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The greater the proportion of formaldehyde, the faster a

resin cooked and the more reactive it was. More caustic in the

initial stages of cook produced a faster cooking resin with less

reactivity. The UV absorbance at 254 nm of resin fractions from

GPC were shown to increase with cook progression as did resin

viscosity. No beneficial effect was seen for the low initial

temperature.
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EFFECT OF SYNTHESIS VARIABLES, ON COMPOSITION
AND REACTIVITY OF PHENOL FORMALDEHYDE RESINS

Chapter I

INTRODUCTION

Phenol-formaldehyde (PF) resins are based on thermosetting

polymers made by linking phenol, a petroleum product synthesized

from benzene, together with formaldehyde, a natural gas product

made from methanol, to form long, highly branched chains (DeBruyne

and Houwink, 1951). By additional reaction with phenol these

chains will form crosslinks between them to result in durable

solids that have excellent adhesion properties to wood. Phenolic

resins having this crosslinking ability are called resoles.

Thermosetting resins account for 14% of all plastic resins

produced in the United States and most of these are used with wood

(White, 1979). Of these, phenol-formaldehyde resins are the least

expensive exterior resins costing only $.32/1b. of solids in 1979.

Their consumption grew 4-5% annually in the 1950s, 7-8% in the

1960s and early 1970s, and is expected to slow to about 3% in the

early 1980s by which time the consumption of phenol will be 1.5

billion pounds per year.

Because PP resins are strongly attracted to wood and form durable

adhesive bonds stronger than the cohesive strength of wood, they are

used as a water-proof glue for exterior plywood. Typically in the

Pacific Northwest plywood industry, resin manufacturers custom-develop
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different resins to perform optimally at each of their client's

specific mills. For this use the resin is prepared, or cooked to

form a liquid consisting of polymer (40-45% solids) and solvent,

usually water. They must be reactive but also have an adequate

storage life, typically around twenty days at 25°C (Saeki, 1979).

Most resins are mixed at the plywood plant with fillers and extenders

such as ground corn cobs and nut shells to produce the adhesive

(Klein, 1980). These additives may dilute the resin by half while

improving the glue bond between wood layers. Once the liquid resin

has been mixed with the proper extenders and fillers the adhesive

must have an adquate pot life, the proper flow characteristics to

allow an adhesive film to disperse onto the wood surface and penetrate

to a limited depth into the wood, and the proper reactivity to resist

precure during the assembly period but to fully cure in 3-6 minutes at

300°F with the heat and pressure of the hotpress.

Plywood adhesive resins typically are composed of only phenol,

formaldehyde, water, and are catalyzed with sodium hydroxide (NaOH)

which is added in steps during a cook to avoid harmful side reactions.

Many factors come into play during the exceedingly complicated poly-

merization reactions of phenol with formaldehyde. The reactions occur

in two main steps: methylolation, the combining of formaldehyde with

phenol; and condensation, the connecting of these methylolated molecules

into long branched chains. The result is a complex mixture of phenols
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crosslinked in .many ways. Several cooking parameters can be employed

to manipulate these reactions. The molar ratio of formaldehyde to

phenol (PIP) and the initial cook temperature both influence the

formation of various "building block" molecules (methylolated phenol),

which ultimately determine the polymer's shape. For instance, F/P

ratio and temperature can be adjusted either to produce monomers con-

taining several reactive sites which form a very branched polymer or

to produce monomers with a few such sites which form linear polymers.

The amount of NaOH added and the timing of these additions greatly

influence the progression of the cook. Aa0H catalyzes the polymeri-

zation reaction but also accelerates other side reactions if present in

ample amounts. NaOH also keeps the polymer molecules dispersed)

allowing better control of the synthesis.

The resin itself is a complex mixture of molecules having a range

of sizes which is called its molecular weight distribution (MWD). Two

kinds of MWD have been described in commercial resins but many others

exist. A regular MWD is more stable and characterized as containing

compounds at all molecular weights in a continuous distribution while

a MWD with many very small and many very large molecules, but few in

between, showed less stability (Duval, et al., 1972).

Knowledge is generally lacking concerning the specific molecular

changes that result from changes in the cook parameters. The patent

literature contains many references to improved methods of producing

resins but most processes remain industrial secrets.
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In the past emphasis in resin research has been placed on

producing, by trial and error, a resin that performs well in the

manufacture and use of the glued product. Most resin chemists could

be considered artists: they have developed a "feel" about resin

synthesis that was learned from the experience of many cooks and

gluing studies. Little attention has been placed on the efficient

conversion of monomers into the polymeric chain. For instance, the

3-15% unpolymerized phenol in commercial resins has an unknown effect

on the adhesive's glueline performance; however, added phenol has a

detrimental effect on reactivity of some resins. If a resin manufact-

urer could use its raw materials more efficiently without foresaking

the desired properties, it could achieve a leading edge over others in

this highly competitive industry. Also, with knowledge of a resin's

molecular make-up, one could predict its behavior in different appli-

cations without extensive testing. Instrumentation and techniques have

been developed recently to analyze a resin rapidly for this information.



A. OBJECTIVE

My objective is to relate the major synthesis variables to the

resin's monomer content during the cook and to the reactivity of the

final product. Several cooking parameters were investigated, includ-

ing formaldehyde-to-phenol mole ratio (F/P), NaOH -to-phenol mole

ratio (C/P), variations in amounts of NaOH in each of three addit-

ions, and the effect of an initially low reaction temperature (60°C)

until the formaldehyde content diminishes. This study hopefully will

produce information that helps to describe, on a molecular level,

some of the phenomena taking place during a resin cook. With knowledge

of this kind we may eventually turn resin preparation into a predictable

science, enabling us to efficiently custom-design properly curing resins

to fit specific applications without tedious testing.

5



Chapter II 6

REACTIONS OF PHENOL - FORMALDEHYDE RESOLES

The literature about phenol-formaldehyde chemistry is

exceedingly voluminous. Thus this review will emphasize primarily

the basic chemistry of the ingredients, and their reactions to form

alkaline resoles. Some attention also is given to analytical methods

for phenolic resins.



A. RAW MATERIALS

1. Phenol

( 1 )

Pure phenol, or carbolic acid, is a colorless solid, melting

at 41°C and possessing a distinctive odor (Updegraff and Suen, 1977).

It is quite toxic and is used in dilute concentrations as a fungicide,

but in high concentrations it may cause painful chemical burns on the

skin. In resin preparation, an aqueous solution of 90% phenol often

is used; it is a colorless liquid but may be golden-colored from

traces of iron or oxidation products. In either molten phenol or

aqueous solutions of phenol, the color changes to dark red with

addition of caustic.

Phenol is a weaker acid than carboxylic acids but is stronger

than other alcohols (Morrison and Boyd, 1973). Its high boiling

point (182°C) is explained by intermolecular hydrogen bonding (H-

bonding) and its limited solubility in water (9.3g/100g at 25°C)

results from H-bonding between phenol and water. However, like organic

acids, the salts of phenol are very water soluble. The hydroxyl group

attached directly to the aromatic ring is a strong activator for elec-

trophilic substitution at the ortho and para positions and the salt

form is even more activated. Electron-seeking compounds such as

formaldehyde and methylol groups react at these positions and are the

basis for the resin-producing polymerization reactions.

7
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Phenol occurs naturally in coal tar but 90% of world phenol

is synthesized from petroleum-derived benzene in the cumene process

(Saunders, 1973). This process, started commercially in 1952, pro-

vides an 85% phenol yield, and produces the solvent acetone as a

by-product. Benzene and propylene, both in gaseous state, are

heated over catalysts to produce cumene which is oxidized to cumene

hydroperoxide before being reduced with sulfuric acid and catalysts

to phenol and acetone. Twenty percent of United States petrochemical

benzene is used to produce phenol, and 50% of the phenol goes into

phenol-formaldehyde resins. The wood products industry consumes 26%

of the phenolic resins, which in 1978 accounted for only 2.67% of all

petroleum-derived benzene (White, 1979). In late 1980 the price of

phenol was $.36 per pound.

2. Formaldehyde

0

11
( 2 )

H - C - H

Formaldehyde is a gas at normal temperatures (boiling point =

-20°C) so is usually handled in aqueous solutions, called formalin,

or as a polymerized solid called paraformaldehyde (Morrison and Boyd,

1973). The formaldehyde carbonyl oxygen pulls electrons from the

carbon, producing a lower electron density, making that carbon react

easily with electron-rich atoms such as the ortho and para carbon on

phenol, the oxygen on other formaldehyde molecules, or on methylol

of phenol. Formaldehyde is very water soluble and exists mainly as



methylene glycol

HOCH2
OH ( 3 )

and low MW polymers (Walker, 1964)

HOCH2
-

(0-CH2-)n
-OH ( 4 )

The free formaldehyde state is favored by aqueous dilution, higher

temperatures, or the addition of methanol. Resin-producing formalde-

hyde is usually in 50% aqueous solution, stored at about 60°C, and may

include added methanol or small amounts of polymers to inhibit pare-

formaldehyde formation. .Parafornuldehyde depolymerizes in water until an

equilibrium is achieved but during other reactions of formaldehyde this

equilibrium is constantly changing. Any study of kinetics and mechanisms

of formaldehyde reacting with other materials must consider the state in

which the formaldehyde exists (Walker, 1964).

Besides producing methylene glycol and paraformaldehyde, formalde-

hyde undergoes other reactions which must be controlled during resin

making (Walker, 1964). The Cannizzaro reaction occurs at higher pH's

and reduces the availability of reactive formaldehyde.

OH- 2
2

(CH20) + H20
HOCH + CH3OH ( 5 )

Hemiformal reactions occur with alcohols and also consumed formaldehyde.

The conditions favoring the above reactions are discussed later.

9

HOCH2OH + R-CH2OH HOCH2OCH2R + 1120
( 6 )



Commercially, most formaldehyde is produced from natural

gas-derived methanol involving one of two processes: dehydration

or oxidation.

CH20(g) + H2 (g)

H20

Fe, Mo, Ni

CH3OH
+ 1/2

02 HOCH2OH
H20

The oxidation process (Equation 8) has higher yields but also

invites more Cannizarro to occur so the reaction is pushed to

avoid this.

In the United States about one-half of all methanol is used

to produce formaldehyde. Phenol-formaldehyde resin production

consumes about 25% of this formaldehyde while urea-formaldehyde

resins use 30% (White, 1979). Formaldehyde cost in 1980 was about

$.07 per pound in solutions containing about 45% formaldehyde in

water with 11% methanol for stabilizer.

