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Abstract SBA-15 powder (P) was shaped into cylindrical
extrudates (Ex) by compounding with additives such as
bentonite (binder), methylcellulose and tetraethylorthosili-
cate (TEOS). The extrudates of SBA-15 were characterized
by XRD, N, adsorption and thermogravimetric analysis.
The orderly growth of SBA-15 is evident from the XRD
patterns. The surface area and pore volume of SBA-15 (P)
were around 884 m%g and 1.1 cm®/g, respectively. The
decrease in surface area and pore volume were observed
for SBA-15 (Ex) in comparison to SBA-15 (P). This may
be due to partial blocking of pore entry and surface cov-
erage of additives during shaping of extrudates. The
mechanical strength of SBA-15 (Ex) was examined by
vertical crushing method. The effect of additives on the
mechanical strength of SBA-15 (Ex) was examined by
varying the composition. The results indicate linear
increase of mechanical strength with increase in the content
of bentonite and methylcellulose, but non-linear response
with increase of TEOS and water. Compounding additives
have been established to improve the mechanical strength
of the extrudates.
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1 Introduction

The discovery of a new family of mesoporous silica
molecular sieves (M41S) such as MCM-41 and MCM-48
has opened a new window in many areas of chemistry and
material science [1, 2]. These mesoporous molecular sieves
possess large surface area (up to 1,000 m?/g), narrow pore
size distribution, high pore volume, considerable thermal
and hydrothermal stability. Stucky and co-workers [3, 4]
have synthesized powder (P) form of highly ordered SBA-
15 mesoporous silica molecular sieve in acidic medium.
This material possesses uniform tubular channels in the
range 5-30 nm, higher pore wall thickness and signifi-
cantly higher hydrothermal stability than MCM-41
material. The fine powder of mesoporous materials is in the
particle size of 1-10 pm and invariably need to be shaped
into bodies such as granules, spheres and extrudates (Ex)
prior to their use as adsorbents or catalysts in commercial
fixed bed reactors in order to avoid pressure drop and to
enhance high mechanical strength [5, 6]. The preparation
of extrudates is usually done by the addition of inorganic
binders viz., bentonite, attapulgite, kaolin and organic
binders such as methylcellulose and hydroxyethylcellulose.
The inorganic binders increase the mechanical strength of
extrudates while the organic binders are used to enhance
the viscosity of the paste during extrusion and also as a
macropore builder by burning off the organics during cal-
cination process.

Mechanical strength is an important characteristic of
catalyst to ensure reliable performance of the material in a
fixed bed chemical reactor [7]. The American Institute of
Chemical Engineers (AIChE) committee convened in 1974
discussed extensively on the mechanical strength and
related application issues in order to set up a US standard
[8—14]. In general, the crushing strength of a single catalyst
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body has been accepted as a standard method in many
countries [15]. Several researchers have attempted various
methods to improve the mechanical strength of catalysts
[16-20]. They defined the property for mechanical strength
of a catalyst and correlated this with other physical prop-
erties [21, 22]. Mechanical strength is a critical
requirement to conserve pore volume, surface area and
pore diameter of an ideal catalyst. Several research groups
have published reports on the mechanical strength of
powdered MCM-41, MCM-48 and SBA-15 mesoporous
materials [23-29]. Recently, we have reported the extru-
sion of AISBA-15 with bentonite binder and found that
there is a decrease in surface acidity of AISBA-15 extru-
dates due to solid state migration of alkali/alkaline-earth
metal cations from bentonite to AISBA-15 protonic sites
during the extrusion process [30]. Many reports have been
published on the effect of binder and other additives during
the catalyst preparation [6, 31-34].

In the present work, powder form of SBA-15 was syn-
thesized and extrudated into cylindrical form by
compounding with bentonite as a binder, methylcellulose
as a plasticizer (also as a macropore builder), TEOS as a
cross-linking agent and water as a homogeneous mixer.
These SBA-15 extrudates were characterized by XRD,
nitrogen adsorption—desorption measurement and thermo-
gravimetric analysis. The influence of additives such as
bentonite, methylcellulose, TEOS and water in the extru-
dates on the mechanical strength was investigated and the
results are presented in this article.

