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Presently, the production of wood composites relies on the formaldehyde-

based wood adhesives such as phenol-formaldehyde (PF) and urea-formaldehyde

(UF). However, their dependence on exhaustible fossil fuels and the emission of

carcinogenic formaldehyde prompt to develop an environmentally friendly

adhesive from renewable natural resources. This work focuses on development

and characterization of forma1dehydefree wood adhesives from renewable

soybean protein and lignin.

Soybean protein is an abundant, inexpensive, and readily available natural

product. Soybean protein-based adhesives were widely used as wood adhesives

in 1930s-1960s and are completely replaced by synthetic formaldehyde-based

adhesives today because wood composites bonded with soybean protein-based

adhesives have relatively lower strength and lower water resistance than those
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bonded with formaldehyde-based adhesives. Marine adhesive protein from

mussels is a strong and water-resistant adhesive. However, the production of

marine adhesive protein is difficult and costly. The marine adhesive protein

contains three key functional groups: a catechol moiety, a primary amino group,

and a mercapto group. In this research, soybean protein was modified using

marine adhesive protein as a model. We found that imparting soybean protein

with one of the three key functional groups found in the marine adhesive protein

converted soybean protein into a strong and water-resistant wood adhesive.

Another formaldehyde-free new wood adhesive was also developed through

modification of soybean protein with maleic anhydride followed by mixing with

polyethylenimine (PEI). Wood composites bonded with this new adhesive were

very strong and very water-resistant. The reaction mechanisms in the

modification of soybean protein with maleic anhydride and the curing

mechanisms of the adhesive were investigated in detail.

Demethylated kraft lignin (DKL) has a high amount of the same key

functional group, catechol moiety, as the marine adhesive protein. We found that

a combination of DKL and PEI (a polyamine with abundant primary amino

groups) was a strong and water-resistant wood adhesive. It was found that the

curing mechanism of the DKL-PEI adhesive is similar to that of marine adhesive

protein. The effects of DKL/PEI weight ratio, hot-press conditions and the

molecular weight of PEI on adhesive performance were also investigated in detail.
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CHAPTER 1: GENERAL INTRODUCTION

1.1 Definition and advantages of wood composites

Wood composites are important forest products. They are uniform panels or

lumbers made from wood elements and adhesives. Commonly used wood composites

include plywood, particleboard, oriented strandboard (OSB), hardboard, medium-

density fiberboard (MDF), and composite lumber products. When compared with

solid wood, wood composites have following advantages [1, 21:

High uniform strength: The wood defects such as knots can be eliminated

or evenly distributed all over the wood composites, which makes the mechanical

properties of wood composites more uniform than that of solid wood.

Higher dimensional stability: Solid wood exhibits considerable shrinkage

across the grain, but has negligible shrinkage or swelling in the longitudinal direction.

The balanced construction of a plywood panel with the grain direction of adjacent

veneers at right angles tends to equalize stress, thus reduce shrinkage, swelling and

warping.

Higher splitting resistance: Solid wood splits readily along the grain.

Wood composites can be nailed or screwed near the edges without splitting damage.
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Economical and effective utilization of wood: The conversion rate from

tree to wood composites can be 80 to 90 percent, compared with only about 40 percent

for solid timber.

Utilization of small, low quality logs: Today, the supply of large, high-

quality log is limited, which severely affects the production of lumber. On the other

hand, the wood composites can be made from small, low quality logs.

1.2 The history of wood composites

The first major forest product manufactured was lumber. It came into high-

volume production in the United States in the mid-1800s when steam power and large

circular saw became available.

The first plywood panel for structural application was developed by the Portland

Manufacturing Company in Portland in 1905. At the beginning, the plywood was

bonded with adhesives based on animal and plant proteins and could not be used for

exterior applications. In 1930s, the introduction of synthetic adhesives made

production of plywood panels for exterior applications possible [1].

The first fiberboard production plant designed to use wood as raw materials was

built in International Falls, Minnesota. A high-density panel product, hardboard, was

invented by William H, Mason, and the first plant producing hardboard was built in

1926. In the 1 960s, the invention of a refiner made the production of medium-density

fiberboard (MDF) possible and the first MDF plant was built in New York in 1965 [2].
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Waferboard was introduced in the 1955 in Dover, Idaho and was well accepted

sheathing panels. The square-shaped wafers for waferboard were gradually replaced

by strands. In 1980s, the introduction of the technologies to orient strands and to form

them into different layers made the production of oriented strandboard (0 SB)

possible. OSB provides an excellent alternative to structural plywood and exceeds

plywood in production volume today [3].

1.3 The production and application of wood composites

1.3.1 Plywood

Plywood is a panel product made by binding wood veneers together in a way

that the grain directions of adjacent veneers are perpendicular to each other. Since

wood is stronger along the grain than across the grain, the alternating layout allows the

plywood panels to have good strength properties in both directions. Plywood can be

divided into softwood plywood and hardwood plywood.

Softwood plywood was the most important structural panel product. It was

widely used for roof, wall sheathing, sub-floors, underlayment and siding. Softwood

plywood is gradually losing its market to less expensive OSB. Hardwood plywood is

generally used for decorative applications such as wall paneling and furniture.
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Phenol-formaldehyde resin is typically used for making softwood plywood to

provide waterproof bonds. Urea-formaldehyde resin is used in hardwood plywood

due to its low cost and light color [1, 2, 3 1.

1.3.2 Particleboard

Particleboard is a panel product made by compressing small particles of wood

that have been mixed with adhesives. It has advantages over solid wood such as low

cost, smooth surface and big panel size. However, the particleboard is not as stable in

dimension as wood.

Particleboard is used to produce furniture, kitchen, stereo/TV cabinets and

mobile home decks.

Urea-formaldehyde adhesives are the most commonly used resins for making

particleboard due to their low cost and short curing time [2-4].

1.3.3 Waferboard and oriented strandboard (OSB)

Waferboard is a panel product made by compressing large, flat, non-oriented

wafers. At the beginning, the wafers were generally made from aspen due to its low

density and low cost. Waferboard is used for sheathing and sub-floor applications.

OSB is a panel product made by compressing three or five layers of narrow

strands oriented at 90 degree. It is a product improved from waferboard. The strands

for OSB are generally produced from round wood.
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The major use of OSB is sheathing and sub-floor applications in light-frame

construction.

Phenol formaldehyde (PF) is the most commonly used resins for OSB while the

use of isocyanates for making OSB is increasing. Some plants use a dual resin system

with MDI in the core and PF resins on the faces [2, 3].

1.3.4 Hardboard

Hardboard is a panel product made by compressing wood fibers that have been

mixed with adhesives. It has specific gravity near 1.0 and thickness ranged from 1.6

to 12.7 mm. The hardboard can be made from a wet process or a dry process. In the

wet process, refined wood fibers, resins, and other additives are mixed with water to

form fiber slurry as in the paper-making process. This fiber slurry is metered onto a

wire screen and then hot-pressed to provide a board. The hardboard made with the

wet-process has a fairly uniform density. In the dry process, the adhesives and other

additives are mixed with wood fibers in a refiner or after refining. The mixture of

wood fiber and resin dried in a tube drier and then formed to a mat using air as a

forming medium. The dry process has the advantages over wet process such as

smoother surfaces of panels and less environmental pollution. However, panels made

with a dry process tend to have a less uniform density, a higher linear expansion, and a

lower bending strength than those made with a wet process.
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In hardboard, lignin plays an important role in fiber-to-fiber bonding. The lignin

bonding in a dry process is substantially less than that in a wet process. Therefore, a

higher dosage of adhesive has to be used in a dry process than that in a wet process.

Hardboard is commonly used for making furniture, television and radio cabinet

backing, drawer bottoms, dust stops, sliding doors, general purpose backing and table

tops[2, 3].

1.3.5 Medium-density fiberboard (MDF)

MDF is a panel product made from wood fibers that have been mixed with

adhesives. It has a specific gravity ranged from 0.5 to 0.8. The process of MDF is

very similar to the dry process of hardboard. The wood fibers used for MDF are

produced with a pressurized refiner and thus have very low bulk density. After

refining, fibers are dried, mixed with resin and wax and then formed into a mat using

air as forming media. The mat is hot-pressed to provide a panel.

UF resin is the commonly used resin for making MDF.

MDF can be used to substitute clear wood. About 70 % of MDF is used for

making furniture and kitchen cabinet [2].



1.3.6 Composite lumber products

Several composite lumber products are being commercially manufactured. They

are laminated veneer lumber (LVL), parallel strand lumber (PSL), laminated strand

lumber (LSL), and oriented strand lumber (OSL).

Laminated veneer lumber (LVL) is a lumber-like products made by compressing

veneers with their grains being parallel to each other in the longitudinal direction. The

adhesives used in LVL are PF resins and isocyanates. The glueline in the LVL can be

cured by a radio-frequency (RF) heating system or hot-press with press time being

over 20 mm. The major applications of LVL are headers for the garage doors, large

windows and flanges in I-beams [3].

PSL is made from strands with dimension about 0.5 inch wide and up to 37

inches long. The strands are mixed with adhesives and then oriented in longitudinal

direction to fonn a mat. Because the thickness of the PSL is about 11 inch, a

microwave type heating system is used in the production of PSL. The adhesives used

in PSL are exterior-type plywood adhesives. PSL can be used to replace high-strength

timber or lumber [3].

There are three differences between LSL and PSL although they are similar.

LSL is made from smaller stands than that of PSL. The isocyanate adhesive is used to

provide the light-colored gluelines in LSL. A steam-injection press system is used to

7
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provide uniform density of LSL. The LSL serves the markets where clear lumbers are

desired [2].

OSL is made from oriented flakes via a process similar to the production of

OSB except the flakes are oriented in one direction. Its major market is for making

furniture [2].

1.4 Introduction of wood adhesives

Wood adhesives are essential components of wood composites. In 1998, annual

consumption of wood adhesives in North America was more than 1.78 million tons of

adhesive resin solids [5]. Formaldehyde-based adhesives (phenol-formaldehyde (PF)

and urea-formaldehyde (UF) resins) accounted for 92 % of the total consumption [5].



Table 1.1 Consumption of wood adhesives in North America in 1998*

1.4.1 Amino resins

Amino resins are prepared from formaldehyde and compounds carrying NH2 or

NH groups, such as urea and melamine Commonly used amino resins include urea-

formaldehyde (UF), melamine-formaldehyde (MF) and melamine-urea-fonnaldehyde

(MUF) resins. Production and use of UF resins started in 1 880s in France and

Germany. UF resins were introduced into the U.S. in 1928. The MF resins were

brought into the market in 1935. UF and MF resins have similar physical and

chemical properties. MF resins have higher water resistance, higher hardness and

shorter curing time than that of UF resins. Therefore, UF resins are used for interior

9

*
Adopted from Wood adhesive innovations and applications in North America

(Sellers, 2001) [5].

Polymer Type
North American Consumption

(kt) (%)

Amino
Urea-formaldehyde

Melamine-formaldehyde
1060 59.5

Phenol-formaldehyde 575 32.3

Isocyanates 90 5.1

Polyvinyl acetate 50 2.8

Soy-modified casein 5 0.3

Total 1780 100.0



o 0
II II

HOH2C-HN-C-NH-CH2---O-H2C-HN--C-NH-CH2OH

0 0
II II

HOH2C-HN-C-NH---CH2- HN-C-NH-CH2OH

Figure 1.1 Preparation of UF resin from urea and formaldehyde*
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applications only. MF or MUF resins sometimes can be used for some outdoor

applications. MF resins are more expensive than UF resins [7].

The reaction mechanism of UF resins preparation is shown in Figure 1.1. It

includes two main stages: addition (methylolation) and condensation. In the addition

stage, urea reacts formaldehyde to yield a mixture of mono-, di-, tn- and tetramethylol

urea at pH 7. In the condensation stage, the methylolated urea derivatives polymerize

to provide the UF resin in the presence of an acid catalyst. The condensation reaction

is stopped by adjusting the pH to about 7.0 8.0 [6, 7].

0 0
II II

H2N-C-NH-CH2OH HOH2C-HN-C-NH-CH2OH

Adopted from adhesive bonding and other structural materials (Subramanian' 1983)
[8].

0
H2N-C-NH2

HCHO



1.4.2 Phenol-formaldehyde (PF) resins

PF resins are prepared from phenol and formaldehyde. PF resins were first

patented by Baekeland in 1907 [7]. The phenol is methylolated by formaldehyde and

then condensed with each other in the presence of a catalyst to form PF resins. Either

a base or an acid can be used as a catalyst. When a base is used as a catalyst, the

resulting PF resins are called resole. When an acid is used as a catalyst, the resulting

resins are called novolak [7, 8].

Resole resins are prepared by polymerizing formaldehyde and phenol in the

presence of alkaline catalysts such as ammonia or sodium hydroxide. The molar ratio

of formaldehyde to phenol is higher than 1:1. The reaction mechanism of resole resins

preparation is shown in Figure 1.2. It also includes an addition (methylolation) stage

and a condensation stage. The first reaction is that phenol is methylolated at ortho-

and para-positions. Because the molar ration of formaldehyde to phenol exceeds 1:1,

the resulting product is a mixture of mono-, di-, trimethylol phenol derivatives. The

second reaction is that the methylolated phenol derivatives further react with each

other and with unreacted phenol to give rise to a complex mixture of polymers. The

phenol molecules in the resin are connected to each other through methylene linkages

(-Cl2-) or through methylene ether bonds (-CH2-O-C112-). Resole resins with low

molecular weight are water-soluble liquids while high molecular weight resole resins

are insoluble solids. When heated, resole resins will further cross-link to form larger

11



have a short shelf life of about 60 days [7, 8].

