
ABSTRACT 

ENI, EGBE UCHECHI. The Mechanical response of Protein Films under Low-Level 

Plasticization. (Under the direction of Dr. Orlando Rojas and Dr. Kara Peters.)  

 

Disposal of traditional petroleum-based plastics such as polyethylene (PE) and 

polypropylene (PP) after use has posed a serious threat to the environment due to their non-

biocompatibility.  Studies have been conducted in the advancements of bio-based composites 

employing natural fibers as reinforcements or inorganic thermoplastics as resins (Ghosh Dastidar 

and Netravali 3243-3251).  These “semi green” composites inherit the same non-

biocompatibility traits as their inorganic predecessors.  A major emphasis of this research was 

the construction of composites composed solely of organic materials providing adequate thermal 

mechanical properties.   

Soy protein concentrate (SPC) provides a cheap matrix with nominal strength that is 

reproducible and biocompatible (Kaplan).  Plasticization decreases strength, elasticity, Tg while 

increasing flexibility and extensibility (Cheng, Karim, and Seow E62-E67).  In spite of the 

significant improvement in mechanical property, films with 10% or less plasticizer are difficult 

to process (Zhang, Mungara, and Jane 2569-2578).  The brittle nature of such films resulted in 

the lack of research in low level plasticization (Zhang, Mungara, and Jane 2569-2578). 

Polymer toughness is susceptible to molecular packing, phase structure, morphology, 

manner of stress transmittance, cohesive forces, x-links, entanglements, and the nature of 

deformation (Mechanical Properties of Polymers Based on Nanostructure and Morphology).  

Polymers undergo varying degrees of processing resulting in differing mechanical and thermal 

properties (Mechanical Properties of Polymers Based on Nanostructure and Morphology).  



Certain inorganic composites such as ceramics avoid incompatibility issues by acting as both 

filler and matrix.    

In this study the concept of self-reinforcement was taken and applied to common organic 

thin films made with SPC.  High concentrations of plasticizer produced ductile films with high 

toughness.  Low concentrations of plasticizer resulted in stiff, brittle, films with exceptionally 

high energy absorption capabilities. Taking advantage of their dual nature allowed SPC to act as 

both matrix and reinforcement resulting in high impact soy protein concentrate (HISPC).  Ductile 

SPC fillers were combined with brittle SPC matrices, at times, doubling film toughness.  This 

study proved that protein films could serve as both matrix and reinforcement. This research 

observed the system’s thermal and mechanical response to protein fillers varying in both 

plasticizer and cellulose concentration.    

Cellulose has proven to be an effective reinforcing agent due to their low cost, 

availability, light weight, renewability, and unique morphology (Lucia, Lucian A., 

Rojas,Orlando J., ).  Cellulose has shown promise as a composite reinforcement in the form of 

short fibers, whiskers, nanocrystals, nanofibers, liquid crystalline continuous filaments as well as 

substrates (Ghosh Dastidar; Ghosh Dastidar and Netravali 3243-3251; Kim and Netravali 3950-

3957; Nam and Netravali - 380-388).  Cellulose combined with protein provided acceptable 

interfacial properties and satisfactory matrix to reinforcement stress transfer.  This research 

observed cellulose as a nano reinforcement.  This study analyzed the thermal mechanical 

response of low-level plasticization, CNC, CNF, CLNF, and plasticizer derived from SPC on 

protein films. 

Research findings showed that increases in certain mechanical properties such as 

Young’s modulus could be obtained just as in high level plasticization; whereas, in low level 



plasticization these increases were substantially greater while requiring significantly less 

amounts of cellulose.  Improvements in thermal performance were observed due to cellulose.  

Glass transition temperature was significantly affected by both cellulose and plasticizer.  This 

research consistently replicated, analyzed, and observed the effects of low level plasticization on 

protein films.  The system was more responsive to the initial stages of plasticization.   From 0 to 

20% plasticization, the system showed a difference in average Young’s modulus of 1187 MPa, 

whereas only a 216 MPa difference occurred between the 20% and 40% levels.  HISPC provided 

a 206% improvement in Young’s modulus, 64% in energy absorption, and an increase in 

breaking stress. 
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support, and prayers have ensured its success and completion.  Without them this research would 

have been impossible to complete.  

As I begin to write, so I begin to remember, every siren, every call, every suture, every ache, 

every disappointment, every tear.   

Every victory, Every fear.   

Through it all, the crackling voice, trembling hands, the face of Home, the face of Hope. 

Hope relentless.   

Hope defiant.   

Home, the stability of the character displayed before me forever imprinted on minds resonates in 

eternity.  This path we walk filled with bumps, bruises, and planned mishaps.   

Conversations unheard.   

Griped in the light of day, we speak.  

In the light of night, we speak.   

In the light of pain, we speak.   

In the light of chaos, we speak.   

In the light of Death, we speak.   

Forever Enthroned and knighted to drink of a cup far reaching of man, ever near, ever fleeting.  

With just cause has that invisible hand begun to write one destiny for all men.   

Irrefutable, undeniable a silence that spans beyond the birth of a Nation, the lifespan of men, into 

the darkest depths and deepest abyss.   

A single response.   
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A measuring rod, a balance, marked with blood. 

The King’s Anthem, a reminder of what was lost. 

A quandering among men, foolishness for the learned, clarity for the broken, rain for the  

thirsty. 

Forever inscribed in blood a place at His table. 

Written on the hearts of men, a lullaby echoing in the darkest of nights, 

carried to the four corners of the universe on the whispers of angels, 

with the sweetest of melodies, reverberating off the tongues of Gods. 

One mantel 

carried by one life. 

A signet ring with a weightiness that breaks all flesh. 

A knock that cannot be ignored. 

The cup He beckons me drink. 

Shall I deny? 

The path of the King we lay claim to, takes hold of. 

Entwined in glory, smitten in salt, and Engulfed in blood. 

A sacrifice, with every sacrifice an alter, and every alter, a question that demands an answer. 

Before She Spoke the worlds beneath lay dormant. 

In deepest depths a chasm, void of all compassion, void of all light, void of all knowledge, 

void of all sound 

but 

one 
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In its midst a sanctuary, there the rulers of the four corners of the universe gather. 

An alter 

Upon that alter, written the names of the Sons of Men.   

As the sands of time, numbered were the days of men.   

Transcribed on the mouths of babes, rhetoric in the eyes of men.   

A story long Lost to Time and Memory.   

With the crackling of the foundations She spoke,  

the alter spoke  

the sanctuary spoke  

and that which was written spoke  

in Life Dominion  

in Chaos Dominion  

in Death Dominion  

Forever Dominion 
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CHAPTER 1 

Introduction 

1.1 Problem Statement  

Current plastic materials are almost entirely made from petroleum feedstock and 

consume a significant portion of limited petroleum resources. The demand for plastics is still 

growing steadily, which will further complicate the situation in view of an unstable oil supply 

and other associated problems. In addition, the disposal of traditional plastics such as 

polyethylene (PE) and polypropylene (PP) after use has posed a serious threat to the environment 

due to their non-biocompatibility. Soy protein (SP) is an abundantly available and inexpensive 

plant polymer.  As a result, SP-based plastics have received considerable attention in recent 

years.   

Many researchers have studied the development of advanced composites using natural 

fibers as reinforcements and epoxies or thermoplastics as resins to replace the metals in 

aerospace and automotive applications.  Because the epoxies and thermoplastics are non-

biodegradable resins, these partially biodegradable or “semi green” composites have the same 

disposal problems at the end of their life. They can neither return to an industrial metabolism nor 

return to a natural metabolism.  Because the composite materials are fabricated by combining 

two dissimilar materials, it is hard to recycle and reuse them, particularly if thermoset resins are 

used.     

Polymer toughness is susceptible to molecular packing, phase structure, morphology, 

manner of stress transmittance, cohesive forces, x-links, entanglements, and the nature of 

deformation (Mechanical Properties of Polymers Based on Nanostructure and Morphology).  

Polymers undergo varying degrees of processing resulting in differing mechanical and thermal 
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properties (Mechanical Properties of Polymers Based on Nanostructure and Morphology).  

Certain inorganic composites such as ceramics avoid incompatibility issues by acting as both 

filler and matrix.   In this study the concept of self-reinforcement is taken and applied to common 

organic thin films made with soy protein concentrate (SPC).  High concentrations of plasticizer 

produce ductile films with high toughness.  Low concentrations of plasticizer result in stiff, 

brittle, films with exceptionally high energy absorption capabilities. Taking advantage of its dual 

nature allows SPC to act as both matrix and reinforcement resulting in high impact soy protein 

concentrate (HISPC).  Ductile SPC fillers are combined with brittle SPC matrices, at times, 

doubling film toughness.   

Cellulose has proven to be an effective reinforcing agent due to its low cost, availability, 

light weight, renewability, and unique morphology (Lucia, Lucian A., Rojas,Orlando J., ).  

Cellulose has shown promise as a composite reinforcement in the form of short fibers, whiskers, 

nanocrystals, nanofibers, liquid crystalline continuous filaments as well as substrates (Ghosh 

Dastidar; Ghosh Dastidar and Netravali 3243-3251; Kim and Netravali 3950-3957; Nam and 

Netravali 380-388).  Cellulose combined with protein in all these forms provides acceptable 

interfacial properties and satisfactory matrix to reinforcement stress transfer.  This study shows 

that increases in certain mechanical properties such as Young’s modulus could be obtained just 

as in high level plasticization; whereas, in low level plasticization these changes were 

substantially more significant. 

1.2 Plan of Dissertation  

The objective of this dissertation is the production of a soy based, biocompatible, 

composite whose mechanical properties provided a viable alternative to some of the most 

common petroleum derived plastics.  Research contributions include: the observation of low 
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level plasticization on mechanical and thermal performance, the application of toughening on 

soy based plastics, the observation of SPC derived plasticizer on mechanical and thermal 

properties, and the creation of high impact soy protein concentrate films.  

Mixtures composed of soy protein and cellulose are created using various experimental 

mixing procedures.  The methods vary based on degree of plasticization, cellulose concentration, 

SPC concentration, moisture addition, and drying procedure.  Plasticization was the most 

influential factor when determining film preparation.  SPC powder containing various amounts 

of cellulose is combined with glycerol and water resulting in a dispersed homogenous mixture.  

Different ratios of plasticizer are incorporated into the SPC- films to improve mechanical 

properties.  Glycerol has a plasticizing effect on the films in the range of 1–40%.  Apart from the 

plasticizer, the processing method used to prepare the films has had an influence on the 

properties. 

The processing method at the 5% plasticization level produce excess moisture on the 

film’ surface.  This residual moisture produces a moisture gradient within the final film.  At the 

30% glycerol level the residual moisture is significantly smaller and can typically be ignored due 

to the high degree of plasticization.    At the 5% glycerol level the residual moisture becomes 

highly problematic.  Uncontrolled evaporation of this moisture produced low impact strength, 

warping and brittle films.  To counteract some of these effects a greater amount of moisture was 

added during resin preparation taking advantage of some of the natural plasticizing 

characteristics of water.  Water, acting as a removable plasticizer, enabled material handling at 

this low level.  In each film a constant 80% suspension based on SPC powder weight was 

incorporated. 
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A method whereby films were replicated with constant thickness and dimension 

minimizing local variability and film variation was required.  A stainless-steel mold was created 

as the solution to the variability issues.  Benefits of the mold included: the ability to lock in 

moisture similar to textured soy concentrate, provide a method to cool without suffering from 

erratic moisture loss, prevent the ballooning effect found in water only soy products, as well as 

preventing large scale warping leading to crack propagation and catastrophic film failure. 

This research began by identifying the peak performance of unreinforced soy concentrate 

resin.  The study continued by observing changes in mechanical performance in respect to 

cellulose concentration.  The system’s response to plastic toughening was closely observed 

followed by analysis of the SPC derived plasticizer in lieu of glycerol.  Chapter 2 reviews issues 

and concepts associated with soy production, cellulose processing, applications, moisture 

response, and plastic deformation.  The objective of chapter 3 was the development of a method 

whereby low-level plasticized films could be reproduced.  The method eliminated the onset of 

warping characteristic to films at this level of plasticization, while maintaining homogeneity.  

The films response to moisture and glycerol were observed at both high and low levels.  This 

research studied cellulose as a nano-sized reinforcement.  Chapter 3 details the production of 

cellulose nanocrystals (CNC) and cellulose nanofiber (CNF) soy composites using protein as a 

matrix.  This research analyzes the effect of low- level plasticization on the overall system 

response to varying concentrations of CNC and CNF.  The study also analyzed the mechanical 

and thermal characteristics of all the films addressed previously using thermogravimetric 

analyses, differential scanning calorimetry, atomic force microscopy, and tensile testing.   

Chapter 4 discusses the creation of high impact soy protein concentrate.  The objective of 

the study was to demonstrate that protein films provided, not only an adequate, cheap, natural, 
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renewable substrate, but could serve as both matrix and reinforcement. The study developed a 

method of producing protein-based reinforcements in the form of rods varying in mechanical and 

thermal performance based on glycerol concentration.  An additional method was created by 

inserting cellulose into these reinforcing rods exhibiting a difference in property and 

performance.   A method incorporating protein rods with protein matrices was created 

establishing what is known as high impact soy protein concentrate (HISPC).  Chapter 4 includes 

the development of low level HISPC.  Chapter 4 reviews the system’s response to matrix 

variants in both plasticizer and cellulose concentration.  This research observed the system’s 

response to protein fillers varying in both plasticizer and cellulose concentration resulting in 

films varying in toughness, strength, and thermal performance.  All types of HISPC and their 

variants were observed using thermogravimetric analyses, differential scanning calorimetry, 

atomic force microscopy, and tensile testing.    

Chapter 5 discusses SPC derived plasticizer and its impact on mechanical properties.  

This section also includes an investigation discussing cellulose lignin nanofibers (CLNF) 

processing and deformation.  
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CHAPTER 2 

Background 

2.1 Soy protein concentrate 

This section reviews several practices and concepts common to Mechanical Engineering, 

soy production, cellulose processing, applications, and development.    

2.1.1 Introduction 

Derived from soy beans, soy flour containing anywhere from 65 to 90 percent protein is 

defined as soy protein concentrate (SPC).  Extracting content susceptible to solubility including, 

but not limited to sugars and ash results in the production of SPC.  Bearing in mind the 

insolubility of protein, the initial material consisting of soy flour proves to be an effective means 

of SPC production.(Altschul and Wilcke ) 

2.1.2 Processing  

Over the years derivatives of soy production have been created employing additional 

chemical content such as hexane, ethanol, and isopropanol which aid in the extraction of excess 

oil, glycerides and phosphatides, while maintaining soy quality along with heat treatment.  The 

thermal cycle employed affects not only the standard of SPC, but the total quantity produced as 

well (Campbell et al. 1981).  Over exposure to considerable temperatures results in the loss of 

protein.   Soy, in flake form is dispersed in a mix of ethanol, hexane, and H2O. The application of 

heat results in the percolation of glyceride, phosphate, and sugar.  Excessive thermal exposure 

negatively impacts the solubilization of sugars resulting in a decrease in overall protein 

concentration.(Altschul and Wilcke ) 

The primary methods of soy processing includes alcohol, acid, and H2O wash techniques.  

These methods include an acceptable 25% loss of initial soy product. 
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I. Aqueous alcohol process 

A solution of alcohol and water, 50%-70% denatures the protein leaving the remaining 

sugars dissolved within the alcohol.  Some drawbacks of this process include protein loss, 

protein agglomeration, and energy cost in circumstances involving excessive moisture requiring 

additional evaporation.(Altschul and Wilcke )   

II. Acid wash 

The acid process takes advantage of protein’s isoelectric point isolating both protein and 

its accompanying polysaccharides from their sugars.  A drop in pH value to 4.5 renders the 

majority of soy’ proteins insoluble while its sugars solubilize, the remaining protein is returned 

to neutral. (Altschul and Wilcke ) 

III. Acid wash hot water leaching process 

The thermal breakdown of the protein structure occurs more effectively with moisture 

enabling the percolation of soluble sugars.  H2O insolubilizes the protein permitting the 

separation process.(Altschul and Wilcke ) 

2.1.3 Composition  

Following the sugar extraction, along with protein, a few insoluble carbohydrates remain 

in the form of polysaccharide and oligosaccharide.  SPC is comprised of nearly 21% 

carbohydrates.  The bulk of the carbohydrates consist of polysaccharides and cellulose.  The 

extraction of sugar improves SPC’s practicality whose dependence relies primarily on 

processing, initial quality, and the final form.  SPC is distributed in a number of forms; grain, 

powder, spray-dried, or textured. (Altschul and Wilcke ) 

SPC tends to be dispersible in H2O while its nitrogen solubility remains low, being 

process dependent.  The introduction to low thermal temperatures reveals SPC’s hydrophilic 
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nature resulting in moisture and fat bonds.  SPC has a moisture capacity of 3 times its dry mass 

and 1.5 in respect to oil.  Protein’s functional groups remain largely inaccessible, exceptions 

stemming from molecular rearrangements.  Surface activity aids in the promotion of these groups 

enabling protein functionality.  Protein’s structure consist of water loving and resistant portions, 

the former limited in quantity and accessibility.(Altschul and Wilcke ) 

2.1.4 Texturing  

Various methods of processing SPC exist, one in particular being texturing.  Texturing 

involves blending SPC in flour form with water followed by an extrusion process at high 

temperatures and pressure.  Texturing removes protein-protein bonds, then reconstitutes them in 

a desired form.  A continual stream of SPC is temper blended along with water resulting in a 

dough.  SPC undergoes plasticization during the shearing action of extrusion.  In response to the 

heat, protein along with enzymes are denaturized while starches are gelatinized.  Proteins form a 

single continual phase allowing for mobility and reconstitution.(Altschul and Wilcke ) 

Following extrusion SPC experiences a massive drop in pressure resulting in an instant 

moisture to vapor transferal.  Vaporization leads to an uncontrolled expansion of SPC followed 

by an increase in rigidity.  Moisture add on remains at 5% forming 1’’ diameter SPC structures 

suffering from brittle fracture.  Variations of texturing have allowed for cooling within the 

extruder, nullifying the ballooning phenomena experienced upon exiting.  Significant variations 

in physical properties are closely associated with textured SPC relying heavily on process 

defining techniques.(Altschul and Wilcke )    

2.2 Plasticization 

Specific parameters are taken into consideration when evaluating the effectiveness of a 

plasticizer.  A plasticizer’ presence, causes a drop in molecular forces, as well as a rise in chain 
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spacing and freedom of movement(Vieira et al. 254-263).  Molecules tiny in stature, and polar in 

nature tend to characterize most plasticizers.  Plasticization occurs when these polar groups are 

in fairly close proximity.  Plasticization leads not only to molecular changes, but also changes in 

both mechanical and thermal performance including, but not limited to modulus, breaking strain, 

and glass transition temperature (Tg).(Cheng, Karim, and Seow E62-E67)   

Film formation is a process requiring a homogenous mixture consistent in thickness.  

Films containing less than 10% plasticizer have proven problematic resulting in premature 

failure, warping, and heterogeneous films.   Beneficial aspects associated with low level 

plasticization include improvements to mechanical strength and energy absorption.(Zhang, 

Mungara, and Jane 2569-2578)   

2.2.1 Protein’s molecular response to glycerol 

In lieu of glycerol’s presence, protein to protein interactions are curtailed stemming from 

differences in molecular weight.  The lack of molecular interaction results in an increase in both 

free volume and a decrease in tensile strength, and overall brittleness enabling 

processability.(Zhang, Mungara, and Jane 2569-2578) 

With respect to the difference in molecular weight, protein remains largely susceptible to 

glycerol penetration primarily at its amorphous regions.  The presence of glycerol has a direct 

correlation with the loss of -OH groups preventing potential H2O bonds.  Glycerol naturally 

forms strong bonds to moisture especially in protein matrices.  Typical plasticizers, unlike 

glycerol, tend to have significantly larger molecular mass severely limiting their molar content 

per mass.  Glycerol’s absorbability is primarily a result of its compact nature.  Each film 

containing vast amounts of molar content give way to high levels of moisture absorption.(Cheng, 

Karim, and Seow E62-E67)    



   

10 

 

2.2.1.1 Attributes of glycerol impacting matrix mechanical performance 

Soy incorporates strong interactions amongst all its side chains irrespective of polarity.  

SPC’ molecular structure consists of a variety of bonds including dipole-dipole, charge-charge, 

hydrogen, as well as some hydrophobic responses.   Segment rotation is quite rare, movement at 

the molecular level is nearly impossible due to polarity within the side chains giving rise to 

considerable stiffness, modulus, tensile strength, and matrix sensitivity.  Glycerol inhibits 

protein-protein interactions by inserting sections of mobility, while increasing overall ease of 

processing, matrix flexibility, strain, and material handling.(Thomas Karbowiak, Hubert Hervet, 

Liliane Léger 2011-2019)   

The system’ mechanical response is significantly dependent upon its glycerin content.   

The production of protein sheets with 10% of glycerol or less are problematic especially with the 

loss of any additive moisture.  Despite the difficulty these sheets exhibit large scale tensile 

strength, Young’s modulus, with small strains.  Soy sheets with 20% glycerol provided increases 

in: toughness, strength, Young’s modulus, and strain.  The most significant changes occurred 

between 20% and 30% glycerol add on.  Glycerol concentration surpassing 30% resulted in 

premature failure at lower stress and higher elongations.(Thomas Karbowiak, Hubert Hervet, 

Liliane Léger 2011-2019)    

2.2.1.2 Moisture Absorption and its responsiveness to Glycerin content 

Glycerol decreases film stiffness with its presence, while employing moisture absorption 

within the film as a secondary method of plasticization(Cheng, Karim, and Seow E62-E67).   

Films incorporating glycerol are highly susceptible to moisture variation directly correlating with 

glycerol content.  Glycerol tends to foster environments conducive to excess moisture.  

Irrespective of the atmospheric conditions, films with at least 30% glycerol display considerable 
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responses to moisture.  Water and glycerol both exhibit the same thermal response in films, 

lowering glass transition temperatures, in effect plasticizing their matrices.(Thomas Karbowiak, 

Hubert Hervet, Liliane Léger 2011-2019)  

Due to its size, glycerol tends to seep into the amorphous region of the matrix without 

much resistance.  Glycerol has proven capable of reducing -OH groups, eliminating potential 

water absorption sites, decreasing film moisture content.  A decrease in plasticizer dimension, in 

the case of glycerol, causes a drop in average molecular distance between polar and nonpolar 

groups resulting in a loss of free volume hampering water sorption capabilities.  Glycerol 

absorbs moisture directly from the air.  With a lower molecular weight at an equal mass, glycerol 

tends to have a higher molar content than a competing plasticizer, absorbing more water.(Cheng, 

Karim, and Seow E62-E67) 

Applying moisture in incremental additions enables molecular movement giving rise to 

crystallinity.  The hydrophilic nature of glycerol tends to cause areas of local dehydration within 

the matrix hindering polymerization.  Once a system has reached its glycerol absorption limit, 

subsequent moisture-protein bonding occurring past this stage will do so at the expense of 

current protein-protein bonds.(Cheng, Karim, and Seow E62-E67) 

2.2.1.3 Glycerol’s susceptibility to moisture concentration 

Glycerol has two primary methods of plasticization.  Seeping into the matrix provides 

glycerol a method of plasticization; while moisture absorption provides a secondary form.  

Glycerol molecules located within the matrix and its ability to absorb moisture define its overall 

characteristics as a plasticizer.  During low concentrations of water, the amount of moisture 

absorbed decreases as the concentration of plasticizer within the system increases.  The 

plasticizing effect of glycerol on elastic modulus and tensile elongation is more responsive to 
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changes in glycerol concentration during low levels of moisture activity.   The moisture 

absorption capacity of a system significantly increases as glycerol and water content increase. 

(Cheng, Karim, and Seow E62-E67) 

Moisture and glycerol are both beneficial to protein mobility.  At all concentrations 

smaller molecular plasticizers like glycerol tend to be a more effective plasticizer, decreasing 

modulus and increasing elongation.  The addition of glycerol has resulted in an increase in 

moisture absorption and a sensitivity to changes in humidity.  There is a non-linear relationship 

between glycerol content and moisture absorption increasing in significance at higher 

concentrations.(Cheng, Karim, and Seow E62-E67)  

2.2.2 Water; the natural plasticizer 

The importance of water content in the processing and final film can never be over 

emphasized.  Water affects the mechanical performance and overall integrity of the plastic 

including, but not limited to modulus and various tensile properties.  At water content levels 

varying from 2-3% soy is capable of producing semi hard plastics with low elasticity and high 

tensile strength.  Increments in water content causes growth in elongation and decreases in 

tensile strength.  (Sobral, Monterrey-Q., and Habitante 499) 

Overall film toughness reaches its plateau between 3 and 4% water content.  Water is an 

extremely effective plasticizer even more so than glycerol.  Soy plastics remain highly 

responsive to water content in all its forms including environmental humidity.  Variations in 

water add on content ranging from 2.8%-26% result in significant surface modifications 

spanning hard to soft plastics.(Sobral, Monterrey-Q., and Habitante 499) 

The hydrophilic nature of soy and glycerol creates a dependence on their immediate 

surroundings directly affecting water add on content.  Water, the primary substance enabling 
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homogenization in biosystems, is also the key used to evenly distribute both reinforcement and 

matrix.  As one of the most effective organic bio-based plasticizer, H2O lowers the system’s 

glass transition temperature increasing its free volume.  Films composed of proteins exhibit 

mechanical traits surpassing that of polysaccharides. (Vieira et al. 254-263) 

H2O exhibits both properties of plasticizer and stiffener based on water absorption 

concentration acting as a natural solute to the system.  Increments in moisture absorption results 

in elasticity growth due to H2O polymer bonds.  Prior to moisture saturation, peak performance 

in elasticity occurs resulting in a steady degradation of elasticity with continued absorption.  

Continual moisture absorption gives way to H2O polymer saturation preventing polymer-

polymer interaction.(Cheng, Karim, and Seow E62-E67)  

2.2.2.1 Moisture absorption 

Absorbed moisture tends to generally evoke similar mechanical responses as glycerol 

decreasing a number of properties: stiffness, Tg, and viscosity, while improving chain flexibility, 

movement, and elasticity.  Glycerol decreases the natural fiber to fiber friction promoting chain 

succession.  Moisture in the system compounds with other hygroscopic polymers plasticizing the 

system with a loss in viscosity.  At a concentration of 20%, moisture within the system gives 

way to a molecular structure susceptible to absorption of hygroscopic molecules.(Thomas 

Karbowiak, Hubert Hervet, Liliane Léger 2011-2019) 

Thermal onset temperatures are normally unresponsive to both plasticizer and water.  

Moisture enables molecular movement with the reduction of crystal activation energy.  Moisture 

add on results in enthalpy growth due to an extended range of order.  Water add on surpassing 

20% is associated with decreases in enthalpy.  Incremental increases in enthalpy typically 

reflected segmental increases in moisture concentration.  Crystal growth is a direct response to 
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improvements in molecular alignment resulting from moisture absorption. (Cheng, Karim, and 

Seow E62-E67)   

Peak areas of enthalpy are caused by localized evaporation in response to the absorptive 

nature of glycerol.    The hydrophilic nature of glycerol supersedes that of soy, preventing liquid-

protein interactions from occurring, forgoing any potential molecular alignment.  This peak state 

of melting enthalpy produces a completely bonded plasticizer incapable of additional moisture 

glycerol bonds at the detriment of essential protein-protein bonds.(Cheng, Karim, and Seow E62-

E67) 

2.2.2.1.1 Moisture concentration 

The enthalpy response of protein films is highly dependent on the system’s water 

concentration.  When analyzing a system, moisture content was determined to be more effective 

in regulating enthalpy than its plasticizer concentration.  In response to incremental additions of 

glycerol, films containing low water concentration responded with decreases in melting enthalpy.  

At water concentrations larger than 20%, growth in melting enthalpy occurred in response to 

glycerol add on.  During low moisture conditions glycerol has been found to impede crystalline 

formation.  Glycerol has a tendency to migrate into the inner workings of protein; preventing 

long range order at key areas within the matrix. (Cheng, Karim, and Seow E62-E67) 

2.2.2.1.2 High moisture concentration 

Incorporating glycerol into films increases their sensitivity to moisture.  Glycerin’s 

hydrophilic traits extends the systems’ sorption capabilities.  Systems containing high 

concentrations of water are significantly more responsive to glycerin absorption.  The systems 

sorption capacity is strongly related to the glycerin content during significant concentrations of 

water.  Independent of the system’s H2O concentration, films with 30% glycerin content are 
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extremely responsive to water.  Protein’s glass transition temperature decreases in response to 

H2O as well as glycerin, both demonstrating their plasticizing capabilities.  (Karbowiak et al. 

2011-2019) 

According to Zhang, increments in H2O content improves overall film extensibility while 

hindering both modulus and tensile properties.  The climax of overall film toughness occurs at 

the 4.2% H2O content.  At H2O concentrations of 26% the system experienced a near 100% loss 

of tensile strength and rigidness.  Water was more efficient in demanding a mechanical response 

than glycerin.  Protein was highly responsive to the H2O content level within the atmosphere.  

Changes in plasticity and toughness occurred in response to varying H2O concentrations, 2.8-

26%.(Zhang, Mungara, and Jane 2569-2578) 

 Systems abundant in moisture suffer from low to near nonexistent glycerol-protein 

bonds.  The scarcity of these bonds serves only to perpetuate the growth of free volume.  

Excessive matrix volume extends protein’s absorption capabilities lending way to an influx of 

moisture pockets within the matrix.  Variations in onset and peak temperatures appear 

unresponsive to plasticization, plasticizers, and liquids; primary factors being the characteristics 

cultivated within protein promoting flexibility and movement.  Research suggest the loss of 

activation energy in response to matrix mobility benefits crystallinity. (Cheng, Karim ad Seow 

E62-E67) 

Extensive crystal growth bears responsibility for the successive rise in enthalpy 

accompanying moisture add on.  Enthalpy losses were regulated to onset peaks whose local 

moisture add on level surpassed 20%.  Moisture add on enables long term chain order through 

molecular movement providing, both enthalpy and crystallin growth.  Glycerol’s hydrophilic 

nature provides stronger H2O bonds than protein.  The extraction of this moisture, by 
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evaporation, can be identified threw peak level enthalpy responses in specific regions. (Cheng, 

Karim, and Seow E62-E67) 

Moisture loss, by dehydration, leads to a reduction in chain alignment leaving glycerol 

saturated with H2O bonds.  Replacement H2O-protein bonds occur resulting in the loss of critical 

protein-protein interactions and eventually the overall loss of enthalpy.  Increments in glycerol 

during conditions involving at least 20% moisture concentration resulted in elevated enthalpy.  

Glycerol promotes chain flexibility, movement, and order resulting in crystal growth and film 

plasticization. (Cheng, Karim, and Seow E62-E67)   

Films composed of glycerol are moisture dependent varying in enthalpy with humidity, 

exception being during preliminary absorption.  The elementary stage of water absorption 

improves overall film modulus and rigidity.  The exact method still largely unknown.  

Substantial improvements to crystallinity occurs with glycerin add on during high levels of H2O 

content.  Glycerin add on during conditions of H2O content less than 20% in effect retards 

crystallinity.(Cheng, Karim, and Seow E62-E67) 

2.2.2.1.3 Low moisture concentration 

Increases in glycerol content produced reductions in enthalpy in films containing less 

than 20% water.  A rise in enthalpy occurred with moisture content surpassing 20% giving 

credence to the glycerol water interaction.  Plasticizers prevent the formation of crystals during 

low levels moisture concentration.  Glycerol penetrates the non-crystalline regions resulting in a 

reduction of flexibility and molecular movement within the protein chains.  The ability to adjust 

and readjust is paramount to crystal formation.  In response, the system exhibits a significant 

deficiency in melting enthalpy with additional plasticizer.  Moisture addition gives way to 

activation energy loss and a rise in enthalpy in response to crystal growth.  Water absorption 
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greater than 20% negatively impacts melting enthalpy resulting in sudden losses. (Cheng, Karim, 

and Seow E62-E67)   

Crystal growth only occurs during small concentrations of water absorption(Cheng, 

Karim, and Seow E62-E67).  Added molecular movement, combined with a rise in elasticity, and 

a drop in glass transition temperature, solidifies H2O as a definitive plasticizer(Thomas 

Karbowiak, Hubert Hervet, Liliane Léger 2011-2019; Karbowiak et al. 2011-2019).  Moisture 

instills a natural flexibility at the molecular level decreasing viscosity especially to networks 

hydrophilic in nature(Sobral, Monterrey-Q., and Habitante 499).   

2.2.3 Plasticization in 3 phase systems 

In a tri-component film, the predominant plasticizer, moisture, receives its plasticizing 

instruction from the minor, glycerol.  The direction of plasticization, in light of a three-

component system incorporating water, is determined by its secondary plasticizer.  Moisture 

composition at a particular atmospheric condition is a product of a systems’ molecular 

infrastructure along with the traits of a specific plasticizer.  The polarity of the plasticizer appears 

to be the determining factor in this phenomenon.  (Cheng, Karim, and Seow E62-E67) 

2.2.3.1 Moisture concentration 

During low moisture add on, secondary plasticizer attach to hydrophilic protein sites, 

limiting protein surfaces available for moisture absorption.  During high levels of moisture 

concentration, in response to additional H bonds among plasticizers and H2O, water absorption 

capacity increases.  Light weight polyols tend to exhibit a strong affinity to moisture, in lieu of 

the contending biopolymer.  High concentrations of H2O add on diminishes plasticizer 

biopolymer bonds, while increasing matrix free volume lending to high moisture absorption.  
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Crystal promotion from the continual absorption of moisture increments from 0% add on aiding 

in molecular movement, reorientation, and order.  (Cheng, Karim, and Seow E62-E67) 

2.2.3.2 Enthalpy 

Large amounts of enthalpy are closely associated with polymer regions experiencing 

moisture loss.  This regional evaporation is a response to traits within glycerol, specifically its 

hygroscopy, promoting its hydrophilicity to moisture.  Glycerol’s attraction to H2O largely 

dwarfs that of protein preventing chain alignment.  It is theorized that at these levels of enthalpy, 

glycerol saturation limit prevents additional absorption of H2O.  Protein begins to interact with 

supplemental H2O molecules hampering necessary protein-protein interactions resulting in a loss 

of enthalpy.(Cheng, Karim, and Seow E62-E67) 

The primary factor determining melt enthalpy is not glycerol.  H2O concentration is 

considered the most significant factor determining enthalpy.  During conditions of low moisture, 

less than 20%, enthalpy loss occurs in response to glycerol add on.  Moisture content surpassing 

20% experienced enthalpy growth during glycerol absorption.  This growth in enthalpy provides 

evidence that water binds with glycerol affecting the systems’ overall enthalpy.  During low H2O 

concentration, plasticizers like glycerol have been known to retard crystallinity. (Cheng, Karim, 

and Seow E62-E67)   

Glycerol has a tendency to seep into protein’s amorphous regions, molecular movement 

curtailed resulting in the loss of both enthalpy and ordered protein chains.  Circumstances 

involving at least 20% moisture content enabled enthalpy growth following additions of glycerin.  

