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Abstract

A series of mesoporous aluminosilicate and borosilicate molecular sieves with the MCM-41 structure have been synthesized
with different SiO,/Al,O3 or Si0,/B,05 mass ratios of 5, 10, 25, 50, 70 and 150. The samples were synthesized using the direct
method with a duration of 48 h. As silica source colloidal silica (ludox 40%, Prolabo), as aluminium source sodium aluminates and
boric acid as the boron source were used in these syntheses. All samples were characterized by X-ray diffraction (XRD), ATR-FT-

IR, N, gassorption and elemental analysis by electron microscopy.

XRD revealed that the characteristic MCM-41 structure is obtained for both mass ratios greater than 10. B-MCM-41 gives
a better organization of the structure than AI-MCM-41. The B substitution in MCM-41 gives a tetrahedral configuration as proven
by ATR-FT-IR. The pore diameter is very similar in both samples. 7o cite this article: M. Adjdir et al., C. R. Chimie 12 (2009).
© 2008 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

Since the synthesis of the crystalline mesoporous
M41S materials by Mobil’s researchers [1,2], the
following study has focused on the MCM-41 material,
which shows a hexagonal array of uniform mesopores
with uniform sieves ranging from 2 to 10 nm. Their
extraordinary high surface and distinct adsorption
properties open up many potential applications in
catalysis, separation and nanostructured materials [3—5].
Many researches on MCM-41 have been focused on the
incorporation of different elements like aluminium and
boron in order to modify the framework of MCM-41 and to

* Corresponding author.
E-mail address: mehdi.adjdir@itc-wgt.fzk.de (M. Adjdir).

generate catalytic sites needed for different type of
reactions. The aluminosilicate mesoporous molecular
sieves have received much attention for their strong
Bronsted acidity. Many efforts have been made to optimize
the silicate sources such as cab-o-sil M5 fumed silica,
sodium silicate and tetramethylammonium silicate [6],
cab-0-sil M5 fumed silica and sodium silicate [7]. The
aluminium source has been studied by Borade and Clear-
filed [8], Occelli et al. [9] and Badamali et al. [10] who
have reported that the sodium aluminate source incorpo-
rates aluminium to a maximum amount in the framework
sites. In addition, density and the strength of acid sites are
found to be significantly higher when sodium aluminate is
applied. The syntheses of AI-MCM-41 by a direct method
exhibits considerable hydrothermal stability especially at
relatively low Al-contents. The AI-MCM-41 mesoporous

1631-0748/$ - see front matter © 2008 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
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materials prepared via graffing routes are extremely stable
in boiling water. Regarding the borosilicate mesoporous
molecular sieves, Oberhagemann et al. [11] used a single
silica source, tetramethoxy silane whereas Trong et al. [12]
took ludox and sodium silicate to synthesize B-MCM-4. It
is found [13] that in borosilicate molecular sieves boron
occupies the site of the framework aluminium and the
protonic form of borosilicate molecular sieves, are less
acidic than their aluminosilicate counterparts due to lack of
strong Bronsted acidity. In literature no report is available
on comparison between B-MCM-41 and Al-MCM-41
with different contents of aluminium and boron. Here we
report the synthesis and characterization of MCM-41
materials with different contents of aluminium and boron.
We have studied the effect of the Si0,/Al,05 or SiO,/B,03
ratios from 5 to 150 on the final structure and compared
their physical properties.

2. Experimental
2.1. Starting materials

Sodium aluminate (54% Al,Os; 41%Na,0; 5%H-0;
Aldrich) was used as the aluminium sources, boric acid
(H3BOj3 Aldrich) for the provision of boron. Colloidal
silica (ludox 40%, Prolabo) served as a silicon source
and as surfactant cetyltrimethylammonium bromide
(C19H4oNBr; CTAB, Aldrich; 99%). Tetramethy-
lammonium hydroxide (TMAOH-5H,0, 25 wt.%,
Aldrich) was utilized as a base.

2.2. Direct synthesis of Si-MCM-41

The synthesis procedure of Si-MCM-41 was reported
in a previous paper [14] according the following molar
composition 15i0,:0.25CTAB:0.2TMAOH:40H,0.
Tetramethylammonium hydroxide was dissolved in
distilled water, and then 2 g of bromide of cetyl-
trimethylammonium (CTAB) was added into the
suspension under stirring. After 30 min, Ludox was
slowly added, giving rise to white slurry. The reaction
mixture was continuously stirred for 2 h. Afterwards the
obtained hydrogel was transferred into a Teflon autoclave
vessel for the crystallization, which lasted 48 h at 373 K.
Thereafter, the product was washed several times with
demineralised water, filtered and dried at 373 K over-
night, afterwards calcined under air at 823 K for 12 h.

