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Abstract

Composite wood productremanufactureditilizing reconstitutedellulosicmaterial
formedwith thermosetting adhesivgsimarily adhesives made from neanewable materials.
Naturalwood adhesivesr bioadhesiveshadbeen usedntil themid-20" century Eventually
bio-adhesives were replaced with synthetic adhesieeause ofuperior qualitiesuch agvater
resistancedurability, and eventually cosRecent published work haB@vntheincorporationof
bio-adhesivesn composite wood productkat requirecchemical modification and
functionalizationof the bicadhesivesDefatted soy flour (SH)as shown the highest potential as
abio-adhesive due to its protein content and tmst. This work encompassedn investigaion
of the partial substitution of synthetic resins whifor use incomposite wood product®ther
soy products investigated in this work included soy protein isolate (SPI) and denatured, defatted
soy flour (soyD). The syntheticadhesivestudied werghenol formaldehyde (liquid and
powder) and polymeric methylene diphenyl diisocyanate (pNbd) are bothlised in the
production of oriented strand board

The overall objective of thiwork wasto advanceéhe undestanding of interactions
between soflour andsyntheticwood adhesives in the useadfmpositevood products An
evaluation of the degree to whilfcouldbe substituted into either phenol formaldehyde (PF)

or pMDI in the formaibn of strand boardvas stidiedin the first phase of this workhe amount



of SF substitution possible withocdbmpromising performanas the formed boardas
determined

The mechanism of adhesion enhanced thr&gimteractionwith thePF or pMDIwas
studiedin the second phas# this work Curing kinetic data of neat PF, neat pMDI, and soy
products substituted into PF or pMDI were analyzed. There werpdssibleprimary
mechanisms of adhesion influenced by the substituti@FoSFinfluencal the cohesiveness in
the bulk bychemically crosslinking with the PF or pMDI, or tB& affeciedthe adhesiveness to
the wood substrate kafteringthe wood/resin interface.

Thiswork wasdriven by the hypothesis th&F hydrolyzed duringthe pressing process to
chemically crosslink withhe syntheticresin in the bulk adhesiv&his work diffeledfrom prior
published work by focusng ontheincorporationof SFduringthe boardforming processOther
published works focused on SF modification or pretreatnviith added costSome works
incorporated the modified SF in the synthetic resin synthesis wikimteased thgot life of the
overalladhesiveTheincorporationof SFduring theboard formingprocesgequiredminimal
equipment upgrades andedexisting materials (PF and pMDIostwasthe chiefmotivation
for thiswork asSFwasabouthalf thecostof PF and less than half teestof pMDI. Non
renewable resouradimination through substitutionvith a bicadhesivevas a secondary
motivator The boardprodu@d from theSF substitued adhesivalsorequiredequal orimproved
mechanicapropery dataof theboard produced with theynthetic adhesivéMechanical
properties measured were flexural strength and modulus, internal bond, thickness swell, and

water absorption.



Higher viscodly due to SF substitution in liquid PF inhibited penetration of the wood
substrate anlikely decreasedesin spread.ess adhesive penetration benefited board strength
with lesser amounts of SF substitution due to a decrease of overpenetration of shesadtwe
the wood substrate. Larger amounts of SF substitution resulted in adhesive failure due-to under
penetration. A decrease in the resin spread likely affected the wood/resin contadtieinea
resulted inadhesive failure in higher density boar8.substitution of 14% in liquid PRwvas
possiblewithout compromising performanc®&esin spread was not an issue with SF substituted
powder PFSF substitution 021-30%in powder PF was possible withazdmpromising
performance

There were two possiblateractions affecting the SF substituted pMDI boardsau
formation due to SF substitution in pMDI positively aftsttvet properties of the formed board
or higher viscosity due to SF substitution in pMDI decreased overpenetration of pMDI into the
substateand contributed to the bulF substitution of up t80% in pMDIwas possible without
compromising performance

Thermogravimetric analysis (TGA) tfe PF/soy product mixturefiowedno new
chemicalstructureformedin the degradation profileompaed with TGA data of neat PF
Activation energes for curing reactionsf PF/soy product mixtures showed cansiderable
differenceto the curing reactioractivation energiesf neat PEFourier transformnfrared (FF
IR) spectral analysis of neat PF arfdd$®dy product samples subjected to differing heat
treatments showed no significant differenceaiaentrations of methylene and ether bridge

formationsignifying no change in curing reaction with soy product interaction witiAPF



curing kineticanalyss of PF and PF/soy product samples refuted the original hypotbfebis

primary interactiorbeingaffected withsoy producsubstitution in PF was a chemical

crosslinking oneThe higher viscosity of the soy flour substituted PF affected the resin spread

and penetration during the blending and pressing process of strand board formation, therefore the
primary mechanism of adhesion affected by the substitution of soy productsviassB&heson

affecting the wood/resin interface.

TGA of the pMDI/soy produamixtures showed a new degradation profile of soft
segments natbservedn the neat pMDI TGA data indicating new chemical structures formed as
a result of soy products interacting with pMDhe formation of carbodiimide was identified
through TGA for nepMDI and pMDI/soy product mixture&.T-IR spectral and activation
energy analyses confirmed tfegmation of carbodiimide asvo separateeaction pathways:
polymerization reaction for neat pMRhdpart of theurethane degradatiaraction in the
pMDI/soy product mixturesdUrethane and urefarmation in thepMDI/soy producimixturewas
discovered as the primary polymerization reaction throughR-3pectral analysis. All curing
kinetic analyses of pMDI and pMDI/soy product samples supported the otigipathesis of
the primary interaction being affected with soy product substitution in pMDI was a chemical

crosslinking one.
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Chapter 1: Introductio

The overall objective of thiwork wasto advancehe understanithg of interactions
between soproductsandsyntheticadhesives in the use of wood composites. Specifidhldy,
objectiveevaluaedwhether, and how muckpyproductcouldbe substituted intoomposite
wood adhesived he objectivealsodeterminedhe mechanism of adhesiqeohesive bulk or
wood/resin adhesion) eachphenol formaldehyd@F andpolymeric methylene diphenyl
diisocyanate (pIDI) thatwasenhanced through s@yoductinteraction.The soy products
studied in this work were defatted soyutdSF), soy protein isolate (SPI), and denatured,
defatted soy flour (seip). Thesyntheticwood adhesives studied were &kpMDI.

Theobjective of thisvork wascarried out in two phasea screening stagapplied
objective) and an adhesion propesgistaggfundamental objectivelhe applied objective was
to discover if SF was a viable adhesive substitute for synthetic wood adhesives and to what
degree SF could heartially substituted into the synthetic adhesighout compromising
performancePaformance was measured through mechanical testing analysis of strand boards
formed with these adhesivehe fundamental objective was to examine the interaction between
soy products and the synthetic wood adhesive, PF or pMidihow it affected the ovedt
adhesie characteristic€uring kinetics were characterized in each adhesive employing

thermogravimetric analysis (TGA), differential scanning calorimetry (DSC) analysis, and Fourier



transforminfrared (FFIR) spectralanalysis teexaminehow soy prodcts affecédthe overall
adhesive
Motivation

Theprimarymotivationof thiswork was cost reduction. Typical commercial PF prices
usedin the manufacture adriented strand board (OSB) raxge price from $0.6650.83/Ib[1],
and polymeric MDI prices rangdrom $0.80$1.25/Ib[2]. In comparison, soybean meal sakl
a commodityat $0193/Ib[3] when this work was documentetherewereprocessing cost
involved with grinding thesoybeammeal into flour that typically double the price to about $0.35
$0.40/Ih Defatted soy flou(SF) costsweregenerallyhalf of the cost of PF and about a third of
the cost of pMDI. Thergvasa potential cost reduction thiSF substitutionin synthetic resins.
For examplea 20% SF substitutionin PF would result in a savings about10% for the overall
wood adhesive.

The secondary motivation for this workasthe partial elimination of noffenewable
resources used to dhesize PF and pMDI through substitution of the-duihesive, SF.
Formaldehydea known carcinogef#], is used to synthesize both PF and pMBEdrmaldehyde
off-gassingduring the manufacturing of composite wood usingcBd bea potentialdanger to
thoseexposedn anindustrial settingFormaldehyde offjassing in the finished produstisalso
of concern if the PF reswasnot fully cured. Slower curing rates and short press times attribute
to theincomplete cure of theesin[5]. Therewerealso concerns with isocyanates, the primary
reactivegroupcontainedn pMDI, which have been shown to have negative health effects
involving asthma and other malad[€$. PF synthesis requidghenol, and pMDI synthesis
requira aniline. Phenol and anilirereboth petroleurrbasedcategorizinghemasnon

renewable resources. The price of PF and pMDI adheswe=also partly based on the



petroeum marketAccording to some estimatebgetworldcurrentlyconsumegetroleum at
about100,000 times the rate at which the earth can prod(i¢e {€ost and the declining supply
of petroleum productsasgeneratedesearchn replacing thespetroleum product&ith more
environmentally friendly alternativg8]. Partial sibstitution of SF into PF and pMDivould
decrease the amount of synthetic resin in the composite wood therefore decreasing these non
renewable resources.

Cost reduction and nemenewableesource reduction were benefits asatsd with
substituting SF into the synthetic adhesives, but these SF substituted resmadtadve as
good or bettemechanicaproperties in the finished product with a given amount of substitution
of SF. The strengtlof the composite board formed withese SF substituted adhesiwes
important because the product must meet structural guidelines through testing standards like the
American Plywood Association (APA) PS 2 stand&jd Mechanicaldataof the formed boards
were measured using flexural strength and modulus, internal bond, thickness swell, and water

absorption using the ASTM DB7-12 standardl10].

Background

Most industrial wood productsanufactured for construction purposesreconstituted
cellulosicmateriat held togetheby synthetic thermosetting adhesives, usually formaldehyde
based adhesives. Natural wood adhesives had been used unitH2@" century These natural
wood adhesivewereobtained from sources such as hooves, hides, milk, and soybDedatted
soy flour has shown more promisalue tocost effectivenessHowever soy-based composite
woodwasnot as water resistant withomodifying or pretreating the soy flauBecause of this
weaknesswood productsised in interior constructiomerethe primary focus Wwen using soy

flour as adhesivedJreaformaldehydeeplacedsoyflour-basedadhesivesn interior wood



productsand phenolics replacete soy produebased adhesivas outdoor wood products due
to superiomoisture resistance and durabili8yntheticresin cost eventually lowered because of
an expanding petrochemical industvitich allowed for the shift to composite wood products as
the primary construction material over traditional solid wfidd.

Oriented strand board (OSB) w&® tprimaryindustryproduct intended for the adhesive
researchn this work OSBis a wood engineered productclinsistsof strands of wood thatre
formedtogether with an adhesiveressure, time, angmperaturare the primary controlling
parameters in the formation of OSBhe surface layersf the formed boardra oriented in the
longitudinal direction to increase bending strength. The core imgeented in the
perpendicular direction of the igace layers to help in directionality of the wood properties. It
should be noted that the strand boards formed in this wer&randomly oriented andot

oriented as in OSB.

Phenol Formaldehyde

Phenol formaldehyde (PF) has dometdthe wood composite mafacturing world as an
adhesive for structural based applicationsvdsmost commonly used in the production of
oriented strand board (OSB), plywood, and other engineering wood prautiiéscomposite
wood industry{12]. Thebase structuref PF s made up of a phenol and formaldehyde group
(Figurel). Formaldehyde forms methylol groups on free orind/or para sites of the phenol
group. The polymerization of PF involved these methylol groups on the methylated phenol

reacting with other phenol groups.
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Figure 1: Chemical structure of Phenol Formaldehyde and its counterparts

The methylol groupfrom the methylated phenaodsthercrosslink with free ortho or
para sites on other phenols to form methylene bridgegsife2) or crosslink with other methylol
groups on methylated phenotsform ether bridge@~igure3). Ether bridges can alstegrade

forming a methylene bridgand releasinfree formaldehydéFigure4).

HO HO HO
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Methylene Bridge

Figure 2: Phenol formaldehyde forming a methylene bridge between methylol group and free
ortho site
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Figure 3: Phenol formaldehyde forming ether bridge between two methylol groups
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Methylene Diphenyl Diisocyanate

Methylene diphenyl diisocyanate (MDI) has been used in its polymeric form (pMDI) as
an effective wood binder. It reacts very aggressively with hydroxyl groups wiaistf great
benefit to the wood adhesive industry as tle@eso many hydroxyl groups in which to react
within cellulose Therearealso reactivity with amines whicherepresent in soy proteifi3].

Useof pMDI started in the late 1960s in particleboard manufa¢fi#te As the composite wood
industry grew, the demand for MEnd pMDI grew and has shown prominence in the OSB
market[15]. Its effectiveness increassisiceit reacts well with water. The pressing environment
containselevated moisturkevelsdue tothewater content of thezood substratevhich increases
the effect of the pMDI adhesive cyrs], [16]. This reaction with water forms polyurea which
wasa major gagdilling component in the pMDI/wood bond 5], [17].

Synthesiof MDI begins with an HCI catalyzed condensatdformaldehyde and aniline
forming a methylene bridg®ne mole of formaldehyde and two moles of aniline form the three
possiblee s 0 me r-,2 , -4 4 a A -4 of Reth@lenedianilineThe diamine isomers then react
to form methylene bridged polyphenylene polyamifigsg, [1§], [19]. These structures reflect
the isocyanate structures to be formedgre5 andFigure6). Phosgenatiors then applied to

the neutralized and dried polyamine mbgwvhich occurs in a high boiling aromatic solvent.

The amino groupwerethen converted to isocyanate gro{ips], [18], [20}] Monomers Figure



55 make up about 50% of polymeric MDiIMDwi t h

isomer which constitutes about 95% of the monomers formed. The other half of the pMDI
mixture consists of the oligomeric polyisocyanadtg(re6). This morecomplexpolyisocyanate

structure typically has a desge of polymerization of one to three but can be as high as twelve

[15]
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Figure5: Three possible MDI isomers
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Figure 6: Typical polyisocyanate structure found in polymeric MDI
The isocyanate groupom MDI can reacin multiplereaction pathways to aid in the
polymerization of the adhesiv€ablel illustrates most of the reactionthavays available for

the isocyanates and their relative reaction rates at ambient temperatures.
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Tablel: Relative reaction rates of isocyanates with varying reaction parf{izdds

Relative uncatalyzed

Active H compound Structure reaction rate at 25 °C
Primary aliphatic amine R-NH2 100,000
Primary secondary amine  R>N-H 20,00050,000
Primary aromatic amine Ar-NH: 200-300
Primary hydroxyl R-CH2-OH 100

Water H20 100
Carboxylic acid R-COCH 40
Secondary hydroxyl R-.CHOH 30

Urea R-NH-CO-NH-R 15

Tertiary alcohol R3COH 0.5

Urethane R-NH-COOR 0.3

Amide R-CO-NH> 0.1

The primary reaction pathway thought to occur in wood composdswith hydroxyl
groups to form urethane linkag€igure7). Thiswasbased on the large amount of hydroxyl
groups available in the wood substrate. Wasonly an assumption as thesasno
experimental evidence supporting this thedrd].

@)
Ri—OH 4+ R,—N=C=0 — » R1—0—|C|-—NH—R2

Urethane

Figure 7: Reaction between a hydroxyl and isocyanate to form urethangénka

The secondary amine in the urethane in tam @ntinue to react with other isocyanate groups
from other MDI molecules to form allophanate brig¢feigure8). This continues the

crosslinking and hardening ofaladhesivé¢l13].
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R,—N=Cc=0 + R,—NH-C—O0—R, - R;—NH—C—N—C—O0—R;

Urethane Allophanate

Figure8: The reaction of an isocyanate and urethane to form an allophanate bridge

Thereis also water present ihewoodsubstrate that can readily react with isocyanates
(Figure9). Thereactionbetweenwaterand isocyanate foratarbamic acid which quickly

degrades into an amine with carbon dioxide gas being released.

|

OH Fast

Figure 9: The reaction of isocyanate and water forming a primary amine

Amines react readily with an isocyanate growespecially in the case of a primary amihbis
reaction occurs at a higher reaction rate than the water and hydroxyl reactions with isocyanate
(Tablel). the isocyanate grouganreact with aminefrom eithera substance that contaithem

(e.g. soy protein) or the water reactiorform substituted urea.

@)
R;{—NH, = R,—N=C=—0 —— R{—NH—C—NH—R,

Urea

Figure 10: The reaction of the primary amine formed from isocyanate and water with another
isocyanate to form urea

As in urethangthis substituted urea can then react with other isocyanate groups to form biuret
bridges(Figurel1l). These biuret bridges also strengthen crosslinkimghelp harden the cured

adhesivd13].
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Ri—N=—C=0 + R,—NH—C—NH—R, = Ry—NH=C——N——C—NH—R,
Urea Biuret

Figure 11: The reaction of urea wh an isocyanate group to form biuret linkage

Hydrogen bonding was also considered in this workianploved the strength of the
crosslinking matrix. Hydrogen bondingastypical in a crosslinked structure with urethane and
urea. The NH group acts as a@ion donor while the carbonyl acts as a proton accdpiguire
12 displayshydrogen bonding between urethane groups. Hydrogen bonding between these
groups increagkthe bonding strength of the adhesj2e].

I
R;—O0—C—N—R,
I

H

~
~
~

I
R;—O0—C—NH—R,

Figure 122 Hydrogen bonding between urethane groups

Urea also shoed hydrogen bonding but can be in the form of monodentate (one hydrogen bond)

or bidentate (two hydrogen bondgjgurel3).

ﬁ 0
[
Rl—hll—c—NH—R2 Rl—r}l—c—n?t—Rz
H\ H\ . H
\O \O/
[l [
R;—NH—C—NH—R, R3—NH—C—NH—R,
Monodentate Urea Bidentate Urea

Figure 13: Hydrogen bonding between urea groups

1C



Sonnenschein expladdifferent pathwaysvolved with isocyanates dimerizing and
trimerizing. One example was thermation ofcarbodiimide groupf21]. The formation of
carbodiimide isan irreversible catalyzed dimerization reaction of the isocyanate ¢28ips

[24]. The following shows the formian of carbodiimide in its simplest expression.

Catalyst
2 R—N—C=—0 —» R—N=—=C=N—-R + CO,
A
Carbodiimide

Figure 14: Catalyzed dimerization of isocyanate to form carbodiimide

Unintentional formation of carbodiimideom MDI storedin closed volumes can be a safety
concernbecause otfhe release of carbon dioxifi2l]. It has also been shown to foas a result
of urethane degradatid5], [26].

The formation of uretidion@~igure15) wasdescribed as a slow reversible reaction by
Sonnenschein. This dimerization usualbcurreddue to long storage of pM@ind carfurther

trimerize into isocyanuratEigure16) [21].

0
I

C
R—N/ \N—R
2 R—N=C=—0 =a—> \c/
Il
0

Uretidione

Figure 15: Dimerization of two isocyanates to form uretidione
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Figure16: Trimerizationof three isocyanates to form isocyanurate

pMDI has also beeappliedin conjunction with PF in OSB manufactute.pressing PF
in the surface layer and pMDI in the core layer, there can be a reaction between the alkaline PF
and isocyanate group. The aque hydroxide anions react with the isocyanate yielding an amine
similar tothe reaction with wateihe amines then react widfdditionalisocyanates forming
urea Frazier explaiadthat this can be counterproductive if the reaction rapidly roedbefore
hot-press compaction can ocqab).

Frazier discussed urethane modification of pMDI to help with gap filling problems
associated with MDI. Low viscosity and a deep penetngtropensity inhibit pMDI to be used
in applications other than OSB productiohke plywood, laminated veneer lumber, §8].
Further urethane linkageith components othéhan pMDI (e.g. soy flourgan operother

markes for pMDI in the composite wood industry.

SoyProducts

Soybeansvereprimarily harvested for their oilThereis considerable protein content in

the soybean as well as carbohydi@aatent(Figure17). The oil extraction process usually

12



performed with hexane extraction. The defatted soy flakes ordaulldthen be ground into a
soy flour[27].

Basic Soybean Composition

36% Protein

15% Soluble Carbohydrates
(Sucrose, stachyose, raffinose, others)

I< / Insoluble Carbohydrates

.3% Lcuilhm)—E ' -
16% Other /”\__‘/

Figure 17: Composition of a common soybean before oil extra¢28h

This defatted soy floutonsisted of about half protein. This proteiaslikely the
primary source of adhesiwtrengthfrom soybean flouf29]. The carbohydrates should not be
overlooked as a possible adhesive source as well as the carbolpydtaie Maillardreaction
[7]. Furtherprotein extragon from the soy floucan be performed to achiek@gher protein
contens of about 70%roteinfor soy protein concentrates (SPC) and about 90% protein for soy
protein isolates (SP[R9].

Soy-based adhesives haloag beenappliedas wood adhesives historically and studied
to a great extent in the 1920s and 1930§. Denaturatiorof the soy proteimsing a caustic
solutionfurthered the adhesive performancegsposng amide functional groups for better
adhesiorj31]i [33]. Petroleum based adhesives eventually replaced these soy adhesives in the
1940s due to improvements in durability, viscosities;lip®t and eventually co$84].

Soy proteins a linear, long chain polymer consisting of 18 different amino acids. These
amino acids can be polar and nonpolar. The polar amino acids can be used to crosslink the

protein to improve mechanicahermal, water sensitivity, and hydrophobicity. They include

13



cysteine, arginine, lysine, histidine, and others. The polar functional groups can be carboxyl,
amine, and hydroxyl groups capable of reacting. Carboxylic acid groups reacting with these
polar unctional groups in sogroteinsform amide (from amine), ester (from hydroxyl), and
anhydride linkages (from carboxyl). The crosslinked soy protein can be used as a resin in its own
form or as a partial substitution with other petrolebased resins. Sqyoteinadhesivehave
alsoexhibitedother advantages in that it can be used as a fire resstaptoteirresin which

aidedin building materialsequiringimprovedfire safety propertief7], [35].

Soy proteins primarily a globular proteirof which about 70%wvasconsisted of globir
proteins. These globulingereprimarily glycinin or conglycinin. Glycininwascomprised of six
acidic and six basic protein subunits. These subunits alternate in two structural rings partially
joined by disulfide bridges. Conglycinin, on the other haiothtains more neutral amino acids
and less thiol groups to form disulfide bridges. Instead, the protein suimenitkeld together
by hydrophilicinteractions through the polar functional groups referred to afddese
separated proteins camake a udell adhesivebut the isolation process can denature and
eliminate some of the components needed to crog4litjk

Potentially reactive sidehain amino acid groups the proteinsglycinin and
conglycinin have been shown to react with formaldehy@dble2) [36], [37]. Thesereactiors
improve the crosslinking densjtiyut adisadvantagarisesin the form ofadditional

formaldehyde. The reactiomasalso easily reversed in moist environments.
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Table2: Amino acids in soy protein with poteritta react
with formaldehyd¢38]

Even thOUgh the backbone Amino acid Structure wt%
] Lysine H 6.8
structure of the soy proteimas H,NH,CH,CH,CH,C—C~COOH
NH,
always a 2Zaminoacetic acid, the
Histidine ];I \ H 3.4
side chains can be aliphatic or kNj CHym (= CooH
H NH,
polar (hydroxyl, thiol, carboxylic, .., NH 7.7
I H
. . H,N— C-NHCH,CH,CH,—C—COOH
and many nitrogen containing AN C-NHCHCHCH(~C00
NH,

compounds). This varies with mos 1 ...

