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ABSTRACT

The objective of the present investigation is to synthesize starch/Iignin film, a new

starch based polymer and to evaluate its application in the design of controlled release

fertilizer. The properties of the film were compared with different ratio of lignin

content. Starch/Iignin polymer was synthesized by gelatinlzation of starch in the

presence of urea, borax and lignin. Thermal Gravitational Analyzer (TGA), Scanning

Electron Microscopy (SEM), X-ray Diffusion (XRD), and Universal Testing Machine

(UTM) are used to evaluate the influence of lignin content on the film mechanical and

thermal properties. The film was prepared by using solution casting method composed

of tapioca starch mixed with lignin. Other tests such as biodegradability test and water

absorption test have been performed and it is shown that lignin actually reduced the

water affinity of the films. The results prove that the water-uptake of these blends could

be reduced Mid that simultaneously stiffer materials with a less pronounced degradation

rate can be obtained.
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3.1 Background of Study

CHAPTER 1

INTRODUCTION

Synthetic polymers have provided undeniable benefits for the development of the

society. However, non-biodegradable petroleum-based plastics have become a threat to

the environment and the diminishing petrochemical resources. Therefore, an increasing

attention has been paid on the development of environmentally friendly materials,

which is a solution not only to the growing environmental threats but also to the

uncertainty ofpetroleum supply.

Starch based polymer can be effectively used as an encapsulating matrix in the

controlled released for agrochemicals after derivation and cross-linking (Tarvainen et

al., 2004; Tuovinen et. al., 2003). Research has shown that slow or controlled release

technology could effectively avoid the loss of fertilizers and serious environmental

pollutions.

Starch is an abundant biopolymer in the nature. The potential advantages are, apart from

its environmental gains, it is also low cost, not depending on petroleum sources,

available from renewable resources, and enabling to replace some synthetic polymers.

However, the industrial development of starch polymer is hindered by its disadvantages

such as the relatively low tensile property and high water absorbency (Wu R.L. et. al.,

2008). Therefore, one way to improve starch properties which is the water affinity and

maintaining its biodegradability is to blend starch with hydrophobic compounds such as

lignin.



In this study, biodegradable starch/Iignin blend films are to be prepared for urea

fertilizer coating This project is also to investigate the films' structure, the influences of

the blending ratio of starch and iignin to the film's properties.



3.2 Problem Statement

General

In recent years, the research has been ongoing to find a suitable alternative and film-

forming membrane material that can be safely used in agroindustries in order to

improve the utilization of fertilizer nutrient. The most widely used fertilizer is urea

because of its highnitrogen content and comparatively lowcostofproduction (Chen et.

al., 2005). However, due to surface runoff, leaching, and vaporization, the utilization

efficiency of urea is generally below 50%. About 40-70% of nitrogen escapes to the

environment and cannot be absorbed by crops, which causes not only large economic

losses but also very seriousenvironmental pollution (Guo et. al., 200?).

Specific

Starch is the cheapest biodegradable polymer available in large amounts from

renewable plant resources and it is a prospective replacement for synthetic plastics

which can be a solution to the growing environmental threats and the uncertainty of

petroleum supply. However, natural starch polymer contains many hydroxyl groups that

make the starch matrix hydrophilic and capable of absorbing water and swelling

dramatically in moist environment. By cross-linking andblending starch with lignin, it

is anticipatedthat the propertiesofthe filmwill be improved.

3.3 Objectives of Study

The main objectives of this study are:-

i. To develop a starch/Iignin polymer film

ii. To investigate the film's structure, the influences of the blending ratio of starch

and lignin to the film's properties.



3.4 Scope of Study

This study is conducted to develop a new approach for preparing a new type of slow

release fertilizer coating using natural and biodegradable polymer. The scope of work

for this project is confined to the study of starch/Iignin blends for urea fertilizer release

only. The timeframe for this study is 1 year and will be done in two phase:

1. In the first phase, the project will be more on studying and reviewing

information on the journals and experiments report available in the net and

library.

2. As for the second phase, by using all information and data gained from the first

phase, a proper experiment will be done to achieve the objectives stated earlier.

The project will be in the form of laboratory experiments. It composes of two

stages which are experiment and data analyzing stage.



