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Samples of mesoporous silica SBA-15 with and without controlled framework microporosity
were prepared under microwave hydrothermal conditions. These samples were evaluated
for their ability to separate ethane and ethylene by obtaining their equilibrium adsorption
isotherms using volumetric adsorption at 303 and 323 K, respectively. The data obtained
were analyzed using the Langmuir-Freundlich adsorption isotherm model. Although the
mesoporous silica samples showed a higher adsorption capacity for ethylene, it was found
to decrease upon reduction in the adsorbent’s framework microporosity. Likewise, the isosteric
heats of adsorption estimated by the Clausius-Clapeyron equation are higher for ethylene
as compared to those for ethane and were also found to depend on framework microporosity.
The sample with higher microporosity displayed strong affinity for ethylene and is comparable
with those reported for π-complexation-based systems. This affinity was observed to weaken
on the sample with lower microporosity and absent altogether on the micropore-free SBA-
15 sample. Furthermore, the affinity of the micropore-free SBA-15 framework for ethylene
and ethane was observed to be similar to and comparable with those obtained on MCM-41
type mesoporous silica. The thus-obtained trend has revealed the importance of framework
microporosity in designing a SBA-15-based adsorbent for ethane/ethylene separation.

Introduction

The discovery of ordered, hydrothermally stable me-
soporous silica, SBA-15, has generated tremendous
interest in the field of catalysis, separation science, and
advanced materials.1 Owing to this, attempts have been
made to prepare Al-, V-, and Ti-substituted SBA-15
frameworks to exploit their catalytic potential.2-7 Like-

wise, surface modification of SBA-15 framework has
been performed via bonding of organosilanes7-13 for
heavy metal remediation, sequestration, and controlled
release of proteins. Such materials have also exhibited
facile catalytic properties. Furthermore, SBA-15 has
also been found applicable as a waveguide and mirror-
less laser.14 It has been successfully employed as a host
to prepare mesoporous carbon, metal nanowires, and
nanoballs.15-18 Such a wide range of applications has
motivated research on new synthetic methods for the* Authors for correspondence. S. Komarneni: Phone 1-814-865-1542;
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development of these materials in various meso- and
macroscopic forms.19

In comparison to these ongoing efforts, attempts to
understand the adsorption potential of SBA-15 are
sparse. Recently, we investigated the adsorption proper-
ties of SBA-15 to evaluate its potential for the separa-
tion of commercially important light hydrocarbons such
as C2 and C3.20 Interestingly, this study revealed a high
affinity of SBA-15 framework for light alkenes over
corresponding alkanes and was in line with those
observed on π-complexation-based systems. The cause
for such high affinity of the SBA-15 framework for light
alkenes was judged in terms of its textural character-
istics but was not proven. Therefore, the main objective
of the present study is to investigate the role of textural
characteristics, especially framework microporosity, of
SBA-15, in determining the adsorption potential for
light hydrocarbons. Thus, equilibrium adsorption iso-
therms for ethane and ethylene were measured using
volumetric adsorption at 303 and 323 K, respectively,
on SBA-15 samples having varying degrees of frame-
work microporosity. The resultant data were analyzed
using the Langmuir-Freundlich adsorption isotherm
model. Furthermore, equilibrium adsorption isotherms
were measured on MCM-41-type mesoporous silica to
understand the role of framework microporosity. The
isosteric heats of adsorption and adsorption capacity
were estimated to understand the role of framework
microporosity in determining the SBA-15 framework’s
adsorption affinity for light alkenes.

Experimental Section

Sample Preparation. Siliceous SBA-15 sample was pre-
pared by templating tetraethyl orthosilicate (TEOS, Aldrich),
with a triblock poly(ethyleneoxide)-poly(propyleneoxide)-
poly(ethyleneoxide) (EO20PO70EO20, MW 5800, Aldrich) under
microwave-hydrothermal conditions by following the synthetic
procedure described elsewhere.21 Microwave-hydrothermal
synthesis was performed using a MARS5 (CEM Corp., Mat-
thews, NC) microwave digestion system. The SBA-15 sample
thus obtained is hereafter referred to as S0.

