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INTRODUCTION

Aluminum oxide is used as an adsorbent and sup�
port for metal and oxide catalysts employed both in
the manufacture of valuable chemical substances and
in environmental protection processes. For example,
alumina is used in supported metal catalysts (Pt, Pd,
and Ni/Al2O3) for hydrogenation, hydrogenolysis, and
reforming processes [1] and also in Pt and Pd/Al2O3

catalysts for the neutralization of the harmful gas
emissions of chemical enterprises and motor transport
to remove nitrogen and carbon oxides [2–4]. Supports
based on aluminum oxide are also used in supported
Co(Ni)–Mo(W) sulfide catalysts for the hydrodes�
ulfurization of diesel fuel [5].

Metastable forms with the structures of γ� and
δ�Al2O3 are the most promising catalyst supports.
These crystalline modifications possess a sufficiently
high specific surface area and a developed pore struc�
ture, which make it possible to stabilize an active con�
stituent on the surface in a fine�particle state to pre�
vent its sintering at high temperatures. An increase in
the temperature of heat treatment above 1000°С leads
to the phase transformation of the γ� and δ�Al2O3

modifications into α�Al2O3. The phase transformation
is accompanied by a sharp decrease in the specific sur�
face area and porosity.

It was noted that the modification of aluminum
oxide with silica leads to an increase in the thermal
stability of its low�temperature modifications [6, 7];
however, the reasons for this phenomenon remain

unclear until now. At the same time, aluminum oxide
containing silicon oxide is frequently used as a support
for different types of catalysts [8–11]. The cause of the
increase in the thermal stability of γ� and δ�Al2O3 in
the presence of silica can be elucidated by studying the
structure formation of the modified aluminum oxide
at different stages of its synthesis.

It was found [12–18] that the nature of the initial
aluminum hydroxide compound (amorphous alumi�
num hydroxide, pseudoboehmite, boehmite, bayerite,
and gibbsite) exerts a crucial effect on the formation of
the metastable forms of aluminum oxide (γ�, η�, χ�,
and θ�Al2O3) upon thermal treatment and on the tem�
perature of their transition into α�Al2O3. Based on the
X�ray diffraction and electron microscopic studies of
the fine�particle metastable modifications of alumi�
num oxide [15–17], it was shown that the formation of
alumina modifications (γ�, η�, χ�, and θ�Al2O3) is
determined by the habitus (type of the developed face)
of primary particles and by the method of their joint�
ing with each other. Thus, for instance, the samples of
γ�Al2O3 obtained from pseudoboehmite are the aggre�
gates (>100 nm in size) of fine�particle (about 3 nm)
oxide particles, disoriented relative to each other with
the large angles of turn. The samples of γ�Al2O3

obtained from boehmite have the shape of extensive
(approximately 100 nm in size) single�crystal plates
with the most developed (110) face. Their main struc�
tural peculiarity is the presence of extensive defects as
closed pseudohexagonal loops formed by vacancy
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walls, in which hydroxyl groups and water molecules
are stabilized. During heat treatment, the gradual loss
of residual hydroxyl groups occurs, causing a decrease
in the concentration of related defects and then struc�
ture ordering with the formation of δ�Al2O3 followed
by its transition to α�Al2O3.

Based on the above published data, we can hypoth�
esize that the modification of aluminum oxide with
silicon oxide will change the structure its metastable
fine�particle forms, which, in turn, will have an effect
on the thermal stability of the modified samples. Con�
sequently, it is possible to assume that the development
of the new types of fine�particle nanostructured mate�
rials on the basis of aluminum oxide, which are char�
acterized by an increased thermal stability in compar�
ison with the metastable modifications of aluminum
oxide, should be preceded by a careful study of the for�
mation of their real structure at the individual stages of
the synthesis.

The aim of this work was to study the influence of
the modification of aluminum oxide with silica on the
structure, texture, and thermal stability of the fine�
particle γ� and δ�Al2O3 modifications upon heat treat�
ment.

