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‡Laboratorio de Soĺidos Porosos, INFAP, CONICET-Universidad Nacional de San Luis, Chacabuco, 917, 5700 San Luis, Argentina

*S Supporting Information

ABSTRACT: The adsorption of CO2 on several microporous materials has been measured at various temperatures (263, 273,
283, and 293 K) over a wide range of pressures. The porous materials studied were three zeolites (5A, 13A, and 13X), two
metal−organic frameworks (Basolite A100 and Basolite Z1200), an activated carbon, and two pillared clays (Al-PILC and Zr-
PILC). The data obtained were fitted to the Freundlich, Langmuir, and Toth isotherms. Various methods were used to calculate
the Henry’s law constants. The values found for the zeolites, which ranged from 8.95 to 36.02 mmol/kPa·g at 273 K, were much
higher than those for the metal−organic frameworks, activated carbon, and pillared clays, which ranged from 0.012 to 0.200
mmol/kPa·g at the same temperature. The isosteric heats of adsorption of CO2 on the materials were calculated using the
Clausius−Clapeyron equation, and the adsorbent−CO2 affinity was found to increase in the order Z1200 ≈ 13X ≈ 13A < 5A <
Zr-PILC < A100 ≈ AC ≈ Al-PILC at low loadings.

1. INTRODUCTION

The ever-increasing global population and degree of industri-
alization mean that energy consumption is growing rapidly.
Indeed, according to recent forecasts, energy demand will
increase by 53% by 2035.1 As fossil fuels still remain the
predominant energy source, emissions of anthropogenic CO2
must be reduced to control this source of greenhouse gas.2

Carbon capture and storage (CCS) from flue gas is a valuable
option for reducing CO2 emissions into the atmosphere that
has received considerable attention in recent years.3−5 Current
CCS schemes employ a series of technologies for the capture of
CO2, followed by its compression, transport, and permanent
storage. In this context, absorption, adsorption, membrane
separation, and cryogenic methods have been developed to
separate and capture CO2. CCS methodologies also comple-
ment other strategies, such as switching to lower-carbon fuels,
improving energy efficiency, and phasing in the use of
renewable energy sources.
Although physical and chemical absorption using aqueous

solutions of alkanolamine or chilled ammonia are currently
used6 for the large-scale capture of CO2, this process suffers
from several drawbacks that hamper its implementation,
including high energy consumption, equipment corrosion,
toxicity, poor chemical stability, poor mass-transport efficiency,
and flow problems caused by viscosity.7 To reduce the costs of
capturing CO2, alternative techniques have focused on research
into innovate materials with high adsorption capacities and high
selectivities for use in adsorption technologies involving
electrical-, pressure-, temperature-, or vacuum-swing-based
adsorption systems.8 The solid adsorbents considered for use
in CO2 capture because of their high adsorption capacities
include zeolites,9−16 activated carbons,9,17−22 amine-function-
alized mesoporous silicas,23 hydrotalcite,24,25 hydroxy metal
carbonates,26 and metal−organic frameworks (MOFs).27−30

However, systematic comparisons of CO2 capture using several
adsorbents have rarely been reported in the literature. Some of
the properties that such porous materials must present include
a highly reversible CO2 adsorption capacity at ambient
pressures and temperatures; rapid kinetics; a low H2O
adsorption capacity at low partial pressures of H2O; high
selectivity for CO2 over H2O and N2; complete regenerability
with a low heat of adsorption, thus allowing for easy
regeneration at moderate temperatures; stability over a large
number of cycles; good hydrothermal stability with high
attrition resistance; high bulk density; and low cost.
Activated carbons have been proposed to be the most

suitable materials for CO2 capture as their adsorption
performance is dependent on their pore structure and their
surface chemical properties.31 Although the capture capacities
of activated carbons are, in general, lower than those of zeolites
at low pressure and under ambient conditions, activated
carbons present a series of advantages as CO2 adsorbents,
such as higher capacities at higher pressures, ease of
regeneration, low cost, and low moisture sensitivity.32 Other
types of carbonaceous sorbents have also been considered for
CO2 capture.

