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5028 SIOHREBEEMEL X UNRIEAME. E TOWRMEA ¥ 7 — VAR

2-1 %5

HIETHERZLHIZ, COEH LD AF 7 — VERK (DHF)

CO + 2H, — CH,0H AH'4s = -91.0 kJ/mol (1)
IRAEORES LI TH 5720, BNFHIIHMEER TRERICRIGZETSES 2 L7,
T/, 7OEAMIZIEIRET ST NEHICHRET A ENERENS,

PATOTE 7O L AIZBWTIE, BRTADT VA k=L, bl 2 KIbsERIC
LHHFINCEDI0~15%IEEICHZA 6N TEY), KEDRRIGTAD )AL 7 )V EEE
R INTWDB[L 2] 2L, BEERGAERKR 7' 0t A 1281T 5 L #REO R X &,
BWEHEALRPHHFETEZ A REICBVWTEWEEZ R IMEIE SR T na LIz
BRT L, INLEZTRTAZEBTENRIE, BRTZADT VSR EA2 BT 52
ETE, BRIRDORAY ) — VAN TREE It 5,

IS E SR IR ET 2 HEDO—2 & L T, MRS EIT, A BOKA X AR
L o TRIBELZ R ET S 2 ERBITOoN 5, EEMEE FTOCODEMMAZLRIEIZ
DWVTIE, TNETELDIFFEDR L SN TWAB[3-T], L2L, FDITEAEIZT 4 v v —
BTV ABRICETELDTH N3, 4], bW Ay ) — VELEZHE LT, @
Rl ETHAE X & ) — VAR EAT o 720F3EI3 A 2 W [5-T)0 T 72, flifi I3 Cu/ZnO A fil it
WZBEOENTEBY, LA OEREKMBEORMERX ¥/ —VAKRERZ, F—45M84CHEHRET L
72B0E 7 v,

—h, E, AF¥ - VOWHEREL, 373 KEE DKE CITo 2808 S h
TWA[8-10], ZHUX, WAHERIDHETAH I EICL o TR Z5DEM ICHEAET 5 L 3t
12, FHROEHEEMBIZ L > TRIERICZ EHT L0 TH S, COBRMER T T L2
IZoWTid, SNFET, NfbEWME 7 vh ) 7vafxd Kzl NIREAME) & 45
PB-171 &7 a~ A4 b ET VA ) 7T a £ Pl @024 S & 32 Hif
[8-10, 18-27]0" G SN T b, TNL DML, ERDA ¥/ — VERD FUBEE X
Db 132 PITERNEE 73 KIEE) ICBWTENZERE RT 2 LB MES N TV A,
RONZFHITB W TREEEINIZE SN TWAITB E 2\, IS, NiREL f |
TAEHRIIA %, FHFNI1-131ICBVTO TR 2 ERFIPRE SN THLEORTH L,
L7 T, BIKTIE, ZOMER%Z W27 01 AWM 4TV, i o i
Dexetiedt #1546 2 L IIWEETH 5,

ARETIE, ERMBEORERAWEIRNE XY ) —VARTHBE LT, fEs0iEE
B EBAEE 20 © ONISRBRL M 12 DWW T, COMMKZL T O kst #
£72, NIRBEAMIEIZ DWW, A4 ORGE M BT 2 M 2 2% 0280 4 L,
ERBE & L CTOWREME 2 S L7,




9—2 EE

2—2—1 MEEHRHR

2—-2—1—1 ) HiEFEREEME

it |3 R B EEIRZ S0, (100~200 A v ¥ 2, HEREFE3S0m gHIIERERE S
TREL7Z, €BIEICIE, Cu(NO,),"3H,0, Co(NO,),"6H,0, Ni(NO,),"6H,0, RhCl,*3H,0,
PACL,d % VW IHPCl- 6HOZ A L7z, FREEDOREFIE % Fig. 2-112R" ¥, T H/HEEE
15 % ZERE K TR L T300 cm™DAKRE E Lze RWT, I OKEWIZHTER DSIO,% R’
mL, B—% 1) —I/3%KL—% —NT333K, BET CHERTZAREZES TS0, Lizg
Bia xR EE S 7, HEFRIZI0OWL%E LTzs BONHBHEA — T T383K, —
ez 8 L 72 %, 22X TTI73K, 3EERBERL 72 2D, 2%20H,50F (H/N, = 2/98,
100 cm’ min™), 573 K (Cull DWW CIE523 K) TR IC 21T o 720 15 5 N /zfibEs gl3100
em’® P VI Y HIIH S ETRICERIZH Lz, 28, ) ORWwRY), KL
L THEHESE T 36 (PR RO D ZEH L 72,

2—2—1—2 §— eItk

i — s — 70 AL AL RES — > =T 4 (Bk) X W AF L 72 (KMB, 51,
Cu:Zn:Cr = 15:50:35 (CEJV JB), Cu/Zn/Cr L TEL)o SN E, T T150~170F v ¥ o ORIFEIC
ML 720 RWT, BONfihE3 g% R ITMUHE % 312100 cm DB B0 B E & TR
JOEERICA L 720 BICE, Mvzy, p-F VY, TR FTT5 Y (THR), 3%
7 v % A )V (Sigma Diagnostics Co.)® A WII PV ZFL Y 73— VT AF VI —F)
(M) 754 4, Aldich, 99%) ZfEH L7z, %8, HEFZOMECRETRHEIZ, 6.1 m
g Tholz,

2—2—1-—3 VIIESREZREA M

EBRDS R A3 OMBE (NI, Pd, Co) &, KEDT Iy 7T »EHIZEET
(Brookhaven National Laboratory, BNL) 252 23 2 $FaF[11-13]125E > THRE L 72, o
o S FNE % Fig. 22127 § o IR M E L LT, 60 mmol®dKELF ) 7 L4
(NaH), 52 mmol®Dtert-7 I VT2 —)b, 10 mmolD& BEEERIEZ I W2o 28, O
£ 91 L Ti#E L 7-filf % NaH/tert-amyl alcohol/M(CH,COO), (M: Ni, Pd, Co) £tk L, M
RIS (M: Ni, Pd, Co) LR L2 5, it 2SS eAEEE LT, P F
Ly 7)) a—=WI AFNVT—T)V (M) T T4 L, Aldrich, 9%), THE®» 5 Wit L~
YR L7z, BiHEEIZ100em’ s L7z,

NI OWTIE, FFEE= v 7V ORDb DI, €B= v 7, E= v 7, Tl
=y 7l, Bty rVER WML L, 7, FEEk= v ¥ VOFEEIR2.5
~30mmol DEFH TEAL S E72e T2, KFELTFT M T L ltert- 7T INT I I—= VDD
D12, Y 74X FF T F (CHOK) % v 72l (Ni(CH,CO0),/CH,0K & 05k ) & 35l
L726 CHOKIE, 30 wt.% CHOK X ¥ / — L (WA & 5 W I3 A IRCH,0K
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Starting Material ' Metal Salt

&g 500 cm® Water
Solution I
l‘@“ Sio,
Impregnation l
Drying ' 383 K, Overnight

Calcination —J in Air, 773 K, 3 h

v

Reduction S73K,3hin2% H2/N2
(523 K for Cu)
Reaction '

Fig. 2-1  Preparation procedure of S10,-supported metal catalysts.




Solvent: 5 ¢cm?
tert-amyl alcohol: 20 mmol

! Aging at 318 K
| (Stirred for 2h)
I e

at 318K

:

NaH: 60 mmol
Ni(CH3COO)2: 10 mmol
Solvent: 25 ¢cm?

Fig. 2-2

@t-amyl alcohol: 32 mmD

| Golvent: 70 c@
| ‘

— Reaction

=1 8=

Preparation procedure of N aH/tert-amyl alcohol/N i(CH3COO)2.




(Aldrich) %40 mmolfEf L7z % B, 10em*DCHOK X ¥ / — VA IZ, 40 mmol D
CH,OK X210 mmolOCH,OH%Z BT 5,

2—2-2 ULEER

Fig. 2-3IC L EE DR 2”7, Rnili, RSHOBAKRFEHERA A -1+ 271 -7
(SUS 316; NZLFE465 cm™) & IV 720 AT 2 121X, BRILOE MY 2 (H/CO=2) % H
Wiz, BEHER 7 RULEBROBEFIELZ UL TIZRT, £— b7 L— 710l (At % & 1)
I L721%, 0.5 MPaDIERI A A TAH— b2 L—THOH A %3ES—T L, B L 72,
D%, BIRICTRICH AZFEET] (1.0~50MPa) T THREL, A— 27 L —Th25
HA) =Wl LWl L2k, BEXFCHERETITHELL, EBPOF+— |
g UV—T7HmEL, = 7L =TI T BB REEZIC O XV — TV AL
EEBALTCHEL A= 2 V—THAEHR TNV CEEDENC L D HEIEL 72,
A= b7 V=T mEPEKEREIELRAE D o TRIDHIEE L, # D% ER:R—
EimfE CRILZAT > 720 RIBSRM 1L, RE353~523 K, BT /11.0~5.0 MPa, [XIuHF
M1~6 hOFH TEIL STz, FULHETHE, 27— b2 L—7%2ZR I THHIL, KB
L ONEARR S % BN, 434 L 726

