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In order to explore new adsorption separation processes that utilize the
gate adsorption behavior and intrinsic thermal management capability of flexible metal-organic
frameworks, we developed a breakthrough curve measurement system that can obtain the temperature
change in the adsorption column and a non-isothermal adsorption column simulator based on mass
balance and heat balance. We first discussed the system containing conventional adsorbents and phase

change materials to evaluate only the effect of thermal management on adsorption properties and
found that the advantage of suppressing the temperature change in the column exceeded the
disadvantage of decreasing the amount of adsorbent packed. Then, we investigated a novel C02/CH4
separation process using one of flexible MOF, ELM-11, and demonstrated that its adsorption
separation performance was significantly higher than that of the conventional adsorption separation
system.



# X C—19, F—19—1, Z2—19 (@)

1. ARABJTOER

MES D= R VFX—1EBIEEAD &, R EIRD & T HET XV — KT LT 0B EN S
DOBENIBE TH Y, LA B E TR - BB K 2R3k 5T % [D. S. Sholl
and R. P. Lively, Nature 532, 435-437 (2016) ], Z O EZEREZANIIFER ZEDTNDHD
DS, ZLMERCNL R (Metal-organic framework: MOF), & VD olF, ZOH T BASHEE I ikt %2
A3 % Flexible MOF T %, Flexible MOF I%, & 2 BEDOENZHB N THEBEEDER 20
ATy TIROWEZFB 27T, FERMEHIIZA LN N OFFRARBIGUI [/ — NE] 0 [~
V=20 7] 70 8 LTI, HEEZRMEIDIRT B mW 0 TREREESe, EDRENEEIC L VRS
WA BT DA « BN ATRE & W o TR HIAE TV D, Fex OIFSEZ V—7"Tlx, 7 —
N EFEB ORI WS RS ED AR, 7 — NEEFTD [HEEE R orZEl] & TR
WAL X DEENR] OBI)FR R EIc L VFATEL 2 E2W oML TE M2 S.
Watanabe et al., J. Chem. Phys 130, 164707 (2009) ], & LIZUT4E T, ZTNOMITZELC T,
EEDBWETNAER T 5 Z & CUAERO SN SN S [HCEER] & ThE 5 &
'E 7)Y Flexible MOF Zfifii>o> T\ 5 Z & #B] 572 & LTV 5 [S. Hiraide et al.,, ACS Appl. Mater.
Interfaces 9, 41066-41077 (2017) 1, ZiulE, WAEEIZ L HHE LA, OWCXZzhIcER L
WAEMERIK T Z MG EETH L L AEHRLTEY, FHREFE N CERINIZ ORETS
B ZIZHUWNT, Flexible MOF 135 [HHIR] #1225 72100 CIIFHI CE 2 WA HIMEZ RO TV D
Tl Dd, ZOHCEMERIE, bHAUEEEREE CRWIERMEHTIZ R WEETH Y,
EERME, BU—F X v /30T 412k < Flexible MOF OFE=0F|H 5285, Ll
NS, BUTOWETZTIE, 1ERRRERO, LrbERBREFRE L-man£<, 8oz
FHIERE 2 WA o BEMERE & U RIS 2 72 O O BERR BV A B £ - TV e,

2. ARDEH

AWFFED HIE, WA LHACB VTR L REF Th o7, WEBHR L OB IR
L7 RSB R DM GG & BB O T 5 Z L Th 5, BRI, OWE D 7 LNOIREZEL
% BUAS n] HE 72 W 25 T itd il AR H B 25 & @O BN » BT RS W IEEIRWAE D 7 LET IV
EWETH L TCINEERT D, 22T, HOBHERIIIITOWE TENRER L TR0V
HRBRTHDH Z E0n, 0%, ATREK & EEVIEERT (PCM) Z [FIfE L 72WE D 7 Ly AT
DZOWTHETT 5 Z & C, B L7208 X 0@ L MERFE, WO AEBIIHIC X 2 W aEME
BEm EhRIZHOWTHAE Lz, %12, B. Flexible MOF @ —F& T& % ELM-11([Cu(4,4-
bipyridine) 2 (BF4) 2]n) (22T, BREE T CHEZEZR landfill 7 A (CO»/CHa) 57 BfE A F8E L 7 it
&3 hE L7,

