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-
=
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Ethanol

0 2 4 6 8 10 12
Rate of formation of Leafalcohol
/x103mol h-'g-cat!

Fig.2.1 Hydrogenation of Leafaldehyde over
Co/Al,O4 Catalysts with Several Solvents

~leafaldehyde/solvent=3/50ml; initial H, prssure=10atm, reaction time=2h,
catalyst weight=1g, reaction femperature=50°C o
a:leafaldehyde=20ml, catalyst weight=2g, reaction temperature=60°C

lkl [J”.r,

Fig.2.2 MS spectrum of After reaction Products

Reaction Condition - - - Co/AlL O, catalyst weight=2g, leafuldehyde=20ml|
reaction temperature=60°C, initial H, pressure=10atm

T
2b0 b @0 500 600
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MeOH

EtOH

1-PrOH

1-BuOH

Solvents

2-PrOH

O Leafalcohol

2-BuOH
. H Capronaldehyde

2-Me-1-PrOH

0 2 4 6 8 10 12
Rate of formation / X 10-*mol h-'g-cat?

Fig.2.3 Hydrogenation of leafaldehyde over
Co/Al,O; catalysts with several
alcohol as solvents

leafaldehyde/solvent=3/50ml, initial H, pressure=10atm, reaction time=2h,
- catalyst weight=1g, reaction temperature=50°C = __ __ - .

CapronCHO O

/
NN //'m'\ OH
LeafCHO (O '

NN C/H ....................... e,
s OH ~ . _H"
+2EtOH H t-2Li|aefg:ck/ C__C t-3-Hexenol
M)\ AN H/ \chs-z -Hexenol
Acetal O /\C—C /\/OH

Reaction Scheme for the Hydrogenation of Leafaldehyde
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Table.2.1 Hydrogenation of Leafaldehyde
: selectivity and yield of acetal formation

Conversion of Leafaldehyde Acetal (%)
(%) Selectivity Yield
ALO, 222 100.0 . 222
: MgO-ALO; 0.0 00 0.0
! Co/ALO; :
' precursor : Co(NOs), 297 1.0 0.3
. preparation : impregnation
i Co/ALO;
: precursor ;: Co(NOs), 64.9 0.2 0.1
preparation : precipitaion
} Col. Ale]
precursor ; CoCl, 97.1 7.9 1.7

preparation ; precipitaion

leafaldehyde/solvent=3/50ml, initial H, pressure=10atmn,

catalyst weight=1g, reaction temperature=50"C
reaction time=2h -

LeafOH
I CapronCHO
Hexanaldietylacetal

[ 1-Hexanol
~_~
2
-
«
=
S
E
S’
£ )
3]
<
o
mN
)
7 v
0 | 2 3

Rate of formation ( X 10°molh-'g-cat?)

Fig.2.4 Hydrogenation of Hexenal-
diethylacetal over Co/Al,O; Catalysts

Hediethylacetal/ethanol=5/50ml, initial H, prssure=10atm, reaction time=2h,
catalyst weight=lg, reaction temperature=50°C



Table.2.2 Hydrogenation of 2-hexenaldiethylacetal over Co/Al,O; catalyst

H,O/Acetal Rate of formation (X 10°mol h”! g-cat™) Reac. rate const.
(mol ratio)’ Leafalcohol Capronaldehyde Acetal* 1-hexanol (x10min™)
0 0.13 1.27 0.06 0.53 2.17
0.5 091 0.42 0.03 237 5.55
2.3 1.06 0.29 - 2.39 4.29
* hexanaldiethylacetal
2-hexenaldiethylacetal/ethanol:5ml/50ml, initial H, pressure:10atm,
reaction time:2h, catalyst weight:1g, reaction tempereture:50°C
-4 LeafCHO N1 eafOH
A CapronCHO ® 1-Hexanol
O Acetal
25 85
< "
-]
o 20 80 .,
g S
v 15 758
= -
o
8 10 70 8
3 =
= 2
3 S 65 >
> 4 A
0 LI S 60
100 150 200 250

Reaction Time /min

Fig.&.s Time course of yield for products in

Co/Al O, Catalysts

Hydrogenation of Leafaldehyde over

leafaldehyde/solvent=3/50ml, initial H, prssure=10atm, catalyst

weight=1g, reaction temperature=50°C
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LeafOH

W CapronCHO
0O 1-Hexanol
M Acetal

0 20

Fig.3.1 Hydrogenation of Leafaldehyde
- -over Supported Co Catalysts--

40 60 80
Yield / %

leafaldehyde/ethanol=3/50ml, initial H, prssure=10atm,
reaction time=2h(except Al,0;),
catalyst weight=1g, reaction temperature=50°C

Table.3.1 Surface area of the unreduced
supported Co catalysts

surface area® (m’g™)

catalysts
Co/Al, O, 85.7
Co/Si0, 264.7
Co/ZrO, 30.8
Co/Ti0, 62.7
Co/ZnO 36.9
Co/MgO 114.2
Co/La,04 37.1
Co/ZnAlLO, 75.9
Co/MgALO, 66.3

