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The influence of HCl/surfactant ratio (nHCl/nS) and synthesis time on the synthesis of the
cubic mesoporous molecular sieve SBA-1 were investigated to obtain high-quality materials.
The samples prepared at a nHCl/nS ratio of 280 were found to exhibit a higher degree of
structural ordering, a higher specific surface area, and a higher specific pore volume as
compared to materials prepared at a lower nHCl/nS ratio. The pore diameter of SBA-1 can be
tuned from 2.3 to 3.0 nm by simply adjusting the synthesis time between 1 and 72 h. The
pore volume increases from 0.7 to 1.03 cm3/g with a concomitant decrease of the surface
area from 1430 to 1100 m2/g. Moreover, the stability of the materials toward washing with
water was improved by increasing the crystallization time from 1 to 72 h. The mechanical
stability of SBA-1 was also investigated using n-heptane and cyclohexane adsorption in
addition to nitrogen adsorption. The mechanical stability of SBA-1 is high; by compression
of about 217 MPa, the specific pore volume calculated from nitrogen adsorption decreases
by 19.7%, whereas the pore volume calculated from the n-heptane and cyclohexane adsorption
decreases by 12.5% and 7.5%, respectively. These results together with the large difference
between the pore volumes obtained by nitrogen and organics adsorption indicate that the
presence of microporosity in the SBA-1 pore walls has to be considered. SBA-1 is mechanically
more stable as compared with hexagonal mesoporous materials such as MCM-41 and SBA-
15, but exhibits similar mechanical stability as compared to the cubic MCM-48 material.

Introduction

Mesoporous molecular sieves have attracted consider-
able attention in recent years since the discovery of the
M41S family of mesoporous materials by researchers
of the Mobil Oil Corporation.1 Originally, this family has
been classified into three subgroups: a hexagonal
(MCM-41), a cubic (MCM-48), and a lamellar phase
(MCM-50). Among these novel materials, phases with
a three-dimensional pore system are believed to be more
advantageous for catalytic applications than phases
having a one-dimensional array of pores. It is surmised
that three-dimensional pore arrangements are more
resistant to pore locking and allow faster diffusion of
reactants. Surprisingly, the majority of studies pub-
lished so for deal with phases having a one-dimensional
pore system, viz. MCM-41 and SBA-15. Huo et al.3-6

have synthesized a novel mesoporous molecular sieve

with a three-dimensional cubic structure (space group
Pm3hn) of uniform pore size. The novel material, denoted
SBA-1, has a cage-type structure with open windows7

and was formed by a (S+ X- I+) pathway (cationic
surfactants (S+), halogen anions (X-), and cationic silicic
acid species (I+)). Tatsumi and co-workers have inves-
tigated the synthesis of V- and Mo-containing SBA-18

and gained control of the crystal morphology.9 More
recently, we reported the direct synthesis of AlSBA-1
containing exclusively tetrahedrally coordinated alumi-
num and the catalytic activity of this material in the
isomerization of n-decane,10 as well as the synthesis of
cobalt-containing SBA-1.11

Materials with uniform and tunable pore sizes are
expected to play an important role in a number of
applications that range from catalysis, to molecular
separations and sorption of very bulky molecules,12 and
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to the fabrication of semiconductors, semiconductor
nanowires, and low dielectric devices.13,14 Kim and
Ryoo15 tried to increase the pore diameter of SBA-1 by
using surfactants with different tail lengths or by
expanding the micelles with trimethylbenzene as a
swelling agent. This method of mesopore size control
is, however, limited and results in a decrease of struc-
tural order with increasing pore diameter, probably due
to mismatches in the surfactants head-to-tail packing
ratio. It is also obvious that the introduction of large
amounts of swelling agents during the synthesis is not
an optimal procedure for an industrial-scale synthesis
since additional processes for separation and recycling
of the swelling agent are needed. It is, therefore,
desirable to increase the pore size of the mesoporous
materials without the addition of swelling agents.

Although the adsorption of nitrogen1,16-19 and
water16,20-22 has been thoroughly investigated over
mesoporous molecular sieves, adsorption of organics
over these materials has only been scarcely addressed.
Few studies have dealt with the adsorption of hydro-
carbons such as benzene,23-25 toluene,25 cyclopen-
tane,26,27 cyclohexane,22,26-29 propane,30 and methane31

on MCM-41. Rathousky et al.26 and Franke et al.27 have
studied the influence of temperature on the adsorption
of cyclohexane on MCM-41. Beck et al.32 and Nguyen
et al.23 reported benzene adsorption isotherms on a
series of MCM-41 and AlMCM-41 samples, which were
prepared by using surfactants with various carbon chain
lengths. Recently, we have studied the adsorption of
benzene, cyclohexane, and n-heptane for assessing the
mechanical stability of MCM-48 and SBA-15 molecular
sieves.33-35

The performance of mesoporous silicas in adsorption
and catalysis is influenced by their pore volume and
pore size, which controls the adsorption capacity and
allows fast diffusion of reactants and products. Pore

volume, pore diameter, and surface area are controlled
by synthesis, but calcination is needed to allow access
to the porosity and a shaping procedure is often needed
to prepare catalyst pellets. Therefore, mechanical stabil-
ity is an important characteristic with respect to indus-
trial applications where the powders typically obtained
by hydothermal synthesis are subject to a shaping
process. Few studies on the mechanical stability of
mesoporous molecular sieves, viz. MCM-41, MCM-48,
and SBA-15 have been reported.33-43 Gusev et al.
showed that mesoporous materials such as MCM-41 are
considerably less mechanically stable as compared to
zeolites, alumina, mica, illite, kaolin, halloysite, and
silica gels.36 It has also been reported that the hexagonal
mesoporous material FSM-16 loses structural order
upon compression.41

