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A biodegradable alternative to synthetic plastics was explored in this study through the extrusion 

of a soy-based protein/fiber composite film. 

Two fractions of fibers with different size distributions (nano- to micro-) were isolated from soy 

pods and stems using a chemi-mechanical method. Fibers through successive treatments were 

characterized via microscopy, x-ray diffraction, and Fourier Transform infrared analysis (FTIR).  

The continuous extrusion of homogenous SPI film (0.08 to 0.3 mm thick) was reported for the 

first time. Processing window was limited by protein sensitivity to moisture and heat. With the 

incorporation of extracted fibers, homogenous films were obtained with a concentration below 

0.5% w/w fiber/SPI. Increasing fiber content resulted in the formation of aggregates. At the 

optimal concentration of 0.25% w/w fiber/SPI, films exhibited mild improvements in mechanical 

performance most noticeable at a high RH (84%). Film properties with and without fiber addition 

were negatively affected by relative humidity. Titanium dioxide addition suggested mild coupling 

effects for SPI and fiber.  

Key words: extrusion, films, composite, protein films, thin films, biodegradable, bioplastic, 

biocomposite, nanocomposite, soy protein isolate, soy pods, soybean, glycerol, cellulose, 

cellulose fibers, microfibers, nanofibers, nano-cellulose, microfibrillated, titanium dioxide, 

nanoparticles, acid hydrolysis, homogenization. 



 
 

iii 
 

ACKNOWLEDGEMENTS 

 

My research would not have been realized without the immense support and patience of 

my supervisor, Dr. Loong-Tak Lim.  I am so deeply grateful and appreciative of the 

opportunities, advice and guidance he has so generously offered even extending beyond 

academic duties.  Thank you so much, Sir. I also would like to sincerely thank to my committee 

members, Dr. Shai Barbut, Dr. Massimo Marcone, and Dr. Amar Mohanty. I am very 

appreciative for all the valuable advice and support they have continuously given throughout the 

project. In addition, I must thank Dr. Sandy Smith, for her amazing kindness and expertise in 

SEM and TEM analysis; Fernanda Svaikauskas, for her immense help with WAXD analysis; and 

Xin Hu from GFTC, for actively aiding me through fixing the homogenizer.  

Special thanks to the Hannam Soy Foundation and to the Ontario Ministry of 

Agricultural, Food, and Rural Affairs (OMAFRA) for their essential financial support. Their 

continued financial backing has expanded many opportunities for this research and I am very 

grateful.   

I am also deeply grateful and appreciative for having the friendship and support of my 

wonderful colleagues: Yucheng Fu, Niya Wang, Xiuju Wang, Khalid Moomand, Suramya 

Minhindukulasuriya, Grace Wong, Ruyan Dai, and  Solmaz Alborzi. I am especially grateful to 

Ana Cristina Vega Lugo, Alex Jensen, and Edmund Co for helping me through many stressful 

situations in and out of school. Finally, I would like to express an infinite gratitude to all my 

friends (thank you Kevin O’Neil for editing), my family, my three mothers at home, and 

especially my best friend and love, Truc Tran, for their company, patient understanding, 

unconditional support, and encouragement throughout my life. Thank you everyone.  

  



 
 

iv 
 

TABLE OF CONTENTS 

 

Abstract ............................................................................................................................ii 

Acknowledgements .......................................................................................................iii 

Table of Contents .......................................................................................................... iv 

List of Tables ................................................................................................................ vii 

List of Figures.............................................................................................................. viii 

1.0 Introduction ............................................................................................................1 

2.0 Literature Review ...................................................................................................4 

2.1 Soy Protein .....................................................................................................4 

2.2 Soy Protein Extrusion.....................................................................................6 

2.3 Cellulose Fibers............................................................................................10 

2.4 Cellulose Fiber Extraction ............................................................................13 

2.5 Biocomposite Films ......................................................................................16 

3.0 Justification and Objectives...............................................................................18 

4.0 Part I: Extrusion of Soy Protein Isolate Film ....................................................20 

4.1 Introduction...................................................................................................20 

4.2 Materials .......................................................................................................20 

4.3 Methods ........................................................................................................21 

4.3.1 Sample Preparation..........................................................................21 

4.3.2 Compounding and Extrusion ............................................................21 

4.3.3 Film Conditioning ..............................................................................24 

4.3.4 Mechanical Properties ......................................................................24 

4.3.5 Water Vapour Permeability ..............................................................25 

4.3.6 Oxygen Permeability ........................................................................25 

4.3.7 Microstructure Analysis ....................................................................26 

4.3.8 Fourier Transform Infrared (FTIR) Analysis .....................................26 



v 
 

4.3.9 Statistical Analysis............................................................................26 

4.4 Results and Discussion................................................................................27 

4.4.1 SPI Extrusion Observations .............................................................27 

4.4.2 Microstructure Analysis ....................................................................34 

4.4.3 Mechanical Properties ......................................................................37 

4.4.4 Barrier Properties .............................................................................40 

4.4.5 FTIR Analysis ...................................................................................43 

4.4.6 Conclusion ........................................................................................45 

5.0 Part II: Cellulose Extraction From Soy Pods and Stems ................................46 

5.1 Introduction...................................................................................................46 

5.2 Materials .......................................................................................................46 

5.3 Methods ........................................................................................................47 

5.3.1 Cellulose Extraction..........................................................................47 

5.3.2 Morphological Analysis.....................................................................49 

5.3.3 Wide Angle X-Ray Diffraction (WAXD) Analysis .............................50 

5.3.4 FTIR Analysis ...................................................................................50 

5.4 Results and Discussion................................................................................50 

5.4.1 Visual Observations..........................................................................50 

5.4.2 Morphological Analysis.....................................................................52 

5.4.3 FTIR Analysis ...................................................................................58 

5.4.4 WAXD Analysis ................................................................................60 

5.4.5 Conclusion ........................................................................................62 

6.0 Part III: Extrusion of SPI Films Incorporated with Extracted Soy Fibers......64 

6.1 Introduction...................................................................................................64 

6.2 Materials .......................................................................................................64 

6.3 Methods ........................................................................................................65 

6.3.1 Sample Preparations ........................................................................65 

6.3.2 Compounding and Extrusion ............................................................66 

6.3.3 Film Conditioning ..............................................................................67 



vi 
 

6.3.4 Mechanical Properties ......................................................................67 

6.3.5 Microstructure Analysis ....................................................................67 

6.3.6 FTIR Analysis ...................................................................................67 

6.3.7 WAXD Analysis ................................................................................67 

6.3.8 Statistical Analysis............................................................................68 

6.4 Results and Discussion................................................................................68 

6.4.1 Extrusion Observations ....................................................................68 

6.4.2 Morphology and Structure ................................................................71 

6.4.3 Mechanical Properties ......................................................................74 

6.4.4 FTIR Analysis ...................................................................................80 

6.4.5 WAXD Analysis ................................................................................84 

6.5 Conclusions ..................................................................................................87 

7.0 Exploratory Work with TiO2 Nanoparticles and SPI/Fiber Blend Films ........89 

7.1 Introduction...................................................................................................89 

7.2 Materials  .......................................................................................................89 

7.3 Methods ........................................................................................................90 

7.3.1 Sample Preparation..........................................................................90 

7.3.2 Compounding and Extrusion ............................................................91 

7.3.3 Optical Microscopy Analysis ............................................................91 

7.3.4 Mechanical Properties ......................................................................91 

7.3.5 Statistical Analysis............................................................................91 

7.4 Results and Discussion................................................................................92 

7.4.1 Preliminary Experiments with TiO2/SPI Blend Film .........................92 

7.4.2 Microscopy of TiO2/cellulose/SPI blend film ....................................99 

7.4.3 Mechanical Properties of TiO2/Cellulose/SPI blend film ................101 

7.4.4 Conclusion ......................................................................................106 

8.0 Conclusions and Recommendations ..............................................................107 

9.0 References..........................................................................................................112 

 



vii 
 

LIST OF TABLES 

 

Table 2.1: Comparison of crystalline cellulose to several reinforcement materials ......... 10 

Table 2.2: Summary of cellulose particle type characteristics adapted from Moon et 
al. (2011). WF(Wood Fiber), PF (plant fibers), MCC (microcrystalline 
cellulose), MFC (microfibrillated cellulose), NFC (nanofibrillated cellulose), 
CNC (cellulose nanocrystals).......................................................................... 13 

Table 4.1: General film characteristics in relation to processing parameters for soy 
protein film extrusion at the fixed ratio of 100 parts SPI, 50 parts glycerol, 
and 70 parts water. ......................................................................................... 29 

Table 4.2: Processing variables used for extrusion of SPI film for analysis .................... 33 

Table 4.3: Extruded SPI film thickness compared to extruded protein film thicknesses 
from literature .................................................................................................. 33 

Table 4.4: Tensile properties of SPI films with respect to relative humidity..................... 38 

Table 4.5: Water vapor permeability results obtained from SPI films at various relative 
humidity ........................................................................................................... 41 

Table 4.6: Oxygen Permeability of extruded SPI films with varying relative humidity.  .... 42 

Table 6.1: Mechanical properties of SPI/cellulose extruded films with respect to fiber 
content and relative humidity .......................................................................... 75 

Table 7.1: Mechanical Strength of TiO2 /SPI blend films with two different types of 
TiO2 obtained in the machine direction ........................................................... 95 

Table 7.2: Mechanical properties of SPI films with cellulose and TiO2 additives .......... 102 

 

  



viii 
 

LIST OF FIGURES 

 

Figure 2.1: a) Repeating unit of cellulose structure b) Microfibril with crystalline and 
disordered regions c) Cellulose nanocrystals extracted from microfibrils 
(Adapted from Moon et al. 2011)................................................................... 12 

Figure 4.1: a) Extruder with chill roller and take up roller b) lip die c) strand die............. 22 

Figure 4.2: a) Schematic of extruder outlining 4 heating zones. b) The extruding 
screw with relative heating zones shown. Two recirculating units are 
highlighted. c) Close up view of second recirculating unit.  ........................... 23 

Figure 4.3: Change in SPI morphology throughout the process of extrusion .................. 27 

Figure 4.4: Mixing (a, c) and compounding (b, d) of soy protein behavior between 
low (a, b) and high (c,d) molecular weight samples...................................... 28 

Figure 4.5: Film with rough texture caused by insufficient heating (<120°C) unable to 
fully melt proteins. a) Surface fracture from hardened film. b)  Surface 
roughness from inadequate melting of proteins............................................ 31 

Figure 4.6: Disruption of film extrudate through the presence of bubbles. a) Caused 
by rapid evaporation of water. b) Caused by introduction of trapped air 
from feed starve. ............................................................................................ 32 

Figure 4.7: Smooth film achieved by optimal process parameters .................................. 33 

Figure 4.8: SEM micrographs of cross section (top row) and surface (bottom row) 
with changing relative humidity. .................................................................... 36 

Figure 4.9: Tensile strength of SPI film in both machine and transverse directions at 
RH of 11%, 23%, 43%, 58% and 84% .......................................................... 38 

Figure 4.10: Elongation at break for SPI film in both machine and transverse 
directions tested at RH of 11%, 23%, 43%, 58% and 84% .......................... 39 

Figure 4.11: Modulus of elasticity or SPI film in both machine and transverse 
directions at RH of 11%, 23%, 43%, 58% and 84% ..................................... 39 

Figure 4.12: WVP of SPI films at different RH of 11%, 23%, 43%, 58%, 75% and 
84% ................................................................................................................ 41 

Figure 4.13: Oxygen Permeability of SPI films with varying relative humidity ................. 42 

Figure 4.14: ATR-FTIR analysis of SPI films with varying relative humidity .................... 44 

Figure 5.1: Overall steps of cellulose extraction from soy pods and stems with 
macroscopic transformation of soy cellulose. ............................................... 48 

file:///C:/Users/Odie/Desktop/THESIS%20-%20ROC%20CHAN%20-%20FINAL%20-%20sept%203%20-%204.docx%23_Toc334489507
file:///C:/Users/Odie/Desktop/THESIS%20-%20ROC%20CHAN%20-%20FINAL%20-%20sept%203%20-%204.docx%23_Toc334489508
file:///C:/Users/Odie/Desktop/THESIS%20-%20ROC%20CHAN%20-%20FINAL%20-%20sept%203%20-%204.docx%23_Toc334489508
file:///C:/Users/Odie/Desktop/THESIS%20-%20ROC%20CHAN%20-%20FINAL%20-%20sept%203%20-%204.docx%23_Toc334489512
file:///C:/Users/Odie/Desktop/THESIS%20-%20ROC%20CHAN%20-%20FINAL%20-%20sept%203%20-%204.docx%23_Toc334489512


ix 
 

Figure 5.2: Light optical microscopy images of SMF suspensions at low (a) and high 
(b) magnification. ........................................................................................... 53 

Figure 5.3: SEM micrographs of cellulose fibers through the different stages of the 
extraction process.  Both columns were obtained from the same 
specimen at different magnifications levels. ................................................. 55 

Figure 5.4: TEM micrographs of SMF suspensions. All three images are 
representative of a given sample of fiber suspension. Nanofibrils (a) 
form larger nano-sized bundles (b) which bundle further to create micro 
sized bundles of fiber (c). .............................................................................. 56 

Figure 5.5: a) SEM and b) TEM micrographs of soy nanofibers released after acid 
hydrolysis. SEM micrograph was obtained from freeze dried fiber 
suspension. .................................................................................................... 57 

Figure 5.6: Size distribution of SNF suspensions obtained from TEM images. .............. 58 

Figure 5.7: FTIR spectra of fibers obtained after specific steps of the extraction 
process........................................................................................................... 60 

Figure 5.8: Wide angle x-ray diffraction pattern of fibers obtained after specific 
stages through the extraction process. ......................................................... 62 

Figure 6.1: Overview of the methodology used to extrude SPI/cellulose blend films. 
The effect of cellulose addition is shown through the viscosity of the 
initial premixed fiber/glycerol/water suspension............................................ 66 

Figure 6.2: Presence of cellulose rich agglomerates observed throughout the 
process of extrusion. a) Aggregate formed inside the extruder barrel 
wrapping around screw. b) Clumps seen through strand formation after 
compounding. c) Aggregated fragments embedded in SPII/cellulose 
blend films at high fiber loadings. .................................................................. 69 

Figure 6.3: Image of 1 inch wide specimens of SPI/cellulose blend films seen 
through a cross polarized light filter. Circled are clusters of aggregated 
cellulose fibers. .............................................................................................. 71 

Figure 6.4: Polarized light microscopy of cellulose/SPI blend films displaying 
homogeneity of dispersed fibers with increasing concentration from 
0.25%.  Circled are macroscopic aggregates formed by micrometer-
sized fibers found with fiber loading of 1% and greater  ................................ 72 

Figure 6.5: SEM micrographs of SPI/Cellulose blend films. ............................................ 74 

Figure 6.6: Tensile strength with respect to fiber content and relative humidity.............. 77 

Figure 6.7: Modulus of Elasticity with respect to fiber content and relative humidity ...... 78 

Figure 6.8: Elongation with respect to fiber content and relative humidity ...................... 79 



x 
 

Figure 6.9: FTIR spectra of SPI/Cellulose blend films and SPI control along with 
extracted SMF specimen. .............................................................................. 80 

Figure 6.10: Enlarged FTIR spectra of SPI/Cellulose blend film comparison focusing 
on the Amide I band....................................................................................... 82 

Figure 6.11: Enlarged FTIR spectra of SPI/Cellulose blend film comparison focusing 
on the Amide II band...................................................................................... 83 

Figure 6.12: Enlarged FTIR spectra of SPI/Cellulose blend film comparison focusing 
on the Amide III band. ................................................................................... 84 

Figure 6.13: WAXD spectra of SPI/cellulose blend films original SMF’s shown. No 
sample preparation was conducted for testing. ............................................ 86 

Figure 6.14: WAXD spectra of SPI/cellulose blend films obtained after cyro-crushing 
to form powdered samples. ........................................................................... 87 

Figure 7.1: SPI incorporated with TiO2 blend film as it exits the lip die showing a 
homogenous film formation indicating good compatibility ............................ 92 

Figure 7.2: Comparison between P25 and P90 SPI/TiO2 blend films with different 
loading capacities of 0.25%, 0.5%, and 1% (TiO2:SPI mass ratio) .............. 93 

Figure 7.3: Tensile Strength of TiO2/SPI blend films ........................................................ 96 

Figure 7.4: Modulus of Elasticity of TiO2/SPI blend films ................................................. 97 

Figure 7.5: Elongation at break of TiO2/SPI blend films ................................................... 98 

Figure 7.6: Cross polarized light microscopy of SPI blend films with cellulose and/or 
TiO2 additives............................................................................................... 100 

Figure 7.7: Tensile strength of SPI films blended with cellulose (F), TiO2 (Ti), and 
cellulose compatibilized with TiO2 (TiF) ...................................................... 103 

Figure 7.8: Elongation of SPI films blended with cellulose (F), TiO2 (Ti), and cellulose 
compatibilized with TiO2 (TiF)...................................................................... 104 

Figure 7.9: Modulus of elasticity of SPI films blended with cellulose (F), TiO2 (Ti), 
and cellulose compatibilized with TiO2 (TiF) ............................................... 105 

 

 

  



 
 

1 
 

1.0 INTRODUCTION 

The production of soybean is one of the largest in Canada with increasing demand in 

recent decades (Statistics Canada, Cereals and Oilseeds Review Series, Cat. No. 22-077). 

Soybeans are mainly harvested for their oil content with the rest of the plant being generated as 

waste.  The by-products include protein-rich domains from the soybean along with highly fibrous 

material from soy hulls, soy pods, and stems of the plant.   By developing alternative uses for 

these materials, the cost of disposal could be absolved while increasing economic benefits for 

the soy farmers and the related industry.  One area of research that may use these materials is 

with the production of green plastics.   

Green plastics development has regained momentum in recent years due to 

environmental and economic concerns with synthetic plastics.  Negative environmental impacts 

arise from the non-degradable nature of synthetic plastics. In 2010, up to 31 million tons of 

plastic waste was generated in the US with only 8% of it being recycled (Environmental 

Protection Agency 2012). The rest were disposed of in the landfills or incinerated, which further 

pollute the environment. Economically, the limited supply of fossil fuels would create a rise in 

cost of energy and petroleum based products favoring petroleum-rich nations. By redirecting 

petroleum resources to concentrate on energy production, manufacturing green plastics not only 

benefits the environment, but also positively impacts the national economy.  

Many studies utilizing soy to create a bio-based green plastic have been explored (Song 

et al. 2011; Verbeek and van den Berg 2010; Zhang and Mittal 2010). However, most of these 

studies use batch production techniques such as casting and compression molding which are 

inefficient for mass production.  Commercial viability of a soy based plastic would be better 

achieved by developing continuous production methods that could seamlessly integrate with 
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existing manufacturing technologies for synthetic plastics (Verbeek and van den Berg 2010). 

Extrusion is one such method that is currently well established in the plastics and food 

industries.  It has been widely implemented due to its ease of operation and efficiency.  

