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Exploring the Potential of Mesoporous Silica, SBA-15, as
an Adsorbent for Light Hydrocarbon Separation
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Equilibrium adsorption isotherms for methane, ethane, ethylene, acetylene, propane, and
propylene have been measured for the first time on mesoporous silica, SBA-15, and the data
are analyzed by using the Langmuir—Freundlich adsorption isotherm model. The adsorption
capacities for ethylene and propylene are found to be higher than those for corresponding
alkanes. Likewise, adsorption of acetylene is more pronounced as compared to ethylene.
The isosteric heats of adsorption for various adsorbates estimated by the Clausius—Clapeyron
equation are higher for olefins and acetylene and are comparable with those reported for
m-complexation based systems. Such a trend has in turn suggested a higher affinity of SBA-
15 framework for alkenes over corresponding alkanes, which has been examined in terms
of the textural characteristics of SBA-15. It is suggested that SBA-15 can potentially be a
good adsorbent for separation of light hydrocarbons.

Introduction

The synthesis of ordered mesoporous materials in
1992 sparked worldwide interest in the field of hetero-
geneous catalysis and separation science.! However, the
poor hydrothermal stability of such materials has
restricted their applications. This placed an emphasis
on the search for new structures with new framework
compositions, which recently resulted in the synthesis
of ordered, hydrothermally stable mesoporous silica,
SBA-15,2 thus providing an opportunity for the develop-
ment of a wide range of applications in the fields of
adsorption, catalysis, and advanced materials.3~8 Ap-
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plications such as heavy metal remediation, sequestra-
tion, and controlled release of proteins have been de-
veloped by surface modification of the SBA-15 frame-
work via bonding of organosilanes.8=1 It has also been
found to be applicable as a waveguide and a mirrorless
laser.’® Such a wide range of applications has also pro-
vided new synthetic opportunities to obtain these ma-
terials in various meso- and macroscopic forms.1® Fur-
thermore, it has been successfully employed in the prep-
aration of mesoporous carbon and metal nanowires,
nanoballs, and nanocables by using the guest—host
approach.t7-20
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In comparison to these efforts, no attempt has been
made so far, to the best of our knowledge, to understand
and explore the potential use of SBA-15 as an adsorbent
with it especially pertaining to the separation of hydro-
carbons. Therefore, the main objective of the present
study is to investigate the adsorption properties of SBA-
15 with a view to understand its usefulness as an
adsorbent for commercially important light hydrocarbon
separation, particularly C, and C3 hydrocarbons. Thus,
equilibrium adsorption isotherms for methane, ethane,
ethylene, acetylene, propane, and propylene were mea-
sured by using the volumetric adsorption measurement
technique at 30 and 50 °C and the data were analyzed
using various models. The isosteric heat of adsorption,
adsorption capacity, and selectivities were estimated to
be able to learn about the usefulness of mesoporous
silica SBA-15 as an adsorbent for the separation of
hydrocarbons.

Experimental Section

Sample Preparation. Siliceous SBA-15 sample was pre-
pared by templating tetraethyl orthosilicate, TEOS, (Aldrich)
with a triblock poly(ethyleneoxide)—poly(propylene oxide)—
poly(ethylene oxide) (EO2PO7EQO2, My, = 5800, Aldrich)
under microwave-hydrothermal conditions as described else-
where.?t The crystallized product was filtered, washed with
warm distilled water, dried at 110 °C, and finally calcined at
540 °C in air for 6 h. The thus-obtained sample was subjected
to characterization.

Characterization. X-ray diffraction patterns were recorded
by using a Philips X'pert powder diffractometer system with
Cu Koas radiation, a 0.02° step size, and 1s step time over the
range 0.5° < 20 < 6°.

