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1. INTRODUCTION

Metal�organic frameworks (MOFs) constitute a broad new
class of materials in whichmetal ions or clusters are connected via
lightweight organic bridging ligands to form a porous three-
dimensional network structure. Owing to their high specific
surface areas and tunable pore sizes, these materials have come under
intense investigation for possible applications in gas storage.1�3More
recently, the development of synthetic methods for adjusting the
chemical functionality on the surfaces withinMOF structures has
led to interest in utilizing them for the separation of various gas
mixtures.4 Here, MOFs can provide some key advantages as selective
adsorbents: large pore sizes enabling rapid diffusion kinetics,
tunable binding strengths affecting selectivity, and high surface
areas that can result in a large working capacity.

A substantial amount of the published research on metal�organic
frameworks (MOFs) is dedicated to the issue of CO2 capture by
selective adsorption.4�9 With MOFs, a wide variety of strategies
can be adopted to enhance the CO2 uptake; these include appro-
priate choice of ligand design,10 the introduction of nonframework
cations,11,12 use of exposed metal cation sites,13�16 and post-
synthetic modification by introduction of polar surface groups.17

The adsorption selectivities are also enhanced by incorporation
of special functional groups within a framework.18�26 For

example, Couck et al.24 demonstrated that functionalizing the
MIL-53(Al) framework with amino groups increases its selec-
tivity in CO2/CH4 separations by orders of magnitude while
maintaining a very high capacity for CO2 capture.

It is customary to compare or screen MOFs on the basis of the
adsorption selectivity, Sads, defined for separation of a binary
mixture of species 1 and 2 by

Sads ¼ q1=q2
p1=p2

ð1Þ

where the qi represent the molar loadings within the porous
material that is in equilibrium with a bulk gas phase with partial
pressures pi. The Sads values can be estimated using experimental
data on the pure components isotherms, along with the Ideal
Adsorbed Solution Theory (IAST) of Myers and Prausnitz for
binary adsorption equilibrium.27 As illustration, Figure 1a pre-
sents IAST estimates of Sads for separation of a 20/80 CO2/H2

mixture relevant to H2 purification using NaX and five different
MOFs: 7 MgMOF-74,13,14,16,28�30 MOF-177,31 CuBTTri,23
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ABSTRACT: Metal�organic frameworks (MOFs) offer con-
siderable potential for separating a variety of mixtures that are
important in applications such as CO2 capture and H2 purifica-
tion. In view of the vast number of MOFs that have been
synthesized, there is a need for a reliable procedure for
comparing screening and ranking MOFs with regard to their
anticipated performance in pressure swing adsorption (PSA)
units. For this purpose, themost commonly usedmetrics are the
adsorption selectivity and the working capacity. Here, we
suggest an additional metric for comparing MOFs that is based
on the analysis of the transient response of an adsorber to a step
input of a gaseous mixture. For a chosen purity of the gaseous mixture exiting from the adsorber, a dimensionless breakthrough time
τbreak can be defined and determined; this metric determines the frequency of required regeneration and influences the productivity
of a PSA unit. The values of τbreak are dictated both by selectivity and by capacity metrics .By performing transient adsorber
calculations for separation of CO2/H2, CO2/CH4, CH4/H2, and CO2/CH4/H2 mixtures, we compare the values of τbreak to
highlight some important advantages of MOFs over conventionally used adsorbents such as zeolite NaX. For a given separation
duty, such comparisons provide a more realistic ranking of MOFs than afforded by either selectivity or capacity metrics alone. We
conclude that breakthrough calculations can provide an essential tool for screening MOFs.



12942 dx.doi.org/10.1021/jp202203c |J. Phys. Chem. C 2011, 115, 12941–12950

The Journal of Physical Chemistry C ARTICLE

BeBTB,32 and Co(BDP).33,34 By this means of comparison,
MgMOF-74 (also denoted as CPO-27-Mg, or Mg2(dobdc) with
dobdc = (dobdc4� = 1,4-dioxido-2,5-benzenedicarboxylate)
emerges as the adsorbent with the highest Sads over the entire
range of pressures.

