
Published: July 11, 2011

r 2011 American Chemical Society 3400 dx.doi.org/10.1021/cm200521t |Chem. Mater. 2011, 23, 3400–3403

COMMUNICATION

pubs.acs.org/cm

Removal of Intrawall Pores in SBA-15 by Selective Modification
Nina Reichhardt,†,§,* Tomas Kjellman,† Motolani Sakeye,‡ Filip Paulsen,† Jan-Henrik Sm�att,‡ Mika Lind�en,‡

and Viveka Alfredsson†

†Physical Chemistry, Lund University, P.O. Box 124, SE-221 00 Lund, Sweden
§MEMPHYS - Center for Biomembrane Physics, Department of Physics and Chemistry, University of Southern Denmark,
Campusvej 55, DK-5230 Odense M, Denmark

‡Center for Functional Materials, Laboratory of Physical Chemistry, Department of Natural Sciences, Åbo Akademi University,
Porthansgatan 3-5, FIN-20500 Turku, Finland

bS Supporting Information

KEYWORDS: SBA-15, intrawall porosity, N2-sorption, mesoporous, Pluronic, silica

Ordered mesostructured materials became a dynamic re-
search field in the beginning of the 1990s with the advent

of the mesostructured silica MCM-411 and the similar material
FSM-16.2 These materials are characterized by a 2D hexagonal
structure (plane group p6m) with order on the mesoscopic
length scale and well-defined pore geometry. The synthesis of
the silica material SBA-15marks another important development
in this research field.3 SBA-15, defined by the same plane group
as MCM-41 and FSM-16, is however a very different material
compared to both of the seminal materials. While the wall thickness
of MCM-41 and FSM-16 is on the order of 1 nm and therefore not
very stable, the walls of SBA-15 have a considerable thickness
(around 4 to 6 nm), which provides higher stability of the material.
It is hence often more interesting to use SBA-15 in various
applications. Another significant difference between the seminal
mesostructured materials and SBA-15 lies in the geometry of the
pore system. MCM-41 and FSM-16 have a single pore system,
with cylindrical channels with a spherical to hexagonal cross
section. These channels are not interconnected. SBA-15 on the
other hand has a complicated biporous system with large
mesopores, here referred to as primary mesopores, connected
via additional pores in the silica walls.4 The presence of these
intrawall pores is a result of the formation process (see below).

Ordered mesostructured silica materials form in a cooperative
self-assembly process with amphiphilic molecules interacting
with siliceous species. The attractive interaction leads to a phase
separation of a concentrated phase, consisting of amphiphile
micellar aggregates in a silica and water matrix, and a dilute
aqueous phase. For SBA-15 and other materials formed in the
presence of Pluronic triblock copolymers, the formation relies on
the attractive interaction between the poly(ethylene oxide)
(PEO) part of the polymer and the siliceous oligomers/polymers
in the solution. The PEO part of the polymer becomes em-
bedded in the silica matrix,5 and upon removal of the polymer
(simply done by calcination), smaller pores inside the silica wall
(intrawall pores) are created as a cast of the PEO part. The
primary mesopores are created mainly from the micellar core,
hence, predominately from the poly(propylene oxide) part of
the Pluronic molecules. The intrawall pores connect to some
extent the primary mesopores,4 and in this sense SBA-15 is a

bicontinuousmaterial. The pore size of the intrawall pores ranges
frommicro- tomesopores, and their presence gives SBA-15 different
properties from the single pore system 2D hexagonal silicas. The
biporous nature can be an advantage. However, in some applica-
tions it may be preferable not to have additional intrawall porosity.
For example, small intrawall pores may contain catalytically
active species nonaccessible for bulkier substrates. For chroma-
tographic applications, intrawall pores may lead to unwanted
signal tailing effects. In addition, it is often observed that the
intrawall pores are the first to be filled when aiming at surface
functionalization of the mesopore walls by in situ polymerization,
which may be beneficial6 or not7 depending on the application.

There have been a number of reports discussing the intrawall
porosity of SBA-15 and related materials;8 for instance, Galar-
neau et al.8a reported on the removal of micropores where
instead the number of secondary (intrawall) mesopores in-
creased and the size of primary mesopores was also influenced.
But, to the best of our knowledge, to selectively remove the
intrawall porosity while retaining the other properties of SBA-15
has not previously been reported.

