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S HT D8 BRLEROTER I DN T b IRETT 5.

RETIE, RFEOFRLE LT, EE - =3 F— « BEBEOGEAND, (bAE
RS FAFMREER~OBITHUIRTH 5 2 &, LRFERE LTO A F~ ATEH~
DELNEEITEE > TND &, N A~ ADOEFIZEB N TKRFEL - KFE(LfiE
RIGWEETH L Z L E2Rd. 20 LT, KFELZTEMHATI2HEOMBERE L
T, BHEAKBEORY S, AKFERGE - kAl - wk - BRSO BE S A 235 TEET
boHZ L, BEFAMATE 2KBIIMAGRICKRE HUKFELTWD Z L A% F 5. 20
L RIERS S 2T, AFZEOBINE LT, {LABRICERFE T EIEAE L LE L
LARWHTTe KBRS Y AT D& RET D ZOFBUKFSIE S AT 2, kA
EIICRLRET D 2L, N A AD K D REAEARERIRBEEROLMAIT %
L&D, FrRRIEFHEEZ VIR 20— &5 Z L RHIfFSND.

Hydrogenation and deoxygenation
by hydrogen formed in situ

Polyols, alkanes, etc.

Renewable
Carbohydrates Energy

H,0 ° /

Sustainable hydrogen production
by chemical looping

Fig. 1-1. Conceptual image of hydrogenation reaction system using in situ generated

hydrogen from chemical looping of iron and iron oxides.
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1970 H=LARE, NFEOBRICT 5 1 FROEHRFE (B - K - =xLF—) (4,
HERDEFEFAEL G CEX 2 &2 B L, N LET T 5D, 2008 Fi2iE, ANFEN
1 FEMICRIAT 2 BRFTFEEZ BT D 120E, HER 1.5 @IS T 2 AR NS E &
o TLE-Te. ZOEETITITE, 2030 FFITITHIER 2 [HNMEEL 72D & ) i
THETANERBUCH D [1]. (WWF O [EZTWDHERLAR— ] (11T, AR
RODERRRDMRT DMLY — A EEGFH LIZEz=an L 7y 7Y v
M LTERLTERFEZHEHE LT, HERKOAEMAE O EIToTND.) &
D A — "= a— k) REEE, HEREWRS AL FTRE R EE 2 Elal> T AN E R A
HET L2 L EHERPRINTE DRE ) 2 2 T {bikFE (COy & R&HITHE 3
L2 LICEDEENTWD. KR, {LABEIOBBEIC L VP S D CO Ik, DK
SRER LR oTND.

SUEZEEINIHE K OHIERERBE1Z & - TIRAIZRIE L 72 o T Y, HIERIRIE(KIZ D
WTIEEE D #3722 <, CO, B384 D ARG A 20 HEAC 1T LA (S BLI S A7 R
LD B 72 K T d o 7= FTREME MR TRV, EE R AN BT 2 BURFRE %L
(IPCC: Intergovernmental Panel on Climate Change) D% 5 IR EE [2] (2 Liuid,
FERD Y AT Z AT 5 7o diciE, SR 52 FEEEMANC AT 2°CARm 5
HVENRH Y, ZOT=OI2IE, KEATO CO, HFYRFE 25 450 ppm (2T 25 2 & A5
ThoEHRESINTND., INETERT HEOICTHFEIND COREIL, CO, DIRE
FEPEHEICHE 95 & 790 GtIC (X4 b o —RFEHEME) ITHY T 528, BEIZ 2011 4%
TIZHBRZ SIS GICHHH LTV LEbN TS, 2D KR5S, FHPEHEDOHNEIX
WOUZKIET, 2100 FIZITEr i3~ A T RAOHPHEICT 5 2 LN AFITIR S L
MEE VR D,

bk U7z K9 2RI #E i, HERIBEB(E T A THDH CO, Z# KREIZHEHT 54
M- AR - KRR A28 EOACAEIRD S, KBGSE « KEGEL - HEL - ]y - A F v 2
72 EOFAEFREERSOBATIZNARE B X b, FAFMEER - = x V¥ —Z2{EHL
7o Rt PTRE R TR AL S OEFIZ T C— B OB N DB METH 5.



122  AbFFEEE LTONRAL I~ R

THNF— L EFROMEIT, BREETRERMEL R>oTW5. LAEEINT
BT 22 2B 5L, AR L=V F— L FA AR R BG4 PR,
FALTWS ZENRRBEETHA . LU DT AL I~ RATEEND R,
RLEFICHFETLIHEETNERERE VD, S, (LEEROKMECIRSE D H AT A
OPEH & D BRGNS, Tk BN S A M EA b 5 D S D 72 D DJFERE LT,
A F = AIEHASORLNREIZE E > TWD [3-6].

A e AR O ik E LT, Fig 12 1T X 512, TS, BREE GEE, BRI,
Bbrny st (OF 2 SUTIRAL) , s, b () A 4 S5k
DEASN TS, RIFFE TR O OF, (LFNEROER CTHSH. IFETIE, W
FyXFERRTERAY, F¥ v PO L) RIEWIET T, BERESCHRMAMILK
72 EORFIFNA A~ A0, fLFEREFEDTZ D OFAERRERERE L TRE2RER
HEDTND. KRS, A A~ A2 FAEFMICES L L) &3 DS 7 nt 2
ORRFEP R THEAMICRFISNTEY [7-14], ZO X 5 72E0 ML, JEERA4E
EOMBEIITEE THDL LR D.

Combustion

(Power, Heat)

Thermochemical
Conversion (Gas, Liquids)

Biochemical Conversion

(Fermentation)

Biomass

Chemical Conversion

(Catalysis)

Fig. 1-2. Utilization technologies of biomass for energy and chemicals.



(34 A~ A (biomass) | &%, EMEJR (bio) D& (mass) ZRITWET, —ik
AL THAERTREZR, EMHCROERMEE R TILaBRAZRWZH D) LI TWD.
[SA A~ 2y 0, BOBE, JERK, BB L ZEMLRFEEZRAET DM, BUORAEMK
AL TAL A AL LTRIN - EELSNDT28, KR TOREMEER OIS
TAXAF AR RDL NS [h—Rr=a— T RFEEEFELTNS. Z0
7o), ALAERBROZ RN =2 N A 2T 22 LIk, HEKIR
EALA A CThd 2 “BAbRFOPHEHIBICERT 22 LN TEX L0 THD [15].

NA F ARSI D20, BERSCHBRICL > T, BEEWARNA 4~ X,
KRFAAAL A~ 2B LOEBFEIEDIC SN D, LR E LT, 2, (K
SR @O TROARMNE END. FlzE, Bokib B, 77 r, Bl
— R, ~Iknrn—2%E), Vr=y, [FERLA NI ERETHD. EREOBL)N
OIEBIRICEIEROIL, KK ThD. BAETTRER /A A~ A, HFER 1800 f& ko
DN, #175% % RN DTS (Fig. 1-3) [16]. N X - THEAIND A 4
< AIHTN5%T, FBOITHARIER L TWD, AFZETER Y #9514~ 21, 171E
BOBEIHOBLEANDS, RAKMPOREHR THL I/ Va—2 (F2-3F) 2l L
T, IBEICEENDERIENBRE AT ADETILELTDT T Y LEAFIL, HIED
TATNRWCRIET D7V v, V7= DT MEEHMELTOT7 = ) — V(5
4%) briRE L.

Fats, Proteins,
Terpenoids,
Alkaloids, ;

Mucleic Acids
5%

Carbohydrates
75%

Fig. 1-3. Distribution of types of natural products in biomass.

Cited from reference [16]
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FIRACFE DI E - T 150 4, AL G E o T 50 47, (LFpEZEIIBITE, Hil7ois
RIZA> TS, ALFREEPFIH TE ZME— O rTREZR IRALKFEEPIL, K= =2
VX — & TR EEEE D DR O NARICE > THAESNDI NS A~ ADHRTHD.
TEoC, FHEFRERS D EBIL, AN A< ARFHTEX 2020 o T D
EESTHME TRV, £V I ERT, RA MAMLFEOILFREEDOFK S LT,
ATV T 7 ATV —=IIE ST LNTND.

NAF YT 74TV —Lid, AMEFEERTHLAANY T 74T U =% L TH
SN DT, BEARBER COLI NS A~ AZFEE L, EMFH 50T
LT, A ARERA T & G T D ORI E AW - EPEV AT LB R
5. SAFV 77 ATV —(KRO—Hl% Fig. 14 1ZR7T. ZORKITKET R LF—
BN 2004 FEITAFE LTZHEE [17] Mo O5IHTHD. A A~AFEE LT, T
Iy, NIk E—RA, Bru—RA, U= AN, BUNRTENETHNT
W5, FAbLnG, FETT Y b7 3 —LE LT, BRI AL D WVITHEHART,
EAT 47T my 7 ~EFEEN, AR, PR, R - FRARRE
IZ7m—& LTORINTND. Fx ORLG LLin BIR OB L)L E TOEHITR
FICREM, ZORANCIFAEMC X 56 L bFRFEREEND (Fig 1-5).

NAFV 77 ATV —DEFTHLIENT 477 ay 7 LTI, ERoWREE
D 1246EW (Table 1-1) N L <H B TWD A, 2 b 12/LEWLSMNT, 5 (L&) (Table
1-2) ZBMd 538 [18] bHDH. WINbIFEAIRE L LT/bkamTHD. Zhb
15{b&DN, FEE EMIZE D08 (222600 86, LFHTFIEICED
LON LA THDH. o, EAT 477 ay 7 LEO ARG P R
HE LA EMEFTHEC LV BB I D.
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Fig.1-4. Analogous Model of a Biobased Product Flow-chart for Biomass Feedstock.

Cited from reference [17]



Biomass g Intermediate g Building g Secondary
Feedstocks Platforms Blocks Chemicals

Gasification Fermentation Chemical conversion
Hydrolysis Chemical conversion

Fig. 1-5. Conversion technologies in the product value chain of biorefinery.

Table 1-1. Biorefinery building blocks proposed by 2004 DOE report.
Cited from reference [17]

Compound Svynthesized by:

Succinic acid, fumanic acid, malic acid Fermentation

2,5=Furan dicarboxylic acid Dehydration and subsequent oxidation of hexoses
3=Hydroxy propionic acid Fermentation

Aspartic acid Fermentation

Glucaric acid Oxidation of starch

Glutamic acid Fermentation

Itaconic acid Fermentation

Levulinic acid Dchydration of hexoscs
3-Hydroxybutyrolactone Oxidative degradation of starch
Glycerol Transesterification of oil/fat
Sorbitol Hydrogenation of glucose
Xylitol, arabinitol Hydrogenation of pentoses

Table 1-2. Biorefinery building blocks proposed by Bozell and Peterson.
Cited from reference [18]

Compound Svnthesized by:

Ethanol Fermentation

Furfural Dechydration of pentoses
5-Hydroxymethylfurfural Dehydration of hexoses
Biohydrocarbons (isoprenoids) Fermentation

Lactic acid Fermentation




ZIT, MM FV T ATV =BT A TROBRFMAZLLTICEHEST 5. 1
F~ AEHEANE, WAEWIC L D06 EALFRIR OGS IR S D . Table 1-3 (24
W0 )51k LAL SR TEORI R E RIS Z R LR Lz, (BB [19] K0, #Hok - iR
£LTER L)

B E L LTiE, BB TR L b L L 3 278, v id, Hh
D WTMAEDE TR SN TWD. BARMIZIE, AN T~ ADT AT X 5 E Rk
AR, By, R - B RK R COLE A PR HNG . AR AL,
TR L DK (L) BLORETHL. Zhbo7 e 20f A,
RMDIREEN, EIERAREBMB I MEEETH DL E2 5. HMBEST LAY %
FANTZ A A~ ADRTPLERIC X o C, BERIC K DMK ot sl 2 i35 =
ENTE, 2, Wl aIE, TAa—AREOHRRWEDAEEICKLS. L
2L, AFRSPEI TR CREOHARNBIEAET 57201, REBRAT—A~DIEHIZIE
HIRD & 5. ZALEL, PR D KR TEMFIAIIE, SsnwWIr=r27ax k
DBEL20, EHO ) YA 7 AL RERREE RS> TN,

— R REm A B X D &, IR — L TEMIMBEZEEH ThIVUE, EWFi)s
HEOFNERTHD EBDND. —J, EWREENERSN, KA —/LTHEEL
IRT UL B 7R VIR B OB Th U, (RFENFTIEO T RERITH 5 &b
L. Fe, N"MAV T ATV —RRICET DlE OEMIIHEAMEN TH - T,
HEOHMAFHEGHNFIF L, Ao A~ A& W SREMICRIAT 22 & T, A F
V774 F ) —=inbEDH SN D -EREREOMIMEEEZ 5D 5 2 MR b HEELS
Zbid.
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Table 1-3. General advantages and disadvantages of different biomass conversion

methods.

Conversion Biochemical Chemical
method

Advantages - Mild synthetic conditions - Fast reaction

- High selectivity towards desired

product

- Deprotection/protection of —-OH

groups of starting material not

needed

- Low toxicity of reagents used

- Excellent for alkanes and polyols

- Mild synthetic conditions

- Can be conducted under a wide
range of temperatures, solvents,
and pressure

- Catalysts can be systematically
modified

- Multistep reactions can take place

in a one-pot reaction

Disadvantages

- Enzymes are expensive

- Narrow operating conditions

- High volume of waste water

produced during product

purification

- Purification cost is expensive

- Energy-intensive

- Catalyst recyclability

- Toxicity of reagents used

- Extensive deprotection/protection
processes of starting materials

- Requires dry starting material

Cited from reference [19].

11




1.2.4  KFE - KBRS O BEEM:

fili 2 RN TN A A~ A BT ORFFEB M A T~ D 7201, SCEkIEH (CAplus 7
7 AV MFEAEITo7-. CAplus 77 AL E1E, T AU WLFEEDET THD CAS
(Chemical Abstract Service) 7% 1808 4E/&HUET 27 — 2 X—2 T, (k¥ L OEL
Sy B BT 2 R R O MERERR SO 22 & O STIRIE R A IR L TV DL IR B
(R4 4,200 4, 2016 4F 1 ABUE) T, HEMEN R EHA CHRIMEREZ 5
LTWS72, MR CRIMERRR 22V RANAT ) 2 LN TE D, HFWREY —/id
SciFinder & FHV 7=,

9, VUV —F bt v 7 LT, XA A~ A (biomass), Z#: (conversion), fHifi
(catalyst) @ 3 DD HFET AND MR ZATo 72, BT 20 4 0 AR f O UL SRk %
Fig. 1-6 {27879, 2006 450> LS Ldksh, 2014 4=LAKEIT 800 2 2 TRV,
filli 2 AN T2 N A A~ RAEBEARIZBE T 2R TICAT DIV TN D Z &R D.

biomass X conversion X catalyst
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>
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Publication Year
Fig. 1-6. Transition of publication on the research topic “conversion of biomass by

catalyst” using the SciFinder for the CAplus datadase.
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WIZ, BEPFICBNTED L REUSHRRE o TWDENETARD DL, B
SR RO T EIC 3 £ D Index Term DI T % 0 7 24T o 72, Z Oifii % Table
1-4 1R T. bHENED->T-D1E, [/KFE (Hydrogenation) | To -7z,

LLED X512, SCIEMOMITFE RS, 22 10 4T, a7z 3o A~ 24
BAE IR DR TERIL LT D Z &, [k (Hydrogenation) | 2 HiEH &
NWAMESE TH D Z LNy hD.

Table 1-4. High-ranking Index Terms in the retrieval results of ""biomass", "conversion',

and "catalyst" by the SciFinder on the CAplus database.

