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Design, System, Application

Metal-organic frameworks (MOFs) constitute a class of three-dimensional crystalline
microporous materials that can offer large surface area and specific adsorption sites
that makes them useful candidates for the energy-efficient adsorptive separation of
gas mixtures, such as the biogas purification. Using a hierarchical screening process,
we start from 5109 candidate MOFs, remove 1710 structures based on geometric
criteria and type of metal node, use simulations for adsorption of binary mixtures
CH4/(CO2 or N2 or H2S or NH3) onto 3399 structures and simulations for five-
component mixtures to find a potentially top-performing MOF structure based on
selectivity, working capacity, and regenerability.
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Abstract

Biogas, which involves methane as the combustible compound, is an abundant and renewable
energy resource that produces less harmful gases than conventional fossil-based liquid and solid
energy sources. Although biogas is of primary interest due to its methane content, it may also
include other gases, such as CO,, N,, H,S, and NHj. Studies investigating biogas purification
often assume that biogas is a binary 50%/50% mixture of methane and carbon dioxide. However,
together with N,, the toxic contaminants, H,S and NHj should be accounted for in the biogas
mixture for a more realistic separation application. In this study, the computation-ready
experimental metal-organic framework (CoRE-MOF) database is screened to identify a shortlist
of potentially high-performing MOFs for multi-component biogas purification. Our hierarchical
screening process involves (i) removal of MOFs with sub-3 A pore limiting diameter and
uncommon metal nodes, (ii) removal of MOFs that do not selectively capture the four undesired
compounds, as determined from grand canonical Monte Carlo (GCMC) simulations for the
binary mixtures of CH4/(CO,; or N, or H,S or NHj3), and (iii) ranking of the remaining structures
based on various performance metrics determined from GCMC for a five-component mixture.
Finally, the relations between some of these metrics and structural properties are discussed to
reveal favorable structural characteristics for biogas upgrading.

Design, System, Application

Metal-organic frameworks (MOFs) constitute a class of three-dimensional crystalline
microporous materials that can offer large surface area and specific adsorption sites that makes
them useful candidates for the energy-efficient adsorptive separation of gas mixtures, such as the
biogas purification. Using a hierarchical screening process, we start from 5109 candidate MOFs,
remove 1710 structures based on geometric criteria and type of metal node, use simulations for
adsorption of binary mixtures CH4/(CO, or N, or H,S or NHj;) onto 3399 structures and
simulations for five-component mixtures to find a potentially top-performing MOF structure
based on selectivity, working capacity, and regenerability.
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1 Introduction

Renewable energy sources have gained more importance as the consumption rate of fossil fuels
has increased substantially since the industrial revolution. Biogas is one of the popular options in
the renewable energy field since it can be produced in large quantities.! Biogas is generated from
anaerobic degradation by microorganisms of biomass,>* whose sources are landfills, industrial
wastewater, household waste, animal waste, and crop residues. It is a multicomponent gas
mixture produced at atmospheric pressure principally composed of CH4 and CO,, with many
other contaminants such as N,, NH3, H,S, H,O, and others.>> The composition of the biogas
depends on the biomass source, however, typically, methane makes up about half to three
quarters (by mole fraction) of the un-purified biogas while the remainder is dominated by CO,
with some other contaminant gases.® Through combustion, biogas can be converted into heat or
electricity. Biomethane derived from biogas can also be used in the biogas fuel cells and steam
reforming of methane to generate hydrogen.? For all of these applications, biogas needs to be
purified (95+% purity methane with only trace amounts of H,S) before it can be transported by
pipelines or stored in gas tanks.”®

Compared to coal and petroleum, methane is a cleaner energy resource as its combustion results
in less CO, per energy unit.>? Obtaining pure methane from biogas (upgrading biogas) is a
crucial target since the contaminants in the biogas do not only mitigate the heating value but also
can lead to corrosion in the equipments and pipelines that are used to store/transport biogas.’ For
example, H,S can pose corrosion threat to equipment since it can convert into corrosive and
hazardous chemicals (i.e. SO,, H,SO,).”-!% In addition, H,S is highly toxic and causes adverse
health effects after prolonged exposure at concentrations above 10 ppm.'! For fuel cell
applications, removal of H,S to 0.1 — 10 ppmv is critical.'® NH; is also a toxic gas hazardous to
human health and environment in small concentrations with a permitted exposure limit as low as
25 ppm.'?

