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ABSTRACT

The primary objective of this research was to develop fully biodegradable and
environment-friendly fibers from soy flour (SF), a by-product of the soy bean crushing
process, for soil stabilization and crop protection. Soybean crop is grown abundantly
in USA and other parts of the world. SF is biodegradable and during degradation it
also fertilizes the soil naturally. In this research extruded SF fibers containing desired
chemicals were used to form a mat that will protect the crops, prevent soil erosion and
fertilize the soil, thus creating a novel ‘green’ technology.
Unmodified SF-based fibers showed tensile stress of 2.25 MPa, tensile strain
of 2.4% and Young’s modulus of 172.69 MPa. Various types of cross-linking agents
like glyoxal, glutaraldehyde, rutin and quercetin (a polyphenol occurring in plants),
thickening agents like agar agar and guar gum and forms of cellulose like Cellulo®,
micro-fibrillated cellulose and micro-crystalline cellulose were added to SF fibers to
improve their mechanical properties, reduce moisture sensitivity and improve
durability under normal environmental conditions such as rain. SF fibers biodegrade
naturally to provide nutrients to the soil helping plant growth. The physical and
mechanical properties of the SF fibers were characterized using appropriate ASTM
standards. Field trials indicate that the SF-based fibers are completely biodegradable
and SF-based resins performed satisfactorily in comparison with commercially
available hydromulch for soil stabilization. One of the main objectives was to find
cross linking agents which are environment-friendly and to use them in improving the
mechanical characteristics of SF fibers. Compost studies, FTIR spectroscopy and
SDS-PAGE analysis indicate that cross-linking has taken place due to reaction of rutin
and quercetin with polypeptide chains in soy protein.
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CHAPTER 1
INTRODUCTION

1.1 Biodegradable Fibers for Crop Protection and Prevention of Soil Erosion
The use of petroleum-based polymers, most of which are not biodegradable,
has increased significantly in the past few decades. These polymers do not readily
degrade in the normal environment and most end up in landfills and marine
environment at the end of their life, polluting both land and water

[1]

. The growing

concerns about sustainability and environmental pollution have resulted in increased
efforts to develop environment-friendly, biodegradable ‘green’ alternatives, in
particular, those based on yearly renewable plants

[2]

. Biodegradable polymers, thus,

have attracted much attention in recent years. Natural polymers such as cellulose,
protein and starch are fully biodegradable, sustainable and environment-friendly,
available worldwide and have been used in many applications

[3-11]

. Fully

biodegradable composites have been fabricated from soy protein isolate/soy protein
concentrate based resins reinforced by natural fibers [5, 12].
One of the biggest manifestations of human activity within the biosphere has
been the conversion of natural landscapes to highly managed ecosystems like
croplands, pastures and urban areas

[13]

. At present, 12% of the total land surface on

earth (18 million km2) is under some form of cultivation

[14]

. A significant amount of

the land has been over-cultivated, making it unsuitable for further cultivation, e.g.,
marginal land. About 14 to 15 million km2 of global land is in some form of
cultivation and about 70 million km2 of additional land is in pasture and grassland [13].
Enhancement and maintenance of soil productivity is necessary, particularly for the
marginal lands, for sustainability of agriculture to meet food needs of the growing
population [15].
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Soil on earth is finite and is slowly losing its fertility. Most of the potential
cultivable land has already been brought under cultivation

[13]

. The remaining land is

either in inaccessible areas or in ecologically-sensitive areas. In addition, a significant
amount of land is lost to urbanization, which is fast expanding. As a result, increase in
food production in the future has to come through intensification of cultivation on
existing land or by increasing the use of marginal lands. It is also speculated that there
may be a decline in cultivable land due to soil degradation and erosion in the future [13,
15]

. Fertile soils with good physical properties are required for sustainable agriculture,

but since 1945, approximately 17% of the vegetated land on earth has undergone soil
degradation and loss in productivity, often from poor fertilizer and water management,
soil erosion and shortened fallow periods [16]. Fallow period is defined as the length of
time between short cultivation periods which allows the soil nutrient status to be
restored in the field. Continuous cropping and inadequate replacement of nutrients
removed in harvested materials result in reduction of soil fertility. That, in turn,
reduces the crop yield. Nutrients lost through erosion, leaching or gaseous emissions
cause soil organic matter levels to decrease [17]. Erosion can be severe on steep slopes
where windbreaks are absent or have been cleared, land where vegetative cover is
absent during the rainy season and where heavy machinery is involved in land
preparation. In some cases, the effects of land degradation on productivity can be
compensated for by increased fertilization and irrigation, which increases production
costs [18].
Soil stabilization, soil rehabilitation and food production are topics of prime
importance for the survival of the entire mankind. These topics can be addressed in
part by using techniques that involve biodegradable materials rather than petroleumbased non-biodegradable materials that pollute the environment. Plant-based
biodegradable fibers and polymers have distinctive advantages in avoiding
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environmental pollution as compared to synthetic non-biodegradable materials.
However, they also have their drawbacks. Some advantages and disadvantages are
listed below:

Advantages:
•

Plant-based materials are yearly renewable and provide new avenues for
agriculture.

•

Most of the plant-based materials are non-toxic and show good moisture
regulation and noise and thermal damping [19].

•

These materials show good mechanical properties on a per weight basis to
synthetic non-biodegradable materials and can be improved using further
treatments.

Drawbacks:
•

The properties of these materials vary from batch to batch leading to high
variability in quality which need to be controlled using available technologies.

•

The availability of the plant-based materials is based on climate and other
factors.

•

Plant-based materials exhibit characteristic odors as compared to synthetic
materials which can be masked using available technologies.

•

For certain plant-based materials, the demand for it as a food material will
compete against its use for non-food purposes.

The plant-based materials are still not as cost effective as the traditional
petroleum-based materials, but they have gained importance in recent years due to
their biodegradable and environment-friendly nature [2, 12]. Among various plant-based
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materials, use of soy protein has increased as biodegradable resin due to its easy
availability and low cost [5, 9, 19-24].
Biodegradable fibers like natural and regenerated cellulose fibers, protein
fibers, poly (hydroxyalkanoate) (PHA) and poly (lactic acid) fibers have been used to
replace petroleum-based non-biodegradable fibers used in today’s world

[25-28]

. These

fibers provide moderate physical and mechanical properties suitable for various
applications. Cellulose fibers have attracted special attention since it is the most
abundant biomass material available in nature. Cellulose is a linear molecule and
plants organize them into oriented fibrils/fibers that provide excellent mechanical
properties. Plant-based fibers are biodegradable, inexpensive and have high
mechanical properties and low density [12].
Many natural and synthetic biodegradable resins are commercially available at
present for fabricating green materials. Some of the common biodegradable polymers
available are poly (lactic acid), proteins, starches, polyhydroxyalkanoates and their
copolymers, etc. Most of these polymers are obtained either from plant sources or
from bacterial fermentation processes and are fully sustainable [29].

1.2 Objective and Potential Applications
The primary objective of this research was to develop fully biodegradable and
environment-friendly fibers from defatted soy flour (SF), a by-product of the soy bean
crushing process, for soil stabilization and crop protection. The soybean crop is grown
abundantly in USA and other parts of the world. SF is biodegradable and during
degradation it also fertilizes the soil, naturally. SF is obtained after extraction of
biodiesel from soybean and not all SF can be used for cattle feed. SF can be used for
crop protection and soil stabilization which will in turn help rehabilitate marginal
lands thus indirectly contributing to agriculture and food production in future. In the
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present research extruded SF-based fibers containing desired additives such as
cellulose-based materials in fibrillar form and cross-linking agents have been used to
form a fibrous mat with an aim to protect the crops, prevent soil erosion and fertilize
the soil, thus creating a novel ‘green’ technology for such applications. The fiber mats
are aimed to be used for weed suppression and crop protection similar to nonbiodegradable fibers used currently to protect the crops. Non-biodegradable fibers are
difficult to remove once the crops grow as they get entangled with the crops and can
cause pollution if not removed. The prospect of using biodegradable fibers for crop
protection and weed suppression is attractive as it eliminated the need for removal of
these fibers. In fact, as they degrade they provide excellent nutrition to the soil.
Soy protein is extrudable and moldable and therefore, is very convenient for
industrial production. However before using soy protein for applications, it has to be
modified for improved mechanical and thermal properties and reduced moisture
sensitivity. Soy protein itself is brittle with very low toughness. Plasticizers have been
used to increase the fracture strain of soy protein, but they decrease the Young’s
modulus (stiffness) and increase moisture sensitivity. Further research needs to be
conducted to improve the mechanical and physical performance of soy protein
plastics.
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CHAPTER 2
LITERATURE REVIEW

Soybeans and soybean products have been used as the chief source of protein
and as a medicine by millions of people for centuries. The food use of soybeans goes
back to ancient times, but their history in the western world dates from the 20th
century. The demand for soybeans has increased in recent years as markets developed
for oil and later for the high-quality soybean meal used as cattle feed [30].

2.1 Soy Protein
Soy protein has been used as nutritional ingredient in almost every food
category available to the consumer. Soy proteins are more versatile than many other
food proteins in various worldwide nutrition programs at present. Advances in
technology have resulted in development of soy protein products that can perform
functions like emulsification, binding, and giving texture. Acceptance of soy protein
has grown because of such functional properties, abundance and low cost [30].
Soybean is a legume. The protein content of the seed is around 40%. Defatted
soy flakes, obtained after the removal of hulls and oil, contains about 50% protein, and
is used as the starting material for most of the commercial protein ingredients. Soy
protein products are divided into three major groups. They are defatted soy flour (SF),
soy protein concentrate (SPC) and soy protein isolate (SPI). Defatted soy flours are
soybeans from which hulls and oils are removed. SPC is defatted flour from which
parts of sugars, water and alcohol have been removed. SPI is defatted soy flour from
which sugars, other water-soluble materials and cotyledon fibers have been removed
[30]

. SPI contains 90-93% of protein and SPC contains about 70% protein [31]. The rest

is carbohydrates, minerals, soluble fibers, ash, etc. SF consists of 52-54% protein, 30-
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32% carbohydrates, 0.5-1.0% crude free lipid, 2.5-3.5% crude fiber, 2.5-6.0% ash and
6-8% moisture [30, 32].
The manufacturing processes for various soy protein fractions are as follows
[30]

. Soybeans entering the processing plant are screened to remove damaged beans and

other foreign matter. The oil is then extracted from the flakes by a solvent (hexane) in
one of several types of countercurrent extraction systems. Any residual solvent, after
the defatted flakes leave the extractor, is removed by heat and vacuum. Soy flours and
grits are made by grinding and screening soybean flakes either before or after removal
of the oil. SF is the least refined form of soy protein products used for human
consumption and vary in fat content, particle size and degree of heat processing. The
degree of heat treatment results in varying levels of water dispersibility and enzyme
activity qualities that can be useful in tailoring functionality in many applications [30].
SPC is prepared from dehulled and defatted soybeans by removing the watersoluble non-protein contents. They contain at least 65% protein (N x 6.25) on a
moisture-free basis. The protein content is determined on the basis of nitrogen content
and Kjeldahl method is almost universally applied to calculate total nitrogen content.
On the basis of early determinations, proteins contained on an average, 16 percent
nitrogen which led to use of the calculation N x 6.25 (1/0.16=6.25) to convert nitrogen
content into protein content

[33]

. SPC is produced by three basic processes; acid

leaching (at pH 4.5), extracting with aqueous alcohol (60-90%) and denaturing soy
protein with moist heat before extraction with water. SPC with low water-solubility is
subjected to heat (jet cooking or steam injection) and mechanical working
(homogenization) to increase solubility and functionality [30].
SPI is the most highly refined soy protein product available commercially. It
represents the major protein fraction of the soybean. SPI is prepared from dehulled
and defatted soybeans by removing most of the non-protein content. The protein is

7

extracted from unheated defatted soy flakes with water or mild alkali at a pH range of
8-9, followed by centrifuging to remove insoluble fibrous residue. The pH of the
resulting extract is adjusted to 4.5 where most of the protein precipitates as a curd. The
curd is separated by centrifugation from the soluble oligosaccharides, followed by
multiple washes. The curd is then spray dried to yield an ‘isoelectric’ isolate. The
isolate is neutralized (Na or K proteinates) to make it more soluble and functional.
About 33% of the starting flake weight is recovered in the form of an isolate [30].

2.2 Structure and Composition
Soy protein contains 18 different amino acids with some containing carboxyl
groups (glutamic acid and aspartic acid) and some containing amino groups (lysine
and arginine). The composition of different amino acids in soy protein is listed in
Table 2.1. There are other amino acids that contain polar hydroxyl groups (serine,
threonine and tyrosine). The amino acids are linked by peptide (amide) bonds to form
polypeptide chains. The reactive groups on the amino acids can be exploited to modify
soy proteins chemically and improve their tensile properties and moisture resistance.
Soy protein has an isoelectric point between pH of 4.5 to 5 and is insoluble in water at
the isoelectric point. However, away from the isoelectric point, either in acidic or
alkaline direction, the soy protein molecules open up and become more soluble in
water. This opening of the molecules allows the reactive groups to be exposed making
it easier to access them and chemically modify them [29].
Soy protein has mainly four polymer weight fractions called 2S (S stands for
Svedberg units), 7S, 11S and 15S which are based on their sedimentation constants.
The 7S fraction is also called conglycinin and comprises important enzymes and
storage proteins. The 7S fraction is about 30% (w/w) of the total soy protein

[34]

. The

11S fraction comprises about 35% (w/w) of the total soy protein and is usually called
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glycinin [34]. The polar groups in soy protein can be modified to alter its properties [34].
The soy protein fractions (7 S and 11 S) cross-link through covalent sulfur bonds
under oxidative conditions in cysteine residues

[35]

. Dehydroalanine, formed from

alanine by loss of side chain also react with lysine and cysteine to form lysinoalanine
and lanthionine cross-links, respectively

[35, 36]

. Asparagines and lysine can also react

together to form an amide-type of cross-link. The above mentioned reactions occur
during the curing process of soy protein forming a resin of moderate strength

[37, 38]

.

The soy protein polymer is highly moisture sensitive in nature due to presence of polar
groups like amine, amide, carboxyl and hydroxyl groups [36].
The native proteins have disordered conformations which are caused by tight
folding due to covalent bonding such as disulfide bonds. The proteins can be
denatured wherein the secondary, tertiary, or quaternary structure of the protein can be
dissociated and associated without breaking covalent bonds by allowing disulfide
interchange among protein molecules. Protein denaturation can be brought about
through changes in pH or heat treatment and is required along with plasticization to
provide soy protein-based materials with desired chemical and physical properties
39]

[21,

.
The resin obtained from pure SPI is very brittle and is inconvenient to process.