2 Experimental
2.1 Materials

Tetraethylorthosilicate (TEOS) and tri-block copolymer
poly(ethylene glycol)-block-poly(propylene glycol)-block-
poly(ethylene  glycol)  (Pluronic P123, molecular
weight = 5,800, EO,0PO;0EO,p) (Aldrich) were used as
silica source and structure directing agent, respectively.
Bentonite and methylcellulose were obtained from Aldrich
and Fluka respectively and used for extrusion.

2.2 Synthesis of SBA-15

Mesoporous siliceous SBA-15 was prepared employing the
optimized procedure as described elsewhere [27]. In a
typical synthesis, 4 g amphilic triblock copolymer (Pluronic
P123) in 30 mL water was stirred for 4 h. Thereafter, 120 g
hydrochloric acid solution (2 M) was added to it and the gel
was stirred for another 2 h. Then, 9 g TEOS was added to it
and continued the stirring for 24 h at 40 °C. The mixture
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was finally heated in an autoclave at 100 °C for 48 h. The
solid product thus obtained was filtered, dried at 100 °C and
then calcined at 550 °C in air to expel the template.

2.3 Preparation of SBA-15 extrudates

The various steps involved in the preparation of SBA-15
extrudates, namely, powder mixing, paste preparation,
extrusion, drying and calcination are shown in Fig. 1.
The dry mixture was obtained by mixing SBA-15,
bentonite, methylcellulose and TEOS. The mixture was
then made into a paste manually with addition of distilled
water. Bentonite was used as the binder in order to increase
the mechanical strength of extrudates, methylcellulose as a
plasticizer to enhance the viscosity of the paste during
extrusion and also as the macropore builder, TEOS as the
cross-linking agent between SBA-15 particles and water
for homogeneous mixing during paste preparation. The
paste was further well mixed in a Thermo Haake polylab
system with Sigma rotor for 20 min with the rotation speed
of 125 rpm at 40 °C. The paste was then transferred into a
home-made brass screw extruder with 3 mm diameter
circular cross sectional die. The extrusion was done by

SBA-15 (Powder)

. Methylcellulose ;+ TEOS
Bentonite .
> | Dry Mixing —
Water
. | Wet Mixing |

| High-shear mixing |

| Extrusion |

| Cutting |

| Drying |

| Calcination |

Final Extrudates of SBA-15

Fig. 1 Steps involved in the preparation of extrudates
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Fig. 2 (a) Wet extrudates before sectioning and (b) final extrudates

constantly moving the screw manually. Extrudates of
4 mm length were made by sectioning with sharp nickel
coated knife (Fig. 2a). The wet extrudates were dried at
120 °C and calcined at a rate of 5 °C/min from room
temperature to 550 °C for 24 h in air to get the final ex-
trudates as shown in Fig. 2b.

2.4 Characterization

The powder X-ray diffraction patterns (XRD) of SBA-15
extrudate samples were recorded on a Siemens D5005
diffractometer using CuKa radiation. Nitrogen adsorption
and desorption isotherms were measured at 77 K on a

Quantachrome Autosorb 1 sorption analyzer. The materials
were outgassed at 523 K for 3 h prior to adsorption mea-
surements. The specific surface area was determined using
the standard Brunauer—Emmett-Teller (BET) method.
Thermogravimetric analysis of the as-synthesized SBA-15
(Ex) samples was carried out in a SETARAM setsys 16MS
thermal analyzer. The samples were heated in nitrogen
atmosphere at a heating rate of 5 °C/min in the temperature
range 50-800 °C.

2.5 Mechanical strength measurements

The extrudates were graduated to 3 mm diameter and
4 mm length using vernier scale. The vertical surface of the
extrudates was smoothened by a file before subjecting to
crushing measurement in order to enhance uniform distri-
bution of the load. The mechanical strength of the
extrudates was determined by Mecmesin strength tester
(Mecmesin, Germany) (Fig. 3a). The extrudate was inser-
ted in-between the two anvils of strength-testing machine
and then load was applied along the vertical direction of
the cylindrical extrudate until it exhibited failure (Fig. 3b).
The maximum applied load was recorded.

