Supplementary Information
High-throughput gas separation by flexible metal—
organic frameworks with fast gating and thermal

management capabilities

Hiraide et al.
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Supplementary Figure 1: Time-resolved in situ synchrotron XRPD. a Changes of normalized peak area

obtained from the data measured by time-resolved in situ synchrotron XRPD for CO; desorption from ELM-

11 at 273 K. The normalized peak areas of the 020 reflection at 10.2° for the closed phase and the 002

reflection at 6.1° for the open phase were evaluated by the nonlinear least-squares fitting of the pseudo-Voigt

function. The CO, gas was depressed through a needle valve and the change of pressure is shown in b.
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Supplementary Figure 2: Framework structure of ELM-11. a Schematic illustration of the 1D growth of
open phase of ELM-11, b Snapshot of the open phase of ELM-11 showing the 1D channel.
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Supplementary Figure 3: Temperature dependence of the heat of adsorption for HKUST-1 and ELM-
11. Red line: an equimolar CO»/CH4 gas mixture adsorption at 500 kPa, purple line: pure CO, adsorption at
250 kPa, blue line: pure CO» adsorption at 15 kPa, and yellow line: pure CH4 adsorption at 15 kPa. The green
line shows the heat required to change the temperature of the host framework obtained by integrating the

specific heat with respect to temperature. The starting temperature was set to 298 K.
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Supplementary Figure 4: Temperature dependence of the thermal management capability of ELM-11

during the adsorption process for an equimolar CO,/CH4 mixture gas at 500 kPa.

—AHE*" is the

exothermic heat, ¢"*' the net heat, and e the thermal management capability. We assumed that the enthalpy

change of host framework AH™' was equal to AU™' = 55.7 J/g.
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Supplementary Figure 5: Schematic illustrations of the relationship between the adsorption isotherm
and the breakthrough curve. An adsorbent showing a Langmuir-type isotherm (a) provides a typical

inlet

breakthrough curve (b), where y"™ is the molar ratio of component A in the gas mixture at an inlet of the
adsorption column. On the other hand, a flexible MOF showing a typical gate adsorption isotherm (¢) gives
breakthrough curve d. The non-zero concentration of component A (= P#'/P,, where P#° is the gate
adsorption pressure for pure A on the flexible MOF and P; is the total pressure of the mixture gas) is due to
the slipping-off phenomenon, which comes from the fact that the flexible MOF can no longer adsorb the
component A when the partial pressure of component A in the gas mixture flowing in the adsorption column
decreases below P&, The concentration of slipping-off component A is constant until the intrinsic
breakthrough of component A occurs. A flexible MOF showing a type IV like isotherm (e) also exhibits the
slipping-off phenomenon (breakthrough curve f), while there is a delay in the elusion of slipping-off
component A because the amount adsorbed below the gate adsorption pressure is not zero. A simple mixture
of an adsorbent showing isotherm a and a flexible MOF showing isotherm b provides isotherm e, and thus

its breakthrough curve should be like breakthrough curve f.
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Supplementary Figure 6: Schematic illustration of sequential columns system with a three-way valve.
The three-way valve enables us to perform different operations for the flexible-MOF column and the rigid-
MOF column individually: a co-current pressurization and adsorption process for the two columns, b co-
current depressurization and rinsing process only for the flexible-MOF column, ¢ counter-current desorption
process only for the flexible-MOF column, and d counter-current purging only for the rigid-MOF column.
The efficiency of the combined columns system composed of ELM-11 and HKUST-1 can be further
improved as follows. For example, the depressurization and rinsing process for the HKUST-1 column can be
skipped because only a small amount of CO» is adsorbed in the column and it can be desorbed as a waste gas
by the following purging process using pure CHa. The depressurization from 500 to 250 kPa and rinsing
process using pure CO; of 250 kPa is thus only required for the ELM-11 column. The advantage of these
individual treatments is that only a small amount of CO; is needed for the rinsing process, which is because
of the gate adsorption characteristic and large CO; selectivity of ELM-11. Then, the desorption process is
only required for the ELM-11 column. Moreover, we can omit the purging process using pure CHs for the
ELM-11 column because the small amount of effluent CO, from the ELM-11 column at the pressurization
and adsorption process (the remained CO> on ELM-11 after the desorption process) can be adsorbed by the
HKUST-1 column, which can suppress the consumption of the product CHa.
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Supplementary Figure 7: InP%* vs. 1/T plot. Red circles: experimental gate-opening pressure of CO», blue
squares: experimental gate-closing pressure of CO». Two lines are the results of the least-squares fitting to