In the present contribution, we report a new strategy
to engineer the pore size of the cubic mesoporous
molecular sieve SBA-1 during the synthesis by simply
adjusting the crystallization time without addition of
any organic swelling agents. Furthermore, we show that
the structural order of SBA-1 can be improved by
adjusting the hydrochloric acid-to-surfactant ratio. More-
over, the mechanical stability of cubic SBA-1 materials
was studied by applying different pelletizing pressures
and subsequent characterization by XRD and N2 ad-
sorption. Cyclohexane and n-heptane adsorption iso-
therms were recorded to evaluate the uptake of organics
of the compressed materials. It has been found that
SBA-1 has a comparable stability to MCM-48, which
also possesses a three-dimensional array of mesopores.

Experimental Section

Surfactant Preparation. The surfactant cetyltriethylam-
monium bromide (CTEABr) was synthesized by reaction of
1-bromohexadecane with an equimolar amount of triethyl-
amine in ethanolic solution under reflux for 2 days. The
resultant surfactant CTEABr was purified by recrystallization
from a chloroform/ethyl acetate mixture.

Synthesis of SBA-1. SBA-1 was prepared under acidic
conditions using CTEABr as the surfactant and tetraethyl
orthosilicate (TEOS) as the silica source. A typical synthesis
procedure was as follows: Solution A was prepared by adding
0.81 g of CTEABr to the required amount of an aqueous HCl
solution and stirred for 30 min to obtain a homogeneous
solution. TEOS was precooled to 0 °C and then added to
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Rommannikov, V. N.; Fraissard, J. Microporous Mesoporous Mater.
2001, 44-45, 775.

(43) Galarneau, A.; Desplantier-Giscard, D.; Di Renzo, F.; Fajula,
F. Catal. Today 2001, 68, 191.

1386 Chem. Mater., Vol. 15, No. 6, 2003 Vinu et al.



solution A (also cooled to 0 °C) under vigorous stirring. Stirring
was continued for another 5 h at 0 °C. Thereafter, the
synthesis gel was heated to 100 °C. A first set of samples was
prepared by keeping the gel at different crystallization times
between 1 and 72 h. The “parent” material, which was heated
at 100 °C for only 1 h, is denoted as SBA-1C. The other samples
are designated as SBA-1-(xH) and SBA-1-(yHW), where xH
indicates the synthesis time in hours (before washing with
water) and yHW specifies the synthesis time of those samples,
which were washed with water after synthesis. A second set
of samples was prepared by changing the molar hydrochloric
acid-to-surfactant ratio and was denoted as SBA-1-(zS) where
z denotes the molar hydrochloric acid-to-surfactant ratio. The
resultant solid products were filtered (with and without
washing with water) and dried in air at 100 °C overnight. The
molar composition of the gel was 1:0.2:10-56:125-700 TEOS:
CTEABr:HCl:H2O. The as-synthesized materials were then
calcined under nitrogen by raising the temperature from 20
to 550 °C in 8 h and keeping it at 550 °C for another 10 h in
air.

Characterization. The powder X-ray diffraction patterns
of SBA-1 materials were collected on a Siemens-axs D5005
diffractometer using Cu KR (λ ) 0.154 nm) radiation. The
diffractograms were recorded in the 2θ range of 0.8-10° with
a 2θ step size of 0.01° and a step time of 10 s. High-resolution
thermogravimetry analysis (SETARAM setsys 16MS) was
carried out under a nitrogen atmosphere in the temperature
range from 20 to 500 °C with a heating rate of 5 K/min. The
sample was kept for an hour at 500 °C and subsequently
heated to 600 °C in air with a heating rate of 5 K/min. Nitrogen
adsorption and desorption isotherms were measured at 77 K
on a Quantachrome Autosorb 1 sorption analyzer. All samples
were outgassed for 3 h at 250 °C under vacuum (p < 10-5 hPa)
in the degas port of the adsorption analyzer. The specific
surface area was calculated using the BET model. The pore
size distributions were obtained from the adsorption and
desorption branch of the nitrogen isotherms using the cor-
rected form of the Kelvin equation by means of the Barrett-
Joyner-Halenda method as proposed by Kruk et al.:44

In eq 1, VL is the molar volume of the liquid adsorbate, γ is its
surface tension (8.88 × 10-3 N/m), R is the gas constant (8.314
J/(mol‚K)), and T is the absolute temperature (77 K). t(p/p0) is
the statistical film thickness of nitrogen adsorbate in pores of
the SBA-1 as a function of the relative pressure p/p0). The
diameter of the SBA-1 cavity is calculated using eq 2, which
was recently proposed by Ravikovitch and Neimark:45

In eq 2, Dme is the diameter of the cavity of a cubic unit cell of
length a, εme is the volume fraction of a regular cavity, and ν
is the number of cavities present in the unit cell (for Pm3hn
space group, ν ) 8).