H 42
HO—Q—C— COOH
adhesives in which thereereonly '

NH,
Tryptophan H 1.3
one to a few monomers. yptop q_coon
[ 3
The primary structuref N 2
H
the proteinnvolvedthe linear Serine " 5.4
HOHZC—%?—CUOH
polymer chain of amino acids NH,
. . Cysteine H 25
(Figurel8i bottom left) HSHQ(I—?—COOH
NH,

Crystallites form in the secondary
Total 31.3

structure due to intrachain and

interchain interactions. These interactidmsn betasheets and alpHaelices(Figure18i

bottom right) The tertiary structaris formedwith the folding in of theprotein structurelue to
the intrachain interactiongigure181 top). Thisoccus in aqueous environments where aon
polar side chains minimize their interactions with watgfoldingthe structuren on itself.
Interchain interactions also play a role in disulfide groups from thiols;tesd interactions, salt

bridges with multivalent cations, and hydrogen bonds. The quaternary stigdtureed when
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the globules formedah the tertiary structures interact with each ofiégure1817 top left). These
interactionswveredue to hydrophobic, hydrogen bond, salt, and disulfide form§tibjn

Thesoy protein in its native stafquaternary structuyeoncealsalargeamountof the
active groupshat contribute t@adhesive bonding through disulfide bridges with thiols, polar
bonds such as hydrogen bonds and acidkbases as salt bridges. Denaturation can expose
these groups by unfolding the protein structora certain degre®enaturation breakfi¢
guaternary structurehich wasfollowed by the opening of the tertiary structure providing more
reactive sites cdributing to adhesive strength. Thevasa challenge in not destroying too
much of the tertiary structure as this improves the strength of the adHegiwee(81 top
right). There must be a balanoetweeran @en structure for reactive sites and a partially intact
structure for stability. This can be very challenging when working with soy flour which only

consists of about half proteifisl].

a Tertiary
uaternary
Denaturant
Added
— —
-

Native Folded Short Range
Protein Expansion

Primal
it 1 T Best

Adhesive

Secondary
B - sheet

a - helix

Fully Denatured Long Range
Random Coil Expansion

Figure 18: Denaturation of the protein structufél]

Soy flouralso containsoluble and insoluble carbohydrates. Insoluble carbohydrates play

a minor ple in strengthening the adhesive. The soluble siagarsadeup about 30% othe
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defatted soy flourTheyaremade up of glucose, fructose, sucrose, raffinose, and stachiyese.
soluble sugarplay a negative role in the use as an adhesive due toraasedn dispersion
viscosity, consumption of some of the crosslinker, and increase in water absorption which

softens the adhesive under high moisture condifibils

Adhesion theory

A background of adhesion theory was necessamnderstand the objectives entailed in
this workdescribedreviously Marra described the chalimk analogy with a bond only being
as strong as its weakest lif89]. There were three possible failure mechanisms with wood
adhesivesThe possibldailure points were in the adhesive itself, the wood itself, or the
wood/adhesive interface. Different zones associated with the wood and adhesive interaction were
identifiedby Marra(Figure19). The complicatios associated with the wood/resin interfaoere
also explainedRegion 1 represeetithe pure adhesive. Wasconsidered cohesive failure in this
zone, and the adhesiveasdeemed not acceptable if thimsthe point of failure. Regions 2 and
3 represerdd the adhesive boundary am@sconsidered not homogenous and hieginningof
the interphase region. Thigsthe point where the local properties Bedo change from that of
the bulk adhesive to the point where the local properties reflect that aflkhadherend40].
Regions4 and 5 represeadithe interface of the boundary layer and substrate. Wassvhere
the primary adhesive mechanisvasrepresented. The wood cells modified by the adhesere
represented in regions 6 and 7. Thasthe surface of the wood where repenetratiordrove
the mechanism. Regions 8 and/@reunadulterated wood. The adhesiasconsidered

acceptable if failure occred here[39].
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Figure19: Chain link analogy for an adhesive bond in w¢ad]

Thereare currentlyfive theories of adhesiomechanical entanglement/interlocking
theory, diffision theory, electronic theory, adsorption/specific adhesion theory, and the covalent
bonding theory13]. These theories can differ in their contribution to adhesion forces at the
adhesive/substrate interface as well as differ according to the class of adhesive studied.
Mechanicakentanglement/iterlocking theoryof adhesiorwasheavily influenced through
penetrationtherefore a certain amount of adhesive penetration in the first few shallow layers of
wood substrate was desirabBonded joint strength requddéwo parameters: intrinsic adhesion
and energy (viscoelastically and plastically dissipated around thettip mfopagating crack).
Mechanical interlockinglid not appear to be the main contributor to wood adhesion because
thermosetting resinserebrittle and cohesive by themseas].

Voyutskii [41]i [43] first promotedthe diffusion theoryof adhesionin the early 1960s
which statednutual diffusion of polymer molecules across their interfaagoolymeric resin
and a polymeric substrate (woo@hereweretwo requirements of diffusion: similar solubility
paraneter values and being amorphdus high degree of crystallinity teatb resist dissolving
in asolvent and there must be sufficient mobilfd3]. Woodwasnotahomogeneoupolymer;
it wasmade up of three polymershis meanthat thereverepossibly three different solubility

parameters witlthe resin. Celluloseascrystalline and amorphous while hemicellulose and
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lignin wereamorphous. Diffusioouldbe thought of as a molecular level of mechanical
interlocking, but a small molecular weigitasrequiredto flow in thewoodcell walls[44].

Anand et. al[45]i [50] statelt hat t he bond strengthdés depen
resin moleculaweightcouldbe explained by the effect of wetting of the substrate surface and
that diffusion does not play a significant role in bond formafidre authorbelieved the
increase in bond strengivasdue to an increase in interfacial contact. They beti¢he
mechanism of adhesion depedan the formation of secondary, van der Waals forces across the
interface of the adhesive and substfatésorptiofspecific adhesiotheory). Polymers thaivere
highly crosslinked (like thermosetting wood adhesivesd) @rlymers thatverehighly crystalline
(like wood celluloseyverehighly unlikely to exhibit interdiffusion as a mechanism of adhesion
[44]. The exception would be fiberboard whetevated levelsf moisture, pressure, and long
pressing time lower the glass transition temperature of ligmgmin would thenbe mobilized,
and interdiffusion between lignin polymessuld contribute to bonding fiberboard together
Secondary forces still appestto bethe primary contributors to adhesi¢gb3].

Deryaguin et. al[51]i [53] promotedtheelectronic theory of adhesion. Thesdikely an
electron transfer upon contact if the substrate and adHhesildifferent electronic band
structures promotingadouble layer of electrical chargestla¢interfacei contributing
significantly to adhesion. Weavgs4]i [56] claimedit wasa result, not a cause, of high joint
str engt h[§7] expeonertgisplayéda contributiorfrom theelectrical double layer at a
rubberglass interfacef about 16 mJ/nt i negligible to van der Waals forces at 60 ntJ/m
Electrostatic forcesieremore likely to occur in debonding rather than bond fornpy.

The adsorption/specific adhesion theolgimedthat an adhesive adher® a substrate

due to thentermolecular and interatomic forces between atoms and molecules of the two
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materialg13]. This was originally coined specific adhes[68]. Pizzi[13] termedthis
adsorption/specific adhesion theory budl haseparate covalent chemibainding theory.

The study of secondary bonds between resin and wasdoined the adsorption or
specific adhesion theory propétydrogen bonds, electrostatic interactioasd van der Waals
interactionsappeaedto play a role in wood adhesion. Electad&tinteractiongencedto be
repulsive and quitasignificant comparetb van der Waals and hydrogen bobhéswveerPF
and cellulose from the wood substréfable3). The dielectric constant of water was consadie
due to the residual moisture of wood. Pfd4] concluded secondary chemical bonds were the
dominant mechanism for bonding wood. PF to crystalline cellulose and UF to amorphous and
crystalline cellulose adhesion had been modelled as physicochemical adsorption due entirely to a
balance of attrctive and repulsive secondary forces at the interface of the substrate and adhesive
[59]i [62]. Similarity between these theoretical calculated results and experimental results
confirmed adsorption/specific adhesion by secondary forces was the most relevant mechanism
for wood adhesion.

Table3: Relative contrihtions (kcal/mol) of van der Waals, hydrogen bonds, and electrostatic
secondary forces to the adhesion of species from a PF resin to wood c§ll8]ose

Total energy
Van der Hydrogen of cellulose—
Waals bonds Electrostatic  phenol interaction
o-Monomethylol phenol -12.60 -0.23 0.64 -12.190
p-Monomethylol phenol  -10.77 -0.46 0.66 -10.567
0,0-Dimethylol phenol -10.45 -0.77 0.67 -10.550
o,p-Dimethylol phenol -12.47 -10.00 0.65 +3.119
PF dimers
0,0-Dimer -5.34 -1.75 0.77 -12.329
o,p-Dimer -7.00 -5.81 0.73 -12.080
p,p-Dimer -6.51 -4.37 0.68 -10.203

*Negative values indicate attractive secondary forces; positive values indicate repulsive secondary
forces.
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In primary bonds, the covalent chemical bonding theory was the prevailing theory
thought to be present with adhesives, but it was difficytréee. Under normal conditions,
formation of covalent bonds between an adhesive and wood substrates had never been observed
[63]. It was either not present or undetectable because there was a low proportion of covalent
bonds compared with oth bonds. Therefore, the author conchlitteat covalent bonding
between resin and woadaseither absent or negligible. PiZ4i3] showed that the methylol
groups of PF react much faster with the aromatic nuclei of the adhesive than with the nuclei of
the lignin in the wood substrate. MDI had bessumed to covalently bond with the hydroxyls
of the wood substrate, but Jolj68] concluded that there was no covalent bonding between
pMDI and the wood substrate due to the more likely reaction of MDI with water. The reaction of
isocyanags from MDI with water to form polyurea proceeded at 7.4 XL1thol ™ s?, while
hydroxyls from wood carbohydrates to form polyurethane proceeded at 21xri6l* s, and
aliphatic hydroxyl groups such &sfoundin lignin to form polyurethane proeded at 6 x 0L
mol?t st This demonstrated that isocyanates were more likely to react with water to form
polyurea rather than with hydroxyls from wood to form polyuretjéde MDI and water were
shown by Frisch et. al. to form polyurea which adhered toubed substrate by secondary
forces along65]. Therefore, the adsorption/specific adhesion theory was the primary tifeory
adhesion assumed in this work with wood adhesives due to primarily van der Waals forces and
occasionally hydrogen bonding.

The wood/resin interface had three stages of adhesion: bond forming, liquid to solid, and
durability. Bond formingvasdependentn thermodynamic wetting and rheological properties.
The adhesive should have lower surface energy than the substrate and must make contact on the

molecular level to form a bond. Penetratajrthe adhesive into the substrate welated to good

21



bond form@ion andwasthought to occur in wood either through the lumen or cell wall. Filling
lumens was the original concdpt]. Penetration in the lumen depexdan the viscosity of the
adhesive, applied pressure, temperature, and time. Penetration in the cell wall could occur when
the cell wallwaspartially removed or possibly through pits in the ¢adlthough this has not

been demonstratdd4]. High viscosityadhesivesnay not wet well especially with substantial
microroughnessf the substratfs7].

Wetting of the adhesivenustoccurbefore higher viscosity from solidificatiarf the
adhesivéhinderedthewetting. The liquid to solid stage of adhesion involved polymerization,
loss of solvent, and solidification from the melt. Durability involved théaleding process
whichwasdue to viscoelastic energy dissipation. This can occur in all portidhg pfoduct
(not justthewood-adhesive interface) amdasalso influenced through dimensional changes in
the wood44]. Adhesion theory was difficult to characterizespecially in the wood/resin
interface. This work focused on the adhesive in the bulk (cohesion) due to these complexities

characteding the curing kinetics of the wood adhesives studied.

Pressing theory

Several types of presseanbe used in the manufacturing of oriented strand board
(OSB): batch or continuous, steam injection, plate, and/or radio frequency orwanecheated
[68]. A Wausau lab and pilot scale hydraulic press manufactured for pressing composite wood
was used in this work becaus$e primary interestvasin a batch process with plate hegtin
Therewereseveral coupled physiechemicaimechanical phenomemaesent in the pressing
process, and there has been work performed modelling this complex process in batch conditions

[69]i [72].
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Pressingstrand boards primarily controlled by pressure and temperature for a specified
time. Heat and mass transfarethe main transport mechanism in this process. The heated press
platensevaporatd the bound water of the strands at the surface dunmgnitial stage of
pressing. This builup vapor pressure thdtovethe evaporated water to the cold center of the
mat. This vapor would thenondensén the cold mat centeffhe core temperatumeould
gradually increas and the water in the coveuld eventually vaporizeThe increased vapor
pressuravould thendrive the vapor to the surfacer outside boundargf the mat anexit the
mat[73].

This steam flow asdisd heat transport bwtvould subside as the water content of the mat
was depleted. The rate of moisture and heat transfer degendhe structurgeometryof the
mat and how itvasalteredduring the compressioA void volumeoccurs as a result of the
compression process and flaleogetrythat alwaysvaried andcreate a pathway for fluid flow.
Thermal conductivity, permeability, and diffusivity of the naa¢changing during the pressing
procesg73].

Variability exisedbetween othepressingprocesses because of these complexities, and a
simplified model was necessary to discover the specific control parameters (temperature,
pressure, and time) for proper transfer of heat to manufacture a composite board comparable to
industially manufactured boards. The density of the haata direct influence on the void
volume. A pressing procedure wadasterminedo beemployedfor experiments to form strand
boards for testing neat and soy substituted resins used in the process. Kluslwoonsidered
theaffectedcore temperaturdue to the variability ofhe density of the mabr board density
Volume of the finished board was held constant. Therefore, density was manipulated by

adjusting the total mass of the board.
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Contact angle and resin spread

This work studied contact angles of resin droplets with and without soy products
substituted into thenThe surface free energy of the solid and ithteraction energy between the
solid and liquidwere beneficial to this work but were deehmaitside of the realm of this study
due to the heterogeneity of the wood substrate (e.g. cellulose, hemicellulose, lignin, and micro
roughness)Therefore, a homogenous solid was used to minimize the effects of the interaction of
the solid and liquid orhe surface tension of the liquid. A glass surface was used because of the
relative smooth surface and nogactivity with the resin as compared to a wooden surface.
Contact anglesf the liquid resin and the effect of the contact angle with soy substitutethe
resin were related to the spread of the resin droplet. The resin droplet geometry was of interest
because of the application of the resin during the blending process was affected by the resin
spread of these droplets. A smaller resin spread wohiklit the coating of the strands and
thereforedecreaséhe coated strand contact area. Board density was also considered in the resin

spread study.

Thermogravimetric Analysis (TGA)

In thermogravimetric analysis (TGAhe thermal analyzer meassteeamount and rate
of weight change in materials as a function of temperatodér time in a controlled
environmentThe thermal analyzerouldbe used to measub®thphysical and chemical
changes in a sample by studying responses due to increasing temep@anstant heating rate)
or time (constant temperature or mass |§&4). Decomposition, oxidation and reduction, and
sorption/desorption of volatileouldb e det ect ed via a materi al 6s

reactiondue to thermal treatmenthe weight change during these reactions carolbrelated
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with different characterization of the material such as chemical structure, processing,-and end
use performancf’5].

Thiswork studiedTGA data toanalyzemass loss with a constant heating rate and mass
loss at constant temperature. The mass loss at a constant heatirigasites with and without
SF substituted into themasanalyzed to detemine anyvariationsin reactionkinetics TGA data
was also analyzed to determimewor missing mass loss events that could signify other
reactions between SF and the reS$inis datavasalso used in isoconversional kinetic analysis to
describe the curmkinetic relationship between spyoductsandthe resin bycalculathgthe
activation energy.

The mass loss dateasreferred to as TGA data throughout this work. This mass loss was
alsodifferentiatedwith respect to temperature awdsreferred to asetivative TGA (DTGA)
data throughout this work.

The DTGA data waanalyzedo definetemperaturgones of weight change events to
characterize specific reactions occurring duthéwmaltreatment. Théquid PFcontainedvater
to aid in wetting during irtrfacewith thewooden substrate. Although the samplesevacuum
dried, therevasan expected amount of water bound in the sample. This lgatavas expected
in the lower temperaturzone as well as low molecular weight monomersweatbeing
releasd from the resin.

The DTGA data was expected to show pestksertain temperatures representing the
maximum amount of weight loss occurring at that temperafime maximum weight change
thatoccuredat that temperatunepresented the maximum reactiateroccurring for that
weight loss evenfThis temperatureasreferred to as the DTGfemperatur@eak throughout

this work.
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[ 79]An example of this using TGA [d&G]a from PF
Differential Scanning Calorimetry (DSC)

The differential scanning calorimeter (DS&)alysis uses temperature maasnents of a
sample and reference which were used to calculate the differential heat flow. The following

eqguation was used for the DSC analysis performed in this work:

IV g Y Y QY Y ,
Y Y'Y ° %6 ° Qo 2,

whereq was the sample heat flogg Twasthe measured sample temperatdig hinus
measured reference tempera (T),  § wasthe measured base temperature of the sensor minus
the measured sample temperatlieTs), To wasthe temperature for the contr&, wasthe
reference sensor thermal resistam&ayasthe sample sensor thermal resistaeyasthe

reference sensor heat capacity, @s@vasthe sample sensor heat capacitye equation did not

account for pan heat flow effed&i].
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Even though DSC was described as the preferred analysis for reaction kinetics using the
Kissinger equation in the prior section due to differential da@getveredisadvantages tosing
DSC analysis for this work. The DSC instrument reqladermetically sealed sample due to
the release of volatiles from PF that could affect the sensitivity of the machine vidsestdl a
risk of exposure with the hermetically sealed pans simestandard TA pangereonly rated to
300 kPa of pressure or lower. These pans also rebusealler sample size whitdd to less
accuracyin the measurementsligher pressure rated pans (up to 10 MRa)emore expensive
andled tomore resistanci the pan wall due to its thicknegss stated before, the pan heat flow
wasnot accounted for in equatig®) used for the Q100 DSC.

The TGA thermal analyzetid not require a closed vessel for the material being tested.
As stated before, weight changes attributed to reaatiousl be usedilternatively Reusable

pans and ease of use aled to a larger sample siattaininghigher accuracy in the results

Fourier Transform -Infrared (FT -IR) Analysis

The FTIR spectrometeis used tabtain an infrared spectrum of the absorption or
emission of a solid, liquid, or gaBhis infrared spectrum can be analyzed to characterize the
chemical structure of a substandesolid samplevasanalyzedn most cases this work
Liguid samplesvereanalyzedvhen possible.

The dtenuated total reflectance (ATREcessoryasemployedn this work. Prior
publishediterature using FAIR analysis with resinsommonly used the ATR accessavkich
reflects the infrared beam off of the sam@ther than transmits the infrared beam through the
sampl€g82]. The machin@ised was PerkinElmer Spectrud00 FTIR Diamond ATR. This
allowedtheinfraredbeam to reflect off the sample rather than pass through itwidnks

analyzedhe spectra frorPF and pMDlkampleto observe peaks associated vitthctional
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groups SF substituted into PF and pMDI samplese also analyzedhe neat resin spectral
analyses wereompare to the soy substituted resin spectral analyses by meastheing
magnitude, area, and location pgassociated with a chemical structure. Varying thermal
treatments were employed to alhgales to analyze the polymerization reactions occurring in the

samples.

Phenol Formaldehyde and Soy Prduct Reactions

Prior published work has been performed on soy product substitution 84 B3]i
[86]. Wescott, Frihart, Lorenz, et. al. had shown the most promising application with soy flour
substitution in PF. They showed that the adhesive mechanism change occurred in the bulk
adhesive due to crosslinking between the SF anidd®Resion. The soy flouequired
modification through denaturation followed by exposure to formaldehyde. The mixture was then
subjected to phenol and more formaldehyde in the synthesis of the soy flour substituted resin.
The soy flour likely reacted with the excess formaldehytlerahan the methylated phenol
present in the PF resin. The authors also noted that the possibility that the soy flour being trapped
in the PF crosslinking network could not be ruled[dd{, [34], [84], [85], [87]

Kuo, et. al. showed work with a modified aqueous soy flour with a crosslinking agent
added to itOne possible crosslinking agent described was PF, but the PF had to be conditioned
to a neutral pH instead of an alkaline pH whidgistypical for commercial PF resins to extend
pot life. This treatment had also assumed longer curing times than wha¢eded for industry
performancé 10 minutes compared te2minutesof press timdhat wagdypical in industry.

There was mention of shorter press times (7 minutes) by implementing a powder form of the
soybearbased adhesive, bobstlyfreezedrying or gray drying was needed. The

formaldehyde:phenol ratio of the prepared PF used in the Kuo, et. al. work was also very high
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(2.4:1) which increased the formaldehyde content of the finished product. There was likely a
reaction with excess formaldehyde methiyig the soy flour as was described in the Wescott,
Frihart, Lorenz, et. al. worKL1], [34], [84], [85], [87]instead of the reaction describedKyo,

et. al.between methylated phenol and soy flour. The blending process also required a 7%
adhesive loading (dry weight basis) of the soybeased adhesive resivhich was compared

with a lower 5% adhesive loading of commercial PF resin. Both adhesive loadings were higher
than typical adhesive loadings used in industr¥&). The wood flakes also had to be dried to
about 6 weight percent moisture due to the extater in the soybeabased adhesiVje7].

This work diffeedfrom the prior published works in thatiitcorporatediefatted soy
flour with a commercial PF in the strand board forming process.vldga more industry
friendly approach. The existing materialereused (commercial PFand therevould be
minimal new equipment needed since the soy ftmuid beincorporatediuring the blending
process. Therasa decreased cost involved with this work due to no pretreatment of the soy
flour and the use of the cheaper defatted soy .fldacreased pot lifalso occurs with the
pretreatment of soy produasd their incorporatiomto the PF resin before the board forming
process.

The hypothesis for the work with phenol formaldehyde (PF) and defatted soy flour (SF)
was that SF chemicalipteracedwith PF to modify the overall adhesive in the bulk (cohesion)
to a higher degree than the wood/resin interface (adhesion). Frihart, Wescott, Lorenz, et. al. had
shown that SF crosslinked with PF and assumed the chemical interaction occuurgl thro
amino acid side chains in the soy protein becoming methylated due to reaction with
formaldehydd11], [34], [84], [85], [87] One likely reaction pathway would involve a

methylated soy protein to react with free ortho and para sites in phenols and methylol groups
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from PF. Another possibleondensatiomeaction pathway would involve methylene linkage or

ether linkage with hydroxyls from the soy protein reacting with either an open site or a methylol
group on a methylated phenéligure20). Another possible condensatigeactioncould occur

between both methylol groups from soy protein and PF (methylated phenol) to form a methylene

bridge or an ether bridg&igure2l).

HO HO
HO OH
HO OH OR —_— y
);—( + 3 N, +  HO
0 NH,

Serine Methylene Bridge

Figure 20: Possible reaction beten serine from soy protein and PF forming methylene bridge

OH OH

HO o) OH
HO OH HO — )/._(_
H + 4 NH, + HO
0 NH,

Serine Ether Bridge

Figure 21. Possible reaction between serine and PF forming ether bridge

Verifying or disproving this hypothesis eithesrroboratedhe assumption that PF and
soy flourcrosslink during the curing process as had been suggested in prior published work or
refuted the hypothesis thereby showing little to no crosslinking between PF and SF under the
conditions set forth in this work. In the case of disproving the hypottiesigrimary adhesive
mechanism altered due to SF interactioth?F would be assumed in the wood/resin interface.
Therewereonly two possible mechanisms that could be altered due to adhesive modification
adhesion or cohesion (a failure in unadulteratedd was not considered since themesno

adhesive interaction).
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Verifying or disprovingthe hypothesig thiswork expanded on the knowledge of the
interaction with PF and SF. The scientific community caunftploythis knowledge to better
engineer soproducts designed to interact with PF. A modification of PF could be engineered to
better interact with the SF during the pressing process. Verifying or disproving the hypothesis
would also aid in showing how soy product substitution could influence gelharither
crosslinking in the bulk or interactions in the wood/resin interfaiger modelling studies that

had been published with wood adhesigesld be used with this dafa3], [88], [89].

pMDI and Soy Product Reactions

There has been little past published wmidorporatingsoy products with pMDI and
most have used modified soy products. Amaeat, et. al. used glyoxalated soy flour with
tanninand pMDI. This process decreased the amount of formaldehyidedrporatingglyoxal
to functionalize the soy flour, but this soy flour was not a defatted soy flour (25.4% [gids)
Zhang, et. al. shoad work using denatured SPI and small amounts of MDI in resin
formulations, but this required the higher protein containing SPI and modification fi@Qjise
[91]. Zhong and Sun worked with SPI, polycaprolactone, and very small amounts of MDI (up to
5%)[92].