the experimental data.
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Supplementary Figure 8: Phonon density of states of ELM-11 in the closed and open states. The phonon
density of states of the closed state is similar to that of the open state except for the peak at 70 THz coming

from the C=0 stretching vibration of adsorbed CO> molecules.
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Supplementary Figure 9: Specific heat of ELM-11 and HKUST-1. a Temperature dependence of the
specific heat of ELM-11 in the closed (blue) and open (red) states and HKUST-1 (green). The specific heat
of the open structure is slightly different from that of the closed structure because of the existence of CO»
molecules and the difference in the interlayer distance of the host framework. b The enthalpy change of
ELM-11 in the closed (blue) and open (red) states. Since the difference between the two curves is quite small,

we used the specific heat of the closed structure to compute the temperature change of ELM-11 (the green
plane in Figure 5b) for the sake of simplicity.

S-10



TP |

co, MFC T™P

CH, — MFC Static mixer | BPR [ Vent
Ar MFC D<

HKUST-1
or
blank

ELM-11

Thermostatic bath

Supplementary Figure 10: Flowsheet of the breakthrough curve measurement. MFC: mass flow
controller, TMP: turbo molecular pump, BPR: back-pressure regulator, and QMS: quadrupole mass

spectrometer.
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Supplementary Table 1: Parameters obtained from fitting of the KJMA equation to the fraction of the

phase transformed versus time plots.

k [S-l 11]
T[K] P2 [kPa] P [kPa] p-pete
open phase closed phase open phase closed phase

273 31.7 40.8 9.09 1.31+0.08 1.33+0.1 0.10+0.02 0.13+0.03
264 21.7 41.0 19.4 1.30 +0.09 1.3+0.2 0.23 £0.03 0.25+0.08
256 15.1 40.8 25.8 1.2+0.1 1.25+0.07 0.33+0.05 0.40 +0.03
241 7.15 40.8 33.6 1.2+0.1 1.2+0.1 0.40 + 0.06 0.42 +0.06

7.74 4.48 1.26 £ 0.06 1.24+0.09 0.036 + 0.005 0.049 + 0.006

13.0 9.74 1.22 +£0.09 1.2+0.1 0.085 +0.02 0.097 +0.03
227 3.26 16.9 13.6 1.24+0.06 1.2+£0.1 0.16 +0.02 0.18 £ 0.04

31.0 27.7 1.2+0.1 1.22+0.08 0.33+0.04 0.40 + 0.04

40.9 37.6 1.2+02 1.2+02 05+0.2 0.6+0.1




Supplementary Table 2: Fractional coordinates, LJ parameters, and atomic charges of the open host
framework of ELM-11.

Atom  x[-] yI- z[-]  ourr[nm]  aeuer/ ks [K] g le]
Cu 0 0.19281 0.75 0.3114 1.863 0.621
B 0.19563 0.11984 0.64423 0.3638 67.061 0.788
F1 0.27073  0.06941 0.69054  0.2997 18.628 -0.390
F2  0.23654 0.19253 0.59436  0.2997 18.628 —-0.365
F3 0.13256 0.19178 0.68463 0.2997 18.628 —-0.426
F4 0.14045 0.02442 0.60743 0.2997 18.628 —-0.433
N1 0.09943 0.19919 0.83834  0.3261 25.707 —-0.400
N2 0 0.38035 0.75 0.3261 25.707 —-0.446
N3 0 0.01305 0.75 0.3261 25.707 -0.412
C1 0.17252  0.27971 0.84012 0.3431 39.119 0.087
C2  0.23247 0.30018 0.90425 0.3431 39.119 —-0.136
C3  0.21649 0.23863 0.96391 0.3431 39.119 0.061
C4 0.14311  0.15790 0.96174 0.3431 39.119 -0.112
C5 0.08398 0.13864 0.89771 0.3431 39.119 0.071
C6  0.04017 0.44108 0.69691 0.3431 39.119 0.104
C7  0.04084 0.56606 0.69588 0.3431 39.119 —-0.058
C8 0 0.62901 0.75 0.3431 39.119 0.048
Cc9 0 0.76257 0.75 0.3431 39.119 -0.011