OH<

e
O9

OH

Figure 1.2 Preparation of PF resins from formaldehyde and phenol*

OH

CH2OH

OH OH
HOH2C CH2OH CH2OH

CH2OH CH2OH

12

molecules. No curing agent or other additives are needed. However, resole resins

*
Adopted from Adhesive bonding and other structural materials (Subramanian, 1983)

[8].

OH OH OH OH
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Novolak resins are prepared by polymerizing phenol and formaldehyde in the

presence of acid catalysts such as sulfuric acid or oxalic acid (repolymrezaion). The

typical phenol to formaldehyde molar ratio used in prepolymerization is 1:0.8. The

reaction mechanism of preparing novolak resins is shown in Figure 1.2. Phenol

molecules are connected with a methylene group to form a linear polymer via

methylolation and condensation. Special catalysts, such as bivalent metal acetate, are

used to obtain hi gh-ortho novolak resins, in which phenol molecules are

predominantly linked at ortho-positions. After the prepolymerization, the reaction

mixture is heated at about 160°C for 2 to 4 hours to remove water. Novolak resins are

thermoplastic with terminal phenol groups. They don't contain any free methylol

groups, and thus cannot further cross-link without the addition of formaldehyde or

formaldehyde donors. The novolak powders are blended with formaldehyde donors

such as paraformaldehyde and hexamethylene tetramine (HEXA) to provide

adhesives. When the mixture of novolak resins and a formaldehyde donor is heated to

about 165 °C, the adhesive is cured by the formaldehyde released from decomposed

formaldehyde donor. Novolak resins have an infinite shelf life [7, 8].

1.4.3 Isocyanates

Isocyanates were first synthesized in 1848 [9]. Deppe and Ernst first

investigated the use of isocyanates as wood adhesives in 1971 [10]. Isocyanates were

first commercially applied in manufacturing particleboards in Germany in 1975 [11].



14

Today, the most commonly used isocyanates are toluene diisocyanate (TDI), 4, 4'-

diphenylmethane diisocyanate (MDI) and poly(diphenylmethane diisocyanate)

(PMDI) [9]. PMDI is the major isocyanate adhesive used for wood composites due to

its lower cost and lower volatility than that of TDI and MDI. The major commercial

process for isocyanate production is amine phosgenation [12]. The reaction

mechanism of PMDI preparation is shown in Figure 1.3. The formaldehyde and

aniline first react to provide a mixture of primary and secondary amines and then

isomerized to a mixture of polymeric primary amines. The mixture is phosgenated

and distilled to provide MDI and PMDI. Isocyanates can react with hydroxyl groups

to form urethane structures, and can also react with water to form carbon dioxide and

amines that will further react with isocyanate groups to form urea structures [12].

When compared with UF or PF resins, isocyanate adhesives have a number of

advantages: no formaldehyde emission, high adhesive strength, and short curing time.

However, isocyanate adhesives also have several shortcomings [11, 13]:

High sensitivity to moisture: It can cause some manufacturing problems.

Special containers are required for storage and transportation. The high sensitivity to

moisture may also shorten the potlife.

High wxicity and volatility: Isocyanate adhesives are highly mobile

because of its relatively low molecular weight. Isocyanate adhesives are also acutely

toxic to human beings. Therefore, extra protection measures have to be taken to

prevent workers from inhaling atomized isocyanates or isocyanate-coated wood dust

when isocyanate adhesives are used for making wood composites.
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c. High cost: Isocyanate adhesives are much more expensive than UF or PF

Figure 1.3 Preparation of MDI and PMDI from formaldehyde and aniline*

Extensive work has been done to address these shortcomings. For example, the

isocyanate adhesives have been used with a variety of other resins such as PF, UF, and

*
Adopted from Polyurethanes: Chemistry, Technology and Applications (Wirpsza,

1993) [12].
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tannin-formaldehyde resins [14-16] and with soybean protein [17]. These hybrid

adhesives were comparable to isocyanates in terms of adhesive properties, but they

have lower cost and lower toxicity.

1.4.4 Poly(vinyl acetate) (PVA) adhesives

PVA was commercially available in 1930s and began to be widely used in paint

and adhesives after the World War II. PVA adhesives are homopolymer or copolymer

of vinyl acetate in the forms of solution or emulsion. They can be prepared via many

of the conventional polymerization techniques such as mass polymerization, solvent

polymerization, and emulsion polymerization in the presence of free radical or ionic

catalysts [18].

PVA adhesives are used to bond a wide variety of substrates and capable to bind

cellulosic materials such as wood and paper with high strength and high durability.

PVA adhesives are thermoplastic resins. After applied, the PVA adhesives lose

solution to form a continuous polymeric film as the adhesive bond between substrates.

Therefore, there is no requirement of hot-press during the application. They has the

advantages of low cost, low toxicity, low flammability and simple application [19].

Vinyl acetate can be copolymerized with other monomers to provide copolymers

with different properties. The minimum filming temperature (MFT) of PVA

adhesives can be decreased by using copolymers with lower glass transition

temperature (Tg) than that of homopolymer. The hardness of PVA adhesives can be
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increased by using copolymers with higher Tg than that of homopolymer. Functional

groups can be introduced by copolymerizing vinyl acetate with other monomers such

as acrylamide [19].

1.4.5 Wood adhesives from natural resources

The early wood adhesives were derived from natural resources such as starch,

soybean protein, casein and other animal glues. However, only proteins from animal

and vegetable could be used for making structural panels [20].

1.4.5.1 Polysaccharides

There are three major polysaccharide-based adhesives, cellulose derivatives,

starch and dextrin.

Cellulose-based adhesives are prepared from cellulose by etherification and

esterification. Commonly used cellulose-based adhesives are carboxymethyl

cellulose, cellulose acetate and cellulose nitrate. Starch is an amorphous polymer

composed of glucose in a granular form. Starch-based adhesives are prepared by

cooking starch in water to the point that the granules swell and rupture. The viscosity

of aqueous solution of starch is normally too high to directly be used as an adhesive.

Acid treatment is commonly used to hydrolyze starch, thus lowering the viscosity of

starch solution. Dextrin is prepared from starch through hydrolysis and re-
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polymerization. The dextrin has more branches and more free chain ends than that of

starch. Therefore, dextrin solution has lower viscosity and easier to use than starch

solution. Starch and dextrin have many hydroxyl groups, thus not being water-

resistant. They are principally used for bonding paper and paper products [8].

1.4.5.2 Animal adhesives

Animal glues are collagen derivatives that are prepared by cooking animal skins,

connective tissue and bones in water. Animal glues have a very unique property: it

changes from liquid to a gel on cooling and softens upon re-heating. Animal glues

was widely used to make and repair musical instruments [21].

1.4.5.3 Casein adhesives

Casein is prepared from milk. When milk is acidified to about pH 4.5, casein

precipitates out. When casein is used for bonding wood, hydrated lime and NaOH are

added to improve the water resistance of the resulting wood composites. Casein was

widely used for making plywood, heavy timber laminated beams and other wood

composites in the early twentieth century [22].



1.4.5.4 Blood adhesives

Blood adhesives are prepared by a spray-dry process invented in 1 920s. Blood

powder dried with this process has much better solubility in water than that with other

processes. Since then, blood was widely used for making wood composites. Blood

was the major water-resistant adhesive before it was replaced by PF resins [23].

1.4.5.5 Soybean protein adhesives

Soybean flour is typically used for making soybean protein adhesives, simply

called soy adhesives. Soy adhesives were widely used for production of plywood in

the United States from 1930s to 1960s. Soy adhesives have many unique properties

that include low cost, ease of handling, low press temperatures and the ability to bind

wood with relatively high moisture content. However, soy adhesives also have some

drawbacks: wood composites bonded with soy adhesives have lower strength, lower

water resistance than those bonded with synthetic UF and PF resins [24]. At present,

soy adhesives have a very insignificant share in the wood adhesive market.
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1.5 Issues associated with synthetic wood adhesives

1.5.1 Dependence on petroleum and natural gas

Phenol and formaldehyde are two key raw materials for making UF and PF

resins. Formaldehyde is an oxidation product of methanol and methanol is derived

from natural gas. Phenol is derived from benzene, a petrochemical. Isocyanates are

also derived from petrochemicals. Therefore, currently used wood adhesives all

depend on non-renewable petroleum and natural gas.

1.5.2 Emission of carcinogenic formaldehyde

Pure monomeric formaldehyde is a colorless, pungent gas with a boiling point of

-19 °C. Monomeric formaldehyde is unstable and tends to polymerize to form

polymeric oxymethylene chains -(CH2O)-. The polymeric formaldehyde is called

paraformaldehyde. Formaldehyde generally is supplied as 3O-4O wt% aqueous

solution with 51 5 wt% methanol to prevent precipitation [25].

Formaldehyde forms intra- and intermolecular linkages within proteins and

nucleic acids upon absorption at the site of contact [26]. When its concentration in air

is near to 120 microgram/rn3, formaldehyde will cause various symptoms such as eye

irritation, nose and throat irritation, headaches, and skin rash [27]. Significantly

increased risk of nasopharyngeal cancer (up to 5.5 fold) were observed among workers

20
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with 10-25 years of exposure to formaldehyde [28]. Based on extensive investigation,

International Agency for Research on Cancer, a division of World Health

Organization, recently re-classified formaldehyde as a human carcinogen [29].

Formaldehyde emission from wood products bonded with formaldehyde-based

wood adhesives has been recognized since the invention of particleboard in 1940s

[30]. At that time, the risk of consumer exposure to formaldehyde was comparatively

small because only moderate quantities of formaldehyde-based products were used in

consumer applications. The concern of ernissive formaldehyde to human heath

increases when wood composites bonded with formaldehyde-based adhesives become

more and more popular [3 1-34]. Recent data collected in Canada have shown that the

concentration of formaldehyde in residential indoor air can be as high as 116

microgram/rn3 [27].

Most of the chemical bonds in the UF resin are hydrolysable. The methylene

bonds of UF resins are more stable than the methylene-ether bonds. The methylol

groups on nitrogen can be easily split. In the presence of moisture, UF resins can be

slightly hydrolyzed to release formaldehyde. The hydrolysis of UF resins can be

accelerated under acidic conditions or at elevated temperatures. Therefore, the

emission of formaldehyde from wood composites bonded with UF is always an issue

no matter how UF resins are formulated.

Chemical bonds of PF resins are much more resistant to hydrolysis than those in

UF resins. Therefore, formaldehyde released from PF resins is generally due to

residual free formaldehyde in the adhesive [35]. In the past decade, the recipe and
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manufacturing processes of PF resins have been extensively studied for reduction of

the formaldehyde emission. At present, the formaldehyde emission from wood

composites bonded with PF resins is not an issue any more.

1.6 Adhesion theories

The adhesion is defined as "the state in which two surface are held together by

interfacial forces which may consist of valence forces or interlocking action, or both."

[36]. There are five major theories to explain the phenomenon of adhesion, but none

of them can explain the behavior of all bonded systems.

1.6.1 Adsorption/specific adhesion theory

Adsorption theory is also called specific adhesion theory. It states that adhesion

can be resulted between two intimately contacted surfaces due to intermolecular forces

of the molecules of the two materials [37]. It has been experimentally demonstrated

that adhesion in many adhesive joints only involves interfacial secondary forces such

as van der Waals forces and hydrogen bonds [38, 39].

Calculation on attractive secondary forces between two surfaces shows that the

calculated tension strength of a joint is considerably higher than the experimentally

measured strength of adhesive joints [40]. The discrepancy between theoretical and

experimental strength values has been attributed to voids, defects or other geometric
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irregularities [41, 42]. Based on adsorption theory, a good joint requires intimate

contact of two surfaces so that secondary force interactions can take place.

Good wetting of an adhesive on adherends is essential for achieving the intimate

contact. The ability of an adhesive to wet the substrate can be calculated by Young's

equation. According to Young's equation, the surface tensions (liquid/vapor: YIv,

solid/liquid: 7s1 and solid/vapor: yg') of three interfaces are related to the contact angle

through: y1, = y + cos 0. When 0 < 900, the wetting of the adhesive on the

surface is favorable; When 0 > 9Ø0 , the wetting of the adhesives on the surface is

unfavorable [43].

1.6.2 Mechanical interlocking theory

This theory states that cured adhesives can adhere to the irregular surface of

substrates via mechanical interlocking [44]. However, in many materials, good

adhesion can be obtained between perfectly smooth surfaces, which indicates that this

theory cannot be widely applied [45].

In the case of wood substrates, especially in the case of thermosetting adhesives,

a certain amount of adhesive penetration into the first few cells of the wood substrate

is desirable. Although mechanical interlocking may well contribute to the joint

strength, it does not appear to be the main contributor to wood adhesion due to the

brittleness of most thermosetting wood adhesives [37].



1.6.3 Diffusion theory

This theory sates that adhesives can adhere to a polymeric substrate via mutual

diffusion of polymer molecules across their interface [46, 47]. The difference between

diffusion mechanism and mechanical interlocking mechanism is that the former

involves interpenetration of adhesive and substrate molecules at a molecular level,

while in the latter case the adhesive penetrates substrate much deeper than a molecular

level [36].

When wood is bonded with thermosetting wood adhesives, diffusion is an

unlikely mechanism of adhesion because the cross-linked adhesives possess poor

mobility and thus cannot well diffuse to wood [37].