« : Catalysts were measured by BET method
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Fig.3.2 The Effect for the Method of Zr
Addition on Hydrogenation of Leafaldehyde
over Co/Al,O, Catalysts

leafaldehyde/ethanol=3/50ml, initial H; pressure=10atm, -

reaction time=2h, catalyst weight=1g, reaction température=50°C
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Fig.3~./,3 Hydrogenation of Leafaldehyde
over CoAl,O, Supported Co Catalysts

leafaldehyde/ethanol=3/50ml, initial H, prssure=10atm,

reaction time=2h(except Co/AlLO;),
catalyst weight=1g, reaction temperature=50°C
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Fig.3.4 Hydrogenation of Leafaldehyde over
MgO-Al,O; Supported Co Catalysts

leafaldehyde/ethanol=3/50ml, initial H, pressure=10atm,
reaction time=1h(*:2h); Catalyst weight=Ig, reaction ~
temperature=50°C
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Fig.3.5 The Effect for the Method of MgO -
Addition on Hydrogenatlon of Leafaldehyde
over Co/Al,O; Catalysts

leafaldehyde/ethanol=3/50ml, initial H, prssure=10atm, reaction
time=1h, catalyst weight=1g, reaction temperature=50°C
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Fig.3.6 Hydrogenation of Leafaldehyde over

MOx-Al,O; Supported Co Catalysts

leafaldehyde/ethanol=3/50ml, initial H, prssure=10atm,
reaction time=1h(except BaO, SnO, and ZIOg),
catalyst weight=1g, reaction temperature=50°C
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Fig.3.7 Hydrogenation of Leafaldehyde over
La,0;-AL0; Supported Co Catalysts

leafaldehyde/ethanol=3/50ml, initial H, pressure=10atm,
reaction time=1h, catalyst weight=1g, reaction temperature=50°C
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Conversion Selectivity % _
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Table 4-2 (B2 &BOBTMPR ) —HNE 01wt RDEE —

Conversion:

%

Selectivit

LeafOH CapCHO 1-Hexanol Acetal

Yiled  Selectivity (%)
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HEE : 170C, DETHRE : 170C

3 MREEER
3-1 KRBT IVT & BOKRRERKIGITR T S
FEHRE O &

Co/ALO; it [Co(pre)filfit] % FAW\/=A 82
M7 ITE ReANFEF—I)DKBRERG
L, HIEECAFEF-IWREEE X
TRIGEST 2 7. B2 IR R EHBE IZH L.
TNENYIHKFR(EE Z Table.5-1ITE &,
7oy b L7zK% Fig.5-1 1R U7z, £ DR,
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Table.5-1 2-~"FEbF—NVAKBIEXBITBITIIEEE
T A R b= E

i . Hydrogenation rate
Concentration Total hydrogenation rate

(mmol/min/g-cat)

(mol/) (mmol/min/g.cas) C=0 C=C
0.50 0.53 0.48 0.03
0.83 0.36 0.33 -~ 0.02
1.16 0.23 0.20 0.02
1.65 - 0.12 0.10 0.02
2.03 0.09 0.07 0.01

Catalyst : Co/Al,03 0.5g. Reactant(UAL) : 2-Hexenal. Solvent : Ethanol
Initial H, pressure : 10atm. Reaction temperature 50°C

Conversion ; 20%
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FENEENEL 22120 T, RINEEINME
FEaERERLE.  — RN RIGEER
TIREHBE OIS EEHEM
FBIENBN.DED, “BESETNER
T BRFREBICHES 2L &R0, RBE
NEL B FIERBEEITHES 23" Den
S5TETHB., LALERISTIIREHRED
winmzEn, KISEERMETLTWE. Kb
2k o TR R EME 2 BRI —& L
BNBDBLUVBHRPEDETRNBDHDH
D, Kz B R ST 2 ORI Y,

COBRREMET 22012, HRaOHE
BHEEICXH L. FERTHHIREMTINTER
D C=C #EEDKBIHEE L C=0 HEHDKHK
{LHE 2T NENEE L 72(Table.5-1). fER%E
70wy hLERZ Fig52 IKRL7%. Fig5-2
M5 C=CHEa DKRBLEEZFREHRE IS L
TIEEFE—ETHho2DII LT, C=0EED
KFEE, DEDTIVTE ROHI KR IVEER
5y DK RACER BT EHRE OBz L TR
BIE T aEmNRsNE LER->T,
ZOBRBIIEHFETHIN Co(pre)fitiE TD
7T ROKRLRIGITH U TRAE OBRK
ThdEEZALNS,

UL, EREOBREEIHET—HFHRND
C=0 B & C=CHBDKZRLDEETH S,
C=0 fE& & Cc=C ¥EnkFzrhneThy)
DEELT. BLHEZRTILDI, —HF
AT C=C #EHOHEFEDOAREMYILI—)
@-~Ft ) —INE—HFHIT C=0 HEDH
EHOMEMT VT E RQANFY ) —INET
NENRISFERRHC AW TRISEITY. JRBHR
Bz 5 RIGERERDWTRN 21T 7,
32 REAFT I A=) BT IIT e RDOK
RN I T 2 PR E O %

Co/ALO; fill [Co(pre)] ZAWNWT, —4F
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WIZ C=0 #EADAZERDOMMT IV TE RE
— D FRIZC=CHBDHEHFOREMT I 2
=V DOKFEREEITW, SREHREICE T
BRISHEERE Lz, M7V TE Ridid
1-NFYF—Jb, RT3 2-A
Ft /- NERISEBICANWEZ. EB5HK
RIEERMEL T, BT IV I—IV(A-NFH
J—IWEERLE. Z OXBICHEDH S,
BTN A= o8I T I T RAOR
LRGSO NZDONTIE, AERTIIRER
XNhol,

