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YA A4 PFEBLS B CO B 7 — b BRI hE
BRI THE S - 11

20504F DA — K Y =2 — F FVEBUINT T, Z bik# (CO,) DI E Z DA FH L OME L
VAR TH LD, P T, LIEMEZHCZZYHIBEFERE A VF -3 X PRBEROBIN 2 S
DHFHFEIN TV L COBINED—DTH b, €4 T A4 I R&EA M %A (metal-organic frameworks:
MOFs) %2 & ®D 3 7 ufl&x 3 % EZ fLEMRHE, CO T L TRV R R Ltz RT o &
5 CO, D53 HE - MUK & U CHEAETH S TW» b K miE 12 Rk % A 3 5 MOFs (Flexible
MOFs) &, 4 LEWEDNITBWTAMIZCO, 2 EDF A M T2 MIFLAICHLD AA TlAET A [ 7 —
MR | L JIEN L WAEBER 2 RTZEPMESNTEBY, RO IO SRR % R &
WBLTLDRNSBRIETNAL YV TRELT—F VXXV T 4 252 L TED, —J, €4
S A4 MCBWTHRAED Y — MRS ICEM S 2 25 v 7IRD CO, WA SRM % R T 2 L ATAEN] &
P> TETEY, Flexible MOFs 7217 TR B4 I 4 M THHRERITINTHT RNV F—7% CO, W
HEVWFFTE 2, AFRICBWTS Cs &% T 572 PHIE S T4 FASCOUIH LTH — F W%
BaRTERHLNE BoTze RFFHTIX, TORRLEAEECHME T T4 MK L OBAL
W& 57— MLCO, WAELEE O L THHT 5,

FoT—F:A—Rr=a—btFN, PHIEFTA b, TEALHE, 7— MBI, SAE%

wa, NI v T N7

1. 1FU®IC

R AR T ORE SR A A DY RN A B
BB E G2 5 RA B EETH Y, EEOR
.5 1% B (World Meteorological Organization: WMO)
\2X % E20234EDCO, X% ¥ (CHy), —MEIL™
2# (N0) O KB T TOFYREMIZENE
11420+0.2 ppm, 1934 +2 ppb, 336.9*0.1 ppb &, HEE
HAT DT & B LCHmL T2 S il gk
SE, HARIZBWVT D 20304 BEITIE 2013 X
L CHI46% DI ERN R A AP B 2 #3252
LAEHLTWEY, CoHERERT 2720101
CO, % EDHL DL WIEEIT R Ly, M2 TRA
25O COFEOHBEMPNATEE L > TL 5. b
HAH A, COMIUIMATHEYIL72CO &2 ED L 9

ZHH 2025451 H29 H
BV R P BREEAR T LB o h L F — B - b L F)
T564-8680 ABUAFWCH i 11 =M1 3-3-35
E-mail: yhiguchi@kansai-u.ac jp (§811)
shun_tnk@kansai-u.ac.jp (HH)
Copyright © 2025 Japan Zeolite Association All Rights Re-
served.

W D EEE 725 TL b, FAETIE, Carbon
dioxide Capture, Utilization and Storage (CCUS) D¥%
MR L CHREEDS A2 ANTED, BILL -
CO, R M T 5, F7212CO, 2 RIDAH 2L
EW (AT URRAY ) — V) ICHHRT 5 2 & DSHE
ENTW5b, F/z, CCSIFHHFIZCO, ZIEAT S L
7] TR 02t v i < 0 JEIN 45 & X3 % Enhanced Oil
Recovery (EOR) % &L DM I b #HTHETH %,
INBHDOCCUSIZBWTRLEE SN 5 EHE %R CO,
ERET 5720121%, CO, & BIUYI/HETiES 7
O ZAHLELE Y, MATCODHEILIT A LT
ED 2T EMTHRIFIECCUSIEER L v, CO,
OEEAT L LT, WAERBsHER & o7 ot
APEHSNTBY, PTORBEDOLZILE T IV I
I ABIRE L TEREINLEL T4 MICO, &t
WA T LN EET 5. ¥4 T4 b D3
7 iDL IVEAMBIAVR T 5 FIEREL, 203
JUfLNOERBEWAK DM TDT 7V TNT —
NWATEOMEEI L D RT V¥ ¥ VT p L F—
DWW I VBT 5, /2, €4 T4 FDSi/Al
HEHIETLZ LX), 5FNBELZ AT 5 CO,
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EOMBENEMRMARREZALEE S 2 LD HET
Hbo KSVALLL, ThRbBEEFT S L MHIALNICA
FA Ll ELELITA P THhIUE, AFE+ L
CO, & OFBATAEHIC LV CO, Z BRI WL AE§
B5IENTEL, M1@ITRTEIIE ¥FTA
b @ SYALL2SIEA§ U TR D CO, W5 S5 A0 & 7R
L, BSVAILLDOEF T 4 b LB L TCO, DA
BELWMINT 20 H 5. 72751, CONWEAET
B BRI T 2 W Bt 2B AuiE, WA L7
COZMAET A7 LR T A IVF—HHINT
%o F 7z, TRIOWLAE SRR IE CO LA R I MAK)E
WETCO,DHIEE FIFALEND LD, CO %
X% ETTF Ay b CThHD LaxFLod
L, A I 4 MISUAILLE TIF5 2 & TCO TR
FTLWERFRSCBAIZWMSEL I ENTED
— T, CO%2BAESIELDIC, LROBRKE
BRIETNAA v TR DLEL T EPBUIROMETDH
%o COMBEEMGIT D HEO—DITRFEEH SR
TWA[ 7= FHEE L XD ATy 7RO
HHEBY 2R T EILEMEORHAIBTO N,

2. X7y TIROEEEED
2.1 4— pEUIEE (Gate-type adsorption)

B OWEFRBMOYE, COFEDT A NGT0
AR AR E COIETI AL ¥ T R b,
—HT, MG DEICHELEVENTT A b
S OWE AR T 5 XD STHR (P
EA FH) OWFAEFRMETHE, KEME TO
JENAA v 7% LTINS R ETRER
=% T7Fx xR T4 2HBILENTEL, 2D
&9 YR A SR, S hE T AR

)

N
()

A Low Si/Al

High Si/Al

Amount of CO, adsorbed

4k (2

& (metal-organic frameworks: MOFs) 7 & D% LB
BTHRESNTBY, HLLEVENICBNT
closed pore %* & open pore i i AL 5 2 &
TY 7 EA FRORAKFREE R, ZORE%
BT — PRIESG ] & Jidh T8y, HiEE i
£ 07— WA % RS & 9 7% MOFs % Flexible
MOFs & & &5, 7" — MU IZ H £ O Ttk
DOFEFIC X 5 T breathing B % linker MHKA!,  stacking
Mg 0% L OMBEHEET 2 T2 F— b
T & 2 WA SR OTIRIC L > TED A7 =
ALIXEZ Y, breathing®B D 7 — B AE % /R §
Material Institute Lavoisier 53 (MIL-53) % linker [H]#iz
B 47— h B35 % 7R 9 Zeolitic Imidazolate Frame-
work 8 (ZIF-8) TIZ 7 A M3 2 MY AL Hi A 5 B
IZ open pore TdH % 728, KEMIZ B Tl A5 R
WOV LAY BHERT S EHTERY . T
T, stacking® D 7 — [ B35 % 7R 9 Elastic layered-
structural MOF 11 (ELM-11) % T &, 7" 2 b4 1 %
Y JAEL R closed pore T %720 Y 7 EA FHID
WA A R, SOk, - MG
DX = X L RWAFRMOTERI LY 58T 5
CENTED, /M, MOFs & ) biliERE
P 0 &5 3L G A A B & 1K (Covalent Organic
Frameworks: COFs) (2B T3 CO, % C, + Cy ALK
FTH U THEERBMEISER S 2 X 7 v TIROWE
S AR T & AHE SN TW 2, Flexible
MOFs 7 & OREER MM 2 4§ 5 FHE, 7=
Wz & L3N T AV F =@l S b IR
7 WARE) 2R —H T, —#KIIZMOFsid¥
FTA Mg EOMBEM R & B LT, B 5O
K - KELEDME N S DD, FEBED CO, UL

(b)