HOCH2OH

7

8

10

Cu or Ag

CH3OH
heat



Caustic soda, or sodium hydroxide, is used in phenol-formalde-

hyde resin production as a catalyst and as a solvating agent. Other

alkali and alkaline earth hydroxides also may be used and are dis-

cussed later, but sodium is used mainly because of its high water

solubility and low cost. Lithium and sodium cations form coordinated

hydrates with water which increased their solubility (King, et. al.,

1972). Ammonia may also be used but resins with ammonium ions are

less water soluble (Saunders, 1973). The effect of the catalyst is

mainly to produce the phenolic salt, or phenate ion, which is much

more reactive than un-ionized phenol. An easily handled form of

NaOH is 50% aqueous solution but care must be taken to avoid burns

or corrosion at this high concentration.

The commercial production of caustic involves the electrolysis

of a brine solution of sodium chloride (King, et.al., 1972).

electric
2 NaOH +

H2 + Cl2 (10 )2 NaC1 + 2
H20 current

Ocean water is composed of many salts, sodium chloride being the

most abundant, which makes the use of caustic soda most economic. Care

must be taken to avoid soda ash formation in the NaOH by the react-

ion with carbon dioxide (King, et. al., 1972).

H20
2 NaOH +

CO2 Na2 CO3 + H20 )

11

3. Sodium Hydroxide

NaOH ( 9 )



Filters are available containing substances, such as AscariteTM,

which effectively remove CO2 from air.

12
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B. SYNTHESIS OF RESOLES

Many approaches can be taken for producing a phenol-formalde-

hyde resin. They differ in formaldehyde/phenol and NaOH /phenol

mole ratios, catalyst type, how and when catalysts are added, and

temperature, but are similar in many ways, as the following resin

cook description illustrates.

The molar ratio of F/C/P is chosen and the proper amounts of

each are weighed into water to produce a solution of 45-55% solids.

Usually only a portion of the NaOH is in the initial solution._

This solution is heated gradually to ref lux (boiling at 102°C).

During this initial heating the primary reaction is methylolation of

phenol. In some instances, the solution is held at a temperature

lower than reflux to favor methylolation over condensation. With the

latter type of cook the formaldehyde content is monitored and temper-

ature is increased to reflux only after most of the formaldehyde has

been consumed. For either type of cook, the solution is held at

ref lux a short time (15-30 minutes). The temperature is lowered to

65-85°C and the reaction (primarily condensation) continued until

viscosity (25°C) reaches the 35,000 to 50,000 centipoise range. At

that time a second NaOH addition is made, and viscosity decreased

dramatically (see, for example, Figure 3 in the Experimental Chapter).

After adding the second NaOH , the temperature may be lowered to

slow the condensation reaction, or kept the same until viscosity

reaches 12,000 to 16,000 centipoise at which point the third NaOH

addition is made. Usually little reaction is allowed after the third

NaOH , and rapid cooling to room temperature terminates the cook.



by Equation 12.

OB
CH OH

2

-->

CH2OH
PMP

OMP

(12)

14

1. Methylolation

The reaction of formaldehyde with phenol produces many

products capable of further reaction. Of special importance

to us is the formation of methylol groups on phenol, as illustrated

OH

CH2OH
HOCH

2

2,4-DMP

C
OH OH H2OH

HOCH
OH ,CH2OH

> 2,4,6-TMP

2,6-DMP

The reactivity and diversity of these products, plus the many side

reactions that also take place, have seriouslyhampered accurate

description of the reactions. No quick and reliable analytical

methods have been developed, so reaction conditions typically have

been simplified during many experiments to avoid competing reactions

(Drumm and LeBlanc, 1972). As a result, the literature is contra-

dictory because of differences in reaction conditions and analytical

techniques. Thus it was sixty-three years after Baekeland's initial

studies of P/F resins in 1905 before Zavitsas obtained kinetic para-

meters for the reaction (Zavitsas, 1968). However, many questions

still remain. For instance, some have speculated that methylolation



may be reversible reaction (Megson, 1958) while others discount

reversibility (Freeman and Lewis, 1953), or claim it to be

negligible (DeJong and DeJonge, 1953).

Methylolation is rapid and exothermic. Reaction products

were detected within one minute after chemicals were mixed, even

at lower temperatures (Gumprecht, 1969). The reaction rate

which best describes this reaction is shown in Equation 13.

(Zavitsas, 1968) where m is the formaldehyde fraction available

as monomeric molecule and 5'1 equals the phenate ion concen-

tration.

Rate = K [F] m (13)

Thus alkaline methylolation appears to be second order with

phenate ion and either methylene glycol (Zavitsas, 1968) or free

formaldehyde (Updegraff and Suen, 1977) being the reactive

species. However, at high pH's the reaction may involve primarily

free formaldehyde (Drumm and LeBlanc, 1972) as depicted in

Equation 14 .

15



HOCH
2

HOCH2,c12)

OH OH

CH2OH

IMID

+2

HOCH,)

-->--

0

0-

0

El-C-H

( 14 )

The substitution pattern resulting from methylolation affects

further methylolation reactions and may dictate the form of the final

polymer. For instance, if phenol is highly substituted (eg. three

methylol groups), the resulting polymer has a much greater chance of

OHCH 2OH

0

0
10

HOC El
2

1 1

I 1

CH2OH
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being branched than otherwise. For example, at higher pH's,

methylol-phenols are fairly stable and may accummulate (Updegraff

and Suen, 1977). Because condensation is slow compared to methylol-

ation at these conditions, dimethylols and trimethylols will form

enabling future branching even at low F/P (Drumm and LeBlanc, 1972;

Freeman and Lewis, 1953). The following reaction variables have been

studied for their effect on the substitution pattern:catalyst, pH,

prior methylolation, reactant concentration, and temperature.

Catalysts are used to accelerate a reaction and in P/F resin

formulations the effect is mostly seen during methylolation. Because

the reactive species during methylolation is the phenate ion (DeJong

and DeJonge, 1953) NaOH is added to extract a proton from phenol

to produce this base-stable ion. The un-ionized phenol is considered

a cosolvent and not a reactant (Zavitsas., et. al., 1968). Phenate

ion has several resonant structures which concentrate negative charges

at the ortho and para positions as seen in Equation 14 . The para

form is especially stable and may account for the high reactivity at

the para position.

High pH's favor methylolation over condensation (Yeddanapalli

and Francis, 1962) and the stronger the base, the more polyalcohols

are formed and the more reactive is the resin produced (Martin, 1956).

DeJong and DeJonge (1953) observed the rate of formaldehyde consumption

during methylolation in dilute aqueous solutions and found the relation-

ships shown in Figures 1 and 2 . They emphasized the increase in

reaction rate due to higher catalyst concentration.



Figure 2.

Comparison of
methylolation rates
at three different
pH's

(DeJong and DeJonge,
1953).
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If an excessive amount of NaOH is added, the reaction rate

may actually decrease. Too much NaOH may yield a slower curing

resin and diminish cohesion in the cured resin (Saeki, 1979). Slow

methylolation rates may be caused by the formation of the inactive

methylene glycol ion, HOCH20- (Drumm and LeBlanc, 1972).

NaOH also influences the ratio of ortho to para substitution

(o/p) of phenol. In dilute aqueous solutions of low formaldehyde

concentration and pH of 8.5 to 12.5, the o/p was reported to be

unaffected by pH (Dijkstra et. al., 1962). However, in the presence

of excess phenol, o/p was reported to increase as pH climbed from 1 to

11 and o/p was always greater than one (Finn and James, 1956). With

excess formaldehyde, relative to phenol, Freeman and Lewis (1953)

indicated that under highly alkaline conditions the ortho position is

slightly less reactive than para but because two ortho positions exist,

more ortho-substitution occurred (o/p = 1.7). At lower NaOH concen-

trations, pH = 7 to 9, in dilute aqueous solutions, Yaddanapalli and

Gopalakrishna (1959) reported that the para position was almost twice as

reactive as ortho (o/p = 0.9), presumably due to formation of the more

stable para-quinoidal structure. Other investigators found that oip

increases as pH decreases to below 10; for example, at pH = 8, o/p =

1.4, but at pH = 11, o/p = 1.0 because of metal ions shielding the

ortho position (DeJong and DeJonge, 1953; Drumm and LeBlanc, 1972).

As can be seen, little agreement exists about o/p substitution with pH
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changes, possibly due to differences in reaction condition and

analytical techniques.

If the reaction is not stopped immediately after methylolation

the products may continue reacting. Ortho-methylolphenol (OMP) and

para-methylolphenol (PMP) are both reported to be more reactive than

phenol toward further methylolation and rapidly combine with formalde-

hyde (Saunders, 1973). However, in dilute solutions and near

neutrality the methylol groups have been reported to slow further

methylolation (Gopalakrishna and Yeddanapalli, 1959). According to

Freeman and Lewis (1953) the methylol group is ring-deactivating and

should reduce the rate of further substitution, but it does this only

in the case of para-methylols. However, para-methylolation should

have an insignificant effect on further reactivity as seen from its

Hammett constant of TP = .06 (Zavitsas, et. al., 1968). The small

C--value is positive, indicating that the methylol groups is slightly

electron-withdrawing. Ortho-methylolation, on the other hand, was

reported to enhance reactivity at both remaining positions by hydro-

gen bonding with the phenolic oxygen and tending to stabilize partial

negative charges at the paraand other ortho position (Zavitsas, et.al.,

1968).

So, although the effect of para substitution on further methylol-

ation is not agreed upon (Updegraff and Suen, 1977; Saunders 1973;

Freeman and Lewis, 1953; Gopalakrishna and Yeddanapalli, 1959), ortho-
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methylolation is generally accepted, with few exceptions (Gopala-

krishana and Yeddanapalli, 1959), to increase the molecule's

susceptibility to further methylolation. In fact, when certain

metal cations were used to favor ortho substitution, a more reactive

resin was produced.

Methylolation enhances ionization of phenol as can be seen in

Table 1 . This effect was reported during a resin cook in which the

pH changed from 8.1 to 7.5 due to methylolphenol (MP) formation (Debing,

et. al 1952). Another study showed the pH dropping from 8.28 to 8.15

(Yeddanapalli and Francis, 1962). The pH drop was explained by di-

phenolmethane (DPM) formation, which has a lower pKa than P or MP's.