Besides Sads, another important factor that determines the
economics of PSA units is the working capacity, or “delta
loading”, Δq.35�37 This metric is defined as the difference in
the loadings of the component that needs to be preferentially
adsorbed, expressed in moles per kilogram of microporous
crystalline material, at the “adsorption” pressure minus the
corresponding loading at the “desorption”, or purge, pressure.
The adsorption pressure could be in the 0.1�10 MPa range, and
the desorption pressure could be 0.01�0.1 MPa. Figure 1b
shows IAST estimates of the working capacity of CO2 for
adsorption from a 20/80 CO2/H2 mixture. Note that all five
MOFs have larger working capacities than NaX for operation at
total pressures pt > 2 MPa. As pore saturation conditions are
approached at high pressures, the hierarchy of Δq is dictated
largely by the pore volumes and surface areas; cf. Figure 1c.

For a PSA unit operating at say 6 MPa, screening on the basis
of Sads indicates MgMOF-74 as the best choice. If we use Δq for
ranking, then BeBTB and MOF-177 emerge as better choices.
This dilemma indicates the need to examine PSA operations in
more detail. On the basis of a careful analysis of the variety of
factors that affect PSA performance, Kumar38 concluded that
neither highest Sads normaximumΔq on its own can be chosen as
the criterion for adsorbent selection; rather, it is the combination
of Sads andΔq which leads to the best adsorbent. Ho et al.

35 have
demonstrated that both Sads and Δq determine the cost of CO2

capture in a PSA unit. The primary aim of the work presented
here is to suggest a further metric that reflects the right
combination of Sads and Δq needed to establish a representative
indicator of PSA performance. The approach we adopt requires
us to analyze the transient breakthrough of gas mixtures at the
outlet of an adsorber. For a specified purity of the exiting gas
mixture, we aim to show that the corresponding breakthrough
times reflect the right combination of Sads and Δq. These
breakthrough times are more easily relatable to productivity
and costs of a PSA unit. In several experimental studies, break-
through curves and breakthrough times are used to evaluate the
separation performance of a specific adsorbent13,39 or to screen a
variety of adsorbents for a specified separation.40,41 Rather than
perform such experiments, which are labor-intensive and can
present a range of technical challenges to achieve accurate results,
we calculate the breakthrough characteristics using reliable pure
component gas adsorption isotherm data as inputs.

In order to demonstrate the applicability of the suggested
approach, we consider separation of CO2/H2, CO2/CH4, CH4/
H2, and CO2/CH4/H2 mixtures using a variety of MOFs. The
specific MOFs employed were selected as representative of
several prominent subclasses of these materials: rigid frameworks
with high surface areas (MOF-177 and BeBTB), frameworks with
surfaces bearing a high concentration of coordinatively unsatu-
rated metal cation sites (MgMOF-74 and CuBTTri), and a
flexible framework exhibiting large pressure-dependent changes
in pore volume (Co(BDP)).

2. MODEL FOR TRANSIENT ADSORBER DYNAMICS

Consider a fixed bed adsorber, of length L, containing MOF
crystals; cf. Figure 2. Assuming plug flow of an n-component gas

Figure 1. Calculations using IAST of (a) adsorption selectivity, Sads,
and (b) working capacity of CO2, Δq, for separation of 20/80 CO2/H2

mixture at 313 K using MgMOF-74, MOF-177, Co(BDP), CuBTTri,
BeBTB, and zeolite NaX. For calculation ofΔq, the desorption pressure
is chosen as 0.1 MPa. The composition of the gas mixture at the
desorption pressure is maintained at 20/80 CO2/H2.The dual-site
Langmuir�Freundlich fits of the pure component isotherms for CO2

and H2 adsorption isotherms are based on the experimental data of
Herm et al.37 and Belmabkhout et al.76 The Supporting Information
accompanying this publication contains the dual Langmuir�Freundlich
fit constants. Also contained here are validations of the IAST calculations
using Configurational-Bias Monte Carlo simulations of mixture adsorp-
tion. (c) Data on surface area and pore volumes for selected MOFs and
NaX, taken from Herm et al.37
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mixture through a fixed bed maintained under isothermal con-
ditions and negligible pressure drop, the partial pressures in the
gas phase at any position and instant of time are obtained by
solving the following set of partial differential equations for each
of the species i in the gas mixture.42�48