As a result, external plasticizers such as glycerol and sorbitol have been used to
improve the toughness and to make resin more flexible. Glycerol is bound to the
protein molecules via weak hydrogen bonds [4, 5, 40].
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Table 2.1 Amino acid composition of soybeans [41]
Amino Acid

Composition (g/16 g nitrogen)

Isoleucine

4.54

Leucine

7.78

Lysine

6.38

Methionine

1.26

Cysteine

1.33

Phenylalanine

4.94

Tyrosine

3.14

Threonine

3.86

Tryptophan

1.28

Valine

4.8

Arginine

7.23

Histidine

2.53

Alanine

4.26

Aspartic acid

11.70

Glutamic acid

18.70

Glycine

4.18

Proline

5.49

Serine

5.12

2.3 Modification of Soy Protein
Soy protein has been used as resin for production of biodegradable fibers due
to its low cost, environment-friendly manufacturing process and easy availability. As
stated earlier soy protein has a highly hygroscopic nature as it contains polar groups
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such as amino, hydroxyl and carboxyl groups. During the curing process, polypeptide
chains in soy protein can form several types of cross-links such as the disulfide bonds
between two cysteine residues, lysinoalanine and lanthionine cross-links by linking
lysine with cysteine and the amide type linkage formed by asparagines and lysine [19].
Dried pure or modified SPI is, however, very brittle because of its low fracture
strain, which makes it inconvenient for further processing. Attempts have been made
to overcome the problem of brittleness by adding plasticizers to soy protein resins. Mo
and Sun

[42]

used polyol-based plasticizers like glycerol, propylene glycol, 1,2-

butanediol and 1,3-butanediol to plasticize the resin. The thermal and mechanical
properties and morphology of the plasticized resin were evaluated. It was reported that
both glycerol and propylene glycol effectively lowered the glass transition temperature
by increasing the free volume in the system. These plasticizers were found to have
good compatibility with soy protein because of their small structure and hydrophilic
nature [42].
Wang et al. [43] evaluated the plasticizing effects of polyhydric alcohols such as
glycerol, ethylene glycol, propylene glycol, 1,3-propanediol and polyethylene glycol.
It was concluded that glycerol is the most suitable plasticizer for soy protein resins
considering the toxicity of other plasticizing agents [43]. Ethylene glycol is classified as
a hazardous chemical, while propylene glycol has a low order of toxicity but is volatile
[44]

. Glycerol is non-toxic and was chosen as the plasticizing agent to reduce the

brittleness of soy protein resin and improve its toughness, in this study.
Several methods have been developed to improve the mechanical properties
and minimize the moisture sensitivity of the soy protein-based materials
48]

[3, 4, 6, 7, 10, 45-

. Cross-linking agents, such as glutaraldehyde, glyoxal and formaldehyde, have been

used to increase the Young’s modulus and fracture stress of soy protein

[49, 50]

. Nano-

clay has also been used to fabricate soy protein nano-composites with higher modulus
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[50, 51]

. Commonly, the toughness decreases with the addition of nano-clay

[46, 49]

.

Enzyme modifications (such as transglutaminase) have shown slight increase in
mechanical properties and increase in moisture resistance

[52-54]

. Soy protein can also

be modified by blending it with other biodegradable polymers like polyvinyl alcohol
(PVA), starch and gellan and these blends also have shown significant improvements
in tensile properties [3, 10, 20, 47, 49].
Rhim et al.

[11]

effectively used the affinity of aldehyde groups towards the

amine group of soy protein by producing ‘green’ plastics from SPI and dialdehyde
starch. It was reported that the total soluble matter of the final film reduced by 50%
thereby increasing its moisture resistance. Its potential use in packaging and mulching
was also stated by authors [11].
Xi et al.

[55]

grafted SPI with styrene to increase the hydrophobicity of the

molecule. The resulting polymer has a potential use in drug delivery. The FTIR
analysis showed strong absorption peaks at 1113, 696, 618 cm-1 wavenumbers, which
correspond to polystyrene. Characterization using differential scanning calorimetry
(DSC) confirmed the grafting of polystyrene due to resemblance of the glass transition
temperature to that of polystyrene [55].
Phytagel® has been previously used to modify properties of soy protein

[49, 50]

.

Phytagel®, also known as Gellan, is an exocellular heteropolysaccharide produced by
fermentation
57]

[56]

. It is produced by the bacterium species known as Pseudomonas

[56,

. Gellan produced from Sphingomonas paucimobilis is composed of a linear

repeating tetrasaccharide sequence of D-glucose, D-glucuronic acid, and L-rhamnose
in the ratio of 2:1:2 [57]. Phytagel® forms weak gels in water in the absence of salts, but
forms a strong gel in presence of monovalent or divalent ions. Appropriate cations
screen the electrostatic repulsion between the carboxylate groups and serve as crosslinking points to cross-link the polysaccharide helix
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[58, 59]

. Intra- and intermolecular

hydrogen bonding can also be formed through the carboxyl and hydroxyl groups. The
carboxyl groups on glucuronic acid can also react with the hydroxyl, amine and
carboxyl groups present in soy protein under specific conditions. The hydroxyl and
carboxyl groups in Phytagel® can also form H-bonding with hydrophilic groups in soy
protein [3]. In this research, the solution of Phytagel® in water was blended with waterbased soy protein resin to form an interpenetrating polymer network (IPN) like
structure, a cross-linked complex [3]. Sperling [60] has defined IPNs as a combination of
two or more polymer networks that are synthesized. IPNs can be formed by several
types of multi-component polymer materials, such as a graft copolymer, a block
copolymer and a simple polymer blend without any bonding between chains [60].
Many plant-based fibers possess very good mechanical properties and have
been used as reinforcement for composites

[61, 62]

. Plant-based cellulose fibers have a

fibrillar structure and the cellulose nano-fibrils have excellent mechanical properties
due to their high molecular orientation and high amount of crystallinity. Nanofibrillated cellulose (NFC) has been estimated to have strength between 2 and 10 GPa
and Young’s modulus of about 140 GPa

[8, 63, 64]

. Micro-fibrillated cellulose (MFC)

which is made up of NFC also has high strength and modulus. MFC is most
commonly obtained by mechanical shearing of cellulose fibers

[63-65]

. Composites

fabricated using MFC and phenolic resin has showed Young’s modulus of 19 GPa [63].
MFC has also been shown to improve the interfacial adhesion in bamboo composites
by preventing the growth of micro-cracks [65].
Micro-crystalline cellulose (MCC) can be used as a reinforcing agent to
increase the strength of soy protein resin. MCC is manufactured from wood and cotton
cellulose in large scale quantities [66]. Capadona et al. [67] have successfully developed
polymer nano-composites incorporated with nano-whiskers isolated from MCC. The
nano-whiskers obtained from MCC show elastic modulus in the range of 120 to 150
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GPa. Due to strong interactive nature of the hydroxyl groups on the surface of MCC,
they have a tendency for self association

[67]

. MCC used for experiments in this

research have particle dimensions of around 200 µm. Agar agar (agar) is also used as
an additive in certain applications. Agar is a strong gelling component and is used as a
thickening agent in foods. It consists of unbranched polysaccharides obtained from
cell walls of some species of seaweed and red algae. Agar chains are believed to be
arranged in the double helix structure and the chains are cross-linked to each other to
form a double helix with pitch of 1.9 nm. This results in the formation of a 3D
polymeric network which has a microscopic characteristic length of 0.2 µm [68].
Guar gum has been used commonly as a thickening agent in textile printing
and imparts the required rheological properties for a textile print paste. It can be used
to tailor the viscosity of the resin for extrusion of fiber. It is a polygalactomannan
obtained from seeds of Cyamopsis tetragonalobus. It is a nonionic branched polymer
with β-D-mannopyranosyl units forming 1-4 linkages with single membered α-Dgalactopyranosyl units occurring as side chains

[69]

. It is a polysaccharide and can be

dissolved in water. Guar gum can generate high viscosities at relatively low
concentrations

[70]

. Zhu et al.

[71]

reported that addition of guar gum improved the

thermal and functional properties of soybean β-conglycinin thermally induced gel.
Different methods including chemical cross-linking, chemical modification,
enzymatic treatment, nano-particle reinforcing and physical blending have been used
to improve the physical and mechanical properties of soy protein resins
Otaigbe and Adams

[72]

[20, 72-76]

.

reported that addition of bioresorbable polyphosphate filler

increased the stiffness, strength and moisture resistance of soy protein plastic. Jane et
al.

[73]

reported that in the presence of two parts of zinc sulfate, water absorption of

soy protein resin decreased by 30%. Epichlorohydrin was also used to increase
mechanical properties through cross-linking. Zhong and Sun
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[74]

blended SPI with

polycaprolactone (PCL) and modified the blend by adding methylene diphenyl
diisocyanate (MDI). The addition of MDI increased the compatibility between SPI and
PCL and also increased the mechanical properties and the water resistance of the blend
[74]

. The effect of microbial transglutaminase on glass transition temperature (Tg) of

soy protein was studied by Mizuno et al. [75].
Rhim et al.

[76]

studied the effect of reinforcement of SPI with various clay

minerals like montmorillonite (O-MMT), wamok clay (W-clay), talc powder, zeolite
and bentonite. Tensile properties of the films increased significantly with addition of
O-MMT and bentonite and water solubility of most of the nano-composite films
decreased [76]. Lodha and Netravali [4] modified SPI using stearic acid. It was observed
that the moisture content, fracture stress and fracture strain decreased on increasing the
stearic acid content from 0 to 30% (by weight of SPI). Glutaraldehyde and glyoxal
have also been used to modify (cross-link) soy protein resins for improved tensile
properties and decreased moisture absorption

[6, 7, 45, 77, 78]

. Glutaraldehyde modified

soy protein resins showed significant increase in Young’s modulus. Cross-linking due
to glyoxal decreased the weight loss of the modified soy protein in the degradation
tests [6, 7, 45, 78]. Neither of these cross-linkers is environmentally benign and research is
needed to find environment-friendly cross-linkers. Plant phenolics that are benign and
eco-friendly have been used as cross-linking agents in this research.

2.4 Use of Plant Phenolics as Eco-friendly Cross-linking Agents
It is known that polyphenols can react with side chain amino groups of
peptides under oxidizing conditions which can lead to formation of cross-links in the
proteins

[79]

. Polyphenols are ‘green’, eco-friendly alternatives for aldehydes used in

food processing. Polyphenols are widely distributed as minor, but functionally
important part of the plant tissues. Examples of polyphenols include caffeic acid,
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caftaric acid, quercetin and rutin. They have a 1-hydroxy-2-methoxy structure.
Polyphenols are found in rigid tissues like cell wall of fruits, tubers, coffee beans and
tea leaves [79].
Strauss and Gibson

[79]

used plant-derived phenolic acids and flavanoids to

prepare cross-linked gelatin gels and cross-linked gelatin-pectin coacervates in the
form of micro-particles for use as food ingredients. The reaction scheme proposed for
the reaction of these plant phenolics with proteins is shown in Figure 2.1

[79]

. The

diphenol moiety of the polyphenol (compound 1 in figure 2.1) is oxidized to
orthoquinone by molecular oxygen. The quinine may form a dimer, or react with
amino or sulfhydryl groups present in the protein to form C-N or C-S bonds with the
phenolic ring, with the regeneration of hydroquinone. The hydroquinone can be reoxidized and bonded with a second polypeptide (compound 3 in figure 2.1). Two
quinines, each carrying a chain, can react to form a cross-link (compound 4 in figure
2.1)

[79]

. This cross-linking mechanism is supported by the identification of phenolic

acid dimers (compound 2 in figure 2.1) [80, 81].
Cross-linking of functional groups in soy protein will mask the polar groups
and therefore, the moisture absorption will decrease increasing the moisture resistance
of the resin. Moisture resistance is essential for increasing the life of the resin under
normal conditions. Cross-linking results in the formation of intra-molecular and intermolecular linkages which increases the strength of the resin and offers better
dimensional stability. Cross-linking increases the Young’s modulus and therefore the
extent of deformation for a given amount of force decreases.
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Quinine dimer

Cross-linking of
amino group with
phenolic ring
Polyphenol

Orthoquinone
intermediate

5

6

7
Cross-linking of
second amino group
with phenolic ring

Quinine dimer cross-linked
with two amino groups

Figure 2.1 Reactions of a phenolic acid with amino side chains of polypeptides [79]
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2.5 Use of Fibers and Textiles for Soil Stabilization
Soil consists of minerals, roots of plants, animal and microbial biomass,
organic matter in various states of decay, as well as water and a gaseous component.
The uneven distribution of these components provides a large combination of
parameters resulting in different conditions at all levels from field to soil micro-pore.
This represents a challenge for studying the composition and function of soil. A whole
spectrum of various interacting physical and chemical factors contributes to the varied
nature of the soil habitat

[82]

. A host of man-made changes like industrialization,

expansion of cities have adversely affected land and rendered them infertile. The loss
and abandonment of cultivable land in thirty one states of the eastern United States is
widespread

[83]

. Urban expansion is a major cause for the permanent loss of cleared

farm land, and despite its importance on the fringes of metropolitan areas, it is an
important factor that influences loss and abandonment

[83]

. It is important that land is

recovered and made cultivable; otherwise the decreasing availability of cultivable land
could pose food problems in the near future. One of the important problems posing
mankind is whether growth in agricultural production can keep pace with the increase
in population and income driven demand for food [18].
Soil properties are a major factor in cultivation. Soils with low organic content
or acidic or highly alkaline soils are unsuitable for cultivation. Organic matter
indirectly enhances the quality of soils for growth of plants [13, 14]. New incentives and
policies for ensuring the sustainability of agricultural system and ecosystem services
will be crucial if people of the world are to meet the demands of improving yields
without compromising public health or environmental integrity [16].
In wall and slope applications, geo-synthetic materials provide resistance to
driving forces or moments caused by the self weight of soil and applied surcharges.
The use of geo-synthetic materials for reinforcement of slopes and retaining walls has
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increased significantly in the past two decades [84]. Chattopadhyay and Chakravarti [85]
have studied the application of jute-based geotextiles as a facilitator in drainage. In
their study, jute-based geotextiles were used in foundation soils that were soft and
needed stabilization before loading. Remediation techniques can pose problems in soft
clayey deposits and suitable reinforcements are required to reclaim the land. Once the
target consolidation is achieved, one does not have to worry about the removal of the
jute-based geotextile. Jute is biodegradable and rot resistant, and bitumen treated jutebased geotextiles can be used to lower degradation rates. Decomposition of jute does
not produce toxic products and is therefore environment-friendly [85].
Jute-based geotextiles have also been used in the form of barrier for
containment of sulfates that are harmful if they get mixed with water supplies.
Chattopadhyay and Chakravarti

[86]

have investigated the use of jute-based geotextile

impregnated with rot resistant bitumen to intercept the groundwater with pollutants
like sulfates that otherwise can leach and damage concrete structures. The study
reported that the modified jute-based geotextiles act as a barrier and might prevent the
detrimental effects of sulfates on concrete during its 28 day curing period. The jutebased geotextiles can be used as a formwork in the field as it may yield improved
performance of concrete structures during the initial curing period [86].
Soil erosion due to concentrated water flow can cause significant
environmental damage. Geotextiles have shown great potential to reduce soil erosion.
Smets et al.