3

Amount of CO, adsorbed

Equilibrium pressure

Equilibrium pressure

1. (@ #EKDOEF T4 FATRT CO, WA E (b) Flexible MOFs 55AVR3 ¥ 7€ 4 FHID CO, Werb S5
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Tat A TORMAIZBWTIE T 7Z2HE» K5,
22 b7y 7 K7KE (Trapdoor adsorption)
¥+ 4 MIMOFs & Ll L CHE il Ix) ¥ v
NCH2HH, ML D T4 > OFFEC & 5 IEH ICH
R WIRAEZB 2 BB T 520D 5, Bl 213,
Cs™ U2 A F ¥ 58 L 72 Si/AL L (S/AL = 242)%) @
Cs ' BICHAEXF 54 + &, Cs"HCHABK D
PR TF ORISR & % B8 ABAMIL (3.8 A x
38 A) AN EICHAET 2 2 AL TW
B4, L7ehso T, Cs' A58 HEHHFLA I I I AE
1E3 U, B FE2533 Ao Co, izMFLIC 3k
B W L33 720%, J2HRIC CO W ikl & 17
9 & CO ZMIILNICHAS T 2 5B 2R d, i,
8 HEBMIFLA LI ESAFAE T B Cs ™ ATCO, % o DU
TEAET 0T EMEEHTAZETRT Vv
IANF=DWAL, ZOWPLIzGoTFH L F—
Z b o THIHLATI 2 5 510 T f OV F — AL D
WAFF A MCBE)T A2 L TCO, DILHE S A
PEERTHZEICEY, 20X, FR MG
TOWESA LICHFAET B F 4+ Y O HF4 ~
T A MIBEIT S LT R My ASLICIE
W WAETH2HLET 7 v 7 F 7 (Trapdoor) Wt
#H] e Xidh, 20124E12 Shang SAHIE L7z 2@
WA 28, CHALYMIRHOEF T4 T
ENTBY, SHE/MIILE ZNITHET 5 ILENIA
WHIFLNZEM %G 3% CHAY — YR RHO 7 — Y &
LN BEHKL=y b, MZT, X MrTOHH
NALWHEET DI Yy —hFF VICERT
2" g7, MHLARSE CME OB E % R s
HNFF v um[ KT F—=Y ¥ 75 FF ¥ (Door-keeping
cations) ' & X 0%, TMFTIRCsT & LA
T UVBEORERT VA EEA L THE STV
7275, RHOY¥F 74 P TACs ITHNTA F %
D/NE 72 Na OY4 T b [FABRD Trapdoor A5 HL 5 A
BT EPMEEINTN S, ZDOWHE D Trap-
door W5 B4 1Z Na " 25CO, DLW A FATHLEL T
WBRIENERE STV 222l ZoT
FELZINELS W RN Ty T TSR
LT — P RIERG L3R LR, BILE YT E
4 FROWAEFRME RS LV ETHDL, ThE
THRGHEDOE L T4 MIBWTH BRI L 24
EOMNGEEALIZ K - T, MILEL D D RELHT
AMET LI ERICMOATYEY —, i

EOMETIZEF T4 MIBWTHREEZEIZE 5

T Flexible MOFs D & 9 72 77— M 2Rk 2 &

VEEINTE TV A,

23 EFSAMNDPRTAHAFAL TU-I2 TR
BER%

Georgieva 5 13 Cs" MM OMER ¥+ F 4 FIZHB W
T, BT+ oBEEENMHMTLIELFIA M E
MOBALIZ L B2 AT v 7RO CO,WAEZBE AL 5
TEEMELTYLY, FChibiE, TOHR
BN A F A T — ¥ ¥ J (cooperative cat-
ion-breathing) LR & X U, KT OfiAER &L CO,D
WA, BT v OB & Z I P v MER Of
SEEARD —EREILT A2 L0 X o T — MRS &
FAREOWEBRE A RTI L 2HMELTV2Y, F
bbb, ¥4I 4 MIBWT Trapdoor DIR &
B 1% DAL X 5 breathing LR ASFIREIZ A U %
LWL o TY A FRIOWAESRME RT . F
72, WZV—=T7IEGISEF I 4 MZBWTH kD
ATy TIRO COWAEZETZRT I EE2HENITL
TBY, B£<HDEL+ I 14 bDOH T Flexible
MOFs [R) Bk O R  Fe ik P 3k 3 % 77— b BRI A5 2%
BERTELTA PIFIET L LSR5
TxTW3'Y,

3. PHIEF T4 bPIRT S — MBI CO, IRERELE
FHX O HPHIE L T 4 M AYCO,ITH L T coopera-
tive cation-breathing B [R] Kk D 7" — | B A5 HE 4k %
RET LR SMILET . PHIE A T4 MIEH2
RS &) Iall, blh, cEifIICENRLZNIEX
3.8 A, 3.0x43 A, 33x32 ADMILASHE S h
BLIRILF X ANVEHT D, 72, ThE TOWHZE
IZBWT, PHIYA 74 MIBEWE»rLD T =/ — )V
ek S 08I\ A & VK, AR - ARG
Bk LCoRMARASNTERS?, x50y
BEF 5 A b % MRBFERNC L 72 KL SR ERE I
IDPHIEA T4 FEEHRL, MieDT VA B8
(Na™,K",Rb",Cs") 14 F ¥ 53 L 72 CO, Lt
T BRIz (K3) o EOFER, ML A T
F v DA F VRO CO, DA F = D BN
L. Na',K",Rb" %I PHI T 18 & CO, Wt Jii #5 551
WMAERL7Ze —HT, Cs"BPHITIZNa ,K',Rb"
RLFRARY, ¥ 7EA N CO, WA EE) 2 R
L7
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FIT, ZOWFEA D Z A LADHEME IG5 7-
Iz, KBRS E i 7% SPring-8 @ BL02B2 (2 B\ T
CO, W75~ T D Z @ Bk K XM |41 & % AT > 7=
(44) o ZDfER, X5 DOWAE SR B VT COo,
D W5 w AT T 5 P = 20 kPafF LA 5 X
FREIAT XY — O OEALDTER S Nze T O R
5, COHT % AT v TIROWEAE 2B L PHI O #
miEEICRRT 25D TH S I EARBE SN, Z
ZC, AT v TRICWEE =BT AL Hi#ETO
XAREHT 85 — Tk U THREA T 7 & ONSHE T2
BOREACEAT o 7288, 28 WAE OB s 4
U % )] ORi 4 TREGE T 25 =400 R 0 O 1l A 66 R
WCZEL T D Z DR T & 720 72, CO WA
B R % O IR FE B ERRE S hTw b
PHIOD D E BB LZ—HLTHBY, PHIDHK
EXCORHO0 B EDT A MG FHEAEL TS
ECHGMROMMET 2 RIEL TR 2 e E 2
bMb, TNHOFEFIZEEHOMER R GIS 7 &A%

(4)

R L7277 — PRICO, WA HERE S BB L CB Y, PHI
BHNTOCs ORI E ZHUIPE D HEEiB IR R
THHDOTHHEEZ LN,

7272L, ZOPHIEAZ A4 MZIEST — MDD CO,
W B 2R — T, T O CO, WS %)
BWAEWEDIFA 2V THRD>TLE) L)
WEDEZ SO TH LN holee ThbDD,
CO,DH A 7 VHlEZEATI L, 77 —AMHFA 7N
THRETE D AT v 7RO CO,WAERB ML A » F
A ZNVTIRAECLZWIEPHLNE o7 (X5)
A 7 CO, WA ZE TIE, CO, N7t AT
OPHIY A 74 FOFHIETHEEICR %, 2T,
PHI¥ 5 4 b D5 — bR CO, W5 2B 0 % 2 Ak
VT CRAEEE A T 4 M L oAb MET L7z,

4, CHABKEDEESILICEZPHIESX S A bOD
5 — N COLREEBNR (L™
WIZHEESIE, YHELFS A P SPHIES 54

[X2. PHIEZ T 1 b OB R,

Amount adsorbed / mmol g-*

100

0 20 40 60 80
Equilibrium pressure / kPa

120

[43.

Amount adsorbed / molecule uc

(b) -

9.0 1.0 c
S

8.0} ®
(6]

7.0} 108 @
2

6.0} 9
m o

5.0 06 2
©

4.0 loa 3
3.0 5
3

2.0 lo2 8
1.0 <
[e]

0 IS
<

1 1 1 1 1 0
0 20 40 60 80 100 120
Equilibrium pressure / kPa

3ISKIZBIF A PHIE A T 4 M % CO, ML () EEY72DVDENE (b) 2=y bV ARSI

FF 4720 05T (O) Na B () KA (A) R 8 (V) Cs ™ &L (i« s S, i A S5 .
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(a)
JL J X
5 X =
A A\ i
2 v
‘® iv
S iii
E i
i
4.0 5.0 6.0 7.0 8.0 9.0 10.0
(b_) . ~ A A X
S N N ~ . )\ ix
p A — - vii
~ A AN vii
> ~ vi
. = v
B ~ ii
k= ~ i
7N i
4.0 5.0 6.0 7.0 8.0 9.0 10.0
(C> A . . X
=] AN v - ix
3 AN—= v“l'l-‘l
8 J‘L J\ A N iv
9 N\. N o A
< ‘/L A jt__J\ A~
. ‘N JL . . A.'_A—L—A i
4.0 5.0 6.0 7.0 8.0 9.0 10.0

20/ deg.

