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It has been reported by several authors'~+
that various silicas show a maximum in the
temperature range of 200 to 300°C in the curve
of the heat of immersion in water vs. the out-
gassing temperature. Two theories have been
proposed to explain this phenomenon. Accord-
ing to one theory, the hydroxyl groups on the
surface of silica samples form hydrogen bonds
with water molecules upon immersion. Most
of the heat evolved upon immersion is thus
due to the hydrogen bonding energy; the
highest concentration of surface hydroxyl groups
brings the maximum in the heat of immersion.
At temperatures higher than 300°C condensa-
tion of the surface hydroxyl groups occurs,
converting silanol groups to siloxanes, which
are not rehydrated easily on immersion in
water ; consequently, the heat of immersion
decreases. On the other hand, at lower tem-
peratures the surface hydroxyl groups are
partly covered by some amount of water mole-
cules adsorbed physically, so that the heat
becomes less.!:?>

According to another theory, the condensa-
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tion of surface hydroxyl groups proceeds with
heat treatment, forming a siloxane surface
which, on immersion in water, reproduces the
hydroxyl groups by a reverse reaction. The
immersion heat increases as the dehydration
proceeds with the heat treatment. When the
temperature of the treatment rises further, the
siloxane surface formed is stabilized and
becomes difficult to be rehydrated; therefore,
the heat of immersion decreases.®*?

In these two explanations it may be seen
that the existence and behavior of surface
hydroxyl groups play an important role. Also,
from the viewpoint of catalytic action, the
behavior of the surface hydroxyl groups on
metal oxide is important. The present inves-
tigation will deal with the behavior of the
surface hydroxyl groups on alumina by
measuring the heat of immersion in order to
compare it with that of those groups on silica
samples and to test the validity of the two
explanations mentioned above in the case of
alumina samples.

Experimental
Samples.—The samples studied were a- and 7-
alumina. The former, made by the Showa Denko

Co., was washed with 4N hydrochloric acid and
then with water until the value of the electrical
conductance of the mother liquor became that of
water, while the latter was prepared by calcining,
at 550°C in air, gibbsite, which was supplied by
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the Showa Denko Co., and then washing it with
water in a way similar to that used for the former.
X-Ray investigations showed that the latter is
amorphous, while the former gives the a-form.
Just prior to the immersion measurement, the
sample was outgassed in a glass ampoule for 4
hr. at a given temperature in a vacuum of 10-*
mmHg, and then sealed off. When the pretreat-
ment was carried out above 500°C, silica ampoules
were used.

Immersion Measurement. — The heat evolved
upon the immersion of the sample in water was
measured by a precision calorimeter equipped with
a thermistor as a temperature-sensing element.s:%
The galvanometer reading was calibrated by supply-
ing a given electrical energy through a constantan
wire of about 50 2. In the course of the measure-
ments of the immersion heat, the slow heat evolu-
tion described by Guderjahn et al.” has never been
detected ; rather, the evolution of heat was ex-
tinguished in just a few minutes. All the measure-
ments were carried out at 254+0.01°C.

Surface Area Measurement.—The B. E. T. surface
areas were measured by nitrogen adsorption. The
surface area of a-alumina was constant (1.91 m?/
g.), independent of the outgassing temperatures
employed here, while the area of r-alumina was
almost constant to 600°C and then decreased with
the further rise in the outgassing temperature above
600°C, as Fig. 1 shows.

Water Content. — The water content of the
samples was determined as follows: the water
vapor generated by the heat treatment of the
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Fig. 1. Temperature variation of the speci-

fic area of y-Al.Os.

samples in an evacuated apparatus was gathered in
a trap cooled at the boiling point of nitrogen, and
then the volume of the vapor reevaporated at room
temperature was measured volumetrically. In order
to raise the sensitivity of the pressure reading, an
oil manometer was used. The measurements were
carried out at 100°C temperature intervals from 300
to 1100°C, keeping the sample at each temperature
for 4 hr.
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Results and Discussion

The findings on the immersion heat of
alumina in water are shown in Fig. 2. The
heat of immersion of a-alumina, like that
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Fig. 2. Immersion heat vs. outgassing tem-

perature curve of Al:O;.
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of r-alumina, increases to a maximum value
and then decreases as the outgassing tempera-
ture is raised. This phenomenon was also
found in the case of silica, as has been men-
tioned above. It may be seen, however, that
there are two remarkable differences between
the immersion heat curve of silica and that
of alumina. First, the absolute values of the
heat of alumina are much greater than those
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Fig. 3. Temperature variation of the dehy-
dration amount and the water content of
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of silica, and, second, the outgassing tempera-
ture at which the heat of immersion of alu-
mina showed a maximum is 600 to 650°C,
much higher than that (200~300°C) in the
case of silica. This latter fact suggests that the
bonding energy of aluminol is remarkably
large. Wade and Hackerman® could not find
such a maximum on alumina since they treat-
ed alumina only to 450°C.

