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1-1 BREAREEZIER L7 v — Kty AT L

BACFEWE ORGETIECBIT D7) — o S A N —OBEEENPITERD TEE->TND L
b2 7 v 2ADBREAREZ T A2IEE CH D E- 77 7 ¥ —2HWTEZ D L KIEBICEESH
%I T < 2 OAEFERBN K E < e WBEREME LS O BRI L MIZ BV T h
BELHE b — 2 LTI IS 2 R AT &2 5 2 5 2 & 23EHE STV 5 (Table 1-1),

Table 1-1. E-factors of chemical products1.
FHERE E-factor

BB ton/y kg-waste / kg-product B 75 ik (SLEf31)
HE L2 10*-10° <1-5 EHTOER
BRI 10%-10* 5->50 NyFFOR
EREL 10-10° 25 ->100 NyFFaez

70— I AN Y —OFEBUTIL, BT AR R & BRI OIS AT A3 & A WNLT D 2
EREETHY, 07, EERERER(D D W IEEE )M g itEo 7 v — KRy AT
AN BMAGEDE “Ta—EEARNIET ITETAMENERIL L TWD A KISEEH WD Ny
F7ut AT S & EEEERE/RUETE A0, RENMZIEEFELLT 2207 o 2 EFH
oz aernm b5 L AT, #A 7 IV(Figure 1-1) D [E @ Ll 2 W D854 0%, ity B
TRENSAE R TSI L, OSBRSS FREO Y A 7 NAERRES /258 TAY
v B D, BT, IS TRZEINAT v TRICEZEHCTH 2 LIk - T, kL0 & mmu ik
RERELNLIHERH S, Thbb, i) B EAamORER, i) G TR TOREREY O,
iii) H=x 7 aEA iv) KSmDL T A D 7SI X 0| BREAREEE . BRFEME R OV ek
DOm EERFRHCFEBRT 27 V=R 7 n— LT AT LIHET D MIEOBRE N L END 3,

[Type ] A+B —»| ZFE — » A-B

[Type II] A — | B-FFHE —> A-B

[Type ] A+B —»| g% —>» A-B
(Catalyst) (Catalyst)

[Type V] A+ B —»|fiZFEE—> A-B

Figure 1-1. Type of Flow-reactor 32,
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1-2  [ERRE - AR

78— IS G D EEAERE - UC, EREE - AT b5, B - AL
X, BAUEOS, BTG, KFBIBRIG, EBBRIS, TAFMUKIS, = AT B RIS7: Efkx 72
B TET v ZTIRIKSFIHENDZBER~T UV T AO—>TH Y | KRS TICB N T
X, 2 E TS O E O BEREE - WEDERTHSLNTWD 4, ZOHEROEREIZL - T
B 72 EiEE - mRPREO T o e ARERL SN TN D, Bl BB SIS, 2-7 /=4 )
— NV ESKMEE T TFRABRKRIGES®ED 28Ik, =F LA I U EBIRICED 2 LN T
% LA LT 5 (Scheme 1-1), FEEEMEREMEAMEECHLT A BV &E, VI BILOTrAFEND
725 Z It R E A TR 2 KA COREREOSITER T2 Z LIk v | E&fmELL EORMEE T 2-7
R ) NVEREET AT UL LT RIS - DR T D R O RS HIEIC T, @V AEREME
ERTZhER, b ONT, BEEY &2 RIBICARE L 72 il b5 7" a2 2 238 LT,

—\ Cs-P/SiO N/
2
N OH & N + HO

Scheme 1-1. Ethyleneimine synthesis from 2-aminoethanol by vapor phase intramolecular
dehydration using the solid acid-base bifunctional catalyst.

Hy

FRILBI1E 6, ZEEFBRZ SR THO/KRELL L, @SBRI AT LT e REERTE5 D
LA L CU 5 (Scheme 1-2), BRIEJCHEREREIEMIE CH ALV a =y A BT A Z LT X
0. b= Eoaa AL LTIZRISHKRG R, 2D 0T, BIELEET 2 9ekDfE HiEN D, AE
Tenm 7 o R gLl OB A A U722 i 7 o 2 TR U AREERY 70 BRI A e DA A
AlREIZ L7z,

CO,H CHO

X ZrO

| —R *+ Hp BERCENG | \—R + H,0
e F

Scheme 1-2. Selective hydrogenation of benzoic acid to benzaldehyde using the hydrated ZrO»
catalyst.

T HIE 7, il E AV 2 REMZR TEMEFISTH 2y 7~ VIR ROGITRZ T, A~ v
UBBIDP AT A b K55G 7 1 ZOBIFEIZ T L7~ (Scheme 1-3), P4 T A il
EORBRIZHONT, YU AT AITFTHOay he— U IXDEBEOHIRE, 7 AT A X
J =N ORI RIC L D8R OREILZ T2 > T IEERTH DT ) — V3 A MO TR
IZ R DR BRIEPRMEORBUIRII L, ZEOMZZRIELRWT U — e BE T IE~ER LT,

NHOH 0

Zeolite NH
—_—

Scheme 1-3. Vapor-phase Beckmann rearrangement over the high-silica zeolite.
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72, REGROSHECICET D HEEMERFIHST 581 E LT, HRbix 8 #lwiblss» o
Bohsd 70k rEEE LTHOT, 0 FNEKMEBUKRISICED 77 a LA v EAkT 5 MG
(2T B [ERERARIEEIZ DU T LTy D (Scheme 1-4), ffi 4 O EARFRIED SOGHE & %2 OFE « Hi
FEREME & O OFEEANE 2 2 BRNHRNT 5 Z LI K0 | YA R Tl ) Za e F D & fil
BEERFFOFEEHE LTIIR Lz, T72bH, NA v NOBEERER T Hy = -8.2 & R X 25 hERfikt
X, ER LT 7 v bAg v E BBy~ SO Ry & LIRS S5 BR A RS &
EITSHED, —FH, -82 = Hy = -3.0 OFREORAEIL, BERSMHT 2 Z L FEMIT 7
oL AUEERT D, 72, -3.0 = Hy = +6.8 OFEEEETIX, 727 g LA ~DRBKIEMENZ
L7220, +7.2 = Ho OHEIENEMIECIIMKFERISNEBLET D707 7a b4 A3IFE A EAET
7272 HZ EEWILMNT LT, BT, o FABKRIGICE 72 iEERIE 7 L AT RIRATH
HTZEuERLT,

Solid acid

H

HO/\/\OH — A( + 2H,0
OH @)

Scheme 1-4. Catalytic intramolecular dehydration of glycerin to bio-acrolein over solid acid in vapor

phase.

—J5 . ARG T CIE, BeA A ARHBHIR R T O = A T AL IER, B A A 2 2 kbt AR il
DT 7 VNBZAT NN ETIVa—)L& DA 7 A7 ED THEMIZFIH ST\ 5, MR
bR OE R OF & U Cix, FlX, WS AR Lz, ZSM-5 B84 T4 &2 Ty
g~ 2Kl TV UVBREDREE LTHERRY 7 o~y ) — L2 EshRICiET 5
FENFERE TV 5 (Scheme 1-5),

H-ZSM-5
O+ we = O

Scheme 1-5. Hydration of cyclohexene to cyclohexanol using acid zeolite catalyst in liquid phase.

TISIE, ERZE R - ROV Z IS5 Z LIS XD | AERRACAIORIRS 2
DAL B 2RI « BOLRUR, & DWE, R - HEARSUSIT & D BGE 7 ik 2 RO iR L BR
BiA ORI E ER LBl TH 5, B - WAL EZRI$ 5 5 2 Tid, KRBT 2% R
DRFED T2 O FOGHT ADPMEIREE & 72 5 50, £, BRI W TIIWERB BYE MR SIS
KL T, BUSEHA KR T 2R H 5, S 62, BEEMSNERE~EHL T, Wb a—
X TINELRT L e MBEEYER S DO U —F o (R E ITE ) OREN & 0 | EEZ
BEFFAE TR M [ C UGB DRI B 5,

1-2-1 RS OF|H

HEER SRR, BE OSSO L 1T R s T2 RO Z LM b TW\W5b, ik
RFERT =T, AF =L EROF G T v 2O SN TREEESUREEIZ 2 5 72
¥ (Table 1-2, Figure 1-2)°, FEHLT 5 9 2 TIEBISRAEEIZB W TR E Z2BEIZ R B 7220,

WA, BERRIRIAR 2 SOSEEE S U THW DY RO FAMEROSC, @EDF ¥ UV 7 AL LT
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AN D AR — R BRSO S DOBRFE A, AEFEMED ) B SUSSEIRMEZA L OB DI H S CHFZE
MHED L TE M, FIIR, BEESIIRO R OE O B AR O E R B R
WRIBERN 7). VRIRVED B MEATIE 22 EORHEEFIR Uiz, B RESARAIE 2 ) 2 BB O K&
ROREE TR0 LIZFENHE SN TWD 2 L LR b, B—ReERgEoR] H T, il s
FE OB TRENEMEC 2 25820, BESRIRIE & A A U PETE & O OF <o B R Bh il i o 7]
72 8T L0 Aoy B TR 2 (RS L 9~ 5 ROS D BEIE DR SV TW D0, ko 15 7e ke
PRIRPNE & 3 B9 D AR — R O [E S 2 BESE T AU, B TR AL & AL CREEAY 2R M
DIRD TREL R MEERD 5,
AR S S VR R 2RI 95 Z 2k 0 | JERICHERTUTO L 572 A U v F MRS

no,

(1) RISEEDEEE

(2) ZHRRISITIT DHbzh = B LU, WEBEIILE) O E

(3) RGBT L 7 a2 A DIk

(4) fiit o BFHmib(=— 7 aiBkR o HER)

(5) VAU oD f 058 75 ) A8 (UL - J = 1R A7)

(6) ZAH X 0 mu

(7) A0 &0 @ EEVE

(8) RF/MBINMEDRBI(Y T A XV IR &)

RABSGRAFIZ LR U, BEG TR O @ W IRRRMES X 0 BOGH) O 5 S O R RE % (Bl U 72 JE 0 s
FEALRe, RSO 7 ol ~TEE L Ca—27 24 U5 EE Ry A, I8 5 2 L S ATREIC
705 Z I X AR mOm LRI SN D, SHI, BREROES) ORKIENC X > TR OfmE
LEOMMEEFIEILIZD , Wb LBEFIMEDRF>7 7 A2 ) v VERIZE - T, FRRARERMEN
BohsWrEbH 5,

il 21X, Poliakoff 5% B, K& ZRFEENG T 2 [E AL ML % FIV 5 Friedel-Crafts D 7 L3¢
TALRORRC, BB EZ WD b, T = bk B OKFALIE & B iR bk
FHRTITO, DRI BOKENETT 5 2 L 2HE LT 5, Baiker Hix Y, #EERT v E=7
H1C Co-Fe REAMIEAZ WD 27 V2 — VO 7 I LR, BERS B {kiREH T Pd-Si
Bz W5 7 m LT L a— L OKBECE S, Pd/ALOs il A N5 2-4 2 &% 7 — /L0
AL EICONWTHE L TWD, Fo, BERLIZ S, ZSM-5 B4 T 1 Mz s =F 1
YOF Y v YB3 URIGEBEERN 2 R CRET L S LD JRIK & 72 D 2 — 7 RilBRA
MRS 2 D YRS S CREEE MG AN H B3 D 2 Lo, AT =T Al A VNS Fischer-
Tropsch & SUSTIBWN T, AR KHH, AR, BEFHTRES BT 2HELT
W5, X 5|2, Subramaniam 5% %, A&t AE AWD 1-~F v o OB RISIZBW T, BEER
ST OMBEREMAREL M ET S ZEE2MELTWD, IO OGN, T, BERSLET
TOKFBTTOEPREAC, KLY b EOWEMREN,: & K& RN R K D SR E DR ELEh A,
DV, iR X OSALN DB O = — 7 B ER O, P ERICER T 220 B8 REBL L T
WHEIRZADZENRTXD,

Lo L7223 6, BER SR TIZ 31T 2T KA SO S iz huid % < 22y, 2
ik, BEEIRIRORIGY & U COREZIE DT ITIERAROWAE TH DT 72 Al 3 feitil & 13X R &
RN EICERT 5, RISHITHIS DO ERMBEZ B L, il X U > N &2 EHFERICERT 5
T ENTENIT, KRS ClIlF IR o2 FBTEHEE2x 60D, Thbb, #
EES AT IRV TR, R AR A F VN C b RSO & 13 5 e o 7238 R DR BL T 2 IR 5 0 |
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HERE A ORI & BN - AT & /A G085 2 LTk o T 1RO KIASRIERHLAH
FAF T TN R R R @R 2 B T & D WREMED B D,

Table 1-2. Critical constants of typical compounds.
medium Tc (°C) Pc (MPa)

co, 31.0 7.38
NH; 132.5 11.28
CH,OH 239.5 8.10
H,O 374.0 22.06
100 1
|
i Super-
: critical
Pc=8.1MPa I
© 1 0 b === |
o = =
= F Liqui P —
- Liquid — !
-}
()] |
8 1 ,"/ e —— Gas o
o A\ annyr oo | I
s S Vapor :
- I
|
|
0 . 1 L L I L J

100 150 200 Tc=239.5°C
temperature, °C

Figure 1-2. P-T curve of CH3;OH.
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1-3  CO FIH IS DBANE & oy 1Ak D B EAL

AR BSERAMELI AR S D 0 TRMESOS X, BREE - AL CI3E8 LEV S L v o
FUE R RO 2 RHL L, W RIS A FIRRIC T 5, 2O X D R E AR R R & Uk
& EBLT 55 T BT, BERR AR & SOSBERIC W RIRIE R I Thiu T D, il x
X RERE O Y AL T =7 AR (Ru(X)2(P(CHs)3)4 (X=H or C1)) il & FH v CHEEER S 5544 T C €02
HKFE T L, THE. 72 DT, FEAF L DME(Y A F LRV AT 2 R 8O X ER % %)
RESERTE D L2 LTV 5(Scheme 1-6), HBEGS CO, ~RMRT 55— R DR & |
A= B O TR AR A~ O VEFRIERIAENC L 0 | BFEREE 7 COBILUGE /Sy FRUGIZ L - THEBLL
770

co. + H Ru cat.
5 9 —scco,~ HCO:H
[120 atm] [85 atm] 50 °C
NEt;

Ru cat.
CO, + H, + CH30OH SC—COZ> HCO,CH; + H,0

[130 atm] [80 atm] 80 °C
NEt,

Ru cat.
CO; + Hp + HN(CHy), —ogp> HE=N(CHg), + H20

[130 atm] [80 atm] 100 °C (@)

Ru cat.: P(CHs)3 Cl
(H3C)sP_ '/H (H3C)sP '/P(CHs)s

Ru Ru
e ~N e ~N
(HsC)sP” | ~H (HsC)sP” | “P(CHy)3

P(CH3)3 Cl
Scheme 1-6. Catalytic hydrogenation of CO, using the ruthenium molecular catalysts under
supercritical COz condition.

Flo, WAL, COz &AFTT U ENBRRI —AR— N &GRS 2 KOG ATRE 72 [E &
(BRI Z DU T LTy % (Scheme 1-7), #)— R DUk A 748 = 7 LA A S 3 5 [E &b fih
B LT, TAFXF VL UVEHTY U IR E/EE LT AT VR AT ¢ % WUkl L7- Si0z-CsHe-
P(Bu)sl #BA% L7=, 7 T T AFINNARAKR= T LMl & > U BHKRO T O —Zh AT K> ThHldE
R E DD ERFC, 7 —RtbT 5 2 EEAREIC Lz, ZoflE, R Ao iEERE M
B Db FAEEERE L, BENICEET A ENEETHLHI L EZRLTND,

Si02'C3H6-PBU3| / ;

COz + v 56 CO, >0 0O
[100 atm] (0] 100°C 1h \fol/

Scheme 1-7. Cyclic carbonate synthesis from oxirane with dense-CO: using the immobilized
phosphonium catalyst.
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CO;X° Ho ZFIAT AN F RIS T, Ny FEIZFIERBLOHE, 5N, BIEB X OMEN
VB CHEAEDNEMEZ 72 D b ROSEE A XD RE W=D ARMED S EKFE N A 2L BIfE T 58]
HCREMNICMERN S D, Thbb, 7o—8lRN a7 0 AR5 2 ENEEND,
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1-4 KRWFED HIE

AR TIE, 1) BERSRSAM & ROSHHTHIS U ERES - SRR 7T K 0 Rri 7o @ iRME 2 52
BT b7V —r7a—MRE s AT DEBESTHZ L B, 2)C0; ZFIHT 5 RS
ERERBETIAMe DT MMl A 7 o — i 95 72 OIS M E R BOCERE DI 24T 5 = & & B
L5, BARACIZ, LR Zo0FREICE Y e, RKEICIE, BREEA M A KT HER BRI e
TRENRZR BT 0 — ST AT LOBFICHIA L 702 2 AR I E B R K, B LN BREHESRT
WML T D Z LR HET 5,

AR 1 S E A X ) — UIRIR(CA T BRI, 7203, HEER A X ) — L E MR T D) & OGRS,
Mo, PR L UTHW S EIRES - LA X 2 @RI EOS & B & 92 \ah=R 7 7 v — i
AT IR D B

BEH 2 BE CO, BLIUVH, ZHWAT LY D Ra ks R = K EERT 572 DDH
TEAC AR GHFR & DA EE

A SUEFEIZASDDOBERTHEREIN TS, F2ETIE. EREMED2-TI )X ) —1LDAX
J =2 X BIIK N- A F IALKS DB %247 - 72 (Scheme 1-8), Bt 5L ik AEME AL (Cs-P/Si0,) %
D & KSR TS FRBKERAE MBS L CRAN MR ERERM O T L oA I VR E
L, —J, AX ) —NLVOBERAFMETIHRIENRRKRELLERS>T, NAFALT I )X
J =N EENERICEOND Z &2 W Ulc, Rl RBUSSRIE. BUSO—ME, B LU flfigis
DIHTIZ IS  BOSHEBIZ O W TH BN LT,

Supercritical phase H.C OH
- 3 \N/\/

Gas phase
N/ - H N/\/OH + CH3O0H
N : 2 Cs-P/SiO, cat. |
H Cs-P/SiO; cat. CH,3

Scheme 1-8. N-Methylation of 2-aminoethanol using the acid-base bifunctional solid catalyst under
supercritical methanol condition.

H3ETIL, 7=/ — VEORK A FIALRISIZOWT . KASIEICEBIT B A Z 7 — /L O
fift N U, Ao B FFa b % B3 % 7L ORI %17 - 72 (Scheme 1-9), ——7 /L1t LU
AV MLEIRPIEE A FNACLSOROERPE & | by Ly a =7 Ailitofg « HEME S OS2 R L
776

OCH;  OH

OH
Supercritical phase CHs
+ CH3;O0OH +
ZrO, etc. etc.

Scheme 1-9. Chemo-selective methylation of phenol using solid acid or base catalysts under
supercritical methanol condition.
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94 ETIE, MR DO = AT VAWSIZ L DR A F A= 2T v & 7 ) ' U v OfFERE
vt ADRA% 1T - 7= (Scheme 1-10), EfEdblE~ o 4 ER{Lfillt & WG A % ) — L OEH
LY, BIFET S )Y UBREEICEMEICR DD IR Y AT L& FFE LT,

RCO, HO

Subcritical phase

RCOZ + 3 CH3OH ~ HO + 3 RCOzCH3
MnTiOj cat.

RCO, HO
Scheme 1-10. Transesterification of vegetable oil with subcritical methanol using the Manganese

oxide catalysts.

95 IR, RIS ERAREEC HEE U CEN SR U 2 BT S 0 TREEAE VW D T u — KRS
Y AT AR EER LT, CO, R O—2 L LTRIAT AT VD Rad i hiR=
JALIIGIZE B L, Aia 2 7 Ao ROSEEREREHT 21T > 72 (Scheme 1-11), ARG OFEEEC 7 &7
v LR E A ORETE . SOSEERIORERESE, A D = XL DFEMEH LN L, 7 a—USHofi
BEEREHREHI DWW TR D,

[Rh]
O + [CO,/H, or HCO,H] ——> <:>‘002H

Scheme 1-11. Hydroxycarbonylation of alkene using organorhodium complex.