4. 318 KIZBIT5CO,HBA FTDinsitu PXRD S — > (1= 0.799 A) (a) Cs"# CHA (b) Cs” %I CHA/PHI (¢) Cs”*
T PHI (i) Pco, = 0 kPa (ii) Pco, = 1 kPa (iii) Pco, = 3 kPa (iv) Pco, = 5kPa (v) Pco, = 10 kPa (vi) Pco, = 15 kPa
(vii) Pco, = 20 kPa (viii) Pco, = 30 kPa (ix) Pco, = 40 kPa (x) Pco, = 80 kPa.

N
o

5 @V : 1stcycle
S OV : 2nd cycle
E 15}

5

8

5 10

(2]

o

©

5§ 05

o

IS

<

20 40 60 80 100 120
Equilibrium pressure / kPa

X5 318KIZBF 5 CO,DF 4 & Va5 (O) Cs™ A CHA/PHI (V) Cs* # PHI.
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[Xl6. CHAEXF A bOEEHEE PHI & 3658 7% 8 BBMILIE

PR SEE IR 2B EME LTART
CHAEF 54 MIHH L7z (1M6) o i RimHEREE -
B % B9 5 2 &2 & o T CHA B & PHIE#
LOBEREYF T4 M2/ L, PHIEA T4 bS
RY T — PRICO, WA BT & H 4 5 2 & & A
720 FOHKEH, CHA/PHIEYF T4 MEIPHIXY A T4
MHARE Y, % — N RIBE 2B 2 TR
CEDHERTEZ(NS) . T2, TTKTON W
HEOKE, CHA/PHIY S 54 N TOHCHA &
PHIOEREFIIB L Z32THLH I EHRESH
7=

Z T, SUALEZ & ONZHILIN A F 4~ Fi A S
LWCHA L PHIY A T4 b & ZNENEK L /1%,
U EEHACTHIRNICRESE2 01 LTH
B CO, Wi i % 175 720 ZDOHEE, CHA/PHI
AT A LI WA SRMRE R L2 &h
5, 2fDEF T A4 MIHIHIMISREL TS
DOTIREL, HHELANVTHEAEL TWD 2 AR
iz, TNHEORRDS S CHAPHIE S T A
MIZENZENOFRHEPMITHELEL ThLDTIE R

e 5 ORFFEI BT, PHI (SYAL = 2.5) (LA
DTNVAVERAF A HIZESTN, % I 704l
PG L W Z EDHALNE o TW0D, ZORE
Bad LI, WE0SYALLZ S OISHIFLN 7 7 F
V% A3 5 HAKOD CHA 7% & N2 PHI O N, W JBi 75
SRR (77K o b3 y uflam e ki e
L., #h50EH» S CHA/PHIE L 54 + O E#
Haemm Lz,

<, BHELOBEAI X YR %7 — N Co,
WAEZBZ R L7722 EZ bbb, EFFIZ, CHA/PHI
T+ 54 M LTHPHIESF 51 FABED CO, 5%
PIS T T Z O3 XRBIPHE % 17 - 72855, CHA
T3 1 CO, WA WA I BT XHMPT N — 12
BRSO N o725 00, PHIMEE X CO, W
WP BT T8 7 — U 3 L L T
B ENHERTEZNT) o Z OREHIT Y 2
CO, iR L — L THBY, PHILLF T4 M
CHAY A 74 M EOBEAEIT X Y LEM 5%
{LZRT 2 EDRIBE NI,

WIZ, CHA L PHIAHEEMICE D X 5 ITHAIL
LTI L THET %47 - 720 Na BICHA ¥
F 54 bENa BIPHIE A 54 b OWBLHREW % 5
UIZNa " BICHA/PHI ¥ F 5 4 M ZNRZHIZH L T
CO Al AER 2 1T\, BB RE OV 2 RS L
727

ZOKEE, CHA/PHIX F T 4 b O J5 30k 8 R 1]
3R, CO, DMIFLNILHGHEEAS CHA 7% & UNIZ PHI
YA T4 FOWIRAWIZHARTHENZ LW 50
& %o 72 2T, PCsMASNMR I GE X B,
CHA/PHI X+ 5 4 D Cs” D IRFEIZ ¥k D CHA
% B UICPHING Cs* DIRBE L 13587 5 2 L AVRIE

22T, CO, DMMLNIEEGHEE D7 & W S AT
572012, W vy —=hFF OV A4 XL 5 CO,
OMILPETOEE DI T2 Z/B LT, Cs L bA
FUREDNE B Na A T VR E AT 72,
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CHA ' o (=} o o N N oN o~
PHI = = sS4 s s = <8 5
. iii
S AN
®©
~~
>
» A 1
C H
[0}
—
£
i
1

4.0 5.0 6.0

7.0 8.0 9.0 10.

26/ deg.

B7. 318KIZBITF 5 CO, W7 & B F T Cs B CHA/PHIE F T 4 M2 % in situ PXRD 784 — ¥ (i) Peo, = 0
kPa (i) Pco, = 80 kPa (iii) Pco, = 0 kPa (80 kPa — 0 kPa) .

60 40 20 0 -20 -40 -60
Chemical shift & / ppm

100 80

8. "SCsMASNMR A% I (i) Cs % CHA (ii) Cs”
%I CHA/PHI (iii) Cs” %! PHI.

X7z (M8) o CHA & PHIIZIXG6IZ/RT & 5 1B
HKIZRZ22 0D, 38%x3.8 ADEE#HES BB/
LA ILHEICALTWAE, Thbb, ZNENOFHK
Hintergrowth 3™ 5 ¥ f, L@ RMESHELZ LG T
HIENTHTEL, LRI, PHIHEAKE
* 74 FTIE, SHBR/MMILAITMEICHFAET 5
Na " DIFAEIZ & - T CO, DAMFLPIHEHGEEE H3E L 72
%%, CHA/PHIEF 54 b D4, Na  ASCHA
kL PHIBHK S A T2 22 515 8 HE/MISL
ATV AFAE S 5 2 212 & - T CO, D PHIB N
ANORALPEBOREE AT, R L L TR ik
WKENAONALEEZONS (M9 2D LI,

HBEX A I A4 MEHEL O intergrowth I X 0, HAK
I T4 b TR S N WREN DRI AH
72 CO, WA HE 2 AR T X % 2 LARWIZETH & A
Lotz

5. bl

KFH T, €F T4 PIURTIEN 27— A
D CO,WAFZE & WY+ T 4 MEHOBEALIC X
%77 — MRICO, A BB DO HALIZ B L TR 7z,
F72, HiE 5 OMEITH B THOWGE 7 )V — T H
53 Cs MPHIEF 54 MAURT AT v 7RO CO,
WAEHB)Z T 2T A Sh By, F0E
IRV E—7 CO, L7 1T & 2724 — b RIL
HRBYZRTEST T4 bORHNOMEDE T - T
Wb,

F— MNEDERFIET S ERTENIL, Eko¥
FTA MCHRTRNERIENAL Y7 TEY)KRER
COT—F v TFx NI T4 5B ENTE S,
—77, WBAESRAM O e 27 ¥ 2 O R R
b, RAELET TOCOWAEREDIRFF 2 &, 2L
Y KSUALLD ¥ F 5 4 MBI 5 CO, I T
O ANOFIZIT 2% K OFFEIZOWT, £0D
TP BT Y LA TV Do RBFZED HIGER D
BOYIIBRL VA, 7 — MRS Z2RTEF T4 b
XA HOBT AT —7% Co M7 at ADFEHIC
W72 A D i & LCHIfF L Tw b,
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Physical mixture |
CHA

.

%§

X 9.

&

KFGE % BATT B2 H 72y, RS DR K
ATV HIHE SR 38 & ORI [ 37 R A Aim e 14 2 0
WIZRCEH L B E 9, F72, KBRS GHiE:
SPring-8§ ® BLO2B2 & I3 % 1CHh 7= 0, WIIEE
i, MVREREREE, SRR S
BEAWLFEXFI LA 2L L FiFEd, F
7o, ARWZEO—#IE, HARFEMIRE AR =078 2 B)
RSN BIEZE B 38R (No. JP23KJ2109) , FH#H
iR PR AT ZE B PRI 7 1 7 7 A BRIR
Ji3E (OPMISP2150) , — MM i AW 7 5 BBkl
W 2021 45 BE— e WEZE B R, 2 AR I BT NS
BREZ I A F S 4R B2 AR FE BBk, AW R AR
AR W, B VE SN RO R 5 B S
BRBODRZZ T TEBINZHOTT, T Il
AL ETFET,

SE R
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WAKET 54 s OWIEEEM EBHEEF 54 MBI 5 CO, DMILNILEL A H = X 2 D5,

3, 1159 (2012).