The biogas upgrading can help reduce the emissions of CO, and CH,4 into the atmosphere which
are two of the principal sources for the greenhouse gas effect.’* Although CH, emissions are
lower than CO, emissions, CH4 has much larger greenhouse warming potential than CO, per unit
volume.513-15 Also, separation of purified CO, from biogas would enable using it for various
chemicals processes.'® Today, many gas separations, including C,H¢/CH,'7, CH4/N,'7,
CO,/CH4'3, are performed using cryogenic distillation, which is a very energy intensive process
especially for low and medium scale separations.!® There are several processes that are an
alternative to cryogenic distillation, such as absorption, adsorption, and membrane separation.*
Among these, adsorption can be an economical separation technique when an effective adsorbent
is utilized for gas separation. Adsorption techniques, such as pressure swing adsorption (PSA)
and vacuum swing adsorption (VSA), have drawn attention due to their relative ease of
operation, and low investment cost.!3-?02! Many previous studies assumed biogas to be a binary
(50%/50%) mixture of CH4 and CO, and material performances are tested accordingly. For
example, zeolite 13X and 5A are used at such conditions and they are demonstrated to be
effective materials for CO,/CH,4 separation.?>>3 Santos et al.* have designed a two-column PSA
process using zeolite 13X at 7= 323 K and predicted that biogas can be effectively separated
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with a methane purity of 99.2%. Jiang et al.?> simulated the CO,/CH, separation performance of
zeolites NaUSY, APGI, LiX, and activated carbon using a VSA process for a biogas mixture of
50% CO,, 50% CH, and ranked the best materials in the order of NaUSY > APGI > LiX >
activated carbon. Using NaUSY, their process predicted to generate a methane stream with
purity higher than 98% at 20 kPa vacuum pressure.

Compared to zeolites, metal-organic frameworks (MOFs) constitute a relatively new class of
materials. They are nanoporous, crystalline structures that have attracted immense attention
especially in the last two decades due to their advantageous structural features, namely high
surface area, pore volume, chemical versatility, and functionalization opportunities.?62® As the
name implies, MOFs are principally composed of two moieties, a metal node and an organic
linker. Since there are many possible metal nodes, organic linkers, and network topologies, the
number of MOF structures that can be formed through different combinations of these two
building blocks is almost limitless.?® The numbers of MOFs synthesized or predicted by
computational means are growing rapidly, and there are several MOF databases collecting large
number of structures.?*3! Many experimental and theoretical studies have explored MOFs for
gas storage, gas- and liquid-phase separations’?734, catalysis*>>7, and sensing.’®3° There have
been many experimental and theoretical studies relevant to biogas upgrading some of which are
outlined below.

Pal et al.** examined the CO,/CH4/N, separation performance of a Co-MOF, IITKGP-6, by
measuring adsorption isotherms and observed the strength of gas affinity in the order of CO, >
CH,4 > N,. Using ideal adsorbed solution theory (IAST)*!, they determined high CO,/N, (15% /
85 % bulk gas composition) and CO,/CHy4 (50% / 50 % bulk gas composition) selectivities of 51
and 36, respectively, at 7= 273 K and P = 100 kPa. Cavenati et al.*> measured CO, and CHy
uptake in Cu-BTC at 7= 303, 323, and 373 K and determined a CO,/CHy, selectivity in the range
of 4-6 at T = 303 K and for P = 0-4 bar, where the selectivity was found to decrease as the
pressure increases. They suggested Cu-BTC as an adsorbent for a VSA process to upgrade
biogas. Ferreira et al.** investigated the purification of methane using MIL-53 (Al) and
determined a CO,/CHy, selectivity of 4.1 at 7 = 303 K for the pressure range of 0.1 — 3.5 bar
through fixed-bed experiments suggesting it be used in a PSA process. Their designed PSA
process for biogas upgrading predicts CH4 and CO, purities as 99.4% and 95.4%, respectively.

Xiang et al.'® studied the separation performance of UTSA-16 for CO,/CH, (50% / 50%) under
ambient conditions. Their IAST#! calculations showed that UTSA-16 can perform better than
many other materials reported in the literature including Cu-BTC, MIL-101, MFI, in terms of
CO,/CHy selectivity, however, they predict lower selectivity for UTSA-16 compared to JBW,
Mg-MOF-74, and NaX. Nugent et al.** reported the CO,/CHj selectivities (using IAST) at 7 =
298 K and P = 1 bar of 5.3, 33, and 231 for SIFSIX-2-Cu, SIFSIX-2-Cu-i, and SIFSIX-3-Zn,
respectively, where the latter selectivity is higher than CO,/CHy4 IAST selectivity for Mg-MOF-
74 (137), and zeolite 13X (103).#4

