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Si0,-coated Al,O3 powders were prepared by depositing hydrolyzed tetracthoxysilane (TEOS) on Al(OH); and
y-Al,03 at 40°C. In the preparation using AI(OH); with a specific surface area (SA) of ca. 40m?g~! as a support,
loading of silica deposited on the AI(OH); was saturated at 80 mg galumina”. Ammonium nitrate, a catalyst for the
hydrolysis of TEOS, increased silica loading linearly with increasing the amount of TEOS charged, while the silica
aggregated on the AI(OH)3. At temperatures of >300 °C, the core AI(OH); coated with aggregated silica was fragmented
into a mixture of small particles of pure alumina and silica—alumina diminishing small particles with a large SA of
>400m? g~!. The small surface area of the support AI(OH); is ineffective in generating active acid sites. In the depo-
sition of silica on y-Al,O3 with a SA of 450 m? gfl, however, silica loading increased with increasing the amount of
TEOS charged at 40 °C without using ammonium nitrate. Silicate species with thinner layer structures uniformly covered
the y-Al,O3 surface. The SiO,-covered y-Al,O3 showed higher catalytic activity than the SiO,—Al,O3 prepared from
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Al(OH); did.

We have recently prepared various metal oxides coated
with silica by liquid-phase deposition using tetraethoxysilane
(TEOS).!? The silica-coated metal oxides of MgO, Fe,03,
NiO, Y,03, ZrO,, SnO,, and Dy,03 have high specific surface
areas (SA) of >200m? g~! even after heating at 500°C.! The
silica species deposited on the surface of the primary hydrox-
ide particles prohibit the core oxide particles from agglomerat-
ing during calcination, although the primary particles of the
pure hydroxides readily aggregate into large oxide particles.'?
We have also reported another silica deposition: silica dis-
solved in an aqueous basic solution deposits on precipitates
of ZrO(OH), and Ni(OH), under hydrothermal conditions at
100°C.3* In the liquid-phase silica deposition, TEOS treat-
ment is more efficient for silica deposition than hydrothermal
treatment employing the dissolution—deposition of silica.”

In vapor-phase deposition processes,’”’ we have prepared
Si0,-Al, O3 by depositing silica on alumina supports using
TEOS vapor. Vapor-phase deposition of silica has been studied
on other supports such as ZrO, and TiO,.%? Support materials
limit the SA of the resulting composite catalysts in the vapor-
phase process: the SA of the alumina used was at most 200
m? g~' .37 In contrast, the liquid-phase process has an advan-
tage in depositing silica, because the deposition proceeds un-
der mild conditions utilizing the high surface area of the oxide
and hydroxide precursors.

In our preliminary tests, we examined the treatment of sev-
eral metal hydroxides in a basic solution with silica glass chips
under hydrothermal conditions.! It was found that no silica
deposition occurred upon the hydroxides of Al(III) and Ti(IV)
at pH 10. Since the isoelectric point of aluminum hydroxide is
close to the pH of the deposition conditions,'” we are afraid
that the bonds of Si—~O-Al and Si—-O-Ti are unstable near the
isoelectric points. Then, we expect that the silica deposition
using TEOS would be promising for the preparation of fine

particles of SiO,-coated aluminum oxide. In the preparation
of an alumina support, AI(OH)3 precipitate is transformed to
alumina at around 300 °C.!! The transformation of AI(OH); in-
to alumina increases the SA, where the SA of the AI(OH); pre-
cipitate, derived from neutralization of aluminum(III) nitrate
solution and dried at 100°C, is only 35m? g~!.12

In this paper, we examine the deposition behavior of silica
on either an Al(OH)3 precipitate or y-Al,O3 powder using
TEOS, where AI(OH); precipitated freshly and alumina ob-
tained by calcining the Al(OH)s precipitate at 300 °C are used
as the support. We clarify the effect of the properties of the
support material for the liquid-phase silica deposition. We also
discuss the structure of the resulting SiO,-coated Al,O5 after
calcination at 500 °C in connection with the catalytic behaviors
for the cracking of cumeme.

