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A new carbohydrate-phenol based resorcinol resin

(CPR resin) was synthesized by end capping a known

carbohydrate-phenol based resole with resorcinol under

basic reaction conditions. Synthetic parameters, such as

duration of cook, pH, and the amount of resorcinol and

formaldehyde were varied to produce resins with molecular

weights (gw) ranging from 1500 to 8000. These resins were

tested for suitability as fast curing thermosetting

adhesives to bond high moisture content veneers and as a

cold-setting adhesive for producing glu-lam.

The resin formulation which produced the best wood

failure results was made with a glucose: urea: phenol:

formaldehyde: resorcinol mole ratio of 1:0.75:1:2.0:1.3.

When this resin (151-w 4776) was combined with liquid form-

aldehyde, paraformaldehyde, and walnut shell flour it

exhibited a viscosity of 12,000 centipoise and a gel time

of 35 minutes at room temperature. This adhesive was able

to bond 18% moisture content veneers into 10" by 10" 3-ply
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plywood panels and lumber laminates into glu-lam panels.

Plywood panels were produced with a glue spread

ranging from 45 to 70 It/MDGL with pressing conditions of

175 psi and 285°F for 8 minutes. Microscopic observations

of plywood gluelines showed severe wood fiber compression

in the high moisture content veneers. Shear tests of

specimens gave an average wood failure value of 85% after

vacuum-pressure conditioning in water and a 75% average

after boiling. The low value for the boil test seems to

be related to the high moisture content of the veneers

because cured adhesive samples were found to be insoluble

in water.

Wood failure values greater than 90% were obtained

from shear specimens of the glu-lam panels for three

conditioning methods (dry, vacuum-pressure, and boil).

Carbon-13 NMR spectra of the CPR resins synthesized

in this study showed that the glucosyl moiety is still

intact in the polymer, perhaps as a glucosylurea deriva-

tive. This result is in contrast to some previous work

which suggested furan polymers would be formed under the

conditions used here. These CPR resins show excellent

potential for use in gluing high moisture content veneers

and in glu-lam applications.
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INVESTIGATION OF A NEW RESIN AS AN EXTERIOR
ADHESIVE TO BOND HIGH MOISTURE CONTENT VENEERS

Chapter I

INTRODUCTION

Currently, phenol formaldehyde is the resin most

commonly used to produce exterior plywood panels (Sellers,

1981). These resins are formulated into adhesives, spread

onto veneer that has been dried to a moisture content of

6% or lower, then heat and pressure are used to bond

multiple veneers together. Above this moisture content

the steam pressure in the glueline becomes increasingly

stronger than the glue-bond and blows occur in the panel

or bonding does not occur at all (Northcott, et. al,

1962).

In this study, glucose-phenol based resin formula-

tions incorporating glucose, phenol, formaldehyde, resor-

cinol, and urea were combined with a hardener mix to

produce fast-curing adhesives to bond veneers at moisture

contents of 18% and higher. Fast-curing is needed to

overcome the increased steam pressure in the glueline

caused by the higher moisture content of the veneers. If

the adhesive does not cure fast this pressure will

overcome the bond strength and the panel will blow when

the hotpress is opened. The cure rate and crosslinking
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reaction can be regulated by changing the amount of form-

aldehyde in the hardener mix. This type of resin formula-

tion is similar to a phenol formaldehyde resin which has

been end-capped with resorcinol to produce a phenol-

resorcinol-formaldehyde (PRF) resin used in cold-setting

adhesive systems, the major difference being the addition

of a stage at the beginning of resin synthesis where

glucose is combined with phenol and urea in an acid

medium.

This resin formulation was first prepared with the

intent of using it as a model polymer for replacing the

resorcinol with tannin compounds to produce a resin which

would be more reactive and less expensive. During the

study the polymer was found to be a promising resin in its

own right, as the higher cost of the resorcinol can be

more than recovered by the use of glucose and the reduced

cost of bonding wet veneers.

It is economically desirable to bond high moisture

content veneers because this could drastically reduce the

time and energy spent drying veneers prior to pressing.

The American Plywood Association (APA, 1986) has estimated

that a typical plywood mill (1 million sq ft./yr, 3/8"

basis) could save $1,274,000/year, less 40% due to

capitalization and increased adhesive cost, for a net

savings of $765,000/year if the mill could utilize veneers

dried to 15 to 20% rather than 0 to 6% moisture content.
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These costs include savings in energy and labor and an

increase in product volume due to less wood shrinkage.

A further advantage of this type of resin is that

one-half of the phenol is substituted with glucose. White

(1979) and Sellers (1981) suggest that the wood products

industry will continue to increase its consumption of

phenol. Since phenol is a petroleum derived product its

price and availability are not always predictable.

Glucose on the other hand is readily available and cheaply

attained from most plant materials.

Another potential application for this glucose-phenol

based resin is by the glu-lam industry, as this resin is

less expensive than the PRF resins currently used and

preliminary tests indicate it has comparable bonding

properties.
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A. OBJECTIVES

The objectives of this study were:

To synthesize a new, carbohydrate-phenol based

resin which contains resorcinol as the reactive end groups

for use in a fast curing adhesive formulation. This was

to be done by end capping, with resorcinol, a previously

developed carbohydrate-phenol based resole resin (Gibbons

and Wondolowski, 1980).

Using the carbohydrate-phenol based resorcinol

resin (CPR resin), develop a thermosetting adhesive formu-

lation to test the feasibility of gluing high moisture

content veneers for plywood and a cold-setting adhesive

formulation for producing glu-lam panels.

Determine the properties of the CPR resin and

the affect on glue-bond performance due to changes in

variables such as formulation parameters, synthesis para-

meters, and press conditions.



Chapter II

LITERATURE REVIEW

High moisture content of veneer has been a problem

for the manufacturing of exterior plywood since its onset

in the late 1930's. A multitude of articles have appeared

in the literature which explain the problems associated

with gluing of wet veneers using phenol formaldehyde (PF)

adhesives. Traditionally, attempts to solve this problem

have focused on improving the methods of drying veneers.

Recently, however, research has shifted to solving this

problem by developing a resin which can be formulated into

an adhesive to bond wet veneers.

A. ADHESION OF VENEERS

The American Society of Testing and Materials (ASTM,

1973) defines adhesion as, "The state in which two

surfaces [adherends] are held together by interfacial

forces which may consist of valence forces or interlocking

action or both." With respect to wood veneers, adhesion

has been reported to be the result of as many as four

factors (Skeist, 1962, Wellons, 1977, and Gent and Hamed,

1983). These four factors are:

1. Mechanical Interlocking - The process by which the

adhesive penetrates into the lumens of the wood fibers,

5
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through cell-wall pits and mechanical fractures, and

solidifies thus forming a mechanical "anchor" between the

adhesive and the adherend.

Interdiffussion - This is similar to mechanical

interlocking except penetration occurs on the molecular

level. Penetration of the adhesive directly into the

walls of the fibers forms a mechanical bond between the

fiber walls and the adhesive when the adhesive cures.

Adsorption and Intermolecular Attraction -

Physical adsorption, by Van der Waal's forces and hydrogen

bonds, of the adhesive to the cellulose or lignin on the

veneer surface.

Covalent Chemical Bonds - Formation of covalent

chemical bonds between the methylol groups on a PF resin

and hydroxyl groups on cellulose or lignin.

The relative importance of each of these factors to

adhesion of veneers is subject to some debate. However,

everyone does appear to agree that these factors of

adhesion are affected by several properties of the

adherend and adhesive, such as wood moisture content,

density, porosity, extractive content, temperature,

surface wettability, and adhesive properties such as

viscosity, cure rate, and molecular weight to name a few.

Pillar (1966) generalized the effect of moisture content

in his study which found that the curing rate of resor-

cinol formaldehyde adhesives was nearly twice as fast on
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6% M.C. wood compared to 12% wood and the bond durability

was of lower quality in the wetter wood.

Opinions on the importance of mechanical interlocking

in adhesion varies from those who feel it may play an

important role (Gent and Hamed, 1983) to those who

consider it only a minor contributer at best (Houwink and

Salomon, 1965, Klein, 1975). Wellons (1977) states that

this factor of adhesion has been virtually ignored by most

wood scientists of the last 10 years.

More emphasis is being attributed the theory of

interdiffusion as a factor in adhesion. Nearn (1973),

through his study of relating fiber-wall penetration to

glue-bond quality, suggests that interdiffusion is

essential to provide durable adhesive wood bonds. But to

conclusively determine the importance of this theory it

needs to be examined in such a manner that microscopic

failures in the wood will not effect glue-bond

performance. With respect to bonding high moisture

content veneers the importance of interdiffusion should be

greater since the higher moisture content should allow

easier penetration into the cell walls as less swelling of

the fiber needs to occur.

Adsorption and intermolecular attraction have long

been thought of as the principle contributors to adhesion.

Tarkow and Southerland (1964) demonstrated this theory by

showing that polyvinyl acetate is adsorbed onto wood. For
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a bond to form with these attractions the adhesive must be

capable of wetting the surface and displace any water or

air immediately surrounding it (Gent and Hamed, 1983 and

Houwink and Salomon, 1965). This requirement is magnified

when wet veneers are used as the adherend because the

wetting properties substantially increase as the moisture

content increases (Jordan and Wellons, 1977).

Allan and Neogi (1971) have done work which suggest

that covalent bonds are formed. No report to date has

shown that covalent bonds, if they are formed, signif-

icantly add to the durability of glue bonds. Some

researchers state that hydrogen bonding is sufficient by

itself to provide waterproof bonds while others state that

the hydrogen bonds are disrupted by the swelling and

shrinking of the adhesive and adherend thus the stronger

covalent bonds are necessary. No reports were found that

relate covalent bonding to an increase in the adherend

moisture content.

Regardless of which adhesion factors are prominent,

the goal of gluing is to produce an adhesive bond strength

between wood and resin and a cohesive bond strength within

the resin itself that surpass the cohesive strength of the

wood.

Marra (1983) models an adhesive bond with his 9-link

chain theory, as depicted in Figure 1.

