
ADVANCED ‘GREEN’ COMPOSITES BASED ON AGRICUTURAL BY-PRODUCTS 

 

 

 

 

A Thesis 

Presented to the Faculty of the Graduate School 

of Cornell University 

In Partial Fulfillment of the Requirements for the Degree of 

Master of Science 

 

 

 

 

by 

Denghao Fu 

May 2020 



 

 

 

 

 

 

 

 

 

 

 

 

 

© 2020 Denghao Fu 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 1 

ABSTRACT 

 

Concerns regarding environmental deterioration as well as issues regarding the sustainability of 

fast depleting petroleum resources used to make conventional plastics have forced the scientific 

community to focus on developing and manufacturing new and novel ‘green’ materials that are 

fully biodegradable and derived from renewable, plant-based resources. In the present study a non-

edible starch, extracted from avocado (Persea americana) seed starch (AVS), a waste product of 

avocado processing, was developed for fabricating ‘green’ composites. AVS was crosslinked using 

a green crosslinker, 1,2,3,4-butane tetracarboxylic acid (BTCA), and a catalyst, sodium 

hypophosphite (SHP), to prepare a rigid thermoset resin with improved water resistance. Two 

cellulose based reinforcements, micro-fibrillated cellulose (MFC) with average diameter of 50 nm 

and velvet leaf (a common weed) stem derived microfibers (VLF) with average diameters of 12 

μm were used to fabricate green composites. Properties of these green composites were fully 

characterized and compared with different compositions. In addition, advanced ‘green’ composites 

with excellent mechanical properties were fabricated by combining liquid crystalline cellulose 

(LCC) fibers with MFC blended AVS (MFC/AVS) resin. LCC fibers were modified using a 

combination of alkali and heat treatments to further improve their tensile strength from 1.5 GPa to 

over 1.9 GPa. The advanced green composites prepared by simple hand layup showed average 

tensile strength of 380 MPa and Young’s modulus of 25 GPa with only 40% of LCC fibers by 

volume. This study clearly demonstrates the potential of AVS based green composites for industrial 

applications such as automotive, packaging, construction and others. 
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CHAPTER 1: INTRODUCTION 

1.1 Green biodegradable composites 

Composites are made by combining two or more different components to obtain desired 

properties. Different components may be combined in different proportions and organized 

differently to obtain various structures and desired properties. They not only retain the merits of 

each component, but also obtain integrated properties with the combination of each constituent 

through synergistic interactions.1 Composite materials normally consist of reinforcements that 

include micro- and/or nano- particles or fibers, and a binding agent termed as matrix or resin in 

the form of polymer, ceramic or metal. The definition of composite materials was first put forward 

when glass fiber reinforced plastic was invented for use in aerospace industry in the 1950s.2 After 

that, carbon, boron, silicon carbide and aramid fibers, silica nanoparticles, carbon nanotubes and 

graphene sheets were synthesized and have been combined with different types of resins such as 

synthetic epoxy, rubber, ceramic and metals such as aluminum and titanium for use in diverse 

applications including construction, aerospace and automotive applications.3   

As one of the most common composites, fiber reinforced polymer composites have been 

commonly used for decades in many structural applications due to their light weight, high strength 

and stiffness as well as the ability to engineer the properties in different directions.4 For the fiber 

part, most common fibers include glass, carbon and polymeric fibers such as Kevlar® and ultrahigh 

molecular weight polyethylene. Common polymeric resins include thermoplastic polymers such 

as polypropylene (PP), polyethylene (PE), polyvinyl chloride (PVC) or thermoset polymers such 

as epoxy and polyurethanes (PU). The resins play an important role to hold the fibers in their 

respective positions and transfer the load from broken fibers to intact fibers through the fiber/resin 



 2 

interface.5 As a result, besides the respective mechanical properties of fibers and resin, the 

adhesion at the fiber/resin interface is of critical importance in composites to obtain desired 

properties. Adhesive bonding between fiber and resin should be strong enough to avoid debonding 

and resulting in fiber pulling-out from the resin during composite fracture.6  

With the rapid development and improvement of tougher, stronger and multifunctional 

advanced composites, their use in diverse applications has increased many folds in the past 4-5 

decades. Most of the fibers and resins mentioned above do not degrade in normal environments. 

With large amounts of composites being produced and used, disposal at the end of their life has 

become a serious problem. In 2018, the U.S. glass fiber consumption reached 2.5 billion pounds 

and at the same time worldwide carbon fiber consumption increased to 75,000 metric tons.7 To 

figure out the waste disposal problem, some recycling techniques have been developed including 

thermal recycling, chemical and mechanical recycling.8 However, recycling costs, lower quality 

of recycled materials and the technical barrier posed by the complexity of different composites 

still hinder the development of composite recycling process.  

Concerns regarding environmental degradation and sustainability of resources, in recent years, 

have forced the scientific community to develop and manufacture bio-based composites or ‘green’ 

composites that are both biodegradable and derived from renewable resources.9 The development 

of green composites offers an opportunity to cut down the utilization of synthetic polymers derived 

from petroleum and ease the pressure of composite waste disposal. The recent successes of green 

composites have helped government and corporations to further focus on these and newer 

sustainable materials. 

For the fiber reinforcement of green composites, lignocellulosic fibers such as hemp,10,11 sisal,12 

flax,13 kenaf14 are believed to be good alternatives to replace traditional synthetic fibers. Although 
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the natural cellulosic fibers are not as strong or stiff as synthetic fibers such as Kevlar® or carbon 

fibers and have some weaknesses that include higher water absorption and thermal expansion, 

crystalline cellulose materials with their high intrinsic strength could still satisfy the demand in 

many fields including semi-structural and infrastructure and in some cases structural applications 

as well.  

For the resin part, in recent years, researchers have been trying to use degradable materials and 

replace conventional polymers to create fully degradable composites. Some biodegradable 

synthetic polymers including poly(lactic acid) (PLA), poly(3-hydroxybutyrate-co-3-

hydroxyvalerate) (PHBV) and polybutylene succinate (PBS) have already proved to have 

comparable mechanical properties with those of PE and PP.15 However, the cost of synthesizing 

these biodegradable polymers might prove to be a barrier for large-scale manufacturing. Also, the 

reliance on raw materials from specific sources for polymer synthesis and low degradation rate 

compared with natural materials, are other limitations to develop these types of synthetic 

biodegradable materials.15 

Another group of materials, bio-based materials obtained from natural sources, mostly plants, 

including starch, protein, chitosan, cellulose and lignin, have attracted research community’s 

attention because of their lower cost and better biodegradability. This has prompted using these 

sustainable materials in many applications and made it easier to move away from petroleum-based 

ones.  

The term ‘Fully green composite’, means that both resins and reinforcing agents are 

biodegradable and mostly made from renewable natural resources, e.g., plants.9 Also, at the end of 

their useful life, green composites can be easily composted rather than being dumped in landfills. 

Such green composites are most favorable from an environmental protection point of view and are 
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considered be a sustainable substitution for the traditional nondegradable petroleum-derived 

composites.9  

 

1.2 Sustainability and practicability of green composites 

    Application of green composites has rapidly increased in the last decade in many fields 

including aerospace, automotive, food packaging and some structural applications, although the 

overall use is still low.16,17 For example, in transportation application, green composites can be 

used in many car components including door and floor panels. In 2017, International Automotive 

Components Group (IAC) put forward the first natural fiber composites sun-roof frame made from 

hemp and kenaf. It not only met the mechanical requirements of the vehicle but was believed to 

create significantly less air pollution and use less energy for manufacturing.18 In addition, the 

lighter weight of the green composites can be expected to improve fuel efficiency and reduce 

greenhouse gas emissions.  

    Another application has been in architecture and building decorations.9,13 The development of 

green composites can start a new revolution in green buildings, replacing the non-recyclable 

materials in roof panels, furniture, door liners and window frames.  

    Green composites combining natural fibers and bio-based materials have shown outstanding 

mechanical properties. However, to fully launch green composites commercially, several issues 

need to be resolved. First, the compatibility between cellulosic fibers and hydrophobic resins is 

comparably low. Some biodegradable polymers such as PBS and PLA are hydrophobic while 

natural cellulosic fibers are hydrophilic with high surface energy. This difference in chemical 

properties weakens the bonding between fibers and resin and reduces the composite properties. 
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Hydrophilic resins, such as most of the plant-derived green materials including starches, chitosan 

and proteins, have large number of hydroxyl groups leading to high moisture absorption. When 

water is absorbed by composites, the interface adhesion is weakened and the formation of voids 

and cracks are promoted, both causing the loss of mechanical properties.19 Some other 

disadvantages such as fast degradation through microbial attack and not-yet-mature manufacturing 

technology, have also become barriers for increasing commercial practicability and viability of 

green composites.  

    In the present research, fully biodegradable green composites with good mechanical properties 

were fabricated. Starch from an agro-waste source was reinforced by both nano- and micro-scale 

cellulose termed microfibrillated cellulose (MFC) or micro-scale cellulose extracted from a 

commonly found weed. Starch, for resin, was extracted from avocado (Persea americana) seeds, 

by-product of food processing, which are typically discarded.20–22 The microfibers were extracted 

from the weed, velvet leaf (Abutilon theophrasti), by using a combination of mechanical pulping 

and chemical treatment.23 To solve the issues related to water absorption and low mechanical 

properties, avocado seed starch (AVS) was crosslinked using a green crosslinker, BTCA, to form 

a thermoset resin.24,25 Chemical compositions, thermal and mechanical properties of MFC 

reinforced composites (MFC/AVS) and velvet leaf microfiber based composites (VLF/AVS) were 

fully characterized. 

Finally, in order to fabricate ‘advanced green composites’ with high mechanical properties, 

liquid crystalline cellulose (LCC) fibers were used as the primary reinforcement with MFC/AVS 

as the resin. Further, LCC fibers were modified (M-LCC) by treating them in alkali solution under 

tension as well as thermal treatment to improve their properties further. Both LCC and M-LCC 

fibers were then used, separately, to fabricate green composites with high strength. The resin 30:70 
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blend of MFC/AVS, was further crosslinked using BTCA. Fabrication of unidirectional green 

composites involved aligning LCC yarns with predetermined layers in MFC/AVS resin using 

simple hand lay-up, drying and compression molding. The effect of plasticizer (sorbitol or 

glycerol) addition in the resin were also investigated. The results showed excellent mechanical 

properties of LCC-reinforced MFC/AVS advanced green composites that could be used in primary 

structural applications in construction, automobile and other areas. 

 

CHAPTER 2: LITERATURE REVIEW 

2.1  Starch based resin 

2.1.1  Starch-based plastics 

As a bio-based polymer, starch is considered to be environmentally friendly because of its low 

or zero greenhouse gas emissions. It is one of the favored resins for green composite fabrication 

where the biodegradability and non-dependence on petroleum are desirable. Figure 1 shows the 

global production capacities of bioplastics in 2019.26 As can be seen in Figure 1, it has been 

estimated that about 2.1 million tons of bioplastics were globally manufactured in 2019 and almost 

21.3% of them were starch-based.26 Same report also predicted that starch-based plastics will 

continue to grow and be used more in diverse fields including flexible packing, medical treatment, 

construction and electronic devices.26 
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Fig. 1 Global production capacities of bioplastics in 2019 26 

 

2.1.2 Chemical structure of starch 

Starch is one of the most common food sources in our society. It is most produced and preserved 

in many parts of plants especially in roots, fruits and seeds as energy storage. Among all plants, 

rice, maize, potato, cassava, wheat are the most common sources for starch. Starch exists in the 

form of granules with sizes ranging from 2 µm to 100 µm.  

Starch is made by combining glucose repeat units. There are mainly two types of molecules 

within starch, linear amylose and branched amylopectin as shown in Figure 2.27 Amylose is a linear 

molecule with (1-4)-α-linkage with average molecular weight ranging from 105 to 106. It exists in 

a helix form and has no branches. Compared to amylose, amylopectin molecules are highly 

branched with relatively high molecular weight between 106 to 107 g/mol and exist in double 
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helical structure. Glucose units in amylopectin can both be bonded with α-(1-6) or α-(1-4) linkages. 

As a highly branched structure, amylopectin exists predominantly in crystalline form.27 

 

Fig. 2 Structure of amylose and amylopectin molecules 27 

The proportion of amylose and amylopectin varies in different plants, with generally 20%~30% 

of amylose and 70%~80% of amylopectin. The different proportions of amylose and amylopectin 

give rise to various structures and properties to starch. 

2.1.3 Modification of starch-based materials 

In spite of the inherent advantages and increasing demand of starch-based plastics, several 

challenges still need to be addressed before large scale production of starch-based composites can 

be possible. First, pure starch has very low mechanical properties which makes it difficult to 

process.28 Second, the hydroxyl groups present in starch-based materials allow them to readily 

absorb moisture which lowers their fracture stress as well as glass transition temperature (Tg). Most 

plasticizers used for starches are themselves hydrophilic and their addition further increases the 

moisture absorption and lowers strength and Tg even further.29 To overcome these problems, some 

modifications such as physical blending with reinforcing particles or fibers/fibrils, chemical 
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modifications including crosslinking, esterification and graft copolymerization, etc., have been 

developed during last couple of decades. Each modification will be mentioned below.28–44  

1. Plasticizer  

Pure starch resins are very brittle, difficult to bend and very weak. However, when plasticizers 

such as glycerol or sorbitol are added to starch, the strong intermolecular hydrogen bonding is 

disrupted. In addition, the large amount of free volume brought in by the plasticizers results in 

lower Tg and significantly higher flexibility for the starch-based materials. This allows raw starch 

to be processed as thermoplastic starch (TPS).37,38,45 Although high flexibility and fracture strain 

of TPS are obtained, it still has low mechanical properties (1~10 MPa fracture stress and over 

100% fracture strain)10,28,37,39–41,45 compared to traditional polymers such as PE (14~40 MPa 

fracture stress and over 100% fracture strain),5 PP (26~41 MPa fracture stress and over 100% 

fracture strain),5 PLA (60 MPa fracture stress and 3.5% fracture strain),42,46 and PBS (27 MPa 

fracture stress and 16% fracture strain).47 As a result, other modifications have to be done to make 

the application of starch-based composites feasible. 