Ranking Index Term Frequency
1 Hydrogenation 775
2 Gasification 478
3 Reforming 254
4 Pyrolysis 232
5 Hydrolysis 220
6 Dehydration 176
7 Cracking 157
8 Oxidation 144
9 Liquefaction 143
10 Esterification 197
11 Isomerization 85
12 Hydrothermal reaction 73

Targeted Index Terms were put in the CAplus database before June 6, 2016.

Index Term Identification: Hydrogenation, hydrogenation, deoxidation, hydrogenolysis, reduction;
Gasification: gasification fuel gas manufacturing, gasification synthesis gas manufacturing; Reforming:
steam reforming, reforming; Esterification: transesterification, esterification.

Note: Fermentation is excluded because catalytic conversion is focused in this study.
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NAF<AD 1 ETHLHEE, To7r, Bro—2BLIONI kL —2R E 05K
KT R E LT, CuH0), (miZn LITEARD) LREN, BMEGHENIEE
2. Fig. 1-7 [IbA &R RORENRET /UEEW & LT n-~FH o ol
Y. ANF T ATBELZ S FRICEATELT, BFREALZR2VOIZH L, RAEDIX
KBENLZ S EENTWD, TR, R Z BB I L 7oA T 5
7o, KB IFPHiRE R SR D & 9 e Ui [20-22] @ LT, C-C f#E<° C-O
EERARSETHTFTOMBEAELIRBT O2LEND LS. 20 LNk L7z &
212 TkZE{k (Hydrogenation) | 723/3A A~ ABHDFIIE & 72> TWDHEHTH 5.
Bz, BE&RELITEBEBRMEE AT, "M A~ AEKOZ7 VY v, Fa
— R, AZBa—RA, Y)IE I ABIOELE—R 2 EERY A — VHICERT 5 K
i [22] BEE SN TWDD, 2, mIEKEE AW A A~ 2 OEHRE O A
72l e 52 5.

Renewable carbohydrates Fossil hydrocarbons
Cm(HZO)n CnH2n+2
OH OH
0 < > D NN
HO :
OH  OH n-Hexane
Glucose
overfunctionalized oxygen-free
with hydroxyl groups lacking functional groups

Fig. 1-7. Renewable carbohydrates vs. fossil hydrocarbons

&I 51%, Pt/y-ALO;[23], RWAC [24] B X OYNI/C [25] Zfiit L L CTHW TR R
—ADKFIREIT- T, BT La—L (YLE F—ABLON~vr=b—L) &6H
R 5 2 L@t L TR Y, 5MPa O/KFEE T T 70wt%-Ni/C Z AW T, 67%DFET v
a— VIR Z TS [25] (Scheme 1-1). Zhang 1%, @D X 2 7 2T L R filifl 2
AnTera—AnLERERTEF L 7Y a— (EG) ICERTE S Z LadE
[26-32] LCEY,EBERE— X 7 AT A4tz VT, 6 MPa O/KFEE T 518K
THRIGTHZEI2ED, EG % T5%DIERTHE TS [32] (Scheme 1-2). Hix T,

14



Zhang 5% Ni-La(IDfEEE AT, 5 MPa O/KFEE T 518 K TG L, /L o—An
HBEG &7 mrE L7 Y a— (PG) ZEFHI 64%DINRTERTE I L2 WE L
TUW5 [33] (Scheme 1-3). Z DAL TIX, PGUILRIZEGIROBLE3IHD 1 TH
D, YE R ZFEHALTPGRERINDMUSRKARELTWND., £, Xu b
1%, MEBILEE A YV R—F 23U 1k Ru/C ZAGDETHNWT, Ere—2nhb5R]Y
A=V ~DFEROE R Z HE LTV D. 6 MPa D/KEIE T 503 K TRGL, RYA—
JVIERR) 70% %215 TR, £ON, IEK 50%0 EG #FEAERRDE L TW5D [34]
(Scheme 1-4). & 512, Liu biE, /3 A /LD Pt-SnO/ALO; fillli: % IV T, 6 MPa
DKFIETF 473K TI0H0MKEL, Bro—2nbR) A—L (YALE R—L, B R
nFTTE M, PG, EG7R2E) ~OBINMEHLAZIT> TS [35] (Scheme 1-5).

OH NI(70)/KB OH OH OH QH
H o)
agéS/gO d OH Ho/\:/H/bOH Ho/\E/H/VOH
OH on o 483K, 6h,5MPaH, OH OH OH OH
Cellulose Sorbitol Mannitol

61% vyield 6% yield

Scheme 1-1. Conversion of cellulose into hexitols over a Ni catalyst.

Cited from reference [23].

OH
Hio 0 HO ok oH Ni(Pd, Pt, Ru, Rh, Ir)-W catalyst HO™
Ho o) K 1,
OH
oH Jn 513 K, 5 MPa H,
Cellulose EG

Up to 75% yield

Scheme 1-2. Conversion of cellulose into ethylene glycol over modified Ni-W catalysts.

Cited from reference [30].
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OH Ni-La(lll) catalyst
o ez oo N, T
Ho © o OH OH
518 K, 5 MPa H,

OH n
Cellulose EG PG
64% vyield 18% yield

Scheme 1-3. Conversion of cellulose into glycols over a Ni-La catalyst.

Cited from reference [31].

OH MCM-41-n-SO,H
OH OH OH
H+o O HO OH +Ru/C HO™™ HO™” HO%OH
Ho © 0 OH OH :
OH o |, 503K 40min, 6 MPa H, OH OH
Cellulose EG PG Sorbitol
49% yield 8% yield 7% yield

Scheme 1-4. Conversion of cellulose into polyols over a Ru/C catalyst with sulfonated

MCM-41. Cited from reference [32].

OH
OH Pt-Sn0,(0.5)/Al,0 OH OH
Hio 0 Ho OH {(0-5)/AL0, Ho OH HOY T HO YT HOTY
Ho © o ; OH OH 0 OH OH
OH 473 K, 30 min, 6 MPa H,
OH n
Cellulose Conversion 17.1% Sorbitol  Hydroxyacetone PG EG
Selectivity 82.8% 0% 0.3% 0.4%
OH
OH Pt-Sn0O,(2.1)/Al,04 OH OH
Hio QO  Ho OH o OH  HO N HO™>Y"  HO™™Y
Ao 0 1) : o OH OH
OH 473 K, 30 min, 6 MPa H, OH OH
OH n
Cellulose Conversion 18.3%  Sorbitol =~ Hydroxyacetone PG EG
Selectivity 3.2% 19.6% 5.6% 17.0%

Scheme 1-5. Conversion of cellulose into polyols over SnO,-modified Pt/Al,O; catalysts.

Cited from reference [33].
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1.3 W oeERRE

1.3.1  KFEOTEMRIIZEBIT 5 R-E A

NRAF< AR EENDMBEEDEDEED L0, AR LX) ICBEEF R
AR HI21E, KB DMBRFCIISALE S 2L 5, ABEEICITWL 2ok
EDREMICER STV D, BRA R—IRT I F =L ORBRET m 2D —
IR 7288 & Fig. 1-8 1O d. AFREO =R LX - L LT, {bagkel B, ¥
ANF—, NAF~ R, KGNV —0MEHFRETH L0, FxRTLFETTEA L
TW5. BifE, TEMKIEOZ IMMEARE CRERT A, A, AR) NOAEEISN
TEY, KBWRAPED FFITRRT A DKEKEE, RAGKTEDE Ao A R AT A
{ETH 5 [36] (Fig. 1-9). ZD7=, BUEOKFBHEE Y o0& A IREALABREHIR =
HRIFLTHRY, [UEEBNICKE P BLY RFT @RFL KEICHEH LT 5.
Bl ZIE, TEMKFRZEET DR —RIRITTET, BIERY & LT BtKFE 2R
BIZAERT DKRELRWEIC LD DT, KFE1 kg 4720 13.7 kg D _FB{LRFENT A %
P92 Z L HE S LTV S [37)].

ZOLSBREEND, FAEFRBEZ XXX D KOBES MR B2, B, K
Bk, K7, B oA A~ AT A, HERIETB X OCEw TR T e X, &k
BA A V7 EOFAERREAK B REHITONER 28O0V C\W 5. FRIZ, FERRET R
VR —FIG LI BRORIT, KBGO DOEE LM ES 25 [38]. KBETx
WX =T V= oEET, FEFICEE LWVEIRTH Y, KEGEMSCAREER) 72
IKDEB R, KGR 7 R, AW P72 K DI RS K - THER S I D KFEIE,
KT RV —DENTRTREATH Y, Y —TF—KFLFFINTWD [39]. LarL
NG, ALAEIRE RO AKFERIE LD D AR RV F — - EFEROKFERE
SOBATIZHNT T, Bix B AN R STV D0, ERRICHT TR &
AENILE L TV HOREFETHS.
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Primary

energy source
Hydrocarbon >
Reforming
Matural pos > >
} . 5 . L N
Electricity 71 Electrolysis 7
Coal M Gasification -
Shift reaction > &
Biormass AN Lguefaction o
T ®
M Biological > 3
N Bogas
Nuclear Water splitting
Solar & Thermochemical SN
i | High-temperature electrolysis
Renewable Biological

Fig. 1-8. General pathways of hydrogen production

a) b)

Liquid Ammonia

Nat:;::gas hydrocarbons
30%
Others
6%
: Coal R Refinin
Electrolysis 18% Methanol 35% g

4% 8%

Fig. 1-9. (a) Sources of hydrogen production currently used in the world; total production
is about 50 million tons, (b) The main hydrogen-consuming sectors in the world.

Cited from reference [36]
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KFERYE T 1 2 DOFEA - BFPED B DWW T L < OMENH D [40-50]. &%
LM HETE D DIF A ¥ > OKRAEKLE (SMR: Steam Methane Reforming) TH V),
TEMITIIRFEZHDTND, ZRICK LT, A A=A, K17 EOFAER
BET A X— L pMED A MT SMR ICHAT LI~ L REATH Y, BiEas
H 17~3 (5 ThHD [47]. KGEUZ L H28IE 2 X M SMR @ 2~5 i, Bt EHI%
60~130 FREE LRE SN TS [48]. 2D X HITHAEFRER b DkFERE IS
WL, BiEa X PB L UOFRHREFH L bICKIBREEN S B ORE IEE S 2 5.
Fro, AaAMITT U MERICRE HKFT D720, Ka X R TRIET 2 72DI121EK
B2 77 "L Sb.

I BT, KFEEAFIHT 256, @ikl KORTEMO DI ER/E S L <I3ikkd 5 %3
WHY, JEME - WALEE DT - BRSSO I A N1 D Z E MRS hT
W5, BERIC ZAUE, b ZEfliZe SMR TREAE LA OKFRRIE T X MY 1.5~
2.5 $/kg THHDOIH L, Bka A ME 12 $kg 20D EESNTWS [50]. Thwx,
INA T~ ZAEPER TR fain & dik T o %6, Ak a v — FnbKE
ZEIET DI & R0, EFITEMBAFELRHE S 252G L LD, 2,
INA T A B KFEA LR T & LG T BRI R E RE L 72 D,

ZOEHIZ, KFEIB LOKFMGMREEE TEMCEMLEL S &T D&, mEK
FOMWY WD LDV 27 7203 T, KRFRGE - WAk - ik - BrEsE OREICSH O
BEPMEL Y, SEOWRERNEET D, I6I0, BUELENRATE 5K
FIIMEAGFICRESEKFELTND Z LB RERMEROVLEDLEERD. ZD KD
ZRBRH NG, RRPEME & Rl ATREME D I T DB G, Eli 7R KB RN T 5 2 L7 <,
FAFRER « =X =152 b KFEEFIH L7 m e 20BN E BE
nTn5g.
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1.4 B8:& 3 % BEAE DA 524l

AREABEF TEIZBWT, KFEI X OKF RSO T EE 22 EOS OO &
DTHD. I, A A~ A, FHEEFRESCHRRE M 72 EORFIF AN A 4~ A0
s FBRERCAL i AR PE D 72 D O R ATRE CHAE FTREZR B L CRERIER A D
TW5 [3-5]. LLAd D, NA F~ ZADOKET L DM AEFEETT 5 1201
1, A A~ ZAOFESTT, MR, KFEORE L Lk - I IES O ST,
SOICHE T T FOSLHIZR ENEERE R L 0D EO X O R REND, EifiZe
HfiEk & MO A A FDMERIKF LMD Z LR, SR TRAET HKHET
FOREAT 9 & D B Te IR FAIKFAL S R OB S 7 0 B AW DERE S
TW5.

1.4.1  Aqueous Phase Reforming (APR) and Catalytic Transfer Hydrogenation (CTH)

Dumesic 5%, KHTHAERMEZ FHNCTHESCT L a—AnbKkERRIETE 52
& & FERE [51)LTLLKR, AKFEPLE 771 % H 72 Aqueous Phase Reforming (APR) [52-56]
$F L O Catalytic Transfer Hydrogenation (CTH) [54, 57-59]123/3A A~ A kR KL<
ISA T AN TR FMICERT D72 DR R 7T o 25 e L TIREINT
VW5, Roy B, 5% Ru/ALO; & 5% Pt/ ALO; & #fAGHOETHWT, KH 493K T
6h LTV, Z VD vnb7ael 7 ) a—iL (PG) 2 23.7%DINETEH LN
52 EHE L TWD [55] (Scheme 1-6). Z DL XFROZ7 YUY 3 Y 74—
TIZE 5T CO e lIZEHSINT, ZO—ENHEINLTLEDY. £, Wu bl
7V X EF CuO-ZnO fillfia T, A% 7 — LV FF 553 K TG L, Brr—2
MO CA-CT TN A= NEZHRISERTEDHZ L 2HE LTS [57] (Scheme 1-7).
ZOLEERFEEIDOAZ ) =T 74— 712 L5 TCO, & HHIIZEH I N THE S
NTLES. LnLZRD, APR X° CTH S TIHEE L 72 2{LEHOT L2 — R0
X7 EOKRFULE S F 2 HE L COKRELRET D120, KIEDROETRED DD
LS.
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Ru/AlLO;, + Pt/Al,O,

HO/\/\OH S HO/Y PG
23.7% yield

OH 493 K, 6 h OH

N in situ generated
COo, H,

Glycerol

Overall equation for APR of glycerol: C;H;O; + 3H,0 2 3CO, + 7H,

Scheme 1-6. Glycerol hydrogenolysis towards propylene glycol at APR conditions.

Cited from reference [55].

OH
5 Hydrogenolysis

" O/&OA/ 5o OH i Cd_c?

R + H. g
HO e , - l h l
- | alcono

OH n |
Cellulose <-- Cu0-ZnO/Al0O,
B-'r',lr[ﬂ'.f.]( E,l'-(_'a"."-.'{'lll" LUEU-'I.V_‘:-E
CH,OH
Methanol

Scheme 1-7. Hydrogenolysis of cellulose coupled with methanol reforming.

Cited from reference [57].
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142  KMETAT 7 NOLEFIH U7 KEEROS

KFMARTH L LC—m{ikFE (CO) EAKEZ—FEIHWT, BSoKFE L E 7213k
FALIRSOEZAT O BN O E SN TN D 21, = FefbEHoiETT [60],
T LCDEIT [61], TATE ROBIT [62], HARCEOET [63], B/ T—AD
oM [64]72 EET BN D, ZORIERIL, AET AT 7 MG (CO+H,0 € CO,+
Hy) I[CRVAKRFAFESET, RGHTEEMNALLS L2580 THS. Li biT,
TEMERERF A4 — RILE Y 75 v (Pt-Mo,C/C) fillit % A\ C, K 523 K, CO 4.5MPa
T, Blo—2AMmboF Lo ) a—Aeryatt’ L) a— i FORY F—VH
DEREIRE LT 5H[64] (Scheme 1-8). Pt-Mo,C/C 1T/ H 227 b & AKFE AL
SFROMEISICE S LTERLTWD. LHALARRDL, ZORIHR TSRS X -
T CO fHABUSHEE Z 256030V, HWHTEDNTITHIREH 5 & TRIND.
Fro, BEATATHD CO ZmETIRVH S ZLI2XD U 27 by, ZnFEMb
FomEL2IBELDHD.