As in any chain, this chain is only as strong as its



wood

glueline

wood

Link 1. The adhesive layer, dependent on cohesive
strength of adhesive.
3. Intra-adhesive boundary layer, strongly

influenced by the adherend.
5. Adhesive-adherend interface, site of

the 4 adhesion factors.
7. Adherend subsurface.
9. Adherend, dependent on cohesive strength

of wood

Figure 1. Adhesive Bond Model

weakest link. If the correct adhesive is used and it is

working properly the weakest links should be 6 through 9.

This is tested by shearing the glued sample and looking at

the cleaved surfaces. If the surfaces contain a majority

of wood and fibers (85 to 100% wood failure) then the

adhesive is considered to be performing properly,

providing the wood is not excessively weakened.

9
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B. PRF RESIN

Phenol resorcinol formaldehyde (PRF) resins are

described here because the resins synthesized in this

study are very similar in principle to this type of resin.

PRF resins are commonly used in the wood laminating

(glu-lam) industry. This resin produces a glue-bond that

is very resilient to extremes in weather conditions and it

can be completely polymerized (cured) without heat, which

is a necessity for the glu-lam industry since there is no

practical method of getting heat to the center of a large

laminated beam. This resin is not used, generally, in the

manufacturing of exterior plywood because it is more

expensive than the currently utilized phenol formaldehyde

resin. However, PRF resins have been used previously in

the manufacture of exterior plywood (Jarvi, 1967).

Phenol, resorcinol, and formaldehyde are derivatives

of petroleum products. The chemical structures of these 3

materials are shown below.

OH OH

OH

10

Formaldehyde Phenol Resorcinol
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Formaldehyde is prepared by oxidizing methanol (a

product of natural gas) with a catalyst such as molybdenum

iron oxide (Walker, 1964). Benzene is used to produce

phenol (by the cumene process) and resorcinol (by

sulfonation).

Polymerization of phenol and formaldehyde to form a

PP resin polymer is a two stage process. In the first

stage (called methylolation) phenol undergoes an addition

reaction with formaldehyde to produce methylol groups at

some or all of the ortho and para positions of phenol. In

the second stage polymerization of the methylol groups

occurs, by condensation, to form one large, solid resin

polymer (ideally). Two types of PP resins may be formed,

depending on the catalyst used and the F/P ratio. These

two types are novolac and resole resins which are

summarized in Figure 2. The resins prepared in this study

contain characteristics of novolac (acid catalyzed first

stage and cured with a hardener) and resoles (F/P ratio

greater than 1).

PRF resins are produced by one of two general methods

(Skeist, 1977). The first method involves combining

formaldehyde and phenol in one reactor to form a a resole

resin and combining resorcinol and formaldehyde in a

second reactor. The formaldehyde-resorcinol solution

would then be added to the resole and the resorcinol

rapidly reacts with both the methylol groups on the resole



OH

HCHO

Phenolic
Resin

OH

CH20H

heat cured
basic medium
excess HCHO

hardener cured
acidic medium
excess phenol

CH
OH

OH

RESOLE

OH
CH

NOVOLAC

Figure 2. PF Resole and Novolac Resins (Bruno, 1970)

and formaldehyde to form mixed polymers with resorcinol

incorporated as both end groups and chain extending units.

The second method is more common and is similar to

the method used in this study. This method also involves

reacting phenol with an excess of formaldehyde (2.0 or

greater F/P mole ratio) to produce a PF resole with

methylol groups at some of the ortho and para positions of

the phenol throughout the polymers. At this point enough

resorcinol is added to attach to all methylol groups of

the resole thus forming a resinous polymer. The resulting

CH20H

OH

12
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polymer is a PF resin with reactive resorcinol end groups

(Figure 3A). The high reactivity of these polymers toward

formaldehyde is due to the two metahydroxyl groups of

resorcinol. These resins have a long shelf life because

there are no methylol groups present. However, these

resins are similar to a novolac in that they are cured by

addition of a hardener and possible adjustment of the pH.

The hardener usually consists of paraformaldehyde and an

extender such as walnut shell flour. Under curing

conditions the paraformaldehyde breaks down to form form-

aldehyde which rapidly reacts with the available ortho and

para positions of resorcinol. Condensation then occurs

which initiates crosslinking between the polymers thus

causing the adhesive to cure. Sometimes liquid formalde-

hyde is added first to speed the curing process. The pot

life of such adhesives is generally on the order of 45 to

90 minutes. An alternative to this adhesive formulation

is the "Honeymoon" application method. In this method the

PRF resin is applied to one side of one of the adherends

(veneer or lumber laminate) and liquid hardener to one

side of another adherend these two surfaces are then

placed together, sandwiching the resin and hardener

together to form a glueline, and pressed until the

adhesive has cured.
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Figure 3A. A PRF Resin Polymer
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Figure 3B. Crosslinking of PRF Resin Polymers
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C. CARBOHYDRATES IN RESINS

Because the raw materials of PRF and PF resins are

derivatives of petroleum products the price and

availability are not predictable, as the fluctuations of

the past 2 years clearly indicate. One alternative to

lower the dependency on these petroleum products is to

replace some of these materials with less expensive,

readily available materials. Carbohydrates, such as

starch and glucose, have received much attention lately as

a source for partial replacement of phenol in PF resins

(Gibbons and Wondolowski, 1980 and Christiansen and

Gillespie, 1986). Carbohydrates are desirable because

they are relatively inexpensive and represent a renewable

resource.

Carbohydrates are sometimes added to resins simply as

additives to cut costs. This does not significantly

affect the bonding properties of the resin and should not

be confused with the incorporation of carbohydrates into

the resin polymer.

The use of carbohydrates in resins is not a new

concept, Meigs (1931) patented a method of synthesizing

phenol-carbohydrate polymers and Chang and Kononenko

(1962) developed a plywood adhesive with nearly 33% of the

phenol replaced by sucrose. Recently Gibbons and

Wondolowski (1980) have patented a method of using aldose

15



saccharides to replace as much as 50% of the phenol in

conventional PF resins. The preferred saccharides used

were glucose, maltose, maltotriose, lactose, sucrose,

glycogen and glucosides. Christiansen and Gillespie

(1986) have also researched the potential of substituting

phenol with carbohydrates in PF resins.

The glucose-based resins used in this study were

produced in three stages. During the first stage,

glucose, urea, and phenol were combined and cooked at a

temperature near 140oC in an acidic medium. This stage

linked the urea and glucose molecules to form dimers.

Formaldehyde was added in the second stage and refluxed in

a basic medium. Theoretically, this forms polymers with a

backbone of phenol and glucose linked by methylene

bridges. Resorcinol is added during the third stage and

refluxed at a reduced temperature. Monomers of this

compound attach to the methylol groups, which produces a

stable resin with a virtually infinite shelf life at room

temperature.

According to Knop and Pilato (1985) glucose can be

incorporated into a novolac PF resin polymer by first

decomposing the glucose with acid to form 5-hydroxymethyl

furfural (Figure 4) then adding this to phenol and

formaldehyde to produce a furfural-phenol based resin

(Figure 5). This allows savings of up to 40% phenol and

65% formaldehyde.

16
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Figure 5. Proposed Phenol-Furfural Based Resin Polymer

Gibbons and Wondolowski (1980) applied a similar

concept to postulate a structure of their resins which

incorporated carbohydrate, urea, phenol, and formaldehyde.

Using glucose as the carbohydrate, the proposed reaction

is shown in Figure 6.

B-D Glucopyranose HMF

Figure 4. 5-Hydroxymethyl Furfural Formation
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Figure 6. Proposed Phenol-Furan Based Resin with Urea
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Chapter III

EXPERIMENTAL PROCEDURE

The general procedure used to develop an adhesive

from a glucose-phenol based resin to bond high moisture

content veneers was separated into two parts: 1) to make 8

neat resins by varying the F/P ratio, pH, cook times, and

resorcinol content, and 2) to formulate adhesives from the

viable resins until the ones were found that could bond

two 22% moisture content veneers together, under heat and

pressure, and produce 85% wood failure values from shear

test specimen which had been conditioned with vacuum and

pressure in cold water. From this information, a ninth

resin was cooked and adhesive formulations were tested on

hot-pressed 3-ply panels made with veneers at about 18%

M.C. until wood failure values of standard shear test

specimens reached 85%.

To test this resin as a fast-curing adhesive at room

temperature for glu-lam purposes, the pH of resin #9 was

increased to 9.5 and formulated as a cold-setting adhesive

by adding excess formaldehyde. This adhesive was used to

make four glu-lam panels. Test samples were cut from the

panels and subjected to one of three conditioning

treatments then shear-tested. Wood failure values were

used as an indication of the glue-bond durability.

19
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Anatomical observations of the gluelines were

conducted throughout the study to examine adhesive

penetration and collapsed wood cells resulting from veneer

compression during hot-pressing.

A. RESIN SYNTHESIS

1. Apparatus

Resins were synthesized in a one or two liter Pyrex

resin kettle which was sealed with a Pyrex lid by an

aluminum ring clamp. The lid had four ground glass ports

which were used as follows; placement of a stirring rod,

cooling coil, thermocouple and temperature thermister

probes, and a distilling or reflux condenser. The

condenser port was also used to extract resin samples

during a cook.

The kettle was supported by an aluminum ring at the

top of a 17" by 11" metal box. The box was lined with

aluminum to reflect the infrared rays from two 250-watt

infrared lamps. The lamps were positioned at each end of

the long side of the metal box so that they were 1 cm

away from the 2-liter kettle.

The cooling coil was made with 4 mm inside diameter

stainless steel tubing and was "U-shaped" so that the

bottom of the loop reached the bottom of the 2-liter

kettle. The two open ends of the cooling coil were 4
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inches above the top of the lid port and provided for the

input of cold water and exit of heated water. Stirring

was done with an Inframo RZRI-64 variable speed stirrer.

This stirrer was attached to an 18 inch ground glass rod

with teflon paddles of sufficient size to stir the resin.

The heating and cooling was regulated with a Yellow

Springs Instruments Model 63RC ThermistempTM.

Two temperature thermister probes were needed to

cover the entire temperature range during a cook. A

Yellow Springs 632 thermister probe was used during the

acid stage and a 631 probe was used during the base stage.

The resin temperature was independently monitored with a

10 inch stainless steel thermocouple probe connected to an

Omega model 115 TC thermocouple thermometer.

