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Metal organic frameworks (such as commercial Basolite®) display significant promise for CO, capture and
storage. Here, in order to monitor CO, capture of Basolite®, we combined high pressure CO, adsorption
with high-pressure FTIR and Monte Carlo simulations. We found that Basolite® C300 show an unprece-
dented rise in capture capacity above 25 bars, as predicted by the DFT calculations. Adsorption isotherms

were measured up to 200 bar using a state-of-the-art magnetic suspension balance, and in-situ FTIR stud-
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ies as a function of pressure allowed characterizing the preferential adsorption sites, and their occupancy
with increasing pressure. Monte Carlo molecular simulations were used to infer nanoscopic information
of the adsorption mechanism, showing the sorbent-CO, interactions from structural and energetic

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Increasing level of carbon dioxide (CO,) in the atmosphere lead-
ing to a higher mean temperature is one of the biggest challenges
of today’s world [1]. If necessary actions are not taken, there will be
consequences adversely affecting future generations. Our energy
need continues to depend on burning fossil fuels like coal, oil
and natural gas [2]. Although, atmospheric CO, predominantly
comes from burning these natural sources, there is no economical
alternative energy that can replace these. Since it is difficult to re-
duce CO, emissions by switching fuel sources, carbon capture and
sequestration (CCS) technologies will be the main focus of ongoing
research on CO, [3,4].

Currently, CO, capture processes rely on amine-based solvents
like monoethanolamine [5,6], despite their disadvantages such as
high regeneration cost and corrosive nature [7,8]. The high cost
basically comes from the large energy requirement for regenera-
tion of the captured CO, [9]. Roughly, 30% of the energy output
of a power plant is spent for this purpose [10,11]. So, it becomes
more important to develop solid CO, capture materials with lower
regeneration costs.

CO, can be captured in three different known processes: pre-
combustion, post-combustion and oxy-fuel combustion [12]. Each
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process has different conditions in terms of temperature and pres-
sure and requires materials that have properties optimized for the
respective process. Particularly, pre-combustion CO, capture needs
materials that work under relatively high pressure and
temperature.

A variety of porous materials have been studied for their CO,
capture capacities such as activated carbons, zeolites, metal-or-
ganic frameworks (MOF) [13,14]. Zeolites [15] and activated car-
bons [16] are the most widely known solid materials for
industrial CO, capture. Both type of adsorbents are generally used
for relatively high-pressure capture processes. Moisture sensitivity
of Zeolites requires high regeneration temperatures generally
above 300°C [17] and activated carbon lacks selectivity. MOFs,
therefore, emerged as an alternative to these materials [18]. Their
structural and chemical diversity makes them ideal materials in
gas storage, separation and catalysis [19-22]. Recently, Long
et al. reviewed MOFs for their CO, capture properties [23] showing
that carbon dioxide capture with MOFs have been studied over a
broad range of pressure and temperature conditions. Yildirim
et al. investigated several MOFs to verify their efficiency of CO,
capture in industrially relevant conditions like pressure swing
adsorption or vacuum swing adsorption [24]. There have been sev-
eral studies using MOFs for high-pressure gas sorption. Moellmer
et al. studied HKUST-1 (Basolite® C300) for pressures as high as
50 MPa for hydrogen, carbon dioxide, nitrogen and methane stor-
age purposes [25]. Long et al. used Mg-MOF-74 for high-pressure
gas separations [26].
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Basolite® are commercial MOFs [27], which have recently been
proposed as suitable compounds for CO, capture and gas treatment
purposes [25,28,29]. In this work, we report a combined experi-
mental and computational study about the CO, adsorption on
three commercial Basolite® (C300, A100 and F300). Basic unit
structures of these MOFs are given in Fig. S1 (ESI). Samples were
characterized using several approaches and isothermal adsorption
isotherms were measured up to 200 bars, which are among the
highest studied pressure range for any MOF, using state-of-the-
art magnetic suspension sorption apparatus. The mechanism of
CO, adsorption was analyzed using IR spectroscopy as a function
of pressure. Grand canonical Monte Carlo simulations allowed elu-
cidation of the CO, adsorption mechanism from a nanoscopic
viewpoint.

