ ,. 19.60
20% starch + 5% EVA ”i’ in\ N\ ‘ 18.22

20% starch + 10% EVA ‘\ 17.86
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Figure 4.7 DSC thermograms of second heating for the blends.
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4.2.2.2 Thermogravimetric Analysis (TGA)

TGA was used to study the degradation temperature of
LDPE/starch/EVA blends. The values of the onset of the degradation temperature are
very important, since they could indicate the processing and manufacturing

temperatures without continuing or initiating a process of decomposition.

The effect \ 2 rch content on the thermal degradation
behavior of the LDPE/starchebler |n Figure 4.8. Obviously, the

LDPE/starch blends deg@ . waround 310 - 340°C is due to

starch decomposition as simi n in Fig ure starch. With a further rise
in temperature to 600°C : dod« ' tial changes in weight and
were stable to 450°C. T e mposition began near 454°C
with the weight decreasi her thermal decomposition is
owing to the LDPE pha mn of degradation temperature
(T4 (onset)) for both stages a ) ic ue at specific temperature for
all the blends. As listed, less tha{E&[m as left at 510°C. Clearly, the first T,

20% starch began to dq}’é’e at 3 e tﬁ’uana starch content affected

the amount of weight loss of the blend films at.this stage. For example, at 330°C, weight
é

loss of the flmﬂ%%l ’} %ﬂ W%Wt&}ﬂ ﬂ .§»
Q Wr] a *&"ﬂﬁtﬁﬂ %ﬂﬂ quf'% %}5}: &r&wj content at the

second ﬁage of thermal decomposition. The second T, (onset) was not dependent
upon the banana starch content, but the existence of EVA. This is because the
degradation temperature of LDPE and EVA is 454°C and 450 - 500°C [33], respectively.
Therefore, the shift of thermograms toward higher temperature around 454°C is due to
effect of EVA. However, the influence of EVA content on the thermal stability behavior of

the LDPE blend films will be explained in the section. These results imply that no matter
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how much banana starch was added, the LDPE blend films will absolutely decompose

approximately at the same temperature, 500°C.
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Figure 4.8 TGA curves of

banana starch content.

Table 4.4: Onset of Degradatioh-Ter ent Weight Loss for LDPE Blend

Films at Various «‘-,. '—_—\‘

1y

Sample ‘T hC) (onset) \ Percent Weight Loss Residue at

6 {1 57) 9] B3 B ) e | sweco
ope U P | g189 o 7 39.7, 0.87
oo QPR G712 (LTI 2 F 150l om
10%st +10% EVA 1.7 454.2 5.10 20.10 1.11
15%st + 10% EVA 310.0 455.6 7.78 21.25 1.41
20%st + 10% EVA 308.5 454.0 10,18 25,35 2.30
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On the other hand, the influence of EVA content is shown in
Figure 4.9. Although the blend films show two stages of thermal decomposition as
previously described, obviously, the difference exists between these two set of plots
(Figure 4.8 and Figure 4.9). From Figure 4.9, as the amount of starch was kept constant,
the first period of thermograms for all the blends were completely superimposed up to
about 330°C. In fact, the second stage of thermal degradation started right after the first
stage, in particular the uncompatibilized blend film (0% EVA). This result confirms the
’ /banana starch blend films. As shown,

effect of EVA on the thermal stabili

thermal stability of the films i he amount of EVA. Among them,

d With w the highest thermal stability.

er degraded up to about 500°C, where the

the LDPE/banana starch
Similar to Figure 4.8, all thgsBlcat

blends almost completely g
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Figure 4.91 TGA curves of LDPE/starch blends with 10% banana starch and different
amount of EVA.
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Table 4.5: Onset of Degradation Temperature and Percent Weight Loss for LDPE Blend

Films at Various Amount of EVA

Sample " (°C) (onset) Percent Weight Loss Residue at
First Second | At330°C | At4s0°c | 510°C (%)
LBFE - - 418.9 - 39.17 0.87
10%st + 0% EVA 308.2 431.4 4.93 40.39 1.32
10%st + 5% EVA 309.0 5.08 30.72 1.12

