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Fig. 5 Results of permporometry tests for two types of
silicalite-1 membranes.
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Fig. 6 Adsorption isotherms of silicalite-1 membranes.

Table 1 Micropore volumes of silicalite-1 membranes
micropore volume  relative micropore
/em?g”’ volume /-
MFI-type zeolite powder 0.144 1
membrane A 0.090 0.628
membrane B 0.108 0.755
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Fig. 1 Typical FE-SEM images of (a) surface and (b)
cross section for silicalite-1 membrane.
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Fig. 2 Temperature dependency of p-xylene fluxes in
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Fig. 3 Temperature dependency of xylene isomer
fluxes in a ternary system.
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R M2l mm, £X55mm) #2371, ZONEES]

T5Z & TT 4 F AR IS R R E S

IHI, F/RREEEESESTD, /) fskE S
|Z MOR {88 2 /KA R L 0 TR S H7-453K, -
IR L). PRAERE SRR RHKD pre-aging 21772
(300, 353K). PV FBRIZ 1T 88Wt% D 2-7" 11 /X ) — VKR
WA TFEHIAER L7z, PV 328REE1X333~373K & L, &
WA ADENUZIFERZZ AW, oincidt 7400
HATa< zT57 4 —E .

IAERLESE  Tablel I MORIED AR, Fig.1 IZMOR
T+ fEEFERE RO K SEM it 2R T, FEnIIEC b i
HZEE Lz, TR A, KB 2% &, Pre-aging i
FED EFIZHE, SR A RN &L otz Ziud
Pre-aging {RE %< 9% 2 & TR L W B340 MG
M E 2z B bND. &6, B, I C %kt
g2 LAKBE RIS 725 Z & T, fEdTA AN
INEL 72, REEOES D 2um@B 5755 0.5pum(C f5)
W LT Zhud, ARER oS S <87
T KSR ZIREDHEI T T 5720 LB BILD.

Fig.2 | ZfR3EE & ARED Pre-aging 1EE & A2 PV
PERE~IIF 8% 757, Fig2 L0, 80°C T pre-aging L
725 B 1330 C Pre-aging & L7Z[BE A X0, @iV ki itEs
JE L SBEVEREA TR L=, PA T A hOZREEEZFIH L
To T/ AR O, RS OMBRY R bR L 72 5
J ftdhE & ORI OBE I T2 0B & Ze o> T D
EEZBND Y. B I A (ZHAYE#E D MOR 5
DNE L o Ta(Figl). D728, S8 & 722 55 b
TOREROMBRITNE L, BROBENZ WD, KOdE
W, SEERES BICEWMEEZ R LIZEEZDND.

B & AR 2 S C 2 5 &, EC
DIFHIROBERE, /BEERE & HITEVMEZ R Lz,
RO BEERRIE 2000 DL EOfEZ R L, b @l ook
MEREZ R L7, BECIIBEB & bl U TR A XDV &
<, EVEREENIER SN, 07D, FEmEOZER
Bn% <, EHITKOBEHEI D208, EVKO
BHE 2R LIz LB 2 Hivs. Preaging #1795 Z &,
BEke X0 JEV KBV AR T\ K OB, B
HEZ AT 5 MOR T/ i FEEz G5 2 & 23k
7-.

Table 1 MOR 7/ fi&saftfaElE DR E D& Rk S

IKEAE K
FREE [K/h) TR [h] & BUREIK]

Pre-aging
YUF)IL REK] EERE ]

BA 300 24 6.3 24 453
BB 353 24 42 24 453
Bc 353 24 63 16 453

tg,vpu.

— 2um [ X5,000
Figl €A77 A MEEKD SEM [Eifg
60 T T T T T
Feed
| 88Wt% 2-propanol/K 2605 |
S0Tamman
=
o 40 N
S
© 30[ 1917 1173
IS
= 129
220 N
L
1419 402
10 EA 7]
418 &
1 1 1 1 1

0
320 330 340 350 360 370 380
Pervaporation Temperature/ K

Fig2 Pre-aging IR & ARIRFHHIAS PV PEREAMIT T2
(IR0 o 53R 7T

1) M. Matsukata, etal., J. Membr. Sci., 2008, 316, 18.

2) T. Tago, etal., JJpn Petrol. Inst., 2012, 53, 149.

3) T. Tago, etal., Catal. Surv. Asia, 2012, 16, 148.
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fERE T AW 2 IREREIEIC X B SAPO-34 EDOTES AR

(BRKRBEFE THO ) HFA AT A - R T RPBEEE T))(1E) & H i —EBA
(BAVE X T)(IE) P« (PR T)(IE)N HER « (IE)JLEERE = - (1F) 7 (L ZE fn*

1. #E

I, SHBIRA YO IR A W S EE OB =R L ¥
—fbx BIE L, &AM LSBT DY NA T
v RV AT LAMREESNTWS. AIFZETIE, VU
FREFTA FO—FETH 5D SAPO-34 ZEEH & LTz
BiAKBEDBR 21To7=. ZhE < MEERREE &
BRIV D 2 IRACREDS, U 72 B 245 5 DIZZh R
BTHDZENbro TS, AFETIE, MmN
ZOFEERBEET DO TIERL, —EEFETLZL
THEIERRAARHET D 7=, FlAL S OV - B 118 -
BAT R BRI R E W B A 5.2 5. 4hl,
AR 7 0 ADFE IR DEHEO T, X0 IEfttoE
VY SAPO-34 ffdb A flifEfh & LTHWD Z L 2B 2 7.
Z 2T, SAPO-34 DHENT VI =0 ADO—HERT
FCEH L= R FEEA SAPO-34 F / ki (B-
SAPO) & Ak L, Flftsh & L CHV /=, B-SAPO 1%, 7
SR ERICHE LT KT A 7 va s "— 3 (DGC)
EEHAWTARKR L.
2. EB
ZHAETNVIFFa—7 (/U Z7H) ESAPO-34
& 5T B-SAPO Flifian A%/ L, 180°CITT 2-24h
KREVE R ZAT 72, BERKIE, 500°CIZT6hfTo7-.
IRARAKE(VP) R TlL 80 wit% P TPA KIEIR %
110 °C TRIL SR E X ¥ U T A AHe) &4 L
T, wWAAEZEICL, WEEFE T v ITL 0 EE
AR L L.
3. RER - BR

B-SAPO # flififiin & L CTHR L7 VPR H 4 Fig.
1 TR d. AKEVERREER] 2h ©, S3BEfRER 300~800
FEEDEENAK TE 2. UL, SAPO-34 % flifkdh &
L CAR LIZBIC S, SWETH 72, E5I1212h
#%CIE, rBEARER 20000 &% D IEA AR ATRE TH -
72. SAPO-34 % FEfEAMIC W2 e, Wi SEM
B BIEERNENZ L300tz ZDTHKOE
BB L2 b0 EEZ LS. S5, BV
WSRO TR & U TR IENE 2 bivd. Fig.2 (2
B-SAPO #fiiffifh & L CHM LD E D SEM Bl
BTN, PR SRS TE D BN 2 & D30
7e. BLEXY, B-SAPO Zffiffih & LTHWD Z &I
L0 EDEN R H ST b D EEZLND.

SAPO-34 i s OV Z <5 72, KH(50 g)
IZHEAL 2 0.04 g fHiIAZx, BEPAZAERNIZ T 180°C, AL
JETFICB 2 EEZHIE L. B-SAPO (X, 1h %
WIRIERRBAKICEM LT-. —J7, SAPO-34 |2 L Tl
24h HBIZBWTH 001 g(25 %) LLEDIRITFEY 3 d
572, k5T, B-SAPO D/KEASAE T TOWRMEE 1L
D SAPO-34 (L~ TRWE S 2 5. F7-, [
ANMR LV, #fi#L7- B-SAPO IZ¥ 4T 1 FEkD
WS 2 IR L TV D 2 RN oT-. ko T
B-SAPO (T2 2ITIBfET 5D TIE/<, B474 bD
F 7 ay I BEREL, LN RERERAEICEE
LCWbEEZHN5.

BIEE

AHFFEIL, NEDO HAfBHIsEeRE THLRIME S 2 Z 4Lk
BB AR AN OB 7 uy =27 Mcky
1Thi=.