This work diffeedfrom the prior published works in thatiitcorporatediefatted soy
flour with a commercial pMDin the strand board forming process in a similar fashion as the PF
and SF in this work. Mvasalso more industry friendlglue to using existing resins and minimal
equipment upgrade3 herewasalso a decreased cost involved with this work due to no
pretreatment of the soy flour and the use of the cheaper defatted soy flour. Decreased pot life was
also considexd a disadvantage to processesing soy products witlthe pMDI resin before the

board forming process.
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The hypothesis for the work with pMDI anéfdtted soy flour (SF) was that SF
chemically interagdwith pMDI to modify the overall adhesive in the bulk (cohesion) to a
higher degree than the wood/resin interface (adhesion). A possible reaction pathway between
pMDI and SF would involve urethane kiage due to the isocyanate group from pMDI reacting
with a hydroxyl group from SF. This hydroxyl group could come from numerous sources in the
SF (i.e. proteins or carbohydrates). A possible reagt@syiven inFigure22 as an example
with one of the amino acid side chains, arginineidsnot considered to be the only reaction
occurring to produce urethane linkage in this work. Another possible reaction pathway between
pMDI and SFcouldinvolve urea linkage dut® the isocyanate group from pMDI reacting with
an amine group from the SF. Again, a possible reagtasyiven inFigure23 as an example
with the amino acid side chain, serine, bwtaisnot considered the onhgaction occurring

between pMDI and SF.

(0]

HoN"SNH

Arginine polymeric MDI Urea linkage

Figure 22. The reaction between a primary amine of arginine and polymeric MDI

Urethane linkage

Serine polymeric MDI

Figure 23. The reaction between a hydroxyl of serine and polymeric MDI
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Verifying or disprovingthe hypothesisvith pMDI and SF like the PF and SF work,
would corroborateghe assumption that pMDI and soy flour crosslink during the curing process as
the primary mechanism @vould refutethe hypothesis thereby showing little to no criokshg
between pMDI and SF under the conditions in this work. In the case of disproving the
hypothesis, the primary adhesive mechanism altered due to SF interactipividithvould be
assumed in the wood/resin interface.

Verifying or disproving the hypotlisés in this work expanded on the knowledge of the
interaction with pMDI and SFThe scientific community coulemploythis knowledge to better
engineer soy products and pMDI for use in the strand board forming process as well as better

model the pressingrpcesssimilar tothe PF and SF work.
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Chapter 2: Screening Experimental-8pt

Introduction

Experiments werdesignedo testthe hypothesegertaining toSF substitution in
syntheticwood adhesives and pressing conditions. Initial experimentsregueedto verify
testing methods tproperlycompareSF substituted resins with their neat resin counterpakts
lap shear test was conducted to observe the effect of soy protein on phenol formaldehyde without
the complexities of the strand board proetliStrand board formation was involved with most
of the experiments in the first phase of this work. Proper strand board formation was required to
compare the resiné temperature profile experiment was performed to model the heat and mass
transfer to tk center of the mat during pressing so that control parameters could be determined
for best pressing conditions. Strand boards wesaformed at differing densities to determine
the effect of either neat &@Fsubstituted resin on flexural strength anodulus. Contact angles
were measured telatethemto droplet geometry and thusly resin spread of neat and soy
substituted resins. Finally, a design of experiment was performed on stransltboasghsure
the modulus of rupture and elasticity and its @ffeom varying soy substitution and total

adhesive loading.

34



Experimental

Materials

The liquid phenol formaldehyde (aqueous) used was a commercial GP® 240C11 RESI
STRAN® intended for bonding Oriented Strand Board (OSB) supplied by Louisiana Pacific
Corp. hat was used in all experiments using liquid PF (Tabl&Hg.powder Phenol
Formaldehyde (PF) was a GP 190C80 Woodweld® intended for bonding Oriented Strand Board

resin supplied by Huber Corp. that was used in all experiments using powder PF.

Table4: Properties of Phenol Formaldehyde Adhe$8&

- Liquid PF
Characteristics Adhesive
Appearance red to brown
Specific gravity 1.21
pH 10.6
Boiling point 100 °C
Solids content 52%
Egittaefr(])trmaldehyd( <0.1% byweight

The polymeric methylene diphenyl diisocyanate (pMDI or MDI) usedM@dDUR
541, Materials #: 521214énd supplied byBayer Material Science LLOVoisture content was
assumed zero for mixing applications. All uses of the acronym Wid¢intendedto refer to
polymeric MDI unless specifically notédthis includes the use of neat MEgferring toneat
pMDI.

Soy protein isolate (SPI) was used in the form ofdtie 4200 soy and was donated by
Solae LLC. SPI contained about 90% prot¢#®]. Moisture content was assumed zero for

mixing applicatims. Defatted soy flou(SF)was provided by Archer Daniels Midland. This soy

35



flour was labeled 7B meaningvitasminimally heat processed and most nearly resembles the

native defatted raw soybef@v]. It was labeled as having a very fine griBay protein

constitutes about half of the mass of soy fl@8]. Moisture content was assumed zero for

mixing applications
The emulsified wax (aqueous) used was a Hexion Beg&al(TM) FMHXD and was

provided by Huber Corp. Solids content was reported as Wi8éd strands were supplied by

Huber Corp. and taken from storage in the Forest Products Laboratory at Auburnitynivers

These were Southern Yellow Pine variety or more specifically, loblolly pine (Pinus taeda).
Wooden laps were cutfromlb |l ol 'y pine (Pinus taeda) 20X/

Lowebs Department Store to be usedutdcaordihghe | ap

to standard DIN EN 205 with the dimensions 80 mm long, 20 mm wide, and 5 mmabjck

Lap Shear tests

Lap shear or tensile testing is a method of testing an adhesive by pulling bonded laye
apart along the plane of adhesion. Lap shear tests were used to find the tension at maximum
force of the adhesive. The tension was an indicator of the adhesive strength when the test was
performed properly and could be used to calculate the shear atitbe adhesive. These tests
were performed to characterize the strength of the adhesive with and without soy protein
substituted. A higher protein containing soy product, SPl,usadto focus on the effect of
protein on the adhesive and negate theatsfof other components of soguch as
carbohydrates.

Wooden laps were used in lap fashion to hold the adhesive during the shear test. The
wood samples were cut according to European standard DIN EN 205. The standard DIN EN 205

was used because of thaaler lap shear overlap area, or glue line, compared with other
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standards (10 mm X 20 mm). The smaller area decreased the possibility of wood failure which
increased the possibility of total adhesive failure for better test r¢8bits

The wood specimens were cut so that the grain was parallel to the length to ensure
complete failure in the adhesive only. All laps were conditioned at 65% RH and 22 °C. The
dimension for the overlap area to where the ashesould be applied was 20 mm wide by 10
mm long(Figure24). 0.05 g of the resin was applied to the overlap area on a wooden lap. This
equated to 125 g/adhesive loading. Another lap was pressed on the ovamapto distribute

the adhesive evenly over the area of both laps. The laps were then wrapped with aluminum foil.
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Figure 24: Overhead (left) and side (right) view of lap shear sam|@18k

Lap shearamples were then pressed in a 23 cm x 23 cm regpsre25) with platens
heated td.50°C and 1.38 MPa for 10 minutes. The gauge pressure was calculated with the

following equation.
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The area of the piston was calculated with a 47.6 mm diameter piston, and area of the sample
was calculated as the total overlap area of 6 sampt&8rfix20mm). The gauge pressure was
calculated at 13f/in?. The samples were then put into a mechanical convection oven at 100 °C

for 4 hours to cure the adhesive.

Figure 25: Press used for lap shear samples

This cured sample was therountedn a material testeA shear forcevas therapplied
to the lap shear sampietended to test the shear strength of the adhesive. The lap shear test was
performed on a Zwick/Roell Z010 Static Material Testing Machine. The samples were loaded
vertically with a grip to grip separation of 90 mm. The rate of traverse used was 6 mm/min. The
operation of the equipment and the analysis of the data was performed by the testXpert® Il

software.
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Figure 26. Zwick Roell static materigkesting machine with a lap shear sample

The adhesivehearstrength of the resin mixture for the wettdwood system was found
by measuring the shear stress by the singlsiaar method and compared with that of untreated
phenol formaldehyde resin follang standard DIN EN 205. The shear stress was found by the

following formula:

T — (4),

whereUrepreseradthe shear stresBmaxrepresergdthe maximum forcéhatthe sample

underwentandA represergdthe adhesiveoverlap are§95].

ResinContactAngle Measurement

Contact angles of the resin were measured to describe the droplet geometry. This
experimenprimarily focused on thmeasurement of thmontact agle of the liquid PF resin and
its effect with soy product substituted into it. This information neededo describe thdroplet
application during thélending process, but more importantly it was needed to describe the resin

spread during the pressipgocess.
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An experiment was set up teeasurghe contact angle of resin droplets with and without
soy addition to liquid PF resin. Thobjective of the experimemtas todescribea relatiorship
between contact angle and resin sprdam resin spread wasvestigated due tibs influence of
adhesive application whiclkias assumed tthange during the pressing procdes tohigher and
lower boarddensities. Contact angles of resin droplets on glass were measured by the sessile
drop method with PF resin camiing 310% ProCote. The sqgyroteinisolate (SPI) was used in
place of soy flour to remove the contribution of undissolved material to surface roughness.
Ideally, the base surface should be wood, but the effect of ProCote on the contact angle was
expectd to be smalland surface roughness and the inhomogeneity of wood would add to
measurement uncertaini96], [97].

SPIwasadded to PF at a rate of 10% SPI substitution in the PRygightbasis). The
mixture was mechanically stirred with a glass stirring rod until visually uniform and
homogenous Ap pr o x i mafadhdsiyavastle drapphed oaglass slide with a micro
pipetin the sessile drop fashioimages were taken with a higbslution camera. Contact
angles from both sides of the drop were calculated with Drop Image software. The slide was

cleaned with acetone between each samdptetal of 25replicates were taken for each group.

Adhesive mixing

Ligquid PF and soy flour or sqyrotein isolate (SF or SPI) were weighed out according to
their representative dry wt. % for the total adhedwigtures were labeled throughout this work
with the amount of sogroductsubstituted in them: dry wt. s@yoduct(SPI or SF)/total dry wt.
resin (PF and soproduc). The soy was added to the PF, and the liquid PF mixtures were
mechanically mixed in a glass beaketh glass stirring rod until the sample was visually

uniformand homogenous
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Strand Board Forming

The Wausau lab and pilot scaledngulic press manufactured for pressing composite
wood was used for all pressing of strand boards. This m&sssed for batch processes and
usal heated platensgngredients were gathered by calculating the percentage dry weight of the
total product. Wod strands were dried at 100 °C until the desired moisture content of the strands
was achieved (~80%).

Thereweretwo methods used in this work for the adhesive application onto the strands
or blending step. The first involdgutting enough strands fowt boards in a largelastic
garbage bag and distributing the adhesive (liquid or powder) unyfannto the strands. The bag
was then closed and shaken until the adhesive was distributed onto the strandasiiéfesred
to as the fAbagtthepaget. hod t hroughou

The other method involekusing a concrete mixeFigure27) and a paint sprayer.
Enough strands for two boards were deposited into the cement mixer and covered with a vinyl
covering to reduce sprayifir A paint sprayer was then used to apply an emulsiiaxdwhile
the chips were tumbled in the concrete mixer. The wax was applied at 1% dry wt./dry total board
wt. This step was skipped for experiments not using wax. The adhesive was bppliedn 2%
and 6% dry wt. adhesive/dry total board wt. This percentage application was referred to as total

adhesive loading andasspecified in each experiment.
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Figure 27. Cement mixer used for adhesive applicafi@|

Liquid resins were applied in short burgtngthe paint sprayer evenly over the strands

as they were tumbled in the concrete mixer. Dry resins (e.g. powder PF) were applied while the

mixer was stationary for safety reasons. About a fifth epttwderresin wa distributed evenly

over the strandsach time the mixer was stopped. The mixer almsved to tumble the strands

for approximately 1 minutbetween each application of powder resine &pplicationprocess

was repeated until all resin was applied. Theanwas allowed to tumble the strands for

approximately another 10 minutafter all resin was appligd ensure full distribution of either

liquid or powder resin. Thiwasr ef er red t o as the Aconcworkt e mi X
The coated strandsgere then transferred to a forming bé&igure28i left) placed on a

metal sheet and distributed evenly in the box. A board with the same dimensions as the inside of
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the box was pressed on top to compthesnatand test the distributioof the stranddf there

was not a uniform distribution, strands were redistributed in a way to compensate for a better
distribution.When the strands were distributed evenly, the board was pressed onto the strands
again while tle forming box was lifted. The board was taken off, and any fallen strands were
placed ortop ofthemat Another metal plate was then placed on top of the other plate
Asandwichingo the formed strands betwehen t he
strands and metal plates in the cases of pMDI resiaisl tim the releasef the boardrom the

metal platesfter pressing. The formed strands were then pressed between the two metal plates
in the Wausau hydraulic predsigure287 right). Two metal bars were used on either side of the
pressed strands as guides to maintain the targeted thickness of 11 mm. The temperature of both
platens of the press was 204 with a total pressing pressuwsefficient to reaclhhe thickness

guides. A pressure settiing 2.0 MPawasusedto ensure the mat was compressed enough to

reach the guide§ arget density ranged from 0.48 to 0.64 ¢/6on total board weight. The press

time varied from 2.5 to 4 minutes.

Figure 28. Forming board (left), 21 cm X 31 cm. Wausaess used for strand board pressing
(right)

The fisandwi chedo met al pl ates were then ta

taken off The formed board was taken and weighed. Thagit was compared with the
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expected weight for the target denstgce all volumes were the samaljustmentsn density

were made to next samples if needed. These boards were then stacked on top of eadhether as

cure still proceededrhe samples werleft stacked for 24 hours since stacking them inhibited

heat loss that aided in further curing e f er red t o as fAhot stackingo.
The sample boards were then cut into samples for testing according to ASTM-IXL037

Density was calculated for all cut sanmgpley measuring mass, length, width, and thickness

according to the standajti0]. An example of cut samples can be seen in the following figure.

Figure 29: Testing strips cut from strand boards

Strand Board Testing (ASTM D1032)

All cut samples were tested according to the ASTM D103 8tandard10]. The
Zwick/Roell Z010 Static Material Testing Machine was used to test physical properties unless
otherwise stated.

Strand boardamples referred to as wet boards were soaked #ho@#s continuously
(method B) according to the ASTMID3712 standardThe samples used for thickness swell
(TS) and water absorption (WA) were cut in £532 mm sections and laid horizontally while
soaking. The samples used for wet MOR and MOE were cut according to the testing method and
laid horizontally vhile soaking. Water was maintained at a level of 25 mm above the specimens

while soaking10].
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Thicknessof the strand boardlas measured at four pointsdway along the board (one
on each side) 25 mm into the board using a caliper before and after the soak. Weight was also
recorded before and after the soak. Samples were allowed to drain on a rack for 10 minutes after
the soak before wet measurements waker. Thickness swell was taken as the difference
between the average thickness before and after the soak (%). Water absorption was calculated as
the difference in mass before and after the soak (%). Wet MOR and MOE samples were tested
after the 1@minutedrain[10].

Standard ASTM D10372[10] was used to gpare thestrand boargamples and
perform the tests tmeasurehe flexural strength and flexural modulus of the boards. Flexural
strength and modulus of rupture (MORgreused interchangeably in this wdrkcause they
represent the same measurem8iilarly, flexural modulus anflexural modulus of elasticity
(MOE), or modulus of elasticityverealso used interchangeably in this work.

The samples were loaded with longer strands facing down to ensure maximum breaking
force was achieved. Modulus of rupt and elasticityveretested on the Zwick/Roell Z010
Static Material Testing Machindhe MOR and MOBRwverecalculatedrom oneexperimental
runduring a thregooint bending test described in detail later in the chapteexample of a

sample being testefor MOR and MOE can be seen in the following figure:
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Figure 30: Strand board testing strip being tested in the Z010 static material tester

Dry samples were referred to as dry MOR and MOE and were not subjected to any
soaking teatment. Wet samples were also tested and specified as wet MOR or MOE when
performed. Samples were soaked according to tHa 8¢aking method describatbove TS
and WA measurements were takeriore MOR and MOE testgereperformedWet boards
were tha tested in the same fashion as dry MOR and NIIDE MOR was calculated using the

following equation:

oo O
Y - 9),
o) ()

whereb wasthe width of the specimen (mng wasthe thickness of the specimen (min)yvas
the length of span (mMPmaxwasthe maximum load (N), ang, wasthe modulus of rupture
(MPa)[10].

The modulus of elasticity (MOEBYyasa measure of stiffness. By measuring the MOE,
one can characterize the deformation that the sample has. Highesih@& plastic
deformation while lower MOE shows elastic deformation. Higher M¥Edesired in wood

compositesMOE was calculated using the following equation:
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B ©),
whereqp P / wagthe slope oftie straighdine portion of the loadleflection cuve (N/mm) ance
wasthe modulus of elasticity (kP§)0]. Calculations for MOR and MOE were performedtig
testXpert® Il software.

Internal bond wameasuredccording to the ASTM D103%2 standard and described as
a tension test perpendicular to the surface of the specimen. Samples were cut 50 mm square.
Aluminum blocks were glued to each of the squacedaf the specimen. The sample was then

loaded into the loading fixture on the Zwick/Roell Z010 Static Material Testing Machine for

testing[10]. An examjte of the fixture schematiasan be seen in the following figure.
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Figure 31: Detail of specimen and loading fixture for internal bandasuremeritL0]

The internal bond was calculated using the following equation:
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wherelB wasthe internal bond strength (MP&axwasthe maximum load (N)a wasthe width
of the specimen measured in dry condition (mm), @nasthe length of the specimen measured

in dry condiion [10]. Calculations were performed by the testXpert® Il software.

Design of Experiment: vagdhesivdoading andSF

A design of experiment was perfoeohby varying the total adhesive loading and
substituted SF in the resin. The objective of the experiment was to test whether more adhesive
present in the mat influenced the strength and stiffness of theibeapecially in wet
properties. An optimum opating range for adhesive loading with and without soy substitution
in the resin was alsteterminedn the process.

The BoxBehnken Surface Response design of experifi@ivas used as opposed to a
full factorial design. The BaBehnken design focused on the midpoint of operating parameters
which carried an advantagéhen operating at high or low conditiowhich wmuld be detrimental
to the process (e.g. operatingaatelevated temperatundnich could degrade the equipment). It
was also useful in cases of difficulty in producing a high number of samples neededlifor a f
factorial design.

The higher board density of 0.64 g0 Ib/ft®) was chosen because it was normally
used for specialty boards requiring higher physical characteristics in manufacture of OSB. The
0.48 g/cm (30 Ib/ft®) density was chosen for the lemrange because a higher void volume
would occur in the wood structuleading to dimensional failure of the boaildhe adhesive
loading low range of 2% (dry wt. adhesive/dry wt. board) was used because this was the lower

limit used in industry. The uppeange was used because 6% had been used in some works but
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was typically lower in the industry. The soy substitution upper range of 10% was used because
prior tests showed that wet properties would fail without wax addition when compared with the
control AF (0% soyi lower range)The following parameters were used in the design:

- Board Density: low0.48 g/cni (30 Ib/ft3), mid-0.56 g/cni (35 Ib/ft3), high-0.64 g/cnd
(401b/ft3)

- Total Adhesive Loading: lov2%, mid4%, high6%

- Soy Substitution: lowd%, mid5%, high-10%

Liquid PF andSF substituted into liquid Piere used as the resins for this experiment.
Dry and wet flexural strength and flexural modulus waeasureds the response. The boards
were prepared according to thiendingprocedure describeast he fAbago met hod.
boards were tested according to the methods described in the strand board testing procedure.
The BoxBehnken Surface Response design of experimenfashfonedaccording to
the work of Myers and Montgome[99]. Therewasa total of 30 boards formed with 13
variations of parameters (6 boards wiemened with all midpoint parameters). The design layout

was randomlyisted using Minitatsoftware,so the samples could be tested without bias.

Temperature Profile for Strand Board Pressing

A pressing procedure was required in the development of theiegoeal design which
involved forming strand boards for testing neat and soy substituted resins. There were several
coupled physica&chemicalmechanical phenomena present in the pressing process, and these
were primarily controlled by pressure and tempegafor a specified time.

A simplified model was necessary to define the specific control parameters (temperature,
pressure, and time) for proper transfer of heat to manufacture a composite board comparable to

industrially manufactured boards. The densityhe board formed had a direct influence on the
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void volume, or the space between strands. The temperature profile experiment applied the core
temperature affected by the density of the mat to describe the heat transfer during the pressing
process.

A strand board sample w&srmedwithout adhesive added. Three densities were
employed 0.46, 0.53, and 0.60 g/émA temperature probe was inserted into the center of the
strands. The sample was then pressed while the temperature was recorded at intérvals of 1

seconds.

Results and Discussion

Lap SheaExperiment

The first experiment involved a lap shear test using soy protein isolate (SPI), which has a
protein content higher than soy flour (~90% versus ~50%), substituted into liquid PF. It was
observed that #130% soy substituted into liquid PF was thick compared with the other
formulations although viscosity was not measured. Soy protein substitution in phenol
formal dehyde has been shown to incr(#4pEe t he
thickness of the PF with the added smscause for concern as thevasa viscosity limit on
spinning disc atomizers used to distribute the adhesive in the manufacturing blending process.
Wescott and Frihart also descriteny-based resins as thixotrog®4]. The thickness observed
could be misleading as the high shear of the atomizensi lower the viscosity enough to be
used. Temperature raualso be considered as higher temperatuesslikely to lower the
viscosity.

It was expected that ti&P|substituted resins would have equal to higher shear stress

than SF substituted resibhecause of the higher protein content. It was also exptéaethe
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heat from the lap shear press as well as the water content from the liquid PF would hydrolyze the
soy protein tancreaseadhesivgerformance
The following figuredisplaysthe shear stress measured from lap stesasusing neat PF

and SPI su&tituted into PF at 10, 20, and 30%.

Individual Value Plot of Stress (M Pa)
95% Cl for the Mean

Stress (MPa)

Soy %

Individual standard deviations are used to calculate the intervals.

Figure32: Lap Sheer stress of PF (control) versus different percentages of SPI substituted into
PF

This initial test showed an improvement in shear stress of about 80% with just 10% SPI
subgituted into PF. There were not any significant increases in strength with additional soy
substituted.

