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Improved CO, Capture from Flue Gas by Basic Sites,
Charge Gradients, and Missing Linker Defects on Nickel

Face Cubic Centered MOFs

Elena Lépez-Maya, Carmen Montoro, Valentina Colombo, Elisa Barea,

and Jorge A. R. Navarro*

The adsorptive properties of the isoreticular series [Nig(OH)4(H;0),(BDP_X)g]
(H,BDP_X = 1,4-bis(pyrazol-4-yl)benzene-4-X with X = H (1), OH (2), NH, (3))
can be enhanced by postsynthetic treatment with an excess of KOH in eth-
anol. In the case of X = H, NH,, this treatment leads to partial removal of the
organic linkers, deprotonation of coordinated water molecules and introduc-
tion of extraframework cations, giving rise to materials of K[Nig(OH);(EtO)-
(H20),(BDP_X)s.5] (1@KOH, 3@KOH) formulation, in which the original
framework topology is maintained. By contrast, the same treatment with
KOH in the [Nig(OH)4(H,0),(BDP_OH)g] (2) system, enclosing the more
acidic phenol residues, leads to a new material containing a larger fraction

of missing linker defects and extra-framework cations as well as phenolate
residues, giving rise to the material K3[Nig(OH);(EtO)(H,0)(BDP_O)s]
(2@KOH), which also conserves the original face cubic centered (fcu)
topology. It is noteworthy that the introduction of missing linker defects leads
to a higher accessible pore volume with a concomitant increased adsorption
capacity. Moreover, the creation of coordinatively unsaturated metal centers,
charge gradients, and phenolate nucleophilic sites in 2@KOH gives rise to a
boosting of CO, capture features with increased adsorption heat and adsorp-
tion capacity, as proven by the measurement of pulse gas chromatography
and breakthrough curve measurements of simulated flue gas.

CO, separation process is the most energy
demanding step and contributes to ca. of
70% of the cost of the process. This is par-
ticularly the case of using aqueous amine
solutions for CO, capture in which the
high heat capacity of these systems leads
to a high regeneration energy cost.?

Separation technologies based on
adsorption by porous materials may help
to diminish the cost of the process. In
this regard, zeolite based molecular sieves
have a major share in gas purification pro-
cesses, as a consequence of their crystal-
line nature which gives rise to selective
adsorptive properties.!

In the last few years, a new class of
crystalline nanoporous materials known
as metal-organic frameworks (MOFs)
have emerged as an alternative to zeo-
lites due to their fascinating performance
in molecular adsorption and catalysis.*-
Noteworthy, MOFs have particularly arisen
as very promising materials for the selec-
tive and reversible capture of CO,."®! In
this regard, surface modification of MOFs
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1. Introduction

The increasing levels of anthropogenic CO, emissions to the
atmosphere are believed to be responsible for global warming.!!l
Consequently, the development of efficient technologies for CO,
capture and storage, in a low energy demanding and economic
manner, should help to mitigate this problem. Noteworthy, the
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is a suitable way of enhancing the interac-

tion of CO, adsorbate with this material
type. In this regard, the literature shows that there are different
ways of improving the CO, capture by MOFs: i) introduction
of coordinatively unsaturated metal sites;”! ii) incorporation of
H-bonding residues!'®!/charge gradients!!d and iii) function-
alization with basic sites.'3>] An additional way of enhancing
the porosity of MOFs is by partial removal of the organic linkers
that may open access to previously inaccessible regions as well
as the creation of new interaction sites.l'®l This is particularly
the case of the highly stable face cubic centered (fcu) UiO66/
UiO67 MOF systems containing Zr¢O4(OH), nodes and linear
dicarboxylate linkers in which the treatment with modulating
agents leads to porosity improvement as a consequence of the
creation of missing linker defects.[”18]

It should be noted that in addition to the remarkable high
adsorptive performance of MOF materials, it is necessary that
they meet the requirements for practical applications, namely that
they have robust structural frameworks able to resist the highly
demanding conditions found in practical applications such as expo-
sure to moisture, acidic or basic environments as well as to high
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Figure 1. Postsynthetic functionalization of the fcu framework [Nig(OH)4(H,0),(BDP_X)¢] sys-
tems (1, X=H; 2, X=0OH; 3, X= NH,) with KOH to yield the K[Nis(OH)s (EtO) (H,0),(BDP_X)s 5]
(1@KOH, 3@KOH) and K;[Nig(OH);(EtO) (H,0)(BDP_O)s] (2@KOH) systems. Highlighted
the local stereochemistry of the octametallic node and the functionalized pyrazolate-based
ligand. Green, nickel; red, oxygen; blue, nitrogen; gray, carbon. Hydrogen atoms are omitted

for clarity.

temperature and pressure. In this regard, archeotypical MOFs as
[Z1n,0(dbc);] (MOE-5) or [Cus(btc),] (HKUST) based on labile coor-
dinative bonds of borderline metal ions with O donor ligands*’l
are outperformed by systems of higher stability containing a
proper combination of hard metal ions with O-donor ligands/®2021]
or by those based on robust M—-N coordination bonds.??