1
RT

Dpi
Dt

¼ � 1
RT

DðupiÞ
Dz

� ð1� εÞF Dqi
Dt

ð2Þ

i ¼ 1, 2, :::, n

In eq 2, t is the time, z is the distance along the adsorber, F is the
MOF framework density, ε is the bed voidage, and qi is the
average loading within the MOF crystallites of radius rc

q i ¼ 3
rc3

Z rc

0
qir

2 dr ð3Þ

The radial distribution of molar loadings, qi, within each crystal-
lite is obtained from a solution of a set of differential equations
describing the uptake within a crystallite

Dqi
Dt

¼ � 1
F
1
r2

D
Dr

ðr2NiÞ ð4Þ

The fluxes Ni, in turn, are related to the radial gradients in the
loading, ∂qi/∂r, by the Maxwell�Stefan formulation of intracrys-
talline diffusion.48�51

The molar loadings qi at the outer surface of the crystallites,
i.e., at r = rc, are calculated on the basis of adsorption equilibrium
with the bulk gas phase partial pressures pi at that position z and
time t. In applying the IAST, it is necessary to have reliable fits of
the pure component isotherm data over a wide range of pressures.
The isotherm model should be capable of describing the inflec-
tion characteristics such as that observed for CO2 adsorption in
some MOFs.30,37 As an illustration, Figure 3 shows the experi-
mental CO2 isotherms for MgMOF-74 and Co(BDP) at 313 K.
The inflection in the MgMOF-74 data is very pronounced and
occurs at a loading corresponding to one CO2 molecule per Mg
atom in the framework.30 The inflection characteristics of Co-
(BDP) instead have their origin in guest-induced structural
transformations.33,34 The inflection behaviors of both of these
MOFs are adequately captured by the dual-site Langmuir�
Freundlich isotherm

qi ¼ qi, A, sat
bi,Ap

νi, A
i

1þ bi, Ap
νi, A
i

þ qi, B, sat
bi, Bp

νi, B
i

1þ bi, Bp
νi, B
i

ð5Þ

Use of eq 5 is also required for adsorption of CO2 in MOFs at
temperatures below its critical temperature, Tc = 301 K.

52 Owing
to cluster formation, the isotherms become increasingly steeper
as the temperature is lowered below Tc;

53,54 the steepness of
these isotherms can be properly captured provided at least one of
the exponents νi exceeds unity.

It is worth noting that in most of the published literature on
PSA modeling,43 the mixed-gas Langmuir model

qi ¼ qi, sat
bipi

1þ ∑
n

j¼ 1
bjpj

ð6Þ

is commonly used for calculation of mixture equilibrium, along
with single-site Langmuir fits of the pure component isotherms.
The use of mixed-gas Langmuir model yields

Sads ¼ q1, satb1p2
q2:satb2p1

ð7Þ

Equation 7 predicts Sads to be independent of pt. This approach is
thermodynamically inconsistent, except when the saturation
adsorption capacities of all component species are equal.55 The
inconsistency is particularly evident for CO2/H2 mixtures,
because the saturation capacity of H2 is significantly higher than
that for CO2 by a factor of about 3. For MgMOF-74, NaX, and
CuBTTri, the use of IAST predicts a significant decrease in Sads
with increasing total pressure, pt; see Figure 1a. The decrease in
Sads with increasing pt is due to entropy effects that favor H2

owing to its higher qi,sat value. For MgMOF-74, the decrease
in Sads is from 1500 at 0.2 MPa to a value of 500 at 6 MPa. The
more attractive a MOF is, the greater is the need for accurate
calculation of adsorption equilibria using IAST; the mixed-gas
Langmuir model will be overly optimistic with regard to separa-
tion selectivities. By the same token, for MOFs such asMOF-177
and BeBTB, that have low promise with regard to CO2/H2

separations, Sads is seen to be practically independent of pt; it
is sufficient to use the mixed-gas Langmuir model. The separa-
tion performance of Co(BDP) is an oddity in that Sads increases
with pt. This increase can be traced to the steep rise in the CO2

loadings, caused by structural changes,33,34 when the partial
pressure rises above 0.2 MPa; see pure component isotherm
data in Figure 3.