2. Experimental
2.1. Materials

Basolite® samples were obtained from Sigma-Aldrich, and no
further purification was done. Basolite® C300 is structurally identi-
cal to HKUST-1 (Cus(BTC),, BTC =benzene-1,3,5-tricarboxylate)
[25,30]. Basolite® A100 is isostructural to MIL-53-Al (aluminum
terephthalate) [27]. The structure of Basolite® F300 is not fully
clarified although it is claimed to be isostructural to MIL-100-Fe
[31]. The pore and crystal structure of the studied MOFs is reported
in Fig. 1. 99.99% pure CO, were used for adsorption tests provided
by Buzwair Gas Company.

2.2. Characterization

The diffraction patterns of used samples were recorded using a
Bruker D2 X-ray diffractometer at 30 kV and 300 mA. Measure-
ments were performed for 26 in the range of 5°-80° with a step
size of 0.01° and scan speed of 2°/min. Scanning electron micros-
copy (SEM) pictures were acquired with a FEI Quanta 200 Environ-
mental Scanning Electron Microscope (ESEM) with a resolution of
5nm and a magnification x200 K. In situ IR measurements as a
function of applied pressure were carried out by using Bruker®
Vertex 80 v FT-IR spectrometer coupled with Harrick® high pres-
sure IR reflection cell.

2.3. Gas sorption measurements

A high-pressure magnetic suspension balance (MSB) sorption
device manufactured by Rubotherm Prazisionsmesstechnik GmbH
is used. Specifications of the instrument and the experimental pro-
cedure have been given elsewhere [32]. In this work, pressure up to
200 bars is used for maximum pressure and at the end of each iso-
therm, hysteresis check is conducted at each isotherm by collecting

desorption data as the system is depressurized. CO, adsorption-
desorption isotherms at 318, 328 and 338 K up to 200 bars were
measured, Table S1 (ESI).

2.4. Computational details

The framework structures of the three studied Basolite® were
built from unit cells crystal data obtained from the literature. Unit
cell for C300 was from Chui et al. [33] (HKUST-1, Cambridge crys-
tallographic databank CCDC 112954) and for A100 from Loiseau
et al. [34] (MIL-53 (Al), CCDC 220475). Although the flexible char-
acter of MIL-53 (Al) has been widely discussed in the literature
[35], we have used a fixed, rigid model for our Monte Carlo simu-
lations of Basolite® A100, and thus breathing effect was not taken
into consideration in our simulations. The structure of Basolite®
F300 is still large unknown; [36] however, as Dhakshinamoorthy
et al. [37] proposed, the structure of Basolite® F300 is expected
to be close to that of MIL-100 (Fe) since both are iron 1,3,5-ben-
zenetricarboxylates. Therefore we have used the unit cell data for
MIL-100 (Fe) from Horcajada et al. [38] (CCDC 640536) as a model
of Basolite® F300. Unit cells considered in the simulations are re-
ported in Fig. 1. Supercells containing 2 x 2 x 2 unit cells for
C300 and F300, and 3 x 4 x 3 unit cells for A100, which were all
maintained rigid, were used along the simulations.

Lennard-Jones parameters for atoms in CO, and Basolite® sor-
bents were obtained from the Universal Force Field (UFF) [39].
Charges for framework atoms were obtained from the literature,
whereas for CO, molecules —0.35e on the O atoms and +0.70e on
the C atom were used [40]. All the used Lennard-Jones parameters
are reported in Table S2 (ESI), whereas atomic charges are showed
in Fig. S1 (ESI) together with the basic molecular structures for
each Basolite®. Grand canonical Monte Carlo (GCMC) simulations
were carried out at 318, 328 and 338 K, with 1 x 107 equilibration
steps followed by 1 x 107 production steps to sample the desired
thermodynamic properties, for each point calculated at a fixed
CO,, fugacity.