SBA-15 samples with controlled framework microporosity
were prepared by adopting a recently developed in situ
synthesis approach under microwave-hydrothermal condi-
tions.22 Briefly, a gel having composition of EO20PO70EO20

polymer/SiO2/NaCl/HCl/ethanol/H2O (1 g (0.17 mmol):0.010
mol:x mmol:0.06 mol:44 mmol:1.88 mol (x ) 7.7 and 15.5) was
prepared using tetraethyl orthosilicate as the silica source. The
resultant gel was then stirred overnight at ambient conditions
and subjected to microwave-hydrothermal conditions. Micro-
wave-hydrothermal synthesis was performed using the MARS5
microwave digestion system, wherein an in-situ monitoring

of the temperature and pressure was performed through a
pressure sensor and a fiber optic temperature probe. The
microwave-hydrothermal synthesis was performed under static
conditions at 373 K for 2 h using 300 W of microwave power.
The samples obtained with 7.7 and 15.5 mmol of sodium
chloride were designated S1 and S2, respectively.

Siliceous MCM-41 sample was prepared by employing
cetyltrimethylammonium bromide (CTAB, Aldrich) as a struc-
ture-directing agent and fumed silica (Cab-O-Sil) as the silica
source. Typically, a gel with a composition23 of SiO2/TMAOH/
CTAB/H2O (1.00:0.19:0.27:40) was subjected to crystallization
under microwave-hydrothermal conditions at 438 K for 4 h.

All the crystallized products were filtered, washed with
warm distilled water, dried at 383 K, and finally calcined at
813 K in air for 6 h. The calcined materials were then used
for characterization studies.

Characterization. X-ray diffraction patterns for the SBA-
15 and MCM-41 samples were recorded using a Philips X’pert
powder diffractometer system with Cu KR radiation with a
0.02° step size and 1 s step time over the range 0.5 ° < 2θ <
6°. The sodium content of various adsorbent samples was
determined using atomic absorption spectroscopy. The textural
properties of the samples were evaluated using nitrogen
adsorption/desorption measurements with an Autosorb-1 (Quan-
tachrome) unit. Nitrogen adsorption/desorption isotherms were
measured at 77 K after degassing samples below 10-3 Torr at
473 K for 4 h. The BET specific surface area (SBET) was
estimated using adsorption data in a relative pressure range
from 0.04 to 0.2. The external surface area, Sex, total surface
area, St, primary mesopore surface area, Sp, micropore volume,
Vmi, and primary mesopore volume, Vp, were estimated using
the Rs-plot method, as described elsewhere.24,25 Amorphous
nonporous silica (Thiokol, SBET ) 7.0 m2/g) was used as a
reference adsorbent. The mesopore size distribution (PSD) was
obtained by analyzing the adsorption data of the N2 isotherm
using the recently developed KJS (Kruk, Jaroniec, and Sayari)
approach.26 The pore diameter corresponding to the maximum
of PSD is denoted as WKJS. The total pore volume, Vt, was
estimated from the amount adsorbed at a relative pressure of
0.95.

Adsorption Isotherms Measurements. Adsorption iso-
therms for ethane and ethylene were measured using a
volumetric adsorption measurement unit at 303 and 323 K,
respectively. Typically, about 1 g of activated sample was
loaded in a volumetric adsorption unit, which was fitted with
two absolute pressure transducers (MKS model 122AA) in the
100 and 1000 mmHg range with an accuracy of 0.01 and 0.1
mmHg, respectively). The sample temperature was maintained
within 0.01 K using a JULABO F10 thermostatic circulating
bath. All the adsorbates used in the present study were UHP
grade (purity > 99.99%). At the end of the adsorption run,
desorption was carried out to check the reversibility of the
adsorption isotherm. All the measurements were performed
in duplicate to ensure the quality and reproducibility of the
data. The measured adsorption data were analyzed using the
Langmuir-Freundlich adsorption isotherm model.

