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A B S T R A C T

The series of metal–organic frameworks M-MOF-74 gained popularity in the field of capture and separation of
CO2 due to the presence of numerous, highly reactive open-metal sites. The description of effective interactions
between guest molecules and open-metal sites without accounting for polarization effects is challenging but
it can significantly reduce the computational cost of simulations. In this study, we propose a non-polarizable
force field for CO2, and H2 adsorption in M-MOF-74 (M = Ni, Cu, Co, Fe, Mn, Zn) by scaling the Coulombic
interactions of M-MOF-74 atoms, and Lennard-Jones interaction potentials between the center of mass of H2
and the open-metal centers. The presented force field is based on UFF and DREIDING parameters, characterized
by high transferability and efficiency. The quantum behavior of H2 at cryogenic temperatures is considered
by incorporating Feynman–Hibbs quantum corrections. To validate the force field, the experimental isotherms
of CO2 at 298 K and 10−1 – 102 kPa, the isotherms of H2 at 77 K and 10−5 – 102 kPa, the corresponding
enthalpy of adsorption, and the binding geometries in the M-MOF-74 series were reproduced using Monte Carlo
simulations in the grand-canonical ensemble. The computed loadings, heats of CO2 and H2 adsorption, and
binding geometries in M-MOF-74 are in very good agreement with the experimental values. The temperature
transferability of the force field from 77 K to 87 K, and 298 K was shown for adsorption of H2. The validated
force field was used to study the adsorption and separation of CO2/H2 mixtures at 298 K. The adsorption of
H2 practically does not occur when CO2 is present in the mixture. As indicated from simulated breakthrough
curves, the breakthrough time of CO2 in M-MOF-74 follows the same order as the uptake and the heat of CO2
adsorption: Ni > Co > Fe > Mn > Zn > Cu. Increasing the feed mole fraction of CO2 in the breakthrough
simulations from 0.1 to 0.9 speeds up the saturation of the adsorbent, leading to a faster exit of CO2 with
the column effluent. The application of the non-polarizable force field allows full investigation of the capture
and separation of CO2 in M-MOF-74, and can be expanded to study multi-component mixtures or industrial
reactions in future research.
1. Introduction

Since metal–organic frameworks (MOFs) emerged in 1995 [1], this
class of porous materials has gained attention in a wide variety of
applications such as gas storage [2,3], separation [4,5], catalysis [6,7],
drug delivery [8,9], enzyme immobilization [10,11], sensing [12,13],
and water sustainability [14]. The crystalline structures of MOFs are
composed of organic ligands, and metal clusters linked by coordination
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bonds [15] . The flexibility in modification of physicochemical proper-
ties has led to the design of more than 20 000 different MOFs [16]. One
of the most popular families of MOFs is M-MOF-74, also known as CPO-
27-M, where M = Ni, Cu, Co, Fe, Mn, Mg, or Zn [17–26]. M-MOF-74
series is synthesized by combining M2+ ions with 2,5-dioxido-1,4-
benzenedicarboxylate (dobdc4−) ligands, resulting in hexagonal array
of channels, see Fig. 1. Metal ions are favorable sorption sites for
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Fig. 1. Schematic representation of M-MOF-74 series on the example of Ni-MOF-74, visualized using iRASPA [33]: (a) an atomistic reference structure of Ni-MOF-74 empty
framework, and (b) Ni-MOF-74 building block showing the different uniquely charged atoms. The corresponding charges and LJ interaction potentials are listed in Table S2 of the
Supporting Information.
sorbate molecules, accessible through cylindrical pores. Despite the
large pores with a diameter of ca. 11 Å [26], the metal cation density
is relatively high, due to the negative charge of the dobdc4− ligand
[26]. The presence of numerous open-metal sites enhances selectivity
[27] and the surface packing density of adsorbates [28], as well as
provides reactive sites for chemical reactions, e.g. oxygenation [29],
or size-selective Lewis acid catalysis [30]. The stability of metal-ligand
complexes for first-row transition metals is described by the empirical
Irving–William series [31] and follows the order: Mn2+ < Fe2+ < Co2+

< Ni2+ < Cu2+ > Zn2+. The binding strength between metal cations and
ligands, as well as their stability, is related to the lattice constants. The
smaller lattice constants correspond to more stable structures and the
larger constants to less stable structures [32]. In the study of Yu et al.
[32], the experimental lattice constants of M-MOF-74 were compared
to the computed from Density Functional Theory (DFT) calculations.
The study revealed that the experimental lattice constants 𝑎 and 𝑐
for Mn-, Fe-, Co-, Ni-, and Zn-MOF-74 obey the order of the Irving–
William series, as well as the computed lattice constants 𝑎, however,
DFT calculations do not predict this trend correctly for the lattice
constants 𝑐 of Fe-, Co-, and Ni-MOF-74.

As effective adsorbents, M-MOF-74 series raised the interest in CO2
capture, and storage due to alarming fossil CO2 emissions leading to
global warming. Total emissions are estimated at 37.9 Gtons of CO2
in 2021, with 14% of these emissions from Europe, 13% from the
United States, and 33% from China [34]. Liquid absorbent processes
are more expensive, and less efficient compared to solid adsorbent
processes [35]. In search of an alternative, in the study of Queen et al.
[26] the adsorption of CO2 in M-MOF-74 was analyzed experimentally,
and computationally using DFT calculations. The affinity of CO2 in M-
MOF-74, quantified by the isosteric heat of adsorption is in the range
from ca. 20 to ca. 40 kJ mol−1 [26], resulting in adsorption of CO2
in M-MOF-74 from ca. 130 mg g−1 of framework for M = Cu to as
high as ca. 310 mg g−1 of framework for M = Mg at 100 kPa, 298 K.
Depending on the open-metal site, the isosteric heat of CO2 adsorption
measured at the loading of 0.1 CO2 per M2+ decreases as follows:
Mg > Ni > Co > Fe > Mn > Zn > Cu. As the metal-ligand complex
stability for the first-row transition metals obeys the Irving–William
series order [31]: Mn2+ < Fe2+ < Co2+ < Ni2+ < Cu2+ > Zn2+, ideally
the energies of the guest molecule of CO2 inside the host-MOF and the
MOF complexes follow the same trend. The study by Yu et al. [32]
revealed that the CO2 binding strength does not necessarily follow the
Irving–William series order, as it is a relative energy to the interaction
strength between the CO2 molecule and the metal centers within the
MOF structure: 𝐸binding = 𝐸(MOF–CO2) − 𝐸(MOF) − 𝐸(CO2). Natural
bond order charge analysis showed that the charge transfer from the
CO2 molecule to the metal ions is minimal (0.06–0.07 electron) [32].
This indicates that CO2 adsorption is predominantly influenced by
the electrostatic interactions dependent on the effective charge of the
2

M2+ ion at the open-metal site where CO2 adsorbs. The higher charge
on the metal ion leads to the stronger CO2 binding energy, which
correlates with the increased isosteric heat of CO2 adsorption. The
experimental CO2 binding geometries at different open-metal sites were
shown to be in good agreement with DFT computations in the study of
Queen et al. [26] The adsorption performance makes the capture and
separation of CO2 from gas mixtures in M-MOF-74 promising [36–40],
leading to an idea about the potential application of this MOF series in,
e.g., separation of CO2/H2 mixtures from the water-gas-shift reaction
[41]:

CO + H2O → CO2 + H2 (1)

The presence of CO2 in H2 significantly decreases the heat value of
produced H2 as an energy carrier [42]. The separation of H2 from
CO2/H2 mixtures is typically performed by pressure swing adsorption
(PSA) [43], amine scrubbing [44], and membrane processes [45],
although none are commercially used [46]. The improvement of in-
dustrial adsorptive H2 purification efficiency is needed to minimize
energy usage in the mass transport of the gas and regeneration of the
adsorbents. As further optimization of zeolites and activated carbons is
unlikely to result in major enhancements in CO2/H2 separation [47],
MOFs show promise in this context. In the computational screening
study of Aksu et al. [48], the molecular simulation results for zeolites,
MOFs, and hypothetical MOFs are compared for syngas separation. The
highest CO2/H2 selectivity in the range of 24 700–84 000 was reported
for MOFs, surpassing zeolites up to ca. 5000 times. In the experimental
study of Herm et al. [47], the utility of five MOFs was compared
for high-pressure CO2/H2 separation by PSA. The highest CO2/H2
selectivity in the range of 400–800 at 313 K, 0–40 bar was achieved
using Mg-MOF-74, which was chosen as a representative of MOFs with
exposed metal cations. The CO2/H2 selectivity obtained using Mg-MOF-
74 surpassed the performance of the reference activated carbon by
ca. 4–8 times. Moreover, the Mg-MOF-74 selectivity exceeded also the
representative of MOFs with high surface area and a rigid framework
structure, i.e. Be-BTB, by ca. 60–130 times. The observed performance
can be associated with interactions involving the open-metal sites,
making the M-MOF-74 series an interesting subject for further research.
Extensive experimental studies on the adsorption of H2 using MOFs
revealed that the adsorbed H2 molecules favor the open-metal site
over the alternative adsorption site [49]. Due to the open-metal sites
present in M-MOF-74 series, H2 sorption has been studied for M = Ni
[17,50,51], Co [19,21,51], Mg [21,51], Zn [22,25,52], Mn [21,51,53],
Cu [18,51], and Fe [20,51,54,55]. The two-step mechanism of adsorp-
tion, wherein adsorbate molecules first adsorb at the metal centers,
followed by adsorption above a triangle of oxygen atoms within the
framework, is especially noticeable in the adsorption isotherm and heat
of adsorption for Ni-MOF-74 [49]. In the experimental study of Rosnes
et al. [51] the uptake of H in M-MOF-74 (M = Ni, Cu, Co, Fe, Mn, Mg)
2
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is determined as ca. 20 mg g−1 of framework for M = Ni at 100 kPa,
77 K, and the differences in interactions between H2 and the metal
centers in the structure are examined. A comparison of the isosteric
heat of adsorption that quantifies the affinity of H2, shows the decrease
depending on the open-metal site as follows: Ni > Co > Mg > Fe > Zn
≈ Mn > Cu. The difference in affinity compared to CO2 is attributed to
the prevalence of polarization interactions in H2 sorption, in contrast to
electrostatic interactions characterizing CO2 sorption [23]. Considering
that both adsorbates CO2 and H2 undergo adsorption in M-MOF-74 with
different affinity, an interesting topic for future research is to check,
whether the separation of the CO2/H2 mixture would be effective.

Apart from the separation of CO2/H2 mixtures, another potential
application of MOFs is the capture of CO2 followed by the conversion
to useful feedstock chemicals, e.g., formic acid, methanol, urea, propy-
lene, salicylic acid, and polyols [56–59]. The hydrogenation reaction
of CO2 into HCOOH carried out in MOF confinement recently gained
interest of scientists [60]. Due to the high kinetic and thermodynamic
stability of CO2 the use of a catalyst is needed to mediate the reduction
[61]:

CO2 + H2 ⇄ HCOOH (2)

In our previous study [60], the confinement effect of porous materials
on the thermodynamical equilibrium of the CO2 hydrogenation reaction
can be considered as an alternative to high-cost, toxic transition metal
catalysts [62]. The performed Monte Carlo simulations of this study
proved that the confinement effect of MOFs affects CO2 hydrogenation
reaction, shifting the thermodynamical equilibrium towards HCOOH
formation by Le Chatelier’s principle [63]. The evaluation of the in-
fluence of pore size and metal centers on the HCOOH yield showed
that the type of metal center is the prevailing factor. The M-MOF-74
series potentially allows to fully investigate the dependence of HCOOH
production enhancement on the type of metal center, minimizing the ef-
fect of pore size. Molecular simulations are a natural tool to investigate
confinement effects independently from catalytic effects. To the best of
our knowledge, there is no literature data regarding force field-based
molecular simulations of CO2/H2/HCOOH systems in the M-MOF-74
framework. Due to the specific interactions between open-metal sites
and polarizable guest molecules, the description of such is challenging.
In the studies of Becker et al. [64–66] a polarizable force field for
CO2 in M-MOF-74 was developed. A non-polarizable force field for the
adsorption of CO2 in M-MOF-74 was derived from DFT by Mercado
et al. [67,68] by adjusting not only the Lennard-Jones (LJ) interaction
potentials of the metal site but all interaction sites. This approach is
elaborated and results in many fitting parameters of the force field,
possibly leading to lower transferability. An attempt to reproduce
experimental data on adsorption of H2 in M-MOF-74 [51] was made in
the study of Pham et al. [23], where the Buch model [69], Belof Stern
Space model [70], Darkrim–Levesque model [71], and polarizable Belof
Stern Space Polar model [70] of H2 were tested. Only the polarizable
Belof Stern Space Polar model successfully reproduced the experimental
adsorption data [51] for all the studied metal centers. Polarizable force
fields improve the description of the enhanced interactions between
guest molecules and open-metal sites, however, excessive computa-
tional costs are generated unless back-polarization is ignored [64]. In
the recent study of Becker et al. [66] a polarizable force field for CO2
in M-MOF-74 is derived directly from quantum mechanics and back-
polarization is neglected, resulting in a decrease of the computation
time to a level comparable to non-polarizable force fields. In case of
systems that include not only CO2 and H2 adsorption but also the
hydrogenation reaction of CO2 to HCOOH, the size of the considered
system, and the complexity of its description can affect computational
time, and accuracy. The development of a non-polarizable force field
would be beneficial for further investigation on the dependence of
HCOOH production enhancement on the type of metal center in M-
MOF-74. Another advantage is the transferability of the non-polarizable
3

force field from one component to another, while polarizable force t
fields are non-transferable unless they are specifically developed for
transferability [23,66]. In this work, we present a non-polarizable force
field for molecular simulations of CO2 and H2 adsorption in M-MOF-74,

here M = Ni, Cu, Co, Fe, Mn, Zn, after introducing two modifications
o the existing parameters for CO2, H2, and M-MOF-74: (1) Coulombic
nteractions of M-MOF-74 are scaled to reproduce experimental data on
O2 adsorption [26] using a non-polarizable force field for CO2 [72,73]

at 298 K, (2) LJ interaction potentials between the center of mass of H2
in the Darkrim–Levesque model [71], and the open-metal centers are
scaled to reproduce experimental data on H2 adsorption [51] at 77 K.
The force field is transferable from cryogenic temperatures (77 K, 87 K)
to 298 K, where the separation of CO2/H2 mixtures is studied in the M-

OF-74 series. As there is no force field available that would reproduce
he adsorption of HCOOH in M-MOF-74, the adjustment of the already
xisting force field of HCOOH [74] validated in our previous studies
60,75] remains a separated subject of our future research.