10%st + 10% EVA 311, 20.10 111

10%st + 20% EVA 18.98 1.05

e concluded that the blends
of LDPE with starch sho & _“ " iti 8s. As the amount of banana
starch increased, the first T4(o te ow temperature indicating that the
omposition. However, there was
no effect from banana starch at-th ; of thermal degradetion. As the

,,‘ _ljj.,.«’

content of banana stﬂch was kepf tonstant; a-of thermograms for all the

' u_‘ ed as a function of EVA
content. Also weight Igs at e a@unt of EVA increased. This
result confirms that the second stage startedto, degrade at about 419 °C is due to LDPE

srcompostoo @SSR YHIVIT PR T Fese oo s

EVA content as %icated by the shifttoward higher temperature OfU second stage of
therma@a%%ﬁ\aﬁ m%%ﬁf% WIB %a %}tage started to
degrade %t 310°C is due to starch decomposition, whereas the second stage started to
degrade at 454°C is due to LDPE and EVA decomposition. As the amount of banana
starch increased, the first T, (onset) shifted towards low temperature. However, there
was no effect from banana starch at the second stage of thermal decomposition. As the
amount of banana starch was kept constant, the first stage of thermograms for all the
blends are identical. This result confirms that the compatibilized blend with EVA have

the higher thermal stability than pure LDPE.
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4.2.3 Moisture Absorption of Film

Figure 4.10 illustrates moisture absorption as a function of time for pure
LDPE and LDPE blends at various banana starch content. All the blend films were
uncompatibilized. As can be seen, the moisture absorption in the uncompatibilized
blends depends on the exposure time and the starch content of the blends. Unlike the

pure LDPE film with almost 0% of moisture absorption, the LDPE blend films absorbed

more and more moisture as the amo anana starch increased. The LDPE film with

20% starch had highest moisture . d to others. The rate of moisture

absorption also depended gn thesta ch‘antmaarch, the blend film absorbed

moisture gradually unti!(

starch, the moisture absor

owever, at high volume fraction of

erent. The absorption rate was

period of time, i.e., .4 These e that banana starch is more

qumbnum within the same

drogen bond formation between

hydroxyl groups in the st v 015 e moisture uptake of the LDPE
kil L

——LDPE
|- - 5%st
10%st

- 15%st

ﬂ-%o

Figure 4.10 Moisture absorption of uncompatibilized films with different amounts of

banana starch.
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The plot of moisture absorption as a function of time for compatibilized

blends with EVA is shown in Figure 4.11. Although the uncompatibilized blends
absorbed more moisture than compatibilized blends. Their absorption decreased with
increasing compatibilizer content. For uncompatibilized blends, starch granules are
merely encapsulated within the LDPE matrix without any bonding. As seen in Figure
4.12(a), there is a gap between starch particle and the LDPE matrix. As opposed to the
compatibilized blend film there is a co-continuous phase between the two phases as
shown in Figure 4.12(b). This is becau elps promoting the interfacial adhesion

between the LDPE phase a a\:‘;\\ L/ In other words, uncompatibilized

45 - a7 s\ VY
P [ Z f
__ 351
§§' —&— 0% EVA
9 = —
§ 25 1 f; FETRIN I —8— 5%EVA
s : ' 10%EVA
9 - -
=3 e —————————— -
2 15 T ¥ ] i 20%EVA
1 47
05 -
0 ‘o o/
A 1 AT ET
¢ time (hr) o

Figure 4.11 Effect of compatibilizer on moisture absorption of 20% banana starch/LDPE

films.
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(b)
Figure 4.12 SEM micrographs of the surface of film containing (a) 0% EVA and (b) 20%
EVA.
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4.3 Tensile Properties

Starch — based LDPE films were prepared using the chill roll cast film.

Specimens were cut from these films and the tensile properties were tested.

