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Abstract Seven reactions take place consecutively and
competitively during the hydroxymethylation of phenol in
aqueous alkaline media. This hydroxymethylation is the
first step in the formation of phenolic resins and has long
been studied. However, the rate equation, which can describe the seven reactions in those reaction systems where
the alkali/phenol molar ratios are <1.0, has not yet been
obtained. The authors present a rate equation (in a differential form) for a computer simulation. This equation involves the concentration of hydroxide ion, [OH ], which
changes with the change in the composition of the reaction
system and cannot be expressed as a function of reaction
time. However, the value of [OH-] can be obtained by
numerical calculation. In the computer simulation the
reactions occur for an infinitesimal unit of time, and the
changes in the concentrations of formaldehyde, phenols,
and hydroxide ion are calculated. The next step of the reaction takes place according to the reaction conditions that
result from the previous step. In this manner the reactions
progress step by step in a computer. Using this method
we can describe the reaction time course, (i.e., the changes
in the concentrations of phenol, formaldehyde, and five
species of hydroxymethylphenols with the reaction time).
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Introduction
Alkaline phenolic adhesives usually used in the wood
industry are formed by the reaction of phenol with
formaldehyde with sodium hydroxide as a catalyst. The
hydroxymethylation of phenol is the first reaction step
of resin formation. In this hydroxymethylation process,
as Fig. 1 shows, five species of hydroxymethylphenols
(2-hydroxymethylphenol; 4-hydroxymethylphenol; 2,4dihydroxymethytphenol; 2,6-dihydroxymethylphenol; 2,4,6trihydroxymethylphenol) form by seven reactions that
occur consecutively and competitively. The kinetics of this
hydroxymethylation has attracted the attention of many
researchers. Knop and Pilato overviewed the papers on this
subject published before 1984.1 There are considerable discrepancies among the kinetic data obtained, as seen in
Table 1.
We are studying the impregnation of wood with phenolic
resin and seeking a reasonable synthetic procedure for an
ideal resin. The resin we have in mind is a mixture of
hydroxymethylphenol monomers free from phenol and
formaldehyde. The design of a reasonable synthetic procedure requires an analytical method that can describe the
reaction time course. Thus we investigated the rate equation for a computer simulation.
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Hydroxymethylation in reaction systems with
alkali/phenol molar ratios <1.0
In reaction systems with the alkali/phenol molar ratios
<1.0, the degrees of dissociation of phenolic compounds
change as the reaction progresses because there are differences in the acid strength among the phenolic compounds, s
These changes complicate the kinetic analysis. Researchers
in the past conducted their experiments with a sodium
hydroxide/phenol (NaOH/P) molar ratio of 1.0 to avoid
the problem; those who carried out their experiments with
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Table 1. Relative values of the rate constants of the seven reactions hitherto reported
Reaction

Relative values of rate constants

P + F --->2-HMP
P + F -->4-HMP
2-HMP + F -->2,6-DHMP
2-HMP + F --+2,4-DHMP
4-HMP + F --+2,4-DHMP
2,6-DHMP + F -->THMP
2,4-DHMP + F --->THMP

H20H

2-H]~P ~

Freeman &
Lewis2
(30°C)

Minami&
Ando3
(40°C)

Zsavitsas&
Beaulieu4
(30°C)

Eapen&
Yeddanapalli
5
(30°C)

1.00
1.18
1.66
1.39
0.71
7.94
1.73

1.00
2.08
1.08
2.58
0.83
3.25
1.25

1.00
1.09
1.98
1.80
0.79
3.33
1.67

1.00
1.46
1.70
3.80
1.02
4.54
1.76

degrees of reaction exceeded 0.75, indicating that the reverse (dehydroxymethylation) reactions can be neglected.
Therefore, in cases where the Cannizaro reaction can
be neglected, the rate of formaldehyde consumption can be
expressed by the following equation:
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Fig. 1. Seven reactions that occur consecutivelyand competitivelyfor
hydroxymethylationof phenol in aqueous alkaline medium

