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ABSTRACT 
 

DEVELOPMENT AND CHARACTERIZATION OF HIGH PERFORMANCE SOLVENT CAST 

SOY PROTEIN ISOLATE COMPOSITE FILMS 

 

 

Alexander Matthew Jensen      Advisor: Dr. Loong-Tak Lim 

University of Guelph, 2012 Committee Member: Dr. Massimo Marcone 

Committee Member: Dr. Shai Barbut 

 

 

The application of current soy protein films are limited due to their low mechanical 

strength and high moisture sensitivity compared to synthetic materials. This research studied 

several methods to improve the mechanical properties [tensile strength (TS), elongation at break 

(EAB), Young’s modulus of elasticity (YM)] of solvent cast soy protein isolate (SPI) films. 

Drying times were significantly reduced through the use of a heated casting surface. Neutral (pH 

7) SPI films were prepared but were found to have lower TS, EAB and YM than control films 

prepared under alkaline conditions. Cellulose was extracted from soybean wastes and 

transmission electron microscopy (TEM) verified the existence of nano-sized fibres. Composite 

SPI films were prepared using either extracted cellulose fibres or titanium dioxide (TiO2) 

nanoparticles and their mechanical and barrier properties (water vapour, and oxygen 

permeability) were evaluated under different relative humidity (RH) conditions. In general, TS 

and YM decreased and EAB increased with increasing RH. Films with 5% (w/w) added cellulose 

exhibited significant (p-value < 0.05) improvements in TS and YM but decreased EAB. TiO2 

composites possessed similar TS, YM, and EAB values to control films. Barrier properties were 

comparable across all samples, and decreased with increasing RH. Samples were characterized 

using Fourier transform infrared (FTIR) spectroscopy, scanning electron microscopy (SEM), and 

atomic force microscopy (AFM). Preliminary work investigating synthesis of filler materials 

using cross-linked sodium alginate particles increased the TS and YM of SPI films to a similar 

extent as extracted cellulose. A method for electrospinning cellulose using ionic liquids was 

developed, but requires further process optimization to be used for fibre/filler synthesis. 

 

 

Key words: protein films, soy protein isolate, cellulose, titanium dioxide, composite films, 

biodegradable films, mechanical properties, water vapour permeability, oxygen permeability, 

FTIR, SEM, TEM, AFM, relative humidity, electrospinning, ionic liquids.  
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1.0 Introduction 
 

Today’s synthetic plastics have been designed with little regard for their environmental 

impact and the sustainability of resources (Swain and others 2004). Petrochemical derived 

plastics have dominated the packaging industry because of their availability in large quantities, 

low cost, and superior mechanical properties. They can be tailor-made to suit almost any 

application due to their favourable barrier properties to water, oxygen and aroma compounds; 

good tensile and shear strength; and heat sealability (Tharanathan 2003). However, little thought 

has gone into the consequences these synthetic, non-biodegradable materials would have on the 

environment after their intended use. The widespread environmental pressure these practices 

have created has started a paradigm shift towards the development of safe, eco-friendly, 

biodegradable alternatives (Liu and others 2005). The increase in environmental consciousness 

among governing bodies and consumers has put pressure on the industry to balance 

manufacturing and marketing concerns with environmental and legislative policy (Swain and 

others 2004). Manufacturers are slowly becoming more responsible for the resource management 

of their raw materials and their eventual disposal, in a full-circle lifecycle or ‘cradle-to-cradle’ 

approach (Swain and others 2004).  

One of the most important issues facing the environment today is solid waste disposal 

(Swain and others 2004). The two most common methods for dealing with solid wastes, landfill 

and incineration, are not sustainable and are being met with increasing resistance from the 

general public and legislative bodies (Swain and others 2004). Recycling is an obvious solution, 

but is not without its challenges. The recycling of a synthetic polymer is dependent on a number 

of factors, including the type of polymer, its additives or chemical modification, and its 
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application (Swain and others 2004). The thousands of applications for plastics at the consumer 

market create endless combinations of these factors, which, when coupled with the higher cost of 

recycled plastics compared with new materials, creates a very limited market for recycled 

plastics (Mohanty and others 2002). Therefore, alternatives to recycling must be explored to help 

resolve the solid waste disposal problem. Biodegradable or compostable materials can reduce 

postconsumer waste by using microbes to degrade the material into carbon dioxide and water 

(Mohanty and others 2002). If the biodegradable material is produced from an agricultural source 

then, in theory, the compostable waste could be used to replenish the soil, facilitating growth of 

the crops (Tharanathan 2003). This approach is both user and eco-friendly, and capitalizes on 

sustainability and natural resource conservation (Tharanathan 2003). Trends towards 

biodegradability and resource constraints on fossil fuels have given renewed interest to the 

development of plants for the sustainable production of various chemicals and materials (van 

Beilen and Poirier 2008). Though expensive today, biomaterials and biopackaging are 

tomorrow’s need for sustainable alternatives to synthetic plastics (Tharanathan 2003). 
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2.0 Literature Review 
 

2.1 Soybean Composition 

 

Soybeans and other agricultural feedstock have received much attention in recent years 

for use as biodegradable materials due to their abundance and low cost (van Beilen and Poirier 

2008). Soybean contains roughly 18-20% oil, 40-45% protein, 25-30% carbohydrate, and 3% ash 

(Swain and others 2004). The primary products produced from soy are soybean oil and soy 

protein, with the carbohydrate and hull fractions normally discarded or sold as low value animal 

feed. Soy proteins are complex macromolecules composed of amino acids, with many active 

sites available for molecular interaction (Liu and others 2005). Soy proteins are mostly globulin, 

with the 7S and 11S factions representing 37% and 31% respectively, of the total extractable 

protein (Sun and others 1999). The isoelectric point of soy protein is pH 4.5, at which point the 

positive and negative charges on the protein will be equal, causing the protein to precipitate out 

of aqueous solution (Park and others 2002). 

Soybean protein is commercially available in several formats, typically as defatted soy 

flour (DSF), soy protein concentrate (SPC) and soy protein isolate (SPI). After soybeans are 

dehulled and the oil is extracted, the remaining protein and carbohydrate meal is ground into soy 

flour containing roughly 56% protein and 34% carbohydrate and is the least expensive of the 

three products. Soy protein concentrate is produced by leaching out the water/alcohol-soluble 

carbohydrates from soy flour to obtain a product with 65 – 75% protein and 18% carbohydrate. 

The purest and most expensive type of commercially available soybean protein is soy protein 
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isolate and is composed of over 90% protein. To achieve such pure protein, SPI is extracted from 

soy flour by alkali treatment and precipitated using acid at pH 4.5 (Song and others 2011). 

 

2.2 Formation of Soy Protein Films 
 

Soy protein films consist of a continuous, loosely ordered macromolecular network of 

polypeptide chains. To create this network, three major events must take place: 1) disruption of 

intramolecular interactions and bonds that stabilize native proteins; 2) arrangement and 

orientation of the polymer chains; 3) formation of new interactions and bonds to create a three-

dimensional network (Swain and others 2004). In the case of SPI films, these interactions include 

disulfide bonds, hydrogen bonds, and hydrophobic interactions (Park and others 2002). The more 

numerous the interactions, the more coherent and stronger the network. There are two major 

approaches to creating protein film: a wet method and a dry method: 

(1) Wet method, or solvent casting – This approach involves solubilising soy protein in 

aqueous solution using elevated pH to unfold the native proteins before pouring the solution onto 

a flat surface, and drying. After drying, the film can be peeled off the flat surface (Park and 

others 2002). The majority of research on soy protein films utilize this method, as it is simple 

and reproducible in most laboratories. However, the drying step makes this method slow and 

non-continuous. It is therefore difficult to use this method as a basis for industrial scale-up. 

(2) Dry method, or extrusion casting – This approach is similar to the existing extrusion 

method commonly used for producing petroleum-based thermoplastics. Soy protein film can be 

produced through extrusion by combining soy protein with minimal water and a plasticizer or 

cross-linking agent (Liu and others 2005). The mechanical properties of the film can be 
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controlled and optimized by adjusting the temperature and pressure of the extruder or the initial 

moisture content of the soy protein (Liu and others 2005). This method is continuous and has a 

high throughput which is advantageous for industrial scale-up. However, the high temperatures 

and pressures necessary for this method require a lot of energy.  

 

2.3 Properties of Soy Protein Films 
 

Due to the inherent hydrophilic nature of proteins, films made with soy protein generally 

possess low moisture resistance and poor water vapour barrier abilities (Lim and others 1998). 

Cast SPI films were found to have approximately four orders of magnitude higher water vapour 

permeability (WVP) than low-density polyethylene films (Gennadios and others 1993b). 

However, under low relative humidity environments, SPI films have been shown to possess 

strong oxygen barrier properties, having permeability values roughly 500 times lower than low-

density polyethylene films (Song and others 2011). In general, the mechanical properties of SPI 

films are rather modest when compared to commonly used plastic films (e.g. polyethylene, 

polypropylene, polyvinyl chloride) (Park and others 2002), but are similar to other protein-based 

films. The mechanical strength of protein networks is heavily influenced by interactions between 

proteins and other small molecules including water, plasticizers, lipids, and other additives 

dispersed in the matrix (Chen 1995). A number of factors including surface charges, 

hydrophobicity, and polymer chain length can considerably affect the structural stability and 

mechanical behaviour of SPI films (Chen 1995). The method used to make soy protein films is 

just one of the many parameters that can affect the mechanical and barrier properties of the 
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resulting film. Some important factors that have been studied extensively are plasticizer type and 

content, protein purity, heat curing, pH, temperature, and relative humidity. 

 

2.3.1 Plasticizers 

Films need to be flexible and robust to prevent cracking during storage and handling, so 

plasticizers are commonly added to protein films to increase their flexibility. Plasticizers are 

defined as non-volatile molecules that are added to polymeric materials to decrease 

intermolecular forces along polymer chains, increase polymer mobility, and increase free volume 

(Banker 1966). Common plasticizers used in edible films are polyols such as glycerol, sorbitol, 

and polyethylene glycol (Park and others 2002). However, since these plasticizers are 

hydrophilic, their addition to protein films will also increase their water sensitivity, and at the 

same time weaken the barrier behaviour towards other gases and vapours due to the enhanced 

segmental movement of the polymer chains (Lim and others 1998). Generally, as the plasticizer 

content increases, so does the flexibility, extensibility and water sensitivity of the film (Park and 

others 1994; Song and others 2011). 

 

2.3.2 Protein Purity 

The type of soy protein is an important factor to consider when solvent casting soy 

protein films. Park and others (2002) prepared soy protein films by casting solutions of defatted 

soy flour (DSF), soy protein concentrate (SPC), and SPI and tested their mechanical properties. 

The researchers found that the mechanical strength increased with increasing protein purity and 

that the highest values were observed in films made with SPI. They determined that insoluble 

components (fibre, ash) and the soluble carbohydrates in the DSF and SPC resulted in lower 
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mechanical strength values compared to the SPI films. These components likely interfered with 

the formation of protein-protein interactions and resulted in a weaker protein matrix. 

 

2.3.3 Heat Treatment of Film-Forming Solution 

Heat treatment and elevated pH of SPI film-forming solutions is generally believed to 

improve the mechanical and barrier properties of SPI films. Park and others (2002) found that the 

mechanical properties of DSF, SPC and SPI film-forming solutions prepared at pH 9 and held at 

95°C for 45 minutes had superior mechanical properties to solutions heat treated at 75°C for 45 

minutes (pH 9). They also found that DSF, SPC and SPI solutions that were not heated were 

unable to form films. Another study found that the duration of heating was also significant. 

Increasing the temperature and the heating time increased the tensile strength, decreased 

elongation and water solubility, and improved the water vapour barrier properties of SPI films 

(Gennadios and others 1996). Heating and alkaline conditions are believed to promote soy 

protein interactions by unfolding the polypeptide chains and exposing the sulfhydryl and 

hydrophobic groups (Kelley and Pressey 1966). The alkaline conditions promote thiol-disulfide 

interchange reactions which de-protonate sulfhydryl groups, allowing them to act as 

nucleophiles. During drying, the unfolded polypeptides form intermolecular disulfide bonds and 

hydrophobic interactions to create a strong protein matrix.     

 

2.3.4 pH of Film-Forming Solution 

Film formation is difficult around pH 4.5, due to the isoelectric point of soy protein, 

where balanced charges result in aggregation. Proteins exposed to pH conditions far below or 

above their isoelectric point will experience intramolecular repulsion as increasing positive 
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(acidic pH) or negative (alkaline pH) charge density causes the protein to unfold, exposing 

hydrophobic and disulfide groups which can participate in intermolecular bonding. SPI films can 

be prepared at both acidic and alkaline conditions, but films prepared at alkaline conditions (pH 

8 – 11) were found to have superior mechanical properties and lower WVP than SPI films 

prepared under acidic conditions (pH 1 – 3) (Gennadios and others 1993b). Acid conditions 

would discourage the formation of intermolecular disulphide bonds by protonating sulfhydryl 

groups. Park and others (2002) found that DSF, SPC, and SPI films prepared at pH 6 exhibited 

poor water vapour barrier properties compared to films formed at pH 7, 8, 9, or 10. Similar to 

heating, high pH also encourages protein denaturation, and promotes the formation of disulphide 

bonds between polypeptide chains (Gennadios and others 1993b). It should be noted that the pH 

does not remain constant throughout film-forming and continues to rise or drop as the water 

evapourates and the solution becomes more concentrated during drying. It is important to keep 

this in mind when adjusting the pH, since at extreme acidic (pH < 3) or alkaline (pH >12) 

conditions, overwhelming positive or negative charges on protein chains would lead to strong 

intermolecular repulsion forces and prevent a dense protein matrix from developing.  

 

2.3.5 Relative Humidity Effects 

As mentioned earlier, the inherent hydrophilic nature of proteins results in moisture 

sensitive films, which in turn can drastically affect the mechanical and barrier properties. The 

moisture sensitivity is attributable to the sorption of moisture by the hydrophilic components in 

the protein molecules, such as the amides groups from the polypeptide backbones, and 

hydrophilic amino acid residues. Lim and others (1998) found that oxygen permeability of egg 

white protein films increased when exposed to higher levels of relative humidity. The researchers 
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also found that tensile strength decreased and elongation increased with increasing relative 

humidity. The plasticization effects of absorbed water can be thought of as lubrication between 

polymer chains, allowing the molecules to slide past one another more easily, thus increasing the 

extensibility (Lim and others 1998). Another study reported decreased tensile strength among 

films made from corn zein and wheat gluten when exposed to increasing levels of relative 

humidity (Gennadios and others 1993a). They also concluded that wheat gluten films were more 

sensitive to high relative humidity than corn zein films. This was likely due to the more 

hydrophobic nature of corn zein protein compared to wheat gluten (Gennadios and others 

1993a). Similar trends of decreased mechanical and barrier properties were also reported in 

gelatin films (Lim and others 1999), sodium caseinate-pullulan composite films (Kristo and 

others 2007), and zein-oleic acid films (Lai and Padua 1997). Although water is an effective 

plasticizer for protein films, it tends to migrate in the polymer matrix due to its low molecular 

weight. Moreover, its volatility will cause evapouration loss from the film surface, resulting in a 

gradual loss of film flexibility. This is prevalent when the protein film is exposed to dry 

conditions. On the other hand, exposing protein films to an elevated humidity environment will 

result in sorption of water that plasticizes the polymer. Since the plasticizing effects of moisture 

plays such a significant role in altering the performance of protein films, it is necessary to 

consider the relative humidity conditions experienced during end-use applications. 

 

2.4 Cellulose Composites 

 

A fibre composite takes the advantage of the high strength and stiffness of fibres and 

combines them with polymeric matrix materials through interfacial interactions. The resulting 
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composite structure retains the original physical and chemical identities, but yet together results 

in mechanical properties that cannot be achieved with either of the fibre and matrix constituents 

acting alone (Kim and Mai 1998). Fibre-reinforced composites tend to be mechanically stronger 

and tougher than the protein film alone due to the ability of the dispersed fibres to absorb energy 

and arrest the propagation of structural failure (Netravali 2007). To achieve mechanical 

reinforcement, the interfacial interaction between the fibre and its surrounding polymer matrix is 

critical. This interaction is governed by the chemical, morphological, and thermodynamic 

compatibility between the two components. The use of fibre in composite films also offers an 

opportunity to reduce material cost since base polymer is typically more costly than the fibre. 