C10  0.08639 0.82586 0.77173 0.3431 39.119 —-0.100

Cl11  0.08469 0.95217 0.77137  0.3431 39.119 0.101
H1  0.18536 0.32892 0.79222 0.2571 16.392 0.161
H2  0.12980 0.10800 1.00929  0.2571 16.392 0.185
H3  0.29137 0.36522 0.90578 0.2571 16.392 0.121
H4  0.02503 0.07370 0.89658 0.2571 16.392 0.159
H5 0.07159 0.39088 0.65549  0.2571 16.392 0.159
H6  0.07267 0.61354 0.65360  0.2571 16.392 0.185
H7  0.15060 1.00245 0.78805 0.2571 16.392 0.178
H8  0.15366 0.77845 0.78860  0.2571 16.392 0.158




Supplementary Table 3: The unit cell of the open host framework of ELM-11.

crystal system monoclinic
space group C2/c (No. 15)
a [nm] 1.37219
b [nm] 1.10542
¢ [nm] 1.87532
B [deg] 95.924

Supplementary Table 4: Interaction parameters for a CO; molecule.

site C
o [nm] 0.2789
&/ ks K] 29.66
q [e] +0.576
site O
o [nm] 0.3011
&/ ks [K] 82.96
q Le] —0.288
C-O bond length [nm] 0.118
0O-C-O bond angle [deg] 180

Supplementary Table 5: Interaction parameters for a CH4 molecule.
o [nm] 0.381
&/ ks K] 148.12
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Supplementary Table 6: Parameters of the polynomial function for the specific heat of HKUST-1.

Cg K= ¥ oa;T% unit of a;: [J g K],
Parameters 80K <T7T<300K 300 K< T<400 K
(Kloutse et al.)

ao —0.426 448.0867

a 1.239x1072 —6.663567

a ~7.2796x1073 3.95955%1072
as 2.427x1077 -1.172852x10*
as -3.105x1071° 1.731346x1077
as 0 -1.018616x107!°

Supplementary Table 7: Parameters of Virial-Langmuir model for CO; and CH4 on HKUST-1 by

Chowdhury et al.

Parameters CO» CH4

Lo [mmol-g~"-bar™']  5.64x10™*  1.68x107°
B K] 2774 1931

bo [mmol'-g] 0.45 0.24

b [mmol"-g-K] -157.5 -59.3

co [mmol2-g*] -0.069 -0.068

ci [mmol~2-g*K] 21.8 17.2

0 [mmol~"-g] -8.29 —4.02

m [mmol-gK] 7643 4635




Supplementary Note 1: Co-existence of the closed and open states of ELM-11.
Supplementary Figure 11 shows an adsorption isotherm of CO, on ELM-11 at 298 K and in situ XRPD
patterns measured at the points designated by the numbers on the adsorption isotherm. Points 1 and 10
represent ELM-11 in the fully closed sand fully open states, respectively. The XRPD patterns at points 2—9
have both peaks attributed to the closed and peaks assigned to the open states, and the ratio of the two phases
in the XRPD patterns at points 2—9 gradually changes with increasing CO> pressure. This result indicates that
the closed and open states of ELM-11 co-exist during the gate-opening. This fact supports the assumption
that only a part of ELM-11 can undergo gate adsorption during the adiabatic adsorption process to satisfy the
heat balance of the system.

