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Abstract

The gradual depletion of fossil fuel reserves has renewed interest in hydrogen
(H2) as a durable and sustainable energy carrier. However, its successful
application on an industrial scale hinges on removing trace contaminants
particularly carbon dioxide (CO2) from mixed gas streams. In this study,
the separation of CO2 from CO2/H2 mixtures was investigated using the
metal organic framework SIFSIX 3 Cu and Grand Canonical Monte Carlo
(GCMC) simulations across a wide range of temperatures and pressures.
Two gas compositions (molar ratios CO2/H2 of 0.90/0.10 and 0.79/0.21)
were examined between 298 K and 370 K. In every case, CO2 uptake was
markedly higher than that of H2, and the adsorption of both gases decreased
with increasing temperature. The Langmuir isotherm model provided an
excellent fit to the observed data, indicating monolayer adsorption behavior.
The isosteric heats of adsorption were calculated to be about 54 kJmol−1

for CO2 and roughly 2 kJmol−1 for H2, reflecting the stronger electrostatic
attraction between CO2 molecules and the SiF 2−

6 sites in the framework.
Spatial density distribution analysis revealed that CO2 molecules prefer-
entially occupy regions near the SiF 2−

6 units, whereas H2 molecules are
mainly located around pyrazine rings. Overall, these findings highlight the
pronounced CO2 selectivity of SIFSIX 3 Cu even at low concentrations and
underline its potential for hydrogen purification in industrial gas separation
processes.
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1 Introduction

In view of the current energy crisis and the escalat-
ing environmental concerns associated with the sub-
stantial contribution of CO2 to global warming and
climate change, implementing effective strategies to
manage and reduce CO2 emissions has become im-
perative [1, 2]. Before the complete transition to re-
newable energy sources is realized, the development of
technologies capable of efficiently capturing and storing
CO2 from fossil fuel based processes plays a crucial role
in mitigating the carbon footprint. For this purpose,
the use of clean and renewable energy sources to re-
duce dependence on fossil fuels is essential. Hydrogen
(H2), as a clean energy carrier with high energy den-
sity, non toxicity, renewability, and zero carbon emis-
sions, has attracted significant scientific and industrial
attention, positioning itself as one of the most promis-
ing candidates to replace conventional fossil fuels [3–6].
Nowadays, steam methane reforming (SMR) is widely
used for hydrogen production in industrial processes.
This process generates a mixture of gases, including
hydrogen, water vapor, CO2, CO, methane, and ni-
trogen, which must be purified before use [7]. One
of the main operational challenges is the removal of
CO2 from gas streams, as even trace levels (up to 300
ppm) can impair the performance of alkaline fuel cells.
Different methods and technologies have been devel-
oped to solve this problem. Aqueous amine solutions
are commonly employed for post combustion CO2 cap-
ture and can achieve high removal efficiency even at
low concentrations [8]. However, amine processes have
disadvantages including high energy requirements for
regeneration, equipment corrosion, risks of amine leak-
age, high operating costs, and concerns about long-
term storage stability [9]. Membrane based CO2 sep-
aration is another possible approach, but suffers from
the intrinsic trade off between permeability and selec-
tivity for gases mixture [10]. The adsorption technique,
which utilizes porous solid materials, has proven capa-
ble of outperforming other methods for capturing or
separating CO2 [6]. Advanced techniques such as pres-
sure swing adsorption (PSA) and temperature swing
adsorption (TSA) utilize solid adsorbents, notably zeo-
lites and activated carbons [11]. Zeolites are crystalline
aluminosilicates with microporous frameworks, noted
for their high chemical and thermal stability. They re-
quire comparatively less energy for regeneration; how-
ever, their adsorption capacity is reduced under humid
conditions due to competitive adsorption with water
vapor [12]. Activated carbons are hydrophobic mate-
rials with large surface areas, offering high resistance
to moisture. They perform effectively in gas separa-

tion under high pressure conditions; however, their ef-
ficiency can decline at lower pressures [13].