1.6.4 Electronic theory

This theory states that adhesives can adhere to substrates via electrostatic forces

that are generated by electron transfer between the contacted surfaces [48]. For

pressure-sensitive adhesives, electrostatic theory may contribute to the major part of

the adhesion work. However, there is no experimental evidence to support that this

theory is valid for wood adhesion [37].
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1.6.5 Chemical bonding theory

This theory states that adhesives can adhere to substrates by forming chemical

bonds across the interface. The existence of chemical bonding in wood adhesion is a

controversial topic [37]. For a long time, it was believed that extensive chemical

bonds between wood and adhesives could be form in the production of wood

composites because the wood is a very reactive material [49]. However, the recent

research demonstrates that the possibility of forming chemical bonds between wood

and wood adhesives in production of wood composites is small although chemical

bonds between wood adhesives and wood cannot be ruled out [50].

1.7 Development of wood adhesives from renewable materials

Wood adhesives from renewable materials only serve some very small niche

markets mainly because they have lower adhesive strength and water resistance than

synthetic adhesives. However, there is renewed interest in recent years about the

wood adhesives from renewable materials because of the negative impacts of the high

and volatile oil price and the concerns over the environmental pollutions caused by

synthetic adhesives. Extensive work has been done for developing strong and water

resistant wood adhesives from renewable materials.
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1.7.1 Development of wood adhesives from soybean protein

It has been documented that the Chinese began to use soybean in China almost

3000 years ago. Since then, soybean has become a very important agricultural crop

because of its unusually high content of oil and edible protein. Soybean was

introduced into the United States in the late 1 800s. Soybean has become one of the

major crops in the United States. Its planted acreage is only smaller than that of corn

and wheat [51].

Soybean consists of about 40 wt% protein, 21 wt% fat, 34 wt% carbohydrate

and 4.9 wt% ash. It can be processed to produce various soybean products. Based on

protein content, the soybean products are classified as: soybean meal, flour and grits

(40-5 5 wt% protein); protein concentrate (70 wt% protein); soybean protein isolate

(>90 wt% protein) [52]. Approximately 90 wt% of the proteins in soybeans exist as

dehydrated storage proteins. The remaining proteins are composed of intracellular

enzymes (lipoxygenase, urease, amylase), hemagglutinins, protein inhibitors and

membrane lipoproteins. The major components of soybean protein are shown in Table

1.2. The storage proteins, 7S (conglycinin) and 11 S (glycinin), are the principal

components of soybean protein. Based on end-group analyses, 7S has a quaternary

structure that is composed of 9 subunits with an average molecular weight of 20,000

for each subunit and 1 Is also has a quaternary structure that is composed of three

acidic subunits with an average molecular weight of 35,000 for each subunit and three

basic subunits with an average molecular weight of 20,000 for each subunit [53].
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Adopted from Functional properties of soybean proteins (Kinsella, 1979) [53].

27

Soybean protein is composed of about 18 different amino acids. Glutamic acid is the

most abundant amino acid. Aspartic acid and glutamic acid, both containing a

carboxylic acid side chain, constitute approximately 30 mol% of the total amino acids.

The basic amino acids (histidine, lysine, and arginine) constitute about one-fifth of the

total amino acids [54, 55].

Table 1.2 Major components of soybean proteins*

The recent efforts of developing soybean-based wood adhesives focus on two

approaches. The most studied approach is the use of soy flour as an ingredient in the

currently used synthetic adhesives, thus reducing the relative ratio of synthetic

adhesives. For examples, addition of soy flour to PF or phenol-resorcinol

formaldehyde adhesives to provide hybrid adhesives has been extensively studied [56,

57]. The second approach is the use of different chemicals and enzymes to denature

soybean protein first and then use the denatured soybean protein as wood adhesives.

For example, it has been demonstrated that the adhesive strength and water resistance

of soybean protein adhesives were significantly improved by treating soybean protein

Fraction Content (%) Principal component

2S 8 Trypsin inhibitor, cytochrome

7S 35 Lipoxygenase, amylase, globulins

11 S 52 Globulins

15S 5 polymers
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with alkali, protease, urea, guanidine hydrochloride, and sodium dodecyl sulfate

(SDS) [58-621. The mechanisms by which denaturing protein could improve the

strength and water-resistance of the resulting wood composites have been proposed as

follows [63]. The adhesive strength of soybean protein depends on the ability of

protein to disperse in water and the availability of polar side group to interact with

wood. The treatment of soybean protein with denaturants unfolds the protein

molecules, thus increasing the dispersion of protein and the availability of those polar

groups that are buried inside protein molecules in the native proteins. Therefore the

adhesive strength is increased. After the treatment of denaturants, the hydrophobic

groups buried inside the native proteins are exposed. It imparts the modified soybean

proteins with higher hydrophobicity and thus enhance their water-resistant properties.

However, the overall performance of these modified soybean adhesives is still

not comparable with synthetic resins such as UF and PF.

1.7.2 Marine adhesive protein

The marine adhesive protein (MAP) is a protein secreted by mussels for sticking

themselves to rock and other substances in seawater [64]. MAP consists of three

major components: MAP-i, MAP-2 and MAP-3 [65-67]. MAP-i contains a high

amount of DOPA (8-18 mol%) and has a molecular weight of about 70,000-130,000

[66, 68]. It is predominately composed of a decapeptide (Ala-Lys-Pro-Ser-

(Tyr/DOPA)-Hyp-Hyp-Thr-DOPA-Lys) [64]. MAP-2 has a molecular weight of
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42,000 to 47,000 and contains 2 mol% DOPA and 6-7 mol% cysteine. MAP-3 has a

small molecular weight of about 6,000 [65].

Based on extensive research, the following curing process of MAP has been

proposed. In addition to MAPs, mussels also secret an oxidative enzyme,

catecholoxidase. Catecholoxidase oxidizes DOPA to quinone. Various intramolecular

and intermolecular reactions among quinone, amino groups and mercapto groups lead

to a highly crosslinked polymer [69-73]. The DOPA residue appears to play an

essential role in both adhesion and cross-linking of MAPs. It has been proposed that

functionality rather than the amino acid sequence is the key feature necessary for

moisture-resistant adhesion [74].

So far, several MAP-based adhesives have been studied. For example, MAP-

like proteins have been expressed in yeast and bacteria through recombinant DNA

techniques and studied as adhesives [75-77]. Various peptides that are similar to the

repeating decapeptide in MAP-i have been synthesized and studied as adhesives [74,

78-81].

1.7.3 Development of wood adhesives from lignin

Lignin is the second most abundant natural polymer. It is composed of

phenyipropane units that are linked together by carbon-carbon bonds and ether bonds.

Lignin is recovered in large quantities as byproducts from pulping mills mainly in the
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forms of Kraft lignin and lignosulfonate. At present, the recovered lignin is burnt

[82].

The first patent of the application of lignin as an adhesive can be dated back to

the end of the nineteenth century [83]. Since then, extensive work has been done for

developing lignin-based wood adhesives. Three major approaches have been studied

for developing lignin-based wood adhesives.

Mineral acids were investigated as catalysts for curing lignin [84-87]. A

mineral acid gave rise to various condensation reactions at high temperature, thus

crosslinking lignin [84]. However, wood is degraded by mineral acids at high

temperature. Therefore, this is not a good approach.

Oxidants such as hydrogen peroxide have been investigated as curing

agents for lignin-based adhesives [88-90]. The basic principle for this adhesive

system is that the oxidant generates free radicals in lignin that couple to each other to

crosslink lignin [90]. This is not an effective approach for developing lignin-based

adhesives. There also is safety issue of handling highly concentrated peroxide.

Formaldehyde can be used to crosslink lignin. However, lignin has much

lower reactivity to formaldehyde than phenol [82, 91]. Unacceptably long curing time

is required if a lignin-formaldehyde adhesive is used for making wood composites.

Extensive work has been done in the partial substitution of phenol with lignin in

making PF resins [82, 92]. In addition to its low reactivity to formaldehyde, lignin is

very heterogeneous and has very inconsistent properties, which prevents lignin from
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being widely used as a phenol surrogate. Only very small amount of PF resins

containing small amount of lignin is used in industry [83].
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2.1 Abstract

Mussel protein is a strong and water-resistant adhesive, but it is expensive and

not readily available. Soy protein is inexpensive, abundant, and annually renewable,

but it suffers from low adhesive strengths and low water resistance of the bonded

products. This study reveals that introducing a key functional group from the marine

adhesive protein to the soy protein could convert the soy protein to a strong and water-

resistant wood adhesive.

2.2 Keywords

Adhesives, mussels, proteins, soybean, wood composites

2.3 Introduction

The wood composites industry is one of the largest manufacturing sectors in the

United States. Wood composites are mainly made up of wood of small dimensions

(fibers, chips, strands, etc.) and an adhesive. The most commonly used wood

adhesives today are phenol-formaldehyde (PF) and urea-formaldehyde (UF) resins.

It is well documented that formaldehyde is emitted in the production and the use

of wood composites when formaldehyde-based wood adhesives are used [1-4]. An

increasing concern about emissive formaldehyde to human health has generated a need
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for new, environmentally friendly adhesives [2]. PF and UF resins are petroleum-

based products. As we know, petroleum resources are naturally limited even though

there is no shortage of petroleum in the near future. To support the continued growth

of the wood composites industry, it will be important to develop an environmentally

friendly wood adhesive from sustainable resources.

One of the environmentally friendly adhesives is the adhesive protein secreted

by marine organisms such as mussels. The mussel proteins are also called marine

adhesive proteins. These proteins can form strong adhesion on wet surfaces [5-8].

Key components of the marine adhesive proteins have been purified and characterized

from the feet of many types of marine mussels [5, 6, 8]. All adhesive proteins contain

high amounts of 3,4-dihydroxyphenylalanine (DOPA), lysine, glycine, and serine or

theonine.

Another type of naturally produced protein that has been used as an adhesive is

soy protein. The use of soy proteins as adhesives can be dated back to ancient times

although their first commercial use as wood adhesives for the production of plywood

did not begin until the 1930s [9]. As wood adhesives, soy proteins have many unique

properties such as low cost, ease of handling, low press temperatures, and the ability to

bind wood with relatively high moisture content. Their massive use as wood

adhesives was documented from the 1930s to 1960s. Today, because plywood bonded

with soy proteins has a relatively low strength and low resistance to water, virtually all

major markets for soy-protein-based adhesives have been taken over by stronger and

more water-resistant petroleum-based adhesives such as PF and UF resins. However,
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soy proteins represent a very practical and inexpensive material for wood adhesives.

Their successful application as wood adhesives in the 1930s to 1960s and their

positive public perception would make them very competitive wood adhesives if

economical techniques to overcome their drawbacks can be developed.

Marine adhesive proteins and soy proteins are two unique natural products.

Both of them can be used as environmentally friendly adhesives. More interestingly,

they have features complementary to each other in terms of their uses as adhesives.

On one hand, marine adhesive protein can be used on wet and irregular surfaces

without extraordinary surface treatments [6, 7, 10, 11]. The marine adhesives also

provide very strong binding and are highly resistant to biological degradation [6, 7].

However, the production of marine adhesive proteins has been difficult and costly. On

the other hand, soy protein is inexpensive, abundant, and annually renewable. But

soy-protein-based adhesives suffer from relatively low strength, low water resistance,

and sensitivity to biological degradation. In this research, we demonstrated that

imparting soy protein with a functional group found in the marine adhesive protein

could convert soy protein to a strong and water-resistant wood adhesive.

2.4 Experimental part

2.4.1 Materials

Dopamine and 1 -(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride

(EDC) were purchased from Aldrich. Other chemicals were also purchased from
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commercial sources. Maple veneer was a gift from State Industry (Eugene, Oregon).

Soy protein isolate (SPI) was a gift from Protein Technologies International (St. Louis,

Missouri). Protein content and amino acid composition of the SPI were analyzed by

AAA Service Laboratory, Inc. (Boring, Oregon).

2.4.2 Synthesis of 0, 0' -diphenylmethyl-dopamine hydrochloride

A mixture of 3-hydroxytyramine hydrochloride (1) (1.0 g, 5.27 mmol) and

dichiorodiphenyl methane (3.16 g, 13.32 mmol) was slowly stirred at 190°C. After

the reaction started, as evidenced by rigorous gas evolution, the reaction mixture was

stirred rapidly at 190°C for 6 minutes. The mixture was cooled to room temperature

and then washed by diethyl ether. Product (2) was crystallized from methanol and

ethyl acetate (1.36 g, 73 %). 1H NMR (D2O): 7.48 (4H, m), 7.26 (6H, m), 6.77 (2H,

d), 6.69 (111, d), 3.05 (211, t), 2.80 (211, t) [12].

2.4.3 Preparation of alkaline soy protein isolate (SPI)

SPI (10.0 g) in water (140 ml) was stirred for 120 mm, and the pH value of the

mixture was adjusted to 10 with 1.0 N NaOH solution. The mixture was further mixed

for 120 mm at 50 °C. The insoluble was removed through filtration, and the aqueous

SPI solution was freeze-dried [13].



2.4.4 Preparation of phenolic-OH-protected SPI-dopamine (Protected SPI-DA)

A solution of compound 2 (2.07 g, 4.28 mmol) and THF-1120 (1:1, v/v) (20 ml)

was added to a suspension of the alkaline SPI (1.0 g) in 40 ml of THF/H20 (1:1, v/v).

