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a b s t r a c t

Considerable progress has been made in recent years on the development of novel adsorbents for CO2

capture. Pressure swing adsorption (PSA), using a packed bed of adsorbents is one of the leading contend-
ers for use in technological applications. The candidate adsorbents are often structured micro-porous
materials such as metal organic frameworks (MOFs), zeolitic imidazolate frameworks (ZIFs), and zeolites.
The most common method of screening and selecting adsorbents is on the basis of adsorption selectivity.
Besides adsorption selectivity, the performance, and economics, of a PSA unit is governed by a number of
other factors, notably the working capacity. The main objective of this study is to investigate the relative
importance of selectivity and capacity on PSA performance. Breakthrough characteristics of a packed bed
adsorber packed with a number of zeolites (MFI, JBW, AFX, NaX), and MOFs (MgMOF-74, MOF-177,
CuBTTri-mmen) were investigated for CO2 capture from a CO2/N2 mixture. These breakthrough calcula-
tions demonstrate that high capacities could have a dominant influence on the overall performance of
PSA units. Our studies indicate that MgMOF-74 is the best adsorbent for post-combustion CO2 capture.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction Besides S , another important metric that determines the eco-
For separation of CO2 from streams containing CH4, N2, and H2

in pre- or post-combustion processing and natural gas sweetening,
adsorptive separations using zeolites, metal organic frameworks
(MOFs), and zeolitic imidazolate frameworks (ZIFs) offer energy
efficient alternatives to more conventional separation techniques
such as amine absorption [1–8]. In particular, with MOFs, a wide
variety of strategies can be adopted to enhance the CO2 uptake;
these include appropriate choice of ligand design [9], the introduc-
tion of non-framework cations [10], use of exposed metal cation
sites [2,3,5,11–13], and incorporation of functional groups within
a framework [4,14].

Pressure swing adsorption (PSA) with a fixed bed of adsorbent
particles is often the technology of choice. For a given feed compo-
sition, and set of operating conditions such as pressure and tem-
perature, the economics of CO2 capture in PSA units are dictated
by several factors [15], of which the primary metric is considered
to be the adsorption selectivity, Sads, defined by:

Sads ¼
q1=q2

p1=p2
; ð1Þ

where the qi represent the component molar loadings in equilib-
rium with a bulk fluid phase with partial pressures pi.
ll rights reserved.

+31 20 5255604.
ads

nomics of PSA units is the working capacity [2,15,16]. This metric is
defined as the difference in the loadings of the component that
needs to be preferentially adsorbed, expressed in mol per kg 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.

The major objectives of the present communication are twofold.
Firstly, we highlight the variety of factors that determine
selectivity and capacity metrics of zeolites and MOFs for separation
of CO2/CH4, CO2/H2, and CO2/N2 mixtures. Secondly, we underscore
the relative importance of the selectivity and capacity metrics by
performing breakthrough calculations in a fixed bed adsorber un-
der conditions that are representative of post-combustion CO2 cap-
ture. The important message that will be conveyed is that choosing
adsorbents purely based on selectivity considerations is not justi-
fied; capacity considerations often have dominant, and overriding,
effects. The suggested methodology for screening adsorbents must
be viewed as a preliminary screening exercise, to be confirmed by
breakthrough experiments, and investigations on regenerability
aspects. The current study is not intended as a substitute for
detailed process design of PSA processes.

2. Adsorption selectivity

For a given separation task, the adsorption selectivity is gov-
erned by a wide variety of factors that include pore size and

http://dx.doi.org/10.1016/j.seppur.2011.11.031
mailto:r.krishna@uva.nl
http://dx.doi.org/10.1016/j.seppur.2011.11.031
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geometry. There is an extremely wide variation in the values of the
surface areas, pore volumes, and characteristic pore dimensions of
zeolites and MOFs, as illustrated in the data presented in Fig. 1a
and b for a few chosen materials that will be investigated in detail
in this article. The characteristic pore dimension is determined by
following the method of Delaunay triangulation described in the
work by Foster et al. [17]; this corresponds with the maximum
hard-sphere diameter that can pass through the channels. Of the
commonly used zeolites, FAU has the most ‘‘open’’ structure, with
a characteristic size (window aperture) of 7.4 Å, a pore volume of
0.33 cm3/g, and a surface area of 1086 m2/g. Many important MOFs
have significantly higher pore volumes, surface areas, and channel
sizes.

