June, 1984] © 1984 The Chemical Society of Japan

Bull. Chem. Soc. jpn., 57, 1591—1595 (1984) 1591

Kinetic Study on Hydrolysis of Silicon Phosphate in Aqueous
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Kinetic study of the hydrolysis of silicon phosphate, Si3(PO,), (hexagonal), was carried out in borax buffer
solutions (pH 5—12, temperature 20—50 °C) to investigate how it acts as a hardener for alkali silicate adhesive.
The silicon phosphate was found to be hydrolyzed with a resulting release of orthophosphate ion, soluble
silicate ions, and colloidal silica under mild conditions; the decomposition rate increased with decreasing the
particle size of the phosphate and with increasing the pH and temperature of the buffer solution. From the
analysis of the decomposition rate on the basis of the shrinking core model, it was found that the decomposition
rate could be adequately expressed by the rate equation based on the mixed control of diffusion through
a residual layer and surface chemical reaction. This indicates that a part of the colloidal silica which resulted
from the hydrolysis remains on the surface of the silicon phosphate particle and then partially limits the overall
rate of the hydrolysis. The dependence of both rate-determining steps for the decomposition rate was quantita-

tively indicated according to the reaction conditions.

Because of the advantages of being heat-stable, in-
combustible, and solvent-resistant, inorganic adhe-
sives are increasingly being used in many fields.
A silicate adhesive using alkali silicate solution
(generally referred to as “water glass””) as a binder is
most widely utilized.2:® However, it still has some weak
points; for instance, the hardened silicate materials
at room temperature show water sensitivity. Since the
adhesive properties of the hardened silicate materials
are known to be predominantly dependent on the kind
of hardeners used, a number of substances such as met-
al powders, oxides, hydroxides, mineral acids, borates,
and phosphates are now being employed.*-® However,
no hardener having excellent properties, especially
sufficient water resistance, has yet been obtained.

The present authors? have prepared silicon phos-
phates such as Si3(POs)s and SiP2:O7 by calcination
of silica gel impregnated with a small amount of phos-
phoric acid at temperatures up to 1000°C and have
shown that they can be used as a satisfactory hardener
for silicate adhesives. The most important feature was
that these phosphates with silicate adhesives showed
excellent water resistance even without heat-treatment.
Although the synthesis of silicon phosphates in a large
excess of phosphoric acid has been done by earlier
workers,8? no information is at present available on
these chemical properties. Therefore, to investigate
the mechanism of the enhancement in the water
insensitivity by using silicon phosphates, an under-
standing of the hydrolysis behavior of silicon phos-
phates is desirable.

In this study, the kinetics of the hydrolysis of pure
silicon phosphate (Si3(PO4)s) in aqueous alkaline
solutions was investigated in detail. As a model solu-
tion, borax buffer solution having the desired pH value
was used here.

Experimental

Materials. In the preparation of Siz(POs)s, analyti-
cal reagent grade orthophosphoric acid (P20s: 63%) and
commercial silica gel for chromatography (200—300 mesh)
were used. A buffer solution was prepared using analytical
reagent grade sodium tetraborate decahydrate and sodium

hydroxide. The pH of the buffer solution was adjusted to
the desired value by mixing 0.2 moldm~3 NasB4O7 with 1.0
mol dm—3 NaOH.

Preparation of Siz(PO4)s.? First, 17.5g of orthophos-
phoric acid was transferred to a 30cm3 platinum crucible
and heated for 30 min at 150°C. Subsequently, 1.0 g of dried
silica gel (P205/SiO2 molar ratio: 5.0) was added to the
crucible, which was then heated again for 5h at 220—230°C.
After cooling, the suspension was centrifuged, and the result-
ing white powder was washed repeatedly with ethanol to
remove adsorbed acid and then dried over P20s under re-
duced pressure. Since Siz(PQys)4 is hygroscopic, it was well-
dried before being used for the hydrolysis experiment.
Although the spontaneous particle size of Sizg(PQOq)s was dif-
ferent in all runs, uniform-sized particles were obtained for
each run. In this investigation, four different-sized Sis(PQO4)4
(hexagonal)® were used without further pulverization. As

—_—
25pm

€  5pm (0

Fig. 1. Scanning electron micrographs of silicon
phosphate (Si3(POa)s) used in this experiment.
Mean particle diameter (um) — A: 1.0, B: 2.2, C:
3.7, D: 22.6.
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can be seen in Fig. 1, these phosphate particles were all disk-
shaped. No differences in their crystal forms and chemical
compositions were observed. The particle size was measured
using a scanning electron microscope (Hitachi-Akashi MSM
4C-102) and the cylindrical shape equivalent diameter?
was used as the mean particle size. The chemical composi-
tion was: Found: SiOg, 36.643.2, P2Os, 59.541.9; Calcd for
Sig(PO4)a: SiOg, 38.8, P20s, 61.2%.