2.3. Synthesis of B-MCM-41

The hydrothermal synthesis of B-MCM-41 samples
was carried out at 373 K using gel with molar

composition of: 1Si0,:0.25MCTAB:0.2TMAOH:yH;
BO;5:40H,0. The experimental procedure adopted to
prepare B-MCM-41 with y = 5; 10; 25; 50; 70 and 150
as a typical case is described as follows. A solution
was prepared which contains the hydroxide of
tetramethylammonium (TMAOH) in demineralised
water, then under stirring 2g of bromide of
cetyltrimethylammonium (CTAB) was added. After
30 min silica and finally 0.0193 g of boric acid
(H;BO3) was added to the solution .The reaction
mixture was stirred for 2 h. The hydrogel obtained is
heated at 373 K during 48 h. The solid obtained was
washed several times with demineralised water, filtered
and dried at 373 K overnight, then calcined under air at
823 K for 12 h.

2.4. Synthesis of AI-MCM-41

For this method three solutions were prepared which
contain a source of aluminium mixed with an organic
hydroxide of quaternary ammonium type (S1), a source
of silica (S2) and a surfactant agent (S3). The solvent
used in the three solutions is demineralised water. The
molar composition was 1Si02:0.25CTAB:0.2T-
MAOH:xAl,03:40H,0, with x =5, 10, 25, 50, 70, 150.
The gel was kept in a Teflon-lined stainless steel auto-
clave and heated at 373 K for two days for crystalliza-
tion. The solid product obtained was washed, filtered
and dried overnight at 373 K. The as-synthesized
samples were calcined at 823 K in air for 12 h.

2.5. Characterization

XRD patterns were recorded for all the samples in
order to check the formation and structure of Al-
MCM-41. The diffraction patterns were recorded in the
20 range of 1—12° with a step size of 0.02° 260 and
a step time of 5 s on a Bruker D8 diffratometer with Cu
Ko (A=1.5406 A) radiation equipped with PSD
counter. A Cu Ka anode was powered with 40 kV and
40 mA. A Talc/Vermiculite mixture was applied as
internal standard for peak position correction. Single
line fitting was performed with the Bruker software
Topas 3.0 (polynom 3rd degree as background, pseudo-
voigt function as profile function).

N,-sorption measurements were performed at 77 K
using a Quantachrome Autosorbl MP. The samples
were degassed at 383 K in vacuum for 24 h before
measurements. Specific surface areas were calculated
by using the Brunauer—Emmett—Teller (BET) method
[15]. Pore size distribution curves were calculated
using two methods. One is the NLDFT equilibrium
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model with cylindrical pore shape based on the DFT/
Monte Carlo method [16] and the other uses the the
relation Dp = Cd100(pVimeso! 1 + PVimeso) > described
by Ulagappan and Rao [17]

Pore volumes were obtained from the amount of N,
adsorbed at p/p, = 0.7 corresponding to a pore width of
7.1 nm in order to exclude inter-particle pores formed
by the powder.

The ATR-FT-IR (attenuated total reflection Fourier
transformed IR) spectra were obtained on a Bruker
IFS66 with DTGS detector and globar source. The
ATR device was a Golden Gate single diamond cell
and the powder samples were pressed with a torque of
80 cNm on the diamond. Spectra were fitted with
Jandel PeakFit software after background subtraction,
a Gauss-function was applied for the description of 9
peaks for B-MCM and 6 peaks for AI-MCM.

3. Results and discussion

In the following chapter we are presenting the XRD
and ATR-FT-IR data, which will be discussed in
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Fig. 1. (a) XRD patterns of AI-MCM-41: Al-5; Al-10; Al-25;

Al-50d; Al-70; Al-150. (b) XRD patterns of B-MCM-41: B-5; B-10;
B-25; B-50; B-70; B-150.

a structural context. In a final chapter the results of the
gas adsorption are shown and reviewed.

3.1. X-ray diffraction

The XRD patterns of AI-MCM-41 and B-MCM-41
samples prepared with different mass ratios, as pre-
sented in (Fig. 1a and b), showed typical reflections of
hexagonal one-dimensional mesoporous MCM-41
structure [2,18,19]. These XRD patterns were charac-
terized by four peaks denoted as (100), (110), (200)
and (210). In the samples with a Si0,/Al,0; ratio of 5
and 10 and for Si0,/B,0O5 with a ratio of 5 these peaks
were not well developed, indicating a poor crystallinity
for these samples. In contrast, for the samples with
Si0,/Al,05 and Si0,/B,05 mass ratios of 25—150 the
peaks were better resolved.

