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The Formaldehyde-Hydrogen Sulphite System in Alkaline

Aqueous Solution. Kinetics, Mechanisms, and Equilibria

POUL ERIK SORENSEN* and VIGGO STEN ANDERSEN

The Royal Danish School of Pharmacy, Chemical Laboratory D, Copenhagen, Denmark

Kinetic and equilibrium data for the formaldehyde-hydrogen
sulphite system, at 25°C and an ionic strength of 0.1 are reported and
mechanisms are discussed. The value of the acid dissociation constant
of the formaldehyde bisulphite ion was found to be 10-1*.” M. Spec-
trophotometry in connection with a flow technique was used for the
kinetic investigations. The rate of addition of sulphite to the anhydrous
form of formaldehyde cannot be measured directly, as the dehydra-
tion of methylene glycol is the rate determining step of the overall
reaction. The rate of decomposition of the addition product increases
with increasing pH, but it has not been possible to elucidate the
mechanism. Various authors have suggested a simple monomolecular
process dominated by the most alkaline form of the addition product.
The equilibrium experiments of the present paper seem to be in good
agreement with this theory. However, a Sy2-mechanism involving
hydroxide ions seems to be in better agreement with the kinetic
results. )

In aqueous solution in the pH-range 9—12 the formaldehyde-hydrogen
sulphite system is characterized by eqns. (1) —(3). In writing these, it has
been taken into account that formaldehyde in aqueous solution exists mainly
in the hydrated form (>99.9 %) and that the hydration process is catalyzed
by hydroxide ions.
kon- x[OHT]
s =—————==—== CH,0+H,0 K, (1)
ko X[OHT]/K,

k, x K, _ _
CH,O0 + SO,* ,_—k__——‘ CH,(07)S0, K, (2)

a

CH,(OH)

fast _ _ Ky,0
CH,(07)S0,™ + H,0 === CH,(0H)S0,” + OH =%, O
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K and k denote equilibrium and rate constants, respectively, of the processes
in question. K, is the acid dissociation constant of the formaldehyde bisulphite
ion.

Equilibrium. The equilibrium of interest in the present work is characterized

by the expression

[SH,S0,)[CH,0); )
[>CH,(OH)SO,H] “
where > means all the protolytic forms of the species, i.e. the formal con-

centration and [CH,0], is the sum of the concentrations of hydrated and
anhydrous formaldehyde. In the pH-range studied this expression can be

simplified:
_ [SO.[CH,0],
~ [CH,{07)S0, 1+ [CH,(0OH)SO; | (5)

As shown below, K., can be determined by iodometric titration of an equi-
librium solution.

From the expressions for K,, K,, and K;, and from eqn. (5) it is seen that
the following relationship exists between K., and [OH™]:

1 1 1 1
[OH ]~ K, xE,xK, *Kus K, (6)
K, xK, and K,, and therefore also K,, can thus be determined by plotting
[OH™]? against Kbt
Kinetics. In deriving a rate expression for the overall addition of sulphite

to formaldehyde, the steady state principle is applied to free formaldehyde.
The rate expression is:

Kope=

K obs

d[CH,(OH),] _ d[SCH,(OH)SO.H] kou- x[OH™]
- :lt = : dt = = ] ko:— <[0H /K, [CH,(OH),]
t % XK, X[SO,7]
k, [0HT]

T XK, X[S0.7 X K, [or"] 2 CHa(OH)S0,H] )

kon- X[OHT]/K,
This general rate expression can be simplified in the following two cases:
i) If [SOz*]—> 0, eqn. (7) may be reduced to
d[>CH,(OH)SO,H] [OH™]
2 & I ==k X K,+[0H] X[>.CH,(OH)SO,H] (8)

Eqn. (8) is the rate expression for the decomposition of formaldehyde
bisulphite. This limiting condition can be provided by adding iodine to the

