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Mechanism of Silica Gel Dissolution in Water in the Presence of Pyrocatechol
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The rates of dissolution of silica gel in aqueous alkaline solutions containing pyrocatechol were measured.
At pH 10, all of the silica gel was dissolved in the presence of pyrocatechol at 25 °C for 48 h (SiO; 0.3 g
and pyrocatechol 0.04 mol in 15 ml of water). The rates of silica-gel dissolution increased with increasing
pyrocatechol concentration. Four moles of pyrocatechol were needed to dissolve one mole of SiO;. The rate of
dissolution was first order in solid SiO2 concentration. Langmuir-type adsorption of pyrocatechol to the silica-
gel surface was assumed to explain the rate dependence on the pyrocatechol concentration.

The reactions of silica with catechol have been in-
vestigated by many researchers, and several coordina-
tion complexes have been identified.!~* These reac-
tions are interesting from the following two points of
view (material science and biological science): (1) a
model reaction for the silica dissolution process during
silica synthesis or processing,” and (2) a model proc-
ess for the biological silica formation and dissolution.®
From the view point of material science, the control of
silica or silicate crystallization in water is not fully un-
derstood, although considerable efforts are being made
to clarify the mechanism of nucleation of zeolite or clay
mineral crystals. In these processes, the solubilization
of silica is one of the key steps. The solubilization re-
action of silica in water is also interesting in relation
to the biochemical roles of silicon.” The surface prop-
erties and absorption characteristics of these biological
silica attracted interest in relation to metabolism of sili-
con. The biological silica was found to be amorphous.”™
We can assume that some organic compounds, or pos-
sibly an enzyme, may play a role in transforming these
silica. An investigation into the interaction between
silica and organic compounds is also important in re-
lation to the desertification process. Hydrated silica or
phyllosilicates play important roles in preserving wa-
ter, inorganic ions, and organic materials in soil, all of
which are essential for plants to grow. The possible
roles of plant metabolites in preventing the desertifica-
tion should have a close relationship with the interac-
tion between silica and organic molecules.

Most studies have focused on the structural aspects of
silicon—organic ligand chemistry, and only little atten-
tion has been paid to the mechanism of the reactions.
An investigation of the mechanism of the reaction be-
tween silica and organic compounds would help in de-
signing a good “catalyst” for the transformation reac-
tions of silica, since the low solubility of silica® in water
in the neutral pH range (100 ppm at 25 °C) results in
difficulties in silicate synthesis and silicate processing
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under mild conditions. The aim of this study was to
clarify basic aspects of the reaction between silica and
organic compounds. We examined the reaction between
silica gel and various organic compounds in aqueous
solutions and found that pyrocatechol, protocatechuic
acid and gallic acid accelerated the dissolution of silica
gel at pH 10 at 25 °C.” In this paper we report on the
reaction mechanism of the dissolution process based on
a kinetic study of the reactions.'®

Experimental

All of the chemicals were of reagent grade and used with-
out purification. Pyrocatechol was purchased from Tokyo
Kasei Kogyo Co., Ltd. The silica-gel samples (CARIiACT-
10, CARIACT-30, CARIACT-50, CARIACT-100) were gifts
from Fuji-Davison Chemical Ltd. The surface area of CARi-
ACT-10, 30, 50, and 100, determined by porosimetory, were
263, 131, 76, and 13 m? g~ !, respectively. i

In a typical experiment, 0.3 g of silica gel (Fuji-Davison
Chemical Ltd. CARiIACT-10, 30—200 mesh) was suspended
in 15 ml of distilled water and 0.01 mol of organic materials
was dissolved. The pH of the suspension was adjusted at
10 by adding aqueous sodium hydroxide. The suspension
was left at 25 °C for 24 h; it was then filtered and the solid
was dried at 100 °C for 3 h. From the weight difference,
the amount of dissolved silica was calculated. In a control
experiment, the same procedure was followed, except that
the organic materials were not added.