Hydrogenolysis HO HO
OH on /\OH /\Oi\/\
H 0  Ho 7%Pt-40%Mo,C/C
ao 0 0 oH + COZ + Hz > HO/Y HO/Y\
o oH In OH OH

Cellulose

T Water-gas shift reaction Polyols 28.7% yield

CO+H,0

Scheme 1-8. Conversion of cellulose using carbon monoxide and water over a Pt-Mo,C/C

catalyst. Cited from reference [64].
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1.43. &Rz HWEen

SRS B & EIRAKARD IS L > TKRBBERTHZ LT3 <MbENT
W5 il zIE, Fe [50, 65, 66], Zn [67, 68], W [50], FeO [69], MnO [70], SnO [71],
Ce)05[72] 72 ENRFET NS, KE&E (Al Fe, Mn, Zn) OIGZEFIAL, AT
HIKFEEBEICHIE LT, A L OB L S ORGP S T 5 Bl 20,
=ta7rv—2 (73,74, 7UV—n2ruaZA K [15,76], T/VTt R [77], " F~A
Bk 7 ) al) K [718], A AAA L [19]8 L O T@RLRE [80, 81172 ENEITF L
%. Jin bIX, &k Bk #ifh, TAI=UL, vUH YY) EKRTERRIESETHRES
VAR EZMALT, TBERBEZFBEOAS ) — VB TE LI EaHEL T
% [80,82-86] (Scheme 1-9). IilT, REEDZRMET T, /A A~ ZHKFEE S OF
(L ~DOEHS G IS STV D [87-90]. #igh &K E DEIC X 0 RBAET HkFE
VT, CuO iz X 2 HmDOKFE(bLE 523K TITV, [UE % Trut'L 7Y
a—/LEHB TS [89] (Scheme 1-10). Feng & &iEFIZRKEGLA: T CT8F / Kiv-%
W, TEMEIRFEZ FORRICE T TED Z EEWE L TWD [91,92]. LovL7en
b, @RIIRICTHE SN, BARIZOWTIEES BRI TH2R.

/n+CO+H,0 - ZnO+ HCOOH
523K, 12 h
Scheme 1-9. Conversion of carbon dioxide into formic acid using zinc and water.

Cited from reference [86]

O CuO catalyst
+H, > HO/\( +7Zn0 + H,0
OH OH 2

523K, 2h
OH

S T PG
Lactic acid Zn + H,0 86% vyield

Scheme 1-10. Conversion of lactic acid into propylene glycol over CuO catalyst using Zn

and water. Cited from reference [89].
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1.5 BRI LEE

FHt TR AL O FEB O OIIE, I bRFEE2 REICHHT 2 ba &N,
AEFHERIR « TRAX —~OBATIIUARTHA S . FktE L TORBEIR S REKIZ,
FAEFTEERNA A~ ANV R DMERH D, BB L7z L D1, A 4~ 2 %F|
M 270120F, HFTHOBBEEHEEDERBA AR THY, £D7DITIFTKFEIK
FACIRSOEREL 725 . ZORISE, AEMICEEKRZEOBMY P a2 nse L, K
HEE < WAL - Wk - BrECE OO BREER I mAHO K E N R CTH D & D MR A
Bz TN,

AWFZETIE, 20X D RN AR IR FLBIS W e A F~ 2D
AN IC BT DFE 21T o 7. BRI, &REBEOBE Y 1 7 L& F] A
L7cTr SN« =B IR RIS THRAET HKFEEZHNT, N A~ A %KHE
{LIKFAC T DAL BBREBNT TH L. IV - —E 7 LI, Fig 1-10 IIR
FTEOlT, T&Eomkb) & T L&B0ET] L) 2 OIS TRIZHEIL,
RBNOWNE EEROER CREV AT ATHY, I, REET ADFFREEAN (CCS)
REMEKRBEEDTZDOEAN & LTHEEIN TV D, LALRRL, AFREO LD
&, TN =TI Ko TERRT %K FE & BRI ORISR U 72 Bt
TR EN TR,

Reduction

Oxidation

Reduction step: M, O, +yH, 2 xM+yH,0

Oxidation step: xM +yH,0 - M,0, +yH,

Fig. 1-10. Overview of the chemical looping process using metal/metal oxides and steam.

M, metal; x and y, stoichiometric coefficients.
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AWFFECIRET DHF =25 AT & (Fig. 1-1) 1%, RSB TRAET HIREKSE
THRISEFERTED I R, FULRINNOKRBREUAET DRMENR RN, EEKEE
FIHT 0ROV AT L LIFRELS BigoTRY, BEICOSILL, @moeaett, &
BUEDNHIFRETE D, RUAT L ELAEITH D RIRT ADYEIZ L0 ik Sk
FxHND BRI 72IKRFETIEIZDONT, ZOVT T A4 F = — Ol Fig. 1-11 12
BIR L7, ANA A~ A%, HUIBICREEE - RS#PHICIFE L TR0, @i LU
TRNAF—La A NEETLHEWIRENHL. £D7D, "M A~ A ZFEHZ LT
IKFLRIEE £+ 5546, AbFEar v — b clliE SN kFEE A A~ RE
PEHURIZ ST D0 EAH S (Fig. 1-11a). —J7, ARWFREOKFILIET AT AT,
INA T~ ZAEPEHII TS F~ A% ROSFN TRAE S B TKFEZ2FIH L TOKEROG
EFEMTHENTED (Fig. 1-11b). /- T, RV AT LOMHIZEL Y, BEKEE
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(a) Hydrogenation of biomass using hydrogen from reforming of liquid natural gas (LNG)
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Fig. 1-11. Comparison of supply chains for hydrogenation of biomass using hydrogen
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2.1 FF3C

91 BT CIR N @Y, T, A A~ AMEEEIR & T D R TRE 2 L
JREFE LCHER Sh, BREF S~ & BT SRR IAIC e ST 5. Bl 20,
BEBEBR B Z AW Y A — VHA~OBEHERRE S TWD [1] 2, Zv
A=2ZN67r L7 ) a— (PG) OEMIZIEWTIE, 5MPa L EDEEKFET
T S, BEEDH 20%FIXICEE-> TS, PGITIRAVH®REZAET ST /La— LT
HY, REFARY 27 VRIE, REH, AL EEA, AR JOWERLE LT
&5, PG OEMAFERIT DR & 200 5~ (2012 4R, RS &0,
TEMETTmE L ATV A FOKMRICTRESNTWD [24]. T8, M A~
AHREEN DO PG BIEDOTEABNM L TEY, A AT 1 —B/VREHLE ORI FE
MELTHELNDZ VY ED PG BB HRESNTND [5-7]. LLAERD,
KRB L L TR EBICHET HDARERECTH L 7V a—2A (CHpOs) HJFEEHE LT
EHEARCENE, WO THERARIELRVED. SHiZErr—ANEOEES
FROD SOSHERE A R 2 BT Y, TORIGOFEMBFHIREERERAFFOEEZH
no.

2.1.1 v s ) a—LE Rkl

Mu &%, BME#EEHICHEF Lz = Vi (Ni/ZnO) 0= v & /v — §i fil i
(Ni-Cw/ZnO) %\ T, Zba— 20k )L i — A5 B 7 ) a— VNG T
EHTEEWMELTVD [8,9]. 6 MPa D/KSEET, 20%-Ni/ZnO fil#il 2 VT, 518K
T2 FESHEDH LT, 7V a—An5 255%DNETTa e L 7 ) 2—/1(PG)
ZFETUW % [8]. Liang HiE, KE{LH /L 7 A (Ca(OH),) ZIML7T=TvH U &4t
T, $i— 7 v LR (Cu-Cr) 2T, Zba—Akba— A5 EHEIIZKE
BT, R A=V EBERTE D2 Ea®E LTS [10,11]. KER{EA LT
2\ Ca(OH), & Cu-Cr Al 2 1A HoH CTHU T, 6 MPa O/KFEE T 413 K T 2 FFfi,

493K TSHRIE W) 2 BHETHIGIED Z LI2L Y, Zha—A0D 52.8%DIHET
PG #f5TCW\5 [11]. L22L72235, Ca(OH), & bH A LARWEA T, PG IX
T 54%ITHIM L TLE D . Liu bI, BbZ 7 A7 (WO,) LiEVERERILT
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=0 Al (Ru/C) ZHWT, Zha—20k/m— 206 EHEICR Y A — /LR
BRTEDZEHRELTWD [12]. 6 MPa O/KFEET, WO; & Ru/C ZHWWT, 478
K TI0DRISSELZEIZED, Zra—2nk 141%DILERT PG %, 59.4%DIL R
T=F L) a—nL (EG) 2B TW5. ZORTIE, EGBMELRMICAERKL, PGIX
BRI EORTWARW. Fe, o, TAITICHE L oo Re B
(Pt-Sn0O,/Al,03, Ni-SnO,/ALO3) & W EUSIZ DWW T b LT\ 5 [13, 14]. 6 MPa
DIKFEET, Ni-SnO/ALO; # T, 473K T30 e SHEHZ ik, Fra—
AMD 3A%DILET PG %, 53.0%DILETE Raxo7& 2B Tn5 [14].

OH OH Ni/ZnO catalyst

HO™ ™ =0 "o "
OH OH 518K, 6 MPa H, on on
EG PG
Glucose 7.8% yield 25.5% yield

Scheme 2-1. Hydrogenolysis of glucose into polyols over Ni/ZnO catalyst.

Cited from reference [8].

OH OH 413K2h,493K5h

6 MPaH
HO™ ™ =0 2 PG
OH OH Cu-Cr catalyst + Ca(OH), HO/Y 52.8% yield
OH
Glucose PG
Cu-Cr catalyst + Ca(OH), 5.4% yield

Scheme 2-2. Hydrogenolysis of glucose into polyols over Cu-Cr catalyst using Fe + Pd/C

catalyst. Cited from reference [11].
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OH OH WO, + Ru/C catalyst
o 3+Ru/ y HO™ ™ HO

OH OH

HO ™
OH OH 478K, 6 MPa H,

Glucose EG PG
59.4% vyield 14.1% yield

Scheme 2-3. Selective hydrogenolysis of glucose into ethylene glycol using WQO; +Ru/C

catalyst. Cited from reference [12].

OH OH Ni- Al |
HOWO i-Sn0,/Al,O5 catalyst HO/\H/ HO/Y
(0]

- OH
OH OH 473K, 6 MPa H,

HA PG
Glucose 53.0% yield 3.1% yield

Scheme 2-4. Selective conversion of glucose into hydroxyacetone using Ni-SnO,/Al,O;

catalyst. Cited from reference [14].

212  TevLrr 7Y a—LARORE
iR U7ZBERIC SN, Zva—anbo7 a7 ) a—iL (PG) ARKICET
D FBERREEINET .

v OERDMEVY (25%R11H4)

v EEKFEEHNDLENHD (=5MPa)

Vo EINEEGD OIITE R T Y O TINS
> TR SOGERMETPG 2RI B TEDUET AT LT 5 Z L1,
BERICR S LWRIE LA fENL T 272D OB E S 2 L 5. FRS, RIEKFZOBERN
FTRERFEROBRIIT A T v TOBER L 25720, TEHRFERETERTE S
ZEDBEFE L.
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2.1.3  FREtiR#Et

ARETHE, RWKEENTIZVa—2Anhs7 v 7 ) a—L (PG) ZREEAIIC
B CTE DI AT DMIOWTHRHNEITI 2L & Lz, BEMICE, Zra—=zn
O EEINIC PG 2 G T 5/b— b LT, BIFDL— MIEH L.

(1) Zha—AnsT s h—A~DRMAL

(2) LRETAR=ARIRICED T V7 F—R0 5 = HpE
(e kaxy T hy, ZUVRATATE R) OAERKL

(3) =HiFEDKFIZ LD PG Ak

(1) & (2) ITBRKIEE LTEZD. (2) ORI XY AERk L7z =HFEN 5
HEEAERT DL LEVEET, (3) OIEEZED D Z ENTERIE, BRI
PG AR TELHLEZDND. ZDIDITIE, HTFIRAEFEETT (1) ORMALK
Jink (2) OV bha7 v K=/ RSZ21TV, Ak L 7c = B 2 300238 e il
WX o TKFET D (3) ZEeDRETHLEBEZOLND.

¥, 7V =0 I AN —OBLED S, ORI E FEANRAIK TH L7280
(1) ~ (3) OIIGOfEE L TiE, Wb AR —ROMBEOR M e L 9%,
Blzix, 7Y (G 7l o¥) R E R D &, AEEIRCERE OB LW
STRERENH Y, THEMRIEEL LTHEE LR,

FR U7 — MY 70 a—20 6 @RI PG 28T 27201, 7
= ARMEB IOV Fr TV RV RJRIC X D C-C BRI % fildied~ 2 [ (Rt & k&
(b3 iR 2 ki3 D & B AL & 2 HAG e T, RICEITH 2 Lz, £/, 7=

—ZAMNH PG OFUNMIEET 5 FEARMIA & U AR A LT D& L bIg, [EH
RIS AR & B R A OBRR, A ESCSURREE, KBEEEDSISFIFIZONT
b kA T o7z,
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OH OH

ﬂ) > HOT Y oH /

Route A
HO ;
OH OH
Sorbitol
OH OH/O Hydrogenation OH OH
HO : / Wy
OH OH HO™
| OH OH
Glucose Mannitol
Isomerization J/T
- Retro-aldol o
OH O
HO ™ on HO
OH OH OH
Fructose Glyceraldehyde

Route B

C-C, C-0 bond
Random Cleavage
e Polyols, alkanes, CO,
s
OH
Dehydration OH

Hydrogenation

Propylene Glycol

Dihydroxyacetone

Retro-aldol — Hydrogenation

in-this study

Fig. 2-1. Conceptual scheme of reaction system proposed in this study.
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2.2 EBR

221 JFAE

EABMSE (SWt%-Ru/C, Rh/C, Pd/C, PYC) IE=X A —4F LF v v MRS (R
i, BAR), BRI, D(H+)-7 L 2 — X (#iE 100.0%), D(—)-7 /v~ h—A (HPLC
B 99.9%), Y Fud o7k b 8K (B 99.8%), DL-Z VAT AT E RN (F
& 99.9%), EAENALTATER, BERkedx 7k by (HPLC & 99.5%), Yot
Ly 7Y a—L (GCHIE 99.8%), YLt b—/b (GC &' 99.3%), ¥ = h—/L (i
J£99.4%), 7 UtV (GCHE 99.9%), FLE&IZ, & THOEHMA T3St ORI,
HA), GCRIEMERES 21, V—xd A x2S (B, AAR) o5 %
fEAL7-. ZSM-5 (JRC-Z5-90H) I35 TF Al,O; (JRC-ALO-8) [ fili=aas o> 2 FR il it
AW, 2 TOMEHE, AF LT bDZRIEEE AT O TICEDOE EMHA L2,

222 USEEE & ROSEME

B, Fig. 22 ICKR L2 AT > L A8 (SUS316) oD 50 mL A — 27 L—7

(MERY - T2, TSV-1) Z2H NS, ~"ATaA (C22) #O 100mL A— ~7 L—7

(OM ZART v 7 Bk th, MMI-100) &My, U7 A®-NGE 2 AL T T o 7o, 1Y
W72 R ERE & UL FIZR 9. ZnO 80 mg, 7 /L =2— A 180 mg (1 mmol), 5%-Ru/C fili
30 mg, K20 mL % 50 mL DA — F 7 L—FICHKE L. D%, RKISHNOZEL A
PEBR T 272 DICEHE T3 [ 8—Y LTz, £ 21T, €5 0.5 MPa, /K3 0.4 MPa Z lIIIE L,
600~720 rpm T LN D, FrEDOMUSRE CT—ERMMEAAZIT 7. Z DG
RN 0.4 MPa DKFEENE, FISHEPTIZAKFE DK 4 mmol DIKSE (7 /12—
A PG ~DOEHIT BT D HwE © CoH 06 + 4H,—2C;H;0, + 2H,0) IZFHY T 5. K
JOREIIA— b7 L= NICHA LTZBGER TE=4— L7z, TEIREICEET LD
IR 30 A2 L=, £, KISssNOBENIITH 1 B2 L=, ABFZEicsiT
5 TROSH) &1k, FrEiEEICRE L T O mAREZ BT 5 £ TORE 245 L
T 5. FRBEFA O REVE 2 iaHd 272012, il (ZnO B X O'Rw/C) DE{KE ~
AV E— ST KD EIL L, AKCEIEVES L, T & RifLER A 3R O SOSITAEH L7z,
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Fig.2-2. Reaction apparatus: 50 mL SUS316 stainless steel autoclave (left) and 100 mL

Hastelloy autoclave (right).

