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The main goal of the present research is to design and fabricate ‘green’ nanocomposites 

using eco-friendly and biodegradable polymers, an effort driven towards an alternative of 

conventional petroleum-derived polymers in structural applications considering 

environmental and economic concerns. The behavior of structure, composition and property 

relationships between the novel combinations of these materials has been analyzed and 

discussed. The materials used in this study, many of them from non-edible sources, are 

obtained, derived and/or synthesized using various wastes from agricultural and food 

industries, as much as possible, so as to utilize wastes that are discarded at present. At the 

same time, the use of waste sources reduces the dependency of edible source-based 

biopolymers in various structural applications and thus, reduces the cost of materials 

significantly. Overall, this study opens up new avenues in the fabrication of low-cost ‘green’ 

nanocomposite with facile and ‘green’ methodology using various agricultural and food 

wastes.
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Chapter 1 Introduction 

Muhammad M Rahman 

Department of Fiber Science & Apparel Design, Cornell University, Ithaca, NY 14853, USA 

 

1.1 Eco-friendly and Biodegradable Polymers 

Polymers from fossil resources have been the most widely used materials for various 

packaging and structural applications in the past few decades due to their low price, light weight, 

uniform properties and mature production technologies. However, the most noticeable negative 

and visible impact of the fossil resource utilization is the generation of unmanageable amount of 

waste created by their disposal. According to the report of the U.S. Environmental Protection 

Agency (EPA) about 33 million tons of fossil resource based polymeric wastes were generated in 

2013 in the USA alone.
1
 These represented about 13% of the total municipal solid waste (MSW) 

in the USA.
1
 Usually, this waste is generated from the disposal of various containers, bags, 

packaging, durable goods such as appliances, furniture, automobiles, building parts, etc., as well 

as non-durable goods that include plates, cups, utensils, medical devices, etc. The most 

concerning part is that the global production and consumption of petroleum-based polymers have 

continued to rise and hence will continue to generate more waste materials in the future. For 

example, approximately 299 million tons of polymers were consumed in 2013 globally while the 

polymer consumption was estimated at 260 million tons in 2008.
2
 Unfortunately, discarded 

polymer waste does not biodegrade even after several decades under normal environmental 

conditions.
3
 They may, however, break down into benign or even toxic micro-fragments over a 

long period.
4
 Depending on the discarded polymer, some of these fragments can contain 

chemicals that are hazardous to the environment and ecological systems. Such chemicals include 

bisphenol A (BPA), polychlorinated biphenyls (PCBs), phthalates, etc., that are added to the 
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polymers to obtain different properties.
5,6

 Also, the non-degradable polymer waste can be 

dangerous to a variety of living creatures such as birds, fish, turtles and other animals that die 

from ingesting it or becoming entangled in it. In addition, transporting and managing large 

volumes of wastes has become difficult and expensive.
7
 Another problem with the use of 

petroleum sources is the rapid depletion of petroleum itself. It is estimated that petroleum is 

consumed now at an unsustainable rate which is 100,000 times faster than the nature can 

produce.
3
 At that rate, the current petroleum will be depleted within the next 50 years or so.

7
  

Increased concerns associated with the environment deterioration, waste disposal difficulties 

and cost and fossil resource depletion have fueled a growing interest in the development of eco-

friendly and biodegradable polymers with similar performances.
7–9

 Environment-friendly and 

biodegradable polymers can decompose in natural aerobic and/or anaerobic conditions by the 

action of living organisms.
10

 Usually, these polymers are obtained or synthesized from renewable 

resources derived from plants and/or animals. They can be categorized into two classes, natural 

and synthetic biodegradable polymers.
3,7

 Natural polymers can be obtained directly from nature 

such as polysaccharides, proteins, lignin, lipids, polyhydroxyalkanoates (PHAs), and natural 

rubber, etc., while synthetic biodegradable polymers can be derived from monomers such as 

lactic acid and a variety of amino acids, etc., obtained from natural sources. The biodegradation 

of these polymers can be achieved by the enzymatic action of microorganisms such as bacteria, 

fungi and algae in the environment. These microorganisms can metabolize the polymer to 

produce CO2, CH4, water, biomass, humic matter and other natural materials that get easily 

blended with the natural soils and act as fertilizers and soil conditioners.
10

 These polymers can 

also be degradable by nonenzymatic processes such as chemical hydrolysis as well.
10

 Hence, 

eco-friendly and biodegradable polymers are naturally recyclable and renewable by the 
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biological processes. Also, the most important benefit of biodegradable polymers derived from 

renewable sources is the reduction of fossil resource utilization. For example, it is estimated that 

the poly(lactic acid) (PLA) production will be 3.6 billion kg per every year by 2020 which can 

replace an equivalent amount of fossil resources based polymer and save around 192 trillion 

BTUs of fossil fuel, resulting in a reduction of 10 million tons of CO2 emission in the 

environment.
10

. There are efforts to commercialize plant protein and starch based resins as 

well.
11

 

1.2 ‘Green’ Composites and Nanocomposites 

Composite is an engineered material that is fabricated from two or more chemically different 

constituents with significantly different mechanical and other functional properties to achieve 

properties unavailable from each of the constituent.
8
 Typically, in a polymeric composite, the 

constituents are called polymeric matrix/resin (continuous phase) and reinforcement (dispersed 

or discontinuous phase). The principal reinforcement in a composite can be in the form of fibers 

or particulate or both. The fibers can exist in the composite as continuous and discontinuous 

form. However, the continuous phase, polymeric matrix or resin, acts as a binder for the 

fibers/particulate in polymeric composites. The fibers, most commonly act as the load carrying 

member in the composite while the resin acts as a load transfer medium between them and keep 

the fibers in desired location and orientation.
12

 On the other hand, particulate more commonly act 

as a filler material but may also impart some functional properties. Also, the fibers commonly  

play the primary role in controlling the tensile load carrying capacity of a composite structure 

and, on the other hand, compressive, inter-laminar shear, in-plane shear properties depend on the 

selection of the resin and the fiber/resin interfacial bonding.
12,13
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Polymeric composites are preferred as a major class of structural materials and being 

considered as a substitution for metals in many fields such as aerospace, automotive, marine, 

civil infrastructure and other industries where specific strength, corrosion resistance, fatigue 

damage and long term durability are critical issues. In recent years, a new class of polymeric 

composites termed ‘polymeric nanocomposites’ has attracted great attention due to their 

outstanding performance in comparison to the micrometer or higher scale polymeric 

composites.
14

 In general, a nanocomposite is defined as a multiphase material where at least one 

of the constituent elements has a dimension in the range of 1-100 nm.
14

 Previously it has been 

reported that polymer composites with nanoparticles showed better properties than polymer 

composites with microparticles of the same filler.
15

 Significant research has already been 

conducted to fabricate polymer nanocomposites using a variety of processing techniques such as 

melt mixing, in situ polymerization, solvent mixing and other approaches.
14

 However, 

fabrication and processing of polymer nanocomposites, particularly obtaining uniform 

nanoparticle dispersion, is still a challenging task. 

As mentioned in the earlier section, environmental issues and economic concerns have 

generated considerable attention in the development of ‘green’ composites and nanocomposites 

based on renewable resources such as cellulose, proteins, and starches, etc. as well.
3,16

 A large 

number of environment-friendly and fully biodegradable fibers and resins have already replaced 

some non-degradable synthetic fibers and resins in various applications including textiles, 

packaging and structures.
3
 Low density combined with excellent specific mechanical properties 

and full biodegradability of these natural polymers compared to synthetic polymers can provide 

lighter and stronger eco-friendly structures. Also, at the end of their life, these materials can be 

easily discarded and composted without deteriorating the environment.
3
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1.3 Protein as Eco-friendly and Biodegradable Resin  

Among the myriad of renewable resources available, natural proteins have attracted 

significant interest as a new class of eco-friendly and biodegradable resin for ‘green’ composite 

because of their desirable functional properties.
11,17,18

 Proteins, also known as polypeptides, are 

one of the essential macromolecules in biological systems. The basic monomeric units of all 

proteins are amino acids which are connected by amide (peptide) bonds (-NHCO-) formed by the 

reaction between the amine (-NH2) and carboxylic acid (-COOH) groups of different amino 

acids. Proteins are highly complex polymers composed of up to twenty different amino acids. 

Amino acids have been divided into several categories such as polar, non-polar, aromatic, 

anionic and cationic, based on their side groups. Proteins contain, on average, 50–55% carbon, 

6–7% hydrogen, 20– 23% oxygen, 12–19% nitrogen, 0.2–3% sulfur and traces of phosphorus on 

an elemental basis.
18

 Protein structure is organized into four levels: primary, secondary, tertiary, 

and quaternary structures. The primary structure of proteins is a linear sequence of amino acids 

bonded covalently by peptide bonds while the secondary structure has three different forms, 

namely, α-helices (helical conformation), β-sheets (sheet-like conformation) and β-turns because 

of the various interactions among the amino acids such as hydrogen, ionic, van der Walls bonds. 

The folding of secondary structure by nonlocal interactions, salt bridges, hydrogen bonds and 

disulfide bonds between thiol (sulphydryl) groups (–SH) from cysteine units forms a three-

dimensional tertiary structure which can be assembled into more complex form by non-covalent 

bonding named quaternary structure.
18

  

The complex structure of proteins through the non-covalent bond can be strongly affected by 

some factors such as temperature, pH and organic solvents. The changes in quaternary, tertiary 

and secondary protein structure by the application of such factors are designated as protein 
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denaturation. Another property related to protein structure is termed as isoelectric point, related 

to the presence of basic and acidic groups in their amino acids. The isoelectric point of proteins 

is defined as the pH at which the protein has no net charge, i.e., the number of positively charged 

residues is equal to the number of negatively charged ones.
18

 The proteins aggregate at their 

isoelectric point.
19

 Below or above the pH of isoelectric point, the protein has a net positive or 

negative charge which facilitates the denaturation (opening) of the proteins.   

1.3.1 Edible Plant Protein as Eco-friendly and Biodegradable Resin  

Plant proteins, mainly obtained from edible oilseeds and grains of various crops, have been 

extensively used as resins in ‘green’ composites and adhesives because of their abundant 

availability throughout the world.
11,20,21

 Moreover, some of them could be essentially free of cost 

or very inexpensive. They offer excellent functional properties through the formation of 

numerous inter and intra-molecular bonds due to the presence of various polar amino acids.
18

  

Soybean protein is one of the most important and widely available edible protein.
22

 It has 

been considered as one of the major bio-based resins that can be processed into ‘green’ 

composites using modifiers such as plasticizers, cross-linkers and reinforcing agents.
23–27

 About 

492 million tons of soybean oilseeds are produced annually in the world.
18

 USA, Brazil, China, 

and Argentina are the leading producers of soybean. Typically, soybean contains 40-45% 

protein, 18-20% fat, and 25-30% carbohydrates on a dry basis. Soy protein is also commercially 

available in three different forms, namely, soy flour (SF, 54% protein), soy protein concentrate 

(SPC, 65−72% protein), and soy protein isolate (SPI, ≥ 90% protein) on a dry basis. Pure soy 

protein has molecular weights ranging 140-300 kDa with different physicochemical and other 

functional properties. There are different kinds of protein fractions present in soybeans, namely 

2S, 7S, 11S and 15S fractions (S stands for Svedberg units). Two major globulin fractions in soy 
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protein are 7S (35% of total soy protein) and 11S (52% of total soy protein).
18

 The 7S globulin 

fraction has β-conglycinin (a sugar containing globulins) with a molecular weight of about 150–

190 kDa while the 11S fraction has glycinin with a molecular weight in the range of 320–360 

kDa. These fractions have various polar functional groups, such as carboxyl, amine and hydroxyl 

groups which are capable of chemically reacting to form cross-links and thus to improve the 

mechanical and physical properties of the protein.  

Like soy protein, other edible proteins such as peanut, sunflower and wheat have also been 

considered as eco-friendly resins for the production of sheets, adhesives, plastics and composite 

materials for a broad spectrum of applications.
20,21

 

1.3.2 Non-edible Plant Protein as Eco-friendly and Biodegradable Resin  

Although edible plant proteins are typically used as ingredients for food, feed, and 

pharmaceuticals for humans and animals, surprisingly research, thus far, has been focused 

extensively only on the commercially available edible plant proteins to fabricate ‘green’ resin 

and composites. As a result of using such food materials for engineering materials, ethical 

questions on utilizing food sources in technical applications have been raised.
28

 Considering the 

increased demand for edible proteins for the growing world population, it would be 

advantageous to explore non-edible protein sources for various technical applications so as to 

resolve the issue of food security.  

Proteins from some oil-rich seeds such as neem (Azadirachta indica), karanja (Pongamia 

pinnata) and jatropha (Jatropha curcas) which are considered to be non-edible due to the 

presence of toxic and anti-nutritional compounds to human and animals are now being 

researched for various applications.
29–31

 They do not compete with the edible protein sources and 

can be used for applications in various technical applications such as non-food packaging, 
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adhesives and resins in composites without any ethical questions. In the recent past years, these 

seeds have been utilized as a source of oil for biodiesel production.
32,33

  After the oil extraction 

from the seeds, protein-rich defatted seed cakes remain as waste residues and might have very 

low-value applications such as organic nitrogenous fertilizers or fuel sources.
30,34

  However, the 

defatted cakes might have additional value if they could be utilized in high value non-food 

applications such as green resins for bio-based composites. It is well-known and a matter of 

concern that edible proteins used as resins in green composites may get affected through 

microbial activity or even eaten by insects during the use. This makes it necessary to add 

antimicrobial compounds to the resin. Conversely, in the case of non-edible proteins such as 

neem, karanja and jatropha, the presence of toxic compounds can altogether eliminate the need 

for antimicrobials and anti-fungal compounds and make it safe from the attacks of microbes or 

insects for an extended period of time.
30,35

 

Azadirachta indica, commonly known as neem, grows in almost every country in South Asia 

where it has been used for medicinal purpose and pest management. It has antifeedant, growth-

inhibiting, anti-oviposition, insecticidal and antimicrobial properties due to the presence of 

Azadirachtin (C35H44O16).
29

 Azadirachtin is an active chemical compound that provides an 

excellent commercial (medicinal and pest management) value for the neem plant.
 
The seed inside 

neem fruit contains 40-50% oil and 40-50% protein.
36

 After extraction of oil, the defatted neem 

seed cake has no known applications besides using it as low-value fertilizer or soil enhancer.  

Another plant ‘Pongamia pinnata’, commonly known as karanja, is also one of the widely-

grown forest trees in South Asia.
37

 The karanja seed contains 33–36% oil and 20-30% protein.
38

 

The seed contains toxic and anti-nutritional chemicals such as karanjin, pongamal and an unusual 

amino acid, glabrin.
30

 These toxins restrict the use of karanja seed as human and animal feed 
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and, as a result, it is treated as non-edible.
30

  After oil extraction, this non-edible defatted karanja 

seed cake becomes essentially free or waste in South Asian countries.  

Over the past decade, non-edible energy crop ‘Jatropha curcas’ or commonly known as 

‘jatropha’, has received significant attention as one of the best candidates for biodiesel 

production due to its high oil content (~50-60%).
33

 Also, the wide adaptability of jatropha to 

grow under most climatic conditions makes it very promising over other energy crops such as 

neem, castor, linseed or karanja.
33

 At the same time, jatropha seed kernel is rich in non-edible 

protein (~27-32%) while kernel residue after oil extraction (seed cake) has a significantly high 

protein content (~60%).
31,39

 It has been clearly observed that protein content in jatropha seed 

cake would be higher than that of commercial soy flour (~ 52%).
35

 Recent research on jatropha 

protein (JP) has compared it with soy protein and found both amino acid profiles to be similar.
31

 

Moreover, the relatively higher molecular weight of JP could be beneficial in obtaining higher 

functional properties as compared to soy protein.
31

 As of now, this defatted seed cake remains as 

waste or low-value stream due to the presence of phytotoxins and anti-nutritional compounds 

such as phorbol esters, curcin, trypsin inhibitor, lectin and phytate.
34

 

1.4 Utilization of Nanomaterials in Plant Protein based Resin 

Although the advantages of plant protein based resins such as low cost, biodegradability, 

environment-friendliness and renewability have made them highly attractive for use as an 

alternative to some petroleum based resins; mechanical properties of protein based resins still 

limit their utilization in various load-bearing structural applications.
40,41

 In the past two decades, 

researchers have successfully modified various biopolymer properties by incorporating inorganic 

nanoparticles such as nanoclay, titanium dioxide, calcium carbonate, hydroxyapatite and carbon 

nanotubes, etc.
40–43

 Typically, inorganic nanoparticles have high potential to improve 
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mechanical, physicochemical and thermal properties of biopolymers. They exhibit a high 

specific surface area, as well as high strength and stiffness, which make them potential 

candidates for the reinforcement of biopolymer.
44

 Earlier it was reported that protein based 

polymers can also interact with inorganic materials via electrostatic, van der Waals and hydrogen 

bonding while the electrostatic interaction between the charged groups of both materials is the 

primary interaction.
45

 Till now, several studies have been reported regarding utilization of 

inorganic nanoparticles such as nanoclay, hydroxyapatite, calcium carbonate, silica, etc., to 

improve protein based resins.
41–43

 

The effects of nanoparticles on the functional properties of the polymer depend on shape, 

size, surface characteristics and the degree of dispersion. Higher specific surface area of 

nanoparticles as compared to microparticles provides significantly higher interface for stress 

transfer and lower stress concentration factors in the composite. To get the full potential of 

nanoparticles, the key point is to transfer the potential functional properties of the nanoparticles 

to the polymer. In this context, two main issues have to be solved to improve the material 

properties of polymers by the addition of nanoparticles as filler. These issues are; 

nanoparticle/polymer interfacial bonding and uniform dispersion of the individual nanoparticles 

in the polymer. However, due to the high specific surface area and energy, nanoparticles induce 

undesirable van der Waals and electrostatic forces between them that can result in large 

agglomerations.
46

 These large agglomerations produce unwanted stress concentration factors 

which act as a precursor for failure in nanocomposites and eventually, deteriorate the mechanical 

properties of the composites.
12

 Hence, a proper dispersion is required to overcome the van der 

Waals attraction between nanoparticles. Various methods to disperse nanoparticles in polymer 

resins, such as stirring, sonication and high shear mixing have been reported in the literature.
12
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Also, chemical functionalization of the surface has improved the dispersion of nanoparticles into 

the resin.
47

 Even when the dispersion issue is overcome, poor interfacial compatibility can cause 

the nanoparticles to separate from the polymeric resin during processing and/or in use. In order 

to efficiently use the potential of nanoparticles to enhance the properties of the polymer, a strong 

nanoparticle/resin interfacial adhesion is desired. The nanoparticle/resin interfacial adhesion can 

be improved by functionalizing the surface chemically. The positive effect of functionalized 

nanoparticles on the mechanical properties of nanocomposites are explained earlier.
48

 

1.4.1 Bio-based Inorganic Nanomaterials from Waste Sources 

While plant proteins can be inexpensive, inorganic nanoparticles tend to be expensive due to 

the high purity materials and reagents used to synthesize them. Since nanocomposites can 

contain up to 60% nanoparticles by wt, they can get very expensive.
41

 An alternative economical 

and environment-friendly approach to synthesizing some inorganic nanoparticles such as calcium 

carbonate (CaCO3), hydroxyapatite, calcium silicate, etc., would be to utilize freely available 

bio-wastes such as egg shells, sea shells, bovine bones, fish bones, etc., since these wastes are 

rich sources of calcium precursors.
27,41

 For example, chicken eggshell consists of inorganic 

minerals i.e. calcium carbonate (94%), calcium phosphate (1%), magnesium carbonate (1%) in 

an organic matrix (4%) consisting of collagen, sulfated polysaccharides and other polypeptides.
27

 

About 11% of the total weight of the chicken egg is egg shell that is invariably discarded as 

inedible waste residue of food-processing and manufacturing industries.
27

 More than 45 million 

kg of chicken eggshell waste is disposed of every year from food industries in the United States 

without further processing, creating environmental pollution.
49

 Thus, a unique chemical 

composition and abundant availability of the eggshell could make it a viable and free source for 
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synthesizing bio-based calcium carbonate and hydroxyapatite nanoparticles while simultaneously 

reducing the eggshell waste. 

 Till now, the utilization of CaCO3 derived from eggshells and seashells has been 

investigated as additive for animal feed
50

, human nutrition
51

, coating pigments for ink-jet 

printing paper
52

, natural absorbent of heavy metals
53

, dye-effluents remover
54

, bone substitute
55

, 

and bio-filler for polymer composites.
56

 In past decades, researchers have been successful in 

tailoring resin properties; particularly stiffness and toughness, by incorporating CaCO3 

nanoparticles to fabricate advanced inorganic particulate-filled polymeric nanocomposites.
57–59

 

Since an electrostatic interaction between acidic amino acids and calcium ions takes place when 

calcium ion is added to a protein
58

, it is expected that eggshell-based CaCO3 nanoparticles can be 

utilized effectively as bio-fillers for plant proteins to enhance stiffness and strength.  

On the other hand, hydroxyapatite (HA) is the prime inorganic constituent (65-70%) of bone 

and hard tissue matrix that is indirectly bound to collagen through some non-collagenous 

proteins such as osteocalcin, osteoponcin or osteonectin in nanocrystal form.
44

 The chemical 

composition of HA is Ca10(PO4)6(OH)2. Synthetic HA has attracted much attention as reinforcing 

material in biomedical applications such as tissue scaffolds and bone regenerations because of its 

excellent functional properties including biocompatibility, osteoconductivity, non-toxicity and 

bioactivity.
40,60,61

 Engineering HA at nanosize can provide exceptional physicochemical and 

mechanical properties similar to biological HA due to the large surface area to volume ratio and 

tunable ultrafine structure. Till now, nanoscale HA has been extensively utilized with various 

biopolymers to fabricate composites including various bio-applications.
60,62,63

 However, it has 

two binding sites, Ca
2+

 and PO4
3-

 which possess affinity towards biological macromolecules such 
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as proteins.
45

 Hence, eggshell-based HA nanoparticles can be utilized as bio-fillers for plant 

proteins to enhance their mechanical and thermal properties. 

1.4.2 Cellulose based ‘Green’ Nanomaterials 

Cellulose, discovered and isolated by Payen (1838), is one of the most abundant naturally-

occurred macromolecules on earth with an estimated production of 1.5 x 10
12

 tons.
64

 Most of the 

cellulose material is obtained from plants that serve as the dominant reinforcing phase in plant 

structures. Besides plants, cellulose is produced by a family of sea animals named tunicates, 

some species of algae and some aerobic non-pathogenic bacteria through enzymatic and 

chemical processes.
16

 Despite the origin of production, cellulose is a linear homopolymer chain 

of β-D-glucopyranose units linked by β-(1→4) glycosidic bonds. The repeat unit of cellulose is 

(C6H10O5)n, where n = 10,000-15,000 and is depended on the source or origin. Also, purity, 

degree of polymerization and crystallinity are also varied among the cellulose varieties 

depending on the source. Because of their high strength and stiffness (modulus) combined with 

low weight, biodegradability, and renewability, cellulose production at nano-scale and their 

application in the fabrication of strong ‘green’ composites have received increasing attention.
16

 

Application of nanoscale cellulose as various polymer reinforcement is a relatively new research 

field. The present research focuses on the utilization of microfibrillated cellulose and bacterial 

cellulose to reinforce plant protein based green composites.  

1.5 Microfibrillated Cellulose (MFC) as ‘Green’ Reinforcement 

The concept of Microfibrillated cellulose (MFC) was introduced by Turbak et al.
65

 and 

Herrick et al.
66

 It is obtained from cellulose materials after a two-step mechanical disintegration 

process, namely initial refining step followed by a high-pressure homogenization. Typically the 

high-pressure homogenization step consists of intensive mechanical treatment (shearing) for a 
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number of passes through the homogenizer. In general, this process produces high shear that 

causes transverse cleavage along the longitudinal axis of the cellulose microfibrillar structure and 

after each pass, the materials get sheared and become smaller, more uniform in diameter, 

resulting in fibrils with high aspect ratio. The term MFC refers to cellulosic fibrils sheared away 

from the plant cell walls. MFC is typically in the range of 10-100 nm diameter since it usually 

consists of aggregates of cellulose nanofibrils (~3-10 nm).
67

 Depending upon the raw materials 

and fibrillation techniques used, the cellulose degree of polymerization (DP), morphology and 

aspect ratio may vary in MFC. The aspect ratio of MFC is high (100-150) since the length varies 

in the range of 0.5-10 μm and the diameter varies in the range of 10-100 nm.
16

 MFC is very pure 

cellulose (~100%) and has both amorphous and crystalline regions (crystallinity~51-69%). Due 

to its high strength, modulus (~138 GPa) and aspect ratio, MFC has been utilized as a reinforcing 

agent for various biopolymers including proteins and ‘green’ composites.
16,64,68–70

 However, 

MFC tends to flocculate through hydrogen bonding due to its strong hydrophilic character and 

high aspect ratio which results in a non-uniform dispersion even in bio-based hydrophilic resins, 

thus, decreasing the ultimate mechanical properties of ‘green’ nanocomposites.
16,64

 However, full 

utilization of MFC as reinforcement in ‘green’ nanocomposites regarding property improvements 

can be achieved by homogeneous dispersion of MFC in the resin which is still considered as a 

challenge at a high loading. 

1.6 Bacterial Cellulose (BC) as ‘Green’ Reinforcement 

Bacterial cellulose (BC) is a type of nanofibrillar cellulose produced by microbial 

fermentation process.
71

 Typically, BC is produced by a Gram-negative aerobic bacterium of the 

Acetobacter xylinum at the air-liquid interface of the culture medium containing carbon and 

nitrogen sources as hydrogel pellicle.
71

 Acetobacter xylinum is a rod-shaped nonphotosynthetic 
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bacterium with a width of 0.5–1.0 μm and a length of 2–10 μm that is capable of converting 

glucose, glycerol and other organic substances into cellulose within several days.
72

 The 

bacterium has an assembled state of cellulose synthesizing catalytic sites or subunits linearly 

arranged in the major axis of the cell.
72

 The triplet subunits are further termed as a terminal 

complex (TC).
72

 Sub-elementary fibrils are extruded from the TC located in the cell wall. The 

arrangement of both TC and its other subunits regulate the assembling of the sub-elementary 

fibrils to form nanofibrils eventually with a ribbon-shaped dimension of around 40-60 nm in 

width and 10 nm in thickness. Under static cultivation, BC is formed as a multilayer hydrogel 

scaffold with randomly oriented ribbon-shaped nanofibrils stacked in a reticulated fashion. It has 

a native cellulose I crystal structure with hydrogen-bonded semi-crystalline polymer chains in an 

extended chain conformation.
73

  

Although identical to typical plant-based cellulose in terms of chemical formula, it is 

extremely pure and contains no hemicelluloses, lignin, pectin, and wax materials as plant-based 

celluloses do.
74

 Also, it is superior to plant-based celluloses regarding crystallinity index, degree 

of polymerization, and specific surface area.
75

 The crystallinity index of as-grown BC was found 

to be in the range of 60-80% while the specific surface area was found to be in the range of 1.37-

31.8 m
2
/g depending on the chemical composition of culture medium and bacterial strain.

76
 Also, 

the DP varied between 4,000 and 10,000.
75

 The ribbon-shaped BC nanofibrils have a diameter of 

about 55 nm, 100 times smaller than those of the plant-based cellulose fibers.
76

 Hence, BC is a 

highly porous material with high permeability for liquids and gasses. BC hydrogel contains 

approximately 98% (w/w) of water on the basis of its dry form.
77

 Typically, the pore volumes 

were found to be varying from 0.006 to 0.13 cm
3
/g.

76
 Because of its unique characteristics, such 

as excellent mechanical properties, low density, low thermal expansion, high optical 
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transparency, and biodegradability, BC have attracted much attention in the fabrication of a 

lightweight and strong ‘green’ nanocomposites that can replace petroleum-derived non-

degradable composites.
78,79

  

1.7 Orientation of Bacterial Cellulose in Nanocomposites 

Mechanical properties of BC are known to be affected by several intrinsic and extrinsic 

factors, such as crystallinity, DP, aspect ratio, and orientation of the nanofibrils within the 

pellicles.
76

 While some factors can be manipulated by adjusting chemicals in the culture medium 

to improve the tensile properties in preferred direction, nanofibrillar orientation cannot be easily 

obtained as the bacteria move freely in all directions resulting in randomly-oriented nanofibrils 

in the pellicle. However, randomly-oriented web-like nanofibrils of BC microstructure impede 

achieving its full mechanical potential as reinforcement in polymeric composites.  It is 

commonly known that polymeric composites with oriented fibers result in better mechanical 

properties in comparison to those that lack fiber orientation.
80,81

 Previously, orientation in chitin 

nanofibrils, plant-based cellulose nanofibers and whiskers has been reported in different phases 

such as in dispersion, films and fibers.
80–83

 Alignment of plant-based nanoscale cellulose using 

magnetic or electric field has also been reported earlier.
84,85

 The orientation of all-cellulose films 

and cellulose nanocomposites were achieved by cold-drawing in the drawing direction.
80,86

 Wet 

spinning, hot drawing and electrospinning processes have also been used to orient cellulosic 

nanofibers and nanocomposites.
82,83,87

 As mentioned above, substantial improvement in 

mechanical performance of BC-reinforced composites should be possible if increased BC 

orientation can be obtained and utilized effectively. Although there have been few attempts to 

produce oriented BC
88–90

, no study has been developed on the implications of oriented BC in 

fully ‘green’ composites. Also, the reported approaches for orientation could be time-consuming 
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and technically complex when the oriented BC are considered for fabricating composite on a 

commercial scale.
88,89,91

 Hence, it is still considered as a challenge to produce perfectly aligned 

BC reinforced composite.  

1.8 Objectives and Layout of the Present Research 

The main objectives of the present research are fabrication and characterization of fully 

‘green’ composites and nanocomposites using eco-friendly and fully biodegradable polymers and 

nanomaterials, an effort driven towards replacing conventional petroleum-derived polymers in 

structural applications. The materials used, many of them from non-edible sources, were 

obtained, derived and/or synthesized from various waste sources, as much as possible, so as to 

reduce the waste that is discarded at present and to reduce the cost of the ‘green’ composites. At 

the same time, the use of waste sources reduces the dependency of edible source-based 

biopolymers in technical applications. Understanding the behavior of structure, composition and 

property relationships between the novel combinations of materials and optimizing them were 

other primary goals of this study. The layout of the research is as follows: 

In chapter 2, an eco-friendly and biodegradable protein based resin has been developed from 

non-edible Azadirachta indica (neem) seed cake that has very low-value applications. Effects of 

various modifiers such as natural plasticizers and cross-linkers on the mechanical and thermal 

properties of neem protein have been discussed. 

In chapter 3, a non-edible protein based resin has been developed using defatted Pongamia 

pinnata (karanja) seedcake, so far considered as forestry waste residue after extracting oil used 

for making bio-diesel. A natural cross-linker ‘cinnamaldehyde’ has been used to modify karanja 

protein (KP) and the effect of cinnamaldehyde on the properties of KP has been characterized. 
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In chapter 4, an eco-friendly polymeric resin has been developed using a non-edible protein, 

from Jatropha curcas (jatropha) seed cake that remains after extracting oil, primarily used for 

making bio-diesel, and so far considered as an agro-waste after extraction. Tunable and desired 

mechanical and physical properties have been achieved using various natural modifiers such as 

plasticizer (sorbitol), cross-linker (glyoxal) and reinforcing elements (MFC). 

In chapter 5, a ‘green’ route for developing very inexpensive nanocomposites has been 

developed from soybean protein and eggshell waste. Eggshell waste was converted into calcium 

carbonate nanopowder and incorporated in soy protein effectively to develop strong ‘green’ 

nanocomposite that has significant environmental benefits, good functionality and full 

biodegradability. The reinforced resin may be used in green composites. 

In chapter 6, an eco-friendly and inexpensive ‘green’ nanocomposites by combining 

nanoscale hydroxyapatite synthesized from eggshell waste and soy protein based polymer has 

been fabricated and characterized. These nanocomposites may have great potential for use in 

fully bio-based structural applications.  

Chapter 7 discusses a simple, inexpensive, green and scalable process developed to orient 

bacterial cellulose (BC) through a controlled stretching of hydrogel and fabricate BC-reinforced 

soy protein isolate (BC-SPI) composites. Considering the simplicity of the route and sustainable 

characteristics of the materials used, the proposed process may be used at an industrial scale to 

fabricate mechanically robust, lightweight ‘green’ composites. 

In chapter 8, further suggestions for future research have been proposed.     
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2.1 Abstract 

 

Protein-based polymeric resin has been developed from non-conventional and non-edible 

‘neem seed cake (NSC)’ that has very limited low-value applications.  Neem protein (NP), after 

extraction from defatted NSC, was used to prepare resin with two common plasticizers (glycerol 

and sorbitol).  Properties of the NP resin sheets were evaluated as a function of plasticizer 

content.  Increase of plasticizer content in NP sheets from 15% to 30% (w/w) enhanced fracture 

strain with a reduction in tensile strength, modulus and thermal properties. Sorbitol-plasticized 

NP sheets showed better mechanical and thermal properties in comparison to glycerol-plasticized 

sheets.  Effect of cross-linking with glyoxal on the mechanical and thermal properties of sorbitol-

plasticized NP sheets was also investigated.  Properties improved significantly at 10% (w/w) 

glyoxal content.  Overall, with the enhanced properties of NP sheets, NP can be a viable 

alternative for edible protein-based resin for making green composites.  NP resin can also be 

used to replace some synthetic resins. 
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2.2 Introduction 

Growing ecological concerns, economic awareness and worldwide availability of plant 

sources has fueled an interest in research for the development of environment-friendly 

sustainable green materials as alternatives to non-degradable petroleum based materials. 