6 ETIE, RinLERiEL, SBDOEZIZHONW TS,
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2-1 S

AL TEICBIT 2 LMD —D2THD 2-T I /)X ) — )L N-T V¥ 2-7 X ) =X
J =X, BT ARG FEERL AL RmiEEAl v v TR LRBERIGH, R
EOHMFEREE LR EHINIHEERLAEMTHS ', HIZIX. (AF)T7 7 VA= AT L
IEH(NN-CAF VT 2 ) ZF(AX)T 7 U L— )T 7 VAT I REDI-RBEARY ~—i, &£
TEBEARALEL(FALE IR D A T A4 o Fmmy fHEER & L TEHSND, £/, N-ATFL2-7 )
TH ) —)UE, N-ATFNVE T U ANCFEERICEHI VR BT I ML Ty vy 7 —fbbE il
MENnN5720, 73 7 BRAEEERFEEE LTEHATH S,

F. T TAT—VEOT I RN T VX LIS IE. KRG DR B R
SIICBWTEHBRERKSED—2TH 5, FEBREHMCIL, KBEORE Ditr# T REZ2E0E
bR R FIETEBIND Z NS FlxiE, vV VEOBIEEFEIEZFIH L C, TBS-Cl(tert-
Bu(CH3)2SiCl) TKEEHE A IR > U L= —T b U CTERGE L7212, T XN T A REEZHNT
T2 FEET VR L, BN, BLEEER(TBAF; BwNF) T/AERIE A2 AT 2 HIENERA SN D
(Scheme 2-1),

t-BuMe,Si-Cl .
H,N-C,H,-OH BTV H,oN-CoH4-O—SiMe,(t-Bu)
CH3X nBu4N-F
—_—> MezN-C2H4-O_SiM62(t-BU) S—— MezN'CzH4-OH

Base

Scheme 2-1. N-Methylation of 2-aminoethanol including protection / deprotection of hydroxyl group
using the silylating agent.

TR TIZ, TI /T ha— T ATe REEFERE L, KFEOLFT, S4mikitz Hu
THRFRIRRE CIBILT X MBISIZ E 0 BT 5 FIEDBH LTV 5 (Scheme 2-2)%, L2cL72R3 6
COFETIEHFEE LT, BEORWERIL AT AT & RROARMEDEIEKFZ T A EEHT 5720,
LRMICHREN S D, I HIC, JFET VT B RO—HAKBRICKIEON =Y 7 a 72 ElZ X
STT N A= LROF@E L THEHESINAIMERETA L TWD, 20D, T/v7 b REHED N-T L
X IACEIENME T T 57200 T, BIAETLZXRRIZT I VEEBRZITIREZRT D720, fHHMEe
SEERETERENNE L 2D, -, K7 R THELE R R LF—BE2RAMICITHMET 5 &
TNTE RBIST 57 02— /L ORBERINKEIEIC K-> THRE SN D 680, 612, (WY EfmE
PLEDOKFETAZREEE LTREET LR T, ZEOTIRLX—EHEET D,

HCHO H, [repeat]
HoN-CoHy-OH — -5 HpC=N-CoHy-OH  orm Me—NH-C,H,;-OH ——=» Me,N-CyHy-OH

Scheme 2-2. Reductive amination method for synthesis of N-methylated aminoethanol.

DD, Ta— a2 T ILFMEAIE UM LT, B8R, BREAERIC N-T /v ke
% ZENTENR, REAFHERROBAN BN L 02 LR ESND 4 ZhET, 22/
— V& AFIALRIE LTHWTT X 70 32— V& BRI N- 2 F b Lo ilid e h o 7,
2-7 2 Y VBSOSO TR0 | R B RERERF RV N-77 L LSS I3 ) 3 H)
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IITEITE T, DFHNBILAERM(=F LA 2 2)R° C-N AN L= ARM (7T & S 7L

TER, TEF=FU, ZFATIURE)0, EHIZ, BEMEM(ET Y, NI=FL v
T I Y o i bMWD U D729 T o % (Scheme 2-3),

Tarqget reaction:

CH;oH  H3C
—_—

HsC
~ 3V~
N-C,H4-OH N-C,H4-OH
H3C/ s H/

H,N-C,H,-OH

Side reactions:

7 F AR K N/ CHsOH
HoN-CoHgi-OH ———> % ——> HaN-C3Hy4-OCH3 + CH3C=N e,
H

N-CB&
HoN-CoH,-OH  —— > CH3CHO g,

5 FRBK /7 \ CH3OH / N\
H,N-Co,H;-OH —  HN NH ——> H;CN NCH3 .

Scheme 2-3. Target reaction vs. degradation pathways of 2-aminoethanol with CH3;OH.

AETIE BBREICE T2 73 )X ) — LD F L A 2 ~DhF NI K i 5O 2 40
flL, EHlc, BROMEEFERET 57 OICBERNGEDOA Y ) — LV EFHTHZ L E2E5B L,
FEER S T, A UARBEZ DT H SIS ClEE S b D B L 1T RE /AR p 2 &
EHIFE L. SOSHICAIS LWDIEZBIR T 5 Z LIk > TEN L5 2-7 I /=% ) — )LVDERE
BRI N-A FIALROR ZBR%E LTz, F70, BIREORIAA I =X LEP LN LI BT, 612,

U7 XUV VA VORI A T AU S BB LT BSOS HEFHIZOW T B L
776
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22 2273 )R ) —)LDRAH ) — )V LD AF ARSI DR
2-2-1 ATV IBLTA MR BN A X ) — L DORhE

Figure 2-1 (ICHE L7 7 v —RUNEEE 277, JRBHEIRIZ 2-7 X /=& ) — )L & X % ) — )L &
EOEETRALTHIRKE L, Wik7 u~ 7T 7 AERA Y 7 T2 I L CHE L
BB LTz, BOSRNOE ) 2 M OICEE LR ClE L, OSBRI, SOSE M S e
F—T N Ko THIBN U7z, FEHRIRIZ, A —7 v NORE T A VERS CHTEIRE IC FIR% . Kb
B PNIZEIE S AU C MR & B sG L, A TEMHBICA X /) — Wik E LTl LT,

| Qy Automatic
Purge valve % Q back-pressure-regulator
[

X 3 T8 =
G_A © 3] 3 5
o © ey 2
= &) c =
D> z - = | E
) [ & o )
= = [} O I
...... S o o} S
H Gy > o =} @ %)
VAN = @
Feed pump o) L2
: 5 o
- Reactor oven ' Methanol solution
' of Products
Methanol solution :
of Amines ~ toommeeomeeeoeed : Power stopper s--------------4

Figure 2-1. Continuous-flow fixed-bed reactor system.

ARGEEZHANT, £ AV IEF T A MUEZFM L7z, 2o, AFL7
RUERRET TN T I MEKRICENTH D 5, H-ET T A MR AV D & KFESE
TILEHE S T HROMNTH B E > THIE L, BUSHE ORI R A Lz, —J7. 15MPa D& /E
ST TIEFESIMNICHT 2 2 & 22 S USRI HETT L | 45 % 60%FREE DRR{b R & 8 IRE T N-
A F MACSISE R 34% & #U72 (Figure 2-2), KXV 55V EEMEZ RO H-X—Z B4 T A F DEEITIE,
KIARETH DTN N-ATFIUITETT 5 b 0D, mESRMTIHEEREOm L &I, BER
N- A F NAGEIRPE D [6]_ LRI D38 H 7z (Table 2-1),
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300 °C, 15 MPa
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Figure 2-2. Conversion curves of 2-aminoethanol under gas and supercritical conditions using the
H-mordenite catalyst; gas phase : solid line, supercritical phase : dotted line.

2-2-2 BEERAX ) —VEHE T TOMPBER 7V —=2 7

BERRSRM L 95 2 L TRMBUSHEITT 2 Z L MR TE 20T, KIZ, 27 ) —=7
% JEfi L7z (Table 2-1), * U B £ 721377 /v < RBIEWAREE 2 255120 BERAYIC N- A F bk

BOSHHEEST L. Cs-P/SiOz D e & BUVMEREZ 7R L T2,

Table 2-1. Catalyst screening results for N-methylation of 2-aminoethanol with CH3OH.

catalyst Temp.(°C)/ WIF conv;ersion selectivity (%)
Press.(MPa) (9-cat.h / mol-amine) (%) H3C_N/H_\OH H3C—N<C_H\OH RN/\:/\NR
8 [R=H or CHs]
H-mordenite 300/0 111 0 0 0 0
00 % % L
H-B zeolite 250/0 55 18 13 8 46
250715 55 32 38 25 0
Silica-alumina 300/0 66 34 21 5 10
300/8.2 66 77 20 13 10
300/15 66 81 19 16 8
paumina  300/0 9 21 s 13 9
300/8.2 79 48 51 19 3
300/15 79 48 54 21 1
Cs-P / SiO, 300/0 55 12 50 8 42
300/8.2 55 71 72 23 1
300/15 55 60 72 22 2
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WIZ, T Y&E-U /S0 il oW T, YA ) BRFE, HDHWE, TR LEER
FRIZ DWW TG MEZ FLl U7z (Table 2-2), ZOfEHR. BV 7 LARE YU LAx HWEGE TR
FOGHETT L, Cs-P/Si02 23 b im Y N- A F U@ Z R LTe, & U BHIKIZ Cs A A DA%
FF L7z Cs/Si0 TIHIEMEDZE L <R (5 3%), 72, U VBEO A% HER L7 P/Si0, i T,
TEERZE LS EL< o T2-T7 X ) =& ) — VOIS MESE UTe, BERA ST TIEMVEER S
WL RUE IR 72 N- A FOACBOSIZ I8 S 97, FERIC99V Bt AL W RS REME 2 F5-D Cs-P/Si0, il s
NRNAERHT D LA D Z N TE D,

Table 2-2. Screening of alkali- or alkaline earth-metal species for M-P/SiO catalysts

catalyst Temp.(°C)/ WI/F conversion selectivity (%)

Press.(MPa) (g-cat.h / mol-amine) (%) — } C_N/_\OH Sum of momo.

H3C-NH  OH : ‘oH,  CHa+di-CHy

Na-P/SiO, 270/8.2 55 100 1 36 37

270/8.2 250 25 22 15 37
K-P/SiO, 300/8.2 55 74 63 18 81
Cs-P/SiO, 300/8.2 55 71 72 23 95
Cs/SiO, 300/8.2 55 3 30 0 30
P/SiO, 300/8.2 55 100 1 5 6
Mg-P/SiO, 300/8.2 55 30 21 12 33
Ca-P/SiO, 300/8.2 55 14 17 13 30
Ba-P/SiO, 300/8.2 55 14 20 16 36
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2-3  Cs-P/SiO fillflz K 5 2-7 X /) =& 7 — )LD N- A FIACRIGGAF Ot
2-3-1  JOSHERD R

b IEREA A o 72 Cs-P/Si0; il 2 FN T RSIREE DS RUESPEIZ KIAT TR DT, il
B\ 2 S HYE O L & (W/F, g-cath/mol-amine) & — & D {1 THit L 72 (Figure 2-3), £
KARZEAE & 8.2 MPa DRGSR SA: & TIlX, WTFNBINRENmS 2D T2-T /=% ) —
NOEALZRX)BH E L, —F ., N-A FIACERIREEOITIREMRNZ EE L o7, #iLE 70%R
JENG BN D OGRS % el 4% & (Figure 2-3 _EBY). BEERSA: TITEMEIE LY & 100°C~ A
IV RIZIR > TS, T78b5, @ESRMET TIEEREMIC X > TREMEWRIHCT 5 2 & 23 e
2720, mERINENC BRI EIT LT &2 b b,

[0 gas phase, 0.1 MPa
B supercritical phase, 8.2 MPa

100
80

b 60t
x/% 40 f
20

0
1007

80 f

A 60t
s/% 40+

20 .
0 L L L

300 330 360 400
°C —-
Figure 2-3.  The effect of temperature on the conversion of 2-aminoethanol (x) and selectivity for
N-methylated products (s) in the gas phase (white bars) and the supercritical phase, P = 8.2 MPa,

(black bars) in the methylation of 2-aminoethanol over the Cs-P/SiO- catalyst.
Conditions: W/F = 55 g-cat. h/mol-amine, CH3OH/ amine = 10.8/1 mol ratio.
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2-3-2  USIETIZh S

WIZ, 300°CEAETIENZN R 2 Mist L7- (Figure 2-4), $xf{bsR &BIRKIZNVTRHENNEL 2D
IZon Tl kL, A% 7 —VOEEKENU ETIE, ZE—E L RoT, T XK DRISER E2hE
ILEGERITH D Z D, BERMAERE OIFRENI LD, LA, BIEAY /) — VT ADEE
NFAZ L > T N-ATFALRIERFBLL TWDH EE X HD,

; 100
70 + ;
B N
m o
S 50 | ° :" 80 X
O . s
s 40T = | 70 &
0 | ©
5 30 I "
(¢))
2 u ! 1 60 >
1 =]
9 20 | %
1
I {1 50 €
10 B 1 8
I |PC
0 L L L II L 40

0 2 4 6 8 10 12
pressure, MPa

Figure 2-4. Pressure effect on the reactivity and selectivity for N-methylation of 2-aminoethanol

using the Cs-P/SiO, catalyst. Reaction temperature = 300 °C, W/F = 26, CH3OH/amine = 20/1 mol
ratio.
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2-3-3 PRk DR

PRI R O Zh RN DN T, BT i &4 —EIC L, JREHRIR O & Z2 2 2 CTH O TOEREY)
WREE % 53 HT 5 2 LT & o TRl L 7= (Figure 2-5), BEARRERTIZ 332 Ak O 2 kik, d8y
AR ER L, 227X ) 28 ) —VIEN-E ) AFNLT I )X ) —ERT, NN-VATFLT
R ANERRT D Z Lol

0.7
n“_: 06
=
= A
PR R SN
] % -
% O.Zi\ O x/C
j= )

\ HZN/\/OH
0.1 & o

0
0 200 400 600 800 1000 1200 1400 1600 1800 2000
contacttime, g(cat) min/ mol

Figure 2-5. Distribution of amines vs. contact-time.
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2-3-4  N-AFIACRISITH % Bl ALK D8

WU, N-AF ARG TRIVET DK DEEIZ W RS L7- (Table 2-3), 2-7 X /x> % ) —)L &
FENOKELFESETRIGET ) & KOWMBRNGE & HAATEEEDR 63%00 5 26%I2 1K
T L7 (Entry 1), [AERIZ, 2-7 X /=4 ) — L DORDOVIZN-ATFN2-T I /)X ) —)VEFEHE L
THWS & KOEINT & > TEEEN 47%75 9% F TR F L7z (Entry 3), & HIZ, NN-YAF
NT X2 Z )= EREE LTHWS & KOIRMOFEIZBED ST, WINOSHE S RIS
TS EL & 72 (Entry 5-6), T4 D ORERDN B FUSSMA T TR 1) BIZET 2K25 N-A
FTMERISZET 5 2 & i) NN-U A FIURDBR DRSO BRSO T/hEWZ & | i) B
K N-AFIACSOEN RN AR TH D Z L3 bi-oTz, 7236, Entry 1 OEBRZITKZFML T
PRVNEEHIRICE) 0 B 2 D L HEERDY 60%FRE £ Tl L L72D T, KIZ & 2 SUSBEE R R AT
THD &P HER ST,

Table 2-3. Effect of additional water on N-methylation of 2-aminoethanols using the Cs-P/SiO..

Entry  Temp.(°C)/ W/F substrate molar ratio conversion selectivity (%)
Press(MPa) (g-cat.hr / mol-amine) CH3;OH/amine/water (%) —
HiC-NH oH  MeCN_ OH

3 CHs

1 300/8.2 36 H2N/_\OH 20/1/1 26 81 12

2 300/8.2 36 20/1/0 63 70 25

3 300/8.2 38 H3C-N/H_\OH 20/1/71 9 - 100

4 300/8.2 38 20/17/0 47 - 90
5 300/8.2 38 H3C-N./_\OH 20/17/0 No reaction
6 300/8.2 297 CHs 221211 No reaction
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2-3-5  Cs-P/SiO; il 31T 2 RO HE RS

2-T X )X ) — )Lk A X ) —)VORGREK % Scheme 2-4 |2 F L 7=, Cs-P/Si0, il |37 1 7a
SRR T CEEBIRIZ O TR L C=F L oA S U 2ART D, =F LA I U ARBRRITHE
O3PS TR HEI TS 5720, 2-7 2 ) X ) — )V EEBREICT D AL ISR R & 720 |
IDEE, 227 ) — R HECHEEIINC S TRIAKRIE L TERT VU EOBRIUEE Y % 5
25, Flo,. ZF VA I VET NI ERETDHE, 227 ) 8 ) — /)LD 0- A F /ABIRIZHE
BFDHARFT T NT I U (HN-CoHa-OCH3) £ 725 Z EBRME SN TND DT E, N-A F LG
DOHFUETIT R VWEZ 2 b5, T72bb, BEMEHE T, 25 ORIRIGHHIHE ST, Mo
TR OIEIRPE CEEEN 7R N- A FIALROG T L CHIAER RGO D Z ERnbho Tz,

CH,0H Hs3C OH scCHsoH H3C OH
H2N/\/OH sc CHj 3 \N/\/ 3 ,\‘1/\/
H

CHj
2-Aminoethanol N-Methylaminoethanol N,N-Dimethylaminoethanol
| Intramol. Dehydration | |Intermol. Self-condensation
\
[>NH RN NR [R =H, CHj or Hydroxyethyl] N/\/N
Ethyleneimine Piperazine, N-methylpiperazine, Triethylenediamine

N,N'-Dimethypiperazine
Piperazineethanol

CH,OH

OCH,
N N

Scheme 2-4. Reaction pathway of N-methylation of 2-aminoethanol with CH;OH.
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2-3-6 N-TI)LFX)L2-T X ) =X ) —)LORTEEER

Wiz, 7R EOBEBRIENRER 2, 27 ) X ) — )V D-NH, ZED— D DKFEF BT )V
XV CEBRINIAEED N-T VX)L 2-7 2 ) =% ) —/L(R(H)N-C2Hs-OH, R=CH3, C;Hs, i-C3H7) %
FOSEEFE UL THWT, B/WRE—E DS TRIGHE % iz L7z (Scheme 2-5), W ILDE %
AWHETH, @RIRIIC N- A FOULER S LI, £, TS VENFELE Lz ARy
(R2N-C,H4-OH, R=CzHs or i-C3H7) 134 U7g v o 7=,

scCH3;0OH
H,N-C,H,4-OH — H3C—NH-C;H4-OH  + (CHj)oN-CoHy-OH
[conv. 90 %] [sel. 53 %] [sel. 41 %] [total sel. 94 %]
scCH3;0H
H3C_NH-02H4-OH B (CH3)2N-C2H4-OH ( no H2N-C2H4-OH)
[conv. 76 %] [sel. 88 %]
CHj
scCH3;OH I
C2H5_NH-C2H4-OH —_— C2H5_N-C2H4-OH ( no (Csz)zN-C2H4-OH)
[conv. 45 %] [sel. 82 %]
CHj
scCH3;0H

|
i-C3H7_NH-CzH4-OH — i-C3H7_N-CzH4-OH (no (i—C3H7)2N-C2H4-OH)

[conv. 24 %]

[sel. 78 %]

Scheme 2-5. N-Methylation of N-substituted aminoethanols. Conditions: T =300 °C, P = 8.2 MPa,
amine/CH3;0OH = 1/20 mol ratio and W/F = 140 g-cat h / mol-amine.

BRI 327 X ) =& ) — V(bR 2 i 5 &L 7 X 2 K EOT T VIR SLRR
2@ < 72 DA O TRUSEDME T L 7= (Figure 2-6), 3725 N-A F AL D ST ISR K
FRICERNTL2EENDH D Z ERNbhoT,

conv., %

100 200 300

contact time, g-cat- hr/ mol-amine

Figure 2-6. Effect of N-alkyl groups of 2-aminoethanol on reactivity.
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2-3-7  UHREALMHIPREE O R

KERFEL 7 2 ) HBOT VX VUAHEN R LT 2 ) 7 a— a2 FEENC AW T, “oOE R
M DEERE & SUSMED BT DUV T~ 7z (Table 2-4), ZERTEREMME G2 5 4-T I )75 )
—NEERLS & BREEAMOERESBEN D ICON TRISHEMNME T Le, 72, 2-7I /24 ) —L®D
KR = — 7 ML CIRE L 7-E D F % =F /L7 I 2 (HaN-CoHa-0CoHs) 2, & V7 n-7
FNT I DS, N-ATFGITEITT 2 L ODOIFEFITIRWERLRE R Lo, 77205, KEEEN
BRI RINANCRAE LT o — & LTHREL . 7 X AR mafF oy EFHEons2 & T
N-AFIALDHEITT D Z EPRIBI D,

Table 2-4. N-Methylation of various aminoalcohols over Cs-P/SiO: catalyst. T = 300 °C, P = 8.2
MPa, W/F = 140 g-cat h / mol-amine, CHzOH/amine = 20/1 mol ratio.