Figure 2. Schematic of a packed bed adsorber.

Figure 3. Dual-site Langmuir�Freundlich fits of the CO2 adsorption
isotherms for MgMOF-74 and Co(BDP) at 313 K. The fits are based on
the experimental data of Herm et al.37 The Supporting Information
accompanying this publication contains the dual-Langmuir-Freundlich
fit constants.
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It should be noted that the applicability of the IAST is restricted
to cases in which there is a homogeneous distribution of adsorbate
species throughout the microporous framework. The IAST predic-
tions will fail when segregation effects are present. Examples of
segregated adsorption include preferential siting of CO2 at the
window regions,51,56,57 or preferential location at the intersec-
tions of network of channels.58

Also it is to be noted that, although we have done so, it is
not clear that IAST can be applied to flexible MOFs such as
Co(BDP), because of the potential for one component of a gas
mixture to trigger pore opening59 and thereby facilitate the
adsorption of another component. Coudert et al.60�62 have
developed modifications to the IAST to account for structural
changes, but their theory needs experimental validation, and some
validation experiments are beginning to appear in the published
literature.63

The need for rigorous use of the IAST in PSA modeling has
been stressed in several papers.48,64,65 For separation of alkane
isomers in PSA units with MFI zeolite, the use of IAST is of vital
importance because the obtained selectivities result from differ-
ences in saturation capacities and entropy effects.48,64,66 Jeon
et al.65 modeled a PSA unit for CO2/N2 separation using NaX
zeolite and found that the predictions using IAST were in good
agreement with experimental data. In contrast, the mixed-gas
Langmuir model gave extremely poor predictions of PSA
performance.

The set of partial differential equations (PDEs) (2) and (4) are
first subjected to finite volume discretization. Typically, the adsorber
length L is divided into 100 or more slices. Each crystallite,
assumed to be spherical, is divided into 10�20 equivolume slices.
The number of slices is determined by checking that the obtained
breakthrough results do not change on increasing it. Combina-
tion of the discretized PDEs along with the algebraic IAST
equilibrium model results in a set of differential-algebraic equa-
tions (DAEs), which are solved using BESIRK.67 BESIRK is a
sparse matrix solver, based on the semi-implicit Runge�Kutta
method originally developed by Michelsen68 and extended with
the Bulirsch�Stoer extrapolation method.69 Use of BESIRK
improves the numerical solution efficiency in solving the set of
DAEs.The evaluationof the sparse Jacobian required in thenumerical
algorithm is largely based on analytic expressions.48 Further
details of the adsorber model, along with the numerical procedures
used in this work, are provided by Krishna and co-workers.48,70,71

Typical computation times for a binary gas mixture breakthrough

are less than 200 s, allowing such transient adsorber calculations
to be routinely used for screening purposes.

Since the primary objective of this communication is the ranking
of MOFs, rather than detailed process design, we proceed further
assuming that there are no intracrystalline diffusion limitations,
and thermodynamic equilibrium prevails everywhere within the
bed. With these assumptions, eq 3 simplifies to give

qi ¼ qi ð8Þ
The assumption of thermodynamic equilibrium is a good one
when the crystallite sizes are sufficiently small and the intracrys-
talline diffusivities are sufficiently large. Most of the MOFs that
we shall consider in this paper have characteristic pore dimen-
sions of the order of 1 nmor larger. In these cases, the assumption
of negligible intracrystalline diffusion resistance is a reasonably
good one to make in practice.