Performance of zeolites and activated carbons in
CO2 adsorption have investigated in numerous studies.
Delgado et al. [14] showed that CO2 has stronger elec-
trostatic interactions with zeolite 13X and activated
carbon. It is due to its quadrupole moment. Serafin et
al. [15] synthesized activated carbons from fern leaves.
Their results show that the sample prepared at 800 ◦C
exhibited the highest CO2 uptake (4.21 mmol/g at 45
bar). Krishna and van Baten [16] found that micro-
porous zeolitic structures, such as NaY, have a high
potential for selective CO2 separation from gas mix-
tures, especially CO2/H2. Despite these advances, zeo-
lites and activated carbons have limitations, especially
at very low CO2 concentrations. This limitation has
attracted attention to new materials such as MOFs.
MOFs are porous crystalline structures formed by the
coordination of metal ions or clusters with organic link-
ers. Their high porosity, tunable pore size, chemical
and thermal stability, and ability to be functionalized
make them excellent candidates for CO2 absorption,
even at low concentrations [17, 18]. Mechanical and
chemical stability is essential for the efficient and long
term separation of CO2. Nanostructuring enhances
both mechanical strength and chemical resistance, en-
abling adsorbents to withstand high pressures, tem-
perature fluctuations, and corrosive gases. Incorpo-
rating robust MOFs significantly improves structural
integrity and helps maintain CO2 adsorption capacity
over extended periods [19,20]. Nevertheless, the stabil-
ity of MOFs under operating conditions remains a chal-
lenge; factors such as humidity, temperature variations,
and the presence of other gases can lead to structural
degradation or reduced selectivity [21,22]. Commercial
deployment requires a critical assessment of environ-
mental impacts, scalability, life cycle performance, and
reusability to ensure both environmental sustainability
and economic feasibility [20]. In addition to mitigat-
ing CO2 emissions, MOFs also play a role in hydrogen
production by separating it from gases such as N2 and
CO in processes like steam methane reforming. Inte-
grating renewable energy sources into these separation
processes can substantially reduce environmental im-
pact and strengthen the economic case for hydrogen as
a clean fuel [23,24].

Chernikova et al. [25] introduced a series of nanos-
tructured MOFs known as SIFSIX-3-M (M = Cu, Ni,
Zn), which demonstrate strong interactions and high
selectivity toward CO2 due to their narrow pore aper-
tures and the presence of SiF 2−

6 anions. Subsequent
studies revealed that pore size and the position of fluo-
rine atoms in SIFSIX-3-M structures play crucial roles
in optimizing CO2 adsorption [26–28]. Among these,
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SIFSIX-3-Cu, with the smallest pore aperture, exhib-
ited the highest adsorption energy and selectivity to-
ward CO2 over H2.

In this study, for the first time, the adsorption
performance of the advanced SIFSIX-3-Cu framework
for selective separation of CO2 from CO2/H2 mixtures
with different compositions was systematically inves-
tigated using molecular dynamics (MD) and Grand
Canonical Monte Carlo (GCMC) simulations over a
wide range of temperatures and pressures. The nov-
elty of this research lies in the comprehensive analysis
of the adsorption mechanism at the atomic level, focus-
ing on spatial density distribution, preferred adsorp-
tion sites, and isosteric heat of adsorption – features
that have rarely been addressed in such detail in pre-
vious studies. Furthermore, accurate modeling of CO2

interactions with SiF 2−
6 groups and prediction of ad-

sorption behavior under practical operating conditions,
particularly at low CO2 concentrations, highlight the
innovative aspect of this study. The findings provide a
theoretical foundation for designing industrial gas sep-
aration processes with high efficiency and lower energy
consumption.

2 Simulation Details

2.1 Simulation structures

This study was conducted using the Materials Studio
software package. The three-dimensional structures of

the CO2 and H2 gas molecules, as well as the SIFSIX-3-
Cu adsorbent, were constructed and imported based on
the structural data reported by Shekhah et al. [29]. The
atomic charges assigned to the CO2 and H2 molecules
are summarized in Table 1, and the optimized structure
of the SIFSIX-3-Cu framework with assigned charges is
shown in Figure 1. The SIFSIX-3-Cu structure was
then placed in a simulation box with dimensions of
23.7183 × 20.7558 × 20.7558 angstrom (Å) (Figure 2).
The CO2 molecule was modeled as a linear structure
with a double bond between the carbon and oxygen
atoms. All geometries were optimized using the built-
in geometry optimization tools in the software to ensure
the most energetically stable configurations. To simu-
late gas adsorption, CO2 and H2 were initially evalu-
ated individually in their pure form within the SIFSIX-
3-Cu framework. For hydrogen, simulations were per-
formed over a temperature range of 298-370 K and a
pressure range of 0.0001 to 200 kPa. For carbon diox-
ide, the same temperature range was used, while the
pressure was varied from 0.0001 to 100 kPa. The re-
sulting adsorption data were compared with the exper-
imental results reported by Yuan et al. [30] at 298 K
for validation purposes.