Sel of N-methylation  Sel of cyclic

amine conv., % product, % amines, %
HN  OH 90 91 1
H,N""0H 81 93 1
HN"~"~OH 87 12 87
H,N""""0H 51 80 20
H,N  OC,Hs 1 98 )
H,N—n-C4Hq 18 94 -
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2-4  FCREAE

Cs-P/SiO; il WD XSGR CTD 2-7 X )X ) — b DT LA I VAERRBIGIZ DU
T, FEWE 5137, FIRSUGFEER(TPR; Temperature- Programmed- Reaction)iZ LK W i T2-7 3 /=
B )=V ST BRFIRT S L, 400CIT < OFIBEEE T F L oA 2 0D T O IER
PECHEEST 2 2 & 2 8E L5, PR 2 6o TIRE S NG & | Ao 5
BiER ALY TEXD L, BEASM TOEREERG N-A F LSO EHEET 2 Z &
73T & % (Figure 2-7),

BB T, 2-7 2 =¥ ) — )V OKEEFE PR BRI E LT, 2-7 X ) = F A
B, Tbb, 227 ) T F NIRRT =— MENERT D, B B TIR. KEBEREICIDLT
Y H—WRTT R PR E LRI EFE LD, BEER A ¥ 2 — VRN LT, il
BT D AT NRERE T 2 7 EBE LT N-AF oAb il EC#fT L, N-XF v
2-7 2 ) = FI)VIRERENAE U D, 2 OFRMRINE = BEPECRE D BiEEd 2 Z LIc k> TN-AF
JACERR N E T D, 2O, ST 400°C W EIREIZ L - T, 2-7 2/ = F LSRN
BALZ Lo TEWICHBEL C=F L oA L UnAET 508, RIS, BEER STk 300°C TR
WS EES 2 72, BRALBLEESHEST L\, BERR A & ) — NV (REER A Z ) — T AR & N-
AF) 2-T 2 ) ZF)VIRAT = — b & DT AT VSISO 7 AR L 0 PRETAA
FiBE % 2 & T, ERIREIC N-A FIULERIDNE NS L EZ BND,

2-TRFVEFAT IR T TFAT I T, B BEOT U —RAEDE Z S0 T DIRTE
P Z EMPATE S, o, 7o —RE L CEEICESL T X EONARK 7B E R
BRI LT, 72 /& EOBBEEGENTHARMETHY . S5, ZOOFREEMOT L% L R
B rp e, 7 EPMEREEFIOGESEHLS 25720 N-ATFIALRISHEMET 5 & &2
b, EFRFEERLZETHAT LN TE D,

th}ﬂ HN\Q}
! Ha~
(0}

He-r0 H
- P <7
—O0—M— —O0—M— N
[Intermediate] [Ethyleneimine form;on]Y
T
HoN [H,0 formation]
AR o <\ RO ScCH;OH
—O—M— ® ® Ho0 N
[Dissociative adsorption [Catalyst surface]
of 2-aminoethanol] A;Acid site(Si or P) QCHa (|) transesterification or
B;Basie site(O it i
Ho/\/NH2 asie site(O) - O—M— supercritical extraction
a) Gas phase: 400 °C, 0.1 MPa b) scCH30H phase: 400 °C, 8.2 MPa
Ethyleneimine formation N-Methylation
N OKEBEOTUH—IRE i) KEREDTUH—RE
i) EVRERE (FS/TFILE, AFILE) i) BOREAFIERE
i) BAHIBRAE (= LB D FREBILIDER i) b= HIBLEE (TR T L 3 HHR) TO

TE/IFIVEDRBBE—N-AFILIEDER
Figure 2-7. Plausible reaction mechanisms for a) gas and b) supercritical reactions.
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2-5  SULNHE T VIRNT

Cs-P/SiO2 il liEAF/E T, 300°C. 8.2 MPa 5:ff CHUfG L7 —H D FERRT — & 2 T, Aifi TEL
L 72 BUSHERE I HD < FOSHEE T VA5 U Tt &2 il 7o, BB RISUSBEETH 5 2
&L FE T, EASOKIBIEEOBRINPRWAEDEE TH Y | KICL > TRISH ATWICHE SIS Z
& BERRRRR & AW OUREZE S BT B 7 I UREICK LT —IRBUSHINCETT T 5 2 &
B TE A nEEE T L & LT, Langmuir-Hinshelwood (L-H)F§## 2 38R L 7=, A%~ L-H #%
WA T 272012, BROCEE ., B X O AR S E Ot~ W5 25 Ehig it gk < (P E D K
ELRNF/AeNICE @&%5 THAINTIRAET D EAE LTzo N- A FIALSUSIEAR T 72 IR B C
WEATL. E7o 227 X /T8 J— (1), NAFAT I T4 ) —12) NN-DAFLT I )=k )
#/I/(i)iﬁ\ FAVERUIR UW s el e 2 & Fr ORI AR (5, BRIRE SRS D38 Efe % A L,

IRIRERTEOZTF LA I ()~ DPERIS AR TE 5 £ E AT, Scheme 2-6 [Z7R L
7L’ 5 DOOFRPUOCIEFE & | T OREER, SHE OWAE Ve % E# L7, Langmuir-Hinshelwood
T BT DRAE RS IEE AT, Scheme 2-7 (2R 9N TEE Ny R & 72 0 fi#TiR 2R D D =
LT TE 72D T, Runge-Kutta {EIZ X DEAEMEHTIC K > THIEENT A —F ZWRE LT, Bl
& LTid, B S Y720 DX Z ) — Va2 G0 A7 1 O E VLG 3 (mol-total /min -
g-cat) DL A £ L. ©=1600 min-g-cat/mol-total &£ TOHiH TILE L7=T — % ZH\ 7=, Table

ICELEOTHENT A=ZEZ]D &, 300C, 82MPa skt T TOETOERMRE 5> E<HK
B4 % Z & )3T & 7= (Figure 2-8),

HZN/\/OH —>k1 H3C\N/\/OH

H
1 2

HaC OH
H,;C OH 3NN
\N/\/ Ko [\|j
H CHs
3

2 3
2 HzN/\/ OH % by-product; dimerization
1 S

Cu ™~ OH Ky

N — T by-product; dimerization

3
2

Cu o OH Ks

| — by-product; decomposition
CHj

3

Scheme 2-6. Kinetic parameters for N-methylation of 2-aminoethanol.
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kl : Kl - Kmethanol * Pl - Pmethanol + k3 : (Kl)z : (Pl)2

-1 =
2
(1 + Kl : Pl + KZ' P2 + K3 : P3 + Kmethanol * Pmethanol + K5' P5 + Kwater- Pwater)

2 2
kl : Kl - Kmetanol - Pl - Pmethanol — kZ : K2 - Kmethanol * PZ. Pmethanol — k4' (KZ) : (PZ)

rg =
2
(1 + Kl . Pl + KZ’ P2 + K3 : P3 + Kmethanolhano! - Pmethanolhanol + K5 : P5 + Kwater- Pwater)

k2 . K2 - Kmethanol - Pz - Pmethanol — k5 ’ (K3)2 ' (P3)2

r3 =
2
(1 + Kl . Pl + KZ’ P2 + K3 : P3 + Kmethanolhano! - Pmethanolhanol + K5 : P5 + Kwater- Pwater)

o kg (K1)2 ' (P1)2 +hy (K2)2 ' (P2)2 kg (K3)2 ' (P3)2 1

2
(1 + Kl . Pl + KZ. PZ + K3 : P3 + Kmethanol - Pmethanol + K5' P5 + Kwater- Pwater)

2 2
kl : Kl - Kmethanol * Pl - Pmethanol + k2 : K2. Kmethanol - P2 - Pmethanol — k5' (K3) : (P3)

—tmethanol = 2
(1 + K1~ Pl + K2 . P2 + K3' P3 + Kmethanol * Pmethanol + K5 : P5 + Kwater- Pwater)

kl : Kl - Kmethanol - Pl - Pmethanol + k2 : K2 - Kmethanol - PZ’ Pmethanol + 2 k3' (Kl)z' <P1>2 +2- k4 : (Kz)z : (P2)2

Fwater =
2
(1 + Kl . Pl + KZ. P2 + K3 : P3 + Kmethanol - Pmethanol + K5' P5 + Kwater- F)water)

Scheme 2-7.  Reaction kinetics for simultaneous differential equations.
kn : rate constant of each compound (n) in scheme 2-6, K, : adsorption equilibrium constant of each
compound (n) , and P, : each ideal partial pressure.

Table 2-5. Calculation results of reaction parameters.

parameter . \./alue in
minimun error
K, 0.142
K, 0.068
K 0.010
Ke 0.020
K, 1.20
K, 1.01
K, 1.01
Ksg 0.06
K methanol 0.06
K water 6.02
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MPa

Px,

o

1 1
600 700 800 900 1000
contact-time, g-catxmin / mol

1
0 0
0 200 400 600 800 1000 1200 1400 1600 1800 2000 0 100 200 300 400 500
contact-time, g-catxmin / mol

MPa

Px,

0.051

1 1
0
150 200 250 300 350 400 450 500 0 100 200 300 400 500 600 700 800 900

I
0 50 100
contact-time, g-cat*min / mol contact-time, g-cat*min / mol

Figure 2-8. The results of the curve-fitting calculation.

The mol ratio (a) = 10.8/1, (b) = 20/1, (c) = 40/1, and (d) the result of N-methylation of N-methyl 2-
aminoethanol to N,N-dimethylaminoethanol in 20/1 mol ratio. Symbols: observed data of 2-
aminoethanol (o-marks), N-methyl 2-aminoethanol (x-marks), N, N-dimethylaminoethanol (<{-marks),

respectively. Lines: simulation data.

ARIISET VOFHEIZOWTLLTICE L DD,
1) N-AF ALK EIAR TSI H#EITT D ki =0.142, ko =0.068
2) KITE DS FENFIL, WA EHEERDOHIC L VIS ¢
Kyater / K1=5, Kmethanol / K1=0.05
3) 7R EOSTRBEEIC X D RSHERE DR E R b — 5T 5 ke / ki =048
4)  N-AF AL ORI HETT L 7e

Thabb, HEE LIERISHR L. KORISHEDREL LU 2/ L EOBEBREZHRIZONT,

Langmuir-Hinshelwood W EET WIZ L > THIETDHZ ERLKHAT L Z ENTE, /LT D
BOSHERE 2 SCFRFT 2508 RS BT,
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2-6  Cs-P/SiO; fitlit Db Ak i

Cs-P/SiO; i1, X o THHWBEEW A AT 5 2 & DIRE I TV D0, DL PRI 72 s
BRI S A B, ARBFZETIE, 13Cs & 1P DJEK MAS-NMR I &> T, Z O s %
FEJifi L7z, Figure2-9 |Z Cs-P/SiO, filif.d> NMR &+ — FZ/R L7z, CSEBLUP & iz, M7el kb
5 FEOLFREMNFEL TND 2 ENRBEEND, ¥P-NMR TEUl S5 6 1ppm D> v —7 722 7
FE Y B BICHEFESNT POsFETH D Z &3, Bli&Gak L7z P.0s/Si0, & D kelg, I3 LN H
HR5 CP-MAS-NMR |2 L » THER S 47z, —J7. "*Cs-NMR THLHI S5 6 -17ppm~ 6 -19ppm D
TFE, YU BEICHE SN CSAF U TH D Z L3, Bl CsNO; & 2 U BIZERFZIC
500°CHERL L CAd U7 sh & DHIRIC L > TR CTE 7o, 2 b DFER, Cs-P/Si0, iz, 2
e LT P05/Si0; &, MR E LTOD Cs™/Si0, &N IAFT B Z &b, Ziub Db 5L N-
A F IALROSIZ &5 Lm\(Table 2-2),

[E A& NMR JI7E Tl ic 3DV UMt v ANV N U, va ) URRIE. A2V CURRIE)
DR I 72, CsOH & (NH4)H2POs KR ZIRG Lo RICIIEZE L CAL Y U iligt v o A
(CsHoPOL) Z L L7z, &S & LTHWZ NMR F v — b Dl )5, Cs-P/Si0; filtfi: CELHI &
% 33Cs-NMR (2551 % § 47ppm & 3'P-NMR (28515 % § -6ppm 1L, v U B EIZHFFS =40 B
) VEEE LU LFTHD ERE L, £, v r U U (Cs:HP207) & S EEKHEAMD A &2V R

Y ((CsPO3)n)iE. XRD HIEDFEF O WL FHEOGFENHR TEZHHDD, ZEXFDOKZFITLE ST
AR 7R MR 3R & MR A POSET T D120 AL E B Z L TE Qo Te, LI LG,
Cs(NO3)#i & (NH4)H,PO, i % > U 4 HHIKL ?E?#Lfkﬁﬁkfmf%ﬁﬁﬁ‘é LlZk o T, MR DR

HRBI D Z EMTE, 4000CTHERR L7=25AI12iE, En U UEBIEN ANV N VERE & A 4
U VBRI D OB DG B2 Z &3 XRD /ﬁUm@ﬁ%zﬁ% bnot=, Z Ok NMR HIE
T—ENG, AN DN UBEO Y T NERINLTAZ Y BT TV ERE L, 3Cs TIL 6
104ppm, *'P “C‘li@ -21ppm &-22ppm THDH ERIE LTz, LB -oT, KV D BCs 1ITHB155 6
36ppm & P IZEBIT D 6-8ppm DT u— R T IR Y EICHEFSAZER Y VigE T T A
ThHhdHERTESIND, TPL, ZNHOT Y AHERY Vgt v v AMEFERMTIVEEHE G S T
b5 EHERIEND,
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a) 3'P-NMR
S (1 ppm)
P20s
S (-8 ppm)
Cs pyrro-phosphate
5 (-6 ppm)
Cs ortho-phosphate /¢ (-21 ~ -22 ppm)
\L Cs meta-phosphate
I I ! [ ' l l
pon 20 10 0 e . 7 .
b) 133Cs-NMR
5 (36 ppm)

5 (47 ppm) Cs pyrro-phosphate

Cs ortho-phosphate

d (104 ppm)
Cs meta-phosphate

8 (-17 ~ -19 ppm)
CsSio,

*spinning side

T T T T F T T I T
opn 150 100 50 0 -50 100 -150

Figure 2-9. (a)*'P NMR spectra and (b)**Cs NMR spectra of the Cs-P/SiO, catalyst.
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2-7 TAFLUIOTIVBLOA— N EE~DIGH
2-7-1 a,0-TAFXFL2TT I D N-AF L

TAXLrIT I ERIGHEE E LTERERO RS % Cs-P/Si0; il THFt L 7= (Table 2-6), —F
Lo UT R U EEEICHGWS L, 300°C, 8.2 MPa OGS A Z ) — /LA T CHA{LER 70%, N- A
FNLNZFLIPT IV NN-PAFALZFLPT I E, NN-PAFILZFLDT IO
THI 100 % DFEIRNET N- A F /ARG BT, S HIC, WIEOKFEEMETIE, 400CTH LK
IMFETE TS, BT LT I BB ST, 2- TR X ) =V DGE IR T
FOGIREE % BT D129 » Tl b m L35 & & I @m O RIWE 2 R ORHEA H Y . 400°C
A THR(bER 94%, BIRFE 85 NG o, = F L U7 I UVEBEOLEIZIE, VAT AKREL
TIERFRZE NN-VATF N TF Lo PT I8 NN-UAFIVZF L o7 IR ET 5 AR
RV FOBPNEITIESHRY A TF RO T HER L TV D, NRENRE LS 725 & & biT, xt
72 NN-2 A FIUARDZERIRVEDY 5 % (300°C) 005 14 % (400°C) = THEN L 7=,

Table 2-6. N-Methylation of various alkylene diamines using Cs-P/SiO; catalyst. T = 300 °C, P =
8.2 MPa, W/F = 140 g-cat h/mol-diamine, CH3;OH/diamine = 20/1 mol ratio.

Entry substrate conversion selectivity (%)

HAN-(CHNH ) GHGHN-(CH)-NH, (CHZN-(CHl-NHy CHoHN-(CHy),-NHCH,
1 n=2 70 83 12 5
2 3 48 81 9 4
3 4 52 71 10 4
4 5 31 84 7 3
5 6 25 80 8 4
6 7 25 80 8 4

WIZ, 207 ) EOMDOATF LV EORIEE U CRISHEZLKR LT, 7 /7 /va—Lo
BRERERIC, BN R < 2 213 EROGHITKRE IR T 2R H Y . 1,2-= X7 I > 1,3
TR T I > 15-RNUATT I > 1L,6-~FH VT I 5 17-~TH T I UDNE
Lo, FEFREIC, 14-7 2 V7 I U OGEIIHNI IR S EZ R L N-AF A ERT V|
N-B =7 U bORIAERM 5277, 1,6-~FH o U7 I8 1,7-~T X U7 I 0%
FEIER CROSHEZE R L, TFAT S v DORGHEIZEL 72 5 7~ (Table 2-4), — oD 7 3/ S RIEH
6 L EDT XL UBTEEND E TR T IV OMENRRL Y, BHERT IV EEDL AL
HHOEHEIND, o, TR EHOUSEITKRIEL Y L5V O T, BRI A~OWAEIT T E D
TF LUV T IUGERKLETH - T, ORISR TITEE NS L2V O T 400°CO &R
EEEOGAETORICPEIT LN EE X biLd, B, BIESE T, 50CT=TF L7 Ivg
Cs-P/SiO fililit & ok ST L7253 FTIR Z2HIET % &, 2230em™ 12 1299V RN 38
SNz, ZOTVTF ML, =F Lo PT I UPME EORRSICRE L TSI EE2RTEEZLL
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N5, Thpob, @ERAAY ) —AFHETTIER, =F LY 7 2 0F Cs-P/Si0, il E oz sz 2-
TI/)ZTFANT Ry LEE LTHIMHAEEHALTWS EHEESNS,

2-7-2 7Y a— )LD 0- A F Ak

TF L) A=V ERIGEE ETDH AL ) = LD =T AE(0- A F M) SSIZ OV TR
MEAToTe, 2 F L 7Y a—VOMKKIGIE, 2-7 X ) =% ) —LVOgE L FEEIL T, Scheme 2-
8 TR LT SO N B 0 . SIS E WDz k> TR &E < BRMENE LT 5, Cs-
P/SiO, filti % FAVN T, BUGIREE 2 300°CH 5 400°C, £ 7% & E)> 5 12MPa OHiPH Chd i & w74
% Table 2-7 |k L7z, BEERSMTIX. Cs-P/SiO i~ T o B —3hRIC L - T, AWM &
LTV a—DE) AFMETHD 2-A FFvmH ) — L3550, 12MPa RtbD L & 76 %D
BRI CHEIT L 72 (Entry 6), — 7, WIESRMETIT 2-A ¥ =& ) — LB REF 10%TH Y |
VIF L7 Y a—AR 14-UF X TR AT E RAAH) . TV R—EEMR TS L
TR LA (Entry1), 7'V a—@OHCHMAE ZELRISIC L0 ol KESRD O =F L 7Y
a—)Ld 14- A XV E, FNTEN31%E 1%DOBIRMETAR LT, £/, 7B T LT E K&
T OFHERIL, BEFS8%DEWERIMETA T, 77U a— oK TERT H =17 /12
—ANEMAELTTE RTATE RBRAELT, 2R ELEZbDEEZOND, Thbb, &%
SMETIE, 2-7 R ) ) — )V ERRRIC Y 3 — DAy NBKBUSMESE LTz, BOSE T %25 <
T HIHE, 7Y 33— D BRI KBRS K & < il S4v T AR T TIL 0-AF
JAL SR DS TR I 7] B L 72,

[FARIZ, 1,2-7 X O — a2 EE LTHWS & BERR ST 0- 2 F ARG DB SRR
HATL, 1-A bFv2-7 X)) =)Ll 2.2 b v 1-7a X)) —AnEEEp e LTELRT,

—\ scCH3;OH / \ scCH3;OH /\
HO OH > HO OCHj 3 CH30 OCHj4

\ N\ /\
l-HQO HO o OH

¥ O\ /O etc

J— CH3;0H OH + /\/CHO
[ \i ] —o» CHycHO — > L __cHo A etc

Scheme 2-8. Reaction pathway of O-methylation of ethyleneglycol.
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Table 2-7. O-Methylation of ethylene glycol with CH3OH using Cs-P/SiO,. W/F = 150 g-cat h/mol-
diol, CH3OH/diol=20/1 mol ratio.

selectivity, %

Entry diol -FI; I(\)/IC;)/a oc/oonv, HO/_\OCH3 Ho/_\/g\/_\OH AcH )Oi/CHO
o\_/o _~-CHO
1 HO(CH,),OH 300/0.1 46 10 32 58
2 " 300/2 51 26 36 38
3 300/5 44 50 35 15
4 300/8.2 35 67 30
5 " 300/10 31 68 23 4
6 300/12 23 76 21
7 330/0.1 71 2 10 88
8 330/8.2 65 47 10 43
9 360/0.1 92 1 5 93
10 " 360/8.2 88 33 5 62
11 " 400/0.1 98 1 1 97
12 " 400/8.2 98 15 2 83

WTHNOE THRISENK ST, BIRERD D 0,0-3 A FNWALERM(1,2-F A FhF =X
VL L2-VA MR a o) F R SN ol o, 2-7 N =V ERRIGKEE & LTS AR
FEAERBETHED A F VA Y7 r )b —T L (i-C3H7-0-CH3) & 7' 12 ~X > (CH,=CHCH3) 23 4
U7ze L7225 T, BEERSLMETICRBIT S Cs-P/SI0, il L5 0- A FUbie s, 2-7 3 ) =X
J = VORGSR EFERIL T, RO KEREENT > A1— & LT Cs-P/Si0; iR I ET 5 Z LI
K0 MG ORI (S R) DR ~EIREIAAAET D A TFOVIRERE & 50T 0- A F/HABRUGAHS
EITT5b0DEEZOND,