A. Kondo, H. Noguchi, S. Ohnishi, H. Kajiro, A. Tohdoh, Y.
Hattori, W.-C. Xu, H. Tanaka, H. Kanoh, K. Kaneko, Nano
Lett., 6,2581 (2006) .

X. Liu, Z. Wang, Y. Zhang, N. Yang, B. Gui, J. Sun, C. Wang,
J. Am. Chem. Soc., 146, 11411 (2024) .

C. G. Saxton, A. Kruth, M. Castro, P. A. Wright, R. F. Howe,
Microporous Mesoporous Mater., 129, 68 (2010).

M. Kong, Z. Liu, T. Vogt, Y. Lee, Microporous Mesoporous
Mater., 221,253 (2016).

J. Shang, G. Li, R. Singh, Q. Gu, K. M. Nairn, T. J. Bastow, N.
Medhekar, C. M. Doherty, A. J. Hill, J. Z. Liu, P. A. Webley,
J. Am. Chem. Soc., 134, 19246 (2012).

M. M. Lozinska, E. Mangano, J. P. S. Mowat, A. M. Shepherd,
R. F. Howe, S. P. Thompson, J. E. Parker, S. Brandani, P. A.
Wright, J. Am. Chem. Soc., 134, 17628 (2012).

F.-X. Coudert, D. Kohen, Chem. Mater., 29, 2724 (2017).

A. F. Combariza, G. Sastre, A. Corma, J. Phys. Chem. C,
113, 11246 (2009).

V. M. Georgieva, E. L. Bruce, M. C. Verbraeken, A. R. Scott,
W. J. Casteel, Jr., S. Brandani, P. A. Wright, J. Am. Chem.
Soc., 141, 12744 (2019).

H. J. Choi, D. Jo, J. G. Min, S. B. Hong, Angew. Chem. Int.
Ed., 60,4307 (2021).

H. J. Choi, S. B. Hong, Chem. Eng. J., 433, 133800 (2022).
Y. Higuchi, S. Miyagawa, S. Tanaka, CrystEngComm, 24,
3859 (2022).

J. E. Garcia, M. M. Gonzalez, J. S. Notario, React. Polym., 21,
171 (1993).

M. Pansini, C. Colella, D. Caputo, M. de'Gennaro, A. Langella,
Microporous Mater., 5, 357 (1996).

Y. Kiyozumi, Y. Nemoto, T. Nishide, T. Nagase, Y. Hasegawa,
F. Mizukami, Microporous Mesoporous Mater., 116, 485
(2008).

M. Bayat, M. S. Nabavi, T. Mohammadi, Chem. Pap., 72, 1139
(2018).

X. Zhuang, M. C. Shin, B. . Jeong, S. H. Lee, J. H. Park, Kore-


https://library.wmo.int/records/item/69075-state-of-the-climate-2024
https://library.wmo.int/records/item/69075-state-of-the-climate-2024
https://www.env.go.jp/content/900440767.pdf
https://www.env.go.jp/content/900440767.pdf

Vol. 42, No. 2 (2025) 53
an Chem. Eng. Res., 59, 174 (2021). S. B. Hong, Angew. Chem. Int. Ed., 62, ¢202305816 (2023).
Y. Higuchi, S. Miyagawa, Y. Oumi, S. Inagaki, S. Tanaka, 25) H.J. Choi, D. Jo, K. S. Kencana, S. B. Hong, Sep. Purif. Tech-

ACS Appl. Mater. Interfaces, 15, 38463 (2023) . nol., 358, 130306 (2025).
H. J. Choi, E. L. Bruce, K. S. Kencana, J. Hong, P. A. Wright,

Selective CO, Gate-Type Adsorption Exhibited by Zeolites

Yuto Higuchi and Shunsuke Tanaka

Department of Chemical, Energy and Environmental Engineering,

Faculty of Environmental and Urban Engineering, Kansai University

It is crucial to develop CO, recovery and utilization methods toward the realization of carbon neutrality by
2050. The physisorption process using porous materials is one of the CO, recovery processes expected from the
viewpoint of energy cost and operationality. Microporous materials, such as zeolites and metal-organic frame-
works (MOFs), have attracted attention as CO, adsorbents due to their high adsorption capacity and separation
selectivity. MOFs with structural flexibility, called flexible MOFs, exhibit gate-type adsorption performance,
which results in a stepwise change in the amount of CO, adsorbed at specific pressures. This adsorption perfor-
mance can obtain a large working capacity in the narrow pressure range compared to adsorbents showing type-I
adsorption isotherms. Meanwhile, nowadays it has been obvious that zeolites exhibit the stepwise adsorption iso-
therms derived from gate-type adsorption. In addition, it is expected to develop the energy-saving CO, recovery
process using zeolites. Our study clarified that Cs+—type PHI zeolite showed gate-type adsorption performance
for CO,. This paper describes the unique adsorption mechanisms and the control of the CO, adsorption behavior
using the composition of heterogeneous zeolite frameworks.

Key words: carbon neutrality, PHI zeolite, carbon dioxide, gate-opening/closing adsorption, composition of
heterogeneous frameworks, trapdoor adsorption

Copyright © 2025 Japan Zeolite Association All Rights Reserved.



54

( #2

&)

B ERZ AN L7214 3 2RIV G AR SR O

A & e
{5 - RALE A

ARGV BRE SR (COF) 12, BuHIEDE ) <= —05 % 2 HHAEMILZ Ho L JLEM T 50
BEHIO> COF MR D il A 2 (IR EE R M ST R SN % 7200, SRR I CHIAITE 0 B v i
(LEDTRENT WD, RIFZETIE, EBMZEAEMR (EGA) 2l s LTHM L7214 I ¥R COF DRM#EE
TRA R EIE L7zo EGAIL, BAULHIUGIC & ) BREIMICRATICAERT 5720, RiLEICs
WA I UREGOREERET S, Y722V FI YV REGATREL, ZHBEETI VE/ v =L
TUVFE FE/ v —EDIETERTSHZET, 13 VFRCOF 2 BMEN I HIRERE KT 52
NI L7z 135N 72 COF MEIdR MR L2 A L TBY, T4EHA 1 I Y RCOFICART
A EETH o720 ZDOCOFMIEDIEHBIE LT, A a—F 1 v ZICFIHWRRTHLI L%
RUTze W OBEMICL VRO AR Y Dl 2RO, BEREEZREILL, £/, AF
HAZEYCOFZ Y Y 7 NVF ) A= MVAT =V THRIK L7ZCOF /F /) I — R VAR EER L, &
D COF /71— R Y BA KRB A PR E R EARAE & U CRwiitE 2R L7z. RFEUE, COF MK
DBELALZER RIS 2 s 2 2 L Bt s h s,

FoU— A AR, 1 3 #

1. 1FU®IC

3645 8 A VR A B4 2% 4K (Covalent Organic Frame-
works, COF) & 1%, FIEDE ) < — 2Rk (ICE
L7 EATLHEA Y bT =2 RY < —#FTH
%o 20054 Yaghi 512 & K8 F ¥ VR COF DFE
RY %KL L, BAEE CIle 05Tl E AT
LCOFMEMEINT VS, HAERIGKEIZZK S h
LA TCOFZ T AL, FuFxv % by
TIVR - EZNROEDREPHNLNTEBY, &
DhF, 43I VAo TE/ v—22y M
MLTHhBA4IVHRCOFIE, £/ —DRIRA
FU, BEHCL2BREESE 20N
BT 5704 OWENH 2> £IUkE LTo
COFDJ e LT, B/ ~—DoT&itick v
Lo b Ro Y —RBEROREEEZ I Y Pa—L$ 52

ZHLH 202542 11 H
FRURHE R T bos b %
T226-8501 il 7)1 LA IE vl ek IX it FH T 4259
E-mail: inagi@mct.isct.ac.jp
Copyright © 2025 Japan Zeolite Association All Rights Re-

served.

