G Lot
¢ University

New Insight into Impact of Humidity on Direct Air Capture by SIFSIX-3-Cu

Bayati Behrouz, Keshavarz Fatemeh, Rezaei Nima, Zendehboudi Sohrab,
Barbiellini Bernardo

Thisisa Post-print version of a publication
published by Royal Society of Chemistry

in  Physical Chemistry Chemical Physics

DOI: 10.1039/D4CP00394B

Copyright of the original publication:
© Royal Society of Chemistry 2024

Please cite the publication as follows:

Bayati, B., Keshavarz, F., Rezaei, N., Zendehboudi, S., Barbiellini, B. (2024). New Insight into
Impact of Humidity on Direct Air Capture by SIFSIX-3-Cu. Physical Chemistry Chemical Physics,
iss. 25. DOI: 10.1039/D4CP00394B

This is a parallel published version of an original publication.
This version can differ from the original published article.



New Insight into Impact of Humidity on Direct Air Capture by SIFSIX-3-Cu

Behrouz Bayati'-?, Fatemeh Keshavarz®, Nima Rezaei*, Sohrab Zendehboudi?*, Bernardo Barbiellini>
"Department of Chemical Engineering, Ilam University, Ilam, 6939177111 Iran
?Department of Process Engineering, Memorial University, St. John’s, NL, A1C 5S7 Canada
3Department of Physics, School of Engineering Science, LUT University, FI-53850 Lappeenranta, Finland
4Department of Separation Science, School of Engineering Science, LUT University, FI-53850 Lappeenranta, Finland

>Department of Physics, Northeastern University, Boston, Massachusetts 02115, United States

*Email address of corresponding author: szendehboudi@mun.ca

Abstract

Removal of CO> from air is one of the key human challenges in battling global warming. SIFSIX-3-Cu
is a promising Metal Organic Framework (MOF) suggested for carbon capture even at low
concentrations. However, the impact of humidity on its performance in Direct Air Capture (DAC) is
poorly understood. To evaluate the MOF performance for DAC under humid conditions, we investigate
the adsorption of H,O, CO», and N> using Density Functional Theory (DFT), Grand Canonical Monte
Carlo (GCMC), and Molecular Dynamics (MD) simulations. The simulation results show a higher
tendency of SIFSIX-3-Cu towards H>O adsorption rather than CO; (and N»). The results agree with the
adsorption isotherms for the pure compounds with the Sips model. The extended Sips model shows 1.34
mmol g! CO; adsorption at the atmospheric pressure and 298 K for the CO2/N, mixture containing 400
ppm CO», and low CO; adsorption (less than 0.75 mmol g!) at a low relative humidity (RH) of 20%.
This finding highlights the efficiency of SIFSIX-3-Cu for dry air and the negative impact of humidity
on the CO> selective adsorption. Therefore, we suggest consideration of humidity effects when designing
a SIFSIX-3-Cu-based CO; separation process and removal of any H>O content before introduction of
the air to SIFSIX-3-Cu.

Keywords: CO; Capture; Metal-Organic Frameworks (MOFs); SIFSIX-3-Cu; Humid Air; Adsorption;
Molecular Modeling

1. Introduction

CO; emissions from industrial sources and power plants have caused global warming (i.e., up to 1.9 °C
by 2100) ! and climate change. > # According to the Intergovernmental Panel on Climate Change (IPCC)
and the International Energy Agency (IEA), limiting the energy-related CO, emissions is the key solution
to tackle climate change.® Therefore, an efficient and inexpensive strategy is needed to selectively
remove CO, from anthropogenic sources.® Generally, the CO> removal methods involve CO> capture
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from post-combustion effluents or the atmosphere (or direct air capture), and then its storage in deep
geological formations.”- This process is called Carbon Capture and Storage (CCS) which is proposed to
mitigate CO, emissions.> 1

Several technologies have been found for CO»> removal from flue gases or the air, including aqueous
alkylamines, metal oxide, ionic liquids, membrane separation, solid amine, microalgae, molecular sieve
and cryogenic.'"'* Among the various options being considered, amine scrubbing has been found to be
expensive as a result of its high energy demands for the regeneration of solvents.® '3 Solid adsorbents,
however, require a low energy while providing a high separation efficiency. Consequently, adsorptive
separation has attracted the attention of researchers in carbon capture.'* 16

In order to effectively remove CO, materials possessing elevated CO; selectivity and capacity (as well
as potentially permeability) are essential. !7 Metal Organic Frameworks (MOFs) have attracted greater
interest among the diverse range of adsorbents designed for CCS, including solid amines, zeolites,
activated carbon, and MOFs.!8 19 This class of nano-porous materials can release the sorbates freely
through changes in thermodynamic conditions with a reasonably lower regeneration/recycling energy.®
18 Given the diverse choices for metal ions and organic linkers, a large variety of MOF structures can be
realized with a potential for CCS implication. However, not all MOFs are suitable for carbon capture.