The textural properties of the samples were evaluated by
using nitrogen adsorption/desorption measurements with an
Autosorb-1 (Quantachrome) unit. Nitrogen adsorption/desorp-
tion isotherms were measured at —196 °C after degassing the
samples below 1072 Torr at 200 °C for 4 h. The BET specific
surface area (Sget) was estimated by using adsorption data
in a relative pressure range from 0.04 to 0.2. The external sur-
face area, Sey, total surface area, S, primary mesopore surface
area, Sp, micropore volume, Vi, and primary mesopore vol-
ume, V,, were estimated by using the os-plot method, as de-
scribed elsewhere.?>2> Amorphous nonporous silica (Sger = 7.0
m?/g, Thiokol) was used as a reference adsorbent. The calcula-
tion of mesopore size distribution (PSD) was performed by
analyzing the adsorption data of N, isotherm with the use of
the recently developed KJS (Kruk, Jaroniec, Sayari) ap-
proach.?* The pore diameter corresponding to the maximum
of PSD is denoted as Wkgs. The total pore volume, V., was esti-
mated from the amount adsorbed at a relative pressure of 0.95.

Adsorption Isotherms Measurements. Adsorption iso-
therms for methane, ethane, ethylene, acetylene, propane, and
propylene were measured by using volumetric adsorption
measurement unit at 30 and 50 °C. Typically, about 1 gm of
activated sample was loaded in a volumetric adsorption unit,
which was fitted with two MKS absolute pressure transducers
model 122AA (100 and 1000 mmHg range, 0.01 and 0.1 mmHg
accuracy, respectively). The sample temperature was main-
tained at 0.01 °C by using a JULABO F10 thermostatic
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Table 1. Textural Parameters of the SBA-15 Sample

a?, Wiis, Viatp/P= Vy, Vmi, Sger, St Sex, Sp° (Wkus
A 0.95,cclg cc/g cc/lg m?lg m?g m2lg m2lg Sp)/Vp

105 73 097 0.88 0.04 791 812 244 788 6.53
aa, = 2d100/v/3. P Sp = St — Sex.
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Figure 1. Nitrogen adsorption/desorption isotherm for SBA-
15 sample obtained under microwave—hydrothermal condi-
tions at —196 °C. (An inset shows a pore size distribution for
the sample based on KJS approach).

circulating bath. All the adsorbates used in the present study
were of UHP grade (purity > 99.99%). At the end of the
adsorption run, a desorption experiment was performed to
check the reversibility of the adsorption isotherm. All the
measurements were performed in duplicate to ensure the
quality as well as reproducibility of the data. The measured
adsorption data were analyzed by using the Langmuir—
Freundlich adsorption isotherm model.

Results and Discussion

Adsorbent Characterization. The calcined SBA-
15 sample displayed a well-resolved pattern with a
sharp peak in the range of about 0.8° and two long order
weak peaks in the range of about 1.6 and 1.7° which is
in agreement with the reported pattern.?® The XRD
peaks are indexed to a hexagonal lattice with d(100)
spacing corresponding to a large unit cell parameter a,
(Table 1). Typical nitrogen adsorption/desorption iso-
therms for the SBA-15 sample (measured at —196 °C)
and pore size distribution are shown in Figure 1. The
nitrogen adsorption/desorption isotherms are found to
be of type IV in nature as per the ITUPAC classification
and exhibited a H1 hysteresis loop, which is typical of
mesoporous solids.?® The estimated textural parameters
such as specific surface area SgeT, total surface area,
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Table 2. Isosteric Heats (AH) of Adsorption at Low
Coverage, Equilibrium Adsorption Capacities (Q) at 1
atm, and Fitted Langmuir—Freundlich Constants (Vm, b,
and n) for Various Hydrocarbons on Mesoporous Silica

SBA-15
AH, t, Q, Vi, b x 108,

adsorbate kJ/mol °C mmol/g mmollg mmHg?* n
methane (Hg) 20 30 0.11 1.44 0.08 1.04
50 0.09 231 0.09 0.92
ethane (CzHs) 59 30 0.56 2.72 0.75 0.88
50 0.38 2.62 045 0.89
ethylene (CzH4) 84 30 0.89 291 169 084
50 0.60 2.36 0.90 0.89
acetylene (CzHy) 9.8 30 1.55 4.15 422 075
50 1.11 341 224 081
propane (CzHg) 92 30 124 472 2.88 073
50 0.87 3.47 165 0.80
propylene (CsHs) 14.8 30 1.94 4.90 11.08 0.61
50 1.40 3.91 499 071