The resulting mixture was adjusted to a pH value of 5.5. A solution of EDC (9.0 g,

8.56 mmol) and THF-H20 (1:1, v/v) (20 ml) was added to the reaction mixture

dropwise over the course of an hour while maintaining the pH value at 5.5. The

reaction mixture was stirred overnight and then centrifuged. The precipitate was

collected and washed with EtOAc (2 times) and deionized water (2 times) [14].

2.4.5 Preparation of SPI-dopamine (SPI-DA)

Ten ml of 33 % HBr/AcOH was added to a solution of the protected SPI-DA

(1.0 g) in trifluoroacetic acid (10 ml) with stirring. The mixture was stirred for 1 hour

at room temperature. The deprotected SPI-DA was precipitated by addition of diethyl

ether, washed extensively with water-ethanol (1:4, vlv), and then freeze-dried [15].

2.4.6 Determination of dopamine content in SPI-DA

Protected SPI-DA (20 mg) was hydrolyzed in 4 ml of 6.0 N HC1 solution for 24

h at 110 °C [16]. The hydrolyzed product was diluted with deionized water to 100 ml.

To 1.0 ml of the diluted solution was added 1.0 ml of water, 1.0 ml of sodium
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nitritesodium molybdate stock solution (100 g NaNO2 and 100 g Na2MoO4 in 1.0

liter of deionized water), and 1.0 ml of 1.0 N sodium hydroxide. Absorbance of the

resulting solution was measured at 500 nm and corrected by a control (Protected SPI-

DA was replaced with the alkaline SPI in the above procedure). The concentration of

dopamine was then determined by use of a dopamine standard curve. The dopamine

standard curve was obtained as follows: an aqueous dopamine solution (1.0 ml) with

predetennined concentration of dopamine was mixed with water (1.0 ml), the sodium

nitritesodium molybdate stock solution (1.0 ml), and 1.0 N sodium hydroxide (1.0

ml). Absorbance of the resulting solution was read at 500 nm. The linear relationship

between the absorbance and the concentration of dopamine was used to construct a

dopamine standard curve [17].

2.4.7 Preparation of plywood samples bonded with SPI and modified SPIs

Maple veneer with a thickness of 0 6 mm was cut into pieces with the dimension

of 7.5 x 12.5 cm. The glue mix containing water/modified SPI (6:1 wt ratio) was

pasted to one side of maple veneer samples. Glue-pasted area for each piece of veneer

sample was 2 x 12.5 cm. The amount of glue was 2.5 mg/cm2 (dry weight). Two

pieces of glue-pasted veneer were lapped together and then pressed at 20 kg/cm2

pressure and 120°C for 10 mi After hot-pressing, the plywood sample was cut into 5

specimens. Each specimen had a bonded area of 2 x 2.5 cm. Shear strengths and
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water resistances of these specimens were determined according to the procedures

described below.

2.4.8 Shear strength and water resistance of plywood samples

Lap-shear strengths of wood specimens were tested on an Instron TTBML

testing machine with a crosshead speed of 1.0 mm/mm. The maximum shear strength

at breakage was recorded. In the water resistance test, the specimens were soaked in

water at room temperature for 24 hours and then dried at room temperature in a fume

hood for 24 hours, when shear strengths were measured. The water-soaking-and-

drying cycle (WSAD) was repeated, and the shear strengths were measured after each

WSAD cycle.

2.5 Results and discussion

The soy protein isolate (SPI) used in this study contains 86 wt% of protein and

about 14 wt% of carbohydrates. Aspartic acid and glutamic acid, both containing a

carboxylic acid side chain, constitute approximately 30 wt% of the total amino acids.

The basic amino acids (histidine, lysine, and arginine) constitute about 16 wt% of the

total amino acids. In comparison with the marine adhesive protein, soy protein

contains little DOPA residue; i.e., an amino acid containing two adjacent phenolic

hydroxyl groups. We investigated whether grafting a compound with the same 3,4-
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diphenolic hydroxyl groups as in DOPA would significantly enhance the adhesive

strengths and water-resistances of modified SPI.

Preparation of dopamine (DA)-modified SPI is shown in Figure 2.1. Protection

of phenolic hydroxyl groups in 1 with dichiorodiphenylmethane readily yielded 2 with

a 73 % yield. When SPI was treated with 2 in the presence of 1-(3-

dimethylaminopropyl)-3 -ethylcarbodiimide hydrochloride (EDC), the amino group in

2 reacted with carboxylic acid groups in SN to form amide linkages (3). EDC is a

water-soluble activating agent for carboxylic acids. As shown in Table 2.1, the

amounts of DA grafted to SPI were regulated through changing the amount of 2 and

EDC used :in the grafting reaction. After the grafting reaction, the modified SPI could

contain DA residues as high as 14.73 wt%. Deprotection of 3 readily provided 4 (SPI-

DA).

Figure 2.1 Preparation of dopamine-grafted soy protein isolate (SPI-DA). Reaction
conditions: a, Ph2CC12; b, SPIIEDC/THF-H20; c, HBr/AcOH



49

Effects of the DA content in SPI-DA on shear strengths are shown in Figure 2.2.

Grafting of DA to SPI greatly increased the shear strengths and water-resistances of

maple plywood samples bonded with SPI-DAs. When the DA content increased from

4.12 wt% to 8.95 wt%, the shear strengths increased significantly regardless of the

number of WSAD cycle. However, the shear strengths decreased when the DA

content increased from 8.95 wt% to 14.73 wt%. It appears that there is an optimum

DA residue level for adhesive strength and water resistance. Comparison of SPI-DA

with protected SPI-DA (3 in Figure 2.1) (each with 8.95 wt% DA) reveals that the

increase in shear strength was due to the phenolic hydroxyl groups in DA (Figure 2.2).

Even after the plywood samples underwent three WSAD cycles, shear strengths did

not decrease much. In fact, the shear strengths of plywood samples bonded with SPI-

DA with a DA content of 14.73 wt% increased after the first WSAD cycle.

Table 2.1 Effects of reaction conditions on DA content in modified SPIs

The mechanisms by which marine adhesives work have been proposed as

follows. The tyrosine residues are first hydroxylated by an enzyme to DOPA residues

that are subsequently oxidized to quinones. Various inter- and intra-peptide cross-

linkings among tyrosine/DOPA residues and between quinones and other amino acid

such as lysine finally transform the marine adhesive protein into a tough and insoluble

SPI
(g)

2
(mmole)

EDC
(mmole)

DA content
(wt%)

1.0 6.3 10.0 14.73 ± 1.57
1.0 3.2 2.5 8.95 ± 0.52
1.0 1.6 2.5 4.12±0.27
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Figure 2.2 Shear strengths of maple composites bonded with various modified

SPIs. SPI (); SPI-DA (4.12 wt% DA) (.); SPI-DA (8.95 wt% DA) (s); SPI-

DA (14.73 wt% DA) (n); Protected SPI-DA (8.95 wt% DA) ().
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material [6]. This cross-linking process is called quinone-tanning. The adjacent two

phenolic hydroxyl groups in DOPA play very important roles in forming hydrogen

bonds between adhesives and their substrates. The adhesion mechanisms for the SPI-

DAs are proposed to be similar to the natural quinone-tanning process. Because the

two phenolic hydroxyl groups in DA or DOPA are easily oxidized to form quinones at

an elevated temperature, a phenol-oxidative enzyme such as catechol-oxidase or

tyrosinase is not required for the cross-linking reactions of the SPI-DAs.
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The adhesive strengths and water resistance of plywood samples bonded with

SPI-DAs are comparable to those bonded with commercial PF and UF resins. This

work should stimulate interest in obtaining quantitative information on how various

amino acids that are abundant in mussel proteins, especially those amino acids

containing amino, phenolic hydroxyl, and carboxylic acid functional groups,

contribute to the overall adhesive performance of the modified soy proteins. This

information could then be used to guide the genetic manipulation of amino acid

composition in soy proteins so that a strong and water-resistant wood adhesive can be

massively produced through planting the genetically modified soybean. Modification

of soy protein using marine adhesive protein as a model could also lead to

development of a strong and water-resistant adhesive for materials other than wood.

2.6 Conclusions

Dopamine was successfully grafted to a SPI via an amide linkage. Imparting

DOPA-like phenolic functional groups found in marine adhesive protein to soy protein

could transform the soy protein to a strong and water-resistant adhesive. The adhesive

strengths and the water-resistances of the wood composites bonded with modified

SPIs depend on the amount of the phenolic functional groups.
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3.1 Abstract

Mussel protein can serve as a strong and water-resistant adhesive, but is

expensive and not readily available. Soy protein is inexpensive, abundant, and readily

available, but is a poor adhesive. Mussel protein contains a high amount of mercapto-

containing cysteine. This study revealed that increasing the free mercapto group

content in soy protein could greatly increase the strength and water-resistance of wood

composites bonded with the modified soy protein.

3.2 Keywords

Soybean, proteins, adhesives, mussels, wood composites

3.3 Introduction

Wood composites are widely used in houses, cabinets, furniture and many other

applications. The production of wood composites includes two basic steps: the

conversion of solid wood into veneer, strands, chips, or fibers that are subsequently

glued together with a wood adhesive to form big composite panels. Commonly used

wood adhesives are petroleum-based phenol-formaldehyde (PF) and urea-

formaldehyde (UF) resins. The World Health Organization recently concluded that

formaldehyde is a human carcinogen [1]. Emission of formaldehyde in the production
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and use of wood composites bonded with UF resins and the ever-increasing prices of

fossil oils and natural gas prompts to development of formaldehyde-free wood

adhesives from renewable natural resources.

The adhesive protein secreted by mussels is an excellent example of the

renewable formaldehyde-free adhesive [2, 3]. To withstand turbulent tide and wave,

mussels anchor themselves to rock or other substances through a strong and water-

resistant proteinaceous byssus [4, 5]. The portion of byssus that attaches to rock is

called an attachment plaque. The protein in the attachment plaque is commonly called

marine adhesive protein (MAP). Intensive investigation of attachment plaques from

many marine mussels reveals that MAP contains three different types of proteins

(MAP-i, MAP-2, and MAP-3) [6-9]. MAP-i consists of repetitive decapeptide (Ala-

Lys-Pro-Ser-(Tyr/DOPA)-Hyp-Hyp-Thr-DOPA-Lys) in which DOPA stands for 3,4-

dihydroxyiphenylalanine [7]. The decapeptide contains two lysine moieties and 1-2

DOPA moieties. MAP-2 is also highly repetitive with at least three types of motifs.

In addition to containing DOPA moieties (2-3 mol%), MAP-2 is also enriched in the

disulfide-containing amino acid cystine (6-7 mol%) [8, 9]. In contrast to MAP-i and

MAP-2, MAP-3 has only short sporadic repeats with a very small molecular mass of

about 6 kDa.

MAPs are strong and water-resistant adhesives, but are expensive and not

readily available. Soy protein is inexpensive, abundant and readily available. Soy

protein and MAPs are both proteinacious materials although they have different amino

acid compositions. In our previous study, we found that introduction of a DOPA-like
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compound with two adjacent phenolic hydroxyl groups to soy protein could convert

soy protein to a strong and water-resistant wood adhesive. Puzzled by the unusually

high amount of sulfur content in MAP-2, we investigated in this study whether

increasing the content of a free mercapto (-SH) group in soy protein could also convert

the soy protein to a strong and water-resistant wood adhesive.

3.4 Experimental part

3.4.1 Materials

Cysteamine and 1 -(3-dimethylaminopropyl)-3 -ethylcarbodiimide hydrochloride

(EDC) were purchased from TCI America (Portland, OR). Maple veneer was a gift

from the State Industry (Eugene, Oregon). Soy protein isolate (S P1) was donated from

Protein Technologies International (St. Louis, Missouri). Protein content and amino

acid composition of the SPI were analyzed by AAA Service Laboratory, Inc. (Boring,

Oregon). Sulfur contents of SPIs were analyzed with standard methods of LECO CNS

2000 by Central Analytical Laboratory, Department of Crop and Soil Science, Oregon

State University.

3.4.2 Preparation of alkaline Soy Protein Isolate (SPI)

Alkaline soy protein isolate (SPI) was prepared according to a literature



3.4.3 Synthesis of S-acetylcysteamine hydrochloride (II) {1 1]

A mixture of cysteamine hydrochloride (3.5 g) and acetyl chloride (5.0 mL) was

stirred at 50 °C. More acetyl chloride (5.0 mL) was added to the mixture when the

crystal of cysteamine hydrochloride began to melt. The resulting solution was stirred

at 50 °C for 1 h, and diethyl ether (50 mL) was added the reaction solution to cause

precipitation. The precipitate was collected with filtration, and crystallized from

ethanol and ethyl ether to provide pure S-acetylcysteamine hydrochloride (II) (3.9 g,

81.5 % yield). Melting point 139 °C (literature melting point 138 °C), FAB-MS gave

an [M+H] ion peak at m/z 120 confirming the molecular weight of S-

acetylcysteamine. 1H NMR (D20): ö=2.43 (3H, s, COCH3), 3.18 (4H, m, CH2CH2).

3.4.4 Preparation of S-acetylcysteamine-modified SPI (III)

Compound II (0.28 g, 1.8 mmol) was added to a solution of alkaline SPI (1.00

g) and TFIF/H20 (1:1, VA', 40 mL) at room temperature with stirring. The pH value

of the resulting mixture was adjusted to and maintained at 7.2 with a 1.0 N HC1

solution while a solution of EDC (0.45 g, 2.30 mmol) and THF/H20 (1:1, VA', 20

mL) was added dropwise to the reaction mixture in one hour. The reaction mixture

was further stirred for 16 h and mixed with ethyl acetate (50 mL) and brine (50 mL) to

precipitate the S-acetylcysteamine-modified SPI (III). The precipitate (III) was
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centrifuged and washed with ethyl acetate (2 times) and deionized water (2 times) and

then freeze-dried.

