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Abstract

Currently, the majority of adhesives used for weedeer, plywood, and composite
applications are formaldehyde-based. Formaldehs/derived from petroleum and natural gas,
making it non-renewable and toxic. Therefore, esitemresearch has been conducted to develop
bio-based adhesives to replace formaldehyde-bafexbves. Soy protein has shown great
potential to partially replace formaldehyde adhesj\and canola protein has similar properties to
soy protein. However, little research has been gotedl on the feasibility of using canola
protein for wood adhesive applications. The obyectf this research was to study the adhesion
performance of canola protein. Canola protein wadified with different chemical modifiers
including sodium dodecyl sulfate (SDS), calciumbcarate (CaCg), zinc sulfate (ZnSg),
calcium chloride (CaG), and 2-octen-1-ylsuccinic anhydride (OSA) as vaslicombined
chemical modifications. The wet, dry, and soak sB&@ngths of the adhesive formulations
were determined. Viscosity testing, differentiadsiing calorimetry, and TEM and SEM
imaging were used to characterize protein propertie

Chemical modification with SDS (1%, 3%, and 5%)Cy (1%, 3%, and 5%), ZnSO
(1%), and OSA (2%, 3.5%, and 5%) improved the ahy soak shear strengths compared to
unmodified canola protein. Canola protein modifrath 3.5% OSA had improved wet, dry, and
soak shear strengths. Combined chemical modificaticanola protein did not show significant
improvement on shear strength. Thermal modificatibcanola protein adhesives showed a
trend of increasing shear strength with increapmegs temperature. The data suggests that with
further research, canola protein has potentiaktaded as a commercial adhesive or as an

additive to formaldehyde-based adhesives to makma tinore environmentally-friendly.
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1. Introduction

The United States uses approximately 20 billionnatsuof adhesives annually, including
8 billion pounds of formaldehyde-based adhesiviiged by the wood industry (Sun 2011). The
main type of wood adhesive used is formaldehydedhasith primary types being phenol-
formaldehyde, resorcinol-formaldehyde, urea-forrahigie, melamine-formaldehyde, and
isocyanate adhesives (Frihart 2005).

Though the wood adhesive industry is thriving, maagcerns have arisen over the use
of formaldehyde-based adhesives because they avedlérom petroleum and natural gas,
making the adhesives non-renewable. Therefore usind formaldehyde-based adhesives
depends on the use of unsustainable, finite ressukyhen the world supply of oil is depleted,
formaldehyde-based adhesives will cease to exssthA supply of oil decreases, the price of
petroleum increases, raising the cost of wood adéess well. Another concern about
formaldehyde-based adhesives is that formaldetls/ddaxic substance as well as a known
carcinogen. Workers and homeowners are often eggodgarmful formaldehyde emissions
through adhesives. In order to aid the environmergrove human health, and ease resource
limitation, renewable sources that benefit botheéheironment and sustainable economic
development must be used for adhesives.

Currently, bio-based adhesives are being reseammdeveloped to replace
formaldehyde adhesives. Bio-based protein adhesivwes as soy and canola have benefits over
formaldehyde adhesive because they are renewalnepric, and can be produced from low-
cost sources such as byproducts from oil extracliorproduce protein-based adhesives, oil is
first extracted from plant seeds, leaving behifaiaein rich meal. The meal is then further
processed and the protein is separated from thefrése meal and typically modified in order to
increase performance. The resulting product is théired as an adhesive.

At present, most research focuses on soy protdiasaees which, when modified, have
comparable performances to formaldehyde-based mésedany different modifications and
processing parameters for soy protein wood adhesisree been studied and reported (Huang
and Sun 2000a; Mo et al. 2004; Qi et al. 2013) eRdyg, research on the use of modified canola
protein for wood adhesives has been reported (&l. 2011; Li et al. 2012).



Canola is an abundant oilseed crop grown primarilganada and the United States.
Canola protein is similar to soy protein, but liedtresearch has been conducted in order to
develop canola-based adhesives. Due to a high ambprotein, canola meal has potential to be
used in various industrial products such as congssplastics, and adhesives (Manamperi et al.
2007). While soy meal can be used in products iondn consumption, the utilization of canola
meal for human consumption is more difficult du¢hte presence of hazardous compounds in
canola meal. Generating canola-protein-based adéssherefore, does not compete with the
food industry. Canola protein shows great promssa aovel source for wood adhesive
applications.

The objectives of this research were to evaluaeptiysical and chemical properties of
modified canola protein and to increase the adhgsssformance of canola protein through
physical and chemical modifications. Previous regeaas utilized many chemical modifiers,
including sodium dodecyl sulfate (SDS), calciumbcarate (CaCg), zinc sulfate (ZnSg),
calcium chloride (CaG), and 2-octen-1-ylsuccinic anhydride (OSA), tocassfully modify soy
protein in order to increase adhesion strengthveatdr resistance of adhesives (Mo et al. 2004;
Liu et al. 2010; Qi et al. 2013). In this researmdmola protein was modified with SDS, Ca{O
ZnSQ, CaC}, and OSA to improve adhesive performance. Adhegsasformance, rheological

properties, thermal properties, and morphologicaperties were measured.



2. Literature Review

2.1 Canola

Canola is an oilseed from tlBzassicafamily, originally bred from rapeseed. Rapeseed
contains high levels of erucic acid and glucositesamaking it unsuitable for human and
animal consumption. In order to overcome nutritiggrablems associated with rapeseed, canola
was bred from rapeseed in the 1970s. The nameaanderived from “Canadian oil, low in
acid” due to canola being primarily grown and bire€anada. By definition, a variety must
contain less than two percent erucic acid andtlems 30 micromoles of glucosinolates to be
classified as canola (Canola Council of Canada R@l4dnola is the second largest feed meal and
ranks third in the world of oilseed crops produfg@DA 2010).

2.1.1Seed composition

Canola typically has an oil content of approxima#-50% (Manamperi et al. 2007). To
extract oil, canola seeds are first flaked, whigptures cell walls, making oil extraction easier.
The flaked seeds are screw-pressed at either rempetrature or an elevated temperature to
remove the oil (Canola Council of Canada 2011). gioeluct remaining after oil extraction is
canola meal. Canola oil is used to make ediblarl biodiesel, and the meal is often used as
animal feed.

Canola meal contains 30-40% protein and is usuaityused in human food applications
due to the presence of glucosinolates, erucic atigtates, and phenolics (Manamperi et al.
2007). The meal is primarily used as animal feed this also has limitations due to the
previously listed compounds. The effects of thesamounds on food and feed applications are
vast.

Glucosinolates are sulphonated oxime thioestegtuabse that, when hydrolyzed, yield
an unstable aglucone that can be broken down ingsiaty of products, including
isothiocyanates and nitriles (Uppstrém 1995). lness, the resulting products can lead to
reduced growth, thyroid function interference, akdletal abnormalities in humans (Manamperi
et al. 2007; Uppstrom 1995). Therefore, one ofré@sons canola meal is not used in human

applications is because of the associated risksingiesting excess amounts of glucosinolates.



However, glucosinolate levels in canola remain @wugh for the meal to be used in animal
feed applications.

Erucic acid is a monosaturated omega-9 fatty amidd in rapeseed oil. Rapeseed oil is
not suitable for human consumption because erwaiccan produce toxic effects in the heart.
Canola oil is used instead because it eliminatedidalth risks associated with erucic acid.

Phytic acid exists as mixed salts (phytates) afioai, magnesium, and potassium in
Brassicavarieties (Uppstrom 1995). Phytates are foundimgrrotein bodies, and concentration
is greatly affected by phosphorus availabilityhe soil in which the plant is grown. The
function of phytates is to be a reserve for phosphcenergy, and cations for the plant.
However, the presence of phytates in food souraeseduce mineral availability, digestibility,
amino acid availability, and starch hydrolysis,réfere limiting metabolism (Uppstrom 1995).

Phenolics are chemical compounds consisting ofdadxyl group bonded to an aromatic
hydrocarbon group. The presence of phenolics leatte dark color, bitter taste, and

astringency of canola meal (Uppstrém 1995).

2.1.2Protein isolation
The most common protein extraction method usedti@et canola protein from canola
meal is alkaline extraction (Tan et al. 2011). Aawatic flowchart for alkaline extraction can be

found in Figure 1.



Defatted canola meal
pH adjustment
Centrifugation
Filtration
Supernatant (protein) Meal residue
pH adjustment
Centrifugation
Filtration
Supernatant (soluble protein) Residue (insoluble protein)
Filtration Drvi
Drying rying
Soluble protein isolate Isoelectric protein isolate

Figure 1. Alkaline extraction process (Modified fran Tan et al. 2011)

Canola meal is first defatted with hexane to remr@ggdual oil, and then sodium
hydroxide is added to solubilize the protein byuating the pH to 11 or 12. (Manamperi et al.
2011). After the protein has been solubilized,gbkition is centrifuged to remove the meal
residue. A dilute acid, usually hydrochloric aggladded to the remaining solution to precipitate
the protein by adjusting pH between 3 and 5 (Taal.€2011). The pl is the pH where the protein
has the lowest solubility and is commonly the plugaised to precipitate the protein. The
solution is then centrifuged to separate the irtdelprotein from the solution. Finally, the
insoluble protein is freeze-dried or spray-driegti@Gnally, the soluble proteins can be isolated
by ultrafiltration and diafiltration and then driéalincrease yield.

The pH used to solubilize the protein and the peéblius precipitate the protein greatly
affect the protein yield from alkaline extracti@ifferent protein fractions are soluble at
different pH values. The protein composition of@ans very complicated, containing protein

with varying isoelectric points and molecular wegy(iTzeng et al. 1990). Therefore, using one



pH value cannot solubilize all proteins or pre@stall proteins. Multiple pls have been used in
various studies so that different protein fractioaa be isolated (Tan et al. 2011). Therefore,
multiple centrifugation steps had to be completedrder to isolate the maximum amount of
protein.