Electrophilic substitution of MP's should correlate with their acidities

because, like phenol, the ionic form is reactive and the more acidic the

compound, the easier the ion forms (Redfern, 1948). The data in Table

1 supports the view (compare PMP and OMP to P) that the methylol group

would tend to stabilize the ionic form of phenol and increase reactivity

toward further methylolation.



** (Sprengling and Lewis, 1953)
* (Zavitsas, 1967)
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Table 1. Acid ionization constants for some weakly acidic

compounds (King, et. al., 1972)

Compound pKa (at 25°C)

Formic acid 3.80

Benzoic acid 4.19

Acetic acid 4.74

**2,4,6 - Trimethylolphenol (TMP) 9.45

*2,6 - Dimethylolphenol (2,6-DMP) 9.57

*2,4 - Dimethylolphenol (2,4-DMP) 9.68

*para - Methylolphenol (PMP) 9.73

**meta - Methylolphenol (MMP) 9.74

*ortho - Methylolphenol (OMP) 9.84

*phenol_ (P) 9.86
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An exception to this "acidity rule" was noted by Sprengling

and Lewis (1953) in the fact that further methylolation of OMP is

faster than PMP. They mentioned that H-bonding of the phenolic

proton with an ortho methylol kept the phenolic hydroxy turned into

the plane of the ring which favored resonance stabilizing forms of

the undissociated molecule and especially activated the para position.

So even though OMP was less acidic, it was more readily methylolated

in its nonionized state.

Bases other than caustic soda have been studied. For instance,

the o/p methylolation ratio increases in order with the use of the

following base metals: K, Na, Li, Ba, Sr, Ca, and Mg (Peer, 1959).

Curing rate and methylol content decreased using bases in the order:

Na, Mg, Zn. Mg and Ca ions produced resins of poor solubility with

advancement, and
NH3

catalyzed resins had a more normal MW distribut-

ion than resins catalyzed with Na (Duval, et. al., 1972). So the cata-

lyst strength and directing effect may be used as another control to

manipulate the methylolation reactions to produce an engineered resin.

The dielectric constant of the reacting solution affects both the

methylolation rate and o/p. Water has a high dielectric constant and

has a major effect on rates (Zavitsas, 1968). An increase in o/p and

reaction rate was observed as a result of lower solution dielectric

constant. The higher o/p values were explained by an increased in ion-

pairs formed between phenate and metal ions, yielding an ortho chelate

structure in the transition state (Zavitsas, et. al., 1968).
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2. Condensation

Condensation is the term used to describe the forming of

a polymer chain by bridging monomers together accompanied by the

eliminating of a small molecule (water or formaldehyde). Bridges

have been thought to be formed in one or two steps. In many in-

stances condensation occurs as a single step by reaction of a

methylol group and an activated ring carbon, releasing water

(Equation 15 ) or water and formaldehyde (Equation 16 ). In a two

step reaction, first ether bonds are formed between methylols with

water released; then after heating, these unstable bonds break to

form methylene bridges and yield formaldehyde (Equation 17 )

(DeBruyne and Houwink, 1951). However, studies show that the amount

of formaldehyde proposed to be released is not measured in the re-

actions system, so it must be consumed by side reactions. No ether

linkages were found with reactions of OMP's but were seen with PMP's

(Yeddanapalli and Francis, 1962). At higher pH's essentially all

bridges are methylene type (Martin, 1956).
_ _
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An alternate mechanism (a polymerization of quinone methides)

was proposed by DeBruyne and Houwink (1951) but is not considered to

be the major mechanism for polymerization (Equation 18 ).

OH OH
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The condensation rate determining step for OMP + phenol

was concluded to be the extraction of a hydrogen in the transit-

ion state (Yeddanapalli and Francis, 1962).

Condensation is slower than methylolation (Freeman and Lewis,

1953) especially at high pH's (Troughton, 1972) and low temper-

atures. At very low NaOH concentrations the condensation rate

is proportional to the amount of NaOH present but above 0.01%

sodium phenate, further NaOH addition had no effect on reaction

rate (Martin, 1956). Reactivity is very much influenced by relative

ring location and whether a methylol reacts with another methylol or

a ring position.

OMP is less reactive than PMP in self-condensation or conden-

sation with phenol. Thus, for most self-condensations, para- carbons

and para-methylols are the predominant reaction sites, yielding a

resin containing orthomethylol groups and para-methylene links

(Saunders, 1973). Formation of para-para (p-p) bridges is much

faster than ortho-ortho (o-ó) or ortho-para (o-p) bridges under both

acidic and basic conditions (Woodbrey et. al., 1965). Likewise, a

p-p dimer is slower at further reaction than an o-p, because the o-p

dimer still contains an active pare position (Troughton, 1972). The

para position on ONP is about twice as reactive as the ortho-

position on PMP (Yeddanapalli and Francis, 1962).
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Most agree that the reaction of two methylols is faster than

a methylol with a ring carbon. At high concentrations of NaOH

and formaldehyde, methylene bridges formed between methylols and

yielded formaldehyde and water (DeBruyne and Houwink, 1951). In

dilute aqueous conditions PMP tended to react its methylol with

another methylol rather than an aromatic carbon, and when excess

phenol was added, reaction occurred mainly at phenol's para position

(Yeddanapalli and Francis, 1962). Self condensation of methylols

generally is reported to be faster than with phenol andthe free

nuclear positions on the methylolphenols are more reactive than

phenol except for PMP (Francis and Yeddanapalli, 1969). However, in

a relatively recent study Troughton (1972) found that the formation

of p-p is about five times faster reacting PMP + P rather than two

PNP . The reaction of OMP + P is .86 times the rate if 2 OMP's

were used, the opposite effect as PMP's. And the production of o-p

with OMP + P is 8.6 times faster than the production of o-o with

these reactants. Dimethylolphenols are the most reactive toward

condensation (Van Epps, 1944). In summary, the para position appears

to be the most reactive toward condensation especially on an ortho-

methylolated phenol.
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3. Side Reactions

a. Cannizzaro

The Cannizzaro reaction usually is considered to be an undesirable

pathway by which two moles of formaldehyde are replaced with one mole

each of methanol and formic acid. This reaction is shown in Equation

19 and is favored at very high NaOH concentrations. This side re-

action is considered most important because 3-5% formaldehyde loss is

attributed to it. The Cannizzaro reaction explains the appearance of

acid in a neutral formaldehyde solution (Drumm and LeBlanc, 1972).

Condensation reaction rate constants are about 1 x 10-5 but Can-

nizzaro of formaldehyde has a rate constant of 1.25 x 10-3 at 50oC in

50% NaOH. So, measuring the rate of condensation reaction by loss of

formaldehyde gives erroneously high rates (Paul and Bcchkareva, 1964).

The Cannizzaro reaction is usually controlled by lowering the

NaOH concentration. For instance, when the NaOH -to-formaldehyde

ratio (C/F) is between .07 and .14 (Stephen et. al., 1948) or .12 and

.20 (Lambuth, 1966), no Cannizzaro products were seen. Small additions

of NaOH at the beginning of the resin cook curb Cannizzaro, when

NaOH is less than 10% of the free formaldehyde (Van Epps, 1944).

SM.

( 19)
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b. Hemiformal formation

Equilibrium between methylol and hemiformal derivatives,

Equation 20 , is most significant when methylolation nears completion

in caustic (Zavitsas, et. al., 1968). The presence of hemiformals

has been detected by GLC and pNMR (Drumm and LeBlanc, 1972); they are

stable enough to yield acetate derivaties (Zavitsas et. al., 1968).

OH OH

OH + n (HOCH2 OH)
cH2-(0 -CH2 -)n-OH

(

2
+n

1120

20)

0
At pH's greater than 10, an abrupt change in methylolation

kinetics is seen at 50°C to 60°C and attributed to hemiformal pro-

duction (Walker, 1964). Whether the methylol group is in the ortho

or para position is not important, but hemiformals are not formed with

the phenolic hydroxy.
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4. Effect of Temperature on Resin Synthesis

The major effect of temperature is seen in the first part of

the cook during the methylolation stage. Enhanced methylolation

is accomplished between 38oC and 71oC (Redfern, 1953). Above 79oC,

condensation is favored over methylolation, especially over multiple
_ . .

methylolation. In dilute aqueous solutions the o/p substitution is

independent of temperature in the 30-90°Crange. However, at higher

concentrations the o/p increases with heat (Drumm and LeBlanc, 1972).

During the condensation reactions occurring later in a resin

cook, temperature influences the rate of the reaction but not the

final composition (Duval, et. al., 1966).



5. Effect of F/P Mole Ratio

The primary effect of adding proportionally more formaldehyde

supposedly is to increase the resin's reactivity. A faster curing

resin is produced with a higher F/P (Saeki, 1979) but a curable

resin can be produced with F/P less than one because polyalcohols

will crosslink while excess phenol leaves the glueline (Martin, 1956).

However, in a very rapid reaction at high F/P, all monomers are con-

verted presumably to higher molecular weights as judged from viscosity

increases (Gumprecht, 1969). Higher molecular weights are obtained at

higher F/P presumably because more methylolation takes place (Duval,

et. al., 1972). But none of these studies have documented that the

viscosity increases are due to molecular wei2ht increases.

Too much formaldehyde can be added to a resin. The undesirable

formaldehyde odor is detected and the resulting resin may be too

brittle (Saeki, 1979). Typically, the formaldehyde concentration

diminishes during a cook rapidly at first but levels off or actually

increases toward the end (Lambuth, 1967). Several additives have

been proposed to control this extra formaldehyde: phenol (Lambuth,

1967), ammonia (Stephen, et. al., 1948), excess NaOH (Van Epps,

1944), or alcohols (Lambuth, 1966). Having at least 3% formaldehyde

in a resin provides more stability by hemiformal production, so it

may actually be added at the end of the cook (Higginbottom and

LeBlanc, 1969). Under the same conditions, a 2.5 F/P resin showed

almost eleven times more free formaldehyde in the final resin than a

1.37 F/P. Formaldehyde added in later stages of a cook will prefer-

ably react at the para position of ortho-methylolated compounds

(Duval, et. al., 1972).

31
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The ratio of formaldehyde to phenol has been a major variable

used to control phenolic resin properties. The first major indust-

rial resin was made according to the procedures of Van Epps (1944).

This resin had an F/P range of 2 -4.3.5, but much formaldehyde

probably was lost through Cannizzaro because all NaOH was added

initially. The Stephen, Jarvi, and Ash resin obtained a higher

reactivity but ammonia was needed to control formaldehyde odor

(Stephen, et. al., 1948). Redfern's approach to resin snynthesis

allowed a much larger F/P range (1-4.-3) because more condensation

and less Cannizzaro was enabled by multiple additions of NaOH

(Redfern, 1948).

