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’ INTRODUCTION

The growing concern about the harmful effect of greenhouse
gases emissions on the world’s climate stirs scientific and
technological interest in carbon dioxide sequestration. Research
and development efforts into CO2 capture and sequestration
technologies are essential to allow mankind to continue using
fossil fuels until renewable alternatives have been developed at a
reasonable economical cost.1 The scientific and societal impor-
tance of research into the area of CO2 separation and its possible
industrial application is therefore beyond discussions.

One of the industrially established methods of CO2 capture is
liquid-phase absorption. Commercial large-scale processes aimed
at CO2 removal from gas streams usually employ basic aqueous
solutions of alcoholic amines, e.g. mono- and triethanolamine.1 A
drawback of this approach is the contamination of the gas with
solvent vapors and degradation of the amines due to the high
temperature treatments required to regenerate the absorbent. To
prevent this, task specific ionic liquids, which exhibit extremely
low partial pressures up to ∼300 �C, have been designed as
solvents or active absorbents.2 However, the tendency of the
frequently used phosphine anions to decompose via Beckman
rearrangement at moderate temperatures3 limits their use. An
alternative route involves utilization of functionalized porous
materials as CO2 adsorbents. Mesoporous silica materials func-
tionalized with different amines have been proven to be an
attractive approach for manufacturing high performance CO2

sorbents.4,5 These porous solids show an excellent affinity toward

CO2, although their regeneration represents a technical
challenge.

Along these lines, we endeavored to combine the amine
separation activity and the properties of metal-organic frame-
works (MOFs). In recent years, the combination of organic and
inorganic subunits in fully crystalline porous materials has given
rise to thousands of MOF structures with a vast chemical
versatility.6 A special class of MOFs consists of those that can
reversibly alter their framework structure when guest molecules
are introduced.7 This results in special properties like the breath-
ing effect8 and the gate phenomenon,9,10 where pores contract or
open upon adsorption. An example of a breathing material is
MIL-53 and its functionalized derivates.8,11-14 MIL-53 is built
from MO4(OH)2 octahedra (where M can be Fe3þ, Cr3þ, Al3þ

or Ga3þ) and 1,4-benzenedicarboxylate (terephthalate) linkers.
In this way a crystalline material with 1-D diamond shaped pores
is formed. With the discovery of MOFs, it was only a matter of
time until the combination of amines and flexibility was proposed
for CO2 capture. Recently, we reported the excellent perfor-
mance of the NH2-MIL-53(Al) in the separation of CO2 from
CH4.

15 NH2-MIL-53 (Al)16,17 is amaterial based on the topology
of MIL-53. During the synthesis of amino-MIL-53(Al), 2-amino
terephthalic acid replaces terephthalic acid as linker molecule.
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ABSTRACT: Some Metal Organic Frameworks (MOFs) show excellent performance in
extracting carbon dioxide from different gas mixtures. The origin of their enhanced separation
ability is not clear yet. Herein, we present a combined experimental and theoretical study of the
amino-functionalizedMIL-53(Al) to elucidate themechanism behind its unusual high efficiency in
CO2 capture. Spectroscopic and DFT studies point out only an indirect role of amine moieties. In
contrast to other amino-functionalized CO2 sorbents, no chemical bond between CO2 and the
NH2 groups of the structure is formed. We demonstrate that the functionalization modulates the
“breathing” behavior of the material, that is, the flexibility of the framework and its capacity to alter
the structure upon the introduction of specific adsorbates. The absence of strong chemical
interactions with CO2 is of high importance for the overall performance of the adsorbent, since full regeneration can be achieved
within minutes under very mild conditions, demonstrating the high potential of this type of adsorbents for PSA like systems.
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In comparison with other porous amino functionalized mate-
rials, MOFs offer several advantages, such as higher specific
surface areas and a higher concentration of monodispersed
functionalities. This resulted in an excellent selectivity and an
impressive sorption capacity toward CO2. Since then, several
groups have reported on amino-modified MOFs for similar
purposes.18,19 However, very little is known about the physics
and chemistry behind the improved performance and even less
about long-term utilization and regeneration of these materials.