The amounts of dehydration and the water
contents of alumina are given in Fig. 3. Since
the degassed amounts of both a- and y-alumina
from 1000 to 1100°C were negligible, the water
contents at various temperatures were calcu-
lated by assuming the value at 1100°C to be
zero. Furthermore, assuming that the dehy-
drated water arises from the condensation of
surface hydroxyl groups, the numerical value
of these amounts was expressed in OH’s/
100A2 It may be seen from these curves that
the water contents of alumina decrease steeply
from 300 to 600°C, followed by a slow dehy-
dration up to 1100°C.

Crystallographic data show that the surface
layer of a-alumina consisting of the closest
packing of oxygen ions contains 19 0?~/100A?2,
as was calculated by Wade and Hackerman.®
If all the oxide ions are hydrated normally,
the same number of hydroxyl groups will be
formed ; this can be compared to 8 OH’s/100A2
for the silica surface.” All the figures obtained
as the water contents of alumina above 300°C
are less than this value. Moreover, it is known
that physically-adsorbed water molecules on
solid surfaces can be removed by heating them
up to 200~250°C."'®> In view of these cir-

" cumstances, it is plausible to consider that the
water vapor which was generated above 300°C
had been bound chemically on the surface,
forming surface hydroxyl groups. The water
content of samples decreases linearly from 300
to 600°C, while, on the other hand, the im-
mersion heat of the same samples increases
linearly in the same temperature range. It
may be considered from these observations
that, on the samples treated in such a tem-
perature range, the rehydration of dehydrated
sites on the surface occurs easily on immersion
in water, accompanied by the evolution of
hydration energy. The appropriateness of this
consideration seems to be supported by the
following fact: in such a temperature range
the increase in the immersion heat of a-alu-
mina, in which the decrease in water content
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is more marked, is steeper than in the case of
r-alumina, in which the decrease in water
content is less. In this range of outgassing
temperature, surface hydroxyl groups, alumi-
noles, will be regenerated reversibly from
dehydrated sites on immersion in water.
Therefore, one can calculate the heat of hy-
dration from the amount of dehydration and
the immersion heat. Figure 4 shows the
relation between the immersion heat and water
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contents in this temperature range. Regarding
each of these curves as straight near the end,
the heats of hydration on the surfaces of a-
and y-alumina can be calculated as 15.8 and
9.60 kcal./mol. water respectively. These values
are several times greater than those obtained
on the surface of silica samples® and are a
little greater than the values known as the
energy of hydrogen bonds.

When the outgassing temperature exceeds
600°C, the immersion heat begins to decrease,
probably because of the stabilization of the
dehydrated product, aluminoxane, produced on
the surface. It may be seen from these dis-
cussions that the immersion phenomenon of
alumina in water can be explained by the
theory of rehydration, which is the second
one of the two mentioned above. However,
it is surprising that the immersion heats of the
samples treated at 1100°C, on the surface of
which the water contents are regarded as zero,
are fairly large compared with those on silica
samples.! =

This fact seems to suggest that the wetting
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of the surface of aluminoxane should be con-
sidered significant. In order to solve the
problem of the wetting degree of the alumino-
xane surface or, in other words, the problem
whether or not the rehydration of the alumi-
noxane surface is significant in the sample
treated at 1100°C, the kinetic study of the
hydration is needed for alumina samples. The
heats of immersion of a-alumina are con-
siderably greater than those of y-alumina.
Some authors have pointed out that the im-
mersion heats of the amorphous silica in water
are less than those of crystalline silica.!''??
The reason for this phenomenon remains
unclear. The strength of the bonding force of
surface radicals with water molecules is,
however, probably an important factor, in
addition to the concentration of the surface
radicals.
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Summary

1) The surface properties of two kinds of
alumina have been studied by measuring the
immersion heats and the water contents. The
heat of immersion of alumina showed a
maximum at about 600~650°C, which is
considerably higher than the 200~300°C of
silica, and the heat values were much greater
than those of silica.

2) It has been concluded that the rehydra-
tion process of dehydrated sites plays an
important role in the case of the immersion
of alumina in water. The heats of hydration
calculated from the immersion heats of a- and
7-alumina were 15.8 and 9.60 kcal./mol. water
respectively.
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