The adsorbent with the highest selectivity for a given CO2 sepa-
ration duty can selected on the basis of screening of available zeo-
lites and MOFs. The screening can be done on the basis of
experiments [2,3,8,18,19], or molecular simulations [6,7,20,21].
For all-silica zeolites, molecular simulations are potent tools be-
cause the force fields are considered to be transferable from one
zeolite to another, and have been developed for a variety of guest
molecules are based on extensive experimental data on pure com-
ponent isotherms [22–26]. As illustration, Fig. 2 presents data ob-
tained from Configurational-Bias Monte Carlo (CBMC) simulations
on the selectivity for CO2/CH4, and CO2/H2 mixtures as a function
of the total gas pressure for a selection of all-silica zeolites: AFX,
JBW, BIK, SIV, LOV, LEV, EPI, CHA, MFI, and FAU-Si. The simulations
were carried out to a total pressure of 10 MPa in order to be of rel-
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Fig. 1. (a) Data on surface area vs pore volumes, and (b) pore volumes vs
characteristic dimensions (Foster diameter [17]) for some representative zeolites
and MOFs. The data are obtained using the simulation methodology described in
the Supplementary material accompanying this article.
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Fig. 2. Adsorption selectivities for (a) CO2/CH4, and (b) CO2/H2 mixtures at 300 K in
a variety of all-silica zeolite structures, obtained from Configurational-Bias Monte
Carlo (CBMC) simulations. In (a) the partial fugacities in the gas phase are equal, i.e.
p1 = p2. In (b) the gas phase partial fugacities satisfy p1/p2 = 15/85. The data plotted
here are obtained from the Supplementary material accompanying this article.

Fig. 3. Snapshot showing the location of CO2 and CH4 molecules within the 1D zig-
zag channels of JBW and BIK. Video animations showing the motion of guest
molecules in JBW and BIK are available as Supplementary material.
evance to natural gas and H2 purification technologies for which
pressures as high as 5 MPa are used. The zeolites have been chosen
on the basis of the information available in earlier works [7,27,28].
For any mixture, the values of Sads are seen to vary by 2–3 orders of
magnitude. It is noteworthy that for JBW, BIK, and AFX, selectivities
in the range 100–1000 are obtained for both mixtures. The reasons
for the high selectivities can be explained on the basis of snapshots
of the adsorbed CO2 in these three structures. JBW and BIK are both
one-dimensional 8-ring channel structures of about 3.7 Å size. The
channel topologies are such that CO2 can nestle nicely in each chan-



Fig. 4. Pore landscape of AFX, showing the location of CO2 molecules. Video
animations showing the motion of guest molecules in AFX are available as
Supplementary material.
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Fig. 5. Comparison of the CBMC simulations of the pure component adsorption
isotherms for (a) CO2, and (b) CH4 in MgMOF-74 at 300 K with experimental data of
Dietzel et al. [30]. (c) Comparison of CBMC simulations of adsorption selectivity of
CO2/CH4 mixture in MgMOF-74 at 300 K with IAST calculations using pure
component isotherm fits of experimental isotherm data [30].
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nel segment (cf. Fig. 3); these are like ‘‘egg-cartons’’ for CO2. Inter-
estingly, JBW and BIK have the lowest values of pore volumes and
surface areas. The preferential perching of CO2 at the window re-
gions and within pockets (cf. Fig. 4) accounts for the high selectiv-
ities obtained with AFX [7,28,29]. There are no experimental data to
confirm the high selectivity expectations for JBW, BIK, and AFX.

