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The Basics of Gas Sorption and Separation in MOFs

13.1 Gas Adsorption

A certain terminology and specific theoretical models are used to describe and
evaluate the properties of porous materials with respect to the storage and sepa-
ration of gases. Some of these terms and models, including the Langmuir and BET
theory, were already introduced in Chapter 2. In contrast to the simple evaluation
of porosity when considering the application of porous materials, the follow-
ing parameters gain in importance: (i) working capacity, (ii) system capacity, (iii)
kinetics, (iv) cycling stability, (v) isosteric heat of adsorption (Qst), and (vi) selec-
tivity. !ere are cases where additional differentiation between the excess and
total uptake, and the gravimetric and volumetric uptake is helpful. In this chapter,
we present definitions and physical principles underlying these parameters.

13.1.1 Excess and Total Uptake

When dealing with gas storage it is important to differentiate between the excess
and the total uptake of a given material. Most gas adsorption experiments are
carried out between ambient pressure and a pressure of approximately 1 bar. In
this regime, the excess and total adsorption values are almost identical. For the
adsorption of gases at high pressures (>5 bar), a pressure regime that is of interest
for automotive applications, it is instructive to perform high pressure adsorption
measurements to simulate application conditions. At high pressures, the excess
and total uptake can differ considerably (Figure 13.1). !e difference in gas uptake
between two containers, one of them filled with a porous adsorbent and the other
one being empty and of the same volume as the total pore volume of the porous
framework (adsorbent), is referred to as the excess adsorption, also known as
Gibbs excess. !is quantity is correlated to the adsorption of gas molecules on
the inner pore surface of the porous material. !e excess adsorption reaches a
maximum at elevated pressures (generally between 20 and 40 bar) and subse-
quently decreases again. !is is attributed to the lower efficiency of packing and
compressing of gas molecules within the pores of the adsorbent in this pressure
range compared to a free volume (e.g. empty gas cylinder).
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Figure 13.1 (a) Adsorption on a two-dimensional surface: the Gibbs dividing surface (light
orange) divides the free volume into adsorbed (green) and bulk (blue) gas molecules [1]. The
bulk gas molecules are the molecules that would be present in the pore volume in the
absence of adsorption (middle). The absolute adsorption includes all gas molecules in the
adsorbed state, meaning the sum of the experimentally measured excess adsorption and the
bulk gas molecules (right). (b) The total adsorption in the pores of a porous framework
material consists of all gas molecules inside the total pore volume (the sum of the excess
adsorption and the bulk gas) [2]. The total adsorption is often used as an approximation for
absolute adsorption in microporous materials, since experimental determination of the Gibbs
dividing surface of microporous materials is not possible. (c) High-pressure H2 adsorption
measurement on MOF-5 with the total (gray triangles) and excess uptake (green circles) as well
as the uptake of a gas cylinder (blue line) representing the bulk gas uptake.

Measurements at pressures beyond the maximum of the excess adsorption are
necessary to estimate the total uptake of a material. At high pressures the total
amount of gas molecules per volume of adsorbent consists of adsorbed molecules
and compressed bulk gas in the pores that does not interact with the surface of the
pores. !e total uptake includes both the gas molecules adsorbed on the surface
and those compressed within the pores of the framework and is described by
Eq. (13.1):

Ntot = Nex + dgasVpore (13.1)
where N tot is the total uptake in mg g−1, Nex is the excess uptake in mg g−1, dgas is
the density of the gas at a given pressure in mg cm−3, and V pore is the pore volume
in cm3 g−1. !e pore volume is calculated from the crystallographic density (dcryst
in g cm−3) and the skeletal density (dskeletal in g cm−3, determined by pycnometry)
according to Eq. (13.2) or is calculated from gas sorption isotherms.

Vpore =
1

dcryst
− 1

dskeletal
(13.2)

For materials with small pores (micropores) the second term in Eq. (13.1)
(dgasV pore) becomes very small since the free pore volume after (a monolayer
of ) gas is adsorbed on the surface becomes very small. Consequently, the total
uptake for microporous materials is often overestimated. Knowledge of the total
uptake facilitates the determination of the volumetric storage density, one of the
most important quantities with respect to gas storage in energy applications. As
discussed earlier, these fundamental properties do not account for the efficiency
of packing in a container. !is is however of importance for the overall efficiency
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of a storage system. Both the excess and total gas uptake are commonly provided
in units of weight percentage (wt%) calculated according to Eq. (13.3).

wt% =
(madsorbate)

(madsorbent + madsorbate)
⋅ 100% (13.3)

Since the second term in the denominator is often neglected, leading to
overestimated wt% values, it is recommended to use the unit g g−1 (mass of
gas adsorbed per mass of adsorbent) when comparing the uptake of different
materials to ensure comparability.