14

system. :
ii) If the back reaction is neglected eqn. (7) becomes:
d[CH,(OH),] _  kou- x[OH] :
dt - l . kOH_ X[OH._]/KI [CH2(OH)2] (9)
k, X Ky X[SO427]
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Conditions under which this is fulfilled are present at the initial stages of
the addition reaction. The rate of dehydration of methylene glycol can easily
be determined from eqn. (9) in the pH-range 9—11, since the change in pH
is related to the change in [CH,(OH),] in a simple way, the system having
no buffer capacity here. By inserting the values for the involved constants
and concentrations from the experiments, it can be shown that the second
term of the denominator on the right hand side of eqn. (9) is small compared
to 1. The equation reduces to:

d[OH~™ -
_dOoH ] - ] o X[OH™] x [CH,(OH),] (10)
The integrated rate expression then approximates to:
pH = 0.4343 x [CH,(OH), ], X kox— x £+ pH, (11)

From the pH vs. time plots, kox— can be calculated when the initial con-
centration of methylene glycol is known.

EXPERIMENTAL

Equilibrium. For equilibrium experiments, the principle of Stewart and Donnally *
was used. 4.00 or 5.00 ml of a 0.500 M stock solution of sodium formaldehyde bisulphite
prepared and analysed according to Skrabal and Skrabal * was diluted to 500.0 ml with
a buffer solution. Borate * and sodium hydroxide buffers were applied for the pH-
ranges 9—11 and 11— 12, respectively. The ionic strength was adjusted to 0.1 by means
of NaCl. [OH"] was determined by means of a thermostatted Radiometer pH-meter 26
using a glass electrode type G 200 B and a calomel electrode as reference. When equi-
librium was established, iodine and hydrochloric acid to pH =2 were added rapidly
(the rate of displacement of the equilibrium is at & minimum at pH=1.82), and the
excess iodine was quickly back-titrated with thiosulphate.

Kinetics. The kinetic experiments were carried out by a spectrophotometric flow
technique. The flow apparatus, which was constructed by the authors,® was of the con-
tinuous flow type with a four jet mixing chamber and a simple Zeiss filter monochromator.
The reactant solutions were forced into the mixing chamber by syringes. The apparatus
had previously given data for the carbonic acid decomposition in good agreement with
those of earlier workers.?

The decomposition of formaldehyde bisulphite in buffer solutions at different pH-
values was followed after addition-of iodine. The following two solutions were mixed in
the flow apparatus:

Sol. T containing the buffer.

Sol. II containing hydrochloric acid, formaldehyde bisulphite, potassium iodide, and
iodine.

The solutions had the following properties:

1) Mixing two equal volumes gave a solution of the desired pH and ionic strength 0.1.
ii) The mixture was a buffer and contained excess I and CI~ compared to I,. Thisis a
necessary condition for the spectrophotometric determination of the iodine con-
centration.
ili) The pH of solution II was 1—2 in which interval the formaldehyde bisulphite decom-
position is so slow that it could not be detected.

The initial concentrations of iodine and formaldehyde bisulphite were about 2.5x 10~¢
and 1.0 X 107 M, respectively.

* Pharmacopoea Nordica 1963, Editio Danica, Vol. I, p. 109.
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The addition reaction was studied by mixing solutions of formaldehyde and sodium
sulphite in the flow apparatus. The change of pH, which is a measure of the progress of
the reaction, was followed by means of a protolytic indicator, alizarin yellow-R. Aqueous
formaldehyde solutions of concentrations in the range 107*—10~! M were prepared by
dissolving gaseous formaldehyde in distilled water, and the concentration of the solutions
was determined by the sulphite method.* Dilute, freshly prepared solutions of formalde-
hyde contain practically only monomeric formaldehyde.* Aqueous solutions of sodium
sulphite of concentrations about 7x 10~* M were made up by weight. The solutions of
formaldehyde and sulphite contained 0.005 9%, alizarin yellow-R. Before use the pH of
the sodium sulphite solution was adjusted to 9.2 with 1 N NaOH. Doubly-distilled water
was used throughout, and all experiments were carried out in an atmosphere of O,-free
nitrogen. The temperature was 25.0+0.1°C.