The application of current soy protein films and plastics is limited due to their low 

mechanical strength and high moisture absorption compared to synthetic materials (Song and 

others 2011). There are several different approaches utilized to improve the functionality of soy 

protein films in order to expand their applications. Currently, soy protein plastics are being 

blended with other biodegradable polymers such as polycaprolactone, polyester amide, or 

poly(lactic acid), to create stronger soy protein based biodegradable plastics (Liu and others 

2005). Another avenue is to reinforce soy protein films with natural fibres, forming a composite 

material. Natural fibre reinforced composites are an attractive option because fibres are eco-

friendly, biodegradable, sustainable, low cost, low density, and can be derived from waste 

streams (Liu and others 2005). Paetau and others (1994) incorporated long, short and 

microcrystalline cellulose into SPI matrices and found decreased elongation, but improved 

strength and rigidity. Although strength is likely to improve, it should be noted that cellulose and 

other natural fibres are inherently hydrophilic and will not address the moisture sensitivity 

problems associated with soy protein films and plastics (Rhim and others 1998). 
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Soybean pods, hulls and stems represent an underutilized source of functional cellulose. 

Cellulose is one of the most abundant natural polymers with good strength and stiffness 

properties, and it is the building material of most plant cell walls (Wang and Sain 2007). 

Cellulose fibres are composed of bundles of microfibrils where the cellulose molecules are 

biosynthesized in the form of nano-sized fibrils (Wang and Sain 2007). Cellulose nanofibres 

embedded in the cell walls of plants have great reinforcing properties and it is predicted that 

incorporating these nanofibres into a polymer matrix will have the same effect (Wang and Sain 

2007).  

 

2.5 Extraction of Cellulose Fibres 
 

Cellulose fibres can be extracted from soy pods and stem wastes to further utilize the 

entire soy plant. Wang and Sain (2007) have developed a method for extracting nanofibres from 

soybean pods using a chemi-mechanical treatment. Essentially, soybean pods were pre-treated in 

aqueous sodium hydroxide solution (17.5% w/w) at room temperature for two hours and then 

washed with distilled water. The fibres were treated with 1M hydrochloric acid at 80°C for two 

hours before being exposed to another alkali treatment of 2% w/w sodium hydroxide for two 

hours at 80°C, and then rinsed with distilled water. The fibres were bleached using chlorine 

dioxide at pH 2.3 for one hour at 50°C to remove remaining lignin and potentially enhance the 

interaction between the fibres and protein matrix. The sample was then beaten and refined in a 

PFI mill under 12,000 revolutions to reduce fibre length. A PFI mill is a piece of laboratory scale 

equipment that beats pulp similar to a commercial refining process. Lastly the sample underwent 

high pressure defibrillation at 500-1000 bar for 20 passes to crush the cell wall and release the 
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nanofibres (Wang and Sain 2007). Using this method, a nanofibre suspension can be dispersed in 

a casting solution to form nanocomposite films. 

 

2.6 Electrospinning 
 

Electrospinning is a relatively well established technique that uses electrostatic fields to 

draw polymer solution into fibres ranging from nano to submicron diameters. The three basic 

elements of electrospinning are: a high voltage power supply, a capillary tube spinneret, and a 

metal collector. In a typical setup, the positive electrode is attached to the spinneret, while the 

collector is grounded. Polymer solution is loaded into the spinneret, and electrical voltage is 

applied. The droplet of polymer solution at the end of the spinneret becomes charged and 

experiences electrostatic repulsion, and begins to elongate forming a conical structure known as 

the Taylor cone. When the voltage reaches a critical level, the repulsion force in the droplet 

overcomes the surface tension of the polymer solution, causing the polymer to eject from the 

spinneret. As the polymer jet flies through the air towards the collector, the solvent vapourizes, 

producing a continuous fibre stream which deposits on the collector. Typical voltage applied to 

this procedure is 5 - 30 kV DC (Vega-Lugo and Lim 2008). The fibres generated are usually 

deposited as a fibrous mat. In theory, regenerated cellulose nanofibres could be produced by this 

method and incorporated into a composite film. In order for a biopolymer to be electrospun, it 

must first be dissolved into solution. Cellulose presents a unique challenge in that it is not readily 

soluble in most common solvents. However, recent developments in ionic liquids have shown to 

be successful at dissolving cellulose (Zhu and others 2006).  
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Ionic liquids are a group of organic salts that exist as liquids at relatively low 

temperatures (< 100°C), are chemically and thermally stable, non-flammable and have very low 

vapour pressure (Zhu and others 2006). Ionic liquids are also called ‘green solvents’ because 

they can be recovered and reused (Zhu and others 2006). Using ionic liquids could solve one of 

the major hurdles confronting cellulose electrospinning. 
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3.0 Justification and Objectives 

 

The formation of soy protein films using a solvent casting approach has been well studied 

(Swain and others 2004; Song and others 2011). In this approach, protein is solubilised into an 

aqueous solution with a plasticizer and spread or poured onto a flat surface and left to dry 

(Tharanathan 2003). The resulting protein film is then peeled off. The majority of work done on 

soy protein films has been achieved using variations of this method. Researchers have 

characterized films made using different plasticizers, chemically-modified proteins, adding 

cross-linking agents and mixing with other biopolymers including wheat gluten (Swain and 

others 2004). While the solvent casting approach is robust and reproducible in the laboratory, it 

is a batch process of which scale-up would be challenging. The large amount of time required to 

dry the film will inevitably slow down the production throughput. Furthermore, it would not be 

feasible or practical to have large trays of casting solution drying for times upwards of 24 hours. 

Therefore, a continuous film forming method is needed if soy protein films are going to be 

manufactured on a commercial scale.  

In order to make film casting more continuous, the drying time must be reduced. One 

method that could be utilized is heating the casting surface. Fang and others (2002) used a heated 

film-forming stage to induce the gelation of whey protein isolate for the formation of protein 

films. In the study, gelation occurred after 20 min of heating at 90°C. Using a similar approach, 

if the drying time of SPI films could be reduced to a comparable amount, theoretically, it could 

be applied to a commercial scale. Using a heated conveyor on which the protein film is casted 

and allowed to dry, a continuous film manufacturing process is conceivable. Conveyer belts that 
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pass through heated tunnels with a residence time of 20 min are not uncommon for a commercial 

baking process. 

Current research on soy protein films has suggested that the mechanical properties are 

largely inferior compared to petroleum-based films (Song and others 2011). In order to expand 

the use of biopolymer films, the mechanical strength of the films must fulfill the end use 

performance requirements. Protein based materials consist of macromolecular networks of 

intermolecular bonds with low molecular chain mobility in dry environments (Swain and others 

2004). In an attempt to increase intermolecular interactions within the protein matrix, cross-

linking agents have been added to protein films and shown to increase the tensile strength 

(Paetau and others 1994). However, many of the common cross-linking agents used in these 

experiments (such as formaldehyde and glutaraldehyde) are toxic and not suitable for edible 

applications. Thus a non-toxic method of improving the mechanical properties of soy protein 

films is needed. 

 

The objectives of this study were: 

1. To improve the existing solvent casting method to facilitate industrial scale-up by 

reducing drying times through implementation of a heated casting surface 

2. To extract nano-sized cellulose fibres from soy wastes to enhance the mechanical 

properties of SPI films and reduce material costs 

3. To develop, evaluate, and characterize nanocomposite SPI films utilizing extracted 

cellulose nanofibres or other nano-filler 

4. To develop and investigate composite films incorporating electrospun cellulose fibres or 

other additives 
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4.0 Hot Casting of Soy Protein Isolate Films 

 

4.1 Introduction 

Soybeans and other agricultural feedstock have received much attention in recent years 

for use as feedstock for biodegradable materials due to their abundance, sustainable production, 

and low cost (Swain and others 2004; Tharanathan 2003). Being highly functional, SPI in 

particular, has been used to create biopolymer films for edible and non-food applications (Swain 

and others 2004; Tharanathan 2003). One of the most popular laboratory methods for producing 

SPI films is solvent casting. The traditional solvent casting approach involves solubilizing soy 

protein in aqueous solution using elevated pH to unfold the native proteins before pouring the 

solution onto a flat surface, and leaving it to dry overnight at ambient conditions (Park and others 

2002). Although this technique is relatively simple and robust for laboratory setting, the long 

drying time involved will limit its use for industrial production. In addition, the alkaline 

conditions used (pH 8 and above), which are necessary to induce protein denaturation 

(Gennadios and others 1993b), will also prevent the use of films in food applications due to their 

unfavourable organoleptic properties. Therefore, films prepared at neutral pH would be more 

ideal for edible applications. However, SPI films prepared at pH 7 do not undergo the same 

extent of protein unfolding and matrix development as films prepared under alkaline conditions 

(Park and others 2002). Therefore, neutral films are generally weaker than films prepared at pH 

12. Based on these assumptions, we hypothesize that films could be prepared under elevated pH 

conditions to facilitate protein denaturing, and then the solution could be quickly brought down 

to pH 7 immediately prior to casting to limit the time available for the protein to refold. We 
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further hypothesize that the resulting film will be pH neutral but still maintain mechanical 

properties similar to an alkaline film. 

The objectives in this study were to increase the throughput of traditional film casting by 

using a heated casting surface or stage to reduce the drying time. We also sought to investigate 

the mechanical and barrier properties of films prepared at alkaline conditions to films prepared at 

pH 12 and adjusted to pH 7 before casting.  

 

4.2 Materials 

Soy protein isolate (SPI) Supro 760 was purchased from Solae (St. Louis, MO). Glycerol, 

95% ethanol, sodium hydroxide (pellets), hydrochloric acid, and vacuum grease were purchased 

from Fisher Scientific Canada (Ottawa, ON).   

 

4.3 Methods 

4.3.1 Casting solution preparation 

Soy protein isolate solutions (10% w/w) (4g/40g) were solubilized using distilled water. 

SPI powder was mixed with 95% ethanol at a 1:1.25 (w/w) SPI:ethanol ratio to create a 

homogeneous protein slurry prior to mixing with water to facilitate dispersion. Glycerol was 

added as a plasticizer to each test solution at a constant 1:2 (w/w) glycerol:SPI ratio. The 

solutions were mixed thoroughly using an electric stirrer at medium speed (Agitator, Arrow 

Engineering Co. Inc., Hillside, NJ) and the pH of the solution was adjusted to pH 12 with 1M 

NaOH. Subsequently, the protein solutions were heated in a water bath at 80ºC for 30 min using 

a magnetic stirrer set at medium speed to continuously stir the solution. After 30 min of heating, 
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the viscosity decreased as the solution changed from opaque/milky to translucent. Air bubbles 

and foam on the surface of the heated film-forming solution were removed by use of a transfer 

pipette immediately prior to casting. Solution volume removed during this step was negligible 

(0.5 mL out of 40 mL) and was consistent across all samples. 

For neutral adjusted films, after heating and bubble removal, the pH of the alkaline 

protein solution was adjusted from pH 12 to approximately pH 8 using 1M HCl. The final pH 

adjustment to pH 7 was made using 0.1M HCl under constant stirring. The adjustment of pH was 

carried out within 2 min. Following pH adjustment, the film was cast onto the heated glass 

surface (see Section 4.3.2). 

 

4.3.2 Film Formation and Conditioning 

Film-forming solutions were cast onto a levelled, glass-topped hot stage maintained at 

85ºC using a thermostated water bath as described by Fang and others (2002) (Figure 1). The 

surface of the glass plate was treated with a thin layer of vacuum grease to facilitate film 

removal. The vacuum grease was then removed using ethanol and Kimwipes (Kimberly-Clark, 

Irving, TX). Film drying times were on average 25 min (this is in contrast to a 12 hr drying time 

at ambient conditions). After drying, the protein films (Figure 2) were peeled off from the glass 

plate manually and stored in an environmental chamber at 22ºC and 60% relative humidity. 

Films were conditioned for 48 hr prior to all testing. 
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Figure 1: Hot stage connected to thermostated water bath. 1 – thermostated water bath; 2 – inlet; 3 – 
heated stage; 4 – adjustable legs; 5 – detachable plastic frame with hidden O-ring seal; 6 – glass plate 
with film forming solution; 7 – outlet. 

 

Figure 2: SPI films after drying. Control (pH 12) film (A) is more coloured than the paler neutral adjusted 
(pH 12 to 7) film (B). Film thickness is approximately 0.1 ± 0.02 mm.  

 

4.3.3 Film Thickness 

Thickness of protein films was measured with a digital micrometer (Testing Machines 

Inc., New Castle, DE) and overall thickness was expressed as an average 0.1± 0.02 mm taken 

from five points along the length of each film strip. 
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4.3.4 Mechanical Properties 

Three parameters were chosen to evaluate the mechanical properties of the films: tensile 

strength (TS), percentage elongation at break (EAB), and Young’s modulus of elasticity (YM). 

Tensile strength is the largest stress (force/area) that a film is able to sustain before reaching its 

break point. Percentage elongation at break is the maximum percentage change in length, in 

comparison to the initial length, at failure. Young’s modulus of elasticity is a measure of a 

material’s stiffness.  All three parameters were determined using an Instron Universal Testing 

Machine (Model 1122, Instron, Norwood, MA) according to the ASTM standard method D 882-

90 (ASTM 1990). Three sheets of film were cut into strips (2.5 x 15 cm) using a sample cutter 

(JDC Precision Sample Cutter, Thwing-Albert, West Berlin, NJ). Three rectangular strips were 

then selected from each film to determine their mechanical properties. A total of 9 samples were 

tested for each film type.  Film samples were suspended vertically between two pneumatic 

gripers and stretched until failure while the displacement and force data were continuously 

recorded by the computer. The initial grip separation and mechanical crosshead speed were set at 

50 mm and 300 mm/min, respectively.  

Tensile strength was expressed in MPa and was calculated by:  

 
    

    

 
 (Eq. 1) 

where Pmax is the maximum (peak) load (N) necessary to pull the sample apart, and A is the 

cross-sectional area of the sample film (m
2
) determined by multiplying the film width by the film 

thickness. 
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Percentage elongation at break is the amount of uniaxial strain at fracture and was 

calculated by: 

 
     

      
  

      (Eq. 2) 

 where lb is the film elongation at the moment of failure and lo is the initial grip length (50 mm) of 

samples multiplied by 100.  

Young’s modulus of elasticity was expressed in MPa and was determined by calculating 

the slope of the elastic (linear) region of an engineering stress-strain curve: 

 
   

  

  
 (Eq. 3) 

where ΔS is the change in tensile stress and Δe is the change in tensile strain over the elastic 

region. 

  

4.3.5 Water Vapor Permeability 

Water vapor permeability (WVP) was measured using a modified ASTM E96-05 (ASTM 

2005) method.  Film samples were mounted on aluminum cups and sealed with paraffin wax 

containing desiccant (0% RH). The cups were placed in a hermetically sealed glass jar with a 

saturated potassium chloride (KCl) solution (84% RH) at 25°C. The cups were weighed at 2-hr 

intervals over an 8-hr period and then at 12, 24 and 48 hrs. Three replicate samples of each film 

type were prepared and the entire procedure was repeated three times for each film type, for a 

total of 9 replicates. 
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The water vapour transmission rate (WVTR) refers to the amount of water vapour, by 

weight, which penetrates one square meter and specified thickness of a sample within 24 hrs, 

under specific temperature and relative humidity and vapour pressure difference. It was 

determined by finding the slope of the linear region of a weight of water gained vs. time curve 

and dividing it by the surface area of the film: 

 

     
 
       

   

 
 

(Eq. 4) 

where Δmwater is the change in water weight gained by the desiccant within the cup, Δt is the 

change in time and A is the surface area of the film sample sealed to the aluminum dish. 

The water vapour permeability coefficient (WVP) is the amount of water vapour that 

permeates through unit thickness and area of sample per unit time, normalized to the partial 

pressure difference across the film and the thickness, under a specified temperature. It was 

calculated by:   

 
    

      

  
 (Eq. 5) 

where WVTR is the water vapour transmission rate, d is the film thickness and Δp is the water 

vapour pressure difference between the two sides of the sample. In this case, we assumed the 

partial pressure of water inside the cup was zero because of the desiccant, thus Δp was the 

saturated vapour pressure of water at 25°C multiplied by the relative humidity outside of the cup 

(84%). 
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4.3.6 Scanning Electron Microscopy (SEM) Analysis 

Film samples were collected and frozen using liquid nitrogen. Samples were cryo-

fractured to reduce any artefacts that might result from cutting the film with a blade. Film 

fragments were placed, surface side up, on SEM stubs covered with a carbon tape. Fragments 

were also placed on their edge to view the fractured surface. Samples were coated with gold (15 

nm) using a sputter coater (Model K550, Emitech, Ashford, Kent, England). A scanning electron 

microscope (SEM S-570 Hitachi High Technologies Corporation, Tokyo, JP) was used to 

examine the film morphology at an accelerating voltage of 10 kV. 