Wilmer et al.*3 screened more than 130,000 hypothetical MOFs to investigate CO,/CH, (50% /
50%) separation using grand canonical Monte Carlo (GCMC) simulations at 7 = 298 K and
various pressures for three different scenarios, namely natural gas purification with PSA, landfill
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gas separation with either PSA or VSA. For the separation of landfill gas using VSA, they found
that MOFs with small pores and high CO, heat of adsorption are ideal while carrying out the
same separation using PSA would favor larger pore sizes. Alsmail et al.*¢ studied the CO, and
CH,; adsorption characteristics of a Cu-MOF, NOTT-125a, both experimentally and
theoretically. Using a customized force field for the framework to describe CO, adsorption, the
GCMC simulations predicted excellent corroboration with experimental data. Similarly,
describing the framework atoms with the DREIDING force field, the simulations yielded
excellent agreement with the experimental data for CH, adsorption. NOTT-125a offers a
satisfactory CO,/CHj selectivity of 9.2 at 7= 273 K and of 4.8 at 298 K. Zhang et al.*’ studied
CO,, N; and CH4 adsorption/separation in Cu-TDPAT using GCMC simulations where the
framework atoms were described by a combination of OPLS-AA and UFF parameters. Their
GCMC simulations for binary mixtures (CO,/CH4 and CO,/N,) showed good agreement with
IAST predictions which anticipate CO,/CH; and CO,/N, selectivities of 15-30 and 80-120,
respectively, at 7= 298 K in the pressure range of 0-1 atm for 50%/50% bulk gases. Borges et
al.*® utilized generic force fields in GCMC simulations to determine the CO,/CH4 and CO,/N,
separation performance of MIL-160. Firstly, they computed the single-component adsorption
isotherm for CO,, CHy, and N, at 7= 303 K and observed good agreement of GCMC predictions
with the experiments. Simulating the separation of binary mixtures of CO,/CH,4 (50%/50%) and
CO,/N; (15%/85%) at P = 1 bar, strong preferences for CO, over CH4 and N, were found with
CO,/CH4 and CO,/N, selectivities of 10 and 35, respectively. By performing coadsorption
experiments at relevant conditions, they determined similar selectivities as the GCMC
predictions. Bae et al.#’ simulated CO, and CH, adsorption at 7 = 296 K in Zn,(NDC),(DPNI)
using GCMC with generic force field parameters. Their binary GCMC simulations showed the
CO,/CHj selectivity to be in the range of 6-15 for the pressure range of 0-20 bar.

In this work, we use binary and five-component GCMC simulations to evaluate the performance
of the structures in the computation-ready experimental metal-organic framework (CoRE-MOF)
database for biogas separation using a VSA process. Recently, adsorption of binary and four- and
five-component mixtures was used to assess the performance of zeolites for natural gas
sweetening>’>!. The current study utilizes a three-step hierarchical screening process involving
an initial selection of CoRE MOFs based on the pore-limiting diameter and type of metal node,
followed by evaluation of the performance for binary gas mixtures, and culminating in five-
component (50% CHy, 45% CO,, 3% N,, 1% H,S, and 1% NH;) GCMC simulations to identify
high-performing MOFs for biogas upgrading using more realistic gas mixture conditions.

2 Computational methods

The CoRE-MOF database 2014 includes 5,109 structures.’! To designate the operations
performed on the experimentally determined structures during the process used to achieve input
structures for molecular simulations, Chung et al.3! have added suffixes to the reference codes of
the CoRE MOFs. The suffixes appearing in our list of materials are explained as follows: “clean”
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is utilized for structures where both free and bound solvent molecules are removed from the
experimentally determined crystal structure; “manual” denotes manual modification performed
for non-ionic species; “ion_b” is a label for ion-involving structures which have been manually
modified; “charged” designates structures where besides the connected framework, the algorithm
detects charged ionic species as separate molecules. The full list of these suffixes are available in
the Supporting Information of Chung et al.3!

The porous domains of these structures are characterized by several structural features such as
the pore limiting diameter (PLD), the largest cavity diameter (LCD), the global cavity diameter
(GCD), surface area, and probe occupiable pore volume. PLD defines the maximum size of a
sphere that can percolate through a structure without overlapping any framework atoms.>2-3
LCD is the biggest pore opening along the percolating pore network.>> GCD is the largest cavity
that can be located in the framework.>* Note that for a structure with multiple porous domains,
GCD and LCD can be of different sizes.>> The surface area and probe occupiable pore volume of
a porous structure is determined by using Monte Carlo sampling as described in more detail in
the literature.’%>7 All of these structural features are obtained by the Zeo++ code’® using a probe
diameter of 3.0 A, where Zeo++ creates a graph representation of the porous space using
Voronoi network to acquire pore characteristics.

To eliminate MOFs where diffusional limitations are highly expected, only CoRE MOFs that
possess a pore limiting diameter (PLD) larger than 3 A are selected. Although the kinetic
diameter of CH,, the largest of the five components, is 3.8 A, a more conservative value is used
for this initial screen to account for the flexibility of MOFs. We find 4162 MOFs with PLD > 3
A. MOFs containing atom types that do not have sufficient ionization potential or electron
affinity data in the EQeq code’® are also discarded (759 structures of the 4162 MOFs passing the
first screening step). Four additional MOFs (JACQUA charged, SETTAO clean,
SENWEP clean, and XACYAB _clean) structures are excluded as well since some of the atoms
in those structures are too close to each other. Thus, in the first step of the screening, 1710
structures (33%) are eliminated.