7R, 2-7 a R ) — VX BRI/ EAE I E DT A FEOSICHE A S D E TH 0 | [E ARk
TIEBAKBISIZ XY X2 b2 BEREEMEE CIIN ARSI I T 2525280
HMHENTWD 7, BEERA X ) —HTo2-7 /X)) — )LORIGHHZIZ 7 o X3t ans b o
OT & hFBE SN W LD ARER TIE Cs-P/Si0, filifid, [EAEMSEE L CERA LT
WHHLOEHEEIND,
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-T2 Z ) —VDRAZ ) —VZ KD ERERRA N- A FILRISIZE T % Cs-P/Si0, fififi o
BEEEIZ DWW T, bl U 7= BOUGHEE & 2BR=RIZ351) D TBS-Cl & % 3 BEREDIRG#E /Wi Bl
(Scheme 2-1) & % [l L C#%24 %, Figure2-10 (&% £ & 7=, Cs-P/Si0x (23T B AKEEFED 7
YH=NRNE, 2- TR ) F )V OKEERE ) VR AT AL L CEHRIICRE T D O L [FFE &
ERD. ZDEE | REAOFEREERIEITMNG Y ORI ECRARM)ICER T 2, Al
TKBENMEESNTREBET, A% ) —VHROREAFAFEL T I FEENRERISIZE > TR
JE LT N-AF AR EITT 5D, A LT (N-AFN)-2-7 2 ) =F )Lk A7 = — b FE{A((CHz)HN-
CoHy-P)23, RHEEEA X ) — VAR & = 27 VARG L o TEHL S 4L, U B 27 LV FED iR
FEWAEDEIT L, 7T X ) VOKBEEDRTFAELT N-AF)V 2-7 2 )X ) —VREKRT S
ERIRES, fER (TR N FAE SRS, T72b6h, Zhb 3EREO TEEZ B —fif#Rim %
BT 52 &2 ERENRCEERIRGEMORGE 2 A L L, 2o, BEIEWRA CURVEzh
PRI RO RDEE T X B CTERE,

Single step reaction: Catalytic reaction with simultaneous protection/deprotection

scCH30H

EE— MezN-C2H4-OH

Multi step reaction: Consecutive protection/reaction/deprotection in laboratories

+ —Si
1st step: protection H,N-C,Hy-OH ———— > H)N-C,Hy-O—Si

*+ CH3X )
2nd step: methylation HoN-CoH-0—Si ————>  MeyN-CoH-0—Si + —X

+ —F .
3rd step: de-protection Me,N-CoH,-O—Si ———>  MeoN-CoHy-OH  + F—Si

Figure 2-10. Role of the Cs-P/SiO, catalyst corresponding to protection/deprotection agent.
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TUHBEMED 2-7 X ) B )= DA K ) — I KD EREIRING N- A FIALRIGE S AT LA
B LTz, BEERAZ ) —IV(BBEAS )=V H ) RIGHEE., o, AL LCRIAT 2 Z L
X0 [EARERARR TEOEME & R ZBRINVEA I L, BT A Ml A O 728 A X
fil i D 1] FINEDFE O BT, RIS, HBERISRAE T CRAKE L Mk RE M [E A A (Cs-P/Si02) & H
WAHZ EIZE ST 95%LL EOmEWERERSEIRMEEZ #EK LT, £/2, 2-7 I /2% ) —/L®D N-AF
JAGIRIRMEIL, BSOS K> THElfrcm E L, BRELL ETIHIZE—E & o7, BERRSM:
TEIRD N-A FIACSIEDEITT HER & LT, 1) MISREORRFMEIZ X 0 55+ NBRALBLAK SRS
S AL, i) BEERSEICR T 2 A FAVREFEO R WEmREN, KBEEOT v —3h R X
LERWHERE(T X ) ZFIVHRAT = — M) EORIGHEE 2\ E X, i) KA Cidkm ks
FEONEAZ DL U CBRAL T % — 5, BEEASECIE 2T VSR O L2 R BRI L » T &
DESFN/RIRE CRBECE D, R ENRET O, ZHITE VD, N-AF b Ehah R I <1GH 2 &
MTEDHZ ENDNroT,

Fio, ARISRIZT X 7 7 a—VHEIZRESNT., FRICHR#EE R o, 0-TLFL U7 IR0
70 a— VORI A T LS A RRETH 5 2 L 2R LT,

235 3CHK
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3-1 5

F2ETIL, MBEA Y ) — VR CREE 2RI M 2 58817 2 et A AR RerE i o | iz
TUEREME Y TSR D E R AR R N- A TR, BE N 0- A T IALRSE~D1E FHIZ- 2T
ATz, RETIE, 2 OfESUSE 2 ~T 2 ]l D A F AL B IRFR RO A F ik, 7o b,
7z ) = )VEOF N MOERI A F ARG (A T AIZIEET 5 Z L2 B E T 5,

TN RTNFNT = ) =G, TENICHERRMEEM ThH 5, BlziX, AV 7 Ly —u
I TEFR, RREEFAE L THEHTHY, 26-Fv L/ — I 7 =LAy RORERE L
720, 236-hUAFNLT )= FEHX I E ORGEREIE LTHERESND, b4V T L
X7 = ) — A ERLET 5120, AV MISERNC T VSV EEZEATHIVNERH Y, =
DEIIRAN T NAXNT = ) —AbEMORLEREE LT, ek, [UBERLHEABEN ThiL T
%1,

7= ) MR L RS ) = L DT VR ALBISIZFEIBUE T 0 | RISARMIAE 2% & <
PrETDMEND D, RAARKISE T, WEOBE BN KR E WD ISEAD RO TES TH
LREEAEL TS, HILT VI =T AT AI =T AT b asxy Rl Rt UCHER L
Friedel-Crafts @ 7 /L USRS ATHOIT WD, USRS KOk & Ak & o5 BET
RSB L 70 5, WRAH T /L X F bl A £ AU ARAE O 453 B TREAME(E CTdo 203, BPLEAME W
2RI AN ERD Z ENTERVEERS S,

—J, RMECBT S 7 = /) — VD AKX ) — I X DT VF ALKIE TlE(Scheme 3-1), 7V
TRV BTN FEOBREEAIEE A D &% A F A DAL E R IRNE DS EEAL 3 25 BRE D
HD, NI AT IVENBEASNDEENENT D E EHIZT7 = ) —WWEKBEO A TF Lo —T
JU(T =Y —VEEORIE)PEIT T D720, THEMIIT, BIFET S 7 =Y — V%I L TSR
B LTHEAT20ERDH Y, =XV F—ZHEROME T 0 A TH D, THFE, ZORRMED
MRE & 9~ 5 BB CREMRE MRS BRI Sz 2, Bk~ 7 32 v U L7 EIREFR S 5 [E IR
FEECIX 7 = ) — KR D = — T M OGITIE & A EHEITETIZ, 230, WAL MGER
PERF B D DT, BUETIER b~ 7 % 7 AR 3 O8k-NF U0 h-Fr A B =0 R E AW
fikltt * &2 D FIENALS TEMICERA SN TWD, LR, TAFUEAITH D A X ) —
IO IR L <. Flo, il EA~ORFE S OILE (7 —F 2 PN L o TS AR AYIC
WML BT RN DD, AZ ) —VOnaifl T2 BT, H34Mme LT, FH, ¥
A=y L T UFESREDORINT XV M OTEEZ M S TRISRE LK T SE 5 Hikk E
MR LILTNDH, T DX 9 72l B DA X 2 HFIETITAERMOBRIREME T LCLE SR
BENH D 3,

Tbb, [AEEICBOTEL, LFO X ) R EERH D,

(1) AFNLAITH D A Z 7 — DB 3R & BIRMED “FIR— 2 R < S d,
(2) ZhRMRRENCER 2 A E B0 D —TF, Ao/ REVCIHEIREOR T2 H <,
(3) BIREDZMIED - OMERE Ta—x 2 7 L9 <, iR Bk 5,

(4) BROBENORIGEEZ EF5 2 N TEP, SR ERELSTIHLERD D,
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o - H,0 SCCH3OH
2o scCH30H Ha T oh,0
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T —
- H20
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Scheme 3-1. Reaction pathway for methylation of m-cresol with supercritical CH3zOH.

FEEER A 2 ) — V% SOSEEHR, 2vo, FE E L THWIUE, AiE ClR~_7z X 512, BB mE
TOKEDOFEEMERA 2 B L0 NREEDOSRMEZ~ AV RIZT 52 L23ATH Ta% D, IHIT
KA LA TEE « S MEDR GG OREE A2 WD Z E R TE 2R H 5, T DFHERIC
Ko TRAY )= VDR RZNH LT A X ) — VORIV 2\ L L, & 512, il 0t
FR (A b o mfN 23t L CRI SN D LB X T,

ARETIE, AT VY= NEF Tz )= AHX ) — L& DA TF IALRIGIZBN T, ARk
T &5 R EEAREE(MgO, Fe-V/SiO) 8GR A % 7 —/VHTHEHTHZ LIk~ T, A ¥
J =V DN R A BT S 2 SRR T S iiESE O ERR A G Lz, S5, EERR
A B ) = )VEISHHC BT DA F AL E 0- A F AR PEIC OW T, Bk - HHEVEZ R 50 %l T RE
RE LYV a =T A(Zr0) = VD & EIRERE L 0- 2 T /UL & ORI EWABIRR A & 5
ZEEBBMT LT,
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3-2 Cs-P/SiOfillflz L 57 = /7 — WV EBEER A # 7 — VO KR

%5 2 % Figure 2-1 ([ZFE#H O 7 v — UG EE A H LT, £7°, Cs-P/Si0 itz 35 1F B EE R A #
J—)VHTD 7 = ) —/L(CeHs-OH; PhOH) D A F AV ERIZ DWW THat L 72 (Table 3-1), SEBRIE, #&
22 [WE B (LHSY, 7 155 £ T O JFUEHR I O (517 £ (liter /h) /fil i & (A F& (liter-cat.)) & 4 ht, F£ 7213,
8htZHii % T3t L7, HEREMETHHIZHLEL LT, AL TIXREFIZ 0- 2 FIALSUGR D
7L, 300°C. 82MPa, A% /—)L : 7= ) —)LE)LI 20:1 DT, LR 34%. HREK 999,
T7 =Y —/1(CeHs-0CH3) A3 15 H AV (Entry 4), 53 FPICT 1 — L IR DKBE R A FFI- 70y, 7 =
J =V D HEGHIBROERMEIZ K> TRHHRMICHEIT L7z E 2 DD, 2-T X /X ) — LD A F Ak
OE ERIRIZ, BIESRMHICT 2 Z LI Ko TR M B L7223, 2o & & ROSERIRMEIS)
T DIENDNFITRD 7o 7= (Entry 1-6), 7 = / — /LD —TF LG T Al #1732 &
TAIIN DD, ARIZEBWTIL, Cs-P/Si02 il 2 WS HBERR A ¥ 7 — L To7T =Y —n bk
DOENIEIT LR o 7o, 7 =/ — v D 0- 2 F /LG K &2 HAF S8 2 L i< IS BEE S U
722 &b (Entry 12), KICKDPUSHENROZE L BbND, T —#RDLnWT = ) —)u
HEOGEITIE, KOBEREVFEIZ L DEAENRNPRKENEZZ DD, EEIC, AZ /) —: 7=
J—IVENEEE 20:1 5 40:1, 100:1 EARL TV &L BV 0- A F/HLRIEIXZIE - EDF
F 7 = ) — VR LR B L7 2 &5 (Entry 13-14), [RREE N RIZ I N5, BV 100:1 DA
DI, WBEDOEATF MM THDL AN N7 L — N ER LT, 35V B REE M Cs-P/Si0, fillit
T, fE4 o [EIREA AR B0 B ARG S ARBE I LEEE U C A & ) — )V DI iR G0, T BB~ D% A
F ISR & A EHETE T, O TEWERIRMETT = 7 — WWEKBEEEA~D 0- A FALKIEH
K HET LT,

Table 3-1. Reaction of PhOH with CH3OH over the Cs-P/SiO; catalyst.

Entry T,°C P,MPa molratio LHSV, conv, selectivity, %

CH3OH/PhOH/H,0 ht % Anisol o- Cresol

1 300 0.1 20/1/0 4 3 97 0
2 300 2 20/1/0 4 15 94 0
3 300 5 20/1/0 4 26 99 0
4 300 8.2 20/1/0 4 34 99 0
5 300 10 20/1/0 4 34 100 0
6 300 12 20/1/0 4 29 100 0
7 270 8.2 20/1/0 4 9 98 0
8 330 8.2 20/1/0 4 30 92 0.3
9 360 8.2 20/1/0 4 27 84 0.7
10 400 8.2 20/1/0 4 37 73 3
11 300 8.2 20/1/0 8 40 93 0
12 300 8.2 20/1/1 8 0.7 100 0
13 300 8.2 40/1/0 8 49 98 0
14 300 8.2 100/1/0 8 71 95 0
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3-3 7 x ) —)VEOA IV MOEIREIEE X F AL O %
3-3-1  [EIARME AR

W, KFHSAFICIIT D A & 7 L —)1(m-CeHa(CH3)-OH) D A & ) — )2 K D A /v MIEIRE A
FIALIREECH D Mg, B IO, > U BHHERE TV 0 AEAER{EY) (Fe-V/Si0z) & FV T, MG
AL )=V TORAL T L — )LD RE 21T > 72 (Table 3-2), W ALl S | [7—EEE 5
TITBERSA LM T CRIGMEE SN D & & HiT, A X J — VO BN IS 3 RIBIZ ] S iz,
— . KMEETIRIZE A EAETR 0- A F LAY (3- A F /L7 =Y —/L; Tol-0-CHs) 23 HE i 5
ZAETIE 1~5%FRERH S, BRI, MgO il Tk A FOUALERME N EBAL LT, BRI, 3
£, 400°C 5 CTlIHs b ER 9% 7223 & A /L MikE A F/UALRIRE R ZIE 100% TH Y (Entry 5), 500°C
DG AEITITHAAL R 84% TEE A T /VLIRINE 95% 0315 H L7 (Entry 7), — . 400°C D@ A ST
T, A F BRI 62-75%., BIRWREIED DT 8T AFNT = ) — L P3RIRE D 7-
13mol% & 72 V) . AL MDA FIALEIPEIITRESH 5 L OO, BRI A T /ALEIG A ELT
LTW5, EBIT, 3-AF AT =Y — LRIREN 3~5mol% TH 5D Z &5, KIS CIdms ik
FLZ D72 0- A F AL ROG DS BER LS T CIIEIT T 2R R E b7,

Table 3-2. Catalyst screening for methylation of m-cresol with CH3OH using solid base catalysts.

Conditions; CH3OH/m-cresol = 13.5/1 mol ratio, LHSV = 4 h'1, time-on-stream = 90 min. ZrO;
prepared by calcination of ZrO(OH), at 850 °C.

Entry catalyst Temp.(°C)/ conversion """(Sﬁ_"'Yi?l'd"géz"'""bﬁ .............. S. ?!?ﬂiﬁt}ég./‘l). ............. efficiency of
Press(MPa) (%) CHa HaC total of ortho- QCH;z  CH30H (%)
H CO 2 @ H3C©CH3 methylation HBCOCHB @
3 H3C H4C HsC CH; HiC
1 MgO 400/ 16 92 32 7 18 62 13 5 100
2 400/ 14 92 34 7 17 63 13 3 100
3 400/12 93 35 7 19 66 12 4 100
4 400/8.2 89 40 8 19 75 7 3 100
5 400/0.1 9 7 2 0 100 0 0 93
6 450/ 0.1 28 19 6 2 96 1 0 88
7 500/0.1 84 41 11 28 95 1 1 79
8 Fe-Vv/SiO, 350/8.2 35 23 8 3 97 2 1 100
9 350/0.1 9 6 2 1 100 0 0 96
10 zo, 400/82 96 41 10 3 91 7 3 94
11 370/8.2 38 20 11 2 87 13 0 98
12 370/0.1 15 6 4 1 73 5 0 91
13 400/0.1 26 13 8 1 85 7 0 88
14 450/ 0.1 78 32 16 14 79 8 3 89
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3-3-2  Fe-V/SiO, fili i > 25k 25 )

Fe-V/SiO, fil i1, SAHZRM: CIIWIMITETE N Kb v TIEMEIR T Lotk #5WeR T2 @b LTz, E
W7 = )=V EHANT, A% ) —EDFNE 30:1 [ZZF LIS Table 3-2 & [AIEED ST
SAPGT D & RISBIRE R BREE L THIL L, WIHIC 46% % 7~ L7=nfb RS 12 BERiRE
WX 18% E TIKF Lz, —H BERR A & 7 — /L5 (15 MPa) Tl iEMEIR T B0/ TH Y |
72 WE# b LLEge i i OIS M 2 KEFF L 72 (Figure 3-1),

80 T —e— 15MPa
-e-0.1MPa
60 +
$
IS To
(2] 4
E’ 40 ‘Q
5 L ]
(&)
20 + G ---@-=—=———-- R 0
0 = ‘ ‘
0 20 40 60

time on stream, hours

Figure 3-1. Fe-V/SiO; catalyst life-time: Influence of time-on stream on the catalytic activity.
Conditions: 350°C, LHSV=4 h™ for 3 days evaluation.
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W, fEEEMICRE D AR 2 52T 572010, SAHE K OGN ST 72 B Ok
S EEAT % O fili i 2 B & HY LT 4% & O fiflii & bl U 7= (Table 3-3), 9. wEOHrIc X v llE & -
SR BEIL, SAESEMN E BRSO T, 2. 10 wtY%, 22 wt% Th 0, BEER R0 H
N2 ERREIE S S IRFBEDKRE SN D THAORERNE LN, £ 2T, ERREED BC- MAS- NMR
ZRE L E 2 A, BEERSMECHER UMl B2k, 6 125 ppm MTICHFERICIFIE S b RHE
FEOEREOIBINEN D D5 L, KA O L=l Tld, 648 ppm FHITIC A % 2 — /LD
BRI T BIEMIR D IR BTN SR L= 2 L bioTo, L7d» T, il b 0B RS 1%
§ 48ppm |[ZHBHI SN D IRFEFTH Y | A ¥ ) — VOB SRS EENRFERNEE 2 5D, B
B SRARIZR1T D Fe-V/Si0, IE D Fan BB RIT. A F /) — VOB ZREBP IR S5 Z iz X
DAV K E DIRBALVER & . LRI E DORBEER A 2 ) — W X D8, fEVER 233/
WHER LR Th D L EZLDND,

Table 3-3. Analytical comparison of the used catalysts between supercritical and gas phase
conditions, corresponding to Figure 3-1.

g P, C wt% in used cat. AWt% 13C-NVR,
Condition
MPa by elementl anal. by TG anal. d[ppm]
supercrit. phase 15 22 22 127, (48)
gas phase 0 10 9 48

43



"
w
i

3-3-3  FRMEIEMHEREVERR (L UL o = O AT RN

RS2 T 2 A0 ML A T b & 0- 2 F AL O K ZIE & il it & OBIGR % 7
RDTOIT, BERRIFC Ko TR - ERFHEZZLSE L2 ENTE DMLY Va2 =7 A
(ZrO2) Z AW T, FERERMEFS L OEARE R & ROS IR OB E et Lz, £, A% gy
/b= =17 A (ZrO(N03)2* 2H0) & 7 > & = 7 K TR 3R L CHA % LKL Y /b =2 = 7 L\ (ZrO(OH)2)
1372, ZhE, 430, 500, 700, 850, 1,000°C DR THERL L CREx OF{LY L a =7 L%l
B 72, 400°C. 8.2 MPa 5:fFC Table 3-2 & [AIERICHEAR L7 fER. HLdRAOS9 W EE - HEEME 2 R
ZrO2(850°CRERK) il 1X, 400°C, 8.2MPa DR S Tld Mgo & R DIEMEEL | LB AL
NMTEE A F AR 2 FBL LTz, ZrO; OFE - $EHEMIC WL, B U YV BaEEREIC L > TR
ROENTEY , PERIREIC X - TIRIEEMEO N T U ARE(LT 5 6, BV U laEE L BEER A ¥
J=IVPTDORXLZ 7 L =)L DAV Mk A FIALRIRERE L 0- A F /Ul (=— T /W) IR R
% ZrO; DRERIREIZX LT ey 925 & BUWHHBEEIfR2ME & 417z (Figure 3-2),

100 4.0
80
3.0
s | t
i =
a 40 F S
20 =
20 F \;_/\/@
0 L L L 1.0
300 500 700 900 1100

calci. temp., °C

—&— Sel. of ortho-Me
—S—Sel. of O-Me
«7/we Pyridine adsorption on the surface

Figure 3-2. Calcination temperature effect on chemoselectivity over the ZrO; catalysts.