Though there are several papers using molecular simulation
techniques for screening MOFs [7,21], the available force fields
are not as reliable as for all-silica zeolites. To underscore this point,
we compare the CBMC simulations of the CO2 isotherm in MgMOF-
74 (also denoted as CPO-27-Mg, or Mg2(dobdc) with dobdc =
(dobdc4� = 1,4-dioxido-2,5-benzenedicarboxylate) at 300 K, with
the force field developed by Yazaydin et al. [5], with the experi-
mental data of Dietzel et al. [30]; see Fig. 5a. The experimental data
show an inflection at a loading of about 8 mol/kg that corresponds
to one molecule of 1 CO2 per atom of Mg in the framework. We
note that for pressures exceeding 0.1 MPa, there is excellent agree-
ment between the CBMC simulations and experiment. However,
for pressures below 0.1 MPa, the experimental loadings are signif-
icantly higher than the simulated values. The reason for this devi-
ation at pressures below 0.1 MPa can be traced to the fact that the
force field implementation of Yazaydin et al. [5] does not explicitly
account for orbital interactions and polarization. Such effects are
particularly strong in the low pressure region; the influence of
polarization is of lesser importance at higher pressures. When
the guest species do not have orbital interactions with the Mg
atoms, the predictions of the CBMC simulations can be expected
to be good. Fig. 5b compares CBMC simulations of the adsorption
isotherms for CH4 at 300 K with the experimental data of Dietzel
et al. [30]; the agreement between the two sets is good for the en-
tire pressure range. CBMC simulations of the selectivity of CO2/CH4

mixtures are significantly lower, by a factor of five, than those ob-
tained from IAST calculations using fits of experimental isotherm
data; see Fig. 5c.

The important conclusion we draw from Fig. 5 is that molecular
simulations can lead to pessimistic estimates of selectivity for
MOFs that have affinity for CO2. For MOFs structures decorated
with amine functional groups [4,14], appropriate force fields are
unavailable. For a fair comparison of MOFs with all-silica zeolites,
therefore, we need to rely on IAST calculations of Sads based on
pure component isotherm fits of experimental data.

3. Selectivity vs capacity considerations in post-combustion CO2

capture

The selectivity and capacity metrics do not go hand-in-hand. To
demonstrate this, let us consider the separation of CO2/N2 mixtures
with the composition 15% CO2 and 85% N2 that is relevant in post-
combustion processing. Experimental and theoretical studies have
indicated that MgMOF-74 is a suitable adsorbent for this separa-
tion [3,7,18,31]. For CuBTTri functionalized with N,N0-dimethyleth-
ylenediamine (this structure is denoted here as mmen-CuBTTri),
the more recent work of McDonald et al. [4] claims that ‘‘the selec-
tivity observed at 25 �C is the highest value yet reported for a
metal–organic framework’’. This claim is indeed substantiated by
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our IAST calculations of Sads at 300 K presented in the Fig. 6a for
MgMOF-74, and mmen-CuBTTri. Also presented in Fig. 6a are data
on Sads for MOF-177, four different all-silica zeolites (JBW, AFX,
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Fig. 6. (a) Adsorption selectivities, Sads, for CO2/N2 mixtures (15% CO2, 85% N2) at
300 K for zeolites (MFI, JBW, AFX, NaX, FAU-Si), and MOFs (MgMOF-74, MOF-177,
CuBTTri-mmen) as a function of the total gas phase pressure. (b) Working capacity
of CO2 for adsorption from the 15/85 CO2/N2 mixtures; the desorption pressure is
chosen to be 10 kPa. (c) Plot of working capacity vs Sads for a total pressure of
100 kPa. The data for all-silica JBW, AFX, and MFI are obtained from molecular
simulations. For all other structures the data are based on IAST calculations using
pure component isotherm fits. The parameter values for pure component isotherm
fits are provided in the Supplementary material accompanying this article.
FAU-Si, and MFI) and NaX. The electrostatic interactions of CO2