In the second step, the remaining 3399 CoRE MOF structures are screened based on selectivity
for four binary mixtures (CH4/N,, CH4/CO,, CH4/H,S, and CH4/NH;) using an equimolar
composition at 7= 298 K and P = 1 bar. To this extent, we carry out short GCMC simulations
consisting of a total of 5,000 cycles (where 1 cycle = max (20, N) Monte Carlo steps with N
being the maximum number of adsorbed molecules) that are split equally into equilibration and
production periods. The adsorption results from this initial screening are collected, and 153 MOF
structures that are selective towards all four contaminants (i.e., Sx/cu 2 1 where X = N,, CO,,

H,S, and NH;) over methane, are chosen for the third screening stage. It is noteworthy that by
following our hierarchical screening approach, it has been made possible to downsize the list of
materials to only 3% of the initial list which is subsequently employed in the computationally
most demanding stage of our screening study, five-component GCMC simulations, as discussed
below.

In the third screening stage, GCMC simulations for these 153 structures are carried out using a
five-component gas mixture (50% CHy, 45% CO,, 3% N,, 1% H,S, and 1% NHj) at 7= 298 K

5
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and adsorption and desorption pressures of 1 and 0.1 bar, respectively. Applying the same
composition for adsorption and desorption corresponds to utilizing an infinite amount of feed
gas. This is a simplification that streamlines the workflow and greatly reduces computational
cost, but other computational studies have considered the desorption process in more detail®.
These GCMC simulations are run for a total of 60,000 cycles separated into 10,000 equilibration
and 50,000 production periods. For 9 MOFs (COYTIU clean, DAPXID ion b,
EGELUYO0I manual, GUPJEGO1 clean, JOSNAG clean, JOSNAGO1 clean, MEJZIM _clean,
NISBEX clean, and SAKNOIJ clean), the simulation cycles have been doubled to reduce the
statistical uncertainties in the adsorbate loadings. It has been observed that in many MOFs either
CO, or NH; dominantly adsorbs over other gas molecules resulting in poor statistics for the
weakly adsorbing species. Out of 153 MOFs, only 40 MOFs are analyzed in detail because the
relative standard deviations for CH4, CO,, H,S, and NHj; loadings are less than 10%, whereas the
standard deviations are larger for N, because it does not adsorb in sufficient amounts. The
computational resources required for the 153 longer GCMC simulations for the five-component
gas mixture is about 20% of the resources required for the 13596 shorter GCMC simulations for
binary mixtures; that is, using the hierarchical screening approach requires a significantly smaller
effort.

The GCMC simulations utilize the RASPA software.®® Translation, rotation, insertion/deletion,
reinsertion (where an existing adsorbate molecule is reinserted independent of its current location
in the framework), and molecule identity exchange moves are allowed with equal probability.
The chemical potential values for the gas molecules are calculated using the Peng-Robinson
equation of state with parameters from experimental values of the critical temperature, critical
pressure, and acentric factor.®® The unit cells of the MOFs are replicated to yield a supercell for
the simulations that is sufficiently large to encompass a sphere with a diameter of 24 A. Sorbate-
sorbate and sorbate-framework interactions are described through Lennard-Jones (LJ) potential
with a spherical potential truncation at 12 A without tail-correction and the Coulomb potential
using Ewald summation with 10 relative precision. The partial charges for the MOF atoms are
determined using the EQeq method and framework atom LJ parameters are taken from the
universal force field (UFF)®'. EQeq is a semi-empirical charge equilibration method derived to
estimate partial charges of atoms using ad hoc parameters.”® As it does not require electronic
structure calculations, the partial charges can be estimated swiftly. The TraPPE models are used
for CHy4,%% N,,0 CO,,% H,S,% and NH3.% Throughout the GCMC simulations, the framework
atom positions are kept fixed because specialized force fields are needed to govern framework
motion (that are not available for the overwhelming majority of the 3399 structures used in
simulations) and sampling these vibrational degrees of freedom adds significantly to the
computational expense.