Effect of Starch on Stress-Strain Relationship

LDPE/starch films is shown in F \ \«. s 3'\ery clear that the tensile properties are
highly dependent on starch content. 4 écoment increased, the tensile
strength and elongation at¥¥realedscreased. Althou > specimen is part filler and

part matrix, all of the el6Rgatién Will ¢ome | the polymer if the filler is rigid and there

is no adhesion betwee Wobhages: s &\ \

Since there was  starch particles and the LDPE

matrix, poor stress transfe 2 %r par
VY

particles can not bear any load, which then

interface occurred. The starch
as a weak point in the LDPE blend
film. Stress concentrations was ad the starch particles, causing the

reduction in the tensil

AU ININTNEINS
RINNIUUNIININY
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Figure 4.13 Stress — Strain curve of LDPE blend films without EVA at different amount of
starch (a) 0%, (b) 5%, (c) 10%, (d) 15% and (e) 20% banana starch.
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Figure 4.14 presents the effect of compatibilizer on the tensile properties of
LDPE/starch films at various EVA contents. The blends with EVA exhibited better tensile
properties than those without EVA. For instance, their elongation at break increased
from approximately 77% for uncompatibilized blends to 110% for blends containing 20%
EVA. The elongation at break slightly increased as increasing EVA content. Similar
trend also happened in the case of tensile strength. All data will be compared

graphically in the next section. This is due to the improvement in the compatibility

between the two phases. The addition ahular starch to LDPE leads to a reduction in
haracter of both components. In
contrast with hydrophobic 2 o ydrophilic polymer due to the
presence of hydroxyl groups«in star As. 2 result of this immiscibility, the
tensile properties in the ‘ w ular starch leads to stress
concentration points in blg ‘ e strength and elongation at
break. There are sevefa e\ . .\ pility between two immiscible

polymers, including additiog .1,, -.\ ’ \ v

reacting with both the staréh and th /"' P
J ‘ ':_J"

nctional groups capable of

=

2
ﬂUEl’J'Vl&WI‘ﬁWEﬂﬂ‘i
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Figure 4.14 Stress — Strain curve of 5% starch/LDPE blend films at different amount of

compatibilizer (a) 0%, (b) 5%, (c) 10% and (d) 20%.
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Figure 4.14 (continued)
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4.3.1 Effect of Direction

From the chill roll cast film, the LDPE films were biaxial stretched
simultaneously. Thus, like other biaxial stretching films such as PET, the LDPE blend
films should have preferred orientation so called biaxial oriented film. Figure 4.15 shows -
the effect of different percentage of starch and direction on the tensile strength of

uncompatibilized LDPE blend films.

—&—MD

tensile strength (MPa)

R 5 different direction.

0
B 18] 0BT SHY AR o 1 10 e

direction (MD) was higher than that indhe transversg«direction (TD). dhis result suggests

PR 5 6 oot Vi Hl i B bsng o i

stronger |n this direction. Also, as mentioned earlier, the tensile strength of blends

Figure 4.15 T

decreased with increasing starch content in particular in the machine direction. For the
transverse direction, starch content seems to have no effect on the tensile strength
except at 5% starch, where the tensile strength decreased slightly and remained

constant afterwards.
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Figure 4.16 shows the comparison of the elongation at break of the LDPE blend

films as a function of starch content in both directions.

460
400
R 360
% 00
S 20
%’, 150 w10
® 100 D
Figure 4.16 Elongation at b Pi ds film at different direction.
«;rml ‘. at break of films in TD

decreased signifi icantly s 2 ‘"E There is however no effect

4
from the amount of starcu,ln the MD. All the blend films had lower extension than the

pure LDPE fi ﬂrﬂvﬁﬂr\%éw 8\ %ﬁ WMW%CMI bonding between

the starch partiélés and the LDPE matr|,< This poor interfacial adhesxon causes almost

"R "&ﬂ“?’m”&ﬂém‘ﬂ NYIN

The elongation at break in the TD was higher than in the MD at the same

amount of starch confirming that the orientation is parallel to the MD direction.
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4.3.2 Effect of Compatibilizer

Starch contains hydroxyl groups in its molecules and as a consequence
it is a polar hydrophilic polymer. On the contrary, LDPE is a non - polar hydrophobic
polymer. Because of the different polar character of the two polymers, they are
immiscible. As a result, LDPE/starch blends have low tensile properties. To increase
the interfacial adhesion between the two polymers, the use of a compatibilizer is

necessary.

Figure 4.17.