Here we present a combined spectroscopic, theoretical (DFT)
and performance investigation that demonstrates the high se-
paration efficiency and regeneration capacity of the NH2-MIL-
53(Al) for the separation of CO2 from mixtures with different
gases and moisture. We established that amino-groups are only
indirectly responsible for the improved separation performance.
In contrast to other amino-modified materials, no chemical bond
between CO2 and the amine groups of the structure is formed,
but the interplay of weak dispersion forces control the
performance.

’EXPERIMENTAL SECTION

Synthesis. All chemicals were obtained from Sigma-Aldrich and
were used without further purification. NH2-MIL-53(Al) was synthe-
sized using the method described elsewhere.16 2.10 mmol aluminum
nitrate nonahydrate dissolved in 15 mL DMF and 3.12 mmol 2-amino-
terephthalic acid dissolved in 15 mL DMF were mixed in a Teflon insert
and placed in an autoclave. The autoclave was kept at 150 �C for 3 days.
The yellow gel product was filtered off and washed with acetone. After
acetone removal, the product was washed overnight with boiling
methanol under reflux and dried at 110 �C in vacuum for 8 h.
DRIFTS. DRIFT spectra were recorded in a Thermo Nicolet Nexus

FTIR spectrometer equipped with a high-temperature, high-pressure
cell with ZnSe windows. Before collecting the spectra the different
samples were pretreated in a pure helium flow at 250 �C for 30 min. KBr
was used as background. A flow of CO2 (purity of 99.995%) at 10 mL/
min was maintained during the high-pressure measurements.
Adsorption & Separation Experiments. Adsorption isotherms

of pure CO2 (purity of 99.995%), CH4 (purity of 99.95%), N2 (purity of
99.995%), and H2 (purity of 99.995%) were determined using the
volumetric technique with an apparatus fromVTI (HPA 100). About 0.5
g of amino-MIL-53(Al) sample was loaded in the sample container.
Before every measurement, the adsorbent was regenerated by raising the
temperature to 250 �C at a rate of 1 �C/min under vacuum (10-7 mbar).
The studied experimental pressure ranged from 0.02 to 30 bar.

The separation of gas mixtures with NH2-MIL-53 was studied by
performing breakthrough experiments. A column with a length of 30 cm
and an internal diameter of 0.216 cm was packed with 600 mg of
NH2-MIL-53(Al) pellets. Pellets were obtained by pressing the powder
to a solid disk, crushing the disk followed by sieving to the desired
fraction of 500- 630 μm. Prior to the measurements, the adsorbent was
regenerated in situ by flowing pure He through the column and raising
the temperature to 150 �C at a rate of 5 �C/min and keeping this
temperature for 20 min. The separation of mixtures of CO2 and other
gases (N2, H2, CH4) was studied at 30 �C and various gas compositions
at flow ranges from 0.36 to 0.80 mmol/min. The breakthrough profiles
show the volumetric flow rate of the components of the mixture at the
outlet of the column normalized to their feed flow rate as a function
of time.
Computational Details. All quantum chemical calculations were

carried out within density functional theory (DFT) with the gradient-
corrected Perdew-Burke-Ernzerhofer (PBE)20 exchange-correlation
functional using a combination of Vienna Ab Initio Simulation Package

(VASP)21 and CPMD22 programs. The thermodynamic properties
discussed in the manuscript were corrected for van der Waals interac-
tions following the PBEþDispersion (DFTþD, PBEþD) approach
(see Supporting Information for further computational details).