Measurement of Hydrolysis Rate. As the first step,
200 cm?3 of the buffer solution was transferred to a 300 cm?
three-necked flask equipped with a mechanical stirrer
(crescent shaped impeller, 60 mmX20mm), a reflux con-
denser, and a thermometer and maintained at 20—50°C.
Then, a weighed amount of Siz(PO4)s was suspended in the
buffer solution with vigorous agitation. The decomposi-
tion rate of Siz(PQ4)4 was determined by pipetting about 3 cm?
of the suspension from the flask as regular time intervals,
filtering out the insoluble residues, and chemically analyz-
ing the supernatant solution for orthophosphate ion by
colorimetric method.!® In all experiments, no changes in the
pH of the buffer solution were observed from before to after
the hydrolysis.

Results and Discussion

Effect of Amount of Si3(POs)s Added. Figure 2
shows the effect of changes in the amount of Si3(POs4)4
on the decomposition rate of Siz(POs)s conducted in
the buffer solution of pH 11.0 at 30 °C with a stirring
speed of 300 min—1. The particle size of Siz(PO4)s used
was 2.2um. Since the maximum difference in the per-
centage decomposition was only 4%, it cannot be said
that there is any effect of amount of Si3(PQO4)s under
the conditions tested.

Effect of Stirring Speed. Figure 3 shows the
effect of stirring speed on the decomposition rate of
Sis(PO4)s under the same conditions as those con-
ducted above. 0.2g of Si3(PO4)s was used here. The
decomposition rate was maximum at 300 min—! and
slightly decreased at 200 and 400 min—1. When dif-
ferent-sized Siz(PQs)s were tested, the effect of stirring
speed was also hardly observed under stirring speeds of
200—300 min—1.

Effect of Particle Size. The decomposition rate
was determined using 0.4g of four different-sized
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Fig. 2. Effect of amount of silicon phosphate on the
decomposition rate of silicon phosphate in aqueous
alkaline solution.

Particle diameter: 2.2um, pH: 11.0, temperature:
30°C, stirring speed: 300 min~!, amount of silicon
phosphate added (g)— @: 0.1, O: 0.2, ©: 0.4.

Tomoji Saeki, Eiichi Narita, and Hiroyuki Narro

[Vol. 57, No. 6

Sis(POu)s, shown in Fig. 1, under the same conditions
as those employed above. The resultis given in Fig. 4.
The decomposition rate obviously increased with de-
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Fig. 3. Effect of strring speed on the decomposi-
tion rate of silicon phosphate in aqueous alkaline
solution.

Amount of silicon phosphate added: 0.2g, parti-
cle diameter: 2.2um, pH: 11.0, temperature: 30°C,
stirring speed (min~!) — @: 200, O: 300, ®: 400.
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Fig. 4. Effect of phosphate particle diameter on the

decomposition rate of silicon phosphate in aqueous
alkaline solution.
Amount of silicon phosphate added: 0.4g, pH:
11.0, temperature: 30°C, stirring speed: 300 min—?,
particle diameter (um) — @: 1.0, 0:2.2, ©: 3.7, @:
22.6.

100

®
=]
I

-2
(=
1

&
o
I

Phosphate decomposed /%,
N
o
T

(A) (B)

0 | 1 | 1 | 1 | |
0 30 60 90 120 0 30 60 90 120

Time / min

Fig. 5. Effect of pH on the decomposition rate of
silicon phosphate in aqueous alkaline solution.
Amount of silicon phosphate added: 0.2g, particle
diameter: 2.2 um, temperature: (A) 30°C (B) 50°C,
stirring speed : 300 min~!, pH — ©: 5.0, ©: 8.0, @:
9.5, O: 11.0, @: 12.0.
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creasing particle size. The relationship between parti-
cle size and decomposition rate will be quantitatively
discussed later.

On the basis of the data, subsequent experiments
were carried out under the following conditions;
particle diameter of Siz(PO4)s, 2.2pm; amount of
Si3(POs)s, 0.2 g; stirring speed, 300 min~1.

Effect of pH. Figure 5 shows the effect of pH
on the decomposition rate of Siz(PO4)s at 30°C (A)
and 50°C (B). At both temperatures, the decomposi-
tion rate increased with increasing the pH, although
its effect was not so appreciable. In the experiments
at 50°C, more than 90% of the total quantity of Sis-
(PQ4)s was hydrolyzed at all pH values tested.

Effect of Temperature. Fiure 6 shows the effect
of temperature on the decomposition rate of Si3(POq)4
at pH 8.0 (A)and 11.0 (B). At both pH values, the tem-
perature affected predominantly the decomposition
rate, which increased significantly with increasing tem-
perature.