CHAPTER 2

LITERATURE REVIEW

3.5 Introduction

Fertilizers are one of the most important products of the agrochemical industry. They

are added to the soil to release nutrients necessary for plant growth. However, the

potential hazards of fertilizers to the environment have results in stringent limitation to

their use. About half of the applied fertilizers, depending on the method of application

and soil condition, are lost to the environment, which results in the contamination of

water (O.A.Salman, 1989). Use of conventional fertilizers may lead to concentration

levels that are too high for effective action. A high concentration may produce

undesirable side effects either in the target area, which could lead to crop damage, or in

the surrounding environment (K. El Rafaie et. al., 1996).

One method of reducing nutrient losses involves the use of controlled-release fertilizers

(CRF). The CRF can be physically prepared from the granules of the soluble fertilizers

by coating them with materials, which reduce their dissolution rate. CRF demonstrate

many advantages over the conventional type, such as decreased rate of removal of the

fertilizers from the soil by rain or irrigation water, sustained supply or minerals for a

prolonged time, increased efficiency of the fertilizer, lower frequency of application in

accordance with normal crop requirement, minimized potential negative effects

associated with over dosage, and reduced toxicity (K. Byung Su et. al., 1996).

Many systems based on natural polymers have already been investigated, such as

PCL/starch (Ikeo et al., 2006), PHB/Iignin (Kai et al., 2004), PCL/cellulose (Sanehez-

Garcia et al., 2008), etc. However, these synthetic biodegradable polymers are

expensive and/or rely on the petroleum resources. In addition, because of the poor

compatibility between hydrophobic polymers and natural polymers, reactive

compatibilizers or coupling agents are often used to improve interfacial interactions of



these composites. Recently, many attentions had been paid on preparing the totally

biodegradable blends with the natural polymers and their derivatives, such as cellulose

diacetate/starch (Lee et al., 2006), starch acetate/native starch (Guan and Hanna, 2004),

cationic starch/cellulose (Bratskaya et al., 2006) and chitosan/cellulose acetate (Liu and

Bai, 2005), etc. These blends present good compatibility and retain biodegradability.

However, compared with the preparation of environmental friendly materials based on

pure natural polymers, using their derivatives will increase the cost and complicacy.

In this literature review, past researches in recent years are analyzed to study the

available systems in natural and biodegradable polymer as fertilizer coating and also to

study the feasibility of the new proposed system which is using starch and lignin. It is

hypothesized that lignin modified starch will increase the strength of normal starch

polymer and also reduce the swelling in moist environment.

3.6 Controlled Release Fertilizer (CRF)

M§9§\??'?<! nutrient uptake by plants from fertilizers can be achieved through

modification of fertilizer products - either chemically to reduce their solubility or

physically, for example, by coating encapsulation. Controlled release fertilizers (CRFs)

have been used for many years, beginning with the sulfur coated urea (Jacobs, D.F,

2003). The early sulfur coated materials did not always give a uniform response,

because either the coating sometimes might have cracked or the coating would have

been of uneven thickness, allowing the fertilizer granules to break down at different

times.

However, newer generation of CRFs have resin coats that better control the release of

the fertilizer. CRFs could match the fertilizer application more closely with the amount

actually needed for plant growth. Coated CRFs use a polymer or sulfur coating to

encapsulate water-soluble nutrients. The coating thickness and media temperature

primarily control the rate of nutrient release. The uncoated nitrogen reaction products



are relatively insoluble in water and nutrient release is generally controlled by water

availability and/or microbial decomposition.

3.7 Starch

Polysaccharides, and specially starch artd its derivatives, have been studied extensively

to this end. Starch is a natural polymer available in large amounts from several

renewable plant sources, and it is produced in abundance beyond available markets. It is

the cheapest biopolymer and it is entirely biodegradable. Starch is a polymer of

glycosidic units linked by a-(1^4) bonds. It is composed of two polymers, amylose and

amylopectin (Coultate, 1996).

Starch is formed in granules, which exhibit molecular ordering and a crystalline X-ray

diffraction pattern. When heated in suitable conditions, the granules lose their shape and

develop an amorphous phase. When plasticizers are added to this amorphous phase,

thermoplastic starch is produced (TPS) (Wiedmann, & Strobel, 1991). Under these

conditions, a great variety ofcomposites and blends can be produced.