Extrusion of proteins has been commonly applied for food applications to create highly 

textured products for use as meat analogues.  The application towards packaging however has 

been much less prevalent.  Thermoplastic extrusion with the use of proteins is a relatively new 

concept with increasing interest due to the need for green products.  Keratin, whey, casein, 

wheat gluten, zein, and soy are some of the proteins that have been reported for thermoplastic 

production (Hernandez-Izquierdo and Krochta 2008; Verbeek and van den Berg 2010; Zhang 

and Mittal 2010). Although popular, very rarely is extrusion applied to directly form the final 

product. Extrusion is commonly an intermediate processing step to mix various ingredients prior 

to thermo mechanical processes such as injection or compression molding.  In terms of soy 

protein, Zhang et al. (2001) have been the only group known to successfully extrude soy protein 

isolate (SPI) directly into sheets.  However, only thick sheets of ~1.5 mm could be made, with 

details regarding the physical appearance unreported. Thin film extrusion using SPI has still not 

been explored. Hence, further understanding and optimization for extruding SPI thin films is 

needed for creating comparable products to synthetic counterparts. 

In addition to protein film extrusion, utilization of soy waste can be further increased by 

incorporating the fibrous stems and pods of the plant into SPI films.  The application of nano- to 

micro-scaled cellulose fibers has gained increasing awareness due to its low cost, high 

performance, and biodegradability (Antczak 2012; Eichhorn et al. 2009; Habibi et al. 2010; 

Janardhnan and Sain 2011; Kalia et al. 2011; Moon et al. 2011; Siró and Plackett 2010; 

Thiripura Sundari and Ramesh 2012). These characteristics are comparable to current high 

performing materials such as Kevlar, carbon nanotubes, steel, etc. (Moon et al. 2011). With the 

demand for sustainable materials increasing, nano-cellulose fibers are ideal for use as a natural 
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reinforcement material.  Research into material composites has increased the use of cellulose 

nanofibers in recent years (Hubbe et al. 2008; Kalia et al. 2011; Moon et al. 2011; Siró and 

Plackett 2010). Many focus on manufacturing bio-synthetic hybrids embedding cellulose in a 

synthetic matrix for the purpose of improving biodegradability.   However, few studies have 

explored the development of a completely sustainable material.  By combing cellulose-rich 

fractions of soy stems and pods within a soy protein matrix, an environmentally friendly high 

performance material could be made. This study explores this concept through the extrusion of 

a soy-based composite using soy protein isolate and extracted cellulose from soy pods and 

stems.  
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2.0 LITERATURE REVIEW 

2.1 SOY PROTEIN  

Soybeans have been widely popularized since the 1930’s as an agricultural cash crop 

due to their high oil and protein contents.  With around 30 to 40% of the natural soybean 

composed of protein, much attention has been focused on expanding potential uses for this 

natural biopolymer. The protein fraction of the soybean can be extracted in two forms known as 

a concentrate (70 - 80%) or an isolate (> 90%). Due to the protein fraction being the main 

potential for bioplastic production, much research has been focused on the isolate form 

(Hernandez-Izquierdo and Krochta 2008; Song et al. 2011; Zhang and Mittal 2010). 

Using protein as a natural polymer to replace petroleum plastics requires the 

reconfiguration of the natural protein structures. There are mainly four levels of structure that 

make up the protein macromolecules. The primary structure is the linear chain of sequenced 

amino acids.  The secondary structure is the first level of folding with amino acid chains bound 

by strong hydrogen bonds.  This folding creates patterned structures with the two most common 

forms known as α-helix and β-sheet (Fennema 1996). The tertiary structure involves linkages of 

the secondary structures by bonds between the side groups of the amino acids. Tertiary 

linkages involve hydrophobic interaction, disulfide bonds and hydrogen bonds (Fennema 1996). 

The folding of the tertiary structure typically favours hydrophobic regions to the interior while 

exposing hydrophilic regions to the surface (Fennema 1996). These larger folded molecules are 

then arranged to form the quaternary structure connected primarily by hydrogen bonds and 

hydrophobic interactions (Fennema 1996). 

In soy protein, the quaternary level is made of globulin subunits of differing molecular 

weights ranging from 200 to 600 kDa (Cho and Rhee 2004). These subunits can be fractionated 
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via centrifugation into four fractions known as 2S, 7S, 11S, and 15S.  The 7S and 11S fractions 

make up 37% and 31% respectively of the total extractable protein with molecular weights 

ranging from 180 to 360 kDa (Wolf and Cowan 1975). These molecular weights are a good 

indicator of the polymer length with higher chain lengths typically translating to better 

mechanical properties. Some synthetic plastics such as high density polyethylene (HDPE) have 

molecular weights ranging from 200 to 500 kDa, which are comparable to SPI, revealing the 

good potential of soy protein as a replacement of synthetic polymers in certain applications 

(Ralston 2008).  

To form SPI films, the protein structures of the native state would need to be denatured 

to reform new configurations via new linkages within the protein molecule. Denaturation of the 

protein can be induced by changes in pH, electrical force, mechanical force, or heat (Fennema 

1996). Changing pH conditions away from the isoelectric point (4.2 - 4.6 for SPI) can cause the 

protein to unfold and increase solubility. Casting leverages this phenomenon by evaporating 

solubilized SPI solution on a flat surface forming film. Mechanical forces like pressure and shear 

are known to break bonds and induce flow in an extruder which is important for increasing 

intermolecular entanglement (Verbeek and van den Berg 2010). Heat denaturation of protein 

typically occurs above a certain threshold temperature. For SPI, this is generally between 65 to 

70oC (Morgan 1989).  As the proteins unfold, sulfhydryl and hydrophobic groups are exposed 

and disulfide bonds are reformed, thereby forming new structural arrangements. With the use of 

heat, pressure, and shear, extrusion can greatly benefit the goal of denaturing SPI to reform into 

continuous films.   
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2.2 SOY PROTEIN EXTRUSION 

The current production of soy protein films are made via one of two techniques, wet or 

dry.  The wet technique is done by solution casting as previously mentioned. To elaborate, the 

protein is typically solubilized using large amounts of aqueous solvent and dehydrated on a flat 

surface. The solubility of the protein is enhanced by applying heat around 80
o
C under alkaline 

conditions. With elevated pH, SPI is known to form β-sheet structures through intermolecular 

hydrogen bonds during drying (Subirade et al. 1998). Alkaline casting also yields mechanically 

stronger performing films due to higher protein solubility.  Casting around neutral pH yields 

heterogeneous films with insolubilized protein particles causing uneven film matrices leading to 

weak mechanical properties (Cho et al. 2007; Gennadios et al. 1993). By contrast, dry 

techniques occur in the presence of a minimal amount of water and involve the use of thermal 

and mechanical energies to form films. Some of these thermo mechanical methods include 

compression molding or extrusion (Cuq et al. 1997; Liu and Kerry 2006; Pommet et al. 2005).  

Prior to 1998, studies have only focused on solution casting and compression molding due to 

the ease of production (Ralston 2008). However, these methods are time consuming batch 

processes that yield low throughput thereby eliminating opportunities for industrial scale-up. By 

using extrusion, processing of SPI would not only be more efficient but can easily integrate with 

existing manufacturing infrastructures for both food and packaging industries. 

Extrusion is a continuous process whereby raw materials, plasticized and conveyed by a 

screw, is pushed through a film-forming slit die. The process can involve feeding, heating, 

cooling, shearing, compressing, reacting, mixing, melting, homogenizing, and amorphousizing 

(converting crystalline polymer to amorphous configurations) (Hernandez-Izquierdo and Krochta 

2008). The extrusion of SPI into film can be similarly described by the extrusion cooking process 

whereby the extruder is divided into three main zones; feeding, kneading, and heating. These 
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zones are synonymous to feeding, transition, and metering for single screw polymer extrusion. 

Feeding is where raw materials are introduced into the barrel and slightly compressed with the 

expelling of air.  As the materials are conveyed to the kneading zone, screw flights are filled 

leading to higher compression that increases pressure, temperature, and material density. The 

heating zone is the final section before the melt exits the extruder. The highest temperatures, 

shear rates, and pressures are achieved in this zone yielding the final product characteristics 

(Hauck and Huber 1989). Process variables include screw speed, screw configuration, barrel 

temperatures, and die configuration. Response variables include product temperature, 

residence time, torque, specific mechanical energy input, and pressure at the die.  The typical 

target variables for film are mechanical, barrier, and color properties (Hernandez-Izquierdo and 

Krochta 2008). Since proteins are inherently hydrophilic, moisture content of film, which is 

dependent on relative humidity, is also an important variable.  

To allow for the extrusion of proteins, their viscoelastic behavior needs to be modified 

and controlled to facilitate material flow.  Within the extruder, this is dictated by thermal and 

mechanical denaturation whereby a balance between aggregation and de-aggregation needs to 

be controlled (Pommet et al. 2005; Redl et al. 2003; Redl et al. 1999b).  Insufficient heating 

would not unfold soy protein into melt deterring flow and chain alignment during extrusion.  

Excessive heating will cause premature aggregation from chemical cross-links, increasing melt 

viscosity and disrupting extrudate structure (Verbeek and van den Berg 2010). Increased 

network formations from heating are thought to be caused by an increase of polymer chain 

associations from hydrophobic interactions and the formation of disulfide bonds (Prudencio-

Ferreira and Areas 1993; Redl et al. 1999b; Rouilly et al. 2006; Toufeili et al. 2002). As such, 

temperatures must be controlled above glass transition (Tg) but below degradation temperature 

to allow unfolding and ease processing.  Morales and Kokini (1997) studied the glass transition 

of soy protein as a function of moisture content. They found the Tg of the 7S fraction ranged 
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from 114 to -67°C when the moisture content increased from 0 to 35%. The 11S fraction ranged 

from 160 to -17°C with moisture content between 0 and 40%. Processing temperatures ranging 

from 60°C to 180°C have been previously employed for soy protein extrusion (Prudencio-

Ferreira and Areas 1993; Zhang et al. 2001). 

During extrusion, high shear has shown to increase temperature and torque resulting in 

material degradation and excessive cross-linking (Otaigbe et al. 1999).  This is thought to be 

caused by a reduction in activation energy from shear facilitating the crosslinking reactions 

(Pommet et al. 2005; Redl et al. 2003).  As a result, the screw speed with torque and mass flow 

rate is closely associated to the success for protein film extrusion.  Screw speeds of 20 to 200 

rpm have been used for successful extrusion of soy protein films (Prudencio-Ferreira and Areas 

1993; Zhang et al. 2001). 

With ideal extruding parameters, the unfolded proteins could then re-orientate in the 

direction of flow and crosslinks could be achieved before the polymer melt exits the die to form 

film (Prudencio-Ferreira and Areas 1993; Redl et al. 1999b). The crosslinks formed however 

would increase Tg and thus would require the use of a plasticizer to impart flexibility in the 

resulting extruded materials.  Plasticizer molecules enable chain mobility by intermeshing within 

the protein matrix to disrupt forces holding chains together (Di Gioia and Guilbert 1999). 

Common plasticizers used for biopolymers include monosaccharides, oligosaccharides, polyols, 

lipids, and derivatives (Sothornvit and Krochta 2005). However, it seems that the use of glycerol 

with water has been the most widely studied  (Chao et al. 2010; Chen et al. 2008; Chen et al. 

2005; Chen and Zhang 2005; Cunningham et al. 2000; Hernandez-Izquierdo et al. 2008; 

Kokoszka et al. 2010; Pommet et al. 2003; Redl et al. 1999a; Su et al. 2010; Zhang et al. 2001). 

Water is a natural plasticizer and combined with glycerol, soy protein has been extruded with 

success (Prudencio-Ferreira and Areas 1993; Ralston and Osswald 2008; Zhang et al. 2001).  
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Ralston (2008) investigated the extrusion of SPI tubes with and without cellulose fibers 

through an annular die. With the base SPI formulation having moisture levels below 15%, 

bubble formation was prevalent yielding inacceptable shape and surface finish extrudates. 

However, by increasing the moisture concentration between 15 to 20%, successful tube 

extrusion was achieved.  The barrel temperatures from hopper to the die were 60, 70, 80, and 

95°C, and the screw speed was between 6 to 18 rpm. With the addition of fiber, a lubricant was 

needed to yield extrudate with similar qualities. No reports on performance were documented in 

Ralston’s studies.  

In terms of direct extrusion of soy protein into film form, only one study by Zhang et al. 

(2001) has ever reported close success. However, the study did not provide detail findings on 

the morphology of the films, i.e., whether there were surface disruptions or bubbling within the 

film. In their study, a mixture of SPI, water and glycerol was extruded at 120 to 160°C barrel 

temperatures and screw speeds ranging from 20 to 25 rpm, yielding sheets with thicknesses 

between 0.35 to 1.5 mm. Zhang et al. (2001) reported that the processability of SPI was heavily 

dictated by plasticizer content. At low concentrations of glycerol, processing was difficult 

resulting in brittle films. At glycerol concentrations between 20 to 30 parts by weight, coherent 

SPI films that were flexible were obtained. Further increase in the plasticizer concentration led 

to decreased mechanical strength. The plasticizing effect of water and glycerol are thought to 

improve chain mobility of the SPI films by decreasing the chain-chain interactions within the soy 

protein matrix, such as hydrogen bonding, dipole-dipole, charge-charge, and hydrophobic 

interactions.  
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2.3 CELLULOSE FIBERS 

Cellulose is one of the most abundant natural polymers found globally in many biological 

matters, including plants, marine creatures, algae, and bacteria. The continual demand for 

sustainable materials has promoted the expansion of its use throughout history.  Cellulosic 

matter has found their way through numerous engineering applications including textiles, food 

products, paper, etc. (Moon et al. 2011). The demand of future applications will rely on materials 

with greater performance in which traditional cellulosic materials cannot provide. Recent 

research has shown an increasing potential for applications of cellulose at the nano-scale. 

Cellulose nanoparticles have been reported to exhibit mechanical properties comparable to 

current high performing synthetics such as Kevlar, carbon fiber, steel, etc. (Table 2.1). By 

extracting the primary nano- building blocks of cellulosic matter, inherent weaknesses of the 

hierarchical structure are eliminated creating a higher performing material. 

 

Table 2.1: Comparison of crystalline cellulose to several reinforcement materials 

Material 
Density 
(g/cm3) 

Tensile 
Strength 

(GPa) 
Axial Elastic 

Modulus (GPa) Reference 

Kevlar - 49 - 3.06 144 (Bunsell 1975) 

Nylon 66 - 1 12.5 (Bunsell 1975) 

Carbon fiber 1.18 1.5-5.5 150-500 (Callister Jr. 1994) 

Steel wire 7.8 4.1 210 (Callister Jr. 1994) 

Clay nanoplatelets - - 170 (Hussain et al. 2006) 

Carbon nanotubes - 11-36 270-950 (Yu et al. 2000) 

Crystalline cellulose 1.6 7.5-7.7 110-220 (Moon et al. 2011) 

 

The cellulose polymer is formed by a repeating unit comprising of two anhydroglucose 

rings joined by a β-1,4 glucosidic linkage (Figure 2.1a). This linear configuration promotes 

parallel stacking of multiple cellulose chains from van der Waals and intermolecular hydrogen 
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bonding between hydroxyl groups and oxygen atoms of adjacent molecules (Moon et al. 2011). 

In plants, the parallel stacking of cellulose chains forms the elementary fibrils of the hierarchical 

structure. These fibrils, when aggregated in numbers, form larger microfibrils (5-50 nm in 

diameter) with crystalline and amorphous regions (Figure 2.1b). The arrangement of these 

regions varies between materials and is not yet understood, but it is believed that hydrogen 

bonding plays a pivotal role in the formation of complex cellulosic network (Moon et al. 2011). 

Due to the many hydrogen bonds between cellulose chains, microfibrils are relatively stable and 

have high axial stiffness. These nanofibers tend to have high aspect ratios (µm in length to nm 

diameter), and depending on the extraction method and the source material used (wood, ramie, 

jute, etc.), aspect ratios will differ. Microfibrils are ideal reinforcement structures and have been 

proven to be difficult to solubilize (Eichhorn et al. 2009). Within the cell wall, these microfibrils 

are embedded in a gel-like matrix composed of hemicellulose, lignin and pectin polysaccharides 

(Wolf-Dieter 1998). 
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Figure 2.1: a) Repeating unit of cellulose structure b) Microfibril with crystalline and disordered 

regions c) Cellulose nanocrystals extracted from microfibrils (Adapted from Moon et al. 2011) 

 

Many studies have reported cellulose fibers within the nano range using different 

terminologies. Several descriptors of microfibrils include cellulose nanofiber (CNF), nanofibril, 

nano-cellulose, nanofibrillated cellulose (NFC), and microfibrillated cellulose (MFC). Hydrolysis 

of amorphous regions of these materials yields crystalline celluloses, which are known as 

cellulose nanocrystals (CNC), nanorods, whiskers, or nanowhiskers (Figure 2.1c).  Compared to 

microfibrils, these are typically more crystalline and have smaller aspect ratios.  Although the 

different terms used describe variances in material properties, Moon et al. (2011) have 

established a nomenclature consistent with current trends and will be referenced throughout this 

report (Table 2.2).  
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Table 2.2: Summary of cellulose particle type characteristics adapted from Moon et al. (2011). 

WF(Wood Fiber), PF (plant fibers), MCC (microcrystalline cellulose), MFC (microfibrillated 

cellulose), NFC (nanofibrillated cellulose), CNC (cellulose nanocrystals).  

Particle 
Type 

Length 
(µm) 

Diameter 
(nm) 

Crystallinity 
(%) 

WF and PF >2000 20-50(µm) 43-65 

MCC 5-10 10-50(µm) 80-85 

MFC 0.5-10's 10-100 51-69 

NFC 0.5-2 4-20 - 

CNC 0.05-0.5 3-5 54-88 

 

To date, all fibers in the nano range have been experimentally produced in a lab setting. 

The isolation process of individual nanofibers has not yet been optimized for commercial 

production. Cellulose in the nano range has a natural tendency to aggregate into bundles of 

larger dimensions, which nullify the material enhancing properties of nano fibers. Current 

commercially available cellulose fibers are typically larger in size with micrometer dimensions 

including microcrystalline cellulose (MCC), wood fibers (WF), and plant fibers (PF).  MCC have 

been extensively used in pharmaceuticals and food industries. They are highly crystalline and 

are functionally applied as a binder, rheological modifier, or as reinforcement fillers.  WF and PF 

are predominately applied in paper and textile products with much larger dimensions with 

relatively low crystallinity (Moon et al. 2011).  For use as reinforcement fibers, higher aspect 

ratios are typically desired for better transfer of axial loads. This project focused on obtaining 

NFC and MFC fibers from stems and pods of the soy plant to reinforce extruded SPI films.  

 

2.4 CELLULOSE FIBER EXTRACTION  

Cellulose biosynthesis up the hierarchical ladder has inherent flaws during arrangement 

and ordering. Randomized amorphous packing of the cellulose fibrils creates irregularities and 
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structural weaknesses. To exploit the strength of native cellulose, the hierarchical structure 

needs to be broken down to harness the strength of microfibrils with higher crystallinity.  There 

are three broad categories of treatments that can be used for the extraction of microfibrils: 

chemical, enzymatic or mechanical. Although these treatments can be used separately, a 

combination of these methods is typically used to achieve efficient yield of nanoparticles. To 

obtain high aspect ratios, chemical or enzymatic treatment is typically used to loosen up the 

macrostructure prior to mechanical delamination of long chains of microfibrils. 