Analysis  of Hydrolysis Rate. The electron
micrographs of the insoluble residues obtained from
the suspensions after the decomposition of 30% and
70% of Sizg(PO4)s are shown in Fig. 7. It was observed
that the particles shrunk with progress of the hydrol-
ysis. The profile of the residue was quite similar: the
same percentage decomposition and independence of
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Fig. 6. Effect of temperature on the decomposition

rate of silicon phosphate
solution.
Amount of silicon phosphate added: 0.2g, particle
diameter: 2.2pum, pH: (A) 8.0, (B) 11.0, stirring
speed: 300 min~!, temperature (°C) — ©:20, O: 30,
®: 40, @: 50.

in aqueous alkaline
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Fig. 7. Scanning electron micrographs of the decom-
position residues.
Percentage decomposition (%) — A; 30, B; 70.
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the reaction conditions were found. The colloidal
silica was gradually suspended in the buffer solution
during the hydrolysis. According to Alexander et al.,1V
the solubility of the different forms of amorphous
silica in wateris 0.011—0.015 wt% at pH 6—9 and 25°C,
and increases to 0.2—0.4 wt% at pH 11. Italso increases
with a rise in temperature, but its effect is not appre-
ciable compared to that of pH. Since the buffer solu-
tion used here contains a large amount of borate, the
resulting silicate species should be present mainly as
colloidal silica in it. Although the colorimetric deter-
mination of soluble silicate ion using ammonium molyb-
date was not so exact because of the coexistence of phos-
phate ion, the formation of the soluble silicate ion
was identified in the buffer solution. From the results
reported by Busey et al.,1? the soluble silicate ions
were thought to be SiO(OH)s~ and Si(OH)s. Paper
chromatography!® also revealed that the phosphate
ions in the buffer solution which originated from
Siz(POs)s were all orthophosphate ions, POg#~. Thus
Sig(PO4)s reacts with H20 or OH—, and decomposes in
aqueous alkaline solution, which leads to the release of
orthophosphate ion, soluble silicate ions, and colloidal
silica.

Therefore, the hydrolysis reaction of Siz(POg)4 in
aqueous alkaline solution 1s written as:

Siy(PO,), + 6H,O = 3SiO,(soluble and colloidal)
+ 4PO2~ + 12H*. (1)

The decomposition rates of Siz3(PO4)s were analyzed
on the basis of the shrinking core model under the as-
sumption that the phosphate particles form a homoge-
neous spherical solid phase.

The reaction in Eq. 1 can be represented simply as
Eq. 2:

A(l) + 6S(s) — P(1). @)

When the reaction percentage of component P was
represented as x and the steady state of the reaction was
assumed, the following Eq. 3 was obtained as the rate
equation:

dx _ 3C,V
=,
1
1 ar, _ 1 (
Do —x)18— = (1 —x)"2/3,
ao o= 4 (1=

Three rate-determining steps were studied: The dif-
fusion in liquid film, the diffusion in residual layer,
and the surface chemical reaction.'¥ However, the
diffusion in liquid film should not be the rate-
determining step because the decomposition rate of
Si13(PO4)s was not affected by the stirring speed but was
significantly influenced by temperature, as described
previously. Therefore, the following two equations
were obtained for each rate-determining step by inte-
gration of Eq. 3:
i) For diffusion in residual layer (k;, kc >D./ 1,)

2 2C,D,V.
1 — Zx — (1 —x)2/3 = ZXa%e”
3%~ (1w = T, )
ii) For surface chemical reaction (k. , De/ 1, >>kc)
1 (1—xps = Gakel )
°
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In the first place, the results for the hydrolysis of
Si3(PO4)s shown in Figs. 4 and 5 were replotted ac-
cording to the rate equations shown in Eqgs. 4 and 5.
However, it was found that neither rate equation
could express the decomposition rates satisfactorily.
In general, the rate of heterogeneous reaction of a
solid-liquid system is often dependent on both the rate
of diffusion through residual layer and the surface
chemical reaction. According to Habashi!® and Sohn
et al.,'® a mixed control rate equation can be derived
by combining the diffusion and chemically controlled
expressions as shown in Eq. 6:

iii) For mixed control (k. >D./7,, k¢)

[ — %x — (1= + Bll—(1—x)2] = ht,  (6)

where

2D,
ﬁ - kcﬂfo’
5 = 26DV
ory?