[87]

studied the effect of borassus geotextiles, buriti geotextiles and

bamboo geotextiles on soil detachment rate. It was reported that borassus geotextiles
reduced soil detachment rate to 56%, buriti geotextiles to 59% and bamboo geotextiles
to 66% as compared to the soil detachment rate of control bare soil surface. The
Darcy-Weisbach friction coefficient (f) that indicated the flow-retarding effects of the
tested geotextiles, was observed to be linearly correlated with geotextile thickness [87].
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The Darcy-Weisbach friction coefficient (f) did not show any clear relation with
geotextile cover or dry weight of the geotextile [87].
Vishnudas et al. [88] have studied the performance of coir-based geotextile with
respect to the moisture content of soil, biomass production and protection against
erosion. The coir-based geotextile retained 30% of its original strength after 7 months
and 19% of the original strength after 9 months. However, the erosion control
measures were not affected due to growth of vegetation during that period. Coir is
inexpensive and coupled with potential for production using local labor makes it
useful as reinforcement for sustainable development in watershed management [88].
Subaida et al. [89] studied the tensile and pullout behavior of geotextiles woven
from different types of coir yarns (Anjengo, Vycome, Beach and Aratory yarns) in
granular soils of different grain sizes. Beach fibers showed the highest breaking
modulus while anjengo fibers showed higher breaking stress as well as breaking strain.
The strength of the tested mesh mattings was reported in the range of 10-20 kN/m. It
was reported that at lower normal stress values, the bond resistance of coir geotextilesand interface was higher than the shear strength of the soil. At higher normal stresses,
however, the values of the bond resistance were not found to be consistent. It was
observed that closely woven geotextiles exhibited good pullout resistance from fine,
medium and coarse sand and it was attributed to high interface friction. Open meshed
geotexile showed better pullout resistance in fine-grained soil than in coarse-grained
soil due to good bearing resistance and good interlocking [89].
Rawal and Anandjiwala

[90]

studied the effect of non-woven geotextiles

produced from polyester and flax fibers. It was found that the variability in flax
fineness and fiber length could result in loss of tensile stress. It could also result in
variation in smallest detected pore diameter. High elastic recovery of polyester caused
the polyester-based geotextile to be denser than flax-based geotextile. Flax-based
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geotextiles were found to be compact and less anisotropic in nature. It was reported
that flax fibers produced an open structure with higher permeability characteristics [90].
For agriculture to be sustainable the interconnections between farming and
environment have to be explored and soil is an important part of it. Apart from
geotextiles, mulching is one of the methods widely used to protect the soil. Mulches
also enhance the productivity of the soil in addition to stabilizing it. Verdu and Mas
[91]

studied the effect of mulches for weed management. Mean species richness, an

indicator of weed growth, ranged from 4.7 to 6.8 in mulches and reached 24.3 in
control treatment. This indicates that mulches are effective in weed management.
Verdu and Mas

[91]

concluded that organic mulches are effective alternatives to

glyphosate (N-(phosphonomethyl) glycine) for managing weeds in citrus rows

[91]

. In

another study, it was observed that in terms of soil run off, the cotton hydromulch
performed better than mulches based on straw, wood and coconut [92]. The total runoff
was measured for different treatments and the runoff consisted of both mulch and soil
ingredients. The runoff was 7832 lbs/acre for straw hydromulch, 7474 lbs/acre for
wood hydromulch, 3719 lbs/acre for coconut hydromulch; but only 222 lbs/acre for
cotton gin hydromulch. The use of hydromulches reduces soil erosion and is an
effective treatment for soil stabilization [92].
Synthetic fibers have also been used as geotextiles, but they are not
biodegradable and are difficult to remove after their purpose is served. Use of
biodegradable fibers for soil stabilization and crop protection is an attractive prospect,
provided the process is economically feasible.
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CHAPTER 3
EXPERIMENTAL PROCEDURES

The experimental procedures for production and characterization of soy protein
resins and fibers are discussed in detail in this chapter. The SF-based fibers with
different compositions were prepared and characterized for their tensile and moisture
content properties. Field trials were carried out to study the behavior of the SF-based
fiber mats in natural environment. Lab scale compost setup was used to study the
degradation behavior of SF-based resins. Rutin and quercetin, plant polyphenols, were
used as ‘green’ cross-linkers to cross-link SF. The field trials and greenhouse trials
conducted to study the soil stabilization effects of SF-based resins are also described
in this chapter.
3.1 Materials
The materials used in this research and their sources are listed in this section.
SF and SPI powder, PRO FAM 970, and linseed oil (Toplin x-z grade) were obtained
from Archer Daniels Midland Co., Decatur, IL. Glycerol and sodium hydroxide were
obtained from Malinckdrodt Baker, Inc., Phillipsburg, NJ. Analytical grade rutin and
quercetin hydrate were obtained from Sigma Aldrich, St. Louis, MO. MCC was
obtained from FMC Corporation, Newark, DE. NB416 and FMGP were obtained from
Weyerhaeuser, New Bern, NC. MFC was obtained from Daicel Chemical Industrial
Lt., Japan, as a paste containing 10% micro-fibrils and 90% water. Agar agar was
obtained from Seng Huad Limited Partnership, Bangkok, Thailand. Ultra-high pure
oxygen was obtained from Airgas East, Elmira, NY. Glutaraldehyde (25 wt. %
solution), glyoxal (40 wt. % solution) and Phytagel® were obtained from Sigma
Aldrich, St. Louis, MO. Non-woven polypropylene Typar® sheets, of 0.30 mm
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thickness and 9.35 cm3sec-1cm-2 air permeability, were obtained from DuPont (E.I.) de
Nemours & Co., Typar® Nonwovens, DE. The 924 high thrust bulk extruder was
bought from Newborn Brothers Co., Inc., Jessup, MD. A 10” x 15” Minco Kapton
13.5 Amp/7.8 Ohm laminar heater was bought from Minco, Minneapolis, MN.
Sawdust (Kiln dried softwood) was obtained from Lanjay, Inc., Montreal, Canada.
Pipette tips for the extruder were obtained from Thermo Scientific, Waltham, MA.
3.2 Soy Protein Pre-curing Process
This section describes pre-curing process of soy protein which was done to
improve its mechanical and physical properties. SF was converted into the resin from
which fibers could be extruded. To prepare the resin, SF powder was mixed with
glycerol (5% w/w), a plasticizing agent that provided flexibility to the resin. Distilled
water, 2.3 times SF (230% by weight), was added to this mixture. The SF mixture was
then stirred using Kinematica® Polymix mechanical stirrer for 40 minutes in a water
bath maintained at 80ºC. To adjust the pH, 1 M NaOH solution was prepared by
dissolving 4 g of NaOH in 25 ml of distilled water and then increasing the total
volume of the solution to 100 ml by adding distilled water. The pH of the SF mixture
was adjusted to 8.4 by addition of 1 M NaOH solution after 10 minutes of stirring. The
pH was monitored using pH meter. The SF mixture was then loaded in the hand held
extrusion gun.

3.3 Extrusion Setup and Process
This section describes the extrusion equipment needed for SF-based fiber
production. A lab scale hand held extrusion gun was built around a Newborn brothers
924 high thrust bulk extruder as shown in Figure 3.1. A 10” x 15” Minco Kapton 13.5
amp/7.8 ohm laminar heater was wrapped around the extrusion chamber in order to
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maintain the resin temperature at 120°C during the extrusion. Heater was controlled
using a Minco CT325 controller coupled with a Minco S102406 sensor integrated into
the cap piece. An extrusion plate with pipette tips attached to it was created to extrude
fibers as shown in Figure 3.2. Teflon® coated boards were used for collection of SFbased fibers.
The SF-based mixture was loaded in the vertically held extrusion gun and the
fibers were extruded using the levers of the extrusion gun on to Teflon® coated boards
maintained on a horizontal platform. Uncured fibers were extruded at room
temperature while the cured fibers were extruded with the extruder maintained at
120°C. The horizontal platform allowed the Teflon® coated boards to move along a
horizontal axis. The Teflon® coated boards were moved horizontally to collect fibers
during extrusion. The Teflon® coated boards were then kept at room temperature to
allow the fibers to dry and were then transferred to the conditioning room maintained
at ASTM conditions of 65% relative humidity (RH) and 21°C. The fiber diameters
obtained in these experiments ranged between 250 µm and 350 µm.

Laminar heater
wrapped around
extruder

Lever to
extrude fibers
Figure 3.1 Lab scale extrusion gun
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Figure 3.2 Extrusion plate showing pipette tips

Many types of additives were used to improve the properties of SF-based
fibers as desired. Cellulo® which contains highly refined alpha cellulose fibers was
used in SF-based fibers to increase the tensile strength. Fitz milled Grand Prairie
(FMGP) is a finest softwood kraft pulp obtained from blend of spruce and pine from
the forests of interior Canada. FMGP has increased hemicellulose content, which
delivers high tensile strength. The FMGP fibrils were used to modify SF-based fibers
and improve strength by orientating the fibrils in the SF-based fibers. FMGP consists
of ribbon like structures as shown in Figure 3.3 with widths in the range of 30 to 60
µm and the length in the range of 2000 µm to 4500 µm. Micro-crystalline cellulose
(MCC) is a cellulose-based derivative which contains nano-whiskers which can be
isolated. The MCC used in this study had particle dimensions in the order of 200 µm.
MCC was used to modify SF-based fibers and improve strength due to its highly
crystalline nature in the fibers. Micro-fibrillated cellulose (MFC) is a cellulose-based
derivative with fibrils in micro-scale and is shown in Figure 3.3. MFC is used to
modify SF-based fibers and improve strength due to the orientation of the linear fibers
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along the fiber axis during extrusion. NB416 Fitz mill fiberized (NB416) is a kraft
fluff pulp containing high quality cellulose exhibiting excellent absorbency and
wicking and contains fibrillar structures as shown in Figure 3.3. NB416 fibrils have
widths in the range of 25 to 50 µm and lengths in the range of 2500 to 4500 µm. The
morphology is different than FMGP with the fibrils showing a distinctive external
layer. NB416 was used to modify SF-based fibers and improve their strength by
orienting the NB416 fibers along the fiber axis during extrusion.

(a)

(b)

(c)

(d)

Figure 3.3 SEM images of (a) MCC particle; (b) MFC fibrils in aggregated form; (c)
FMGP fibrils and (d) NB416 fibrils
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3.4 Processing of Soy Protein Resin Films
SF was converted into films to study the effect of additives on the physical and
mechanical properties of SF. This section lists the procedure for processing of soy
protein to obtain films. SF was converted into the resin form, and processed in to
films, to characterize their properties. To process SF into resin form, it was mixed with
glycerol (5% by weight of SF), a plasticizing agent which provided flexibility to the
resin. Distilled water, 15 times the SF (1500% by weight of SF), was added to this
mixture. The mixture was then stirred using magnetic stirrer for 40 minutes in a water
bath maintained at 80ºC. The pH of the mixture was adjusted to 8.4 by addition of 1 M
NaOH after 10 minutes of stirring. The mixture was then poured on to Teflon® coated
plates and allowed to dry to form a sheet. The dried sheets of SF-based resins were
then hot pressed (cured) in a Carver hydraulic hot-press (model 3891-4PROA00, Fred
S. Carver Inc., Wabash, IN, USA) at 120°C for 25 min at 38,000 lbs pressure. The
cured resin sheets were then conditioned at ASTM conditions of 21°C and 65% RH
for 72 hr prior to characterizing their properties.

3.5 Characterization of Soy Flour Fibers
SF-based fibers were characterized to study the effect of various additives on
their mechanical properties. This section describes the procedure adopted for
characterizing the SF-based fibers. The SF-based fibers were conditioned at 21°C and
65% RH for 72 hours prior to testing. Moisture content of SF-based fibers was
measured at the end of 72 hours using a Brabender moisture/volatiles tester according
to ASTM D 2654-89a. The moisture content was measured after drying the sample for
24 hours at 105ºC. For analyzing moisture content, 10 g of SF-based fiber was tested
and the reading on the moisture tester displayed the moisture content of the specimen.
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No statistical analysis was performed for moisture content among treatments as it was
a single measurement.
Fiber specimens were tensile tested on Instron (model 5566) universal testing
machine. The gauge length used for tensile testing was 20 mm and the test was
performed at a strain rate of 4.5% per minute. To perform the tests, fibers were glued
onto a paper tab as shown in Figure 3.4. The fiber was laid on the paper tab and glued
on the opposite ends. Two lines were marked perpendicular to the fiber axis 20 mm
apart. This denotes the gauge length. The paper tab was mounted vertically on Instron
and the paper was cut on the top end so that only the fiber was clamped between the
jaws and then the tensile test was carried out. For each composition, 25 specimens
were tested.
20 mm

glue
fiber

Figure 3.4 Paper tab for Instron testing of SF-based fibers
The tensile properties evaluated using Instron are tensile stress, tensile strain
modulus (automatic) and/or Young’s modulus. Tensile stress is defined as the force
acting on specimen per unit area of its cross-section. Tensile stress at fracture is the
tensile stress acting on the specimen at the point of break when strained. Tensile strain
is defined as the increase in length of specimen relative to its original length along the
axis in which elongation is taking place. Tensile strain at fracture is increase in length
of specimen relative to its original length at point of break. Young’s modulus is a
measure of stiffness of the material and is defined as the ratio of tensile stress and
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tensile strain in the range of stress where Hooke’s law holds true. It is experimentally
determined as the slope of a stress-strain curve created during tensile testing of a
sample. A typical stress-strain plot of SF-based fiber is shown in Figure 3.5. Point of
break is identified by the sudden drop of tensile stress to zero value. The tangent
shown in the plot is used to calculate Young’s modulus. Hooke’s law holds true when
tensile stress and tensile strain are directly proportional which is denoted by the initial
straight line nature of the plot. Fracture stress is the tensile stress corresponding to the
point of break and fracture strain is the tensile strain corresponding to the point of
break. The tensile properties measured were analyzed for statistical significance
(α=0.05) using student’s t-test (for comparing 2 means) or tukey HSD test (for
comparing 3 or more means).

Point of Break

Figure 3.5 Typical stress-strain plot of SF-based fiber

3.6 Characterization of Soy Protein Film
For composting and cross-linking studies, SF-based films were studied instead
of SF-based fibers as the fibers could not be recovered from the composting unit in
intact state due to their biodegradability. The SF-based films were characterized for
their mechanical properties and the procedures used are described in this section. The
SF-based films were conditioned at 21°C and 65% RH for 72 hours prior to testing.
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These tensile specimens were tested on same Instron testing machine according to
ASTM D 3039-89. The gauge length used for these tests was 50 mm and the tests
were performed at a strain rate of 100% per minute. The specimens were 10 mm wide
and the thickness was measured individually for each specimen and input into the
software before testing. The specimen thickness varied between 0.1 mm and 0.4 mm.
For each composition, 7 specimens were tested to obtain average values for fracture
stress, fracture strain and Young’s modulus.