To test the mechanical stability of cubic SBA-1 materials,
the calcined samples were compressed in a steel die of 24-mm
diameter, using a hand-operated press, for 30 min. The four
different external pressures applied (0, 43, 108, and 217 MPa)
were calculated from the external force applied and the
diameter of the die. Subsequently, the obtained disk was
crushed and sieved to obtain pellets with a diameter of 0.2-
0.35 nm, which were used for all further measurements. The
unpressed material was denoted as SBA-1C. The other samples
were denoted as SBA-1(P), where P specifies the pressure in
MPa. Cyclohexane adsorption at 298 K and n-heptane adsorp-
tion isotherms at different temperatures (286, 298, and 313
K) were recorded using a home-built volumetric adsorption

apparatus. Prior to the adsorption experiments, the samples
were dehydrated at 200 °C under vacuum (p < 10-6 hPa) for
4 h.

Results and Discussion

Variation of the Hydrochloric Acid-to-Surfac-
tant Ratio (nHCl/nS). Figure 1 shows the X-ray powder
diffraction patterns of a typical pure-silica SBA-1 sample
before (a) and after calcination (b). For both the as-
synthesized and the calcined sample, three reflections
in the region 2θ ) 2-3.5° are observed which are
indexed to the (200), (210), and (211) reflections of the
cubic space group Pm3hn. Higher order reflections are
observed in the region 2θ ) 3.5-6.5°, which are a
superposition of various reflections which can be in-
dexed according to the Pm3hn space group. The length
of the cubic cell a0 is calculated using the formula a0 )
d210x5 (Table 1). The observed d spacings are compat-
ible with the cubic Pm3hn space group. After calcination,
the intensity of the XRD reflections is substantially
larger compared to those measured for the as-synthe-
sized sample.

The XRD patterns of samples prepared using different
molar hydrochloric acid (HCl) to surfactant (S) ratios
nHCl/nS are also shown in Figure 1. It can be seen that
the interplanar spacing increases with increasing nHCl/
nS ratio. An intense peak representing the (210) reflec-
tion is clearly observed for all samples, but intense and
sharp (200) and (211) reflections are only observed for
the SBA-1-(280S) sample. The observed increase in peak
width is probably a consequence of the decrease in
scattering domain size, or more likely of the growing
disorder with decreasing nHCl/nS ratio. While the sample
prepared using a nHCl/nS ratio of 280 (SBA-1-(280S))
exhibits a well-ordered cubic SBA-1 structure, the
structural order decreases from cubic to less ordered
cubic with decreasing nHCl/nS ratio (Figure 1).

Information on the textural properties of porous solids
are typically obtained from low-temperature nitrogen
adsorption isotherms, which allow calculation of the
specific surface area, specific pore volume, and mesopore
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(45) Ravikovitch, P. I.; Neimark, A. V. Langmuir 2002, 18, 1550.

r(p/p0) ) 2γL/RT ln[p0/p] + t(p/p0) + 0.3 nm (1)

Dme ) a(6εme/πν)1/3 (2)

Figure 1. XRD powder patterns of SBA-1 materials prepared
at different nHCl/nS ratios: (a) as-synthesized SBA-1; (b) SBA-
1-(50S); (c) SBA-1-(140S); (d) SBA-1-(280S).

Table 1. Structural Parameters of SBA-1 Samples
Prepared at Different nHCl/nS Ratios.

sample nHCl/nS

a0
(nm)

ABET
(m2/g)

pore volume
(cm3/g)

pore diameter
dp,ads (nm)

SBA-1-(280S) 280 77.7 1427 0.71 2.3
SBA-1-(140S) 140 73.8 1297 0.69 2.2
SBA-1-(50S) 50 74.1 1151 0.60 2.2
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size distribution. The nitrogen adsorption-desorption
isotherms and structural parameters of the SBA-1
samples are displayed in Figure 2 and Table 1, respec-
tively. As shown in Figure 2, the isotherm for calcined
SBA-1C is of type IV according to the IUPAC classifica-
tion, characteristic of mesoporous materials with a
narrow pore size distribution. However, the capillary
condensation step is relatively broad (p/p0 ) 0.15-0.25)
as compared to that of MCM-41 or MCM-48 despite the
high periodicity of the SBA-1 structure as evident from
the corresponding XRD pattern. This result has been
ascribed to the peculiarity of the SBA-1 structure
consisting of two types of cagelike pores.7 Moreover, the
theoretical basis for the BJH analysis becomes fairly
weak for those systems, where the capillary condensa-
tion step is at p/p0 ) 0.15, which is below the stabiliza-
tion limit of the meniscus (p/p0 ) 0.42). Furthermore,
on the basis of the assumption of cylindrical pore
geometry, the BJH model is not well-suited to draw a
definite conclusion about the pore size in SBA-1 with
its three-dimensional cubic, cage-like type structure.7
However, despite the assumption of two types of pores
in SBA-1,46 typically only one peak is observed in the
BJH pore size distribution analysis. It has been sug-
gested that the two peaks have coalesced because the
ratio of the two pore size diameters is estimated to be
ca. 1.1.7

The form of the isotherm is similar for all samples
under investigation, but the amount of nitrogen ad-
sorbed decreases with decreasing nHCl/nS ratio. The
mesopore filling step in the isotherms of the samples
which were prepared with a reduced nHCl/nS ratio is
comparatively less well-developed probably due to a
lower extent of long-range ordering. The specific surface
area amounts to 1450 m2/g for SBA-1-(280S) and
decreases to 1150 m2/g for SBA-1-(50S), whereas the
specific pore volume decreases from 0.71 to 0.60 cm3/g
for the same samples. The pore diameters calculated
using the modified BJH model (eq 1) do not vary with
HCl content of the gel (cf. Table 1), whereas the pore
size distribution is broadened with decreasing HCl
concentration (not shown). The observed reduction in
surface area, pore volume, and the observed broadening
of pore size distribution indicates that a higher nHCl/nS
ratio favors the synthesis of well ordered cubic SBA-1
materials.