Supplementary Figure 12 schematically illustrates the co-existence of the closed and open states of ELM-
11 under the adiabatic adsorption process. State A: all of the ELM-11 crystals are in the closed state and at
the same temperature 7 just after the adiabatic purging process. State B: by feeding an equimolar CO»/CHa4
gas mixture, a portion of ELM-11 (54% when Ty = 298 K) adsorbs CO, and releases the heat of adsorption.
State C: The heat released by the gate adsorption increases the temperature of ELM-11 crystals in both closed
and open states, and then the system achieves thermal equilibrium at 7% (335 K for an equimolar CO»/CH4

gas mixture at 500 kPa).
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Supplementary Figure 11: In situ XRPD measurements. a Adsorption isotherms of CO; on ELM-11 at
298 K. b In situ XRPD patterns measured at the points designated by the numbers in a.
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Supplementary Figure 12: Schematic illustration of the co-existence of the closed and open states of
ELM-11 under the adiabatic adsorption process.
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Supplementary Methods
Material balance calculations for the conventional system and our proposed system

In this section, we designate the conventional system as System A and our proposed system as System B.

a system A
Inlet Column AA . Outlet
i A A
Ffmix‘A .
Y cozs Yo
Used in .
purging Feran
process
b system B
Inlet Colum: B1L Intermediate CO'“;\"” ?2 Outlet
| B1’ ~B1 m 7 B2’ ~B2
F;n\x,B Fmix,B
Yoz Yora Y Cozs ¥

Used in
purging
process

P
FCHA,B

Supplementary Figure 13. Schematic diagram of system A and system B.

System A

Supplementary Figure 13a shows a schematic diagram of system A. Fja and y; are the molar flow rate and
the fraction of component j (= CO,, CHy4, and mix, where mix denotes a CO»/CHs gas mixture). The
superscripts for Fj 4 and y;, "1," "p," and "o," stand for inlet, purge, and outlet streams, respectively. The cross-
sectional area of the column is 44 and the length of the column is La. Material balance equations for CO>
and CHj4 associated with column A filled with a rigid MOF when the total inflow becomes equal to the

maximum adsorption capacity of the column are given by:

LaAa(1 —&4) ads

y(iIOZFrinix,A = — 8. N¢oza (1)
A
i i LaAa(1 —€p)
VeuaFmixa = —9A Ngf-iliA + F(II)HAL,A + Fuan (82)

where, €, is the overall void fraction of column A, 68, is the operating time for the adsorption process for

system A, 1\/]-?35 is the effective adsorption amount of component j for the rigid MOF on the volumetric basis,

which depends on the adiabatic operation conditions. The CHs4 flow required for the purging process, FCPH4, As

would be proportional to the CO, amount remained in the rigid MOF after the desorption process:

LaAp(1 —&4)
F€H4,A = QATNCdS;,A' (S3)

where, a, is a proportionality factor representing the effectiveness of purging. According to the definition
of the separation characteristics for PVSA process, the adsorption amount of CH4 under the adiabatic

Sads

adsorption process, NcaﬂilA, is a function of the CO; selectivity, S3“°, which is written as:

}’ic1-l4/}’(i:oz
N&isa = Nggg,AT- (54)
A



Then, the adsorption amount of CO; under the adiabatic desorption process, Ngg; A, 18 obtained from the
regenerability, Ry, and NE35, as:

NESs 2 = NESSA(L — Ry). (s5)
The length of column A and the molar flow rate of the product CH4 can be obtained by simultaneously

solving Eqns. S1-S5:

Oa Yoz i
Ly = Floa, S6
A AA(l _ SA) N(?S;,A mix,A ( )
i i LaAp(1 —&4) }’ic1-l4/3’(i:oz LaAp(1 —&4)
Féuaa = YeuaFmixa — —Ncag;,A T eads aA—N(?(()i;,A(l —Ry)
O s3 Oa
i i LaAp(1 —&4) inHzL/y(iIOZ
= YeuaFmixa = ———5——— NS A | =i — + @a(1 = Ry)
Oa S
A
i i J’ém/yicoz i _ i
= [YE}M — Ycoz {—Sads + ap(1 = Rp) | Fmixa = XaFmixa- (87)
A
System B
(i) Case I