This supported thassumptiorthat soydid hydrolyzefrom the heat from the press, but no
significant increasef shear stress was obserweith higherSPI substitutionghan 10%In the
case of affecting the wood/resin interface, perhaps thase limit to the ingress of the adhesive
which was met at 10% SPI substitution affecting the adhesiveness to the wood sUitsgrate.

prompted nore experimentatn necessary to confirm this.
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Temperature Profile for Strand Board Pressing

An experiment was performed to measure the temperature of the center of a strand board
being pressed as a function of time and density. This experiment was perfommeakto¢he
time needed to reach full vaporization of the water irctrger of the madetermined at
different densities. An optimum pressing temperature of°CA@as been reported by Lee, et. al.
for a continuous press the manufacture ddSB[100]. This temperature was also obserired
the temperature profile experent

It was expected that the lower density woinlckeasan temperature at a higher rate than
the higher densitmatsbecause of the lower magbwater It was alsexpected to obsena
plateau of the temperatuchange with respect to tintkeie to thevaporization of water in the
board to stearfreferred to as plateau temperatutejvas also expected that this plateau
temperature would be slightly above I@due to theressure exhibited on the strands from the
press.

The pressed mat reached vapation temperature at about 80 seconds after pressing for
all densitiesFigure33). This was not expected. The higher densities contained more wood and
water mass. Water flashed to steam at the surfaces, and Vegloe pressures transferred heat to
the center of the mat. The high density mats contained more water. Therefore, more water could
transfer more heat as steam increasing the heat transfer at a higher rate. This higher heat transfer
could increase the tgrarature of the high density mats at approximately the same rate as the low
density mats. This was ruled out because of the behavior of the temperature increase of all
boards after 80 seconds. It was suspected that the time intervals of 10 secondsthetween

temperature measurements were not sufficient in detecting the differences.
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Figure 33: Temperature profile for low, medium, and high density strand board

Thevaporization temperature maintainedor a brief period of time Wile all waterin
the matwasconverted to steam. The temperatuwseagain signifying that all watdradbeen
converted to steam aftdre following times for each densitgbout 10 seconds with the lower
density of 0.46 g/cfy about 100 seconds with theedium density 00.53 g/cni density, and
about 160 seconds with the higher density of 0.60 §/cm

The high density (0.60 g/cinhada plateau temperature of about 2CAwhile the
mediumdensity (0.52 g/cf) maintaireda plateau temperature of about 2@ Theminutetime
intervalfor the low density to vaporize the water prohibited an observed plateau temperature, but
it wasexpected to be slightly lower than tiiediumdensity plateau temperature. These higher
temperatures for higher densitiwsrerelated to the amount of wood mass in the samples

causing a higher pressure from the press to reach the guides that controlled board thickness.
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Overall, thetemperature profile analysis of the range of board densities sstectd
that 4 minutes pressing tevat normal pressing conditionsssufficient to vaporize all water
even in the high density boards. The low density board reached th€ dplimum pressing
temperaturafter 4 minutes of pressirtpscribed by Lee, et. H100]. The time at which the full
vaporization occurred was the point deemed sufficiemnfull curing The pressing time of
minutes was not long enough for the higher density boards to reach the optimum temperature of
140°C, butthe temperature contindé¢o climb in the center due to the higher temperature of the
surface layers. The suda layer cannot be maintained at 2@4or an extended amount of time
due to adverse effects of the adhesive degradation (temperature confifita4l work) and
discoloration of the wood strandehe pressing time used for all future experiments usingdiq

and powder PF famediumto high density boardsas therefore determined to be 4 minutes

Comparison of different densities with 5% soy substitution in liquid PF

After determiningthe temperature profiles due to differing densities and the press time
needed for curéor lab made strand bogrdnother experiment waesignedo observenow
board strength was affected withuid PFwith and without substituted soy at differing densities.
Theobjectiveof the experiment was to find the correlation betwaemsity and MOR and MOE
using a control PF and a 5% soy substidiRF. Strand boards wecenstructedat differing
densitiesof 0.51, 0.55 and0.58 g/cr.

The correlation between density and the flexural strength and modulus of both the control
and 5% sy substituted liquid PF was analyzétigure34). It was observed that flexural strength
and modulus both trended positively with increasing density which was expected. At lower
densities the control PF and 95/6/8F appear comparable. The trend lines of each adhesive can

be seen intersecting at about 0.51 ¢loAs the densityf the boardncreased there was a
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increasingrendof both flexural strength and modulus observethencontrol PF than the 95/5

PF/SF.
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Figure 34. Flexural strength (left) and flexural modulus (right) of different density strand
boards made with a control liquid PF and 5% soy substituted into PF

One possible explanatiamasthat thereveretwo different modesf failure thatoccured
at lower and higher dengiboards As mentioned before, adhesive or cohesive failure could
dominate as a primary mode of failure. Adhesive failure occurs at the wood/resin interface while
cohesive failure occurs in the bulk of #hehesivg101].

It wasbelieved that the form of failure at the lower denbibardsvasdue to adhesive
failure due to the wood/resin interface and cohefgilere in the higher densities. It was
observed that the soy substitution thickethe liquid PF to a certain degree which could affect
resin droplet geometrgffecting theresin spreadf the resinn the strands when pressed. The
density would have amfluence orthe manner in whickhis resin spread occurradigher
density boardsgvould inhibitresin spreatb a degree ithe resinrwas thicker. The lower density
boards allowedfor the thicker soy substituted resinsetdibit increased resigpread ad
thereforecoatmore strandsvith adhesivg101]. This prompted anoth&xperimento

understand the resin droplet geometry.
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Resin Contact Angle Measurement

The next experiment examined the contact aafjthe resimand its relation to resin

spreadThe experimenivasdesignedo measure the contact angtd neat PF and soy
substituted into PEo establish a relation to the resin spread and how soy substiaitected
that A homogenous surface wascessary to contrtthe variability and accuracy of the
comparison measurementisus,a homogeneous glass surface emagployed A wood surface
introduced experimental errdue tosurfacemicro-roughness and aterogeneous interface
(cellulose, hemicellulose, and lignin components)

The following figure shows the results of the contact angle measurement performed on neat

PF and 90/10 PF/SPI superimposed on an example image for each.

PF droplet 90/10 PF/SPI droplet

Figure 35. neat PF (left) and 90/10 PF/SPI (right) droplets on glass slides with mean contact
angles for each showwith standard deviations

A substitution of 10% SPI in PF showed a 17% increase in the contact angle of the resin droplet
on glassThisincrease in the contact angl@smost likelyan artifact ofan increase in viscosity.
Wescott and Frihart showed a dramatic increase in viscosity when soy flour was substituted into
PF[84]. This increase iniscositywould reduce resin spredmkcause viscosity is the resistance

of a liquid to flow This redution in resin speadwould inhibit the bonded area between

adjoining strandsTheresin spreadvould likely change due to higher temperatures which would

be the case during pressideverthelesghehigher trends of the PF/SPI should be maintained.
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The blending processas also performed at a lower temperature to which the resin droplets
would be applied to the strands.

If the slopes of the trending lines in the differing densaieobservedFigure34), the
meaning becomesearto the findings from the contact angle experiment and its relation to resin
spread. Contact area between strands at low densdgelatively low inducing a lower
applied pressure. Resin spremaslimited because of this lower applied pressure. §thength
of the composite comes from the resin itself present at the points of contact between the strands.
When the density increases, ther@smore contact area between the strands which inadé¢ase
applied pressure increasing resin spread. Theldustituted resin spreads at a lesser extent than
the neat PF. This results in a lower relative bonded area and thus a weal{@Ohgrh
increase irdensityincreased the influence odsin spreadn adhesivdailure between the

strands and resin

Design of Experiment: vagdhesivdoading andSF

An experiment waslesignedo analyze the effect @&F substituted into liquid PBn the
modulus of rupture andassticity in strand boards when varying density and total adhesive
loading. The BoxBehnken design was used instead of a full factorial because of the difficulty in
preparing the number of samples required for a full factorial.

The lower adhesive loadingards were analyzed firdtigure36). Even though 5% SF
showed lower flexural strength and modulus of the boards, the results were comparable between
the control neat PF (0% soy) and 10% soy substituted into iBkeHadhesive loading increased
the flexural strength and modulus for both as was expected. The SF substitutdainestn
increase as fast as the neat PF in the flexural stréngtire so in the flexural modulus. It was

more favorable to substitug&Fin PF at lower total adhesive loadings. Resin spreasenced

57



adhesive bondingghen excess resin was applied because a more spreadable resin will reach

more points of contact between straptid1].
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Figure 36. Flexural strength and modulus shown with varying adhesive loadin@&r&by %9
for dry boards

The following figure shows the flexural strength and modulus of boards soateder

for 24 hours with varyin@F substitution and total adhesive loading.
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Figure 37: Flexural strength and modulus shown with varying adhesive loading and soy % for
wet boards

Theanalysisobseredin the dry boardsranslaed to a higher degree the wet boardsViore
favorable flexural strength and modulus at lower total adhesive loadagyshservedn the
10% SFsubstituéed resin boards at lower adhesive loadifige rate ofncreaseof both the

flexural strength and nadwluswith increasingadhesive loadingnprovedat a higher raten the
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neat PF than th8F substituted resin, balherewasmore of a difference in the wet boards. The
higher adhesive loading expasmore adhesive in the bulk thatdaot penetrated thaterfacial
area of the wood substrate. Thid te more exposuref the bulk adhesiveo water. The more
viscous soy substituted resin atiid not penetrate into the contact area of the stremds high

of a degree athe neat PF leaving more resin egpd with higher loadings. The lower adhesive

loadings allow for enough resin to spread and create an optimum resin/strand confa®tljrea

Conclusions

The lap shear experiment using soy protein isolate (SPI) showed an 80% increase in shear
strength with a 10% addition &PL This supported thassumption set forth in the wolttkat soy
productsdo appear to hydrolyze with the heat from the press. It washp@sisat there was @PI
substitutionlimit met at 10% SPI substitution limiting the ingregthe adhesiven the wood
affecting the wood/resin interface. It was observed that theSI®Pdubstituted into liquid PF
was thick compared with the other fortations although viscosity was not measured

The temperature profile for strand board forming showed that four minutes was
sufficientamount oftime for strand board pressing vaporize bound water in the center of the
mat even in the higher densities.

Low density strand boamdas more favorable with regard to flexural strength and
modulus withSFsubstitution in PFCohesive failure possibly dominated the failure mode in
higher densities due to more applied pressure frigerstrand contactThis higher strand
contactaffected the spread of the resina higher degre@ thehigh density boards. The thicker
soy substituted resin would not have spread as much as the neat PF thereby lowering the contact

area of the resin on the stran@entact angle asmeasuredor neat PF and 10% SPI substituted
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into PFandshowed a decrease in resin spread with higher SPI substitotdirmingthe
findingsin the experiment involving varied board densitigth resin spread.

The design of experiment with varyingheesive loading an8F substitution showed that
lower adhesive loading favo&F substitution in PF up tan SF substitution df0%with respect
to flexural strength and moduluBhe higher adhesive loading exposed more adhesive that had
not ingressed intthewoodstrands which would be more susceptible to water intake weakening
the bond of th&F substituted resin. This was confirmed with the @drdsfor high adhesive

loading for both flexural strength and modulus.
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Chapter 3:Liquid Phenol Faomaldehyde an®efattedSoyFlourin Strand Board

Introduction

Thefirst phase of this worlwas the screening stageddetermine whetherdefattedsoy
flour (SF)could be substituterito the wood resin in the forming of strand boandl to what
extentSF could be substituted’heChapter2 determined the parameters needed to conduct the
work in this section and partially explained some mechanisms of adhesion with the mixtures. It
also determined th&F substitution was possible. Thithapterdeterminé that SF could be
substituted at a rate of 10 to 14% in liquid phenol formaldehyde (PF). All substitution

percentages for SF and an adhesive were reported in dry weight of SF/dry weight of adhesive.

Experimental

Thedetailed procedures for constructing stieand boards in this chapter are found in the
experimentakectionof Chapter 2 Any modifications to the experiments in this sectare
specifically explainedor each experimenbDefatted sy flour (SF) was the only sqyoduct

used in thichapte.

Variation of SFat 7, 14, and 21%

An experiment was performed amalyze board strength with higher amounts of SF

substitution tadeterminghe upper limits oSF substitution in PF since 10% substitution in
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strand boardperformed as welh flexural ¢rength and modulussneat PRn the previous
experiment detailed in Chapter@Fwas substituted at rate7, 14, and 21% in liquid PF. Two
boards were made for each group includirgaup formed with a ne@®F control. One of the

two boards waprepaedfor dry sampldestingwhile the other wapreparedor wet sample

testing The boards were formed according to t
chapterA total adhesive loadingf 6% was used. A target density of 0.56 gfomas used.

There was no wax addition to the blending sipthis procedureFlexural strength, flexural
modulus, and internal bond wereasuredor the dry samples while flexural strength, flexural
modulus, thickness swell, amthterabsorption wereneasuredor the wet samples. All test

procedures were carried out using the ASTM D103 %tandardi10].

Liquid PF Sequential Experiment

An experiment wadesignedo analye the strength of boards formed with SF substituted
in liquid PF using a different blending methodology involvesgjuential addition of components
as well as addition of wax. The addition of componenting the blending processto the
strands were dsllows: wax, therSF, then liquid PF. Th&F substitutiorrate for each group
was 0, 20, and 30% dry saeightdry PFweight. Wax loading was 1%. Total adhesive loading
was 6%. Target density was 0.56 gfcm

The @ ce meberndingprocedene was udeTheSFwas applied in the same
fashion as the powder PF procedure described in the previous ciapgett was applied
separate from the liquid PFhis involved applyingbouta fifth of theSF while the cement
mixer was not turning. The mixer wasvpered orfor one minuteand stopped. Aother fifthof
the SF was appliedndthe process was repeated until all then8is applied. The mixer was

turned on again to distribute t&&on the strandaniformly for five minutes before the liquid
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PF was appéd. Press time was 4 minut@sie pressetioards were then cut into samples to be
tested for wet and drifexural strength and modulusater absorptiofthickness swelland

internal bond all measurexdtcording to ASTM D10322[10].

Results and Discussion

Variation of SFat 7, 14, and 21%

This experiment wadesigned aa screening experiment intended to define how much
SFcould be substituted into liquelF without compromising performance of the formed strand
boards An SF substitution rate af, 14, and 21% was used because BPsubstitution had
already been confirmed @sssible in liquid Pk experimentperformed in Chapter.2

There was considerabl/ariability in the dry flexural strength and modulus results
(Figure38) due to the small sample size, but some inferences could be made as there appeared to
be a downward trend with higher SF substitutions. Ars@bstitution of 7% appeared to have
comparable flexural strength and modulus, but both flexural strength and modulus drop with
14% and more so with 21% substitution.

There was also high variability seen in the results for internal beigdre39) due to the
low sample size although SF substituted boards showed less variability than the neat PF boards.
The internal bond showed a rise in internal bond with 7% soy substitution, but there was a drop

with 14% and morso with 21% mirroring to a degree the flexural strength and modulus.
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Figure 39: Internal bond of dry strand boards made from 0O, 7, 14, and 21% SF substitution

This appeardto follow a similar trencdbservedn the lap shear test with SPI
substitution in the previous section in that th@essa maximum strength achieved with a certai
amount of soy substitution (7% in our case). There was ainlsipengthin the 20%SPI
substituted lap shear tashich coulddisplaythe limitation of soy substitutioim theresin
inhibiting ingress into the wood substrate describe@hapter 2A smilar phenomenomas
possible with the strand board. The resin ingliks$y achieves an optimumount of
penetratiordue to the thickeBF substituted resin at 7% but negatively affectsdttieesion
bondingbetween the SF substituted resin and woodtsatewith higherSF substitution. There

wasenough resin thdtadpenetrated into the strandspositivelyaffect the adhesion to the
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strands and more resin to contribute to the cohesiveness of the adhesive in the bulk. A thicker
adhesive (14% and 21% substitutiop hadmore resin present to contribute to the
cohesiveness, but the adhesion to the wood straaslkely detrimeneddue to less penetration
into thewoodsubstrate. To further understand wivassoccurring the wet propertiesere

analyzel.

The wet flexural strength and modulus, thickness swell, and water absorption worsened
for boards with increasing SF substitutidiigure40). Because there was more adhesive present
in the bulk with the thickeBF substituted resins (less ingress into the strands), there was more
adhesive exposed to water during the soak. Due to the higher solubility of SF with water, it
negatively affected the strand boardoésntwet pr
in the bulk. It should be noted that there was no wax addition in this experiment which would

negatively affect the wet properties as well.
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Figure 40: Wet flexural strength (top left) and modulus (top right), thickness svatbleft),
and water absorption (bottonight) of 24 hoursoaked strand boards made from O, 7, 14, and
21% soy flour substitution

Variability was still high for the PF in the wet flexural strength and modulus compared to
the soy substituted resins, lioickness swell and water absorption showed more control with
neatPFboardsthan theSF substituted resiboards The water absorptiowasthe limiting factor
when better wet propertiegerepreferred, and internal boneasthe limiting factor when dry
propertieswerepreferred. Based on these results S&substitutionratebetween 10 and 14%
may be possiblan liquid PF, but the board woulbebetter suited i dry environment for its

intended purpose such as an interior structural board.

Liquid PF Segential Experiment

It hadbeen shown that resin spread can affect the mat forming process in a negative way
with soyproductsubstitutionin higherdensity board¢Chapter 2) It was also shown in prior

works[84] that soyproductaddition to liquid PF dramatically increabéscosity. Work with
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pMDI showed that it was pokde to adjust the blending process to a sequentia(@hapter 5)

T in particular,applyingthe SFand liquid resin sequentially in the blending process. This
experiment waslesignedo test the effects of sequential addition to physical tests of strand
boardsformedwith the SFsubstituedliquid PF. Wax addition was also implemented as other
experimentdhiadshown a significant advantagelioardwet properties which could benefit the
SFsubstitution proces® a higher degree

An SF substitution rate &0% and 30%n liquid PF wascompared witha control liquid
PF in this experimerity measuring physical properties of the boards formed with these. resins
An SF substitution rate @&0% soy substitution was possible with powder PF without
compromising prperties(Chapter 4)and the liquid PF resin spread was not compromised due
to SFsubstitution sincéhe componentaere applied separately. It was also desired to observe
the effects of a highe8F substitution at 30% to determine if there was a dropopgrties with
higherSF substitution since it was observed with higB&rsubstitution in the last experiment.
The results of the flexural strength and modulus of dry strand boards can be seen in the following
figure.

Again, there was significant variaityl in the dry flexural strength and modulus results
(Figure41l) due to the variability of the test and low sample size, but there was more control
observed in the SF substituted flexural strength results. Otleeaksults were comparable with
the control at all substitutions of soy. It was probable that the liquid PF and the SF interacted

with the strands separately since they were added separately.
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Figure4l: Flexural strength (lé¢j and modulus (right) of dry strand boards made from 0, 20
and 30% SF substitution with sequential addition

If a separate interactiomasthe case, then the adhesive strength could be a simple
summati on of SIFiadhesivadstrdadind The shigtirdp seen in the strength at 20%
substitution could be the contribution of 80% of the liquid PF found in the control plus a smaller
contribution of hydrolyzed soy flour.

The SFhad the same amount of water to help hydrolyze it as the experiments vehere th
SFwas premixed with the liquid PF before adding it to the blending processgmxvts not as
complete of amnteraction between tifeFand the water from the Rfemparedvith the mixing
process of th&F andiquid PF. This could have affected th@yshydrolysis. This unhydrolyzed
soy flour would then act as an inert ingredient having no effect on the adhesive strength of the
strand board. kvasnot probable because md@€ substitution would result in worse strength if
this was the casé&n SFsubditution of 30%was statistically no differen flexural strength and
modulus of the board3 herefore, itvasprobable that th&F still hydrolyzed despite the
lessenednteraction with the water from liquid PF.

Thissummation of adhesive contributiomsm SF and liquid PEoes not explain why
the SF substituted resperformedbetterin board propertiethan the 21%GF substitued resinn

the prior experimemot blended sequentiall¥f the resin spreadiasan issue with theon
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sequential blendingxperiment and nadn issue ithe sequential additioexperimentit would
explainthedrop in strength that was obseniedhe nonsequentiakxperiment.

Internal bond was also measured, and the results can be seen in the following figure.
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Figure42: Internal bond of dry strand boards made from 0, 20 and 30% SF substitution with
sequential addition

The variability in theneat PFcontrolwasobserved again in the internal bond. Thees
a drop in internal bonfbr boards formeavith 20% SF substitutionand 30%SF substitution
results wereomparable with the 20% substitutimsults Again, internal bongrohibited
additionalSFsubstitution regardless of the order of addition of the components during the
blending process. lippgpeaedthat the hydrolyzed soy does not perform well in internal bond
whether sequential or not. If themasa chemical interaction between PF &fl it did not
benefit internal bond. it wasassumd that the contributions of PF a&Fweresummativdike
wasassumeadvith the flexural strength and modulus, the contribution of hydrolgfedid not
contribute as much asdtd for the flexural strength and modulus. Unfortunately, internal bond
prohibitsSF substitution as high as 20% substitution wetkqgential addition. Perhaps it could
be higher than the 1D4% determined before with sequential addition

The results for the wet properties of the sequential addition experiment can be seen in the

following figure.

69



2500

Pa)
[3e]
G

M
2

2000

1500

i

1000

5 1 ! 5 500 :
15 9 7 1378 1291 857
0 0

Wet Flexural Modulus (MPa)

Wet Flexural Strength (
=

neat PF PE/20%Soy PE/30%Soy neat PF PE/20%Soy PF/30%Soy
100% 60%
0,
_80% } I 50% I
= S 40%
% 60% g
3 2 30%
2 40% &
B 5 20%
= =
20% 10%
67% 82% 78% 33% 35% 46%
0% 0%
neat PF PF/20%Soy PF/30%Soy neat PF PF/20%Soy PF/30%Soy

Figure43. Wet flexural strength (top left) and modulus (top right), thickness swell (bottom
right), and water absorption (bottom left) of 24 hearaked strand boards made from 0, 20 and
30% SF substitution with sequential addition

Although the wetlexural modutisand thickness swell was comparabétweerthe
controlboards an@0% SF substitutedoards the wetflexural strength andvaterabsorption
properties were worse witBF substituted®F boardsWater absorptiowasthe limiting wet
property forSFsubstiuted resin boards witbequentiablending It wasprobable that th&F
mixed with the liquid PF would have penetrated into the strands more than the sequentially
addedSF. More sequentially addesiFwould then be exposed in the strand board matrix being
susceptible to water soaking. This would explain slightly worse wet properties than the premixed
PF/SF. Regardless, tisd-substitution that would be probable in liquid WEhout
compromising board propertissstill between 10 and 14%.Waspossiblethat sequential

addition may raise the substituticateslightly but not considerably.
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Conclusions

Overall, SFsubstitution was shown to be substituted in liquid phenol formaldehyde
between 10 and 14% withocwmpromising formed strand bogstbpertiesThere was more
variability in the control PF as compared to 8fesubstituted resiboardsin all dry tests. There
was considerable variability in all tests because of the variability of the tests conducted and the
small sample size. Both experiments shdwhat internal bond was the limiting dry property and
water absorption was the limiting wet property when substit@im liquid PFformed boards

The first experiment showed that 8k substitued PF in boardsad either a positive
effect on physicabroperties or comparable properties. However, BR$ubstitutedesin in
boards showed a considerable drop in performance for internal bond and water absows®n. It
believed that therevasa minimum amount of penetration into the strands neededtadhute to
the adhesiveness of the resin/strand intenf@tieout adhesive failure of the boardsis
minimumwasfound between 7 and 14% in this experiment (10 and 14% if you consider the
design of experiment from the prior section showing BREsubstiuted resin in boardsad
comparable or better properties). The extra resin that had not penetrated contributed to the
cohesiveness of the adhesive bulk. HighEsubstitutions thickened the resin and therefore
lowered the penetration to a point that Weod/resin interface waaffected causinthe point of
failure to be adhesiarThe wet properties confirmed this because more adhesive was available to
interact with the water during the soak. The higher water solubilBFaompared with PF
along with nore adhesive to interact with the water expditne lower wet properties.