3. Results and discussion

High pressure adsorption studies using MSB equipment require
knowledge of the density of the adsorbed gas on the pores to apply
buoyancy corrections, and thus, to obtain absolute adsorbed
amount, n (CO, buoyancy corrected), from the raw surface excess
adsorbed amount (data without considering buoyancy corrections
for adsorbed CO,), n°. Several procedures were proposed in the lit-
erature to carry out these buoyancy corrections [41-44], and we
applied the correction procedure proposed by Moellmer et al.
[25] for all the data reported in this work, Table S1 (ESI). Absolute
absorbed amounts are reported in Fig. 2 for the studied Basolite®,
and compared with literature when available [25,45,46]. Values re-

C300, cubic, fin-3m

MIL-100 (Fe), cubic, fd-3m

A100, orthorombic, Pnma

Fig. 1. Unit cells for Basolite®. The crystal system and space group for each unit cell is reported. In panel b, the structure is plotted in a way to allow the visibility of pores.
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Fig. 2. Absolute (CO, buoyancy corrected) absorbed amount, n, on Basolite® (a) C300, (b) F300 and (c) A100. Literature data obtained from Moellmer et al. [25], Bourrelly et al.
[45], and Heymans et al. [46]. Data from Heymans et al. use commercial Basolite A100 samples in powder and pellets forms.

ported in Fig. 2a for Basolite® C300 are in excellent agreement with
those from Moellmer et al. [25], only some minor deviations were
observed for pressures higher than 100 bar. We should remark that
Moellmer et al. [25] used commercial powder Basolite® C300
(HKUST-1) samples for their measurements, as we did in this work.
In the case of Basolite® F300, no data was found in the literature for
this sorbent, and thus comparison was not possible. The behavior
of Basolite® A100, both in its excess and absolute adsorption iso-
therm forms, show a highly anomalous behavior for pressures lar-
ger than 50 bar, Fig. 2c and Fig. S2 (ESI). The procedure used for
data correction with absolute adsorbed amounts [25], leads to a
temperature inversion for high-pressure regions. Likewise, the
comparison of the data reported in this work for Basolite® A100,
with those available in the literature show relevant conclusions,
Fig. 2c. First, our data is in good agreement with those from Hey-
mans et al. [46] for commercial Basolite® A100 in powder samples.
Second, remarkable differences are obtained when using powder
or pellet samples [46]. Third, data from Bourrelly et al. [45] are sig-
nificantly different from those reported by Heymans et al. [46] and
those in this work. The reason for this difference is the samples,
which Bourrelly et al. [45] synthesized MIL-53 (Al) and we and
Heymans et al. [46] used Basolite® A100 commercial supply.
Although Basolite® A100 is also an aluminum terephthalate (MIL-
53 (Al): AI"(OH)-{}), some difference appears between this com-
mercial and non- commercial MIL-53 (Al) forms. Moreover, the
behavior at low pressure between commercial and non-commer-
cial forms of MIL-53 (Al) is different, the well-known breathing
behavior of MIL-53 (Al), with the presence of a step around 6 bar
[47,48], is not obtained for Basolite® A100, neither by Heymans
et al. [46] nor in our data. Nevertheless, a possible breathing-re-
lated behavior seems to appear for pressures higher than 50 bars,
Fig. 2c and Fig. S2 (ESI), which would justify the anomalous trends
reported in Fig. 2c for that pressure range. We used crystal density
of large pore (Ip) MIL-53 (Al) structure for sorbent sample buoy-
ancy correction (framework density of 0.94 g cm—> from Assfour
et al. [48]). Therefore, if some kind of structural change appears
for the high-pressure region, crystal density would change, and
so would the buoyancy corrections. Another possible reason could
be due to the fact that physisorption of a gas adsorbed at low tem-
perature may change into chemisorption at temperatures, due to
the hydrogen bonding between the CO, molecule and MOF struc-
ture becomes more favorable then the weak van der Waals bonds
on the adsorbent surface. However, this possibility is a weak pos-
sibility as no distinct change in power XRD results observed before
and after the CO, measurements as well as there is no hysteresis on
the adsorption-desorption data obtained from the sorption
equipment.

The analysis of CO, adsorption results show capture ability in
the order: Basolite® (C300 > Basolite® A100-Basolite® F300.
Although the molecular structure of units involved in Basolite®
C300 and Basolite® F300, Fig. S1 (ESI), are identical (just replacing
copper by iron atoms), the crystal structures, and thus, the pore
sizes and distributions are very different between both com-
pounds, Fig. 1, which, would justify the almost double CO, capture
capacity of Basolite® C100 in comparison with Basolite® F300.