with the Na+ cations lead to significantly higher values of Sads of
NaX when compared to FAU-Si [6,7,32]. Remarkably the highest
selectivity is obtained with JBW over the entire range of pressures.
At a total system pressure pt = 0.1 MPa, typical of post-combustion
capture conditions, the hierarchy of adsorption selectivities is
found to be JBW > mmen-CuBTTri > AFX �MgMOF-74 > NaX�M-
FI > FAU-Si > MOF-177.

The adsorbent that has the highest Sads value, JBW, has the
smallest values of pore volume, and surface area; see Fig. 1. We
should therefore expect a significantly lower capacity of JBW to ad-
sorb CO2. This is confirmed in the data presented in Fig. 6b for the
working capacity for CO2 adsorption for the binary mixture (15%
CO2 and 85% N2) by the different materials. The working capacity
is defined as the component loading at the adsorption pressure
minus the loading at a desorption pressure of 10 kPa. At
pt = 100 kPa, the hierarchy of working capacity values is MgMOF-
74� NaX > AFX > mmen-CuBTTri > JBW > MFI � FAU-Si �MOF-
177. Due to the introduction of N,N0-dimethylethylenediamine
functional groups into the framework, the pore volume of
mmen-CuBTTri equals 0.363 cm3/g which is significantly lower
than value of 0.573 cm3/g for MgMOF-74; this lower pore volume
explains the significantly working capacity of CO2 for mmen-CuBT-
Tri. For a total pressure pt = 100 kPa, a plot of the working capacity
vs Sads summarizes the dilemma in using the two conventional
metrics for screening materials. Fig. 6c shows that JBW has the
highest Sads but MgMOF-74 has the highest working capacity.

In order to resolve the dilemma on how to weigh the selectivity
and capacity characteristics, we need to investigate the relative
performances under conditions that are relevant to realistic PSA
operations. For this purpose we determined the breakthrough
characteristics in a fixed bed adsorber; see schematic in Fig. 7.
Assuming plug flow of CO2(1)/N2(2) gas mixture through a fixed
bed maintained under isothermal conditions and negligible pres-
sure drop, the partial pressures in the gas phase at any position
and instant of time are obtained by solving the following set of par-
tial differential equations for each of the species i in the gas
mixture.

1
RT

e
@pi

@t
¼ � 1

RT
@ðupiÞ
@z

� ð1� eÞq @qi

@t
; i ¼ 1;2 ð2Þ

In Eq. (2), t is the time, z is the distance along the adsorber, q is
the framework density, e is the bed voidage, and u is the superficial
gas velocity. The molar loadings within the crystallites of the spe-
cies i, qi, at any position z, and time t is determined from IAST cal-
culations. Details of the numerical procedures used are available in
earlier works [33,34]. Diffusional aspects are not considered in the
breakthrough simulations reported here; such aspects need to be
considered at a later process design stage.

As illustration, the molar concentrations of the gas phase exit-
ing the adsorber packed with MgMOF-74, with feed of CO2(1)/
N2(2) mixtures at p1 = 15 kPa, p2 = 85 kPa, are shown in Fig. 7.
The x-axis is a dimensionless time, s, obtained by dividing the actual
time, t, by the contact time between the gas and the crystallites,
eL=u. For a given adsorbent, under chosen operating conditions,
the breakthrough characteristics are uniquely defined by s, allow-
ing the results to be presented here to be equally applicable to lab-
oratory scale equipment as well as to industrial scale adsorbers.