107

% 109
£ o - g .
o107
E
= 10°® 4 H,0
g A IPA
300y,
5 101
A f f A A
1 -11
LA 6 12 18 24

Synthesis time [h]

Fig. 1 Permeance of water and IPA through the B-SAPO

membranes synthesized for different time

10 gm

Fig. 2 SEM picture of the surface of the B-SAPO membrane
synthesized for 12 h

* TEL/FAX : 06-6850-6255
E-mail : nisiyama@cheng.es.osaka-u.ac.jp
LA oA s DA I NWHESS - il v i
T OBbLELLHE - ANBLHERTWE - ITLE
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BB FF A MNED A Y F DR EEE

(PERSHI) o AN N ZRAT, B S JHEFRE . RIEZ N+, OLR) BTG

1. #8

AR, K ZE HGE LT A T A MER LB SN
TETe, 23T, Al BHED/NSWF v S ARE,
WERE D K A A AT REZ RSB T D, AMFFETIL,
Y BB HATA N RBEO NNN-RFIAF )L-1-T X~
"= DERIFL, @ Ul T S A MED KR
WA RERRDEEBIT, ZDOMAKEFEIC W T
L7,

2. EB
2 WK EEEZRWT, ZUET AT EONEHEIC

B VAT X PA D LGB Z TR T, TR,

Y BEATAMEK (Y — . HSZ360HUA L
HSZ390HUA) | /KEg{tF R 2 NNN-RYAFL-1-
TH N BT AEREFUR (ROH, EA7A) F
KA A AR WK% BV T 40Si0;: 1ALO;s
4Na,O: S8ROH:280H,O &L, 300rpm THEFRLARAD
160°C T 40 KFE/KEVLER G5 LT, Bk FIA
T, B/ 45Si0; : 1ALOs : 4.5Nay0 : 3.4ROH :
4500H,0 DR KSR AR, 3R Ml i A
EEDIANTE S HE T N T E B IO E KRR A
—hR7L =TI AL, 160°CT 15 FRfKBULPEL .
TN EOINR AN LGB LT LT, Pelfk L
OREERO% . 500°CT 10 BEfIEER L C. @ U hF v
ISWA M2,

BT 2— 7 2 W, mv U AT v A M
SUS Bl L., & /KEIRIZ 3 DK FeE 2 17%
SKACIZEDPRE LT, IRBZACITIE, FEHET AL L T
Vo BEERTHEEHIC, BRI E T T 57280
DB &N a2 A 2 - R E A L 7=,

3. ERBLUEE

L IZET BT P ANED SEM 5% X 2 12
XRD /$F—%ow s, TARFEOHNKEIL, LR
WROFESRL - TR BDN TR, TDERT 3
~4um 7Zo7m, o, ZOSKERBEO SVAL X 18 72
o7z, K 2 1RO, ZOEENED XRD /35—
X, ZLET NI T EBLOT ARO[ O
— &GN TN, ZNHORERIL. Y BP 4TI
L O ROH #ENZHUHF RS KO EERUER &3
HZET, BV IBT ¥ YA NN DK EVE R
IZEDTNRFE BT CEDZEARL TN,

2 VI TR KT D U BT S A NED i
IKEFMEE R T, BRI TIE, A% ) — VDA TR
BB R LT, TR BEIO IPA OEKE
WCIE, BEPTEHD 10kgm 2 h! DL 72 S7=0izxL

T, =X )=V BXOWHRO G KA TlE, BB w
1L 12kgm2h E/NED o7z, IRIT, IRE /KEROV
TIRBRAGRBRE EiLT-, ZOREE, £ 2 IR T X
AN T RINKELIL AT LT3 Tl s 3
LTz, 2T, =& ) — VI K& TR+
SDVNERDDHIEDRIEL TS, ZILHLDRE R
b, F ) — VB IO 1%, 50Kk 0 18
FEAEAEANC Lo ToBiEE 2l L T D EHEE S D,

x50k 20 um

1 F ¥V ANED SEM 14
(Fe) <, () fIfri

’J;J_u_,i A M (@

10 20 30 40 50
28 (°)

K2 XRD /"\¥—r (a) ZE&BERKLT- MRS, (b) 2L

T AT (©) T/ SPAEE
F1 EIUBTF v A NED Rk

peaaall EIKER IR BRI R DA
(mol%) (9) (kgmh) & (Wt%)
A )= 50 60 3.06 32.64
IH )=V 50 60 1.32 0.04
IPA 50 60 10.48 < 0.01
Teh 50 60 10.21 0.01
FelR 50 60 2.20 < 0.01
2 HEEEAOBEFHE (580
Al 7y & (nm) FEEHR  (molm?2sT)
7K 0.2955 0.23
A )=y 0.3803 6.2X103
IH )=V 0.4299 4.8X10°
Ll 0.4356 1.3X10
TEh 0.4691 47X103
IPA 0.4699 4.1X10°

EAJIZ8/X (yasuhisa-hasegawa@aist.go.jp)
b T OE, Wi 72U, EXTH ILAaL,
TR 72z S0 Dl



CHABED K55 & 4y P 6E
(FEXAIF - BUb B 2 —1 | IERBET.2)

OIfEFE " « AR - ILrpiEs®

1. =S

BATA MEEHWEE BB T 7' 2~D
23T, Na-LTA BRI T & i s ds &L OVk
M A A L, BRSO 2 LD kX
BB NELNA G B ) — )VEDORKT Tt AN
FEAL D EhTWb, LYk - ZIKCHZ 54
%7 A~OBAEERD L AT A MEEM
DOFFE %+ 842 LBl 72 B4 T A4 N o Rl
HEOBRBENVETH D,

< 1%, 8 BBR Low-Silica [T, MAKME « MESMEN
Na-LTA T X 0 @<, LA LR A0 72\ =T
HMFLAEAT D CHA BUZIER LC. Z Okl & Her
LT &7, BARAYITIZ, SYAL EEAYK 3 £ T CHA fE
Z TR I Sr 2 ESE L Z LTk,
HRESEIIA 2 LB L L7220 S-CHA 2, & 5 ZTifig
MR-, B Al L7 FAU Z 5Bl E LT, _udL
FUAFAT vE=DULAFF 2 (BIMAY) %Ak
PRIAI S L CHWD FAU #affaim s U 7 CHA Ffis

(SI/Al tb =ca. 8 ~ 20) DOHUEEZBEFRE LY,

Z 2Tl 25 D CHA [ROKER & /3 BEMEREIC S

WTHIET 5,

2. EB

TRHE 00— T AT LR IERAT, B F RO R
ECER L7z, B 2mm ¢ . NZ 1.6mm ¢ . KALFE(¢)
40.2%. “FHIHIFLEE() 0.15um D b D ZFEYE L LTl
AL, £/, BRIEREEZZE(LEIED L T(e )%,

JFENDa— T AT DR BREEZDHZETA) e, K%/
ANREEZDHZETHIE (1) 22T, XRHRDO R
PR EETEbDOEAE LT,

LTA FEFHAZ, =y b—F PMPF 2 —7 (Hi
Widn) ZH L7z,

Sr-CHA EDEA K : CHA FdhlE, Y HEATA O
sk Y 2RO TAR LT, ZOMEE SR o -7 L
2 F a—T DI FEEIZ Rubbing EIC L V15 & H
oo W ESMBOLFH I, 6 Si0y: 0.75~6
AI(NOs);: 1~10 KOH: 0~1.5 Sr(NO;),:200~500 H,0O
L. 100~180°C T 10~21 BB T, R RS
Too T2 BEORBE OO IR ERI % O EEE

fEbRIELT,

FAU ¥ U 5 CHA BUBRD G AR : 7 U 7 CHA
ST, (BB SI/AlL IZ72 2 K 5 ICHiEE Tt Al L

7=, USY BB H T A RS liss d 2 W TARRLT,
O EXRHAETHLa-TAI T Fa—TBIW
LT A NTF a—T OFEEIZ Rubbing 1EIZ XY 155
SHT-, DWREREILL B AL L2 USY RBP4 S5AR2 i
BHELTHOW, 2O LM RE LV L% Si0,: 0.01~0.1

ALOs: 0.05~0.5BTMA: 0.01~0.5NaOH:5~10H,0 &L

C EEIEFR® - EBFRETR®

72 (BTMA: Ry VRN AF LT = L), O USY Kl
BATA BT IR ARRE IR Z SCRHASEAE T ¢, 100~
150°CC 3~11 AAIEAL T, ZIRARR ST, £, RE
ORAEDT=OI B BRI BL O R ERIZOE
NG RIE LT,

B&RIL (PV) SBERER : 475 CHA oD PV 2Bt
BEIZ. 30~90°C?D 0~99.9wt% 7 /L1 — /L /KIFiK B L
OFERR KR x - DIR B R b 4 Bl BRI KV EEAI L
7o WIEIZIE, Ny FRBIOEESHT B DR E
KALFRBRAEE 2 L | 0 BEERE o OK/ZTBERTSR) B8 &
O H Q (kg/m2-h) K7,

3. BRLEE

Sr-CHA J: “ R R i, Sr 2 fF &85 Z & T,
SDA %3 % Z &7 <#li CHA HHDOE R a— 7T /4
TR e R R T &, — 5. Sr A TIK
AR PR E LW AT, BEROL O3 AR L7220
Sfc, ZRREIROFEFEKIL, 6 Si02: 1 AINO;);: 6
KOH: 0.5 Sr(NO;),:400 H,O THY, 140°CT 10 FE[EH LA
FRRESEED, 75°COTH ) — )L 90wt% /K iik a
W2 PV SRBROFE R, 7 BER o = 40,000, i 3R Q
=7.5kg/m**h &7~ Na-LTA [5G i IR #7222 K %
® PV CHEELT A BEEREA R LT, £72, Q ITDW T
I RHAROE MRS (e d / D& 0.1 LLFICTDZEICL
ST, o0& K TEEHZE7< 14.0 kg/m®+h ZERK L= (1K
1), Z0 Sr-CHA JIEi3., IPA ZKIFIEDH DB IZ BT
TH ) — VKRR TRV S O oy BEVERE 2 R T L 2 fERE L
77

2 @O SEM B&5k FARLT28912 Sr-CHA il 55
1K 5 um 35 THY, 2 ~ 3um DTy 2 ROFE
BB CEHEE >, HO Si/Al Hid, #9 3.2
Tl

St IS DT v BV 4 B ISHIIZD RN DU TR L7 AE
Mg, Ca, Ba i, k422N TaIC, EMEES
J& KA AW, MER 23R LT=, St ORI FIZ DN
Tid, CHA 11 D6R 22 E L THERSE LN RDHDHE
EZ TN,