In order to assess the structural properties of the three studied
Basolite®, and their possible relationship with the CO, adsorption
ability, we calculated the accessible surface areas using the crystal
models proposed for each compound in Fig. 1. The concept of sur-
face area is controversial in the literature and several definitions
have been proposed. Diiren et al. [49] proposed the concept of
accessible surface area, Sg., to characterize crystalline solids for
adsorption purposes, showing clearly better results to compare
adsorbents than the commonly used Connolly surface area con-
cept. Accessible surface area is calculated with a probe diameter
corresponding to the adsorbate of interest. Therefore, we used a
3.30 A probe diameter in this work, corresponding to the kinetic
diameter of CO, molecules [50]. We applied the S, calculation
procedure as described by He et al. [51] Free volumes were calcu-
lated both using a probe of CO, kinetic diameter, Ve co2, for mea-
suring accessibility of CO, molecules to the available space, and
using van der Waals radii of framework atoms, Vjiee vaw, for measur-
ing the total available space, Table 1. Vje,co» was obtained using a
Monte Carlo integration procedure, Table 1, and compared with lit-
erature data when available [45,52-54]. The results reported in Ta-
ble 1 show equivalent S, for C300 and F300, with slightly lower
values for A100. The volume accessible to CO, molecules is also
very similar for the three studied compounds when we compare
the absolute values, but if we analyze the percentage of free vol-
ume compared with the total available volume, we obtain
C300 > F300 > A100, in agreement with the CO, sorption ability
for these compounds. The comparison between the calculated
properties and those experimentally available shows differences
in some cases, for example, BET surface area reported by Blanco
et al. [53] for the three studied Basolite® are almost the half as
those calculated in this work. Other available results (Table 1),
however, are in close agreement with our calculations. Haque
et al. [55] reported huge changes in BET surface area for MIL-53
(Al) (Basolite®A100 model) with purification conditions, with val-
ues ranging from 143 to 1425 m? g~ !. Therefore, the preparations
of the samples could justify the differences between the literature
sources. Nevertheless, the values reported in Table 1 may be con-
sidered as reasonable, concluding similar accessible sorption sur-
face for C300 and F300 crystal models, and slightly lower
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Table 1

Calculated accessible surface area, Sq, CO, accessible free volume, Vjreeco2, and free volume (calculated from the framework van der Waals radii), Vfree,vaw for the studied
Basolite®. The values in parentheses show the percentage of corresponding free volume compared with the total volume available (free+occupied).

Compound Sacem? g ! Poulk & CmM > Perystal €M™

Pore size nm

Pore volume cm®g~! Viree,co2 cm® g~ ! Viree,vdw €M> g1

€300 1706.42° 0.35F
1798°
1277¢
1716.46%
840
854°
1524.8°
1500°

662¢

0.958 0.61¢

F300 030 0.98 0.60°

A100 0.40f 1.61 0.53¢

6.1° 0.122 (17.4%) 0.721 (68.4%)

6.0° 0.179 (14.0%) 0.630 (42.86%)

5.5¢ 0.130 (13.0%) 0.581 (57.8%)

¢ BET measurements for this work.

b BET surface area from Sava et al. [52].

¢ BET surface area from Blanco et al. [53].

4 BET surface area from Dhakshinamoorthy et al. [54].
¢ Langmuir surface area from Bourrelly et al. [45].
 Tapping density values.

(approximately around 11%) for A100 crystal model. The differ-
ences between each of the experimental CO, adsorption are not
only due to the spatial properties of the sorbents. In the light of
these, we report in Fig. 3 the available accessible volume in the
studied Basolite®. The distribution of available spaces (pores distri-
bution) is very different between C300 and F300. In the case of
C300, the available space is symmetrical around the main chan-
nels, blue areas in Fig. 3a, and thus, we may expect that most of
the CO, molecules concentrate in these channels because adsorp-
tion around Cu atoms seems to be spatially hindered. In the case
of F300 (MIL-53 (Fe) as model), the large mesoporous cages acces-
sible through microporous windows are clearly visible. For Baso-
lite® A100, in its large pore structure, the large channels are
visible, although their diameter is lower than for C300, which
could justify lower adsorption ability for CO, molecules.