2.1.3Protein composition

The major components of canola protein are crunifend napin. Cruciferin and napin
are storage proteins that account for 60% and 208arwla storage protein respectively (Wu
and Muir 2008). Storage proteins can be categoazedrding to the Osborne method based on
solubility in water (albumins), salt solutions (gldins), alcohol (prolamins), and alkali solutions
(glutelins) (Manamperi et al. 2007). Protein prdsrcan vary due to the isolation method used,
as well as plant variety and environmental condgio

Cruciferin is a 12S globulin with a total molecufaass of 300,000 (R6din 1990). The
structure of cruciferin is very complex, having@igomeric complex composed of six subunits
(R6din 1990). Within the subunits, four differenbsinit pairs exist, with the majority being
disulphide linked. Wu and Muir (2008) found the demation temperature of cruciferin to be
91°C, which is similar to other globulins. Crucifehas high foaming capacity and acts as a
gelling agent in its undenatured form (Schwenked] 8 anamperi et al. 2007).

Napin is a 2S albumin with a total molecular mals$2500 to 14,500 (Manamperi et al.
2007). Napin consists of two polypeptides linkeslatently by disulphide bonds (Uppstrom
1995). Wu and Muir (2008) found the denaturatiangerature of napin to be 110°C, which is
comparatively high due to the high thermal stapibit the disulfide bonds.

Oleosin is another type of protein found in canalagounting for 8% of the total canola
protein. Oleosin is a structural protein associatét oil bodies. It is a low molecular weight
protein.

The amino acid composition of canola varies by gseand environmental conditions.

Amino acid compositions of winter and sumnBeassica napusre shown in Table 1.



Table 1. Amino acid composition oBrassica napus (Adapted from Uppstrom 1995

Amino acid Winter Summer

Alanine 4.6 4.6
Arginine 6.6 6.8
Aspartic acid 7.7 8.0
Cystine 2.8 2.5
Glutamic acid 18.7 18.3
Glycine 5.2 5.5
Histidine 4.2 4.5
Isoleucine 4.5 4.5
Leucine 7.4 7.4
Lysine 6.3 5.9
Methionine 2.3 2.2
Phenylalanine 4.2 4.2
Proline 6.1 6.0
Serine 4.8 5.0
Threonine 4.8 4.9
Tryptophan nd nd
Tyrosine 3.3 3.1
Valine 5.5 5.5

Overall, canola contains substantial amounts ahé&and threonine, with high levels of
sulfur amino acids, methionine and cysteine, coegbéw other cereal oilseeds (Uppstrom 1995).
Canola also contains very high amounts of glutaanid, aspartic acid, and leucine in both the

winter and summer varieties.

2.2 Adhesion

Adhesion can be defined as the molecular attra¢tiore within the contact area of two
bodies that acts to hold them together (Dictior@my). Adhesives have been used for centuries
to bond materials together. Many different theoagadhesion have been proposed including
mechanical interlocking theory, electronic the@gsorption theory, diffusion theory, and
chemical bonding theory. The following sectionsaléx the history of adhesives, theories of

adhesion, and wood adhesion.



2.2.1History of adhesives

Wood adhesives have been used for bonding for cgestiModern history of wood
adhesives includes the use of blood and caseirdlzafeesives in the early 1900s. With the start
of WWI, these blood and casein-based adhesives fueher improved by chemical and heat
modifications. Soybean glues were developed and isseconstruction, packaging, and
transportation during WWII, but were soon replaegith adhesives derived from petroleum
sources (Lambuth 1989). Petroleum-based adhesieesdeveloped because of the high
availability and low cost of petroleum. Today, péum-based adhesives are still the primary

type of wood adhesive used; however, protein-basésives currently are heavily researched.

2.2.2Theories of adhesion

Many different theories of adhesion have been pegpincluding mechanical
interlocking theory, electronic theory, adsorpttbrory, diffusion theory, and chemical bonding
theory (Schultz and Nardin 1994). These theoriedbased on mechanical or chemical bonding
between the substrate and the adhesive along athdsumption that adhesion requires a
variety of mechanisms, depending on adhesive abstrsue type. Mechanical properties can
determine the force on the chemical bonds, and atstructure and interactions can
determine the mechanical properties of the adhéBineart 2005).

The mechanical interlocking theory states that aleeadheres to a substrate by
interlocking with irregularities in the substratafaeice (Kinloch 1987). Adhesion occurs due to
adhesive seeping into pores of the substrate, gaesdly binding the substrates together.
Generally, mechanical interlocking provides greagsistance to shear forces than normal forces
(Frihart 2005). In order for the mechanical intekimg theory to be valid, the substrate surface
must be adequately irregular to allow adhesiveettefrate into the pores. Abrasion can be used
to roughen the substrate so there is adequatespaoe into which the adhesive can penetrate.

The electronic theory is the result of work by Dagyin and co-workers (1948) and is
based on the difference in electric band structbhetseen an adhesive and its substrate. An
electron transfer mechanism is generated betweeadhesive and the substrate during de-
bonding, equalizing the Fermi levels and thus angad double layer of electrical charge at the
interface (Schultz and Nardin 1994). The resulgfegtronic forces occurring from the double

layer of electrical charge contribute significartttyadhesive strength. The junction between the



adhesive and the substrate is considered a capabit@n distance between two substrates
increases during an interface rupture, so doespatelifference until a discharge occurs. The
adhesive strength is a result of attractive elstatec forces across the double layer of electrical
charge. However, the electronic theory of adhesaontroversial because it asserts that
electronic forces are a cause, instead of a resfuligh joint strength.

The adsorption theory is a thermodynamic model dasethe work of Sharpe and
Schonhorn (1963) and is a widely accepted apprivaatihesion science (Schultz and Nardin
1994). The theory states that adhesion is bas@u@mtomic and intermolecular forces
established at the interface resulting from vanWwlaals and Lewis acid-base interactions, given
that intimate contact is achieved. The strengtthese forces is dependent on thermodynamic
gualities, including, surface-free energies ofdddbesive and substrate.

The diffusion theory claims that polymers from #ahesive and substrate mix to form a
single commingled phase (Frihart 2005). In otherdspthe polymer’s adhesion strength is
dependent on mutual diffusion of molecules acrbedrterface, therefore creating an interphase
between the adhesive and the substrate (Schultklarttin 1994). In order for this theory to be
valid, the macromolecular chains must be adequatelyile and mutually soluble. The strength
of the bond is dependent on factors such as cotitaet curing temperature, and characteristics
of the polymers.

The chemical bonding theory states that adhesibased on primary bonds formed
between the adhesive and the substrate. lonic]Jedtyand metallic bonds are the three types of
primary bonds that can be formed. Covalent bonegjanerally the strongest and most desired

bond relating to wood adhesion.

2.2.3Wood adhesion

Wood adhesion is complex because wood is a non-gensmus, porous, and cellular
substrate. Therefore, multiple adhesion theorikeded¢o wood bonding. The first step into
generating a strong wood adhesion bond is wettinlgeowood substrate. Wetting is the
molecular interaction at the interface of liquiaglaolids in the adhesive (Gardner 2005). A low
contact angle, or angle between the edge of aelrapld the surface plane of the material, is

desired for wetting (Frihart 2006). In order fosteong bond to be formed, adhesive must flow



into the wood cell walls and lumens so that molecldvel contact can be achieved (Frihart
2006).

After wetting and contact between the adhesivesathdtrate is established, setting or
curing of the adhesive must take place. Settirtigaconversion of an adhesive into a hardened
state by physical or chemical methods (Frihart 208Btting can be achieved by polymerization
or solidification by cooling. Polymerization is tbeoss-linking of polymers to other polymers
and to the wood surface. Methods for activatiopafmerization include heat, catalyst, change
in pH, radiation, or addition of a second compor({&nhart 2005). Heat polymerization is
commonly used to set wood adhesives, but uniforatimg is difficult since wood is a good
insulator. Non-uniform and incomplete heating leidgoor bond strength. Adhesive formulas
must have advanced polymerization to insure thsitel reactions are achieved during heating
(Frihart 2005).

2.3 Soy protein for adhesives

Soybean adhesives were first developed in thel@2€s by the I. F. Laucks Company
(Keimel 1994). When synthetic adhesives evolvedglbpment of soybean adhesives was
phased out by the stronger synthetic adhesiveseflly, research has focused on extracting and
modifying soy protein to improve adhesion strergytld water resistance in order to develop
more environmentally-friendly adhesives as compé&oddrmaldehyde and other synthetic
adhesives. Certain formulations of soy protein adies have been commercialized for
consumer use. Protein modification, adhesive gi$goand hot press processing conditions are

three major parameters that must be considered déngloping soy protein adhesives.

2.3.1Protein modification
In order to improve water resistance and sheangtineof soy protein, the protein is
typically modified first. Chemical modification, epmatic modification, and mixing with

commercial adhesive are all processes that haveusssl to modify soy proteins.

2.3.1.1 Chemical modification
Chemical modification of soy protein helps to dematand unfold protein, thus
increasing the interaction between protein and wsagthce in order to form strong bonds. In

native unmodified protein, most polar and apolaugs are unavailable for bonding due to
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internal forces. When modification is performed golar and apolar groups become exposed
and are able to interact with the wood surfacegiasing shear bonding strength (Hettiarachchy
et al. 1995). Chemical modification is a common rfication type to unfold protein groups.
Common chemical modifiers of soy protein includeal| detergent, and chemicals containing
amino groups.