In this context, we have recently shown the formation of
an isoreticular series of [Nig(OH),(H,0),(L)s] robust MOFs
exhibiting the face cubic centered (fcu) topology.?*! These sys-
tems are based on octanuclear Ni(II) hydroxo clusters of for-
mula [Nig(OH),(H,0),]'?*,?4 linked by linear tetradentate
bi-pyrazolate or mixed pyrazolate/carboxylate ligands with
tunable properties for the capture of harmful volatile organic
compounds.

In view of these previous results, we have now explored the
CO, capture properties of the known [Nig(OH),(H;0),(BDP)¢]
(1) (H,BDP = 1,4-bis(pyrazol-4-yl)benzene) system!?®l as well as
the novel hydroxo and amino functionalized analogue systems
containing the functionalized linkers H,BDP_OH = 2-hydroxo-
1,4-bis(pyrazol-4-yl)benzene (2) and H,BDP_NH, = 2-amino-
1,4-bis(pyrazol-4-yl)benzene (3) (Figure 1). Moreover, we have
also explored the effect of postsynthetic introduction of missing
linkers defects in the MOF framework, charge gradients and
basic sites on their CO, adsorption properties. These features
were generated by postsynthetic treatment of the MOFs with
ethanolic solutions of KOH leading to the deprotonation of
coordinated water molecules of the [Nig(OH)4(H,0),]'** clus-
ters and/or deprotonation of the hydroxo tags of the BDP_OH
linker as well as the generation of missing linkers defects
and introduction of extraframework potassium ions without
disrupting the original fcu topology to yield the systems
K[Nig(OH)5(Et0) (H,0),(BDP_X)s 5] (1@KOH, 3@KOH) and
K3[Nig(OH);(EtO)(H,0)s(BDP_O)s] (2@KOH) (Figure 1). In
the following, the properties and applications for CO, capture
of the tag functionalized systems (1-3) as well as the KOH
treated materials (1@KOH-3@KOH) will be thoroughly
discussed.
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2. Results and Discussion

CATiONS 2.1. Synthesis and Characterization

The introduction of the OH and NH, tags
in the benzene ring of the BDP linkers leads
to the reproducible formation of isoreticular
fcu materials analogous to [Nig(OH),(H,0),-
(BDP)] (1), namely [Nig(OH),(H,0),(BDP_
OH)g] (2) and [Nig(OH),(H,0),(BDP_NH,)q]
(3) as deduced from XRPD patterns
(Figure 2) and thermogravimetric analyses
(see supporting information). The major dif-
ferences are found in the electronic spectra
showing the apparition of a charge transfer
band around 425 nm which is particularly
evident for the 2 system and should be
related to the electron donating nature of the
OH and NH, groups. On the other hand, the
accessibility of guest molecules into the func-
tionalized porous networks was assessed by
solid-gas adsorption experiments involving
different probe gases, namely, N, (77 K) and CO, (273 K,
298 K). N, adsorption isotherms show that the introduction of
the hydroxo and amino tags in the benzene ring in 2 and 3,
respectively, do not hinder the diffusion of this probe molecule.
However, the presence of the tags is responsible for a signifi-
cant diminution of N, adsorption capacity of 20 and 33% for
2 and 3, respectively, as well as a concomitant decrease of the
BET surface area (Figure 3 and Table 1) which is consistent
with the expected diminution of the pore volume as a conse-
quence of the bulk of the tags.l'% By contrast, the postsynthetic
treatment of the 1-3 systems with different excesses of KOH
ethanolic solutions is indicative of an increased accessibility to
the porous structure as deduced from N, adsorption at 77 K
(Figure 3 and Figures S9, S11, S13). Noteworthy, this treatment
does not disrupt the original fcu framework topology as sug-
gested by the maintenance of the XRPD patterns (Figure 2)
with only a slight diminution of thermal stability being noticed
for 2@KOH and 3@KOH materials (Figures S5-S7). The best
results are obtained with a large excess of KOH (35 fold) leading
to the new materials K[Nig(OH)s(EtO)(H,0),(BDP_H)s ;]
(L@KOH), K;[Nig(OH);(EtO)(H,0)¢(BDP_O)s] (2@KOH) and

