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Small-pore silicas were synthesized by employing two short-chain
surfactants (octyl- and decyl-trimethylammonium bromides) as well as their
mixtures as templates. Nitrogen adsorption and powder X-ray diffraction
were used to characterize adsorption and structural properties of these
materials. The samples exhibited the BET specific surface areas of
770-1040 m2 g-1, and the primary mesopore volumes of 0.34-0.59 cm3 g-1.
They had low external surface areas and volumes of secondary pores. The
samples had narrow pore size distributions (PSDs) with maxima at
2.3-2.8 nm, and exhibited one strong peak at their XRD patterns. The
interplanar spacings corresponding to these XRD peaks were in the range
from 2.6 to 3.3 nm. The position of the maximum of PSD changed rather
systematically with the average length of alkyl chain of the surfactant or
surfactant mixture used as a template, whereas the interplanar spacing
values for samples synthesized using single surfactant templates were lower
than those for the samples synthesized using surfactant mixtures. These
results show that the use of mixtures of short-chain surfactants allow one to
tailor the diameter of mesopores of small-pore surfactant-templated silicas.
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1. INTRODUCTION
Since the time of the discovery of ordered mesoporous silicas (OMSs) in
1992 [1], there has been a continuous interest in the tailoring of the adsorption
and structural properties of these materials. The initially reported OMSs with
two-dimensional (2D) hexagonally ordered arrays of approximately cylindrical
mesopores (known as MCM-41 materials) were synthesized by using single
alkyltrimethylammonium surfactant templates of different alkyl chain lengths
(from octyl to hexadecyl) [2]. The aforementioned pioneering works initiated a
series of articles showing that highly ordered MCM-41-type silicas with (100)
interplanar spacings, d100, from ~3 to 7 nm and pore sizes from ~2.7 to 7 nm can
be synthesized using the alkylammonium surfactants of chain lengths from 10 to
22 carbon atoms [2-9]. MCM-41 silicas templated by octyltrimethyl-ammonium,
a surfactant with a shorter chain length, exhibited pore diameters in the range
2-2.5 nm, but had lower degree of structural ordering, as seen from X-ray
diffraction (XRD) [10-13]. Moreover, the synthesis of MCM-41 using
alkyltrimethylammonium surfactants with the alkyl chain length smaller than
eight carbon atoms proved to be unsuccessful [10]. Over the last several years,
there was a substantial effort on the enlargement of the pore size in OMSs,
which was most effectively achieved by using block copolymers as templates
[14], as well as on the reduction of the pore size to smaller than 2 nm and on the
improvement of structural ordering of surfactant-templated small-pore silicas
(see [15,16] and references therein). The synthesis of MCM-41 materials with
pore diameters below 2.7 nm is still a challenging task. As mentioned above, the
use of octyltrimethylammonium surfactants leads to low degree of structural
ordering of MCM-41 materials [10-13]. A good quality MCM-41 material
obtained by using a mixture of two alkylammonium surfactants with two alkyl
chains was reported in [15], but these surfactants are not commercially available,
which limits a practical usefulness of this approach. Also, it was shown in [17]
the quality of small-pore MCM-41 samples can be improved by extending the
time of the hydrothermal treatment during the synthesis.
Another important issue in the synthesis of OMSs is the ability to tailor their
pore sizes with relatively small increments. This can be achieved by using mixed
surfactant templates [18,19]. The aim of the current work was to verify whether
one can tailor the pore diameter of small-pore OMSs by using mixed surfactant
templates. In particular, we explored the use of mixed templates consisting of
octyl- and decyltrimethylammonium bromide surfactants. Adsorption and
structural properties of the calcined silicas synthesized using these pure and
mixed surfactant templates were investigated by nitrogen adsorption and powder
X-ray diffraction. The adjustability of the pore diameter in the 2.3-2.7 nm range
was demonstrated.
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2. EXPERIMENTAL
Materials. Mesoporous silicas were synthesized using the following templates:
octyltrimethylammonium bromide surfactant C8H17(CH3)3N+Br− (C8) and
decyltrimethylammonium bromide surfactant C10H21(CH3)3N+Br− (C10) as well
as their mixtures containing 25, 50 and 75 molar % of C8. For illustration, we
describe the synthesis of the silica sample using a mixed template that contained
50% of C8 surfactant and 50% of C10 surfactant. In this case,
octyltrimethylammonium bromide (C8) (0.0105 mol, 2.649 g) was added to an
Erlenmayer flask containing 18.2 cm3 of distilled water. Then 1.80 cm3 of 5 M
sodium hydroxide aqueous solution (analytically pure from POCh, Gliwice,
Poland) was added under magnetic stirring. This solution was mixed for
15 minutes. Afterward, decyltrimethylammonium bromide (C10) (0.0105 mol,