Supplementary Figure 13b shows a schematic diagram of system B. Fjp and y; are the molar flow rate and

nnn

the fraction of component j (= CO2, CHa, and mix). The superscripts for F;p and y;, "i," "p,

n "O,” and llmH

stand for the streams at inlet, purge, outlet, and intermediate between columns B1 and B2, respectively. The
cross-sectional areas of columns B1 and B2 are 41 and A2, and the lengths of them are Ly and Lg,. Material
balance equations for CO, and CHj4 associated with column B1 filled with a flexible MOF before the intrinsic
breakthrough of CO> are given by:

i i Lg1Ap1(1 — €p1)
Yoz Fmixs = A Nca(oji,m + ¥C02Fmixps (S8)

i i Lg1Ap1(1 — €p1)
VeuaFmixg = A Ncaﬂi,m + ¥ChaFmixps (S9)

where, epq is the overall void fraction of column B1, 6y is the operating time for the adsorption process
for system B, 1\/;‘,;1; is the effective adsorption amount of component ; for the flexible MOF on the volumetric
basis, and the CO; fraction of intermediate flow, y¢y,, is governed by the gate adsorption pressure of the
flexible MOF for pure CO,, P&, and the total pressure in the adsorption column, P, (v, = P& /P,). The
N@3$ g1 value is calculated from the CO; selectivity of the flexible MOF, S3$s, and N3 g, with the same
relation as Eqn. S4.

The length of column B1 and the molar flow rate of the intermediate stream can be obtained by

simultaneously solving Eqns. S4, S8 and S9:

g Y(i:o /¥¢o _inH /YCh i
Le1 = Ag1(1 — egy1) 2 2 : Ve 4/yi mix (10
N(?S;,Bl (1/3’(%2 —1/YCha CHgggscoz >
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i i

| Yena/Ycoz
YcHa — Ycoz T gads

m _ B1

mix,B —

i
i i Fmix,B' (Sll)
m _ .,m yCH4/yC02
Ycua — Yco2 gads
B1

Material balance equations for CO» and CHjy associated with column B2, which is filled with a rigid MOF,

can be written as:

LpzAg2(1 — £p3)

YCo2 rrr?ix,B = O Ncag;,Bz» (512)
LpaAgy(1 — ep3)

YChaFmixe = o5 N&RS B2 + Fouap + Flusp (513)

where, e, is the overall void fraction of column B2, Nfg; is the effective adsorption amount of

component j for the rigid MOF on the volumetric basis. The Néﬂim value is calculated from the CO>
selectivity of the rigid MOF, S3$s, and N(?g;,BZ with the same relation as Eqn. S4. The stream for the

purging process, FCPHzl-,B: consists of two terms:

Lg1Ap1(1 — €p1) LgyAg2 (1 — €32)
FCpH4,B = apy o5 Ngg;,m + agpy o5 Ngg;,sz- (S14)

where, ag; and ap, are proportionality factors representing the effectiveness of purging. The first term on
the right-hand side of Eqn. S14 is attributed to the contribution from column B1 and the second term is
attributed to that from column B2. Note that the first term is zero when all the guest molecules on the flexible
MOF is evacuated during the desorption process, which is the characteristic of flexible MOFs like ELM-11.
The NSSZ_BZ value on the second term can be calculated by the regenerability of the rigid MOF, Rg,, and
N@%Z_BZ with the same relation as Eqn. S5.

