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Thermodynamic Modeling of the Selective Adsorption of
Carbon Dioxide over Methane in the Mechanically

Constrained Breathing MIL-53(Cr)

Louis Vanduyfhuys* and Guillaume Maurin

The coadsorption of CO,/CH, in the breathing MIL-53(Cr) under the
application of an additional mechanical pressure is investigated through the
use of an extended thermodynamic mean-field model. The focus is on the
breathing behavior, negative gas adsorption (NGA), and selective adsorption
of CO, as well as to what degree the application of mechanical pressure
influences this behavior. To this end, phase diagrams, coadsorption isotherms
are constructed and the CO, /CH, selectivity is computed in terms of the
vapor pressure of methane and carbon dioxide as well as the mechanical
pressure. As a result, it is found that NGA can be induced by coadsorption of
CO,/CH, gas mixtures with certain molar compositions. Finally, a specific

pressure, temperature, electric or magnetic
fields.®l The resulting structural transi-
tions, which imply large unit cell volume
changes usually above 30%, are often re-
ferred to as breathing, and were originally
primarily investigated when induced by
adsorption.'13] As a result, a plethora of
studies has been reported using experimen-
tal and computational approaches, that fo-
cus on the adsorption properties of breath-
ing MOFs. Experimentally, many fascinat-
ing phenomena have been observed, from

adsorption/desorption cycle, which includes the application of an additional
mechanical pressure, is proposed to allow for an increased CO,/CH,
selectivity as well as for an expected less energy demanding CO,

desorption step.

1. Introduction

Metal-organic frameworks (MOFs) are amongst the prime can-
didates in the search for efficient materials for the stor-
age/purification of natural gas as well as the capture of a series of
toxic molecules.!l The vast potential of these materials is due to
their hybrid nature, consisting of metal ions or clusters intercon-
nected by means of organic linkers, resulting in porous materials
with tunable pore size and chemical functionality for the targeted
adsorption/separation of the aforementioned species.>®l De-
spite their porous nature, these materials retain their long-range
structural order. In this sense, they are also denoted as soft porous
crystals (SPCs).”] Furthermore, it is well known that some MOFs
can undergo phase transformations induced by a wide array of
triggers including adsorption of gases or liquids, mechanical
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the first reports on adsorption-induced
breathing of MIL-53 (MIL stands for Mate-
rials of Institute Lavoisier),™ to multistep
breathing for nitrogen in Co(bdp)” and
the observation of negative gas adsorption
(NGA) for methane in DUT-49.11 From
a computational point of view, various ap-
proaches have been proposed to investigate
adsorption in breathing MOFs, ranging from force-field-based
simulations!!”!¥ to the application of various models to deter-
mine the thermodynamic potential using either experimental or
computational input.'*?% As was mentioned before, adsorption
is not the only trigger to induce structural transitions. The ap-
plication of mechanical pressure has also been shown to induce
similar structural transitions.?'2%l As such, by means of com-
bined experimental and computational research, various MOFs
have been proposed as possible candidates for nano dampeners
or nano shock absorbers.??l In most of the aforementioned
studies, the focus was set on structural transitions induced by
one particular trigger. However, the present authors recently pro-
posed a generalized thermodynamic approach that was applied
for the investigation of structural transitions in various MOFs
induced by various triggers including temperature, mechanical
pressure, and adsorption.?* Such a generalized approach also re-
sulted in a classification of SPCs into various types depending
on their response upon application of mechanical pressure. Fur-
thermore, the SPC type of the material was very recently linked
with the adsorption-induced behavior to set up a thought experi-
ment to explore the impact of an additional mechanical pressure
on NGA.I¥7)

