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Introduction

CO2 separation processes have been used in the chemical in-
dustry for a very long time. Two prominent examples are the
removal of CO2 from natural gas and from synthesis gas. De-
pending on the operating conditions (feed composition, tem-
perature, and pressure) and on the purity requirements of the
product gas, different processes can be used for the separation
of CO2 from natural or synthesis gas: i) (chemical or physical)
absorption by a solvent, ii) pressure swing adsorption (PSA) on
a solid adsorbent, iii) membrane separation, and iv) cryogenic
separation. Global climate change, which is in part provoked
by the CO2 emissions of industrial installations, has revived in-
terest in CO2 separations[1] and has added a new constraint to
these separation processes. While in former times the stream
of extracted CO2 was merely a waste stream that was vented
to the atmosphere, the new challenge is to make the CO2

waste stream ready for sequestration, which implies that is has
to respond to quite stringent specifications in terms of purity.
Moreover, as CO2 has to be compressed to supercritical pres-
sure for its transport and sequestration, separation processes
that produce the CO2 waste stream at high pressure are pref-
erable because the cost of compression to the supercritical
state is strongly reduced.

In this contribution, we focus on CO2 separation by means
of PSA. PSA processes are mainly used for the purification of
H2 from synthesis gas and for the separation of CO2 and CH4 in
biogas or synthetic natural gas. However, current PSA process-
es are designed to achieve a high purity of the raffinate prod-
uct, that is, H2 and CH4, respectively, but not of the CO2 extract
stream. Current PSA adsorbents (activated carbons or zeolites)
may, therefore, not be the most suited materials for producing
a CO2 waste stream that is ready for sequestration, while at the
same time minimizing the energy consumption of the process
(the consumption of energy for the separation of CO2 in turn

produces CO2-emissions unless the energy source is CO2-neu-
tral). Therefore, alternative CO2 adsorbent materials are inten-
sively researched.[2–5] One class of very promising CO2 adsorb-
ents are porous coordination polymers (PCPs) or porous metal
organic frameworks (MOFs). These crystalline hybrid solids are
a versatile class of compounds built up from an almost infinite
combination of diverse inorganic subunits (single ions, clusters,
chains, layers of 3p or transition metals, lanthanides…), con-
nected through polytopic ligands (phosphonate, carboxylate,
imidazolate, tetrazolate…) to define three-dimensional frame-
works with pores of various dimensionality (1D to 3D), size
(micro to meso), and shape. The variation of their chemical
composition leads to numerous solids, some of which exhibit
extremely high permanent porosity[6, 7] (surface area and pore
volume) or dynamic porosity[8, 9] (ability of the pores to adapt
to their content while the solid remains crystalline). Finally, the
polarity and hydrophilicity of the surface of the pores can
rather easily be tuned by systematic organic functionaliza-

This work reports the adsorption and coadsorption data of
CO2/CH4/CO mixtures on several metal–organic frameworks
[MOFs; MIL-100(Cr), MIL-47(V), MIL-140(Zr)-A, Cu-btc, and MIL-
53(Cr)] and compares them with reference adsorbents, that is,
zeolite NaX and an activated carbon material, AC35. We also
evaluate the effect of H2O on CO2 adsorption and on the stabil-
ity of the structures. Based on the experimental adsorption
data, the performance potential of MOFs in several pressure
swing adsorption processes is estimated by making a ranking

of working capacities and separation factors. We discuss the
separation of biogas, the purification of H2 produced by steam
reforming of methane, and the removal of CO2 from synthesis
gas in IGCC (integrated gasification combined cycle) systems.
Some MOFs are very well placed in the ranking of (isothermal)
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only criterion for the selection of MOFs. Ease and cost of syn-
thesis and long-term stability are other important aspects that
have to be taken into account.
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tion.[7, 10–12] For these reasons, PCPs or MOFs are now consid-
ered as promising adsorbents for gas storage or separation.
Nevertheless, in spite of the numerous studies dealing with
the CO2 adsorption properties of MOFs, only very few of them
have analyzed in detail the application-related aspects.[13–15] It
is, therefore, still difficult to assess the potential of this new
family of materials for CO2 separations by means of PSA. Such
processes are semi-continuous cyclic processes. The cycle (see
the Supporting Information) comprises an adsorption step at
high pressure, which removes CO2 and eventually other impur-
ities from the feed gas. When the adsorbent has reached a cer-
tain CO2 loading, feeding is discontinued, the column is dep-
ressurized, and CO2 and coadsorbed impurities are desorbed at
low pressure. To produce a very pure CO2 extract, the adsorb-
ent bed is purged with CO2 before desorption. The CO2 purge
removes the coadsorbed impurities from the column. For this
purpose, a part of the CO2 extract is depressurized and recy-
cled to the column. The amount of CO2 that has to be recycled
depends considerably on the selectivity of the adsorbent. In-
trinsically, very selective adsorbents need very little purge to
meet the purity requirement of the CO2 extract (>95 %). Ad-
sorbents of low selectivity either cannot meet the purity re-
quirement at all or require a large amount of CO2 to be recy-
cled. The compression of the CO2 recycle stream increases the
energy consumption of the process, which is undesirable.

The PSA performance of new materials, such as MOFs, can
be evaluated either experimentally in a lab-scale pilot or by
means of numerical simulations. To yield representative results,
even a lab-scale PSA pilot unit must have a considerable size
(>0.5 m3) to reproduce heat effects correctly (vide infra). Such
experiments are not feasible in a screening phase, for which
a large number of adsorbents should be tested. Numerical sim-
ulations are easier to perform, but to yield precise results they
require a large number of input parameters, which have to be
acquired by performing extensive experimental measurements.
Also, this procedure is too onerous for a broad initial screening
phase. We, therefore, need simple, but pertinent criteria to
select one or two materials for a more detailed evaluation.

These criteria are:[16]

1. The working capacity (or delta loading): It is defined as
the difference of the adsorption capacity at high and low pres-
sure. It is the amount of CO2 that the adsorbent can take up
during each adsorption cycle. The higher the working capacity,
the higher the productivity, that is, the larger is the amount of
feed that can be treated with a given amount of adsorbent in
a given time. Productivity also depends on the adsorption ki-
netics, that is, on the mass transfer rate between gas phase
and adsorbed phase, but mass transfer depends considerably
on the shaping of adsorbents and is considered to be of sec-
ondary importance in an initial screening.

2. The selectivity for adsorption of CO2 versus CH4, CO, etc:
A high selectivity is necessary to meet the stringent purity re-
quirements of the CO2 extract stream and to minimize the
purge gas consumption.

3. The regenerability at pressures above 0.1 MPa: A higher
desorption pressure reduces the energy consumption for the
compression of the CO2 extract to a supercritical state. We will,

however, see that many applications leave little margin for in-
creasing the desorption pressure above 1 bar because the CO2

partial pressure in the feed is not very high.
4. The heat of adsorption: It should be as low as possible to

avoid strong temperature excursions in the adsorbents bed,
which degrade the quality of the separation. Yet, a low heat of
adsorption of CO2 often goes in pair with a low selectivity for
the latter.

5. Stability under operating conditions: Although this pa-
rameter is obvious, it should be mentioned in the case of
MOFs, as their stability, especially towards water[17, 18] or acidic
gases such as H2S[19] have been shown to be strongly depen-
dent on their chemical composition and structure.