2. Blending with other polymer and reinforcements 

One of the most common physical modifications is blending with hydrophobic materials. Starch 

had been blended with other biodegradable polymers including PLA, PCL, etc.42 Synthetic 

biodegradable polymers normally have higher cost but excellent mechanical properties and water 

stability. As a result, the proportion of the synthetic polymer/starch blend could be adjusted to 

reach the requirements of low cost, high mechanical properties as well as water stability. 

Compatibilizers, such as maleic anhydride (MA) are generally needed to improve the compatibility 

between starch and other hydrophobic synthetic degradable polymers.42  
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Besides blending with synthetic polymers, starch-based plastics can also be blended with 

reinforcements to further improve their strength, modulus (stiffness) and decrease their water 

absorption. Common reinforcing agents include rigid particles and fibrous materials. Rigid 

particles such as montmorillonite,39,40 fly ash,41 chitosan,43 and other metal particles,44  can be well 

controlled to disperse uniformly in starch resins. The particle size, however, should be strictly 

controlled to avoid defect formation and stress concentration. Fibrous materials are by far the most 

common reinforcing agents. Within biodegradable materials, cellulose fibers have high specific 

stiffness and can hydrogen-bond well with starch-based materials because of their chemical 

similarity. Review of cellulose fiber reinforced composites will be covered in section 2.2. 

3. Chemical treatments  

Besides physical blending, several chemical modifications of various starches have also been 

studied for many decades.30–36 Starch grafted copolymerization, esterification and crosslinking are 

some of the common chemical methods which reduce the exposure of hydroxyl group of starch 

molecules and, thus, address the inherent hydrophilicity related problems of starch. Each glucose 

unit in starch has three hydroxyl groups. One of them is a primary group and the other two are 

secondary hydroxyl groups. The primary groups are much more reactive than the other two and 

are more amenable for chemical modifications. As a result, most chemical modifications to 

transform cellulose into different structures involve the primary groups.30  

Starch grafted copolymers were obtained by chemically bonding starch molecules to other 

synthetic polymers, such as starch-g-methacrylamide, starch-g-methacrylonitrile, starch-g-

polyvinyl alcohol, starch-g-polystyrene.31 After grafting with other polymers, thermal stability, 

mechanical properties and film processing properties have been shown to improve.31 Starch 

esterification has also been a common chemical modification. In this case hydroxyl groups were 
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substituted with hydrophobic functional groups to form starch acetate or starch 

hydroxypropylate.30 Presence of less number of hydroxyl groups equates to better water stability. 

Another solution to overcome these weaknesses is to crosslink them into thermoset starches. 

Crosslinked starch is synthesized through reacting some of the primary hydroxyl groups in starch 

with other small bi- or multi-functional molecules containing carboxylic, aldehyde, phosphate and 

phosphoryl chloride groups, to obtain 3-D network structures.24,32–36,48 A variety of crosslinking 

agents have been used for modifying various starches (corn, rice, tapioca, etc.) including 

epichlorohydrin (EPI),32 sodium trimetaphosphate (STMP) and phosphoryl chloride (POCl).33 In 

recent years, greener crosslinkers including polycarboxylic acids such as malonic acid,34 citric 

acid,35 1,2,3,4-butane tetracarboxylic acid (BTCA),24,25 and multi-aldehyde oxidized sucrose36,48 

have been introduced. Chemical structures of some common ‘green’ crosslinkers are presented in 

Figure 3. After crosslinking, the fracture strains of starches have been shown to reduce to between 

2 and 30% depending on the amount of plasticizers used.24,25,34–36 However, other properties 

including tensile strength, Young’s modulus and thermal, water and organic solvent stability 

improved significantly.24,25,34–36  
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malonic acid                                   citric acid                                      BTCA                               

  

 

 

oxidized sucrose 48 

Fig. 3 Chemical structures of some common ‘green’ crosslinkers 

2.1.4 Starch made from plant waste—avocado seed  

Until now, starch-based composites have been considered to be good substitution for petroleum-

based materials. Among all kinds of starch sources, corn,49 potato,49 cassava,50,51 have been most 

used and most studied. However, since these starches are edible for humans and animals, questions 

have been raised about taking food away to make composites for construction or packaging. 

Indeed, this can hurt poor people the most. Non-edible starch, which does not impact the human 

daily diets would obviously be a better choice. Also, since most available non-edible starch sources 

are waste or unusable by-products, using them should not only be more sustainable but also solve 

the waste issues, making this a win-win solution. Studies on starch-based waste by-products have 

been already done on mango seeds,24,52,53 jackfruit seeds,54 horse chestnut55, etc. For example, 

horse chestnut starch was extracted to make thermoplastic starch by melt blending with glycerol. 

However, the mechanical properties were relatively low compared with other common starches 

with fracture stress of only 2~3 MPa and fracture strain of 1%.55 Lubis, et al.,54 used jackfruit seeds 
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to extract starch and blend with 20 wt% chitosan and obtained strength of 13.5 MPa. Patil and 

Netravali,24,52 created bio-plastics from mango seed kernel starch with 16 MPa fracture stress after 

crosslinking with BTCA. Higher fracture stress of 50 MPa was obtained by reinforcing it with 40 

wt% microfibrillated cellulose (MFC).52 

As another kind of waste by-product, avocado (Persea americana) seeds have been studied for 

their chemical structure. Starch content in fresh avocado seed (AVS) is around 30% by weight, 

and the seeds are around 16% of the total fruit weight.56 It is, thus, promising to extract the non-

edible starch from avocado seeds on large scale to substitute conventional edible starches such as 

corn and rice. 

Avocado originated in Mexico and central America and are now widely grown in California. 

They are also commonly grown in other tropical and subtropical regions of the world. Because of 

its high content of monounsaturated fat, avocado has become an important food source to replace 

other fatty foods including meat in vegetarian diet. They are also used in oil extraction, seasoning 

and desserts. In 2014, world production of avocado was recorded at 5.0 million tones.57 The 

avocado production and processing industry has rapidly developed not just in food products, but 

has diversified in cosmetics and pharmaceutical industries. 

AVS has been recently used to fabricate green composites. Ginting, et al.,21 obtained AVS 

composite films with highest fracture stress of 30.2 MPa and Young’s modulus of 2031 MPa after 

adding 40 wt% chitosan. The fracture strain, however, was lower than 2%. The highest fracture 

strain of 5.4% was obtained after adding 10% chitosan, while strength and Young’s modulus were 

only about 10 MPa and 200 MPa, respectively. As for fabricating green composites using AVS as 

resin, a trade-off may be reached between high strength and high fracture strain, depending on the 

application. 
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2.2 Reinforcement using cellulose-based fibers  

2.2.1 Chemical structure of cellulose  

To make fully green biodegradable composites, reinforcements used should not only provide 

excellent mechanical properties but should also be fully biodegradable. As the most common bio-

based biodegradable polymer, cellulose meets both these criteria. Cellulose is a linear chain 

polysaccharide with D-glucose units linked with β 1→4 bond, which is different from the 𝛼 1→4 

link of amylose in starch.27 Compared with amylose, the glucose repeat units in cellulose are 

rotated 180o for each successive glucose. The bonds limit the free rotation of C-O-C (ether) bond 

which gives the structure higher stiffness and strength.27 Also, β 1→4 bonds allow the formation 

of stronger intermolecular hydrogen bonds resulting in high stiffness of cellulose molecules.  

The cellulose I crystal structure have super high axial modulus about 138 GPa and specific 

strength of 667 MPa·cm-3·g-1, which are even much higher than glass fiber and close to Kevlar.58 

In nature, plant cell wall can be considered as a composite consisting of cellulose I as the 

reinforcing phase and amorphous cellulose-lignin-hemicellulose as the resin phase. Cellulose in 

plants has a hierarchical structure from microscale structure including cell wall, fiber cluster with 

hemicellulose and lignin, to nanoscale structure like nanofibrils, and even molecular structure 

including glucose β 1→4 links and hydrogen bonding.17,27  

2.2.2 Cellulose-based microfibers and nanofibers  

1. Cellulose-based microfibers  

Plant derived cellulose fibers have become popular in many applications because of their low 

density, biodegradability and excellent specific mechanical properties.59–61 Many plant fibers 

including hemp,10,11 jute,49 sisal,12 flax,13 ramie,62 coconut,63 pineapple leaf,64 kenaf,14 etc., have 



 15 

been already used for polymer reinforcements. These fibers have been aptly called lignocellulosic 

fibers because most of them contain both hemicellulose and lignin along with cellulose. Although 

lignin and hemicellulose in cell wall serve to hold cellulose molecules and provide mechanical 

properties to plants, in fabricating composites, lignin and hemicellulose can lower the mechanical 

properties by weakening the interfacial fiber/resin adhesion. As a result, these components are 

commonly removed by alkali treatment. Alkali treatment is the most common process used for 

natural fibers such as cotton and is known as mercerization.12 NaOH or KOH solution could be 

used to remove the lignin, wax and hemicellulose in order to increase the crystallinity of 

fibers.12Also, because of the removal of lignin and hemicellulose, increased fiber surface 

roughness can be achieved which, in turn can provide large surface area and better fiber/resin 

interaction.  

Traditional plant fibers such as flax, bamboo, cotton, sisal have been already studied because of 

their high fiber content and plentiful availability. Other fiber sources, especially from agricultural 

wastes, including pineapple leaves, coconut husks and straw stalk have also been widely studied 

to fulfill the ‘green economy’ and avoid pollution.65 However, there are many other waste sources 

that remain to be explored. Velvet leaf (Abutilon therophrasti) is one of the high cellulose content 

plants and is regarded as an agricultural weed. This plant, however, can be fully used because of 

the good fiber quality as a substitute for other traditional fiber sources. Reddy and Yang,23  have 

already used alkali treatment to extract velvet leaf long fibers and their mechanical properties were 

found to be even better than kenaf, though the crystallinity was comparably low because some 

non-cellulose component remained in the fibers. The average single fiber diameter was 11.4 µm 

according to Reddy and Yang, which is smaller than fibers obtained from other common cellulose 
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sources.23 This fiber source is promising as a substitution of the common cellulose sources to 

further reduce cost and utilize a waste source.  

2. Cellulose-based nanofibers  

Micro-cellulose fibers can also be converted into nanocellulose materials by mechanical 

processes including grinding,66 ultrasonic treatment67 and high pressure homogenization68,69 that 

provide high shear stresses to isolate them into single nanofibrils. Common cellulose materials can 

be divided into cellulose nanofibrils and cellulose nanocrystals. Microfibrillated cellulose (MFC), 

which have fibrils from microscale to nanoscale, have much higher aspect ratio with average 

diameter of about 10~30 nm and length to microscale. The 3-D network-like or entangled structure 

of MFC not only has high crystallinity but also provides significantly larger surface area to interact 

with resin and provides improved dispersity of fibers within the resin.69 Another nanocellulose 

material is cellulose nanocrystal. After strong acid hydrolysis, the C-O-C bonds of MFC are further 

broken, preferably in the amorphous parts and help turn cellulose nanofibers and microfibers into 

much shorter nanorods with lengths in the range of only hundreds of nanometers.70  

While most nanocellulose products are primarily made from various wood pulps, CNC and 

MFC have also been extracted and extensively studied from other fibers from abundant plants such 

as hemp, kenaf,69 bagasse,71 bamboo, to agricultural by-product including coconut hulls, banana 

peels,72 wheat or rice straw73,74. These nanocellulose materials from by-product sources not only 

provide similar properties when reinforcing polymer resin but also make full use of plant wastes. 

Bacterial cellulose (BC), secreted by bacteria such as acetobacter xylinum, is also a type of 

cellulose nanofiber.75,76 BC have high purity of cellulose and smaller diameter rather than MFC. 

Typical, BC have higher reinforcement properties than plant-based MFC. 
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2.2.3 Cellulose-based fully biodegradable green composites 

1. Green composites based on cellulose microfibers  

There are three types of fiber composites according to the fiber orientation as shown in Figure 

4.3,77 Figure 4 (a) shows long fibers aligned or oriented longitudinally, in one direction. Since load 

can be transferred only in the longitudinal fiber direction, this orientation results in much higher 

tensile strength and Young’s modulus in the fiber direction compared to transverse direction in 

which no contribution from fibers is expected. Figure 4 (b) shows short fibers in one direction 

called ‘discontinuous alignment’. It is cheaper to fabricate but the reinforcement effect is lower 

than oriented composites. Figure 4 (c) shows random short fiber composites. The reinforcement in 

this case is lower than (a) and (b), but mechanical isotropic behaviors and high processability could 

be achieved. These composites can be easily processed using molding, compression or extrusion 

techniques. 

 

Fig. 4 Three types of fiber-reinforced composites 77 

Short microfibers from different sources have been used to reinforce thermoplastic starch 

(TPS).37,45,49,76,78,79 In 1998, Wollerdorfer and Bader,78 studied the influence of natural fibers on 

the mechanical properties of biodegradable polymers. By adding different amounts of flax 



 18 

microfibers with the lengths varying from 100 to 1,000 m, the tensile fracture stress increased 

from 8.91 MPa for pure TPS to 19.87, 26.23 and 36.42 MPa of composites with 10, 15 and 20 

wt% flax microfibers, respectively.78 Short winceyette microfiber (12 mm long) reinforced 

thermoplastic corn starch composites were investigated by Ma, et al.79 Tensile strength 

significantly improved from 4 MPa to 15 MPa when the microfiber content increased from 0 to 20 

wt%. The fracture strain, however, decreased from over 100% to around 20%.79 Lodha and 

Netravali,62 explained the effects of microfiber content and length by using interfacial shear 

strength tests. Short ramie fibers with lengths of 5, 10 and 15 mm were used in their study to 

reinforce soy protein. Critical length, from interfacial shear strength, was calculated to be 2.54 

mm. Fibers with low weight content (loading) or having length lower than critical length would 

not improve the mechanical properties of soy protein resin. Instead, voids and flaws might be 

introduced into composites and even reduce the mechanical properties of composites.62 By 

comparing different fiber content and length, it was found that these short fiber composites showed 

increased fracture stress and modulus with increase in fiber content from 0 to 30 wt% or as the 

fiber length increased from 5 mm to 15 mm. However, the fracture stress and Young’s modulus 

of 30 wt% 15 mm microfiber were lower than the theoretical prediction because of the 

delamination failure due to fiber aggregation.62  

In general, volume fraction of fibers to obtain maximum strength and Young’s modulus depends 

on the manufacturing process, compatibility of resin and fibers, the respective mechanical 

properties and chemical structures of resins and fibers. Another critical parameter for microfiber 

reinforcement is their aspect ratio which is the length divided by the diameter (L/D). Higher aspect 

ratio, in general, provides better mechanical properties because of the less end stress concentration 

effect (fiber ends do not carry any load) and the larger surface areas for higher interfacial action 
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between resin and fibers.62 However, fiber dispersion in resin might be affected because fibers are 

more likely to aggregate or entangle at high aspect ratios. 