 

4.3.7 Statistical Analyses 

All experiments were performed in 3 independent trials, using 3 samples from each trial 

for a total of 9 replicates. Significant differences between control and neutral adjusted films were 

determined using Independent Samples T-tests with a 95% confidence interval. Levene’s Test 

for Equality of Variances and Shapiro-Wilk Test of Normality were used to validate assumptions 

of homogeneity of variance and normality of the data, respectively. 

 

4.4 Results and Discussion 

4.4.1 Mechanical Properties 

Control and neutral adjusted films were stretched until failure using an Instron Universal 

Testing Machine. Tensile strength, percentage elongation at break, and Young’s modulus of 

elasticity were determined. The results are summarized in Table 1. 
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Table 1: Summary of the mechanical properties of control and neutral adjusted films.  

 
Tensile Strength 

(MPa) 

Elongation at Break 

(%) 

Young’s Modulus of 

Elasticity (MPa) 

Control (pH 12) 2.89 ± 0.03a 134.05 ± 11.47a 20.18 ± 0.75a 

Neutral adjusted 

(pH 12 to 7) 
1.83 ± 0.05b 83.01 ± 10.63b 15.37 ± 1.44b 

Values with different letters in the same column are significantly different (N = 9, p-value < 0.05). 

 

The tensile strength of the neutral adjusted film (1.83 MPa) was significantly lower than 

the alkaline control film (2.89 MPa). This indicates that the pH 7 film is generally weaker and 

could not withstand the same amount of force before breaking that the control film could. The 

neutral film was also less elastic than the control as indicated by the lower elongation at break 

value (83.01 compared to 134.05%). The control film was able to stretch about 134% of its 

original length before failing compared to the neutral film. When comparing Young’s modulus 

of elasticity, which is a measure of stiffness, the pH 7 film had a lower value (15.37 MPa), or 

was less stiff, compared to the control (20.18 MPa). Overall, of the mechanical properties 

examined in this study, it is clear that the neutral adjusted films were significantly weaker, less 

elastic, and less stiff than the control films.  

As mentioned earlier in the methods Section 4.3.1, during solution preparation, it was 

observed that the casting solution changed from thick and opaque to translucent and runny after 

pH 12 adjustment and 30 min of heating at 80°C. It was assumed that this change in appearance 

was an indication that extensive protein denaturing occurred, as the native globular structure 

unfolded and thereby reduced light scattering. Extensive unfolding should result in increased 

interactions between protein chains, creating a stronger matrix in the resulting film. To make the 
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neutral adjusted films, 1 and 0.1 M HCl solutions were added to the film forming solution to 

decrease the pH. During this process, it was observed that the solution turned more cloudy and 

opaque as the pH dropped closer to 7. If the assumption is made that transparency in the solution 

is an indicator of protein unfolding, then as the solution became cloudier as the pH approached 7, 

it is reasonable to speculate that the proteins were starting to refold, thereby decreasing the 

intermolecular chain interactions between the protein molecules. This decrease in protein chain 

entanglement could likely result in a weaker film matrix. Based on these assumptions, it is not 

unreasonable to suggest that the weaker mechanical properties observed in the neutral adjusted 

films are a result of protein refolding as the pH was adjusted to 7. 

 

4.4.2 Water Vapour Permeability 

The water vapour permeability (WVP) of the films was tested and the results are 

summarized in Table 2. 

Table 2: Water vapour permeability of control and neutral adjusted films.  

 WVP coefficient (g·m/m2·s·Pa) 

Control (pH 12) 9.23 × 10-11 ± 1.86 × 10-12a 

Neutral adjusted (pH 12 to 7) 1.46 × 10-10 ± 1.73 × 10-11b 

Values with different letters in the same column are significantly different (N = 9, p-value < 0.05). 

 

This test found that neutral adjusted films had statistically significantly higher WVP 

coefficient values (1.46 × 10
-10

 g·m/m
2
·s·Pa) compared to the control (9.23 × 10

-11
 g·m/m

2
·s·Pa). 

A higher value indicates that neutral films are a weaker barrier as more water vapour was able to 

permeate through the film compared to the control. It should be noted that because soy protein is 
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inherently hydrophilic, films made from SPI are expected to exhibit low water barrier properties 

in general. 

As discussed in the previous section and similar to the decrease found in the mechanical 

properties, the decrease in barrier properties observed in the neutral films could be due to protein 

refolding in the casting solution as the pH is adjusted to 7. One could speculate that a film with 

fewer or weaker protein interactions or less chain entanglement would have more free volume in 

the polymer matrix, allowing for higher permeation of molecules, resulting in lower barrier 

properties.  

 

4.4.3 Scanning Electron Microscopy 

Control and neutral adjusted film samples were collected, cryo-fractured using liquid 

nitrogen, and the pieces were arranged on metal stubs with carbon tape. Images of the film 

surface are displayed in Figure 3.   

 

Figure 3: Scanning electron micrographs of film surface morphology of SPI control film (A), neutral 
adjusted film (B), and an enlargement of a section of neutral adjusted film (C). 
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Surface SEM images of alkaline control film (Figure 3A) exhibited relatively smooth 

surface with a few crater shaped defects. The craters could be the result of tiny air bubbles that 

moved to the surface of the film during drying. The large bright particle appearing on the film 

surface could be dust or other contaminant since it does not appear to be embedded in the film. 

The bright white appearance of the particle indicates that the electron beam is charging the 

particle, which suggests that it was not covered in gold during sputter coating, and therefore was 

likely deposited on the film after the sputter coating process. Under these assumptions, it seems 

likely they are dust particles. Some of the other raised regions on the film surface could be un-

dissolved protein, as they seem to be firmly entrenched within the film surface, and are not as 

bright as the dust particle. Since there is no obvious evidence of charging, these regions were 

likely sputter coated, and are part of the film. Neutral adjusted film (Figure 3B) similarly appears 

to have a smooth surface with few major defects. The top region of the neutral adjusted film 

contains areas that appear to be wrinkles on the film surface. The wrinkles could arise during 

drying, as a skin forms on top of the solution. As the film forming solution continues to dry, the 

water vapour and subsequent volume loss could cause a contraction of the skin, forming 

wrinkles. The bright spots situated on the surface could be the un-dissolved protein, dust 

particles, or perhaps precipitated NaCl particles resulting from the neutralization reaction 

between NaOH and HCl solutions during pH adjustment. Inspecting a few of these particles, 

their appearance seems rather jagged and sharp, and could very well be precipitated salt crystals 

(Figure 3C). 

To view the cross section, the films were cryo-fractured using liquid nitrogen and 

positioned vertically on their side with the fractured edges exposed. Cryo-fracturing was used 
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under the assumption that we could obtain a natural morphology, since cutting the film with a 

blade might produce artefacts.  Representative images are presented in Figure 4.    

 

 

Figure 4: Scanning electron micrographs of cryo-fractured cross section morphology of SPI control film 
(A, B & C) and neutral adjusted film (D & E). 

 

The corners of fractured control and neutral adjusted film samples are shown in Figures 

4A and 4D respectively, allowing the film surface and a fractured edge to be viewed 

simultaneously. The surfaces of both films appear to be smooth and uniform, with some small 

dimples or shallow craters randomly scattered on the surface. These images tend to agree with 

the flat surface images presented in Figure 3.  
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Careful inspection of the two cross sections visible in Figure 4D, reveal slight differences 

at the edge where the film surface meets the cross section. The cross section on the left appears 

to have material curling back towards the film surface, whereas the cross section on the right has 

a very clean looking edge at the corner where the cross section meets the surface. One could 

postulate that the artefacts of the cross section on the left are the result of a blade dragging 

through the material, as the surface looks almost smeared. The cross section on the right would 

then represent a cryo-fractured surface, since it is devoid of any drag marks or smearing caused 

by a blade, and shows much finer detail compared to the cut surface. Therefore Figure 4D sheds 

some evidence on the difference between a cryo-fractured cross section and a cut cross section, 

and provides validation that cryo-fracturing produces more detailed cross sections.  

Figures 4B and 4E show a direct view of cryo-fractured cross sections of control and 

neutral adjusted films respectively. Both cross sections suggest that the films are mostly solid 

and dense, with only a few air pockets scattered randomly throughout the film. Upon further 

inspection, it appears that two distinct regions with different morphologies appear within the 

cross section of the film. One region was less ordered and denser, while the other region 

appeared to be smoother and the structures were more ordered. It is also interesting to note that 

the entire cross section seems to be equally divided in half by each region. Since we used a 

heated plate to rapidly dry the films, the conditions on either side of a drying film would be quite 

different. The plate side of the film would experience high temperatures and no direct contact 

with the atmosphere, while the other side had lower temperatures and exposure to the air. It 

seems reasonable to suggest that the rough region could be the side of the film that was 

contacting the hot plate, where the random protein structure was set almost instantly as it came 

into contact with the hot plate. The opposite side of the film required an average 25 min to dry, 
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allowing more time for the proteins to arrange themselves, perhaps resulting in a more ordered 

structure, with smoother texture.  

Figure 4C shows another view of the smooth region of a cross section of control film. 

Under the assumption that the smooth region is the air side of the film and the rough region is the 

plate side, it appears that the structures almost branch upwards towards the surface. One could 

speculate that as the film dries, water molecules need to diffuse from the interior of the film to 

the surface in order to escape. During this mass transport, the formation of drying channels could 

facilitate this process. This phenomenon could help explain the observed striation morphologies. 

However, in order for this theory to be correct, the surface of the film should be littered with 

holes where the tops of the drying channels should be open to the atmosphere. Yet, out of all the 

pictures taken to date, no evidence of multiple holes has been observed. Perhaps the drying 

channels collapse as the film dries. More investigation is required to accurately explain this 

intriguing morphology. 

In terms of visible differences in the microstructure between control and neutral adjusted 

films, of the samples analyzed, there were no differences in morphology that might explain the 

differences observed in the mechanical and barrier properties. 

 

4.5 Conclusions 

This study showed that hot casting can successfully reduce the drying time of SPI films 

and could be a promising alternative to traditional drying methods. In theory, film-forming 

solution could be applied to a conveyor and passed through a heated drying tunnel to create a 

continuous film forming process. Neutral adjusted (pH 12 to 7) films possessed lower tensile 
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strength, elongation at break, and Young’s modulus of elasticity values compared to alkaline (pH 

12) films (Table 1). The water vapour permeability coefficient was higher in neutral adjusted 

films compared to alkaline films (Table 2). The results indicated that adjusting the pH to 7 prior 

to casting results in films with decreased mechanical and barrier properties. Microstructure 

analysis using SEM suggested both control and neutral adjusted films have a smooth surface 

with few air bubbles or other major defects (Figures 3, 4). 
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5.0 Extraction of Cellulose from Soy Wastes 
 

5.1 Introduction 

Cellulose is renewable, biodegradable, and sustainable and is one of nature’s most 

fundamental building blocks. Individual cellulose chains are bundled into microfibrils which are 

found within the cell walls of plants. These microfibrils have been shown to possess great 

strength and stiffness per unit of weight (Siró and Plackett 2010). By extracting the nano-sized 

microfibrils from the irregularity of the natural plant structure, the strength of the individual 

microfibrils can be harnessed. Cellulose microfibrils have been shown to enhance the properties 

of composite materials due to their high strength and aspect ratio (Moon and others 2011). The 

objective of this experiment was to extract nano-sized cellulose fibres to create a composite SPI 

film with enhanced mechanical properties. With this in mind, a full optimization of the cellulose 

extraction process was not conducted due to time constraints (Chan 2012).  

 

5.2 Materials 

Soybean chaff (pods and stems) were obtained from the soybean cultivar SW33-08 

developed by Ridgetown College, University of Guelph, Guelph, ON, Canada. The chaff was 

pre-dried in the field post harvest and was used as received. Sodium hydroxide (pellets) and 

hydrochloric acid were obtained from Fisher Scientific Canada (Ottawa, ON). 
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5.3 Methods 

5.3.1 Cellulose Extraction 

The cellulose extraction procedure is adapted from Wang and Sain (2007) and was 

performed in conjunction with another colleague from our research group, Roc Chan. The 

modified process consists of multiple steps with three main chemical treatments and two 

mechanical treatments as seen in Figure 5 (Chan 2012). Soy chaff containing both pods and 

stems were ground using a mill grinder fitted with a 1 mm sieve (Model 3, Thomas Wiley, 

Swedesboro, NJ). The ground soy fibres (SF) were soaked in distilled water for 3 hrs at room 

temperature. Excess water was removed using a filter bag and the damp soy fibres were treated 

with a sodium hydroxide solution of 17.5 wt% of soy fibres at 90°C for 2 hrs (a ratio of 3:10 soy 

fibres to water was used for solution). The soy fibres were neutralized by filtering against 

running water for 20 – 24 hrs using a two-stage filter connected in series.  The pH of the slurry 

was verified to be near 7 ± 0.5 using a pH meter (Accumet XL60, Fisher Scientific, Ottawa, 

ON). This filtering and verification of pH was performed after each chemical treatment to ensure 

neutralization.  After alkaline, soy fibers were treated with 1M HCl at 90°C for 2 hrs. After the 

acid extraction, soy fibres were washed and filtered again for 24 hrs. Soy fibres were then 

introduced back into an alkaline treatment using NaOH at 2 wt% of soy fibres in a solution of 10 

parts water to 3 parts soy fibres. After washing for the last time, soy fibres were sheared for 5 

min using a rotary homogenizer (PowerGen 1000, Fisher Scientific, Ottawa, ON) to liberate and 

partially suspend the cellulose in water.  The suspended mixture was fed through a high pressure 

homogenizer for 20 passes at 4000 to 6000 PSI to obtain microfibrillated fibers (Model 15MR 

Laboratory Homogenizer, APV Gaulin, Concord, ON). The entire process is summarized in 

Figure 5 below.  
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Figure 5: Overall extraction of cellulose from soy pods and stems. Waste soybean chaff (a) is first milled 
to a fine powder (b) before undergoing a three-stage alkali, acid, alkali chemical treatment. Cellulose gel 
(c) was collected during the neutralization/2-stage filter step (d) following acid hydrolysis. After chemical 
extraction, the soy fibres (e) were homogenized first using a rotor/stator homogenizer and then fed 
through a high pressure homogenizer for 20 passes (f). Figure adapted from (Chan 2012). 
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During the second washing step (after acid hydrolysis) we observed a gel-like substance 

being washed out of the bulk soy fibres and collecting in the second filter. We postulated that 

entanglement and fouling of the second filter decreased the mesh size and prevented the fibres 

from completely escaping the system. We further hypothesized that this substance could consist 

of long, micron or submicron sized fibres due to the transparency of the gel. The gel was 

collected and concentrated using centrifugation at 4000 rpm for 30 min and is pictured in Figure 

5c.  

 

5.3.2 Light Microscopy Analysis 

Light microscopy pictures were obtained using polarized light on a fluorescence phase 

contrast microscope (Model BX60 F5, Olympus Optical Co. Ltd., Tokyo, Japan). 

 

5.3.3 Scanning Electron Microscopy (SEM) Analysis 

Extracted cellulose fibres were diluted and placed on a glass cover slip fixed to a SEM 

stub and air-dried at room temperature. Samples were coated with gold (15 nm) using a sputter 

coater (Model K550, Emitech, Ashford, Kent, England) and examined using SEM (SEM-S-570, 

Hitachi, High Technologies Corporation, Tokyo, Japan) at an accelerating voltage of 10 kV. 

 

5.3.4 Transmission Electron Microscopy (TEM) Analysis 

Extracted cellulose fibres suspended in water were placed on a copper grid coated with 

formvar as support. After a settling time of 30 sec, 2% uranyl acetate in water was applied for 10 

sec to stain cellulose for contrast. Micrographs were obtained using a TEM (CM10, Philips, 

Eindhoven, Netherlands) operated at 80 kV.  
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5.4 Results and Discussion 

5.4.1 Polarized Light Microscopy 

 Extracted cellulose fibres were visualized using polarized light microscopy to gain a 

general understanding of fibre size and morphology. A representative picture is displayed in 

Figure 6. 

 

Figure 6: Polarized light microscopy image of a representative sample of extracted cellulose fibres.  

 

Figure 6 illustrates the varying size distribution of fibres within the extracted cellulose 

slurry. Using the 100 µm scale bar provided, the majority of the fibres appear to fall within the 1-

10 µm diameter range. The typical resolution limit of the light microscope is about 0.2 µm, so to 

evaluate the smaller fibres, an electron microscope will be needed. 

