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Abstract

In this work, we proposed multi-scale screening, which employs both molecular and
process-level models, to identify high-performing MOF's for energy-efficient separation
of SF¢ from SFg¢ and Ny mixture. Grand canonical Monte Carlo (GCMC) simulations
were combined with ideal adsorption process simulation to computationally screen
14,000 metal-organic frameworks (MOF's) for adsorptive separation of SFg Na. More
than 150 high-performing MOFs were identified based on the results from GCMC
simulations at the pressure and vacuum swing conditions, and subsequently evaluated
using the ideal adsorption process simulation. High-performing MOF's selected for the
VSA conditions are able to achieve the 90 % target purity level of SFg but none of the
selected MOF's for PSA conditions could. Cascade PSA configuration was proposed and
adopted to improve the purity level of the separated SFg. Cascade PSA configuration
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was also adopted to improve the purity. In the pump efficiency scenarios of 80, 20, and
10 %, the VSA and cascade PSA cases were compared, which concluded 10 % scenario
prefers the PSA case whereas the VSA case is favored in the others. Top-performing
MOFs identified from the multi-scale computational approach were found to be able
to produce 90% purity SFg with 0.10 - 0.4 and 0.5 - 1.4 MJ per kg of SFg for VSA and
PSA, respectively.



1. Introduction

As we transition from centralized power systems (such as coal-fired power plants) to a more
decentralized ones (such as solar and wind) to power the planet, it becomes critical to reliably
and securely distribute the electricity to where it demands. The central to the electricity
supply chain is the switchgear, and a recent report indicates that the market for the high-
performing switchgear is expected to reach 152 billion dollar by 2029.* The most effective
form of the switchgear is the gas-insulated switchgear (GIS), where the conductors and
contacts are insulated by pressurized dielectric gas, such as sulfur hexafluoride (SFg). The
high dielectric strength of SFg makes the molecule useful in GIS, where SFy is typically mixed
with relatively cheap Ny. However, SFg has been identified as one of the main greenhouse
gases in the Paris Agreement® due to its high global warming potential (GWP: 22,800 -
23,900). According to a report Simmonds et al.,” the global SFg emission was increased by
roughly 260 % from 1978 to 2018, which emphasizes the severity of the problem. Because
of this, the development of advanced materials and separation processes that can selectively
and efficiently capture the SFg from SFg/Ny mixtures is necessary to reduce the emission of
SFg from the distributed electrical transmission systems.

Recently, a number of advanced materials and separation processes, such as adsorption-
based and membranes-based methods,*"% have been proposed in the literature as a promising
method to perform the SFg/Ny separation. For the adsorption-based separation process,
there are two representative modes of operation: 1) vacuum swing adsorption (VSA), where
the gas is adsorbed at the feed pressure and desorbed below the pressure, and 2) pressure
swing adsorption (PSA), where the compressed gas is adsorbed and desorbed at the lower
pressure. The key performance indicators (KPIs), such as product purity and recovery, for
these two modes of operation heavily depend on the choice of the adsorbent material, which
necessitates the development of high-performing adsorbent materials, such as metal-organic
frameworks.

Metal-organic frameworks (MOFs) are a class of nanoporous materials that find their
application in modern engineering applications, such as gas storage and separation, catalysis,
and chemical sensing.”® Several MOFs have been reported in the literature for SFg/Ny
separation application.**2 For example, Senkovska and coworkers have reported HKUST-1
showed the best performance in SFg separation(SFg uptake 120 cm?®/g at 18 bar), whereas
MIL-101 (SFg uptake 276 cm?®/g at 18 bar) and DUT-9 (SFg uptake 275 cm?/g at 18 bar)
had the highest storage capacities. Another study by Chuah and coworkers have reported
modified hierarchically structured HKUST-1 with both very high SFg uptake (4.98 mmol-g~1
at 25 °C and 1 bar) and SFg/Nj selectivity (around 70 at 25 °C). Kim and coworkers have
reported a zirconium-based MOF, UiO-67, with high SFg/N, selectivity (30 — 37 at 10 bar).
Nevertheless, the number of MOF's evaluated for this application is limited, and their full
potential as part of the process modeling has not been evaluated in the literature.

Toward this end, computational high-throughput screening combined with multi-scale
modeling could be used to quickly identify high-performing MOFs from large material
databases.” Computational screening has been applied to discover high-performing MOFs
for energy storage applications, such as methane’® and hydrogen storage*12 1% CO, cap-
ture,” isomer separation,” among others.*® In this work, we carried out high-throughput,
multi-scale computational screening of CoRE MOF 2019 database to identify the high-



performing MOF's for the SFg/Ny separation. The data obtained from the molecular-level
simulations were directly used for the process-level simulation to evaluate the process-level
performance indicators, such as the product purity, recovery, and the energy consumption
of the process per mole of produced SFg, of MOFs for VSA and PSA operations. Moreover,
we explored ways to increase the product purity of PSA operation by introducing a cascade
PSA configuration to achieve 90% purity level of produced SFg. Our multi-scale screening
study was able to identify top-performing MOF's for SFg/N, separation for VSA and PSA
conditions. We found the MOFs that are optimal for VSA and PSA operations have different
physical and chemical properties. Energy consumption analyses show that the VSA opera-
tion was able to produce 90% pure SFg with 0.1 - 0.4 MJ per kg of SFgfor 74 MOF's (out of 87
MOFs). None of the MOFs identified from high-throughput screening (using selectivity and
working capacity metrics) for PSA operation were able to meet the 90% pure SFg. Instead,
we were able to meet the 90% SFg purity level using the cascade PSA configuration, which
uses two PSA trains in series. Cascade PSA was able to produce 90% pure SFg with 0.5 - 1.4
MJ per kg of SFg for 36 MOF's (out of 74 MOFs). Further analyses showed that the cascade
PSA operation could be more energy efficient mode of operation than VSA operation de-
pending on the efficiency of vacuum pump used for the operation. While none of the MOF's
that emerged as the top-performing MOFs for VSA process from this work were synthesized
and tested to date, UiO-67, UiO-66 and HKUST-1, which have been previously tested for
the SFg/Ny separation application for both VSA and PSA conditions, were identified as the
top-performing MOFs to perform the separation using cascade PSA.
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2. Computational Methods and Models