3 Results and discussion

Paste preparation was carried out by mixing SBA-15 (P)
with different amount of bentonite (2.2-10.3 wt.%),
methylcellulose (2.3-9.5 wt.%), TEOS (3.3-16.8 wt.%)
and water (63.2-72 wt.%). The mixture was extruded at a
velocity of 0.5-1.5 cm s™'. The wet extrudates of pastes
B1 and B2 containing less than 4.2 wt.% of bentonite were
not strong enough to withstand the form and they crumbled
into small pieces during extrusion process. The extrusion
process was easier, without any fragile, for the pastes from
B3 to B6, which contained above 4.2 wt.% of bentonite.
The extrusion process was further improved by enhancing
the viscosity of the paste by increasing the methylcellulose
content (2.3-9.5 wt.%). But the paste became thicker and
hard to extrude as the water absorption capacity of meth-
ylcellulose is high. Hence, it is necessary to evaluate the
correct composition of methylcellulose and water to
maintain the plastic nature of the mixture and to get a soft
paste. Moreover, high plasticity of the paste could enhance
the smooth texture of the extrudates without deformation
[31]. In order to achieve better quality extrudates, the paste
preparation was studied with different water content from
63.2 to 72 wt.%. The addition of water to the mixture is a
critical step in the extrusion process. Insufficient water
content leads to improper mixing and causes high shear
stress and creates difficulty in the extrusion process or
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Fig. 3 (a) Crushing strength testing machine and (b) close view of an
extrudate between the anvils in crushing strength testing machine

increases cracking during extrusion and drying process. On
the other hand, too much of water content makes the paste
watery and decreases the strength and quality of extrudates.
Furthermore, it will show shrinkage and bends creating
bubble and micro-holes by the expulsion of water during
drying or calcination process. Hence, it is necessary to fix
proper composition by trial and error. It is established out
from the preliminary experimental results that the paste
compositions of B4-B6, M3 and M4 are within the range
of suitable workability for extrusion without any defor-
mation of the extrudates during extrusion and calcination.
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Fig. 4 (a) TG and (b) DTG curves of as-synthesized SBA-15 (Ex)

Hence, the effect of TEOS and water content were studied
within these ranges of methylcellulose and bentonite
composition.

The thermogravimetric analysis (TGA) of as-synthe-
sized SBA-15 (Ex) was carried out between 50 and 800 °C.
The thermogram shows two distinct stages of weight losses
as shown in Fig. 4. The first weight loss occurred around
100 °C is due to desorption of water. The second major
weight loss occurred around 200 °C is due to desorption of
methylcellulose (plasticizer) from the extrudates. Hence
the dried extrudates were subjected to calcination above
this temperature to remove methylcellulose. Afterwards,
the effect of calcination was studied from 450 to 850 °C on
the extrudates prepared from the paste composition of
16.4 wt.% SBA-15, 2.2 wt.% bentonite, 2.2 wt.% methyl-
cellulose, 2.2 wt.% TEOS and 77 wt.% H,0. It is
interesting to note that the surface area of the extrudates
was maintained around 640 m%/g up to 550 °C. When the
calcination temperature increases from 550 to 750 °C, the
surface area rapidly decreases to ca. 400 m%/g (Fig. 5).
Temperature above 750 °C, the pore structure of SBA-15
(Ex) collapses resulting loss of structural integrity and
decrease of surface area to 261 m?/g.

Figure 6 shows powder X-ray diffraction patterns
(XRD) of SBA-15 (Ex) with different bentonite contents.
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Fig. 5 Effect of calcination temperature on the surface area of SBA-
15 (Ex)
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Fig. 6 XRD patterns of SBA-15 (P) and SBA-15 (Ex) with different
binder content

The SBA-15 (Ex) samples show XRD patterns with three
well-resolved sharp diffraction peaks which are indexed to
(100), (110), and (200) planes, indicating hexagonal space
group p6mm. However, it is observed that the intensities of
higher order reflections of SBA-15 (Ex) decrease in com-
parison to parent SBA-15 (P) due to the presence of binder
molecules in between SBA-15 particles.