Experimental

Samples. All reagents were supplied by Wako Pure Chemical
Industry (Japan). A precipitate of AI(OH); was obtained by add-
ing 10wt % of an AI(NOs)3 solution (51g) into 5.0moldm™> of
an ammonia solution (194 g). After filtration and removal of am-
monia by washing with distilled water, the fresh precipitate con-
taining ca. 8 g of water and 19.6 mmol-Al, which corresponds to
1 g of the resulting Al,O3, was used for the following silica dep-
osition. Figure 1 depicts the outline of the preparation procedure
for the silica deposition with three different types.

As-prepared hydroxide precipitate was placed in a glass vessel
with ethanol (30 g) and TEOS (0.348-2.08 g; ex. 0.693 g of TEOS
corresponds to 200 mg of silica). The hydroxide precipitate sus-
pended in the solution was stirred at 40 °C for a prescribed period.
The precipitate collected by filtration was dried at 50 °C for 12h,
followed by 110°C for 12h to obtain a SiO,—Al(OH); sample.
Then, it was calcined in air at 500 °C for 3h at a heating rate of
1 Kmin~! to obtain a Si0,—Al,O;3 sample (series Agp). In Fig. 2,
silica loading was calculated from the difference between the
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Fig. 1.

Procedure for the preparation of SiO,—Al,O3 samples.

TEOS/EtOH with
NH4NO;3 at 40 °C

TEOS/EtOH
at40°C

charged TEOS and residual TEOS, which was determined by the
weight of silica precipitate recovered by evaporation of the filtrate
solution after hydrolysis of the residual TEOS by an aqueous
NaOH solution.

Another silica deposition over the hydroxide precipitate was
examined by adding 0.13 g of ammonium nitrate as a catalyst
for the hydrolysis of TEOS in the TEOS/ethanol solution. The
suspended solution was stirred at 40 °C for a prescribed period.
Then, the sample was collected by filtration, dried at 110 °C, and
calcined at 500 °C in the same manner as the previous sample, Ay.
The resulting SiO,—Al,O3 sample is called series A. For example,
the sample name A-400 indicates a series-A sample with silica
loading of 400 Mg Zaumina -

Another series of SiO,—Al,O3 was prepared using y-Al,O3 as a
support for the silica deposition (series B). The y-Al,O3 support
with the specific surface area of 450 m? g~! was obtained by heat-
ing the as-prepared hydroxide precipitate at 300 °C for 3h. The
Al, O3 sample was put in a glass vessel with ethanol (30 g), water
(8.0g), and TEOS (0.348-2.08 g). The suspended solution was
stirred at 40°C for a prescribed period, until a white precipitate
caused by abrupt hydrolysis and polymerization of TEOS was
not observed when aqueous NaOH solution was added to the
extracted supernatant solution. Then, the sample was collected
by filtration, dried at 110°C, and calcined at 500 °C in the same
manner as sample Ag mentioned above.

A commercial silica—alumina, N-631L, purchased from Nikki
Chemicals (Japan) was used as a reference catalyst. The silica—
alumina has an alumina content of 13 wt % and SA of 405 m? g~

Characterization. The SA of the samples was determined by
the BET method using the N, adsorption isotherm measured with
a conventional volumetric gas adsorption apparatus at —196°C.
Prior to the N, adsorption, samples were heated in a vacuum at
300 °C for 1h, while samples calcined at temperatures lower than
300°C were heated at 100°C. XRD profiles of samples were
recorded on a M18XHF (Mac Science, Japan).

Magic angle spinning (MAS) NMR spectra were recorded
on a DPX-300 multinuclear spectrometer (Bruker, Germany).
YTAIMASNMR was measured at 78.23 MHz at MAS speed of

Si0,-Coated Al,O3

Silicaloading / mg g gport™*

Fig. 2. Deposition behavior of SiO, from TEOS on Al-
(OH)3 and Al,O3. a, sample Aj using 0.693 g of TEOS
(corresponding to 200 mg of SiO,); b, sample A, 0.347 g
(100 mg); ¢, sample A, 0.693 g (200 mg); d, sample A,
1.39 g (400 mg); e, sample A, 2.08 g (600 mg).