CARIACT-10 was used for all of the data reported, except
for the surface area dependence of dissolved silica shown in
Fig. 5.

Results and Discussion

Stoichiometry of the Reaction.  The amounts
of dissolved silica at various pH values in the presence
of 2—8 equivalents of pyrocatechol are shown in Fig. 1.
Almost all of the silica gel was dissolved in the presence
of 4 and 8 equivalents of pyrocatechol after 100 h. How-
ever, only 50% of the silica gel was dissolved in the
presence of 2 equivalents of pyrocatechol 1 (0.67 M'%).
This indicates that the stoichiometry of the reaction at
pH 10 may by summarized as follows:

SiO2 + 4 pyrocatechol — water soluble complex
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Fig. 1. Rate of dissolution of silica gel (0.3 g) in the

presence of pyrocatechol (0.01, 0.02, 0.04, and 0.08
mol) in 15 ml of water at pH 10 and 25 °C.

The same stoichiometry was observed at pH 11. A
structural determination of the water-soluble silicon
complex was not carried out. Barnum? reported that
complexes between either 3 moles or 4 moles of pyro-
catechol and one mole of silicon were formed in the re-
action of aqueous NH3 and pyrocatechol. Weiss et al.
reported that a complex between 3.5 moles of catechol
and one mole of silicon was formed.* Since these results
are based on the isolated crystalline product, the stoi-
chiometry of the complex between catechol and silicon
in water may be different from that in the solid states.
The stoichiometry observed in this study is close to that
of the solid state. As shown in these studies, the chem-
istry of the orthosilicic acid ester of pyrocathechol is
rather complex; it thus seems likely that the dissolving
species comprises a mixture of oligomers or polymers of
bis( o-phenylenedioxy)silane.’®

Kinetics of the Reaction. All of the kinetic
measurements were carried out at pH 10. A control
experiment without the addition of pyrocatechol indi-
cated that almost no silica gel was dissolved at pH 10.
Therefore, the dissolution of silica gel can be exclusively
ascribed to the catalytic action of pyrocatechol.

When an excess amount of pyrocatechol is present,
plots of In ([SiO2]o/([SiO2)o—[SiO2]q)) versus time are
linear up to the third half lives (Fig. 2), thus confirming
that the reaction is first-order in silica gel. We define
the initial concentration of silica gel ([SiO2]o) as the
number of moles of SiO; in one liter of water (M). The
rate of dissolution should be analyzed on the basis of
the surface area of silica gel instead of the number of
moles of silica gel. However, we assume that the surface
area per mole of the silica-gel sample did not change
appreciably during the reaction and that the surface
area of the silica gel is proportional to the number of
moles of it. Based on this assumption, the pseudo-first-
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Fig. 2. Pseudo-first-order plot of the dissolution of

silica gel in the presence of 1.33, 2.67, and 5.33 M of
pyrocatechol at pH 10 and 25 °C.

order rate constants (konsq) is defined by the following
equation:

d[SiOQ]d

TR kobsa ([SiO2]o0 — [SiO2]4)

where [SiOs]p is the initial “silica-gel concentration”
and [SiOz]q the concentration of dissolved silica.

However, as shown in Fig. 1, the curves of silica-gel
dissolution are concave upward up to the second half-
lives, rather than convex, although the curve should be
convex if the reaction is strictly first order in silica-gel
concentration. This indicates that the rate constant
(kobsa) becomes slightly larger as the reaction proceeds,
which may be tentatively ascribed to a change in the
silica-gel surface during the reaction, with the surface
being more reactive as the reaction proceeds than dur-
ing the initial stage.