28,
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Figure 2. Calculated XRPD pattern for 1 and experimental XRPD patterns
for the isoreticular 1, 2, 3, T@KOH, 2@KOH and 3@KOH materials.
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Figure 3. Impact of framework functionalization on N, adsorption
(77 K) for 1, 2, 3, 1T@KOH, 2@KOH and 3@KOH.

K[Nig(OH)s(EtO)(H,0),(BDP_NH,)s 5] (3@KOH) which intro-
duce potassium extraframework cations and missing linkers
defects along with either deprotonated coordinated water mole-
cules (1@KOH, 3@KOH) or deprotonated phenolate residues
(2@KOH). The introduction of potassium extraframework cat-
ions and missing linker defects are consistent with elemental
analysis (EA), thermogravimetric (TGA), inductively coupled
plasma mass spectrometry (ICP-MS) and transmission electron
microscopy (TEM) analyses (see supporting information). In
the case of 2@KOH the electronic spectra shows the apparition
of a new broad charge transfer band centered around 800 nm
which should be related to a larger electronic delocalization as
consequence of the phenol deprotonation. It should also be
noted that the missing linker defects do not significantly alter
Ni octahedral coordination as can be deduced from the minimal
changes in the d-d transitions on passing from 1 to 1@KOH.
This fact should be related to a probable ramdon distribution of
linker defects with the pyrazolate coordination positions being
replaced by EtOH or water molecules thereby preserving the Ni
octahedral environment.

Noteworthy, KOH treated materials exhibit a significant
increase in N, adsorption capacity and BET surface of 20, 35
and 40% for 1@KOH, 2@KOH, 3@KOH, respectively com-
pared to the pristine 1-3 materials (see Figure 3 and Table 1)
which should be related to the higher accessibility of the porous
structure as a consequence of the missing linkers defects of
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small size ligands.l'®l It should also be pointed out that the
missing pyrazolate ligands will be replaced by coordinated
water molecules which after proper activation should lead
to the creation of strong binding sites, namely coordinatively
unsaturated metal centers.

2.2. CO, Capture Properties
2.1.1. Static Adsorption Measurements

Once the systems were characterised we have studied the
impact of the introduction of tags as well as missing linker
defects, extraframework ions and basic sites on the CO, cap-
ture properties. In this regard, we have performed static CO,
adsorption isotherms, pulse gas chromatographic experiments
and breakthrough curve measurements employing a simulated
flue gas containing 86% of N, and 14% of CO,.

The CO, adsorption isotherms reveal that this probe mole-
cule is able to diffuse inside the porous framework of the
functionalized systems 1-3 and 1@KOH-3@KOH (Figure 4).
The introduction of the polar OH and NH, tags has, however,
a small impact on the CO, adsorption properties with the 1-3
systems behaving similarly which probably should be related to
the relative large size of the pore voids. Noteworthy, CO, adsorp-
tion isotherms for 1@KOH-3@KOH are indicative of the posi-
tive impact of KOH treatment to enhance the CO, interaction
with the porous framework. This is particularly evident in the
isotherms measured at 298 K, which shows an increment of ca.
60% on adsorption capacity on passing from 1 to 1@KOH and
of 100% on passing from 2 and 3 materials to 2@KOH and 3@
KOH at P = 0.14 bar and 298 K (Figure 3). This improvement
can be explained taking into account the following facts: i) the
missing linker defects increase the surface area of the materials
and concomitantly give rise to coordinatively unsaturated metal
centres; ii) the introduction of extraframework cations give rise
to charge gradients with the positive impact in the interaction
with quadrupolar adsorbates; iii) the creation of phenolate basic
sites in 2@KOH will improve the interaction of CO, with the
framework surface; iv) in 3@KOH the presence of H-bonding
NH, tags will enhance the adsorption of CO,. As stated in the
introduction, all the previous features are of interest in order
to apply MOFs materials as adsorbents for removing CO, from
flue gas.