’RESULTS AND DISCUSSION

Conventionally, CO2 capture by solvated amines and amino-
functionalized ionic liquids is attributed to carbamate formation,
which is instantaneously followed by the reaction with a second
amine molecule, producing a zwitterion:23

CO2 þ R2NH2 f R2NHCO2H

R2NHCO2Hþ R2NH2 f R2NHCO2
- þ R2NH3

þ

Therefore, two moles of amine are required to capture one
mol of CO2. The above scheme is valid for dry conditions.
Formation of carbamates leads to long-term deactivation of the
adsorbent,24 which could be circumvented by adding moisture to the
gas stream. In this case bicarbonates are formed upon absorption,
allowing for faster regenerationbut at still relatively high temperatures.
On the contrary, CO2 adsorption on adsorbents, such as zeolites or
activated carbons, is inhibited by moisture.25 In the case of amines
grafted on porous supports, such as (aminopropyl)triethoxysilane on
SBA-15, carbonate, bicarbonate and carbamic acid were detected by
IR spectroscopy.26 In accordance with the schemes above, we attri-
buted the enhanced performance of the NH2-MIL-53(Al) to the
direct interaction of amineswithCO2.

15However, we anticipated that
van der Waals interactions contribute to the adsorption.27 To unveil
the nature of the interaction between theMOF andCO2we followed
the adsorption process with Diffuse-Reflectance Infrared Fourier
Transform spectroscopy (DRIFTS) up to much higher CO2 pres-
sures. Prior to the experiments the sample was activated at 250 �C to
remove physisorbed water.

Several features in the DRIFT spectrum, shown in Figure 1 of
the activated sample, require closer inspection. A broad band
centered around 3680 cm-1 could be assigned to the bridging
hydroxyl group of the MIL-53, i.e. Al-OH-Al.28 The band
position is very close to that reported for unfunctionalized
MIL-53, although the relative intensity of this band is much
lower. The broad band between 3500 and 2500 cm-1 may
originate from the hydroxyl groups, which are directly interacting
with the neighboring amines (see below). Two sharp bands at
3393 and 3505 cm-1 in the spectra are due to symmetric and
asymmetric vibrations of NH2 groups, respectively. Positions of
the N-H stretching bands are characteristic for the type of the
hydrocarbon moiety to which the amine group is bound. For
example, in the case of aniline these bands appear at ∼3421 and
3508 cm-1.29 Another factor affecting the position of the bands is
intra- or intermolecular hydrogen bonding involving the NH2.
Unlike hydroxyl groups, whose bands are red-shifted upon
hydrogen bonding, the situation is more complex in the case of
amines. Intramolecular interaction of one of the two hydrogen
atoms lifts the degeneracy of the two N-H local oscillators
resulting in frequency reduction for one of the modes. This leads
to the larger red shift of the symmetric band compared to that of
the asymmetric one, increasing the splitting between the two
bands. However, due to the low proton-donating ability of the
amino group, as well as its nonplanar geometry, hydrogen
bonding in the ortho-substituted anilines was found to be very
weak.30 In the present case, a red shift by 28 cm-1 of the
symmetric band and a 34 cm-1 blue shift of the asymmetric band,
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with respect to aniline31 are found. The shifts are identical to
those obtained for anthranilic acid, as well as for the aminoter-
ephtalic acid linker,32 indicating that the interaction with other
constituents of the framework does not considerably affect the
vibrational properties of NH2 groups.

To unveil the specific NH2-CO2 interactions, the amine
region (3300-3600 cm-1) of these DRIFT spectra is expanded
in Figure 2. One should note that the N-H stretching region is
only slightly affected upon CO2 exposure. The latter result is
quite surprising, since it is in contrast to the previous published
results on amino-functionalized materials. For example, Zhang
et al. reports absorption of CO2 by tetrabutylphosphonium
amino acid ionic liquids.33 Upon exposure, the NH2 doublet
disappears, giving rise to a band at 3234 cm-1, which was
assigned to the perturbed N-H stretching vibration in the
carbamate. CO2

- species in the zwitter-ion structure give rise
to the band at∼1660 cm-1. A similar suppression of the 3370-
3300 cm-1 doublet has been observed for an amine-bearing
porous silicon film.34 Upon removal of preadsorbed CO2 from
amino-SBA-15 the NH2 band at 3372 cm-1 was recovered.26

This, along with the absence of significant changes in the
fingerprint region, indicates that the formation of a chemical
bond between the amine groups and CO2 is unlikely.