, SALVERRL, MR, ARAETE M

EWMEETH L. DOV 7 b)) 7V OER
AR L, WA KRINNG 25 T80 o4 5.9 pswr
He BB RN, F MILRET & 74~ T A 2%
EME LT, ST oRREY, 73 v ofl
FLBETIISAG IS & 2 —MRLpe R EIRY, EM~ 4 2 o
Y 7 2B AR R SR TWB, —FT, COF
OFEHLCEBIT R AL I I FIA H 5 2 L 25T
WEINTWB, BIRTIEA I VRCOFIZBW T
K CHIFLEES nm ¥ D COF A E S nTH Y, =
OFIRIE, AR A TR 5 7B O A D&
OEEELH L AW b, ICHET 5 L ShT
Wb,

— WA I U RDCOFDEHIE, B/~ —DiR
AU BRI & N 2 MBS 5 2 & T 3 VA
R AAE S 2 HHES VSR . ZoF
BETHONDCOFIX, BBHAKTF/ A—
MO A 70 A — VAT — VORERRTIRD
WA HLTHEY, COFMNILOWEIBAFRD 5
NDIRHR, YA E OEMMA 7 — IV DSEE R EAH
B e LCORMMBICZEYD 5. B0, KEBHPE
SALFE 2B HIZ B W TIE, COF O HE AL 257 3K



(11) Vol. 42, No. 2 (2025) 55

ENb, TNFETIC, COFEBEDEKD 720 R
RRIEH T ATFESBE S hTEY, 79
T 2 YO %S RIS o R & BUS 3
Hezbo, W MR L s RmEs", ¥
PTG & R L CHRAR ST 12 COF % & ik
EX€2b07, REENLETHEESRD, 2
nEN, KBREERE 7O A THE I EICHET
2 BEHIE O WEER, B RO & S 2
MR BISSOMENVETH LI E, Lol /RA
DY, X0 EREETHBEMEE < COF #E % 4
T2 FEORBEIPHESN TS,

BRALFW MR AL, B % & tdidc
Bl oBBIGEEST 52 LT, BREIEEY
BOMICEFBB 215 KIS 2RI TFHTH 5.
FERCEBREANCTH Y, B - BHEOFMLD
FIEDH#ET2 T Y Fa—VIRETH 5 &\ B
HY, WAL ®ITE MY F— & LTERT 5B
%, BWREIICRITISIERS 23125 S S h
TWb, BEAYFOL) Rl ALFEHINTY
R E ST, BT R ORI
LHWOHLNTEY, BILESICL 2 EE LSS T O
VEBLZ: LS S a1 E Tk, COF @
BRACBAALERE RIS ShTBY, B
fLEAC & 5 COF MO BHEA K", BHF % FIH
L7:COFF/ v — Fodifit oz RA P 7ut
AMEEHY, BErmLEATwS, LaL, —
M2 COF DEWATIE, #HE DO & RIS T
VRO EASBLETH Y, —FlfTOET#E

Working Electrode
(conductive substrate)

%
% } i
e it "0 0
g e o P
By
£ 8 ¢

~ electrolytic solution

ZE AP LT LELAACEOCEEE VWS 2 L IXN
WTHb, T THAI, —EHDA I VRCOED
FIREANI B WML CARiETH 5 Z L ITH
HL, BXAL¥W 270t A TIHETHEEICLDY
COFOMER M) A= 5%, L) BRFLEE%
FL72 (D7, BT BBREG % 8 COF BTG
WCHWBEGETTIE R, filll & 7 2 o584 % B
THIMHT 5 2 & THBEEMNICCOF 2 FRT 55
AT L7
AROWE28, 38 TIE, ZOBELXALFSIC
ks 2 CGEMFEARR) % it L CTHW72COF
DEERE, B X EK E N5 COFDFREIZDO W
TilbR%, BPO4ETIE, ERBERETHCTE
B L 7= M 1> COF OB HIZ DTk 5 'Y,

2. BRALEREFALACILCRCOFDARK

Trlx, 43I VEABREIGEST 2 L
T, WIS (Electrogenerated acid, EGA) % J\»
5FEEZREL TS, EXULTSRE HWZEGA
FEHEIZIE, UTORTREDD 5, H—I12, HmE
MIZBVWTRAIWICTa by PERT L7720, &
PG % A1 SRIR 7 BSOS & L TR
HECTHDHI L, I, MERMBICEHNT 2EMB X
UEGATRDIEIE #2252 & T, BALKIE DR
WEIY M- LVIETHE I L, Tk, EER
MIZBT 278 b rosAds, §%4b5COFDE
KOUREN S % B NT A — 5 THRBICHETEX L2
LEEKT 2, LERORBEEHTAZ LT, Bl

5™ g P
S
e + 2H* O
H
. EGA 4 TAPB
e s M +
PRl o ¥ g
¢ z
ﬂcj"ﬁ Q}z c/\©\¢°
"9 TAPB-PDA COF © DA
*'»Q S
AIOrOrg

1. BFEEABEZIHVA I VRCOFEHED Ay T .



56

DM COF Z EIRWIZ, HRH T, 2o HlHE
BT AZENUREE 2D,
2.1 BEEBICLIEMRTRARAOTO N HEE
AEEIEIC X D EGA 2 FA W2 LA L LT,
12-¥Y 7=Vt F5 Y~ (DPH) 2 H L7, DPH
i, BRBALICX Y TNV E AL, 15T
- ofora bt rERMT S (K2a), COE
RIBALBIE, T RS TFVT Y EZT ANTH T
VFaERAT 7 — b (TBAPF,) % LB
o= hu Xy CERET, ITOXREN I A2 EHE
WiE LT, 02-05V vs. Ag/Ag DB IZ
BB e EA-E AR E R L, BRLEITIC
s L7-E0 78 b vz BmEWEICHET 2 (X
2b) o TORMEHIIBU BRI 7T bV iRE
D EHE, pHIERIER pHRBKIC X D iERR T 2 2
ENRTEDL (K2c) o

N

22 EBHREREANDCOF DHIEER

& ® DPH % 20 mmol L' ¥4 2> L 7= & % 1 12,
COFDE/=—,7%2% M) T I MLEW (1,3,5- b
VA@-7TI/) Tz V)RV EY, TAPB) £ V7
VFE Meaw 14XV ¥ V7 IVFL N, BDA)
2 ZNZN10mmol L' & 15 mmol L™ ®i i T4
7z, FRIIBWT, —0.505Vvs. AgiAg D&
REFPAT, A2V v 2KV v X b)) —(CV) I
XD 20mVsec T2 A4 7 VEMENIMT S
& T, % F M IZ COF (TAPB-BDA) 23T 1 L 72
(M 3ab) o DPHASRHNIZ VT ¥ b a— VEERT
X, 7TIVE)—DOADHBILL, COFEIIHr
L7\ TAPB-BDA DfalEX, 1 I VHiG O &
TIH RNV INHEOHEERLE ZEANMR - IR -
XPSIZ X D HEET A2 & TIro 7z,

FRE D4 T15 5 72 TAPB-BDA DI E 1 nm #2
FEORLTF-H 5 % LB RS 2 LT 7z (K30) o

‘ Q_N‘v‘«—@ + 2H

Azobenzene EGA

(c) Electrolysis of DPH + methyl yellow

15t cycle

27 cycle
- o y

e 4 g iy |

— - —r

| Potential (-0.5t0 0.5 V)

Electrolysis of DPH with pH-test paper

()
0.2-05V
@—':ﬂl ITO(+) Pt(-) vs. Ag/Ag*
0.1 M TBAPF,
DPH MeNO?_, R.T.
(b)
1.0 —
< 08—
S
= 06
c
e
5 04
O]
02—
00 I I I
-04 -02 00 02 04

Potential / V vs. Ag/Ag+

setup

After electrolysis

Potential (~0.5 to 0.5 \o>

2. (a) DPH DO EMIRILIZ X 5 EGA DI ¢ (b) DPHER O CV & () LB L OWRBMIZ L 2 71 b ViREAL

DEFEER.



(13) Vol. 42, No. 2 (2025) 57

BDA

NH,
TAPB
(b)
with DPH
5
5
o
without DPH
0.5mA
| | | | |
02 04

-04 -02 00
Potential / V vs. Ag/Ag+

H* cat. O

0.1 M TBAPF; ®
MeNO,, R.T.

G

TAPB-BDA

Chx

o
=]
I
N

Film thickness (um)
& 8
T T

20 — ==

N

|
0 5 10 15 20 25 30
Sweep-cycles

3. (a) /¥ — Ok & TAPB-BDADFHEAF — 24 ;5 (b) CVOZE) B X OB - IHT H L 72 TAPB-BDA JE D 5.
B (o) EIfiB L WO SEMIE 5 (d) CVH A 7 VEIC X 5 EIE O,

ORI, —MBITHAHGRICE D HE 5N S COFD
WREEBILTBY, B O BRI TR
LTI L 72kf-25, MR 48§ 5 2 & TCOF
BEEEST 2T ANEZbND, ZOFLEMETHD
% TAPB-BDA FL 4788 O $13 100 um FEEE T H
D, 2094 7 VIREF TIZCVOY A 7 VEOHIINC
FEVRIZICEIN L7 (X3d, 07Ty b, Lh¥
A2 VR LM, RIET ORI
ELTBY, THUTRHDE ) v —DRICHKT 5
CEMEREN S (X3d, AOTHEY M), CVOLH
A7 VIZRIN 2 EME T ERRDIENTELD
T, I OFB)E COF O MHEEM AW L) COFD
AR Z B L 20 TOBE SR 5.
23 BLEBDE/ T —~"OEXRFEDHIE
BFFEABBAGRICHFSELE/ v —L LT,
WL OPDREN LA EDEEME Lz, 480
M T I ALEME 2O YT VT FMLEWE
Wk, %L OMAEDETIRET 5 HEEREE
FWTHIET % COF MRS 5 2 LA 0 - 72,