Table 1. Atomic charges of the adsorbate molecules
[30]

Molcule Atom q/e

CO2
C 0.70
O −0.35

H2 H 0

Fig. 1. Partial charges (e) for distinct atoms in SIFSIX-3-Cu
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Fig. 2. Overall structure of the SIFSIX-3-Cu adsor-
bent from different views

2.2 Molecular simulation of adsorption

The adsorption behavior was modeled using Grand
Canonical Monte Carlo (GCMC) simulations imple-
mented in the Sorption module of Materials Studio. In
the grand canonical ensemble, the system volume, tem-
perature and chemical potential are held constant while
the particle number fluctuates to represent exchange
with an external gas reservoir [31]. Force fields and in-
termolecular potentials: Hydrogen molecules were rep-
resented using PCFF, whereas carbon dioxide and the
SIFSIX 3 Cu framework were described with the Uni-
versal force field (UFF). Van der Waals interactions
were treated with an atom based Lennard-Jones for-
malism and a spherical cutoff of 12.5 Å; long range elec-
trostatic interactions were accounted for using Ewald
summation beyond the cutoff.

The primitive SIFSIX 3 Cu unit cell was replicated
into a 3 × 3 × 4 supercell to reduce finite size effects.
Periodic boundary conditions were applied in all three
directions. At each state point (temperature and pres-
sure condition) simulations comprised 1 × 106 Monte
Carlo steps to secure equilibration prior to averaging
thermodynamic observables.

2.3 Adsorption isotherm

Adsorption isotherm modeling is more important to
understand and predict the adsorption behavior. In
this study, the Langmuir isotherm model were used to
analyz pure gas adsorption data. Langmuir isotherm
is the simplest theoretical model assuming monolayer
adsorption on a homogeneous surface. The Langmuir
equation is defined as follows [32]:

q

qs
=

kP

1 + kP
(1)

Here, k is the adsorption equilibrium constant, qs is the
maximum adsorption capacity, and P is the pressure.
For multicomponent adsorption systems, the extended

Langmuir model was applied [32].

qe,i
qm,i

=
ksp.i pe.i

1 +
∑n

i=1 ksp.i pe.i
(2)

Here, qe,i is the equilibrium adsorption capacity of com-
ponent i, pe, i is the equilibrium partial pressure of
component i, qe,i is the maximum adsorption capac-
ity of component i, and k,i is the isotherm constant for
component i.

2.4 Adsorption selectivity

The selectivity of a component is a key parameter
in evaluating adsorption-based separation performance
with respect to a specific adsorbent. The following
equation, denoted as Equation (3), is used to deter-
mine the adsorption selectivity [33]:

Si =

yi

xi
yj

xj

(3)

The variables yi and xi represent the adsorbed amount
and the molar fraction of CO2, respectively, while yj
and xj correspond to the adsorbed amount and molar
fraction of H2.

In this study, the following main assumptions were
adopted: (1) the SIFSIX 3 Cu framework was treated
as rigid, with no structural flexibility during adsorp-
tion; (2) the adsorption processes were assumed to
be at equilibrium without chemical reactions between
adsorbates and the framework; (3) periodic boundary
conditions were applied in all directions; (4) long-range
electrostatic interactions were treated with Ewald sum-
mation beyond the cutoff distance.

3 Results and Discussion

3.1 Validation of gas adsorption simu-
lation for CO2 and H2 on SIFSIX-
3-Cu

To evaluate the accuracy and reliability of the simu-
lation procedure, the adsorption behavior of pure CO2

and H2 on the nanoporous adsorbent SIFSIX-3-Cu was
simulated and analyzed at the standard temperature
of 298 K. For validation purposes, the resulting ad-
sorption isotherms were compared with the experimen-
tal and simulated data previously reported by Yuan
et al. [30]. As illustrated in Figure 3, the simulation
results obtained in this study exhibit a high degree
of agreement with the reference data, particularly for
CO2, indicating that the applied modeling approach is
effective in reproducing the real behavior of the system.
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It shows an acceptable agreement for hydrogen. Over-
all, the comparison confirms that the selected models
and simulation parameters are sufficiently accurate and
reliable. Therefore, these models can serve as a strong
basis for further analysis over a wide range of temper-
ature and pressure conditions.