The transition of the mesophase from disordered cubic
to long-range-ordered cubic with increasing nHCl/nS ratio
can be explained by the surfactant-silica assembly
mechanism proposed by Huo et al.3 According to this
mechanism, the formation of the silica-surfactant me-
sophase under strongly acidic conditions occurs through
the formation of S+X-I+ micelles. (S+ denotes surfactant
cation, X- the halogen anion, and I+ the protonated
inorganic SiO2 species.) Since the I+ species is positively
charged by proton abstraction at low pH, the interaction
of the surfactant S+ with the I+ species occurs via a
SiO2/H+/X-/CTEA+ bridge, where the protonated silica
surface is linked to the cationic surfactant headgroup
via a halogen anion. With decreasing nHCl/nS ratio, the
charge on the silica is reduced and the strength of the
interaction between the surfactant and the inorganic
species I+ will decrease. Hence, the system will be more
able to move to a more random structure. The higher
concentration of protons in the gels with a higher nHCl/
nS ratio will increase the charge on the silica and
maintain a strong interaction with the surfactant. This
situation favors a high degree of ordering, as observed
in our experiments.

Variation of the Synthesis Time. Powder XRD
patterns and textural properties of the calcined SBA-1
samples prepared at different synthesis times are shown
in Figure 3 and Table 2, respectively. All samples
exhibit a XRD pattern showing three well-resolved
reflections at 2θ ) 2-3.5° and some higher order
reflections. With increasing synthesis time, the XRD
reflections are shifted to lower 2θ values, reflecting an
expansion of the unit cell size (Table 2). With increasing
crystallization time, the relative intensity of the (200),

(46) Luzzati, V.; Vargas, R.; Mariani, P.; Gulik, A.; Delacroix, H.
J. Mol. Biol. 1993, 229, 540.

Figure 2. Nitrogen adsorption isotherms (adsorption, closed
symbols; desorption, open symbols) of SBA-1 materials pre-
pared at different nHCl/nS ratios: (b) SBA-1-(280S); (9) SBA-
1-(140S); (2) SBA-1-(50S).

Figure 3. XRD powder patterns of SBA-1 materials prepared
at different synthesis times: (a) SBA-1C; (b) SBA-1-(6H); (c)
SBA-1-(12H); (d) SBA-1-(18H); (e) SBA-1-(24H); (f) SBA-1-
(36H); (g) SBA-1-(48H); (h) SBA-1-(72H).

Table 2. Textural Parameters of SBA-1 Samples
Prepared at Different Synthesis Times

sample
a0

(nm)
ABET

(m2/g)

pore
vol

(cm3/g)

pore
diam
dp,des

a

(nm)

pore
diam
dp,ads

a

(nm)

pore
diam

dp,NLDFT
(nm)

cage
diamb

(nm)

SBA-1C 77.7 1427 0.71 2.3 2.3 2.9 4.1
SBA-1-(6H) 79.0 1347 0.81 2.5 2.5 3.1 4.2
SBA-1-(12H) 79.5 1295 0.86 2.6 2.6 3.2 4.3
SBA-1-(18H) 82.0 1240 0.93 2.7 2.8 3.5 4.5
SBA-1-(24H) 82.0 1240 0.96 2.8 2.8 3.5 4.5
SBA-1-(36H) 82.8 1197 1.02 2.9 2.9 3.6 4.5
SBA-1-(48H) 83.1 1133 1.03 3.0 3.0 3.7 4.6
SBA-1-(72H) 83.7 1097 1.03 3.0 3.0 3.7 4.6

a Calculated from eq 1. b Calculated from eq 2.
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(210), and (211) reflections shifts considerably; the
intensity of the (200) reflection increases, whereas the
intensity of the (211) reflection is reduced. Moreover,
the observed diffraction peaks can no longer be indexed
in the space group Pm3hn, but most likely belong to a
another space group with lower symmetry. It is inter-
esting to note that the increase in unit cell size is not
accompanied by a loss of structural order. It is surmised
that the degree of silanol group condensation is increas-
ing with synthesis time, yielding materials with en-
hanced stability.