223 T HE

FOS#, TTAERDEY 7D o TRAT ANy ZIZBRRL T, HAZa~ v7 T 7
4 (GC-TCD) MW T L. WIRAERWIE, HOnE, ThyT—vay, B
FO7 4 v & —Jgit (0.45um) IZ X > THHEL T, mdEikiks v~ ~ 27 Z 7 1+ — (HPLC)
BLOSHEBRFESI (TOC) ZFWTHHr Lz, Ak, EEyE % AV ClA
EL, SMBEREIZE D ERE L. ARPOILE (mol%-C) 1%, Tt > Thr#Ek
WCHM Lo, RFEEEOWEIIE, TOCBIOGCIZLWEOFITHE L.

. number of C atoms in product number of moles of product
Yield [mol%/C] = f np — f /P
number of C atoms in substrate initial number of moles of substrate

100

R 72 RS 351 B RN I35 80 B /L %R Tdh 7=, T D 20%Ri114 O I IELK
JERDNBESHHPHSE D> v 7 MOAHE LTc (bl GEESARMOEITHE) 12k 5
b LD, £, EAEKHE (TOC) DR L @dikik” v~ ~ 7 Z 7 1+ — (HPLC)
TERETE AR L ONEDE FFEDLEWTIRIETET) 1%, THEAERYED
BELTEAY Av—H5WER Y v —LBZBZ TS, M, EBROIIHSE (KR

IXE U CHERL L7 3 DO LIZFUGDFRERNOIREL, £2% ThoTz,

47



WA~ N7Z 7 4—  (GC, Gas Chromatography)

PeE - BEUERT (HA) $4 GC-8A

HF 51 Y B (60-80mesh, SUS 2.0 m X ID 3.0 mm)

HTH2  FLF 2T ——7 5A (60-80 mesh, SUS 2.0 m X ID 3.0 mm)

717 LRFE 393K

XY VT HA:~YTA 29mL/min (#7724 1), 10mL/min (77 A42) @&
fritids © BSR4 (TCD) 100 mA, 453K

W7 VE  2mL

- midiEik 7 v~ ~ 77 7 ¢ — (HPLC, High Performance Liquid Chromatography)
25 1 0 Waters(USA)EE 600 & AT A

717 2 : Bio-Rad # Aminex HPX-87H (97.8 x 300 mm), 313K

BEFR © 5 mM FEKIHE, 0.7 mL/min

Rriids - EITERtHa (RD

2l 2 HHERERTEL Prominence

717 2 : Bio-Rad # Aminex HPX-87P (7.8 x 300 mm), 358 K

BEFE : 7K 1.0 mL/min

RRiigs - EITERHA (RD

- AR FESIHT (TOC, Total Organic Carbon Analyzer)
B B RERFTR TOC-LCSH / CSN
73 680 CRRBERMM IR J7 5, Bl
FrigR © RIMET A 38T (NDIR)
T iR AR ERE 7 X VERKE S U T DOKIAIR

WEEE « AR ERSE (TOC) =2k# (TC) —EEEARSRE (I0)
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224 XY 772V E—Tav

ZnO & 5%Ru/ C O R EFEHIER K72 b ONCERE R4 Table 2-1 (2777, ZnO
FZAMAZ RS T, BABIOEEAROWGNEEN TV, 5%Ru/ Clx, &RmE

(803 m¥/g) T, RuAJEITHI 1.6 nm R DRk TIEAE L Tz,

Ru BB ORI A X1, AARBE RS G, AAR) RoBRMEERE T
B SE (FE-TEM) JEM-2100F % AV CHllE L7-.

s T UEST B IO bR R FEMEENE  (NH;-TPD, CO,-TPD, Temperature-
Programmed Desorption)
R BR{LHEN ZnO, TEMERIEFLT =7 A RWC #0.1g
WEEE: ~ A7 m b7y LR S EBIFIRBEEAR~2 hLEEE  TPD-1-ATw

REIRFAS : 100~800C, He 50 mL/min
Rty DY B Sy

W7 Z 7 A b 1 () miz=16, (i) m/z=44

800°C
500°C
10 °C/min
10 "C/min .
100°C 518 5 Bl E
R.T.
60 min e 30 min B 30 min
H (1) 0.5%NHy/He; pr. G S
¢ (i) 0.5%COyHe, " 1 He
~ 50 mL/min  seem— e~ 100 mL/min =+ 50 mL/min -~ 50 mL/min -~

- ERWMAEFRAONE (CbREHS K OMILEREONE)
WEERE : ~A 27 v b7 v 7 -~ukl&t Rk, H4A) BELSORP-mini
AMLIRIEE - ~ A 71 T v 7 -~k (KPR, HA) BELPREP-vacll
AITALER 55« 120°C C 8 BEfH, EZEMiA
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WIETTE  ERIE, 2RI XD WE ik

AR © 77K WA B WTIRIFS © 0.162 nm?
WAL : 5% SRR BEERT 0 150 sec

faFnZRSE - S
teFemifs - BET 15, tiEIC XD EH
FIFLARE - BIH{E, MPIEIC KW EH

< B EE - B EE (FE-TEM, Field Emission Transmission Electron Microscopy)
HEREE - AAREFHRASHE O, AA) 8 JEM-2100F

o —)b RARUEE SR B 2 2 0
g - =RV — 8 X #0487 (EDS, Energy Dispersive X-ray Spectroscopy)
ATALER « Sy HREE (I kv )

Table 2-1. Textural and acid-base properties of ZnO and Ru/C catalysts.

Surface Mesopore  Micropore Particle size Amount of Amount of
Catalyst

area” volume” volume* of Ru* acid site®  base site’

(m’g)  (cm/g)  (em¥g)  (nm) (umol/g)  (wmol/g)
ZnO 3.5 0.014 - - 6.6 14
5% Ru/C 803 0.54 0.31 1.6 - -

* BET surface area determined from N, adsorption.

® Mesopore volume determined by BJH method for 1.3 nm - 100 nm.

¢ Micropore volume determined by MP method for 0.42 nm - 2 nm.

4 Particle size of Ru determined by TEM images (average of thirty particles)
¢ The total amount of desorbed NH; by TPD measurement

"The total amount of desorbed CO, by TPD measurement
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2.3 FERLER

231 KHEEERICY L KE LA O

INaA—=ZAnbO7r Ly 7Y a—L (PG) GBI 2IINFE LT, KFEk
fifi 2 Ru/ C BRI [ E L CRE 2 D@ @R b OFH 21T > 72, ZOF5R, Fig. 2-3 1
AT KDL, FExOEBBIEMOBRINC LY, 2R BOSERY 313G b, ZnO
R0 Fe;04, Lay05, CeO, ZHNMNT 5 &, W PG ILENE LN, Y,0;<° Sm0;, MgO
W5 L, BIAEMME UTHRE (LA) AR L. WO Z2iind 5 &, BEk [12]
IZHERENTVWDH LI, =F L7y a— (EG) PERIZAEK L. SnO, &
Nb,Os ZIRIM L7234, FABYE LTA~F L h—L (YALE F—LABIO~vr= |
—/V) BPEHATZ. ALO; R TiO,, ZSM-5 (BAZ A ) ZiRINT 5 &, I ARAERY
MREIZER L. 2B OFERENDS, Zn0O, Fes0,, La0;, CeO, 2% PG ARKIZKT L
THBRIRMAITH D & ahrole. 5I&kEE, RN 2% ZnO IZEE L, K3#E
{BfilliE & LT oo E R A 2 576 L 72. (Rw/C, Rh/C, Pd/C, PYC) ZDfER
% Table 2 (27”9, Ru/C Z JHWZIE, BRIE 38.1%03MF b7z, £ Ofthod 5 4 J& fili i
TH PG IEITHI 30% Th o7z, €->T, AETIE, ZnO & Ru/C DMAE O &%
ML, EOLRLFEMBERTZIT o7,
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Product Yield/ mol-%C

10

Fe;0, CeO, Y,0; MgO Sno, Al,04 HZSM-5 ZnO*
Zn0O La,0, Yb,0, Sm,0, WO, Nb,O5 TiO, non

EPG HEHA LA Glycerol B EG M Hexitols Diols M Gas

Fig. 2-3. Transformation of glucose on Ru/C combined with various acid/base catalysts
and ZnO alone.

Conditions: glucose, 180 mg; catalyst, 82 mg; 5%-Ru/C, 30 mg; water, 20 mL; 453 K; 20 h; H,,
0.4 MPa.

PG, propylene glycol; EG, ethylene glycol; HA, hydroxyacetone; LA, lactic acid; Hexitols:
sorbitol and mannitol; Diols: 1,2-butanediol and 1,2-hexanediol; Gaseous products: methane,
ethane, propane, butane, carbon monoxide, and carbon dioxide. Max error: +2%.

“Liquid and gaseous product yields were determined by HPLC and GC analysis, respectively.
TOC yields indicate the total organic carbon yield of the liquid products determined by TOC
analysis.

“Carbon balance was determined by adding TOC and gaseous product yields.
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Fig. 2-4. Transformation of glucose to propylene glycol on various carbon-supported
noble metal catalysts combined with ZnO.

Conditions: glucose, 180 mg; ZnO, 82 mg; 5%-metal/C, 30 mg; water, 20 mL; 453 K; 20 h; H,,
0.4 MPa.

PG, propylene glycol; HA, hydroxyacetone; LA, lactic acid; Hexitols: sorbitol and mannitol;
Others: ethylene glycol, 1,2-butanediol, and 1,2-hexanediol; Gas: methane, ethane, propane,

butane, carbon monoxide, and carbon dioxide.

53



232 RSSO RE

=

/n =

ZnO & Ru/C ZAAE DTSR (LLF, ZnO + Ru/C ST AT A EFL#l) TD ZnO
BORFHER % Fig. 2-5 1”7, Zn0 &< I3, RWC DA ZHFERALEZE X, 7
nE L) a— (PG) ORI 93% TH-7= (Fig. 2-5, ZnO =0mg). 51T,
SIERME LTIE, ~F v b= (VLB F—ABIO~r=h—1L) BLOEK
IR AKFACDTRAERI T D T ARGy (A2, =&, Tuany, 7X220) BRE
IR L, 7Y a—EE L ORISERME 72 b L [6]. ZnO ZiRNL T
W &, XFIRIIZ PG DIRITKIEIZKE L, ZnO % 82 mg RN L 7= & =12 PG IR 1%
K138%ICETH ELE. —J, B RaXxv T & bSOl EORIERMITVETH
o7z, £72, ZnO OWIMEIA~F > h— /v & B A LR O LR Z KIEIZHH L=, RwC
DIKFAVITIRBEDS ZnO DILAFIT K » TEE LI WREMENRZ 2 b D . ZnO DIRNINE &
L TI3A 40~80 mg D & ZIZH KD PG UFHER G H T2, ZnO % 160 mg i/ L7256
21X, PGICERN DTN L, RIEH THLHE RrX o7& o EABONENE T
Bhnt7. —J, RWC AT, Zn0 OAEMHEH LI HAICITILEE A RIRAIZ AR
L7 (Fig2-3 =&AL DI T LBMH).
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OMi?——-q

0 200 400
Amount of ZnO / mg
—-Gas —>¢Hexitols LA -B-HA -8-PG
Fig. 2-5. Effect of amount of ZnO on the transformation of glucose into propylene glycol
on ZnO + Ru/C system.
Conditions: glucose, 180 mg; 5%-Ru/C, 30 mg; water, 20 mL; H,, 0.4 MPa; 453 K.
PG, propylene glycol; HA, hydroxyacetone; LA, lactic acid; Hexitols: sorbitol and mannitol;

Gas: methane, ethane, propane, butane, carbon monoxide, and carbon dioxide.
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B

Zn0 + Ru/C RS AT L& ANWT, 7V a—Z b PG ~DZEWSIZBIT 5 R
IR DL it LTk R % Fig. 2-6 12”7, 413K 2B W TIEAF v h— L3 FEARKL
W T otz FUSEREZ FIF T &, ~F v b— b2 LT PG RN LT-.
LU s, RONREZ 473K K0 @< 35 8, PGUIERPEFREA L, I ARAR
MOBENEIM L2, ZnO + Ru/C 5T AT MBI HKFEEDZNEE Fig. 2-6 ISR L
To. BEUESE LS L CIdkEE 0.4 MPa 24 LTV DA%, 2 f5D 0.8MPa [Z/KFEEZ 15 <
LTH, PGULRICHERZET RN oTz. 16-57C, ZnO + RU/C GV AT Lk
AWz 72— 5 PG ~OEHSRIZ BN TIE, SOGNREE 453 K 38 L UVKFEE 0.4
MPa &\ 9 RN 7Z2 S0 il Tdb o 7z

JNa—Apb0 PG ARICET 2 2N E TORE TIE, KINHIFEA LA
453K LIk, 5MPa Ll E DRSS CEM STz [27-31]. L L, AETRHLZ
ZnO + Ru/ C i o AT DIRIR D DIRVIK R E TR PG A AT H Z LN TE
7. THENEBIBWTHIEFICHERRRIGY AT L L2055 LEZBND.
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Fig. 2-6. Effect of reaction conditions on the transformation of glucose into propylene
glycol on ZnO + Ru/C system.

Conditions: (a) glucose, 180 mg; ZnO, 82 mg; 5%-Ru/C, 30 mg; water, 20 mL; 20 h; (b)
glucose, 360 mg; ZnO, 164 mg; 5%-Ru/C, 60 mg; water, 40 mL; 8 h.

PG, propylene glycol; HA, hydroxyacetone; LA, lactic acid; Hexitols: sorbitol and mannitol;

Others: ethylene glycol, 1,2-butanediol, and 1,2-hexanediol; Gas: methane, ethane, propane,

butane, carbon monoxide, and carbon dioxide.
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ZnO + Ru/C Ss Yy AT L& AWT 7 L a— 2D KBS EITH) E T Lo 7Y
a—/L (PG) MEBIRMICART D DI L, RWC BIMDYGE, 724 A2 C-C FiA
R C-OFEEGMHAT D7Dk~ ILEMN AR L T LE -7 (2.3.2 fi Fig. 2-5 &
). —J, ZnO B OEE, FLENEAICAR L7-. AHITIE, ZnO + Ru/C kv
AT DR RIE T N a— 25BN PG 2T 2 A=A L% MH L,
ROGHRIEZ BT 5L 2 HIEL T, Hx ORitaiTo7-.