RESULTS AND DISCUSSION

Fig. 1 shows [OH™]? plotted against K. according to eqn. (6). From a
least square treatment K, is found to be 10723 giving K, (formaldehyde
bisulphite) =10"1.7 M, and K, is calculated to be 2.2 x10° M1, using the value
5x104 for K,.5
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Fig. 1. [OH™]! plotted against K ™. Fig. 2. The observed 1. order rate constant
plotted against [OH™] (O) and [OH7}/
(K3+[OH™]) (), respectively.

At constant pH, the decomposition of formaldehyde bisulphite is first
order with respect to the addition product in agreement with eqn. (8). Altering
the initial concentration of iodine had no effect on the rate of decomposition.
This proves the applicability of iodine as a scavenger. In Fig. 2, the first order
rate constants are plotted against [OH "] and [OH™]/(K, + [OH]), respectively.
Theoretically both curves of Fig. 2 should pass through the origin. Experi-
mentally, this is most satisfactorily fulfilled for the plot against [OH™]. This
curve corresponds to the rate expression:

_ d[ECHz(((i)tH)SOaH] = & x[OH"][>CH,(OH)SO,H] (12)

where k£ x[OH™] is a pseudo first-order rate constant, and OH™ is the second
reactant. The value of k& was calculated from the slope of the line to be
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8.6 X103 M1 g1, The relation between k and k, at pH < pK, (formaldehyde

bisulphite) is

K, (formaldehyde blsulphlte)
Ky,0 ka

k=

(13)

and, from expression (13) %, is found to be 43 s71.

The theoretical basis for eqn. (8) derives from Stewart and Donnally?!
1932. These authors investigated the benzaldehyde-hydrogen sulphite system.
The addition of sulphite to the carbonyl group at pH >3 was supposed mainly
to take place with SO,>~ as the nucleophilic reagent this ion being more nucleo-
philic than HSO,~ and H,SO,. According to this theory the addition product
is primarily decomposed in the most alkaline protolytic form. Stewart and
Donally’s theory has later been applied by Blackadder and Hinshelwood ¢
and by Lamaty and Roque.” Eqn. (12) derives from Skrabal and Skrabal 2
1936. It is seen that the divergence between these two equations mainly
originates from the fact that the equation of Skrabal and Skrabal does not
consider the importance of the different kinetic behaviour of the various
protolytic forms of the formaldehyde bisulphite. This has been done to a
considerable extent by Stewart and Donnally.

According to Fig. 2, the equation of Skrabal and Skrabal seems to be in
better agreement with our experimental data than that of Stewart and Don-
nally. Skrabal and Skrabal determined the value of k to be 8.5 X103 M1 gL,
However, Fig. 1 indicates that our equilibrium experiments are in good
agreement with the theory of Stewart and Donnally. Without further experi-
ments, a definite conclusion about the mechanism of the reaction cannot
be made.

pH
ns .

10

Fig. 3. pH plotted against time. (O), ([(])
and (A) initial concentration of formalde- 105
hyde 0.025 M. Initial concentrations of
sulphite 0.029, 0.034, and 0.037 M, respec- 100
tively. (@) and (M) initial concentration
of sulphite 0.033 M. Initial concentrations
of formaldehyde 0.020 and 0.038 M, respec- 85
tively.

1 1
0 0.05 t (s) 010

Fig. 3 shows the results of some methylene glycol dehydration experiments
with varying initial concentration of methylene glycol and sodium sulphite.
Plotting pH vs. time gives straight lines in the pH-range 9—11 in agreement
with eqn. (11). The slopes of the various lines depend on the initial concentra-
tion of methylene glycol only, and is independent of that of sodium sulphite.

This shows the. applicability of sulphite as a scavenger in these experi-
ments. The value of kou—- was found to be 1670120 M s71. Bell and Evans 8
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found kou— to be 1580 M1 87! by means of a similar scavenger method. How-
ever, the determination of these authors was rather inaccurate, because they
worked at pH < 8.5. In this range it is necessary also to consider other catalysts
than the hydroxide ion. The value of kog- determined in the present work
therefore seems more reliable. Brdicka ® determined kox— to be 1300 M g1
at 20°C by polarography, while a value determined by Le Hénaff 10 disagrees
with this. Using a soavenger method Le Hénaff found kox- to be 770 M~ s71
at 20°C.
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