The nitrogen adsorption isotherms of the samples
prepared at different synthesis times are shown in
Figure 4. The position of the capillary condensation step
shifts to higher relative pressures with increasing
synthesis time. Moreover, the pore volume increases
from 0.7 cm3/g for SBA-1C to 1.03 cm3/g for SBA-1-(72H)
with a concomitant decrease of the surface area from
1450 to 1100 m2/g. Whereas the adsorption isotherm of
the parent material is of type 1V according to the
IUPAC classification with no hysteresis, the isotherms
of the materials prepared at synthesis times longer than
24 h exhibit a H2-type hysteresis loop. With increasing
synthesis time, the capillary condensation step broadens
and the size of the hysteresis loop is also enlarged. The
observed broad H2 hysteresis loops most likely arise
from lack of uniformity of pore diameter of the materi-
als. The shape of the adsorption-desorption isotherm
has been attributed to the fact that the junctions
between the cages are much narrower than the cages
themselves, which causes connectivity upon nitrogen
desorption. The nitrogen condensed in the cages cannot
desorb until the desorption pressure for the pore mouth
is reached.47,48 Maddox et al.49 have shown recently by
means of computer simulations that pore-blocking ef-
fects in slitlike pores with narrow mouths result in
adsorption isotherms that appeared to be very similar
to those observed in the present study. Intrapore
connectivity effects may also be an additional cause of

the observed broadening of the hysteresis loop. It was
also suggested that holes in broken walls of the materi-
als act as micropores with respect to nitrogen mol-
ecules.50 Although there is some evidence for the
presence of micropores in our samples (cf. discussion on
the adsorption of organics), we feel that the broadening
of the hysteresis loop is most probably solely due to
single-pore effects caused by the considerable variation
of the pore diameter due to the cagelike structure of the
SBA-1 material.

The pore size distributions calculated from the ad-
sorption and desorption branch, respectively, of the
nitrogen adsorption isotherm using the recently re-
ported modified version of the Kelvin equation (eq 2)
are shown in Figures 5 and 6. The pore size distribution
calculated from the adsorption branch is uniform, but
broadens significantly with increasing synthesis times.
In contrast, the pore size distribution calculated from
the desorption branch shows a bimodal pore size dis-
tribution from a synthesis time of 18 h onward. With
synthesis time, the pore diameter increases from 2.3 to

(47) Liu, H.; Zhang, L.; Seaton, N. A. J. Colloid Interface Sci. 1993,
156, 285.

(48) Ball, P. C.; Evans, R. Langmuir 1989, 5, 714.
(49) Maddox, M. W.; Lastoskie, C. M.; Quirke, N.; Gubbins, K. E.

In Fundamentals in Adsorption; Levan, M. D., Ed.; Kluwer: Boston,
1996; pp 571-578.

(50) Sayari, A.; Liu, P.; Kruk, M.; Jaroniec, M. Chem. Mater. 1997,
9, 2499.

Figure 4. Nitrogen adsorption isotherms of SBA-1 materials
prepared at different synthesis times: (a) SBA-1C; (b) SBA-
1-(6H); (c) SBA-1-(12H); (d) SBA-1-(18H); (e) SBA-1-(24H); (f)
SBA-1-(36H); (g) SBA-1-(48H); (h) SBA-1-(72H).

Figure 5. Pore size distribution (calculated from the adsorp-
tion branch using eq 1) of SBA-1 materials prepared at
different synthesis times: (a) SBA-1C; (b) SBA-1-(6H); (c) SBA-
1-(12H); (d) SBA-1-(18H); (e) SBA-1-(24H); (f) SBA-1-(36H); (g)
SBA-1-(48H); (h) SBA-1-(72H).

Figure 6. Pore size distribution (calculated from the desorp-
tion branch using eq 2) of SBA-1 materials prepared at
different synthesis times: (a) SBA-1C; (b) SBA-1-(6H); (c) SBA-
1-(12H); (d) SBA-1-(18H); (e) SBA-1-(24H); (f) SBA-1-(36H); (g)
SBA-1-(48H); (h) SBA-1-(72H).
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3.0 nm (Table 2). A second maximum of the pore size
distribution centers at 3.8 nm, which probably does not
represent real pores. This maximum of the pore size
distribution is typically ascribed to the so-called “tensile
strength effect”, which provides evidence for delayed
capillary evaporation probably due to pore blocking and/
or network effects. The tensile strength effect or more
generalized the “instability argument” has been ex-
plained by the fact that there is a mechanical limit of
the stability of meniscus of the liquid as well as a
pressure (p/p0 ) 0.42 for N2 at 77 K) below which the
meniscus cannot hold and the pore will empty sponta-
neously. The minimum pressure at which a meniscus
can exist is proposed to be based on the tensile strength
of a fluid. The pore diameter calculated by using the
nonlocal density functional theory (NLDFT) is con-
stantly ca. 0.6 nm larger than the diameter calculated
using the modified BJH equation (Table 2), whereas the
width of the pore size distribution is similar in both
cases.

Moreover, we used eq 2 for calculating the cage
diameter of SBA-1.45 The cage diameter increases from
4.0 to 4.6 nm with increasing synthesis time from 1 to
72 h. A possible mechanism for the observed increase
in pore and cage size is that during the longer crystal-
lization time the silica mesophase is partially dissolved
and/or surfactant molecules are dissolved or displaced,
inducing backflow, which will increase the density of
surfactant (micellar) phase, which translates into a
larger pore size as observed for the samples prepared
at longer synthesis times. It is well-accepted that the
synthesis of SBA-1 proceeds through the formation of
triple-layered micelles, where the interaction among S+,
X-, and I+ is very weak in the present acidic media
synthesis as compared to synthesis in a basic medium.
It is noteworthy that partial dissolution of surfactant
molecules or silica mesophases is preferred for the acid
synthesis route because of the weaker interaction
between S+, X-, and I+.