Alkali modification of soy protein raises the pHsily protein in order to induce protein
unfolding. Hettiarachchy et al. (1995) found thilkaéi modification of soy protein improved
adhesive shear strength and water resistance giretgin adhesives. As the pH increased from
8 to 12, adhesive strength increased as well. Atkatlification is one modification type which
can be used to improve soy protein adhesives.

Modification with detergent is another way to mgdby protein adhesives. Detergent,
like alkali, also helps to unfold soy protein grsujdVhen detergent interacts with protein groups,
inner hydrophobic groups can be exposed, resultipgotein unfolding (Sun 2011). Sodium
dodecyl sulfate (SDS) is one type of detergentdinddlds and denatures protein. Huang and Sun
(2000a) found that soy protein modified with 0.561d4.% SDS had higher shear strengths than
unmodified protein. Protein modified with SDS alsd better water resistance as measured by
soak strength than unmodified protein. Soy proteadified with 3% SDS did not show
improved strength due to a considerable extentatem unfolding (Huang and Sun 2000a).
When soy protein is modified with detergent at&@erconcentrations, shear strength and water
resistance increase.

Chemicals that have amino groups, such as urealsare used to modify soy protein
by unfolding protein groups. Huang and Sun (20X@bihd that modifying soy protein with urea
at certain concentrations increased the sheargskref adhesives. At high concentrations of urea
(8 M), the protein became completely denaturediiteato decreased shear strength (Sun 2011).
Lower concentrations of urea, such as 1 M and patjally unfolded soy protein. Since the
protein was only partially unfolded, it still ret&d some secondary structure, leading to
increased shear strength (Sun 2011). The part&iprunfolding increases shear strength
because it allows more protein groups to be expfsdabnding and cross-linking. Chemicals
containing amino groups help to improve shear gtreof soy protein adhesives by partially

unfolding the protein.
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Overall, the purpose of chemical modification isitdold protein so that the polar and
apolar groups that are usually unavailable for wimberaction are exposed. The groups can then

interact with the wood surface leading to enharsteshr strength and water resistance.

2.3.1.2 Enzymatic modification

Another protein modification type is enzymatic nfadition. Enzymes modify protein by
changing the protein structure. A major advantdganaymatic modification is the specificity of
enzymes in cleaving bonds (Kumar et al. 2002).d&s#s including pepsin, trypsin,
chymotrypsin, papain, and pronase are commonly tesetbdify soy protein (Kumar et al.
2002). Proteases hydrolyze certain bonds depemutirige specific enzyme used to modify the
protein. When specific bonds are hydrolyzed witlhi& protein, secondary structure is altered,
leading to better bonding and interaction withweod surface. In one study, soy protein was
modified with trypsin and, consequently had incegbadhesive strength (Kalapathy et al. 1995).

2.3.1.3 Modification by mixing with commercial adhesive

Protein modification can also be achieved by mix@ng protein with commercial
adhesive, thus requiring less commercial adhesiddessening their negative environmental
impact. Though the complete discontinuation of caroal formaldehyde-based adhesives
would be ideal, mixing commercial adhesive withtpho is a short-term solution for limiting the
amount of formaldehyde adhesives produced and ($&ed2011).

In one study, soy protein was mixed with varioustegtic commercial adhesives (Qi and
Sun 2011). Of the formulations used, urea-formajdekbased resin (60%) mixed with modified
soy protein (40%) demonstrated higher wet sheangth than all other commercial mixtures
and the control. The results of the study indicaked modified soy protein is able to act as an
acidic catalyst for urea-formaldehyde-based re€nsand Sun 2011).

In another study, soy protein was mixed with phdonahaldehyde resin for plywood
adhesives (Zhong and Sun 2007). Viscosity of thesile mixtures was increased with
increasing amounts of phenol-formaldehyde resirhe&dse strength was improved by adding
phenol-formaldehyde at ratios of 100:20 and 10Qs49 protein: phenol-formaldehyde), and the
blends had higher shear strengths than the pureaea pH of 7.1 (Zhong and Sun 2007). The
increase in adhesion strength was attributed tphlemol-formaldehyde reacting with the protein

functional groups which were cross-linked, leadimgtronger bonding with the wood.
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Overall, mixing soy protein with commercial adhes\offers a short-term solution for
limiting the amount of formaldehyde produced. Itigadhesive mixtures should be developed

that do not utilize commercial adhesives or forrehigle.

2.3.2Adhesive viscosity

The viscosity of adhesives is an important parameben regarding adhesive
application and strength. Sufficient viscosity amdformity are necessary for easy application
and processing of soy protein adhesives as vigcogist be high enough to allow for easy
application, but low enough for the wood surfacéeonetted. Factors such as protein
concentration and modification affect viscosity.

The concentration of soy protein within adhesiverfolations greatly affects the
viscosity of soy protein adhesives. Increasingcthrecentration of soy protein increases the
viscosity because more molecules are suspendedution and protein unfolds in solution. The
unfolded proteins lead to increased intermoleculi@ractions due to covalent bonding and
electrostatic interactions (Kumar et al. 2002).

Protein modification affects the viscosity of soptein adhesives. At high concentrations
of SDS modification, soy protein adhesives demastincreased viscosities (Zhong et al.
2001). Increased viscosity with increasing SDS eotration is due to protein unfolding, thus
causing molecules to become swollen, leading tmemease in the effective volume, decreasing
the space between the protein molecules, and ftmeréncreasing viscosity (Zhong et al. 2001).
Other detergents typically have an identical efteciiscosity: increasing viscosity with
increasing detergent concentration. In additiomious protein modifications also have
dissimilar effects on protein viscosity. Qi et@013) found that 2-octen-1-ylsuccinic anhydride
(OSA) has a decreasing effect on viscosity of soygin adhesives. Viscosity decreased as
concentration of OSA was increased likely due tagelthg lowered, compacting and
aggregating protein molecules. Modification typ@mgortant to shear strength, but viscosity of

adhesive formulations must be optimized as well.

2.3.3Hot press processing conditions
Processing conditions used to hot press soy prattesives affect the shear strength of

the adhesives. The curing process makes soy piuaeder as a result of cross-linking reactions
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(Sun 2011). The assembly time, press temperattgss pressure, and press time are all

important processing parameters that affect thesidé strength of soy protein adhesives.

2.3.3.1 Assembly time

In order to achieve surface wetting of the woodssudbe, assembly time is required for
preparing soy protein adhesives. Assembly timbegime between adhesive application and
pressing. Zhong et al. (2001) modified soy proteith SDS and found that increasing the
assembly time from one minute to fifteen minuteseased the shear strength of fiberboard
adhesives. The increase in strength was likelytdysgotein molecular chains penetrating the
wood surface and water evaporation during asseniiiien the samples were pressed, water
continued to evaporate and the protein furtheraated with the wood surface (Zhong et al.
2001). If assembly time is too short, the protesesinot have enough time to interact with the
porous structure in the wood; consequently, if mdde time is too long, excessive water can
evaporate, leading to negative effects on sheangtin. Assembly time is an important

parameter and should be optimized for varying asthdsrmulations.

2.3.3.2 Press temperature

After protein adhesives have had sufficient assgritmle, the adhesive and wood
samples are hot pressed. Without hot pressingdhesive does not sufficiently interact with the
wood leading to poor adhesion strength. The prgdsimperature of the wood affects the
protein’s interaction with the wood and therefoffees adhesion of the protein to the wood
surface. Zhong et al. (2001) found that increativegpress temperature of SDS modified soy
protein to fiberboard from 25°C to 120°C increatesladhesive strength as well. The adhesive
strength improved as temperature increased becdtise proximity to and surpassing of the
protein’s denaturation temperature. When the teatper exceeded the denaturation
temperature, protein molecules were initially udéad, but became folded upon curing, leading
to increased adhesion strength (Zhong et al. 20018 .denaturation temperature of soy protein
is lowered with increasing water content (Sun 20Hbwever, when assemblies are pressed,
water content begins to decrease due to water eataqo. Therefore, the relationship between
water content and protein denaturation temperatoioeld be considered.
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2.3.3.3 Press pressure

The amount of pressure applied to soy protein adh@god assemblies is crucial for
sufficient bonding. Without enough pressure, thatgan is not forced to interact sufficiently
with the wood. When press pressure increases, cootact between the substrate surface and
protein at the interface can be achieved (Sun 2@&ifficient pressure must be applied to
protein adhesives and wood in order to gain adequaitact and successful bonding for high

shear strength.

2.3.3.4 Presstime

The amount of time that the adhesive and woodeassad is another important
processing condition. Increasing press time engas@rotein molecules to penetrate the wood
surface and promote chemical interactions at ttefacce (Sun 2011). Zhong et al. (2001) found
that increasing the press time of SDS modifiedmoyein adhesives increased the shear strength
of the adhesives as well. Press time is relatguidss temperature in that longer pressing time is
needed for lower press temperatures (Sun 201feneral, increasing press time increases the

shear strength of soy protein adhesives.

2.4 Research objectives

The overall objective of this research was to detee the potential of canola proteins for
bio-based wood adhesives. The specific objectivélsi®research were:

1. To evaluate the adhesion performance of unmod#retimodified canola protein.

2. To improve the wet shear strength of canola prdtgiough chemical modification.

3. To determine the effects of chemical modificationcanola protein structure,

thermal properties, and rheological properties.
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3. Materials and Methods

3.1 Materials

Hexane, hydrochloric acid (HCI), sodium hydroxitda(©OH), calcium chloride (Cag)l
and zinc sulfate (ZnSfpwere purchased from Fisher Scientific (Pittsbig, USA). Sodium
dodecyl sulfate (SDS), calcium carbonate (CgCand 2-octen-1-ylsuccinic anhydride (OSA)
were purchased from Sigma-Aldrich (St. Louis, MCBA).