Isosteric heat of adsorption, AHs, was obtained from experi-
mental (absolute) absorbed amounts using the Clausius-Clapeyron
equation and a procedure described previously [32]. The Padé
equation was used to fit the experimental adsorption data to ob-
tain isosteric data for using in the Clausius-Clapeyron equation,
Table S3 (ESI) [25]. AHs data reported in Fig. 4 follow the order:
C300 > F300 > A100. Values obtained for C300 in this work are low-
er than those reported by Moellmer et al. [25] On the other hand,
Keskin et al. [56] reported that literature available data for
HKUST-1 (Basolite C300) range from 35 to 12 k] mol~?, and justi-
fied these differences considering the different types of making
the samples and sorbent activation processes.

40
---C300-Moellmer et al.
E —C300
—F300
U e, = A100
3 | -—
£
2 20
10 /
0 . : ; , :
0 4 8 12

n/ mmol g!

Fig. 4. Isosteric heat of adsorption, AHs, for CO, on Basolite® calculated using the
absolute amount adsorbed and the Clausius-Clapeyron equation coupled with Padé
fittings of experimental data. We also report data from Moellmer et al. [25].

Heymans et al. [46] reported significant differences between
the CO, adsorption on Basolite® A100 in powder and pellet sam-
ples. Therefore, we carried out a Basolite® particle characterization
before and after CO, adsorption from SEM nanographs, Fig. 5 and
Figs. S3-S5. Khvostikova et al. [57] also reported SEM results for
Basolite® C300 showing no agglomeration but homogeneous dis-
tribution in the micrometer ranges. Lamia et al. [30] reported poly-
crystalline agglomerates in the 5-10 pm range, interspersed with
octahedral-shaped crystals. Basu et al. [58] reported particle size

Fig. 3. Free volume in the studied Basolite®. The structure of Basolite® A100 is viewed along two different planes to allow full visualization.
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Fig. 5. SEM nanographs for the studied Basolite®.

in the 10-15 and <200 pwm ranges for Basolite® C300 and A100,
respectively. To the best of our knowledge no data on particle sizes
for Basolite® F300 is available in the literature. The data provided
by the commercial supplier are 15.96 pm and 31.55 pum particle
size for Basolite® C300 and A100, respectively. The SEM results re-
ported in this work for Basolite® C300, Fig. 5a, show particle size
distribution <30 pum, where the closest nanograph in the submi-
crometer range, Fig. S4 (ESI) show that agglomeration of nano-
spheres. In the case of Basolite® F300, Fig. 5b, particle size
distribution in the 5-10 pum range is obtained, with poorly defined
shapes in contrast with those for Basolite® C300. The submicrom-
eter structure for Basolite® F300, Fig. S5 (ESI) is also clearly differ-
ent to that for Basolite® C300, showing globular aggregates.
Basolite® A100, Fig. 5c, shows a large particle size distribution,
5-30 um range, with globular particles aggregation in the submi-
crometer range, Fig. S5 (ESI). Results reported in Figs. S3-S5 (ESI)
show no remarkable changes in particle distribution upon CO,
adsorption, which show that these adsorbents could be used in
sorption-desorption cycles without changing their structural
properties.

The analysis of the main features of IR spectra of adsorbed CO,
in the studied compounds is generally used to extract the adsorp-
tion mechanism and its possible changes with increasing pressure.
In a recent study, Kauffman et al. [59] showed the strengths of
in situ IR studies to get valuable information on the CO, pore filling
mechanism and structural changes upon adsorption in MOFs,
which were in agreement with previous studies [60,61]. In the case
of CO, molecules adsorbed in MOFs, the changes of two main CO,
frequencies upon adsorption lead to valuable information: (i) vs3
antisymmetric stretching (appearing at 2349 cm™' in the gas
phase) and (ii) v, bending mode (667 cm™' gas phase value) [58].
Bordiga et al. [60] showed vs redshifting on HKUST-1, and con-
cluded with the presence of two different copper interaction sites.
To the best of our knowledge, systematic in-situ studies of CO,
adsorption on Basolite® F300 and A100 are not available in the lit-
erature. The IR spectra was collected in the 400-4000 cm™! as a
function of applied pressure at 318 K. Useful features were ob-
tained in the 2200-2500 cm~! range, corresponding to the CO,
v3 antisymmetric stretching mode, and in the 3500-3800 cm™!,
corresponding to the CO, combination mode v; (symmetric
stretching) + vs, Fig. S6 (ESI) [60]. No information could be ex-
tracted from the region corresponding to v, (CO, bending) because
it was not possible to resolve it. No remarkable features are ob-
tained in the remaining spectral regions. Results reported in
Fig. S6 (ESI) show increasing intensities in the v; + v3 and vs spec-
tral regions with increasing pressure, corresponding to increasing
CO, adsorbed amounts. The v5 region is characterized by the split
of this mode into two peaks at 2340 and 2358 cm™', Fig. 6b, with
almost negligible difference for the three studied Basolite®, with