Numerous studies have shown that agricultural raw materials could be used as a source of 

various bio-based polymers for the production of biodegradable materials.
1-10

 Among bio-based 

polymers, plant proteins have been considered as attractive and sustainable sources for 

biodegradable materials due to their being inexpensive, yearly renewable, available in 

plentiful.
11-16

 Plant proteins offer a wide range of potential functional properties as bio-based 

resins due to the presence of different reactive groups of the amino acids that can be easily 

accessed to form inter- and intra-molecular bonds. Some agro-seeds such as soybean, peanut, 

corn, peas, rice, sunflower, wheat, etc., are used as important protein sources for humans and 

other living stocks as well as bio-polymers in food packaging industries. Some other agro-seeds 

such as neem (Azadirachta indica), karanja (Pongamia pinnata) and jatropha (Jatropha curcus) 

do not compete with the edible protein sources in foods and packaging industries due to the 

presence of toxic compounds in them. However, these oil-rich seeds have been the subject of 

extensive study in the past years as raw materials for bio-based oil production and biodiesel.
17-20

 

After extracting oil from the seeds, these protein-rich defatted seed cakes remain as waste stream 

for which no known applications beside low-value fertilizer or soil additive or fuel sources, exist 

at present, without complete detoxification.
21-22

 Additional value may be easily obtained from the 

seed cakes if the protein in them can be used in non-food applications such as bio-based ‘green’ 
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resins to produce fiber-reinforced composite structures. In some cases it may be even 

advantageous to use such materials if the toxic compounds in the protein can protect the products 

from microbial attacks or from other sources such as termites or ants.
23

 

Azadirachta indica, commonly known as neem, grows in almost every country in south 

Asia where it has been used for medicinal purpose and pest management.
24

 It has anti-feedant, 

growth-inhibiting, anti-oviposition, insecticidal activities and antimicrobial properties due to the 

presence of Azadirachtin (C35H44O16), an active chemical compound in it that provides an 

excellent commercial value to the plant.
25 

Neem seed contains 40 to 50% oil and 40 to 50% 

protein. However, after extraction of oil, the defatted seed cake has no known applications 

besides using it as low-value fertilizer or soil enhancer. As a result, it is very inexpensive or 

essentially free in South Asian countries. 

While soy protein has been investigated extensively,
3,5,6,12-16

 sheet forming abilities of 

neem protein from defatted neem seed cake (NSC) or using it as resin has not been explored. 

Feasible utilization of such abundant and free resource as polymeric resin in bio-based ‘green’ 

composites can greatly reduce waste and enhance economic efficiency. In the present research 

mechanical, thermal, optical and physicochemical properties of NP resin sheets have been 

characterized from the point of using it as a bio-based resin. Particularly, the effects of increasing 

ratio of plasticizers and cross-linking agents on the properties of NP resin sheets have been 

extensively investigated. The results suggest that NP resin properties can be manipulated to 

obtain desired properties such that it can be used as resin to fabricate sustainable ‘green’ 

composites using plant based and other biodegradable fibers. 
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2.3 Experimental 

2.3.1 Materials 

Defatted NSC was purchased from The Ahimsa Alternative Inc., Bloomington, MN. 

Analytical grade sodium hydroxide (NaOH) pellets and hydrochloric acid (37%), reagent grade 

glycerol (≥98% purity), D-sorbitol (≥98% purity) and glyoxal (40 wt.% in water) were purchased 

from Sigma-Aldrich Chemical Co., Allentown, PA. All chemicals for sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) as mentioned in characterization section were 

purchased from Life Technologies, Grand Island, NY. 

2.3.2 Extraction of neem protein (NP) 

NP was obtained by alkaline extraction and acid precipitation of defatted NSC.
26

 At first, the 

NSC was ground into powder using a blender and passed through 300 μm mesh sieve to obtain 

homogenous and small particles. Sieved powder was then dispersed in deionized (DI) water at a 

ratio of 1:10 (w/v) and adjusted to pH of 10.7 ± 0.2 using 1M NaOH. The mixture was stirred at 

300 rpm and 75 °C for 60 min.  The insoluble residues were discarded by centrifugation at 5000 

rpm for 20 min at room temperature and the supernatant was collected. The pH of the 

supernatant was adjusted to 4.5 ± 0.1 with 1M HCl and stirred for 20 min at 300 rpm to allow 

isoelectric precipitation. The suspension was centrifuged again at 5000 rpm for 20 min. The 

resulting brown suspensions, referred to as neem protein (NP), were separated, freeze-dried, 

ground, sieved at mesh 250 μm and stored at room temperature before characterizing their 

properties. 

2.3.3 Preparation of NP resin sheets  

NP was mixed with DI water at a ratio of 1:10 on a weight basis. Sheets made of pure NP 

were too brittle to handle. Glycerol or sorbitol was added separately as plasticizer to overcome 
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the brittleness. Plasticizer concentrations were varied to obtain the best loading for optimum 

mechanical and thermal properties of NP resin sheets based on the current processing method. 

After the homogenization of mixtures by a magnetic stirrer at 300 rpm for 20 min, the pH of the 

solution was adjusted to 10.7 ± 0.2 using a 1 M NaOH solution and was further homogenized by 

stirring further for 30 min at 75 °C. This step is called ‘pre-curing’ of NP as it absorbs water, 

swells and the protein molecules are partially cured or cross-linked at this temperature.
3
 Similar 

procedure with some alteration in processing parameters has been followed for soy protein film 

formation in our laboratory.
3, 12

 The pre-cured resin solution was dried by pouring it on Teflon
®

 

coated glass plate and kept at room temperature for 20 h. The sheet was further dried in an air 

circulating oven at 40 °C for 4 h. Finally, dried NP sheets were cured using Carver Hydraulic hot 

press at 120 °C for 25 min under a pressure of 2 MPa. 

Glyoxal was added to plasticized NP solutions to introduce additional cross-linking and thus 

to increase the mechanical and  thermal properties of the resin sheets as well as to increase the 

moisture resistance.
27, 28

 Similar processing technique was used, as described above for NP resin 

sheets that contained plasticizers. The predetermined amount of glyoxal was added to 

NP/plasticizer mixture after 20 min of pre-curing at 75 °C and continued to stir at 300 rpm for 10 

min. The pre-cured glyoxal cross-linked NP resin was dried and cured using the same cycle as 

described above. The cured NP sheets were then conditioned at the ASTM conditions of 21 °C 

and 65% RH for 48 h before testing. 

2.3.4 Characterization of NP 

Moisture, crude protein, crude fat, starch, water and ethanol soluble carbohydrate, simple 

sugars, crude fibers and ash contents were determined according to standard ‘Association of 

Analytical Communities (AOAC)’ methods. The crude protein content was obtained by Leco 
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FP-528 Nitrogen/protein analyzer using a conversion factor of 6.25.
29

 All analyses were 

conducted at Dairy One, Ithaca, NY, in triplicate, to confirm the reproducibility. 

The molecular weight distributions of NP were characterized by SDS-PAGE.
30

 NP was first 

solubilized in 100 mM tris–HCl (pH 8.0) and 1.0% SDS. 10 μL protein-buffer mixtures (0.5 μL 

solubilized protein, 6 μL H2O, 1 μL DTT, 2.5 μL NuPAGE 4X LDS loading buffer) were 

injected onto each lane in  NuPAGE Novex 10% Bis-Tris precast gels (1 mm thick with 10 

lanes) with NuPAGE MOPS SDS running buffer. The electrophoresis was carried out for about 

50 min at 200 V constant. After electrophoresis, protein-containing gel was stained with 

Invitrogen Colloidal Coomassie Blue overnight, de-stained with water for 3 h and photographed.  

Amino acid composition analysis of NP was conducted by high-performance liquid 

chromatography (HPLC) according to AOAC Official Method 982.30 E. 

2.3.5 Characterization of NP resin sheets  

Tensile strength, Young’s modulus and fracture strain of NP resin sheets were determined 

according to ASTM D880-02 with an Instron (Model No. 5566) universal tensile testing 

machine. Sheets with dimensions of 10 mm   60 mm were tested at a strain rate of 1% min
-1

 and 

a gauge length of 30 mm. The thickness of the sheets required to calculate the tensile properties 

was measured to the nearest 0.001 mm using a hand-held digimatic micrometer. A minimum of 

ten specimens were tested for each composition. 

Thermal degradation behavior of resin sheets was investigated using thermo-gravimetric 

analysis, TGA, (TGA-2050, TA Instruments, Inc., DE). Specimens weighing (approximately 6 

mg) were scanned from 30 to 600 °C at a heating rate of 10 °C/min under a flow of 60 mL/min 

nitrogen gas. The degradation onset temperature of NP sheets was determined from this analysis 
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using Universal Analysis software (TA Instruments). Three specimens from each composition 

were investigated to ensure repeatability. 

Differential scanning calorimetric (DSC) analysis was performed using DSC 2920 thermal 

analyzer (TA Instruments, Inc., DE). Specimens (approximately 5 mg) were put individually in 

hermetically sealed aluminum pans to prevent any mass loss. DSC test was performed by heating 

from 30 to 110 °C at a rate of 10 °C/min, held at that temperature for 1 min, then cooled to 30 °C 

at a cooling rate of 20 °C/min (first scan) before carrying out the second heating scan to 180 °C 

at a heating rate of 10 °C/min. Nitrogen flow (60 ml/min) was maintained throughout the tests. 

The glass transition temperature (Tg) and denaturation temperature (Tden) of NP sheets were 

determined from the second heating scans using Universal analysis software. Tg of NP sheets 

was considered to be the midpoint temperature of the shift in the base line from the discontinuity 

of specific heat and Tden was considered as the maximum peak temperature of the endothermic 

phenomenon of the specimens during heating scans. The first heating scan was meant to discard 

thermal history, if any, of the specimens.  Four specimens from each composition were 

investigated to ensure repeatability. 

Moisture content (MC) of NP sheets was measured according to a method described by Rhim 

et al.
31

 The specimen strips were weighed (W1), subsequently dried in an air circulating oven at 

105 °C for 24 h  and reweighed to obtain dry weight (W2) determine MC values. Water solubility 

(WS) or percentage of dry matter soluble in water was measured according to a method 

described by Cuq et al.
32

 with some minor modification. After getting MC values, specimens 

were immersed in 30 mL of DI water in a beaker for 24 h at 25 °C. Beakers were covered with 

Parafilm ‘M’ wrap and stirred occasionally. Then, specimens were dried in an air circulating 

oven at 105 °C for 24 h and weighed to obtain re-dried weight (W3). Four replicates of analyses 
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were carried out for each category. MC and WS values were calculated using the equations (1) 

and (2), respectively: 

               
  

  
                           (1) 

               
  

  
                           (2) 

Water absorption (WA) was determined by a slight modification of the ASTM standard 

D870-02. Conditioned specimens ( 20   20 mm) were dried at 105 °C for 24 h in an air-

circulating oven and weighed to obtain dry weight (W2). The specimens were then immersed in 

30 mL of DI water for specific time at 25 °C. The specimens were removed from water medium 

at every 20 min intervals and reweighed (W4) after removal of excess water from the specimen 

surfaces using absorbent paper. WA value was calculated using equation (3): 

            
  

  
                  (3) 

Optical parameters of the sheets were measured using Macbeth Color-eye spectrophotometer. 

Sheet specimens were placed on a white plate, and the CIELAB color scale was used to measure 

color: L* = 0 (black) to L* = 100 (white), -a* (greenness) to +a* (redness), and -b*(blueness) to 

+b* (yellowness). Standard values for the white calibration plate were L* = 95.99, a* = -0.04, 

and b* = 1.01. Considering standard light source D65 and standard observer 10°, color 

parameters L*, a*, b* and whiteness index (WI) were calculated. Values were expressed as the 

averages of ten measurements on different areas of each Sheet. The WI was calculated using 

equation (4): 

WI= 100 -                                           (4) 

Optical transmittance of resin sheets was measured at selected wavelengths between 400-800 

nm with a data interval of 1 nm using a UV-Visible spectrophotometer (Lambda 35, Perkin 
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Elmer, Norwalk, CT) according to ASTM D1746-03. The transparency value (TV) at unit light 

path length of the Sheets was calculated by the equation (5):
33

 

TV=                                               (5) 

where, T660 is the transmittance at 660 nm and d is sheet thickness in mm. The greater TV 

represents lower transparency. Three specimens from each category were tested to obtain mean 

values. 

Statistical evaluations were carried out by analysis of variance (ANOVA) followed by 

multiple comparison tests using Tukey-Kramer’s HSD at 95% confidence level. All analyses 

were performed using JMP statistical software (SAS Institute, Cary, NC). 

2.4 Results and Discussion 

2.4.1 Characteristics of NP 

Table 2.1 shows proximate composition of the defatted NSC and NP. Included in Table 2.1 is 

also the determination methods used for obtaining the constituents. As shown in Table 2.1, the 

extraction method presented here was successful in obtaining NP with 80-82% protein content, 

almost twice that of defatted NSC. This increase is significant since the properties of resin are 

dependent on the percentage of protein. In addition, it has been shown that the fiber/resin 

bonding is also dependent on the protein content in the resin in the case of soy protein.
15 

Protein 

recovery was found to be about 63-65% by the extraction process. It is to be mentioned that 

protein recovery and protein content are not only dependent on the protein extraction process 

parameters but are also affected by the oil extraction method prior to protein extraction. Lestari 

et al. showed protein recovery from defatted jatropha seed cake was lower than that of non-

defatted jatropha seed cake.
34

 Heat and organic solvents used during oil extraction might 
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influence negatively by reducing the protein solubility in solvents and hence, total extractability 

of the protein. 

Table 2.1 Proximate composition of defatted neem seed cake (NSC) and neem protein (NP) 

Constituents Defatted NSC  NP  Determination method 

Moisture (%) 10.6 ± 0.9 3.4 ± 1.1 AOAC 930.15  

Crude protein (%) 42.9 ± 1.4 81.0 ± 1.8 AOAC 992.23  

Crude fat (%) 7.9 ± 0.9 1.8 ± 0.7 AOAC 2003.05 

Starch (%) 0.6 ± 0.2 0.3 ± 0.2 YSI 2700 SELECT Analyzer 

Water soluble carbohydrate (%) 15.3 ± 2.2 1.3 ± 0.9 UV spectrophotometry
67

 

Simple sugars (%) 7.8 ± 0.9 2.3 ± 0.2 UV spectrophotometry
67

 

Crude fiber (%) 4.2 ± 0.2 - AOAC 962.09 

Ash (%) 7.4 ± 0.6 2.8 ± 0.2 AOAC 942.05 

 

Figure 2.1 shows SDS-PAGE of extracted NP with molecular weight marker. As can be seen 

from Fig. 2.1, two major protein bands differing in molecular weight were observed clearly. The 

top band contained protein molecules between 35-45 kDa and the bottom one showed protein 

molecules between 15-25 kDa. There are also two unclear bands between 50 and 80 kDa which 

might be the proteins having lower content. These results suggest that the molecular weight of 

NP subunits is comparable to that of soy protein obtained earlier by others.
35 

 

Figure 2.1 SDS-PAGE of extracted neem protein (NP). Lane 1- molecular weight marker and 

Lane 2- 16 μg of total neem proteins.
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Table 2.2 shows composition of amino acids present in NP. As can be seen in Table 2.2, 

about 50% of total amino acids presented in NP are charged polar amino acids that can 

participate in various ionic interactions. The presence of arginine (~10%), lysine (~3%), cystine, 

tyrosine and histidine (~2%) allows certain chemical modifications of protein through cross-

linking and thus obtain desired mechanical and thermal properties.
36,37

 The composition of amino 

acids in NP was comparable to that of conventional soy protein, reported in literature.
38

 

Relatively higher content of polar amino acids might facilitate the formation of 3-dimensional 

covalent cross-linking interactions in NP over soy protein. 

Table 2.2 Amino acid composition of NP protein 

 

Classification Amino acids NP (g/16 g 

Nitrogen) 

Polar charged Arginine 9.7 

 Lysine 2.9 

 Histidine 2.0 

 Aspartic acid 9.7 

 Glutamic acid 25.4 

Polar neutral Cystine 1.8 

 Tyrosine 2.3 

 Serine 4.2 

 Threonine 3.2 

Non-polar Alanine 4.3 

 Glycine 4.1 

 Leucine 7.8 

 Isoleucine 4.0 

 Methionine 1.1 

 Proline 4.0 

 Valine 6.4 

 Phenylalanine 4.0 

 Tryptophan 1.2 

 

2.4.2 Physico-chemical properties of NP resin sheets  

NP resin sheets with smooth surfaces were produced without any additives or plasticizers. 

However, they were too brittle to characterize mechanical properties. NP resin sheets had 

thicknesses of 0.30 ± 0.02 mm.  The difference in sheet thicknesses was not significant (p-
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value>0.05). Our observation indicates that the final thickness mainly depends on the shrinking 

of the sheet during the evaporation of the solvent, water in this case, as it is not a linear function 

of the dry matter content in the sheet-forming solution.
39 

Dry matter content in NP sheets was 

87.5 ± 1.0 g/100 g, and the remaining material was water. The color of the control NP sheet was 

brown with the whiteness index of 55.2 ± 0.1. Optical transmittance of the sheet was found to be 

only 3.0 ± 0.2% for the current thickness of 0.3 mm. Figure 2.2 shows photographic images of 

control (no additive or modifier), plasticized, and cross-linked NP sheets. As can be seen from 

Fig. 2.2, the specimen cross-linked with glyoxal was the most opaque which has been discussed 

later in section 2.4.4. 

 
 

Figure 2.2 Photographic images of control NP (1), 15% sorbitol-plasticized NP (2), 15% 

glycerol-plasticized NP (3) and 15% sorbitol-plasticized with 10% glyoxal cross-linked NP 

sheets (4).        

                        

2.4.3 Effect of increasing ratio of plasticizers  

Addition of a plasticizer in the sheet-forming solution was necessary as the NP sheet was too 

brittle to be handled or tested without it. According to the lubricity theory of the plasticization, 

the plasticizer acts as a lubricant to facilitate the movements of the protein chains over each other 

to avoid brittleness.
40

 Also, a plasticizer, being a small molecule, significantly increases the 
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number of ends and thus enhances free volume in the protein systems according to free volume 

theory.
40

 However, plasticizing effects do vary from one protein to another protein due to 

differences in amino acid content as well as their sequences.
41 

Protein-protein interactions can be 

varied by varying contents of plasticizer which determine the properties of the sheet.
42 

To 

investigate the effects on NP, Sorbitol and glycerol, the most common polyol type plasticizers 

for protein-based polymers, were used to plasticize the resin sheets. It was found that, NP sheets 

with sorbitol content lower than 15% (g/100 g dry protein) were difficult to handle after drying 

and was not possible to be hot-pressed due to brittleness. On the other hand, the sheets with more 

than 30% glycerol were very flexible. As a result, a range of 15 to 30% (g/100 g dry protein) 

plasticizer content was selected to seek a compromise between strength and elasticity and to 

determine optimal plasticizer content. Increased level of plasticizers in the sheet-forming 

solutions did not exhibit any statistically significant differences in the thickness values of sheets 

(results not shown) (p-value>0.05). NP Sheets with plasticizers had an average thickness of 0.30 

± 0.04 mm. From these results, it can be concluded that plasticization with sorbitol or glycerol 

has no significant effect on the thickness of NP sheet. 

Effects of Plasticizers (glycerol and sorbitol) on tensile properties of NP sheets are presented 

in Table 2.3 along with the statistical analysis based on Tukey-Kramer HSD tests. The effect of 

plasticizer incorporation is clearly evident if the fracture strain data are considered. Fracture 

strain increased continuously, as expected, with the increase of plasticizer content. However, 

tensile strength and modulus decreased as the plasticizer content increased. The differences in 

tensile properties were significant (p-value<0.05). In case of both glycerol and sorbitol, the 

Young’s modulus and fracture strength were highest at 15% plasticizer content. However, 

sorbitol performed much better in terms of mechanical properties. 
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Table 2.3 Effects of plasticizers (glycerol and sorbitol) on tensile properties of NP sheets  

 

Plasticizer Concentration Tensile strength  

(MPa) 

Young’s modulus  

(MPa) 

Fracture strain  

(%) 

Glycerol 15% 6.1 ± 0.63
b
 168.2 ± 25.94

ab
 63.8 ± 12.35

bc
 

 22.5% 4.5 ± 0.61
bc

 81.9 ± 32.21
bc

 86.5 ± 18.39
ab

 

 30% 3.6 ± 0.49
c
 54.9 ± 20.93

c
 103.4 ± 12.11

a
 

     

Sorbitol 15% 7.9 ± 1.48
a
 239.1 ± 48.70

a
 56.0 ± 10.48

c
 

 22.5% 6.1 ± 0.78
ab

 143.9 ± 34.74
bc

 71.3 ± 14.55
bc

 

 30% 4.2 ± 0.31
c
 114.5 ± 24.83

bc
 92.3 ± 11.03

ab
 

 

*Means not connected by same letters are significantly different at 95% confidence level through 

Tukey-Kramer HSD test 

 

Amino acid profile of NP reveals the presence of both polar and non-polar groups that have 

strong inter- and intra-molecular interactions such as hydrogen bonding, dipole-dipole, charge-

charge and hydrophobic interactions. Usually, strong polar interactions between groups of 

protein molecules impede molecular movement and segmental rotations that can result in higher 

modulus, strength and thermal stability in protein sheets.
43

 However, these interactions are also 

responsible for the increased brittleness. While glycerol and sorbitol do not form any covalent 

linkages with the protein, the hydroxyl groups of these molecules can interact with protein at 

amino, carboxyl and hydroxyl sites by hydrogen bonds which results in reduced inter- and intra-

molecular interactions between the protein chains. According to the gel theory of plasticization, 

plasticizers hinder polymer molecules from interacting with each other by breaking the 

attachments along the chains and reduce the functional properties.
40

 Based on the amino acid 

composition of NP, it is expected that hydrogen bonding would occur among –NH2 groups in 

arginine and lysine, –NH groups in proline and histidine, –OH groups in tyrosine, threonine, and 

serine, and –COOH groups in glutamic and aspartic acids. 

NP sheets plasticized with sorbitol had significantly higher tensile strength and modulus than 

those plasticized with glycerol. Similar behavior was also observed for other protein based 
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sheets. 
15,44

 Previously, Griffin and Lynch showed that glycerol has infinite solubility in water at 

25 °C with a medium-high hygroscopicity whereas sorbitol has 71% solubility with medium-low 

hygroscopicity.
45

 Also, being lower molecular weight plasticizer, glycerol brings more free 

volume in the protein system for which it is easier for the water to diffuse in. Higher 

hygroscopicity makes glycerol more effective plasticizer while sacrificing the strength and 

stiffness as water is also an effective plasticizer.
46

 

Table 2.4 shows the effect of plasticizers (sorbitol and glycerol) on moisture content of NP 

sheets. NP sheets plasticized with sorbitol and glycerol at same loading differs significantly 

according to Tukey’s test. As can be expected, glycerol-plasticized sheets showed higher 

moisture content compared to sorbitol at the same loading. Although both plasticizers have 

similar straight-chain molecular structures, the lower molecular weight plasticizer ‘glycerol’ has 

been shown to have higher water affinity at same RH from sorption and desorption isotherms.
47

 

Another study by Mali et al. revealed lower equilibrium moisture for sorbitol-plasticized sheets 

as compared to glycerol-plasticized sheets.
48

 The difference in hydrophilicity of the plasticizers 

has also been reflected on the MC values of NP sheets. 

Table 2.4 Effect of plasticizers on moisture content (MC) of NP sheets 

 

Plasticizer 

Concentration 

MC of NP sheets* 

with Glycerol (%)  

MC of NP sheets* 

with Sorbitol (%) 

15% 18.9 ± 0.31
ab

 17.8 ± 0.65
b
 

22.5% 19.9 ± 0.76
a
 18.0 ± 0.67

b
 

30% 20.1 ± 0.79
a
 18.8 ± 0.78

ab
 

*Means not connected by same letters are significantly different at 95% confidence level through 

Tukey-Kramer HSD test 

Glass transition and denaturation temperature were measured from the DSC thermograms of 

NP sheets. Figure 2.3(a-b) shows the effect of plasticizers on the glass transition temperature (Tg) 

and, denaturation temperature (Tden) of NP sheets. As shown in Fig 2.3(a), Tg of NP sheets 

decreased with an increase in plasticizer content, which was expected according to the free 
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volume theory of plasticization. Basically, Tg of polymer reflects the tightness of molecular 

packing or supramolecular structure
49

 and is mainly governed by non-covalent interactions such 

as hydrogen bonding, van der Waals and hydrophobic interaction in case of protein.
50  
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Figure 2.3 Effect of plasticizers on glass transition temperature, Tg (a), denaturation temperature, 

Tden (b), typical TGA thermograms of control and plasticized NP sheets (c) and degradation 

onset temperature, Td (d) of NP sheets.  
 

The Tg of the non-plasticized sheet was found at about 102 °C and shifted lower to about 93, 

90, and 83 °C after plasticization by 15, 22.5, and 30% glycerol, respectively. Similar behavior 

was obtained in sorbitol-plasticized sheets. However, the Tg values were higher for sorbitol-

plasticized NP by about 2 to 3 °C compared to glycerol-plasticized NP in all cases. A linear 
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regression was applied to compare the efficiency of plasticizers which revealed a higher slope for 

glycerol-plasticized NP specimens than those plasticized by sorbitol. The slopes of denaturation 

temperature (Tden) versus plasticizer content curves showed similar behavior which indicates a 

better plasticization action of glycerol as shown in Fig 2.3(b). 

The thermal stability of plasticized NP sheets was characterized using thermogravimetric 

analyzer (TGA). Figure 2.3(c) shows typical TGA thermograms of control and plasticized NP 

sheets and Fig. 2.3(d) shows the effect of plasticizers at various concentrations on degradation 

onset temperature (Td). As observed in Fig. 2.3(d), Td decreased as the plasticizer’s content 

increased. As expected, plasticization reduces thermal stability by interspersing itself around 

polymer and breaking polymer-polymer interactions according to gel theory.
40 

The results of 

sorbitol-plasticized NP showed higher Td than that of glycerol-plasticized specimens indicating 

the superior performance of sorbitol. However, both plasticizers resulted in lower Td compared 

to control specimens as was expected. Among the plasticized specimens the maximum Td was 

observed for 15% sorbitol-plasticized NP sheet (244.44 °C), a decrease of about 20 °C compared 

to control specimens whereas the lowest was observed in 30% glycerol-plasticized NP sheet 

(206.27 °C), a decrease of over 55 °C. The difference between sorbitol-plasticized and glycerol-

plasticized NP sheet was found to be significant (p-value<0.05). The degradation of plasticized 

resin proceeded in three weight loss steps. Weight loss below 150 °C was attributed to the 

evaporation of water. Plasticizer evaporation occurred between 150 and 250 °C (boiling point of 

glycerol is 290 °C and sorbitol is 296 °C), and the final weight loss beyond 250 °C was 

attributed to the thermal decomposition of the NP with complete evaporation of plasticizers. As 

observed in Fig. 2.3(c), the differences in weight loss for a particular temperature below 150 °C 

in all categories were not significant. However, a significant difference in weight loss for a 
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particular temperature was observed at 150-300 °C between control and plasticized specimens. 

This difference may be attributed to the evaporation of the plasticizers in plasticized specimens. 

For this reason, control specimens lost less weight in comparison with plasticized ones at same 

temperatures beyond 150 °C. Also, a delay in the onset of degradation temperature in the 

plasticizers (between 150 and 250 °C) is greater in the case of sorbitol-plasticized resin 

compared to glycerol-plasticized resins. This might be due to stronger interactions between 

sorbitol and the polypeptide chains of NP. 

Considering one of the ideal applications of NP as resin in fiber reinforced composites, sheet 

made with 15% sorbitol was selected as control for non-cross-linked specimens for further 

investigations as the optimum amount of plasticizer due to its highest tensile strength, Young’s 

modulus, thermal transitions and degradation with moderate fracture strain. 

2.4.4 Effect of cross-linker ratio  

In general, proteins exhibit poor mechanical, thermal and moisture resistance properties, 

especially in humid conditions which limit their use in structural applications. Chemical cross-

linking provides a mechanism to improve the mechanical and thermal properties as well as water 

resistance and solubility of protein-based biopolymers. In chemical cross-linking process, a low 

molecular weight component reacts with functional groups of polypeptide chains, forming tri-

dimensional intermolecular covalent bonds between them. Aldehydes such as glyoxal, 

gluteraldehyde and formaldehyde have been most commonly used cross-linking agents for 

protein-based sheets by solution casting methods.
36, 37, 51

 In this study, glyoxal was used to 

crosslink NP due to its lower toxicity and volatility compared to gluteraldehyde and 

formaldehyde.
52 

Glyoxal has been shown to react with guanidine group of arginine and ε-amino 

group of lysine of protein to form Schiff bases and initiate Maillard reaction
53

. Effect of glyoxal 
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content, between 0 and 15% (g/100 g dry protein), was studied in the 15% sorbitol-plasticized 

NP sheets. 

Figure 2.4 shows the effect of glyoxal addition on moisture content (MC) and water 

solubility (WS) of 15% sorbitol-plasticized NP sheets.  As can be seen from Fig. 2.4, MC of the 

specimens decreased linearly with cross-linker content (R
2
=0.99). While a significant difference 

was observed between behaviors of cross-linked and non-cross-linked sheets, MC did not vary 

significantly among the cross-linked sheets. NP sheets cross-linked with 5% glyoxal showed MC 

of slightly less than 34% while those cross-linked with 15% glyoxal had about 29% MC. WS, 

however, showed significant decrease after cross-linking. There was an exponential decrease in 

WS with the increasing of glyoxal (Fig. 2.4). A reduction of about 25% in WS was observed for 

NP specimens cross-linked with 10% Glyoxal. About 38% solubility in water was observed in 

control NP sheets while cross-linked sheets with 10% glyoxal showed the values about 28%. 

Similar reduction in MC and WS has been reported on other protein-based sheets by cross-

linking.
54 

The reduction in MC and WS value is a consequence of the formation of a covalently 

bonded three-dimensional network resulting from the NP-glyoxal cross-linking. Since some of 

the hydrophilic amine groups are consumed in cross-linking with aldehyde groups, glyoxal 

treatment reduction in WS and MC can be expected. Also, formation of tighter and compact 

network structures due to cross-linking results in higher moisture resistance than the control 

specimens. However, cross-linker content of higher than 5% did not significantly change the 

WS. It may be that the inter-molecular cross-linking reaches its limiting value under the 

experimental conditions at 5% glyoxal in NP. 
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Figure 2.4 Effect of glyoxal (cross-linker) on moisture content and water solubility of 15% 

sorbitol-plasticized NP sheets. 

 

Glyoxal has been found to be a useful cross-linker to increase the hydrophobicity of proteins 

by other researchers as well.
55 

This suggests that cross-linking could be one way to reduce the 

moisture absorption by NP sheets. Figure 2.5 shows the effect of glyoxal cross-linking on water 

absorption behavior of 15% sorbitol-plasticized NP sheets as a function of immersion time. As 

shown in Fig. 2.5, cross-linking of NP sharply decreased its water absorption. About 300% of 

water was absorbed within 20 min by control (non-cross-linked) NP sheets while cross-linked 

sheets with 15% glyoxal had water absorption of about 50%, a reduction of over 80%. Also, 

absorption of water increased sharply in the first 20 min after which it did not change much. This 

behavior was observed for all compositions. Because of the hydrophilicity of the control sheets, 

they initially showed softening and subsequently warped. Higher cross-linking made the 

structure rigid and less expandable with smaller capacity for softening and apparently did not 

allow it to warp due to the formation of an isotropic three-dimensional structure, a significant 
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advantage in real life applications. A similar behavior was also observed in biodegradable resins 

made from soy protein cross-linked with glyoxal.
55 

 

Figure 2.5 Effect of glyoxal cross-linking on water absorption of 15% sorbitol-plasticized NP 

sheets as a function of immersion time. 

The effects of glyoxal on mechanical properties were evaluated by tensile testing. Tensile 

strength, Young’s modulus and fracture strain values were obtained from the stress-strain plots 

of the cross-linked and non-cross-linked NP sheets. Figure 2.6 shows typical stress-strain plots of 

15% sorbitol-plasticized NP sheets for different glyoxal contents and Table 2.5 shows the effect 

of cross-linking on tensile properties of sorbitol-plasticized NP sheets. As seen from data 

presented in Table 2.5, tensile strength and Young’s modulus increased with the increasing ratio 

of glyoxal whereas fracture strain dropped moderately. The addition of 10% glyoxal increased 

the tensile strength by about 68%. Also, glyoxal at 10% lead to the modulus of NP sheets almost 

3 times higher than that of non-cross-linked specimens. However, addition of glyoxal was found 

to have a negative effect on the fracture strain of the NP sheets. It is known that cross-linking 
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restrains molecular movement and thus reduces the fracture strain. The addition of 10% glyoxal 

made the network rigid to decrease the fracture strain to 38% from 56% observed for control 

sheets, a decrease of about 35%. Increasing the glyoxal content to 15%, the fracture strain further 

decreased to 23%, a decrease of about 60% while modulus also decreased by about 17%.  