EXPERIMENTAL

As the initial compound, Al2(SO4)3 ⋅
 18H2O of ana�

lytical grade was used. The samples of alumina were
prepared by precipitation from an aqueous solution of
aluminum sulfate with a 12.5% aqueous solution of
ammonia at a constant value of pH 9 with the subse�
quent washing of the precipitate with distilled water
until the absence of sulfate ions in the washwater. The
resulting samples were dried in air to an air�dry state
and then in a drying box at a temperature of 110°С for
12–14 h and calcined in a muffle furnace at 400–
1200°С for 4 h.

The aluminum oxide samples dried at 110°С were
modified by the addition of 5–20 mol % silica using
incipient wetness impregnation with a solution of tet�
raethyl orthosilicate in ethanol. Thereafter, the sam�
ples were dried in a drying box at 110°С for 12 h and
calcined in a muffle furnace at 500–1200°С for 4 h.

The silicon content of the samples was determined
by inductively coupled plasma atomic emission spec�
trometry on an OPTIMA 4300 DV instrument (Perkin
Elmer, United States). The concentration of sulfate
ions was determined on an ARL�Advant’x X�ray fluo�
rescence analyzer with a Rh anode (Thermo Fisher
Scientific, Switzerland). The concentration of ammo�
nium ions was determined by the Kjeldahl method
[19].

The X�ray diffraction analysis of the samples was
carried out on a URD�63 diffractometer (Freiberg,
Germany) with monochromatic CuK

α
 radiation, by

point scanning (a step of 0.05 deg; accumulation time,
10 s at a point) in the range of 2θ = 10°–70°. The lat�
tice parameters of γ� and δ�Al2O3 were measured with
the use of the (440) reflection (for δ�Al2O3 in the
approximation of a pseudocubic cell) according to the
POLIKRISTALL program [20]. Error in the determi�
nation of unit cell parameters was ±0.003 Å.

The thermal analysis (TA) of the samples was per�
formed using a NETZSCH STA 449C Jupiter instru�
ment (NETZSCH, Germany) in the temperature
range of 20–1500°С with a heating rate of 10 K/min.
The sample weight was 100 mg.

The TEM images of the samples were obtained on
a JEM 2010 microscope (Jeol, Japan) with a resolu�
tion of 1.4 Å and an accelerating voltage of 200 kV. The
elemental analysis of the samples was carried out with
the use of a microanalytical attachment with an EDAX
DX�4 energy�dispersive X�ray detector (Ametek,
United States). The analyzed surface area was 150–
200 nm2, and the sensitivity of silicon detection was
0.1 at %.

The IR spectra of the initial sample of γ�Al2O3 cal�
cined at 550 and 800°С and the sample of γ�Al2O3

modified with 10 mol % silica and calcined at the same
temperatures were measured on a Shimadzu FTIR�
8300 spectrometer (Shimadzu, Japan) in the region of
2500–3800 cm–1 (the region of the stretching vibra�
tions of the hydroxyl groups); the resolution was 4 cm–1,
and the number of accumulated spectra was 50. The
spectra were normalized to the density of a pellet.
Before the measurement, the samples were pressed as
pellets with a density of 0.01–0.03 g/cm2, placed in an
IR cell, and kept in a vacuum at 450°С and a residual
pressure of ≤10–3 Torr for 2 h.

The specific surface area S (m2/g) was measured
using the thermal desorption of argon at four sorption
equilibrium points on SORBI�M instrument (META,
Russia).

500 nm

Fig. 1. Micrograph of the initial aluminum oxide.
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The pore structure of the samples was studied by
the low�temperature (77 K) sorption of nitrogen on a
DigiSorb�2600 instrument (Micromeritics, United
States). Before the sorption experiments, the samples
were kept in a vacuum of 10–4 Torr at 200°С for 5 h.

The mesopore size distribution was calculated from
the desorption branch of the isotherm of nitrogen
sorption using the classical Barrett–Joyner–Hallenda
(BJH) method [21].

RESULTS AND DISCUSSION

According to chemical analysis data, the initial
sample of alumina xerogel had the chemical composi�

tion Al2О3 ⋅ 1.21 H2O ⋅ 0.022  ⋅ 0.005 NH4
+.