Under basic conditions at elevated temperature, Hoff-
mann degradation to form neutral amines from qua-
ternary ammonium salts is fairly facile, and as a result,
it has been implicated in pore swelling upon hydrother-
mal treatment in alkaline conditions.51 It is, however,
unlikely that this reaction plays a significant role in
pore swelling under acidic conditions.

It also has to be considered that the charge density
of the silica polymorphs is decreased by a higher degree
of condensation as a result of the prolonged crystalliza-
tion time, which could result in the detachment of
surfactant cations from the negatively charged silica
framework. The released surfactant cations could also
act as a swelling agent, resulting in an increased pore
diameter of SBA-1. However, the complete mechanism
of tuning the pore diameter of SBA-1 and the possible
phase transformation are still not fully understood.
Further studies are needed to clarify the formation
mechanism.

TGA measurements have been undertaken to char-
acterize the SBA-1 samples prepared in this study. The
DTG curve (Figure 7) of the as-synthesized parent
SBA-1 shows five distinct maxima at 55, 240, 283, 340,

and >500 °C. The first weight loss (ca. 1.9 wt %) is
ascribed to desorption of water molecules physisorbed
on the external surface area of the crystallites or
occluded in the macropores and mesopores located
between the crystallites. The second (ca. 26 wt %) and
third (ca. 3.2 wt %) weight losses occur at 240 and 283
°C, respectively, and are attributed to the desorption
and/or decomposition of the template forming hexa-
decene and triethylamine via an Hoffmann-type degra-
dation (C16H33N(C2 H5)3

+ f C16H32 + N(C2H5)3 + H+).
The fourth weight loss (10.4 wt %) at ca. 340 °C is
assigned to the combustion of the remaining template
molecules or template fragments (e.g., adsorbed tri-
methylamine or alkenes); the last broad peak around
530 °C, which is due to the dehydroxylation of SiOH
groups,52 amounts to a weight loss of about 8.6 wt %.
The DTG curves of the samples prepared at higher
synthesis times exhibit four distinct maxima at 60, 255,
328, and 540 °C (Figure 7). A weight loss at ca. 283 °C
as observed for the parent SBA-1C is not observed for
the SBA-1 samples synthesized at longer synthesis time.
The diffusion of the template molecules or template
fragments is most likely facilitated by the increased pore
diameter, which results in a coalescence of the two
maxima at 240 and 283 °C to a single maximum around
255 °C.

Stability of SBA-1 after Washing with Water. It
has been observed that SBA-1 is not stable after
synthesis toward washing with water, which results in
structural degradation. The low stability of SBA-1 in
water is a result of the low degree of cross-linking of
the silica walls, which are prone to hydrolysis, resulting
in partial structural collapse. To probe the stability of
SBA-1 in the presence of water, we have tested different
SBA-1 samples, which were synthesized between 1 and
72. Figure 8 exhibits the XRD patterns of calcined SBA-
1-(nH) samples after washing with water, which were
kept at 100 °C for 1, 24, 48, and 72 h, respectively. The
stability toward water increases with synthesis time.
The N2 adsorption-desorption isotherms of the washed
samples are shown in Figure 9. Comparison between

(51) Cheng, C.-F.; Zhou, W.; Park, D. H.; Klinowski, J.; Hargreaves,
M.; Gladden, L. F. J. Chem. Soc., Faraday Trans. 1997, 93, 359.

(52) Basu, P.; Ballinger, T. H.; Yates, J. T., Jr. Rev. Sci. Instrum.
1988, 59, 1321.

Figure 7. DTG curves of as-synthesized SBA-1 materials
synthesized at different synthesis times: (a) SBA-1C and (b)
SBA-1-(72H).
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Figures 9 and 4 shows that there is a significant
difference in the amount of nitrogen adsorbed and the
height of the capillary condensation step before and
after washing with water for the parent material SBA-
1. But the sample synthesized longer than 24 h showed
almost the same isotherm after washing as compared
to the unwashed parent material. This indicates that
prolonged synthesis time results in samples with in-
creased stability toward hydrolysis. Textural properties
of these samples after washing with water are sum-
marized in Table 3. It can be seen that specific surface
area and pore volume are drastically reduced after
washing with water prior to calcination due to partial
structural collapse of SBA-1-(1HW) and SBA-1-(24HW).
However, SBA-1-(48HW) and SBA-1-(72HW) do not
show an appreciable degradation after exposure to

water. Surface area, pore volume, and pore diameter of
the later materials, viz., SBA-1-(48H) and SBA-1-(72H),
are only slightly reduced as compared to those of the
parent materials, which were prepared under the same
conditions, but not subjected to water washing. We
assume that the lower degree of cross-linking of the
silica species is responsible for the lower stability of the
SBA-1 samples prepared at shorter synthesis times. A
synthesis time of 48 h is needed to induce sufficient
cross-linking to prevent structural collapse via hydroly-
sis of siloxane bonds.