Raw Materials

Anhydrous D-glucose (dextrose), A.C.S. reagent grade,

was stored in double wrapped plastic bags to keep out

moisture. The urea and resorcinol were of analytical

grade. Phenol (90% solution w/w) was stored in 2-liter

plastic containers. Formaldehyde was obtained in 50%

solutions and stored in an oven at 60°C until it was ready

to be used at which time a predetermined amount was

diluted to 35% w/w.

Cook Procedure

For simplicity, the cook procedure will be described
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relative to resin #9 (the resin with the best bonding

properties). All resins in this study were synthesized by

similar procedures and are summarized in detail in Tables

1 and 2.

Resin #9 was prepared in three stages. The first

stage was an acid catalyzed reaction between glucose,

phenol, and urea at a temperature between 1350 and 145°C.

The second stage consisted of adding formaldehyde and

refluxing the resin in a basic medium at 85°C. In the

third stage the temperature was lowered and the resorcinol

was added.

To produce resin #9 540 g of glucose, 90 g urea and

312 g of 90% phenol were combined in a 2-liter kettle.

This was hand stirred to a uniform consistency. The

kettle was placed in the metal box, the stirring rod put

in, a teflon gasket placed on the rim, then the lid, with

the cooling coil attached, was clamped down. Next the

stirrer, distilling condenser, cooling water line, and the

thermister and thermocouple probes were put in place. The

thermister controller was set to attain a temperature of

90oC. The solution reached 90oC after 15 minutes of

heating, at which time 27 g of 5N H2SO4 was added to the

solution and the thermister controller set to maintain a

temperature of 140°C.

When the temperature of the acid stage reached 108°C

the resin changed from reddish-orange to black.



a
Reported as percent of total resin weight

Cook was stopped after acid stage

w/w aqueous solution

Table 1. Ingredients of Nine Resinsa

Ingredient 1 2 3 4

Resin

5 6 7 8 9

Glucose 28.5 28.5 45.3 25.0 24.9 28.3 30.3 24.6 27.6

Urea 4.7 4.7 7.6 4.2 4.2 4.7 5.0 4.1 4.7

90% Phenolc 16.5 16.5 26.2 14.4 14.4 16.3 17.5 14.2 15.9

5N Sulfuric Acid 1.4 1.4 2.3 1.2 1.2 1.4 1.5 1.2 1.4

Calcium Hydroxide 1.3 1.3 2.2 1.2 1.4 1.4 1.5 1.2 1.3

Water 0 0 16.5 0 0 0 0 10.9 5.1

Iso-propyl Alcohol 0 0 0 0 0 0 0 0.9 1.0

50% Sodium Hydroxidec 0 0 0 0 0 0.4 0.4 0.7 1.5

35% Formaldehydec 47.5 47.5 0 41.6 41.6 33.5 28.8 23.4 26.2

82.5% Resorcinolc 0 0 0 12.3 12.3 13.9 14.9 18.6 15.3



Table 2. Time and Temperature of Nine Resin Cooks

a
Resin 3 was stopped after the acid stage so that it could be
tested

Resins 4 and 5 solidified while adding resorcinol

Resin 6 solidified 1 hour after adding resorcinol

2 3a 4b

Resin

5b 6c 8 9

Temperature (oC) 133 133 133 135 135 135 138 145 140

0 Time (min)
4-)

240 240 270 270 240 240 240 240 240

" Temperature (°C) 80 80 80 80 80 80 80 82

0 Time (min)
4-)

60 240 195 240 160 170 210 195

Temperature (oC)
m .

80 80 80 80 70 65

0 Time (min) AIM 60 60 60 60



The reaction was continued at a temperature near

140°C until 220 ml of condensate, containing phenol and

water, had been collected. This took approximately 4

hours from the time the resin first turned black. The

temperature was then reduced to 90°C.

The remainder of the cook was done under refluxing

conditions, so the distilling condenser was replaced with

a reflux condenser and the high range thermister probe

replaced with the low range probe.

Ca(OH)2 (26 g) was mixed with the condensate and

added to the resin. The reaction was continued under

these conditions for 5 minutes then the water (100 g) and

iso-propyl alcohol (20 g) was added. This was stirred for

5 minutes then 30 g of 50% NaOH was added, the temperature

was reduced to 70oC and 514 g of 35% formaldehyde was

added. The temperature was increased to 85°C and the

reaction continued until a viscosity between 300 and 500

cps was achieved (about 2.5 hours).

The viscosity was tested by turning off the heat and

cooling water, extracting 300 ml of the resin, rapidly

cooling the resin to 30°C in an ice bath, then measuring

using an LVT model Brookfield viscometer. If the

viscosity was below 300 cps the sample was placed back in

the kettle and the reaction continued another 10 minutes

before the viscosity was checked again. When the desired

viscosity was reached a 15 g sample of this stage of the

25
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resin was taken out for pH, GPC, and NMR analyses.

The temperature was then reduced to 70°C and 300 g of

82.5% resorcinol added at a rate of 60 ml/min with a

pipette. When all the resorcinol had been added the resin

was refluxed for one hour. The kettle was then removed

from the metal box, the resin poured into a plastic

container and the container sealed. This resin was left

at room temperature for 12 hours before any tests were

completed.

Prior to synthesis of resin #7 a test resin was made

similar to resin #6 except the P:F molar ratio was 1:1 and

no resorcinol was added. Experiments were conducted on

10 g samples of this resin by adding various amounts of

formaldehyde and resorcinol and heating it. This was done

until a ratio was found where the resin could be heated

without immediately curing. This P:F:R molar ratio was

determined to be 1:2:0.9.

B. RESIN ANALYSES

1. Resin Solids Content

The West Coast Adhesive Manufactures standard test

method no. 2.2 (1957) was used to determine the percent

solids in the resin. Approximately one gram of resin was

placed in a pre-weighed aluminum dish. Three like samples

for each resin were placed in a convection oven at 125°C



27

for exactly 1 hour and 45 minutes. The dried samples were

then weighed and the dried resin weight determined to the

nearest 0.1 mg. The solids content was determined by

equation 1 for the three samples, and the average was used

as an indication of the resin solids content.

(Wt. of dried resin)(100)

Wt. of liquid resin sample
% non-volatiles (1)

2. pH

The pH of the various stages of resin preparation

were determined with a Corning model 150 pH/ion meter

using a Corning X-ELTM flat surface combination electrode

and a standard thermocouple. This value was reported with

the temperature of the resin at time of test.

. Viscosity

The viscosity of the resin was measured with a Brook-

field model LVT Syncro-Lectric Viscometer using an approp-

riate spindle and speed setting. Each test was conducted

with 300 ml of resin placed in a 400 ml beaker. The

viscosity was averaged over three tests and reported with

the temperature of the resin at time of test.

4. Gel Time

A TecamTM gelation timer was used to determine the

gel times of the resins at room temperature. An 11 cm
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glass plunger with a 2.2 cm dia. disc was placed in a cup

containing 80 g of resin. The plunger, which cycled up

and down, was attached to the gel timer and the resin cup

positioned so that the bottom of the plunger's down-stroke

was 1/2 inch from the bottom of the cup and there was 1

inch of resin above the disc at the height of the up-

stroke. The time required for the viscosity of the resin

to increase enough to stop the plunger from cycling was

recorded automatically by the gel timer. This information

was used as an indication of the cure rate of the resin

and adhesive.

5. Molecular Weight

The molecular weight determinations of the resins

were carried out using Gel Permeation Chromatography on

acetylated resin derivatives.

a. Acetylation of the Resin

The resin sample was prepared first by freezing 15 g

of resin and then freeze-drying the frozen sample. Three

hundred milligrams of a freeze-dried resin was put into a

50 ml round bottom flask, to which 15 ml of dry pyridine

and 15 ml of acetic anhydride were added. A magnetic

stirring bar was inserted and the flask tightly sealed to

prevent exposure to moisture.

The reaction mixture was intermittently stirred for

48 hours. The flask was then set in an ice bath and 20 ml
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of water slowly added. This solution was washed with

chloroform three times. The combined chloroform extracts

were washed three times with 2% hydrochloric acid and then

three times with 2% sodium bicarbonate solution. The

chloroform solution was then dried with 20 g of anhydrous

sodium sulfate. The resin solution containing chloroform

was now bright red in color. Evaporation on a rotor-vapor

gave a brown-powdery resin. This resin was re-dissolved

with 10 ml of chloroform and added to 90 ml of rapidly

stirred hexane. Approximately 190 mg of the precipitated

acetylated resin was recovered as a white powder after

drying under vacuum. Fifty milligrams of the acetylated

resin was then dissolved, in 10 ml of tetrahydrofuran

(THF). The THF solution was used for molecular weight

determination by GPC.

b. Gel Permeation Chromatography

Analyses were carried out using a Waters Associates

model 6000A chromatograph with a model 440 UV detector

operating at 254 nm and a model 401 refractive index

detector hooked up in sequence. Both detectors were

interfaced with a Spectra Physics model 4200 computer to

record the Chromatograph and weight average, number

average, Z, and Z+1 molecular weights. Four At-styragel

gel permeation columns in series (100, 500, 103,

and 104 4) were used to analyze the resin polymers with

THF as the eluting solvent at 2.0 ml/min. This
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procedure is similar to that used by Williams et. al

(1983) in their work on tannin compounds.

For GPC with UV absorbance, 1001.41 of the acetylated

resin-THF solution was injected. For refractive index

(RI) detection 250/L1 of the acetylated resin-THF solution

was injected.

The molecular weights are calculated by the computer

on the basis of retention times of the resin peaks.

Calibration was achieved by using monodispersed molecular

weight polystyrene strands ranging from 162 to 51500

number average molecular weights.

6. Carbon-13 Nuclear Magnetic Resonance Analysis

Carbon-13 nuclear magnetic resonance (NMR) spectra

were recorded for the acetylated resins in order to gain

preliminary information about the polymer's molecular

structure and functional groups present.

NMR samples were prepared for 2 or 3 stages of each

resin by weighing 30 mg of the acetylated resin and

dissolving in 0.5 ml of chloroform-d (CDC13). Wilmad no.

507 NMR tubes were used. Spectra were obtained at the

O.S.U. Department of Chemistry's NMR facility on a Bruker

AM 400 spectrometer at 100.6 MHz.