33,34

Both zeolites and active carbons have traditionally been used
in separation technology, especially pressure-swing-adsorption
(PSA) processes.9,23,35−38 The most widely used such material
is probably the zeolite 13X, which is the main adsorbent for
commercial hydrogen production using PSA39 and can also be
used to recover CO2 from a binary mixture.40 However,
although zeolites are known to be suitable for PSA applications,
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their regeneration requires significant energy input,4 and they
tend to be more expensive than carbonaceous adsorbents.
MOFs are a new type of porous material with unique

structural properties. As such, they have received a great deal of
attention because of their large surface areas, tunable pore sizes,
and large accessible pore volumes, which confer them with
significant advantages over traditional adsorbents such as
zeolites.30,41,42 These adsorbents are therefore ideal for
applications in gas adsorption and storage.43−45 In the specific
case of CO2 capture and storage, the selectivity of zeolitic
imidazolate frameworks (ZIFs) has been highlighted.46−48

However, the industrial application of MOFs is restricted by
their low thermal stability compared to zeolites and carbona-
ceous adsorbents. In contrast to many MOFs, the MIL
(Materials of the Institut Lavoisier) series of frameworks and
ZIFs exhibit high thermal stabilities.4,49 Other solid materials of
interest as a result of their high surface areas and important role
as sorbents in environmental applications are pillared
interlayered clays (PILCs),50 which have also found widespread
use as catalytic supports. Although the preparation and
characterization of these materials has been widely reported,
few studies have investigated their ability to retain and separate
gases.51−54

Adsorption equilibrium and kinetic studies are essential
during the design, simulation, and development of separation
processes and are currently used to provide information when
characterizing the type of adsorbent−adsorbate interactions
involved. Likewise, such studies are also essential when
validating and developing models and theories to describe the
behavior of such processes. In this sense, adsorption
equilibrium, isosteric heat, and kinetic data are used to evaluate
the adsorption capacity, selectivity, and adsorbent selection
parameters for the storage, separation, and purification of gases
and gas mixtures.55,56 Although adsorption equilibrium data for
several gases on zeolites, activated carbons, and MOFs have
been extensively reported, to the best of our knowledge, very
few data are available for CO2 under the conditions used
herein. Furthermore, none of the previous reports involved a
systematic study of several types of microporous commercial
adsorbents under the same conditions.
The aim of this work was therefore to undertake a systematic

study of the adsorption equilibrium of CO2 on three zeolites,
two MOFs, an activated carbon, and two pillared clays at near-
room temperatures and low pressures to provide valuable
information that could be useful when selecting appropriate
adsorbents for economical storage, as well as to provide reliable
adsorption equilibrium data, which are currently not available in
the open literature for some of these materials.

2. EXPERIMENTAL SECTION
2.1. Materials. The porous adsorbents used in this work

were commercial materials, including three synthetic zeolites
(5A, 13A, and 13X), two MOFs (A100 and Z1200), an
activated carbon (AC), and two synthetic pillared clays (Al-
PILC and Zr-PILC).
2.1.1. Zeolites. The structure of zeolite A consists of eight

sodalite cages located at the corners of a cube and joined
through a four-membered oxygen ring. This arrangement forms
a large polyhedral α cage with a free diameter of about 1.14 nm
that can be accessed through eight-membered oxygen windows.
The stacking of these units in a cubic lattice gives a three-
dimensional isotropic channel structure that is constricted by
the eight-membered oxygen rings.57 Zeolites 5A (Fluka) and

13A (Merck) are the calcium and sodium forms of molecular
sieves and present pore sizes of 0.5 and 1.0 nm, respectively.
Zeolite X presents a faujasite-type framework structure that

can be thought of as a tetrahedral lattice of sodalite units
connected through six-membered oxygen bridges or, equiv-
alently, as a tetrahedral arrangement of double six-ring units.
The resulting channel structure is open, with each cage
connected to four other cages through 12-membered oxygen
rings with a free diameter of around 0.74 nm.57 Zeolite 13X
(Sigma-Aldrich) is a sodium-modified molecular sieve with a
pore diameter of 0.74 nm.