Glycerol and similar plasticizers provide a dynamic nature to protein chains allowing for 

reorientation, essential for crystal growth.  The combination of glycerol within these 3 phases 

provides a H2O sensitivity nonexistent with similar polyols.  During extremely low H2O content 
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levels anomalies are prevalent, exasperating moisture’s antiplasticizer nature during preliminary 

sorption.(Cheng, Karim, and Seow E62-E67) 

2.2.3.3 Mechanics   

Glycerol absorption proves beneficial to crystal formation during conditions involving 

significant H2O content levels and problematic in water levels less than 20%.  The exact 

mechanics left largely undiscovered, but strong evidence support significant benefits to overall 

film structure, specifically modulus. (Cheng, Karim, and Seow E62-E67)                     

2.3 Cellulose  

2.3.1 Cellulose applications 

Cellulose nanofibers (CNFs) are found beneficial to a vast array of applications 

including, but not limited to the following: dispersed in high concentrations of H2O CNF acts as 

a stiffener for both aerogels and foams, reinforcement in composites, stabilizer, and various 

biological applications in the medical field.  The majority of areas taking advantage of CNF rely 

extensively on its aspect ratio and stiffening abilities.  The presence of CNF enables strong 

interactions promoting fiber to fiber interlocks and entwining networks.(Arola et al. 1319-1326) 

The cellular structure of most plants consist of cellulose benefiting a number of industries 

including textiles, paper, furniture, and carpentry.  Nanoscience provides an almost endless use 

for plant life as, both stiffener and reinforcement, while bacteria life aids in production and 

hydrolysis.  Hemicellulose provides support to the electronic field in developing bendable 

displays (Iwamoto, Abe, and Yano 1022-1026).  At the nanoscale cellulose is immune to the 

issues associated with light scattering, combined with its low thermal expansion it’s the logical 

choice for most substrates(Iwamoto, Abe, and Yano 1022-1026).  One of the distinguishing 
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characteristics of CNF is its large surface area, mostly incompatible with nonpolar medians.  

(Johansson et al. 10917-10924) 

2.3.2 Cellulose structure 

Wood, one of nature’s most abundant, renewable resources has opened up many 

opportunities for the field of material science.  In addition to its many benefits, wood is a natural 

cellulose source heavily dependent on β-(1-4) -D- glucopyranose.  Cellulose’ homopolymer 

structure provides a number of opportunities for the field of material science.  Wood structure is 

composed of macro cellulose fiber segmented into: fibrils, microfibrils, and elemental fibrils.  

Elemental fibrils, 5nm in width, are bundled with hemicellulose and neighboring fibrils forming 

microfibrils.  Microfibrils vary in diameter up to 20nm.  (Arola et al. 1319-1326) 

2.3.2.1 Cellulose microfibrils 

Microfibrils are secondary constructs composed of crystal and non-crystalline segments.  

Cellulose I can be found in nature with its primary H-bond, O6-H∙∙∙O3, along the fibril axis.  

Individualized fiber segments span up to 4nm in width and a couple micrometers long.  Fiber 

segments aggregate into microfibrils which further combine into fibril bundles followed 

eventually by wood fibers.  Microfibrils vary in width from 2 to 20nm composed of cellulose 

crystals interconnected by H-bonds with exceptional mechanical characteristics (Iwamoto, 

Nakagaito, and Yano 461-466).  Fibrils suffer from periodic aggregation interspersed amongst 

non-hydrophilic bonds, known as terminal complexes (Iwamoto, Nakagaito, and Yano 461-466).  

Young’s modulus 138 GPa, are associated with microfibrils whose strength reaches 3GPa 

(Iwamoto, Nakagaito, and Yano 461-466).  (Johansson et al. 10917-10924)  
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2.3.2.2 Cellulose hemicellulose 

CNF’s crystalline region varies in strength up to 143 GPa with a hemicellulose content 

reaching 30%.  Hemicellulose is source dependent, galactoglucomannan is primarily found in 

softwoods, whereas glucuronoxylan can be found in hardwood.  Hemicellulose’s negative charge 

works to prevent aggregation while creating a repulsive atmosphere promoting fibrillation. 

(Arola et al. 1319-1326)   

2.3.2.3 Cellulose crystallinity 

Advances in the breakdown of cellulose has widened its usability; incorporating its 

mechanical characteristics to a breath of applications.  Width varying up to 30 nm, β-(1→4) -D- 

glucopyranose has a tendency to reoccur along the fibril chain in the form of nanofibers.  These 

nanofibers are foundational to the creation of macroscopic fibers.  In light of their crystallinity 

and length to width parameters, CNF’s mechanical properties surpasses that of its macroscopic 

counterpart.  Individual crystals exhibit modulus of 134 GPa.  The key to their strength lies 

within the abundance of interconnecting H-bonds.  (PÃ¤Ã¤kkÃ¶ et al. 2492-2499) 

Kraft wood’s molecular structure includes crystal microfibrils 4nm in diameter whose 

primary strength, 2 GPa, lies along its axis (Iwamoto, Abe, and Yano 1022-1026).  These fibrils 

exhibit exceptional mechanical characteristics, 138 GPa in Young’s Modulus (Iwamoto, Abe, 

and Yano 1022-1026).  CNF’s coefficient of thermal expansion (CTE) rivals that of quartz 0.1 ⅹ 

10-6/K.4 broadening its usability (Iwamoto, Abe, and Yano 1022-1026).  Crystalline cellulose is 

highly dependent on the interconnecting H-bonds which restrict the heat induced expansive 

properties to 90° intervals.  Hydrogen limits the heat induced expansive nature at the molecular 

state.  A rise in crystallinity reflects the rise in hydrogen bonds resulting in both a thermal 

expansive loss and a growth in modulus.(Iwamoto, Nakagaito, and Yano 461-466) 
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2.3.2.4 Cellulose variants 

Cellulose comes in an array of sizes and shapes providing a degree of mechanical 

improvements with each one.  Cellulose’ optimal mechanical performance remain with its high 

aspect ratio at the nano dimension.  Cellulose nanocrystal (CNC) and CNF x-sections typically 

span anywhere from 4-20 nm with a length to width ratio of at least 100.  As a nanofiber, only 

cellulose remain following the complete extraction of all other components providing 

mechanical benefits as a reinforcement.  Bacteria derived cellulose I can vary in width from 35 

to 90nm, with a modulus of 78 GPa as an individual fibril.(Gindl-Altmutter et al. 3-16)   

CNF’s modulus falls short of predicted values, bearing in mind its compositions includes 

portions of non-crystalline cellulose.  With the addition of acid hydrolysis, tunicate cellulose 

nanocrystals can be obtained exhibiting smaller ratios, cross-sections 8×20nm and a modulus of 

150 GPa providing exceptional mechanical benefits.  Cellulose nanofibers are naturally inclined 

to form aggregates (Capadona et al. 1370-1374).  Fibers derived of tunicates surpass common 

fibers in aspect ratio constructing percolating networks (Capadona et al. 1370-1374).  Tunicate 

derived CNF have lengths up to 2000 nm, width 15nm, and a non-crystalline composition of 5%, 

providing exceptional mechanical characteristics(Å turcovÃ¡, Davies, and Eichhorn 1055-1061). 

(Gindl-Altmutter et al. 3-16) 

2.3.2.5 Cellulose pH dependency 

The viscous nature of cellulose exhibits a strong pH dependence varying with intensity.  

Fiber to fiber bonds vary with the degree of sulfate application.  Sulfates limit fiber to fiber 

bonding promoting dispersion formation amongst optimal H-bonding solvents.  Cellulose’ 

composition consist mainly of β-(1→4)-D-glucopyranose, a linear homopolymer providing, both 
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primary and secondary -OH hydroxyl groups directing responses to various media (Johansson et 

al. 10917-10924). (Capadona et al. 1370-1374) 

2.3.2.6 Cellulose extraction 

Due to the particulars and specific oddities inherent to bacteria based cellulose, plant 

derived CNF provide exceptional subjects in the analysis of microfibrils.  Plant life are some of 

the most reproducible prevalent resources known, enabling a constant supply of cellulose. Wood 

encompasses the primary cellulose source.  Cellulose extraction necessitates the use of physical 

or chemical means separating all non-cellulose components including lignin, as well as 

hemicellulose.  Nonchemical means of fibrillation requires the use of a homogenizer combining 

shearing forces with a pressure variant. (Iwamoto, Nakagaito, and Yano 461-466) 

2.3.2.7 Advantages and disadvantages associated with processing cellulose 

The extraction of nanofibers from bulk macro cellulose is associated with some 

unavoidable concession: the formation of substandard crystalline structure, loss of 

polymerization resulting in crystal II in lieu of a crystal I, and decreases in aspect ratio.  A 

byproduct of excessive hydrolyzation is micro crystalline cellulose (MCC) deficient in aspect 

ratio.  Incorporating a weaker procedure, as in enzymatic hydrolysis, allows for residual 

amorphous regions, which promotes entanglements preventing degradation of the Cellulose I 

structure.  (PÃ¤Ã¤kkÃ¶ et al. 2492-2499) 

Preservation of the natural structure promotes network formation, mechanical integrity, 

as well as foundational H bonding critical to interchain connections.  Mild processing improves 

aspect ratio increasing overall length, surpassing that of normal fibrils.  Added length permits 

additional benefits; increasing extensive capabilities and chain interactions, even during limited 

cellulose content.(PÃ¤Ã¤kkÃ¶ et al. 2492-2499) 
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2.3.3 Cellulose processing 

Nanofiber processing derives from Herrick, who in 1980 pioneered the production of 

microfibrillated cellulose (MFC), by employing physical separation techniques (Iwamoto, Abe, 

and Yano 1022-1026).  Fiber segments, micro to nano in diameter, were produced under pressure 

(Iwamoto, Abe, and Yano 1022-1026).  The physical, or chemical break down of the cellulose 

structure is fundamental to the production of cellulose nanofibers.  The cross-sectional 

dimensions of CNF varies from 3-20nm with overall lengths in the micrometers.  Cellulose’ 

exceptional mechanical properties stem from its unique aspect ratio. (Arola et al. 1319-1326)  

Oxidizing, hydrolyzation or physical separation are some of the most effective ways of 

segmenting cellulose fiber.  Highly dependent upon source material, various initial treatments 

must occur aiding the separation process including, but not limited to both pulping and 

enzymatic.  These initial steps of processing result in irreversible structural modifications.  The 

impact of pulping escalates both the porous nature and fiber bundle dimension.  Procedures 

regulated solely to physical means of separation produce only compact fiber clusters incapable of 

segmenting individualized fibrils.  (Suchy, Kontturi, and Vuorinen 2161-2168) 

2.3.3.1 Cellulose pulping 

Pulping, under conditions of high temperature, results in the application of physical force 

to the wood matrix alleviating any form of chemical modification.  By nature of the process, 

chemical pulping exposes the pulp to significant temperatures and pressure chemically 

modifying the pulp.   As a byproduct of the chemical process, pulps contain anywhere from 2-

5% lignin while those subjected to bleaching are 100% lignin free.  The nature of pulping breaks 

down the wood matrix alleviating a substantial portion of the fiber segment; multiplying the -OH 
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groups available for reactivity.  Pulping gives way to a number of areas previously matrix bound 

and incapable of hydration.  (Suchy, Kontturi, and Vuorinen 2161-2168)   

The influx of -OH groups stem from the growth in carbohydrate.  The increase in 

cellulose content following lignin removal is a direct contributor to the growth in carbohydrates 

anywhere from 40-75%, for unbleached pulp.  In addition to the complete removal of the lignin 

bleaching results in the partial degradation of the cellulose fiber.  Bleach pulp retains the highest 

amount of -OH groups.  (Suchy, Kontturi, and Vuorinen 2161-2168) 

2.3.3.2 Cellulose aggregate dispersion 

Typical CNF processing begins with the initial extraction of amorphous regions by way 

of hydrolyzation (Iwamoto, Nakagaito, and Yano 461-466).  Cellulose fibers are subjected to a 

sulfuric acidic treatment requiring constant mixture (Iwamoto, Nakagaito, and Yano 461-466).  

Following hydrolysis the cellulose H2O suspension is then centrifuged resulting in CNF 

(Iwamoto, Nakagaito, and Yano 461-466).  The practicality of maintaining structural 

composition and -OH reactivity, while handling large quantities of CNF has generated issues 

impeding re-dispersion (Johansson et al. 10917-10924).  The amphiphilic nature of cellulose 

bares a significant influence on aggregates and dispersions (Johansson et al. 10917-10924).  

Water’s high population of hydrogen bonds provides an exceptional solvent enabling effective 

CNF dispersal considering cellulose’ hydroxyl groups (Johansson et al. 10917-10924). 

Tunicates, whose habitat include natural bodies of water, provide a renewable source of 

CNF, at a scale of 26nm×2.2µm, 143 GPa.  Plant life, not withstanding their smaller aspect 

ratios, provide natural renewable CNF sources, primarily including wood and cotton.  All 

cellulose fibers have a large inherent population of hydroxyl groups lending to extensive 

aggregates.  The addition of sulfur enables the modification of fiber-fiber interactions.  Sulfates 
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not only limit fiber interaction but enable dispersion within H-bonding solvents.  Fiber 

interactions are curtailed in H-bonding solvents enabling usability and processing.  Ensuing 

solvent evaporation fiber-fiber interactions are generated, establishing cellulose networks, 

promoting effective stress transferal.  Typical CNF processing begins with 5 passes through a 

grinder followed by a fluidizer stage, usually 6 passes, with the initial material being some 

hardwood-based pulp (Orelma et al. 61).  The material pulp is then subjected to a filtering 

process where H2O is extracted under pressure, 2.5 bar. (Orelma et al. 61). (Capadona et al. 

1370-1374) 

2.3.3.3 Cellulose fibrillation 

The fibrillation process relies heavily on shear deformation, segmenting the bulk fiber 

structure into smaller increments.  Polymerization loss is closely associated with high pressure 

homogenized pulp.  After the initial 5 passes, the fluidizer produces nanofibers independent of a 

homogenizer.  A portion of the microfibers gather into segments.  With respect to structure, 

fibers subjected to 30 passes are indistinguishable from fibers subjected to only 5 passes. 

(Iwamoto, Nakagaito, and Yano 461-466) 

2.3.3.3.1 Low pass fibrillation 

The morphological changes occurring within the initial 10 passes of the fluidizers is 

regulated to surface modifications.  Enhancements resulting from the fibrillation of the outer 

fibrils serves to facilitate the intra fiber reactions.  Improvements originating from fibrillation 

benefits a majority of the mechanical properties excluding bending.   The formation of fiber 

segments occurs following 16 passes of the fluidizer.  After a total of 30 passes segments are 

broken into even smaller groups maintaining a constant absorption capacity. (Nakagaito and 

Yano 547-552) 
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2.3.3.3.2 High pass fibrillation 

After 15 passes, CNF 3-4 nm wide 1µm long combine into micro aggregations 15-25 nm 

wide.  Additional hydrogen bonding occurs in parallel with fibrillation.  Higher passes consist of 

excessive fibrillation resulting in degraded fibers and loss of Young’s modulus.  Complete 

fibrillation occurs after a total of 5 passes.  Fibers subjected to 15 or more passes incur 

substantial losses in aspect ratio and suffer from: fiber pull out, strain inadequacies, and 

individual brittle fracture.  Strain is heavily influenced by both aspect ratio and mechanical 

property.  Polymerization and crystallinity are indirectly associated with the number of passes; 

decreasing with every increment.  Elasticity, which is crystalline dependent, suffers in response 

to losses due to crystallinity. (Iwamoto, Nakagaito, and Yano 461-466) 

The limitation of the CNF structure prevents an extensive expansion of the energy 

absorption capability, resulting in crack propagation and brittle fractures.  Distinct improvements 

to strain deformation occur amongst fibrils subjected to at least 16 passes.  High pass CNF 

experiencing anywhere from 16-30 passes exhibit improvements in elongation, resulting in 

added toughness and strength.  These morphological benefits occur in response to the complete 

fibrillation of the bulk fiber resulting in: the elimination of fiber defects, preventing crack 

initiation, and the addition of inter fiber entanglements, acting as crack barriers and forming 

fibril networks.  Passes greater than 30 suffer from a continual loss in strength. (Nakagaito and 

Yano 547-552) 

Subsequent passes have proven beneficial to thermal expansion, but detrimental to crystal 

growth, degree of polymerization (DP), and mechanical traits.  Fiber degradation occurs with 

excessive fibrillation.  The production of high-performance fibers demands a low fibrillation 

regiment producing low thermal expansion fibers with substantial mechanical properties.  
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Benefits associated with low levels of crystallinity involves exceptional deformability. (Iwamoto, 

Abe, and Yano 1022-1026) 

2.3.4 Cellulose agglomeration 

Today, there are still certain unknowns in the study of cellulose.  Understanding the 

characteristics and properties of cellulosic macrostructures is essential in determining material 

performance.  Integral to this understanding is a firm, clear, concise representation depicting the 

construction of CNF.  The presence of CNF is an overwhelming factor in defining macro traits 

and characteristics.  Formation of the nanostructure regulates the system’ response to hydrolysis 

and its extent.  Fiber aggregates hinder cellulose availability, lowering reactivity.  Commercial 

applications require moisture free fibrils displaying a degree of biocompatibility.  Softwood kraft 

pulp is the primary CNF source meeting a majority of the industry’s demands. (Hult, Larsson, 

and Iversen 3309-3314)   

CNF is derived from vegetation, land, and sea life entailing, but not limited to wood, 

cotton, and sea cucumbers.  Fibers derived of sea cucumbers exhibit a strong network, with 

exceptional tensile properties, and some of the highest aspect ratios, 26nm ×2.2µm.  Fibers 

derived from tunicates provide exceptional enhancements in modulus, 143 GPa.   

The high stiffness stems from the fiber aspect ratio and fiber dimension, 26nm ×2.2µm.  CNF 

sources include wood, as well as other biological plant life such as cotton producing lower aspect 

ratios.  Aggregates are strongly associated with nanofibers as a result of the high population of 

hydroxyl groups inherent to CNF. (Capadona et al. 1370-1374) 

The impact of agglomeration is severe and permeant extending to nanoscale deformation 

and surface reactivity (Johansson et al. 10917-10924).     In the past evaporation was a barrier 

preventing wide scale adoption limiting CNF application (Johansson et al. 10917-10924). 
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Following hydrolysis; cellulose fibrils undergoing aggregation are strongly dependent on, both 

the pulping and process of delignification varying in aggregate size and dimension (Hult, 

Larsson, and Iversen 3309-3314).  Aggregation occurs in response to an abundance of H-

bonding, both inter and intra, as well as dipole and van der Waals (Suchy, Kontturi, and 

Vuorinen 2161-2168).  These forces tend to determine the degradation process along with the 

crystalline regions within the fibril structure (Suchy, Kontturi, and Vuorinen 2161-2168). 

Surface energy associated with all CNF causes wide scale aggregation.  Subjecting 

cellulose fiber to a solvent exchange is inconsequential to the overall fiber structure.  Fibers at 

the nanoscale, 5-20nm remain dispersed and unaltered until placed in a nonpolar median.  

Hydroxyl groups along the outer layers of the fiber is responsible for a majority of the 

aggregation.  This interaction can be counteracted with the aid of sulfate groups in hydrogen 

bonding solvents.  Sulfate groups promote the formation of effective dispersions altering fiber 

interactions.  H-bonding solvents are critical in dispersion formation allowing for effective 

composites. (Johansson et al. 10917-10924) 

2.3.5 Moisture 

2.3.5.1 Insolubility   

Irrespective of the hydrogen bonds prevalent within cellulose, it’s incapable of naturally 

dispersing in water alone.  Cellulose’ resistance to dispersion derives from the hydrophobicity 

inherent to its glucopyranose rings. (Johansson et al. 10917-10924) 

2.3.5.2 Absorption 

The composition of cellulose includes both crystal and non-crystalline random structures.  

The -OH groups within these random sections are susceptible to moisture.  Conditions involving 

H2O promotes absorption resulting in structural expansion.  -OH molecules on the outer portion 
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of CNF experience similar responses to moisture; the extent dependent on solvent type and 

aggregation state.  The crystal segments of cellulose provide a structural barrier preventing 

sorption.  H2O’s natural dependency on H-bonds makes it predisposed to hydrogen bonding 

solutes. (Johansson et al. 10917-10924) 

Systems incorporating swollen matrices resulting from moisture absorption negates the 

fiber to fiber interactions critical to CNF’s mechanical performance.  This phenomena is 

amplified in systems incorporating higher concentrations of CNF specifically 19% or more.   

The decrease in modulus is not a result of a phase transition or the occurrence of polymer x-

links, but an excess of H-bonds associated with moisture.  The original stiffness is obtainable 

with evaporation restoring the necessary CNF network. (Capadona et al. 1370-1374) 

2.3.5.3 Evaporation 

The loss of water initiates the occurrence of certain irreversibilities.  Wood-based fibers 

subjected to H2O extraction suffer from diminished pore size and an influx of fiber to fiber H-

bonds.  Hydrogen bonding desensitize the fiber structure to both absorption and moisture add on 

resulting in dimensional stability irrespective of humidity.  (Suchy, Kontturi, and Vuorinen 

2161-2168) 

The polarity of the media resulted in variations in molecular positions as well as 

hydrophilicity.  Moisture is heavily populated with H-bonds with readily available -OH groups.  

With the evaporation of moisture CNF tends to form aggregated clumps interlaced with foreign 

deposits.  The surface of cellulose is non-reactive in response to a drop in surface energy.  An 

accumulation of carbon amongst reactive -OH groups cause a decrease in surface energy.  The 

water loving nature is determined by the crystal population as well as its structural positioning.  
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Specifically, the proximity of the crystal’ equatorial and axial hydrophobic planes to the outer 

layer determines hydrophilicity. (Johansson et al. 10917-10924) 

2.3.5.4 Moisture responsiveness 

Employing CNF as a matrix reinforcement provides benefits to both modulus and tensile 

strength. CNF stiffens the matrix resulting in a loss of elongation by a factor of 10.  Similar to 

hornification in wood fibers, CNF suffering moisture loss adds little to no reabsorptive 

capabilities.  The primary polymer within the matrix directs the absorptive capabilities and 

responsiveness, resulting in minimal variation due to CNF.   Moisture absorption resulting in a 

structural expansion negatively impacts tensile strength while promoting elongation.  In the 

production of composites redispersibility is critical, permitting media exchange and effective 

CNF dispersal in aqueous solvents (Johansson et al. 10917-10924).  H2O’s high degree of H-

bonding deters aggregation with slight agitation permitting transportation and storage (Johansson 

et al. 10917-10924). (Capadona et al. 1370-1374) 

2.3.6 Drying 

Drying gives rise to coalescence hindering redispersibility, fibrillation, and surface 

responsiveness.  Hydroxyl surface groups diminish in reactivity, due to coalescence, lessening 

surface reactivity.  Pulp segments containing significant portions of cellulose are largely resistant 

to the effects of drying forming satisfactory fibrillants.  Following KOH treatment of pulp, their 

water retention values (WRV) dropped by 100%, revealing a loss in hydrophilic amorphous 

regions within the pulp (Iwamoto, Abe, and Yano 1022-1026).  A WRV decrease reveal a loss of 

hydroxyl groups (Iwamoto, Abe, and Yano 1022-1026). (Arola et al. 1319-1326) 
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2.3.6.1 Surface energy 

Moisture provides a clean medium for hydroxyl groups.  In the absence of moisture CNF 

ensues aggregation with the onset of impurities.  The surface energy experienced by cellulose is 

a result of its hydroxyl groups.  During drying, the surface is prone to acclimate to its 

environment suffering loss of chemical reactivity following a buildup of foreign particulates.  -

OH groups deep within the cellulose structure form interconnected H-bonds with the extraction 

of water.  The previously mentioned particulates in addition to aggregation hinders cellulose 

usability. (Johansson et al. 10917-10924) 

2.3.6.2 Fibrillation effectiveness 

The fibrillation process is strongly dependent upon the evaporative reabsorption history 

and to a lesser degree, the hemicellulose population(Iwamoto, Abe, and Yano 1022-1026). 

2.3.6.3 Hemicelluloses 

In the absence of moisture hemicelluloses have proven to act as an adhesive to fibril 

surfaces improving overall stiffness, tensile, and thermal properties.  Hemicellulose is a polyose, 

one of many heteropolymers present with cellulose in almost all plant cell walls.  Cellulose is 

strong and resistant to hydrolysis, but hemicellulose has a random, amorphous structure with 

little strength.  Hydrolyzed by acid, base or hemicellulose enzymes, fibers bind together.  

Hemicellulose hinders hornification and aggregate size by impairing the interaction among 

fibers.  The presence of hemicelluloses prevents the formation of critical H-bonds, interfering 

with the onset of plasticity caused by H2O absorption. (Iwamoto, Abe, and Yano 1022-1026) 

2.3.6.4 Temperature dependence 

The drying process not only alters fibril, but the supramolecular orientation as well as its 

reactivity to both enzyme and acidic hydrolyzation.  The drying process results in permanent 
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structural changes to wood.  Drying temperature is critical to the process in that structural 

variations among bleach and unbleached chemical pulps are nearly nonexistent at low 

temperatures, 25°C; where as high temperature drying, 80°C, exhibit fairly large differences.  

Nearly immune to the effects of drying, high yield pulp maintains a constant dimensional 

stability, while ground wood pulp’ structural alterations can be reversed with additional moisture 

add on.  High temperature drying, 100°C bares a majority of the responsibility enabling 

reversibility.  (Suchy, Kontturi, and Vuorinen 2161-2168) 

When considering the effects of bleaching on residual groups a difference of 5% is 

usually maintained.  Chemical pulps drying at 25°C retain a standard -OH percentile of 42% and 

47% for bleached and unbleached, while at 80°C, 68% and 73%.  A rise in porosity and a loss in 

lignin are contributing factors in the absence of swelling during moisture reabsorption.   

Following the initial loss of moisture, H-bonding occur among fibrils establishing large segments 

of agglomerates, unresponsive to H2O, causing hornification.  The process of drying remain 

unresponsive to variations in humidity, excluding moisture loss at 80°C which affects residual -

OH groups.  Ground wood exhibiting the least amount of impact bares credence to the 

observation. (Suchy, Kontturi, and Vuorinen 2161-2168) 

2.3.6.5 Hornification 

Pulps dried at higher temperatures suffer from a greater loss of -OH groups evident in 

their stark decrease in water retention value (WRV) at high temperatures.  The primary 

differences lie between drying temperatures of 25°C and 60°C, less so between 60°C and 80°C.  

Hornification is dependent on the extraction of moisture not necessarily the thermal method 

employed.  Water retention value provides an indirect measurement of the extent of 

hornification.  Moisture loss results in the permeant seal of cellulose pores as well as the H-
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bonding of neighboring fibers.  These fibril hydrogen bonds are completely immune to the 

absorption→evaporation→reabsorption cycle, exhibiting no significant variation in size, 

dimension, or stature.  The hornification process maintains this constant fibril status regardless of 

moisture content.  (Suchy, Kontturi, and Vuorinen 2161-2168) 

Once in a deconstructed state the wood matrix becomes significantly less responsive to 

substantial key manipulators determining -OH retention.  Fibers that have been hornified 

experience limited ability to adjust to dimensions greater than its initial size, compensating for 

excess moisture during reabsorption.  Characteristics associated with hornification include loss 

of porosity, establishment of aggregates and the formation of hydrogen bonds.  Parameters 

limiting hornification are predominantly in low yield chemical pulp. (Suchy, Kontturi, and 

Vuorinen 2161-2168)   

Bleached pulp with its lack of lignin and smaller hemicellulose content is more 

susceptible to the effects of hornification.  Groundwood pulp possess a considerable amount of 

lignin negating the effects of drying on swelling.  Alternating between absorption and moisture 

loss permits for hornification influencing end products.  A loss in product strength has been 

observed in pulps undergoing extensive drying durations (Hult, Larsson, and Iversen 3309-

3314).  Pulps with significant hemicellulose concentration, 22%, experience swelling following 

moisture loss (Hult, Larsson, and Iversen 3309-3314). (Suchy, Kontturi, and Vuorinen 2161-

2168) 

2.3.6.6 Aggregation 

The hornification process involves the formation of agglomerates by means of hydrogen 

bonding (Johansson et al. 10917-10924).  Bonds unresponsive to the loss or gain of moisture 

replicate those associated with the crystalline portions of cellulose (Johansson et al. 10917-
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10924).  The proximity of neighboring fibril bundles lend towards the formation of aggregates.  

Following acidic hydrolysis studies have noted residual aggregates.  The process of hornification 

results in the aggregation of fibril bundles dependent on H-bonds.  Following moisture extraction 

these aggregates maintain dimensional stability irrespective of moisture content.  Hemiculluloses 

native to cellulose hinder hornification, preventing aggregation due to moisture extraction.  

During reabsorption hemicelluloses plasticize decreasing binding forces enabling fibrillation. 

(Iwamoto, Abe, and Yano 1022-1026)  

2.3.6.7 Freeze drying 

Freeze drying involves the initial frozen aqueous median, followed by sublimation.  Intra 

molecular H-bonds inherent to cellulose act as crosslinkers and entwined fibers.  Aggregates are 

prevalent in systems incorporating cryogenic freeze drying.  Regenerated cellulose is the primary 

factor resulting in system wide aggregation.  H2O removal following freeze drying results in 

dimensional changes, up to twenty percent loss of overall structure.  Significant changes in the 

structure occur in addition to aggregation, 2-D planes composed of nanofibers form. 

(PÃ¤Ã¤kkÃ¶ et al. 2492-2499) 

  Individual planes combine to form a percolated 3-D structure extending vertically.  

Micropores are dispersed between connected planes.  Pore size varies up to 50 nm, revealing a 

porous nature within the plane structure.  The resulting morphology is highly dependent on 

freeze drying procedure and pump variation.  Methods incorporating H2O evaporation other than 

from solid state have resulted in moisture vapor, promoting aggregates within the planes.  This 

study involved only freeze-drying procedures incorporating solid state. (PÃ¤Ã¤kkÃ¶ et al. 2492-

2499) 
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2.3.7 Fibral stress 

Cellulose nanofiber is an aqueous dispersion, whose fiber interactions can be manipulated 

altering its viscous nature and cellulose structure, providing reinforcement to polymer matrices.  

Natural cellulose sources include tunicates enabling high modulus CNF, 143GPa, 26 nm×2.2µm.   

Alternate cellulose sources include certain plant life such as cotton and various tree specimens.  

High aspect ratio is paramount in taking advantage of cellulose’ many mechanical benefits.  

Aggregation becomes fairly problematic in the application of cellulose due to a high population 

of hydroxyl groups surrounding its outer surface. (Capadona et al. 1370-1374) 

Sulfates have been determined to be an effective means for limiting fiber activity, 

promoting dispersions within H-bonding solvents.  The fiber to fiber bonding is regulated with 

the aid of sulfate enabling hydrogen based dispersions.  The glass transition temperature is solely 

dependent upon the composites’ matrices rendering cellulose content ineffectual in determining 

Tg.  Fibril content plays a direct role influencing modulus.   Fibril content has proven beneficial 

to the system relying primarily on hydrogen bonding for effective stress transferal. (Capadona et 

al. 1370-1374) 

The successful application of cellulose fibrils remain problematic, stemming from 

inabilities incorporating the complete mechanical property in any material, resulting in less than 

ideal stress transfer.  The fiber interaction probability can be altered using surface and structural 

modifications including fiber fibrillation.  Composites containing CNF undergoing substantial 

compression, are no longer susceptible to fibril surface modification, resulting in little to no 

variation in mechanical property.  Fiber refinements not surpassing 30 passes, bares more of a 

significant impact on mechanical property even up to 50% in bending strength.  During structural 
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refinements, surface modifications occur prematurely, impacting facial interactions as early as 

eight passes.  (Nakagaito and Yano 547-552) 

Individual fibril breakdowns occur semi-periodically following the initial sixteen passes.    

A segmental breakdown of the fiber structure arises following both 16 and 30 passes of the 

refiner.  Following the initial 15 passes, the cellulose fiber undergoes a structural change 

resulting in a substantial increase in absorption energy, toughness and strength.  A cellulose 

nanofiber subjected to no more than 30 and no less then16 passes of refinement experiences a 

complete breakdown of the fiber mass.  Low strength and premature fracture is closely 

associated with composites incorporating low refinement, less than 15 passes, CNF. (Nakagaito 

and Yano 547-552)   

In response to a large number of defects prevalent, these fibers undergo immediate 

structural failure exhibiting fairly limited elasticity initiating a primary source of crack 

propagation.  The strength associated with high pass CNF stems from its increase in 

extensibility.  Crack propagation is curtailed by employing fibrillation techniques; eliminating 

defects and the expansion of the fiber to fiber network.  Additional passes counteract the initial 

increase in strength observed.  Passes surpassing 30 increments occurs at the detriment of the 

overall composite strength.  These structural adaptations resulting in loss are unperceivable by 

common SEM means.  (Nakagaito and Yano 547-552) 

The strength defining properties associated with CNF are directly linked with hydrogen, 

which forms a network of cellulose.  Cellulose’ external regions are populated with hydroxyl 

groups.  In response to competing factors such as glycerol, effective stress transferal suffers 

resulting in low improvements and minimal cellulose impact.  In this study glycerol was limited 

to the amount essential to form a film.  Glycerin build up at the amylopectin region prevents the 
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necessary population of H-bonds resulting in poor matrices and limited fibril stress transferal. 