The chemical approach relies on alkaline or acidic solvents. Mild alkaline treatments are 

typically applied to solubilize lignin, pectin and hemicellulose components surrounding the 

microfibrils (Moon et al. 2011). Cellulose fibers can also be partially hydrolyzed, and therefore 

the duration of hydrolysis treatment has to be taken into account to avoid undesirable 

degradation (Wang and Sain 2007a). Different acids have been previously employed for 

microfibril extraction, with hydrochloric and sulfuric acids being most frequently used by 

researchers (Hubbe et al. 2008). In practice, the diluted acid is mixed with cellulosic biomass at 

elevated temperatures for a length of time. For sulfuric acid, concentration does not vary much 

from 65% (w/w). However, temperatures could range from room temperature up to 70°C 

(Cherian et al. 2011). Reaction time could also vary from 30 min to overnight depending on 

temperature used. In terms of hydrochloric acid, reaction time varies with the cellulose source 

and hydrolysis is carried out at reflux temperature with a concentration ranging from 2.5N to 4N 

(Cherian et al. 2011). The reaction is then stopped via washing to neutralize and separate the 

biomass from residual acid and remaining neutralized salt. Subsequent filtration, centrifugation, 

and dialysis processes are often used to concentrate extracted fibers.  

Besides chemical treatments, enzymatic processes have also been previously used for 

ethanol production through the breakdown of biomass into simple sugars. By limiting the extent 

of cellulase hydrolysis, cellulose could be partially cleaved to yield nanofibers. Treatment effects 
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through the use of enzymes have produced more favorable characteristics compared to 

hydrolysis treatments. For instance, Henriksson et al. (2007) produced nanofibers with high 

molecular weights compared to mechanical and chemical methods. Janardhnan and Sain 

(2006) successfully obtained lower fiber diameters compared to acidic treatments using fungal 

culture OS1.  The effectiveness of enzymatic treatments was attributed to its milder activity 

against cellulose where the cellulose fibrils were more intact in comparison to hydrolysis 

treatments.  

Mechanical extraction is achieved by refining, high-pressure homogenization, 

ultrasonication, and/or cryocrushing. Refining is similar to typical conventional paper making 

process except that rotating and stationary discs were used to compress and shear cellulose 

fibers to nano-scale dimensions.  However this energy intensive method suffers a drawback that 

could yield aggregates of nano-sized particles rather than separated fiber strands (Hubbe et al. 

2008). In comparison, homogenization is a process that uses refined cellulose suspensions that 

are pumped through a small orifice at high pressures.  As the fibers exit the orifice, the impact 

and shearing forces result in a high degree of fibrillation of cellulose fibers bundles (Siró and 

Plackett 2010). Many reports have had success resulting in the production of MFC with high 

aspect ratios; diameters between 20 to 100 nm and estimated lengths of tens of micrometers 

have been reported (López-Rubio et al. 2007; Wang and Sain 2007a). In ultrasonication, high 

resonating frequencies are used to generate shock waves in liquids. When applied to a 

cellulose suspension, the high speed impinging jets and strong hydrodynamic shear forces 

disintegrates the suspension into short fibers with nano-dimensions (Pääkkö et al. 2007; Wang 

et al. 2008).  Cryocrushing is done first by swelling cellulose with water, immersing in liquid 

nitrogen, and then crushing it using a mortar and pestle. This is an effective method for de-

lamination but could also yield fibers that are brittle and short due to the extreme freezing 

combined with intense mechanical forces (Hubbe et al. 2008). 
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The isolation of cellulose nanofibers from soy plants has been previously studied 

(Alemdar and Sain 2008; Wang and Sain 2007a; Wang and Sain 2007b).  Nanofibers from soy 

hulls have been extracted using acid hydrolysis with cryocrushing yielding fiber diameters from 

20 to 120 nm (Alemdar and Sain 2008). Fibers ranging from 50 to 100 nm have been extracted 

from soybean stock using a combination of acid hydrolysis and homogenization treatments 

(Wang and Sain 2007a; Wang and Sain 2007b).  In this research, similar methods were used to 

extract cellulose fibers from soy pods and stems. 

 

2.5 BIOCOMPOSITE FILMS 

Biocomposites have been widely researched due to their enhanced material properties 

such as higher strength and modulus, improved barrier properties, and improved resistance to 

thermal decomposition as compared the neat polymers (Eichhorn et al. 2009; Mohanty et al. 

2002). Composite structures combine the strength and stiffness of fibers to reinforce 

dimensional instabilities inherent to the biopolymer matrix alone.  The resulting effect is a 

material with new properties that could be designed for specific applications (Mohanty et al. 

2000). These novel materials also bring about economic and environmental benefits by 

reducing cost, comparable specific strengths, carbon dioxide sequestration, and 

biodegradability (Mohanty et al. 2002). Studies have used natural fibers such as wood, kenaf, 

flax, jute, hemp, kapok, bamboo, cotton, ramie, coir, and sisal to reinforce biopolymers at a 

macro level  (Eichhorn et al. 2009; Mohanty et al. 2002). However, nano-scale fiber reinforced 

biopolymers could improve upon the properties seen in micro-scaled biocomposites (Hubbe et 

al. 2008). In addition to the improved strength of highly crystalline nanofibers, the larger surface 

areas also tend to promote greater interaction with the polymer matrix.  Cellulose at the nano-

scale exposes more –OH groups, which can increase hydrogen bonding within a hydrophilic 
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matrix such as soy protein (Wang et al. 2006). Many studies have investigated into soy related 

nanocomposites but none of which utilized a protein matrix contained with fillers that are both 

derived from soy (Chen and Liu 2008; Tummala et al. 2006; Wang and Sain 2007a; Wang et al. 

2006). This present project will explore the opportunities for enhancing properties of extruded 

soy protein films by creating a composite film using regenerated cellulose fibers from soy stems 

and pods. 
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3.0 JUSTIFICATION AND OBJECTIVES 

The ultimate goal of this project is to explore the use of soy protein as a sustainable 

alternative to synthetic polymer. The viability of this approach is more feasible with the use of 

extrusion; a well-established method currently being used by the food and plastics industry. As 

such, the first part of this project was to explore the thermoplastic extrusion of soy protein in the 

presence of plasticizers.  From previous reports, biopolymers inherently have shortcomings in 

material properties in comparison to synthetic alternatives. However, recent research has 

increased the viability for a sustainable biocomposite with the use of cellulose fibers in 

reinforcing material properties. By isolating cellulose fibers from soy waste, the soy plant can be 

further exploited to create an enhanced soy-based bioplastic. Consequently, the second part of 

this project was to explore the extraction process for cellulose fibers from soy pods and stems. 

With the cellulose fibers extracted, a composite film with new material properties can be 

created. The last part of this project focused on incorporating the extracted cellulose fibers with 

soy protein extrusion to create a biocomposite film. The different material properties of the 

biocomposite structure were compared to pure soy protein films for analysis.  

This thesis can be separated into three sections, the specific objectives of which are as 

follows: 

Part I: Extrusion of Soy Protein Isolate Films 

1) Thermoplastically convert commercial SPI to thin bioplastic film by the use of a single 

screw extruder 

2) Increase understanding of protein extrusion 

3) Characterize material properties of extruded soy bioplastic film 

 

Part II: Cellulose Extraction from Soy Pods and Stems 
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4) Explore the extraction process for cellulose nanofibers from soy pods and stems 

5) Increase understanding of the extraction process  

6) Characterize properties of extracted cellulose fibers 

 

Part III: Development of Soy-Fiber Composite Films 

7) Incorporate extracted cellulose fibers with SPI in extrusion process to form film 

8) Increase understanding composite film extrusion  

9) Characterize composite film and compare to SPI film 
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4.0 PART I: EXTRUSION OF SOY PROTEIN ISOLATE FILM 

4.1 INTRODUCTION 

Increasing interest in bioplastic-based packaging materials is driven by the need for an 

environmentally sustainable alternative to petroleum-based materials. This has led to the 

development of plastics using agricultural feedstock, such as proteins and polysaccharides.  Soy 

protein is highly functional and can be converted to coherent film structures that exhibit material 

properties comparable to the petroleum-based counterparts. However, only lab scale batch 

production of soy protein films has been widely investigated. Commercial viability of protein 

plastics can be better achieved by developing continuous production methods that use existing 

technologies for synthetic plastics. By scaling up the process using a continuous extrusion 

method, mass production is possible. The objective of this study was to evaluate the extrusion 

process for forming continuous protein films.  Material characteristics were evaluated with 

respect to varying relative humidity to elucidate effects of water content. 

 

4.2 MATERIALS 

Soy protein Isolate (SUPRO 760) powder was kindly donated by Solae LLC St. Louis, 

Missouri, USA.  Based on the supplier’s data, the isolate contains approximately 92% protein 

(dry basis), 4.7% moisture, 1% carbohydrate, and 4.0% ash.  Glycerol (99.5% purity) and salts 

were obtained from Fisher Scientific Company, Ottawa, CA.  
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4.3 METHODS 

4.3.1 SAMPLE PREPARATION  

The formulation of the SPI film contained 100 parts SPI, 70 parts water, and 50 parts 

glycerol, by weight.  The preparation of SPI film was first done by premixing water and glycerol. 

The premix solution was added to SPI using a programmable dispensing pump (DP-200, New 

Brunswick Scientific Co., INC, Edison, New Jersey, USA) at a controlled rate of 6 mL for every 2 

seconds.  A kitchen mixer (SM-55 Stand Mixer, Cuisinart, Canada) was used to continually mix 

the materials during the course of solution addition. Mixing speed was set to the maximum and 

was left to mix for 15 min. The mixture was equilibrated for 12 hours in a sealed plastic bag prior 

to extrusion. 

 

4.3.2 COMPOUNDING AND EXTRUSION 

Compounding and extrusion were done using a lab scale extruder, Microtruder RCP-

0625, Randcastle, New Jersey, USA (Figure 4.1a). The extruder features 4 heating zones as 

seen in Figure 4.2a. The first three zones are along the barrel with the fourth zone controlling 

interchangeable heating cartridges situated inside the strand die (Figure 4.1c) or the lip die 

(Figure 4.1b).  The slit in the lip die is height adjustable with a maximum gap of 0.046 inches.  
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Figure 4.1: a) Extruder with chill roller and take up roller b) lip die c) strand die  

 

The screw is made of hardened stainless steel at 0.625 inches in diameter with an L/D 

ratio of 24:1 and is driven by 1.5 HP AC motor.  It has two patented ―recirculator‖ sections 

(Figure 4.2b, c), which acted as barrier mixers to achieve enhanced mixing of the dispersed 

phase in the molten polymer. The extruder is capable of an output of 168 to 2040 g/h.  The 

maximum feed stock is size is 0.18 in3 typical for standard industrial feed pellets. The screw 

volume is 34 cm3 with a hopper volume of 1925 cm3. 

b 

c a 
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Figure 4.2: a) Schematic of extruder outlining 4 heating zones. b) The extruding scre w with 

relative heating zones shown. Two recirculating units are highlighted. c) Close up view of second 

recirculating unit. 

 

The equilibrated formulation was compounded and formed into strands using the 

extruder equipped with a strand die. Operating temperatures were set at 100oC for all 4 zones of 

the extruder.  The screw speed was set at the maximum speed of 120 rpm. The yielded strands 

were pelletized using a kitchen food processor (FP2500B, Black and Decker, Maryland, USA) 

prior to extrusion processing. Extrusion of continuous SPI film was carried out with the same 

extruder but using a 6‖ cast die.  Operating temperatures were 120, 140, 150, and 140°C for 

b 

c 

a 



 
 

24 
 

zones 1 to 4 respectively. Extrusion screw speeds ranged from 100 to 120 rpm.  The resulting 

film was then cooled using a chiller roll and spooled using a take-up roller and cut into sections 

ready for conditioning.  The feed throat and chiller rolls were cooled by a water bath maintained 

at 20°C (Fisher Scientific Isotemp 3028D circulator bath, Fisher Scientific, Ottawa, ON, 

Canada). 

 

4.3.3 FILM CONDITIONING 

The protein sheets were conditioned for 1 week at 11, 23, 43, 58, 75, and 84% RH 

before testing. Following ASTM-E104-02, humidity of the headspace was maintained using 

saturated salts solutions of lithium chloride, potassium acetate, potassium carbonate, sodium 

bromide, sodium chloride, and potassium chloride, respectively. 

 

4.3.4 MECHANICAL PROPERTIES 

Tensile strength (TS), percentage elongation at break (EAB) and elastic modulus (EM) 

were measured with an Instron Universal Testing Machine (Model 1122, Instron, Norwood, MA) 

according to ASTM-D882 standard test method. Selected specimens without defects were cut 

into 2.54 cm by 10 cm strips. Film thickness was measured using a digital micrometer (Testing 

machines Inc. USA) at 3 random locations around the grip separation area of 5 cm wide, and 

the crosshead speed was set to 100 mm/min. Testing in both machine (MD) and transverse 

(TD) directions was carried out immediately after removal from RH controlled desiccators. TS 

was calculated on the basis of the original cross-sectional area of the test specimen using the 

equation TS= F/A, where TS is the tensile strength (MPa), F is the force (N) at maximum load, 

and A is the initial cross-sectional area (m2). EAB was calculated by dividing the extension 
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length at break by the initial grip separation length of 5 cm and multiplying by 100. EM (MPa) 

was calculated from the initial slope of the stress-strain curve. Tests were conducted with 5 

replicates. 

 

4.3.5 WATER VAPOUR PERMEABILITY 

Water vapour permeability (WVP) coefficient of films was evaluated according to ASTM-

E96 standard test method. Films were mounted on aluminum cups with a diameter of 6 cm, 

sealed with paraffin wax, and filled with dried CaCl2 as desiccant prior to being placed in 

hermetically sealed containers with saturated salts for RH control. The film thickness was 

measured at 5 random locations across the film. The weight gain of film mounted cups was 

measured over time. WVP was calculated according to WVP=WVTR·L/Δp, where WVTR is the 

water vapour transmission rate in g/h m2, L is the mean thickness of film specimens in m, and 

Δp is the difference in partial water vapor pressure between the two sides of film specimens in 

Pa. WVTR is calculated using WVTR=Δw/Δt·A where, Δw/Δt is rate of water gain of the cups in 

g/h, A is the exposed area of the film in m2.   

 

4.3.6 OXYGEN PERMEABILITY 

Oxygen permeability coefficient was obtained using Oxygen Permeation Analyzer 8001 

(Systech Illinois, Illinois, US).  Specimens of 5 cm in diameter were tested. Film thickness was 

measured at 5 random locations across the film.  Permeability was calculated using the 

equation OTR/p*t where OTR is the given oxygen gas transmission rate, p is partial pressure of 

oxygen, and t is the film thickness. 
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4.3.7 MICROSTRUCTURE ANALYSIS 

Microstructure analysis of SPI films was completed using a scanning electron 

microscope (SEM S-570, Hitachi High Technologies Corporation, Tokyo, Japan) at an 

accelerating voltage of 10 kV. Conditioned samples were sputter coated with gold (20 nm) using 

a sputter coater (Model K550, Emitech, Ashford, Kent, England). Film surface and liquid 

nitrogen fractured cross sections were imaged for analysis. 

 

4.3.8 FOURIER TRANSFORM INFRARED (FTIR) ANALYSIS 

SPI films were scanned using a FTIR spectrometer (IRPrestige21, Shimadzu Corp. 

Japan) equipped with an attenuated total reflection accessory (Pike Tech, Madison, WI, US). 

The resolution of the infrared spectra was collected at 4 cm -1 and each sample was scanned 50 

times at room temperature (22 ± 2°C).  

 

4.3.9 STATISTICAL ANALYSIS  

Analysis of variance was employed to analyze all results using SPSS (SPSS Inc., 

version 17.0). Levene’s Test was used to determine homogeneity of variance amongst results. 

Welch and Brown-Forsythe method was used to test for robustness of heterogeneous 

variances. Tukey’s test was used for post-hoc analysis. Significance level was set at P < 0.05. 
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4.4 RESULTS AND DISCUSSION 

4.4.1 SPI EXTRUSION OBSERVATIONS  

 

 

 

Raw Materials 

Power Mixing 

Aging for 12 hours 

Compounding into 
strands 

Pelletizing 

Film Extrusion 

Figure 4.3: Change in SPI morphology throughout the process of extrusion 
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The overall extrusion steps with relevant morphology of protein transformation can be 

seen in Figure 4.3. The initial raw material of SPI was received in a dried powdered form. With 

the addition of water and glycerol, material was seen to semi-aggregate after mixing. 

Preliminary experiments showed that this aggregation behavior was dependent on molecular 

weight. Lower molecular weight resulted with homogeneous binding (Figure 4.4a) of SPI in 

comparison to fragmented aggregates seen with high molecular weight protein (Figure 4.4c).  

After overnight aging and subsequent compounding, strands of SPI extrudate were produced 

with either smooth (Figure 4.4b) or lumpy (Figure 4.4d) configurations depending on the source 

protein. The lower molecular weight proteins yielded smooth, homogenous looking strands in 

comparison to the lumpy, kinked strands produced by the higher molecular weight SPI. The 

smoother strands however were much more brittle in comparison to the lumpy strands.  This is 

thought to be caused by low chain entanglement due to the low molecular weight of the 

smoother strands. Ralston (2008) also reported the presence of kinked formation of extrudate 

through the extrusion of soy protein at 60 to 95 °C with screw speeds between 6 and 18 rpm.  

 

 

 

 

Low molecular weight High molecular weight 

a b c d 

Figure 4.4: Mixing (a, c) and compounding (b, d) of soy protein behavior between low (a, b) and 

high (c,d) molecular weight samples. 
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Further experiments were carried out using Supro 760 due to previous reports of 

success through the extrusion of SPI sheets by Zhang et al (2001). The target response during 

extrusion was to maintain a consistent yield of homogeneous protein film without surface 

disruptions. This was chosen for the purpose of gathering qualitative data to minimize effects of 

film irregularities.  The successful extrusion for smooth SPI film heavily relied on the balance 

between formulation properties of the sample and the parameters of the extruder.  Films in the 

range from 0.1 to 0.3 mm thick were successfully extruded for the target response of 

homogenous and smooth-surfaced films. However, the processing window for homogeneous 

film was very small and easily interrupted. The extruder variables were all interdependent which 

made steady state conditions difficult to control.  Nonetheless, general trends were observed 

throughout the process to broadly define final product characteristics through processing 

parameters. There were 3 main categories of films that could be extruded; thick and rough; 

bubbles and puffed; and smooth and homogenous.   The general conditions for formation of 

these types of films are outlined in Table 4.1.  

 

Table 4.1: General film characteristics in relation to processing parameters for soy protein film 

extrusion at the fixed ratio of 100 parts SPI, 50 parts glycerol, and 70 parts water.  

Film 
Characteristics 

Film Thickness 
(mm) 

Screw speed 
(RPM) 

Temperature 
(°C) 

Lip height 
Pressure 

(PSI) 

Thick and Rough 0.5 – 1 N/A < 120 N/A 700 - 2000 

Bubble formation/ 
Puffing behaviour 

0.1 – 0.8 120 >150 
Mid to 
High 

low <200 

Smooth, 
homogenous 

0.08 – 0.3 100 - 120 130 - 150 
Low to 

Medium 
200 - 500 
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During extrusion, the manipulation of three controllable parameters (screw speed, 

temperature and lip die gap height) resulted with response variables of pressure at the die, and 

film morphology. In order to form uniform and coherent films, the protein needed to be heated 

and sheared enough to lower viscosity and allow for flow of material. Out of the three 

controllable variables, the most influential parameter for successful extrusion was found to be 

temperature. Temperature dependence is related to the plasticizer and moisture content of the 

films which ultimately affects the Tg (Morales and Kokini 1997).  As the moisture and glycerol 

contents were fixed at 70 and 50 parts respectively, extrusion was attempted within literature 

values between 120 – 160°C (Zhang et al. 2001).  Out of the four zones of the extruder, it was 

found that the most sensitive zone to film disruptions was the temperature at the die. A 

temperature change of 5 -10°C at the lip die would result in surface disruptions seen from the 

film.  