Liu et al. showed that pore size has an important role in CO2/N: selectivity.?? In addition, not all MOFs
perform efficiently under humid conditions. For example, Qasem et al. concluded that the adsorption of
CO; from flue gas by Mg-MOF-74 is reduced by approximately 6% when exposed to humid conditions.?!
Similarly, Kizzie et al. ** studied the impact of humidity on Mg/DOBDC performance at RHs of 9%,
36%, and 70%. After exposure at 70% RH and thermal regeneration, a mere 16% of the original CO>
capacity of Mg/DOBDC was successfully recovered. Liu et al. reported a reduction in the CO» uptake
capacity for M/DOBDC MOF series after exposure to humidity.?? Particularly, Liu et al. found out that
Ni/DOBDC can adsorb a large amount of H>O even at low relative humidity (RH), and the adsorbed
H>O does not fully recycle even by heating.?? Another key point is that all MOFs do not exhibit good
performance at a low CO; partial pressure even if they have high adsorption capacity at higher pressures,
such as DUT-9, MIL-101, MOF-177, and HKUST-1.18. 24

One category of MOFs with interesting features for CCS is SIFSIX-3-M (SIFSIX = SiF¢*, 3 = pyrazine).
25 SIFSIX-3-Ni shows morphological and thermal stability in the humid conditions; however, water
vapor decreases its CO2 adsorption capacity.?® SIFSIX-3-Cu demonstrates a superior CO2 capture
performance even at low CO; partial pressures, compared to HKUST-1, UTSA-16, MOF-74, fcu-MOF,
and NbOFFIVE-1-Ni.'% 27 SIFSIX-3-Cu has a high selectivity for small polarizable gases, causing
selective CO, adsorption over N2, and it also shows hydrolytic stability.?® Therefore, it is speculated as
a suitable candidate for CO> capture even in the presence of humidity.? For example, Al-Saeidi et al.
studied the adsorption of a CO> and N> gas mixture by SIFSIX-6-Ni, SIFSIX-6-Zn, and SIFSIX-6-Cu
with and without humidity.*° They showed no significant difference in the performance of SIFSIX-6-Cu
in dry and wet conditions. Moreover, Ziaee et al. reported the isosteric heat of CO> adsorption for
SIFSIX-3-Cu using Grand Canonical Monte Carlo (GCMC) simulations.?' Considering that the isosteric
heat of CO; adsorption was independent of CO» loading, they concluded that there is a single site for
CO> adsorption, and suggested SIFSIX-3-Cu as an appropriate option for Direct Air Capture (DAC).



Despite recent studies, the impact of H>O vapor as an ever-present component of air on the performance
of SIFSIX-3-Cu is poorly understood. This impact is important as the performance of some MOFs
degrades in the presence of H20.3? In addition, the CO2 molecules will have difficulty to compete with
H>O molecules for adsorption sites given the higher dipole moment of water, causing a higher affinity
of MOF to adsorb water compared to CO,. This competition will be more difficult in DAC application
because of higher concentration of H,O molecules in the air even at low relative humidity. Therefore, in
this work, we employ Grand Canonical Monte Carlo (GCMC) simulation, Molecular Dynamics (MD)
simulation, and Density Functional Theory (DFT) to investigate CO; adsorption by SIFSIX-3-Cu from
wet and dry gas mixtures through DAC process. These simulation approaches have been proven as
powerful tools for molecular-level investigation of carbon capture by MOFs, in several recent works.
Their applicability as a stand-alone research method,® in combination with experimental
measurements,>* or in combination with each other,® has helped to evaluate the isotherms and
mechanisms of carbon capture by a number of MOFs, advancing our knowledge of carbon capture
processes. For example, the combination of DFT and GCMC simulations,* the application of MD and
GCMC simulations based on DFT-driven atomic charges,’” and the use of GCMC simulations *® have
unraveled the impact of humidity on carbon capture potential/behaviors of the Cr-Soc-MOF-n series,
UiO-66(Zr), and Mg-MOF-74, respectively. Using a combination of the three powerful simulation
techniques, our work provides an in-depth understanding of the competitive adsorption of H>O and CO»
in DAC with SIFSIX-3-Cu.

2. Modeling and Simulation

To provide a deeper understanding of the impact of humidity on DAC by SIFSIX-3-Cu, we integrate
GCMC, MD, and DFT modeling approaches. The GCMC and MD simulations are adopted to indicate
the isotherms and isosteric heat for adsorption for pure CO», N> and H,O and their gaseous mixtures.
The DFT calculations are used to determine the intrinsic affinity of SIFSIX-3-Cu towards CO; and H,O
and unravel their adsorption mechanisms. More details of the applied methods are as follows.

2.1 GCMC and MD simulation

The GCMC simulations are performed using the sorption module in the Materials Studio software
version 2020. During GCMC simulations, the number of adsorbed molecules can change, but the system
chemical potential, temperature, and volume are fixed. The adsorbed molecules are in equilibrium with
the gas phase, and the chemical potential of the adsorbed molecules are equal to that of the gas phase,
which can be used to obtain the concentration and number of molecules adsorbed onto the adsorbent
pore surface.’* In the GCMC method, three kinds of trial actions are performed, including creation,
deletion, and displacement.*® The adsorption process is handled by accepting or rejecting new located
molecules in the supercell based on their random moves.*! According to the Metropolis equation,
elimination and sorbate insertion, as well as the acceptance and rejection of trial moves are quantified
by the following equation:*?

P, (0= n) = min( L;exp(~[U,,, ~ Uy 1/ ,T) M

acc
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where U refers to the potential energy; kg introduces the Boltzmann's constant; and o and n are the
subscripts representing the old and new positions, respectively.** One molecule located in the framework
is randomly chosen and its coordinates are randomly perturbed through an MC trial motion. The potential
energy of the new configuration, Uy, is evaluated. If Uy, is less than U(o), the new configuration is
accepted. If Un) > Ulo), then the new configuration is accepted based on its acceptance probability (see
Eq.(1)).* After performing extensive trial moves, the properties of the system can be averaged from all
accepted moves.

To accommodate enough adsorbent molecules in the structure and to enhance the accuracy of
simulations, a 3x3x4 supercell is created using the SIFSIX-3-Cu unit cell retrieved from the Cambridge
Crystallographic Data Center (CCDC),?”> * as shown in Figure 1.27-* At each state point, GCMC
simulation consists of 1x10° steps to guarantee equilibration. The periodic boundary conditions are used
for all the three-dimension boundaries.