NaOH/P molar ratios <1.0 neglected the problem. Thus a
rate equation that takes the changes in the degrees of dissociation of phenols into consideration has not been established until now.
The hydroxymethylation of phenol is considered to go
through an SN2 mechanism where a quinoidal anion attacks
the carbon of formaldehyde; it has been confirmed that the
reaction is of second order (i.e., first order with respect to
each of the concentrations of formaldehyde and ionized
phenolic body) in the reactions of 2,4-dihydroxymethylphenol and 2,6-dihydroxymethylphenol.2'3 Moreover,
the second-order rate plots for the hydroxymethylation
of 2,4-dihydroxymethylphenol and 2,6-dihydroxymethylphenol obtained by Freeman and Lewis2 gave straight lines
throughout the reaction courses where the maxima of the

(1)

where [F], [P-l, [2-HMP-], [4-HMP ], [2,6-DHMP-], and
[2,4-DHMP ] represent the concentrations of formaldehyde, dissociated phenol, dissociated 2-hydroxymethylphenol, dissociated 4-hydroxymethylphenol, dissociated
2,6-dihydroxymethylphenol, and dissociated 2,4-di hydroxymethylphenol, respectively; and k s . . . k7 denote the
rate constants of the corresponding reactions.
We do not have any analytical means to determine the
concentrations of dissociated phenols in the reaction system. We can determine only the sums of the amounts of
dissociated and undissociated phenols. Hence we need to
express the concentrations of dissociated phenols in terms
of the sums of the concentrations of dissociated and undissociated phenols. The following equilibria hold in aqueous
media.
[H+][P ] = Kal[PH]

(2)

[H +][2- HMP-] : Ka212-HMPH]

(3)

[H +][4-HMP ] = K~314- HMPH]

(4)

[H +][2,6-DHMP ] = Ka412,6- DHMPH]

(5)

[H +][2,4- DHMP ] : Ka512,4- DHMPH]

(6)

[H*][THMP ] = K~6[THMPH]

(7)
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where [PH] . . . [THMPH] represent the concentrations of
corresponding undissociated phenols, and Kay... K~6 are
the dissociation constants. When the sum of the concentrations of dissociated and undissociated phenol is expressed
as [P-] + [PH] = [P] and the concentration of hydrogen ion
as [H +] = Kw/[OH-], Eq. (2) can be converted to the following form:

[P-]:(Ka~[O"-]/'C)/O + Kay[O"]/Kw)[']

(S)

where [OH-] and K~ represent the concentration of hydroxide ion and the ion product of water, respectively. The
same can be adapted to the other phenols. Thus we obtain
the following equation instead of Eq. (1):

-d[F]/dt :

[OH-]-~(KaI[OH-]/Kw)/(1J-KaI[OIE-I-]/Kw)[I
E~]
+ (K~[o.-]/~w)/(~+ K~[o~ ]/Kw)[~-.~]
+ (K.,[OH]/Kw)/(1+ K.3[OH ]/Kw)[4-HMP]
-]-(Ka4[OU ]/Kw)/(1-}- Ka4[OH-]/K,w)
[2.~- I~H,< + (,<o.-p<)/
(~+ <[o.-]/,~w > 4 - D~,<
+ (,<[o~-]/Kw)/(~+ ,<o~-]/,c)[~.~]
(11)

; [~a+]

This equation cannot be solved arithmetically, but it can be
solved easily by a trial-and-error method using a computer.
Incidentally, the value of [Na +] is calculated from the
amount of sodium hydroxide added to the reaction system.
Thus we have obtained the basis for a computer simulation of hydroxymethylation.

( ~ + ~2t[~3(~[o--]/~w)/
(1 + Kal[OU-]/Kw)[P]
-~ (k3 -~-k4)[F](Ka2[OU-l/gw)/

(~ + ~2 [OH ]/~w>-HMP]
Computer simulation

+ 2k~[F](ga~[OU-]/gw)/
(1 + Ka~[OU-]/K,~)[4-HMP]
(1+ ~a4[OH ]/~w>,6-D~M~]
+ <V>~[O.-1/~)/

0 + ~,[OH-]/~w)[2,4-~M~]