Table 1. Specific BET Surface Area, Heats of adsorption AH,ys and Henry constants Ky for CO,; o0 CO,/N, partition coefficients calculated from
variable-temperature zero-coverage gas chromatography experiments on 1, 2, 3, T@KOH, 2@KOH, 3@KOH. mmol of CO, adsorbed per mmol of
MOF from breakthrough experiments of N,/CO, mixtures (0.86:0.14) at 273, 298, and 323 K.

Compound SA -AH,q, CO, Ky CO, o CO,273 K €O, 298 K €O, 323 K
[m2%g7] [k) mol"] [em3 m=2)2)
1 1730 23.8 0.03 32 0.51 0.25 0.14
2 1390 239 0.07 35 1.00 0.40 0.23
3 1170 27.6 0.14 35 0.86 0.48 0.21
T@KOH 2060 29.4 0.11 55 0.91 0.51 0.27
2@KOH 1830 31.7 0.43 215 2.76 1.16 0.62
3@KOH 1670 31.6 0.17 85 0.80 0.36 0.26

3 Calculated values at 298 K.
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Figure 4. Effect of framework functionalization on CO, adsorption
at 273 K (a) and 298 K (b). The isotherms are expressed in mmol of
adsorbate per formula unit of the materials in order to show the effect of
framework functionalization on CO, adsorption.

2.2.2. Dynamic Adsorption Measurements

In view of the positive effect of the KOH treatment of these
materials on CO, adsorption, we have studied their gas separa-
tion properties by means of pulse gas chromatographic tech-
niques as well as measurement of breakthrough curves.
Variable temperature pulse gas chromatography experiments
have been carried out in the 273-353 K temperature range
employing the studied MOF materials as adsorption beds of
a in house made chromatographic column (see experimental
details below) and a pulse of a complex gas mixture (H,, N,,
CO,) (Figure 5). The results probe the utility of these systems
for the capture of CO, from flue gas. Indeed, 1, 2 and 3 mate-
rials give rise to significant interaction with carbon dioxide,
whereas the interaction with nitrogen and hydrogen molecules
is almost negligible. This is manifested by increasing retention
times of the essayed gases which follow the trend H, < N, <<
CO, (Figure 5). The differentiated interaction is reflected in high
Olcoz/nz partition coefficients at room temperature (see Table 1).
Noteworthy, the KOH treated materials 1@KOH, 3@KOH and
particularly 2@KOH give rise to higher CO, adsorption enthal-
pies as well as much higher acoyn; partition coefficients which
agree with the positive impact of the presence of coordinatively

Adv. Funct. Mater. 2014, 24, 6130-6135
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Figure 5. Variable temperature pulse gas chromatograms for equimo-
lecular mixture of H,, N, and CO, passed through a chromatographic
column packed with 2@KOH using a He flow of 30 mL min™" at 303 K (a),
313 K (b) and 323 K (c). Fitting of the variation of the retention volume Vg
(in cm® g7") as a function of the adsorption temperature (303-343 K) (d).

unsaturated metal centres, charge gradients and basic sites on
the interaction with the CO, adsorbate (see Table 1).

In order to further highlight the effect of framework func-
tionalization, we have measured breakthrough curves of N,/CO,
mixtures with the typical flue gas volumetric composition of 14%
in CO,. The results agree with the strengthening of the interac-
tion of the CO, adsorbate upon framework functionalization,
which is particularly evident at the typical temperature of flue
gas emission (323 K). Indeed, the 1@KOH and 3@KOH mate-
rials exhibit ca. 2 fold increase in adsorption capacity with regard
to the pristine 1 and 3 original materials (Table 1 and Figure 6).
Noteworthy, 2@KOH exhibits ca. 5 fold increase in adsorption
capacity with regard to the pristine 2 material (Table 1 and
Figure 6). The observed performance in adsorption capacity for
2@KOH materials at the typical temperature of flue gas emis-
sion (323 K) is relevant for practical applications in carbon cap-
ture technologies and should be related to the synergistic effect
of the introduction of missing linkers defects with the concomi-
tant creation of coordinatively unsaturated metal sites, extra-
framework cations (charge gradients) and phenolate basic sites.
Moreover, the CO, capture process by 2@KOH is highly repro-
ducible over multiple cycles (see Figure 6) and is also low energy
demanding, being necessarily heating to 353 K only”” in order to
regenerate the adsorbent. It should be noted, however, that the
behavior of the 3@KOH system in the breakthrough curve tests
is below the expected results from the static adsorption measure-
ments which might be attributed to the negative effect of slow
diffusion kinetics in the dynamic adsorption process.