Wi L7ze/~—ohTid, MY T3 /-135-h
V7TV (TAT) 27 3 v T84, T 5
COF (TAT-DMBDA) 252 L = h o720 T, &
TREMED VYTV UBRICERET I ESERL T
WA XY, TIVEPETARIIEDA I
WEBROIBEIK T2 2 LB EREEZ b
9 —HT, FEIT@UTII TN AY ¥
(TAPM) D L9 ZEFHERT I v EHVLEEC
W&, TERIBIERHNC R S 3 M L L OBE 22 12 H [
KON TR S NI2e THLDOEAITE, TI
PETEETH DI RS L, il
OB LICHIRT T I VRGBT L2 b
DEEZONL, KRFEEEFREMGCHEHMAT 54
&, BMEAETORIBWTA I VAR
735, BEEZCEZETLIMAGEDLEDOT I
VeTNTE REI % BINT LUENH L LEHE
A BN D, FE WA I LI, TAPB-BDA X TAPT-
DMBDA 7 & OfLEN % 4 I VA& D COFIZ 2
DEMR7Z LTV 5,



58

NH, NH,

! |
® : ® ;
L | o R
O i H N O O O NH, qu’©)\u/)\©\m1, HZNOAN/J@\NMZ E Han IN/)\NHZ
TAPM i TAPB TAPT TAPT E TAT
CHO E CHO CHO CHO : CHO
3 | oL N
> 1 '
% : o 1 Do
T HO ' HO HO HO | HO
© BDA | BDA BDA DMBDA E DMBDA
[}
o \2 N
deposition controllable no deposition
without electrolysis COF film deposition low reactivity at R.T.

X4, AHEBET LR EW R COFs N Z—Y 3 »,

3. BRERERICLVYAKRENI-COF DT

CV %2044 7 WHIINS % 414 C TAPB-BDA % &
WL, AR ACHERE LR F2mIlLCc=btu 2%
VBIURAY ) —VTHIE L, 2ok, BERT
WA bR FEZ -0 %2479 2 & THIFLN OB %
B U7zo XMHGELIE T, TAPB-BDA O i
WHESZHITTT 7 7 4 VG SNz (M5a) o
TAPB-BDA O f& iy A T, KRELRMHEE SIS 5
(100) 1 (@ = 3.13nm), B X OFE H ISR IS5
% (001) i (d = 0.34nm) DHEHI T D 5o A5
D COF Tl, T ORBEIRMEED ZIRICICIL AT 72
B A, BHEMHEc X Y EEss 2T, x5t
ST BRKESOFFHOMILIEE S NS, HFHh
72 TAPB-BDA I DWW, ZEFZFWAMEIZ L Y BET
HEMHZMET 2 &, 82m’g 2R L7 (M
5b) o COAiilE, COF Oam A ELH] L 41T
LOWBIZHESL L7k & o (2000 m® g ' )
WKIEBIE WD 00, — R RHATEIC X 0 7ER X
N5 COF &L R THEMBNMETH 5o WAk F iR
BB A 7 a LA 5 NLDFT AT 12 & % #
LES A ENT 5 &, FEHOKBIRREE I Bk
T AR TH 529 ADNEIZ T 10— F R34 As
Honiz (K5c) o ZKICHALIG OREIG HIIC BT
LHELAUC X DA L7-MIALRe, FESE R 2 A4 VIZH
K§ IR LIZAILOAFTEDEZ R b, FITRL
LR LE)I—DHAEDLREICI>THORS
COFs ([M4) I2B W T b, [FRITH WA Bk o ¥t

7a7 7 A NVEHEM g DLERMEAE SN
LRI CV & 20494 7 VETINS % 41, 3
B - PEi LAEZ MR L CHRMIC L T60 5T
Hbo AFLETIIH - MO LHT, 1507k
ik A LRI ML R AR & v COF & &
KT B EDNTETH D, UL, BEAEORIE K
ISV D TES BB AR - REF O 50
ThHsHI L ERBHTH S, HEREHORISEEICD
Phb 6T, BH5N 5 COFMR MM E A LE LK
FOEFRECH 2 BN E LT, MR LR
EOUBEMBICED A I VHEAIB - RO RE DR
Bms 52 &, RERRE R R FZEEC X 2 ML
ORI, & XOER NSNS,

4. BREREBICL S COFARDICHER

HETT O COF O W H T & B Tl BT 55 o0 Bl
MEMEMGZRMLTBY, #5715 COFIIHET
<A 7B A= VAT —VOES AT 55 -HER
BETH o7z ZORER, BEEMICBTAMNEH
AR E R U722 COF DM IC X 5 b D Tid 7 <
AR L 72 EGAZ X % COFRET- DG Bk &
BA RO W TEBANIE TSI X 5 2 L5
MENG, HERHICBWTIE, F /A=
YUTNRAZOA— VAT —VOREER, ZFD
Y—UrLiELidkobhs, 22T, SRHOE
fif SR EGA IR ORI EEALIC X D, J8/E9 % EGA
DEEWHT T LT, COFEBEDOIIK L Z DG



(15) Vol. 42, No. 2 (2025) 59

IR L7z
41 TAPT-DMBDAEE DM & BKMEREAD
Imeyz:

E RS COF & LT TAPT-DMBDA % ®iR L, &
7% 0.4 Vvs. Ag/Ag IZ[H5%E 3 % Z & TDPH & TAPT
LOMALH A % l#E T & 250 %8R L7z (M6a) o
C DT 30 sec DA EM 2479 &, ITOVER

(a) (b)

I &3 um O TAPT-DMBDA BEASTE L L 720 BLE
Bz &Iz, Honzid—Tid <, 200-300 nm
DEEAT 55008 L 72 TAPT-DMBDA 725 72 5 AR ¥
VRO TH o 72 (K6be) o TEHL S 1L 5 TAPT-
DMBDA 1, XRD %> & F [ (SAED) & ) [ 7 A1k
RENL o722 P HEMBETHY, XPSHHIE
H%DT I 7 HRRN INEOBREDHER SN2,

(c)

300+

d=313
(100)
3

200

Intensity (a.u.)

(220) (210)
(320)
(001)
Quantity of Absorbed (cm’/ g
=y
o
o 1

Intensity (a.u.)

10 15 20 25 30| 1
20/ degree (CuKa) _

3
S

(110)

(200)
(210)

na SRR EE I FEETl PR el AR 0

@ Adsorption

Incremental Pore Volume

O Desorption

T
5 10 15 20 25 30 00 02
260/ degree (CuKo)

Relative Pressure (P/ Py)

0!6 078 10 O 20 80 100

40 60
Pore Width (A)

5. TAPB-BDAYW > 7NV ® (a) SAX 7T H 7 7 4 )V ; (b) &HWA LM ¢ (c) NLDFT (2 & 2 ML

(a)

0.16
014 | — DPH
042 TAPT
<
€ o1|| — DMBDA
£
g 0.08
3 006
0.04
0.02 Y
0 =
—
-0.02 " .
02 0 02 04

Potential / V vs. Ag/Ag*

(d)
ITO glass

TAPT-DMBDA
particles

CA=81.4°

TAPT-DMBDA
sponge

CA=134.5°

6. (a) €/ ~—B L UDPHDRERILZEENIXF)IET % LSV : TAPT-DMBDA @ (b) JGoABAM 5B £ O (¢) SEM1E ;
(d) ITO 243 X USTAPT-DMBDA # Jl5 00 7K 32 fi £ D L 8¢



60

NEOGHTE, 55N 7 TAPT-DMBDA 258k% 72 5 72
TL— LT =i R 2w, EREOTEETSH
BILEBEKRLTVD, ARy VIROMEDLKE
BELT BEHRPERELr &L VEOEREOH
IR S, EIEHEH & TAPT-DMBDA # 0 %t & % £
I MBI L o> TR SN B EREHEN 2 5,

# 5 N 72 TAPT-DMBDA ® A K ¥ VIR 0 # JE 13,
AKITH LT 153.8£3.0° DHMMEFLTHBY, i
KMEAR L7 (K6d) . BFRERZ 12080 & L7856
WCESN AR ERBTIZ 134228 Ol 24 L
THBY, ZOMEIZCOFBSiZRmE LTld—RKk%kd
DTH2Y . BTIA 7T RX— MLV RAF— LD AK

@

20 40 60 80 100

Electrolysis time / sec.