The performance of the MOFs is evaluated using several metrics, namely gas uptake at
adsorption conditions (Q*® in units of mol/kg), selectivity (S), working capacity (AQ in units of
mol/kg), and regenerability (R). Selectivity is a metric to assess how effective the separation is,
which is defined as
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Sy =
2 xly, (1)

where x; denotes the adsorbed number of molecules of species 1 per unit cell at the adsorption
pressure, and y4 is the mole fraction of species 1 in the bulk gas phase. Working capacity is the
amount of gas that can be removed from the material in the VSA process and it is calculated as

AQ; = Q1% — @fes (2)

where Q¢ is the adsorbed gas amount of species 1 at the desorption pressure. Regenerability

denotes the percentage of gas that can be recovered from the material during a VSA cycle and is
determined as

AQq

ads
1

R= x 100 3)
Kohn-Sham density functional theory (DFT) optimizations are carried out in the Vienna Ab
Initio Simulation Package (VASP®67) using PBE-D3 (BJ).5%-70 These calculations employ 500
eV kinetic energy cutoff using I'-point sampling. During the optimizations, only atomic positions
are relaxed with the energy and force convergence criteria of 105 eV and 0.03 eV/A,
respectively.

3 Results and discussion

Since the aim of biogas separation is obtaining methane to be used in various applications,
ideally, the adsorbent(s) should be able to separate all contaminants from methane. To reduce the
separation cost, it would be preferred to have a single material that can purify methane in a single
stage rather than using multiple adsorbents in multiple stages. Also, a good adsorbent should
possess a high working capacity and regenerability for efficient separation. In this work, the
feasibility of CoRE MOFs for efficient biogas upgrading is investigated using GCMC
simulations at two levels.

The binary selectivities for equimolar mixtures of CO,/CHy, N,/CH,4, H,S/CH,4, and NH5/CH,4 are
depicted in Figure 1. Materials that do not adsorb any CH4 molecules have infinite selectivity by
definition and they are not plotted, but are included in the set of promising materials. Most of the
CoRE MOFs are predicted to have a modest CO,/CH, selectivity of 1-10, but there are some
MOFs that exhibit very high selectivity (> 103). A large fraction of the CORE MOF structures
contains undercoordinated metal sites that can act as strong and specific adsorption sites for
specific guest molecules. However, it is well understood that the UFF force field does not
capture these specific interactions and tailored force fields or more expensive approaches to treat
the interactions are required.”’”7# Selectivities for CO, over CH, greater than 10° are not
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expected to arise solely because of favorable first-order electrostatic interactions of CO, with the
framework but are likely more attributable to size exclusion of the larger-diameter CHy4
molecule. The LJ diameter of the united-atom methane model is 3.73 A compared to a value of
only 3.05 A for the oxygen site in the CO, model. It has been reported earlier’s that, generally,
N, uptake of materials is lower than CH, and most of the CoORE MOFs are found to behave
similarly in the binary GCMC calculations with a N,/CH, selectivity in the range 0.1-1 is
observed with the highest frequency. As can be seen in Figure 1, only a minor fraction of CoRE
MOFs prefers N, over CHy. Again, size exclusion (the LJ diameter of the nitrogen site in the N,
model is 3.31 A) is likely the reason for any MOF yielding N,/CH, selectivity greater than unity
when the simulations are carried out with molecular mechanics force fields. For the H,S
separation from CHy, all the MOFs investigated here are found to be selective towards H,S, and
H,S/CH, selectivities in the range of 10-100 are most prevalent. The TraPPE H,S model includes
LJ sites on sulfur and hydrogen atoms, but the combined size in the two directions perpendicular
to its dipole vector is similar to CHy; thus, inverse selectivity due to methane’s size is not
observed. The NH3/CHy selectivity varies by several orders of magnitude depending on the MOF
and, dominantly, it is predicted to be between 1 and 100. The LJ diameter and well depth of the
N site in the NH3; model are 8% smaller and 25% larger than those of CH,4, and size exclusion
likely plays a large role for any of the more extreme selectivities (> 103).
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Figure 1. Distributions of selectivities for contaminants over methane calculated from binary
GCMC simulations for equimolar mixtures.

The screening approach is based on working on a smaller but promising subset of MOFs in the
more realistic five-component biogas mixture based on the binary GCMC data. These more
complex simulations allow incorporating the effects of competitive adsorption of all gases that is
absent in the binary GCMC simulations typically done for biogas upgrading. To this end, 153
MOFs which show preferential adsorption for contaminants (selectivity larger than 1 for each of
the four contaminants) in the binary GCMC simulations are selected for the five-component
GCMC simulations where the sorbate loadings are calculated both at 0.1 bar (desorption
pressure) and 1 bar (adsorption pressure) at 7 = 298 K. In Figure 2, selectivity data obtained
from the five-component GCMC simulations are plotted with respect to working capacity and
colored according to regenerability, where each circle represents one of the 40 MOFs for which
loadings with sufficient precision could be obtained for all five components. Numerical values

9
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Figure 2. The correlation between selectivity, working capacity, and regenerability.