Based on the comparison between simulated and ex-
perimental adsorption data for single-component gases
on SIFSIX 3 Cu at 298 K, the average relative error
(RE%) for H2 was found to be approximately 3.35%,
with individual errors ranging from 1.30% to 7.56%.
For CO2, the corresponding average RE% was about
3.03%, with values between 0.87% and 10.53%. These
low error levels for both gases demonstrate the high
accuracy of the simulation approach in reproducing ex-
perimental adsorption behavior.

(a)

(b)

Fig. 3. Comparison of pure (a) CO2 and (b) H2

adsorption isotherms on the SIFSIX-3-Cu adsor-
bent at 298 K, along with data reported by Yuan
et al. [30].

3.2 CO2 and H2 adsorption isotherms
at different temperatures

The adsorption of CO2 and H2 on SIFSIX-3-Cu was an-
alyzed using the Langmuir isotherm. Adsorption simu-
lations were conducted at 298, 310, 330, 350, and 370K
to investigate the effect of temperature on the adsorp-
tion process. The considered pressure range was from
0.001 to 100 kPa for CO2 and from 10 to 200 kPa for
H2. It can enables a comprehensive evaluation of ad-
sorption behavior under various operational conditions.
The CO2 adsorption isotherms are shown in Figure 4a,
while the H2 adsorption isotherms are presented in Fig-
ure 4b. The results obtained show that increasing tem-
perature leads to a decrease in the adsorption capacity
of both gases. This is consistent with the exothermic
nature of the physical adsorption process. The highest
adsorption capacity for both gases was observed at 298
K. In the CO2 adsorption curve (Figure 4a), the steep
slope of the isotherm at pressures below 20 kPa indi-
cates a strong affinity of the adsorbent toward CO2 in
this region. Beyond this range, as pressure increases,
the curve approaches saturation, and the adsorption
capacity remains nearly constant, indicating the sat-
uration of the adsorbent’s active sites. The good fit
of the data with the Langmuir model (Table 2) indi-
cates that the adsorption process primarily occurs as
a monolayer on uniform adsorption sites, which is a
fundamental characteristic of this theoretical model.
Examination of the isotherm parameters shows that
the maximum adsorption capacity (qs) for CO2 is sig-
nificantly higher than that for H2, reflecting the high
selectivity of the adsorbent structure toward CO2. Fur-
thermore, the decrease in both qs and the adsorption
equilibrium constant (K) with increasing temperature
indicates the physical nature of the adsorption process
and the influence of temperature in reducing the affin-
ity of molecules for interaction with the adsorbent sur-
face. Based on these observations, it can be concluded
that SIFSIX-3-Cu possesses a high potential for effec-
tive CO2 separation from gas mixtures at lower tem-
peratures, and the Langmuir model serves as a reliable
tool for predicting the adsorption behavior of this ad-
sorbent.

3.3 Adsorption isotherms of CO2/H2

mixtures on SIFSIX-3-Cu

The results of pure CO2 and H2 demonstrated that the
adsorption behavior of these gases follows the Langmuir
isotherm model. Therefore, the adsorption isotherms
of CO2/H2 gas mixtures at two different mole ratios
(0.9/0.1 and 0.79/0.21) and in the temperature range
of 298 to 350 K were also analyzed using extended lang-
muir model.
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(a) (b)

Fig. 4. Adsorption isotherms of pure CO2 and H2 on the SIFSIX-3-Cu adsorbent at temperatures of 298,
310, 330, 350 and 370 K: (a) CO2 adsorption and (b) H2 adsorption.

Table 2. Maximum adsorption capacity (qs), ad-
sorption constant (k), and coefficient of determina-
tion (R2) in the Langmuir model for pure CO2 and
H2

T
K

H2 CO2

k qs R2 k qs R2

298 9.79E-05 2.12 0.9994 28.01 2.57 0.999

310 1.01E-04 1.65 0.999 11 2.59 0.999

330 8.1E-05 1.78 0.999 3.26 2.57 0.998

350 7.97E-05 1.51 0.999 1.14 2.57 0.999

370 7.28E-05 1.41 0.999 0.44 2.54 0.999

The simulated adsorption results for these mixtures
are presented in Figure 5. The results show that the
amount of CO2 adsorbed was significantly higher than
that of H2, such that even at high hydrogen concen-
trations in the mixture, H2 adsorption remained neg-
ligible. In contrast, CO2 was adsorbed in considerable
amounts, indicating the high selectivity of the SIFSIX-
3-Cu adsorbent toward CO2. This characteristic en-
ables the efficient removal of CO2 even at low concen-
trations, thereby facilitating the hydrogen purification
process. Moreover, the results revealed that increas-
ing temperature leads to a decrease in the adsorption
capacity of both gases, which is consistent with the
exothermic nature of physical adsorption. This be-
havior is attributed to the high polarity of the CO2