2.943 g) and 18.2 cm3 of distilled water were added. The resulting solution was
stirred for another 15 minutes. Later, 6.7 cm3 (0.03 mol) of tetraethyl
orthosilicate (TEOS) was added under stirring, which was continued for 1 h. The
hydrothermal treatment of this mixture was carried out in a laboratory oven at
373 K for 5 days. The synthesized material was filtered on a Büchner funnel and
placed in a quartz combustion boat in the RT921 furnace (PIE Warsaw, Poland)
and calcined in a flowing nitrogen (20 dm3/h). During calcination process, the
sample was heated from room temperature to 823 K at a heating rate
1.8 degree/min and kept at 823 K for 1 h. Next day, the second calcination was
carried out in a flowing air (20 dm3/h) by heating the sample from room
temperature to 823 K at a heating rate 1.8 degree/min and after that keeping it at
823 K for 5 h.
Methods. Nitrogen adsorption isotherms were measured to characterize the
obtained calcined samples. These isotherms were recorded at 77 K using a
Micromeritics ASAP 2010 volumetric adsorption analyzer. Before adsorption
measurements, the samples were outgassed for 2 h at 473 K in the degas port of
the adsorption analyzer.
Powder X-ray diffraction (XRD) was used to obtain information about
structural properties of the synthesized materials. The XRD patterns were
acquired on a HZG-4 standard diffractometer (VEB Freiburg Präzisionmechanik, Germany) with a modified computer system to control measurements
and acquire data. The Cu-Kα radiation was used from a FF lamp with the focus
dimension 0.04 nm. The data were recorded over a range from 0.9 to 8° 2θ with
0.05° steps and 5 s counting time.
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Calculations. The BET specific surface area, SBET [20], was calculated using
nitrogen adsorption data in the relative pressure range from 0.02 to 0.06 only to
reduce the effect of capillary condensation. The total specific surface area St was
evaluated using the αs-method [7,20,21] in the range of the standard reduced
adsorption, αs, from 0.1 to 0.6. The primary mesopore volume, Vp, and external
surface area, Sex, were evaluated using the αs-plot method in the range of the
standard reduced adsorption, αs, from 1.0 to 1.8. The αs-plot analysis was
performed by using standard reduced adsorption for a macroporous silica
LiChrospher Si-1000 from EM Separations (Gibbstown, NJ) [21]. The total pore
volume, Vt, [20] was estimated on the basis of the amount adsorbed at the
relative pressure of about 0.99. The mesopore size distributions were calculated
from adsorption branches of nitrogen isotherms employing: (i) the BJH
algorithm [22], (ii) an empirical relation (in the form of the Kelvin equation with
a correction term), which accurately describes the capillary condensation – pore
diameter relation for cylindrical pores of diameter 2-6.5 nm [23], and (iii) the
statistical film thickness curve for silicas, which was calibrated using MCM-41
materials [21,23]. This calculation procedure is often referred to as the Kruk,
Jaroniec and Sayari (KJS) method. The pore width, wKJS, is defined as a
maximum of the pore size distribution (PSD).
3. RESULTS AND DISCUSSION
Shown in Figure 1 are nitrogen adsorption isotherms for the small-pore silicas
synthesized using octyltrimethylammonium and decyltrimethyl-ammonium
surfactants, as well as their mixtures in three different proportions. These
isotherms featured more or less pronounced steps at a relative pressure below
0.2, arising from the capillary condensation in the primary mesopores of the
samples. At pressures above the capillary condensation pressure, the isotherms
leveled off. The increase in the amount adsorbed close to the saturation vapor
pressure and the adsorption-desorption hysteresis loops observed for most of the
samples can be related to the presence of a certain amount of secondary
mesopores (and macropores of diameter below 100-200 nm), which are voids
either between or within the particles of the ordered materials. The structural
parameters of the samples calculated from nitrogen adsorption data are listed in
Table 1. The BET specific surface areas were in the range from 770 to 1040 m2
g-1. These values are comparable with those reported earlier [12,15,16] for smallpore surfactant-templated silicas. The primary mesopore volumes ranged from
0.34 to 0.59 cm3 g-1, whereas the pore diameters ranged from 2.27 to 2.77 nm
(see PSDs in Fig. 2). The pore diameters for the samples templated by octyl- and
decyltrimethylammonium surfactants were comparable with those reported
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earlier [12,23]. The octyltrimethylammonium-templated sample reported herein
has a higher primary mesopore volume and narrower PSD than the silica
templated by the same surfactant, which was described earlier [12].
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Fig. 1. Nitrogen adsorption isotherms for mesoporous silica samples synthesized by using
octyl- (C8) and decyltrimethylammonium bromide (C10) surfactants as well as their
mixtures (containing 75, 50 and 25% of C8) as templates; isotherms for C8-75,
C8-50, C8-25 and C10 are offset by 100, 200, 300 and 400 cm3 STP/g, respectively.