In general, thick sheets (> 0.5 mm) were formed when extrusion temperatures fell below 

120°C.  This is thought to be due to the un-molten state of SPI whereby inadequate energy 

input results in incomplete denaturing of SPI. This is believed to lead to a high viscosity of the 

melt which caused an increase in pressure ranging from 700 up to 2000 psi. The resulting films 

had the appearance of surface roughness caused by mechanical fracturing at the hardened 

surface of the film as it was forced out of the lip (Figure 4.5a). Alternatively, un-molten isolated 

protein globules could also cause the appearance of surface roughness as seen in Figure 4.5b.   
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Figure 4.5: Film with rough texture caused by insufficient heating (<120°C) unable to fully melt 

proteins. a) Surface fracture from hardened film. b)  Surface roughness from inadequate melting 

of proteins. 

 

Formation of bubbles was consistently observed when temperatures of the extruder 

were above 150°C. An increase in temperature causes an enhanced chain mobility of 

polypeptides, thereby decreasing viscosity and allowing the protein matrix to flow easily (Rouilly 

et al. 2006). The final extruded film is then dictated by the drawing from the uptake rollers and 

also the rapid evaporation of water into steam. The sudden drop in pressure allows for rapid 

expansion of water to steam disrupting the contiguous protein matrix leaving behind a porous 

structure. This is typical of high moisture extrusion in creating fibrous spongy structure as meat 

analogues (Noguchi 1989). As such, the formation of bubbles was easily induced with greater 

initial moisture content. Due to the low melt viscosity, extruder pressure was low, typically less 

than 200 psi.   Continuous bubble formation was found to be sustainable creating foam-like 

sheets with thicknesses between 0.1 to 1 mm (Figure 4.6a). The presence of bubbles within the 

film can also be influenced by a feed starve (Figure 4.6b). This is thought to cause inadequate 

compression near the feed throat before melting of the polymer, leading to the entrapment of air 

in the extrudate.  

a b 
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Figure 4.6: Disruption of film extrudate through the presence of bubbles. a) Caused by rapid 

evaporation of water. b) Caused by introduction of trapped air from feed starve. 

  

Figure 4.7 shows the smooth, homogenous film was obtained for analysis when extruder 

parameters were optimized.  Table 4.2 outlines the optimized processing parameters for the 

extrusion of smooth film used for analysis.   Homogeneous films of approximately 5 inches in 

width could be continuously extruded with a thickness ranging from 0.08 to 0.3 mm. This is the 

first time whereby homogenous protein films below 0.3 mm were reported. Table 4.2 outlines 

reported thicknesses of protein films formed by extrusion. Although homogeneous films could 

be obtained through these parameters, any change in feed formulation or feed rate would 

require re-optimization of these variables. It was found that bubble film formation was much 

easier to produce than homogenous film production. Any slight disturbances while extruding for 

smooth surfaced films resulted with bubbling. During extrusion, the feeding of material could be 

interrupted due to the inconsistent sizing of the SPI pellets and also a bridging of the polymer at 

the feed throat. The bridging phenomenon was seen more frequently during compounding when 

the feed was a semi aggregated powder. Since the design of this extruder was gravity fed, the 

bridging is thought to be caused by flood feeding where the weight of the feed compacts itself at 

the feed throat disrupting flow. To rectify this, a plastic auger was fabricated for use with the 

a b 
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extrusion screw to continuously break up any compacted feed at the throat and stir it through for 

consistent flow. 

 

 
 

Figure 4.7: Smooth film achieved by optimal process parameters 

 

Table 4.2: Processing variables used for extrusion of SPI film for analysis 

Screw Speed (RPM) T1 (°C) T2 (°C) T3 (°C) T4 (°C) 
110 ±10 120 140 150 130-140 

 

Table 4.3: Extruded SPI film thickness compared to extruded protein film thicknesses from 

literature  

Protein Thickness (mm) Reference 

Soy protein 0.08 - 0.3 Current Study 

Soy protein 0.35 - 1.5 Zhang et al. (2001) 

Whey protein 1.32 ± 0.02 Hernandez-Izquierdo et al. (2008) 

Sunflower protein 0.4 - 2.7 Rouilly et al. (2006) 

Zein protein 0.3 - 0.4 Wang & Padua (2004) 

 

One key observation was that consistent forming of homogenous films was repeatedly 

seen during the transition from continuous extrusion to feed starving ceasing material flow. 

Regardless of the film morphology from steady state operations, the abrupt stop in feed and 

b a 
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subsequent drop in back pressure consistently formed smooth-surfaced films. This may be due 

an increased residence time experienced by the momentary detainment of polymer inside the 

extruder. With increased residence time, mixing and unfolding of the protein would also increase 

leading to better film forming capabilities. Alternatively, the drop in back pressure would mean 

that the emerging melt would experience a more gradual decrease in pressure and temperature 

as it is being pulled out the die by the uptake rolls. This is opposite to a sudden drop inducing 

the rapid expansion of water which forms bubbles as typical of meat analogues (Noguchi 1989). 

To expand the processing window for protein film formation, further research could look at 

process alterations after extrusion to control cooling and depressurization maintaining 

homogenous film forming. 

 

4.4.2 MICROSTRUCTURE ANALYSIS 

The microstructure of SPI films after conditioning at various RH was studied using SEM 

micrographs (Figure 4.8).  At the surface of the films, a uniform matrix was seen without visible 

defects from 11 to 43% RH.  However, the formation of surface wrinkles was found to develop 

from 43% RH up to 84% RH.  The presence of these wrinkles was very pronounced at high 

humidity. These surface wrinkles could indicate a type of swelling of the material present with 

increased water content. Swelling of plasticized protein film have been previously reported 

(Pommet et al. 2005). In addition, the orientation pattern of the machine direction can be seen 

from lines developed at the surface. However at 11% RH, these lines are hardly visible possibly 

due to the compact SPI film matrix masking the ridges that would be formed in the presence of 

higher RH. Looking to the cross sections of the film, they contain microscopic holes randomly 

spread throughout the film. These holes are thought to nucleate the formation of macroscopic 

bubbles.  Given enough time to cool before exiting the die, chain mobility of the protein matrix is 
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stopped which fixes the spherical shape from trapped water and air.  The microscopic holes 

were found to increase in size from 58% to 84% RH further suggesting the swelling behaviour 

due to increased water content.   At 11% RH, the cross section was seen to be much rougher in 

comparison. In the absence of water, less interference between protein chains could result in 

increased interactions between proteins. These results may suggest that although surface 

disruptions are minimized, inherent defects of bubbles were present at the microscopic level. 

Furthermore, the swelling behaviour showed that SPI films were very sensitive to water content 

with changing relative humidity.   

 



 
 

36 
 

 

 

Figure 4.8: SEM micrographs of cross section (top row) and surface (bottom row) with changing relative humidity.  
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4.4.3 MECHANICAL PROPERTIES  

Mechanical properties of SPI films were analyzed in different relative humidity as shown 

in Table 4.4. With the increase in humidity, the tensile strength and elastic modulus drastically 

decreased whereas elongation increased (Figure 4.9, and Figure 4.11). Films exhibited highest 

tensile strength and elastic modulus at 11% RH but were extremely brittle. Specimens tested in 

the MD had overall higher tensile strength than specimens tested in the TD, as expected.  This 

suggests similar characteristics to synthetic resins whereby alignment of polymer chains in the 

MD increases tensile strength in comparison to TD. The increase of RH from 11% to 43% RH, 

resulted with an increase in elongation (Figure 4.10), but further increase in RH did not 

significantly change with specimens tested in the MD. In the TD, a similar positive correlation 

could be observed with greater elongation values seen at 84% RH. However, increased 

variation of results caused a higher degree of error. This error can be attributed to the alignment 

of microscopic holes in the MD, where premature failure is more prevalent for films under 

tension in the TD. These results indicate that SPI films are very sensitive to RH leaving it 

undesirable for use in water sensitive applications. These trends are comparable to the SEM 

findings whereby defects in the film were more pronounced for films exposed to increased RH.  

With the combination of defects and increased chain mobility from water plasticization 

(Kokoszka et al. 2010), mechanical strength should decrease.  With the increase in RH, SPI 

films exhibited behaviour ranging from rigid, semi rigid to soft plastics. Similar trends were also 

found with Zhang et al. (2001) who extruded thick SPI sheets (0.35 to 1.5 mm). 
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Table 4.4: Tensile properties of SPI films with respect to relative humidity 

RH E (MPa) Elongation (%) Tensile Strength (MPa) 

(%) Machine Transverse Machine Transverse Machine Transverse 

11 604.38±52.29
b 

604.38±21.76
b 

10.80±2.19
b 

4.82±0.64
a 

27.16±1.13
a 

18.89±1.66
a 

23 280.42±31.81
c 

214.64±22.09
a 

115.09±19.06
c 

64.69±18.55
a 

14.00±0.60
b 

11.17±0.29
b 

43 160.88±50.11
a 

228.36±10.42
a 

173.83±9.39
a 

144.93±25.53
b 

11.05±0.99
c 

8.97±0.34
c 

58 103.40±19.66
a 

66.018±3.12
b 

187.22±14.00
a 

192.69±37.47
b 

7.27±0.41
d 

5.13±0.7
d 

84 14.564±2.58
d 

11.21±1.71
b 

147.70±13.32
d 

216.01±58.51
b 

3.36±0.29
e 

2.49±0.49
e 

*In each column, values with the same letter superscript are not significantly different (N=5, Tukey’s HSD, p-value 
<0.05) 

 

 

 

Figure 4.9: Tensile strength of SPI film in both machine and transverse directions at RH of 11%, 

23%, 43%, 58% and 84% 
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Figure 4.10: Elongation at break for SPI film in both machine and transverse directions tested at 

RH of 11%, 23%, 43%, 58% and 84% 

 

 

 

Figure 4.11: Modulus of elasticity or SPI film in both machine and transverse directions at RH of 

11%, 23%, 43%, 58% and 84% 
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4.4.4 BARRIER PROPERTIES 

Water vapour permeability (WVP) data is shown in Table 4.5 and Figure 4.12. An 

increasing trend of WVP can be seen with the increase in RH.  WVP values of films at 23% RH 

and below had no significant difference whereas WVP increased considerably as the RH 

increased from 43% to 84%. The inherent sensitivity of SPI films to water is apparent. Sorption 

of water can cause the protein film to swell and increase the polymer free volume, which allows 

for increased mobility of polymer chains leading to higher a WVP (Kokoszka et al. 2010). Higher 

WVP can also be explained with SEM results as defects within the film are exaggerated with 

increasing RH.  In addition, the swelling behaviour which causes the presence of surface 

wrinkles would indicate a higher exposure of surface area at the microscopic level.  This would 

be beneficial for increasing water transport across the film resulting with the higher WVP values 

observed. At 58% RH, the WVP was found to be 8.03 x 10 -11 ± 7.21 x 10 -12 g·m/m²·sec·Pa 

which is lower than the range reported for casted films from 15 x 10 −11 g·m/m²·sec·Pa 

(ΔRH=50%, 75 µm, Denavi et al. 2009) to 370E−11 g·m/m²·sec·Pa (ΔRH=50%, 75 µm, Cho et 

al. 2007). This would indicate that extruded films may have stronger barrier performance than 

casted films. With the application of heat and shear, increased crosslinking reactions are 

experienced through extrusion (Verbeek and van den Berg 2010). The increased performance 

could be attributed to decreased swelling due to cross-linking of protein (Pommet et al. 2005).  
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Table 4.5: Water vapor permeability results obtained from SPI films at various relative humidity 

RH Permeability Film Thickness 

(%) (g·m/m²·sec·Pa) (mm) 

11 8.19E-12 ± 9.39E-13a 0.16 ± 0.011 

23 1.45E-11 ± 6.14E-13a 0.15 ± 0.010 

43 4.09E-11 ± 8.97E-13b 0.16 ± 0.004 

58 8.03E-11 ± 7.21E-12c 0.17 ± 0.005 

84 1.25E-10 ± 1.99E-11d 0.13 ± 0.035 

*Values with the same letter superscript are not significantly different 
(N=3, Tukey’s HSD, p-value <0.05) 

 

 
 

Figure 4.12: WVP of SPI films at different RH of 11%, 23%, 43%, 58%, 75% and 84% 

 

Oxygen permeability data are summarized in Table 4.6 and Figure 4.13. Similar to WVP, 

OP increased with increasing RH.  In general, SPI films exhibited stronger oxygen barrier 

properties than many polymers. The highest OP at 84% RH was 0.125 ± 0.02 cm3·m/m²·day·Pa 

which is below many petroleum based packaging films.  Low density polyethylene, high density 

polyethylene, polypropylene, and nylon 6 have OP values of 1.9, 0.26, 0.62 and 0.025 

cm3·m/m²·day·Pa,  respectively (Dangaran and Krochta 2008). This can be attributed to the high 

cohesive energy density of SPI polymer matrix leading to decreased oxygen diffusivity (Miller 
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and Krochta 1997). Although barrier properties of SPI film are highly sensitivity to water, SPI 

films would still greatly benefit in applications where the migration of oxygen is an issue. 

 

Table 4.6: Oxygen Permeability of extruded SPI films with varying relative humidity.  

RH O2 Permeability Coefficient 

(%) (cm3·m/m²·day·Pa) 

11 7.43E-05 
± 1.38E-05a 

23 6.50E-04 
± 6.45E-05a 

43 2.74E-03 
± 1.08E-04a 

58 8.04E-03 
± 4.58E-04a,b 

75 3.95E-02 
± 2.91E-03b 

84 1.25E-01 
± 2.01E-02c 

*Values with the same letter superscript 
are not significantly different (N=2, 
Tukey’s HSD, p-value <0.05) 

 

 

Figure 4.13: Oxygen Permeability of SPI films with varying relative humidity 
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4.4.5 FTIR ANALYSIS 

The main absorbance peaks of SPI could be seen near 1630 cm-1, 1540 cm-1, and 1040 

cm
-1
 (Figure 4.14). These peaks are related to Amide I (C=O stretching), Amide II (N–H 

bending), and Amide III (in phase combination of C–N stretching and N–H bending) respectively 

(Lodha and Netravali 2005; Schmidt et al. 2005). The Amide I band can be used to elucidate the 

changes of the secondary structure of the protein. It can be seen that a slight shift to a lower 

frequency was observed after the extrusion process. Further analysis revealed that raw SPI 

spectra had two underlying peaks at 1630 and 1635 cm-1 whereas after the extrusion process, 

only the 1630 cm-1 band was detected. It has been suggested that the absorbance of β-sheet 

structures averages near 1633 cm-1 (Barth 2007). Furthermore, the parallel and antiparallel 

configurations may be predicted where antiparallel sheets have a main absorption band near 

1630 cm-1 and a weak absorption band near 1685 cm -1 whereas parallel sheets typically have 

higher wavenumbers in comparison but often with a missing side band (Barth 2007). Although 

the main absorption was detected near 1630 cm-1, a side band near 1685 cm-1 was not 

observed in the spectra before or after extrusion. This may suggest that the SPI primarily 

consisted of parallel β-sheets. Observing the Amide II band, further information of secondary 

structure was elucidated. It has been suggested that antiparallel sheets and parallel sheets 

predominately vibrate in the region between 1510-1530 cm-1 and 1530-1550 cm-1 respectively 

(Pelton and McLean 2000). The Amide II region of raw SPI showed a prominent band at 1522 

cm-1 whereas after extrusion, it was significantly shifted to 1541 cm -1. This indicates that the 

extrusion process facilitated the conversion of mixed β configurations to primarily concentrate in 

parallel β-sheets. 

Spectral data for pure glycerol was shown to have five distinctive peaks from 800 cm-1 to 

1110 cm-1 which correspond to vibrations of C-C and C-O linkages (Lodha and Netravali 2005). 

The peaks at 850 cm-1, 925 cm-1, and 995 cm-1 are due to the vibrations from the C-C backbone 
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(Lodha and Netravali 2005). The peak at 1040 cm-1 is characteristic of C-O linkage in C1 and 

C3 of glycerol and the peak at 1117 cm-1 is related to the stretching of C-O in C2 (Lodha and 

Netravali 2005).  These characteristic peaks can be distinctively seen throughout all specimens 

of extruded SPI films and no significant frequency shift was observed, indicating that glycerol 

does not interact with the protein through covalent bonds.  

The broad region from 3500–3000 cm-1 is attributable to free and bound O–H and N–H 

groups (Lodha and Netravali 2005). These groups are readily available to form hydrogen bonds 

with the carbonyl groups of peptide linkages proteins (Karnnet et al. 2005). As RH increased, 

this region was seen to progressively broaden indicating increased hydrogen bonds to from 

increased water sorption. 

 
 

Figure 4.14: ATR-FTIR analysis of SPI films with varying relative humidity 
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4.4.6 CONCLUSION 

The extrusion of SPI films resulted three general characteristics: thick and rough; bubble 

presence; and smooth homogenous. The targeted smooth homogenous films were achieved 

with screw speeds of 100-120 rpm, and extruder temperatures from 130 – 150 °C.  Extruded 

films were translucent with a thickness between 0.08 to 0.3mm.  Microstructure analysis 

revealed microscopic holes present within films which were theorized to nucleate the formation 

of macroscopic bubbles negatively affecting material performance. Mechanical and barrier 

properties fluctuated with RH. A higher RH translated to lower strength, decreased elongation, 

and higher permeability.  Barrier properties were stronger against oxygen but poor against 

water. FTIR analysis suggested a conversion from mixed β configurations to parallel β-sheets 

were formed after extrusion. 

The success of extruding thin, homogenous SPI films proves that a renewable and 

biodegradable counterpart to synthetic films can be made. This not only provides an 

environmentally friendly alternative to petroleum polymers but can also add benefits for the soy 

industry. The widespread adoption of SPI films over synthetic films however would be hampered 

by the hydrophilic nature of these films.  As such, these films are limited to water insensitive 

applications such as wound dressings or packaging of food items where the permeation of 

water may be desired.  
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5.0 PART II: CELLULOSE EXTRACTION FROM SOY PODS AND STEMS 

5.1 INTRODUCTION 

Cellulose is one of the most abundant natural materials that are renewable, 

biodegradable, and sustainable. Bundled cellulose polymers (microfibrils) found within the 

hierarchical structure of plants has exhibited great strength and stiffness per unit of weight (Siró 

and Plackett 2010).  By removing the irregularities of the macro plant structure, the individual 

strength of nano-sized microfibrils can be exploited. With high strength and high aspect ratio, 

cellulose microfibrils have been found to be advantageous for use in composite materials (Moon 

et al. 2011).  The objective of this experiment was to individualize nano to micro sized fibers for 

the purpose of enhancing material properties of the extruded SPI film. As such, full optimization 

to increase the efficacy of cellulose extraction from soy fibers was not conducted due to time 

constraints.  The extraction process was modified according to the method established by Wang 

and Sain (2007a,b). They have reported the successful isolation of nanofibers from soybean 

pods and soybean stock which proves ideal for this experiment.  

 

5.2 MATERIALS 

Dried soy fibers (SF) in the form of soy pods and stems were obtained from the soybean 

cultivar SW33-08 developed by Ridgetown College, University of Guelph, Guelph, ON, Canada. 

The ratio of pods and stems was random as received but more pods than stems were observed 

(Figure 5.1a). Sodium hydroxide and hydrochloric acid were obtained from Fisher Scientific 

Company, Ottawa, ON, Canada. 
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5.3 METHODS 

5.3.1 CELLULOSE EXTRACTION 

The procedure for isolation of nanofibers was adapted from Wang and Sain (2007a,b). 