2.1.2. Metal−Organic Frameworks. Basolite A100 is a
Sigma-Aldrich trademark for the MIL-53 MOF. This MOF has
a structure built from infinite chains of corner-sharing
MO4(OH)2 octahedra (in this case, M = Al3+) interconnected
by dicarboxylate groups.58 The structure is a tridimensional
metal−organic framework containing a single pore size (free
diameter close to 0.85 nm) and diamond-shaped channels.59

Basolite Z1200 is a Sigma-Aldrich trademark for the ZIF-8
MOF. ZIF (zeolitic imidazolate framework) materials are a
subfamily of MOFs in which the crystalline structures
composed of metal ions and organic linkers are ordered in a
manner similar to that of silicon and oxygen in zeolites. ZIF-8 is
composed of Zn(MeIM)2 (MeIM = 2-methylimidazolate) with
a sodalite-type structure and exhibits an interesting pore
topology. The internal cavities of this material have a diameter
of 1.16 nm, with an aperture diameter of 0.34 nm.47

2.1.3. Carbon Material. The activated carbon used in this
work is sold by Sigma-Aldrich as Darko KB-B. This material is a
noncrystalline solid with a slit pore geometry between two
graphene layers.

2.1.4. Pillared Interlayered Clays. Inorganic pillared
interlayered clays (PILCs) are prepared by exchanging the
charge-compensating cations present in the interlamellar space
of swelling clays with hydroxy metal polycations. Upon
calcination, the inserted polycations yield rigid, thermally stable
oxide species that hold the clay layers apart and prevent their
collapse. Pillared clays have been used in several applications,
such as catalysis, adsorption, and ion exchange.50 The synthesis
of the alumina and zirconia pillared clays used in this work has
been reported previously.60

2.2. Adsorption Experiments. Nitrogen (Air Liquide,
99.999%) adsorption experiments at 77 K were performed
using a static volumetric apparatus (Quantachrome Autosorb-
iQ). Carbon dioxide (Air Liquide, 99.998%) adsorption
measurements at 263, 273, 283, and 293 K were performed
using a different static volumetric apparatus (Micromeritics
ASAP 2010 adsorption analyzer). The adsorption temperatures
were controlled using a circulating thermostatic bath
(Polyscience, model 9702) containing Dynalene HC-50 as
the heat-transfer medium. The materials were placed in a
sample holder and immersed in a dewar containing the same
liquid for precise temperature control. All samples (0.2 g) were
degassed for 24 h at 473 K and a pressure lower than 0.133 Pa
prior to use.

3. MATHEMATICAL MODELS AND THEORY
3.1. Adsorption Isotherms. Various isotherm equations

have been proposed to describe the experimental data from the
adsorption of gases on porous materials. In this work, three
isotherm equations, namely, the Freundlich, Langmuir, and
Toth equations, were used to describe the experimental carbon
dioxide adsorption results.61 The first two equations are widely
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used and can be useful for comparison reasons, whereas the
Toth equation is more appropriate for heterogeneous micro-
porous solids, as the estimation of its parameters can provide
information regarding the heterogeneity of the material. The
three isotherm equations used in this work are given by

Freundlich equation

=C k p m
F

1/ F (1)

Langmuir equation

=
+

C
C k p

k p1
0 L

L (2)

Toth equation
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+
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1/T T (3)

where C (mmol/g) is the amount adsorbed, C0 (mmol/g) is
the monolayer capacity, ki is the equilibrium constant (kF) or
the binding affinity (kL and kT), and mi characterizes the
heterogeneity of the system and the mobility of the molecules
adsorbed.61 According to Toth,62 values of mT higher than 1 are
indicatives of heterogeneous surfaces where the adsorbent−
adsorbate interactions are greater than those between the
molecules adsorbed. The parameters were estimated
independently for every temperature by nonlinear regression.
Although the parameters ki and mi are temperature-

dependent,61,63 this dependence is complex, and Do proposed
that kF and mF are not independent. In this work, the
temperature dependence of the parameters is described using
an Arrhenius-type equation with parameters ai, bi, Ai, and Bi
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3.2. Henry’s Constant. This constant is an important
characteristic of adsorption because it provides an indication of
the strength of adsorption and the isosteric heat of adsorption
at low pressure. Various methods for obtaining Henry’s
constant are presented and compared in this work. Thus,
Henry’s constant (H) can be obtained directly from the
isotherm (limiting slope) if it is linear at the lowest pressure
limits. If sufficient low-pressure data are unavailable, the
method suggested by Ruthven64 provides a reliable means for
determining H values, using the virial equation of adsorption,
expressed as