The length of column B2 and the molar flow rate of the product CH4 can be obtained as:

m
. O YCo2 m
B2 — mix,B
Aga (1 — gp) N@SZ,BZ

i i J’ém/yicoz
O ym YcHa — Ycoz T gads
B Fhixp (515)

Az (1 — &pz) Né‘é‘i,az m J’ém/yicoz

m _
YcHa — Yco2 gads

B1
LgzAp2(1 — £2) Yena/YCoz
F((:)H4,B = )’8{4 rrrrllix,B - O N(?g;‘sz T + (ZBz(l — RBZ)
B2
Lg1Ap1(1 — &p1)
— agy(1 — Rgy) Og N(E:‘(c)i;,Bl

lm m | YCha/YC02 m
= (Ycua — Yco2 ~ gads + ag2(1 — Rgy) { | Fmixp
B2
yicoz/ygbz - in1—{4/ng4 i
: : ixB
Yeua/Yeor
S

— agy (1 — Rgy)
1/y¢oz — 1/YCha
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= XgFhixB; (S16)

where
i i Yeua/Ycoz
m m yCH4 yCOZ Sads
_|.om m | YCha/YCo2 1—R B1
Xg = |YcHa — Yco2 — gqads + agz(1 — Rgz) ; ;
B2 m _ om Ycua/Ycoz
Ycua ~ Ycoz gads
B1
yicoz/ygloz - inH4/Y(I:Ih4
— ag1(1 — Rgy) yi /yi . (817)
m m CH4/.7C0O2
1/yco2 — 1/YCH4T
B1
(i) Case 11
at 6, - A6
Column B1 Column B2
Inlet Intermediate Outlet
saturated for u
saturated — > slipping-off gas’ — >
Z
AL
LBZ
at 6,
Column B1 Column B2

7
Inlet / Intermediate Outlet
/ saturated —> saturated for )

/ )/ / feed gas

Supplementary Figure 14: Schematic diagram of the movement of the saturated zone in Case II.

In Case 11, the length of column B2 is defined such that the first breakpoint related to the slipping-off gas just
merges with the second breakpoint associated with the feed gas. Namely, column B2 is designed so that it
breaks at the operation time g and column B1 is designed so that it breaks earlier time than Og. As shown
in Supplementary Figure 14, we consider that column B1 breaks at 6g — A6, and AL of unadsorbed zone
remains in column B2 at that time. A6 is derived from the following equations relating to the velocity of the

mass-transfer zone:

Lpy = YeoaFmix Op =, o (518)
5 Ng(()i;,Bz (slipping off)Ag, (1 — &g3) BT Tatezzerol
i Fi . —ym_pm
LBZ yCOZ mix,B yCOZ mix,B AD = rfeedzgateAey (519)

~ (NES; g (feed) — NEG3 g, (slipping off)) Apz (1 — ep2)
Where, N(?S;,BZ (slipping off) and Ngg;lgz(feed) are saturated adsorption loadings for the slipping-off
CO; and feed, respectively. Note that 7gatezzero [M/s] is the velocity of the mass-transfer zone to reduce
CO: fraction from P#"/P; to zero and Tfeed2gate 18 that to reduce CO; fraction from yreed to PE/P (see
Figure 7). If the system satisfies Tteedzgate > Tgatezzero- the time lag between the first and second breakpoints

will be zero by installing a little larger amount of conventional adsorbent in column B2. A@ is obtained by
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simultaneously solving Eqns. S21 and S22:

A = (?83 g2 (feed) — N@g; p2 (slipping off) YCoz le B P
= : B
Ncagi,sz (slipping off) Ycoz2FmixB — Y02 Fmix B
. .
. . /
YcHa — YCo2 %
Ycoz
ym ym yCH4/yC02
383 g2 (feed) — 883,32 (slipping off) CHa —7COz - gads P (520)
- . B
NCOZ,BZ (slipping off) i i }’CH4/3’c02
_ Ycua — Ycoz Sads
Ycoz — Yioz
m _ ,m yCH4/yC02
YcHa — Ycoz Sads
The length of column B1 is obtained by changing 0g of Eqn. S10to g — AG:
Og — A0 Y(ijoz/yg})z _inH4/yng4 i (s21)

LBl = : B Fmix B-
Agy1(1 — &gq) Yeua/ Vi '
N(?S;,Bl 1/¥¢o2 — 1/¥Cha CH;adSCOZ

The molar flow rate of the product CH4 can be obtained as:

i Lg A2 (1 — &p2) Ycna/YCo2
FCOH4,B = y(12H4Fr1nix,B - O N(?S;,Bz T + agy(1 — Rgy)