30^600

Figure 1 : Starch molecular structure

OH

In order to improve starch properties, starch is graft-copoiymerized with various

monomers. Through the variation of grafting monomers, different changes in properties

can be achieved as studied by Arvanitoyannis et. al. (1999) and Zhu & Zhuo (2001).



3.8 Lignin

Lignin QT lignen is a complex chemical compound most commonly derived from wood,

and an integral part of the secondarycell walls ofplants. It is one of the most

abundantorganic polymerson earth, exceeded only by cellulose, employing 30% of

non-fossil organic carbon and constituting from a quarter to a third of the dry mass of

wood. As a biopolymer, lignin is unusual because of its heterogeneity and lack of a

defined primary structure. Its most commonly noted function is the support through

strengthening of wood (xylem cells) in trees.

Lignin, as a major by-product in the papermaking industry, is generally discharged into

rivers rather than recycled and reused because of the lack of and inefficiency of alkali

recycling. Every year up to 5 x 10' ton ligninare produced and disposed of as waste. It

not only wastes resources but also brings up serious aquatic environmental

contamination (Zhang and Chuang, 2001). This shows that lignin is mi enormous and

inexpensive raw natural material. Its natural macromolecule structure is composed of

phenol units, connected by various types of linkages, thus forming a branched structure

owning diverse functional groups (Carsten et al., 2000). In regards to this finding, it has

been reported that lignin possess extensive cross-linking and strong intermoiecuiar

interactions which can improve the strength of starch polymers. Its hydrophobic

properties also can reduce the water affinity ofstarch polymers.

Furthermore, it has been reported in the study by Carsten et ai. (2000), that iignin can

increase the plasticity of starch matrix due to its lower molecular weight fraction and

can form a cementing material for cellulose fibrils, which can improve the mechanical

properties of the composite material of lignin/cellulose. Therefore, lignin can be used as

a plasticizer of starch, a reinforcing agent of cellulose and a compatibilizer of cellulose

and starch, to prepare natural biopolymer composites composed of cellulose, starch and

iignin.



Figure 2: Lignin molecular structure

3.9 Critical Analysis 1:controlled release of urea encapsulated by starch-g-poly

(L-lactide)

First review is on the research done by ehen et. al. (2008) with the title controlled

release of urea encapsulated by starch-g-poly (L-lactide). The objectiveof the studywas

to develop a new approach for preparing a new type of slow release membrane

encapsulated urea fertilizer using starch-g-PLLA. The method used in this study is

solution casting and the urea is individually encapsulated with starch polymer modified

byL-lactide through in-situ graft copolymerization. Theresults shown that introduction

ofhydrophobic PLLA reduced theswellability of starch matrix and decrease the release

rate of urea.

The approach used inthe research has shown positive result using hydrophobic material

such as PLLA, therefore the use of lignin which is also hydrophobic is anticipated to

give significant improvements to the film. The water tolerance of the matrix could

improve the capability of controlling urea release. This study also used solution casting

method which is more excellent in the thickness uniformity than the melt extrusion

method. Furthermore, in the solutioncastingmethod, the produced film contains foreign

materials less than in the melt extrusion method. Therefore, the solution casting memod

is preferable in the film production.



3.10 Critical Analysis 2: Controlled-release fertilizer encapsulated by

starch/PVA coating

Second review is on the research done by Han et. al.(2008), where the title is controlled-

release fertilizer encapsulated by starch/polyvinyl alcohol coating. The objective of the

research was to develop a new approach for preparing a new type of slow release

membrane encapsulated urea fertilizer using starch/PVA blend film. In the research, the

method used was blending starch with PVA and cross-linked with formaldehyde. The

structure was then observed using X-ray diffraction (XRD), Fourier transform infrared

absorption spectra (FTIR) and atomic force microscopy (AFM). The results shown that

crystal structure of PVAwas changed afterbeingblendedwith starch, waterabsorbency

increased along PVA content but decreased along formaldehyde content due to the

cross-linking reaction.

For this research, the use of PVA is less preferable due to the high content of-OH in

PVA which increases the water absorbency of the polymer. However, cross-linking

starch/PVA with formaldehyde reduced the hydrophiliicity of the starch. This is due to

the intermolecular and intramolecular linkage between of-OH between starch and PVA

molecules. (Han et.al., 2008) This chemical binding using formaldehyde has shown

great effect on the compatibility of the starch/PVA blend.