72— A5 PG ~D USRS

INFETOREDMFAIIESL L [8-11, 14], Z v a—AEH PG ~D SRR I
Scheme 2-5 IZ/R T 2 DD/L— MIKBITE H. L— K ATV a—ANLOKFET
R LTA~F Y b= (YLE =, v =b—L) ZHEETIRETHS.
Mu 51X, 20% Ni/ZnO # W TZ /b a—2At/bn — A bEES Y a— L2 ST
HHT, ~FY h—AEHREERETEL—F A ZRELTND [8]. ZOKRKTITE
T, TAT—=ARY L F—UCHERNCER S, BlIERE, C-CREER C-O /A
MT MR TKEMLINDZ LEITE ST, Cl-C6 DAY F—NLT VH T
5 (1. —J5, —b BlIZAa—2DRMEIC LV ERTDH TV h—ZD L k
a7V R—=VEINZ LT, ZUVBATATE REVE Ko7 b RAERKL,
INNENLELT AT E RNERKSND., SHIZEALELT LT E R Rafy
TR, PGAEBRNIKFLESNDORETH D, 7/V7 P—RARL ka7 F—
RN LTV RAT AT REPE Faxi 7R bt bz s, 7V kvLT
LT ROBKSISIZE > TELEAT LT & RRAERT D 2 L%, LA ARflft s
MNTIZ N a—=Anb AR EEKT 2 PO O —EMOGRE E LTLmbnT
W5 [15,16]. ZD & 9 REUSHKEIITEE DT N—TIZ Lo TRESN TN D (11,
13, 17]. $E-> T, AWFFED ZnO+Ru/C K Jis s AT DT BIT D FUSFREEIZ DWW T, 2 DD
N—NEBE LT, FlRE AT 7.
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Scheme 2-5. Possible routes for the transformation of glucose into propylene glycol.

BUS DR ZEAL

ZnO + Ru/C [in v AT K& W T 7 v a2 — AW )G 51T - T- R ORI {b % Fig.
2-7 WY Bl 0 R (BT EEICRE Lo EE) 12X, 707 b—AD 35.6%DIL
RCERMLZ. 1 KETIETZAVT7 b—2ABNHEEL, RboTe Faxi 7k FR4gk
LTV 2RI ClT e Fe ko7& b UIERIT 36.6% & 7e - Tu/z. 2 LR PG
DARL LIAW, 4 BEHT 29.6%, 12 R T 38.6%ICE L. RO DOERNDL, 717
F—=ZRB5QNZE Frx o7& Uit PG AOPRIETHY, B Fexi Tk b
DKRFALTRENHEHRERE TH H 2 ENRBINTZ. Zn0 DA% HW e 7L a— 2 Z5
S OFER % Table 2-2 12783, Entry 1-3 OFERN L LMD X H1Z, ZnO N7 Va3 —2R
OFEMAMEE L U CIEFICHEDN TH 72, ZOfERITL— b B ORUGRE 2 ZH1+ 5
HLDOTHD. —F, v—FADHBUETH D ~F 2 M=/ b RSN S AR
ENTVDEN, KSBHICHZOENEL T, KISHIHERIZ BV T, L
—FADYALE b= EL—RBDL ka7 L R— USRI HEIT LTV
L0, =K BOHHKTHL TN h—ARE Fax o7 hrOFNRE AR L
TBY, TORE, &KL LTILV— FBAELENICETL TS EEZ LN,
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Fig. 2-7. Effect of time in the transformation of glucose into propylene glycol on ZnO +
Ru/C system.
Conditions: glucose, 180 mg; ZnO, 82 mg; 5%-Ru/C, 30 mg; water, 20 mL; H,, 0.4 MPa; 453
K. PG, propylene glycol; HA, hydroxyacetone; LA, lactic acid; Fru, fructose; Hexitols: sorbitol

and mannitol; Gas: methane, ethane, propane, butane, carbon monoxide, and carbon dioxide.
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FOSHAR & i A AE
FOSHER N — b A &— b BIZBT 2RISHREIZILLTOEY TH 5.

Jb—hA: VIVE h—JL, v =F—)b
N—KB: N7 h—RA, Ve RaxrTkhy, JURALTIALTE R,

ELENALTATE R, B Raxo TR R

THRHOFRMEEHEWE L LT, ZnO+ Ru/C Gy AT L& AW CKRFELRIEE1T
ST, ZORER% Fig. 2-8 ITRT.
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Fig. 2-8. Transformation of various substrates into propylene glycol on ZnO + Ru/C
system.

Conditions: substrates equivalent to 6 mmol of carbon; water, 20 mL; ZnO, 82 mg; 5%-Ru/C,
30 mg; H,, 0.4 MPa; 453 K. * double scale, substrate fed at reaction temp. PG, propylene
glycol; HA, hydroxyacetone; LA, lactic acid; Sor, sorbitol; Man, mannitol; Hexitols, sorbitol
and mannitol; Gas: methane, ethane, propane, butane, carbon monoxide, and carbon dioxide;

Fru, fructose; DHA, dihydroxyacetone; GAL, glyceraldehyde; PAL,pyrvualdehyde.
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N—HF ADOHRETHL YV E b= ABL O~ = b=V EHFEHE L LT453 K
T20 KRS S B HA, B ReXxy 7 buide Ak Laer-7223, PG b
DNTARL, FXICE 108%& 8.8% Thoiz. T72bhH, YILE h—ALPvr = h—
VInG PG DVERKT D FRITFFE IR R TH o 72, WIZ, /v—F B OPEEZ H
FPE L L TA53 K TGS, 747 h—2 & FRHZ AW 5HEA, G 4 BEHE T
E Fado 7 ¥ hré PGREDOETA0%MROIETHE LN, s 20 B Tide K
23X T BT D RIS, ORI YE T 580 PG AL, [F
BRIZ, YeRexy 7R bR/ VBT AT E REAWEEAICH RO RN
bije. B Fexi 7k bzt LIEGEIE, OGS 20 R Tl —& 0 AT
LTHEY, e Fexy Tk b PG OEFHEN L 4 FFHICHENTERTLTWD
LOD, B X T MOREAD LT PG BAEKRLTND ZEIFHALNATHD. =
B OFERIT, ABFFED ZnO + Ru/C SUE Y AT MMTBWTIL, /b— b B 23 XA 7%
Lo TNDZEERLTVD.

NS DOFERIZHE SN T, [REKZE T TD ZnO + Ru/C Y AT MM LB 7 a—
25 D PG AR D ik % Scheme 2-6 D X H TR T 4. KIGEKITZLL O AT
v TINORER STV,

I A—= AN T IV h— A~DFMEAL,

TN h—=AD L ha 7 v R—VGNZ £ B = RED AR
SIRBEOBLKICE D ENLVELT LT B ROAER

EAEALT AT E ROKEIIZEDE KXo 7 b o4k
vV ERaxo T hroKFERICEDLZ T e LY a— L DgR

v
v
v
v

WIT, KRBT, [BETZ L a—205 PG ~DOZEHR S 3 EFT 3 5 L
IZDOWTELT D, IWBEROWEICENT, L ka7 K=V IS X 5 ZREED
AR S K MG STV 5 [15,16, 18-23]. ZH S DGO T T, Kb THEET 5L
A AFBRREE & 2\ MFH A X o TROUSAEITT 2 & ST\ 5. AIFZEO bR
DT Zn0 N Z OEEZH->TNDH EEZ HID. EFRIZ, Table 2-2, Entries 2-4 (2
RLIZE DT, ZnO M TRIS S GG, NV a—AnbET 707 b=
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L, TOHRAMMPER LTz, L ka7 b R—VJEH ZnO 12 K- Tt s, 707
F—=AD C3-CA FEADRAKRNPEZ 272 EZDBND. C3-C4A RO REL L7V &
ATNANTE REDE RrXx 7 b AIKEATELELT LT RERD, 2D
ELVELT VT B NIIEEKSE T Ru/C il ECHRGIOKFE LI, E FrXo 7k B
¥, SDHIT PG IR D ZENPDERFER TN TND. LEDOFERFHRNS, K
iR 2 W TIRE T/ L 2 — 26 PG ~OEMSPEITT HDIX, ZnO » 7V
a—ADRMAL, TV N—ADL ha TV R— /UG ERE L, ARk L7z = BRE
RETKFLENTE FeFo T b raRRALTFrE L 7Y a—LIZE#EN
Ll BRI

WIZ, I Na—ZABLOTNLT h—ZAD L a7 )b R—VRJGIZE T 5 AR O
WK FEACE R R TR 2 £439 5. Zhang 51, Ni-La,O5 fililfiz H T, &
Na—ZAnbxrF L7 a—L (EG) PG REDKRY F—NVENELND, KR
F—NVEOHFTH EG A BIRWICERTE D Z L2 LTV 5 [24]. EG 2M&EIRAIC
TEHHHEZUTOLIICREL TS, Ao —2ADOMKGIEC L > THEKR LTS
b —AD C2-C3 &% La FENUINI T 2 iEZH L, ZO/MR, C20+ (7Y
=T AT ER) L CAyT (=) Rra—2R) BNAERKRL, TD C4 NS 5T C2
12 o ET D (Scheme 2-7 %) . 2D Q2 iy 13Kk FEILEN DT, EG M
BPPNZAER L T DEIH & STV 5. —J7, AHFFED ZnO + Ru/C fillEIZ 3\ T,
EG 1 ZAERETITEIRIC PG NAEKT H. ZOBMBEIZHONTIE, Zn BRI La—2R
DFEMALZMRAEL T, ER LTV T F—R2D C3-C4 A 2 BRI OIT L T2 2D
C3orf (ZUVEATATER, YeERaxo 7k R) 24T, EHITC3HTHH
K e KRFLERT PG ~EEBEIND Z LT PG BRINICAERT D EEZBND.
Ni-La,Os filifit & ABFFED ZnO + Ru/C R DOAER Z0E WD, 7L = — 20D C2,C4 4y
F~DFRNT VT F—=AD C3 3F~DFRNIENICH 5. C3 5T D PG iR
I D 72 DI1E, 7V a— AR LB IO b a 7 R— VG % filliit3= 2 15
ZHLOZLENEETHDLEWVWRD.
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Table 2-2. Transformation of glucose on ZnO.

Temp Time Conversion Product yield/ mol-C%
Entry
K) (b (%) Fructose HA LA Gas  Others
1 453 0 51.5 33.0 0 3.4 0.2 3.8
2 413 0 n.a. 11.8 0 0
3 413 4 58.9 34.8 0 29 0.3
4 413 20 100 5.5 29.6 5.5

Conditions: glucose, 180 mg; water 20 mL; ZnO, 82 mg; H,, 0.4 MPa. HA, hydroxyacetone;
LA, lactic acid; Gas: methane, ethane, propane, butane, carbon monoxide, and carbon dioxide;

Others, sum of acetic acid, glycolic acid, and 5-hydroxymethylfrufral.
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Scheme 2-6. Proposed reaction pathway for the transformation of glucose into propylene

glycol on Ru/C combined with ZnO.
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ZnO + Ru/C fi% o fEFI I rIBEME 2 5Fl 9~ 5 72912, 0.4 MPa & W O (REKFE T,
453K T 20 BT 9 7V 20— R ZEMA S 2 # 0 IR LAT o T2 R & Fig. 2.9 12§, 7 L
v a RfER T, e Ly a—L (PG) OUERIL38.1%TH - 7278, FHFIA
THELTMTED L, BFAH2EHTIE31.6%E 2o7c. ~F T h— Bk e I 21k
PHEIMU T e, LA LRSS, PGILERIX 30%LL E&HERE L7, Rw/C B CTlE~%
b =R IS EIT T 273, ZnO ZfFEEDH LT Ko T, ~F 2 b=V AR e A
2MeEMEIT D 2 L& 232 fi T, L LR s, 0k LFAAHLZHAICE,
Zn0 DEIRSIH OMEENEN TE TV D, HEHRE 2L LT, Zn0 EIZRY ~—
RORFENEFE L, ZnO ([TEKRT 2 IS ONL— T A DFUSIEEDRELS 25729
EEZBND. Fz, @t X H (XRF) & W TRINET ~D@ RO 2 RET %
&2, FEM Z AW CTHEAIAER T O Ru ORFEEZHIE L. £ OREE% Table 2-3
(. FRAERAEZBEL T, Zn fEiX 30~50 ppm OEETHRIES N, 202 L1EK
SRR R LTz Zn BN BOSIZE G- T 2 /Retni&d 5 Z L 2R LT h. £972L LT
b, ZnO VIS CHSRE Zn FEOMHEIR & 72 5 C, ZnO + Ru/C KT A7 A OFH AL
AHETHDHEEZLND. 212 L, BMENSMET ST, BEiEEERCHEAMAT S
BHSIXSUGIE DY S O Zn ORELZR 6 NS ZnO ORFEZAT I BENE T D, Tk, [k
FIZIE, BOSHR~DIMRERENE O @R OB 2RO Hivd & & b, IEMER O
EVEMELE DR R ZEINC BT DN METH D, —F, Ru @BMEITR 1 XiTh
TORERB RN b DD, REREATIT 2L, KISE~OEH bR IR0 o
7z.
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Fig. 2-9. Reuse of ZnO + Ru/C catalyst system for transformation of glucose.

Conditions: glucose, 180 mg; ZnO, 82 mg; 5%-Ru/C, 30 mg; water, 20 mL; H,, 0.4 MPa; 453
K; 20 h. Note: 40 ppm of Zn was observed in the solution after the reaction with fresh catalysts
for 20 h. PG, propylene glycol; HA, hydroxyacetone; LA, lactic acid; Hexitols: sorbitol and

mannitol; Gas: methane, ethane, propane, butane, carbon monoxide, and carbon dioxide.

Table 2-3. Leaching of Zn and Ru and particle size of Ru in the reuse experiments.

Concentration in liquid phase® Zn Particle size
Run 7n Ru recovery” of Ru
(ppm) (ppm) (Wt?o) (nm)
Fresh 30 0 99.1 1.6
Reuse 1 45 0 97.7 2.2
Reuse 2 50 0 96.2 23

* Zn or Ru concentration in liquid phase was determined by XRF.
® Zinc recovery was calculated by the following formula: [1-(sum of weight of Zinc in all

the reuse reaction solution / weight of Zinc put in the reactor in first run)]*100%.
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vV ELELT AT e ROKERICEDE Ko7 & o OER
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3.1 FF3C

B2 BCIE, [EREREAARE (BB, ZnO) & E@JRAME (EMERIEFLT =
U LfilE, Ru/C) & EFEARDETHWS Z LIC LD IREARFLEREL, T ra—
ZinbOTrE L7 a—L (PG) ARUCEM L7z, & 51T, BUSKREOFEMGT
DFER, ZnO N7V a—ZINE T NI h—A~DRMALEIR, 77 h—ZAD L hn
T R—=VEOE (ZHBEOARBIR) ZEHET 5 2 L 2 LN Lz, ZOfRICS
WTCIE, ZnO & [ABRIZ PG ARICHEZN TH 572 Fes0s  Lay0s, CeO, 12DV T H BT
FEDEHEIND. KETEINLOMAE S LT, KBRS Y AT L5
FL, TOEBIREMEZ FEIE LI RIZOWTIRRS.