BERKIRFE2Y 500°C D & &, 85% D BAF/2 A/ MLEA FNMALEIREKZ R L, X0 @O BERGEE
(700°C) TILEAREIME T L7z, 850 CLL EORE TR b |V 0% Z X D IIRKEZ B LT, 2D
L B REMEHIZV OV Y VWA EITVHEBEBRICH D | RRIIZ, 0- A FIALERIGE L5
WIIEFEIBIE AN TRD BTz, TS DOFREEND . 0- 2 F /L (—TF ME) R Zro, DFF R SR
TEMER & 72> THITT 5 — 7, A0 MBI EE A T OUALBOS IR A TEM R & LTIER L T
EITT5bDEEZOND,
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3-4 BEGHR A X — VUGS THEBET D Fe-V/ZrO, fili o> B 7%

AENE Tlo, ZUHTHEH 415 Fe-V/Si0 il 2 BER R T ICH WD & B TRl A3 m)
EFD2H00, 0-AFALHAEIE L CGERIENEAL T 2R S D 2 L 2R Lz, #HikE LT
Mz Si0; DE DD THWEMETI 2, HERNSMETIHEIMEICERELZ 52500 B2 60
%o EREOMK T HEEE R L, BEER A ¥ 7 — VIS CTRORENAER T D il 2 553 5 7=
DI, HIRORE - EENMZ BB ICHIET 2 2 ENFEZ LB b,

FERE, ZrO(OH), % 850°C CTHEK L TH7= Zr0; % SiO2 IR DR D IZ VT, Fe-V/SiO, fil it & [F]
FEDFIETHE A SRR L, BEERAZ ) —LHICBITA7 = ) — VOIS ERE L~ R L7
D a v TN U T AEAEREY)(Fe-V/Zr0) Zfiii & L CTHWD & mIEMET, o, mid
RIUEDFHGEAYIZ R BL L 7= (Scheme 3-2), 320°C, 15MPa O#BEHR A % / — VS F CEEIFRIZT =
=D A MLBIRAVI2EE A FAACRISDEIT L, T AT IRV R LY — ) e DA F L
B(2,6-F > L/ —W)DOEFHERFEIL 94 BITEL, 2,6-F ¥ L — /L ERD TEWIE(87 %) T
HIZ EMWTET,

OH OH OH OCHj
cat. CH,4 H3C CHg3
+ CH30H - + +
scCH3;0OH, 15MPa
cat. temp.[°C] Conv.[%] Yield[%] Yield[%] Yield[%)]
Fe-V/SiO, 350 65 48 17 1
Fe-V/ZrO, 320 99 6 87 0.5

Scheme 3-2. Effect of catalyst support on ortho-methylation of phenol using Fe-V mixed oxide.

45



"
w
i

3-5 fE=E

G A X ) — )V RONIE . o, BERE L THWT, BREILEIEEENE Cs-P/Si0, il 4 Ay
H7a—hE, 7= /) — VDA TFIALKISIZIEE L, 0- 2 FAb(=—T WME)BOG & AV M
BRI A T IALBUSZ DN T, £ & @ OTETE & 3R 2 RR O bR 2 B U 7=, BRGS0 T,
[ AR « HRREDN KA L D & K0 SIS BT 5720, il X OMHIRORE - W 2 5
WZHIES 5 2 EREETH D | ZAUT K0 EEARSE TR RE T DA A BT LT, T b,
FEH TG OERNE & FFD Cs-P/Si0, WMEN T 0- A F AR A | 59\ 5 & R miE B BERY Zr0,
HIRZFIH T2 Fe-V/ZrO, ik NN 72 A4V LRI A F AR EE T 5 2 L2 R L
770

F 7o, EIREE - HEIARELIC IS LT, BEERA Y ) — VR T TN T D2 8L, LLTOR
ERFoNsZExzH LML,

(1) APEMOM I

(2) A& ) —/NOENFEOIHNC X o @IRMEOR

(3) AZ J — NIRRT Dl b~ o —3 0 Z &AM L, Bl A s RiE 2 e S
nb

(4) il DERYE « M & AL M A F AL LN 0- A FAALOEIRPEZ &S WAEBE N &
D HEHEANE Zr02 2N RAF 728 A F ALY E 2 =T

2235 3CHK

[1] H. Fiege (Ed.), “Cresols and Xylenols”, Ullman’s Encyclo. Ind. Chem., 6th Ed. Elec. Release, Wiley
(2001).

[2] Y.Ono, H. Hattori, “Solid Base Catalysis’, Chemical Physics Vol. 101 pp.269, Springer (2011).

[3] a) W.-C. Choi, ].-S. Kim, T.-H. Lee, S.-1. Woo, Catalysis Today, 2000, 63, 229-236; b) K. Tanabe, T.
Nishizaki, Proc. Int. Congr. Catal, 6th Vol. 2, 863-871 (1977).

[4] a) T Katsumata, T. Dozono, AIChE Symposium Series, 1987, 83, 86-93.

[5] B.E.Leach, US patent 4,269,735A (1981).

[6] Y. Nakano, T. Izuka, H. Hattori, K. Tanabe, J. Catal., 1979, 57, 1-10.
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4-1 &5

VAR, ALZFERC = R L X =R D ZEAL ~ DA EEFE O, HERIRRRLIE & HBIE LT, A
v A AL @D RICERT HEM DN EEIC R > TV D, [EREE - SR A2 T
traa—R TN —REOFEST Y Y VEONA G A A A b ERER T A ISR A
AT TV D L RETIE, BEFERA X ) —VEISIEE, o, RS LTHWT, BUGHIZ
W92 [E AR - Y EEABESOS AR OB O —BR L LT, WD A ¥ /) — WK DT AT LA WA
FOSIZHE B Lz,

FEHEMEEO Y 70 'Y R&E RS LT 2L, /RN bA VAT I VEEE LT
MENTEY, ARG, HD0E, = AT ARG X > TH L2 BRSIEMBREIL. Rmis
PEALALHE S DO FERE R S L CIEH & T 5 (Scheme 4-1)%, & 512, IHETIX, BiBEaRET 5
NAFT 4 —BARELE L COMERAREINETED 5D 3, £/, BIETL7 VY T
FEHL S AU TIRIBHA, (EWES, . W2 T R BRSO R IR S bfh, B, L C3 FkHE L
THEHINTEY, el 7Y a—nxbe/a/ile RV 5 WNNI, 770 LA RT 7
UEgERE L CTEER I TS 4

Vegetable oil + excess CH3OH <=2 3 R=COCH; * HO (OH OH

~\ U
O 0 O
o~(0= o U
R ROR surfactant, cosmetics,
biofuel etc. C3 bio-resource etc.

Scheme 4-1. Transesterification of vegetable oil with subcritical CH3zOH.

BEFRNTY—RT AV il 2 D CREE STV D, S AREHE L CORIHZ B 2 5 & filik
I A MIAMEROBMIZIE RS LRV EL< 25 5, ik, WP EmAE O R &on T2
(Processing cost)(ZAL R § 5, 7 /v VABIEIZIZ, £, LTO3SORERHHT-HTh 5,

(1) fRBEDBERIEIC ST 22 BOBEIR L ETEBEIEY D54
(2) AERORIEIZ L DNEE T & #fha 2
B) BIFET 227 VY UMEMNETHY . AOFMAT 27201013 S IR TR LB

INTEEEZ B, ZNETICE L OBERMESRREINTEN 5, TS IT7 A0
)AE%7wﬁ)i%AEW PEIEME S T O ERIEETH B, _m%wﬁﬁﬁ\w@%ﬁwﬁm
JLE Co AT NS EITT 28 E2HF LT\ 5, LU, Wi E8EERRD NV 7'
U R ThDDHEIRMITIC Té%&/~wm®%%@ﬂﬁbfﬁ< FHAHE L TR — IR %
BT D, Z D7, BERMBEE > T 27 VWG T BRI, IR—1R—E 0 =A% & 7
N ¢”@%ﬁ&ﬁ@%&ﬁétbiimﬁﬁAX#~w7/fﬁé’imilimﬁ&ﬁ%ﬁﬁ
MmO TEL DN H 5, S HIC, 2L OEEEERIIOSEFICEBAmE L ORHT 5720
FEEWN AR — il & U Cidbkne Lﬁwi\m&r_%%ﬁ%éﬁo—ﬁ\lmﬁ%%ﬁ_mw
5l AT NZEIEEDMENTZ D@ WINRENLEL L 720 A ) — 07 V' R
RS DI, BIWEICRTEN 5, 5P & RO N 2 FRH LT, BRIV A AR D BH%E 23
D LTS, [EEL A ARG K 5 = AT VA #RE 1T Scheme 4-2 D L H 727 /L a2— /LD
REZBWHEAE CHITT DL EZDZENRNTH Y, VA ZAERPEDOIREEICE B L C BB
PTHOILTVND

48



B
S
it

T
C
I NAD T
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i \ /7
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s R'OH
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Scheme 4-2. Mechanism of transesterification for Lewis acid catalyst °

BilT. Yoo 517, SrO, CaO, ZnO, Ti0,=° Zr0, 72 £ O H—& R (LW fikitic X 2 @R 2 % /
—NVEHET COFEMMO T AT VRN DOWTHRE LT 5, BEERXTH S Sro <° Ca0 I,
1,000~7,000 ppm DR TR A F LT AT N7 Y 1 U AT 2 72 DA RIE R 5
HZEERERHL, S5I1C, HWEERE TH S Zn0 3 BAF R MEREZ RS H DD, 3ppm FREDEE T
HENAR A DSOS IREHT 5 2 & Z3iE L7, F£7=. Hillion & IFP(Institut Francais du Petrole) ™
TN—%, B TV = U ADR R NRES WA Z B L7z 8, 200°C O & R A (i
Bt A & 7 — WG T CREERK IS4 2 AW Il S 7 a e A 28 L Tl Y | AE
D CHEINTZIEREZ R RN B 5, MR DA L7 WERH IR TH 553, Yoo HDOHE L
L ThD e, BRI ZETY ¥y R A E R OSSPSR A oA e Z &2
L0, EHEOBEHZMHI L, 22D, ZATAZHRIENZHB LB oD,

ARFETIX, RO AN & = 2T WA R OSEIRPE DN &y 9 FB T DR8I L ¢, il
B A & 7 — & ROSSHTHIE LW ERAEEOBFIZ L D IR0 fLA T, 7205, IEHREE LT
B AMEN G CE 2 EBASBMICHEH L, 2z ) ¥y RakEirtEEamiemicEE b3 25
TRfRBRRE &L I BT, HEER A X ) — VB SEE. 2o, BRE LTHWT, iR & A #
SV ERH R E R DS CHERE T B — R AT LD EIT o712,

49



B
S
it

4-2  FEWIAR O = 2 T VAR s TRED Lk & [E AR o 00 52 7o e
4-2-1 ¥J—7 vV ikl

Y= 7 v h V) il & O DR8I IE D = A T VA AT 1 2 A % Figure 4-1 1283 2, JRUEFOAE
PR IL, o0 UOEKLE S TY UIREDBRESNA (T L TR), BT A L7amiRIZIE,
5 wtO% e & DO WFEE DO AEIAER (R-COOH) N & £ D720  RIZ. ZHEBRET HHEN D D (e TR),
e TRRIZ 1T, BRERREEZ VT A X ) — L E UG SETAF LT AT VLT 5 5k L Kz
U o ATE&BAEIL L CKERET D HERD D, = AT WAL OGEIZIE, B T i Fafi
BAT VR THT2MERH Y £, WTNOFIEICE W TE = AT VAT 5 |l
WG Z e D LB B D, T O X ) MR 21T o TR MR L A & ) — v b %
F R U AR FFD R(NaOCH:) D —RT W H U fAFAE T K — K k4 BE L7 kHE T 50~
65 C T AT VAT %, KISHIZ, FFE(Z V&Y R@) &R L TR 7 LA HALEL % 6 D
WL, FEMDBEL CEUX Lz (AT V) ZKEL T, Z7UkBY >, A& — fillft % bR
KL%, W52 Lick» T, o RHFENEEA F /Lo X7 L (R-COOCH3) 35 H 115, [FIY
ENTZTHREKEREZRATDH2ZLET, Wb LHZ7 VY UnEbnb,

L7V EY A2id, @E, 75~80wth D& HHR T/ VY UingGEn v, B NE I EME
bT 27 DIFME R TRANEIZ e 5, £, AMEE-OA RS Tl L CRSNBNIERR 7 (7
Ut RESIEEEA TV AT Ve B2l LTtk AIRETHRIL, AT 5EES % A57
Lo 7 VY HDAK ) —)L L KEKRBERIAGIZ L > TRME, B L THE7- 85Swt%fEd 7' Y
U AEBEZERE LT, BT &Y L (CHs(OH)s) & 725,

iRz, M7V 2 U ARIZEN S AUTEENT, HFRIALEE TREZ /R C, & L TABIBRE SN D29
AT Z LN TE R0,

4-2-2  HE SN 5 [E R

AR 2 VD 7 0 —FOG Y AT A ClE, B TEN Y T b & #$1#5 T & % (Figure 4-
2), 7u—KETIE, FEIOMPMIBICE T2 ) VIFEITERE AZEE O FERE 2D 72H, 1
KL [FERDOPT L TERBULETH D, = AT VAHENE & = 27 WAGTEME &[RRI 58 $H 3 2 [E A fih
BEZBRFETAUT, B TRENAREIZR DD THRNTH D, 612, RUSEOTHKRIZIE, BRIO
JEMEE A F 270 7R Y BERO, REIEDAF ) =V DHNEENT, MRS %5
FRNTD, BT, R, KVETENSAREI R D b BRSO BRI SRR NE U & HifE
TE 5,

FTbbh, BRI REERMEOHREX, LTI IcELvbnd,

(1) = 2T VSIS & BERERE IR D = 2 T WAV BUS D Wi I IEE 2 AT 5
(2) BUSHERHIZARBEEPERR 2 23 Y —F > IR, BT AME(f S 23 H 5
(3) AX /=N V& NI LR E ORI A R
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Esterification
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Transesterification NaOCH;/CH;0OH
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| | [ Neutralization & filtration |
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bio-fuel ;
v
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Figure 4-1. Conventional process using homogeneous NaOCH3; catalyst.

degummed
Vegetable oil CH;0H
I |
¥
Transesterification

Phese separetion

Pure FAMEs Glycerin
i V
bio-fuel direct use for

chemical resources

Figure 4-2. Target process using heterogeneous catalyst.
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4-3  FEMIRE O = 2 T )V ASHLR i bk D B 2%
4-3-1 A — b 7 L—T I K BER 7 ) —=2 7

flix DEJBEICFEEIEVER Y & L CEH DR ARSI S\ T, 7 VS LT R U A
LA (FLAVEERY Z7U® Y R)ERAWTALY ) —L & DT X VWSS 2 et Lz, flliio
A V== T3 A— 7 =T E2HWE Ny FRILTIT>7, Corma b °IZL D HEINTND
A Ra X YA SRR L TR SN Mg & Al OBEABR LYY, = AT VA HATE T
WS, T O B ILE D — O ThHH~Y IR T LADIFIERRL . b O~ HOWMAEILHET
HLHT NI =T LDIFFEGBINETIC@R AR E LT 5720 IHAMEICHER 5 Z &
MHERTE Tz, T720b, REY—Rffl L THEL TEBOT, LA, B—RMME LTHEML
TWDATREMED B D, ZAUTKT LT, Fix OEBGEESS 2 i)Y &y R fbimi& ISk AA
ATEALE W) % 5 2 ARk U CRIARZR 3TN 2 S L 725 JL. Table 4-1 |ZFE#% L 72 2 C O FHMifift T = <
T NI ET L, 23D, ISR ~DUE N IEF D IRWMEHM 3 R T & 72, FRIZ, Fe¥' X
Mn* & Ti*EMBR DA N A F A FGEYS° Mn & Al O 550 R EE{EH) (Mn/Al il & BE R 3 2) 08
PR L OREEOBUS TENLTND Z ERNbholz,

Table 4-1. Screening of catalyst for transesterification of triolein using batch reactor.
Conditions: 60g of triolein and 20g of CH3OH with 2.5g of catalyst powder in 200 ml stainless-steel
vessel.

catalyst temperatue, yield conc. of leating M
°c Fatty methyl esters Glycerin ppm

TiO, on SiO, 200 74% 42% -
TS1 200 76% 53% Not detected
TiO, on ZrO, 200 79% 79% Ti: <1 Zr: N.D.
Tio 521050, 200 69% 63% Ti: <1 Zr: N.D.
HTiNbOg 200 80% 56% Not detected
TiVO, 150 79% 51% Not detected
FeVO, 150 66% 20% Fe:N.D. V:130
CoV,0, 200 43% 15% Not detected
CeVO, 200 65% 24% Ce:N.D. V:250
FeTiO4 200 94% 94% Not detected
CoTiO4 200 7% 41% Not detected
NiTiO3 200 63% 63% Not detected
MnTiO5 200 87% 49% Not detected
Mn/Al 200 94% 61% Not detected
Mn/Si 200 30% 7% —

Hydrotalcite 150 e 63% Mg:17,800 A:6,900
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4-3-2  JhFE DB

JFUEEE LTl S A R MEMIAR (2 DWW T, WAk T 2 R8I NARE R4y % Table 4-2 (2% &
Wiz, I 3— A0, FEH(Rapeseed oil 35 & Of Canolaoil), = =22\ T, MnTiO3
kA7 T, 200°C, 24 BERES o FROSFHE L72fE R, W o cd Y A LA v ERERC
RS D3 HEAT L7z (Table 4-3, Entry 1-4), AR D RFEHNFE = 208, LD BWIRFESHZFFO
R AR L Y b EWRIGEE R LT,

W, WEBERENIE % 5.1 wt% BT DM/ S—AlE AT L C, HRR— A0 & ROSPEZ i L7
(Table 4-3, Entry 5), SUSMEDME T 9 Dm0 0 | SEHERRIER AT K 2 AR SRR VR 23780
HIVDH N, UL ORI EIL 1.9wt% E TR F LT\ 5 Z &5 MnTiOs il 138O &
HIEMIEE 2 = AT LT DIEENH D Z E¥bhro Tz,

Table 4-2. Typical distribution of higher fatty acids in various vegetable oils.

Fatty acid C number double bond | Palm Rapeseed Canola Coconut
number

— <12 0 15
lauric 12 0 0.3 a7
myristic 14 0 1.1 16.5
palmitic 16 0 45.1 25 4.5 8
palmitoleic 16 1 0.1 1
stearic 18 0 4.7 15 15 4
oleic 18 1 38.8 18 58 5
linoleic 18 2 9.4 16 22 25
linolenic 18 3 0.3 6 8 1
arachidic 20 0 0.2 1 1

gadoleic 20 1 10 25

behenic 22 0 1

erucic 22 1 44 25

Table 4-3. Variety of source vegetable oils.
Conditions: 60g of vegetable oil and 20g of CH3OH with 2.5g of the MnTiO3 catalyst powder in 200
ml stainless-steel vessel.

Enrty vegetable oil conv., % yield, %
glycerides free acid Fatty methyl esters  Glycerin
1 refined Palm 99 — 81 46
2 refined Rapeseed 100 - 81 52
3  refined Canola 100 — 76 53
4 refined Coconut 96 — 89 64
5 crude Palm 90 63 61 23
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4-3-3 HEEER A Z J — iz L AR

MIED T AT VST, FEO MY 7)Y B, BEIO, FEEOY 7)Y Rex® /) 7
Ut U R, BN, R ONENIEE A F L 2T UIRRPEDME, BIEST S 27U & U o FEE A
A ) — JVIFRPE DB N, 7 v — S AT A CRER AT & 2hZRe I b S S B 72 12 1A
Wk EnEEn s,

FP R S— A &2 RS LTV T, MnTiOs il fE(E T2\ v F s % Table 4-4 #k DX
IGRE TR T 5 2 & T Fix ORISR 3T 2 M O SO RE 2 g8 U 72, [E AR E A A 5]
LTCHRELEE, 7 7 A 780 & NEBLER 2 VNI RBHATR 2 AL, % % 100~200°C D#i[H T
FAATBEIRAE A B F@LHI L 72 (Figure 4-3), 150°CLL F DA, $8{LF 40%LL FTIEA ¥/ — V(R
YL 77Uk RHE(FB)DAEL, —FH., RGEB TRk 80%LL EDIRTEIZ 72 5 & AR RE ) Widis
LCmRF AL E 7YY UH(FE) A U, 72, KR hBIEZ U2 U RoMmEE
PRI L > TH—FZEKRT 2N S 5 Z & BB S 417z, 200°C O & fE s (e SURE) T,
AN U 7 AR TR b ST Y . B—ME T 5 Z LB bho T,

Table 4-4. Composition of reaction solutions for the visual observation.