= B 0% EvA

$

<

g B 5% EvA

@

2

a v,

§ @ 10% Eva
B 20% EvA

starch content (%)

Figure 4.17 Tensne strength of the cofpatibilized blends with differéat’amounts of EVA.
ammmm AN1INEIQaE
As expected, the introduction of the compatibilizer into the blends
increases the tensile strength compared with the uncompatibilized blends. Among
them, the LDPE/banana starch films containing 20% EVA gave the highest tensile
strength. This result is the same for every blend compositions. As discussed earlier, it is
well known that the tensile properties in polymer blends are partly affected by the

interfacial adhesion between the polymers. LDPE and starch are incompatible and their
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interfacial adhesion is very poor. The addition of EVA into the blends is expected to

reduce the interfacial energy and thereby increase the interfacial adhesion. As a result,
these compatible blends showed improved tensile strength compared to those

containing no compatibilizer.

Similarly, as clearly shown in Figure 4.18, the elongation at break of
blends increases with increasing amount of EVA. It is remarkable that all the blends with

20% of EVA had higher elonga ion Wzk than starch blends containing no

compatibilizer. This behavior

lgher elongation at break of EVA
(700%) [34] and the inte
EVA.

etween two phases caused by

140
120
&£ 100 + [0 0% EvA
3
5 80 4
® Bl 5% EVA
§ 60 - o
S
& 40 4
& 0 10% EVA
B 20% EvA

starch content (%)

FTUEITVIWWT]?

raur Blolibordai s B b HBAZ Y e s

EVA.
4.4 Evaluation of the Degradation
Biodegradation of LDPE/banana starch blends was performed by activated sludge

and enzymatic treatment. The samples in the form of thin film were cut into the size of

1.5cm x 20cm. The dried samples were weighed and then placed in the activated
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sludge and enzyme solution for 8 weeks and 8 hours, respectively. The biodegradation
processes were followed by periodically measuring the changes in physical
appearance, tensile properties and weight loss as follow:

4.4.1 Activated Sludge Degradation

After being subjected to the activated sludge, samples were removed for testing

every 2 weeks. Vi i ion 2 re used to observe the changes in

physical appearance of the film surface. ition, biodegradation rate was also
B J_
evaluated by measuring 58S and nswof the films

In starc stic/po » _- _ to study the morphology of the
final product because v ' DT0 y their mechanical properties,
depend on their morphology(phase stiut {ure) d he interfacial adhesion between
starch and synthetic polymers this was employed to study the blend
morphology of the surface:" 1A~ additit sed to examine the interfacial
adhesion between :;*- ‘ fractured surface of the
films. Electron micro%ph mpﬁ collected before and after

biodegradation testing in actlvated sludge. v effect of filler loading and compatibilizer

Wast“e"'“veﬁ%iﬂ’l‘VlEJWiWEJ\’]ﬂ‘i
q RIAINTUURIINYIA Y
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Before Treatment

4.4.1.1.1 Effect of Filler Loading

Figure 4.19 shows the surface morphology of pure LDPE
and LDPE blend films. Obviously, pure LDPE film had a smooth surface, whereas the
presence of starch granules made the blend films surface rougher. As starch content

increased, there was more starch on ace of films. Since the film thickness is

for starch granules to b

izer on the compatibility of
LDPE/starch blends was in Figure 4.20. However, the
compatibility of the blends i te there |s no significant difference
among the blends. Thus, fra 'f—‘ the blend films, with and without a
compatibilizer, 0 clarify the effect of the
compatibilizer. Th i"j of 20% starch blends

T
containing no EVA andﬁ)% EVA is presented in Figure 4: *’J

ﬂUEJ’JVIEJVI’ﬁWEJ’lﬂ‘i
’Q‘W?Mﬂ‘im UA1AINYAY
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Yo

Figure 4.19 SEM micrographs of LDPE/starch (a) 100/0, (b) 95/5 and (c) 80/20.
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Figure 4.20 SEM mlcrogéphs of 20% starch blends of (a) ui ompatibilized blend and

blends compatibilized wmvj(b) 5% wt, (c) 10% wt and (d) 20% wt EVA.