(Å turcovÃ¡, Davies, and Eichhorn 1055-1061) 
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CHAPTER 3  

Cellulose Nanocrystals & Cellulose Nanofibers 

3.1 Introduction  

Plastics are widely used in a vast majority of products and environments.  They are 

generally cheap, simple to produce, and resistant to normal atmospheric conditions.  In the year 

2008, $65 billion was spent on polypropylene; that number is expected to increase to $145 

billion in the year 2019 (Ceresana 1).  Disposal of traditional petroleum based plastics such as 

polyethylene (PE) and polypropylene (PP) after use has posed a serious threat to the environment 

due to their non-biocompatibility.  It is imperative to the planet and future generations that other 

natural renewable resources are explored. (Sustainable Business 1) 

Numerous studies have been conducted in the advancements of bio-based composites 

employing either natural fibers as reinforcements or inorganic thermoplastics as resins (Ghosh 

Dastidar and Netravali 3243-3251).  These “semi green” composites tend to inherit the same 

non-biocompatibility traits as their inorganic predecessors.  A major emphasis of this research 

was the construction of composites composed solely of organic materials, providing both 

adequate thermal and mechanical properties.   

During the 1930’s and 1940’s war time shortages of natural fibers stimulated research 

efforts in developing additional natural protein resources (Blackburn ).  These studies revealed a 

host of hidden protein sources giving rise to an almost limitless supply of products including 

fabrics, upholstery, and clothes (Blackburn).  Sources included: redwoods, yuccas, milk casein, 

soybeans, chicken feathers, egg white slaughterhouse waste, horns, hooves, gelatin, and peanuts 

(Blackburn).  Soy protein concentrate (SPC) contains 70% protein, 18% carbohydrates, 6% ash 

and the remaining is typically fiber and moisture (Kaplan).  SPC contains active amino acids, 
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along with carboxyl and hydroxyl groups, which enable both hydrogen bonding and inter- 

intramolecular cross-linking (Creighton ; Fennema).  SPC provides a cheap matrix with nominal 

strength that is reproducible and biocompatible (Kaplan).  SPC produces a brittle hard polymer 

which typically requires an added plasticizer resulting in decreased tensile strength (Wang, Cao, 

and Zhang 524-531).  In this study glycerol was used as a natural plasticizer. 

A good plasticizer decreases molecular forces while increasing spacing and chain 

mobility (Vieira et al. 254-263).  A plasticizer that is effective is typically composed of small 

polar molecules (Cheng, Karim, and Seow E62-E67).  These molecules are usually separated by 

a substantial amount of space enabling a more effective plasticizer (Cheng, Karim, and Seow 

E62-E67).  Compatibility is of utmost importance when selecting a plasticizer (Cheng, Karim, 

and Seow E62-E67).  Plasticization decreases strength, elasticity, and Tg while increasing 

flexibility and extensibility (Cheng, Karim, and Seow E62-E67).  In spite of the significant 

improvement in mechanical property, films with 10% or less plasticizer are difficult to process  

(Zhang, Mungara, and Jane 2569-2578).  The brittle nature of films has resulted in the lack of 

research in the area of low level plasticization (Zhang, Mungara, and Jane 2569-2578).   

Cellulose can be found in almost every single plant life on Earth.  Its production is almost 

limitless extending to ocean life and various bacteria.  High molecular weight homopolymers 

combine to produce a semi-crystalline cellulose structure.  Cellulose microfibrils reside deep 

within plant cell walls.  These fibrils are controlled by enzymatic terminal complex cites, 

influencing both biopolymerization and crystallization.  Twists also known as amorphous regions 

are byproducts of the polymerization process.  These amorphous regions are severed by way of 

acid hydrolysis resulting in Cellulose Nanocrystals (CNC).  The degree of polymerization 

typically varies naturally, but is also dependent on the duration of hydrolysis, and source; 250 
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cotton, 6000 Valonia.  Applying a sulfuric hydrolyzing agent produces negatively charged 

sulfate esters promoting dispersion and decreasing agglomerations.  Cellulose has proven to be 

an effective reinforcing agent due to their low cost, availability, light weight, renewability, and 

unique morphology.  (Lucia, Lucian A., Rojas,Orlando J., ) 

Cellulose has shown promise as a composite reinforcement in the form of short fibers, 

whiskers, nanocrystals, nanofibers, liquid crystalline continuous filaments as well as substrates 

(Ghosh Dastidar ; Ghosh Dastidar and Netravali 3243-3251; Kim and Netravali 3950-3957; Nam 

and Netravali - 380-388).  Cellulose combined with protein in all of these forms provided 

adequate interfacial properties and satisfactory matrix to reinforcement stress transfer.  The 

objective of this research was to study cellulose solely as nano-sized reinforcements.  This 

research analyzes the effect of low level plasticization on the overall system response to varying 

concentrations of CNC and CNF.  

3.2 Materials and Methods  

1. Sulfuric Acid by Fisher Scientific 3005-2152.  2. Glycerol by Matheson Coleman and 

Bell.  3. Deionized (DI) distilled water.  4. 5 and 20 pass Softwood nano-fibrillated Bleached 

Cellulose.  5. Soy protein concentrate 70% protein, 18% carbohydrates, 6% ash and the 

remaining was typically fiber and moisture by Archer Daniels Midland.  6. Centrifuge by 

Beckman J-21C.  7. Ultra Turrax by IKA Works IN. 8. Labo-Stirrer by Yamato LR-41B.  9. Lab-

Stirrer by Yamato LR 400 D. 10. Lab-Stirrer by Yamato LT-400CA stirrer. 11. Isotemp Water 

bath by Fisher Scientific. 12. Pestle. 13. Fan. 14. Blotter paper. 15. Mold by Precision 

Instrument. 16. Carver Heat Press by Carver Inc. 17. 18x12 40 Watts Mini Laser Cutter by 

Epilog. 18. MTS Q-Test/5 Instron by Elite Controller. 19. Freeze Dryer. 
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3.2.1 Preparation of cellulose nanocrystals  

Cellulose Nanocrystals (CNC) were obtained from cotton fiber.  Bundles of Cotton were 

chopped into smaller pieces to provide adequate dispersal.  Fibers were acid hydrolyzed using 

800 mL of 65 wt % aqueous sulfuric acid solution at 55 °C for 30 minutes. Using a glass 

Buchner funnel the suspension was filtered into 500 g of ice cubes.  The suspension was then 

centrifuged 4 to 5 times with distilled water at 12,000 rpm for 15 minutes. Following each stage 

of centrifugation the Ultra Turrax was used for 2 to 5 minutes to homogenize the mixture.  A 

3500 MWCO dialysis membrane was used in removing residual sulfuric acid.  Dialysis 

procedures lasted 1 to 2 weeks against distilled water.   CNC solutions from 1-2% were produced 

and stored at 6 °C.(Peresin et al. 674-681) 

3.2.2 Preparation of cellulose nanofibers  

Cellulose nanofibers (CNF) were obtained from an outside laboratory. Bleached 

softwood pulp was mechanically processed using a Masuko grinder with five passes and then 

further disintegrated by a fluidizer.   

3.2.3 Freeze drying and SPC  

Freeze drying was used to combine SPC with various amounts of cellulose. SPC powder 

was mixed with distilled water at a ratio of 1:10 (SPC: H2O) for 30 minutes at room temperature 

(Nam and Netravali - 380-388; Wang, Cao, and Zhang 524-531).  Simultaneously, the 1-2% 

cellulose dispersion was mixed with distilled water at a 1:10 ratio (CNC Dispersion: H2O) for 30 

minutes at room temperature.  The cellulose dispersion was then combined with the SPC solution 

and mixed for at least 2 hours at 100 rpm, with a final CNC concentration of 0.07%.  The 

combined dispersion was then freeze dried producing SPC powder containing CNC of 1, 5, 15, 

18, 20, and 50 wt%.  A second set of dispersion was combined then freeze dried producing SPC 
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powder containing either 5 or 20 pass CNF of 1, 5, and 10 wt% (Wang, Cao, and Zhang 524-

531). 

3.2.4 Film preparation  

Dispersions composed of SPC and cellulose were created using various experimental 

mixing procedures.  The procedures varied based on degree of plasticization.  Water 

compensated for the lack of glycerol, providing increased mobility to the glycerol, enabling the 

formation of more homogenous films.  H20 provided a natural removable plasticizer that was 

evaporative.  A lab stirrer was used to mix SPC powder containing various amounts of cellulose 

with 5% glycerol and 75% water based on SPC weight.  A pestle was used to evenly distribute 

the mixture in a stainless-steel mold.   A heat press was used to apply 6.8MPa at 248°F for 20 

minutes.  The mold was then removed from the press and cooled by fan to room temperature.  

The film was then removed from the mold and placed in a controlled environment at 70°F, 65% 

RH.   

3.2.5 Tensile testing  

According to ASTM D 882-97, tensile properties of SPC/cellulose films were measured 

using an Instron tensile testing machine (Model MTS Q-Test/5). Samples for tensile testing were 

prepared using the 40 Watt Epilog Laser Mini.  Films were cut into 114 mm x 10 mm dog bone 

strips with a 50 mm gauge length.  Samples were then returned to a controlled environment at 

70°F, 65% RH for at least 48 hours prior to testing.  Also, thickness measurements were 

conducted prior to tensile testing.  An average of three thickness measurements was determined.  

A crosshead speed of 5 mm/min was used for tensile testing.  Samples that were able to be cut 

immediately following the heat press process tended to produce better samples with less 

warping.  Films made with low concentrations of glycerol had an affinity of curling upon 
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themselves.  This curling effect was counteracted by placing blotter paper on both sides of the 

film and applying weights on top of the sample for at least 24 hours.   

3.2.6 Atomic force microscopy  

Using an X-acto knife silicon wafers were cut into small square pieces.  Each square was 

dipped in a solution of NaOH followed by distilled water.  The squares were placed onto a Petri 

dish and allowed to dry for 10 minutes in a UV Ozone cleaner.  A 0.03% solution of SPC/ 

cellulose was created.  A drop of the solution was placed onto a single square piece.  The 

samples were dried at room temperature overnight.  The samples were imaged using a Bruker 

Dimension 3000.   

3.2.7 Differential scanning calorimetry and thermogravimetric analyses  

Thermogravimetric analyses (TGA) was performed using a TA Instruments TGA Q500. 

A platinum pan was used to hold 10mg of dry sample.  The sample was heated from ambient 

temperature to 105°C and held isothermally for 30 minute.   The sample was then heated to 

600°C at 10°C min-1.  Differential scanning calorimetry (DSC) analysis was performed using a 

TA Instruments DSC Q100.  Prior to analysis samples were oven dried at 40°C.  10 mg of 

sample was placed in the DSC cell and heated from 40°C to 105°C then cooled to -50°C and 

finally heated at 10°C min-1 to 250°C.  The sample was held isothermally for 30 minute at 

105°C and 1 minute at both -50°C and 250°C. The glass transition temperature Tg was 

calculated using TA Universal Analysis software.   

3.3 Results and Discussion  

3.3.1 Film preparation  

This study forgoes the traditional film casting method in lieu of time.  Film casting 

typically includes a water bath method requiring a three day drying period (Nam and Netravali - 
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380-388). The procedure used in this study included a mold which limited the total amount of 

fluid in the mixture.  Due to its hydrophilic nature glycerol tends to trap a certain amount of 

moisture within the film (Nam and Netravali - 380-388).  Using the film casting method at low 

levels of plasticization moisture is typically evaporated in an uncontrolled manner leading to 

brittleness and warping.  The mold itself provided a barrier trapping moisture that normally 

would’ve been lost during processing, even up to 12 hours after film production.  That moisture 

acted as a plasticizer upon film removal.  The blotting paper allowed uniform water removal by 

transfer under load, preventing the onset of warping typical in low level plasticization.  As seen 

in Figure 3.1 this method of film production provided consistent uniform SPC samples with 

various cellulose concentrations at both high and low levels of plasticization.    

 (a)   (b)   (c) (d) 

Figure 3.1 (a): 100% soy protein concentrate 0% cellulose nanocrystals film at 1% glycerin (b): 95% soy protein 

concentrate 5% cellulose nanocrystals film at 5% glycerin (c): 80% soy protein concentrate 20% cellulose 

nanocrystals film at 5% glycerin (d):100% soy protein concentrate film 0% cellulose nanocrystals at 30% glycerin 

 

(e)    (f)   (g)  (h)      

Figure 3.1 (e): 99% soy protein concentrate 1% 5 pass nano fibrillated bleached cellulose film at 5% glycerin (f): 

95% soy protein concentrate 5% 5 pass nano fibrillated bleached cellulose film at 5% glycerin (g):95% soy protein 

concentrate 5% 20 pass nano fibrillated bleached cellulose film at 5% glycerin (h): 90% soy protein concentrate 

10% 20 pass nano fibrillated bleached cellulose film at 5% glycerin 
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3.3.2 Plasticization  

Protein is predominately composed of polar and nonpolar side chains (Zhang, Mungara, 

and Jane 2569-2578).  H-bonding, hydrophobic, dipole-dipole, charge-charge, are some of the 

few molecular interactions occurring amongst these chains (Zhang, Mungara, and Jane 2569-

2578).  Charged polar molecular interactions limit rotation and movement (Zhang, Mungara, and 

Jane 2569-2578).  These molecular confinements are responsible for improvements in overall 

tensile strength, modulus, and stiffness (Zhang, Mungara, and Jane 2569-2578).  Moisture 

concentration was solely dependent upon film homogeneity.  In Figure 3.2 the amount of 

moisture required to produce a homogenous film decreased nonlinearly as the amount of glycerol 

increased.  In a system composed of water and protein, the addition of glycerol directed the 

plasticizing nature of water, resulting in three distinct cases: I. low moisture low plasticization, 

II. high plasticization, and III. high moisture (Cheng, Karim, and Seow E62-E67).  In this 

research a homogenous film adhering to the criteria of case I was incapable of being produced 

therefore was never studied.  

CASE I 

Under conditions of low moisture concentration and low plasticization polar polyols are 

attracted to the same protein sites that would normally bind to water (Cheng, Karim, and Seow 

E62-E67). The addition of glycerol in any increment proved to be detrimental to the formation of 

crystals in systems containing less than 20% moisture concentration.  (Cheng, Karim, and Seow 

E62-E67). Case I could be considered the worst form of plasticization in terms of crystal 

formation.    

 

 



   

51 

 

 CASE II 

At higher levels of plasticization hydrogen bonds tend to form between plasticizer and 

water resulting in significant increases in moisture absorption (Cheng, Karim, and Seow E62-

E67).  Glycerol has a greater affinity to water than protein due to its’ hygroscopic nature which 

hampers protein’s ability to from ordered structures (Cheng, Karim, and Seow E62-E67). Films 

composed of 30% and 40% glycerol were considered as case II studies.  Figure 3.1 d is a case II 

film, whereas the remainder of the films were considered case III.  Systems with excess glycerol 

water bonds could potentially give rise to protein water bonds thereby significantly decreasing 

protein’s ability to interact with itself as well as the overall melting enthalpy (Cheng, Karim, and 

Seow E62-E67).   

 

Figure 3.2 Percent of moisture required to produce a homogenous film. 

According to Figure 3.2, the largest amount of moisture content used to create these films 

was only 6 %; most likely preventing glycerol water bond saturation from occurring.  Phase 

separations can occur in biopolymers during high level plasticization and when significant 

differences in Tg between plasticizer and matrix exist (P. J. A. Sobral, 499-504).  According to 
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literature the glass transition temperature for protein, glycerol, and water are: 234°C, -93.15°C, 

and -139.15°C respectively (P. J. A. Sobral, 499-504).   There was no evidence of phase 

separation occurring in this study.   Films made with 30% and 40% glycerol showed significant 

decreases in required moisture content and Tg.  According to Figure 3.3 the 30% glycerol film 

decreased in Tg from 159°C to 155°C.  The 40% glycerol film resulted in an increase from 2% to 

6% moisture content with a decrease in Tg to 145°C.  

 

Figure 3.3 Effect of glycerol content on Tg, differential scanning calorimetry. 

 

Studies have shown when proteins are in maximum plasticized state additional water or 

plasticizer tend not to have any effect on their Tg (P. J. A. Sobral, 499-504). This can also be 

seen in response to cellulose at high levels of plasticization.  A somewhat masking effect 

occurring, not only on Tg, but modulus, breaking stress, and energy to break can be seen.(see 

Figure 2 of the appendices)  This masking effect was also observed during low level 

plasticization, but only for certain cellulose. 
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 CASE III 

The mobility of the protein chains were hindered by the low molecular weight glycerol 

preventing reorientation (Cheng, Karim, and Seow E62-E67).  Under conditions of high moisture 

content glycerol was capable of providing mobility to proteins potentially leading to crystalline 

formation (Cheng, Karim, and Seow E62-E67).  The freeze drying process removed all of the 

moisture from the protein. The antiplaticization nature of water tends to occur during initial 

hydration prior to 20% moisture addition (Cheng, Karim, and Seow E62-E67).  Glycerol tends to 

form bonds with water in lieu of protein’s amorphous regions (Cheng, Karim, and Seow E62-

E67).  Protein was free to reorient and bind with other proteins sites improving mechanical 

performance. 

As a plasticizer both glycerol and water have the ability to lower the inherent glass 

transition temperature of protein (Zhang, Mungara, and Jane 2569-2578).  In Figure 3.3 the DSC 

thermogram showed a decrease in Tg from the normal 189°C towards room temp.  A film using 

only water as a plasticizer was used as the control.  According to Figure 3.2, 60% water was 

required to produce the homogenous control film.  Adding 1% glycerol to the film decreased the 

required amount of moisture by 20% along with the Tg by 1°C.  The Tg remained constant at 

158°C even with additional glycerol up to 10%; whereas the required moisture steadily 

decreased as expected.  The masking affect observed in case II, only occurred in the Tg property 

among high moisture concentration films.  Film moisture sensitivity increased with the addition 

of glycerol (Thomas Karbowiak, Hubert Hervet, Liliane Léger 2011-2019).  Glycerol had a 

significant nonlinear correlation with moisture absorption in areas of high moisture content 

(Thomas Karbowiak, Hubert Hervet, Liliane Léger 2011-2019).  Minute changes in low level 

plasticization resulted in drastic changes in required moisture concentration. 
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Combining glycerol with H2O prior to mixing delayed its natural tendency to aggregate, 

enabling more effective means of distribution within the protein (Nam and Netravali - 380-388).  

For many years a vast portion of the scientific community viewed low level plasticization as 

impractical due to dimensional instability, severe inconsistency, and poor material handling. 

(Nam and Netravali - 380-388; Wang, Cao, and Zhang 524-531; Pereda et al. 1014-1021).  The 

brittle nature of films below 10% plasticization has made studying them at that level nearly 

impossible for many researchers.      

Data collected from the TGA reflects the percentage of the original mass retained at a 

particular temperature.  As seen in Figure 3.4, when the sample was subjected to higher 

temperatures, less of the original material was able to be retained due to the sample’s 

susceptibility to thermal degradation.  A sample’s thermal vulnerability is primarily dependent 

on its composition and method of production.  In Figure 3.5 the derivative of the TGA data 

exhibits changes within the percent of the material retained with respect to temperature.  The 

derivative of the TGA data allows the user to pinpoint specific temperatures where significant 

amounts of material loss occurred.   The height, and width of the TGA curve contributes to the 

description of the degradation process, whether it occurred over a large span of temperatures or 

suddenly at one specific temperature.  The 0% glycerol sample was used as the base in 

comparing all the other TGA values.   
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Figure 3.4 Effect of glycerol content on soy protein concentrate thermal stability, thermogravimetric analyses. 

 

According to the TGA analysis, glycerol tends to increase the resistance to thermal degradation 

of SPC initially.  The initial weight loss was higher for samples without glycerol.   

 

Figure 3.5 Effect of glycerol content on soy protein concentrate thermal stability, thermogravimetric analyses. 

Plasticization levels greater than 10% tend to have a detrimental effect on protein’s 

thermal stability in temperatures surpassing 250°C.  Samples with more than 10% glycerol 

showed drastic weight loss for temperatures greater than 250°C.  The initial reduction in weight 
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consisted primarily of moisture loss (Su et al. 145-153).  After the initial 10% decrease in weight 

the 40% glycerol sample showed a sudden increase in thermal degradation.  The 40% glycerol 

film had the largest weight loss in the shortest amount of time.  A detailed summary of the 

overall thermal response to incremental additions of glycerol can be seen in table 3.1.  When 

considering temperatures 100°C-600°C areas indicated in green signifies an increase in percent 

weight retained with respect to the base.  Whereas, areas indicated in red represent a decrease in 

percent weight retained. 

SPC Powder showed an increase in thermal degradation between the following 

temperature blocks 100°C-160°C, 300°C-360°C, and 560°C-600°C. SPC Powder showed an 

increase in thermal protection between the following temperature blocks 160°C-300°C, and 

360°C-560°C.  The 0% film’s highest rate of thermal degradation occurred at 287°C at a 

measure of 0.5%/°C.  The SPC Powder’s highest rate of thermal degradation occurred at 287°C 

at a measure of 0.6%/°C.  The area of the curve has increased slightly encompassing the 0% 

curve showing, not only the same amount of overall thermal degradation occurring within the 

sample, but additional degradation occurring between 250°C -325°C.  The large change in height 

of the curve is evidence that this degradation is occurring at a rate higher than the 0%.   

The1% film showed an increase in thermal degradation between 200°C and 600°C. 1% 

film showed an increase in thermal protection between 100°C and 200°C. The 1% glycerol’s 

highest rate of thermal degradation occurred at 292°C at a measure of 0.48%/°C with no 

significant difference in curve area.  The 5% film showed an increase in thermal degradation 

between 300°C and 600°C. 5% film showed an increase in thermal protection between 100°C 

and 300°C. The 5% glycerol’s highest rate of thermal degradation occurred at 284°C at 0.5 with 

a -3°C shift from the control.  The area of the curve increased slightly encompassing the 0% 
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curve showing additional amounts of thermal degradation at lower temperatures.  The height of 

the curve along with the degradation rate where both consistent with the 0% film.   

The10% film showed an increase in thermal degradation between 215°C and 600°C. 10% 

film showed an increase in thermal protection between 100°C and 215°C.  The 10% glycerol’s 

highest rate of thermal degradation occurred at 286°C at a measure of 0.48%/°C with a -1°C 

shift.  The peak of the curve flattened, spanning a large breath of temperatures. The area of the 

curve increased, encompassing the 0% curve with additional thermal degradation occurring at 

both higher and lower temperatures.  The decrease in measure was a direct result of the drop in 

degradation rate.   

Table. 3.1 Summary of soy protein concentrate thermal stability. 

Glycerol % Degradation peak Rate of degradation Shift °C Area of degradation 100-200°C 200-300°C 300-400°C 400-600°C Tg

SPC powder 287°C increase 0 increase 160°C 300°C 360°C 560°C 189.56°C

1% 292°C no change 5 no change 200°C 158.30°C

5% 284°C no change -3 increase 300°C 158.30°C

10% 286°C decrease -1 increase 215°C 156.01°C

15% 282°C decrease -5 increase 215°C 154.81°C

20% 279°C decrease -8 increase 200°C 155.79°C

30% 283°C decrease -4 no change 235°C 155.81°C

40% 272°C decrease -15 increase 200°C 145.47°C 

The15% film showed an increase in thermal degradation between 215°C and 600°C. 15% 

film showed an increase in thermal protection between 100°C and 215°C.  The 15% glycerol’s 

highest rate of thermal degradation occurred at 282°C at 0.47%/°C with a -5°C shift from the 0% 

sample.  The decrease in measure was in response to the drop in degradation rate.  Unlike most 

samples which exhibited degradation spikes, the 15% glycerol film remained at its highest rate of 

thermal degradation over longer temperature spans. A bulk of the thermal degradation occurred 

at lower temperatures.   
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The 20% film showed an increase in thermal degradation between 200°C and 600°C. 

20% film showed an increase in thermal protection between 100°C and 200°C.  The 20% 

glycerol’s highest rate of thermal degradation occurred at 279°C at 0.47 with a -8°C shift from 

the 0%.  A decrease in curve height was evidence of the drop in thermal degradation rate.  

Majority of the degradation occurred at lower temperatures.   

The 30% film showed an increase in thermal degradation between 235°C and 600°C. 

30% film showed an increase in thermal protection between 100°C and 235°C.  The 30% 

glycerol’s highest rate of thermal degradation occurred at 283°C at 0.47 with a -4°C shift.  The 

overall degradation area is similar, whereas a majority of the degradation occurred in lower 

temperatures at a slower rate.  The 40% film showed an increase in thermal degradation between 

200°C and 600°C. 40% film showed an increase in thermal protection between 100°C and 

200°C.  The 40% glycerol’s peak rate of thermal degradation occurred at 272°C at 0.45 with a -

15°C shift.  It’s degradation rate decreased.  The sample degraded at temperatures much lower 

than the control. There was a large increase in the overall sample degraded, especially at lower 

temperatures. 

The system was more responsive to the initial stages of plasticization as seen in Figure 

3.6.   Young's modulus was determined by dividing the tensile stress by strain in the initial 

portion of the stress-strain curve.   From 0 to 20% plasticization, the system showed a difference 

in average Young’s modulus of 1187 MPa, only a 216 MPa difference occurred between the 

20% and 40% levels.  Plasticization saturation occurred somewhere near the 20% glycerol 

content level.  On the basis of system response, this research focused solely on low level 

plasticization. 
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Figure 3.6 Effect of glycerol content on average breaking stress and average Young’s modulus. 

Energy absorption was determined by the area underneath the stress-strain curve divided 

by the initial volume of the gauge length multiplied by 1000.  Levels ranging from 5 to 20% 

plasticization resulted in the largest energy absorption films.  From Figure 3.7 it was apparent 

that the highest average energy absorption occurred at the 5% level.  

 

Figure 3.7 Effect of glycerol content on average energy to break. 
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3.3.3 Cellulose nanocrystals  

Studies have shown that even at 1% CNC the formation of agglomerations were still 

possible (Pereda et al. 1014-1021).  The freeze drying procedure combined with hydrolysis was 

an attempt to prevent the formation of large CNC agglomerations (Wang, Cao, and Zhang 524-

531).    The objective became twofold; minimizing agglomerations while maximizing the 

dispersal of potential CNC aggregates using both physical and chemical means. 

The AFM image in Figure 3.8 showed small segments of CNC dispersed amongst large 

segments of protein.  The figure validates both procedures including the hydrolysis and the 

freeze drying.  As seen in the appendices in Figure 2 and 3 the effects of CNC at the 30% 

glycerol level was used as a preliminary test to verify the effects of CNC loading.  This portion 

of the study replicated Wang’s procedures substituting soy isolate with SPC and cellulose micro 

fibers with CNC.  The study provided an adequate transition to the more involved 5% glycerol 

level.  Preliminary test using the same 30% glycerol level showed increase mechanical 

performance with CNC up to 15% concentration.  The 5% glycerol level was selected as a result 

of its’ mechanical performance, energy absorption, and repeatability.  Based on preliminary data 

using glycerol, films were prepared on reduce amounts and CNC loading effects were tested.    

 

Figure 3.8 Atomic force microscopy image of cellulose nanocrystals obtained from cotton fiber 0.2 micrometer 

Improvements occurred at both the 30% and 5% plasticization level without decreasing 

the relative humidity to 0 as in the Wang study (Wang, Cao, and Zhang 524-531).   This research 

showed that CNC, in spite of its’ drastically smaller aspect ratio, was still able to provide 

significant improvements.  In this study the largest improvement occurred at the 5% CNC level.  
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Wang discovered that crosslinks more readily occurred between cellulose and protein in areas 

containing significant amounts of glycerol (Wang, Cao, and Zhang 524-531).  After the 5% CNC 

concentration the system became supersaturated with CNC in respect to the amount of glycerol 

available at the 5% plasticization level.  Due to the glycerol shortage, pockets of CNC were left 

dispersed among protein incapable of forming the required network structure.  The additional 

CNC resulted in the decrease in Young’s modulus as seen in Figure 3.9.  The absence of 

crosslinks can be clearly seen with the drop in breaking stress at the 18% and 20% CNC.   

Scientist have theorized a slight variant to the above theory explaining the loss of 

modulus in higher concentration cellulose films as a response to moisture.  In lieu of glycerol, 

significant amounts of moisture were used to produce homogenous films at the 5% plasticization 

level.  The composition of cellulose includes both crystal and non-crystalline random structures.  

The -OH groups within these random sections are susceptible to moisture.  Conditions involving 

H2O promotes absorption resulting in structural expansion.  The crystal segments of cellulose 

provide a structural barrier preventing sorption.  H2O’s natural dependency on H-bonds makes its 

predisposed to hydrogen bonding solutes. (Johansson et al. 10917-10924) 

Systems incorporating swollen matrices resulting from moisture absorption negates the 

fiber to fiber interactions critical to cellulose’s mechanical performance.  This phenomena is 

amplified in systems incorporating higher concentrations of cellulose specifically 19% or more.   

The decrease in modulus is not a result of a phase transition or the occurrence of polymer x-

links, but an excess of H-bonds associated with moisture. (Capadona et al. 1370-1374) 
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Figure 3.9 Effect of cellulose nanocrystal content on average breaking stress and Young’s modulus at 5% glycerin 

When CNC combines with SPC they bind directly to hydrophilic protein cites which 

normally attracts either plasticizer or moisture in the system (Pereda et al. 1014-1021).  

Increasing the CNC concentration tends to increase the film’s hydrophobicity (Pereda et al. 

1014-1021).  Moisture reabsorption after film formation was less likely to occur in films 

containing CNC.  When producing films containing CNC the time period after mold extraction 

became critical in preventing the formation of warps.  When placed in an environment with 

controlled humidity the neat protein film would relax by absorbing the excess moisture on its 

surface.  Studies have shown that reabsorption results in film replasticization (Ghosh Dastidar ).  

The onset of warping and the importance of relaxation became prevalent at the 5% plasticization 

level.  There were macroscopic differences between SPC films and those containing CNC.  Once 

the formation of warp defects occurred in CNC films they were nearly impossible to remove.  

The stress-strain curve in Figure 3.10 describes the general story of CNC on protein systems.  

We see an increase in Young’s modulus of up to 80% and a decrease in ductility.  Similar reports 

have been reported with soy protein isolate using cellulose microfibers 1200nm in length and 

90nm in diameter (Wang, Cao, and Zhang 524-531).  In this study CNC was 1-200nm in length 
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and 10 nm in diameter.  Overall the addition of CNC resulted in an increase in Young’s modulus 

and a decrease in percent strain and energy absorption.  

   

Figure 3.10 Effect of cellulose nanocrystal content on the stress-strain relation at 5% glycerin. Effect of cellulose 

nanocrystal content on average energy to break at 5% glycerin 

Differential scanning calorimetry curves of SPC are shown in Figure 3.11.  Additional 

CNC content has resulted in no apparent change in Tg, except for the 1% CNC (Wang, Cao, and 

Zhang 524-531).    

 

Figure 3.11 Effect of cellulose nanocrystal content on Tg, differential scanning calorimetry. 
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The 0% CNC sample was used as the base in comparing all the other TGA values.  The 

TGA results in Figure 3.12 shows that CNC increases the thermal resistance of protein.  18% 

CNC provided the greatest protection followed by 20% then 1%.  The initial 5% weight loss 

occurred prior to 150°C where additional CNC content resulted in an increase in thermal 

degradation.  The added protection of CNC occurred between 100°C and 600°C.  A detailed 

summary of the overall thermal response to incremental additions of CNC can be seen in table 

3.2.  When considering temperatures 100°C-600°C areas indicated in green signify an increase in 

percent weight retained with respect to the base, whereas, areas indicated in red represent a 

decrease in percent weight retained. 

 

Figure 3.12 Effect of cellulose nanocrystal content on soy protein concentrate thermal stability, thermogravimetric 

analyses. 

For the 0% CNC Figure 3.13 shows that the highest rate of thermal degradation occurred 

at 280°C.  1% CNC showed an increase in thermal degradation between 100°C and 200°C. 1% 

CNC showed an increase in thermal protection after 200°C.  The 1% CNC’s highest rate of 

thermal degradation occurred at 280°C with no significant difference in curve area.  5% CNC 

showed an increase in thermal degradation between the following temperature blocks 100°C-

190°C, and 320°C-600°C. 5% CNC showed an increase in thermal protection between 190°C 
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and 320°C.  The 5% CNC’s highest rate of thermal degradation occurred at 295°C with a 15°C 

shift from the control.  The area of the curve increased significantly encompassing both the 1% 

and 0% CNC curve.  Additional amounts of thermal degradation occurred at higher temperatures 

at much higher rates.   

   

Figure 3.13 Effect of cellulose nanocrystal content on soy protein concentrate thermal stability, thermogravimetric 

analyses. 

15% CNC showed an increase in thermal degradation between 100°C and 206°C. 15% 

CNC showed an increase in thermal protection between 206°C and 326°C.  The 15% CNC’s 

highest rate of thermal degradation occurred at 285°C with a 5°C shift. The area of the curve 

increased encompassing the 0% curve with additional thermal degradation occurring at higher 

temperatures.  The degradation rate increased surpassing both the 1% and 0% CNC curve.   

Table 3.2 Summary of cellulose nanocrystal content on soy protein concentrate thermal stability. 