Table 3. Selectivity Ratio (Ratio of Pure Gas Adsorption
Capacity) at 1 atm for Various Hydrocarbon Gases on
Mesoporous Silica SBA-15

adsorption selectivity ratio at 1 atm

system 30°C 50 °C
ethane/methane 4.9 4.3
ethylene/ethane 1.6 1.6
propylene/propane 1.6 1.6
acetylene/ethylene 1.8 1.9
propane/ethane 2.2 2.3
propylene/ethylene 2.2 2.3

Sy, external surface area, Sex, primary mesopore volume,
Vp, micropore volume, Vy, total pore volume, V,, and
mesopore size, Wkys, are compiled in Table 1. The
obtained results confirmed the structural as well as the
adsorption crystallinity of the adsorbent.

Adsorption Isotherms of C, and C3; Hydrocar-
bons. Figure 2 depicts the adsorption isotherms for
various adsorbates measured at 30 and 50 °C, respec-
tively. The equilibrium adsorption capacities for various
hydrocarbons at 1 atm are compiled in Table 2. The
isotherms showed that the adsorption capacity for
unsaturated hydrocarbons is substantially higher than
the corresponding paraffin. For example, at 30 °C and
1 atm, 1.94 mmol/g of propylene was adsorbed as
compared to 1.24 mmol/g of propane. The following
trend in adsorption capacity was observed for various
hydrocarbons: propylene > acetylene > propane >
ethylene > ethane > methane. Further, the rise in the
adsorption capacity with pressure was higher for olefins
compared to that for the corresponding paraffin. Such
behavior was more pronounced in the case of the C3
hydrocarbons; that is, the increase in adsorption capac-
ity is much higher for propylene than for propane with
pressure. Because of the nonpolar nature of the adsor-
bent surface, this may be ascribed to the higher quad-
rupole moment of olefin molecules over corresponding
paraffins. The adsorption capacities for propylene and
propane on SBA-15 are comparable to those reported
for silica gel.2> The pure-component adsorption ratios
for ethane over methane and propane over ethane at
30 °C and 1 atm are observed to be 4.9 and 2.2, re-
spectively (Table 3). Furthermore, adsorption capacity
ratios for propylene/propane and ethylene/ethane are
found to be about 1.6. The pure-component adsorption
ratio for propylene over ethylene is about 2.2 at 30 °C.
On the other hand, adsorption of acetylene is favored
over ethylene by a ratio of about 1.8.
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Figure 2. Equilibrium adsorption isotherms for various
hydrocarbons on SBA-15 at 30 and 50 °C.

Evaluation of Equilibrium Isotherm Model. The
adsorption data were analyzed with the use of Langmuir
and Langmuir—Freundlich models by nonlinear regres-
sion approach. The experimental data were well repre-
sented by the Langmuir—Freundlich adsorption iso-
therm model, that is, V = Vybp"/(1 + bp") where V and
Vm are the amounts adsorbed at equilibrium pressure
p in mmHg and 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 constants
b, which is a measure of interaction between adsorbate
and adsorbent, of unsaturated hydrocarbons are higher
than those of saturated ones, thus suggesting a stronger
interaction of former molecules with the adsorbent
surface.