C. THERMOSETTING ADHESIVE

1. Adhesives

Four of the first 8 resins made for this study were

acceptable for formulation into adhesives. Resins 1 and

2, which did not contain resorcinol, were made into

adhesives using a typical P/F adhesive formulation. An

adhesive of this type is detailed in Table 3. Resins 7

and 8 contained resorcinol and were made into adhesives by

increasing the pH with 50% NaOH and adding a hardener

consisting of 60% walnut shell flour and 40% paraformalde-

hyde. Liquid formaldehyde was added to increase the cure

rate. After mixing, these adhesives remained at room

temperature for 12 to 20 minutes before application to

veneers. A typical adhesive formulation of this type is

shown in Table 4. Resin #9, which was produced later, was

made into adhesives similar to the formulation in Table 4

and used to bond 3-ply plywood panels.

The control resin for this study was a phenol-

formaldehyde resin used commercially in a local plywood

mill. The specifics of this resin were: F/P ratio of 2.0,

pH of 12.2 at 10°C, viscosity of 8,950 centipoise at 10°C,

and a 45% solids content. Because it did not contain

resorcinol, its adhesive formulation was like that shown

in Table 3.
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Table 3. Typical Adhesive Formulation using
Resin without Resorcinol

Resin
Water

stir 2 minutes
Wheat Flour
MODAL

stir 2 minutes
Resin
Soda Ash

stir 2 minutes
50% NaOH

stir 3 minutes
Resin

stir 3 minutes

Table 4. Typical Adhesive Formulation using
Resin Containing Resorcinol

Ingredient Part by Weight

Resin
50% NaOH

stir
50% HCHO
Hardener

stir

10 minute

2 minutes

13.66
22.44

7.81
5.85

9.76
0.49

2.93

37.06

100.00

84.85
6.06

1.52
7.57

100.00
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The adhesives were tested for viscosity, pH, and gel

time with the same equipment and methods used to test the

resins.

2. Veneers

Vertically sliced Douglas-fir (Pseudotsuga menziesii

(Mirb.) Franco) veneers were used to conduct preliminary

tests using adhesives made from resins 1, 2, 7, and 8.

The veneers were cut to 5.25" by 19" by 0.125" dimensions

and were conditioned to two moisture contents (5% and

22%). These veneers had no lathe checks and since the

glued surfaces were radial rather than tangential there

were no open-end rays present. These characteristics were

desired so that microscopic observations could be made to

determine how the adhesive penetrates into the earlywood

and latewood without the effect of rays and lathe checks.

This information was needed to determine a press time and

adhesive cure rate which would prevent the anticipated

problem of overpenetration of the adhesive into the wet

veneers.

For the 3-ply plywood panels, Douglas-fir veneer

sheets 0.10" by 50" by 100" were obtained from States

Industries in Eugene, OR. These veneer sheets were

predominantly sapwood and of two initial moisture

contents: 2.5% and 15%. The veneer sheets were cut into

10" by 10", knot free veneers (250 at 2.5% and 250 at

15%). The low M.C. veneers were conditioned for 1 week to
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3.3% M.C. before being used. The high M.C. veneers were

conditioned for 3 days to 18% M.C., placed in plastic

bags sealed and put in a conditioning chamber at 21°C and

50% RH for 4 days before being used.

3. Plywood Making

Preliminary, two-ply panels, were made with the

vertically sliced veneers using various press times and

combinations of viscosity and spread rate of adhesives

made from resins 1, 2, 7, 8 and the control resin.

All 3-ply panels were made with the tangential faced,

rotary peeled veneers. Adhesive was applied to the loose

side of two "identical" veneers with a 4" hard-rubber

roller at a spread rate between 45 and 70 #/MDGL (pounds

per 1000 sq. ft. of double glueline). A third veneer was

sandwiched between these two veneers with the grain of the

center ply perpendicular to the faces and the faces

parallel to each other.

The hard-rubber roller was used because the resin

batch sizes were not large enough to use a conventional

glue spreader. Two other glue spread methods were tried.

One method used a plexiglass spreader similar to those

used to spread cellulose slurries on glass plates to make

thin layer chromatography plates. The other method used a

plastic bottle with a hole on the top, the adhesive was

squeezed through this hole onto the veneer in continuous

beads. The squeeze method did not work because I could
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not achieve a uniform adhesive distribution. The

plexiglass spreader worked as well as the roller but the

roller was used because it was easier to work with.

Two plywood panels were made with each glucose-phenol

based adhesive and veneers at the two moisture content

levels. Only the veneers at 18% were used with the con-

trol resin because the adhesive formulation for this resin

has already been proven effective for bonding dry veneers.

One of the two panels was prepressed at room temperature

in a 12" by 12" press at 100 psi for 5 minutes, and the

other panel was restrained with a 10 kg weight for 5

minutes at room temperature. The 2 panels were then

stacked together in a single-opening, 2' by 2', steam-

heated, hydraulic press and hot-pressed. After pressing,

the panels were stacked in an insulated hot-box for 24

hours before further testing. The hotpress conditions of

time and temperature differed for wet and dry veneers.

The gluing and hotpress conditions are given in Table 5.

Table 5. Gluing and Hotpress Conditions for
3-ply Plywood Panels

Test Condition
Veneer

3.3%
M.C.

18.1%

Ave. Glue Spread Rate (#/MDGL) 61 61
Open Ass'y time (min) 4 4
Closed Ass'y time (min) 5 5
Press Pressure (psi) 175 175
Press Temperature (oc) 140 127
Press Closing Time (min) 0.5 0.5
Total Press Time (min) 4.5 and 5.5 8 and 10
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4. Plywood Testing

One inch was trimmed off each side and 2.8125"

trimmed off the ends of the 2-ply panels and twelve 3.25"

by 1" shear test specimen cut from each panel. One groove

was cut to the glueline on each side of the test speci-

mens. Five of these specimens were sheared dry and five

placed in a vessel of water and subjected to 25 psi of

vacuum for 30 minutes followed by 70 psi of pressure for

30 minutes then sheared while wet. The specimen were

allowed to dry; then the wood failure was estimated and

any defects diagnosed using the description of common

glueline problems given by Phillips (1986) were noted.

The cutting pattern and test specimen are indicted in

Figures 7 and 8 for the 2-ply panels.

The 3-ply panels were cut into test specimen as

suggested by Strickler (1968) for accelerated aging tests.

The edges of the 10" by 10" panels were trimmed and

sixteen 3.25" by 1" shear-test specimens were cut from

each panel and labeled with the resin #, panel # and

specimen #. A 1/8" deep groove was cut on each side of

the test specimen one-third of the length from each end.

The grain direction of the center ply was at a 90° angle

to the length of the specimen. This cutting pattern is

indicated in Figure 9. Figure 10 depicts a standard

shear-test specimen.



1/8 saw kerf

19"

Figure 7. Cutting Pattern for Obtaining 12 Shear Test
Specimen from a 2-ply Panel

3Y4

Figure 8. 2-ply Shear Specimen
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Testing was done in accordance with U. S. Product

Standard PS 1-83 (1983) for exterior glues. The shear

specimens were conditioned in one of three ways prior to

testing; two specimens were tested in the dry state, 5

specimens were placed in a pressure vessel filled with

cold water and subjected to 25 psi of vacuum for 30

minutes and 70 psi of pressure for 30 minutes and tested

while wet, and 5 specimen were boiled in water for 4 hours

dried at 145°C for 20 hours boiled again for 4 hours then

tested while wet. The remaining 4 specimens were used for

microscopic glueline analysis and as replacements. The

test specimens from each panel were placed in a box, 12

selected randomly, and assigned to one of the three shear

test conditions.

Shear tests were completed with an InstronTM testing

machine by gripping the specimen at its ends with clamps

and applying a tension load at a rate of 2 cm/min until

the specimen failed. This specimen orientation pulled the

lathe checks open while under tension which give

significantly lower wood failure values compared to

pulling the lathe checks closed (McSween and Sellers,

1985). The maximum load was recorded, in kg/sq. in., and

converted to psi. After wet specimens had dried, wood

failure values were determined according to procedure from

ASTM D 960-64 (1965). The percent wood failure for each

specimen was estimated independently by two persons and
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31/4I,

Figure 9. Cutting Pattern for Obtaining 16 Test Specimen
from a 3-ply Plywood Panel.

Figure 10. Standard 3-ply Plywood Shear Specimen
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the average value reported as the percent wood failure.

If the two estimates varied by more than 10%, a third

person made another estimate of the specimen and it was

averaged with the closest value from the first two

estimates.

Statistical Procedure

The wood failure and shear strength data for the 3-

ply panels were analyzed on an IBM PC computer using the

NUMBERCRUNCHERTM statistical program package. The percent

wood failure value for each specimen was converted to a

more normal distribution by the arcsine transformation

(equation 2) as described by Snedecor and Cochran (1980).

X(transformed in degrees)= Arcsin(wood failure/100)112 (2)

ANOVA tables were generated to determine significant

differences among the treatments used for the panels made

with 18% M.C. veneers. The treatments examined were;

adhesive gel time, press time, and type of formaldehyde

used in the hardener.

Anatomical Procedure

Two panel characteristics analyzed with observations

through a microscope were adhesive penetration into the

wood structure at the glueline and permanent wood fiber

compression in growth rings of veneers as a result of hot-

pressing at high moisture contents. The procedure used
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was similar to that used by Marian and Suchsland (1957)

except preliminary staining of the adhesive was not done

because the resin was already easily visible under the

microscope.

One inch by one-half inch samples were cut from

several un-sheared test specimen (at least one sample from

each panel). One edge of each sample was microtomed to

obtain a very smooth surface. The desired characteristics

were then studied using a Leitz Dialux incident fluor-

escence microscope system. The objectives used were 10

and 16 power and the oculars were 6.4 and 10 power.

Photomicrography was completed with a Wild MPS 11 camera

using Kodachrome 400 film. Photomicrographs were

developed from color slides. A Zeiss stereo microscope

was used for preliminary microscopic observations.

D. COLD-SETTING ADHESIVE

1. Adhesive

The adhesive formulation used to bond these laminates

is given in Table 6. The adhesive was applied with a 4"

hard-rubber roller to the planed surface of one laminate

and the planed surface of an "identical" laminate placed

on top of this. The final spread rate was between 66 and

75 #/MSGL. These panels were placed in a double-opening

Rucker PHI hotpress and pressed at 125 to 150 psi for 24

hours at ambient conditions.