In the present contribution, we analyze several MOF materials
as PSA adsorbents with respect to the above-mentioned crite-
ria. In an attempt to cover the large structural diversity of
MOFs, we have chosen for this analysis (see the Supporting In-
formation for structures):

1. Flexible 1D pore system MOF: MIL-53(Cr) or [Cr(OH)(bdc)]
(bdc = 1,4-benzenedicarboxylate)[8]

2. Rigid small 1D pore system MOF: MIL-140(Zr)-A or [ZrO-
(bdc)][20]

3. Rigid medium pore MOF: MIL-47(V) or [VO(bdc)][21]

4. Rigid, medium 3D pore system MOF with coordinatively
unsaturated metal sites (CUS): Cu-btc (or HKUST-1) or
[Cu3(btc)2] (btc = 1,3,5-benzenetricarboxylate) [22]

5. Rigid large 3D pore system MOF with CUS: MIL-100(Cr) or
[Cr3OX(btc)2] , X = OH, F.[23]

The target applications are the adsorption of CO2 from syngas
[for H2 purification and for IGCC (integrated gasification com-
bined cycle) systems] and the separation of CO2 and CH4 in
biogas or synthetic natural gas. The above-mentioned MOF
materials are compared with reference adsorbents, that is, zeo-
lite NaX (13X) and an activated carbon, AC35, as well as with
other MOF materials from the literature.

Experimental Section

Synthesis and activation

The solids were prepared under either hydrothermal [MIL-53(Cr),[8]

MIL-47(V),[21] MIL-100(Cr)[24]] or solvothermal [Cu-btc,[25] MIL-140(Zr)-
A[20]] conditions following the published procedures (see the Sup-
porting Information for MIL-140(Zr)-A) ; experimental details are
summarized in Table 1. All the syntheses were easily reproducible,
and worked well on the gram (to few grams) scale. Whereas the
use of ‘green’ solvents (water, alcohol) is beneficial, not only the
synthesis but also the activation step should be considered. For ex-
ample, the activation of MIL-47(V) and MIL-53(Cr) required an inter-
mediate step, which consisted of the dispersion of the as-synthe-
sized solid in a toxic solvent (N,N’-dimethylformamide) to remove
the unreacted carboxylic acid entrapped in the pores. With the ex-
ception of MIL-47(V), all the solids were finally easily activated
upon heating. For MIL-47(V), this step was sensitive to the amount
of solid,[26] and complete activation should be checked carefully.
The Brunauer–Emmett–Teller (BET) surface area and pore volume
for the activated solids used in this study are summarized in
Table 2.
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Gravimetry

The adsorption isotherms of CO2, CH4, and CO were measured in
a Rubotherm magnetic suspension balance at 303 K after degass-
ing the samples at high temperature in vacuum (see the Support-
ing Information for details). The gravimetric measurements yield an
excess adsorbed mass (Mexcess), which was converted to the abso-
lute adsorbed mass (Mabs) by means of Equation (1):

Mabs ¼ Mexcess þ 1gasVmicro ð1Þ

where 1gas is the gas density and Vmicro the micropore volume of
the adsorbent [in the case of MIL-100(Cr), this is actually a meso-
pore volume]. The use of this correction implies that the volume
of the adsorbed phase was considered to be equal to the micro-
pore volume of the adsorbent. This assumption is questionable for
large pore sizes, as in MIL-100(Cr).

Adsorption microcalorimetry

The enthalpies of adsorption were obtained by using a manometric
adsorption apparatus coupled with a Tian-Calvet type microca-
lorimeter.[27] Around 0.3 g of sample was used for these experi-
ments. A point-by-point introduction adsorptive procedure was
used to evaluate the amounts adsorbed and the pseudo-differen-
tial enthalpy of adsorption by means of the measured exothermic
thermal effect associated with each dose.

Heat capacities

The heat capacities (Cp) were measured in a C80 calorimeter from
Setaram. A temperature ramp between an initial and a final tem-
perature was imposed, and the heat flux between a cell containing

the sample and an empty cell was
measured. Integration of the heat
flux produced the enthalpy
change of the sample. The heat ca-
pacity was then calculated by
using Equation (2).

Cp ¼
DHsample � DHblank

m*ðTfinal � TinitialÞ
ð2Þ

DHblank corresponds to the enthal-
py change measured in a blank ex-
periment.

Breakthrough measurements

A homemade breakthrough appa-
ratus was used to measure the
separation of CO2/CH4 and CO2/
CH4/CO mixtures. The adsorbent
was placed inside a stainless steel
column (MOFs in the form of pow-
ders, NaX as spheres of 500 mm,
which contained 16 wt % binder
material, AC35 as granulates). The
samples were activated under He
flow at an appropriate tempera-
ture (see the Supporting Informa-
tion). After cooling down, the
sample was pressurized under He

flow. Then the feed mixture was injected through the column.
The measurements were carried out at 0.1, 0.5, and 1 MPa) at
303 K. Depending on the sample, the feed flow rate was adjusted
between 1 and 8 NL/h. The feed composition was 50:50 (v/v) for
the case of CO2/CH4 binary mixture and 70:15:15 for the CO2/CH4/
CO ternary mixture. The latter composition was close to the CO2/
CH4/CO ratio found in synthesis gas ex steam reforming of CH4. In
general, four experiments were carried out for each feed composi-
tion: i) a breakthrough curve He!feed; ii) a desorption curve
feed!He; iii) a breakthrough curve on a column presaturated with
CO2, that is, CO2!feed; and iv) a desorption curve feed!CO2. Ex-
periments (i) and (ii) allowed for calculating the adsorbed amounts
of CO2, CH4, and CO by integration of the breakthrough curve
(vide infra), but the so-called roll-up effect produced a high uncer-
tainty for the adsorbed amount of CH4 and CO. Presaturation of
the column with CO2 avoided the roll-up in the breakthrough
curves of CH4 and CO and, therefore, allowed for a better precision
of the adsorbed amount of the weakly adsorbed components in
experiments (iii) and (iv).
The absolute adsorbed quantity at equilibrium was calculated from
the first moment of breakthrough curve (m), according to Equa-
tion (3):

qi ¼
Ci

mads
Fm� Vcol þ

mads

1grain

� �
ð3Þ

where qi is the absolute adsorbed amount of component i, Ci the
concentration in the gas phase, mads the mass of the adsorbent, F
the total volumetric flow, Vcol the volume of the column, and 1grain

the grain density of the adsorbent. The first moment was calculat-
ed according to Equation (4):

Table 1. Reactants and synthesis conditions for the MOFs used in this study (bdc = 1,4-benzendicarboxylate;
btc = 1,3,5-benzenetricarboxylate, DMF = N,N-dimethylformamide).

MOF Synthesis Activation
Exchange Calcination

Metal source Ligand Auxiliary
reactant

Solvent T
[K]

t
[h]

Solvent T
[K]

t
[h]

T
[K]

t
[h]

MIL-53(Cr) Cr(NO3)3·x H2O H2BDC HF H2O 493 96 DMF 423 24 473 48
MIL-140(Zr)-A ZrCl4·x H2O H2BDC – DMF 493 24 – – – 473 24

MIL-47(V) VCl3 H2BDC – H2O 473 72 DMF 423 24 523 48
Cu-btc Cu(NO3)3·3 H2O H3BTC – H2O/EtOH 393 24 – – – 448 6

MIL-100(Cr) Cr H3BTC HF H2O 493 96 H2O 373 24 473 24

Table 2. Characteristics of the adsorbents used in this study.