13.1.2 Volumetric Versus Gravimetric Uptake

Owing to their open structures, metal-organic frameworks (MOFs) often have
low densities, which is expected to result in high values for the gravimetric
gas uptake (cm3 g−1 or g g−1). A high gravimetric uptake however acts against
achieving a high volumetric uptake (cm3 cm−3 or g cm−3). To understand this,
we consider a gas that is compressed within a porous material with large open
pores. In this scenario, a large fraction of this gas, although floating in the pores,
does not interact with the internal surface and therefore behaves like compressed
gas in a gas cylinder. In other words, there is no advantage gained by having gas
compressed in the pores of such material since gas molecules interacting with
the framework are packed more closely than gas molecules that are compressed
within the pores at high pressures. !erefore, we expect a high gravimetric uptake
but a low volumetric storage capacity for such low-density materials with large
pore diameters. !is is especially pronounced for covalent organic frameworks
(COFs) owing to their ultralow density. In conclusion, this means that a balance
must be struck between the size of the pores (gravimetric uptake) and having
high volumetric uptake, especially when considering applications such as energy
storage in mobile devices where a low volumetric uptake is highly unfavorable.
!is balance is attained by adjusting the pore diameter and/or the strength of the
interaction with the adsorbate, both parameters that are different for different
gas species. !is point is elaborated further in the respective chapters.

13.1.3 Working Capacity

!e maximum gas uptake measured by gas adsorption experiments is a useful
quantity for the evaluation of porous materials; however, it does not represent
the usable capacity under application conditions. For illustrative purposes, we
consider a device powered by a gaseous fuel that requires a minimum delivery
pressure to function (typically Pmin = 5 bar). Additionally, a reasonable upper
pressure limit must be chosen. In general, the upper limits are Pmax = 35 or 65 bar,
which correspond to the limits of single- and dual-stage compressors, respec-
tively [3]. !ese prerequisites lower the accessible capacity in comparison to the
maximum uptake determined by gas adsorption measurements and the corre-
sponding uptake is therefore commonly referred to as the “working capacity”
(Figure 13.2). !e working capacity gives the amount of gas that can be delivered
to the device when the pressure is lowered from the maximum pressure of the



298 13 The Basics of Gas Sorption and Separation in MOFs

Figure 13.2 An example of a methane isotherm between 0 and 65 bar recorded at room
temperature [4]. The working capacity is the deliverable amount of gas between 65 and 5 bar
under isothermal conditions and is in this example about 60 cm3 cm−3 lower than the total
uptake. The pressure limits are chosen based on the maximum pressure of a dual-stage
compressor and the minimum inlet pressure of a methane-powered combustion engine.

tank to the minimum inlet pressure of the device. With respect to applications,
depending on the adsorption and desorption behavior of the material, the total
uptake in wt% is not accessible and to estimate the working capacity the uptake
at low (<5 bar) and high pressures (>35 or 65 bar) must be excluded.

13.1.4 System-Based Capacity

To estimate the deliverable capacity of gas storage materials on the system level,
factors such as the weight and volume of all auxiliary system components includ-
ing items such as the storage vessel, the working capacity, thermal and pressure
management equipment, valves, piping, and sensors need to be considered.

Intrinsic thermal effects in the gas storage system have a dramatic impact on
the storage capacity. !e heat released upon refueling (Qst) must be dissipated
efficiently; otherwise, the adsorbent bed heats up, which results in a lower gas
storage capacity. By the same token, if the thermal energy that is consumed dur-
ing the discharge process is not resupplied, the temperature of the adsorbent
bed drops, resulting in the retention of a large amount of gas at low pressure.
!erefore, the absolute capacity on a system level of any given porous gas storage
material is always lower than its working capacity determined by gas adsorption
experiments. !e system-based capacity provides an upper limit to the amount
of usable gas in a device (Figure 13.3).
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Figure 13.3 (a) Schematic isotherms representing the total (green line), excess (blue line), and
absolute (black line) methane storage capacity of a porous adsorbent. Since here the weight of
the storage vessel is considered, the gravimetric capacity on the system level is drastically
decreased compared to the maximum uptake determined by gas adsorption measurements.
The usable capacity is determined by excluding the uptake outside the pressure limits given
by the compressor system (upper boundary, Pmax) and the minimum operating pressure
(lower boundary, Pmin). (b) On the material level the total and excess capacity are
distinguished, whereas the system-based capacity is calculated from the total capacity
considering the weight of the storage vessel. At the vehicle level, additional factors such as
intrinsic thermal effects must be considered.