BRTABICERWIX, TX20% b 797 GO ICXVSH LT HGCOIHTE
{ % Table 2-1127°°§ s COB X TNCOI3 H 7 #EFF84263-30 7 A 7 a < b 75 7 (TCD, 7
JHF: Unibeads C) 12X V), HJ3 AR 7 0 T3EHGC3204 A2 1~ k75 7 (TCD, FoIEH:
Molecular Sieve 5A) |2 & o THHT L7z BRILEW OO B T EYEFT81263-30 4 R 27
0~ 7 77 (FID, JLIEH: Porapak Q) & W\ /2, ¥— 7 HEDE R 13 H 7 845 By L
D25007 B < b 7 — F MHEE * AWz,

/

2—2—3 ByHEMIST A — 5B FE |

MG ZEEE T 5720087 X =5 & LT, COEILE (%), XF ./ —VADER=E
(%), A%/ —VHEBGEE (kgl' h) 23R L7z, COMRILER & RIRER(T i T2 14 T L
120 INHIL, FUBKETEOL — b7 L= T7JHORMEE L OO iER% b & I0&
a3 e 7

CosEx bz, RKIZL VEH L7z,

(EEBY) D ik FZHELED ERE)

CO¥R{LEE (%) = e
(4~ P =TI K L7 C0E) (2)

KFEFEEDERE L, S (BERDOERE)X EBRYTHORER) 25RO,
AY )= A\OFERKRIT, KKICLVERL
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Autoclave specifications

Volume: 465 ml
Maximum pressure: 6.4 MPa
Maximum temperature: 573 K

[ SRSy

PR DR S O A e T B i

Syngas cylinder
Forward pressure regulator
Stop valve

Injection of syngas
Thermocouple
Pressure indicator
Magnetic stirrer
Sampling tap for liquid
Sampling tap for gas
Electric furnace
Catalyst and solvent

Fig. 2-3  Schematic figure of apparatus.
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Table 2-1

Analytical conditions of gas chromatograpy.

GC GC 320 Hitach 263-30 Hitach 263-30
Detector TCD TCD FID
Packing material M.S. 5A Unibeads C Porapak Q
Column temp. (K) 323 373 423
Column length (m) 3 2 4
Carrier gas N, He N>
At i 1 1 40
Current (mA) 60 150 -
Injection temp. (K) - 423 373
Detector temp. (K) 323 423 313
Gas to be detected H> CO, CO, Organic compounds

T




(X% ) — VERR)

EIRE (%) = |
o (Gt 1 0 T B O 2 3
KL TIT o 72 R i3 & TRSEFRIED 2D, RICOETIE-TAH—= 27 L—T7ES
PETT S, Lo T, A%/ — VEREE kel h) 1, X,
(X7 ) = IVERE)

A5 ) — IVEBEE kgl hl) =
(AR X (U e ) (4)

X D RE L7, ORDOILHFEMIE, IREIZBW TR I N-2ETET (MPa) %
FEET DR EE CRIRA B3 BE L2 ey, MPa/min) CTRr L THE L 72,
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EEIZBWTIEAY = VIRAER L e h o7z LFICHE A4 OFBEEIZOWTHERS,

Cu/SiO, it 1, 473 KIZBWT, {£22120.087 mmolD A ¥ / — )V & AR L7z,

Co/SiO, fili i 1%, 523 KIZHB W T, RhffiilE il kK v CORRLER (28.5%) =/R L 72, £4
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Fig. 2-4  Temperature and pressure profiles for CO hydrogenation over 10

wt.% Rh/S10, catalyst. Solvent: toluene (100 Cm3). Reaction conditions: initial
pressure = 3.0 MPa, reaction temperature = 473 K, H 2/CO =2
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Fig. 2-5  Influence of solvent over Cu/Zn/Cr catalysts. Cu/Zn/Cr oxide: 3 g.

Solvent: 100 cm®. Reaction conditions: initial pressure = 3.0 MPa, reaction
temperature = 473 K, H 2/CO = 2
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BEEAY /- VEREEICED L) kB2 RITT 2R L7z, ik, Nal/
tert-amyl alcohol/Ni(CH,COO), filt#it 7z vy, SUBIREL373 K, FEIEHETI5.0 MPadD SR IZ B
WTC, A= M L= THOBHREZEA T2 TIT > 72, Fig. 2-61, BFFHEEZ DB
HICRIZTRHERR T, EBRTIE, EH 25 -V 2ERL 72, COfifbEIZ, B
B2 L O TIRIE—EDERR LD, ¥ — VEREEIL, BHEEEL & DIZHEAL,
BEEE 1000 rpml ETIXIZIT—EDEEZR LTz, 2DZ & XD, 1000 rpm Ll E DR
RETIIMEROZETBHTEZL2LH L, UROETONLEROBHFEL %
1000 rpm IZ7Z7E L 726

2—-3—3 VIIREBRESHMEIIBITL AT /- VEEERE

VIR S B R 484 i, NaH/tert-amyl alcohol/M(CH,COO), (M = Ni, Pd, Co) & i\ C,
373K, 5.0 MPaD 5 CRIL % 4T o 72k F % Table 2-3127§ o 3D EBIEDOHF TIE, Ni
REATEDO A PFEWICEEEZ L, BVERETAY /- Ve B L7z, D1l
12, 28 (4.8 mmol) D FE X F )V (MF) LIEMED Y AF )V —7 )V (DME) b AR L 72,
CDEEDAY J— )VERE (172 mmol) 1X, e L THER L-HERR= v 7 V2 D10k
PDEThby, EMUHEEE L THEHLANaHB L Otert-7 I V7V I — Vv D34ELL ET
Hholze TDZEDL, AF 7 —VIIMIERIIZ X > TER Lz E#Ewm L7,

PR AL 1L, BV A Y/ —VEIRE (97.7%) Z/n L7zhY, CORR LERIZ0.3%I2:8
Ehehrolz, —7, CoRBEEMEIL, PREAHME XV b &V CORRILER (4.4%) /R L
72hS, EWCTENCEEKRL, XY — VADOBIREIINGRE AR X OPdR4E Al
HEDHFEL KD 272 (2.6%)0

NiR#E AL, oot A aiidixe Ekte) A7) —Tholz, LL, R
CREERHLVIIHREDA T =12 L, 2D XD DL, 433 KU T DX
BICBWTERD bz, ZEHLVRFREERT AT —1X, DBEROELKEORICEE
ISR L THEMBEIEE AR L7z 2B, CORIEAT ) —IZBW T FHEZ A3 54
U TOERICE > THEE L7, R % Table2-4127RT o Run 1 TRA ¥ J — VERIER %
RLUTNIES 2 RS HEICE DB X - TREMEES E IR oL, #1LF
Nz s L THWTRILZIT 272(Run 2, 3)o BEMBRSIZBEE (M) 7 74 L) 120
TR T To720 FORER, MHBES DA PEEEZ/R L7722 & 225 (Run 3),
B 2SS L e WiEABR L & LT A Y — VAR ETTH 2 LA RIEENT,

—F, 433 K% 5 EiRnICMT 5 &, oEOMBIIEE X 7)) — (EA EHE
& BEmilivth) (221 L7,

RELBE, WAy J— VERER /R L 7-NR#ESAEE, NaH/tert-amyl alcohol/
Ni(CH,COO0), {2 D\ THlEEEE I KT § Rttt O ZE « et L7z,

2—3—4 NARESMEIZBITLeHORES DOFRZAL

Fig. 2-712, NaH/tert-amyl alcohol/Ni(CH,COO), filiif % F 2 72 \Z B 1T 4 UL DinfE &
i ¥
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Fig. 2-6  Effect of agitation rate on conversion and methanol productivity. Catalyst: NaH/zert-

amy]l alcohol/Ni(CH3COO)2. Solvent: triglyme (100 cm’ ). Reaction conditions: temperature =

Productivity (kg-MeOH I'! h'!)

373 K; initial pressure = 5.0 MPa (at ambient temperature); reaction time = 1 h.
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Table 2-3 Catalytic performance of NaH/tert-amyl alcohol/M(CH,COO),.

Product yields ) (mmol)

Catalyst Time Conv.  Select.
(s ® %  (®  MeoH MF DME CO; CHy ACIN
Ni 1 639 947 1720 48  tace  wace  nd.  n.d.
Pd 1 §7% 97.7 D7 n.d. trace n.d. trace n.d.
| Co 1 4.4 2:6 0.3 n.d, n.d. n.d. trace e

Catalyst: NaH/zert -amyl alcohol/M(CH3COO), (M = Ni, Pd, Co). Solvent: triglyme (100 cm3).

Reaction conditions: temperature = 373 K; initial pressure = 5.0 MPa (at ambient temperature).

Y MeOH: methanol; MF: methyl formate; DME: dimethyl ether; ACTN: acetone.

b) n.d. = not detected.
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Table 2-4  Catalytic performance of the solid and liquid phases of N aH/tert-amyl alcohol/N 1(CH,CO0),.