According to X�ray diffraction data, it was pseudoboe�
hmite. electron microscopic data showed that the ini�
tial sample consisted of coalesced fine�particle lamel�
lar particles with a size of about 1.5–3.0 nm united
into aggregates of sufficiently large sizes. The packing
of particles in these aggregates was loose; because of
this, a considerable pore volume of ~1.6 cm3/g was
formed in the sample (Fig. 1).

Table 1 summarizes X�ray analysis data for alumi�
num oxide containing no additives and alumina sam�
ples modified with silica. It is evident that the modifi�
cation leads to an increase in the thermal stability of
the γ� and δ�Al2O3 phases; the higher the concentra�
tion of the modifying additive, the greater this
increase. Thus, the structural rearrangement of

SO2
4
−

γ�Al2O3 into δ�Al2O3 in aluminum oxide containing
no additives was observed already at a temperature of
950°С and the formation of α�Al2O3 was detected at
1100°С, whereas the temperature at which the
δ�Al2O3 phase in the samples with the addition of 15–
20 mol % SiO2 increased by 150°С and this phase
remained stable up to 1200°С (Fig. 2).

These results are confirmed by thermal analysis
data, which are given in Fig. 3. From these data, it fol�
lows that the weight of the initial aluminum oxide
gradually decreased as the temperature was increased
up to 1300°С; this can be indicative of the lability of
chemical composition in this temperature interval.
For aluminum oxide containing no additives, the DTA
curve exhibited two endo effects at temperatures of 135
and 448°С (Fig. 3a) accompanied by a significant
sample weight loss in the TG and DTG curves. From a
comparison between thermal and X�ray diffraction
analysis data, we can assume that the observed endo
effects are caused by dehydration and the formation of
the γ�Al2O3 phase. This result is also consistent with
published data for aluminum oxide obtained by other
methods, for example, from aluminum nitrate [12].
The weight loss in the TG curve and the minimum in
the DTG curve in the region of 683 and 1002°С can be
caused by the release of residual sulfate of ions and fur�
ther dehydration, which leads to the formation of the
δ�Al2O3 phase, as follows from X�ray diffraction anal�
ysis data. The formation of the δ�Al2O3 phase occurs
in this temperature range (Table 1). The high�temper�

70605040302010
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Fig. 2. X�ray diffraction patterns of (1) the initial aluminum oxide sample and the samples of aluminum oxide modified with the
following amounts of  silica (mol %) and calcined at 1200°C: (2) 5, (3) 15, and (4) 20.
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Table 1. Effect of silica on the phase composition and structure characteristics of aluminum oxide samples upon thermal
treatment in air