are provided in Tables S1-S3 in the Supporting Information. (As visual examples, adsorption
loadings from binary and five-component GCMC simulations are shown for four MOFs in
Figures S1 and S2.). For the CO,/CH, separation, there are MOFs which can highly selectively
capture CO, over CHy (i.e., selectivity > 10%) with a large range of CO, regenerability and
working capacity. In a typical selectivity versus working capacity plot, the best materials would
ideally stand near the upper-right corner. For CO, separation from biogas, there are CoORE MOFs
which can have high working capacity (i.e. 2 mol/kg) with a modest CO,/CHy4 selectivity (10 to
100). Likewise, if selectivity is considered more significant for a particular application, a CoRE
MOF with a selectivity of 100 to 300 can be selected that would have CO, working capacity
around 1 to 1.8 mol’kg with medium-high regenerability (66-84%). However, we do not observe
any material that exhibits both high working capacity (>2 mol/kg) and selectivity (>10?) for CO,.
Because of the competitive adsorption that N, experiences with the strongly adsorbed
components, it can be seen that N, working capacities are very low (practically zero) and all but
two structures (GUPJEGO clean and IRISADO1 charged) yield N,/CH, selectivities less than 1.
Thus, none of the MOFs can effectively capture N, from the simulated five-component gas
mixture. This shows the importance of using realistic gas mixtures rather than binary gas
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mixtures where N; is able to adsorb into smaller pores not accessible to CH,4 but gets displaced
by the stronger adsorbing CO, and NHj3 molecules that can also access these smaller pores. In
comparison to Ny, H,S working capacities are larger (up to ~0.4 mol/kg). However, many of the
highly selective (>10%) MOFs have small working capacities (<0.1 mol/kg) showing the
compromise between selectivity and working capacity. The best MOFs in terms of both high
selectivity and high working capacity are EGELUYOl1 manual, QONQEQ manual, and
ARUYES clean with H,S/CH, selectivities of 1100, 920, and 760, respectively, and H,S
working capacities of 0.31, 0.30, and 0.36 mol/kg, respectively. However, these MOFs have
relatively low H,S regenerability values of 22, 24, and 43%, respectively. This trade-off is
expected because high selectivity requires very favorable adsorption sites, but desorption from
these sites requires very low pressure. For selective NH; capture, there are MOFs with very large
NH;/CH, selectivity (>10%) with NH; working capacities typically less than 2.6 mol/kg. The
drawback of these MOFs is their very low NHj regenerability, mostly less than 20%. On the
other hand, MOFs that can provide high NH; regenerability (>75%) show considerably lower
NH;/CHy selectivity (<10%). Among all MOFs, the three highest NH; working capacities (2.5,
1.9, and 1.7 mol/kg) belong to ZUQVOW _charged, QONQEQ manual, and GIQYEL clean,
respectively.
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Figure 3. The correlation between selectivity, surface area, and void fraction.
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In Figure 3, the selectivity data are plotted as function of surface area and colored according to
void fraction. Numerical values for the pore characterization are provided in Table S4. MOFs
that have very high CO,/CH, selectivity (>10?) have relatively low void fractions (0.18-0.40).
Concomitantly with their low void fractions, these MOFs possess low surface areas (284-825
m?/g) which is not favorable for separation performance. MOF surface areas of the selective
structures are mostly less than 1000 m?/g while there are selective MOFs which have larger
surface areas (>2000 m?/g). It can also be seen that N, selective MOFs have very low surface
areas (<500 m?/g) which is another reason indicating that MOFs without special consideration
for dative bonding to open metal sites’® may not be effective at separating N, from biogas. Most
of the H,S selective MOFs possess medium surface areas around 1000 m?/g while one MOF
(ZUQVOW _charged) is found that is both highly H,S selective and have high surface area
(selectivity >102, surface area 3308 m?/g). Similar to CO,, many MOFs can have very high
NH3/CH,4 selectivity, but the correlation with surface are is weaker in this case than for the
CO,/CHj, selectivity. Some MOFs possess both high NH3/CH, selectivity (10° - 10%) and high
surface area (>2000 m?/g).
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Figure 4. The correlation between selectivity and pore characteristics: PLD and pore bumpiness
(=LCD —PLD).

One of the crucial properties of microporous structures is the PLD provides information about
likely diffusional constraints. In Figure 4, the relation between selectivity, PLD, and pore
bumpiness’’ is depicted. One important factor that Figure 4 reveals is that MOFs that possess
high CO,/CHj, selectivity have a very narrow PLD (<4 A) that leads to selectivity via size
exclusion. Around PLD values of 3-4 A, the CO,/CH, selectivity drops drastically. Clearly,
molecular sieving plays an important role for the biogas mixture as highly selective materials
generally have a low PLD and a small LCD-PLD difference. A similar behavior is seen for
N,/CH, selectivity around 3 - 4 A. For the H,S/CH,4 separation, MOFs with small pores can have
highly varying performance where selectivity can be between 20 - 2 X 103, but H,S is most
similar in size to CHy4 and sieving is not expected to play a significant role for this pair. Similar
performance variance can be seen for NH3/CH, separation at low values of the PLD.