CNC % Degradation peak Rate of degradation Shift °C Area of degradation 100-200°C 200-300°C 300-400°C 400-600°C Tg

1% 280°C no change 0°C no change 200°C 166.88°C

5% 295°C increase 15°C increase 190°C 320°C 156.25°C

15% 285°C increase 5°C increase 206°C 326°C 164.15°C

18% 315°C increase 35°C no change 330°C 155.35°C

20% 305°C increase 25°C no change 320°C 350°C 161.16°C   
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18% CNC showed an increase in thermal degradation between 330°C and 600°C. 18% 

CNC showed an increase in thermal protection between 100°C and 330°C.The 18% CNC’s 

highest rate of thermal degradation occurred at 315°C with a 35°C shift from the 0% sample. The 

degradation rate increased surpassing both the 1% and 0% CNC curve. A bulk of the thermal 

degradation occurred at higher temperatures, evidence of an increase in thermal protection.   

20% CNC showed an increase in thermal degradation between 320°C and 350°C. 20% 

CNC showed an increase in thermal protection between the following temperature blocks 100°C-

320°C, and 350°C-600°C.The 20% CNC’s highest rate of thermal degradation occurred at 305°C 

with a 25°C shift from the 0% sample. The degradation rate increased surpassing both the 1% 

and 0% CNC curve. A bulk of the thermal degradation occurred at higher temperatures, evidence 

of an increase in thermal protection.   

Plasticization lead to increased ductility, strain, repeatability, energy absorption, and a 

decrease in degradation rate.  The rate of degradation was directly proportional to the 

concentration of CNC.  Increments in CNC resulted in substantial increases in degradation rate.  

The maximum rate of degradation fluctuated with CNC, but in general moved towards higher 

temperatures especially during high concentrations of CNC.   

3.3.4 Cellulose nanofibers  

The freeze drying procedure was an attempt to prevent the formation of large CNF 

agglomerations (Wang, Cao, and Zhang 524-531).  The objective became two-fold; minimizing 

agglomerations while maximizing the dispersal of potential CNF aggregates as seen in Figure 

3.14. 
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Figure 3.14 Atomic force microscopy image of softwood nanofibrillated bleached cellulose. 

This portion of the study replicated Wang’s procedures at the 5% glycerol level, substituting soy 

isolate with SPC and cellulose microfibers with CNF.  Figure 3.15 showed increase mechanical 

performance with CNF up to 10% concentration.  The 5% glycerol level was selected as a result 

of its’ mechanical performance, energy absorption, and repeatability.  Based on the preliminary 

CNF data using glycerol, films were prepared on reduce amounts and CNF loading effects were 

tested.  

   

Figure 3.15 Effect of nanofibrillated bleached cellulose content on average breaking stress at 5% glycerin 

Improvements occurred without modifying the humidity as in the Wang study (Wang, 

Cao, and Zhang 524-531).   Figure 3.16 showed that CNF provided significant improvements.  In 

this study the largest improvement occurred at the 5% CNF level.  The system was less 

responsive to 5% 20 pass CNF, whereas the 10% CNF 20 pass performance was similar to that 

of the 5% CNF 5 pass.  The system seemed to be dependent on the pass even more so than the 

actual overall concentration of CNF. There was a large increase in repeatability within the 5% 5 
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pass CNF compared to other concentrations, and even more so when considering the variability 

of the 5% CNF film.   In general, it appeared that low concentration levels of cellulose were 

more effective in providing substantial improvements to the mechanical performance of soy 

films.  

   

Figure 3.16 Effect of nanofibrillated bleached cellulose content on average Young’s modulus at 5% glycerin 

The fibrillation process relies heavily on shear deformation segmenting the bulk fiber 

structure into smaller increments.  Polymerization loss is closely associated with high pressure 

homogenized pulp.  After the initial 5 passes the fluidizer produces nanofibers independent of a 

homogenizer.  A portion of the micro fibers gather into segments.  In respect to structure, fibers 

subjected to 30 passes are indistinguishable from fibers subjected to only 5 passes. (Iwamoto, 

Nakagaito, and Yano 461-466) 

The morphological changes occurring within the initial 10 passes of the fluidizers is 

regulated to surface modifications.  Enhancements resulting from the fibrillation of the outer 

fibrils serves to facilitate the intra fiber reactions.  Improvements originating from fibrillation 

benefit a majority of the mechanical properties as seen in Figure 3.17.   The formation of fiber 

segments occur following 16 passes of the fluidizer.  After a total of 30 passes segments are 
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broken into even smaller groups maintaining a constant absorption capacity. (Nakagaito and 

Yano 547-552) 

    

Figure 3.17 Effect of nanofibrillated bleached cellulose content on average energy to break at 5% glycerin. 

After 15 passes, CNF 3-4 nm wide 1µm long combine into micro aggregations 15-25 nm 

wide.  Additional hydrogen bonding occurs in parallel with fibrillation.  Research has shown that 

higher passes consist of excessive fibrillation resulting in degraded fibers and loss of Young’s 

modulus.  Complete fibrillation occurs after a total of 5 passes.  Additionally, fibers subjected to 

15 or more passes incurred substantial losses in aspect ratio and suffer from fiber pull out, strain 

inadequacies, and individual brittle fracture.  Strain is heavily influenced by both aspect ratio and 

mechanical property.  Polymerization and crystallinity are indirectly associated with the number 

of passages; decreasing with every increment.  Elasticity, which is crystalline dependent, suffers 

in response to losses due to crystallinity. (Iwamoto, Nakagaito, and Yano 461-466) 

The limitation of the CNF structure prevents an extensive expansion of the energy 

absorption capability, resulting in crack propagation and brittle fractures.  Distinct improvements 

to strain deformation occur amongst fibrils subjected to at least 16 passes.  High pass CNF 

experiencing anywhere from 16-30 passes exhibit improvements in elongation, resulting in 
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added toughness and strength.  Figure 3.18 shows the effect of passage on breaking stress and 

Young’s modulus.  These morphological benefits occur in response to the complete fibrillation 

of the bulk fiber resulting in: the elimination of fiber defects, preventing crack initiation, and the 

addition of inter fiber entanglements, acting as crack barriers and forming fibril networks.  

Passes greater than 30 suffer from a continual loss in strength. (Nakagaito and Yano 547-552)  

   

Figure 3.18 Effect of nanofibrillated bleached cellulose content and the number of passages on average breaking 

stress and Young’s modulus at 5% glycerin 

Subsequent passes have proven beneficial to thermal expansion, but detrimental to crystal 

growth, DP, and mechanical traits.  Fiber degradation occurs with excessive fibrillation.  The 

production of high-performance fibers demands a low fibrillation regiment producing low 

thermal expansion fibers with substantial mechanical properties.  Benefits associated with low 

levels of crystallinity involves exceptional deformability. (Iwamoto, Abe, and Yano 1022-1026) 

Warping and relaxation were very important to the mechanical performance.  The same 

techniques used during the CNC study were implemented.  The stress-strain curve in Figure 3.19 

describes the general story of CNF on protein systems.  An increase in Young’s modulus of up to 

108% can be observed along with a decrease in ductility.  Similar reports have been noted with 
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soy protein isolate using cellulose microfibers 1200nm in length and 90nm in diameter (Wang, 

Cao, and Zhang 524-531).   

   

Figure 3.19 Effect of nanofibrillated bleached cellulose content on the stress-strain relation at 5% glycerin. Effect of 

nanofibrillated bleached cellulose content and the number of passages on average energy to break at 5% glycerin 

Overall the addition of CNF resulted in an increase in Young’s modulus and a decrease in 

percent strain and energy absorption.  Differential scanning calorimetry curves of SPC are shown 

in Figure 3.20.  Additional CNF content resulted in substantial changes in Tg.  5% 20 pass CNF 

provided the largest increase in Tg whereas 5% 5 pass provided the largest decrease in Tg 

(Wang, Cao, and Zhang 524-531).    
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Figure 3.20 Effect of nanofibrillated bleached cellulose content on Tg differential scanning calorimetry. 

The 0% CNF sample was used as the base in comparing all the other TGA values.  The TGA 

results in Figure 3.21 shows that CNF increases the thermal resistance of protein.  5% 5 pass 

CNF provided the greatest protection followed by 10% then 5% 20 pass.  The initial 5% weight 

loss occurred prior to 200°C where additional CNF content resulted in an increase in thermal 

degradation.   

  

Figure 3.21 Effect of nanofibrillated bleached cellulose content on soy protein concentrate thermal stability, 

thermogravimetric analyses. 
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The added protection of CNF occurred between 100°C and 600°C.  A detailed summary 

of the overall thermal response to incremental additions of CNF can be seen in Table 3.3.  When 

considering temperatures 100°C-600°C areas indicated in green signifies an increase in percent 

weight retained with respect to the base.  Whereas, areas indicated in red represent a decrease in 

percent weight retained. 

For the 0% CNF Figure 3.22 shows that the highest rate of thermal degradation occurred 

at 280°C.  1% CNF showed an increase in thermal degradation between 100°C and 200°C. 1% 

CNF showed an increase in thermal protection after 200°C.  The 1% CNF’s highest rate of 

thermal degradation occurred at 280°C with no significant difference in curve area.  5% CNF 5  

  

Figure 3.22 Effect of nanofibrillated bleached cellulose content on soy protein concentrate thermal stability, 

thermogravimetric analyses. 

pass showed an increase in thermal protection between 100°C and 600°C. The 5% CNF 5 pass’s 

highest rate of thermal degradation occurred at 295°C with a 15°C shift from the control.  The 

area of the curve increased significantly encompassing 0% CNF curve.  Additional amounts of 

thermal degradation occurred at higher temperatures at rates higher than both 0% and 1%.   
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Table 3.3 Summary of nanofibrillated bleached cellulose content on soy protein concentrate thermal stability. 

CNF % Pass Degradation peak Rate of degradation Shift °C Area of degradation 100-200°C 200-300°C 300-400°C 400-600°C Tg

1% 5 280°C increase 0°C increase 200°C 164.31°C

5% 5 295°C increase 15°C increase 142.22°C

5% 20 290°C increase 10°C increase 190°C 176.53°C

10% 20 300°C increase 20°C increase 180°C 174.85°C   

5% CNF 20 pass showed an increase in thermal degradation between 100°C and 190°C. 5% 

CNF 20 pass showed an increase in thermal protection between 190°C and 600°C.The 5% CNF 

20 pass’s highest rate of thermal degradation occurred at 290°C with a 10°C shift. The 

degradation rate increased surpassing both the 1% and 0% CNF curve.   

10% CNF 20 pass showed an increase in thermal degradation between 100°C and 180°C. 

10% CNF 20 pass showed an increase in thermal protection between 180°C and 600°C.  The 

10% CNF 20 pass’s highest rate of thermal degradation occurred at 300°C with a 20°C shift. The 

degradation rate increased surpassing the 0%, 1%, 5% 5pass, and 5% 20 pass CNF curve. A bulk 

of the thermal degradation occurred at higher temperatures, evidence of an increase in thermal 

protection.   

The rate of degradation is proportional to the concentration of CNF.  Increases in CNF 

resulted in increases in degradation rate.  The maximum rate of degradation tended to move 

towards higher temperatures with higher concentrations of CNF.  Lower passes of CNF resulted 

in larger degrees of shifts.  In general CNF provided additional thermal protection except 

between100°C and 200°C.  5% 5 pass CNF is the only concentration to provide additional 

thermal protection during both low and high thermal exposures. 
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3.4 Conclusion  

Research findings showed that increases in certain mechanical properties such as 

Young’s modulus could be obtained just as in high level plasticization; whereas, in low level 

plasticization these increases were substantially greater while requiring significantly less 

amounts of cellulose.  Improvements in thermal performance were observed as a result of 

cellulose loading.  The glass transition temperature was significantly affected by both cellulose 

and plasticizer.  This research consistently replicated, analyzed, and observed the effects of low 

level plasticization on protein films.  The system was more responsive to the initial stages of 

plasticization.   From 0 to 20% plasticization, the system showed a difference in average 

Young’s modulus of 1187 MPa, whereas only a 216 MPa difference occurred between the 20% 

and 40% levels.  

According to literature plasticization leads to increase ductility, strain, and energy 

absorption (Nam and Netravali - 380-388; Zhang, Mungara, and Jane 2569-2578; Su et al. 145-

153).  The complete opposite has been proven to occur at low level plasticization providing the 

foundational basis of this study; in effect revealing the true nature that has been ignored due to 

limitations in film production.  Energy absorption, has been observed to actually increase by 

decreasing plasticization to its nominal value of 5%.  This research revealed the masking effect 

of plasticizer in both high and low level concentration on Tg and mechanical properties (P. J. A. 

Sobral, 499-504).    



   

76 

 

REFERENCES 

American Chemical Society; - American Chemical Society- ACS Symposium Series Web.  

Green Jute-Based Cross-Linked Soy Flour Nanocomposites Reinforced with Cellulose Whiskers 

and Nanoclay. - American Chemical SocietyWeb.  

Biodegradable and Sustainable Fibres. Ed. R. S. Blackburn. Cambridge, GBR: Woodhead 

Publishing, Limited, 2005. Web.  

Blackburn, R. S.,. Biodegradable and Sustainable Fibres. Cambridge, England; Boca Raton: 

Woodhead Pub. in association with the Textile Institute ; CRC, 2005. /z-wcorg/. Web.  

Boerstoel, H., et al. "Liquid Crystalline Solutions of Cellulose in Phosphoric Acid." Polymer 

42.17 (2001): 7371-9. Web.  

Ceresana. "Market Study Polypropylene." Ceresana. 23, March 2014.Web. 

<http://www.ceresana.com/en/market-studies/plastics/polypropylene/>.  

Chen, Guanfushou, and Haiqing Liu. "Electrospun Cellulose Nanofiber Reinforced Soybean 

Protein Isolate Composite Film." Journal of Applied Polymer Science 110.2 (2008): 641-6. 

Web.  

Creighton,Thomas E.,,. Proteins : Structures and Molecular Properties. New York: W.H. 

Freeman, 1993. /z-wcorg/. Web.  



   

77 

 

Dastidar, Trina Ghosh, and Anil N. Netravali. "Improving Resin and Film Forming Properties of 

Native Starches by Chemical and Physical Modification." Journal of Biobased Materials and 

Bioenergy 6.1 (2012): 1-24. Web.  

"Improving Resin and Film Forming Properties of Native Starches by Chemical and Physical 

Modification." Journal of Biobased Materials and Bioenergy 6.1 (2012): 1-24. Web.  

Fennema, Owen R.,. Food Chemistry. New York: M. Dekker, 1985. /z-wcorg/. Web.  

Ghosh Dastidar, Trina, and Anil N. Netravali. "'Green' Crosslinking of Native Starches with 

Malonic Acid and their Properties." Carbohydrate Polymers 90.4 (2012): 1620-8. Web.  

Ghosh Dastidar, Trina, and Anil Netravali. "Cross-Linked Waxy Maize Starch-Based "Green" 

Composites." ACS Sustainable Chemistry and Engineering 1.12 (2013): 1537-44. Web.  

Ghosh Dastidar, Trina, and Anil N. Netravali. "A Soy Flour Based Thermoset Resin without the 

use of any External Crosslinker." Green Chemistry 15.11 (2013): 3243-51. Web.  

Ghosh Dastidar, Trina. Environment Friendly Crossilnking of Biopolymers and Fabrication of 

Green Nanocomposites., 2013. Web. Mar 26, 2014.  

Guerrero, P., et al. "Mechanical and Thermal Properties of Soy Protein Films Processed by 

Casting and Compression." Journal of Food Engineering 100.1 (2010): 145-51. Web.  

Habibi Y, Lucia LA,Rojas OJ,. "Cellulose Nanocrystals: Chemistry, Self-Assembly, and 

Applications." Chemical reviews 110.6 (2010): 3479-500. /z-wcorg/. Web.  



   

78 

 

Huang, Xiaosong, and Anil N. Netravali. "Environmentally Friendly Green Materials from Plant-

Based Resources: Modification of Soy Protein using Gellan and micro/nano-Fibrillated 

Cellulose".Web.  

"Environmentally Friendly Green Materials from Plant-Based Resources: Modification of Soy 

Protein using Gellan and micro/nano-Fibrillated Cellulose".Web.  

Kaplan, David,,. Biopolymers from Renewable Resources. Berlin; New York: Springer, 1998. /z-

wcorg/. Web.  

Key Engineering Materials, Volume 452 - 453 : Advances in Fracture and Damage Mechanics 

IX. Eds. A. Saimoto and M. H. Aliabadi. Durnten, Zurich, CHE: Trans Tech Publications, 

2011. Web.  

Kim, Jun Tae, and Anil N. Netravali. "Development of Aligned-Hemp Yarn-Reinforced Green 

Composites with Soy Protein Resin: Effect of pH on Mechanical and Interfacial Properties." 

Composites Science and Technology 71.4 (2011): 541-7. Web.  

"Effect of Protein Content in Soy Protein Resins on their Interfacial Shear Strength with Ramie 

Fibers." Journal of Adhesion Science and Technology 24.1 (2010): 203-15. Web.  

"Fabrication of Advanced "Green" Composites using Potassium Hydroxide (KOH) Treated 

Liquid Crystalline (LC) Cellulose Fibers." Journal of Materials Science 48.11 (2013): 3950-

7. Web.  

"Mechanical, Thermal, and Interfacial Properties of Green Composites with Ramie Fiber and 

Soy Resins." Journal of Agricultural and Food Chemistry 58.9 (2010): 5400-7. Web.  



   

79 

 

"Performance of Protein-Based Wood Bioadhesives and Development of Small-Scale Test 

Method for Characterizing Properties of Adhesive-Bonded Wood Specimens." Journal of 

Adhesion Science and Technology 27.18-19 (2013): 2083-93. Web.  

Lodha, Preeti, and Anil N. Netravali. "Characterization of Stearic Acid Modified Soy Protein 

Isolate Resin and Ramie Fiber Reinforced ‘green’ Composites." Composites Science and 

Technology 65.7–8 (2005): 1211-25. Web.  

"Thermal and Mechanical Properties of Environment-Friendly 'Green' Plastics from Stearic Acid 

Modified-Soy Protein Isolate." Industrial Crops and Products 21.1 (2005): 49-64. Web.  

Lucia, Lucian A., Rojas,Orlando J.,. The Nanoscience and Technology of Renewable 

Biomaterials. Chichester, West Sussex, U.K.: Wiley, 2010. /z-wcorg/. Web.  

Nam, S., and A. Netravali. "Green Composites. II. Environment-Friendly, Biodegradable 

Composites using Ramie Fibers and Soy Protein Concentrate (SPC) Resin." 7.- 4 (2006): - 

380-388. Web.  

Netravali, Anil N., Xiaosong Huang, and Kazuhiro Mizuta. "Advanced 'Green' Composites." 

Advanced Composite Materials: The Official Journal of the Japan Society of Composite 

Materials 16.4 (2007): 269-82. Web.  

Pereda, Mariana, et al. "Preparation and Characterization of Sodium Caseinate Films Reinforced 

with Cellulose Derivatives." Carbohydrate Polymers 86.2 (2011): 1014-21. Web.  

"Structure and Properties of Nanocomposite Films Based on Sodium Caseinate and 

Nanocellulose Fibers." Journal of Food Engineering 103.1 (2011): 76-83. Web.  



   

80 

 

Peresin, Maria S., et al. "Nanofiber Composites of Polyvinyl Alcohol and Cellulose 

Nanocrystals: Manufacture and Characterization." Biomacromolecules 11.3 (2010): 674-81. 

Web.  

Su, Jun-Feng, et al. "Structure and Properties of Carboxymethyl cellulose/soy Protein Isolate 

Blend Edible Films Crosslinked by Maillard Reactions." Carbohydrate Polymers 79.1 

(2010): 145-53. Web.  

Sustainable Business. "Plastic from Plants, Not Petroleum." Sustainable Business. 2014.Web. 

<http://www.sustainablebusiness.com/index.cfm/go/news.feature/id/1363>.  

Takagi, Hitoshi, and Anil N. Netravali. "Mechanical Behavior of Environment-Friendly Green 

Composites Fabricated with Starch-Based Resin and Short MAO Fibers". 9th International 

Conference on Fracture and Damage Mechanics, FDM 2010, September 20, 2009 - 

September 22. 2009, Web.  

Vilaseca, F., et al. "Composite Materials Derived from Biodegradable Starch Polymer and Jute 

Strands." Process Biochemistry 42.3 (2007): 329-34. Web.  

Wang, Y., X. Cao, and L. Zhang. "Effects of Cellulose Whiskers on Properties of Soy Protein 

Thermoplastics." Macromolecular bioscience 6.7 (2006): 524-31. Web.  

Wu, RL, et al. "Cellulose/Soy Protein Isolate Blend Films Prepared Via Room-Temperature 

Ionic Liquid." Industrial & Engineering Chemistry Research 48.15 (2009): 7132-6. Web.  



   

81 

 

Zhang, J., P. Mungara, and J. Jane. "Mechanical and Thermal Properties of Extruded Soy Protein 

Sheets." Polymer 42.6 (2001): 2569-78. Web.Also, all text must be black – link text should 

not be blue. 

 

  



   

82 

 

CHAPTER 4 

High Impact Soy Protein Concentrate 

4.1 Introduction  

Polymer toughness is susceptible to molecular packing, phase structure, morphology, 

manner of stress transmittance, cohesive forces, x-links, entanglements, and the nature of 

deformation.  Most isotropic thermoplastic polymers are largely dependent on their van der 

Waals chain to chain forces in defining their overall mechanical strength.  Polymers undergo 

varying degrees of processing resulting in differing mechanical and thermal properties. They 

exhibit both ductile and brittle nature. (Mechanical Properties of Polymers Based on 

Nanostructure and Morphology) 

When producing composites, compatibility of filler and matrix is of utmost importance. 

This study focused solely on organic natural biocompatible materials, providing environmentally 

friendly green alternatives.  Certain inorganic composites such as ceramics avoid incompatibility 

issues by acting as both filler and matrix.   In this study the concept of self-reinforcement was 

taken and applied to common organic thin films made with soy protein concentrate (SPC).  

Research has shown SPC to be significantly dependent on plasticizer concentration varying in 

Young’s modulus, 39 to1442 MPa (see Fig. 3.6).    

High concentrations of plasticizer produced ductile films with significant toughness 

whereas low concentrations result in stiff, brittle, films with exceptionally high toughness 

capabilities (see Fig. 3.7). Taking advantage of their dual nature allowed SPC to act as both 

matrix and reinforcement.  Ductile SPC fillers were combined with brittle SPC matrices, at 

times, doubling film toughness.   
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Cellulose provided sufficient interfacial properties and adequate matrix to filler stress 

transfer. Cellulose nanocrystals (CNC) have been an effective means of providing reinforcement 

to protein film (Ghosh Dastidar ; Ghosh Dastidar and Netravali 3243-3251; Kim and Netravali 

3950-3957; Nam and Netravali - 380-388).  In past research CNC has been known to drastically 

reduce film toughness, but its effects, as seen in this study, can be counteracted using SPC 

inserts.  The primary objective of this study was to demonstrate that protein films provided, not 

only an adequate, cheap, natural, renewable substrate, but could serve as both matrix and 

reinforcement. This research observed the system’s thermal and mechanical responses to protein 

fillers varying in both plasticizer and cellulose concentrations.    

4.2 Materials and Methods  

Sulfuric acid by Fisher Scientific 3005-2152, glycerol by Matheson Coleman and Bell, 

deionized (DI) distilled water, soy protein concentrate 70% protein, 18% carbohydrates, 6% ash 

and the remaining was typically fiber and moisture by Archer Daniels Midland, centrifuge by 

Beckman J-21C, Ultra Turrax by IKA Works INC, Labo-stirrer by Yamato LR-41B, Lab-stirrer 

by Yamato LR 400 D, lab-stirrer by Yamato LT-400CA stirrer, isotemp water bath by Fisher 

Scientific, pestle, fan, blotter paper,  mold by Precision Instrument, Carver heat press by Carver 

Inc., 18x12 40 Watts Mini laser cutter by Epilog, MTS Q-Test/5 Instron by Elite Controller, 

freeze dryer. 

4.2.1 Preparation of cellulose nanocrystals   

Cellulose nanocrystals (CNC) were obtained from cotton fiber.  Bundles of cotton were 

chopped into smaller pieces to provide adequate dispersal.  Fibers were acid hydrolyzed using 

800 mL of 65 wt % aqueous sulfuric acid solution at 55 °C for 30 minutes. Using a glass 

Buchner funnel, the suspension was filtered into 500 g of ice cubes.  The suspension was then 
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centrifuged 4 to 5 times with distilled water at 12,000 rpm for 15 minutes. Following each stage 

of centrifugation the Ultra Turrax was used for 2 to 5 minutes to homogenize the mixture.  A 

3500 MWCO dialysis membrane was used in removing residual sulfuric acid.  Dialysis 

procedures lasted 1 to 2 weeks against distilled water.   CNC solutions from 1-2% were produced 

and stored at 6 °C. (Peresin et al. 674-681) 

4.2.2 Freeze drying and SPC  

Freeze drying was used to combine SPC with various amounts of cellulose. SPC powder 

was mixed with distilled water at a ratio of 1:10 (SPC: H2O) for 30 minutes at room temperature 

(Nam and Netravali - 380-388; Wang, Cao, and Zhang 524-531).  Simultaneously, the 1-2% 

cellulose dispersion was mixed with distilled water at a 1:10 ratio (CNC Dispersion: H2O) for 30 

minutes at room temperature.  The cellulose dispersion was then combined with the SPC solution 

and mixed for at least 2 hours at 100 rpm, with a final CNC concentration of 0.07%.  The 

combined dispersion was then freeze dried producing SPC powder containing CNC of 5 wt% 

(Wang, Cao, and Zhang 524-531).   

4.2.3 Film preparation 

Dispersions composed of SPC and cellulose were created using various experimental 

mixing procedures.  The procedures varied based on degree of plasticization.  Water 

compensated for the lack of glycerol, providing increased mobility to the glycerol, enabling the 

formation of more homogenous films.  H2O provided a natural removable plasticizer that was 

evaporative.  A lab stirrer was used to mix SPC powder containing various amounts of cellulose 

with 5% glycerol and 75% water based on SPC weight.  A pestle was used to evenly distribute 

the mixture in a stainless steel mold.   A heat press was used to apply 6.8MPa at 248°F for 20 

minutes.  The mold was then removed from the press and cooled by fan to room temperature.  
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The film was then removed from the mold and placed in a controlled environment at 70°F, 65% 

RH.   

4.2.4 SPC composite preparation  

Films cut into 2 mm x 100 mm strips were placed into SPC powder containing various 

amounts of cellulose mixed with glycerol and water based on SPC weight.  A pestle was used to 

evenly distribute the mixture in a stainless steel mold.   A heat press was used to apply 6.8MPa at 

248°F for 20 minutes.  The mold was then removed from the press and cooled by fan to room 

temperature.  The film was then removed from the mold and placed in a controlled environment 

at 70°F, 65% RH. 

4.2.5 Tensile testing  

According to ASTM D 882-97, tensile properties of SPC/cellulose films were measured 

using an Instron tensile testing machine (Model MTS Q-Test/5). Samples for tensile testing were 

prepared using the 40 Watt Epilog Laser Mini.  Films were cut into 114 mm x 10 mm dog bone 

strips with a 50 mm gauge length.  Samples were then returned to a controlled environment at 

21°C, 65% RH for at least 48 hours prior to testing where thickness measurements were 

conducted.  An average of three thickness measurements and a crosshead speed of 5 mm/min 

were used for the test.  Samples that were able to be cut immediately following the heat press 

process tend to produce better samples with less warping.  Films made with low concentrations 

of glycerol had an affinity of curling upon themselves.  This curling effect was counteracted by 

placing blotter paper on both sides of the film and applying weights on top of the sample for at 

least 24 hours.(see chapter 3.2.5)   
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4.2.6 Atomic force microscopy  

Using an X-acto knife silicon wafers were cut into small square pieces.  Each square was 

dipped in a solution of NaOH followed by distilled water.  The squares were placed onto a Petri 

dish and was allowed to dry for 10 minutes in a UV Ozone cleaner.  A 0.03% solution of SPC/ 

cellulose was created.  A drop of the solution was placed onto a single square piece.  The 

samples were dried at room temperature overnight.  The samples were imaged using a Bruker 

Dimension 3000.   

4.2.7 Differential scanning calorimetry and thermogravimetric  

Thermogravimetric analysis (TGA) was performed using a TA Instruments TGA Q500. 

A platinum pan was used to hold 10mg of dry sample.  The sample was heated from ambient 

temperature to 105°C and held isothermally for 30 minute.   The sample was then heated to 

600°C at 10°C min-1.  Differential scanning calorimetry (DSC) analysis was performed using a 

TA Instruments DSC Q100.  Prior to analysis samples were oven dried at 40°C.  10 mg of 

sample was placed in the DSC cell and heated from 40°C to 105°C then cooled to -50°C and 

finally heated at 10°C min-1 to 250°C.  The sample was held isothermally for 30 minute at 

105°C and 1 minute at both -50°C and 250°C. Glass transition temperatures (Tg) were calculated 

using TA Universal Analysis software.   

4.3 Results and Discussion  

4.3.1 Film preparation  

This study forgoes traditional film casting in lieu of simple heat pressing (Nam and 

Netravali - 380-388; Wang, Cao, and Zhang 524-531).  Film casting involves excess water 

requiring a drying period (Nam and Netravali - 380-388). The procedure used in this study 

included a mold which limited the total amount of fluid in the mixture.  Glycerol tends to bind 
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with moisture trapping it within the film even after production (Nam and Netravali - 380-388).  

Films cast at low plasticization levels tend to result in uncontrolled evaporation leading to 

brittleness and warping.  The mold provided a physical barrier containing the moisture, even up 

to 12 hours after film production.  The moisture provided a temporary evaporative plasticizer 

enabling film removal.  The blotting paper allowed constant evaporation under load preventing 

warping.  According to Figure 4.1, this method of film production was not only successful, but 

consistent in producing viable samples with varying cellulose concentrations. (see chapter 3.3.1)    

(a) (b) (c) (d)                       

Figure 4.1 (a): 100% SPC 0% CNC film at 30% glycerin (b):100% SPC film 0% CNC at 30% glycerin,5% glycerin 

SPC rods (c): 100% SPC film 0% CNC at 30% glycerin, 30% glycerin SPC rods (d):100% SPC mixture 0% CNC at 

30% glycerin, 30% glycerin SPC rods  
 

                  (e)  (f) (g) (h) 

Figure 4.1 (e): 95% SPC 5% CNC film at 5% glycerin (f): 95% SPC 5% CNC film at 5% glycerin, 1% glycerin 

SPC rods (g): 95% SPC 5% CNC film at 5% glycerin, 30% glycerin SPC rods (h): 100% SPC 5% glycerin, 5% 

CNC 1% glycerin SPC rods 

 

4.3.2 Plasticization  

Protein is predominately composed of polar and nonpolar side chains (Zhang, Mungara, 

and Jane 2569-2578).  H-bonding, hydrophobic, dipole-dipole, charge-charge, are some of the 

few molecular interactions occurring amongst these chains (Zhang, Mungara, and Jane 2569-
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2578).  Charged polar molecular interactions limit rotation and movement (Zhang, Mungara, and 

Jane 2569-2578).  These molecular confinements are responsible for improvements in overall 

tensile strength, modulus, and stiffness (Zhang, Mungara, and Jane 2569-2578).   

SPC films are considered homogeneous, isotropic, amorphous polymers whose stiffness 

and nature varies with plasticizer concentration.  The addition of SPC rods along the y axis 

resulted in a highly anisotropic product, high impact soy protein concentrate (HISPC).  The 

benefits of SPC inserts can only be viewed in light of the original matrix material.  Two types of 

matrices were studied, high moisture low level plasticizer, and low moisture high level 

plasticizer with CNC.   

Similar to any other plastic under stress SPC suffers from conformational changes, 

segmental slips, void formation, disentanglement, chain scission, crazing, shear, creep, and crack 

propagation (Moore, 2004).  Irrespective of the filler’s ductility, assuming sufficient matrix to 

particle interaction, the deformation mechanism were similar (Mechanical Properties of 

Polymers Based on Nanostructure and Morphology).  Void formation and cavitation coalescence 

were critical in manipulating toughness.   The shape of the SPC insert deterred crack propagation 

along the x-axis and absorbed uniaxial stress along the y-axis.  In cases where both insert and 

matrix were brittle a brittle fracture occurred increasing crack propagation.  This brittle fracture 

was directly related to the overwhelming insert to matrix bond and size.  A weaker bond was 

required to allow for insert mobility. (Mechanical Properties of Polymers Based on 

Nanostructure and Morphology) 
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4.3.3 Low moisture high level plasticizer  

At higher levels of plasticization hydrogen bonds tend to form between plasticizer and 

water resulting in significant increases in moisture absorption (Cheng, Karim, and Seow E62-

E67).  Glycerol has a greater affinity to water than protein due to its’ hygroscopic nature which 

hampers protein’s ability to form ordered structures (Cheng, Karim, and Seow E62-E67). 

Matrices composed of 30% glycerol were considered as case I studies.  Systems with excess 

glycerol-water bonds could potentially give rise to protein-water bonds thereby significantly 

decreasing protein’s ability to interact with itself as well as the overall melting enthalpy (Cheng, 

Karim, and Seow E62-E67).  Films created at this level tend to exhibit a low stiffness with a high 

toughness providing exceptional durability (see chapter 3.3.2).  

According to Figure 4.2, the largest amount of moisture content used to create these films 

was only 6 %; most likely preventing glycerol-water bond saturation from occurring.  Phase 

separations can occur in biopolymers during high level plasticization and when significant 

differences in Tg between plasticizer and matrix exist (P. J. A. Sobral, 499-504).  According to 

literature the glass transition temperature for protein, glycerol, and water are: 234°C, -93.15°C, 

and -139.15°C respectively (P. J. A. Sobral, 499-504).  Films with a 30% glycerol matrix showed 

significant decreases in Tg with the addition of glycerol rods.   
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Figure 4.2 Percent of moisture required to produce a homogenous film (see Fig.3.2). 