3. TRANSIENT BREAKTHROUGH CALCULATIONS

Figure 4 presents typical data for the mole % CO2 in the outlet
gas mixture exiting from a packed bed adsorber subjected to a
step-input of a 20/80 CO2/H2 mixture at inlet pressure of

Figure 4. Breakthrough curves showing the mole % CO2 in the outlet
of packed bed adsorber with step-input of 20/80 CO2/H2 mixture at a
total pressure of 5 MPa and 313 K.

Figure 5. Dependence of (a) dimensionless breakthrough time, τbreak
and (b) number of moles of CO2 adsorbed per m

3 of adsorbent material
during the time interval 0�τbreak, on the inlet pressure, pt, of a packed
bed adsorber with step-input of a 20/80 CO2/H2 mixture operating
at 313 K.
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pt = 5 MPa. These breakthrough calculations were performed for
an adsorber of fixed volume and the same voidage fraction, ε.
Consequently, the mass of adsorbent material used is different
and determined by the values of the framework densities of
BeBTB, MOF-177, Co(BDP), CuBTTri, MgMOF-74, and NaX
which are, 423, 426, 721, 773, 905, and 1421 kg m�3, respec-
tively. The x axis is a dimensionless time, τ, obtained by dividing
the actual time, t, by the contact time between the gas and the
crystallites, εL/u. For a given adsorbent, under chosen operating
conditions, the breakthrough characteristics are uniquely defined
by τ, allowing the results to be presented here to be equally
applicable to laboratory scale equipment as well as to industrial
scale adsorbers.

Materials that have high values of Sads: MgMOF-74, NaX, and
CuBTTri, exhibit steep, near-vertical, breakthrough characteris-
tics. For Co(BDP), BeBTB, andMOF-177, which have relatively
low values of Sads, the increase in the mole % CO2 in the outlet
gas occurs in a more gradual manner.

For H2 production with a specified level of purity, assumed
here to be 0.05 mol %CO2, the breakthrough times, τbreak, can be
determined. Figure 5a shows the dependence of τbreak on the
inlet pressure, pt. A cursory examination indicates that the

hierarchy of τbreak values for different structures follows the Sads
vs pt data trends in Figure 1a. However, there are some τbreak vs pt
characteristics that require further examination and elucidation.
For example, the τbreak of CuBTTri gets progressively closer to
that of NaX with increasing pt, and at 6 MPa, the breakthrough
times are nearly the same. This is remarkable, in view of the fact
that the Sads of CuBTTri is significantly lower than that of NaX
for the entire range of pt; see Figure 1a. The explanation lies in the
significant increase in the working capacity of CuBTTri when pt
is increased beyond 1MPa; see Figure 1b. This increase inΔq has
the effect of delaying the breakthrough of CO2. In contrast, the
working capacity of NaX reaches a plateau value and ceases to
increase beyond 1 MPa. For this reason, the decrease in τbreak
with increasing pt is more pronounced for NaX than that for
CuBTTri. Similarly, we find that the τbreak for Co(BDP) is
significantly higher than for MOF-177 and BeBTB at 6 MPa,
which can be explained by the stronger increase in Δq with

Figure 6. Comparison of the calculations of moles of CO2 adsorbed per
m3 of adsorbent material in (a) MOF-177 and (b) MgMOF-74 using
two different approaches: (1) by integrating the loadings during the time
interval 0�τbreak and (2) assuming that the entire bed is in equilibrium
with the incoming gas mixture.

Figure 7. Plots of thenumberofmoles ofCO2 adsorbedperm
3of adsorbent

material during the time interval 0�τbreak against the breakthrough time
τbreak for packed bed adsorber with step-input of a 20/80 CO2/H2

mixture at 313 K and total pressures of (a) 1 MPa and (b) 6 MPa. The
breakthrough times, τbreak, correspond to those when the outlet gas
contains 0.05 mol % CO2.
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increased pressure; cf. Figure 1b. Such capacity advantages
become more telling at higher pressures. Thus, the breakthrough
times, which reflect a combination of selectivity and capacity
considerations, are a more appropriate yardstick for comparing
MOFs with regard to performance in PSA units.

