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S1 Process model

In our work, we use the process model of Maring and Webley™ for PSA and VSA processes,
which consists of the 3 steps blow down, repressurization, and feed. For each step, the model
consists of balances for the heavy component (Equation (S1f)), the light component (Equa-
tion (S2)) as well as energy (Equation (S3))). The process is adiabatic, so the temperature
changes within the adsorption column during the blow down and the repressurization steps.

However, the change in temperature 7" is not known a-priori. Furthermore, the amount of
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substance AN entering or leaving the adsorption column and the composition y of the gas
phase inside the adsorption column are not known a-priori. These 3 equations (component
balance heavy, component balance light, energy balance) determine the 3 unknown quan-
tities (temperature T, change in total amount of substance AN, composition y of the gas
phase).

Blow down and repressurization change the pressure, and thus, the uptake of the adsor-
bent and the enthalpy of adsorption change continuously throughout the process steps. To
address this continuous change, the blow down step and the repressurization step are dis-
cretized in small increments of the pressure change. The resulting set of equations is solved
sequentially for each increment i, and the solution is used as input for the next increment.
The set of equations is solved with the least-squares optimizer of SciPy.” Summing up the
results of all increments quantifies the amount of substance of each component entering or

leaving the adsorption column and the energy necessary to run the process.

0= Msolid - (qads,heavy(pia ,Tz’a yz) - Qads,heavy(pi—la ,Ti—h yi—l)) (Sl)

+ M}Oid ' (pgas,heavy<pi7 T%, yz) - pgas,heavy(pi—la ,I;—la yi—l)) - yAN,-ANi

0 = Mesoliq - (Qads,light(pia T;, Z/i) — (ads,light (pzeh Ti 1, yiq)) (82)

+ Vioia - (Pgas,hght (Pz‘, T;, yz) — Pgas,light (piq, Ti 1, yiﬂ)) - (1 - yANi)ANi

0= hads,heavy (ﬁm Tia yz) * Meolid * (Qads,heavy (pi7 iTz# yz) - C]ads,heavy (pi—la ,Tz'—la %‘—1))
+ haastight s Tis 1 — ;) - Misotia * (Gads tight (Pi, Tis Yi) — Qads tight (Pi—1, Ti—1, Yi—1)) (S3)
— Msolid Cp,solid (T; - T;—l)

with increment-averaged quantities (p;, T;,7;) defined as

1



and

1
yan, = =(yi + yi—1) for blow down
. (55)

YAN; = Yfeed for repressurization

and

€bed  Msolid
Vioid = T : (S6)
— Ebed Psolid

The density of the gas phase pgas(p,T,y) is calculated by the PC-SAFT equation of
state®. The 1D-DFT model provides the uptake g.qs(p, T,y) and the enthalpy of adsorp-
tion haas(p, T, y). In Equations , , and , Msoiq 1s the mass of the adsorbent.
The void volume V,4q describes the volume accessible by the gas phase and can be calcu-
lated by Equation from the void fraction epq of the adsorber bed due to the packing
of the adsorbent material (e.g., randomly packed spherical beads) and the density psorq of
the material. By solving this set of equations, the amount of substance AN; entering or
leaving the adsorption column, the composition y; of the gas phase, and the temperature T;
are determined for each increment 1.

In the following, the 3 process steps are explained in more detail.

1. Blow down
The blow down step leads to a product stream of concentrated heavy component. During the
blow down, the pressure of the adsorption bed is decreased by removing gas. Accordingly,
AN; in Equations , , and is negative and the pressure reduces from p,gs t0 Pges-
Due to the decreasing pressure, fluid is desorbed, and the concentration y of the heavy

component in the gas phase increases. The removed gas AN; is summed up by

l
Nproduct,heavy = - Z yzANz (87)
=1

and
l

Nproduct,light = - Z(l - yz)ANz (88)

=1



to determine how much of the heavy component (Nproductheavy) and the light component
(Nproduct light) leaves the adsorption column as the product stream.