Run Catalyst Conv.  Select. Product yields 5 (mmol)

G %) (B MeoH MF  DME  CO,
| NaH/tert- amyl alcohol/Ni(CH;CO0O),  69.8  99.1 1722 0.8 trace n.d.”
2 Solid phase ©’ . - 0.4 n.d. n.d. n.d.
3 Liquid phase * 459 298 379 444 01 0.3

Reaction conditions: temperature = 373 K; initial pressure = 5.0 MPa (at ambient temperature); Ho/CO =2

Y MeOH: methanol; MF: methyl formate; DME: dimethyl ether.
" n.d. = not detected.
9 Solid phase of NaH/tert-amyl alcohol/Ni(CH3COO), after Run 1, which was dispersed in triglyme.

i Liquid phase of NaH/tert-amyl alcohol/Ni(CH3COO), after Run 1.
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Fig. 2-7 Time courses of temperature and pressure during the run. Catalyst: NaH/zert-

amyl alcohol/Ni(CH3COO)2. Solvent: triglyme (100 cm3). Reaction conditions: initial
pressure = 5.0 MPa (at ambient temperature), reaction temperature = 373 K.
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Table 2-5 Catalytic performance with NaH/tert-amyl alcohol/N i(CH3COO)7

1N various solvents.

Solvent Time Conv. Select.

(h) (%) (%)

Product yields 4 (mmol)
MeOH MF DME CO, CHy

toluene 3 0.3 68.8 0.5 n.d. n.d. 0.2 n.d.
triglyme 1 68.9 947 1720 4.8  tace  frace  n.d.”
THF 3 46.2 95.7 108.0 24 trace n.d. trace

Catalyst: NaH/fert -amyl alcohol/Ni(CH3COO),. Volume of solvent: 100 cm3.

Reactlon conditions: temperature = 373 K initial pressure = 5.0 MPa (at ambient temperature).

MeOH methanol; MF: methyl formate; DME:- dimethy] ether; ACTN: acetone.
; n.d. = not detected.
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Table 2-6  Effect of nickel precursors on catalytic performance.

Precursor Time Conv. Select. Product yields (mmol) Productivity
) )  ®  MonH MF DME €O,  (kel'n)
Ni(CH;COO), 1 68.9 94.7 172.0 4.8 trace trace 0.168
Nimetal 3 - ~ n.d. n.d. n.d. n.d. -
Ni(NO3); 3 0.1 100 e n.d. n.d. trace 0.000
NiSO, 2 52,0 99.7 125.8 0.2 trace n.d. 0.098
NiCl, 2 64.1 H9: 1575 0.3 trace n.d. 0.100

Catalyst: NaH/tert -amyl alcohol/nickel salt. Solvent: triglyme (100 cm3).

Reaction conditions: temperature = 373 K; initial pressure = 5.0 MPa (at ambient temperature).
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Fig. 2-8 Effect of temperature on methanol productivity. Catalyst: NaH/fert-amy]l

alcohol/ Ni(CH3COO)2. Solvent: triglyme (100 cm’ ). Reaction conditions: initial
pressure = 5.0 MPa (at ambient temperature).
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Table 2-7 Effect of CO, in feed gas on catalytic performance.

Feed gas ratio Time Conv. Select. Product yields (mmol)
H,/CO/CO, (h) (%) (%) MeOH MF DME  CO,
67/33/0 1 68.9 94,7 172.0 4.8 trace trace
67/31/2 3 0.2 100 0.4 n.d. n.d. n.d.

Catalyst: NaH/tert -amyl alcohol/Ni(CH3COO);. Solvent: triglyme (100 cm3).

Reaction conditions: temperature = 373 K initial pressure = 5.0 MPa (at ambient temperature).
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Fig. 2-12 Time courses of temperature and pressure in multiple charging experiment.

Catalyst: NaH/tert-amyl alcohol/Ni(CH,COO),. Solvent: triglyme (100 cm3). Reaction

conditions: temperature = 373 K, initial pressure = 5.0 MPa (at ambient temperature),
recharge of syngas = 6.0 MPa at 373 K. ( V) point of syngas recharge.
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Methanol yield (mmol)

Fig. 2-13 Recovery of methanol productivity by addition of alkoxide. Reaction conditions:

temperature = 373-433 K, 1nitial pressure = 5.0 MPa. Solvent: triglyme (100 cm3).
Methanol yield represents increments of methanol between before and after each run.
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Fig. 3-1 EXAFS measument system.
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Productivity (kg-MeOH I"! h!)

Fig. 3-2  Effect of temperature on methanol productivity over NaH/Ni(CH,COO),.
Catalyst: (O) NaH/Ni(CH3COO)2, (0O0) NaH/tert-amyl alcohol/Ni(CH3COO)2. Solvent:

triglyme (100 cm?). Reaction conditions: initial pressure = 5.0 MPa (at ambient

temperature).
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Fig. 3-3 Normalized Ni K-edge XANES spectra for (a) the catalyst subjected to CO at 373 K,
(b) the catalyst after the reaction, (c) the deactivated catalytst, and (d) nickel acetate (solid).
Catalyst: NaH/tert-amyl alcohol/ Ni(CH,COO),. Samples were liquid unless otherwise stated.
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Fig. 3-4  Fourier transforms of k3x (k) of Ni K-edge EXAFS for (a) the catalyst subjected to
CO at 373 K, (b) the catalyst after the reaction, (c) the deactivated catalyst, and (d) nickel

acetate (solid). Catalyst: NaH/rert-amyl alcohol/Ni(CH,COO),. Samples were liquid unless

otherwise stated.
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Table 3-2 Structural parameters derived from the Ni K-edge EXAFS for NaH/
tert-amyl alcohol/N i(CH3COO)2.

Catalyst Bonding Bond(%iitance Corolﬁcrlli]rll)itrion

Catalyst treated with CO (liquid) Ni-O 2.04 2.6

Catalyst after reaction (liquid) Ni-C 1. Fl 2.1
Ni-Ni 2.40 1

Ni-C-O 3.01 4.1

Deactivated catalyst (liquid) Ni-C 1.78 2.4

Ni-O 2.13 2.8

Ni-Ni 211 4.9
Ni(CH3COO); (solid) Ni-O 2.05 6
Ni(CO)s ¥ Ni-C 1.84 4
Ni-C-O 2,99 4

Ni metal ¥ Ni-Ni 2.50 12
Nio ¥ Ni-O 2.08 6

® The data obtained from Rikagakujiten (5th Ed., Iwanami Shoten, 1998).
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Table 3-3 Catalytic performance of NaH/fert-amyl alcohol/N 1(CH,COO0), subjected to
XAFS analysis.

Temp. Conv.  Select. Product yields (mmol) Productivity
GRS e S R v T €05 © g 1V HS

373 68.9 94.7 172.0 4.8 trace trace 0.168

Catalyst: NaH/fert -amyl alcohol/Ni(CH3COO),. Solvent: triglyme (100 cm3).
Reaction conditions: initial pressure = 5.0 MPa (at ambient temperature); reaction time =1 h.
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Table 3-4 Catalytic performance of NaH/tert-amyl alcohol/N 1(CH,;C0O0), before and

after deactivation.

Run Temp. Conv. Select. Product yields (mmol) Productivity
No.  (K) \%) (%) MeoH MF DME €O,  (kel'n)

1 433 69.1 RS Fi377 20 trace 0.2 0.751

2 373 34.1 - - 68.4 trace trace -

Catalyst: NaH/tert -amyl alcohol/Ni(CH3COO),. Solvent: triglyme (100 cm3).

Reaction conditions: initial pressure = 5.0 MPa (at ambient temperature); reaction time = 1 h.
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Fig. 3-5 Time courses of temperature and pressure over a mixture of Ni(CO) 4/CH,0K.
Catalyst: Ni(CO) 4 (10 mmol) + CH,OK (40 mmol, 10 cm? in MeOH solution). Solvent:

triglyme (90 cm?). Reaction conditions: reaction temperature = 373 K; initial pressure = 5.0
MPa (at 373 K).
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Fig.3-6  Time courses of pressure during the run over the nickel catalysts. Catalyst: (O)
Ni(CO) 4/CH;0K; (O0) Ni(CH3COO)2/CH3OK. Solvent: triglyme (90 cm?). Reaction
conditions: initial pressure = 5.0 MPa (charged at 373 K), reaction temperature = 373 K.
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Fig. 4-1 Productivity for CO hydrogenation on metal carbonyls with and without CH,OK.
Reaction conditions: 423 K, 5 MPa (initial pressure), reaction time: 3 h (1 h in case of
Ni1(CO) 4). The left bar for each catalyst indicates the value without CH3OK; the right bar,
the one with CH3OK.
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Fig. 4-2  Time courses of temperature and pressure over Cr(CO)6 with and without CH3OK.
Catalyst: Cr(CO)6 (10 mmol); CHBOK (40 mmol, 10 cm? in MeOH solution). Solvent:
triglyme (100 cm? for Cr(CO) ¢ 90 cm? for C1‘(CO)6/CH3OK). Reaction conditions: reaction

temperature = 423 K; initial pressure = 5.0 MPa (at 423 K).
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Fig. 4-3  Time courses of temperature and pressure over Mo(CO), with and without
CH,OK. Catalyst: MO(CO)6 (10 mmol); CH,0OK (40 mmol, 10 cm’ in MeOH solution).