3.4.5 Preparation of cysteamine-modified SPI (IV)

A 0.2 N NaOH solution (50 mL) was bubbled with a stream of nitrogen for 5

mm. The S-acetylcysteamine-modified SPI (III) (1.0 g) was added to the NaOH

solution and stirred for 24 h. The resulting reaction mixture was adjusted to pH10

with a 1.0 N HC1 solution, concentrated with an Amicon concentrator (the molecular

weight cutoff of the membrane was 10 kDa) under a nitrogen atmosphere, and freeze-

dried to provide cysteamine-modified SPI (IV) [12].

3.4.6 Preparation of ethanolamine-modified SPI (VI)

Ethanolamine hydrochloride (0.34 g, 3.50 mmol) was added to a solution of

alkaline SPI (1.00 g) and THF/F120 (1:1, VAT, 40 mL) at room temperature with

stirring. The pH value of the resulting mixture was adjusted to and maintained at 7.2

with a 1.0 N HC1 solution while a solution of EDC (0.90 g, 4.60 mmol) and THF/H20

(1:1, VAT, 20 mL) was added dropwise to the reaction mixture in one hour. The

reaction mixture was further stirred for 16 h and mixed with ethyl acetate (50 mL) and

brine (50 mL) to precipitate ethanolamine-modified SPI (VI). The precipitate (VI)

was centrifuged and washed with ethyl acetate (2 times) and deionized water (2

times). The product was dissolved in 50 mL 02 N NaOH solution then stirred under
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room temperature for 24 h. The solution was adjusted to pHlO with a 1.0 N HC1

solution, concentrated with an Amicon concentrator (the molecular weight cutoff of

the membrane was 10 kDa) under a nitrogen atmosphere, and freeze-dried to provide

etbanolamine-modified SPI (VI).

3.4.7 Preparation of plywood samples bonded with SPI and modified SPIs

Maple veneer with a thickness of 0.6 mm was cut into boards with the

dimension of 7.5 cm x 12 cm. An adhesive mixture of water and a SPI (water/SPI

weight ratio = 6:1) was applied to one side of maple veneer samples. The adhesive-

coated area for each veneer board was 1.0 cm x 12 cm. The dry weight of the

adhesive was 2.5 mg/cm2. Two adhesive-coated veneer boards were lapped together

and then pressed at 10 kg/cm2 pressure and 120 °C for 5 mm to form a two-ply wood

composite board that was cut into six specimens. Each specimen had the bond area of

2.0 cm2 (2 cm x 1 cm).

3.4.8 Determination of the shear strength and water resistance of the two-ply wood
composites

The lap-shear strength of wood composite specimens was determined on an

Instron TTBML testing machine with a crosshead speed of 1.0 mm/mm. The

maximum shear strength at breakage was recorded. The water resistance of the wood

composites was evaluated with two methods: a water-soaking-and-drying (WSAD)
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test and a boiling-water test (BWT). The WSAD test is commonly used for the

evaluation of interiorly used wood adhesives. One WSAD cycle referred that the

wood composite specimens were soaked in water at room temperature for 24 h and

then dried at room temperature in a fume hood for 24 h. The WSAD cycle was

repeated up to three times and some specimens were taken for the measurement of the

shear strength after each WSAD cycle. The BWT was performed in accordance with

U.S. Voluntary Product Standard PS 1-95 for Construction and Industrial Plywood,

which is commonly used for evaluation of exteriorly used wood adhesives. The wood

composite specimens were boiled in water for 4 h, dried for 20 h at 63±3 °C, boiled in

water for 4 h again, and cooled down with tap water. Some specimens were taken for

the measurement of the shear strength while they were wet. The shear strength

determined in this manner was called BWT/wet. Some specimens were further dried

in a fume hood for 24 h and then evaluated for the shear strength. The shear strength

determined in this manner was called BWT/dry.

3.5 Results and discussion

There were about 86 wt% of protein and about 14 wt% of carbohydrates in the

SPI used in this study. The analysis of amino acid compositions revealed that the soy

protein contained about 30 wt% of aspartic acid and glutamic acid, 1.51 wt%

methionine and 0.11 wt% of cysteine. In other words, the free carboxylic acid groups
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were abundant in the protein and most of the sulfur content in the protein was from

methionine.

The free -SH group was introduced to the SPI via an amide linkage (Figure 3.1).

First, acetylation of the -SH group in I yielded S-acetylcysteamine II in 82 % yield.

The reaction of the amino group in II and the free carboxylic acid groups in the SPI in

the presence of EDC provided S-acetylcysteamine-modified SPI (III). The treatment

of III with a Na011 solution removed the acetyl group to provide cysteamine-modified

SPI (IV).

As shown in Table 3.1, the amount of the -SH group in IV could be regulated

through changing the amounts of!! and EDC used in the grafting reaction. Increasing

the dosages of II and EDC resulted in the increase in the amount of the -SH group in

the SPI. The ethanolamine-grafted SPI (VI) was prepared under the same conditions

as used in the preparation of IV-2 except that II was replaced by ethanolamine

hydrochloride V (Figure 3.1 and Table 3.1).

Table 3.1 Effect of reactants and their ratios on the amount of the free -SH group in
modified SPIs

SPI
g

II
mmol

V
mmol

EDC
mmol

S content
wt%

-SH content
wt%

Sample code

1.0 0.00 0.00 0.00 0.55 0.04 SPI
1.0 1.80 0.00 2.30 1.93 1.46 IV-!
1.0 3.50 0.00 4.60 2.54 2.09 IV-2
1.0 7.0 0.00 9.20 3.99 3.59 IV-3
1.0 0.00 3.50 4.60 0.55 0.04 VI
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Figure 3.1 Preparation of modified SPIs. Reaction conditions: a) acetyl chloride, b)
SPIJEDC/THF-H20, c) NaOHIH2O

The dry shear strength of wood composites bonded with VI was statistically

the same as that with SPI (Figure 3.2). The VI and SPI also did not result in

statistically different shear strengths after the resulting wood composites underwent

one WSAD cycle or two WSAD cycles. Wood composites bonded with SF1 or VI

delaminated after having undergone three WSAD cycles or a BWT. All these results

indicated that grafting ethanolamine to SPI did not improve the adhesion ability of the

modified SPI. When compared with SPI, IV-! resulted in significant increase in all

corresponding shear strengths (Figure 3.2). The wood composites bonded with IV-!

did not delaminate after having undergone three WSAD cycles or a BWT. More

impressively, the dry shear strength, the shear strengths after one, two, or three WSAD

cycles, and the BWT/dry shear strength of the wood composites bonded with IV-!

were statistically the same to each other. The BWT/wet shear strength was much

lower than other shear strengths, but the BWT/dry shear strength was as high as the

dry shear strength, i.e., the wood composites regained their strength once they were re-
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Figure 3.2 Water resistance of maple composites bonded with various modified SPIs.

Dry shear strength (n); shear strength after one WSAD cycle (.);shear strength after

two WSAD cycles; (); shear strength after three WSAD cycles (s); BWT/dry shear

strength; (11111); BWT/wet shear strength (a). DL represents that the wood composites
delaminated. Data are the mean of six replicates and the error bar represents one
standard error of the mean.
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dried. These results implied that increasing the SH content by 1.42 wt% could

dramatically increase the strength and water-resistance of the wood composites

bonded with the modified SPIs. When compared with IV-!, IV-2 resulted in higher

corresponding shear strength except that BWT/wet shear strength was basically the

same for both IV-! and IV-2. This implied that increase in the SH content in the

modified SPIs from 1.46 wt% to 2.09 wt% increased the strength and water-resistance

of the resulting wood composites. However, comparison of IV-2 to IV-3 revealed that

further increase in the SH content from 2.09 wt% to 3.59 wt% did not significantly

increase the shear strength and water-resistance of the resulting wood composites.

SPI VI 'V-i IV-2 IV-3
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The wood composites bonded with IV-2 were much stronger and much more

water-resistant than those bonded with VI although IV-2 and VI were prepared under

the same reaction conditions (Figure 3.1, Table 3.1 and Figure 3.2). These results

further confirmed that the improvement of the strength and water-resistance were

indeed due to the increase in the SH content in the modified SPIs.

Our results demonstrated that the SH group played very important roles in the

adhesion of thiol-containing protein samples, which is consistent with that MAPs

contain some proteins with the very high content of cysteine [8]. However, the exact

mechanisms by which the SH group enhanced the adhesion ability of the modified

SPIs and MAPs are still poorly understood.

It has been well established that the -SH groups in a protein are easily oxidized

to form disulfide bonds, thus crosslinking the protein to form a three dimensional

network [8, 13]. The high temperature in the hot-pressing of the wood composites

would certainly facilitate such a crosslinking reaction.

The -SH group can also react with quinones through a Michael addition reaction

[14]. The pH value of the modified SPI was about 10; it was highly likely that a part

of the tyrosine moieties in the modified SPIs was oxidized to form quinones during the

hot-press. Therefore, covalent linkages between the Sn group and the tyrosine

moieties could not be ruled out.

When applied to veneer, the modified SPIs penetrated wood, and were

crosslinked via disulfide linkages and covalent bonds between the SH groups and the

tyrosine moieties to form a water-insoluble three-dimensional network. The strength
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and the water-resistance of the network were closely related to the crosslinking density

which was in turn dependent upon the amount of the SH group grafted to the SPI.

There were numerous groups such as amide groups in SPIs that could form hydrogen

bonding with wood components. Therefore, the adhesion between wood and the

adhesive is proposed to mainly rely on the hydrogen bonds. During the hot-press,

some phenolic hydroxyl groups in lignin would be oxidized to form quinones. As

described previously, the SH groups are capable of reacting with quinones. Covalent

linkages between wood and the adhesive thus cannot be ruled out.

3.6 Conclusions

Cysteamine was successfully grafted to SPI via amide linkages. Increasing the

content of the Sil group significantly improved the wood adhesion for soy proteins.

The strength and water-resistance of the wood composites bonded with the modified

SPIs depended on the amount of the SH group in the modified SPIs.
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4.1 Abstract

At present, the production of wood composites mainly relies on the

petrochemical-based and formaldehyde-based wood adhesives such as phenol-

formaldehyde (PF) resins and urea-formaldehyde (UF) resins. Formaldehyde is a

human carcinogen and petrochemicals are not renewable. In this paper, we developed

and characterized a new environmentally friendly wood adhesive from abundant and

renewable soy protein. Soy protein isolate (SPI) was first modified with maleic

anhydride (MA) to form MA-grafted SPI (MSPI). It was found that MA was grafted

onto SPI via amide linkages and ester linkages. The formation of the amide linkages,

i.e., the reaction between MA and amino groups of SPI, was faster than the formation

of the ester linkages, i.e., the reaction between MA and hydroxyl groups in SPI.

Wood composites boned with MSPI alone had low dry shear strength and delaminated

when they underwent a boiling water test. However, a combination of MSPI and

polyethylenimine (PEI) dramatically increased the strength and water resistance of the

resulting wood composites. The effects of the MA dosage in the modification of SPI,

the PEI percentage in the MSPI-PEI adhesives, the molecular weight of PEI, and hot-

press conditions (hot-press temperature and hot-press time) on the strength and water

resistance of the resulting composites were studied in detail. It was found that the

following MSPI-PEI adhesive recipe was optimum in terms of enhancing the strength

and water resistance of wood composites: 20 wt% PEI (M 750,000) + 80 wt%
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MSPI (prepared with 10 wt% MA over SPI). The hot-press temperature at the range

of 120 °C to 160 °C and the hot-press time of> 2 0 mm had little effects on the

strength and water-resistance of the resulting wood composites. The investigation of

the curing chemistry of the MSPI-PEI adhesives revealed that amino groups of PEIs

reacted with maleyl esters to form maleyl amides and also reacted with the CC bonds

of maleyl groups via Michael addition reaction in the cure of MSPI-PEI adhesives,

4.2 Keywords

Adhesive, soy protein, wood composites

4.3 Introduction

At present, formaldehyde-based adhesives such as phenol-formaldehyde (PF)

and urea-formaldehyde (UF) resins are predominantly used for production of wood

composites. In 1998, wood composites industry in North America consumed more

than 1.78 million metric tons of wood adhesives [1]. Formaldehyde-based adhesives

accounted for 92 % of the total consumption [1]. However, the formaldehyde-based

adhesives are not environmentally friendly products. Formaldehyde may be emitted in

the production and use of wood composites bonded with UF resins [2-5]. World

Health Organization recently concluded that formaldehyde is a human carcinogen [6].

Moreover, formaldehyde-based adhesives are based on unsustainable petrochemicals.
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Therefore, the wood composites industry is currently under pressure to look for

environmentally friendly adhesives from renewable resources.

Soy protein is abundant, inexpensive and renewable. Soy protein-based

adhesives were widely used for the production of wood composites from 1930s to

1960s. The wood composites bonded with soy protein-based wood adhesives have

lower strengths and lower water resistance than those with synthetic UF and PF resins.

At present, soy protein-based adhesives have virtually been replaced by the synthetic

adhesives. However, soy protein represents an attractive raw material for wood

adhesives if a technique can be developed to improve the strength and water resistance

of soy protein-based adhesives.