3.7 Evaluation of Biodegradability of Soy Flour-based Resin
3.7.1. Resin Preparation
SF was prepared in the form of films to study their degradation behavior in a
compost environment. SF-based fibers could not be used as they would degrade fast
due to higher surface area and it would be difficult to assess the biodegradation. This
section describes the SF-based resin film preparation which is similar to process
described in section 3.4. SF-based resin was prepared by mixing SF powder (10 g)
with glycerol (5% by weight of SF) and distilled water (1500% by weight of SF). The
pH of the solution was adjusted to 8.4 by addition of 1 M NaOH solution. In the
precuring step, the SF solution was stirred in a water bath maintained at 80ºC for 40
min. The pre-cured solution was then poured on to Teflon® coated glass plates and
dried in an air circulating oven maintained at 35ºC. For glutaraldehyde cross-linked
resin (GA-SF), SF resin was prepared by mixing SF powder (10 g) with glycerol (5%
by weight of SF) and distilled water (1500% by weight of SF) and glutaraldehyde (1:1
molar ratio based on lysine and arginine content in SF). The resin was pre-cured using
the procedure described for SF resin in section 3.2.
Rutin cross-linked SF resin (R-SF) was prepared by mixing SF powder (10 g)
with glycerol (5% by weight of SF) and distilled water (1500% by weight of SF) and
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rutin (1:1 molar ratio based on lysine and arginine content in SF). The experimental
setup is shown in Figure 3.6. The pH of the solution was adjusted to 8.4 by addition of
1 M NaOH. In the pre-curing step, the SF solution was stirred in a water bath
maintained at 80ºC for 40 min and ultra high pure oxygen was bubbled in the solution
at a rate of 80 cc per minute. The pre-cured solution was then poured on to Teflon®
coated glass plates and dried in an oven maintained at 35ºC.

Motor

Impeller shaft
Glass pipette
for bubbling
oxygen
Beaker with
reaction
mixture
Figure 3.6 Experimental setup for rutin and quercetin cross-linked resin preparation
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The dried sheets of SF, GA-SF and R-SF resins were then hot pressed (cured)
in a Carver hydraulic hot-press (model 3891-4PROA00, Fred S. Carver Inc., Wabash,
IN, USA) at 120°C for 25 min at 38,000 lbs pressure. The cured resin sheets were then
conditioned at ASTM conditions of 21°C and 65% RH for 72 hr prior to
characterizing them. Quercetin cross-linked SF resin was prepared using same
procedure with quercetin used in place of rutin.

3.7.2 Resin Composting Studies
A composting medium was prepared to study the degradation behavior of the
resins in the compost environment. The composting medium was prepared in a large
plastic container so as to facilitate easy removal of samples when required. The
composting medium was prepared by blending sawdust and chicken manure
(droppings) in the ratio 1:1 (w/w) with a C/N ratio of 50/50

[93]

. Sawdust, an organic

matter was added to increase the C/N ratio to achieve the optimum degradation of
organic C and retention of N through microbial biomass formation [40, 93, 94]. One 94.5
liter plastic container was concentrically placed inside another 121 liter plastic
container. Wooden spacers were used to maintain uniform spacing of about 75 mm
between the two containers. The inside container had circular holes on its wall for air
circulation. The walls of the outer plastic container were covered with 50 mm thick
insulating plastic foam to reduce the heat loss from the surface which was required for
maintaining the temperature inside the composting unit.
All three types of resin specimens in film form were individually placed in
non-woven polypropylene Typar® bags (NPP) and these bags were then placed in the
composting unit for microbial degradation. The NPP non-biodegradable bags were
used to facilitate the retrieval of the buried sheet specimens and its open structure
allowed circulation of moisture, air and microorganisms in the composting unit. The
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composting setup parameters such as moisture, temperature, pH were monitored every
day until the completion of the study. Moisture content was measured by weighing a
predetermined amount of compost in an oven at 120°C for 24 hours and then the dry
weight was measured. The pH was measured using pH paper to ensure it was acidic
throughout the study. The moisture content of the composting medium was maintained
at 50% by adding water initially and periodically during the study. Maintenance of
moisture content of the composting unit at 50% resulted in the temperature of the
composting medium being maintained at 32°C throughout the experiment. Weight loss
of specimens was measured on days 10, 20, 30 and 60 of the composting study.

3.7.3 Attenuated Total Reflectance-Fourier Transform Infra Red (ATR-FTIR)
Characterization
The surfaces of the resin sheets were analyzed for chemical changes, after
composting, using the attenuated total reflectance (ATR) attachment (Harrick
Scientific Co., Ossining, NY) on the Magna-IR 560 FTIR spectrometer (Thermo
Electron Co., Madison, WI). A total of 128 scans were performed at a resolution of 4
cm-1 from 4000 cm-1 to 400 cm-1 wavenumbers. The surfaces of the specimens were
washed and dried prior to characterization. Surface characterization was carried out
for specimens after 0, 10 and 60 days of composting.

3.8 Field Trials
3.8.1 Preliminary Field Trials to Evaluate Soil Stabilization Effect of SF Fiber Mats
Field testing of the fibers potential for soil stabilization and re-vegetation was
conducted. The procedure is described in this section. Promising formulations were
applied to micro-plots of soil that were sown with 200 ryegrass seeds. There were 4
treatments used; control, fibers with micro-fibrillated cellulose (MFC), fibers with
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micro-crystalline cellulose (MCC) and fibers with Cellulo®. The treatments and
compositions are listed in Table 3.1.

Table 3.1 Composition of resins used for field trials in 3.8.1
Number Treatment

Composition

1.

Control

No SF layer on micro-plot

2.

MCC

SF + 230% water + 5% glycerol + 10% MCC

3.

MFC

SF + 230% water + 5% glycerol + 10% MFC

4.

CELLULO SF + 230% water + 5% glycerol + 5% Cellulo®

The micro-plots were prepared by filling plastic trays, having perforated walls,
with soil. The plastic trays were filled with agricultural soil (dug up from the earth).
The pH of the soil was slightly above 7 as reported by the greenhouse staff. The
extrusion process was similar to the lab scale extrusion of SF-based fibers and the
fibers were sprayed on an area of 20 cm x 20 cm. The micro-plots were positioned on
a sloped surface and exposed to the environment. Seedling stand was measured for all
micro-plots after 28 days (4 weeks). Differences in proportions of seed count for
different treatments were tested using analysis of variance in SAS software. The
response variable chosen was ‘asinpro’ (arcsine transformation of the ryegrass
proportion to ensure underlying assumption of normal distribution of the response).
Shrinkage was another variable of interest as the SF-based fiber mats shrink due to
water evaporation and values of shrinkage. Differences in shrinkage percent for
different treatments were tested using analysis of variance in SAS software.
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3.8.2 Greenhouse Trials for Evaluation of Shrinkage Characteristics of SF Fiber Mats
Shrinkage of fiber mats was considered a hindrance in developing SF-based
fiber mats and trials were conducted to determine the shrinkage characteristics of
cross-linked formulations. These trials were conducted at a greenhouse in Kenneth
Post lab using micro-plots to study the shrinkage characteristics of the SF-based fiber
mats and the behavior of the SF-based fiber mats in dry and wet environments. The
three treatments used for this study are listed in Table 3.2.

Table 3.2 Composition of resin used for greenhouse trials in 3.8.2
Number Treatment Composition
1.

Control

SF + 230% water + 5% glycerol

2.

GA

SF + 230% water + 5% glycerol + equi-molar glutaraldehyde

3.

GL

SF + 230% water + 5% glycerol + equi-molar glyoxal

Each treatment was assigned four replicates which resulted in total number of
twelve micro-plots. The micro-plots were monitored over a period of seven weeks
with the first four weeks in dry environment and the final three weeks in wet
environment. The humidity was not regulated in the greenhouse. The micro-plots were
prepared by filling plastic trays having perforated walls with soil. The plastic trays
were filled with agricultural soil (dug up from the earth). The pH of the soil was
slightly above 7 as reported by the greenhouse staff.
The fiber extrusion process was similar to the lab scale extrusion of SF-based
fibers described in section 3.3, but the fibers were extruded on the micro-plot soil
instead of the Teflon® coated board. The SF-based fibers were extruded to form a fiber
mat and the original area was measured and was monitored thereafter to study its
shrinkage. The temperature of the greenhouse housing the micro-plots was maintained
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at 23.9ºC (75°F). For the final three weeks of the study, the micro-plots were studied
in wet environment by switching on the water mist outlets. Water mist was released
for 12 seconds every 10 minutes during wet condition study. For evaluation of fiber
mat behavior, the initial area covered by the fiber mat was recorded and the area was
recorded each week. Dry condition was maintained from day 1 to day 28. Wet
condition was employed from day 29 to day 49. The percent shrinkage of micro-plots
was calculated from the area of soil covered by the fiber mats. Area of soil micro-plot
covered by the SF-based fiber mat was recorded at the end of day 1, week 1, week 2,
week 3, week 4, week 5, week 6 and week 7.

3.8.3 Field Trials for Evaluation of SF Resin on Seed Germination and Weed
Suppression
Field trials were conducted to evaluate the effect of SF resin mixed with
NB416 fibers (4.91% w/w) on seed germination and weed suppression. Ryegrass
seeds were used for the study and since they were small and easily displaced by
natural elements such as wind and rain, provided a proxy measure of soil erosion in
the experiment. Field trials were conducted at Cornell Orchards at Dryden Rd, Ithaca,
NY. The number of treatments studied was 5 and are listed in Table 3.3. Each
treatment had 10 replicates, resulting in a total sample size of 50 plots. There were 10
blocks and each block contained one replicate of each treatment in a random order as
shown in Figure 3.7. Each plot was 0.61 m x 0.61 m in dimension. Each plot was color
coded to identify the treatment employed in that plot. Each plot was separated by at
least 0.61 m from surrounding plots to ensure there was no migration of seeds which
could result in bias in data. Completely randomized block design was used for the
trials as it blocked any effect of slope on the trials as all the micro-plots in one block
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had the same slope. Each treatment had equal amount of replicates and each treatment
occurred once in a block resulting in a balanced design of experiment.
Soy resin used for this field trial consisted of 11.47% SF (w/w), 4.91% NB416
(w/w), 1.64% Toplin x-z linseed oil (w/w) and 81.96% water (w/w). The contents
were mixed in a paint bucket using a drill machine with an impeller till the mixture
was well mixed. A plastic template with 0.61 m x 0.61 m square hole was used for
application of resin to plots so that the resin was sprayed only inside the plot. The
resin was extruded using a sprayer (Spray-Pro hopper gun, Wallboard Tool Company,
Long Beach, CA) and applied only in the area kept open by the template. Hydromulch
was laid by hand on the plots.
The five treatments studied were CONTROL, SL, SH, SS and HYDRO as
listed in Table 3.3. CONTROL treatment consisted of the micro-plot with the ryegrass
seeds and no other material was applied. For SL treatment, SF-based resin was
sprayed on the micro-plot for a period of 30 seconds resulting in a light layer. For SS
treatment, a light layer of SF-based resin along with ryegrass seeds were sprayed using
the sprayer for a period of 30 seconds. For SH treatment, SF-based resin was sprayed
using the sprayer on the micro-plot for a period of 120 seconds resulting in formation
of a heavy layer. For HYDRO treatment, hydromulch was applied on the micro-plots
manually as required machinery for spraying of hydromulch was unavailable. Heavy
rain and wind was observed in second week of the study and the first count of ryegrass
shoots was taken on day 12, after the thunderstorms had stopped. Metal rings with 7.7
cm diameter were used to collect the shoot count on the micro-plots. Subset sampling
of ryegrass count was done by randomly placing the metal ring on the micro-plot and
counting the shoots inside the area of the metal ring. Shoot counts were measured on
days 12, 16 and 21 after the start of the study. Heavy rains between day 9 and day 12
of the study resulted in grass growth and first reading of shoot counts was taken on
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day 12. Counting of shoots was stopped after day 21 as the shoot counts and
germination rate seemed to level off. Three readings were taken for each micro-plot at
each of the time points.

Block 1

SL

SS

HYDRO

SH

CONTROL

Block 2

CONTROL

HYDRO

SS

SL

SH

Block 3

SH

SS

HYDRO
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SL
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SS
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HYDRO
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CONTROL
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SS

SL

SH
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CONTROL
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CONTROL

SL
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Block 10

SS

SH

HYDRO

SL

CONTROL

Figure 3.7 Design of field trials
Table 3.3 Composition of treatments used for field trials in 3.8.3
1.

CONTROL Plot with seeds

2.

SL

Plot with seeds covered by a light layer of SF resin

3.

SH

Plot with seeds covered by heavy layer of SF resin

4.

SS

Plot sprayed with soy resin containing seeds

5.

HYDRO

Plot with seeds covered with commercially available hydromulch

At the end of the trials (43 days), the grass was cut at ground level and
analyzed for biomass. The grass was cut and put in brown paper bags, which were
dried in an oven for 3 days at 60°C. After drying, the grass was weighed to record the
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weight of biomass for each replicate. After analysis for biomass, the grasses were
analyzed for nitrogen content at Department of Horticulture at Cornell University.
For shoot count analysis, a generalized mixed model was fit using SAS with
‘shoot count’ as the response variable. ‘Shoot count’ was assigned Poisson distribution
due to the skewed nature of the data. Tukey HSD tests were conducted using SAS to
test for analyzing treatment differences in the field study. For statistical analysis of
biomass, a model using restricted maximum likelihood (REML) was fit with
‘logbiomass’ (logarithmic transformation of biomass) as the response variable, and
‘block’ and ‘treatment’ as predictor variables. ‘Block’ was assigned random attribute
in the analysis. Biomass was converted into logarithmic form to ensure the normality
required for fitting the model. For statistical analysis of nitrogen content, nitrogen
content was adjusted for 50% carbon level as high correlation was observed between
nitrogen content and carbon content. The adjusted nitrogen content was fitted using
standard least squares in JMP to study the relationship of the response with treatments.

3.8.4 Greenhouse Trials for Evaluation of SF Resin on Seed Germination
The treatments used for greenhouse trials were same as that of the field trials.
Greenhouse trials employed regulated conditions as compared to field trials which was
dependent on natural weather. The design of greenhouse trials is shown in Figure 3.8.
The design used in this study was an unbalanced randomized complete block design.
Each block corresponds to a tray used in the greenhouse. The setup for the experiment
consisted of an outer tray with no perforations containing an inner tray with
perforations. The micro-plot cells were then placed in these trays with each tray able
to hold 18 cells with each sell with dimensions 5 cm x 5 cm.
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Figure 3.8 Design of greenhouse trials
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In the experimental design, ten trays were used with each tray considered as a
block. Each tray was filled with 16 cells to leave space for watering the cells through
the 2 empty cells. Each treatment occurs at least once in each block but the number of
replicates was not equal, resulting in an unbalanced completely randomized block
design. The unbalanced nature was owed to the size of tray resulting in unequal
replication in a single tray. The trays were watered periodically as required. The
temperature was maintained between 79°F and 82°F over the course of this study.
Relative humidity was not controlled, but it varied between 38% and 45%. Each cell
was sown with 25 seeds except the SS compositions. In case of SS treatment, the seeds
were incorporated in the resin and then sprayed. As a result, exact number of seeds in
each micro-plot could not be verified to be 25. The grass count in each cell was
measured on day 7, day 10, day 14, day 18 and day 23 in the greenhouse.
For statistical analysis of grass count, a generalized mixed model was fit using
SAS with shoot count as the response variable. No transformation was needed as the
residuals for shoot count exhibited normality which is a required condition for fitting
the model. The predictor variables specified in the model were ‘block’, ‘treatment’,
‘days’, ‘block by treatment’ interaction and ‘days by treatment’ interaction. Tukey
HSD tests were conducted to analyze for differences (α=0.05) in response variable due
to the predictors.