Enrty time, h conv., % yield, %
Fatty methyl esters  Glycerin
1 0.5 24 7 4
2 2 40 19 12
3 7 67 43 31
4 125 81 57 42
5 24 90 71 56
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[ Condition : 150°C]
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[ Condition : 200°C]

double
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phase

Figure 4-3. Visual inspections of phase behaviors.
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4-3-4 Mn ZfiblE D 7 o — O EE

FERLS— DM Z RS L CTHWT, 2 B LZIFRBED 7 1 — RS IEE T AT VASHAR G 4 5
fi Uiz, AH )= b = A4 &2 AR 7 T7 4 — R L., 200°C, 5 MPa 5:ff CH—72{5HH
% AR S TR & BRI EOG ST, il LT, 03~0.5mmo DRE ST LIz~ T A
JLAFA F(MnTi03) F 72137 /v 2 FHHEs~ > B il (Mn/Al) % U 7= & 5 % Figure 4-4 (2739,
Mn/Al filft#i C1% 5,000 BERLL B0 @M A2 MEER T& 72, —J7. MnTiOs il Tk, 1,000 FERLAKE,
T2 AL DS S =,

100 (RS

80 Open symbols : Mn-Al

Closed symbols : MnTiO4
O, @ : Conversion

Conversion and yield (mol%)

60 - O, m : FAME yield
A, A : Glycerin yield
40 L] L] L L L]
0 1000 2000 3000 4000 5000

Time-on-stream/h

Figure 4-4. Longterm test on the transesterification of refined palm oil with CHzOH using the Mn/Al
and MnTiO3 catalysts.

Conditions: T=200 °C, P=5 MPa, LHSV=1 h™ and Palm oil/CHsH=1/9 chemical equivarent, using
catalyst 10 ml scale.

4-3-5  BEREER] O 52

I, MnTiOs filtfi 2 FHV N THEARRFH] 0O 52 %8 4 F -~ 72 (Figure 4-5), A %/ — /L &EDE/N %
IEYEFE THRD T, I I MM AIERE L CH ., HEED Y7 Y& U R(HOCH,-CH(OR)-CH,0R)
&€/ 7 U+t Y F(HOCH:-CH(OR)-CH20H) A3, &5t T 6 WIREKFT 2 Z L bholz, ZTiUL,
S D= AT NWAZH AR S 3 D DB 72 M SIS 72 5 728 Td % (Scheme 4-3), T 7205,
U ZU®Y NIX1LSTOENBEATF LT AT VOEREZE-> T, BEMICC 7R R, £/ 7
UVEY RERT, &7Vt &30 FOEBATF VAT VES 25, £/ 27V &Y K
RVI7 VY RBERET D & A ABERCREIEER 2 & WTFnoRETHME LoRMBER S
Ho DD, —H, AZ )=V EZ AT AW LT RICHDBEZITO, TReoZ7 V&Y vzt
FAANRELE, EEBOT AT VEEFEAY ) —)L T AT VA L C G E et S8 D08
NH 5,
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FAME

L Glycerin

10 F Monoglyceride

mmol cm-3
o
(6]

0.0

contact time, 7min

Figure 4-5. Contact time course of the product distributions over the MnTiO3 catalyst.
Conditions: T=200 °C, P=5 MPa and Palm oil/CH3H=1/9 chemical equivarent.

RCO, HO

RCO, + CHOH =—> RCO, + R—CO,CH; (eq. 1)
RCO, RCO,
HO HO

RCO, + CH;0H —> RCO, + R—CO,CH3 (eq. 2)
RCO, HO
HO HO

RCO, + CHOH =——> HO + R—CO,CH; (eq. 3)
HO HO

Scheme 4-3. Reaction pathway of transesterification of glycerides with CH3OH.
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4-4 HY| T BoEki 7 v —i 7 e A DB

7 n =G a EANS 2 Bodift$ o MOGEEE 2 R L 72 (Figure 4-6), A %/ —/L 9 54 Bl o
ES RN 200°C\ 5MPa 5 C 1B H O AT VAW Lok, MHKINREMRIEL T7 7 v va &
LI LIZEYD, WMRIOAY ) —NVERETDH, UKD JBIBATF LB L7 U D L
7 )k /kdﬁﬁﬁ/\@%&éﬁt%ﬁiéﬁ 7V Y CORBEREDREEGTHILENTE D, 5l
EfiE, 2BATZ YR REABGDZ AT AEE A X ) —/) &% F 200°C, 5MPa &/ T X
TN L CRIGE SEME S D VAT LERE LTz,

FER, T FHHER U (M /AN 2R LT 2 BERUS AR e A TEM LI L 2 A,

IEEEMICRIEDNETL, 70k Y F‘EPFWZ!KMEEHTZD Z LN TE = (Table 4-5), £7=, BIID
**;ﬁzli R FRBEDOHOBIET, 7V Y U ERBEICEGT 52 & Ak L?l(Table 4-6), =
ITHELNEZ Y RY T, mEZae R URT 7 u LA SCEBT D0 aE O E %
FOZ LRI TND T,

>
X
Evaporator|
—
S 1 Evaporator
CH30H o7 T
o 2
- o) Fatty ester
7] = s
— A
Settler
'
, Glycerin
Palm oil Settler
Glycerin

Figure 4-6. Continuous- flow consecutive fixed-bed reaction system.
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Table 4-5. Result of the transesterification of refined palm oil using the consecutive flow reactor.

Reactor Condition

Results, mol%

1st RPO? /CH;OH = Conv.=96.7
1/1 by wt.
200°C, 5.0 MPa, Yield = 91.1(FAME)
LHSV = 0.7 hr* 82.5(Glycerin)
14.2(Glyceridesb)
2nd Ester Conv.= 100
phase/CH;OH =
1/1 by wt.
200°C, 5.0 MPa, Yield = 99.4(FAME)
LHSV = 1.0 hr* 98.4(Glycerin)

1.6(Glycerides”)

? RPO means refined palm oil, ’ total of monoglyceride and diglyceride.

Table 4-6. Comparison of quality of crude glycerin between conventional and flow process.

flow process conventional
process

Purity 97% 73%
Salt & Soap Negligible 12%
Water 0.5% >1%
Ash Negligible 3%

pH =7 =11
Physical

Apperance

Slightly yellow  Brown pasty
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4-5 JGHEREIZBE T B4
4-5-1  JUSEMREED IR 7587

7 v — ST 1,000 FFf#R % O MnTiOs I OFEAT 2~ & | BOUCHERE I BRI 3 2 Fn 735 bz,
% OB A SOSE N B EH U SIBRIE T Tn-7 % /) — LV CHald LTI IRBE L7 5R
HNVRE L L— MNEEFRIZIRIE SN DR 72> 7 vy 1422~1560cm™ OFEII B S 7=,
Z Ofitfi A W TR S — MO = 2T VR N E A — 7 L—T TRy F RIS L7 & 2
5. T Ly a et IR L VISR NEST LTz, Ny FRUGHE Ofili A2 B O IR JHlE9
HETNRFT L— FDT 7 FVDEK LT (Figure 4-7),

----- Washed by butanol

Reused and washed

3500 3000 2500 2000 1500 1000 500
cmt

Figure 4-7. Infrared spectra of the MnTiO3 catalyst used.

Wi, fRERE O VAR b— NREREOETT VIS EMLEMT T, A% ) — Vg S T T
PRI DFEERR~ > 77 > (Mn(CH3C02) 2+ 4H,0) & VN, A &/ — )W X B0 R I s & St U 7=, & DRGSR,
FEfE A F L AT )V DER AR S 72 (Scheme 4-4), ZD L &, Fifig~ 2 T30 L T~ 0
VKL, BHDWIE, B VKRB I AR SIS T E BN TV S

Mn(CH3CO5), - (4H,0) + excess CH30H — 2 CH3CO,CH3 + Mn(OH), ?
10 mol% yield (unidentified)

Scheme 4-4. Control reaction: Mn(CH3CO2),/CH30OH=1/15 mol ratio, reflux 8 hours.

60



B
S
it

4-5-2  SULSFERE O HEE

B~ o T 2 R D = A T VA OCHERE I BT D BLEERY R TS DT e n Tz | Bk
SLCHREICT 2 Z S 13 TERWVD, B2 B TR LUIZBIER A ¥ ) — i K 2 2w W a5 TR o i B
TER &, RIEIOET VRILDOMRER L2 5L TELET 5 &, ARIGITMBERmO I L ARF o L— b
W ETEDN R R A 2 ) — L & DALZRI RS L » THBET 5 2 & T, IS N Y —F o 78§
(T LTl ERE N BB T & 72 L B 2 515 (Scheme 4-5), FUGDFH —EELE LT, U7 U %
U K&~ 0 g O KEEIE & ORGSR SRS EIT LT, 7 V') ROEREFE
o THRBER EN ARG D VAR o L— NRERENAE T 5, 5l & C, HEER A % ) — VR ERE S
JLIRF T L— MEICER L CIENE A F L= 2T L3+ %, 55 BT, B S iz
HCTY 7Vt RRGfEENT, £/ 7 V8Y RBPEU T, RFFZERBI VAT Lb— NEPER
T, TOAT T EEYIRTZ L THERINZTZ AT IVAHOSHEIT LT, 19 FDO R 7 U &
U RN 353 FOREMBATFNZATLVE 1707 V') UELND, T720b0, A ¥
J—=VE, R O VR v b — MR ORBEARE T DHEN H D LB DT ENTE D,

|

/C\

o YN0
R'OH ‘ CH3OH

Mn

1 OH

R_COZR R_COZCH3

Mn

Scheme 4-5. Plausible mechanism for transesterification over the solid Mn-catalysts under
subcritical CH3OH condition.
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4-6 fES

ARBETIE, WEERA X ) — V2 OSEE, 2o, BRE LTHWT, Mg & IglE A F /v
TRATNET VR CEGERRER TR~ o R E AR A B U=, R A % ) — TR
REITHERE T D ETAEL T, 7V | D VoA X ) — VBB R EED 2 L, WM ANE &
B WVEIRME OS2 R LT, £ iR A Y ) — NV E AT 52 & T IS E H—fHIZ T,
EEOmRERERN R OM Bl & B0 BWERAERIS S AT LAHE L, B—FR T V70
U AIEEIC D 2 B E R EBEO B B 7 v — SV AT W FRE LT,

Thhbb, YUTNREIRTaw AT, BEEMNECLRVWRERHD, EHIC, FONDRIE
U R AL WEROT VA Y R L TR o T, T I8% L EOEMETHY . T R
WFRENERIIE DN & 72\ e WS 5 2 L R <Abpa B LT 5 2 & 23 TRBIC 7 5 R
LTz,

2275 3CHK
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5-1 #=

CO; & C1 RFHEIE L THEMT L 00E, BREAGEBOBLRIZT TR RAMEROAZ)
EHOBR CEERIN TS L, ZRETIZ, CO, & T UE=T L & BAMEA/E T, 180°C, 20 MPa
ST CRINSEDIRFBEMIESRC, CO, 7=/ —NDF NI UL EZaNLR s a3y MG
WZE DY U FAMe, WABEEE LTHERR T e Nax v 2B &2 RET 2 HiENERbS
TU 5 (Scheme 5-1)%,

CO, + NHs —  » H,N—C—NH,
180°C, 200atm I
(@)
ONa OH OH
COQNa
C02 + —_— +
100°C, 125atm

COzNa
Scheme 5-1. Examples of industrial processes using CO; as a C1-building block.

UL, Leitner 53, Ao U LA Z WD T VD8 Ra Xk R = bKG %
45 L7-(Scheme 5-2), Z DGl COx & T v & BHRZRRRIIIE 7 VR RS % L IR 5
AR TE D720, TEMICEERMNZEEZLND 4, KRETIE, 770 Rekxiv il
R bRGE 7 a— b2 2 E 248 LT, 7 e — RISl 2l 25542 2 L 2 i
2. Ak DT LG RO IEEMRE DR E & SUCHERE O 21T - 12,

2.5 mol% Rh,Cly(CO), (1) CO,H

+ CO, * H, > N O

25 mol% PPhj, 50 mol% CHjl,
[x50 mol] [x2 moll 44 11104 p-TsOH - H,0 in

CH3CO,H, 180 °C >7MPa, 16h 88 mol% yield 2 mol% vyield

Scheme 5-2. Hydroxycarbonylation of cyclohexene with CO; and H; using the Rh2Cl»(CO)s complex
coexinstng with PPhs; and CHsl under p-TsOH acidic acetic acid solvent.

TN D R NR=AURISIE, @E CO &M T, ikn v Ay 7uans KT v
R = VBB (1), RhoCl(CO) ) DIFAE R, b U 7 ==Lk A7 4 /(PPhs), I — KA X (CH:)% 71
EF—F—E LTHEHL, /N7 bbx 2 Z)LaR U (p-TsOH) & N U 72 BERRES I . 180°C. 16 IRffH]
THRUSEIT L, 88%DINR T 7 m~FH 2 LR R (Cy-COOH) ARG H 5, ZD & &, CO I
a2 AR LTHI 50 5LV, KEN 2MEENLDOFRMELE2->TND, ZOKIERTIE, K
JEH. BERO, G TREOERZ AT LT, 1oy AflEMREC B D 5 BN 2 S E o
ALTWRYY, Leitner H1E, flix DRNAKT ~)VERIZED, a P T LB VR=LVFEIZLD CO; &
Hy DKMET A 7 B OGS (r-WGS) Dy 71 b a7 AR AT ¢ UFRIZ X 5 7 VLK
D F1 VIR = AV DY A 7 v & A3 EE) U CTEH LT\ b &84 L Ty 5 (Scheme 5-3), £7-,
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BOSE R 53 A0 DR EAC BB 2~ T 1) 7 m~F Y o VR BOAERIZHE SN A S5l
ZE BXOL i) IRy aatY U (Cy-D) EERBEY 7 mF L L X T )L(Cy-0Ac) & 3T T 1
XU OBIRIIIR SRR TH L FTREMEIC DWW TR L Cnd, LavL, — 5T, Gyl R
Cy-0Ac DFUEIZT 7 manFtE o LD bRV L2 H5bETHELTEY ., /7 =N N AR
REORZ K D7 D/\%*JL/WJI/T/MEEE%E&@W\%kz*)%ﬁ“é Tebb, 7u—RItMEIZiE
IO AR AT D 72T, v YT AETEMERE OGRS, MY A 7 LI JOVSREEE O FEH
[ZDWTHI B2 J“Zoz\%ﬁ%éo

a) Raction pathway

| OAc or OH COOH

b) Catalytic cycle

X

Rh_o Rh—alkyl

X
G Rh—OH
0, H, aIkyI alkene + HX
'>L/ aIkyI X
Rh—H (X=0H, OAc, I)

aIkyI COOH + HX
r-WGS equilibrium (Cycle #2) hydroxycarbonylation (Cycle #1)

Scheme 5-3. Previously proposed reaction mechanism of organorhodium catalyzed hydroxyl-
carbonylation of alkene with CO2 and H; %,

AT, FOSFMERBEFIC L TOMERSIC L, &5, KMET AW 7 N UG OfEEY 1
NDREEE YRS 5 BT, CO/H2IRA T A DDV ICFEE(HCOOH) & Hv iz, £, ZEHREAMN
ML L THR G L b7 antt 27 A7 UFRNE LORIR Lz, & 512, Mliys v
FEEBETE WD, BT ARIGO 3P-NMR F85r & 42 OXfIRERR, 72 5N, LRAFZEL T
® DFT BRI BT 7a—F L 2HABDED Z LIk > TREEITV, [EE(L T & S Al
TEHEREZ B &2 Ly FIS LW EELfEE 2 553 2 72D OfRE 2 M Lz,
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5-2 Xk MO Rk

COz/Hz I-RA T A &L XML ORISVEZ IR LTz, #w 0 AGEIR(L) 2 A AisiA L L TER L
Teh. XA L CHMRISO RN EITT 5 2 & 258 L7-(Scheme 5-4)°, &% {4
HZEILEoT, vruntbrolisflbRE 7 a~h o DIVRUVERIVEN E b iIZm BT 52 &
Dy Do Tz, F -, BEED Vaska HUSE{A((2), trans-RhCl(CO) (PPhs)2) & i ATER AR & L CTHWS &
BSER (L) & IZEREROZNE THIIRISDNEITT 5 Z LB g0 o, WTROEE S KIGHEIZIE
FBOIZIEFEEN DML TRV, MIERHICHE LT A5 CO DA MER X7z, Table 5-1
ICHER A2 —EIZ L TR,

2.5 mol% Rh,Cly(CO), (1) CO,H
a) + HCOOH - s
3 mol 25 mol% PPhs, 50 mol% CHl,
[x3 mol] 18 mol% p-TsOH - H,0 in
CH53CO,H, 180 °C 1MPa, 2.5h 84 mol% yield 1 mol% yield

5 mol% RhCI(CO)PPh; (2) COH
b) + HCOOH > +
25 mol% PPhj, 50 mol% CHl,
[x3 mol] o .
18 mol% p-TsOH *H,0 in
CH3CO,H, 180 °C 1MPa, 2.5h 79 mol% yield 1 mol% yield

Scheme 5-4. Hydroxycarbonylation of cyclohexene with HCOOH.
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Table 5-1. Hydroxycarbonylation of cyclohexene with HCOOH and CO2/H..
Entry Clsource t(h) Additive _(moleratio) ratio)” Conv.” Yield (%)°
P/Rh  CHsl/Rh (%) Cy-COOH  Cy-l Cy-OAc Cy-H
1 2 HCO,H? 2.5 CHsland PPh; 5 10 94 79 4 1 1
2 2 HCO,H? 2.5  Phs(CH3)P-I 3 1 67 9 0 25 1
3 2 HCO,H? 2.5  Phs(CH3)P-I 45 2.5 89 77 1 3 1
4 2 HCO,HY 2.5 Phs(CH3)P-I 7 5 84 76 1 2 1
5 2 HCO,HY 2.5 Phs(CH3)P-land CHsl 7 10 94 82 2 1
6 1 HCO,H? 5.0 CHsland PPh; 5 10 97 84 2 0 1
7 1 HCO,H? 2.5  Phs(CH3)P-I 0.5 0.5 62 10 1 17 0
8 1 HCO,H? 2.5 Phs(CH3)P-I 2.5 2.5 64 27 2 19 2
9 1 HCO,H? 2.5 Ph3(CH3)P-I 5 5 85 61 2 5 1
10 1 HCO,HY 2.5 Phs(CHs3)P-landCHsl 5 10 88 74 2 2
11 2 CO,/H/ 2.5 CHsland PPhs 5 10 91 48 10 4 7
12 2 CO,/H/ 2.5 Phs(CHs)P-I 3 1 61 6 2 16 16
13 2 CO,/H/ 2.5 Phs(CHs)P-I 45 2.5 75 32 11 12
14 2 CO,/H/ 2.5 Phs(CHs)P-I 7 5 80 41 8 7
15 2 CO,/HY 2.5 Phs(CHs)P-landCHsl 7 10 88 51 10 5
16 1 CO,/HY 2.5 CHsland PPhs 5 10 90 52 11 4 6
17 1 CO,/H/ 2.5 Phs(CHs)P-I 05 0.5 48 2 21 1
18 1 CO,/H/ 2.5 Phs(CHs)P-I 2.5 2.5 48 4 5 20 2
19 1 CO,/H/ 2.5 Phs(CHs)P-I 5 5 58 20 6 16 3
20 1 CO,/HY 25 Phs(CHs)P-landCHsl 5 10 76 30 11 8 5

Reaction conditions: T=180 °C, 5.7 mmol of cyclohexene, 100 mmol of CH;COOH, 1.0 mmol of p-TsOH-H,0, and

0.28 mmol of Rh as mononuclear complex in 30-ml pressure vessel; “Total mol number of free PPhs and coordinated

PPh; ligand in Rh source complex vs. that of Rh as mononuclear complex; ®Conversion rate of cyclohexene; ‘GC
yield using internal standard; 21 mmol of HCOOH; °1.36 mmol of (Ph3(CH3)P)I (i.e., same amount of (PhsP(CHs)I)
was used in entries 4, 5, 9, and 10; 290 mmol of CO, and 12 mmol of H, (i.e., initial pressure is approximately 13
MPa at 180°C).
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5-3 fkEne U7 ABEAR((1), RhaCl2(CO)4) & PPhs & DS
5-3-1 FIHREFIFAIC X DT

Cycle #1 (281 B 1 ¥ 7 LA OIEMERE 2 -5 72912, DFT fHEIC L » TARR LGS Hilka ¥
U LIRA T 4 R 2 HEE L 72 (Figure 5-1), b ZEICAEET D851, Vaska B trans-
RhCI(CO)(PPh3); (2) TH V| $5K(1) & @ Gibbs =K /LF —71%-27.48 kcal/mol & 725, F7=, cis-
RhCI(CO),(PPh3)#E {4 (A) & Gibbs T /L ¥ —TE-21.34kcal/mol T ¥ AFET 5 ATREM: D 8 5 8,

FEIR(2) 1 I BIFEMERNEm L R D LB BN D,

2 x| OCgpCO 2 x |PsPr g oPPh
PhsP”  ClI PhsP”  ClI
cis-RhCI(CO),(PPh3) (A) RhCI(PPh3);
AG=-21.34 X V4 AG =715
\\\CIII,
OCH“Rh“‘C"Rh‘\wCO
oc” CO
J/ Rh,CL(CO), (1) N\
2 x [PhsPrg CO AG=0.00 2y |PhoPr gy CO
oc”  cl PhsP”  ClI
trans-RhCI(CO),(PPh;) i cis-RhCI(CO)(PPh3),
AG =-12.82 AG =-12.1
2 x| OC gy PPhs G 0
PhsP”  ClI
trans-RhCI(CO)(PPh3), (2)
AG = -27.48