In this study, we investigated a new method for development of a strong and

water resistant wood adhesive from soy protein. The soy protein was first modified

with maleic anhydride (MA) and then mixed with polyethylenimine (PEI) to provide

an excellent wood adhesive.

4.4 Experimental part

4.4.1 Materials

Maleic anhydride (MA) was purchased from J. T. Baker chemical Co.

(Phillipsburg, NJ). A 50 wt% aqueous PEI solution (M750,O00) was purchased

from Sigma-Aldrich (Milwaukee, WI), and PEIs (M=70,000 and 10,000) were
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purchased from Polysciences Inc. (Warrington, PA). Maple veneer was provided by

the State Industry (Eugene, OR). Soy protein isolate (SPI) was provided by the

Protein Technology International (St. Louis, MO). The amino acid content of SPI was

analyzed by AAA Service Laboratory, Inc. (Boring, OR).

4.4.2 NMR spectra

The NMR spectra were recorded at 400 MHz (Bruker 400) at ambient

temperature, and deuterium oxide was used as solvent. Chemical shifts (ppm) are

relative to the peak of D20 (4.8 ppm).

4.4.3 Preparation of the MA-modified Soy Protein Isolate (MSPI)

SPI (10.0 g) in water (140 mL) was stirred for 120 mm at room temperature.

The resulting mixture was adjusted to pH 10.0 by adding 1.0 N NaOH solution, and

stirred at 50 °C for 120 mm. MA (0.5 g) was added to the SPI mixture in small

batches with stirring while the pH value of the mixture was maintained at 8.0 9.0 by

adding 1.0 N NaOH solution. After all MA was added, the reaction mixture was

further stirred for 1 h and then diluted to 1000 mL with distilled water. The diluted

solution was concentrated to 100 mL with a membrane concentrator (Amicon®). The

cut-off molecular weight of the ultrafiltration membrane was 10,000. The dilution-
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concentration cycle was repeated three times. Finally, the concentrated protein

solution (100 mL) was freeze-dried.

4.4.4 Preparation of the alkali-modified Soy Protein Isolate (ASPI)

The alkali-modified SPI (ASPI) was prepared in accordance with a literature

procedure [7].

4.4.5 Preparation of the MA-modified starch (MS)

Starch (10.0 g) in water (140 mL) was stirred for 120 mm, and the pH value of

the mixture was adjusted to 10.0 with 1.0 N NaOH solution. MA (5.0 g) was added in

small batches with stirring while the pH value of the mixture was maintained at 8.0

9.0 by adding 1.0 N NaOH solution. After all MA was added, the reaction mixture

was further stirred for 1 h and then diluted to 1000 mL with distilled water. The

diluted solution was concentrated to 100 mL with an Amicon® membrane

concentrator. The cut-off molecular weight of the ultrafiltration membrane was

10,000. The dilution-concentration cycle was repeated three times. Finally, the

concentrated solution (100 mL) was freeze-dried.



4.4.6 Preparation of NEma1eylaminocaprioc acid

Maleic anhydride (0.98 g, 10 0 mmol) was added in small batches to a solution

of aminocaprioc acid (2.62 g, 20.0 mmol), NaHCO3 (1.0 g) and water (20 mL) while

the pH value of the reaction mixture was kept at 8.09.0 by adding 1.0 N NaOH

solution. After maleic anhydride was added, the reaction mixture was adjusted to pH

5.0 and then kept at 4 °C for crystallization. The crystalline N-maleyl-aminocaprioc

acid was collected by filtration and dried under vacuum. 1H NMR [D20], oH, 6.27 (d,

lH), 5.86 (d, 1H), 3.16 (t, 2H), 2.12 (t, 2H), 1.50 (m, 4H), 1.27 (m, 2H).

4.4.7 Determination of the amount of the maleyl group in MSPI

MSPI (25.0 mg) was dissolved in a solution of D20 (1.0 mL) and DMF (0.5

mg). 111 NMR spectrum of the resulting solution was obtained on a 400 MHz NMR.

The peak area of the proton at 8.03 ppm in DMF was used as calibration standard, and

the peak area of protons at 6.70, 6.32, and 5.90 ppm on the carbon-carbon double bond

of maleyl groups was used to calculate the content of the maleyl group in MSPI.

4.4.8 Preparation of plywood samples bonded with the MSPI-PEI adhesives

77

A MSPI-PEI adhesive was prepared by magnetically stirring the mixture of a

MSPI solution (14 wt%, 8 mL) and a PEI solution (14 wt%, 2 mL) for 30 mm. Maple
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veneer with a thickness of 0.6 mm was cut into boards with the dimension of 7.5 cm x

12.0 cm. The adhesive was applied to one side of maple veneer samples. The

adhesive-coated area for each veneer board was 1.0 cm x 12.0 cm. The spread rate of

the adhesive was 2.5 mg/cm2 on the dry weight basis. Two adhesive-coated veneer

boards were lapped together and then hot-pressed at 10.0 kg/cm2 pressure to form a

two-ply wood composite board. The board was cut into six specimens with the

bonded area of 2.0 cm2 (2 cm x 1 cm).

4.4.9 Determination of shear strength and water resistance of the two-ply wood
composites

The lap-shear strength of wood composite specimens was determined using an

Instron TTBML testing machine. The crosshead speed was 1.0 mm/mm. The water

resistance of the wood composites was performed in accordance with U.S. Voluntary

Product Standard PSI -95 for Construction and Industrial Plywood. The wood

composite specimens were boiled in water for 4 h, dried for 20 h at 63 ± 3 °C, boiled

in water for 4 h again, and cooled down with tap water. Some specimens were taken

for the measurement of shear strength while they were wet. The shear strength

determined in this manner was called BWT/wet. Some specimens were further dried

in a fume hood for 24 h and then evaluated for the shear strength. The shear strength

determined in this manner was called BWT/dry.



4.4.10 Investigation of cross-linking mechanism of MSPI-PEI adhesives

The pH value of an aqueous ethylenediamine (EDA) solution (2.0 wt%) was

adjusted to 10.0 with 1.0 N HC1 solution. A mixture of MSPI-4 (0.8 g) and the EDA

solution (10.0 mL) was stirred at 25 °C for 4 h. The reaction mixture was

concentrated with an Amicon® membrane concentrator (10,000 molecular weight

cutoff membrane) to remove molecules with the molecular weight less than 10,000.

The control was made from the same procedure except the MSPI-4 was substituted by

ASPI.

4.5 Results and discussion

4.5.1 Preparation and characterization of MSPI

The SPI used in the study contains 86.0 wt% of protein and about 14.0 wt% of

carbohydrates. Lysine contains s-amino side group and account for 4.78 mol% of

total amino acids. Other basic amino acids, e.g., histidine and arginine, account for

2.09 mol% and 5.57 mol%, respectively. Serine and threonine both contain hydroxyl

side groups and account for 6.30 mol% and 4.29 mol% of the total amino acids,

respectively. The content of hydroxyl groups, including those in serine, threonine and

carbohydrate, is much higher than that of amino groups. The proposed reactions

between SPI and MA are shown in Figure 4.1. The 'H NMR spectra of ASPI, MSPI,
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Figure 4.1 Proposed reactions in the modification of SPI with MA
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N-maleyl-aminocaproic acid, MA-modified starch, and starch are shown in Figure

4.2. When compared with the ASPI spectrum, the MSPI spectrum had extra peaks a,

b and c, indicating that the maleyl group has been grafted onto the SPI. Comparison

of the MSPI spectrum with that of N-ma1eyl-aminocaproic acid revealed that the

peaks b and c belonged to the protons of the amide-linked maleyl group (Figure 4.1

and 4.2). When compared with the starch spectrum, the spectrum of MA-modified

starch had extra peaks at the same chemical shifts of the peaks a and c of the MSPI

spectrum, indicating that the peaks a and c are from the ester-linked maleyl group

(Figure 4.1 and 4.2).
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The 'H-'H COSY spectrum of the MSPI showed the coupling between the peak

a and the peak c, and the coupling between the peak b and the peak c (the spectrum

not shown). The 'H-'H COSY spectrum of the MSPI also revealed that the proton c in

the ester-linked maleyl group had slightly lower chemical shift than that in the amide-

linked maleyl group, which was consistent with the results in Figure 4.3. The peaks of

these two protons are designated as the peak c because they partially overlap. Results

from the Figure 4.2 revealed that the maleyl group was grafted onto the SPI via ester

and amide linkages. The relative amount of the ester-linked and the amide-linked

maleyl groups was highly dependent upon the MA dosage in the maleylation reaction

(Table 4.1 and Figure 4.3). When the MA dosage was increased from 5 wt% to 50
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wt%, the content of the amide-linked maleyl groups increased very slowly, but the

content of the ester-linked maleyl groups increased rapidly (Table 4.1). The peak a

became bigger and bigger and the peak c became broader and broader when the MA

dosage was increased from 5 wt% to 50 wt% (Figure 4.3). Amino groups are stronger

nucleophiles than hydroxyl groups. In the maleylation reaction, MA preferentially

reacted with amino groups in the SPI. It appeared that 5 wt% MA on the basis of SPI

was sufficient to react with most of the amino groups. After the amino groups were

consumed, the excess MA reacted with hydroxyl groups in the SPI.

Table 4.1 Effects of the MA dosage in maleylation on the content of the maleyl
groups in MSPIs

MA dosage in Amide-linked Ester-linked Total content of
maleylation maleyl groups maleyl groups maleyl groups

wt% MAon SPI wt% wt% wt%

MSPI-1 5 2.74 0.08 2.82
MSPI-2 10 3.01 0.13 3.14
MSPI-3 20 3.06 0.78 3.84
MSPI-4 50 3.12 2.17 5.29
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Figure 4.3 111 NMR spectra of MSPI-1, MSPI-2, MSPI-3, and MSPI-4.

4.5.2 Investigations of MSPIs as wood adhesives

Dry shear strength of wood composites bonded with ASPI, MSPI-2, and PEI

was comparable to each other (Figure 4.4). When a combination of MSPI-2 and PEI

was used as a wood adhesive, the resulting wood composites had much higher dry

shear strength than those bonded with ASPI, MSPI-2, or PEI. The dry shear strength

of the wood composites bonded with the (MSPI-2)-PEI adhesive was higher than that

with commercially used PF resins (Figure 4.4). Wood composites bonded with ASPI

or MSPI-2 delaminated when they were boiled in water. Results in Figure 4.4

revealed a general trend for each adhesive that BWT/dry shear strength was lower than

dry shear strength, but was higher than BWT/wet shear strength. BWT/dry shear

strength of the wood composites bonded with (MSPI-2)-PEI was slightly lower than
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Figure 4.4 Shear strengths of wood composites bonded with various adhesives. (DL
stands for delamination. MSPI was prepared with 10 wt% MA based on SPI. Total
solids content of ASPI, MSPI and MSPI-PEI adhesives, 14 wt%; the molecular weight
(Mw) of PEI, 750,000; the MSPI/PEI weight ratio, 4:1; hot-press conditions: 10
kg/cm2, 160 °C and 5 mm. Data are the mean of at least six replicates and the error
bar represents the standard error of the mean.)
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that with PF resins. BWT/wet shear strength of the wood composites bonded with the

(MSPI-2)-PEI adhesive was much lower than that with the PF resins. The (MSPI-2)-

PEI adhesive contains numerous polar groups such as amides and hydroxyl groups. It

is understandable that the (MSPI-2)-PEI adhesive is less water-resistant than the PF

resins. At present, the merit of using the BWT for evaluating the water-resistance of

wood composites is still in debate because wood composites would never experience

such harsh conditions in their applications. The general consensus is that wood

composites are highly water-resistant if they do not delaminate and retain reasonably

high strength after a BWT.

8-
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Figure 4.5 Effects of the MA dosage in the modification of SPI with MA on shear
strengths of the wood composites bonded with MSPI-PEI adhesives. (Total solids
content of MSPI-PEI adhesives, 14 wt%; The MSPI/PEI weight ratio, 4:1; the PEI
molecular weight (Mw), 750,000; hot-press conditions: 10 kg/cm2, 160 °C and 5 mm.
Data are the mean of at least six replicates and the error bars represent one standard
error of the mean.)

Effects of the MA dosage in the maleylation reaction on shear strengths of wood

composites bonded with MSPI-PEI adhesives are shown in Figure 4.5. All shear

strengths (dry shear strength, BWT/dry shear strength, and BWT/wet shear strength)

dramatically increased when the MA dosage was increased from 5 wt% to 10 wt%.

Further increase in the MA dosage from 10 wt% to 50 wt% did not significantly

increase the shear strengths (Figure 4.5). When compared with MSPI-3 (20 wt% MA)

and MSPI-4 (50 wt% MA), MSPI-2 (10 wt% MA) was prepared with less

petrochemical-based MA and resulted in comparable shear strengths. Therefore,

MSPI-2 was used to further investigate the MSPI-PEI adhesives.
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Figure 4.6 Effects of PEI percentage in MSPI-PEI on shear strengths of wood
composites bonded with MSPI-PEI adhesives. (MSPI was prepared with 10 wt% MA
based on SPI. The PET percentage was based on MSPI. Total solids content of the
MSPI-PEI, 14 wt%; The MSPIIPEI weight ratio, 4:1; the PET molecular weight (Mw),
750,000; hot-press conditions: 10 kg/cm2, 160 °C and 5 mm Data are the mean of at
least six replicates and the error bars represent one standard error of the mean.)