This was also observed by Kresge et al. [1] and
Beck et al. [2]. The best structure for AI-MCM-41 and
B-MCM-41 was allotted to each mass ratio of 150
which was in agreement with the results found by
Oberhagemann [11], Sayari [20] and Sundaramurthy
[21]. Isomorphous substitution has been shown to
be an effective method to modify the MCM-41
materials [22].

Substitution of elements into the MCM-41 materials
could change the T=O=T angle and T=O length
(T =Si or substituted element). Kosslick et al. [23]
found that the substitution of Si by tetravalent Ge
decreased the T=O=T angle and the T=O bond
length. Szostak [24] found that the unit cell volumes in
zeolite crystal structure could also change with
substitution. The unit cell volume of B-ZSM-5
decreases with increasing B-content compared to (Si)-
ZSM-5 because B was smaller than Si [24,25].
Contrary to Szostak, the unit cell of B-MCM-41
increases with increasing B-content. For AI-MCM-41

Table 1
Physical properties of the samples.

Sample do SBET Vineso Dpprr Dpear bp
(m) (m’g™") (em’g™) (am) (am) (nm)
Si-MCM-41 448 1273 0.82 4.0 39 0.7
B-MCM-41-150 4.42 1052 0.78 3.8 3.6 0.5
B-MCM-41-70 428 576 0.48 3.8 32 0.9
B-MCM-41-50 450 522 0.47 4.1 34 0.6
AI-MCM-41-150 4.52 704 0.58 4.1 3.6 0.6
AI-MCM-41-70 427 853 0.67 3.8 3.5 0.7
AI-MCM-41-50 491 539 0.48 4.0 3.7 0.7

ap: unit cell; Sger: specific surface area; Vineso: mesopore volume;
Dppr: porous diameter by DFT-Monte carlo method; Deap: porous
diameter by the relation Dpey=Cdiog (0Vmeso/l + PVimeso) s

C=1.213 and p = 2.2 cm*/g; bp: wall thickness.
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Table 2
Results of XRD data evaluation.

Ratio dypp (nm) FWHM

Si0, Si0, SiO, SiO, SiO, SiO,
/B,Os  /ALLO3  /B,O; /ALO; /B,O3  /ALO3

a, (nm)

150 3.82 391 442 4.52 0.199 0.184
70 3.71 3.70 4.28 4.27 0.411 0.318
50 3.90 4.25 4.50 491 0.229 0.472
25 3.92 3.76 4.53 4.34 0.464 0.560
10 4.00 3.75 4.62 4.33 0.524 0.516

a weak correlation was found. The unit cell of Al-
MCM-41 increases with increasing Al-contents
(Table 2 and Fig. 2).

In addition the FWHM of the (100) peak decreased
in a progressive way from a mass ratio of 10—150 for
both samples (Fig. 3a and b). This could be interpreted
in a slight decrease of the ordered nature of MCM-41
through the incorporation of aluminium and boron into
the framework. However, in spite of the substitution by
these elements the MCM-41 structure was preserved
[26,27].

3.2. ATR-FT-IR spectroscopy

The ATR-FT-IR method was particularly suited to
record IR spectra of mesoporous materials, such as
MCM-41, which were known to exhibit unwanted
interaction with KBr [28].

The ATR-FT-IR spectra of Al-MCM-41 (Fig. 4a,
Table 3a) exhibited bands in the region between 950
and 1200 cm™"' which could be assigned to antisym-
metric stretching of =Si—O0—-T= (T=Si or Al
bonds. Bands in the 600—800 cm ' region will involve

the corresponding symmetric vibrations. The
n —A— Al-MCM-41
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Fig. 2. Relationship between unit cell and ratios.
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Fig. 3. Linear fit of (a) full width half maximum of SiO,/Al,0;
ratios; (b) full width half maximum of SiO,/B,Osratios.

absorption band at 465 cm™" corresponds to bending
vibration of =T—0O— (T = Si or Al). In addition, there
was general tendency for the centre of gravity of the
absorption band at 1032—1043 cm ™' to shift to higher
frequencies with decreasing aluminium content [29].
All these features are typical of aluminosilicate of
MCM-41 structure [26,30].