6. Effect of NaOH on Resin Synthesis

The effect of NaOH on both methylolation and condensation

reactions has been discussed, but the addition of NaOH to a

phenolic resin also helps in the control of resin viscosity.

In the later stages of condensing a resin, stable hydrogen

bonds are formed between the polymers in a liquid phase (Redfern,

1948). The effect of NaOH additions at this time is to keep the

resin in solution and decrease its viscosity. A two-phased resin

will be produced if cooked too long with an inadequate amount of

NaOH (Wagner and Greff, 1971). For instance, the Redfern patent

(Redfern, 1953) described a cook in which the resin is cooked until

a sample is cloudy when cooled, then NaOH is added to bring it

back into solution. Another method also uses stepwise additions of
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caustic but the resin is cooked until further additions will not

further decrease the resin viscosity. However, the most NaOH

that can be added in a resin should not exceed 0.80 moles per mole

phenol (C/P) (Lambuth, 1966).

The precise effect of the NaOH addition is not fully under-

stood. Methylol groups may possibly be cleaved or intermolecular

H-bonding may be interrupted, either of which lowers viscosity

(Lambuth, 1967). NaOH additions decrease viscosity drastically

at first, then gradually. After that, viscosity will increase when

still more NaOH is added (Stephen, et. al., 1948).

The sodium is not believed to be chelated or directly bound by

the phenolics, but rather trapped by the resin rings (Tobiason,

et. al., 1973). However, it is believed that OMP tied up very little

Na compared to the other phenolics.



C. ANALYZING MOLECULAR COMPOSITION OF RESOLES

Although many techniques have been developed to quantitate one

specific chemical component, such techniques are inadequate and very

time consuming for phenolic resins, simply because these resins con-

tain such a broad array of components.

Distillation has been used as a method for separating phenol

from other components in a resin (Smith, et. al., 1952). This method

yields low phenol contents when analyzing heat-reactive resins, prob-

ably from encouraging further chemical reactions.

Fractionation is a term used to describe the separating of com-

ponents from one another in a mixture. Before chromatography, samples

had to be fractionated by extraction, fractional precipitation, or

fractional crystallization (Troughton and Rozon, 1972). These fractions

were then analyzed by viscometry, light scattering, or osmometry, all

time-consuming methods. These methods attempted to isolate mixtures

containing as few individual compounds as possible but took a long time

and gave rather unreliable results with resoles of low stability (Duval,

et. al., 1972).

Quantitative paper chromatography was developed for phenolics by

Freeman (1952) and was considered to be a technological landmark at that

time. His meticulous technique required four samples and six standards

to be run on every sheet and development of a new curve for concentration

versus spot weight for each compound in every chromatogram. The main

sources of error were from judgingspot edges and the volatilation of low

34
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molecular weight compounds from spots before weighing. In fact,

phenol could not be analyzed by this method because of spot evap-

oration (Freeman, 1952) and had to be accounted for by difference

(Freeman and Lewis, 1953). Improvements in Freeman's method were

made by Reese (1954) using two-dimensional techniques involving

separation in one direction with aqueous solvents, then turning

the paper 90 degrees and using low pH organic solvents to separate

compounds within a class. Thin layer chromatography works like paper

chromatography but takes more work in plate preparation and handling.

The disadvantages of these methods are the large time requirements,

the amount of work involved, and the low sensitivity for analyzing

of phenol.

Gas chromatography (GC) and gas liquid chromatography (GLC) are

acknowledged method of quantitatively analyzing PF monomers if used

in conjunction with nuclear magnetic resonance (NMR) spectroscopy

(Higginbottom, et. al., 1965). Methods of phenol analysis by GC have

been described (Zavitsas, et. al., 1968) and the acetate derivatives

of methylol-phenols also studied (Troughton and Rozon, 1972). But

these techniques require that most phenolics be converted to volatile

derivatives. Acetylating resins is tedious and requires that the

samples be precipitated, extracted with ether, and dried to remove

water. Loss of free phenol occurs during acetylation (Higginbottom,

et. al., 1965) and the precipitating and washing may change the resin.

Silylation, or the converting of methylols to trimethylsilylethers to

make them more volatile, is done for the same reason as acetylation

and inherits many of the same problems.
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Spectroscopic methods such as proton nuclear magnetic resonance

(NMR) (Woodbrey, et. al., 1965) infrared (IR) and ultraviolet (UV)

have been used to study PF resoles. NMR methods appear to be satis-

factory for studying branching and linkage types. IR was used to

quantitate unreacted phenol in resin but no mention was made of

analysis for other individual compounds (Smith, et. al., 1952). UV

has been used to quantitate the degree of cure of phenolic resins

(Chow and Hancock, 1969).

High pressure liquid chromatography (HPLC) using adsorption or

reverse-phase columns is a viable approach to separating phenolic

monomers and possibly dimers, but larger molecules are too attracted

to the columns to be eluted. In addition, compounds elute from such

columns in no specific order, requiring thorough analysis of each

eluent to identify it. Care must be taken to protect the adsorption

columns from semi-permanent association of sample constituents with

column packing material.

For the reasons cited, all of the previously mentioned techniques

were rejected as inappropriate for my objectives. Instead, gel

permeation chromatography (GPC) was selected and is described in the

following section.
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1. Gel Permeation Chromatography

Gel permeation chromatography (GPC) is the separation of com-

pounds, dissolved in a liquid, by their molecular size. In 1960,

Moore prepared gels (Moore, 1968) which contained pore sizes con-

trolled by the degree of crosslinking in these synthetic polymers.

The gel particles were hollow, three-dimensional beads and the pore

sizes in the particules were chosen to be approximately the same size

as the molecules to be studied (Aldersley, et. al., 1969). - When con-

nected to an HPLC, the system eluted large molecules earlier and

smaller molecules later, making GPC useful as a way of approximating

a resin's molecular weight distribution (Wellons and Gollob, 1980).

GPC is based on the premise that the degree of permeation of a

molecule into a solvent-swollen gel is dependent on the molecule's

size, with small molecules permeating much easier (Gardikes and Konrad,

1966). A solvent stream carries polymers through columns packed with

porous particles of known size (Wellons and Gollob, 1980). The pores

separate the sample according to size, the smaller molecules requiring

more time to transverse the column. The larger molecules are excluded

from entering many pores and move between the gel particles, hence are

eluted earlier.

When interpreting GPC scans, one must remember its operational

principles. For instance, GPC separates on the basis of molecular size,

not molecular weight (MW) and a linear molecule of the same MW will elute

earlier than a branched molecule (Drott and Mendelson, 1970). Inter-
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actions with solvent also must be considered. H-bonding between

polymers can yield a higher apparent molecular weight (Edwards and

Ng, 1968). Adsorption can be a problem if polymers display an

affinity toward the packing material (Wellons and Gollob, 1980).

An example is the adsorption of high MW polymers containing hydroxyl

groups into vinyl acetate-based gels (Hope, 1973). Silica-based gels

may contain many exposed hydroxyl groups and phenolic polymers may

adsorb to them (Woodbrey, et. al., 1965) unless the packing is exten-

sively reacted with nonpolar groups. Aromatics showed a slightly

smaller apparent volume, possibly from adsorption onto the packing

(Edwards and Ng, 1968).

Columns must be calibrated with the kind of molecules being studied,

and the columns deteriorate in time, especially at higher temperatures

(Hazell, et. al., 1968). However, once calibrated, GPC columns are

insurpassible in describing molecular size distributions (Armonas, 1970).

Their best resolution is with lower MW (few thousand) molecules which may

be reactive or may be nonvolatile, ie., sample conditions that GC columns

can not tolerate(Edwards and Ng, 1968). Analysis of low MW constituents

(monomers, catalysts, carrier solvents) is an important phase of polymer

characterization which GPC does well (Larsen, 1969). For example, free

phenol in resins has been easily quantitated using a refractive index

(RI) detector and 16,000 MW polystyrene as an internal standard (Tsuge,

et. al., 1973). Separations of low MW compounds containing only slight

structural differences, but possessing organic functional groups can be
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achieved (Edwards and Ng, 1968). This may be partly caused by

solute-solvent interactions. GPC analysis of low MW phenolic

is easy because standards are available to calibrate the columns,

while accurate high MW analysis must rely on detectors (such as

lasers or viscometers) downstream of the column (Wellons and Gollob,

1980) if one is to avoid using one of the many "universal calibrat-

ion curves" found in the literature.

Thus, GPC is ideal for the objectives being pursued here.



Chapter III

EXPERIMENTAL

The experimental approach used in this study was straight-

forward. Phenolic resins were prepared to represent a range of

synthesis variables and molecular characteristics. During resin

synthesis selected properties of each resin were monitored:

viscosity, phenol and formaldehyde content, and molecular size

distribution. The reactivity and solids content of the finished

resin was then determined, and the properties of each resin related

to resin synthesis variables. Because the reactants and the result-

ing chemical reactions could be carefully controlled, replications

were not needed to assure repeatability. To test this assumption,

a number of the resin cooks were repeated and the same results were

obtained for the same reaction conditions.

40



A. DESIGN OF THE EXPERIMENT

Figures 3 and 4 . The NaOH additions were: 1st NaOH at the

41

beginning of the cook, 2nd NaOH at viscosity = 32,000 48,000

centipoise, 3rd NaOH at viscosity = 12,000 --P.16,000 centipose. These

additions are described in Table 2 .

Two heating rates were studied: a "regular" cook was one having

a rate of heat-to-ref lux of 2.8°C/min, at the beginning of the cook,

and a "methylolated" cook was reacted at 60°C prior to ref lux until

the formaldehyde content dropped below 2%. Both types of cook then

were reacted at ref lux for 17 minutes followed by reaction at 85°C

The resin synthesis parameters and their ranges were suggested

by resin industry personnel from two different companies. At their

suggestion I evaluated the mole ratio of formaldehyde-to-phenol (F/P),

the mole ratio of NaOH to phenol (C/P), NaOH being added in

three separate steps and the effect of the initial temperature for

resin synthesis. Table 2 shows the experiment layout. The range

for each variable was selected to study these effects at both extremes

as well as near an optimum.

Mole ratio of formaldehyde-to-phenol in the resin was varied

between 1.9 and 2.5. Total NaOH mole ratio ranged between 0.45 and

0.75. These cooks involved three NaOH additions delivered at pre-

selected viscosities which are the peaks on the viscosity curves in
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until the second NaOH addition, 79.5°C until the third NaOH

addition, and cook termination by cooling to 25°C. The two temperature

profiles are shown in Figures 3 and 4 .