molecule, enabling stronger interactions with the ad-
sorbent sites and better dimensional compatibility with
the porous structure of SIFSIX-3-Cu. In addition, the
Langmuir model proves to be a reliable tool for de-

signing and predicting the performance of adsorption
systems based on this material.

3.4 Adsorption selectivity in mixtures

The adsorption selectivity of the SIFSIX-3-Cu adsor-
bent for separating CO2/H2 binary mixtures was in-
vestigated through molecular simulations over a tem-
perature range of 298 to 350 K. The results, presented
in Figures 6 and 7, show that CO2 selectivity is in-
fluenced by both gas concentration and temperature.
Specifically, increasing the CO2 concentration in the
mixture leads to a decrease in selectivity. For instance,
at a mole ratio of 0.79/0.21 (CO2/H2), lower selectiv-
ity was observed compared to the 0.9/0.1 ratio. Fur-
thermore, an inverse relationship was found between
temperature and selectivity, with the highest selectiv-
ity recorded at 298 K, the lowest temperature studied.
Figure 6 illustrates the CO2/H2 adsorption selectivity
behavior at a mole ratio of 0.9/0.1 within the SIFSIX-3-
Cu framework. Figure 6a presents results at 298, 310,
and 320K, while Figure 6b shows data at 330, 340,
and 350 K. Similarly, Figure 7. displays the selectiv-
ity behavior for the 0.79/0.21 mixture across the same
temperature intervals. These findings highlight the ex-
cellent performance of SIFSIX-3-Cu as an efficient ad-
sorbent for CO2 separation from hydrogen-containing
gas streams, particularly under conditions of low CO2

concentration and lower temperature. This property
enhances its potential for practical applications in hy-
drogen purification processes.
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(a) (b)

Fig. 5. Simulated adsorption isotherms of CO2/H2 binary mixtures on SIFSIX-3-Cu at different tempera-
tures (298–350 K), based on the Langmuir model: (a) mole ratio 0.9/0.1 and (b) mole ratio 0.79/0.21.

(a) (b)

Fig. 6. Adsorption selectivity of CO2/H2 mixture with a mole ratio of 0.9/0.1 on SIFSIX-3-Cu: (a) at, 310,
and 320 K, and (b) 330, 340, and 350 K.

3.5 Spatial density distribution of CO2

and H2 in the SIFSIX-3-Cu frame-
work

To investigate the preferred adsorption sites of CO2

and H2 molecules within the SIFSIX-3-Cu structure,
molecular dynamics simulations were conducted at
298K using a 3 × 3 × 3 supercell. This approach
eliminates boundary effects and accurately represents
the periodic behavior of the framework. The spatial
density distribution results reveal that H2 molecules
primarily concentrate at the center of the pyrazine

rings, indicating preferential and relatively strong in-
teractions between H2 and the aromatic regions of
the framework (Figure 8). In contrast, the adsorp-
tion sites for CO2 exhibit a more ordered arrangement
and are mainly located within a distinct plane com-
posed of SiF 2−

6 anions, commonly referred to as the
“silicon plane” (Figure 9). This behavior is driven
by electrostatic interactions: attractive forces between
the electropositive carbon atom in CO2 and the elec-
tronegative fluorine atoms in the framework, and repul-
sive forces between the electronegative oxygen atoms
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(a) (b)

Fig. 7. Adsorption selectivity of CO2/H2 mixture with a mole ratio of 0.79/0.21 on SIFSIX-3-Cu: (a) 310,
and 320 K, and (b) 330, 340, and 350 K.

of CO2 and those same fluorine atoms. Consequently,
CO2 molecules tend to stabilize at the center of four
equatorial fluorine atoms. These findings, further con-
firmed by the data in Figure 10, demonstrate that
SiF 2−

6 anions play a key role in the selective interaction
with CO2, while their effect on H2 adsorption is negli-
gible. Overall, these results highlight that the unique
structure of SIFSIX-3-Cu creates specific adsorption
sites and stronger interactions for CO2, making it an
excellent candidate for targeted gas separation and pu-
rification applications, particularly for CO2. These in-
sights may serve as a theoretical foundation for the
rational design of advanced MOF adsorbents.