5.80kHz; 8192 free induction decays (FID) were accumulated
with radio-frequency pulses of 0.3 us, which correspond to 5.4°
tip, and repetition delay times of 0.5s. The >’Al chemical shifts
(in ppm) are referenced to a 1.0 mol dm~* AI(NO3); solution used
as an external standard. Si MAS NMR spectra were obtained
with high power 'H decoupling at 59.64 MHz at a MAS speed
of 4.00kHz; 1024-2048 FID signals were accumulated with ra-
dio-frequency pulses of 1.6 us, which correspond to 30° tip, and
a repetition delay time of 60's. The 2°Si chemical shifts are refer-
enced to tetramethylsilane (TMS) using sodium 4,4-dimethyl-4-
silapentanesulfonate (DSS, 1.534 ppm) as an external standard.

A temperature-programmed desorption (TPD) of adsorbed
benzaldehyde (BA) was done in N flow: details of the procedure
have been reported elsewhere.? Prior to adsorption of BA, a sample
(20 mg) fixed in a quartz tube was heated at 500 °C for 1 h. After
the sample had been cooled to 250 °C, five pulses of BA, with each
pulse being 10 mm?, were injected in an N flow of 50 cm® min~".
BA desorbed from the sample was monitored on a flame-ionization
detector from 250 to 800 °C at a heating rate of 10 Kmin~!. Since
BA is adsorbed not on silica but on alumina,'3!* we can calculate
the surface density of the adsorbed BA, which means the exposure
of Al(III) oxide on the surface.

TPD of adsorbed NH3 was measured by monitoring the electric
conductivity of a diluted sulfuric acid solution, into which NHj
desorbed from the sample was bubbled with N, carrier gas.
Details of the procedure have been reported elsewhere.!>1¢ After
the sample had been evacuated at 500 °C under a reduced pressure
of 1.3 Pa, NH; vapor was introduced at 13.3 kPa and 100 °C, fol-
lowed by evacuation at 100 °C for 1 h. The TPD was performed at
a heating rate of 10 Kmin~' from 100 to 800°C in an N, flow of
54 cm’ min~! after no NH; desorbed at 100°C was detected.

Catalytic tests for the cumene-cracking reaction were per-
formed in a pulse reactor using a sample of 10mg in a H, flow
at temperatures of 200-500 °C. The details have been described
elsewhere.!” No significant difference was observed in the catalyt-
ic activities of silica—alumina under H,- and He-flow conditions.
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Results

Deposition of Silica on AI(OH); and Al,O3. Prior to
silica deposition, we examined the physical properties of sup-
ports of AI(OH); and Al,Os with different heating tempera-
tures. Table 1 summarizes the SA and average particle size
of the supports and their crystal structure. The SA of aluminum
hydroxide is as small as 40 m? g~'. With increasing the heating
temperature, the SA abruptly increases to 450 m? g~! at 300°C
and decreases gradually above 300 °C. At ca. 300 °C, AI(OH);
was transformed into y-Al,O3. The transformation accompa-
nies with the decomposition of a large A1(OH); particle into
small pieces of y-Al,O3 particles. Then, we prepare silica-
coated alumina samples using both a fresh AI(OH); precipitate
(series Ap and A) and y-Al,O3 heated at 300°C (series B)
in order to clarify the effect of the properties of the support
material for silica deposition.

Figure 2 shows the changes in silica loading with time of
immersion for preparation at different TEOS concentrations.