Although we do not find any MOF that can simultaneously capture all contaminants effectively
due to the low N, selectivity and working capacity, there are MOFs that can separate multiple
species from a multi-component mixture of biogas with high selectivity. It should be noted that
N is vastly more benign than the other three contaminants, but the low critical temperatures of
CH,4 and N, lead to a high energy demand for cryogenic distillation. To identify potentially high-
performing structures for the biogas purification, the following criteria have been chosen to rank
the 40 MOFs: (i) by the product of the selectivities for CO,, H,S, and NH; over CH4 where the
unweighted product reflects the higher toxicity of H,S and NHj, (ii) by the weighted sum of
working capacities, i.e., |0XWCco, + WCyps + WCnp3; where the weighted sum accounts for the
larger amount of CO, that needs to be removed; and (iii) by the sum of the regenerability
rankings (except for N,) following the first-place convention (see Tables S5-S7 for the ranked
lists).

Figure 5 shows a Venn diagram for the top-20 CoRE MOFs found using each of the three
criteria. It should be noted that HEDBEZ clean, and PEJMOI clean do not make it into any of
the three top-20 MOF lists, while the other 38 MOFs are found in at least one of those lists.
ZUQVOW charged, WASTUG clean, and JOSNAG clean are the three MOFs that are present
in all three top-20 CoRE MOF lists. There are 3 (12) common CoRE MOFs that have high
performance based on the regenerability rankings and the product of the selectivities (working
capacity criterion) but not working capacity criterion (the product of the selectivities). Similarly,
1 CoRE MOF is found that performs well based on the intersection of selectivity and working
capacity criteria excluding the regenerability criterion. Lastly, there are 13/4/2 top CoRE MOFs
identified using selectivity/working capacity/regenerability criterion that are not found in other
lists of top performing materials.
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R criterion S criterion

WC criterion

Figure 5. Venn diagram showing the 20 high-performing CoRE MOFs selected based on three
criteria: selectivity (product of three selectivities), working capacity (weighted sum of three
working capacities), and regenerability (sum of three regenerability rankings).

The selected top-3 MOFs (ZUQVOW _charged, WASTUG clean, and JOSNAG clean) have
high selectivities and moderately high working capacities. However, as it can be noticed from
Table S3, their main shortcoming is the relatively low regenerability for NH;. Low regenerability
results from the loading at the adsorption pressure falling outside of the linear Henry’s law
regime (i.e., being near saturation of the strong adsorption sites where a decrease in partial
pressure by a given factor is not accompanied by a similar decrease in the loading).

Since the CoRE-MOF database is prepared by batch processing experimentally reported
structures through structure cleaning codes, there could be cases where the cleaning procedure
might be too aggressive resulting in unstable structures. To evaluate the reliability of the
cleaning procedures for the top-performing CoRE MOFs, we check for agreement of the MOF
composition and mechanical stability of the unit cell via optimization using periodic DFT
calculations. First, the structural formulas of CoRE MOFs are compared with their
experimentally reported counterparts. For the ZUQVOW charged structure, it is found that the
cleaning procedure leads to PFg moieties rather than the PF units observed experimentally. This
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change in the chemical formula suggest a problem with the automated cleaning process; thus, its
DFT optimization is not attempted. The experimentally reported WASTUG structure lacks
hydrogens on bridging oxygens which were not added during the cleaning process for the CoRE-
MOF database, preventing charge neutrality. Therefore, the WASTUG _clean structure is also not
suitable for DFT optimizations. On the other hand, the difference between the chemical formula
of the unit cell in the CoRE-MOF database and that observed experimentally for JOSNAG
({[Lay(ad)3(H,0)4]-6H,0},, ad = adipato; C¢HgO,*) is the hydration water molecules. DFT
optimization is performed for JOSNAG clean assuming singlet spin state. As can be seen from
the data in Table 1, the optimized JOSNAG clean structure has slightly (by about 3%)
contracted pore diameters resulting in 9% smaller pore volume and void fraction compared to the
unoptimized JOSNAG _clean structure. However, the surface area is reduced by 16% indicating a
smoothening of the pore walls. Although diffusional properties are not in the scope of this study,
for an actual gas separation process, diffusional limitations can play a significant role. Due to the
small pore sizes in the JOSNAG_clean structure, diffusional limitations may arise for some of
the undesired components of the biogas mixture (CO,, N,, and H,S).