Sequential addition of the blending components was performed for the second
experiment with higher soy substitutions since resin spread and ingress into the wood would

likely not be inhibited with the liquid PF. The possibility that BEwas not hydrolyzing was
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eliminated because of the higl&ff content not being more detrimental to the dry flexural
strength and modulus the formed boarddt wasbelieved that the contributiord the
hydrolyzedSFand liquid PRwveresummative, and that the contribution of the hydrolyzed soy
wasnot as much as the liquid PF. The internal bond showed that the hydrolyzed soy does not
contribute as much if thiwasthe case ultimately limitin@F substitution below 20% for
sequential addition. Wet properties were worsesiesubstituted resins in the sequential
experiment. This was believed to be because of more liquid PF penetrating into the strands

leaving more hydrolyzed soy to interact with eradlebilitating the contribution of the soy.
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Chapter 4: Powder Phenol Formaldehgdd Defatted Soy Flour in Strand Board

Introduction

It was desired to determine if and to what degree soy could be substituted into phenol
formaldehyde (PF). This waachieved in liquid PF, but the oriented strand board (OSB)
manufacturing process also uses powder PF as an adhesive. PowdeuREally liquid PF
manufactured the same way and spray dried to eliminate the water ¢ao@&nThe bllowing
section investigates soy substitution as it pertains to powder PF and attempts to satisfy the first

objective of the research by determining if and how much soy substiigpossible.

Experimental

The materials and method&forming strand bards for the experiments this chapter
weregiven indetail inChapter 2Any modifications to the experiments in this secti@re
specifically explained in thehapter Defatted sy flour (SF) was the only sqyoductused in

this section. Powder PF w#he onlyform of phenol formaldehyde used in this section.

SF Qubstitution in Powder PF

An experiment wadesignedo test the effect of substitutir®@Finto powder PF and its
use in strand boards/ comparinghe differences betweeF substituedin powvder PF at the

following rates:0% (control), 21%, and 30%.
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The same procedure defined for strand board formit@hapter 2vas used with the
foll owing changes. The ficoncrete mixero metho
adhesive in the blending press. The adhesive was prepared before adding to the s8&nds.
was substituted into the powder PF at varying percentages. All ref@tfeetcentageweredry
weightsoy/dryweightadhesive $Fand PF). Th&Fand PF were assumed to be at 0% moisture
for mixing steps
TheSFand PF werenixed byaddng the component® a Ziploc bag and shaken for 5
minutes to ensure that it was well mixed before application to the wax coated flakes. The
adhesive waapplied duringhe blending process as described bydityeresin application in the

Chapter 2 The adhesive loading was 6% dvgightadhesive/dryveightstrand board.

Results and Discussion

SFsubstitution in Powder PF

Strand boards were formed using a control powder PFSEsdbstituted into powder PF
at 21 and 30%. This was done to test whe®lesubstitution was possible with powder PF and
to what degree that substitution was possiiteout compromising performance of the strand
boards formed with the adhesiv@e results for the can be seen in thioWving figure.

Variation was still an issue with the flexural strength and modulus rebBidtaé44) of
strand boards similar to the liquid PF study. The variation was likely because of the small sample
size aml test variation. There was a clear increase in both flexural strength and modulus with SF
substituted resins. There was no resin spread to consider since both PF and SF were dry, but
powder PF was known to melt during the pressing process which allowialf@and

penetration into the stranfik03]. Perhaps the PF and the hydrolyzed soy interacted during the
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melt. This could either be a chemical crosslinking interaction or an interaction that affected the
wood/resin interface. Themas evidence that there was an interaction of some kind although

this experimental analysis could not conclude on which.
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Figure44: Flexural strength (left) and modulus (right) of dry strand boards made from 0, 21,
and 30% SFubstitution in Powder PF

If it wasassumed that the contributions of PF &kdvereadditive like it was for liquid
PF, then the contribution of hydrolyzed soy fleeasmore than powder PF. This does not
follow the sequential liquid PF resultswasmore likely that therevasan interaction between
the two that affeedthe flexural strength and modulus in a positive way. The following results
of the internal bond show a similar picture.
Unlike the liquid PF, the powder PF formed board internal bondtsgigure45)
showed a rising trend in internal bond with more SF substitution even with 30% SF substitution.
Again, it was believed that the SF interacted with the powder PF in a way to increase the

bonding stragth of the adhesive.
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Figure45: Internal bond of dry strand boards made from 0, 21, and 30% SF substitution in
Powder PF

The SF substituted wet flexural strength and modulus showed more control in variation
than the neat powd®&F samplesHigure46). There was no loss in properties with SF substituted
resin boards when comparing wet flexural strength and modulus with the neat PF. In fact, the
21% SF substituted resin board samples sdaveigher wet flexural modulus. Thickness swell
showed comparable properties for the 21% SF substituted resin and the neat PF boards, but the
30% SF substituted resin samples showed worse thickness swell properties. The water absorption
appeared to be tHieniting board property with the amount of SF substitution allowed in powder

PF. There was an upward trend with higher amounts of SF substitution for water absorption.
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Figure46: Wet flexural strength (top left), flexural mddsi (top right), thickness swell (bottom
left), and water absorption (bottom right) of 24 heamraked strand boards made from 0, 21, and

30% SF substitution in Powder PF

When one considedan interaction between PF and soy as was done for the dry

propertes, it would favor wet properties more if this interaction affected the wood/resin

interface. If moreSFwas allowed to penetrate into the wood strands because of its interaction

with powder PF during the melt, there would be BB$o interact with wateduring the 24our

soak. Itwasbelieved that thisvasthe case, but more experimentatiwasneeded to confirm

this. These results shedthat SFsubstitution in powder Pwaspossible andouldbe

substituted between 2dand 30% with the limitindpoardproperty being water absorption.

Conclusions

SFsubstitution in powder Pwaspossible between 24 and 30%without compromising

board propertiesVater absorption appeaito be the limiting property when soy substitution



wasconsidered. Thickness swelsa playeda minor role in limiting theSF substitution. lwas
thought that th&Fdoes interact with the powder PF in a way to strengthen the adhesive bonding
of the strand boards formed. It was thought that this interaction may affect the wood/resin
interface since wet properties were not as detrimental as expected. The ligkad3ifis were
believed to have less penetration due to a thicker resin inhibiting the wet properties because of
more water exposure to the adhesive. The powder PF could shappbsite affect by allowing
more hydrolyzed&Fto escape water exposure through ingress into the strands.

The nextphasedn the research dF substituedin phenol formaldehydeasto
determine the mechanism of adhesive Wit affected by the substition of SF. The original
hypothesis was that this interaction was a chemical one. Was@vidence tdothaccept and
refute this hypothesis in the wook the first phasgbut a thorough studwp curing kineticsvas

requiredto confirm this.
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Chapter 5: Methylene Diphenyl Diisocyanaied Defatted Soy Flour in Strand

Board

Introduction

Methylene diphenyl diisocyanate (MDAasis as a wood adhesive arsdseen as
becoming more and more dominant in the OSB industry. It reacts very aggressikiely
hydroxyl groups whiclwasof great benefit to the wood adhesive industry as thereso many
hydroxyl groups in which to react with in wood. Tharasalso reactivity with amines. Both
amine and hydroxyl functional groupgrepresent in soy protei13]. Theobjectiveof this
chaptemwasto determine iSFcould be substituted into polymerized MDI (pMDI) and if so to

what degree.

Experimental

The materials and methods of forming strand boards for the experiments of this chapter
were given in detail in Chapter 2. Any modifications to thgesxnents in this section were
specifically explained in the chapter. Defatted soy flour (SF) was the only soy product used in

this section
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Materials

The polymeric methylene diphenyl diisocyanate (pMDI or MDI) usedM@&DUR
541, Materials #: 521214&ndsupplied byBayer Material Science LLQAIl uses of the acronym
MDI wereintended to refer to polymeric MDI unless specifically ndtehis includel the use of

neat MDI meaning neat pMDI.

Strand board formation using pMDI ar8F

SFwas substituted at 0%ontrol), 20% and 30% into pMDI. The soy was mixed with
the pMDI prior to application in a glass beaker mechanically with a glass stirring rod until the
mi xture was visual |l y lendifigprocedure wak esediwth®®cr et e m

minutes for pess time, 4% total adhesive loading, and 1% wax addition.

Results and Discussion

Strand board formation using pMDI ar8F

All work performedto this point had involved phenol formaldehyde and its use Skth
This experiment focused on pMDI and its usenE. It wasbelievedthat theSF wouldinteract
chemically increasing the bonding strength of the resin.

Although there was more variation in the 30% SF substituted resin board rEglte (
47) for both dry flexural strength and modulus, there was an increase in both flexural strength
and modulus compared to the control pMDI. The 20% SF substituted resin showed comparable
flexural strength and modulus results with the neat pMDI formed boards. The internal bond

mirrored these results except with more variabilfig(re48).
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Figure47. Flexural strength (left) and modulus (right) of dry strand boards made from 0, 20,
and 30% SF substitutian pMDI
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Figure 48. Internal bond of dry strand boards made from 0, 20, and 30% SF substitution
pMDI

An observation was made in this experiment to the thickness of the resin when SF was
added to pMDI. It had been shown with prwork that pMDI resin penetrated deeper into wood
than PF resins due to the low molecular weight (~50% monomer) and low surface tension of
pMDI [103]. Perhaps the SF substitution allows more resin to be present in the bulk dse to les
penetration into the wood similar to what was suspected with the liquid PF. With more likelihood
of the pMDI resin penetrating than PF, perhaps this would be more beneficial to pMDI if that
were the case.

It wasalso possible that the pMDI aigF wereinteracting chemically by crosslinking
between the two. Wwaslikely that bothadhesion and cohesiamteractionsvereoccurring, but it

could notbe deduced from the results of the strand board dry tests.
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There was a slight improvement in wet flexural sgtd and modulus, thickness swell,
and water absorption with increasing SF substitution in pMDI formed bdaigis€49), and
there was an improvement in the flexural modulus of the 20% SF substituted boardsvaser
an increase in thickness swell and water absorption with increasing SF substitution in pMDI
formed boards, but the 20% SF substituted resin boards were comparable with the control.

It appeared wet properties were not significantly limited due tauB§tisution as it was
with phenol formaldehyde. Thickness swell was the limiting property, but it was still comparable
with the control at SF substitution rates of 30%. It was determined that SF could be substituted

into pMDI up to 30%.
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Figure 49: Wet flexural strength (top left) and modulus (top right), thickness swell (bottom left),
and water absorption (bottom right) of 24 heaosaked strand boards made from 0, 20, and 30%
soy flour substitutiom pMDI
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The better wet propeesdid not explain what the primary mechanism of adhesion that
hadbeen changed wit8F substitutionin pMDI. It waspossible that more amine groups in the
soy flour reactdwith the isocyanate group to create urea linkage whimhld have better water

resistancebut more experimentationasnecessary.

Conclusions

SFsubstitution in pMDMwaspossibleup to30%without compromisingdpoard properties
Thickness swell appeadlto be the limiting property whe8F substitutionn pMDI was
considered. It was hbelved that th&Fwasinteracting with the pMDI in two possible ways: a
chemical crosslinking one affecting the bulk of the resin mixture and the wood/resin interface
affecting the adhesion of the resin to the wood substitat@snot known which interdmon was
primarily affected withSF substitutionin pMDI. Urea linkageloesimprove wet properties
which would be evidence of crosslinking, but thickening the resin to alter the wood/resin
interfacewould allow more resinio contribute tadhe bulk.There was evidence to both accept
and refute the hypothesis of crosslinking in the work of the first phase, but a thorough study in

curing kinetics was required to confirm this.
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Chapter 6: Phenol Formaldehyde and BoyductCuring Kinetics

Introduction

The work in thischaptemwasfocused on understanding the interaction between soy
productsand the wood adhesive, phenol formaldehyde (BRjlerstanding the interacti@ded
in determining whether soy products aftstthe overall resin to a higher degrm adhesive
failure or cohesive failure. The curing kinetics were studied in neat PEoamghred with the
curing kinetics ofmixtures of various soy products with PF to understand how the overall
adhesivavasaffected. These soy products included dethtoy flour (SF), soy protein isolate
(SPI), and denatured, defatted soy flaoy(D).

Thework in this chapter wasonsidered theext successivehasdn research of the
substitution ofSFin phenol formaldehyddt followedthe screening work perforrdeshowing
SFsubstitutiorwaspossible in liquid PBetween 10 and 14%hapter 3and powder PF
between 21 and 30%&hapter 4without loss of properties in tHermationof strand boards
The workin this chaptewasbased on the hypothesis thia¢ primary interactioraffected with
soy product substitution iRFwasa chemical crosslinking one affecting the overall adhesive in

the bulk Theobjectiveof this work was teither refute or support the hypothesis.
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Thermogravimetric analysis (TGA) was implemied to characterize the curing reaction
of each of the resins. TGA was also performed to characterize degradation pathways to
understand the products produced from the PF/soy product mixtures as well as compare them
with the neat PF resin. The experinadrgctivation energies of the curing reactions of the PF/SF
mixtures and the neat PF were also calculated using data obtained from thermal treatment of the
resins. Data obtained from Fourier transfanfrared (FFIR) spectroscopy of the cured and
noncured PF/SF mixtures and the neat PF were analyzed through spectral interpretation.
Identified wavenumber bands of importance through examination of prior published work or

identification of appearing or disappearing bands were analyzed.

Materials and Experimental Method

Soy protein isolate (SPI), ProCote 4200, was donated by,3dl&e Defatted soy flour
(7B) was provided by Archer Daniels Midland, of which abwaif of the mass of soy flowvas
constituted of soy protei29]. The liquid PF resin used was GP 240C11 R&EBRAN intended
for OSB manufactung (aqueous solutioin58.9% solids content) donated by Louisidrecific
Corporation.The powder PF waSP 190C80 Woodweld intended for OSB manufacturing
donated by J. M. Huber Corporation. Tdenatured SF ¢g-D) was prepared according to the

Wescott/Fihart method34].

Pre-Treatment of Soy Flour (Sd)

Defatted sy flour (SF)was denatured in an experiment to compare with untreated (not
pretreated)SFsubstituted intd®Fto compargroperties obtained fromMGA and FFIR data.
The Wescott/Frihart method was us@d]. The amount was reduced to a fourth of the mass that

the publishedpaper used.
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The initial ingredients 0194.5 g of tap water, 7.00 g of NaOH, and 1.325 g of ethylene
glycol were added to a threeckround bottom flask. A thermometer and condenser were
attached to the flask which was suspended in an oil bath. The mixture was stirred with a
magnetic stirrer while heated to 70. 87.5 g ofSFwas added to the rapidly stirring mixture at a
rate of aboub g/min to maintain a proper dispersion. The mixture was then heated@oo®@r
a15-minuteperiod with rapid agitation and held between 88 anti®r 2 hours while rapidly
agitatingthe mixture. The mixture was then cooled in an ice bath toC35

The solidscontentcalculationof the mixture referred a®y-D in all future experiments
was performed bplacing a sample ia mechanical convection oven at 105 °C. Samples were
weighed before and after to determine the solids cortbetsample was htal until there was
no difference in weight observethe solids content of the sample in the convection oven after
18 hours was determined to be 30.1%.

PF andsoy-D samples were also prepared. PF solids content was calculated as 58.9%
The wet SoyD wasadded to théiquid PF in the proper ratio to obtain a 70/3098k/D ratio
according to the calculated solids weight. The mixture was then dried in a vacuum oven to
prevent curing at 240 Hg vacuum. The fGmperat

for 3 more days for a total of five days of vacuum drying.

Thermogravimetric Analysis (TGA)

Thermogravimetric Analysis (TGAyasapplied on data from resin samples thermally
treated using the TA Instruments Q5000 IR thermal analyzer. This thermal \okagige
instrument was operated in conjunction with the TA Instruments Universal Analysis 2000

program version 4.5A.
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Thermal treatment was administered to various samples containing PF and/or soy
products during a constant temperature increase (dynamicof @ p) or constant temperature
(isothermal) treatments while measuring mass loss, temperature, and time. Ramp thermal
treatments were administered to characterize volatile evaporation, curing reactions, and
degradation reactions.

The isothermal GA expeiments were used to calculate the amount of time required to
fully cure different mixes of PF and spyoducts This experiment was performed using a
constant temperature based on prior observatiom&éframp dataThe times of cure were then
compared btween the different mixes.

Weight and temperature calibration was performed on the thermal analyzer at least every
two days of testing. The chamber was purged with 90/90 mL/mL/df2hh the balance/sample
for 30 minutes if there was a period of Amsing. Longer intervals of inactivity on the thermal

analyzer required 200/200 mL/mL oM in the balance/sample for 12 hours.

TGASample Preparation

Prior to thermal treatment, samples were prepared of unotaedum dried samples of
neat liqguidPFandmixtures ofPF and soy products. The following resin ratios were prepared:
70/30 (dryweightdry weigh) PFSF,70/30 PF/SPI, and 70/30 RBiD. Neat samples of SF,
SPI,soy-D, and powder PF were alpoepared as idMixtures of 80/20 PF/SF were also
prepared for both liquid PF and powder.PF

The liquid PF mixturesontaining soy productgere mechanically mixed inglass
beaker and glass stirring rod until visually unifoffhe SF and SPI were in powder form and
assumed dry when mixed with PF. Tdog-D samples were not dry and prepared as described in

the Wescott/Frihart proceduf@4] with the same water content when mixed with liquid PF.
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The samples were then placed in a vacuum o
about 40°C until there was no change in weight (four days) to remove as much moisture as
possible without applying enough heat to cure the sample. The solid uncured samples were then
filed using a bastard file into a powder for use in the thermal analyzer.

Approximately 5 mg of the powdesample(neat PF or PF/soy product mixtukeis
weighed out into a tared platinuAiT pan. The pan was then loaded into TRelnstruments
Q5000 IRthermal analyzer. A purge rate of 10/90 mL/mL of€W in the balance/sample was
used

Thethermal analyzer was programmed to increase the temperature at a constant rate (i.e.
ramp) to a certain final temperature (5@in most cases) or immediately jump to a specified
temperature @0 °C in most cases) for isothermal experiments. The temgeredmp consisted
of constant rates of 2.5, 5.0, 10.0, 15.0, or 20.0 °C/min from room temperature to the desired
temperature.

The isothermal treatments were applied to samples at a constant temperature. The time
required to fully cure different mixes of Rd soy products at a specified temperature was
measured. This experiment was performed using a constant temperature based on prior published
work and observations of dynamic TGA data. The times of cure were then compared between the
different samples.

The initiation of the timdor thetime intervalameasured ithe isothermal experiments
commenced at the start of the temperature jump from room temperature to the specified
temperature. The time to reach the specified temperature was typiddllgecondslepending
on the final temperature and was included in the measured time interval. The final time was

analyzed by identifying the time at which the same amount of mass fraction remaining matched
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the end of cure identified in tllyynamicTGA data. This tire interval measured was referred to
as the time of cure

TGA data was also observed and compared between neat PF, neat SF, neat &1, neat
D, 70/30 PF/SF, 70/30 PF/SPI, and 70/30 PFHBapging data from dynamic thermal treatment
at a ramp rate of &C/min for all samples

A comparison was also made between liquid and powde&ritAFand without SF
substitutionto note any differences since liquid PF was primarily used in this daadyder PF
required no processing as it was already driedoawedered Powder PRvasmanufactured by
spray drying a resole liquid phenol formaldehyde rgs2]. Mixing of powder PF an&Fwas
achieved by adding both components in a plastic bag, sealing the bag, and mixing the contents by
shaking the batpr five minutes to assure uniform mixing. The powder (neat PF or PF/SF
mixture) was treated to the same procedure in the thermal analyzer as the samples containing
liquid PF aftergrindingthe dried liquid samples into a powder.

There was a minimum of fevreplications per temperature ramp per sample. These five
replications were required to produce data that contained no noise in the TGA data. The DTGA
temperature peaks were also required to have no outliers when compared with each other.
GrubbsandDixods rati o outlier tests were used with

any outliers.

Activation Energy Calculation

The DTGA data was employed to identify temperatures at which the maximum amount
of mass loss occurred during each of these charaatierizzvents, referred throughout this work
asDTGA temperature peaks. These temperature peaks were identified for each event at various

ramp rates, and a temperature range was identified containing these temperature peaks for each
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event, referred throughothis work ageaction events arones. Th®TGA temperature peaks
were used to calculate activation energy for each of those events.

The following shows a plot of typical TGA and DTGA data for a neat PF sample

thermally treated at a ramp rate of 2@min.
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Figure50. TGA and DTGA data showing five temperature ranges (or zones) of reaction events
that were analyzed

Figure50wasshown as a visual aid to help identify temperature ra@emones) of the
DTGA temperature peaks found for all ramp rates for ea&$s loss evenZones 2 and @/ere
of particular interesbecausét contairedthe curing reaction.

Therewasa wide temperature distribution for each of the events becauserahtje of
ramp rates (2.5, 5.0, 10.0, 15.0, and 2@0nin). These events were identified for neat PF and
all PF/soy product resin mixtures. The temperature rangksled data for each event fraath

resins: neat PF and the PF/soy product mixtures.
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Ead of the DTGA temperature peaks in the curing reaction temperature range (or zone)
for asamplewith their respective ramp rates (K/min) wersedto calculate the activation

energy for the curing reaction. This was performed using the Kissinger metipbddoy €+ i n g

| - versMdB wiHhpwaess t he DTGA tefipwas athheer pmpkr and.

had a |linear relationehice,ptamwdvetiulse dp it ap ¢s ea nvde i

t he act i vMitrasait® Exeef®softvgase was used to calculate the activation energy.

Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) analysis was performed using data from the TA
Instruments Q100 Differential Scanning Calorimeter. The data from the DS@nadyzed using
the TA Instruments Universal Analysis 2000 program version 4.5A. DSC analysis was
performed on PF and 70/30 BFsamples. The data was used to corroborate the
thermogravimetric analysésn particular the curingeactionanalysis

The sanples were prepared in the same manner as the TGA experiorethis liquid PF
and liquid PF/SF mixtures that were dried and ground into powggroximately 15 mg of the
powder was then loaded into a pan bottom. A pan lid was then applied to thetpandoad
pressed in a-Eero press. The sample weight was recorded for each of the samples.

T-zero hermetically sealed aluminum pans were used because of the volatile gases given
off during the curing cycle. The hermetically sealed pans were rated tesai®f 300 kPa. A
reference pan with no sample was used as a comparison which was asmeh@&rmetically
sealed pan.

The sealed pan with the sample was then loaded into the DSC along with an empty pan as
reference. Aconstantemperaturéncrease (nap) at rates of 5, 10, 15, or 20 °C was performed

for each sample ta final temperature &f40°C. A purge gas of nitrogen was used at a rate of 50
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mL/min. Some samples were given a cool datthe same ramp rate as the temperature
increase. The cool dowoccurred untiambient temperaturegere achievedandthe sample was
heatedback up to 240 °C at the same ramp rate. This was done to confirm the presence of

volatile gases given off.