The specific surface area was calculated using the BET method, as well as the
αs-plot method (see Tab. 1). In the case of silicas with pore diameters close to
the micropore range, the disadvantage of the BET method is that it is difficult to
exclude the data considerably affected by the onset of capillary condensation,
which are clearly not suitable for the BET analysis. The use of the αs-plot
method allows one to evaluate the specific surface area from low-pressure
adsorption data, which are expected to be affected to much smaller extent by the
capillary condensation in the mesopores of the considered materials. For the
samples discussed here, the specific surface areas calculated using these two
methods were close to one another. All the samples exhibited rather small
secondary mesoporosity, as inferred from small differences between the total
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pore volumes and the primary mesopore volumes. Also, the external surface
areas were small, providing 5-7% of the specific surface area of the samples, the
rest being the specific surface area of the uniform mesopores.
Tab. 1. Structural parameters for the silica samples synthesized by using octyl- (C8) and
decyl-trimethylammonium bromide (C10) surfactants as well as their mixtures (containing
75, 50 and 25% of C8) as templates.
Sample

d100

SBET

St

(nm)

2

(m /g)

2

(m /g)

C8

2.67

800

C8-75

3.06

C8-50

Vp

Vt

wKJS

3

(cm /g)

(nm)

43

0.45

2.27

0.48

40

0.58

2.59

790

0.40

38

0.49

2.58

800

830

0.43

45

0.52

2.68

1040

1060

0.59

74

0.67

2.77

3

Sex

(cm /g)

2

(m /g)

820

0.34

880

910

3.17

770

C8-25

3.29

C10

2.95

d100 – XRD interplanar spacing, SBET - BET specific surface area, Vt - single-point total pore
volume at p/po = 0.99, wKJS - pore width at the maximum of the pore size distribution evaluated by
the KJS method, St - total specific surface area, Vp – volume of primary mesopores, Sex – external
surface area; last three quantities were evaluated by αs-plot method.

As can be seen in Figure 2, the pore diameter exhibited a tendency to increase
as the average chain length of the surfactant template increased from eight to ten
carbon atoms. This shows that the use of mixed surfactant templates provides an
opportunity of the pore size adjustment for surfactant-templated small-pore
silicas. The pore size adjustment capabilities were achieved without
compromising the pore size uniformity. Recently, a method for the continuous
adjustment of the pore diameter from 3.5 to 1.3 nm for surfactant-templated
silicas through the adjustment of a ratio between silica precursor (TEOS) and
organosilica precursor (vinyltriethoxysilane) was reported. The present method
does not seem to be applicable for pore diameters below 2.2 nm, but requires
only a single silica source.
Surface properties of the mesoporous silicas studied are similar as shown in
Figure 3, which presents the relative adsorption plotted against relative pressure
in the semi-logarithmic scale. The relative adsorption was calculated by dividing
the amount adsorbed by the BET monolayer capacity.
Shown in Figure 4 are powder X-ray diffraction patterns for the small-pore
silicas. The interplanar spacing values calculated from these data ranged from
2.67 to 3.29 nm.
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Fig. 2. Pore size distributions for the silica samples synthesized by using octyl- (C8) and
decyl-trimethylammonium bromide (C10) surfactants as well as their mixtures (containing
75, 50 and 25% of C8) as templates. These distributions were calculated from nitrogen
adsorption isotherms shown in Figure 1.
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Fig. 3. Relative adsorption plotted against relative pressure for mesoporous silica samples
synthesized by using octyl- (C8) and decyltrimethylammonium bromide (C10) surfactants
as well as their mixtures (containing 75, 50 and 25% of C8) as templates.
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Interestingly enough, all the silicas synthesized using mixed surfactant templates
exhibited larger interplanar spacings from both of the silicas synthesized using
single surfactants. This is unexpected, especially taking into account the
systematic change in the pore diameters of these materials as the template
composition was changed, and the lack of any prominent differences in the pore
volumes between the samples. The latter would suggest that the observed
irregularities were due to the substantial differences in the pore wall thickness.
The possible explanation of these surprising results is as follows. The silicas
synthesized using single surfactants are likely to exhibit channel-like mesopores
without branching, which is a known structural feature of MCM-41 [25].
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Fig. 4. Powder X-ray diffraction patterns for the silica samples synthesized by using
octyl- (C8) and decyl-trimethylammonium bromide (C10) surfactants as well as their
mixtures (containing 75, 50 and 25% of C8) as templates.

It is possible that the mixing of short-chain surfactants with different chain
length induces some extent of branching between the pore channels, which
would change the relation between the XRD interplanar spacing and the distance
between the centers of the mesopores in the structure. Further studies would be
required to verify this contention.
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4. CONCLUSIONS
The synthesis procedure employed herein allows one to obtain good-quality
small-pore MCM-41 silicas using octyl- and decyltrimethylammonium
surfactants as templates. The mixing of these two surfactants allows one to
adjust the pore diameter of the templated silicas in the range from 2.3 to 2.7 nm
simply by increasing the proportion of the longer-chain surfactant in the reaction
mixture. However, the XRD interplanar spacing for the silicas synthesized using
mixed surfactant templates was higher than the interplanar spacing for the
samples obtained using single surfactant templates. This suggests that the silicas
templated by surfactant mixtures may have somewhat different structures than
those templated by single surfactants. Perhaps, the latter exhibit unconnected
channel-like pores, whereas the former have channel-like branched pores.
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