Solvent: triglyme (100 cm? for Mo(CO),; 90 cm? for Mo(CO)é/CH3OK). Reaction
conditions: reaction temperature = 423 K; initial pressure = 5.0 MPa (at 423 K).
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Fig. 4-4 Time courses of temperature and pressure over W(CO), with and without CH,OK.
Catalyst: W(CO)6 (10 mmol); CH3OK (40 mmol, 10 cm? in MeOH solution). Solvent:

triglyme (100 cm? for Mo(CO) 490 cm?® for W(CO),/CH,0K). Reaction conditions: reaction
temperature = 423 K; initial pressure = 5.0 MPa (at 423 K).




a) Ni(CO)4 alone

J 550 ] | 7
i | |
| 500 |beating reaction (1 h) | Sl 16
] ‘*’:‘ L -
‘ = I 1 s
450 ~
s A
: 44 =
s 400 ©
j = 13 &
; = AN A §
| B 4350 &
| Al
O
300 o 14
|
2501% ] | ] 0
0 50 100 150 200
Time (min)
b) Ni(CO)4 with CH3OK
550 : : l y
500 [peating! reaction (1 h) : cooling 16
- o >
A | g
< 450 L =¥~ syngas charge, -~
= 14 2
s 400 | 10) ©
) l =
O 4 3 @
Qg; 350 : §
% o i 8
| O
300 O | 0 1y
' |
250 ﬁmﬁ | A A .
0 50 100 150 200
Time (min)

Fig. 4-5 Time courses of temperature and pressure over Ni(CO) 4, With and without
CH3OK. Catalyst: Ni(CO)4 (10 mmol); CH3OK (40 mmol, 10 cm? in MeOH solution).

Solvent: triglyme (100 cm? for Ni(CO)4; 90 cm? for Ni(CO)4/CH3OK). Reaction
conditions: reaction temperature = 423 K; initial pressure = 5.0 MPa (at 423 K).

-75-




g S
Table 4-1  CO hydrogenation over Ni(CO) 4 With and without CH,OK.
Catalyst i Conv. Select.” Product yields 5 (mmol) Productivity .
(%) PR WleOrt WA 1L TOME: A 4C05 a1
Ni(CO)4 0.4 0.0 - - 0.3 0.2 0
Ni(CO)4/CH;0K 92.7 98.9 186.0 - 1.6 0.0 27900

Reaction conditions: temperature = 423 K: initial pressure = 5.0 MPa (at 423 K); reaction time = 1 h.

2 Ni(CO)4: 10 mmol; CH30K: 40 mmol. Solvent: triglyme. Total volume = 100 cm3.

) Selectivity to methanol.

i MeOH: methanol; MF: methyl formate; DME: dimethyl ether.

D STY of MeOH.

16,
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Fig. 4-6  Time courses of pressure during the run over Ni1(CO) 4/CH;0K. Catalyst: (O)
Ni(CO)4 with none of CH,0K; (0O) Ni(CO), with 20 mmol of CH,0K; (A) Ni(CO), with 32
mmo] of CH3OK; (V) Ni(CO) 4 With 40 mmol of CH3OK. Solvent: triglyme + MeOH (210

mmol); total volume = 100 cm3. Reaction conditions: initial pressure = 5.0 MPa (charged at 373
K), reaction temperature = 373 K.
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Fig. 4-7 Effect of potassium methoxide on productivity of methanol (O) and

methyl formate (). Catalyst: Ni(CO) 4- Reaction conditions: 373 K, 5 MPa
(initial pressure), reaction time: 1 h.
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H, HCOOCH,
i COOCH,)T [HNi(CO);] CH,0
[Ni(CO)5( 3)] )3 HECQOCH = CHOH 4 00
ko CH,O
| HCHO
Ni(CO), {N1(CO);}
| \_A [HNi(CO);]:
CO CH;0H

Fig. 4-8  Scheme for the low-temperature methanol synthesis proposed by Marchionna et al. (J.
Mol. Catal., 75, 147 (1992)).

"A" in the figure indicates an unidentified species that is involved in the hydrogenation of MF.
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AETI, VIIEB X UOVITIERDOEE 7 VA=)V (Cr, Mo, W, NIOEZ I VK= )L) &
CH,OK7» & fg il 2 L 5 filt st = T, RUSIREE373 KB L U423 K, FEHEETI5.0 MPa®
G CCODHMKRFIERIDE T 0720 LTIZZDHERERT,

(1)

)

3)

FEEANEZNIE, BHRTIMEEELZ RS 2»ro72, Lo L, CHOKE#MAED
¥HIELIZL o T, MEEHAZEH L7z, 512, Ni(CO), & CHOKASHAFE§ 2 fi it
# (Ni(CO),/CH,0K) &, FFEMIZH VAT J —VEREREZRL, BITOA %/ —
VER 7 H X A (ZRNE:0.50~0.77 kg I' h'") £ ) BB EHIIBWT, BHiTHE
IZILERY B X % — VAERBGEEE (0.89 kg 1! hh) 2 5-2 72,

VIIEE& 71 )V R =)V (Cr, Mo, W) X, CHOKOFAFE T IZBWTLEDMFLEDME% 4
L 72 CHOKAF FTOVIEEIE 7 VAR Z )V OMFPERIEMEIZ, Mo>W>CroJlE |z
KL 22720 MRIZ, CHOK%R L T2 2% /= VDA INVEZILIZ X o TERK
L7cEHEEINT, L72dSo T, LEeMiEuEslL, VIIEEEIVER= 1D
CH,OK~D Bl iEsh O FEH T 5 & & ATRIE E N7z,

Ni(CO),/CH,OK D i iF 1 ME A T ACHOKEIC L o THE LB LT A2 L, B&
O, MREEETEIC XIE T CHOK D 2 E = & 2012 L7z, AlEiE 1 O CHOK A~
DEFEL Y, CHOKIEX ¥ — VDA VR Vbl & LCERTA 7513 TR <,
MEZK R AL BCIE O Al TG AR (NigE 1) DAERICEES L TWwb 2 AR E 7z,
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EHE AEAME FTOEREBHRMAAY ) — VAR
5—1 S

£2, 3, BEXU4LETIE, BKEAY /- VERMEBE L THESNTVRANGRES
filife, NaH/rert-amyl alcohol/Ni(CH,COO0), {22\ T, flfEik fe, 4558 5S4 {7 Sfi #5354
ZRT TR, MBNETERESE G L, S OMBERMERICB W THENICEV R ¥ /) —
VEBEEZRT Z &, BIU, NRESMEANI(CO),L TV TLVIFT Fhr bl
WMENLE—REAHMETH L &, ZHLMIZL,

—77, NUCRESME L RIS, 3BKEEORIER, WHAPIIBLTXY ) —VEKE
AT ELMEEE LT, SR GRRBILYH 52 VWIZEEH) T Vh ) 7T vasxy
N2 HRER S A R GRREEA ) 2S5 N TWAB[1-7]. FRILEWB IO T VA
DT7NVaAF Y Fefiliite LT, ERTANLLAY =V EERT AHEMIE, BEIZ19194F
|ZChristiansen|Z & > THEZINTWVWAE[8l, ZNIE, X/ — VDA VK= VLIZE 2 F
it X F )V (MF) ARG (D))

CH,OH + CO — HCOOCH, (1)
BLUMEKFEILIZE B X% 7 — VAERRIE (2)F)
HCOOCH, + 2H, — 2CH,OH (2)

2 BRI, TENETNHORICEH THEITIEL_ETO A TH 5B,

COZE 70t R, £2D%I1950FEMRIT, F A Y DDegussall B\ T iRET SNz
[9-11]c X% /= NVDH VKL, TAY) 7IVaF s FEEic vz s,
353K, 3MPafe DG4 THEISET T A AL TH 5B [12], —77, MEKELRIGIE,
SRR WA &, RICImAE383~453 K, HHE~3 MPadD &2 BV THEATT A[12]0
CORIE, R[—ERH B I 2 B ICE XER— T —ER T bR T 5,
COZER7OELADRA ) v MiE, YFEHINTVWIEBEXY /- VERTE £ XGE
BL77:34~38 MPa) & 1) b A RUES % KIBICIER GEEZE /3 MPa) TEX A2 L TH D,
TAY) Y ME, ROAY )= VERTELRALIN S TO L ABEISERETHL &,
BLU, GATAZCOLHIZNHET HLEDVH S Z L TH5H[13],

1980 12% o C, IR TERERAY /= VAREZTIFEMELT, A& 7 —HN
A= IALRUE &E MR LS & B — RS2 CRIEGETT S 5 —E 70t X (KR £ ¥
J=IlvE 7 a -t R) A%, =H A bsE[27], SINTEF [1, 2, 19], University of New South
Wales [3, 14, 21, 28], Pittsburgh Energy Technology Center [18, 23], University of Pittsburgh
B-TIFICBVWTHRET S N7z THIE, X%/ — VA IIVER Z VALRIG il & MEAKZ ALK
Il % [ — RS2 TRIE L, MAET, 373~453K, 3~6.5 MPad £&{4 C ifi Kb % [7]
HEITIRTERTALPLAY )= V2 ERMTHEIHETH S, B, ZOHETER, K
MBIV Q) ZEHLTAY ) —VEEHTADT, EROR—BERAY /) —VE
REFRZLY, RICHEGEFIZA Y /=) (TVFNVT NI =) HEVEIME(TVF LT + —
A=MPRRELRD, AT ) —NVDANVKZVERIBIZAF LTI, TVAVEBTIV
IXY RO E LCEEEZRL, BREEIZBWTY AEIEITT 5[14-18] —F