For the pressure range below atmospheric pressure, the fluid is removed from the adsorp-
tion column by a vacuum pump. The energy Wi,. necessary for the vacuum pump during
the blow down corresponds to the work necessary to drive the process since no other energy
inputs are needed in the simplified process model. The energy W, y.. necessary per increment

is calculated by

S (CN

07 1f Di Z Patm-

- 1) ) if Di < Patm

I/Vz',vac = (Sg>

The energies per increment are summed up to obtain the total energy necessary for the

vacuum pump:

l
Waae = Z Wi,vac- (SlO)
=1

In Equation (S9)), n is the isentropic efficiency of the vacuum pump, which is assumed to
be constant. The ratio of heat capacities ; in Equation (S9)) is calculated for each increment ¢
based on the current composition of the gas phase and the ratios of heat capacities of the

individual pure components according to

mix Rheavy Hlight

x g, Theawy p g gy et p S11
Cp,z Y Rheavy -1 * ( Y )Klight —1 ( )
A= — R (S12)

Cmi'x

p?’L
i S13
o= B ($13)

.8
For these calculations, the ratios of heat capacities Kheavy and kiigns of the pure components
are assumed to be constant.

2. Repressurization

During repressurization, feed is added to the adsorber bed. Therefore, AN; in Equa-
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tions , , and is positive and the pressure increases until the adsorption pres-
sure paqs is reached. Due to the increase in pressure, the uptake gaqs(p, T, y) of the adsorbent
increases. For simplification, it is assumed that the repressurization step is a well-mixed
process, so the desired pressure is reached by sequentially adding small quantities of the
feed, which immediately mix with the gas phase inside the adsorber.?

The amount of substance AN; entering the adsorption column is summed up to determine

the total amount of feed added to the column during repressurization, according to

l
Nrepressurization,heavy = § yfeedANi (814)
=1

l
Nrepressurization,light = Z ( 11— Yteed ) AN’L . (S 1 5)

i=1
3. Feed
After the adsorption pressure p.qs is reached, the composition of the heavy component in
the gas phase is lower than in the feed. The outlet of the adsorber bed is opened while
feed is continuously added, keeping the pressure in the adsorber bed constant. Thereby, the
feed entering the adsorber bed pushes the gas phase with a high concentration of the light
component out of the bed. A complete breakthrough is assumed, i.e., the composition of
the outflow equals the composition of the gas phase at the end of the repressurization. This
assumption avoids calculating the composition of the gas phase within the adsorber column
due to mixing with the fluid entering the column. The component balances in the feed step

are calculated by

0= (ads, heavy (ph ﬂa yl) * Msolid — Gads,heavy (p(b TO? yO) * Misolid
+ Pgas,heavy (pl, th yl) : ‘/void — Pgas, heavy (p07 T07 ?Jo) : V;/oid (Sl6)

+ Yteed N; feed — le waste



0 = Gads tight (71 11, Y1) - Msolid — Gads,light (Pos 105 Yo) - Msolid
+ Pgas,light (P1, T1, Y1) * Vioid — Pgas,tight (20, T0, Yo) * Veoid (S17)
+ (1 - yfeed)Nfeed - (1 - yl)Nwaste

with subscript 1 representing the state after the last increment of the repressurization and

subscript 0 the initial state of the blow down.

Since all temperatures and compositions at the beginning and end of the feed step are

already known, Equations (S16)) and (S17)) can be solved analytically to determine how much

of the feed stream enters the adsorption column (Npeeq) and how much substance leaves the

adsorption column as waste stream (Nyaste)-

S2 Isotherms of the 3 best-performing materials

In Figures [SIHS6, the isotherms calculated by the 1D-DFT model are compared to the
isotherms calculated by GCMC simulations® for CO2 and N2 and the 3 MOFs performing
best in the screening study (BUSQIQ, NAXLII, ELUJEC, see Table 2).
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Figure S1: CO,-isotherm for BUSQIQ. Figure 52: N,-isotherm for BUSQIQ.
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Figure S5: CO,-isotherm for ELUJEC. Figure S6: N,-isotherm for ELUJEC.

In general, the uptake of CO, is slightly underestimated by the 1D-DFT model while it
is overestimated for N,. For BUSQIQ and ELUJEC, the 1D-DFT-isotherms are close to the
GCMC data while for NAXLII, there are larger deviations. However, the deviations result
in underestimation of the actual process performance, since the selectivity shifts towards
N, due to the systematic deviations of the 1D-DFT model. For this reason, we apply the
1D-DFT model in our screening method despite its deviations. In future work, the 1D-DFT

model should be refined to achieve results closer to real-world applications.
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