Chemical composition of the 
samples, mol % SiO2/Al2O3

Calcination temper�
ature, °C

Phase composition 
of Al2O3

Unit cell 
parameters, Å

Unit cell 
volume V, Å3

Al2O3 500 γ a = 7.929 498.40

800 γ a = 7.924 497.50

950 δ a = 7.915 495.80

1000 δ a = 7.880 489.90

1100 α a = 4.758 293.60

c = 12.972

δ a = 7.870 487.40

1200 α a = 4.756 293.53

c = 12.977

5% SiO2/Al2O3 500 γ a = 7.936 499.80

800 γ a = 7.917 496.20

1000 δ a = 7.890 491.20

1100 α a = 4.756 293.30

c = 12.965

δ a = 7.878 488.90

1200 α a = 4.756 293.30

c = 12.965

δ a = 7.870 487.40

10% SiO2/Al2O3 500 γ a = 7.939 500.40

800 γ a = 7.913 495.80

1000 γ a = 7.900 493.00

1100 δ 
α, traces

a = 7.886 490.42

1200 δ a = 7.886 490.42

α a = 4.755 293.13

c = 12.965

15% SiO2/Al2O3 500 γ a = 7.949 502.30

800 γ a = 7.924 497.50

1000 γ a = 7.910 494.90

1100 δ a = 7.889 491.00

1200 δ a= 7.866 486.70

α, traces a = 4.758 294.80

c = 13.022

20% SiO2/Al2O3 500 γ a = 7.954 503.20

800 γ a = 7.935 499.60

1000 γ a = 7.915 495.90

1100 δ a = 7.898 492.80

1200 δ a = 7.865 486.50
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Fig. 3. Thermal analysis data for (a) the initial aluminum oxide sample and the samples of aluminum oxide modified with the
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ature exo effect in the region of 1270°С is due to the
formation of the α�Al2O3 phase in accordance with
X�ray diffraction analysis data and published data [12].
Note that the temperature of the formation of the
α�Al2O3 phase derived from the thermoanalytical data
is higher than the temperature of the phase transition
δ�Al2O3 → α�Al2O3, determined from the X�ray dif�
fraction analysis data. This was likely due to different
kinetics of the phase transition process under various
conditions of heat treatment.

For the aluminum oxide sample containing 10 mol %
SiO2, the temperature of endo effects in the DTA
curve in the region of 135 and 447°С, which are
accompanied by a weight loss in the TG curve, does
not change in comparison with the initial sample,
whereas for the sample containing 20 mol % SiO2 the
temperature of the second endo effect, which is caused
by the loss of structural water and the formation of the
γ�Al2O phase, increased by 15°С (Figs. 3b, 3c). In this
case, as can be seen in the DTG and TG curves, no
changes in the weights of these samples were observed
in a fairly wide temperature range of 550–850°С, and
then the weight gradually decreased as the tempera�
ture was further increased. Furthermore, modification
with silica shifts the high�temperature exo effect due
to the formation of the α�Al2O3 phase to higher tem�
peratures. This shift increases with an increasing con�
centration of silicon oxide in the sample. Thus, for the
sample containing 20 mol % SiO2, the temperature of
the formation of the α�Al2O3 phase increased by
160°С, as compared with the initial aluminum oxide,
and was 1431°С. Thus, from X�ray diffraction and
thermal analysis data, it follows that the modification
of aluminum oxide leads to a shift of phase transition
temperatures in the series γ�Al2O3 → δ�Al2O3 →
α�Al2O3 to the high�temperature region increasing the
thermal stability of the fine�particle of γ� and δ�Al2O3

phases. For explaining the reasons for this stabiliza�
tion, special attention was given to a study of the real
structure of the samples.

A comparison between the cubic lattice parameters
a in the initial γ�Al2O3 sample and the samples modi�
fied with silica, which also had the structure of
γ�Al2O3, calcined at 500°С demonstrated that the lat�
tice parameter a increased with an increasing concen�
tration of the additive (Table 1). Thus, the parameter a
in the sample of γ�Al2O3 with no additives was 7.929 Å,
and it was 7.954 Å in the sample of γ�Al2O3 containing
20 mol % SiO2. A further increase in the temperature
of calcination of aluminum oxide, either containing
no additives or modifoed with silica, resulted in a grad�
ual decrease in the parameter a of the γ� and δ�Al2O3

phases. Note that a less sharp decrease in the lattice
parameter a with calcination temperature was
observed as the additive content was increased. In any
event, the greater the silica content, the greater the
parameter a for samples with the structures of γ� and

δ�Al2O3 calcined at the same temperature. Moreover,
the replacement of aluminum ions by silicon ions in
the lattice of γ� or δ�Al2O3 should not lead to an
increase in the crystal lattice parameter because the
ionic radius of Si4+ is smaller than the ionic radius of
Al3+ [22].