13.2 Gas Separation

Separation of gases in porous solids follows either a thermodynamic or a kinetic
separation mechanism. !e separation of gaseous mixtures based on physisorp-
tion or chemisorption of the adsorbate to specific adsorption sites within the
porous solid is a thermodynamic process and is hence termed “thermodynamic
separation.” A gaseous mixture can also be separated if the individual compo-
nents diffuse with different diffusivities or follow different diffusion pathways, a
process termed “kinetic separation.” Often, both mechanisms are present simul-
taneously and it is important to understand which of them is rate limiting. !e
next section will give an insight into the different mechanisms of gas diffusion in
porous solids and their importance with respect to gas separation.

13.2.1 Thermodynamic Separation

!ermodynamic or equilibrium separation is found for materials with pore
apertures that are large enough to allow for all adsorbate molecules to pass
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unhindered (dpore ≫ dkinetic(gas)). For this case, the separation is governed by the
differences between the affinities of the individual components of the mixture
toward the surface of the adsorbent. !us, the selectivity can be tuned by
introducing specific functionalities or binding sites to modulate the strength
of the interaction between a specific component of the mixture and the inner
pore surface. !e isosteric heat of adsorption (Qst) at zero coverage correlates
with the magnitude of the strongest interaction between the adsorbate and the
adsorbent, making Qst a significant quantity in the design of porous materials for
gas storage and separation. Chemical modifications carried out on a framework
material such as covalent modifications, introduction of functional groups,
and the creation of open metal sites (see Chapter 6) may result in a change
in the Qst value and consequently such modifications are used as a handle for
optimizing the thermodynamics of the adsorption process. Qst can be calculated
from adsorption isotherms recorded at two different temperatures (typically
77 and 87 K) by fitting the data to either the virial (see Section 13.2.1.1) or the
Langmuir–Freundlich equation (see Section 13.2.1.2).

13.2.1.1 Calculation of Qst Using a Virial-Type Equation
!e following virial-type equation is used to fit the adsorption data at a given
fixed temperature following Eq. (13.4):

ln(N∕P) = A0 + A1N + A2N2 + A3N3 + · · · (13.4)
where P is the pressure, N is the amount of gas adsorbed, and A0, A1, etc.
are the virial coefficients. Qst is calculated as a function of coverage using the
Clausius–Clapeyron equation.

Qst = R ln
(P1

P2

) T1T2
T2 − T1

(13.5)

!e virial analysis is mathematically consistent since it can be reduced to
Henry’s law and allows to estimate the Qst at zero coverage by extrapolation. For
higher values of coverage, it shows only minimal deviations for all experimental
data points; however, the use of polynomials of too high order can result in an
overinterpretation.

13.2.1.2 Calculation of Qst Using the Langmuir–Freundlich Equation
!e Langmuir–Freundlich equation can be used to fit adsorption data at a fixed
temperature following Eq. (13.6):

N
Nm

= BP(1∕t)

1 + BP(1∕t) (13.6)

where P is the pressure, N is the amount of gas adsorbed, and B and t are
constants. Eq. (13.6) can be rearranged to yield an expression for P (Eq. (13.7))
that allows for the determination of Qst using the Clausius–Clapeyron equation
(Eq. (13.5)).

P =
( N∕Nm

B + BN∕N3

)
(13.7)
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13.2.2 Kinetic Separation

Kinetic or nonequilibrium gas separation mechanisms are based on the differ-
ences in the diffusion behavior of gases. In general, molecules with high mobility
permeate the pore space more quickly than molecules of lower mobility. !e dif-
fusivity of a given gas can be influenced by adjustment of the pore metrics and
the dimensionality of the pore system. Subtle changes in the pore structure of a
porous solid can result in a significant change in the diffusivity of a specific type
of molecule by an order of magnitude. In a similar way, structural changes of the
diffusing species (e.g. iso- and n-alkanes) can have a dramatic influence.