When the desired level of purity is attained, the adsorption
step is terminated at τ = τbreak, and the bed has to be regenerated.
The amount of CO2 captured during the time interval 0�τbreak,
expressed in terms of the number of moles of CO2 adsorbed
within the bed per m3 of adsorbent material, can be determined
from a mass balance on the adsorber, as plotted in Figure 5b.
Here, there are some important differences with the working
capacity data of Figure 1b. The consequence of the gradual
increase in mole % CO2 in the exit gas for MOFs such as BeBTB,
MOF-177, and Co(BDP), made evident in Figures 4, is that the
contents of the bed are removed from steady state when
operation is stopped at τ = τbreak. To illustrate this, Figure 6a
presents a comparison of two sets of calculations of the amount
of CO2 adsorbed in a PSA unit containing MOF-177 (1) by
integrating the loadings during the time interval 0�τbreak from
the breakthrough calculations and (2) assuming that the entire
bed is in equilibrium with the incoming gas mixture. Importantly,
the assumption of the entire bed being in equilibrium results in
an overestimation of the amount of CO2 adsorbed by up to 50%.
Similar conclusions hold for Co(BDP) and BeBTB. Thus, low
adsorption selectivity also results in underutilization of the
adsorber bed. In contrast, for MgMOF-74, NaX, and CuBTTri,
the entire bed is nearly at steady state at τ = τbreak, and the two
sets of calculations are only marginally different as illustrated in
Figure 6b for MgMOF-74. Higher adsorption selectivities there-
fore also result in better bed utilization.

For screening purposes, it is useful to make plots of the
amount of CO2 adsorbed during the time interval 0�τbreak,
against τbreak; see Figure 7. A longer τbreak is desirable because the
frequency of regeneration is reduced. MgMOF-74 occupies the
desirable top right-hand corner and can therefore be regarded as
best adsorbent, from the standpoint of both productivity and
frequency of regeneration. It is also interesting to note that for
1 MPa operation, Figure 7a will lead us to conclude that the
separation performance of NaX is significantly superior to that of
CuBTTri. However, for 6 MPa operation, CuBTTri is able to
adsorb nearly asmuchCO2 asNaX, and this is largely attributable
to a significant increase in the working capacity of CuBTTri at
increased pressures. The data in Figure 7 clearly indicate the
shortcomings of traditionally used zeolite NaX which is typically
used in high-pressure PSA units for H2 purification, compared to
certain MOFs with exposed metal cation sites, and MgMOF-74
in particular.

For MOF-177, BeBTB, and Co(BDP) the high working
capacities cannot compensate for the extremely low Sads values;
therefore all of these structures end up in the undesirable bottom-
left corner of the two plots in Figure 7.

For separation of CO2/CH4 mixtures, Bao et al.72 have
conducted experiments to compare the selectivity and capacity
of MgMOF-74 with NaX, in the pressure range of 0�0.1 MPa.
Their data show similar values of Sads for both materials, but a
significantly higher capacity for MgMOF-74. On the basis of this
evidence we should expect superior PSA performance with
MgMOF-74, especially at higher pressures. To seek confirmation
of this expectation, we determined adsorber breakthroughs
for the range of pressures 0.5�5 MPa. Typical breakthrough
curves, for pt = 5 MPa are shown in Figure 8a. We note the steep,

near-vertical, breakthrough curves that are characteristic of
materials with high Sads. As plotted in Figure 8b, a comparison of

Figure 8. (a) Mole % CO2 in the outlet of adsorber, packed with
MgMOF-74 or NaX, with step-input of a 20/80 CO2/CH4 mixture at a
total pressure 5MPa and 313 K. (b, c) Dependence of (b) dimensionless
breakthrough time, τbreak, and (c) moles of CO2 adsorbed per m3 of
adsorbent material during the time interval 0�τbreak, on the inlet
pressure, pt. The dual-site Langmuir�Freundlich fits of the pure
component isotherms of CO2 and H2 adsorption isotherms are based
on the experimental data of Herm et al.,37 Dietzel et al.,30 Belmabkhout
et al.,76 and Cavenati et al.77 The Supporting Information accompanying
this publication contains the dual Langmuir�Freundlich fit constants.
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thebreakthrough times shows thatMgMOF-74performs consistently
better than NaX. The more important advantage of MgMOF-74
over NaX, however, is that a significantly higher amount of CO2