Based on the simulation of X�ray spectra and elec�
tron microscopic data, it was demonstrated [15–17]
that aluminum oxide obtained at a calcination tem�
perature of about 500–600°С is really the oxo–
hydroxo compound Al3O4ОН, which is characterized
by a high concentration of planar defects stabilized by
hydroxyl groups. An increase in the calcination tem�
perature leads to the gradual loss of the hydroxyl
groups and a decrease in the concentration of related
planar defects and further to the ordering of defects
and the formation of δ�Al2O3 and then α�Al2O3. Tak�
ing into account these data and the results of TA,
which show a decrease in the weight of the test sample
of γ�Al2O3 in the range of 500–1200°С, we hypothe�
size that a decrease in the lattice parameter a of γ� and
δ�Al2O3 phases, which was observed as the calcination
temperature was increased, can be due to the gradual
loss of hydroxyl groups and the formation of a more
ordered structure. The less sharp decrease in the
parameter a of modified aluminum oxide, as com�
pared with that of the initial sample, can be attributed
to the higher thermal stability of hydroxyl groups,
which stabilize defects in the structure of γ�Al2O3.
Probably, this can be due to the partial replacement of
aluminum ions by silicon ions in the structure of
γ�Al2O3 in the region of defects where the structure is
more disordered. To test this hypothesis, we studied
the microstructure and the state of hydroxyl groups in
the samples of aluminum oxide containing no addi�
tives and also modified with silicon.

Figure 4 shows the micrographs of an aluminum
oxide sample calcined at 550°С. It is evident that this
sample consisted of coalesced lamellar particles of size
from 10 to 80 nm with a thickness of 2–5 nm (Fig. 4a).
In the most developed plane (110), the structure con�
sisted of joined extensive blocks with a transverse size
of 1–3 nm, oriented in the [111] direction. The struc�
ture of the extensive blocks is sufficiently strongly dis�
ordered, and it consists of domains of size 1–3 nm
joined to each other in incoherent and coherent man�
ners (Fig. 4b). In the plane perpendicular to the plane
(110), the coalescence of plates occurs with the forma�
tion of planar defects (Fig. 4c). After calcination at
1100°С, the micrograph mainly exhibited large oxide
particles of α�Al2O3 with a regular structure with sizes
of 100–300 nm (Figs. 5a, 5b) and an impurity of the
more dispersed particles of δ�Al2O3 with the size to
40 nm (Fig. 5c), which is consistent with X�ray dif�
fraction analysis data. The structure of the sample of
δ�Al2O3 calcined at 1100°С is sufficiently regular.
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Figure 6 shows the micrographs of an aluminum
oxide sample containing 15 mol % SiO2 calcined at
550°С. It is evident that the morphology of this sample
is similar to that of the aluminum oxide sample without
additives, and, according to microanalysis data, silicon
is uniformly distributed in the sample. The study of the
microstructure of this sample (Fig. 6b) showed that, in
the most developed plane (110), the structure consists
of joined extensive blocks oriented in the [111] direc�
tion with the formation of extensive defects between
them. However, the blocks are much smaller than the
blocks of the initial aluminum oxide, and they are not
greater than 1.5 nm. The structure of the blocks is
almost completely disordered. The thickness of the
joined lamellar particles in the plane perpendicular to
the plane (110) was mainly no greater than 2 nm.

In the micrograph of the modified aluminum oxide
(Fig. 7), it can be seen that thermal treatment at a tem�
perature of 1100°С leads to the larger coalescences of
lamellar particles and an increase in their thickness to
~9–10 nm. Simultaneously, the coalescence of parti�
cles occurred in the most developed plane (110) due to
the formation of interblock boundaries between them;
the structure ordered with the retention of the block
structure with a block width of 1.5–2 nm. According
to electron microscopic and X�ray diffraction analysis
data, the sample corresponds to δ�Al2O3.