Isosteric Heats of Adsorption. The isosteric heats
of adsorption (AH) for various adsorbates are estimated
by using the Clausius—Clapeyron equation (Table 2),
and their dependence on adsorption coverage is shown
in Figure 3. The heats of adsorption for propylene,
propane, ethylene, ethane, methane, and acetylene were
14.8,9.2, 8.4, 5.9, 2.0, and 9.8 kJ/mol, respectively. The
isosteric heats of adsorption are found to be higher for
ethylene and propylene when compared to ethane and
propane, respectively, over the entire adsorption cover-
age. The heats of adsorption of acetylene are higher than
those obtained for ethylene. Furthermore, a sharp drop
in the heats of adsorption is noticed for unsaturated
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Figure 3. Dependence of isosteric heats of adsorption for C,
C,, and C; hydrocarbons on SBA-15 with coverage.

hydrocarbons, particularly for propylene, with an in-
crease in adsorption coverage. Heats of adsorption for
propylene on SBA-15 are also found to be higher than
those reported for silica gel.2> The dependence of heats
of adsorption of ethane and methane on adsorption
coverage is not significant. High heats of adsorption
observed for unsaturated hydrocarbons, particularly for
propylene, reflected the presence of surface heterogene-
ity in the form of specific adsorption sites for these
molecules in the SBA-15 framework. The presence of
specific adsorption sites is explained below on the basis
of textural characteristics of the adsorbent.

Origin of Specific Adsorption Sites. Recently
reported structural elucidation studies on SBA-15 in-
dicated the existence of micropores within the pore walls
of its mesopores.?6 The origin of such micropores is
ascribed to the hydrophilic nature of poly(ethylene
oxide) (PEO) blocks of the template that are expected
to be deeply occluded within the silica walls, which,
upon calcination, are responsible for the generation of
microporosity.?6 Such deep occlusion of EO blocks has
also been confirmed by means of NMR investigations.?’
Furthermore, quantitative measurements by X-ray dif-
fraction have shown the existence of microporous corona
around the mesopores of SBA-15 as a result of such
occlusion.?8 In view of these aspects, the SBA-15 frame-
work is visualized as a complex network consisting of
an array of mesopore—micropore networks instead of
an array of uniform mesoporous networks like other
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ordered mesoporous silica such as MCM-41. The com-
plexity of the SBA-15 framework has also been con-
firmed on the basis of the detailed nitrogen adsorption—
desorption measurements wherein it is found to exhibit
a relation between the pore size, pore volume, and
specific surface area (WS/V =5.8—10.8, where W, S, and
V are the mesopore size, mesopore surface area, and
mesopore volume, respectively), which is significantly
different from that for circular or hexagonal pores of
MCM-41 type of material (WS/V = 4.0—4.4).28

The presence of micropores in the sample used in the
present adsorption studies is confirmed by the as-plot
(Table 1). The presence of micropores is further rein-
forced by the relation between mesopore size, surface
area, and volume (WS/V = 6.5, Table 1). Thus, we
believe that adsorption sites are in the form of these
micropores. So, adsorbate molecules are transported to
these sites through mesopores where they are expected
to adsorb strongly. Additional support for the proposed
adsorption sites can be obtained by performing the
adsorption studies on SBA-15 samples with controlled
porosity. Recently, both postsynthesis and in situ syn-
thesis methodologies have been proposed to achieve
control over the microporosity of the SBA-15 frame-
work.28.29 Currently, we are investigating these aspects
in detail.

Adsorption Selectivity. The higher adsorption ca-
pacities and heats of adsorption observed for unsatur-
ated hydrocarbons as compared to corresponding al-
kanes indicate a possibility of SBA-15 acting as a
medium for adsorptive separation of the hydrocarbon
mixtures. In fact, for the last 50 years, these separations
have continued to be accomplished through cryogenic
processes (distillations) which are very energy intensive
due to close relative volatilities.3® Therefore, many
alternatives are being investigated31.32:33.34-39 || over
the world to achieve this separation, among which
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tures: ‘, CzH4/C2H6; A, Cz H2/CzH4; o, C3H5/C3H8; X, C3H6/
C,H.. X419 and X;2 are gas and adsorbed phase compositions of
ethylene/acetylene/propylene.)

adsorption-based processes are emerging as prominent
candidates. The key factor for the commercial viability
of the adsorption process is the availability of a selective
adsorbent.