Analysis of resin samples occurred at specific stages in the cook

to determine formaldehyde and monomer content. Formaldehyde sampling

during the heating to ref lux and into ref lux was at intervals of about

three minutes. Sampling for monomer and molecular size distribution

was at the times shown in Figures 3 and 4 . Samples for measuring

viscosity were at five minute intervals after ref lux until the end of

the cook.



Table 2. Cooking Parameters and Their Ranges

EFFECT OF MOLE RATIO OF F/P AT A TOTAL NaOH OF 0.60 C/P

B. EFFECT OF TOTAL NaOH AND NaOH ADDITION AT F/P = 2.2

C. EFFECT OF METHYLOLATION STEP WITH THREE NaOH ADDITIONS
(C/P = 0.15 + 0.20 + 0.25 = 0.60)

Cook
Number Temperature Program Mole Ratio F/P

16 "methylolation" 1.9

17 Initital hold at 2.2

18 T = 60°C 2.5

1 "standard" 1.9

4 heat straight 2.2
7 to reflux 2.5
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Cook
Number

Mole Ratio
F/P

Mole ratio C/P

1st NaOH 2nd NaOH 3rd NaOH Total NaOH

1 1.9 0.15 0.20 0:25 0.6

2 1.9 0.25 0.20 0.15 0.6
3 1.9 0.35 0.20 0.05 0.6
4 2.2 0.15 0.20 0.25 0.6
5 2.2 0.25 0.20 0.15 0.6
6 2.2 0.35 0.20 0.05 0.6
7 2.5 0.15 0.20 0.25 0.6

8 2.5 0.25 0.20 0.15 0.6
9 2.5 0.35 0.20 0.05 0.6

Cook
Number 1st NaOH 2nd NaOH 3rd NaOH Total NaOH

10 0.15 0.20 0.10 0.45
11 0.25 0.20 - 0.45
12 0.35 0.10 - 0.45
4 0.15 0.20 0.25 0.60
5 0.25 0.20 0.15 0.60
6 0.35 0.20 0.05 0.60

13 0.15 0.20 0.40 0.75
14 0.25 0.20 0.30 0.75
15 0.35 0.20 0.20 0.75



COOK TIME (MINUTES)

Figure 3.
Temperature and viscosity profiles for "regular" cook with molecular
weight sampling times marked with an X.
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Figure 4.

Temperature and viscosity profiles for "methylolated" cook with
molecular weight sampling times marked with an X.



B. RESIN SYNTHESIS

46

1. Apparatus

Resins were synthesized in a two-liter Pyrex kettle with a lid

held in place by a gasketed brass ring. The lid had four ground glass

ports used as follows: entrance for stirring rod shaft, cooling coil

entry and exit, sampling port, and temperature thermister. The kettle

was supported by a large stationary ring in a 17" by 11" metal box

lined with aluminum foil to reflect the infrared rays from two 50-watt

infrared lamps mounted 1 cm from opposite sides of the kettle.

Cooling coils were stainless steel tubing (4 mm inside diamter)

of sufficient length to form 4 loops inside the circumference of the

resin kettle. The resin was mixed with an Inframo RZRI-64 mechanical

stirrer, using a glass stir rod with Teflon paddles inserted into the

resin kettle through a lubricated sleeve. The kettle and apparatus

was located under a ventilation hood. An allihn condenser with a 40 cm

cooling jacket was used to trap vapors from the heated resin. The

cooling water was adjusted so that the condensing vapor climbed no

higher than one-third the column height.

An 8-inch termister probe coiled with an iron-constantan thermocouple

was inserted through a rubber stopper into the kettle. The thermister

was connected to a Yellow Springs Instruments Model 63RC ThermistempTM

to control the heating lamps and flow of cooling water. The iron-constantan

thermocouple was connected to an Esterline Angus Multipoint Recorder



Model E1124E, to record temperature every 12 seconds.

To sample the resin I used a 50 ml plastic syringe connected

with hose clamps to a 50 ml pipette.

2. Materials

Formaldehyde ( 50% solids) was received and stored in glass

gallon jugs or collapsible plastic containers in an oven (60°C) under

a ventilated hood. Formaldehyde was stored for more than six months

at 60oC and was assayed periodically confirming that its formaldehyde

concentration did not change.

To assay the formaldehyde stock solution, approximately 40 g of

that solution was weighed (±0.01g) into a tared 100 ml volumetric

flask, diluted to approximately 100 ml with distilled water, and re-

weighted to -±0.01g. About 1 gram of this solution was weighed to

±-0.001g into a tared 150 ml beaker, then about 20 ml H20 added and

mixed. The solution was then acidified with dilute HC1 to a pH of 3.3,

the pH of 0.5N hydroxylamine hydrochloride (NH2OH HC1), then 30 ml

NH2OH
HC1 was added, mixed, and allowed to react at least 5 minutes

after which the solution was back-titrated with 0.125N sodium hydroxide

(NaOH) to a pH of 3.3. The percent formaldehyde was calculated by

Equation 21.
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g of i g of
formaldehyde 1 liquid
stock solutions dil. sample

.2.
( 21)

Phenol was received and stored in collapsible containers as 90%

aqueous solution. Fifty percent aqueous NaOH was stored in a plastic

carboy fitted with a filter containing AscariteTM to keep carbon dioxide

from entering. I titrated with standardized HCL a solution to which the

NaOH had been added to determine the exact NaOH concentration

(47.7%).

3. Cook Procedure

Before starting a cook I calculated the proper amount of each

chemical to yield 2200 grams of resin of 47.7% solid. To achieve the

proper amount of NaOH for the second and third additions, I had to

estimate the amount of resin taken from the kettle for samples and not

returned to the kettle. From experience I found the total mass of resin

samples withdrawn before the second and third NaOH to be approximately

90g and 60g,respectively. These values were used in Equations 22

through 33 below to calculate the required quantities of each ingredient.
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gof NaOH
100 (100%) for 10.125 x 10-3 moles (30.03 g/mole)
ml back

1

L_ ml
'sol., titrationj

Formaldehyde =
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-7, 7'0.01;NaOH:I_
moles I

,
Iphenol ; INaOH/

lphenol. 'mole ratioi !mole ;

g. Liquid NaOH =.....; ... - -

(NaOH concentration (%) 100

(2Z
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Total
Chemical=liquiq
Solids

Total
Initial

=
Kettle

,--

1

;phenol ,g.

g. !concen-I Iliquid
J !

1tration! + Iformalde-

tormalde-I

hyde I

f

con cen- I

tration +

NaOH1! I

!

g. concen-1 II ,,
liquid: Itrationl (4o)
NaOH ' :)----=()_.

;-

(27)

2henoll 100 ' !hyde

g.
g. liquid 3.

22003 = liquid + formalde- + liquid

_ 100 i

+ g.

Charge
phenol hyde NaOH H,0

g. H20 = 2200g - Total Initial Kettle Charge (28)

1st Na0g7
phenol , ,- --7 7

; I

1st mole ; moles I 40.01 g.

Liquid ratio i 1.phenol l INa0H/molei- - :...._ !...: .... ......i
(29 )

NaOH
addition 0.477 NaOH solids content

(moles phenol) (94.11g phenol/mole)
(23

(24

(25)



wt. fraction
phenol before
2nd NaOH

2nd
liquid
NaOH
additions

Weight
fraction
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weight
fraction
phenol

=before
2nd
NaOH

rt.
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phenol before
2nd NaOH

'moles phenoi-
'initially
Ladded

total initial kettle charge

total
initial
kettle
charge

94.11 g
phenol/mole

qam./.

moles
he no

94.1

-Trd -
NaOH:
phenol
ratio

( 30)

40.01g 1/0477
NaOH

{-

NaOH
Solids

( 33)
mole

Content U-10
...

Weight
3rd Ifraction resin resin
liquid Iptienol otal sampled 2nd sampled
NaOH = jbefore initial - before + liquid - before
add- I3rd ettle 2nd addi- 3rd
ition tffaOH ltharge NaOH tion NaOH

2nd
g resin moles NaOH; f40.Oig 0.477

- sampled phenols phenol Na0H/ NaOH ( 31)
before
2nd Na0

94.11g mole
ratio_

Imole solid
content

[-

g resin sampledtotal initial
kettle change before 2nd NaOH ( 32)

before total initial g resin sampled 2nd liquid
3rd NaOH kettle charge before 2nd NaOH NaOH addition
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added the chemicals to kettle in the following order: first

NaOH addition, followed by rinsings from the weighed distilled

water flask, and then phenol followed by additional rinse water. The

stirrer was turned on and temperature set to 32.2°C to allow cooling

from the exotherm from the NaOH dilution.

The cook commenced by adding formaldehyde and heat. The formalde-

hyde was taken from the storage oven and poured into the mixing kettle

followed by rinsing with the remaining distilled water. The time

clock was then started and the temperature control was set.

The resin was heated to ref lux (102°C) and held there for 17 minutes

before cooling to 85°C. At this time I started measuring viscosity

to estimate the time when viscosity would be between 32,000

and 48,000 centipoise. At that time the second NaOH addition was

added. After this addition, temperature was lowered to 79.5°C and again

viscosity was followed until it reached 12,000 to 16,000 centipoise at

which time the third NaOH was added. Temperature was then lowered

quickly to 25°C by increasing flow of cooling water to terminate the

cook.



Formalde-
hyde = (100)

in
kettle

C. RESIN ANALYSIS

1. Formaldehyde Content

Samples for formaldehyde concentration were taken about every

three minutes, starting at one minute and continuing to a time of

about 28 minutes for a cook with a regular heating time to ref lux.

I usually stopped sampling when the resin solution precipitated

(turned milky-white) upon addition of the required amount of hydro-

chloric acid. A one-half gram sample was weighed in a tared 150 ml

beaker, mixed with 10 ml distilled water, and acidified with dilute

aqueous hydochloric acid until it reduced to the pH of 0.5N hydro-

xylamine hydrochloride (pH 3.3) using a Beckman Expandomatic SS-2 pH

meter. This solution was mixed with 30 ml of 0.5N hydroxylamine

hydrochloride(which was approximately a 5:1 mole ratio of NH2OH. HCL-

to-CH2
0) and allowed to react at least five minutes before back-

titrating with 0.125N aqueous sodium hydroxide. The percent formalde-

hyde in the resin kettle was calculated by Equation 34

Tia of7 E -0.125- -30.03

0.125N1 moles CH 0/

NaOH 1 1000 ml Na0H/i more

g of resin sample

( 34)
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2. Phenol and Molecular Size Analysis

Samples of resin were collected in the 50m1 sample syringe

described earlier. The syringe was flushed several times with

resin then 1 gram of resin was placed in a tared 150 ml beaker.