MOF Pore shape Pore size
[nm]

SBET

[m2 g�1]
Vmicro

[cm3 g�1]
Porosity
cm3 g�1

1grain

[g cm�3]
1cryst

[g cm�3]
Cp

[J kg�1 K�1]

MIL-53(Cr) channel �0.7 1175 0.49 0.50 1.02 1.03 n.d.[a]

MIL-140(Zr)-A channel �0.35 400 0.195 0.26 1.33 1.74 n.d.[a]

MIL-47(V) channel �0.7 805 0.38 0.40 1.06 1.00 1066
Cu-btc cages 1.0, 1.2 2200 0.81 0.65 0.80 0.88 920
MIL-100(Cr) cages 2.5, 2.9 1790 0.78 0.58 0.82 0.74 1820
AC35 disordered 0.5–1.3 1310 0.46 0.31 0.675 – 880
NaX cage �1.0 820 0.34 0.49 1.45 1.42 900

[a] n.d. = not determined.
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m ¼
Z

1� Fi

Fi;0

� �
dt ð4Þ

where Fi is the flow rate of component i at the column outlet and
Fi, 0 the feed flow rate of component i. The first moment was cor-
rected for the dead time of the setup, which was determined by
means of a blank experiment.
The coadsorption selectivity was calculated using Equation (5):

Si;j ¼
qi=qj

Ci=Cj

ð5Þ

For validating the breakthrough experiments with respect to the
gravimetric measurements, we also recorded the breakthrough
curves of pure CO2. In the case of NaX and Cu-btc, the agreement
with the gravimetric results was excellent. In the case of AC35,
MIL-100(Cr), MIL-47(V), and MIL-140 A, the breakthrough curves un-
derestimated the adsorbed quantity. This could be attributed to
the difficulty of correctly activating these samples in a large
column under inert gas flow, as compared to the use of vacuum
on a considerably smaller amount of sample in the gravimetric ex-
periments or to discrepancies between the batches used for both
measurements.

Water stability and coadsorption of CO2 and H2O

To evaluate the stability with respect to humidity, water adsorp-
tion–desorption cycling at 298 K was investigated. Experiments
were carried out by using a gravimetric device (Q5000SA, TA In-
struments) that combined a high-sensitivity thermobalance and
a humidity control chamber. The sample mass used for these ex-
periments was around 10 mg. The samples were activated at 353 K
for 4 h under inert gas flow (N2) directly inside the thermobalance.
Five water adsorption–desorption cycles were performed from 5 to
95 % relative humidity at 298 K without any thermal regeneration
between each run.

The coadsorption of CO2 and H2O was tested in a breakthrough
apparatus similar to the one described in the previous section. The
adsorbent (1–2 g) was filled into a column of 10 cm length and
0.7 cm diameter. N2 was used as “inert gas” instead of He. Three
concentration steps were carried out: v) a step from dry N2 to dry
CO2 ; vi) a step from N2 to CO2, both saturated with H2O; and vii) a
step from N2 saturated with H2O to CO2 saturated with H2O. For ex-
periments of type (vii), the adsorbent was contacted with the
humid N2 stream for different times before switching to CO2. The
experiments were carried out at atmospheric pressure and 303 K.
The humidity level was close to 100 %. The H2O and CO2 concen-
tration at the column effluent were analyzed by using an IR detec-
tor.

Results

Characterization of the samples

Some important physicochemical characteristics of the adsorb-
ents, that is, pore size and shape, surface area, pore volume,
grain density, and heat capacity, are compiled in Table 2. In
terms of pore size, the samples can be classified in three cate-
gories. MIL-140(Zr)-A has a pore size that is close to the dimen-
sions of the molecules that we want to separate, and might,
therefore, exhibit molecular sieving properties. MIL-53(Cr)/

47(V), Cu-btc, AC35, and NaX have medium pore sizes in the
range of 0.7–1.0 nm. MIL-100(Cr) has microporous windows
(0.5–1 nm) leading to mesoporous cages (pore size>2 nm).
We recall that the confinement in a small pore reinforces the
van der Waals interactions between adsorbent and adsorbate.

The micropore volume of the adsorbents determines the
maximum adsorption that can be reached at saturation of the
pores, that is, at high pressure. The order of micropore vol-
umes in cm3 g�1 is MIL-100(Cr)�Cu-btc> MIL-53(Cr)/47(V),
AC35> NaX> MIL-140 A. However, to determine the dimen-
sions of an adsorption column, the adsorption capacity per
volume of adsorbent is more relevant than the adsorption ca-
pacity per mass. The capacity per mass is converted into a ca-
pacity per volume by multiplying with the grain density of the
adsorbent. The grain density can either be calculated from the
crystallographic structure or be measured experimentally (see
the Supporting Information). Table 2 shows that the theoretical
and experimental densities are in very good agreement [with
the exception of MIL-140(Zr)-A: The skeletal density of MIL-
140(Zr)-A is determined from its buoyancy in He; if adsorption
of He on the sample is non-negligible the skeletal density and,
as a consequence, also the grain density are underestimated].
MIL-140(Zr)-A and NaX are the densest samples of the series,
MIL-100(Cr) and AC35 have the lowest densities. Multiplication
of the pore volume in cm3 g�1 with the grain density gives the
porosity (pore volume/grain volume). MIL-100(Cr) and Cu-btc
are on top of the porosity ranking, AC35 and MIL-140(Zr)-A on
the bottom.

The heat capacities of some of the samples are also included
in Table 2; they will be used to calculate the temperature in-
crease upon adiabatic adsorption. With the exception of MIL-
100(Cr), which has a very high heat capacity, the Cp values of
MOFs are close to those of zeolites and activated carbons.[28–30]

Adsorption isotherms and heats of adsorption

The adsorption isotherms of CO2 on the samples of Table 2
(see the Supporting Information for the isotherms of CH4 and
CO) are shown in Figure 1. The absolute adsorbed amount is
expressed in moles per adsorbent volume. At 5 bar, the CO2

adsorption capacity per volume decreases in the order NaX>
Cu-btc>MIL-100(Cr)�MIL-47(V)>MIL-53(Cr)>MIL-140(Zr)-A�
AC35. MIL-140(Zr)-A and AC35 are at the bottom of the rank-
ing because they are rather apolar adsorbents and, on top of
that, they have a low porosity. We will come back to Figure 1
when discussing the application-related aspects. From a funda-
mental point of view it is more interesting to plot the iso-
therms as density of the adsorbed phase vs. density of the gas
phase (Figure 2). The density in the adsorbed phase is the (ab-
solute) adsorbed amount per micropore volume [the change
of micropore volume of MIL-53(Cr) associated with its structur-
al flexibility was not taken into account[31]] . Such a plot illus-
trates how adsorption concentrates the molecules compared
to the gas phase and allows comparing the affinity between
adsorbent and adsorbate, without interference of effect of the
pore volume on the adsorption capacity.
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NaX has by far the highest affinity for CO2 (Figure 2 a) due to
the strong interaction of the quadrupole moment of CO2 with
the electric field exerted by the extra-framework cations of
NaX. At low gas phase density, MIL-100(Cr) and MIL-53(Cr)
follow NaX in the order of affinities for CO2. MIL-100(Cr) inter-
acts strongly with CO2 through the Cr CUS,[32] but once these
very strong adsorption sites are occupied, the affinity of MIL-
100(Cr) for CO2 is quite low. Because of the large pore size,
confinement effects do not enhance the adsorption of CO2,
and its isotherm drops below that of Cu-btc and MIL-47(V).
MIL-53(Cr) interacts with CO2 through the OH-groups in the
Cr–OH–Cr-chain, with a stronger donor (OH)–acceptor (CO2) in-
teraction in the NP form (0.3–6 bar) than in the large pore (LP)
form (P>6 bar).[33]