3. ARDAE
O 8 B #7381 E DEAF

K 1R T o7, vA7a—ar ba—7—MFC), HAIFXH—, WEHT L, /NA/3X
P, UEMRAVE BT R (Q-MS) 20 B 72 A di AR EEE A PR Le, Z0EETIE, 2 &
D MFC (2 X » THEHMROREE T A Zfm S, WED 7 L@tk o N A% Q-MS &
THNTT 5, £77, 2 15em OWE T T 2121E, AANS 55,75 BLOV9.5cm ONEIZEE
SR ASNTEY, WED T LNIBREDONE, FERMKEENAE R TH D, MalEE A T
X, JEMEERL b RS 36°C @D PCM (KBRH A 2 1 )V) ZFlix DER/FRTH T LTEED,
150°C™C 3 IFfE O RTALEE (N2 Jiili ) 21T o 70, Flix ORGHE « TARERMET N & n-T7 Z >
DIRE T A% WFE T T MMIFEE L, T APNIREZEE X OWEE i 2 H1E L=,

static mixer

@

n-butane

vent

thermostatic oven QMsS ——>» vent

1 BHZE U 7o i it i) 7 2 ORI X



QFERBEN T LETILOEE

WA T DNOWEBIB L OB EHZ S I 2 L — ]\Tﬁﬁiﬁ7 07T L Bl LT, METH
HATIE, WEAIBLOPCM 2 BHE LIEWAED 7 L%, K2 ISR LI2E - WEIC OV
TORHE - M - BN 5727 /ﬁtm@ﬂlfiﬁ iof%?ﬂ/ﬂ: LTco 717 Lk S T51m 2z
KM EIL, AREEEEZ WD Z & THARE, WEER L OIREDONLE - RFE SR 2 KiF
L7,

$i¢ — convection
| | 7
l éﬁg UH ﬂ } ~ conduction
+ production
Yi¢ 3 |
W 75 4] TP BT LBE
e KIS
l ® 7 PCM PCM
T

X2 BB - BUGCC OIS (FRED - WHEBE), RKE : B2WE)

4. HAEHRE
A.PCM ZRBLERBE NS LR TLIZE T 2@ ENR

£, PCM 2 FBHE LR o 72 & E D n-T7 % Uit L OWE D 7 AN OIREZE(L %X 3a
BLO3bITRT, ZORMTIE, 7 2HNOEE EFITH 2K THho7=, —F5T, PCM %[F
WAL 728 TD n-7 % Ui dhiRE L OWAE 7 7 AN OIREZARIZ 3¢ 3L 3d (RT5@ Y
THY, BT LNOEEEFIIN 16 K TH-72, OF D PCM DIEAIC L VIEE EFITK 27%
B ST, £72, FSRMEICOWT, FEEREAED T 2T /0% A CTiEdhfrEs KO 7 4N
P 2 3R U 7R 2 [0 3a—d ISR TR, MRMTAS RIS & BAFIc—F L TkY, ZoZ
D, BIFE LoinE iR E S X OISR AE D T DT IVOFSEMENRE T,

1.0

o experiment o experiment

08 - — simulation o — simulation -

06 -

04 -

Mole fraction of n-butane [-]

02 -

0.0
330

d
556m75°m 9.5¢cm

o experiment o experiment

— simulation — simulation

320 -

310

Temperature [K]

. L . . L 1 . .
300 600 900 1200 1500 0 300 600 900 1200 1500
Time [s] Time [s]