The experimental result suggested that the toughening procedure was a catalyst to either a 

chemical or physical reaction between the rod and film matrix.  The result supported the 

hypothesis which stated a change in both thermal and mechanical performance would only occur 

if there was either a chemical, or physical difference between the matrix and the actual 

composite film.  In Figure 4.3 the addition of 5% glycerol rod caused a drop in Tg from 156°C to 

145°C.  Whereas the presence of the 30% glycerol rod decreased the Tg from 156°C to 139°C, a 

drop of 17°C.  The impact of the 30% glycerol rod can only be seen in light of the system’s 

overall response to glycerol.  Past research has indicated that by introducing 40% glycerol into 

the system the maximum drop in Tg that occurred was only 14°C (see chapter 3). The system’s 

response to 30% glycerol rod was highlighted by the fact that theoretically the difference in Tg 

should be 0°C.               
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Figure 4.3 Effect of rods on 30% glycerol matrix Tg, differential scanning calorimetry 

Data collected from the TGA, reflects the percentage of the original mass retained at a 

particular temperature.  As seen in Figure 4.4 the sample is subjected to higher temperatures, less 

of the original material is able to be retained due to the sample’s susceptibility to thermal 

degradation.  A sample’s thermal vulnerability is primarily dependent on its composition and 

method of production.  In Figure 4.5 the derivative of the TGA data exhibits changes within the 

percent of the material retained with respect to temperature.  The derivative of the TGA data 

allows the user to pinpoint specific temperatures where significant amounts of material loss 

occurred.   The height and width of the TGA curve contribute to the description of the 

degradation process, whether it occurred over a large span of temperatures or suddenly at one 

specific temperature.  The 30% glycerol matrix was used as the base in comparing all the other 

TGA values. 
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Figure 4.4 Effect of rods on 30% glycerol matrix thermal stability, thermogravimetric analyses. 

According to test results in chapter 3.3.2, glycerol tends to increase the resistance to 

thermal degradation of SPC initially. The initial weight loss was higher for samples without 

glycerol. Plasticization levels greater than 10% tend to have a detrimental effect on protein’s 

thermal stability in temperatures surpassing 250°C.  Samples with more than 10% glycerol 

showed drastic weight loss for temperatures greater than 250°C (see chapter 3). The result 

showed that composites with glycerol rods decreased in thermal degradation initially prior to 

205°C.  A detailed summary of the overall thermal response to glycerol rods can be seen in table 

4.1.   

 

Figure 4.5 Effect of glycerol rods on 30% glycerol matrix, thermogravimetric analyses. 
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When considering temperatures 100°C-600°C areas indicated in green signify an increase 

in percent weight retained with respect to the base.  Whereas, areas indicated in red represent a 

decrease in percent weight retained.  5% glycerol rod showed an increase in thermal degradation 

between 205°C and 600°C. 5% glycerol rod showed an increase in thermal protection between 

100°C and 205°C. The 30% glycerol matrix’s highest rate of thermal degradation occurred at 

283°C at 0.47%/°C.  The 5% glycerol rod’s highest rate of thermal degradation occurred at 

280°C at a measure of 0.47%/°C with a -3°C shift.  The area of the curve has increased slightly 

encompassing the 30% matrix showing, not only the same amount of overall thermal degradation 

occurring within the sample, but additional degradation occurring at lower temperatures.  The 

degradation rate was consistent with that of the 30% matrix.    

Table. 4.1 Effect of glycerol rods on 30% glycerol matrix, thermogravimetric analyses.  

Rod type Degradation peak Rate of degradation Shift  °C Area of degradation 100-200°C 200-300°C 300-400°C 400-600°C Tg

none 283°C no change 0 no change 156.00°C

5% glycerol rods 280°C no change -3 increase/low temp 205°C 145.17°C

30% glycerol rods 283°C no change 0 increase/low temp 200°C 139.43°C 

30% glycerol rod showed an increase in thermal degradation between 200°C and 600°C. 

30% glycerol rod showed an increase in thermal protection between 100°C and 200°C. The 30% 

glycerol rod’s highest rate of thermal degradation occurred at 283°C at a measure of 0.47%/°C 

with a 0°C shift.  The area of the curve has increased, encompassing the 30% matrix, showing 

additional degradation occurring at lower temperatures.  The degradation rate was consistent 

with that of the 30% matrix. The Young's modulus was determined by dividing the tensile stress 

by strain in the initial portion of the stress-strain curve.   Adding 5% glycerol rods to the system 

resulted in a difference in average Young’s modulus of 91 MPa.  An 18 MPa difference occurred 

when 30% glycerol rods were introduced into the 30% glycerol SPC matrix.  In general, Figure 

4.6 shows there was an improvement in both breaking stress and Young’s modulus for any type 
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of rod added, regardless of glycerol concentration.  The significance of the rod was dependent on 

the mechanical differences of the matrix.  Energy absorption was determined by the area 

underneath the stress-strain curve divided by the initial volume of the gauge length multiplied by 

1000.    

   

Figure 4.6 Effect of glycerol rods on 30% glycerol matrix’s average breaking stress and Young’s modulus. 

The primary purpose of this research was to effectively alter the energy absorption 

capability of the film.  Improvements in breaking stress and Young’s modulus were 

supplemental.  Figure 4.7 showed that each rod type significantly altered the natural energy 

absorption of the 30% glycerol SPC matrix.  The highest average energy absorption occurred 

with the 30% rod. The lowest energy absorption occurred with the 5% rod.  Adding 5% glycerol 

rods to the system resulted in a difference in energy to break of -81.56 kPa, a 115 kPa increase 

occurred when 30% glycerol rods were introduced into the 30% glycerol SPC matrix. 
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Figure 4.7 Effect of glycerol rods on 30% glycerol matrix’s average energy to break. 

The stress-strain curve in Figure 4.8 describes the general story of rods on the 30% 

glycerol matrix.  We see a steady increase in Young’s modulus and a decrease in ductility.  

Overall the addition of glycerol rods resulted in an increase in Young’s modulus, a decrease in 

percent strain, and increase in energy absorption of up to 64%.  

 

Figure 4.8 Effect of glycerol rods on 30% glycerol matrix’s stress-strain relation. 

The benefit of HISPC is the ability to combine the resilience, and ease of handling 

inherent to high level plasticization with the mechanical performance of low level plasticization 

without sacrificing film toughness.  In fact, HISPC improved on all the key aspects of the 

mechanical spectrum; breaking stress, modulus, and energy absorption.  With the added 
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capability of fine-tuning each film tailor made to its end use, HISPC, progressed beyond the 

traditional method of design.  Material property no longer dictates application.  Today, a film 

designed around the customers’ needs can be created, developed, and reproduced within the span 

of a day.  Bipolar films can be created where specific corners have drastically different thermal 

characteristics. 

4.3.4 High moisture low level plasticizer  

Under conditions of high moisture content glycerol was capable of providing mobility to 

proteins potentially leading to crystalline formation (Cheng, Karim, and Seow E62-E67).  Film 

moisture sensitivity increased with the addition of glycerol (Thomas Karbowiak, Hubert Hervet, 

Liliane Léger 2011-2019).  Glycerol had a significant nonlinear correlation with moisture 

absorption in areas of high moisture content (Thomas Karbowiak, Hubert Hervet, Liliane Léger 

2011-2019).  Minute changes in low level plasticization resulted in drastic changes in required 

moisture concentration.  Combining glycerol with H2O prior to mixing, delayed its natural 

tendency to aggregate, enabling a more effective means of distribution within the protein (Nam 

and Netravali - 380-388).   

For many years a vast portion of the scientific community has viewed low level 

plasticization as impractical due to dimensional instability, severe inconsistency, and poor 

material handling (Nam and Netravali - 380-388; Wang, Cao, and Zhang 524-531; Pereda et al. 

1014-1021).  The brittle nature of films below 10% plasticization has made studying them at that 

level nearly impossible for many researchers.  Glycerol tends to form bonds with water in lieu of 

protein’s amorphous regions (Cheng, Karim, and Seow E62-E67).  Proteins were free to reorient 

and bind with other protein sites improving mechanical performance as seen in Figure 4.9.  The 

SPC rods provided an additional benefit by resisting the natural curling tendency most films 



   

97 

 

created at this level tend to exhibit.  The 5% glycerol level was selected as a result of its’ 

mechanical performance, high energy absorption, and repeatability.  Based on preliminary data 

using glycerol, films were prepared on reduce amounts and SPC rod effects were tested (see 

chapter 3.3.1).     

  

Figure 4.9 Effect of glycerol rods on 5% glycerol matrix’s average breaking stress and Young’s modulus. 

Adding 5% glycerol rods to the system resulted in a difference in average Young’s modulus of 7 

MPa, a -136 MPa difference occurred when 30% glycerol rods were introduced into the 5% 

glycerol SPC matrix.  In general there was a decrease in both breaking stress and Young’s 

modulus for every type of rod added regardless of glycerol concentration.    Figure 4.10 shows 

that each rod type significantly decreased the natural energy absorption of the 5% glycerol SPC 

matrix. 
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Figure 4.10 Effect of glycerol rods on 5% glycerol matrix’s average energy to break. 

The largest drop in energy absorption occurred with the 5% rod.  When CNC rods were used, the 

Young’s modulus decreased by -114 MPa.  CNC rods caused a drop in breaking stress of 1.08 

MPa as seen in Figure 4.11. 

  

Figure 4.11 Effect of CNC glycerol rods on 5% glycerol matrix’s average breaking stress and Young’s modulus. 

.Adding 5% glycerol rods to the system resulted in a difference in energy to break of -295 kPa, -

188 kPa for 30% rods, and -151 kPa when CNC rods were introduced in Figure 4.12. 
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Figure 4.12 Effect of CNC glycerol rods on 5% glycerol matrix’s average energy to break. 

It is important, when reinforcing a brittle matrix, that the reinforcement maintain a size 

small enough to form a stress transferring network like cellulose.  Similar to poorly dispersed 

cellulose agglomerations, the glycerol rods may appear as large concentrations of SPC, forming 

a stress concentrator impacting mechanical performance as in Figure 4.13 and 4.14. 

 

Figure 4.13 Effect of glycerol rods on 5% and 30% glycerol matrix’s average breaking stress. 
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Figure 4.14 Effect of glycerol rods on 5% and 30% glycerol matrix’s average Young’s modulus. 

The SPC rods may have been too large to provide the mechanical improvements desired.  Large 

segments of cellulose in brittle matrices resulted in premature failure.  Large agglomerations of 

SPC in rod like form appear to induce similar responses in brittle low-level plasticized protein.  

In Figure 4.15, highly plasticized protein offers an adequate median where SPC rods provide 

benefits to energy absorption, breaking stress, and Young’s modulus.   

 

Figure 4.15 Effect of glycerol rods on 5% and 30% glycerol matrix’s average energy to break. 
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The stress-strain curve in Figure 4.16 shows the effect of SPC rods on the 5% glycerol matrix.  

We see a drastic decrease in both percent strain and energy absorption for all rod types.  The 5% 

 

Figure 4.16 Effect of glycerol rods on 5% glycerol matrix’s stress-strain relation. 

glycerol rod caused the largest decrease in strain, while the 30% rod and the CNC rod had 

similar drops in strain percent.   

The TGA and DSC results in Figure 4.17 and 4.18 showed that glycerol rods decrease the 

thermal resistance of protein.  5% glycerol rod provided the greatest decrease followed by 30%.  

After 300°C, neither the 30% glycerol rod, nor the CNC rod provided any change in 

performance.    

 

Figure 4.17 Effect of rods on 5% glycerol matrix Tg, differential scanning calorimetry 
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Figure 4.18 Effect of rods on 5% glycerol matrix thermal stability, thermogravimetric analyses. 

5% glycerol rod showed an increase in thermal degradation between 100°C and 600°C. 

Figure 4.19 showed that the 5% glycerol matrix’s highest rate of thermal degradation occurred at 

284°C 0.5%/°C.  The 5% glycerol rod’s highest rate of thermal degradation occurred at 283°C at 

a measure of 0.49%/°C with a -1°C shift.  The area of the curve was similar to the 5% glycerol 

matrix showing the same amount of overall thermal degradation occurring within the sample. 

There was a slight decrease in degradation rate.  

 

Figure 4.19 Effect of glycerol rods on 5% glycerol matrix, thermogravimetric analyses. 
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30% glycerol rod showed an increase in thermal degradation between 100°C and 291°C. 

The 30% glycerol rod’s highest rate of thermal degradation occurred at 293°C at a measure of 

0.48 %/°C with a 9°C shift.  The area of the curve has decreased showing less degradation 

occurring at a slower rate.   5% CNC 1% glycerol rod showed an increase in thermal degradation 

between 100°C and 268°C. The 5% CNC 1% glycerol rod’s highest rate of thermal degradation 

occurred at 290°C at a measure of 0.49%/°C with a 6°C shift.  A detailed summary of the overall 

thermal response to incremental additions of glycerol rods can be seen in table 4.2. 

Table 4.2 Effect of glycerol rods on 5% glycerol matrix, thermogravimetric analyses.  

Rod type Degradation peak Rate of degradation Shift  °C Area of degradation 100-200°C 200-300°C 300-400°C 400-600°C Tg

none 284°C no change 0 no change 158.30°C

5% glycerol rods 283°C decrease -1 decrease 156.28°C

30% glycerol rods 293°C decrease 9 decrease 291°C 158.12°C

5%CNC 1% glycerol rods 290°C decrease 6 decrease 268°C 148.98°C 

The area of the curve has decreased showing less degradation occurring at a slower rate, and at 

higher temperatures.   

4.3.5 Cellulose nanocrystals   

Studies have shown that even at 1% CNC the formation of agglomerations were still 

possible (Pereda et al. 1014-1021).  The freeze drying procedure combined with the hydrolysis 

was an attempt to prevent the formation of large CNC agglomerations (Wang, Cao, and Zhang 

524-531).    The objective became twofold, minimizing agglomerations while maximizing the 

dispersal of potential CNC aggregates using both physical and chemical means.  The AFM 

image in Figure 4.20 showed small segments of CNC dispersed amongst large segments of 

protein.  The figure validates both procedures including the hydrolysis and the freeze drying.  

The 5% CNC 5% glycerol matrix was selected as a result of its’ mechanical performance, low 
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energy absorption, and repeatability.  Based on preliminary data using SPC inserts, films were 

prepared on reduce amounts and CNC matrix effects were tested.    

 

Figure 4.20 Atomic force microscopy image of cellulose nanocrystals obtained from cotton fiber, 200 nm. 

Figure 4.21 shows that adding 1% glycerol rods to the system resulted in a difference in 

average Young’s modulus of -628 MPa, and -767 MPa when 30% glycerol rods were introduced 

into the 5% CNC matrix. 

   

Figure 4.21 Effect of glycerol rods on 5% CNC matrix’s average breaking stress and Young’s modulus. 

 Figure 4.22 shows that each rod type significantly increased the natural energy absorption of the 

5% CNC matrix.  The largest increase in energy absorption occurred with the 1% rod.  Adding 

30% glycerol rods to the system resulted in a difference in energy to break of 45 kPa, and 110 

kPa for 1%.  
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Figure 4.22. Effect of glycerol rods on 5% CNC matrix’s average energy to break. 

In general there was a decrease in both breaking stress and Young’s modulus for every 

type of rod added regardless of glycerol concentration.    This pattern can be seen in Figure 4.23 

which observes the system’ response to CNC solely within the matrix.  The natural characteristic 

of the 5% glycerol matrix in Figure 4.24 is to decrease its Young’ modulus with the application 

of the 30% glycerol rod.  The presence of CNC within the matrix, exasperates the effect of the 

30% glycerol rod, resulting in significant loss to breaking stress and Young’ modulus.  In 

reference to the  
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Figure 4.23 Effect of glycerol rods on 5% glycerol and 5% CNC 5% glycerol matrix’s average breaking stress. 

 

Figure 4.24 Effect of glycerol rods on 5% glycerol and 5% CNC 5% glycerol matrix’s average Young’s modulus. 

many glycerol matrices within the study, the 5% glycerol matrix is considered brittle.  Whereas 

in comparison to the 5% glycerol matrix with CNC, the 5% glycerol matrix without CNC is 

considered extremely ductile.  The mechanical difference within the two matrices is so 

significant they might be considered two distinct materials. In Figure 4.25 the 5% glycerol 
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matrix with CNC mirrors the 30% glycerol matrix, giving rise to energy absorption with the 

application of the 30% glycerol rod.    

 

Figure 4.25 Effect of glycerol rods on 5% glycerol and 5% CNC 5% glycerol matrix’s average energy to break. 

The stress-strain curve in Figure 4.26 shows the effect of rods on the 5% CNC matrix.  We see a 

large increase in both percent strain and energy absorption for all rod types.  The 1% glycerol rod 

caused the largest increase in energy to break of up to 189%.    

 

Figure 4.26 Effect of glycerol rods on 5% CNC matrix’s stress-strain relation. 

The DSC and TGA results in Figure 4.27 and 4.28 showed that glycerol rods increased 

the thermal resistance of protein.  The 30% rod provided the greatest protection.  The initial 5% 
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weight loss occurred prior to 191°C where additional glycerol rod content resulted in an increase 

in thermal resistance.  

 

Figure 4.27 Effect of glycerol rods on 5% CNC matrix Tg, differential scanning calorimetry 

The added protection of glycerol rods occurred prior to 191°C and after 260°C.  A detailed 

summary of the overall thermal response to incremental additions of glycerol rods can be seen in 

Table 4.3.   

 

Figure 4.28 Effect of glycerol rods on 5% CNC matrix thermal stability, thermogravimetric analyses. 

 

22

32

42

52

62

72

250 350 450 550

W
e

ig
h

t 
(%

)

Temperature  C

None

1% Glycerol

30% Glycerol



   

109 

 

In Figure 4.29 the 1% glycerol rod showed an increase in thermal degradation between 

191°C and 318°C. 1% glycerol rod showed an increase in thermal protection from 100°C to 

191°C and 318°C to 600°C. The 5% CNC 5% glycerol matrix’s highest rate of thermal 

degradation occurred at 295°C at 0.55.  The 1% glycerol rod’s highest rate of thermal 

degradation occurred at 295°C at a measure of 0.5%/°C with a 0°C shift.  The area of the curve 

has decreased showing an overall decrease in thermal degradation at a rate slower than the 

control.    

 

Figure 4.29 Effect of glycerol rods on 5% CNC matrix, thermogravimetric analyses. 

30% glycerol rod showed an increase in thermal degradation between 191°C and 260°C. 

30% glycerol rod showed an increase in thermal protection from 100°C to 191°C and 260°C to 

600°C. The 30% glycerol rod’s highest rate of thermal degradation occurred at 295°C at a 

measure of 0.49%/°C with a 0°C shift.  The area of the curve decreased showing less degradation 

occurring at a slower rate. 

Table 4.3 Effect of glycerol rods on 5% CNC matrix, thermogravimetric analyses. 

Rod type Degradation peak Rate of degradation Shift  °C Area of degradation 100-200°C 200-300°C 300-400°C 400-600°C Tg

1% glycerol rods 295°C decrease 0°C decrease 191°C 318°C 162.05°C

30% glycerol rods 295°C decrease 0°C decrease 191°C 260°C 156.36°C

none 295°C no change no change 156.25°C  
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4.4 Conclusion  

4.4.1 Low moisture high level plasticizer  

HISPC responses are highly dependent on the nature of their matrices.  Under high levels 

of plasticizer, HISPC films are anisotropic, highly resistant to deformation, customizable, and 

typically have lower glass transition temperatures.   HISPCs are capable of absorbing significant 

amounts of stress along their y-axis.  HISPC, initially, provides added thermal protection prior to 

205°C, but an overall drop in thermal performance.  HISPC provided a 206% improvement in 

Young’s modulus, 64% in energy absorption, and an increase in breaking stress.  The benefit of 

HISPC is its ability to combine the resilience, and ease of handling, inherent to high level 

plasticization, with the mechanical performance of low level plasticization without substantially 

sacrificing toughness.  Under a ductile matrix, HISPC improved on all the key aspects of the 

mechanical spectrum.  Today’s films can be created with pinpoint accuracy offering specific, 

customizable design options, changing film design.  

4.4.2 High moisture low level plasticizer  

Under low levels of plasticizer, where both insert and matrix were brittle, a brittle 

fracture occurred.  This fracture was directly related to the overwhelming insert to matrix bond.  

A weaker bond was required to allow for insert mobility.  HISPC provided only a 1% 

improvement in Young’s modulus and an overall decrease in energy absorption, and breaking 

stress.  Prior to 300°C both ductile inserts and those containing CNC decreased in thermal 

performance, while brittle inserts continued to decrease in performance even up to 600°C.  The 

overall total amount of degradation occurring decreased and was reserved for higher 

temperatures for both ductile and CNC inserts.  All inserts despite their ductility resulted in a 

decrease in degradation rate.  



   

111 

 

Future research would benefit from optimizing the reinforcement size, thereby 

incorporating brittle matrices enabling proper stress transferal within a non-ductile network. 

These studies would focus primarily on the 0%, 1%, and 5% glycerol concentrations as both 

matrix and reinforcement.  The study would conduct an analysis on the system’ response to 

CNC, CNF, and CLNF on brittle matrices and their mechanical performance.   

4.4.3 Cellulose nanocrystals  

Inserting CNC into the matrix increased the stiffness even more so than the low level 

plasticizer alone.  In general there was a decrease in both breaking stress and Young’s modulus 

for every type of rod added regardless of glycerol concentration.   Every insert added to the CNC 

matrix resulted in a significant increase in energy absorption, up to 189%.  The inserts resulted in 

an increase in overall thermal performance decreasing, both the rate and total amount of 

degradation.  
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CHAPTER 5 

Cellulose Lignin Nano Fibers 

5.1 Introduction  

Biocompatibility along with cost factor substantiate a majority of the research 

surrounding lignin derived cellulose nanofibers.  Empty Palm Fruit Bunch Fibers (EPFBF) have 

been considered a natural, renewable, non-wood source for CLNF giving way to the rise in 

production of composites and various paper products.   Cellulose has shown promise as a 

composite reinforcement in the form of short fibers, whiskers, nanocrystals, nanofibers, liquid 

crystalline continuous filaments as well as substrates (Ghosh Dastidar; Ghosh Dastidar and 

Netravali 3243-3251; Kim and Netravali 3950-3957; Nam and Netravali - 380-388).  Cellulose 

provides adequate interfacial properties and satisfactory matrix to reinforcement stress transfer 

providing satisfactory alternatives to petroleum derived materials.  EPFBF fibers are derived 

primarily during its palm oil processing.   Films made with CLNF were shown to improve in 

performance with EPFBF fibers containing small amounts of lignin. 

Nanofibrillated cellulose is derived from both wood and non-wood fibrils by way of 

chemical, mechanical, or enzymatic process. CNF is distinctive in morphology varying from 

source to source, treatment, and overall property.  Fibers derived from CLNF vary in thickness 

from 5 to a few hundred nm with lengths spanning up to several microns.  The benefits of CLNF 

lie firmly in their aspect ratio providing both substantial surface area and adequate 

reinforcement.  CLNF resides in a constant water suspension prior to use preventing fiber 

bundles due to hydrogen bonding between hydroxyl groups.   These groups initiate hydrogen 

bonding not only within the cellulose, but between cellulose and water.  In the absence of 

nonpolar solvents these groups enable even saturation withstanding agglomerations.  CLNF 
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forms an interconnecting network with itself providing a system of reinforcement many times 

stronger than any individual fiber due to hydrogen bonding.  Many products take advantage of 

CLNF, from composites, coatings, films, membranes, and packaging materials (Eichhorn et al. 

2010; Hubbe et al. 2008; Paillet and Dufresne 2001).  Unbleached pulp offers a more cost 

effective alternative, increasing product yield with additional mechanical improvements 

associated with lignin cellulose networks.   In this research films made with CLNF were shown 

to improve in performance with fibers containing small amounts of lignin.   

    This study observed the effects of non-treated pulps, but different pulp types can be 

produced by employing various chemical treatments (Jiménez et al., 2009; Ferrer et al. 249-255; 

Ferrer et al., 2011a,b).  Previous research has identified the benefits of cellulose nanofibers and 

soy flour derived plasticizer in protein films.  This study analyzes the thermal and mechanical 

response of CNC, CLNF, and plasticizer derived from SPC in protein films.   

5.2 Materials and Methods  

Sulfuric acid by Fisher Scientific 3005-2152, glycerol by Matheson Coleman and Bell, 

deionized (DI) distilled water, 5 pass 1.8% CLNF pulp was provided. (Jiménez et al., 2009; 

Ferrer et al., 2011a,b), soy protein concentrate 70% protein, 18% carbohydrates, 6% ash and the 

remaining was typically fiber and moisture by Archer Daniels Midland, centrifuge by Beckman 

J-21C, Ultra Turrax by IKA Works INC, Labo-Stirrer by Yamato LR-41B, Lab-Stirrer by 

Yamato LR 400 D, Lab-Stirrer by Yamato LT-400CA stirrer, Isotemp Water Bath by Fisher 

Scientific, pestle, fan, blotter paper,  mold by Precision Instrument, Carver Heat Press by Carver 

Inc., 18x12 40 Watts Mini Laser Cutter by Epilog, MTS Q-Test/5 Instron by Elite Controller, 

freeze dryer. 
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5.2.1 Preparation of cellulose nanocrystals  

Cellulose nanocrystals (CNC) were obtained from cotton fibers.  Bundles of cotton were 

chopped into smaller pieces to provide adequate dispersal.  Fibers were acid hydrolyzed using 

800 mL of 65 wt % aqueous sulfuric acid solution at 55 °C for 30 minutes. Using a glass 

Buchner funnel the suspension was filtered into 500 g of ice cubes.  The suspension was then 

centrifuged 4 to 5 times with distilled water at 12,000 rpm for 15 minutes. Following each stage 

of centrifugation the Ultra Turrax was used for 2 to 5 minutes to homogenize the mixture.  A 

3500 MWCO dialysis membrane was used in removing residual sulfuric acid.  Dialysis 

procedures lasted 1 to 2 weeks against distilled water.   CNC solutions from 1-2% were produced 

and stored at 6 °C.(Peresin et al. 674-681) 

5.2.2 Filtration of SPC  

In order to adequately separate the protein a filtering process involving water at ten times 

the total weight of SPC was applied.  The water was used to disperse the SPC while a magnetic 

stirrer maintained the dispersion.  HCl was used to adjust the pH from 7 to 4.5.  Protein was no 

longer soluble whereas the excess sugars from SPC remained in the water.   The water along 

with the sugars were extracted by way of vacuum assisted filtering.  Deionized water was used to 

wash the remaining protein, removing any excess sugars.  The protein was used as the matrix for 

every film.  The extracted water containing soluble sugars, soy protein concentrate extract 

(SPCE), were oxidized in an overnight process. (Ghosh Dastidar) 

5.2.3 Oxidation of SPCE  

The first step involved using HCl to titrate 50mL of 30% H2O2 to a pH of 2.0. The sugars 

extracted from SPC were oxidized with H2O2 at 60°C for at least 12 hours. (Ghosh Dastidar)   
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5.2.4 Film preparation  

Protein from soy protein concentrate extract (PSPCE) was placed in a 70°C water bath.  

NaOH was used to titrate the protein to a pH of 10 denaturing the PSPCE.  Oxidized sugar 

extracted from SPC was combined with 3% kaolin, CNC, CLNF, and protein producing a 

crosslinked matrix.  Following the addition of sugar a sudden drop in pH occurred requiring 

additional NaOH.  A Teflon coated pan was used to cast the film where they were allowed to 

dry.  Finally, the films were heated for 20 minutes at 120°C completing the crosslinking. The 

film was then removed from the mold and placed in a controlled environment at 21°C, 65% RH. 

(Ghosh Dastidar)        

5.2.5 Tensile testing  

According to ASTM D 882-97, tensile properties of SPC/cellulose films were measured 

using an Instron tensile testing machine (Model MTS Q-Test/5). Samples for tensile testing were 

prepared using the 40 Watt Epilog Laser Mini.  Films were cut into 114 mm x 10 mm dog bone 

strips with a 50 mm gauge length.  Samples were then returned to a controlled environment at 

70°F, 65% RH for at least 48 hours prior to testing where thickness measurements were 

conducted.  An average of three thickness measurements and a crosshead speed of 5 mm/min 

were used for the test.  Samples that were able to be cut immediately following the heat press 

process tend to produce better samples with less warping.  Films made with low concentrations 

of glycerol had an affinity of curling upon themselves.  This curling effect was counteracted by 

placing blotter paper on both sides of the film and applying weights on top of the sample for at 

least 24 hours.   
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5.2.6 Atomic force microscopy (AFM)  

Using an X-acto knife silicon wafers were cut into small square pieces.  Each square was 

dipped in a solution of NaOH followed by distilled water.  The squares were placed onto a Petri 

dish which was allowed to dry for 10 minutes in a UV ozone cleaner.  A 0.03% solution of SPC/ 

cellulose was created.  A drop of the solution was placed onto a single square piece.  The 

samples were dried at room temperature overnight.  The samples were imaged using a Bruker 

Dimension 3000.   

5.2.7 Differential scanning calorimetry and thermogravimetric  

Thermogravimetric analyses (TGA) was performed using a TA Instruments TGA Q500. 

A platinum pan was used to hold 10mg of dry sample.  The sample was heated from ambient 

temperature to 105°C and held isothermally for 30 minute.   The sample was then heated to 

600°C at 10°C min-1.  Differential scanning calorimetry (DSC) analysis was performed using a 

TA Instruments DSC Q100.  Prior to analysis samples were oven dried at 40°C.  10 mg of 

sample was placed in the DSC cell and heated from 40°C to 105°C then cooled to -50°C and 

finally heated at 10°C min-1 to 250°C.  The sample was held isothermally for 30 minute at 

105°C and 1 minute at both -50°C and 250°C. The glass transition temperature Tg were 

calculated using TA Universal Analysis software.   

5.3 Results and Discussion  

5.3.1 Film preparation  

An extensive three day drying period following a water bath was required for each film. 

(Nam and Netravali - 380-388). The procedure used in this study included a Teflon pan which 

allowed for warping at the 5% plasticization level.  To counteract warping, prior to 100% water 

removal, the film was removed from the pan and placed underneath it during the final heating 
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stage.  As seen in Figure 5.1 this method of film production provided consistent uniform protein 

samples with various cellulose concentrations at both high and low levels of plasticization.  The 

presence of lignin added a tinted hue to the film created with unbleached pulp.  

(a)  (b)   (c)  (d)                                                

Figure 5.1 (a): 99.5% protein 0.5% CNC film at 33% sugar plasticizer (b): Oxidized soy-based sugar plasticizer 

(c): 99% protein 1% CLNF film at 5% sugar plasticizer (d): 95% protein 5% CLNF film at 5% sugar plasticizer 

 

5.3.2 Plasticization  

H-bonding, hydrophobic, dipole-dipole, charge-charge, are some of the few molecular 

interactions occurring within protein (Zhang, Mungara, and Jane 2569-2578).  Molecular polar 

interactions result in confinements of movement and rotation leading to mechanical 

improvements.  Substantial improvements in mechanical performance were reached due to the 

substitution of traditional glycerol in lieu of soy based derived plasticizer (Ghosh Dastidar).  

Inclusion of oxidized sugar resulted in improvements in tensile strength, modulus, stiffness, and 

thermal stability resulting from the x-linking of the matrix (Ghosh Dastidar).  In a system 

composed of water and protein two distinct cases were studied; I. low moisture low 

plasticization, and II. high plasticization.  

The DSC results in Figure 5.2 suggest that the protein system favors the soy-based 

plasticizer.  The single glass transition temperature attests to the compatibility of the system.  

The increase in Tg from low to high plasticization validates, not only the oxidation stage, but 
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reflects an improvement in thermal stability.  Past research have indicated that by introducing 

increments of glycerol into the system a steady decrease in Tg tends to occur (see Table. 3.1).  

 

Figure 5.2 Effect of plasticizer on protein systems, differential scanning calorimetry. 

 

According to past research glycerol tends to increase the resistance to thermal 

degradation of SPC initially (see chapter 3). In this study initial weight loss was higher for 

samples with the soy based plasticizer.  In Figure 5.3 the sample is subjected to higher 

temperatures, less of the original material is able to be retained due to the sample’s susceptibility 

to thermal degradation.  A sample’s thermal vulnerability is primarily dependent on its 

composition and method of production.  In Figure 5.4 the derivative of the TGA data exhibits 
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Figure 5.3 Effect of plasticizer on thermal stability, thermogravimetric analyses. 

changes within the percent of the material retained with respect to temperature.  The derivative 

of the TGA data allows the user to pinpoint specific temperatures where significant amounts of 

material loss occurred.  Plasticization levels didn’t have a significant bearing on their thermal 

performance.  Both 5% and 33% samples experienced additional weight loss prior to 305°C 

compared to the SPC powder.  Both systems provided a brief window of added protection 

between 305°C and 346°C, for the 5%, and 305°C to 373°C for 33%.  After 529°C the 33% 

sample increased in thermal protection.  A detailed summary of the overall thermal response to 

plasticizer can be seen in table 5.1.   

  

Figure 5.4 Effect of plasticizer on 30% glycerol matrix, thermogravimetric analyses. 
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SPC powder’s highest rate of thermal degradation occurred at 292°C at a measure of 

0.6%/°C.  The area of the curve has significantly increased more than twice that of any curve.  

Showing not only the same amount of overall thermal degradation occurring within the sample, 

but additional thermal degradation occurring between 300°C -360°C temperatures, and the large 

change in height of the curve is evidence that this thermal degradation is occurring at a rate much 

higher than any of the samples made with soy based plasticizer.  

5% Sugar’s highest rate of thermal degradation occurred at 292°C with no shift from the 

SPC powder.  The area of the curve has decreased showing a large decrease in thermal 

degradation.  A decrease in height of the curve is evidence that this thermal degradation is 

occurring at a rate much slower than the SPC powder.  The 33% sample highest rate of thermal 

degradation occurred at 259°C with a -33°C shift from the SPC powder.  The area of the curve 

has decreased showing a large decrease in thermal degradation occurring at much lower 

temperatures.  A decrease in the height of the curve is evidence that this thermal degradation is 

occurring at a rate much slower than the SPC powder.   