Our article is organized as follows: in Section 2, we provide techni-
al details of the molecular simulation methods, the force fields for CO2,
2, and the metal–organic frameworks. The force field is adjusted by

caling the Coulombic interaction potentials of M-MOF-74 and scaling
he LJ interaction potentials between the center of mass of H2, and
he open-metal centers. The isotherms, and enthalpy of adsorption
re computed using Monte Carlo simulations in the grand-canonical
nsemble. The force field is validated by reproducing experimental data
f CO2, and H2 isotherms, enthalpies of adsorption, and binding geome-
ries. The adsorption of CO2/H2 mixtures in M-MOF-74 is studied, and
he breakthrough curves are generated to analyze the performance of
O2/H2 mixtures separation. In Section 3, we present and discuss our
esults. The non-polarizable force field is able to describe the adsorption
ehavior and can be applied in computational studies of the capture,
nd separation processes. Our findings are summarized in Section 4.

. Methodology

The non-polarizable force field for the adsorption of CO2 and H2 in
-MOF-74, where M = Ni, Cu, Co, Fe, Mn, Zn is adjusted, and validated

sing force field-based molecular simulations. The guest-host and guest-
uest intermolecular interactions are modeled by Coulombic and LJ
nteraction potentials. The Lorentz–Berthelot mixing rules [76] are
sed to define interactions between unlike Lennard–Jones sites, except
or the interactions between the center of mass of H2 molecules and
he open-metal centers, that are scaled and specified by an override.
xplicit polarization effects are neglected and accounted for in the
J and Coulombic interactions. The cutoff radius for intermolecular
nteractions is set to 12 Å. LJ interactions are cut and shifted to zero at
he cutoff without tail corrections. Periodic boundary conditions are ex-
rted in all three directions. The Ewald summation method [77] is used
or calculating electrostatic interactions. The Ewald summation method
arameters correspond to a relative precision of 10−6. The bond length
nd the point charges from the model for CO2 by Harris and Yung [72]
re used together with LJ interactions parameters modeled by García-
ánchez et al. [73]. The three-site charge-quadrupole model for H2 by
arkrim and Levesque [71] was chosen as the closest non-polarizable
odel to the experimental data studied by Pham et al. [23]. The models

f CO2 and H2 are rigid. LJ parameters for the atoms of the framework
re from the DREIDING force field [78], except for metal centers, which
re from the UFF force field [79]. The models of the framework and
uest-host interactions used in this work are rigid, and all atoms of the
olecules have point charges assigned. All the structures are charge-
eutral before and after modification. Each MOF crystal structures for
-MOF-74 were obtained from a different experimental synthesis [17–

2]. The parameters of M-MOF-74 trigonal cells are listed in Table S1
f the Supporting Information. The simulated systems are composed of
× 1 × 4 unit cells to ensure a minimum distance of more than twice
he cutoff radius between periodic images. The LJ parameters, partial
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charges for all the components, and frameworks used in this work are
listed in Table S2 of the Supporting Information.

The first modification to the existing force field is the scaling
of Coulombic interaction potentials of M-MOF-74 to reproduce ex-
perimental data on CO2 adsorption [26]. We implement the RASPA
oftware package [80,81] to perform simulations using the M-MOF-
4 frameworks. The adsorption isotherms and the enthalpy of CO2
dsorption were computed from Monte Carlo simulations in the grand-
anonical ensemble (GCMC) [82]. The chemical potential, volume,
nd temperature are fixed and imposed in the GCMC ensemble. The
ncertainties in the computed number of molecules adsorbed in a
nit cell were provided by the RASPA software package [80]. The
imulation is divided into five blocks, and the error is computed by
alculating the standard deviation. The initial charges of the M-MOF-
4 frameworks are computed using the ‘charge-equilibration’ method
f Wilmer and Snurr [83,84] at 298 K, and subsequently adjusted
hrough multiplication by a scaling factor within the range of 0.5–1.5.
o compare the resulting uptakes and the enthalpies of CO2 adsorption
o the experimental data [26], a series of adsorption isotherms of CO2
s computed at 298 K, 10−1–102 kPa. The set of charges leading to the
losest results to the experimental data was selected for further study
s a part of the final force field.

The second modification to the force field is the scaling of LJ inter-
ction potentials between the center of mass of H2, and the open-metal
enters, to reproduce experimental data on the adsorption of H2 [51].
he LJ interaction potentials were adjusted through multiplication by a
caling factor within the range of 0.8–1.2. However, an exception was
ade for the potential between the center of mass of H2 and the open-
etal centers in Ni-MOF-74, where a scaling factor of 13 was applied,

ecause of the stronger interaction of H2 with the metal centers of this
OF [51]. To determine the scaling that leads to the closest values

o the experimental loadings and heats of adsorption [51], a series of
dsorption isotherms and the enthalpy of H2 adsorption is computed
rom GCMC simulations at 77 K, 10−5–102 kPa. Additionally, Henry
oefficients computed from the adjusted force field using Widom’s test
article insertions [82] at 77 K were compared to the coefficients
alculated from the slope of experimental isotherms [51] in the linear
egion at low pressures [85]. The selected scaling was also validated
y simulating the adsorption isotherms of H2 at 87 K, and 298 K.
he quantum behavior that is non-negligible at cryogenic temperatures
i.e. 77 K) was taken into account by incorporating Feynman–Hibbs
uantum correction [86] to the interaction potentials between the
enter of mass of H2 molecules at 77 K, and 87 K. The influence of
eynman–Hibbs effect on the H2 adsorption behavior has been already
hown to reduce the saturation capacity and change the shape of the
sotherms in zeolites and other nanomaterials [87–90]. The original and
caled Coulombic and LJ interaction potentials are provided in Tables 1
nd 2, respectively.

The adjusted non-polarizable force field for the adsorption of CO2,
nd H2 in M-MOF-74 was further validated by analysis of the behavior
f molecules inside the frameworks at 298 K. To generate binding ge-
metries, Baker’s minimization scheme [91] is applied, which uses the
igenvalues/vectors of the Hessian matrix to locate true minima on the
nergy surface, corresponding to equilibrium geometries. The distance
etween the metal center and O atom of CO2 molecule (M–OCO2

) was
ompared with experimental data and DFT [26]. In case of H2, the
imulated distance between the metal center and the center of mass
f H2 (M–Hcom) was compared with DFT [51], as well as the angle
etween the metal center, the center of mass of H2, and H atom of H2
olecule (M–Hcom–HH2

). The CO2, and H2 molecules interacting with
pen-metal centers were visualized using iRASPA [33].