The differential enthalpies of adsorption, calculated from cal-
orimetry measurements (Figure 3 a), confirm that at very low
pressure the adsorption of CO2 is strongest on MIL-100(Cr) and
NaX. For both solids, the enthalpy curve decreases with ad-
sorption, revealing that the surfaces are energetically heteroge-
neous. The peak in the enthalpy curve of MIL-53(Cr) above
0.3 bar occurs when the structure transforms to the NP
form.[34]

Cu-btc contains CUS, similar to MIL-100(Cr), but their interac-
tion with CO2 is considerably weaker than in the case of MIL-
100(Cr), presumably because Cu2+ is fairly stable in a square
planar coordination. As a consequence, the adsorption enthal-
py is only �30 kJ mol�1.[35] MIL-140(Zr)-A’s heat of adsorption is
similar to Cu-btc’s, but its adsorbed phase density is considera-
bly lower. On the contrary, MIL-47(V) exhibits a fairly low en-
thalpy (�21 kJ mol�1 during the initial stages of adsorption, in-
creasing to �25 kJ mol�1 at higher coverage), but according to
Figure 2 its CO2 affinity is similar to Cu-btc’s. The data demon-
strate that the adsorbed phase density is not uniquely gov-
erned by enthalpic effects. The density of adsorption sites and
other entropic effects also come into play.

Methane does not possess any permanent dipole or quadru-
pole moment. Therefore, its interactions with an adsorbent are
generally weaker than those of CO2. Whilst its polarizability

(which is similar to that of CO2) allows methane to interact
with specific surface sites, confinement effects due to pore size
can be just as important. This is well highlighted in the initial
enthalpies of adsorption here (Figure 3 b), for which an order
of MIL-47(V)<MIL-53(Cr)<MIL-100(Cr)<NaX<Cu-btc<
AC35<MIL-140(Zr)-A is observed. The medium pore size
MOFs, MIL-47(V) and MIL-53(Cr), show the lowest enthalpies,
with the latter having a slightly larger enthalpy due to the �
OH group. MIL-100(Cr) and Cu-btc exhibit slightly higher en-
thalpies due to the CUS, whereas the very-small-pore samples,
AC35 and MIL-140(Zr)-A, show the highest enthalpies due to
the confinement effect within very small pores close to the
size of the methane molecule itself (the kinetic diameter of
CH4 is 0.38 nm). The zeolite NaX does not stand out in terms

Figure 1. Adsorption isotherms of CO2 at 303 K. qads is the absolute adsorbed
amount in mol per volume of adsorbent.^: MIL-53(Cr) adsorption, ^: MIL-
53(Cr) desorption, &: MIL-47(V), *: MIL-140(Zr)-A, ^ Cu-btc, ~: MIL-100(Cr),
^: AC35, &: NaX.

Figure 2. Adsorption isotherms of a) CO2, b) CH4, and c) CO at 303 K. ^: MIL-
53(Cr) adsorption, &: MIL-47(V), ^ Cu-btc, ~: MIL-100(Cr), ^: AC35, &: NaX,
*: MIL-140(Zr)-A.
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of its enthalpy, but has by far the highest adsorbed phase den-
sity (Figure 2 b). This is tentatively attributed to a higher densi-
ty of adsorption sites.

Finally, Figure 2 c compares the low pressure isotherms of
CO on some of the adsorbents. The trends are different from
CH4. The highest CO density is still found in NaX because NaX
strongly polarizes CO.[36] The CUS of MIL-100(Cr) also strongly
adsorb CO through a Lewis-acid–base interaction,[32] which is
confirmed by high enthalpies of adsorption: around
�59 kJ mol�1 for the first adsorbed molecules followed by
a strong decrease to �30 kJ mol�1 (Figure 3 c). As already ob-

served for CO2, the CUS–CO interaction in Cu-btc is significant-
ly weaker. The hypsochromic shift of the CO stretching fre-
quency is considerably smaller,[25] and the adsorption enthalpy
is only �30 kJ mol�1 even at low adsorbate loadings. The
apolar adsorbents MIL-140(Zr)-A, AC35, and MIL-47(V) have the
lowest affinity for CO. The interaction of CO with the OH-
groups of MIL-53(Cr) is also quite weak because of the very
weak acidity of this solid.[33]

Breakthrough experiments: Separation of CO2/CH4

The breakthrough curves of equimolar CO2/CH4 mixtures at
5 bar over the adsorbents NaX, AC35, Cu-btc, MIL-100(Cr), MIL-
47(V), and MIL-140(Zr)-A are shown in Figure 4. The break-
through curves were recorded by using columns of different
lengths and different flow rates (see the Supporting Informa-
tion). For comparison, we present the time axis as the cumulat-
ed feed volume divided by the column volume. Such a compar-
ison is only qualitative, as the packing density of the columns
was not necessarily optimal in all cases.

The time lag between the breakthrough of CH4 and CO2

gives an indication of the quality of separation. Simple inspec-
tion of the curves shows that the quality of separation decreas-
es in the order NaX>Cu-btc>MIL-100(Cr)>MIL-47(V)�
AC35 @ MIL-140(Zr)-A. All the breakthrough curves of CH4 ex-
hibit a so-called roll-up effect, that is, the flow rate of CH4 at
the column exit temporarily exceeds the feed flow rate. The
roll-up can be explained as follows: The concentration front of
CH4 advances faster through the column than the concentra-
tion front of CO2. Therefore, the outlet end of the column is in-
itially only in contact with CH4. The time of first breakthrough
of CH4 is a measure of the affinity of the adsorbent for pure
CH4. As the concentration front of CO2 advances further
through the column, CO2 replaces CH4 that was initially ad-
sorbed, that is, CH4 is desorbed by incoming CO2. This leads to
the roll-up. The amplitude of the roll-up is a measure of the
competition between CO2 and CH4 for adsorption sites. Its am-
plitude is high when a large amount of CH4 is rapidly replaced
by incoming CO2. An adsorbent may be selective because it in-
trinsically adsorbs very little CH4 (early breakthrough of CH4,
weak roll-up), strongly prefers CO2 over CH4, in spite of a fairly
strong interaction with CH4 (late breakthrough of CH4, strong
roll-up), or by a combination of both effects.

In the breakthrough curves of NaX, Cu-btc, and MIL-100(Cr),
an additional peak appears in the CH4 roll-up, just before CO2

breaks through the column. This peak is due to the tempera-
ture wave that accompanies the concentration front of CO2.
The adsorption of CO2 is more exothermic than that of CH4,
which leads to a temporary temperature increase in the bed.
This temperature increase triggers further desorption of CH4

and leads to the additional peak in the roll-up. Note that the
effect is hardly visible in the case of MIL-47(V), MIL-140(Zr)-A,
and AC35, in agreement with their lower adsorption enthalpy
for CO2.