= + + + ··· +p C A A C A C A Cln( / ) m
m

0 1 2
2

(6)

where Am represents the virial coefficients, which include
horizontal interactions between the adsorbed molecules.62 A0 is
related to the Henry’s constant (Hvirial) as

65

= −H Aexp( )virial 0 (7)

Several statistical tools, including the adjusted coefficient of
determination, a residuals analysis, and an F test (probability of
5%), were used herein to obtain the number of virial
parameters with significance.66 The best fit was found for six
statistically significant coefficients.
The limiting-slope method is more accurate than other

methods if sufficient data in the low-pressure regime are

available. The virial expression is useful if there is a need to
extrapolate the data at lower pressures from the data available at
higher pressures.
The product of the parameters C0 and kT in the Toth

equation also gives Henry’s constant (HToth).
67

The temperature dependence of the Henry’s constant (Hi)
can also be described using an Arrhenius-type equation

=
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RT
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i
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where the two parameters Ci and Di are found by fitting the
values obtained at several temperatures.

3.3. Heat of Adsorption. Adsorption leads to temperature
changes that can be significant and therefore need to be taken
into account when designing an adsorption-based separation
process. These heat effects can be described by the isosteric
heat of adsorption and can be determined from the amount of
gas adsorbed. The isosteric heat defines the energy change
resulting from the phase change (gaseous phase to adsorbed
phase) of an infinitesimal number of molecules at constant
pressure and temperature and a specific adsorbate loading.
Thermodynamically, it can be expressed as the difference
between the molar enthalpy in the gas phase and the differential
enthalpy in the adsorbed phase

= − ∂
∂

⎡
⎣⎢

⎤
⎦⎥q h

H
n T

st
g

m

m
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where Hm is the specific enthalpy of the adsorbed phase and nm

is the specific amount adsorbed. The superscript m denotes that
the variables are measured Gibbs excess variables.68

One method that is widely used to calculate the isosteric heat
of adsorption involves the application of the Clausius−
Clapeyron equation,68 which relates the isosteric heat to the
pressure change of the bulk gas phase as a consequence of a
temperature change for a constant amount adsorbed

= −
∂

∂
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st

(10)

where p (kPa) is the equilibrium pressure, n is the amount of
gas absorbed at temperature T (K), and R (kJ/mol·K) is the
universal gas constant. The use of this equation is based on the
assumptions that the bulk gas phase behaves in an ideal manner
and that the volume of the adsorbed phase can be neglected.
These two assumptions are reasonable at low pressures but
might not be true at higher pressures. The isosteric heat can be
obtained from the experimental isotherms at various temper-
atures by plotting ln p versus 1/T for a constant loading n. The
isosteric heat corresponds to the slope of the straight line.

4. RESULTS AND DISCUSSION
4.1. Textural Properties. The nitrogen adsorption

isotherms for all materials studied are shown in Figure 1.
Their textural properties are summarized in Table 1. The
specific surface areas (SBET) were estimated using the
Brunauer−Emmett−Teller (BET) equation69 according to the
criteria suggested by Rouquerol et al.70 A nitrogen molecule
cross-sectional area of 0.162 nm2 was considered.69 The total
pore volume (Vp,T) was calculated from the amount of nitrogen
adsorbed at a relative pressure of 0.985, assuming that the
density of the nitrogen condensed in the pores is equal to that
of liquid nitrogen at 77 K (0.81 g/cm3).71 The micropore
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volume [Vμp(N2)] was calculated using the αs-plot method,
69