Mechanical Stability. The powder XRD patterns
and the nitrogen adsorption isotherms of the com-
pressed SBA-1 samples are found in the Supporting
Information. The intensity of the reflections decreases
only slightly with pelletizing pressure, up to a pressure
of 217 MPa. A significant decrease of reflection intensity
accompanied by an increased line broadening is ob-
served after pressing the material with 217 MPa. The
(200), (210), and (211) reflections and the higher order
reflections do not shift considerably with pressure,
which indicates only minor changes of the SBA-1 unit
cell. With increasing pelletizing pressure, the amount
of adsorbed nitrogen decreases. However, in comparison
to other mesoporous materials, viz., MCM-41, MCM-
48, and SBA-15,33-43 the decrease in adsorption capacity
is small. Furthermore, with increasing pelletizing pres-
sure, specific pore volume and surface area decrease
moderately (Table 4). The pore size distribution broad-
ens slightly with increasing pelletizing pressure (Sup-
porting Information). A similar trend was also observed
in earlier studies on MCM-48.33

To evaluate the accessibility of the SBA-1 pore system
after compression to larger probe molecules with rel-
evance to catalysis, the adsorption of organics such as
cyclohexane and n-heptane has been investigated. The
adsorption isotherms of cyclohexane and n-heptane at
298 K for the pressed SBA-1 materials in comparison
to the parent material SBA-1C are shown in Figures
10 and 11, respectively. All adsorption isotherms are of
type IV according to the IUPAC classification. The total
uptake of organics after the pore condensation is
complete is used to calculate the total pore volume (by
applying the Gurvich rule) accessible to larger molecules
such as n-heptane and cyclohexane. Pore volumes were
calculated from the amount adsorbed, assuming that the
density of the adsorbed phase is equal to the density of
bulk liquid at adsorption temperature. The pore vol-
umes calculated from the n-heptane and cyclohexane
adsorption isotherms obtained at different temperatures
are summarized in Table 5. The pore volumes calculated
from the uptake of n-heptane and cyclohexane are
significantly lower compared to the pore volumes de-

Figure 8. XRD powder patterns of SBA-1 materials prepared
at different synthesis times after washing with water: (a) SBA-
1-(1HW); (b) SBA-1-(24HW); (c) SBA-1-(48HW); (d) SBA-1-
(72HW).

Figure 9. Nitrogen adsorption isotherms (adsorption, closed
symbols; desorption, open symbols) of SBA-1 materials pre-
pared at different synthesis times after washing with water:
(b) SBA-1-(1HW); (9) SBA-1 (1H); (2) SBA-1-(24HW); (1) SBA-
1-(48HW); (]) SBA-1-(72HW).

Table 3. Textural Parameters of SBA-1 Prepared at
Different Synthesis Times after Washing with Water

sample

synthesis
time
(h)

a0
(nm)

ABET
(m2/g)

pore
vol

(cm3/g)

pore
diam
dp,des

a

(nm)

pore
diam
dp,ads

a

(nm)

SBA-1-(1HW) 1 72.6 1099 0.57 2.2 2.2
SBA-1-(24HW) 24 76.7 1123 0.74 2.6 2.6
SBA-1-(48HW) 48 80.1 1099 0.94 2.9 2.9
SBA-1-(72HW) 72 82.4 1097 0.97 2.9 2.9

a Calculated from eq 1.

Table 4. Textural Parameters of the Pressed SBA-1
Materials

sample

pelletizing
pressure

(MPa)
a0

(nm)
ABET

(m2/g)

pore
vol

(cm3/g)

pore
diam
dp,ads

a

(nm)

SBA-1(0) 0 77.7 1427 0.71 2.3
SBA-1(43) 43 78.0 1297 0.69 2.4
SBA-1(107) 107 77.4 1151 0.60 2.3
SBA-1(217) 217 76.5 1105 0.57 2.3

a Calculated from eq 1.
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termined from nitrogen adsorption (Figure 12). In
previous studies on MCM-41 and MCM-48, it was also
found that the pore volumes determined by adsorption
of subcritical organic vapors are systematically lower
(10-20%) than the ones calculated from nitrogen
data.33,53 This was mainly ascribed to the uncertainty
of the density of the adsorbed phase, which is taken as
the density of bulk liquid at the adsorption temperature
(Gurvich rule). Recently, Ribeiro Carrot et al. showed
that the density of the nitrogen in the pores is higher
than the normal bulk liquid density.53 With a change
in the normal bulk density of nitrogen from 0.808 to 0.84
g cm-3, almost the same pore volume is obtained from
organic and nitrogen adsorption on MCM-41. For SBA-
15, a large discrepancy (up to 50%) was observed
between the pore volume determined by nitrogen ad-
sorption and organics adsorption.34,35 This discrepancy
was ascribed to a significant amount of micropores,
which are not accessible to large organics such as
benzene or n-heptane. We, therefore, tentatively assume
that the presence of micropores has to be considered for
SBA-1 as well. It is at present not clear whether the
observed microporosity is a structural feature of SBA-1

or is due to structural defects in the amorphous walls.
Upon compression at 217 MPa, the pore volume calcu-
lated from nitrogen adsorption decreases by 19.7%,
whereas the pore volume calculated from n-heptane and
cyclohexane adsorption declines by 12.5% and 7.5%,
respectively. These results indicate that the structure
of SBA-1 has comparable stability to the cubic MCM-
48 phase,33 but exhibits higher stability as compared
to the structures of MCM-41 and SBA-15.34,35