Nitrogen adsorption—desorption isotherms of powder
and extrudates of SBA-15 with different bentonite content
are presented in Fig. 7. The textural properties and com-
position of extrudates with different contents of bentonite
and methylcellulose are summarized in Tables 1 and 2,
respectively. SBA-15 (P) and SBA-15 (Ex) samples exhibit

Amount of N, adsorbed (cm®/g)

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Relative pressure (p/p,)

Fig. 7 Nitrogen adsorption isotherms of SBA-15 (P) and SBA-15
(Ex) with different binder content (closed symbols: adsorption; open
symbols: desorption)

type IV adsorption isotherms with H1 hysteresis loop, as
defined by IUPAC [35], showed a narrow pore size dis-
tribution. Nitrogen adsorption isotherm of SBA-15 (Ex)
exhibits reduction in the capillary condensation step with
increase in the binder content due to pore filling of binder
molecules in the mesoporous molecular sieves. The spe-
cific surface area of SBA-15 (P) sample is around 884 m?/g
and the pore volume is around 1.1 cm?/g. But in the case of
SBA-15 (Ex), surface area and pore volume decrease from
554 to 355 mz/g and 0.77 to 0.6 cm?/g, respectively as the
addition of binder content increases from 2.2 to 10.3 wt.%
in the paste composition of extrudates. The decrease in the
surface area of SBA-15 (Ex) samples is in the range 37—
60% and pore volume in the range 30-46% compared to
SBA-15 (P) sample. However, the pore diameter of SBA-
15 (Ex) is higher than that of powder, which may be due to
additional internal porosity created by methylcellulose in
the extrudates during calcination. Creation of such macro-
porosity is of potential benefit in the pressure swing
adsorption and gas separation process because mass
transfer will be promoted by macropors [32]. There is no
significant change in the surface area and pore volume with
increase in methylcellulose content (Table 2). The surface
area and pore volume of SBA-15 (Ex) are found to be
around 450 m?*/g and 0.63 cm’/g, respectively.

As TEOS content increases from 3.3 to 6.3 wt.%, the
surface area decreases about 45 m?/g due to cross-linking
of SBA-15 particles. But slight pore blocking cannot be
avoided as evidenced from the pore volume data. When the
TEOS content increases to 9.2 wt.%, the surface area
decreases about 79 m*/g and pore volume also decreases.
Since the crushing stress decreases at this level there may
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Table 1 Composition of SBA-15 extrudates with different bentonite content and their textural parameters

Samples (Ex) Material composition (wt.%) ABET (mz/g) Pore volume (cm3/g) dp Avg (NM)
SBA-15 (P)  Bentonite  Methylcellulose =~ TEOS  Water

Bl 14.0 2.2 11.2 3.7 68.9 554 0.77 5.6

B2 13.8 3.7 11.0 3.7 67.8 533 0.72 5.5

B3 13.7 42 10.9 3.6 67.6 480 0.70 5.8

B4 13.4 6.3 10.7 3.6 66.0 459 0.69 6.0

B5 13.2 7.9 10.5 35 64.9 392 0.63 6.5

B6 12.8 10.3 10.3 34 63.2 355 0.60 6.8
SBA-15 (Powder) 884 1.1 5.1

Table 2 Composition of SBA-15 extrudates with different methylcellulose content and their textural parameters

SBA-15 (Ex) Material composition (wt.%) ABET (mz/g) Pore volume (cm3/g) dp Avg (NM)

SBA-15 (P) Bentonite Methylcellulose TEOS Water

Ml 14.5 11.6 2.3 39 67.7 432 0.63 5.9

M2 14.2 11.4 4.4 3.8 66.2 424 0.57 54

M3 13.2 10.5 7.9 35 64.9 447 0.69 6.1

M4 13.0 10.3 9.5 34 63.8 374 0.60 6.3

not be as much cross linking of SBA-15 particles as
observed with 6.3 wt.% loading. The surface area is almost
close to that of initial value in the case of 11.9 wt.% TEOS
addition, but pore volume decreases. Further, increase of
TEOS content results self condensation and produces an
amorphous silica network and blocks the pores. Hence,
there may not be much cross linking but there is pore
blocking almost equal to 9.2 wt.% TEOS loading. The
surface area of 16.8 wt.% loaded of TEOS is almost the
same as that observed with 11.9 wt.% loading. The textural
properties are not changed much by varying the water
content from W1 to W5 because the solid components in
these extrudates are the same and water alone is expelled
out during drying and calcination. The surface area of
theses samples is around 420 m*/g and the pore volume
varies slightly from 0.55 to 0.6 cm’/g.