with nonporous hydroxylated silica as the reference adsorbent72

for 5A, 13A, 13X, Al-PILC, Zr-PILC, A100, and Z1200
materials and the nonmicroporous activated carbon CarbonA as
the reference adsorbent73 for the AC material. The micropore
volume [Vμp(CO2)] was also calculated using the Dubinin−
Radushkevich equation74 over the relative pressure range 0.01−
0.034 for carbon dioxide adsorption at 273 K assuming that the
density of CO2 liquid at 273 K is 1.073 g/cm3.
From the results presented in Figure 1, the nitrogen

adsorption isotherms of the materials under study show the
following behavior: (i) a type I isotherm shape (according to
the IUPAC classification75) at low relative pressure, due to
strong adsorbent−adsorbate interactions caused by adsorption
in micropores;71 (ii) at high relative pressures (p/p°) up to 0.8,
a slight increase in the amount adsorbed in zeolites, MOFs, and
PILCs and a more pronounced increase for AC, thus resulting
in a combined type I/II isotherm and a plateau that can clearly
be seen in the case of Z1200; and (iii) at higher relative
pressures (0.8 < p/p° < 1), a rapid increase in the amount
adsorbed for all materials due to the filling of large mesopores,
macropores, or interparticle spaces, especially in the case of
sample A100.

A comparison of the specific surface areas (SBET) for all
adsorbents listed in Table 1 gives the order Z1200 > AC > 13X
> 5A > 13A ≈ A100 > Zr-PILC > Al-PILC. Similarly, the
Vμp(N2) values for the samples give the order Z1200 > AC >
13X > 5A > 13A > A100 > Zr-PILC > Al-PILC, and the
Vμp(CO2) values yield the order A100 > Z1200 > AC > 13X >
13A > 5A > Zr- and Al-PILC. In the A100 material, for which
Vμp(N2) < Vμp(CO2), there is a narrow microporosity that
cannot be measured with N2 adsorption. On the contrary, the
Z1200 material [Vμp(N2) > Vμp(CO2)] presents large micro-
pores. In general, the MOF materials present the largest
micropore volumes, and the PILC samples present the smallest.

4.2. Carbon Dioxide Adsorption. High-resolution CO2
adsorption equilibrium isotherms up to 1 atm for all of the
solids investigated are presented in Figures 2 and S1 of the

Supporting Information. As shown in Figure 2, the CO2
adsorption capacities of the sorbents follow the order 13X >
13A > 5A > A100 > AC > Z1200 > Al-PILC > Zr-PILC, thus
showing that the zeolites exhibit higher CO2 capacities than the
other porous solids. These results indicate that the adsorption
capacities of the materials depend on both the textural
properties, such as specific surface area or pore volume, and
the pore-size distribution and formation of carbonate species.
Several types of carbonate species could be formed according to
the presence of coordinatively unsaturated sites in the
neighborhhod and explain the adsorption behavior found.
Zeolites exhibit a much narrower microporosity in the
ultramicropore region.76 The CO2 adsorption capacities of
A100 and AC increased much more rapidly with pressure than
those of the other materials. In Figure S1 (Supporting
Information) are shown the CO2 isotherms for various
temperatures, where it is important to note that, as expected
for exothermic processes, the amount adsorbed by each sample
decreased with increasing temperature.
The parameters of the Freundlich, Langmuir, and Toth

equations were estimated independently for each temperature
by nonlinear regression, and the values obtained are presented
in Table S1 (Supporting Information). Considering the
experimental pressure range as a whole, the experimental
points are much better described by the Toth model than by

Figure 1. N2 adsorption on the microporous materials at 77 K: (■)
5A, (□) 13A, (◊) 13X, (○) A100, (●) Z1200, (⧫) AC, (▲) Al-PILC,
and (Δ) Zr-PILC.