Table 1. Structure of AI(OH); with Different Heating Tem-
perature

Temperature Structure® SAY Particle size®
/°C /m?g~! /nm
as-prepared?  AI(OH); + amorphous — —
110 Al(OH); 4 66
200 AI(OH); 12 200
300 y-AlL, 03 450 39
400 y-AlO; 424 42
500 y-Al,O; 300 5.9

a) Determined by XRD. b) Specific surface area. c) Average
particle diameter, d, calculated from the equation, d = 6/
SA/p, where p is the density of either bayerite, 2.5gcm™3,
or y-alumina, 3.4 gcm™3. d) Wet precipitate.
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In the preparation of samples Ay, silica loading was saturated
at only 80 mg galumina’l, even with the use of excess TEOS. In
the preparation of series-A samples using ammonium nitrate as
a catalyst for the hydrolysis of TEOS, silica loading increased
with immersion time, and all the TEOS charged in the vessel
deposited on the AI(OH); for a sufficient period. The silica
loading well agrees with the amount of TEOS charged. In
the preparation of series-B SiO,—Al,0s, silica loading also
agrees with the amount of TEOS charged without using ammo-
nium nitrate as a hydrolysis catalyst.

Table 2 lists the SAs of the SiO,—Al,O3 samples. In the
absence of TEOS, the original alumina prepared by heating
the fresh AI(OH); precipitate at 500 °C has a large SA (300
m?g~!). In samples Ay and A, SAs are as high as 350-400
m? g~!, while those of the as-dried samples are as low as 30—
40m? g~!. The core AI(OH); particles are decomposed into
alumina at temperatures between 200 and 300°C, as shown
in Table 1. In the series-B samples, however, SAs are constant
at ca. 300 m? g~!, which is the same as that of the original sup-
port alumina calcined at 500 °C.

Structure of Silica-Coated Alumina. Figure 3 depicts the
XRD profiles of several samples dried at 110 °C and heated at
500°C. In AI(OH); and A-400 dried at 110°C (Figs. 3a and
3b), the diffraction peaks at 260 = 19.0, 20.8, 28.3, 40.8, 53.6,
and 63.9 degrees are assigned as planes of bayerite, AI(OH);.
In the samples of y-Al,O3 and A-400 calcined at 500°C
(Figs. 3¢ and 3d), the diffraction peaks at 26 = 20.0, 37.9,
39.6, 46.0, 61.0, and 67.0 degrees are assigned as planes of
y-alumina. The crystal structures of the samples heated at
110 and 500 °C are AI(OH); and y-Al,Os3, respectively. They
are independent of silica deposition.

Figure 4 illustrates 2’ AIMAS NMR spectra of samples with
different heat treatment. In the samples of AI(OH); and A-400
dried at 110°C (Figs. 4a and 4b), the peak at O ppm shows 6-
coordinate Al. In the samples of y-Al,03 and A-400 calcined

Table 2. Physical and Catalytic Properties of SiO,-Coated Al,O3¥

Catalyst Silica SA Silica Thickness Conversion/%°
loading y 1 density® of silica¥
/mg galumina_1 /m g /n[n_2 /nm 400°C 450°C 500°C

Al O3 0 300 (300) 0 0 0 0 0
Ap-80 80 400 (432) 1.9 0.08 0.1 1.2 32
A-100 100 365 (402) 2.5 0.11 1.5 33 7.2
A-200 200 345 (414) 4.8 0.22 10.5 19.1 33.2
A-300 300 350 (455) 6.6 0.30 12.7 26.7 42.6
A-400 400 345 (483) 8.3 0.38 20.6 38.2 57.6
A-500 500 370 (555) 9.0 0.41 24.6 41.2 59.6
A-600 600 400 (640) 9.4 0.43 12.1 20.6 33.1
B-100 100 310 (341) 2.9 0.13 1.8 4.1 9.3
B-200 200 295 (354) 5.7 0.26 13.0 23.3 37.2
B-400 400 310 (434) 9.2 0.42 48.3 68.9 84.4
B-600 600 305 (488) 12.3 0.56 43.1 63.0 72.1