3.9 Soy Protein Resin Film Processing with Eco-Friendly Cross-linking Agents
Cross-linking increases the tensile strength of soy protein formulation, but the
cross-linkers used like glutaraldehyde and glyoxal are not eco-friendly. In this
research, rutin and quercetin which are plant-based polyphenols were used for crosslinking soy protein. SF was converted into a cross-linked resin form using rutin or
quercetin which could be processed to form a film. Rutin or quercetin solution was
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prepared by dissolving equi-molar amounts (according to amount amino groups in soy
protein) of rutin or quercetin in predetermined amount of distilled water and 1:1 molar
ratio of sodium hydroxide. This solution was then mixed with SF, glycerol (5% by
weight of SF), a plasticizing agent which provided flexibility to the resin. Distilled
water (1500% by weight of SF), was added to this mixture. The temperature and
duration of the process were varied to study the effect on the tensile properties of the
resin. Four different processes were used for preparing the cross-linked resins to study
their effect on resin cross-linking and properties.
The first process denoted by ‘A’ is described as follows. The mixture
containing SF, rutin/quercetin, glycerol and water was stirred using Kinematica
Polymix stirrer for 120 minutes in a water bath maintained at 80ºC. The pH of the
mixture was adjusted to 8.4 by addition of 1 M NaOH after 10 minutes of stirring and
pH was measured using pH meter. Ultra high pure oxygen (99.99%) was bubbled
through the solution for 120 minutes. The mixture was poured on to Teflon® coated
plates and allowed to dry to form film. The dry film was then transferred to the
conditioning room maintained at 21°C and 65% RH.
In the second process denoted by ‘B’, the mixture was stirred for 40 minutes in
a water bath maintained at room temperature. The pH of the mixture was adjusted to
11 by addition of 1 M NaOH before stirring. Ultra high pure oxygen was bubbled
through the solution during stirring. Pouring and drying of the film was done the same
way as described in the first process.
In the third process denoted by ‘C’, the mixture was stirred for 40 minutes in a
water bath maintained at 80ºC. The pH of the mixture was adjusted to 8.4 by addition
of 1 M NaOH before stirring. Ultra high pure oxygen was bubbled through the
solution during stirring. Pouring and drying of the film was done the same way as
described in the first process.
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In the fourth process denoted by ‘D’, the mixture was stirred for 40 minutes in
a water bath maintained at 80ºC and then stirred for 80 minutes in a water bath
maintained at room temperature. The pH of the mixture was adjusted to 8.4 by
addition of 1 M NaOH before stirring. Pouring and drying of the film was done the
same way as described in the first process. Conditions in processes E and F were same
as that of process D, but analytical grade rutin and quercetin were used in processes E
and F respectively.
Soy protein when processed at higher temperatures for longer time durations,
degrade and the film formed has poor mechanical properties. In this case, four
different processes were studied to determine the optimum conditions to minimize soy
protein degradation and maximum cross-linking possible.

3.10 Characterization of Cross-linked Resin with Eco-Friendly Cross-linking agents
This section describes the procedures followed to characterize the tensile
properties of cross-liked resin and the molecular weight distribution using SDS-PAGE
analysis.

3.10.1 Characterization of Tensile Properties
The characterization is identical to the process described in section 3.6. These
tensile specimens (10 mm x 100 mm) were tested using Instron testing machine
according to ASTM D 3039-89. The gauge length used for testing was 50 mm and the
testing was performed at a strain rate of 100% per minute.

3.10.2. SDS-PAGE Analysis
The molecular weight distribution of soy protein was evaluated by Sodium
Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE). Soy Protein
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Isolate (SPI) was used for SDS-PAGE as carbohydrates and lipids in SF were not
required for the analysis and the protein would have had to be fractionated if SF was
used for SDS-PAGE. For SDS-PAGE analysis, 300 mg of SPI was dissolved in 400
ml distilled water. The process parameters were varied because soy protein showed
degradation when treated at higher temperatures for times greater than 2 hours. The
parameters were varied to minimize soy protein degradation and to optimize crosslinking of soy protein with rutin or quercetin. The process parameters used were same
as those for production of soy protein resin film production mentioned in section 3.9.
For SDS-PAGE analysis, 1 ml of the solution was used. Soy protein was evaluated
using SDS-PAGE to find the molecular weight distribution of the soy protein and the
extent of cross-linking in soy protein. Soy protein from the reaction mixture produced
very faint bands on the polyacrylamide gel. Soy protein from the reaction mixture was
then concentrated by trichloroacetic acid (TCA) precipitation.
For TCA precipitation, 100% (w/v) Trichloroacetic acid was produced by
dissolving 500 g TCA into 350 ml of distilled water and its temperature was
maintained at room temperature [95]. For precipitation, 1 volume of TCA was added to
4 volumes of protein sample from the reaction mixture which causes the protein to
form a white fluffy precipitate. The mixture was then incubated for 10 min at 4ºC and
then centrifuged in an eppendorf centrifuge at 13,200 rpm for 6 min. Centrifugation
leads to the precipitate forming a pellet on the walls of the tube. The supernatant liquid
was removed leaving the protein pellet intact. The pellet was washed with 200 µl
acetone and centrifuged in an eppendorf centrifuge at 13,200 rpm for 6 minutes. This
step was repeated for total 2 washes of acetone. Acetone washes were carried out to
remove any traces of TCA present in the pellet as residual TCA can interfere with
SDS-PAGE analysis of the protein. The pellet was then dried by placing the tube in a
Herat block maintained at 95ºC for 5 to 10 min to drive off acetone. Residual acetone
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can interfere with SDS-PAGE analysis and it was required to eliminate traces of
acetone. Herat block consists of wells to keep the tubes at the desired temperature.
For SDS-PAGE, the protein pellet was mixed with 2X sample buffer and was
boiled at 95ºC for 10 min by placing it in a Herat block. Boiling with sample buffer
denatures the protein and breaks secondary forces like H bonds in the protein pellet.
The sample was then loaded onto the wells of polyacrylamide gel. The sample also
contained low molecular weight dyes which move faster than protein molecules in gel
electrophoresis. The movement of dyes gives an indication of thee movement of
protein. Proteins are invisible till they were stained. The gel was then operated at 200
V till the dyes reached the bottom of the gel. During electrophoresis, allowing the dyes
to reach the bottom of the gel achieved maximum separation of different molecular
weight bands. The time varied according to the samples and the time required for soy
protein samples in this experiment was in the range of 45 to 50 minutes.
Glycinin was separated to analyze the effects of reaction on one protein instead
of a mixture of proteins in soy protein. For separation of glycinin from soy protein, the
following protocol was followed. The solution from the reaction mixture for
preparation of soy protein resin was used. The pH was adjusted to 8.5 with 2N NaOH
and stirred for 1 hour at 20°C. The insoluble residue was separated by centrifugation
with a Beckman coulter centrifuge at 5000 rpm for 20 minutes. Sodium bisulfate
(calculated to give 10mM SO2) was added to the supernatant liquid. Glycinin was
precipitated from solution by adjusting the pH to 6.4 with 2N HCl and storing
overnight at 4°C. The cooled protein was centrifuged directly using a Beckman coulter
centrifuge at 9800 rpm for 20 minutes. The precipitate obtained was glycinin and was
used for SDS-PAGE analysis [96].
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CHAPTER 4
RESULTS AND DISCUSSION

4.1 Fiber Characterization
This section discusses the results obtained for the tensile tests conducted on
various SF-based fibers based on the compositions described in Chapter 3. Tensile
stress at fracture (Tensile stress), tensile strain at fracture (Tensile strain) and Young’s
modulus or modulus (automatic) values were obtained from the tests and are shown in
the tables and bar graphs along with the standard deviation bars.

4.1.1. Effect of Glycerol Content on SF-based Fibers
Experiments were conducted to find optimum glycerol content (% by weight of
SF) for production of SF-based fibers. The composition with 0% glycerol was very
brittle and could not be tested on Instron. Young’s modulus also decreases with
increase in glycerol content. The values of moisture contents are listed in Table 4.1.
Glycerol is used as a plasticizing agent in SF-based resins. As the glycerol
content increases, the free volume of the polymer system also increases. There is also
higher moisture absorption due to the hydroxyl groups present in glycerol. It has been
shown by Nam and Netravali for SPC resin and by Lodha and Netravali for SPI resin
[5, 21]

, that as glycerol content increases, tensile stress decreases and tensile strain

increases due to the plasticizing effect. The mean tensile stress is higher for
composition containing 5% glycerol compared to the composition containing 12.5%
glycerol as shown in Figure 4.1. Thus, it can be concluded that tensile stress for
composition containing 5% glycerol is significantly higher than that of composition
containing 12.5% glycerol. Tensile stress and Young’s Modulus decreased
significantly with increase in glycerol content due to increase in free volume and
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increased moisture absorption. Increase in glycerol as well as water content increases
free volume that causes Tg to decrease, which makes the resin more flexible and
increases tensile strain.

Table 4.1 Moisture contents of SF-based fibers with varying glycerol content
Glycerol content in SF-

Moisture content (%)

based fiber
0%

13.9

5%

14.2

12.5%

15.0

Too brittle to
be tested

Figure 4.1 Mean and standard deviation of tensile stress, tensile strain and Young’s
modulus values of SF-based fibers modified with glycerol (Dissimilar letters within a
tensile property indicate significant differences (p<0.05))
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For all further work, 5% glycerol (on the weight of SF) was chosen as the
optimum glycerol content as the brittleness of fibers and decrease in strength had to be
optimized. The control composition chosen for subsequent experiments, therefore,
consisted of SF and distilled water in the ratio 1:2.3 and 5% glycerol (on the weight of
SF).

4.1.2. Effect of Cellulo® Content on SF-based Fibers
Cellulo® is a cellulose-based filter aid which exists in the form of fibrils.
Cellulo® was incorporated in the SF-based resin mixture and an attempt was made to
orient Cellulo® during extrusion under pressure through the conical pipette tips.
Orientation of these fibrils along the fiber axis was expected to increase the tensile
properties of these fibers.
As the Cellulo® content increased, the moisture content increased from 14.2%
for control to 15.3% for composition with 5% Cellulo® as seen in Table 4.2. The
increase in moisture content can be attributed to the increase in hydroxyl groups
available on the surface of Cellulo®. Tensile stress increased as seen in Figure 4.2,
though not statistically significant, from control to composition with 2% Cellulo® and
then decreased significantly for composition with 5% Cellulo®. Increase in Cellulo®
content can result in reinforcement if the fibrils are well dispersed which increases the
tensile stress as observed for composition with 2% Cellulo®. Further increase in
Cellulo® content, however, results in aggregation and hence the reinforcing effect and
hydrogen bonding of the aggregates is offset by their large dimensions which cause
irregularity in the resin resulting in defects.
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Table 4.2 Moisture contents of SF-based fibers with varying Cellulo® content
Cellulo® content in SF-

Moisture content (%)

based fiber
0% (control)

14.2

2%

14.8

5%

15.3

Figure 4.2 Mean and standard deviation of tensile stress, tensile strain and Young’s
modulus values of SF-based fibers modified with Cellulo® (Dissimilar letters within a
tensile property indicate significant differences (p<0.05))

As the fibrils aggregate, resin cannot penetrate between them resulting in
formation of defects or weak points. The aggregates, thus, behave as defects and cause
the tensile stress to decrease significantly as observed for composition containing 5%
Cellulo®.

Tensile strain decreases as seen in Figure 4.2, though not statistically
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significant, from control to composition with 2% Cellulo® due to the bonding between
soy protein and Cellulo® which does not allow the polymer chains to flow easily under
stress. Tensile strain, however, significantly increases for composition containing 5%
Cellulo® and this is due to the aggregation of Cellulo®. Modulus increases, though not
statistically significant, from control to composition with 2% Cellulo®, indicating
increase in stiffness due to reinforcing and hydrogen bonding of Cellulo® with soy
protein. SF-based fibers with 5% Cellulo® shows significant decrease, thus, indicating
lower stiffness due to aggregation of Cellulo®.

4.1.3. Effect of Fitz Milled Grand Prairie (FMGP) Content on SF-based Fibers
FMGP was incorporated in SF-based resin so that the FMGP fibrils can impart
strength due to the high aspect ratio of the fibrils. Tensile stress, as expected, increased
with increase in FMGP content as can be seen in Figure 4.3 and that of composition
with 5% FMGP was significantly greater than the rest. This can again be attributed to
the increase in reinforcement and hydrogen bonding with increasing FMGP content
that is well dispersed. Tensile strain increased with increase in FMGP content as seen
in Figure 4.3. Tensile strain of compositions with 2% and 5% FMGP are significantly
greater than control. As the content of FMGP increases, the dispersed FMGP fibrils
probably act as crack bridging agents against cracks developing under stress. This
crack bridging mechanism resists crack formation and expansion under applied stress
and thus the specimen has to be strained more before it fractures. The orientation of
fibrils in the resin occurs due to extrusion under pressure through long conical pipette
tips. FMGP being a cellulose-based material attracts moisture due to -OH groups
present in it and this moisture (Table 4.3) contributes as a plasticizer for the resin and
thus decreases the stiffness of the fiber.
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Table 4.3 Moisture contents of SF-based fibers with varying FMGP content
FMGP content in SF-based fiber

Moisture content (%)

0% (control)

14.2

2%

16.3

5%

15.3

Figure 4.3 Mean and standard deviation of tensile stress, tensile strain and Young’s
modulus values of SF-based fibers modified with FMGP (Dissimilar letters within a
tensile property indicate significant differences (p<0.05))

Young’s Modulus decreased significantly for composition with 2% FMGP as
compared to control and this can be attributed to increase in moisture content.
Modulus, however, increased significantly from composition with 2% FMGP to 5%
FMGP which can be attributed to the increased reinforcement perhaps offsetting the
negative effects of moisture. Both values, however, were lower than that obtained for
the control fiber.
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4.1.4. Effect of Micro-crystalline Cellulose (MCC) Content on SF-based Fibers
MCC contains nano-whiskers which tend to aggregate to form particles. MCC
was incorporated in SF-based fibers to study its effect on the properties of fibers and
the moisture contents of the fibers are listed in Table 4.4. Tensile stress and modulus
of cured specimens were higher compared to uncured specimens of the same
composition and tensile strain is lower for cured samples as compared to uncured
samples of same composition as seen in Figure 4.4. In soy protein, dehydroalanine has
been shown to react with lysine and cysteine to form lysinoalanine and lanthionine
cross-links, respectively at higher temperatures

[35, 36]

. Also at higher temperatures,

disulfide cross-linking of cysteine takes place. In addition, reaction of asparagine and
lysine result in an amide-type of cross-link. The above mentioned reactions occur
during the curing process of soy protein increasing the strength of the resin

[37, 38]

. As

seen in Figure 4.4, for same MCC content, cured fibers exhibit higher tensile stress
and lower tensile strain compared to the uncured fibers. In Figure 4.4, it is observed
that modulus is higher for cured fibers as compared to uncured fibers for same MCC
content. Thus, curing at higher temperatures results in cross-linking which causes
increase in tensile stress and modulus, but decrease in tensile strain.