FRIIS Y AT AT, KFRAERE L TEBERL 1, KEAAE & U CIEMERE
FpoNT7 g afilt (Pd/C) ZMHWT, RS THRAT HKE (in-situ KFE) ZHHL
TN —=AND PG ~DEMEZITo7z. 22T, @BEKICITIKETRAEDOHKRET
FTIER L, BEERITHEDO BMHMERISR L b e TV R— LR Ofilit & L To&E b
Wff Uiz, E£7z, BUSIC X » Tl b L7z 8kihi T2 @@k e L TRV IRLEFA L., X
Jo AT LOFHA AL FHET 5 & & b, RIGGRHORELHITo 7. &R
L% BAEFRET R X —CRITLT D2 FIEIAMTH Y, ZOHEMEFIATuEsko
HAOERITHRNES Ch b EBbhd. #oC, AFFETIIRET 5 AT A
DEE/R TR T LKERELEAKFET Ry N CRISELT O TREZ TR
HZEELT.

3.1 BEBUKFEEROS Y AT &

F1ETEANLL IS, BEWMRERRRAEITH DA A~ Ao bFEima /G
HI0ITiE, 2L DGE, MEGTHBOEENLET, KFELHDWITKFLIRIC
Ko THMFEL S IHEENPORET HINERNH L. KISIHEHTHKHELE LT, {LAE
JFICIKEE P, AR RV —HKDOKFE (VAT A FTIAKkHE) THDHIEN
BLELW. 2T, YRATATTNVKFEDORGEGIEE LT, @B —KEXET 1k
A (Metal Steam Process) [1-4] ZIGHTHZ L x2E XTI, ZO7 v AFIEFIZT v
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TVT, RICS IR D3 KRR E RS L TR TR 0T 5 2 & T, mifliE
DKFWRETDHENI LD THD. ZO7 AL, Steam Iron Process (3Fe + 4H,0
©Fe;04 +4Hy) & LTHLIMBIR<ALNTEY, BIETHF I N - L—E L 7T
ntAL LT, KEMEDAHA ST, CCS (Carbon dioxide Capture and Storage DM,
TR FEOEI - FFEAEEWRT 5) L EE L ZFKFIZIT 5 Chemical Looping
Combustion & L CHICHERIN TS, & LKEDRINEL, &RBOA A AE
] (K> Ca>Na>Mg> Al >Zn>Fe>Ni>Sn>Pb>(H,)>Cu>Hg>Ag>Pt>Au) I
PEH D, KX Ca, NalZHWIE TG LTLE H. Mg, Al, Zn, Fe [X@mIBRDKAERK EX
JELTAKRBERAET D, LLRRS, @ROBLEBRBTORS S ZBET D EFIH
AR/ ERIIR b D, 22T, BEBITORS S, KERAOHIE - B HVO
B, REEEERL, B/ERE: (Fe/FeO,) RZEIRLI-.

BIHKFIL Y AT L& AN TS A~ ZADKFEACRIGE O K % Fig. 3-1 1279, Z
DY AT MX, Scheme 3-1 (IR T#MRILER (w72 A b)) ORRGEICKOCEISHT
%2 ODRIGSAT v T THERIND. 851 A7 v 7 TlE, $k&KEDRISIZE Y RAE
T HKFEFIA L CAA F~ ZAD R % KFALKFE LR L, (D & 51k
FhnCH LR Y A—VART N o Ip EICE#T D

F2 AT v 7T, BEBHIIRATRZRILF —ICLoTELT LI ENTE, &
BERIZRTZ ENTES. BAEARBZ XAV —%2FH L& R O AT IEITE
ZLIMEINTND FIZIE, KB RLX— [5,6] XV —T—IKHKE, A F~< A
DA K BIBEITLEHT A (CHy, CO, Hy) [7], A A~ AL LUVNA A~ ZAHKR
e (Fx—, =) ICLDEBMETT [8,9] e ENFITF O, FAMIET FLF—
ZRIH U CEBAL SR O LB A 7 NV ZB D IR LATA D Z ENHLN TN D,

ZOFHRIE Y AT DL, RSRISHER D bR HE 2 BAET 2 LB RV AR, Bk
DOHEKFZZFMT DV AT L LIFIRESELSTWD. T7205, ZORISEER
FEORTEAFZE LIS, KRG TRENBET L0, KERE, ITK BIO
WL IZ DD RN X —HE IR T 57200 T, @mIEKEEZRVES Z L2k D
fER ) A7 BIKT 22 ENTED., ZOXHIZ, RURAT AN AKFEELEL
BT, RVLERTEETE L L, RFWRIATLERVGELEEBEZDLND.
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Hydrogenation and deoxygenation
by hydrogen formed in situ

Polyols, alkanes, etc.

Carbohydrates ( R‘:Enne::'l;l;le

H,0

Sustainable hydrogen production
by chemical looping

Fig. 3-1. Conceptual image of hydrogenation reaction system using in situ generated

hydrogen from chemical looping of iron and iron oxides.

Hydrogen Generation
3Fe+4H,0 — Fe;04 + 4H, (1)
Regeneration of Iron

Fe304 + 4H2 g 3Fe + 4H20 (2)

Scheme 3-1. Redox reaction of Fe/Fe;O, system
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3.2 EBR

321 JEAE

60-80nm (NM-0019-UP, 99.9%), 5-9um (93-2601, 99.9%) , 75um (00737, 200mesh, 99+%)
D FL 72 BRI DR % % 4 Tonic Liquids Technologies GmbH (Germany), Strem
Chemicals, Inc. (USA), AlfaAesar (UK) 7»HHEA L7z, {EMEREF S EE%/XT VD
Ll (Pd/C) 1Z= XA —F A% v MEASHE (AA), D(H)-7 /02— (GC ME
100.0%), D(-)-7/v7 h—A (HPLC & & 99.9%), B Rrxv 7% h» (HPLC &
99.5%), FrEL 27U a—1L (GCHE 99.8%), 7' V&V (GCHiE 99.9%), %
f2, (£)-12-7 % > VA4 —/L (GC & & 99.2%), 1,2-~F ¥ 2 VA4 —/L (GC & & 98.4%),
7V 3 —)Vlg, g (58 100.0%) FEOFBILEMITRR 2 L — P CROGHMZE T2/
K&t (BA), GCHIEMEREN 2%, V—x ¥ 1 o ZAAEHE (AAR) 545~
WAL, 2ToRET, BALLbDZFRIHECRENT 2 Z LR ZDE EONI
R L7z,

322 RUSHEE & ROGERE

BOEZIE, % 2 % Fig. 2-2 IZKR L2 A7 > L A4 (SUS316) o> 50 mL A4— k7
L—7 (EMF T3, TSV-1), ~"ZT 1A (C-22) ®od 100mL 4 — k7 L—7 (OM
FART v 7 RS, MMI-100) & W TIT o 7. EER 2R ROGEAEIZLL T O D 1T
o7, £7F, 73 —2Z180mg (1 mmol), EK{EHKIF 335 mg (6 mmol), 5wt%-Pd/C fil:
i 30 mg (Pd 15umol AH2Y4) 35 L OMBEHIK 36 mL & B 5P CRIGRICEAATS. %
D%, R BT TZOICER T3 RNV L, FERICEH T 0.5 MPa lZHIE L.
Z LT, 600~720 rpm THHFE LN 5, FrEOIREE TMEAL, BIE L7BUGKRH O
FIERFF L7z, PEBIREE I BV R 2 IV CHIE Lz, FTE DIREEICEET £ £ TORFH
1349 30 2T, WAENCIZEB L2 1 RERA LI CTh o 7z, FFIH BRI 7o il 3
JMEG D DRI K0 BT U CHMIK THRIEIBE L7z t4, 343 K C—MREZEmf L
T R U 7ol A i AR e E N Tk 3 40em’/min $EiE T C 723 K T 4 KRR
TLEATo T, BRHP TOWMD PNERHIZT D720, 2%FEE 0BGk L TRk 7%
T B LALER L, PR A SEBRIC A L7z
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323 ik

Fitk, HTAEBIIY 7 TR ANy JITERRL T, HAZu~ 777
+4 (GC-TCD) ZHAWTotr Lic. WRAERDIZ, =OUolE, 77 —var, B
KT 4 02— (0.45um) 12 K > THEEL C, mdikik” n~ ~ 277 7 1 — (HPLC)
BLOEAKRFEDN (TOC) ZHWTHNr Lz, AR, EEMEZ W TRE
L, SMEREIC L @R L7z, AR OIE (mol%-C) 1%, FRialchie > TR
THH L. RELEOWEIKIE, TOC B LV GCIZLDIEROR TR L.

number of C atoms in product number of moles of product

100

Yield [mol%/C] =

number of C atoms in substrate initial number of moles of substrate

A v~ N7Z 74— (GC, Gas Chromatography)

eE - HEEERT (BA) & GC-8A

BZ7 51 YA (60-80mesh, SUS 2.0 m X ID 3.0 mm)

HTH2  FLFaT——7 5A (60-80 mesh, SUS 2.0 m X ID 3.0 mm)

717 MR 393K

XX UTHA A~V TA 29mL/min (#F A1), 10mL/min (7 A 2) @=if
fritds - BYsERR s (TCD) 100 mA, 453K

7 VE  2mL

- midiEiR s v~ ~ 77 7 4 — (HPLC, High Performance Liquid Chromatography)
1 : Waters(USA)HL 600 > AT L

717 2 : Bio-Rad # Aminex HPX-87H (97.8 x 300 mm), 313 K

BEFH © 5 mM FERKIE, 0.7 mL/min

Rriies - EITERHa (RD

2 2 BHERERTHL Prominence

717 2 : Bio-Rad 2 Aminex HPX-87P (7.8 x 300 mm), 358 K

BEFA : 7K 1.0 mL/min

AR - R IT R A (RD
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- EAEIRIRFE T (TOC, Total Organic Carbon Analyzer)
2 BERET TOC-LCSH / CSN
73 680 CRABEARIEIR L 75, Al
ReHiRR © ARAIMRA 2 5347 (NDIR)
PR AR AR ERRSE © 7 X VKB Y U LIKEEIR
HEHER - AIARFE (TOC) =2kFE (TC) —EMARKE (IC)

32 XTI 2VB—vav

X #REHTE (XRD, X-ray Diffraction Analysis)
EiE RS Y 72 SmartLab
HESAE : CuKaft, 45kV, 200 mA
AFHAY » F1°, Z6A Y v b 20 mm
59 ~90° , YT U UTME0.02° , AF ¥ U AE— K5 /min

JF & : Joint Committee of Powder Diffraction Standards (JCPDS)

« HOE XG0T (XRF, X-ray Fluorescence) % [ A&
iE RSt oy EEREOE X BT EEE ZSX Primus 11
WELA: : RhK aft (4kW)
X #& 4kW, Be %, Rh #—7 > b
EVES
EEIE 50kV, EEIR 60 mA
Gy JthEen LiFl, A 30° / min
ST S
EHEE 30kV, EHEH 100 mA
4y JehEen LiFl, Ge, PET, RX25, EAHEE 10~30° /min
HE ST« EAEE
E R  FP Ik
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4 X AR HT  (XRF, X-ray Fluorescence) IR E
i A Y ARASE EAEREOE X BT EEE PW2404
EZM  RhKa it (4 kW)
XH#RE : 4kW, Be #i#, Rh #—7 v |k
Al
BT 30kV, EER 125 mA
o3 J6HE S PE002-C, AEAHEE 0.25° /sec
Fe
HEIE 60kV, EEI 66 mA
o7 feAE dn LiF200, £ 0.32° /sec
WE I AR
E'TIE - RERRE

- EEREEER G 7T A~ F st 58T (ICP-AES, Inductively Coupled Plasma Atomic
Emission Spectrometry)
B BSNA T A =2 ICP BRI airiEE CIROS-120
PESRM: - WA 1.4kW
7T X~ JJ Ajfi: 12L/min
BT AP 1.0 L/min
¥ Vv —FAJiE: 1.0 L/min
AUBHE A : MicroMist R 7 7 A ' —
FxoN— AT AT L—F ¥ 3 —
7T A~ h—F: AR N—F
BTG5 dho7m
BT R
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- ERWPEFRAROWE (BET £ )

MERERE - ho BT a—L « f AV A Y« Dy A RIS NOVA3200e
ATALER 75 - 200°C, 2 B§fE, HEZEfiA

BIE ST« ERIE, 2RI X WS DR

WA © 77K WA B WTIRIFE © 0.162 nm?
WAL : % SRR BEERT 0 120 sec

faFnZRSE @ S
Fe S : BET IEIC X 0 B

- BB 2 #E 7 BEPS ST (FE-TEM, Field Emission Transmission Electron Microscopy)
HIELLE - AARE RS (AA) 8 JEM-2100F

a— )b RAUEE S B A A
g - VX — 8 X #0487 (EDS, Energy Dispersive X-ray Spectroscopy)
AR - Sy BURITE (I s v )

- ERTE ML (SEM, Scanning Electron Microscopy)
i ANINA TV ) r Y — ARASHE S-4800
AALER - Sy HURETE (B M rx )
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3.3 FERLER

33.1 &BEERKIF LK E DI L D in-situ ZKFEDERK

KIEEDEI2 DN O D& EEKI 1 (60-80 nm, 5-9 um, 75 um) % FAWT, KB
ff (453 K, 20 h) FCARIENERT D Z E2MER L. TORE%E Fig 3-2 1OR 7.
W ORIRIZI N T b KB ARITRRIFHZHEIN L 72, FEPRIEE 60-80 nm D&k / kL
FATHREFEN KR E W OIZ, KBABORE R D ONIKFE AR EDOBLR T b 2R
Thole. £IT, KWL TIL in-situ KFEFEER & LT 60~80 nm DELT~ /R~ ZAH
A3+ &b L.

H, generation / mmol
N

. “ﬁ?_&_

0 5 10 15 20 25
Time /h
—-60-80nm A 59um @ 75um

Fig. 3-2. Generation of hydrogen using Fe metal particles of various sizes (60-80 nm, 5-9
pm, 75 pm). Conditions: Fe, 335 mg (6 mmol); water, 36 mL; 453 K; 20 h; N,, 0.5 MPa.
Specific surface area: 60—80 nm, 8.7 m*/g; 5-9 um, 0.47 m*/g; 75 pm, unmeasurable.
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GBEIIKEIET D2 LIy, BbREEPL L TEkek & 72 5. Fig 3-3b,3d
137K & DRIGH DBRLERRL 1D XRD /3% —> ThbH. w7 X% A b Fe;04 (JCPDS
71— R 5 01-085-1436) & 4@k Fe (JCPDS 1 — R&E5 01-087-0721) [ZI@@IiLd
B — 2 B C& 5. —F, JUSHTOAREL (Fig. 3-3a) & SUSH DMLk % 50
L7eb® (Fig3-3¢c) @ XRD ¥ — @Bkl s sy —r 2 RmL7z. 2
NH ORI, SBEMPKICE > TBESN TRENERTHZ L ERELLTND,

d v
&
— a2 e ¥ X
A S A
v
x
[
S5 | C
g v v
S e — A h
S~
>
x
wn <&
GCJb \ v
3% <&
E*ILAI il' Y
a
v v
<o

10 20 30 40 50 60 70 80 90
29/ deg
Fig. 3-3. XRD patterns of (a) fresh iron metal; (b) iron oxide after two rounds of reuse;
(¢) Fe + Pd/C reduced after three rounds of reuse; (d) Fe + Pd/C after four rounds of
reuse. Peak assignment: ¥, Fe metal (JCPDS card No. 01-087-0721); <>, Fe;0,4 (JCPDS card
No. 01-085-1436).