In the integration of the breakthrough curve, the roll-up,
that is, the area above F/F0 = 1 (F is the flow rate at the column
outlet and F0 the feed flow rate), is counted as a negative ad-

Figure 3. Differential enthalpies of adsorption of a) CO2, b) CH4, and c) CO.
^: MIL-53(Cr) adsorption, &: NaX, ^ Cu-btc, &: MIL-47(V), ~: MIL-100(Cr),
*: MIL-140(Zr)-A, ^: AC35.
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sorbed amount. Therefore, it is difficult to estimate the final
adsorbed amount of CH4 directly from the breakthrough curve.
The desorption curve shows more clearly the amount of CH4

that is still adsorbed when the whole column is equilibrated
with the feed (i.e. , at the end of the breakthrough curve).
Figure 5 compares the desorption curves of the adsorbents
NaX and MIL-100(Cr). The huge peak in the desorption curve
at t<0 is due to the purging of the dead volume of the
system. The true desorption starts at t>0. We point out two
important observations in Figure 5: The amount of CH4 desor-
bed from NaX is extremely small, that is, very little CH4 was co-
adsorbed on NaX after complete breakthrough of the feed.
Secondly, the desorption of CO2 from the NaX column is diffi-

cult. The desorption curves are spread out over a very long
time period. After a desorption time equal to the breakthrough
time, only 30 % of the initially adsorbed amount has been des-
orbed. In the case of MIL-100(Cr), on the other hand, desorp-
tion is considerably faster. At desorption time = breakthrough
time, 50 % of the CO2 has been desorbed, but we also deter-
mined that a larger amount of CH4 was coadsorbed in the
column.

The CO2/CH4 selectivity was calculated from Equation (5):
The adsorbed amount of CH4 was calculated by taking the
average obtained from experiments (i)–(iv) described in the ex-
perimental section. The average was weighted according to
the accuracy of each data point. In most cases, only the de-

Figure 4. Breakthrough curves of binary mixtures of CO2 (^)/CH4 (*) (50:50 v/v) over a) NaX, b) Cu-btc, c) MIL-47(V), d) AC35, e) MIL-100(Cr) and f) MIL-140(Zr)-
A at 5 bar and 303 K.
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sorption experiment and the breakthrough curve on a presatu-
rated column were used for calculating the average. Figure 6
compares the CO2/CH4 selectivity as a function of pressure for
the five rigid adsorbents. NaX is clearly the most selective ad-
sorbent. Thanks to the strong interaction of CO2 with the coor-
dinatively unsaturated Cr3 + sites, MIL-100(Cr) is also quite se-
lective (roughly constant selectivity of 10). Cu-btc has a smaller
preference for CO2 than MIL-100(Cr) because the CUS sites of
Cu-btc interact more weakly with CO2 than those of MIL-
100(Cr). MIL-47(V) is not very selective at low pressure, but its
selectivity strongly increases with pressure. This might be relat-
ed to its adsorption enthalpy profile, which indicates that the
affinity of MIL-47(V) for CO2 increases with pressure. Finally, the
selectivity of the apolar small pore MOF MIL-140(Zr)-A is similar
to that of AC35.

Breakthrough experiments: Separation of CO2/CH4/CO

The breakthrough curves of ternary CO2/CH4/CO mixtures over
NaX, AC35, Cu-btc, MIL-100(Cr), MIL-47(V), and MIL-140(Zr)-A
are compared in Figure 7. As in the case of the binary mixtures,
a simple inspection of the curves gives an indication of the
quality of the separation. We find the order NaX>Cu-btc>
MIL-47(V)�AC35>MIL-100(Cr) @ MIL-140(Zr)-A. MIL-100(Cr)
performs less well in the ternary mixture than in the binary

CO2/CH4 separation because of its stronger interaction with
CO. We can also observe an interesting trend in the order of
elution of CO vs. CH4. Apolar adsorbents, such as activated car-
bons or MIL-47(V) and MIL-140(Zr)-A, elute in the order of the
boiling points (or critical temperatures) of the three com-
pounds, that is, CO<CH4<CO2. In the case of Cu-btc, specific
interactions of CO with the CUS compensate the stronger van
der Waals interaction of CH4, and the two compounds elute
almost simultaneously from the column. MIL-100(Cr), similar to
NaX, however, elutes CH4 before CO because of the strong in-
teraction of CO with CUS (or cations for NaX). At higher pres-
sures (10–15 bar), as the role of CUS decreases, CO and CH4

elute simultaneously over MIL-100(Cr) (not shown). In the case
of NaX, the higher polarizability of CO compared to CH4 en-
hances its interaction with the strong electric field of NaX.

The adsorbed quantities of CH4 and CO at the end of the
breakthrough curves (in equilibrium) are within the error
margin of the experiments; hence, we cannot calculate reliable
selectivity values, but we can state that the selectivities of the
tested MOFs and NaX are rather high.

Water stability

Synthesis gas or biogas are usually dried before entering the
PSA unit, but the gas still contains some residual humidity. In
PSA units, the residual humidity is usually adsorbed by a guard
layer of silica gel or alumina, and under normal process operat-
ing conditions, very little H2O should come in contact with the
CO2 adsorbent. Nevertheless, temporary breakthroughs of H2O
into the CO2 adsorbent bed are always possible. As PSA ad-
sorbents are meant to last for decades, it is important to evalu-
ate the effect of H2O not only on the adsorption of CO2, but
also on the structural stability of the adsorbent. As already
mentioned, the stability of MOFs toward water is highly de-
pendent on their composition.[17, 37, 38] Whereas a Zn-carboxylate
such as the archetypical MOF-5 is destroyed in the presence of
humidity,[17] the Zr terephthalate UiO-66 (or [Zr6(OH)4O4-
(bdc)12])[39] is stable in boiling water. The stability towards
water can, in a first approach, be roughly correlated with the

Figure 5. Isothermal desorption by He purge of a column equilibrated with
a 50:50 (v/v) mixture of CO2 (^)/CH4 (*) over a) NaX and b) MIL-100-Cr at
5 bar and 303 K.

Figure 6. CO2/CH4 selectivity as a function of total pressure, as calculated
from the breakthrough experiments. Error bars are indicated. &: NaX, ^ Cu-
btc, ~: MIL-100(Cr), &: MIL-47(V), *: MIL-140(Zr)-A, ^: AC35.
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strength of the metal (M)�carboxylate bond, leading to
a higher stability for the highly charged cations (M3 + , M4+).
With the noticeable exception of MIL-47,[40] all the solids select-
ed here are thus rather stable towards moisture.

A simple manner to follow the stability of these materials is
to perform water adsorption–desorption cycling experiments.
Such experiments can be seen in the Supporting Information
for MIL-100(Cr) and Cu-btc. In the case of the MIL-100, the
three isotherm cycles overlap, showing the full stability of this
sample under these conditions. In the case of Cu-btc, there is
a notable decrease in uptake with each cycle. This result can
be understood with respect to a recent solid-state NMR study,
which followed the structure of Cu-btc upon exposure to

water.[41] The structure was shown to be stable when a small
amount of water (0.5 molar equivalents with respect to Cu)
was absorbed, but decomposition occurred at higher water
contents.