Cold screw-pressed canola meal with 11% moistunéecd (wet base) was purchased
from Planet Natural (Bozeman, MT, USA). Cherry waeas purchased from The Home Depot
(Manhattan, KS, USA). Veneers were prepared froerctierry wood with dimensions of 50 x

127 x 5 mm (width x length x thickness).

3.2 Methods

The methods used to prepare samples and to arssyzales are outlined in the sections
below, including protein extraction, protein puriprotein modification, shear strength
measurements, rheological properties, thermal ptiegseand morphological properties.

3.2.1Protein extraction

Protein was isolated from canola meal using metisodgar to Li et al. (2011) with
modifications. Canola meal was first dried in aeiat 49°C for 24 hours. The meal was then
milled into powder with a cyclone sample mill (U@prp., Fort Collins, CO) to ensure a particle
size of <0.50 mm. The meal was then defatted wattahe at a solid to liquid ratio of 1:10 (w/v)
for two hours at room temperature and was repdatdtiree cycles. The defatted canola meal
was then dried in a fume hood overnight to remowegs hexane. Next, the protein was
separated from the meal by first adding distilleatev at a solid to liquid ratio of 1:12 (w/v) to
the meal and mixing for one hour with a stir platee pH of the solution was then adjusted to
12 with 6M NaOH and mixed for two hours in ordesstiubilize the protein. The solution was
then centrifuged at 7500 x g for 15 minutes andstifgernatant was decanted through six layers
of cheesecloth. The pH of the supernatant was &jus 3.5 with 2M HCI and stirred for 15
minutes to precipitate the protein. The solutiors wWeen centrifuged at 7500 x g for 15 minutes
in order to obtain the proteins. The protein waslhea with distilled water three times to remove

residual salts and then freeze-dried.
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3.2.2Protein purity

Protein content of isolated canola protein was meaisusing a PerkinElmer Model 2400
Series Il CHNS/O Analyzer (Shelton, CT, USA). Ngem percentage was recorded and
converted to protein percentage using a factor2B8.6T'he samples tested were of the defatted

canola meal, canola meal residue (from the extragirocess), and the extracted canola protein.

3.2.3Protein modification

In an attempt to improve the adhesion strengthaobta protein, different protein
modifications were used. The control was made byngil.2g canola protein with 10mL
distilled water, yielding a protein content of 12@hemical modification and combined
chemical modification were used to improve adhestoength. The modifications methods used

are described in the following sections.

3.2.3.1 Chemical modification

The chemicals used for modification included SD&CG;, ZnSQ, CaCh, and OSA. For
the SDS modification, the methods used to pregaasamples were similar to those described
by Huang and Sun (2000a). SDS solutions (0.5%,3P%,and 5%) were prepared at room
temperature. Milled canola protein (1.2g) was sodpd in each of the SDS solutions (10mL)
and stirred for six hours.

The CaCQ ZnSQ, and CaCGl modified samples were prepared using the sameatieth
as the SDS samples, but different concentratiotiseothemicals were used; CagZ 0%, 3%,
and 5%, ZnSQ@ 0.1%, 0.5%, and 1%, and Cad.5%, 1%, 3%, and 5%. The Cag@nSQ,
and CaC] modified samples were mixed for one hour, unltke $DS samples which were
mixed for six hours. The OSA modified samples waegpared by first mixing canola protein
(12%) with distilled water. OSA was added to thetein solution at concentrations of 2%,

3.5%, and 5% (w/v) and the solutions were mixedviar hours.

3.2.3.2 Combined chemical modification

For the combined chemical modification of canolat@in, two different combinations
were used: SDS and Cag,@nd SDS and ZnSOThe SDS modification was done first by
making SDS solutions of 1% and 3% in distilled waanola protein (12%) was added to the
SDS solutions and stirred for two hours. Next, CaC®o, 3%, or 5% w/v) or ZnSJ0.1%,

17



0.5%, or 1% wi/v) was added to the various SDS/@paitein solutions and mixed for an
additional two hours. Overall, 12 different comhioas (1% SDS with either 1% CaG3%
CaCQ, 5% CaCQ, 0.1% ZnSQ@, 0.5% ZnSQ, or 1% ZnS@, 3% SDS with either 1% CaGQO
3% CaCQ, 5% CaCQ, 0.1% ZnSQ@, 0.5% ZnSQ, or 1% ZnSQ) were used.

3.2.4Shear strength measurements

Shear strength was tested using the prepared adbesid cherry wood veneers with
dimensions of 50 x 127 x 5 mm (width x length xckmess). The wood veneers were
conditioned for at least seven days at 25°C and &d&tive humidity (RH) in an environment
chamber (Model 518, Electro-Tech Systems, Inc.n§tke, PA, USA). Prepared canola protein
adhesives were applied to two pieces of wood witagplication area of 127 x 20 mm (length x
width). Approximately 500 pL of adhesive was brukbeer the application area of each piece
of wood until uniform and then allowed to set f@r rhinutes.

The wood was assembled with adhesive areas comasddscribed by Mo et al. (2004).
The assemblies were pressed in a Model 3890 Autotvpress (Carver, Inc., Wabash, IN,
USA) for 10 minutes at 2 MPa. The press temperatae170°C, 180°C, or 190°C depending
on the test. The pressed assemblies were thentioordi for two days at 25°C and 50% RH,
and the conditioned assemblies were cut into fpeesnens, measuring 20 x 80 x 5 mm (width x
length x thickness).

Shear strength was tested using an Instron Mod#8 4@anton, MA, USA) with a
crosshead speed of 1.6mm/min. The shear strengtlxamum load was recorded with reported
values being the average of 3-8 different specimeasurements. Three different shear strength
tests were performed on the samples: dry stremgthstrength, and soak strength. The dry
strength was tested after conditioning the cut $asnp the environment chamber at 25°C and
50% RH for five days according to the ASTM Standsliethod D2339-98 (ASTM 2002). The
wet strength was performed after soaking the auipéas in tap water for 48 hours and then
testing immediately according to ASTM Standard MetiD1183-96 (ASTM 2002). The soak
strength was performed after soaking the cut sanpleap water for 48 hours, followed by
conditioning them for seven days in the environnodr@mber at 25°C and 50% RH and then
testing according to ASTM Standard Method D115 A8TM 2002).
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3.2.5Rheological properties

The apparent viscosity of the prepared samplesegisd using a Bohlin C-VOR
rheometer model CVO150 (Malvern Instruments, Wasibgh, MA, USA) with a 20-mm cone
diameter. The distance between the cone and pkdesat to 500um for all measurements. All of

the experiments were conducted in duplicate wighabverage values reported.

3.2.6 Thermal properties

The thermal transition properties of the sampleseweeasured using Differential
scanning calorimetry (DSC). Measurements were mattea DSC Q200 (TA Instruments, New
Castle, DE, USA). Samples of modified freeze-dpeatein adhesive weighing approximately
3mg were placed in DSC pans. The samples wereefitgtibrated to 20°C and then heated to
250°C at a heating rate of 10°C/min.

3.2.7Morphological properties

The morphological properties of the canola protglhesives were measured using
scanning electron microscopy (SEM) and transmissieatron microscopy (TEM). The
program ImageJ was used for analysis of the imé@ggs//rsb.info.nih.govl/ij/).

SEM was used to determine surface properties aflagrotein adhesives. Samples were
prepared by freeze-drying modified adhesive mixdutieen milling them into powder. The
milled, modified canola protein was then affixecatoaluminum stub using two-sided carbon
tape by gently dipping the stub into the proteiwger. SEM images were taken with an FEI
Nova NanoSEM 430 (Hillsboro, OR, USA) at an acaiag voltage of 5 kV with either a vCD
(low-voltage high-contrast backscatter electrorectetr) detector or an EDS (energy dispersive
spectroscopy) detector (x-max EDS 80fiticon drift detector).

TEM was used to determine protein structure aretaation. Samples were prepared by
first mixing modified canola protein (1% weight)tidistilled water. The diluted samples were
then absorbed onto Formvar/carbon-coated 200-nwggbec grids for 60 seconds. Excess
solution was wicked off with filter paper and thedg were suspended in 2% uranyl acetate for
60 seconds at room temperature. Excess uranyltasess removed from the grids, and the
grids were stored for imaging. All TEM images waken with an FEI CM 100 at an
accelerating voltage of either 80 kV or 100kV (Blibro, OR, USA).
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4. Results and Discussion

4.1 Percent protein composition

The total amount of defatted canola meal usedraiep extraction was 1150g. The total
amount of canola protein extracted from the dedatteal was 176.16g. After the protein was
extracted, it was freeze-dried and then modifiedrpo application. Freeze-drying extracted
proteins provides the advantage of not changingtbin structure while simultaneously
increasing the shelf-life of the protein. If theotwin is modified during the extraction process,
often it must be assembled and pressed followitigaetkon. The current method allows the user
to store the protein for long periods of time analdify it directly prior to use.

The nitrogen content of the isolated canola proteas determined by elemental
composition analysis and then converted to prgiencent by multiplying the nitrogen
percentage by a factor of 6.25. The protein contéttie defatted canola meal was 51.61%, the
protein content of the meal residue was 30.44% tlamgrotein content of the extracted protein

was 83.88%, as shown in Table 2.

Table 2. Nitrogen and protein compaosition

Sample % Nitrogen | % Protein

Defatted canola meal 8.26 51.61
Meal residue 4.87 30.44
Extracted protein 13.42 83.88

Overall, the pure protein extraction rate was 24c@#6ulated from the equation:

_ Total proteinextracted 9
Total proteinin themeal

100

Pure proteinextractionrate (%)

The extraction rate was lower than reports usinglar methods. Li et al. (2011)
reported a protein recovery rate of 31.33% for udifiexd canola protein extraction. Li et al.
(2012) reported a protein recovery yield of 31.4f8%unmodified canola protein extraction at a
pH of 7.0. The differences in extraction rate betwéhe previous reports and current work were
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most likely due to slight differences in methodswedl as equipment used for extraction. Also,
nitrogen content was determined using dissimilanggent, thus allowing for a possibility in
the differences in numbers.