The modified process consists of multiple steps with both chemical and mechanical treatments 

as seen in Figure 5.1. Two fractions of fibers were obtained from the extraction process with 

differing sizes; soy nano fibers (SNF) and soy micro-fibers (SMF). SNF was released from the 

stock SF after chemical treatment. The remaining SF after this treatment was further processed 

mechanically to produce SMF.  

To prepare for chemical treatment, SF was grounded using a mill grinder fitted with a 1 

mm sieve (Thomas Wiley Model 3, Swedesboro, NJ, US). The grounded SF was then 

rehydrated in distilled water for 3 hours at room temperature of ~ 23°C. The swollen SF’s were 

then treated with a sodium hydroxide solution of 17.5% w/wSF at 90°C for 2 hours. A 3:10 ratio 

of water to SF was used for solubilizing NaOH. The SF’s were neutralized by filtering against 

running water for 20 - 24 hours. A 2 stage filter in series was designed for this purpose (Figure 

5.1d). Filters with a mesh size of 20 to 200 µm were used for both stages. The pH of the slurry 

was checked to be near 7±0.5 using a pH meter (Accumet XL60, Fisher Scientific, Ottawa, ON, 

Canada). Fibers were treated with 1M HCl at 90°C for 2 hours. SF was filtered again for 24 hrs. 

At this stage, SNF were released and concentrated in the second stage filter while bulk SF was 

retained in the first stage filter. The SNF obtained was further concentrated via centrifugation for 

20 min. The remaining SF from the first stage was then treated with 2% NaOH w/wSF using the 

3:10 ratio of water to initial SF content for 2 hours at 90°C.  The chemically treated SF was 

filtered for the last time against water for 24 hours.   
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Figure 5.1: Overall steps of cellulose extraction from soy pods and stems with macroscopic 

transformation of soy cellulose. 

Rotor/Stator Homogenizer 
(RSH) for 5 min 

Filter against water for  
24 hrs 

Acid: 1 M HCl for 2 hrs at 
90°C 

Filter against water for  

24 hrs 

Alkaline2: 2% w/w 
NaOH/SF for 2hrs at 90°C 

Filter against water for  
24 hrs 

Alkaline1: 17.5% w/w 
NaOH/SF for 2 hrs at 90°C 

Rehydration for 3 hrs in 
distilled water 

Grinding with 1 mm sieve 

Raw materials of soy pods 

and stems (SF) 

High Pressure 
Homogenization (HPH) for 

20 passes (4000-6000 psi) 

Clean water Filtrate 

Soy Fiber bulk 

1
st

 Stage 2
nd

 Stage 

Nanofiber 

Waste 
water 

b 

a 

c 

e 

f 

d 

Centrifuge at 4000 rpm 

for 30 min 

SNF 

SF 

SMF 



 
 

49 
 

For mechanical treatments, the obtained SF was broken down by a rotor/stator 

homogenizer (RSH) and high pressure homogenizer (HPH). The use of the RSH was crucial for 

continuous operation of the HPH whereby a homogenously suspended sample was needed for 

smooth processing. Chemically treating SF yielded only partially suspended fibers with many 

large fragments that still remained which clogged the HPH during operation. Using the RSH, the 

chemically treated SF was defibrillated for 5 min (PowerGen model1000, Fisher Scientific, 

Ottawa, ON, Canada). The resulting cellulose/water suspension was fed through the HPH for 20 

passes at 4000 to 6000 psi to obtain SMF (APV Gaulin Laboratory Homogenizer Model 15MR, 

Concord, ON, Canada).   

 

5.3.2 MORPHOLOGICAL ANALYSIS 

Optical microscopy micrographs of cellulose suspensions were obtained using a 

polarized filter lens (Model BX60 F5, Olympic Optical Co. LTD, Japan). SEM images were 

obtained after freeze drying of specimens. Procedure for SEM analysis was performed as 

described in Section 4.3.7.  Transmission electron microscopy (TEM) micrographs were 

obtained using a Philips CM10 (Philips, Eindhoven, Netherlands) operated at 80 kV. A drop of 

cellulose/water suspension was placed on a copper grid coated with formvar as support. A 

settling time of 30 sec was allowed for fibers to rest. Tissues were used to remove excess 

water. Staining of the fibers for contrast utilized 2% of uranyl acetate in water and applied for 10 

s. Excess stain was absorbed with tissues. 
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5.3.3 WIDE ANGLE X-RAY DIFFRACTION (WAXD) ANALYSIS  

WAXD studies of freeze dried cellulose specimens were carried out using a radiation 

source from CuKα1 (λ = 1.54 Å) with operational settings at 40 kV and 40 mA (Rigaku Powder 

Diffractometer equipment – Rigaku Co., Tokyo, Japan). The diffractometer had a 0.5° 

divergence slit, a 0.33 mm receiving slit, and a 0.5° scattering slit. The samples were scanned 

from 5° to 45° (2θ) at 0.5°/min. Using the following equation from Segal’s method (Segal et al. 

1959), the crystallinity index (CI) was calculated from the heights of the 2 0 0 peak (I200, 2θ  = 

22.6°) and the intensity minimum between 2 0 0 and 1 1 0 peaks (Iam, 2θ =18°). 

  ( ) (
        
    

)     

I200 is the maximum intensity (arbitrary units) corresponding to cellulose I, whereas Iam 

represents the amorphous material. 

 

5.3.4 FTIR Analysis 

FTIR analysis was performed as described in Section 4.3.8 

  

5.4 RESULTS AND DISCUSSION 

5.4.1 VISUAL OBSERVATIONS  

The physical appearance of the cellulose fibers through the main steps of the extraction 

process can be seen in Figure 5.1. Two types of fibers were observed and retained from the 
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initial soy biomass; SNF and SMF. The differing characteristics between them were mainly 

exhibited through water retention, opacity and colour.  

Figure 5.1c displays the SNF obtained from the second stage filtration step after acid 

hydrolysis. These fibers were first observed in the second stage filter due to its self-aggregating 

properties which created translucent gel-like structures. The SNF’s is thought to be released 

from the main SF mass which accumulated on the second stage filter over time. The gel-like 

appearance was observable in both the first and second stage indicating that SNF was also 

present in the final SF after chemical treatment.  It should be noted that the appearance of these 

fibers were only observable after the acid hydrolysis step. Both the Alkaline 1 and Alkaline 2 

treatments yielded no observable gel-like structures in the second stage filter. In addition, 

preliminary trials found that the release of SNF was highly dependent on the rehydration of the 

starting biomass. Without rehydration, gel-like structures and loose fibers were not observed 

after acid hydrolysis.  

After decanting the liquid portion from centrifugation, the gelled SNF had a fiber 

concentration of 0.03 ± 0.01% w/w indicating the highly hydrophilic nature of the fibers. 

Preliminary trials showed that these gelled structures were relatively weak and could be broken 

easily but were able to reform back into a gelled structured after ultrasonication for at least 1 

min. This suggests that the fiber-water interaction could be re-established by shear which is 

unconventional of typical gelling behaviour. The colloidal gel was stable and progression of 

syneresis was not evident even after 2 weeks of storage in a sealed beaker.   

After the chemical treatment, the bulk SF’s were visibly loose and fluffy in comparison to 

the initial SF (Figure 5.1e). The presence of bigger fiber fractions could be clearly seen with 

distinct solid and liquid phases. After both mechanical treatments, the SF was transformed into 

a homogenously distributed suspension with a viscous liquid consistency as shown in Figure 
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5.1f. The colloidal suspension was opaque and water retention was observed to be lower than 

SNF as the presence of syneresis was more apparent with quicker onset of phase separation. 

However, the hydrophilic nature of the fibers increasing water retention was evident during HPH 

processing. With each pass through the HPH, the resultant fiber suspension increased in 

viscosity requiring increasing amounts of water for processing.  This indicated the improvement 

towards the individualization of cellulose microfibrils with mechanical treatment.  

Preliminary trials subjected SMF fibers to ultrasonic treatment to see the potential for 

further liberation of cellulose fibers. Dilute suspension of SMF in water was subjected to 

ultrasonic treatment at 40% power output. At 1-5 min, dispersion is increased along with slight 

evidence of gel-like matter surrounding larger fiber particles. From 5-10 min, the established 

dispersion is destroyed yielding aggregates with trapped air pockets that float to the surface. 

Increasing the length of treatment up to 20 min yielded no different results. Furthermore, 

applying physical pressure and shear on SMF suspensions between two surfaces expels the 

high amount of water retained. This yields an aggregated clump which does not readily re-

disperse back in water. These findings suggest that the aggregation of fibers is highly 

susceptible to shear. The high energy and shear experienced by the ultrasonic treatment 

enhances aggregation but cannot further defibrillate the micro-sized fibers to nanometer 

dimensions.  This aggregation behaviour of SMF’s correlates with previous trials with SNF’s 

whereby a broken gelled structure was re-assembled via ultrasonic treatment. 

  

5.4.2 MORPHOLOGICAL ANALYSIS 

The SMF suspensions under light microscopy showed clumps of fibers bundled together 

(Figure 5.2). The size of some fibers can be observed in the micro range with diameters that are 

well below 6 µm with some lengths up to approximately 100 µm. According to the particle types 
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compiled by Moon et al. (2011), this clearly shows that the chemo-mechanical treatments 

successfully separated the SF to micron sizes just smaller than the MCC particle type. However, 

the presence of micron sized fibers denotes the inefficiency of the process towards the 

complete individualization of all SF to nanometer ranges.  

 

 
 

Figure 5.2: Light optical microscopy images of SMF suspensions at low (a) and high (b) 

magnification. 

 

SEM images of the chemical and mechanically treated fibers throughout the extraction 

steps are shown in Figure 5.3.  The images of both the left and right columns are of the same 

specimen but with different magnifications. The progressive breakdown of the soy fibers was 

evident, although large particles of plant material could still be observed throughout all chemical 

treatment steps with cell wall structures well defined. After acid hydrolysis, many holes within 

the cell wall structure were observed which could indicate the progressive breakdown of the 

structures. But any further evidence of structural breakdown was not apparent with the chemical 

treatments.  This is in large contrast to findings reported by Alemdar and Sain (2008), whereby 

b a 
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the chemical treatment process alone resulted in visually identifiable structural changes from 

SEM analysis. The chemical treatments applied are typically used for weakening the bonds 

between the compacted cellulose structures before application of energy intensive mechanical 

treatments (Wang and Sain 2007b).  After both RSH and HPH processes, the morphology has 

completely changed yielding a fabric-like network with few distinguishable fibers. Due to the 

self-association of individualized cellulose fibers at the nanoscopic level, the development of a 

fabric-like network could be expected after freeze drying. The distinguishable fibers observed 

are of micron dimensions similar to fibers seen in the OM micrographs. 

In order to observe smaller dimensions within the SMF samples, TEM micrographs were 

obtained as shown in Figure 5.4. The three images show various size distributions found within 

the SMF samples. It is clear that although micro dimensioned fibers were seen, nanofibers were 

also obtained. These fibers are well under 50 nm similar to MFC particle types (10 – 100 nm) as 

described by Moon et al. (2011).  Size distribution of the cellulose fibers after chemo-

mechanical treatment therefore ranges from nano to micro dimensions. This rather wide range 

of particle size could be due to the heterogeneous feedstock materials used.  
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Figure 5.3: SEM micrographs of cellulose fibers through the different stages of the extraction 

process.  Both columns were obtained from the same specimen at different magnifications levels. 
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Figure 5.4: TEM micrographs of SMF suspensions. All three images are representative of a given 

sample of fiber suspension. Nanofibrils (a) form larger nano-sized bundles (b) which bundle 

further to create micro sized bundles of fiber (c).  

 

The SNF’s released after acid hydrolysis were also analyzed using SEM and TEM 

(Figure 5.5). Under the SEM, a fabric-like network was seen similar to SMF’s. Contrasting to 

1µm c 

500nm a 

500nm b 
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SMF micrographs, the presence of fiber structures were not observed. This concurs with the 

speculation that aggregation of smaller sized fibers could result with a fabric-like appearance 

after freeze drying. The absence of micro-sized structures is expected as the gelled SNF 

obtained was homogenous and highly translucent.    

 

 
 

Figure 5.5: a) SEM and b) TEM micrographs of soy nanofibers released after acid hydrolysis. SEM 

micrograph was obtained from freeze dried fiber suspension.   

 

With respect to the TEM micrographs, the presence of nano-sized fibers was clearly 

observed. The web-like network seen may explain the gelling behaviour of the SNF’s observed 

macroscopically.  The homogeneous concentration of nano-sized fibers explains the transparent 

gel observed. The size distribution as displayed in Figure 5.6  ranged from 6 to 35 nm placing 

them well within the particle types of NFC (4-20 nm) to MFC (10-100 nm) as categorized by 

Moon et al. 2011. The average diameter of the SNF’s was found to be 16.0 nm. The length of 

the fibers was not determined due to the overlapping nature of the fibers which made it difficult 

to quantify. However, the evidence of the gelling behaviour indicates that the aspect ratio should 

be high or gelation should not occur.    

500nm 

a b 
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Figure 5.6: Size distribution of SNF suspensions obtained from TEM images. 

 

5.4.3 FTIR Analysis 

Figure 5.7 displays FTIR spectra of initial SF, SF after acid hydrolysis, SF after second 

alkaline treatment, SNF, and SMF specimens. All spectra have been magnified and shifted to 

facilitate comparison. The presence of cellulose can be detected in all of the samples through 

the C-H stretching seen near the peak at 896 cm -1 (Alemdar and Sain 2008). The peak at 1160 

cm-1 represents the C-O-C asymmetrical stretching of cellulose and hemicellulose (Sills and 

Gossett 2011). For amorphous polysaccharides, the broad bands in the O-H region (3200 to 

3600 cm-1) and C-H band (2920 cm-1) correspond to the aliphatic moieties in lignin 

hemicelluloses (Sun et al. 2005).  The peak near 1730 cm
-1
 can also be attributed to the acetyl 

or uronic ester groups of hemicelluloses or the ester linkage of carboxylic group of the ferulic 

and p-coumeric acids of lignin and/or hemicelluloses (Sain and Panthapulakkal 2006; Sun et al. 

2005). The reduction in absorbance for these regions can be observed in each stage of 

extraction. Most notable are the peaks at 2920 cm-1 and 1730 cm-1 where low detectability or a 

complete disappearance was observed for the micro and nano soy fiber specimens. This 

indicates the removal of lignin and hemicelluloses was achieved using the chemi-mechanical 
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process as described. However, it must be noted that the removal may not be complete with the 

presence of lignin still detectable at 2920 cm-1 for the SMF samples. Lignin also has the 

aromatic C=C stretch from aromatic rings which typically yields two peaks near 1513 and 1433 

cm-1 (Sun et al. 2005). Although these peaks were not prominent in the initial SF, the small peak 

at 1514 cm-1 could further support the presence of lignin in SMF samples. For SNF specimens, 

the absence of these frequencies reflects the lack of lignin content. Upon further investigation, 

SNF may contain pectin and hemicellulose residues.  In pectic polysaccharides, the region 

between 1140 to 1000 cm-1 relates to the stretching vibrations of C-OH side groups and the C-

O-C glycosidic bond (Monsoor 2005). Characteristic peaks can be found near 1100 and 1017 

cm-1 from the abundant homogalacturonan content present in pectin (Kacurakova et al. 2000). 

SNF specimens had similar peaks at 1093 and 1010 cm-1 which may signify the presence of 

homogalacturonan. Another pectic polysaccharide, rhamnogalacturonan, has been reported to 

peak near the wavenumbers of 1043 and 1070 cm-1 (Kacurakova et al. 2000). Hemicellulose 

content such as xylan and galactan have also been reported to peak near 1047 and 1078 cm
-1
 

(Kacurakova et al. 2000). Similar peaks at 1047 and 1072 cm-1 can be observed in SNF 

specimens elucidating the presence of pectin and hemicellulose residues.  Since SNF was 

released from the main SMF mass after acid hydrolysis, the presence of pectin and 

hemicelluloses can be expected as the acid hydrolysis step was meant to solubilize these 

compounds (Wang and Sain 2007b). This suggests that SNF fibers observed may be highly 

associated forms of cellulose with hemicellulose and pectic residues. This may explain for the 

unusual gelling behaviour seen previously with ultrasonication that does not occur with typical 

gels. 
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Figure 5.7: FTIR spectra of fibers obtained after specific steps of the extraction process.  

 

5.4.4 WAXD ANALYSIS 

Cellulose molecules have hydrogen bonds which are arranged in a patterned 

configuration resulting in crystalline-like properties. These crystalline regions are embedded 

amongst amorphous regions that are susceptible to chemical and mechanical treatments. With 

each successive treatment step, the relative crystalline portion of a given sample size should 

theoretically become higher. The estimated crystallinity of the fibers have been previously 

employed to indicate the efficacy of the cellulose extraction process towards nanometer ranges 

(Alemdar and Sain 2008; Chen et al. 2011; Wang and Sain 2007b). Figure 5.8 shows the 

WAXD results from the fiber extraction process through successive steps. It can be seen that all 

fiber samples except for the SNF have similar crystalline patterns exhibiting peaks around 2Ɵ = 

16° and 22.6°. These results concur with previously reported data for cellulosic materials where 
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a peak at 22.6° is representative of the cellulose I form (Alemdar and Sain 2008; Chen et al. 

2011; Jonoobi et al. 2009; Segal et al. 1959). The incongruity with current trends arises with the 

crystallinity estimates whereby an opposite trend was observed.  Using the method described 

by Segal et al. (1959), the estimated crystallinity values for raw SF, acid, alkaline 2, and SMF 

were 38.3%, 18.4%, 18.2%, and 13.5% respectively. Through each successive extraction step, 

the relative crystallinity decreased. This might indicate that for a given sample size, crystalline 

regions are converting to amorphous materials through each treatment. Even if amorphous 

fractions (lignin, hemicellulose, and pectin) were not successfully digested, the relative 

crystalline to amorphous material should be constant. As such, this decrease suggests the 

process is converting the crystalline regions to amorphous.  Alternatively, it could be that 

crystalline fractions were washed away through the filtration process. This could be attributed to 

the SNF fibers released after the acid hydrolysis treatment. The SNF fibers were found to be 

crystalline due to the sharp peaks seen at 2Ɵ = 21.38, 27.8 and 29.16°.  However, these peaks 

do not correlate to cellulose possibly due to the presence of pectin or hemicelluloses as 

suggested in the FTIR analysis.  In addition, this does not explain the much more noticeable 

decrease in crystallinity found after mechanical treatment since filtration was not applied. 

Consequently, crystalline regions within the specific soy fibers obtained may be weak in 

comparison to the other fibers using a similar extraction process (Alemdar and Sain 2008; Sain 

and Oksman 2006; Wang and Sain 2007a; Wang and Sain 2007b). The chemi-mechanical 

process applied could be too harsh which broke down crystalline regions revealing higher 

concentrations of amorphous material within the samples. Process optimization will need to be 

tailored for different plant sources so that individualization for crystalline fibers can be 

maximized.  

 



 
 

62 
 

 
 

Figure 5.8: Wide angle x-ray diffraction pattern of fibers obtained after specific stages through the 

extraction process. 

 

5.4.5 CONCLUSION 

This experiment revealed that a chemi-mechanical process was able to break down soy 

stems and pods into micro and nano sized fibers. Two fractions of fibers were obtained from the 

process with different characteristics in size distribution, chemical composition and crystallinity. 