13.2.2.1 Diffusion Mechanisms
When considering transport processes of gases within porous solids one must
distinguish between convection (transport of gases due to a pressure gradient)
and diffusion (transport of gases due to a concentration gradient). In this chapter,
we will only consider diffusion mechanisms since diffusion is easily distinguished
from convective flow and is the main mechanism in the kinetic separation of
gases. Which diffusion mechanism predominates depends on the ratio of the
pore diameter and the mean free path of the gas molecules. Within the large free
space between particles “normal diffusion” as we are familiar with from gaseous
mixtures dominates. Confined pores of a diameter significantly larger than the
kinetic diameter of the diffusing gas molecules lead to a transition from normal
diffusion to “molecular diffusion.” Decreasing the pore size to the regime of the
mean free path of the gas molecules leads to “Knudsen diffusion” and for the
case of even smaller pore sizes, in the same regime as the kinetic diameter of
the gas molecules, “configurational diffusion” is prevalent. Figure 13.4a gives a
correlation between the pore size and the mechanism of diffusion. In addition to
the mechanisms mentioned above, molecules always undergo adsorption on the
surface and move along the surface in a process termed “surface diffusion.” We
can describe the interplay of the different mechanisms of diffusion analogous to
an electric circuit. Molecular and Knudsen diffusion act like resistors in a series
circuit, whereas surface diffusion and convective flow are described by resistors
wired parallel to molecular and Knudsen diffusion (Figure 13.4b).

Molecular Diffusion Molecular diffusion occurs in porous solids with pores sig-
nificantly larger than the kinetic diameter of the gas molecules diffusing through
the solid. In the absence of a bulk flow (i.e. convection), the steady-state molar
flux (jA) in the z-direction is described by Fick’s law:

jA = −DA
dcA
dz (13.8)

where DA is the diffusivity of the component A through the porous solid and
cA is its concentration. !e diffusion through a slab of material of thickness z
is determined by integration of Eq. (13.8) based on the assumption of a linear
concentration gradient, which leads to Eq. (13.9).

jA =
DA (cA1 − cA2)

z (13.9)
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Figure 13.4 (a) Correlation between pore size and diffusion mechanism. For pores that are
significantly larger than the kinetic diameter of the diffusing gas molecules, molecular
diffusion is observed. From a mechanistic point of view, molecular diffusion is similar to
normal diffusion since molecule–molecule collisions are more likely to occur than
molecule–pore collisions. For pores in the regime of the mean free path of the gas molecules,
Knudsen diffusion is the predominant mechanism and for even smaller pores in the regime of
the kinetic diameter of the gas molecules configurational diffusion is observed. (b) Different
diffusion mechanisms can be described analogous to an electric circuit where the different
types of diffusion are represented by resistors. Molecular and Knudsen diffusion can be
described by resistors in a series circuit (flux JD

i ), whereas surface diffusion (flux JS
i ) and

convective flow (flux JC
i ) are represented by resistors wired parallel to molecular and Knudsen

diffusion.

Here, cA1 and cA2 are the concentrations of component A at z1 and z2, the two
opposite sides of the slab of thickness z, respectively. For solids of different shapes,
the rate of diffusion (w) is described by Eq. (13.10):

w = jASav =
DASav(cA1 − cA2)

z (13.10)

where Sav is the average cross section for diffusion through a slab of a porous
material of thickness z. !is assumption holds true for perfect crystals with
uniform pores of a diameter significantly larger than the mean free path of
the diffusing gas molecules and of equal length z. Owing to the comparatively
large size of the pore compared to the mean free path of the gas molecules the
resistance is mainly due to molecule–molecule collisions, and the probability
for molecule–pore wall collisions to occur is comparatively low. !is, however,
changes when the pore diameter is decreased, resulting in diffusion following a
different mechanism: Knudsen diffusion.