The adjusted, and validated non-polarizable force field was used to
tudy the adsorption of CO2/H2 mixtures in M-MOF-74 series. For mole
ractions of CO2: 𝑦CO2

= 0.1, 0.5, the adsorption of CO2, and H2 was
tudied at 298.15 K, and 100–4000 kPa, and the results were discussed.
4

he performance of M-MOF-74 in fixed-bed adsorbers was evaluated
sing breakthrough simulations using the RUPTURA code [92]. The
ombination of RUPTURA code and the RASPA software enables com-
utation of breakthrough curves directly from GCMC simulations. The
omputed adsorption data of pure CO2, and H2 at 298.15 K, and 100–
000 kPa were used to fit the dual-site Langmuir–Freundlich isotherm
odel [93], of a functional form:

(𝑝) =
∑

𝑖
𝑞sat
𝑖

𝑏𝑖(
𝑝𝑖
𝑝0
)𝑣𝑖

1 + 𝑏𝑖(
𝑝𝑖
𝑝0
)𝑣𝑖

(3)

where 𝑞(𝑝) is absolute loading of the adsorbed phase as a function of
ressure, 𝑞sat

𝑖 is saturation loading, 𝑏𝑖 is the coefficient of adsorption
epresenting the affinity of the molecule, 𝑣𝑖 is heterogeneity factor,
𝑖 is the partial pressure in the gas phase in units of Pa, 𝑝0 is the
eference pressure equal to 1 Pa, and 𝑖 refers to component 𝑖. The

parameters of the dual-site Langmuir–Freundlich model (𝑞sat
1 , 𝑏1, 𝑣1,

𝑞sat
2 , 𝑏2, and 𝑣2) for CO2, and H2 were used as an input for breakthrough

simulations, and are listed in Table S3 of the Supporting Information.
The simulations of gas adsorption breakthrough curves were performed
for CO2/H2 mixtures, where 𝑦CO2

= 0.1, 0.2, 0.3, 0.4, 0.5, 0.9, with
helium as a carrier gas. To compare the separation of CO2/H2 mixtures
using M-MOF-74 with performance of modified activated carbon, the
initial conditions were selected based on the study of Caldwell et al.
[94]: temperature 𝑇= 298 K, total pressure 𝑝T = 2.5 MPa, packed bed
void fraction 𝜀B = 0.4, interstitial gas velocity entering the packed bed
𝑣 = 0.006791 m s−1, length of packed bed adsorber 𝐿 = 0.065 m,
axial dispersion is neglected, and isothermal conditions are assumed.
The output from RUPTURA was validated by independent prediction of
CO2/H2 mixtures using Ideal Adsorption Solution Theory (IAST) [95],
followed by comparison to the previously obtained results from GCMC
simulations. The breakthrough curves were analyzed depending on the
metal centers, and depending on the mole fraction of CO2.

The GCMC simulations of the adsorption of CO2 and H2 in M-MOF-
74 were carried out with 104 initialization Monte Carlo (MC) cycles,
and 4⋅105 production MC cycles. One single MC cycle includes N MC
trial moves, where N is the total number of molecules at the start
of the simulation. The probabilities of selecting trial moves in GCMC
simulations were 25% translations, 25% rotations, 25% reinsertions,
and 25% swap trial moves (exchanging molecules with the reservoir).
The GCMC simulations of the CO2/H2 mixtures in M-MOF-74 consisted
of 104 initialization MC cycles, and 105 production MC cycles. The
probabilities of selecting trial moves were 16.7% translations, 16.7%
rotations, 16.7% reinsertions, 16.7% identity changes (changing the
identity of the selected molecule) and 33.2% swap trial moves. For
more details about Monte Carlo trial moves, the reader is referred to
Refs. [33,80,81]

3. Results and discussion

To reproduce experimental data on the adsorption of CO2 [26], we
first computed, and scaled the Coulombic interaction potentials of M-
MOF-74, where M = Ni, Cu, Co, Fe, Mn, Zn. The scaled charges are com-
pared to the initial charges computed from the ‘charge-equilibration’
method in Table 1.

The isotherms and enthalpy of CO2 adsorption in M-MOF-74 com-
puted with the use of new set of scaled charges at 298 K, and 10−1–
102 kPa, are shown in Fig. 2. By only scaling the Coulombic interaction
potentials of M-MOF-74 the experimental loadings and heats of adsorp-
tion [26] were reproduced, despite starting from isotherms that deviate
significantly from the experiment, see an example in Fig. 2c. Overall,
the force field agrees well with the experimental measurements, with a
small deviation observed for Ni-MOF-74. The highest relative difference
of 39% between the computed value of adsorption uptake in Ni-MOF-
74 and literature value occurs at 3 kPa. This difference is probably due
to the difficulty in describing the two-step mechanism of adsorption in

the low-pressure area, wherein adsorbate molecules first adsorb at the
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Table 1
The initial charges for M-MOF-74, where M = Ni, Cu, Co, Fe, Mn, Zn computed from the ‘charge-equilibration’ method of Wilmer and Snurr
[83,84], compared to the scaled charges selected based on reproduction of experimental data [26]. The chosen set of charges allows successful
computation of the isotherms, and the enthalpy of CO2 adsorption at 298 K, 10−1–102 kPa. The charges for Co- and Fe-MOF-74 for CO2
adsorption have been previously published by Luna-Triguero et al. [96].

Atom Ni-MOF-74 Cu-MOF-74 Co-MOF-74

𝑞charge eq./[e−] 𝑞scaled/[e−] 𝑞charge eq./[e−] 𝑞scaled/[e−] 𝑞charge eq./[e−] 𝑞scaled/[e−]

Me 1.10769 1.55 0.923389 0.834 1.16171 1.335
C1 0.431158 0.603 −0.0833878 −0.076 0.422607 0.485
C2 −0.196159 −0.275 0.383558 0.345 −0.179995 −0.207
C3 0.196702 0.275 0.17379 0.156 0.208781 0.245
C4 −0.0609594 −0.086 −0.154189 −0.139 −0.108009 −0.125
O1 −0.449624 −0.63 −0.437776 −0.394 −0.472538 −0.544
O2 −0.581596 −0.815 −0.47853 −0.431 −0.530936 −0.611
O3 −0.50468 −0.702 −0.408696 −0.368 −0.584701 −0.673
H 0.0574637 0.08 0.0818392 0.073 0.0830871 0.095

Atom Fe-MOF-74 Mn-MOF-74 Zn-MOF-74

𝑞charge eq./[e−] 𝑞scaled/[e−] 𝑞charge eq./[e−] 𝑞scaled/[e−] 𝑞charge eq./[e−] 𝑞scaled/[e−]

Me 1.146450 1.226 1.29091 1.161 1.213100 1.006
C1 0.332818 0.356 0.409563 0.368 0.414013 0.343
C2 −0.138145 −0.148 −0.193789 −0.175 −0.186294 −0.155
C3 0.160509 0.175 0.194713 0.175 0.194483 0.161
C4 −0.081881 −0.088 −0.0761898 −0.064 −0.099635 −0.083
O1 −0.562089 −0.602 −0.608495 −0.548 −0.576390 −0.479
O2 −0.410100 −0.439 −0.491698 −0.443 −0.478184 −0.393
O3 −0.523741 −0.561 −0.579225 −0.522 −0.558839 −0.464
H 0.076157 0.081 0.0542353 0.048 0.077740 0.064
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Table 2
The initial LJ interaction potentials calculated from Lorentz–Berthelot mixing rules
between the center of mass of H2, and the open-metal centers of M-MOF-74, where
M = Ni, Cu, Co, Fe, Mn, Zn, compared to the scaled potentials selected based on
reproduction of experimental data [51]. The chosen LJ potentials allow successful
computation of the isotherms, and the enthalpy of H2 adsorption at 77 K, and
10−5–102 kPa.