The breakthrough of N2 occurs earliest, practically near the start
of the operations. The breakthrough of CO2 occurs significantly la-
ter. For different zeolites and MOFs, Fig. 8 presents a comparison of
the breakthrough curves showing the mole% CO2 in the outlet gas
mixture. For a specified purity of CO2 in the outlet gas, arbitrarily
chosen as 0.05 mol% CO2, the hierarchy of the dimensionless break-
through times, sbreak, were determined as follows: MgMOF-74�
NaX > AFX > JBW �mmen-CuBTTri�MFI�MOF-177. Higher val-
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ues of sbreak are desirable because longer times will be available for
uptake of CO2 before the bed needs to be regenerated. The dimen-
sionless breakthrough times reflect a combination of the two met-
rics: Sads, and working capacity. JBW zeolite that has the highest
value of Sads (Fig. 6a) has severe capacity limitations (Fig. 6a) and
consequently its value of sbreak is significantly lower than that of
MgMOF-74. When comparing JBW and mmen-CuBTTri we note
that Sads for JBW is higher than for mmen-CuBTTri, whereas the lat-
ter has a higher working capacity. The net outcome is that the val-
ues of sbreak for JBW and mmen-CuBTTri are nearly the same.

The economics of a PSA unit for post-combustion CO2 capture
will be dictated primarily by the amount of CO2 uptake during
the adsorption cycle, i.e. during the time interval 0–sbreak; this
amount can be determined from a material balance. Fig. 9 presents
a plot of the number of moles of CO2 adsorbed per kg of adsorbent
material during the time interval 0–sbreak against the breakthrough
time sbreak. From this plot we note that MgMOF-74 has the ability
to adsorb more than twice the amount compared to any other
material. The significantly higher working capacity of MgMOF-74
(cf. Fig. 6b), outweighs the fact that its selectivity is not the highest
amongst the chosen materials (cf. Fig. 6a).

A further point to note is that the hierarchy of materials that
emerge from our recommended screening procedure, presented
in Fig. 9 is practically the same as that arrived at using working
capacity as the metric (cf. Fig. 6c). There are however some addi-
tional insights that breakthrough calculations provide. This is illus-
trated by a comparison of MgMOF-74 with NaX, the two best
materials emerging from our screening exercise. MgMOF-74 has
both higher selectivity and higher working capacity than NaX. A
combination of these two factors results in the fact that MgMOF-
74 can adsorb twice as much as NaX in the adsorption cycle; see
Fig. 9. Purely on the basis of the working capacity, we find that
MgMOF-74 has only a 50% advantage when compared to NaX.

4. Conclusions

By performing transient breakthrough simulations of CO2(1)/
N2(2) mixtures in a packed bed adsorber, we have examined the
variety of factors that influence the performance of a PSA unit.
The following major conclusions emerge from our investigations.

(1) Both metrics, adsorption selectivity, Sads, and the CO2 work-
ing capacity, influence the CO2 capture capacity in a PSA
unit.
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(2) The dimensionless breakthrough time, sbreak, reflects the
right combination of the selectivity and capacity metrics
that is a proper measure of the performance of PSA units.
A high value of sbreak is desirable in practice because it
reduces the frequency of required regeneration.

(3) The amount of component adsorbed during the interval 0–
sbreak is a measure of the productivity of the PSA unit.

(4) For post-combustion capture, MgMOF-74 is the ideal choice
for use as adsorbent; its CO2 capture capacity is more than
twice that of other material investigated here.

Based on the results of our preliminary screening study, the
next step would be to seek experimental confirmation of the viabil-
ity of MgMOF-74 in practice by also examining intraparticle diffu-
sion, stability, and regeneration aspects. This may be followed up
by process design studies on cyclical PSA operations.

5. Notation

L length of packed bed adsorber, m
pi partial pressure of species i in mixture, Pa
pt total system pressure, Pa
qi component molar loading of species i, mol kg�1

R gas constant, 8.314 J mol�1 K�1

Sads adsorption selectivity, dimensionless
t time, s
T absolute 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
e voidage of packed bed, dimensionless
q framework density, kg m�3

s time, dimensionless
sbreak breakthrough time, dimensionless
Subscripts
i referring to component i
t referring to total mixture
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