Figure 5-1. The mono- and dinuclear Rh(l) complexes with different number of PPh; and CO
ligands. Gibbs free energies (in kcal/mol; 69.085 atm, 453.15 K) were obtained at the B3LYP-

D3/BS2//B3LYP-D3/BS1 level in the PCM acetic acid.
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5-3-2  EF LD 3P-NMR fi#HT

CoDe IR THEIR (1) & ZE/L D PPh; & =i TIRA T 5 & . cis-RhCI(CO)2(PPhs)#{A(A). 35 L TN,
BIEZEEIR((B), Rhz2Cl2(CO)2(PPhs)2). 72 B TNT, SHIK (2)23ERkT 5 Z & 23 3'P-NMR JHIEIZ & - THE
MTE o, BT, HWEID PPhs ZWINT 5 & | #5RA)B L OSERB)YD S 7 FAnER L, ¥ 7
NDTr— R= 7 &> T, Vaska BEHIK (2) D34 UT=(Figure 5-2)°, ZOfER, EEn T
LEEAR)IE. @FEID PPhs DIEAFIZ LV . Scheme 5-5 DFEEE T Vaska gk A(2)~LH s D Z &
MWbhoTe, R TIRAZ X 51T, SR & E5A2) TIE. Wb FRIERIC HRICDEIT L7722
LD Cycle #1 OJEMFEIL, HEEr VU LK TH L Z LRI D,

0 29.5 ppm [/ =128 Hz]
trans-RhCI(CO)(PPh;), (2)

a) Rh,Cl,(C0),/ PPh; =1:2 mol ratio

0 26.3 ppm [J =128 Hz]

& 45.7 ppm [J = 177 Hz
ppm [ ] cis-RhCI(CO),(PPhs) (A)

Rh,Cl;(CO),(PPhs), (B)

l A b) Rh,Cl,(C0),/ PPh; =1:1 mol ratio J M
. b\

45 40 35 30 25 20

[ppm]

Figure 5-2. YP-NMR spectrum of reaction of 1 with PPhs in CsDe at room temperature.

oc cl oc PPh; -CO oc cl PPh
NN /CO PPhy N N N PPh3 oc PPhs
RA /Rh\ —| 2 Rh\ - /Rh\ /Rh\ e RF;
oc” i co oc” i PhyP cl co Php”  CI

1) (A) (B) (2)
Scheme 5-5. Reaction pathway of 1 with PPha.
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5-4  SOBMEEAI(CHs) & B oD AR AT ¢ VRO KR
5-4-1 FHRFIFIC X DT

WRIZ, ROSEER & S TS CH3l OEFIZ T D 72D, #5R(2) & CHsl DEUSHEIZ DWW T,
GRRM % W% DFT #5447 - 7=, Figure 5-3 |25k L7= & 912, CHsl A 2.0 PPhs Bl /7 1121
L CAHRAR=" LM (PhsP(CH3) - 1) & L OB S, = ¥ —[EREZR < 3 B 14 & 785K ((3),
RhCI(CO)(PPha)) & 5% 5, Z 9 L THA U D85K(3)~ CHsl 23 LAIfINd 2 Z Lz kv, 8%
\ZZZTE TR 5 B 16 BB 1 A T /L$E(K((4a), RhCI(CO)I(CH3)(PPha))BEL 5 EE X B 5 (G = -6.92
kcal/mol), 14 HEFEHA3)IT AL E /272 3 P-NMR CHEBAICHFELBHIT D Z LN TEX 20,
Figure 5-2 THUH S N D EZSEIRB)IIEHA(I) D —EIR L LTIRA D Z &N TE D,

B, RAR=T LB LD ZEREBE L2WGAEIZIE, 2206 14 EFHEEREB) D AT AG=
+18.32 kcal/mol D7 v e )L 72 BT OHEIT L7e\, £, 2NEBEAIC CHsl 28E LI L <
HELDAREMED B 5 6 Bl 18 FE-854((C), RhCl(CO)I(CH3)(PPhs)2)lE. G = 6.61 kcal/mol T
EHHNCARIR AR TH D, ZDT2D, SERCOILFTIERNTEER(3) ~ R D% & . PPhs BlA7 173
iR L Co5iA(4a) 2L U DR A FF > LB 2 bid, E72, Figure5-3 TlE, #4548 (4a)73 4 U 515
b= V¥ —(AG I = 23.23 kcal/mol) %, 18 FE 5K (C)EMRDIEMAL =RV F— (4G { = 17.75
kcal/mol) X ¥ & @E\W\23, da DEM ) I Z R O TRIGHR Tl HFE LT 0 EfRRT 5
ZENBTED,

t

OC.., PP
1< Nl
CHs
TS
= OC/., . PPhy
S @) ¢l 23.23 |
; "
3
= OC1, | wPPhy
(<D] Phsp”  CI
+
PPh, \ 11.72
M
OCi.._ ..PPhs 6.61
/Rh\ -
PhsP Cl CHs
OC.,, | PPhy

@

PhsP”” k ~cl

(4a) 0OC,, | .PPhs
[Ph;P(CH,)] | =R~
6.92

Figure 5-3.  Gibbs free energy profiles of the oxidative addition of CHsl. The Gibbs free energies
(in kcal/mol; 69.085 atm, 180°C) were obtained at the B3LYP-D3/BS2//B3LYP-D3/BS1 level in the
PCM acetic acid. TS: transition state.
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5-4-2 EF )LD 31P-NMR

BRI LT 10 f5E/LD PPhs & 20 fE/LD CHsl 2 &85 &, 3IP-NMR A7 |
JLC 6 21.4ppm |Z PhsP(CH3)-1 DA HERS S 41, 6 29.5ppm (T Vaska BUSEAR(2) D ERK & & BT,
6 28.0ppm T 2 BT A RS L7 3 — REE{R (trans-Rh(1)(CO)(PPhs),) D AR 3 ffERe C & 7
(Figure5-4)’, ¥£72, LIZRZT2H2HWL &, v 7 FARTe—RMed 250D, FEROKE R3S
bz, B ORERIT, Figure 5-3 128 L2 @RS ETT 2 2 2 KR 2R ES 2D,

Rh(1)(CO)(PPha)2
0c=29.5ppm  — 4=28ppm O=PPh;
RhCI(CO)(PPhs)2 (.

J0=21.4 ppm
[PhsP(CH,)]-l

Pvbnah A, . “JJU{-JLL—NJ
adl h 1
T T T T t T T T T t

35 30 25

20

A

100 80 60 40 20

0 -20

Figure 5-4. 3'P-NMR spectrum of reaction of 1 with excess PPh; and CHgl in CgDe.
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5-4-3  $EIR(2) & H VO 72wk IR EEBR

FOSRAER DN R A MRS 2 72 012, SEIR(2) Z il & L T TxE 325k 21T > 72 (Scheme 5-6),
Scheme 5-4 b) D EERZA 1235V T, PPhs t CHsl Z N TSRS Z21T 9 & HBBUS T EITE T2,
7 a2 U~ OFERRA NP (Cy-0Ac) 3 HERE S AU7= (Scheme 5-6 a)), = DSAFIC, 212%F LT 10
fEE/LD CHsl ZIINL TH L & B HBY{EE9(Cy-COOH) MR 41 % TH K L 72 (Scheme 5-6
b)), £/, TOISEIIED 3P-NMR (2 LV | R AR =7 A (PhsP(CHs) - ) DFAEZ HERR T E 1=,
EBHIZ, BY U AROIEFE T TlE, 9% T Cy-COOH & Cy-1 23 U743 (Scheme 5-6 ¢)). X
FEPRIEFIMRND T, RAR=T LN D DA Y R(PhsP=CH2) R X D I VR FEAE R DNSFIT
W CTX 5, T7bb, 2ITENL LTS PPhs A3 CHsl DIEFAIC X » TR AR =0 A4 L L Clid
LT, MEFHEBERSNVELDZ LT, BIEPEITT 5 LR TE 5 2 L1272 | Figure5-3 ®
FHRAERDNR S RSN D,

a) Without PPhz and CHjl

O 5 mol% RhCI(CO)(PPh3), (2 O/COZH
+ HCO,H O/ O/
without PPh3 and CHjl,
18 mol% p-TsOH -H50 in
59 mol% conv. CH5CO,H, 180 °C, 2.5h 1 mol% yield 32 mol% yield 0 mol% yield

b) Add excess CHj3l vs Rh without PPh3

5 mol% RhCI(CO)(PPhy), (2) CO.H
+
HCOH ) mor CHjl without PPhs,
18 mol% p-TsOH - H,0 in
87 mol% conv. CH3CO,H, 180 °C, 2.5h 41 mol% yield 6 mol% vyield 18 mol% vyield

¢) Without Rh complex

without RhCI(CO)(PPhs), CO,H
+
HCOH s ot PhsP(CH3)
18 mol% p-TsOH - HZO in

54 mol% conv. CH3CO,H, 180 °C, 2.5h 9 mol% yield 22 mol% yield 9 mol% vyield
Scheme 5-6. Effect of CHsl as a promoter.
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5-5 B IVIR = VAL R D GRS D HEE
5-5-1 7R AF=7 AEOTINEDOZhE

FOGHEREEICBIT 2 A 2155 HIU T, BEr YU A8KQ). 7203, BESEE)ZHWT, K
JEHER] & L Cs AR = 7 A K (PhsP(CH3) - 1) D ¥RINGh 3 % 3~ 7= (Figure 5-5), " AR =7 LM OYS
INESHE 2 5 12-241T Cy-COOH DUERDME R L, 5 5 E/VIRITOERIZIERD 76 %IZ#E L=, N
BN LD D72V CIE, BEfE = X 7 /L (Cy-0Ac)<° I — NMEW)(Cy-D D3RR S LD Z & 26| Leitner
HORREFRRIC, ZNONRISHEETH D E T B LARWEERIE LT,

Yield, %

0 1 2 3 4 5
ratio of phosphonium iodide/[Rh]

Figure 5-5. Yields of major products vs. molar ratio of PhsP(CHs):| / [Rh] as a mononuclear
complex; closed and open symbols are for 2 and 1, respectively.

5-5-2  FHERMEIC X A R (Cy-0Ac, Cy-OH, Cy-1)IZBH3 % figsr

LonL, BRSNDFRUED Y 7 m~F L7 b 2— )1 (Cy-OH)PHERE — 2 7 /L (Cy-0Ac) 72 & 1
VLT R AFENRAEL HT-OITIE, BMWRFE -BEESEZRARTIMNERND D, 20D, I
5OEEMA 3 BAL 14 FBEEERG@)ICEBILIMT 2O A= Rr V¥ —2{bz Wit - 7=
(Scheme 5-7), & DFER, RFE—BEFHEA ORI INERIZ, T — FME(Cy-D &L T, &LL<
EM L R =03 E < o, AU D 5B 16 BT 7 /L /LA (4, 4d) SRS RIS AR L E T
HHZEBPLhoT,

Thbb, ZNOOEMIE. 7 u~Ftr OBRKRBRGTRIETIZRAVWEZE2 5N 5, K
IS T Tl p-TsOH BAVERERRTAIE T Tdh 5 Z L7235, Cy-OH 38 X T8 Cy-OAc 1% p-TsOH D E&fifi
FIC L AWHRSISERY Th o> T, 7 a~ftr & Qa2 LMY & LB & T
W5 &E Z 55 (Scheme 5-8),
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T
| comp.3 OC._ .PPhs OC’;-Rh.iPPhs
Q — i T — | S d AAG =-2.48 keal /mol
OC/"'Rh"“\PPhS AGt=16.21 kcal/mol
|/ \CI
(4b)
OH t
O OC.,  .wPPhg OC.. . PPhs
comp.3 ho TN Ho. /i AAG =12.59 kcal/mol
/ OC”'-Rh-"“PPh3 AG%=40.42 kcal/mol
N
HO Cl
(4c)
OAC OC,/“ ,\\\\Pph3 OC//,. .‘\\\Pphs t
comp.3 RhQ Aco”:’Rh\Cl AAG =15.10 kcal/mol
——~ AcO Cl— —>0C., | .PPhy AG$=38.26 kcal/mol
RN
AcO Cl
(4d)

Scheme 5-7. Gibbs free energy profiles for oxidative additions of Cy-I, Cy-OH and Cy-OAc to the
complex (3).

fast
Q + AcOH or H, 0 <~—— OAc or OH
pTsOH
slow
Q + [PhsP(CH3)] I  ~—— | + PhyP=CH, ?

Scheme 5-8. Reversible pathways from cyclohexene to Cy-OH, Cy-OAc and Cy-l.
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5-5-3 W1 LIR = )UALIEFRE O oA

INE TORBERE L THRLND LR = /Uil (Cycle #1) Dl 27 /L% Scheme 5-9 |2
AT, £ B YT AR LR = VR () PPhs 2MEH L C Vaska BUHEESEA ()AL L D, 2
@P%ﬁﬂﬁ?m(ﬂdﬂ@ﬁbfoT VAL UTCHEEL ., 3ELOHEE R YT A 14 F %#
REB)WAEL D, ZIUCHFRED CHsl AERERIFIN L, 51 &HEW TR ST 5 BN 16 7
£/ b KU REA(6) 2525, 2D Rh—HFEAIZT V7 A LT T V3 L 1K (4b) 2% C .
FREOBGIRIZ L > THEUR COBFHAL, GIEMNT, NIRRT L Z LIk 0, fafnh LRy
2 (Cy-COOH) 23 AR L. [RIFFICESIAR(6) DN HAET 5, SER6)2 D1, e 7 AbKFEICED 1458
TEEAR(3) &% T ZAUC Cy-1 DB LAIA N3 2488 C b i o 7 V2355 Z LN TE 503,
Leitner L3RG L CWbD 7 a~Fi b Cy-l & DORIGMED S . Rh—H f5&~DT V7
DFFADEIETLLEZOND, Fo, FEERITNT Mo Z)VR U K> TRIGSRMET T
CO LARITHRT 2 Z L%, BIBFER L 7ok FRFERIC LV il LT,

CH,l
PPh3 OC\ /PPh3 CHsl OC\ /PPh3
Rh,Cl,(CO);, —  RhCI(CO)(PPh3), RH, — | /R|h\c;|
™) @) cl SH, co
) \
[PhsPCHg] | (4a)
oc\Rh _PPhy
| e
CH3OH HZO /CO
/8/ HsC (5a)
PPh
\Rh/PPh3 \Rh/ 8 H3C‘COzH
| e - I~ | Sl
Cy
(4b) (6)
H,0
C& ocC PPh %
R Cy-COH
| el
co
/
Cy (8b)

Scheme 5-9. Reaction mechanism of hydroxycarbonylation of alkene using HCOOH.

Leitner & OFEHfiT H#HEHIIZ DUV ClX, Scheme 5-9 [ZXAVXLL FO L D ITEIRT 5 Z LN TE
%o T bH, Cycle#l DEDOMPEIEMEFEIZE / & FU FEHAG)TH Y . ZHBHEIN/ERT 5
EE TERBINDDICET HZHIRNFEIA YT 5, Z4UE, CHl OEREAMINTIEE L =L
XN E N2 SRS 5,
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5-6  KPEH A7 b BOS (r-WGS) il -1 7 1
5-6-1 HiffiKFELY D AR

HZEEIR(2) 2 ikl FUE E L CHW A, COy/H IRAEVT ATORIEE, bV ICXERE -
RIS E &S 5L, v a~ft /ﬁ.ﬁMMAﬁ VE RS 2R K E CHAMUK B L (2 7 m~F W, Cy-
H)@iﬁk%ﬁk% <HEip o7z, ﬂ?@k%ﬂ%wé k T Cycle #2 (r-WGS JJiz) D5 ii.“mrn%u émi_

(KT % &5 2 b5 (Scheme 5-10), & 512, [FAEROBEA M ERZEH A (L) 2 AW IZ 5 EI2 H B
S 417z (Table 5-1, Entry 10 & 20),

5 mol% RhCI(CO)PPh; (2) CO2H
a) + HCOOH . O
25 mol% PPhs, 50 mol% CHal,
[x3 mol] 18 mol% p-TsOH - H,0 in
conv. 94 % CH3CO,H, 180 °C, 2.5h 79 mol% yield 1 mol% yield

5 mol% RhCI(CO)PPh; (2) CO.H
b) t COy * H O/ + O
25 mol% PPh3, 50 mol% CHjl,
(x50 mol] [x2 mol] 45 1610, p-TsOH - H,0 in
conv. 91 % CH3CO,H, 180 °C, 2.5h 48 mol% yield 7 mol% yield

Y

Y

Scheme 5-10. Formation of cyclohexane as a simple hydrogenated by-product.

5-6-2  HUMUKRALSUSERIEICBE 9 2 GHRR AR MEHT

IKMEH 25> 7 s OIS A 7 L (Cycle #2)I2OW T, Cycle #1 & [FAEEIC 3 BUAT 14 B 7-554(3)
INEELETRATH L LEZXOND, 3T H LRSI L TAL S S B 16 EF2E R
U FEEA((Z), (RhCI(CO)(H)2(PPhs))) 28, HLMIKSBILE S DOBIRVEZ IR D 5 &35 2 T, DFT 3HAE ZAT
5 7-(Scheme 5-11), Z D#EF. $5K(Z)» Rh—H FEEITKF LT CO, AHEA L THL A — b Sk
(RhCI(CO)(HCOO)H (PPh3)) A RS 5 k& DIEMAL = % L ¥ —(AG T = 23.7 keal/mol) X, > 7 @~
FErD C=C _HEAGMFEAL Ty Z a~Fibe KU REER(RhCI(CO)Cy(H)(PPhs)) R AL T 5
B OEMAL = RV X — (G I = 25.7 keal/mol) L ¥ &, 2 kcal/mol 7ZiHE L 72> T 5,

Xle a4 285121k, Z04IT Scheme 5-11 a) & WilcETe Z 21220, 2oL &FEM (LT
FNAF—TEBITELS DD 7 a~H 40T E A AR LRV, £72, FERITIR FLERA
FFAETTCO & HaO IZhf L, — 5, BEMERIE T TIX COz & Ho lTfid 5 Z & idE SN TR
V3 mYy ASEHANEE LA WO RSO FREME A BE L TH ., BBYESRMF T CIE He 23Z
EAEETRNEED, XREHVWDHRT iﬁ*&mﬂ@ﬁﬁﬁfp I3 TR L 72 5,

Thbb, HMKEYZ 5 2 5 RIS OFRMEIZSER(Z) D Rh—H F5E ~O i AHE O iE
AL TWD Z ERHL NS T2,
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a) Insertion of CO, to the complex (1) AG* (co,) = 23.7 kcal/mol
based as comp.(Z)

oC,_ .PPh{*
O,Cf\O';/\ ~cl
v
AG=6.22
AG
AE+ZPE
) O-c.q
oC., . PPy OC/R . .PPhy
AR HT | o 'h\CI
H Co, P & oC wPPhg
@ \—/ AG=-10.64 i
(3)
AG=-17.45 AG=-20.95 AG=-21.07
. Reductive \‘ -
<«———  Carbonylation elimination HCOOH
. ¥ =
b) Insertion of alkene to the complex (Z) | AG (CsHio) = 25.7 kcal/mol
based as comp.(Z)
oC.. .PPhy*
Rh
O’?\ ~c
L AG HOH
+
AE+)ZF’E Oici«,Rh‘\\PPh AG=8.20
oC., . +PPhs <7> wa ~ci AG=1.89 0C,._ .PPhs
H/A\Cl oG, | PPhs oc._ .PPhit
.
v ~,
alkene H IL cl oc PPh
@ N
— AG=-14.28 o
AG=-17.45 AG=-18.49

. AG=-43.68

Reductive
elimination

Proton transfer

Scheme 5-11. The Gibbs free energy profiles for insertion of CO; and cyclohexene to the complex

(2).
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5-6-3  JKMEAT A 7 b S (r-WGS) gt

Cycle #2 [ZOWTIL, FWEZHW DT TETITFEMEZMIET 5 Z L IXTE R0, 2 2 Tl
3 B 14 FE S5 IR(3) &2 EE P A & ALE AT U TR Y1 7 L 2 #EE T 5 (Scheme 5-12), Cycle #1
ERIBRIZ, BN 1 O 0 LRI (D)2 BB AR (2) 22 T, 14 B8R EB) N AEL D, ZHIZ He
MBI L TP Y REEE(T)E 720, 20 Rh—H A2 CO, MR A L TEMMREL T, =
NUEEMESRME T C CO & HO Wi T 5 & &bz, 3BFAT D, T72b5H, Cycle #2 O E Dl
EMEREIL, U FU REER(@DTHDH LB BND,

FRED— hoofh, FlZIE, Cycle #1 OIEVERE(6) & /KT T A & OEFEN 72 FISIZ E > TH—H
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Scheme 5-12. Reaction mechanism of reverse-Water-Gas-Shift reaction through formic acid
formation for the organorhodium complex. TS: transtion state.
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Scheme 5-13. Image of concerted highly-dispersed catalyst.
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Scheme 5-14. Consecutive flow reaction system.
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Scheme 5-15. Essence of the reaction mechanism for the organorhodium catalyst.
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Materials:

Spherical silica beads of 10-20 mesh size (CARIACT Q-30, Fuji Silysia Chemical Ltd.), mordenite
with a Si:Al atomic ratio of 9:1 (HSZ640HOA, proton form, Tosoh Corporation), zeolite beta with a Si:Al
atomic ratio of 12:1 (CP811E-22, proton form, Zeolyst International), silica-alumina with a Si0,:Al,03
molar ratio of 11:1 (N632L, Nikki Chemical), y-alumina (N612N, Nikki Chemical), sodium nitrate (99.9%,
Wako Pure Chemical Industries, Ltd.), potassium nitrate (99.9%, Wako Pure Chemical Industries, Ltd.),
cesium nitrate (99.9%, Wako Pure Chemical Industries, Ltd.), and ammonium dihydrogenphosphate
(>99%, Wako Pure Chemical Industries, Ltd.) were used for a catalyst or its precursor.