AR Sr-CHA [ =4 ) — VKRR 1 % N 2 7 A ik
(pH=1.8) # IR BZAL T BEEAT 572 L2 A 1RFEK
DHBPFEE L, TEOE T2 G DO OF @ R IT 10 BF
MK 1/3 12 LTz, & Zh5, Sr-CHA 5% (%
IKFR) T I a— LIRS D P AKIZ BV TE B4
HEDSFTRE CH DY, BEME S T Tl oo 7 e 23 FE 4
TERNWIEDN DD -T2,

FAU xS V) 0 CHA B : T 0 et (i 7= i
FMOBFEZ BN L LT, FAU Ziz# L TH L
E YU CHA By Rissh (Si/AI=15.6) %L1 R+
T 90Wt% IR K IANRIZ 140°C T 1 ARBHRE LT, 214




A DR X BIEORER, BT — 7 IC21biTx
EAER BN DT, £72. T AI-MAS-NMR Il E#E
Bn 1ZEAEH Al BB I NT, Si/Al L HIRIE
B TR E A E B IT oz, THHDOFRERNG,
B U 4 CHA IZIMEERME BN - EEM Th D &
DR SN (K3),

F 112, @Y 1 CHA BEDORIES3 L OV PV 4
BEZ/RT, mY U b CHA X, & CoOF&METhlET
TN REIF ERE 2 L SIRIC 72 % & BTMAOH
DR TGO, BEM TH S MIN Bl 7 B3
AR L2, 130C T 7 HIF kR S 720E (Run 5)
T K ) — VKIS DORiK T, Q=4.23 kg/m* * h,
a(W/E)=1170 (GZEiE T DK DIEFE =99 4wt%) %77~
L. WEBR/KISIE D& OBiK TlE, Q=7.96 kg/m® « h,
a(W/Ac)=2,500 (BB DKDPEE =99.96wt%) %
IRUTz, TNDORERNG REA T A Mr#ak %z F
A L7@s U CHA BEOERSMIE, 130°CT 5 H
IED ZIRRENEKE CTHD Z ENnbhrolz, 7258,
T X ) — VKRR DN 6 ORAK L0 b EEERAKIEHE D>
DK DPEREDNMEN T\ DL BN &S Y B
WD LI VIR T2 L. B ADEIZK
HHDEEZLND,

F£72. Run 5 % H W CHEBB KSR OBLAKZ . 1000
BEETAEAE L7 RE R, Q. al BITIFLALYKETLTE
53, ZOmv Y CHA BEIX, HANZA A2 A Hid
D500, BOZEEBENTWND Z ERbhoT,

421X, Run 5D SEM @4 Rd, 77 —H—
JVIRDFESENER Y G- CREEZE > TBY FEMmD
Bl B S o7z, IR 2um FBRETH
V. SiI/AL HIZKI 16 TH -T2,

F 2L KA T A MBI X DEERRAKRIE S
OPFiKLIZRFEFEE L O RECLVREL-ZS
U 71 CHA JEEIE, mBERES L OE TR A EH v
~ULTHD ZE NI D,

Flux Q{kg/m?-h)
p——

X2 Sr-CHA X0 SEM &

‘ ‘ &8 . S8
|

L]
| ,_.I.J.'-.-J-.-J_ L CET

BYV A CHA BEomEEgEME (£) &
2AI-MAS-NMR 227 h v ()

X 3

M4 EHIU L CHAED SEM 1

#F1 &YW CHA BEORRESM: L PV #8E

N A Q a Q

Run | ) | @ WE | (kg/meh) | (W/AG) | (kg/m?+h)
1 110-7 50 3.1 720 41
2 110-11 120 2.5 1120 3.8
3 130-3 20 ~60 33 ~50
4 130-5 800 3.6 1800 5.1
5 130-7 1170 4.23 2500 796
6 130-11 1200 3.3 1170 4.2
7 150-5 120 2.7 870 3.1
8 150-7 120 2.5 800 2.6
9 150-11 200 21 820 2.2

K2 FEELTA MEOWBRKERA b DBLKMERE

MoR 50wt AcOH, Lo 108 Banis clentston St
enntive Hybrid-system Vol ME011)
nm
TUOFFERD 50wt ASOH, ™ L ‘Dkamoto et al,
ant Vol (0041727

MCu-22 B0 WS ASOH, n [+
SAPO,M gnt

Nnhwyamaet ol
Vol 3720201106027

CHABRA oraty  mmsweoner RO i v
Saine et )| | e
= l."l:i“:"mﬂ 1000-2500 708 mm‘ This work
BEYR
1) FEIER &, FrBA 2006-212551.
2) Y.Hasegawa et.al., J.Membr.Sci., 347, 193 (2010).
3) H. Robson i, Verified Synthesis of Zeolitic Materials,

2nd Edition, Elsevier, p. 123—124)..
4) N. Yamanaka et al., Micropor. Mesopor. Mater. 158
(2012) 141.
5; Itakura et.al., Chem.Lett., vol.37, No.9, 908(2008).
6)A.A Belhekar et.al., Zeolites, 15, (1995) 535.
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T II) R ALERZFI L 72 MOR RO i@ i A E AR iR

GEH TR T) OFpffsrsls, /NP E Y, THoRE, LI, A lFase

1. #5

BATARDOIEIZLD , MOR B AT M Ve W AR
PeE2 BN RN LT A TA MED BRI Thit T, K
W I T VAV RBRZ IO EEAT -T2, TV AVILERT
TEATARD Si ABELR9< 2, BUKMEZE =350 Th
% Al ZZL G B4 TANEDGHID, ARFFED HIIE,
TIVAVIEET | 73D T dmiR B O g5 A L
PEPIET HZET, BATA MEEE IR 3 255587057
BRI T D8 ThHD, EDT= T IVIIVIEERITZ D,
PV(Pervaporation)afif, XRD JHIZE, /3 — L7 A—4HI7E e
X0, B ERED B A TRE LT,

2. FERPRE

a-Alumina 544 (¢ :10mm, L:30mm, /Y% %) |2 MOR
MAREFERE RS L T, ZIRBRIEIC > TOKEVERLTZ Y,
AL 180 °C, 6h TYTo7=, BUEL 7= MOR EEZ 70°C 0.1
M. NaOH DT /VHVIEREAT T2, T TVERIE 2~5
min = & IIRIE ANNVEZ T ToTz, o, TABVIZIZ, Ny

FimakER . 70°CAK/MPA (1 7 BE LT La—L) % PV ik,

XRD #I5E (Rigaku:RINT-TTR) | 73— 2R A—4 (H AN
JL R A—4—7 /7 :He, 40°C) 177~

Fig.1 (7 VAV Z LD, KE TPA DFROZE, %
IR, FRERIE T VA VBRI R ORRFI T D, o7
SR, BIRO K AR E L TR, 777 O
STl FRALERFFR 30 min FCIE S min T2 DOERES T
725 5 min 25 20 min £ T, [PA FEFIL, (ZFE—ET,
FRALERIREE 25 min DOEXHINLT72, —J7, AKFEHEIL 15
min F TR, BB A2 7, FRALPRIRERT 30 min
DRI, ABEREDE L, IPA BRI 72, il
PRIRFE 30 min DAREC, B F 59 DR O LEE) BRAA
L7 &EBZHND, AR 40 min LIREIZ, —[BlOALER
R4 2 min (ZZE B L7, KEIEFE, IPA FE=R T 41 8
D UTe, TR DYERDEL 2 min LA UK ClE,
RAR DS AR AT LT ATREMEDS O, LnL, KGR
P 2 min FECHIK FLTCWAZELD kR ITFRFL
T-URE C L DTIRPEI I N 2 5, F00F%, 1 [BID-LER
Bfl& 5 min EL72E2A, WIToBREL ml o7, K
|2 Fig2 |2, Fig.1 THRETL7Z[RICHED | #ALERIRFH]ZS 40 min
& 62 min HD/— LR uA—2REFERE RS, VWTTHo
EEChH, 0.65 nm AHTIC KEZR AL AR Bl ST,
MOR FgaDFMFLEEAS 0.65 nm THHZELD ZOHFLESY

Filx MOR #&fuIZER T DML CThDHEB X LND, — .

DR AR E MK F L2 62 min LTI, 0.9 nm -}
WL AR DS RHND, ZD55Ai1E, 40 min JLEEE I
TSN 2 o7, £2, 09 nm KO REASHIALIE, W
NOBEETH  FEAEBIES N ) o7z, BLEXD 77
WFRTIEL, 0.9 nm ORIFLASHHRIZBIEZS L, £D 0.9 nm D
AL KSR MED N2 D337 o072, MOR A 3%5

THGAIE BRI A A% 09 nm LA FIZTA2803EE N
2o

® Water ¢ IPA

107
10°
10°|5 min 1 2 min

15 min

30 40 50 60 70
Total alkali treatment time [min]

Permeance [mol m? s™' Pa™]
)
>

Fig.1 7VAVAERC 55 RROZAL
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1) WHIEE, ~pz7>2,33(2010)402-406

2) 1.C.Groenetal.,J. Catal., 251 (2007) 21-27

3) M. Matsukata et al., J. Membr: Sci., 316 (2008) 18-27
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Fig.1 SEM images of (a) silicalite (b) ZSM-5-200 seed crystals and
top surface of (c) silicalite and (d) S/ZSM-5-200 membrane.