3. Conclusions

The incorporation of polar hydroxo and amino tags on the ben-
zene rings of the BDP linkers in the fcu framework of 1 is pos-
sible giving rise to 2 and 3 isoreticular MOFs. Noteworthy, the
postsynthetic treatment of the 1-3 systems with different excesses
of KOH ethanolic solutions gives rise to a novel class of materials
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Figure 6. Separation breakthrough experiments of a gas mixture (10 mL min") of N,/CO, (86:14 v/v) at 273 K and 323 K, for 1 (a), 2

(b) and 2@KOH

(c) showing the positive effect of introduction of missing linker defects, extraframework cations and basic sites on the CO, capture features; (d) suc-
cessive CO, capture breakthrough cycles of 2@KOH at 298 K with reactivation at 353 K.

1@KOH-3@KOH which maintain the original fcu framework
topology with an increased accessibility to the porous structure
as a consequence of the creation of missing linker defects and
the introduction of extraframework cations. These features have
a positive impact on the CO, capture properties which can be
explained taking into account the following facts: i) the missing
linker defects increase the surface area of the materials and con-
comitantly give rise to coordinatively unsaturated metal centers;
ii) the introduction of extraframework cations give rise to charge
gradients with the positive impact in the interaction with quad-
rupolar adsorbates; iii) the creation of phenolate basic sites in
2@KOH improves the interaction of CO, with the framework
surface; iv) in 3@KOH the presence of H-bonding NH, tags will
enhance the adsorption of CO,. At this point it should be high-
lighted that the 1@KOH-3@KOH are unique, as far as we know
in the MOFs chemistry, in simultaneously combining at least three
of previously mentioned features which synergistically improve
the CO, capture properties of the adsorbents. Indeed, particularly
the 2@KOH material which combines the i, ii and iii features
is able to selectively and reversible capture CO, in a low energy
demanding process. Future studies will include the effect of cation
exchange processes on the gas separation properties of these mate-
rials towards acidic gases, as well as the impact of the introduction
of missing linkers defects on related isoreticular systems.

4. Experimental Section
4.1. General Methods

All the general reagents and solvents were commercially available and
used as received. "H NMR were acquired on a 300 MHz Varian Inova

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Unity Equipment using DMSO as solvent. Thermogravimetric analyses
were performed, using a reactive air atmosphere, on a Shimadzu-
TGA-50H equipment, at a heating rate of 20 K min~'. XRPD data were
obtained on a D2 PHASER Bruker diffractometer using CuKa radiation
(A =1.5418 A) by means of a scan in the 20 range of 5-35° with 0.05°.
The compounds were manually grounded in an agate mortar and then
deposited in the hollow of a zero-background silicon sample holder.
Adsorption isotherms were measured at 77 K for N, and at 273 and
298 K for CO,, on a Micromeritics Tristar 3000 volumetric instrument.
Prior to measurement, powder samples were heated 7 h at 423 K
and outgassed to 107" Pa. K content of the samples was obtained
by AA spectroscopic measurements using the Ni content as internal
standard. TEM analysis was done using a Philips CM-20 HR electron
microscope operating at 200 kV. The TEM samples were prepared by
suspending 1 mg of the powder materials in 1 mL of absolute ethanol
for 20 minutes to disperse the nanoparticles into the solution and
subsequently the materials were hold using a TEM grid (Holey Carbon
type) and dipped into the solution for 20 times. Finally they were dried
overnight.

4.2. Synthesis

Synthesis of [Nig(OH)4(H,0),(1,4-bis(1H-pyrazol-4-yl)benzene)q] (1),
[Nig(OH)4(H;0),(2-Hydroxo[1,4-bis(1H-pyrazol-4-yl)benzene])g]  (2)
and [Nig(OH)4(H,0),(2-Amino[1,4-bis (1H-pyrazol-4-yl)benzene])¢]
3).

Compounds 1-3: These were synthetized according to the published
procedure described by us for the preparation of 1.1

Anal. calc. for Nig(OH)4(H;,0),(Ci,HgN,O)6(H,0) 10 (2): C, 43.16; H,
4.10; N, 17.78; Anal. Found: C, 43.21; H, 4.61; N, 16.92.

Anal. calc. for Nig(OH)4(H;0)2(Ci2H9Ns)6(H,0)s (3): C, 43.39; H,
3.8; N, 21.04; Anal. Found: C, 44.08; H, 4.86; N, 20.88.