Given their fascinating adsorption properties, these breathing
materials are also promising candidates to serve as efficient hosts
for the separation of gas mixtures. More specifically, the separa-
tion of carbon dioxide from a given mixture is an important issue
in the context of carbon capture and storage,”! which is highly
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relevant in the quest for the mitigation of climate change. An-
other highly relevant example, is the separation of carbon diox-
ide from methane for an energy-efficient purification of natural
gas.228 Although the importance of these technologies cannot
be underestimated, it is remarkable that only a few experimen-
tal studies report multicomponent adsorption isotherms particu-
larly for breathing MOFs.['*l This can partly be rationalized by the
inherently high dimensionality of the problem, leading to typi-
cally complex and time-consuming experiments. Indeed, most of
the data reported on multicomponent adsorption in the literature
either results from numerical or analytical models using single
component isotherms obtained experimentally or simulated by
grand canonical Monte Carlo simulations, or experimental break-
through profiles.””) Therefore, it is crucial to invest in computa-
tional techniques allowing to accurately predict the multicompo-
nent adsorption isotherms. A common approach is the applica-
tion of ideal adsorption solution theory (IAST),2% which is rela-
tively simple to implement. However, as indicated by Fraux et al.,
one has to be careful in its application for flexible adsorbents.?!l
The main issue is that the basic requirements for IAST, such as
an inert host material, are violated for a breathing MOF. How-
ever, Coudert et al. developed an alternative, the so-called osmotic
framework adsorption solution theory (OFAST), to predict the ad-
sorption behavior of gas mixtures in the osmotic thermodynamic
ensemble starting from the pure-component and fixed-phase ad-
sorption isotherms.*” Maurin et al., conducted a hybrid osmotic
Monte Carlo (HOMC) approach based on the use of a flexible
force field to predict the coadsorption behavior of MIL-53(Cr)
for diverse CO,/CH, gas mixture compositions.??’ Alternatively,
Dunne et al. represented the breathing MIL-53(Al) as a 1D chain,
in which each bead is interpreted as a group of unit cells either in
the large pore (Ip) phase or narrow pore (np) phase, and applied
the transfer matrix method to predict coadsorption of methane
and carbon dioxide for various conditions of total vapor pressure,
CH,/CO, ratio and temperature. Finally, the same authors also
investigated the impact of an additional mechanical pressure on
the shape of the adsorption isotherms.?l

In this work, we extend the semi-analytical mean-field model,
which was originally developed for single-component adsorption
in MOFs,?% toward adsorption of binary mixtures in a breathing
MOF. This model is then used for the investigation of the breath-
ing behavior of the 1D channel like carboxylate MIL-53(Cr)!'*l
when exposed to a mixture of methane and carbon dioxide un-
der varying conditions, by constructing the full phase diagram of
MIL-53(Cr) as a function of the independent CH, and CO, vapor
pressures. Furthermore, we explore the impact of an additional
mechanical pressure on the multicomponent adsorption behav-
ior of MIL-53(Cr) with the aim of gaining fundamental thermo-
dynamic insight into the mechanically contraint coadsorption be-
havior of breathing MOFs. As such, we show that coadsorption
can give rise to NGA and we demonstrate that the application of
optimal conditions (mechanical pressure and gas pressure) can
allow a drastic enhancement of the CO,/CH, separation perfor-
mance of MIL-53(Cr).

2. Methodology

In the mean-field model,2°** the central quantity was the
Helmbholtz free energy F(N, V) of MIL-53(Cr) at fixed tempera-
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ture (T = 300 K) as a function of the unit cell volume V as well
as the number of adsorbed guest molecules N. In this work, the
free energy was expanded in three contributions: the empty host
free energy F, (V), the interactions between guest molecules
inside the pore modeled through a van der Waals equation of
state F 4 (N, V,(V)), in which V, (V) represents the pore volume,
and the host—guest interaction F, (N, V) is expressed in terms
of the mean-field single-particle adsorption energy AU(V). The
most important approximations in this model are two-fold. The
first consisted of using a van der Waals equation of state for the
confined guests, which indeed was a reasonable approximation
for analyzing qualitative behavior. The second was the mean-field
approximation of the interaction energy, which ignored higher-
order corrections that account for screening effects. However, for
the adsorption of pure methane or carbon dioxide in MIL-53(Cr),
the validity of the mean-field model in describing the qualita-
tive behavior of breathing MOFs was already shown in previous
work, as it was indeed able to reproduce the experimental ob-
servation that carbon dioxide can trigger the breathing of MIL-
53(Cr), while methane cannot.?” By performing the Legendre
transform from N to y and from V to P, the osmotic ensem-
ble can be accessed, which allows to compute the equilibrium
unit cell volume and number of adsorbed particles as a func-
tion of chemical potential (related to the guest vapor pressure
Pusp) @nd external pressure (P = Pyyp + Pryecn)- Here, the vapor
pressure was denoted with small letter p and mechanical and ex-
ternal pressure with capital P. More details on this thermody-
namic model and its approximations can be found in ref. [20].
Within the context of this work, the model had been extended to-
ward binary adsorption. This was achieved by replacing the pure-
component parameters in the van der Waals equation of state
with parameters for a mixture according to mixing rules taken
from ref. [35], and expressing the guest-interaction free energy
with two independent mean-field interaction terms, one for each
component.