the intensities in agreement with the CO, adsorption abilities of
the studied compounds. Bordiga et al. [60] reported these bands
at 2333 and 2342 cm™! on non-commercial HKUST-1, which are
slightly lower than the values obtained in this work for commercial
Basolite® C300. The lower frequency band is redshifted whereas
the higher frequency band is blueshifted with respect to the CO,
v3 antisymmetric stretching band in gas phase. Although the v3
band split is obtained for each of the three studied Basolite®
(Fig. 5), the relationship between the intensities of both splitted
bands is very different. For Basolite® C300, for low pressures only
the 2333 cm™' band is obtained and only for large pressures a
shoulder corresponding to the 2342 cm™! is obtained. Bordiga
et al. [60] attributed the low frequency v3 band to interactions with
internal copper sites and the high frequency to external sites,
therefore, in the case of Basolite® C300 the second type of sites
are only occupied with increasing pressures. In the case of Baso-
lite® F300 and Basolite® A100, the intensity ratio of both peaks is
more similar, showing analogous occupation of both interacting
sites with increasing pressure.

The v, + v3 spectral region is shown in Fig. 6a. The intensities of
the peaks are lower than those for the v; region for pressures lower
than 1000 mbar, only for higher pressures both spectral regions
reach similar levels. This spectral region shows features around
the 3600 and 3700 cm™!' regions with two peaks in each region
appearing at almost the same frequencies for the three studied
compounds. The high frequency features (3703 and 3728 cm™')
dominate over the low frequency ones (3599 and 3628 cm™!),
especially for the high-pressure adsorption, Fig. S6 (ESI).

In short, FTIR results show the existence of two different
adsorption sites in the three studied Basolite®, and to show the
evolution of the occupancy of each site in a quantitative way, we
have plotted (Fig. 7) the evolution of intensities with increasing
pressure, at the fixed wavenumbers reported in Fig. 6. The reported
results show that intensities in the v3 spectral region are 30% larger
for Basolite® C300 than for F300 and A100. The changes of v inten-
sities reach saturation with increasing pressure for the three stud-
ied compounds, whereas those for the v; + v3 peaks increase in
linear way, leading to more intense peaks than those for the v;
mode in the higher pressure regions.

Monte Carlo simulations reported in this work would help to
understand the CO, adsorption mechanism from a nanoscopic
viewpoint. The validation of the proposed computational approach
was done through the comparison between calculated and experi-
mental adsorption isotherms in the studied pressure - tempera-
ture ranges, Fig. S7 (ESI). An excellent agreement is found
between predicted and experimental isotherms, especially for
C300 and F300 sorbents. It should be noted that the crystal model
used to mimic F300 structure (based on MIL-100 (Fe)) leads to
accurate predictions, and thus confirming the possible structural
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Fig. 7. Peak intensity evolution as a function of pressure for CO, adsorbed on
Basolite® at 318 K, for the peak values reported in Fig. 6.

proximity between MIL-53 (Fe) and Basolite® F300. The poorest
predictions exist for Basolite® A100, especially for pressures larger
than 50 bar, which in our opinion rises from the rigid structural

crystal model used in the simulations. This is the reason why we
are not taking into account the structural flexibility for pressures
lower than 6 bar (the well-known breathing effect with narrow
pore to large pore transition) [45,47] and the complex experimen-
tal behavior obtained for pressures larger than 50 bar. Neverthe-
less, the simulations predict correctly the CO, adsorption ability
ordering of the studied compounds, with the largest CO, adsorp-
tion for C300, and a good quantitative agreement is also obtained.