Table 1 Pervaporation performance of EtOH/H,O and succinic
acid/EtOH/H,O mixture through silicalite and S/ZSM-5 membranes

IHR/—)L/K aNIBE/THR/—IL/K
Sample ﬁ,@t% : 93) ﬁgl3£7 :92.7)
AL I\ 3 AL I\ 3
[Kg m’2 hq] 77 %ﬁﬁzﬁl [Kg m72 hq] 77 Eﬁ{?&ﬁ
HASAk 0.80 48.3 0.19 32.6
S/ZSM-5-200 0.11 80.8 0.03. 32.3
S/ZSM-5-100 0.47 34.3 0.15 50.6
S/ZSM-5-70 0.36 22.8 0.36 38.4
S/ZSM-5-35 0.34 11.8 0.20 11.2
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@V CaHe ZRig R 27 L7,

Fig.2 &L SEM 1%
NaOH/H=0: 1) 0.400 X 104 2) 0.827 X 104 3) 5.12X 10

4. f&5

U BSHR RIZ, 2—F ¢ V7RO pH2, FliERE
f1 16h . NaOH/H:0 =0.827x10* THES % = & TNy
FHiH 2.9X 106 mol m2 st Pal, NoSFs it 169 &
HHR N > 7LV OFEMERE A 152,

ZER

1) V. Gun’ko et al., Adv. Colloid Inter. Sci., 1,91 (2001)1-112
2) R. Zhou et al., Chem. Lett., 39 (2010) 388-389

3) e.g. M. Drobek et al., J. Membr Sci., 144, (2012) 401-402
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1) K. lida et al., International Symposium on Zeolites and
Microporous Crystals 2012, P229 (2012)
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[1]1 K. Yoshida et al. AIP Advances 3, 042113-9
(2013)

[2] K. Yoshida et al. Sci. Rep. 3, 02457 (2013)
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Figure 1 (a) Time-dependent phenol adsorption
from water containing benzene by H-mag. (b)
Adsorption isotherms of phenol from water
containing benzene for Na-mag (o) and H-mag (e).
The initial concentrations of phenol and benzene
were 0.05— 3 and 600 ppm, respectively.
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Figure 2 Scheme for effective and selective recovery
of phenol by a phenol-philic adsorbent, H-mag,
during the photocatalytic oxidation of benzene in
water over TiOz under solar irradiation.
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Figure 3 Time courses of the amounts of benzene (m)
and phenol (o) in aqueous benzene during the
photocatalysis of TiO2 with H-mag.
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Functionalized periodic mesoporous organosilicas:
an excellent support to immobilize molecularly-based
catalysts for water oxidation

1. Introduction

The oxidation catalyst of water is widely considered to
be the bottleneck in construction of artificial
photosynthesis. In the past few decades, tremendous
progress has been made on the design and synthesis of
water oxidation catalysts based on metal complexes, such
as Ir, Ru, Mn, Co, Ni, Fe, Mo complexes. Although
molecularly-based catalysts showed efficient reaction
activity, the stability is one of the biggest problems under
the strongly oxidizing conditions. In most cases, the initial
molecular structure changed during the reaction and
consequently caused the deactivation. Periodic
mesoporous organosilicas (PMOs) have a great potential
as a support to construct molecularly-based photocatalytic
systems because various active species can be located
within both mesopores and pore walls." Recently, we
synthesized a new type of crystal-like PMO possessing
bipyridine ligands in the framework (BPy-PMO).> Here,
we report the formation of Ir-Cp*(bpy)Cl complex,
recently reported highly active water oxidation catalyst,’
on the pore walls of BPy-PMO and their catalysis for
water oxidation using cerium ammounium nitrate (CAN)
as an oxidant (Fig.1).

Fig.1 IrCp* complex fixed BPy-PMO for water oxidation

2. Experiment

Ir complex was formed on the pore surface of BPy-PMO
by adding BPy-PMO powder (50 mg) to a mixture of
(Cp*IrCly), and anhydrous ethanol (30 mL) under an
argon atmosphere and stirred under refluxing conditions
for 24 h. The sample was denoted as Ir-Bpy-PMO-n (n =1,
2, 3, corresponding to different Ir loadings).

For water oxidation reaction, Ir-Bpy-PMO was added to
a freshly prepared CAN in HNO; solution (pH = 1) and
stirred at room temperature under Ar atmosphere. The
evolved O, gas was quantitatively analyzed by a gas
chromatography.

3. Results and discussion

Ir-Bpy-PMO-n (n = 1, 2, 3) with different catalyst
loadings could oxidize water to oxygen efficiently using
Ce'*. The TOF of Ir-BPy-PMO-n with different Ir
loadings was almost the same, about 4 min”', which was
slightly lower than that of homogeneous one (Table 1).
The results indicated Ir-BPy-PMO had activity

(2 H ) o Xiao Liu, Yoshifumi Maegawa,
Yasutomo Goto, Shinji Inagaki*

comparable to homogeneous catalyst and very small
diffusion limitation of Ce*" in the mesochannels.

Table 1 Water oxidation reaction
Ir-BPy-PMO-n and homogeneous catalyst.

catalyzed by

Cat. Ir/bpy [cat.] Initial rate TOF
(uM)  (uM/min)  (min™)
Ir-Bpy-PMO-1  0.03 10 43.7 437
Ir-Bpy-PMO-2  0.06 10 39.8 3.98
Ir-Bpy-PMO-3  0.17 10 353 353
Homo. --- 10 59.2 5.92

We also compared the reuse performance between PMO
and homogeneous catalyst using 15 mM Ce*" (Fig. 2). For
PMO, the activity almost was kept within 3 times.
However, the activity decreased every time for
homogeneous catalyst. After the 1% reaction, IrO,
nanoparticles were detected for homogeneous system
using light scattering experiment. Meanwhile, there was
no IrO4 nanoparticles formation for PMO catalyst. The
results indicated active species for Ir-Bpy-PMO had
molecular structure, while homogeneous catalyst changed
to IrO nanoparticles with time increasing.

A) B)

02TON
g

02 TON
g

0 200 40 600 800 1000 1200 0 200 400 600 800 1000 1200

Time (min) Time (min)

Fig. 2. The time-dependent oxygen evolution curves.
Experimental conditions: 15 mM Ce*" in pH = 1 HNO,
solution with 10 pM Ir for Ir-BPy-PMO-2 (A) and for
homogeneous catalyst (B).

Ir-Bpy-PMO showed high activity for water oxidation,
almost comparable TOF to homogeneous catalyst. More
importantly, Ir-Bpy-PMO showed higher durability than
homogeneous one and no nanoparticles formation during
the reaction.
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Figure. 1 The H, production performance from NH;BH; on

Ag/SBA-15 prepared by (a) Lau-3, (b) Without-3 and (c)
Without-5 under dark condition or light irradiation.

Initial H, production / mol% min-!

1) K. Fuku, T. Kamegawa, K. Mori, H. Yamashita, Chem.
Asian J., 7 (2012) 1366.

2) K. Fuku, R. Hayashi, S. Takakura, T. Kamegawa, K. Mori, H.
Yamashita, Angew. Chem. Int. Ed., 52 (2013) 7446.

"I FILE  Fax & Tel: 06-6879-7457

E-mail: yamashita@mat.eng.osaka-u.ac.jp
HSLZHLAI, FRLYV IDOTIT, i< b L
WO, OB DENL, bV ITOTIT, RFEL
T2OA R



BRI T AR A FN T G EE R Ry oo il

CRILKRBEEET)OZLEA K - i -

1. S

SRR Z T ) A — RV AR — )L TR
BLiE 95 & HEEED M) o8 7= 7e BERE D 8 Bl 1
HTED, BIRMEAED L 972 2 WtkEER A4
TA MO L D7 3 WILHEIEIL, EOREEDTRKT
LM EFHATHHRA MEIE LTHERATH D,
FRIZ, ARG EMZ E OIS, SRS
WX OFBE I NREREE B SRR I
T, BEEICHE ST EER ML e o
TW5, RUFFETIL, R T SRz
WSRO LA BRI, 1) v
J1F 7 28N EA UIA 8 7= 8 = L — [l i 0 B
DHIL & 2) EiREBRIEYZAfERERE RV
WAL BRSOV TR 5,

JEWRT A BRI IX T A Ny B S D DI
L7zhA2 M E LCRIAFTRETH D, — 4.
Ir SEARITEFHEREEICIGE L CRERENZ LT 2
PWEERSTD, 7 A Nyf& LT, BIR7 Ak
HWEMIZEAT S Z & T, =RV —BERHED
N AEETH D E B X BIND, AT TITEIR
A TREIBRENC A A AZHUZ LV A ) 7 AR
BEANTDHZ LT, $ERORN AT FIVITIAIR
FOSARDIEH AR ML L0 SEEEMA~E
7 hLiz, ZOEBTZXAX—BFERY HT 720,
F h TR ADT RV —BENERE LT,

Fo. NI X D& EBIE N RiEOE
far 53 BIEIR 8 OO AN X E AR N T A RICEZE T
Hb, BREERIEO—>L LT, BE0LERR
{bEFEDF ) A — ML TORSBEREN S D, AF
TTIE, 7V v I RICEFALIZ 1 A7 v 7T
HREJE ) /WG E T 5 FIEERET 5, 7V
v I IIGED—FETH D FA— /- KGE, T4
— NI E TN VPN ENERICKET D720, B
BERZEA LT ) v — FORZAEFERBIRNEAAT
Do IHIT, KFETHONDI R AERERERIT, 8
MHZE AT D T NFNVHR B E B S CRA
FEEIRE AT 2 2 EBNATRE & 72 D, ARAFZETIL,
JERNE A L7 VS VR FE 2L S8, 8
] PERE A LB S L 7= A IR 2 Bk 42 &
E BT, 5N AR BFERE RO Al RE bk
Aoy BEIRHE 2 3 9~ 5,