Table 6. Cold-Setting Adhesive Formulation

Amount
Ingredient (g)

Resin #9 (pH 9.5) 140.0
50% formaldehyde 5.4
Paraformaldehyde 6.7
Walnut Shell Flour 10.1

stirred 3 minutes and allowed to
set for 10 minutes before applying

Making Glu-lam

Four 20" by 5.5" by 1.5" Glu-lam test panels were

made using resin #9 and a very fast-curing adhesive

formulation. The laminates for these glu-lam panels were

vertical sawn Douglas-fir, 1"x 6" nominal size boards cut

to 20" lengths. Eight of the highest quality laminates

(i.e. straight grain, sapwood, and knot free) were

selected, planed on one side and used to produce 4 glu-lam

panels with 2 laminates/panel. The moisture content of

the laminates averaged 11.1% at the time adhesive was

applied.

Testing Glu-lam

Sixteen 2" by 2" test specimen were cut from each of

2 panels after trimming off 0.5" on all edges. Ten of

these specimen were randomly selected for glue-bond

durability and strength testing with methods suggested by

R. Kreibich (1986). These 10 specimen were cut into

standard block shear specimen as shown in Figure 11. Four
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Figure 11. Standard Block Shear Specimen
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of these specimen were sheared, in compression, in the dry

state, 3 were conditioned by boiling for 2 hours then

sheared, and 3 were submerged in water and subjected to 30

minutes of vacuum at 30 psi followed by 2 hours of

pressure at 70 psi, then sheared. The maximum load was

recorded for each test and the wood failures determined

after the specimen had dried.



Chapter IV

RESULTS AND DISCUSSION

This chapter is divided into three sections. In the

first section (Resin Properties) various properties of the

glucose-phenol based resins are discussed relative to

their effect on bonding properties. In the second section

(Thermosetting Adhesives) adhesive properties are

reviewed, a statistical analysis is presented on the

shear-test results from the 3-ply plywood panels, and an

anatomical discussion is given with regard to adhesive

penetration and wood fiber compression in high moisture

content veneers. The third section (Cold-Setting

Adhesive) explores the possibility of using the glucose-

phenol based resin in a cold-setting adhesive system.

44



A. RESIN PROPERTIES

Resin variables and properties for resin #9 and eight

precursor resins are summarized in Table 7. These resin

variables and properties are briefly summarized in the

next few paragraphs in general terms, followed by a more

detailed discussion of each of the measured properties.

The formaldehyde to phenol (F/P) mole ratio is an

important consideration for resins incorporating resor-

cinol. A F/P ratio of 2.5 and higher supplied too many

bonding sites (methylol groups) for resorcinol, so that

when resorcinol was added the reaction became violently

exothermic and the resin solidified, as was demonstrated

by resins 4, 5, and 6.

The amount of glucose was not varied, as Christiansen

and Gillespie (1986) found that substituting 50% of the

phenol with glucose can be done without loss of bond

durability. The solids content was kept fairly constant

throughout the study. Viscosity played an important role

as a highly viscous resin would not properly penetrate

into the wood surface and a resin with too low of a

viscosity would be subject to overpenetration. Resin

viscosity can be countered to a limited extent during

adhesive formulation by adding more or less extender.

The bonding durability of the glucose-phenol based

resorcinol resin was found to be sensitive to pH. As the
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Table 7. Properties of 8 Precursor Resins and Resin #9

Resin #

Property 1 2 3 4 5 6 7 8 9

F/P 3.5 3.5 - 3.5 3.5 2.5 2.0 2.0 2.0

P/R - - - 1.5 1.5 1.5 1.5 1.0 1.3

P/G 1 1 1 1 1 1 1 1 1

% Solids 55.60 56.21 80.69 NTe NT NT 65.58 58.01 60.02

Viscosity (cps) 70 640 15700 NT NT NT 26300 5300 1950

pHa 7.9 7.9 8.5 NT NT NT 7.8 7.7 8.1
Rwb

1695 2446 1539d NT NT NT 2857 4813 4229
R.wc - - - NT NT NT 2782 7916 4776

Polydispersity
Index of
final stage

1.60 2.37 1.79 NT NT NT 1.49 4.53 2.83

a
Tested at 21oC, the pH was increased prior to adhesive formulation

Riw from UV absorbance after stage 2

Rur f rom UV absorbance after stage 3

EW f rom UV absorbance after stage 1

No Test - the resin solidified during stage 3
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pH increased to near 10.5 the bond durability remained

high but as it increased above 11.5 the durability

steadily decreased. The molecular weight appeared to have

little effect on bond durability but, this effect may have

been overshadowed by the extender in the adhesive.

Resin Solids Content

The solids content was held nearly constant, at about

60%, throughout the study so no definite effects were

observed. Past work has indicated that the bond strength

increases with increased solids content but it is

desirable to minimize the solids to minimize the cost of

the resin. The solids content of this resin could likely

be reduced without any detrimental effects.

Viscosity

With relatively low resin viscosity the adhesive was

found to overpenetrate into wet wood thus leaving a

starved glueline. A resin with an extremely high

viscosity produced an adhesive that was not able to

adequately penetrate the wood surface before it cured thus

leaving a glueline which appears dried out. Resin #9

had an intermediate viscosity of 1950 cps.

The viscosity was adjusted during stage 2 of the

resin cook. A higher temperature and/or longer cook time

would increase the viscosity. The addition of water and

iso-propyl alcohol were added to decrease the viscosity.
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3. pH

The effect of pH proved to be a unique feature

relative to plywood resins. A high pH (12 to 13.5) is

desired for PF resins as this has been shown to increase

the curing reaction during hot-pressing and gives better

wood failure values. For resins made in this study wood

failure values were directly related to resins with pH of

7.8 to 10.8 but were inversely related to resins in the pH

range of 11.8 to 13.8 (i.e., wood failure values increased

as the pH increased from 7.8 to 10.8 but the values

decreased as the pH increased from 11.8 to 13.8). This

effect was examined by placing equal amounts of resin #8

into 7 metal cups and adding NaOH to each resin sample to

increase the pH by 1.0 increments. This produced resin

samples with pH's of 7.8, 8.8, 9.8, 10.8, 11.8, 12.8, and

13.8. Adhesives were produced from these resins using

identical hardener mixes and cured on a hot-plate at 1000C

for 15 minutes. These cured resin samples remained at

room temperature for 48 hours then were placed in Pyrex

beakers filled with distilled water. After 48 hours of

soaking, the coloring of the water and adhesive hardness

were observed to obtain information on the solubility of

the cured adhesive. A distinct change was observed

between the samples with pH of 10.8 and 11.8. The water

was mostly clear and the cured adhesive still hard for the

samples at pH 10.8 and lower but the water had darkened
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and the adhesive softened in the 11.8 pH sample. The

samples at 12.8 and 13.8 pH had turned the water very dark

and the adhesive was considerably softer. These results

did not change after soaking 7 more days.

These results indicate that the resins in this study

are stable up to a pH of 10.8 but are sensitive to high

caustic content. This may be attributed to glucosylurea

moieties in the polymer. Glucosylurea has been shown to

be stable up to about pH 11.5 then degradation becomes

significant (Berm and Jones, 1960). The formation of

glucosylureas is contrary to the expected furan formation

for these resins (Gibbons and Wondolowski, 1980). This

possibility is discussed in more detail in the section on

C-13 NMR Analysis.

4. Gel Time

The gel time of the adhesive was controlled by

adjusting the pH and the amount and type of formaldehyde

added in the hardener mix. The resins of this study have

been stored, at room temperature, up to 3 weeks without

any measurable side effects which indicates the resin has

a very long shelf life.

The adhesive gel time was inversely related to pH,

but there is a point where the gel time does not decrease

proportionally with an increase in pH, for example: a pH

8.0 resin gelled at 77 minutes, a pH 9.5 resin gelled at



35 minutes with the same hardener, and an increase to pH

10.8 only reduced the gel time to 29 minutes.

The gel time decreased proportionally as more

formaldehyde (HCHO) was added. This is expected since it

is the HCHO that allows for the crosslinking of the resin

polymers through condensation. What is noteworthy is

that liquid formaldehyde causes faster cure (nearly 50%

faster) than the same amount of paraformaldehyde.

Normally liquid formaldehyde would be used for plywood

adhesives but, for resin #9, at least 60% of the total

HCHO content must be paraformaldehyde or the viscosity

becomes too low and the adhesive overpenetrates into the

wood.

5. Molecular Weight

The molecular weight distribution (MWD) for the final

stage of resins 1, 2, 3, 7, 8, and 9 and the 2nd stage of

resins 7, 8, and 9 are shown on the chromatograms in

Appendix A. These MWD were generated from both UV

absorbance and a differential refractometer during GPC

analysis.

These chromatograms indicate that the weight average

molecular weight (Mw) of the resin polymer increases as

the resin cook progresses. This is illustrated by resins

7, 8, and 9 which were cooked for 170, 220 and 195

minutes, respectively, during stage 2. This effect of Mw

increasing with cook time was also realized by Duval, et.
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al (1972) and Gollob (1982) with PF resins. For the

resins containing resorcinol, the Ew was found to be

lowest for resin #7 (the shortest cook time) and highest

for resin #8 (the longest cook time). The Fica was

increased only slightly with the addition of resorcinol

onto the methylol groups of the existing polymer

indicating that only end capping of the methylol groups by

resorcinol was taking place with no crosslinking.
The differential refractometer showed the same trends

but with slightly different MWD for each resin polymer.

This may indicate that some of the polymer material is not

UV absorbing. This will be researched further in a

separate study.

6. C-13 Nuclear Magnetic Resonance Analysis

Carbon-13 NMR analyses showed what monomeric units

are present in the resin polymer but no attempt was made

at this time to define the linkages involved.

The C-13 NMR spectrum for N- (3-D glucopyranosylurea

and 3 stages of resin #9 are shown in Figures 14, I5A,

15B, and 15C, respectively.

A pioneering study of glucose-phenol based adhesives

(Gibbons and Wondolowski, 1980) indicated that the glucose

forms a furan structure when in the resin polymer. This

postulated furan-phenol structure (Figure 6) appears

possible but C-13 NMR analysis on similar resins by



Christiansen and Gillespie (1986) and myself failed to

indicate any furan structures which are reported to occur

at 100 to 120 ppm (Fawcett and Dadamba, 1982 and Foo and

Hemingway, 1985). This suggests that the glucose is

forming something other than furans. One possible

alternative is that the glucose and urea combine to form

N- B-D glucopyranosylurea. Glucosylurea formation is

summarized in Figure 12.