Fourier Transforminfrared (FT-IR) Analysis

Spectralanalysiswvasperformedon PF and PF/soy product samplesig Fourier
transforminfrared (FFIR) spectroscopyChemical structures were identified and compared for
the samples through spectral analysidetermine the characteristics of cuka.experiment was
designedo acquirespectrundata from samples heated in the TGA at varying temperatures and
compare the data with each otligarimarily at the curing point found in the TGA and DSC
work. The data was used in conjunction with the T&#l DSCdata todetermine wheter
chemical crosslinking occurred due to this heat treatment prandgs what degree that the
curing reaction was affected with soy product substitution

TGA samples scanned with the spectrometer were prepared in the same fashion as
indicated in the TGAxperimentperformedprior to this experiment through mixing, vacuum
drying, andgrindinginto powder. PrevioudynamicTGA data was analyzed at the ramp rate of
2.5°C/min to find the temperature of full cure as well as other transitional points. arsition
temperature pointweredefined as the point at which thevasa minimum mass change
occurring between zones. The temperature of each of the transitions was the point at which the
DTGA data reachea minimum after th®TGA peak temperature fouridr thatreaction event
The minimum was found using the TA Instruments Universal Analysis 2000 program version

4.5A.
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An example of the transition temperature analysis fou$thg the softwarean be seen
in the following plot.
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Figure51: TGA and DTGA of PF sample at 26/mindisplayingDTGAminimaanalyzedfor
end ofreaction eventge.g. end of cure)

The above exampldisplaysthe temperatures athichthe DTGAminimathat followed
the fourDTGA temperatur@eaksof each reaton event These temperatures were recortted
eachreplication. These temperatures were theeraged to calculate the setpoint temperature
that thedynamicTGA experiment was set to ramp at 2@min for the transition experiment.
These sampleserereferred to as transition samples in the rest otttapter The calculated

transition temperatures can be seen in the following table.
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Table5: Transition temperatures calculated for end of each zone and each material

Transition 1st 2nd 3rd 4th
Temperature (°C) (°C) (°C) (°C)
PF 94 147 182 242

70/30 PF/SF 101 143 195 257
70/30 PF/SPI 104 148 201 244
70/30 PF/SoyD 107 139 181 300

Groundsamples were then heated in the TGA to the specified temperature for the
transition iderified at the same parameters as the prior experiments in a nitrogen environment.
The samples were then collecfeaim the thermal analyzeand scannety the FFIR
spectrometer where tlspectrundata was collected by the PerkinElmer softwkielR specta
were collected using a PerkinElmer Spectrum 400 Imaging System spectrdivwetscans
were performed for each sample. One was performed after pelletizing the powder sample using a
PerkinElmer pelletizer. The otheample waglaced on thé&TR crystal anl pressed with the
pressure apparatastached tahe machineNo noticeabledifferencein absorbance due to
sample preparation technique was observed

There were foureplicates collectetbr each transition for each materi&F, 70/30
PF/SF,70/30PF/S1, and70/30PF/SoyD. The first transition wadefined adetweerthe
lowest temperature reaction event (i.e. volatile release the subsequent reaction event
occurring at a higher temperature (i.e. curing reactibng second, third, and fourth tsions
were found iran analogous manner with increasing temperaimeh material transition
temperature was calculated separately.

Samples with nthermal treatmenwere also scannezh the FFIR spectrometeand
termedfino cur® or funcured. SFwith nothermal treatmenwas scannedn the FFIR

spectrometerA sample ofSFmixed with the same amount of water content as the liquid PF was
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heated in a mechanical convection oven for 60 minutes & 89Dsimulate the thermal
treatment of the SF in thé-FSF thermal treatment$his sample was alszanned on the FIR
spectrometer

Areacalculation of the band intensity was attempted but was deemed too complex
because of overlapping curves. Deconvolution, as pointed out by Myers,wasahlso deemed
too complex to attempL04]. Prior published work from Myers, et. al. showed success in the use
of the magnitude of the highesténsity peak at the identified wavenumber of 1600 tonbe
used as the normalization technique. Normalization was performed using the magnitude of the
peak obtained at the wavenumber of 1605 éon the uncured PRL04]. Therefore, quantitative

analysis of the FIR spectra was not attempted. A qualitative study was performed instead.

Results and Discussion

TGADTGA work

Curing anddegradation reaction kinetitatawasexamined to compare characteristics of
weight loss due to thermal treatment with and without the substitution of soy products in PF.
TGA and DTGA data for the thermal treatment of neat PF, neat SF, 70/30 PF /SRIneat S
70/30 PF /SPI, neat Sy, and 70/30 PF /Sel at a heating rate of ®/min under nitrogen
wereshown in the following figures.

The main thermal degradation for defatted soy fl&iguyre52 a & b) began at #nonset
temperature of about 210 °C where the cleavage of glucoside unitseaf@®5]. The DTGA
data displayed two peaks associated with the degradation in this temperature range (peaks at 248

AC and 300 AC). Guettlerés work with soluble
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temperature degradation peak (most theryrsghsitive fraction of SF) was the soluble sugar

fraction whereas the peak at the higher temperature was the insolufl®&jpy
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Figure 52 Dynamic TGA (left) and DTGA @iht) data for neaPF, neat SF, and 70/3BF/SF
(a&b); neatPF, neat SPI, and 70/3BF/SPI (c&d); neatPF, neat SyD, and 70/3PF/SoyD
(e&f)
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The SPITGA data(Figure52 c & d) indicatel a similar range of degration
temperatures as the SF. A smaller amount of mvas$ost at the lower temperature degradation
peak in the SPI as compared to the SF, but thasa higher onset temperature of Z&and
higher DTGA peak of 258C indicating that thisvasnot partof the soluble sugar fraction as in
SF. Thiswasexpected with the isolate as the soluble sulgadbeen extractefl06]. The
degradation in the temperature range 0f-200°C wasa degradation of the sqyotein[107].
Thisinvolvedthe breaking of hydrogen bonds (intramolecular and intermolecular), electrostatic
bonds, and cleavage of the peptide bonds of amino acids pnateen structurg¢108].

The soyD TGA data(Figure52 e & f) also displagda similar range of degradation
temperatures as the other soy products. An onset temperaturCj2s#l DTGA peak (251C)
for the soyD degradation region liebetween the SF and SPI ehsemperatures and DTGA
peaks suggesting theneerestill soluble sugars present, but the denaturation process ha
eliminated a partial amount of these soluble sugars. Qi and Sun performed TGA on a modified
soy flour and showed protein degradation betwa@hand 400C [107]. ThisTGA data
followedclosely with the soyD thermal degradation in the same temperature range. The higher
amount of mass lost as compared to theratbg products between room temperature and 190
°C wasattributed to the large water content of the-Boy

Theneat PFTGA data(Figure52 - short dashyhowedfive clear mass loss events. The
lowest temperature emtoccuredbetween room temperature and about kD@ndwas
attributed to theelease of low molecular weight monomers and other volatiles (such as
moisture)[109]. The rext concurrent event occurred between about’@nd 250°C. Khan
and Ashraf descrilakthis region as a posturing[110], but upon further observation this event

showedthat itwasthe sum of multiple events. The region between temperatures 6Cll
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150°Ccan be described as the main cribedtherfrge r eact i

phenol groupand orthemethylol phenol groups reactimgthe condensation reaction to form
the methylene bridge between the two phenols. Theawacurrent curing reaction occurred in
the temperature range of about P&0and 175°C andrepresented the formation of ether linkage
between the phenol groups. This was characterized as the disappearance of the methylol group
and the appearance of the ether gridud]. The next event occurred in the temperature range of
175°C and 250°C. Although Khan and Ashraf describthe temperature range of 100 to 250
°Caspostc ur i ng, Kat ovi [edautthe lodé ofmther groaups21p Wand t
therefore the cleavage of the ether bridge between the ph#h0]s[111] There hd also been
oxidation (even in inert enviroments) of methylol groups (@720 cm') carboxyl group$111],
[112]. The temperature range after I’Thwasconsidered degradation in this work. The focus of
this work will be on the two events of methylene and ether bridge formation wiaispart of
the polymerization process expected in the PF resin, or the curing reaétlaegions between
250°C and 400°C weredescribed as thermal degradation of hydrocarbon chathdistillation
of volatile degradation produci$09], [113]

The substitution of SF in th&0/30 PF/SF mixturé~igure52 a & b) showed multiple
peaks in the DTGA data. The TGA and DTGA dapgear to be a combination of #nentsof
neat PF and S&pon initial observationThe curing reactiowas observeth the same general
temperature range as the neat PF betweeri@@dd 175°C. The soluble sgar fractionvas
represented in thBTGA peaktemperaturef about 250C. This peak disappezdin the PF/SPI
mixture Figure52 ¢ & d) due to the absence of soluble sugar in SPI. Thewasjresent in the
PF/oy-D mixture Figure52e & f) indicating that there were still soluble sugars present in the

denatured SFOverall, the mass loss events for the PF/soy product mixtures during thermal
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treatments appeared to beanbination of PF anthesoy product. No new events were

observed.

Residue Analysis

A residue analysis was performed to conftirat there were no new thermal treatment
events due to the substitution of soy products in PF. The residue analysis was pdrforme
comparing an actual residue of the $fy/ productmixture to an expected residteetestif it was
indeed a combinatioof componentsThe expected residue of the PF/SF due to the combination
of the neat PF and SF was calculated by using the follosgogtion:

a X & omnk (8,
wheremmix wasthe calculated mass percentage of the residue left that would be expected in the
mixture if the components lost the same amount of nmassyasthe mass percentage of the
residue left of the PF at that temperature, mgewasthe mass percentage of the residue left of
the SF at that temperatuiighe expectedesiduefor the PF/SF mixturéeft afterthermal
treatmento 500°C wasless than % different from theactual resiue.The PF/SPI actual
residue was 5% lower, and the PFAdwctual residue was 2% lower than the expected residue.

Residue analysis was also performed after the curing reaction for each of the PF/soy
product mixtures, the results of which were displayetiable6. There was not a considerable
difference in the PF/soy product mixtures between the actual and expected residues left after the

curing reaction.
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Table6: Actual versus calculated residues lgfter the curing reactions for PF/soy product
mixtures

Minix Mnix percentage Temperaturet

Resin Mixture actual calculated difference  end of event
(%) (%) (%) C)
70/30 PF/SF 87% 87% 1% 203
70/30 PF/SPI 85% 88% -3% 200
70/30 PF/soyD 88% 86% 2% 192

Powder PF DTGA

A study was performetb compare powder PF and liquid PF and the effect of SF
substitution on each.dwderedPFwasused in the manufacturing ofiented strand boaras
well as the liquid PFTherefore, thavork towards defining theortribution of SF to liquid PF
found in this studygouldbe transferred to powder PF if the thermal treatment properties
comparable.

The TGA/DTGA data for neat liquid and powder FgUre53a & b) were acqued
from a dynamic thermal treatment of 2.5 °C/min. The TGA/DTGA data indicate comparable
weight loss events due to thermal treatment. All observable DTGA temperature peaks
complemented each other.

The TGA/DTGA data for neat liquid and powder FgUre53 ¢ & d) were acquired
from a dynamic thermal treatment of 2.5 °C/min for the powder PF/SF mixture and 5.0 °C/min
for the liquid PF/SF. The TGA/DTGA data also indicate comparable weight loss events due to
the thermatreatment. The 80/20 PF/SF mixtures also show complementing DTGA temperature
peaks. However, the temperature peaks for the liquid mixture were slightly higher than the
powder due to the liquid mixture being subjected to a 5.0 °C/min temperature rarafd wisée

2.5 °C/min ramp like the powder mixture. Soy product influence on liquid PF as compared with
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powder PF does not show significant differences when comparing TGA/DTGA data. It was
therefore assumed that all results from the liquid PF TGA experirapplg to the powder PF as
well.
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Figure 53: Dynamic TGA (left) and DTGA (right) data for neat powder PF and neat liquid PF
(a&b); 80/20 powder PF/SF and 80/20 liquid PF/SF (c&d)

Differential Scanning Calorimetry (DSC)

Heat flov data from dynamic DSC scans of PF and 70/3&Pgry weightdry weigh
at 5, 10, 15, and 2GC/min ramp rates were analyzed and used to corroborate TGA data used in
the TGA/DTGA study of PF and soy products. The curing reactions were identifiedis@e
data to confirm the findings in the TGA/DTGA study. The validity of using the vacuum drying

procedure to avoid curing of the liquid PF samples was also verified.
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The exothermic peakouldbe attributed to the heat release of the curing reaction. This
peak was identified in the DSC data from the thermal treatment of a vacuum dried PF sample
(Figure541 left). A DSC scan was performed on a sample of PF that had been cured¢@t 130
for 60 minutes to represenfwl cure (Figure547 right). The heat flow data for the n@ared

and fully cured samples were compared to validate the vacuum drying process.
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Figure 54: Dynamic DSC scan data of Rlacuum dried (left) and fully cured (right) at 20
°C/min

The vacuum dried PF data shedhan exothermic curve in the temperature range of about
120°Cto 150°C. This exothermic curve was immediately followed by an endothermic curve in
the temperature raegof about 150C to 180°C. This endothermvasbelieved to indicate the
release of moisture from the condensation reaction of the formation of methylene bridges during
the first curing reaction. This follogdthe same pattern as all dynamic DSC scan®ofcared,
vacuum dried PF and PF/SF samples. @nédalso observe a glass transition around X2.7

The fully curedPFdata showdno exothermic or endothermic curve. Thiasfurther
evidence that the exothermic curve followed by the endothersmdicative of the curing
reactionfor methylene bridge formatioit should be noted that a glass transition also occurs in

the fully cured sample around 12G.
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The endothermic peakigure54i left) can be attributetb a volatile gas releaskigure
55displayedthe dynamic DSC heat flow data for both PF and 70/30 PF/SF where the
temperaturddadbeen increased, decreased, increased, and decreased again all at a constant rate
of 10°C/min.

The first ramp showed the glass transition (~145 °C), exothermic curve-{:5021C),
and endothermic curve (~18®0 °C) displayed ifrigure54 (left). There was also another
endothermic curve towasdhe end of the first temperature increase. This could be attributed to
moisture given off due to two methylol groups forming an ether bridge in the condensation
reaction of the second curing oiian [114], [115] There was also the possibility that this could
be formaldéyde given off due to ether bridge degradation to a methylene bridge, but there was
no indication of a formation of ether bridges at a lower temperature. Therefore, it was assumed

this higher temperature endotherm represented the second curing reaetlwar bfidge

formation.
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Figure 55: DSC scan data of PF (left) and 70/30 PF/soy flour (right) with a ramp up, cool down,
ramp up, then cool down at 2G/min

In Figure55, The samplegothrough a cool down cycle depicted by the flat line above

the first temperature increase. The constant temperature inwrasiten repeated and can be
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depicted by the flat line in the same area as theténsperature increasA flat line for the

secad temperature increaseasindicative of volatile substances given off in the endothermic
curvesobserved in the first temperature increadeerefore, itvasassumed that the lower
temperature endothermic curve represents the first curing reactiontofiemet bridge

formation, and the higher temperature endothermic curve represents the second curing reaction
of ether bridge formation.

The heat flow data from dynamic DSC scans of PF and 70/30 PF/soy flour at 5, 10, 15,
and 20°C/min ramp rates were anaba and used to corroborate TGA ddta(re56). The
temperature peaks attributed to the lower temperature DSC endothermic curve data for the
release of volatile gases during the first curing reaction (Bi&fd), he DSC exothermic
temperature peak for the first curing reaction (B&S@), and the DTGA temperature peak data
used for the calculation of activation energy for the first curing reaction (DTGA) were compared
with each other. The dateasseparated by ramate since ramp rate affects the heat flows and
mass losses attributed to the thermal treatment rate in DSC analysis and TGA. The temperature
datawereboth from PF and 70/30 PF/SF because both showed similar exotherms and

endotherms.
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Figure56. Comparison of peak temperatures for dynamic DSC and TGA data at different ramp
rates

The endothermic peak temperature averagsslightly higher than the exothermic peak
temperature average which follows whatdbeen shownvith previousDSC data. The DTGA
temperature peak daf@l within the standard deviations of the temperature peaks of the
endothermic and exothermic curve observed in the DSC data. This evidence suggested that the
DTGA temperature peak data folledwell with the reation kinetics of the condensation
reaction thabccurredduring the polymerization of PF and PF/SF mixtureswaasisufficient in
calculating the activation energy of the curing zone using the DTGA temperature peak data.

The DSC/TGA corroboration along Wwisome disadvantages to using DSC analysis
versus TGA for thermal analysis showed that the TGA/DTGAfaasrableto DSC analysis.

The disadvantages of using DSC over TGA included the following: using a hermetically sealed

pan versus an open pan whielto risk of volatile contamination of the sensitive equipment on
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the DSC if the pressureseabove the 300 kPa rating; the overlaying of the endothermic curve
over the exothermic curve data during the curing reacéisulting intemperature peak

identification difficult; using a smaller sample amount decreasing the accuracy of the results; and
the difficulty of use compared to the TGA leading to smaller number of samples dectkasing
accuracy otheresults. Higher pressure rated pans than the herntgsealled pans were

available but were costlier and less accurate due to pan heat flow. However, the combination of

DSC analysis and TGA was essential to defining the curing reactions.

Activation Energy Calculation through Thermogravimetric Analysis

The DTGA temperature peakd thermal weight loss eventgereusedto calculate
activation energy for each reaction event using the Kissinger méthedollowing shows the
results for activation enesfor the release of volatilea thelower temperature @ntfor neat
PF and all PF/soy product mixtures
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Figure57. Calculated activation energies ftne release dbw molecular weight volatiles

The activation energies closely resendt#ach other for all materials. The energiese
low compared with the otheeactiondecausetis reactionrepresergdlow molecular weight
monomers thatverebeing released from the PF and pogductsubstituted PF mixturg&09].

These results verdd the accuracy of this procedure to calculate activation energy. The variation
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wasvery low, and the resulisereexpected to bseimilarto each other in thigeactionbecause of
the PF containing the low molecular wligyolatiles.
The following shows the results for activation emesdgor the first curing reaction

forming methylene bridges between the phenols.
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Figure58. Calculated activation energies for themation of methylene bridgé€frst curing
reaction)

Overallthe activation energies for the methylene bridge formatieresimilar. One
would expect to see more contrast between activation energies for curing if the mechanism that
was altered due to s@yoductsubstitution was a @mical crosslinking one. Theveasa small
drop in the 30%5F substituted resin in activation energy, butaleévation energy for the
PFSPImixturehaving a higher protein contembuld have trended dowfor the first curing
reactionif the protein fromthe soy flour was interacting chemically with the PF matrix.

The activation energies for the second curing reaction forming ether bridges between the
phenolswas calculatedHigure59). As in the formation of thenethylene bridges, there was no
significant difference in the activation energies for the second curing reaction involving ether

bridge formation.
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Figure59. Calculated activation energies for the formation of ether bridge®(®kcuring
reaction)

Theevidencdrom the TGA/DTGA study and the activation energy corroborate each
other insuggeshg that if therewasa change in the crosslinking mechanism duéé¢o
interactionof soy productsvith PF, itdid not play as significantf a role as its interaction with
the wood/resin interface. The work from the screening sectiastherefore corroborated to

more of a degree in refuting the hypothesisSband PF.
Isothermal Thermogravimetric Analysis

Isothermal TGA was used forther characterizthe first curing reaction involving
methylene bridge formation example of the identification of the end of the owes
explained throughhe dynamicTGA data for @Fsample used in thEGA study using a
constantemperaturéncreaseof 5 °C/min. The analysis was performed using the TA

instruments software as seen in the following figure.
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Figure60: TGA 6olid) and DTGA dash data of PF ramp (8C/min) showing curing peak and
point of full cure

The first tanperature identified (4°C) wasthe DTGA temperature peak of tfiest
curingreaction The second temperature 1) wasthe DTGA inflection point at which ivas
assumed that the cunascomplete. Thisvasassumed becausentisthe temperature athich
the smallest amount of weight charvgasoccurringbetween the first and second curing
reactionsand therefore represemta transition betweethese.

The followingwasa plot of the DSC heat flow data méatPFtakenat the same ramp

rate as the TGAample shown above.
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Figure 61 DSC data showing curing region for PF at a ramp rate 6€6nin with DTGA
inflection point identified

The temperature from the DTGA point of inflection, whengasthought that the point
of full cureoccurred(154°C), wasidentifiedin the DSC data above. The poawcurreddirectly
after the endothermic curve indicating the release of water from the condensation reaction. This
evidencesuggestdthat the point of inflection in the DTGA dateas sufficient in estimating the
temperatur®f the end of the first cure for that ramp rakis alsdell within literature values of
PF curing[109]. Therefore, the maseentage left at the point of inflection in the DTGA data
signified full cure. DTGA point of inflection datevasused as the method for identifying
transitions between each of ttmass loss events (or zonentified earlier.

The DTGAtemperatues of full cure of the first curing reactiowere analyzed for all
TGA temperature ramgatesto estimate the mass percentage left at full cure. The mass

percentage data was then compared with each other by usimgmne ANOVA (U=0.05) .
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was naosignificantdifference when comparing ramp rates of all samples (p=0.792). The mass
percentage lefit curewastherefore not dependent on the ramp rate.
The data did show significant differences between the type sample (PF, 30% soy, 30%

SPI, or 30% soy) (Figure62).

Means Comparison Chart
Red intervals that do not overlap differ.

PF —.

SPI30 e

SoyD B ——

Soy30 —

0.895 0.900 0.905 0.910 0.915

Figure 62. Conparison ofmass lefafter full cureof the first curing reactiofior neat PF (PF),
70/30 PF/SPI (SPI30), 70/30 PF/sby(SoyD), and 70/30 PF/soy flour (Soy30)

The chart above shows that PF had the least amount of mass left over at full cure. This
showedthat PF required the most mass loss to achieve a full cure. The 70/30 PF/soy flour
mixture showed the least mass loss to achieve full cure wltssignificant in that
approximately 2% more adhesiw@sleft in any wood composite using the BFmixture han
neat PF. The PF/SPI and PF/ddghowed similar mass lossietess than PF but more than
PFSF An explanation for the higher mass left for the PF/soy product mixivasthat the extra
soy product residuerasnot reacting with the PF therefore ndegesing moisture from the
condensation reaction. This further retitee hypothesis that soy produetsrealteringthe PF

to a higher degree tohesiorrather than the wood/resin interface.
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The mass losdata was then used witkbthermalTGA data to esmate the time of cure

for each sample. The TGA data was plotted, and the time was found when each sample achieved

a mass loss equal to the mean of the mass loss for the type of sample.

An example othe time of cur@nalysiscan be seen in the followimgjot of an

isothermal TGA run of PF at 13C.
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Figure 63. Isothermal TGA run of PF at 13@ showing point of cure

The isotherral TGA runswere heated at a constant temperature for two hoursllect
mass loss data sufficieahough to compare to the mass loss data of the dynamic TGA for the
first curing reactionThe mass loss at the end of the4wowr cycle varied considerably which
caused variation in the time of cure measurements. When the time of cure was compared with

the mass loss of that same sample after two hours, there was a linear relationship between the

two. The following normalization equation was used.
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wherex wasthe time of cureX wasthe newdata pointa wasthe minimum mass loss after two
hours,b wasthe maximum mass loss after two hodsyasthe minimum time of cure, artl
wasthe maximum time of cure in the dataset.
This data was then compared with each other according to mix ugieg ibnevay
ANOVA (U=0.053ampreat Itest a(@@=0.05) for direcH

(Figure64).

Means Comparison Chart
Blue indicates there are no significant differences.