A
]

VUMK A RMMMAL R R IC XD, Cassie-
Baxter & 7V HED CBFBAKKMAEB L2 LE 2
bbb, TORARY VkEEEZ AT LML, BRI
WEEINT Ay VT =2 R < —TdH5COF DIt A
PR LT, 7k b >R DMF % & &HE D %0 3
KTOWGH DB EE HERF L Tz,
42 COFMF/ A4 —IUt & BHEERZRE TTE AL
WADISH

G KK 5 @D COF & L C TAPT-DMBDA % #R L,
EGAROMEIEZ 2mmol L T TWS T & T, &
DSV RT =L O COFAROER R LY,
COF D F 7 A4 — VA B 2 WAL S % 720,

— TAPT-DMBDA/CB
— bulk — CB only

02 03 04 05 06 07 08 09
Potential / V vs. RHE

7. (a) F 7 J — K V3R ZEH~ O COFE#L ; (b) BRI % % X 72 TAPT-DMBDA/MWCNT @ TEM 1% ; (c) TEf#IFE
& COFEDIE & L D% : (d) TAPT-DMBDA/CB ® TEM 14 : (¢) TAPT-DMBDA/CB @ ORR & A& filifi & L T

DR



(17) Vol. 42, No. 2 (2025) 61

B EEBEDF ) — R OERERFR L
CNEERMmE L CHEEMBER AT 72 (K7a) o
WAL % 0.3 Vvs. Ag/Ag 12 [ESE L 72 8 AL 41 T,
% H—K > F 7 F 2—7 (MWCNT) 15 fili & 1 %
VEF# & L C TAPT-DMBDA % M E M & 3 5
&, KD COFMIER E N D 2 L 23555
720 T O TEMFER % 10-90 sec T TEIL X
% Z LT, MWCNTZEHIZIEE T % COF g D JE &
Z, 6 nmmA 530 nmEEF THHELTHEK TSI L
WD L7z (1) 7be) o

ZZT, MITYVYROL) hATONERE S
i COF 1¥, M % i JC It (Oxygen Reduction Reac-
tion, ORR) DMl & L CHRET 2 2 LIS
Twa?, KR CHERLE, F /7 h—Krok
M2y ¥ 7 IvF ) X— bV A4 — )V O TAPT-DMB-
DASI—T 4 v 7 EN/MEL, BT BEOBIN
7 B AR & U COREE LICERITH L EE X
5Nb. A—KRY7F5 v 7 (CB) EEIEIZ 6 nm F21E
TAPT-DMBDA % 2 — 5 4 > 2 L 72 TAPT-DMBDA/
CBHAE (7d) 1I22WT, MEMD 0.1 MAKR
b ) 7 LK A2 3B 1) 5 ORR filt ik ik % 574l
L 7o TAPT-DMBDA/CB # & R T 1%, 0.80 V vs.
RHEICFERITEROF £y VEMERL, —
W 72 AR & G & D) £+ 5 72 TAPT-DMBDA Hi
T L CBORAW (064 Vvs.RHE) & [kXT, HW
BrEER L (7). ZofHiE, Moo b)) 7y
VEREMEN L T 5 COFM B oM oh T i
FHOD DI 545 TH 5. COF O B E M
P XD, ARESMEE L CHEET %5 COF D
Pz m L Tdh b e 2 IR L

5. bl

AFTIE, 4 I VRCOF 2 BLXALEN R FIET
WEEMRA KT 5 T b 2O ERIZO W TR
L7z BRALFEROUE TH 2 Bk & BRI O FEHE
THEZ 2 SR AR L, SE0EE C R R RN
COFXGMT AT LNTE D, T/, BAMCKERH
OHBINC L 5 EGAREROEEE LRI Y ba— )L
XY, MixOJEEE A S % COF Ml 4 A 5 ik
THY, BeA I VRCOFIIH LTATEILE
AWETH o720 WM E LT, A L7 COFM#IK
MK —F 1 7 LTHRBET BB,

71— R Y RENO BRI & 5 BFE R THEER
il OER & v o 7Bl 2R Lze ATFHIE, F o8
T8 kv — - BRI L o 7ol 2 DBX
LIS W S N5 COF BB O Rk & L
T, AHZIDOLHFEL TS,

51 A3k

1) A. P Coté, A. I. Benin, N. W. Ockwig, M. O'Keeffe, A. J.
Matzger, O. M. Yaghi, Science, 310, 1166 (2005).

2) X.Feng, X. Ding, D. Jiang, Chem. Soc. Rev., 41,6010 (2012).

3) F. I Uribe-Romo, J. R. Hunt, H. Furukawa, C. Kléck, M.
O'Keeffe, O. M. Yaghi, J. Am. Chem. Soc., 131, 4570 (2009).

4) H.Fan, A. Mundstock, A. Feldhoff, A. Knebel, J. Gu, H. Meng,
J. Caro, J. Am. Chem. Soc., 140, 10094 (2018).

5) W. Wang, S. Deng, L. Ren, D. Li, W. Wang, M. Vakili, B.
Wang, J. Huang, Y. Wang, G. Yu, ACS Appl. Mater. Interfac-
es, 10, 30265 (2018).

6) Y.Zeng, R. Zou,Y. Zhao, Adv. Mater., 28, 2855 (2016) .

7)  J.-X. Guo, H.-L. Qian, X. Zhao, C. Yang, X.-P. Yan, J. Mater.
Chem. 4,7, 13249 (2019).

8) Y. Zhao, S. Das, T. Sekine, H. Mabuchi, T. Irie, J. Sakai, D.
Wen, W. Zhu, T. Ben, Y. Negishi, Angew. Chem. Int. Ed., 62,
€202300172 (2023).

9) J.L. Segura, M. J. Manchefio, F. Zamora, Chem. Soc. Rev., 45,
5635 (2016).

10) J. W. Colson, A. R. Woll, A. Mukherjee, M. P. Levendorf, E. L.
Spitler, V. B. Shields, M. G. Spencer, J. Park, W. R. Dichtel,
Science, 332,228 (2011).

11) Y. He, X. Lin, Y. Zhou, J. H. Chen, Z. Guo, H. Zhan, Chem.
Mater:, 33,9413 (2021).

12) D. D. Medina, V. Werner, F. Auras, R. Tautz, M. Dogru, J.
Schuster, S. Linke, M. Déblinger, J. Feldmann, P. Knochel,
T. Bein, ACS Nano, 8, 4042 (2014).

13) C.Li, H. Bai, G. Shi, Chem. Soc. Rev., 38, 2397 (2009)..

14) Y. Koizumi, N. Shida, M. Ohira, H. Nishiyama, I. Tomita, S.
Inagi, Nat. Commun., 7, 10404 (2016).

15)  E. Tavakoli, A. Kakekhani, S. Kaviani, P. Tan, M. M. Ghaleni,
M. A. Zaeem, A. M. Rappe, S. Nejati, J. Am. Chem. Soc.,
141, 19560 (2019).

16) R. Wang, Y. Zhou, Y. Zhang, J. Xue, J. Caro, H. Wang, Adv.
Mater:, 34, €2204894 (2022).

17)  T. Shirokura, T. Hirohata, K. Sato, E. Villani, K. Sekiya, Y.-A.
Chien, T. Kurioka, R. Hifumi, Y. Hattori, M. Sone, 1. Tomita,
S. Inagi, Angew. Chem. Int. Ed., 62, €202307343 (2023).

18) K. Sato, S. Inagi, Small, 21, e2410475 (2024) .

19) R.W. Layer, Chem. Rev., 63, 489 (1963).

20) D. Zhu, R. Verduzco, ACS Appl. Mater. Interfaces, 12, 33121

(2020).

21) Y. Liu, W. Li, C. Yuan, L. Jia, Y. Liu, A. Huang, Y. Cui, 4n-
gew. Chem. Int. Ed., 61,¢202113348 (2022).

22) X. Zhao, P. Pachfule, A. Thomas, Chem. Soc. Rev., 50, 6871

(2021).




62

Controlled Synthesis and Application of Covalent Organic

at the Electrode/Electrolyte Interface

Kosuke Sato and Shinsuke Inagi

Department of Chemical Science and Engineering, School of Materials and Chemical Technology,

Institute of Science Tokyo

Covalent organic frameworks (COFs) are porous materials with ordered pores composed of highly symmetri-
cal units. Since conventional methods for synthesizing COF thin films typically require complex, low-concentra-
tion, and time-consuming conditions, the development of a rapid and controllable film fabrication technique gar-
ners attention. In this study, we propose an indirect electrochemical synthesis method for imine-based COFs
using electrogenerated acid (EGA) as a catalyst. EGAs are locally generated on the electrode surface through
electrochemical reactions, promoting imine bond formation at the neighboring electrode surface. By employing
1,2-diphenylhydrazine as the EGA source and conducting electrolysis in the presence of multifunctional amines
and aldehyde monomers, we successfully synthesized imine-based COFs on the electrode surface at room tem-
perature within a short time. The resulting COF thin films exhibited crystallinity and porosity, and this method
was applicable to various imine-based COFs. As an application of the resultant materials, the COF thin films
demonstrated their potential for hydrophobic coatings. The COF thin films with sponge-like structures obtained
by short-duration electrolysis showed superhydrophobic properties. Furthermore, this method enabled the fabrica-
tion of COF/nanocarbon composites with a single-nanometer-scale COF layer. The COF/nanocarbon composite
electrodes displayed improved activity as organic oxygen reduction catalysts. This method is expected to acceler-
ate the electrochemical applications of COF thin films.