’
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MEAZ LRSI L T, S 7 o< A b[19-23], T 2 —47[22, 23], >V AiE#EH D22,
24-2615 DAL BRI TH A Z EPREIN TV S,

2% )= NVANVEZVALRIEE K OMEKZILRIEOF N Fcd LT, ey ofl
D EE RS RIS T T BRI OFEI R E N T WS, —F, KBHEEA Y ) —
VEBUZ DWW TIE, Liub[4, 518 & UPalekar 5 [6, 7145, $AR{LAWE TV DY 7T a %
RO R AR E R, BEEEG, 5, 7], RIBAF —A6], TVHY 7Lax
FOBFEAF—A6lZMET L TWb, LML, UL, Moh&fizBnwT
TS SRS STV B IR E 2 v, F7IC, ST 5, MRS, B,
ENBLOEBTAMBEDOLZEIZIOWTIE, AW EZBRLIMESA TR, L7
BoT, ZOMBRERC—R 7O ADMEEM 25§ 2 720121, KB Lot
Q&N $ 572 T2, INLDOREHPREETTL2RICBWT, 25—
FERAZT Y A FEERS U B R FUC R OB % RIS Z EBNUETH B,

TIZTARETIE, TTFROIS, DT FEGET S5 RICOW Ol L % 58 4
KZTAZ = VERIEEZRNR, RNT, EiEHER LRI D WT, ST
(XSS HHE A D RICREDZEEXRET Lz, 72, ZOMBEROERES % HVT, K
(B L TQQ)DEN D K% #E L7z,




5—2 B

5—2—1 ez

gL, SRR E T VA TV aXy FOREWE BV, ZiLk AElEd |98 s
FT100em’ s L2 RS L,

SiRERALEE & L, fREREIRFIMOH 7 0~ A b (CuCr,0, HEFSINSE 7 a~ 1 b,
Aldirch), /N 7 LRI L7287 0~ 4 b (Aldrich), $127 0~ 4 b Rl (QiE L2
N203SD; HET — K 7 —#1G89), CuO/ZnOAfME (HIEY — > — 7 4 #KMB: HFEY — F
7 — 8 G66B), BERILSH (CuO, 99.9%), B X U EEILSA L it 7 1 2 O YHIE A Y
(CuO/Cr0, & RiL) ZfEAH L7z, WHEERAEWIZ, ¥ EE K — )L I )V (Fritsch GmbH,
Pulverisette 7) = Fi\», ZE5iH, W[, N CIRAERL THIL 72, RAERMIELI,
2700 pm D BIBLEE TIT o7z, 72, K=V I VIZIE, DOIEOEY FBL K-
M L720 CuO/Cr,0,IC 1T E IV HCUO/Cr0, = 1/1B L U2 D2 R L 72, 72, I
BOZZOIIMEEE LT, b7 0L (Cr0, 1) ET7 VA T LaFs FORS YL fE
HAL7zo INH OGRS X OB L2 0 2 OIEEOFH & 345 L7, Table 5-112,
L 72BRAL R o WtE, TTHERMAKB L XA L 2 5022 71,

THAYVTRIF Y PR E LT A9 243 b BCHOK), M T AR b
¥ F(CHONa)B & Uy ARAR A 1) 7 Lter- 7 b % 2 K ((CH,),COK) % % 12140 mmolfi F
L7z CH,OKIZ, 30 wt.%CH,0K A ¥ / — VAT (IS, S D10 em®24 72 V) 40 mmol
DCH,0K £ 210 mmolDCH,0H% &) & 5 3 # A IKCH,OK (Aldrich) % /1 L 72, [F4#
12, CH,ONald28 wt.%CH,0Na* & / — Uy (i lRam) % L7z, (CH,),COKIZ10 cm’
F320em’D A Y J — WIZAER LU TER L7,

BHRELT, TFLy7)a—l, TFL Uy ZY A= VIRAFVI—F N (FT1 L),
FPEF T VR WP RAFWESFIN(DPT FTAL), RS2 F P a -T2
VI—=T)V (M) T T4 L4 AldichyBEL 7 FF v FO 75 >~ (THF) 2/ L 72, Table
5212, MHLAZHEOYHZR T, HEIX, HFICHVDORWVIRY, FILMETE ¢
HOBEEZFHL 72,

5—2—2 PULER

F2ETRB L 2HEIHE- T, BAaRRICHBEAY, UTOLRGETTAY ) -1 b
B % 4T 2 72,
B BiR~423 K
- [£7J: 1.5~5.0 MPa
- BOGER#E]: 1 hd 5 W id3h
- R AR Hy/CO = 0.5~2.0, H,/CO/CO, = 67/31/2
7, WRBAHA Y ) —VERZHR T A AY =V VR VLRSS & UMEZK
MU % ZNENLLT O RUBEETIT - 770
QA% ) —=VHNVEZMERIE
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- 1BE:301 K
2 - £ JJ: 1.5~5.0 MPa
- SO 1 h
- JFEELA A 100% CO
OMFKZ L
- M 373~443K
- F£77:5.0 MPa
- ROGEEE: 1 hd 5\ iZ3h
» SRR T A # R HyYCO = 2.0

St M o B e SR R el o - T

§+2=3= 1 l=mEElse

D REFRIL, WBRN—MEICLY, BERSEREE 77K 0BT 2 EHZMELS
RE L7 WX, KEHEHF () DAMS 1000A%EH L7z, HIEIZET S, StEOR
ML % N/He = 30/70 (EIVI) D F ¥ 1) ¥ — H A T573 K, 28Ff4T - 77

5—2—-3—2 HEIEXHESHT
B B O JT AL D 53T 1213 SOEX AR WS TE (B VR EL, SXF1200) %6 ) L

72 ZRE =7y MTIIRhE AV, BEE0 KV, TERIOMA, EIEEEL0 deg min”
DR THNEAT > 72,

S5—2—3—-3 MmERXMEI

S0 A D RIS A XA AT (XRD) 12 & VERMi L 720 XEPFEE I~y & - B4
LY AHOMXPISZEM L7z #IEICIZCu Kok vy, EREE40kV, & EH200mA,

FEAHRE 4.0 deg min', 20 = 5~80 deg D&M THM 24T o 720
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e e A W ===
4 -

5 -3 EBRHERB LU

5 -3—1 RICICBITAIREL X VEDDOREZL

s A & L TCuO/Cr,0, (CuO/Cr,0,= 1/ %, 7z, TIVAH)TLaF Fiite L
TCH,OKZ i\, 373K, 5.0 MPa TRz 1T o -l DIRE & FE T DR B L AR
Il E % £ N € 1Fig. 5-1 (A)B LUBIIRT, 28, MFDA, B, CIZi s 2T
&, A= 7 V- THAOWHEST 2 RML, HHEiTo/zs ZBRTH— M2 L—TI12E
BA AL TER, HETLILELIIENERTFHELSR, 208, FHE—FIlho7-
(Fig. 5-1(A), ARZDLBHITOMREI), 7V AU TV Iy FELT, 30 wt%
CH,OKIEW (B 25 / —)V) Z10em™EH L7272, KISB AR (AL I3 M d 1z
210 mmolD X &/ — UV DFFE L 72 (Fig. 5-1 B))o —H, BEIZBWTIE, ASCHAEL
A8 = VD—EHE SN, HEIHET 2BOMEEER L7 #0%, +— b2
L—7% ReimfE 373K) T THIRL, 373 KICIEREEL 72, FEBETIX, EHZ
mEL BIZEAL, A—F 7L —TREIBKIGET AL, FHElL LICED IZET
VEDEPLBRIH L7, TOERER, KIBIZL > TI129mmol®d X % /7 — )V & 37 mmol O MF
PERT 5 EVRAORII R o720 A5 7 — VEREIE, e L THW2Cu0/Cro&
(17 mmol) D7fELL £ B X O'CH,OKE (40 mmol) D3fELLETH o720 TOER LY, fill
FIRELTRAY /= VERDEIT Lo b Lo RERERI D, B, ZRIZBL
TRAY /=D ANVEZWCRIEHEITL, FOREIBKIZBWTAY 2 — )LD B LR
ML IS EMPKZ AL RGN — RS2 TR EIT LT A ¥ 2 — v a T 5 o &
VIR S5,

Fig. 5-212, FUMERZ A, FEE T X 2 KIDEE 373K) TRE LB ADOEHD
HRZEILZ RS, 3SBKTEMTAZ TET 2 LELICENET BRSNS Z L 5%
%o 1D FIETTY mmol® X ¥/ — )L & 11 mmolOMEASARL L, FSHEIZA ¥ ) — )L
EIAELT L 72,