Table 5.1 Effect of plasticizer on protein films, thermogravimetric analyses. 

% Plasticizer Degradation peak Rate of degradation Shift  °C Area of degradation 100-200°C 200-300°C 300-400°C 400-600°C Tg

SPC powder 292°C increase 0 increase 360°C 560°C 189.56°C

5%  sugar 292°C decrease 0°C decrease 305°C 346°C 156.62 °C

33%  sugar 259°C decrease -33°C decrease 305°C 373°C 529°C 175.75 °C   

The Young's modulus was determined by dividing the tensile stress by strain in the initial 

portion of the stress-strain curve.   In Figure 5.5 adding 28% plasticizer resulted in a difference 

in average Young’s modulus of 808 MPa.  In general there was an improvement in breaking 

stress, Young’s modulus, and energy to break for both high and low level plasticization.  The 

significance of the plasticizer is clearly evident in the 33% plasticizer which has more than 
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Figure 5.5 Effect of plasticizer on protein films average breaking stress and Young’s modulus. 

double its Young’s modulus and energy to break from past studies.  Energy absorption was 

determined by the area underneath the stress-strain curve divided by the initial volume of the 

gauge length multiplied by 1000.  The highest average energy absorption occurred with the 5% 

sample. The lowest energy absorption occurred with the 33% sample.  In Figure 5.6 adding 28% 

plasticizer to the system resulted in a difference in energy to break of -32.56 kPa.  Figure 5.7 

depicts the impact of the sugar-based plasticizer.    

 

Figure 5.6 Effect of plasticizer on protein’s average energy to break. 
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Figure 5.7 Effect of plasticizer on protein’s stress-strain relation. 

Even at the 5% level the sugar based plasticizer is quite effective, arguably even more so 

than the 33% level.  Traditional plasticizers like glycerol would result in a steeper curve with a 

sudden break.  The strain at the 5% is almost double that of the 33% providing both exceptional 

stress and strain.    The advantage of the 5% level is the ability to combine the resilience, and 

ease of handling inherent to high level plasticization with the mechanical performance of low 

level plasticization without sacrificing film toughness.  

5.3.3 Filler impact  

A significant portion of the research community questions the relevance of studying low 

level plasticization.  Dimensional instability, inconsistency, and poor material handling have 

plagued this area for some time (Nam and Netravali - 380-388; Wang, Cao, and Zhang 524-531; 

Pereda et al. 1014-1021).  The 5% level was selected based on its distinct characteristics 

mechanical performance, energy absorption, and repeatability. When replicating petroleum based 

plastics the starting material is as important as the method, and there’s no better starting point 

than the 5% level.   The DSC and TGA results in Figure 5.8, 5.9, and 5.10 suggest that the 

protein system was susceptible to filler. 
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Figure 5.8 Effect of filler on protein films, differential scanning calorimetry. 

In the case where filler was introduced into the system the move from 33% to 5% 

plasticizer resulted in a significant increase in Tg from 165°C to 175°C.  This type of increase in 

Tg is normally seen in traditional systems containing glycerol (see chapter 3.3.2).  Whereas in 

the absence of the filler there was an increase in Tg during high level plasticization. The addition 

of filler may in fact be nullifying the added benefits of the plasticizer, from the surface appearing 

to diminish the overall thermal capabilities of the system. In this section a detailed analysis of the 

filler will be reviewed and discussed.     

  

Figure 5.9 Effect of filler on 5% protein films, thermogravimetric analyses. 

5% sugar 1% CNC filler decreases thermal degradation between 100°C and 600°C 

whereas the 5% sugar 1% CNC sample increased in thermal degradation between 100°C and 

600°C.  Clearly when considering low level plasticization, the filler provides added thermal 
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protection.  5% sugar 1% CNC filler’s highest rate of thermal degradation occurred at 300°C 

with 8°C shift from the SPC powder.  The area of the curve did not change from the samples 

made without filler.  There was no change in curve height, evidence that the thermal degradation 

   

Figure 5.10 Effect of filler on 5% protein films, thermogravimetric analyses. 

was occurring at a rate similar to samples without filler, but occurring at higher temperatures.  

5% sugar 1% CNC highest rate of thermal degradation occurred at 292°C with no shift from the 

SPC powder.  The area of the curve was similar to samples created with filler. The lack of 

change in curve height was evidence that the thermal degradation was occurring at a rate similar 

to samples created with filler, but at lower temperatures.  The TGA results in Figure 5.11 and 

5.12 suggest that the 33% protein films were susceptible to filler.  A detailed summary of the 

overall thermal response to the filler can be seen in Table 5.2.   

 

Figure 5.11 Effect of filler on 33% protein films, thermogravimetric analyses. 
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33% sugar 1% CNC filler decreased in thermal degradation between 100°C-152°C 

whereas 152°C-176°C resulted in an increase in thermal degradation.  After 176°C it increased in 

thermal protection.  33% sugar 0.5% CNC increased in thermal degradation between 100°C and 

152°C. From 152°C to 176°C the sample decreased in thermal degradation.  Beyond 176°C the 

sample decreased in thermal protection. 33% sugar 1% CNC filler’s highest rate of thermal 

degradation occurred at 287°C with a -5°C shift from the SPC powder.  The area of the curve  

 

Figure 5.12 Effect of filler on 33% protein films, thermogravimetric analyses. 

 

decreased showing a large decrease in thermal degradation occurring at temperatures higher than 

samples made without fillers.  A decrease in height of the curve was evidence that the thermal 

degradation was occurring at a rate slower than samples made without fillers.  33% sugar 0.5% 

CNC highest rate of thermal degradation occurred at 260°C with a -32°C shift from the SPC 

powder.  The area of the curve increased showing an increase in thermal degradation occurring at 

lower temperatures.  An increase in height of the curve was evidence that the thermal 

degradation was occurring at a rate faster than samples made with fillers.   

Table 5.2 Effect of filler on protein films, thermogravimetric analyses. 

% Plasticizer Degradation peak Rate of degradation Shift  °C Area of degradation 100-200°C 200-300°C 300-400°C 400-600°C Tg

5%  sugar 1%  CNC filler 300°C no change 8°C no change 175.17 °C

5%  sugar 1%  CNC 292°C no change 0°C no change 156.62 °C

33%  sugar 1%  CNC filler 287°C decrease -5°C decrease 152°C 176°C 165.35 °C

33%  sugar 0.5%  CNC 260°C increase -32°C increase 152°C 176°C 175.75 °C    
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The Young's modulus was determined by dividing the tensile stress by strain in the initial 

portion of the stress-strain curve.   Adding the filler to the system resulted in a difference in 

average Young’s modulus of almost 200 MPa.  In Figure 5.13 there was an improvement in 

Young’s modulus due to the filler.  In Figure 5.15 energy absorption was determined by the area  

 

Figure 5.13 Effect of filler on protein’s average breaking stress and Young’s modulus at 33% plasticizer. 

underneath the stress-strain curve divided by the initial volume of the gauge length multiplied by  

1000.  In Figure 5.14 the energy absorption was drastically reduced when the filler was included.    

The highest average energy absorption occurred with the sample without filler. The lowest 

energy absorption occurred with the sample containing filler.  Adding filler to the system 

resulted in a difference in energy to break of -200.56 kPa. 
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Figure 5.14 Effect of filler on protein’s average energy to break at 33% plasticizer. 

 

Figure 5.15 Effect of filler on protein’s strain. 

We see an increase in Young’s modulus, a decrease in breaking stress, and a large drop in 

energy to break when adding a filler to the system.  Overall the presence of filler is highly 

dependent on the level of plasticizer.  The benefit of the filler is the ability to combine the 

resilience, and ease of handling inherent to high level plasticization with the mechanical 

performance of low level plasticization without sacrificing film toughness.   
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5.3.4 CLNF  

Drying of CLNF results in dramatic changes, depending on pretreatment, lignin can alter 

from an amorphous to a hydrophilic state. Upon evaporation lignin migrates from the interior, 

where the bulk of cellulose reside, to the outer surface.  Irrespective of its nature research has 

proven lignin to be beneficial to films, mechanically improving tensile strength, energy 

absorption, plasticity, surface area, and polymerization.  The DSC results in Figure 5.16 suggest 

that the protein provided a satisfactory matrix favoring the soy-based plasticizer with a steady 

Tg.  

 

Figure 5.16 Effect of CLNF on protein systems, differential scanning calorimetry. 

According to the TGA study, 1% CLNF decreased in thermal degradation between 100°C 

and 163°C, while 163°C to 277°C increased in thermal degradation.  After 277°C an increase in 

thermal protection occurred in Figure 5.17.  5% CLNF decreased in thermal degradation between 

100°C and 180°C, while 180°C to 268°C increased in thermal degradation.  After 268°C an 

increase in thermal protection resulted.   
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Figure 5.17 Effect of CLNF on thermal stability, thermogravimetric analyses. 

1% CLNF highest rate of thermal degradation occurred at 288°C with a -4°C shift from 

the SPC powder.  In Figure 5.18 the area of the curve decreased significantly even from the 5% 

CLNF sample.  There was a large decrease in height of the curve, evidence that the thermal 

degradation was occurring at a rate much slower than both the SPC powder and 5% CLNF 

sample, but at lower temperatures.   

 

Figure 5.18 Effect of CLNF on protein films, thermogravimetric analyses. 

5% CLNF highest rate of thermal degradation occurred at 299°C with a 7°C shift from 

the SPC powder sample, but the area of the curve decreased showing a decrease in overall 

thermal degradation occurring at higher temperatures.  A decrease in height of the curve was 

evidence that the thermal degradation was occurring at a rate slower than the SPC powder but 
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faster than the 1% CLNF.  A detailed summary of the overall thermal response to CLNF can be 

seen in Table 5.3. 

Table. 5.3 Effect of CLNF on protein films, thermogravimetric analyses. 

% CLNF Degradation peak Rate of degradation Shift  °C Area of degradation 100-200°C 200-300°C 300-400°C 400-600°C Tg

1% 288°C decrease -4°C decrease 163°C 277°C 172.75°C

5% 299°C decrease 7°C decrease 180°C 268°C 172.25 °C   

In Figure 5.21 the Young's modulus was determined by dividing the tensile stress by 

strain in the initial portion of the stress-strain curve.  In Figure 5.19 Adding 4% CLNF to the 

system resulted in a difference in average Young’s modulus of 936 MPa.  In general there was an  

   

Figure 5.19 Effect of CLNF on protein’s average breaking stress and Young’s modulus at 5% plasticizer. 

improvement in both breaking stress and Young’s modulus for CLNF.  Energy absorption was 

determined by the area underneath the stress-strain curve divided by the initial volume of the 

gauge length multiplied by 1000.  Figure 5.20 showed that no significant improvement in energy 

absorption occurred due to CLNF.     
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Figure 5.20 Effect of CLNF on protein’s average energy to break at 5% plasticizer. 

 

Figure 5.21 Effect of CLNF on protein’s stress-strain relation. 

The stress-strain curve in Figure 5.21 shows a steady increase in Young’s modulus and 

ductility, which may be more dependent on the combination of plasticizer and filler.  Overall an 

observed increase in Young’s modulus and percent strain due to CLNF occurred.   

5.4 Conclusion  

Research findings showed that increases in certain mechanical properties such as 

Young’s modulus could be obtained just as in high level plasticization; whereas, in low level 

plasticization these increases were substantially greater while requiring small amounts of 

cellulose.  Improvements in thermal performance were observed as a result of cellulose and soy-
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based plasticizer loading.  The DSC results suggest that the protein system favors the soy-based 

plasticizer over traditional glycerol.  The increase in Tg from low to high plasticization validates, 

not only the oxidation stage, but reflects an improvement in thermal stability.  Past research 

indicates that by introducing increments of glycerol into the system a steady decrease in Tg tends 

to occur (see chapter 3.3.2). 

This research replicated, analyzed, and observed the effects of low-level plasticization on 

protein films.  The system was more responsive to the initial stages of plasticization.   At 5% 

plasticization, the system produced an average Young’s modulus of 1282.79 MPa, whereas a 

325.7 MPa was produced at 33% levels.  According to literature plasticization leads to increase 

ductility, strain, and energy absorption (Nam and Netravali - 380-388; Zhang, Mungara, and Jane 

2569-2578; Su et al. 145-153).  The complete opposite has been proven to occur at low level 

plasticization providing the foundational basis of this study; in effect revealing the true nature 

that has been ignored due to limitations in film production.  Energy absorption has been observed 

to actually increase by decreasing plasticization to its nominal value of 5%.  This research 

revealed the masking effect of plasticizer in both high and low concentration on mechanical 

properties (P. J. A. Sobral, 499-504).  With the use of glycerol in chapter 3 the masking effect 

was extended to Tg, the soy protein derived plasticizer reversed this phenomenon in chapter 5.  

Films incorporating high concentrations of glycerol and CNC had a Young’s modulus 

substantially less than their SPC-derived plasticizer counter parts.   
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CHAPTER 6 

Summary 

6.1 Cellulose nanocrystals and cellulose nanofibers soy composites  

This research studied cellulose as a nano-sized reinforcement for protein films.  Chapter 3 

details the production of cellulose nanocrystals (CNC) and cellulose nanofiber (CNF) soy 

composites using protein as a matrix.  This research analyzed the effect of low level 

plasticization on the overall system response to varying concentrations of CNC and CNF.  The 

study also analyzed the mechanical and thermal characteristics of all the films addressed 

previously using thermogravimetric analyses, differential scanning calorimetry, atomic force 

microscopy, and tensile testing. 

Increases in certain properties such as Young’s modulus could be obtained in both high 

and low level plasticization.  Low level plasticization provided larger mechanical improvements 

with significantly less cellulose.  Improvements in thermal performance were observed as a 

result of cellulose loading.  The glass transition temperature was significantly affected by both 

cellulose and plasticizer.  This research consistently replicated, analyzed, and observed the 

effects of low level plasticization on protein films.  The system was more responsive to the 

preliminary plasticization concentrations.   From 0 to 20% plasticization, the system showed a 

difference in average Young’s modulus of 1187 MPa, whereas only a 216 MPa difference 

occurred between the 20% and 40% levels.  

According to literature, plasticization leads to increased ductility, strain, and energy 

absorption (Nam and Netravali - 380-388; Zhang, Mungara, and Jane 2569-2578; Su et al. 145-

153).  The complete opposite occurred at low level plasticization providing the basis of this 

study.  The true nature of low level plasticization has been ignored due to limitations in film 
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production.  Energy absorption, was observed to actually increase by decreasing plasticization to 

its nominal value of 5%.  This research revealed the masking effect of plasticizer in both high 

and low level concentration on Tg and mechanical properties (P. J. A. Sobral, 499-504).   

Additional research in the 0% glycerol level would provide an important step in 

advancing the knowledge of protein plastics.  An analysis observing protein’ response to CNC 

and CNF should be conducted at the 0% level.  Eliminating variability and increasing the ease of 

use with film formation refinements, should be considered a priority for future studies.    At the 

5% glycerol level, information regarding protein’ response to higher concentrations of CNF is 

still lacking. 

6.2 High impact soy protein concentrate  

6.2.1 Low moisture high level plasticizer  

The objective of the study was to demonstrate that protein films provided, not only an 

adequate, cheap, natural, renewable substrate, but could serve as both matrix and reinforcement. 

The study developed a method of producing protein-based reinforcements in the form of rods 

varying in mechanical and thermal performance based on glycerol concentration.  An additional 

method was created by inserting cellulose into these reinforcing rods exhibiting a difference in 

property and performance.   A method incorporating protein rods with protein matrices was 

created establishing what is known as high impact soy protein concentrate (HISPC).  Chapter 4 

included the development of low level HISPC.  It reviewed the system’s response to matrix 

variants in both plasticizer and cellulose concentrations.  Observations characterizing the 

system’s response to protein fillers could be found in chapter 4, varying in toughness, strength, 

and thermal performance.  The added fillers differed in both plasticizer and cellulose content.  
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All types of HISPC and their variants were observed using thermogravimetric analyses, 

differential scanning calorimetry, atomic force microscopy, and tensile testing. 

HISPC responses are highly dependent on the nature of their matrices.  Under high levels 

of plasticizer, HISPC films are anisotropic, highly resistant to deformation, customizable, and 

typically have lower glass transition temperatures.   HISPCs are capable of absorbing significant 

amounts of stress along their y-axis.  HISPC, initially, provides added thermal protection prior to 

205°C, but an overall drop in thermal performance.  HISPC provided a 206% improvement in 

Young’s modulus, 64% in energy absorption, and an increase in breaking stress.  The benefit of 

HISPC is its ability to combine the resilience, and ease of handling, inherent in high level 

plasticization, with the mechanical performance of low level plasticization without substantially 

sacrificing toughness.  Under a ductile matrix, HISPC improved on all the key aspects of the 

mechanical spectrum.  Today’s films can be created with pinpoint accuracy offering specific, 

customizable design options, changing film design.  

6.2.2 High moisture low level plasticizer  

Under low levels of plasticizer, where both insert and matrix were brittle, a brittle 

fracture occurred.  This fracture was directly related to the insert dimensions and matrix bond.  A 

weaker bond was required to allow for insert mobility.  HISPC provided only a 1% improvement 

in Young’s modulus and an overall decrease in energy absorption, and breaking stress.  Prior to 

300°C both ductile inserts and those containing CNC decreased in thermal performance, while 

brittle inserts continued to decrease in performance even up to 600°C.  The overall total amount 

of degradation occurring decreased and was reserved for higher temperatures for both ductile and 

CNC inserts.  All inserts, despite their ductility, resulted in a decrease in degradation rate.  
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Future research would benefit from optimizing the reinforcement size, thereby 

incorporating brittle matrices enabling proper stress transferal within a non-ductile network. 

These studies would focus primarily on the 0%, 1%, and 5% glycerol concentrations as both 

matrix and reinforcement.  The study would conduct an analysis on the system’ response to 

CNC, CNF, and CLNF on brittle matrices and their mechanical performance.   

6.2.3 Cellulose nanocrystals  

Inserting CNC into the matrix increased the stiffness more than the low level plasticizer 

alone.  In general there was a decrease in both breaking stress and Young’s modulus for every 

type of rod added regardless of glycerol concentration.   Every insert added to the CNC matrix 

resulted in a significant increase in energy absorption, up to 189%.  The inserts resulted in an 

increase in overall thermal performance, decreasing both the rate and total amount of 

degradation. 

6.3 Cellulose lignin nanofibers  

Chapter 5 discussed SPC derived plasticizer and its impact on mechanical properties.  

This section also included an investigation discussing cellulose lignin nanofibers (CLNF) 

processing and deformation.  Increases in certain properties such as Young’s modulus could be 

obtained in both high and low level plasticization.  Low level plasticization provided larger 

mechanical improvements with significantly less cellulose.  Improvements in thermal 

performance were observed as a result of cellulose and soy-based plasticizer loading.  The DSC 

results suggest that the protein system favors the soy-based plasticizer over traditional glycerol.  

The increase in Tg from low to high plasticization validates, not only the oxidation stage, but 

reflects an improvement in thermal stability.  Past research indicated that by introducing 

increments of glycerol into the system a steady decrease in Tg occurred (see chapter 3.3.2). 
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This research replicated, analyzed, and observed the effects of low-level plasticization on 

protein films.  The system was more responsive to the initial stages of plasticization.   At 5% 

plasticization, the system produced an average Young’s modulus of 1282.79 MPa, whereas a 

325.7 MPa was produced at 33% levels.  According to literature plasticization leads to increase 

ductility, strain, and energy absorption (Nam and Netravali - 380-388; Zhang, Mungara, and Jane 

2569-2578; Su et al. 145-153).  The opposite occurred at low level plasticization; in effect 

revealing the true nature that had been ignored due to limitations in film production.  Energy 

absorption has been observed to actually increase by decreasing plasticization to its nominal 

value of 5%.  This research revealed the masking effect of plasticizer in both high and low 

concentration on mechanical properties (P. J. A. Sobral, 499-504).  With the use of glycerol in 

chapter 3 the masking effect was extended to Tg, the soy protein derived plasticizer reversed this 

phenomenon in chapter 5.  Films incorporating high concentrations of glycerol and CNC had a 

Young’s modulus substantially less than their SPC-derived plasticizer counter parts.   

A study combining films from chapter 3 with filler would provide insight on its effect on 

SPC films.  Future investigations need to include higher concentrations of CNC, CNF, and 

CLNF at the 5% plasticization level.  Additional research at higher levels of plasticization is 

needed to understand the full effect of SPC based plasticizer on protein cellulose films.  Thermal 

studies observing the system’s response to variations to both SPC plasticizer and CLNF should 

also be conducted. 
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APPENDICES 

Test Results presented below includes all the samples involved in the study including those 

discarded due to prior deformation resulting from material handling mishaps.   
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Appendix A 

 

1 2 3 4. 

1.SPC 30% Glycerin 1% CNC 2. SPC 30% Glycerin 10% CNC 3. SPC 30% Glycerin  

15% CNC 4. Carver Hot Press in Hodges Lab 

5. 

 

10/30/2013 
 

Sample ID: Egbe 10-30-13-0% Glycerol-9g H20-Created 10-25-13 250lb load cell-10-30-2013.mss  Test Date: 10/30/2013 

Method: ASTM_D882-Plas_Films-Egbe-7-2-13.msm Operator: Grad 
 

 
Sample Information:  

Name Value 

Client or Class Egbe 10-30-13 

Date of Test 10-30-2013 

Grip Pressure 60 psi 

Jaw Face Size 1 x 3" 

Lab Conditions 70F, 65% RH 

Sample Info 1 0% Glycerol 

Sample Info 2 9g H20 

Specimen Shape Dogbone 

Test Direction Created 10-25-13 250lb load cell 

 
Specimen Results: 

Specimen # Width 

mm 

Thickness 

mm 

Peak Load 

N 

%Strn @ Pk 

Ld 

% 

Break Load 

N 

Break Stress 

MPa 

Elong @ 

Break 

mm 

1 10.0 0.1961 34.513 1.36 34.513 17.60 0.7 

2 10.0 0.2494 33.168 1.23 33.168 13.30 0.6 
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3 10.0 0.2002 39.298 1.63 39.298 19.63 0.8 

4 10.0 0.2092 27.150 1.43 27.150 12.98 0.7 
Mean 10.0 0.2137 33.532 1.41 33.532 15.88 0.7 

Std. Dev. 0.0 0.0244 5.002 0.17 5.002 3.27 0.1 

 

Specimen # %Strn @ 

Break 

% 

Energy to 

Break 

N*mm 

Yield Load 

N 

Modulus 

MPa 

Breaking 

Factor 

N/mm 

  

1 1.4 12.92 **** 1673.78 3.45   

2 1.2 10.26 **** 1277.98 3.32   

3 1.6 17.13 **** 1659.22 3.93   

4 1.4 9.95 **** 1159.74 2.72   
Mean 1.4 12.57 **** 1442.68 3.35   

Std. Dev. 0.2 3.32 **** 262.98 0.50   

 
Specimen Comments: 

Specimen # Comments 

1 0% glycerol 
15g SPC  

9g H20 mix 23 min. 20,000 lbF 248F 23min. 

film not clear. 

2 Film not good spotted 
 

3 pre cracked on edge 

4  

 
Calculation Inputs: 

Name Value Units 

Gage Length 1 50.0 mm 

 
Test Inputs: 

Name Value Units 

Brk Sensitivity 75 % 

Initial Speed 5.00 mm/min 

Load Limit HI 250 lbf 

Secondary Speed 5.00 mm/min 

 

 

 

11/21/2013 
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Sample ID: Egbe 11-21-13-1% Glycerol-15g SPC 0.15g Glycerol 6gH20-Created 10-25-13 250lb load cell-11-21-2013.mss  Test Date:

 11/21/2013 

Method: ASTM_D882-Plas_Films-Egbe-7-2-13.msm Operator: Grad 

 

 
Sample Information:  

Name Value 

Client or Class Egbe 11-21-13 

Date of Test 11-21-2013 

Grip Pressure 60 psi 

Jaw Face Size 1 x 3" 

Lab Conditions 70F, 65% RH 

Sample Info 1 1% Glycerol 

Sample Info 2 15g SPC 0.15g Glycerol 6gH20 

Specimen Shape Dogbone 

Test Direction Created 10-25-13 250lb load cell 

 
Specimen Results: 

Specimen # Width 
mm 

Thickness 
mm 

Peak Load 
N 

%Strn @ Pk 
Ld 

% 

Break Load 
N 

Break Stress 
MPa 

Elong @ 
Break 

mm 

1 10.0 0.7036 82.395 2.10 82.395 11.71 1.1 

2 10.0 0.5922 87.700 2.53 87.700 14.81 1.3 

3  10.0 0.5739 42.719 1.67 42.719 7.44 0.8 

4 10.0 0.7505 69.992 1.34 69.992 9.33 0.7 
Mean 10.0 0.6821 80.029 1.99 80.029 11.95 1.0 

Std. Dev. 0.0 0.0813 9.088 0.60 9.088 2.75 0.3 

 

Specimen # %Strn @ 

Break 

% 

Energy to 

Break 

N*mm 

Yield Load 

N 

Modulus 

MPa 

Breaking 

Factor 

N/mm 

  

1 2.1 52.52 **** 852.33 8.24   

2 2.5 67.69 **** 944.01 8.77   

3  1.7 20.59 42.719 690.92 4.27   

4 1.3 25.75 **** 909.86 7.00   
Mean 2.0 48.65 **** 902.07 8.00   

Std. Dev. 0.6 21.24 **** 46.33 0.91   

 
Specimen Comments: 

Specimen # Comments 

1 Not good consistence. Film sample bent, break near grips. 

2  

3 Cracked at grips prior to testing 

 

4  

 
Calculation Inputs: 

Name Value Units 

Gage Length 1 50.0 mm 

 
Test Inputs: 

Name Value Units 

Brk Sensitivity 75 % 

Initial Speed 5.00 mm/min 

Load Limit HI 250 lbf 

Secondary Speed 5.00 mm/min 
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8/28/2013 
 

Sample ID: Egbe 8-20-13-5% Glycerol -Used 1g Glycerol 8g H20 20g SPC uncondition-Created 8-20-13 250lb load cell-8-28-2013.mss 

 Test Date: 8/28/2013 
Method: ASTM_D882-Plas_Films-Egbe-7-2-13.msm Operator: Grad 

 

 
Sample Information:  

Name Value 

Client or Class Egbe 8-20-13 

Date of Test 8-28-2013 

Grip Pressure 60 psi 

Jaw Face Size 1 x 3" 

Lab Conditions 70F, 65% RH 

Sample Info 1 5% Glycerol  

Sample Info 2 Used 1g Glycerol 8g H20 20g SPC 
uncondition 

Specimen Shape Dogbone 

Test Direction Created 8-20-13 250lb load cell 

 
Specimen Results: 

Specimen # Width 

mm 

Thickness 

mm 

Peak Load 

N 

%Strn @ Pk 

Ld 
% 

Break Load 

N 

Break Stress 

MPa 

Elong @ 

Break 
mm 

1 10.0 0.5160 54.027 7.17 53.694 10.41 3.6 

2 10.0 0.4714 45.616 6.70 45.616 9.68 3.3 

3 10.0 0.4428 43.153 6.50 43.153 9.75 3.2 

4 10.0 0.4083 40.073 4.86 40.073 9.81 2.4 
Mean 10.0 0.4596 45.717 6.31 45.634 9.91 3.2 

Std. Dev. 0.0 0.0456 5.986 1.00 5.832 0.33 0.5 

 

Specimen # %Strn @ 

Break 

% 

Energy to 

Break 

N*mm 

Yield Load 

N 

Modulus 

MPa 

Breaking 

Factor 

N/mm 

  

1 7.2 150.07 54.027 572.95 5.40   

2 6.7 117.36 **** 590.20 4.56   

3 6.5 106.93 **** 592.46 4.32   

4 4.9 71.69 **** 693.97 4.01   
Mean 6.3 111.51 54.027 612.40 4.57   
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Std. Dev. 1.0 32.29 **** 55.08 0.60   

 
Specimen Comments: 

Specimen # Comments 

1 Created 8/20/13  

Placed in lab to condition Fri. 8/23/13 
used 1 g Glycerol, 8 g H20, 20 g Unconditon SPC 

mix 20 min. 

Heat pressed 248F at 20,000 lbf for 25 minl. 
used as the control.   

2  

3  

4 Broke near the grip 

 
Calculation Inputs: 

Name Value Units 

Gage Length 1 50.0 mm 

 
Test Inputs: 

Name Value Units 

Brk Sensitivity 75 % 

Initial Speed 5.00 mm/min 

Load Limit HI 250 lbf 

Secondary Speed 5.00 mm/min 

 

 

 

11/21/2013 
 

Sample ID: Egbe 11-21-13-10% Glycerol-15g SPC 1.5g Glycerol 4.5gH20-Created 10-25-13 250lb load cell-11-21-2013.mss  Test Date:

 11/21/2013 

Method: ASTM_D882-Plas_Films-Egbe-7-2-13.msm Operator: Grad 
 

 
Sample Information:  

Name Value 

Client or Class Egbe 11-21-13 

Date of Test 11-21-2013 

Grip Pressure 60 psi 

Jaw Face Size 1 x 3" 

Lab Conditions 70F, 65% RH 
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Sample Info 1 10% Glycerol 

Sample Info 2 15g SPC 1.5g Glycerol 4.5gH20 

Specimen Shape Dogbone 

Test Direction Created 10-25-13 250lb load cell 

 
Specimen Results: 

Specimen # Width 
mm 

Thickness 
mm 

Peak Load 
N 

%Strn @ Pk 
Ld 

% 

Break Load 
N 

Break Stress 
MPa 

Elong @ 
Break 

mm 

1 10.0 0.5907 44.975 8.02 44.597 7.55 4.0 

2 10.0 0.5635 43.659 7.53 43.659 7.75 3.8 

3 10.0 0.5845 45.580 7.82 45.580 7.80 3.9 

4 10.0 0.5821 44.778 6.08 44.778 7.69 3.0 
Mean 10.0 0.5802 44.748 7.36 44.653 7.70 3.7 

Std. Dev. 0.0 0.0117 0.802 0.87 0.789 0.11 0.4 

 

Specimen # %Strn @ 

Break 
% 

Energy to 

Break 
N*mm 

Yield Load 

N 

Modulus 

MPa 

Breaking 

Factor 
N/mm 

  

1 8.1 136.34 **** 441.85 4.50   

2 7.5 122.72 43.659 437.20 4.37   

3 7.8 134.04 **** 423.65 4.56   

4 6.1 99.38 **** 449.43 4.48   
Mean 7.4 123.12 43.659 438.03 4.47   

Std. Dev. 0.9 16.91 **** 10.83 0.08   

 
Specimen Comments: 

Specimen # Comments 

1 good film  
heat press 248F 120C 20,000 lb 25min. 

mix 20 min 15gSPC Unconditon 

1.5g glycerol 
4.5g H20  

 

2  

3  

4  

 
Calculation Inputs: 

Name Value Units 

Gage Length 1 50.0 mm 

 
Test Inputs: 

Name Value Units 

Brk Sensitivity 75 % 

Initial Speed 5.00 mm/min 

Load Limit HI 250 lbf 

Secondary Speed 5.00 mm/min 
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11/21/2013 
 

Sample ID: Egbe 11-21-13-15% Glycerol-15g SPC 2.25g Glycerol 4gH20-Created 11-15-13 250lb load cell-11-21-2013.mss  Test Date:

 11/21/2013 
Method: ASTM_D882-Plas_Films-Egbe-7-2-13.msm Operator: Grad 

 

 
Sample Information:  

Name Value 

Client or Class Egbe 11-21-13 

Date of Test 11-21-2013 

Grip Pressure 60 psi 

Jaw Face Size 1 x 3" 

Lab Conditions 70F, 65% RH 

Sample Info 1 15% Glycerol 

Sample Info 2 15g SPC 2.25g Glycerol 4gH20 

Specimen Shape Dogbone 

Test Direction Created 11-15-13 250lb load cell 

 
Specimen Results: 

Specimen # Width 

mm 

Thickness 

mm 

Peak Load 

N 

%Strn @ Pk 

Ld 

% 

Break Load 

N 

Break Stress 

MPa 

Elong @ 

Break 

mm 

1 10.0 0.6020 37.668 10.42 37.526 6.23 5.2 

2 10.0 0.5839 35.741 8.58 35.741 6.12 4.3 

3 10.0 0.5791 29.789 4.08 29.789 5.14 2.0 

4 10.0 0.6638 42.318 8.58 42.318 6.38 4.3 
Mean 10.0 0.6072 36.379 7.92 36.343 5.97 3.9 

Std. Dev. 0.0 0.0390 5.189 2.70 5.177 0.56 1.3 

 

Specimen # %Strn @ 
Break 

% 

Energy to 
Break 

N*mm 

Yield Load 
N 

Modulus 
MPa 

Breaking 
Factor 

N/mm 

  

1 10.3 148.58 **** 296.49 3.77   

2 8.6 116.92 **** 350.35 3.57   

3 4.1 41.69 **** 317.32 2.98   

4 8.6 138.79 **** 360.09 4.23   
Mean 7.9 111.49 **** 331.06 3.64   

Std. Dev. 2.7 48.38 **** 29.43 0.52   
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Specimen Comments: 

Specimen # Comments 

1 SPC uncondition 15% glycerol  
15g SPC 

2.25g glycerol 

4g H20 
mix 20 min. 

Heat press 248F 120C 20,000lbF 25min.   