IC®IT. C=0 BEDOHEE BT IT
b RIKER IS % 1T o 7z (Table.5-5). KIZ C=C
HE DB EFOARRIT I 2—)V DAFRILK
J5%4T 0 2 (Table.5-22). ZNTNEERHERE
L, AREEEZREL Oy b Lz
% Figs5-2 1R L=,  Fig5-2 M5 C=0 #§
BEOREROMMT I T b RARIIEEE
EOEME & BITRIGEEMET LT,
ZNEREMT VT e ROKFEDOBEE EF
ROBRER L. —F5. C=CREDIER
DRI T I 2=V OKRRICITFEEHEE D
mEEBIRBBENEML T, O
REFRBBNT I T ROKRILOFE Bz
DRRERD, —REERE-FLTW
oo TDTEMNS, FHETHNE Co/ALO;
fikit [Co(pre)] ICXBKFBLRBITBNT,
SFRICC=0 KB, DEDTINTEROAIN
RONVEZFRFDIEAEYEREEHCRAWEES.
FRHRE QMMM AWK ISEEME T 3 58
MNELND Z EHERINE,

ZIZT, 7T RERBICAVWTRIGE
To&, BEOEMELBIEEMNMETT 3
EmERTED., 7T e RakOmENE
BHREHME EDHITHATNWE, RIEZHEE
THIENRRERDREEDEZ NS,



Hydrogenation rate
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Fig.5-1-2 C=0. C=C S 0&KELHEE

Catalyst : Co/Al,03 0.5g. Reactant(UAL) : 2-Hexenal,
Solvent : Ethanol. Total solution : 53ml.
Initial H, pressure : 10atm. Reaction temperature 50C

Conversion ; 20%
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Table.5-2-1 &£ {EETORFIT VTR DKR{LEE

Reactant Solvent  Concentration Formation rate of SOL
SAL (ml)  EtOH (ml) (mol/1) (mmol/min/g car)
3 50 0.43 0.55
5 48 0.75 0.29
10 43 151 | 0.11

Catalyst : Co/Al;,05 1.0g. Reactant(SAL) : 1-Hexanal. Solvent : Ethanol
Initial Hj pressure : 10atm. Reaction temperature 50°C

Conversion ; 20%

Table.5-2-2 FEE CORBFTNVa—LDKF{LHE

Reactant Solvent  Concentration Formation rate of SOL
UOL (ml) EtOH (ml) (mol/l) (mmol/min/g.ca)

3 50 0.47 0.07

5 48 0.77 0.11

10 43 1.57 0.20 )

Catalyst : Co/Al,03 1.0g. Reactant(UOL) : 2-Hexenol. Solvent : Ethanol
Initial Hy pressure : 10atm. Reaction temperature 50°C

Conversion ; 20%
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Fig.5-2 HREICBIT 587 INTELRE

BRI N3V DK FCHEE

Reactant(SAL or UOL) : 1-Hexanal or 2-Hexenol
Catalyst : Co/Al,O3 1.0g. Solvent : Ethanol

Initial H, pressure : 10atm. Reaction temperature 50°C

Conversion ; 20%
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DED, 7T b REEOYE I - OIE
YA N EESTLEN, RIEEHITNS
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7T ROKZBLIZBWT ERDO XS]
SO Z B DA TH W Co/AlOs fil
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ERWTHEETO 2.
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ENENT EHE|EL TNBY,

INETEUHEETIE. o, - AT INVT
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I REIRI T )V O —)L B R T B IEEET
3 19,C=0 #5A DKFILIEHEATE VY Co(pre)
AT Co(imp)fiiE & G-67 AIT fEN, 2
RIZ C=0 #EEZME EITHBBEEL TY
BIENEZEND, DT END Co(pre)fit
H T C=0 BB DEBEPEELEMITEZD, 7
IWTFEe FORBBENRERBIZDONT, fil
i EEKELETY VT FBENELRZD,
IKEDRBERE T 281 MR L, fildgt b
ICFRBE L oK ROBEMRT T 57280, HE
PWETFTTBEMERTO TR UL,
ZIT C=0 B DKFLIEEDRY Copre)
fiE DR, HENEOFELZHBIBZIITND
RREEDEZ NS, X DRERIEH <
ETHRTH 5,

DEzFEEDZE. INETEHEPFETHN
TE- Coppre)filt TO Y I Tk FAFRIZ
BiF3 5 BEOMEMIE. C=0 & DKRIIEME
IZENT- Z O IR TH 2 RN S
Vi,

3-4 L5 ) —)VIBEOD KIS\ DEE

INETHFEELLTHNWTEZLSY ) =)
B, Co(pre)fitifEZ A=A KINICH LTS
LTOWBDTEHRBRWNEER, 7 /)—IVE
BERB7ILTE ROENERD, KNHE
ELOBERZEE LD,

I8 ) —IIVEBEEFRRY VT E ROEIVT
ERAEZT. RINZEITo7z. RIGEHIZ,
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Table.5-3 #k % 72Cofi it COEFIT VT R DK FR{LEEE

Concentration Formation rate of SOL (mmol/min/g.ca)
(mol/l) (Co/A1203 ' Co/l.kl203 Co-Zr/EE#E +
Co(pre)] [ Co(imp)] [G-67)
0.43 0.55 0.16 0.42
0.75 0.29 0.13 0.43
1.51 0.11 0.12 0.41

Reactant(SAL) : 1-Hexanal. Solvent : Ethanol
Initial H, pressure : 10atm. Reaction temperature 50°C

Conversion ; 20%
Co (pre) 0.5g : CoALO; [Precursor ; CoCl,. Precipitation method]

Co(imp) 0.5g : CoALO; [Precursor ; Co(NOs);. impregnation method]
G-67 02g : Co-Zr/E:¥t [HEHN— R —fMER]
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Fig.5-3 #RZ 73 Co it TOMM T IV T & R DKRILEEE