5-3-2 RIBEH0pE

0=3—-2—-1 SEBEERIYESOEE

Fig. 5-312, CH,OK & BIBBRILY 2 SRS AT A DR Z VT, FRIBEE373
K, FREHEN5.0 MPaD LM TRIE 21T o072 L XD X ¥ ) — )L B X UMED A Bk fE % 77
Yo REELIE LT, CuOznOREBLftE (KMBE X U°G66B) % L7-354 1713,
&m%%%mﬁﬁttxy/—»#ﬁ%éhﬂMﬂ&&ﬁi&Lto:ﬂuﬁt,ﬁw
HY A b RMEE (G89, N203SD, HERISAZ T~ A FBIUNY Y AR Z O~ A b
CHOIREIE, BWAY ) — VARESNSELR, X ¥ ) — LA DBREL 75~
WOl o7z, TOTEDL, BRI E LTIE, 27071 b ZEEAMEA i % &%
BT BRI & ) —VEBICH L TENTH L 2L ARE SN2, iy o< A Mg (g,
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Fig. 5-1 Time courses of temperature and pressure profiles (A), and product yields evaluated at

each point during the run (B). Catalyst: CuO/Cr,0, (1/1, 4 g) + CH,OK (40 mmol, 10 cm? in
23 5

M_e_OH solution). Solvent: triglyme (90 cm3). Reaction conditions: reaction temperature = 373 K;
Initial pressure = 5.0 MPa (at ambient temperature); H,/CO =2.
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Fig. 5-2  Time courses of temperature and pressure during the run over a mixture of CuO/Cr,0,

and CH,OK. Catalyst: CuO/Cr203 (1/1,4 g) + CH,OK (40 mmol, 10 cm® in MeOH solution).

Solvent: triglyme (90 cm3). Reaction conditions: reaction temperature = 373 K initial pressure =
5.0 MPa (at 373 K); H,/CO=2.




CuO/ZnO/Ct,0, (KMB)
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Copper chromite (G89)
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Ba-promoted copper chromite
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Fig. 5-3  Effect of oxide component on productivities. Catalyst: oxide (4 g) + CH3OK (40 mmol,

10 (_:m3 in MeOH solution). Solvent: triglyme (90 cm3). Reaction conditions: temperature = 373 K,
mitial pressure = 5.0 MPa (at ambient temperature); H2/CO =2
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pvE=MEEH, EATV, IRBROKFILAHTH 0 [29], FHIMFO A/ — )b
ADKFEARICIT L TEEEZ R T I EPRE SN TV A[19-23], L72A5- T, Afi
WHETIE, AF/ —NVDANVKEZNWVAERIBIZE o TEKE L7-MFR8 2 0~ 4 b A3
bl pF SRS e B2 BND

—7J5, BRI & L TCuOH 5 WIICr 0 I W24 1213, MEOADER L7, S h
SOMBERTIEHELAY /= VDI NVKZ VLRIE O ADHEFT L, MEDKZLISHEST
L WI EDTIRSNIZ, JHUIK L, CuO&Cr0,DWHIREY) (CuO/Cr,0,) & F V2 7-4
A2, WINLOMBOMEE (CuO/Cr,0,= 1/1B L U2/1DHA) TY, 7y u~4 + Hfi
HERBEDA Y/ —VERDPRONTZ, ZOZE0b, CuOLCrO 2T 5 & MF
DKFELTICDETT AT ENRIBEIN S,

5—3—2—2 TNVAYTIVIFL NG s

RIEICBWTHEWE WA Y ) — VABRIEM 2R L7282 0~ A b ZiiEN203SD &
BADT VAN TIVAF Y FeflAhGbeflfs vy, RIGEE423K, £EFHS5.0
MPalZ BV TRICEAT 2 724G R & Fig. 5-415RF, 7AAY 7L a%s F& LTCHOK%
AT EIIBNTAY ) = VEBIEESRLIE L, 016 kel ' OFEEIES N 72,
ZHUIX LT, CHONaZ /2351213, A8 7 — ViS00 ke I' ' Cdh - 72,4
=}, (CH),COKZ MW 72 5121%, MEOARDER L, A& /7 —UIZER L 2o 7=,
70, MPRRIERIL 24T S ¥ 2 8RB & L CIR— D4 7 1~ 4 bl (N203SD)
TRWIZICOED ST, (CH),COKERMEH LG EIA Y/ —WAER L dho -2 &
"o, TVIAFXY FERSPMIAKEEICH L THEEE RITT I LRI SR,

5—3-2-3 NURELTEFEHOEE

7 T~ A b AREN203SD & CH,OK 2° & HEI% & L 5 fillliE % BV 7235 412D T, fil
BB PEIS S B RUGIRE B X BRI A D FHEES O BB 3t L. 2N 2N OLEE
z, Fig. 5-58 & UFig. 5-6127R T, Fig. 55255 A% X 912, 353 KL FIZBWT R ¥
ST IATEIRINZEL S 5 (A 5 7 — VADBEIRZET~98%), FIBIEE3T3 KL E Tl A
7/ VEBDROEETH Y, A5 — VAERHEEEIF0.17~034 kg ' h' TH o 72, —
73, EiR (301 K) TRMFAERIEUENE {, Z0L ) 2 EBBIBWTIdAY ) — LY
WA ZIALRIE DS TGE 50BN HEITT 2, L72A55 T, MEAERL DSBS 7o 1858 1
BWTIE, MPAEICRIEAEE TS ), MPERIEE L S 2 =55 (393 K2\ b) Tl
AG = VDHNVKEZNWALRIEDERTH L Z EDREENS

Fig. 5-6L 1), TEHENE®LTDHEL A5 ) =V B L UMFOE BSEED DT 21217 F
TAZENG D, LA L, FEHEEAE BRI I S8t U imBE DS 2§ 57
BEHBT 2 L E 5010080, 2B, e L7-RIDEBICB VT, BIAEY & LTE
BEDY X F )L L —F )L (DME) & COM R 7z,
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Fig. 5-4  Effect of alkali alkoxide component on productivities. Catalyst: N203SD (4 g) + alkali
a1k0x1de (40 mmol). Solvent: triglyme + MeOH (400 mmol). Total volume of catalyst system: 100
cm’. Reaction conditions: temperature = 423 K, initial pressure = 5.0 MPa (at ambient temperature);
H,/CO =2. ¥ (CH,),COK: 50 mmol.
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Fig. 5-5  Effect of temperature on productivities. Catalyst: N203SD (4 g) + CH3OK (40 mmol, 10

cm’ in MeOH solution). Solvent: triglyme (90 cm?>). Reaction conditions: initial pressure = 5.0
MPa (at ambient temperature); H,/CO = 2.



05 | | | |
O MeOH
04 | "
o O MF
o I B E
<
2
2 02 | L
Q
=
o)
S
st % S £
O —M

0 1 2 3 4 5 6
Initial pressure (MPa)

Fig. 5-6  Effect of initial pressure on productivities. Catalyst: N203SD (4 g) + CH3OK (40 mmol,

10 cm? in MeOH solution). Solvent: triglyme (90 cm’ ). Reaction conditions: temperature =373 K;
feed gas was charged at ambient temperature; H,/CO = 2.
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Fig. 5-7  Effect of feed composition on productivities. Catalyst: N203SD (4 g) + CH,OK (40 mmol,

10 cm® in MeOH solution). Solvent: triglyme (90 cm?). Reaction conditions: temperature = 373 K;

initial pressure = 5.0 MPa (at ambient temperature).
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Fig. 5-8 Effect of copper chromite loading on productivities. Catalyst: N203SD + CH3OK (40

mmol, 10 cm? in MeOH solution). Solvent: triglyme (90 cm3). Reaction conditions: temperature
=373 K, initial pressure = 5.0 MPa (at ambient temperature); H,/CO = 2.
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Fig. 5-9  Carbonylation of methanol over alkali alkoxides. Catalyst: (O) CH3OK; (A) CH3ONa;
(m) (CH,),COK. The amount of each alkoxide: 40 mmol. Solvent: triglyme + MeOH (210

mmol). Total volume of catalyst system: 100 cm’. Reaction conditions: temperature = 301 K;
initial pressure = 1.5-5.0 MPa (at ambient temperature); H,/CO = 0/100.