o .Jg

As the cbnpé-h%rétion of EVA=Inéréased’ the ‘disge‘rﬁoﬁr of starch particles
became more unn‘orm ’and showed lmp[oved adherehge. to, LDPE__ ,Fgr LDPE/starch
blends contamm‘g NO“EVA! the drsﬁersioh of ‘the starch pgrhc les'was observed to be
without an adherence to the matrix. However, with increasing EVA content, the particles
were dispersed within the matrix with improved adhesion for the LDPE. Hence, the
higher the percentage of EVA, the better the compatibility of the two phases. Blends
with 20% EVA showed more firmly embedded particles that cannot be pulled out easily

during the fracture process. In contrast, the 0% EVA blend is seen that the cavities were

created because of the easy pulling of particles. In other words, there was poor
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adhesion between the starch and LDPE in uncompatibilized blends, as demonstrated by
the sharp interface between starch granules and the continuous phase. Whereas in the
case of compatibilized blends, there is more diffused interface or a co-continuous phase
formation. Another distinct difference is that the uncompatibilized blend showed a
clear-cut fractured surface, while the compatibilized blend exhibited rough fractured
surfaces. These results implies that the interfacial bond strength of the starch/LDPE
blends was improved by the addition of EVA as evidenced by the enhanced tensile
properties compared to those containirig ‘w&’:@bilizer. This indicates that the role

of a compatibilizer is primarily {o reduce the }I energy and therefore increase

the interfacial adhesion. _ ) S

K2 P06

Figure 4.21 SEM micrographs of banana starch/LDPE of (a) uncompatibilized blend and
(b) compatibilized blend with 20%wt EVA.
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After Treatment

The change in surface morphology and physical appearance of
LDPE/starch blends after being exposed to the activated sludge for 2 months was
investigated in terms of the amount of starch, the effect of EVA and the duration time for

biodegradation test.

2

As

in the system, more starch

tent-ificieased
\Fmre 422. After 2 months of

granules were viewed \
exposure, pure LDPE ig \ » e *' ,. In contrast, the LDPE films

containing 5% and 2 . / -_ y w-w aded as evidenced by the existence

of very tiny holes in th

te holes confirmed the result that
banana starch was remov trix’ after biodegradation. This starch
removal was probably due to the 40 _ exposed starch granules near the
surface of the films ; _,,...j.-:_..,._?:....:..;..:...,:.,...: - red with | LDPE. In other words, these

Y

destroyed areas are of of starch. Obviously, as the

amount of starch increz ed, the number of holes increased. This is because there are

more sites on Er Ti anisms. Thus, these
starting points egra ation, provide greater surface areas for OX|dat|ve breakdown of

"IHTRY TS ey
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Figure 4.22 SEM micrographs of (a) pure LDPE and LDPE blends with (b) 5% starch and

(c) 20% starch after 2 months of exposure in activated sludge.



75

4.4.1.1.4 Effect of Compatibilizer

As shown in Figure 4.23, it is.very difficult to distinguish the
difference between uncompatibilized and compatibilized LDPE blend films. This effect
can be investigated by examining the fractured surface of the films, as previously
explained. In uncompatibilized blends, starch granules are merely encapsulated within

the LDPE matrix without any bonding. Therefore, there is a gap between a starch

particle and the LDPE matrix. This © in an increase in porosity of the LDPE

matrix, which can then easi ism attacking throughout the inner
part of the LDPE. For cel , interfacial adhesion between two
phases causes the difficulty.i ing starch. g from the films. As a result,
smaller size and less numpb

even after biodegradation {€st ,‘ il ) thie next section (4.4.1.2).

g ss of biodegradation rate as a

function of exposure time. Befor granules can be seen on the film

surface. However, aftei-oily-2-Weeks-of-exposuie-these-gra
V. .

because microorganisms c

ules started to disappear

> ulrm,vith a surface full of cavities,

which became more ablépdant as the tlme increased. After 2 months, there were

numerous holeﬂvu M\ 63 Wﬂﬂ‘ﬁl ﬁ ﬂcﬁﬂﬂﬁamh granules. These

film imperfection$lled to deterioration i |n mechanical propertnes and made the film fragile,

asw""ﬁ“ﬁ‘?ﬂ@ﬂ'im URIAINYA Y
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Figure 4.23 SEM micrographs of LDPE/starch blends (80:20 w/w) after being subjected
to activated sludge for 2 months: (a) uncompatibilized blends and blends

compatibilized with (b) 10wt% and (c) 20wt% EVA.
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Figure 4.24 SEM micrographs of LDPE/starch blends with 20wt% starch during

exposure in activated sludge for (a) 0 week, (b) 2 weeks and (c) 8 weeks.
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4.4.1.2 Tensile Properties

One of the most common methods for assessing the degradation of plastic
materials is by measuring change in their tensile properties. The tensile properties of
the LDPE/starch blends prior to subjecting in the activated sludge has already
presented in section 4.3. Thus, the following results are of the tensile properties after

biodegradation test in activated sludge.

