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INTRODUCTION

Silicate materials of the SBA-15 type [1] belong to
a family of new mesoporous solid-phase materials,
which are structurally similar to liquid crystals; that is,
they exhibit a long-range order (3 nm or more) in the
absence of a short-range (atomic) order. Because of this
structure peculiarity, we will use the term mesophases
in this work to designate these materials. Mesophases
of the SBA-15 type are characterized by a hexagonal
packing of cylindrical channel pores with a narrow
pore-diameter distribution; they are prepared with the
use of the nonionic surfactant Pluronic P123. The aver-
age pore diameter depends on synthesis conditions, and
it can vary from 5 to 10 nm. The length of channels
depends on the longitudinal size of mesophase parti-
cles, and it can be as great as 500 nm. The channels are
separated by porous walls of amorphous 

 

SiO

 

2

 

 about
2.0 nm in thickness. These materials exhibit high
hydrothermal stability; by analogy with microporous
zeolites, they can be considered as promising adsor-
bents and catalysts.

Two procedures are in current use for the implanta-
tion of active catalytic centers into the silicate frame-
work of SBA-15; they differ in the steps at which the
implantation is performed. The first procedure (post
synthesis) is based on the introduction of the elements
(Al, Ti, etc.) into a preformed mesophase [2–5]. The
disadvantages of this version are the sophisticated syn-
thetic procedure (especially for V and Ti) and the pos-
sibility of the deposition of additives as individual
phases both within mesopores and on the outer surface

of the mesophase; this can adversely affect the catalytic
and adsorption properties of the materials. The second
procedure (direct synthesis) consists in the coprecipita-
tion of additives and 

 

SiO

 

2

 

 immediately in the course of
the mesophase synthesis [6, 7]. However, up to now, it
has been impossible to obtain mesophases with a satis-
factory degree of crystallinity under known synthesis
conditions at 1.5 < pH < 4.0. At the same time, the
above range of pH should be considered as the most
appropriate for the synthesis of catalytic systems based
on Al–, Zr–, and Ti–silicate mesophases. Mel’gunov
et al. [8] reported previously on the synthesis of
Al

 

−

 

SBA-15 in a moderate acidity region (2.6 < pH < 3.1).
In this work, we consider the results of a study on the
adsorption, texture, and structure properties of these
materials.

EXPERIMENTAL

The series of mesophase samples of the Al–SBA-15
type with various concentrations of Al cations was syn-
thesized by the interaction of a soluble form of SiO

 

2

 

with the surface-active poly(ethylene oxide)-poly(pro-
pylene oxide)-poly(ethylene oxide) triblock copolymer
(EO)

 

20

 

(PO)

 

70

 

(EO)

 

20

 

 (trade name: Pluronic P123,
henceforth referred to as P123) at the molar ratio
[P123] : [

 

Al((SO)

 

4

 

)

 

3

 

] : [SiO

 

2

 

] : [NaOH] : [HCl] : 

 

[H

 

2

 

O] =
1 : 

 

X

 

 : 3 : 3 : 3 : (

 

30 + 0.1

 

X

 

) (0.01 < 

 

X

 

 < 0.18

 

). For this
purpose, an aqueous solution of P123 with 

 

Al((SO)

 

4

 

)

 

3

 

and an aqueous solution of 

 

Na

 

2

 

Si

 

2

 

O

 

5

 

 were prepared
separately. The solutions were mixed with a magnetic
stirrer, and the resulting white precipitate was allowed
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Abstract

 

—The effect of Al ion implantation on the properties of mesoporous aluminosilicate mineral phases
of the SBA-15 type was studied. The implantation of Al was performed immediately under conditions of the
synthesis of SBA-15 in a weakly acidic medium (pH ~ 2.9). It was found that, under these conditions, the
amount of Al that can be implanted into the SBA-15 framework is limited (a maximum of 7.2 mol %). Accord-
ing to XPS data, aluminum ions were implanted into the matrix of silica rather than occurring on the surface as
an individual phase. The study of nitrogen adsorption at 77 K and the results obtained by X-ray diffractometry
and high-resolution electron microscopy suggest that Al–SBA-15 materials exhibited a hexagonal structure of
channel pores of the same diameter of 8.3 nm, and the unit cell parameter was 12.3 nm. The degree of crystal-
linity of the material increased with the concentration of Al.
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to stand for 50 h at room temperature. Thereafter, the
mixture was treated in an autoclave at 383 K for 50 h.
In the course of the synthesis, HCl was added to the
mixture to adjust the required value of pH in the solu-
tion. Then, the resulting samples were numbered from
1 to 11. The greater the number, the higher the concen-
tration of 

 

Al((SO)

 

4

 

)

 

3

 

 in the synthetic mixture.