X3 @R L OWE S T LANOIRE S (ab: PCM 72 L, ¢,d: PCM & 1)

BoONTWEN T LET N ERNT, FABEOE S 2m, B2 1.2m OWEEIZBIT 5 n-7
2 URAENERE AT L2, 22T, 25°C D n-7 X /N iRE ﬁxﬂ%%@ﬁ;umﬁmfmﬂ
THZELEMBEL, ENEIWETH D EIRE LTz, WEAIL PCM ORFIHEE % 450 kg/m® |2
BE L7z BT, MAEEICHT H PCM FHELESE LTS5 2 & T, PCM T X 505 EINHI%h
RZFME L7, flx OB DWERIEE Y-V OWREER L OBRES TOh 7 AN
FRE %X 4a 12, WEN T L5720 OWEELZX 4 IR T, 22T, WED T LHODOE
JVITERN 0.005 Lol b EEMOR E e Lic, T ANEEIRE XAk L CHGR 3



HOIZRIL, WEAEEHTZY OWE
Bi3g<0.4 OFPHTHEIML, ZO%IE
HbheEpholz, Zhi, ¢<04 TIE
PCM (T X 2R b H- ] 23 %h a9z
Wb — 5T, FNLLEICRD
&, PCM M X - THEAATREZ &%
YNV T 4 KD EWEBD TR/ S
7o TWABEDTHD, 22T, M4
RO UL E D4y 720 F FEHE A E
RREREA-IIHPLTCLEID
T, WEHT 2T O EMREITK
T EnTPRENS, LR
5, ¢ <032BWTIE, WEHLT L dH
720 OWAEETHMERER BN RAD
AT ENHLMNE RS2, DFEY, T
OHFIPHTIIREAI FEHEEO WA LD
b, IRE BN L AW EMRED R
FoFEFRKREL, ZHITREERE N
R TFTBHZENNNTEETH
HBERLTWS, £, 1726572
D OWFEEDNEM L= E W) Z 2T,
FERREHT-V DN T LAESEEL 0 02 04 06 08 10
TAHZENABETHD,EZ TPCM 72 Mixing ratio of PCM [-]

B AL e e s g
Lot LR LRIBNI L D 5D i 0 O RGBS CO
IZ¢=0.3 DT LEHmBRETTDHE, 5 NN IR (b)w%ﬁ S KT 0 O E

J LR SIT 1%, WA 38%H 5 HemL - "
ToHZENbhrot,

AR 2@ LT, PCM & W2 BB Y, o tERE2m L9 5 ECHERICERTH D Z La
oML olz, LINLRA D, PCM Z I L7- 2 &2 L WA AR & ORI I3RS 5T,
BHEOREEL R RKRICHE LNV EBHALNE R oT, T, MEOHE EFEITEI= 3%
D3, PR B OBFRIREE & g 7' B XA ORI EE L 72 & BOWEIERA S, £ 720EH
FHEA LM B DOEBEII A BHCEX 2N L LN E o TERY, Zhubix, EEW 2F]H
L 7o AEBNHENE DT R L L TIRERL D IC R & e o [FEL UIARREICET 253 Y.
Sakanaka et al., Ind. Eng. Chem. Res. 59, 14485-14495 (2020) & &M X 7=\, —F T, 77— N
ERNAETHHECEWHERII NG OMEER LT8G TH 5, R D, 7 — MIKEH
H & OWEIELETE BB R A R0 O TRAERIFEEEDOIR NITE AT, ho, WE LIBELE
IUTRRHIAEC 720, WAL HELRIC L DWADRIUC T 71372<, £ ZOMIT VL
PFUIGFELR2WE TN TH D,

400

-1 380

- 360

1340

Temperature [K]

320

Amount adsorbed [mol/kg]

300

Amount adsorbed [mol/column]