2-1. CoRE MOF database and Filtering Criteria

CIF files for MOFs and their physical properties were collected from CoRE MOF 2019
database.™ To reduce the computational resources used for the screening, we first removed
MOFs with the pore limiting diameter (PLD) smaller than 6 A (which is slightly larger
than the diameter of SFg model (5.6 A) used in this work). We also removed MOFs with
precious metals (see the Supplementary Information Table S1). Based on these two filtering
criteria, we arrived at 2,890 MOF's from 14,000 MOF's from the CoRE MOF 2019 database
(Scheme 1). We labeled each of 2,890 MOF's with a screening ID, and the screening ID is used
throughout this work to identify a MOF. The high-throughput screening data and physical
properties of all 2,890 MOF's are provided as a part of the Supplementary Information (HTS-
result.csv).

2-2. Grand Canonical Monte Carlo (GCMC) Simulation

GCMC simulations were carried out to evaluate the SFg and Ny adsorption properties of
2,890 MOFs using RASPA 2.0.“” High-throughput GCMC simulations were carried out at
fixed temperature 298 K with 1:9 SFg and N, mixture composition. For high-throughput
screening, the SFg and Ny mixture uptakes were calculated at three different pressure points
— 0.1 bar, 1 bar and 5 bar. A GCMC simulation consists of 10,000 cycles for equilibration
and 20,000 cycles for the ensemble averages, where a single cycle is equal to the number
of adsorbate molecule in the system or 20 (whichever is greater). Translation, rotation,
reinsertion and swap Monte Carlo moves were used with equal probabilities for sampling.

SFg (or Ny) working capacity and SFgNs selectivity were calculated based on the GCMC
simulation results. The working capacity, WC, was computed by taking the difference be-
tween the SFg or Ny uptakes at the adsorption (1 bar for VSA and 5 bar for PSA) and
desorption (0.1 bar for VSA and 1 bar for PSA) pressures ([I)):

W = Nads - Ndes (1)

Here, N,4s and Ny are the molecule loadings at the adsorption and desorption condi-
tions. The selectivity between SFg and Ny, (asr/n,) at the adsorption conditions (1 bar for
VSA and 5 bar for PSA) was calculated using the following Eq. (2)):

C]szrﬁ/CZ]\f2
OSFs /Ny = —— 2
o/ psF(,-/pN2 ( )

Here, gsp, and qu, are the uptake (mmol/g) of SFg and No, and pgg, and py, are the
partial pressure of SFg and Ny, respectively.

2-3. Force fields

The interaction between atoms in the systems were approximated with the van der Waals
(vdW) interaction, which was modeled with the Lennard-Jones (LJ) 12-6 type Equation (Eq.
3). The interaction parameters between different atom types were approximated using the

6



Lorentz-Berthelot mixing rules. A vdW cutoff distance of 12.8 Awas used to truncate the
vdW interactions between atoms.

el @]

Here, U;; is the interaction energy between atoms ¢ and j, 7; is the center-to-center
distance between the two atoms. The LJ parameters for all framework atoms were taken
from the DREIDING force field.!' If the atom types were not available in DREIDING force
field, we have used the UFF force field.“? The SFg molecule was modelled using a 7-site
model from the work of J. Samios and coworkers.?? The LJ parameter of Ny was taken from
the Transferable Potential for Phase Equilibria (TraPPE) force field.** All the LJ parameters
are listed in Table S2 the Supplementary Information.

2-4. Widom Particle Insertion

The heat of adsorption of SFg and Ny for all MOFs were calculated using the Widoms particle
insertion method“” as implemented in RASPA 2.0.



2-5. Ideal Adsorption Process Simulation

We adopted an ideal adsorption process formalism, which has been recently proposed,2®:7
to quickly evaluate the upper limit performance of MOFs. The ideal adsorption process
assumes optimal operation of the adsorption process so that the full potential of each MOF
can be evaluated. Some key assumptions for the ideal adsorption process are:

e Discrete pressure swing: No loss in SFg purity and energy due to pressure gradient
both across the cycle time and across the column, which leads to two operation steps
(adsorption and desorption) for a single cycle.

e Fast mass-transfer: 100 % purity of raffinate (weakly adsorbing component stream )
due to fast mass-transfer between bulk gas phase to adsorbed phase.

e Isothermal operation: Heat generated from adsorption is neglected.
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Figure 1: (a) Ideal VSA and (b) Ideal PSA progress diagram and key state variables

Figure [I] shows the cyclic operation of VSA and PSA process configurations that we con-
sidered in this work. For the VSA, a vacuum pump is located at the end of the process while
for the PSA, a compressor is located at the beginning of the process configuration. Figure
(a) and (b) show the VSA and PSA operations where N is produced as the raffinate stream,
and the product SFg is produced as the extract stream. Note that Ny component is also
present in the extract stream as well since some Ny molecules are adsorbed onto the MOF's
along with SFg¢. In both VSA and PSA operations, two columns operate asynchronously in
which the adsorption/desorption operations are occurring at the same time, and the cyclic
steady-states (CSS) in both columns are assumed for both columns as part of the ideal ad-
sorption process consideration. For both operations, two columns filled with the same MOF's
are used for the simulation. During the adsorption period, all SFg and small amount of Ny
are trapped in the column while pure Ny is produced as the raffinate. This is because SFg
is more strongly adsorbing component than Ny. During the desorption period, the trapped
SFg and Ny desorb from the MOFs and exit the column as the extract.