Knudsen Diffusion Knudsen diffusion is predominant in materials with pore sizes
in the regime of the mean free path of the diffusing gas molecules. Owing to the
smaller pores, molecule–pore wall collisions dominate over molecule–molecule
collisions. Knudsen diffusion is observed for “thin gases” (i.e. low probability of
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molecule–molecule collisions) in porous solids. !e Knudsen diffusivity (DK in
s−1 cm−2) of a gas in a cylindrical pore is given by Eq. (13.11):

DK, pore =
2
3 r

√
8
π ⋅ RT

M (13.11)

where r is the pore radius, M is the molar mass of the gas diffusing in the pore, and
2∕3 accounts for the cylindrical shape of the pore. Since the presence of exclusively
cylindrical pores in a porous solid is relatively rare, an equation allowing for the
calculation of the diffusivity in porous materials with more complex pore systems
is needed (Eq. (13.12)).

DK, porous medium = DK, pore
ε ⋅ %
τ (13.12)

Here, " is the porosity (i.e. overall porosity minus pores that are too small for
the gas to enter and impasses), # is the constrictivity (i.e. the deceleration of dif-
fusion due to an increase in viscosity in narrow pores), and $ is the tortuosity
(i.e. intricacy), which compensates for the deviation of the pore structure from
an array of parallel cylindrical pores.

By decreasing the size of the pores further until a value close to the diameter
of the gas molecule is reached, a transition into configurational diffusion occurs.
!is type of diffusion can only be described with sophisticated models, and for
further explanations the reader is referred elsewhere [5].

Surface Diffusion Surface diffusion is an activated process and is strongly cor-
related to the adsorption–desorption equilibrium on the inner surface of the
porous material. !is means that the potential on the surface of the adsorbent
is not flat and an activation barrier has to be overcome for surface diffusion to
occur. Surface diffusion can proceed following two mechanisms:
(i) If the activation energy (Ediff) for diffusion is lower than the thermal energy

(i.e. kT) molecules diffuse “freely” on the surface, which is typically the case
for physisorption.

(ii) If Ediff is higher than kT , molecules move following a hopping mechanism
typically observed for chemisorbed species. Hopping can occur over long
distances since a molecule that has reached the energetically high transi-
tion state can migrate along multiple adsorption sites before it has dissipated
enough energy to be re-adsorbed on the surface.

13.2.2.2 Influence of the Pore Shape
It can be readily recognized that the metrics of the pores in a porous solid have an
impact on the diffusivity since they determine the predominant diffusion mech-
anisms. However, the shape of the pores is just as important. Differently shaped
pores of the same diameter result in significantly different diffusivities. Generally,
cylindrical pores allow for the highest diffusivity since both the constrictivity (%)
and tortuosity ($) can be neglected. Figure 13.5 shows a comparison of the time
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Figure 13.5 Dependence of the diffusion coefficient Di on the diffusion time Δ. For normal
diffusion, the diffusion coefficient (Dfree) is independent of Δ (orange line). For cylindrical
pores, the diffusion is hindered and therefore Dcyl. decreases and reaches a lower limit for
Δ→( (blue line). In closed spherical pores Dsph. decreases proportional to Δ2 and reaches
zero for Δ→( (green line). The diffusion coefficient for spherical pores connected through
narrow windows shows a dependence on Δ similar to that of cylindrical pores; however, in
general a lower value of D is expected for Δ→(. The corresponding graph for 3D pore
systems would be situated in the area between that of cylindrical and spherical pores.

dependence of the diffusion coefficient for different pore shapes. At t = t0 the
diffusion coefficients of the free gas (Dfree), and the cylindrical (Dcyl) and spher-
ical pores (Dsph) are identical. Dfree is constant whereas Dcyl decreases due to an
increase in resistance (e.g. increase in viscosity), and Dsph eventually approaches
zero after clogging of the spherical pores. Diffusion coefficients of 3D pore sys-
tems (D3D) containing cages connected through narrow windows show a simi-
lar trend to that of spherical pores; however, D3D does not approach zero and
the diffusion coefficient reached at Δ→( depends on the diameter of the pore
windows.

13.2.2.3 Separation by Size Exclusion
Separation by size-selective exclusion is found in materials with narrow pores
that are smaller than the kinetic diameter of at least one component in a mix-
ture. !is means that at least one gas species cannot enter the pore system due
to steric hindrance while others with a smaller kinetic diameter can. !is type
of separation is often undesirable since it is accompanied by a dramatic pres-
sure drop. !erefore, larger pore sizes and a transition from molecular sieving to
kinetic separation or partial molecular sieving are more appealing.