Soy30PF —_—

SPI30PF —_——

PF

Soy-D30PF

Figure 64. Comparison ohormalized time of cure fdhe first cuing reaction ofneat PF (PF),

70/30 PF/SPI (SPI30PF), 70/30 PF/sBy(SoyD30PF), and 70/30 PISF (Soy30PF)

There was not a significant difference betw#entime of cures foall the mixes
(p=0.075) although he PF5Fdisplayedhe lowest time of curdhe lesser amount of mass loss
needed to achieve full cure 486 for PF/soy flour versus 10.5% for neat REs believed to
reflect the times of cur@ hiswasfurther evidence to refute tipgimaryhypothesishowingsoy

products do not significantly &€t the curing kinetics of PF during the curing reaction.
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PF1 FT-IR Analysis

FT-IR spectrabnalysis involvd observation of each transitiepectradentified earlier
between thelynamicDTGA temperatur@eaks of PF anthe 70/30 PFéoy product mixtures
This involved theuncured sample and thirst, second, third, and fourth transitiooisthe
sample It wasbelieved that the second transition represgitite end of the first curing reaction
(formation of methylene linkage), and the third transitiomespnédthe end of the second
curing reaction (formation of ether linkag@psorbancevasmeasured in arbitrary units and
offsetequally for all transitiongor each spectrum for comparison purposes.

Figure65 shows the deformation bands associated with unsubstituted hydrogen bonds in
the benzene rind-he band at 777 chrepreseredthe deformation vibrations of the-lg bond
in benzene rings of three or four adjacent unsubstituteldoGnds. This indicatesubsitution at
positions 1,2 and 1,2,3 on the benzene ring. This basassigned to substitution at positions
1,2 and 1,2,6 on the benzene ring whigpreserdd substitution at the ortho sites on the phenol
group[116]. This bandvasdiminishing as the cure progredsiue to para substitution on the
phenols during thegdymerization reaction. The band at 755thecamemnore pronounced as
the band at 777 ctndiminisheg.

The bands at 841 and 852 ¢mepreseredtwo adjacent unsubstitutedi bonds and
wereassigned to substitutions at positions 1,4 and 1,2,4 on tzefening indicating para as
well as para and ortho substitution on the phenol gfbif]. The band at 880 chrepresenting
a single, isolated € bondwasalso assigned to the 1,%4sitions[116]. The bands at 841 and
852 cm! couldbe seen strengthening from no cure to the second transition at full cure meaning

more substitution on the phenol suggesting polymerization. Tk 44880 staeidto diminish
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as compared to the 841 and 852'dmands in the third and fourth transitions signifying a

breakdown of the polymer due to degradation.
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Figure 65. FT-IR spectrafor wavenumbers 96650 cm' compaison of norcured and
transitional TGA thermally treated samples of PF (a), 70/30 PF/SF (b), 70/30 PF/SPI (c), and
70/30 PF/soyD (d)

The bands in neat PFigure65a) were more pronounced than the PF/soy product
mixture bandsit 880, 852, and 841 ¢cinThis was likely due to a lesser amount of PF in the
mixture attenuating the signal. The PF/4oyFigure65d) showedmore signal in the
wavenumber bands of 852 and 841'dmthe fourth transition which compateo the neat PF.
This fourth transition could be the point at which the ether bridges were cldavgdThis
would explain why it was more pronounced after observing the 88amd signifying more

benzene positions filled in the first transition of the neat PF. It could show that the-BF/soy
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mixture shovedbetter resistand® cleavage along with neat PF compared to the other PF/soy
product mixtures. It was likely that the other signals were attenuated because of the substituted
SF or SPI.
As far as degradation, a band at 701'@ouldbe seen in the degradation transitions
representing five adjacent unsubstituteti ®onds on the benzene rifidL7], [118] suggesting
a phenol withdetachednethylol groups as well as methylene and ether bridges.béind
becomes more prevalent after curing arasseen increasinigp the fourth transitionNeat PF
(Figure65a) displays more activity in this band likely because of the presence of more phenol.
The band at 1@ and 1031 cm (Figure66) representedither the GO stretching in the
C-OH group of the hydroxymethyl group attached to the phenol or4BelCstretching in the
dimethylene ether bridges in the polymer matrize®ele et. al. have explained that theees
considerable variation in the assignment of absorption bands in the lit¢dzt8feThe GOC
stretch of tie ether bridgdadbeen reported as 1100 ¢nj119], 1064 crt, [118], and 1050
cml, [118], and the @0 stretch of the methylol groudbeen reported as 1045 énj119],
1040 cmt, [120], 1010 crt, [121], [122] 1000 cm¥, [118], 1050 cmt, [123], and 1058 ¢,
[112]. The formation of ether and methylene bridgesenhanced as the polymerization
reaction progresskeand usd free methylol groups in the process. Therefore, the increase in the
band at 1031 crhcoincides with the ether bridge formation while the slight decrease in intensity
of the band at 1@5 cn! accoungdfor the hydroxymethyl groups forming ether and methylene
bridges during the polymerization reaction up to the second transition.
It was expected tobserve a larger signal in the 1031tband in the third transition, but
it was either the same or slightly attenuated compared to the second transition. This was evidence

that the second curing reaction could be occurring at a lower temperature, eoldtifeegas
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given off seen at the higher temperature in the DSC experiment could be formaldehyde given off

from ether bridges becoming degraded into methylene bridges.
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Figure 66. FT-IR spectra for wavenumbers 12000 cm' comparison of nowured and
transitional TGA thermally treated samples of PF (a), 70/30 PF/SF (b), 70/30 PF/SPI (c), and
70/30 PF/soyD (d)

In the PF/SF and PF/sep mixturespectraFigure66b & d), therewasa combination of
in the wavenumber band region of about 2980 cm*. Therewasa combination of the
hydroxymethyl group and ether bridge formation described previously in the PECedrid
1031 cm! and the @O stretching from soy flour indicating sugaoleculeg124] shown at a
band of 1049 crhin Kim and Netra a | i 0 [825]wSimildkitieswereseen between this peak

and the PF peak at 1025 and 1031*atescribed above although tbeerlayingof SF and soyp



carbohydrates attenuates some of the sidie.PF/SP1 mixture spectriigure66 c) does not
include the carbohydrate band due to the high protein content.

The peaks avavenumberd4411458, and 1472 cm (Figure67) represetedthe GH
bend of the methylene brid¢@2]. Roczniak et. al. repatimethylene bridges atpappar a6 a't
1450 cmt, orthoo r t h 0 6 & tand brth@a@ra at 180 cm?, [116]. The band at 14cm*
waslikely theband repreenting methylene bridges betweenosthot hoé si tes. As t |
polymerization reaction progresses, the band at 1472strengthens as compared to the one at
1438 cmt signifying more orthgp ar a® met hy | e nRarapa rvak@@mesenteco r mi n g .
by theband at 1441 crh The PF/soyD mixture spectraRigure67 d) was observed as favoring
othcor t hod6 met hyl ene iparandethydese bridgds.fOetaothotbhdgess or t h o
wereprevalent in the crosslinkingetwork because of steric hindrance of the methylated phenol
groups It waslikely that the orthepara bridge content was less prevalent in the PHXsoy
mi xture as compared to the neloterlaRbeld4s8rrl t he n
peak.

There was an extra peak (138800 cmt) that appeadin all PF/soy product mixture
spectraFigure67 b-d) not seen in the neat PF. This peak represiéhé CH bending vibration

that was seen in soy flo{t26].
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Figure 67: FT-IR spectra for wavenumbers 150800 cm comparison of nowwured and
transitional TGA thermally treated samples of PF (a), 70/30 PF/SF (b), 70/30 PF/SPI (c), and
70/30 PF/soyD (d)

Overall, theravasno unambiguous evidena# new chemical modification psent due
to the interaction of sogroductsand PF before or during the curing procdseere were some
differences between the AR spectra of soproductsubstitution in PF and neat PF including
bands from the soy protein itselfut other differencesere mainly attenuation of the PF/soy
product FFIR spectra indicative of less PF conteflhere were no clear indications of the curing
reaction being affectedhere were no new peaks observed in the mixture that were not seen in
the neat components witluring. Thiswasalso evidence that theveasvery little or no cross

linking occurring between the PF and sgductmixture during curing.



TheFT-IR spectra were also analyzedcompare thé&Fspectra withsubtractiorspectra
The subtraction spectmnsistedf the PF spectra subtracted outlod PF/SFmixture spectra
This wasperformedo identify any major differences in the mixture spectra from the neat
components that were not identified with observation of the spectra by themselves. iiahere
no crosslinking between the SF and PF, therPth&Fmixture spectra would just be a
combination of the neat components of PF and SF. The Dewiggle alg@t2fifrom Thermo
Fisher was used for é¢hspectral subtraction.

Theneat PF, neat SF, and 70/30 PF/SF mixsaraples were heated in a mechanical
convection oven to cure the samples for 30 minutes at@.30he samples wetbentaken out

of the oven and scanned with the-lRI'spectrometer

---Soy
" ——Subtracted Spectra

Absorbance (a.u.)

e

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm)

Figure 68: Spectra of cured soy flour and of a subtraction spectrum of a cured mixture of 70/30
PF/SF with the cured PF component stripped out

The spectran Figure 68 weresimilar but notindistinguishable. Spectral subtractiaas

difficult and couldlead to ghost peaks as pointed out by Myers €1 @4]. An exampé of this
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wasobserved with the bands at the wavenumber range o£39%@m* which includedthe
ether linkage and free methylol groups from the PF and the carbohydrates from the SF. This
combination shoedthe largest ghost peak observed in this rangerasult The Dewiggle
algorithm eliminated any bias, but some differences remained. AlRRFanhalysesvere
considered supportive of the absence of significant chemical interaction between PF and soy
productsduring curing performed in the process ddsamnli

The FFIR work showed the accuracy of the data analysis through extensive
identification of functional groups throughout the cure and degradation of PF, Sf/aay
productmixtures. The cured samples showed evidence that dehaehypothesis cdinming
results of the activation energy of the curing zone in that if thhasa change in reaction
kinetics with soyproductsubstitution in PF itvasnot as significant as its interaction with the

wood/resin interface shown in the screening experiments

Conclusions

The TGA work revealed that overall the soy product substitution in PF exhibited mass
loss events due to thermal treatments comparative to a combination of the soy product and PF
components. This was especially true in the curing region (40675 °C for 5 °C/min ramp).
Residue analysis showed little difference between the actual and expected residues of all PF/soy
product mixtures with TGA thermal treatment after the curing event (*(20@®owder PF was
shown to reflect the effects of SEbstitution in liquid PF in TGA/DTGA data and therefore
shown to have similar chemical crosslinking characteristics as defined by TGA experimentation
since liquid and powder Rikereessentially the same species according to evidence of TGA.
This experimenshowedthat the primary mechanism of adhesion changed for liquid PF with the

addition of soy products can be assumed for powder PF.
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DSC work was performed to identify the curing reactions. The first reaction was defined
as the formation of methylene bgels, and the second curing reaction was identified as the
formation of ether bridgeisalthough therevasa possibility that the event identified could
possibly be the degradation of the ether bridge into a methylene bridge.

The DSC data for the first caig reaction was then compared with the DTGA
temperature peaks to corroborate the Tda#aas well as the activation energy calculation that
employed the DTGA temperature peaks in the method. No significant differences were observed
between activation endaas of neat PF and PF/soy product mixtures in either the first or second
curing reaction.

The evidence from the TGA study and the activation enangyysiscorroboratd each
other in suggesting that if there was a change in the crosslinking mechanismtluie
interaction of soy products with PFdiid not play as significant of a role as its interaction with
the wood/resin interface. The work from the screening sectiastherefore corroborated to
more of a degree in refuting the hypothesisSbandPF.

Isothermal TGA wasisedto corroborate transition temperatures between reaction events
through identification of inflection point temperatures of dynamic DTGA data. The temperature
of the transition from the first curing reaction to the next wasiedrikith DSC data and DTGA
inflection point temperatures. The time of cure was comparable between the neat PF and PF/soy
products indicating corroboration that soy product substitatidmot enhance the cohesiveness
of PF found with the TGA work.

FT-IR spectral analysis determined wavenumber band peaks relevant to the
polymerization of PF. Functional groups were identified throughout the cure and degradation of

PF, SF, and PF/soy product mixtures. The cured samples showed evidence thktheefute
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hypothesis again confirming results of the activation energy of the curing zone in that if there
wasa change in reaction kinetics with soy product substitution in RFaghot as significant as
its interaction with the wood/resin interface shown in the sangegxperiments.

Additional formaldehydevould be required to match the crosslinking demonstrated by
prior published work since formaldehyde was shown to methylate soy piitesrexplained
why the denatured soy (s@) did not show a significant differea in activation energy of the
curing reactions as compared with the other resin formulatitowas also possible that the soy
products were physically crosslinked in the PF polymer matrix and did not benefit the
crosslinking bulk due to a chemical reéantbetween the PF and soy produ€sosslinking
demonstrated through prior publications was not possible with the process in this work because
thephenol and formaldehydeadalready reactetbgetherto acertaindegreeherefore leaving

minimal formaldéyde to methylate theoy products.
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Chapter 7: Methylene Diphenyl Diisocyanate and BmductCuring Kinetics

Introduction

The work in thischapterfocused on understanding the interaction between soy products
and the wood adhesive, polymeric methgl@iphenyl diisocyanate (pMDIlUnderstanding the
interactionaidedin determiningwhether soy products affectthe overallresinto a higher
degree in adhesive failure or cohesive failltiee curing kinetics were studiedneatpMDI and
mixtures of vailous soy products with pMDI to understand hinveoverall adhesivevas
affected These soy products included defatted soy flour (SF), soy protein isolate (SPI), and
denatured, defatted soy flour (Sby.

Thermogravimetric analysis (TGA) wasedto charaatrize the curing reaction of each
of the resins. TGA was also performed to characterize degradation pathways to understand the
products produced from the pMDI/soy product mixtures as well as compare them with the neat
pMDI resin.The experimentactivatian energesof the curing reactions of th@VIDI/SF
mixtures and th@eat pMDIwerealsocalculatedusing data obtained from thermal treant of
the resinsData obtained from Fouridransforminfrared (FFIR) spectroscopy of the cured and
noncuredpMDI/SF mixtures and theeat pMDIwereanalyzed through spectral interpretation.
Identified wavenumber bands of importance through examination ofguisdished worlor

identification of appearing or disappearing bands were analyzed
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Materials and Experimental Method

Soy protein isolate (SPI), ProCote 4200, was donated by,3dl&e Defatted soy flour
(7B) was provided by Archer Daniels Midland, of which abmait of the mass of soy flowvas
constituted of soy proteir29]. The pMDI resin used was MONDUR 541 manufactured by
Bayer Material Science LLC amtbnated by J. M. Huber CorporatiggMDI and MDI were
used interchangeably throughout this secfidre denatured, defatted soy floBdy-D) was

prepared according to the Wescott/Frihart mefl3dd.

Thermogravimetric Analysis (TGA)

Themogravimetric Analysis (TGAyasappliedon data fromresinsampleghermally
treatedusing the TA Instruments Q5000 IR thermal analyzer. This thermal welgimge
instrumentwasoperatedn conjunction with the TA Instruments Universal Analysis 2000
progam version 4.5A

Thermal treatment was administered to various samples containing pMDI and/or soy
products during constant temperature incread@safnic TGA oramp) treatments while
measuring mass loss and time. Ramp thermal treatments were admingstdradcterize
volatile evaporation, curing reactions, and degradation reactions.

Weight and temperature calibration was performed on the thermal analyzer at least every
two days of testing. The chamber was purged with 90/90 mL/mL/df2Nh the balancsample
for 30 minutes if there was a period of A@sting. Longer intervals of inactivity on the thermal

analyzer required 200/200 mL/mL oM in the balance/sample for 12 hours.
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TGASample Preparation

Prior to thermal treatment, samples were preapafaincured neat pMDI and mixtures of
pMDI and soy products. The following resin ratios were prepared: 70/30vé&ight/dry
weigh)) pMDI/SF, 70/30pMDI/SPI, and 70/3@MDI/Soy-D. Theneat SFSP| and SoyD TGA
and DTGA datavere the samdataas the PHGA experiment. The liquid MDI mixtures were
mechanically mixedavith the soy produdnh a sample tray with a metal spatula until sample was
visually uniform.The SF and SPI were in powder form and assumed dry when mixed with
pMDI. The SoyD samples wereat dry and prepared as described in the Wescott/Frihart
procedurd34] with the same water content when mixed with pMDI.

Approximately 15 mg of the samp{eeat pMDI or pMDI/soy product mixture&yas
weighed out into a tared platinuRiT pan. The pan was then loaded into W& Instruments
Q5000 IRthermal analyzer. A purge rate of 10/90 mL/mL of€W in the balance/sample was

used

The thermal analyzer was programmedhtyease the temperature at a constant rate (i.e.

ramp)to a certairfinal temperature (500C in most cases). The temperature ramp consisted of
constant rates of 2.5, 5.0, 10.0, 15.0, or 20.0 °C/min from room temperature to the desired
temperature.

Therewas a minimum of fiveeplicationspertemperature ramp per samplénese five
replicationswere requiredo produce data that contained no noise infB&/DTGA data The

DTGA temperature peaks were also required to naveutliers when compared with each other.

Grubbs and Dixonbés rati o i=bRtl1B.1seftwarete dimisatewe r e

any outliers.
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Activation Energy Calculation

The DTGA data was employed to identify temperatures at which the maximum amount
of mass loss occurred during each of these characterization events, referred throughout this work
as temperature peaks. These temperature peaks were identified for each event at various ramp
rates, and a temperature range was identified containing these temperature peaks for each event,
referred throughout this work as zones. The temperature peaksseer& calculate activation
energy for each of those events.

The following shows a plot of typical TGA and DTGA data for a 70/30 MDI/SPI sample.
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Figure69: TGA and DTGA data showirftye temperature ranges (or zones) of reatBoents
that wereanalyzed

Figure69 wasshown asa visual aido help identify temperature rang@s zonespf the
DTGA temperature peakeund for all ramp rates for each should be noted that the neat MDI

only has DTGA peaks in zones 2 and 3.



Therewasa wide temperature distribution for each of éventsbecause of the range of
ramp rates (2,%.0, 10.0, 15.0, an2D.0°C/min). These events were identifiéar neat pMDI
and all pMDI/soy product resin mixtes The temperature ranges were calculated for the pMDI
and the pMDI/soy product mixtures for each event.

Each of theDTGA temperature peaks the curing reaction temperature range (or zone)
for a particular sample with their respective ramp rat@®usedto calculate the activation

energy for the curing reaction. This was performed uiadissinger method byypot €+ i n g
| - versiE whpvmaes t he DTGA t efmpas at e elrhpem pdkartaan d .

had a |lineamdr ¢hat shropleicepd 9f the plotted I

the activation energy in the same fashion as

Fourier Transforminfrared (FT-IR) Analysis

Spectral analysis was performed on pMDI @aiDI/SFsamples using Fourier
transforminfrared (FFIR) spectroscopy. Chemical structures were identified and compared for
the samples through spectral analysis to determine the characteristics of cure. An experiment was
designed to acquire spectrum dimtan samples heated in the TGA at varying temperatures and
compare the data with each other. The data was used in conjunction with the TGA data to
determine whether chemical crosslinking occurred due to this heat treatment process and to what
degree thatte curing reaction was affected wil substitution.

Samples were prepared of cured and-aored resins. The resins were either neat pMDI
or 70/30 pMDI/SF mixture. Theomponents of thé0/30 pMDISF mixtureweremechanically
mixed in a glass beaker withmetal spatula untiisually homogeneous. Both neat pMDI and
70/30 pMDI/SF were scanned on the-lRI'spectrometer before heat treatment was applied to

represent the noure samples. Both pMDI and 70/30 pMDI/SF samples were then placed in a
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mechanical covection oven set at 18C. The pMDI took 20 hours to fully cure. The pMDI/SF
mixturefoamed out of the aluminum pan holding it after five minutes but was fully cured after
60 minutes. Another sample of pMDI/SF was heated at a lower temperature°df fbd3.7

hours, 130C for 30 minutes, and 14TC for 45 minutesMore detailsveregiven in the results
and discussion sectioAll samples were scanned on the-FR'spectrometer to represent full
cure samples.

The FFIR data was collected by the PerkinEhlnseftware FT-IR spectra were collected
using a PerkinElmer Spectrum 400 Imaging System spectroneterscans were performed for
each sample.

The FTIR spectra were all normalized to the neat pMDI spectra using the area under the
curve of the wavenumbéand containing the band intensity peak located at the approximate
wavenumber of 754 chbased on the prior published work of Garrett, et128].

Normalization was attempted with other wavenumber bands containing peaks ft2%30
2960[130], 1600[130], 1595[131], 1591[132], and 1417128]cm’™. These normalizations did

not produce comparable data primarily because of overlap from other wavenbands.

Results and Discussion

Carbodiimide Formation

Curing and degradatiaractionkineticswere examinetbb comparecharacteristics of
weight loss due to thermal treatmenth and withoutthe substitution ooy productsn pMDI.
TGA andDTGA datafor the thermal treatment ofeat pMDI, neat SF, 70/30 pMDI/SF, neat
SPI, 70/30 pMDI/SPI, neat Sdy, and 70/30 pMDI/So¥ at a heating rate of /min under

nitrogenwereshown in the following figure
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Figure 70: Dynamtc TGA (left) andDTGA (right) data for neapMDI, neat SF, and@0/30
pMDI/SF (a&b); neat pMDI, neat SPI, and 70/30 pMDI/SPI (c&deat pMDI, neat Seip, and
70/30 pMDI/SoyD (e&f)

Themain thermablegradation for defatted soy flo(ifigure70a & b) beganatthe onset
temperature of abo@10 °C where the cleavage of glucoside umitsurred105]. The DTGA

datadisplayedtwo peaks associated with the degradation in this temperature(paaies at 248
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°Cand 300°C).Guettl erds work with soladihdttbeloman gar extr

temperatur@legradation peak (most thermally sensitive fraction ofv&Sthe soluble sugar
fractionwhereas th@eak at the higher temperatwvasthe insoluble soy106].

The SPI(Figure70c & d) indicatel a similar range of degradation temperatures as the SF
in the TGA and DTGA data. Amaller amount of masgaslost at the lower temperature
degradation peaik the SPI as compared to the, 8kt theravasahigher onset temperature of
232°C and higher DTGA peak of 25& indicating that thisvasnot part of the soluble sugar
fraction as in SF. Thiwasexpected with the isolates the soluble sugars have been extracted
[106]. The degradation ithe temperature range of 2@00°C wasa degradation of the soy
protein[107]. Thisinvolvedthe breaking of hydrogen bonds (intramoilec and
intermolecular), electrostatic bonds, and cleavage of the peptide bonds of amino acids in the
protein structur¢108].

The soyD (Figure70e & f) alsodisplayeda similar range of degradation temperatures
as the other soy products in the TGA and DTGA dataonset temperature (22€) and DTGA
peak (251°C) for the soyD degradation regioraid between the SF and Sétiset temperatures
and DTGA peaksuggesting thereverestill soluble sugars present, but the denaturation process
has eliminate@ partial aount of these soluble sugai and Sun performed TGA on a
modified soy flour and showed protein degradation between 208 arfe€4007]. This
followedclosely with the sp-D thermal degradation in the same temperature range. The higher
amount of mass lost as compared to the other soy products between room temperature and 190
°C wasattributed to the large water content of the-Boy

Thereweretwo clear mass loss eventsedio thermal treatment in neat pM®ligure70

a & b). The neat pMDIbeganto show a relevant loss of mass at an onset temperatlLiés €.
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This loss occuedlower in temperature than polyurethanes formed fréfid pshown in prior
work. Aguirresarobe, et. al. describthe possibility of a plymerization reaction occurring
this temperatureange[26]. Upon spectral interpretation of the #/f spectra obtained from
cured samples of neat pMDhe polymerization thatiasbelieved to occuwasthe formation of
carbodiimideformed by the dimerization of isocyanate groupise release afarbon dioxide gas
in carbodiimide productiowasevidence of such to explain the weight loss seen in the
temperature range

The following figure shows thET-IR spectra used toonfirm evidence bcarbodiimide

formation.

pMDI-180 min @ 180°C

70/30 MDI/SF-cured

70/30 MDI/SF-50 min @ 130°C

2137 - N=C=N asym str

Absorbance (a.u.)
Absorbance (a.u.)

pMDI-50 min @ 130°C

2112 - C=N str doublet

70/30 MDI/SF-uncured

pMDI-uncured

2200 2150 2100 2050 2000 2200 2150 2100 2050 2000
Wavenumber (cm!) Wavenumber (cm!)