Metal 𝜖∕𝑘Bunscaled/[K] 𝜖∕𝑘Bscaled/[K] 𝜎unscaled/[Å] 𝜎scaled/[Å]

Ni 16.65248 216.4823 2.7415 2.1932
Cu 9.613043 11.5357 3.036 3.036
Co 16.08752 17.6963 2.7585 2.2068
Fe 15.49488 18.5939 2.776 2.776
Mn 15.50317 13.9529 2.798 2.798
Zn 47.85447 43.069 2.7095 2.7095

metal centers, followed by adsorption above a triangle of oxygen atoms
within the framework. The tendency in the simulated uptake and heat
of CO2 adsorption agrees with the study by Queen et al. [26]: Ni > Co

Fe > Mn > Zn > Cu. The heats of adsorption for both Co-MOF-74
nd Fe-MOF-74 approach ca. 32 kJ mol−1 as the uptake reaches 1 CO2
er M2+, which value is close to the literature data [26], see Fig. 2b.
he heat of adsorption for Ni-MOF-74 is found to be somewhat higher,
a. 35 kJ mol−1. This convergence suggests a uniform distribution of
dsorption enthalpies at the secondary adsorption sites, reflecting the
imilarity in adsorption environments across the isostructural series.

The force field has undergone further modifications by the scaling
f LJ interaction potentials between the center of mass of H2, and the
pen-metal centers to reproduce experimental data on H2 adsorption
51]. The comparison of the initial LJ interaction potentials from
orentz–Berthelot mixing rules, and the scaled potentials is shown in
able 2.

The changes in the LJ potential function caused by the scaling
nd their consequences are shown in Fig. 3 in the example of the
dsorption of H2 in Ni-MOF-74. To reproduce the adsorption isotherm
t the low-pressure region, a deeper potential well between the center
f mass of H2 and Ni was necessary, as well as closer intermolecular
istance at the energy minimum. This modification allowed the correct
eproduction of adsorption at a pressure lower than 10 kPa, which
as initially impossible. However, at the range between 10 kPa and
00 kPa the adsorption uptake is overestimated due to the quantum
5

ehavior of H2 molecules at 77 K. This overestimation at cryogenic s
emperatures was resolved by incorporation of Feynman–Hibbs quan-
um correction, which affects the shape of the isotherm by reducing
he adsorption capacity. The relative difference between the computed
alue of adsorption uptake using scaled LJ interaction potentials with
eynman–Hibbs quantum correction, and literature value at 100 kPa
ecreased from 13.3% to 3.6%, leading to the satisfactory reproduction
f experimental data.

The isotherms, and the heat of H2 adsorption computed from the
ew set of LJ potentials at 77 K, and 10−5–102 kPa are shown in
ig. 4a and b, respectively. The computed isotherms and the heats of
dsorption with error bars are presented separately for each studied
-MOF-74 in Figures S1 and S2 of the Supporting Information. While

he agreement with the experimental data [51] is satisfactory, larger
eviations can be observed for the Co-, and Fe-based frameworks at
he low-pressure region, see Fig. 4a. To investigate the agreement of
imulated isotherms with the experimental data at the low pressure
egime, the Henry coefficients were compared in Table S4 of the
upporting Information. The Henry coefficients for Cu-MOF-74 and Ni-
OF-74 were computed with high accuracy, showing deviations of only

% and 8%, respectively, when compared to coefficients calculated
rom experimental adsorption data. The highest deviation from the
xperimental Henry coefficient value (84%) is observed for Fe-MOF-
4. This is reflected in the disparity of the simulated isotherm shape
o the experimental data, particularly in the low-pressure region, as
hown in Figure S1d of the Supporting Information. The highest relative
ifference of 60% between the computed value of adsorption uptake
nd literature value occurs at 0.7 kPa for Fe-MOF-74. The deviation
ecreases with the increase of pressure to reach a low, acceptable
alue of 0.7% at 10 kPa. Despite the large discrepancy in the uptake
t 0.7 kPa, the corresponding enthalpy of adsorption aligns with the
iterature value of 8.7 kJ mol−1 (the relative difference of 5.8%). It
an be observed in Figure S2d of the Supporting Information that the
eat of adsorption for Fe-MOF-74 is slightly shifted towards a higher
ptake. The shift in a decrease of the computed heat of adsorption
ndicates that the secondary adsorption sites located directly above a
riangle of oxygen atoms within the framework, start filling at ca. 0.8
ol mol−1, 6 kPa, instead of experimental ca. 0.6 mol mol−1, 0.7 kPa.

n the simulations, molecules of H2 and Fe centers are attracting each
ther too strongly causing higher occupancy of primary adsorption

ites than in reality. The trend in the simulated uptake and heat of
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Fig. 2. Adsorption of CO2 in M-MOF-74 (M = Ni, Cu, Co, Fe, Mn, Zn) computed with the use of new set of scaled charges, that enable the reproduction of experimental data
[26] at 298 K, and 10−1–102 kPa: (a) the adsorption isotherms, (b) the heat of adsorption, and (c) the comparison of the experimental adsorption in Ni-MOF-74 [26] to the
isotherms computed using the initial charges from the ‘charge-equilibration’ method, and the new set of scaled charges. Adsorption results computed from modified force field are
represented by data points, and the literature data by dashed lines. The force field agrees well with the experimental measurements, and the experimental trend in uptake and
heat of CO2 adsorption is reproduced.

Fig. 3. Adsorption of H2 in Ni-MOF-74: (a) the original and scaled LJ potential function — intermolecular potential energy as a function of the distance between the center of
mass of H2, and the open-metal center Ni, (b) the comparison of the experimental adsorption isotherm [51] to the isotherms computed from the original force field parameters
using the initial charges from the ‘charge-equilibration’ method, the original force field parameters using the new set of scaled charges, scaled LJ potential between the center of
mass of H2 and Ni using the new set of scaled charges, and scaled LJ potential with Feynman–Hibbs quantum correction using the new set of scaled charges. The simulations
were carried out at 77 K, and 10−5–102 kPa. The best agreement with literature data resulted from scaled LJ potential with Feynman–Hibbs quantum correction.
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e

Fig. 4. Adsorption of H2 in M-MOF-74 (M = Ni, Cu, Co, Fe, Mn, Zn) computed from GCMC simulations with the new set of LJ potentials, that enable the reproduction of
xperimental data [51]: (a) the adsorption isotherms at 77 K, and 10−5–102 kPa, (b) the heat of adsorption at 77 K, and 10−5–102 kPa, and (c) the adsorption isotherms at 298