However, tensile strength did not vary significantly at 15% glyoxal contents. The reduction in 

the fracture strain can be attributed to a fact that the numbers of possible inter- and intra-

molecular bonding between polypeptide chains increased as the cross-linker was increased, 

causing overstretching in the systems.
56

 On the other hand, 15% glyoxal in NP resin may create a 

non-stoichiometric ratio for cross-linking with lysine and arginine that causes an excess of 

glyoxal in the protein system which then acts as plasticizer. As a result, Young’s modulus 

decreased at 15% glyoxal contents. 

 

Figure 2.6 Typical stress-strain plots of 15% sorbitol-plasticized NP sheets for different glyoxal 

contents. 
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Table 2.5 Effect of cross-linking on tensile properties of sorbitol-plasticized NP sheets 

 

Specimen* Tensile strength  

(MPa) 

Young’s modulus  

(MPa) 

Fracture strain (%)                                                      

Glyoxal 0% 7.9 ± 1.48
a**

 239.1 ± 48.70
a
 56.0 ± 10.48

a
 

Glyoxal 5% 9.8 ± 0.76
a
 296.3 ± 34.65

a
 54.7 ± 8.82

a
 

Glyoxal 10% 13.3 ± 1.28
b
 705.1 ± 46.21

b
 38.0 ± 13.56

a
 

Glyoxal 15% 12.4 ± 0.79
b
 579.6 ± 51.66

c
 22.9 ± 9.52

b
 

 

* 15% sorbitol is present in all these specimens 

**Means not connected by same letters are significantly different at 95% confidence level 

through Tukey-Kramer HSD test 

 

Typical DSC thermograms of the control, plasticized and cross-linked NP sheets are shown 

in Fig. 2.7 and typical TGA thermograms of 15% sorbitol-plasticized NP sheets for different 

glyoxal contents has been shown in Fig. 2.8. Figure 2.9 shows the effect of cross-linking on glass 

transition temperature (Tg), denaturation temperature (Tden) and degradation onset temperature 

(Td) of 15% sorbitol-plasticized NP sheets. Cross-linking generally induces an increase in 

thermal stability by an appreciable increase of Tg and Tden.  As shown in Fig. 2.9, the non-cross-

linked NP sheets with 15% sorbitol had Tg at 95 ± 1 °C and Tden at 141 ± 2 °C whereas a 

maximum Tg and Tden were observed at 102 ± 1 °C and 152 ± 1 °C, respectively, for specimens 

with 10% glyoxal content. Similarly, Td of control NP sheets was observed at 244 ± 2 °C while 

cross-linked NP sheets with 10% glyoxal had a Td value of 249 ± 1 °C. 
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Figure 2.7 Typical DSC thermograms of control, plasticized (sheets with 15% sorbitol 

plasticizer) and cross-linked (sheets with with 15% sorbitol plasticizer and 10% glyoxal 

contents) NP sheets. 

100 200 300 400 500 600
20

40

60

80

100

W
ei

g
h

t 
(%

)

Temperature (
0
 C)

 0% Glyoxal

 5% Glyoxal

 10% Glyoxal

 15% Glyoxal

 

Figure 2.8 Typical TGA thermograms of 15% sorbitol-plasticized NP sheets for different 

glyoxal contents. 
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Figure 2.9 Effect of cross-linking on glass transition temperature (Tg), denaturation temperature 

(Tden) and degradation onset temperature (Td) of 15% sorbitol-plasticized NP sheets. 

The effect of cross-linking on the optical properties, whiteness and transparency, of 15% 

sorbitol-plasticized NP sheet, measured using colorimeter and UV-Visible spectrophotometer are 

shown in Fig. 2.10 As seen in Fig. 2.10, whiteness index decreases with the increase in cross-

linking.  Earlier, Fig. 2.2 showed the color of plasticized and cross-linked NP which turns from 

light brown for control specimens to dark brown after cross-linking. It is well-known that 

Maillard reactions are responsible for the darker colors in the food industry. The Maillard 

reaction occurs between amine groups in protein (lysine and arginine) and aldehyde groups of 

the cross-linker in the presence of heat. This reaction produces irreversible adducts on proteins 

both intra- and inter-molecularly, collectively known as advanced glycation end (AGE) products, 

that are identified by the color change.
57,58 

In general, color changes from uncolored through 

yellow, golden and cinnamon to reddish brown with the progression of Maillard reaction.
59

 The 

results, as can be seen in Fig. 2.10, confirm qualitatively that glyoxal reacted with the lysine and 
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arginine residues of denatured NP, changing color from light brown to darker brown due to 

Maillard reaction. Similar color changes have also been found in aldehyde cross-linked soy 

protein as well.
3,13,14,60 

Transparency is also another criterion for judging the cross-linking effect 

on the optical transmittance. As the resin gets darker, the transparency is affected. As observed in 

Fig. 2.10, the transparency of the sheets decreased as cross-linker content increased. Control NP 

sheets had a transparency value of 2.5 ± 0.5 whereas cross-linked NP sheets with 15% glyoxal 

showed a value of 6.0 ± 0.7, indicating lower transparency. As can be seen from Fig. 2.2, the 

opaqueness increased in cross-linked sheets as color changed from light brown to darker brown 

due to Maillard reaction. 

 

Figure 2.10 Effect of cross-linking on optical properties of 15% sorbitol-plasticized NP sheets. 
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mechanical properties than some edible protein sheets
61-66

 which reveal a sustainable bio-based 

resin for fiber-reinforced composite structures. The fracture strain was also found to be 

acceptable. This new non-edible NP protein resin can be used for packaging and fabricating fiber 

reinforced composites. 

2.5 Conclusions 

In summary, this study introduces a new biodegradable protein-based resin from neem seed 

cake. The study has shown that the mechanical and thermal properties of NP can be fine-tuned 

by manipulating the use of plasticizers and cross-linkers. Investigation of plasticization by 

sorbitol and glycerol on the mechanical and thermal properties showed that incorporation of 15% 

sorbitol in NP resulted in best mechanical properties, under the current experimental conditions. 

Cross-linking NP with 10% glyoxal in 15% sorbitol-plasticized NP sheets resulted in even better 

mechanical and thermal properties as well as higher water resistance. Overall, this paper explores 

the utilization of waste residues from neem seed as a sustainable and ‘green’ bio-resin to replace 

conventional petroleum-derived as well as edible protein based bio-resins. 
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3.1 Abstract  

A non-edible protein was extracted from defatted karanja (Pongamia pinnata) seedcake, so 

far considered as forestry waste residue after oil extraction.  High average molecular weight and 

availability of reactive amino groups of karanja protein (KP) which can be cross-linked provide 

the basis to form strong polymeric material.  Green thermoset resin was developed from KP 

using a natural α,β-unsaturated aldehyde ‘cinnamaldehyde’.  In addition, a natural plasticizer 

(sorbitol) was used to reduce the brittleness of the resin.  Mechanical and physical properties 

were characterized by solution casting resin films.  The cross-linking and plasticizer content 

were optimized to get the best overall performance. A combination of 5% plasticizer content and 

12% cross-linking resulted in best mechanical properties.  The modified KP resin provides a 

green, sustainable and bio-based alternative to not only the petroleum based resins but also to the 

edible protein based resins such as soy protein.  The KP resin would be inexpensive and useful to 

fabricate bio-based green composite structures. 
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3.2 Introduction 

 

Ecological awareness and economic concerns have created strong interest in developing 

environment-friendly and bio-degradable green materials from low-cost or free natural resources 

as substitutes for non-renewable petroleum based materials.  Much research has been done to 

utilize agricultural raw materials for the production of biodegradable systems.
1–7

  Plant proteins, 

being natural polymers, constitute a viable source of biodegradable system through the formation 

of numerous intermolecular bonds due to the presence of polar amino acids and, hence, can offer 

a wide range of potential functional properties as a bio-based resin for composite structures.
8–14

 

Till now, research has been focused on proteins derived from edible oilseeds such as 

soybean, peanut and wheat etc., to produce resins commercially.
15–19

  Since these proteins are 

edible for humans as well as animals, it would be preferable to utilize non-edible proteins 

instead.  Proteins from oil-rich seeds such as karanja (Pongamia pinnata) and jatropha (Jatropha 

curcus) are non-edible due to the presence of toxic and anti-nutritional compounds.  As a result, 

they do not compete with the edible protein sources and can be used for applications in non-food 

packaging as well as adhesives and resins in composites.  In the recent past years, karanja seed 

has been utilized as a source of bio-diesel production.
20,21

  After oil extraction from the seeds, 

protein-rich defatted karanja seed cakes remain as waste residue that have very low-value 

applications such as organic nitrogenous fertilizers or fuel sources.
22

  The defatted karanja cake 

might have additional value if it could be applied in the non-food applications as green resin for 

bio-based composite structures.  One of the worries of using edible proteins, such as soy as resin 

in green composites, is that it may get affected through the microbial activity or even eaten by 

insects during the use.  This makes it necessary to add antimicrobial compounds to the resin.  In 
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the case of karanja, however, the presence of toxic compounds may altogether eliminate the need 

for antimicrobials and anti-fungi compounds.
23

 

Karanja (Pongamia pinnata) is one of the widely-grown forest trees in south Asia.  About 

200 million tons of seeds are collected every year in India.
21

  The seed contains 33–36% oil and 

20-30% protein.
24

  Karanjin, pongamal and an unusual amino acid, glabrin, are the toxic and 

anti-nutritional chemicals present in the seed that restrict its use as animal feed.
22

  As a result, 

after oil extractions, this non-edible de-fatted seedcake becomes essentially free in South Asia 

regions.  While the functional properties of soy and other edible proteins have been explored 

extensively, sheet forming abilities and properties using non-edible karanja protein (KP) from 

de-fatted karanja seed cake (KSC) have not been investigated yet. 

The present study is focused on the potential of KP for development of green resin with 

acceptable properties for future applications in composite structures.  It is well-established that a 

major additive for protein-based sheet formation is plasticizer as the sheet becomes very brittle 

without it.
25

  However, plasticizers decrease the mechanical stiffness by reducing inter-molecular 

forces and increasing the mobility of polymeric chains by increasing the free volume of the 

system.
25

 

 Modifications of protein by chemical cross-linking provide an effective means to improve 

the functional performances of the plasticized sheets.
26

  So far, synthesized aldehydes such as 

glyoxal, gluteraldehyde and formaldehyde have been most commonly used as cross-linkers for 

protein-based sheets.
27

  However, the inherent toxicity of these compounds restricts their use in 

bio-based green applications.  Recently, a naturally occurring low cost aromatic aldehyde 

‘cinnamaldehyde’ derived from the bark of cinnamon has been used to crosslink wheat 

proteins.
26,28

  In addition, it acts as an antimicrobial agent that may be needed for structural 
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applications.
29

  Cinnamaldehyde, together with karanjin, pongamal and glabrin can provide 

excellent protection from microbes and insects and, thus, increase the durability and life of the 

protein based composites. 

  This study investigates mechanical, thermal and physicochemical properties of KP sheets.  

The effects of increasing ratio of a natural polyol-based plasticizer ‘sorbitol’ and natural cross-

linker cinnamaldehyde on the properties of KP resin have been extensively investigated.  

Overall, the aim of the study was to explore a fully natural and biodegradable protein-based resin 

from an agricultural waste residue of non-edible seed for sustainable green composites and other 

applications.     

3.3 Experimental 

3.3.1 Materials  

Defatted KSC was purchased from The Ahimsa Alternative Inc., Bloomington, MN.  

Analytical grade sodium hydroxide (NaOH) pellets and hydrochloric acid (37%), reagent grade 

sorbitol (≥98% purity) and cinnamaldehyde (≥93% purity) were purchased from Sigma-Aldrich 

Chemical Co., Allentown, PA.  Tris-HCl, sodium dodecyl sulfate (SDS), dithiothreitol (DTT), 

NuPAGE 4X LDS loading buffer, NuPage Novex 10% Bis-Tris precast gels, NuPAGE MOPS 

SDS running buffer and Invitrogen colloidal coomassie blue, required for sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), were purchased from Life 

Technologies, Grand Island, NY. 

3.3.2 Extraction of KP  

KP was obtained by alkaline extraction and acid precipitation of defatted KSC.
30

 
 
Defatted 

KSC was ground into powder using a blender and passed through 300 μm mesh sieve to obtain 

homogenous micro particles.  Sieved powder was then dispersed in deionized (DI) water at a 
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ratio of 1:10 (w/v) and adjusted to pH of 10.5 ± 0.2 using 1M NaOH.  The mixture was stirred at 

350 rpm and 75 °C for 60 min.  Then, the mixture was centrifuged at 3000 x g for 20 min at 

room temperature and the supernatant was collected by discarding insoluble residues.  The pH of 

the supernatant was adjusted to 4.5 ± 0.2 with 1M HCl and stirred for 20 min at 350 rpm and 

room temperature to allow isoelectric precipitation.  The suspension was centrifuged again at 

3000 x g for 20 min.  The resulting brown suspension, referred to as KP, was separated, freeze-

dried, ground and stored at room temperature before characterizing their properties. 

3.3.3 Preparation of KP resin sheets  

KP sheets were prepared by using a modification of the method carried out for soy protein 

sheet formation in our laboratory.
8,11,13,14

  At first, KP was mixed with DI water at a ratio of 1:10 

(w/v) by a magnetic stirrer at 350 rpm for 15 min.  After homogenization of mixtures, the pH of 

the solution was adjusted to 10.5 ± 0.2 using a 1 M NaOH solution and was stirred further for 30 

min at 80 °C.  The solution was dried on Teflon
®
 coated glass plate for 20 h in an air circulating 

oven maintained at 35 °C after which the oven temperature was further raised to 45 °C for the 

next 4 h.  Finally, the dried KP sheets were cured using Carver Hydraulic hot press at 130 °C for 

25 min under a pressure of 2.5 MPa.  Sheets made of pure protein itself were too brittle to 

handle.  Pre-determined amount of sorbitol was added to the KP solution prior to casting, as 

plasticizer, to overcome the brittleness.  The plasticizer content was varied to obtain the best 

properties of KP resin sheets.  Similar processing technique was used for plasticized KP sheets, 

as described above.  Cross-linked KP sheets were obtained by adding cinnamaldehyde to 

plasticized KP solutions in different proportions to study the effect of crosslinking and to obtain 

the best properties of KP resin sheets.  The predetermined amount of cross-linker was added to 

the plasticized solutions after 20 min and continued to stir at 350 rpm and 80 °C for 10 min.  The 
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same drying and curing cycle was followed in each category as described above.  All KP sheets 

were conditioned at 21 °C and 65% RH for 24 h before doing the tests.   

3.3.4 Characterization of KP  

Crude protein, crude fat, starch, water and ethanol soluble carbohydrate, simple sugars, crude 

fibers, ash and moisture contents of defatted KSC and KP were determined according to standard 

‘Association of Analytical Communities (AOAC)’ methods.  The protein content was obtained 

by Leco FP-528 Nitrogen/protein analyzer using a conversion factor of 6.25.
31

  All analyses were 

conducted by Dairy One, Ithaca, NY, in triplicate, to confirm the reproducibility. 

Molecular weight distributions of KP were determined by Sodium Dodecyl Sulfate-

Polyacrylamide Gel Electrophoresis (SDS-PAGE).
32

  KP was first solubilized in 100 mM tris–

HCl (pH 8.0) and 1.0% SDS.  10 μL protein-buffer mixtures (0.5 μL solubilized protein, 6 μL 

H2O, 1 μL DTT, 2.5 μL NuPAGE 4X LDS loading buffer) were injected onto each lane in  

NuPAGE Novex 10% Bis-Tris precast gels (1 mm thick with 10 lanes) with NuPAGE MOPS 

SDS running buffer.  The electrophoresis was carried out for about 50 min at 200 V constant.  

After electrophoresis, protein-containing gel was stained with Invitrogen Colloidal Coomassie 

Blue overnight, de-stained with water for 3 h and photographed.  Densitometric quantification of 

molecular bands obtained from SDS-PAGE was determined using ImageJ software. 

 Amino acid composition analysis of KP was conducted according to AOAC Official Method 

982.30 E by high performance liquid chromatography (HPLC). 

3.3.5 Characterization of KP resin sheets  

Thickness of KP sheets was measured to the nearest 0.001 mm with a hand-held Digimatic 

micrometer.  Five thickness measurements are taken for each specimen, one at the center and 

four around the perimeter, and the mean was used for assessing mechanical properties.  
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Color parameters of the sheets were measured using Macbeth Color-eye spectrophotometer.  

Sheet specimens were placed on a white plate, and the CIELAB color scale was used to measure 

color in terms of whiteness index (WI).  WI of the KP sheets was calculated using equation (1): 

WI= 100 -                                 (1) 

Whereas, L* = 0 (black) to L* = 100 (white), -a* (greenness) to +a* (redness), and -b*(blueness) 

to +b* (yellowness).  Standard values for the white calibration plate were L* = 95.99, a* = -0.04, 

and b* = 1.01.  Values were expressed as means of ten measurements on different areas of each 

film. 

Moisture content (MC) of KP sheets was measured according to a method described by Rhim 

et al.
33

  The specimens were weighed (W1), subsequently dried in an air circulating oven at 105 

°C for 24 h and reweighed (W2) to determine MC values.  Four replicates were carried out for 

each specimen composition.  MC values were calculated using the equation (2): 

                 
  

  
                  (2) 

Mechanical properties of KP resin sheets were determined according to ASTM D 880-02 

with an Instron universal tensile testing machine.  Young’s modulus, tensile strength and fracture 

strain were measured from the test.  Sheets with a dimension of 10 mm × 60 mm were tested at a 

strain rate of 1% min
-1

 and a gauge length of 30 mm after conditioning.  A minimum of ten 

specimens were tested for each composition.  

Thermal degradation behavior of resin sheets was investigated using thermo-gravimetric 

analysis, TGA, (TGA-2050, TA Instruments, Inc., DE).  Specimens weighing (approximately 6 

mg) were scanned from 30 to 600 °C at a heating rate of 10 °C/min under a flow of 60 mL/min 

nitrogen gas.  The onset degradation temperature of KP sheets was determined from this analysis 
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using Universal analysis software (TA Instruments).  Three specimens from each composition 

were investigated to ensure reproducibility.  

Differential scanning calorimetric (DSC) analysis was performed using DSC 2920 thermal 

analyzer (TA Instruments, Inc., DE) to determine apparent glass transition temperature of resin 

sheets. Specimens (approximately 5 mg) were put individually in hermetically sealed T-zero 

aluminum pans to prevent any mass loss. DSC test was performed by heating from 30 to 110 °C 

at a rate of 10 °C/min, held at that temperature for 1 min, then cooled to 30 °C at a cooling rate 

of 20 °C/min (first scan) before carrying out the second heating scan to 180 °C at a heating rate 

of 10 °C/min. The glass transition temperature (Tg) of KP sheets were determined from the 

second heating scans using Universal analysis software. Tg of KP sheets was considered to be the 

midpoint temperature of the shift in the base line from the discontinuity of specific heat. The first 

heating scan was meant to discard thermal history, if any, of the specimens.  Three specimens 

from each composition were investigated to ensure repeatability.  

Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectra of resin sheets 

were collected using a Nicolet Magna 560 FTIR spectrometer with a split pea accessory.   All 

spectra were obtained by an average of 64 scans recorded from 4000 cm
−1

 to 800 cm
−1

 

wavenumbers at a resolution of 4 cm
−1

. 

Water solubility (WS) of KP sheets was measured according to a method described by Cuq et 

al.
34

 with some minor modifications.  The specimens were dried in an air circulating oven at 105 

°C for 24 h and weighed (W2).  After weighing, specimens were immersed in 30 mL of DI water 

in a beaker for 24 h at 25 °C and occasionally stirred.  Beakers were covered with Parafilm ‘M’ 

wrap to avoid evaporation of volatile materials.  Then, specimens were dried in an air circulating 

oven at 105 °C for 24 h and weighed (W3).  WS values were calculated using the equation (3): 
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                 (3) 

Four replicates of analysis were carried out for each specimen composition. 

Also, the KP sheets were immersed in 50 ml DI water in a glass bottle and placed on a 

platform shaker (Innova™ 2300, New Brunswick Scientific Inc., New Brunswick, NJ) at 80 °C 

and 150 rpm for 5 h and 10 h.  Photographic images were taken after shaking for 5 h and 10 h.  

Statistical evaluations were carried out by analysis of variance (ANOVA) followed by 

multiple comparison tests using Tukey-Kramer’s honest significant difference (HSD) at 95% 

confidence level.  All of the analyses were performed using JMP statistical software (SAS 

Institute, NC).   

3.4 Results and Discussion 

3.4.1 Proximate composition of defatted KSC and KP  

Proximate composition of the defatted KSC and extracted KP is shown in Table 3.1 along 

with the determination methods used for obtaining the constituents.  As shown in the Table 3.1, 

the protein content in defatted KSC was about 27%.  A very high fat content of over 13% was 

obtained for the seed cake.  Fat content mainly depends on the oil extraction method or expeller 

efficiency.  Usually, solvent extraction is much more efficient method compared to expel or 

screw-pressing to extract fat from seedcake.
35

  KP, after lab processing, had about 60% protein 

and the protein extraction yield was 0.17 ± 0.02 g KP/g defatted KSC.  Protein recovery and 

content are not only dependent on the processing parameters during extraction but are also 

affected by the oil extraction method prior to protein extraction.
36

  High temperature and organic 

solvents used during oil extraction may cause protein denaturation that reduces the protein 

solubility in solvents and hence, total extractability of the protein.
35

  Protein solubility is also 

affected by the composition of amino acids of protein that is related to surface hydrophobic and 

hydrophilic interactions with water.
37
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Table 3.1 Proximate composition of defatted karanja seed cake (KSC) and extracted karanja 

protein (KP) 

 

Constituent Defatted 

KSC  

Extracted 

KP  

Determination method 

Moisture (%) 7.9 ± 1.6 5.9 ± 0.3 AOAC 930.15  

Crude protein (%) 26.6 ± 2.6 60.0 ± 1.6 AOAC 992.23  

Crude fat (%) 13.4 ± 2.4 6.9 ± 1.7 AOAC 2003.05 

Starch (%) 12.4 ± 0.8 0.5 ± 0.2 YSI 2700 SELECT Analyzer 

Water soluble carbohydrate (%) 13.4 ± 1.2 3.8 ± 0.9 UV spectrophotometry    

Simple sugars (%) 9.8 ± 1.9 5.6 ± 2.2 UV spectrophotometry  

Crude fiber (%) 3.1 ± 0.5 - AOAC 962.09  

Ash (%) 3.8 ± 0.7 4.6 ± 0.9 AOAC 942.05 

 

3.4.2 Amino acid composition of KP  

Table 3.2 shows amino acid composition of the KP.  As can be seen in Table 3.2, about 41% 

of the total amino acids present in KP are hydrophobic or non-polar whereas about 43% of total 

amino acids have polar groups that can participate in various ionic interactions.  The presence of 

arginine (~6%), lysine (~8%), cystine (~2%), tyrosine (~4%) and histidine (~3%) with reactive 

groups allows certain chemical modifications of protein through cross-linking.  The composition 

of amino acids in KP was comparable to that of conventional soy protein, reported in the 

literature.
38

  The significant presence of lysine, arginine, cystine, tyrosine and histidine may 

facilitate the formation of 3-dimensional covalent cross-linking interactions in KP over soy 

protein. 
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Table 3.2 Amino acid composition of KP 

 

Classification Amino acids KP (g/16 g Nitrogen) 

Polar charged Arginine 5.6 

 Lysine 7.8 

 Histidine 2.6 

 Aspartic acid 11.8 

 Glutamic acid 15.1 

Polar neutral Cystine 2.0 

 Tyrosine 3.8 

 Serine 4.9 

 Threonine 3.6 

Non-polar Alanine 4.2 

 Glycine 4.5 

 Leucine 9.1 

 Isoleucine 3.9 

 Methionine 1.0 

 Proline 5.3 

 Valine 5.4 

 Phenylalanine 6.2 

 Tryptophan 1.2 

 

3.4.3 Molecular weight profile of KP  

Figure 3.1 shows the SDS-PAGE patterns of extracted KP to determine the molecular weight 

distributions.  Lane 1 in Fig. 3.1 is the marker while lane 2 is for the KP in which several bands 

can observed. A very broad ranging band was observed between 120-250 kDa which comprises 

about 40% of total protein according to densitometric quantification by ImageJ analysis.  There 

are also two bands ranging in the 15-25 kDa and 45-65 kDa which have about 20% and 35% of 

the total proteins, respectively.  An unclear band (5% of total protein) was observed between 25-

35 kDa.  These results suggest that the average molecular weight of KP subunits is significantly 

higher than that of soy protein which could be favorable to real-life applications such as fiber 

reinforced composite structures where higher resin properties would be desirable.
39
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Figure 3.1 SDS-PAGE patterns of extracted karanja protein (KP). Lane 1: molecular weight 

marker; Lane 2: 5 μg of Karanja protein. 

 

3.4.4 Properties of unmodified KP sheets  

Pure KP sheets with smooth homogenous surface and thickness of 0.30 ± 0.02 mm were 

produced without any additives/ modifiers such as plasticizers or cross-linkers.  The small 

variation in thickness might be a result of the differences in processing of sheet-forming solution 

and shrinking of the sheet during the evaporation of the solvent, water in this case.
40

  However, 

the difference in sheet thickness was not significant (p-value>0.05).  Moisture content of KP 

sheets was 12.2 ± 0.4%, and the remaining material was dry matter contents.  Young’s modulus 

was found to be 622.7 ± 79.8 MPa.  However, tensile property measurement was not possible 

because of their high brittleness and poor handling.  The degradation onset temperature of 

unmodified KP sheets was 259.5 ± 1.2 °C.  The color of the sheets was dark brown with a 
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whiteness index of 54.3 ± 0.07.  It should be noted that the dark color of the resin is not an 

important factor if it is used as resin in composites or as adhesive.  The unmodified KP sheet will 

be used as a control for subsequent experiments using plasticization of KP sheets. 

3.4.5 Effect of plasticization on KP sheets  

A plasticizer, being a small molecule, increases the free volume in the protein system and 

thus, increases the compliance and ductility.
41 

 Also,
 
protein-protein interactions can be varied by 

varying contents of plasticizer which determine the properties of the sheet.
42

  Addition of a 

plasticizer in the KP sheet-forming solution was necessary as the sheet without the plasticizer 

was too brittle to be tested or handled.  Sorbitol, one of the most common polyol type plasticizers 

for protein-based polymers, was used in this study.  A range of 5 to 15% (on dry protein wt) 

sorbitol content was selected to study the effect of plasticizer content and seek optimal properties 

that would provide a compromise between strength and elasticity. 

Increased level of sorbitol did not exhibit any statistically significant differences in the final 

thickness values of KP sheets (results not shown) (p-value>0.05).  The average thickness of 

sorbitol-plasticized KP Sheets was 0.3 ± 0.03 mm.  Also, the whiteness index was found to be 

54.4 ± 0.06, comparable to control.  Significant effect on the thickness and color of KP sheet was 

not observed for plasticization with sorbitol. 

Table 3.3 shows the moisture content (MC) of KP sheets as a function of sorbitol contents.  

As expected, sorbitol-plasticized sheet showed higher MC compared to non-plasticized or 

control one.  The hydroxyl groups present on sorbitol makes KP more hydrophilic.  Thus, in 

addition to sorbitol plasticizing the resin, the additional moisture absorbed by KP plasticizes it 

further.  The effect of sorbitol on MC was significant (p-value<0.05) according to statistical 

analysis. 
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Table 3.3 Moisture content (MC) of KP sheets as a function of sorbitol contents 

 

Sorbitol contents Control 5% (w/w) 10% (w/w) 15% (w/w) 

MC (%) 12.2* ± 0.38
a
 14.0 ± 0.14

b
 15.0 ± 0.40

c
 15.8 ± 0.58

c
 

*Means not connected by same letters are significantly different at 95% confidence level through 

Tukey-Kramer HSD test 

 

Effect of sorbitol on the tensile properties of KP sheets is shown in Fig. 3.2.  Figure 3.2(a) 

shows the representative tensile stress-strain curves for the control and sorbitol-plasticized KP 

sheets.  Control KP sheets were brittle and did not show any yielding as in the case of plasticized 

KP sheets. With the addition of sorbitol, yielding after the initial elastic region confirmed the 

plasticization. The plastic region was seen to increase, as expected, with the sorbitol content.  

Young’s modulus, tensile strength and fracture strain of KP sheets as a function of sorbitol 

contents has been shown in Fig. 3.2(b-d), respectively.  Although some specimens were tested, 

the control sheets were too brittle to conduct tensile tests with reliability.  Only Young’s modulus 

data of the control sheets which is not affected by the brittle fracture can be considered reliable 

for comparison.  As expected, Young’s modulus and tensile strength decreased with increasing 

sorbitol content.  KP sheets with 15% sorbitol led to Young’s modulus of 226 MPa, about 2.8 

times lower than that of the control KP sheets, 623 MPa and for KP sheets with 5% sorbitol (451 

MPa) the reduction in Young’s modulus was about 30% compared to control.  At the same time, 

tensile strength of 5% sorbitol-plasticized KP sheets showed an average value of 13.1 MPa 

whereas 15% sorbitol-plasticized KP sheets had 7.8 MPa, about 40% decrease in tensile strength 

for the increase of 10% plasticizer in KP.  However, fracture strain of KP sheets, as expected, 

increased continuously with increasing sorbitol content.  The fracture strain reported 23% for 5% 

sorbitol-plasticized specimens was increased to 39% for 15% sorbitol-plasticized specimens.  

However, differences in the properties were significant (p-value<0.05) according to Tukey-

Kramer’s HSD tests.   
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Figure 3.2 Effect of sorbitol on the tensile properties of KP sheets. (a): representative stress-

strain curve for control and sorbitol-plasticized KP sheets. (b): Young’s modulus (c): tensile 

strength and (d): fracture strain of KP sheets as a function of sorbitol contents. 

 

Figure 3.3(a) shows representative TGA curve for control and sorbitol-plasticized KP sheets 

and Fig. 3.3(b) shows the degradation onset temperature (Td) of KP sheets as a function of 

sorbitol content.  As can be seen from Fig. 3.3(b), increasing sorbitol contents in KP sheets 

resulted in a drop of Td.  Among the plasticized specimens the highest Td was observed for 5% 

sorbitol-plasticized KP sheet (253.3 ± 2.1 °C), a decrease of 6.2 °C compared to control (not 

plasticized) sheets (259.5 ± 1.2 °C).  The Td of 15% sorbitol-plasticized KP sheets was almost 

11.0 °C lower than the control.  In summary, Td of Sorbitol-plasticized KP sheets were 
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significantly lower compared to that of control sheet (p-value<0.05). Glass transition temperature 

was measured from the DSC thermograms of KP sheets. Figure 3.3(c-d) shows the effect of 

plasticizers on the glass transition temperature (Tg) of KP sheets. As shown in Fig 3.3(d), Tg of 

KP sheets decreased with an increase in plasticizer content. The Tg of the non-plasticized sheet 

was found at about 110 °C and shifted lower to about 107, 104, and 102 °C after plasticization 

by 5, 10, and 15% sorbitol, respectively.  
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Figure 3.3 Effect of sorbitol on the thermal degradation behavior of KP sheet. (a): representative 

TGA curve for control and sorbitol-plasticized KP sheets. (b): degradation onset temperature of 

KP sheets as a function of sorbitol contents. (c) representative DSC curve for control and 

sorbitol-plasticized KP sheets. (d): apparent glass transition temperature of KP sheets as a 

function of sorbitol contents. 
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Generally, the hydroxyl groups of sorbitol molecules interact with protein molecules at 

amino, carboxyl and hydroxyl sites by forming hydrogen bonds with them.  This results in 

reduced inter- and intra-molecular interactions between the protein chains.  Hydrogen bonding, 

within KP, might occur among –NH2 groups in arginine and lysine, –NH– groups in proline and 

histidine, –OH groups in tyrosine, threonine, and serine, and –COOH groups in glutamic and 

aspartic acids.  Sorbitol hinders the protein-protein molecular interaction by breaking the H-

bonds along the chains and reduces the functional properties.
41

 

ATR-FTIR spectroscopic analysis was carried out to get an insight on the structural changes 

in KP and its effect on physico-chemical properties by sorbitol-plasticization.  Figure 3.4 shows 

the ATR-FTIR spectra of control and 15% sorbitol-plasticized KP sheets.  The spectra showed 

an extremely broad band ranging between 3500 and 3100 cm
-1

 which corresponds to stretching 

vibration of hydroxyl (O-H) groups from adsorbed water.  An increase in the amplitude of this 

peak in plasticized KP indicates an increase in water content that is in agreement with the MC 

values presented in Table 3.3.
43

  A peak located around 1000–1100 cm
−1

 when sorbitol is present 

might be related to the possible plasticizer hydrogen bonding with the protein molecules.
44,45

 

Amide-I band arises from C=O stretching vibration in the range between 1600 and1700 cm
-1

 that 

is generally used for the analysis of protein secondary structures.  The amide-I band shifted to a 

higher wave number, from 1623 cm
-1

 (control KP) to 1627 cm
-1 

(plasticized KP), which indicates 

a reduction of β-sheet-like structures and promotion of α-helical or disordered structures.
46

  This 

shift also suggested the alternation of hydrogen bonding in protein molecular chains in the 

presence of sorbitol.
47
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Figure 3.4 ATR-FTIR spectra for control and 15% sorbitol-plasticized KP sheets. 