E(Ny, Ny, V) = Fyoq(V) + Figyy (N1, Ny, V, (V) + Ny

X AU, (V) + N, x AU, (V) (1)

As such, in addition to the limitations of the original mean-
field model, this simple extension also neglects correlation terms
that would account for cross screening of the interaction energy.
The main focus of this investigation is to analyze the qualitative
breathing behavior of MOFs induced by adsorption of binary mix-
tures. The Legendre transform is now again applied toward the
osmotic ensemble to get access to the osmotic potential as well
as the osmotic adsorption isotherm for each component of the
mixture. More details on the extension of the Helmholtz free en-
ergy and the corresponding Legendre transforms can be found
in Section S1, Supporting Information. The model required var-
ious input profiles: the empty host free energy profile F, . (V),
the van der Waals parameters for methane and carbon dioxide,
the pore volume V,(V) figuring in the van der Waals equation of
state, and the single-particle mean adsorption energy AU(V) for
methane and carbon dioxide. The specific level of theory used
to model all input required in this model was identical to the

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
THEORY AND
SIMULATIONS

www.advancedsciencenews.com

(a)

107 10?

—=- 25%-75%

10! { — 50% - 50% 10!
T 100 T 10
2 &
2 ¥
2 107t Z 10
8 H
& &
‘g 10-2 5 10
g g

-3 3 _
8 10 g 10

10

:

105 10 107 102 107! 10° 10! 107
CH, vapor pressure [bar]

05

10 107 10-* 10 10°' 10° 10! 107
CH, vapor pressure [bar]

www.advtheorysimul.com

(b) (c)

10!

1072

CO, vapor pressure [bar]

107

107

0 10- .
10-* 10~* 10°* 10°? 107! 10° 10! 10%

CH, vapor pressure [bar]

Figure 1. a) Phase diagram calculated for the coadsorption of a CO,/CH, gas mixture at a temperature T = 300 K without an extra mechanical pressure.
The system can either be in: a stable large pore (denoted by Ip, indicated in dark blue), a bistable phase with a stable large pore and metastable narrow
pore (denoted by Ip[np], indicated in light blue), a bistable phase with a metastable large pore and stable narrow pore (denoted by np][lp], indicated
in light red) or a stable narrow pore (denoted by np, indicated in dark red). b) Total number of guests adsorbed in the large pore. c) Total number
of guests per unit cell adsorbed in the narrow pore. The black dots represent the contour for which the total amount per unit cell adsorbed in the
large pore equals the total amount adsorbed in the narrow pore, indicating that a structural transition occurring to the right of this line will induce

NGA.

original work: the empty-host free energy was fitted to exper-
imental data on equilibrium volumes, transition pressure and
bulk moduli, the van der Waals parameters were taken from ex-
perimental equations of state, the interaction energy and pore
volume were computed by means of random insertion of rigid
CO, and CH, molecules and computing their interaction with
the framework using the Lennard-Jones model from ref. [36]. Fi-
nally, as was shown in previous work, the pore volume was repre-
sented by means of a simple piecewise linear function expressed
in terms of the unit cell volume."”)