Figure 71. FT-IR spectra showing peaks for carbodiimide intieat pMDI offset to show the
progression of the cure (left) compared to minimal carbodiimide peaks in the 70/30 pMDI/SF
mixture

Sonnenscha describe in his textthe formation of carbodiimide and its characteristic
absorption of the asymmetric N=C=N stretch absorption at 214J2hj A small pealcould
be seen forming after three hours heating at°08at 2147 crit and a clear peak after 20
hours of heating at 2137 chsignifying an aryl carbodiimide whiclvaswhatwasexpected due

to the aromatic structure of pMDFigure711 left). The C=N stretch doublet due to the Fermi
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resonane band was observed at 2114 cfor the threehour heated sample and 2112 %for
the cured samplgl33].

When preparing samples for HR scanning, the curing reaction of neat pMDI was
observed proceeding at a longer duration than the pMDI/StreixThe pMDI was cured in a
mechanical convection oven for approximately 20 hours af@86r a full cure whereas the
pMDI/SF mixture was fully cured after one hour in the oven at®@80he pMDI showed no
visual evidence of crystallizatiafuring thefirst few hours and remained at relatively the same
volume. The pMDI/SF mixture created a fodike structure after five minutes of heat and had a
porous structure in contrast. Another curing attempt was made withtB&SF mixture at a
lower initial temperature of 108C for a longer duration of time of 17 hours which reduced the
foaming of the mixture considerablihatsample was then placed in an oven at A3€or 30
minutes then 140C for 45 minutes to finalize the cure. #R spectral analysis dhe foamed
and reduced foam structure showed no considerable differences when compared. The pMDI
cured at a slower rate in part because there were no reactive groups with a fast rate of reaction
with isocyanate groups, like amine or hydroxyl groups. Erbadiimide reaction proceeded at a
slow rateas compared to the pMDI/SF mixture

Carbodiimidewasalso part of the urethane degradation pathway when heated to about
240-270°C [25], [26]. The spectral analysis of the #R data for the pMDI/SF mixture showed
little to no evidence of carbodiimid€igure71i right). This evidence suggestithat the
carbodimide was formeanore preferentiallyrom the dimerization of isocyanate groupseat
pMDI rather than urethane degradation.

It wasbelieved that the carbodiimide was formed ingDI as the primary curing

reaction due to the longer duration and higher temperature required to cure the specimen. The
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lowertemperature rangdentified as théormation ofcarbodiimide in theeatpMDI matchel
correspondingly t oGADTEA gatdBigure®R & b).iTketonsete 6 s T
temperaturesvereclosely matched at 18& for pMDI and 189 C for pMDI/SF. Carbodiimide
was not as prevalent in tip®DI/SF mixtureFT-IR spectral analysi@-igure71i right) because
of thelower temperaturéeatingrequiredfor the curing reaction of the pMDI/SF mixture.
Therefore, iwasbelieved that the curing reaction for the pMDI/SF mixtdicenot involve the
formation of @rbodiimide butid involve urethane formatiof.he carbodiimide TGA/DTGA
curve in the pMDI/SF mixturevaslikely the thermal degradation of urethane to carbodiimide
described above.

TGA/DTGA work was also performed on mixtures of pMDI and other soy ptedSPI
and soyD were mixed with pMDI at the same ratios as the pMDI/SF mixture and studied under
TGA/DTGA. The TGA/DTGA data for the pMDI/SPI mixtur€igure70 ¢ & d) showedan
onset temperature of 18€ for the thermal treatment region described as the carbodiimide
formation region above. The TGA/DTGA data for the pMDI/gdynixture Figure70e & f)
showedan onset temperature of 189 for the same thermal treatmergion. These onset
temperatures mateld closely to the onset temperatures of neat pMDI and the pMDI/SF mixture
in the same thermal treatment region. Thereforgagassumed that these regions describe
carbodiimide formation for pMDI/SPI and pMDI/s&y mixtures as well. ltvasalso assumed
that carbodiimide formatiowasa result of the thermal degradation of urethiantbese mixtures
because of the similar TGA/DTGA thermal regions of degradation of proteins in SPI abBd soy
to SF.

Residue analysis waerformed on the TGA data to confirm a difference of the

carbodiimide formation between neat pMDI and pMDI/SF mix{&igure70a & b). The
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residue was determined for neat pMDI, SF, and pMDI/SF at the tempdd&ntified as the end
of the carbodiimide formation event. The expected residue of the pMDI/SF due to the
combination of the neat pMDI and SF was calculated by using the following equation:

a X B onbB (20),
wheremmix wasthe calculated mass percentage of the residue left that would be expected in the
mixture if the components lost the same amount of Mmassy wasthe mass percentage of the
residue left of the pMDI at that temperature, arg wasthe mass percentage of the residue left
of the SF at that temperatufiéhe results of the residue analysis can be se€ahbie7. The
actualresidue left of the@MDI/SF mixture was29% higher tharthe calculatedesidue of the
pMDI/SF mixture. This evidenceuggestdthat the substitution of S#d not promote the
formation of carbodiimide to as high of a degree as the neat pMIld heated in this

temperature range

Table7: Actual versis calculated residues left after the formation of carbodiimide in pMDI/soy
product mixtures

Mmix Mnix percentage Temperature @
Resin Mixture actual calculated difference end of event
(%) (%) (%) Q)
70/30 pMDI/SF 76% 54% 29% 268
70/30 pMDI/SPI 71% 58% 18% 261
70/30 pMDI/soyD 83% 55% 33% 257

Residue analysis was also performed on the pMDI/SPI and the pMiV/saixtures that
can be seen ifable7. The pMDI/soyD mixture shoveda similarpercentagelifference in the
actual and calculated resin residues as the pMDI/SF, although the temparéttarend of the
carbodiimide formation event was over XDlower for the pMDI/soyD. This lower temperature

could be an indication of threoy-D favoring a separateeaction pathway with pMDI than the
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other soy products. The DTGA curve for pMDI/SF during this evieigufe70f) waslower in
magnitude than the other pMDI/soy product mixtures indicating less change in mass. Th
possibility could be either the s@y does not react with pMDI to as high of a degree as the other
soy products do, or the s@reacts with the pMDI in a different reaction pathway that does not
promote the formation of carbodiimide. The higher diffeeshetween the calculated and actual
residues left could be influenced by the water cordérby-D. The mass loss in the lower
temperature range (room temperatiar205 °C) of the pMDI/soyD was higher than the other
pMDI/soy product mixturesHigure70). Thiswasbelieved to be the extra water content of the
soy-D, but it should not be mistaken as an evaporation of water in this mass loss evast. It
likely that the watewasreacting with pMDI forming carbamiacid which decompoddo form
an amine and carbon dioxide. This liberated carbon diaxaléd display asamass lossluring
this event, although evaporation of water cannot be ruledtauslikely that this reaction
between water and pMDeleasd a majority of the carbon dioxidat room temperaturgefore
the TGA experiment occrgd This would explain thencreased difference between the actual
and calculated residues.

The residue analysis performed on pindDI/SPI shoveda reduced difference betesm
the actual and calculated residue left after the carbodiimide formation event when compared to
the other pMDI/soy product mixtureFdble7). It wasbelieved that the higher amount of protein
due to the higherrptein content in the SPI reactwith pMDI to form more urethane than the
pMDI/SF mixture. This urethane degrades to carbodiimide. More carbodiimide formation would
explain less residue left after the carbodiimide event seen in the pMDI/SPI mixturepsedm

to the pMDI/SF.Therewasabout an 80% increase in protein (~90% in SPI and ~50% in SF).

13¢



This matches closely to the 71% increase seen in the differences of actual and calculated residues
of pMDI/SPI mixture when compared to pMDI/SF.
The activation Bergycouldbe utilized to characterize the curing reaction of the neat
pMDI and the degradation of urethanes to carbodiimide in pséylproducmixtures. The
activation energy was calculated for the formation of carbodiifidtpire 72) using DTGA
temperature peak ranges of 22&5°C and their correspondirtgmperature ramp rates of 2.5,
5.0, 10.0 15.0, and 20.0 °C/ntaken fromTGA/DTGA data for neat pMDI and mixtures of

pMDI/soy products
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Figure 72. Calculated activation energies for the formation of carbodiimide {26&°C)

The activation energsfor the carbodiimide formation of soy product substituted resins
werelarger than the neat pMDI. If thismperature rangeasa charaatrization of the formation
of carbodiimide, as evidence suggeisthe reaction kineticawereaffected when soy products
weresubstituted into pMDInot only with SF

No published comparisons for activation energy differences between carbodiimide
formationand degradation of urethanes to carbodiimide were discouémee considezdthe

reaction steps involved between the two reactions, tha@san extra reaction step in the



degradation of urethane. Chain scission must occur during the depolymeriatiethane

linkage leaving an isocyanate group. This isocyanate then reacts with other isocyanates to
dimerize intocarbodiimide[22], [25], [134] [136]. Thiswasthe same reaction mechanism for
theformation of carbodiimide in neat pMDI. This depolymerization reactionciegbined with

the carbodiimide formatiooan therefore be assumed to consanhditionalenergyto proceed.
Thiswasrelevant unless thermgasa negative activation energy, whialashighly unlikely since

heat energyasbeing added to the TGA sample during this degradation reaction. Therefore, it
wasassumed that the higher activation energies for the pMDI/soy product mixtures as compared
to the neat pMDWasa result of degradatimof urethanes into carbodiimidEhis also suppoed

the preferential formation of carbodiimide in pMDI as the curing reaction over pMDI/SF

mixtures due to the higher amount of energy required for the reaction to proceed in the pMDI/SF
mixtures.

The smalldecrease in activation energy for carbodiimide formation in the pMDI/SPI as
compared to the other pMDI/soy product mixtures could be attributed to a different reaction
pathway due to the protein content difference. Urea formation compared to urethaat@form
could be different with the pMDI/SPI mixture. Urea has been shown to degrade to isocyanate
which could react with more isocyanate to form carbodiinfil@d&]. The scission reaction in the
degradation of urethane and urea could be slightly different resulting in a slight difference in the
activation energies for the formation of carbodiimide.

The isocyanate peaks were observed through spedtgretation of thé&T-IR data
obtained from neat pMDI and ti®@/30pMDI/SF mixtureat the wavenumbers of 22£P56
cm® (Figure73). Numerous references defihthis isocyanate band at 230250 cm' [133],

[138]i [142]. Kurimoto et. al. showed the decrease and eventual elimination of this band while
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forming polyurethane film§l43]. This characterigt band for MDIwasshown losing intensity
as polymerization proceedsignifying the consumption of the isocyanate groups.

The ratis of the band intensity area$the fully cured resin to the nesured resirwere
calculated fothe isocyanatevavenumbeband for each of the resins. This was performed to
determine theelativeamountof the isocyanate consumed in the polymerization prdoeseat
pMDI and the pMDI/SF mixtureThe ratio of cured to necured isocyanate for pMDI was 0.11
and 0.12 for th@MDI/SF mixture. Approximately the sanaenountof isocyanatevas

consumed in each of the resohs&ing the curing reaction

2256-2241 cm!
2256-2241¢cm  pMDI-1200 min @ 180°C (cured)

70/30 MDI/SF-cured
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Figure 73. FT-IR spectra showing peaks for isocyanate in the neat pMDI offset to show the
progression dthe cure (left) compared to isocyanate peaks in the 70/30 pMDI/SF mixture

If similar amounts of isocyanateereconsumed during the curing reaction for both
resins, he isocyanate must have a different reaction mechanism for the pMDI/SF mixture than
theneat pMDI because of thack of carbodiimide present in tiearedpMDI/SF FT-IR spectra
Therefore, the preferred curing reaction of pMDI/SF mixture will be studied sinees it

believed that urethane linkagasoccurring due to carbodiimide formatiomin the urethane

degradation.



Urethane and Urea Formation

The TGA weight losén the higher temperaturegion observed in the neat pMBigure
70a & b)around 290C represergdthe urethane degradation of thedhaegments of the
polymer. As explained in Petrovic, et. al. themeretwo stages of degradation for polyurethane.
The first of these occredwith urethane degradation of the hard segments starting at about 250
°C. The second stagevolvedthe dissocition of the soft segmeifil44]. Grassie et. al. proposed
a detailed thermal degradation mechanism for mainly hard segments of polyuf&8#gne
Therewasan expectedoft segment degradation at higher temperaturew&siot seen since
therewasno soft segment production included in neat pMDI due to formation of carbodiimide
over urethane and urea linkage.

The 70/30 pMDI/SF mixture shada TGA weight loss in the s@e region as thikigher
temperature TGA weight loss faeat pMDI reflected by a peak in the DTGA cure around 285
°C. This corresporetito thedecomposition of thbard segment of the cured resin mixture. The
DTGA curve for the mixturevasattenuated wheoompared to the neat pMDI peak in the same
region. Theravereseverapossiblereasons for this attenuation. Therasa region identified at
a higher temperature range reflected by the DTGA peak at abo@€380the mixture believed
to represent the deadation of the soft segments of the polymer mixture not found in the pMDI.
This soft segment degradation cuwasoverlapping the hard segment degradation curve
causing some of the attenuation. Theesalso the possibility that another curve from tieat
SF (DTGA peak at about 30C) could be influencing the hard segment curve of the mixture.
The onset peak of the mixture (270) fell between the neat SF (28T) and neat pMDI (274
°C). The ratio of the derivative weight (%/°C) at the hard segm&@Mdpeak and the

carbodiimide formation DTGA peak was also calculated and found to be comparable for the
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mixture (0.47) and the neat pMDI (0.50). It was determined that the DTGA peak for the mixture
favoredthe hard segment peak due to the ratio calculatial of the DTGA peak temperature of
the mixture (285C) being closer to the neat pMDI (290) than the neat SF (30C).

The TGA weight loss region reflected by the DTGA peak of 3 thepMDI/SF
mixturewasa separate peak from the componentst pet1 and SF. This region signifiehe
degradation of the soft segments identified in ppiaolishedwork with polyurethane
degradatiorjl34], [144] The SF and pMD\verecleaty reacting with each other to form more
urethane and urea linkage.#H spectral analysis confiredthis.

Urethane linkage in the neat pMDI polymerization reaction was observed in the spectra
(Figure74). The cabonyl stretching vibration (amide | band) representative of associated
(hydrogen bonded) aryl urethanes has a characteristic peak at 208%m' and unassociated
aryl urethanes at 1760730 cm' [145]i [151]. The hydrogen bondingccuredbetween the
carbonyl and NH groups of the urethane linkages, and the unassigned designation regr@sent
Aifreeo c aflBlhi32] [158]r[X53]A peak at 1732 cthwas observed in the
uncured pMDI which became more pronounced after 50 minutes of heat. This peak was
attributed to the unassociatectirane signal. It started to weaken and become overlapped by
another peak with more heat tr ewdememgen si gni fy
bonding to other urethane groups. Another peak appeared in the sample heated for three hours
that strendtened in the fully cured sample at 1716%his was attributed to the associated
urethane signal. This follosd closely with the Ning, et. al. work with pMDI (1735 &rfor
unassociated and 1709 ¢rfor associated)129].

Urethane linkage in thé0/30 pMDI/SF was also observed in the specétrgufe75).

Unassociated urethanes at 1733'@howedsimilarities to the neat pMDI, but the cured mixture
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hada higher band intensity signifying that either thdexdisoy promoted more unassociated
urethane linkage, or a smaller amount of urethane exhibited hydrogen bonding in the mixture.
The wavenumber band associated with hydrogen bonded urethane linkage showing at1715 cm
for the mixture shows comparatively neachydrogen bonded urethane linkage than et

found in the neat pMDI. This suggedicomparatively more urethane linkage occurring in the

pMDI/SF mixture than the neat pMDI during the curing reaction.
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Figure 74. FT-IR specta showing the Amide | band region with carbonyl stretching vibrations
in the neat pMDI offset to show the progression of the cure (left) compared to the Amide | band
region in the 70/30 pMDI/SF mixture (right)

142



0 R, O

<

c I | 11

I 70/30 MDI/SF-cured 1700 & 1647, Ry —NH-C—N—C—NH—R;
Ry—0—C—N—R, ~—  biuret
” I
i 1670
free urethane A
monodentate urea
1689 . 1637 I ;
free urea WM pidentate urea S
0 ", @ 0
1 ﬁ a.,—n—lc—u—a: é
Ry=NH—C—NH=R2 3. _ny—c—nu—-2, o " =
s > g .=
1715 . e o
H-bond urethane ”2

<

70/30 MDI/SF-50 min @ 130°C

Ry=—0—C—N—R, e rm———
T

H._ 70/30 MDI/SF-uncured

1750 1730 1710 1690 1670 1650 1630
Wavenumber (cm')

Figure 75. FT-IR ectra showing the Amide | band region with carbonyl stretching vibrations
in the neat pMDI offset to show the progression of the cure (left) comimatieel Amide | band
regionin the 70/30 pMDI/SF mixturgight)

Urea linkage in the neat pMDI polymerigat reaction was observed in the spectra
(Figure74). The peak that appesatat 1694 crtt in the uncured sample repressithe carbonyl
stretching vibration in urea linkage (amide | bafid4]i [156]. The Socrates text describan
expeted peak at 1765660 cmt in a liquid phas¢133]. This followedwith the unassociated
urea linkage that increasge intensity in the sample heated for 50 minuteswmagoverlapped
by other peaks in the samples with a higher degree of cure.imged\ll al. work confirradthis
(1691 cm?t) [129]. The region in the range 161859 cm' represered monodentate urea
linkages which represesda single hydrogen bonded amine from a urea group to a carbonyl

from another urea group and was obserae1669 cri. The bidentate (1648632 cm') urea
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linkage representing hydrogen bonding of both amine groups from urea to the cafbonyl
another ureavas observed slightly at 1638 ¢rim the fully cured sample but was overlapped by
other peak$128]i [130], [157], [158] This followed the Sung, et. al. work clos§l9].

Urea linkage in the 70/30 pMDI/SF was also observed in the spEatag75). The
signal for unassociated urea was observed for the mix at 1689T¢tma Lilly cured mixture
showed a higher intensity for unassociated urea than cured neat pMDI indicating that either more
free urea linkage occurred, or a smaller amount of urea exhibited hydrogen bonding in the
mixture. An observation of the 1670 ¢rhand peaklisplayeda higher intensity than the neat
pMDI suggesting thereverea higher amount of monodentate urea linkages present in the
mixture. The band peak at 1637 €for bidentate urea linkage was more pronounced and higher
in intensity for the mixture #m the neat pMDI. Mvassuggested that the amino groups from the
SFwereinfluencing the urea reactions for both unassociated and hydrogen bonded urea linkage.
The 1637 cit peak signifiel that theraverea higher amount of double hydrogen bonded urea
linkages indicating a stronger adhesive.

Biuret linkage was expected in the presence of isocyanate groups and urea linkage.
Hummel, et. al. reported two peaks for carbonyl stretching at the range e1@925m' and
1645 cm' [153]. The neat pMDIFigure74) did not show a weltlefined peak, but a slight peak
was observed at 1706 cmat 1650 crit in the aired sample spectra likely overlapped by other
peaks.

Biuret linkage was observed in the-H spectra of the fully cured sample of the
pMDI/SF mixture(Figure75) at the wavenumber band of 1700tand was much ore

prevalent than in the neat pMDI. This was also observed in the peak at 164ar ¢he
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carbonyl stretch. TheMDI/SF mixtureshowed more biuret linkage than the neat pMDI in both
peaks.

Urethane NH stretching vibrations for associated secondaryharets {HN-CO-O-)
weredefined in the region of 3348250 cm® and unassociated secondary urethanes in the region
of 34103390 cm' according to the Socrates t¢x83]. The unassociated band was observed in
all samples of neat pMDF{gure7617 left) but increasing as the cure progressed at a peak of
3402 cmt. The associated band was observed only slightly in the fully cured sample at 3293
cmt likely overlapped by other bandBhe unassociated secondangthane band fohe
pMDI/SF mixture Figure7617 right) was observed at the peak of 3406'cifhe associated

band was observed at 3285 tbut only slightly as there was overlap from other bands.
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Figure 76. FT-IR spectra showing the-N stretching vibrations in the neat pMDI offset to show
the progression of the cure (left) compared to thd Bliretching vibrations region in the 70/30
pMDI/SF mixture

The N-H stretch was expected the region of 3363320 cm' for secondary urea linkage
according to the Socrates t¢x83]. The neat pMDIFigure767 left) spectra did not show

evidence of a peak in this randee to the signdleingeither too weak or overlapped by other
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signals Although slight, the secondary urea band for pMDI/SF mixtbigufe 7671 right) was
observed at the peak of 3336 taiso overlapped by other signals.

The absorptiomiue to the CHN groupvasdescribed in the range of 160800 cmt for
associated secondary urethanes (amide Il band) in the Socra{@é88xthe band was
observed in the fully curedeat pMDIsample(Figure77i left) at 15@ cm™. The band was
observed in the fully cured pMDI/SF mixturgigure771 right) at 1504 cri. Both neat pMDI

and the pMDI/SF mixture bands showed a shift to lower wavenumbers as theogresged.
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Figure 77. FT-IR spectra showing thémide Il band regioin the neat pMDI offset to show the
progression of the cure (left) compared to Amide | band regionn the 70/30 pMDI/SF
mixture

The N-H deformation vibriion wasdescribed in the Socrates text in the range of 1585
1515 cmt' for secondary urea linkag&33]. This band wasbserved at 1591 chin the neat
pMDI sample Figure777 left) starting in the dhourheatedsample and increasing iimtensity
for the fully cured sampldt was also observed at a peak of 1590 émthe pMDI/SF mixture
(Figure771 right) starting in the partially cured (50 minute heated) sampdeincreasing in

intensity for the fully cured sample.
The absorption due to coupledNCand GO stretching vibrations (amide IV band) for

urethanesvasdescribed in the Socrates t¢k83] in the range of 1264200 cm!. The band was
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observed inthe neat pMDI sampld={gure78i left) ata peak of 1230 crhstarting in the8-hour
heated sampland increasing in magnitude in the fully cured sample. This felitiine

Kurimoto work with pMDI (1216 cr) [143]. The band was also observed for the pMDI/SF
mixture Figure78i right) at 1230 cni starting in the partially cured sample and increasing in

intensity in the fully cured sample.
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Figure 78. FT-IR spectra showing the Amide IV band region an@-N stretching vibrations in
the neat pMDI offset to show the progression of the cure (left) compared to the Amide | band
regionin the 70/30 pMDI/SF mixture

For urea, e asymmetric BC-N stretchwasdescribed in the 1360300 cm' region and
the symmetric NC-N stretch in the 1190140 cm' region in the Socrates tefdt33]. The
asymmetridN-C-N stretch was observed at 1369 andsymmetric stretch at 1168 c¢hin the
fully cured samplef pMDI (Figure781 left). The asymmetric MC-N stretch was observed at
1306 cm' and symmetric stretch at 1168 ¢im the fully cured sample ¢he pMDI/SF mixture
(Figure78i right).

Although normalization techniques were performed on théR=3pectra, there were no
calculations performed on the intensities of the bands and no deconvolution of indiviches

due to the complexity of the fingerprint region of the wavenumber region. Observations were




