2. Green composites based on cellulose nanofibers 

Because of the higher aspect ratio and surface area, cellulose nanofibers or microfibrillated 

cellulose (MFC) are thought to be better reinforcing agents than microfibers. During the past five 

years, more and more plant sources including hemp, sisal, banana peels, bamboo, have been used 

to extract nanofiber and used with different resins as reinforcement.69–74 

Due to the innate hydrophilic behavior, cellulose nanofibers and MFC are widely used to 

reinforce hydrophilic resins such as various starches and proteins and synthetic polymers such as 

polyvinyl alcohol (PVA).80–83 For example, MFC was blended with polyvinyl alcohol (PVA) to 

make degradable composites.80 Results showed that MFC fibrils bonded well with PVA and 

dispersed uniformly even at a high loading of 50%. At this loading, composites showed excellent 

fracture stress in the range of 85 MPa and Young’s modulus of nearly 4 GPa, which is much higher 

than many traditional polymers. Crosslinking can further improve the water and thermal stability.80 

Materials from nature such as starches, proteins, chitosan, etc., are inherently hydrophilic and 

should be promising materials as resins to interact with hydrophilic nanoscale cellulose fibers. For 

example, soy protein isolate (SPI) was reinforced with MFC extracted from bamboo fibers. With 

only 30 wt% of MFC, fracture stress and Young’s modulus improved from 20 (control) to 60 MPa, 

and from 0.6 GPa (control) to 1.8 GPa, respectively, without sacrificing too much fracture strain.81 

Starches have been also reinforced using micro- and nano-cellulose fiber. Ghosh Dastidar and 

Netravali combined MFC with waxy maize starch which contains high proportion of amylopectin 

of over 99%.25 Their results showed that 15% of MFC could obtain tensile fracture stress of 39 
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MPa, fracture strain of 3.1% and Young’s modulus of 2.3 GPa.25 In order to avoid controversy of 

using food to make composites, Patil and Netravali used non-edible mango seed kernel starch as 

resin and crosslinked it with BTCA (40% by wt) to further increase the mechanical properties and 

lower the moisture absorption.24 MFC loading of 40% resulted in tensile strength of 50 MPa and 

Young’s modulus of 2.4 GPa.52 

Other non-edible sources for resin, including Jatropha (Jatropha curcas) seed cake protein,82 

Neem (Azadirachta indica) seed cake protein,83 Karanja (Pongamia pinnata) seed cake protein,84 

were also studied to fabricate composites by combining them with MFC. Crosslinkers were used 

in all these cases to react the amine groups in protein to enhance water stability and MFC were 

added to further raise their stiffness and strength.81–84 Results from all these works based on waste 

sources of proteins and starches showed comparable results with those made using traditional food 

sources. This shows that these waste residues can be potential materials for composite fabrication 

to replace petroleum-based polymer. Compared to starches and proteins from edible sources such 

as maize, tapioca, potato, and soy, the materials from agro-waste are thought to be better sources 

to avoid controversy of using potential food for use in composite fabrication. 

Due to the hydrophilic characteristic of MFC, using it in hydrophobic polymers is not regarded 

as effective. However, some techniques could address this non-compatibility issue by chemically 

modifying MFC, including TEMPO-mediated oxidation85 and esterification86. Chemical 

treatment, however, may damage the intrinsic 3-D network structure of the MFC. The mechanical 

properties of the chemically treated MFC composites did not exhibit expected mechanical 

improvement though better dispersity was obtained.87 

To reinforce hydrophobic polymers by unmodified MFC, some techniques have been put 

forward.87–89 MFC/PLA composites were successfully fabricated by papermaking-like fabrication 
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process and water-based methods by pre-treating PLA in water in the form of microparticles. 

MFC/PLA composites using both above mentioned techniques exhibited good dispersion and 

resulted in enhanced mechanical properties.87–89 

2.3 Liquid crystalline cellulose (LCC) fibers: production, modification and composite 

fabrication 

2.3.1 Production of LCC fibers 

Despite the outstanding mechanical properties of pure cellulose materials, plant based fibers 

have relatively inferior mechanical properties. For example, their tensile strength is much lower 

than 1,000 MPa, with most common fibers ranging between 200 MPa and 500 MPa, compared to 

glass fibers that have strength of 2,000 to 3,000 MPa.90 Alignment of microfibrils at an angle to 

the fiber axis, defects, variations in plant growing conditions and inherent impurities such as lignin, 

hemicellulose, etc., affect the strength of these fibers.91 As a result, most green composites based 

on natural cellulosic fibers have tensile strengths and Young’s moduli in the range of about 100 to 

200 MPa and 4 to 8 GPa, respectively.12,13,53,60,92 These properties of green composites, while 

sufficient for non-critical applications such as food packaging, furniture and decoration, etc., are 

not sufficient for load-bearing structural applications such as construction, automotive or 

aerospace. One other major difficulty with plant based fibers is that they are not continuous, i.e. 

short length and, hence, must be spun or twisted to form continuous yarns. This further reduces 

their effective strength and Young’s modulus and limits their applications. 

There are already several methods to make uniform and continuous cellulose multifilament 

yarns including rayon® and Lyocell®, by changing their chemistry or dissolving cellulose in some 

specific solvents and using traditional wet or dry spinning techniques, to obtain the cellulose fibers 
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with uniform and much smaller diameter and in continuous form.93 Although the processes have 

been established for producing continuous cellulose fibers, the tenacity and modulus of these fibers 

are even lower than the plant based fibers. 

The latest development of dissolving cellulose in certain solvents to form liquid crystalline 

cellulose solution has been significant. Liquid crystalline state is the phase between solid and 

liquid. Materials have mobility like liquid but with molecules organized in 3-D crystalline 

structure, retain their anisotropic charateristic.94,95 When liquid crystalline cellulose solution is 

formed in a solvent and spun using the air gap-wet spinning system, the high molecular orientation 

that already exists in the liquid crystalline state is retained. For example, Kevlar®, Zylon® are 

produced from liquid crystalline solutions which maintain high orientation and results in very high 

strength and modulus. 

One method to produce liquid crystalline cellulose is to use phosphoric acid. Phosphoric acid 

has been proven to be good solvent for cellulose for a long time but its anisotropic behavior was 

discovered quite late.95 Boerstoel showed that superphosphoric acid which is obtained by adding 

phosphoric acid to the melt of orthophosphoric acid, can dissolve cellulose fast to form a viscous 

and birefringent solution.94 Liquid crystalline cellulose solution could then be formed in 

polyphosphoric acid solvent which avoids damaging the anisotropic behavior of cellulose 

solution.95 After filtering, spinning, stretching and washing, liquid crystalline cellulose (LCC) 

fibers were obtained with high strength in the range of 1.5-1.7 GPa with fracture strain of 6.5% 

and Young’s modulus of 44 GPa. These have been the highest tensile properties obtained for any 

continuous cellulose fibers. 
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2.3.2 Modification of LCC fibers and fabrication of advanced green composites 

Because of the excellent tensile properties, continuous nature and inherent biodegradability, 

LCC fibers have been regarded as promising reinforcing fibers to make ‘advanced green 

composites’ with much higher strength and stiffness.96–98 When biodegradable resins are combined 

with LCC fibers, fully biodegradable composites can be fabricated. LCC fibers have been used to 

make advanced green composites to reinforce soy protein based resins.96,97 Researchers have found 

that the hydroxyl groups on LCC fibers provided good hydrogen bonding with the polar groups 

such as amine, carboxyl and hydroxyl groups present in SPC, increasing the fiber/resin interfacial 

interaction and resulting in good composite properties.96,97 LCC fibers have been also combined 

with starch to make advanced green composites with excellent properties.98 

Although LCC fibers have high strength and modulus, they can be treated by chemical, 

mechanical and thermal means to further enhance the molecular orientation and crystallinity and 

increase their strength and Young’s modulus. One modification method has been alkali treatment 

similar to the mercerization process commonly used for cotton fibers to improve their 

properties.90,97 Kim and Netravali found that LCC fibers, when treated under tension (load) during 

alkali treatment, significantly improved the orientation of cellulose molecules as well as their 

crystallinity.97 This resulted in enhancement in LCC fiber strength from 1.5 GPa to over 1.7 GPa 

and Young’s modulus from 48 GPa to over 64 GPa.97 When 40 wt% of these treated LCC fibers 

were used with soy protein isolate (SPI) based resin, composites with high strength of 652 MPa 

and Young’s modulus of 24 GPa were obtained.97 In another study by Rahman and Netravali, LCC 

fibers were treated with 5% NaHSO3 solution along with tension.98 These fibers then underwent 

further thermal drying treatment. The strength of the treated fibers increased over 35%, close to 2 

GPa.98 When composites were formed by combining the modified LCC fibers (M-LCC) with a 
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waxy maize starch/MFC, the strength of the composites increased by over 50% from 505 MPa for 

raw LCC fiber composites to 790 MPa for M-LCC fiber composites.98 It was thought that the 

strength of the LCC fibers could increase to over 2 GPa if the solvent type, loading weight and 

time of tension, temperature and time of the thermal treatment could be optimized. 

 

CHAPTER 3: EXPERIMENTAL METHODS 

3.1 Materials 

Raw avocado seed powder (Persea Americana v. Hass) was obtained from a local supplier in 

Ithaca, NY. Velvet leaf plants were collected from a local farm in Ithaca, NY. Microfibrillated 

cellulose (MFC) (Celish KY-100G) was purchased from Daicel (Japan), Inc. Liquid crystalline 

cellulose was obtained from Dr. H. Boerstoel, Teijin Twaron BV, Arnheim, and sodium hydroxide 

(NaOH) and potassium hydroxide (KOH) pellets were purchased from Sigma-Aldrich (St. Louis, 

MO). 1,2,3,4-butane tetracarboxylic acid (BTCA) and sodium hypophosphite monohydrate (SHP) 

were obtained from Alfa Aesar (Haverhill, MA). Sorbitol, glycerol and sodium chlorite were 

purchased from VWR (Radnor, PA). Glacial acetic acid, was obtained from EMD Millipore 

Corporation (Burlington, MA). 

 

3.2 Starch purification from avocado seed powder 

Raw avocado seed powder was first dried in an air-circulating oven at 45 ℃ for two days. Dried 

seed powder was then sieved through a 250 μm (60-mesh) screen. In the next step 200 g of sieved 

avocado seed powder was mixed with 2L deionized (DI) water and stirred at 700 rpm at room 
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temperature (RT) overnight. The obtained suspension was processed in a kitchen blender (Oster®) 

for 5 min before passing through three layers of cheesecloth.24 The solid part that contained mostly 

ash, residue of seed coat and other undissolved parts remained on the cheesecloth, while most of 

the starch passed through the cheesecloth. The filtrate was allowed to settle for 3 h until the starch 

granules precipitated. The supernatant, which contained dissolved soluble sugars, soluble protein, 

etc., was decanted.20,22 The precipitated part, which contained most of the starch, was collected.20,22 

The precipitated starch was further washed in DI water three times and poured onto a Teflon® 

sheet mold to dry in an air circulating oven at 40 ℃ for 48 h. The dried avocado starch was ground 

in a kitchen blender for 10 min and then passed through a 250 μm (60-mesh) screen again to obtain 

purified avocado seed starch (AVS) powder. The purified AVS powder was analyzed for its 

composition by Dairy One, company based in Ithaca, NY. Starch, soluble sugar, protein, ash and 

moisture content of AVS powder were determined. 

 

3.3 Preparation of crosslinked (thermoset) avocado seed starch (AVS) sheets 

Solution casting method was used to obtain the crosslinked pure starch resin sheets to 

characterize their properties. Five grams of AVS were dispersed in 100 ml of DI water, stirred at 

300 rpm and heated to 90 ℃ for 45 min until the starch was completely gelatinized. During 

gelatinization the viscosity of the suspension greatly increased showing characteristic gel-like 

behavior.25 At this time 15% (by wt. of AVS) of sorbitol was added to the gelatinized AVS as the 

plasticizer. To crosslink the starch, BTCA (20% by wt. of AVS) as crosslinker and sodium 

hypophosphite (SHP) as catalyst (50% by wt. of BTCA) were added separately and stirred for 1 h 

at 300 rpm.25 Gelatinization of starch exposes the hydroxyl groups and, thus, increases the rate of 
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crosslinking reaction with carboxyl groups in BTCA to form ester links.25 After cooling, the pre-

cured starch slurry was poured onto Teflon® plates (10 cm × 10 cm) and dried in an air-circulating 

oven for 48 h at 45 ℃ to obtain sheets. After drying, the starch resin sheets were peeled off from 

Teflon® plates and pressed, individually, in a hot press (Carver, 3891-4PROA00, Wabash, IN) at 

140 ℃ for 15 min to complete any additional crosslinking. The hot pressed flat resin sheets were 

found to be suitable for characterizing their properties. Hot pressing was carried out under a small 

pressure of 1.4 MPa. The crosslinked sheets were conditioned at ASTM conditions of 65% relative 

humidity (RH) and 21 ℃ for three days prior to further characterization. 

 

3.4 Purification with velvet leaf microfiber stem fibers (VLF)  

Stems of the velvet leaf weed were used as the microfiber source. By repetitive alkali and 

bleaching treatment, cellulose can be purified and single microfibers released from bundles.66 Fifty 

grams of velvet leaf stem were collected from the field in Ithaca, NY, their outer skins and inner 

spongy cores were removed and only the woody part was retained. The woody part was ground 

with DI water in a Ninja ultima blender (model BL 800) at 24,000 rpm setting for 10 min. The 

solid pulp was then collected using a cheesecloth and dried in an air-circulating oven for 2 days 

before the chemical treatment step. 

The dried velvet leaf stem pulp obtained in the mat form was treated chemically to remove lignin 

and hemicellulose using a 2-step process.66 The 1st step involved bleaching of pulp using acidified 

sodium chlorite solution (1 wt% sodium chlorite, 5 wt% acetic acid) and heating at 75 ℃ for 1 h. 