The coadsorption of CO2 and H2O was evaluated for Cu-btc
and MIL-100(Cr). In both cases, the CO2 adsorption capacity
dropped only very little when performing a breakthrough ex-
periment [experiment (vi), see Experimental] with a humid
feed. However, breakthrough of water was not observed in
these experiments, because the amount of water in the feed
was not sufficient to saturate the whole adsorption column.
The water adsorption front remained at the column inlet,
which explains why little change in the adsorption capacity of

Figure 7. Breakthrough curves of 70:15:15 CO2( )/CH4(*)/CO( ) mixtures at 5 bar and 303 K over a) NaX, b) Cu-btc, c) MIL-47(V), d) AC35, e) MIL-100(Cr),
and f) .
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CO2 was observed. When cycling between adsorption of
humid CO2 and desorption with dry N2, a small, but continuous
drop of the adsorption capacity was observed from one cycle
to another because the water concentration front advanced
further through the bed at each cycle. We therefore tried to
presaturate the column with H2O for different times before
switching to CO2 [experiment (vii), see Experimental] . After pre-
saturation for several hours, a clear drop in the adsorption ca-
pacity for CO2 was observed, and the adsorption capacity
dropped to zero after presaturation for several days (see
Table 3). That implies that CO2 cannot compete with H2O for
adsorption sites at the high humidity level used in our experi-
ments. H2O completely inhibits the adsorption of CO2 on Cu-
btc and MIL-100(Cr). Our data confirm recent experimental re-
sults by LeVan and coworkers on CPO-27(Ni) and Cu-btc,[42]

which also show a strong inhibition of CO2 adsorption by H2O.
Molecular modeling studies had suggested a beneficial effect
of H2O on the CO2 adsorption, but the effect is weak and only
observed at very low humidity levels. For MOFs with open
metal sites, it is, therefore, as important as for zeolite NaX to
avoid contact of the adsorbent layer with H2O in the feed be-
cause H2O will deactivate the adsorbent.

In the case of Cu-btc, we further observed that exposure to
H2O followed by thermal regeneration of the sample led to
a drop of the adsorption capacity, in agreement with its limited
stability when exposed to water.

Discussion

Prediction of coadsorption: Theory and experiment

The two most important selection criteria for CO2 adsorbents
are the working capacity and the selectivity. The working ca-
pacity determines the size of a CO2 adsorption vessel, whereas
purity, recovery of CO2, and the purge gas consumption mainly
depend on the so-called separation factor. The separation
factor (SF) is defined as the ratio of delta loadings (Dq) of CO2

and of the “impurities” CH4 and CO [Eq. (6)] . The separation
factor is an effective selectivity under the cyclic conditions of
the PSA process.

SF ¼ DqCO2

Dqimpurities
� Cimpurities

CCO2

ð6Þ

For an experimental determination of working capacity and
separation factor, two breakthrough curves have to be mea-
sured: One under the conditions of adsorption, that is, at feed
composition and feed pressure, and one under the conditions
of desorption. In our case, we want to desorb pure CO2 at
1 bar. The drawback of the experimental determination is that
a breakthrough curve has to be measured for each feed com-
position and feed pressure that we want to test, which is ex-
perimentally quite demanding. Calculating Dq and SFs from
a coadsorption model would be more convenient because it
allows us to play with the conditions of adsorption and de-
sorption at our will. One has to verify, however, that the results
from the model are in agreement with the experimental data.

Ideal adsorbed solution theory (IAST) was used to predict
coadsorption from the single component isotherms. The single
component excess isotherms of CO2, CH4, and CO were fitted
by a single or dual site Langmuir–Freundlich isotherm (see the
Supporting Information). The excess coadsorption was then
calculated from IAST, and the absolute coadsorbed amounts
were obtained by adding the contribution from the gas phase
density, as in Equation (1). IAST predicts very well the experi-
mental selectivities for Cu-btc,[43] MIL-140(Zr)-A and NaX. In the
case of AC35 and MIL-47(V), IAST underestimates the measured
selectivities, in particular at higher pressure, but qualitatively
reproduces the experimentally observed increase of selectivity
with pressure. IAST performs least well for MIL-100(Cr), for
which it strongly overestimates the CO2/CH4 selectivity at low
pressure. Agreement with experiment becomes better at
higher pressure and the order of elution of CO vs. CH4 is cor-
rectly predicted. The deviation of MIL-100(Cr) from IAS theory
is not surprising as the strong dual-site adsorption behavior of
MIL-100(Cr) is, in principle, incompatible with the assumption
of an ideal adsorbed solution.

The plots of separation factor vs. working capacity obtained
from the breakthrough experiments and the IAST calculations
are compared in Figure 8. Although quantitative agreement is
not perfect, the general trends are well reproduced. In both
plots, NaX is clearly identified as the most selective adsorbent,
Cu-btc as the most capacitive one, and AC35 and MIL-140(Zr)-
A as the least attractive materials. We may conclude that IAST,
in spite of some shortcomings, is well suited for categorizing
adsorbents in a screening phase. In the following section we,
therefore, use IAST for screening the performance of MOF ad-
sorbents in several industrial applications by means of the cri-
teria working capacity and separation factor.

Estimation of isothermal working capacity and sep-
aration factors

We estimated the isothermal working capacity and
separation factor of the adsorbents for three different
applications: i) the separation of CO2 and CH4 in
biogas (or synthetic natural gas), ii) the purification of
H2 with CO2 capture, and iii) CO2 capture in IGCC
plants. The somewhat idealized feed compositions
and pressures used in our analysis are compiled in
Table 4. Biogas has a close to 50:50 composition of

Table 3. Adsorption capacity for a CO2 feed saturated with H2O, after presaturation of
the adsorbent with humid N2 for different times (T = 303 K, pressure 1 bar).

MOF Presaturation
time [h]

Prefed H2O
[mol kgsorbent

�1]
Capacity CO2

[mol kg�1]
Relative
capacity [%]

MIL-100(Cr) 0 – 1.42 100
6 3.24 0.71 50

48 25.92 0 0
Cu-btc 0 – 2.5 100

7 5.05 0.8 30
21 15.15 0.4 15
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CO2/CH4 and contains little or no CO. Biogas is usually deliv-
ered at low pressure and needs to be compressed before the
PSA unit. Compression to 10 bar is convenient for the subse-
quent injection of CH4 into a local gas grid. In the case of H2

purification, the feed corresponds to a synthesis gas used for
high-temperature water gas shift reaction. For IGCC, a typical
syngas composition produced by the high temperature gasifi-
cation of coal was used. IGCC syngas does not contain CH4,
the relevant separation is CO2/CO. The adsorption of H2 was
always supposed to be negligible, in agreement with the nu-
merous studies on hydrogen storage in MOFs, which conclud-
ed that, although these solids could present high capacities at
low temperature, the amount of H2 adsorbed around room

temperature is always very limited.[44–46] Two different pressure
levels were chosen for IGCC, corresponding to different gasifi-
cation technologies. Desorption conditions were always 1 bar
and pure CO2. In the case of the high-pressure IGCC applica-
tion, we tested the effect of a higher desorption pressure.