 3.4.6 Effect of cross-linking on KP sheets  

Sorbitol-plasticized KP sheets exhibited poor mechanical, thermal and moisture resistance, 

especially in humid conditions.  Therefore, cinnamaldehyde has been used as a natural cross-

linker to enhance the resistance against humid conditions.  Figure 3.5 shows possible reaction 

mechanisms for covalent cross-linking of cinnamaldehyde with protein.  Basically, 

cinnamaldehyde possesses two electrophilic groups that could react directly with proteins via 

two different mechanisms i.e. Schiff base formation to free amino groups of protein
48

 or Michael 

addition to nucleophilic groups i.e. thiol groups of cysteine residues and amino groups of lysine 

residues.
49–51

  Also, aldehyde groups of cinnamaldehyde can react with phenol groups of tyrosine 

residues readily that resulted in cross-linking.
52

  Considering one of the ideal applications of KP 

resin in fiber reinforced composites, sheet made with 5% sorbitol was selected as control for 

non-cross-linked specimens as the optimum amount of plasticizer due to its highest tensile 

strength and modulus with moderate fracture strain.  The cross-linker has been varied between 0 

and 16% (on dry protein wt.) in 5% sorbitol-plasticized KP sheets. 
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Figure 3.5 Possible reaction mechanisms involved in covalent cross-linking of karanja protein 

by cinnamaldehyde via (a) Schiff base formation between cinnamaldehyde and primary amine, 

(b) nucleophilic attack on the β-unsaturated carbon via a 1, 4-Michael addition reaction, (c) 

phenol groups of tyrosine residues with cinnamaldehyde.
48-52 

 

KP Sheets with cross-linkers had an average thickness of 0.37 ± 0.02 mm.  Formation of 

tighter and compact network structures due to cross-linking might result in higher thickness than 

the control specimens for the same consolidation pressure and temperature.  However, the 

whiteness index of cross-linked KP sheets was about the same as compared to control KP sheets 

and the color change was not obvious.  This is perhaps because the color of the control KP sheets 

was dark itself. 

Figure 3.6 shows the SDS-PAGE patterns of control and cross-linked (12% cinnamaldehyde) 

KP that was conducted to examine changes in the molecular weight distributions of KP and, 

thus, confirming the cross-linking.  The loadings of KP onto the gel were varied to different 

amounts, allowing a range of protein to be loaded to ensure visualization.  At lower loadings of 

total protein, molecular weight distribution bands were not clearly visible in cross-linked KP 
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while a noticeable reduction in the intensity of the bands was observed at higher loadings as 

compared to control specimens.  Aggregates of high molecular weight fractions were obtained on 

the top of the lane in both of the cases during electrophoresis, reflecting low solubility of KP due 

to intermolecular cross-linking.
53

  However, the very weak intensity observed at higher loadings 

is considered to be due to the presence of insignificant amount of non-cross-linked KP.  Another 

reason might be intra-molecular cross-linking at low molecular weight fractions that does not 

have significant influence on the increase of molecular weight of protein subunits.
53

 

 

Figure 3.6 SDS-PAGE patterns of control (non-cross-linked) and cross-linked (12% 

cinnamaldehyde) karanja protein (KP) for various concentrations. Lane 1: molecular weight 

marker; Lane 2: 2 μg of control KP ; Lane 3: 2 μg of cross-linked KP;  Lane 3: 5 μg of control 

KP and Lane 4: 5 μg of non-cross-linked KP. 

 
Figure 3.7 shows the effect of cinnamaldehyde cross-linking on the water solubility (WS) 

and moisture contents (MC) of sorbitol-plasticized KP sheets.  As can be seen from Fig. 3.7, WS 

has been decreased noticeably due to cross-linking.  WS value of control KP sheets was around 

33% which was reduced to 20% after cross-linking with 12% cinnamaldehyde.  Almost 40% 

reduction in WS was observed in cross-linked KP sheets with 12% cinnamaldehyde.  Similar 
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reduction in WS has been reported on other protein-based resins by cross-linking with glyoxal 

and gluteraldehyde.
54

  Since the hydrophilic amine groups are consumed in cross-linking, 

reduction in WS by cinnamaldehyde treatment can be expected.  MC values also decreased with 

cinnamaldehyde contents (R
2
=0.99) as shown in Fig. 3.7.  Significant decrease (p-value<0.05) in 

MC was also observed in 12% cross-linked sheets (12.8%) as compared to control sheets 

(14.0%).  However, the variation was not statistically significant among the cross-linked 

specimens.  Formation of tighter and compact network structures due to cross-linking resulted in 

higher moisture resistance for cross-linked specimens than the control specimens. 
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Figure 3.7 Effect of cinnamaldehyde cross-linking on the water solubility and moisture contents 

of sorbitol-plasticized KP sheet. 

 

Figure 3.8 shows the photographs of control (non-cross-linked) and cross-linked KP sheets in 

water after high temperature agitation in water for 5 h and 10 h.  Because of the hydrophilicity of 

the control sheets, they initially showed softening and subsequently warped after 5 h.  After 10 h 

of water immersion, the control sheet broke into 2/3 pieces.  In the case of soy protein, the 

control resin sheet was completely disintegrated in water.
4
  Soy proteins are completely soluble 
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in water whereas KP in the present study might be partially soluble because of the fat content of 

about 7%.  Higher cystine contents in KP resulted in higher amounts of intra- and inter-

molecular disulfide linkages that might also make KP protein less soluble.
55

  Similar 

phenomenon was also observed in the case of jatropha protein.
56

  Hence, this phenomenon can 

be attributed to the variations in molecular weights as well as amino acid composition and 

sequences of KP which is considered as an added advantage in composite applications.  Cross-

linked KP sheet remained mostly intact even after being continuously shaken in water at 80 °C 

for 10 h.  Higher cross-linking made the structure rigid and less expandable with smaller capacity 

for softening and apparently did not allow it to warp due to the formation of an isotropic 3-

dimensional structure.  A similar behavior was also observed in biodegradable plastics made 

from cross-linked soy protein.
4
 

  

  

Figure 3.8 Photographs of KP sheets (Non-cross-linked and cross-linked) after shaking at 150 

rpm in 80 °C temperature of water. (a-b): 5 h continuous shaking (c-d): 10 h continuous shaking. 
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Figure 3.9 (a) shows typical tensile stress-strain plots of control and cross-linked KP sheets 

while Figure 3.9 (b-d) shows Young’s modulus, tensile strength and fracture strain obtained from 

the stress-strain plots of the control and cross-linked KP sheets, respectively.  With the addition 

of cinnamaldehyde up to 12%, the yield region after the initial elastic region decreased but 

increased at higher cinnamaldehyde addition.  Also, Young’s modulus and tensile strength 

increased with the increase in cinnamaldehyde up to 12%.  However, with any additional 

cinnamaldehyde the Young’s modulus and strength decreased while the fracture strain increased. 

Cross-linked KP sheets with 12% cinnamaldehyde showed an increase of tensile strength by 

about 35% (17.6 MPa from 13.1 MPa for control) whereas Young’s modulus of cross-linked KP 

sheets increased almost 1.6 times (711 MPa from 451 MPa for control) in comparison to non-

cross-linked specimens.  Addition of 12% cinnamaldehyde made the network rigid and 

decreased the fracture strain to 5% from 23% for control sheets, a decrease of about 78%.  

However, increasing the cinnamaldehyde to 16% resulted in an increase of fracture strain.  Also, 

tensile strength decreased to about 23% at 16% loading of cinnamaldehyde.  These results 

suggest that 16% cinnamaldehyde in KP resin may leave some of it unreacted as a result of 

nonstoichiometric ratio with lysine and arginine causing excess of cinnamaldehyde which acts as 

a plasticizer.   
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Figure 3.9 Effect of cinnamaldehyde on the tensile properties of KP sheets. (a): representative 

stress-strain curve for control and cross-linked KP sheets. (b): Young’s modulus. (c): tensile 

strength. (d): fracture strain of control and cross-linked KP sheets. 

Representative TGA curves for control and cross-linked (12% cinnamaldehyde) KP sheets 

are shown in Fig. 3.10(a).  Figure 3.10(b) shows the degradation onset temperature of KP sheets 

as a function of increasing ratio of cinnamaldehyde.  Cross-linking generally induces an increase 

in thermal stability by an appreciable increase of Td.
57

  As shown in Fig. 3.10(b), the non-cross-
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linked KP sheets had a Td of 253.3 °C whereas a maximum Td were observed at 267 °C for 

cross-linked KP sheets with 12% cinnamaldehyde.  However, 8-16% cross-linking in plasticized 

KP did not show significant variations in Td (p-value<0.05).   
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Figure 3.10 Effect of cinnamaldehyde on the thermal degradation behavior of plasticized KP 

sheet. (a): representative TGA curve for control and cross-linked (12% cinnamaldehyde) KP 

sheets. (b): degradation onset temperature of KP sheets as a function of increasing ratio of 

cinnamaldehyde. 

 

Comparison of modified KP sheets with various other edible protein sheets is difficult due to 

the differences in protein sources, modifiers used, processing parameters as well as protein 

contents.  Still, if compared, KP (with about 60% protein content) sheets modified with 5% 

sorbitol and 12% cinnamaldehyde showed better mechanical, thermal and physico-chemical 

properties than some other edible proteins sheets.
58–61

  The fracture strain can be manipulated 

which explores a new non-edible source for food packaging industries also after toxic chemical 

treatment.  Therefore, KP can be comparable and easily replace edible proteins considering the 

functional performances and, hence, could be considered more sustainable. 
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3.5 Conclusions 

This study introduces a green route of developing novel biodegradable non-edible protein-

based resin from forestry waste residue ‘karanja seed cake’.  The study also demonstrated that 

KP sheet properties can be modified by manipulating plasticizers and cross-linkers.  

Investigation of plasticization by sorbitol in KP sheets revealed an optimum content (5% 

sorbitol) in KP resulted for best mechanical properties of KP resin, under the current 

experimental conditions.  Addition of 12% cinnamaldehyde as cross-linker in 5% sorbitol-

plasticized KP sheets showed improved mechanical, thermal and water resistance.  Overall, this 

paper explores the utilization of waste residues from forestry seed as a sustainable and ‘green’ 

bio-based resin to replace conventional petroleum-derived as well as edible bio-based resins in 

fiber reinforced composites. 
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4.1 Abstract  

Eco-friendly polymeric resin with desirable mechanical and physical properties was 

developed from non-edible protein extracted from Jatropha curcas (jatropha) seed cake, so far 

considered as an agro-waste after oil extraction for bio-diesel conversion. A green, facile and 

cost-effective water-based casting and evaporation method was applied to fabricate jatropha 

protein (JP) based resin sheets. High molecular weight and presence of reactive amino acids (a 

high content of arginine) in JP provide the basis to form sustainable polymeric material. Also, JP 

resins were found to display diverse mechanical properties ranging from brittle and rigid to 

ductile and soft depending on the external modifiers such as plasticizer, cross-linker and 

reinforcing element used. Experimental studies using 10% sorbitol as plasticizer, 10% glyoxal as 

cross-linker and 20% microfibrillated cellulose (MFC) as reinforcing element rendered JP resin 

with promising mechanical, thermal and physico-chemical properties. A favorable comparison 

between the modified JP and various polymers opens up the possibilities of sustainable 

alternative from non-edible protein-based agro-wastes that can reduce the dependency on 

biobased polymers from edible sources and petroleum based non-degradable polymers for 

applications such as fiber reinforced composites. 
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4.2 Introduction 

 

Polymers derived from unsustainable fossil resources have been most widely used in a wide 

variety of applications ranging from simple packaging to complex structural components. In the 

past few decades their use has exploded in all parts of our lives because of the ability to tailor 

their properties to the application. However, the most noticeable negative impact of these fossil 

resources utilization, however, has been the generation of unmanageable amounts of waste 

created by their disposal.
1
 Unfortunately, these petroleum based polymer wastes do not 

biodegrade even after several decades under normal environmental conditions.
2
 They may, 

however, break down into toxic micro-fragments over a long period that are hazardous to the 

environment and ecological systems.
3,4

 Increased concerns associated with the deteriorating 

environment, waste disposal difficulties and costs, and the alarming rate of fossil resource 

depletion have fueled a growing interest in developing biodegradable and eco-friendly materials 

from renewable resources with similar performances.
5–7

 Among the myriad of renewable 

resources, plant proteins have attracted considerable attention as a new class of sustainable and 

biodegradable polymer due to their excellent properties.
8–12

 They offer excellent functional 

properties through the formation of numerous inter and intra-molecular bonds due to the 

presence of various polar amino acids.
13

 However, thus far, research has been mainly focused on 

commercially available edible plant proteins such as soy and wheat and starches such as corn, 

potato, etc., to produce ‘green’ materials.
2,8,11,14–16

 Such materials have raised ethical questions 

on utilizing food sources for technical applications.
2
 Considering the increased demand for 

edible proteins and starches for the growing world population, it would be advantageous to 
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explore non-edible protein sources for various technical applications so as to resolve the issue of 

food security. 

Over the past decade, non-edible energy crop ‘Jatropha curcas’ or commonly known as 

‘jatropha’, has received significant attention as one of the best candidates for biodiesel 

production due to its high oil content in the range of 50-60%.
17,18

 Also, the wide adaptability of 

jatropha to grow under most climatic conditions makes it very promising over other energy crops 

such as castor, linseed or karanja.
17

 At the same time, jatropha seed kernel is rich in non-edible 

protein (27-32%) while kernel residue after oil extraction (seed cake) has about 60% protein 

content.
19

 However, this defatted seed cake remains as waste or low-value stream due to the 

presence of phytotoxins and anti-nutritional compounds such as phorbol esters, curcin, trypsin 

inhibitor, lectin and phytate.
20

 

Interestingly, the jatropha seed cake has higher protein content in comparison to the 

commercial defatted soy flour (50-54%) which has been the most widely used protein-based 

biopolymer, from edible sources, for ‘green’ packaging and fiber reinforced composites. A 

comparable amino acid profile of jatropha protein (JP) with that of soy protein
21

 suggests both to 

have similar chemical reactivity. Moreover, the relatively higher molecular weight of JP could be 

beneficial in obtaining higher functional properties as compared to soy protein.
21

 Another 

inherent advantage of JP over soy or other edible proteins is the presence of the toxins that could 

provide the necessary resistance against microbial and fungi attack without any additives. The 

non-edible jatropha protein can be beneficially utilized over the edible ones (e.g. soy protein) as 

an alternative ‘green’ polymer or resin for non-food green composite applications such as casing, 

packaging, furniture/cabinetry/shelving, automotive panels, and other indoor structures in 

housing and transportation. 
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In the present study, the possibilities of JP as a biobased ‘green’ resin in terms of mechanical, 

thermal and physicochemical properties for packaging and composite applications have been 

addressed. As an initial study, the functional properties of pure JP as resin for use in composites 

were improved stepwise using an environment-friendly plasticizer ‘sorbitol’, a non-toxic 

renewable cross-linker ‘glyoxal’ and a plant-derived reinforcing agent ‘microfibrillated 

cellulose’ (MFC) through a facile, cost-effective and ‘green’ fabrication process. The functional 

properties of the modified JP resin showed characteristics comparable with many biobased edible 

polymers utilized in fully green composite materials so far. 

4.3 Experimental 

4.3.1 Materials 

Jatropha curcas seed press cake (JSC) was purchased from Global Clean Energy Holdings, 

Inc., Torrance, CA, USA. Analytical grade sodium hydroxide (NaOH) pellets, hydrochloric acid 

(37%), ammonium nitrate (NH4NO3, ≥98% purity), reagent grade D-sorbitol (≥98% purity), 

glyoxal (≥40% in water) and copper (II) sulfate pentahydrate (CuSO4.5H2O, ≥98% purity) were 

purchased from Sigma-Aldrich Chemical Co., Allentown, PA, USA. Microfibrillated cellulose 

(MFC, Celish KY100G, water slurry containing fiber content of approximately 10 wt%) was 

obtained from Daicel Chemical Industries Ltd., Japan. Milli-Q deionized (DI) water (resistivity, 

18.2 MΩ cm, Millipore RiOs and Elix water purification systems, Millipore Corporation, MA) 

was used in all experiments in this study. 

4.3.2 Processing of JP powder  

As-obtained JSC was ground into powder using an analytical mill (Model: UX 04305, Cole-

Parmer, IL, USA) and passed through 300 μm mesh sieve to obtain homogenous micro particles. 

The sieved powder was then suspended into DI water at a solid-liquid weight ratio of 1:10 and 
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adjusted to pH of 11.5 ± 0.2 using 1.0 N NaOH. The suspension was stirred at 400 rpm at room 

temperature (RT) for 1 h. The insoluble residue from the suspension was discarded by 

centrifugation at 10,000 rpm for 10 min, and the supernatant was collected using vacuum 

filtration on a Whatman
®
 filter paper (Grade 42, retention: 2.5 µm). The pH of the supernatant 

was adjusted to 5.0 ± 0.2 using 1 N HCl and stirred mechanically at 400 rpm for 20 min for 

isoelectric precipitation of JP. The suspension was kept static at 4 °C for 2 h in a refrigerator. 

The resulting brown precipitation was separated by centrifugation at 10,000 rpm for 10 min and 

washed using 50-50 ethanol-water mixture. This washing procedure was repeated three times 

and recollected by centrifugation. The washed protein was then lyophilized, milled and stored at 

RT before characterizing their properties. It is referred to as ‘JP powder’ in this paper. 

4.3.3 Preparation of JP resins  

JP resins in sheet form were prepared using solution casting and solvent evaporation to 

characterize their properties. At first, JP powder was homogenized in DI water at a ratio of 1:10 

(w/v) by a magnetic stirrer for 15 min. Sorbitol, as plasticizer, at 10 wt% of JP powder was 

added and stirred further for 15 min. After stirring, the pH of the solution was adjusted to 11.5 ± 

0.2 using a 1 N NaOH solution and was stirred for 20 min at 80 °C. This pre-cured JP resin 

solution was then dried on Teflon
®
 coated glass plates at RT overnight followed by a 4 h drying 

in an air circulating oven maintained at 70 °C. The dried plasticized JP resin was finally hot-

pressed using a hydraulic press (Carver Inc., Wabash, IN) at 130 °C for 10 min under a pressure 

of 8.5 MPa to complete the curing. Pure JP in the sheet form was prepared without sorbitol using 

the same process. 

Glyoxal at 10 wt% of JP powder was added to plasticized JP resin solution as a cross-linker 

after 20 min of pre-curing at 80 °C. The solution was stirred for 10 min at the same temperature. 
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The pre-cured cross-linked JP was dried and cured using the same cycle as described above to 

get it in the sheet form. The JP resin without any modifiers is termed as ‘Pure JP’ resin. The JP 

resin with sorbitol is termed as ‘Plasticized JP’ resin and plasticized JP resin with glyoxal is 

termed as ‘Cross-linked JP’ resin. 

4.3.4 Preparation of MFC-reinforced JP resin 

Preparation of MFC-reinforced JP resin in the sheet form was accomplished as follows: as-

received MFC was added to DI water at a solid-liquid ratio of 1:150 and dispersed using a VWR 

250 homogenizer (VWR International, PA, USA) for 15 min at 20,000 rpm followed by 

overnight high-speed magnetic stirring. The JP powder was added to the MFC suspension at a 

ratio of 80:20 (w/w). Sorbitol at 10 wt% of JP was also added at this stage. The plasticized JP-

MFC resin solution was stirred for 30 min and then adjusted to pH of 11.5 ± 0.2. The alkaline 

mixture was stirred further for 30 min at 80 °C. Glyoxal at 10 wt% of JP powder was added to 

the mixture after 30 min and stirring was continued for 20 min at the same temperature. The pre-

cured resin solution was dried at 70 °C in an air circulating oven for 6 h followed by overnight 

drying at RT. The dried resin sheets were cured using the same cycle as described in section 2.3. 

Cross-linked JP resin with 20 wt% MFC is termed as ‘MFC-reinforced JP’ resin. All resin sheets 

were conditioned at 21 ± 1 °C and 65 ± 2% RH for 24 h using a saturated ammonium nitrate 

(NH4NO3) solution.
22

 

4.3.5 Characterization  

Proximate chemical compositions of JSC and JP powder were determined according to 

standard ‘Association of Analytical Communities (AOAC)’ methods.  The protein content was 

obtained by Leco FP-528 Nitrogen/Protein analyzer (Leco Corporation, St. Joseph, MI) using a 
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conversion factor of 6.25. All analyses were conducted by Dairy One, Ithaca, NY, in triplicate, to 

confirm the reproducibility. 

CIELAB color parameters, L*, a*, and b* of all resin sheet specimens were measured using 

Macbeth Color-eye spectrophotometer (Model: M2020PT, Newburgh, NY) to calculate 

whiteness index (WI). The WI of the specimens was calculated using the equation:  

                                 ,  

where L*= 0 (black) to L*= 100 (white), -a* (greenness) to +a* (redness), and -b* (blueness) to 

+b* (yellowness). A standard value for the white calibration plate was used to calibrate the 

spectrophotometer (L*= 96.01, a*= -0.45, and b*= 1.03). A digimatic micrometer (Model: 

MDC-1 PJ, Mitutoyo, Japan) was used to determine individual sheet thickness to the nearest 

0.001 mm. Sheets having 10   10 mm dimensions were weighed to calculate the density. 

Moisture content (MC) and water solubility (WS) of all resin sheet specimens ( 10   10 

mm) were measured according to the methods described by Rhim et al.
23

 and Cuq et al.
24

, 

respectively. Also, the specimens (~10   10 mm) were immersed in 30 ml DI water and placed 

on a platform shaker (Innova
TM

 2300, New Brunswick Scientific Inc., New Brunswick, NJ) at 80 

°C and 200 rpm for 24 h to observe, visually, the swelling and/or the disintegration behavior of 

the sheets. Photographic images were taken after shaking for 24 h. Water absorption (WA) 

values were measured for specimens ( 10  10 mm) according to ASTM D570-98 standard. The 

specimens were dried at 110 °C for 24 h and weighed to obtain dry weight (Wo). The specimens 

were then conditioned at 98% RH and 21 °C in a desiccator using a saturated salt solution of 

CuSO4.5H2O.
25

 The specimens were removed from the desiccator at every 2 h intervals and 

reweighed (Wt) until equilibrium value was reached. WA value at any time was calculated using 
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the equation: WA      
  

  
       . Three specimens of each composition were tested and 

the mean value is reported. 

Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectra were recorded in 

the range of 4000-800 cm
−1 

wave-numbers
 
using a Nicolet Magna 560 spectrometer (Nicolet 

Instrument Corporation, Madison, WI) with a split pea accessory for ATR. Each spectrum was 

an average of 64 scans with a resolution of 4 cm
−1

. 

Thermogravimetric analysis (TGA) of all resin sheet specimens was conducted using a TGA-

2050 instrument (TA Instruments, Inc., New Castle, DE) to characterize their thermal stability 

and degradation behavior. Specimens weighing 3-5 mg were scanned from 30 to 600 °C at a 

heating rate of 10 °C/min under a flow of 60 mL/min nitrogen gas. The initial degradation 

temperature was determined using Universal Analysis software (TA Instruments). Differential 

scanning calorimetry (DSC) was performed using DSC 2920 thermal analyzer (TA Instruments, 

Inc., New Castle, DE) under a flow of 60 mL/min nitrogen gas to characterize heat-induced 

denaturation behavior of resin sheet specimens. The specimens (approximately 5 mg) were first 

heated from 30 to 110 °C at a rate of 10 °C/min to remove any thermal history, held at that 

temperature for 1 min, then cooled to 30 °C at a cooling rate of 20 °C/min before carrying out 

the second heating scan to 220 °C at a heating rate of 10 °C/min. The denaturation temperature 

(Tden) was determined from the second heating scans using Universal Analysis software. Tden was 

considered as the maximum peak temperature of the endothermic phenomenon of the specimens 

during heating scans. Four specimens of each composition were investigated to ensure 

repeatability in TGA and DSC. 

Mechanical properties of the sheet specimens in both dry and conditioned states were 

determined according to ASTM D638 with a universal tensile testing machine (Instron 5566, 
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Canton, MA). The dry state refers to the sheet specimens without conditioning while the 

conditioned state refers to conditioning of the specimens as mentioned in section 4.3.4. Sheets 

with dimensions of 50   5 mm were tested at a strain rate of 1% min
-1

 and a gauge length of 30 

mm. Six specimens of each composition were tested to report the average values with standard 

deviations. Specimen surfaces and fracture surfaces after tensile tests were analyzed using a LEO 

1550 field emission scanning electron microscope (FESEM, LEO Electron Microscopy, 

Cambridge, UK) at 3 kV accelerating voltage. All of the statistical analyses were performed 

using JMP statistical software (SAS Institute, NC). 

4.4  Results and discussion 

4.4.1 Proximate chemical composition of JSC and JP powder  

Proximate chemical compositions of as-received JSC and extracted JP powder are presented 

in Table 4.1. Compositions of commercial soy protein concentrate (SPC) and soy protein isolate 

(SPI) are also presented in Table 4.1 for comparison. The protein content in JSC was about 23-

25% with high content of fat (~10%) and crude fiber (~35%). Fat content mainly depends on the 

oil extraction method. Usually, solvent extraction is a much more efficient method compared to 

screw-pressing in terms of fat extraction from seeds.
26

 The JSC, used in this study, was defatted 

by screw-pressing of the seed for which higher fat contents can be expected. However, the 

presence of fat (~10%) is advantageous in the present application as it acts as a hydrophobic 

plasticizer and reduces the need for external plasticizer. A significantly high fiber content 

(~35%) was obtained in JSC as the whole seed, with the shell, was screw-pressed. It is clear that 

protein content, after removal of crude fibers from JSC, would be higher than that of commercial 

soy flour (~52%) that is extracted from de-hulled seedcake. In the present study, the extracted JP 
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powder after lab processing contained about 81-83% protein which is between the protein 

contents seen for SPC and SPI. The protein extraction yield was 0.17 ± 0.02 g JP/g of JSC. 

Table 4.1 Proximate chemical composition: comparison of jatropha seed press cake (JSC), 

jatropha protein (JP) powder, commercial soy protein concentrate (SPC) and soy protein isolate 

(SPI) 

 

Constituent JSC JP SPC SPI 

Crude protein (%) 23.1-25.3 81.0-83.2 68.0-72.0 90.0-92.0 

Crude fat (%) 9.8-10.8 9.1-10.1 1.0-1.5 0.5-0.7 

Crude fiber (%) 34.2-36.3 - 4.5-5.5 0.1 

Carbohydrates (%) 4.2-4.8 0.4-0.8 17.5-20.0 0.3-0.5 

Ash (%) 5.9-6.6 1.0-1.1 5.0-6.0 4.5-5.0 

 

4.4.2 Properties of pure JP resin  
 

Table 4.2 presents average thickness, density and whiteness index of pure and modified JP 

resin sheets. Sheets made of pure JP resin had smooth and homogeneous surface characteristics. 

They had a thickness and density of 0.25 ± 0.01 mm and 1.09 ± 0.01 g/cm
3
, respectively (Table 

4.2). The color of the sheets was light brown with an average whiteness index (WI) of 55.7. 

Color and transparency are not considered to be important issues as the major application of JP 

would be used as resin in fiber-reinforced composites for structural and other applications. 

However, change in color after the Maillard reaction with glyoxal can be used to confirm the 

protein crosslinking. 

Table 4.2 Average thickness, density and whiteness index of pure and modified JP resin sheets 

 

Specimens Thickness (mm) Density (g/cm
3
) Whiteness index (%) 

Pure JP 0.25 ± 0.01 1.09 ± 0.01 55.7 

Plasticized JP 0.26 ± 0.01 1.16 ± 0.03 56.0 

Cross-linked JP 0.32 ± 0.01 1.29 ± 0.01 54.0 

MFC-reinforced JP 0.31 ± 0.01 1.33 ± 0.02 54.9 

 

Table 4.3 presents the denaturation temperatures (Tden) and initial degradation (Td) 

temperatures of pure and modified JP resins. The heat denaturation and initial degradation 

temperatures of the pure JP resin were observed at 155.3 ± 2.0 °C and 245.5 ± 2.2 °C, 
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respectively. Table 4.4 presents the tensile properties of various JP resins in dry state along with 

corresponding moisture content (MC) values. Young’s modulus and tensile strength (fracture 

stress) of the pure JP resin sheets were found to be 2.12 GPa and 22.1 MPa, respectively, in their 

dry state. However, fracture strain of pure JP resin was very low, about 1%, indicating its highly 

brittle nature. Properties of modified resins are discussed later in section 4.4.3. 

Table 4.3 Denaturation temperature (Tden) and initial degradation (Td) temperature of pure and 

modified JP resins 

 

Specimen sheets Denaturation temperature (Tden) 

(ºC) 

Initial degradation temperature(Td) 

(ºC) 

Pure JP 155.3 (1.4)* 245.4 (1.1)* 

Plasticized JP 148.6 (1.2) 229.0 (1.0) 

Cross-linked JP 164.6 (1.2) 246.0 (0.9) 

MFC-reinforced JP 157.0 (1.2) 252.3 (1.0) 

*(values in parentheses are % coefficient of variation) 

 

Table 4.4 Tensile properties and moisture content of pure and modified JP resins in dry state 

 

Specimen sheets Young’s 

modulus (MPa) 

Tensile strength 

(MPa) 

Fracture strain 

(%) 

Moisture 

content (%) 

Pure JP 2120 (9.3)* 22.1 (11.4)* 1.0 (30.0)* 3.6 (5.6)* 

Plasticized JP 1390 (6.2) 16.8 (8.9) 3.2 (28.1) 3.9 (7.7) 

Cross-linked JP 1546 (6.4) 19.9 (10.5) 2.7 (25.9) 3.3 (6.0) 

MFC-reinforced JP 2272 (6.1) 29.3 (9.6) 2.3 (39.1) 3.2 (6.3) 

*(values in parentheses are % coefficient of variation) 

 

Another critical property of proteins is their interaction with water, particularly the water 

absorption, and the resulting changes in their properties. In the present case, pure JP resin sheet 

became softer when initially placed in water.  However, after 24 h of immersion, both specimen 

dimensions (length and width) increased significantly as a result of water absorption. The 

specimens also showed slight warping. This phenomenon is shown in Figure 4.1(a) inset 

photograph. However, the sheets did not break or disintegrate in water. Even, vigorous shaking 

(~200 rpm) at high temperature (~80 ºC) for 24 h could not break the specimens into pieces or 
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disintegrate. Figure 4.2 shows the photographs of pure and modified JP resin sheets after shaking 

at 200 rpm in 80 °C in water for 24 h. Earlier research involving soy protein had shown that the 

specimens completely disintegrate in water after being continuously shaken (~100 rpm) for three 

days at 80 ºC.
27

 Also, in our preliminary experiments, complete disintegration of SPI resin sheets 

was observed in less than 24 h at 80 ºC and 200 rpm. 
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Figure 4.1 Water solubility of pure and modified JP resin sheets. The inset photographs show 

the behavior in water solubility test of (a) pure, (b) plasticized, (c) cross-linked, and (d) MFC-

reinforced JP resin sheets.  

 

 
 

Figure 4.2 Photographs of pure and modified JP resin sheets after shaking at 200 rpm in 80 °C in 

water for 24 h. 

 

From the water solubility test as shown in Fig. 4.1 inset photographs, pure JP resin was found 

to have better water stability with significant gel fraction (approximately 72%) in comparison to 



103 
 

the resin based on soy protein.
27

 Even, the gel fraction was higher than that of cross-linked soy 

protein.
27

 Higher cystine residue content in JP that results in higher number of intra- and inter-

molecular disulfide linkages might be responsible for the JP protein to be less soluble.
28

 This 

phenomenon can also be attributed to several other factors including high fat content, higher 

molecular weights, the specific amino acid composition and sequences of JP.
26,29

 Better water 

stability is an added advantage of JP over soy protein in ‘green’ composite applications. Other 

specimens shown in Fig. 4.1 and 4.2 have been discussed later in section 4.4.3.3. 