Table 1. Properties of pore space of top two MOFs

Surface ) Pore
MOF (igi) PLD (A) | LCD (A) Area Fr\;(c)glon Volume
(m?*/g) (cm3/g)
Initial
JOSNAG clean 4.32 3.48 4.27 783.6 0.308 0.206
Optimized
JOSNAG clean 4.25 3.30 4.20 676.8 0.283 0.189

GCD = Global Cavity Diameter, PLD = Pore Limiting Diameter, LCD = Largest Cavity Diameter

We note that JOSNAG contains La as metal node. The EQeq method predicts partial charges of
these La nodes as 1.936 |e| for JOSNAG. DDEC charges’®? for the La nodes are of similar
magnitude (1.942 |e| in the JOSNAG clean structure taken directly from the CoRE-MOF
database, and 1.902 |e| in the DFT-optimized JOSNAG clean structure). Thus, complete
activation of this MOF involving removal of hydration water bound to the La nodes may prove
challenging. In fact, the original synthesis paper pertaining to JOSNAG structure reports a
partially dehydrated form of JOSNAG ([Lay(ad);(H,0O);],) to have very low surface area (8
m?/g).8° However, more recently, new activation methods have been introduced which can
greatly improve the pore volume and surface area of the structures as they can prevent structural
collapse.®! Thus, we believe that revisiting activation of JOSNAG with these new methods bears
potential as it can result in a highly porous material providing new opportunities for biogas
purification.

There are some limitations to the type of high-throughput screening carried out in this work.
Although generic force fields allow for expediently predicting the adsorption in materials with
diverse chemical nature, it has been shown earlier that the generic force fields may fail to
describe the adsorbate-framework interactions accurately for the systems with not only open
metal sites but also closed metal sites.”!#> Tailored force fields or first principles simulations
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would be needed for materials with very strong guest-host interactions. Similarly, treating the
MOF structures as rigid is an approximation made for computational efficiency. There have been
numerous previous works where it has been shown that utilizing rigid framework structures in
GCMC simulations can lead to satisfactory agreement with experiments.®>3* However, the
extent of MOF flexibility can vary widely depending on the MOF framework and, for some
systems, the framework flexibility can result in considerable differences in the
adsorption/separation properties.®> As it has been shown by hybrid Monte Carlo/Molecular
Dynamics simulations®®#7, when the flexibility of the frameworks is accounted for, different pore
characteristics can also be observed with/without the presence of adsorbate in the pores.
Developing tailored force fields and/or accounting for structural flexibility in all parts of the
screening would very significantly add to the computational expense.

The aim of this work is to determine candidate MOFs that are more likely to be effective for
biogas purification rather than to identify the most optimal MOFs. Our candidate MOF
suggestions should be seen as a guidance for further experimental and/or theoretical work to
accelerate materials discovery by focusing on a shortlist of materials among thousands of
candidates.

Finally, it should be noted that although, in this study, water is not involved in the biogas
mixture, water can be present at small concentrations in actual biogas mixtures. Water can
interact strongly with the framework through hydrogen bonding or through chemisorption with
undercoordinated metal modes and compete against the other contaminants. Thus, its potential
presence in the biogas mixture may lead to considerable decrease in the separation performance.
It has been recently reported by Fetisov et al.”* and Daglar et al.?® that, in the case of CO,/N,
separation, the presence of water even at low concentration can significantly lower the CO,
capacity and/or the CO,/Nj; selectivity of MOFs.

4 Conclusion

Biogas, already produced at enormous volumes, is an important alternative energy resource but it
requires refining (removal of toxic contaminants and of non-combustible CO,) to obtain high
purity biomethane. In this study, the separation performance of metal-organic frameworks made
available through the CoRE-MOF database is investigated through a hierarchical screening
approach involving pore-size characteristics, simulations of binary and, subsequently, of five-
component (CH4/CO,/N,/H,S/NH;) mixtures. Utilizing the results from GCMC simulations for
the more realistic, five-component biogas mixture, a few metrics are determined to assess the
performance of materials. The top-performing candidate materials (ZUQVOW_charged,
WASTUG clean, and JOSNAG clean) are identified by intersecting the list of the top-ranking
materials based on the three performance criteria. These MOFs have relatively high selectivities,
especially for NHj3, but also for CO, and H,S. However, none of these can effectively capture all
contaminants except N,. However, the three MOFs adsorb NHj strongly even at low pressures
and, hence, suffer from low NHj; regenerability. The H,S working capacity of JOSNAG clean is
also relatively low. Since the ZUQVOW charged structure found in the CoRE-MOF database
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has different moieties than the experimentally reported ones, it is removed from further
consideration. As WASTUG clean structure lacks hydrogen atoms on bridging oxygens, it has
also been omitted during the final evaluation of the top performing structures. However, the
optimized structure for JOSNAG clean is mechanically stable and similar in pore characteristics
to the structures found in the CoRE-MOF database, but involves complete removal of the
hydration water including those bound to La nodes. While at the time JOSNAG was first
reported, its partially dehydrated form did not possess a considerable porous nature, the advent of
new activation methods may enable the successful dehydration of JOSNAG. Thus,
JOSNAG clean is identified as a promising candidate to be considered for the biogas upgrading.
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