The dependence of kopsq On the concentration of py-
rocatechol is shown in Fig. 3. The relation between
kobsa and [pyrocatechol] is not linear, and the value of
kobsa i saturated at a high concentration of pyrocate-
chol. This indicates that the adsorption of pyrocatechol
on silica-gel surface, such as Langmuir-type adsorption,
occurs first, followed by the reaction of pyrocatechol
and silica gel. The concentration range of pyrocatechol
(1.3 to 5.3 M) is sufficiently high enough for the mono-
layer coverage of the silica-gel surface by pyrocatechol,
considering that the surface area of the silica-gel sam-
ple is 263 m? g~!. It is reasonable to assume that only
the first layer of pyrocatechol can react with silica gel,
even if multi-layer adsorption of pyrocatechol occurs.
If we assume that such pre-adsorption occurs and is of
the Langmuir-type, the rate equation will be given as
follows, where a is adsorption coefficient and b is the
monolayer capacity of the initial silica gel, and both a
and b are constant:



3804

0.124

0.10+

0.08+

0.06

Koo/ P

0.04 °

0.02+

0.00+
T T T T T

0 1 2 3 4 5 6
[1]/M

Fig. 3. Plot of kobsa vs. the pyrocatechol concentra-
tion (pH 10, 25 °C).

d[SiOz]a _ k ab[1]
dt 1+ af1]

([SiOa]o — [SiO2]a).

The plot of 1/kopsq versus 1/[pyrocatechol] is linear
(Fig. 4), indicating that the pre-adsorption of pyrocate-
chol to silica-gel surface occurs before the reaction takes
place. This observation also excludes the mechanism
that the dissolved silica reacts with pyrocatechol, and
rather suggests that the reaction between silica and py-
rocatechol occurs on the surface of the silica gel. From
the slope and intercept of the line, a was found to be
0.057 M~! and kb to be 0.44 h~!. The conclusion that
the preadsorption step of pyrocatechol is important is
also supported by dissolution experiments with silica gel
having various surface areas. The amounts of dissolved
silica after the reactions at pH 10 for 48 h are plotted
against the surface area of silica-gel samples (Fig. 5).
The larger was the surface area, the more silica was
solubilized. This result is consistent with the above

40
304
,'-.C
;g 20
10- hd
)
o -
T T 1 T T
0.0 0.2 0.4 0.6 0.8
1pym?

Fig. 4. Plot of 1/kobsa vs. 1/[pyrocatechol].
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Fig. 5. Plot of the amount of dissolved silica against
the surface area of the silica-gel sample (25 °C, 48 h,
pH 10.0£0.1).

mechanism, in which only the adsorbed pyrocatechol is
effective in the solubilization reaction.

The mechanism of silica-gel dissolution consists of at
least three consecutive steps: (1) adsorption of pyrocat-
echol to the silica-gel surface, which is either monolayer
or multilayer adsorption; (2) a reaction between the ad-
sorbed pyrocatechol and silica gel; and (3) desorption
of the silicon complex from the silica-gel surface:

Si0p +1 "R 8i0,.1 B2

Fast Slow

. - step 3 . .
SiO;-silicon complex = SiOs + silicon complex

In this study, it was demonstrated that the adsorption
step (step 1) is fast, and that the following reaction
between pyrocatechol and silica gel is rate-determining.

The present findings can be applied, for example, to
a new method of silicate processing. Because pyrocate-
chol can be easily modified by introducing substituents
on the benzene ring and, consequently, its bulkiness can
be changed, a specific site of silicate can be processed
with these catalysts. Electronic effects in the reaction
between silica and catechol are also interesting, and
physical-organic studies on this reaction are now un-
derway in our laboratory.

Summary

In order to clarify the mechanism of silica-gel dis-
solution in the presence of pyrocatechol, the rates for
dissolution of silica gel were measured at 25 °C. The
rate of silica-gel dissolution was first order in the silica-
gel “concentration”. Although the rate increased with
increasing the pyrocatechol concentration, it was not
linear. This was ascribed to the Langmuir-type adsorp-
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tion of pyrocatechol to the silica-gel surface before the
dissolution reaction took place.

This work was supported by a grant from the Asahi
Glass Foundation to R. N. and T. M. We thank Fuji-
Davison Chemical Ltd. for the generous gift of a silica-
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