The mixture adsorption isotherm data at different bulk phase gas compositions are nec-
essary to evaluate the performance of MOF's at the process-level. Single-component GCMC
simulations were carried out for SFg and Ny from 0.01 bar to 10 bar at 298 K. All the cal-
culated GCMC isotherm data points were fitted using open-source python code pyIAST?®
with following isotherm models expressed with Eq. and Eq. (5):

Kp
1+ Kp

(Ka + 2Kbp)p (5)
(1 + Kap + Kbp2)

Here, ¢ is the uptake and p is the pressure of the system. (M, K) are the isotherm
parameters for the Langmuir model and (M, K,, Kj;) are for the quadratic model. The
isotherm models and parameters of SFg and Ny were combined with ideal adsorbed solution
theory (IAST) to model the mixture adsorption uptake of a MOF at different bulk phase gas
composition.?? Between the two models, a model with the smaller root mean square error
(RMSE) was selected for the process-level simulation. All the fitted parameters are provided
as part of the the Supplementary Information.

(4)

Langmuir : ¢q= M

Quadratic : g= M

2-6. Derivation of Product Purity and Sensitivity Analyses

To evaluate the process-level performance of a MOF, we used SFg purity and the energy con-
sumption per unit SFg as the key performance indicators (KPIs). Using the ideal adsorption
process formalism, we derive the composition of the extract to determine the SFg purity for
a given MOF k (x in Figure[1]). For simplicity, we omitted the superscript k throughout the
section for clarify.

In the bulk gas phase with n components, the mole fractions of each gas component ¢ is
represented by an element of & vector:

x = (11, T2, ..., Ty) (6)

For the binary component of SFg and Ny mixture, we could further simplify the above
expression in terms of the mole fraction of SFg (x1):

x=(r,1 —x1) (7)

where, x; is the bulk gas phase mole fraction of SFg, which is equivalent to the SFg
composition of the extract stream (i.e., SFg purity).

The bulk gas phase mole fractions of all components can be determined based on the
feed and operating conditions. Feed conditions include feed composition and temperature
(Yfeed, Treed), and the operating condition is the pressure the adsorption column undergoes.

In both ideal VSA and PSA operations, the system goes through the pressure swing
between P, and P, while the other operating conditions, such as the feed velocity and step
time, are assumed to be optimized at the fixed pressure swing range. In the VSA process,
the vacuum pressure (P,,.) created by the vacuum pump is used for the low pressure (F))
while 1 bar is used for the high pressure (FP,). For the PSA process, the adsorption pressure
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(P,4s) made by the compression of the feed flow is used for the high pressure (F},) while the
1 bar is used for the low pressure(P,).

The gas uptakes at adsorption/desorption conditions are based on the mixture isotherm
function, fis.i(-)-

Qads,;i = fiso,i(yfeeda Ph; Tfeed) (8)
Qdes,i = fiso,i(wy Pla Tfeed) (9)

For the mixture isotherm, the IAST calculations of ¢ component (f;s,;) were carried out
based on the following equations :

p? o(p

mpy=grr [P p (10)

P P
JZ?Olid % f)io — -Pz (11)
™ (P7) = m2(Fy) (12)

2 .

1 solid
=3 (13)

Qtot - f(PY)
Gi = Grot X 27" (14)

Using the definition of spreading pressure (w?) of Eq. (10), all the mole fractions of
component ¢ could be obtained via Eq. and Eq. , and the obtained values lead
to the uptake values with Eq. and Eq. . These equations of IAST convert the
pure isotherm models (f7,;) into the mixture isotherm model ( fisi), which indicates the

procedure to find the uptake (g;) satisfying the above equations. During the procedure, the

recursive computations are required for solid phase mole fraction (z:°¢) satisfying both Eq.

and Eq. . In the procedure, the hypothetical pressure, partial pressure of each
component, and total uptake are expressed with P?, P; and ¢;;. In the above equations, R
and T indicate gas constant and temperature.

Note that during the adsorption period, the uptake in a MOF is defined as a function
of feed flow mole fraction (yseeq) while the gas uptake at the desorption period is a function
of bulk gas phase mole fraction () to account for the equilibrium between the bulk gas
phase and the residual gas remained in the adsorbed phase (i.e., inside the MOF). Since the
feed and operating conditions are fixed during the CSS operation for ideal VSA and PSA
simulations, we assume the following variables, y¢eea; T'tecds Prighs Fiow, are constant.

Based on the material balance, the uptake difference of component 7 in a MOF between
the adsorption and desorption periods provides us with the information about amount of
component ¢ in the bulk gas phase during the desorption period. For component i, we could
formally defined the uptake difference as:

AQZ = GQads,i — Qdes,i (15)
Note that the uptake difference is not equivalent to the working capacity in that the
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uptake difference defined here accounts for different partial pressures of SFg and Ny at the
desorption period. Here, 45 and qqes; are the adsorbed amount of component 7 in a MOF
at adsorption and desorption conditions, respectively.

