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MCM-41 silicates prepared in the presence of octyltrimethylammonium bromide either by a conventional method or by post-
synthesis hydrothermal treatment were characterized by nitrogen adsorption in a wide range of relative pressure from 10ÿ6 to 1.
Hydrothermally restructured samples were found to have lower BET surface areas, lower external surface areas and thicker silica
walls than the non-treated sample. More importantly, in addition to their characteristic mesopores (ca. 3 nm), they were shown to
have considerable amounts of micropores. The relative amount of micropores and mesopores was shown to be dependent on the
treatment conditions. Thus, it is demonstrated that the postsynthesis hydrothermal restructuring is a convenient synthesis route to
MCM-41 silicates with bimodal pore size distribution involving controllable amounts ofmicroporosity.
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1. Introduction

Since the discovery ofM41S [1,2] and FSM-16 [3] peri-
odic mesoporous silicates, this field underwent explosive
growth. Innovative developments have been achieved in
many areas including (i) new or improved synthesis stra-
tegies for pure and modified silicates [4], (ii) synthesis of
non-silica mesostructured materials, specially transition
metal oxides [5], (iv) synthesis of mesostructuredmateri-
als with various forms, such as films [6], fibers [7],
spheres [8] and others [9^11], and (v) development of
potential applications, particularly in catalysis [12].

Most of the works reported to date used surfactants
with alkyl chains having 12 to 18 carbon atoms which
yield materials with pore sizes roughly in the range 2.5 to
4 nm.Actually, there is a relatively large gap between the
largest pore entrance size of microporous zeolites, i.e.,
0:75� 1:0 nm for the 14-membered ring of UTD-1 [13]
and the smallest channel diameter of MCM-41 silicates
which are prepared in the presence of surfactants with 8
or 10 carbon atom chains. Periodic or crystalline silicates
with pore sizes between 1 and 2 nm, which are not yet
readily accessible through direct synthesis, are likely to
be very important for gas separation and shape selective
catalysis. Notice that at the lowest end of achievable
pore sizes in MCM-41 silicates, the reported values
depend strongly on the evaluation method used. Based
on the Horv�ath and Kawazoe model [14], MCM-41 pre-
pared in the presence of octyltrimethylammonium bro-

mide (OTAB) was first reported to have 1.8 nm pores [2].
In our recent study [15], we found that depending on the
method used, the calculated pore size of such materials
varied from 1.32 nm based on the Barrett^Joyner^
Halenda (BJH) method [16] to 2.4 nm based on recently
reported data [17] obtained from nonlocal density func-
tional theory (NL DFT). We favored 2.07 nm obtained
on the basis of geometrical considerations [15]. More
recently, Ravikovitch et al. [18] reported almost identi-
cal values for a similar MCM-41 material calculated
using the BJHmethod (1.45 nm) and the pore size calcu-
lationmethod based on theoretical adsorption isotherms
obtained from NL DFT (2.4^2.5 nm). Furthermore,
both studies [15,18] showed that as the number of carbon
atoms in the surfactant alkyl chain decreases, particu-
larly below 12, the intensity and sharpness of the XRD
peaks deteriorate significantly indicating the occurrence
of excessive broadening of the pore size distribution
(PSD).