In the difference spectra (using the bare NH2-MIL-53 as
background) (Figure 2b) a slight decrease of the N-H stretch-
ing bands is observed. This intensity change amounts to only
ca. 5% of the overall intensity. The negative contributions are
narrower than the original bands and at the high wavenumber
side of the N-H stretching vibrations, indicating that only a
specific type of the amino groups, most likely on the external
surface, undergoes strong interaction with the adsorbed mole-
cules. It is easy to figure out that amine groups at the external
surface are not in a confined environment, making the interaction
with CO2 more likely. Unfortunately, changes in the hydroxyl
region of the DRIFTS spectra taken at high CO2 pressures could
not be detected because of the overlapping strong gas-phase CO2

bands. Therefore, only spectra at low pressures could be ana-
lyzed. The spectra recorded in transmissionmode at pressures up
to 30 mbar, given in the Supporting Information (Figure S1), do
not show strong perturbations in the spectra of bridging OH
groups either.

In view of the striking IR results, periodic dispersion-corrected
plane-wave density functional theory (DFTþD) calculations
were performed to unravel the molecular phenomena underlying
the enhanced selectivity of CO2 adsorption on the NH2-MIL-
53(Al). Such atomistic simulations allow a more profound

insight into the structural and chemical properties of the
materials, as well as a direct monitoring of interatomic arrange-
ments in the vicinity of asymmetric building blocks. In DFT
simulations the distribution of atoms is set explicitly. This
methodological advantage is at the same time a serious drawback:
only a limited number of potential isomeric structures with
different conformations and relative orientation of asymmetric
linkers can be analyzed computationally. Because of these
limitations the DFT results presented here are intended to assist
the molecular level interpretation of the spectroscopic and
adsorption data rather than to give a direct quantitative compar-
ison with the experiment.

In a first step, the effect of the functionalization on the
configuration of the empty framework was studied. Both the
parent MIL-53(Al) and the amino-modified NH2-MIL-53(Al)
were considered. According to our calculations, in the absence of
adsorbates, the open form -large pore- of unfunctionalized (MIL-
53lp) material, represented by an orthogonal unit cell, is en-
ergetically preferred over the monoclinic -narrow pore- (MIL-
53np) polymorph, by only 3 kJ mol-1. The opposite situation is
predicted for the case of the amino-modified MIL-53, for which
the np structure is favored by 14 kJmol-1 compared to the lp one.
Both observations agree with temperature-programmed XRD
analyses11,35 for these structures (Figure 3). The preference for
the contracted structure (NH2-MIL-53np) is due to more
efficient hydrogen bonding involving the NH2 moieties and
the [AlO6]¥. This is evident from the differences in the corre-
sponding optimized interatomic distances realized in the two
polymorphs of NH2-MIL-53(Al) (Figure 4).

Figure 1. DRIFTS spectra of the NH2-MIL-53(Al) upon CO2 adsorp-
tion at 25 �C.

Figure 2. 3300-3600 cm-1 region of the DRIFTS spectra of the NH2-
MIL-53 upon CO2 adsorption (a) and difference spectra (b) at 25 �C.
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The contraction of the orthogonal MIL-53 lattice induces
substantial geometrical distortions. Energy losses associated with
such unfavorable perturbations are then partially compensated
by the formation of additional intermolecular interactions that
can only be realized within the np structure. In the case of the
parent MIL-53 material, the formation of the monoclinic poly-
morph results in the formation of van der Waals interactions
between the terephthalate joints. The optimized MIL-53np

model exhibits a uniform array of intermolecular CH 3 3 3π
contacts within the MOF channels. Nevertheless, the very low
strength of such individual interactions and their noncooperative
behavior is insufficient for an efficient stabilization of the con-
tractedMIL-53 polymorph. The much more pronounced energy
difference between the two polymorphs estimated for the case of
the amino-modified material is due to the stronger hydrogen-
bonding interactions determining the preferred structure com-
pared to the van der Waals interaction dominating the structure
of the unsubstituted MIL-53. Very recently, Walker et al.36