To explore the potential of SBA-15 as an adsorbent,
we have estimated adsorption selectivities for the binary
mixtures of ethane/ethylene, acetylene/ethylene, propane/
propylene, and ethylene/propylene by using the ex-
tended Langmuir—Freundlich model,*%2 which is given
by Vi = (Vm)ibipi"/(1 + bipi"t + byp,"2), where p; are
partial pressure, b; are the Langmuir constants, and n;
are Freundlich constants for component i. V; are the
amounts adsorbed from the mixture and (V)i are the
monolayer capacities for component i.

Thus, for a two-component (1 and 2) system, the
amount of adsorption of each component can be ex-
pressed as Vi = (Vm)1b1p1"/(1 + byps" + bop,"?) and V,
= (Vim)2b2p2"%/(1 + bipi™ + bop2n?) and the total volume
adsorbed can be expressed by V = V; + Vo = {(Vm)1bip1™
+ (Vim)2b2p2"2} /(1 + byps"t + bop,"?). The adsorbed phase
composition with respect to component 1 (X;2) can also
be obtained from the ratio of the amount adsorbed of
component 1 to the total volume, that is

xla =V /V= (Vm)lblplnl/{ (Vm)lblplnl +
(Vin)22P,"} = 1L + (Vi) o0op,/(V ) by ™) (1)

On the basis of the above equation, for a given gas-phase
composition, X;2 can be calculated from the values of
the L—F constants for the two pure gases. Adsorption

(40) (a) Barrer, R. M. Zeolites and Clay Minerals as Sorbents and
Molecular Sieves; Academic Press: London, 1979. (b)Yang, R. T. Gas
Separation by Adsorption Process; Butterworth: Boston, 1987.
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Figure 5. Variation of olefin selectivities (o) as a function of
gas-phase composition at 30 °C. (Suffix 1 is for ethylene (CzH,),
acetylene (CzH), and propylene (CsHg) in binary mixtures: 4,
C2H4/C2H5; o, C3H6/C3H3; A, C2H2/C2H4; X, C3H5/C2H4. Xlg is
the gas-phase composition of ethylene/acetylene/propylene.)

selectivity (i) in a binary mixture can also be calcu-
lated from adsorbed phase and gas-phase compositions
of the two gases by using the relation, Oy, = X32-X,9/
X19-X28.

The predicted adsorbed phase compositions and ad-
sorption selectivities for binary mixtures of ethane/
ethylene, acetylene/ethylene, propane/propylene, and
ethylene/propylene are shown in Figures 4 and 5,
respectively, as a function of gas-phase composition. The
results show a high selectivity for propylene over
propane and ethylene over ethane. Likewise, the selec-
tivity for the binary mixture of acetylene/ethylene
displays high selectivity for acetylene over ethylene.
Such a trend is anticipated as the stronger component
is expected to dominate in mixture adsorption.%® High
adsorption selectivity of olefin at low gas-phase concen-
tration decreases with increase in olefin concentration
in the gas phase. Such high selectivity for unsaturated
hydrocarbons over corresponding alkanes at low gas-
phase concentration makes SBA-15 an attractive ad-
sorbent for olefin enrichment of lean hydrocarbon
streams. The average selectivity of about 4 observed for
C, and Cj3 olefins over corresponding alkanes is ad-
equate to be able to design separation processes based
on pressure/vacuum swing adsorption principles.*!

Conclusion

Mesoporous silica, SBA-15, shows a reversible uptake
of light hydrocarbons and is selective for light alkenes.

(41) Jasra, R. V.; Choudary, N. V.; Bhat, S. G. T. Sep. Sci. Technol.
1991, 27, 885.



Exploring the Potential of Mesoporous Silica

The adsorption selectivity is ascribed to the presence
of micropores in the walls of the SBA-15 framework,
which could be tailored. The high adsorption capacity
and selectivity for unsaturated hydrocarbons over satu-
rated hydrocarbons shows the potential of SBA-15 as a
suitable adsorbent for light hydrocarbon separation.
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