Canola contains protein fractions that are solubldifferent solutions. Prolamins are the
protein fraction soluble in ethanol. Ethanol was used in the extraction and therefore, some of
the protein fractions were not extracted from theamKlockeman et al. (1997) reported that
prolamins in canola meal have 33.9% solubility @®(v/v) ethanol. If ethanol was used for the
extraction, the protein extraction rate possiblylddoe higher than 24.9%.

Solubilization pH and precipitation pH are impottéactors affecting protein extraction.
Manamperi et al. (2011) found that slightly altevas of solubilization pH and precipitation pH
significantly affect the protein yield of canola aheln order to increase protein yield in the
current work, protein solubilization pH and pretapion pH could be optimized. Also, because
many diverse protein fractions exist, multiple $dlization pHs and precipitation pHs could be

used in order to extract the maximum amount ofginoirom canola meal.

4.2 Protein modification
Protein modification was performed in an attempghiprove the shear strength of canola

protein adhesives. An image of the SDS modifiedtaprotein samples are shown in Figure 2.

Figure 2. Image of SDS modified canola protein adiseves
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As shown in Figure 2, SDS modification affected ¢béor of canola protein adhesives.
From left to right, the image shows the unmodifiedtein, 0.5% SDS modification, 1% SDS
modification, 3% SDS modification, and 5% SDS mmaifion, respectively. As the SDS
concentration increased, the darkness of the sammdeeased, indicating more protein
denaturation. In the 0%, 0.5%, and 1% SDS samitiegyrotein did not solubilize in solution
and settled out of solution after approximatelyrifiutes of no activity. In the 3% and 5% SDS
samples, the protein did not settle out of solytindicating that the protein was more unfolded
and in a more denatured state. Overall, the cdltreocanola protein adhesives was fairly dark.
A light to neutral colored adhesive is usually preéd for commercial applications.

For commercial adhesives, the consistency and umifp of the adhesive are crucial. For
canola protein adhesives to be commercially feasthe protein needs to be solubilized and
equally dispersed in solution. If the protein ssttbut of solution, it is very difficult to applipe

adhesive to the substrate surface.

4.3 Adhesion performance of canola protein adhesives

The canola protein adhesives were tested for apin@srformance on dry, wet, and soak
strengths. The results for adhesion performancawdla protein based on chemical
modification, combined chemical modification, aedperature modification can be found in

the following sections.

4.3.1Effect of chemical modification on mechanical propdies

SDS, CaC@ ZnSQ, CaC}, and OSA were used as chemical modifiers. Thesfef
chemical modification on mechanical propertiesariaa protein adhesives are shown in Table
3. The samples were all pressed at 170°C with ssgmme of 10 minutes and a pressure of 2
MPa.
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Table 3. Shear strength of chemically-modified cana protein

Adhesive Dry Strength  Wet Strength  Soak Strength
Formulation (MPa) (MPa) (MPa)
Unmodified 5.73+0.77 2.20+0.15 4.99+0.33

0.5% SDS 5.30+0.21 2.16+0.30 4.88+0.35

1% SDS 6.59+0.42 1.98+0.34 6.37+0.96
3% SDS 8.19+0.36 1.82+0.35 6.76+0.28
5% SDS 7.33+0.73 1.31+0.33 5.07+0.56

Unmodified 5.73+0.77 2.20+0.15 4.99+0.33

1% CaCQ 6.39+0.88 1.16+0.25 5.77+0.22

3% CaCQ 6.38+0.68 1.42+0.61 5.06+0.28

5% CaCQ 7.41+1.20 0.82+0.33 5.84+0.76
Unmodified 5.73+0.77 2.2040.15 4.99+0.33
0.1% ZnSQ 5.56+0.44 1.80+0.21 5.13+0.51
0.5% ZnSQ 5.39+0.96 1.32+0.37 5.22+0.43

1% ZnSQ 6.10+0.42 1.33+0.39 5.37+0.64

Unmodified 5.73+0.77 2.2040.15 4.99+0.33

0.5% CaC} 6.53+0.75 1.37+0.26 n/a

1%CaC} 5.90+£1.05 1.74+0.43 n/a

3% CaC} 5.71+0.97 1.22+0.39 n/a

5% CaC} 5.37+0.78 1.03+0.41 n/a
Unmodified 5.73+0.77 2.2040.15 4.99+0.33

2% OSA 5.91+0.76 1.96+0.49 6.14+0.96
3.5% OSA 5.89+0.92 2.72+0.74 5.19+0.78

5% OSA 5.99+0.42 1.70£0.63 5.02+0.80

For canola protein adhesives modified with SDS,alrgngth increased as SDS
concentration increased, up to 3% with 100% wodtkswve failure (WCF) for 0.5%, 1%, and
3% and partial WCF for 5%. Soak strength increase8DS concentration increased up to 3%.

Wet strength decreased as concentration of SD8ased. Protein unfolding and denaturation
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may also have increased as SDS concentration seatedhe decrease in wet strength as the
concentration of SDS increases could be due t&bf® creating negative surface charges on the
adhesive and therefore making the adhesive hydiropHydrophilic adhesive tends to absorb
water, therefore disrupting the bond between adbesid wood. Overall, the SDS modification
increased dry shear strength and soak strengthidou¢ased the wet shear strength. The wet
shear strength of this modification is too low éatdoor adhesive purposes but could possibly
be used for indoor applications.

The canola protein adhesives modified with Cg@ead slightly higher dry and soak
shear strength than the unmodified sample. Ga@@ification did not show any improvement
on wet strength. CaCloes not dissolve in water, therefore making atrea with the protein
impossible. The purpose of a modifier is to eitinefold, denature, or crosslink protein, but
CaCQ was not able to act as a modifier because it didlissolve in solution with the protein.
In the protein adhesive samples, the Ca€&ltled below the protein in solution; therefdhe
CaCQ was not able to react with the protein. The adleesolution was not uniform, causing
difficulty in achieving uniform application on tlveood. Adding CaC@did not significantly
improve the wet, dry, or soak strengths.

The canola protein adhesives modified with Zg®@&d lower dry shear strengths than the
unmodified protein samples. The wet strengths @2hSQ modified samples were lower than
the unmodified protein but better than the Cag@®@dified samples. The soak strengths of the
ZnSQy modified samples were slightly higher than the adified protein but were not
significantly greater. Overall, the canola proteiadified with ZnSQ did not show significant
improvement on shear strengths as compared to ufietbdrotein. When the ZnSQvas added
to water, the ZnSg@dissolved in solution. However, the protein wasaenatured and settled
out of solution if the solution was not constantlixed. Therefore, the ZnS@id not act as a
worthy modifier for canola protein and did not shamy improvement on shear strength
compared with the unmodified protein.

The canola protein adhesives modified with Gd@ld high dry strength, with 100%
WCEF for the 0.5, 1, and 3% modifications. The wietrggth of the 1% Cagmodification was
relatively high, but was still not as high as tmenodified protein. Soak strength was not tested
for the CaCJ samples because the wet strength was not increasethodification. The CaGl

dissolved in water when the samples were prepaegever, the protein was not modified or
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denatured when added to the modified solution exthe protein would settle down to the
bottom. The adhesive was therefore not uniformdifitult to apply.

The canola protein adhesives modified with OSA inggioved dry and soak strengths.
The 3.5% OSA modification had a wet strength gret@itgn the unmodified adhesive and caused
partial wood failure. The 2% and 5% OSA modificasdad wet shear strengths slightly lower
than the unmodified protein. The increase in wegsistrength of the 3.5% OSA samples could
be attributed to the fact that OSA is an oil-likdstance, making it hydrophobic. The OSA
could have made the protein groups hydrophobicedk thius preventing water from penetrating
between the adhesive and wood surface, leadingbheihshear strength (Qi et al. 2013).

Overall, the 3.5% OSA chemical modification of cknprotein had the greatest wet
shear strength. All other chemical modificationsréased wet strength compared to unmodified
canola protein. Other chemical modifications harteased dry and soak shear strengths at
certain modifier percentages but lower wet sheangths compared to unmodified protein
(Table 3).

4.3.2Effect of combined chemical modification on mechawal properties

The combined chemical modification of canola protey SDS and CaC{»dr ZnSQ was
evaluated. The effects of combined chemical madtiibn of canola protein adhesives on
mechanical properties are shown in Table 4. All dvepecimens were pressed at 170°C and 2
MPa for 10 minutes.
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Table 4. Shear strength of canola protein with comibed chemical modification

Adhesive Dry Strength Wet Strength Soak Strength
Formulation (MPa) (MPa) (MPa)
Unmodified 5.73+0.77 2.20+0.15 4.99+0.33

1%SDS 1% CaC®  4.39+0.56 1.38+0.28 4.31+1.26
1%SDS 3% CaC®  5.30+0.55 1.23+0.33 4.57+0.53
1%SDS 5% CaC®  5.30+1.15 0.84+0.34 4.37+0.99
3%SDS 1% CaC®  5.84+1.79 0.75+0.62 4.31+1.38
3%SDS 3% CaC®  4.88+0.63 0.17+0.29 2.71+0.95
3%SDS 5% CaC®  3.75+1.01 0.05+0.05 0.39+0.31
Unmodified 5.73+0.77 2.2040.15 4.99+0.33
1%SDS 0.1% ZnSp  5.04+0.27 1.87+0.36 4.34+0.40
1%SDS 0.5% ZnSp  4.24+0.58 1.97+0.42 4.3610.67
1%SDS 1% ZnSQ 3.91+1.15 1.57+0.47 4.68+0.77
3%SDS 0.1% ZnSp  4.02+0.80 1.78+0.43 4.33+1.14
3%SDS 0.5% ZnSO  3.44+0.36 1.42+0.27 3.67+£1.42
3%SDS 1% ZnS© 3.23+£0.61 0.89+0.32 3.29+0.76

The canola protein adhesives modified with both SD& CaC@showed decreased wet
strength compared to the unmodified protein samlee samples with 3% SDS and various
concentrations of CaCGQvere so weak that the Instron equipment barelysorea the strength,
and the samples could be easily broken apart bg.hdre poor strength is possible due to the
3% SDS solution denaturing the protein and the Ga@Ddissolving in solution. Overall, the
SDS and CaC@modified samples had decreased dry, wet, and soakgths compared to
unmodified canola protein.