In the remainder of this work, phase diagrams, coadsorption
isotherms were constructed and the selectivity of CO, over CH,
as a function of the vapor gas pressures of each component as
well as the mechanical pressure was computed. To this end, the
osmotic potential, equilibrium unit cell volume ,and number of
adsorbed methane and carbon dioxide molecules after perform-
ing the Legendre transform expressing equilibrium with given
chemical potentials ycq, and uqyy, and external pressue P, were
computed. It was important to be aware that such equilibrium
may feature multiple solutions for the volume, number of ad-
sorbed molecules, and osmotic potential. This was due to the
inherent bistability of the system. For example, for certain con-
ditions of the vapor pressures and mechanical pressure, two
local minima were found, one with a unit cell volume in the
large pore (Ip) region (i.e., between 1300 and 1500 A?) and one
with a volume in the narrow pore (np) region (between 900 and
1300 A%). Depending on the relative values of the correspond-
ing osmotic potential of both solutions, the system will then ei-
ther be in the phase Ip(np), in which the lp solution had the
lowest potential and np hence represented a metastable state,
or np(lp), in which the np solution had the lowest potential and
Ip represented a metastable state. These phases can then be vi-
sualized in a phase diagram as a function of the applied con-
trol variables. Furthermore, the number of adsorbed methane
and carbon dioxide molecules to construct the correspond-
ing coadsorption isotherms and the resulting selectivity were
computed.
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3. Applications

3.1. Coadsorption of Carbon Dioxide and Methane without
Mechanical Constraint

In a first stage, we consider the system in the absence of an ad-
ditional mechanical pressure, in other words P, = pcys + Pcoas
and construct the phase diagram of CO,/CH, mixtures adsorbed
in MIL-53(Cr) as a function of the vapor pressure of both adsor-
Dbates. The results are shown in Figure 1. [t indicates, as a function
of the vapor pressure of CH, and CO,, whether MIL-53(Cr) is in
a monostable Ip (dark blue), monostable np (dark red), bistable
Ip[np] (light blue), or bistable np[lp] (light red) states. Herein,
Ip[np] indicates that lp represents the global equilibrium, while
np is a metastable state, and vice versa for np[lp].

Let us assume that we start at the lower left corner in the
Ip phase at very low vapor pressures, for which no molecules
are adsorbed yet. Furthermore, we also assume collective be-
havior, in which all unit cells have to act identically and si-
multaneously, which in term implies that a transition from lp
to np will only occur if the lp does not exist anymore as a
(meta)stable state.*®! If we now consider an adsorption process,
for example, a fixed equimolar CO,/CH, gas mixture (molar
composition of 50/50), we follow the solid gray line. As the va-
por pressure of methane and carbon dioxide increases, the sys-
tem changes phase from lp to Ip(np) and np(lp). However, in
all these phases the lp remains a (meta)stable state and in the
assumption of a collective behavior, the system will remain in
the lp volume state. Only when the system ends up in the np
region, it will induce the transition from lp to np. From Fig-
ure 1 we can then conclude that an equimolar CO,/CH, gas
mixture will indeed induce the breathing of MIL-53(Cr) with in-
creasing total vapor pressure. Moreover, given the extent of the
np region on the Figure 1, we can conclude that all gas mix-
tures containing less than 75% methane will induce breathing.
To validate the current model, we compared these predictions
with previous experimental and HOMC theoretical findings for
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this system. Hamon et al. applied a variety of different tech-
niques, including in situ X-ray powder diffraction and Raman
spectroscopy, to investigate the breathing behavior of MIL-53(Cr)
when exposed to pure CH, and CO, as well as CO,/CH, mixtures
with a molar composition of 25/75%, 50/50%, and 75/25%.%] Tt
was found that CH,-rich mixtures (> 75 % CH,) do not induce
the structural transition from lp to np. This experimental evi-
dence was supported by HOMC simulations performed in the
same work. Furthermore, it was also concluded that if the struc-
tural transitions occurs, the CO, partial pressure at the transi-
tion is independent on the mixture composition. This is also
in agreement with the current predictions, as can be seen from
Figure 1 where the boundary between np[lp] (light red) and np
(dark red) has a fixed value for CO, vapor pressure. Finally,
besides this qualitative agreement with previous findings, the
predicted total number of molecules required to induce the struc-
tural transition from np to lp reproduces well the data reported
in ref. [27]. As such, we can conclude that the predictions result-
ing from the application of the current model are in excellent
agreement with experimental findings. In order to estimate the
sensitivity of these predictions toward the various input param-
eters required for the mean-field model, we performed a sensi-
tivity analysis in which we rescaled each input with +20%. The
detailed results of this analysis can be found in the Supporting
Information and indicate a rather large sensitivity. For example,
making the material 20% more flexible increases the methane
threshold for observing breathing from 75% to more than 90%.
As such, this analysis reveals that in order to reproduce the ex-
perimental values, one requires a highly accurate free energy
model.