K, 10–4000 kPa. Adsorption results computed from modified force field are represented by data points, and the literature data by dashed lines. The force field agrees well with
the experimental measurements, with a slight deviation observed for Fe-MOF-74. The experimental trend in uptake and heat of H2 adsorption is reproduced.
c
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H2 adsorption agrees with the study by Rosnes et al. [51]: Ni > Co
> Fe > Zn ≈ Mn > Cu. The heats of adsorption for all M-MOF-
74 frameworks approach ca. 5 kJ mol−1 at the secondary adsorption
sites, which is in agreement with literature. As in the experiments,
the two-step mechanism of adsorption is the most noticeable in case
of Ni-MOF-74. The temperature transferability of the force field at
cryogenic temperatures was confirmed from 77 K to 87 K, see Figure
S4 of the Supporting Information. In Fig. 4c the adsorption of H2 in M-
MOF-74 at 298 K, and 10–4000 kPa were compared to literature data
for Ni-MOF-74 [97]. The computed adsorption in Ni-MOF-74 follows
the experimental isotherm, but becomes overestimated at 1500 kPa.
The relative difference between computed values and literature reaches
14% at 4000 kPa. The trend in the adsorption uptake at 298 K is found
to be almost identical as at 77 K: Ni > Co ≈ Fe > Zn ≈ Mn > Cu.
We found the performance of the force field to be sufficient at both
cryogenic and room temperatures.

The distribution of CO2, and H2 molecules can be analyzed inside
M-MOF-74 using the average density profiles (Fig. 5). The center of
mass of the adsorbed molecules was projected onto the XY plane of
anisotropic Ni-, and Cu-MOF-74. The average density profiles of CO2,
and H2 in Ni-MOF-74 confirm a very high adsorption loading at the
open-metal centers compared to the secondary adsorption sites. H2
molecules are located closer to the metal centers than CO2, due to their
smaller size. The adsorbed molecules of CO2, and H2 in Cu-MOF-74
are more homogeneously distributed, especially in case of CO2. The
reason is in the lowest hydrogen affinity for Cu-MOF-74 among the
studied structures, and the constant enthalpy resulting in the one-step
mechanism of adsorption. The distribution of CO2, and H2 molecules
inside Co-, Fe-, Mn-, Zn-MOF-74 is shown in Figures S4, and S5 of the
Supporting Information, respectively.
7

The atomistic reference structures of Ni-MOF-74 framework that is
loaded with 1.5 CO2, and 1.5 H2 per metal site was obtained from
Baker’s minimization simulations at 298 K. In Fig. 6a, and b the ad-
sorption of CO2, and H2 is visualized using iRASPA [33], respectively.
The binding geometry of CO2 molecules resembles the ball-and-stick
model from the study of Queen et al. [26], showing a single channel in
Fe-MOF-74 loaded with 1.5 CO2 per Fe center. Two apparent CO2 sites
identified through high resolution neutron powder diffraction experi-
ments exhibit the hexagon-shaped binding pattern, similarly observed
here. The pattern is less explicit in case of H2 but still noticeable at the
metal centers.

To examine the binding geometries in more detail, energy minimiza-
tion simulations using Baker’s algorithm were performed for a single
molecule of the adsorbate at 298 K. The computed distances M–OCO2

,
and M–Hcom, along with the angles M–Hcom–HH2

are compared with
literature data [26,28,51,53,55,98] in Table 3.

The computed binding geometries are in a very good agreement
with the reference values. The relative difference between the com-
puted and experimental M–OCO2

distances is 3%–7%. Similarly, in the
case of M–Hcom the relative difference is 0.3%–10%. Surprisingly, the
losest result to the literature data (0.3%) was achieved for Fe-MOF-
4, whose computed adsorption isotherm deviated the most from the
xperimental. The highest relative difference of 10.3% is between the
omputed and experimental Cu–Hcom distance. In addition to neutron

diffraction, Rosnes et al. [51] performed DFT computations at the PBE
+ D level resulting in Cu–HH2

distances of 2.75 Å, and 2.66 Å that are
close to our values: 2.744 Å, and 2.743 Å (the relative difference of
2.4% and 0.2%, respectively). The computed angles M–Hcom–HH2

for

Co-, and Ni-MOF-74 agree with the results from DFT reported by Pham
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Fig. 5. The distribution of the CO2, and H2 molecules inside M-MOF-74, analyzed using density profiles from GCMC simulation: (a) the distribution of CO2 molecules in Ni-MOF-74
at 298 K, 100 kPa, (b) the distribution of H2 molecules in Ni-MOF-74 at 77 K, 100 kPa, (c) the distribution of CO2 molecules in Cu-MOF-74 at 298 K, 100 kPa, (d) the distribution
of H2 molecules in Cu-MOF-74 at 77 K, 100 kPa. The center of mass of the molecules that are adsorbed was projected onto the XY plane. The color gradation of the scales relates
to the most and least populated regions of the structure, which is relative in each case. The color scale is shown as a reference of the molecules loading. The preferential sites
of CO2, and H2 molecules (colored red) in Ni-MOF-74 are at the open-metal centers. The adsorption loading of CO2, and H2 in Cu-MOF-74 is more homogeneously distributed,
which is a reflection of the lower hydrogen affinity for Cu.
Fig. 6. The atomistic reference structures of Ni-MOF-74 framework obtained from Baker’s minimization simulations at 298 K: (a) loaded with 1.5 CO2 per metal site, and (b)
loaded with 1.5 H2 per metal site. The hexagon-shaped binding pattern of adsorbate molecules shown in the study of Queen et al. [26] is also displayed here, especially for CO2
molecules. The molecules of H2 are located mostly at the metal centers.
Table 3
Binding geometry of CO2, and H2 molecules in M-MOF-74 obtained from Baker’s minimization simulations at 298 K. The computed distances
M–OCO2

, and M–Hcom, together with the angles M–Hcom–HH2
are compared to the literature data [26,28,51,53,55,98]. The computed binding

distances are in a very good agreement with the reference values. The relative differences between our results and experimental studies are
lower than 10%. The binding distances and angles are visualized in Fig. 7.

Metal M–OCO2 ,exp [26] M–OCO2 ,DFT [26] M–OCO2 ,sim M–Hcom,exp M–Hcom,sim M–Hcom–HH2 ,sim
[Å] [Å] [Å] [Å] [Å] [◦]

Ni 2.29[98] 2.52 2.39 2.20[53] 2.329 88.675
Cu 2.86 2.87 2.69 3.03[51] 2.718 89.93
Co 2.26 2.56 2.42 2.23[53] 2.159 89.189
Fe 2.29 2.62 2.43 2.53[55] 2.522 89.057
Mn 2.51 2.57 2.44 2.67[51] 2.524 87.932
Zn 2.43 2.84 2.57 2.6[28] 2.637 89.933
8
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Fig. 7. Binding geometry of the adsorbate molecule in Ni-MOF-74 obtained from Baker’s minimization simulations at 298 K: (a) CO2, and (b) H2. The molecules interacting
with open-metal centers are visualized using iRASPA [33]. The binding distances subject to analysis in Table 3 (M–OCO2

, and M–Hcom) are connected by dashed lines. The angle
M–Hcom–HH2

is depicted by an arc.
et al. [23] (83.7◦ and 76.9◦, respectively) with the deviation of 7%
and 15%, although in the case of Zn (60.8◦) almost 50% of relative
difference is observed. The CO2, and H2 molecules interacting with
open-metal centers of Ni-MOF-74 are visualized using iRASPA [33] in
Fig. 7.