Our recent study [19] on pore size expansion of
MCM-41 materials via the post-synthesis hydrothermal
restructuring method reported by Khushalani et al. [20]
showed that pore size enlargement was accompanied by
a decrease in the primary mesopore surface area, an
increase in the primary mesopore volume, pore wall
thickening and a significant improvement of pore size
uniformity. However, excessive hydrothermal treatment
led to the degradation of the porous structure of MCM-
41 materials and the development of microporosity. It
was also demonstrated that in the early stages of the pro-
cess, i.e., before the pores actually widen, the external
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surface area of the samples decreases markedly. Since
the hydrothermal restructuring technique described ear-
lier [19,20] was applied only to MCM-41 silicates pre-
pared in the presence of cetyltrimethylammonium
bromide (CTAB), it was interesting to extend it to
MCM-41 materials with pore sizes at the lowest end.
This paper deals mainly with the characterization of the
pore structure ofMCM-41 silicates prepared in the pres-
ence of OTAB either by a standard method [21] or by
post-synthesis hydrothermal treatment [19]. The current
study showed that the latter treatment leads to the devel-
opment of microporosity in addition to the mesopores
characteristic of MCM-41 materials. Although, as
inferred from X-ray diffraction (XRD) data, the result-
ing materials did not exhibit a high degree of structural
ordering, the occurrence of porous systemswith bimodal
pore size distributions may be important [22]. In addi-
tion, our enhanced ability to control the amount of
micropores in mesoporous materials is yet another use-
ful tool for porous system engineering.

2. Experimental

Three samples were used in the present study. The
first, C8 MCM-41 was prepared in the presence of
OTAB as reported earlier [15]. A mixture of 5 g of Cab-
O-SilM5 silica and 32.2 g of water was stirred vigorously
for 10min, before adding a solution of 11.2 g of OTAB in
108.8 g of water. After an additional 10 min of stirring, a
solution consisting of 14.36 g of tetramethylammonium
silicate (10 wt% SiO2) and 6.82 g of sodium silicate
(28 wt% SiO2, 10 wt% Na2O) was added. The mixture
was aged for 30 min under stirring, then transferred into
a Teflon-lined autoclave and heated under autogenous
pressure at 373K for 24 h with no stirring. The other two
samples, C8TR413 and C8TR423 MCM-41 were pre-
pared at 343 K and thermally restructured at 413 and
423 K, respectively. The synthesis was carried out as
reported elsewhere [19,20] using the following gel com-
position 1SiO2:0:33TMAOH:0:17OTAB:0:17NH4OH
:17H2O. Cab-O-Sil M-5 silica (3.6 g) was mixed manu-
ally with 6 g of water and then 6.16 g of 25 wt% tetra-
methylammonium hydroxide (TMAOH) was added.
2.53 g of OTABwas dissolved in 6.56 g of water and sub-
sequently 1.17 g of 30 wt%NH4OHwas introduced. The
mixture containing silica and OTAB was stirred for ca.
30 min, then transferred into a Teflon-lined autoclave
and treated under autogenous pressure without stirring,
at 343 K for 3 days. The autoclave was transferred to
another oven preheated at the desired temperature (413
or 423K) and kept for 48 h.

All samples were filtered, washed with deionized
water, and dried in static air at 373 K. The calcination
was carried out in two steps. The material was first
heated under flowing dry nitrogen to 813 K at a rate of
1 K minÿ1. After 1 h at 813 K, nitrogen was slowly

switched to dry air and the sample was heated at the
same temperature for an additional period of 4 h.

Samples were characterized by X-ray powder diffrac-
tion (XRD) using a Siemens D5000 diffractometer with
a nickel filtered Cu K� radiation. Nitrogen adsorption^
desorption measurements were performed as reported
earlier [15,19,23,24] using a volumetric adsorption ana-
lyzer ASAP 2010 from Micromeritics, Norcross, GA.
The samples under study were degassed for 2 h at 473 K
and subsequently the measurements were carried out at
77 K over a wide relative pressure range from ca. 10ÿ6 to
0.995.