4.4.3 Properties of modified JP resin  

Pure JP resin was too brittle to be used as resin in composites and can be toughened by 

adding a plasticizer in the sheet-forming solution. Plasticizers are known to reduce protein-

protein interactions by replacing protein-plasticizer hydrogen interactions as well as to increase 

the free volume of the protein systems.
30,31

 As a result, the flexibility and mobility of the protein 

chains increase, in turn, reducing the brittleness of the JP resin. Sorbitol, proven to be a suitable 

plasticizer for protein in earlier studies, was used at 10 wt% of JP powder in this study.
28,32

 

However, it makes the protein moisture sensitive in humid conditions due to the hydrophilic 

nature of sorbitol. Hence, a dialdehyde based fully biodegradable and renewable cross-linker 

‘glyoxal’ was used to increase water resistance and mechanical properties of the JP-plasticizer 

network system as a next step. In previous studies, glyoxal has been found to be an effective 

cross-linker for other plant-based proteins with higher content of arginine and lysine in their 

amino acid profiles.
32,33

 The key cross-linking reaction occurs between aldehyde groups of 

glyoxal and amine groups of lysine as well as guanidyl groups of arginine in JP resin, at alkaline 

pH.
34

 It is to be noted that arginine content (~14 g per 16 g total Nitrogen)
20

 in JP was observed 
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to be significantly higher in comparison to some other proteins including soy (~6 g per 16 g total 

Nitrogen) and wheat (~2.4 g per 16 g total Nitrogen).
21,35

 

As an additional step to further enhance the mechanical properties of the cross-linked JP 

resin, MFC was homogeneously dispersed in it. MFC can be easily processed in water and has 

high affinity to protein molecules because of their polar groups.
36

 Further, it is an inherently 

connected web-like network with polar hydroxyl groups and exceptionally high specific strength 

and stiffness
37

 which provide the basis to select MFC as potential reinforcement of cross-linked 

JP resin. MFC at 20 wt% in cross-linked JP resin was incorporated in this study as a threshold 

after which agglomerations and uneven surfaces in the resin sheets were observed. 

4.4.3.1 Physico-chemical properties  

Adding plasticizer (sorbitol) did not show any statistically significant difference in the final 

thickness values of the pure JP resin sheets (p-value > 0.05) as shown in Table 4.2. However, the 

density of the sheets increased significantly due to sorbitol (density~1.49 g/cm
3
) in the resin (p-

value < 0.05). The noticeable increase in thickness and density was observed with the addition of 

cross-linker in plasticized JP resin (p-value < 0.05). The average thickness and density of cross-

linked JP resin sheets were 0.32 ± 0.01 mm and 1.29 ± 0.01 g/cm
3
, respectively. Formation of 

tighter and compact three-dimensional network structure due to cross-linking can be expected to 

result in higher density than pure and plasticized JP resins prepared with the same consolidation 

pressure and temperature.
28

 In the case of MFC-reinforced JP resin, the density of the sheets 

increased further due to the higher density of MFC (~1.53 g/cm
3
) when compared to cross-linked 

JP resin (p-value < 0.05). 

The change in the whiteness index, i.e., color, was not significant after plasticizing JP resin in 

comparison to pure JP resin (p-value>0.05). However, cross-linking changed from the light 
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brown color of the JP resin to dark brown color (p-value<0.05). The Maillard reaction is 

responsible for the dark color of the cross-linked JP resin.
27

 The reaction takes place between the 

amine groups of protein and the aldehyde groups of glyoxal in the presence of heat and produces 

irreversible adducts on proteins both intra- and inter-molecularly, collectively known as 

advanced glycation end (AGE) products which are identified by the color change.
32

 A slight 

increase in the whiteness index of MFC-reinforced resin can be attributed to the white color of 

MFC itself (p-value>0.05). 

4.4.3.2 Chemical analysis  

In order to get insights on the chemical changes occurring in JP resin because of various 

modifications, ATR-FTIR spectroscopic analyses were performed. Figure 4.3 shows the ATR-

FTIR spectra of pure and modified JP resin specimens. All spectra showed a broad band between 

3600 and 3000 cm
-1

 which is attributed to O-H stretching from adsorbed water and N-H bending 

vibration related to amide A linkages. In pure JP resin, three main characteristic bands seen at 

1626, 1538, and 1239 cm
-1 

are associated with amide-I (C=O stretching), amide II (N-H 

bending), and amide III (C-N and N-H stretching) linkages, respectively.
33

 The peaks around 

2928 and 2854 cm
-1 

are related to the symmetric and asymmetric C-H stretching of CH2 and CH3 

groups and the peak at 1455 cm
-1 

is related to the C-H bending in JP. A peak around 1745 cm
-1

 is 

associated with C=O absorption due to the presence of fat in JP. In plasticized JP resin, the peak 

around 1155 cm
-1

 associated with C-O-H groups in pure JP has shifted at 1161 cm
-1

 and the 

intensity has been increased significantly due to the possible interaction between plasticizer (OH 

group of sorbitol) and protein.
28
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Figure 4.3 ATR-FTIR spectra of pure and modified JP resin specimens. 

After cross-linking, the amide-I band shifted to a higher wave number, from 1625 cm
-1

 

(plasticized JP) to 1635 cm
-1 

(cross-linked JP), suggesting decreased hydrogen bonds in the 

system.
38

 Also, the intensity of the peak at 1745 cm
-1 

is significantly reduced. The reaction 

between glyoxal and JP might reduce the density of C=O groups on the surface of the sheet.
9
  

However, a clear confirmation of the cross-linking reactions through ATR-FTIR is difficult due 

to the spectral complexity of the protein. Particularly, evidence of methylene bridge formation 

due to cross-linking is not obvious since characteristic CH2 bands are already present in the 

protein itself.
12

 In MFC-reinforced JP resin, the intensity of the band at 1034 cm
-1

 for C=O 

stretching increased due to the presence of MFC.
39

 Also, the peak at 1080 cm
−1

 observed in the 

cross-linked JP for C-OH group shifted significantly to 1055 cm
−1

 in MFC-reinforced JP with an 

increased intensity indicating formation of hydrogen bonding. Since, there was no new peak 

observed in MFC-reinforced JP resin, it may be concluded that the reinforcement by MFC was 

not caused by chemical interaction. Rather, it can be attributed to hydrogen bonds or electrostatic 
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interaction between MFC and JP. From the ATR-FTIR analysis, a schematic illustration of 

MFC-reinforced JP resin has been proposed in Figure 4.4 with probable cross-linking and 

hydrogen bonding among MFC, glyoxal and JP resin. 

 

Figure 4.4 Schematic illustration of MFC-reinforced JP resin via hydrogen bonding and cross-

link reaction.  

 

4.4.3.3 Interaction with water 

Figure 4.1 shows water solubility (WS) of pure and modified JP resin sheets. Plasticized JP 

resin showed higher WS (~37%) compared to other specimens. As expected, the hydroxyl 

groups present in sorbitol make plasticized JP resin more hydrophilic when compared to pure JP 

resin. WS decreased noticeably (~22%) after cross-linking the plasticized JP resin. Reduction in 

WS after glyoxal cross-linking was expected because of two reasons. First, the hydrophilic 

amine groups are consumed through the cross-linking reaction and second, the formation of a 

tighter network allows less space for the water to diffuse in.
34

 Most significant reduction in WS 

(~14%) was observed after the incorporation of MFC in cross-linked JP resin. This is also due to 

two possible reasons.  First, the MFC is highly crystalline and oriented which allows no space for 

the water to penetrate within itself.  Second reason is the high interaction between cellulose 

surface and cross-linked protein that leaves fewer hydrophilic groups accessible for water 

molecules. 
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Figure 4.1 also shows photographic images of pure, plasticized, cross-linked and MFC-

reinforced JP resin sheets in water solubility test after 24 h. Because of the increased 

hydrophilicity for sorbitol, plasticized JP resin sheets showed initial softening along with 

increased surface area followed by considerable warping and roll forming. However, cross-

linked sheets remained nearly intact while MFC-reinforced sheets did not change at all after 24 h 

water immersion. Cross-linking makes the structure rigid and less expandable and also does not 

allow it to warp due to the formation of an isotropic 3-dimensional structure. Addition of MFC-

reinforcement improved the specimen rigidity even further and restricted warping or roll 

forming. Even, high temperature (80 ºC) agitation for 24 h did not change the physical states of 

pure and modified JP resin sheets in water. Figure 4.2 shows the photographs of the pure and 

modified JP resin sheets in water after high temperature shaking at 200 rpm for 24 h which 

reveals a significantly better water stability of JP resin compared to soy protein resin.
27

 

Water absorption (WA) is often a critical issue for protein-based resins due to their 

hydrophilic nature. For example, soy protein-based resin absorbed about 79% water when 

immersed in DI water at RT for just 2 h.
40

 WA behavior of pure and modified JP resin sheets as a 

function of time is shown in Figure 4.5. It is clearly seen that at shorter time periods (t < 14 h), 

water absorption rate of all specimens is high while a quasi-constant absorption rate or 

equilibrium absorption is observed at longer times (t > 14 h). About 58% and 67% of water was 

absorbed within 20 h by pure and plasticized resin, respectively. Cross-linked JP resin had WA 

of about 53% which is over 21% reduction as compared to plasticized JP resin. MFC-reinforced 

JP resin showed further reduction in WA, of about 27% (from 67% to 49%), after 20 h, as 

compared to the plasticized JP resin indicating much lower affinity to water. As explained 

earlier, lower water affinity of MFC-reinforced JP resin can be attributed to its compact structure 
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as well as no water absorption by MFC itself, both of which retard the water diffusion. As can be 

expected, MFC-reinforced JP resin showed higher swelling resistance and water stability 

property which is an added advantage for composite applications. 
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Figure 4.5 Water absorption (WA) behavior of pure and modified JP resin sheets as a function 

of time. 

 

4.4.3.4 Thermal behavior  

Figure 4.6 shows representative DSC and TGA thermograms for pure and modified JP resins. 

DSC thermograms exhibit an endothermic peak associated with the heat-induced denaturation 

process of JP resin.
33

 Although some denaturation of JP resin occurs at the alkaline pH of the 

sheet-forming solution and during drying and curing processes, some protein structure is still 

preserved in resin sheets.
41

 During denaturation process, the secondary structure of the protein 

unfolds which requires absorbing energy by the protein. As observed in Figure 4.6(a), sorbitol 

helped the denaturation process of JP resin. Tden of plasticized JP resin decreased from 155 °C 

(pure JP resin) to 148 °C (p-value<0.05). Small plasticizer molecules facilitate denaturation 

process through the increase in free volume and higher polymer chain mobility which also 
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replaces polymer-polymer interactions with polymer-plasticizer ones.
30

 It has also been observed 

earlier that increase in hydrogen bonding in protein-based polymer system facilitated the heat-

induced denaturation process of the protein while the covalently bonded or cross-linked protein 

showed better thermal stability by increasing denaturation temperature.
33
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Figure 4.6 DSC (a) and TGA (b) thermograms of pure and modified JP resins. 

The mobility and flexibility in protein system is restricted by the cross-linking between the 

protein-protein chains. Similarly, in the present case, the Tden of the cross-linked and MFC-
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reinforced JP resin increased by about 12% and 6%, respectively, in comparison to plasticized JP 

resin (p-value<0.05). Cross-linking decreased denaturation enthalpy due to the reduction of 

hydrogen bonding and increase of covalent bonding.
42

 Surprisingly, MFC-reinforced JP resin 

showed lower denaturation temperature compared to cross-linked resin (p-value<0.05). While 

the reasons for this are not very clear, it might be attributed to an increase of hydrogen bonds due 

to interactions between MFC and JP.
33

 

The TGA thermograms of pure and modified JP resins as shown in Figure 4.6(b) have three 

distinct stages. While the weight loss below 150 °C can be attributed to the evaporation of 

absorbed water, plasticizer evaporation and thermal degradation of JP resin into small molecules 

occurred between 200 and 300 °C. The complete carbonization of JP resin occurred from 450 to 

600 °C with approximately 20-30% char yield remaining. Among all specimens, plasticized JP 

resin showed the lowest initial degradation temperature (Td) of 229 °C (Table 4.3). Clearly, 

plasticization reduces the thermal stability by interspersing around the polymer molecules and 

breaking intermolecular interactions. Cross-linking, on the other hand, improved the thermal 

stability of plasticized JP resin which can be attributed to the formation of strong imine bonds 

between glyoxal and JP.
12

 Similar behavior has been observed in resins based on soy and 

cottonseed proteins as well.
12,27

 With the addition of MFC, the thermal stability of the cross-

linked JP resin increased further as MFC is thermally more stable than plasticized and cross-

linked JP resin.
36

 Slight improvement in thermal degradation was observed on MFC 

incorporation as the fibrils stay in a separate phase in the sheets and the difference between their 

degradation temperatures is not significant. However, significant improvement was observed in 

MFC-reinforced JP when compared to plasticized JP (p-value<0.05). Overall, the thermal 
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stability of JP resin was found to be comparable with that of commercial soy protein based 

resins.
27,36,43  

4.4.3.5 Mechanical properties  
 

Figures 4.7(a) and (b) show the typical tensile stress-strain plots of pure and modified JP 

resins in dry and conditioned states. As the mechanical properties of protein-based resins are 

highly sensitive to moisture, it is important to characterize the effect of absorbed moisture after 

conditioning on the tensile response of various JP resins. Tables 4 and 5 summarize the tensile 

properties such as Young’s modulus, tensile strength and fracture strain of various JP resins in 

dry and conditioned states, respectively, along with corresponding moisture content (MC) values. 

In the dry state, the MC values of all resins were observed in the range of 3-4%. Pure JP resin 

was very brittle with fracture strain of about 1% and did not show any yielding. It showed a high 

Young’s modulus of 2.12 GPa and fracture stress (tensile strength) of 22 MPa. Plasticization had 

only a small effect (p-value<0.05) on the fracture strain and tensile strength in the dry state. 

However, about 34% reductions (from 2.12 GPa to 1.39 GPa) in stiffness was observed after 

plasticizing the pure JP resin in dry state.  

Cross-linking made the plasticized JP network rigid and stronger, as expected. Cross-linking 

of plasticized JP resin increased its Young’s modulus by 11% (from 1.39 GPa to 1.55 GPa) and 

tensile strength by about 18% (from 16.8 MPa to 19.9 MPa). Significant enhancement was 

observed for MFC incorporated cross-linked JP resin. MFC-reinforced JP resin showed the 

highest Young’s modulus of 2.27 GPa and strength of 30 MPa, both of which are 47% higher 

than corresponding values for cross-linked JP resin. This significant increase is the result of the 

excellent mechanical properties of MFC
44

, homogeneous dispersion of MFC, strong web-like 

rigid network structure of MFC and significant hydrogen bonding between protein and MFC
36
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resulting in excellent MFC/resin interfacial interaction.  Both MFC and protein being hydrophilic 

and water based, it should be possible to increase the MFC content to higher than the 20% used 

in this study to obtain even higher tensile properties. 
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Figure 4.7 Typical tensile stress-strain responses of pure and modified JP resin in dry (a) and 

conditioned (b) states. 
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Table 4.5 Tensile properties and moisture content of pure and modified JP sheets in conditioned 

state  

 

Specimen sheets Young’s modulus 

(MPa) 

Tensile strength 

(MPa) 

Fracture strain 

(%) 

Moisture 

content (%) 

Pure JP 720 (11.6)* 15.1 (16.6)* 8.2 (32.9)* 10.8 (6.0)* 

Plasticized JP 460 (16.3) 8.5 (17.6) 26.3 (21.3) 12.6 (3.2) 

Cross-linked JP 670 (12.3) 14.5 (14.5) 15.2 (24.2) 11.3 (4.5) 

MFC-reinforced JP 1147 (11.3) 20.3 (14.3) 6.3 (38.0) 8.7 (4.6) 

*(values in parentheses are % coefficient of variation) 

 

In conditioned state, after exposing to high RH of 65% for 24 h, pure JP resin absorbed over 

10% moisture. Plasticization with increased moisture absorption resulted in a significant increase 

in fracture strain of about 8% and showed yielding behavior that was not seen in pure JP resin in 

the dry state. Most significant effect of moisture, however, was observed in the case of 

plasticized JP resin which showed the highest MC value of 12.6%. This high moisture absorption 

resulted in the lowest Young’s modulus of 460 MPa and tensile strength of 8.5 MPa. These 

values for Young’s modulus and strength are lower by about 36% and 43%, respectively, in 

comparison to pure JP resin. A significant yielding after the initial elastic region and increased 

fracture strain confirmed the plasticization. Even the cross-linked JP resin showed yielding as a 

result of moisture absorption. Since there are only two amino acids, arginine and lysine, allow 

crosslinking, it is likely that the cross-link density is not high enough to prevent yielding. As 

expected, the MC of cross-linked JP resin was slightly lower at 11.3% compared to plasticized 

JP resin which had MC of 12.6%. As discussed earlier, tighter and compact network structure 

due to cross-linking results in higher moisture resistance of the resin. Compact network and 

lower moisture absorption together increased the Young’s modulus and tensile strength of cross-

linked JP resin by about 45% and 70% while it decreased fracture strain by about 42%, 

compared to plasticized JP resin. MFC-reinforced JP resin showed the highest modulus and 

strength in the conditioned state as well. They also exhibited a quasi-static linear behavior with 
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little necking and reduced fracture strain (~6%). MC of MFC-reinforced JP resin was the lowest 

(8.7%) and showed the most significant decrease compared to MC obtained for plasticized JP 

resin (12.6%). This is expected as MFC, being highly oriented and mostly crystalline, is less 

hygroscopic than protein.
36

 In summary, water acted as a very good plasticizer along with 

sorbitol. The significant synergistic effect of plasticizers was clear from the differences in 

mechanical properties in the dry state and in the conditioned state (Tables 4 and 5).  However, in 

both cases, MFC-reinforced JP resin showed the best functional performances.    

The material property comparison presented by Ashby was utilized (Figure 4.8) to show the 

relative position of MFC-reinforced JP resin in dry and conditioned states with regards to other 

polymers.
45

 As can be seen in Figure 4.8, MFC-reinforced JP resin in this study is situated in a 

region of the property space that can be easily comparable with edible protein and starch-based 

polymeric resin as mentioned by Verbeek and Bier et al.
46

 Even some engineering polymers such 

as low density polyethylene, polyurethane, polystyrene, etc., which are used for low-load bearing 

applications can be comparable with the modified JP resin as represented by Bayer et al.
47

 JP 

resin can be easily manipulated by increasing the plasticizer content to increase fracture strain for 

packaging industries at the expense of stiffness (Young’s modulus) while higher MFC content in 

JP resin can give higher tensile performance for rigid structure-based applications. Thus, a much 

broader range of mechanical properties can be designed by simply using external modifiers and 

varying their contents or loading. 
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Figure 4.8 Material property comparison showing strength vs. fracture strain position of MFC-

reinforced JP resin represented as black rectangles.
45

 

4.4.3.6 Surface topography  

Figure 4.9 shows SEM images of the specimen and fracture surface topographies after tensile 

testing of various JP resin specimens. Pure JP resin specimen showed a very smooth and 

featureless surface (Figure 4.9a). Plasticized and cross-linked JP resin showed identical surface 

characteristics (SEM images not shown). However, the surface characteristic is quite different in 

the case of MFC-reinforced JP resin as shown in Figure 4.9(b). A much rougher surface with 

random MFC orientation is apparent. Individual fibrils and fibril bundles were homogeneously 

distributed and formed an interconnected network.  
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Figure 4.9 SEM images of the specimen surface morphology of pure (a), MFC-reinforced (b), 

fracture surfaces after tensile testing of pure (c) and MFC-reinforced (d) JP resin specimens. 

 

Fracture surface of pure JP resin showed a smoother surface with no visible sign of failure 

propagation after initiation (Figure 4.9c). However, fracture surfaces of MFC-reinforced JP resin 

showed a comparatively high degree of roughness (Figure 4.9d). The creation of rough surface 

can be attributed to continual crack deflection and propagation in different fracture planes due to 

the presence of MFC though JP domain dominates the failure. Also, as shown in Fig. 4.9(d), 

some of the MFC fibrils are protruding out from JP resin. In most cases, the protruding lengths 

are found to be very short which indicate a strong JP–MFC interaction. These overall 

observations reflect the mechanical performances of JP as discussed earlier. 

4.5 Conclusions 

This study introduces a green approach to developing biodegradable protein-based resin from 

forestry residue, ‘jatropha seed cake’ that remains as waste after extracting oil. The use of non-

edible jatropha protein as resin is advantageous over edible proteins due to the fact that jatropha 
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seed cake is a rich source of protein that has higher molecular weight and reactive amino acids. 

While the mechanical and moisture resistance properties of jatropha protein resin are comparable 

or better than other proteins such as soy protein, as shown in this study, a broad range of tensile 

properties can be engineered, with the help of additives, which would make jatropha protein 

suitable for various packaging and structural applications. Thus, this study opens up new avenues 

for utilizing waste residues from forestry seed as a sustainable and ‘green’ polymer to replace 

some petroleum-derived as well as edible biobased polymers in fiber reinforced composites. 
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5.1 Abstract  

A bio-derived and eco-friendly hybrid nanocomposite was developed from soy protein and 

eggshell nanopowder (ESNP). ESNP was synthesized via size reduction of chicken eggshells 

using ball milling followed by sonochemical process. Transmission electron microscopy and X-

ray diffraction (XRD) studies revealed calcite particles in ESNP with size ranging between 20 

and 40 nm. A trace of protein with as-synthesized ESNP was detected through X-ray photon 

spectroscopy (XPS) observation. Dispersion of ESNP in water was achieved by using a poly-

anionic dispersant via adsorption mechanism. Green nanocomposites were developed from soy 

protein isolate (SPI) and dispersed ESNP using glycerol, a natural plasticizer, by solution casting 

process. Significant improvements in Young’s modulus, tensile strength and thermal stability of 

SPI nanocomposite sheets were achieved as a result of incorporation of well-dispersed ESNP. 

The developed ESNP-incorporated SPI nanocomposite would be inexpensive and useful to 

fabricate sustainable ‘green’ composite structures. 
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5.2 Introduction 

Development of environment-friendly and bio-degradable ‘green’ materials from low-cost or 

freely available natural and renewable resources such as agricultural and food waste products has 

received considerable attention due to worldwide ecological awareness and economic concerns. 

If not utilized most of these waste products end up in landfills. Proteins, one of naturally 

occurring macromolecules, offer a wide range of potential functional properties as a bio-based 

resin for composite structures through the formation of numerous intermolecular bonds due to 

the presence of polar amino acids.
1–4

 Soy protein, a byproduct of soybean oil extraction, has been 

considered as one of the major bio-based resins that can be processed into sustainable composites 

using modifiers such as plasticizers, cross-linkers and reinforcing agents.
5–8

 Soy protein is 

commercially available in 3 different varieties; defatted soy flour (SF) with about 53-55% 

protein, soy protein concentrate (SPC) with about 70% protein and soy protein isolate (SPI) with 

about 90% protein and all have been used as resins in composites after some modifications.
1,2,4,6

 

There are two major fractions in soy protein, 7S (30% of total soy protein) and 11S (40% of total 

soy protein) which contain various polar functional groups, such as carboxyl, amine and 

hydroxyl groups. These groups are capable of chemically reacting to form cross-links and thus to 

improve the mechanical and physical properties of the protein. 

Chicken eggshell, a bio-ceramic composite, consists of inorganic minerals i.e. calcium 

carbonate (94%), calcium phosphate (1%), magnesium carbonate (1%) in an organic matrix (4%) 

consisting of collagen, sulfated polysaccharides and other polypeptides.
9
  About 11% of the total 

weight of chicken egg is egg shell that is considered as waste residue in food-processing and 

manufacturing industries.
10

 More than 45 million kg of eggshell wastes are disposed every year 
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without further processing in the United States.
11

 Unique chemical compositions and abundant 

availability of the eggshell has been a viable and free source of bio-based calcium carbonate. Till 

now, the utilization of eggshell calcium carbonate has been investigated as additive for animal 

feed
12

, human nutrition
13

, coating pigments for ink-jet printing paper
11

, natural absorbent of 

heavy metals
14

, dye-effluents remover
15

, bone substitute
16

 and bio-filler for polymer-based 

composites.
17–19

 

The effects of fillers on the functional properties of the composite materials depend on shape, 

size, surface characteristics and degree of dispersion. Previously it has been reported that 

composites with nanoparticles showed better properties than composites with microparticles of 

the same filler.
20

 Higher specific surface area of nanoparticles as compared to microparticles 

provides higher desirable interface for stress transfer and lower stress concentration factors in 

composites. However, due to high specific surface area and energy, nanoparticles induce 

undesirable Van der Waals and electrostatic forces between them that can result in excessive 

agglomerations.
21

 These large agglomerations produce unwanted stress concentration factors 

which act as precursor for failure in nanocomposites and hence deteriorate the mechanical 

properties of their composites.
22

 As a result, uniform and stable dispersion is highly desired to 

effectively utilize the potential of nanoparticles in composites. In past decades, researchers have 

been successful in tailoring various resin properties; particularly stiffness and toughness, by 

incorporating calcium carbonate nanoparticles to fabricate advanced inorganic particulate-filled 

polymer based nanocomposites.
23–26

 It is expected that eggshell (bio-based calcium carbonate) 

nanopowder can be utilized as bio-fillers for protein-based green composites to enhance stiffness 

and strength as electrostatic interaction between acidic amino acids and calcium ions takes place 

when calcium ion is added to soy protein.
24
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Primarily inspired from the nature of bio-minerals of inorganic crystals in shell or bone 

protein, eggshell nanopowder (ESNP) was incorporated in soy protein as nanofiller to develop a 

new ‘fully sustainable green nanocomposite’ that will have significant environmental benefits, 

good functionality and biodegradability. In this study, ESNP was synthesized via ball-milling 

and sonochemical processes from waste eggshell. ESNP were dispersed in water using a suitable 

poly-anionic surfactant. Bio-derived and eco-friendly nanocomposites were prepared using SPI 

and dispersed ESNP by solution casting process. A detailed investigation on the characterization 

of ESNP and ESNP/SPI nanocomposites has been reported here. 

5.3 Experimental 

5.3.1 Materials 

SPI powder was obtained from Archer Daniels Midland Co., Decatur, IL. Raw white 

eggshells were collected from American Dehydrated Foods, Inc., Springfield, MO. Analytical 

grade sodium hydroxide (NaOH) pellets, glycerol (≥98% purity), sodium polyacrylate (average 

molecular weight, Mw~5100), ethanol (≥99.5% purity, absolute) and polypropylene glycol 

(average molecular weight, Mn~425) were purchased from Sigma-Aldrich Chemical Co., 

Allentown, PA. 

5.3.2 Preparation of eggshell nanopowder (ESNP) 

ESNP was synthesized via a top-down approach from the eggshell. The raw eggshell was 

boiled at 100°C in an electric cooker (Hamilton Beach, Model: 33157) for 6 h and ground in a 

‘Waring’ commercial blender (Model: 51BL30) at a high speed for 10 min to separate the 

eggshell membrane from the eggshell. Organic materials contained in the eggshell membrane 

became denatured to release the particles for separation. Heavier eggshell powder mostly settled 

at the bottom and was collected and thoroughly washed with de-ionized (DI) water and then with 



127 
 

pure ethanol. Finally, it was air-dried for 24 h at room temperature and eggshell powder with an 

average particle size of 20-40 μm was obtained. In the ball milling process, 5 gm of the eggshell 

powder mixed with 10 mL of polypropylene glycol (PPG) was wet milled using 8 steel balls (~6 

mm diameter) in Spex Sample prep 8000D mill for 10 h. The PPG was used as a process control 

agent to further remove contamination during ball-milling. After wet ball milling, the mixture 

was added to ethanol and washed by centrifuging 4 times for 5 min at 15000 rpm (Allegra 64R, 

Beckman Coulter). In this process, the size reduced to less than 20 μm. Then, the eggshell 

powder was mixed with 400 mL 0.01 M CH3COOH by a magnetic stirrer at 1200 rpm for 30 

min. This suspension was subjected to ultrasonication for 5 h using ultrasound irradiation (Sonics 

vibra cell ultrasound, Model VCX 1500) at 50% amplitude and 25 °C to further reduce the size 

of eggshell particles. After ultrasonication, the suspension was centrifuged at 15000 rpm in 

Beckman Coulter (Model ALLEGRA-64R), the supernatant was separated and the remaining 

powder, designated as ESNP, was dried in a vacuum oven for 24 h. 

5.3.3 Dispersion of eggshell nanopowder in water 

ESNP were dispersed in DI water at various contents of 3, 5 and 10 wt. % of SPI resin. First, 

3-10 wt. % of ESNP was mixed with DI water and the suspension was stirred by magnetic stirrer 

for 1 h to wet the particles completely. Then, the mixture was ultrasonicated (Branson 

Ultrasonics, Model 2510, Mumbai, India) at 60°C for about 1 h to break up the aggregated ESNP 

in aqueous solution. Sodium polyacrylate (PAANa) as anionic dispersant was added to the 

sonicated suspension at 10 wt. % of ESNP contents. The mixture was stirred using a magnetic 

stirrer for about 15 min at room temperature. 
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5.3.4 Preparation of soy protein based nanocomposites 

SPI was added to 3, 5 and 10 wt. % ESNP colloidal suspension and DI water was added to 

make a ratio of 1:10 (SPI-ESNP: water) on a weight basis.  Sheets made of SPI itself were too 

brittle to handle. Glycerol was added as plasticizer at 10 wt. % of SPI to overcome the 

brittleness. The pH of the solution was adjusted to 10.5± 0.2 using a 1 M NaOH solution. After 

homogenizing the mixtures for 20 min, the solution was stirred further for 30 min at 80°C.  The 

solution was dried on Teflon
®
coated glass plate for 24 h in an air circulated oven maintaining at 

40 °C. Finally, dried SPI/ESNP nanocomposite sheets were cured using the Carver Hydraulic hot 

press at 140°C for 20 min under a pressure of 2.5MPa. The specimens were conditioned at 65% 

RH and 21 °C before all testing. SPI Sheets incorporated with 3, 5 and 10 wt. % ESNP will be 

designated as SPI-ESNP3, SPI-ESNP5 and SPI-ESNP10, respectively, later on. 

5.3.5 Characterizations  

X-Ray diffraction (XRD) patterns of as-synthesized ESNP were recorded on an X-Ray 

diffractometer (Scintag theta-theta) equipped with CuKα1 radiation (λ = 0.154 nm) at 40 KV and 

40 mA. Data were collected from 20° to 50° Bragg angles (2θ) at a scan rate of 3 Deg/min and a 

step interval of 0.02°. X-ray photoelectron spectroscopy (XPS) or electron spectroscopy for 

chemical analysis (ESCA) was conducted to analyze the as-synthesized ESNP surfaces 

quantitatively and qualitatively up to a depth of about 10 nm. The elemental composition was 

determined by XPS (Model: SSX-100, Manufacturer: Surface Science Instruments) equipped 

with Aluminum Kα X-rays and all binding energies were referenced to the carbon C1s energy 

peak at 284.63 eV. Photoemission electrons were collected at a 55 degree emission angle and the 

hemispherical analyzer used a 150V pass energy for survey scans and 50V pass energy for high 

resolution scans. Attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectra were 
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collected using a Bruker Vertex 80V FTIR spectrometer. All spectra were an average of 256 

scans recorded from 4000 cm
−1 

to 600 cm
−1 

wave numbers at a resolution of 2 cm
−1

. High 

resolution transmission electron microscopy (HRTEM) images of ESNP were obtained using 

JEOL-2010 transmission electron microscope (TEM). The samples were dispersed in ethanol 

using ultrasonication for 5 min at room temperature and placed on a copper grid, evaporated 

prior to observation.  

The dispersion state of ESNP in SPI sheets were examined by optical microscopy (OM). Zeta 

(ζ) potential of calcium carbonate aqueous dispersions in the presence and absence of the anionic 

dispersant (PAANa) were measured at ambient temperature using Malvern Zetasizer Nano ZS90 

according to the Smoluchowski’s equation.
27

 Particle size distributions of ESNP in water in the 

presence and absence of anionic dispersant were determined by dynamic light scattering 

(Zetasizer Nano ZS90, Malvern Instruments Ltd., Malvern, UK) at a wavelength of 633 nm. 

Suspension was prepared by dispersing 10 mg ESNP in 20 ml DI water using magnetic stirrer 

followed by ultrasonication for 30 min. Anionic dispersant (PAANa) was dissolved on the basis 

of 10 wt. % of ESNP. 

Moisture content (MC) of SPI composite sheets was measured according to a method 

described by Rhim et al.
28

 The specimens were weighed (W1), subsequently dried in an air 

circulating oven at 105 °C for 24 h and reweighed (W2) to determine MC values using the 

equation (1): 

                     
  

  
                      (1) 

Mechanical properties of SPI composite sheets were determined according to ASTM D638 

with an Instron universal tensile testing machine. Young’s modulus, tensile strength and fracture 

strain were measured from the tests. Sheets with dimensions of 10 mm   60 mm were tested at 
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the strain rate of 1% min
-1

 and a gauge length of 30 mm after conditioning. A minimum of ten 

specimens were tested for each composition. Thermal degradation behavior of resin sheets was 

investigated using thermo-gravimetric analysis, TGA, (TGA-2050, TA Instruments, Inc., DE).  

Specimens weighing (approximately 10 mg) were scanned from 30 to 1000 °C at a heating rate 

of 10 °C/min under a flow of 60 mL/min nitrogen gas. 

Transmission electron microscopy (TEM) images of SPI resin sheets were obtained using 

FEI Tecnai T12 TEM to show the dispersion in the resins. The specimens were cut into very thin 

sections using Leica EM UC7 ultramicrotome and placed on a copper grid prior to observation. 