We use MD simulation to study the competitive adsorption of gas components in a mixture; the MD
simulation results are compared with those obtained from the GCMC simulations. The MD simulation
system comprises of three layers, namely SIFSIX-3-Cu layer and two gas mixtures layers. This section
outlines the sequential procedure for constructing the structural model. Initially, the Crystallographic
Information File (CIF) of basic cell SIFSIX-3-Cu is imported into the software. The SIFSIX-3-Cu
supercell is constructed by implementing the Build-Symmetry-Supercell option with an arrangement of
6x6x4 basic cells. In addition, the SIFSIX-3-Cu supercell prominently arises as the third constituent of
interest. Next, the "Construction on Amorphous Cell" option is used to create two distinct layers of gas
mixture solutions with the same H>O:CO> molecule ratios at 60:30 or 80:10 molecules. The "Build
Layers" option within the Build module is then chosen for the three layers. The SIFSIX-3-Cu supercell
is positioned at the center of the simulation cell, while being juxtaposed with gas mixture cells on either
sides. The atomic coordinates of the SIFSIX-3-Cu supercell surface are immobilized for verification
through “Modify-Constraints-Fix Cartesian” position option, and subsequently optimized the overall
system. Periodic boundary conditions are used along the three directions. MD simulations are conducted
in NVT ensemble (constant number of molecules N, volume V, and temperature 7), for 5 ns at 298 K.
The Nose—Hoover thermostat is applied to regulate temperature. The configurations are saved at 500-fs
time interval. Figure 2 displays the algorithm to conduct the GCMC and MD simulation runs for
adsorption of CO», N>, and H,O onto SIFSIX-3-Cu. The adsorbent structure is assumed to be rigid, and
the adsorbate-SIFSIX-3-Cu interactions are computed by considering the summation of contributions
from van der Waals (vdW) and electrostatic interactions, using a cutoff radius of 12.5 A% The
electrostatic interactions are calculated using the Ewald summation method with 0.001 kcal mol!
accuracy, as given below:*

Ernon-bonded = ELy + Ecoulomb (2)



The nonbonded interactions (Enon-bonded) consist of van der Waals (£,,) and electrostatic (Ecoulomb)

interactions, as defined below:%’

_ O-ij 12 O-ij 6
By =4e,|(2) - (2] )
q.4;
Ecoulomb = Aegr (4)

where ¢;; refers to the energy well depth; g;; stands for the collision diameter; 7 introduces the distance
between the i and j* atoms; ¢; and g; respectively denote the partial charges on the i# and j* atoms; and
g0 = 8.8542 x 10712 C2 N™! m2 is the vacuum permittivity.

To calculate CO; or H>O uptake values over time, the following procedure is employed. Firstly, NVT
dynamics are performed to simulate the system behavior, using a relative concentration analysis. This
involves calculating the area under the curve representing the concentration of CO» or H>O. At desired
sampling times, relative concentration analysis is conducted by calculating the area under the curve
within the adsorber region to obtain the number of adsorbed CO, or H,O molecules. Note that the total
number of molecules for each component (CO; or H2O) is known.
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Figure 1: Schematic of the 3x3x4 SIFSIX-3-Cu supercell.
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Figure 2: Simple flowchart of the (a) GCMC and (b) MD simulations.



We do the first-principles calculations based on density functional theory (DFT) using the Vienna 4b
Initio Simulation Package (VASP) %, version 6.3.0. Because of the success of the
Perdew—Burke—Ernzerhof (PBE) #° generalized gradient approximation (GGA) in describing the
electronic structure of STFSIX-3-Cu, 3313052 we employ the PBE exchange correlation functional along
with the projector augmented wave (PAW) pseudopotentials.> The PAW parameters are extracted from
the VASP POTCAR library for N (s?p?), C (s’p?), H, Cu_pv (d'° p!), F (s?p’), Si (s’p?), and O (s*p*).
Periodic boundary conditions are applied to the unit cell of SIFSIX-3-Cu ?7 in all directions, and we
consider spin polarization (a doublet ground spin state).® To include the long-range dispersion effects in
the calculations, the DFT-D3 vdW correction with Becke-Jonson damping is applied.>* To decrease the
computational errors, the precision level is increased to the maximum accuracy (i.e., “accurate”
precision/ “PREC” parameter instead of “normal” or “single” precision). The convergence limit of the
self-consistent electronic structure calculations is set to 10~ €V. The partial electron occupancies of each
orbital are treated with 0.03 eV Gaussian smearing.

According to our calibration results reported in Table S1 of the Supporting Information, a Monkhorst-
Pack grid of 4x4x4 (I"-point only) is used to sample the Brillouin zone. Also, we use a kinetic energy
cutoff of 500 eV in expansion of the Kohn-Sham wave functions. In the geometry optimization, only the
atomic coordinates are modified until the force on each atom is less than 0.05 eV A-l. Our calculations
on the optimization of the unit cell’s shape and volume (see Table S2) reveal that the selected
computational parameters can represent the experimental unit cell with less than 0.6% error. The error
1s lower when the flexibility of the cell volume is ignored and only the atomic positions and cell shape
are optimized. This implies that full relaxation of the structure does not enhance the accuracy of our
calculations with respect to the experimental cell. In addition, the energy values reported in Table S1
indicate that full relaxation of the structure and the relaxation of atomic positions and cell shape
respectively vary the energy 1.8 kJ mol"! and 0.0 kJ mol"! relative to the structure obtained by just
optimizing the atomic positions. Because the relaxation of atomic positions and cell shape introduces
lower error in cell parameters and that the optimization of cell shape does not induce any significant
changes in the energy, we believe that the optimization of the atomic coordinates is enough for our
system under study.