reported a DFTþD study on the stability of different MIL-53
polymorphs, who predicted an ∼10 kJ/mol higher stability of
the np structure. The results from Walker and co-workers are in
good agreement with neutron diffraction experiments presented
by Liu et al.12 The authors reported that MIL-53(Al) can be

converted to the np form by only decreasing temperature and
without the aid of any guest molecules. Later,Mendt et al.37 using
electron spin resonance spectroscopy (ESR) to monitor the
same evolution with temperature showed that indeed the dehy-
drated MIL-53(Al) transforms from its lp into the np phase
between 150 and 60 K, while the back transformation from the
np to the lp phase occurs at considerably higher temperatures,
between 330 and 375 K, indicating a large thermal hysteresis.
However, the phase transformation of the material is not
complete. In contrast to the claims of Walker et al.36 and Liu
et al.,12 a fraction of up to 20% of the material does not undergo
the lp to np phase transition and remains in its lp phase even at
temperatures as low as 8 K. This suggests very small differences in
energy between the np and the lp forms, in line with our
computational results.

The larger stabilization than in our calculations reported by
Walker et al.34 could arise from the increased errors due to the
superposition of localizedGaussian-type basis sets of the adjacent
aromatic ligands. The plane wave DFT methodology used in the
current study is inherently free from the basis set superposition
error. The very minor energetic effects within this dispersion-
dominated system cannot be quantitatively described within the
semiempirical DFTþD formalism. In fact, Walker et al.36 re-
ported a ΔS value for the lpfnp transition of 0.0138 kJ mol-1

K-1 that in combination with the respective transition enthalpy
of -8.43 kJ mol-1 indicates that the transition between the lp
and np polymorphs is reached only above 600 K (200 K higher
than in reality12,37). We conclude therefore that the temperature-
induced structural transition of MIL-53 should be further
explored using a range of theoretical methodologies including
the fully ab initio methods recently proposed by Sauer and co-
workers as a quantitative tool for the description of various
dispersion-dominated phenomena in zeolite-based materials.38

Notwithstanding that this temperature-induced structural
transition is not the focus of the present study, considering that
it is generally accepted that the accuracy of standard DFT
methodologies is ca. 10 kJ/mol, the substantial qualitative
differences observed between the behavior of MIL-53 and

Figure 3. Optimized structures and relative energies of (left) parent MIL-53 and (right) amino-functionalized NH2-MIL-53 materials and their
complexes with CO2.

Figure 4. Selected intermolecular -NH2 3 3 3 [AlO6]¥ contacts
(distances are in Å) observed in the optimized NH2-MIL-53lp and
NH2-MIL-53np structures.
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NH2-MIL-53 materials cannot be rationalized solely by the
deficiencies of the computational methodology used.

Despite the modification of the organic linkers with NH2

moieties, which breaks the CH 3 3 3π interaction network, a wide
variety of van der Waals contacts between the organic structural
fragments is evident in the optimized NH2-MIL-53np structure.
More important is the enhancement of the -NH2 3 3 3 [AlO6]¥
hydrogen bonding interactions noted above (Figure 4). Besides
the direct stabilizing effect, this may have a considerable impact
on the flexibility of the aluminum-occupied oxygen octahedra
associated with the decreased basicity of the hydrogen-bonded
carboxylic groups and bridging OH ligands. The resulting
increased local flexibility of the [AlO6]¥ chains reduces the
energy losses associated with the structural perturbations upon
formation of the np structure. The combination of these factors
leads to the higher relative stability of NH2-MIL-53(Al)np.