Results and Discussion

Adsorbent Characterization. Calcined SBA-15 and
MCM-41 samples displayed well-resolved patterns com-
prising of a sharp and two long order weak peaks in
agreement with previously reported patterns. The XRD
peaks are indexed to a hexagonal lattice with d(100)
spacing corresponding to a large unit cell parameter,
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ao (Table 1). The sodium contents in the S0, S1, and S2
samples were found to be 0, 0.2, and 0.4 wt %, respec-
tively. All the synthesized samples exhibited uniform
pore size distribution (Figure 2) and a typical Type IV
adsorption-desorption isotherm of nitrogen character-
istic of a mesoporous solid (Figure 1). Furthermore,
nitrogen adsorption isotherms for SBA-15 displayed a
H1 hysteresis loop, which is typical of mesoporous

solids.24 The estimated textural parameters such as
specific surface area, SBET, total surface area, St,
external surface area, Sex, primary mesopore volume,
Vp, micropore volume, Vmi, total pore volume, Vp, and
mesopore size, WKJS, are compiled in Table 1. Interest-
ingly, the estimated micropore volumes for S0 and S1
samples were found to be significantly lower than those
observed for samples obtained under conventional hy-
drothermal conditions. As reported earlier, the unit cell
parameters and textural properties for the samples S1
and S2 are found to be lower than those observed for
S0. Furthermore, the ratio of WKJSSp/Vp is about 5.5,
4.2, and about 4.0 for the S1, S2, and MCM samples,
respectively. This in turn reflected the crystallization
of a uniform hexagonally packed cylindrical pore net-
work for sample S2, which could have a close structural
resemblance with MCM-41. (Note that for an array of
hexagonally packed cylindrical pores of MCM-41-type
material, the WKJSSp/Vp ratio is about 4.0, whereas it
is higher for SBA-15 due to the presence of framework
porosity). These results are in good agreement with
those reported earlier22 and also confirmed the struc-
tural as well as the adsorption crystallinity of the
adsorbent. The presence of micropore-free framework
in sample S2 is further confirmed by the platinum
inverse replication method27 wherein the formation of
individual Pt-nanowires (Figure 3) having a diameter
of about 5.5 nm is observed.

Adsorption Isotherms of C2 Hydrocarbons. Fig-
ure 4 depicts the adsorption isotherms for C2 adsorbates
measured at 303 and 323 K on various adsorbents. The
equilibrium adsorption capacities for these adsorbates
on various adsorbents at 1 atm are compiled in Table
2. The isotherms show that the adsorption capacity for
ethylene is substantially higher than that for ethane
on the S0 sample. However, such capacity is found to
decrease progressively on the S1 and S2 samples.
Interestingly, the adsorption capacity for ethylene on
MCM-41 is found to be higher as compared to that
noticed for MCM-41 like SBA-15 sample (S2). This
reflects the important role of surface area (Table 1) for
alkene uptake. To judge the role of sodium ions on olefin
uptake, the measured data are compared with the one
reported on Na+-zeolite Y.29 The reported equilibrium
capacities at 1 atm for ethane and ethylene on Na+-
zeolite Y were observed to be 2.3 and 1.8 mmol/g,
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Table 1. Textural Parameters for Various Adsorbent Samplesa

sample
ao
(Å)

WKJS
(Å)

Vt at
p/P ) 0.95

(cm3/g)
Vp

(cm3/g)
Vmi

(cm3/g)
SBET

(m2/g)
St

(m2/g)
Sex

(m2/g)
Sp

(m2/g) (WKJSSp)/Vp

S0 105.0 73 0.97 0.88 0.04 791 812 24.4 788 6.53
S1 84.2 52 0.51 0.44 0.02 517 527 37 490 5.7
S2 84.2 52 0.43 0.39 ∼0 336 341 19 322 4.2
MCM-41 59.0 40 0.76 0.76 0 734 795 16 779 4.1
a ao ) 2d100/x3. Sp ) St - Sex.