The analysis of CO, molecules in Basolite® structures may be
done using the isodensity plots reported in Fig. 8 as a function of
pressure. Results for Basolite® C300, Fig. 8a and b, show that for
low pressure, CO, molecules concentrate in the larges pores fol-
lowing an axial distribution as the blue dashed line in Fig. 8a. With
increasing pressure the large pores are completely filled with CO,
molecules, blue arrow in Fig. 8b, and at the same time octahedral
pockets (pores close to Cu-Cu bonds) are also filled with CO, mol-
ecules, green arrow in Fig. 8b. The tetrahedral pores and the vicin-
ity of the benzene rings remain almost free of CO, molecules,
Fig. 8b. This situation is reverse to the adsorption of other mole-
cules in HKUST-1 (Basolite® C300). Lamia et al. [30] reported that
for the adsorption of hydrocarbons, the small octahedral pockets
are occupied first and once they are filled, large cages are filled.
For Basolite® F300 (MIL-100 (Fe) model) the CO, adsorption
(Fig. 8c and d) does not show remarkable differences between
the way in which different adsorption sizes are occupied, but
rather a homogeneous distribution is obtained, increasing with
elevated pressures. A comparison of results reported in Fig. 8b
and d for Basolite® C300 and F300 shows clearly the higher con-
centration of CO, molecules in the available pores of C300 in com-
parison with those for F300. The rigid model for Basolite A100
(Fig. 8e and f), with large pores, led to CO, molecules occupying
the available pores in even-odd distributions along the channels,
in agreement with the free volume reported in Fig. 3c. CO, mole-
cules follow a distribution reported in Fig. 8f, yellow dashed lines,
in which molecules arrange in a parallel-antiparallel way for
neighboring pores, increasing its concentration with increasing
pressure. This different distribution for even-odd channels were
previously reported for methane molecules in MIL-53 (Al) and
was explained considering antiparallel alignments of the OH
groups in the inorganic octahedra [62]. In this spatial arrangement,
the interaction of CO, molecules with OH groups is allowed, as pre-
viously reported by Ramsahye et al. [63] To analyze the properties
of adsorbed CO, molecules, radial distribution functions (RDFs) for
C0O,-CO, pairs, and the corresponding running integrals, are re-
ported in Fig. 9. Reported RDFs show strong first peaks at 3.9, 4.5
and 4.9 A for Basolite® C300, F300 and A100. The intensity of these
first RDFs peaks, and thus, the values of the corresponding running
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Fig. 8. Calculated isodensity surfaces (red surfaces) for CO, molecules in the studied Basolite® at 318 K and 1 and 200 bar. Dashed lines and arrows indicate notable

adsorption features.

—C300 L
1—F300 s

&)

Fig. 9. Radial distribution functions, g(r), between the center-of-mass of CO,
adsorbed molecules in the studied Basolite® at 318 K and 200 bar. Running
integrals, N, are also reported for each g(r).

integrals follows the ordering of adsorption abilities reported in
Fig. 2. Likewise, these first RDFs peaks show that CO, distribution
within the sorbents pores reported in Fig. 8 correspond to high
density CO, layers obtained at the studied high pressures. More-
over, results reported in Fig. 9 show that the proposed parameter-

0.3
—C300
o —F300
—A100
0.2
g
=
0.1
0 T I T ] T I T
-60 -40 -20 0 20
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Fig. 10. Probability distribution functions, P(E), for CO,-Basolite® interaction
energies at 328 K - 20 bar obtained from Monte Carlo simulations.

ization is able to describe the CO, adsorption even in the very high
pressure regions.