2. EB
2.1 AV Dy LGER-2 U T EEED D O
BT RNVX—BE)

2.8mM DA U T AEER(Ir(ppy)2(bpy))/ 7 & R

FEARRE - KBREA -
POARLE— - FOHME—

ILTEE - BRI -

= b U VW H T hexadecyltrimethylammonium ion
ZREMICEANLTEIR A tlE4 27 b U r— kK
EOBESE, TNENRESFMET, EBRSET.
F—=hr2Z L —T7HH 1200CA 4 ZH# L.
Ir(ppy)2(bpy)*-C1sTMA-octosilicate & Ak L7, %
D%, J@IRT A A2 U — b-Tr(ppy)2(bpy)*
BEKE, B DBEOT b7 RIS,
Ar TV T LTk, WIRDFEIEANT Szl
iE L7 (bR :340nm),

22 SEBCYZZERERONHEER

F7FNAT I ALV JERIYEE L2k &
el giks o 7 AT oz, TUVERY A MFT
I B ANI T R TREN R A RRT T
VTCENEIES LT, Efi L7-EIREEER LY
IENN-U A F LRV LT 2 RIZh SRS
7o, T U HIVBREAAIZ N Z T 80 CITHIEAL .
F A — - RIS K0 R AREE IR A SRk LT,

BoNTREEREEEZ AT L7 —(MB)D
TH ) —VERIRIZ L, BRI S H7-, MB
W g U= iBHT IR 290 nm LA oo Y6 FRET L,
ORI K 2 YefliiE e 2 SR M L 7=,

3. R
31 AU TULGER-Y BT EEED S DX
fLT RV X — 5 E)

IR A Bt A7 b U — k- Ir(ppy)a(bpy) #2
BEROWIL AT ST NTA U V0 LSRR
D MLCT 23 370nm T (28l S huiz, HAEERD
AT DT, JBR~DOBAREIZ LY 2L,
FILFIL 528nm, 542nm. 564nm D AJRFGEREIEGIZ
BWTHRNEDPHERINTZ(X 1), L EMS &R 7 A
BRI IS A U V0 DB AR GRS N 2 & D3RR
ENiz, £, AEBOREOBFINERITEY—F

middle loading high loading
(202umol/g) \  / (59.9 umol/ig)

acetonitrile
solution

low loading —
(3.47 umol/g)

Intensity /a. u.

LB I 1T I TTr 1T I TTr T 'I T T 1T I TTI 1T
400 450 500 550 600 650 700
Wavelength /nm
1. BT A WtE4 27 sV & — b -Ir(ppy) 2bpy+#

BRI AT B L(EhE Y 8656 nm)



4000

tetracene/acetnitrile’SHGEE

3000+

Intensity
[\
o
(=)
?

1000+
g

0lIIIIllllIllIIlllllIllll

400 450 500 550 600 650
Wavelength /nm

2. IR A A2 V) & — b -Ir(ppy)2bpyHE
BERERRLT IR T E F= U ABRKDOFEN
A7 N VRIEEYE 340 nm)

EHER LT 2 fiFlzm B L, RO R RN R
YJ—%(582nm) & el L CHEEREMIIZ 7 b5
NG mote, b

BAEERNSL DRV —BEZRET 5720,
BEKET N TR U~ B EE, EFERE= 3
VX BB A G L7z, In(ppy)(bpy)  $E 1K DRI
WSS ITITR AT VR ITZE L L
Mo T3, JEIRr A Bt -In(ppy)2(bpy ) $51AE A 1K
DT R F —BEN BT 2 R ED
BONBR SN, (X2)Z 03LF, HAKTIX
JAbL = HTH T OREFERE IR SR A T b
NRETRVFREEMHERFEL T, T—v 7 B
AR L7, 7 872 OWRILART kv
EOERYVNPEL, ZX X —BEDATREIC R 5
Tl tEZLND,

I BT A Y VU LGER% ship-in-a-bottle £ 1%
WZEVEAT A MlFLNIZARR L, EFEMDOY A
KR EFDEEBIZ, BTV L—AIZEAL,
B4 714 MHANOEE 24T A4 MR 1O
SMCHERY BTz bk Lz, 2
32 S RERLYMIZZERER OICTHE BN B

SISt DAR O X #RIEHTTIE d=1.58 nm |2,
JE\C B T OB ARG ICHRT 5 B — 7 23k
WTE T2, ZOY—JIIAKEM LT % HdH
HUNEE T AT VEEHEM O JEEE & 1T 8RR D47
Blohbbivl-, Lo T, A& L=k
GBI RIBEL . REME L CHi e
ERE LI EHNSIND, Sbi, T/ u— b
K GO RAREE ICHET -2 (K2 O,
MNIISHIEZE TEDEFFHR->TEBY, 7/ —Fh
Db RS TEN TV RN E E R 5, SEM B2 T
I35E nm OV A A0S — FAFEE LT\ D

DAL, TEM B THEMENHER TS,

EDX CIETi & WHAK 1 %t 1 OFEALLTEEND
Lbhrotz, £72. IR, 3C CP/MASNMR T, 74
— - VRO, T RO — 7 nED L
HRODORIENEITL TWD Z E R TE T, D

d=2.49 nm

Intensity (a.u.)

d=1.93 nm

10 20 30 40 50 60

e

26 (degree) 2 \ELH
3. (A) XRD /" ¥ = ()7 )V AMERGT 2 B, (b)F
F—IAEH]iZ T AT U, ()7 Y v 7 BUGAER, 7V
> 7 SOG4 O SEM #(B) & TEM 14(C)

Fo. BREICEENT 27 X V8RB A 1
NS5 L EMEREHIMT 5 2 & 23 X #RElric
FVRaniz, ZoBREREOZMIC LY, i
BEREIXBRBE S LW REICTEYE DS N 2 & Do T,
ZOVEEOM i, @RI ORISR OEF D
Ry v 7L, BIRERRRILN TOERTEED
RELTWDHEDEEZLND, @B DG
HEETORy U 7ZFET, BEFICHEST
WD EFEZTHRARIIC L EELTDHZ LIk
DX 4), ANV—AR—=RAET )N THRy LTI 5H
ZEnmERI N

In(e,x10-?)
¢

R D
0 2 4 6 8 1012 14
Interlayer distance (A)

4. ZHRE RO WA & BB B RO BR
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ZSM-5 AT A LN DF s o3 ATHIE & ARBEsEReRT it

CGRTREPNF) o2 H KE] « MU - HERAEKRS « B 1

- R B

1. %3

H-ZSM-5 1%, 10 BEEROEMLIRAIFL & > 7 7R
R ENIRZRZE LT 3 ReHifUEE 2 H T 5. 10 B
BRAIFLIZERE 55 ABRETH L0, MAOXRELE
BT (B —t 7 ay) [ZIRWERE 725> T
5. BEEERDIFILNDNEWNA v H—F 7 2 g VN
DELLNTRINICHBL ST H Z LR TENL,
fRBERFE O WA HIFF CE 5. AR TIX, Bx 7
OSDA # JI\WN\T H-ZSM-5 DA% A 1T\, R EALE S
T 3FE &2 OFERA IR ST RIT TR R LT,

2. EB

OSDA & L CKEEILT ho v NLT VE=T A
(TPA), 7’ LT I (DPa), Y7 u~k i /LT
X (Cha), £72iFAFHAF LA I 2 (Hmi)z 0,
Na {1 F £ 72X FEFE T T, Si/Al 238 50 @
H-ZSM-5 Z &Rk L7z, 4 172 OSDA 1T L D
KL 2B, Na'FIEE T OHEIE Na #4158 L,
[TPA]H L OVTPA, Nalidfi it a = A 2 5720, fidh
LRI 80 CT 24 HERIAR S V&2 Bk Lz . filt
BIEH [ E R el 2 S 2 & D T T o 72
C6 /X7 7 4 OFEfRIL 350 - 400 CTlizfb$
20%LA T &D L5 WFE il L=, b= B X
W m-% 2 Lo OERHAL T 300 - 375 CT{T-7-.
My v OEEHSS T OSSR E 72 D X 51T,
m- 3 L v OERHA RS Tt 30% L F & 72 5
X WFZEI L2, WTENOKIGIZEBWTD,
INFHE R DR BEE 2 T2 24-UAF XY
CIET RIS R T 12 A

3. fEREERE
3.1 EHEH, DN T T 0 v O R
TUE=T TPDICLVBELZHELZEZA, W
THOH-ZSM-5 DB FIRRETHDH Z LR ho
72(0.3 mmol/g). £7= SEM B LV, WTho
H-ZSM-5 LA XX 1 um LA FTH Y, [TPA]E
[TPA, Na]iZ 100 nm FREETH 5 Z & Doz,
3-AF AR K (3-MP) D oy K D5y
R mm W EBIREEZ BT 5720, OMILTIE
SRR B 22T B 0. 20, A X —k T
2 NAFET AR OFEENEmWIEE, —H Rk
(AR TIEHE L= R =3NS 72 T SOGH &
DE#EITTDEEZLND. ~FH U HX)EB L O 3-MP
P iR 24T o To RS R (Fig. 1), Hx 825 i o SOt
EX, WOl T KREEVR AL
o To i, 3-MP D4, U7z OSDA 35 K U Na®
OHFEMIZL Y K& BigoT-,  Zhu, BEANLE S

FIZEY 3-MP O FRIGDFGNER L7280 T
H5.
ISDHERSE L TDKSE, Ay, =& 0%
— DTS TORERT D EnG, LD T
SOBPGEROBINT— 0 F RIS DTG R~ T felE &
72 %. Figure 112 400°C, HA{k3 10%IZF1T 2 K3,
AR, TH L DRRNFOR L IEM L R L ¥ —
L ORfRZERT. Hx OEbETIE, BIREB IO
EHA L= AT —ITEVDB RN o2 DITH L,
3-MP TIEEPCR DR IE ETE M b 3L F — DMK
Mol Tebb, ZO0FRICOEENEL L HIFE
EIEMH =RV F =D/ NS N LR R LTV A.