Next, we define the sum of the uptake difference between the two periods of all com-
ponents, which is equivalent to the total amount of gas in the bulk gas phase during the
desorption period, as following:

2
Agior = Z qu‘ (16)

j=1

From this expression, we can define the SFg purity (x;) as the ratio of amount of SFg
in the bulk gas phase (Ag;) and the total amount of all components in the bulk gas phase
during the desorption period as in Eq. (17)):

_ Aq
Aot

To express a single cycle operation, a function for the extract composition of SFg ()
can be expressed as a function of the extract composition (x) as follows:

(17)

T

hl (.’,U) = fZ'SO,l,ads - fiso,l,des(m) (18)
fiso,l,ads - fiso,l,des(w) -+ fiSO,Q,ads — fiso,Q,des(CC)

Note that fise1.ads and fiso2.a4s are constants. To find the CSS condition (i.e., after
repeated adsorption/desorption periods), we need to recursively call the function, h(x) as in

Eq. :

21 = ha(hy (b (@) = hy 0 hy o ool () (19)

In the case for SFg and Na, we need to consider two functions (h; and hsy) simultaneously.
For the multi-component case (where n > 2), we should compute the mole fraction of all
components using n — 1 number of Eq. , namely z; for i = 1,2, ..., n, simultaneously.

For all gas components, we can write down H as follows:

x=HoHo..H(x) (20)

To find the solution of Eq. (20]), we employed the least-square optimization methods as
implemented in the SciPy*" with the formulation of Eq. :

min ||z — H(z)||3 (21)
st a; = 100% (22)
=1

Note that both VSA and PSA processes share the same equations for the composition of
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the extract stream produced during the desorption period. Jupyter Notebook with analyses
code and data are available as part of the Supplementary Information.
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2-7. Energy Consumption

The energy consumption to produce the desired product is directly related to the cost of
the process operation. Energy consumption levels for the VSA and PSA were evaluated to
compare the energy efficiency of these operations to produce 90 % purity SFg. For the SFg
separation case, several modifications to the original method from Ga and co-workers<® were
made for both extract composition and energy consumption.

The key modification to the original method is the consideration of vacuum pump and
compressor location (depending on the VSA and PSA). For example, different types of
pressure driving equipment are required for VSA and PSA operations. Vacuum pump is
required during the desorption period of the VSA operation while the compressor is required
during the adsorption period of the PSA operation. Note that for the PSA operation, a
compressor is located before the adsorption column so that the feed gas to the adsorption
column is compressed, and then injected to the column. For the VSA operation, a vacuum
pump is located after the column. The energy consumption required to produce a mole of
SFg was calculated using the Eq. and Eq. , for vacuum pump and compressor,
respectively.

_ N
Wayae — 1 Next RT ﬂ _1
xSF6he;vt -'ESF‘Ghezt Nisen By
=1
1 __RT P\
— Lh _
o TSFg MNisen Pl 1 (23)
where,
Ph = Pfeed7
Pl = Pvac
=1
Wcomp — 1 thEdRT & ! _1
TSFg Newt ISFGhezt MNisen Py
=1
1 __RT P\
—_ Lh —
Yfeed Misen P 1 (24)
where,
Ph = Pad57
Pl - Pfeed

In Eq. and Eq. (24), v , Misen, R and T are isentropic expansion factor (dimension-
less), isentropic efficiency (dimensionless), gas constant (J/mol- K) and temperature (K),
respectively. Using the ideal adsorption process formalism with 100 % purity of raffinate
component and conservation of mass ($5F6hext = yfeedhfeed), the extract flowrate terms are
cancelled out in Eq. and Eq. . The energy per separated SFg defined here is
independent of the process scale. Note that due to the compression (from compressor) and
expansion (from vacuum pump) the column is operated at 313 K instead of 298 K for both

PSA and VSA operations.
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2-8. Optimization of VSA Operation

The required energy to separate SFg at the target purity (90%) was evaluated for the VSA
process. The optimal desorption pressure was found for each MOF by minimizing the vacuum
pump energy input with the purity constraint (i.e., 90 % SF¢ purity). Using the Eq. (0] -
(22)), the optimization problem can be expressed as Eq. with decision variables and
their upper/lower bounds listed in Table

. anc
Prne Tom X fioat
vac SFg ext
s.t. <25)
xSFg 2 90%

Table 1: Lower and upper bounds for optimizing VSA operation

Decision variable Symbol Lower bound Upper bound.
Vacuum pressure P 0.001 0.316

2-9. Optimization of Cascade PSA Operation
For cascade PSA process, we defined H..(-) as a solution of Eq. and Eq. (22). Since

the extract from the first train is used as an input to the compressor for the second train,
and these two trains are in CSS, we need to solve for the extract compositions from two
trains in series. From the feed composition, the extract composition of the first PSA train
(x15) was obtained with Eq. , and the purity value was used in the second PSA process,
calculating the second PSA purity (z2,4) with Eq. (27).

T1st = Hcss(?/feeda Tfeeda Ph,la Plow) (26)

Lond = Hcss (xlsta Tfeed; Ph,27 Plow) (27>

In these equations, the operating pressure employed for each PSA train is marked with
Pp,1 and P, 5 for the first and second train, respectively.