Biogas separation

The plot of separation factor vs. the working capacity for the
case of the biogas separation, which includes the MOFs tested
in this study and some representative literature data, is shown
in Figure 9.[13, 47–51] The adsorbents with the highest working ca-

pacity are Cu-btc, PCN-11, and PCN-16. All three are Cu-poly-
carboxylate MOFs with coordinatively unsaturated metal sites,
but with different pore structures.[52] PCN-11 and PCN-16 have
a slightly higher working capacity than Cu-btc because their
porosity is higher (0.76 for PCN-16 and 0.68 cm3 g�1 for PCN-11
vs. 0.65 cm3 g�1 for Cu-btc). The high working capacity of the
three Cu-based MOFs suggests that coordinatively unsaturated
Cu-sites and microporosity offer the best compromise in terms
of CO2 affinity. Their interaction with CO2 is sufficiently strong
to fill a large portion of the pore volume at pCO2

= 5 bar, while
allowing at the same time an “easy” regeneration at 1 bar (see
Figure 1).

The most selective adsorbents, according to Figure 9, are
CPO-27[53] (or [M2(dobdc)] , dobdc = dioxoterephthalate, M = Ni,
Mg…) MOFs. Similar to MIL-100(Cr), the CPO-27 MOFs have
a strong dual site behavior. We have seen in the previous sec-
tion that IAST is not very reliable for predicting the selectivity
of such systems. Experimental confirmation of the very promis-
ing separation factors is, therefore, needed.[51, 54, 55]

MIL-100(Cr) and MIL-47(V) have similar separation factors as
Cu-btc, but lower working capacities. In the case of MIL-
100(Cr), the lower working capacity results from the fact that
the huge pore volume of the structure is not efficiently filled
at 5 bar. On top of that, the regeneration of the CUS is difficult
at 1 bar. NaX gives the best separation among the samples
tested in our study, but has a low working capacity because its

Figure 8. Separation factor vs. working capacity for the separation of a 50:50
mixture CO2/CH4 at 5 bar, with desorption of CO2 at 1 bar. a) Experimental
values obtained from breakthrough curves, b) values calculated from an
IAST model.

Table 4. Total pressure, feed composition, and partial pressure of CO2 for
the different applications considered in this study.

Application Total pressure Feed composition [mol %] pCO2

[bar] H2 CO2 CH4 CO [bar]

H2 purification 22 75 16 4.5 4.5 3.5
IGCC (1) 28 55 40 – 2.5 11.1
IGCC (2) 57 55 40 – 2.5 22.9
Biogas 10 – 50 50 – 5.0

Figure 9. Separation factor vs. working capacity for biogas separation (50:50
mixture CO2/CH4). Adsorption pressure 10 bar, desorption pressure 1 bar.
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isotherm is too steep. The highly polar character of NaX is ben-
eficial for selectivity, but detrimental for regeneration.

Among the other MOFs selected from literature, UiO-66(Zr)
and CAU-1(Al) (or [Al4(OH)2(OMe)4(bdc-NH2)3])[47] are best in the
working capacity-vs.-separation factor ranking [The data on
CAU-1 are unpublished in-house adsorption data. We acknowl-
edge D. Farrusseng and M. Savonnet (IRCELyon) for providing
the sample] . Both exhibit a 3D pore system with similar pore
sizes (cages of �1 nm) and apertures (0.49 and 0.45 nm, re-
spectively). These textural features lead to a good working ca-
pacity. The high separation factor of UIO-66[49] is surprising, as
UiO-66 is supposedly nonpolar when dehydroxylated (no CUS
accessible for CO2 or CO, no polar functional groups). On the
contrary, the separation factor of CAU-1, which is an amino-
functionalized MOF, is relatively low. In a recent paper, Si
et al.[56] found a higher adsorption capacity (probably because
of better quality of the sample) and a CO2/CH4 selectivity of 28
at 273 K. The selectivity at 298 K is, however, significantly lower
and agrees with our data. It remains puzzling why the amino
substitution of the benzene ring of MOF ligands has a very
positive effect on the CO2/CH4 selectivity in some structures,
but not in others. For example, an amino-functionalized MIL-
53(Al) has a very high CO2/CH4 selectivity, but recent work
showed that the high selectivity is not a result of the strong af-
finity between CO2 and the amino group, but rather arises
from the fact that the amino group stabilizes the CO2-phile NP
form of MIL-53(Al).[57] For non-breathing MOFs, amino function-
alization increased the CO2/CH4 selectivity of MIL-101,[58] im-
proved significantly the CO2 adsorption of MIL-125(Ti)[59] (or
[Ti4(OH)2(O)4(bdc)3] , structure identical to CAU-1), but enhanced
only slightly the capacity of UiO-66.[20] This subject certainly
merits further investigation.

ZIF-8[60, 61] (or [Zn(MeIM)2] , MeIM = 2-methylimidazolate) is
not sufficiently polar and, therefore, has a low capacity and
a low separation factor. MIL-140(Zr)-A and [Zn2(ndc)2(dpni)]
(ndc = 1,4-naphthalenedicarboxylic acid; dpni = N,N’-di-(4-pyrid-
yl)-1,4,5,8-naphthalene tetracarboxydiimide).[48] have the handi-
cap of a low pore volume, which limits their adsorption capaci-
ty.

One can conclude that the most promising MOF adsorbents
for biogas separation will probably be found within the group
of MOFs with coordinatively unsaturated metal sites. They sys-
tematically outperform NaX in terms of working capacity and
possibly also in terms of the separation factor for the CPO-27
family. Compared to activated carbons, MOFs systematically
offer an improved capacity and a better quality of separation.
Detailed PSA simulations and pilot tests will have to show
whether the expected gain in performance with the above-
mentioned CUS-MOFs is confirmed under real conditions. Fur-
ther, an economic analysis needs to be conducted to judge
whether the performance gain outweighs the potential draw-
backs, such as the cost, difficulty of large scale synthesis, the
long-term stability, etc.

CO2 capture in H2 purification and in IGCC systems

The plot of separation factor vs. working capacity for H2 purifi-
cation with CO2 capture looks similar to Figure 9 (it is shown in
the Supporting Information). The main difference is that MIL-
47(V) is now better ranked than MIL-100(Cr) because of the
low CO2/CO selectivity of the latter.

The situation for CO2 capture in IGCC systems seems to be
different, as we deal with a CO2/CO separation at significantly
higher pressures. For the “low pressure” case, that is, feed at
28 bar and desorption at 1 bar, the best separation factors are
found for NaX and MIL-47(V). MIL-100(Cr) and Cu-btc exhibit
lower CO2/CO selectivities because of the relatively strong in-
teraction of the CUS with CO. This result is qualitatively con-
firmed by breakthrough measurements. For high pressures,
that is, feed at 57 bar, we could test the effect of desorption at
>1 bar because the partial pressure of CO2 in the feed is suffi-
ciently high. Under these conditions (regeneration at 5 bar),
the model calculations predict that MIL-100(Cr) should have
the best performance among the 5 samples (Figure 10). Its
large pore volume is well exploited at high partial pressure of
CO2 in the feed, and the shape of the isotherm (Figure 1) is fa-
vorable for desorption at> 1 bar. Quite surprisingly, MIL-
140(Zr)-A is predicted to have the highest separation factor for
the IGCC case because of its very low affinity for CO.