3.11 Critical Analysis 3: Use of Kraft lignin as filler for starch films

Third review is on the research done by Baurnberger S, et al (1997), Use of Kraft

lignin as filler for starch films. The objective was to evaluate the influence of lignin

content on the film mechanical properties. The film was prepared by using melt

extrusion method followed by thermal molding, composed of commercial Kraft lignin

mixed with wheat starch. Then, the mechanical properties were evaluated by stress

strain tests at different ambient relative humidity levels. In the dissolution tests and

water absorption tests that have been performed, results shown that lignin actually

reduced the overall affinity of the films. As the percentage of lignin increased, the film

resistance to elongation significantlydecreased, compared to the control starch film.

10



These results are consistent with the hypothesis of a two phase material consisting of a

hydrophilic starch matrix filled with hydrophobic lignin aggregates, as confirmed by

microscopic observations. The experiment showed that the lower molecular weight

fraction of lignin may be responsible for improvement of starch polymer. However, in

the melt extrusion method, the polymer is heated to melt, and then the melt polymer is

extruded to form a film. The melt extrusion method has merits in that the productivity is

high and the cost for equipments is relatively low. Therefore, it is difficult to adjust the

film thickness accurately.

3.12 Conclusion

Taken together, the results of these past researches indicate that polymer blend gives

better mechanical properties and phase morphology (Chen et. al., 2008, Han et. al.,

2008, Baumberger S. et. al., 1997). It can be assumed from these literature reviews that

the presence of highly cross-linked aromatic skeletons of lignin will give significant

effect to the starch blend. Therefore, the modified starch products could be expected to

have widely potential in agriculture industry as the controlled release fertilizer coating.

11



3.13 Project workflow
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Figure 3: Project workflow
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Figure 4: Experimental work
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3.15 Preparation of Starch/Iignin Film

Tapioca starch (£g) is dispersed in 95 ml of purified water to form starch slurry. The

starch slurry is heated in a water bath of an 80°C for 30 minutes and stirred until it

gelatinize and become viscous. Borax (0.25g) and urea (2.5g) are weighed in a separate

beaker and mixed to the viscous starch solution. Lignin is added to the solution with

different ratio of 0%, 5%, 10%, 15% and 20% under continuous heating and stirring for

3 hours. The mixture is removed from the heat, the foam is skimmed off, and the

solution is distributed into a leveled plastic mold. After drying the solution at room

temperature, the films are allowed to dry in a hot-air oven at 50°C for 8 hours and dried

starch/Iignin films are removed from the mold.

3.16 Mechanical Properties Measurement

Inthemechanical testing of the film a tensile test is carried out using Universal Testing

Machine (UTM 50kN) wherea film sample is stretchedat a constant rate until it breaks.

The samples were stored under controlled temperature and moisture conditions until

testing, and at least six specimens per samplewere used. The films are cut into 10cmx

1.5cm with an average thickness of 0.2mm. The standard used for this test is ASTM

D882-02 - Standard test method for tensile properties of thin plastic sheeting. The

stress-strain curves obtained are used to determine the tensile strength and elongation at
break.

3.17 Thermal Analysis

Thermogravimetric analysis is carried out using a SDT Q600 (TA Co., USA) under

nitrogen atmosphere. Samples (about 10 mg) were heated from room temperature to
800°C at a heating rate of 10°C/min.

13



3.18 Microscopic Analysis

Fjlm samples were examined for surface characteristics using a JEQL JSM-5800 LV

scanning electron microscope (SEM) (JOEL Ltd., Tokyo, Japan). Five samples were

mounted on a bronze stub and sputter-coated (Sputter coater SPI-Module, PA, USA)

with a layer of gold prior to imaging, allowing surface visualization. The surfaces of the

films are observed at magnification of 1000 and 5000.

3.19 X-ray Diffraction

The X-ray diffraction patterns with Cu Ka radiation at 40 kV and 30 mA were recorded

in the range of 2 Theta with an X-ray diffractometer (X0 pert, Philips). The composite

films were cut into powder for the measurement of X-ray diffraction.

3.20 Swellability Test

Exactly weighed blend films were immersed in distilled water for 24 h until sufgciently

swollen. The excess water is removed and the swollen films are reweighed to calculate

the absorbency, which is the ratio of the weight of the swollen film to the dried film.