We compute the optimal combination of first and second train pressures that minimizes
the energy consumption that satisfies the 90 % SFg purity constraint. This optimization
problem could be expressed using Eq. with the decision variables and their bounds
listed in Table 2k

. Wcomp,l + Wcomp,Z
min

PhisPra  Tond X Negt,2 (28)
s.t.

Tond 2 90%

Eq. (29) and Eq. were used to calculate the energy consumption levels of the first
and second PSA train (Weomp.1, Weomp,2)-

14



Table 2: Decision variables and their bounds for the optimization of the cascade PSA
operation.

Decision variable Symbol Lower bound Upper bound
First PSA pressure P4 2.5 30
Second PSA pressure P 2.5 30

The key parameters are used as displayed in Figure 5} SFg purity at the first and second
PSA trains (z1s, Tong), flowrates at feed and extract flows in the first and second PSA
trains (M feed, Mext,1,Mest,2). LThere are also SFg composition in the feed flow (yfeeq), isentropic
efficiency of the compressor (7;sen), isentropic expansion factor (), gas constant (R), and
temperature (7).

Wcom 1 ¢ ee RT P
el ( ! )(( ’“)V—l) (29)
LondNext,2 TondMext,2 Tisen znlet
1 RT P
e () ) o
Yfeed MNisen \7V — 1 Pznlet
. -1
Wco.mpﬂ _ 1 Next,1 RT( v ) <( Ph,2 ) v _1> (31>
LondNext,2 LondMext,2 Nisen 0 1 Pinlet
~y—1
1 RT Iy S
) (5) ) @
Tist Misen 7 — 1 -Pinlet
yfeed,lsthfeed = zlsthext,l (33)
= x2ndhext,2

Using the ideal adsorption process assumptions and the mass conservation of SFg ,
the effect of flowrate could be removed from the equation, and the energy consumption could
be expressed only as a function of each pressure (P, and P ») as Eq. and Eq. (32)).

3. Results and Discussion

3-1. High-throughput Computational Screening

In order to identify high-performing MOFs for the separation, we used the performance
metrics, such as selectivity and working capacity, that are commonly used in the literature.
Figure [2] shows the high-throughput GCMC simulation results for 2,890 MOF's. From these
results, we selected the top 10 % MOFs based on the SFg/Ny selectivity and SFg working
capacity at VSA and PSA conditions. The top-performing MOFs for VSA operation have
high SFg/Ny selectivity in range of 130 - 624 (at 1 bar), and the working capacity in the
range of 1.5 - 5.2 mmol/g. For PSA operation, the SFg/Ny selectivity is in the range of 76
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Figure 2: High-throughput computational screening (HTS) results for 2,890 MOFs. The
potential targets for (a) VSA (1 bar — 0.1 bar at 298 K for SFg working capacity)and (b)
PSA (5 bar — 1 bar at 298 K for SFg working capacity). The criteria were upper 10 % of
both SFg working capacity and SFg/Ny selectivity.

- 293 (at 5 bar) while the SFg working capacity is in the range of 2.7 - 6.4 mmol/g. The
number of top-performing MOFs for VSA and PSA conditions are 87 and 74, respectively,
and these MOFs were further evaluated using the process-level simulation. Note that none
of the MOF's in top 10 % of VSA condition overlaps with the top 10 % materials from PSA
condition.

3-2. Performance Evaluation based on Ideal PSA and VSA Simu-
lations

For practical purposes, the performance evaluation metrics used for the screening should, in
principle, correlate with the performance of MOF's in the actual PSA and VSA processes. For
binary gas separation cases, the selectivity and working capacity have been used frequently
in the literature,®33 but recent studies have shown that these commonly used metrics do
not necessarily reflect the performance of MOFs at the process-level 228486 We adopted an
ideal VSA /PSA process simulation method to quickly evaluate the performance of MOFs at
the process-level. The ideal VSA or PSA process simulation that we employed in this work
provides what would be an upper bound performance that a MOF could physically achieve.

Figure 3| (a) and (b) show an example of the ideal adsorption process simulation for a
given MOF. Here, the bulk gas phase concentration (Figure 3 (a)) and the adsorbed phase
uptakes (Figure 3 (b)) after the first cycle are labeled with square markers, and the data
points corresponding to the earliest cycle that satisfies 0.1 % CSS condition are colored in
blue. At the first desorption step (i.e., end of the "first” cycle), the purity of SFg is close
to 100 %. This is because there is not much Ny adsorbed onto the MOF, and the extract
initially contains highly concentrated SFg. However, as the system reaches the CSS, the
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Figure 3: (a) SF6 purity computed for each cycle of the ideal PSA process with UiO-67
(Screening ID: 2536) (b) SFg and Ny uptake varying for cycles with UiO-67, whose first and
0.1 % CSS points are marked with square and blue markers, respectively (c¢) Ideal VSA and
(d) Ideal PSA simulation results for the potential MOFs. SFg purity (%) at the raffinate.

bulk phase SFg concentration (i.e., SFg¢ purity) decreases from the initial concentration and
reaches a steady-state value.

The calculations were repeated at different desorption pressure (up to 0.001 bar) and
adsorption pressure (up to 30 bar) for all 87 MOFs and 74 MOF's for VSA and PSA, respec-
tively. The results of the ideal VSA and PSA simulations for MOFs are shown in Figure
(c) and (d). For the VSA process, we find that the SFg purity increases as we apply more
vacuum to the system. Some MOFs show larger increase in SF¢ purity than the other MOF's
as we pull more vacuum. Considering that a higher vacuum level requires more energy input
to the VSA system, our results suggest that there could be a trade-off between the SFg purity
and the energy consumption.