Isolated solely from the acid hydrolysis was a fiber fraction comprising mainly of nano-sized 

diameters as observed via TEM analysis. It had crystalline characteristics according to WAXD 

and may not be fully composed of cellulose as observed using FTIR. Pectin and hemicellulose 

residues were observed throughout the FTIR spectra. The bulk fraction obtained after both 
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chemical and mechanical treatment had a large diameter distribution with similar FTIR and 

WAXD characteristics as found in literature. Partial removal of hemicellulose and lignin was 

evident throughout the process as observed via FTIR and SEM analysis. Crystallinity of the bulk 

fraction lowered through each successive step suggesting the process may be too harsh on the 

sampled soy fibers obtained. The individualization for highly crystalline nanofibers would benefit 

from optimization of both the chemical and mechanical treatments. Size separation processes 

could also be employed to concentrate nanofibers present within the bulk fibers obtained.  
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6.0 PART III: EXTRUSION OF SPI FILMS INCORPORATED WITH EXTRACTED SOY 

FIBERS  

6.1 INTRODUCTION 

Application limits of protein films have always been due to their low mechanical strength 

coupled with high moisture sensitivity. These inherent flaws could be eliminated with the use of 

suitable reinforcing fillers to enhance material properties.  A recent green alternative of fiber 

reinforcement is with the use of natural cellulose fibers. By individualizing plant fibers at the 

nano to micro levels, crystalline rich domains can be concentrated to increase the efficacy of 

reinforcement. Nanocomposite films utilizing cellulose nanofibers have been previously reported 

with promising effects on material enhancements (López-Rubio et al. 2007; Wang and Sain 

2007a; Wang and Sain 2007b; Wang et al. 2006). This study investigates the use of the 

previously extracted soy fibers as reinforcing fillers on extruded soy protein films to create a 

completely sustainable biocomposite film. The extrusion process was examined and composite 

SPI/cellulose blend films were characterized.   

 

6.2 MATERIALS 

Soy protein Isolate (SUPRO 760) as obtained from Section 4.2 was used for extrusion. 

Cellulose fibers from soy pods and stems were obtained as in Section 5.0. The extracted SNF 

and SMF specimens were used as reinforcing fibers. Glycerol was obtained as described in 

Section 4.2. 
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6.3 METHODS 

6.3.1 SAMPLE PREPARATIONS 

The overall process can be seen in Figure 6.1. The formulation of the SPI/SMF blend 

film contained SPI (100 parts), water (70 parts), glycerol (50 parts) and varying amounts of SMF 

at 0.25, 0.5, 1.0, and 2.5% (SMF/SPI mass ratio) and are designated as SMF0.25, SMF0.5, 

SMF1.0, and SMF2.5 respectively.   SNF fibers at 0.25% w/wSPI were prepared as comparison, 

but additional loadings could not be carried out due to insufficient yields acquired from the 

extraction process. Preparation of blend films was first done by premixing water and glycerol. 

SMF suspended in water from the extraction process was homogenized with water/glycerol 

solution via rotor/stator homogenizer for 5 min (PowerGen Model 1000, Fisher Scientific, 

Ottawa, ON, Canada). The SMF/water/glycerol solution was added to SPI using a 

programmable dispensing pump (DP-200, New Brunswick Scientific Co., INC, Edison, New 

Jersey, USA) at a controlled rate of 5 mL for every 2 seconds.  The addition of the solution to 

SPI occurred continuously during mixing in a kitchen mixer (SM-55 Stand Mixer, Cuisinart, 

Canada). Mixing speed was set to the maximum level of 12 and was left to mix for 15 min. The 

mixture yielded a clumpy damp powder and was equilibrated for 12 hours in a sealed plastic 

bag prior to extrusion.  
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Figure 6.1: Overview of the methodology used to extrude SPI/cellulose blend films. The effect of 

cellulose addition is shown through the viscosity of the initial premixed fiber/glycerol/water 

suspension.  

 

6.3.2 COMPOUNDING AND EXTRUSION 

Compounding and extrusion were done as in Section 4.3.2.   
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6.3.3 FILM CONDITIONING 

Similar to Section 4.3.3, protein sheets were conditioned for 1 week at 43, 58, and 84% 

RH at 25°C before testing.  

 

6.3.4 MECHANICAL PROPERTIES 

Tensile strength (TS), percentage elongation at break (EAB) and elastic modulus (EM) 

were measured as described in Section 4.3.4. 

 

6.3.5 MICROSTRUCTURE ANALYSIS 

Microstructure analysis of SPI films was completed using a scanning electron 

microscope as described in Section 4.3.7. Samples equilibrated at 58% relative humidity were 

observed to compare effects of fiber addition. Cryo-fractured cross sections perpendicular to the 

extrusion machine direction were analyzed.   

 

6.3.6 FTIR Analysis 

IR spectra of soy protein films were obtained as described in Section 4.3.8. 

 

6.3.7 WAXD Analysis 

WAXD sampling was carried out as described in Section 5.3.3.  
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6.3.8 STATISTICAL ANALYSIS  

Statistical analysis of reported data was performed as described in Section 4.3.9. 

 

6.4 RESULTS AND DISCUSSION 

6.4.1 EXTRUSION OBSERVATIONS 

Extrusion conditions with the addition of the cellulose fibers remained very similar to the 

process as described in Section 4.0. However, the addition of cellulose created complications 

mainly due to high hydrophilicity and the self-interacting nature of the biopolymer. These 

problems were seen during mixing, and throughout the extrusion stages. During mixing, a 

programmable peristaltic pump was used to continually dose liquid fractions (water and glycerol) 

of the formulation into the dry SPI powder.  With the addition of cellulose fibers into the liquid 

fraction, the viscosity dramatically increased impeding the pumping process. As shown in Figure 

6.1, changing the fiber concentration from 0.5 to 1% w/w SMF/SPI also changed the texture of 

the solution towards a gel-like state. At 3% w/w SMF/SPI, the texture reflects a semi-solid state 

unable to be controllably mixed with powdered SPI.  The selected maximum loading of 2.5% 

w/w SMF/SPI as tested was the limit at which the viscosity of the solution was low enough, 

suitable for controlled dosing. Additional water could have been used to increase cellulose 

concentration, but this would require an additional drying step which might confound previous 

findings for film formation.  

Another complication arose during compounding and extrusion steps. From the 

compounding stage, flakes of material were observed to separate from the extruded protein 

strands (Figure 6.2b).  Depending on the SMF loading, the flakes emerged from the extruder 
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increased in size. At fiber concentrations below 0.5% w/w SMF/SPI, the appearance of flakes 

was minimal to non-existent. Upon FTIR analysis of these fractions, they were found to be 

aggregated cellulose fibers. Further analysis on the protein melt from the screw flights within the 

extruder showed that large fragments could be found loosely adhering to the bulk SPI melt. As 

seen in Figure 6.2a, the large fractions were mainly concentrated against the barrel walls and 

surfaces of the screw. No signs of chemical association were observed as clear separation of 

the fragments from the bulk SPI melt was apparent. This phenomenon again was dependent on 

the concentrations of fiber added to the mixture. With low additions of fiber (0.25 and 0.5% w/w 

SMF/SPI), few to no fragments were seen inside the extruder barrel.  

 

 
 

Figure 6.2: Presence of cellulose rich agglomerates observed throughout the process of 

extrusion. a) Aggregate formed inside the extruder barrel wrapping around screw. b) Clumps seen 

through strand formation after compounding. c) Aggregated fragments embedded in 

SPII/cellulose blend films at high fiber loadings.  

 

Progressing to extrusion findings, the presence of cellulose rich domains was also 

observed. Large particles were embedded randomly throughout extruded films (Figure 6.2c). 

The phenomenon was exaggerated with higher fiber concentrations (1.0% and 2.5% w/w 

SMF/SPI). However at concentrations of 0.5% w/w SMF/SPI and below, the presence of these 

c a b 
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clumps could not be detected. The observed fragments may be caused by poor dispersion, or 

conditions promoting cellulose-cellulose interactions.  

Enhanced dispersion of the fibers may be addressed by utilizing a recirculating 

compounder at elevated temperatures. By unfolding the protein at higher temperatures, protein 

chain mobility would be increased which could allow for better flow of cellulose fibers throughout 

the SPI matrix. With impeded movement through the SPI matrix, cellulose fibers could 

accumulate against the barrel walls where higher frictional forces can be experienced.  

Aggregate formation via cellulose-cellulose interactions may be promoted during aging 

or inside the extruder. When suspended cellulose fibers are mixed into the SPI powder for 

aging, moisture is driven away from the fibers by the dry SPI powder. This partial drying could 

possibly encourage fibers in close proximity to interact with each other forming semi-

aggregates. Unless these fibers are subject to an environment that would allow them to break 

apart, these semi-attached fibers could be sustained and further tangled through the extruder. 

Within the extruder, the self-aggregation of cellulose fibers may be promoted by shear, 

pressure, or the exposure of embedded hydrophobic groups. As reported in Section 5.4.1, 

preliminary trials of applying ultrasonic treatment aggregated the extracted soy fiber 

suspensions. Shear and pressure against two surfaces was also witnessed to yield aggregated 

clumps from SMF suspensions. As the blended melt flow along screw flights, high shear and 

pressure could be experienced against the extruder barrel which could induce the aggregation 

of cellulose fractions into larger fragments. This would explain as to why the majority of these 

cellulose rich domains were found on the outskirts of the melt against the barrel and screw 

surfaces. Moreover, during the unfolding process, increased hydrophobic groups from within the 

protein structures are revealed. This could conceivably promote the self-association of cellulose 

fibers which are highly hydrophilic. However since both filler and matrix are predominately 

hydrophilic, the hindrance of hydrophobic groups should be of minimal consequence.  
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6.4.2 MORPHOLOGY AND STRUCTURE 

Due to the appearance of aggregated fragments, homogeneity of fiber dispersion was a 

topic of concern. Upon examination of the films under polarized light (Figure 6.3), it was 

revealed that although mixing was not optimal, the clumping of fibers were independent 

occurrences unrelated to overall dispersibility. Fibers were seen to be randomly spread 

throughout the films.   

 

 
 

Figure 6.3: Image of 1 inch wide specimens of SPI/cellulose blend films seen through a cross 

polarized light filter. Circled are clusters of aggregated cellulose fibers. 

 

Further analysis using OM under cross polarized light confirmed that the overall 

dispersion of fibers within the protein films is even and throughout (Figure 6.4). A large size 

distribution of fibers was also observed as expected. With increasing concentrations, the overall 

density of fibers was seen to increase. From 0.25 to 0.5% w/w SMF/SPI, the presence of larger 

fiber diameters was more prominent for the SMF0.5 specimen. At concentrations beyond 1% 

w/w SPI, the random presence of aggregates began to appear with more occurrences at 2.5% 

NSF0.25 SPI SMF0.25 SMF0.5 SMF1.0 SMF2.5 
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w/w SPI. These aggregates are identified as the same macroscopic agglomerates seen from 

Figure 6.2c.   

 

 
 

Figure 6.4: Polarized light microscopy of cellulose/SPI blend films displaying homogeneity of 

dispersed fibers with increasing concentration from 0.25%.  Circled are macroscopic aggregates 

formed by micrometer-sized fibers found with fiber loading of 1% and greater  
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SEM images of the cryo-fractured surfaces of SPI, SNF0.25, SMF0.5, SMF1.0, and SMF 

2.5 are shown in Figure 6.5. The fractured plane was perpendicular to the machine direction 

allowing for visual indication of fiber alignment if it were to be present. However, no visible 

evidence of fibers was observed for any of the specimens. This was not expected as 

homogenous dispersion of fibers was evident via polarized light. This may suggest that cellulose 

and SPI have good interfacial adhesion preventing the pull out of fibers upon fracture. Poor 

adhesion would result in the appearance of visible fiber structures due to the fiber surfaces 

disengaging from the polymer matrix. The control specimen of SPI without fiber addition had 

relatively smooth fracture surface in comparison to all other specimens. With the addition of 

SNF’s at 0.25%w/w SNF/SPI, irregularities could be seen to scatter across the surface. Adding 

SMF’s at the same loading concentration resulted in an increased surface roughness. 

Compared to other specimens, edges with higher variances in the depth to height ratio were 

observed.  This jagged texture was also apparent with SMF0.5 but with a flatter appearance.  

The serrated valleys can be seen to widen apart with further increase in SMF addition at 1.0 and 

2.5% w/w SMF/SPI.  In addition to the widening of the valleys, SMF1.0 and SMF 2.5 specimens 

have additional sunken trenches that streak across the surfaces. The most apparent of this 

behaviour can be seen with SMF2.5 at the highest fiber concentration with deep elongated 

cavities. The increasing roughness with increasing fiber addition suggests the presence of filler 

material. Although interfacial adhesion prevented the visual appearance of intact fibers, the 

rough texture may indicate that interaction is not ideal (Wang et al. 2006; Wu et al. 2009).  The 

increased defects seen with high fiber content may negatively affect material properties.  
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Figure 6.5: SEM micrographs of SPI/Cellulose blend films. 

 

6.4.3 MECHANICAL PROPERTIES 

Mechanical properties of cellulose/SPI blend films across RH levels of 43, 58, and 84% 

are summarized in Table 6.1. The independent properties of tensile strength, elongation, and 

elastic modulus are graphically displayed in Figure 6.6, Figure 6.7, and Figure 6.8 
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Table 6.1: Mechanical properties of SPI/cellulose extruded films with respect to fiber content and 

relative humidity 

Relative 
Humidity Specimen 

Ultimate Tensile 
Strength Elongation 

Modulus of 
Elasticity 

(%)  (MPa) (%) (MPa) 

43 Control 6.51 ± 0.15a 222.53 ± 0.25a,b 65.55 ± 3.56a 

43 SNF 0.25 6.82 ± 0.14b 195.68 ± 0.20a,b 79.68 ± 6.51b,c 

43 SMF 0.25 6.91 ± 0.07b 208.67 ± 0.18a,b 85.26 ± 5.14c 

43 SMF 0.5 6.34 ± 0.11a 238.27 ± 0.21a,b 59.71 ± 3.50a 

43 SMF 1 6.00 ± 0.21c 168.75 ± 0.11b,c 70.72 ± 9.03a,b 

43 SMF 2.5 5.02 ± 0.08d 111.84 ± 0.36c 62.73 ± 4.40a 

58 Control 4.96 ± 0.18a,b 212.75 ± 20.00a,b 41.02 ± 5.78a,b 

58 SNF 0.25 5.43 ± 0.13b,c 233.17 ± 20.49b 46.47 ± 3.29a 

58 SMF 0.25 5.54 ± 0.46c 190.75 ± 23.35a 48.08 ± 6.70a 

58 SMF 0.5 4.73 ± 0.11a 228.27 ± 14.51b 36.81 ± 3.78b 

58 SMF 1 4.72 ± 0.25a 187.01 ± 15.72a 41.79 ± 4.23a,b 

58 SMF 2.5 4.84 ± 0.29a 103.49 ± 10.73c 46.31 ± 2.13a 

84 Control 3.91 ± 0.20a,b 211.43 ± 34.29a,b 23.36 ± 3.45a 

84 SNF 0.25 4.39 ± 0.12b 242.00 ± 23.45b 30.90 ± 2.54a 

84 SMF 0.25 5.64 ± 0.41c 183.70 ± 18.08a 45.21 ± 7.72b 

84 SMF 0.5 4.33 ± 0.11b 212.34 ± 18.66a,b 27.43 ± 3.03a 

84 SMF 1 4.23 ± 0.26a,b 169.33 ± 18.90a 29.09 ± 3.26a 

84 SMF 2.5 3.75 ± 0.38a 118.85 ± 26.83c 29.27 ± 1.52a 

For each relative humidity, means with different letters in the same column are 
significantly different (N=5, Tukey’s HSD, p-value < 0.05) 

 

Similar to findings from Section 4.3.4, a negative correlation between ultimate tensile 

strength and relative humidity can be seen (Figure 6.6). This relationship is a common problem 

experienced by current research into protein films (Hernandez-Izquierdo and Krochta 2008; 

Song et al. 2011; Zhang and Mittal 2010; Zhang et al. 2001). The hydrophilic nature of the 

protein is responsible for the weakening of the protein structure. As water is a natural 

plasticizing agent, increased water content would allow for increased protein chain mobility 

leading to a weakening in tensile strength (Zhang et al. 2001).  
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The effects of fiber addition did not reveal large differences in mechanical strength. At 

such low fiber additions, the cellulose fibers may not be able to impact material strength in a 

dramatic way. The most notable difference was with the addition of fiber at 0.25% w/w fiber/SPI. 

Both SNF and SMF at this concentration exhibited similar positive effects on tensile strength at 

all 3 levels of RH. The positive results are comparable at 43 and 58% RH.  However, one 

notable difference was observed at the highest RH of 84% where SMF loading at 0.25% w/w 

SMF/SPI out-performed the rest of the specimens. A difference of about 1.5 MPa was increased 

over the control. This could indicate that SPI films with low loadings of cellulose fibers might be 

less hydrophilic. On the other hand, the water holding capacity might be lessened due to an 

increase in crystalline cellulose fractions which are less susceptible to hydration. Water uptake 

of SPI/cellulose hybrid films have been shown to lessen with increased cellulose content (Wang 

et al. 2006). Nonetheless, this shows the potential of strong interaction between cellulose and 

SPI. Due to high protein chain mobility with increased water content, low interfacial adhesion 

should result in a greater decrease of tensile strength.  However, the opposite of this was true 

for SMF0.25. Furthermore, negative effects were not significantly observed when fiber content 

was increased at high RH. Tensile strength was only affected by more fiber addition at 43% RH. 

These findings might indicate that the effect on tensile strength was more related to the 

dispersion of cellulose than with interfacial interaction. Since higher fiber content was seen to 

form aggregated clumps, inadequate dispersion of fiber could increase micro-sized defects 

causing discontinuity of the protein matrix.  As witnessed through the SEM data, high fiber 

loading did exhibit more, smaller defects at the fracture surface. The presence of larger 

aggregates also corresponds with a decrease in surface area for interaction. In the presence of 

a plasticizer such as water, maintaining tensile strength would heavily rely on the interfacial 

adhesion between filler and polymer. As such, negligible effects on tensile strength at high 

relative humidity with higher defects in the films may highlight the excellent interaction between 
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cellulose and SPI. This high interfacial interaction seen should be expected as both cellulose 

and SPI have many groups to form hydrogen bonds (Chen and Liu 2008; Wu et al. 2009).  

 

 
 

Figure 6.6: Tensile strength with respect to fiber content and relative humidity 

 

The elastic modulus results shown in Figure 6.7 are similar to the findings seen with 

tensile strength. With the increase in humidity, stiffness is decreased due to the plasticization 

effects of water. This again should be caused by the hydrophilic nature of the films leading to 

water absorbed. Comparing SMF and SNF fibers showed that at 43 and 58% RH, there were no 

significant differences. The greatest improvement in elasticity was shown with the addition of 

SMF’s at 0.25% w/w SMF/SPI.  At 43% RH, the SMF0.25 specimens had a greater elastic 

modulus of 85.26 ± 5.14 MPa in comparison to the control specimens at 65.55 ± 3.56 MPa. 

Similar to tensile tests, notable improvement was also seen at 84% RH where SMF0.25 

specimens yielded an improvement of about 20 MPa with 45.21 ± 7.72 MPa in comparison to 

23.36 ± 3.45 MPa from SPI control films.   
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Figure 6.7: Modulus of Elasticity with respect to fiber content and relative humidity 

 

Figure 6.8 displays the percent elongation at break for all composite films. The change in 

relative humidity can be seen to have no significant effect on the performance of elongation. 