H° H, HO

OH
+ / Hl ǹy

HO

CH OH

OH

Figure 12. N-B-D Glucopyranosylurea Formation

If this does form during the first stage of resin

synthesis a possible linkage of the resin polymer, after

the second stage, could be like that shown in Figure 13.
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Figure 13. Possible Linkage in a Glucose-Phenol Based Resin



A resin containing glucosylureas will have different

properties than one containing furans. Benn and Jones

(1960) found glucosylureas to be relatively sensitive to

high temperatures and caustics. Above a temperature of

170°C the compound begins to degrade and degradation also

occurs at a pH of 11.5. This is significant since plywood

resins normally have a pH above 11.5 and reconstituted

wood panel products are commonly hot-pressed with

temperatures near 200°c.

To test the possibility of glucosylurea formation a

sample of N-B-D glucopyranosylurea (illustrated in Figure

12) was produced by the procedure described by Hynd

(1926). An NMR sample of this was made by dissolving 50

mg of the sample in D20, and adding methanol as a

reference. This sample was taken to 0.S.U.'s Chemistry

Department and a C-13 NMR spectrum obtained.

A C-13 NMR spectrum for glucose, developed by Johnson

and Jankowski (1972), shows the respective peaks for the

six carbon atoms. The peaks for each carbon occur in the

B-glucosyl anomer as follows:

C1=96.7, C2=74.9, C3=76.7, C4=70.4, C5=76.5, C6=61.6 ppm

HO
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Comparison of B-D glucose to the NMR spectra for

glucosylurea and the 3 resin stages show that; 1) the

pyranose ring of glucosylurea is in the 13-form (hydroxyls

and urea group are all equitorial) and 2) glucosylurea or

similar derivatives are present in the resin polymers.

The only deviations in chemical shifts for (3-glucose and

glucosylurea occur at C-1 (anomeric carbon) with the

nitrogen on the urea moiety shifting the C-1 signal

upfield to 81.5 ppm. The overall relationship is best

seen when comparing the glucose, glucosylurea and the

stage 1 resin as these do not contain formaldehyde and

resorcinol.

The C-13 NMR spectra for the resins were similar to

C-13 NMR specta developed for phenol formaldehyde resins

by Kim, et. al (1979) with the exception of the peaks

attributed to the glucosyl moiety and some shift due to

the acetylated nature of the samples.

Appendix B shows the C-13 NMR spectra for various

stages of resins 1, 2, 7, and 8.
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Figure 14. C-13 NMR Spectrum of N-B-D Glucopyranosylurea
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Figure 15A. 0-13 NMR Spectrum of Stage 1 of Resin #9
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Figure 15B. C-13 NMR Spectrum of Stage 2 of Resin #9

Figure 15C. 0-13 NMR Spectrum of Stage 3 of Resin #9
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B. THERMOSETTING ADHESIVES

1. Adhesive Properties

Three properties of the adhesive were closely

monitored during the study. These were pH, viscosity, and

gel time.

The adhesive pH was kept below 10.5 for reasons

discussed in the Resin Properties section. The viscosity

found to work best was near 11,000 cps at 21°C, so was

kept near that value.

The gel times were varied by adding different amounts

of paraformaldehyde in the hardener mix. This was

measured as a percent, by weight, of the resin solids

content. The formaldehyde content and gel time of 4

adhesives used in this study are shown in Table 8. All

adhesives described here were made using resin #9.

a
Each hardener also contained enough walnut shell
flour to make a 60/40 ratio (w/w) of flour/HCHO.

Value given as a percent, by weight, of the resin
solids content.

Gel time at room temperature.
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1 9.8 0 7.0 51
2 9.7 0 9.5 35
3 9.8 1.0 5.0 56
4 9.5 3.0 5.0 35

Table 8. aFormaldehyde Content and Gel Time for 4
Adhesive Mixes

Adhesive pH @ Liquidb Para- Gel Timec
24oC HCHO Formaldehyde (min)
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2. Shear Tests

Wood failure and shear strength values were

statistically analyzed for the 3-ply, 18% initial M.C.

panels relative to two conditioning methods (vacuum-

pressure and boil) and three treatments (gel time, press

time, and formaldehyde type in the hardener). Two panels

were produced for each combination of condition and

treatment, producing 10 specimen for each combination.

All panels were made using adhesives produced from resin

#9. Results are shown in Tables 9A, 9B, 10A, and 10B.

To meet the objective of developing an adhesive to

bond high moisture content veneers I did not think it

necessary to design the study for comprehensive

statistics but rather a process of elimination was used

on variables of the precursor resins to determine cause

and effects. Because of this, statistics are used only

for examining a few variables.

It should be pointed out that the adhesive spread

rate was not constant, for reasons explained earlier.

Therefore, adhesive spread is an underlying variable for

all tests.

Summary ANOVA tables for transformed wood failure

data of vacuum-pressure and boil conditioned specimens are

shown in Tables 11A and 11B, respectively.



Table 9A. Wood Failure Values of Two Adhesive Mixes with
Identical Gel Times using Resin #9 and 18% M.C.
Veneers

Gel Adhesive
Time Mix #

35
Min 4

35
Min 2

Conditioning Method
Vacuum-Pressure Boil

Wooda
Failure Wood

(%) Failure

Wooda X
Failure Wood

(%) Failure

a
Values from 2 "Identical" panels, 5 from each panel

59

80
80
88
88
93
90 85
83
88
83
80

78
75
68
80
82
88 82
90
93
88
83

70
80
70
70
80
65 75
65
95
80
75

33
40
30
30
65
78 56
75
58
73
78



Table 9B. Wood Failure Values as a Result of Press Time
and Gel Time Interaction using Resin #9 and 18%
M.C. Veneers

Conditioning Method
Vacuum-Pressure Boil

Woodb 3r
Failure Wood

(%) Failure

75 96
93 55
30 20 48
23 23
10 53

60 48
50 78
73 48 65
80 68
83 65

83 45
75 35
85 70 64
60 75
75 40

40 83
98 73
90 83 79
73 80
88 83

a
35 min gel time from adhesive mix 2
51 min gel time from adhesive mix 1

Wood failure values from 2 "Identical" panels, 5 from
each panel

Woodb X
Failure Wood

(%) Failure

43 85
70 60
5 20 44

83 23
30 23

33 55
33 30
55 65 45
40 73
40 30

15 8
63 20
83 20 34
35 33
48 15

40 58
65 55
70 50 61
85 65
48 78

60

Total
Press
Time

Gela
Time
(Min)

51

10
Min

35

51

8
Min

35



Table 10A. Shear Strength Values of Two Adhesive Mixes
with Identical Gel Times using Resin #9 and 18%
M.C. Veneers

Gel Adhesive
Time Mix #

Conditioning
Vacuum-Pressure

Max.a
Shear Shear
Strength Strength
(Psi) (psi)

Method
Boil

Max.a
Shear Shear
Strength Strength
(psi) (psi)

a
Shear strength values from 2 "Identical" panels, 5 from
each panel
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159
176
132
137
251
163 175
163
119
238
207

115
203
198
154
137
105 145
105
141
146
145

137
146
137
194
184
234 184
212
216
229
150

123
106
106
104
110
115 109
71

115
128
115

35
Min

35
Min



Table 10B. Shear Strength Values as a Result of Press Time
and Gel Time Interaction using Resin #9 and 18%
M.C. Veneers

51

35

51

35

Conditioning
Vacuum-Pressure

137 229
247 265
207 106
128 154
150 119

115 132
163 115
185 115
229 212
247 225

88 106
137 123
168 265
207 309
212 269

132 282
150 247
115 234
194 194
159 137

174

174

188

184

a
35 min gel time from adhesive mix 2
51 min gel time from adhesive mix 1

Method
Boil

Max.
Shear
Strength
(psi)

238 141
194 251
123 172
128 97
115 115

123 115
115 106
154 93
181 163
181 168

97 97
97 115
106 106
146 251
154 150

132 154
123 221
132 132
176 115
168 141

Shear strength values from 2 "Identical" panels,
each panel

Shear
Strength
(psi)

5 from

62

Max.
Shear Shear
Strength Strength
(psi) (psi)

Total Gela
Press Time
Time (Min)

10
Min

8
Min

157

140

132

149
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The values indicate that the effect of press time on

panels made with 35 min gel time adhesives is significant

for both vacuum-pressure and boil conditioning. Table 9B

shows the representative wood failure values increasing as

the press time decreases. This is not logical and can

probably be attributed to a non-uniform adhesive spread.

The type of formaldehyde used and the gel time of

panels pressed 8 minutes are shown to be significant

effects only with the boil conditioning method. This

indicates that the boil conditioning method may be more

severe for this type of resin/adhesive since these treat-

ments are not significant (at the .05 level) with vacuum-

pressure conditioning. This trend is contrary to commer-

cial phenol-formaldehyde adhesives which usually have

higher wood failure values for boil rather than vacuum-

pressure conditioning. This has been explained as a

result of the heat causing additional curing of the

adhesive combined with increased weakening of the wood.

This may indicate that resin #9 is not as temperature

responsive to curing as a conventional PF resin or that

high moisture content veneers do not respond in the same

manner as dry veneers (i.e., the additional water from

the wood may inhibit hydrogen bonding between the

adhesive and veneer surface).



Table 11. Analysis of Variance Summary of Transformed Wood
Failure Values for Resin #9 and 18% M.C. Veneers
==

Source of Variationa DF

A. Vacuum-Pressure

Formaldehyde
PT @ GT=35 min
PT @ GT=51 min
GT @ PT= 8 min
GT @ PT=10 min

B. Boil

Formaldehyde
PT @ GT=35 min
PT @ GT=51 min
GT @ PT= 8 min
GT @ PT=10 min

a
PT= press time, GT= gel time

P< 0.05 is significant

Summary ANOVA tables for shear strength data of

vacuum-pressure and boil specimen conditions are shown in

Tables 12A and 12B, respectively.