3.21 Moisture Absorption

Films are cut into small squares 2cm x 2cm. Each specimen is dried in the oven at 80°C

for 24 hours. The dried films are weighed for initial weight and are put in the relative

humidity box with a RH of 55% for 24 hours. Swollen films are reweighed for final

weight and moisture uptake is calculated.

3.22 Kinetic Moisture Absorption

Films are cut into small squares 2cm x 2cm, Each specimen i§ dried in the oven at 80°C<

for 24 hours. The dried films are weighed for initial weight and then immersed in

distilled water. The immersed films are thenreweighed everyone houruntil the weights

becomeconstant. Graph of wateruptakeagainst time is plotted for each sample.

14



3.23 Biodegradability

Films are cut into small squares 2cm x 2cm. Each specimen is weighed and placed in

plates containing distilled water. The plates are exposed to ambient conditions for 30

days. Variatipns in film morphology and disintegration time are recorded.

15



4.1 FTIR

4000

CHAPTER 4

RESULT AND DISCUSSION

3500 3000 2500 2000

w avenurrber

1500 1000 500

Figure 5; FTIR spectra of starch-borate-lignin and pure starch film

In the preparation of the samples, the lignin modified starch film was crosslinked

together with urea and borate. The crosslinking reaction between starch-urea-borate was

first charaterized by comparing the FTIR spectra of reacted and non- reacted samples

which is pure starch. From Figure 5, it can be observed that new bond is formed which

the secondary amine bond. Thus, the crosslinking reaction between starch-urea-borate is

proved.

The effect of lignin to the film can be investigated by keeping a constant amount of urea
and borate throughout the experiment.

16



4.2 Mechanical Analysis
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Figure 7: Strain for modified films

Tensile strength (ob) and elongation at break (eb) are important mechanical properties

which mainly depend on components in the films. Figure 6 shows the tensile strength

(MPa) for the modified films consisted of starch, lignin, urea and borate. The amount of

17



urea and borate are kept constant for all samples while lignin content is varied from 0%,

5%, 10% and 15%.

Based on Figure 1 above, the maximum stress at break is increasing as iignin content

increases. For example, the value of stress for 0% lignin is 9.17MPawhile for 15%

lignin, the maximum stress is 12.1IMPa. This result indicates that the tensile strength of

the modified film is improved with the presence of lignin.

However, the elongation at break (eb) is decreasing along lignin content. As can be seen

from Figure 7, 0% lignin content has the largest value of strain which is about 4%. This

result shows that with higher lignin content in the modified film, the film become more

brittle.

4.3 Thermal Analysis

The TGA curves indicate that the decomposition temperature increases with increasing

lignin content. This lower rate of thermal degradation of higher lignin content film is

attributed to the higher crosslink density than that of lower lignin content film. The

starch-iignin polymer of tightly crosslinked structures requires more energy for the

decomposition and ring structure to be formed.

Figure 8: TGA curve for 0% lignin

18
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Figure 9: TGA curve for 10% lignin

Figure 10 : TCA curve for 20% lignin
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From Figure 10, it is observed that 20% lignin content has the highest decomposition

temperature which is 284.21°C at thethird peak.

The higher thermal stability of lignin-starch can also be assumed by the high thermal

resistance of lignin (S.Sarkar et.al.,2000), which appears due to the large number of

ether linkages and aromatic groups in its chemical structure. Figure 11 also shows that

the char residue at 500°C of 20% lignin is higher than that of 5% lignin content. This

higher char residue of higher lignin-starch may be due to the high molecular weight of

lignin char (Brauns FE, 1960).

Figure 11: Weight residue (%) at 500°C for modified films

20



4.4 Microscopic Analysis

Figure 12 : SEMimages for modifiedfilms at 1000and 5000 magnification

21



The morphology of the lignin/starch films was identified by Scanning electron

microscopy (SEM). Figure 12 shows the surface of starch films reinforced with 0 to

15% of iignin. Starch-lignin surface display the same features. The SEM images show

that 20% lignin can be incorporated into starch with no major change in morphology.

However, the surfaces of the films become slightly smoother as the lignin content

increases. This indicates the compatibility of lignin and starch. Figure 12a above shows

the surface of starch film with 0% lignin, only crosslinked with urea and borate, which

there is no smoothing effects at the edges of the particles. Figure 12d shows enlarged

image of 20% lignin content where the edges become smoother. Therefore, SEM

indicates that replacing 20% of the starch with lignin has no deleterious effect on

overall morphology.