Samples modified with SDS and Zngshowed little to no wood failure for dry strength
and poor wet strength. For all modifications of S8l ZnSQ, the dry, wet, and soak strengths
were lower than that of the unmodified protein. s that contained 3% SDS and Zn$@d
lower wet shear strengths than the samples wittsD% and ZnS@likely due to SDS
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excessively denaturing the protein. None of themasthad wood failure, indicating combined

chemical modification did not improve the adhesp@nformance of canola protein adhesives.

4.3.3Effect of temperature on mechanical properties

The effects of press temperature on mechanicalgptiep of canola protein adhesives are
shown in Table 5. Canola protein adhesives modbiie@DS were used to determine the effect
of temperature (170°C, 180°C, and 190°C) on shteangth. All samples were pressed at 2 MPa

for 10 minutes.

Table 5. Shear strength of SDS modified canola prein at 170°C, 180°C, and 190°C

Adhesive Dry Strength Wet Strength Soak Strength
Formulation (MPa) (MPa) (MPa)

Unmodified 170°C 5.73+£0.77 2.20+0.15 4.99+0.33
0.5% SDS 170°C 5.30+0.21 2.16+0.30 4.88+0.35
1% SDS 170°C 6.59+0.42 1.98+0.34 6.37+0.96
3% SDS 170°C 8.19+0.36 1.82+0.35 6.76+0.28
5% SDS 170°C 7.33+0.73 1.31+0.33 5.07+0.56
Unmodified 180°C 6.61+0.37 3.49+0.36 6.48+1.25
1% SDS 180°C 6.52+0.40 2.68+0.36 6.28+0.51
3% SDS 180°C 5.71+1.58 2.13+0.39 5.30+1.02
Unmodified 190°C 7.03+0.70 3.14+0.89 7.76+0.34
0.5% SDS 190°C 6.00£0.69 3.52+0.48 6.66+0.07
1% SDS 190°C 6.35+0.92 3.45+0.28 6.41+0.82
3% SDS 190°C 5.69+1.88 2.42+0.39 6.71+0.88
5% SDS 190°C 6.47+0.84 1.91+0.68 6.46+0.69

For unmodified canola protein, the general tremticaited that as the temperature
increased, the dry, wet, and soak shear strenfjthe samples increased as well. Increasing the
press temperature increases protein cross-linkiegefore increasing the shear strength. At
press temperatures of 180°C and 190°C, the woodslighdly darkened, which is not desirable

for a commercial process. Therefore, the tempezataf 180°C and 190°C are too high for the
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wood type used even though the shear strengthneeesaised. Kumar et al. (2002) obtained
similar results with soy protein adhesives; as temperature increased, so did the shear
strength of soy protein wood adhesives. The iner@astrength is likely due to the temperature
being increasingly above the denaturation tempexatiithe protein. As protein denaturation
increases, interaction between the protein and vgad@ce is improved.

The samples modified with SDS and pressed at admatye of 180°C, had similar dry
and soak strengths to the 170°C SDS samples. Howteeewet shear strength of the 180°C
SDS samples was greater than the 170°C SDS sariydesl with the 180°C SDS samples was
slightly darkened due to the increased press teatyrer.

The samples modified with SDS and pressed at admatype of 190°C instead of 170°C
had increased strengths. However, the 190°C teryseraad a negative darkening effect on the
wood surface even though the adhesion strengthnessased.

Figure 3 summarizes results from Table 5 by commgashear strength vs. concentration
of SDS for dry strength, wet strength, and soakngjth.
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Figure 3. Shear strength vs. concentration of SDS 470°C, 180°C, and 190°C
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As illistrated in Figure 3, the dry, wet, and saailengths of unmodified protein adhesive
increased as the hot press temperature increasedeudr, for the wet strength, the 180°C
samples had an average shear strength greatahthdaf80°C samples average.

The trends for wet, dry, and soak strength varywmdwmmparing the 1% SDS modified
samples. Hot press temperature did not have dfisigmi effect on the dry and soak strength; all
three temperatures registered approximately 6.5. MBaever, hot press temperature
significantly effected the wet strength, showingttivet strength increased as temperature
increased. Increasing temperature also had a y®sitiect on wet shear strength.

Comparing the 3% SDS modified samples, the wet,alrg soak strengths did not have
similar trends. The dry strength was highest afC78nd was approximately 5.7 MPa for the
180°C and 190°C temperatures. The wet strengtheo8% SDS modified samples increased as
temperature increased. The soak strength was sifoild90°C and 170°C, with 180°C being
the lowest. Overall, for the 3% SDS samples, nardiends emerged for the dry, wet, or soak
strength averages.

Figure 4 displays the shear strength vs. temperaiuunmodififed canola protein
adhesives for dry, wet, and soak strengths.

Shear Strength vs. Temperature of
unmodified canola protein
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Figure 4. Shear strength vs. temperature of unmodiéd canola protein
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As seen from Figure 4, the general trend for unfiredticanola protein adhesives was
that the shear strengths increased as press tammgarecreased. The only data point that does
not follow this trend is the wet strength of thenodified protein samples at 190°C. As press
temperature increases, immobilization of the protelhesive, as well as the possibilty of
chemical reactions at the interface are enhanoga 2811).

Overall Table 5 indicates, that the shear strenfttanola protein adhesives increased as
the press temperature increased. However, highaésatye may damage the wood surface,
leading to an unpleasing product appearance.

4.4 Rheological properties of canola protein adhesives

Viscosity is an important factor in adhesive hamglland application. A relatively high
apparent viscosity is desirable because it allmvgésier adhesive application. The viscosity

results for different chemical modifications canfbend in the following sections.

4.4.1Effect of chemical modification on rheological progrties
The results for viscosity vs. shear rate for SDSlifiexd canola protein can be found in
Figure 5. All of the SDS modified adhesive samgeisibited shear thinning behavior.
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Figure 5. Viscosity vs. shear rate of canola proteimodified with SDS

Apparent viscosity increased as SDS concentratioreased. The 0.5% SDS modified
adhesive sample had the lowest viscosity, followethe 1% SDS sample, 3% SDS sample, and
5% SDS sample. The unmodified adhesive sample@#4ISDS had a viscosity between 3%
SDS and 1% SDS. The color of the modified sampidsgure 2 corresponds to the viscosity of
the samples in Figure 5. The 5% SDS solution wasl#rkest, then 3% SDS and unmodified,
followed by 1% SDS and 0.5% SDS. Therefore, forS3B& modified samples, the darker color
indicates the adhesive has a relatively high visgos

The samples modified with 5% SDS and 3% SDS wegeartbst uniform and viscous of
all the samples. The color of the 5% SDS and 3% BiD8ified samples was darker than the

other samples and the protein did not settle osbhition when not mixed. The uniformity and
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color difference could be due to the protein balegatured. The 1% SDS and 0.5% SDS

modified adhesives were not as uniform and thespratettled out.

The results for viscosity vs. shear rate of capotdein modified with OSA can be found

in Figure 6.
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Figure 6. Viscosity vs. shear rate of canola proteimodified with OSA

The viscosity of the OSA modified samples was lothan the unmodified canola

protein (Figure 6), but all samples displayed shie@ning behavior. No significant difference

was apparent in viscosity among the 2%, 3.5%, 85 A modified samples. Qi and Sun
(2013) found a similar trend for soy protein moelifiwith OSA; the OSA modified samples had

a lower viscosity than the unmodified soy proteamsle. Increasing the concentration of OSA

decreased the viscosity of the soy protein samplas viscosity probably decreased due to the

protein reaching its isoelectric point, therefoeerbasing electrostatic repulsion and compacting

the protein molecules in aggregate form (Qi and B). However, for the OSA modified

samples in this study (Figure 6), pH was not measand therefore no conclusion can be

reached regarding if the pH of the samples was thegprotein isoelectric point. No clear
distinction exists between the 2% OSA, 3.5% OSAl 5% OSA modified samples, possibly
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due to lack of uniformity of the samples. The OSé ot completely mix with the protein and
water and, consequently, excess OSA remained & phef the solution. The specific samples
used for the viscosity testing could have not bammpletely uniform, leading to no trend for the
various concentrations of OSA.

Overall, chemical modification affected the vist¢gpsif the canola protein samples.
Increased SDS concentration increased the viscokitye samples. The color of the adhesives
was an indicator of the viscosity, with the darkelor indicating a higher viscosity. In general,
OSA modification decreased the viscosity of the@asicompared to the unmodified samples.

Chemical modification of canola protein affects tecosity of adhesive samples.