In this step most of the lignin was removed. The solid was filtered and washed until wash water 

pH was 7. The second step involved removing hemicellulose using an alkali treatment process in 
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which the lignin-free solid fiber mass was further treated in 2 wt% NaOH at 80 ℃ for 2 h. The 

fiber mass was washed with water until pH of 7. Bleaching and alkali treatments were repeated 

twice until the fibers turned white. The fibers were kept in the form of water-based slurry to prevent 

fiber drying and aggregation. Cellulose fiber content in the VLF slurry was determined by 

calculating the weight of the slurry and the solid fiber weight after freeze-drying. 

 

3.5 Preparation of green composites 

MFC has been shown to serve as a strong reinforcing agent in green composites.99 Because of 

the high aspect ratio the fibrils in MFC can also bridge microcracks and increase the toughness. 

To combine MFC with AVS based resin, predetermined amounts of MFC slurry (Celish KY-100G, 

10%) was dispersed into DI water (1:10) and homogenized at a speed of 20,000 rpm for 10 min 

using VWR 250 homogenizer (Radnor, PA). The weight proportions of MFC:AVS were 

predetermined as 10:90, 20:80, 30:70 and 40:60. The MFC dispersions were stirred at high speed 

at 1,000 rpm overnight to prevent aggregation. This step was followed by slowly adding the pre-

weighed AVS powder into the fiber dispersion and mixing for 1 h. The starch-fiber mixture was 

then heated at 90 ℃ for 45 min followed by adding sorbitol (or glycerol, 15% of total weight of 

starch and fiber, or no plasticizers), BTCA (20% of starch weight) as the crosslinker and SHP 

(50% of BTCA weight) as the catalyst. The entire mixture was allowed to react for 1 h before 

casting on to Teflon® plates (10 cm × 10 cm) to obtain sheets. The sheets were dried for 2 days in 

an oven at 45 ℃ and hot-pressed at 140 ℃ and 1.4 MPa pressure for 15 min to control the thickness 

to about 0.5 mm as well as to complete the crosslinking reaction. For fabricating green composites 

reinforced with VLF, identical process was used with the exception that the homogenization was 
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not used for VLF microfiber dispersion to avoid microfiber breakage during homogenization. The 

green composites were conditioned at ASTM conditions of 65% relative humidity (RH) and 21 ℃ 

for three days prior to further characterization. 

 

Table 1. Specimen nomenclature of starch-based resin sheets and composites 

Code Reinforce 

Source 

Cellulose: 

starch 

proportion 

Plasticizer 

(by wt. of both 

cellulose and starch) 

Crosslinker 

(by wt. of starch) 

CSN-0 None 0 15% sorbitol 20% BTCA 

CSM-1/9 MFC 10:90 15% sorbitol 20% BTCA 

CSM-2/8 MFC 20:80 15% sorbitol 20% BTCA 

CSM-3/7 MFC 30:70 15% sorbitol 20% BTCA 

CSM-4/6 MFC 40:60 15% sorbitol 20% BTCA 

CSV-1/9 VLF 10:90 15% sorbitol 20% BTCA 

CSV-2/8 VLF 20:80 15% sorbitol 20% BTCA 

CSV-3/7 VLF 30:70 15% sorbitol 20% BTCA 

CSV-4/6 VLF 40:60 15% sorbitol 20% BTCA 

USM-3/7 MFC 30:70 15% sorbitol 0 

USV-3/7 VLF 30:70 15% sorbitol 0 

CGM-3/7 MFC 30:70 15% glycerol 20% BTCA 

CNM-4/6 MFC 40:60 None 20% BTCA 

CNV-4/6 VLF 40:60 None 20% BTCA 

 

The component nomenclature used for various specimens in Table 1 are as follows: first letter 

indicates crosslinked (C) or noncrosslinked (U), second letter indicates the type of the plasticizer 

used: sorbitol (S), glycerol (G) or none (N), third letter indicates the type of reinforcing fiber used: 

MFC (M), VLF (V) or no reinforcement (N), the number at the end shows the fiber/AVS 
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proportion. Plasticizers were added based on the total weight of starch and cellulose. BTCA was 

added only based on starch weight. 

 

3.6 Alkali and heat treatment of LCC fibers 

Raw LCC fibers were treated by chemical, mechanical and thermal methods to further increase 

the molecular orientation as well as the crystallinity and thus enhance their modulus and fracture 

strength.98 LCC yarns were immersed into 1M KOH diluted solution in a small tank,  keeping them 

under tension by fixing one end of the yarns with clamps and applying predetermined tension using 

standard weights at the other end as shown in Figure 5.12,97,98 The chemical (KOH) treatment was 

carried out for 1.5 h under the tension of 0.7 kg/yarn during the treatment. After the chemical 

immersion under tension, LCC yarns were rinsed in DI water several times until neutral pH was 

obtained for the wash water. One batch of alkali treated LCC yarns was dried overnight in an oven 

at 40 ℃ without any tension. Another batch of LCC yarns, after both alkali and heat treatments, 

was dried at 140 ℃ in an air-circulating oven for 1 h under the same tension of 0.7 kg/yarn.98  Both 

raw (untreated) LCC fibers, alkali treated LCC fibers and modified LCC fibers (with both alkali 

and heat treatments) were conditioned at 21 ℃ and 65% RH for 24 h before tensile testing. The 

chemical/tension treated LCC fibers are termed as modified LCC (M-LCC) fibers. 
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Fig. 5 Schematic illustration of the alkali treatment apparatus 

 

3.7 Preparation of hybrid advanced green composites reinforced by LCC and M-LCC 

Because of the brittleness and poor mechanical properties of AVS, 30% MFC (by wt) was added 

to reinforce the AVS resin. All MFC/AVS resins were then reinforced by aligned LCC or M-LCC 

fibers to form hybrid advanced green composites. Plasticizer, either sorbitol or glycerol (15% by 

wt. of MFC + AVS on dry basis), was added to the resin to explore how different plasticizers affect 

the mechanical properties of the green composites. 

Approximately 30 yarns of LCC (or M-LCC) were aligned to form a composite strip of about 

25 cm × 2 cm dimensions. The yarns were soaked into MFC/AVS resin and gently squeezed by 

hand to ensure good resin penetration between the single fibers within the yarn.98 LCC yarns were 

then aligned parallel into two layers, unidirectionally, on a Teflon® coated metal mold.53 

Additional resin was poured to cover the fibers/yarns and dried in oven at 40 ℃ for 1 day. After 

drying, composites were compressed on a Carver Hydraulic hot press (Carver, 3891-4PROA00, 

Wabash, IN) for 15 min at 140 ℃ and a pressure of 7.5 MPa to further provide compression and 
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thus improve the interaction between the LCC fibers and the MFC/AVS resin. Six composite strips 

with the dimensions of 100 mm × 3 mm were cut by laser and conditioned at 21 ℃, 65% RH for 

three days. The density of LCC (cellulose), MFC (cellulose), AVS (starch) are all roughly about 

1.5 g/cm3. The volume fraction of LCC fibers was determined by the following equation 92: 

𝑉𝑓 =

𝑊𝑓

𝜌𝑓

𝑊𝑓

𝜌𝑓
+

𝑊 − 𝑊𝑓

𝜌𝑟

 

where Vf is the volume fraction of LCC fibers, Wf and W are the weights of LCC yarns and 

composites, respectively, and 𝜌𝑓, and 𝜌𝑟 are the densities of LCC fibers and resin, respectively. 

The component nomenclature of LCC (M-LCC) reinforced MFC/AVS composites with different 

plasticizers and their LCC fiber volume fractions are presented in Table 2. 

Table 2. Specimen nomenclature of LCC fiber reinforced MFC/AVS composites 

Composite Code Resin Plasticizers Aligned LCC fiber 

Volume 

LCC-N-MFC/AVS 30:70 MFC/AVS None LCC/41.1% 

LCC-S-MFC/AVS 30:70 MFC/AVS 15% sorbitol LCC/37.4% 

LCC-G-MFC/AVS 30:70 MFC/AVS 15% glycerol LCC/38.7% 

M-LCC-S-MFC/AVS 30:70 MFC/AVS 15% sorbitol M-LCC/39.0% 
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3.8 Characterization of extracted avocado seed starch powder (AVS) 

3.8.1 Chemical analysis of starch 

The purified AVS powder was analyzed for its composition by Dairy One, company based in 

Ithaca, NY. Starch, soluble sugar, protein, ash and moisture content of AVS powder were 

determined. 

3.8.2 Rheological properties of starch 

Reaching gelatinization temperature is critical to rupture the starch granules and expose the 

hydroxyl groups present on amylose and amylopectin molecules to provide easy access for the 

crosslinker to react. To characterize the rheological properties and confirm complete gelatinizing 

of AVS, Rheometer-2000 (TA Instruments, Inc., New Castle, DE) with a steel plate of 60 mm 

diameter was used. Constant shear rate of 20 s-1 was applied in this test and the gap between the 

two plates was set to 1,000 μm. The temperature was raised from 20 ℃ to 95 ℃ at a ramp rate of 

20 ℃/min for this study.  

3.8.3 Scanning Electron Microscopy (SEM) 

   The shapes and sizes of starch granules and their gelatinization behavior at different temperatures 

(room temperature, 65 ℃, 80 ℃, 95 ℃,) were characterized using LEO 1550 field emission SEM 

(Germany). Single droplets of starch suspension at room temperature, 65 ℃, 80 ℃, 95 ℃, were 

taken out from the rheometer and put on aluminum specimen mounts with double sided conductive 

carbon tape (SPI supplies, West Chester, PA), individually, and dried at room temperature (RT) 

overnight.  The specimens were carbon coated using a Denton vacuum coater (BTT IV, Denton 

Vacuum, Moorestown, NJ). The SEM was operated at a low accelerating voltage of 1~2 kV to 

avoid any charging. 
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3.9 Characterization of velvet leaf microfibers (VLF) 

3.9.1 Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) analysis 

ATR-FTIR spectroscopy was used to confirm proper purification of VLF. ATR-FTIR spectra 

were obtained using Thermo Nicolet Magna-IR 560 spectrometer with a split pea accessory. Each 

scan was an average of 150 scans from 4000 cm-1 to 600 cm-1 wavenumbers. 

3.9.2 Distribution of length, diameter and aspect ratios of microfibers (VLF) 

To measure the length, diameter and to calculate aspect ratios (L/D) of VLF microfibers, small 

amount of microfiber slurry was randomly picked and diluted with DI water until single 

microfibers could be observed in optical microscopy (Olympus BX51, Hamburg, Germany). Three 

hundred and twenty (320) microfibers from optical microscope images were randomly picked and 

their lengths and diameters were measured using Image J analysis software. At least five separate 

spots were picked on each single microfiber to calculate the average diameter. SEM was also used 

to characterize the VLF fiber shapes and size by using LEO 1550 field emission SEM (Germany). 

Diluted VLF fiber suspension were put on aluminum specimen mounts with double sided 

conductive carbon tape (SPI supplies, West Chester, PA) and dried overnight. The SEM procedure 

used was identical to that described in section 3.8.3. 

 

3.10 Characterization of crosslinked starch   

3.10.1 Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) analysis 

ATR-FTIR analysis was used to estimate the ester formation of crosslinking reaction. The 

process used was same as described in section 3.9.1 
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3.10.2 Differential scanning calorimetry (DSC) 

DSC Q2000 (TA Instruments, Inc., New Castle, DE) was used to characterize thermal properties 

of the crosslinked starch films. Between 0.5 mg and 2 mg of every specimen (film) were weighed 

and put, individually, in hermetically sealed aluminum pans. The temperature was raised from 30 

℃ to 350 ℃ at a ramp rate of 10 ℃/min to obtain the DSC thermograms. 

 

3.11 Characterization of green composites  

3.11.1 Thermogravimetric analysis (TGA) 

Degradation temperatures of various specimens were obtained using thermogravimetric 

analyzer TGA-2050 (TA Instruments, Inc., New Castle, DE). About 10 mg of raw AVS powder, 

crosslinked AVS sheets or cellulose reinforced AVS composites were scanned from 30 ℃ to 600 

℃ at a ramp rate of 10 ℃/min to obtain the TGA thermograms. 

3.11.2 Swelling power and moisture absorption analysis 

Swelling behavior of the specimens (10 mm × 20 mm) was characterized to determine the water 

stability of the sheet according to the ASTM standard D570-98. To accomplish this MFC/AVS 

green composite specimens were first dried in an air circulating oven at 50 ℃ for 24 h and weighed. 

Specimens (sheet) were then immersed in a beaker containing DI water for 3 days. After every 24 

h, the specimens were taken out, wiped with Kimwipes® to remove the surface water and weighed 

using a microbalance with a resolution of 0.0001 g. 

The percent increase in weight, i.e., water absorption, was calculated from the equation below. 

Water absorption (%) = 
𝑀−𝑀0

𝑀0
 × 100% 
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where M0 is the weight of the dried specimen before water absorption and M is the weight of the 

specimen after being immersed in DI water for 1, 2, 3 days.  

To obtain the moisture regain of the sheet specimens, they were conditioned for five days at 

ASTM conditions of 21 ℃ and 65% RH. Weights of specimens were observed to stabilize at the 

end of 5 days as they reached equilibrium moisture absorption. After five days, specimens were 

dried in an oven for 1 day at 50 ℃. The weight of dried specimen was measured again using the 

same balance. The moisture regain (%) was calculated using the equation below 

Moisture regain (%) = 
𝑀5−𝑀0

𝑀0
 × 100% 

where M5 is the weight for 5 days of conditioning and M0 is the weight of the specimen after 

drying. 

3.11.3 Dynamic mechanical analysis (DMA) 

Specimens were analyzed for their dynamic mechanical properties using TA DMA Q800 (TA 

Instruments, Inc., New Castle, DE). The DMA instrument was set to conduct tests in single 

cantilever mode. The specimens were clamped, individually, at one end and the other ends were 

flexed. Specimens were cut to specific width of 5.0 mm and length of 30 mm, and tested from -60 

℃ to 100 ℃ at a ramp rate of 5 ℃/min and the applied strain rate and frequency were 0.1% and 1 

Hz, respectively. Dynamic mechanical properties such as storage modulus (E’), loss modulus (E”), 

and tan  were obtained from these tests. 