As mentioned previously, we also want to investigate the possi-
ble occurence of NGA during the guest-induced structural transi-
tions. Therefore, we compute the number of adsorbed methane
and carbon dioxide molecules and construct the surfaces ex-
pressing the total number of adsorbed molecules in the lp (see
Figure 1b) and np (see Figure 1b) forms wherever they exist
as (meta)stable states. We then derive the intersection between
these two surfaces, which is indicated by the black dots on the
figure. If for a certain process, that is, a certain line on the phase
diagram, the process line crosses the black dots before the Ip-to-
np transition, that is, before entering the dark red zone, NGA
occurs. This is due to the fact that to the right of the black dots,
the number of molecules adsorbed in the lp is larger than the
number adsorbed in the np, hence upon the lp-to-np transi-
tion the number of adsorbed molecules decreases giving rise to
NGA. As a result, we can derive from the figure that NGA oc-
curs when MIL-53(Cr) is exposed to CO,/CH, gas mixtures with
a molar gas composition between 50/50 and 25/75. This is con-
firmed by constructing the coadsorption isotherm for a gas mix-
ture with a molar gas composition of 33/66 (see top left pane of
Figure 2). Furthermore, Figure S3, Supporting Information,
which shows the coadsorption isotherm for a gas mixture with
a molar gas composition of 25/75, indeed reveals no struc-
tural transition, while Figure S4, Supporting Information for a
gas mixture with a molar composition of 50/50 shows a struc-
tural transition, but without NGA. In a previous study, it has
been evidenced that the additional application of a mechanical
pressure can be used to induce NGA in SPCs that do not ex-
hibit adsorption-induced breathing in the absence of mechanical
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pressure.l’’) Moreover, increasing the mechanical pressure even
further subsequently induces breathing with positive gas adsorp-
tion (PGA). In other words, in terms of an increasing applied
mechanical pressure, these SPCs exhibit subsequent regions of
no breathing, NGA and PGA. Here, we demonstrate that coad-
sorption of gas mixtures with the appropriate composition of
a PGA breathing-inducing gas (CO, in MIL-53(Cr)) with a gas
that does not induce breathing (CH, in MIL-53(Cr))), can also in-
duce NGA. Furthermore, by closely investigating the evolution
of the number of adsorbed CH, (bottom left pane of Figure 2)
and CO, (bottom right pane of Figure 2) molecules, we can con-
clude that NGA occurs due to a sudden expulsion of CH,, while
the amount of adsorbed CO, remains relatively constant. Fur-
thermore, the top right pane shows the selectivity of CO, over
CH, as a function of the vapor pressure, indicating that the se-
lectivity can be an order of magnitude higher in the narrow pore
(10-30) than in the large pore (2-6), which is consistent with
the experimental findings reported by Hamon et al.?”) In other
words, having a breathing transition toward a more contracted
phase enhances the selective adsorption of carbon dioxide over
methane, which occurs for gas mixtures with at least 25% CO,
as mentioned before.

3.2. Impact of Mechanical Pressure on the Coadsorption
of Carbon Dioxide and Methane in MIL-53(Cr)

To investigate the impact of the mechanical pressure on the
coadsorption behavior of MIL-53(Cr), we consider a gas mix-
ture with a fixed molar gas composition of 50/50 and construct
the phase diagram for varying total vapor pressure p,,, = pcys +
Pco, and mechanical pressure P .. The results are shown in
Figure 3. The figure clearly illustrates that mechanical pressure
has a large impact on the stability of the various phases. The
black dots on the figure again represent the intersection between
the surfaces of total amount adsorbed in large and narrow pore,
and indicate where NGA might occur. As a result, we can de-
rive that for the given mixture with a molar gas composition of
50/50, NGA will occur for applied mechanical pressures between
—11and 7 MPa (as indicated by the solid black lines on the figure).