The X-ray diffraction patterns were measured on a
diffractometer using synchrotron radiation (wavelength
of 0.154 nm) in accordance with a specially developed
procedure for measurements in the region of very small
angles. The samples were in an air-dry state; the mea-
surements were performed in the region of 

 

2

 

θ

 

 angles
from 0.5

 

°

 

 to 

 

7°

 

 with a step of 

 

0.02°

 

 at an accumulation
time of 20 s at each point. To provide high instrumental
resolution, a perfect Ge(111) flat analyzing crystal and
a plane-parallel collimator, which restricted the azi-
muthal divergence of the diffracted beam to 5 mrad,
were used. Because of this, the instrumental broaden-
ing of reflections in the angle region of 

 

2

 

θ

 

 from 1

 

°

 

 to 

 

7°

 

was no greater than 

 

0.04°

 

, and the unit cell parameters
were calculated to within 

 

±

 

0.02

 

 nm. The cell parame-
ters were calculated based on the {10} reflection with
the use of the Selyakov–Scherrer equation.

The adsorption characteristics of the materials were
determined on a Micromeritics ASAP 2400 system
using a standard procedure of nitrogen adsorption at
77 K after sample evacuation at 500 K for 12–16 h to a
residual pressure of lower than 

 

10

 

–3

 

 Torr. A comparative
method [9, 10] was used to calculate texture parame-
ters. The mesopore size distribution was found by ana-
lyzing the desorption branches of isotherms using the
Barrett–Joiner–Halenda method [11].

The mesophase images were obtained on a JEM-
100CX transmission electron microscope.

XPS spectra were recorded on a VG ESCALAB HP
electron spectrometer with the use of unmonochro-
mated 

 

Al

 

K

 

α

 

 radiation (

 

h

 

ν

 

 = 1486.6 eV; 200 W). Both
survey XPS spectra and their narrow regions character-
istic of the main components of mesophase materials—
silicon (

 

Si 2

 

p

 

), aluminum (

 

Al 2

 

p

 

), oxygen (

 

O 1

 

s

 

), and
carbon (

 

C 1

 

s

 

)—were analyzed. Lines due to other
impurity elements were not detected in the samples.
The survey spectra were recorded at an analyzer trans-
mission energy of 50 eV, and the spectra of particular
regions were recorded at 20 eV (in order to increase the
energy resolution). The binding energy (

 

E

 

b

 

) scale was
precalibrated using the peak positions of the 

 

Au 4

 

f

 

7/2

 

(84.0 eV) and 

 

Cu 2

 

p

 

3/2

 

 (932.6 eV) core levels. The
accuracy of the determination of 

 

E

 

b

 

 was 

 

±

 

0.1

 

 eV. The
samples were supported onto a conducting substrate
and studied with no pretreatment. An internal standard
technique was used to take into consideration charging
in the samples based on the 

 

C 1

 

s

 

 (284.9 eV) and 

 

Si 2

 

p

 

(104.0 eV) lines. The relative concentrations of the ele-
ments on the surfaces of the samples expressed as
atomic concentration ratios were calculated from the
integrated intensities of corresponding photoelectron

lines with consideration for atomic sensitivity factors
[12]:

where 

 

n

 

x

 

 is the ratio between the surface concentrations
(in at %) of the elements 

 

x

 

 and C in the analysis zone;

 

I

 

x

 

 and 

 

I

 

C

 

 are the line intensities of the elements 

 

x

 

 and C,
respectively; and 

 

ASF

 

x

 

 and 

 

ASF

 

C

 

 are the atomic sensi-
tivity factors of the specified elements, respectively.
The measured binding energies were compared with
the values of 

 

E

 

b

 

 for the reference samples of 

 

γ

 

-Al

 

2

 

O

 

3

 

and SiO

 

2

 

.