83



KBGAET TOR—KEIED A B =X A%, Scheme 32 DL ) ICHESHS. B
MOEEF /K2 FHIRTRIZCS BT &, RFREIZ 2 MOKEELEL Fe(OH), 24T HIT
52 ENWMEICHEICE D RENTWD [10,11]. Fe(OH), 1T HFFIAK THI 473K T
b —8k (A2 A b, FeO) T+ 22 &, 373K ML L TR DIEAAE T Tkl
b =8k (7 RZA I, Fe;04) IZELTDHZEHHBINTND [12]. BUGE(3) & (4)
D FZ Schikorr )i (3Fe(OH), — Fe;0, + Hy + 2H,0) & L THHM BN LS TH D [10,
13].

Fe + 2H,0 — Fe(OH), + H, 3)
Fe(OH), — FeO + H,0 (4)
3FeO + H20 — F€304 + H2 (5)

Total reaction:

3Fe + 4H20 — FC304 + 4H2 (1)

Scheme 3-2. Hydrogen generation from iron — water (Fe/H,0) reaction system.
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PRIBORL - 23K & DRISIC & o TREA L S LD TEREITE, ZWROCHEBHENE UG O
Jander RUZHED & FHISTZ. B{LEkD LV Ry 7 A7t A &2FH L7 /KFEREIZ
WC, SRR ORRLEFEDS Jander HUTHEE T H Z LA I ATV D [14].  Jander
XL, B ZEKEE AR L, RATRIND.

g(a) = [1-(1-a)?P = 2kt* =kt (6)

a TSGR, K ITPOSEEER, KITRNTORISHEEER, ridh - HETH 5. i
>TC, RONFKMNIERTE .

a = 1]1-(kt)"] (7)

ZZT, ERERIVADTORISHEELZRB L, BAKZEENOHEH L o &K
OfRE 1y N LT (Fig.3-4) & 24, EBRT —% & Jander A2 L HFHAME & DR
e atENHR TE . T7hbb, SR FRM R FH.OIZ M D> TR EEE~ &
FZEEL TV a7 = = VOB CILNETT 5 LRI S.

X @ Calculation
~ @ Experimental
0.8
o]
c
L 06
+—
3]
@®©
(O]
“ 04
G
o
Q
Y 02
[e]0]
)
()]
0 T T T T T
0 200 400 600 800 1000 1200

Time / min

Fig. 3-4. Fitting curves of Jander’s equation for hydrogen generation by iron-water
reaction at 453 K.

Fe metal nanoparticle, average 60-80 nm
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332  inssitu AKFEE W27V o — RBHAR S

GIBEERL 13 L OV URTEMEBAREE T O 0 At (Pd/C) #HWT, Zra—2R
WA & 4T - 1246 8% Fig. 3-5 & Table 3-1 IR, T _RTOEMFIZBNT, Z=
— ADEALFRIT100% ThoTo. BESHZHEMTHNDL L, ©E FurXxo 7k b L@
DIRREAR L, GhET35%RELR-72. —JF, PAC ZHMTHND L, B e
FTE NP 202%DINETHEOHN, T L7 Y a— (PG) OIERITHOT )
1.7% CThofc. LL7aND, Fe & PAC ZflAGbETHNSE, B RkrX T
ko LR DR DNEA L, PG IR KRIEITEIM L T 22.7% L 72 o7z, Zo L&, K
JSaRH OKRFEEINTH 0.20~0.30 MPa &) FEFITIRWEI Th o7z, T72bb,
FetPd/C v AT L W5 Z I X VAN LAKRFZRINT 52 L <, |RET
TN a—ANG PG ~ORIRERTE 5 Z ERbnolz

WIZ, BREKDIK E DRI L b S TR OERLERZ -V T, S B AKFHE
EWINL CRGEIT>7-& 25 (Fig. 3-5, FeOx+Pd/C), PG UKL 5.6% CThH-7=. =
U in-situ /KFE T DI PG IR 22.7% K 0 HIRV.  in-situ KEFMBERMN L7k
F LV bEUVEMEA R U2 2 SIBEF IRV, <, Jin 5728 Zw/H0 I2X %
KFEE N PAC ETOZ N a—ZAnE PG AKICE W CRBROBRZHE L T D
[15] 7%, RN THRAE LTKEDNEIEHRBHIIH LNz Tunan

R 72 SOGIZIBWT, A KE (TOC) WK O O Eiikik s v~ 7
77 4— (HPLC) WEODAFDEIT 35-45mol%-C H Y, ZOETRMOILEMICH
KT BHH, ZiUIBEH< HPLC THRIHTE R oA ) Iv—H50IR Y v—T
FRNNEBZTNWD. IGRETIIEESND T LT e RRMEE LT b DR ENE
A x5, BERORFRIAL, TOC INHEEHAWEOFRFHTHIEEIND M, i
77-83mol%-C DFFHNTH o7-. DF VY, 17-23mol%-C DR AN D5 & HF 2 HILDH N,
ZHUL, BUSEROWNEECHEIE O > v 7 MOATE LIRFBEICERT 2D LB 2T
W5, A= T3 EIRISEIT o TofE R, FERREIIR K TR2% Th o172,

Fe L KDOHEGRIR G, PG ~D TV a—ZADOEHRITZ ZI1I2hH 0 £,
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50

H, formed in situ External H,

a0 BN -

30

]
20
10
0

Fe+Pd/C Fe Pd/C FeO,+ Pd/C

Product yield / mol%-C

EPG mEHA LA m Glycerol Others m Gas

Fig. 3-5. Transformation of glucose using Fe metal particles or a Pd/C catalyst, or a
combination of both Fe metal particles and Pd/C catalyst.

Conditions: glucose, 180 mg; Fe, 335 mg; 5%-Pd/C, 30 mg; water, 36 mL; 453 K; 20 h; N,,
0.5 MPa. FeOx + Pd/C: FeOx from Fe after 20 h at 453 K; 5%-Pd/C, 30 mg; N,, 0.5 MPa; H,,
0.2 MPa. Products: PG, propylene glycol; HA, hydroxyacetone; LA, lactic acid; Others, sum
of 1,2-butanediol, 1,2-hexanediol, glycolic acid, and acetic acid; Gas, sum of methane, ethane,
propane, butane, carbon monoxide, and carbon dioxide. Maximum error: +2%. The liquid and

gaseous-product yields were determined by HPLC and GC analysis, respectively.

87



Table 3-1 Transformation of glucose using Fe metal particles or a Pd/C catalyst, or a combination of both Fe metal

particles and a Pd/C catalyst.

Conversio o ) G Carb
Liquid product yield* / mol%-C TOC vield" aseous arbon
n yield o .
Catalyst product yield" / balance
/ mol%-C
/ mol%-C Glycerol HA LA PG  Others unknown mol%-C / mol%-C
Fe + Pd/C 100 0.0 60 6.5 227 3.4 34.6 73.2 4.6 77.8
Fe 100 0.0 193 164 0.0 2.1 43.7 81.5 1.1 82.6
Pd/C 100 5.1 202 0.0 1.7 8.4 43.6 74.0 3.9 77.9
FeO, + Pd/C 100 0.0 289 1.7 5.6 2.7 34.6 73.5 3.4 76.9

Conditions: glucose, 180 mg; Fe, 335 mg; 5%-Pd/C, 30 mg; water, 36 mL; 453 K; 20 h; N, 0.5 MPa. FeO, + Pd/C: FeO, from
Fe after 20 h at 453 K; 5%-Pd/C, 30 mg; N, 0.5 MPa; H,, 0.2 MPa. Products: propylene glycol (PG); hydroxyacetone (HA);

lactic acid (LA); other chemicals (1,2-butanediol, 1,2-hexanediol, glycolic acid, and acetic acid); gaseous products (methane,

ethane, propane, butane, carbon monoxide, and carbon dioxide). Maximum error: £2%.

* The yields of liquid and gaseous products were determined by HPLC and GC analysis, respectively.

® The TOC vyield indicates the yield of total organic carbon of the liquid products determined by TOC analysis.

¢ Carbon balance was determined by the sum of the TOC and gaseous-product yields.
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Fe + Pd/C Kt v AT LA WTZ 73— 5O PG A RRIZE T 5 KFEDFRALNR
725 NCFI A Zh % % Scheme 3-3 (278 F. #k 6 mmol 7> H (X EEFHAYIZIE 8 mmol DK FE A
FAETDHN, EBRERTIE 3mmol (02 MPa) DAZEREETH-7T-. WE- T, KEHRK
ENRIT 8% EFHHR IND. —F, KL TIE, /b2 —2Z I mmol 7*5 0.45 mmol @ PG
MERRTET. PCGARICITHAMIC 2 EALYEOKENEEEINLZ LD, PGAH
FRACTHE S 72K F#EIT 09 mmol ERPR SN D . - T, FBAEKFEORMNEIT 30%&
PR IS, 5MPa LL EDEEKFEEZ W DUERIETIE, RERO PG ILERERDTZDIC
IASE R DK 20 (ERRELL EOKFERMLE LD 2 & LT 5 &, KWKHEE Tl
TTORIGRITZFEFICEDETHLLERD.

Theoretical
3Fe + 4H,0 — Fe;O, + 4H,
(Fe, 6 mmol) (H2, 8 mmol)

C6H1206 + 4H, — 2 C3H802 + 2H,0

Experimental

Fe, 6 mmol — H,, 3 mmol
Glucose 1mmol — PG yield, 22.7 mol%-C
(Hz2, 0.9 mmol) (PG, 0.45 mmol)

3/8 = 38%

Efficiency of H, generation

0.9/3 x100 =30%

Efficiency of H, consumption

Scheme 3-3. Efficiency of hydrogen generation from Fe + water and hydrogen

consumption in the transformation of glucose into propylene glycol.
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333  Fe+Pd/C ¥ AT LDHEFIH

Fe + Pd/C B3 A7 L O A AT RENE 2 M5t L 726 R % Fig. 3-6 (2”3 )RS 1E 100
mL G gR % AV, %O Fe 3 L O PA/C IXFEBRIE 3.2.2 il FEH O HIEICHE > T
BT L TRV R LERICHE L7, 7 by v a2 TIEPGIHE173% Th o - DITxE L,
BEEM 1 EHTIX 239% ThoTc. 7Ly v aRBMHIEBALZbDZEDEE L
AWTED, Rimo—Hamibsk s 72> T % (Fig. 3-3a) 28, KFEiE T L7-iE ok (Fig.
3-3b) THEHRmMEAZMLLHEL TWD D, MIGBKOHNHERE TS RWIEE, Z0IFEA
ENEBBEETHEEL TV, ZTDD, Fe OMLIC X 2 KFERER LM LIZDIC
PGUUENWEMLTcbDLEZOND. HEM2RARB IV 3 EHE TR LZ PG IL
F3%EMFF L2, BEH3EIEORICEILT DL, XRD /NF — L EHICE&BEEKITF
BENnb v —72 zm;R L7 (Fig. 3-3¢). EH®Z D XRD NZ — 0%, v~ 7 X% A b Fe;0,4
IR E SN D Efr v — 27 Zx L7 (Fig. 3-3b and 3-3d).
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Fig. 3-6. Reuse of the Fe + Pd/C catalyst system.

Conditions: glucose, 360 mg; Fe, 670 mg; 5%-Ru/C, 120 mg; water, 40 mL; 453 K; 20 h.
Note: The gas yield is not available for Reuse 2. Products: PG, propylene glycol; LA, lactic
acid; Others, sum of 1,2-butanediol, 1,2-hexanediol, glycolic acid, and acetic acid; Gas, sum

of methane, ethane, propane, butane, carbon monoxide, and carbon dioxide.
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FOSIZ &0 Bk LB bgkiE, KEFT R F =3 4~ ZHROFAENHES 3V
F—Il Lo TRBHRICETT DI LN TEDLZ LEF LT~ Al L7z fHFH o
Bt CIE, EBRECHMEICEE CTE DZKEICLDBE L HIEEZBIR LN, RN
LT T 7 Erm— AR A~ A TR 2 HIEIZOWTHRIEEZIT-7-. B
BB, BB 1 g2V 7 ) 8o —RAR N A A~ A Thb/N—LZERE

(empty fruit bunch, EFB) #°K 0.5 g (JCHEAMAK : C, 51.1 wt%; H, 6.1 wt%; O, 42.5 wt%, N,
0.3 wWt%, dry ash free) & R4 L, #id XS E T 100 cm’ min' O FE N ALK FF 1273
K T2 BEMIINENZ 1T > 72. Fig. 3-7121%, 7 L v ¥ 2 78k iok -6 X OVUGt O iR 1L 8%,
EFB & DIRBEL 728D XRD NF — v ZRT. ROGHRICIE~Y X Z A PRERTED
(Fig. 3-7b) 73, EFB & ORBEMEIZ L > TEBEEICHAE SIS (Fig. 3-7c) I & 03
ST, ZAUL EFB AR T DR CE LT A Th 5 KkF L L O —BILRE D
FEL, TN TSP ERE CINTbD L Bbind. HAESRMEDEREIC
BB 2T 208, N A~V AL o CTLBkE R T T D ENARETHDH Z &
IR T D N TE .

WAZ, TFRIHFEBROKISH O Fe 3 X OV Pd DL 1% A X220 T, SEM £ L ' TEM
O WG AVER 5 FH U 72 SEWRIEE, 72 5 ONZ XRD B 78 % — 72 5 Scherrer 2 CHH
L 7o #ti b 78 % Table 3-2 IZ/”r 3. SEM B2 HEHE L7z Fe KL%+ X%, 3 [BIFE
ICRIL L2 b D2 103nm, 4BIFHEHALZH DN 64nm TH-o72. XRD 225457
fEEh T RIEA 289 nm, 82nm THholz. TNLORERNS, WA Z{LITEZ > TH
5F, MUVKRLEHALTORERBREETIAR N o BRE S, —F, TEM
BEBRPOHE LT ART VT AOEERFRITIEE A EE(L L TR oz, KIZ, &
B OE A XRF B X OVICP-AES IC X VW HllE L7 & 2 A, BRI B DM, Fe 7% 520 ppm
225 640 ppm DR E THEM L TV D Z &P L7z (Fig. 3-5 F OB O S a2 ).
Wi U7z Fe BRIISUSICE G L TWD AWM H 5 28, THIZHOWTIE 3.3.6 i Tiiam
5. —FHOPdIRBEHEIED SN0 T.

E

«

PLEDFER NG, AWFZED Fe+ Pd/C K> 2T L%, BFRIHTIRETH H 2 & N EEF
IntEEZILND.
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Fig. 3-7. XRD patterns of (a) fresh iron metal; (b) iron oxide after reaction; (c) after
thermal treatment of used iron oxide and EFB powder (lignocellulosic biomass).

Peak assignment: ¥, Fe metal (JCPDS card No. 01-087-0721); <>, Fe;04 (JCPDS card No.
01-085-1436).
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Table 3-2. Particle sizes of Fe and Pd metals in fresh iron metal, fresh Pd/C, Fe + Pd/C

reduced after three rounds of reuse, and Fe + Pd/C after four rounds of reuse.