Figures 8 and 9 show the IR spectra of pure γ�Al2O3

samples the same samples containing 10 mol % silica,
both calcined at 550 and 800°С, in the region of the
stretching vibrations of OH groups. The same set of
hydroxyl groups was present in the spectra of the
γ�Al2O3 sample: four types of bridging groups charac�
terized by the absorption bands ν(OН) at 3670, 3685,
3700, and 3730 cm–1 and three types of terminal
groups characterized by absorption bands at 3750,
3775, and 3792 cm–1 [23, 24]. An increase in the tem�
perature leads to a decrease in the intensity of all types
of absorption bands due to OH groups. Three types of
bridging hydroxyl groups with absorption bands at
3750, 3775, and 3792 cm–1 and two types of terminal
hydroxyl groups with absorption bands at 3775 and
3792 cm–1 are observed in the IR spectra of the γ�Al2O3
sample modified with silica. Furthermore, an absorp�
tion band at 3745 cm–1 additionally appears in the
spectra; this absorption band can be due to the termi�
nal Si–OH group [23, 25]. As the calcination temper�
ature of this sample was increased, the intensity of all
types of absorption bands decreased to indicate its par�
tial dehydration. Consequently, the modification of
aluminum oxide leads to the appearance of the Si–
OH group, which is characterized by a higher bond
atrength than the Al–OH groups [23, 26]. Thus, it is
well known that Si–OH groups possess high heat resis�
tance; they are observed on the surface of silica gel
upon heat treatment up to 1400°С. It is likely that this
factor plays an important role in an increase in the

thermal stability of the structure of the fine�particle
forms of γ� and δ�Al2O3.

Figure 10 plots the dependence of the specific sur�
face area of the samples on calcination temperature.

(b)

(c)

(а) 100 nm

10 nm

10 nm

(110)

[111]

Fig. 4. Micrographs of aluminum oxide calcined at 550°C:
(a) general view and (b, c) microstructure.
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The specific surface area of the initial aluminum oxide
dried at 110°С was 300 m2/g, and then it dramatically
decreased with temperature and did not exceed 5 m2/g
after calcination at 1200°С. The specific surface areas
of the modified aluminum oxide samples calcined
below 400°C was lower than that of aluminum oxide
without additives; this can be due to the presence of
undecomposed tetraethyl orthosilicate in the pores of the

modified samples. As the temperature was increased to
500–600°С, the surface areas of all samples increased
to reach a maximum value, whereas a decrease in the
surface area was observed at a temperature higher than
600°C. At the same time, the specific surface areas of
the samples containing silica were higher than that of
the initial aluminum oxide at the same calcination
temperatures. In this case, an increase in the concen�

(b) (c)

(а) 100 nm

10 nm10 nm

Fig. 5. Micrographs of aluminum oxide calcined at 1100°C: (a) general view and the structures of (b) α�Al2O3 and (c) δ�Al2O3
particles.
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tration of the modifying additive caused the retention
of the higher value of the specific surface area in a wide
range of calcination temperatures. Note that a fairly
high specific surface area (about 50 m2/g) can be con�
served by modification of aluminum oxide with silica
even after the calcination of the samples at 1200°С,
whereas the specific surface area of aluminum oxide
without the additives is lower by an order of magni�
tude.

The data presented in Table 2 indicate that the
modification of aluminum oxide also leads to the
retention of a higher mesopore volume at tempera�
tures of 800–1100°С. Figure 11 shows the differential
curves of mesopore volume distribution according to
pore sizes. It can be seen that, at calcination tempera�
tures of 800, 1000, and 1100°С, an increase in the con�
centration of silica in aluminum oxide leads to the
retention of mesopores with a smaller diameter (D)
and the formation of a more developed pore structure.
A comparison of the above results with X�ray diffrac�
tion analysis data indicates that these texture changes
at high calcination temperatures can be due to the
increase in the thermal stability of the γ� and δ�Al2O3

phases.
Thus, the results of this study demonstrate that the

modification of aluminum oxide with silica leads to an
increase in the thermal stability of the γ� and δ�Al2O3

phases; because of this, they retain high specific sur�
face areas and developed pore structure at high calci�
nation temperatures. The experimental results and
published data [15–17] make it possible to assume that
the increase in the thermal stability of the metastable
γ� and δ�Al2O3 phases in the presence of silica can be
due to a change in their real structure, namely, an
increase in the concentration of extensive defects sta�
bilized by hydroxyl groups, which leads to a significant
structure disordering. As follows from data on the
study of a hydroxyl cover, the appearance of the
hydroxyl groups bound to silicon atoms Si–OH,
which are characterized by higher bond strength in
comparison with the hydroxyl groups bound to alumi�
num atoms Al–OH, was detected in the alumina sam�
ple containing silica. It is likely that the Si–OH
hydroxyl groups, which are more thermally stable that
the Al–OH hydroxyl groups, stabilize the microstruc�
ture of γ� and δ�Al2O3 to higher temperatures. These
conclusions are consistent with published data
[15⎯17], which indicate that packets with the struc�
ture of spinel [Al3O4]