(9)

where [2-HMP]... [2,4-DHMP] denote the sums of the
concentrations of corresponding dissociated and undissociated phenols. This equation involves the concentration of
hydroxide ion, which decreases as the reaction proceeds
because of the increase of polyhydroxymethyl phenols of
stronger acidity. [OH ] cannot be expressed as a function of
time, but we can obtain the values for [OH ] by numerical
calculations. In the reaction systems the following equation
holds at any time:

In a computer the reactions proceed step by step according
to the reaction conditions given. At first the initial concentrations of phenols, formaldehyde, and sodium hydroxide,
the rate constants of the seven reactions, the dissociation
constants of phenols, and the ion product of water are
given. The computer calculates the initial concentration of
hydroxide ion according to Eq. (11). The first step of reaction then takes place for an infinitesimal unit of time according to Eq. (9). The computer calculates the changes in
the concentrations of formaldehyde, phenols, and hydroxide ion. The next step of reaction takes place for an infinitesimal unit of time in accordance with the reaction
conditions resulted from the former step of the reaction.
The concentrations of formaldehyde and phenols existing after the nth step of reaction are expressed by the following equations:
[F]n =[F]n 1 - ( 2 k l + k2)[V]~_t (Kal[OH ]n j K w ) /

(1 + KaI[OH ]n_l/Kw)[P]n_~
--(~3-- k4)[F]n_1 (ga2[OU-ln_l/gw)/

[oH-] + [~-]+ [2-HMP-] + [4-HM~ ]
+ [2,6-D.~P ]+ [2,4-~HMP-] + [~HM~-]

(10~
Here [H +] is small and can be neglected. By expressing the
concentrations of dissociated phenols in the forms represented by Eq. (8), we obtain the following equation:

2<FI~ ~ (~[OH L/Kw)/
(1 +

ga3[OH-],~_JKw)[4-HMP]n_ 1

(~ + ~[0~-1~ ~/~w)[2,6-D~M~L~
(1 + K~[oI-I-]o_J/;~)[2,4- DHMPLI

(12)
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[P]~ = [P],,-1- (2kl + k2)[F]n-~ (Ka~[OH-L_~/Kw)/
(1+ ~al[O~- L ~/~w)[P]~, ~

1

~

(13)

.........

o.,

........

0.6

......

- ---

'

_

2-HMP

2" - 4 - H M P

-,.--

- 2,6-DHMP

•...,

[2- HMP]n = [2-HMP]~,_ 1 + 2kl[F]n I

,

I}

2'4-DHMP

.__. . . . . T H M P

ii~

~

(Kal[OH-]n_i/Kw)/
-(k

3 -}-

k4)[F]n_l (K~2[OH-L_I/K~)/
(14)

0

[4-HMP]~ : [4-HMP],~ 1 + k2[V]r,_1

............,....................................................

0.2,-,"

200

400

600

800

1000

Reaction time (arbitrary unit)

(,~l[OHL/'(~)/

Fig. 2. Reaction time course drawn with the use of the kinetic data

reported by Freeman and Lewis) Reaction conditions: [P]0 = 1.0; [F]0
= 2.0; NaOH/P molar ratio 0.3

-~*~]~-1 (Ka~IOHL_I/KW)/
(1 + K~3[OH-],,_l/Kw)[4 - HMP]~ 1

(15)
[THMP]n = [THMP]~_I + k6[F]n_l

(~4[o.-L_l/,(w)/

[2,6-DHMP],~ = [2,6- DHMP]n 1 + k3[F]n_l

(~2~o~ L/~w)/

(1 + Ka4[OH- L 1/Kw)[2,6- DHMP]~_I

(1 + K.;[OH-],,_/Kw)[2-HMP],,_ 1
(1 + Kas[OH

~0~]~ ~ (~4[o~ L/~w)/

],,_JKw)[2,4-DHMP],,_I (18)

(1+ ~a~OHL/~w)
[2,6- DHMP],,_ 1

(16)

The computer calculates the concentrations of formaldehyde and phenols according to Eqs. (12)-(18) step by step
and memorizes the values obtained.
Reaction time courses obtained with the
kinetic data reported