Figure 1. Nitrogen adsorption/desorption isotherm for vari-
ous adsorbent samples obtained under microwave-hydrother-
mal conditions at 77 K. The adsorption/desorption isotherms
for samples S0, S1, S2, and MCM-41 are shifted by 0, 300,
600, and 800 cm3 STP/g, respectively (closed symbol represents
adsorption branch; open symbol represents desorption branch).

Figure 2. Pore-size distribution for various adsorbent samples
based on KJS approach. The PSD curve for adsorbent S2 is
shifted by 0.01 cm3/Å/g.
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respectively, which are higher than those observed for
S0 and MCM-41 (Table 2). However, a poor selectivity
ratio of ethylene/ethane has been reported on Na+-
zeolite Y system. Furthermore, the selectivity for olefin
is reported to be increased via π-complexation through
Cu+/Ag+ ion exchange. Therefore, the presence of so-
dium in S1 and S2 samples is not believed to have any
significant role during ethane and ethylene uptake.

Evaluation of Equilibrium Isotherm Model. The
adsorption data were analyzed using the Langmuir and
Langmuir-Freundlich models by the nonlinear regres-
sion approach. The experimental data were well repre-
sented by the Langmuir-Freundlich adsorption iso-
therm model, i.e., VdVm bpn/(1 + bpn), where V is the
amount adsorbed at equilibrium pressure p in mmHg,
Vm is the monolayer adsorption capacity in mmol/g, and
b and n are Langmuir and Freundlich constants,
respectively. The equilibrium adsorption parameters so
obtained are also compiled in Table 2. It can be seen
that the Langmuir-Freundlich constant, b, which is a
measure of interaction between adsorbate and adsor-
bent for ethylene is found to increase gradually in the
order of S2 < S1 < S0 for various samples. This in turn
suggested a stronger interaction of ethylene molecules
with the adsorbent surface as a function of framework
porosity. In other words, the interaction of alkenes with
the surface of the adsorbent having higher framework
porosity is stronger than that with an adsorbent having
lower framework porosity. This trend strongly suggests
the important role of framework porosity in determining
olefin uptake on SBA-15-type frameworks.

Isosteric Heats of Adsorption. The isosteric heats
of adsorption (∆H) for various adsorbates are estimated
using the Clausius-Clapeyron equation (Table 2) and
their dependence on adsorption coverage is shown in
Figure 5. The heats of adsorption for ethylene on S0,
S1, S2, and MCM-41 samples were 8.4, 6.2, 4.6, and 5.0
kcal/mol, respectively, whereas those for ethane were
5.9, 5.8, 4.7, and 4.2 kcal/mol, respectively. The isosteric
heats of adsorption are found to be higher for ethylene
compared to ethane over the entire adsorption coverage.
Furthermore, a sharp drop in the heats of adsorption
for ethylene is noticed on S0 with an increase in
adsorption coverage, which reflected the presence of
surface heterogeneity in the form of specific adsorption
sites. Interestingly, such a sharp drop was not signifi-

Figure 3. Transmission electron micrograph for Pt-nanowires
produced from micropore free SBA-15 (Sample S2) framework.

Figure 4. Equilibrium adsorption isotherms for (a) ethane
and (b) ethylene on various adsorbents at 303 and 323 K.

SBA-15 Potential for Light Hydrocarbon Separation Chem. Mater., Vol. 15, No. 7, 2003 1477



cant on S1 and was not seen on S2 and MCM-41
samples. Such a trend has also indicated the absence
of specific adsorption sites on S2 and MCM-41 samples,
thereby revealing the surface homogeneity of these
adsorbents for ethylene molecules.