4.4.1.2.1 Effe

compositions. The i 3€ in starchi.col ecrea the tensile properties as a

function of time as well 4 deéCrease was observed in the tensile strength

tensile strength and elong fat“break as theé time of exposure increases. This

behavior supports th_e results mﬁM .~ As_mentioned earlier in Figure 4.22,

iarch loading. It is well known
that voids, holes, or cracks, ev [ 2ls are defects and the main
reasons for failure of the fi Ims In addition, starch granules cannot bear any load, which

then behave aﬁwﬁﬁ rq/:w ﬁ%ﬁeﬂﬁ(};ﬂaﬁ elongation at break of

LDPE/starch blefid films decreased as mcreasmg starch content.

AMIALNIUINNINAY

mpatibilizer

Figure 4.26 shows the plot of tensile strength and elongation at
break as a function of time and compatibilizer content. Similar to the films before being
subjected to activated sludge, the compatibilized blends also exhibited an increase in

the tensile strength compared to the uncompatibilized ones. But as the exposure time
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Figure 4.25 Tensile strength and elongation at break of uncompatibilized blend during

exposure in activated sludge.
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increased, the tensile strength decreased gradually. The trend is similar to that of the

elongation at break.

These results are in good agreement with the SEM micrographs
shown in Figure 4.21 and Figure 4.24. Because starch granules of the uncompatibilized
blend had no interfacial adhesion with LDPE with respect to the compatibilized blends,

the uncompatibilized blends had more surface area of starch to be attacked by

microorganisms than the compatibilizéd bléntis: Therefore, the uncompatibilized blends
have more microscopic holes randomly sc% Ge the film than the compatibilized

blends, as the time of exposure~in S '24). Consequently, the tensile -

blends were lower than the

compatibilized blends. F >xample; fic \X \ er 8 weeks of exposure, the
tensile strength of 20% s DPE b \\\\ out A is about 13 MPa, whereas
that of the compatibili v N ’\\ EVA is 14.5 MPa. Similarly, at the
same amount of starch@nd &f ‘ ure, (8 w \\ , the elongation at break of the

films containing no EVA a % EVA Dout 66% and 74%, respectively.

ﬂ‘lJEJ‘JVlEJVIﬁWEMﬂ’i
’QW’]Mﬂ‘iﬂJ UA1INYAY
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Figure 4.26 Tensile strength and elongation at break of 20% starch films compatibilized

with various amount of EVA during exposure in activated sludge.
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4.4.1.3 Weight Loss
The most common and direct method to determine the biodegradability
of biodegradable films is the weight loss measurement. Although it is quite tedious, its

easy and simple make this technique widely used.

4.4.1.3.1 Effect of Filler Loading

blends has shown that microbes

consume starch, creating ase the surface area of the LDPE

matrix and provide oppog & i the deg adati Starch consumption by

igure 4.27.

n.
microorganisms results i 2ight Jos he'blends d ring activated sludge exposure

with different amounts of s r/ - EVA 2 \\\\
G ~ : \\

35
3 T ”,
Z
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25 7 wé [J 2 weeks
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ffect of starch content and exposure time on the weight loss of

uncompatibilized LDPE blend films in activated sludge.

It can be seen that the LDPE showed no biodegradation during
treatment in activated sludge. Thus the weight loss in LDPE/starch film was contributed

by starch reduction only. For the blends with low amount of starch e.g. 5% and 10% wt,
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the weight loss was very small and even after 2 months of activated sludge their weight
loss did not exceed 0.66% and 1.0%, respectively. The biodegradation rate increased
for the blend with 15% starch, whereas in the blend with 20% starch there was a rapid
weight loss even after the first month. These results indicate that the destruction of the

surface depends on the content of starch.