 

5.4.2 Scanning Electron Microscopy 

 Typical scanning electron microscopes have a resolution limit of 2 - 20 nm, which will be 

better suited to visualize the smaller fibres than an optical microscope. Representative scanning 

electron micrographs are displayed in Figure 7. 
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Figure 7: Scanning electron micrographs of air-dried extracted cellulose fibres. Image (A) depicts a 
portion of a large cellulose fibre; (B) shows the edge of a large fibre with smaller fibres branching off; (C) 
shows some larger fibres embedded in a network of cellulosic background material where a clean edge 
reveals the boundary between the smaller cellulose fibres and the smooth surface of the glass cover slip. 
 

Similar to the light microscopy images, the SEM micrographs provide further evidence 

that a large size distribution exists within the population of extracted cellulose fibres. Figure 7A 

illustrates a very large cellulose fibre with distinctive structures resembling cell walls. Figure 7B 

shows some smaller fibres that appear to be branching off of a larger fibre. Using the scale bar 

provided, the diameter of some of the smaller fibres is estimated at <1 µm. Finally, Figure 7C 

illustrates the morphology of what appears to be a very thin, film-like network of very fine 

cellulose fibres. Some larger cellulose fibres are also visible, and look to be embedded within the 

background network. Using the scale bar, the diameter of the larger fibres is estimated at 

approximately 0.3 µm. In the top right corner, the smooth surface of the glass cover slip is 

visible which clearly defines the boundary of the background cellulose network. The fact that the 

samples were air-dried likely caused aggregation of the cellulose fibres, which might explain 

why individual fibres within the background network were not observed.  

A B C 
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5.4.3 Transmission Electron Microscopy 

The transmission electron microscope generally has a better resolution limit than the 

SEM. It was used to visualize the smaller fibres that appeared to comprise a background network 

of cellulose that was detected using SEM (Figure 7C). The ultimate goal was to validate our 

extraction process to determine if we succeeded in obtaining nano-sized cellulose fibres. 

Representative images are displayed in Figure 8. 
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Figure 8: Transmission electron micrographs of extracted cellulose fibres stained with uranyl acetate for 
contrast. Image (A) depicts a large network of long continuous cellulose fibres; (B) shows several long 
continuous fibres; (C) shows some larger fibres composed of many intertwined finer fibres.  

A 

B 

C 
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Figure 8 provides evidence that our extraction process did, in fact, produce some nano-

sized cellulose fibres. Figure 8A illustrates a large intertwined network of long continuous fibres 

with a high aspect ratio and an estimated approximate diameter of 10 nm. Several long 

continuous fibres are shown in Figure 8B which also appear to have a high aspect ratio and an 

approximate diameter of 10 nm. The fibres observed in Figure 8C are quite different compared to 

those in Figures 8A and 8B. The larger fibres appear to be composed of bundles of finer fibres 

with an approximate diameter of 5 nm. It is hard to determine whether these bundles are the 

native structure of fundamental building blocks, or are the result of self-assembly. It is also 

difficult to discern where the finer fibres start and end. It is unclear whether the fibres are all 

very short, or they are long and continually overlap one another. Further investigation is needed. 

The cellulose gel collected during the neutralization washing after acid hydrolysis was 

also analyzed using TEM. A representative picture is presented in Figure 9. 

 

 

Figure 9: Transmission electron micrograph of extracted cellulose gel stained with uranyl acetate for 
contrast. The image confirms the gel is composed of a network of very fine cellulose nanofibres. 
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The cellulose gel collected during the acid neutralization wash was assumed to contain 

nanofibres due to the clear, mostly transparent appearance of the gel.  Figure 9 confirms our 

assumptions by illustrating a complex network of cellulose nanofibres. Due to the overlapping 

nature of the network, it is hard to estimate the fibre diameter, but they appear to be at least <50 

nm.  

 

5.5 Conclusions 

Overall, when considering the results from the three microscopy methods, it is clear that 

there is a very large size distribution of cellulose fibres extracted ranging from macro to nano 

scale. TEM results confirmed that nano-sized cellulose was achieved with estimated diameters 

ranging from 5 to 10 nm.  Future work should focus on either optimizing the extraction process, 

or developing methodology to reduce the size distribution of fibres. In addition, it is also 

important to realize that we are only able to analyze an extremely small sample area of the 

extracted cellulose with our various microscopy techniques. With the results at hand, the 

nanofibres viewed using TEM provided confirmation that we achieved our goal of producing 

some portion of cellulose nanofibres. It will be interesting to determine whether adding these 

fibres to SPI film will enhance the mechanical properties. 

 

  



42 

 

6.0 Extracted Cellulose Fibre/TiO2 Composite Films 
 

6.1 Introduction 

The application of current soy protein films is limited due to their low mechanical 

strength and high moisture sensitivity compared to synthetic materials. However, SPI films have 

been shown to possess strong oxygen barrier properties, having permeability values roughly 500 

times lower than low-density polyethylene films under low relative humidity environments 

(Song and others 2011). There are several different approaches to improve the functionality of 

soy protein films, one of which is to reinforce soy protein films with natural fibres, forming a 

composite material. Natural fibre reinforced composites are an attractive option because fibres 

are eco-friendly, biodegradable, sustainable, low cost, low density, and can be derived from 

waste streams (Liu and others 2005). Soybean pods, hulls and stems represent an underutilized 

source of functional cellulose. Cellulose is one of the most abundant natural polymers with good 

strength and stiffness properties, and is the building material of most plant cell walls (Wang and 

Sain 2007). Cellulose fibres are composed of bundles of microfibrils where the cellulose 

molecules are biosynthesized in the form of nano-sized fibrils (Wang and Sain 2007). Cellulose 

nanofibres embedded in the cell walls of plants have great reinforcing properties and it is 

predicted that incorporating these nanofibres into a polymer matrix will have the same effect of 

material properties enhancement (Wang and Sain 2007). Paetau and others (1994) illustrated that 

incorporating long, short and microcrystalline cellulose into SPI matrices decreased elongation, 

but improved strength and rigidity. 

As the dimension of a filler material decreases, the number of its surface particles 

increases, resulting in enhanced reactivity of the material with the surrounding medium. These 
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properties are being exploited in the development of novel structures with enhanced material 

characteristics. The proportionally larger surface area of nanoparticles over their microscale 

counterparts makes them an attractive additive due to the potential for higher filler-matrix 

interactions. Titanium dioxide (TiO2) is a non-toxic, chemically inert, and relatively inexpensive 

material that has photocatalytic activity which may be useful against some microorganisms 

(Azeredo 2009). Small amounts (<1 wt%) of nano-sized TiO2 particles have been shown to 

improve the mechanical properties of whey protein isolate (WPI) films (Zhou and others 2009). 

The possible electrostatic interactions and hydrogen bonding between TiO2 and WPI molecules 

were thought to contribute to the increases observed in mechanical properties. At >1 wt% TiO2 

particles, decreased mechanical properties were reported due to poor dispersion and aggregation 

of TiO2 particles. It should be noted that although the area of nanotechnology is exciting and 

holds significant promise, some caution is warranted as we do not yet know the full extent 

nanoparticles will have on the environment or human health (Hannah and Thompson 2008; 

Boxall and others 2007).  

The objectives of this study were to investigate the mechanical and barrier properties of 

SPI nanocomposite films prepared with TiO2 nanoparticles and extracted cellulose nanofibres. 

 

6.2 Materials 

Soy protein isolate (SPI) Supro 760 was purchased from Solae (St. Louis, MO). Glycerol, 

95% ethanol, sodium hydroxide (pellets), and vacuum grease were purchased from Fisher 

Scientific Canada (Ottawa, ON). Cellulose fibres were extracted according to Section 5.3. 
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Titanium dioxide nanoparticles, Aeroxide P90 (diameter ~14 nm), were donated by Evonik 

Industries (Hanau-Wolfgang, Germany). 

 

6.3 Methods 

6.3.1 Casting solution preparation 

SPI and ethanol were mixed and dissolved in water with glycerol as described in Section 

4.3.1 to prepare casting solutions. Extracted cellulose from soy wastes was added at different 

loadings (0.5, 1, 5, and 10% w/w of SPI) to the water prior to mixing in the SPI/ethanol slurry. 

These loadings were chosen in order to compare cellulose fibres to TiO2 nanoparticles, and to 

observe the effects of using a high filler concentration to reduce material costs. TiO2 

nanoparticles were added at three loadings (0.25, 0.5, and 1% w/w of SPI) and were also added 

to the water before mixing in the SPI/ethanol. These loadings were chosen as Zhou and others 

(2009) reported increased material properties in films with <1 wt% TiO2 and decreased 

properties in films with >1 wt% TiO2. To increase dispersion of the additives, 

water/glycerol/additive mixtures were blended for 1 min at 3000 rpm using a rotary homogenizer 

(PowerGen 1000, Fisher Scientific, Ottawa, ON), and then sonicated for 1 min using an 

ultrasonicator (Vibra-Cell Model VC505, Sonics & Materials Inc, Newtown, CT). 

 

6.3.2 Film Formation 

Film forming solutions were poured directly onto a levelled, glass-topped hot stage held 

at 85°C and left to dry as described in Section 4.3.2. 
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6.3.3 Film Thickness 

Average film thickness was measured using a digital micrometer (Testing Machines Inc., 

New Castle, DE) according to Section 4.3.3. 

 

6.3.4 Mechanical Properties under Different Relative Humidity Levels 

Films were hung over saturated salt solutions in hermetically sealed jars at 25°C for 24 

hours before testing. Three different relative humidity levels representing low, medium and high 

were used: 43% RH (saturated potassium carbonate), 60% RH (storage conditions) and 84% RH 

(saturated potassium chloride). Films were tested using an Instron Universal Testing Machine 

(Model 1122, Instron, Norwood, MA) according to the ASTM standard method D 882-90 

(ASTM 1990). Tensile strength, percentage elongation at break, and Young’s modulus of 

elasticity were calculated and compared across all treatments in similar fashion to Section 4.3.4. 

 

6.3.5 Water Vapor Permeability 

Control SPI films along with 5% cellulose fibres and 1% TiO2 composites were selected 

for barrier tests. Water vapour permeability experiments were conducted on these treatments and 

compared to the control in accordance to Section 4.3.5 using a modified ASTM E96-05 method 

(ASTM 2005). 

 

6.3.6 Oxygen Permeability 

  Oxygen permeability was measured on control, 5% cellulose, and 1% TiO2 composite 

films using an oxygen permeation analyzer (Model 8001, Illinois Instruments, Johnsburg, IL). 
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Wire mesh was placed between the film sample and the wall of the cell to prevent film contact.  

Oxygen permeability was measured at 60% and 84% relative humidity.   

Oxygen transmission rate (OTR) is the volume of oxygen gas passing through a unit area 

of film per unit time under the environmental conditions set for the test. The instrument 

automatically measures this value and outputs the reading with units cc/m
2
/day.  

The oxygen permeability coefficient (P’O2) is the quantity of oxygen gas that crosses unit 

area and unit thickness of film in unit time under unit pressure difference, at a constant 

temperature. It was calculated by:   

 
     

     

  
 (Eq. 6) 

where OTR is the oxygen transmission rate, d is the film thickness and Δp is the difference 

between the partial pressure of oxygen on the two sides of the film. In this case, the partial 

pressure of oxygen on one side of the cell is always zero, thus Δp was the partial pressure of 

saturated oxygen feeding the instrument (0.995 atm). 

 

6.3.7 Statistical Analyses 

Samples for WVP and mechanical properties at different storage relative humidity levels 

were prepared in 3 independent trials, using 3 samples in from each trial for a total of 9 

replicates. Significant differences between control and composite films were determined using 

One-Way and Two-Way Analysis of Variance (ANOVA) along with Tukey’s post-hoc tests 

using a 95% confidence interval. Levene’s Test for Equality of Variances and Shapiro-Wilk Test 
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of Normality were used to validate assumptions of homogeneity of variance and normality of the 

data, respectively. 

 

6.3.8 Fourier Transform Infrared Spectroscopy (FTIR) Analysis 

 Films were analyzed at different storage relative humidity levels using a Fourier 

transform infrared spectrometer (IR Prestige-21, Shimazdu Corporation, Kyoto, JP), equipped 

with an attenuated total reflection (ATR) sampling cell (MIRacle Single Reflection, Pike 

Technologies, Madison, WI). 

 

6.3.9 Scanning Electron Microscopy (SEM) Analysis 

Control SPI films along with 5% cellulose fibres and 1% TiO2 composites were cryo-

fractured using liquid nitrogen and examined using a scanning electron microscope (SEM-S-570, 

Hitachi, High Technologies Corporation, Tokyo, Japan) as it was described in Section 4.3.7. 

 

6.3.10 Atomic Force Microscopy (AFM) Analysis 

The atomic force microscopy (AFM) analyses were conducted (with the help of Kevin 

O’Neil and Oleg Semenikhin from the Department of Chemistry) at the University of Western 

Ontario. Control and composite film samples containing cellulose and TiO2 were fastened to a 

stainless steel stage with double sided tape and analyzed under ambient conditions using a Multi-

mode atomic force microscope equipped with a Nanoscope IV controller (Veeco Metrology, 

Plainview, NY). The AFM was enclosed in an acoustic/electrical isolation cage that was attached 

to a vibrational isolation piston air table (Veeco Metrology, Plainview, NY). An optical 

microscope (Nikon Corporation, Tokyo, Japan) was used to inspect and select a scanning area 
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for characterization. The phase imaging measurements were performed in the tapping mode 

using Pointprobe n-doped Si probes (Nanoworld, Neuchatel, Switzerland) with a force constant 

of 20 N/m and resonant frequency of 300 kHz. 

 

6.4 Results and Discussion 

6.4.1 Mechanical Properties 

Control and composite films were stretched until failure using an Instron Universal 

Testing Machine and the tensile strength, percentage elongation at break and Young’s Modulus 

of Elasticity were determined. Tensile strength results are presented in Table 3 and Figure 11. 

Table 3: Tensile strength comparison of control, cellulose, and TiO2 composite films.  

 Tensile Strength (MPa) 

 43% RH 60% RH 84% RH 

Control 4.64 ± 0.27a, 1 4.17 ± 0.19c, 2 2.10 ± 0.14d, 3 

0.5% Cellulose Fibre 6.37 ± 0.32b, 1 3.51 ± 0.28ab, 2 1.76 ± 0.12bc, 3 

1% Cellulose Fibre 4.70 ± 0.32a, 1 3.57 ± 0.36b, 2 1.60 ± 0.05a, 3 

5% Cellulose Fibre 10.83 ± 0.90d, 1 5.89 ± 0.23e, 2 2.68 ± 0.09e, 3 

10% Cellulose Fibre 9.69 ± 0.17c, 1 5.17 ± 0.32d, 2 2.76 ± 0.07e, 3 

0.25% TiO2 4.91 ± 0.48a, 1 3.57 ± 0.20b, 2 1.79 ± 0.14c, 3 

0.5% TiO2 4.54 ± 0.42a, 1 3.16 ± 0.23a, 2 1.73 ± 0.10abc, 3 

1% TiO2 4.74 ± 0.26a, 1 3.23 ± 0.12ab, 2 1.63 ± 0.11ab, 3 

Means with different letters in the same column are significantly different (treatment effects) whereas different 
numbers in the same row indicate significant differences between RH. (N = 9, Tukey’s HSD, p-value < 0.05). 
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Figure 10: Tensile strength comparison of control films (represented as 0% additive concentration) to 
cellulose fibre (A) and titanium dioxide (TiO2) (B) composites stored at three levels of relative humidity. 
(N = 9). 

 

The results summarized in Figure 10 and Table 3 suggest a negative correlation between 

tensile strength and relative humidity. As the storage relative humidity increased, the tensile 

strength decreased across all treatments. This relationship is commonly observed in moisture 

sensitive biopolymer films (Lim and others 1999; Gennadios and others 1993a; Kristo and others 
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2007; Lai and Padua 1997), so this trend was expected since the main component of these films 

is soy protein isolate, which is inherently hydrophilic. This phenomenon is attributable to the 

plasticization effect of water upon the polymer due to moisture sorption, which causes the 

polymer to swell. The water molecules present between the polymer chains also act as a 

lubricant, which weakens the chain-chain interactions and promotes chain mobility. As a result, 

the polymer matrix is more flexible and the polymer chains can slide past each other more 

readily during tensile deformation (Lim and others 1998). This explains the sequential decrease 

in tensile strength observed across all treatments as the relative humidity increased. 