4.4.2Effect of combined chemical modification on rheoloigal properties

The viscosity vs. shear rate of canola protein fiediwith SDS and ZnS£Qs shown in

Figure 7.
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Figure 7. Viscosity vs. shear rate of canola proteimodified with SDS and ZnSQ

The viscosity results for the protein modified W8DS and ZnS©are shown in Figure

7. Both samples were not uniform and therefore gea# viscosity results. Changing the ZnSO
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concentration from 0.1% to 0.5% had little effenttbe viscosity. Both samples were not
uniform and the protein settled out shortly afteéxing. The overall pattern of the two modified
adhesive samples shows a shear-thinning behavibthé lowness of the viscosity causes
difficulty in determining the effect of ZnS{@oncentration on viscosity.

The results of viscosity vs. shear rate of canotdgin modified with SDS and CaGO

are demonstrated in Figure 8.
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Figure 8. Viscosity vs. shear rate of canola proteimodified with SDS and CaCQ

Viscosity results for the protein modified with SB8d CaC@are shown in Figure 8.
Increasing the CaC{xoncentration slightly increased the viscosityhef adhesive samples.
Results show that the adhesives are shear-thinhowever, the samples were not uniform and
separated when not mixed due to the protein noigodenatured and/or sufficiently cross-linked.
The viscosity of the samples was very low.

Overall, combined chemical modification with SDRIanSQ or CaCQ decreased the
viscosity of canola protein adhesives comparectoadified canola protein adhesives. The
shear strength of the combined chemical modificatias very low and could partially be

attributed to the low viscosities of the samples.
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4.5 Thermal properties of canola protein adhesives

Thermal properties of canola protein adhesives weasured using Differential
Scanning Calorimetry (DSC). Denaturation tempega(liy) and enthalpy of denaturationHl)
were determined from DSC thermograms. DSC was pedd with the unmodified protein,
SDS modified protein, and combined-chemical modifseotein.

The thermal stability of protein can be affectedngny structural factors, including
protein-protein interaction, binding of groups andtals, internal linkages, amino acid

composition, and environmental factors (Wu and N2Gi©8).

4.5.1Effect of chemical modification on thermal properties
The DSC thermograms of SDS modified canola praesndemonstrated in Figure 9.
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Figure 9. DSC thermograms of SDS modified canola ptein

The SDS modified samples and the control had adgpeak between 100°C and 170°C,
indicating the denaturation temperaturg(Figure 9). The broad peak could be attributedhéo t
denaturation of two major protein components, deuici and napin, overlapping one another.
The denaturation temperatures and enthalpies @ftdeation for the SDS modified samples are

shown in Table 6.
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Table 6. Denaturation (Ty) temperatures and enthalpy of denaturation AH) of SDS

modified canola protein

Modification Tq (°C) AH (J/g)
unmodified 148.69 184.5
0.5% SDS 145.13 154.0
1% SDS 144.16 146.4
3% SDS 139.14 131.4
5% SDS 149.87 134.4

In general, protein modification with SDS decreafexldenaturation temperature and
enthalpy of denaturation. This trend is consistettt other studies using soy protein modified
with OSA (Qi et al. 2013) and canola protein maatifivith sodium bisulfite (Li et al. 2012).
However, the trend of the current study variedhgligfrom previous studies in that 5% SDS
modified canola protein had a higher denaturaonperature than the unmodified canola
protein. One reason the data does not follow aistamt trend could be variations in water
content since the water content of each samplenetaieasured. For soy protein, the
denaturation temperature decreases with increagutgy content (Sun 2011). Canola protein
could behave similarly to soy protein and, therefdine water content of the 5% SDS modified
sample could have been lower, yielding a higheateation temperature than other samples.

The denaturation temperatures of SDS modified sasnpl Table 6 are relatively high
compared to the denaturation temperatures of cgmotain found in previous works. In one
study, Wu and Muir (2008) found the denaturatiaongerature of extracted canola protein
isolate to be 83.9°C. Mu and Muir (2008) also fotimel denaturation temperature of the
cruciferin portion of protein to be 90.7°C and majo be 109.9°C. The extraction methods and
sample type used in Wu and Muir’s study were ddiférthan extraction methods used in the
current work. Another reason for reported high terapures could be the presence of non-
protein components. Purity of the extracted capoddein was 83.88% (Table 2); therefore,
samples tested in Figure 9 were not 100% pure ipretamples. Li et al. (2012) also reported
temperatures higher than those reported by Wu amd (2008). However, denaturation
temperatures reported in the current study wereoxppately 30°C higher than those reported
by Li et al. (2012).
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4.5.2Effect of combined chemical modification on thermalproperties
DSC thermograms of canola protein modified with SiD CaC@and SDS and ZnSO

are illustrated in Figure 10.

DSC Thermograms of SDS and CaCO3 and SDS
and ZnSO4 modified canola protein
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Figure 10. DSC thermograms of SDS and CaC{br ZnSO,4 modified canola protein

Increasing the concentration of either Ca@DZnSQ decreased the denaturation

temperature of canola protein samples. All of tragles contained broad peaks between 120°C
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and 170°C with denaturation temperatures aroundC.3bhe denaturation temperatures and

enthalpies of denaturation are shown in Table 7.

Table 7. Denaturation (Ty) temperatures and enthalpy of denaturation AH) of SDS and
CaCOs or ZnSO4 modified canola protein

Modification T4(°C) AH (J/g)
unmodified 148.69 184.5
1% SDS 1% CaC9 136.97 130.7
1% SDS 3% CaC9 131.29 1194
1% SDS 0.1% ZnSpO  137.22 138.0
1% SDS 0.5% ZnSO  128.71 115.8

As modifier concentration increased, the denatomaiemperature decreased along with
the enthalpy of denaturation (Table 7). This trenconsistent with results from Huang and Sun
(2000a) for modified soy protein. The denaturatemperature and enthalpy decreased due to
higher degree of protein unfolding that occurs wiittreased modifier concentration. The
denaturation temperature of the samples is hidtar teported averages of approximately 100°C
(Wu and Muir 2008), possibly due to the differentésolation technique as well as the specific
variety of canola used.

Overall, the high denaturation temperature of capobtein could be attributed to low
shear strength for various samples in the curtentys The denaturation temperature was
approximately 130-150°C and the samples were plestse70°C. However, when SDS samples
were pressed at 190°C the strengths increasedygreateasing the press temperature improved
the shear strength of samples due to greater protess-linking (Sun 2011). The denaturation

temperature of canola protein is a challenge fonroercializing canola protein adhesives.

4.6 Morphological properties of canola protein adhesive

SEM and TEM imaging were used to determine morgdiosd properties of canola
protein adhesives. Unmodified protein and SDS niedliprotein (0.5%, 1%, 3%, and 5%) were
examined with SEM and TEM imaging. The resultsnfmrphological properties of canola
protein adhesives are described in the followirdises.
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4.6.1SEM results of chemically-modified canola protein dhesives
Figure 11 shows SEM images of unmodified milledatamprotein at magnifications of
3000x and 10741x.

Figure 11. SEM of unmodified canola protein: 3000XA) and 10741x (B)

The unmodified canola protein had irregular pagtgikzes with diverse surface structures
(Figure 11) and small, rough particles attachedrge particles. The irregularity of particle size
could be due to the freeze-drying and milling pssce\ slight contrast in small particles, most
likely due to charging from the electron beam @ thicroscope, is evident in image A and the
large particle in the bottom left of image B is mugmoother than the smaller particles. The
protein is not uniform and has a variety of textuaad sizes within the aggregates.

Figure 12 shows canola protein modified with SD8aatcentrations of 0.5% and 1%

with magnifications of 500x and 2000x. ImageJ wseduto improve brightness and contrast.
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Figure 12. SEM image of modified canola protein: &% SDS 500x (A), 0.5% SDS 2000x
(B), 1%SDS 500x (C), and 1% SDS 2000x (D)

The images in Figure 12 show similar irregular igéas, in the form of large clumps with
smaller attached particles, similar to Figure 1ie Targe particles are fairly smooth, whereas the
small particles are rough and irregular. In allffonages, various particles are much lighter in
color than the surrounding material due to diffee=nin material density and composition. The
light color cannot be attributed to charging beedil® images were taken in low vacuum mode
and the back scattered electrons give elementitsasa-or 0.5% SDS modified protein, images

A and B, the large particles have an approximaendier of 20-50um (measured with ImageJ).
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The 1% SDS modified protein samples, images C graldd have diameters of approximately
20-50um. Images C and D have distortion lines dusknown interference in the building
where the images were taken. Images B (0.5% SDEPaii% SDS) were similar, indicating
that different concentrations of SDS did not siguaihtly affect protein structure in the freeze-
dried samples.

To determine if the small white particles in Figdzwere different from the other

darker material, EDS was conducted and a coppeémgas used for calibration.
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Figure 13. EDS images of 0.5% SDS modified canolaqtein

The EDS spectrum was analyzed with INCA to deteentiie elemental composition of
various spectrums. From the analysis, Spectrum=fewand to have 30.94% O, 20.26% Na,
5.85% S, 34.08% CI, and 2.93% K. Spectrum 2 cogtamcarbon, indicating that it is not
protein but rather a type of salt or other non-@rotomponent. Spectrum 4 was found to have
66.19% C, 26.00% O, 0.80% P, 3.43% S, 2.02% Cl,1abi% Zn. Spectrum 4 is thought to be
protein and has very different composition percgesafrom Spectrum 2.

Figure 14 shows canola protein modified with SD8aatcentrations of 3% and 5% with
magnifications of 500x and 2000x. ImageJ was ugechprove brightness and contrast.
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Figure 14. SEM image of modified canola protein: 3%5DS 500x (A), 3% SDS 2000x (B),
5% SDS 500x (C), and 5% SDS 2000x (D)

The images in Figure 14 show similar structureigufe 11 and 12; however, images in
Figure 14 show slightly larger chunks with feweradler particles on top. The large particles in
images A (3% SDS) and C (5% SDS) are smoothertttaimages at the same magnification in
Figure 12 of the protein modified with 0.5% SDS d8d SDS. The images in Figure 14 also
showed fewer white particles than the images infe@d 2. Images A and B of Figure 14 show
the large particles have an approximate diamet80df00um. While smaller diameter particles

remain, more large particles are present than ages from Figure 12. In image C, large
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particles have a diameter of approximately 20-80(@xerall, more large particles are present in
Figure 14 than in Figure 12, indicating that ther@ase in SDS concentration could have an

effect on particle size.