 

2  

3  

4  

 
Calculation Inputs: 

Name Value Units 

Gage Length 1 50.0 mm 

 
Test Inputs: 

Name Value Units 

Brk Sensitivity 75 % 

Initial Speed 5.00 mm/min 

Load Limit HI 250 lbf 

Secondary Speed 5.00 mm/min 

 

 

 

11/21/2013 
 

Sample ID: Egbe 11-21-13-20% Glycerol-15g SPC 3g Glycerol 4gH20-Created 11-15-13 250lb load cell-11-21-2013.mss  Test Date:
 11/21/2013 

Method: ASTM_D882-Plas_Films-Egbe-7-2-13.msm Operator: Grad 

 

 
Sample Information:  

Name Value 

Client or Class Egbe 11-21-13 

Date of Test 11-21-2013 

Grip Pressure 60 psi 

Jaw Face Size 1 x 3" 

Lab Conditions 70F, 65% RH 
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Sample Info 1 20% Glycerol 

Sample Info 2 15g SPC 3g Glycerol 4gH20 

Specimen Shape Dogbone 

Test Direction Created 11-15-13 250lb load cell 

 
Specimen Results: 

Specimen # Width 
mm 

Thickness 
mm 

Peak Load 
N 

%Strn @ Pk 
Ld 

% 

Break Load 
N 

Break Stress 
MPa 

Elong @ 
Break 

mm 

1 10.0 0.6756 34.632 11.18 34.371 5.09 5.6 

2 10.0 0.5900 28.133 6.38 28.133 4.77 3.2 

3 10.0 0.7693 43.148 13.58 43.135 5.61 7.1 

4 10.0 0.6388 25.935 4.93 25.935 4.06 2.5 
Mean 10.0 0.6684 32.962 9.02 32.893 4.88 4.6 

Std. Dev. 0.0 0.0758 7.730 4.05 7.706 0.65 2.2 

 

Specimen # %Strn @ 

Break 
% 

Energy to 

Break 
N*mm 

Yield Load 

N 

Modulus 

MPa 

Breaking 

Factor 
N/mm 

  

1 11.2 147.49 **** 248.41 3.46   

2 6.4 64.70 28.133 287.19 2.81   

3 14.2 241.58 **** 235.57 4.31   

4 4.9 44.78 **** 251.51 2.59   
Mean 9.2 124.63 28.133 255.67 3.30   

Std. Dev. 4.3 89.76 **** 22.11 0.77   

 
Specimen Comments: 

Specimen # Comments 

1  

2  

3  

4 dot a good film consistence 

 
Calculation Inputs: 

Name Value Units 

Gage Length 1 50.0 mm 

 
Test Inputs: 

Name Value Units 

Brk Sensitivity 75 % 

Initial Speed 5.00 mm/min 

Load Limit HI 250 lbf 

Secondary Speed 5.00 mm/min 
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8/28/2013 
 

Sample ID: Egbe 8-20-13-30% Glycerol -Used 6g Glycerol 0.5g H20 20g SPC uncondition-Created 8-20-13 250lb load cell-8-28-

2013.mss  Test Date: 8/28/2013 
Method: ASTM_D882-Plas_Films-Egbe-7-2-13.msm Operator: Grad 

 

 
Sample Information:  

Name Value 

Client or Class Egbe 8-20-13 

Date of Test 8-28-2013 

Grip Pressure 60 psi 

Jaw Face Size 1 x 3" 

Lab Conditions 70F, 65% RH 

Sample Info 1 30% Glycerol  

Sample Info 2 Used 6g Glycerol 0.5g H20 20g SPC 
uncondition 

Specimen Shape Dogbone 

Test Direction Created 8-20-13 250lb load cell 

 
Specimen Results: 

Specimen # Width 

mm 

Thickness 

mm 

Peak Load 

N 

%Strn @ Pk 

Ld 
% 

Break Load 

N 

Break Stress 

MPa 

Elong @ 

Break 
mm 

1 10.0 1.1615 22.987 15.05 22.987 1.98 7.5 

2 10.0 1.2504 23.852 15.82 23.852 1.91 7.9 

3 10.0 1.3523 22.999 12.45 22.999 1.70 6.2 

4 10.0 1.3835 25.341 12.75 25.341 1.83 6.4 
Mean 10.0 1.2869 23.795 14.02 23.795 1.85 7.0 

Std. Dev. 0.0 0.1011 1.108 1.67 1.108 0.12 0.8 

 

Specimen # %Strn @ 

Break 

% 

Energy to 

Break 

N*mm 

Yield Load 

N 

Modulus 

MPa 

Breaking 

Factor 

N/mm 

  

1 15.0 121.10 **** 45.91 2.30   

2 15.8 132.56 **** 44.40 2.39   

3 12.4 96.94 **** 42.73 2.30   

4 12.7 109.74 **** 44.65 2.53   
Mean 14.0 115.08 **** 44.42 2.38   
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Std. Dev. 1.7 15.27 **** 1.31 0.11   

 
Specimen Comments: 

Specimen # Comments 

1 Created 8/20/13 

Used 6g of Glycerol 0.5g H20, 20g SPC 
mixed for 20 min. 

Heat Pressed at 248F at 20,000 lbf for 20min. 

For 20 min. 
30% SPC glycerol control 

2  

3  

4  

 
Calculation Inputs: 

Name Value Units 

Gage Length 1 50.0 mm 

 
Test Inputs: 

Name Value Units 

Brk Sensitivity 75 % 

Initial Speed 5.00 mm/min 

Load Limit HI 250 lbf 

Secondary Speed 5.00 mm/min 

 

 

 

11/21/2013 
 

Sample ID: Egbe 11-21-13-40% Glycerol-15g SPC 6g Glycerol 1gH20-Created 11-15-13 250lb load cell-11-21-2013.mss  Test Date:

 11/21/2013 

Method: ASTM_D882-Plas_Films-Egbe-7-2-13.msm Operator: Grad 
 

 
Sample Information:  

Name Value 

Client or Class Egbe 11-21-13 

Date of Test 11-21-2013 

Grip Pressure 60 psi 

Jaw Face Size 1 x 3" 

Lab Conditions 70F, 65% RH 
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Sample Info 1 40% Glycerol 

Sample Info 2 15g SPC 6g Glycerol 1gH20 

Specimen Shape Dogbone 

Test Direction Created 11-15-13 250lb load cell 

 
Specimen Results: 

Specimen # Width 
mm 

Thickness 
mm 

Peak Load 
N 

%Strn @ Pk 
Ld 

% 

Break Load 
N 

Break Stress 
MPa 

Elong @ 
Break 

mm 

1 10.0 0.9984 18.126 15.88 18.126 1.82 7.9 

2 10.0 1.0006 16.727 16.85 16.695 1.67 8.5 

3 10.0 1.0142 15.552 14.35 15.354 1.51 7.3 

4 10.0 0.9651 18.025 14.35 18.025 1.87 7.2 
Mean 10.0 0.9946 17.108 15.36 17.050 1.72 7.7 

Std. Dev. 0.0 0.0209 1.217 1.23 1.305 0.16 0.6 

 

Specimen # %Strn @ 

Break 
% 

Energy to 

Break 
N*mm 

Yield Load 

N 

Modulus 

MPa 

Breaking 

Factor 
N/mm 

  

1 15.9 100.45 **** 41.14 1.81   

2 17.0 99.58 **** 37.47 1.67   

3 14.5 77.73 **** 35.39 1.56   

4 14.4 89.26 **** 44.04 1.80   
Mean 15.5 91.75 **** 39.51 1.71   

Std. Dev. 1.3 10.64 **** 3.84 0.12   

 
Specimen Comments: 

Specimen # Comments 

1  

2  

3  

4  

 
Calculation Inputs: 

Name Value Units 

Gage Length 1 50.0 Mm 

 
Test Inputs: 

Name Value Units 

Brk Sensitivity 75 % 

Initial Speed 5.00 mm/min 

Load Limit HI 250 Lbf 

Secondary Speed 5.00 mm/min 
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7/12/2013 
 

Sample ID: Egbe 7-12-13-15%CNC 30% Glycerol-Used 3.6g of 50%CNC Batch from 2012 8.4g of SPC Uncondition 3.6gGlycerol 

6gH20-Created 7-2-13 248F 20000lbF 20 min. 250lb load cell-7-2-2013.mss  Test Date: 7/12/2013 
Method: ASTM_D882-Plas_Films-Egbe-7-2-13.msm Operator: Grad 

 

 
Sample Information:  

Name Value 

Client or Class Egbe 7-12-13 

Date of Test 7-2-2013 

Grip Pressure 60 psi 

Jaw Face Size 1 x 3" 

Lab Conditions 70F, 65% RH 

Sample Info 1 15%CNC 30% Glycerol 

Sample Info 2 Used 3.6g of 50%CNC Batch from 
2012 8.4g of SPC Uncondition 

3.6gGlycerol 6gH20 

Specimen Shape Dogbone 

Test Direction Created 7-2-13 248F 20000lbF 20 

min. 250lb load cell 

 
Specimen Results: 

Specimen # Width 

mm 

Thickness 

mm 

Peak Load 

N 

%Strn @ Pk 

Ld 
% 

Break Load 

N 

Break Stress 

MPa 

Elong @ 

Break 
Mm 

1 10.0 0.4232 6.978 9.85 6.935 1.64 5.0 

2 10.0 0.4986 10.128 15.61 10.105 2.03 7.9 

3  10.0 0.0445 8.704 9.55 8.535 19.18 4.8 

4 10.0 0.4840 8.376 12.05 6.780 1.40 6.2 

5 10.0 0.3826 4.804 8.30 4.654 1.22 4.3 
Mean 10.0 0.4471 7.572 11.45 7.119 1.57 5.8 

Std. Dev. 0.0 0.0540 2.251 3.17 2.246 0.35 1.6 

 

Specimen # %Strn @ 
Break 

% 

Energy to 
Break 

N*mm 

Yield Load 
N 

Modulus 
MPa 

Breaking 
Factor 

N/mm 

  

1 9.9 24.99 6.978 86.60 0.70   

2 15.8 59.41 10.128 83.70 1.01   
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3  9.7 30.12 8.704 939.53 0.87   

4 12.4 37.80 8.376 80.47 0.84   

5 8.6 14.43 4.804 48.34 0.48   
Mean 11.7 34.16 7.572 74.78 0.76   

Std. Dev. 3.2 19.36 2.251 17.80 0.23   

 
Specimen Comments: 

Specimen # Comments 

1  

2  

3 The thickness measurment looks to be off by an order of magnitude . 

4  

5  

 
Calculation Inputs: 

Name Value Units 

Gage Length 1 50.0 Mm 

 
Test Inputs: 

Name Value Units 

Brk Sensitivity 75 % 

Initial Speed 5.00 mm/min 

Load Limit HI 250 lbf 

Secondary Speed 5.00 mm/min 

 

 

 

7/2/2013 
 

Sample ID: Egbe 6-20-13-1%CNC 0.5% Glycerol-250 lb load cell-From 5-21-13 1 to 10 Freeze dry Batch -7-2-2013.mss  Test Date:
 7/2/2013 

Method: ASTM_D882-Plas_Films-Egbe-7-2-13.msm Operator: Grad 

 

 
Sample Information:  

Name Value 

Client or Class Egbe 6-20-13 

Date of Test 7-2-2013 

Grip Pressure 60 psi 
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Jaw Face Size 1 x 3" 

Lab Conditions 70F, 65% RH 

Sample Info 1 1%CNC 0.5% Glycerol 

Sample Info 2 250 lb load cell 

Specimen Shape Dogbone 

Test Direction From 5-21-13 1 to 10 Freeze dry 
Batch  

 
Specimen Results: 

Specimen # Width 
mm 

Thickness 
mm 

Peak Load 
N 

%Strn @ Pk 
Ld 

% 

Break Load 
N 

Break Stress 
MPa 

Elong @ 
Break 

mm 

1 10.0 0.2530 27.969 3.68 27.961 11.05 1.8 

2 10.0 0.2427 26.972 3.00 26.972 11.11 1.5 

3 10.0 0.2362 22.502 3.19 22.502 9.53 1.6 

4 10.0 0.2307 22.625 1.95 22.625 9.81 1.0 

5  10.0 0.2594 27.550 3.68 27.550 10.62 1.8 

Mean 10.0 0.2406 25.017 2.95 25.015 10.37 1.5 

Std. Dev. 0.0 0.0096 2.863 0.73 2.860 0.83 0.4 

 

Specimen # %Strn @ 

Break 

% 

Energy to 

Break 

N*mm 

Yield Load 

N 

Modulus 

MPa 

Breaking 

Factor 

N/mm 

  

1 3.7 26.83 **** 613.87 2.80   

2 3.0 24.70 **** 843.89 2.70   

3 3.2 21.00 **** 719.54 2.25   

4 1.9 11.79 **** 933.58 2.26   

5  3.7 29.23 **** 743.25 2.75   
Mean 2.9 21.08 **** 777.72 2.50   

Std. Dev. 0.7 6.65 **** 140.12 0.29   

 
Specimen Comments: 

Specimen # Comments 

1  

2  

3  

4  

5 Laser cutt wrong so removed data.  The 1% CNC Freeze Dry Batch was mixed on 5-21-13.  The CNC 

solution was mixed with H20 
at a raito of 1to 10 for 30 minutes.  While SPC unconditon dry  powder was mixed with H20 at ratio of 1 to 

10 for 30 minutes.  The 

two solutions were then mixed together for 2 hours.  The were then 
frozen for atleast 2-3 days the placed in the freeze dryer for at least 

one week.  Samples made prior to this date within the year 2013 typically resulted in a fluffy light white 

powder.  CNC samples prior to December 2012 consisted of a single block freeze dry powder that required a 
metal heavy object to break into a fine powder inorder to mix into a nice homogenous powder mix. Prior to  

December 2012 samples were freeze dry for atleast 2 weeks.  removeing all H20.  50%CNC batches created 

were also light and fluffy showing evidence of residual moisture and resulting in lower strenght as a possible 
result during film formation.   

 
Calculation Inputs: 

Name Value Units 

Gage Length 1 50.0 mm 

 
Test Inputs: 

Name Value Units 

Brk Sensitivity 75 % 

Initial Speed 5.00 mm/min 

Load Limit HI 250 lbf 

Secondary Speed 5.00 mm/min 
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9/24/2013 
 

Sample ID: Egbe 8-12-13-5%CNC 5% Glycerol-Used 9.18g of 5%CNC Batch from 2-14-13 -Created 7-24-13 250lb load cell-8-12-

2013.mss  Test Date: 8/12/2013 
Method: ASTM_D882-Plas_Films-Egbe-7-2-13.msm Operator: Grad 

 

 
Sample Information:  

Name Value 

Client or Class Egbe 8-12-13 

Date of Test 8-12-2013 

Grip Pressure 60 psi 

Jaw Face Size 1 x 3" 

Lab Conditions 70F, 65% RH 

Sample Info 1 5%CNC 5% Glycerol 

Sample Info 2 Used 9.18g of 5%CNC Batch from 
2-14-13  

Specimen Shape Dogbone 

Test Direction Created 7-24-13 250lb load cell 

 
Specimen Results: 

Specimen # Width 

mm 

Thickness 

mm 

Peak Load 

N 

%Strn @ Pk 

Ld 
% 

Break Load 

N 

Break Stress 

MPa 

Elong @ 

Break 
mm 

1 10.0 0.2957 33.948 1.21 33.411 11.30 0.6 

2 10.0 0.2972 31.408 1.08 31.408 10.57 0.5 

3 10.0 0.3382 31.413 0.96 31.413 9.29 0.5 

4 10.0 0.2753 26.385 0.88 26.385 9.58 0.4 
Mean 10.0 0.3016 30.789 1.03 30.654 10.18 0.5 

Std. Dev. 0.0 0.0264 3.170 0.14 2.998 0.92 0.1 

 

Specimen # %Strn @ 

Break 

% 

Energy to 

Break 

N*mm 

Yield Load 

N 

Modulus 

MPa 

Breaking 

Factor 

N/mm 

  

1 1.2 11.54 **** 1071.91 3.39   

2 1.1 10.13 **** 1096.24 3.14   

3 1.0 7.93 **** 1138.22 3.14   

4 0.9 5.69 **** 1356.66 2.64   
Mean 1.0 8.82 **** 1165.76 3.08   
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Std. Dev. 0.1 2.56 **** 130.18 0.32   

 
Specimen Comments: 

Specimen # Comments 

1 5% CNC created 7-24-13  

from batch 5%CNC 2-14-13 9.18g the rest 5%CNC batch3-25-13 
oven dried for 24hr. 

8.97g H20  

0.63g Glycerol 
 

2  

3  

4  

 
Calculation Inputs: 

Name Value Units 

Gage Length 1 50.0 mm 

 
Test Inputs: 

Name Value Units 

Brk Sensitivity 75 % 

Initial Speed 5.00 mm/min 

Load Limit HI 250 lbf 

Secondary Speed 5.00 mm/min 

 

 

7/2/2013 
 

Sample ID: Egbe 5-20-13-15%CNC 0.5% Glycerol-250 lb load cell-From 2012 Freez Dry Batch 2 Week-7-2-2013.mss  Test Date:

 7/2/2013 

Method: ASTM_D882-Plas_Films-Egbe-7-2-13.msm Operator: Grad 
 

 
Sample Information:  

Name Value 

Client or Class Egbe 5-20-13 

Date of Test 7-2-2013 

Grip Pressure 60 psi 

Jaw Face Size 1 x 3" 

Lab Conditions 70F, 65% RH 

Sample Info 1 15%CNC 0.5% Glycerol 

Sample Info 2 250 lb load cell 
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Specimen Shape Dogbone 

Test Direction From 2012 Freez Dry Batch 2 Week 

 
Specimen Results: 

Specimen # Width 

mm 

Thickness 

mm 

Peak Load 

N 

%Strn @ Pk 

Ld 

% 

Break Load 

N 

Break Stress 

MPa 

Elong @ 

Break 

mm 

1 10.0 0.2399 30.240 3.09 30.104 12.55 1.6 

2 10.0 0.2522 30.618 3.58 30.189 11.97 1.8 

3 10.0 0.2474 27.097 2.07 27.076 10.94 1.0 

4 10.0 0.2633 34.636 3.68 34.520 13.11 1.8 
Mean 10.0 0.2507 30.648 3.11 30.472 12.14 1.6 

Std. Dev. 0.0 0.0098 3.092 0.73 3.063 0.93 0.4 

 

Specimen # %Strn @ 
Break 

% 

Energy to 
Break 

N*mm 

Yield Load 
N 

Modulus 
MPa 

Breaking 
Factor 

N/mm 

  

1 3.1 27.51 30.240 832.63 3.02   

2 3.6 40.12 **** 808.60 3.06   

3 2.1 15.96 **** 725.87 2.71   

4 3.7 27.60 **** 747.19 3.46   
Mean 3.1 27.80 30.240 778.57 3.06   

Std. Dev. 0.7 9.87 **** 50.29 0.31   

 
Specimen Comments: 

Specimen # Comments 

1  

2  

3 Broke near Grip 

4 laser cut wrong but still a nice break Freeze dry  

samples from 2012 show more elasticity and smaller 
modulous then Samples freezed dried in 2013.  At  

the same percent glycerol 0.5% 0.63grams 

 
Calculation Inputs: 

Name Value Units 

Gage Length 1 50.0 mm 

 
Test Inputs: 

Name Value Units 

Brk Sensitivity 75 % 

Initial Speed 5.00 mm/min 

Load Limit HI 250 lbf 

Secondary Speed 5.00 mm/min 
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9/24/2013 
 

Sample ID: Egbe 8-12-13-18%CNC 5% Glycerol-Used 12g of 18%CNC Batch from 1-10-13 -Created 7-24-13 250lb load cell-8-12-

2013.mss  Test Date: 8/12/2013 
Method: ASTM_D882-Plas_Films-Egbe-7-2-13.msm Operator: Grad 

 

 
Sample Information:  

Name Value 

Client or Class Egbe 8-12-13 

Date of Test 8-12-2013 

Grip Pressure 60 psi 

Jaw Face Size 1 x 3" 

Lab Conditions 70F, 65% RH 

Sample Info 1 18%CNC 5% Glycerol 

Sample Info 2 Used 12g of 18%CNC Batch from 1-
10-13  

Specimen Shape Dogbone 

Test Direction Created 7-24-13 250lb load cell 

 
Specimen Results: 

Specimen # Width 

mm 

Thickness 

mm 

Peak Load 

N 

%Strn @ Pk 

Ld 
% 

Break Load 

N 

Break Stress 

MPa 

Elong @ 

Break 
mm 

1  10.0 0.3008 0.015 1.08 0.015 0.01 0.5 

2 10.0 0.4227 14.494 0.43 14.494 3.43 0.2 

3 10.0 0.3481 27.447 0.98 27.447 7.88 0.5 
Mean 10.0 0.3854 20.971 0.71 20.971 5.66 0.4 

Std. Dev. 0.0 0.0528 9.159 0.39 9.159 3.15 0.2 

 

Specimen # %Strn @ 
Break 

% 

Energy to 
Break 

N*mm 

Yield Load 
N 

Modulus 
MPa 

Breaking 
Factor 

N/mm 

  

1  1.1 0.00 0.012 32.55 0.00   

2 0.4 1.43 **** 1009.50 1.45   

3 1.0 8.01 **** 1225.24 2.74   
Mean 0.7 4.72 **** 1117.37 2.10   

Std. Dev. 0.4 4.66 **** 152.55 0.92   
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Specimen Comments: 

Specimen # Comments 

1  

2  

3  

 
Calculation Inputs: 

Name Value Units 

Gage Length 1 50.0 mm 

 
Test Inputs: 

Name Value Units 

Brk Sensitivity 75 % 

Initial Speed 5.00 mm/min 

Load Limit HI 250 lbf 

Secondary Speed 5.00 mm/min 

 

 

 

9/24/2013 
 

Sample ID: Egbe 8-12-13-20%CNC 5% Glycerol-Used 12g of 20%CNC -Created 8-2-13 250lb load cell-8-12-2013.mss  Test Date:
 8/12/2013 

Method: ASTM_D882-Plas_Films-Egbe-7-2-13.msm Operator: Grad 
 

 
Sample Information:  

Name Value 

Client or Class Egbe 8-12-13 

Date of Test 8-12-2013 

Grip Pressure 60 psi 

Jaw Face Size 1 x 3" 

Lab Conditions 70F, 65% RH 

Sample Info 1 20%CNC 5% Glycerol 

Sample Info 2 Used 12g of 20%CNC  

Specimen Shape Dogbone 

Test Direction Created 8-2-13 250lb load cell 

 
Specimen Results: 
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Specimen # Width 

mm 

Thickness 

mm 

Peak Load 

N 

%Strn @ Pk 

Ld 
% 

Break Load 

N 

Break Stress 

MPa 

Elong @ 

Break 
mm 

1 10.0 0.2758 22.866 1.58 22.866 8.29 0.8 

2 10.0 0.2305 13.161 1.16 13.161 5.71 0.6 

3 10.0 0.2529 16.735 1.34 16.735 6.62 0.7 

4 10.0 0.3300 19.149 0.78 19.149 5.80 0.4 
Mean 10.0 0.2723 17.978 1.22 17.978 6.61 0.6 

Std. Dev. 0.0 0.0427 4.083 0.34 4.083 1.20 0.2 

 

Specimen # %Strn @ 
Break 

% 

Energy to 
Break 

N*mm 

Yield Load 
N 

Modulus 
MPa 

Breaking 
Factor 

N/mm 

  

1 1.6 10.52 **** 711.52 2.29   

2 1.2 4.11 **** 626.34 1.32   

3 1.3 5.95 **** 723.11 1.67   

4 0.8 3.93 **** 973.96 1.91   
Mean 1.2 6.13 **** 758.73 1.80   

Std. Dev. 0.3 3.07 **** 149.83 0.41   

 
Specimen Comments: 

Specimen # Comments 

1  

2  

3  

4  

 
Calculation Inputs: 

Name Value Units 

Gage Length 1 50.0 mm 

 
Test Inputs: 

Name Value Units 

Brk Sensitivity 75 % 

Initial Speed 5.00 mm/min 

Load Limit HI 250 lbf 

Secondary Speed 5.00 mm/min 
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10/30/2013 
 

Sample ID: Egbe 10-30-13-1%NFC 5 pass at 5% Glycerol-Used 1g Glycerol 10g H20-Created 10-25-13 250lb load cell-10-30-2013.mss 

 Test Date: 10/30/2013 
Method: ASTM_D882-Plas_Films-Egbe-7-2-13.msm Operator: Grad 

 

 
Sample Information:  

Name Value 

Client or Class Egbe 10-30-13 

Date of Test 10-30-2013 

Grip Pressure 60 psi 

Jaw Face Size 1 x 3" 

Lab Conditions 70F, 65% RH 

Sample Info 1 1%NFC 5 pass at 5% Glycerol 

Sample Info 2 Used 1g Glycerol 10g H20 

Specimen Shape Dogbone 

Test Direction Created 10-25-13 250lb load cell 

 
Specimen Results: 

Specimen # Width 

mm 

Thickness 

mm 

Peak Load 

N 

%Strn @ Pk 

Ld 

% 

Break Load 

N 

Break Stress 

MPa 

Elong @ 

Break 

mm 

1 10.0 0.3548 55.367 3.83 55.367 15.61 1.9 

2 10.0 0.2856 44.638 3.64 44.638 15.63 1.8 

3 10.0 0.2061 29.937 3.93 29.937 14.53 2.0 

4 10.0 0.2388 33.931 2.88 33.931 14.21 1.4 
Mean 10.0 0.2713 40.968 3.57 40.968 14.99 1.8 

Std. Dev. 0.0 0.0645 11.431 0.48 11.431 0.73 0.2 

 

Specimen # %Strn @ 
Break 

% 

Energy to 
Break 

N*mm 

Yield Load 
N 

Modulus 
MPa 

Breaking 
Factor 

N/mm 

  

1 3.8 72.09 **** 874.54 5.54   

2 3.6 56.96 44.638 1096.48 4.46   

3 3.9 40.70 **** 859.37 2.99   

4 2.9 32.03 **** 1018.14 3.39   
Mean 3.6 50.44 44.638 962.13 4.10   

Std. Dev. 0.5 17.75 **** 114.63 1.14   

 
Specimen Comments: 

Specimen # Comments 

1 film not to consistent.  Used 4g of 5%NFC Freez Dry 

16g of SPC Unconditon, 1g of glycerol, 10g H20 mix 20min 
248F Press 20,000 LBF 25 min. 

2  

3  

4  

 
Calculation Inputs: 

Name Value Units 

Gage Length 1 50.0 mm 

 
Test Inputs: 

Name Value Units 

Brk Sensitivity 75 % 

Initial Speed 5.00 mm/min 

Load Limit HI 250 lbf 

Secondary Speed 5.00 mm/min 
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10/30/2013 
 

Sample ID: Egbe 10-30-13-5% NFC 5% Glycerol-8g H20 1g glycerol-Created 10-9-13 250lb load cell-10-30-2013.mss  Test Date:

 10/30/2013 
Method: ASTM_D882-Plas_Films-Egbe-7-2-13.msm Operator: Grad 

 

 
Sample Information:  

Name Value 

Client or Class Egbe 10-30-13 

Date of Test 10-30-2013 

Grip Pressure 60 psi 

Jaw Face Size 1 x 3" 

Lab Conditions 70F, 65% RH 

Sample Info 1 5% NFC 5% Glycerol 

Sample Info 2 8g H20 1g glycerol 

Specimen Shape Dogbone 

Test Direction Created 10-9-13 250lb load cell 

 
Specimen Results: 

Specimen # Width 

mm 

Thickness 

mm 

Peak Load 

N 

%Strn @ Pk 

Ld 

% 

Break Load 

N 

Break Stress 

MPa 

Elong @ 

Break 

mm 

1 10.0 0.9151 169.761 1.87 169.761 18.55 0.9 

2 10.0 1.1046 144.668 1.46 144.668 13.10 0.7 

3 10.0 0.9263 165.754 1.74 165.754 17.89 0.9 
Mean 10.0 0.9820 160.061 1.69 160.061 16.51 0.8 

Std. Dev. 0.0 0.1063 13.481 0.21 13.481 2.98 0.1 

 

Specimen # %Strn @ 
Break 

% 

Energy to 
Break 

N*mm 

Yield Load 
N 

Modulus 
MPa 

Breaking 
Factor 

N/mm 

  

1 1.9 82.21 **** 1315.30 16.98   

2 1.5 59.10 **** 1242.99 14.47   

3 1.7 79.48 **** 1256.20 16.58   
Mean 1.7 73.60 **** 1271.50 16.01   

Std. Dev. 0.2 12.63 **** 38.50 1.35   

 
Specimen Comments: 
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Specimen # Comments 

1 20g of 5% NFC freeze Dry Powder 

1g of glycerol 
8g of H20 mixed 20 min. 

heat press 248F for 30 min. 

10,000 lbf using 5 pass NFC carlos 
Created 10-9-13 

2  

3  

 
Calculation Inputs: 

Name Value Units 

Gage Length 1 50.0 mm 

 
Test Inputs: 

Name Value Units 

Brk Sensitivity 75 % 

Initial Speed 5.00 mm/min 

Load Limit HI 250 lbf 

Secondary Speed 5.00 mm/min 

 

 

 

10/30/2013 
 

Sample ID: Egbe 10-30-13-5%NFC 20 pass at 5% Glycerol-Used 1g Glycerol 10g H20-Created 10-25-13 250lb load cell-10-30-2013.mss 

 Test Date: 10/30/2013 
Method: ASTM_D882-Plas_Films-Egbe-7-2-13.msm Operator: Grad 

 

 
Sample Information:  

Name Value 

Client or Class Egbe 10-30-13 

Date of Test 10-30-2013 

Grip Pressure 60 psi 

Jaw Face Size 1 x 3" 

Lab Conditions 70F, 65% RH 

Sample Info 1 5%NFC 20 pass at 5% Glycerol 

Sample Info 2 Used 1g Glycerol 10g H20 

Specimen Shape Dogbone 

Test Direction Created 10-25-13 250lb load cell 
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Specimen Results: 

Specimen # Width 
mm 

Thickness 
mm 

Peak Load 
N 

%Strn @ Pk 
Ld 

% 

Break Load 
N 

Break Stress 
MPa 

Elong @ 
Break 

mm 

1 10.0 0.5472 72.390 3.16 72.390 13.23 1.6 

2 10.0 0.5188 56.668 3.16 56.668 10.92 1.6 

3 10.0 0.5848 76.092 3.93 76.092 13.01 2.0 

4 10.0 0.6828 91.796 4.21 91.288 13.37 2.1 
Mean 10.0 0.5834 74.237 3.62 74.110 12.63 1.8 

Std. Dev. 0.0 0.0716 14.420 0.54 14.215 1.15 0.3 

 

Specimen # %Strn @ 

Break 
% 

Energy to 

Break 
N*mm 

Yield Load 

N 

Modulus 

MPa 

Breaking 

Factor 
N/mm 

  

1 3.2 71.59 **** 781.18 7.24   

2 3.2 61.64 **** 854.86 5.67   

3 3.9 107.60 **** 958.64 7.61   

4 4.3 128.82 **** 783.93 9.18   
Mean 3.6 92.41 **** 844.65 7.42   

Std. Dev. 0.6 31.29 **** 83.29 1.44   

 
Specimen Comments: 

Specimen # Comments 

1 Laser cutt mishap.  
created 10-25-13  

20g 5%NFC 20 pass 

1g glycerol 
10g H20 mixed 20 min. 