In industry, the crushing strength is used as a diagnostic
test for assessing the mechanical strength of a catalyst. The
crushing test consists of slow deformation of individual
particles by a platen moving against a static platen until a
crack propagates within the particle leading to catastrophic
failure of the specimen and characteristic drop of the
crushing. The maximum applied force at which the extru-
date gets fracture is recorded. About 25 cylindrical
extrudates with 3 mm diameter and 4 mm length were
subjected to crushing strength test from each set of paste
composition. To eliminate the effect of size and shape on
the spread of extrudate crushing strength, crushing stress
(o) is used rather than crushing load. The approximate
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crushing stress is the tensile stress, which is induced by
compressive stress given by the ratio of crushing load to
particle cross sectional area perpendicular to the crushing
axis. The crushing stress is directly proportional to the load
experienced by the extrudates. The increase in crushing
stress is a measure of increase in mechanical strength of
extrudates. The crushing stress of cylindrical extrudates is
calculated using the following equation [15, 36].

2P
c=——
DL

where o is the crushing stress, P is the load at failure, D is
the diameter and L is the height of specimen. The influence
of different paste components such as bentonite, methyl-
cellulose, TEOS and water on the crushing strength was
evaluated. The average crushing stress value of 25 extru-
dates was plotted with standard deviation (error bar)
against each component in the paste of extrudates.

As shown in Table 1, the extrudates (B1-B6) were
prepared with bentonite content from 2.2 to 10.3 wt.%. The
effect of bentonite content in the extrudates on the crushing
stress is shown in Fig. 8. The crushing stress increases
linearly from 1 to 3.6 MPa as the bentonite content
increases from 2.2 to 10.3 wt.%. This is due to the strong
binding interaction between SBA-15 particles and ben-
tonite particles. The effect of methylcellulose on the
crushing stress of extrudates prepared with the paste
composition from M1 to M4 is depicted in Fig. 9. The
crushing stress of extrudates increases from 0.39 to
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Fig. 8 Effect of bentonite content on the crushing stress of extrudates

Crushing stress (MPa)

Amount of methylcellulose (wt %)

Fig. 9 Effect of methylcellulose content on the crushing stress of
extrudates

3.4 MPa as the methylcellulose content increases from 2.3
to 9.5 wt.% in the paste composition (Table 2). The
increase in the mechanical strength of extrudates with
increase in the methylcellulose content is due to increase in
the viscosity of matrix by maintaining uniform distribution

of ingredients throughout the paste. This is also an
important parameter for high crushing stress.

The extrudates were also prepared by varying TEOS
content (Table 3). The effect of TEOS on the crushing
stress of extrudates prepared with paste composition from
T1 to TS is shown in Fig. 10. The crushing stress of ex-
trudates increases from 2.6 to 4.5 MPa with increase in
TEOS content from 3.3 to 6.3 wt.%. Further increase in
TEOS content from 6.3 to 9.2 wt.% the crushing stress
decreases drastically from 4.5 to 0.8 MPa. When the TEOS
content increases from 3.3 to 6.3 wt.%, there is a consid-
erable increase in the crushing stress. This is ascribed to the
cross linking and pore blocking of SBA-15 extrudates.
There is a sudden drop in the crushing stress beyond
6.3 wt.% due to the formation amorphous silica phase by
self condensation of TEOS. The formation of such amor-
phous silica phase enhances the surface area and decreases
the pore volume. During the paste preparation, TEOS is
hydrolysed to orthosilicic acid which helps binding toge-
ther the fine particles in the matrix. At lower TEOS
content, it binds the catalyst particles effectively by short
cross linkages. As the TEOS content increases, it is hy-
drolysed to orthosilicic acid first and polymerized itself,
resulting in the formation of long amorphous silica network

Crushing stress (MPa)

0 1 L 1 L 1 L 1
4 8 12 16

Amount of TEOS (wt %)

Fig. 10 Effect of TEOS content on the crushing stress of extrudates

Table 3 Composition of SBA-15 extrudates with different TEOS content and their textural parameters

SBA-15 (Ex) Material composition (wt.%) ABET (mz/g) Pore volume (cm3 /g) dp Avg (NM)
SBA-15 (P) Bentonite Methylcellulose TEOS Water