Figure 3| (d) shows the results of the PSA process. In this operation, the compressed
pressure is the manipulating variable for the operation. Similar to the VSA operation, we
find that the higher (instead of lower vacuum in the VSA) compressed pressure typically
yields a higher SFg purity for the PSA process. However, we found the SFg purity of a few
MOFs starts to decrease as we further increase the compression pressure. This is likely due
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to the rate of Ny uptake swing increment is larger than that of SFg, which originates from
the fact that the SFg isotherms of these MOFs saturate early at relatively low pressure while
the Ny isotherms gradually increase.

From the simulation results shown in Figure |3| (¢) and (d), we found 74 out of 87 MOFs
could achieve the 90 % SFg purity for VSA. However, none of the MOF's was able to achieve
the target purity with a single PSA train. This is striking because the selectivity and
working capacity of the selected MOFs in each VSA and PSA have similar (Figure [2| and
Supplementary Information Figure S1) values but some of the MOFs were able to meet the
process target while the others were not able to do so.

We compared if the purity rankings of MOFs changes as we change the operating con-
ditions for VSA and PSA. The Spearman’s ranking correlation coefficients (SRCCs) were
calculated between 0.001 bar and 0.1 bar for VSA and between 5 bar and 30 bar for PSA.
We found the SRCC for VSA and PSA are high (0.872 for VSA and 0.918 for PSA) sug-
gesting that the purity rankings of these MOFs do not change as we change the operating
conditions (Supplementary Information Figure S4).

The codes for the above are available in:
https://github.com/sebyga/SF6-separation-VSA.git

3-3. Energy Consumption: Ideal VSA Process

Maximum SFg Purity With VSA
== 90% line

Optimal Energy Consumption With VSA

(on

a 1o

0.14 1 mmm Optimal Energy consumption
0 0.12
0.10

0.08

SFe purity (%)

0.06

Energy Consumption (M] / kg SFe)

Adsorbents

Figure 4: (a) Maximum SFg¢ purity of each adsorbents in an ideal VSA process with desorp-
tion pressure ranging 1 mbar to 0.316 bar (b) Energy consumption with optimal operation
of VSA for the selected adsorbents having over 90% maximum SFg purity
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Figure [4] (a) shows the maximum SFq purity that can be reached under the ideal VSA
process. Here we find 74 out of 87 MOFs could reach beyond the 90 % purity level. Since the
SF¢ purity is a continuous function with respect to the vacuum pressure, we could instead
change the operating pressure to produce the 90% target purity while reducing the energy
consumption of the vacuum pump. Figure [4| (b) shows the optimal energy consumption
required to produce 90% of target SFg purity under VSA condition. The energy consumption
levels of different MOF's were computed and compared at their optimal pressure swing ranges.
For top-performing MOF's, the range of energy consumption required to produce 90 % purity
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level for the VSA is 0.10 - 0.14 MJ per kg of SFg. The detailed information about the top-
performing MOF's are provided in the Section S3 in the Supplementary Information.
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3-4. Cascade PSA Process
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Figure 5: (a) Process flow diagram of the cascade PSA process and its key variables and (b)
SF¢ purity from 74 MOFs in the extract flow of the second PSA train with different 2nd
train pressure

We found that none of the high-performing MOF's identified from the high-throughput
computational screening were able to separate SFg with 90% purity with a single train PSA
process while many of the MOFs were able to meet the target with VSA process. In order
to achieve the target SFg purity with PSA, we considered using two PSA trains in series
(Figure|5| (a)) as an alternative strategy. The cascade configuration is advantageous because
the configuration could be used achieve the target SFg product purity. In this configuration,
the extract flow from the first train enters the second train with slightly increased SFg
concentration, which allows the increased purity of the extract flow in the second train.
Another more subtle (but important) advantage is that the cascade configuration could
reduce the energy consumption per kg of SFg by taking smaller pressure ratios of the two
compressors. The optimal pressure combination that minimizes the energy consumption
could be found using the equations (26) - (33).

We carried out the cascade PSA simulation on the 74 MOFs. We fixed the pressure
of the first PSA train at 5 bar while varying the second PSA pressure (P, 2) from 2.5 to
15 bar. The maximum SFg purity values of the 74 MOFs were found using the cascade
PSA configuration with a 10:90 SFg/Ny mixture in the feed flow at 313 K immediately after
the first compressor. The heat exchanger was used with 298 K cooling water and a 15
K minimum temperature difference approach was used to remove the heat of compression
within the compression system. The same approach was used for the feed flow from the
first train to the second train with different feed flow composition to the second train. We
explored both pressure directions by setting the first and second PSA pressures between 2.5
and 20 bar.

Figure |5 (b) shows the results of the cascade PSA process. The SFg purity of the 74
MOFs are shown for a given range of the second PSA train pressure. Similar to the single
train PSA, most of the curves exhibit the purity increase as the operating pressure increases.
We also found few MOF's that show decrease in the SFg purity with increasing pressure after
a certain pressure point, indicating that there is a purity maximum with the cascade PSA
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configuration for some MOFs. Using this configuration, 36 out of 74 MOF's were able to
meet the target SFg purity level (90%).