The resin sample was weighted to t 0.001g and diluted with approxi-

mately the same weight of cold distilled water. Samples taken later

in the cook frequently were diluted with additional water. Then

either the whole sample or a weighed portion was diluted with a

predetermined amount (see Equation 35 ) of a TI-IF/water solution

(11.25/1 v/v), neutralized to a pH of 7 with 0.5N aqueous acetic acid,

and injected into the high pressure liquid chromatograph (HPLC). The

estimated THF/H20 addition was calculated using 1.65% as the target

phenolic concentration for the sample.

The actual concentration of phenol in the sample was computed

from the known amount of acetic acid and other additives using

Equation 36.



ml
THF/

1120

( %

phenolic =(100).

g resin 4. g 1120

sample added

I.9040

g THF/H

ml

11.65%
100

phenol

diluted
resin
sample

ml lg

diluted Acetic Idiluted Acetic

1.65% resin + Acid Iresin Acid

100 sample sol._ sample_., solution

in kettle/100) (g resin sample)

-

ml

g THF L11

sample
(35)

( 36 )

ig diluted + 2
H 0g resin g

resin sample sample added

I - i
phenoll of diluted
in esin resin
kettle ample sample
_100 .i _

+
sol. sol

ml lg

Acetic Acetic THF/

Acid Acid +
1120
sol.

9040 g. Till?sol.

1120

ml
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The liquid chromatograph consisted of: 1) a Waters Associates

M600A chromatography pump delivering filtered (0.5/o_ pore size)

(rHF/H20 95/5 v/v) at the rate of 1.3 ml/minutes, 2) a U6K injector,

3) Waters AssociatesK-Styragel gel permeation columns in series (one

500 and three 100 A), 4)and a Waters Associates Model No. 440 UV

adsorbance detector measuring at 254 monometers. The sensitivity of

the detector was selected to keep all peaks on scale when the output

was recorded with a Houston Instruments Omni Scribe recorder with

chart speed at 1 cm/minute.

A clean syringe was flushed several times with pure THF, rinsed

two to three times with the sample to be injected, then filled to the

proper volume, typically and injected into the system.

Under our conditions the earliest the samples were detected (the

higher molecular weight fractions) was 13 minutes. The last of the

sample eluted after 26 minutes. A typical chromatogram from a sample

taken midway in a cook is displayed in Figure 5. Depending on when

during the cook the sample was taken, the number of peaks varied but a

phenol peak at 26.3 minutes from the iniection mark was always evident.
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Elution time

Figure 5

GPC Chromatogram showing baseline designation under phenol and OMP

peaks.
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To determine the amount of phenol and methylol phenol in

a sample, the areas under selected peaks of the UV curve were

measured by tracing the curves on a Hewlett Packard 9864A

digitizing grid interfaced with an HP 9825A minicomputer. A

baseline was manually drawn under these curves and the computer

calculated the grams phenolics injected, total area under all

curves, individual areas under monomer peaks, and UV response

factor for all curves (total area/g phenolics injected) using a

common density of 0.936 g/ml for the injected solutions as

in Equation 37. Equation 38 describes the calculation of

phenol and methylol phenol concentration in the resin using a

response factor (area/gram monomer) of 2799 for phenol (P) and

1537 for ortho-methylophenol (ONP).

% monomer Area under 1

in = [ponomer peak)

resin 'Response factor

tof monomer (area/01

,% phenolics

Lin resin J

iPhenolic sample

Lmass (g) ( 38)

57

Mass of
phenolic
sample (grams)

= (0.936 g/ml )
inicrolitera
injected j

1% phenolicsx 10
in sample

(



3. Viscosity

About 3 grams resin from the kettle were placed in a test

tube (11 mm. diameter) which was placed in a test tube rack

partially immersed in a water bath at 25°C. Three minutes (or

more)later a small portion of the resin was transferred to the

lower plate of a Haake Roto-Visco Electrical Rotary Viscometer

with PKI plate and cone spindle controlled to 25°C. A rotation

speed was then selected for a meter reading between 40 and 100.

Viscosity was calculated using Equation 39 with K =7.53 for our

apparatus. The value of K was determined from Brookfield

viscosity standards.

Viscosity
(centipoise)

= (meter reading) (rotation setting) K (39 )

Before another viscosity was measured, the apparatus was cleaned

with methanol to remove resin, blown dry, and allowed about one

minute to equilibrate to 25°C.
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Gel Time

After terminating a cook, two 130g samples were saved for

gel time measurement. A plunger (11 cm long x 2.2 cm disc) for

a TECAM gelation timer (Gt-4) was placed in the resin sample in

a jar partly immersed in an oil bath (80°C). The plunger was

adjusted so that the bottom of the down-stroke was about one inch

from the bottom of the jar. The timer was zeroed and the plunger

began cycling up and down until the viscosity of the resin restricted

further movement, at which time the timer stopped automatically.

Resin Solids Content

The method used was the standard adopted by the West Coast

Adhesive Manufacturers Association (Method 2.2) and involved curing a

small resin sample (about lg) in an oven at 125°C for exactly one

hour and 45 minutes, and cooling it in a desiccator before weighing.

Three replications of solids in the liquid phenolic resin were

calculated from Equation 40 and averaged.

(wt. pan and cured resin - pan wt.) 100

nonvolatile (wt. pan and liquid resin - pan wt.)
(40)



Chapter IV

RESULTS AND DISCUSSION

Although the variables included in this study interact

considerably with one another, I have for convenience isolated

their effects as much as possible in the following .discussion

by showing results at selected mole ratios. Curves describing

the temperature and viscosity as well as changes in chemical

composition during all cooks are presented in the Appendix.

60



61

A. EFFECT OF FORMALDEHYDE-TO-PHENOL MOLE RATIO (F/P)

1. Chemical Composition

Increasing the mole ratio of F to P increased the rate of

polymerization and the reactivity of the resulting resin, according

to all chemical and physical properties I measured. When more

formaldehyde was added to a resin cook (higher F/P), the percent

formaldehyde diminished more slowly (Figure 6) and more formalde-

hyde was seen in the cooked resin (Table 3). But this higher

formaldehyde content was not the result of reduced reactivity. The

higher formaldehyde content at lower levels of the first NaOH

addition will be discussed later. The unpolymerized phenol content

of the cooked resins was quite low for all mole ratios (Figure 7).

Ortho-methylolphenol (OMP) content decreased to essentially zero

for all resins at the end of the cook; however, differences were

seen during the first part of the cooks. Figure 8 shows that at 13

minutes after start of the cook the resins at 2.2 and 1.9 mole ratios

were higher in OMP content than those at 2.5. But at 53 minutes the

resin at 1.9 at mole ratios still contained a significant amount of

OMP while the others diminished to zero. These curves of OMP content

illustrate the dynamic balance between OMP production and OMP consump-

tion via further methylolation and condensation. With more formaldehyde

present, OMP presumably was formed faster but also reacted faster

with more formaldehyde to form di- and tri-methylol phenols. At
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lower mole ratios of formaldehyde, this process of further

methylolation was slowed. The fact that the curves of phenol

consumption (Figure 7 ) were equivalent at F/P = 2.2 and 2.5

suggest that both cooks formed methylol phenol at the same rate.

But the lower concentration of OMP at F/P = 2.5 (Figure 8 )

illustrates the more rapid conversion of OMP by further methylol-

ation under these conditions. The fact that methylolation of OMP

was limited by the amount of available formaldehyde while methylol-

ation of phenol (above F/P = 1.9) was not, appears to disagree with

Saunders' view (1973).

Figures 9-411are gel permeation chromatographs (GPC) showing

samples taken at similar cook stages for cooks of each mole ratio.

These stages are defined by Table 4 . Higher molecular weight

fractions elute first and appear on the left side of the graph. The

13-minute samples (#2) for the 2.2 and 2.5 cooks were almost identi-

cal but those at 1.9 mole ratio contained a larger portion of low

molecular weight material. The same pattern continued for samples

#3 and thereafter; the monomer peaks decreased and higher molecular

weight peaks increased to a greater extent with increased F/P mole

ratios, again confirming that higher formaldehyde-to-phenol mole

ratios resulted in greater reactvity.



F/P*
Mole
Ratio

Table 3. EFFECT OF F/P MOLE RATIOS

AND Na011 ADDIT/ONS ON RESIN PROPERTIES

Cook Conditions: Total Na011/P = .60

NaOH 80°C Non- Formalde-

Addition Gel Volatile hyde Phenol

Sequence Viscosity Time Content Content Content

1,140H/P* (cps.) (min.) (%) (%) (Z)

OMP*
Content

(X)

1.9 .15 + .20 1- .25 740 169 43.6 0 0.2 0.1

1.9 .25 4 .20 + .15 836 208 42.2 0 0.4 0

1.9 .35 + .20 + .05 4,913 126 42.4 0 0.3 0.1

2.2 .15 + .20 V .25 400 89 42.3 1.2 0.1 0

2.2 .25 + .20 + .15 407 212 42.8 0 0.1 0

2.2 .35 + .20 + .05 4,744 107 42.4 0

2.5 .15 + .20 + .25 1,024 30 43.6 3.1 0.5 0.2

2.5 .25 + .20 + .15 2,370 30 42.2 3.1 0.8 0

2.5 .35 1- .20 4 .05 4,182 73 42.9 0 0.3 0

OMP = orthomethylolphenol

F/P = Formaldehyde/phenol mole ratio

Na0H/P = Na0H/pheno1 mole ratio
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Figure 6 .

Formaldehyde consumption during cooks with three different F/P.
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Phenol consumption during cooks witn three different F/P.

1 JL L
1.148E+02 1.723E+02 2.297E+02 2.8/1E+02

COOK TIME (MINUTES)



el

0.000E-01 5.742E+01

ALL COOKS WITH NAOH/P .25 + .20 + .15 .60

1

1

148E+02 1.723E402 2.297E+02 2.871t+02-
COOK TIME (MINUTES)

Figure 8.

OMP consumption during cooks with three different F/P.
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12 16 2111 32

Elution Volume (ml)

Figure 9.