Fracture surface analysis was carried out using a Tescan Mira3 field emission scanning electron 

microscope (FESEM) at 7 kV accelerating voltage. Specimen surfaces were sputter coated with a 

thin layer of gold to prevent charging. Energy dispersive spectroscopy (EDS) was conducted by 

using a Bruker energy dispersive spectrometer equipped with Tescan Mira3 FESEM to perform 

point and mapping analysis of Ca-element in fracture surface to confirm the presence of ESNP. 

XRD patterns of resin and composite sheets were collected from 5° to 35° Bragg angles (2θ) at a 

scan rate of 3 Deg/min and a step interval of 0.02° with the similar equipment used for as-

synthesized ESNP characterization. 

Statistical evaluations were carried out by analysis of variance (ANOVA) followed by 

multiple comparison tests using Tukey-Kramer’s HSD at 95% confidence level. All analyses 

were performed using JMP statistical software (SAS Institute, Cary, NC). 

5.4 Results and Discussion 

5.4.1 Characteristics of ESNP 

Figure 5.1 shows the representative XRD pattern of the as-synthesized ESNP.  Characteristic 

diffraction peaks appeared with diffraction angles at 23.10°, 29.46°, 36.05°, 39.46°, 43.22°, 
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47.58° and 48.56°. These diffraction data revealed that the as-synthesized ESNP contained 

thermo-dynamically most stable calcite crystalline phase that is matched closely with those of 

PDF2 standard card (00-005-0586) patterns (Mineral Powder Diffraction File Data Book 

ICDDNo. 5-586). 

20 25 30 35 40 45 50

(0
0

6
) (1

1
6
)

(0
1

8
)

(2
0

2
)

(1
1

3
)

(1
1

0
)

(1
0

4
)

R
e

la
ti
v
e

 I
n

te
n

s
it
y
 (

a
.u

.)

2-Theta (degree)

(0
1

2
)

 

Figure 5.1 XRD pattern of as-synthesized eggshell nanopowder (ESNP). 

The crystallite size     ) of ESNP in the direction perpendicular to crystal face of (hkl) was 

estimated from the obtained diffraction peaks using Scherrer equation as follows
29

: 

       
  

        
     (2) 

where λ is the X-ray wavelength (0.154 nm), k is a constant with value of 0.9
24

,      is the full 

width at half-maximum intensity of diffraction peaks corresponding to (hkl) lattice plane and   is 

the diffraction angle. Also, inter-planer distance (d-spacing or dhkl) in different crystal directions 

of ESNP was calculated from Bragg’s equation as follows
29

:  

       
 

     
  

   
 
          (3) 
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Table 5.1 shows the calculated values of crystal sizes and d-spacing in ESNP. The sizes of 

calcite crystal in ESNP were found to be in the range of 21-35 nm and inter-planar distances 

were in the range of 0.19-0.38 nm. 

Table 5.1 Crystal size and d-spacing of as-synthesized ESNP 

Crystal face (hkl) (012) (104) (110) (113) (202) (018) (116) 

Crystal size (nm) 32.5 34.1 30.8 33.3 34.9 21.2 27.2 

d-spacing (nm) 0.385 0.303 0.249 0.228 0.209 0.191 0.187 

 

Figure 5.2 shows the XPS spectrum of ESNP.  It can be seen from the figure that as-

synthesized ESNP contains calcium, carbon and oxygen elements with a trace amount of 

nitrogen element.  Also, the carbon C1s spectrum has peaks at two binding energies: one at about 

285 eV and the other at about 290 eV.  A higher carbon concentration on the ESNP surfaces was 

observed at the higher binding energy peak (290 eV) representing the carbon associated with 

carbonate.
23

 The presence of carbon peak at lower binding energy and nitrogen peak might be an 

indication of the presence of organic matter i.e. protein in ESNP from eggshell membranes.  

Table 5.2 gives the quantitative measurements from the XPS analysis. As shown in Table 5.2, 

the presence of nitrogen was not significant as compared to other elements indicating that the 

protein content was very low. This is expected because of the milling and other chemical 

processes involved in obtaining ESNP. 



133 
 

1000 800 600 400 200 0

300 295 290 285 280 275

C 1s
low

C 1s
high

Binding energy (eV)

C
a
 (

L
M

M
)

C
a
 3

p
C

a
 3

sN
 1

s

C
 1

s

C
a
 2

s C
a
 2

p

In
te

n
s
it
y
 (

c
p

s
)

Binding energy (eV)

O
 1

s

 

Figure 5.2 XPS spectrum of as-synthesized eggshell nanopowder (ESNP). 

Table 5.2 XPS results of eggshell nanopowder (ESNP) 

Elements Ca 2p C 1shigh C 1slow N 1s O 1s 

Binding energy (eV) 347 290 285 400 532 

Percentages (%) 13.22 19.03 16.20 2.24 49.31 

 

Figure 5.3 shows the ATR-FTIR spectrum of ESNP. Typical characteristic absorption peaks 

observed at 713, 874 and 1396 cm
−1

wavenumbers can be assigned to the in-plane bending, out-

of-plane bending and asymmetric stretching modes of CO3
2-

, respectively, associated with 

calcite. These observations are in good agreement with the results of XRD analysis. Also, a small 

peak at 1794 cm
-1

 can be assigned to the combination vibrations of C=O stretching and –NH- in-

plane bending due to very small amounts of organic materials. 
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Figure 5.3 ATR-FTIR spectra of eggshell nanopowder (ESNP). 

 

Figure 5.4 shows TEM micrographs of as-synthesized ESNP that reveals the highly 

agglomerated nature of the nanopowder.  The size distribution of the nanopowder was in the 

range of 20-40 nm.  The sizes of crystalline grain obtained from the TEM analysis were in close 

agreement with the crystal size calculated from the XRD studies.  As shown in Fig. 5.4(a), the 

nanopowder had an irregular combination of rhombohedral and quasi-spherical shapes.  Figure 

5.4(b) shows the ordered crystal lattice fringes in different crystal directions. Also, inter-planar 

distance of about 0.319 nm has been measured from the TEM image that is very close to the 

inter-planar distance of (104) plane of calcite crystal (0.303 nm) as calculated from the Bragg 

equation. Overall, TEM and XRD analysis suggest a high level crystallinity of as-synthesized 

ESNP.        
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Figure 5.4 TEM images of as-synthesized eggshell nanopowder (ESNP). 

Figure 5.5 shows typical TGA and DTGA thermograms of as-synthesized ESNP that shows 

the weight loss and derivative weight loss of ESNP as a function of temperature. The weight loss 

of ESNP was below 3.5% until the temperature reached 550 °C. This loss is related to release of 

any physi-sorbed water and eggshell membrane proteins. The degradation onset and maximum 

degradation temperature were obtained at 715 °C and 770 °C, respectively. Calcinations were 

observed between 600-850 °C with the weight loss of 45% resulting in phase change due to 

decomposition of calcium carbonate (CaCO3) to calcium oxide (CaO) and carbon dioxide (CO2). 

CaO phase was found when eggshell was calcined at 900 °C.  
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Figure 5.5 TGA and DTGA thermogams of the eggshell based CaCO3 nanoparticle (ESNP). 

All of these characterizations of as-synthesized ESNP, discussed above, indicate that it can 

be used as nanofiller in bio-based resin to improve the properties of composites. Because of the 

protein layer on the surface the nanoparticle/resin bonding could be expected to be good 

resulting in better nanocomposite properties. 

5.4.2 Dispersion of ESNP in water 

Figure 5.6 shows the dispersion state of ESNP in SPI sheets obtained in various dispersion 

processes. As shown in Fig. 5.6(a), the dispersion obtained by high speed mechanical mixing for 

1 h of as-synthesized ESNP in SPI resin solution showed a significant amount of agglomeration. 

A comparatively improved dispersion of ESNP with less agglomeration in nanocomposites was 

obtained by a combined dispersion of mechanical stirring 1 h and sonication for 1 h. However, a 

good dispersion of ESNP for water-based approach was achieved by using optimum amount of 

dispersant or surfactant after combined dispersion of mechanical stirring and sonication as shown 

in Fig. 5.6(c).  
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Figure 5.6 Optical images showing the dispersion state of ESNP in SPI resin sheets in various 

dispersion processes: (a) as-synthesized 5 wt. % ESNP mechanically mixed with SPI solution, 

(b) ultrasonicated 5 wt. % ESNP in water for 1 h and mechanically mixed with SPI solution, (c) 

ultrasonicated 5 wt. % ESNP in water for 1 h and mechanically mixed with SPI solution after 

coated with PAANa (mentioned in the dispersion process section) and (d) ultrasonicated 10 wt. 

% ESNP in water for 1 h and mechanically mixed with SPI solution after coated with PAANa 

(mentioned in the dispersion process section). 

 

According to Derjaguin and Landau, Verwey and Overbeek (DLVO) theory, interaction 

between nanoparticles in an aqueous dispersion is characterized by two opposite interactions; 

Van der Waals attraction and electrostatic repulsion.
30,31

 The electrostatic repulsive interaction 

can be controlled by adding ionic dispersant. In this study, anionic dispersant ‘PAANa’ was 

http://en.wikipedia.org/wiki/Boris_Derjaguin
http://en.wikipedia.org/wiki/Lev_Landau
http://en.wikipedia.org/w/index.php?title=Evert_Johannes_Willem_Verwey&action=edit&redlink=1
http://en.wikipedia.org/w/index.php?title=Theo_Overbeek&action=edit&redlink=1
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chosen for its exceptional dispersion stability for calcium carbonate.
32,33

 Cationic surfactant was 

not chosen as they have been found to flocculate calcium carbonate.
34

 The adsorption mechanism 

of PAANa onto ESNP involves dissolution of sodium in water and attachment of negative hairy 

layer of acrylate ion (PAA
-
) onto the surface of ESNP (Ca

+
).

35
  Increased negative charges of 

ESNP thus produce an increase in electrostatic barrier or repulsions that prevent the approach of 

another surface-modified ESNP with the same charges and hence, lead to a better and stable 

dispersion in water. However, a minimum loading of PAANa was determined to avoid the 

negative effect by excessive amount of surfactant in sheets along with the good dispersion in SPI 

resin.  

Fig. 5.7 shows the value of zeta (ζ) potential of the colloidal dispersion of ESNP in water as a 

function of PAANa.  ESNP in water without PAANa showed the ζ-potential value of -14 mV 

whereas 7 wt. % and 10 wt. % loading of PAANa increased the value to -30 mV and -35 mV, 

respectively. As discussed, increase of the magnitude of the surface charge directed to more 

stable and good aqueous dispersions. Generally, particles with ζ-potential values greater than 

±30 mV are considered moderately stable and less then ±30 mV is unstable in a colloidal 

system.
36

 Inset of Fig. 5.7 show the photographic image of the dispersion stability of ESNP alone 

and ESNP with PAANa in water after 1 h. As shown in Fig. 5.7, aqueous dispersion of ESNP 

with PAANa had good stability while a greater deposition of ESNP with clear water was 

observed without PAANa. 
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Figure 5.7 Zeta (ζ) potential of ESNP in water as a function of PAANa loading, photographic 

image of the dispersion stability of ESNP alone and ESNP with PAANa is shown inset. 

 

Figure 5.8 shows particle size distributions of as-synthesized ESNP in DI water with the 

absence and presence of PAANa which reveals the effect of PAANa on dispersion states of 

ESNP in aqueous solutions. As shown in Fig. 5.8(a) from dynamic light scattering (DLS) 

measurement, the number mean diameter of ESNP agglomerates in DI water was approximately 

250 nm with a wide range size distribution between 100-1000 nm. However, the addition of 

PAANa leads to good dispersion of ESNP in water. The agglomerate size and distribution of 

ESNP in presence of PAANa has been reduced and were in the range of 60-200 nm with a 

number mean diameter of approximately 95 nm as shown in Fig. 5.8(b).    
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Figure 5.8 Particle size distribution of as-synthesized ESNP: (a) in DI water, (b) in DI water 

with the presence of 10% PAANa. 

However, it is understood that the dispersion observed in the solution will not remain exactly 

same in the SPI resin as it will be a function of the chemistries of the resin and the ESNP.  In our 

case since both the ESNP dispersion and the resin are compatible with water and are processed in 

water the dispersion may not change much. 

5.4.3 Effect of ESNP on SPI resin sheets 

Figure 5.9 shows the ATR-FTIR spectra of SPI resin sheets (control), SPI-ESNP5 and SPI-

ESNP10 nanocomposite sheets.  As shown in Fig. 5.9, the small absorption band at 873 cm
-1

 can 

be assigned to    
   ions of ESNP at SPI-ESNP5 sheets.  The intensity of the band at 873 cm

-1
 

increased as the content of ESNP increased which revealed the formation of calcite crystal in SPI 

sheets.  However, presence of ESNP in SPI did not change protein conformation as amide I band 

position at 1623 cm
-1

 related to β-sheet structures and amide II band position at 1530 cm
-1

 was 

same when compared to control SPI sheet.   
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Figure 5.9 ATR-FTIR spectra of (a) SPI resin sheet, (b) SPI-ESNP5 nanocomposite sheet and 

(c) SPI- ESNP10 nanocomposite sheet. 

Table 5.3 shows the moisture content (MC) of SPI sheets as a function of ESNP content.  As 

shown in Table 5.3, the effect of ESNP on MC of nanocomposites was not significant (p-

value<0.05) as compared to control specimens. The MC values vary in composites in the range 

of 9-10% after conditioning the specimens at 63% RH and 21 °C. 

Table 5.3 Moisture content (MC) of SPI sheets as a function of ESNP content 

 

ESNP contents Control 3 wt. %  5 wt. % 10 wt. %  

MC (%) 9.8* ±0.2
ab

 9.5±0.5
ab

 9.2±0.3
a
 9.9±0.2

b
 

*Means not connected by same letters are significantly different at 95% confidence level through 

Tukey-Kramer HSD test 

 

Figure 5.10 shows the effect of ESNP addition on the tensile properties of SPI sheets. 

Typical stress–strain plots of SPI sheets and SPI-ESNP composite sheets obtained from the 

tensile test has been shown in Fig. 5.10(a) and the variations in tensile properties as a function of 

ESNP content are shown in Fig. 5.10(b-d). As shown in Figs. 5.10(b-d), Young’s modulus and 



142 
 

tensile strength of SPI sheets increased with a decrease of fracture strain at 3 and 5 wt. % ESNP 

loading. Young’s modulus and tensile strength of SPI/ESNP composite sheets improved with a 

maximum enhancement of 56% (from 675 MPa to 1055 MPa) and 25% (from 22.6 MPa to 28.3 

MPa), respectively. Statistical analysis based on one way ANOVA revealed that the differences 

in tensile strength were significant (F-ratio ~8.2 and p-value<0.05). Tukey-Kramer all pairs HSD 

tests revealed that control and SPI-ESNP3 tensile strength values are in different groups while 

there is no significant difference between SPI-ESNP3 and SPI-ESNP5. However, in case of 

Young’s modulus significant difference was observed among control, SPI-ESNP3 and SPI-

ESNP5 (F-ratio ~23.0 and p-value<<0.05). Fracture strain dropped by 55% (from 24.8% to 

11.2%) at 5 wt. % ESNP loading in comparison to control sheets. However, a substantial drop in 

Young’s modulus and tensile strength was observed at 10 wt. % ESNP loading while fracture 

strain increased again.  
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Figure 5.10 Effect of ESNP addition on the tensile properties of SPI sheets. (a): representative 

stress-strain curve for control SPI sheets and SPI-ESNP nanocomposite sheets. (b): Young’s 

modulus. (c): tensile strength. (d): fracture strain of control SPI sheets and SPI-ESNP 

nanocomposite sheets. 

 

Typical TEM images presented in Fig. 5.11 show the distribution of 3 wt. % and 10 wt. % 

ESNP in SPI resin sheets. As can be seen in Fig. 5.11(a), a better dispersion of 3 wt. % ESNP in 

SPI resin provided more sites to facilitate better polymer-nanoparticle interaction at the interface 
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because of better interaction and higher tortuosity of the resin molecules.  Both these factors lead 

to the improvement in tensile strength and Young’s modulus through a more efficient stress 

transfer mechanism.
22

 However, more aggregates were observed with a higher loading (10%) of 

ESNP in SPI resin as shown in Fig. 5.11(b). The inter-particle distance was decreased due to 

higher loading that causes flocculation of ESNP after mixing. Due to poor dispersion as evident 

from Fig. 5.11(b), ESNP remain as small agglomerates in the resin blends that act as stress 

concentrators in composites. Early shear slippage of individual particles within these bundles 

may occur which results in decreased strength and modulus.
22

 Presence of PAANa that was 

increased in SPI sheet with the increase of ESNP might have a negative effect as it acts as 

plasticizer and hence, increased the fracture strain with the decrease of Young’s modulus and 

tensile strength at 10 wt. % loading. 

 
 

Figure 5.11 TEM images of 3 wt. % and 10 wt. % ESNP distribution in SPI resin. 

In order to investigate the fracture behavior, the surfaces of SPI sheets and 5 wt. % ESNP-

modified SPI composites after the tensile test were examined using SEM. SEM micrographs of 

fracture surfaces from (a) control SPI sheets and (b) SPI-ESNP5 nanocomposite sheets are 

presented in Fig. 5.12. A nearly featureless fracture surface was seen in control samples as 
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shown in Fig. 5.12(a). The surface had less interruption of failure propagation after initiation. 

Figure 5.12 (b) is the micrograph of fracture surfaces of SPI-ESNP5 specimens that show a 

greater degree of roughness. The rougher surface can be attributed to greater interruption of 

failure propagation due to the presence of ESNP.
22

  

  

Figure 5.12 SEM micrographs of fracture surface from (a) control SPI sheets and (b) SPI-

ESNP5 nanocomposite sheets 

 

While SEM observation could not provide enough information about the distribution of 

ESNP in the fracture surfaces of SPI resin sheets, EDS point and mapping analysis of the 

fracture surface of SPI-ESNP5 nanocomposite sheets was performed to confirm the presence and 

distribution of ESNP in the fracture surfaces. EDS point analysis (Figure 5.13) showed the 

presence of Ca-element in the resin which reveals ESNP embedded in the SPI resin sheets. 

However, the gold and palladium signals are caused by the sputtering used for SEM analysis. 

Ca-elemental map shown as inset in Figure 5.13 confirms the uniform distribution/embedment of 

the ESNP within the sheets. 
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Figure 5.13 EDS spectrum showing point analysis with Ca-elemental mapping (inset) of fracture 

surface of SPI-ESNP5 nanocomposites. 

 

Figure 5.14 shows the XRD patterns of control and SPI-ESNP5 sheets. No observable 

change in crystallization of protein due to the presence of ESNP was indicated. A crystallization 

peak simply due to the physical presence of ESNP was observed in the SPI-ESNP5 sheets as 

ESNP was highly crystallized. The XRD patterns reveal that the mechanical properties are not 

influenced from the crystallization of protein, rather by the ESNP loading. 
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Figure 5.14 XRD patterns of control (SPI resin sheet) and (b) SPI-ESNP5 nanocomposite sheet. 
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Figure 5.15(a-b) represents the typical TGA and DTGA thermograms of control SPI and SPI-

ESNP nanocomposite sheets, respectively. As shown in Fig. 5.15(a), the weight loss below 

150°C was attributed to the evaporation of water. Plasticizer evaporation and soy poly-peptide 

decomposition into small molecules occurred between 200 and 300 °C. The complete 

carbonization of soy protein occurred from 450 to 600 °C. ESNP in SPI started to decompose 

from 650 °C and complete calcinations occurred at 800 °C similarly as obtained in Fig. 5. 

Degradation onset temperature and residual mass of nanocomposite sheets were 

measured directly from the TGA thermograms while maximum degradation temperature was 

measured from the DTGA thermograms. The degradation onset temperature corresponds to the 

inflection point of TGA thermograms, the residual mass is the yield after heating at 600 °C from 

TGA thermograms and maximum degradation temperature refers to the point of maximum 

weight loss obtained from DTGA thermograms. As shown in Fig. 5.15(b), the peak of derivative 

weight change (maximum degradation temperature) occurred at a higher temperature for 

nanocomposites compared to control specimens without ESNP. However, the maximum 

degradation temperature was observed highest for nanocomposites with 3% ESNP loading. 

However, with higher ESNP loading it was observed at slightly lower temperature that might be 

due to presence of higher loading of PAANa. Table 5.4 shows the degradation onset temperature, 

residual mass and maximum degradation temperature of control and SPI-ESNP nanocomposites. 

Compared to the control specimens, TGA thermograms of SPI-ESNP shifted to a higher 

degradation onset temperature as well as the residual mass. The residual contents of 

nanocomposites at 600 °C were significantly higher than the control due to the presence of ESNP 

in SPI. The nanocomposites started to degrade, reached the peak and finished degrading at higher 

temperatures with higher residual yield compared to control one. It was also observed that a 
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particular conversion corresponded to a higher temperature for nanocomposites indicating 

delayed degradation and increased thermal stability. 
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Figure 5.15 (a) TGA and (b) DTGA thermograms of control SPI sheets and SPI-ESNP 

nanocomposite sheets. 
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Table 5.4 Initial degradation temperature, residual yield and maximum degradation temperature 

of SPI-ESNP nanocomposite sheets 

 

Composition 
Initial Degradation 

temp. (°C) 

Residual yield  

@ 600 °C 

Maximum degradation 

temp. (°C) 

Control 232.3±2.8 23.7±1.8 314.8±2.2 

SPI-ESNP3 247.7±3.2 26.3±1.1 322.4±2.9 

SPI-ESNP5 246.2±2.6 28.4±0.5 318.2±2.1 

SPI-ESNP10 243.7±2.9 31.5±0.9 317.5±3.0 

 

5.5 Conclusions 

This study introduces a ‘green’ route of developing very inexpensive and sustainable ‘bio-

derived’ SPI-ESNP nanocomposites from soybean and egg byproducts. Eggshell nanopowder 

(ESNP), obtained by ball-milling and ultrasonication, has been used successfully as nanofiller in 

bio-based resin due to its high crystallinity, surface area, thermal degradation temperature and 

stiffness to improve the functional properties of soy-protein based green composites. Good 

dispersion of ESNP was achieved by using the minimum amount of PAANa dispersant to utilize 

the potential of ESNP in composites. Investigation of ESNP loading in SPI sheets revealed an 

optimum ESNP content of 5% in SPI resulted in best mechanical and thermal properties of SPI 

sheets under the current experimental conditions. However, the addition of 10% ESNP in SPI 

sheets showed decreased properties due to higher agglomerations and PAANa loading. In 

summary, this paper explores the utilization of free and/or inexpensive by-products from food 

industries as a sustainable and ‘green’ bio-based advanced resin to replace conventional 

petroleum-derived resins in fiber reinforced composites. 
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6.1 Abstract 

Eco-friendly and inexpensive ‘green’ nanocomposites with enhanced functional 

performances were developed combining nanoscale hydroxyapatite synthesized from eggshell 

waste (nEHA) and protein-based polymer extracted from defatted soybean residues. nEHA was 

synthesized from chicken eggshells using an energy efficient microwave-assisted wet chemical 

precipitation method. Transmission electron microscopy, X-ray diffraction and energy-dispersive 

X-ray spectroscopy studies confirmed the nanometer scale (diameter: 4-14 nm and length: 5-100 

nm) of calcium-deficient (Ca/P ratio~1.53) needle-like hydroxyapatite. Uniform dispersion of 

nEHA in soy protein isolate (SPI) solution was obtained by modifying nEHA surface using a 

polyelectrolyte (sodium polyacrylate) dispersant via irreversible adsorption. ‘Green’ 

nanocomposite films were prepared from SPI and surface-modified nEHA with the help of a 

natural plasticizer ‘glycerol’ by solution casting. Significant improvements in tensile modulus 

and strength were achieved owing to the inclusion of uniformly-dispersed nEHA in SPI sheets. 

Overall, this work provides a ‘green’ pathway of fabricating nanocomposites using naturally-

occurring renewable polymer and inorganic moieties from eggshell waste that emphasizes the 

possibilities for replacing some petroleum-based polymers in various packaging and other 

applications. 
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6.2 Introduction 

Soy protein, obtained after extracting oil from soybeans, has been explored before, as a bio-

based polymer for use in sustainable green composites.
1–6

 It is capable of forming numerous 

intra- and inter-molecular bonds and physical interactions because of the presence of polar and 

functional groups in its amino-acids and hence, can form three-dimensional green structures with 

good mechanical properties.
7
 Furthermore, soy protein is available throughout the world and has 

other benefits such as low cost, bio-degradability, bio-compatibility, environment-friendliness 

and yearly renewability. These advantages have made it highly attractive for use as an alternative 

to petroleum-based polymers which can reduce the carbon footprint and global warming 

significantly.
8–10

 However, mechanical properties of protein-based polymers limit their 

utilization in various load-bearing structural applications.  

Hydroxyapatite (HA), with chemical composition of Ca10(PO4)6(OH)2, is a very promising 

natural reinforcing material for polymers due to its high stiffness and strength. It is, in fact, the 

prime inorganic constituent (65-70%) of bone and hard tissue matrix that is indirectly bound to 

collagen through some non-collagenous proteins such as osteocalcin, osteopontin or osteonectin 

in nanocrystal form.
11

 It has two binding sites, Ca
2+

 and PO4
3-

 which possess affinity towards 

biological macromolecules such as proteins.
12

 Synthetic HA has attracted much attention as a 

reinforcing material in biomedical applications because of its excellent functional properties 

including biocompatibility, osteoconductivity, non-toxicity and bioactivity.
13,14

 Moreover, 

synthesized HA at nanoscale can provide exceptional functional and mechanical properties 

similar to biological HA due to its large surface area to volume ratio and tunable ultrafine 



156 
 

structure. As a result, nanoscale HA has been extensively utilized with various polymers to 

fabricate composites for bio-applications such as tissue scaffolds and bone regenerations.
15,16

 

Commercially available soy protein is very inexpensive whereas nanoscale HA is expensive 

due to the use of high purity materials and reagents used to produce it. Since the bone-mimetic 

nanocomposites can contain more than 60% of HA, they can get very expensive. An alternative 

economical and environment-friendly ‘green’ approach to synthesize HA would be to utilize bio-

wastes such as eggshells, sea shells, bovine bones, and fish bones, etc., which are rich sources of 

calcium precursors, as raw materials.
17

 For example, chicken eggshells contain a significant 

amount of calcium carbonate (~94%) bound in a very small amount of an organic matrix (~4%) 

consisting of collagen, sulfated polysaccharides and other polypeptides.
18

 Every year, food 

processing industry in the United States, as a whole, throws away more than 4,500 metric tons of 

chicken eggshells, in the landfills or even open land, without further treatment which causes 

significant environmental pollution.
19

 Since it is a pure waste, eggshell has been considered a 

free and viable bio-derived source to synthesize inexpensive nanoscale HA while simultaneously 

reducing the eggshell waste.
20

 

In earlier work, Lee et al. proposed that while biopolymers can interact with inorganic 

materials via electrostatic, van der Waals and/or hydrogen bonding, electrostatic interaction 

between the charged groups of both materials is the primary interaction.
12

 Hassan et al. improved 

mechanical and thermal properties of soybean oil based unsaturated polyester (Polylite
®
 31325-

00) resin by loading it with eggshell-based CaCO3 nanoparticles.
21

 About 14% and 27% 

improvements in compressive strength and compressive modulus, respectively, were observed in 

the resin with the incorporation of 2 wt% CaCO3 nanoparticles. Tiimob et al. used eggshell 

derived β-CaSiO3 nanoparticles to modify thermal and mechanical properties of bio-based epoxy 
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resin system (Super sap
®

 100/1000).
22

 Incorporation of just 3 wt% β-CaSiO3 nanoparticles in the 

resin systems improved the flexural modulus (~33%) and flexural strength (~36%) significantly. 

In another study, the flexure strength, modulus, and toughness of bio-based epoxy resin system 

(Super sap
®
 100/1000) were significantly improved by 6–31%, 11–37%, and 10–36%, 

respectively due to different amount of CaCO3 nanoparticles loading.
23

 However, these resins 

were not fully ‘green’.  

In the present study, novel bio-inspired fully ‘green’ composites from soy protein isolate 

(SPI) and eggshell-based nanoscale hydroxyapatite (nEHA) were prepared and characterized. 

Nothing has been reported yet on the utilization of bio-derived HA nanostructures in plant-based 

protein resins in the open literature with a view to producing a cost-effective and environment-

friendly ‘green’ composite for structural applications. In the first part of this paper, a novel 

synthesis approach for obtaining nEHA from eggshell by energy efficient microwave-assisted 

wet chemical precipitation method has been described. The wet chemical precipitation method 

was employed due to its ease of experimental operation and cost effectiveness.  Also, 

microwave-assisted process can reduce the synthesis time significantly. In addition, the issue of 

nEHA dispersion, in water as well as in the resin, was resolved by coating the nEHA with 

sodium polyacrylate (NaPA). Better dispersion of nEHA can be achieved by chemical treatment 

which mitigates nanoparticle-nanoparticle attractions. Finally, uniformly dispersed nEHA was 

incorporated in soy protein resin to fabricate novel bio-based nanocomposites with enhanced 

mechanical and thermal properties. 
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6.3 Experimental 

6.3.1 Materials  

SPI was provided by Archer Daniels Midland Co., Decatur, IL. Raw white Eggshells were 

provided by American Dehydrated Foods, Inc., Atlanta, GA. Analytical grade sodium hydroxide 

(NaOH) pellets, glycerol (≥98% purity), ethanol (≥99.5% purity, absolute), nitric acid (~ 65% 

HNO3), ammonium hydroxide (~ 28% NH4OH), semiconductor grade phosphoric acid (~ 85% 

H3PO4), and NaPA (molecular weight ~ 2100) were purchased from Sigma-Aldrich Chemical 

Co., Allentown, PA. Milli-Q deionized (DI) water (resistivity, 18.2 MΩ.cm, Millipore RiOs and 

Elix water purification systems, Millipore Corporation, MA) was used throughout this research. 

6.3.2 Synthesis of nanoscale HA from eggshell (nEHA)  

nEHA was synthesized by using calcium carbonate (CaCO3) from eggshell and phosphoric 

acid (H3PO4) as the sources of calcium and phosphate ions, respectively. As-received eggshells 

were first boiled in DI water overnight followed by pulverization in a ‘Waring’ commercial 

kitchen blender to denature and decant organic materials from the heavier inorganic material 

settled at the bottom. The inorganic sample was dried under vacuum overnight at room 

temperature (RT) after washing with DI water and ethanol. The dried sample was pulverized 

again into fine eggshell powder (CaCO3) and passed through a 20 µm mesh sieve. 

Desired nEHA was synthesized from eggshell powder as follows: In the first step, 20 g of 

eggshell powder was added into an Erlenmeyer flask containing 28 mL of HNO3 solution and 

magnetically stirred at 300 rpm for 30 min. This resulted into a yellowish Ca(NO3)2 slurry. In the 

second step, diammonium hydrogen phosphate [(NH4)2HPO4, DAHP] powder was synthesized 

by transferring 60 mL of NH4OH into a stoichiometric amount of H3PO4 (15 mL) at a rate of 1 

mL/min using a micro-pipette. Precipitated white DAHP powder was then filtered and washed 
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thoroughly using a mixture of DI water and ethanol (1:1 v/v). In the third step, 3 g of Ca(NO3)2 

was dissolved in 100 mL DI water and stirred for 10 min at 400 rpm at a temperature of 40 °C 

while 2.4 g of DAHP was dissolved in 60 mL DI water, separately. Aqueous DAHP solution was 

added drop-by-drop into the Ca(NO3)2 solution at the rate of 3 mL/min. NH4OH was then added 

to the reaction mixture to adjust the pH to 11 after which it was stirred for 5 min. Finally, the 

reaction mixture was put into a microwave (45 microwave power) in an isothermal condition of 

80 °C for 15 min. After cooling to RT, the white precipitated material was collected, washed 

using a mixture of ethanol and DI water, and centrifuged to remove any residual polymer and 

ammonium nitrate. The washing procedure was repeated three times and dried which is herein 

termed as ‘as-synthesized nEHA’. The following set of chemical reactions show the steps 

involved in the synthesis of nEHA:
 

CaCO3(s) + 2HNO3(aq) Ca(NO3)2(s) + CO2(g) + H2O(l)
 

2NH4OH (aq) + H3PO4(aq) (NH4)2HPO4(s)   +  2H2O(l)  

10Ca(NO3)2(aq) + 6(NH4)2HPO4 + 8NH4OH Ca10(PO4)6OH2 + 10NH4NO3  

6.3.3 Surface coating on nEHA  

Surface modification of as-synthesized nEHA was accomplished by coating it with NaPA to 

improve their dispersion in SPI resin. The coating procedure was as follows: 1 g of as-

synthesized nEHA was mixed with 50 ml of DI water and the suspension was stirred 

magnetically for 10 min to wet the particles. Then, the mixture was ultrasonicated (Q-500 

Sonicator, Q-Sonica, CT, USA) for 5 min at 50% amplitude and 30 s on-off pulse mode to break 

up the aggregated nEHA in the aqueous solution. Ten mL 20 mM NaPA as anionic 

polyelectrolyte dispersant was added to the ultrasonicated aqueous suspension. The mixture was 

adjusted to pH of 6 using 1 N HCl and stirred overnight at RT using a magnetic stirrer. Finally, 
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the nEHA was washed with DI water to remove unadsorbed NaPA using centrifugation at 5000 

rpm for 10 min. The washing procedure was repeated 4 times. Washed nEHA was dried in an 

oven at 80 °C overnight and is herein termed as ‘coated nEHA’. 