3-5. Energy Consumption: Cascade PSA Process
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Figure 6: (a) Maximum SFg purity achievable with different MOFs in a cascade PSA process
(blue) and in a single PSA process (cyan). 90% of target purity is shown in red dotted line;
(b) an example contour plot for UiO-67 with different combinations of PSA pressures and
corresponding SFg purity; (c) an energy consumption contour map of a cascade PSA for
UiO-67 (screening ID: 2536) with varying pressure combinations with 90 % purity line (blue
line) and the optimal operating condition (red dot); (d) Energy consumption of the cascade
PSA process with each optimal operation for 36 MOFs.

Figure[6] (a) shows the results from both single PSA and cascade PSA operations where
the maximum purity values between the two operations are compared. We found that
the cascade PSA operation leads to improved purity values compared to the single PSA
operation. The average purity of the MOF's increased from 78.54% to 92.94%. For all
the MOFs that were not able to reach the 90% target purity with a single train PSA,
we discovered some MOFs have the maximum purity values exceeding the target with the
cascade PSA operation. We calculated the energy consumption of the cascade PSA operation
for 36 MOFs that were able to achieve the 90 % target purity level.
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To illustrate how the optimization in the cascade PSA operates, the steps to find the
optimal pressure combination that minimizes the energy consumption for UiO-67 (Screening
ID: 2536) is shown in Figure [] (b) and (c). Figure[6] (b) shows the SFq purity for varying
pressure points. In the variable space, the feasible region is obtained based on the purity
constraint in which the boundary is drawn with blue line as shown in Figure |§| (c). Among
the feasible points in the region, the least energy consuming condition (i.e., pressure) is
selected (red dot). The optimization results of all 36 MOFs are displayed in Figure |§| (d).

The codes for the above are available in:
https://github.com/sebyga/SF6-separation-PSA.git

3-6. Comparison between VSA and PSA with Different Isentropic
Efficiencies
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% isentropic efficiency results are marked with light green triangles, normal green squares,
and dark green circles, respectively; (b) Optimal compressed pressures and energy consump-
tion for the first and the second PSA trains for 36 MOFSs; (¢) Comparison of the energy
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We compared the results of VSA and cascade PSA processes. Because the VSA process
has a pressure driving equipment at the extract gas, less amount of flowrate needs to be
processed, which is advantageous when it comes to the energy consumption in the separation
system. However, the use of strong vacuum is less preferable in the industrial application
because the strong vacuum is known for its low energy efficiency.®** This can be worse when
the pressure ratio becomes higher. On the the contrary, the PSA process uses a compressor
with less pressure ratio, which contributes its favorable application to various areas. Still, the
compressor should deal with a large flowrate because it is located before the PSA column.
This means the PSA process spends more energy for compressing the Ny than SFg.

Figure|7| (a) and (b) show the optimal operating pressures. As discussed previously, each
MOF has a pressure point that minimizes the energy consumption with respect to the 90%
purity constraint. Figure [7| (a) shows the optimal pressure is distributed between 2 mbar to
0.05 bar for all MOF's that could achieve the 90% purity target with 0.1 - 0.4 MJ per kg of
SFg¢. The optimal pressure values of the cascade PSA process are shown in Figure (7| (b). The
size of each point reflects the degree of energy consumption of a MOF for a given pressure
combination. While the pressure ratio for the vacuum pump (VSA) is between 15 and 200,
the pressure ratio for the compressor (cascade PSA) is between 4 and 20. We can see that
the VSA process requires higher pressure ratio for the operation, which indicates that the
system has less isentropic efficiency.

To consider the effect of isentropic efficiency for the VSA process, we computed the energy
consumption of the VSA process with different isentropic efficiency scenarios, and the results
were compared with the cascade PSA results. Figure[7] (a) shows the results with 80, 20, 10%
isentropic efficiencies. Three top-ranked MOFs with 80, 20, 10% efficiency scenarios from the
VSA process are displayed with the best performing MOF's from the cascade PSA process.
In 80% and 20% scenarios, the energy required to separate SFg with a VSA process is lower
than that of the cascade PSA case. However, when the isentropic efficiency is assumed 10%,
the cascade PSA process outperforms the VSA process, showing lower required energy than
that of the VSA process.
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3-7. High-Performing MOFs for SF;/N, Separation

Table 3: Physical properties and their KPIs of Top 10 MOF's for optimized VSA condition.

Screening LCD PLD SF Hea.t of Surface SFS/N.Q ] SFs WC VSA Ener.gy

D ( A) ( A) Adsorption Arsa Selectivity (1 - 0.1 bar) Consumption References
(k/mol)  (m?/g) (1bar)  (mmol/g)  (MJ/kg)

2153 8.4 6.7 32.6 1313 325 2.2 0.1035 Ding et al. 201540

2199 7.2 6.1 24.0 2121 413 2.5 0.1114 Hasegawa et al. 20074

1217 105 94 26.7 2217 222 4.1 0.1233 Elsaidi et al. 201442

1901 10.7 6.5 354 1124 309 1.6 0.1106 Brunet et al. 20174

122 9.7 6.9 27.3 1387 327 2.7 0.1102 Zhang et al. 201144

802 123 7.1 22.3 2363 394 3.6 0.1187 Zhang et al. 201542

917 146 7.3 28.3 1829 551 1.6 0.1218 Vagin et al. 20086

1182 14.8 8.2 16.8 3815 329 1.6 0.1223 Ramirez et al. 201647

384 7.7 6.8 25.0 1996 273 2.0 0.1252 Hu et al. 201448

1703 8.7 6.3 32.1 3687 521 2.4 0.1251 Duan et al. 201142

Table 4: Physical properties and their KPIs of Top 10 MOFs for optimized cascade PSA
condition.