60
[

53
—g [ ) TPA Na
;“ 40 DPa Na . Cha Na
£ [ Hmi Na
=, )
©
;v TPA

20
o
E %S
>
= OHx @3-MP
g
3 0 1 1 1 1 1
@ 40 50 60 70 80 90 100

Activation energy / kJ mol!
Figure 1 Hx, 3-MP OJEMA b= R X —LKFE, A X, =
2~ DOBPREDHFN
FOGIREE : 350-400 °C, RALKFESE 1 40 kPa, JISFERH @ 10 47,
W/F : 1.0 -2.5 gh / molyy

OSDA & LT TPA Z M\, Na'3EFfE F CAR L=
[TPA]D 3-MP i /3 fiiG VeI b &> 7=, TPA 7
FANTZSMS DA X —F T a VDIRITTFIEL
L Na' IEFE T TIREL T4 MEKRTO Al O HF
FANLTPA B F- AL 2 TH DD, T XTOEEA
DA H =87 a N NICFEETD. LER-T,
JRWNA =7 2 a Nl HABREDEESN LT
EEBRENEE 3-MP O RSB EIT LS
T p57DTHD. XD, 3-MP Bl fig 258
7B H-ZSM-5 il fLIN DR S E AR A 7l C& 5 2
LRy Ino T,

IHIT, BAMESMPRDERY, [FRE O
A X% FEO[TPA]E L OYTPA, NAJZ VT Y 2
FNT RO B fE 51T o T2 (Table 1). ¥ A F /L
7B AR RO SOSEE X Hx, 3-MP il fig
WCHAREFLLI/NELS o, 2 X, 51 AN
REWTEDIEROHBELEZ T HIDTHLHEEZD



na. SEHWE H-ZSM-5 13RI E O A X T
DD, SEROREBIIFRRETHL EEZOLND.
2,3-2 A F LT X 2 (2,3-DMB) il 43 % T i, 3-MP [F]
FREE RALEIC K0 ROSHEE, {EME(b= v ¥ —(0E
WS R B, IBPEORNG[TPA] ETIE L v =
A OGMAEIT LT\ Z & vh, 2,3-DMB D 4%
FRIGIEA v Z— s arT#ITT2EEZ LN
5. —J, 22-V AFILT H (2,2-DMB)iEfh 4 iE T
X OO TIEWHA R SN o T, BIEKOR
s, WIFo H-ZSM-5 & V728548 HIEiE—42
FOGD I TRIGHEIT L TWD Z ERNgnD. =
D EMS, 22-DMB O 55 FRISICEIT 5 EBIL
RBlIkEL, /18— a0 NTHAERTE A
WweEZLNhD.

Table 1. H-ZSM-5 (2 £ % C6 7 /v 7 L #fili 453 fiF

Reactant Catalyst kes' Selectivity to EA’
H, + CH, + C,Hg?
10’ mol/g h moles/100 mol kJ/mol
cracked C6

Hx [TPA] 11.5 12.8 66.3
[TPA, Na] 10.5 13.1 65.7

3-MP [TPA] 4.7 313 471
[TPA, Na] 1.7 564 81.0

2,3-DMB [TPA] 0.8 554 59.1
[TPA, Na] 22 86.4 91.1
2,2-DMB [TPA] 0.6 95.3 107.3

[TPA, Na] 0.5 96.5 111.6
1: 400 CIlZF 1) B OGS FE E S, 2: 400 °C, #5{bR 10% L T2k
DKFE, AX Y, THU~OFPROKRT, 3 IEEL= X —

3. 2 AEBRRACKFEEHLS

Fe AL EN 2, [ARREORKSY A X &R
[TPA]E L OTPA, Na]Z W T bl m-F 2 Lo
DR R B T o T2, HERRI AR D Fvx > DL
BSOS TIXIEIEREUE DB, m-F ¥ L v OHrH
ST BB X ORI EIT LTV D 2 E 3y
~7-. Figure 2 12 L= B L m-F 3 L i
JGDOT V=g AT 0y NEENEIORT. RLx v
DAL TIE T 1L D KSR EE T & [TPA] A3 [TPA,
Na]®D 2 f5LL EDIEMEEZ R LT, M v ORI
BEWS T 2 LA Z RO RREERERETAS. L
e, EARRAAL S L v 7 7L o sk
WERICE L CWAIRR ELD b, JAWEMTHD
A2 —k 7 a  IlHFETS BRETEHESW
ERBIRENER I NT <, BRAITEHET LT
LEZIOND. —FH m-F¥ L OIS TIEVT
LD SN RE T H 2RO SN IERE I K & 725380 T A
LIV ol m-F T Ly OERHSOS TIE A
S &0 b BYEACROENE L o 72, BB OGS
WEAREMEEOG & B2 0 @@ OB B Z B L2
— RIS T AT, SRR E2 5 03T,
fe S LE DA DORELZ T RN ThDH. KsH
bIEMNCR N A LERM TH LB B X
WNR I AF AR UOEREEX, R OR
b & REEIC[TPAID F D3> T=. Lizid > T, m-
FrLrorRBicBNThLA ¥ —k 7 v a i
FET DB EOFRREB IS ETTH.
[TPA]E X UNTPA,Na] % F 72 BE 0 95 7 Jif fin . [
BT BTEEA LR VX —2RD =, m-F L

A I S DTG ML = 2L — [T W A & % R FR
BOKJ/mo) ThH->7-. ZiUL, —m TR Th D HEM
(ER KA TH D=0, T XTOML TR
OGS HEEIT L2 E &2 RLTWAD., — bR
LS TIERE < B2V, [TPA]E &L UNTPA, Naj
EAWEEOEEILD R VX —1TZ T 57
kJ/mol , 78 kJ/mol TH-o7-. ZDOZ LiX, A%
—k 7 varNET TR, BOEIIHFET DR
HETHRISEHPEITLTWAZEEZRLTWVS. T
Eh, A2 —t s a VITEET A LTI
FEERAAY 55\ i m W IB R BE DS AR S U S D3 AT
THDIIRIL, TWNERSICH DR ETIX, EBRBEIR
RRIZIEREND OO, SRREEIZ LV EmOiEhE L
TN IMELRLZDTHAD.

45 0.2
E

- £ 0
255 1 & 2
g = 8

£ 8 -0.2
o= <
§—65 £

g £ 04
= g
= - ]

E75 3 06
E

8.5 . . 0.8

1.5 1.6 1.7 1.8 1.5 1.6 1.7 1.8

T x103/ K1 T! X103/ K!

Figure 2 ML= (E)B L m-F ¥ L v () DRI G O
Tlr=uZxFay k

(o) [TPA, Na], (&) [TPA]

BOSUREE : 300-375 °C, RALKFESIE : 20 kPa, G @ 10 47,
W/E : 0.1-10.7 g h / moligu

PLED X 512 H-ZSM-5 DB L B 138 8 VOB IR
REZ R T 2 SUGICXRT LR E KIEFTZ ENH L
TH5D.

1) H. Mochizuki et al. Micropor. Mesopor. Mater. 145,
(2011) 1653.