Both dry shear strength and BWT/dry shear strength gradually increased when

the percentage of PEI in the (MSPI-2)-PEI adhesive was increased from 5 wt% to 20

wt% (Figure 4.6). When the PEI percentage was further increased from 20 wt% to 30

wt%, both dry shear strength and BWT/dry shear strength remained statistically the

same (Figure 4.6). BWT/wet strength significantly increased when the PET percentage

was increased from S wt% to 10 wt%, and then remained statistically the same when

the PEI percentage was further increased from 10 wt% to 50 wt% (Figure 4.6). The

20 wt% appeared to be the optimum PET dosage and thus was further investigated.
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Figure 4.7 Effects of the PEI molecular weight on shear strengths of wood composites
bonded with MSPI-PEI adhesives. (MSPI was prepared with 10 wt% MA based on
SPI, total solids content of the MSPI-PEI adhesives, 14 wt%; the MSPI/PEI weight
ratio, 4:1; hot-press conditions: 10 kg/cm2, 160 °C and 5 mm.) Data are the mean of
six replicates and the error bars represent one standard error of the mean.

All strengths (dry shear strength, BWT/dry shear strength, and BWT/wet shear

strength) significantly increased when the molecular weight (Mw) of PEIs was

increased from 10,000 to 70,000 (Figure 4.7). Further increase in the molecular

weight of PEIs did not result in statistically significant change of all three shear

strengths (Figure 4.7).

Effects of hot-press temperature in the preparation of wood composites are

shown in Figure 4.8. Except that the dry shear strength at 160 °C was significantly

higher than that at 120 °C, the hot-press temperature at the range of 120 °C to 160 °C

had little impacts on all three shear strengths (Figure 4.8). The hot-press temperature

range is widely used in the commercial production of wood composites. Results from

Mw=1 0,000

Mw 70,000
Mw= 750, 000
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Figure 4.8 Effects of hot-press temperature on shear strengths of wood composites
bonded with MSPI-PEI adhesives. (MSPI was prepared with 10 wt% MA based on
SPI. Total solids content of the MSPI-PEI adhesives, 14 wt%; the PEI molecular
weight (Mw), 750,000; the MSPIIPEI weight ratio, 4:1; hot-press conditions: 10
kg/cm2 and 5 mi Data are the mean of at least six replicates and the error bars
represent one standard error of the mean.)

The dry shear strength significantly increased when the hot-press time in the

preparation of wood composites was increased from 1.0 mm to 2.0 mm (Figure 4.9).

Further increase in the hot-press time from 2.0 mm to 8 0 mm had little effects on the

dry shear strength (Figure 4.9). Results from Figure 4.9 reveal that the MSPI-PEI

adhesive can be cured in as short as 2.0 mm.
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Figure 4.8 indicate that this MSPI-PEI adhesive can be cured at the commercially used

temperature range.
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Figure 4.9 Effects of hot-press time on dry shear strength of wood composites bonded
with MSPI-PEI adhesives. (MSPI was prepared with 10 wt% MA based on SPI.
Total solids content of MSPI-PEI adhesives, 14 wt%; the MSPIIPEI weight ratio, 4:1;
the PEI molecular weight (Mw), 750,000; hot-press conditions: 10 kg/cm and 160 °C.
Data are the mean of six replicates and the error bars represent one standard error of
the mean.)

4.5.3 Investigation of curing chemistry of the MSPI-PEI adhesives

After MSPI and PEI reacted, the adhesive was not soluble in commonly used

NMR solvents. To obtain unambiguous information about the possible reaction in the

cure of the MSPI-PEI adhesive, we used ethylenediamine to replace PEI. Two main

reactions between ethylenediamine and MSPI at elevated temperature are proposed in

Figure 4.10. It has been well established that an amine can readily react with an ester

to form an amide. 'H NMR spectra of MSPI-4 and the purified reaction product of

MSPI-4 and ethylenediamine are shown in Figure 4.11. When compared with the

MSPI spectrum, the peak a in the spectrum of MSPI-ethylenediame disappeared and



Figure 4.10 Proposed reactions between MSPI and ethylenediamine
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Figure 4.11 1H NMR spectra of MSPI and MSPI-ethylenediamine.
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the peak c became narrow, which indicated that the esters in MSPI disappeared after

MSPI was treated with ethylenediamine (Figure 4.11). Results from Figure 4.11

demonstrated that the conversion of ester linkages to amine linkages occurred in the

cure of the MSPI-PEI adhesives.
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Figure 4.12 'II spectra of ASPI, ASPI-ethylenediamine, MSPI, and MSPI-
ethylenediamine.

Figure 4.12 shows 'H NMR spectra of ASPI, the purified reaction product of

ASPI and ethylenediamine, MSPI and the purified reaction product of MSPI-4 and

ethylenediamine. The spectrum of the purified ASPI-ethylenediamine was very

similar to that of ASPI, indicating that ethylenediamine was not grafted onto ASPI and

was not trapped or sorbed in ASPI. When compared with the spectrum of MSPI, the

spectrum of the purified MSPI-ethylenediamine had an extra strong peak d. The

chemical shift of peak d is in the range of chemical shifts of ethylene protons of

ethylenediamine or protons of amino-adducted maleyl groups (Figure 4.10) [8]. The

5 4 3 2 0 ppm
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reaction products, such as I and II shown in Figure 4.10, may further react with

themselves to form oligomers. The reaction conditions for preparing the MSPI-

ethylenediamine were pretty mild (pH 10, 25 °C and 4 h). We speculated that the

oligomers, if generated, unlikely had their molecular weight higher than 10,000. All

small molecular reaction products were thus removed through the ultrafiltration with

the membrane concentrator. The peak d in the spectrum of the purified MSPI-

ethylenediamine was likely from grafted ethylenediamine and amide-linked amino-

adducted maleyl groups (Figure 4.12). It is proposed that ethylenediamine was grafted

onto MSPI via Michael addition reaction.

In the MSPI-PEI adhesive, the amino groups of PET can react with the amide-

linked maleyl group via Michael addition reaction and react with the ester-linked

maleyl group via amidation and Michael addition reaction. As a result, these reactions

generate highly crosslinked water-insoluble polymeric network. The amount of the

amide-linked maleyl group has to be sufficient for forming the network, which

explains why 10 wt% MA in the maleylation reaction resulted in much higher shear

strengths than 5 wt% MA (Figure 4.5). The adhesion between the adhesive network

and wood probably relies mainly on hydrogen bonding.



4.6 Conclusions

MA was successfully grafted onto SPIs via amide linkages and ester linkages to

form MA-modified SPIs (MSPIs). Quantification of maleyl groups revealed that the

reactions between MA and amino groups of SPIs were faster than those between MA

and hydroxyl groups of SPIs. Increasing the MA dosage in the modification of SPIs

with MA significantly increased the amount of ester-linked maleyl groups. MSPIs

alone were not good wood adhesives. However, addition of PET to MSPIs

dramatically improved the adhesive performance of the MSPIs. Wood composites

bonded with a combination of a MSPI and a PET had a higher dry shear strength than

those with commercially used PF resins. However, the BWT/wet shear strength of the

wood composites bonded with MSPI-PEI adhesives was lower than that with PF

resins. Increasing the MA dosage from 5 wt% to 10 wt% dramatically enhanced the

shear strengths of the wood composites bonded with MSPI-PEI adhesives. For the

(MSPI-2)-PEI adhesive, 20 wt% PET over total solids resulted in the highest shear

strengths of the resulting wood composites. PEI with the molecular weight of 10,000

was inferior to PETs with the molecular weights of 70,000 and 750,000. The hot-press

temperature at 120 °C-1 60 °C had little impacts on the strength and water-resistance

of the resulting wood composites. The hot-press time, when longer than 2.0 mm, also

had little effect on the dry shear strength. Study of the purified reaction product of
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MSPI-4 and ethylenediamine revealed that maleyl ester bonds disappeared and

ethylenediamine was covalently grafted onto MSPI.
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5.1 Abstract

Petrochemical-based adhesives such as urea-formaldehyde and phenol-

formaldehyde resins are predominant wood adhesives. In this study, a new wood

adhesive from renewable lignin was developed and characterized. The new adhesive

consisted of demethylated kraft lignin (DKL), a byproduct in the production of

dimethyl sulfoxide from kraft lignin, and a polyethylenimine (PEI). Wood composites

bonded with this new DKL-PEI adhesive system were very strong and very water-

resistant. The effects of the preparation time, the curing conditions (hot-press time

and hot-press temperature), the total solids content of the adhesive, the DKL/PEI

weight ratio and the molecular weight of PEI on the strength and water-resistance of

the resulting wood composites were studied in detail. Investigation on the curing

chemistry of this new adhesive revealed that phenolic hydroxyl groups were oxidized

to form quinones that further reacted with PEI. It was proposed that the curing

mechanisms of this DKL-PEI adhesive were similar to the quinone-tanning processes

in nature.

5.2 Keywords
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5.3 Introduction

The formaldehyde-based wood adhesives such as urea-formaldehyde (UF) and

phenol-formaldehyde (PF) resins are major wood adhesives used in the production of

wood composites in North America. They account for about 92 % of annual adhesive

consumption of North America [1]. There are two issues associated with the presently

used formaldehyde-based wood adhesives. The first issue is related to formaldehyde,

one of the key ingredients in currently used wood adhesives. It has been well

documented that formaldehyde is emitted from the production and use of wood

composites bonded with UF resins [2-5]. That formaldehyde causes skin irritation

and repriratory discomfort has been known for a long time [6]. Through extensive

studies on the toxicity of formaldehyde, the International Agency for Research on

Cancer has recently re-classified formaldehyde as a human carcinogen [7]. The

second issue is that phenol and formaldehyde are derived from non-renewable

petrochemicals whose prices may keep increasing. The increasing concerns about the

emissive formaldehyde on human health and sustainable supply of the raw materials

for wood adhesives have generated a need for the development of formaldehyde-free

wood adhesives from renewable resources.

To withstand the impact of turbulent tide and wave, mussels stick to rock and

other substance in seawater through an adhesive protein, commonly called marine

adhesive protein (MAP). MAP is an excellent example of formaldehyde-free and
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renewable adhesives. Extensive studies reveal that the MAP contains two key

functional groups: an amino group and a catechol group. Various reactions between

the amino group and the catechol group solidify and crosslink the MAP, thus

converting the MAP into a very strong and very water-resistant adhesive [8, 9]. Our

previous studies reveal that a combination of condensed tannins andpolyethylenimine

(PEI) and a combination of poly (N-acryloyldopamine) and PEI can be used as strong

and water resistant wood adhesives [10, 11]. Both condensed tannins and poly(N-

acryloyldopamine) contain catechol groups. Somehow, condensed tannins are not

produced in the U.S. and are thus not readily available. Poly(N-acryloyldopamine) is

a synthetic polymer, and is expensive and not readily available. Demethylated kraft

lignin (DKL), a byproduct in the production of dimethyl sulfoxide from the kraft

lignin, also contains a catechol group and is very abundant and readily available [121.

In this study, we investigated whether a combination of DKL and PEI was able to

serve as a formaldehyde-free wood adhesive.

5.4 Experimental part

5.4.1 Materials

DKL was donated by Gaylord Chemical Corporation (Bogalusa, LA).

Polyethylenimines (PEIs) with molecular weights (Mw) of 10,000 and 70,000 (30 wt%

aqueous solution) were purchased from Polysciences Inc (Warrington, PA). PEI with
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the molecular weight (Mw) of 750,000 (50 wt% aqueous solution) was purchased from

Sigma-Aldrich (Milwaukee, WI). All PEIs were used as received. Maple veneer was

donated by States Industries (Eugene, Oregon). The veneer was conditioned at 20 °C

and 65 % relative humidity for a minimum of one week.

5.4.2 Preparation of DKL-PEI wood adhesives

DKL (10.0 g) was suspended in water (40 mL) The pH value of the mixture

was adjusted to and maintained at 10 by adding 6.0 N NaOH solution while the

mixture was stirred. After the DKL completely dissolved, the solution was freeze-

dried for further use. The freeze-dried lignin was called alkaline DKL.

The DKL-PEI lignin was prepared by stirring a mixture of PEI (1.0 g of 50 wt%

PEI aqueous solution, i.e., 0.5 g dry PEI, M = 750,000), the alkaline DKL (0.5 g) and

water (3.5 mL) for 10 mm.

5.4.3 Preparation of plywood samples bonded with DKL-PEI adhesives

Maple veneer with a thickness of 0.6 mm was cut into small boards with the

dimension of 7.5 cmx 12 cm. A DKL-PEI wood adhesive (0.25 g) was applied to the

area of 1.0 x 12 cm on one side of a veneer board. The spread rate of adhesive solids

on bond area was 4.16 mg/cm2. Two adhesive coated veneer boards were lapped
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together and then hot-pressed to form wood composites. The wood composite was cut

into 6 specimens. Each specimen had a bond area of 2 x 1.0 cm.

5.4.4 Evaluation of shear strength of wood composites bonded with DKL-PEI
adhesives

The lap-shear strength of the wood composites specimens bonded with DKL-

PEI adhesives was evaluated on an Instron TTBML universal testing machine at 1

nini/min of the crosshead speed. The maximum force at breakage of wood composites

was recorded to calculate the shear strength.