6.3.4 Fabrication of SPI-nEHA nanocomposites  

Green nanocomposites were prepared by combining coated nEHA as the inorganic 

reinforcing filler with SPI resin as the biopolymer. Coated nEHA (3, 5, and 10 wt%, based on 

SPI solid weight) with approximately 7 wt% NaPA (based on nEHA weight) dispersion was 

prepared in DI water and adjusted to pH of 10 using 1 N NaOH. SPI was added to the colloidal 

dispersion at a ratio of 1:10 (SPI-nEHA: water) on a weight basis. Glycerol was added (5 wt% 

based on SPI solid weight) to SPI as a plasticizer to reduce the brittleness of the SPI sheets. The 

pH of the solution was adjusted to 10.5 ± 0.1 using 1 N NaOH to open the protein molecules and 

denature them. The solution was then ultrasonicated for 2 min followed by stirring for 30 min at 

80 °C to get a homogenous solution. This stage is termed ‘pre-curing’. Teflon
®

 coated glass 

plates                 were used to dry the pre-cured solution in the sheet form. The 

solution on the glass plates was kept overnight at RT followed by drying in an air circulated oven 

at 65 °C for 2 h. Finally, hydraulic hot press (Carver Inc., Wabash, IN) was used to cure (cross-

link) the dried SPI-nEHA nanocomposite sheets at a temperature of 140 °C for 10 min and a 

pressure of 8 MPa. Pure SPI sheets without nEHA were also fabricated using the same process. 

All sheets were conditioned at 60% RH and 21 °C for 24 h before carrying out any tests. SPI 

sheets incorporated with 3, 5, and 10 wt% coated nEHA are designated as SPI-nEHA3, SPI-

nEHA5, and SPI-nEHA10 nanocomposites, respectively. Figure 6.1 shows the schematic 

diagram of the formation of nanoscale hydroxyapatite-reinforced soy protein-based green 

nanocomposites. 
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Figure 6.1 Schematic diagram showing the formation of nanoscale hydroxyapatite-reinforced 

soy protein-based green nanocomposite. 

 

6.3.5 Characterization of as-synthesized nEHA  

Phase analysis of as-synthesized nEHA nanostructures was carried out by X-Ray diffraction 

(XRD) using a Scintag theta-theta powder diffractometer (PAD X, Scintag, Inc., Cupertino, CA). 

The Cu-Kα radiation (λ = 1.54 Å) was used at a voltage of 40 kV and a current of 30 mA. The 

diffraction patterns were recorded in the range of 20-60° Bragg angles (2θ) at a scan rate of 3° 

min
-1

 with a step size of 0.03°. The inter-planer distance (dhkl) in different crystal directions of 

nEHA was calculated from Bragg’s equation
24

:      
 

     
  

   
 
, where λ is the wavelength of 

Cu-Kα radiation and   is the diffraction angle. The crystallite size      ) of nEHA in the 

direction perpendicular to the crystal face of (hkl) was estimated from the obtained diffraction 

peaks using the Scherrer equation
24

:        
  

        
; where K is the broadening constant and 
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chosen as 0.9
24

 and      is the full width at half-maximum intensity of diffraction peaks 

corresponding to (hkl) lattice plane. The crystallinity index (  ) corresponding to (002) reflection 

of nEHA was calculated by using the relationship:        
   a; where, ka is a constant equal 

to 0.24.
25

 The lattice parameters (a- and c- axes) of nEHA crystals were calculated by using the 

relationship among lattice constant, Miller indices (h, k, l), and d-spacing: 

 

    
  

 

 
 
        

   
  

  
; while unit cell volume (V) was determined using the calculated lattice 

parameters:   
     

 
. The specific surface area (SSA) of as-synthesized nEHA was determined 

by nitrogen sorption analysis in 11-point area mode on a BET (Brunauer-Emmett-Teller) surface 

area analyzer from Quantachrome Instruments (Model: NOVA 2200e, Boynton Beach, Florida). 

Particle size and morphology of as-synthesized nEHA were observed using a JEOL-2010 high-

resolution transmission electron microscope (HRTEM, JEOL USA, Inc., Peabody, MA) at 200 

kV. To prepare specimens for HRTEM imaging, as-synthesized nEHA was ultrasonicated in 

ethanol for 5 min at RT and a drop was placed onto a carbon-coated copper grid and allowed to 

dry prior to HRTEM observation. Electron diffraction pattern for single crystal was also taken by 

the JEOL HRTEM. Particle size distribution of nEHA were determined using ImageJ software 

(National Institutes of Health, USA) by measuring a total of more than 100 particles from TEM 

micrographs. Energy dispersive X-ray spectroscopy (EDX) was performed using a Bruker 

Energy dispersive spectrometer coupled with Tescan Mira3 FESEM to find out the molar ratio of 

calcium/phosphorus of as-synthesized nEHA. 

6.3.6 Characterization of coated nEHA  

Attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectra and 

thermogravimetry combined with Zeta (ζ) potential measurements were used to confirm nEHA 
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nanoparticle coating by NaPA. ATR-FTIR spectra were recorded in the range of 600-4000 cm
−1 

wavenumbers
 

using a Nicolet Magna 560 spectrometer (Nicolet Instrument Corporation, 

Madison, WI). Each spectrum was an average of 256 scans with a resolution of 2 cm
−1

. 

Thermogravimetric analysis (TGA) of specimens was carried out on a TG analyzer (TGA-2050, 

TA Instruments, Inc., DE) using a flow of 60 mL/min nitrogen gas. TGA scans were conducted 

in the temperature range of 30-600 °C at a constant heating rate of 10 °C/min. ζ potentials and 

particle size distributions (PSD) of as-synthesized and NaPA coated nEHA in aqueous 

suspensions were measured using a Malvern Zetasizer Nano ZS100 device (Malvern Instruments 

Ltd., Malvern, UK) with irradiation from a 633 nm He-Ne laser. ζ potential was calculated from 

measured electrophoretic mobility using the Smoluchowski approximation.
26

 Dynamic light 

scattering (DLS) technique was performed using the same instrument to determine PSD in 

aqueous suspensions. In DLS method, the intensity of light was scattered at an angle of 173° by 

an avalanche photodiode.  

6.3.7 Characterization of SPI-nEHA nanocomposites  

The optical transmittance of specimens was measured using a UV-Visible spectrophotometer 

(Lambda 35, Perkin Elmer, Norwalk, CT). The wavelengths were selected between 400-800 nm 

with a resolution of 1 nm. Moisture content (MC) of specimens was measured according to a 

method described by Rhim et al.
27

 Tensile properties such as Young’s modulus, tensile strength 

and fracture strain of the specimens were measured according to ASTM D882-02 using an 

Instron universal tensile testing machine (Model: 5566, Canton, MA). Specimens with 

dimensions of 10 mm × 30 mm were tested at the strain rate of 1 min
-1

. A minimum of ten (10) 

specimens of each composition were tested to perform the statistical analyses. Transmission 

electron microscopy (TEM) images of thin sections of nanocomposites were obtained using FEI 
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Tecnai T12 TEM (Hillsboro, OR) to show the dispersion of nEHA in the specimens. The 

specimens were sliced into ultrathin sections using an ultramicrotome (Leica EM UC7, Buffalo 

Grove, IL). These sections were placed on a carbon-coated copper grid, individually, prior to 

TEM observation. LEO 1550 field emission scanning electron microscope (FESEM, Cambridge, 

UK) was used to analyze the fracture surface of the specimens at 3 kV accelerating voltage. 

ATR-FTIR, TG and EDX analyses of the sheet specimens were carried out as mentioned in 

sections 3.1 and 3.2. Analysis of variance (ANOVA) followed by multiple comparison tests 

using Tukey-Kramer’s HSD at 95% confidence level were performed for statistical evaluations. 

Statistical analyses were performed using JMP software by SAS Institute, Cary, NC. 

6.4 Results and Discussion 

6.4.1 Physico-chemical properties of as-synthesized nEHA  

A representative XRD pattern of the as-synthesized nEHA is presented in Figure 6.2. All 

crystallographic information from experimental XRD pattern was compared with standards by 

the Joint Committee on Powder Diffraction and Standards (JCPDS). All the peaks were matched 

closely with those of PDF standard card (00-009-0432) patterns and corresponded to 

polycrystalline hexagonal lattice cell with a space group of P63/m. As shown in the Figure 6.2, 

the diffraction peak at 25.88° corresponding to the (002) Miller plane was the most isolated one. 

The relative intensity of the (002) reflection (66%) was much higher in comparison to the 

standard XRD pattern of stoichiometric HA (36%) which reveals that the proposed synthesis 

favors nEHA crystal growth along the c-axis (JCPDS card no. 00-009-0432).
28

 The other 

observation was the broadening of the peak at around 32° which indicates small crystalline size 

of nEHA.
25

 The diffraction peaks at 25.88° and 32.90° were selected for the calculation of the 

crystallite sizes since the (002) Miller plane corresponds to the crystal growth following the c-
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axis while the (300) Miller plane corresponds to the crystal growth following a-axis. The 

crystallite size was found to be larger in the [002] crystallographic direction than that of the 

[300] direction which implies rod or needle-like structure of the synthesized nEHA.
13

 

Crystallinity index of nEHA was found to be 35% which is comparable to previously reported 

data.
25

 Table 6.1 shows the summary of calculated values from the XRD pattern of as-

synthesized nEHA. These values were consistent with the previously reported data for 

synthesized HA.
13,25
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Figure 6.2 Representative XRD pattern of as-synthesized nEHA.  

Table 6.1 Summary of values calculated from XRD pattern of as-synthesized nEHA  

 

Sample 

Lattice 

parameters (Å) 
Unit cell 

volume (Å
3
) 

Crystallite Size (nm) 
Crystallinity 

index (%) 

a, b C                    

HA from Eggshell  9.46 6.88 533.21 28.0 19.6 35 
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The specific surface area (SSA) of as-synthesized nEHA by nitrogen sorption (BET) analysis 

was found to be 100.6 m
2
/g. The high SSA of as-synthesized nEHA is advantageous as it 

provides desirable interface for stress transfer in a polymeric composite. The corresponding 

volume-surface mean diameter (    ) of as-synthesized nEHA was calculated using the 

empirical equation assuming equivalent spherical morphology:      
 

       
 ;  where   is the 

particle density.
29

 A theoretical density of 3.16 g/cm
3
 for HA was used in all calculations.

29
 The 

estimated volume-surface mean diameter from the BET method was found to be 20 nm which 

corroborates completely with the crystallite size along a-axis obtained from the XRD studies.       

Figure 6.3 shows HRTEM images along with the selected area electron diffraction (SAED) 

pattern of as-synthesized nEHA. As shown in Figure 6.3(a), the micrograph depicts an irregular 

needle-like shape of primary nEHA with a broad size distribution in length (typically from 5-100 

nm) and diameter (typically from 4-14 nm). The HRTEM observations corroborate the XRD 

analysis which revealed c-axis crystal growth in nEHA. Although some immature particles were 

observed (Figure 6.3a) as spherical shapes, the number was very small compared to the irregular 

needle-like nEHA. Irregularly shaped reinforcement, in fact, can be better in composites as they 

allow better mechanical interlocking with the polymeric resin.
11

 However, a high degree of 

agglomeration was observed owing to the large surface area of nEHA. High SSA provides strong 

attractive forces between nEHA allow forming agglomeration and entanglements, due to 

irregular shape, if not suitably dispersed. Figure 6.3(b) displays the crystalline structure of as-

synthesized nEHA with interplanar spacings of 0.34 nm and 0.26 nm corresponding to spacings 

along the (002) and (300) planes, respectively, which are in agreement with the XRD analysis. 

The corresponding selected area electron diffraction (SAED) pattern taken from a single nEHA 



167 
 

structure reveals significant crystallinity index as exhibited by the spotty diffraction rings which 

are also consistent with the XRD results (Inset of Figure 6.3b). 

  

Figure 6.3 HRTEM micrographs showing (a) as-synthesized nEHA with inset of particle 

diameter frequency distribution plot, (b) crystalline structure and inter-planer distances 

corresponding to (002) and (300) planes with inset of corresponding electron diffraction pattern 

of nEHA. 

 

EDX elemental analysis was conducted to measure the calcium to phosphorus (Ca/P) ratio of 

as-synthesized nEHA. The Ca/P ratio was calculated to be 1.53 (Supplementary information- 

Figure 6.4 and Table 6.2) that indicate a predominantly calcium-deficient HA as obtained in 

human bone (Ca/P~1.50). 

 

Figure 6.4 EDX analysis of nEHA. 
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Table 6.2 EDX data of as-synthesized nEHA 

Elements Ca P O 

Atomic % 23.0 15.0 62.0 

 

6.4.2 Surface modification of as-synthesized nEHA  

While high SSA provides desirable interfacial interaction to transfer stress in a polymeric 

composite, it also causes excessive agglomerations which can act as failure precursors in a 

composite. To obtain the true benefits of nanoparticle addition, i.e. higher properties, uniform 

dispersion of the nEHA is critical. In a solution casting approach, stable and uniform dispersion 

can be achieved by manipulating the surface engineering of as-synthesized nEHA. Nanoparticle-

nanoparticle interactions in an aqueous medium are determined by mainly two  opposite forces: 

van der Waals attraction and electrostatic double layer repulsion.
30,31

 These two forces determine 

whether the net interaction between nanoparticles is repulsive or attractive and, hence, 

determines the colloidal stability. The electrostatic double layer repulsive interaction can be 

tuned by modification at the particle’s surface using a suitable dispersant mediator. In the present 

study, the surface of the as-synthesized nEHA was coated by NaPA, a water-soluble 

polyelectrolyte dispersant, through adsorption, to increase the electrostatic double layer repulsion 

between particles and prevent their aggregation. Optimum coating of NaPA onto nEHA surfaces 

was determined to avoid any negative effects of having either insufficient or excess amount of 

the dispersant in the composites.  

The NaPA coating on the nEHA surface was confirmed through ATR-FTIR spectroscopy. 

Figures 6.5(a) and (b) show the ATR-FTIR spectra of as-synthesized and coated nEHA. Both 

spectra contain the characteristic peaks at 1091, 1026, 962, 610 and 560 cm
-1

 for phosphate 

stretching vibration modes (υ3, υ3, υ1, υ4 and υ2 of PO4
3-

, respectively).
25,32

 The band at 1450 cm
-1

 

is from dissolved CO2 during the wet chemical synthesis of nEHA which was liberated during 
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the NaPA adsorption process in nEHA.
32

 As shown in Figure 6.5(b), the absorption peaks at 

1560 and 1410 cm
-1

 have been observed in the spectrum of coated nEHA which can be attributed 

to the asymmetric and symmetric vibration modes of the COO
-
 group, respectively.

33,34
 Along 

with these bands, a weak absorption at 1465 cm
-1

 can be assigned to the CH2 bending mode of 

NaPA.
34

 These similar bands were also observed in NaPA (Figure 6.6). However, these bands 

were not present in the spectrum of as-synthesized nEHA as shown in Figure 6.5(a). 
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Figure 6.5 FTIR spectra of (a) as-synthesized nEHA and (b) coated nEHA.  
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Figure 6.6 FTIR spectrum of sodium polyacrylate (NaPA) 
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The amount of NaPA coating onto the surface of as-synthesized nEHA was calculated by 

TGA. Figure 6.7 shows representative TGA thermograms of NaPA, as-synthesized nEHA and 

coated nEHA. As shown in Figure 6.7, the decomposition of NaPA was observed within a 

temperature range above 400-550 °C with a weight loss of about 50%. Similarly, an abrupt 

single step weight loss of 6-7% was observed for the coated nEHA compared to as-synthesized 

nEHA. This can be attributed to desorption and decomposition of NaPA molecules adsorbed on 

nEHA surfaces. Single step weight loss also indicates a monolayer coating formation of NaPA 

onto the nEHA.
35

 It is worth mentioning here that the weight loss observed up to 200 °C can be 

attributed to physisorbed and chemisorbed water. 
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Figure 6.7 TGA thermograms of NaPA, as-synthesized and coated nEHA. 

Mean zeta (ζ) potentials of as-synthesized and coated nEHA as a function of pH were 

measured to quantify the electrostatic double layer repulsive charge of nEHA particles in 

solutions that determine the most stable and uniform aqueous dispersions. The ζ-potential data 

are presented in Figure 6.8. A  rough criterion for stability of particles in colloidal systems is that  
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the ζ-potential value of the particles must be greater than ±30 mV.
3
 As can be seen in Figure 6.8, 

the ζ-potential of coated nEHA has a higher negative surface charge than that of the as-

synthesized nEHA at each pH value which indicates an increased electrostatic double layer 

repulsion force because of irreversible adsorption of NaPA. The ζ-potential of nEHA became 

more negative above its isoelectric point with increasing pH for both samples. At pH of about 10, 

the largest mean ζ-potential value was found for coated nEHA (ca. -50 mV). This value is 

significantly higher than the critical value for stable and uniform suspension as well as capable 

of preventing the approach of charged nEHA particles and hence, preventing large 

agglomeration in the system. Also, the irreversible adsorption of NaPA onto nEHA surfaces 

causes the isoelectric point (IEP) to shift to the stronger acidic side (~pH 2.5). During the 

adsorption process, exposed hydroxyl groups on nEHA surfaces are liberated into solution by the 

anionic domains of polyacrylate
29,36

 and hence, will result in a shift of IEP to a more acidic pH. 

The irreversible adsorptions of NaPA on as-synthesized nEHA surfaces involves an ion 

exchange mechanism between phosphate ions and carboxylate (COO
-
) groups of polyacrylate at 

the solid-solution interfaces while COO
-
 groups and Ca

2+
 sites of nEHA may irreversibly interact 

by electrostatic interactions.
29,36

 Besides, an adsorbed polymer chain can be changed from 

extended coil conformation to train-loop-tail conformation which increases the steric hindrance 

from the repulsion of loops and tails of adsorbed polymer.
29,37

. In train-loop-tail model, polymer 

molecules adsorbed by particles at an interface can form a layer consisting of trains (polymer in 

direct contact with the particles), loops (polymer sections coming back to the contact surface) 

and tails (polymer chain ends). Thus, ion-exchange mechanism, electrostatic interactions, and 

steric hindrance phenomenon can explain the irreversible adsorption of NaPA and stabilization 

of nEHA particles in aqueous solution. 
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Figure 6.8 Mean ζ-potential of as-synthesized and coated nEHA as a function of pH. 

The effect of pH and coating on particle size distributions (PSD) of nEHA in various aqueous 

suspensions by DLS measurements is presented in Figure 6.9. The volume-weighted mean size
38

 

of as-synthesized nEHA agglomerates in DI water was ca. 1416 nm with a broad range in PSD 

between 825-2670 nm. A substantial reduction in mean agglomerate size was observed for 

coated nEHA suspensions maintained at pH of 10. The volume-weighted average mean size of 

coated nEHA became about 402 nm while PSD ranged between 52 and 860 nm. To estimate the 

degree of agglomeration in the suspension, the average agglomeration number (AAN) was 

calculated using the method described by Hackley.
39

 AAN is defined as the average number of 

primary particles contained in the agglomerate and is calculated from the equation
39

:     

 
   

    
 
 

   ε , where,     is the volume-median size obtained from PSD by DLS 

measurement,      is the volume-surface mean diameter as calculated previously from BET 

analysis of sorption isotherms and ε is the fractional porosity of the agglomerate approximated as 

0.4
29

. The AAN value for as-synthesized nEHA was calculated to be about          while the 
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value in the case of coated nEHA suspensions (ca         ) was smaller by about two orders 

of magnitude. Substantial reduction in particle sizes and AAN was established by a combined 

effect of ultrasonication along with a polyelectrolyte coating in an alkaline medium. The 

formation and destruction of cavities during ultrasonication provides a shear force on the 

agglomerates that facilitates overcoming the van der Waals attractions holding them together. At 

the same time, polyelectrolyte on nEHA increases electrostatic repulsive charge between 

nanoparticles so that they do not re-agglomerate after ultrasonication and, hence, form a stable 

dispersion.  
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Figure 6.9 Effect of pH and coating on particle size distribution of nEHA in aqueous suspension: 

(A) as-synthesized nEHA in DI water, (B) as-synthesized nEHA in DI water maintained at 

pH~10, and (C) coated nEHA in DI water maintained at pH~10. 

 

6.4.3 Characterization of SPI-nEHA nanocomposites  

SPI sheets were fabricated through the formation of various intramolecular and 

intermolecular cross-links between polypeptide chains during pre-curing and curing processes. 

The most common covalent cross-links in SPI are intermolecular disulfide linkages which are 

formed by the oxidation of the sulfhydryl groups of two cysteine residues under heat.
40

 Alkali 
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treatment coupled with thermal processing during pre-curing and curing stage can also result in 

the racemization of amino acid residues and facilitate some covalent cross-linking interactions.
41

 

For example, dehydroalanine can be formed by the loss of side chains beyond the β-carbon in 

amino acid residues. The dehydroalanine residues can react with various nucleophilic groups 

such as ɛ-amino group in lysine and sulfhydryl group of cysteine residues to form lysinoalanine 

and lanthionine cross-links. Thus, the resulting intramolecular and intermolecular covalent cross-

links during the pre-curing and curing stages are stable that facilitate to form a three-dimensional 

solid structure. 

Figure 6.10 shows the representative ATR-FTIR spectra of SPI and SPI-nEHA 

nanocomposite sheets.  As shown in the Figure, the peak at 1026 cm
-1 

for the phosphate 

stretching mode (υ3 of PO4
3-

) of nEHA moved to 1042 cm
-1 

in the SPI-nEHA nanocomposite 

spectrum. Also, the absorption increased with higher nEHA loading. Mere physical interactions 

between SPI and nEHA as characterized by the υ3 vibration mode of PO4
3-

 in nEHA may be 

sufficient for this shift as the υ3 vibration mode of phosphate has been found by others to be in a 

broad range of 1020-1045 cm
-1

.
42,43

 The band 1048 cm
-1 

wavenumber in SPI are attributed to 

C=O stretching for glycerol plasticization.
44

 Hence the peak at 1042 cm
-1 

for nEHA merged with 

the C=O stretching (1048 cm
-1 

wavenumber) in SPI resulting in higher peak intensity, with 

increased nEHA loading in SPI. It was also observed that the presence of nEHA in SPI did not 

change protein conformations as amide I, amide II and amide III band positions at 1624 cm
-

1
,1530 cm

-1
,and 1241 cm

-1
,
 
respectively, were found to be similar to pure SPI. 
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Figure 6.10 Representative ATR-FTIR spectra of SPI sheets and SPI-nEHA nanocomposites. 

The effect of incorporating coated nEHA on the optical transmittance of SPI sheet was 

determined using UV-Visible spectrophotometer and is presented in the Figure 6.11. 

Transparency value (TV) at unit light path length of the nanocomposite sheets was calculated by 

the equation
9
: TV=              , where, T600 is the transmittance at 600 nm and d is sheet 

thickness in mm. TV was taken at 600 nm as it is the approximate average wavelength of the 

visible light region. The higher the TV, the lower is the transparency. Incorporation of coated 

nEHA in SPI resin decreases the transparency of the sheets. Pure SPI sheets had a TV of 7.4 ± 

1.3 whereas SPI-nEHA10 nanocomposite sheets showed a maximum value of 28.6 ± 3.1. Even, 

the TV of SPI-nEHA10 nanocomposites was significantly higher compared to that of SPI-

nEHA5 nanocomposites (14.6 ± 1.6). At higher loading, nEHA in SPI nanocomposites 

aggregated together due to lower interparticle distances and formed larger units.
3
 These larger 

units increased the light scattering and led to the significant increase of the TV which indicates 

the increased opaqueness of the sheets with increased nEHA content in the nanocomposites.  
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Figure 6.11 Effect of nEHA loading on (a) optical transmittanceand (b) transparency values of 

SPI sheets. 

 

Table 6.3 shows moisture content (MC) values of SPI sheets and SPI-nEHA nanocomposite 

sheets after conditioning the specimens. As shown in Table 6.3, the variations in MC among 

sheets were not significant (p-value>0.05) and were varied in the range of 9-11%. Table 6.3 also 

shows the variations in tensile properties as a function of coated nEHA content. Typical stress–

strain behavior of SPI and SPI-nEHA nanocomposite sheets in tensile mode are presented in 

Figure 6.12. As seen from data in Table 6.3, Young’s modulus and tensile strength of SPI sheets 

increased, and fracture strain decreased with nEHA loading. Young’s modulus or stiffness 

improved with a maximum enhancement of about 130% at 10 wt% of nEHA loading while an 

enhancement of 60% in tensile strength was observed at SPI-nEHA5 nanocomposites compared 

to SPI sheets. This, however, was accompanied by a substantial drop in fracture strain making 

SPI-nEHA nanocomposite sheets brittle. Fracture strain dropped by 80% at 10 wt. % nEHA 

loading in comparison to pure SPI sheets. Statistical analysis based on one way ANOVA 

revealed significant differences in tensile properties between SPI sheets and SPI-nEHA 

nanocomposites sheets (p-value<0.05). Tukey-Kramer all pairs HSD tests also showed that 
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incorporation of nEHA in SPI sheets had the significant effect. The tensile properties fall into 

clearly different groups between SPI and SPI/nEHA sheets. 

Table 6.3 Tensile properties and moisture content of SPI and SPI-nEHA nanocomposite sheets 

 

Specimen 

sheets 

Young’s modulus 

(MPa) 

Tensile strength 

(MPa) 

Fracture strain 

(%) 

Moisture content 

(%) 

SPI 923±127
a
 25±2.5

a
 18±3.0

a
 10.4 ±0.6

a
 

SPI-nEHA3 1486±135
b
 35±3.5

b
 12±2.6

b
 9.9±0.8

a
 

SPI-nEHA5 1737±192
b
 41±3.5

c
 7.2±1.7

c
 10.3±0.6

a
 

SPI-nEHA10 2147±207
c
 38±2.8

bc
 4.3±1.4

d
 10.6±0.4

a
 

 

*Means not connected by same letter superscripts are significantly different at 95% confidence 

level through Tukey-Kramer HSD test 
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Figure 6.12 Typical tensile stress-strain plots of SPI and SPI-nEHA nanocomposite sheets 

 

An optimum amount of NaPA can improve the interfaces between nEHA and SPI resin. 

NaPA can be irreversibly adsorbed onto the nEHA surface while it can form intermolecular 

interactions with SPI via hydrogen bond or dipole-dipole interactions. However, it seems to have 

no significant effect on the mechanical properties of composites by optimum NaPA coating 

which is very less in terms of soy protein matrix. Rather, the dispersion at the microscopic level 
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is one of the important factors that can significantly improve the mechanical properties of 

nanocomposites.
15,45

 Figure 6.13 shows the dispersion state of nEHA in SPI-nEHA3, SPI-

nEHA5 and SPI-nEHA10 nanocomposite sheets. Uniform dispersion of 3 and 5 wt% nEHA in 

SPI resin as can be seen in Fig. 6.13(a-b). This low loading level provided more sites to facilitate 

polymer-nanoparticle interaction at the interface due to higher surface area of nEHA particles.
3
 

This facilitates a more efficient stress transfer and leads to the improvement in stiffness. 

However, microscopic level dispersion became difficult to achieve in SPI-nEHA10 

nanocomposites as shown in Fig. 6.13(c). During processing, the inter-particle distance 

decreased for higher loading causing flocculation of nEHA which remained in the form of large 

aggregates in the sheets. More agglomerations with increased aggregate sizes were observed in 

SPI-nEHA10 nanocomposites which corroborates with the TV of nanocomposites discussed 

earlier. SPI resin is globular and cannot intercalate into the nEHA agglomerates while only the 

outside of the agglomerates can be bonded to the polymer. These agglomerates can act as stress 

concentrators in composites which causes early shear slippage of individual particles within the 

agglomerates resulting in decreased strength.
46

 However, the modulus or stiffness was found to 

be a function of loading as it increased with the loading amount. 

   
Figure 6.13 TEM images showing the dispersion state of nEHA in (a) SPI-nEHA3, (b) SPI-

nEHA5, and (c) SPI-nEHA10 nanocomposite sheets. 

 

Figure 6.14 shows FESEM images of the fracture surfaces of a SPI, SPI-nEHA5 and SPI-

nEHA10 nanocomposite sheets after the uniaxial tensile test. The fracture surface of the SPI 
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sheet was much smoother and featureless indicating less interruption during failure propagation 

as shown in Fig. 6.14(a). Figure 6.14(b) and (c) are the fracture surface images of SPI-nEHA5 

and SPI-nEHA10 nanocomposites, respectively, that show greater surface roughness with 

continual crack deflection and propagation in different fracture planes. Deviation of fracture 

plane from crack initiation plane can be attributed to the presence of distributed nEHA.  

   Figure 6.14 FESEM images showing the fracture surfaces of (a) SPI sheet, (b) SPI-nEHA5 and 

(c) SPI-nEHA10 nanocomposite sheets after uniaxial tensile test. 

 

 
  

Figure 6.15 EDX elemental mapping of fracture surface of (a) SPI sheets showing absence of 

calcium and phosphorus, (b-c) SPI-nEHA nanocomposite showing the presence of calcium and 

phosphorus, respectively (Scale bar = 200 μm). 

 

The presence and distribution of nEHA in the fracture surfaces of SPI-nEHA nanocomposite 

sheet was confirmed by EDX mapping analysis (Figure 6.15). EDX mapping analysis of SPI 

sheet showed no trace of any Ca or P elements while the homogeneous presence and distribution 

of Ca and P confirmed the uniformly embedded nEHA throughout the nanocomposite.  

Figure 6.16 represents the typical thermogravimetric (TG) thermograms of SPI and SPI-

nEHA nanocomposite sheets. The weight loss (less than 10%) below 200 °C is attributed to the 
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evaporation of adsorbed and bound water. Sorbitol evaporated between 200 and 250 °C and the 

soy protein degraded at the temperature higher than 250 °C. The complete carbonization of soy 

protein occurred between 450 to 600 °C. During the protein carbonization, CO2, CO, NH3 and 

unsaturated compounds with carbonyl groups as volatile matters are known to be released. 