For blends containing low amount of starch, the starch was

PE and thus not accessible to

microorganism. It must be na eter is about one-fourth of the film
thickness and hence micro6rganisi S Wi | he starch that is located at the
surface of film. On the cgatfZ | ‘ = arch content, starch is more

exposed and as result, a greatg oftit | microbes.

mount of starch but different
amounts of compatibilizer, when*the t FEVA increased, the weight loss of the

blends exhibited an in

‘ frogen bonding between the
carbonyl groups of ~EV@ y ¢ starch. _Bowever, as the degradation

time increased, percentage &welght loss mqgased significantly. For example, at 5%

s B B B R tor v

in activated sludaé for 2 months. In Jact this is 5 tlmes higher thaﬂ’fhat of the same

sample azwq aeﬂsﬂrﬁ EH grd %’] ’] Wﬁg’aea th the tensile

properties’and SEM micrographs as already explained.
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Figure 4.28 Effect of/ d ¢ n the weigiit loss of 20%

20 and placed in enzyme solution.

This study used Termamyl whi &1.--%, 0l -amylase solution. Samples were

removed for testing atde sk femoval, samples were then
, i
"

chahges in film surfaces using

|
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banana starch and EVA contents. The rate of biodegradation of films in enzyme solution

weighed to determiné

SEM.

and activated sludge was also compared as follow:
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4.4.2.1.1 Effect of Filler Loading

Figure 4.29 shows the weight loss of the uncompatibilized blends
at various amounts of starch with the exposure time in enzyme. It shows that the
percentage of weight loss increased as time and starch content increased. Indéed,

such an increase was observed in both enzyme treatment as well as in the activated

sludge.

'%that the biodegradability of the
blends was enhanced by on &the ch content since starch giving
rise to an increase in the surfaeé 1a omltant increase in the rate of
degradation

thods 6f»biodegradation, surely
starch films in enzyme was
much faster than that in aetiv. slu c. Fohi . ' it took only 4 hours for the film
containing 20% starch to los$ adat 4% o i initial weight in enzyme solution, whereas it

lasted about a month for the.fiffa-i "'5’ : slidge to loss about the same weight.

These results can b§ Explained-that-the-enzyme-¢ 'iﬁ“ is the specific kind of

enzyme that can be uﬁi to de ow%r there are many kinds of
enzymes, not only enzquf% amylase, proUmg from bacteria or microorganisms in

activated sludﬂ w&atw&Wéﬁ)w gzﬂwﬂiamylase in activated

sludge should b&ess than that in enzyme solutlon‘_.As a result, it @k longer time for
the LOPBbARra il )58 begrick il SR 7 6 B
3 , J K . :

4.4.2.1.2 Effect of Compatibilizer

The weight loss of blends is plotted in Figure 4.30 as a function of
EVA content. The weight loss measurements suggest that the compatibilized blends
have slightly lower degradation rates than those of the uncompatibilized ones.

Furthermore, in compatibilized blends, the biodegradation rate decreases as the
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content of EVA increases. These results were in the same trend as of the activated

sludge degradation.

1.5

weight loss (%)

Figure 4.29 Effect of star ime on the weight loss of

uncompatibilized LDPE blefc

Figure 4.30 Effect of compatibilizer on rate of biodegradation of 20% starch/LDPE films

in enzyme solution.
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4.4.2.2 Scanning Electron Microscope (SEM)

To confirm the result of the weight loss, the biodegraded samples were
also studied by SEM. The micrographs for the uncompatibilized blend containing 20%
starch took before and after enzyme treatment are presented in Figure 4.31. The
undegraded film is characterized by a surface incorporating the starch granules. The

empty craters resulted from the removal of starch granules that were accessible to

intact. However, the filnv ~ ow signs of degradation after

enzyme exposure of only  surface of film exhibit voids left

he consumption of the starch

is continued until the 8" h iy farge t \\\\ , suggesting extensive starch
i e ' E ? \
At

from the preferential degr.

consumption. The SE gge .\' at degradation of the blend

occurred gradually over

AULINENINYINS
AMIAN TN INGINY
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Figure 4.31 SEM micrographs of the surface of 20% starch/LDPE films (a) before, (b) 2

hours and (c) 8 hours enzyme treatment.
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