3.Methodology

Adsorption data were used to obtain information
about surface and structural properties of the samples
under study. It should be noted that according to
IUPAC recommendations [25], pores are classified as
micropores (width w < 2 nm), mesopores (2 nm < w
< 50 nm) and macropores (w > 50 nm). Moreover, in
the current work, pores that belong to the ordered meso-
porous structure of MCM-41 materials will be referred
to as primarymesopores, whereas othermesopores pres-
ent in the samples will be designated as secondary meso-
pores. The specific surface area was assessed using the
BET method [25,26] from adsorption data in a relative
pressure range from 0.04 to 0.1. The external surface
area Sex (i.e., that of macropores and secondary meso-
pores), the total surface area St (which excludes the sur-
face area of micropores present in the samples), primary
mesopore volume Vp and micropore volume Vmi were
obtained from the high resolution �s-plot method
[19,26]. LiChrospher Si-1000 (EM Separations,
Gibbstown, NJ) served as the macroporous reference
adsorbent. The total surface areaSt was calculated using
the formula St � ��1SBET;ref�=�0:4;ref , where SBET;ref and
�0:4;ref are the BET specific surface area and the amount
adsorbed at p=p0 � 0:4 for the reference adsorbent; �1 is
the slope of the �s-plot at low pressure between the rela-
tive pressure for which micropores, if present, are com-
pletely filled and the relative pressure corresponding to
the beginning of nitrogen condensation in primarymeso-
pores. The primary mesopore surface area Sp was calcu-
lated as the difference between the total surface area St
and the external surface area Sex. The total pore volume
Vt was assessed from the adsorbed amount at a relative
pressure of 0.99 by converting it to the corresponding
volume of liquid adsorbate.

The pore size of the C8 MCM-41 sample was
assessed from the XRD (100) interplanar spacing d
and the primary mesopore volume Vp on the basis of
geometrical considerations of a uniform hexagonally
packed array of infinite cylindrical pores [15]. Under
the latter assumptions, the pore diameter wd can be
obtained as:
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wd � cd
�Vp

1� �Vp

� �1=2

; �1�

where � is the density of pore walls, assumed to be
equal to 2.2 g/cm3 [15] and c � �8=�31=2���1=2 � 1:213
is a constant. In eq. (1), the term in brackets represents
the ratio of the specific (i.e., per 1 g of MCM-41 mate-
rial) primary mesopore volume Vp to the sum of the
latter and the volume occupied by the pore walls (equal
to 1=�). The pore wall thickness was assessed as the
difference between the unit cell parameter a � 2=31=2 d
(i.e., distance between the centers of adjacent pores)
and the pore size wd. A modified version of eq. (1) was
used for the thermally restructured samples (C8TR413
and C8TR423) to account for the presence of micro-
pores, which were assumed to be holes in the primary
mesopore walls:

wd � cd
Vp

1=�� Vp � Vmi

� �1=2

: �2�

In eq. (2), the term in brackets corresponds to the ratio
of the specific volume of primary mesopores Vp to the
sum of the specific volumes of the pore walls (1=�), the
micropores (Vmi) and the primarymesopores (Vp).

The pore size distributions in the mesopore range
were calculated from adsorption branches of the iso-
therms using the Barrett^Joyner^Halenda (BJH)
method [16] with the modified Kelvin equation suitable
for accurate assessment of pore sizes, especially for
MCM-41 materials [24]. The modified Kelvin equation
assumes the form [24]:

r�p=p0� � 2
VL

RT ln��p=p0�� � t�p=p0� � 0:3 nm : �3�

The statistical film thickness curve t�p=p0� was based on
an adsorption isotherm for LiChrospher Si-4000 macro-
porous silica gel (which was acquired in the relative pres-
sure range from ca. 10ÿ5 to 0.985), but can be accurately
represented for p=p0 from 0.1 to 0.95 [24] by the
Harkins^Jura equation:

t�p=p0� � 0:1
60:65

0:03071ÿ log�p=p0�
� �0:3968

; �4�

where t is expressed in nanometers. In eqs. (3) and (4), p
and p0 are the equilibrium vapor pressure and saturation
vapor pressure of nitrogen adsorbate, 
 � 8:88
�10ÿ3 N/m is its surface tension at temperature
T � 77 K, VL � 34:68 cm3/mol is its molar volume and
R � 8:314 Jmolÿ1 Kÿ1 is the universal gas constant.