To evaluate the adsorption of gases (CO; and H>O) onto the SIFSIX-3-Cu structure, the adsorbate
molecules are placed at random positions, and the structure and electronic energy are relaxed. To
calculate the energy of the isolated gas molecules, the Gaussian smearing is increased to 0.10 eV. In all
calculations, the system size is set equal to the unit cell dimensions (a = b = 6.9186 A, and ¢ = 7.9061
A).27 The adsorption energy (Eaq) is calculated as the difference in the energy of the adsorbate (g)
containing system (Emor-+¢), isolated gas (E), and the SIFSIX-3-Cu MOF systems (Ewmor), as expressed
below:

Ead = EmoF+g - EmoF - Eg (%)

To evaluate the effect of cell shape and volume relaxation on the adsorption energy, the starting
configurations yielding the lowest adsorption energies are re-optimized by allowing full relaxation of
the structural parameters. This also verifies the effect of gas adsorption on the cellular structure of
SIFSIX-3-Cu.

In this work, DFT, GCMC, and MD methods are used to study DAC by SIFSIX-3-Cu. DFT is a
computational method to calculate the electronic structure of atoms, molecules, and solids based on
quantum mechanics. DFT method provides more precise results but can be used only for very small part
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of the system.>> MD and GCMC methods are widely used to simulate larger systems, containing a larger
number of particles. MD technique employs Newton's laws of motion in the simulation of molecules
motion and generates configurations.’® The GCMC method, however, calculates the system properties
by randomly sampling microstates of the system 7.

2.3 Limitations and drawbacks

The accuracy of GCMC simulations depends on the accuracy of the structural and force field data (i.e.,
the LJ and partial atomic charge parameters). Accurate MOF structures can be retrieved from the
crystallographic database. The partial atomic charges and LJ parameters should be extracted from
reliable sources and assigned, carefully. Though Materials Studio contains a list of force field
parameters, it does not include all parameters needed in our simulations. Therefore, the values for
missing parameters should be added to the force field existing in the software, which is a challenging
task. Furthermore, although the adsorption isotherms can be calculated by Materials Studio at high
accuracy, the adsorption kinetics and adsorption extent versus time at constant pressure cannot be
obtained without considerable modification and efforts.

3. Results and Discussion
3.1 Pure adsorption and force field validation

The selection of an appropriate force field stands as a pivotal stage within the realm of MD simulation,
bearing immense significance. To this end, the molecular simulation of pure gases (CO2 and N3) is
meticulously undertaken employing four distinct force fields denoted as Drieding, Polymer Consistent
Force Field (PCFF), Universal Force Field (UFF) and UFF_mod_C>H>-CO,. UFF is particularly selected
because it is a conventional choice and it has been successfully used to simulate several SIFSIX-based
molecular systems, such as the framework of SIFSIX-3-M (M= Zn, Cu and Ni),?! the inorganic building
blocks of SIFSIX-2-Cu’® and SIFSIX-Ni-pyr,> and CO and C;H; adsorption onto SIFSIX-DPA-Cu-i.%°
Subsequently, a comprehensive evaluation is performed by contrasting the obtained results against
experimental data,'® 27-52 as illustrated in Figure 3. The discerning eye quickly perceives the resounding
success of the UFF, which has unambiguously surpassed its counterparts. Particularly in the context of
N> adsorption, the UFF emerges as a paragon of excellence, exhibiting an exemplary degree of
concordance relative to other force fields. Meanwhile, with regards to CO», the focal point of this study
resides in the evaluation of SIFSIX-3-Cu performance in DAC. Consequently, the investigation places
paramount emphasis on the concentration/pressure range encompassing considerably low CO> partial
pressures. Figure 3(a) demonstrates the commendable agreement of the UFF with the experimental data
especially at low CO; partial pressure, where the average error is less than 8%, thus confirming its
superiority once again. Also, the estimated values of the isosteric heat of CO2 (54.3 kJ g'') and N2 (23.1
kJ g'!) adsorption onto SIFSIX-3-Cu are consistent with the reported data. 3132 61-63 Furthermore, our
results indicate no changes in the isosteric heat of CO2 and N> adsorption as the gas uptake increases,
implying that there is only one type of homogeneously dispersed adsorption site for both COz and N». &
31" Thus, the UFF is considered as the undisputable choice, warranting its selection as the prime option
within this domain.
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Figure 3: A comparison of adsorption behavior of pure components onto SIFSIX-3-Cu at 298 K from
GCMC by different force fields based on experimental data: (a) pure CO; and (b) pure No.