Figure 9. (a) Mole % CH4 in the outlet of an adsorber, packed with
MgMOF-74 or NaX, with step-input of a 20/80 CH4/H2 mixture at a
total pressure of 5 MPa and 313 K. (b, c) Dependence of (b)
dimensionless breakthrough time, τbreak, and (c) moles of CH4 adsorbed
per m3 of adsorbent material during the time interval 0�τbreak, on the
inlet pressure, pt. The dual-site Langmuir�Freundlich fits of the pure
component isotherms of CO2 andH2 adsorption isotherms are based on
the experimental data of Herm et al.,37 Dietzel et al.,30 Belmabkhout
et al.,76 and Cavenati et al.77 The Supporting Information accompanying
this publication contains the dual Langmuir�Freundlich fit constants.

Figure 10. (a) Mole % (CH4 þ CO2) in the outlet of an adsorber,
packed with MgMOF-74 and NaX, with step-input of a 4/16/80
CH4/CO2/H2 gas mixture at a total pressure of 5 MPa and 313 K.
Video animations of the breakthrough dynamics are available as
Supporting Information. (b) Dependence of dimensionless break-
through times, τbreak, on the inlet pressure, pt. The calculations are
presented for MgMOF-74 and zeolite NaX for both 20/80 CO2/H2

and 4/16/80 CH4/CO2/H2 mixtures. (c) IAST calculations of the
CO2/H2 adsorption selectivities for 20/80 CO2/H2 and 4/16/80
CH4/CO2/H2 mixtures.
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can be adsorbed; see Figure 8c. Indeed, at inlet pressures above
0.5 MPa, a PSA unit filled with MgMOF-74 can be expected to
exhibit about 50% higher CO2 capacity compared to one contain-
ing zeolite NaX.

For H2 production from steam reforming of natural gas, the
separation of CH4/H2 mixtures is required.73,74 Due to the
significantly lower adsorption strength of CH4, compared to
CO2, the breakthrough curves for both MgMOF-74 and zeolite
NaX show a gradual approach to steady-state; see Figure 9a. The
breakthrough times for a range of pressures are shown in
Figure 9b. It is noteworthy that these breakthrough times are
significantly shorter for both the materials than observed earlier
for CO2/H2 and CO2/CH4 mixtures; this is a consequence of
the significantly lower Sads for a CH4/H2 separation. The data for
the amount of CH4 adsorbed during the time interval 0�τbreak
are presented in Figure 9c. Here again, MgMOF-74 emerges as
the more attractive material when compared to the traditional
NaX zeolite, from the points of view of both reduced frequency of
regeneration and productivity. Given the more gradual break-
through characteristics apparent in Figure 9a, the amount of CH4

adsorbed is lower than that calculated assuming that the entire
bed is in equilibrium with the incoming gas mixture.

For H2 purification processes from gaseous streams contain-
ing both CH4 and CO2, the breakthrough characteristics are
primarily dictated by the more poorly adsorbing impurity, CH4.
To illustrate this Figure 10a shows the total mol % “impurity”
exiting from an adsorber fed with a 4/16/80 CH4/CO2/H2 gas
mixture at a total pressure of 5 MPa and 313 K. CH4 breaks
through significantly earlier than CO2 for both zeolite NaX and
MgMOF-74. The breakthrough times for NaX are lower than
those for MgMOF-74; see Figure 10b. We also note that the
breakthrough times for the ternary CH4/CO2/H2 mixture are
significantly lower, by a factor of about 5, than those for the
corresponding binary 20/80 CO2/H2 mixture. This demon-
strates the strong influence of a small amount (4%) of CH4 on
PSA performance, and underscores the need for careful analysis
of all impurities in a gas mixture and not just the predominant
one. In sharp contrast to the strong influence on τbreak, the
adsorption selectivity Sads for CO2/H2 separation is hardly
influenced by the presence of 4% CH4; see Figure 10c. We
conclude that the metric τbreak is a much more sensitive measure
of the influence of trace components in the feed to a PSA unit.