For comparative purposes, the pore size distributions
for the samples under study were also calculated using
theDFT program [27]. Further details on the characteri-
zation of mesoporous molecular sieves by means of
nitrogen adsorption and the calculation methods used
can be found elsewhere [15,19,23,24].

4. Results and discussion

Figure 1 shows the XRD patterns for the three sam-
ples under study. The corresponding d distances are
listed in table 1. As seen, our samples exhibit only one
rather broad XRD peak. Nonetheless, as demonstrated
below, they have interesting pore structures and other
textural properties.

Nitrogen adsorption isotherms for our MCM-41
samples are shown in figures 2 and 3, and their textural
properties are listed in tables 1 and 2. As reported pre-
viously [15], adsorption on C8 MCM-41, which was
synthesized in a conventional manner, increases mark-
edly with the relative pressure up to about 0.15 and then
levels off, indicating that the condensation in primary
mesopores is essentially completed. A subsequent
increase in the adsorbed amount can be attributed to the
multilayer adsorption on the external surface area of the
sample, followed by the capillary condensation in sec-
ondary mesopores at a relative pressure above ca. 0.9.

Figure 1. X-ray diffraction patterns forMCM-41 samples.

Table 1
Structural properties ofMCM-41materials a

Sample d a wd bd wBJH wDFT

(nm) (nm) (nm) (nm) (nm) (nm)

C8MCM-41 2.8 3.3 2.1 1.2 2.3 2.0

C8TR413 4.2 4.8 3.1 1.7 2.8 2.5

C8TR423 5.4 6.3 3.0 3.3 2.8 2.5

a d: (100) interplanar spacing obtained fromXRD; a: unit cell param-
eter (a � 2=31=2 d); wd and bd: pore diameter and pore wall thickness
calculated on the basis of geometrical considerations (eqs. (1) and
(2), bd � aÿ wd); wBJH and wDFT: maxima of pore size distributions
calculated using the BJHmethod with the corrected Kelvin equation
[24] and theDFT program [27], respectively.
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For the hydrothermally restructured samples, the iso-
therms level off at relative pressures close to 0.3, which
indicates that their primarymesopores are larger in com-
parison with those of C8 MCM-41. Moreover, beyond
this relative pressure, further increase in the adsorbed
amount is rather small, even for pressures close to the
saturation pressure. This provides evidence of low exter-
nal surface areas and secondary mesopore volumes of
theC8TR413 andC8TR423materials.

Adsorption isotherms shown in the logarithmic scale
(figure 3) reveal that the course of low-pressure adsorp-
tion is significantly different for the sample synthesized
in a conventional manner and the hydrothermally treat-
ed ones. For the former, the adsorbed amount increases
gradually with the relative pressure, as is the case for
mesoporous silica gels [28] and many MCM-41 materi-
als [15,29,30]. However, the amount adsorbed on the
hydrothermally restructured samples was significantly

larger, particularly at the lowest end of relative pressures
(below 10ÿ4). All three samples under study are siliceous
in nature, so their surface properties with respect to
nitrogen are expected to be very similar, since it was
shown that the latter properties are not influenced in any
noticeable extent by details of the mesoporous structure
of the materials [15,19,23,28,29]. Therefore, the low-
pressure adsorption behavior of the hydrothermally
restructured materials is most likely associated with the
occurrence of significant microporosity [19,31]. Such a
microporous character of the hydrothermally treated
samples is in agreement with our previous study [19] of
post-synthesis restructuring of C16 MCM-41 materials
synthesized in the presence of CTAB. It was shown that
excessive hydrothermal treatment leads to the develop-
ment of microporosity, presumably as a result of the
degradation of the mesopore wall structure. The latter
was found to be increasingly inhomogeneous with bro-
ken walls and missing parts [20], so one can expect that
the micropores present in the currently studied samples
are holes in the pore walls. Additional support for this
contentionwill be provided later.