Reactant(SAL) : 1-Hexanal, Solvent : Ethanol

Initial H, pressure : 10atm. Reaction temperature 50°C
Co (pre) 0.5g : CoAlOs; [Precursor ; CoCl,. Précipitation method]
Co(imp) 0.5g : CoALO; [Precursor ; Co(NO3),. impregnation method)
G-67 02g : Co-Zr/E¥Et [AEHN— K I —Mikin)
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WRIZHEKINMTIZIERNEE AN TS > THR
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fli, BIRSOMHZED BN TRISEER
- REBHELRVIETbN A, BHEED
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I —=VEEERBTIVTE ROEIED
BMC LT, EENERNICHEMNLE
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WBN, NTH EEE 1ImBS L. Y
—J)V%E 10ml MA 3 Z &Ko TRIEHEHD
MIZETTAHEDIRo2E, DT EhST
57 =INVE—RBOFIMMEZEZ D ENTE,
RIGZ{EETHYIRERFODIENHE N ER
D77,

& Z AT, 5 E T Colpre)fililit & =7
NVFE ROKRIERBICHNT, FEHBED
BiNE EBHITRLEBEEMET T2 EHEL =,
CZTRERTNTE RELY ) —IVEHO
“HTREZEBIRo>TNBED, FRRE
OEIME & biT, T ) —)VIBEEEMET
5, I¥ /) —IIRIGERET 2RNE
bnzlzd, 1LY ) —IBEORKRTEREE
EOETORRIZDRNB ZENEZ SN,
IO, HEET ORI DV TER
BEOEELLY ) —VBEOREEMTT
RETDINEND S,

4 &

(1). C=0 KF{LAEDF VN Co(pre)filtit TILE B
TITE RBEOEME &b i RIGHEILE
T9sHEmMERLE. FEMTIVTER, 4
MY NVTE REBIAROERERLZ, —
7. C=CHEADHEHEDARBBIT N IA—)LD
KRFCRIEDEFE, LRROX D BEEIRE
T FRHBREOHEME & BICRISHEE M
L7z, &2 T 7T RZERICAVWEE
EDH, HEKTOEHERT T ENDNo
7zo

@. THWFEROKRRILRBIRBNWT,

Co(imp)flit T G-67 filifE CIXIBEITH U idkEE
H—ETHD. Co(pre)filid & HNGHEL T
BRI S2d o, C=0 ARRLEDRH
Co(pre)fi iR & N7 BB T % B AL
2%

@B). T¥ ) —)VIiZB/eBEE TR B
IZRKIABES L TWAYETH B Z LA
EMERDT, IHIZ, RNZ2{EET 35—
DEMPD XD BB ERT I END N T,
@).  TIFE REEBERMMNE &b
HEMETLERREL T, EMEOEE,
T ) —VBEORE, FREERKORE
ZHTTHRHETDLEND S,
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Table.5-4 =% /) —NVIEEEER 7 VTFEROENHIZHT5

RSB OBk

Reactant Solvent Inert solution Ratio Hydrogenation rate
(UAL) (EtOH) (Heptane)  (EtOH/UAL) of C=0

(ml) (mol) (ml) (mol) (ml) (mol/mol) (rr/l/mol/min/ g-cat)
3 0.026 0 0 50 0 *0.004
3 0026 5 0086 45 3.26 0.068
3 0026 10 0.171 40 6.62 0.153
3 0026 20  0.343 30 13.23 0.266
6 0053 10 0171 37 326 - 0.063
9 0079 10 0171 34 2.16 0.048

Catalyst : Co/ALLO; 0.5g (¥1.0g). Reactant(UAL) : 2-Hexenal. Solvent : Ethanol
Inert solution : Heptane. Total solution : 53ml
Initial H, pressure : 10atm. Reaction temperature 50C

Conversion ; 20%

a3
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Catalyst : Co/AL,O; 0.5g(%1.0g)
Reactant(UAL) : 2-Hexenal. Solvent : Ethanol
Inert solution : Heptane. Total solution : 53ml

Initial H, preséure : 10atm. Reaction temperature 50°C

Conversion : 20%
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Table.6-1-a EBRSH:

(CofAloy Solvent(BIOH) e8| by pressure T SO0EOR
(&) (ml)  (mol) (ml)  (mol) (atm) (ml)
A) 0.5 5 0.086 3 0.026 10 45
®B) 0.5 10 0.171 3 0.026 10 40
© 0.5 20 0.343 3 0.026 10 30
Table.6-1-b L% /—)VIBRREIC X 5H8
EtOH conc. Reactant conc. Hj pressure Hydrogenation rate of C=0
(mol/1) (mol/1) (atm) (mmol/min/g.cat)
A) 1.61 0.50 10 0.068
(B) 3.24 0.50 10 0.153
©) 6.47 0.50 10 0.266

Catalyst : Co/Al;0; 0.5g(constant). Reactant : 2-Hexenal 3ml(constant)

Solvent : EtOH 5. 10. 20ml. Imitial H, pressure : 10atm(constant)

Total solution : 53ml(constant). Reaction temperature : 50°C

Conversion : 20%
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Catalyst : Co/AlL,O3 0.5g(constant). Reactant : 2-Hexenal 3ml(constant)
Solvent : EtOH 5, 10, 20ml. Initial H; pressure : 10atm(constant)
.Total solution : 53ml(constant). Reaction temperature : 50°C,

Conversion : 20%
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Table.6-2-a %&%ﬁ:

Catalyst . H, pressure Reactant Solvent Inert solution
(Co/ALO;) 2P (2-Hexenal) (EtOH) (Heptane)
(2) (atm) (ml) (mol) (m}) (mol) (ml)
(A) 0.5 5 3 0.026 10 0.171 40
(B) 0.5 10 3 0.026 10 0171 40
© 0.5 20 . 3 0.026 10 0.171 40

Table.6-2-b KEEIC L ZHE

H, pressure  Reactant conc. EtOH conc.  Hydrogenation rate of C=0

(atm) (mol/1) (mol/1) (mmol/min/g car)
(A) 5 0.50 3.23 ) | 0.108
(B) 10 0.50 3.23 0.153
©) 20 0.50 3.23 0.207

Catalyst : Co/Al,0; 0.5g(constant). Reactant : 2-Hexenal 3ml(constant)
Solvent : EtOH 10ml(constant). Initial H, pressure : 5." 10, 20atm
Total solution : 53ml(constant), Reaction temperature : 50°C

Conversion : 20%
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Catalyst : Co/Al,03 0.5g(constant). Reactant : 2-Hexenal 3ml(constant)
Solvent : EtOH 10ml(constant). Initial H, pressure : 5. 10. 20atm
Total solution : 53ml(constant). Reaction temperature : 50°C

Conversion : 20%
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Table.6-3-a EBRSMH:

Catalyst Reactant Solvent H, pressure Inert solution
(Co/AlLO3)  (2-hexenal) (EtOH) 2PICSSUI® Heptane)
() (ml) (mol) (ml)  (mol) (atm) (ml)
(A) 0.5 3 0.026 10 0.171 10 40
(B) 0.5 6 0.053 10 0.171 10 37
(©) 0.5 9 0079 10  0.171 10 34
/

Table.6-3-b )Eﬂi%ﬁamcg:é%g

Reactant conc.  EtOH conc. H; pressure ~ Hydrogenation rate of C=0

(mol/) (mol/1) (atm) (mmol/min/g.ca)
(A) 0.50 3.23 10 0.153
(B) 0.99 3.23 10 0.063
© 1.49 3.23 10 0.048

Catalyst : Co/Al,0; 0.5g(constant). Reactant : 2-Hexenal 3. 6. 9ml
Solvent : EtOH 10ml(constant), Initial Hy pressure : 10atm(constant)
Total solution : 53ml(constant). Reaction temperature : 50C

Conversion : 20%
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Catalyst : Co/Al,03 0.5g(constant). Reactant : 2-Hexenal 3. 6. 10ml
Solvent : EtOH 10ml(constant). Initial H, pressure : 10atm(constant)
Total solution : 53ml(constant). Reaction temperature : 50C

Conversion : 20%
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Table.6-4 KSRE QR E K5 U RISHE

10—9(atm)  9—8(atm) 8—7(atm) Average rate -
Conc. 0.153 0.144 0135  lotaltime (mmolmin/
(mmol/min/g) (mmol/min/g) (mmol/min/g) mol/min/g)
0.49(mol/1) 60min — — 60min 0.153
0.99(mol/1) 60min 90min — 150min 0.148
1.49(mol/1) 60min 90min 90min 240min 0.143

Catalyst : Co/Al,O3 0.5g(constant). Reactant : 2-Hexenal 3. 6. 10ml
Solvent : EtOH 10ml(constant). Initial H, pressure : 10atm(constant)

Total solution : 53ml(constant). Reaction temperature : 50°C
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Catalyst : Co/Al,03 0.5g(constant). Reactant : 2-Hexenal 3. 6. 10ml
Solvent : EtOH 10ml(constant). Initial H, pressure : 10atm(constant)

Total solution : 53ml(constant). Reaction temperature : 50C



e
—

Q
O 008 |
!
[
5006
g8 °
82004
58
E, 0.02 + ®
0 I | . | 1
0 0.2 0.4 0.6 0.8 1
Catalyst weight (g)
5
Fig.6-4 fRIERBDOPE

Catalyst : Co/Al,03 . Reactant : 2-Hexenal 10ml. Solvent : EtOH 68ml,

Initial H, pressure : 10atm. Reaction temperature : 50°C
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Catalyst : Co/Al,03 1.0g . Reactant : 2-Hexenal 3ml . Solvent : 50ml
Initial Hy pressure : 10atm. Reaction temperature 50°C
*1 MTBE : Methyl-tert-butyl ether
*2 EGME : Ethylene grycol monomethyl ether
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Table.7-2-a &4 2 7 v — VI CD2-~FEF—1L D

AE AN
Conv. Selectivity (%) Time
Solvent kX 10°
(%) UOL  SAL SOL  Acetal (min)
EtOH 99 85 1 9 5 2.06 60
1-PrOH 87 85 2 4 9 1.55 60
1-BuOH 81 88 4 4 4 1.30 60
S amOH 25 68 1 5 16 019 120
2-BuOH 18 73 15 5 7 Q.14 120

*k  RBIEEEEDN SRD = 0.5 ROFEEE [(mol/1)>/min)

Catalyst : Co/Al;0;3 1.0g . Reactant : 2-Hexenal 3ml . Solvent : 50ml

Initial H, pressure : 10atm. Reaction temperature 50C

Table.7-2-b k4 27 NVa— VEHP CO2-~FF—N1D
AN

Rate of UOL formation Rate of SAL formation

Solvent
(mmol/min/g cat) (mmol/min/g.cat)
EtOH 0.365 0.006
1-PrOH 0.332 0.010
1-BuOH 0.305 0.012
""""""" 2POH 006 0006
2-BuOH 0.028 0.006