B. ELM-11 # AL /= landfill 77 R (CO2/CHa)5 Bt D &5t

5525@ Eﬁﬂrff)%//ﬁu%c:%j%, if@i, ELM-11 ﬁ‘ﬁﬁ‘é E a HKUST-1 D2 1sothermal
CEV B RE DAL 2 R 9~ < TERAY (RIEL ) W& Adiabatic

FOHT landfill HAGBEICHRBAEL LI TWD
HKUST-1 & O EMERE % Feifs L 72, CO»/CHa 77 Bl I,
LTF® 4 DO TG 7% Vaccum pressure swing
adsorption (VPSA) #fEZAHE L7=, (D500 kPa (21T %
JEUBFH A (CO2:CHa = 50:50) DHEHG - W35 T2, @250kPa
~OENIER LOWL COx T AIZ L D% TR, @15

kPa TOMiE TR, @15kPa Offi CHy H AT XL B 3—
TR, £7, LLFD 4 SOWEMREIC SV CEHE L,

N [mmol/cm?®]  S&[-] ANco [mmol/icm?] R [%)]

ELM-11 & HKUST-1 @tti& %ﬁio f:o b ELM-11 {(/(/{ Isothermal
= R Adiabatic
1) COx A5 B NEGS 100 100

2) COLRE: S35 = (NESS/NEES )/ eo, /Yen,)
3T —=F LT H XN T 41 AN, = NE§3 — NESS
4) Regenerability: R = ANco,/ Né‘gj

2T, NIITRR IR DES) | OWER, pld5H | 458,0,
(ZBT DT | DENGE, IRTads"I KL DVdes"1E
ALEAL VPSA IZ8I1T DWW & g TRERT, M5

HKUST-1 3 X O ELM-11 @ 298 K (2381 2 FIWMAT 7 Nzt mmoliem?] S5 [-] ANeo [mmolicm?] R [%]
7 A KON 263 K ZBHIAIRE & L7 Wi 7 at