Table 4.4 Moisture contents of SF-based fibers with varying MCC content
MCC content in SF-based fiber

Moisture content (%)

0%

14.20

2% uncured

14.40

2% cured

14.43

10% uncured

14.61

10% cured

14.50
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Figure 4.4 Mean and standard deviation of tensile stress, tensile strain and modulus
values of SF-based fibers modified with MCC (Dissimilar letters within a tensile
property indicate significant differences (p<0.05))

The highly interactive nature of hydroxyl groups on the surface of MCC
attracts moisture and causes it to self associate, and therefore, the dispersion is not
uniform

[67]

. MCC consists of nano-whiskers which tend to aggregate in particle form

and these aggregates are of the order of 200 µm. Dispersed nano-whiskers have higher
surface area and hence higher number of accessible polar groups which increase
moisture content, but if they are aggregated, the resin cannot penetrate in between the
MCC nano-whiskers forming weak points or defects. The moisture content (Table 4.4)
does not change considerably with addition of MCC. At 2% MCC content, these
aggregates offer reinforcement and hydrogen bonding to increase tensile stress. At
10% MCC content, the dispersion is probably poor and aggregates increase in size and
behave as large defects and offer decreased hydrogen bonding resulting in decrease in
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tensile strain and hence the tensile stress. Tensile strain is higher for up to 2% MCC
content indicating crack bridging mechanism. However, at 10% MCC content bigger
aggregate particles behave as defects, and the effect of crack bridging mechanism is
very low resulting in decreased tensile strain. Modulus decreases for compositions
with MCC except for the composition with 10% MCC cured. For uncured specimens
with MCC, modulus decreases as the MCC particles behave as defects and do not
increase the strength. Cross-linking in composition with 10% MCC cured causes the
modulus to increase as it offsets the defective nature of higher aggregates of MCC.

4.1.5. Effect of micro-fibrillated cellulose (MFC) content on SF-based fibers
MFC contains cellulose fibrils which have high aspect ratio and were
incorporated to increase the strength of SF-based fibers. Tensile stress gradually
increased with increasing content of MFC as seen in Figure 4.5 and this can be
primarily attributed to the high aspect ratio of MFC that results in reinforcement. MFC
in well dispersed form in the resin will act as crack bridging agents against the cracks
developed during straining. Composition with 10% MFC has significantly greater
tensile stress than control. Modulus of fiber containing 10% MFC is significantly
greater than the rest of the compositions as seen in Figure 4.6. Increase in tensile stress
can be attributed to the orientation of linear fibrils along the fibril axis as well as high
aspect ratio. The load applied is shared by the fibril network and the excellent
mechanical properties of fibrils result in high modulus and tensile strain of the SFbased fiber when dispersed in the resin. Excellent interfacial adhesion due to high
aspect ratio and hydrogen bonding on the interface of fibril and SF resin allows the
load to be transferred from broken fibrils to the intact neighboring fibrils [97].
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Table 4.5 Moisture contents of SF-based fibers with MFC (cured and uncured)
MFC content in SF-based fiber

Moisture content (%)

Control (0%)

14.2

0.5% uncured

13.8

0.5% cured

13.42

1% uncured

13.0

1% cured

13.0

2.5% uncured

15.2

2.5% cured

14.8

5% uncured

14.2

5% cured

13.9

10% uncured

13.8

10% cured

14.1

Tensile strain of composition with 0.5% MFC is significantly greater than the
rest and can be attributed to crack bridging mechanism due to well dispersed MFC.
Tensile strain decreases in composition with higher MFC content, except for the
composition with 5% MFC cured and uncured as seen in Figure 4.5. Composition with
5% MFC both cured and uncured, have well dispersed MFC and therefore, show
superior mechanical properties compared to other compositions which may not have
well dispersed MFC. As MFC content increases, the fibril network in SF-based fiber
probably reduces the extent of slippage under strain and hence, the tensile strain
decreases. The highly crystalline nature of MFC does not allow it to absorb significant
amount of moisture (Table 4.5) even though MFC is hydrophilic in nature. Cured
fibers are expected to have higher tensile stress compared to uncured fibers, but the
differences observed in Figure 4.5 are not significant.
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Figure 4.5 Mean and standard deviation of tensile stress and tensile strain values of
SF-based fibers with MFC (Dissimilar letters within a tensile property indicate
significant differences (p<0.05))

Figure 4.6 Mean and standard deviation of modulus of SF-based fibers with MFC
(Dissimilar letters within a tensile property indicate significant differences (p<0.05))
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4.1.6. Effect of NB416 Fitz Milled Fiberized (NB416) Content on SF-based Fibers
NB416 similar to FMGP has fibrils with high aspect ratio and was
incorporated to increase the strength of SF-based fibers. Moisture content increased
for composition with 2% NB416 which is due to moisture absorption of well dispersed
NB416 as seen in Table 4.6. Moisture content, however, decreased slightly for
composition with 5% NB416. Tensile stress for composition with 5% NB416 was
significantly higher than composition with 2% NB416 and control can be seen in
Figure 4.7. NB416 fibers like MFC have high aspect ratio and when well dispersed,
act as crack bridging agents against cracks developed during straining of the fiber.
Increase in tensile stress can be attributed to the orientation of fibrillar structures along
the fiber axis that act as reinforcing agents.

Figure 4.7 Mean and standard deviation of tensile stress, tensile strain and Young’s
modulus values of SF-based fibers modified with NB416 (Dissimilar letters within a
tensile property indicate significant differences (p<0.05))
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Table 4.6 Moisture contents of SF-based fibers with varying NB416 content
NB416 content in SF-based fiber

Moisture content (%)

0% (control)

14.2

2%

15.6

5%

15.2

As seen in Figure 4.7, tensile strain values for compositions containing NB416
are significantly higher as compared to control. Increase in tensile strain can be
attributed to increased moisture content due to the hydrophilic nature of the additive
which acts as a plasticizer and crack bridging mechanism of the fibrils. Young’s
modulus decreases significantly for composition with 2% NB416 as compared to
control and increases significantly for 5% NB416 when compared to composition with
2% NB416. Young’s modulus decrease is considered to be due to plasticizing effect of
water. However, increase in Young’s modulus from composition with 2% NB416 to
composition with 5% NB416 due to crack bridging mechanism and reinforcement due
to NB416 fibrils.

4.1.7. Effect of Phytagel®, Agar Agar and Guar Gum Addition on SF-based Fibers
The effect of gums on the SF-based fiber properties was characterized in this
study. Addition of Phytagel®, agar agar and guar gum did not increase the tensile
stress, but increased the tensile strain as seen in Figure 4.8 and moisture content as
seen in Table 4.7. Both Phytagel® and agar agar have been shown to increase
mechanical properties of soy resin. However, the amounts needed of Phytagel® and
agar agar are in the range of 20 to 40% [3, 49]. In this research only small amounts were
added and, hence, significant effect could not be obtained.
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Table 4.7 Moisture contents of SF-based fibers modified with Phytagel®, agar agar
and guar gum
Composition

Moisture content (%)

0% (control)

14.2

2.5% Phytagel® uncured

14.7

2.5% Phytagel® cured

14.63

2.5% agar agar uncured

14.96

2.5% agar agar cured

14.81

2% guar cured

15.1

Figure 4.8 Mean and standard deviation of tensile stress, tensile strain and Young’s
modulus values of SF-based fibers modified with Phytagel®, agar agar and guar gum
(Dissimilar letters within a tensile property indicate significant differences (p<0.05))
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Increase in tensile stress of composition with 2.5% Phytagel® cured can be
attributed to cross-linking due to extrusion at higher temperature. Tensile stress of
compositions with 2.5% agar, both uncured and cured, were significantly lower than
that of control. Decrease in tensile stress can be attributed to role of the amorphous
gums as defects in SF-based fibers during straining of the fibers. Tensile strain of
every composition except the one with 2.5% Phytagel® was significantly greater than
that of control as seen in Figure 4.8. Increase in tensile strain can be contributed to the
increase in free volume of the SF-based fiber due to addition of gums which has a
plasticizing effect of the SF-based fibers. Young’s modulus of every composition was
significantly lower than that of control as seen in Figure 4.8. The gums are used as
gelling agents

[3, 97]

and the polar groups, primarily hydroxyl groups, which attract

water that plasticizes the SF-based resin, which negatively affects the Young’s
modulus. Decrease in Young’s modulus can be attributed to the amorphous nature of
the additives and increased moisture absorption.

4.2 Field Trials Evaluation
4.2.1 Preliminary Field Trials to Evaluate Soil Stabilization Effect of SF Fiber Mats
This section discusses the results of the field trials testing the formulations,
CONTROL, CELLULO, MCC and MFC which were described in Table 3.1, for soil
stabilization. The ryegrass count in micro-plots (measured after 4 weeks) is listed in
Table 4.8. Tukey-Kramer test results presented in Figure 4.9 show that there are no
significant differences in ryegrass count among treatments. It can be concluded that
the effect of four treatments on ryegrass count which is a proxy measure for effect on
soil erosion, is not significantly different among the treatments. Although the fiber mat
withstood substantial rain and persisted to stay on the soil surface for 28 days (4
weeks), the shrinkage in fiber mats that occurred was sufficient to cause the fibers to
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detach from the soil surface and to slowly creep down the incline, exposing the
remaining soil and seeds. It was observed that there was greater emergence of grass in
areas that remained covered by the fiber as the fibers acted as barriers against
migrations of ryegrass seeds. However, the amount of grass was insufficient to cause a
significant difference compared to untreated plots.

Table 4.8 Ryegrass seedling establishment as a percentage of number of seeds planted
Fiber formulation
Ryegrass establishment
(mean proportion ± sem)
CELLULO
59.6 ± 4.6
CONTROL
48.0 ± 6.6
MCC
68.4 ± 9.7
MFC
48.8 ± 1.1

Comparisons for all pairs using Tukey-Kramer HSD (Rye data)
q*
Alpha
2.86102
0.05
Abs(Dif)-LSD MCC CELLULO MFC CONTROL
MCC
-0.13935 -0.09401
-0.03427
-0.02635
CELLULO -0.09401
-0.13935
-0.07962
-0.07169
MFC
-0.03427 -0.07962
-0.13935
-0.13142
CONTROL -0.02635
-0.07169
-0.13142
-0.13935
Positive values show pairs of means that are significantly different.
Level
Mean
MCC
A
0.62162800
CELLULO
A 0.57628400
MFC
A
0.51655200
CONTROL
A
0.50862600
Letter not connected by same letter are significantly different
Figure 4.9 Results of Tukey-Kramer test for comparison of treatment means of
ryegrass count
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Table 4.9 presents the results of the fiber mat shrinkage study. It can be seen
from Table 4.9 that the shrinkage was highest for MFC followed by MCC and
CELLULO formulation had the least shrinkage. However, Tukey-Kramer test showed
that the shrinkage was not significantly different among the formulations. These
results are shown in Figure 4.10.

Table 4.9 SF-based fiber mat shrinkage as a percent of initial area covered by fibers
Fiber formulation
Shrinkage (mean % ± sem)
CELLULO
38 ± 2
MCC
47 ± 4
MFC
48 ± 4

Means Comparisons
Comparisons for all pairs using Tukey-Kramer HSD (shrinkage)
q*
Alpha
2.70081
0.05
Abs(Dif)-LSD MFC MCC CELLULO
MFC
-0.13789 -0.13231
-0.05190
MCC
-0.13231
-0.13789
-0.05748
CELLULO -0.05190
-0.05748
-0.15417
Positive values show pairs of means that are significantly different.
Level
Mean
MFC
A
0.47916000
MCC
A
0.47358000
CELLULO A
0.38480000
Levels not connected by same letter are significantly different.
Figure 4.10 Results of Tukey-Kramer test for comparison of shrinkage means

4.2.2 Greenhouse Trials for Evaluation of Shrinkage of SF-based Fiber Mats
Three compositions were used for field trials, control, glutaraldehyde crosslinked SF-based fibers (GA) and glyoxal cross-linked SF-based fibers (GL). GA and
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GL fibers were used for the greenhouse study because the study aimed at increasing
the durability of the fiber mat. Other compositions like SF-based fibers with MFC had
increased strength, but the moisture resistance did not increase. As a result, their life
was not expected to improve substantially, and hence these fibers would not perform
satisfactorily in rainy conditions. Cross-linked resins are expected to give reduced
moisture absorption increased the life of the fiber mat. Cross-linked fibers may swell
as they absorb moisture but once the water source is removed, they could dry without
causing significant damage or disintegration.
The photographic images of the micro-plots are shown in Figures 4.11, 4.12
and 4.13. Figure 4.11 shows the images for control (SF with no cross-linker) microplot on day 1 and at the end of weeks 1, 4, 5, 6 and 7. Figure 4.12 shows the images
for micro-plot of SF-based fibers cross-linked with glutaraldehyde (GA) on day 1 and
at the end of weeks 1, 4, 5, 6 and 7. Figure 4.13 shows the images for micro-plot of
SF-based fibers cross-linked with glyoxal (GL) on day 1 and at the end of weeks 1, 4,
5, 6 and 7. The micro-plots were observed every week for shrinkage. As seen from
Figure 4.12 the GA fibers disintegrated after 28 days and the fiber mat area could not
be recorded thereafter. SF-based fiber mats were observed to shrink in both dry and
wet environments. Shrinkage of SF-based fiber mats is an important concern as any
dimensional change is not favorable whatever the formulation is used for the
application.
The SF-based fiber mats were subjected to wet environment after 28 days until
49 days. The GA composition fibers disintegrated on exposure to wet environment.
There was no reading recorded for dimensions of GA composition fibers after 28 days
and for all compositions after 49 days as all fiber mats degraded after 49 days.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 4.11 Photographic images of micro-plots of Control treatment on (a) day 1 just
after extrusion; (b) week 1, dry condition; (c) week 4, dry condition; (d) week 5, wet
condition; (e) week 6, wet condition and (f) week 7, wet condition
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 4.12 Photographic images of micro-plots with GA formulation on (a) day 1 just
after extrusion; (b) week 1, dry condition; (c) week 4, dry condition; (d) week 5, wet
condition; (e) week 6, wet condition and (f) week 7, wet condition
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 4.13 Photographic images of micro-plots with GL formulation on (a) day 1 just
after extrusion; (b) week 1, dry condition; (c) week 4, dry condition; (d) week 5, wet
condition; (e) week 6, wet condition and (f) week 7, wet condition
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Figure 4.14 ‘Shrinkage’ by ‘days’ graph of SF-based fibers during field trials

The initial shrinkage is due to the evaporation of water used (230% on the
weight of SF) in the resin to extrude fibers and the shrinkage appears to be uniform in
length and width of the plot. GA fiber mats showed high initial shrinkage due to
residual glutaraldehyde causing further cross-linking in the fibers as seen in Figure
4.12. Not all amine groups are available for cross-linking due to steric hindrance and
therefore, residual glutaraldehyde is found after reaction. The area of GA fiber mats
could not be calculated after 28 days as the fiber mat lost its structural integrity. GA
fiber mats showed highest shrinkage initially and were greater than other two
treatments in the dry environment. GA fiber mats developed brown color as seen in
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Figure 4.12 which indicates the cross-linking reaction between glutaraldehyde and soy
protein. GL fiber mats showed least amount of shrinkage during both dry and wet
environments as seen in Figures 4.13 and 4.14. GL fiber mats also developed orange
color as seen in Figure 4.13 indicating cross-linking reaction between glyoxal and soy
protein. However, rate of cross-linking in GA fiber mats is faster as compared to GL
fiber mats as observed from the faster change of color in GA fiber mats. Shrinkage in
area of control fiber mats was intermediate as compared to the other two formulations;
control and GA and the shrinkage increased rapidly in the wet environment. Dry
condition was maintained up to 28 days and the maximum shrinkage observed was
22.85%. The shrinkage increased rapidly in wet condition and the fiber mats became
soft and showed signs of biodegradation in wet condition

[94]

. Control fiber mats

showed highest shrinkage at the end of experiment while GL fiber mats showed less
shrinkage which can be attributed to the cross-linking of soy protein. GL fiber mats
showed more dimensional stability as compared to control due to its cross-linked
nature.
In the case of GA fiber mat, the reaction of glutaraldehyde is fast with soy
protein and the reaction taking place after extrusion caused the mat to shrink due to
increase in cross-link density. After the reaction in GA fiber mats, the evaporation of
water caused the fiber mats to lose its structural integrity as the soy protein was
already heavily cross-linked and evaporation of water caused the fiber to become
brittle. In case of GL fiber mat, reaction of glyoxal is slow as compared to reaction
glutaraldehyde with soy protein [50]. The slow reaction of glyoxal with soy protein and
gradual evaporation of water meant that the fiber mat was not strained to dimensional
stresses of enough magnitude, due to cross-linking and shrinking, to destroy the
structural integrity of the GL fiber mat. In the case of control fiber mats, the shrinkage
is primarily due to the evaporation of water and was not of enough magnitude to
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destroy structural integrity of the fiber mat. In wet environment, all the fiber mats
absorbed water and became soft. In case of GL fiber mats, the water absorption in wet
environment as observed in Figure 4.13 is less as the mat is cross-linked and the
amount of polar groups available for moisture absorption is low. GL fiber mats were
completely biodegraded at the end of 49 days. In case of control fiber mat, the water
absorption in wet environment is high as compared to GL fiber mat, as it contains
larger number of polar groups for water absorption. All three fiber mats were
completely biodegraded at the end of 49 days (7 weeks) proving the fully
biodegradable nature of SF-based fibers as seen in Figures 4.11, 4.12 and 4.13.