4. CONCLUSIONS

With published experimental data on pure component iso-
therms for CO2, CH4, and H2 at 313 K in five different MOFs,
along with zeolite NaX, the dynamics of breakthrough of CO2/
H2, CO2/CH4, CH4/H2, and CO2/CH4/H2, mixtures in a
packed bed adsorber were calculated for a range of pressures.
The following major conclusions emerge from this study.
(1) The dimensionless breakthrough time, τbreak, is influ-

enced not only by the adsorption selectivity, Sads, but
also by the working capacity, Δq. A high value of τbreak is
desirable in practice because it reduces the frequency of
required regeneration.

(2) The amount of component adsorbed during the interval
0�τbreak is a measure of the productivity of the PSA unit.

(3) Materials with high Sads have near-vertical breakthrough
characteristics and τbreak is only slightly lower than the
time required for the bed to reach steady state. In this case,
the amount of gas adsorbed during the interval 0�τbreak

can be estimated using the assumption that the entire bed
is in equilibrium with the incoming gas mixture. When
Sads is low, portions of the bed are not fully utilized, since
they are not in equilibrium with the entering gas mixture.

(4) For separation of CO2/H2, CO2/CH4, and CH4/H2

mixtures, MgMOF-74 emerges as the best material, from
the viewpoints of both frequency of regeneration and
productivity. The advantage of MgMOF-74 over tradi-
tionally used NaX zeolite is particularly evident at pres-
sures exceeding 1 MPa.

(5) For screening of MOFs and zeolites, the suggested metric
τbreak provides the proper degree of discrimination be-
tween the variety of factors that govern PSA separations.
It, together with the amount of gas adsorbed during the
interval 0�τbreak, should be considered the most useful
single metric for ranking adsorbents. Diagrams such as
those presented in Figure 7 are very useful in deciding on
the choice of the ideal MOF.

The screening strategy suggested in this paper can be con-
sidered as the initial one based only on information on pure
component isotherms and assumption of thermodynamic equi-
librium. The next step would be to consider the influence of
intracrystalline diffusion and include the solution of eq 4 in the
breakthrough calculations. Inclusion of intracrystalline diffusion
would have the effect of broadening the breakthrough curves.
Such broadening will lead to a reduction in the amount that is
effectively adsorbed. Other practical issues such as thermal
stability, influence of the presence of small quantities of water,75

and ease of regeneration also need to be taken into consideration
at subsequent stages in the process of selection of the ideal
adsorbent material for a given separation task.
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’NOTATION
bi dual Langmuir�Freundlich constant for species i,

Pa�νi

L length of packed bed adsorber, m
n number of components in mixture, dimensionless
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Ni molar flux of species i for intraparticle radial diffusion,
mol m�2 s�1

pi partial pressure of species i in mixture, Pa
pt total system pressure, Pa
qi component molar loading of species i, mol kg�1

qi,sat saturation loading of species i, mol kg�1

Δq working capacity, mol kg�1

r radial distance coordinate, m
rc radius of crystallite, m
R gas constant, 8.314 J mol�1 K�1

Sads adsorption selectivity, dimensionless
t time, s
T temperature, K
Tc critical temperature, K
u superficial gas velocity entering the packed bed, m s�1

Vp accessible pore volume, m3 kg�1

z distance along the adsorber, m

Greek Letters
ε voidage of packed bed, dimensionless
νi exponent in the dual Langmuir�Freundlich isotherm,

dimensionless
F framework density, kg m�3

τ time, dimensionless
τbreak breakthrough time, dimensionless

Subscripts
i referring to component i
t referring to total mixture
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