Key words: covalent organic frameworks, imine bonds, porous materials, electrogenerated acid, functional thin
film
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Atomic-Scale Selective Heating of Ions
in Zeolites Micropores under Microwaves

Fuminao Kishimoto, Ryo Ishibashi and Kazuhiro Takanabe
Department of Chemical System Engineering, Faculty of Engineering, University of Tokyo

To improve the energy efficiency of chemical reactors, it is essential to develop processes that can extract
chemical energy with high efficiency from the input energy — processes characterized by high exergy. Electrocat-
alytic and photocatalytic systems can theoretically achieve high exergy because they drive reactions by manipu-
lating the electrochemical potential of specific electrons and holes within the catalyst. In contrast, achieving high
exergy in thermocatalytic systems requires a technology that selectively delivers thermal energy to catalytic ac-
tive sites at the atomic level. Microwave heating can selectively interact with highly conductive metal nanoparti-
cles and highly mobile ions within solid catalysts, thereby forming localized high-temperature fields at the mi-
croscale. In recent years, we have discovered that microwave irradiation of zeolite catalysts induces selective
heating of metal ions within their micropores, leading to the formation of localized high-temperature fields at the
atomic-scale. We have experimentally demonstrated the impact of this phenomenon on catalyst design and cata-
lytic activity. In this article, we summarize our recent findings on the experimental validation of atomic-scale se-
lective heating, based on in situ X-ray analysis techniques under microwave irradiation. Furthermore, we discuss
the effects of atomic-scale selective heating on catalytic reactions and provide a future perspective on the design
of selective heating at the atomic scale through zeolite structure control.

Key words: microwaves, extra-framework metal ions, molecular dynamics, synchrotron spectroscopy, in situ
spectroscopy
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Report on the 6" Euro-Asia Zeolite Conference (6" EAZC)

The 6™ Euro-Asia Zeolite Conference (EAZC2025),
held in the picturesque city of Alicante, Spain, was a
landmark event in the field of zeolite science and tech-
nology. Bringing together leading experts, researchers,
and industry professionals from across the globe, the
conference served as a dynamic platform for the ex-
change of cutting-edge research, innovative ideas, and
collaborative opportunities. As a participant, I found the
event to be an extraordinary academic experience, deep-
ening my understanding of current trends in zeolite
research, particularly in the areas of aluminum (Al) dis-
tribution and catalytic performance. The conference also
provided a unique opportunity to engage in thought-
provoking discussions with distinguished scientists,
explore the future trajectory of zeolite development, and
present my own research on enhancing catalytic perfor-
mance through precise control of Al distribution in
zeolite frameworks.

Personally, one of the highlights of the conference was
the opportunity to deliver an oral presentation on my
latest research, which focuses on the synthesis and char-
acterization of zeolites with spatially controlled Al posi-
tioning and their application in methanol-to-olefins
(MTO) reactions. My presentation, titled “Rational
Control of Aluminum Distribution in Zeolites with
Alternative Additives Boosts Catalytic Performance”
attracted significant interest from both experimental and
computational researchers. The ensuing discussion was
both engaging and enlightening, with attendees offering
valuable feedback and perspectives on potential future
directions for this line of research. The session under-
scored the importance of fundamental material design in
addressing real-world industrial challenges, particularly
in catalysis and energy conversion. In addition to my

own presentation, the keynote and plenary sessions were

Yokoi Lab, Institute of Science Tokyo
Liang Zhao

Fig. 1. Beautiful view from conference hotel.

Rational Control of Aluminum Distribution in

Zeolites with Alternative Additives Boosts
Catalyti

Fig. 2. My presentation in this conference.

a treasure trove of insights into the latest advancements
in zeolite research. Renowned scientists shared ground-
breaking work on novel synthesis techniques, advanced
characterization methods, and innovative applications of
zeolites in catalysis, adsorption, and energy storage.
These sessions highlighted the growing importance of in-
terdisciplinary approaches in zeolite science, as well as
the critical role of computational modeling in predicting
and optimizing material properties.

One of the most striking discussions at EAZC2025
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New Era of Zeolite Science: From
Synthesis to Application

Fig. 3. Plenary lecture from Prof. Yu.

revolved around the interdisciplinary applications of
zeolites, which expanded my perspective on their poten-
tial beyond traditional roles in catalysis and adsorption.
Professor Jihong Yu, for instance, presented pioneering
research on the use of zeolites in antiviral applications,
particularly their ability to eliminate cowpox virus.
Another noteworthy presentation focused on the use of
templating agents to precisely control Al incorporation in
zeolites, a topic that resonated deeply with my own re-
search interests. The discussions that followed were both
thought-provoking and inspiring, leading to potential
ideas for future collaboration. These interdisciplinary
explorations underscored the versatility of zeolites and
their potential to address a wide range of global chal-
lenges, from environmental sustainability to healthcare.
The poster sessions at EAZC2025 were another stand-
out feature, offering a vibrant forum for researchers to
showcase their work and engage in meaningful discus-
sions. I was particularly impressed by the diversity of
topics and the creativity displayed in addressing complex
challenges in zeolite science. Several posters focused on
innovative methods for controlling Al incorporation dur-
ing zeolite synthesis, a topic closely aligned with my
own research. One poster that captured my attention
explored the use of templating agents to achieve a more
uniform distribution of Al atoms in zeolite structures.
This approach not only aligns with my work but also
opened up new avenues for potential collaboration.
Another fascinating aspect of the poster sessions was
the emphasis on computational modeling and simula-

tions. Researchers presented advanced techniques for

Fig. 4. Poster Session in EAZC2025.

predicting the structure and behavior of zeolites, en-
abling the design of materials with highly specific prop-
erties before physical synthesis. The integration of
computational tools with experimental research is un-
doubtedly a promising direction for the future of zeolite
science, and it is an area I am eager to explore further in
my own work.

The most rewarding aspects of the conference was the
opportunity to connect with researchers who share simi-
lar interests and aspirations. I had the pleasure of engag-
ing in insightful discussions with two distinguished ear-
ly-career researchers from the Japan Zeolite Association
(JZA), both of whom were recognized for their out-

standing contributions:

1. Dr. Jie Zhu, Assistant Professor at the Department
of Chemical System Engineering, The University of
Tokyo, Japan, received the Early-Career Researcher
Best Oral Presentation Award for her work on
“Synthesis and Structural Analysis of High-Silica
ERI Zeolite with Spatially-Biased Al Distribution as
a Promising NH;-SCR Catalyst.”

2. Dr. Shengxiang Zhang, a Ph.D. Candidate at
Yokohama National University, Japan, was awarded
the Early-Career Researcher Best Poster Presenta-
tion Award for his research on “YFI-Type Titanosili-
cate with Hierarchical Pore-Structure for Efficient

Selective Oxidations.”

These interactions with them provided me valuable in-
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Fig. 5. Awards for best oral presenter (above) and poster
presenter (below) from Japan.

sights into novel synthesis strategies and catalytic appli-
cations of zeolites, and we discussed potential collabora-
tions that could bridge our complementary research
interests. I am deeply grateful to the JZA committee for
their financial support, which enabled me to attend this
high-level conference and gain a broader perspective on
the global advancements in zeolite science.

Beyond the academic rigor of the conference, the city
of Alicante left an indelible impression on me. Under the
guidance of Mr. Martinez, one of the conference organiz-
ers, and a humorous local tour guide, we explored the
city’s stunning natural scenery, historic landmarks, and
vibrant culture. The breathtaking views from Santa Bar-

bara Castle and the serene beaches provided a perfect

Fig. 6. Photo memory in the city tour.

backdrop for informal discussions with fellow research-
ers, fostering a sense of camaraderie and collaboration.
The city’s rich history and vibrant atmosphere added a
unique dimension to the conference experience, making
it both intellectually stimulating and personally enrich-
ing.

The 6" Euro-Asia Zeolite Conference was a profound-
ly enriching experience, offering me the chance to learn
from some of the brightest minds in zeolite research, as
well as to share my own work with the scientific commu-
nity. The conference provided an invaluable platform for
exchanging ideas, discovering new research directions,
and forging lasting connections with experts from around
the world.

In conclusion, this conference has significantly ex-
panded my horizons, both scientifically and professional-
ly. I am now more motivated than ever to continue my
research on Al distribution in zeolites and to explore new
avenues for collaboration with colleagues and experts in
the field. The insights and connections I gained at
EAZC2025 will undoubtedly have a lasting impact on
my future research endeavors, and I look forward to the
next opportunity to gather with my peers in the zeolite

community.
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