2) S.Namba, S Nakanishi, T. Yashima, J. Catal. 88 (1984)
505

3) W. O. Haag et al. Faraday Discuss. Chem. Soc. 72
(1981) 317

4) G. D. Price et al. J. Am. Chem. Soc. 104 (1982) 5971
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AL-ITQ-21 BA T A MIFHBET L2WMET v h o OME

HRL bEHRO  IRXFE B bE<b FA i LowT

CRTRBEMAELT) i L - /Ml - KB & - OF%E #FH*

1. #E

Y474 b O-H %L, Si-OH-Al (ZHIK 9
B, ZIZT AP IZIT4ODMBBAFTUNES LT
W5, Fa hroMWEE, e RS LTnS
feFEA A IRIFET D bD LB, TR EL
WeETHE, MAxOT VA MRFETDHELTA b
DOFeft & U CoMEIL, FHOME L L TEAL
TWAHZ L EERT D,

ITQ-21 % Jt#E L LT Si & Ge LFEHE L CTHK
ShD 12 BBROEALTA T, 3EEOT 1 b
(T1, T2, T3) BFFET DH[1], & ORI A LLTFIZ
AN

(Y

ZZTEFTA FOBERKIC AT BEAT L L, FE
FalE SR EL L CRRfli & L CHEBET 5, AAFZETIX
BT O A EORZR D ITQ21 (Af TIX
ALITQ-21 L& L, AP 25 £720) 1TQ-21 & KAI4
D) \ZFET D AlONLEEHEE L, BBET 7 hon
AL CWDAMBEA AV ERET D, ZHICk-T
ferE~ v b o OFREMBLIETED, AT BB A A4
WRIFT DAL T A L2 AN ET 5,

2. EE&

ALLITQ-21 B LT ITQ-21 1E Corma & DG IZHE
WKREVE B A 1T 72 - 72 1], 1TQ-21 35 X UY AI-ITQ-21
DREITH AR X MREHTHE TRV, BROEAZ
A ML DFER NN L, BRORE SR O K
& ZIL TEM B2 Tl L7z,

ERLIEEALTA MZEEND LERIT ICP H
ETIRIE L=, —J7, AlT7 1 b oYL 2R
BaERARDHT-0I12 VA1, BLO'H MAS NMR H|E
IR TIT72 > 7=, —J5, NH; TPD JIEIZ L » CTHE
Wra B, I OICIMEX, NH; REEOTEMEL
TUANE—ERHTL L CTRBELHT L.,

n-~T" 2 AV SO U T [ 8 DR i 88 R S s 225 1
TITRW, RISWE B L OERY O ERSIITIEH
A< 7T 72\,

3. HBRLEER
ALITQ21 IZ&E £ D Al DIREEE Al MQ MAS

AT MVAEIZ Ko Tz, ZORE, F1ET
BIFEEALED Al ITIPT LI =7 AREX TV
T ENGMoT, T ORERIX, 1TIZRT LI
NH, TPD #7112 & » THIE S iz Al & & ICP JIE
WChoThEENT Al BEERRILTHoTZZ &0
5LERTE D,

1.0 T T T T T T T T T

1N o o
IS ) ©
T — T
1

NH; desorption / mmol g™

o
N
T

0 0.2 0.4 0.6 0.8 1.0

[Al] / mmol g
1 Relation between the amounts of NH, desorption and
the concentrations of Al in Al-ITQ-21.

¥, REBRTHWZ AIITQ-21 IZfFET 5 Al 13—~
=y hEAHIZ0O~ 2 THoT=, F72 Ge 1T2~
3ETH -7z,

X 21203 AILITQ-21 ITEEN D Al &2 Al D7
HNT 7k (8,) ICRIETHEZRLEZLEOTH
5, DI N7 ME, AlENE L% 0.3 mmol/g
FTIE, & (=59 ppm) TH Y, T ETiHE
LT, B, 07 mmol/g i/ L, Iy
7 MX 57ppm & 72572,

61

60 E

59

58 |

57

Isotropic shift (tetrahedral Al) / ppm

56

0 0.2 0.4 0.6 0.8 1.0
Amount of Al/ mmol g*!

2 Effect of the amounts of Al in AI-ITQ-21 on the

isotropic chemical shifts (J,,) due to tetrahedral aluminum

species.

ZSM-5 B4+ 7 MZBWT, Al-O-Si DFFE, 0 (F)
EADTIINTT N (6, ppm) & DRITIE,
ELRREIMR (8, =-050+ 132 (ppm)) 235D Z LN
HHNTNWD[R2], ZOBMRAMNSLT D EAET D
L, ALD I ALY 7 Fhvs AITQ-21 @ Al-O-Si



AOYEDORE I ZHETE D, ZHUTEDY 59 ppm
1% 146°, 57 ppm % 150° L RE LT, Z 2 TITQ-21
DT YA ML, K317 T L 9HICT1, T2, T3 BIEE
L, T-O-T DEHMEL, THEH 139° 145°, 163°
Thd, EoT, Al DEENE KT HICENTT L
=T ANIER TL, T2 A MZAD LR LT, 72
B, T3 ¥4 MTIE Ge BFEMELRWI L1E, Corma
5DOWETH N> TWBH[],

™ ™ T2

| | [
02(129%) 03(139°) O4(162%)

T1—01—T1—01—T1 T1—03—T2—03—T1

(144°%) (A1) (144°) (139°) (Al2) (139°) T3—05—T3—05—T3

(165°) | (165°)
03(139) 04(162) 0|4“62°)
| |

T2 T3 T2

(a) (b) (©)
3 The coordination structures of T1, T2 and T3 positions.

(a) T1(AI1) position, (b) T2(Al2) position and (c) T3 position

X 41%, Al BENE/LRD ALITQ-21 @ 'H MAS

NMR A7 hVER LT, Al BEOEK L 3L,
£940ppm OE—Z7 NHBLL, }XZ 0.3 mmol/g
EHBZDHEHIZIT3Tppm & 28 ppm D E— 7 A3
B2, ik, ©—rnE%E1Teo L,
4 ppm LD E— 27X 2O — 27 B Lo
TWe, 2ZTEATA bomgETr hro£<ix
4ppm AFUTICBII S D Z &35, 4.0 ppm & 3.7 ppm
I

[Al] = 0.70 mmol-g”

~

3
I
[Al] = 0.57 mmol-g”

[Al] = 0.34 mmol-g”

[Al] = 0.20 mmol-g”

[A] = 0 mmol-g™

=t
)

1

6 4 2
"H Chemical Shift/ ppm
4 'H MAS NMR spectra of AI-ITQ-21 with different
concentrations of Al.

DE—Z7ZRRT A7 bk, BT e b
(AI-OH-Si) TH D LW L7z, —J7, 2.8 ppm DL —
0%, ALIREREL 25 L HBLT 5D T, AI-OH |2

JFRT 270 hoThHD EEZT,

etk e bR T BB A E2HET D
7212, NH, TPD HIiEIZ k> T, NH, 2 BifEd %
L XDEMATZ L Z L E—(ADICTKIZT Al JEED
WBERNT, TO_REEX 5 I1TR LT,

140 T T T T T T T T T

130

120

-
N
o
T
1

Enthalpy change of NH; desorption / kJ mol™

100

0 0.2 0.4 0.6 0.8 1.0

Amount of Al / mmol g
5 Effect of concentrations of Al on the change of enthalpy
upon NH; desorption.

HESNT-AH 1T Al EEO#EKLEIICRELI AR,
Al NBLZ 05mmollg #2225 &, 1RIE—EME (~
130 kJ/mol) & 7257, Z® L % 'H MAS NMR #I7E
WZBWT, 37 ppm OE—7 RNHBE LIED D, 29
L72Z{kiE T2 ¥ RIT Al BSAD 7o kR 3EE
Lzl ThdEHELZ, 22T AH IIEMRE
LEETALEEZ LN TWS, £, B bFHE
DFEFICE D &, BRIRE L Al-O-Si DFEA AN/ E
VVER, FRTREE NSRS 725 L RAEL BTV B3],
ST, X4D8EFRIE, ALRENEL 78d L, RiEE
MM BB RLTWVWS, SV 5 &,
T2-O-T O X T1-O-T OME LY /S VT
Thb,

JAZIR T X912 THICAFAET D Al1X 01,02,03
DEEFITHELE LTS, —J7, T2 ICFET 5 Al L
03 L 04 DEEFRIIEAELTVD, ZZTENTEN
DAFEIIROFHE 2> TN D,

T2-04-T3 (162°) > T1-O1-T1 (144°) >

T2-03-T1="T1-03-T2 (139°) > T1-02-T1 (129°).
ZZ T AI-0-Si 2% AR-OSi LV KEVWWDIL, 7u b
A 01 & O3 ITHE LR Tho, TR, Al
EENBERT S L, BT 1 Foy01 & 03 ONEICIE
WHBL TN ZEERLTND,

n-~T X ARG ES TR D £, 01 & O3 ITfEE LT
o7 ek OREETEIED, BLE 1 0fE#72-
Tz, Bih, BRfREEIEYEDS, fE5A T HMFE AL 4 iC
KT 52 &P THE &z,

[1] Blasco, T.; Corma, A.; Diaz-Cabanas, M. J.; Rey, F.;
Rius, J.; Sastre, G.; Vidal-Moya, J. A. J. Am. Chem. Soc.,
2004, 126, 13414-13423.

[2] Lippmaa, E.; Samoson, A.; Magi, M. J. Am. Chem.
Soc. 1986, 108, 1730-1735.

[3] Senchenya, I. N.; Kazansky, V. B.; Beran, S. J. Phys.
Chem 1986, 90, 4857-4859.

47  (tbaba@chemenv titech.ac.jp)
HROLHEHRD ZRELEBDL B ELDITATIT
ELOT



W 7 L = v MUKV CILEL L BREL AT A RO

Al Fl & |2 D E =

1. #=

L EILY (USY)E A T4 MINaNH,YE A Z A1 b
DKBEKIIE L 2 D% ORI EIC L DML - T
g S, WENEEAL R e SICH W B S LT H
4. EMEOBIFIZANC X » TRET LS RD T,
AVE FHOFHIE1E & Bt OB TR L 521 k%
E R OYAl NMR (R BT v =7
IRMS-TPD (JRAVME & 534 AR MUEE) 72 12 K - TH
ST LT
2. FEBk

Scheme NZFEIOFHIEZ G, YAINMRIZ14.1 T
("HO 0B 8 I 5o L C600 MH2) CIHIE L7, 7
> =7 IRMS-TPDH|E ZEE@R " DiE 0 1772~ 7.