3.11.4 Tensile properties of crosslinked starch sheets and green composites 

The crosslinked starch resin and MFC/AVS, VLF/AVS green composite sheets were cut to 

dimensions of 10 mm × 50 mm. These specimens were conditioned at 21 ℃ and 65% RH for three 

days prior to conducting the tests using an Inston 5566 universal tester (Instron Corp., Canton, 
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MA) according to ASTM D882-02. The mechanical properties including tensile (fracture) stress, 

tensile (fracture) strain and Young’s modulus were obtained from these tests. The thicknesses of 

the specimens were measured using a digital caliper at five locations within the gauge length and 

the average values were used for calculations. The gauge length and strain rate of the specimens 

tested were 30 mm and 0.6 min-1, respectively. At least five specimens were tested for each 

condition. Average values of fracture stress, fracture strain and their standard derivation were 

obtained from the raw data obtained from Instron tests. Young’s modulus values were calculated 

using OriginLab software. 

3.11.5 Fracture surface topographies analysis of green composites 

The fracture surfaces of MFC/AVS and VLF/AVS composites were characterized using LEO 

1550 field emission SEM (Germany). For observing composite fracture surfaces, composite 

specimens were mounted on aluminum specimen mounts using a double-sided conductive carbon 

tape and then coated with carbon using a Denton vacuum coater (BTT IV, Denton Vacuum, 

Moorestown, NJ). The SEM procedure used was identical to the description in section 3.8.3. 

 

3.12 Characterization of treated LCC (M-LCC) fibers  

3.12.1 Fiber surface characterization  

The surfaces of single LCC fibers before and after alkali treatment were observed in SEM. Same 

procedure of SEM was used as described in section 3.8.3. 

3.12.2 Tensile properties of LCC and M-LCC fibers 

LCC and M-LCC fibers were tensile tested as per ASTM D3822-01 using Instron 5566 universal 

tester (Instron Corp., Canton, MA). Single LCC fibers were glued using Super Glue® 
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(cyanoacrylate) to individual paper tabs to obtain 50 mm length gauge length as shown in Figure 

6. The fiber diameters were determined by optical microscopy (Olympus BX51, Hamburg, 

Germany). Diameters of fibers were measured at five different locations within the gauge length 

and the average diameter was used for calculating tensile properties. Fibers were conditioned at 

21 ℃ and 65% RH for 24 h before tensile testing. At least 10 specimens were tested to obtain 

average properties. To carry out the test, two ends of the paper tab were mounted in the Instron 

grips and the two sides of the paper tab were cut around the dash line in Figure 6 on both sides so 

as to have full load on the fiber. All tests were carried out at a strain rate of 0.1 min-1. 

 

 

 

 

 

    

Fig. 6 Schematic illustration of the paper tab used for LCC fiber tensile tests 

 

3.13 Characterization of LCC reinforced hybrid advanced green composites  

3.13.1 Tensile analysis of advanced green composites 

The tensile testing of LCC/M-LCC reinforced MFC/AVS green composites was carried out as 

per ASTM D3039-17. Composite specimens were laser cut to dimensions of 3 mm × 100 mm and 
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conditioned at 21 ℃ and 65% RH for three days prior to testing. Gauge length and strain rate were 

set to 50 mm and 0.1 min-1, respectively.98 The average thickness of each composite specimen was 

measured and found to be 0.65 mm. The average fracture stress and strain values were calculated 

from the raw data obtained from Instron. Young’s modulus values were calculated using 

OriginLab software. At least 5 specimens were tested to get average values. Also, specimens 

fabricated at three different times were tested to confirm the reproducibility. 

3.13.2 Fracture surface topographies of advanced green composites 

The fracture surfaces of tensile tested LCC/M-LCC reinforced MFC/AVS green composites 

were characterized using a LEO 1550 field emission SEM (Germany). The SEM procedure used 

was identical to the description in section 3.8.3. 
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CHAPTER 4: RESULTS AND DISCUSSION 

4.1 Characterization of extracted avocado seed starch (AVS) 

4.1.1 Chemical analysis of AVS 

Table 3. Chemical components of raw avocado seed powder and purified seed starch (AVS) 

 

 

 

 

 

 

 

 As mentioned earlier, purified AVS powder was obtained by removing the impurities including 

protein, sugars and ash using simple water filtration technique. Table 3 presents the components 

of avocado raw seed powder before and after purification (AVS). Results show that after 

purification overall starch content significantly increased from 53.5 to 80.7% and on dry weight 

basis (without the moisture) the increase was from 58.7% to 84.3%, while the crude and adjusted 

crude protein, fibers, fat, sugars and ash all decreased to below 3%. The purity of AVS was 

sufficiently high for crosslinking and using it as resin fabricating green composites. 

Constituents Raw seed powder 

(%) 

AVS          

(%) 

Moisture 8.9 4.3 

Dry Matter 91.2 95.7 

Starch 53.5 80.7 

Starch (Dry wt. basis) 58.7 84.3 

WSC (Water Sol. Carbs.) 4.7 2.6 

ESC (Simple Sugars) 1.8 0.7 

Crude Protein 4.0 2.7 

Adjusted Crude Protein 4.0 2.7 

Crude Fiber 3.5 2.0 

Crude Fat 2.9 0.6 
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4.1.2 Rheological properties of AVS 

 

Fig. 7 Plot of viscosity vs temperature of AVS solution 

Starch granules are insoluble in water at room temperature. However, when temperature is 

raised, starch granules allow water to penetrate the cell wall and start swelling. The granules 

continue to swell as they absorb more water and finally rupture. Once inside, water acts as a 

plasticizer and breaks the crystalline structure of starch.52 Figure 7 shows the change in viscosity 

of avocado starch suspension as the temperature is increased from 20 ℃ to 90 ℃. It can be 

observed that the viscosity does not change when the starch is in the form of granules. However, 

once the temperature goes above 80 ℃ the granules start rupturing and allow starch molecules to 

come out. As a result, the viscosity rises rapidly. 
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Fig. 8 SEM images of AVS starch granules taken at four temperatures (a) room temperature, (b) 

65 ℃, (c) 80 ℃ and (d) 95 ℃ 

 

SEM images of AVS starch granules taken at four temperatures are shown in Figure 8. From 

these images the size of avocado seed starch granules was found to be in the range of 5 to 20 µm. 

As stated earlier, when temperature reaches 80 ℃, the starch granules start to rupture and at 

temperatures of over 90 ℃, most granules rupture and a homogeneous gelatinized solution is 

formed. Once gelatinized, at this high temperature, starch sheet can be formed by solution casting. 

From viscosity measurements and SEM observations, it was concluded that 80 ℃ is closer to the 

gelatinizing temperature of AVS. Since starch molecules are no more confined within the granules 

(a) (b) 

(c) (d) 
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above the gelatinizing temperature, the hydroxyl groups are fully exposed and, as a result, provide 

much higher possibility for chemical crosslinking reaction to take place.52 

 

4.2 Characterization of velvet leaf microfibers (VLF) 

4.2.1 Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) analysis 

As described earlier VLF was obtained by a combination of alkali and bleaching treatments that 

removed both hemicellulose and lignin without affecting the cellulose. Due to the chemical 

similarity between cellulose and starch, both consisting of glucose units, microfibers with higher 

purity of cellulose (content) can be expected to have better fiber/resin adhesion, through hydrogen 

bonding, making the reinforcement more efficient.46  

 

Fig. 9 ATR-FTIR spectra of VLF fibers, untreated and after each treatment 
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Figure 9 shows ATR-FTIR spectra of untreated (control) and treated VLF fibers. The spectrum 

for untreated velvet leaf fiber pulp showed a characteristic peak at 1736 cm-1 which is 

unconjugated stretching of carbonyl group from carboxylic or ester groups present in 

hemicellulose.53 It also contains C-O-C stretching vibration of aryl alkyl ether groups at 1240 cm-

1 and phenyl backbone aromatic C=C bending at 1500 cm-1 for lignin.12 After the first alkali 

treatment, the carbonyl peak at 1736 cm-1 disappeared, confirming the removal of hemicellulose. 

Bleaching using NaClO2 has been a common practice to remove lignin with phenyl structure.66 

The peaks at 1240 cm-1 and 1500 cm-1 almost disappeared after bleaching. The second alkali 

treatment served to remove both unwashed ClO2- and the lignin residue that remained after 

bleaching reaction. The ATR-FTIR spectrum of the final VLF product showed that treated velvet 

fiber slurry was white with high cellulose purity and suitable for making green composites. 

 

4.2.2 Distribution of length, diameter and aspect ratios of MFC and VLF microfibers  

 

 

 

 

 

 

 

 

(a) (b) 
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Fig. 10 SEM images of (a) MFC, (b) VLF and optical microscopy images at different 

magnifications of (c) VLF and (d) VLF 

 

Figures 10 (a) and (b) show SEM images of nanoscale MFC and micro-scale VLF. Diameters 

of both MFC and VLF could be easily measured from these images. Compared with VLF having 

individual fibers with average diameter of about 12 μm, MFC shows an entangled 3-D network 

with single fibril diameters of around 50 nm. The length and aspect ratio of VLF, could only be 

gauged from optical microscopy images as can be seen in Figures 10 (c) and (d). Aspect ratios of 

microfibers can greatly impact the mechanical properties of reinforced composites.62,100 Higher 

aspect ratio of fiber reinforcement is known to result in higher tensile strength and Young’s 

modulus in composites because they bridge microcracks formed under stress and cannot be easily 

pulled out from the resin in the fracture zone.62,100 However, fibers with very high aspect ratios 

might easily aggregate and/or entangle making it difficult to obtain uniform dispersion in the resin. 

Since bleaching and alkali treatments remove undesired lignin and hemicellulose from VLF, they 

also serve to separate the bonded fibers. As a result, after the treatments, single fibers are 

individualized. Many factors can influence the aspect ratio of the treated VLF microfibers. First, 

fibers from different parts of the plant as well as those extracted in different seasons would have 

20 𝝁𝒎 

(c) (d) 

100 𝝁𝒎 
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different quality as well as aspect ratios of microfibers. Second, different treatment variables such 

as speed and duration of velvet leaf stem grinding, concentration of bleaching and alkali agents 

and treatment times, could have significant effect on their lengths and diameters and, hence, on 

the aspect ratios of VLF microfibers.46 

The distribution of fiber lengths, diameters and aspect ratios of VLF are presented in Figure 11. 

Length of most of the microfibers ranged between 200 and 1000 µm and diameters between 10 

and 18 µm resulting in aspect ratios between 10 and 50. Values for average length, diameter and 

aspect ratio were 897 μm, 15.2 μm and 69.0, respectively. However, nearly 10% of the treated 

VLF had lengths higher than 1.5 mm and aspect ratios greater than 100. It may be assumed that 

microfibers with longer lengths and higher aspect ratios would dominate the reinforcement effect 

even though they were relatively small in number. 

 

(a) (b) 
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Fig. 11 Distributions of (a) fiber length, (b) diameter and (c) aspect ratios of VLF 

 

4.3 Characterization of crosslinked starch sheets 

4.3.1 Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) analysis 

Predetermined amounts of BTCA (crosslinker) and SHP (catalyst) were added to the starch 

suspension at 90 ℃ to crosslink the starch. At this temperature, BTCA can react, at least partially, 

with starch molecules that are in the gelatinized state. Solution casting method was then used to 

obtain the resin sheets. Partially crosslinked or pre-cured sheets were obtained after drying. The 

pre-cured sheets were further crosslinked by hot-pressing to obtain fully crosslinked resin sheets. 

Time and temperature of hot pressing process can greatly influence the extent of crosslinking.35,36 

Waxy maize starch and mango seed starch have been successfully crosslinked earlier using 

BTCA.24,25 These studies concluded that 15 min at 140 ℃ were sufficient to obtain comparably 

high degree of substitution (DS).24,25 

(c) 
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Higher extent of crosslinking of starch means less hydroxyl groups remain, i.e., less moisture 

absorption by the resin. However, if excess amount of BTCA is used, both unreacted BTCA and 

catalyst (SHP) serve as additional plasticizers which absorb water and lower the mechanical 

properties of the resin. To dissolve and remove any unreacted BTCA trapped inside starch resins, 

previous studies washed the resin with water and combined it with ultrasonification.25,34,52 

However, water washing also removes other desired plasticizers such as sorbitol or glycerol which 

can make resins brittle and undesirable for composite fabrication and packaging applications. The 

amount of crosslinker, thus, should be optimized to minimize water absorption and maximize the 

mechanical properties.  Sorbitol or glycerol (15% by wt. of AVS), which are both highly soluble 

in water, were used in crosslinked AVS resin sheet fabrication. 

            

Fig. 12 Determination of crosslinking extent by ATR-FTIR (a) ATR-FTIR plots of crosslinker 

BTCA, raw AVS and crosslinked AVS resin and (b) the value of A1720/A2929 of crosslinked AVS 

resin vs BTCA concentration from 15% to 35% 

 

ATR-FTIR spectra of crosslinked AVS resin sheets prepared with different concentrations of 

BTCA were obtained to determine the optimal amount of BTCA. Figure 12 (a) presents the ATR-

(a) (b) 
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FTIR spectra of raw AVS, crosslinked AVS and BTCA. As mentioned in an earlier study, the peak 

at 1720~1725 cm-1 represents carbonyl ester stretching and the peak at 2929 cm-1, which is 

constant, represents C-H stretching and could be used as a reference peak.34 Thus the ratio 

A1720/A2929 has been considered to positively correlate with the extent of crosslinking.34 To confirm 

the extent of crosslinking, crosslinked AVS sheets prepared with BTCA concentrations of 15%, 

20%, 25%, 30% and 35% (by wt. of AVS) were fabricated and washed overnight to remove 

unreacted BTCA which partially overlaps with ester peak. ATR-FTIR spectra were utilized to 

measure the relative absorbance of ester peak value and compare their extent of crosslinking. The 

polynomial curve of A1720/A2929 ratio as a function of BTCA percentage is shown in Figure 12 (b). 

The value of A1720/A2929 ratio continues to increase with higher BTCA amount. However, at 20% 

BTCA, A1720/A2929 ratio was close to saturation, showing that BTCA amount just about 20% might 

be needed to obtain a high extent of crosslinking. 