a) Calcined at 500 °C for 3 h. b) Specific surface area, a number in the parentheses expresses the specific surface area,
SA’, based on the weight of core alumina. ¢) Surface silica density (d) is calculated from the equation, d = 6.02 x 10?
[mol™'] x (silica loading [mg gsuppor~'1)/(1000 + silica loading)/60 [gmol~']/(specific surface area [m?g~']).
d) Average thickness (#) of SiO, layer deposited on alumina is calculated using the following equation, ¢ = (silica load-
ing [mg gsuppm_l]) /(1000 + silica loading)/2.2 [g cm™3] /(specific surface area [m? g_l]), where the density of amor-

phous silica is assumed to be 2.2 gcm™>

. ¢) Cumene cracking was carried out at the prescribed temperatures.
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Fig. 3. XRD profiles of SiO,—Al,O3 samples. a, AI(OH);
dried at 110°C; b, A-400 dried at 110°C; ¢, Al,O3 heated

at 500 °C; d, A-400 heated at 500°C. ¥: AI(OH)3, V: y-
Al,Os.

200 150 100 50 0 -50
ppm from Al(OH) &>

Fig. 4. 2TAIMAS NMR spectra of SiO,—Al,O3. Symbols
are the same as those in Fig. 3.

-100

at 500 °C (Figs. 4c and 4d), the peaks at 0 and 65 ppm indicate
6-coordinate and 4-coordinate Al, respectively. There were no
significant differences in the >’ AINMR spectra between the
samples with and without silica deposition. The NMR results
are consistent with the XRD results depicted in Fig. 3.

Figure 5 depicts 2°Si MAS NMR spectra of Si0,—Al,05 cal-
cined at 500°C. In both series A and B, the major >Si reso-
nance peak observed at —78 ppm shifted to —110 ppm with
increasing silica loading. In series A, however, a broad peak
is observed at around —110 ppm, even at the low silica loading
of 100 Mg Zaumina - In sample Ay-80, the major peak is ob-
served at ca. —78 ppm, and the spectrum is similar to that of
B-100.

Figure 6 shows a change in the density of adsorption sites of

Si0,-Coated Al,O3

-100 -150
ppm from TMS

-200

Fig. 5. ??SiMASNMR spectra of SiO,—-Al,O3; heated at
500°C. a, sample Ayp-80; b, A-100; c, A-200; d, A-400;
e, B-100; f, B-200; g, B-400.

Benzaldehyde adsorbed / nm

0 100 200 300 400 500 600
Silicaloading / mg Qaumina -

Fig. 6. Change in density of adsorption site of benzalde-
hyde on SiO,-Al,03. a, samples A; b, samples B.

benzaldehyde with silica loading. Benzaldehyde adsorbs on
pure Al,O3; with a density of 1.4nm™2, while it does on the
commercial silica gel at a small density of ca. 0.02nm™2.2
Niwa et al. reported that the density of benzaldehyde adsorbed
on alumina and silica were 1.80 and 0.14nm™2, respectively.'*
In series A, the adsorption density gradually decreases with
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increasing silica loading to ca. 0.4 nm~2 at 600 Mg atumina |
(Fig. 6a). In contrast, the density of benzaldehyde adsorption
sites steeply decreases in series B, and keeps a constant 0.2
nm~? at silica loadings above 200 mg aumina  (Fig. 6b).

Acidic and Catalytic Properties of Silica-Coated Alu-
mina. Figure 7 shows the TPD profiles of NH3 adsorbed
on silica-coated alumina. The acid strength as a function of
desorption temperature and the number of acid sites are esti-
mated by the profile. Table 3 lists the number of acid sites,
acid density, and ratio of Si/acid site. Silica deposition creates
acidic sites on the alumina surface: the number of acid sites
increases with silica loading reaching a maximum at 400
Mg Lalumina | in series B.

Figure 8 shows the temperature dependence of the catalytic
activity of silica-coated alumina samples in the cracking of
cumene. The conversion of cumene, which increases with

Peak intensity (a.u.)