248F at 25min. 20,000 lbf 

2  

3  

4  

 
Calculation Inputs: 

Name Value Units 

Gage Length 1 50.0 mm 

 
Test Inputs: 

Name Value Units 

Brk Sensitivity 75 % 

Initial Speed 5.00 mm/min 

Load Limit HI 250 lbf 

Secondary Speed 5.00 mm/min 
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10/30/2013 
 

Sample ID: Egbe 10-30-13-10% NFC 5% Glycerol-10g H20 0.75g glycerol-Created 10-25-13 250lb load cell-10-30-2013.mss  Test Date:

 10/30/2013 
Method: ASTM_D882-Plas_Films-Egbe-7-2-13.msm Operator: Grad 

 

 
Sample Information:  

Name Value 

Client or Class Egbe 10-30-13 

Date of Test 10-30-2013 

Grip Pressure 60 psi 

Jaw Face Size 1 x 3" 

Lab Conditions 70F, 65% RH 

Sample Info 1 10% NFC 5% Glycerol 

Sample Info 2 10g H20 0.75g glycerol 

Specimen Shape Dogbone 

Test Direction Created 10-25-13 250lb load cell 

 
Specimen Results: 

Specimen # Width 

mm 

Thickness 

mm 

Peak Load 

N 

%Strn @ Pk 

Ld 

% 

Break Load 

N 

Break Stress 

MPa 

Elong @ 

Break 

mm 

1 10.0 0.3353 40.341 1.72 40.341 12.03 0.9 

2 10.0 0.3145 55.823 3.26 55.823 17.75 1.6 

3 10.0 0.3194 49.839 2.40 49.839 15.60 1.2 

4 10.0 0.3410 34.915 1.20 34.915 10.24 0.6 
Mean 10.0 0.3276 45.229 2.15 45.229 13.91 1.1 

Std. Dev. 0.0 0.0126 9.377 0.89 9.377 3.40 0.4 

 

Specimen # %Strn @ 
Break 

% 

Energy to 
Break 

N*mm 

Yield Load 
N 

Modulus 
MPa 

Breaking 
Factor 

N/mm 

  

1 1.7 18.87 **** 1142.05 4.03   

2 3.3 59.38 **** 1364.63 5.58   

3 2.4 36.71 **** 1241.41 4.98   

4 1.2 11.82 **** 1079.52 3.49   
Mean 2.1 31.69 **** 1206.90 4.52   

Std. Dev. 0.9 21.22 **** 124.50 0.94   
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Specimen Comments: 

Specimen # Comments 

1  

2  

3  

4  

 
Calculation Inputs: 

Name Value Units 

Gage Length 1 50.0 mm 

 
Test Inputs: 

Name Value Units 

Brk Sensitivity 75 % 

Initial Speed 5.00 mm/min 

Load Limit HI 250 lbf 

Secondary Speed 5.00 mm/min 

 

 

 

8/19/2013 
 

Sample ID: Egbe 8-19-13-30% Glycerol 5% SPC Goodrods-Used 6g Glycerol 0.5g H20 20g SPC uncondition-Created 8-15-13 250lb 
load cell-8-19-2013.mss  Test Date: 8/19/2013 

Method: ASTM_D882-Plas_Films-Egbe-7-2-13.msm Operator: Grad 

 

 
Sample Information:  

Name Value 

Client or Class Egbe 8-19-13 

Date of Test 8-19-2013 

Grip Pressure 60 psi 

Jaw Face Size 1 x 3" 

Lab Conditions 70F, 65% RH 

Sample Info 1 30% Glycerol 5% SPC Goodrods 

Sample Info 2 Used 6g Glycerol 0.5g H20 20g SPC 

uncondition 

Specimen Shape Dogbone 

Test Direction Created 8-15-13 250lb load cell 
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Specimen Results: 

Specimen # Width 
mm 

Thickness 
mm 

Peak Load 
N 

%Strn @ Pk 
Ld 

% 

Break Load 
N 

Break Stress 
MPa 

Elong @ 
Break 

mm 

1 10.0 1.3666 30.111 4.96 27.849 2.04 3.0 

2 10.0 1.4304 41.908 4.01 41.908 2.93 2.0 

3  10.0 1.4460 32.859 8.23 32.859 2.27 4.1 

4 10.0 1.5283 46.135 5.73 46.073 3.01 2.9 
Mean 10.0 1.4418 39.385 4.90 38.610 2.66 2.6 

Std. Dev. 0.0 0.0814 8.305 0.86 9.549 0.54 0.5 

 

Specimen # %Strn @ 

Break 

% 

Energy to 

Break 

N*mm 

Yield Load 

N 

Modulus 

MPa 

Breaking 

Factor 

N/mm 

  

1 5.9 63.17 30.111 108.16 3.01   

2 4.0 55.95 **** 163.95 4.19   

3  8.2 93.11 32.859 76.31 3.29   

4 5.7 91.26 46.135 135.70 4.61   
Mean 5.2 70.13 38.123 135.94 3.94   

Std. Dev. 1.1 18.66 11.331 27.89 0.83   

 
Specimen Comments: 

Specimen # Comments 

1  

2  

3 Good break, but there was no 5% SPC rod so saw a large difference in strength and modulous. Must remove 

4  

 
Calculation Inputs: 

Name Value Units 

Gage Length 1 50.0 mm 

 
Test Inputs: 

Name Value Units 

Brk Sensitivity 75 % 

Initial Speed 5.00 mm/min 

Load Limit HI 250 lbf 

Secondary Speed 5.00 mm/min 
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8/19/2013 
 

Sample ID: Egbe 8-19-13-30% Glycerol 30% SPC rods-Used 6g Glycerol 0.5g H20 20g SPC uncondition-Created 8-13-13 250lb load 

cell-8-19-2013.mss  Test Date: 8/19/2013 
Method: ASTM_D882-Plas_Films-Egbe-7-2-13.msm Operator: Grad 

 

 
Sample Information:  

Name Value 

Client or Class Egbe 8-19-13 

Date of Test 8-19-2013 

Grip Pressure 60 psi 

Jaw Face Size 1 x 3" 

Lab Conditions 70F, 65% RH 

Sample Info 1 30% Glycerol 30% SPC rods 

Sample Info 2 Used 6g Glycerol 0.5g H20 20g SPC 
uncondition 

Specimen Shape Dogbone 

Test Direction Created 8-13-13 250lb load cell 

 
Specimen Results: 

Specimen # Width 

mm 

Thickness 

mm 

Peak Load 

N 

%Strn @ Pk 

Ld 
% 

Break Load 

N 

Break Stress 

MPa 

Elong @ 

Break 
mm 

1 10.0 1.4196 31.648 17.45 31.648 2.23 8.7 

2 10.0 1.4925 32.463 12.08 32.463 2.18 6.0 

3 10.0 1.4637 35.604 20.51 35.604 2.43 10.3 

4 10.0 1.4579 34.088 19.65 34.088 2.34 9.8 
Mean 10.0 1.4584 33.451 17.42 33.451 2.29 8.7 

Std. Dev. 0.0 0.0300 1.758 3.79 1.758 0.11 1.9 

 

Specimen # %Strn @ 

Break 

% 

Energy to 

Break 

N*mm 

Yield Load 

N 

Modulus 

MPa 

Breaking 

Factor 

N/mm 

  

1 17.4 201.92 **** 60.86 3.16   

2 12.1 138.06 **** 67.31 3.25   

3 20.5 269.23 **** 59.07 3.56   

4 19.6 247.86 **** 61.43 3.41   
Mean 17.4 214.27 **** 62.17 3.35   

Std. Dev. 3.8 58.05 **** 3.57 0.18   

 
Specimen Comments: 

Specimen # Comments 

1 Used 2.62 grams of 30SPC rods to make 30SPC/30SPC composite films.   

2  

3  

4  

 
Calculation Inputs: 

Name Value Units 

Gage Length 1 50.0 mm 

 
Test Inputs: 

Name Value Units 

Brk Sensitivity 75 % 

Initial Speed 5.00 mm/min 

Load Limit HI 250 lbf 

Secondary Speed 5.00 mm/min 
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8/19/2013 
 

Sample ID: Egbe 8-19-13-5% Glycerol 5% SPCrods-Used 1g Glycerol 8g H20 20g SPC uncondition-Created 8-15-13 250lb load cell-8-

19-2013.mss  Test Date: 8/19/2013 
Method: ASTM_D882-Plas_Films-Egbe-7-2-13.msm Operator: Grad 

 

 
Sample Information:  

Name Value 

Client or Class Egbe 8-19-13 

Date of Test 8-19-2013 

Grip Pressure 60 psi 

Jaw Face Size 1 x 3" 

Lab Conditions 70F, 65% RH 

Sample Info 1 5% Glycerol 5% SPCrods 

Sample Info 2 Used 1g Glycerol 8g H20 20g SPC 
uncondition 

Specimen Shape Dogbone 

Test Direction Created 8-15-13 250lb load cell 

 
Specimen Results: 

Specimen # Width 

mm 

Thickness 

mm 

Peak Load 

N 

%Strn @ Pk 

Ld 
% 

Break Load 

N 

Break Stress 

MPa 

Elong @ 

Break 
mm 

1 10.0 1.1848 76.520 2.36 76.520 6.46 1.2 

2 10.0 0.9654 87.003 3.63 87.003 9.01 1.8 

3 10.0 0.8666 56.163 1.90 56.163 6.48 0.9 

4 10.0 1.0913 71.300 2.86 71.300 6.53 1.4 
Mean 10.0 1.0270 72.747 2.69 72.747 7.12 1.3 

Std. Dev. 0.0 0.1397 12.840 0.74 12.840 1.26 0.4 

 

Specimen # %Strn @ 

Break 

% 

Energy to 

Break 

N*mm 

Yield Load 

N 

Modulus 

MPa 

Breaking 

Factor 

N/mm 

  

1 2.4 57.12 **** 513.79 7.65   

2 3.6 106.48 **** 528.68 8.70   

3 1.9 30.36 **** 461.16 5.62   

4 2.9 64.39 **** 381.94 7.13   
Mean 2.7 64.59 **** 471.40 7.27   
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Std. Dev. 0.7 31.53 **** 66.30 1.28   

 
Specimen Comments: 

Specimen # Comments 

1 Used 2.51 grams of 5% good SPC roods 4mm in width.  The 

rods began to melt with the film. Need to try 1%glycerol 5% CNC 
rods instead.  Heat pressed at 248F at 20,000lbF for 40 min.  

All samples were conditioned from Friday 8/16/13 5pm till time of testing.  Need to retest plain sheet of 5% 

glycerol to see if get a  
Modulous close to 6 GPa under current temperature and RH at the college of Textiles.   

2  

3  

4  

 
Calculation Inputs: 

Name Value Units 

Gage Length 1 50.0 mm 

 
Test Inputs: 

Name Value Units 

Brk Sensitivity 75 % 

Initial Speed 5.00 mm/min 

Load Limit HI 250 lbf 

Secondary Speed 5.00 mm/min 

 

 

 

8/19/2013 
 

Sample ID: Egbe 8-19-13-5% Glycerol 30% SPCrods-Used 1g Glycerol 8g H20 20g SPC uncondition-Created 8-15-13 250lb load cell-8-

19-2013.mss  Test Date: 8/19/2013 

Method: ASTM_D882-Plas_Films-Egbe-7-2-13.msm Operator: Grad 
 

 
Sample Information:  

Name Value 

Client or Class Egbe 8-19-13 

Date of Test 8-19-2013 

Grip Pressure 60 psi 

Jaw Face Size 1 x 3" 

Lab Conditions 70F, 65% RH 
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Sample Info 1 5% Glycerol 30% SPCrods 

Sample Info 2 Used 1g Glycerol 8g H20 20g SPC 

uncondition 

Specimen Shape Dogbone 

Test Direction Created 8-15-13 250lb load cell 

 
Specimen Results: 

Specimen # Width 

mm 

Thickness 

mm 

Peak Load 

N 

%Strn @ Pk 

Ld 

% 

Break Load 

N 

Break Stress 

MPa 

Elong @ 

Break 

mm 

1 10.0 0.9354 60.824 5.45 **** **** **** 

2  10.0 1.0168 125.757 4.02 125.757 12.37 2.0 

3 10.0 0.9213 93.908 4.68 93.908 10.19 2.3 
Mean 10.0 0.9284 77.366 5.06 93.908 10.19 2.3 

Std. Dev. 0.0 0.0100 23.394 0.54 **** **** **** 

 

Specimen # %Strn @ 

Break 
% 

Energy to 

Break 
N*mm 

Yield Load 

N 

Modulus 

MPa 

Breaking 

Factor 
N/mm 

  

1 **** **** **** 396.89 6.08   

2  4.0 172.80 **** 665.13 12.58   

3 4.7 155.58 **** 555.76 9.39   
Mean 4.7 155.58 **** 476.32 7.74   

Std. Dev. **** **** **** 112.34 2.34   

 
Specimen Comments: 

Specimen # Comments 

1  

2 Actual sample did not have a 30% SPC rod in the testing range  

so resulted in a higher strenght and modulous similar to normal 
5% glycerol film without 30% SPC rod.  Rod only located in grips. 

3  

 
Calculation Inputs: 

Name Value Units 

Gage Length 1 50.0 mm 

 
Test Inputs: 

Name Value Units 

Brk Sensitivity 75 % 

Initial Speed 5.00 mm/min 

Load Limit HI 250 lbf 

Secondary Speed 5.00 mm/min 
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9/26/2013 
 

Sample ID: Egbe 9-26-13-5%CNC1%glycerolRods 5% glycerol Matrix-Used 1g Glycerol 8g H20-Created 9-23-13 250lb load cell-9-26-

2013.mss  Test Date: 9/26/2013 
Method: ASTM_D882-Plas_Films-Egbe-7-2-13.msm Operator: Grad 

 

 
Sample Information:  

Name Value 

Client or Class Egbe 9-26-13 

Date of Test 9-26-2013 

Grip Pressure 60 psi 

Jaw Face Size 1 x 3" 

Lab Conditions 70F, 65% RH 

Sample Info 1 5%CNC1%glycerolRods 5% 

glycerol Matrix 

Sample Info 2 Used 1g Glycerol 8g H20 

Specimen Shape Dogbone 

Test Direction Created 9-23-13 250lb load cell 

 
Specimen Results: 

Specimen # Width 

mm 

Thickness 

mm 

Peak Load 

N 

%Strn @ Pk 

Ld 
% 

Break Load 

N 

Break Stress 

MPa 

Elong @ 

Break 
mm 

1 10.0 0.9854 82.682 6.30 82.682 8.39 3.1 

2 10.0 1.0113 84.893 4.67 84.893 8.39 2.3 

3 10.0 0.9416 94.533 5.81 94.533 10.04 2.9 

4 10.0 1.0754 91.322 4.08 91.322 8.49 2.0 
Mean 10.0 1.0034 88.358 5.21 88.358 8.83 2.6 

Std. Dev. 0.0 0.0559 5.512 1.02 5.512 0.81 0.5 

 

Specimen # %Strn @ 

Break 

% 

Energy to 

Break 

N*mm 

Yield Load 

N 

Modulus 

MPa 

Breaking 

Factor 

N/mm 

  

1 6.3 195.72 **** 450.83 8.27   

2 4.7 142.47 **** 540.98 8.49   

3 5.8 202.47 **** 501.89 9.45   

4 4.1 128.25 91.322 496.92 9.13   
Mean 5.2 167.23 91.322 497.66 8.84   
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Std. Dev. 1.0 37.35 **** 36.92 0.55   

 
Specimen Comments: 

Specimen # Comments 

1 0.74g of 5%CNC 1% glycerol rods 

20g SPC uncondition 
1g glycerol 

8g H20   

created 9-23-13 
Heat pressed 5000lbf at 248F, for 41 min.   

2  

3  

4  

 
Calculation Inputs: 

Name Value Units 

Gage Length 1 50.0 mm 

 
Test Inputs: 

Name Value Units 

Brk Sensitivity 75 % 

Initial Speed 5.00 mm/min 

Load Limit HI 250 lbf 

Secondary Speed 5.00 mm/min 

 

 

 

9/26/2013 
 

Sample ID: Egbe 9-26-13-1%SPC rods 5% CNC Matrix at 5% Glycerol-Used 1g Glycerol 8g H20-Created 9-23-13 250lb load cell-9-26-

2013.mss  Test Date: 9/26/2013 

Method: ASTM_D882-Plas_Films-Egbe-7-2-13.msm Operator: Grad 
 

 
Sample Information:  

Name Value 

Client or Class Egbe 9-26-13 

Date of Test 9-26-2013 

Grip Pressure 60 psi 

Jaw Face Size 1 x 3" 

Lab Conditions 70F, 65% RH 
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Sample Info 1 1%SPC rods 5% CNC Matrix at 5% 

Glycerol 

Sample Info 2 Used 1g Glycerol 8g H20 

Specimen Shape Dogbone 

Test Direction Created 9-23-13 250lb load cell 

 
Specimen Results: 

Specimen # Width 

mm 

Thickness 

mm 

Peak Load 

N 

%Strn @ Pk 

Ld 

% 

Break Load 

N 

Break Stress 

MPa 

Elong @ 

Break 

mm 

1 10.0 0.9748 81.555 2.75 81.302 8.34 1.4 

2 10.0 1.0617 92.983 3.03 92.983 8.76 1.5 

3 10.0 1.0494 92.376 3.31 92.376 8.80 1.7 
Mean 10.0 1.0286 88.971 3.03 88.887 8.63 1.5 

Std. Dev. 0.0 0.0470 6.430 0.28 6.576 0.26 0.1 

 

Specimen # %Strn @ 

Break 

% 

Energy to 

Break 

N*mm 

Yield Load 

N 

Modulus 

MPa 

Breaking 

Factor 

N/mm 

  

1 2.8 73.14 **** 592.20 8.16   

2 3.0 91.38 **** 553.23 9.30   

3 3.3 96.66 92.376 467.28 9.24   
Mean 3.0 87.06 92.376 537.57 8.90   

Std. Dev. 0.3 12.34 **** 63.92 0.64   

 
Specimen Comments: 

Specimen # Comments 

1 Perfect break.  5%CNC Matrix at 5% Glyccerol 

1% SPC Rods. 

1.17g 1% SPC Rods.  5g of 20%CNC Batch freeze dry 
15g SPC Dry Unconditioned 1g glycerol 8g H20 

mixed 20 min. Heat Pressed 10000lbf at 248F for 41 min.   

created Monday 9-23-13.   

Placed in Lab to Condition 5pm Tuesday 9-24-13 

2  

3  

 
Calculation Inputs: 

Name Value Units 

Gage Length 1 50.0 mm 

 
Test Inputs: 

Name Value Units 

Brk Sensitivity 75 % 

Initial Speed 5.00 mm/min 

Load Limit HI 250 lbf 

Secondary Speed 5.00 mm/min 
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9/26/2013 
 

Sample ID: Egbe 9-26-13-30%SPC rods 5% CNC Matrix at 5% Glycerol-Used 1g Glycerol 8g H20-Created 9-23-13 250lb load cell-9-

26-2013.mss  Test Date: 9/26/2013 
Method: ASTM_D882-Plas_Films-Egbe-7-2-13.msm Operator: Grad 

 

 
Sample Information:  

Name Value 

Client or Class Egbe 9-26-13 

Date of Test 9-26-2013 

Grip Pressure 60 psi 

Jaw Face Size 1 x 3" 

Lab Conditions 70F, 65% RH 

Sample Info 1 30%SPC rods 5% CNC Matrix at 

5% Glycerol 

Sample Info 2 Used 1g Glycerol 8g H20 

Specimen Shape Dogbone 

Test Direction Created 9-23-13 250lb load cell 

 
Specimen Results: 

Specimen # Width 

mm 

Thickness 

mm 

Peak Load 

N 

%Strn @ Pk 

Ld 
% 

Break Load 

N 

Break Stress 

MPa 

Elong @ 

Break 
mm 

1 10.0 1.2906 68.373 2.55 68.373 5.30 1.3 

2 10.0 1.1899 65.723 2.55 65.723 5.52 1.3 

3 10.0 1.1172 54.943 2.36 54.943 4.92 1.2 

4 10.0 1.2516 75.171 4.00 75.171 6.01 2.0 
Mean 10.0 1.2123 66.053 2.86 66.053 5.44 1.4 

Std. Dev. 0.0 0.0758 8.407 0.76 8.407 0.45 0.4 

 

Specimen # %Strn @ 

Break 

% 

Energy to 

Break 

N*mm 

Yield Load 

N 

Modulus 

MPa 

Breaking 

Factor 

N/mm 

  

1 2.5 54.90 **** 388.73 6.84   

2 2.5 53.45 **** 438.65 6.57   

3 2.4 41.94 **** 453.99 5.49   

4 4.0 101.98 **** 311.60 7.52   
Mean 2.9 63.07 **** 398.25 6.61   
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Std. Dev. 0.8 26.58 **** 64.13 0.84   

 
Specimen Comments: 

Specimen # Comments 

1 Hardly any 30%SPC rods in any of the samples.   

Created using 5g of 20%CNC bulk batch. 15g SPC uncondition 
1g glycerol. 8g H20 Mixed 20min.  Heat Pressed 10,000lbf  

at 248F, for 40min.  using 2.489g of 30%SpC Rods as filler.   

 

2  

3  

4  

 
Calculation Inputs: 

Name Value Units 

Gage Length 1 50.0 mm 

 
Test Inputs: 

Name Value Units 

Brk Sensitivity 75 % 

Initial Speed 5.00 mm/min 

Load Limit HI 250 lbf 

Secondary Speed 5.00 mm/min 

 

 

 

7/17/2015 
 

Sample ID: Egbe 7-8-15-5% Glycerol-3g Kaolin 1% CNC-Created 7-8-15 250lb load cell-7-16-2013.mss  Test Date:
 7/17/2015 

Method: ASTM_D882-Plas_Films-Egbe-7-2-13.msm Operator: Grad 

 

 
Sample Information:  

Name Value 

Client or Class Egbe 7-8-15 

Date of Test 7-16-2013 

Grip Pressure 60 psi 

Jaw Face Size 1 x 3" 

Lab Conditions 70F, 65% RH 

Sample Info 1 5% Glycerol 
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Sample Info 2 3g Kaolin 1% CNC 

Specimen Shape Dogbone 

Test Direction Created 7-8-15 250lb load cell 

 
Specimen Results: 

Specimen # Width 
mm 

Thickness 
mm 

Peak Load 
N 

%Strn @ Pk 
Ld 

% 

Break Load 
N 

Break Stress 
MPa 

Elong @ 
Break 

mm 

1 10.0 0.6889 78.493 1.91 78.281 11.36 1.0 

2 10.0 0.5356 53.747 1.91 53.747 10.03 1.0 

3  10.0 0.3659 37.535 2.87 37.535 10.26 1.4 

4  10.0 0.5463 22.147 0.53 22.147 4.05 0.3 

Mean 10.0 0.6122 66.120 1.91 66.014 10.70 1.0 

Std. Dev. 0.0 0.1084 17.498 0.00 17.348 0.94 0.0 

 

Specimen # %Strn @ 

Break 

% 

Energy to 

Break 

N*mm 

Yield Load 

N 

Modulus 

MPa 

Breaking 

Factor 

N/mm 

  

1 1.9 48.85 24.026 1097.86 7.85   

2 1.9 34.38 15.568 1168.87 5.37   

3  2.9 28.29 **** 595.85 3.75   

4  0.5 2.84 **** 950.71 2.21   
Mean 1.9 41.62 19.797 1133.37 6.61   

Std. Dev. 0.0 10.23 5.981 50.21 1.75   

 
Specimen Comments: 

Specimen # Comments 

1  

2  

3 Had to test twice broke handle not a good specimen 

4 Broke at grips not a good sample 

 
Calculation Inputs: 

Name Value Units 

Gage Length 1 50.0 mm 

 
Test Inputs: 

Name Value Units 

Brk Sensitivity 75 % 

Initial Speed 5.00 mm/min 

Load Limit HI 250 lbf 

Secondary Speed 5.00 mm/min 

 



   

182 

 

 

 

7/17/2015 
 

Sample ID: Egbe 5-26-15-5% Glycerol-1.07% CNC-Created 6-9-15 250lb load cell-7-16-2013.mss  Test Date: 7/16/2015 

Method: ASTM_D882-Plas_Films-Egbe-7-2-13.msm Operator: Grad 
 

 
Sample Information:  

Name Value 

Client or Class Egbe 5-26-15 

Date of Test 7-16-2013 

Grip Pressure 60 psi 

Jaw Face Size 1 x 3" 

Lab Conditions 70F, 65% RH 

Sample Info 1 5% Glycerol 

Sample Info 2 1.07% CNC 

Specimen Shape Dogbone 

Test Direction Created 6-9-15 250lb load cell 

 
Specimen Results: 

Specimen # Width 
mm 

Thickness 
mm 

Peak Load 
N 

%Strn @ Pk 
Ld 

% 

Break Load 
N 

Break Stress 
MPa 

Elong @ 
Break 

mm 

1 10.0 0.7635 11.781 1.62 10.197 1.34 1.0 

2 10.0 0.6812 3.705 1.24 3.705 0.54 0.6 

3 10.0 0.7621 10.897 0.32 10.897 1.43 0.2 
Mean 10.0 0.7356 8.795 1.06 8.267 1.10 0.6 

Std. Dev. 0.0 0.0471 4.429 0.67 3.966 0.49 0.4 

 

Specimen # %Strn @ 

Break 
% 

Energy to 

Break 
N*mm 

Yield Load 

N 

Modulus 

MPa 

Breaking 

Factor 
N/mm 

  

1 1.9 4.55 11.781 258.70 1.18   

2 1.2 0.81 3.705 119.40 0.37   

3 0.3 0.86 10.897 688.90 1.09   
Mean 1.2 2.07 8.795 355.67 0.88   

Std. Dev. 0.8 2.15 4.429 296.87 0.44   

 
Specimen Comments: 
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Specimen # Comments 

1  

2  

3 Cracked before test when grips clamped on it 

 
Calculation Inputs: 

Name Value Units 

Gage Length 1 50.0 mm 

 
Test Inputs: 

Name Value Units 

Brk Sensitivity 75 % 

Initial Speed 5.00 mm/min 

Load Limit HI 250 lbf 

Secondary Speed 5.00 mm/min 

 

 

 

7/17/2015 
 

Sample ID: Egbe 5-18-15-33% Glycerol-Control 0.5% CNC-Created 5-18-15 250lb load cell-7-16-2013.mss  Test Date:

 7/17/2015 
Method: ASTM_D882-Plas_Films-Egbe-7-2-13.msm Operator: Grad 

 

 
Sample Information:  

Name Value 

Client or Class Egbe 5-18-15 

Date of Test 7-16-2013 

Grip Pressure 60 psi 

Jaw Face Size 1 x 3" 

Lab Conditions 70F, 65% RH 

Sample Info 1 33% Glycerol 

Sample Info 2 Control 0.5% CNC 

Specimen Shape Dogbone 

Test Direction Created 5-18-15 250lb load cell 

 
Specimen Results: 

Specimen # Width 

mm 

Thickness 

mm 

Peak Load 

N 

%Strn @ Pk 

Ld 

Break Load 

N 

Break Stress 

MPa 

Elong @ 

Break 
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% mm 

1 10.0 0.6949 19.435 8.16 19.370 2.79 4.2 

2 10.0 0.6861 19.215 8.16 19.136 2.79 4.1 

3 10.0 0.8548 25.054 10.94 24.988 2.92 5.6 

4 10.0 0.6781 21.163 9.31 21.034 3.10 4.9 
Mean 10.0 0.7285 21.217 9.14 21.132 2.90 4.7 

Std. Dev. 0.0 0.0845 2.703 1.32 2.706 0.15 0.7 

 

Specimen # %Strn @ 

Break 

% 

Energy to 

Break 

N*mm 

Yield Load 

N 

Modulus 

MPa 

Breaking 

Factor 

N/mm 

  

1 8.4 60.75 19.435 124.37 1.94   

2 8.3 58.08 19.215 132.21 1.92   

3 11.2 108.98 25.054 113.75 2.51   

4 9.7 77.18 21.163 119.83 2.12   
Mean 9.4 76.25 21.217 122.54 2.12   

Std. Dev. 1.4 23.40 2.703 7.78 0.27   

 
Specimen Comments: 

Specimen # Comments 

1  

2  

3  

4  

 
Calculation Inputs: 

Name Value Units 

Gage Length 1 50.0 mm 

 
Test Inputs: 

Name Value Units 

Brk Sensitivity 75 % 

Initial Speed 5.00 mm/min 

Load Limit HI 250 lbf 

Secondary Speed 5.00 mm/min 
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7/17/2015 
 

Sample ID: Egbe 5-26-15-33% Glycerol-3g Kaolin 1.07% CNC-Created 5-26-15 250lb load cell-7-16-2013.mss  Test Date:

 7/16/2015 
Method: ASTM_D882-Plas_Films-Egbe-7-2-13.msm Operator: Grad 

 

 
Sample Information:  

Name Value 

Client or Class Egbe 5-26-15 

Date of Test 7-16-2013 

Grip Pressure 60 psi 

Jaw Face Size 1 x 3" 

Lab Conditions 70F, 65% RH 

Sample Info 1 33% Glycerol 

Sample Info 2 3g Kaolin 1.07% CNC 

Specimen Shape Dogbone 

Test Direction Created 5-26-15 250lb load cell 

 
Specimen Results: 

Specimen # Width 

mm 

Thickness 

mm 

Peak Load 

N 

%Strn @ Pk 

Ld 

% 

Break Load 

N 

Break Stress 

MPa 

Elong @ 

Break 

mm 

1  10.0 0.7592 14.059 2.30 13.415 1.77 1.2 

2 10.0 0.8108 25.249 2.21 25.249 3.11 1.1 

3  10.0 0.8847 29.464 1.92 29.326 3.31 1.0 

4 10.0 0.9549 22.007 1.24 21.413 2.24 0.6 
Mean 10.0 0.8828 23.628 1.72 23.331 2.68 0.9 

Std. Dev. 0.0 0.1019 2.292 0.68 2.713 0.62 0.3 

 

Specimen # %Strn @ 

Break 

% 

Energy to 

Break 

N*mm 

Yield Load 

N 

Modulus 

MPa 

Breaking 

Factor 

N/mm 

  

1  2.5 11.25 14.059 173.30 1.41   

2 2.2 15.44 13.663 270.52 2.52   

3  1.9 12.94 15.473 309.87 2.95   

4 1.3 5.58 14.681 341.53 2.20   
Mean 1.7 10.51 14.172 306.03 2.36   

Std. Dev. 0.7 6.97 0.720 50.21 0.23   

 
Specimen Comments: 

Specimen # Comments 

1 Speciman 1 and 2 had inital cracks in them 

2  

3 The only test sample that came out right all others broke at edge 

4  

 
Calculation Inputs: 

Name Value Units 

Gage Length 1 50.0 mm 

 
Test Inputs: 

Name Value Units 

Brk Sensitivity 75 % 

Initial Speed 5.00 mm/min 

Load Limit HI 250 lbf 

Secondary Speed 5.00 mm/min 
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7/17/2015 
 

Sample ID: Egbe 7-8-15-5% Glycerol-3g Kaolin 1% NFLC-Created 7-8-15 250lb load cell-7-16-2013.mss  Test Date:

 7/17/2015 
Method: ASTM_D882-Plas_Films-Egbe-7-2-13.msm Operator: Grad 

 

 
Sample Information:  

Name Value 

Client or Class Egbe 7-8-15 

Date of Test 7-16-2013 

Grip Pressure 60 psi 

Jaw Face Size 1 x 3" 

Lab Conditions 70F, 65% RH 

Sample Info 1 5% Glycerol 

Sample Info 2 3g Kaolin 1% NFLC 

Specimen Shape Dogbone 

Test Direction Created 7-8-15 250lb load cell 

 
Specimen Results: 

Specimen # Width 

mm 

Thickness 

mm 

Peak Load 

N 

%Strn @ Pk 

Ld 

% 

Break Load 

N 

Break Stress 

MPa 

Elong @ 

Break 

mm 

1  10.0 0.3749 19.089 3.64 18.874 5.03 2.1 

2 10.0 0.2893 18.982 8.74 18.956 6.55 4.4 

3 10.0 0.3691 22.116 6.24 22.017 5.96 3.1 

4 10.0 0.3952 21.878 7.77 21.856 5.53 3.9 

5 10.0 0.3760 23.234 7.29 23.234 6.18 3.6 

6 10.0 0.3901 23.302 8.16 23.302 5.97 4.1 

7 10.0 0.3722 15.329 7.29 15.275 4.10 3.7 
Mean 10.0 0.3653 20.807 7.58 20.773 5.72 3.8 

Std. Dev. 0.0 0.0386 3.109 0.86 3.121 0.86 0.4 

 

Specimen # %Strn @ 
Break 

% 

Energy to 
Break 

N*mm 

Yield Load 
N 

Modulus 
MPa 

Breaking 
Factor 

N/mm 

  

1  4.1 28.98 19.089 405.22 1.91   

2 8.8 65.52 5.182 444.57 1.90   

3 6.3 48.21 6.998 298.46 2.21   

4 7.9 66.49 6.526 367.30 2.19   

5 7.3 63.54 6.469 362.64 2.32   
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6 8.2 73.26 6.785 384.89 2.33   

7 7.3 41.48 4.617 222.14 1.53   
Mean 7.6 59.75 6.096 346.67 2.08   

Std. Dev. 0.9 12.18 0.963 76.89 0.31   

 
Specimen Comments: 

Specimen # Comments 

1 Didn't break in middle 

2  

3  

4  

5 The best only one to break in the middle 

6  

7  

 
Calculation Inputs: 

Name Value Units 

Gage Length 1 50.0 mm 

 
Test Inputs: 

Name Value Units 

Brk Sensitivity 75 % 

Initial Speed 5.00 mm/min 

Load Limit HI 250 lbf 

Secondary Speed 5.00 mm/min 

 

 

 

7/17/2015 
 

Sample ID: Egbe 7-11-15-5% Glycerol-3g Kaolin 5% NFLC-Created 7-11-15 250lb load cell-7-16-2013.mss  Test Date:

 7/17/2015 
Method: ASTM_D882-Plas_Films-Egbe-7-2-13.msm Operator: Grad 

 

 
Sample Information:  

Name Value 

Client or Class Egbe 7-11-15 

Date of Test 7-16-2013 

Grip Pressure 60 psi 
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Jaw Face Size 1 x 3" 

Lab Conditions 70F, 65% RH 

Sample Info 1 5% Glycerol 

Sample Info 2 3g Kaolin 5% NFLC 

Specimen Shape Dogbone 

Test Direction Created 7-11-15 250lb load cell 

 
Specimen Results: 

Specimen # Width 

mm 

Thickness 

mm 

Peak Load 

N 

%Strn @ Pk 

Ld 
% 

Break Load 

N 

Break Stress 

MPa 

Elong @ 

Break 
mm 

1 10.0 0.4632 101.008 4.61 100.694 21.74 2.3 

2 10.0 0.4622 84.121 3.94 84.121 18.20 2.0 

3 10.0 0.4994 90.883 5.07 90.862 18.19 2.5 

4  10.0 0.5531 106.096 4.61 105.697 19.11 2.3 

5  10.0 0.4885 70.341 2.19 70.341 14.40 1.1 

6 10.0 0.5404 82.512 1.72 82.512 15.27 0.9 

7 10.0 0.4547 83.860 5.07 83.549 18.37 2.6 

8 10.0 0.4623 79.816 2.47 79.816 17.26 1.2 
Mean 10.0 0.4804 87.033 3.81 86.926 18.17 1.9 

Std. Dev. 0.0 0.0334 7.761 1.41 7.673 2.10 0.7 

 

Specimen # %Strn @ 
Break 

% 

Energy to 
Break 

N*mm 

Yield Load 
N 

Modulus 
MPa 

Breaking 
Factor 

N/mm 

  

1 4.6 160.49 33.814 1427.17 10.10   

2 3.9 104.80 84.121 1179.25 8.41   

3 5.1 163.65 29.940 1173.87 9.09   

4  4.6 173.88 35.653 1333.58 10.61   

5  2.2 45.12 29.279 1157.51 7.03   

6 1.7 45.15 25.343 1582.63 8.25   

7 5.1 141.87 31.067 1036.43 8.39   

8 2.5 56.58 34.049 1297.40 7.98   
Mean 3.8 112.09 39.722 1282.79 8.70   

Std. Dev. 1.4 51.97 21.981 197.10 0.78   

 
Specimen Comments: 

Specimen # Comments 

1  

2  

3  

4 Practice half of end was cut off 

5 broke at grips 

6  

7  

8  

 
Calculation Inputs: 

Name Value Units 

Gage Length 1 50.0 mm 

 
Test Inputs: 

Name Value Units 

Brk Sensitivity 75 % 

Initial Speed 5.00 mm/min 

Load Limit HI 250 lbf 

Secondary Speed 5.00 mm/min 
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