However, nEHA remains stable without significant weight drop (<5 wt%) in the observation 

temperature range up to 600 °C. Hence, the residual weight after the complete degradation of 

nanocomposite increases progressively with increased loading of nEHA. It can be seen that the 

nanocomposites started to degrade, reached the peak and completed the degradation process at 

higher temperatures compared to pure SPI. Also, a particular conversion corresponded to a 

higher temperature for composites indicating delayed degradation and increased thermal 

stability. However, the variation in degradation onset temperatures between SPI and SPI-nEHA 

nanocomposites was not significant (Table 6.4).  
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Figure 6.16 Typical thermogravimetric (TG) thermograms of SPI sheets and SPI-nEHA 

nanocomposites. 
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Table 6.4 Degradation onset temperature and residual yield of SPI sheets and SPI-nEHA 

nanocomposite sheets 

 

Specimen Degradation onset temp. (°C) Residual yield @ 600 °C (%) 

SPI 269.5±1.5 25.3±1.4 

SPI-nEHA3 270.6±1.8 27.9±1.1 

SPI-nEHA5 269.9±1.6 30.4±1.0 

SPI-nEHA10 274.0±1.7 35.0±1.8 

 

SPI-nEHA nanocomposites and their properties can be compared with other 

nanocomposites.
3–5,21,22,47–49

 Bio-based inorganic nanoparticles such as CaCO3
3,21

, CaSiO3
22

, 

nanoclay
5
 and halloysite nanotubes

47
 incorporated polymeric composites have properties 

comparable to the SPI-nEHA nanocomposites in this study. The above mentioned nanoparticles 

have been incorporated in some green resins such as soy protein
3,5

 and polyvinyl alcohol 

(PVA)
47

 resin while the mechanical properties were lower in comparison to SPI-nEHA 

nanocomposites. For example, 5% CaCO3 nanoparticles loaded SPI showed a Young’s modulus 

of 1055 MPa and tensile strength of 28 MPa
3
 while 5% glutaraldehyde cross-linked soy protein 

concentrate (SPC) had a Young’s modulus of 969 MPa and tensile strength of 28.5 MPa, 

respectively with the addition of 5% nanoclay.
5
 Halloysite nanotubes loading at 20% improved 

the Young’s modulus of PVA to 466 MPa, about twice that of control PVA.
47

 Comparable 

mechanical properties were also observed when bacterial cellulose (BC)
48

 or micro-fibrillated 

cellulose (MFC)
4
 were incorporated in biodegradable resins. For example, Young’s modulus and 

tensile strength of PVA with 50% BC by volume were found to be 1590 MPa and 32.6 MPa, 

respectively.
48

 Young’s modulus of SPC was found to be 1816 MPa with the addition of 30% of 

micro/nano-sized bamboo fibrils.
4
 Properties of SPI-nEHA nanocomposites in the present study 

are easily comparable with starch-based polymeric resin as mentioned by Verbeek and Bier et 
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al.
50

 Even the properties of some engineering polymers such as polyurethane, polystyrene, etc., 

are comparable with the SPI-nEHA nanocomposite as presented by Bayer et al.
51

  

6.5 Conclusions 

This study introduces a very inexpensive, sustainable and environment-friendly ‘green’ 

nanocomposite produced using soybean processing byproducts and eggshell waste that could be 

used in many applications. Nanoscale hydroxyapatite from eggshell waste was successfully 

synthesized by energy-efficient microwave-assisted wet chemical precipitation and then 

incorporated in soy-based resin by ensuring uniform dispersion by a polyelectrolyte coating. The 

coated nanoscale hydroxyapatite showed as effective filler for soy-protein based biopolymer in 

terms of improvement in functional properties of the nanocomposites. However, loading above 

5% of nEHA decreased the material homogeneity and functionality due to the agglomeration 

tendency. Still, the fabricated nanocomposite can replace some synthetic polymers to fabricate 

polymeric materials with significantly lower carbon footprint.  They can be further reinforced 

with high strength fibers such as liquid crystalline cellulose to fabricate green composites. 
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7.1 Abstract  

Bacterial cellulose (BC) nanofibrils are considered as promising biodegradable fiber-

reinforcement for polymeric composites because of their excellent tensile properties. However, 

commonly obtained randomly-oriented web-like form of BC nanofibrils impedes achieving their 

full potential as reinforcement. In the present study, a facile and scalable method has been 

developed to orient the nanofibrils through a controlled stretching of BC hydrogel. An optimum 

hydrogel-stretching at the strain rate of 0.1% min
-1

 and strain ratio of 1.2 showed substantial 

improvements in the orientation and mechanical properties of BC. Degree of orientation, 

Young’s modulus and fracture stress of the dried BC were increased by 117, 103 and 85%, 

respectively. Consequently, a BC-reinforced soy protein isolate based fully ‘green’ composites 

(BC-SPI composites) were prepared by using vacuum-assisted SPI resin impregnation into BC 

hydrogel and then stretching the resin impregnated BC hydrogel. The stretched BC-SPI green 

composites, after drying and curing, showed significant improvement in their tensile properties 

due to higher BC nanofibril orientation. This study opens up new possibilities for direct 

fabrication of lightweight and mechanically robust ‘green’ composites that can replace 

traditional non-degradable composites and reduce carbon footprint significantly. 
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7.2 Introduction 

Bacterial cellulose (BC) nanofibrils have attracted much attention as composite 

reinforcement for a variety of applications because of their unique characteristics, such as 

excellent mechanical properties, low density, low thermal expansion, high optical transparency, 

and biodegradability.
1–3

 BC is an extracellular cellulose produced by Gram-negative aerobic 

bacterium ‘Acetobacter xylinum’ at the air-liquid interface of the culture medium containing 

carbon and nitrogen sources.
4
 Under static cultivation conditions, BC is formed as a multilayer 

hydrogel scaffold with randomly-oriented ribbon-shaped nanofibrils stacked in a reticulated 

fashion.
5
 One of the advantages of BC over typical cellulose reinforcements from plant sources 

is that it is extremely pure and does not contain any hemicelluloses, lignin, pectin or waxy 

materials.
5
 Furthermore, it has higher crystallinity, degree of polymerization, specific surface 

area, aspect ratio, and hence, higher tensile properties compared to typical cellulose materials.
6,7

 

As a result, BC can be successfully exploited in the fabrication of lightweight and strong ‘green’ 

composites that can replace petroleum-derived non-degradable composites. 

Mechanical properties of BC are known to be affected by several intrinsic and extrinsic 

factors, such as crystallinity, degree of polymerization, aspect ratio and orientation of the 

nanofibrils.
8
 While some factors can be manipulated by adjusting carbon and nitrogen sources in 

the culture medium to improve the tensile properties, nanofibrillar orientation cannot be easily 

obtained as the bacteria move freely in all directions resulting in randomly-oriented nanofibrils 

in the pellicle. It is commonly known that polymeric composites with uniaxially oriented fibers 

have better mechanical properties in comparison to those that lack fiber orientation.
9,10

 On the 

same basis, substantial improvement in mechanical performance of BC-reinforced composites 
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should be possible if increased BC nanofibril orientation can be obtained. Although there have 

been some attempts to produce oriented BC 
11–14

, no study has been conducted on the 

implications of oriented BC in fully ‘green’ composites to the best of our knowledge. Also, the 

reported approaches for orientation could be time consuming and technically complex when the 

oriented BC are considered for fabricating composite materials on commercial scale.
11–13

 It is, 

therefore, important to develop a facile, inexpensive, green and scalable process to fabricate 

oriented BC and oriented BC-reinforced composites. 

Plant proteins, by-products after oil extraction from many seeds and grains, have been 

utilized as bio-based resins for composite materials.
15–20

 Among them, soy protein is one of the 

most widely available and comes with several other benefits such as low cost, biodegradability, 

bio-compatibility, environmental-friendliness and annual renewability.
21,22

 Also, the bio-based 

resins used to fabricate BC-reinforced ‘green’ composites should meet other criteria, such as 

hydrophilicity, appropriate viscosity, good adhesion and wettability that soy protein can 

satisfy.
23–26

 The viscosity of hydrophilic soy protein resin can be easily adjusted by altering 

solution concentration by controlling the amount of water. Also, it has a high affinity to the 

hydroxyl groups on cellulose due to the presence of various polar amino acids.
16,23,24

 

The present study discusses a simple way to orient BC nanofibrils and fabricate BC-

reinforced soy protein isolate (BC-SPI) composites using an inexpensive, green and scalable 

process. The first part of this paper discusses BC hydrogel stretching at optimum strain rate and 

strain ratio to obtain the nanofibril orientation. Stretched BC was characterized to determine the 

effect of the stretching process on its morphology, orientation and tensile properties. The second 

part of the paper discusses similar stretching process used to orient BC-SPI composites prepared 

via vacuum-assisted resin impregnation and the effects of stretching on the tensile properties of 
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the composites. The morphology, orientation, and tensile properties of the BC and BC-SPI 

composites were evaluated by field-emission scanning electron microscopy (FESEM), wide-

angle X-ray diffraction (WAXD) and uniaxial tensile testing, respectively. 

7.3 Experimental  

7.3.1 Materials  

Acetobacter xylinum strain, ATCC 23769 was obtained from American Type Culture 

Collection (ATCC, Manassas, VA). D-mannitol, yeast extract and tryptone were purchased from 

Fisher Scientific (Pittsburgh, PA). SPI was provided by Archer Daniels Midland Co. (Decatur, 

IL). Analytical grade sodium hydroxide (NaOH) pellets and ammonium nitrates (NH4NO3, ≥ 

98% purity) were purchased from Sigma-Aldrich Chemical Co. (Allentown, PA). 

7.3.2 Preparation of BC Hydrogel  

BC hydrogel in pellicle form (BC-HP) was prepared according to a previously described 

method with some minor modifications.
27

 Acetobacter xylinum strain was maintained on agar 

plates containing 2.5% (w/v) D-mannitol, 0.5% (w/v) yeast extract and 0.5% (w/v) tryptone, and 

2.0% (w/v) agar. The strain from the agar plate was transferred into a sterilized culture medium 

containing the same amount of D-mannitol, yeast extract and tryptone to produce seed culture. 

This seed culture (~15 mL) was inoculated into a 150 mL culture medium for the production of 

BC-HP, and the cultivation was carried out at pH of 5.0 ± 0.2 and at 29 °C for 10 days in an 

incubator. BC-HP produced at the air/culture medium interface was taken out, washed with 1N 

NaOH solution at 90 °C for 15 min followed by de-ionized (DI) water at room temperature (RT) 

to eliminate the cells and chemicals of the culture medium, and stored in DI water at 4 °C for 

further experiments. 

7.3.3 Stretching of BC Hydrogel Strips  
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Rectangular BC hydrogel strips (BC-HS) with dimensions of 15 mm × 60 mm were cut from 

the BC-HP. Stretching of BC-HS was carried out using Instron universal tensile testing machine 

(Instron, Model 5566, Canton, MA) in a conditioning room maintained at ASTM conditions of 

65 ± 2% RH and 21 ± 1 °C. BC-HS were stretched with a gauge length of 30 mm at a controlled 

strain rate of 0.1% min
-1

 until the strain reached 20% or corresponding strain ratio of 0.2. The 

stretching was stopped at that time, and the stretched BC-HS were kept in between two 

polyvinylidene fluoride (PVDF) filter (Durapore
®

 membrane filters, Filter type: 0.45 µm, Merck 

Millipore Ltd., Ireland) papers and cardboards for drying at 50 °C for about 8 h. These dried and 

stretched BC-HS are referred to as ‘Stretched BC’ in this paper. Un-stretched BC-HS were dried 

using same process and will be referred to as ‘Control BC’. 

7.3.4 Preparation of BC-SPI Composites  

BC-SPI composites were prepared in water. At first, SPI powder was homogenized in DI 

water at a ratio of 1:16 (w/v) by a magnetic stirrer for 15 min at RT and further stirred for 20 min 

at 80 °C by adjusting pH to 10.5 ± 0.2 using a 1 N NaOH solution. Then, BC-HS specimens 

(Dimensions: 15 mm × 60 mm) cut from the BC-HP were impregnated with SPI resin solution 

under a vacuum of -0.1 MPa at RT for 30 min in a vacuum oven. SPI-impregnated BC-HS 

specimens were withdrawn from vacuum oven, and the excess resin from the surface was 

removed using filter papers. Finally, they were dried at 50 °C for about 8 h and cured by a 

hydraulic hot-press (Carver Inc., Wabash, IN) at 120 °C for 3 min under a pressure of 8.5 MPa. 

Dried and cured SPI-impregnated BC-HS specimens will be referred to as ‘Control BC-SPI’ 

composites in this study. 

7.3.5 Stretching of SPI-impregnated BC-HS  
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The stretching process used for BC-HS was also performed on the stretching of SPI-

impregnated BC-HS. After stretching, the specimens were dried and cured using similar process 

mentioned in the previous section for the preparation of control BC-SPI composite. These 

specimens will be referred to as ‘Stretched BC-SPI’ composites.  

7.3.6 Characterization  

Wide-angle X-ray diffraction (WAXD) patterns of control and stretched BC specimens were 

recorded using Bruker AXS Hi-star general area detector diffractometer (Madison, WI) equipped 

with CuKα1 radiation (λ = 0.154 nm) operated at 40kV and 20 mA in two directions; through the 

plane and through the cross-section of the specimens. Azimuthal intensity distribution pattern for 

200 equatorial reflection was used to calculate degree of orientation (DO) according to the 

equation:    
         

    
; where, FWHM represents full width at half-maximum of the 

azimuthal profiles from the equatorial reflection.
10

 

Tensile properties of all specimens were determined using the same Instron, equipped with a 

100 N load cell. All specimens had dimensions of 5 mm   50 mm. The thickness of the 

specimens was measured by a digimatic micrometer (Model: MDC-1 PJ, Mitutoyo, Japan). 

Sheets having 10 mm   10 mm dimensions were weighed to calculate the density. Each 

specimen was glued between two rectangular paper tabs keeping the gauge length of 20 mm and 

subsequently tested at a strain rate of 2% min
-1

. All specimens were conditioned at 21 ± 1 °C and 

65 ± 1% RH for 24 h using a saturated ammonium nitrate (NH4NO3) solution before the tensile 

test. A minimum of six specimens were tested to obtain average values and standard deviations. 

Statistical analyses were performed using JMP statistical software (SAS Institute, Cary, NC). 

The weight fraction of BC in control and stretched BC-SPI composites was calculated by SPI 

resin dissolution. The specimens (            ) were weighed and submerged into a bath 
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of alkaline solution (pH~10.5) for about 24 h maintained at 80 °C. After 24 h when the SPI resin 

was disintegrated completely, BC was taken out and washed several times using DI water. The 

BC was then dried at 50 °C for 6 h and weighed to calculate the weight fraction in the composite.  

Fracture surfaces after tensile test and through-plane surfaces of all specimens were analyzed 

using a Tescan Mira3 FESEM (Tescan USA, Inc., Warrendale, PA) at an accelerating voltage of 

3 kV. The surfaces were coated with a thin layer of gold to prevent charging using a Denton 

Desk V sputter coater (Denton Vacuum, Moorestown, NJ) before SEM observation.  

7.4 Results and Discussion 

BC-HP is a highly porous membrane composed of three-dimensional cellulosic fibrous 

network with a substantial amount of interstitial water.
28

 BC-HP, in this study, contained around 

98% water and 2% BC nanofibrils that were distributed randomly without any restriction in their 

native state. In this state, while the maximum inelastic deformation upon tensile stretching can be 

expected due to the inherent lubrication effect of the interstitial water, nanofibril entanglements 

restrict the deformation. Previously, water has been considered as one of the most efficient 

lubricants for wet-spinning of various hydrophilic polymers.
10

  Similarly, with abundance of 

water as lubricant in BC-HP, it is expected that the nanofibrils could move and orient themselves 

in the direction of the stress during the stretching process. In this process, initially, the inter-

nanofibril distance reduces as the pore volume decreases upon stretching while the reduction in 

inter-nanofibril distance increases the inter-fibrillar hydrogen bonding. Further stretching can 

generate twisting and firmer interlocking among the already entangled nanofibrils restricting the 

nanofibrillar rearrangement in the BC network. However, loosely nanofibrils entanglements try 

to be straightened towards the stress direction until fully constrained with increased stretch. 

Stretching beyond this point initiates nanofibril fracture degrading the tensile properties of the 
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BC network. In all phases of stretching, as nanofibrils come closer the interstitial water from the 

BC network gets squeezed out, resulting in an irreversible formation of hydrogen bonds between 

BC nanofibrils.
13

 Therefore, lateral shrinkage of the specimen with maximum orientation in the 

stretching direction can be expected. 

It is critical to determine the maximum stretching possible while avoiding any damage to the 

fibrous network so as to be able to utilize the full potential of the nanofibrillar orientation in the 

stretching direction. To achieve that, two limiting factors, namely, strain rate, and strain ratio 

should be optimized to confirm an effective orientation of nanofibrils during stretching. High 

strain rate and strain ratio inevitably lead to premature fracture. Therefore, some initial 

experiments were performed to determine optimum strain ratio and strain rate that allowed 

largest inelastic deformation of BC-HS and obtain best possible orientation of the BC 

nanofibrils. Figure 7.1 shows the stress vs strain plot of BC-HS being stretched at a strain rate of 

0.1% min
-1

 and the inset photograph shows a BC-HS specimen being stretched on an Instron. As 

shown in Figure 7.1, the optimum stretching of BC-HS was observed at a strain ratio of 1.2. 

Optimum stretching in this case is defined as the maximum stretch that can be reached without 

the initiation of fracture in the BC nanofibrillar network. Stretching to higher strain ratios (strain 

ratio >1.2), however, showed fracture of the hydrogel nearly in all cases, as shown in Figure 7.1, 

for strain ratio of 1.3. The achievable strain ratio in BC-HS was found to be limited due to the 

high density of entanglements between nanofibrils which impede each other to be perfectly 

aligned upon stretching. However, lower strain rate was found to be better for controlled 

stretching up to the maximum possible strain ratio. The strain rate was set to 0.1% min
-1

 based 

on the preliminary experiments. Lower strain rate provides sufficient time for maximum 

rearrangement and reduces the stress on nanofibrils.
10

 However, extremely low strain rate of less 
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than 0.1% min
-1

 had a drying effect due to the large timescale needed for stretching. Hence, the 

strain ratio of 1.2 and strain rate of 0.1% min
-1 

were considered as providing maximum possible 

nanofibrillar alignment for BC-HS in this study.  
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Figure 7.1 Typical stretching behavior of BC-HS at a strain rate of 0.1 % min
-1

. Inset 

photograph shows the BC-HS specimen being stretched on Instron.   
 

The effect of stretching on the orientation of BC nanofibrils was evaluated using WAXD 

analysis. WAXD images were collected in both perpendicular and parallel directions to the 

control and stretched BC plane to analyze any change in nanofibrillar orientation resulting from 

stretching. The BC plane perpendicular to the X-ray beam is referred to as through-plane (TP) 

direction while BC plane was aligned parallel to the X-ray beam in the cross-section (CS) 

direction. Figure 7.2 shows WAXD images of the crystallographic lattice planes in the TP and 

CS directions of control and stretched BC. As can be seen in Figure 7.2, a significant change in 

the ring pattern was observed at the equatorial (200) reflection of BC due to nanofibrillar 

rearrangement after stretching. Control BC shows a ring pattern along the TP direction indicating 

random orientation of the BC nanofibrils (Figure 7.2a). In comparison, equatorial arc pattern 
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formed along the TP direction of stretched BC is confined to sharp spots as seen in Figure 7.2(b), 

suggesting a preferred orientation along the stretching direction. In the CS direction, the 

formation of diffraction spots is more prominent compared to TP direction (Figure 7.2(c-d)) and 

hence, the effect of stretching on the orientation of the nanofibrils is more pronounced.  

  

  
 

Figure 7.2 WAXD images: through-plane view of (a) control, (b) stretched BC and cross-section 

view of (c) control, (d) stretched BC. 

 

The degree of orientation (DO) was quantified from the azimuthal intensity profiles from 

WAXD of control and stretched BC. Figure 7.3 shows the azimuthal intensity profiles at the 

equatorial reflection (200) for TP and CS directions of the control and stretched BC and Figure 

7.4 shows the degree of orientation for TP and CS views, respectively. The degree of orientation 
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(DO) ranges between 0 to 1 where DO of 1 corresponds to perfect orientation parallel to 

stretching direction and DO of 0 refers to perfectly random orientation. As seen in Figure 7.4, the 

degree of orientation of stretched BC is significantly higher compared to control BC in both TP 

and CS directions. For control BC the degree of orientation was 0.29 and 0.38 in TP and CS 

directions, respectively, whereas the values of stretched BC in the two directions were 0.63 and 

0.71, respectively. Also, the narrower and more defined intensity maxima in comparison to the 

control BC (Figure 7.3) indicated the preferred orientation of nanofibrils along the stretching 

direction. 

 

Figure 7.3 Azimuthal intensity profiles at the equatorial reflection (200) for through-plane and 

cross-section directions of control and stretched BC. 
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Figure 7.4 Degree of orientation for through-plane and cross-section views of control and 

stretched BC. Inset schematic shows the direction of X-ray beam. 

 

The surfaces of control and stretched BC specimens were observed by FESEM to 

characterize the effect of stretching on surface morphology and orientation. Figure 7.5 shows the 

FESEM images of the surfaces of control and stretched BC. As can be seen in Figure 7.5(a), the 

surface of control BC showed a comparatively high degree of roughness while stretched BC had 

a smoother surface (Fig. 7.5b). The formation of smoother surface is attributed to the evening out 

due to stretching. The higher magnification image of control BC (Figure 7.5c) clearly showed the 

random orientation of the nanofibrils whereas after stretching, a significant number of nanofibrils 

were observed to be better oriented in the direction of stretching (Figure 7.5d) supporting the 

WAXD observations. Many of the nanofibrils were partially orientated and were inclined at 

some angles with the stretching direction. However, only a small fraction of the nanofibrils were 

almost perpendicular to the stretching direction. This is clearly due to large number of 

entanglements among the nanofibrils which limits the strain ratio as discussed earlier. Also, 

qualitative observation of SEM images showed a significant difference in porosity due to 
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stretching of BC network. Pore diameters ranged from several dozen to several hundred 

nanometers and very irregular shape in a high-density network for control BC (Figure 7.5c) 

while the pore diameter and shape irregularity reduced substantially due to the decrease in inter-

fibrillar angles and fiber-fiber gap along the stretching axis for stretched BC (Figure 7.5d). 

 

  

  
Figure 7.5 FESEM images of surfaces of control (a, c) and stretched BC (b, d) at different 

magnifications. 

 

Figure 7.6 shows typical tensile stress-strain plots of control and stretched BC while Table 1 

presents the average values for Young’s modulus, fracture stress, and fracture strain obtained 

from the plots. As seen in data presented in Table 7.1, Young’s modulus and fracture stress of 

stretched BC increased substantially. These were accompanied by a significant decrease in 

fracture strain as can be expected. Compared to control BC, Young’s modulus was increased by 
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approximately 103% (from 3.2 GPa to 6.5 GPa) and fracture stress was increased by about 85% 

(from 71.3 MPa to 132 MPa) after stretching as a result of enhanced nanofibrillar orientation. 

The same factor reduced the fracture strain by about 45% (from 4.5% to 2.5%) in stretched BC 

as expected. Analysis of variance (ANOVA) revealed the difference in the tensile properties 

between control and stretched BC to be significant (p-value<0.05). The major reason for the 

enhancement of Young’s modulus and fracture stress in the stretched BC is the nanofibrillar 

alignment in the direction of loading.
29

 The other practical reason for the increase in Young’s 

modulus and fracture stress might be attributed to the reduction in porosity. It is well-known that 

porosity is one of the most important structural characteristic in BC.
30

 The adverse effect of 

porosity on the mechanical properties in materials has been discussed by Retegi et al.
30

 

Theoretically, the porosity (P) of BC can be calculated from the absolute density of cellulose 

crystallite                
   and bulk density (  ) of BC using the equation:    

     

  
  

    .
30

 The bulk densities of the control and stretched BC as determined by measuring their 

volumes and weights were found to be 1.02 g/cm
3
 and 1.18 g/cm

3
, respectively. The calculated 

pore volume of the control BC was found to be 36% which accounted for more than one-third of 

the total volume while the pore volume of stretched BC was reduced to around 26% or one-

fourth of the total volume. This result agrees well with the SEM observations discussed earlier 

and shown in Figures 7.5 (c) and (d). 
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Figure 7.6 Typical tensile stress-strain plots of the control and stretched BC. 

Table 7.1 Tensile properties of control and stretched BC 

Specimen Young’s modulus  

(GPa) 

Fracture stress  

(MPa) 

Fracture strain  

(%) 

Control BC 3.2 ± 0.4 71.3 ± 13.9 4.5 ± 0.7 

Stretched BC 6.5 ± 0.7 132.0 ± 19.5 2.6 ± 0.3 

 

As the next step, fully ‘green’ composites were developed by filling the pores in the BC with 

biodegradable SPI resin using vacuum-assisted impregnation process. In a composite material, 

porosity should be reduced as much as possible since it has a negative influence on the stress 

transfer between fiber and resin.
31

 Figure 7.7 shows the FESEM images of surfaces of control 

and stretched BC-SPI composites at different magnifications. As can be seen in Figure 7.7, SPI 

resin fills the pores effectively in both composites. Despite of these observations of the 

micrographs, these composites may still have some porosity which have been calculated 

according to the equation
32

:             
  

         
       , where ρc, ρf and ρr, are the 

bulk densities of the composite, BC and SPI, respectively, and wf, and wr are weight fractions of 
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BC, and SPI, respectively. The porosities in both composites were calculated to be in the range 

of 2-3% which may be quite typical. 

Since the processing of resin was water-based, the resin and fiber weight fractions could 

easily be controlled by simply adjusting the concentration of the SPI solution. Previously, 

Nakagaito and Yano observed a bi-linear relationship between Young’s modulus and fiber 

content in phenol-formaldehyde/micro-fibrillated cellulose (MFC) composites.
33

 They found that 

increasing MFC content up to 40 wt% resulted in a linear relationship with Young’s modulus 

while above 40 wt% fiber content created a negative deviation from this linear relationship. They 

described this as the reinforcing saturation effect. Retegi et al. observed difficulties to fill the 

pores with epoxidized soybean oil resin in acetylated BC at high content in spite of the low 

viscosity of the resin.
34

 This caused inhomogeneity problems in acetylated BC-epoxidized 

soybean oil composites.
34

 Since the effect of fiber content was not the prime concern in this 

study, the BC content in the composites was maintained at about 40 ± 2% by weight based on the 

previous studies.
33,34

 Here, the effect of stretching on the tensile properties of the BC-SPI 

composite was investigated and is discussed later. 

  

Figure 7.7 FESEM images of surfaces of control BC composite (a) and stretched BC composite 

(b) shown at different magnifications. 

(b) (a) 
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Typical tensile stress-strain plots of SPI resin, control, and stretched BC-SPI composites are 

shown in Figure 7.8 and Table 7.2 summarizes Young’s modulus, fracture stress, and fracture 

strain values obtained from the plots. The tensile properties of SPI resin included in Table 7.2 

were used to calculate the theoretical values of the composites using rule of mixtures (ROM). As 

expected, similar effects of stretching on the tensile properties were observed in the case of 

composites. The stretched BC-SPI composites showed significantly higher modulus and strength 

with lower fracture strain compared to control BC-SPI composites. Control BC-SPI composites 

showed an average Young’s modulus of 1.9 GPa, fracture stress of 40 MPa and fracture strain of 

4.2%. After stretching, the Young’s modulus increased by about 90% to 3.6 GPA, the fracture 

stress increased by 66% to 66.3 MPa and the fracture strain decreased by about 36% to 2.7%. 

The improvements in the tensile properties of the composites due to stretching were found to be 

slightly lower as compared to the improvements in the BC alone. SPI resin impregnated BC-HS 

was more difficult to be aligned through stretching compared to BC-HS alone. The main reason 

for this is the higher viscosity of the impregnated SPI resin impedes the natural movement of the 

BC nanofibrils, compared to water, and limits their disentanglement and hence their orientation. 
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Figure 7.8 Typical tensile stress−strain plots of SPI resin, control BC-SPI, and stretched BC-SPI 

composite. 

 

Table 7.2 Tensile properties of SPI resin, control and stretched BC-SPI composite  

Specimen Young’s modulus 

(GPa) 

Fracture stress 

(MPa) 

Fracture strain 

(%) 

SPI resin 0.9 ± 0.2 25.3 ± 4.2 6.5 ± 2.8 

Control BC-SPI (Experimental) 1.9 ± 0.3 40.0 ± 7.6 4.2 ± 0.4 

Control BC-SPI (ROM) 1.8 43.7 - 

Stretched BC-SPI (Experimental) 3.6 ± 0.4 66.3 ± 10.1 2.7 ± 0.3 

Stretched BC-SPI (ROM) 3.1 68.0 - 

 

The theoretical values for Young’s modulus and fracture stress of control and stretched BC-

SPI composites were calculated using ROM to compare with the experimental values (Table 

7.2).
27

 The densities of SPI resin, control BC, and stretched BC used to calculate the theoretical 

values were 1.27, 1.01, 1.18 g/cm
3
, respectively. The theoretical predictions and experimental 

results for Young’s modulus and fracture stress of control and stretched BC are very close to 

each other as shown in the Table 2. This can be attributed to the BC and SPI compatibility based 

on earlier studies on natural fibers and soy protein based composites.
25,26

 Also, vacuum assisted 
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SPI infiltration helps to obtain BC-SPI homogeneity. Overall, the significant enhancements in 

tensile properties of composites are the result of the increased orientation of the nanofibrils. 

Figure 7.9 shows FESEM images of fracture surfaces of control and stretched BC-SPI 

composites after the tensile test. More random and undulated layers were observed in the control 

BC-SPI composite (Figure 7.9a) whereas more compact and smooth appearance of layers were 

observed in stretched BC-SPI composite (Figure 7.9b). The more compact layer suggests 

reduction in the porosity and increase in the orientation due to stretching. Besides, comparatively 

less featured fracture surface with less interruption of failure propagation was observed in the 

stretched BC-SPI composite indicating more brittleness. On the contrary, a greater degree of 

roughness in the control composites indicates greater interruption of failure propagation 

implying a ductile system. The mechanical properties (fracture strain) observed during tensile 

test agree with the SEM analysis. Also, as seen in Figure 7.9(c), some of the BC nanofibrils are 

protruding out from SPI resin in control BC-SPI composite as indicated by the red arrows. 

However, less nanofibrillar protrusion from the resin was observed (Fig. 7.9d) in the stretched 

BC-SPI composite. The protruding lengths in this case are also shorter compared to the control 

BC-SPI composites. This phenomenon can be explained by the brittle fracture or low fracture 

strain behavior of the stretched composite. Nanofibrils more aligned with the plane of the 

fracture surface are easier to be pulled out than those perpendiculars to it. 
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Figure 7.9 FESEM images of fracture surfaces of control (a, c), and stretched (b, d) BC-SPI 

composites at different magnifications after uniaxial tensile test. 

 

7.5 Conclusions 

In this study a straightforward and environmental-friendly process for the fabrication of 

oriented BC and BC-reinforced ‘green’ composites by simple hydrogel-stretching, drying and 

curing has been developed. Although the mechanical (tensile) properties of BC depend on 

several intrinsic, extrinsic and processing parameters, the effect of orientation has been 

considered in this study, keeping the other factors constant. An optimum and controlled 

stretching BC hydrogel at a strain rate of 0.1% min
-1

 and a strain ratio of 1.2 demonstrated 

significant improvement in the orientation of randomly-oriented nanofibrils and resulted in 

significantly higher tensile properties of BC. Also, significant improvement in the tensile 

properties of BC-SPI composite was obtained after similar stretching of SPI-impregnated BC 
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hydrogel due to the nanofibrillar orientation. High density of entanglements in BC networks was 

seen to impede obtaining perfect alignment through stretching. The entanglements, in the future, 

may be reduced through the control of microbial movement during the fermentation process. 

Hence, considering the simplicity of the route and sustainable characteristics of the materials, the 

development process is suitable for industrial scale production of mechanically robust and 

lightweight advanced ‘green’ composites that can replace traditional non-degradable plastics and 

composites. 
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Chapter 8 Suggestions for Future Research 

 

The development of eco-friendly and biodegradable polymers and nanocomposites can be 

best viewed in the context of greening of the ecology and environment. These materials are 

primarily derived from plants and designed to degrade upon disposal by the actions of living 

organisms and thus do not end up in landfills, unlike petroleum-derived materials.
1
 Besides, 

research efforts in the development of these polymers and composites have shown promising 

opportunities towards replacing conventional petroleum-derived polymers and composites in 

various applications including casing, packaging, furniture, automotive panels and other indoor 

structures in housing and transportation, etc.
2
 Still, the research in this field is in its infancy and 

there are substantial opportunities to achieve further improvements in their functional properties 

and thus broadening the applications.  

Eco-friendly and biodegradable polymers and nanocomposites with tunable properties have 

been fabricated and characterized in this research. Bio-based materials used in this study to 

derive polymers and fabricate nanocomposites, many of them from non-edible sources, have 

been obtained, derived and/or synthesized from various waste sources, as much as possible. The 

ultimate goal is to reduce the waste that is discarded at present and to reduce the cost of the 

‘green’ nanocomposites.
3–7

 At the same time, the use of waste sources reduces the dependency of 

edible source-based biopolymers in technical applications.
3,4,7

 The mechanical, thermal, and 

physicochemical properties along with water resistance of the polymers and nanocomposites 

have been improved using various natural plasticizers, cross-linkers, inorganic nanoparticles, and 

cellulose nanomaterials to replace edible source-based materials as well as some petroleum-

derived materials.  

Based on the present research, the following recommendations can be made: 
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i) The biodegradation process, mechanism, and life cycle analysis for the non-edible 

proteins based biopolymers derived from neem, karanja and jatropha seed cake need 

to be investigated in the future. Since these seedcakes provide the necessary 

resistance against microbial and fungi attack due to the presence of toxins, it is 

expected the biodegradation process will take longer when compared to edible 

proteins and starches. Although the source and materials processing are completely 

bio-based and green, the biodegradation process needs to be investigated for deeper 

understanding. 

ii) Other non-edible proteins and starches based resin can also be developed and 

characterized from a range of forestry wastes such as defatted castor, linseed and 

palm seed cakes. Also, various wastes from vegetable and fish processing industries 

can be a viable source of protein, starch or cellulose based resin for the future ‘green’ 

composites. Also, the sources for the synthesis of inorganic nanomaterials such as 

hydroxyapatite, calcium carbonate, etc., can be explored using animal bones and teeth 

from slaughterhouse and dead animals’ wastes. Thus, the use of bio-derived resins 

and nanomaterials from waste sources can reduce the use of edible sources and 

reduce the burdon of waste management. 

iii)  The non-edible seedcakes, obtained after oil extraction, are good sources of sugar-

based polysaccharides as has been demonstrated in this research. These sugars can be 

used as plasticizers while sugar derivatives containing aldehyde or carboxyl groups 

through the oxidation of sugars can be good candidates for the development of 

‘green’ cross-linkers.
8
 Thus, the constituent for the development of resins can be 

derived and/or synthesized from the same source.
8
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iv) Typically, the carbon sources used to produce bacterial cellulose (BC) is 

commercially available sugars which are expensive. However, low-cost carbon 

sources can be developed from various defatted edible seeds since they are excellent 

sources of sugars such as fructose, glucose, sucrose, and raffinose, etc. Previously, it 

has been shown that soy flour extract can be a good source to produce BC with 

similar properties in our lab.
9,10

 Similarly, low-cost nitrogen sources need to be 

developed from renewable sources. 

As mentioned earlier, development of ‘green’ materials is still in its infancy, but the 

consumption of these materials has been rising in the past decade because of their favorable 

economics and adverse environmental impacts of using petroleum based materials. However, 

global commercialization of the ‘green’ materials to replace the conventional petroleum-based 

materials has been a challenge because the petroleum industry is mature and the products are still 

inexpensive and familiar to the customer. The present research shows a pathway to fabricate 

strong, tough and inexpensive eco-friendly polymers and nanocomposites that can reduce the 

carbon footprint of many of the materials we use in our day-to-day life. 
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