4.3.2 Differential scanning calorimetry (DSC) 

 

Fig. 13 DSC thermograms of crosslinked starch with BTCA concentrations of 15, 20 and 25% 
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DSC was used to further confirm the BTCA amount needed to crosslink starch films. Figure 13 

shows DSC thermograms of crosslinked AVS resin sheets containing BTCA concentrations of 15, 

20 and 25%. Unwashed crosslinked AVS sheets were used to test the amount of unreacted BTCA 

trapped in sheets. AVS resin with 15, 20 and 25% of BTCA were run on DSC to observe BTCA 

melting. The BTCA melting enthalpy values were found to be 3.89, 11.12 and 32.5 kJ/g for 15, 20 

and 25% BTCA concentrations, respectively, showing that a large part of BTCA remained 

unreacted in resins prepared with 25% BTCA. The enthalpy for unreacted BTCA drastically 

reduced when the BTCA proportion was reduced from 25% to 20% and further to 15%. From both 

ATR-FTIR and DSC results, it was obvious that 20% BTCA would be the optimum concentration 

to crosslink AVS. As a result, all composites were fabricated using AVS resin crosslinked with 

20% BTCA. 

4.4 Characterization of green composites containing MFC or VLF 

4.4.1 Thermogravimetric analysis (TGA)  

 

 

 

Fig. 14 TGA (a) and DTGA (b) thermograms of raw AVS powder, CSN-0, CSM-3/7 and CSV-

3/7 composites 

(b) (a) 
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Table 4. Thermal degradation of starch and composite specimens 

Specimen Initial degradation 

temperature 

(℃) 

Maximum peak I degradation 

temperature 

(℃) 

Maximum peak II 

degradation temperature 

(℃) 

Raw AVS powder 280.1 309.9 / 

CSN-0 231.4 288.1 / 

CSM-3/7 230.7 284.1 325.4 

CSV-3/7 228.8 277.6 330.1 

 

Figure 14 shows TGA and DTGA thermograms of raw AVS powder, crosslinked starch sheet 

CSN-0, and green composites CSM-3/7 and CSV-3/7. TGA thermograms provide a good 

indication of the thermal stability of raw starch powder, crosslinked starch and crosslinked 

composites containing MFC (CSM) or VLF (CSV). Onset degradation temperature and maximum 

degradation temperature obtained from Figure 14 are presented in Table 4. Raw AVS showed an 

initial degradation temperature of 280 ℃ whereas crosslinked starch and composites showed lower 

onset degradation temperatures in the range of about 230 ℃. Generally, the degradation 

temperature should be higher. However, the low degradation temperature in this case can be 

attributed to the existence of unreacted carboxylic groups of BTCA, i.e., BTCA itself, which 

degrades at lower temperature.24 After adding MFC or VLF, the thermal stability did not 

demonstrate improvement for either CSM-3/7 and CSV-3/7 composites compared with CSN-0. 

This shows that the degradation temperature of cellulose fiber and AVS do not have any impact 

on each other as they remain separate.25,52 Crosslinked AVS and MFC/AVS and VLF/AVS 

composites, due to the rigid 3-D crosslinked network structure, showed higher amount of char at 

600 ℃. For DTGA plots shown in Figure 14 (b), two peaks around 275~285 ℃ and 325~330 ℃ 

were obtained for both MFC/AVS and VLF/AVS composites. These peaks confirm degradation 
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of starch and cellulose, respectively. This also proves that both starch and cellulose components 

degraded without interference of the other part.10,75 This can be expected because fibers and resin 

stay as separate phases and have different degradation temperatures. 

4.4.2 Swelling power and moisture absorption analysis 

 

Fig. 15 Water absorption plots for MFC/AVS and VLF/AVS composites and crosslinked starch 

resins measured after 24 h of water immersion 

 

For all specimens immersed in DI water, water absorption increased during first 24 h and then 

remained stable. The water absorption (%) at the 3rd day, for crosslinked composites CSM-

1/9~CSM-4/6, CSV-1/9~CSV-4/6, noncrosslinked composites USM-3/7, USV-3/7, and 

crosslinked resin CSN-0, are presented in Figure 15. As can be seen in Figure 15, for 

noncrosslinked specimens USM-3/7 and USV-3/7, 88 and 110% wt. gains, respectively, were 
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  44% 
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obtained. After crosslinking, as expected, water absorption decreased significantly to 43 and 57% 

for CSM-3/7 and CSV-3/7, respectively. Crosslinked AVS resins have rigid structure, less 

hydroxyl groups and low capacity to expand/swell, thus reduced water absorption can be expected. 

Similar results were observed in previous studies on crosslinked soy protein isolate (SPI), neem 

protein as well as waxy maize starch resins.24,25,34–36,83 Lower water absorption is beneficial in 

composites as it indicates increased water stability. Also, absorbed water can swell the composites 

and reduce their Young’s modulus and fracture stress significantly.19 

The effects of cellulose fiber loading can also be seen in the data presented in Figure 15. 

Cellulose is hydrophilic and readily absorbs water in the amorphous regions. It is believed that 5 

to 10 wt% of water could be absorbed by cellulose materials such as MFC and VLF fibers at ASTM 

conditions of 65% RH and 21 ℃.101 However, because of the significantly higher crystallinity of 

individual cellulose nanofibers in MFC and higher fiber/resin hydrogen bonding, water absorption 

of cellulose reinforced starch composites could be lower.29,76,102,103 In this study the crosslinked 

starch sheets without any cellulose reinforcement showed 70% water absorption. The water 

absorption reduced to around 40% to 50% for MFC and 50% to 60% for VLF containing 

composites, respectively. For MFC-reinforced AVS composites, significant decrease in water 

absorption (49%) occurred when MFC was content was 10%. However, when the MFC content 

increased to 40%, water absorption was 46%, which was statistically insignificant (p > 0.05) with 

10% MFC content. VLF reinforced AVS composites also showed increasing resistance to water 

absorption. At 10% VLF content the composites absorbed 58% water and at 40% VLF content 

composites absorbed about 50%. Relatively higher water absorption occurred in VLF/AVS 

compared with MFC/AVS. This is believed to be because of highly crystalline nature of MFC as 
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well as its nanoscale 3-D network structure that prevents water absorption through restricted 

swelling. 

4.4.3 Dynamic mechanical analysis (DMA) 

Table 5. DMA data of MFC/AVS and VLF/AVS composites 

Sample Storage Modulus Tan 𝛿 Loss modulus 

Onset 

temperature 

of E’ drop 

(℃) 

E’ value 

at 20℃ 

(MPa) 

 

Temperature 

at max 

(℃) 

The value at 

maximum 

  

Temperature 

at max 

(℃) 

 

The value at 

maximum 

(MPa) 

CSM-3/7 -29.1 4810 46.1 0.166 -5.0 1072 

USM-3/7 -42.1 3489 -7.6 

88.3 

0.105 

0.193 

-20.6 873 

CSV-3/7 -31.6 4708 42.3 0.151 -6.6 1049 

 

 

    

 

 

 

 

 

 

 

 

 

 

(a) (b) 
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Fig. 16 Storage modulus (a), loss modulus (b) and tan 𝛿 (c) of AVS based green composites as a 

function of temperature 

 

DMA testing was performed to characterize the viscoelastic properties of the AVS based green 

composites. Table 5 presents the DMA data for composites containing 30% fiber content. The 

influence of 30% MFC or VLF loading on AVS composites, with or without BTCA crosslinking, 

on storage modulus, E’, loss modulus, E”, and tan 𝛿 are plotted in Figure 16. In the case of E’, the 

initial drop temperature demonstrates the onset point of chain movement. It can be observed from 

Figure 16 (a) that when no crosslinker (BTCA) was added (USM-3/7), onset temperature of E’ 

drop was much lower, -42.1 ℃ for USM-3/7 compared to -29.1 ℃ and -31.6 ℃ for CSM-3/7 and 

CSV-3/7. This suggests that crosslinked 3-D structure is indeed more rigid, as can be expected, 

and molecular movement starts at a higher temperature than noncrosslinked composites.104,105 

Also, CSV-3/7 composites have comparable onset temperatures and storage moduli at 20 ℃ (4810 

MPa of CSM-3/7 and 4708 MPa of CSV-3/7, respectively) to CSM-3/7. This exhibits good 

reinforcement by VLF which is comparable to MFC. Since VLF is derived from a freely available 

weed, it can be significantly inexpensive compared to MFC. 

(c) 
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Loss modulus, E”, plots reflect reinforcement and rigidity of MFC and VLF-based 

composites.105 As can be seen from Figure 16 (b), maximum E” peaks for both CSM-3/7 and CSV-

3/7 shifted to higher temperatures of -5.0 ℃ and -6.6 ℃ from -20.6 ℃ for USM-3/7. Higher values 

of 1072 MPa and 1049 MPa were also observed for CSM-3/7 and CSV-3/7, respectively, 

compared to 873 MPa obtained for noncrosslinked USM-3/7. The higher maximum peak value of 

crosslinked composites is attributed to the molecular chain hindered by the 3-D network structure, 

which increases the friction between fiber and starch matrix and, thus, the energy dissipation.105 

Tan δ is another parameter that measures molecular motion, specifically, the glass transition 

temperature. One of the important differences between crosslinked and noncrosslinked composites 

is that only one phase (peak) was observed in tan δ plot for crosslinked composites. Based on 

earlier studies of cellulose reinforced TPS, the peak at -10 ℃ to 0 ℃ can be attributed to relaxation 

of the plasticizer (sorbitol)-rich phase and the peak from 40 ℃ to 80 ℃ is the transition within the 

starch-rich phase.10,29,37,51,75,76,104,106 This suggests that plasticizer may only partially mix and 

disperse in starch/cellulose. It is possible that some plasticizer may reside at the fiber/resin 

interface. Similar results of the separation of two phases are also seen in noncrosslinked specimens 

USM-3/7 in Figure 16 (c). However, both crosslinked composites CSM-3/7 and CSV-3/7 showed 

only one tan δ transition peak. It is possible that the hydroxyl groups in sorbitol took part in 

chemical crosslinking reaction preventing phase separation of starch-rich and sorbitol-rich phases. 

This suggests that crosslinkers in the resin might help plasticizers disperse better to avoid phase 

separation. Crosslinking brings molecules closer and hence the resin can show apparent shrinkage 

when crosslinked. This can provide some pressure at the fiber/resin interface, which can make it 

difficult for the plasticizer to stay at the fiber/resin interface. 
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4.4.4 Tensile properties of crosslinked starch sheets and green composites 

Table 6. Tensile test data of MFC/AVS and VLF/AVS composites* 

Specimen Code Fracture Strength 

(MPa) 

Fracture strain 

(%) 

Young’ Modulus 

(MPa) 

Moisture content 

(%) 

CSM-1/9 13.96 (2.12)** 7.66 (3.82) 1054 (270) 7.54 (0.99) 

CSM-2/8 16.00 (1.36) 8.36 (1.95) 1434 (129) 7.72 (0.63) 

CSM-3/7 27.23 (1.40) 7.74 (1.96) 1810 (201) 6.67 (0.50) 

CSM-4/6 30.56 (2.28) 9.13 (2.01) 2025 (251) 7.18 (0.34) 

CSV-1/9 11.90 (1.39) 8.39 (1.41) 787 (148) 7.75 (0.88) 

CSV-2/8 21.24 (7.97) 7.30 (2.49) 1444 (617) 7.07 (0.61) 

CSV-3/7 27.80 (1.50) 10.18 (1.73) 1614 (204) 6.85 (0.51) 

CSV-4/6 40.71 (4.17) 6.44 (0.60) 2744 (550) 6.88 (0.77) 

CGM-3/7 18.23 (2.60) 18.69 (4.15) 388 (95) / 

CNM-4/6 46.03 (4.09) 3.56 (0.66) 3896 (533) / 

CNV-4/6 47.10 (3.83) 2.78 (0.45) 4489 (646) / 

CSN-0 3.65 (1.33) 10.95 (6.75) 289 (301) / 

USM-3/7 18.57 (1.99) 8.39 (3.46) 1500 (260) / 

*All specimens were conditioned for 3 days at 21 ℃ and 65% RH 

**The numbers in parentheses are standard deviations 

 

 

 

 

 

 



 57 

 

 

 

 

 

 

 

Fig. 17 Typical stress vs strain plots of (a) MFC/AVS and (b) VLF/AVS composites 

Results of the tensile tests for MFC/AVS or VLF/AVS composites, with different fiber/resin 

proportions of 0:10 to 4:6, are presented Table 6. Figure 17 presents typical stress vs strain plots 

for the same composites. Data for other specimens, containing 15% glycerol (CGM-3/7), without 

sorbitol (CNM-4/6 and CNV-4/6), without fiber reinforcing (pure AVS resin with 15% sorbitol) 

(CSN-0) and without crosslinker BTCA (USM-3/7) are also listed in Table 5 for comparison.  

For specimens CNM-4/6 and CNV-4/6, without any plasticizers, high fracture stress (> 45 MPa) 

and high Young’s modulus (> 4 GPa) were obtained, as was expected. However, their brittle nature 

with relatively low fracture strain (less than 3.5%) might prevent these materials from being 

applied in packaging and other fields. Glycerol was also used in CGM-3/7. High fracture strain 

can be attributed to better diffusion and plasticization of glycerol compared with sorbitol.29,38 The 

fracture stress and Young’s modulus, however, reduced drastically because of the breakage of 

intermolecular hydrogen bonding by glycerol. As stated earlier, to avoid significant loss of fracture 

stress, for all other composites sorbitol (15%) was used as the plasticizer. Sorbitol did lower the 

Fracture strain (%) 

(b) (a) 
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fracture stress from 45 MPa for CNM-4/6 to around 30 MPa for CSM-4/6. However, this level of 

plasticization by sorbitol provides sufficient fracture strain to increase the flexibility, and 

usefulness in some applications, of AVS-based plastics.  