Table 1. Textural Properties Derived from N2 Adsorption at
77 K and CO2 Adsorption at 273 K

material
SBET

a

(m2/g)
Vp,T

b

(cm3/g)
Vμp(N2)

c

(cm3/g)
Vμp(CO2)

d

(cm3/g)

5A 610 0.31 0.20 0.20
13A 460 0.35 0.15 0.22
13X 655 0.38 0.22 0.25
A100 465 1.05 0.13 0.57
Z1200 1925 0.77 0.63 0.37
AC 1370 1.12 0.36 0.35
Al-PILC 200 0.12 0.07 0.10
Zr-PILC 310 0.18 0.10 0.10
aSpecific surface area calculated using the BET equation. bSpecific
total pore volume at a relative pressure of 0.985. cSpecific micropore
volume obtained by the αs-plot method.

dSpecific micropore volume
derived from the Dubinin−Radushkevich (DR) equation.

Figure 2. CO2 adsorption on the microporous materials at 273 K: (■)
5A, (□) 13A, (◊) 13X, (○) A100, (●) Z1200, (⧫) AC, (▲) Al-PILC,
and (Δ) Zr-PILC.
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the Freundlich and Langmuir isotherms, thus indicating that
the Toth isotherm, which assumes a quasi-Gaussian distribution
of surface energy, is more suitable for describing the behavior
found. The experimental results also show that the Freundlich
isotherm can describe the behavior found for MOFs, activated
carbon, and pillared clays because it does not have a finite limit
when the pressure is sufficiently high.
The inhomogeneity of the material surface is described by

the parameter m in the Freundlich and Toth isotherm
equations. mF is greater than 1, and mT is less than 1 in all of
the materials studied herein (see Table S1, Supporting
Information), thus indicating the heterogeneity of the surfaces.
The only exception was found for the sample Z1200, although
this is most likely due to the homogeneous surface of this
material and the linear adsorption isotherm obtained.
Arrhenius-type eqs 4 and 5 were used to describe the

temperature-dependence of the parameters ki and mi in the
Freundlich, Langmuir, and Toth equations. The values of all the
parameters, as estimated by nonlinear regression, are given in
Table S2 (Supporting Information).
An accurate value for the Henry’s law constant is necessary to

determine the adsorbate−adsorbent interactions that character-
ize adsorbent heterogeneity and adsorption affinity. As such,
Henry’s constants were calculated by the methods presented in
section 3.2; the results are summarized in Table 2. A
semilogarithmic plot of the isotherms measured at 273 K is
presented in Figure S2 (Supporting Information) to magnify
the Henry’s law regime. Clear differences can be seen among
the data obtained using a virial-type isotherm, those obtained in
the low-pressure region, and those estimated from the Toth
isotherm. The product of the parameters C0 and kT in the Toth
isotherm allows the Henry’s constant to be calculated.
However, because these parameters are generally fitted to
describe a wide pressure range, the fit between the model and
the experiment is not perfect in the low-pressure range in most
cases. Additionally, Toth isotherms reduces to Henry’s law only
if the limiting conditions are: mT = 1 (homogeneous surface)

and kTp ≪ 1. This explains the differences between the values
obtained for the zeolites and for the pillared clays using this
method. Only four experimental data points were used to
calculate Henry’s constant from the adsorption isotherm in the
low pressure limits. Although several authors14,77−82 have
suggested that the virial equation provides a reliable method of
calculating the Henry’s law constant with good accuracy, the
polynomial grade used is not fixed in all cases. The same
authors also indicated that this approach is simply a polynomial
fitting with no starting assumptions regarding the adsorption
process but that nevertheless provides a precise extrapolation of
the adsorption constant at zero coverage. A comparison of the
Henry’s law constants for the adsorbents showed that those for
the zeolites are higher, thus indicating stronger adsorption on
these materials than on the MOFs, activated carbon, or pillared
clays. The Henry’s law constants at 273 K were in the ranges of
9−36 mmol/kPa·g for the zeolites and 0.01−0.20 mmol/kPa·g
for the other materials.