Comparing treatments within groups of relative humidity, it was observed that films 

supplemented with 5 and 10% cellulose fibre exhibited significant increases in tensile strength 

across all RH levels tested; especially those tested at the 43% RH condition where the mean 

values were 10.83 ± 0.90 and 9.69 ± 0.17 MPa respectively. The 0.5% fibre treatment also 

showed increased tensile strength compared to the control at 43% RH (6.37 ± 0.32 vs. 4.64 ± 

0.27 MPa), but no significant increase was observed for samples tested at 60% (3.51 ± 0.28 vs. 

4.17 ± 0.19 MPa) and 84% (1.76 ± 0.12 vs. 2.10 ± 0.14 MPa) RH conditions. The addition of 

TiO2 had no significant effect on tensile strength at 43% RH and significantly decreased the 

tensile strength at 60 and 84% RH, as compared to the control film. These results suggest that 

there is an optimal cellulose loading in the protein film (about 5% level) that would result in 

mechanical reinforcement, beyond which a minimal enhancement of material properties was 

observed.  

Elongation at break during tensile testing provides information about the flexibility and 

stretchability of the film specimens. In order to facilitate the handling of film during packaging 
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conversion and further downstream processing (e.g. printing, surface treatments, sealing 

operation), the protein films must possess certain degrees of flexibility to prevent cracking. 

Moreover, the ability for the material to absorb energy during deformation will also affect its 

toughness, which is another material parameter important for meeting the containment and 

protection requirements of food packages. Percentage elongation at break values of the control 

and composite films are summarized in Table 4 and Figure 11. 

 

Table 4: Elongation at break comparison of control, cellulose, and TiO2 composite films.  

 Elongation at Break (%) 

 43% RH 60% RH 84% RH 

Control 182.13 ± 29.68c, 1 187.66 ± 18.18d, 1 231.11 ± 12.17c, 2 

0.5% Cellulose Fibre 107.16 ± 17.12b, 1 148.03 ± 22.46c, 2 144.88 ± 20.67b, 2 

1% Cellulose Fibre 180.27 ± 4.93c, 1 121.78 ± 20.75b, 2 124.63 ± 13.24b, 2 

5% Cellulose Fibre 14.49 ± 2.93a, 1 42.13 ± 5.08a, 2 48.57 ± 7.28a, 3 

10% Cellulose Fibre 19.90 ± 7.02a, 1 31.11 ± 3.43a, 2 30.76 ± 3.41a, 2 

0.25% TiO2 170.12 ± 16.03c, 1 175.92 ± 11.80d, 1 130.49 ± 4.14b, 2 

0.5% TiO2 180.25 ± 11.34c, 1 192.30 ± 19.04d, 1 228.55 ± 18.82c, 2 

1% TiO2 209.50 ± 18.56d, 1 177.11 ± 9.85d, 2 233.49 ± 18.79c, 3 

Means with different letters in the same column are significantly different (treatment effects) whereas different 

numbers in the same row indicate significant differences between RH. (N = 9, Tukey’s HSD, p-value < 0.05). 
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Figure 11: Percentage elongation at break comparison of control films (represented as 0% additive 
concentration) to cellulose fibre (A) and titanium dioxide (TiO2) (B) composites stored at three levels of 
relative humidity. (N = 9). 

 

As shown in Figure 11, the effects of relative humidity on elongation at break trends are 

less discernible as compared to the tensile strength data. As mentioned earlier, soy protein is 

hydrophilic, so the expected relationship between moisture sensitive biopolymer films and 

increasing storage relative humidity should be the inverse of the tensile strength relationship. 
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That is, with increasing relative humidity, the elongation at break should also increase – a 

phenomenon that has been widely reported in the literature (Lim and others 1998; Gennadios and 

others 1993a; Lim and others 1999; Kristo and others 2007). Some of the treatments exhibit this 

relationship (Control, 5% fibre, 0.5% TiO2) and in most cases the elongation of films held at 

84% RH are greater than films held at 43% RH. This result showed that the properties of water 

in pure protein and protein-cellulose composite films are different. The reason for this peculiar 

observation is unknown at this time, but it seems to suggest that instead of “lubricating” the 

polypeptide chains, the water molecules might have interacted strongly with the cellulose 

microfibrils. 

Comparing the elongation at break (Figure 11) and tensile strength data (Figure 10) 

reveals additional information about the composite films. The films with the highest tensile 

strength values (5% and 10% cellulose) have the lowest elongation values. This would suggest 

that these films are strong, but are not very stretchable, as their elongation values are all under 

50%. In general, all the cellulose composite films exhibited lower elongation values than the 

control, implying that the cellulose filler had an effect of strengthening the protein film but 

reduced its flexibility. Films with added TiO2 possessed elongation at break values fairly similar 

to the control, so it would appear that TiO2 nanoparticles have no significant effects on film 

flexibility. 

 To evaluate the stiffness of the films, Young’s modulus of elasticity was calculated and 

the results are summarized in Table 5 and Figure 12. 
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Table 5: Young’s modulus of elasticity comparison of control, cellulose, and TiO2 composite films. 

 Young’s Modulus of Elasticity (MPa) 

 43% RH 60% RH 84% RH 

Control 35.69 ± 1.80c, 1 28.72 ± 3.00c, 2 3.57 ± 0.39b, 3 

0.5% Cellulose Fibre 71.31 ± 3.01e, 1 25.45 ± 1.96bc, 2 4.18 ± 0.22c, 3 

1% Cellulose Fibre 27.26 ± 2.93ab, 1 26.14 ± 2.20bc, 1 4.02 ± 0.10bc, 2 

5% Cellulose Fibre 172.90 ± 2.46g, 1 74.89 ± 5.53e, 2 9.68 ± 0.51d, 3 

10% Cellulose Fibre 114.82 ± 3.25f, 1 44.33 ± 3.04d, 2 10.80 ± 0.70e, 3 

0.25% TiO2 43.06 ± 2.21d, 1 23.51 ± 1.68ab, 2 4.42 ± 0.35c, 3 

0.5% TiO2 30.54 ± 2.04b, 1 20.05 ± 0.97a, 2 2.56 ± 0.18a, 3 

1% TiO2 23.95 ± 1.24a, 1 20.19 ± 0.95a, 2 2.47 ± 0.13a, 3 

Means with different letters in the same column are significantly different (treatment effects) whereas different 
numbers in the same row indicate significant differences between RH. (N = 9, Tukey’s HSD, p-value < 0.05). 
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Figure 12: Young’s modulus of elasticity comparison of control films (represented as 0% additive 
concentration) to cellulose fibre (A) and titanium dioxide (TiO2) (B) composites stored at three levels of 
relative humidity. (N = 9). 
 

The results for Young’s modulus of elasticity follow a similar trend observed with the 

tensile strength results in Figure 10, that is, increasing storage relative humidity decreases the 

Young’s modulus of elasticity of moisture sensitive biopolymer films. These results are expected 

since the principle ingredient of the composite films is SPI, which is inherently hydrophilic. 

Similar to the tensile strength results, the treatments that showed the greatest increase in Young’s 
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modulus were the 5% and 10% cellulose fibre composites at 43% RH (172.90 ± 2.46 and 114.82 

± 3.25 MPa respectively). The 0.5% cellulose fibre composite also displayed a noticeably higher 

Young’s modulus value (71.31 ± 3.01 MPa) compared to the control (35.69 ± 1.80 MPa) at 43% 

RH. The TiO2 composite films had values similar to the control, but showed a slightly downward 

trend with increasing TiO2 content. At 60% and 84% RH, all the treatments seemed comparable 

for the control, except for 5% and 10% cellulose fibre composites, which again exhibited 

distinctly higher Young’s modulus values than all the other treatments.  

These results are congruent with both the tensile strength and elongation at break findings 

which suggest that adding 5% and 10% cellulose fibre increases tensile strength and Young’s 

modulus, while decreasing elongation at break, producing stronger, stiffer film that is less elastic. 

Furthermore, these results suggest that approximately 5% cellulose fibre is the optimal loading, 

since at 10% added cellulose; the increases in tensile strength and Young’s modulus are not as 

high. Conversely, the addition of TiO2 did not significantly improve any of the mechanical 

properties tested. Homogeneous dispersion of filler particles into isolated entities within a 

polymer matrix  is one of the biggest challenges facing the development of nanocomposites 

(Viswanathan and others 2006), and is likely one of the reasons why we did not observe any 

gains in mechanical properties when other studies have (Zhou and others 2009). Poor interaction 

between soy protein and TiO2 nanoparticles could be another reason why adding TiO2 did not 

result in film reinforcement. In the absence of strong interfacial interaction, the TiO2 

nanoparticles would disrupt protein-protein interactions, and would also behave as stress 

concentrators, that propagate cracks and defects during tensile load. This potential shortfall, 

coupled with poor dispersion, led to aggregation of TiO2 particles, which might have created 
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large voids within the protein matrix. This reasoning is consistent with the decreasing Young’s 

modulus values with increasing TiO2 concentration at 43% RH. 

By contrast, the dispersion of cellulose fibres in the composites are likely more uniform 

since mechanical reinforcement was observed. 

 Based on the results obtained, 5% cellulose fibre was chosen as the optimal cellulose 

composite for further investigation since the resulting composite possessed the greatest increases 

in tensile strength and Young’s modulus. We chose 1% TiO2 to represent the TiO2 composites 

even though its mechanical properties were fairly similar to the control and other TiO2 loadings.  

 

6.4.2 Barrier Properties 

The water vapour and oxygen barrier properties of the control and optimal composite 

films were tested and the results are summarized in Table 6. 
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Table 6: Water vapour permeability, oxygen transmission coefficient of control and selected composite 
films.  

 WVP coefficient 

(g·m/m2·s·Pa) 

O2 Permeability 

coefficient [60% RH] 

(cc·µm/m2·day·kPa) 

O2 Permeability 

coefficient [80% RH] 

(cc·µm/m2·day·kPa) 

Control 1.81 × 10-10 ± 1.28 × 10-11a 92.17 ± 12.57 1534.66 ± 316.04 

5% Cellulose Fibre 1.72 × 10-10 ± 1.22 × 10-11a 53.77 ± 5.77 554.67 ± 0.79 

1% TiO2 1.49 × 10-10 ± 1.63 × 10-11b 71.06 ± 4.27 673.18 ± 109.59 

Collagen*  29.3 (at 65% RH) 890 (at 93% RH) 

Egg White 

Protein** 

 70 (at 50% RH)  

Whey Protein 

Isolate*** 

 132 (at 56% RH)  

Values with different letters in the same column are significantly different (N = 9, p-value < 0.05). 

*Value obtained from (Lieberman and Gilbert 1973) 

**Value obtained from (Lim and others 1998) 

***Value obtained from (McHugh and Krochta 1994) 

 

 

The water vapour permeability data revealed that 1% TiO2 films had a statistically 

significantly lower permeability coefficient than both the control and the 5% cellulose fibre 

films. Therefore, 1% TiO2 composite film was a higher water vapour barrier (1.49 × 10
-10

 

g·m/m
2
·s·Pa) than either control (1.81 × 10

-10
 g·m/m

2
·s·Pa) or 5% cellulose (1.72 × 10

-10
 

g·m/m
2
·s·Pa) fibre films, but the water vapour barrier properties of control and 5% cellulose 

fibre films were similar. The reasoning could be that since TiO2 nanoparticles are insoluble, 

incorporating them into a moisture sensitive system might slightly increase its hydrophobicity. 

Although the difference was found to be statistically significant, the value is only about 0.2 × 10
-

10
 g·m/m

2
·s·Pa lower than the next lowest treatment, so in practice, the difference might not be 

particularly noteworthy. 
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 The oxygen permeability test results illustrated another common relationship between 

moisture sensitive biopolymer films and relative humidity, in that, increasing relative humidity 

decreases the oxygen barrier properties. Table 6 displays this relationship as the oxygen 

permeability coefficient increased about 10 times across films tested at 60% RH and films tested 

at 80% RH. If we consider that the mechanical properties of films generally decrease as RH rises 

due to increased water-protein interactions, it seems logical to assume the loss in barrier 

properties are caused by the same mechanism. As the water content of the film rises, the protein 

matrix will swell and loosen to associate with the water, opening more spaces for oxygen to pass 

through. Control films had the highest oxygen permeability at 60% RH with a mean of 92.17 ± 

12.57 cc·µm/m
2
·day·kPa followed by 1% TiO2 (71.06 ± 4.27 cc·µm/m

2
·day·kPa) and 5% 

cellulose fibre composites (53.77 ± 5.77 cc·µm/m
2
·day·kPa). 

Oxygen permeability coefficient values were taken from various literature sources in 

order to compare the oxygen barrier properties of our films with other biopolymer films. The 

exact testing parameters could not be found (60% and 80% RH) for a direct comparison, but 

similar values were taken for a rough assessment. Lieberman and Gilbert (1973) found collagen 

films tested at 65% RH showed higher oxygen barrier properties than our SPI composite films, 

but were still in the same general range as our values. Increasing the RH to 93% decreased the 

barrier properties of collagen film as the permeability increased almost 30 times (Lieberman and 

Gilbert 1973). The collagen films follow the same general trend as our SPI composite films, and 

the values fall within the same order of magnitude. Lim and others (1998) found films made of 

egg white proteins tested at 50% RH had a very similar oxygen permeability coefficient as 1% 

TiO2 composite films tested at 60% RH (70 and 71.06 ± 4.27 cc·µm/m
2
·day·kPa respectively). 

Whey protein isolate films tested by McHugh and Krochta (1994) at 56% RH exhibited higher 
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oxygen permeability coefficients than our SPI films tested at 60% RH. Again, it was interesting 

to see similar values among other biopolymer films, and encouraging to see our films perform 

slightly better than other protein films in the literature. 

 

6.4.3 FTIR Analysis 

Treatments across all three levels of relative humidity were analyzed using ATR-FTIR 

spectroscopy. Representative spectra were selected for each sample treatment at 43% RH and 

vertically shifted by arbitrary units for easier comparison; the results are presented in Figure 13. 
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Figure 13: Representative FTIR spectra of control SPI films and treatments of cellulose fibres and TiO2 
composites. Treatments are vertically shifted by arbitrary units for easier comparison. 
 

The FTIR spectra presented in Figure 13 show a general overview of SPI films. The large 

broad peak around 3500 – 3000 cm
-1

 is associated with free and bound O-H and N-H groups 

(Guerrero and others 2010). The N-H and O-H groups of SPI and the O-H groups of the 

absorbed water can undergo inter- and intra-molecular hydrogen bonding with carbonyl C=O, 

carboxyl COOH, and peptide C(O)NH groups of protein (Karnnet and others 2005). These 
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interactions are quite prevalent in SPI films and usually overshadow any other bonding in this 

region. Since there is varying degrees of moisture within the protein films, this region was 

mostly ignored. Wavenumbers from 1300 to 900 cm
-1

 are generally referred to as the fingerprint 

region, and are difficult to decifer. For protein, the regions that are most heavily studied are the 

Amide I and Amide II bands which typically fall under wavenumbers 1630 cm
-1

 and 1530 cm
-1

 

respectively (Lodha and Netravali 2005). The Amide I band is due to carbonyl (C=O) stretching 

and the Amide II band is associated with amide bending (N-H) and C-H deformation at around 

1530 cm
-1

  (Schmidt and others 2005). The Amide I band can be used to elucidate protein 

secondary structure because it is not heavily influenced by other vibrations (Barth 2007). The 

Amide II band is more sensitive to hydration and protein-solvent interactions and is therefore 

less reliable for secondary structure determination (Wellner and others 1996). There is an Amide 

III band, located around wavenumber 1230 cm
-1

 and is normally associated with C-N stretching 

and N-H bending (Schmidt and others 2005). This region is usually weaker and occurs in a 

region that is clouded with other vibrations (CH bending, tyrosine, and phenylalanine ring 

vibrations) that are not easily linked to protein secondary structure (Carbonaro and Nucara 

2010). A close up of the Amide bands is presented in Figure 14. 
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Figure 14: A close up view of the approximate locations of Amide I (1630cm-1), Amide II (1530 cm-1) and 
Amide III (1230 cm-1) bands in the FTIR spectra of SPI control and composite films at 43% RH. Treatments 
are vertically shifted by arbitrary units for easier comparison. 
 

Figure 14 represents the portion of the FTIR spectra that is of interest to protein systems. 

Amide I and Amide II bands are clearly visible, and upon further inspection, some differences 

can be seen. The Amide III vibration is also detected, with absorbances much lower compared to 
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Amide I and II. Figure 15 better illustrates the spectral shifts observed in the Amide I region as a 

result of various treatments.  