Role of Framework Porosity in Olefin Uptake.
Recently reported structural elucidation studies on SBA-
15 indicated the existence of micropores within the pore
walls of its mesopores.28 The origin of such micropores
is ascribed to the hydrophilic nature of poly(ethylene
oxide) (PEO) blocks of the template which causes them
to occlude deeply within the silica walls. Upon calcina-
tion of these deeply occluded parts of the template,
microporosity is generated in the framework.28 On the
other hand, such framework microporosity is completely
absent for MCM-41-type frameworks. Furthermore,
although specific sites for the adsorption of unsaturated
molecules have been recently found to reside in these
micropores, the role of the surface of SBA-15 in olefin
uptake was not established.20

Recently, the control over such framework porosity
was achieved in the presence of sodium chloride under
microwave-hydrothermal conditions.22 Furthermore, such
approach also led to a decrease in mesopore size of SBA-
15 framework. The control over framework porosity was
reported to be achieved due to the rapid dehydration of
PEO-blocks under the influence of microwaves and
creation of rapid hydrophobic environment around the
PEO-PPO-PEO micelles in the presence of sodium
chloride, owing to its self-hydration behavior. This in
turn resulted in the formation of micelles with a low
hydrodynamic volume, thereby reducing the penetration
of the PEO blocks inside the walls of the SBA-15
embryo, which is believed to lead to the formation of a
mesoporous framework with low degree of framework
microporosity and lower mesopore size as compared to
those obtained under conventional hydrothermal ap-
proach.

As the adsorbents employed in the present investiga-
tion have varying degrees of framework microporosity,

Table 2. Isosteric Heats (∆H) of Adsorption at Low Coverage, Equilibrium Adsorption Capacities (Q) at 1 Atm, and
Fitted Langmuir-Freundlich Constants (Vm, b, and n) for C2 Hydrocarbons on Various Mesoporous Silica Adsorbents

adsorbent adsorbate
∆H

(kcal/mol)
T
(K)

Q
(mmol/g)

Vm
(mmol/g)

b × 103

(mmHg1-) n

S0 ethane (C2H6) 5.9 303 0.56 2.72 0.75 0.88
323 0.38 2.62 0.45 0.89

ethylene (C2H4) 8.4 303 0.89 2.91 1.69 0.84
323 0.60 2.36 0.90 0.89

S1 ethane (C2H6) 5.8 303 0.22 2.18 0.26 0.88
323 0.16 1.61 0.15 0.95

ethylene (C2H4) 6.2 303 0.32 2.34 0.53 0.89
323 0.22 1.96 0.31 0.88

S2 ethane (C2H6) 4.7 303 0.17 2.07 0.34 0.88
323 0.12 1.44 0.29 0.91

ethylene (C2H4) 4.6 303 0.25 0.86 0.36 1.06
323 0.18 1.96 0.19 1.17

MCM-41 ethane (C2H6) 4.2 303 0.27 2.84 0.22 0.93
323 0.18 2.57 0.08 0.92

ethylene (C2H4) 5.0 303 0.48 2.32 0.60 0.92
323 0.34 2.47 0.34 0.92

Figure 5. Dependence of isosteric heats of adsorption for ethane and ethylene on various adsorbent samples with coverage.
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the obtained trends provide us an ideal platform to
understand and establish the influence of adsorption
sites during olefin uptake on SBA-15-type frameworks.
Therefore, an attempt has been made to correlate the
uptake and heats of adsorption trends observed on
various adsorbents in terms of their textural charac-
teristics.

On the basis of the textural parameters, sample S0
is found to have the highest degree of framework
microporosity followed by S1 and S2 and MCM-41.
Therefore, the number of specific adsorption sites for
olefin uptake can be visualized to increase in the order
of S2 ∼ MCM-41 < S1 < S0 on various adsorbents. This
is what has been observed in the present study. The
sample S0 displayed the highest uptake and affinity for
olefins and the drop in such affinity and uptake on S1
and S2 samples reinforced the role of framework mi-
croporosity. Further, a good agreement between the
heats of adsorption trends observed for samples S2 and
MCM-41 clearly demonstrated the importance of frame-
work microporosity in olefin uptake on SBA-15-like
mesoporous frameworks.

Conclusion

The present study demonstrates the ability of meso-
porous silica, SBA-15, for reversible uptake of light
hydrocarbons and its selectivity for light alkenes. The
adsorption selectivity is strongly influenced by frame-
work porosity, and tailoring the framework porosity
could result in control over adsorption selectivity. Thus
the potential of SBA-15 as a suitable adsorbent for light
hydrocarbon separation can be exploited by tailoring its
textural characteristics.
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