The values and level of decrease observed were very similar across all levels of relative 

humidity. However, it is noted that a higher variability of results were experienced with higher 

RH of 84%. The weakening of microscopic defects of the films was exaggerated leading to more 

inconsistencies at film failure. Increasing fiber concentrations resulted with no significant effects 

on elongation. Films with the addition of fiber up to 1% w/w fiber/SPI, all resulted in similar 

elongation values of ranging from 168.75 ± 0.11 to 242.00 ± 23.45%. The significant difference 

was observed with the maximum loading of fibers with SMF2.5 specimens where elongation 

values decreased across all three levels of RH from 103.49 ± 10.73 to 118.85 ± 26.83%. This 

drastic decrease in elongation may be caused by the defects seen in the micrographs. In 

addition, the formation of aggregates spread throughout the films would increase stress 
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concentrations at isolated sites.  A reduced surface area of aggregates would also lead to a 

decrease in interfacial interaction. Films harboring these flaws under tension would ultimately 

result in premature failure.  

 

 
 

Figure 6.8: Elongation with respect to fiber content and relative humidity 

 

These results suggest that the optimal fiber loading for the extracted cellulose should be 

around 0.25%. This can be attributed to the lack of aggregates present in combination with 

homogenous dispersion of fibers observed. With even mixing, load transfers upon tension on 

plastic film could be applied to the stronger cellulose fibers for enhanced reinforcement.  

Evidence of strong interactions between cellulose and SPI was suggested through the results 

and does concur with current literature. However, marked improvement on mechanical 

properties was mainly hindered by the natural self-association of cellulose fibers.  
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6.4.4 FTIR Analysis 

FTIR analysis was carried out to elucidate the presence of interactions between 

cellulose and SPI. Only samples aged at 58% RH were used for comparison. Figure 6.9 shows 

the overview of the spectra for all specimens including extracted SMF’s and glycerol.  

 
 

Figure 6.9: FTIR spectra of SPI/Cellulose blend films and SPI control along with extracted SMF 

specimen. 

 

Upon initial assessment of the overall FTIR spectra, no obvious differences between 

cellulose added and SPI control films were exhibited. Since the content of cellulose is below 

2.5%, clear identification through the spectra was not expected. It can be seen from Figure 6.9 

that the identifying peaks near 1600 cm-1 and 1040 cm-1 from SMF’s can easily be 

overshadowed by the presence of SPI and glycerol. However, evidence of cellulose interactions 

maybe elucidated through further analysis of the blend films.  
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Similar to Section 4.4.5, dominating areas of interest can be identified. The broad band 

around 3000 to 3500 cm-1 is associated with free and bound water with O-H and N-H groups 

(Guerrero and de la Caba 2010; Lodha and Netravali 2005). As discussed previously, 

increasing RH broadens this region due to the increased hydrogen bonds formed binding water 

to the films. Glycerol is strongly detected at frequencies of 1040 cm-1 (C-O linkage in C1 and C3 

of glycerol), and 1117 cm-1 (stretching of C-O in C2) (Lodha and Netravali 2005). This large 

presence of glycerol expectedly dwarfs any detectable C-O vibrations found from cellulose 

(Alemdar and Sain 2008).  The main absorption peaks of Amide I, Amide II, and Amide III can 

be seen at 1630 cm-1, 1540 cm-1, and 1230 cm-1 (Lodha and Netravali 2005; Schmidt et al. 

2005). These bands are associated with C=O stretching, N-H bending, and C-N stretching 

respectively. Interaction between cellulose and SPI would affect the protein structure and could 

be elucidated via these regions. Changes found within the Amide I and Amide II bands have 

been strongly correlated to the secondary structure due to the absence of interference with 

other vibrations (Barth 2007). Determining structural changes with the Amide III band is more 

complicated due to side chain contributions (Barth 2007). However, predictions on secondary 

structure have been previously made using the Amide III band (Cai and Singh 2004).  Figure 

6.10, Figure 6.11, and Figure 6.12 further analyzes the Amide I, II, III bands for evidence of 

structural changes.  
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Figure 6.10: Enlarged FTIR spectra of SPI/Cellulose blend film comparison focusing on the Amide 

I band. 

 

The Amide I band can reveal the configuration of the secondary structure via the 

dominating frequencies. Prominent frequencies near 1654 cm -1, 1633 cm-1, 1672 cm-1, and 1654 

cm
-1
 correlate to secondary structures of α-helix, β-sheet, β-turns, and random coils 

(Goormaghtigh et al. 1994). As mentioned in Section 4.4.5, this indicates that the extruded films 

are predominantly made of β-sheet secondary structures. Moreover, the β structure is shown to 

be made of antiparallel configuration due to the accumulation of vibrations at 1630 cm-1 (Barth 

2007). It can be seen the addition of fibers did not affect the beta sheet configuration with all 

treatments having similar frequencies at 1630 cm-1.    
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Further analysis of the Amide II band revealed a different outcome. From Figure 6.11, it 

can be seen that the SMF0.25 and SNF0.25 have both slightly shifted to higher wavenumbers in 

comparison to the other specimens.  This correlates with the mechanical characteristics 

whereby SMF0.25 and SNF0.25 resulted in improved properties. This shift in frequencies could 

indicate a stronger interaction compared to other concentration loadings. 

 

 
 

Figure 6.11: Enlarged FTIR spectra of SPI/Cellulose blend film comparison focusing on the Amide 

II band. 

 

Progressing onto Amide III, similar results in shifts to higher wavenumbers was observed 

with SMF0.25 and SNF 0.25 specimens. This further supports increased interaction at the 

concentration loading of 0.25% affecting material properties. The FTIR findings reveal that 
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although drastic changes were not observed, cellulose addition at optimal concentrations would 

interact with the surrounding SPI matrix changing material properties.  

 

 
 

Figure 6.12: Enlarged FTIR spectra of SPI/Cellulose blend film comparison focusing on the Amide 

III band. 

 

 

6.4.5 WAXD ANALYSIS 
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specimens that have been cryo-crushed using liquid nitrogen with a mortar and pestle.  

Extruded SPI base film showed two dominant amorphous peaks near 2Ɵ = 9 and 19.5° which 

correlate with literature findings of casted SPI films (Luo et al. 2008; Wu et al. 2009). With the 

addition of fiber, some specimens (SNF0.25, SMF0.25, and SMF1.0) showed a disappearance 

of the peak at 2Ɵ = 9°. Luo et al. (2008) have also had similar findings with transparent 

SPI/cellulose blend films created by complete dissolution of the both polymers. Since chemical 

dissolution should result in greater interactions, this may suggest that a disappearance of this 

peak could highlight interaction between SPI and cellulose.  This would correlate with previous 

findings except for SMF1.0 where the trend does not fit.  However, there might be other 

interactions independent of mechanical strength that was overlooked which affected crystallinity 

of the blend films.   
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Figure 6.13: WAXD spectra of SPI/cellulose blend films original SMF’s shown. No sample 

preparation was conducted for testing. 

 

Literature findings on the reported WAXD patterns have often only briefly described of 

the methods used to obtain WAXD patterns (Luo et al. 2008; Wu et al. 2009). The presently 

used X-Ray diffractometer was typically employed for use with powdered samples. As such, 

powdered samples where made from the blend films to show effect of sample preparation. 

Figure 6.14 shows how the patterns as previously seen are not sustained after cryo-crushing 

(mortar and pestle grinding in the presence of liquid nitrogen). The peak near 2Ɵ = 9° was still 

apparent throughout all samples. All samples are similar in appearance to the base SPI film. 

This may suggest that any type of interaction between cellulose and SPI were destroyed upon 
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crushing.  Conversely, this could also suggest that the previous data seen may be due to 

artifacts from inadequate preparation of specimens.  

 
 

Figure 6.14: WAXD spectra of SPI/cellulose blend films obtained after cyro-crushing to form 

powdered samples. 

 

6.5 CONCLUSIONS 

Extracted soy fibers were successfully incorporated in the extrusion of SPI film. 

Increasing fiber concentrations created difficulties due to the hydrophilic nature of cellulose 

fibers. Optimal concentration was found to be a very low addition of 0.25% w/w SMF/SPI which 

increased both tensile strength and modulus for extruded films at high RH of 84%. Increasing 

fiber loading caused the formation of cellulose aggregates seen in the extruded films which 
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caused a decline in performance. At optimal fiber loadings, FTIR analysis suggests interaction 

between cellulose and protein may be present correlating with increased strength of composite 

films. WAXD analysis showed that sample preparation can yield drastically different results 

yielding an inconclusive trend. This experiment showed that a completely biodegradable plastic 

thin film can be extruded using soy derived sources moving closer towards a sustainable 

alternative to petroleum based plastics.   
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7.0 EXPLORATORY WORK WITH TIO2 NANOPARTICLES AND SPI/FIBER BLEND 

FILMS 

7.1 INTRODUCTION 

Approved by the United States Food and Drug Administration, titanium dioxide is a safe 

and inexpensive additive commonly found in a wide array of products including paints, plastics, 

papers, food, cosmetics, solar cells, electronics, etc. (Feng et al. 2007; Fujishima 2000; Li et al. 

2010; Zhou et al. 2009).  From the papermaking industry, cellulose/TiO2 hybrid fibers have been 

explored to enhance brightness and have shown to have bactericidal properties (Daoud et al. 

2005; Marques et al. 2006; Siffert and Metzger 1991). Applications in edible films  have also 

been shown to provide antimicrobial protection, increase strength, and decrease water vapour 

transmission (Chaurasia et al. 2010; Li et al. 2010; Zhou et al. 2009). The use of TiO2 for 

packaging can also benefit from its oxygen scavenging abilities (Xiao-e et al. 2004).  In addition, 

titanate particles have been suggested for use as coupling agents with mild improvements for 

injection molded soy/cellulose blends (Ralston 2008). However, there have been no attempts to 

investigate the incorporation of TiO2 nanoparticles into SPI film for use with extrusion. There 

also have been no reports of the effects of using TiO2 particles as a coupling agent for 

SPI/Cellulose blend films. To further increase material properties of the extruded SPI base films, 

this study will investigate the effects of incorporating TiO2 nanoparticles along with its coupling 

effects on SPI/cellulose blend films.  

 

7.2 MATERIALS 

Soy protein Isolate (SUPRO 760) as obtained from Section 4.2 was used for extrusion. 

Extracted soy microfibers as carried out in Section 5.0 were used as reinforcing fibers. Glycerol 
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was obtained as described in Section 4.2. Titanium dioxide nanoparticles, Aeroxide P25 

(diameter ~21 nm), and P90 (diameter ~14 nm) with mixed anatase and rutile crystal structures, 

was kindly donated by Evonik Industries (Hanau-Wolfgang, Germany). Both these types of TiO2 

were of the same product line for applications of exploiting photocatalytic effects.  

 

7.3 METHODS 

7.3.1 SAMPLE PREPARATION 

The formulation of blend films contained SPI (100 parts), water (70 parts), glycerol (50 

parts) and varying amounts of additives at 0.25, 0.5, 1.0, or 2.5% (w/wSPI). Samples are 

labeled according to additive and concentration with extracted soy microfibers, titanium dioxide, 

and fiber/titanium blends denoted as F, Ti, and TiF respectively (Example: F0.25 reflects a 

specimen containing 0.25g of  fiber and 100g of SPI).  Preliminary experiments were carried out 

to determine the concentration and type of TiO2 (P25 or P90) that were to be used in the TiF 

blended films. For the TiF specimens, TiO2 concentration was maintained at 0.25% (w/wSPI) 

while the number labeled reflected the concentration of fibers added (Example: TiF0.5 reflects a 

specimen containing 0.25% TiO2 and 0.5% fiber (w/wSPI)). Prior to power mixing (SM-55 Stand 

Mixer, Cuisinart, Canada), additives were premixed with water and glycerol using a rotor/stator 

homogenizer for 5 min at 30,000 rpm (PowerGen Model 1000, Fisher Scientific, Ottawa, ON, 

Canada). Protein sheets were conditioned for 1 week in 43, 58, and 84% RH at 25°C using 

saturated salt solutions before testing.  
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7.3.2 COMPOUNDING AND EXTRUSION 

Compounding and extrusion were done as in Section 4.3.2.   

  

7.3.3 OPTICAL MICROSCOPY ANALYSIS 

Optical microscopy micrographs were obtained using a polarized filter lens (Model BX60 

F5, Olympic Optical Co. LTD, Japan). Microscopy of SPI films was completed using samples 

equilibrated at 58% relative humidity.  

 

7.3.4 MECHANICAL PROPERTIES 

Tensile strength (TS), percentage elongation at break (EAB) and elastic modulus (EM) 

were measured as described in Section 4.3.4.  

 

7.3.5 STATISTICAL ANALYSIS  

Statistical analysis of reported data was performed as described in Section 4.3.9. 
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7.4 RESULTS AND DISCUSSION 

7.4.1 PRELIMINARY EXPERIMENTS WITH TIO2/SPI BLEND FILM 

Preliminary experiments focused on incorporating TiO2 nanoparticles with SPI films 

characterizing any changes during extrusion and subsequent mechanical properties of the films. 

The compatibility of TiO2 was evident from the formulation stage due to the hydrophilic nature of 

both SPI and TiO2 leading to uniform blending. Extrusion with same parameters were carried 

out with ease and resulted with homogenous film with no visual signs of phase separation 

(Figure 7.1).    

 

 
 

Figure 7.1: SPI incorporated with TiO2 blend film as it exits the lip die showing a homogenous film 

formation indicating good compatibility 

 

The differing particle sizes of TiO2 obtained from P25 (21 nm) and P90 (14 nm) was 

apparent through the difference in appearance with various loadings (Figure 7.2). Due to the 
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smaller size of P90, the ability to reflect light was minimized causing the films to be more 

transparent. At approximately 1% (w/w SPI mass ratio) loading for P90, the visual appearance 

was similar to a 0.5% w/w TiO2 loading of P25.   

 

 
 

Figure 7.2: Comparison between P25 and P90 SPI/TiO2 blend films with different loading 

capacities of 0.25%, 0.5%, and 1% (TiO2:SPI mass ratio) 

 

The mechanical properties of SPI/TiO2 blend films in both MD and TD configurations are 

summarized in Table 7.1. From Figure 7.3, it can be seen that the addition of TiO2 had either 

negligible effects on TS or an increase compared to the control SPI films. The most notable 

increase was seen with the addition of 0.25% TiO2 type P90 yielding a TS of 9.40 ± 0.69 MPa 

and 7.82 ± 1.09 MPa for MD and TD respectively.  This is approximately 2 MPa greater than the 

control film specimen having a TS of 7.28 ± 0.41 MPa and 5.08 ± 0.76 MPa for both 

configurations of MD and TD respectively. In contrast, the greatest effect for TiO2 type P25 was 
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seen at a concentration of 0.5% where TS was maximized to 8.12 ± 0.33 MPa and 6.91 ± 0.3 

MPa for both MD and TD respectively. Similar strength improvements have been previously 

observed for whey protein films with TiO2 concentration levels under 0.5% (Li et al. 2010; Zhou 

et al. 2009).  Increased TS may indicate increased interactions between the TiO2 nanoparticles 

and surrounding protein. Negatively charged carboxylic or sulfhydryl groups from protein side 

chains could electrostatically interact with Ti4+- water complex (Zhou et al. 2009). Hydrogen 

bonding or O-Ti-O bonding could also aid in increased tensile strength (Li et al. 2010; Zhou et 

al. 2009).  Interactions between the TiO2 filler and protein matrix can be augmented through 

optimal dispersion and isolation for maximized surface area of the nanoparticle. Beyond a 

critical concentration, Li et al. (2010) and Zhou et al. (2009) both have theorized that 

agglomeration effects through self association would limit interactions and also create 

discontinuous protein networks leading to decreased mechanical properties.  
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Table 7.1: Mechanical Strength of TiO2 /SPI blend films with two different types of TiO2 obtained in 

the machine direction 

 
 

Tensile Strength Young's Modulus Elongation at break 

Direction Specimen (MPa) (MPa) (%) 

Machine Control 7.28 ± 0.41a,b 103.40 ± 19.66b,c 187.23 ± 14.00b,c,d 

 

0.25% P25 6.89 ± 0.55a 77.92 ± 8.53c 207.52 ± 11.32d 

0.5% P25 8.12 ± 0.33b 109.56 ± 8.23a,b 173.49 ± 19.97a,b,c 

1% P25 7.28 ± 0.38 a,b 80.15 ± 4.57a,b,c 194.19 ± 4.15c,d 

0.25% P90 9.40 ± 0.69c 105.85 ± 4.64a 192.64 ± 9.26b,c,d 

0.5% P90 7.00 ± 0.40a 84.06 ± 9.27c 166.48 ± 13.82a,b 

1% P90 7.56 ± 0.44 a,b 91.80 ± 10.58c 157.33 ± 13.21a 

Transverse Control 5.33 ± 0.56a 66.72 ± 2.90a,b 204.09 ± 27.95a,b 

 

0.25% P25 5.21 ± 0.21a 60.19 ± 7.12a 199.71 ± 21.95a,b 

0.5% P25 6.91 ± 0.30b,c 88.77 ± 5.66b 195.79 ± 13.66a,b 

1% P25 5.53 ± 0.47a 56.49 ± 12.41a 204.96 ± 20.80a,b 

0.25% P90 7.82 ± 1.09c 84.69 ± 24.23b 231.44 ± 22.35b 

0.5% P90 5.86 ± 0.80a,b 75.34 ± 7.85a,b 164.11 ± 22.28a 

1% P90 5.87 ± 0.63a,b 73.75 ± 15.38a,b 181.92 ± 4.56a 

Separated by direction, means with different letters in the same column are significantly different 
(N=5, Tukey’s HSD, p-value < 0.05)    
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Figure 7.3: Tensile Strength of TiO2/SPI blend films 

 

Unlike TS, the elasticity in the MD of the hybrid films remained unchanged or decreased 

with the addition of TiO2 nanoparticles (Figure 7.4). At the optimum concentrations for strength 

increase (0.25% for P90 and 0.5% for P25), the EM was similar to that of the control specimen. 

However, at concentrations away from this optimum, the resulting EM decreased to minimums 

of 77.92 ± 8.53 MPa and 84.06 ± 9.27 MPa for P25 and P90 respectively.  In contrast, for the 

TD, the addition of TiO2 at the similar optimum loadings revealed an increase compared to the 

control reaching maximum of 88.77 ± 5.66 MPa and 84.69 ± 24.23 MPa for P25 and P90 

respectively. Concentrations away from this optimum revealed E’s with comparable values to 

that of the control specimen.  
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Figure 7.4: Modulus of Elasticity of TiO2/SPI blend films 

 

Elongation results are displayed in Figure 7.5.  Optimum concentrations for P25 were 

not similar to the previous findings. In the MD, EAB was greatest at 0.25% but was still 

insignificant compared to the control SPI. In the TD, all additions of TiO2 type P25 had 

insignificant effects on EAB. For P90, the maximum EAB was seen at a concentration of 0.25% 

for both MD and TD. These results however are insignificant compared to control. Nonetheless, 

it should be noted that the material was not more brittle even though TS was increased at the 

same concentration of 0.25%. At 1%, it can be seen that EAB decreased in the MD. This 

supports the theory of aggregated TiO2 particles which cause discontinuity within the protein 

matrix leading to premature failure.    
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Figure 7.5: Elongation at break of TiO2/SPI blend films 

 

From these mechanical results, it was found that the addition of TiO2 type P90 at 0.25% 

yielded the most ideal mechanical properties with moderate EM, EAB and greatest TS 

improvements.  Of note is that the increase in TS at such low concentrations did not cause an 

anti-plasticization effect as would be expected by adding a rigid material such as TiO2. This 

could suggest that the role of TiO2 may be to increase number of bonding sites rather than 

provide a direct source of load transfer. Under strain, localized stress concentrations increase at 

particular bonding sites through protein – protein interactions (Termonia 1990). Due to the size 

of the nanoparticles, the addition of TiO2 may allow for additional bonding opportunities between 

protein chains via TiO2. In areas between protein chains where interactions are not present, the 

nano-sized particles may penetrate to provide additional support through electrostatic, hydrogen 

or O-Ti-O bonds. This allows the TiO2 nanoparticles to act as an additional adhesive to further 

bond protein chains and spread load concentrations. This might account for why the larger P25 
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(21 nm) particle was seen to have a max TS lower than that of the smaller P90 (14 nm). With a 

larger particle size, the situation of the particle to an ideal bonding site where protein-protein 

interaction is not present may be more difficult. More importantly, the smaller surface area of the 

larger particle limits interaction opportunities thereby limiting the number of bonds present. 