3.2 Adsorption isotherm of in CO»/N; systems

After validating the accuracy of the GCMC simulations for the pure components, the adsorption of a
CO2/N> gas mixture containing 400 ppm CO; at various total pressure conditions (0—100 kPa) and
ambient temperature (298 K) is simulated and presented in Figure 4 (a). Furthermore, Figure 4(b)
illustrates the CO» adsorption results for a CO2/N, gas mixture with varying CO concentrations (0.04—
0.5 v%) at constant total pressure 1 bar and ambient temperature (298 K). The simulation outcomes has
an average error of <10% and agree well with the findings reported by Shikhah et al.>” As shown in
Figure 4 (a), CO» adsorbs substantially better than N>, despite N, being the concentrated gas component
(~99.96%) in the mixture. This is because of the strong tendency of the SIFSIX-3-Cu framework towards
CO, adsorption even at low concentrations. Based on the CO; adsorption mode obtained from the DFT
results (Figures 5 and S1), which is in agreement with the adsorption mechanisms reported in Refs. 31,
50, 52, and 63, the tendency of SIFSIX-3-Cu towards CO; adsorption relies on the effective interactions
of CO; with SIFSIX-3-Cu, which helps the CO; molecules to position in the middle of the MOF pores
through electrostatic interaction with the fluorine groups and vdW interactions with the pyrazine rings.
This effect can be explained by a force balance between the repulsion and dispersion interactions of CO>
within the narrow SIFSIX-3-Cu pores (3.54 A) located in adjacent columns, which provide effective
electrostatic interactions for CO, adsorption 3% %6 and orient the CO2 molecules in the center of the
channels.?!> 446 The results suggest SIFSIX-3-Cu to be a promising adsorbent for separating CO> from
CO2/N; gas mixtures even at a very low CO, concentration (such as 400 ppm CO> which is of similar
concentration in the atmosphere).

(a) (b)
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Figure 4: Competitive adsorption results from GCMC simulation for a CO2/N; binary gas mixture (a)
containing 400 ppm CO; at different total pressures and 298K and (b) containing (400 ppm up to 5 v%)
CO: at constant total pressure 1 bar and 298K.
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-106.9 kJ mol

Figure 5: The minimum energy adsorption configurations for H>O/SIFSIX-3-Cu (blue panels) and
COo/SIFSIX-3-Cu (grey panels). The unit cell is duplicated (2x2%2) to show the binding modes more
clearly. The adsorption energies are indicated in the left side panels. All possible H;O and CO
adsorption modes and the corresponding adsorption energies are presented in Figure S1.

The good performance of SIFSIX-3-Cu in selectively separating CO» from N> under the atmospheric
CO> concentration (400 ppm) suggests this adsorbent system for DAC application. However, because of
the presence of water vapor in the atmosphere, the effect of H>O vapor should also be investigated. In
general, most MOFs are vulnerable to H2O vapor because of stability reduction, which decreases the gas
adsorption capacity.®® Another challenge of CO- capture by MOFs in the presence of H>O vapor is that
the MOF can potentially have a higher tendency to adsorb H>O molecules compared to CO» because of
the large dipole moment of the water molecules. Consequently, a lower amount of CO> can be adsorbed,
especially when the relative humidity is high. Therefore, one should investigate the performance of
SIFSIX-3-Cu for adsorption from humid air before concluding the suitability of SIFSIX-3-Cu for
realistic DAC application.

To better understand the main adsorption sites for HoO and CO: in SIFSIX-3-Cu, the density field
distributions of the pure components at saturated loading, obtained from GCMC simulations, are shown
in Figure 6. The colors used in the image denote the energy field value associated with each section. The
blue regions signify high intermolecular interaction energy within the cell, whereas the red regions
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indicate low energy regions. From z-direction view of the supercell (panels of Figure 6 on the left side),
both the adsorbates prefer to adsorb in the center of channels. From the x-direction view (right hand
panels of Figure 6), the locations of the adsorbed molecules become clear. The CO, molecules are
adsorbed near the fluorine groups and coordinate only with one type of adsorption sites, while H.O
molecules have different sites for adsorption. This implies that adsorption capacity of H2O on the
adsorbent is higher compared to CO,. The results are consistent with those in Figures 5 and S1. Due to
the small pore size of SIFSIX-3-Cu, a different behavior for adsorbing of the humid gas mixture is
expected, which will be discussed in the next sections.
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Figure 6: Density distribution field of pure components adsorption in SIFSIX-3-Cu structure: (a)
CO; and (b) H,O.

3.3 Adsorption isotherm model in CO2/N2/H:O systems
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We investigate the effect of HoO on DAC potential with SIFSIX-3-Cu sorbent, using GCMC,
DFT, and adsorption isotherm models. The impact of humidity on carbon capture is studied using
isotherm models for pure and mixture gases. In this study, the experimental data for H,O adsorption ¢
and GCMC adsorption data for pure CO> and N> at 298 K are fitted to two adsorption models, namely,
Langmuir and Sips models. The Langmuir adsorption model provides an explanation for adsorption

under isothermal conditions as given below: ¢’
q kpP (6)

dm 1+ kP

where k represents the adsorption constant; gm introduces the maximum adsorption value; and P is the
pressure. The isotherm equation in Sips model is sometimes called the Langmuir-Freundlich equation in
the literature, because it combines Freundlich and Langmuir equations, as listed below:%

q _ (kP)'" (7
4, 1+(kP)""

where 7 is the exponent term in the Sips model. Langmuir and Sips model parameters for CO2, N», and
H>O adsorption onto SIFSIX-3-Cu are presented in Table 1.

Figure 7 demonstrates a good agreement between the Langmuir model and CO; and N adsorption data,
revealing monolayer adsorption of the pure CO; and N> with no significant interaction between the
adsorbed molecules 3!. Nonetheless, a notable disparity exists between the experimental data reported
by Datta et al. % and the predictions made by the Langmuir model when dealing with the adsorption of
pure H>O on SIFSIX-3-Cu. This indicates the presence of a molecular interaction among the adsorbed
H>O molecules, thereby influencing the quantity of adsorption. The outcomes derived from the Sips
model demonstrate a notable correlation between the model predictions and the adsorption data for H>O,
COz and N». Due to good performance of the Sips model for all three components, we employ this model
to study the adsorption of the ternary mixture on SIFSIX-3-Cu.

Table 1: Parameters of the Langmuir and Sips models for pure N>, CO», and H,O adsorption onto
SIFSIX-3-Cu, at 298 K.