4.6.1.1 SEM discussion

All of the SEM images show similar morphology: langarticles of protein with smaller
particles attached. The protein most likely has #iape due to the freeze-drying and milling
process. During the freeze-drying process, theepralries in the same configuration it is in
when suspended in water. The milling process chatigeparticle size of protein particles and is
likely the reason for variation in particle sizevesll as very small particles. A more accurate
demonstration of how protein forms in water coutdsieen if the milling step eliminated.
Relation of the SEM images to adhesion strengthifisult because the protein is not suspended
in water.

Figure 11 exhibits various particles that are gyt in color due to area charging of the
microscope. Figures 12, 13, and 14 have light-edlqrarticles as well, but color cannot be
attributed to charging because they were takeawnacuum mode using back-scattered
electrons. Back-scattered electrons give elemanftaimation and, therefore, the areas of lighter
color were due to differences in material den3ifhen light areas were compared to darker
areas using EDS, the light areas did not contaimoca The lighter areas were likely a type of
salt possibly resulting from protein extractionsome type of non-protein component. Figure 12
has more light-colored particles than Figure 1hpps because of how SDS affects protein and
salts.

Overall, particle sizes in Figure 14 (3% and 5% $&® slightly larger than particle
sizes in Figure 12 (0.5% and 1% SDS). Figure 1d @snonstrates slightly smoother surfaces
than Figure 12, but particle size and structureddfeeult to relate to adhesion strength because
the adhesive was applied in a wet form, not a drynf and the protein was milled before
imaging. Results affirm that SDS modification dedigr protein structure.

Li et al. (2012) found similar SEM images when dammotein was modified with
sodium bisulfate. The unmodified protein had a nragiel, rough surface structure, whereas
when the modification was increased, the surfatesire became smoother. The increase in
surface smoothness as the modification increaseald be attributed to weaker protein-protein

interaction during milling (Li et al. 2012).
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4.6.2 TEM results of chemically-modified canola protein ahesives

An FEI CM 100 was used to take all TEM images a@ad get at an accelerating voltage
of either 80kV or 100kV.

Figure 15 shows two images of unmodified canolagancat magnifications of 13500x
and 130000x.

pwol.tif . —_— pw02.tif
canola protein in water 500 nm canola protein in water
Cal:.233 pix/nm HV=80kV Cal: 2.242 pix/nm HV=80kV
15:05 09/21/12 Direct Mag: 13500x 15:15 09/21/12 Direct Mag: 130000x
Tilt: Tilt:
AMT Camera System AMT Camera System

100 nm

Figure 15. TEM image of unmodified canola protein:13500x (A) and 130000x (B)

In image A, many small white circular units thav@aorrelating stain are observed. The
protein layer is thicker in lighter areas and ttarscollected in pools and crevices around the
globular protein. The primary structure of the pintincluded small white subunits, whereas the
quaternary structure was shown by the larger ghotxtitcles. The white circles of globular
protein in image B were approximately 20-30nm iandeter.

Figure 16 shows two images of 3% SDS modified capobtein at magnifications of
46000x and 130000x.
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Figure 16. TEM image of 3% SDS modified canola prain: 46000x (A) and 130000x (B)

In image A, the protein forms large areas of agatieg in the light-colored areas while
the dark areas demonstrate the presence of stiggated in pools. The images are very
dissimilar from the unmodified protein in Figure hécause the darker areas are congregated
together and spread out in web-like figures. Assshon image B, the darker areas still contain
smaller circular subunits found in the unmodifiedtpin, which can also be seen at the top of
the image, where more protein has collected. Thearsts in image B have diameters of 10-
15nm instead of 20-30nm like the unmodified pratd@ine difference is most likely due to SDS
impacting the protein structure.

Figure 17 shows images of 5% SDS modified canaé&epr magnifications of 46000x
and 130000x.
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Figure 17. TEM image of 5% SDS modified canola prain: 46000x (A) and 130000x (B)

The web-like structure formed by the dark areasnslar to the structure shown in
Figure 16. The darker areas verify where staincodlected and pooled. The top portion of the
image reveals denser clumps of protein. The vellstark circles in the two images are
contamination, not protein. The form of the smaiiite subunits is shown in image B; however,
the subunits were not clear enough in the pictoiredarly discerned and measured, possibly due
to resolution difficulty. The dark dense circledi images are not protein but likely a type of

contamination.

4.6.2.1 TEM discussion

The TEM images all show similar globular white giatstructures which are not exactly
spherical but have variation within the same saraple/ell as in different samples. The variation
in size could be due to protein concentration, lsibty, hydrophobicity, and denaturation
conditions. The small white circles are composegagitides, but the magnification and
resolution were not high enough to clearly identifg individual peptide units.

The material in Figures 16 and 17 appears in ahkelstructure. The proteins have
different thicknesses, therefore causing stairottect in darker areas. Figures 16 and 17 are
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very different from Figure 15 in overall appeararidesly due to the presence of SDS. The
difference in appearance could also be attribudeaddifference in protein concentration in the
imaging area. The 3% SDS protein (Figure 16) hightéer structure with more chain-like
structures than the 5% SDS protein (Figure 17)sipbsdue to the greater extent of protein
unfolding and denaturation in the 5% SDS modifieatgin. The web-like structure of protein in
Figures 16 and 17could be favorable for dry adhesicength of the protein, but a negative
effect on the wet shear strength of the proteireaiMes was observed. The decrease in wet
strength is likely due to SDS creating negativéasig charges on the surface of the adhesive,
making the adhesive hydrophilic, thus causing theeaive to take up water and disrupt the bond
between adhesive and wood surface.

Figure 17 contains artifacts in the form of danicles that are not protein. The dark
circles are fairly uniform with dark, dense spatghe middle. The contamination is probably a
virus that contaminated the sample and/or grid feeffbaging.

Li et al. (2011) found similar TEM imaging results canola protein modified with
sodium bisulfite. The protein also formed clustsith smaller aggregates, and the diameter of
globular protein decreased when chemical modificatvas performed (Li et al. 2011).
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5. Conclusions and Recommendations

5.1 Conclusions

Depending on chemical and concentration, modifgiagola protein improved the shear
strength of canola protein wood adhesives. Chemicalification with SDS (1%, 3%, and 5%),
CaCQ (1%, 3%, and 5%), ZnSd1%), and OSA (2%, 3.5%, and 5%) improved theairg
soak strengths compared to unmodified canola protdiese modifications may have potential
for interior applications but not exterior due e fow wet shear strengths. The viscosity of the
SDS-modified canola protein adhesives increasédeaSDS concentration increased, due to the
greater extent of protein unfolding and crossligkiREM images show the protein arrangement
as well as protein denaturation due to chemicalification. In general, SDS lowered the
denaturation temperature of canola protein. Th&3ZBA chemically-modified canola protein
adhesive was the only modification that had impdowet, dry, and soak shear strengths. The
increase in wet shear strength is possibly dukddydrophobic nature of the OSA imparting
hydrophobic behavior on the protein, therefore prewg water to disrupt the bond between
adhesive and wood surface. The viscosities of tBa-@odified samples were lower than that
of unmodified canola protein. The 3.5% OSA modifeashola protein adhesive had improved
properties compared to the other modifications.

The combined chemical modifications of canola grotsing SDS and CaG@nd SDS
and ZnSQ did not improve the shear strength of the canodéem adhesives. Combined
chemical modification decreased the denaturatiompégature and shear strength of the modified
samples because of too much protein denaturatrongh SDS and excess undissolved
chemicals in the adhesive formulation.

Results showed that press temperature had a sgmifeffect on shear strength of canola
protein adhesives. The shear strength increaspikbas temperature increased likely due to press
temperature being increasingly distinct from derettan temperature, allowing for more
chemical interactions at the interface, increasimegadhesion. However, increasing the press
temperature is not economically feasible due td leigergy inputs required and the darkening
effect on wood.

Overall, canola protein was modified with differéypes of chemicals and combinations

of chemicals to produce wood adhesives. Of the adt@mmodifications used, the 3.5% OSA
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modification had wet, dry, and soak shear strengtlater than unmodified canola protein,
making it the most successful chemical modificatids the press temperature of adhesives
increased, the shear strengths of unmodified cgokin increased as well as SDS-modified

canola protein.

5.2 Recommendations
Based on the results of this study, future reseanctanola protein adhesives should

focus on the following:

1. Optimizing the protein extraction process to insgethe extraction rate as well as
improve protein purity.

2. Separating different protein fractions within camptotein to test adhesion strength
of individual types of canola protein.

3. Chemically modifying canola protein simultaneousiyh extraction instead of after
the extraction process.

4. Testing other chemical and enzymatic modificationcanola protein, as well as
varying the concentration of protein used.

5. Mixing canola protein with various types of commaladhesives to increase the

amount of bio-based material within the adhesivetunes.

Overall, canola protein has potential to be utdizas a commercial wood adhesive;
however, many obstacles must be overcome and @giilmns must be performed before
commercialization. Process optimization is a aitiorst step to increase the extraction rate of
canola protein and to increase the purity of thteaeked protein. After the extraction process is
optimized, other modification techniques shoulddsearched to further improve adhesion
strength and adhesive uniformity. With more redeacanola protein adhesive has the potential

to be an environmentally-friendly alternative oddide to formaldehyde-based adhesive.
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