4.2.3 Field Trials for Evaluation of SF-based Resin on Seed Germination and Soil
Stabilization
The treatments used were CONTROL, SL, SH, SS and HYDRO and their
arrangement is shown in Figure 4.15. Generalized mixed model was fitted to shoot
count data as the response variable and the response was assigned Poisson distribution
due to the skewed nature of the data. The fixed effects test results are listed in Table
4.10 and the tukey HSD test results for differences in shoot count are shown in Table
4.11.

Figure 4.15 Arrangement of micro-plots for field trials described in section 3.8.3.
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(a)

(b)

(c)

Figure 4.16 Photographic images of micro-plots for CONTROL on (a) day 1; (b) day 9
and (c) day 43

(a)
(b)
(c)
Figure 4.17 Photographic images of micro-plots for soy light (SL) treatment on (a) day
1; (b) day 9 and (c) day 43

(a)

(b)

(c)

Figure 4.18 Photographic images of micro-plots for hydromulch (HYDRO) treatment
on (a) day 1; (b) day 9 and (c) day 43
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(a)

(b)

(c)

Figure 4.19 Photographic images of micro-plots for soy heavy (SH) treatment on (a)
day 1; (b) day 9 and (c) day 43

(a)
(b)
(c)
Figure 4.20 Photographic images of micro-plots for soy seed (SS) treatment on (a) day
1; (b) day 9 and (c) day 43

As seen in Table 4.10, the parameters ‘Days’, ‘Treatment’ and interaction
‘Days by Treatment’ have significant effects on shoot count. Figure 4.21 shows
variation of ‘shoot count’ x ‘days’ for the five treatments used. From adjusted p-values
in Table 4.11, it can be deduced that shoot counts for treatments SL and HYDRO are
not significantly different, but both are significantly higher than for CONTROL. It
can, therefore, be concluded that treatment SL, even though it was applied in light
amount, is as effective for soil stabilization and crop protection, as treatment HYDRO
which contains commercially available hydromulch. Hydromulch was applied
manually due to lack of suitable equipment and larger amount of hydromulch was
used than that would have been used for mechanical mode of application. There is no
significant difference between SH and CONTROL according to Table 4.11.
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Table 4.10 Fixed effect test from generalized mixed model for field trials
Type III Tests of Fixed Effects
Num
DF

Den
DF

F Value

Pr > F

Treatment

4

36

28.97

<.0001

Days

2

390

250.88

<.0001

Days*Treatment

8

390

2.92

0.0035

Effect

Figure 4.21 Plot showing ‘shoot count’ x ‘days’ for field trials in section 4.2.3
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Table 4.11 Tukey HSD test results for shoot count difference among treatments
Estimate

Standard
Error

DF

t Value

Pr > |t|

Adj P

Alpha

HYDRO

-1.4018

0.2301

36

-6.09

<.0001

<.0001

0.05

CONTROL

SH

-0.2062

0.2318

36

-0.89

0.3796

0.8989

0.05

CONTROL

SL

-1.2584

0.2302

36

-5.47

<.0001

<.0001

0.05

CONTROL

SS

0.6960

0.2365

36

2.94

0.0057

0.0422

0.05

HYDRO

SH

1.1956

0.2287

36

5.23

<.0001

<.0001

0.05

HYDRO

SL

0.1435

0.2271

36

0.63

0.5315

0.9689

0.05

HYDRO

SS

2.0978

0.2334

36

8.99

<.0001

<.0001

0.05

SH

SL

-1.0521

0.2289

36

-4.60

<.0001

0.0005

0.05

SH

SS

0.9022

0.2352

36

3.84

0.0005

0.0042

0.05

SL

SS

1.9544

0.2335

36

8.37

<.0001

<.0001

0.05

Treatment

Treatment

CONTROL

SH was tested for its weed suppression effect and suppressed growth of shoots
on the applied area and the grasses grew only after biodegradation of SF-based resin.
Hence, SH was satisfactory from the point of view of weed suppression. On the other
hand, low shoot count in CONTROL was due to migration of ryegrass seeds from the
micro-plot because of wind and rain. Heavy rains and wind were observed between
day 9 and day 12 of the study which displaced ryegrass seeds, especially in
CONTROL micro-plots, since the seeds were not covered by any material. Thus,
statistical comparison between CONTROL and SH is not conclusive but the weed
suppression effect of SH is evident from images in Figure 4.19. Shoot count for SS
was significantly greater than that of CONTROL implying the satisfactory effect of SS
on protection and support for ryegrass seeds. However, the shoot count for SS was
lower than SL and this was due to fact that all the seeds in SS composition could not
be sprayed with the sprayer and the actual number of ryegrass seeds on SS micro-plot
was lower than 200. For SL and HYDRO, 200 ryegrass seeds were laid manually on
the micro-plot and hence both had shoot counts that were significantly higher
compared to SS. For SH treatment, shoot count was significantly lower than that for
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both SL and HYDRO and this was predicted due to the weed suppression nature of SH
treatment. SL and HYDRO treatments were used with an aim to provide support and
aid growth of ryegrass seeds resulting in higher shoot counts compared to lower shoot
counts of SH treatment which was used with aim of growth suppression.
Biomass was analyzed at the end of the field trials (43 days) to study the effect
of treatments. A model using restricted maximum likelihood (REML) was fit with
‘logbiomass’ (logarithmic transformation of biomass weight to ensure normality is
maintained) chosen as a response variable, and block and treatment as predictor
variables. Block was assigned random attribute in the analysis. The tukey HSD test
results are listed in Table 4.12. The biomass weights for the 5 treatments CONTROL,
SL, SS, SH and HYDRO are listed in Table 4.13.

Table 4.12 Tukey HSD results for biomass means
Estimate

Standard
Error

DF

t Value

Pr > |t|

Adj P

-0.7809

0.1913

35

-4.08

0.0002

0.0022

SH

-0.01968

0.1966

35

-0.10

0.9208

1.0000

CONTROL

SL

-0.7423

0.1913

35

-3.88

0.0004

0.0038

Treatment

CONTROL

SS

0.2119

0.1869

35

1.13

0.2646

0.7877

Treatment

HYDRO

SH

0.7613

0.1966

35

3.87

0.0005

0.0039

Treatment

HYDRO

SL

0.03861

0.1913

35

0.20

0.8413

0.9996

Treatment

HYDRO

SS

0.9929

0.1869

35

5.31

<.0001

<.0001

Treatment

SH

SL

-0.7227

0.1966

35

-3.68

0.0008

0.0066

Treatment

SH

SS

0.2316

0.1923

35

1.20

0.2365

0.7488

Treatment

SL

SS

0.9543

0.1869

35

5.10

<.0001

0.0001

Effect

Treatment

Treatment

Treatment

CONTROL

HYDRO

Treatment

CONTROL

Treatment
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Table 4.13 Biomass weight data for Field Trials

Treatment
CONTROL
HYDRO
SH
SL
SS

Mean
20.02
42.41
24.97
40.17
13.70

Biomass (g)
Standard
deviation
7.99
13.83
15.96
10.12
4.00

Standard
error mean
2.52
4.37
5.04
3.20
1.26

From tukey HSD analysis in Table 4.12, it can be concluded that biomass of
plots containing HYDRO, SL (soy light) are significantly higher than that of
CONTROL. HYDRO treatment contains hydromulch which was able to retain water
as it contains cellulose and provides satisfactory coverage facilitating germination and
stopping the grass seeds from migrating. It also has to be taken into account that
hydromulch was applied manually, in higher amounts than normal, and the higher
shoot counts observed, thus, were a result of more hydromulch than used for
conventional purpose. SL treatment was not able to retain water on surface as it was a
light application of soy protein formulation, but provided satisfactory coverage to stop
migration of seeds. CONTROL treatment did not have any applied treatment and the
seeds migrated due to natural elements such as rain and wind occurring during the
course of this experiment. It was verified by ryegrass growth outside the boundaries of
micro-plots where no ryegrass seeds were sown. Plots containing SS treatment did not
show good grass growth and the possible reason is that the number of seeds desired to
be sprayed might not have extruded through the sprayer. Plots containing SH (soy
heavy) treatment contained heavy application of SF and its potential use was for weed
suppression. SH treatment gradually degraded over the course of this study (43 days)
and then the grass seeds were able to germinate. The weed suppression effects of SH
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treatment, however, cannot be concluded from the biomass study as the biomass was
measured at the end of the study. Soy protein in SH treatment degraded during the
study and the grass was able to grow and therefore, the weed suppression cannot be
evaluated using the biomass study.
After evaluation of biomass, the grasses were analyzed for nitrogen content.
Since nitrogen content and carbon content showed correlation, nitrogen content was
adjusted for 50% carbon content and the means are listed in Table 4.14 along with
standard deviations in parentheses. A model was fit with the adjusted nitrogen % as
the response variable. The tukey HSD result for adjusted nitrogen % by treatments is
shown in Figure 4.22. Treatment with SH shows significantly higher nitrogen content
than with treatments SL, HYDRO and SS. It is not possible to conclude whether SH
results in degradation of soy resulting in increase in nitrogen content as it does not
differ significantly with CONTROL which has no treatment.

Table 4.14 Carbon %, Nitrogen % and adjusted nitrogen % of grasses from different
treatments in field trials
Treatment

Mean carbon % (S.D.) Mean nitrogen % (S.D.)

Mean adjusted
nitrogen % (S.D.)

SH

42.78 (0.853)

4.73 (0.213)

5.53 (0.244)

CONTROL

43.00 (0.599)

4.71 (0.173)

5.47 (0.157)

SS

37.40 (4.384)

3.93 (0.48)

5.26 (0.180)

SL

42.39 (1.887)

4.49 (0.211)

5.30 (0.242)

HYDRO

43.34 (0.384)

4.34 (0.161)

5.01 (0.189)
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LSMeans Differences Tukey HSD
α=0.050 Q=2.84411
LSMean[i] By LSMean[j]

Level
SH
CONTROL
SL
SS
HYDRO

A
A
A

B
B
B

C
C

Least Sq Mean
5.5330691
5.4778585
5.3035047
5.2633021
5.0145369

Levels not connected by same letter are significantly different.

Figure 4.22 Tukey HSD results for nitrogen content of grass in field trials

It is inconclusive whether soy protein degradation directly contributes to
increase nitrogen content in ryegrass plant. Soy protein degradation returns nutrients
to the soil but it is unclear whether the ryegrass absorbs nitrogen resulting from the
process. Ryegrass from HYDRO micro-plots has lowest adjusted nitrogen content
which could be due to absence of soy protein but it is inconclusive as CONTROL
treatment also does not have soy protein but has the second highest adjusted nitrogen
content.

4.2.4 Greenhouse Trials for Evaluation of SF Resin on Seed Germination
The results of greenhouse trials for evaluation of SF-based resins on seed
germination under controlled conditions are discussed in this section. The photographs
of typical block at different time points in the greenhouse study are shown in Figure
4.23. A generalized mixed model was fit with shoot count as the response variable (No
transformation needed as residuals were normal after the model was fit) and ‘block’,
‘treatment’, ‘block x treatment’ interaction, ‘days’ and ‘days x treatment’ interaction
as predictors.
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(a)

(b)

(c)

Figure 4.23 Image of a greenhouse tray (a typical block) on (a) day 1; (b) day 3 and (c)
day 7

Figure 4.24 Graph showing ‘shoot count’ x ‘days’ grouped for each ‘treatment’ for
greenhouse trials in section 4.2.4
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Table 4.15 Fixed effects result for greenhouse trials
Type III Tests of Fixed Effects
Num
DF

Den
DF

F Value

Pr > F

Treatment

4

34

90.14

<.0001

Days

4

732

469.34

<.0001

16

732

12.31

<.0001

Effect

Days*Treatment

Table 4.16 Tukey HSD for shoot count among treatments
Differences of Treatment Least Squares Means
Adjustment for Multiple Comparisons: Tukey-Kramer
Estimate