Estimation of adiabatic working capacity

PSA processes usually operate under adiabatic conditions.
During the adsorption step, the heat released by exothermic
adsorption increases the temperature of the bed, which re-
duces the adsorption capacity. Vice versa, the bed is cooled
down during the desorption step because heat has to be pro-
vided to allow desorption. The decrease of temperature coun-
teracts desorption. Both effects decrease the working capacity
compared to the isothermal case. Therefore, the working ca-
pacities and separation factors should ideally be calculated

Figure 10. Separation factor vs. working capacity for CO2 capture in IGCC
systems. Adsorption pressure 57 bar, desorption pressure 5 bar.
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under adiabatic conditions. In this way, the best compromise
between heat of adsorption, the adsorption capacity, and the
selectivity can be defined. However, for calculating adiabatic
adsorbate loadings, a temperature-dependent adsorption
model is required, which is not trivial to obtain. It requires ex-
tensive temperature-dependent isotherm data, that is, an ex-
perimental effort that is not adapted for a screening phase.

As a first step towards accounting for heat effects, we have
transformed the CO2 isotherms into adiabates by using the en-
thalpy profiles of Figure 3 a. The heat released by adsorption
was accounted for by calculating the temperature rise and the
associated decrease of the adsorption capacity (see the Sup-
porting Information for details). Figure 11 shows that the heat
effects perturb the order of adsorption capacities considerably.

The samples with the highest adsorption enthalpy, that is, MIL-
100(Cr), Cu-btc, and NaX are strongly penalized, whereas MIL-
47(V) rises in the ranking due to its low adsorption enthalpy.

We have further calculated the adiabatic working capacity of
CO2, between (Pads ; T0+DT/2) and (Pdes ; T0�DT/2) ; Pads = 5 bar,
Pdes = 1 bar, and T0 = 303 K (see Table 5). Surprisingly, the adia-

batic working capacities of all evaluated samples are rather
close. MIL-47(V) and MIL-100(Cr) are on top of the ranking be-
cause of the low adsorption enthalpy of the former and be-
cause of the high heat capacity of the latter. Unfortunately, it is
for the moment not possible to verify these results experimen-
tally because adiabatic operation would require considerably

larger columns (�0.5 m3) and hence larger amounts of adsorb-
ent, which we do not yet have at our disposal.

Flexible MOFs—the MIL-53 family

The flexible MOFs of the MIL-53 family have not been de-
scribed here in our evaluation above because the breathing
behavior asks for a special treatment. The detailed CO2/CH4

separation properties of the MIL-53 family have been de-
scribed before,[62, 63] but we want to sum up the essential con-
clusions here. MIL-53(Cr) is very CO2 selective in its NP form,
due to the strong interaction of CO2 with hydroxyl groups in
the inorganic chain, but the pore volume of the NP form is
rather low, which limits the adsorption capacity. To exploit the
potential adsorption capacity of MIL-53(Cr), the structure has
to open to the LP form, which occurs at a partial pressure of
�5 bar CO2. The LP form, however, loses its high selectivity for
CO2 and quite large amounts of CH4 or CO can be coadsorbed
after opening of the structure. We can suspect that, for any
breathing MOFs with a large volume change between the NP
and LP forms, gate opening by CO2 will fatally allow other
components to enter the pore structure. Hence, these materi-
als will generally not be as selective as CO2 adsorbents as
could be expected from the single-component adsorption
data. Moreover, breathing or gate opening, are systematically
associated with an adsorption–desorption hysteresis, which is
unfavorable for the regeneration of the adsorbent. We, there-
fore, think that MIL-53(Cr) is not the ideal adsorbent for CO2

separations, as the origin of its selectivity is associated with
a very specific adsorption geometry that is only possible in the
NP form. The objective for future research must be to maintain
a high CO2 selectivity also in the LP form by increasing the af-
finity of the framework for CO2. The very promising adsorption
properties of MIL-47(V), which has nothing but an LP MIL-53
structure, indicate that this should not be an impossible task.

Conclusions

The major challenge in finding improved adsorbents for CO2

separations by means of PSA is to tune the CO2 affinity. A high
CO2 affinity assures a high selectivity, but makes regeneration
of the material difficult. NaX falls into this category. Low affini-
ties are favorable for regeneration, but penalize selectivity and,
at low pressures, also the capacity. This is the case of nonpolar
adsorbents, such as activated carbons. We are, therefore, look-
ing for adsorbents that are less polar than NaX, but more polar
than activated carbons. The interesting conclusion of this
study is that some MOF structures fall into this category, in
particular MOFs with coordinatively unsaturated sites, such as
Cu-btc, MIL-100, and based on literature data, also CPO-27. In
particular, unsaturated Cu-sites offer an excellent compromise
between CO2 affinity and regenerability and thereby lead to
best working capacities for medium pressure applications. A
drawback of Cu-based carboxylate MOFs is, however, their
moderate stability towards H2O.

A second advantage of MOFs compared to NaX is that some
of them have a higher porosity. It is fortuitous that Cu-btc and

Figure 11. Adiabates of CO2, calculated by starting from a temperature of
303 K. ^ Cu-btc, &: MIL-47(V), ~: MIL-100(Cr), &: NaX, ^: AC35.

Table 5. Adiabatic working capacity of pure CO2 between adsorption at
5 bar and T0+DT/2 and 1 bar and T0�DT/2; T0 = 303 K.

Adsorbent DqCO2
[mol m�3] DT [K]

MIL-47(V) 1423 29.0
Cu-btc 1004 34.9
MIL-100(Cr) 1466 23.2
AC35 981 32.7
NaX 787 22.7
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MIL-100(Cr) fall into this category. Hence, they have a higher
potential adsorption capacity per adsorbent volume. In the
case of very large pore MOFs, such as MIL-100(Cr), the large
pore volume may not be well exploited in applications where
the partial pressure of CO2 is fairly low. These large pore struc-
tures become very interesting, however, for high pressure ap-
plications, as for example in IGCC systems.

Coordinatively unsaturated sites are able to offer the
medium CO2 affinity that we are looking for, but our results in-
dicate that the CUS also have relatively strong interactions
with CO. This is a drawback for CO2 separation in gas mixtures
with high CO concentrations. For such applications, MOFs
without accessible CUS, such as MIL-47(V) and UiO-66(Zr), may
be more interesting. It is quite surprising that these two MOFs,
which are supposedly less polar than the other MOFs consid-
ered, offer high adsorption capacities and good selectivities at
medium to high pressures. MIL-47(V) itself is not viable for in-
dustrial applications because of its lack of stability, but UiO-66
was shown to have excellent thermal and hydrothermal stabili-
ty.

On a laboratory scale, gas separations are usually carried out
under isothermal conditions. Real PSA processes are adiabatic,
and thermal effects are of utmost importance. They may turn
the ranking of working capacities upside down (selectivities
should be less affected). It is, therefore, dangerous to select ad-
sorbents only based on measurements under isothermal condi-
tions. Unfortunately, it is not at all trivial to realize adiabatic
conditions in laboratory tests. Large amounts of adsorbent are
needed for such tests, which is still a challenge for most MOF
structures.

Finally, we would like to end by stating that the success of
a MOF structure for CO2 separations by means of PSA will not
only depend on its technical performance, but also on the
ease and cost of its preparation,[64] the availability of the start-
ing materials, health and safety aspects (such as biodegradabil-
ity and toxicity[65]), and on the long-term (chemical) stability of
the material. The long-term stability of some otherwise very
promising MOF structures, such as Cu-btc and MIL-47(V), may
be a show-stopper for PSA applications, for which adsorbent
lifetimes of five to ten years are generally expected.
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