The non-polarizable force field for adsorption of CO2, and H2 in M-
MOF-74 has been validated by reproducing the experimental data of
adsorption isotherms, the heats of adsorption and binding geometries,
and therefore used to predict the adsorption of CO2/H2 mixture. The
adsorption of CO2/H2 mixture in M-MOF-74 at 298.15 K, and 100–
4000 kPa is shown for CO2 mole fraction 𝑦CO2

= 0.1 in Fig. 8a, and
𝑦CO2

= 0.5 in Fig. 8b. When CO2 is present in the gas mixture even
at the lowest studied mole fraction 𝑦CO2

= 0.1, the adsorption of H2
practically does not occur (it is lower than 1 mg g−1 of H2). This is
due to much higher CO2 affinity for M-MOF-74 of ca. 30 kJ mol−1 at
the secondary adsorption sites than the affinity of H2 (ca. 6 kJ mol−1).
The adsorption loading decreases with mole fraction of CO2. Compared
to the adsorption of pure CO2, its uptake from CO2/H2 mixture in Ni-
MOF-74 at 100 kPa decreased by 1.2 times for 𝑦CO2

= 0.5, and by
2.3 times for 𝑦CO2

= 0.1. Similarly, the saturation loading for 𝑦CO2
=

0.1 decreased by 1.2 times compared to 𝑦CO2
= 0.5. The tendency in

performance of M-MOF-74 has changed slightly for mixture with 𝑦CO2
= 0.5, compared to the tendency in adsorption of pure CO2 (Ni > Co
> Fe > Mn > Zn > Cu): the adsorption uptakes in Co-, Fe-, and Mn-
MOF-74 surpassed the results in Ni-MOF-74 at high pressure. In case
of Co-, Mn-, and Ni-MOF-74 the adsorption loadings overlap within
the error bars. The adsorption in Fe-MOF-74 is likely overestimated,
due to small discrepancies between the model and the experimental
adsorption isotherm of H2 described earlier in this manuscript, that
might affect the adsorption of CO2. The mole fraction of CO2 in the gas
mixture also affects the shape of Cu-MOF-74 isotherm. The increase in
mole fraction of CO2 causes saturation to be achieved in Cu-MOF-74 at
lower pressure (ca. 2000 kPa), while in case of lower mole fraction of
CO2 the loading is still growing.

In Fig. 9, the distributions of the CO2 and H2 molecules adsorbed
from CO2/H2 gas mixture with CO2 mole fraction 𝑦CO2

= 0.5 are
analyzed inside Ni- and Cu-MOF-74 at 298.15 K and 4000 kPa. The
preferential sites of the CO2 molecules adsorbed in Ni- and Cu-MOF-74
are located at the open-metal centers and in the middle of the pores.
The adsorption loading of H in Ni- and Cu-MOF-74 is homogeneously
9

2

distributed, which reflects the lower hydrogen affinity compared to
CO2, resulting in the adsorption uptake lower than 1 mg g−1 of H2.

The process of CO2 separation from CO2/H2 mixtures using M-MOF-
74 is promising as the molecules of H2 do not adsorb, resulting in high
purity products. The performance of M-MOF-74 was further evaluated
in fixed-bed adsorbers using breakthrough simulations from RUPTURA.
The breakthrough curves were computed for CO2/H2 mixtures, where
CO2 mole fraction 𝑦CO2

= 0.1, 0.2, 0.3, 0.4, 0.5, 0.9, see Fig. 10.
The validation of output from RUPTURA by independent prediction
of CO2/H2 mixtures from Fig. 8 using IAST is shown in Figure S6 of
the Supporting Information. The prediction obtained using IAST from
RUPTURA agrees well with the previously performed GCMC simula-
tions of the CO2/H2 mixture, indicating the successful validation of
results from RUPTURA. It is clear that the separation of CO2 is effective,
as H2 is not being adsorbed from the gas mixture. The analysis of
breakthrough curves of CO2 obtained in Ni-, and Cu-MOF-74 (Fig. 10a,
and b) shows that the breakthrough time increases with decreasing
mole fraction of CO2 in the mixture. More adsorbate molecules flowing
through a column result in faster filling of the adsorbent. Increasing the
feed mole fraction of CO2 from 0.1 to 0.9 speeds up the breakthrough
time by ca. 40 min in Ni-MOF-74, and ca. 16 min in Cu-MOF-74. CO2
eluted out up to 2 times later in case of Ni-MOF-74 than Cu-MOF-
74. The adsorption uptake in Ni-MOF-74 is significantly higher than in
Cu-MOF-74, consequently the maximum loading of column containing
Ni-MOF-74 takes longer under the same conditions. The tendency in
performance of all the studied M-MOF-74 is indicated in Fig. 10c for
the mixture with 𝑦CO2

= 0.5. The time needed for CO2 to elute out
follows the same order as the uptake and the heat of CO2 adsorption:
Ni > Co > Fe > Mn > Zn > Cu, with the time difference of ca. 3 min
between Ni-, and Cu-MOF-74. The breakthrough curves for Co-, Fe-,
Mn-, and Zn-MOF-74, where CO2 mole fraction in the mixture is 𝑦CO2
= 0.1, 0.2, 0.3, 0.4, 0.5, 0.9 are shown in Figure S7 of the Supporting
Information. The comparison of breakthrough curves depending on the
metal centers for mixtures with 𝑦CO2

= 0.1, 0.9 is shown in Figure
S8 of the Supporting Information. The breakthrough time difference
between Ni-, and Cu-MOF-74 is shown to decrease with increasing feed
mole fraction of CO2. At 𝑦CO2

= 0.1 the breakthrough time difference
is 24 times longer than at 𝑦CO2

= 0.9. In the study of Caldwell et al.
[94] the separation of CO2/H2 mixtures was performed using modified
activated carbon at 𝑦 = 0.1, 0.2, 0.3, 0.4, 0.5, at the same initial
CO2
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Fig. 8. Adsorption of CO2/H2 mixture in M-MOF-74 obtained from GCMC simulations at 298.15 K, and 100–4000 kPa for CO2 mole fraction: (a) 𝑦CO2
= 0.1, and (b) 𝑦CO2

= 0.5.
The adsorption isotherms of CO2 are represented by dashed lines, and the adsorption isotherms of H2 by solid lines. The adsorption of H2 practically does not occur when CO2 is
present in the mixture. The adsorption loading in all studied M-MOF-74 decreases with mole fraction of CO2.
Fig. 9. The distribution of the CO2, and H2 molecules inside M-MOF-74, analyzed using density profiles from GCMC simulations of CO2/H2 gas mixture (𝑦CO2
= 0.5) at 298.15