Standard
Error

DF

t Value

Pr > |t|

Adj P

-2.6492

1.0421

34

-2.54

0.0157

0.1049

SH

7.6646

1.0703

34

7.16

<.0001

<.0001

Control

SL

-3.3228

1.0458

34

-3.18

0.0032

0.0246

Control

SS

12.4218

1.0493

34

11.84

<.0001

<.0001

Hydro

SH

10.3138

1.0419

34

9.90

<.0001

<.0001

Hydro

SL

-0.6736

1.0169

34

-0.66

0.5121

0.9630

Hydro

SS

15.0710

1.0204

34

14.77

<.0001

<.0001

SH

SL

-10.9875

1.0443

34

-10.52

<.0001

<.0001

SH

SS

4.7572

1.0479

34

4.54

<.0001

0.0006

SL

SS

15.7447

1.0230

34

15.39

<.0001

<.0001

Treatment

Treatment

Control

Hydro

Control

From Figure 4.24, it can be observed that shoot count for HYDRO and SL
treatments increased from day 7 to day 14 and then levels off. Shoot count for SH
treatment was initially low, but increased over the course of study (23 days) owing to
the degradation of soy protein formulation. For CONTROL treatment, the shoot count
increased steadily but was lower than SH, HYDRO and SL treatments. Shoot count for
SS was lowest due to lower number of seeds present in the cells. It was found that the
sprayer could not spray all the incorporated seeds in the micro-plot cell and hence, the
total number of seeds in a cell containing SS treatment was lower than 25.
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According to tukey HSD results from Table 4.16, it can be observed that the
shoot count for SL and HYDRO treatments are significantly greater than that of
CONTROL. SL and HYDRO are able to hold water and keep the cell moist resulting
in faster germination rate and growth rate. There was no significant difference
between shoot counts of SL and HYDRO treatments. It can, thus, be concluded that
SL treatment is as effective as commercially available hydromulch used in HYDRO
treatment for preventing soil erosion and aiding the growth of crops. Shoot count for
SS treatment was significantly lower than the rest of the treatments. Shoot counts for
HYDRO and SL treatments are significantly greater than that of SH as expected
because SH was used for weed suppression contrary to the aims of using SL and
HYDRO. From the shoot count growth profile in Figure 4.24, it can be seen that the
shoot count increased with time and simultaneous degradation of soy protein
formulation and all the seeds have grown by the end of the study. SH treatment, thus,
can be used to manipulate the growth rate and germination rate of crops if desired.
Shoot count for SH treatment was significantly higher than that of CONTROL and
could be due to moisture holding capability of SH treatment which supports the seed
and increases the germination rate of ryegrass seeds. The results of greenhouse trials
are similar to that of field trials even though the parameters of temperature and relative
humidity were regulated and natural elements of wind and rain were absent. This
study confirms the scope for potential application of soy protein formulations to
prevent soil erosion, protect seeds and improve germination conditions. Heavy
application of soy protein formulation can be used to suppress weed or manipulate
growth rate of crops as desired.
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4.3 Characterization of Cross-linked Resin with Eco-friendly Cross-linking Agents
4.3.1 Tensile Properties
The tensile stress, tensile strain and Young’s modulus values are shown in
Figure 4.25. Statistical analyses were not carried out as the sample size was 7 for resin
testing and normality of the data could not be established due to lower sample size.
Resins prepared using B and D processes appear to have increased tensile properties.
In processes B and D, the common step is precuring at 80°C for 40 minutes. It can be
inferred that precuring at 80°C which results in unfolding of polypeptide chains and
allows the orientation of polymer chains [19, 40], is required for achieving higher tensile
stress and Young’s modulus in SF-based resins. Resin prepared under C condition
showed increased strain due to slipping of un-reacted polymer chains which is
indicated due to presence of lower molecular weight bands in SDS-PAGE shown in
section 4.3.2.
Resin produced using process A showed decreased tensile strength due to
degradation of protein under those conditions involving longer times of the order of
120 minutes at a high temperature of 80°C. The degradation of proteins was observed
in SDS-PAGE analysis (section 4.3.2) as the reaction product showed lower molecular
weight bands suggesting cleavage of high molecular weight molecules. Resin from
processes E and F showed comparatively increased tensile stress and Young’s
modulus values as compared to other processes and this can be attributed to use of
analytical grade rutin and quercetin in processes E and F respectively. Processes A, B,
C and D were carried out using rutin from dietary supplements and other additives in
the dietary supplement might have behaved as defects in the resin resulting in lower
tensile stress and Young’s modulus. Decrease in tensile strain for processes E and F
indicates possibility of higher cross-linking and absence of any plasticization effects of
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additives in dietary supplements which might have been present in processes A, B, C
and D

Figure 4.25 Mean and standard deviation of tensile stress, tensile strain and Young’s
modulus values of rutin and quercetin cross-linked SF-based resin using different
process conditions

4.3.2. SDS-PAGE Analysis
Pure soy protein was analyzed using SDS-PAGE for distribution of proteins
and the gel is shown in Figure 4.26 with the 10 lanes numbered. The clear portion and
the hazy part of SPI solution (SPI in 0.3 M tris-HCl solution) were used for this
analysis and the pure protein was separated using TCA precipitation. The molecular
weight marker shows brighter bands at 20 kDa and 50 kDa. Each band in MW marker
above 50 kDa corresponds to an increase of 10 kDa. Soy protein showed molecular
weight of up to 120 kDa. The soy protein samples cross-linked with rutin and
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quercetin were evaluated to study the protein molecule distribution on SDS-PAGE and
these are shown in Figures 4.27 and 4.28 with the 12 lanes numbered.

50 kDa

20 kDa

1

2

3

4

5

6

7

8

9

10

Figure 4.26 SDS-PAGE of unmodified soy protein showing molecular weight markers
and soy protein profile
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Table 4.17 Contents corresponding to lane numbers in Figures 4.26, 4.27 and 4.28
Lane

Contents of gel in

Contents of gel in Figure 4.45

Contents of gel in Figure 4.46

Figure 4.44
1

MW Marker

MW Marker

MW Marker

2

SPI-5μl

SPI-10 μl

SPI-5 μl

3

SPI-10μl

SPI + Rutin (120 min 80ºC)-10μl SPI + Rutin (40 min 80ºC + 80 min
R.T.)-5 µl

4

SPI-15μl

SPI + Quercetin (120 min 80ºC)- SPI + Quercetin (40 min 80ºC + 80
10μl

min R.T.)-5 µl

5

SPI-20μl

SPI + Rutin (40 min 80ºC)-10μl SPI-20 μl

6

MW Marker

SPI + Rutin (40 min 80ºC + 80

SPI + Rutin (40 min 80ºC + 80 min

min R.T.)-10µl

R.T.)-20 µl

7

SPI Hazy-5μl

SPI + Rutin (120 min R.T.)-10µl SPI + Quercetin (40 min 80ºC + 80
min R.T.)-20 µl

8

SPI Hazy-10μl

MW Marker

MW Marker

9

SPI Hazy-15μl

SPI-20μl

EMPTY

10

SPI Hazy-20μl

SPI + Rutin (120 min 80ºC)-20μl SPI-15 μl

11

--

SPI + Rutin (40 min 80ºC)-20μl SPI + Rutin (40 min 80ºC + 80 min
R.T.)-15 µl

12

--

SPI + Rutin (120 min R.T.)-20µl SPI + Quercetin (40 min 80ºC + 80
min R.T.)-15 µl
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Each lane on the SDS-PAGE is loaded with a predetermined volume of desired
solution and the compositions and their volumes corresponding to lanes 1 and 8
contain molecular weight markers and bands for 20 kDa and 50 kDa are indicated.
Figures 4.26, 4.27 and 4.28 are listed in Table 4.17. In Figure 4.27, the bands around
25-30 kDa which is present in glycinin fraction of soy protein disappears in lane 11
and 12. Pure glycinin fraction of soy protein does not show bands above 120 kDa, but
lanes 11 and 12 (rutin cross-linked soy protein) show staining above 120 kDa.
However, the protein profile of rutin and quercetin (lane 4) cross-linked soy protein
has smudgy appearance which could be attributed to residual chemicals from the
cross-linking reaction. It could also have been due to the use of rutin and quercetin in
the form of dietary supplements which could have other chemicals that interfere with
SDS-PAGE analysis. The molecular weight distribution indicates that lower bands
around 25-30 kDa have disappeared and appearance of higher molecular weight bands
indicate a certain degree of cross-linking in soy protein due to reaction between soy
protein and rutin.
In Figure 4.28, lane 1 contains the molecular weight marker and the bands for
20 kDa and 50 kDa are indicated. Lane 10 contains un-reacted soy protein and lower
molecular weight bands for soy protein in lane 10 disappear in lane 11 and 12 which
contain cross-linked soy protein. The lower molecular weight bands disappear in
cross-linked soy protein and there is slight staining of high molecular weight bands in
lanes 11 and 12 which might indicate higher molecular weight protein molecules due
to cross-linking to lower molecular weight protein molecules. Lane 10 does not show
any staining in high molecular weight region indicating absence of higher molecular
weight protein molecules in un-reacted soy protein. Lanes 11 and 12 contain soy
protein cross-linked with analytical grade rutin and quercetin respectively and the
protein profile is comparatively sharp to gel in Figure 4.27.
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50 kDa

20 kDa

1

2

3

4 5

6

7

8

9 10 11 12

Figure 4.27 SDS-PAGE of unmodified and reacted soy proteins

50 kDa

20 kDa

1 2

3 4

5

6

7 8 9 10 11 12

Figure 4.28 SDS-PAGE of unmodified and reacted soy proteins
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4.4 Evaluation of Biodegradability of Soy Flour Resins
4.4.1. Weight Loss of SF-based Resin Films
This section discusses the behavior of three different types of specimens,
control, glutaraldehyde cross-linked resin (GA) and rutin cross-linked resin in compost
medium. The weight loss of specimens in compost medium is shown in Figure 4.29.
The photographic images of control, GA and rutin cross-linked resins composted for
0, 30 and 60 days are shown in Figures 4.30 to 4.33. Effect of GA and rutin crosslinking of SF on biodegradability was characterized.

110
100
90
80

Weight Loss %

70
60
50
40
30
20
10
0
-10

0

10

30

20

40

50

Days

Groups
Composition=Control
Composition=GA
Composition=Rutin

Figure 4.29 ‘Weight loss’ x ‘days’ plot of compost specimens
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60

70

(a)

(b)

(c)

Figure 4.30 Photographic images of control specimen on (a) day 1; (b) day 30 and (c)
day 60 of compost study

(a)

(b)

(c)

Figure 4.31 Photographic images of GA specimen on (a) day 1; (b) day 30 and (c) day
60 of compost study

(a)

(b)

(c)

Figure 4.32 Photographic images of rutin specimen on (a) day 1; (b) day 30 and (c)
day 60 of compost study
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As seen in Figure 4.30, there is almost no trace of control specimen on the
polypropylene bag at the end of 30 days of composting and there was no visible trace
at the end of 60 days. On the other hand, glutaraldehyde cross-linked (GA) resin was
degraded but not completely at the end of 30 days of composting as seen in Figure
4.31. At the end of 60 days of composting, GA resin was still found on the
polypropylene bag. Similarly pieces of rutin cross-linked resin were found at the end
of 30 days of composting sticking to the polypropylene bag as seen in Figure 4.32.
There was progression of degradation of rutin cross-linked resin, but pieces of resin
were found attached to the polypropylene bag at the end of 60 days of composting.
The control specimen lost half of its weight in first 10 days and lost 98% of its
weight in 60 days. Glutaraldehyde modified resin (GA) and rutin cross-linked resin
specimens lost about half of their weight in 20 days. The initial loss is due to leaching
of glycerol. The degradation of resin samples is due to the activity of actinomycetes,
fungi and mesophilic microorganisms

[40]

. Cross-linking led to increased moisture

resistance and low moisture absorption meant lower sites for attack by
microorganisms

[40]

. Therefore, cross-linked samples are attacked at a lower rate than

control resin specimens. This is further supported by Figure 4.30 that shows no resin
was left for control sample, but Figure 4.31 and 4.32 show that glutaraldehyde and
rutin cross-linked SF-based resins were not completely degraded and part of the films
still remained. It shows that cross-linking can increase the life of the resin. Rutin
cross-linked resin showed weight loss behavior similar to GA samples supporting the
earlier study of cross-linking of SF-resin using rutin. At the end of 60 days of
composting, glutaraldehyde cross-linked specimen showed 80.45% weight loss and
rutin cross-linked specimen showed 79.46% weight loss compared to 98.32% weight
loss for control specimen.
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4.4.2. ATR-FTIR Characterization
The chemical changes resulted on the surface due to composting was evaluated
using ATR-FTIR. Pure glycerol FTIR spectrum (not shown) showed five absorption
peaks corresponding to C-C and C-O groups in the wave number range of 800 cm-1 to
1150 cm-1. The ATR-FTIR spectrum of control, GA and rutin specimens in Figures
4.33, 4.34 and 4.35 showed five peaks at 850 cm-1, 900 cm-1, 925 cm-1, 1045 cm-1 and
1117 cm-1 with the first three peaks corresponding to C-C skeletal vibrations, fourth
peak corresponding to C-O stretch at C1 and C2 and the fifth peak corresponding to CO stretch at C2. The disappearance of these peaks in the spectra in all the three
specimens indicates that glycerol has leached out during composting. The
disappearance of peaks is supported by initial weight loss observed in the resins as
shown in Figure 4.29.
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Figure 4.33 FTIR spectra of control specimens
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Figure 4.34 FTIR spectra of glutaraldehyde cross-linked soy protein resin specimens
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Figure 4.35 FTIR spectra of rutin cross-linked soy protein resin specimens
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The ATR-FTIR spectra of all three specimens on 0 day showed two strong
peaks in the 1480-1570 cm-1 and 1600-1700 cm-1 wave number range which
correspond to the carbonyl groups in the amide linkages. The biodegraded resins
showed reduction in the intensity of these two peaks and also in broad hydroxyl peak
corresponding to water and amino groups in the 3200-3400 cm-1 range. Reduction in
intensity suggests hydrolysis of amide linkages on the surface. The amide linkages
could be cleaved under acidic conditions in composting conditions [94]. In Figure 4.34,
there is reduction in the intensity of two broad carbonyl peaks due to water and amine
groups in the 3200 to 3400 cm-1 range. Reduction in intensity of these carbonyl peaks
indicates hydrolysis of the amide linkages on the surface of the resin. The pH was
acidic throughout this compost study. The presence of water in the compost system
causes the byproducts to be leached out and therefore, not all byproducts can be
retrieved with the resin sheet and do not show up on FTIR spectra.
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CHAPTER 5
CONCLUSIONS

The objective of this research was to develop SF-based biodegradable fibers
and resins for soil stabilization and crop protection and use eco-friendly cross-linkers
to cross-link the soy protein. The conclusions drawn from the experimental and
theoretical analyses are as follows:
1. Unmodified SF-based fibers showed tensile stress of 2.25 MPa, tensile strain
of 2.4% and Young’s modulus of 172.69 MPa.
2. SF-based fiber with diameter range 250-350 µm could be extruded using the
fabricated lab scale extruder.
3. Incorporation on micro-fibrillated cellulose (MFC) increased the tensile
properties of SF-based fibers. Orientation of fibrils during extrusion
contributed to the increase in properties.
4. Field trials indicate that the SF-based fibers are completely biodegradable. SFbased fibers can be completely biodegraded in 3 weeks in wet environment.
SF-based fibers are effective in adhering to soil and can be dimensionally
stable.
5. Compost studies and SDS-PAGE analysis indicate that cross-linking has taken
place due to reaction of rutin with polypeptide chains in soy protein. The
behavior of rutin modified SF resin was similar to glutaraldehyde modified SF
resin.
6. Field and greenhouse trials show that light application of SF composition
containing NB416 fibers and linseed oil is useful in soil stabilization and crop
protection and is comparable to the commercially available hydromulch.
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7. Heavy application of SF composition with linseed oil and NB416 can be used
for weed suppression and protection of seeds from natural elements like wind
and rain.

The development of biodegradable fibers for soil stabilization is significant as
it can replace non-biodegradable materials in application requiring similar strength as
offered by the SF-based fibers. More research is required to increase the tensile
properties of SF-based fibers and to tune them for other applications. Use of
bioflavanoids (polyphenols) as eco-friendly cross-linking agents can be improved with
further research. Preliminary tests for use of SF-based resin for crop protection and
soil stabilization have shown great promise and with further research can be made
more effective for use in fields and marginal lands.
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