Comparing the results obtained for CSN-0 with CSM-1/9 to CSM-4/6 in Table 6 and stress vs 

strain plots in Figure 17 (a), the fracture stress and Young’s modulus increased from 3.65 MPa for 

specimens with no MFC (CSN-0) to 30.56 MPa for specimens with 40% MFC (CSM-4/6). The 

fracture strain, however, remained steady at 8~9% compared to 11% for CSN-0. Researchers have 

reported severe reduction of tensile strain when just 5~10% of cellulose was added to TPS.10,76 

However, unlike TPS with high fracture strains, crosslinked AVS starch resin with 15% sorbitol 

had fracture strain of only around 11% while pure MFC sheets usually have fracture strain of 

6~8%.107 The results obtained here clearly indicate that MFC loading of up to 40% does not affect 

the fracture strain of MFC/AVS crosslinked composites if MFC is uniformly dispersed. However, 

MFC increases the fracture stress of composites significantly. The high crystallinity and excellent 

strength of cellulose fibrils in MFC, the high aspect ratio and high surface area and chemical 

similarity with starch, makes MFC an excellent reinforcing agent for starch based resins.25,52,106 

Same amounts of VLF were also introduced into AVS starch resin to form composites and the 

results were compared with MFC/AVS composites. The tensile results for CSV-1/9 to CSV-4/6 

specimens are presented in Table 6 and typical stress vs strain plots are shown in Figure 17 (b). It 

can be seen that when the VLF content was less than 30%, VLF/AVS composites showed 

mechanical properties comparable to MFC/AVS. Identical fracture stress values were obtained for 

CSV-3/7 and CSM-3/7 of around 28 MPa but CSV-3/7 demonstrated significantly higher fracture 

strain (10.2%) compared to CSM-3/7 (7.7%) (p < 0.05). Cellulose fibers at nanoscale such as MFC, 

provide rigid structure than microscale fibers to starch resin due to the higher area of 
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cellulose/starch interface. While the 3-D network structure of MFC provided higher Young’s 

modulus, fracture strain was lowered. On the contrary, even when there was less VLF/AVS 

interface area in VLF/AVS composites, high aspect ratio of VLF of about 70 provided strong 

VLF/AVS interaction and load carrying ability. At significantly lower cost, VLF should be an 

excellent candidate for reinforcing starch. However, when VLF content was increased to 40%, 

fiber aggregation was noticed which means that at higher loading fiber dispersity was an issue. 

Though high fracture stress of 40.71 MPa and Young’s modulus of 2744 MPa were obtained for 

CSV-4/6, the fracture strain reduced to 6.44%. This suggests that 30% of VLF content would be 

the ideal for VLF/AVS composites. 

Water acts as a plasticizer when absorbed by these green composites. The moisture content of 

all MFC/AVS and VLF/AVS composites were calculated after conditioning them for 3 days at 

65% RH and 21 ℃. These results are presented in Table 6. As MFC and VLF content increased 

from 10% to 30%, the moisture content decreased significantly from about 7.6% to 6.7% (p < 

0.05). Also, for both MFC/AVS and VLF/AVS composites, 30% fiber content showed the lowest 

moisture absorption. These results clearly indicate that cellulose fibers do provide better water 

resistance at 65% RH.  

4.4.5 Fracture surface topographies of green composites 

To obtain better fiber/resin interfacial bonding, in addition to their chemistries being compatible, 

it is critical to have uniform dispersion of fibers in the resin. In the present study, since both starch 

and cellulose are made of glucose units, excellent fiber/resin hydrogen bonding can be expected.108 

Higher fiber/resin interfacial bonding results in better stress transfer from broken fibers to intact 

fibers.5 For any composites, fiber breakage at the fracture surface signifies good fiber/resin 

interaction whereas long protruding fibers signify poor bonding. Figure 18 shows typical SEM 
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images of crosslinked and noncrosslinked 30% MFC reinforced AVS composite fracture surfaces. 

Figure 18 (a) shows fracture surface for CSM-3/7 composite fabricated using crosslinked AVS 

(BTCA, 20%) and Figure 18 (b) shows fracture surface of USM-3/7 composite fabricated with 

noncrosslinked AVS.  

 

 

 

 

 

 

 

Fig. 18 SEM images of fracture surfaces of MFC/AVS composites: crosslinked (a) CSM-3/7 and 

noncrosslinked (b) USM-3/7 

 

SEM image in Figure 18 (a) for CSM-3/7 shows almost no protruding fibers whereas SEM image 

in Figure 18 (b) for USM-3/7 clearly shows several microfibers and even fiber bundles (shown by 

arrows) protruding at the fracture surface. This suggests that crosslinked AVS starch has better 

bonding ability with MFC. As mentioned earlier, crosslinks bring molecules closer. This allows 

the fibers to be squeezed which provides better hydrogen bonding and increases the interfacial 

shear strength. Another factor could be the possible reaction of BTCA with both starch and 

cellulose as mentioned by other researchers.25 This provides covalent bonding which is much 

stronger than hydrogen bonding and results in significantly better cellulose/AVS interaction.52 

This fracture surface topography confirms the important role of crosslinking with BTCA for 

improving fiber/resin interfacial bonding. 

(a) (b) 
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Fig. 19 SEM images of fracture surfaces of crosslinked VLF/AVS green composites (CSV-3/7). 

(a)~(d) are images for CSV-3/7 composites at different magnifications and different locations. 

 

Typical images of fracture surface topographies of VLF/AVS green composites, taken at 

different magnifications, are shown in Figure 19. As seen from the SEM image in Figure 19 (a) 

overall dispersion of VLF seems uniform. However, fiber aggregation, bundles and cracks could 

still be found at some locations as seen in Figures 19 (b) and (c). The high surface roughness of 

VLF fibers provides high mechanical bonding and results in strong interfacial interaction. Fiber 

breakages at the fracture surface, with little protrusion, seen in SEM image shown in Figure 19 (d) 

confirm good VLF/starch adhesion. This could also be the effect of high aspect ratio making it 

difficult to pull fibers out. Interfacial bonding between the resin and micro-scale fibers is usually 

lower compared to nano-scale cellulose because (1) microfibers tend to aggregate or not disperse 

(a) (b) 

(c) (d) 
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uniformly in the resin, (2) have relatively lower fiber/resin interfacial area and (3) cellulose 

microfibers may not be pure enough and any presence of lignin and hemicellulose can hinder their 

interaction with starch.76 Present research confirmed that VLF microfibers, when purified, can 

provide strong bonding with starch matrix. VLF nanofibrils seen in SEM images presented in 

Figures 19 (b) and (c), may have been created during bleaching/NaOH treatments or during 

mechanical mixing with AVS. However, they greatly increase the interfacial bonding with starch 

and further improve the mechanical properties of the composites. 

4.5 Characterization of treated LCC fibers 

 

Fig. 20 Typical tensile stress vs strain plots of raw LCC, alkali treated LCC, alkali and heat 

treated (under stress) LCC (M-LCC) fibers. 
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Table 7. Tensile test data of raw LCC, alkali treated LCC and M-LCC fibers 

Specimens Fracture stress 

(MPa) 

Fracture strain 

(%) 

Young’s modulus 

(GPa) 

Raw LCC 1496 (193) 6.4 (0.2) 49.4 (4.6) 

Alkali treated LCC 1854 (161) 6.0 (0.5) 43.2 (6.0) 

M-LCC 1908 (178) 5.6 (0.3) 63.9 (3.7) 

 

As-received (control) LCC fibers were produced by an air gap-wet spinning method from a 

liquid crystalline solution, perhaps without elaborate post-spinning treatments. Previous research 

clearly showed that LCC fiber properties could be significantly improved with chemical, 

mechanical and heat treatments that result in increased molecular orientation and crystallinity of 

the fibers.97,98 Both KOH and NaHSO3 solutions were used successfully as the chemicals for LCC 

fiber treatment. 

In order to optimize the treatment parameters to further enhance the strength of LCC fibers, the 

alkali treatment developed by Kim and Netravali was modified by using a weight of 0.7 kg for the 

LCC yarns and increasing the treatment time to 1.5 h with other factors unchanged.97 The number 

of filaments in each LCC yarn were 1,000. The stress loading for LCC fibers was calculated to be 

65 MPa/filament, which is 5% of the ultimate fracture stress. The tensile stress vs strain plots of 

control LCC fibers, alkali treated LCC fibers without heat treatment and alkali treated fibers with 

heat (M-LCC) are shown in Figure 20 and tensile data are presented in Table 7. 

As can be seen from stress vs strain plots in Figure 20 and tensile data in Table 7, alkali and 

heat treatments resulted in significant enhancement of both the fracture stress and Young’s 
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modulus of LCC fibers. Fracture stress (strength), fracture strain and Young’s modulus for 

untreated (control) LCC fibers were 1496 MPa, 6.4% and 49.4 GPa, respectively. These values 

are close to those obtained for control LCC fibers in previous studies.94,97 When the alkali treatment 

is carried out under tension, microfibrils in LCC fibers get stretched and cellulose molecules get 

oriented.97 The rearrangement and extension at both nano- and molecular level leads to significant 

increases in orientation and crystallinity of LCC fibers and results in the improvement of both 

fracture stress and Young’s modulus.97,98 For alkali-treated LCC fibers without post-thermal 

treatment, fracture stress reached 1854 MPa while Young’s modulus decreased slightly to 43.2 

GPa. The reduction in Young’s modulus is perhaps due to some fiber shrinkage or relaxation 

during slack drying. However, the rearranged morphology after the alkali treatment resulted in 

24% improvement of fracture stress to 1854 MPa. It has been observed that during alkali treatment, 

the molecular structure changes irreversibly and permanently which results in significant 

improvement in LCC fibers properties.97 To avoid possible fiber shrinkage and improve Young’s 

modulus, heat treatment with a load the same as that used in the alkali treatment was found to be 

critical.98 After both alkali treatment and post-thermal treatment under application of load, less 

shrinkage occurs. In this study these conditions led to both higher fracture stress of over 1900 MPa 

and Young’s modulus of 64 GPa compared to 1854 MPa and 43.2 GPa, respectively, without the 

application of heat during drying. At the same time, the tensile strain for M-LCC fibers decreased 

to 5.6% from 6.0% obtained for control fibers. Based on these results, it was assumed that a 0.7 

kg load (65 MPa, 5% of ultimate fracture strength of LCC) was ideal stress level that improves the 

molecular orientation without causing any morphological damage to LCC fibers. 
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4.6 Characterization of LCC fiber reinforced hybrid advanced green composites 

The effect of plasticizers on the MFC/AVS resin properties has been discussed earlier and 

presented in Table 6 in section 4.4.4. From the results mentioned in the last paragraph, the average 

fracture strain of LCC and M-LCC fibers were 6.4% and 5.6%, respectively. In general, to ensure 

that composites reach their maximum fracture stress, it is important for the resin fracture strain to 

be greater than that of the fiber.17 As mentioned earlier, MFC was added to AVS resin to enhance 

its fracture stress and fracture strain. As discussed earlier, both starch and cellulose are made up 

of glucose as the monomer and contain hydroxyl (-OH) groups, which allow the formation of 

hydrogen bonds between the two constituents.109 In addition, AVS starch was crosslinked using 

BTCA to enhance its mechanical properties further and improve the water resistance.24,25 Previous 

study demonstrated that 30:70 MFC/AVS with 20% BTCA resulted in excellent resin properties 

without MFC aggregation.52 As a result, in this study the same 30:70 MFC/AVS combination was 

used to fabricate advanced green composites with LCC and M-LCC fibers. The effects of 

plasticizers, 15% sorbitol, 15% glycerol (by wt. of resin), or no plasticizer addition on resin 

properties were characterized. The tensile test results of MFC/AVS resins with and without the 

plasticizers are presented in Table 8 and typical stress vs strain plots are presented in Figure 21. 
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Fig. 21 Typical tensile stress vs strain plots of N-MFC/AVS, S-MFC/AVS and G-MFC/AVS resins 

 

Table 8. Tensile test data of N-MFC/AVS, S-MFC/AVS and G-MFC/AVS resins* 

Specimen Fracture stress 

(MPa) 

Fracture strain 

(%) 

Young’s modulus 

(MPa) 

N-MFC/AVS 36.4 (4.1) 3.1 (0.7) 2171 (157) 

S-MFC/AVS 27.2 (1.4) 7.7 (2.0) 1810 (201) 

G-MFC/AVS 18.2 (2.6) 18.7 (4.2) 388 (95) 

*All resins contain 30% MFC and 15% sorbitol or glycerol 

The stress vs strain plots in Figure 21 and the data presented in Table 8 for sorbitol or glycerol 

containing MFC/AVS resins clearly demonstrate the mechanical effects of plasticizers on their 

mechanical properties. The control MFC/AVS resin without any plasticizer (N-MFC/AVS) 
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showed brittle characteristics with the fracture strain of just over 3%. This is even lower than the 

fracture strain of LCC (6.4%) or M-LCC (5.6%) fibers. With the addition of 15% sorbitol or 15% 

glycerol, fracture strain values of around 7.7% and 18.7%, respectively, were obtained. This means 

that S-MFC/AVS (with sorbitol) and G-MFC/AVS (with glycerol) resins would be suitable for 

LCC fiber reinforced green composites. Glycerol is comparatively a smaller molecule than 

sorbitol. As a result, it is easier to diffuse, penetrate and disperse in the starch-based resin as well 

as to form a plasticizer layer at the LCC fiber/starch interface.92 The large amount of free volume 

added by the plasticizer also results in a much higher fracture strain and a lower fracture stress for 

the resin.68,110  

 

Fig. 22 Typical tensile stress vs strain plots of LCC-N-MFC/AVS, LCC-S-MFC/AVS, LCC-G-

MFC/AVS and M-LCC-S-MFC/AVS advanced green composites 
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Table 9. Tensile test data of LCC-N-MFC/AVS, LCC-S-MFC/AVS, LCC-G-MFC/AVS and M-

LCC-S-MFC/AVS advanced green composites 

 Fracture stress 

(MPa) 

Fracture strain 

(%) 

Young’s modulus 

(GPa) 

Volume fraction 

of fiber 

LCC-N-

MFC/AVS 

190.1 (24.3) 3.0 (0.4) 16.7 (1.4) 0.411 

LCC-S-

MFC/AVS 

289.8 (35.9) 4.3 (0.7) 15.3 (1.6) 0.374 

LCC-G-

MFC/AVS 

250.8 (26.6) 5.2 (0.8) 12.6 (1.8) 0.387 

M-LCC-S-

MFC/AVS 

380.1 (46.0) 4.1 (0.5) 19.5 (2.4) 0.390 

 

To understand the effect of plasticizers on the properties of LCC fiber reinforced green 

composites, unidirectional LCC-MFC/AVS composites with 15% sorbitol (LCC-S-MFC/AVS), 

15% glycerol (LCC-G-MFC/AVS) and no plasticizer (LCC-N-MFC/AVS) composites were 

fabricated. LCC fiber volume fraction for all composites was controlled to approximately 40%.  