Preparation of T@KOH, 2@KOH, 3@KOH by postsynthetic
functionalization with KOH of 1, 2 and 3: First of all, 1, 2 and 3 materials
were thermally activated at 423 K and outgassed to 107 Pa, in order
to obtain the evacuated porous matrix. Afterwards, 0.055 mmol of each
material was suspended in 0.35 M KOH absolute ethanol solution

Adv. Funct. Mater. 2014, 24, 6130-6135
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(5.5 mL). The resulting suspensions were stirred overnight under an
inert N, atmosphere, filtered off and washed copiously with absolute
ethanol yielding compounds 1T@KOH, 2@KOH, 3@KOH. It should be
noted that the variation of the KOH excess do not significantly change
the nature of the materials.

Anal. calc. for K[Nig(OH)3(C;H50)3(H;0)5(Ci,H3Ny)s 5](H20)s (1@
KOH): C, 42.80; H, 4.09; N, 15.25; Anal. Found: C, 42.70; H, 4.16; N,
15.71. Calculated residue from TGA for T@KOH: (NiO)3g(K,0)q5: 34.3%;
Found: 32.1%. ICP-MS compositions for T@KOH: Ni, 404.30 ppm; K,
40.02 ppm.

Anal. calc. for Ks[Nig(OH);(C,Hs0) (H,0)6(Cr,H7N.O)s](H,0)s
(2@KOH): C, 37.29; H, 3.28 N, 14.03; Anal. Found: C, 37.57; H, 3.56; N,
14.13. Calculated residue from TGA for 2@KOH: (NiO)g(K;0)5: 38%;
Found: 37.2%. ICP-MS compositions for 2@KOH: Ni, 260.70 ppm; K,
64.89 ppm.

Anal. cale. for K[Nig(OH);(C;H50)3(H;0)5(CiHgNs)s 5](H20)s (3@
KOH): C, 41.84; H, 4.07; N, 18.64; Anal. Found: C, 41.62; H, 4.41; N,
19.12. Calculated residue from TGA for 3@KOH: (NiO)g(K,0)05: 34.4%;
Found: 33.8%. ICP-MS compositions for 3@KOH: Ni, 330.30 ppm; K,
30.30 ppm.

4.3. Dynamic Gas Adsorption Experiments

Variable Temperature Pulse Chromatography: Gas-phase adsorption
at zero coverage surface was studied using the pulse chromatographic
technique employing a Gas Chromatograph and a glass 15 cm-column
(0.4 cm internal diameter) packed with ca. 0.56 g of the studied materials.
Prior to measurement, samples were heated overnight at 423 K in a He
flow (30 mL min’1). Later on, T mL of an equimolecular mixture of H,,
CO, and N, was injected at 1 bar and the separation performance of
the chromatographic column was examined at different temperatures
(273 K-303 K) by means of a mass Spectrometer Gas Analysis System
(Pfeiffer Vacoon), detecting ion peaks at m/z 44 (CO,), 28 (N,), 4 (He)
and 2 (H,). The dead volume of the system was calculated using the
retention time of hydrogen as a reference. The zero-coverage adsorption
heats (AH,4s) were derived from the variation of the retention volumes
(Vg) as a function of temperature, according to the Clausius-Clapeyron
type equation AH,4s = RA(InV,) /A(1/T). The direct relation between the
retention volume (Vg) and Henry constant (Ky) also permits to calculate
the Henry constant values at 298 K (see Table 1). The ticoyn2 partition
coefficients have been calculated from the ratio of the Henry constant
values for each gas.

Breakthrough Curves: The 15 cm chromatographic columns, prepared
as detailed above, were activated under a pure He flow (30 mL min™)
at 423 K for 7 h and then used for evaluating the CO,/N, separation
performances of the materials. The desired gas mixture (10 mL min™")
was prepared via mass flow controllers. For instance, CO,/N, (0.14:0.86)
mixtures were prepared in order to simulate the emission of flue gas
from a power plant employing 1.4 mL min~' of CO, and 8.6 mL min~' of
N, flows, and the breakthrough experiments were carried out, at 273 K,
303 K and 323 K, by step changes from He to CO,/N; flow mixtures. The
relative amounts of the gases eluted from the column were monitored
on a mass spectrometer gas analysis system (Pfeiffer Vacoon) detecting
ion peak at m/z 44 (carbon dioxide), 28 (nitrogen), 4 (helium) and 2
(hydrogen).

Supporting Information

Supporting Information is available from the Wiley Online Library of
from the author. It contains XRPD, TGA, IR, TEM images, adsorption
isotherms, pulse chromatograms and breakthrough curves.
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