RESULTS AND DISCUSSION

Figure 1 shows the electron micrographs of samples 1
and 11. Sample 1 consisted of domains with different
sizes (from 10 to 300 nm); pores in these domains were
strongly curved, although they exhibited an apparent
spatial orientation. The pore diameter can be estimated
at 7–8 nm; the distance between the axes of neighbor-
ing channels was about 10.6 nm, whereas the wall
thickness between the channels was 2.5–3.5 nm. Sam-
ple 11 consisted of more uniform particles of sizes from
0.30 to 1.5 

 

µ

 

m. Pores formed almost rectilinear parallel
channels, whose length was commensurable with the
particle size; this length can be as great as 1.5 

 

µ

 

m. Fig-
ure 1b shows two micrographs with different magnifi-
cations. The rectilinear parallel channels can be most
clearly seen in the micrograph with a greater magnifi-
cation. The pore diameter and the distance between the
axes of neighboring channels were the same as those in
sample 1.

Figure 2 shows the diffraction patterns of samples 1
and 11. The former exhibits four reflections ({10},
{11}, {20}, and {21}), which suggest a two-dimen-
sional hexagonal organization of pores in the
mesophase. Reflections in the diffraction pattern of
sample 11 also correspond to a two-dimensional hexag-
onal packing; however, they are more intense. In addi-
tion, the clearly pronounced reflection {30} is observed
in this case.

Thus, the results obtained using synchrotron radia-
tion diffraction and transmission electron microscopy

nx

Ix/ASFx
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--------------------,=
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Fig. 1.

 

 Electron micrographs of samples (a) 1 (Al/Si =
0.009) and (b) 11 (Al/Si = 0.072).
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indicated that the test samples consisted of particles
with a two-dimensional hexagonally ordered structure
of channel pores. In this case, the degree of crystallinity
considerably increased with the concentration of Al in
the mixture. According to structure data, the unit cell
parameter decreased as the concentration of Al was
increased. The unit cell parameters of samples 1
(Al/Si = 0.009) and 11 (Al/Si = 0.072) were 12.7 and
12.3 nm, respectively.

Figure 3 shows the adsorption–desorption isotherm
of nitrogen on sample 11 at 77 K in standard and com-
parative coordinates. The shapes of isotherms for the
other samples were analogous; therefore, these iso-

therms are not given here. Table 1 summarizes the
channel pore volumes (

 

V

 

), the total specific surface
areas (

 

A

 

), and the external surface areas of mesophase
particles (

 

A

 

ext

 

), as found by a comparative method. In
the region of small surface coverages, straight lines in
the comparative coordinates are practically extrapo-
lated to the zero point in the axis of ordinates for all of
the samples. This fact suggests the absence of
micropores from mesophase channel walls. An increase
in the concentration of Al was accompanied by an
insignificant increase (by ~10%) in the total specific
surface area of the sample. In this case, changes in 

 

V

 

and 

 

A

 

ext

 

 exhibited an extremal character. For example,
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Fig. 2.

 

 X-ray diffraction patterns of samples (solid line) 1
(Al/Si = 0.009) and (dotted line) 11 (Al/Si = 0.072). Insert:
scaled-up fragments of the X-ray diffraction patterns. Cor-
responding reflections are specified in curly brackets.

 

0.2

0 0.5

N

 

2 

 

ad
so

rp
tio

n,
 m

l/g

 

N

 

2

 

 

 

adsorption

 

, 

 

µ

 

l/m

 

2

 

1.0 1.5 2.0

0.2

 

P

 

/

 

P

 

0

 

0.6 0.8 1.00 0.4

 

2

1

 

0.4

0.6

0.8

1.0

1.2

1.4

 

α

 

ext

 

V

α

tanα = A
tanαext = Aext

Fig. 3. Isotherms of nitrogen adsorption at 77 K on sample
11 in (1) standard and (2) comparative coordinates. The vol-
ume of adsorbed N2 is specified in terms of the liquid state.

 
Table 1.  Texture characteristics of the materials

Sample 
no.

Al/Si  Specific surface area, m2/g
 Pore volume, 

cm3/g
 Average pore
diameter, nm w*, nmin the mixture during 

the synthesis
according to elemental 

analysis data total external

1 0.009 0.009 687 380 0.90 7.58 0.93

2 0.018 – 655 370 0.81 7.44 0.80

3 0.036 0.031 666 391 0.83 7.43 0.74

4 0.054 – 680 453 0.78 7.35 0.77

5 0.072 0.050 677 413 0.69 7.15 0.72

6 0.090 – 752 455 0.68 6.84 0.74

7 0.108 0.074 726 446 0.65 6.79 0.56

8 0.126 – 716 385 0.75 7.14 0.69

9 0.144 0.067 734 388 0.74 7.07 0.69

10 0.162 – 741 353 0.80 7.05 0.68

11 0.180 0.072 741 303 0.87 7.10 0.64

* Halfwidth of the peak of a pore-size distribution in an interpolation using the Gauss equation.
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a 28% decrease in the pore volume of sample 7, as com-
pared with sample 1, corresponded to a 20% increase in
the external surface area of mesophase particles. An
increase in the external surface area of particles is indi-
rect evidence of a decrease in the average size of
mesophase particles.