GPC chromatograms of a F/P = 1.9 resin cook.
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"Figural°.
G2C chromatograms of a Y/P = 2.2 resin cook.
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Figure 11.

GPC chromatograms of a F/P = 2.5 resin cook.



Table 4. Sampling sequence during resin cook

Sample
Stage during cook

Number

70

1 initial sample at 1 minute after formaldehyde addition

2 13 minutes into heat up

3 10 minutes into ref lux (about 34 minutes)

4 10 minutes after ref lux (about 53 minutes)

5 when viscosity reaches 600 cps.

6 when viscosity reaches 5,500 cps.

7 just prior to second NaOH addition

8 1 minute after second NaOH addition

9 when viscosity reaches 5,000 cps.

10 after termination of cook
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2. Viscosity and Gel Time

Generally the cooks progressed to the first viscosity window

more quickly the higher the F/P mole ratio (Figure 12). The time

required between the first and second windows followed this same

sequence. Both these observations support the GPC results of

greater reactivity with higher mole ratios as mentioned by Saeki

(1979). Viscosity of the cooked resin should reflect the molecular

weight of the resin if the same amount of NaOH was added in the

same sequence. Thus the higher viscosities with higher F/P mole

ratio (at constant NaOH addition sequence) again supports the

belief that higher F/P resulted in greater reactivity. Viscosities

differed considerably with different NaOH addition sequences,

because NaOH thins the resin (reduces the viscosity) by disrupt-

ing hydrogen bonding. This effect is discussed further as an effect

of NaOH.

The effect of phenol additions to a cooked resin was explored

to verify the effect of average molecular weight. Those results

appear in Table 5 . A three percent (of total resin solids)

phenol addition caused the viscosity to increase. But if phenol was

added with NaOH in the right proportions to preserve the Na0H/

phenol mole ratio of 0.60, the viscosity actually dropped, as would

be expected with a lowering of average molecular weight. The
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viscosity increase when only phenol was added was caused by a

lowering of the Na0H/phenol mole ratio resulting in proportion-

ately less phenate ion and more phenolic polymer association.

Gel time was measured in this study by cycling a plunger

through the heated resin (80°C) until a limiting viscosity was

reached and stopped the timer. Thus the gel time data in

Table 3 depended not only on resin reactivity but viscosity

changes occurring through evaporation and differences in resin

NaOH content. Figure 13 and Table 3 both support the trend

of increased reactivity and shorter gel times with increased

mole ratio of F/P.

With a three percent phenol addition to a cooked resin, the

gel times increased (reduced reactivity) even though the viscosity

increased also (Table 5 ), presumably because the average molecular

weight was lowered. But, gel times remained essentially unchanged

when three percent phenol was added with 0.76% NaOH.
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Figure 12

Viscosity profiles for resin cooks with three different F/P.



Table 5

EFFECT OF PHENOL ADDITIONS TO RESIN OF Na0H/P = 0.60

74

Addition
to resin

F/P
Mole Ratio

Viscosity
(cps)

Gel time
minutes
at 80°C

None
2.2

2.5

4,900
6,500

66

27

3% Phenol (of 2.2 5,600 78

total resin solids) 2.5 8,700 32

3% Phenol 2.2 3,400 68

+ .76 % NaOH 2.5 4,800 26



1.500E-01 1.900E-01 2.300E-01 2.700E-01
MOLE RATIO FIRST CAUSTIC ADDITION (NAOH/PNENOL)

Figure 13.

Resin gel times with variations of initial
three different F/P.

NaOH

3,100E-01 3.500E-01

for cooks with
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3. UV Response

The area under each GPC scan was divided by the amount of

resin analyzed and expressed as a ratio to that of phenol, giving a

value called "average UV relative response factor ". This factor

increased with cook time making it difficult to quantitate peaks

eluted from the GPC. However, this change in response factor

provided another measure of cook progression. Figure 14 shows

three curves of response factor initially decreasing slightly,

then climbing continuously as cook time increased. These UV

curves compared very well to the viscosity curves in Figure 12 .

This increase in response factors with reaction time is caused

by the shifting of the UV absorbance to higher wavelengths with in-

creased polymerization. For instance, the material eluted from the

GPC at the phenol peak had a UV maximum at 274 nm; our analysis

with a detector at 254 nm measured UV absorbance near the minimum

of the curve as in Figure 15 . The fractions eluted at mid range

molecular weights and higher molecular weights had UV response

curves shifts to higher wavelengths such that the absorbance at

254 nm occurred at the minimum absorbances for mid range molecular

weights, and part way up the side of the next UV absorbance peak at

higher molecular weights. Thus, by measuring at 254 nm, the UV

response should decrease initially until a minimum is reached then

begin increasing steadily throughout the cook if polymerization is

occurring. Differences of UV absorbance with polymerization were

also observed by Chow and Hancock (1969).
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Figure 14.

UV relative response factors during cooks with three different F/P.



.14

.05

.16

UM MR Ilk 1111=16:

rig h4 II Ikik nirirrilasu

el !PI aniallirgragmlialla il llmii a
mannliapisanummimmilmmporama.

IFINFIVihrgitZ4116: ediSailiE
9U m...11 Gill agruffilll 1:11:1211:111

Dimpling mg "141pi 1 Ripon
11"..1.1 III ta:1117 IIIII: .:11. 11 :::.:11.1°
I li SI IIIIMBEIffiliiiiiii a iiiiiiiiiiil.

i Ilia a MAIO ISIII...21a1111 2121111:11.1' EU ,

li :me EIGIIEfiliiii mili ESIIIIIIII
4g0

Eli
II

F likiiiiiir " ' ' iiii :gni& -
i ..:...:...I.41.......... ..orm......!!!!. MN 1............... .I

0-0- II691:101119
Il

11
RE MEN um.

II III
.-- -um- II,-1111 WM m 1 !II li

st..IV ...... ..p.minp..........II .1.......limmumme man MUOMMUWEMOMOSSMOMME.Iimom......p....mompur....mum is. .....T.p.......... posmaliimus ......r.... OM4........___i mlid All ME MOM UMMM 111104UMUMMOW,mumme mossummummk

IflTiTl_rTL1_L
2 0 25k 254 260 270 280 290 300

UV Wavelength (nm)

Fiaure 15.UV absorbance curvs of three fractions with similar
concentrations collected from the GPC.

141

78



79

B. EFFECT OF NaOH ADDITIONS

The sequence for adding NaOH to the resin had a sub-

stantial effect on cook reactivity, whereas the total amount

of NaOH added had a much lesser effect.

1. Initial NaOH

With higher proportions of caustic added at the beginning

of the cook, formaldehyde, phenol, and OMP were consumed faster

as seen in Figures 16 -18 . The same pattern was seen at all

levels of total NaOH Table 6 shows that the percent phenol

and OMP in the cooked resin was negligible, but that more unre-

acted formaldehyde was found in resins with small initial NaOH

contents. At lower initial NaOH content both methylolation

and Cannizzaro reaction would be slower.

The GPC scans in Figures 19 -21 illustrates dramatic

increases in higher molecular weight fractions with increased

initial NaOH , accompanied by decreases in monomer and low

molecular weight fraction, even at shorter reaction times. Thus

the acceleration of methylolation by high initital NaOH addit-

ion results in greater reactivity during the cook. The catalytic effects

of NaOH as seen in our data agrees well with effects seen by

DeJong and DeJonge (1953).

Because NaOH reduces the viscosity of aqueous resin

solutions, resins of the same solids content and viscosity are

a higher molecular weight if they are higher in NaOH content.
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Figure 16.

Formaldehyde consumption during cooks with three different initial Na0H/P.



ALL COOKS UITH F/P 2.2

1

0.000E-01 5.742E+01 1.148E+02 1.723E+02

COOK TIME (MINUTES)

2.297E+02 2.871E+62-

Figure 17.

Phenol consumption during cooks with three different initial Na0H/P.
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Figure 18.

OMP consumption during cooks with three different initial Na0H/P



Table 6.

NaOH
Addition
Sequence
Na0B/P

EFFECT OF CAUSTIC ADDITIONS ON RESIN PROPERTIES

Cook Conditions: F/P = 2.2

80'c Gel Non- Formaide- Phenol.

Viscosity Time Volatile hyde Content

(cps.) (min.) Content (%) Content (%) (7.)

2,900 75 42.1 1.2 .1

26,800 59 42.1 1.0 .1

12,600 102 42.1 0 .1

400 89 42.3 1.2 .1

407 212 42.8 o .1

4,744 107 42.4 0 0

264 184 42.5 1.1 .1

535 197 43.2 .3 .1

870 195 43.2 0 .1

OMP
Content

(1)

0

0

0

0

o

0

0

o

0

.15 + .20 + .10 = .45

.25 + .20 + 0 - .45

.35 + .10 + 0 = .45

.15 + .20 + .25 = .60

.25 + .20 + .15 = .60

.35 + .70 + .05 = .60

.15 + .20 + .40 = .75

.25 + .20 + .30 = .75

.35 + .20 + .20 = .75
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Figure 19.

GPC chromatograms of a resin cook with initial NaOH =0.15 .
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Figure 20

GPC chromatograms of a resin cook with initial Na0t1 =0.25



.<7

Elution Volume (ml)

Figure 21.

GPC chromatograms of a resin cook with initial NaOH =0.35.
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Thus, the elapsed cook time to the first viscosity window was

about the same for resins of 0.15 and 0.25 but longer for 0.35

mole ratio of initial NaOH , as shown in Figure 22. The resins

with more NaOH had to be reacted to a higher molecular weight

to achieve the same viscosity so those with 0.35 mole ratio of

initial NaOH took longer to cook. However, with more NaOH

initially, my results showed that the reaction also was faster,

which may explain why the resin with 0.25 mole ratio of initial

NaOH took about as long as that with 0.15 to reach the first

viscosity window. The time from the first window to the second

window increased with higher initial mole ratio of NaOH , although

the second NaOH addition was the same (0.20) for all resins in

this particular series. I also noticed that more thinning occurred

when the second NaOH was added to resins containing more NaOH

even if initially of the same viscosity.

The GPC curves for samples taken just before and just after the

second NaOH addition verified that molecular weight increased

slightly during the NaOH addition. Thus the effect of the NaOH

addition was to disrupt physical attractions, and not to cleave cross-

links.