5.4.5 Evaluation of water resistance of wood composites

The water resistance of the wood composites specimens bonded with DKL-PEI

adhesives was evaluated in accordance to the U.S. Voluntary Product Standard P51-95

for Construction and Industrial Plywood (published by the U.S. Department of

Commerce through APA-The Engineered Wood Association, Tacoma, WA). Boiling

water test (BWT) was performed as following: 16 specimens were boiled in water for

4 h, dried for 20 h at 63 ± 3 °C, boiled in water again for 4 h and then cooled down

with tap water. Eight specimens were evaluated for shear strength while they were

wet. The shear strength evaluated in this manner was called BWT/wet strength. Eight

specimens were further dried at room temperature in a fume hood for 24 h and then
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evaluated for shear strength. The shear strength evaluated in this manner was called

BWT/dry strength

5.4.6 Characterization of DKL-PEI adhesives with Fourier Transform Infrared (FTIR)
spectroscopy

FTIR spectra of DKL and a DKL-PEI adhesive (the weight ratio of DKL to PEI

was 1:1, M of PEI was 750,000) were acquired on a Thermo Nicolet NexusTM 470

FTIR spectrometer with a Golden Gate Heatable Diamond ATR (attenuated total

reflectance) accessory at 20 °C and 120 °C for 3 mm. DKL and PEI were dried under

high vacuum for 24 h and ground to fine powder before they were used for acquiring

FTIR spectra. The number of scans for each sample was 32.

5.5 Results and discussion

5.5.1 Effects of mixing time on shear strength of wood composites bonded with DKL-
PEI adhesives

The DKL-PEI adhesives were prepared by mixing an aqueous solution of DKL

with an aqueous solution of PEI at pH 10. The mixing time at the range of 10 mm to 2

h had little effects on the shear strength of wood composites bonded with DKL-PEI

adhesives (Figure 5.1). This implies that the DKL-PEI adhesives are easy to prepare

and store.
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Figure 5.1 Effects of mixing time on shear strength and water resistance of wood
composites bonded with DKL-PEI adhesives. M of PEI was 750,000; hot-press
conditions: 10 kg/cm2, 120 °C; the DKL/PEI weight ratio was 1:1.

5.5.2 Effects of total solids content on shear strength and water resistance of wood
composites bonded with DKL-PEI adhesives

The viscosity of the DKL-PEI adhesives increased with increasing total solids

content. When the total solids content was higher than 25 wt%, the DKL-PEI was too

viscous to be uniformly applied to veneer. When the total solids content was

increased from 14 wt% to 17 wt%, all three shear strengths (dry, BWT/dry, and

BWT/wet) did not significantly increase (Figure 5.2). When the total solids content

was further increased from 17 wt% to 20 wt%, the dry shear strength significantly

increased while BWT/dry and BWT/wet shear strengths remained statistically the

same (Figure 5.2). All three shear strengths did not significantly change when the
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Figure 5.2 Effects of total solids content on shear strength and water resistance of
wood composites bonded with DKL-PEI adhesives. M of PET was 750,000; hot-press

conditions: 10 kg/cm2, 120 °C; the DKL/PEI weight ratio was 1:1. Dry (); BWT/dry

(a); BWT/wet (a). Data are the mean of six replicates and the error bars represent
one standard error of the mean.

5.5.3 Effects of hot-press time on shear strength and water resistance of wood
composites bonded with DKL-PEI adhesives

When the hot-press time was increased from 3 mm to 5 mm, the dry shear

strength increased significantly while the BWT/dry and BWT/wet shear strengths

basically remained the same (Figure 5.3). When the hot-press time was further

increased from 5 mm to 7 mm, the shear strengths did not change significantly. These
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total solids content was increased from 20 wt% to 25 wt%. The DKL-PEI Adhesives

at 20 wt% total solids content were readily applied to veneer, and therefore were used

in further experiments.
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results implied that the DKL-PEI adhesives were not fully cured after 3 mm hot-press.

Therefore, the hot-press time of 5 mm was used for further investigation.

3.0 5.0 7.0

Press time (mm)

Figure 5.3 Effects of the hot-press time on shear strength and water resistance of
wood composites bonded with DKL-PEI adhesives. M of PEI was 750,000; hot-press

conditions: 10 kg/cm2, 120 °C; the DKL/PEI weight ratio was 1:1. Dry (); BWT/dry

(); BWT/wet (a). Data are the mean of six replicates and the error bars represent
one standard error of the mean.
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5.5.4 Effects of hot-press temperature on shear strength and water resistance of
wood composites bonded with DKL-PEI adhesives

When the hot-press temperature was increased from 100 °C to 120 °C, the

BWT/dry shear strength greatly increased, whereas both dry and BWT/wet shear

strengths only increased slightly (Figure 5.4). When the hot-press temperature was

increased from 120 °C to 140 °C, all three shear strengths (dry, BWT/dry, and

BWT/wet) did not change significantly (Figure 5.4). Further increasing the hot-press

temperature from 140 °C to 160 °C significantly decreased the dry shear strength, but

did not significantly change both BWT/dry and BWT/wet strengths. These results

indicated that 120 °C was the optimal hot-press temperature for curing DKL-PEI

adhesives.
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Figure 5.4 Effects of hot-press temperature on shear strength and water resistance of
wood composites bonded with DKL-PEI adhesives. M of PEI was 750,000; the
DKLIPEI weight ratio was 1:1; hot-press conditions: 10 kg/cm2, 5 mm. Dry (n);
BWT/dry (); BWT/wet (). Data are the mean of six replicates and the error bars
represent one standard deviation.

5.5.5 Effects of DKL/PEI weight ratios on shear strengths and water resistance of
wood composites bonded with DKL-PEI adhesives

The wood composites bonded with DKL alone, i.e., DKL/PEI weight ratiol :0,

had very low dry shear strength and delaminated during the BWT (Figure 5.5). When

the weight ratio of DKL to PEI in DKL-PEI adhesives was 4:1, the dry shear strength

of the resulting composites was significantly higher than that with DKL alone. The

resulting
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wood composites did not delaminate during the BWT. All three shear strengths (dry,

BWT/dry, and BWT/wet) significantly increased when the DKL/PEI weight ratio was

changed from 4:1 to 2:1. When the DKL/PEI weight ratio was changed from 2:1 to

1:1, the dry shear strength of the resulting wood composites further increased, but their

1:0 4:1 2:1 1:1 1:2 1:4 0:1

The weight ratio of DKL to PEI

Figure 5.5 Effects of the DKL/PEI weight ratio on shear strength and water resistance
of wood composites bonded with DKLPEI adhesives. M of PEI was 750,000; hot-

press conditions: 10 kg/cm2, 120 °C, 5 mm. Dry (n); BWT/dry (); BWT/wet (a).
Data are the mean of six replicates and the error bars represent one standard deviation.

BWT/dry and BWT/wet shear strengths did not change significantly (Figure 5.5).

When the DKL/PEI weight ratio was changed from 1:1 to 1:2, all three shear strengths

significantly decreased. When the DKL/PEI weight ratio was changed from 1:2 to

1:4, the shear strengths were statistically unchanged. The optimal DKL/PEI weight
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ratio of DKL-PEI adhesives in terms of enhancing the shear strength and water

resistance of the resulting wood composites appears to be 1:1.

5.5.6 Effects of molecular weight (Mw) of PETs on shear strength and water
resistance of wood composites bonded with DKL-PEI adhesives

PEIs with three different molecular weights (M=10,00O, 70,000 and 750,000)

were investigated. The results are shown in Figure 5.6. When the M of PET was

10,000, the wood composites bonded with DKL-PEI adhesives had moderate dry shear

strength and water resistance. The resulting wood composites did not delaminate

during the BWT. When the M of PE! was increased from 10,000 to 70,000, all three

shear strengths (dry, BWT/dry, and BWT/wet) significantly increased. However,

further increase in the M of PET from 70,000 to 750,000 did not result in statistically

significant changes of the shear strengths.



10,000 70,000 750,000
The molecular weight (Mw) of PEIs

Figure 5.6 Effects of the molecular weight (Mw) of PEI on shear strength and water
resistance of wood composites bonded with DKL-PEI adhesives. The DKL/PEI

weight ratio was 1:1; hot-press conditions: 10 kg/cm2, 120 °C, and 5 mm. Dry ();

BWT/dry (); BWT/wet (a). Data are the mean of six replicates and the error bars
represent one standard deviation.

5.5.7 The investigation of curing mechanism of DKL-PEI adhesives

The FTIR spectrum of "DKL at 20 °C" showed that the absorbance of CO

groups at 1702 cm' was weak (Figure 5.7), which implied that the C=O content of

DKL at room temperature was low. However, the peak intensity at 1702 cm1
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significantly increased when the DKL was heated at 120 °C for 3 mm (see "DKL at

120 °C" in Figure 5.7). It implied that the heating of the DKL at 120 °C significantly

increased the C=O content (Figure 5.7). The increased C=O groups are speculated to

be mainly from the oxidation of phenolic hydroxyl groups.

Figure 5.7 FTIR spectra of DKL samples. "DKL at 20 °C" is the FTIR spectrum
acquired at 20 °C. "DKL at 120 °C" is the FTIR spectrum acquired after a DKL
sample was heated at 120 °C for 3 mm

The FTIR spectra of the DKL-PEI mixtures (the DKL/PEI weight ratio was 1:1)

are shown in Figure 5.8. When DKL and PEI were mixed at 20 °C, the shoulder of

C=O groups at 1702 cm1 could still be seen. After the DKL-PEI mixture was heated

at 120 °C for 3 mm, the shoulder disappeared, which indicated that the C0 groups in

DKL disappeared. A new peak of Schiff bases (CN groups) at 1508 cm1 appeared
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after the DKL-PEI mixture was heated at 120 °C for 3 mm. All these suggested that

C=O groups in DKL reacted with amino groups in PEI to form Schiff bases.

Based on these results, we propose that the curing mechanisms of DKL-PEI

adhesives are similar to the quinone-tanning processes in nature [13]. In addition to

the previously discussed oxidation of phenolic hydroxyl groups in DKL to quinones

during the hot-press that further reacted with amino groups in PEI to form Schiff

bases, many other reactions such as Michael addition reactions between the quinones

and PEI may occur. The net results of these curing reactions during the hot-press were

to form a water-insoluble, highly cross-linked polymer network. Because lignin in

wood also contains phenolic hydroxyl groups that can be oxidized to quinones during

the hot-press, the formation of covalent bonds between wood and the DKL-PEI

adhesive cannot be ruled out.

4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm')

Figure 5.8 FTIR spectra of DKL-PEI samples. The DKL/PEI weight ratio was 1:1;
M of PEI was 750,000; "DKL + PEI at 20 °C" is the FTIR spectrum acquired at 20
°C. "DKL + PEI at 120 °C" is the FTIR spectrum acquired after a mixture of DKL
and PEI was heated at 120 °C for 3 mm



5.6 Conclusions

The DKL-PEI adhesive were readily prepared and used to bond maple veneer.

The 120 °C and 5 mm appeared to the optimum curing conditions for making the

wood composites. The 1:1 DKL/PEI weight ratio was optimum in the terms of

enhancing the strength and water resistance of the resulting wood composites. The

molecular weight of PEIs had little effects on the strength and water-resistance of the

resulting wood composites when they were in the range of 70,000 to 750,000. The

increased C=O content and the formation of Schiff bases were observed when DKL

and a mixture of DKL and PEI were heated at 120 °C for 3 mm.
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CHAPTER 6: GENERAL CONCLUSIONS

A catechol group is one of the key functional groups found in the marine

adhesive protein (MAP). Dopamine was successfully grafted onto soy protein isolate

(SPI) via amide linkages. The dopamine-modified SPI had the same catechol

functional group as MAP. Imparting the catechol group to soy protein could

transform the soy protein to a strong and water-resistant adhesive. It was found that

the strength and water-resistance of the wood composites bonded with the modified

SPIs depended on the amount of the catechol group in the modified SPIs.

A free -SH group, another key functional group from the marine adhesive

protein, was successfully introduced to the soy protein via covalent linkages.

Increasing the content of the SH group significantly increased the strength and water-

resistance of wood composites bonded with the modified soy protein. The proposed

curing mechanisms were the formation of disulfide bonds between SH group as well

as a Michael addition reaction between -SH group and quinones.

These two studies revealed that imparting soy protein with a key functional

group from MAP transformed the soy protein to a strong and water-resistant adhesive.

The modification of SPI with maleic anhydride was studied in detail. Maleyl

groups were grafted onto SPI via an amide or an ester bond during maleylation in an

aqueous solution. The contents of maleyl groups in SPI were regulated by changing

the MA dosage in maleylation. It was demonstrated that a combination of the maleic-
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anhydride-modified soy protein isolates (MSPIs) and polyethylenimine (PEI) was a

strong and water-resistant wood adhesive. Wood composites bonded with MSPI-PEI

adhesives were comparable to those bonded with commercial PF resins in terms of the

shear strength and water-resistance. The adhesion properties of the MSPI-PEI

adhesives depended on the dosage of maleic anhydride in maleylation, the molecular

weight of PET, the MSPI/PEI weight ratio and hot-press conditions. The investigation

of the curing mechanisms of the MSPI-PEI adhesives revealed that amino groups of

PETs reacted with maleyl esters to form maleyl amides and also reacted with the CC

bonds of maleyl groups via Michael addition reaction in the cure of MSPI-PEI

adhesives.

Demethylated Kraft lignin (DKL) has a high content of the catechol group. A

combination of DKL and PEI was a strong and water-resistant wood adhesive. The

DKL-PEI adhesives can be completely cured at 120 °C and 5 mm. The DKL/PEI

weight ratio of 1:1 was found to be the optimum ratio in the terms of enhancing the

strength and water resistance of the resulting wood composites. The curing

mechanism of DKL-PEI adhesives was proposed to be similar to that of MAP.
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