22
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X-Ray diffraction (XRD) is used to measure the nature of polymer and extent of

crystallinity present in the polymer sample. Crystalline regions in the polymer
seatedin well-definedmanner acts as diffraction grating. So the emergingdiffracted

pattern shows alternate dark and light bands on the screen. X-ray diffraction pattern
ofpolymer contain both sharp as well as defused bands. Sharp bands correspond to
crystalline orderly regions and defused bands correspond to amorphous regions.

Crystalline structure is regular arrangement of atoms. Polymer contains both
crystalline and amorphous phase within arranged randomly. When beam of X-ray

passed through the polymer sample, some ofthe regularly arranged atoms reflect the
x-ray beam constructively and produce enhanced intense pattern. Amorphous

samples gives sharp arcs since the intensity ofemerging rays are more, where as for

crystalline samples, the incident rays get scattered. Arc length of diffraction pattern

depends on orientation. If the sample is highly crystalline, smaller will be the arc

length.

Based on Figure 13, we can see mat in 10% lignin content, thearc length is smaller

than that of 5% and the arc length of 5% is smaller than that of 0%. This indicates

that, as the lignin content increases, die crystallinity of the film increases. The rate

ofcrystallization of lignin-starch film is strongly enhanced by the nucieation action
oflignin particles due to its highly cross-linked morphology (Rohelia etal., 1996).

4.6 Water Affinity

4.6.1 Swellability Test
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Figure 14: Percentage swelling ofmodified films



From die swelling test, it can be inferred that the starch-lignin films are less hydrophilic.

The result shows the percent increase in weight of dry films after immersion in distilled

water for 24 hours. Based on Figure 14, the water absorption of the films decrease with

the increase in lignin content. For example, with 0% lignin, the weight of the film

increases from 0.09g to 2.4 lg which is 2578% increase. For 20% iignin content, the

increment decreases to only 275% of initial weight. This shows that the amount of

lignin in the film affects the swelling of the film due to the hydrophobic properties of

lignin. As the lignin content increases, the swelling decreases.

4.6.2 Moisture Absorption

Figure 15: Moisture absorption (wt%) for modified films

4.6.3 Kinetic Moisture absorption
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Figure 16: Moisture absorption rate for modified films
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In the moisture absorption test, the film samples are brought to zero moisture content by

oven-drying at 80° C for 24 hours and were put in 55% RH condition for another 24

hours. The results shows the presence of lignin slightly improves the starch water

resistance as can be seen from Figure 15, the moisture absorption of modified starch

film changes decreases from 129% (0% lignin) to 11.6 when 20% lignin is

incorporated. As for the kinetic moisture absorption test, the films immersed in water

are reweighed every 1 hour until equilibrium is reached which shows mat the water

uptake of the films stops after a certain time. From Figure 16, the weight of films

increased and become constant after 8 hours of immersion.

4.6.4 Biodegradability
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Figure 17: Biodegradability (days) for modified films

In the biodegradability test, the samples are immersed in water until the films break and

dissolved in the water. Based on Figure 17, 0% lignin-starch film took only 3 days until

it totally dissolved. While 20% lignin content film took 27 days to dissolve in water.

The huge difference indicates that the presence of lignin prolonged the degradation rate

of the starch-lignin film.
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CHAPTER S

CONCLUSION

In conclusion, the result of the experiment and analysis is coherent with the information

obtained from the literature reviews previously done. The results prove that the

presence of highly cross-linked aromatic skeletons of lignin improves the thermal and

mechanical of the starch polymer. It also reduces the water-uptake of tapioca starch and

that simultaneously sttffer materials with less pronounced degradation rate are obtained.

Therefore, the modified starch product will have better potential as a controlled release

fertilizer coating in agriculture industry.
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APPENDIX II - TGA Results

Figure 18: TGA curve for 0%lignin film

Figure 19:TGA curve for 5%ligninfilm
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Figure 20: TGA curve for 10% lignin film
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Figure 21: TGA Curve for 15% lignin film
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Figure 22: TGA curve for 20% iignin film
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APPENDIX HI - Biodegradability Test

1. 0% lignin
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4.9 4.15% Iignin

5.20% lignin

Dayl Day5 Day 27
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