T1 12.1 9.8 9.8 65.0 467 0.67 5.7

T2 11.8 9.4 94 63.1 422 0.60 5.6

T3 11.4 9.2 9.2 61.0 388 0.58 6.0

T4 11.1 8.9 8.9 11.9 60.0 459 0.55 6.1

TS 10.5 8.4 8.4 16.8 55.9 456 0.53 6.0
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Table 4 Composition of SBA-15 extrudates with different water content and their textural parameters

SBA-15 (Ex) Material composition (wt.%) ABET (m2/g) Pore volume (cm3/g) dp. Avg (NM)
SBA-15 (P) Bentonite Methylcellulose TEOS Water
W1 12.8 10.3 10.3 34 63.2 417 0.56 54
w2 12.2 9.8 9.8 33 65.0 425 0.58 5.5
W3 11.3 9.0 9.0 3.0 67.7 427 0.60 55
w4 10.5 8.4 8.4 2.8 70.0 419 0.55 5.7
W5 9.8 7.8 7.8 2.6 72.0 400 0.58 5.8
6 — such as bentonite and methylc§llulo§e with ?lppropriate
amount of TEOS and water. A linear increase in mechan-
ical strength is observed with increase of bentonite and
- i i methylcellulose contents. The optimum viscosity for uni-
& form distribution of ingredients and perfect extrusion are
% 4r 7] suggested to be the cause for high mechanical strength. The
@ surface area and pore volume of SBA-15 (Ex) decrease
% . with increase of bentonite content. There may be partial
2 blocking of pore entry of SBA-15 by the ingredients in the
'-E 2 - extrudates. Therefore, a compromise between mechanical
8 strength and surface area has to be arrived at depending on
L i the targeted applications.
0 . . . . . . . . . . Acknowledgmer}t Financial support for this yvork by Dequchfa
62 64 56 68 70 72 Forschungsgemeinschaft and Fonds der Chemischen Industrie is

Amount of water (wt %)
Fig. 11 Effect of water content on the crushing stress of extrudates

with lower binding property. This study revealed that
6.3 wt.% of TEOS is found to be optimum for cross linking
the catalyst particles, below which TEOS may cause
insufficient cross linkage and above 6.3 wt.% may lead to
amorphous silica network.

The extrudates (W1-W4) were prepared with different
(63.2-72 wt.%) water content as shown in Table 4. The
effect of water content in the extrudates on the crushing
stress is shown in Fig. 11. The crushing stress increases
from 3.7 to 4.7 MPa with increase in water content from
63.2 to 65 wt.%. But the crushing stress decreases drasti-
cally from 4.7 to 1.4 MPa when the water content increases
from 65 to 72 wt.%. Hence, water content greater than
65 wt.% in the extrudates creates defects such as micro
holes, cracks and air bubbles. As the defects increase in the
extrudates, mechanical strength reduces. From this study it
is established that 65 wt.% of water is the optimum for the
paste preparation.

4 Conclusions

The mechanical strength and textural properties of SBA-15
extrudates can be conveniently controlled by modifiers

@ Springer

gratefully acknowledged.

References

1. C.T. Kresge, M.E. Leonowicz, W.J. Roth, J.C. Vartuli, J.S. Beck,
Nature 359, 710 (1992)

2. J.S. Beck, J.C. Vartuli, W.J. Roth, M.E. Leonowicz, C.T. Kresge,
K.D. Schmitt, C.T.W. Chu, D.H. Olson, E.W. Sheppard, S.B.
McCullen, J.B. Higgins, J.L. Schlenker, J. Am. Chem. Soc. 114,
10834 (1992)