Figure 4 shows mesopore size distributions in sam-
ples 1 and 11, as calculated from the desorption
branches of the isotherms of nitrogen adsorption at
77 K. The other samples exhibited analogous distribu-
tions, which are not given here. As can be seen in Fig. 4,
the main distribution peak shifted toward a smaller
diameter (from 7.6 to 7.1 nm) as the amount of
implanted Al was increased; in this case, the peak width
decreased. The average channel-pore diameter in the
starting SBA-15 mesophase (without Al) was 7.6 nm.

It was of interest to determine the nature of alumi-
num added to silicate mesophases, namely, to find out
whether Al ions were fully embedded in the silicate
matrix structure or whether they occurred partially as
an individual X-ray amorphous phase of aluminum sul-
fate or oxide.

Within the limits of the sensitivity of XPS, we did
not detect S 2p signals; this fact suggests the absence of
the starting aluminum sulfate from the samples. The
samples with low aluminum concentrations were not
analyzed because of the low intensity of the Al 2p sig-
nal. No considerable difference between samples 7 and
11 was detected, although the rated concentrations of
aluminum in the synthetic mixtures were different.
Table 2 summarizes binding energies in both test sam-
ples and reference samples. The O 1s and Si 2p binding
energies for samples 7 and 11 coincided with the corre-
sponding values for SiO2. At the same time, the Al 2p
binding energy in samples 7 and 11 was much greater
(by 1.2–1.3 eV) than that in the reference sample of
γ-Al2O3 (Fig. 5). This fact suggests that aluminum ions

in samples 7 and 11 had a stronger acceptor environ-
ment, as compared with that in aluminum oxide. Such
increased Al 2p binding energies are also characteristic
of zeolites, in which aluminum ions are inserted into
the zeolite crystal structure [13]. This allowed us to
conclude that aluminum ions were inserted into the
matrix of silicon oxide rather than occurring as an
X-ray amorphous phase of aluminum oxide on the sur-
face of silica. Comparing the Al/Si ratios in samples 7 and
11 found by elemental analysis and XPS (Tables 1, 2),
note that the aluminum concentrations on the surfaces
of these samples were much lower than the bulk con-
centrations; that is, aluminum ions were nonuniformly
distributed in the silicate matrix.

Thus, in this work, we studied the effect of the
implantation of aluminum ions on the properties of
mesoporous aluminosilicate mineral mesophases of the
SBA-15 type. We found that the amount of Al that
could be implanted into the SBA-15 framework under
the conditions used was limited (a maximum of
7.2 mol %). Aluminum ions were embedded in the sili-
con oxide matrix rather than occurring as an individual
X-ray amorphous phase of alumina on the surface. The
Al–SBA-15 materials exhibited a hexagonal structure

0.1

1 10

0.2

0.3

0.4

0.5

0.6

0.7
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0
100

D, nm

Fig. 4. Mesopore size distribution in samples 1 (dashed
line) 1 and 11 (solid line). D is the pore diameter.

Table 2.  Si 2p, Al 2p, and O 1s binding energies and Al/Si
atomic ratios in the test samples and the reference samples
of SiO2 and γ-Al2O3

Sample
Eb, eV

Al/Si
Si 2p Al 2p O 1s

7 (Al/Si = 0.074) 104.0 75.7 533.3 0.050

11 (Al/Si = 0.072) 104.0 75.8 533.3 0.058

SiO2 104.0 – 533.3 –

γ-Al2O3 – 74.5 531.4 –

70
Eb, eV

72 74 76 78 80

2

3

1

74.5

75.8

Fig. 5. Al 2p XPS spectra of samples (1) 7 (Al/Si = 0.074),
(2) 11 (Al/Si = 0.072), and (3) γ-Al2O3.
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of channel pores with uniform diameters of 7–8 nm; the
unit cell parameter was 12.3 nm. The degree of crystal-
linity of the material increased with the concentration
of Al.
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