It is interesting to note that the discrepancy between
the pore volumes calculated from nitrogen and organics
adsorption decreases with increasing pelletizing pres-
sure. The molecular diameters of the adsorbates in-
creases in the order nitrogen < n-heptane < cyclohex-
ane. The pore volumes calculated from the cyclohexane
adsorption decreases linearly from 0.53 to 0.49 cm3 g-1,
whereas the pore volume calculated from the nitrogen
adsorption isotherm decreases from 0.71 to 0.57 cm3 g-1

(Figure 12a). From the discrepancy between the pore
volumes calculated from nitrogen and organics adsorp-
tion it was already concluded that the SBA-1 samples
prepared in the present study contain micropores. The
decrease of pore volume observed by nitrogen adsorption
suggests that the micropore volume decreases to a larger
extent as compared to the mesopore volume. A possible
explanation for this finding is that the micropores are
blocked upon compression and are no longer accessible
for nitrogen. Furthermore, in the case that the mi-
croporosity is due to structural defects in the amorphous
walls, one could assume that the particles with a higher
content of structural defects are mechanically less stable
and are preferentially destroyed upon compression.

The relative pore volume V/V0 (V0 is the pore volume
of the unpressed parent material) calculated from both
nitrogen and organics adsorption for unpressed and
pressed materials is a good measure for the mechanical
stability of porous materials (Figure Figure 12b). The
decline in relative pore volume is smaller for SBA-1 as

(53) Ribeiro Carrott, M. M. L.; Candeias, A. J. E.; Carrott, P. J.
M.; Ravikovitch, P. I.; Neimark, A. V.; Sequeira, A. D. Microporous
Mesoporous Mater. 2001, 47, 323.

Figure 10. Cyclohexane adsorption isotherms for the pressed
SBA-1 materials: (O) SBA-1(0); (0) SBA-1(43); (4) SBA-1(107);
(3) SBA-1-(217).

Figure 11. n-Heptane adsorption isotherms for the pressed
SBA-1 materials: (O) SBA-1(0); (0) SBA-1(43); (4) SBA-1(107);
(3) SBA-1-(217).

Figure 12. Comparison of (a) pore volume and (b) relative
pore volume V/V0 of SBA-1 determined by nitrogen (b),
n-heptane (2), and cyclohexane (9) adsorption.
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compared to that of hexagonal phases such as MCM-41
and SBA-15, but similar as compared to that of MCM-
48.33 This confirms that a cubic arrangement of pores
can withstand a higher compression strain than a
hexagonal pore arrangement of similar pore diameter
and wall thickness. In agreement with previous studies
on MCM-48 and MCM-41,33,40,43 the loss in pore volume
is accompanied only by a minor decrease in pore size,
which confirms that the decrease in specific pore volume
and surface area is a consequence of subsequent crush-
ing of primary particles upon compression. Similar
conclusions have also been drawn for other mesoporous
materials.25,40,43

Conclusions

The cubic mesoporous phase SBA-1 has been synthe-
sized under different conditions and characterized by
X-ray powder diffraction (XRD), nitrogen adsorption,
and thermogravimetric analysis (TGA). The current
study shows that the structural order of SBA-1 can be
improved by increasing the nHCl/nS ratio. It also has
been discovered that the pore diameter of SBA-1 can
be controlled by simply adjusting the crystallization
time. The pore diameter can be increased from 2.2 to 3
nm by raising the synthesis time from 1 to 72 h without
a significant decrease in structural order. However, a
phase transformation resulting in a change of the space
group from Pm3hn to a space group with lower symmetry
cannot be ruled out. The materials prepared at extended
synthesis time have also shown improved stability
toward washing with water. The observed increase in
stability is probably due to an enhanced cross-linking

of silica species, which hinders hydrolysis of siloxane
bonds as observed for samples prepared at reduced
synthesis time. The mechanical stability of SBA-1 has
been studied by XRD, nitrogen as well as n-heptane and
cyclohexane adsorption. Upon compression at 217 MPa,
the pore volume as determined by nitrogen adsorption
decreases by 19.7%, whereas the pore volume calculated
from the n-heptane and cyclohexane adsorption declines
by 12.5% and 7.5%, respectively. These results indicate
that the presence of microporosity in the SBA-1 pore
walls has to be considered. It follows from the present
study that SBA-1 is mechanically more stable as
compared to MCM-41 and SBA-15, whereas its stability
is comparable to the stability of MCM-48. The observed
reduction of the pore volume is probably due to a partial
destruction of the SBA-1 pore system, whereas the rest
of the material is completely unaffected by the compres-
sion.
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Table 5. Adsorption of n-Heptane and Cyclohexane (CHx) of SBA-1 Materials Pressed at Different Pelletizing Pressures

Vp (N2)
(cm3 g-1)

nads(n-heptane)
(mmol g-1)

Vp (n-heptane)
(cm3 g-1)

nads (CHx)
(mmol g-1)

Vcal (CHx)
(cm3 g-1)

temperature (K): 77 283 298 313 283 298 313 298 298

SBA-1(0) 0.71 3.89 3.80 3.73 0.56 0.56 0.56 4.09 0.53
SBA-1(43) 0.69 3.77 3.70 3.69 0.55 0.55 0.55 4.04 0.52
SBA-1(107) 0.60 3.59 0.53 3.94 0.51
SBA-1(217) 0.57 3.33 0.49 3.83 0.49
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