The flexibility of the MIL-53 network is still a matter of
discussion. Removal of guest molecules, such as linker or solvent
by heating, leads to either an expansion (in case of Al, Ga, andCr)
or a contraction of the cell (in case of Fe).28 Several attempts to
rationalize the breathing dynamics of these frameworks have
been published. All these reports are based on experimental
observations or fitting of experimental data, from which no
molecular insight can be derived.8,11-13,28,39 Here, we can
rationalize the breathing of the framework based on the atomistic
DFT simulations. On the basis of the optimized structures for
both frameworks, the interactions underlying the CO2 adsorp-
tion were investigated by the DFTþD method. In agreement
with previous studies,40-43 adsorption of carbon dioxide on
MIL-53 is directed by the formation of rather weak hydrogen
bonds between CO2 and bridging hydroxyl groups of the lattice
(Figure 3). The CO2 complexes formed on each of the adsor-
bents show very similar bonding patterns, but with a remarkable
difference in the orientation inside the framework. Similar results
were reported very recently by Torrisi et al.,44-46 but these
authors only studied either the linkers or the lp form of the MIL-
53 isomers at very lowCO2 loadings, while for bothmaterials, the
formation of closed structures is favored at these conditions
(Figure 3). Confinement of the CO2 molecule within the np
MIL-53(Al) and np NH2-MIL-53(Al) structures allows biden-
tate coordination of the adsorbent to the bridging OH groups
located at the opposite sides of the channel. In line with the
DRIFTS results, no direct strong interaction between the
adsorbed molecules and the amino groups are observed. In

principle, an elongated (>2.9 Å) intermolecular O2C 3 3 3NH2

contact can be present within the adsorption complexes in the lp
NH2-MIL-53 structure with specific arrangement of NH2 moieties,
but such interactions contribute nomore than 2 kJmol-1 andwould
only appear at high loadings, when the lp structure is formed.
Therefore, this interaction is not expected to cause any significant
effect in the DRIFT spectra.46 Indeed, our calculations indicate a
negligible stability difference between the adsorption complexes in
which an additional interaction with the basic NH2 moiety is
present, and those governed solely by the interaction with the
bridging OH groups (Supporting Information Figure S11).

The presence of the basic amino groups in the framework
influences the intrinsic properties of the CO2 adsorption sites. A
comparison of the OH 3 3 3OdCdO distances in the optimized
structures (Figure 3) reveals the formation of shorter hydrogen
bonds in the amino-modified material. This effect is most likely
associated with the increased acidity of the bridging OH groups
due to the interaction of the adjacent [AlO6] units with the -
NH2 moieties. Also, in this case such elongated H 3 3 3O contacts
as those observed in the adsorption complexes considered are
usually weak. Their individual contribution to the overall adsorp-
tion energy is expected not to exceed 5-10 kJ mol-1.47,48 Similar
cooperative effects have been recently suggested for other amine
containing MOFs.49

With this information in mind, the single component adsorp-
tive properties of the NH2-MIL-53(Al) were revisited. Adsorp-
tion isotherms of pure CO2, CH4, N2, andH2 were determined at
different temperatures between 0.02 and 30 bar. Results at 10 �C
are plotted in Figure 5. As expected at the studied temperatures,
H2 is not adsorbed in the experimental pressure range. Remark-
ably, and in contrast to results reported for the unfunctionalized
MIL-53(Al), N2 is only adsorbed in small amounts at pressures
above 2 bar, while CH4 is not adsorbed at all below 1 bar. A
discontinuity in the methane isotherm is observed between 6 and
10 bar, while CO2 shows a two-step profile as was already
observed before on MIL-53. The whole set of results can be
explained considering the energy schemes drawn in Figure 3. The
main difference between both frameworks resides in the con-
traction after solvent removal in the preparation. The unfunctio-
nalized material in the lp form allows methane to enter the pores.
Since there is hardly any interaction between the nearly apolar
hydrocarbon and the pores, no structural transition is found
through adsorption, resulting in an regular type I isotherm (see
Supporting Information Figure S4).40,50 In contrast, adsorption
of CO2 induces the transition from the large to the narrow pore
form. In the case of the NH2-MIL-53(Al), after solvent removal,
the framework is already in the narrow pore form; therefore, CO2

adsorption only produces minor changes in the structure at low
pressures, while due to the above-mentioned NH2-OH inter-
action, a higher partial pressure (10 bar) is needed to fully open
the framework. In contrast, both methane and nitrogen adsorp-
tion, with their larger kinetic diameter and weaker energetic
interaction with the framework as compared to CO2, are
excluded until their pressure is large enough to drive the
adsorption. At lower temperature (see Supporting Information
Figure S2), a second step in the CH4 isotherm is observed at even
higher pressure (>20 bar). This corresponds to the real transition
of the framework, from the np to the lp form.