+ are the building blocks of all of
the low�temperature forms of aluminum oxide. These
packets form electrically neutral lamellar domains
with the developed plane (110) or (111) to 1 nm in
thickness with a size to 5 nm in the developed plane.
An electrically neutral particle with the ratio Al : O =
2 : 3 in the bulk is considered the primary particle. If the
number of cations is smaller than 2, then electroneutral�
ity is ensured by additional OH groups. The 2 : 3 sto�

(b)

(а) 100 nm

10 nm

(110)

Fig. 6. Micrographs of aluminum oxide modified with
15 mol % silica calcined at 550°C: (a) general view and
(b) microstructure.

10 nm

Interblock 
boundary

(110)

Fig. 7. Micrograph of the aluminum oxide sample modi�
fied with 15 mol % silica calcined at 1100°C.
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ichiometry appear because of the presence of planar
defects, primarily, the systems of planes (110) formed
due to a shift of layers by a half�dislocation vector. The
jointing of two domains with the structure of [Al3O4]

+

shifted relative to each other occurs with the loss of a
cation layer, which can be represented as the jointing
of two domains at planes of the (110) type through an
excess layer of oxygen: 2[Al3O4]

+[2O2–]2[Al3O4]
+ (the

Al2O3 composition). The simulation of the structure of
γ�Al2O3 shows that the ratio of cations and anions in it
composes Al2.4O4 or Al1.8O3, as a result of which the
О2– ions in the excess layer are replaced by OH– ions.
The О2– composition results from the complete

replacement of OH– by [Al3O4]
+[2OH)–][Al3O4]

+.
Consequently, the samples calcined at 500–600°С are
in reality the oxo–hydroxo compounds Al3O4OH.
Calcination at higher temperatures leads to a gradual
loss of residual hydroxyl groups, a decrease in the con�
centration of related planar defects, and then an
ordering of defects with the formation of the δ�
Al2O3phase and then α�Al2O3. It is, therefore, likely
that the increase in the thermal stability of hydroxyl
groups in γ�Al3O4 modified with silicon oxide leads to
the stabilization of defects in its structure and the
retention of its microstructure to higher temperatures
in comparison with the initial aluminum oxide.
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Fig. 8. IR spectra of γ�Al2O3 samples calcined at (1) 550
and (2) 800°C in the region of the stretching vibrations of
OH groups.
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Fig. 9. IR spectra of γ�Al2O3 samples modified with 10 mol %
silica and calcined at (1) 550 and (2) 800°C in the region of
the stretching vibrations of OH groups.
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Fig. 10. Effect of calcination temperature on the specific surface areas of (1') aluminum oxide containing no additives and alu�
minum oxide modified with the following amounts of silica, mol %: (1) 5, (2) 10, (3) 15, and (4) 20.
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Table 2. Texture of silica�modofoed aluminum oxide samples calcined at 800–1100°C (S is the specific surface area; Vs is
the mesopore volume; and D is the predominant mesopore diameter calculated by the BJH method)

Chemical composi�
tion of the samples, 
mol % SiO2/Al2O3

S, m2/g Vs, cm3/g D, nm

Temperature, °C

800 1000 1100 800 1000 1100 800 1000 1100

Al2O3 167 81 15 0.583 0.369 – 7.7 9.7 –

5% SiO2/Al2O3 187 109 68 0.574 0.430 0.345 7.4 9.3 15

10% SiO2/Al2O3 213 132 108 0.633 0.447 0.442 4.8 7.2 7.2

15% SiO2/Al2O3 206 150 119 0.600 0.520 0.457 4.8 5.7 9.2

20% SiO2/Al2O3 223 178 127 0.623 0.550 0.462 3.9 5.8 9.4