4.3. Isosteric Heat of Adsorption. The isosteric
adsorption technique was used to calculate the heats of
adsorption to provide information about the interaction
between the adsorbate molecules and the adsorbent surfaces.
It is also considered to be a sensitive probe for adsorption on
nonuniform surface, reflecting the heterogeneity in the
distribution of surface energy of the material as well. The
isosteric heat, qst (kJ/mol), was calculated from the adsorption
isotherms at several temperatures by using the Clausius−
Clapeyron expression (eq 10). For these calculations, each
isotherm was converted to an adsorption isostere by plotting
ln p as a function of reciprocal absolute temperature (1/T) at a
given adsorbed amount (up to 3.5 mmol/g), thus resulting in
straight lines from which the isosteric heat could be calculated
directly from the slope. These adsorption isosteres can be
found in Figure S3 (Supporting Information). The linear
behavior obtained shows that the isosteric heat of adsorption is
not temperature-dependent in the range investigated and
depends only on the amount adsorbed. The dependence of the

Table 2. Henry’s Constants for CO2 Adsorption on Microporous Materials at Several Temperatures Obtained Using Three
Methods

temperature
(K)

Hvirial
(mmol/kPa·g)

H
(mmol/kPa·g)

HToth
(mmol/kPa·g)

temperature
(K)

Hvirial
(mmol/kPa·g)

H
(mmol/kPa·g)

HToth
(mmol/kPa·g)

5A Z1200
263 17.05 17.91 44.64 263 0.016 0.018 0.022
273 10.46 8.95 17.87 273 0.012 0.013 0.019
283 8.94 4.38 9.28 283 0.009 0.010 0.009
293 6.29 2.45 5.02 293 0.007 0.008 0.010

13A AC
263 30.37 16.89 69.43 263 0.204 0.132 0.191
273 14.51 9.06 36.02 273 0.123 0.085 0.104
283 11.92 5.20 23.60 283 0.077 0.055 0.063
293 11.67 2.10 8.32 293 0.051 0.040 0.040

13X Al-PILC
263 11.7 24.19 88.85 263 0.136 0.028 1.000
273 9.44 16.62 33.25 273 0.082 0.021 0.200
283 8.41 10.75 31.19 283 0.049 0.015 0.063
293 4.26 6.57 17.16 293 0.034 0.012 0.036

A100 Zr-PILC
263 0.195 0.109 0.103 263 0.204 0.042 2.474
273 0.119 0.070 0.069 273 0.111 0.030 0.151
283 0.076 0.050 0.048 283 0.099 0.022 0.126
293 0.052 0.037 0.048 293 0.062 0.016 0.052
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isosteric heats of adsorption on the amount adsorbed for the
eight adsorbents studied is shown in Figure 3, which clearly

indicates that the isosteric heats of adsorption vary with the
surface loading. At low surface coverage, the isosteric heat is
related to the interaction between the adsorbent surface and
adsorptive molecular forces.83 In this range, the pore size can
also be an important factor. In the case of zeolites, the results
show that the isosteric heat of CO2 adsorption is very high for
the whole range of coverage (28−42 kJ/mol). The slight
fluctuations in the heat of adsorption curves could be related to
lateral interactions between the adsorbed molecules.84,85

Related to the high affinity of the zeolites for CO2 at low
pressures, the estimation of the isosteric heat of adsorption at
zero loading might have considerable errors and might also
explain the significant variation of the reported data.40 In the
case of the activated carbon, the isosteric heat of adsorption
decreased with increasing surface loading. This behavior could
indicate that energetic heterogeneity arises because of the
presence of structural defects and the preferential filling of
those sites associated with the strongest electrical field.86 A
similar behavior has also been described by various authors in
studies of other types of activated carbon and can be explained
in terms of weakly repulsive interactions between adsorbed
CO2 molecules.87

Our findings also show that the isosteric heat of adsorption
decreases continuously with increasing loading for PILCs. The
strong interaction between the large quadrupole moment of
CO2 and alumina and zirconia appears to be the reason for the
high isosteric heat of CO2 adsorption on the pillared clays at
low loadings. At higher loadings, the lower-energy sites of the
clay are predominantly occupied by CO2.
In the case of MOFs, the isosteric heats of adsorption are

basically constant and can be related to a compensation of the
effects of energetic heterogeneity and adsorbate−adsorbate
interactions.64,84 In the case of Z1200, the high isosteric heat
can be related to the existence of coordinatively unsatured sites.
The isosteric heat of adsorption at zero coverage (by Clausius−
Clapeyron equation) shows that the adsorbent−CO2 affinity

increases in the order Z1200 ≈ 13X ≈ 13A < 5A < Zr-PILC <
A100 ≈ AC ≈ Al-PILC.
The limiting heat, qst