The specimens having 3 mm × 100 mm dimensions were tested for their tensile properties, in the 

longitudinal direction according to ASTM D3039-17. The typical tensile stress vs strain plots are 

presented in Figure 22 and the data are shown in Table 9. 

As can be seen in Figure 22, adding plasticizer (15% sorbitol or 15% glycerol) significantly 

improved the fracture stress of these composites in comparison to composites that contained no 

plasticizer. LCC-N-MFC/AVS composites showed a very low fracture strain of only 3.0% and 

comparably low fracture stress of just over 190 MPa. During the tensile tests brittle resin was 

always seen to fracture before breaking of the LCC fibers in these composites. This means that the 

resin N-MFC/AVS could not provide enough strain for LCC fibers to reach their maximum 

fracture stress. Once the resin failed, there was no mechanism to transfer the stress from broken 

fibers to intact fibers and other fibers started to fail. After adding plasticizers, the fracture strain of 
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LCC-S-MFC/AVS and LCC-G-MFC/AVS composites greatly improved to 4.3% and 5.2%, 

respectively. Data in Table 9 for the resins, discussed earlier, showed that the fracture strains of S-

MFC/AVS and G-MFC/AVS resins were much higher than the fracture strain of LCC fibers. This 

allows LCC fibers to reach their maximum possible stress. However, both LCC-S-MFC/AVS and 

LCC-G-MFC/AVS composites still had slightly lower strain than the LCC fibers. This could be 

explained by the defects created during fabrication of the composites or fiber/resin debonding 

before the fracture of individual LCC fibers.111 Nevertheless, greatly enhanced fracture stress 

values of 289.8 MPa and 250.8 MPa were obtained for LCC-S-MFC/AVS and LCC-G-MFC/AVS 

composites, respectively, after adding sorbitol or glycerol. These values are significantly higher 

than 190.1 MPa obtained for the LCC-N-MFC/AVS composites, though  lower Young’s moduli 

of 15.3 GPa and 12.6 GPa were obtained for LCC-S-MFC/AVS and LCC-G-MFC/AVS 

composites compared with 16.7 GPa of LCC-N-MFC/AVS. The lower fracture stress, Young’s 

modulus and higher fracture strain of LCC-G-MFC/AVS compared to that of LCC-S-MFC/AVS 

can be explained by the size and penetration ability of plasticizers which is similar to the 

plasticization effect of the MFC/AVS resin as discussed before. The smaller molecular size of 

glycerol can easily penetrate into the resin as well as at both the MFC/AVS and LCC fiber/AVS 

interfaces.92 The plasticizer at the fiber/resin interface acts as a lubricant and reduces the interfacial 

shear strength and, in turn, weakens the composite. The weakened interface leads to both lower 

fracture stress and Young’s modulus while causing a higher fracture strain68,110 Schematic 

illustrations presented in Figure 23 show how plasticizers can affect the MFC/AVS resin and the 

LCC fiber/AVS resin interfaces. 
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Fig. 23 Schematic illustration of the interfacial adhesion between LCC fibers and MFC/AVS resin 

with a) no plasticizer, b) 15% sorbitol and c) 15% glycerol  

 

S-MFC/AVS was chosen as the resin to fabricate advanced green composites using control LCC 

and M-LCC fibers and their tensile properties were compared. Typical stress vs strain plots of 

LCC-S-MFC/AVS and M-LCC-S-MFC/AVS advanced green composites are shown in Figure 22 

and tensile test data are presented in Table 9. A significantly higher Young’s modulus of 19.5 GPa 

was obtained for M-LCC-S-MFC/AVS composites compared with 15.3 GPa obtained for LCC-S-

MFC/AVS composites. This is over 27% enhancement in stiffness. The fracture stress of M-LCC-

S-MFC/AVS composites (380.1 MPa) was also found to be 31% higher than LCC-S-MFC/AVS 

composites (289.9 MPa) having untreated LCC fibers. These results are as expected because of 

the much higher tensile properties of M-LCC fibers compared to LCC fibers as discussed earlier. 

Also, the fracture strain of the M-LCC fibers and untreated LCC are 5.6% and 6.4%, respectively, 

while the fracture strain values for M-LCC-S-MFC/AVS and LCC-S-MFC/AVS composites are 

(a) (b) 

(c) 
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4.1% and 4.3%, respectively. Smaller difference  in strain values of single M-LCC fibers and 

their composites ( = 5.6% - 4.1% =1.5 %) compared with that of LCC fibers ( = 6.4% - 4.3% = 

2.1%) suggests that there should be better bonding between S-MFC/AVS resin and M-LCC fibers 

than with LCC fibers. The enhanced M-LCC fiber/MFC/AVS interfacial adhesion can be expected 

to result in better stress transfer from broken to intact fibers thus better mechanical properties.111 

4.7 Theoretical estimation of advanced green composites properties 

The rule of mixture was used to estimate theoretical values for Young’s modulus and the 

fracture stress of LCC-MFC/AVS composites. The theoretical fracture stress and Young’s 

modulus values were calculated using equations: 

𝜎𝑐 =  𝜎𝑓𝑉𝑓 + 𝜎𝑚𝑉𝑚 

𝐸𝑐 =  𝐸𝑓𝑉𝑓 + 𝐸𝑚𝑉𝑚 

 

where E represents Young’s modulus,  represents fracture stress and V represents volume fraction 

and subscripts c, f and m stand for composite, fiber and matrix (resin), respectively.53 Table 10 

presents theoretical values of LCC and M-LCC fiber reinforced advanced green composites. 

Table 10. Theoretical tensile test data of LCC-G-MFC/AVS and M-LCC-S-MFC/AVS advanced 

green composites 

Composite Fracture Stress 

(MPa) 

Young’s Modulus 

(GPa) 

Fiber Volume Fraction 

LCC-S-MFC/AVS 

theoretical 

576.6 18.3 0.374 

M-LCC-S-MFC/AVS 

theoretical 

760.7 25.3 0.390 
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The calculated theoretical Young’s modulus values for LCC-S-MFC/AVS and M-LCC-S-

MFC/AVS advanced green composites are 18.3 GPa and 25.3 GPa, respectively. This is compared 

to the experimental Young’s modulus values of 15.3 GPa and 19.5 GPa for the same composites. 

Although both experimental moduli are lower than the calculated values, they are not too far from 

the theoretical Young’s modulus values. This indicates that the rule of mixture is a reasonable tool 

to predict Young’s modulus of LCC composites. In any case, there are several reasons for 

obtaining lower experimental modulus values than theoretically predicted ones. The composites 

were hand laid and it was impossible to maintain perfect orientation of the fibers as it would be in 

an industrial situation. The resin penetration in between each filament may not be ideal. In addition, 

presence of any air bubbles or voids would also lower the values. The experimental fracture stress 

values of 289.75 MPa and 380.09 MPa for LCC-S-MFC/AVS and M-LCC-S-MFC/AVS 

composites, respectively, however, were much lower than the calculated fracture stress values of 

576.55 MPa and 760.73 MPa, for the corresponding composites. The experimental values of 

ultimate stress are only around half of the prediction. This is a clear indication that many defects 

are present in the composites. As stated before, the main reasons for the lower experimental values 

include misalignment of LCC fibers embedded in the resin due to hand-processing, non-uniform 

resin penetration between LCC fibers and the introduction of defects, including voids and bubbles 

during hot-pressing. The nature of each type of defects and their individual contributions, however, 

are difficult to estimate. Also, since the composites failed at a lower strain levels (4~5.5%) than 

those of single LCC fibers (5.5%~6.5%), both LCC-S-MFC/AVS and LCC-G-MFC/AVS 

composites did not allow the LCC fibers to reach their full tensile potential. Several methods may 

be tried to avoid these errors, such as manually winding LCC yarns and immersing them in resin11 

or using pre-forming and prepreg sheet methods112 and controlling the plasticizer amount to further 
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increase tensile strain while avoiding too much loss of interfacial adhesion. By using these 

methods, the final fracture strength should get closer to the theoretical value provided by rule of 

mixture. 

 

4.8 Characterization of fracture surface topographies of advanced green composites 

    

    

Fig. 24 SEM images of fracture surfaces of advanced green composites a) LCC-N-MFC/AVS; b) 

LCC-S-MFC/AVS; c) LCC-G-MFC/AVS; d) M-LCC-S-MFC/AVS 

 

(a) (b) 

(c) (d) 
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Typical SEM images of tensile fracture surfaces of LCC-N-MFC/AVS, LCC-S-MFC/AVS, 

LCC-G-MFC/AVS and M-LCC-S-MFC/AVS composites are presented in Figure 24. It is obvious 

that LCC fibers in N-MFC/AVS resin were most easily pulled out and showed the longest 

protruded lengths. The early fracture of the resin, which had fracture strain of lower than 3%, 

lowers the LCC fiber/resin interfacial shear strength as the resin cracks at different locations, 

leading to early failure of the composites and easy fiber pull-out.6 However, after adding 15% 

sorbitol or glycerol, the fracture strains of the resins increased significantly. This led to much 

stronger interfacial bonding and less debonding occurred before fibers started to break.6 Although 

some of the plasticizers can stay at the fiber/resin interface and reduce the interfacial shear strength, 

SEM pictures in Figures 24 (b) and (c) still show much shorter LCC fiber pull-out lengths than the 

resin without the plasticizer. The fracture surface of the M-LCC-S-MFC/AVS composite, shown 

in Figure 24 (d), exhibited the shortest pull-out lengths indicating the highest adhesion compared 

to other three composites. This further supports the hypothesis that higher interfacial bonding 

exists between the resin with M-LCC fibers compared to untreated LCC fibers. It is possible that 

after chemical and heat treatment, more hydroxyl groups are exposed on the LCC fiber surface 

which offer more hydrogen bonding sites with the AVS based resin, thus, providing better 

interfacial bonding. 
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CHAPTER 5: CONCLUSIONS 

Fully biodegradable green composites were fabricated using non-edible starch extracted from 

avocado seed (AVS) and microfibrillated cellulose (MFC) or velvet leaf microfiber (VLF) and/or 

liquid crystalline cellulose (LCC) fibers. Avocado seed starch (AVS) was extracted by simple 

filtration technique and high purity starch (up to 84%) was obtained. To improve water resistance 

and mechanical properties of starch as resin, AVS was crosslinked using a green crosslinker, 

BTCA, to obtain thermoset starch having 3-D network structure. MFC or VLF were added to AVS 

to improve its fracture stress and Young’s modulus. DMA, tensile tests and SEM analysis were 

conducted to characterize and compare the reinforced resin properties. The results indicated that 

both MFC and VLF do an excellent and almost equal job of reinforcing AVS resin.  Both MFC 

and VLF were able to be dispersed in the AVS resin and provided significantly better water 

resistance or lower water absorption in the immersion test. Finally, liquid crystalline cellulose 

(LCC) fibers were combined with AVS resin to obtain advanced green composites with high 

tensile properties. LCC fibers were treated by potassium hydroxide solution as well as heat 

treatment to further enhance both molecular orientation and crystallinity of the fibers (M-LCC 

fibers). These treatments resulted in excellent enhancement in tensile properties of the M-LCC 

fibers. Tensile fracture stress and Young’s modulus values of these advanced green composites 

were high and Young’s modulus values were comparable to some conventional petroleum-derived 

engineering plastics. The type and amount of plasticizer used in AVS resin greatly affected its 

mechanical properties. Sorbitol, in general, resulted in better resin and composite properties than 

glycerol. Composites made with M-LCC fibers with 15% sorbitol-MFC/AVS resin were found to 

obtain a highest tensile strength of over 380 MPa and Young’s modulus of 19.5 GPa with less than 

40% volume fraction and in spite of using simple hand-processing techniques. Advanced green 
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composites reinforced with LCC fibers are not only fully biodegradable and sustainable but also 

exhibit high mechanical properties. They have excellent potential for use in many applications in 

the structural, automotive and engineering fields. 

 

CHAPTER 6: FUTURE SUGGESTIONS 

∎ In the present study, avocado seed starch was used to make composites reinforced by 

microfibrillated cellulose and velvet leaf microfibers. Liquid crystalline cellulose fibers were used 

to make fully green advanced composites with high mechanical properties. The process of 

fabrication of composites could be made further green in several ways. First, the bleaching agent 

sodium chlorite used in this study is not environmental friendly. Further research should be carried 

by replacing sodium chlorite with hydrogen peroxide or other greener bleaching agents. The 

bleaching step may be even eliminated if single fibers could be separated by other methods. 

∎ The crosslinking catalyst, SHP, is not green because of the phosphorus it contains. Sodium 

propionate should be used in place of SHP to avoid introducing phosphorus.   

∎ Velvet leaf has shown excellent reinforcing capability and satisfies both requirement of good 

mechanical properties and uniform dispersity. Although not presented in this thesis, another type 

of fiber from hops stem (a waste), showed even larger aspect ratio when extracted by using the 

same process. The hops stem microfiber may have better reinforcing effect in starch-based 

composites. Future research may include this waste fiber for green composites.  

∎ Liquid crystalline cellulose fibers have been already modified using potassium hydroxide and 

sodium bisulfite and mechanical strength have been improved from 1500 MPa to nearly 2000 MPa. 
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While this research produced modified LCC fibers with strength higher than 1900 MPa, there is 

great scope to improve the strength further to over 2000 MPa if both the concentration and kind of 

treatment solution, loading weight and time are fully optimized. Different set of experiments may 

be designed to find the best treatment chemical and concentration and loading weight (tension) as 

well as treatment time and temperature. Also, the mechanism of strengthening during treatment is 

still not fully understood. It is believed that the lubrication of solution might help molecular 

orientation and increase crystallinity. Experiments could be carried out to examine the hypothesis. 

∎ The fabrication of LCC reinforced composites should be optimized. Misalignment and better 

penetration of LCC into matrix should be avoided as possible.  

∎ 15% of sorbitol was needed to ensure enough tensile strain of the resin. However, as seen from 

water absorption tests, high water absorption of 40~50% water sorption occurred for 15% sorbitol 

addition, which means that the starch-based composites are not applicable in humid environment. 

Hydrophobic treatment should be advantageous.  

∎ Biodegradability test for crosslinked starch films should be done to confirm how long it takes 

to fully biodegrade these green composites.  
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