SFs; Heat of Surface SFq/N, SFs WC Cascade PSA Energy

Screening ID ?AC)D i{‘)D Adsorption Area Selectivity (5 - 1 bar) Consumption References
(kJ/mol)  (m?/g) (Lbar)  (mmol/g) (MJ/kg)
2536 13 6.7 31.7 3062 90 3.2 0.5211 Hobday et al. 201650
2535 13 6.7 25.3 3067 94 3.2 0.5452 Hobday et al. 2016%"
538 133 6.7 18.6 2358 82 2.6 0.5498 Peterson et al. 2014°L
2534 13 6.7 17 3058 98 3.4 0.5576 Hobday et al. 20162
2822 132 6.6 43.6 2400 36 2.9 0.6125 Peterson et al. 20141
2332 106 9.6 27.6 2341 81 3.8 0.6328 Park et al. 201192
2280 11.7 6.1 20.5 5168 135 4.8 0.6381 Pang et al. 201622
2279 125 6 33.1 5212 158 5.4 0.6512 Pang et al. 2016
2468 9.2 6.5 21 3885 99 3.1 0.6544 Burtch et al. 201354
2419 109 6.5 25.8 3276 7 3.2 0.6568 Wang et al. 201322

We identified top-performing MOFs with low-energy consumption from both VSA and
cascade PSA processes Table 3 and Table 4, (full version in the Supplementary Information
Table S4). Based on the data, we found that the physical properties of high-performing
MOFs are different between VSA and PSA processes. For example, MOFs that optimizes
the performance of the VSA process have the LCD average value of 10.5 Awhile the MOFs
that optimizes the cascade PSA cascade have the LCD average value of 12.0 A. We also found
that the process KPIs (SFg purity and energy consumption) do not show any correlation with
selectivity, and working capacities (see Supplementary Information Figures S2 and S3).

Figure [§ shows the molecular structure and the single component isotherms of the top
3 MOFs for VSA and cascade PSA. Among the best performing MOFs of the PSA case,
UiO-67 (screening ID: 2536, 2535) and HKUST-1 (screeing ID: 538) are well-known MOFs
in the literature that have been already validated for SFg/N, separation. 4 None of the
top MOF's for VSA process have been experimentally tested for the application, which may
be of a future study of interest.

We found that top-performing MOF's from the cascade PSA process have different isotherm
shapes than the VSA case. The best performing MOFs for VSA have the SFg adsorption
isotherm that saturates quickly in the pressure range of 0.01 bar to 2 bar whereas the best
performing MOFs for cascade PSA have SFg isotherms that gradually saturates near 10 bar.
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Figure 8: The structures and the adsorption isotherms for high performing top 3 materials
in each VSA (a,b,c) and cascade PSA (d,e,f) simulation.

The maximum saturation loading is also different between the MOF's that are optimal for
VSA and PSA. This is likely due to different structural properties of these MOF's and further
research is required to draw the correlation between the structural properties of MOF's and
their isotherm shape.
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4. Conclusion

In this work, more than 14,000 MOF's were computationally screened using a high-throughput,
multi-scale evaluation method with two different process configurations (VSA and PSA). Hi-
erarchical filtering and screening methods were used to find 87 and 74 potential target MOF's
for subsequent VSA and PSA process simulations, respectively. We found that the 74 MOFs
(out of 87) were able to achieve a 90 % purity level but none of the MOFs selected for PSA
were able to achieve the purity target. We explored the feasibility of achieving 90% SFg
purity-level with a cascade PSA configuration, and found that 36 (out of the 74) MOF's were
able to achieve 90% SFg purity-level with the cascade PSA configuration.

In terms of the energy consumption, we found top performing MOFs can produce 90%
purity SFg with 0.10 - 0.4 and 0.5 - 1.4 MJ per kg of SFg for VSA and PSA, respectively.
Furthermore, we revealed that the pressure ratio of VSA vacuum pump is higher than that
of the PSA compressor (15 - 200 and 4 - 20 for VSA and PSA, respectively), which may
impact the energy efficiency of the VSA process. We computed the energy consumption of
MOFs with different isentropic efficiency values, and found that the cascade PSA process
with 80% isentropic efficiency outperforms the VSA one with 10 % isentropic efficiency. The
results suggest that the isentropic efficiency of the vacuum pump must be considered when
choosing between the VSA and PSA processes.

Finally, the structural properties of MOFs that optimizes the performance of the VSA
process are different from the MOFs that optimizes the performance of the PSA process.
[HoDABCO]-[Co(HPOy)(bpdc)] (screening ID: 2153), [Cd(4-btapa)s(NOj)s] (screening ID:
2199), and dia-7i-1-Co (screening ID: 1217) are the best performing MOFs for the VSA
process, whereas UiO-67 (screening ID: 2535, 2536) and HKUST-1 (screning ID: 538) are
the top-performing MOFs for the PSA process. None of the high-performing MOFs from
the VSA process overlaps with the high-performing MOFs from the PSA process. A key
factor that is responsible for the difference is the isotherm shape and the pressure point
at which the SFg uptake saturates. The saturation point of high pressure (over 1 bar) is
favorable for the PSA process, and a relatively lower saturation point is required for the
VSA process. The saturation point is likely determined by the structural properties of the
MOFs. Top-performing MOF's for the PSA process have a larger LCD, PLD, pore volume,
surface area, and void fraction than the top-performing VSA MOFs. Further research effort
is necessary to draw the connection between the structural properties and the isotherm
shape, and ultimately with the process KPIs.
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