Component Langmuir Parameters Sips Parameters
gm(mmol g') & (kPa’!) R? gm(mmol g'!)  k (kPa'l) n R?
N2 2.320 0.001 0.9979 1.745 0.0021 0974  0.9979
CO, 2.698 25.450 0.9990 2.71 27.2 1.049  0.9997
H,O 9.940 10.677 0.9400 13.76 4.134 2321  0.9875
(a) (b)
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Figure 7: A comparison between equilibrium plots from adsorption data and Langmuir isotherms
for the adsorption of (a) pure CO» and pure N2, and (b) pure H>O onto SIFSIX-3-Cu at 298 K.

To evaluate the adsorption of the gases in their mixture state, we use the extended Sips model, in which
the amount of adsorption in the components from mixture is calculated using the parameters obtained
from the models for the pure gases. The competitive adsorption in the mixture is estimated with the
extended Sips model as follows:®?

dei (kipi)l/n ©
Qm,i 14 2i=1(kip; )1/n

Here, g.; introduces the equilibrium adsorption capacity for component i; p; refers to the equilibrium
fugacity of component i; gm,; stands for the unit adsorption capacity of component i; k; is the Sips
adsorption constant of component i; and n 1s Sips model exponent value. The Sips parameters for CO.,
N2, and H>O adsorption onto SIFSIX-3-Cu are listed in Table 1.

According to the CO; extended Sips isotherms for CO»/N; binary gas mixtures at different CO;
concentrations (see Figure 8), an increase in the CO> concentration promotes its adsorption. The amount
of CO; adsorption at the atmospheric pressure and 298 K for CO»/N, mixtures at 400, 5000, and 10,000
ppm CO; are 1.285, 2.464, and 2.577 mmol g!, respectively. These values are consistent with those
reported by Shekhah et al. 27 (1.24, 2.26 and 2.34 mmol g’!, respectively), confirming the accuracy of
our simulation. In CO»/N; system, N> adsorption is negligible, and increasing the concentration of CO»
increases its adsorption.

14



3.0

10,000 PPM, o o ——6-——9

25 F - o) e/
_o—— o ©
/0/0'9 o © °
o
20 ny 0° 5000 ppm
o

CO, Uptake (mmol/g)

0 20 40 60 80 100
p(kPa)

Figure 8: Extended Sips model results for CO» adsorption onto SIFSIX-3-Cu for a CO2/N; binary gas
mixture at different CO concentration levels and 298 K.

To assess the impact of humidity, the extended Sips model is also applied to the ternary mixtures of
CO2/N2/H20 by simulating the behavior of CO2/N> mixture at 400 ppm CO> and different relative
humidity (RH) levels, 1 atm pressure, and temperature 298 K. The results are provided in Figure 9. It is
found that SIFSIX-3-Cu has a high tendency to adsorb H>O vapor to the extent that CO; adsorption
decreases dramatically in the presence of H>O even at very low RH levels. This is a key finding with
practical implications because air commonly has a significant amount of moisture with a concentration
much higher than CO».

The reduction in the adsorption of CO; and N> with RH is depicted in Figure 9. Figure 9(a) shows the
uptake for all components in the full RH range, while Figure 9(b) presents the CO> and N; uptakes in
the 20-100% range.
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Figure 9: Effect of relative humidity on CO; adsorption onto SIFSIX-3-Cu for a CO2/N, gas mixture
at 400 ppm CO2 and 298 K: (a) full range of RH for all components, and (b) CO> and N> adsorption in
a narrower RH range.

To elucidate the considerable decrease in CO» adsorption caused by the presence of H,O, we utilize our
DFT and GCMC results to compare the adsorption modes and energies of CO» and H»O. Figures 5 and
S1 illustrate that H>O exhibits significantly higher adsorption due to its greater number of plausible
adsorption modes and higher adsorption strength, indicated by lower adsorption energy. While CO»
adsorbs solely at the center of the pores in a balanced manner, as previously mentioned, the potential for
hydrogen bonding in H>O enables it to interact with the SIFSIX-3-Cu framework through five
distinguishable configurations (refer to Figure S1). According to both the DFT (Figure S1) and GCMC
(Figure 6) results, water preferably adsorbs around the center of the pore. The first, second, and third
adsorption configurations with adsorption energies (Eaq) of -79.7 to -83.4 kJ mol! are similar to those
for the CO; adsorption from the perspective that they are stabilized in the middle of the pores. Notably,
the lower is the adsorption energy, the higher is the isosteric heat of adsorption. The associated isosteric
heat of adsorption cannot be directly estimated from the adsorption energies because our DFT
calculations do not include thermal and pressure contributions. These simulations are only aimed to study
the adsorption mechanisms. The slight changes in Eaq in the first three H>O configurations corresponds
to their differences in orientations with respect to the MOF’s framework. When H>O establishes a
stronger hydrogen bond with the fluoride atoms, it adsorbs at a closer distance to the F-Si-Cu axis and
stabilizes more strongly. Therefore, the adsorption energy of the best H>O/SIFSIX-3-Cu configuration
reduces to -106.9 kJ mol’!, which is 39.0 kJ mol! more stable than that of the CO»/SIFSIX-3-Cu
configuration (Figure 5). The higher adsorption efficiency of H>O in competitive adsorption over CO-
facilitates its occupation of the pores. Since the pores of SIFSIX-3-Cu are small (3.54 A),® the presence
of H2O around the center of the pores inhibits CO; adsorption (CO2 and H>O kinetic diameters are equal
to 3.30 A ¢ and 2.7 A, respectively).