The vibrations of SiO, tetrahedral unit and its
modification due to the incorporation of B in the
framework mainly appeared in the region of 450—
1390 cm ™! (Fig. 4b, Table 3b). The location of boron
in samples 25—150 was confirmed from the presence
of ATR-FT-IR band at 934—954 cm™', which was
characteristic of tetra-coordinated boron B! in the
MCM-41 framework [19,31]. This bond was
completely absent in AI-MCM-41. Moreover, a small
intensity band at 1395 cm™' was observed indicating
the presence of boron in tri-coordination. A similar
observation was reported by Trong et al. [32] and Zhao
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Fig. 4. FT-IR spectra of (a) AI-MCM-41 with various SiO,/Al,03
ratio; (b) B-MCM-41 with various SiO,/B,0O; ratios.

et al. [33] in boron incorporated zeolites as well as
mesoporous borosilicate materials. However, for the
calcined samples (Fig. 4b) a minor band also appeared
at 1380—1396 cm™' which could be assigned to
residual tri-coordinated framework boron B This
band formed during the calcinations due to the change
of boron coordination from tetrahedral to trigonal [28].
The relative intensity of the 934 cm™! band, charac-
teristic for B™' and of the 1390cm™' band,

797

characteristic for B both increase with increasing
boron content (Fig. 5). The position of the band at
1043—1053 cm ™' attributed to the Si—O—B bond
shifted toward lower wavenumbers with decreasing
Boron content.

For the samples with the highest Si content, i.e.
a ratio of 150, the positions for the foregoing bands
were identical for both Al and B containing samples.
By applying a simple spring-model with a force
constant K and the reduced mass u these shifts could
be explained. Since the frequency resp. the wave-
number is proportional to (K/u)"’?, an increase in K and
a reduction in u leads to positive shift in band position.
Both apply for Boron. The bond length of Si—B
shortens, which would be shown in the following
section. Hence the bond strength increased; simulta-
neously the reduced mass decreased by substituting Si
with B. Table 3a and b summarizes the main Al and B-
MCM-41 bands.

3.3. Structural discussion

The increasing B-content led to increase B! tri-
coordination of boron in the framework (Fig. 5) which
moreover led to an increase in unit cell and the particle
size of the B-MCM-41 materials. Valerio et al. [34]
found that in the case of a proton being the counterion,
the tetrahedral BO, coordination was unstable and was
replaced by silanol groups. These were formed on the
adjacent silicon and trigonally coordinated boron. This
distance between B and OH (silanols) was longer
(0.23 nm) than the corresponding to a tetra-coordinated
B (Fig. 6).

The FWHM data from both B- and AI-MCM sug-
gested a less ordered structure for the latter (Table 2 and
Fig. 3). The incorporation of boron and aluminium
modified the structure from hydrophobic to hydrophilic
and gave less well developed structure than Si-MCM-41.

The changes in the unit cell dimensions of MCM-41
material as a function of Si-substitution by Al and B
were well documented and were useful to characterize
such substitution (Fig. 2).

Table 3a

IR band positions of B-MCM-41 in cm™".

Si/B ratio  O—Si—O bending Boron Si—O—Si sym-stretch  Boron B Si—0—Si/Si—O—B antisym-stretching Boron B!
10 4492 679.6  806.5 934.1 1052.6 1096.2 1139.7  1209.7 1388.5
25 4452 674.7  807.6 959.0 1050.0 1096.8 1144.1 1216.5 1392.2
50 442.5 807.4 956.2 1044.2 1091.9 11364 1209.8 1391.8
70 4433 808.9 954.6 1045.1 1091.2 1135.6  1209.1 1395.4
150 441.9 807.8 1042.7 1089.2 1138.1 12175

B4 tera-coordinations; B™ tri-coordinations.
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Table 3b
IR band positions of AI-MCM-41 in cm™".

Si/Al ratio 0—Si—O bending Si—0O—Si sym-stretch

Si—0—Si/Si—0O—Al antisym-stretching

5 443.0 801.2
10 439.1 807.1
25 442.5 806.5
50 445.5 808.3
70 441.2 807.9
150 441.9 807.8

1031.9 1093.6 1153.1 1214.4
1037.5 1087.3 1141.9 1218.4
1040.0 1090.7 1146.9 1217.3
1048.1 1093.0 1143.1 1216.4
1044.8 1090.7 1144.6 1219.4
1042.8 1090.5 1142.3 1215.9

Quantum-chemical calculations suggested that the
bond between boron and the protonated framework
oxygen atom (silanol group) was much weaker than the
Al—O bond in a corresponding Al---O(H)—Si group.
The B—O bond in B---O(H)—Si groups was effectively
broken, resulting in trigonal boron in the zeolite
framework, B'®!. Stave and Nicholas [35] have calcu-
lated the B—O and Al—O distances in (X)3;Si—OH—
T(X); (X=O0SiH;, T=B, Al) cluster models of
zeolites ZSM-5 using density functional theory. These
authors found a B—O distance of 208.4 pm which is
too large for a covalent interaction, while the Al—O
bond has a distance of 183.6 pm [35].