ZIZBT B 4 SOWFEIEREE 7T, HKUST-1 DN IZ, X5 TR & WRUBERIZ I %
ELM-11(4.56 mmol/em®) ® 22 %12 & 7= % 10.02 WA TERE D LR



mmol/cm® TH -7, ZiLE, HKSUT-1 2% ELM-11 |2
BLTRERMAAZEMEAEL WD EEZLN
%o —J7C, ELM-11 3% D&tz L v, CO %y
FEAHALPO L) ML ERE L TEBY,
HKUST-1 0 9.5 D83 2 FBLT 2 Z L 3 orin-o iz,
S 51T, ELM-11 @ R IZHEKMTH S 100% & 727,
AU, A TRRIZ BT ELM-11 IR o P
L, WEEBENRPa LB ThHsb, UbaF
¥ % &, ELM-11 133856 KUY R T HKUST-1 1255
LOO, ML RPNELERNGG AN, & V> T FEHE
TEEDZ RN Do iz, —J7 CHIEGEE CTI,
HKUST-1 X H & OWERIZ X HEE EHOREE, W)
RN O SN DIFEOMEITRE SN
ZeWyinode, BlxlE, NESSIE3.01 mmolem® E T
EHIAATEY, ZIVUIHERBRETO 1B LT TH S,
L L7256, ELM-11 (320 H CEAWEREIZ LV,
ERIBRICAL D L WEMTREE e o7z, FERM
2, T LERTH 7SR LV RITIMA, NEEH
LT AN, TH HKUST-1 % L% 2 &334y 572,
W7k RAE LTOXYFEMARBmR 21T 9 <,
BR%E L 7= 4508 2 iV T ELM-11 @ CO2:CH4 = 1:1 IS
H AN B A AR 2 0E L7z (K 6a) , Z D FEERIC
BT, M RWAE T T AR E T _RERERIE, S
—UHATHD Ar AP U S 7% 120 CHs 23
B S, 77 LOMIEIZEN CO/CHs D 11 IRA T
APBHEND LWV LD THD, LLAERG,
ELM-11 O&HIING R B35 7 7 ATk, 1.5min T2
IREND Ar T ADWEHIE, CHa 720 TiER <, %
TO0.16 D CO B END &V WERMEICIER S
N7pWfER L e o7, FABDORER, Zixyr— ks
WAT > TIROWEFETH DD I, 77— NELL
TO COITWESNTICH T DHEANGIED HITT
L & 9 (Slipping-off) Z LI L VAT TWAHETH
DT ENGInoTz, 7ok, BHISE COx 33 0.16
1%, 7 — FLEEE Pee= 33.1 kPa & 2 P = 200 kPa
B BEERAIIC T S VD Pee/P = 0.165 & K < —%
LTz, Z @ Slipping-off % fiFk3 57-DIZ,
ELM-11 ZFH L7251 7 L O#% i@ OWAEHRI S Z
AEHBETAHLERN T AVAT AEEZER LT, ERE
(2, %EXD A7 52 HKUST-1 & A L7254 OhfE
A RE L2 A, Keb DX HfEEL o,
15 min FHEOAEBIZE S F T CHa S5 TERY,
2 BeR A 7 L2 &L - T Slipping-off [#EDMER FIHE T
HBHZEHFEIE L, Z® ELM-11 & HKUST-1 2°5
725 "Bl T A0 EHEND DD, TR
F O CHs 8T A Z5 D 12O IR AE S T B
A X (W EH &) B8 X OFEHLE RIS OV CEEE L,
HKUST-1 O&% Fe LT ek T T L & D %17
S (X7, FOR, BIRIRE 263K OWiEk VPSA 7
ot 2AEZMBEL, BT LEEICHTHEMRYE -
BUNZ AN SMEE T2, £, BT a0 A XTHE
HT 2L, B2y uv X3 BaEsm L-bAMTE

Mole fraction [-]

Mole fraction [-]

Time [min]

¥ 6 (a) ELM-11 OfifZita ghifR (b)ELM-11
& HKUST-1 235722 ZBeh 7 AV AT

L OREE iR
a
% Pure CH, ——4
HKUST-1
HKUST-1
ELM-11
L CO,/CH, mixture—4

Conventional system Proposed system

b

91%
69% 4.25F down
down

0.39F

0.0: BgL
seconaal
2F 2F
0.224L minimum | (elus
(primary) requirement] |((CIIEINTER

Conventional Proposed Conventional Proposed
system system system system

Column length Flow rate of feed gas

7T RELIE BT LVAT LD
WEEE L ek o AT L & Db

VAT ATHAICHEDLLT, ATt 2 L0 KT 69%G /NI LTX 52 LR
77o F7z, ELM-11 OEN - EFEITEEE RIS L D IEICHN TR Y, Jiim F O CHs A
ZA5F D DB R JFEH A (CO2:CHa = 50:50) D& e/ NS 2F ThHZ LICETD
L, BET 0 ANERT D RFFEHIR/INRED 20%59 THIZ & X 0oz, Ik~
B ANRME LT HREFEEODTNI%TH D, LLED L ST 4 DOWRENEREE WA TEET =
T ADMBERES L LTHAT D Z & T, Flexible MOF O L 22BN M2 BELELT 25 Z S ITRRIN L
77 bFCAERIE, Nature IfithsETdH 5 Nature Communications ~D¥g# % H7- U7~ [S. Hiraide et
al., Nat. Commun. 11,3867 (2020)], 7=, %A 7 LAY U —2ZfTHH L, FFIZ, AAAS (American
Association for the Advancement of Science) NRET AR KEEOA L T4 V=2 — Y
—E A TEurekAlert!] Ti, AHZELR ML RAVERZL,



7 7 0 2

Hiraide Shotaro Sakanaka Yuta Kajiro Hiroshi Kawaguchi Shogo Miyahara Minoru T. Tanaka 11

Hideki

High-throughput gas separation by flexible metal-organic frameworks with fast gating and 2020

thermal management capabilities

Nature Communications 3867
DOl

10.1038/s41467-020-17625-3

Sakanaka Yuta Hiraide Shotaro Tanaka Hideki Hiratsuka Tatsumasa Kojima Natsuko Yamane 59

Yasuyuki Miyahara Minoru T.