With this knowledge in hand, we are now able to identify the
specific phenomena that strongly determine the performance of
the material. The high CO2 adsorption ideal selectivity (almost
infinite) is driven by the preference for the formation of the

Figure 5. (a) Adsorption isotherms of H2, N2, CH4, and CO2 at 10 �C
on NH2-MIL-53(Al).
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narrow pore polymorph after the solvent removal. On the other
hand, a rather facile opening of theMIL-53 structure is needed to
accommodate larger quantities of carbon dioxide. In the case of
NH2-MIL-53(Al), the associated energy losses are substantial.
The flexibility of coordination polyhedra around the metal
centers should be enhanced to ensure a smoother increase of
the pore size upon the increasingCO2 pressure and thus allow for
a larger CO2 adsorption capacity. One expects that such a
behavior can be induced by variation of the metal centers or by
introduction of a proper functional group in the aromatic linker.

This induced-fit type pore51 behavior has very important
consequences for separation, since the NH2-MIL-53(Al) can
be used as a powerful shape selective adsorbent: starting from a
np form allows it to efficiently accommodate adsorbed molecules
of a certain size while hampering the adsorption of bigger
molecules. In addition, by reducing the pore size, an increase
in the enthalpy of adsorption is expected.52 In fact, breakthrough
experiments performed with different gas mixtures (see Support-
ing Information) demonstrate that CO2 is selectively retained by
the adsorbent, while H2, N2, and CH4 are nearly not adsorbed,
which leads to their immediate elution from the adsorption
column, resulting in very high mixture separation factors (as high
as 75 for low CO2 partial pressures), even in the presence of
moisture (Supporting Information Figure S9) and at very low
CO2 concentrations (Supporting Information Figure S8).

The absence of strong chemical interactions with CO2 also
plays in favor of the amino functionalized framework. For
practical purposes, regeneration of the adsorbent is an important
aspect as it determines a large part of the operational cost of the
adsorptive separation process. Supporting Information Figure
S11 shows the desorption profile measured at the outlet of the
adsorption column presaturated with a mixture of CO2 and CH4.
The column was flushed with He (0.8 mmol/min) and kept at a
constant temperature of 30 �C. The concentration of the very
weakly adsorbed CH4 drops almost immediately to zero, but also
CO2 is desorbed in less than 15min. At elevated temperature, the
regeneration is further accelerated. In contrast to other adsor-
bents and to liquid absorption, a temperature of only 80 �C is
sufficient to remove all CO2 from the material (Figure 6), again
in line with the IR and DFT observations.

Compared to the state of the art adsorbents for the separation
of CO2,

53,54 the NH2-MIL-53(Al) framework shows a higher
ideal selectivity and higher separation factors. These features
combined with an acceptable CO2 loading and a fast regener-
ability demonstrate the high potential of this adsorbent.

’CONCLUSIONS

The enhanced performance of the NH2-MIL-53(Al) frame-
work in CO2 capture and separation is due to its specific
flexibility. The adsorption properties and separation ability of
the NH2-MIL-53(Al) are mostly due to a delicate interplay of
weak dispersion forces controlling the flexibility of the frame-
work. The stable np starting form allows it to efficiently
accommodate adsorbed molecules of a certain size while ham-
pering the adsorption of bigger molecules (induced fit type
pore). In contrast to other amino-functionalized materials, the
intrinsic chemical properties of the amine adsorption sites are of
lower importance. The role of the basic amine functionality in the
framework on the adsorption properties is only indirect. The
absence of strong chemical interactions with CO2 is of high
importance for the overall performance of the adsorbent, since
full regeneration can be achieved within minutes under very mild
conditions, demonstrating the high potential of this type of
adsorbents for PSA-like systems.
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