[2, 4 - DHMP],, = [2,4-DHMP],,_ 1 + k4[F]n_l

(KazOO-L/Kw)/
(1 + Ka2[OH ]n_i/Kw)[2-HaP],~_~

- ~ ] ~ 1 (~s[oH%/~w)/

Figures 2, 3, 4, and 5 show the reaction time courses obtained using our method with the kinetic data reported by
Freeman and Lewis,2 Minami and Ando, 3 Zsavitsas and
Beaulieu, 4 and Eapen and Yeddanapalli, 5 respectively. As
there are considerable differences in the absolute values of
the rate constants reported by the four groups of researchers, relative values of the seven rate constants were used, kl
being put at 0.001 (liters mo1-1 unit time -1) in each case. It
was assumed that the temperature dependence of the dissociation constants of the phenols is the same as that of the ion
product of water; that is, the Kal
Ka3Ka4Ka5Ka6 Kw ratio
does not change with temperature. If this assumption holds,

K~2

[2,4- DHMP]n_I

(17)
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Fig. 3. Reaction time course drawn with the use of the kinetic data
reported by Minami and Ando. 3 The reaction conditions are the same
as those in Fig. 2

Fig. 4. Reaction time course drawn with the use of the kinetic data
reported by Zsavitsas and BeaulieuJ The reaction conditions are the
same as those in Fig. 2

we can use the known values of dissociation constants of
phenols and the ion product of water at 25°C. T h e values
used are as follows: 6
Kal :
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The initial concentrations of f o r m a l d e h y d e and p h e n o l
given are 2.0 and 1.0mol/1, respectively; and the N a O H / P
molar ratio is 0.3.
W e can see a considerable difference a m o n g the four
reaction time courses.
Figure 6 shows the changes in concentration of
hydroxide ion in the reaction system. T h e differences in the
change of the concentration of hydroxide ion are not as
large as the differences in the compositions of the reaction
system.
Figure 7 shows the compositions of the reaction system
at the point wh er e 99.9% of f o r m a l d e h y d e has b e e n consumed. This figure clearly shows the large differences in the
results of the reaction caused by the differences a mo n g the
kinetic data.
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Fig. 5. Reaction time course drawn with the use of the kinetic data
reported by Eapen and YeddanapalliJ The reaction conditions are the
same as those in Fig. 2

Discussion
As Figs. 2-7 show, there are significant differences in the
results of the reaction calculated with the use of the kinetic
data obtained by the four groups of researchers. M o r e o v e r ,
it cannot be d e t e r m i n e d which of the four data sets is cor-
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Fig. 6. Changes of the concentration of hydroxide ion in the reaction
system drawn with the use of the kinetic data reported. 1, Freeman
and Lewis2;2, Minami and Ando3;3, Zsavitsas and Beaulieu4;4, Eapen
and Yeddanapalli. 5 The reaction conditions are the same as those in
Fig. 2

Fig. 7. Final compositions of the reaction system calculated with the
use of the kinetic data reported. 1, Freeman and Lewis2;2, Minami and
Ando3; 3, Zsavitsas and Beaulien4; 4, Eapen and Yeddanapalli. 5The
reaction conditions are the same as those in Fig. 2

rect. Therefore more experiments are n e e d e d to obtain
accurate kinetic parameters.

and A n d o , Zsavitsas and Beaulieu, and E a p e n and
Yeddanapalli differ from each other, indicating that more
experiments are n e e d e d to obtain accurate rate parameters.

Conclusion
As described above we have obtained a rate equation for
the hydroxymethylation of phenol in reaction systems
where the alkali/phenol molar ratios are <1.0. This equation involves the concentration of hydroxide ion, which
changes with the progress of the reaction but cannot be
expressed as a function of reaction time. However, the concentration of hydroxide ion can be obtained by numerical
calculations. In the computer simulation the first step of the
reaction occurs for an infinitesimal unit of time according to
the rate equation u n d e r the reaction conditions given. The
changes in the concentrations of formaldehyde, phenols,
and hydroxide ion are then calculated. The second step of
the reaction then takes place according to the reaction conditions resulted from the previous step. In this m a n n e r the
reactions proceed step by step in a computer. Using this
method we can describe the reaction time course. The examples of the reaction time course drawn with the use of
the kinetic data reported by F r e e m a n and Lewis, M i n a m i
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