 

 

Figure 15: A close up view of the Amide I band in the FTIR spectra of SPI control and composite films at 
43% RH. The Amide I band of the control SPI film has a mean peak value of around 1634 cm-1. A slight 
shift to the right is observed in the 5% cellulose fibre composite where the peak has moved to a mean 
value of 1626 cm-1. Treatments are vertically shifted by arbitrary units for easier comparison. 
  

As mentioned earlier, the Amide I peak is mostly attributed to stretching in the C=O 

vibration and is not heavily influenced by the nature of protein side chains, which makes it useful 

for elucidating the secondary structure of the protein backbone (Barth 2007). Figure 15 shows 
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that the Amide I peak does not fall under the same frequency for every treatment. It appears that 

the control and TiO2 composite films show an Amide I peak closer to 1634 cm
-1

 while some of 

the cellulose composites, in particular the 0.5% and 5% loadings, show an Amide I peak that is 

shifted to the right, closer to 1626 cm
-1

. This very slight shift in peak values could be caused by 

changes in protein secondary structure. (Goormaghtigh and others 1994) collected and evaluated 

experimental data from numerous authors on the assignment of protein secondary structure to 

Amide I band positions. They concluded that α-helix has their main absorbance around 1654 cm
-

1
 while the predominatnt β-sheet absorbance is around 1633 cm

-1
 and β-turns at 1672 cm

-1
 

(Goormaghtigh and others 1994). From Figure 15, all films show a main absorbance peak around 

1633 cm
-1

, which might indicate the predominate secondary structure is β-sheet. A shoulder 

observed around the 1654 cm
-1

 region would lead one to assume that there is also a strong 

prevalence of α-helix structures.  

The main absorbance peak of the Amide I band was recorded for each treatment and the mean 

values were calculated for each storage relative humidity. The results are summarized in Figure 

16. 
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Figure 16: Mean values of the Amide I peak across SPI control and composite films stored at three 
different levels of relative humidity. (N = 4). 
 

Figure 16 portrays the minor shifts observed in the Amide I peak. The largest shifts were 

observed in the 0.5%, 5% and 10% cellulose fibre composites at 43% RH where the peak 

locations all decreased or shifted to the right. These results seem to reflect the trends observed in 

the mechanical properties where these cellulose composites exhibited much higher tensile 

strength and Young’s modulus values compared to the other treatments. Similar to the 

mechanical data, the largest differences were observed under the 43% RH storage conditions. 

In theory, all experimental conditions were held constant except for the addition of 

extracted cellulose fibres. Therefore, one could assume that the changes observed in the 

mechanical properties and the FTIR are due to the presence of cellulose. Sills and Gosset (2012) 
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studied different lignocellulosic polymers including cellulose and hemicellulose using FTIR and 

assigned wavenumber bands to different functional groups. The majority of the functional groups 

relating to cellulose (glycosidic linkages, C-O, C=C, C-C-O stretching, C-O-C asymmetrical 

stretching, O-H, C-H bending) fall under wavenumbers ranging from 875 cm
-1

 to 1280 cm
-1

 

(Sills and Gossett 2012). Looking at the experimental spectra in Figure 14, this region is very 

similar across all treatments, when one might expect to see large differences since some samples 

contain up to 10% cellulose and others, such as the control, contain none.  

One challenge in interpreting the FTIR data is that glycerol is known 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). Vibrations at 850 cm
-1

, 925 cm
-1

, and 995 cm
-1

 are 

correlated to the C-C backbone, 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 associated with stretching of C-O in C2 (Lodha and 

Netravali 2005). Since glycerol is present in all samples as a plasticizer, at much greater 

quantities than cellulose, and has similar absorbance spectra, it is likely that the glycerol is 

overshadowing the limited IR absorbance from cellulose. By contrast, the Amide I band does not 

suffer this pitfall. 

The major difference observed between the cellulose treatments and the control are the 

shifts to the right in the Amide I band. Slight shifts in the Amide I absorbance bands can point to 

changes in secondary structure and experimental studies have indicated a number of rules of 

thumb to help describe this relationship. The position of both parallel and anti-parallel β-sheet 

peaks is dependant on the number of strands in the sheet (Barth 2007). Sheets with a larger 

number of strands have a lower spectral positon of the main band (Barth 2007). Also, parallel β-
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sheets have their main absorbance at slightly higher wavenumbers than anti-parallel sheets which 

have their main absorbance around around 1630 cm
-1

 (Barth 2007). Under the assumption that 

the main absorbance observed around 1633 cm
-1

 is caused by β-sheet structures, the slight shift 

to the right observed could be due to an increased number of strands in the sheets. Perhaps the 

added cellulose facilitates the formation of more complex, ordered β-sheet structures which 

might improve the mechanical properties. 

As mentioned earlier, the Amide II band is also used to elucidate secondary protein 

structure, thus the mean values were determined and summarized in Figure 17. 

 

 

Figure 17: Mean values of the Amide II peak across SPI control and composite films stored at three 
different levels of relative humidity. (N = 4). 
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The Amide II peak, absorbing around 1530 cm
-1

, arises from N-H bending and C-N 

stretching vibrations, and unlike the Amide I, can be affected by hydration and protein-solvent 

interations (Wellner and others 1996). It can be used in the analysis of protein secondary 

structure, but the correlation is less straightforward as compared to the Amide I vibration (Barth 

2007). From Figure 17, the major difference is observed between the control and the 5% and 

10% cellulose flibre conposites at 43% RH. The Amide II band can indicate anti-parallel β-sheet 

structures when there is a strong band between 1510 cm
-1

 and 1530 cm
-1

 and parallel β-sheet 

structures at higher wavenumbers (1530 cm
-1

 – 1550 cm
-1

) (Carbonaro and Nucara 2010). Under 

these assumptions, one might conclude that the predominant β-sheet structure is parallel since all 

the Amide II frequencies observed are greater than 1530 cm
-1

.  

 

6.4.3 Scanning Electron Microscopy 

Control and optimal loadings of extracted cellulose fibres and TiO2 composite film 

samples were collected, cryo-fractured using liquid nitrogen, and the pieces were arranged on 

metal stubs with a carbon tape. Images of the film surface are displayed in Figure 18.   
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Figure 18: Scanning electron micrographs of film surface morphology of SPI control film (A), 5% cellulose 
fibre composite film (B), and 1% TiO2 composite film (C). 
 

Surface SEM images of control, 5% fibre, and 1% TiO2 composite films (Figures 18A, B, 

and C respectively) appear to suggest a relatively smooth surface with few defects. Some small, 

shallow pits or craters can be visualized in each of the samples, and these could be the result of 

tiny air bubbles that moved to the surface of the film during drying. There also appears to be 

some raised bumps on the surface of the film samples. Since the bumps appear to be embedded 

within the film, and they are not showing clear signs of charging (not bright white), we can 

speculate that they could be un-dissolved protein. The top-left region of the control film (Figure 

18A) shows what appear to be wrinkles on the film surface. Wrinkles could arise during drying, 

as a skin forms on top of the solution. As the film forming solution continues to dry, the water 

vapour and subsequent volume loss could cause a contraction of the skin, forming wrinkles. 

Overall, the surface SEM images across the film types seem fairly similar, with no obvious 

morphological differences that might explain the differences observed in the mechanical 

properties. 

A B C 
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To view the cross section, the films were cryo-fractured using liquid nitrogen and 

positioned vertically on their side with the fractured edges exposed. Cryo-fracturing was used 

under the assumption that we could obtain a more natural morphology, since cutting the film 

with a blade might produce artefacts.  Representative images are presented in Figure 19. 
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Figure 19: Scanning electron micrographs of cryo-fractured cross section morphology of SPI control film 
(A’s), 5% cellulose fibre composite film (B’s), and 1% TiO2 composite film (C’s). The first row of images 
(1’s) represent a direct view of the fractured cross section. The second row (2’s) represents an angled 
view of the cross section to show more texture. The third row (3’s) shows the highest magnification of 
the cross section. 
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Figures 19-A1, B1, and C1 show a direct view of the cryo-fractured cross section of 

control, 5% cellulose, and 1% TiO2 composite films respectively. All three cross sections show 

that the films are mostly solid and dense, with only a few air pockets scattered randomly 

throughout the film. Closer inspection reveals differing morphologies at opposite sides of the 

cross sections. In Figures 19-A1 and C1, the top half of the cross section appears to be rougher 

than the bottom half. In Figure 19-B1, the bottom half looks smoother than the top corner. As 

mentioned earlier in Section 4.4.3, since the films were dried using a heated plate, the differences 

in drying conditions on either side of the film could influence the cross section appearance. It 

seems reasonable to suggest that the rough region could be the side of the film that was 

contacting the hot plate, where the random protein structure was set almost instantly as it came 

into contact with the hot plate. The opposite side of the film required an average 25 min to dry, 

allowing more time for the proteins to arrange themselves, perhaps resulting in a more ordered 

structure, with smoother appearance. 

Figures 19-A2, B2, and C2 illustrate that all three types of film are quite textured in 

nature, but possess no consistent defining characteristics that could be used to tell the samples 

apart. 

The highest magnification is displayed in Figures 19-A3, B3, and C3. The holes visible in 

all the images are likely caused by tiny air bubbles present in the film forming solution. The 5% 

cellulose composite film pictured in Figure 19-B3 seems to have a very rough appearance, which 

differs from the control and TiO2 samples, but when compared to the smooth cross section 

observed Figure 19-B1, and considering the sample size of an SEM image, it is unlikely this 

microstructure is unique to cellulose composites. The large pits observed in Figure 19-C3 might 
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lead one to believe they were caused by TiO2 nanoparticles, but the diameter of the pits (~1 µm) 

does not match the diameter of the TiO2 nanoparticles (~14 nm). If we assume that limited 

interaction with the protein and poor dispersion led to agglomeration of the nanoparticles, which 

would create larger holes, then we should still see evidence of clumps of TiO2 that remained 

seated in some of the pits. Even if we assume that cryo-fracturing the samples with liquid 

nitrogen washed the TiO2 particles away, it seems unlikely that absolutely all the TiO2 particles 

would be dislodged from the protein matrix. Since the distance between two dots on the scale bar 

is only 0.3 µm or 300 nm, and the diameter of a single TiO2 nanoparticle is ~14 nm, it is unlikely 

we would see any evidence of TiO2 at this magnification to begin with. Therefore the pitting is 

likely caused by air pockets. 

In terms of differences in the microstructure between control, cellulose and TiO2 

composite films, of the samples analyzed, there were no visible differences in morphology that 

might explain the differences observed in the mechanical and barrier properties. Nor were there 

any defining structures that could be used to distinguish between treatments. 

 

6.4.4 Atomic Force Microscopy 

Control and select loadings of extracted cellulose fibres and TiO2 composite film samples 

were collected, and analyzed using AFM. Images of the control film surface are displayed in 

Figure 20.   
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Figure 20: Atomic force micrographs from two areas of a SPI control film. The left images depict surface 
topographies via relative height difference between structures (darker = lower, brighter = higher). The Z 
range denotes the scale of highest versus lowest structure in each particular scan. The right image 
reveals relative hardness via phase imaging (energy dissipation = softer material = darker, energy 
conserved = harder material = brighter). (A) represents a scale of 10 µm, (B) represents a scale of 2 µm.  

  

The AFM images were obtained under ambient conditions, without any sample 

preparation, and therefore should correspond to a more accurate representation of the natural 

morphology of the films. In comparison, for SEM, samples were first cryo-fractured with liquid 

nitrogen, then sputter coated with gold under vacuum, and finally bombarded with electrons 

under vacuum to obtain images. Any one of those steps could create artefacts which could lead 

to misinterpretations of the film morphology. Figure 20 shows the AFM images taken of control 

A 

B 
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films. The micrographs on the left represent topography of the sample and is determined by 

sensing the distance from the tip of the probe to the surface of the sample. The Z range indicates 

the scale of the highest versus the lowest structure in each independent scan. Higher structures 

appear brighter, while lower structures appear darker. The bar across the bottom of the picture 

indicates the scale. The micrographs on the right correspond to phase imaging which is sensing 

the viscoelastic properties, or relative hardness, of the sample. Energy dissipation infers a softer 

material, which appears as darker regions, while harder materials appear brighter indicating 

energy conservation. 

In both Figures 20A and 20B, highly ordered, strand-like structures dominate the surface 

of the film. These strands appear to be quite small in diameter, and almost resemble muscular 

tissue. These images could suggest that the soy protein is able to assemble into a relatively 

intricate, ordered matrix. Self assembly is not uncommon in proteins. For instance, α-lactalbumin 

has been found to self assemble into nanotube structures under certain conditions (Graveland-

Bikker and de Kruif 2006). Perhaps the structures observed in Figure 20 are the result of protein 

self assembly, or indication of protein secondary or tertiary structure. Further study is needed to 

accurately define this interesting morphology. 

Surface AFM images of 0.5% and 5% cellulose fibre composite films are presented in 

Figure 21.  
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Figure 21: Atomic force micrographs of 0.5% (A) and 5% (B and C) cellulose composite films. Images (A) 
and (B) depict surface topographies via relative height difference between structures (darker = lower, 
brighter = higher). The Z range denotes the scale of highest versus lowest structure in each particular 
scan. Image (C) reveals relative hardness via phase imaging (energy dissipation = softer material = 
darker, energy conserved = harder material = brighter). All images represent a scale of 10 µm.  
 

 Figures 21A and 21B display the topography of the 0.5% and 5% cellulose fibre 

composites respectively. The phase image for the 0.5% cellulose fibre was discarded due to a 

scanning error, while the phase image for the 5% cellulose fibre film is displayed in Figure 21C. 

The difference in topography colour intensity observed between the 0.5% and 5% films indicates 

that the film surface becomes rougher as the amount of cellulose fibre increases. Roughness of 

the film surface can also result in errors during scanning, observable in Figure 21B as pink spots. 

If the height difference in the material’s surface is greater than the range of the probe, it can 

result in a scanning error. The complex fibrous network of protein observed in the control films 

in Figure 20 was less pronounced in the cellulose fibre composites. In fact, there are even less 

protein fibres visible in the 5% cellulose composite. Perhaps the cellulose fibres disrupt the 

formation of protein fibres, and create new bonds or interactions with the protein instead. If 

protein-cellulose interactions are stronger than protein-protein interactions, it might explain the 

increased mechanical properties observed in some of the cellulose composite films. 

A B C 
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Surface AFM images of 0.25, 0.5, and 1% TiO2 composite films are presented in Figure 

22.  

 

 

 

Figure 22: Atomic force micrographs of 0.25% (A), 0.5% (B and C), and 1% (D and E) TiO2 composite 
films. Images (A), (B), and (D) depict surface topographies via relative height difference between 
structures (darker = lower, brighter = higher). The Z range denotes the scale of highest versus lowest 
structure in each particular scan. Images (C) and (E) reveal relative hardness via phase imaging (energy 
dissipation = softer material = darker, energy conserved = harder material = brighter). All images 
represent a scale of 10 µm.  
 

Figures 22A, 22B, 22D illustrate the topography of the 0.25, 0.5, and 1% TiO2 composite 

films respectively. The phase image for the 0.25% TiO2 composite was discarded due to a 
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scanning error, while the phase image for the 0.5% and 1% TiO2 composites are shown in 

Figures 22C and 22E. Similar to the control and cellulose composites, some protein fibres are 

visible. However, the presence of finer fibres tends to decrease as the amount of TiO2 increases. 

It would appear that the TiO2 might have disrupted the formation of finer protein fibres, creating 

a less ordered matrix. The pink spots observed in some of the micrographs are the result of 

scanning errors due to surface roughness. The origin and presence of the large, striated bands 

visible in Figures 22A and 22D is unknown at this time. Further validation of these repeated 

periods along protein fibers is needed using TEM analysis. 

 

6.5 Conclusions 

 In summary, 5% cellulose fibre composite film possessed the greatest tensile strength and 

Young’s modulus of elasticity values across all humidity levels and treatments. The elongation 

values were also significantly lower for this treatment, suggesting a stiffer film with low 

extensibility (Figures 10, 11, & 12). TiO2 nanoparticles did not have any significant effects on 

the mechanical strength of films, but did exhibit a slightly lower WVP than the control and 

cellulose fibre composite films (Table 6). Oxygen permeability decreased with increasing 

relative humidity and was found to be within the range of other biopolymer films (Table 6). 