Shear strength values do not appear to be as sensi-

tive to treatments as wood failure values since only one

treatment is shown to be significant with regard to shear

strength (Table 12). The effect of liquid formaldehyde is

the only treatment, relative to shear strength, shown to

be significant. Again, this may be the result of boiling

rather than the treatment since it does not prove signifi-

cant for vacuum-pressure conditioning.

Mean Square
Among Groups

1 .1534737E+02 0.56 0.502
1 .5724500E+03 5.73 0.028
1 .4418000E+03 1.57 0.226
1 .5408000E+03 4.34 0.052
1 .4140500E+03 1.61 0.220

1 .6657830E+03
1 .4704500E+03
1 .1984500E+03
1 .1445000E+04
1 .5000000E+01

6.27 0.022
5.87 0.026
0.70 0.415
9.28 0.007
0.02 0.879
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Table 12. Analysis of Variance Summary of Shear Strength
for Resin #9 and 18% M.C. Veneers

a
PT= press time, GT= gel time

0.05 is significant

Eight 3-ply panels using 18% veneers were made with

the control resin and the adhesive formulations given in

Table 8. These were made using the conditions given in

Table 5 with 4 panels pressed for 8 min and 4 for 10 min.

The panels pressed for 8 min blew immediately upon opening

the hotpress so there was no testing done on these panels.

This indicates that conventional PF adhesives will not

bond 18% veneers with less than an 8 minute press time.

The 4 panels pressed for 10 min did hold together

though the wood failure values are very low. The average

wood failure for 20 vacuum-pressure conditioned specimens

65

Source of Variationa DF
Mean Square
Among Groups

A. Vacuum-Pressure

Formaldehyde 1 .4175585E+03 0.23 0.554
PT @ GT=35 min 1 .5618000E+03 0.19 0.666
PT @ GT=51 min 1 .9522000E+03 0.21 0.654
GT @ PT= 8 min 1 .6480000E+02 0.01 0.905
GT @ PT=10 min 1 .8000000E+00 0.00 0.987

B. Boil

Formaldehyde 1 .5999538E+04 8.10 0.011
PT @ GT=35 min 1 .4512500E+03 0.43 0.520
PT @ GT=51 min 1 .3251250E+04 1.25 0.278
GT @ PT= 8 min 1 .1531250E+04 0.93 0.347
GT @ PT=10 min 1 .1531250E+04 0.76 0.394
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was 48% and the average wood failure value for 20 boiled

specimens was 49%.

Panels were also made with veneers at 3.3% M.C. and

resin #9 with the adhesive mixes shown in Table 8. The

test design was the same as described in Tables 9A, 9B,

10A, and 10B. The wood failure values were consistently

lower (about 10%) for the test specimens made with the

veneers at 3.3% M.C. compared to respective panels made

with veneers at 18% M.C. Since press time was the only

intentional variation other than the moisture content, I

think that the press times of 4.5 and 5.5 minutes is not

long enough to cure the adhesive. The cause may also be

an inherent quality of the resin since PRF and resorcinol-

formaldehyde resins are known to perform best with

moisture contents above 6%. My objective was to bond wet

veneers so I made no attempt to optimize the adhesive or

press conditions for bonding the dry veneers.

3. Anatomical Observations

Two characteristics were analyzed through incident

fluorescence microscopy while conducting the plywood

study. These characteristics were adhesive penetration

into the wood structure and permanent wood fiber

compression.

a. Adhesive Penetration

Three variables were found to affect adhesive
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penetration into the wood structure. These variables

were; veneer moisture content, fiber type (latewood or

earlywood), and lathe checks and rays. Each of these

variables will be described separately.

Veneer Moisture Content - The depth of adhesive

penetration was directly related to the initial moisture

content of the wood. Figures 16 and 17 show gluelines for

veneers at 18% and 3.3% M.C., respectively. These

photomicrographs clearly show that adhesive penetrates

further into the wetter wood than in dry wood. This is a

potential problem since the adhesive could penetrate into

the wet wood before crosslinking can occur which will not

leave enough adhesive in the glueline to form a bond

between the two wood substrates. According to Northcott,

et. al (1962) the adhesive penetrates more in higher M.C.

wood because the moisture dissipates from the wood into

the adhesive which lowers the adhesive viscosity thus

allowing for easier penetration.

Penetration into the wet veneers was reduced by using

an adhesive formulation with a faster cure rate and/or

higher viscosity. A viscosity greater than 12,000 cps at

room temperature was needed to prevent overpenetration.

Wellons (1977) states that mechanical interlocking adds

only a minimal amount of strength, if any, to the glue

bond. Because of this there is no advantage to

penetrating more than a few cells from the glueline.
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Cell Type - Adhesive reacts to the thin-walled

earlywood (EW) cells differently than to the thicker

walled latewood (LW) cells. The path of least resistance

is taken by the adhesive thus it penetrates into the EW

much more readily than the LW. This is illustrated well

by figures 18 and 19. These photos show how the adhesive

reacts to the various gluing surface combinations of

LW/LW, EW/EW, and LW/EW. Figure 18 shows a LW/EW inter-

face where the LW appears to "push" the adhesive deeper

into the EW thus causing a wavy appearance of the glue-

line. Biblis and Chiu (1972) found that high proportions

of LW to LW bonding can drastically reduce the glue bond

durability. Koch (1965) found that a high percentage of

LW in the adherend significantly reduces the wood failure

values. Because of this, rotary peeled veneers where LW

was predominate bonded poorly compared to veneers which

had surfaces containing a majority of EW. This situation

also applied to the radial surfaces of the sliced veneers;

as the proportion of EW to LW increased, the wood failure

values increased.

Lathe Checks and Rays - Figures 20 and 21 clearly

illustrate how adhesive reacts to the presence of lathe

checks and rays perpendicular to the surface. These

characteristics provide little resistance to adhesive

entry thus these voids are usually filled with adhesive.
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These characteristics can increase the bond strength

by providing more surface area for gluing. But more is

not always better; numerous and large lathe checks require

more adhesive but do not contribute a proportional amount

of strength to the gluebond. By using wet veneers the

depth of the lathe checks are not increased as a result of

drying.

b. Wood Fiber Compression

The study by Wellons, et. al (1983) showed that

permanent compression losses of hot-pressed plywood

increased as much as 4.2% as the veneer moisture content

increased from 1% to 6%. This trend appeared to continue

as the moisture content of the veneers were increased to

18%.

Figures 20 and 21 show gluelines of panels made with

18% and 3.3% M.C. veneers, respectively. EW fiber com-

pression in the wet veneers is much more extensive than

the compression in the dry veneers. This can be a major

problem as too much fiber compression will reduce the

overall panel thickness so that the panel thickness is

below the minimum specifications required to meet product

standards. The APA (1986) has shown that by lowering the

pressure to 75 psi during hot-pressing the thickness loss

to fiber compression is reduced considerably.
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Figure 16. Fluorescence Photomicrograph of a Plywood Glue-
line Made with 18% M.C. Veneers showing overpenetration of
adhesive and severe earlywood fiber compression. 165X
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Figure 17. Fluorescence Photomicrograph of a Plywood Glue-
line Made with 3.3% M.C. Veneers showing an "Ideal" glueline
(i.e., little penetration and fiber compression). 165X
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Figure 19. Fluorescence Photomicrograph of a 2-ply Plywood
Glueline with Latewood to Latewood and Earlywood to Early-
wood Interfaces showing deeper penetration of the adhesive
into the earlywood. 165X
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1

Figure 18. Fluorescence Photomicrograph of a 2-ply
Plywood Glueline with Latewood to Earlywood Interfaces
showing latewood "pushing" the adhesive into the
earlywood thus producing a wavy glueline. 165X
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Figure 20.
Fluorescence Photom4cro-
graph Showing Adhes.;
in: a) the glueline
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a ray. 155X

Figure 21.
Fluorescence Photo :ro-
graph of an Open-
Ray and a Plywood '.--

line showing adhes
penetration up t _7 r-:
and ray deformit.
caused by fiber
compression. 1---
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C. COLD-SETTING ADHESIVE

Glu-lam wood failure and shear strength results for 3

conditioning methods are shown in Table 13.

These results show the average wood failure values

for all three conditioning methods to be above 85%. The

shear strength values are lower than expected but may be

attributed to the glued surfaces being radial instead of

tangential. The higher wood failure values from the

boiled specimens indicate that the heat is advancing the

polymerization of the adhesive.

These results are very encouraging since this resin

contains less resorcinol than most conventional phenol-

resorcinol-formaldehyde resins and one-half the phenol

is substituted with less expensive glucose without any

noticeable detrimental effects. These factors make this

resin less expensive without apparent loss of bond

quality. As this was just an exploratory study research

will have to be continued before any definite conclusions

can be made.

Other potential applications of this resin would be

to incorporate other components in the resin. Hemingway

and Kreibich (1984, 1985) partially substituted resorcinol

with condensed tannins for laminating adhesives. Pizzi,

et. al (1984) developed cold-setting adhesives containing

furfural, and Van der Klashorst, et. al (1985) have

developed lignin-based cold-setting adhesives.
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Table 13. Glu-lam Wood Failure and Shear Strength Results

Wood Failure Shear Strength
Condition (%) (psi)

Dry Sheara 94 647

Vacuum-Pressureb 91 359

2 Hour Boil' 95 379

a
Average of 4 specimen

Average of 3 specimen



Chapter V

CONCLUSIONS

A carbohydrate-phenol based resorcinol resin can be

successfully synthesized to produce a fast curing rate

when made into an adhesive with the addition of a hardener

mix of liquid formaldehyde, paraformaldehyde and walnut

shell flour. This adhesive can bond 18% moisture content

(M.C.) veneers together, with heat and pressure, to form

glue bonds of a quality high enough to give 85% wood

failure values after vacuum-pressure conditioning in water.

The durability of glue bonds improved as the gel time

of the adhesive was shortened (i.e., a faster curing

adhesive performed better than a slow curing adhesive).

The adhesive also needed to be highly viscous to prevent

overpenetration into the high moisture content veneers.

The glucose-phenol based resins were pH sensitive.

The cured adhesive remained insoluble in water as the pH

was raised to 10.8 but became soluble as the pH was

increased above 11.5.

Earlywood fiber compression is greatly increased in

18% M.C. veneers when using press conditions typical for

pressing 5% M.C. veneers into plywood panels.