Fig. 8. Spatial density distribution of H2 in SIFSIX-
3-Cu at 298 K, shown from front and top views.
Atom color scheme: F = turquoise, Cu = copper,
Si = yellow, H = white, C = gray, N = blue.

(a)

(b)

Fig. 9. Density centers of CO2 in SIFSIX-3-Cu at
298 K: (a) front view, (b) top view. Atom color
scheme: F = turquoise, Cu = copper, Si = yellow,
H = white, C = gray, N = blue.
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Fig. 10. Density centers of CO2 and H2 in SIFSIX-
3-Cu at 298 K: (a) front view, (b) top view. Atom
color scheme: F = turquoise, Cu = copper, Si =
yellow, H = white, C = gray, N = blue.

3.6 Isosteric heat of adsorption (Qst) of
CO2 and H2

The isosteric heat of adsorption (Qst) reflects the
strength of interactions between the adsorbent frame-
work atoms and the adsorbate molecules. Qst for gases
in porous materials is calculated based on adsorption
isotherms measured at different temperatures. Ac-
cordingly, the isosteric heat of adsorption was deter-
mined from the adsorption isotherms measured at 298,
310, 330, 350, and 370 K. For SIFSIX-3-Cu, the isos-
teric heat of adsorption for CO2 reaches approximately
54 kJ/mol at relatively low pressures (Figure 11). This
high value is attributed to the ability of CO2 molecules
to form one-dimensional chains through strong bind-
ing interactions between electronegative F− ions and
the electropositive carbon atom of CO2 [34]. SIFSIX-
3-Cu possesses ultra-micropores whose sizes can be
tuned by exchanging organic ligands and metal ions
within the framework, thereby ensuring a high affinity
for CO2. Importantly, the Qst values remain nearly
constant over the selective adsorption range of CO2

(Figure 11), indicating the presence of a single type of
adsorption site. The high CO2 adsorption capacity of
the MOF can be mainly attributed to the small pore
size (∼ 0.32 nm), which is even smaller than the kinetic
diameter of the CO2 molecule (∼ 0.33 nm) [22]. The
adsorption of CO2 is significantly influenced by electro-
static interactions within the framework channels due
to the molecule’s quadrupole moment, as illustrated in
Figure 11. Regarding the isosteric heat of adsorption,
the trend shows an initial increase due to the avail-
ability of vacant adsorption sites, followed by a slight
decrease, and then stabilizes at a constant value, in-
dicating pore saturation. Interestingly, once the ad-

sorption capacity reaches saturation and pressure con-
tinues to rise, Qst fluctuates around a constant value,
suggesting that the filled pores likely reduce further
CO2 adsorption capacity. There is a direct relation-
ship between isosteric heat of adsorption and selectiv-
ity; higher Qst values correspond to higher adsorption
selectivity. Therefore, the highest selectivity for CO2

adsorption is observed at 298 K.
In contrast, the H2 adsorption curve is linear with

a nearly constant and low isosteric heat of adsorption,
shown in Figure 12. In this study, the isosteric heat
of adsorption for H2 is approximately 2 kJ/mol, indi-
cating a very low affinity of SIFSIX-3-Cu for hydrogen.
This highlights its excellent potential for removing im-
purities such as CO2 from hydrogen streams.

Fig. 11. Isosteric heat of adsorption (Qst) for CO2

at 298 K as a function of loading in SIFSIX-3-Cu.

Fig. 12. Isosteric heat of adsorption (Qst) for H2 at
298 K as a function of loading in SIFSIX-3-Cu.
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Figure 13 compares the CO2 adsorption perfor-
mance of SIFSIX 3 Cu obtained in the present study
with literature data for MIL 101, USTA 16, and ZIF
8 over a similar pressure range. While USTA 16 ex-
hibits a larger maximum uptake at higher CO2 pres-
sures, SIFSIX 3 Cu clearly outperforms all other adsor-
bents in the low pressure region (< 20 kPa), which is
particularly relevant for the removal of trace CO2 from
hydrogen streams. This superior performance at low
pressures is attributed to the strong electrostatic inter-
actions between CO2 molecules and the SiF 2−

6 anions
within the ultra microporous framework. In contrast,
MIL 101 and ZIF 8 show considerably lower adsorption
capacities throughout the entire pressure range, under-
scoring the exceptional suitability of SIFSIX 3 Cu for
trace level CO2 capture in hydrogen purification pro-
cesses.