Although the difference between the adsorption energies of CO2 and H>O is considerable, we re-evaluate
the adsorption energies and unit cell changes for the lowest energy adsorption configurations by
permitting full SIFSIX-3-Cu framework relaxation. This procedure enables the MOF to re-adjust its
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atomic positions, cell shape, and cell volume; this provides an opportunity to study potential structural
transformations caused by the gas adsorption. As expected, full relaxation of both the gas-free and gas-
MOF structures changes the adsorption energies for HoO and CO»; however, the change is not sufficient
to change the overall adsorption energy trend. For H»O, the adsorption energy changes from -106.9 to -
112.3 kJ mol! after full relaxation. The adsorption energy of CO> increases from -67.9 to -63.3 kJ mol
I, This enhances the difference between the adsorption energies of the two gases. The energy changes
can be attributed to the structural changes in the unit cell of SIFSIX-3-Cu. However, they do not
necessarily indicate any cellular transformations. In fact, the addition of CO; changes the cell parameters
for the fully relaxed SIFSIX-3-Cu froma=b=6.8632 A and c=7.8777 Atoa=b=6.9186 A and c =
7.9061 A, which are exactly equal to the cell parameters of the experimental structure. Indeed, the full
relaxation of SIFSIX-3-Cu in the presence of H>O alters the cell parameters to a = 6.7708 A, b =6.7719
A and ¢ = 7.8206 A. Thus, it is plausible that the cell parameters observed may lack accuracy, as
evidenced by the results in Table S2. Table S2 shows a higher error in the prediction of the cell
parameters after full relaxation of all structural parameters as opposed to the relaxation of only the cell
shape and atomic positions (Table S2).

To further investigate the mechanism of competitive adsorption, the density distribution at RH = 10% is
displayed in Figure 10. The H,O molecules occupy all SIFSIX-Cu-3 channel types, and a small amount
of COz is located only at the adsorption sites close to the fluorine groups. This is consistent with the
adsorption energies and configurations demonstrated by the DFT results, showing higher tendency of
the MOF towards H>O and the higher number of potential configurations for its adsorption.

CO2-Density CO2-Density
4.025¢-1 4.025e-1
3.01%e-1 3.019e-1
2013e-1 2013e-1
1.006e-1

1.006e-1
200 0.000

H20-Density
3263 H20-Density
2447 3.263
1631 2.447
8.157¢-1 1631
0000 8.157e-1

0000
i
(a) z-direction (b) x-direction

Figure 10: Density distribution field for competitive adsorption between H,O and CO> molecules
at RH =10% and 400 ppm CO., 298 K and 1 bar: (a) z-direction and (b) x-direction [Green:
COzand Red: H2O].

3.4 Discussion
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Considering the selectivity of the adsorbent towards dilute CO> in dry CO»/N> mixtures, it is concluded
that STIFSIX-3-Cu is an appropriate option for DAC. % 18 61.63 However, the effect of H>O vapor on CO;
adsorption is neglected in most of the previous studies for this MOF. Indeed, no theoretical studies on
CO; adsorption onto SIFSIX-3-Cu?'-3%°263 has addressed the mechanism of H>O adsorption and the
competition between H,O and CO: for the available adsorption sites. Some cases®*>? have addressed the
selectivity of the MOF towards CO» in competition with some other gases. This study fills the knowledge
gap by conducting molecular simulations on the adsorption of CO2 and H>O simultaneously. The DFT
and GCMC calculations reveal the higher tendency of SIFSIX-3-Cu towards H>O compared to COx.
Particularly, the stronger adsorption energy and higher concentration of H>O relative to CO» prevent
meaningful CO> adsorption under DAC conditions, even at low RH. The MD simulation runs are
conducted to better understand the effect of humidity on CO; adsorption. Because N exhibits negligible
adsorption on SIFSIX-3-Cu at ambient condition, the N> molecules are excluded from the MD
simulation. The MD adsorption results for the various gas mixtures with molar ratios of H>O:CO» (e.g.,
60:30 and 80:10 = 400 ppm) are given in Figures S2 and S3, respectively. Figures S2 and S3 show that
the H>,O and CO; molecules are dispersed in the gas phase at the beginning of the adsorption process for
H>0:C02=60:30 and 80:10 molar ratios. Initially, H>O molecules move towards SIFSIX-3-Cu and enter
the MOF network, while the CO2 molecules are rarely adsorbed in the presence of H>O; they remain in
the gas phase so that a small amount of CO; is adsorbed on SIFSIX-3-Cu. Also, Figures 11(a) and 11(b)
depict the visualized distributions of H,O and CO> molecules in the SIFSIX-3-Cu structure at the final
state of MD for two mixture compositions H>O:CO» equal to 60:30 and 80:10. It follows that the MOF
pores are predominantly occupied by H>O molecules, while CO> molecules are situated in the outer
surfaces of the adsorbent. Furthermore, the number of the adsorbed H>O molecules is substantially
greater than that of the CO; molecules. The visualizations reveals that at a low molar concentration of
COz in the H20:CO,=10:80 (equivalent to 400 ppm and RH of 10%), the number of CO; molecules is
significantly lower than that of H>O molecules, and the adsorption sites are primarily occupied by H»O.
The CO2 molecules migrate to the outer surface of the adsorbent but do not infiltrate the pores. Also, the
kinetic adsorption of H>O:CO; gas mixtures in SIFSIX-3-Cu for H,O:CO,= 60:30 and 80:10 molar ratios
are presented in Figures 11(c) and (d), respectively. It shows that the amount of H>O adsorption is much
higher than that of CO; for both mixtures. These findings align with the DFT-based results, underscoring
the stronger interaction between SIFSIX-3-Cu and H>,O molecules, leading to increased H>O adsorption
compared to CO» adsorption. The combined insights from MD, GCMC, and DFT shed light on the
influence of H,O molecules on CO; adsorption onto SIFSIX-3-Cu. Moreover, these results emphasize
the significant inhibitory effect of H,O on the performance of SIFSIX-3-Cu during the DAC process.
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Figure 11: Final state distribution of H,O and COz molecules in SIFSIX-3-Cu for dynamic
adsorption of gas mixtures with H>O:CO> molar ratios: (a) 60:30 and (b) 80:10; Kinetic of gas
adsorption onto SIFSIX-3-Cu for mixtures H>O:COz: (c¢) 60:30 and (d) 80:10 at 298 K.