As has been mentioned before, adsorption in the narrow
pore is much more selective toward CO, than in the large pore.
Furthermore, in the phase diagram of Figure 3, we notice that
applying a high enough mechanical pressure ensures the system
to be in the narrow pore, even for very low vapor pressures.
This is due to the fact that the empty host contracts under the
influence of such high mechanical pressure. The precise value at
which the empty host contracts is sensitive to the way the empty
host free energy profile F, , which is a required input profile
for the thermodynamic model, was determined. In this work,
the empty host profile was taken from our previous workB® and
we found that a mechanical pressure above 105 MPa allows the
contraction toward the np form. This predicted mechanical pres-
sure is slightly above the corresponding experimental data that
was evaluated for the empty MIL-53(Cr) (= 55 MPa) framework
using mercury porosimetry measurements.’¥ In view of the
improved selectivity in the narrow pore, we also construct
the coadsorption isotherm for an equimolar gas mixture at a

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
THEORY AND
SIMULATIONS

www.advancedsciencenews.com

Total number of molecules

10 /
8 1 &
4
= 61 s
[T
E o
S 4+
z
2 | o nﬂ
0 ; r‘“’"”foa . - - ;
10 Number of adsorbed CH,
8 -
= 61
(]
E
S 4 A
z
2 = . W
0 L™
1074 1072  10° 10?

Total vapor pressure [bar]

www.advtheorysimul.com

Selectivity of CO, over CH,

104
103 .
102 4

10!

Selectivity [-]

100 .

107! Ty
Number of adsorbed CO,

10

Number [-]

& T T

1074 1072 10° 102
Total vapor pressure [bar]

Figure 2. Coadsorption isotherms for a gas mixture with a molar gas composition of 33/66 (CO,/CH,) at T = 300 K and without the application of a
mechanical pressure. The color code is as follows: full blue dots indicate a globally stable large pore state, blue circles indicate a metastable large pore,
full red dots indicate a globally stable narrow pore, and red circles indicate a metastable narrow pore. The numbers of gas molecules reported in these

figures are per unit cell.

10?

=
[=]
=

=
(=
=

=
o
0
e

[sesessssssssns

Total vapor pressure [bar]
=
o

10 11 7

—40 20 40 60 100

Mechanical pressure [MPa]

80
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pressure range where breathing with NGA occurs.
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mechanical pressure of 110 MPa, which is slightly above the
contraction threshold of the empty framework of 105 MPa.
The results are shown in Figure 4. From this figure, we can
deduce that due to the application of the mechanical pressure,
the system starts in the narrow pore at very low vapor pressure.
As a result, as soon as saturation is reached upon increasing the
total vapor pressure, the system will operate at conditions with
the increased selectivity of the narrow pore. More specifically,
due to the mechanical pressure, the higher selectivity is already
obtained for very low vapour pressures, that is, p,, = 10~ bar,
which is much lower than in the case without mechanical pres-
sure, where gas adsorption itself needs to induce the transition
at vapor pressures of approximately p,, =5X 1072 bar (see
Figure S4, Supporting Information).

In Figure 5 we investigate the impact of increasing the me-
chanical pressure even further. From the figure we can conclude
that upon increasing the mechanical pressure, the selectivity in-
creases up to 100 for P, = 400 MPa. Furthermore, we observe
that such higher selectivity can be maintained for larger vapor
pressures as well. This can be understood by investigating the
unit cell volume (upper left pane of Figure 5), which reveals that
the high mechanical pressure forces MIL-53(Cr) to be in a narrow
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Figure 4. Coadsorption isotherms for a CO,/CH, with a molar composition of 50/50 at temperature T = 300 K and an applied mechanical pressure of
110 MPa. The color code is as follows: full blue dots indicate a globally stable large pore state, blue circles indicate a metastable large pore, full red dots
indicate a globally stable narrow pore, and red circles indicate a metastable narrow pore.