Lp1Ap1 (1 — e1) Yeua/ Mt
—— BleB = NESS 1 {%+a31(1—R31) ) (S22)

ads

where, the adsorption properties of Column B2, N¢o3 g2, 5395 and Rp,, are saturated values for the feed

gas.
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Supplementary Note 2: Comparison of System A and System B

Here, we focus on the adiabatic separation process of CO» described in the text, and assume that columns A
and B2 are filled with HKUST-1 and that column B1 is filled with ELM-11. The adsorption characteristics
of HKUST-1 should depend on the composition of a gas mixture. Therefore we investigated effective
adsorption properties of column B2 for the slipping-off gas as shown in Supplementary Figure 15, and
obtained Né‘g;m = 0.53 mmol/cm?, S335 = 5.35, and Re2 = —1.19 by using the composition of the
intermediate flow between columns B1 and B2 (v,  Vihse = 4.2 1 95.8 at 263 K), which is obtained from
y&, = P8¢ /P The negative value of Rg2 comes from the fact that the amount of adsorbed CO, on HKUST-
1 after the adiabatic adsorption process is smaller than that after the adiabatic desorption process. This is
because only a small amount of slipped-off CO» is adsorbed on HKUST-1 after the adsorption process;
however, more CO; is adsorbed at the rinsing process with pure CO; of 250 kPa.

For a fair comparison between systems A and B, we assumed the same void fraction, cross-sectional areas,
and operating time for all the columns (ea = €1 = €B1, 4a = AB1 = AB2, and 6x = 6B). Then, the proportionality
factors for purging, aa, asi1, and oma, were set to be 1.0, which means that the amount of CH4 required to
purge the system is the same with the adsorbed amount of CO,. We obtained Lgi = 0.325La, L2 = 0.097La,
and Lp2 / L1 = 0.299 in Case I by substituting the separation characteristics and mole fraction in each stream
into Eqns. S9, S13 and S18, and L1 = 0.224L4, L, = 0.082L4, and L2 / L1 = 0364. in Case II from Eqns.
S9, S21 and S24. The resulting material balances for systems A and B are depicted in Supplementary Figure
16.
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Heat of adsorption [J/g]

Amount of adsorbed CO , [mmol/g]

250 270 290 310 330 350 370 390
Temperature [K]

Supplementary Figure 15: Heat of adsorption and adsorption loadings in column B2 in case II. a
Temperature dependence of the heat of adsorption for HKUST-1 on the four operating processes. The green line
is the heat balance curves when the adiabatic adsorption process starts from 263 K. b Temperature dependence of
the amount of adsorbed CO2 on HKUST-1 for CO2/CH4 mixture (4.2:95.8) of 500 kPa (red), pure COz of 15 kPa
(blue), and pure CHa of 15 kPa (orange).
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a system A

Column A
HKUST-1
Inlet N2%, = 3.01 mmol/cm? Outlet o
>
3.121F Se=4.11 E
3.121F R=0.56
0.758F
3.121F Used i
sed in
purging 1.363F
process
b system B in Case |
Column B1 Column B2
ELM-11 HKUST-1
Inlet Nacdgz = 4.04 mmol/cm? Intermediate degz =0.53 mmol/cm? Outlet o
—> >
1.427F S =39.9 1.393F S =535 -
1.427F R=1.0 0.061F R=-1.19
0.034F 0.260F
1.366F 0.061F Used in
purging 0.133F
process
c system B in Case Il
Column B1 Column B2
ELM-11 HKUST-1
Inlet N(a:dgz = 4.04 mmol/cm? Intermediate Ngdosz =3.01 mmol/cm? Outlet R
—> >
1.196F S =30.9 1173F Seee =411 -
1.196F R=1.0 0.254F R=0.56
0.023F 0.062F
0.942F 0.254F Used in
purging 0.111F
process
Green: CH,
Red: CO

2

Supplementary Figure 16: The material balance and separation characteristics for system A and system B.

The molar flow in red and green are for CO2 and CHa, respectively.
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