3.4. Nitrogen adsorption studies

Substitution of elements into the MCM-41 materials
could change the surface properties and the pore
structure due to change in the T=O=T angle and
T=0 length (T = Si or substituted element). Kosslick
et al. [23] found that the substitution of Si by tetra-
valent Ge decreased the T=O=T angle and the T=0
bond length.

The influence of this change was also observed in
the N, gas adsorption for the samples AI-MCM-41 and

4,50 —a— Tri-coordinated B at 1390cm™”
...w—— Tetra-coordinated B at 930cm™

3,75

3004 O\ e

2,25

% Area

1,50

0,75 1 \A

10 20 30 40 50 60 70
Si0,/B,0,

Fig. 5. Tetra- and tri-coordinated boron versus SiO,/B,0Oj ratios.

B-MCM-41 (SiO,/Al,03 or B,O3 =50, 70 and 150)
synthesized at 373 K (Fig. 7a and b). The isotherms
exhibited a type IV isotherms according to the classi-
fication of the IUPAC [15]. The results obtained were
in agreement with the study carried out by Kosslick
et al. [23] and Sayari et al. [20], which allotted lower
specific surface area of the Boron containing samples.
During the calcination process, trigonal B was lost. It
could be assumed that this loss has in influence either
in the particle size and/or the porosity, indicated by
a decrease of SSA of over 500 m*/g when compared to
the Si-MCM-41 (Table 1). The mesopore volume
decreased from 0.82cm’/g for the unsubstituted
samples to 0.47 cm*/g for the B and to 0.48 cm?/g for
the Al-containing samples.

This could be explained for B-MCM by an expul-
sion of trigonal boron which leads to a loss of chan-
nels. Boron has shown a strong tendency to be leached
out of the lattice during calcinations [13]. This further
confirmed the mesoporous nature of the samples
[36,37].

The pore sizes distributions of all samples were
narrow and exhibited a maximum in the range of
3—4 nm (Fig. 8a and b). When compared to siliceous

Fig. 6. Optimized model structures with proton as boron counterions [25].
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Fig. 7. (a) and (b) Sorption of nitrogen at 77 k for (a) different SiO,/
Al,O5 ratios 50, 70 and 150; (b) different SiO,/B,05 ratios 50, 70
and 150.

MCM-41, the average pore diameter values of B-
MCM-41 samples were slightly less and for AI-MCM-41
about the same (Table 1).

The comparison of pore size data derived from DFT
theory and from the calculation method from Ula-
gappan and Rao [17] was in good agreement. The pore
wall thickness obtained from the XRD data and the gas
adsorption values were 0.7 nm for both substitutions,
where B-MCM-41 exhibited a slight larger standard
deviation. The value of 0.7 nm resembled the one
found for Si-MCM-41 [1,2]. These values can be only
considered as estimations, because there is not yet
a definitive method for such pore size or pore wall
calculation, respectively, because all are implying
a smooth cylindrical pore shape. The existence of such
a model is a matter of ongoing scientific dispute.

All the textural characteristics of B-MCM-41 and
Al-MCM-41 samples revealed that aluminium and
boron incorporation slightly decreased the ordered

a
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Fig. 8. (a) and (b) Pore distributions of (a) Al-MCM-41 with
different SiO,/Al,O3 ratios 50, 70 and 150; (b) B-MCM-41 with
different SiO,/B,05 ratios 50, 70 and 150.

nature of the hexagonal structure of MCM-41. Similar
observation was made in XRD analysis (Fig. 2)

4. Conclusion

Isomorphous substitution of boron and aluminium in
MCM-41 framework was successfully carried out by
adirect synthesis method. The change in d-spacing and unit
cell parameter compared to siliceous MCM-41 indicated
the incorporation of boron or aluminium in the framework.
The nitrogen adsorption studies showed that the synthe-
sized M-MCM-41 materials led to a mesoporous material
with narrow pore size distribution. The presence of bands at
1380, 920 and 960 cm ™' in the ATR-FT-IR spectra of all
samples confirmed that B was incorporated into the MCM-
41 framework. In addition, the shift of the Si—O—M
(M =Al, B) band at around 1043 cm™! gave another
strong argument for the incorporation of Al and B.

The best structure was allocated to Al- and B-
MCM-41 for a mass ratio equal to 150.
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A hexagonal structure characteristic for a meso-
porous material produced by the direct synthesis
method was still obtained for a Si0,/Al,O3 or B,0Os
ratio of 10. A higher content of Al or B did not further
increase the quality of the product.
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