The BET specific surface areas for the samples are
listed in table 2. Due to the presence of microporosity,
these data may be somewhat inaccurate, but it is clear
that C8TR423 has a much smaller surface area than the
two other samples. Application of the high resolution
�s-plot method [19,26,29,32] allowed for an assessment
of the micropore and primary mesopore volumes and
provided more reliable information about surface area
of the samples (table 2). Primarymesopore surface areas
Sp of the C8 MCM-41 and C8TR413 samples occurred
to be close to each other (about 500 m2/g) and twice as
large as Sp for C8TR423. The primary mesopore
volumes for all three materials were rather low in com-
parison to MCM-41 samples with larger pore sizes
[2,15,19,29]. It is also worthmentioning that the external
surface areas and secondary mesopore volumes
(Vt ÿ Vp ÿ Vmi� of the hydrothermally treatedMCM-41
materials were relatively low, which is in agreement with
previous studies on MCM-41 samples of larger pores,
restructured under similar conditions [19].

The low pressure parts of the �s-plots for the materi-
als under study are shown in figure 4. It can be noticed
that the initial part of the plot for C8 MCM-41 exhibits

Figure 2. Nitrogen adsorption isotherms forMCM-41 samples.

Figure 3. Low-pressure parts of nitrogen adsorption isotherms for
MCM-41 samples.

Table 2
Pore volume and surface area of theMCM-41 samples a

Sample SBET Vt Vmi Sp Vp Sex
(m2g) (cm3/g) (cm3/g) (m2/g) (cm3/g) (m2/g)

C8MCM-41 760 0.65 (0.01) 510 0.25 (0.24) 120

C8TR413 700 0.43 0.04 530 0.30 50

C8TR423 460 0.26 0.07 260 0.13 30

a SBET: BET specific surface area; Vt: total pore volume; Vmi: micro-
pore volume; Sp: surface area of primary mesopores; Vp: primary
mesopore volume, Sex: external surface area.
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quite good linearity, although a slight downward devia-
tion takes place for �s below ca. 0.15 (relative pressure
below 10ÿ4). The latter behavior is indicative of micro-
porosity, but it can also arise from enhanced interactions
of nitrogen molecules with the pore surface of consider-
able curvature, as discussed elsewhere [15,24].
Therefore, in table 2, the micropore volume Vmi and the
primary mesopore volumeVp (corrected for the possible
presence ofmicroporosity) for the C8MCM-41 are writ-
ten in brackets. In the case of the hydrothermally
restructured samples, the initial parts of the �s-plots are
markedly bent downwards, providing a clear evidence of
microporosity. For both samples, the nonlinear part of
the plot was followed first by a linear segment in the �s
range from ca. 0.3 to 0.6, then by a pronounced upward
swing due to the condensation of nitrogen in primary
mesopores. The presence of the linear segment indicates
that after a relative pressure of ca. 0.001 (which corre-
sponds to �s equal to 0.3) is reached, the adsorption pro-
ceeds in a similar way as for the nonporous reference
adsorbent until the onset of the condensation in primary
mesopores. These observations allow us to draw two
conclusions. Firstly, this suggests that the micropores
are essentially filled at low relative pressures (about
0.001) and therefore are expected to be rather narrow,
probably below 1 nm in width. Secondly, since the filling
of micropores takes place for pressures much lower than
those corresponding to the beginning of the condensa-
tion in primarymesopores, it is inferred that the pore size
distributions for the C8TR413 and C8TR423 samples
are bimodal with both micropores and significantly lar-
ger primarymesopores.

The BJHmethod [16] with the corrected Kelvin equa-
tion [24] was used to calculate themesopore size distribu-
tions for the MCM-41 samples under study (figure 5). It

can be seen that the primarymesopores of the C8MCM-
41 sample are narrower than those of the hydrothermally
restructured samples and their size is at the borderline
between the micropore and the mesopore range, i.e.,
close to 2 nm. The assumptions of the method are not
valid for smaller pores, i.e., in the micropore size range
[33], and therefore the BJH procedure cannot be used to
analyze themicroporosity of the samples.