In order to assess the affinity between the CO, molecules and
the corresponding sorbents, we calculated the distribution func-



E. Deniz et al./Microporous and Mesoporous Materials 175 (2013) 34-42 41

tions of CO,-sorbent interaction energies from Monte Carlo simu-
lations. We report a comparison between the distribution of inter-
action energies for the three studied Basolite® in Fig. 10. In the case
of Basolite® C300, two peaks are identified to be —28 and
—12 k] mol~!, the adsorption in large cages and octahedral pockets,
respectively. For Basolite® F300, a wide band is obtained, and two
peaks at —25 and —32 k] mol~!, being in agreement with the distri-
bution reported in Fig. 8, where no preferential adsorption sites
were found. In the case of Basolite® A100, two peaks at —28 and
—40 k] mol~! are obtained. Considering that the pores are all alike,
these two peaks can only be assigned to adsorption in even and
odd channel with different interaction energies rising from the po-
sition of hydroxyl groups in the sorption framework. The effect of
pressure on the distribution of interaction energies is reported in
Fig. S8 (ESI). Wider bands are obtained in all the cases, with
decreasing peaks for the highest energies and increasing ones for
the lowest energies, corresponding to increasing occupancies of
less favorable adsorption sites. The values reported in Fig. 10 show
larger CO,-sorbent interaction energies for A100 than for C300 or
F300 compounds, which is in contrast with CO2 adsorption order-
ing reported in Fig. 2 and with the isosteric heats of adsorption re-
ported in Fig. 4 (lower for A100 than for C300 and F300). Values
reported in Fig. 10 show CO,-sorbent interaction energies,
whereas isosteric heat of adsorption rises reported in Fig. 4 rises
not only from CO,-sorbent interactions but also from C0,-CO,
interaction energies, which are specially important when high
pressure region is reached. The higher density of CO, molecules
in C300 pores in comparison with A100 and F300 reported in Figs. 8
and 9, would justify the largest heats of adsorption for this com-
pound in spite of the lower CO,-sorbent interaction energies.

We also calculated adsorption enthalpies from Monte Carlo
simulations (Fig. S9), with the largest values (around 17 kj mol ')
obtained for MIL-53 (Al) (Basolite® A100 model). This value is in
good agreement with previous simulations and microcalorimetric
measurements for large pore structure of MIL-53 (Al) reported by
Ramsahye et al. [63], and it remains almost constant up to
200 bar. For Basolite® C300 and F300, heat of adsorption is around
—25.6 and —24.0 k] mol~}, respectively. In the case of F300, heat of
adsorption decreases from —30 k] mol~! to —24.0 k] mol~! in the
0-20 bar range, and then it remains almost constant up to
200 bars. Farruseng et al. [64] reported experimental and simu-
lated heat of adsorption for CO, molecules in HKUST-1 (Basolite®
C300), their simulated values (—21.8 k] mol~') are larger than the
experimental values (from —12.1 to —14.6 kj mol~!, depending
on the measurement technique) reported by the same authors. Far-
ruseng et al. [64] justified the differences between experimental
and simulated results by considering that small pores (which
would increase adsorption enthalpy because of larger sorbent-
CO; interactions) are not experimentally accessible. Our results re-
ported in Fig. 8 confirm that small pores are only fully occupied
when pressure increases. In our opinion, the larger CO, sorption
ability of Basolite® C300 in comparison with Basolite® F300 and
Basolite® A100, rises from the ability to occupy largest pores to-
gether with small octahedral pockets. This leads to an almost con-
densation of CO, molecules within these adsorption sites, (Fig. 8b),
as it is also inferred from RDFs reported in Fig. 9. On the contrary,
available pores in F300/A100 are only partially occupied, leading to
lower sorption ability for these compounds. The sizable free vol-
ume available should then be in control for the adsorption at high
loadings [65].

4. Conclusions

The CO, adsorption on commercial Basolite® was studied using
a wide collection of experimental and computational approaches

and extended to the high-pressure region for the first time. The
three studied compounds (C300, F300 and A100) show remarkable
different structural properties and adsorptive ability, being the CO,
capturing ability in the order of C300 > F300-A100. The high-pres-
sure adsorption studies show saturation behavior for pressures lar-
ger than 50 bars, a previously unknown observation. Likewise, an
anomalous behavior for Basolite A100® is obtained in the high-
pressure range, which is attributed to structural changes. IR studies
have showed the existence of two different adsorption sites for the
studied compounds, which is confirmed by the molecular simula-
tion results. The changes in the occupancy of adsorption sites
determine the sorption ability for the studied compounds. More-
over, no structural changes are observed after CO, adsorption,
making these compounds, especially Basolite® C300 to have very
suitable properties for CO, capture.
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