K, 4000 kPa: (a) the distribution of CO2 molecules in Ni-MOF-74, (b) the distribution of H2 molecules in Ni-MOF-74, (c) the distribution of CO2 molecules in Cu-MOF-74, (d) the
distribution of H2 molecules in Cu-MOF-74. The center of mass of the molecules that are adsorbed was projected onto the XY plane. The color gradation of the scales relates to
the most and least populated regions of the structure, which is relative in each case. The color scale is shown as a reference of the molecules loading. The preferential sites of CO2
molecules (colored red) in Ni- and Cu-MOF-74 are at the open-metal centers and in the middle of the pores. The adsorption loading of H2 in Ni- and Cu-MOF-74 is homogeneously
distributed, which is a reflection of the lower hydrogen affinity compared to CO2, resulting in the adsorption uptake lower than 1 mg g−1 of H2.
conditions as specified in this study. The recorded breakthrough time
was between ca. 17 min for 𝑦CO2

= 0.5, and ca. 50 min for 𝑦CO2
=

0.1. This is a very similar time difference as Ni-MOF-74, in which case
the breakthrough time equals to ca. 12 min for 𝑦CO2

= 0.5, and ca.
45 min for 𝑦CO2

= 0.1. The CO2/H2 separation performance of Ni-MOF-
74 is found to be comparable to the modified activated carbon. We feel
that other factors important for Ni-MOF-74 application in PSA, such as
economic analysis, resistance to moisture, and structural modifications,
are beyond the scope of the present study. As MOF crystals are brittle
and easily broken [99], their application in powder form leads to a
high-pressure drop across the column and dust pollution. For scalable
industrial applications, Ni-MOF-74 should be pressed into the pellets
[100], or molded into processable shaped bodies of high porosity [101].
10
The molding process was described in the study of Pu et al. [101] based
on Mg-MOF-74. The authors showed that the molding process rarely
reduces the adsorptive ability. Another interesting topic explored in
the literature involves modifications of M-MOF-74: the development of
zeolite@metal–organic framework composites consisting of Ni-MOF-74
and zeolite-5 A with a core–shell structure for efficient H2 purifica-
tion [102]. Al-Naddaf et al. [102] reported that the selectivities for
separations of CO2/H2, CO/H2, CH4/H2, and N2/H2 are larger than
those of the bare zeolite or MOF. Due to a higher surface area, total
pore volume, and formation of new mesopores at the MOF–zeolite
interface, the composite showed a 20%–30% increase in CO2, CO, CH4,
and N2 uptake than Ni-MOF-74 [102]. An alternative, worth exploring
post-modification of Ni-MOF-74 is also amino-functionalization with
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Fig. 10. Breakthrough curves computed from RUPTURA [92] for the separation of CO2/H2 mixtures in fixed-bed adsorbers using: (a) Ni-MOF-74 at CO2 feed mole fractions of
CO2

= 0.1, 0.2, 0.3, 0.4, 0.5, 0.9, (b) Cu-MOF-74 at CO2 feed mole fractions of 𝑦CO2
= 0.1, 0.2, 0.3, 0.4, 0.5, 0.9, (c) M-MOF-74, where M = Ni, Cu, Co, Fe, Mn, Zn at CO2 feed

ole fractions of 𝑦CO2
= 0.5. The breakthrough curves of CO2 are represented by dashed lines, and the breakthrough curves of H2 by solid lines. The following dependencies are

ound: (1) the breakthrough time follows the same order as the uptake and the heat of CO2 adsorption: Ni > Co > Fe > Mn > Zn > Cu, (2) the breakthrough time increases with
decreasing mole fraction of CO2 in the mixture. The initial conditions are specified as: temperature 𝑇= 298 K, total pressure 𝑝T = 2.5 MPa, packed bed void fraction 𝜀B = 0.4,
interstitial gas velocity entering the packed bed 𝑣 = 0.006791 m s−1, length of packed bed adsorber 𝐿 = 0.065 m, axial dispersion is neglected, and isothermal conditions are
assumed.
ethylenediamine, successfully applied to Mg-MOF-74 in the study of
Wang et al. [103] The separation performance of the studied Mg-
MOF-74 membrane was found to be improved, increasing the CO2/H2
selectivity from 10.5 to 28 due to the enhanced adsorption of CO2
molecules by amine groups, thereby reducing the permeance of CO2.
Further studies of Ni-MOF-74 towards its application in separation
processes may be a promising subject of research in the field of CO2
and H2 capture.

4. Conclusions

We carried out Monte Carlo simulations to adjust the
non-polarizable force fields for CO2 and H2 adsorption in M-MOF-74,
where M = Ni, Cu, Co, Fe, Mn, Zn. The model of CO2 by Harris and
Yung with LJ interactions parameters modeled by García-Sánchez et al.
[72,73] was used in this study together with the three-site charge-
quadrupole model of H2 by Darkrim and Levesque [71]. LJ parameters
from the DREIDING force field were used for the atoms of the frame-
works, except for metal centers, which are defined by the UFF force
field. We introduced two modifications to the existing force field for
CO2, H2, and M-MOF-74: scaling the Coulombic interaction potentials
of the framework atoms of M-MOF-74, and scaling LJ interaction
potentials between the center of mass of H2 and the open-metal centers.
The force field was successfully validated by reproducing experimental
CO2 and H2 isotherms, enthalpies of adsorption, binding geometries,
and showing temperature transferability of the force field from 77
11

K to 87 K, and 298 K. The results agree well with the experimental
measurements. The Feynman–Hibbs quantum correction was found to
be an important part of the force field at cryogenic temperatures, as
it affects the shape of the isotherm by reducing the adsorption ca-
pacity. The two-step mechanism of adsorption was recreated, wherein
adsorbate molecules first adsorb at the metal centers, followed by
adsorption above a triangle of oxygen atoms within the framework. The
simulated uptake and heat of adsorption for CO2 and H2 reproduced
the tendency in performance of M-MOF-74 from the experimental data.
A small deviation was observed for the adsorption of H2 in Fe-MOF-
74, however the binding distance between H2 and the metal center
was reproduced most precisely for this MOF as 2.522 Å, deviating
only by 0.3% from the literature value. The force field was applied to
the adsorption of CO2/H2 mixtures at 298.15 K, and the prediction of
breakthrough curves at 298 K. It was shown that almost no adsorption
of H2 occurs when CO2 is present in the mixture. The breakthrough time
follows the same order as the uptake and the heat of CO2 adsorption:
Ni > Co > Fe > Mn > Zn > Cu. The metal–organic frameworks M-
MOF-74 have the potential in the capture of CO2 and H2, as well
as in separation processes of CO2/H2 mixtures. The proposed non-
polarizable force field is an alternative to the complex polarizable force
fields available in the literature, that enables to fully investigate the
performance of M-MOF-74 by molecular simulations. An interesting
topic for future research would be the modification of the HCOOH force
field to reproduce its binding geometry in M-MOF-74 obtained from
DFT, to enable the application together with CO2 and H2 force fields.

This would allow to study the process of CO2 conversion into HCOOH,
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and better understanding of the effect of open-metal centers on the CO2
ydrogenation reaction to HCOOH in confinement.
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