Tl b
T 2
| 1 | 1 | 1 |
200 400 600 800
Temperature/ °C

Fig. 7. TPD profiles of adsorbed NHj3. a, Al;O3; b, sample
A-400; ¢, B-100; d, B-200; e, B-400; f, B-600; g, commer-
cial silica—alumina.

Table 3. Acidic Property of SiO,-Coated Al,O3"
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temperature, depends on the sample. The sample B-400 has
the highest catalytic activity, superior to those of a commercial
silica—alumina and A-400. The commercial silica—alumina,
N631L, is reported to be an excellent catalyst for several
acid-catalyzed reactions.® The catalytic data in the temperature
range between 400 and 500 °C are also summarized in Table 2.
In series A, A-500 shows the highest catalytic activity,
which is comparable to that of the commercial silica—alumina.
Figure 9 shows changes in the catalytic activity of both series
for the cracking of cumene at 450 °C with silica loading. Ex-
cess silica loading decreases the catalytic activity in both series
(A-600 and B-600). At silica loading of >200 mg Zajumina ">
the series-B samples show higher catalytic activity than the
A samples do.

Discussion

Silica Deposition on AI(OH)3;. Various metal oxides coat-
ed with a thin silica layer were prepared by liquid-phase dep-
osition methods using tetraethoxysilane (TEOS).!> The TEOS
treatment is more effective for depositing silica on the pre-
cursor hydroxides than the hydrothermal treatment employing
the dissolution—deposition of silica. The silica-coated metal
oxides of MgO, Fe,03, NiO, Y,03, ZrO,, SnO,, and Dy,03

100 T I T I T I
I .
80l i
S 60} d -
[
S | i
J
40} i
g b
O R i
20 :
a _
,\_,_—o/ﬂ?/?

29

Om
200 300 400 500
Reaction temperature/ °C

Fig. 8. Temperature dependence of catalytic activity of
Si0,—Al,03. a, sample B-100; b, B-200; ¢, B-400; d, com-
mercial silica—alumina.

Catalyst® Number of acid sites Ratio of Density of adsorbed
/umol g~! /nm ™2 Si/acid site benzaldehyde /nm~2

AL O3 155 0.31 — 1.4

A-400 282 0.49 23.7 0.6

B-100 323 0.63 5.1 0.6

B-200 382 0.78 8.7 0.3

B-400 558 1.08 11.9 0.2

B-600 457 0.90 21.9 0.2

N631LY 445 0.66 — —

a) Estimated by NH; desorbed in TPD measurement. b) Calcined at 500 °C for 3h. ¢) A commercial

silica—alumina.
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Fig. 9. Changes in catalytic activity with silica loading of
Si0,—Al,053 at 450 °C. (A) series-A and (B) series-B sam-
ples.

have high specific surface areas >200m? g~ after heating at
773K." The deposited silica prevents the agglomeration of
core oxide particles during calcination: the high specific sur-
face area of the precipitate is retained even after calcination.!™
However, aluminum hydroxide consists of large particles, with
a SA of 30m? g~! (Table 1). This is the significant difference
from the other metal oxides reported previously.

The results in Table 1 indicate that the transformation
accompanies the decomposition of a large Al(OH); particle
into small pieces of y-Al,O3 particles at 300 °C. The results
are consistent with the pioneering work on the preparation of
alumina.!™'? In the same way, it is reasonable that the core
Al(OH); with the silica layer decomposed into small alumina
particles with and without a silica layer during calcination
(series A). The size of the core AI(OH); is much larger than
the calcined body of alumina.

In the pre-calcined body of A(-80, the average thickness of
the silica layer on AI(OH)3 with a SA of 42m? g~! (Table 1) is
calculated to be 0.8 nm, which is ten times as large as that on
alumina. This is regarded as a limitation of silica deposition on
hydroxide surfaces without a catalyst for the hydrolysis of
TEOS. In other metal oxides, it is reported that silica deposits
on PrgO;; and Nd,O; with a thickness of 0.8 nm without using
a hydrolysis catalyst.! The thickness of 0.8nm indicates a
maximum thickness of the silica layer from TEOS at 40°C.