13.2.2.4 Separation Based on the Gate-Opening Effect
!e gate-opening effect denotes a process associated with a structural transition
from a narrow pore (np) phase of low porosity to a wide pore (wp) porous phase.
!is effect has been proved useful for many separation processes such as C1–C5
separation (see Chapter 16) [6]. !e gate-opening effect is often induced by
temperature and/or pressure and the uptake and release of individual molecules
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is controlled by these parameters, for example, by a specific threshold pressure.
Owing to the spontaneous release of gas upon gate closing, a large working
capacity can be achieved. !is type of flexibility is exclusive to reticular materials
(MOFs, COFs, and zeolitic imidazolate frameworks (ZIFs)); however, it has thus
far not been possible to target such materials by design.

13.2.3 Selectivity

In separation processes the selectivity of the adsorbent toward a specific
component in a gas mixture is essential. Such selectivity can be achieved through
adjustment of the strength of the adsorption interactions (thermodynamic
separation) or by size discrimination and differences in the diffusivities of the
individual components in the mixture (kinetic separation). As we saw earlier,
thermodynamic separation relies on the fact that different gases have different
affinities toward the adsorption sites. Since the gas diffusion in porous solids
with sufficiently large pores is unrestricted, the diffusivities of all components in
the gas mixture are approximately the same and the equilibrium gas adsorption
selectivity is consequently calculated from the ratio of the Henry’s constants
(Ki, slope of the isotherm at low relative pressures P/P0 → 0) of the individual
components as in Eq. (13.13).

S =
K1
K2

(13.13)

!ermodynamic selectivity is based on either a physisorption or chemisorp-
tion mechanism and is thus correlated to the difference in physical properties
of the various gases in the mixture (e.g. polarizability, quadrupole moment)
that influence the isosteric heat of adsorption. To illustrate this, we consider a
mixture of CO2 (15–16%) and N2 (73–77%), a composition similar to that of
post-combustion flue gas. A comparison of the physical parameters relevant
for their equilibrium separation reveals that both the polarizability (CO2,
29.1) 10−25 cm−3; N2, 17.4) 10−25 cm−3) and quadrupole moment (CO2,
4.3) 1026 esu−1 cm−2; N2, 1.52) 1026 esu−1 cm−2) of CO2 are higher than those
of N2. Polar sites located on the pore surface of the capture material will therefore
lead to a stronger interaction with and a higher affinity/selectivity for CO2.

Kinetic separation presupposes a size selectivity caused by appropriately sized
pores. A porous material with small pores only permits molecules up to a certain
kinetic diameter to diffuse freely, whereas larger molecules will not be able to
permeate the capture material due to spatial limitations resulting in nonequilib-
rium separation [7]. For MOFs with small pores that reach the kinetic diameter
of the gas components, the diffusion of these gases becomes increasingly diffi-
cult. We saw earlier that in this case the molecular diffusion will gradually evolve
into Knudsen or even surface diffusion, thus rendering the diffusivities of the gas
components distinguishable. Since surface diffusion is always present, the kinetic
separation factor is defined by both the ratio of the Henry’s constants (Ki) and the
ratio of the diffusivities (Di) (Eq. (13.14)) [8].

S =
K1
K2

⋅

√
D1
D2

(13.14)
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!is kinetic effect may sometimes enhance the equilibrium adsorption
selectivity but is more often found to decrease the selectivity, especially if the
more strongly adsorbing component diffuses much slower than the less strongly
adsorbing component [9]. Kinetic separation is only applicable to mixtures of
gases with significantly different kinetic diameters. !e previous example of
a CO2/N2 mixture used to illustrate the thermodynamic selectivity does not
fulfill this prerequisite since both molecules have a similar kinetic diameter (3.68
and 3.30 Å, respectively). !is would require the pore openings of the capture
material to be very small and within a narrow range. Small pore diameters
however limit the diffusion of gases throughout the material and additionally
the presence of defects (which cannot be avoided) results in larger pores sizes,
thus rendering this approach less viable (Figure 13.6b). In contrast, as depicted
in Figure 13.6a, a mixture of differently sized gases such as trans-butylene and
iso-butylene fulfills this prerequisite.

!ree ways are commonly used to determine the selectivity of a given
porous material from experimental data: (i) estimation from single-component
isotherms, (ii) calculation following the ideal adsorbed solution theory (IAST),
and (iii) from breakthrough experiments.