Our results disagree with the earlier studies claiming insignificant impact of H>O presence on CO:
adsorption by SIFSIX-3-Cu at 400 ppm CO; concentration level. For instance, Elsaidi et al. 3°
investigated the adsorption of 15:85 CO2:N» flue gas mixtures onto SIFISIX-3-Cu, where relative
humidity (RH) was 50%. They concluded that the presence of H>O does not impact CO» adsorption,
significantly. However, their applied conditions (i.e., CO2:N> = 15:85) were similar to the post-
combustion process, not DAC process (400 ppm CO,). Shekhah et al. investigated CO, adsorption in a
DAC process using breakthrough analysis for a binary CO2:N» (1000 ppm CO» in N2) mixture at 298 K
and RH = 74% in a MOF packed column.?’ Their results were presented up to 2000 min without any
CO2> gas being released from the packed column. It was concluded that the gas is adsorbed by the SIFSIX-
3-Cu. This behavior is not consistent with our results in this study. In fact, our extended Sips model
results for the gas mixtures containing 400, 800, and 100 ppm CO; at RH = 74% and 298 K (Figure 12)
show low CO> adsorption under similar conditions. The outcome of this observation is that CO:
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adsorption takes place in the absence of H>,O vapor and can proceed along the packed bed subsequent to
the water's mass transfer zone.

1.2

CO, Uptake (mmol/g)

0 20 40 60 80 100
p(kPa)

Figure 12: Extended Sips model results for CO2:N> gas mixture including 400, 800, and 1000 ppm CO»
at RH= 74% and T=298 K.

We clarify the discussion on dynamics of the CO; concentration evolution in the packed bed column in
Figure S4. As the gas mixture enters the packed bed, the MOF layer near the entry section selectively
adsorbs H»O vapor, serving as a mass transfer zone for H>O vapor.”? Consequently, the gas exiting this
zone is depleted of H»O, allowing for the adsorption of CO> molecules onto the SIFSIX-3-Cu. However,
the capacity of SIFSIX-3-Cu to retain H>O molecules is limited. As a result, the movement of H,O
through the mass transfer zone leads to a decrease in CO2 adsorption. Despite SIFSIX-3-Cu's ability to
adsorb CO; at low partial pressures, the limited height of packed sorbent can impede its adsorption in
the presence of H2O during DAC. Thus, the evolution of the H2O-saturated MOF zone should be also
considered in the design of DAC systems using SIFSIX-3-Cu. Otherwise, the advancement of H,O-
saturated sorbent interface through the packing height is feasible, inhibiting the SIFSIX-3-Cu to capture
CO; because they are already saturated by the H,O molecules.

4. Conclusions

Direct Air Capture (DAC) by SIFSIX-3-Cu is studied using DFT, MD, and GCMC simulations. The
adsorption isotherms are predicted by UFF-based GCMC calculations. The GCMC simulation results
agree well with the experimental data, in terms of the uptake capacity and the isosteric heat of adsorption.
The estimated values of the isosteric heats of CO> (54.26 kJ g'') and N> (23.12 kJ g'!) adsorption onto
SIFSIX-3-Cu reveal that SIFSIX-3-Cu exhibits a remarkable affinity towards CO> compared to N». Also,
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the GCMC simulations show the ability of SIFSIX-3-Cu to adsorb CO from air at very low CO»
concentrations. According to the DFT results, the adsorption energy of the best HoO/SIFSIX-3-Cu
adsorption mode is -106.9 kJ mol-!, which is 39.0 kJ mol-! more stable than that of the CO»/SIFSIX-3-
Cu adsorption mode. Therefore, H,O molecules adsorb onto the SIFSIX-3-Cu pores more favorably than
COz. Our MD simulation runs also confirm the higher affinity of SIFSIX-3-Cu towards H>O compared
to CO». The DFT results and the density distribution analysis by GCMC reveal that the CO, molecules
adsorb near the fluorine groups and coordinate with only one type of adsorption site, while the H,O
molecules adsorb in various modes. The extended Sips model results indicate a substantial decrease in
the capacity of CO; adsorption at relative humidity (RH) = 20%. Therefore, the design and operation of
any packed bed system using the SIFSIX-3-Cu adsorbent for DAC purposes should consider two
important points that: 1) CO2 can be only adsorbed in the H>O mass transfer zone, and 2) the presence
of H20O vapor decreases the CO» adsorption capacity. The gas and vapor diffusion inside the sorbent
pores is an important phenomenon in CO; capture with MOF and that there are no results reported for
SIFSIX-3-Cu in the literature. Thus, we recommend, as a follow up study, to investigate the diffusion
coefficient of CO» as well as the effect of H,O molecules inside the pores on CO> diffusivity for CO»
capture in the presence of humidity.

Supporting Information

The adsorption modes and energies obtained from DFT simulations, the electronic energy (£) and
geometry of SIFSIX-3-Cu, the calculated and experimental cell parameters, MD results for adsorption
and distribution of gas mixture onto SIFSIX-3-Cu, and H>O-saturated mass transfer zone along packed
bed column.
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