In the pre-calcined body of sample A-400, for example, the
average thickness of the silica layer formed on Al(OH); is
estimated to be at least 3nm. The precursor decomposes into
small pieces of alumina with silica during calcination. The
resulting materials consist of alumina with silica and pure alu-
mina that comes from inside the core Al(OH);. Namely, the
series-A materials are a mixture of silica—alumina and pure
alumina particles. Thus, in A-400, the silica size in the silica—
alumina particles is several nm.

We have identified the chemical shifts of 2Si NMR reso-
nance of silica deposited on alumina in the vapor phase.” Judg-

Si0,-Coated Al,O3

ing from the ?SiNMR result, the silica on Ay-80 with the
average thickness of 0.08 nm (Table 2) has a thin layer spot
rather than aggregates of silica. The 2?Si NMR results support
the above speculation: the signal of A-400 is sharper than that
of B-400, and this indicates the silica in A-400 is larger than
that of B-400. If the deposited silica forms either a multiple
layer or a particle aggregate, the Qg silicon, Si(OSi)4, reso-
nance is observed at ca. —110ppm.” In at least a trilayer of
silica, Si located in the middle layer shows the resonance at
—110 ppm. In a bilayer silica, Si located in the top layer shows
the resonance from —90, Si(OSi),;(OH),, to —100 ppm, Si-
(OSi)3(OH). Sample A-100 has the resonance peak at —110
ppm, even at a small silica loading of 100 Mg gaumina > Which
shows the silica species agglomerate. Ammonium nitrate, act-
ing as a catalyst of TEOS hydrolysis in the preparation of
series-A samples, agglomerates silica species in the liquid
phase. This consideration is also supported by the TPD results
of adsorbed benzaldehyde: more alumina surface is surely ex-
posed on the surface in series A (Fig. 6). We can conclude that
the series-A samples consist of a mixture of pure alumina and
alumina with silica aggregate.

Thermal Stability of Silica-Coated Oxides. Coating ox-
ides sometimes act as an obstacle for the sintering of the core
materials during heating. In a silica—alumina prepared by de-
positing silica on alumina, it has been known that the alumina
core particles exhibit a heat resistance to sintering even at
1493 K."820 In the opposite case of silica—alumina prepared
by depositing alumina on silica gel, the surface alumina also
prevents the silica support from sintering during hydrothermal
treatment at 373-423 K.2! Also, silica-coated metal oxides of
MgO, Fe,03, NiO, Y,03, ZrO,, SnO,, and Dy,03; maintain
a high SA of >200m? g~! even after heating at 500°C."

Here, we should note that aggregation of pure alumina pro-
ceeds during the calcinations from 300 to 500°C (Table 1).
The pure alumina calcined at 500°C has a SA of 300m? g™,
which is intrinsic to alumina.'? It is obvious that the particle
size of the support is enlarged in both series of silica—alumina.
The thermal stability seems to attribute to the high SA values,
350-400m? g~!, of the present silica-coated alumina.

In the comparison of SA” based on the weight of core alumina
between series A and B (Table 2), we notice an idea of thermal
stability. It is obvious that series-B samples have the same type
of thermal stability mentioned above: SA” of B-600 is consistent
with the value of SA of alumina calcined at 300 °C. Namely, the
size of alumina is maintained at 500 °C in the sample. In series-
A, however, A-600 has a much higher SA’ than 450 m? g‘l.
This indicates that deposited silica itself contributes the surface
area. It is reasonable that silica aggregates themselves contrib-
ute a considerable portion of SA. In other words, the high SAs
of series A are caused by the samples consisting of a mixture
of silica-deposited alumina and pure alumina particles, as dis-
cussed in the previous section. Here, we should note that aggre-
gation of core alumina proceeds during the calcination at 500
°C, even in the samples with a silica loading less than 200
Mg Latumina + (A-200 and B-200).