13.2.3.1 Calculation of the Selectivity from Single-Component Isotherms
To calculate a “selectivity factor” the experimental isotherms for the two gases in
question need to be known. It is calculated following Eq. (13.15):

S =
q1∕q2
P1∕P2

(13.15)

Figure 13.6 Kinetic and thermodynamic separation in porous materials. (a) Kinetic separation
relies on different diffusivities of the components of the influent gas mixture. trans-Butylene
and iso-butylene have different kinetic diameters; therefore, only the linear trans-butylene can
permeate through the pores, whereas iso-butylene is held back. (b) Thermodynamic
separation relies on specific interactions with one component of the influent gas mixture. CO2
is bound strongly to specific adsorption sites, whereas N2 can diffuse through the pores
unhindered.
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where the selectivity factor S is given as the molar ratio of the adsorbed quantities
(qi) and the partial pressures (Pi) of the gases. Since this estimation originates
from single-component adsorption isotherms it does not consider that different
types of gas molecules can compete for the same adsorption site. Even though
the selectivity factors calculated using this method are not accurate, it allows for
the facile qualitative evaluation of different porous adsorbents.

13.2.3.2 Calculation of the Selectivity by Ideal Adsorbed Solution Theory
A more accurate calculation of the selectivity from single-component isotherms
is realized when the IAST is used [10]. !e IAST is a viable method for gas mix-
tures where both components mix and behave as ideal gases. To calculate the
selectivity following the IAST, isotherms of the single components of the gas mix-
ture must be measured at the same temperature and fitted using mathematical
methods. !e mole fraction of each species in the adsorbed phase is then calcu-
lated by solving the integrals for the single components given by Eq. (13.16):

∫
P⋅yi∕xi

0

Isotherm for component i(P)
P dP

= ∫
P⋅yj∕xj

0

Isotherm for component j(p)
P dP (13.16)

where P is the total pressure, xi/xj are the mole fractions of the adsorbed gas,
and yi/yj those of the bulk phase of components i and j, respectively. !e accu-
racy of this theory is reduced for high mixture fractions of the less adsorbed
component since it requires the integration of the single-component isotherm
up to extremely high pressures. !e gas adsorption in flexible frameworks is not
described accurately by the IAST but other methods applicable to such solids
have been developed [11]. !e amount of adsorbed gas in the mixture is deter-
mined following Eq. (13.17), with ntot being the total number of moles adsorbed
in the mixture at a given pressure and n0

i /n0
j the amount of the pure components

i and j per gram of adsorbent.
1

ntot
=

xi
n0

i
+

xj

n0
j

(13.17)

High-quality single-component data are required for accurate simulations
using the IAST. It is often advantageous to use isotherms calculated using
grand canonical Monte Carlo (GCMC) methods to allow for a better fit, and
therefore supporting GCMC simulations are often reported alongside IAST
calculations [12]. Both methods have their limitations and it is important to
evaluate and scrutinize the selectivity factors calculated with them. !e IAST
underestimates the CO2/H2 selectivity for HKUST-1, which is attributed to
the presence of differently shaped and sized pockets within its structure. Such
pockets give rise to preferred adsorption of one gas over the other due to their
difference in size. !is issue is circumvented by substantiating the results gained
from the IAST with GCMC simulations. Similarly, selectivity factors calculated
for the separation of CO2 and H2 in MOF-177 using the IAST do not match



308 13 The Basics of Gas Sorption and Separation in MOFs

the measured data; however, a combination of GCMC and IAST predicts the
selectivity in this separation accurately [13].

13.2.3.3 Experimental Methods
Breakthrough experiments give an experimental insight into the selectivity of
adsorbents and allow for the experimental evaluation of their performance. In a
typical setup, a defined gas mixture that is controlled by a set of mass flow con-
trollers is fed to a measurement cell filled with powder, pellets, or a membrane
containing the adsorbent. !e eluent gas stream is monitored by mass spectrom-
etry (i.e. MS or GCMS) or a set of specific gas sensors. !e result of a typical
measurement is depicted in Figure 13.7 where the separation of a 80 : 20 mixture
of gases A and B is shown. When the gas mixture is fed to the activated adsorbent,
component B is adsorbed selectively due to the lower affinity of the framework
toward A, and the eluent gas stream is virtually of the pure component A. As
soon as the adsorbent is saturated with B the breakthrough occurs, and the
eluent gas is a mixture of A and B of varying composition until it eventually has
the same composition as the influent gas mixture (A:B = 80 : 20). !e adsorbent
bed can subsequently be regenerated to measure multiple cycles. Regeneration