pore with unit cell volumes even lower (down to 1000 A%) than
in the absence of mechanical pressure and hence results in the
high selectivity. Even though this in turn decreases the methane
uptake to values very close to zero, the uptake never reaches zero
exactly. This explains why the selectivity becomes very high (up
to 100), but not infinite. The underlying reasons are the entropic
terms k; T X In N;! + k;T X In N,! present in the van der Waals
free energy contribution arising from the distinguishability of
methane and carbon dioxide (see Equation (1.9), Supporting
Information). These terms prohibit the number of methane
molecules to ever reach zero, explaining why the model does
not predict a perfect molecular sieving effect. Finally, we also
observe that the vapor pressure upon which the narrow pore is
saturated with CO, decreases with increasing mechanical pres-
sure, reaching values around 2 x 10~ bar for P, = 400 MPa.
This could be used to design a specific adsorption cycle with an
additional mechanical pressure that would allow the use of a
lower heating temperature to desorb CO, from the open pore,
which in turn implies weaker interactions with CO, compared
to the narrow pore. The cycle would consist of the following
steps: 1) applying a mechanical pressure high enough to make
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the empty material switch towards the empty narrow pore, 2)
exposing the resulting narrow pore to CO,/CH, mixtures of
equimolar composition with a vapor pressure at saturation allow-
ing for selective adsorption of CO,, 3) releasing the mechanical
pressure to reopen the material to the lp and finally 4) desorbing
the adsorbed CO, from the Ip by decreasing the vapor pressure.
The suggested cycle is based on some important conditions. The
applied mechanical pressure should be high enough to ensure
not only the transition of the empty framework to the narrow
pore, but also that the vapor pressure required for saturation of
the narrow pore is lower than the upper limit of the lp region
as indicated in the phase diagram of Figure 3, which is around
107* bar. In this way, releasing the mechanical pressure from
the saturated narrow pore will reopen the host to its large pore
version. Finally, by desorbing the carbon dioxide from the open
pore, the heat required for desorption decreases drastically since
CO, interacts much less strongly with MIL-53(Cr) in its open
pore compared to its narrow pore owing to a lower degree of
confinement. As such, the proposed cycle is expected to favor a
highly selective adsorption of carbon dioxide over methane with
a lower energy demanding regeneration process.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Coadsorption isotherms for a CO,/CH, with a molar composition of 50/50 at temperature T = 300 K and varying mechanical pressure.

4. Conclusion

The mean-field thermodynamic model for adsorption of guest
molecules in nanoporous materials has been extended toward bi-
nary adsorption and applied to co-adsorption of methane and car-
bon dioxide in MIL-53(Cr). By deriving the equilibrium unit cell
volume of MIL-53(Cr) and computing the corresponding thermo-
dynamic potential in the osmotic ensemble at fixed conditions
of chemical potential (or vapor pressure) and mechanical pres-
sure, a phase diagram was constructed as a function of the vapor
pressure of methane and carbon dioxide. As such, it was found
that CH,-rich mixtures (molar composition > 75 %) do not in-
duce a structural transition in MIL-53(Cr), consistent with pre-
vious experimental findings and hence validating the accuracy
of the applied model. Moreover, it was also predicted that for
mixtures with a fraction of methane between 50 % and 75 %,
the initial structural transition from Ip to np was accompanied
by NGA, which has not been observed yet to the best of our
knowledge. Furthermore, the impact of applying additional me-
chanical pressure was investigated. It was found that for a 50/50
mixture, NGA is observed for mechanical pressures between
—11 and 7 MPa. Finally, the application of a mechanical pressure
high enough on the empty MOF ensures that we start with MIL-
53(Cr) in the narrow pore which implies that upon subsequently
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increasing the vapor pressure the MOF will start to selectively
adsorb CO, over CH, as soon as saturation occurs for the nar-
row pore. This is in contrast with the situation without mechani-
cal pressure, since selective adsorption will then only start upon
the adsorption-induced transition toward the narrow pore, which
occurs at higher vapor pressures. Furthermore, we have shown
that mechanical pressure can also be used to design a process
that allows for selective adsorption with an easier regeneration.
As such, we have shown that the application of mechanical pres-
sure can be used to tune the coadsorption behavior of mixtures
in breathing MOFs, specifically with respect to the occurence of
NGA and gas separation. A more systematic computational ex-
ploration of diverse mechanical-constrained separations in a se-
ries of flexible and breathing MOFs is ongoing, for example, the
typical case of propane/propylene kinetic separation in ZIF-8.5
This will be further validated in the future with the development
of a lab prototype that will allow the exploration of the separation
processes under mechanical constraint.
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