0 , can be obtained directly from the
temperature dependence of Henry’s constant by applying the
Clausius−Clapeyron equation in the low-pressure region,
where the isotherm obeys Henry’s law88

=
=

⎡
⎣⎢

⎤
⎦⎥q R

H
T

d ln
d(1/ )

i

n
st
0

0 (11)

Under these conditions, the limiting heat of adsorption
equals the Di parameter in the temperature-dependent
description of the Henry’s constant (see eq 8). The isosteric
heats obtained from eqs 8 and 10, as well as the first
experimental values included in Figure 3, are compared in
Table 3. Literature data are also included in Table 3 for

comparative purposes. Taking into account the methods used
to calculate qst

0 , the values obtained for the temperature
dependence of the Henry’s constant calculated using the virial
method were closer to those obtained by the Clausius−
Clapeyron equation. The values obtained using the other two
methods (low pressure and Toth) were, in general, higher than
those obtained using the virial method. However, significant
differences between the values obtained using the virial method
and the results obtained by the Clausius−Clapeyron equation
were only obtained in the case of zeolites 13A and 13X. In the
better of our knowledge, the qst

0 previously reported for Z1200
have been obtained only by simulation,93 and no data have
been reported for PILCs.

5. SUMMARY AND CONCLUSIONS
This work has presented a comparative study of the adsorption
equilibrium of CO2 on eight microporous materials at several
temperatures in the range of 263−293 K and over a wide range
of pressures up to 120 kPa.
It was shown that zeolite 13X exhibits a far better CO2

adsorption capacity at 273 K and 120 kPa than the other
porous materials. The adsorption capacity also increases rapidly
for the A100 material, and at high pressures, this material could
have the highest adsorption capacity. All of the adsorption data
were found to be well-described by the Toth equation, and the
Freundlich isotherm can also describe the behavior found for
the MOFs, activated carbon, and pillared clays.
Several methods were used herein to calculate the Henry’s

law constants, with the six-coefficient virial equation being
found to be the best method, as it provides an accurate

Figure 3. Isosteric heat of CO2 adsorption as a function of the amount
of CO2 adsorbed on the microporous materials: (■) 5A, (□) 13A, (◊)
13X, (○) A100, (●) Z1200, (⧫) AC, (▲) Al-PILC, and (Δ) Zr-PILC.

Table 3. Isosteric Heats of Adsorption at Zero Coverage (qst
0 ,

kJ/mol) for Microporous Materials Obtained Using Four
Methods

material
low

pressure virial Toth
Clausius−
Clapeyron literature

5A 42.81 22.16 50.70 20.79 4614

13A 39.03 26.59 41.59 19.98
13X 26.32 16.52 39.72 19.96 40,89 37.2,40

49.190

A100 23.93 28.92 22.34 28.60 35,59 38.491

Z1200 17.78 17.72 18.78 19.56 17.5−18.5,92
15.9393

AC 25.21 29.34 34.41 29.77
Al-PILC 18.49 30.64 92.92 29.92
Zr-PILC 18.70 25.13 1600 23.59
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extrapolation of the adsorption constant at zero coverage. The
values found for the zeolites from this method, which ranged
from 4.26 to 30.47 mmol/kPa·g, were much higher than those
for the metal−organic frameworks, the activated carbon, and
the pillared clays, which ranged from 0.007 to 0.200 mmol/
kPa·g.
The isosteric heats of CO2 adsorption on the materials were

calculated using the Clausius−Clapeyron equation, and the
obtained dependence of the isosteric heats on the amount of
CO2 adsorbed provided insight into the heterogeneity of the
materials. Finally, the isosteric heats of adsorption at zero
coverage were calculated directly from the temperature
dependence of the Henry’s constant, thus showing that the
adsorbent−CO2 affinity increases in the order Z1200 ≈ 13X ≈
13A < 5A < Zr-PILC < A100 ≈ AC ≈ Al-PILC.
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