FTIR analysis revealed some peak frequency shifts in the Amide I and Amide II vibrations of 

cellulose fibre films, most notably the 5% composite. TiO2 composite films were similar to the 

control. SEM and AFM images suggest both similar and varying morphologies between control 

and composite films, but further investigation is required to determine if these methods can be 

used to distinguish between film types or provide explanation of quantitatively observed 
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properties. Overall, interesting structures are visible across all the film samples which help 

provide explanations for some of the trends observed in the mechanical data. 
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7.0 Investigation of Composite Films with Other 

Additives 
 

7.1 Introduction 

One of the main problems with the extracted cellulose fibres was that it was very difficult 

to control the size distribution. There were fibres ranging from nano-scale to macro. Essentially 

our extraction process can be perceived as a ‘top-down’ approach. That is, breaking down a bulk 

material into smaller subunits. In this case, the native cellulose fibres are the bulk material which 

we exposed to various chemical and mechanical treatments in order to break down the large 

cellulose fibres into microfibrils and potentially nano-fibres. The problem is that not all cellulose 

breaks down in the same way, so a wide distribution of fibre size occurs. If we could synthesize 

fibres based on a ‘bottom-up’ approach, we might have better control over the size distribution. 

By taking small subunits of a polymer and spinning our own fibres, we could, in theory, tailor-

make them to suit different applications. In fact, this very concept is gaining popularity in the 

fields of nano-scale science and nanotechnology (Azeredo 2009; Graveland-Bikker and de Kruif 

2006). 

 

7.1.1 Electrospinning  

Electrospinning is one method that can be used to create micro to nano-sized fibres. As 

described earlier in Section 2.5, electrospinning uses high voltage to draw a polymer solution 

into fibres. The electrospinning of cellulose presents a unique challenge, in that the number of 

solvents that can adequately dissolve cellulose is limited. A number of studies have used ionic 

liquids to dissolve cellulose for a variety of applications (El Seoud and others 2007). Ionic 
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liquids are a group of organic salts that exist as liquids at relatively low temperatures (<100°C), 

are chemically and thermally stable, non-flammable and have very low vapour pressure (Zhu and 

others 2006). Ionic liquids are also called ‘green solvents’ because they can be recovered and 

reused.  

Ionic liquids have been used in the formation of regenerated cellulose/multiwalled-carbon 

nanotube composite fibres (Zhang and others 2007), as well as demonstrated ability in cellulose 

electrospinning (Xu and others 2008; El Seoud and others 2007; Frey 2008; Miyauchi and others 

2010).  

 

7.1.2 Sodium Alginate Composite Films  

Alginic acid is an anionic polysaccharide that is found in the cell walls of brown algae 

(Phaeophyceae) and is commercial harvested from seaweed. It is a hydrocolloid, meaning it 

binds water. Sodium alginate is the sodium salt of alginic acid. In the presence of calcium, 

alginate will form a cross-linked network. Another ‘bottom-up’ approach that was investigated 

used cross-linked sodium alginate to form a filler material that could mimic cellulose fibres. All 

alginate samples were cross-linked with CaCl2 and air-dried, expecting the removal of water to 

force alginate structure to associate in tight bundles (similar to bundles of cellulose). 

 

7.1.3 Cellulose Gel Composite Films  

During the cellulose fibre extraction outlined in Section 5.3.1, recall the observation of a 

gel-like substance collecting in the second filter during neutralization after acid hydrolysis. Due 

to the transparent appearance of the cellulose fibre gel, we hypothesized the size and distribution 
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of fibres to be much smaller and narrower than the bulk cellulose slurry. TEM results confirmed 

this hypothesis, and revealed that the gel contained nano-sized cellulose fibres. The cellulose gel 

was added to SPI film with the intention of improving the mechanical properties. 

 

7.2 Materials 

Soy protein isolate (SPI) Supro 760 was purchased from Solae (St. Louis, MO). Glycerol, 

95% ethanol, sodium hydroxide (pellets), calcium chloride, dimethyl sulfoxide (DMSO), dialysis 

tubing (Mw 12 000 – 14 000, flat width 25 mm) and vacuum grease were purchased from Fisher 

Scientific Canada (Ottawa, ON). Sodium alginate (viscosity of 2% solution ~250 cps) was 

purchased from Sigma Aldrich Canada Ltd. (Oakville, ON). Microcrystalline cellulose (MCC, 

90 µm) was purchased from ACRŌS Organics (Geel, Belgium, part of Thermo Fisher 

Scientific). Ionic liquids: 1-Ethyl-3-methylimidazolium acetate and 1-Allyl-3-

methylimidazolium chloride were purchased from IO-LI-TEC Ionic Liquids Technologies Inc. 

(Tuscaloosa, AL).  Cellulose fibre gel was extracted according to Section 5.3. ARBOCEL 

cellulose fibres were donated from J. Rettenmaier & Söhne GmbH & Co. KG (Rosenberg, 

Germany). Commercially available cotton balls were used as cotton linters. 

 

7.3 Methods 

7.3.1 Casting solution preparation 

SPI and ethanol were mixed and dissolved in water with glycerol as described in Section 

4.3.1 to prepare casting solutions. Extracted cellulose gel from soy wastes was added at different 

loadings (0.5, 1, and 2% w/w of SPI) to the water prior to mixing in the SPI/ethanol slurry. A 4% 



84 

 

sodium alginate solution was prepared and used to make 3 different morphologies: film, strands, 

and solid mass. To make films, alginate solution was rolled onto a stainless steel roller with 0.17 

mm recess and submerged into a 5% calcium chloride (CaCl2) bath for 10 min. Cross-linked 

alginate films are then peeled off the roller and left to air dry. To make strands, alginate solution 

was loaded into a syringe and extruded directly into the CaCl2 bath and left to soak for 10 min 

before being removed manually and left to air dry. To make a large solid mass of cross-linked 

alginate, dialysis tubing was filled with solution, both ends were clamped and the sausage-like 

tube was immersed in a 5% CaCl2 bath overnight. All alginate samples were left to dry at 

ambient conditions for 48 hrs. Samples were then cryo-crushed with liquid nitrogen, first by 

hand with a mortar and pestle, and then using a ball mill (Model PM100, Retsch, Haan, 

Germany)  at 400 rpm for 10 min to achieve uniform particle size. The three morphologies of 

alginate powder were added to base SPI film at 1% and 10% w/w of SPI and were also added to 

the water before mixing in the SPI/ethanol.  

To increase dispersion and size reduction of the additives, water/glycerol/additive 

mixtures were blended for 1 min at 3000 rpm using a rotary homogenizer (PowerGen 1000, 

Fisher Scientific, Ottawa, ON), and then sonicated for 1 min using an ultrasonicator (Vibra-Cell 

Model VC505, Sonics & Materials Inc, Newtown, CT). 

 

7.3.2 Film Formation and Conditioning 

Film forming solutions were poured directly onto a levelled, glass-topped hot stage held 

at 85°C and left to dry as described in Section 4.3.2. 
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7.3.3 Film Thickness 

Average film thickness was measured using a digital micrometer (Testing Machines Inc., 

New Castle, DE) according to Section 4.3.3. 

 

7.3.4 Mechanical Properties 

Films were tested using an Instron Universal Testing Machine (Model 1122, Instron, 

Norwood, MA) according to the ASTM standard method D 882-90 (ASTM 1990). Tensile 

strength, percentage elongation at break, and Young’s modulus of elasticity were calculated and 

compared across all treatments in similar fashion to Section 4.3.4. 

 

7.3.5 Statistical Analyses 

All experiments were performed in two independent trials, using 3 samples from each 

trial for a total of 6 replicates. Significant differences between control and composite films were 

determined using One-Way Analysis of Variance (ANOVA) along with Tukey’s post-hoc tests 

using a 95% confidence interval. Levene’s Test for Equality of Variances and Shapiro-Wilk Test 

of Normality were used to validate assumptions of homogeneity of variance and normality of the 

data, respectively. 

 

7.3.6 Electrospinning 

Microcrystalline cellulose (MCC) was used initially due to purity, with the intention of 

switching over to spinning regenerated cellulose fibres using the cellulose extracted from the soy 

waste from Section 5.3.1. MCC was dissolved in the ionic liquids, 1-ethyl-3-methylimidazolium 
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acetate or 1-allyl-3-methylimidazolium chloride and electrospun, in accordance to published 

works on cellulose electrospinning (Xu and others 2008; El Seoud and others 2007; Frey 2008; 

Miyauchi and others 2010). A schematic of the electrospinning setup is displayed in Figure 23. 

 

Figure 23: Schematic of the electrospinning setup. 
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7.4 Results and Discussion 

7.4.1 Mechanical Properties 

Control and composite films were stretched until failure using an Instron Universal 

Testing Machine and the tensile strength, percentage elongation at break and Young’s modulus 

of elasticity were determined. The results are presented in Table 7 and Figure 24. 

Table 7: Summary of the mechanical properties of control, extracted cellulose gel, alginate and 
electrospun fibre composite films.  

 Tensile Strength 

(MPa) 

Elongation at Break 

(%) 

Young’s Modulus of 

Elasticity (MPa) 

Control 4.19 ± 0.15de 186.79 ± 16.58f 28.64 ± 1.71a 

0.5% Cellulose Gel 3.93 ± 0.14bcd 155.83 ± 21.23cde 26.13 ± 1.44a 

1% Cellulose Gel 5.05 ± 0.25f 194.33 ± 13.96f 37.32 ± 3.47d 

2% Cellulose Gel 3.36 ± 0.10a 90.58 ± 10.08ab 28.93 ± 1.13ab 

1% Alginate Solid 4.35 ± 0.26de 172.33 ± 14.40def 28.00 ± 1.00a 

10% Alginate Solid 3.48 ± 0.07ab 119.54 ± 2.20bc 28.39 ± 2.02a 

1% Alginate Strand 4.99 ± 0.27f 180.27 ± 14.08ef 34.27 ± 1.47cd 

10% Alginate Strand 3.58 ± 0.26abc 88.00 ± 17.25a 33.09 ± 2.31bcd 

0.5% Alginate Film 4.05 ± 0.36cd 144.11 ± 33.27cd 28.68 ± 1.32a 

1% Alginate Film 4.63 ± 0.49ef 133.34 ± 4.81c 49.24 ± 4.60e 

5% Alginate Film 3.88 ± 0.10bcd 64.58 ± 10.59a 35.94 ± 1.28d 

10% Alginate Film 3.31 ± 0.20a 68.58 ± 11.32a 30.21 ± 1.91abc 

0.5% Electrospun Fibre 3.69 ± 0.09abc 195.89 ± 1.28f 19.38 ± 1.82f 

Means with different letters in the same column are significantly different (N = 6, Tukey’s HSD, p-value < 0.05). 
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Figure 24: Tensile strength (A), elongation at break (B) and Young’s modulus (C) curves of exploratory 
work adding different loadings of extracted cellulose gel, cross-linked sodium alginate particles, and 
electrospun fibres to SPI film. Control films are represented as 0% additive concentration. (N = 6).  
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Figure 24A compares the tensile strength results for all the composite films tested against 

the control which is represented as 0% additive concentration in each series. Starting with the 

extracted cellulose gel treatment compared to the control (4.19 ± 0.15 MPa), the tensile strength 

initially decreased at 0.5% (3.93 ± 0.14 MPa), significantly increased at 1% (5.05 ± 0.25 MPa), 

and later significantly decreased with 2% (3.36 ± 0.10 MPa). This trend would indicate that 1% 

is the optimal loading for cellulose gel. The same trend was observed in the elongation at break 

data (Figure 24B), where the 1% cellulose gel composite was the only loading to increase 

elongation. The Young’s modulus of elasticity results for cellulose gel (Figure 24C) further 

provide evidence that 1% loading is the optimal concentration of extracted cellulose gel, as there 

was a significant increase over the control (37.32 ± 3.47 vs. 28.64 ± 1.71 MPa). Overall, these 

results elucidated that the addition of 1% extracted cellulose gel significantly enhances the 

mechanical properties of SPI film.  

Evaluating the cross-linked alginate composites, there seems to be a general trend that 

addition of 1% alginate produces films with higher mechanical properties, while the addition of 

10% alginate decreases the mechanical properties. Within the 1% alginate treatments, the initial 

morphology has an effect on the resulting mechanical properties. The tensile strength results 

(Figure 24A) suggest that alginate strands, when added at 1% (4.99 ± 0.27 MPa), significantly 

increases tensile strength to the same extent as 1% cellulose gel (5.05 ± 0.25 MPa). While the 

other alginate treatments, solid (3.48 ± 0.07 MPa) and film (4.63 ± 0.49 MPa), illustrated 

increased tensile strength, the mean values were not significantly different from the control (4.19 

± 0.15 MPa). In terms of elongation (Figure 24B), all the alginate composites exhibited lower 

values compared to the control, especially the films with 10% added alginate. It seems that the 

addition of alginate particles reduces extensibility, and produces stiffer, more brittle films. The 
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Young’s modulus of elasticity values (Figure 24C) mirror a similar trend observed in the tensile 

strength results where 1% alginate strands and film composites were found to have significantly 

higher mean values (34.27 ± 1.47 MPa and 49.24 ± 4.60 MPa respectively) than the control 

(28.64 ± 1.71 MPa). In the case of 1% alginate film, the increase was significantly higher than 

that observed in 1% cellulose gel composites (37.32 ± 3.47 MPa).  

The differences observed among alginate treatments could be the result of the method 

used to create the alginate particles. Alginate strands were made by extruding polymer solution 

through a syringe, which would create shear. During air drying, the removal of water would 

cause contraction of the strands and could result in tight bundles of fibres. Alginate films were 

made by rolling a 4% solution into thin films using a stainless steel roller with a 0.17 mm recess. 

Air drying of the thin films could promote a flat, sheet-like network, and upon grinding, might 

result in flakes or platelets. Conversely, the alginate solid would likely have the least amount of 

orientation, as it was produced by allowing a large mass of alginate to cross-link independent of 

any external shear forces. Under these assumptions, and combined with the observation that 

films made with alginate strands and films performed better than alginate solid composites, we 

can conclude that the method of producing cross-linked alginate particles may influence their 

efficacy as a composite additive.  

The mechanical properties data also seems to suggest that our ‘bottom-up’ approach was 

successful in creating an additive that produced results comparable to an additive that was 

procured using the more conventional ‘top-down’ approach. Similar increases in TS and YM 

were observed in films made with 1% added cellulose gel, as well as films made with 1% 

alginate strands and 1% alginate film. In one case, an alginate composite outperformed the 
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cellulose gel composite. These preliminary results would indicate that future work studying the 

‘bottom-up’ approach might yield some promising outcomes. 

 

7.4.2 Electrospinning 

 Electrospinning of cellulose proved to be a very challenging endeavour. A number of 

hurdles need to be overcome in order to be successful and will be discussed in detail below. 

Table 8 summarizes the composition of the main solutions that were prepared and their 

evaluation of electrospinnability. 

 

Table 8: Composition and evaluation of cellulose solutions attempted for electrospinning.  

Ionic Liquid Type of Solutiona DMSO Ratiob Spinnabilityc Morphology 

EMIM acetate 1 wt% MCC – – – 

EMIM acetate 3 wt% MCC – + – 

EMIM acetate 5 wt% MCC – ++/– – 

EMIM acetate 10 wt% MCC – – – 

AMIM Cl 5 wt% MCC – ++ – 

AMIM Cl 14 wt% MCC – ++ – 

AMIM Cl 5 wt% MCC 1:0.25 ++ – 

AMIM Cl 5 wt% MCC 1:0.5 ++ – 

AMIM Cl 5 wt% MCC 1:1 ++ – 

AMIM Cl 5 wt% MCC 1:1.5 ++ – 

AMIM Cl 5 wt% MCC 1:2 +++ Electrospraying of droplets 

AMIM Cl 5 wt% MCC 1:4 + – 

AMIM Cl 14 wt% MCC 1:0.5 ++ – 
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AMIM Cl 14 wt% MCC 1:1 +++ Electrospraying of droplets 

AMIM Cl 14 wt% MCC 1:1.5 +++ Electrospraying of droplets 

AMIM Cl 3 wt% ARBOCEL 1:0.5 ++ – 

AMIM Cl 3 wt% ARBOCEL 1:0.75 ++ – 

AMIM Cl 3 wt% ARBOCEL 1:1 ++ – 

AMIM Cl 3 wt% ARBOCEL 1:1.25 + – 

AMIM Cl 3 wt% Cotton 1:1 + – 

AMIM Cl 3 wt% Cotton 1:2 + – 

AMIM Cl 5 wt% Cotton 1:1 ++ – 

AMIM Cl 5 wt% Cotton 1:2 + – 

AMIM Cl 5 wt% Cotton 1:4 – – 

AMIM Cl 1 wt% Extracted 
cellulose 

– – – 

a
 wt%: mass ratio of cellulose source in cellulose/ionic liquid mixture 

b
 mass ratio of cellulose/AMIMCl mixture to DMSO was defined as 1:n 

c
 +++: very stable Taylor cone with polymer ejection; ++: stable Taylor cone but no polymer ejection; +: semi-stable 

Taylor cone with disturbances; –: too viscous/too runny to be electrospun 

 

The first challenge encountered was finding a solvent that dissolves cellulose. A number 

of studies have reported easy dissolution and electrospinning of cellulose using ionic liquids (Xu 

and others 2008; Miyauchi and others 2010; Zhu and others 2006). As mentioned earlier, the 

melting point of ionic liquids is relatively low (<100°C), but is still rather high compared to 

room temperature, implying that temperature control will be needed during electrospinning. To 

simplify the experimental setup, our initial attempt was to utilize the ionic liquid 1-ethyl-3-

methylimidazolium acetate (EMIM acetate) since it exists as a liquid at room temperature. 