Methanol (>99.8%), 2-aminoethanol (>99%), N,N-dimethylaminoethanol (>99%), n-
butylamine (>98%), 2-pyrrolidone (>98%), ethylenediamine (>99%), N,N-dimethylethylene- diamine
(>97%), 1,3-propanediamine (>97%), 1,4-butanediamine (>98%), 2-(2-aminoethoxy)- ethanol (>95%),
and ethylene glycol (>99.5%) were supplied by Wako Pure Chemical Industries, Ltd. N-
Methylaminoethanol (>99%), N-isopropylaminoethanol (>99%), 3-aminopropanol (>98%), 4-
aminobutanol (>98%), 5-aminopentanol (>95%), 1,5-pentanediamine (>95%), 1,6-hexanediamine
(>99%), 1,7-heptanediamine (>98%), and ethoxyethylamine (>99%) were supplied by Tokyo Kasei
Kogyo Co., Ltd. Aniline (>99%), N-ethylaminoethanol (>98%), and distilled water (for preparative
liquid chromatography grade) were supplied by Kanto Kagaku Co., Inc. All materials were used without
further purification.

Catalyst Preparation:

Cs-P/Si0; Catalyst.
The Cs-P/Si0; catalyst was prepared using the following procedure. Silica beads (60.1 g, 1 mol)

were impregnated with an aqueous solution of cesium nitrate (39.0 g, 200 mmol) and ammonium
dihydrogenphosphate (18.4 g, 160 mmol). The crude mixture was then dried at 120 °C and calcined at
500 °C for 2 h in air. A Cs:P:Si atom ratio in the catalyst was 1:0.8:5, and the specific surface area was 7

m?/g. The Cs-P-Si catalyst was found to have only macropore, approximately 50 nm diameter determined
by the measurement of mercury porosimeter and N; adsorption isotherm analysis.

K-P/SiO, Catalyst.
The K-P/Si0; catalyst was prepared using the following procedure. Silica beads (60.1 g, 1 mol)

were impregnated with an aqueous solution of potassium nitrate (20.2 g, 200 mmol) and ammonium
dihydrogenphosphate (18.4 g, 160 mmol). The crude mixture was dried at 120 °C and calcined at 500 °C

for 2 h in air. The K:P:Si atom ratio in the catalyst was 1:0.8:5, and the specific surface area was 5 m?/g.
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Cesium on Silica Catalyst (Cs/SiO,).

The cesium on silica catalyst (Cs/Si02) was prepared using the following procedure. Silica
beads (60.1 g, 1 mol) were impregnated with an aqueous solution of cesium nitrate (39.0 g, 200 mmol)
without ammonium dihydrogenphosphate. The crude mixture was the dried at 120 °C and calcined at
500 °C for 2 h in air. The Cs:Si atom ratio in the catalyst was 1:5, and the specific surface area was 2 m?/g.

Phosphorus on Silica Catalyst (P/SiO3).
The phosphorus on silica catalyst (P/Si02) was prepared using the following procedure. Silica

beads (60.1g, 1mol) were impregnated with an aqueous solution of ammonium dihydrogenphosphate
(18.4 g, 160 mmol) without cesium nitrate. The crude mixture was dried at 120 °C and calcined at 500 °C
for 2 h in air. The P:Si atom ratio in the catalyst was 0.8:5, and the specific surface area was 80 m*/g.

Other catalysts used here were compressively pelletized to 0.3-0.8 mm and calcined at 550 °C for 3 h in
air.

The Continuous-Flow, Fixed-Bed Reactor System for N-Methylation of Amines with scCH30H:

The continuous-flow, fixed-bed reactor system consists of five components as follows (Figure
2-1): (i) the equipment for feeding of the methanol solution of amine (PU1580 HPLC pump, Jasco
Corporation), (ii) a preheating coil (SS316 tube, 1/16 in. X1 mm X 1.0 m) in a GC oven (GC14B,
Shimadzu Corporation), (iii) a high-pressure, tubular reactor (SS316 reactor with Swagelok VCR joint,
1/2in. X10 mm X 135 mm) in the previously described oven, (iv) an automatic back-pressure regulator
(880-81, Jasco Corporation), and (v) pressure gauge attached to upper and lower pressure limiters with
automatic power breakers (GL Sciences Inc.) and pressure release valves (R3A, Nupro) as listed in Table
E-1. Because the critical data of pure methanol are T. = 239.5 °C, P. = 8.1 MPa and p. = 0.273 g/cm’, a
tubular reactor has a maximum operating temperature and pressure of 537 °C and 24.1 MPa,
respectively.

Table E-1. Major components of the continuous-flow fixed-bed reactor (Figure 2.1).

Component appatatus

feed pump PU-1580, JASCO

safety valve R3A, NUPRO

back pressure regulator 880-81, JASCO

reactor oven GC14B, SHIMADZU

valves SCF-Get SV-500, JASCO

reactor tube 1/2 inch SS316 with VCR joint, Swagelok
pressure limiter Digital Pressure Gauge Limiter, GL science

power current breaking device  PowerStopper, GL science
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Catalytic N-Methylation of Amines with supercritical CH;0H:

The N-methylation reaction of amines in the gas or supercritical phase was isothermally carried
out in a continuous up-flow tubular reactor (Figure 2-1). The tubular reactor loaded with catalyst
particles was placed in an air-oven. The temperature controller of the oven controlled the reaction
temperature, and the temperature in the catalyst bed was also monitored during the reaction. A mixture
of amine and methanol was introduced into the reactor through the preheating coil with an HPLC pump.
The pressure in the reaction system was controlled by the automatic back-pressure regulator at between
0.1 and 15 MPa. Standard reaction conditions for the N-methylation of 2-aminoethanol were the
following: 5.0 mL of catalyst, the reaction temperature and pressure of 300 °C and 8.2 MPa, respectively,
a molar ratio of methanol to amine of 10.8:1 or 20:1, and the space velocity as normal liquid flow rate of
a mixed solution of reactants, LHSV (mL-liquid/mL-cath) 5 h%.

The reaction products were identified by GC-MS analysis (Agilent 5973N-6890N, Agilent
Technologies). The selectivity and chemical yield of the products were determined by GC analysis (GC-
17A, Shimadzu Co.; FID detector and DB-1 capillary column, J&W).

Conversion of amines X, yield Y, and selectivity S, of methylated products N-methyl 2-aminoetanol,
N,N-dimethyl 2-aminoethanol, (abbreviated as compounds “n”) were defined as

Xa= (Faini) - Fa)/Fa(ini) X 100 (%)
Yy = Fo/Fa(ini) X 100 (%)
Sn=Ya/XaX 100 (%)

where Fg(ini) and F, represent molar flow rates of reactant amine at the reactor inlet and outlet,
respectively, and F, represents that of the methylated product n at the reactor outlet.

During the reaction, no degradation products of methanol such as dimethyl ether, carbon monoxide or
methane were detected. Methanol was only consumed as a reactant in the N-methylation reaction.

Visual Inspection of the Phase Behavior:

A visual inspection of the inside of a 10-mL high-pressure vessel equipped with sapphire
windows (TSC-W, Taiatsu Techno Corporation) confirmed that the reactants and possible main reaction
products are all dissolved into supercritical CHz0H to make a single phase under the reaction conditions
examined here.

The Magic-Angle-Spinning NMR Measurements:

The NMR spectra were measured by the use of a Bruker AVANCE 400 spectrometer, whose ***Cs
and *'P resonance frequencies were 52.49 and 161.97 MHz, respectively. The chemical shifts of 1*3Cs and
1P were determined using 1.0 mol/L aqueous CsCl solution and 85% H3PO, as external standards.
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Materials:

Magnesium carbonate (basic, light), zirconyl nitrate dihydrate (>97%), aqueous ammonium
hydroxide (28 ~ 30%), iron(III) nitrate nonahydrate (>99.9%), vanadyl oxalate hydrate (>55% as
anhydride), were supplied by Wako Pure Chemical Industries, Ltd. and, synthesized amorphous silica
powder (Sylysia 350, Fuji Silysia Chemical Ltd.), were used for a catalyst or its precursor.

Methanol (>99.8), phenol (>99%), m-cresol (>98%) were supplied by Wako Pure Chemical
Industries, Ltd. All materials were used without further purification.

Catalyst Preparation:

MgO Catalyst.
The magnesium oxide catalyst, MgO, was prepared by calcination of magnesium carbonate at

540 °C under a nitrogen atmosphere for 5 hours. The specific surface area was 90 m?/g.

ZrQ; catalyst.
The zircoium dioxide catalyst, ZrO,, was prepared by precipitation from the reaction of

ZrO(NO3); and aqueous ammonium hydroxide followed by calcination at 850 °C under a nitrogen

atmosphere for 5 hours. The specific surface area was 9 m?/g.

Fe-V/SiO, Catalyst.
The Fe and V mixed oxide on SiO, was prepared by impregnating a homogenous methanol

solution of Fe(NO3); andVOC;0;4 into synthesized amorphous silica powder (Sylysia 350, Fuji Silysia
Chemical Ltd.), followed by calcination at 750 °C under air for 5 hours. The Si:Fe:V atom ratio in the
catalyst was 10:1:1, and the specific surface area was 106 m?/g.

In the case of non-use for amorphous SiO, the triclinic FeVO4 phase was detected by powder X-ray
diffraction analysis.

All catalysts used here were compressively pelletized to 0.3-0.8 mm before testing.
The Continuous-Flow, Fixed-Bed Reactor System for Methylation of Phenol or m-Cresol with
supercritical CH;O0H:

The almost same continuous-flow, fixed-bed reactor system in chapter 2 was used for the
methylation reaction of phenols in the gas or supercritical phase.
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Catalytic Methylation of Phenols with supercritical CH;OH:

The methylation reaction of phenols in the gas or supercritical phase was carried out
isothermally in a continuous up-flow, tubular reactor (Figure 2-1).

Standard reaction conditions were used 5.0 mL catalyst, 300 °C, 8.2 MPa, molar ratio of
methanol:phenols = 13.5:1 or 20:1and the LHSV is 4 h™*. The reaction products were identified by Agilent
5973N-6890N (Agilent Technologies) GC-MS analysis. The selectivity and chemical yield of the products
were determined by gas chromatography analysis (GC-17A; Shimadzu Co., FID detector and DB-1701
(J&W) capillary column).

90



4=

Materials:

Manganese carbonate hydrate (>88% as anhydride, Wako Pure Chemical Industries, Ltd.),
titanium dioxide (anatase, Wako Pure Chemical Industries, Ltd.), the alkylated cellulose (METOLOSE,
Shin-Etsu Chemical Co., Ltd.), activated alumina beads of 150 mesh size (AC-12, Sumitomo Chemical Co.,
Ltd.), and manganese (II) nitrate (Wako Pure Chemical Industries, Ltd.) were used for a catalyst or its
precursor.

Methanol (>99.8), triolein (>60%) were supplied by Wako Pure Chemical Industries, Ltd.
Vegetable oils (refined palm, crude palm, refined rapeseed, refined canola, refined coconut oils) were
supplied from Mitsubishi Corporation. All oils were analyzed for the amount of effective fatty acid and
glycerin before testing.

Catalyst Preparation:
The heterogeneous Mn catalysts were prepared using the following procedure.

MnTiO3 Catalyst.
An aqueous dispersion of MnCO3, TiO; (anatase) and the alkylated cellulose was prepared. The

mixture was pelletized and then calcined at 1000°C for 5 hrs in air after drying at 120°C. The BET specific

surface area was 1 m?/g.

Mn/Al mixed oxide.

Activated alumina beads of 150 mesh size were impregnated with an aqueous solution of
manganese (II) nitrate. The crude mixture was then dried at 120°C and calcined at 800°C for 5 hours in

air. The Mn:Al atomic ratio in the catalyst was 1:14 and the BET specific surface area was 84 m?/g.

All catalysts used here were compressively pelletized to 0.3-0.8 mm before testing.

The Continuous-Flow, Fixed-Bed Reactor System for Transesterification of vegetable oil with
CH;O0H:

The almost same continuous-flow, fixed-bed reactor system in chapter 2 was used for the
methylation reaction of phenols in the gas or supercritical phase, except for individually feeding
vegetable oil and CH30H using separated two feed-pumps, respectively.
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Catalytic Transesterification of vegetable oil with CH30H:

The transesterification reaction of palm oil in the subcritical phase was carried out isothermally
in a continuous down-flow tubular reactor (SS316 tubular reactor with a Swagelok VCR joint, 1/2 inch
x 10mm x 220mm). The reactor was loaded with catalyst particles and placed in an oven. A mixture of
refined palm oil and methanol was independently introduced into the reactor through the preheating
mixing coil with its own HPLC pump. The pressure in the reaction system was controlled by an automatic
back pressure regulator (ER-3000, TESCOM/Emerson Corp.) at 5 MPa.

Standard reaction conditions were used (15-mL catalyst, 200°C, 5 MPa, a flow ratio of palm
oil/methanol = 1/1 by weight and the LHSV is 1 h™; which is the liquid hourly space velocity, calculated
based on the liquid flow rate of a solution of mixed reactants at atmospheric temperature and pressure).

The chemical yields of the products were determined by gas chromatography analysis (GC-
2010, Shimadzu Corp.; FID detector and DB-FFAP (for FAME: fatty acid methyl esters) and DB-17ht (for
glycerides) capillary columns, Agilent J&W; using anisole and 1,3-dimethoxybenzene as the internal
standards, respectively) and the conversion of triglycerides was determined by UPLC analysis (Acquity
UPLC, Waters Corp.; PDA detector). Analysis of di- and monoglycerides were carried out by GC after
derivatization to silylethers. Conversion of triglyceride X, yield Y. of FAME and yield Y, of each glyceride
-product, i.e. glycerin, monoglycerides and diglycerides were defined as:

Xa = (Fa(ini)-F,) /Fa(ini) x 100 (%)

Ye=F. / [Fa(ini) x 3] x 100 (%)

Yn = F, / Fo(ini) x 100 (%)

Fo(ini) and F, represents molar flow rates of reactant palm oil at the reactor inlet and outlet, respectively,
and F. and F, represents that of FAME and glycerides-products at the reactor outlet, respectively.

During the reaction, no degradation products of methanol, such as dimethylether, carbon
monoxide and methane were detected. Methanol was only consumed as a reactant in the
transesterification reaction.

Measurement of the amount of leaching metal species from catalysts:

Leaching of metal species was checked by an ICP-AES analysis (CIROS-120, SPECTRO Analytical
Instruments GmbH) of the diluted homogeneous samples of the product two-phase solution with methyl
isobutyl ketone solvent.

Visual Inspection of the Phase Behavior:

A visual inspection of the inside of a 10-mL high-pressure vessel equipped with sapphire
windows (TSC-W, Taiatsu Techno Corporation) confirmed that the reactants and possible main reaction
products are all dissolved into supercritical CH30H to make a single phase under the reaction conditions
examined here.

The model reaction of manganese diacetate with methanol to methylacetate:

The manganese diacetate tetrahydrate (Mn(CH3COz)2*4H,0; Wako Pure Chemical Industries,
Ltd, 5 g / 0.02 mol) was dissolved in methanol (15 g / 0.30 mol), and refluxed at 70°C at atmospheric
pressure for 8 hours. Some brown solid was precipitated and methylacetate was generated (10 mol%
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yield) by GC analysis of the liquid phase (GC-2010, Shimadzu Corp.; FID detector and DB-1 capillary
column, Agilent J&W; using 2-ethoxyethanol as the internal standard).

The bench-scale two-stage reaction system comprised the consecutive two fixed-bed reactors
with the flash evaporator and the settler:
Figure E-1 shows the details of the consecutive two stage reaction system (Figure 4-6).
(a) The first reactor; 8 cm¢ x 220 cm, Austenitic stainless steel 316
(b) The second reactor; 8 cm¢ x 160 cm, Austenitic stainless steel 316
(c) The back pressure regulator, MOTOYAMA ENG. WORKS, LTD.
(d) The flash evaporator; 8 cm$ x 100 cm, Austenitic stainless steel 316
(e) The settler; 6 cm (W) x 48 cm (L) x 10 cm (H), Austenitic stainless steel 316
(f) The feed pump, diaphragm metering pump, NIKKISO CO., LTD.
The typical capacity for FAME production was 60 kg per day.

o)
@ (£) M ethanol M ethanol
()
(d)
d
Methanol 7 7 (@
b P>
(@) ®) 7 FAME
e Z
&
(©
(e)
() ()
g Glycerin
(e
Vegetable Oil

Glycerin

Figure E-1. The two-stage reaction system comprised the consecutive two fixed-bed reactors.
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Materials:

Di-p-chloro-tetracarbonyl dirhodium(I) (for organic synthesis, Wako Pure Chemical Industries,
Ltd.), Bis(triphenylphosphine) carbonyl rhodium(I) Chloride (99.9%, Sigam-Aldrich),
Triphenylphosphine (99%, Sigma-Aldrich), lodomethane (99.5%, Wako Pure Chemical Industries, Ltd.),
Cyclohexene (>99.0%, Tokyo Chemical Industries, Ltd.), Formic acid (99%, Wako Pure Chemical
Industries, Ltd.), Acetic acid (>99.5%, Wako Pure Chemical Industries, Ltd.), p-Toluenesulfonic acid
monohydrate (>99.0%, Wako Pure Chemical Industries, Ltd.), Methyltriphenylphosphonium lodide
(>98.0%, Tokyo Chemical Industries, Ltd.) were used for the hydroxycarbonylation reactions. Liquid CO-
(>99.9%) and H; gas (>99.95%) were supplied by Iwatani Corporation. All materials were used without
further purification except for iodomathane. lodomethane was used for all the testing after the
purification by using alumina column.

Reaction Procedure:

All manipulations were conducted under purified nitrogen. 0.14 mmol of Rh,Cl>(CO)4, 2.77
mmol of CHzl, 100 mmol of CH3CO2H, 21 mmol of HCOH, 1 mmol of p-toluenesulfonic acid monohydrate,
5.7 mmol of cyclohexene and 1.37 mmol of PPhs were charged into the 30 ml pressure vessel (TVS-N2,
Taiatsu Techno). The hydroxycarbonylation reaction was carried out at 180 °C for 2.5 or 5 hours in a
batch manner. In the case of CO2/H; gas used instead of HCO2H, 290 mmol of CO; and 12 mmol of H;
were charged in similar manner (i.e. initial pressure is approximately 13 MPa at 180°C). After cooling to
room temperature, the product solution was analyzed by GC and GC-MS. The reaction products were
identified by GC-MS analysis (GCMS-QP2010SE, Shimadzu Co.; TC-FFAP, GL Sciences). The selectivity and
chemical yield of the products were determined by GC analysis (GC-2025, Shimadzu Co.; FID detector
and TC-FFAP capillary column, GC Sciences). Conversion of formic acid was determined by GC-TCD
analysis (GC-2014, Shimadzu Co.; TCD detector and TSG-1 packed column, SHINCARBON A 60-80).

3IP.NMR measurement:
Bruker Avance 111 400MHz (Bruker Corporation) was used in all NMR experiments.

Conputatianal Section (in collaborative research with NAIST):

All the computations in this study were performed by the density functional theory (DFT) with
the B3LYP-D3 functional®. The solvation effect was included by the polarized continuum model (PCM)?
with a dielectric constant of 6.2528 (acetic acid). The geometry optimizations were performed by using
the Stuttgart-Dresden (SDD) basis set with the associated effective core potential® for rhodium and 6-
31G(d) basis sets* for others (BS1). Gibbs free energy corrections at 180 °C and 69.085 atm were
obtained at the same level of theory. The single point calculations were performed after the geometry
optimizations with the larger basis sets, SDD and 6-31+g(d,p) for rhodium and others, respectively (BS2).
All these calculations were carried out via the global reaction route mapping (GRRM) program®, using
the energies and energy derivatives computed using the Gaussian09 program °.
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