Catalyst : Co/Al;03 1.0g . Reactant : 2-Hexenal 3ml . Solvent : 50ml
Initial H pressure : 10atm. Reaction temperature 50°C
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Catalyst : Co/Al,03 1.0g . Reactant : 2-Hexenal 3ml . Solvent : 50ml

Initial H, pressure : 10atm. Reaction temperature 50°C
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Table.7-3 Hydrogenation of 2-Hexenal with straight chain
primary alcohol as solvents
Conv. Selectivity (%) Hydroge.nation
Solvent ratio
(%) UOL SAL SOL Acetal * C=0/C=C
EtOH 99 85 1 9 5 9.4
1-PrOH 87 85 2 4 9 14.8
1-BuOH 81 88 4 4 4 11.5
1-PeOH 40 85 7 3 5 8.8
——FOH —[+PrOH —A—BuOH -©-PeOH
6
5
—
£
S 4
=
.9
a 3
=
2
a 2
S
3}
=1

time (min)

Fig.7-3 Amount of H, consumption for hydrogenation of

2-Hexenal with primary alcohol as solvents

Catalyst : Co/Al,03 1.0g . Reactant : 2-Hexenal 3ml . Solvent ! 50ml

Initial H, pressure : 10atm. Reaction temperature 50°C. Reaction time :

60min
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Table.7-4 C5DT N2 —/VEEEEHTOD2-~FE T —/1 D

KBRS
Reaction time Conversion Rate constant
Solvent
(min) (%) kX 10°
1-PeOH primary 60 40 10.63
3.M-1-BuOH  primary 60 52 085
2-M-1-BuOH primary 60 16 0.26
2-PeOH secondary 60 18 0.26
2-PeOH - secondary 240 42 0.26
3-M-2-BuOH  secondary . 240 | 27 0.13
2—M-2—BuOH tertiary 240 18 0.09

Xk KRBHBEED 5RO 05 ROFEEEEK

Catalyst : Co/Al,03 1.0g . Reactant : 2-Hexenal 3ml . Solvent : 50ml

Initial H, pressure : 10atm. Reaction temperature 50°C
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1-Pe0H
3-M-1-BuOH |
2-M-1-BuOH §
2-PeOH |
3-M-2-BuOH

2-M-2-BuOH E%

0 0.2 0.4 - 0.6 0.8 1
kx10” [ (mol/1)**/min]

Fig.7-4-b C5DOT7 NVa— ) )VEEEHR COD2-~FE}—1 0
KBRS BT BIEMED Lk
KRB BEED 5KD- 0.5 KOEEEK)

Catalyst : Co/Al,0; 1.0g . Reactant : 2-Hexenal 3ml . Solvent : 50ml

Initial H, pressure : 10atm. Reaction temperature 50°C
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Table.7-5-a C4D 7 N2 —)VIEPEERAF VRO D)

Substituent Rate constant
Solvent Main structure .
(the number of -CHs) . ¥ kX 10°
n-BuOH primary n-BuOH 0 | 1.30
iso-BuOH primary n-PrOH 1 0.18
sec-BuOH  secondary n-PrOH 1 0.14
tert-BuOH tertiary EtOH 2 0.07

Table.7-5-b C5D 7 /L2 —VEREE(AF NV ED L DEE)

Substituent Rate constant
Solvent Main structure
(the number of -CHz)  * k X10°
1-PeOH primary n-PeOH 0 0.63
3-M-1-BuOH  primary n-BuOH 1 0.85
2-M-1-BuOH  primary n-BuOH 1 0.26
2-PeOH secondary n-BuOH 1 0.26
3-M-2-BuOH secondary n-PrOH 2 0.13
2-M-2-BuOH tertiary n-PrOH 2 0.09

*k KBHBEED S5KRDE 0.5 KOBEER [(mol/))**/min]

Catalyst : Co/Al,O; 1.0g . Reactant : 2-Hexenal 3ml . Solvent : 50ml

Initial H, pressure : 10atm. Reaction temperature 50°C
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Abstract.

Selective hydrogenation of (E)-2-hexenal to form (E)-2-hexenol was studied over
Co-based bimetallic catalysts (M-Co/Al2Os, M = Pd, Pt, Ru‘, Rh, Sn, Fe, Cu) in a liquid
phase. Neither the activity nor the selectivity of (E)-2-hexenol was improved by
modifying Co/AlzOs with Sn, Fe or Cu. The Pd-Co/Al20s bimetallic catalyst showed
the highest activity among the employed catalysts, but the formation of (E)-2-
hexenol was not observed. On the other hand, the nlodjﬁcaﬁion of Co/Al:O3 with Pt
at low metal loading affected thé increasing activity and selectivity. The addition of
Rh or Ru was not effective for improvement of the activity and selectivity. The
excellent selectivity of (E)-2-hexenol (92%) was obtained by use of Pt-Co/Al203

catalyst (Pt = 0.1 wt%, Co = 40 wt%) at 90% conversion. v ~

Keywords

(E)-2-hexenal hydrogenation; (£)-2-hexenol formation; Pt-Co/alumina;