Microcrystalline cellulose (MCC) was dissolved in EMIM acetate at 1, 3, 5, and 10% using heat 

and constant stirring. As the concentration of cellulose increased, the viscosity of the solution 
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also increased, and more heat and time were required to fully dissolve the cellulose. The 

viscosity of the final solution was also temperature dependant. For instance, at 5% cellulose, the 

solution had a viscosity similar to molasses at room temperature and corn syrup at ~80°C. Table 

8 illustrates that 1% and 3% solutions did not produce a stable Taylor cone at the spinneret tip – 

a feature that is important to initiate the formation of polymer jets. This is possibly due to low 

polymer concentration that did not produce adequate polymer chain entanglement to stabilize the 

polymer jet. Although, the 5% solution was too viscous at room temperature to load into the 

syringe, if heated to 80°C, and when working quickly, a very stable Taylor cone was achieved. 

However, a polymer jet did not emerge from the Taylor cone, indicating that other factors, 

besides polymer concentration, were hampering the electrospinning of the solution. Probably the 

conductivity of the polymer solution was too high that may result in charge leakage or the 

surface tension of the liquid was too high. At 10% concentration, the solution was extremely 

viscous. At room temperature the solution was mostly solidified, and at 80°C its viscosity was 

similar to molasses. When trying to load the solution into the syringe, it would cool and solidify 

almost instantly, making electrospinning impossible. 

Vega-Lugo and Lim (2008) found that adding poly(ethylene oxide) (PEO) into fibre-

forming solutions could significantly facilitate the electrospinning process of a variety of 

polymers. Unfortunately PEO is not soluble in ionic liquids, and upon adding a solution of PEO 

prepared in either water or glacial acetic acid, the ionic liquid would strip the aqueous phase 

away, causing the PEO to precipitate. 
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 Moving forward, we tried to extend the window of electrospinning with the 5% solution 

by keeping the solution at elevated temperature by enclosing the syringe in a ‘hot box’, as 

depicted in Figure 25. 

 

Figure 25: Schematic of the ‘hot box’ designed to maintain high temperatures for the electrospinning of 
cellulose. 

 

Although we were able to maintain the flow of the solution and achieve a stable Taylor 

cone, we were still unable to get the polymer to eject and form a continuous jet. We decided to 

switch to a different ionic liquid, 1-allyl-3-methylimidazolium chloride (AMIM Cl), which has 

demonstrated repeated electrospinning success in the literature.  

Adapting a method from Xu and others (2008), MCC was dissolved in AMIM Cl at 5% 

because they succeeded in spinning cellulose at this concentration. However, AMIM Cl is solid 

at room temperature, so heating to 80°C and constant stirring was required to dissolve the 

cellulose and keep the solution in a liquid state. Using the hot box, we were able to maintain a 

stable Taylor cone, but were still unable to get the polymer to eject and form a continuous jet. Xu 

and others (2008) used dimethyl sulfoxide (DMSO) as a co-solvent to decrease the surface 
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tension of the solution which facilitated electrospinning. Similar to Xu and others (2008), we 

found a 5% cellulose/AMIM Cl mixture with DMSO added at a ratio of 1:2 exhibited the best 

electrospinnability. As illustrated in Table 8, less than 1:2 DMSO would prevent the polymer jet 

from emerging from the Taylor cone, but greater than 1:2 DMSO would decrease the viscosity of 

the solution to the point that a stable Taylor cone could not be formed. It was also discovered 

that adding DMSO caused the AMIM Cl/cellulose solution to remain liquid at room temperature, 

so the hot box setup was no longer necessary. 

However, when we eliminated the hot box, we also needed to address the potential charge 

leakage problems encountered as we attempted to increase the voltage to force the polymer to 

eject from the Taylor cone. Charge leakage can occur if the solution is highly conductive, 

causing the charge to travel from the electrode attached to spinneret, back through the solution, 

into the syringe, and into the grounded syringe pump. Not only is this scenario hazardous, the 

loss of charge at the spinneret tip can also reduce the excess charge density on the surface of the 

pendant droplet at the spinneret tip, preventing the formation of a polymer jet. Since the ionic 

liquid was inherently conductive, it would be difficult to prevent charging within the syringe, but 

we still sought to eliminate charge leakage to the syringe pump. To solve this problem we 

designed an apparatus to indirectly feed the electrospinning solution (Figure 26).  
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Figure 26: Schematic of the indirect electrospinning method using a secondary syringe. 

 

Using the setup depicted in Figure 26, we were able to contain the charge within the 

spinneret and syringe, and prevent the charge from leaking back to the syringe pump and the rest 

of the equipment. Using this setup, our first continuous spinning behaviour was observed using a 

5% cellulose/AMIM Cl mixture with 1:2 DMSO. However, our spinning behaviour was not the 

fibres described by Xu and others (2008), but rather an electrospraying of fibre segments or 

droplets. We speculated that maximizing the polymer content should increase the amount of 

polymer chain entanglement which is critical for stabilizing the polymer jet, and might improve 

the spinning behaviour. The maximum concentration of MCC that could be dissolved in AMIM 

Cl was found to be 14%. At this concentration the optimal DMSO ratio (1:1.5) and 

electrospinning conditions (12 kV, 2.0 mL/hr, 20 cm collector distance) were found. Spinning 
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was also observed at a DMSO ratio of 1:1, but the electrospinning process parameters were 

different (25-30 kV, 1.0 mL/hr, 20 cm collector distance). 

After determining a solution that exhibited potential spinnability, we sought to address 

the challenge of collecting the electrospun material. As mentioned earlier, ionic liquids have an 

extremely low vapour pressure, implying that they do not evaporate easily. This creates a 

problem since in electrospinning, the solvent normally evaporates as the polymer is ejected from 

the Taylor cone and travels through the air toward the metal collector (Vega-Lugo and Lim 

2008). In our ionic liquid system, the solvent does not evaporate, and coexisted with the fibre on 

the surface of the collector, where it re-dissolves as a wet patch. To prevent this shortcoming, we 

used a shallow stainless steel dish filled with water as the collector to induce solidification of the 

fibre. As the electrospray/electrospun material contacts the water, the ionic liquid and DMSO are 

extracted by water, precipitating the cellulose. To ensure equal contact with water, the dish was 

placed on an oscillating rotator to continuously shake the water. As we collected and evaluated 

the electrospun material, we noticed that their morphology resembled flat, thin, plate-like 

particles. We postulated that this structure could result from delicate electrosprayed droplets that 

were unable to break the surface tension of the water, so they spread on the surface after impact. 

Under this assumption, if we reduced the surface tension of the water, perhaps the droplets 

would be able to penetrate the surface and retain their native shape. We added detergent to the 

water, as well as used varying concentrations of ethanol (up to 95%) but there was no change in 

the morphology of the electrosprayed particles. We also tried humidifying the electrospinning 

chamber (up to 75% RH) with the intention of solidifying or partially extracting the cellulose 

from the ionic liquid as it travelled to the collector. However, this method alone, as well as 

paired with different ethanol collectors, did not change the electrospraying behaviour. 
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In a more concerted effort to duplicate the electrospun fibres reported by Xu and others 

(2008), we changed the cellulose source from MCC to ARBOCEL. The length of the ARBOCEL 

fibres must have been much greater compared to MCC, since the maximum concentration that 

could be dissolved in AMIM Cl was 3%. The viscosity increase was much more pronounced and 

long strands were formed when drawing a stirring rod in and out of the mixture. However, 

despite the addition of DMSO, we could not duplicate the spinning behaviour we achieved using 

MCC. Shown in Table 8, a stable Taylor cone with no polymer ejection was obtained at a 1:1 

DMSO ratio, but a slight increase to 1:1.25 DMSO started to destabilize the Taylor cone. At 1:1 

DMSO, the ARBOCEL cellulose concentration would decrease by half to 1.5%, so the polymer 

chain entanglement would be minimal.  

The cellulose used by Xu and others (2008) was described as cotton linters. In one final 

attempt to duplicate their results, we used commercially available cotton balls as the cellulose 

source. AMIM Cl solutions with dissolved cotton balls had similar viscosities and physical 

properties to the ARBOCEL solutions. Xu and others (2008) reported the best electrospun fibres 

were produced with 5% cellulose/AMIM Cl with 1:2 DMSO and 5% cellulose/AMIM Cl with 

1:4 DMSO; fibres were also produced using a 3% cellulose/AMIM Cl with 1:2 DMSO ratio. At 

these concentrations, our solutions were either unable to maintain a stable Taylor cone or were 

too runny to be electrospun. 

In the last experiment, we tried using our extracted cellulose from Section 5.0 as the 

cellulose source, but we were unable to fully dissolve it in EMIM acetate or AMIM Cl, and 

therefore could not be electrospun.  
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Although most of our attempts to electrospin cellulose fibres were unsuccessful, we were 

able to collect some electrospun material and added it to a SPI film at around 0.5%. The results 

in Figure 24 illustrate that the addition of electrospun material decreased the tensile strength and 

Young’s modulus of elasticity of films in comparison to the control. However, the elongation at 

break was improved slightly compared to the control, although the increase was not statistically 

significant. It should be noted that the electrospun material likely included trace amounts of 

AMIM Cl and DMSO, so it is unclear whether these compounds influenced the mechanical 

properties.   

 

7.5 Conclusions 

In summary, mechanical properties of SPI films made with cross-linked alginate 

additives via a ‘bottom-up’ approach were comparable to SPI films made with fibres extracted 

using a conventional ‘top-down’ approach. Similar increases in tensile strength and Young’s 

modulus of elasticity were observed in films made with 1% added cellulose gel, as well as films 

made with 1% alginate strands and 1% alginate film. In the case of the 1% alginate film 

composite, the increase in Young’s modulus of elasticity was greater than the increase observed 

in the 1% cellulose gel composite. These preliminary results would indicate that investigating the 

‘bottom-up’ approach to tailor-making your own additives might be worthwhile.  

In another ‘bottom-up’ experiment, cellulose electrospinning was attempted with the 

premise of manufacturing regenerated nano-sized cellulose fibres for use as an additive for SPI 

films. A variety of ionic liquids, experimental setups/conditions, cellulose sources and DMSO 

ratios were investigated with varying degrees of success. To this end, electrospun and 



100 

 

electrosprayed materials were collected but require further process optimization. Unlike the 

alginate and extracted cellulose fibre composites, the SPI film with electrospun material 

exhibited lower tensile strength and Young’s modulus of elasticity values compared to the 

control film. Although the electrospinning experiments as a whole were mostly unsuccessful, 

they remain as a good starting point for future work in the nanocomposite development area and 

highlight some of the main challenges future researchers will need to overcome. 
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8.0 Conclusions and Future Work 

 

Chapters one, two, and three introduced the topic of soy protein films, highlighted some 

of the main challenges facing this area of research, and highlighted the research objectives for 

this study. The fourth chapter showed that hot casting can successfully reduce the drying time of 

SPI films and is a promising alternative to traditional drying methods. In theory, film-forming 

solution could be applied to a conveyor and passed through a heated drying tunnel to create a 

continuous film forming process. Neutral adjusted (pH12 to 7) films possessed lower tensile 

strength, elongation at break, and Young’s modulus of elasticity values compared to alkaline (pH 

12) films. The water vapour permeability coefficient was higher in neutral adjusted films 

compared to alkaline films. The results indicate that adjusting the pH to 7, immediately prior to 

casting, results in films with decreased mechanical and barrier properties. Microstructure 

analysis using SEM suggests both control and neutral adjusted films have a smooth surface with 

few air bubbles or other major defects. 

In the fifth chapter, the results from optical, transmission electron, and scanning electron 

microscopes concluded that the extracted cellulose fibres from soy waste exhibited a wide range 

of dimension with diameters from macro to nano scale (~10 µm to 5 nm). Further study is 

needed to optimize the extraction process to reduce the fibre size distribution. Nevertheless, the 

microscopy analyses confirmed that the objective of producing cellulose composite materials 

was achieved.  

In the sixth chapter, SPI composites were prepared using extracted cellulose fibres and 

TiO2 nanoparticles. Here, the 5% cellulose fibre composite film possessed the greatest tensile 
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strength and Young’s modulus of elasticity values among all cellulose and TiO2 composites and 

across all humidity levels. The elongation values were also significantly lower for the 5% 

cellulose fibre composite, suggesting a stiffer film with low extensibility and flexibility. From a 

barrier properties standpoint, TiO2 nanoparticles did not have any significant effects on the 

mechanical strength of films, but did exhibit lower water vapour permeability than the control 

and cellulose fibre composite films. Oxygen permeability decreased with increasing relative 

humidity and was found to be within similar range of other biopolymer films. FTIR analysis 

revealed some peak frequency shifts in the Amide I and Amide II vibrations of cellulose fibre 

films, most notably the 5% composite. These results might indicate the existence of molecular 

interactions between cellulose fibres and protein that may influence protein secondary structures. 

TiO2 composite films were similar to the control, suggesting little to no molecular interaction. 

The significant improvements in tensile strength and Young’s modulus (p-value < 0.05) 

observed in the 5 and 10% cellulose composites satisfy the objective of enhancing the 

mechanical properties of SPI film using cellulose fibres extracted from soy wastes. However, 

further investigation should be conducted to determine whether the intermolecular interactions 

between cellulose fibres or TiO2 and soy protein could be enhanced to increase mechanical 

reinforcement.  

In the seventh chapter, the mechanical properties of SPI-crosslinked alginate composites 

made with particles via a ‘bottom-up’ approach were compared to SPI-cellulose composites 

made with fibres extracted using a conventional ‘top-down’ approach. Similar increases in 

tensile strength and Young’s modulus were observed in films made with 1% added cellulose gel, 

as well as films made with 1% alginate strands and 1% alginate film. In the case of the 1% 

alginate film composite, the increase in Young’s modulus was greater than the increase observed 
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in the 1% cellulose gel composite. These preliminary results suggest the ‘bottom-up’ approach of 

synthesizing additives warrants further study.  

Cellulose electrospinning was attempted with the aim of manufacturing regenerated 

nano-sized cellulose fibres to enhance the mechanical properties of SPI films. A variety of ionic 

liquids, experimental setups/conditions, cellulose sources and DMSO ratios were investigated 

with varying degrees of success. Electrospun and electrosprayed materials were collected, but 

unlike the alginate and extracted cellulose fibre composites, SPI film made with electrospun 

material exhibited lower tensile strength and Young’s modulus values compared to the control. 

Future work should focus on further optimization of the electrospinning of cellulose. An 

alternative to the ionic liquid method that has shown success in the literature is to electrospin 

cellulose acetate using a different solvent, and then remove the acetate groups through a 

deacetylation process post spinning (Son and others 2004; Zhang and others 2008). This 

approach would eliminate some of the challenges associated with using ionic liquids as a solvent. 

A different approach, investigated by Wu and others (2009), found increased tensile strength and 

elongation in cellulose/SPI blended films prepared using an ionic liquid as a co-solvent. Success 

using this technique could reduce the necessity for optimizing the size distribution during 

cellulose extraction.  

This research adds to the existing knowledge of SPI films, and provides evidence for a 

method to increase the throughput of solvent cast films on an industrial scale. Investigation of 

composite films using cellulose fibres extracted from soy wastes illustrates mechanical 

reinforcement that warrants further study. Cellulose electrospinning and filler synthesis 
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experiments provide a foundation for future work in the nanocomposite development area and 

highlight some of the main challenges future researchers will need to overcome. 
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