Efficiency of Thermal Management Using Phase-Change Material for Nonisothermal Adsorption 2020

Process

Industrial & Engineering Chemistry Research 14485 14495
DOl

10.1021/acs. iecr.0c02344

Kawaguchi Shogo Takemoto Michitaka Tanaka Hideki Hiraide Shotaro Sugimoto Kunihisa Kubota 27

YoshiKki

Fast continuous measurement of synchrotron powder diffraction synchronized with controlling gas 2020

and vapour pressures at beamline BL02B2 of?SPring-8

Journal of Synchrotron Radiation -
DOl

10.1107/51600577520001599

H. Tanaka and M. T. Miyahara 24

Free energy calculations for adsorption-induced deformation of flexible metal-organic 2019

frameworks

Curr. Opin. Chem. Eng. 19-25

DOl
10.1016/j .coche.2019.01.001




285

2018
197-203
DOI
10.7209/tanso.2018.197
Y. Yamane, H. Tanaka and M. T. Miyahara 141
In silico synthesis of carbon molecular sieves for high-performance air separation 2019
Carbon 626-634
DOI
10.1016/j -carbon.2018.10.021
T. Hiratsuka, H. Tanaka and M. T. Miyahara 122
What is the Smallest Atom as a Probe for Characterizing Nanostructures? 2018

J. Phys. Chem. C

15446-15455

DOl
10.1021/acs. jpcc.8b04107

20 2 4

Flexible MOF

71

2020




71

2020

51
2020

51
2020

51

2020




2020

2020

23

2021

86

2021

Hideki Tanaka, Shotaro Hiraide, Hiroshi Kajiro, Shogo Kawaguchi, Yuta Sakanaka, Minoru T. Miyahara

Pressure-Aided Fast Gating and CO2 on ELM-11

The International Symposium on Adsorption 2019

2019




Hideki Tanaka, Shotaro Hiraide, Hiroshi Kajiro, Shogo Kawaguchi, Yuta Sakanaka, Minoru T. Miyahara

Pressure-Aided Fast Gating and Thermal Management Capabilities of Flexible MOFs for CO2 Separation

13th international conference on the fundamentals of adsorption (FOA-13)

2019

Yuta Sakanaka, Tatsumasa Hiratsuka, Shotaro Hiraide, Hideki Tanaka, Minoru T Miyahara

Development of Non-isotermal Detailed Column Model for High-performance Gas Separation System Using Phase Change Materials

18th Asian Pacific Confederation of Chemical Engineering Congress

2019

33

2019

22

2020




85

2020

85

2020

H. Tanaka, S. Hiraide and M. T. Miyahara

Intrinsic Thermal Management Capabilities of Flexible Metal-Organic Frameworks for CO2 separation

8th Pacific Basin Conference on Adsorption Science and Technology

2018

T. Hiratsuka, H. Tanaka and M. T. Miyahara

Thermodynamic and Kinetic Modeling of Capillary Condensation and Evaporation in Open-Ended Nanopores

8th Pacific Basin Conference on Adsorption Science and Technology

2018




Ag X in situ X

69

2018

32

2018

in silico

45

2018

2019

15

PCP/MOF 3 5




2020-018995

2020

HP
http://www.cheme.kyoto-u.ac. jp/2koza/

(Hiraide Shotaro)

(60853207) (14301)
(Tanaka Hideki)

(80376368) (13601)
(Hiratsuka Tatsumasa)

(70806744) (14301)