The results for the hydrolysis of Siz(POy4)s shown
in Figs. 4and 5 are replotted according to Eq. 6 as Fig. 8.
A good linear dependence of [1—2/3x—(1—x)?3]+
B[1—(1—x)¥3] on time was obtained. The values of 8and
k used for replotting Fig. 8 were conveniently given by
the slope and intercept of the straight line drawn be-
tween [1—2/3x—(1—x)28/¢] and [1—(1—x)V3/ t] at constant
temperature.l”? The values for the constants 8 and k
for the four different-sized particles used are given in
Table 1. If Eq. 6 describes the reaction conversion ade-
quately, then the ratio of the values of k for two essen-
tially monosized fractions should be equal to the square
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Fig. 8. Plots of decomposition data according to
shrinking core model with mixed surface chemical
and diffusional kinetics.
(A) Effect of phosphate particle diameter (Fig. 4),
(B) Effect of pH (Fig. 5-A) (Symbols are the same as
those in each Fig.).
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of the ratio of the radii. The comparison is shown as
Table 2. Agreement between the expected results and
those actually obtained is observed, and hence the sug-
gestion that the hydrolysis of Siz(POs4)s is under
mixed diffusion through residual layer and chemical
reaction control is reasonable. A part of the resulting
colloidal silica remains on the surface of Siz(POs)4 and
the diffusion of the reactant through the silica layer
partially controls the overall rate of the hydrolysis.
The values for the constants 8 and & for various pH
values and temperatures are summarized in Table 3.
The value of & increased with increasing pH. On the
other hand, at constant pH the value of 8 decreased

TABLE 1. VALUES OF CONSTANTS INEQ 6 FOR THE DECOMPOSITION
OF SILICON PHOSPHATE IN AQUEOUS ALKALINE SOLUTION

Mean particle diameter® 5 k
pm min~!
1.0 0.9 1.6X10-2
2.2 0.4 3.4X10-3
3.7 0.2 1.4X10-3
22.6 0.04 3.2X10-5

a) Since the phosphate particle was disk-shaped,
its diameter, d, could be calculated as follows: d=
(f-h)V3, where f=md’2.9

TaBLE 2. TESTING OF EQ 6 USING DATA FROM TABLE ]

Particle diameters used/um Ratio Ratio
d, d, k./k, (dy/d,)?
1.0 2.2 4.7 4.8
1.0 3.7 11.4 13.7
1.0 22.6 500 511
2.2 3.7 2.4 2.8
2.2 22.6 106 106
3.7 22.6 43.8 37.3

-4
5+
pH 11.0
s °r PH 8.0
-7+
8 ! | ! ] 1
3.1 32 33 3.4 35
1037 7K1

Fig. 9. Arrhenius plots for the decomposition rate
of silicon phosphate in aqueous alkaline solution.
pH — @:8.0, O: 11.0.

TABLE 3.  VALUES OF CONSTANTS IN EQ. 6 AND ARRHENIUS ACTIVATION ENERGY
Temperature/°C E
pH 20 30 40 50 E—
) ) . . k]J mol-?
B k/min—! B k/min-1 B k/min-! B k/min—1
8.0 0.5 5.7X10~4 0.4 2.5X1073 0.05 4.9X1073 0.01 7.9X10-3 48.8
9.5 — — 0.4 3.2X10-3 — — 0.01 7.9X10-3 —
11.0 0.5 2.0X10-3 0.4 3.4X10-3 0.05 5.5X10-3 0.01 1.1X10-2 42.7

12.0 - — 0.4 3.5X1073
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with increasing temperature, whereas the value of k in-
creased. The decrease in the value of 8 means that the
contribution of the surface chemical reaction to the
overall rate of the decomposition becomes smaller. The
unusual behavior, that the value of B decreased with
increasing temperature in spite of the increase in silica
solubility, can be explained by the relative increase of
the rate of the chemical reaction.

The Arrhenius plots for the data of pH 8.0 and 11.0
are given in Fig. 9. The dependence of In k on tem-
perature was approximately the same at both pHs.
The apparent activation energies calculated from the
Arrhenius plots were 48.8 and 42.7k]J mol—! at ph 8.0
and 11.0, respectively; these are reasonable values for
the mixed control reaction.

The authors wish to thank Prof. Taijiro Okabe and
Dr. Tsugio Sato of the Department of Applied
Chemistry, Tohoku University, for their helpful
discussions and Mr. Kazuhiro Sango of Mizusawa
Industrial Chemicals, Ltd. for his experimental assist-
ance.

Nomenclature

Ca=Bulk reactant concentration (mol cm=3).
D.=Effective diffusivity of reactant through the product
layer (cm2min~1).
d=Mean particle diameter (um).
d’=Diameter of disk-shaped particle (pm).
h=Height of disk-shaped particle (um).
k=Overall reaction rate constant (min-1).
kc=Surface chemical reaction rate constant (cm min~!).
kL=Mass transfer coefficient (cm min-1).
ro=Initial particle radius (cm).
t=Reaction time (min).
I’=Molar volume of solid reactant (cm3mol~?).
x=Fractional conversion ( —).
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B=Coefficient indicating surface chemical contribution to
overall rate (—).
o=Stoichiometry factor ( —).
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