77



1. Introduction

The developm;ent of useful catalysts for a selective hydrogenation of a,B-
unsaturated aldehydes to form corresponding unséturated alcohols has a very
important significance in production of fine chemicals. It is difficult to perform the
selective hydrogenation of C=0 bond in a,B-unsafurated aldehydes over typical
metal catalysts using Hz as a reducing agent. In order to improve the selectivity to
unsaturated alcohol, metal catalysts modified by an element which has strong
affinity for the carbonyl group of a,B-unsaturated aldehydes were proposed in
references. The improvement by the addition of the modifiers, Sn, Fe, Mn, or Cu,
have been studied in supported Pt, Rh, and Ru catalysts [1-5], but no catalysts
having sufficient performance werer developed and it remains as a challenge.
Recentl&, we reported that Co/Al:Os prepared by a precipitation method showed a
high activity and a high seleétivity for a liquid phase hydrogenation of o,p-
unsaturated aldehydes to corresponding alcohols [6]. In the present study, to
deyelop the catalysts having sufficient performance for the industrial production of
a,B-unsaturated alcohols, we modified the Co/AlzOs catalyst wifh second elements
and evaluated the performance of those Co-based bimetallic catalysts (M-Co/Al2Os,
M = Pd, Pt, Ru, Rh, Sn, Fe, Cu) for the selective hydrogenatioh of (E)-2-hexenal to
(E)-2-hexenol. The target molecule, (E)-2-hexenol, is a useful material as a

component of fragrance.
2. Experimental

- 2-L Catalyst preparation

The monometallic Co/Alz0s catalyst (Co content, about 40wt%) was prepared by a
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following precipitation method. Into an aqueous solution (150 ml) of CoClz-GHzO
(16.2 g), 6.0 g of Al203 (Japan Aerosil Co., Al:03-C) was added and the surrey' was
heatedrto 363 K with an oil bath. An aqueous solution of KOH (8.39 g in 100 ml
H20) was dropped over the range of 0.5 hour and then the mixture was allowed to
react for 1.0 hogr. The precipitate was filtered and washed thr‘ee times by
redispersion in hot water to remove residual KCl. The washed precipitate was
dried at 403 K overnight and calcinated at 673 K for 5 hours in air. After reducing
the obtained Co/Al20s catalyst precursor at 773 K, that was used for the
hydrogenation.

The bimetallic catalysts were prepared by a conventional impregnation method
from unreduced Co/Al:0s and, a metal nitrate or chloride. The compounfi of a
second element, HaPtCls-6H:0, PANOs)2, RuCls-H20, RhINOs)s, Cu(NOs)2-3H-0,
Fé(NOa)3-9H20 or SnClz-2H20 was impregnated to the unreduced Co/Al:O3 catalyst
in an aqueous solution. Typically, the loading of the second element was adjusted
to 0.1 or 1.0 wt%. The precursors of bimetallic catalysts were calcinated at 773 K in
air for 5 hours and then reduced in H: flow at 773 K for 3 hours before the

hydrogenation.

2-2. Hydrogenation of 2-hexenal

Into an autoclave equipped with a thermocouple, a.mechanical stirrer, an inlet
valve, and a pressure gauge, the surrey of 2-hexenal (3 ml), ethanol (50 ml) as a
solvent, and 1.0g of the reduced catalyst was charged under H: atmosphere. The

reactor was set into a water bath and the temperature was kept within 323K =+ 1

K. Hydrogen was introduced into the reactor up to 0.98 MPa (gauge) and the
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hydrogenation was continued for 1 or 2 hours without further addition of He.
A quantitative analysis of the products was performed by use of a gas
chromatograph with a capillary column (GL Sciences Inc., TC-WAX, Diameter = 0.25

mm, Length = 30 m).

3. Results and discussion

The results of the hydrogenation oVer Co-M/Al:0s (M = Pt, Pd, Rh, Ru) catalysts
are summarized in Table 1. The hydrogenation of (E)-2-hexenal gave (E)-2-hexenol
(UOL), hexanal (SAL), and hexanol (SOL) as hydrogenated products. Besides the
above products, 1,1-diethoxy-2-hexene (Acetal) was produced from (E)-2-hexenal and
efhanol (Scheme 1). In order to evaluate the performance of the catalysts, the
efficiency of C=0 bond hydrogenation, Ec-o ié calculated by the following equation,

Ec-0 = (SuowL + Ssor)/(SsoL + Ssav) ¢))
where Svor, Ssar, and Ssor represent the selectivities of UOL, SOL, and SAL,
respectively. If cho is larger, the performance of the catalyst for selective C=0O
bond hydrogenation is higher.

The results in Table 1 clearly show that the activities were enhanced by the
addition of Pt or Pd to Co/Al20s despite the low second metal loading (0.1 wt%). The
Pd-Co/Al:0s catalyst showed the highest activity among the bimetallic catalysts
employed in this reaction, but no formation;of UOL was observed. Additionally, the
C=C bonds in the products were completely hydrogenated (Ec-o= 0.6). In our
previous study [5], (E)-2-butenal was hydrogenated to butanal stoichiometrically
(selective C=C bond hydrogenation) over Pd/Al:0s. Those results suggested that

there are two active sites in the Pd-Co/Al:Os catalyst. Onme is the Co metals and
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promotes the hydrogenation of C=0 bond. The other is the Pd metals and act
independently z;s an active site for the C=C bond hyﬂrogenation. As the results,
both C=C and C=0 were hydrogenated competitively. 7

Over the 0.1 wt% Pt-Co/Alz0s bimetallic catalyst, the selectivity (Ec=o= 16) of the
targeting product, (E)-2-hexenol, increased with an increase of the activity in
comparison with that over the Co/Aleé monometallic catalyst (Fc=0 = 8~12). The
additive Pt atoms promote the C=0 bond hydrogenation without the acceleration of
C=C bond hydrogenation at the lower Pt loading. It is expected that the Pt metals
in the 0.1wt% Pt-Co bimetallic catalyst is well dispersed in the bulk of Co metals,
because Co-Pt solid solution is easjly formed under the preparation condition [7].
Those isolated Pt atoms may activate the hydrogen molecules and supply active
hydrogen atoms to the hydrogenation cycle.