3. D. Zhao, Q. Huo, J. Feng, B.F. Chemlka, G.D. Stucky, J. Am.
Chem. Soc. 120, 6024 (1998)

4. D. Zhao, J. Feng, Q. Huo, N. Melosh, G. Fredrikson, B. Chemlka,
G.D. Stucky, Science 279, 548 (1998)

5. R.V. Jasra, V.N. Chiudary, T.S.G. Bhat, Sep. Sci. Technol. 26,
885 (1991)

6. R.V. Jasra, B. Tyagi, Y.M. Badheka, V.N. Choudary, T.S.G. Bhat,
Ind. Eng. Chem. Res. 42, 3263 (2003)

7. S.P.S. Andrew, Chem. Eng. Sci. 36, 1431 (1981)

8. S.W. Weller, AIChE Symp. 70, 143 (1974)

9. E.R. Beaver, AIChE Symp. 70, 1 (1974)

10. E.R. Beaver, Chem. Eng. Prog. 71, 44 (1975)

11. J.C. Dart, AIChE Symp. 70, 5 (1974)

12. J.C. Dart, Chem. Eng. Prog. 71, 46 (1975)

13. C.R. Adams, A.F. Sartor, J.G. Welch, AIChE Symp. 70, 49
(1974)

14. C.R. Adams, A.F. Sartor, J.G. Welch, Chem. Eng. Prog. 71, 35
(1975)

15. Y. Li, X. Li, L. Chang, D. Wu, Z. Fang, Y. Shi, Catal. Today 51,
73 (1999)

16. P.K. Gupta, A.C. Sangupta, B. Sen, N.B. Bhattacharyya, Ferlizer
Tech. 15, 277 (1978)



J Porous Mater (2009) 16:175-183

183

17

18.
19.
20.
21.
22.
23.
24.

25.

26
27

. S. Putta-chaudhuri, A.B. Ghatak, K.P. Gupta, B. Sen,
N.B. Bhattacharyya, S.P. Sen, Fertilizer Tech. 18, 23 (1981)
M.N. Shepeleva, Z.R. Ismagilov, L.LA. Ovsyannikova, G.A.
Goldenerg, Kinet. I Katal. 32, 125 (1991)

Z.R. Ismagilov, N.A. Koryyabkina, N.A. Rudina, G.I. Goldenberg,
I.A. Ovsyannikova, R.A. Shkrabina, Kinet. I Katal. 32, 494 (1991)
M.A. Kipnis, Kinet. I Katal. 31, 232 (1991)

E. Ryshkewitch, J. Am. Ceram. Soc. 36, 65 (1953)

P.C. Kapur, D.W. Fuerstenau, J. Am. Ceram. Soc. 50, 14 (1967)
V.Y. Gusev, X. Feng, Z. Bu, G.L. Haller, J.A. O’Brien, J. Phys.
Chem. B 100, 1985 (1996)

K.A. Koyano, T. Tatsumi, Y. Tanaka, S.J. Nakata, J. Phys. Chem.
B 101, 9436 (1997)

T. Tatsumi, K.A. Koyano, Y. Tanaka, S.J. Nakata, J. Porous
Mater. 6, 13 (1999)

. M. Hartmann, C. Bischof, J. Phys. Chem. B 103, 6230 (1999)

. M. Hartmann, A. Vinu, Langmuir 18, 8010 (2002)

28

29.

30.
31.
32.
33.
34.
35.

36.

. D. Desplantier-Giscard, O. Collart, A. Galarneau, P. Van der Voort,
F. Di Renzo, F. Fajula, Stud. Surf. Sci. Catal. 129, 665 (2000)
M.-A. Springuel-Huet, J.L. Bonardet, A. Gédéon, Y. Yue,
V.N. Romannikov, J. Fraissard, Microporous Mesoporous Mater.
44-45, 775 (2001)

G. Chandrasekar, M. Hartmann, M. Palanichamy, V. Murugesan,
Catal. Commun. 8, 457 (2007)

Y.Y. Li, S.P. Perera, B.D. Crittenden, J. Bridgwater, Powder
Technol. 116, 85 (2001)

Y.Y.Li, S.P. Perera, B.D. Crittenden, Trans. IChemE. 76,921 (1998)
A.H. Sulayman, A.S. Mahdi, Trans. IChemE. 77, 342 (1999)

T. Isobe, Y. Kameshima, A. Nakajima, K. Okama, Y. Hotta,
J. Porous Mater. 13, 269 (2006)

K.S.W. Sing, D.H. Everett, R.A.W. Haul, L. Moscow, R.A. Pierotti,
J. Rouquerol, T. Siemiewska, Pure Appl. Chem. 57, 603 (1985)

C. Subero-Couroyer, M. Ghadiri, N. Brunard, F. Kolenda, Trans.
IChemE. 81, 953 (2003)

@ Springer



	Preparation of SBA-15 extrudates: Evaluation of textural �and mechanical properties
	Abstract
	Introduction
	Experimental
	Materials
	Synthesis of SBA-15
	Preparation of SBA-15 extrudates
	Characterization
	Mechanical strength measurements

	Results and discussion 
	Conclusions
	Acknowledgment
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