Figure 13.7 (a) Schematic of a typical breakthrough setup. Mass flow controllers are used to
prepare a gas mixture with a defined composition. This mixture is fed to the adsorbent bed,
which adsorbs selectively one component of the mixture. The eluent gas mixture is analyzed
by mass spectrometry or specific gas sensors. Referencing the acquired data and subtraction
of the dead time affords a graph similar to that shown in (b). (b) After the gas mixture is fed to
the adsorbent one component is adsorbed (here, component B) until the adsorbent is
saturated. The adsorbent bed is purged with component A forcing the desorption of B in a
pressure swing adsorption cycle (PSA). Heating the adsorbent in a temperature swing
adsorption cycle (TSA) liberates the remaining strongly bound component B, thus
regenerating the adsorbent bed for another capture cycle.
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is commonly realized by purging (in this example with gas A), also called
“pressure swing,” and subsequent heating (“temperature swing”). More details
on temperature and pressure swing adsorption (PSA) are discussed in Chapter 14.

13.3 Stability of Porous Frameworks Under Application
Conditions

For porous frameworks to be suitable for applications such as gas storage or sepa-
ration it is inevitable for them to possess high capacities and fast kinetics. Another
important factor that is often neglected is the long-term and cycling stability
under application conditions. Depending on the application in question, a dif-
ferent set of testing conditions is required to determine the cycling stability, and
these will be discussed in more detail in the chapters focusing on these appli-
cations. Even though long-term cycling studies are not necessary at the earlier
stages of materials development, it is important to evaluate degradation and the
associated loss in storage capacity and/or selectivity of a given material at con-
ditions simulating those of the targeted application. Typically, this is done at a
fraction of the targeted number of adsorption–desorption cycles or operating
hours. Still, the insight gained from these experiments provides information for
the down-selection and optimization of promising materials.

Additionally, thermal and mechanical stress can play an important role. !er-
mal stress occurs due to adsorption and desorption as these processes release
or consume the heat of adsorption (Qst), respectively. We will demonstrate the
importance of thermal stability for HKUST-1 when used as a methane storage
material in an automotive application. In such applications, a typical storage
capacity is 20 kg of CH4 (approximately 1250 mol or 28 000 l when considering
CH4 to be an ideal gas). !e storage capacity of HKUST-1 is 0.15 g g−1 and
therefore a tank filled with about 140 kg of HKUST-1 is required to store 20 kg
of methane. !e heat of CH4 adsorption in HKUST-1 is Qst = 20 kJ mol−1,
equaling Q = 25 000 kJ of thermal energy released upon fueling, and consumed
upon depletion of the tank. Plugging these numbers and the heat capacity
(cp = 1.46 kJ kg−1 K−1) reported for HKUST-1 into Eq. (13.18), we can estimate
an increase in temperature of more than 120 ∘C upon fueling [14]. !is high-
lights the importance of testing the thermal stability of materials for gas storage
applications.

ΔT = Q
m ⋅ cp

(13.18)

Mechanical stress poses another challenge to the applicability of porous
materials. Most applications do not rely on adsorbents in powder form but more
commonly shaped bodies are employed. !ese are typically prepared by pressing
or extrusion; hence the material to be processed must be mechanically stable
to withstand these shaping processes without collapse of the framework struc-
ture [15]. !e resulting shaped bodies need to maintain structural integrity for a
long time. !is gains special importance when considering mobile applications,
where the material is exposed to rattling and shaking, which poses an even higher
demand on the structural stability of the shaped bodies and the adsorbent alike.
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13.4 Summary

In this chapter, we introduced specific terms and theories of gas adsorption and
separation used with respect to the application of porous materials in gas storage
and gas separation processes. We showed that for specific applications it is impor-
tant to differentiate between the total and excess, and volumetric and gravimetric
uptake, and that the working capacity and system-based capacity gain impor-
tance. Different diffusion mechanisms and their influence on the selectivity of
separation processes were discussed and we introduced both experimental and
mathematical methods for the determination of the selectivity in separation pro-
cesses. In the following chapters we will use these basics to elucidate the role
of MOFs in applications such as CO2 capture and sequestration (Chapter 14),
H2 and CH4 storage (Chapter 15), separation processes (Chapter 16), and water
adsorption (Chapter 17).
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