Fig. 13. Comparison of CO2 adsorption isotherms
at 298 K for SIFSIX 3 Cu (this work) and previously
reported data for MIL 101 [35], USTA 16 [36], and
ZIF 8 [37]

3.7 Limitations and drawbacks

In practical industrial hydrogen production processes,
such as steam methane reforming (SMR), the effluent
gas stream exiting the reformer typically contains sig-
nificant amounts of water vapor along with CO2, H2,
and other minor components. While the exceptional
CO2 selectivity and capacity of SIFSIX 3 Cu make it a
promising candidate for hydrogen purification, it is well
established in the literature that the structural stability
of many MOFs, including fluorinated ultramicroporous
frameworks, can be adversely affected by prolonged ex-
posure to moisture or liquid water. Hydrolytic degra-
dation may lead to partial loss of crystallinity, reduced
pore volume, and diminished adsorption capacity over
repeated cycles. Therefore, to ensure reliable long term

operation, it is necessary to remove water vapor prior
to feeding the gas into the MOF adsorption bed. This
can be readily achieved by placing a hydrophilic desic-
cant bed (e.g., silica gel, activated alumina, or zeolitic
3A/4A materials) upstream of the MOF column to dry
the gas stream to an acceptable dew point. Such pre
drying units are mature and widely implemented in gas
processing plants, and their integration into the process
flow has negligible impact on overall system complexity
or cost. Since the separation process described in this
study is conducted at near ambient temperatures, ther-
mal stability is not a critical limitation for SIFSIX 3 Cu
under these conditions. By combining conventional de-
hydration technology with the high selectivity SIFSIX
3 Cu adsorption stage, the detrimental effects of hu-
midity on MOF stability can be effectively mitigated,
enabling sustained structural integrity and adsorption
performance over extended operational periods, even
under industrially relevant conditions.

Although the present study focuses on evaluating
the adsorption performance of SIFSIX 3 Cu at the
molecular scale, a comprehensive economic and energy
consumption analysis would require detailed process
design, including the sizing of adsorption columns and
regeneration units. Such engineering design and as-
sociated techno economic assessments are beyond the
current scope but are planned for future research to
evaluate the large scale feasibility of this adsorption
process.

4 Conclusion

This study investigated the performance of the SIFSIX-
3-Cu adsorbent for CO2/H2 gas mixture separation
using GCMC simulation. The results demonstrated
a significantly higher selectivity of SIFSIX-3-Cu to-
ward CO2, even in the presence of high H2 concentra-
tions. The highest CO2 uptake was observed at 298K
and 15 kPa, reaching 2.58 mmol/g, whereas the H2

uptake remained low at only 0.14 mmol/g. This be-
havior is attributed to strong electrostatic interactions
between the fluorine atoms in the framework and the
quadrupole moment of CO2. An increase in temper-
ature led to a decrease in adsorption capacity, consis-
tent with the exothermic nature of physical adsorption.
Additionally, the adsorbent’s selectivity improved with
decreasing CO2 concentration in the mixture, show-
ing the highest selectivity at a CO2/H2 molar ratio
of 0.9/0.1. Spatial density distribution analysis con-
firmed that CO2 molecules preferentially adsorb near
SiF 2−

6 anions, while H2 tends to accumulate at the cen-
ter of pyrazine rings. The isosteric heat of adsorption
(Qst) values further confirmed the stronger interaction
of CO2 with the adsorbent compared to H2 (approxi-
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mately 54 kJ/mol vs. 2 kJ/mol). These findings sug-
gest that SIFSIX-3-Cu is an excellent candidate for in-
dustrial applications such as hydrogen purification and
CO2 capture from gas streams, especially under low-
temperature and moderate-pressure conditions. For fu-
ture work, it is recommended to investigate the effect
of water vapor and other impurities on the adsorbent’s
performance.

Declaration of Generative AI and AI-assisted tech-
nologies in the writing process During the preparation
of this manuscript, the authors made use of AI tools
(for translation assistance and grammar refinement) to
enhance the English writing quality and overall read-
ability of the text. All outputs generated by these tools
were carefully reviewed and edited by the authors, who
take full responsibility for the content of this publica-
tion.
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