On increasing the Pt loading to 0.5 or 1.0 wt%, the selectivity of (E)-2-hexenol
decreased and that of hexanol increased remarkably. At the higher Pt loading, the
property of bulk Pt metals, high activity for C=C bond hydrogena‘pion, was clearly
observed. |

The activity (99% conversion) and the efficiency of C=0 bond hydrogenation (Ec=o
=6.7) over 0.1 wt% Ru-Co/Al20s were nearly the same as those (97% conversion and
Ec=0 = 8~12) of Co/Alz0s. The Rh-Co/Al:03 catalyst showed lower activity (73%
conversion) and Ec=o (5.4) than the Co/Al20s monometallic catalyst. Both Ru- and
Rh-Co0/Alz0s catalyst promoted dominantly the C=C bond hydrogenation at higher
metal loading (1.0 wt%). From the results, the addition of Ru or Rh was not
effective for the increasing activity and selectivity of the C=0 bond hydrogenation.

Table 2 shows the results over Sn-, Fe-, and Cu-Co/Al:Os catalysts. The element
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Sn has been inyestigated widely as a modifier for noble metal catalysfs. For
example, Nishiyama et al. [3] reported that Sn-modified Rh/SiO: catalyst (Rh/Sn = 1)
showed the high seléctivity (68% selectivity at 71% conversion) in the hydrogenation
of (E)-2-butenal (crotonaldehyde) to (E)-2-Butenol (crotylalcohol). However, the low
activity was observed and the product was only hexanal (C=C bond hydrogenation
product) over the Sn-Co/Al:03 bimetallic catalyst.

The performance of Pt/C catalysts modified v;/ith Fe (FeClg) for the hydrogenation
of (E)-3-phenyl-2-propenal (cinnamaldehyde) was studied by Richard et al [1].
They obtained the 88% selectivity of (E)-3-phenyl-2-propenol at the 75% conversion
over the catalyst. In our experi;neﬁts, the conversions over Co/Al:Os, 0.1wt% Fe-
and 1.6wt% Fe-Co/Al203, were, respectively, 97.3%, 91.2%, 50.9%. No changes of
the selectivities were found over the catalysts. The addition of 0.1wt‘%; Cu to
Co/Al203 catalyst caused decreasing activity without the change of selectiiﬁty (Ee=0 =
11), while both activity and Ec-0 (0.7) decreased clearly in the hydrogénation over
the 1.0 wt% Cu-Co/AlzOs catalyst. The modification of Co/Al:O: with Fe or Cu
spoiled the excellent properties of the Co/Alz0s catalyst. —

In conclusion, the modification of the Co/Al:Os catalyst with a small amount of Pt
improved the activity and selectivity for the selective hydrogenation of (E)-2-hexenal
to (E)-2-hexenol. This particular catalyst shows extremely high selectivity to

unsaturated alcohol (92% selectivity at 90% conversion).
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Scheme 1 Reaction network of (E)-2-hexenal hydrogenation
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Table.1 Hydrogenation of (E)-2-hexenal over M-Co/Aleé (M = Pt, Pd, Ru, Rh) bimetallic catalysts"

M Mcontent Reaction =~ Conversion Selectivity (%) 2 o
(wt%) time (min) o) UOL SAL SOL Acetal
- - 60 69.4 83.2 47 24 9.6 12
- - 120 973 83.5 14 99 5.2‘ 83
Pd 0.1 60 100 0 440 55.5 0.6 06
Pt 0.1 60 90.0 91.9 3.2 29 19 16
0.5 70 ~99.0 71.3 2.2 155 5.0 52
1.0 45 935 74.5 4.7 149 59 46
Ru 0.1 120 99.0 83.3 24 119 29 6.7
1.0 60 95.6 72.9 4.1 154 . 6.3 45
Rh 0.1 120 73.1 79.3 95 6.5 46 54 -
1.0 60 87.1 23.6 33.8 32.7 99 0.9

*1 Reaction conditions; reaction température =323 K, H, pressure = 0.98 Mpa (gauge), reactant (3 ml), ethanol (50 ml),
catalyst weight=1.0g

*2 UOL = (E)-2-hexenol, SAL = hexanal, SOL = hexanol, Acetal = 1,1-diethoxy-2-hexene
*3 Eco= (SuoL + Sson) / Ssor +Sga1)




Table.2 Hydrogenation of (E)-2-hexehal over Sn,Fe,Cu-Co/ALO, bimetallic catalysts™

M Mcontent  Reaction Conversion Selectivity (%) " Eczc,*3
(wt%)  time (min) (%) UOL SAL SOL Acetal

- - 60 69.4 83.2 4.7 2.4 9.6 12

- - 120 97.3 83.5 14 9.9 5.2 8.3
Sn 1.0 120 23.8 0 100 0 -0 -

= Fe 0.1 120 91.2 844 31 6.5 59 95

1.0 120 50.9 82.2 5.8 2.5 9.5 10

Cu 0.1 120 74.0 82.2 . 389 42 9.7 11
1.0 - 120 13.6 25.2 36.7 0 38.1 0.7

*1 Reaction conditions; reaction temperature = 323 K, H, pressure = 0.98 Mpa (gauge), reactant (3 ml), ethanol (50 ml),
catalyst weight=10¢g »

*2 UOL = (E)-2-hexenol, SAL =hexanal, SOL = hexanol, Acetal = 1,1-diethoxy-2-hexene

*3 Boo= Suo +Seo) / G s)