These results elucidate the importance of the size of the nanoparticle. The smaller nanoparticle 

of P90 at 14 nm clearly yielded better mechanical performance with a lower optimal 

concentration compared to P25. Further research could investigate the optimization between 

particle size and concentration of nano fillers.   

 

7.4.2 MICROSCOPY OF TIO2/CELLULOSE/SPI BLEND FILM 

Light microscopy of SPI film incorporated with cellulose and/or TiO2 is shown in Figure 

7.6. Each row represents a different treatment with each column from left to right representing 

the increasing concentration of additives. Looking to the SPI/TiO2 blend films in the first row, 

concentration effects of TiO2 were not apparent. The visible appearance of small particles 

scattered throughout these films are comparable to the SPI control film seen in Figure 6.4 from 

Section 6.4.2. Also similar, were the SPI/cellulose blend films where fibers have a large size 

distribution and with increasing concentration, the density of fibers also increased. The 

presence of TiO2 also yielded similar results with no significant differences compared to 

SPI/cellulose blends without TiO2 addition. 
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Figure 7.6: Cross polarized light microscopy of SPI blend films with cellulose and/or TiO2 additives.
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7.4.3 MECHANICAL PROPERTIES OF TIO2/CELLULOSE/SPI BLEND FILM 

Mechanical properties of SPI films incorporated cellulose and/or TiO2 were obtained for 

RH of 43, 58 and 84% (Table 7.2). Figure 7.7 displays the tensile properties between all 

treatments. Similar to previous results, increasing RH translated to a decrease in tensile 

strength. For SPI/TiO2 and SPI/fiber blend films, results were also similar to previous findings 

where the optimal concentration for maximum strength was near 0.25% w/w. However, when 

0.25% w/w of TiO2 was used as a coupling agent, the optimal loading of cellulose fiber shifted to 

1% w/w. A positive correlation between tensile strength and TiO2-coupled fiber concentration 

was seen across all levels of RH. At 84% RH, the tensile strength of TiF1.0 is clearly improved 

over Ti1.0 and F1.0 showing a synergistic effect. The positive trend suggests that cellulose 

incorporation beyond 1% w/w may further increase material strength and promote higher 

cellulose utilization.   
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Table 7.2: Mechanical properties of SPI films with cellulose and TiO2 additives 

RH Specimen Tensile Strength Elongation Modulus of Elasticity 

(%) 
 

(MPa) (%) (MPa) 

43 SPI 9.34 ± 0.42a 164.59 ± 11.70a 127.02 ± 16.45a 

43 F0.25 11.29 ± 0.61d 140.35 ± 11.14d 170.84 ± 24.30b 

43 F0.5 10.64 ± 0.15b,c,d 130.94 ± 16.76 b,c 162.96 ± 18.84a,b 

43 F1.0 10.23 ± 0.63a,b 141.09 ± 17.27 a,b 166.38 ± 25.81a,b 

43 Ti0.25 10.69 ± 0.21b,c,d 136.51 ± 11.63 b,c 150.43 ± 13.46a,b 

43 Ti0.5 9.76 ± 0.85a,b 130.83 ± 17.09 a,b 148.57 ± 21.22a,b 

43 Ti1.0 10.41 ± 0.23b,c 137.20 ± 8.28b,c 153.07 ± 15.08a,b 

43 TiF0.25 9.81 ± 0.57a,b 153.65 ± 6.18 a,b 145.06 ± 11.14a,b 

43 TiF0.5 9.89 ± 0.39a,b 135.49 ± 10.67 a,b 148.17 ± 7.41a,b 

43 TiF1.0 11.25 ± 0.33c,d 130.45 ± 6.84c,d 163.80 ± 20.60a,b 

58 SPI 8.78 ± 0.62a,b 150.05 ± 18.82a,b 114.74 ± 17.91a 

58 F0.25 10.14 ± 0.55c,d 146.00 ± 11.51 c,d 131.44 ± 13.13a,b 

58 F0.5 10.17 ± 0.28c,d 133.47 ± 3.71 c,d 123.20 ± 5.17a 

58 F1.0 10.03 ± 0.33c,d 120.38 ± 14.23 c,d 128.10 ± 9.14a,b 

58 Ti0.25 9.72 ± 0.45b,c,d 139.01 ± 9.35 b,c,d 129.00 ± 11.70a,b 

58 Ti0.5 9.38 ± 0.72b,c 158.11 ± 9.83 b,c 112.57 ± 20.07a 

58 Ti1.0 9.37 ± 0.23b,c 146.16 ± 12.02b,c 127.60 ± 7.88a,b 

58 TiF0.25 8.21 ± 0.41a 155.23 ± 7.68a 111.47 ± 9.87a 

58 TiF0.5 9.29 ± 0.28b,c 133.59 ± 16.20b,c 130.68 ± 16.05a,b 

58 TiF1.0 10.38 ± 0.33d 141.68 ± 11.49d 153.73 ± 11.83b 

84 SPI 6.78 ± 0.72a 154.40 ± 26.78a 67.89 ± 9.90a,b 

84 F0.25 8.20 ± 0.30d 141.39 ± 14.27d 78.64 ± 6.78 b,c 

84 F0.5 7.65 ± 0.48b,c,d 129.44 ± 9.06b,c,d 82.86 ± 14.19b,c 

84 F1.0 7.07 ± 0.40a,b,c 158.16 ± 15.43a,b,c 67.80 ± 9.73 a,b,c 

84 Ti0.25 8.34 ± 0.32d 152.11 ± 13.92d 92.19 ± 8.68c 

84 Ti0.5 7.16 ± 0.30a,b,c 146.99 ± 18.69 a,b,c 69.69 ± 11.74 a,b 

84 Ti1.0 6.84 ± 0.13a,b 144.80 ± 24.15 a,b 60.85 ± 9.92a 

84 TiF0.25 7.20 ± 0.14a,b,c, 160.08 ± 7.02 a,b,c 68.65 ± 3.84 a,b 

84 TiF0.5 7.28 ± 0.24a,b,c 147.57 ± 10.24 a,b,c 72.28 ± 7.43 a,b 

84 TiF1.0 7.89 ± 0.10c,d 136.56 ± 17.73c,d 79.25 ± 4.12 a,b,c 

Separated by relative humidity, means with different letters in the same column are 
significantly different (N=5, Tukey’s HSD, p-value < 0.05) 
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Figure 7.7: Tensile strength of SPI films blended with cellulose (F), TiO2 (Ti), and cellulose 

compatibilized with TiO2 (TiF)  

 

Figure 7.8 shows elongation at break values for all treatments. Similar elongation values 

were seen across the three levels of RH tested. At 43%, additives were seen to generally 

reduce elongation compared to the control. However, induced effects between additives were 

not apparent for any of the samples.  
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Figure 7.8: Elongation of SPI films blended with cellulose (F), TiO2 (Ti), and cellulose 

compatibilized with TiO2 (TiF) 

 

Young’s modulus of the blend films reveal a decreasing trend with increasing RH as 

expected (Figure 7.9). For treatment effects, the addition of fiber and TiO2 separately yielded 

insignificant results. However, optimal concentration of 0.25% w/w TIO2/SPI was still found to be 

consistent for TiO2 at 84% RH.  For TiF samples, a direct positive correlation between 

concentration and elasticity was not observed. However, the optimal concentration resulting with 

the greatest average modulus was at 1% w/wSPI consistent with tensile strength results. 

Further addition of TiO2-coupled fibers beyond 1% may prove to be beneficial.   
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Figure 7.9: Modulus of elasticity of SPI films blended with cellulose (F), TiO2 (Ti), and cellulose 

compatibilized with TiO2 (TiF) 

  

These mechanical properties suggest a synergistic effect might be present with the use 

of TiO2 as a coupling agent for cellulose in SPI film. This may be explained by enhanced 

cellulose-TiO2 interactions and subsequent decrease in cellulose-cellulose interactions. 

Previous investigations on the adsorption of TiO2 on cellulose fibers have speculated that van 

der Waals and electrostatic forces cause TiO2 to be more strongly attracted to the smaller fibrils 

surrounding beaten cellulose fibers (Siffert and Metzger 1991). The surrounding fibrils in this 

study were likened to a gel-like coating on the surface of larger cellulose fibers as described by 

Kibblewhite (1972). The extracted cellulose in the present experiment also exhibited similar gel-

like appearance as described. This may provide many opportunities for  interaction between 

cellulose and TiO2 during the rotor/stator homogenization step. In addition, the small dimensions 

of both fibers and TiO2 increases surface area which could also enhance interactions between 

them.  Past studies also mentioned the use of TiO2-coated cellulose fibers for forming paper 
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sheets (Marques et al. 2006). Due to the presence of TiO2, cellulose-cellulose interactions were 

reported to decrease. This alleviates a major obstacle found in the present extrusion of SPI with 

cellulose fibers; the formation of aggregated cellulose fibers.  As described in Section 6.0, 

aggregation can be promoted during aging and extrusion. By interfering with cellulose-cellulose 

interactions, fibers could remain separate so that interactions between cellulose and SPI can 

increase. More importantly, eliminating aggregation would aid in dispersion of the fibers 

spreading load concentrations upon tension. However this is only speculation and further study 

is required.  Of note is that the maximum tensile strength with using Ti-coupled cellulose fibers 

still only equated the improvements seen with using 0.25% w/wSPI of either cellulose or TiO2 

separately. As such, other forces may be present in influencing the increase in strength 

observed. 

 

7.4.4 CONCLUSION 

This experiment showed that the addition of TiO2 nanoparticles alone resulted in 

mechanical improvements of base SPI film. Comparing different particle sizes, the optimal 

concentration for maximum tensile strength was found to be greater (0.5% w/w TIO2/SPI) for the 

larger (21nm) P25 particle, and fewer (0.25% w/w TiO2/SPI) for the smaller (14nm) P90 particle. 

When coupled with extracted soy fibers, a synergistic trend was observed. At 0.25% w/w 

P90/SPI, a positive correlation was found for fiber addition and mechanical strength. However, it 

must be noted that the maximum strength increase was not more significant than the addition of 

cellulose fibers alone. Nonetheless, TiO2 coupling highlights the potential for further fiber 

incorporation to further improve SPI/cellulose blend films.  Future investigations may benefit 

from exploring the optimal ratio between TiO2 and cellulose fibers for use in aiding dispersion 

which was believed to be the critical factor in the synergistic effects observed.   
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8.0 CONCLUSIONS AND RECOMMENDATIONS  

Increasing interest into biodegradable alternatives for petroleum plastics has 

perpetuated current research for environmentally sustainable protein-based plastics. Each part 

of this study contributed to this ideal by exploring the processing and properties of extruding a 

protein composite film derived solely from the soy plant.  

The first part of this study showed that under optimized conditions, SPI can be extruded 

directly into thin, smooth-surfaced films. The processing window for this is however very limited 

and highly sensitive to both moisture content and heat applied.  The presence of water forms 

microscopic holes in the thin films and is thought to nucleate the formation of macroscopic 

bubbles seen during extrusion. The continuous extrusion of puffed films with sustained bubbles 

was readily achievable through the use of high moisture and high heat. Mechanical properties of 

the extruded thin films were highly sensitive to relative humidity. But at RH of 58% or lower, SPI 

films exhibited comparable mechanical properties to synthetic polymers. Barrier characteristics 

were strong against oxygen but poor against water as expected. Furthermore, FTIR analysis 

revealed that the extrusion process facilitated the transformation of SPI from mixed β strands to 

parallel β-sheet structures. The realization of extruding continuous homogenous SPI thin films 

facilitates industrial integration increasing commercial potential for sustainable bioplastics.  

The second part affirms that nano to micro cellulose fibers can be extracted from unused 

stems and pods of the soy plant. The chemi-mechanical process employed yielded two fractions 

of fibers with differing size distribution, chemical composition, and crystallinity. Confirmed by 

TEM, a nano-sized fraction was obtained after acid hydrolysis. WAXD showed that crystalline 

characteristics were present but the presence of pectin and hemicellulose was strong as 

witnessed by FTIR.  The bulk fraction obtained after both chemical and mechanical treatment 

had a size distribution ranging from nano to micron sizes. FTIR and SEM analysis of each 
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extraction step suggested partial removal of hemicellulose and lignin. The process employed 

however was not optimized as WAXD results suggest a decrease in relative crystallinity of the 

sample through each successive step of extraction. The realization of extracting nano to micro 

fibers from soy waste allows for further utilization of the soy plant increasing the sustainable 

efforts of this project.  

By extruding SPI with the extracted fibers, part three of this study established the goal of 

creating a fiber/protein composite derived from soy. Away from the optimal fiber loading of 

0.25% w/w fiber/SPI, material performance was hampered by the presence of fiber aggregates.  

The presence of aggregates was thought to be induced by self-interaction of cellulose fibers 

further promoted by the extrusion process. Aggregate-free films exhibited potential material 

enhancements with tensile strength and modulus increases observed at high RH of 84%. 

Furthermore, FTIR analysis suggests the presence of cellulose-protein interaction at the optimal 

fiber concentration.  WAXD analysis yielded inconclusive results which can be highly affected by 

sample preparation. The success of continuously extruding a fiber/protein composite film further 

highlights the potential for a sustainable alternative to petroleum plastics.  

Due to the presence of aggregates, exploratory research tried to improve the composite 

structure through the coupling effects of titanium dioxide addition. The experiment found that the 

addition of TiO2 nanoparticles can benefit both SPI base films and SPI/SMF blend films. For SPI 

films, tensile strength increased at an optimal concentration. The optimal concentration of the 

nano-filler was found to depend on the size of the particle. When TiO2 was used as a coupling 

agent for SPI/SMF blend films, a positive correlation between fiber addition and tensile strength 

was observed. However, the synergistic effect was not significant in comparison to the optimal 

concentration of adding cellulose fibers alone. The synergistic effects of TiO2 addition may be 

further exploited in future studies to improve SPI/fiber composite films increasing functionality 

and market potential.  
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The viability of introducing a completely green alternative to petroleum based plastics 

can only be achievable with a biodegradable material with comparable performance and cost to 

current market offerings.  A feasible solution was explored in this study by leveraging 

sustainable efforts through the complete utilization of the soy plant in conjunction with 

increasing commercial potential through the use of extrusion.  However, the current work 

accomplished has not yet been optimized and can greatly benefit from future studies. 

Recommended investigations for further research are outlined as follows: 

 

Part I: Extrusion of SPI Films 

 Optimization of extrusion parameters: The extrusion of SPI films was only successfully 

accomplished in a small-scale single screw extruder. An optimization study was not 

performed to isolate critical extrusion parameters so that they may be scaled accordingly to 

larger operations commonplace to an industrial setting.  As such, further study into precise 

extrusion parameters should be carried out.  

 Increase process window: Due to the sensitivity of proteins, future studies could benefit 

from exploring options to enlarge the processing window so that steady state conditions can 

be more robust against disturbances. Investigations into additives may be able to expand 

the processing window so that homogenous films may be more easily formed. 

 Extruder modifications for protein extrusion: Many extruders are optimized for the heating 

process of synthetic polymers. Due to the small processing window, apparatus alterations 

may be needed to better control the extrusion of protein. More specifically, the cooling of 

the melt is typically a post extrusion process where the surface of the films is uncontrolled. 

Since the protein was most sensitive to the temperature at the die, modifications may focus 



 
 

110 
 

on the die to control cooling and depressurization so that film surface disruptions may be 

minimized. 

 Decrease water sensitivity: The main drawback for extruded SPI films is the water 

sensitivity which negatively affects both mechanical and barrier properties. Incorporation of 

additives to reduce water sensitivity while maintaining the integrity for a sustainable solution 

should be explored. Proteins with increased hydrophobic groups such as zein, wheat 

gluten, etc. may decrease water sensitivity. Additional coatings could chemically bind to the 

surface of films to improve barrier properties.  

 

Part II: Cellulose Extraction from Soy Pods and Stems 

 Optimize the chemi-mechanical process: Each step in the applied chemi-mechanical 

process may be further optimized to achieve a higher degree of fiber quality. With smaller 

diameters and higher crystallinity, fiber properties should theoretically greatly improve.   

 Explore other fiber extraction methods: The pursuit of cellulose nanofibers is still in its early 

phase where many research groups have shown multiple combinations of techniques which 

can obtain nanofibers from a variety of sources. The use of enzymes has shown to be less 

harsh on the cellulose structure while effectively solubilizing other amorphous plant 

compounds. Future studies could employ other techniques besides the described chemi-

mechanical process which may yield better results.  

 

Part III: Development of Soy-Fiber Composite Films 

 Explore methodological modifications: By solution casting SPI/fiber prior to extrusion, the 

addition of cellulose fibers may be increased without the complication of aggregate 

formation.  With the aid of solution casting, fibers can be essentially coated with protein 
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acting as a coupling agent for further extrusion with SPI. With the fibers coated, cellulose-

cellulose interactions within the extruder may be deterred minimizing aggregate formation. 

 Increase fiber dispersion by optimizing extrusion parameters: As mentioned, dispersion of 

fibers may be improved by prolonging residence time under higher temperatures to 

increase protein chain mobility. With a lower matrix viscosity, fibers are able to readily move 

deterring the self-interacting behaviour of cellulose.  

 

Exploratory Research using TiO2 as a Coupling Agent 

 Explore optimal loading to size of nanofillers: From the preliminary experiments, a positive 

correlation between optimum filler loading to particle size was observed. However this trend 

is unconfirmed with the use of only two particle sizes. Increase understanding of filler-matrix 

interactions may benefit from studying the optimal loading for maximum tensile strength to 

the particle size of the nano-filler. 

 Increase fiber loading with TIO2 coupling: From this study, a synergistic effect between 

cellulose-TiO2 was observed yielding a positive correlation for fiber addition and tensile 

strength. However, maximum strength increase was insignificant compared to cellulose 

addition alone. As such, future studies increasing fiber concentration in the presence of 

TiO2 will be needed to confirm synergistic effects observed. 

 Explore other coupling agents: Although the use of TiO2 was suitable as a coupling agent 

for this study, caution should be exercised with research of nano-sized fillers. Nanoparticles 

in general have been a topic of concern with many metal oxides shown to have cellular 

toxicity due to its ability in crossing many biological barriers (Nyström and Fadeel 2012). 

TiO2 P25 has also been linked to neurotoxicity (Long et al. 2006). Focus of future coupling 

agents could explore options with confirmed biocompatibility to enhance safety of the 

research.  
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