-103-




-
W

I I l

O N203SD alone

/\ with CH,OK (liquid)

<
S
I

V with CH;O0K (solid)

o

=

ja—
|

|

Methanol productivity (kg '

(@)
0 | I
350 370 390 410 430 450

Temperature (K)

Fig. 5-10 Hydrogenation of methyl formate on copper chromite. Catalyst: N203SD (4 g). CH,0K (40

mmol, in a solid or liquid form) was also used at 373 K. Solvent: triglyme + MF (10 cm?). Total volume

of catalyst system: 100 cm’. Reaction conditions: temperature = 373-443 K; 1nitial pressure = 5.0 MPa
(reactions at 373-423 K) or 3.0 MPa (reaction at 443 K) ; Hz/CO =2
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Fig. 5-11 Time courses of temperature and pressure in multiple charging experiment. Catalyst:

N203SD (4 g) + CH,OK (40 mmol, 10 cm’ in MeOH solution). Solvent: triglyme (90 cm? ¥
Reaction conditions: reaction temperature = 373 K; initial pressure = 5.0 MPa (at ambient

temperature); recharge of syngas = 6.0 MPa (at 373 K). H,/CO =2. (1): point of syngas recharge.
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Fig. 5-12 Recovery of catalytic performance by addition of alkali alkoxide. Catalyst: N203SD (4 g) +

CH,OK (40 mmol, 10 cm’® in MeOH solution). Solvent: triglyme (90 cm?). Reaction conditions:

temperature = 373 K initial pressure = 5.0 MPa (at ambient temperature); reaction time = 3 h (run 1)
and 1 h (runs 2 and 3).
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P& L CCHOK T W2 a1l b S\l ER B 5N b Z L 2B 5202 L7z,
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L, ZOMEBSFEETRLMILZ, T2, ERBRILWES L LT, Cu0d %\ iICr0,0
AERWIZGEICE, X5/ -V PFER LA 2720125 L, MEOWHIELSY
(CuO/Cry0, & KFL) T VB EX ¥ /7 — )V GRUIE DI L, B0 St iE 1 2578
b as k&R L3
CuO/CrOE A — )V IV T—ERFIEERES 5 Z & 12 X o THEL L 7278, EERLEC X -
TCuO/Cr,O,NXRD/N S — 7535 L KB L72[1, 2, 4]0 —f% 12, Ml |2 By s 7o % hn
ZAHZEITLoT, MEOYEALFMMEEAIZEILL, ZOMEVER RULEE) ASmE %
o EMHMBNTNS [5-11]o AFFIZBVT S, ERLIEIC X 5 CuO/Cr,0,0 P
CFMEDZANTRIRENS Z & D, TOREIC L > TCuO/Cr,0,% V> 7= fililit A D A
§ /)= VEBIEESPRET A LIRS,

CITERETI, TTROIZ, CuOLCrO,0YHIREW * ERRE, IRAERLES 2
CEIL o TR SR T AL 2R L[1-3], iz~ Mo b BEoEE,
MR o & L CCuO/Cr,O0, 2 3 BT 5 [3)0 RIZ, BADHWEE, Thbb, HEEH
e, X#E4r (X-ray diffraction, XRD) , &% i & 7 SE Y 55 50 52 (High resolution
transmission electron microscopy, HRTEM) , X W YU fi #fll 15 1 43 HT (X-ray absorption fine
structure, XAFS) # HH W T CuO/CrlO0 e ¥ ¥ 527 ¥ V¥ — 3 3 » %47\, BEER
WIEZ X 2 CuO/CrO, DAL 2RI 2 L 3012, X ¥ — VARBUHTER A DR % B
52T 5[4].
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-112-




A

-113-




_ S —

6—3 EEBERBL U
6—3—1 MHEEEE XY 5 CuO/Cr,0,D IR A EEWLILEE 0 5228

Table 6-LIZfRBE B & L TH W BRRILY MK & RFREFEE RT . RHER] BN

sy u~ A BLUBaildINM 7 0~ 4 b DE RS IICuCrO, TH Y, BalRhnsiz u~~4
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7zl EDFERZFig. 6-11IR Y, 70~ 4 M EBILWHS L L THWEAIZE WA Y
J =V ERBGREE (0.048-0.054 kg I' W) 2E S N2y CDPEDAY ) — ) B L O FhEE A
TV MF) OFRFEIL, RN, 70-80%B L U20-30%THh 72, BIEKRY L LTI,
RPFED AT NI =TIV DAEPRD LN, —J, BILE S & LT, CuoZ & NI
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Table 6-1 Composition and specific surface area of solid catalysts

Catalyst Composition

Surface area

(m’/g)
Copper oxide CuO L
Chromium oxide Cr,0; 2.8
Copper chromite CuCr,04 32.9
Barium-promoted copper chromite* CuCr,0y4, BaO 41.7

*This includes 9.7 wt.% BaO (from Aldrich catalog).
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Specific activity for MeOH

fu kLT
T I T
Copper chromite 0.42
Copper chromite
(Ba promoted) e
CuO Methanol 0.00
[] Methyl formate
Cr203 0.00
CuO/Cr2O3 3 57
(milled for 1 h) | ; | | 1 1 | | 1

= 0.00 0.02 0.04 0.06 0.08 0.10
Productivity / kg I 'tpt

Fig. 6-1 Productivities over a mixture of oxide and potassium methoxide. Catalyst:

metal oxide + CH,OK, reaction temperature: 373 K, initial pressure: 5.0 MPa (chraged at
ambient temperature).



Fig. 6-2  Effect of milling period of CuO/Cr
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Fig. 6-3 Effect of milling period on the BET surface area of (a) CuO, (b) Cr203 and (c) CuO/Cr203.




Fig. 6-4 XRD spectra of the CuO samples milled for (a) O h, (b) 1 h, (¢) 10 h, (d) 20 h

and (e) 50 h.

Intensity / arb. units

(b)

-

sl

(c)

(d)

(e)

20

NaN
=
n
=
AN
G
~J

0




!

Intensity / arb. units
B

I

20 30 40 50 60 70
20 / deg.

Fig. 6-5 XRD spectra of the Cr203 samples milled for (a) O h, (b) 1 h, (¢) 10 h, (d) 20
h and (e) 50 h.




60 1 llillIT] i IIIHIII 1 II)HI(]

50 —A/milled for O h

40
30 |
20

Crystallite size / nm

10

O Illlllll ull[lil, | IlllIll[ (W EEE

N L

(] o 8

0-06 s LR == IIIHHI rIII1H!l

S G B I

0.05 |
0.04
0.03 +
0.02 +

Lattice strain / -

0.01 _/ milled for O h

0.01 0.1 1 10 100
Milling time / h

Fig. 6-6  Effect of milling on crystal size (upper) and lattice strain (lower) of CuO milled alone.
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Fig. 6-7 Effect of milling on crystal size (upper) and lattice strain (lower) of Cr,0O, milled alone.
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were CuO/Cr O, milled for (a) 0 h (mixed by spatula wnhout milling), (b) 1 h, (¢) 3 h, (d)
10 h and (e) 50h (f) 50-h-milled CuO and (g) 50-h-milled Cr203. (O) Cu0; (A) Cr203.
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Fig. 6-10 TEM image of (a) CuO, (b) Crzo3 and (¢) 50 h-milled CuO/Cr203.

-127-




) P e M = i 3 = 5 LSl
ol & 2 S R = 3 = | L AT 8 N
] \ . i ! i =0 .
| | ae bR S e SR
- i e ’ I ol (e - .'l..ryluo h.a_!-ﬁu :: = NA. e Wﬁ
‘ e — i : Cliaiod g e B R MO E Y,

-ydesSoronu oy Ut D pue g Y pa[aqe] s9Is [BI0] JO enoads xqd pue ‘L0400 paqiw-y (g Jjo oSewr INHLL T11-9 ‘Sig

A9 / AB1ouyg
o 4 ¢
07 N m |
03 0D ] = o
i 0y 1D 01157 &
"
i 1
B,
q =
9D .ﬁwg
i PTI)
V 03 1D
) L AR S el S S ——————————
#l , .




-uresd e soyeorpur axmord oy ur 8, 1ono7 fo%/on)
paf[Tw-y (g (9) pue *Qt1) pafru-y 0§ (q) ‘0N peIrw-y o (&) jo safeun WHLYH -9 St

Y ...ﬁ.dﬁﬁa..}&u.. Y T 7 R
g o - * { “ e R AL Ta M | 8
i Lyt ) K\w .,.,..\ka.‘.w,,..w..ﬁ._w,,n.#m.//

e . :.,fi!.
oW A RN N
,.$\.M Dt A, W i g TR

5 APRE
4 e IX A I N Ve

P v e
\.u-.uk.

AR RS CTRE TN AR S, , o —= :‘.{Jﬁ
i e B s e
YA < st = #I’ ¢ Nﬂs pei e L LT .»\. ..K..r?.‘.
2 AN R LI IR
iy 555 : 2NN l.. s 77 ﬁm.ﬁ..w.,. PN €5
oA wuamw ﬂ,:wq. A .m.,.y/ '
y : Ll il desl Jﬁ.q }
RN DS eolos pst Qe R AR
/ L 3." f,l»..«“-_ld.\(!lvvﬂ'b“‘\.\‘.“ ..A..»..». —..J~M< 2 | » , y W
/ M.V m\m\ I!NF:(.:;.A,.JMJ.! ' M r i dad
h/ S \R&WA(A ;ﬂ,lu/n. :V/M H /-Ha. N/.\..v- ‘ ALY ,.
FION g lnl).“o.ﬁurz“...r.f“x ms..: ¥ ﬁv ~9¢¢
A SR 172N YL {
- PR 2N { {111 L

\
/ \ JI.:

/ﬂ,.: W [\ “...ﬂ,...u,,.,ﬂ..z/mf..ﬂ. .