A: Y Zeolite

903 K, 20 min, KREDKEK[ TLE

[ B:UsvZzeolite | B-IE: UsY zeolite

EiR. (NH,),S0, CAUIB(A A XHk)

368 K, 30 min, (NH,),S0,+H,S0, CALIE

[c E+EmmBusy —f C-IE

333K, (NH,),S0, CAUIE(A 4> 3 HR)

368 K, 30 min, H,50, CALEE

[ o:EmEusy | D-IE |

333K, (NH,),S0, CAAEE(A A2 35 i)

Scheme 1 FHHLE

3. REREER

ZTAl NMR Z L7 b L TR FE T60 ppm A iTic
v—7 R T ALy (MEADHIET VU 77— FEBERICH
D, 30,0 ppmiZZILZEIEN D Aly (FLEL), Aly O8
BOAD) DSBS AMAIRE CH D Z & idigim 2 Fil- 720, L
72 LMQ (ZEFEB) NMR TldAlLy & 138720, fErk
FIFMEO R Z W IUEMNLFED R H S AU72 (DA Al & 5
%). Bx 1L Z OREMNIOOF BRI £ 7z #Est

400

30+

é /ppm

Fig. 1 fEIBDOYALL > 7 /L 7L ANMRD &' — 2

(SEURBET) O s - f e fi

DAIOHY &L EZ 2 TWn5BY. v 7 NsLZ NMR%,
PLE4AFED B — 27 (m— L YV B DNS 72 D)ITHEI L
(Fig. 1), TN B0 % RD, AIO(LFMEAE T U5
LK TENENDAIFEDRRE 2 RE L, Fig. 2
IR LTz, E7-Na#R b Eiar-.

F727 =T IRMS-TPD:IZ L » TEE L 7~0H
KoL R L IRAZ R LH3630 cm (1UTIZO1H,
3550 cmM{ATICO2HANFAL("O1", "O2" 13 Ak db I
B0 A4 bOMEEERT), ZALIEHWT LY
AT v FEES2 D TWeak BERT. 3595 ecm™ 121358
OO T L AT v FEE s (Enhanced B)23 &AL 5
123520 cm (IR DOHIZT 7 £ B U T 4 DRV
FHcHbDTT LU AT v REERTIEARLY, KTk
O3HE RART 5.

ABFAIZITHI4.5 mol kg DAL E EN DD, FD
1372 DNa b F/ET 5. BEERIYIZIZAlLy-Na (= 3 mol
kg2 7 Lo AT v REREAOSHARHL T 5137
2, FEBITIXLS mol kg BRE T, 1IFEAEIEH T L
VAT v RER S (Weak B)72 - 72. Weak BiXAlylZ & -
TRBELEZLEZLND.

IKZRZIER L > TAlLy 23, Alpy, Aly, Aly 235
BLL7ZB). AlyBNal | FIEHEE Y, BBAITIFE
INER BN oT-. BONaZ A AL 25# L 7=B-IET
IFAEONAITHEVEDLT, 7L AT v RERAL
FO3HIF Al EFIEFYE L2V, & DO —¥ILEnhanced
B& 7o T e, RXEIR TOMEEAE(D-IE)IC L -
TAly, AlyDBREINZD, SREEESOSMHITH £
DNEDGRNST=Z &, Alyyd3Enhanced BOD LR
LEZLNDY. BT T ARNEET S L
(CIE)y27 LV A7 REEENH Y, Enhanced BOWE
SREEDSTR D BT

5

4

J#EE/ mol l\g"
Al

P Al -Na—==—pN;—

O3H
=
- Pveak B
]:':E ‘Enhanced B
i 1

C-IE D-IE

Fig. 2 4 A&, Na, 250 & ik

1) M. Niwa &, J. Phys. Chem., B, 110, 264 (2006).
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Figure 1. Conversion and product yields in the catalytic
cracking of n-hexane at 650°C over

(A) Parent SDA-free ZSM-5, (B) ZSM-5 ST(800, 1),
(C) ZSM-5 H;PO4(10 M) and (D) ZSM-5 H;PO,(10
M) ST(800, 1).

BTX: benzene, toluene and xylenes.
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Fig. 1 The conversion and product distribution in the cracking of
n-hexane over (a) MCM-68 AT (Si/Al=64.5), (b) YNU-3_AT (Si/Al=
69.4) and (c) MSEqspar IE ST AT (S/Al=66.9).

Reaction conditions: catalyst weight, 100 mg; temperature, 650 °C; W/F,
19.6 g-cat h mol™; pellet size, 500 - 600 pm; partial pressure of hexane,
5.0 kPa; He gas flow rate, 40.0 c®(N.T.P)) min™.
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1. Introduction

Global development of shale gas resources has
contributed to the decline in natural gas prices.
Thus, dimethyl ether, which is derived from
natural gas, is considered as alternatives in petro-
chemical industry". With dimethyl ether-to-olefin
(DTO) process”, coal or natural gas can be used
not only for heating and the generation of
electrical power but also for the synthesis of
chemicals such as propylene and butylene.

In our previous work, we have reported catalytic
performance of MCM-68 zeolite (MSE), which
possesses a three-dimensional channel system
composed of 12x10x10-ring, in the hexane
cracking”. After treatment with nitirc acid,
MCM-68 zeolite showed high selectivity to
propylene in comparison with ZSM-5. The high
propylene selectivity and the coke-durability of the
catalyst during the hexane cracking suggest its
feasibility of catalysts that can show high catalytic
activity and selectivity for dimethyl ether

conversion reaction into propylene.
2. Experimental

MCM-68 zeolites were synthesized according to
the reported procedure”. After hydrothermal
treatment, the products were filtered, washed,
dried and then calcined at 650°C for 10 h to
eliminate the organic SDA used in synthesis. Three
times of ion-exchange with a 0.5 mol L™ solution
of ammonium nitrate and nitric acid treatment
(0.1-10 mol L") of calcined MCM-68(10) gave
ammonium form and dealuminated MCM-68

zeolites, respectively. MCM-68 with the Si/Al
molar ratio of x is designated as MCM-68(x). XRD,
ICP, N, adsorption-desorption, NH;-TPD and TG
analysis were used to characterize the zeolites used
in this study.
3. Results and discussion

As compared to parent MCM-68(10) zeolite, the
yield of propylene and butylene in the reaction
over MCM-68(134) zeolite increased from 3.7 to
38.1 % and 0.7 to 22.3 %, respectively. In addition,
increased propylene yields and decreased ethylene
yields gave high propylene/ethylene ratios in
output products. Polymerization and aromatization
reaction of olefin-containing products were
suppressed by acid treatment since product yield of
= C6 and aromatics decreased. Because the
dealumination decreases the bulk aluminum
concentration in MCM-68 zeolites, the reduced
and well-dispersed acid sites as compared to parent
MCM-68 may be in favor of the formation of light
olefins by suppressing the secondary reactions.
The results from TG analysis indicated that the
amount of coke formed during the DTO reactions
over dealuminated MCM-68 catalysts decreased in
comparison to parent MCM-68(10) zeolite.

1) U.S.DOE/EIA, Annual Energy Outlook, (2012).

2) A.Sardesai, S. Lee, Energy Sources, 27,489 (2005).
3) S.Inagaki er al., Chem. Commun., 46,2662 (2010).
4) D.L.Dorset et al.,J. Phys. Chem. B, 110, 2045 (2006).
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Table 1 DTO reactions over MCM-68 with various Si/Al ratios and ZSM-5 catalysts (time on stream = 60 min)

Catalyst  Conv.* Product yield’ / C % MBS P/E?  Content of coke®

(Si/Al) /% MeOH CI1+C2+C3 C2= C(C3= (C4s Cd=s C5s+C5=s =C6 aromatics /C % / mg-coke (g—cat)'l
MCM-68(10) 100 0.0 14.0 6.5 37 221 07 57 79 48 654 06 65.2
MCM-68(47) 100 0.0 8.3 66 178 230 55 72 142 48 875 2.7 438
MCM-68(69) 100 0.0 49 50 238 186 96 83 143 75 920 48 404
MCM-68(98) 994 1.2 1.3 21 334 185 70 100 131 1.6 88.7 16.1 422
MCM-68(134) 992 0.0 0.8 1.3  38.1 55 223 106 123 18 943 290 244
MCM-68(215) 982 0.0 0.7 10 352 64 218 107 105 1.1 89.1 346 20.5
MCM-68(308) 930 0.0 0.6 10 2838 81 190 96 117 04 864 289 30.7
ZSM-5(153) 99.7 0.0 1.2 46 326 164 72 117 159 43 942 7.1 1.1

Reaction conditions: catalyst weight, 100 mg; W/F = 20.0 g-cat h mol™; pellet size, 500-600 um; He gas flow rate, 40.0 cm’(N.T.P.)
min’!; P(DME) = 5.0 kPa, reaction temperature, 400°C. Pretreatment conditions: 550°C, 1 h, air flow rate, 40.0 cm3(N .T.P.) min’’.

Propylene/ethylene molar ratio.

o 0 >

CBV-28014 (Zeolyst)

DME conversion = {1 — (C-atoms of DME,,)/(C-atoms of DME;,;,)} x 100
Product selectivity = {(C-atoms of the product)/(C-atoms of DMEj,,, — C-atoms of DME,,¢ )}x {(DME conv.(C %)}
Material balance = (Total C-atoms of products and DME,,)/(C-atoms of DMEj,,,) x 100

Determined after being used for 305 min except MCM-68(98), 605 min.
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