Silica Deposition on y-Al;O03. In sample B-100, the silica
species deposited on alumina can be regarded as a monolayer
because of the major peak at —80 ppm (Fig. 5), which is prob-
ably attributed to the Si(OAl),(OH); structure.”-?>23 In B-200,
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the deposited silica species can be regarded as a bilayer because
of the major peaks at —90 and —100 ppm, which are attributed
to the representative structures of Si(OSi),(OH), and Si(OAl),-
(OSi),, respectively.” The silica species deposited on B-400 can
be regarded as a trilayer because of the major peaks at —90,
—100, and —110 ppm, which are attributed to Si(OSi),(OH),,
Si(OAl),(OSi),, and Si(OSi)4 structures, respectively.’

We have developed another silica—alumina by the vapor-
phase deposition of silica on alumina with a SA of 203 m? g~!
from TEOS.® The catalytic activity of silica—alumina varies
with the silica loading depending on the reactions, such as de-
hydration, isomerization, and cracking: the most active species
for the cracking of cumene has 19 wt % of silica, which corre-
sponds to a silica density of 11.2 nm™2.° This has no significant
difference from the present results (Table 2). In addition, a
silica bilayer is observed on the alumina with silica content
of 11.8 wt %, which is a silica density of 6.5 nm~2.7

The present results of >?Si NMR and TPD of BA indicate
that the silica deposited on the alumina in series B consists
of a thin layer rather than particle aggregates. In the present
liquid-phase deposition, trilayer silica is the most active spe-
cies, whereas further layers decrease the activity (A-600 and
B-600). This is consistent with the previous reports.®” Thus,
we can conclude that the silica trilayer produces the most
active species in the cumene cracking.

In the acid-catalyzed cumene cracking, the series-B samples
that consist of silica-coated oxide particles are superior to the
series-A samples, which consist of a mixture of pure alumina
and alumina with silica aggregate. The difference in the silica
structure (Figs. 5 and 6) causes the difference in the acidity
(Fig. 7) and the catalytic activity (Fig. 9). In the present lig-
uid-phase process, the high SA of the support could be effec-
tive in dispersing silica as not to aggregate the core metal
hydroxide under mild deposition conditions. This is the great
advantage in depositing silica on support materials such as
alumina.

Conclusion

SiO;y-coated Al,O3 powders were prepared by depositing
silica on the hydroxide and oxide of aluminum using tetra-
ethoxysilane (TEOS) under different conditions at 40 °C. On
an Al(OH); precipitate with a large particle size and SA of
40m? g~!, silica loading was saturated at only 80 mg Zaiumina "
without using a catalyst for the hydrolysis of TEOS. The core
Al(OH); was decomposed and crystallized to y-Al,O3 during
the calcination of the silica-coated AI(OH); at >800°C, and
the resulting Si0,—Al, O3 have a SA of >400m?g~!.

When ammonium nitrate was used as a catalyst for the
hydrolysis of TEOS, hydrolyzed TEOS could be deposited
on Al(OH);: The silica loading increased linearly with the
increase in the amount of TEOS charged in the deposition ves-
sel. The silica loaded on the AI(OH); aggregated during the
deposition, and the core Al(OH); was decomposed and crystal-
lized to a mixture of pure alumina and alumina with aggregat-
ed silica during calcination. Thus, the resulting SiO,—Al,O3
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also had a SA of >350m?g~!. However, the small SA of the
support, starting AI(OH)3, has a disadvantage in generating
active acid sites.

On y-Al,05 with the SA of 450m? g~!, which was prepared
by decomposing AI(OH); at 300 °C, silica loading increased
with increasing the amount of TEOS charged at 40 °C without
using ammonium nitrate. Silicate species uniformly covered
the y-Al,Os surface with a thin layer. The SiO,-covered y-
Al,O3 showed higher catalytic activity in the cumene cracking
than those of Si0,—Al, O3 prepared from AI(OH); precipitate.
We insist that the high SA of supports is necessary for gener-
ating more active acid sites in the silica deposition on alumina.
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