(Re @umm e X mu.%,wm.w?! X ,u”%/«w,, R
SR OONh, A0TSR EE A
ity R
: > T " I,.’v/nf“,.»M ~mau~.v-
e 4‘“» Z/ V;J'alta‘-’m'wvd ,vvﬁw
R ) S g / ,_,,w//,e/a«ﬂﬂ.. )
i .,f | .._.w DR
| ,}J:m AT

44432 4 N mzuwoc..m
r ﬂ nﬂMﬂMM 3 ! ,Mu.—n—b -. 14 r
IR e

214t i




Normalized absorption

| I

I

(b)

8940 8960 8980 9000
Energy / eV

Fig. 6-13 Normalized Cu K-edge XANES spectra for (a) CuO (non-milled), (b) 1 h-milled

CuO/Cr203 and (¢) 50 h-milled CuO/CrzO3.
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Fig. 6-14 Normalized Cr K-edge XANES spectra for (a) Cr, O, (non-milled), (b) 1 h-milled
CuO/Cr,0; and (c) 50 h-milled CuO/Cr,0,.




HBIZLo T 2OBENZRILDV RIS TV B EARBEN S, —F, CrKIEI®
XANESAAXZ R VTS, CuOCriON AT FViE, EMEFEIC L 57, REFOCTHO,
DAY P WVIZ—F L 72 (Fig. 6-14) o

Cu KW i O i 130X 3  IUsi#l 4% 4% (Extended X-ray absorption fine structure EXAFS)
@%E%i)xf\"ﬁ PV %z Fig. 6-1512, 72207 —1) T4 (FT-EXAFS & %3) % Fig. 6-16

127" T o FT-EXAFS 2 X7 b VIZ—FEDOE)R "\%ﬁﬁéﬁ*&%%t TBY, TOANZ MLk
D, EHILEPOBEEF I CORBPRMNEEOMRA LB, LN TE S, 508 BE
i L 72 CuO/CryO,DFT-EXAFS A“X 7 } )V (Fig. 6-16M (c)) 1&, $17 0~ £ b (CuCr,0) ®
FT-EXAFSANZ PV (Fig. 6-160(d)) L EHE L £B% o 72, THUE, CuO/Cr,0,% £ I [
BLTOMZ O~ A MIERL T aWnIl, 250N, CuO/Cr0,ldCu0 L Cro & 1
RENDH ZEZRIEL TWD, Fig. 6-16 (b)) B L) LS 20 & 512, EERESRE &
& BIZCuO/Cr,OH D CuDFE A HEEEIZE KL, ¥'— 2 EIiZA L 720 Table 6-2 1ZEXAFS
ART VDA =T T4 974 ¥ T bBMENTMHE/ST A~ ZIRT, CuO/Cr,0,+
DCu-07% 5 WIZCu-Cu DAE A BB I BERILER 12 X - TR L, CuOkE B CuE -0
FBICBNTHEFAE(TELVT 7 2O AET L TWBE I ISR E NG, 5 DL
AL, XRDFFIT TRIZ S N7z, CuO/Cr,0,l2 B 1 % CuOfk i DI T E 4 DB KA (Fig,
6-9) & —HT %o —h, BWHIZLDE, Cu-OEDERMEBDBA IIED (6.053) Th -
22 B, ClOM FREDBMIDIBIZINE N EXTREIE I N7,

Fig. 6-17(2 Cr KIE WiUiw DEXAFSHRE) A X 7 + V%, ¥ 72, Fig. 6-1812 % DFT-EXAFS
AR MV RT, 1EFHE B L Y500 i 2 i L 72CuO/Cr,0,DFT-EXAFS A X 7 } )V (Fig.
6-18 (b), (c) I&, Cr,O,M A7 b (Fig. 6-18 (a)) L BN TH Y, EREEMEIT- T
b CuO/Cr)O, F DCrlE FififE TIABEE 2 LA E TV AW EATRIB SN B, CrK
RIPUREXAFSARY VDA =T 74 9T 4 ZDELERESN-EENSS X —5 2%
Table 6-3127R§ %Fﬂ‘%ﬁ@cg()f I—FEDOCr-OFEE (1.98A) A%, F7-, FEERLEE /-
CuO/Cr,0,ClE, Z DA DMIAESIEBED R % 5 Cr- o#/\ (1.82~1.87 A) 25 721238
s =L CrOnh e (291 A) t1 98 ADCr-Ok &1, L7z wFhot 7z
BWThEZOLN, LEDOER:S, CuO/CrzO[F‘O)Cm fhmn (X, SORE[E EERALFE %
T 2R THRERDOCLOL IR UHE LR L TV &a‘\%;@ biine

6 —3—3 REEMIZLIHELRL

CuO/CrOx RIFHIEEM S 5 &£, CuO & CrOM#E T &IZE IZHAT 5, CrO,ldHf
BANEH SN LI EDOBEEOEVIETH ), —7F, CuOITME I3, BA BER:
LOCrO L ) /NS LB TIC%5 LS NE, 20X ) 2RI, Fig 691271
P FEOZAL Y O bR S Tz 7, BEFOMELT & & b IZCuOBK T & Cr0 4
FREWVIZESE - Bl L, MPREECOFERETHLCu0ECo,0T » % 7 Vi
T 2 &, E5IZ, BFIZE > TCuORRICEIRIMITIRTABLSEL 5 2 L ASREE
SN7z,

BRI BV T, RREDEFAED L CI3BFRIED, BEORG #7345
-132-

S
i
= . e
e
2
- W~
pr——
=S
(R !
. .
o e
T
. |._‘." -~
=g .
B



k3(k)
()

15 ' 1
3 5 ) 9
, k /Al
15 , :
(b)
g o~
e o
ty
-15 | l
3 5 ) 7 9
k/A!
. 15 : :
(c)

k3 (k)
Pows
=,

13 ' '

15 1 T
(d)

/\r\/\v

k¥ (k)
(=

Y/

J5 L
3 5 ) 7 9
k/A!

Fig. 6-15 k3-weighted Cu K-edge EXAFS functions for (a) CuO (non-milled), (b) 1 h-
milled CuO/CrZO_, (¢) 50 h-milled CuO/Cr203 and (d) copper chromite.

-133-




L

[F(1)] for Ky, (k)

Cu-Cu
Cy-Cu

Cu-0O Cu-Cu

Cu-Cu

(a)

(b)

(c)
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CuO/Cr203, (¢) 50 h-milled CuO/Cr203 and (d) copper chromite.
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Table 6-2 Structural parameters as derived from the Cu K-edge EXAFS.

Catalyst Bond Bond(cjgi;tance Corcl)lz?rilr};aetrion
CuO (non-milled) Cu-O 1.94 6.0
Cu-Cu 2.78 3.4
Cu-Cu 3.34 7.4
CuO/Cr03 (milled for 1 h) Cu-O 1:92 6.0
Cu-Cu 2.79 5.3
Cu-Cu 3.58 6.1
CuO/Cr,0O3 (milled for 50 h) i) 2.07 3.3
Cu-Cu 2 4.4
Cu-Cu 3.80 4.1
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Fig. 6-17 k3-weighted Cr K-edge EXAFS functions for (a) Cr,O, (non-milled), (b) 1 h-
milled CuO/Cr203, (¢) 50 h-milled CuO/Cr2O3 and (d) copper chromite.
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Fig. 6-18 Fourier transforms of k3x (k) of Cr K-edge EXAFS for (a) Cr203 (non-milled), (b) 1 h-milled
CuO/CrzO_, (¢) 50 h-milled CuO/CrzO3 and (d) copper chromite.




Table 6-3 Structural parameters as derived from the Cr K-edge EXAFS.

Catalyst Bond Bond(dAi)stance Corcl)lrl(ririllll)aetrion
Cr03 (non-milled) Cr-0 1.98 6.0
Cr-Cr 2.91 3.2
CuO/Cr,03 (milled for 1 h) Cr-O 1.82 4.5
Cr-O 1.98 1.5
Cr-Cr 2,90 = B
CuO/Cry03 (milled for 50 h) Cr-O 1.87 1.4
Cr-O 1.98 4.6
Cr-Cr 2.91 2
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Table 7-1 Comparison of methanol synthesis catalysts.

Catalyst Temperature Pressure Space Velocity Productivity T ——

4 Mg by (kgl'h)
NaH/tert- amyl alcohol/Ni(CH;COO), a) 433 5.0 batch reaction 0.95 This work
Copper chromite (N203SD)/CH;0K a) 393 5.0 batch reaction 0.34 This work
CuO/ZnO/Al,05 (ICI process) 503-523 5-10 10000-40000  0.5-0.77 [1]

a) solvent: triglyme; H,/CO = 2.




Table 7-2 Performance of the studied catalysts.

Product yields (mmol) Initial
Catalyst Conv. Select. pressure
% % d
= ) MeoH MEF  DME  cO, MPamin)
Ni(CO)4/CH;0K 92.2 97.4 197.8 2.2 04 trace -0.49
Ni(CH3C00),/CH;0K 79.4 75.0 108.9 16.3 L4 0.2 -0.37
" CuO/Cr,04/CH;0K a) 82.0 Foit 117.0 18.9 trace 0.1 -0.36

Reaction conditions: temperature = 373 K; initial pressure = 5.0 MPa (charged at 373 K); reaction time =1 h
MeOH: methanol; MF: methyl formate; DME: dimethyl ether.
a) CuO/Cr,0, was milled for 150 h.
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