The viscosity of the cooked resin was higher for those resins

which had higher initial NaOH additions (Tables 3 and 6), confirm-

ing the postulate that such resins had to be cooked to a higher

molecular weight to reach the predetermined viscosity windows. At
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the end of the cook all resins contained the same amount of

NaOH but differed in viscosity because the small initial

additions of NaOH , which led to lower molecular weights when

the viscosity windows were reached, were followed by proportion-

ately larger final NaOH additives. An exception in Table 6

was the resin with 0.25 initial NaOH and 0.45 total NaOH

mole ratios. This resin was so reactive that cooling alone did

not stop it from polymerizing and no NaOH addition was allowed

by that recipe. Figure 23 shows cook progression as measured by

UV absorbance for this series.

Generally the cooks with the lowest initial NaOH (0.15)

gelled faster than the others even though their final viscosities

were lower. These resins also contained a higher concentration of

formaldehyde (Table 6) which may explain this phenomenon. Another

explanation for these shorter gel times may be due to the increased

thinning seen with resins of higher initial NaOH contents. The

desirability of an initially small NaOH addition to achieve a

reactive resin was stressed by Redfern (1953). At different mole

ratios of F/P very different trends were noticed in the gel time

data (Table 3); at F/P = 2.5 all resins gelled rapidly. However,

the 0.35 initial NaOH probably consumed some formaldehyde through

Cannizzaro, resulting in a slightly reduced methylol content and

consequently a slightly longer gel time. With F/P = 1.9 all resins



were slow to gel, but the more advanced resin (highest viscosity)

had the shortest gel time, as expected. The resin made with 0.25

mole ratio of initial NaOH was slower to gel than that with

0.15 or 0.35 mole ratios of initial NaOH , possibly because of

competition between the methylolation and Cannizzaro reactions.
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AND TOTAL NAOH/P .45

(GRAPH LABELS INDICATE INITIAL NA(N/P)

0

0.000 5.742E+01 1.14E+02 1.723E+02

COOK TIME (MINUTES)

2.297E+02 2.8 1 +02

Figure 22.

Viscosity profiles of three resin cooks with different initial Na0H/p
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AND TOTAL NAOH/P .45

(GRAPH LABELS ARE INITIAL NAOH/P)

10.000t-01 5.742E+01
COOK TIME (MINUTES)

Figure 23.

UV relative response factors during cooks with different initial Na0H/P
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2. Total NaOH

During the cooks effects of initial NaOH influenced

chemical composition; total NaOH content had no significant

affect. At various levels of total NaOH , cooked resin contained

similar amountsof phenol) OMP and formaldehyde (Table 6 ).

The data in Table 6 do show the trend of lower viscosities

with more total NaOH . The NaOH in the resin ionizes the

phenolic hydroxy groups leaving a negative charge on the phenolic

oxygen. These charged oxygens repel one another, disrupting ag-

gregation and lowering resin viscosity. However, continued NaOH

additions do not have the same thinning effect as previous NaOH

additions. Figure 24 displays three curves which describe the

thinning effect of the third NaOH addition. These curves flatten

at higher NaOH concentrations. Thus, the ability of a resin to

be thinned decreased with larger amounts of third NaOH addition

for this series of cooks. This effect was described by Stephan, et.

al. (1949).

Comparing gel times between resins of different NaOH contents

is risky. At the outset it appears that higher total NaOH contents

yielded resins of lower reactivity (Table 6 ). In fact, these

resins should be higher in molecular weight, but more substantially

thinned by the larger amount of NaOH . The same resin cook provided

me with the gel time data in Table 6 for comparing NaOH additions of

0.15 + 0.20 + 0.25 and 0.15 + 0.20 + 0.40. The additional 0.15 terminal



NaOH increased the gel time almost 100 minutes. Apparently

the extra NaOH in the resins at 0.75 total NaOH over-

shadows any effect due to differences in molecular weight.

The resins containing more total NaOH were higher in

% solids, but that would be expected because NaOH is not

volatile.
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Labels in parenthesis are

1st and 2nd NaOH

(.35, .20)

(.25, .20)

.15, .20)
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F/P = 2.2 and Total Na0H/P = .75

Mole Ratio of Third NaOH
Figure 24.

Viscosity change on addition of the third NaOH.



C EFFECT OF METHYLOLATION STEP

A methylolation step appeared to have no significant effect

on the reactivity of the resin, at least over the range of

conditions I studied.

. Chemical Composition

The rate of formaldehyde consumption was much greater in a

cook which was heated directly to ref lux (regular cook) than one

which was held at 60°C until the formaldehyde content decreased

below 2% (methylolated cook). The curves in Figure 25 point out

that increased temperature accelerates the reactions with formalde-

hyde. At different mole ratios the rate of conversion of formalde-

hyde at this low temperature was about the same as the parallel

curves in Figure 26 show. Table7 contains property data for

cooked resins. Their formaldehyde contents were the same regardless

of heat-up method. My sampling schedule did not allow me to see

differences in phenol or OMP consumption during the heat-up period

and their amounts after heat-up were both quite low. The cooked

resins also had very low monomer contents regardless of heat-up

method. I could not detect the increased resin reactivity resulting

from a methylolation step as described by Lambuth (1967).
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Figure 25

Formaldehyde consumption during two cook types.
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Figure 26

Formaldehyde consumption during "methylolated" cooks with three

different F/P
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Cook
Type

Table 7. EFFECT OF A
METHYLOLATION STEP ON RESIN PROPERTIES

Cook Conditions: Na0H/P = .15 + .20 + .25 = 60

800C Non- Formalde-
Gel Volatile hyde

Viscosity Time Content Content

Ratio (cps.) (min.) (%) (%)

Phenol
Content

(%)

OMP
Content

(%)

Regular 1.9 740 169 43.6 o .2 .1

Regular 2.2 400 89 42.3 1.2 .1 0

Regular 2.5 1024 30 43.6 3.1 .5 .2

Methylo-
lated 1.9 570 218 42.7 o .3 .1

Methylo-
lation 2.2 448 89 41.4 1.2 .1 0

Methylo-
lated 2.5 452 47 40.9 3.2 .1 0



2. Viscosity and Gel Time

The viscosity curves produced by either method of cooking

a resin were the same shape but differed because of the differ-

ent total time-to-ref lux (Figure 27 ). The only difference in

thinning due to NaOH addition could be seen at F/P = 1.9 and

2.5 where the methylolated cook tended to thin more, yielding

the lower viscosities seen in Table 7.

Methylolated cooks tended to have longer gel times than

the regular ones at F/P = 1.9 and 2.5. But this fact is compli-

cated by the lower viscosities of the methylolated resins and

their lower nonvolatile contents.
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Figure 27

Viscosity profiles of a "regular" cook and a "methylolated" cook
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Nonvolatile Content

In general, the methylolated cooks yielded lower non-

volatile contents than regular cooks (Table7). The percent

nonvolatiles in a resin is the percent of resin left after 1.75

hours in an oven at 125°C. All resins had a theoretical non-

volatile content of 47.7%, but the pan solids ranged from 40.9%

to 43.67, depending on F/P mole ratio and whether or not

methylolation step was used. The difference between the

observed and the theoretical solids is the water produced by

condensation reactions during polymerization of methylols.

With encouraged methylolation at the first part of a cook, more

formaldehyde would be used for methylolation instead of for side

reactions such as Cannizzaro and hemiacetal formation. During

the pan solids analysis these extra methylol groups presumably

reacted to release water of condensation which evaporated in the

oven and caused lower pan solids. The decrease in nonvolatile

content values with increased F/P mole ratio within the series of

methylolated resins supports this view.
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D. BUFFER CAPACITY OF RESINS

The resin samples for GPC analysis were dissolved in the

THF and water then neutralized with acetic acid. The number

of moles of acetic acid added to achieve a pH of 7.0, per number

of moles of NaOH in the resin,:was observed throughout the

resin cooks because Zavitsas (1967) had reported that phenolic

resins become more acidic as they are methylolated.

As seen in Figure 28 , I saw no change in buffering capacity

throughout the cooks at F/P = 1.9 and 2.5 with various NaOH

addition sequences. Thus any difference in acidity due to substi-

tution of phenol was overwhelmed either by the NaOH in the resin

or the buffering capacity of THF.
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Chapter V

CONCLUSIONS

Several variables were found to affect the synthesis of a

phenol-formaldehyde resin. The resin cooks progressed to higher

molecular weights more rapidly with higher initial amounts of

formaldehyde. Methylolation of phenol appeared insensitive to

formaldehyde concentration at F/P mole ratios of 2.2 or more. How-

ever, further methylolation of OMP depended on the availability of

formaldehyde at all F/P mole ratios. Formaldehyde appeared to

preferentially methylolate phenol over OMP. Shorter gel times and

higher percent formaldehyde in the cooked resins also were observed

for resins prepared with more formaldehyde.

The addition of three percent phenol (based on total resin

solids) to a resin increased viscosity by changing the NaOH /

phenol mole ratio (c/p) and increased gel times also. Therefore,

the existence of unpolymerized phenol in a resin, in the absence

of available formaldehyde, had a detrimental effect by lowering

reactivity, increasing viscosity, and by inefficiently using the

raw material, phenol.

Higher initial NaOH concentrations accelerated the react-

ions and chemical consumption during a resin cook. However, resins

cooked with a lower initial NaOH concentration had shorter gel

times and higher residual formaldehyde contents. Thus, resins made

with lower initial NaOH concentrations should be faster curing in

plywood production. More formaldehyde and residual reactivity pre-

sumably existed in these latter resins because less formaldehyde
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was consumed via the Cannizzaro reaction at the initially lower pH

of the resin.

As total NaOH content increased, gel times and nonvol-

atile contents also increased. Thus an optimum amount of NaOH

is needed - enough to keep the resin water soluble and low in

viscosity, but not so much as to increase resin gel times or glueline

cure times escessively. NaOH additions appeared only to disperse resin

molecules and not break any chemical bonds. Thinning, the viscosity

drop per unit NaOH added, decreased with higher amount of NaOH in the

third addition.

No beneficial effect of a low temperature methylolation step

was detected by my analytical procedures. The chemical differences,

if any, between "methylolated" and "regular" resins were apparently

masked by other variables. However, methylolated resins had slightly

lower nonvolatile contents than resins with a regular rate of heat-to-

reflux. The cost of an extra 2-6 hours of cooking time required for

methylolated resins cannot be justified by my observations.

UV response of resins measured at a fixed wavelength changed as

cooks progressed. This change was attributed to a shifting of the

resin's absorbance curve toward higher wavelengths as cook time in-

creased. This UV reponse may be used to follow the progress of resin

synthesis but is less reliable at later stages in the cook.
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