Here we demonstrate a straightforward way to remove the
intrawall porosity, while maintaining the other characteristics of
SBA-15 (primary mesopore size, wall thickness, particle size, and
morphology). Removal is simply done by adding NaI to the
ongoing synthesis. The strategy is to selectively influence the
interaction between the developing silica framework and the
PEO part of the Pluronic polymer. I� is known to associate with
PEO, typically increasing its solubility in water.9 It is thus
expected that the presence of the anions will have an effect on
the interaction between the PEO and the siliceous species,
therefore influencing the penetration depth of PEO chains in
the silica walls. SBA-15 was synthesized at 55 �C according to the
method previously reported (see Supporting Information).10We
used Pluronic P104 as this polymer gives rise to a well-defined
material that also serves as an excellent model system. The particle
size and morphology, in addition to the structure, are well-defined,
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and hence changes in the system can easily be monitored. Further,
to the best of our knowledge P104 ((EO)27(PO)61-
(EO)27) does not give rise to the bicontinuous cubic silica
structure that P123 ((EO)20(PO)70(EO)20) and P103 ((EO)17-
(PO)59(EO)17) can generate in the presence of NaI.11 In
addition, P104 has longer EO-units than P103 and P123, thus
giving rise to a larger fraction of intrawall porosity and conse-
quently the easier monitoring of changes in this property.

The synthesis of SBA-15 was initiated by addition of tetra-
methyl orthosilicate, and at 30 min, 4 h, and 24 h, respectively,
into the synthesis NaI was added (final concentration: 1.0 M).
The syntheses were left on the bench for a total of 24 h after
which they were hydrothermally treated (at 80 �C for 24 h). The
synthesis to which NaI was added at 24 h was hence hydro-
thermally treated immediately following the addition. The
material was subsequently calcined (at 500 �C for 6 h) according
to the conventional procedure.10 A reference material without
NaI was also prepared. The samples are referred to as SBA-15_X
where X indicates the time in hours of the addition of NaI while
the reference sample is denoted SBA-15_ref.

The calcined materials were investigated regarding porosity
with nitrogen sorption; the structure was analyzed with small-
angle X-ray diffraction, and the particle size and morphology
were analyzed with SEM.19 Carbon replicas of SBA-15_ref and
SBA-15_4 were prepared12 and investigated with TEM (see
Supporting Information).

The formation of SBA-15 is probably the most studied process
of formation of mesostructured materials. A wide range of
techniques, several of which have been performed in situ, have
been employed to follow the dynamics of the process.5,10,13 From
the work of Linton et al.10,14 we have obtained a timeline of
events10 for the formation of SBA-15 with Pluronic P104 serving
as the structure directing amphiphile. With this knowledge at
hand it is possible to target a specific step in the formation and
influence this particular step more or less uniquely. This was
previously shown when the morphology/particle size of SBA-15
was changed by additions at a particular time of the formation.15

The timing was in that case critical due to the unusual growth
behavior of platelike SBA-15 particles.14 Here the aim is to
influence the interaction of PEO and the silica species, a process
open to manipulation for a longer period and with less time
restriction. Nevertheless, timing is important, as we only want to
manipulate the intrawall porosity and not other material char-
acteristics dependent on this interaction. We allow the material
to form as SBA-15, with its distinct symmetry, incipient porosity,
particle size, and morphology, and thereafter the interaction is
manipulated so as to influence only the targeted property (i.e., at
a later stage than when the particle size is controlled). The
interaction between siliceous species and PEO is present during
the whole synthesis but will, as time progresses, be less prone to
change due to increased connectivity of the silica network.5 It is also
expected that early on in the synthesis, when the silica connectivity is
low, the whole system can respond, as explained above. The aim
is to influence the synthesis when the structure has formed and to
some extent settled, but while the system is still responsive, i.e.,
behaves as a “soft matter system”. The material has essentially
formed (structure established and particles formed) within
the first 20 min,10 and normally the synthesis is left on the
bench for 24 h before hydrothermal treatment and subsequent
calcination.

The well-defined structure of SBA-15 (Figure 1) was obtained
in all syntheses to which NaI was added. The SAXD patterns

show three to six peaks, which can be indexed on the 2D hexagonal
lattice (plane group p6m). SBA-15_4 gives the most well-defined
SAXD pattern with six distinct peaks. The unit cell parameters
observed for the NaI samples are slightly smaller compared to
SBA-15_ref. A possible explanation is an increase of silica wall
density as a response to the decrease in intrawall pore volume.