Past studies indicated that furan rings should form

in this type of resin polymer, yet none were found in

these resins during Carbon-13 nuclear magnetic resonance
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analysis. Preliminary structure elucidation of the

polymer found the B-form of glucose to be present,

possibly as a glucosylurea.

The glucose-phenol based resorcinol adhesive has

potential as a cold-setting adhesive for the glu-lam

industry. Glu-lam test panels made with a low pH resin

and a fast curing hardener mix, gives wood failure values

greater than 90% in the dry condition and after boiling

and vacuum-pressure conditioning.
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Chapter VI

RECOMMENDATIONS

This study brought to light several ideas which I

feel should be elaborated on in other studies, these are:

Optimize variable combinations, i.e., determine

the minimum press time, temperature, and pressure needed

to produce exterior quality bonds with minimal compression

losses.

Experiment with other compounds as a replacement

for the expensive resorcinol.

Attempt to define the linkages involved in the

resin polymer to determine its structure.

Conduct further, more extensive, examination into

using this resin as a cold-setting adhesive.

77



Chapter VII

BIBLIOGRAPHY

Allan, G.G. and A.N. Neogi. 1971. Fiber surface
modification Part III. J. Adhesion. 3(1):13-18.

American Plywood Association. 1986. Personal
communication with E. Zellner.

American Society for Testing and Materials. 1964.
Standard method of testing for strength properties of
adhesive in plywood type construction in shear by
tension loading. ASTM D906-64 (Reapproved 1970).
Pp. 264-267.

ASTM Glossary of ASTM Definitions. 1973. Second Edition.
American Society for Testing and Materials.
Philadelphia, PA.

Benn, M.H. and A.S. Jones. 1960. Glucosylureas. J.
Chem. Soc. 3837-3841.

Biblis, E.J. and Yau-Sen Chiu. 1972. Gluability of
loblolly pine earlywood and latewood. Wood and
Fiber. 3(4):220-231.

Blomquist, R.F. 1983. Adhesives - an overview. Adhesive
Bonding of Wood and Other Structural Materials.
Penn. State Univ., University Park, PA. Pp 1-48.

Bruno, E.J. 1970. Adhesives in Modern Manufacturing.
Society of Manufacturing Engineers, Dearborn, Mich.
183 Pages.

Chang, C.D. and O.K. Kononenko. 1962. Sucrose-modified
phenolic resins as plywood adhesives. Adhesives Age.
July: 36-40.

Christiansen, A.W. and R.H. Gillespie. 1986. Potential
of carbohydrates for exterior-type adhesives. For.
Prod. J. (In press).

Duval, M., B. Bloch, and S. Kohn. 1972. Analysis of
phenol-formaldehyde resols by gel permeation
chromatography. J. Appl. Poly. Sci. 16:1585-1602.

Fawcett, A.H. and W. Dadamba. 1982. Characterization of
furfuryl alcohol oligomers by H-1 and C-13 NMR
spectroscopy. Makromol. Chem. 183:2799-2809.

78



Foo, L.Y. and R.W. Hemingway. 1985. Condensed tannins.
Reactions of model compounds with furfuryl alcohol
and furfuraldehyde. J. Wood Chem. and Tech. 5:135.

Gardner, D.J. 1985. Selected investigations into the
chemistry and utilization of biomass lignins. PhD.
Thesis, Mississippi State University, Mississippi
State, MS. 123 pages.

Gent, A.N. and G.R. Hamed. 1983. Fundamentals of
adhesion. Adhesive Bonding of Wood and Other
Structural Materials. Penn. State Univ., University
Park, PA. Pp. 49-84.

Gibbons, J.P., and L. Wondolowski. 1980. Carbohydrate-
phenol based condensation resins incorporating
nitrogen-containing compounds. Canadian Patent No.
1090026.

Gollob, L. 1982. The interaction of formulation
parameters with chemical structure and adhesive
performance of phenol-formaldehyde resins. PhD.
Thesis, Oregon State University, Corvallis. 153pp.

Hemingway, R.W., and R.E. Kreibich. 1984. Condensed
tannin-resorcinol adducts and their use in wood-
laminating adhesives: an exploratory study. J. Appl.
Poly. Sci.: Applied Polymer Symposium. 40:79-90.

Houwink, R. and G. Salomon. 1965. Adhesion and Adhesives.
Elsevier Publ. Co., New York. 548 pages.

Hynd, A. 1926. Studies on the interaction of amino-
compounds and carbohydrates. Biochem. J.
20:205-209.

Jarvi, R.A. 1967. Exterior Glues for Plywood. For.
Prod. J. 17(1):37-42.

Johnson, L.F. and W.C. Jankowski. 1972. Carbon-13 NMR
Spectra. John Wiley and Sons. Spectrum 197.

Jordan, D.E. and J.D. Wellons. 1977. Wetability of
dipterocarp veneers. Wood Sci. 10(1):22-27.

Kim, M.G., G.T. Tiedeman, and L.W. Amos. 1979. Carbon-13
NMR study of phenol-formaldehyde resins.
Weyerhaeuser Science Symposium; Phenolic Resins
Chemistry and Application. Pp. 263-290.

79



80

Klein, J.A. 1975. Chemical Aspects of gluing plywood
with phenolic resins. Presented at the National FPRS
Meeting, Portland Oregon.

Knop, A. and L.A. Pilato. 1985. Phenolic Resins -
Chemistry, Applications and Performance. Springer-
Verlag, New York. 313 pages.

Koch, P. 1965. Maximizing wood failure. For. Prod. J.
15(9):355-361.

Kreibich, R.E. 1986. Personal communication.

Kreibich, R.E. and R.W. Hemingway. 1985. Condensed
tannin-resorcinol adducts in laminating adhesives.
For. Prod. J. 35(3):23-25.

Marian, J.E. and K. Suchsland. 1957. Experimental
investigation of gluing and finishing problems
through application of fluorescence microscopy in
incident light. For. Prod. J. 7(2):74-77.

Marian, J.E. and D.A. Stumbo. 1962. Adhesion in wood,
Part II Physico-chemical surface phenomena and the
thermodynamic approach to adhesion. Holzforschung.
16(6):168-180.

Marra, A.A. 1983. Applications of wood bonding.
Adhesive Bonding of Wood and Other Structural
Materials. Penn. State Univ., University Park, PA.
Pp. 365-418.

McSween, J.R. and T. Sellers, Jr. 1985. The evaluation
of sweetgum, yellow poplar, and swamp tupelo for use
in structural plywood. For. Prod. J. 35(7):27-33.

Meigs, J.V. 1931. Carbohydrate product and process of
making same. U.S. Patent 1,801,053.

Morrison, R.T. and R.N. Boyd. 1983. Organic Chemistry.
Fourth Edition. Allyn and Bacon, Inc. Boston, MA.
1370 pages.

Nearn, W.T. 1974. Application of the ultrastructure
concept in industrial wood products research.
Wood Sci. 6(3):285-293.

Northcott, P.L., W.V. Hancock, and H.G.M. Colbeck. 1962.
Water relations in phenolic (plywood) bonds. For.
Prod. J. 12(10):478-486.



Parker, R.J. 1982. The effect of synthesis variables on
composition and reactivity of phenol-formaldehyde
resins. M.S. Thesis, Oregon State Univ., Corvallis.
164 pp.

Phillips, E.K. 1986. Trouble shooting plywood gluelines.
Presented at the Oregon State Univ. College of
Forestry Short Course in Plywood Manufacturing,
Corvallis.

Pillar, W.O. 1966. Determining curing properties of an
adhesive in contact with wood. For. Prod. J.
16(6):29-37.

Pizzi, A., E. Orovan, and F.A. Cameron. 1984. The
development of weather-and boil-proof phenol-
resorcinol-furfural cold-setting adhesives. Holz als
Roh-und Werkstoff. 42:467-472.

Selbo, M.L. 1975. Adhesive bonding of wood. U.S.D.A.
Forest Service, Tech. Bull. No. 1512. 121 pp.

Sellers, T., Jr. 1981. Plywood adhesives - supply and
demand. For. Prod. J. 31(10):82-85.

Skeist, I. 1977. Handbook of Adhesives. Second Edition.
Van Nostrand Reinhold Co., New York. 921 pages.

Snedecor, G.W. and W.G. Cochran. 1980. Statistical
Methods, Seventh Edition. Iowa State Univ. Press,
Ames, Iowa. 507 pages.

Strickler, M.D. 1968. Specimen designs for accelerated
tests. For. Prod. J. 14(1):84-90.

Subramanian, R.V. 1983. The adhesive system. Adhesive
Bonding of Wood and Other Structural Materials.
Penn. State Univ., University Park, PA. Pp. 135-186.

Tarkow, H. and C. Southerland. 1964. Interaction of wood
with polymeric materials. For. Prod. J.
14(4):184-186.

U.S. Product Standard PS 1-83. 1983. Standard method of
testing for strength properties of exterior adhesive
in plywood in shear by tension loading. pp. 26-27.

Van der Klashorst, G.H., F.A. Cameron, and A. Pizzi.
1985. Lignin-based cold setting wood adhesives
structural fingerjoints and glulam. Holz als Roh-und
Werkstoff. 43:477-481.

81



Walker, J.F. 1964. Formaldehyde. (No. 159 American
Chemical Society Monograph Series), Reinhold Publ.
Corp. New York. 3rd Edition. 701 pages.

Wellons, J.D. 1977. Adhesion to wood substrates. ACS
Symposium Series, No. 43, Wood Tech. :Chem. Aspects.
pp. 150-168.

Wellons, J.D., R.L. Krahmer, M. Sandoe, and R. Jokerst.
1983. Thickness loss in hot-pressed plywood.
For. Prod. J. 33(1):27-34.

West Coast Adhesive Manufactures Association. 1957.
Determination of percent non-volatile content in
liquid phenolic resins. Test Method No. 2.2.

White, J. T. 1979. Growing dependency of wood products
on adhesives and other chemicals. For. Prod. J.
29(11):14-20.

Williams, V., L.J. Porter, and R.W. Hemingway. 1983.
Molecular weight profiles of proanthocyanidin
polymers. Phytochemistry. 22(2):569-572.

82



APPENDICES



APPENDIX A

GPC Chromatograms for Various
Resin Stages
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C-13 NMR Spectra for Various Resin Stages 93
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