The hydrothermally treatedMCM-41materials show
quite poor XRD spectra (figure 1) with just one broad
small angle peak. Despite this, an attempt was made to
compare the primary mesopore diameter values
obtained from the modified BJH method [23] with pore
diameter values calculated on the basis of eq. (2), which
assumes the hexagonal arrangement of primary meso-
pores and takes into account the presence of micropores
(holes) in the pore walls. Interestingly, eq. (2) allowed to
qualitatively reproduce the results of the modified BJH
method (table 1). This agreement strongly indicates that
although the mesoporous structures of the thermally
restructured C8 samples are quite nonuniform, as indi-
cated by their XRD spectra, they still possess a hexago-
nal arrangement of pores characteristic of MCM-41. It
also needs to be noted that the calculated porewall thick-
nesses for the C8TR413 and C8TR423 samples are lar-
ger than those obtained for MCM-41 samples using the
samemethod (eq. (1)), typically in the range from 0.65 to
1.1 nm [15,19,29]. The pore wall thickness for the
C8TR423 seems to be exceptionally large (3.3 nm). It
should however be mentioned that a considerable
amount of micropores is likely to be present in the walls
of thismaterial.

Finally, some comments need to be made about the
application of the recently developed DFT method [27],
which allows to obtain pore size distributions in both the
micropore and the mesopore size ranges. This advanced

Figure 4. High-resolution �s-plots for the MCM-41 samples.
Adsorbed amounts corresponding to intercepts of the lines drawn
through the linear parts of the plots are proportional to the micropore

volume of the samples.

Figure 5. Primary mesopore size distributions for the MCM-41 sam-
ples calculated using theBarrett^Joyner^Halendamethodwith the cor-

rectedKelvin equation.
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method was developed for carbonaceous materials of
slit-like pore geometry. Since the surface properties of
porous carbons and silicas aremarkedly different [28,31]
and the pore geometry of MCM-41 is rather cylindrical,
application of the current version of DFTmethod [27] to
MCM-41 silicates may not be straightforward. Indeed,
the DFT method indicates a considerable amount of
micropores even for MCM-41 samples, which are com-
pletely nonmicroporous. As seen in figure 6, the pore size
distribution from theDFTmethod for C8MCM-41 sug-
gests a significant microporosity (ca. 0.12 cm3/g of
micropores below 1.5 nm in diameter), whereas the com-
parative plot analysis shows a very small amount of
micropores, if any. Therefore, the current version of the
DFT method [27] is not appropriate for the assessment
of the microporosity ofMCM-41 materials. However, it
can be used to estimate the size of primary mesopores,
since the agreement with the results of the corrected BJH
method and the pore size from the geometrical consid-
erations (eqs. (1) and (2)) is quite satisfactory (table 2). It
also should be noted that the Horv�ath^Kawazoe (HK)
method [14] commonly used for micropore analysis was
recently shown to indicate the presence of micropores
even for macroporous carbon samples [34]. Thus, the
HK method may suffer similar drawback when applied
to porous silicas as we often observe on MCM-41 sili-
cates [35]. Indeed, the only report on MCM-41 silicates
which presumably contain significant amounts ofmicro-
pores was based on the HKmethod [36]. This may actu-
ally be an artifact since the materials were prepared
under rather standard conditions. Therefore, compara-
tive plot methods, such as �s-plot, seem to be the only
reliable technique currently available to detect and
quantify microporosity of MCM-41 samples. It should
be kept in mind that suitable reference adsorption data
are required for accurate comparative plot analysis.

In conclusion, thermal restructuring of MCM-41
samples prepared in the presence of OTAB afforded
materials with bimodal pore size distribution comprised
of mesopores with an average size of ca. 3 nm andmicro-
pores below ca. 1 nm in diameter. This technique is yet
another tool for engineering pore sizes and distributions
to be added to the number of already well documented
techniques such as vapor phase deposition, dealumina-
tion, and the use of different templates and expander
molecules.
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