The results from the nitrogen sorption are shown in Table 1
and Figures 2 and 3. The isotherms (Figure 2) display the charac-
teristic type-IV behavior exhibiting a marked hysteresis and
typical expected high surface area and pore volume (Table 1).
The fraction of pores, as a function of pore diameter, is shown in
the cumulative pore volume distribution (PVD) plot (Figure 3)
were the primary mesopores are identified by the step in the
function around diameters of 5.9�6.8 nm. All pores smaller than
the primary mesopores (<5.9 nm) are considered as intrawall
pores. Table 1 shows the percentage of intrawall pores to the total
pore volume. The surface area for materials with NaI-additions
(Table 1) decreased compared to SBA-15_ref. The cumulative
PVD (Figure 3) shows that this decrease is mainly caused by the
loss of the intrawall pore volume. Hence, regardless of time (at
least between 0.5 and 24 h) NaI prompts for intrawall porosity
decrease. Even so, there is a marked difference of efficiency of the
additions depending on time. Addition made 4 h after TMOS
addition (SBA-15_4) is clearly the most effective. The intrawall
porosity has decreased to almost 8% from the original 36%
(Table 1) and, as shown in Figure 3, the removal of pores up to
diameters of around 5 nm is almost complete. The t-plots confirm

Figure 1. SAXD patterns of the SBA-15 materials synthesized with
addition of NaI at three different times.

Table 1. Structural Properties of SBA-15 Silica Samplesa

name

BET,

m2/g Vt, cm
3/g Vi, cm

3/g Vi/Vt, % DDes, nm a0 nm

SBA-15_0.5 898 1.02 0.25 24.5 6.6 9.5

SBA-15_4 408 0.63 0.05 7.9 6.8 9.4

SBA-15_24 670 0.75 0.20 26.7 6.3 9.5

SBA-15_ref 1000 0.97 0.35 36.1 6.6 10.0
aVt is the total pore volume, Vi the intrawall pore volume, DDes the
primary mesopore diameter and a0 the unit cell parameter.
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these observations (see Supporting Information). A slightly
larger pore size distribution of the mesopores can be discerned
(Figures 2 and 3) for SBA-15_4. We infer this to be a conse-
quence of the space occupied by the Pluronic micelles, which are
expected to change as the PEO part is pulled out of the wall. As
the silica polymerizes the mesopore walls may get slightly uneven.
However, the diffraction data clearly shows that the structure as a
whole is not affected. The clear diffraction pattern indicates
better order/contrast in the SBA-15_4 compared to the other
materials. This is consistent with higher electron density in the
walls (i.e., lack of intrawall porosity).

Comparison of SEM micrographs of SBA-15_4 and SBA-
15_ref (see Supporting Information) clearly demonstrates that
other material properties are unaffected by the additions. The
additions have thus selectively targeted only intrawall character-
istics and not other properties dependent on the interaction

between the PEO and the siliceous species. The carbon replica
(see Supporting Information) of SBA-15_ref viewed along and
perpendicular to the direction of the hexagonal pattern shows the
typical well ordered structure. For SBA-15_4 the carbon replica
shows a shell-like structure, which suggests that the intrawall
pores, required to maintain the ordered framework, are missing.
The shell structure is stabilized by a carbon layer formed on the
outer surface of the silica.16

Here we report on a simple way for elimination of the intrawall
pores (up to 5 nm) in SBA-15 without changing other properties
of the material. This gives a material with unconnected primary
mesopores (see Figure 4). Hence, it is a material analogue to
MCM-41 but with larger pores and thicker silica walls.

The intrawall pores are eliminated by adding NaI to the
ongoing SBA-15 synthesis. Additions need to be performed at
a time where the structure of SBA-15 is stable but the silica
connectivity not fully developed. Addition at 30 min into the
synthesis was too early. Addition at 4 h gavemuch lower intrawall
porosity than addition made at 24 h. There is hence an optimal
timing even if not critical. It is expected that by this process it
should be possible to remove the intrawall porosity in all
mesostructured silica materials formed with PEO-based amphi-
philes. If so, then there will be ample opportunities to combine
this methodology with previously reported methods, for exam-
ple, pore size increasing operations,18 to achieve materials with
controllable porosity.
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Figure 3. Cumulative pore volume distribution of the SBA-15 materials
synthesized with addition of NaI at three different times and the
reference material. SBA-15_4 shows no pores up to 5 nm.

Figure 4. Schematic representation of SBA-15 formed under conventional
conditions (left) andwithNaI addition at the appropriate time (right); note
intrawall pores for simplicity depicted with uniform pore size.

Figure 2. N2-isotherms of the SBA-15 materials synthesized with
addition of NaI at three different times and the reference material.
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