Material Fe particle size (nm) Pd particle size (nm)
By SEM* By XRD" by TEM®
Fresh iron metal (60-80) 46 _
Fresh Pd/C 4.9
B (n=25)
Fe + Pd/C (reduced after 103 4.1
three rounds of reuse) (n=29) i (n=11)
Fe + Pd/C (after four 64 5.5
rounds of reuse) (n=130) i (n=11)

a: Fe and Pd particle sizes were determined as an average of a number of particle
images by SEM and TEM, respectively.
b: Crystallite diameters of Fe metal were calculated by Scherrer’s equation below.
D=KA/Bcosb
D, crystallite diameter; K, shape factor, 0.9; 1, X-ray wavelength, CuK ,

=1.5418A; B, full width at half maximum of peak, FWHM; 0 , Bragg’s angle
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334 SR ORE

Fe + Pd/C IGY AT L& W7o — AT D RUSRIEDO R E 2 Rt LT
(Fig. 3-8) . FUGIRE DR Z it L7o R % Fig. 3-8a 127”7, 413K Tiik Fr¥ v
TERMOBERAERYW O, ISREZ EF T e, B FrF 7 & bR
DA LT PGIENIN LT, & ZANRELZ 473K UL EIC BT 5 &, TARAERY
OEAHEMLTPGIELIA L7z, 6o T, PG ZZEMICHD 720121, 453 KA
KEThoTe., T80, RIGEEZEIIZCERSTLIZLICL-T, e RFe®xi Tk
N PGEAEVZITDZENTRELERD.

Wz, @BERL T & PA/C DEDOE%E Fig. 3-8b B L O 8c I3 T . &KL 1% U
MEFITPAC OB EHH LSS, PGUILEN 1.7%, B RrX o7& U IERR 20%
Thofe. TITFe ZIRMLTWL &, KEFEAKOHIMZ LS T, PG WAL
7. Fe &7 335 mg LA T PG WO IITWIE & 725, —JF, PA/C Z UM T Fe
DHEFER LGS, e Faxo 7 b LA HYEAEK L. 22 TPAC 23
mLTn< e, B RrFo 72 M ERABABD LT &L BT, PGUEENEINL
TWo 72, PA/C & 30 mg LAFE T PG ULROBAMITHIE L 2%, E->T, Zba—xn
5 PGAKD =D DN RN 72 Fe & & PA/C &34 %335 mg( 7 /L2 — R Zxt L, 186 wt%,
6 f5E/L&), 30mg (ZLa—LiZx L, 16.7wt%) THHEWVWZD.
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Fig. 3-8. Effects of reaction conditions on the transformation of glucose into propylene

glycol in the Fe + Pd/C system.

Conditions: glucose, 180 mg; water, 36 mL; (a) Fe, 335 mg; 5%-Pd/C, 30 mg; 20 h, (b)

5%-Pd/C, 30 mg; 453 K; 20 h, (c¢) Fe, 335 mg; 453 K; 20 h. Products: PG, propylene glycol;

HA, hydroxyacetone; LA, lactic acid; Others, sum of 1,2-butanediol, 1,2-hexanediol, glycolic

acid, and acetic acid; Gas, sum of methane, ethane, propane, butane, carbon monoxide, and

carbon dioxide.
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3.3.5  NA A~ AFEE~0m A RENE

Fe + Pd/C FGY A7 L& MWT, SRS T, BB SR A 4~ 25
A ATREME 2 MRET L7 (Fig. 3-9). FEEIXRFEME T 6 mmol Y 2 H W T, #E
UMY 72 55 T3 % Fe 6 mmol, Pd/C 30 mg, 180°C X20 h TG ZAT-»7-. HFHHETIX
TJna—A, TNT h—A, Fru—AOHBEHE, tuob A4 —RX, ATua—RX, <)
N—AD W, a— A —F (T 7)) A XV U DOEPEFETH PG AR HER
SN, RISV AT LOHEMAREENER TE . Bro— X 3AERY D 2 < MRS
NI o Tedy, Bam— 2T MER & <, KGR ZREST 5720101, 230 CHRE
UEDRENRMLELINDGZIENEREEZEZOND. HEHITAREE, 41XV (71
J F=AR=ZADEZWEE) BIOA /e —X (FVa—RLT N7 b—=AnbkkbH
PEE) THROWPGIUENHFEONTZZETHDH. IRICHETLHIHERELAUL, 7Y av
REA ORGSR, R S5 BB L 02 O Z§E~ 00 i, Bk o
TR ENBZ LN DN, FEMRZEITBENRFEET L.
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Fig. 3-9. Transformation of various substrates using Fe + Pd/C catalyst.

Conditions: substrate, equivalent to 6 mmol of carbon; Fe, 335 mg; 5%-Pd/C, 30 mg; water,
36 mL; 453 K; 20 h; N,, 0.5 MPa. Products: PG, propylene glycol; HA,hydroxyacetone; LA,
lactic acid; Others, sum of 1,2-butanediol, 1,2-hexanediol, glycolic acid, and acetic acid; Gas,

sum of methane, ethane, propane, butane, carbon monoxide, and carbon dioxide.
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33.6  BUSHAHE —&m#kE L O Pd/C ikl B E

Fe + Pd/C FISY AT D& HAWT IV a— A BH S OB 2 a2 R4
Fig. 3-10 (29, BOG R (ROIREIH] O B )V SO0 4 23 B B IR EE I 3 L 72 B 1) 1T
TN R—=AN 223% DR TR INT.. £D%, 77 b—ADNRRIIZHED L
T FexF 7 b UBNAERLUBD 2 FFFEZICITE Frf o7& b IERT 26.2%I(
Bl 2L T2 KMIUE, eEFexvTRhroEdelbic, Yurr Yo
—/v (PG) AR L7z, 4 FEM#ZIZ 7.6%, 20 FEMH#IZIX 24.6% D PG ILHE L 7257,
IRLOERLY, L7 b—=ABLORE FuXxo 72 bR FRALRY, B RR
X7 b DOKFEIEPEHER & 725 T PG BAEKT D L9 KISHREE THELT
LTW5D EHELLT-.

H2FETIX, ZnO + Ru/C SV AT JIRBIT D73 —A0 5O PG AR O K G#E
FEAZ DWW TR T L7, AED Fe+ Pd/C G Y AT AIZEB W T, Scheme 3-4 O
L ORISR EE TN a—Zn 6 PCGRERLTWD EHE L., T4bb, Jra—
AN TN F—=A~DEMAL, TV T7 F—=ZAPL=ZHERNI A —X (Z7 VLT L
TERBLOYEe Faexy 7tk bhy) ~OL a7V R—KL, EJLELT LT B
R~ORiAK, ELELT VT E Rinbe Rexo 7k hr~DKkFE, B RrXoT
T hrB PGADKFILEND) T HORISHEKE THLLEXLTVWD., £ T, 7=
— A5 PG £ TORISITIIT D FH LREIZEIT D Fe & PA/C O&EEI % Gt L7z (Table
3-3).
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Fig. 3-10. Effect of time on the transformation of glucose into propylene glycol in the Fe
+ Pd/C system.

Conditions: glucose, 180 mg; Fe, 335 mg; 5%-Pd/C, 60 mg; water, 36 mL; N,, 0.5 MPa; 453 K.
Products: PG, propylene glycol; HA, hydroxyacetone; LA, lactic acid; Fru, fructose; Gas, sum

of methane, ethane, propane, butane, carbon monoxide, and carbon dioxide.

OH OH
HO =0
OIH OH Dehydration Hydrogenation ~ Hydrogenation
Glucose
o { 1
Isomerization ﬂ Retro-aldol | X0 !
oH o HO —_— i\[(\ P — 0O — OH
> i O i
- oH = oH OH OH
OH OH Glyceraldehyde Pyruvaldehyde . Hydroxyacetone Propylene glycol

Fructose “ -
RN

HO/\H/\OH HO
le} | OH
o)

Dihydroxyacetone
Lactic acid

Scheme 3-4. Possible reaction pathway for the transformation of glucose into propylene

glycol
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T, Ia—2Anb I NI F—=A~ORMERIR (453 K, 0 h) Zi~TofiRz
Fig. 3-11 12”3, Pd/C DA E=H W4, Z7va—x 3@l FIic 7 vy b— R34
R L72 o 7223, Fe & 25\ & FetPd/C AW HEI121E, T2 223% & 2T
23.7% D7 N7 h—RWENELNTZ. > T, Fe N7 NVva— A0 RME{LE L T
WL ZLEMONTHD. ESHITFe DFIEICEY, B FeX 7 bR % AERL
TWbHZ &N, Fe BHBEALEALT LT E ROKFEIEBEZAL TNDZ LEBRES
ns.

OH OH Isomerization OH O Retro-aldol
20 . OH e}
HO E HO —3 =

OH OH OH OH OH

.............. Dehydration
Glucase m e Il Hydroxyacetone
.............. Ty

Product yield / mol%-C
0 20 40 60 80 100

Fe + Pd/C

Fe

Pd/C

Fig. 3-11. Role of Fe species on the transformation of glucose using the Fe + Pd/C system.
Conditions: glucose, 180 mg; Fe, 335 mg; 5%-Pd/C, 30 mg; water, 36 mL; N,, 0.5 MPa; 453
K; 0 h.

K, e Faxo 72 b 2HEME L LTS E2EB 272 o772 (433K, 4 h). Fe + Pd/C
TiX 64.2% D PG ULHE 0345 5 107= (Table 3-3, Entry4) 73, Pd/C Bl TiX PG v &< 4
% L 72 2> 7= (Table 3-3, Entry 6) . Fe Bl C PG IXH (X7 0> 4.9% T & - 7= (Table 3-3,
Entry 5). 6> T, Fe + PA/IC i3t FaeXx I 7 & F &2 /KENT DS TIRRICIHB W TH

FHINTHEH LTV D EHERE SN D.
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Z®Fe+ Pd/IC ZHWizk Fa¥xo 7t b rOKRFEIKISIZEWT, XRF 5112
D20 ppm BREDFHFENEH L TWHZ ENHBI L., 22T, ZOWMH LT Fe
DI T D HBEERRDL1-DIC, LFOFIETEREZITo72. £9, b kefy
TRy, BT RF BRI PAC 2 USEIZHRE LT, 433 K T2 RFHKS S E .
B, A Z/8—2 L2, BIEY Th 2 M{b#kls KO Pd/ C ZIE@EIC LV BRE L.
ZOAWEDRIGEHEITIE, JFROE Faxs 7w, KFEEWO PG B L OAEH LI
Fe FER G ENTWD. ZORINKIZH 212, PA/C ZIRMML, KFLKIEEZ & HIT 6 B
MiT-7=. ZORER%Z, Pd/C e 5 ONZ Fe + Pd/C TITo 7o & & b1 Fig. 3-12
R, BT OB &R T <, PA/C HILTIZ PG BMFEAEEK Loz, 25
75, Fe + Pd/IC TIE PG ~DARFfDARESEIT L. £/, WML Fe & Pd/CEH
WhHE, PGICEREHM L. ZNUHDORRENS, B Fexi 7t M rokKFEHITEBND
T, Fe ODEENRNLETHY, Fe ZKFOHARIETH 2721 T4, KEAKISIZHE
HLTWAHZ ENRHLMNERoT.

Hydm:‘l_‘l':‘;em"e Hydrogenation (L
© — Propylene Glycol
OH OH PG)

Product yield / mol%-C
0 20 40 60 80 100

Pd/C +H,

Fe + Pd/C

Eluted Fe species
+Pd/C+H,

Fig. 3-12. Role of Fe species on the transformation of hydroxyacetone using the Fe +
Pd/C system. Conditions: hydroxyacetone, 148 mg; Fe, 335 mg; 5%-Pd/C, 30 mg; water, 36

mL; 433 K; 8 h; N,, 0.5 MPa; H,, 0.2 MPa.
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Table 3-3. Transformation of various substrates using Fe or Pd/C, or both Fe and Pd/C

Temp Time Conversion Product yield (mol%-C)
Entry  Substrate Catalyst
(K) (h) (%) Glu  Fru HA PG LA Others Gas
1 Glu Fe+ Pd/C* 453 0 69.2 30.8 223 93 0.0 0.0 2.5 0.4
2 Glu Fe 453 0 59.0 41.0 237 7.7 0.0 0.0 0.0 0.1
3 Glu Pd/C* 453 0 15.1 849 0.0 0.0 0.0 0.0 0.0 0.5
4 HA Fe+ Pd/C 453 4 72.7 0.0 00 273 64.2 0.0 0.0 0.1
5 HA Fe 453 4 12.6 0.0 00 874 4.9 0.0 0.0 0.0
6 HA Pd/C 453 4 0.0 0.0 0.0 100 0.0 0.0 0.0 0.2

Conditions: substrate, equivalent to 6 mmol of carbon; Fe, 335 mg; 5%-Pd/C, 30 mg or *60 mg; water, 36 mL; N,, 0.5 MPa.

Products: Glu, glucose; Fru, fructose; PG, propylene glycol; HA, hydroxyacetone; LA, lactic acid; Others, sum of 1,2-butanediol,

1,2-hexanediol, glycolic acid, and acetic acid; Gas, sum of methane, ethane, propane, butane, carbon monoxide, and carbon dioxide.
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ZIZT, E REFT TR P ORISR T S, Feflil PA/C OHEZHFIZON
T, &R ETCOI VR NMEEMDOKFELTHRE SN TWDHA [16-19] |
WTHEET D, fmzick5 L, Fig3-13 173X, e Faxy 7k o+
DHNR=NVEOBRTEIRTOFLEFETRDEFREOFellB G352 Licko
THNR=VEBEEE S, £ IS FO PA/C ECTHREEL 72 KENKIST D A T =
ALTHITLTNWDHEEZEZTWAD. Richard b1, YU FAT LT E Kby oI
TV 3= )b ~OEFHKFEISIT BN T, HHEE—8 (FeCl,) ZiRINT 52 & THAE
(Pt) AL DTEMEZR & QISR IRMENRTR DO A W =X A TH ET D52 EE2HAELTWD
[18]. H BT FE, =R AF—4HH X BRI IE A2 2 BN E FHEA
G E M. (FEG-TEM) Z#H\WTC, &BOMEOHT 21T\, SR 10— Pt
FZTFARYy L TWDHZ EER L. £ 2T, =3 /VF—00808 X #orir2E#E (EDS)
# i 2 7= FE-TEM & H\\C, Fe B8 X W Pd JR DA i~ 72 (Fig. 3-14). #EHIK
DEIICHB LI, Frva—x, $F /ki+, PAC %A AT 453 K T2 RS %
T, FERR Sy (b S8k, PA/IC) 27 4 VX —fRELZ. ZOEKIZIE, R
BX T OB EORKISERMIZINA T, WL FeEREER TS, &
D FOSHNZHT 212 PA/C 23N L TS z ke L7 (453 K, 18 h). FUSHK T, Ait
XY PAC EZEULL, 70CT—BEEZZ/ M L 7=, Fig. 3-14b O RV EIL Pd JR 1 D (ETE
{1 %, Fig. 3-14c DFED filE Fe DAFTENLE Z~x LTV 5. Fig. 3-14d 1% 14b & 14c @
HREXTHD. ZNOOREIX Fe FEN Pd JK F O FHIZHIE L TV D AIHEM: &2 /RI2
LTWa. ZDOXHIT Fe A Pd L fFICHFET ML, Fig 3-13 1T/ Lo & 9 e A%
ROAD=ARIE DB EBZOND.

INHORERIZEY, 7V a—2A0b0O PG ~OEHKICIZIBNT, SRENHEE D
BENZRZLTOWDZERHLNE RS, Thbb, IGRIZBWT Felx, K&D
RIS TKRFZERET DL, ZAa—ZANnE 70 h—ZA~0 B X O Bk~

S RET 528, PAC EDOMEMEMICEIVE FrFL TR F Db PG ~DK
FlzeRETLHZL, LWVWI3ZODOMEZHEMEL TWVWL I LWL NERoTZ.
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Fig. 3-13. Speculated mechanism for the promotive effect of the Fe species on the

hydrogenation of hydroxyacetone to propylene glycol using the Fe + Pd/C system.
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Fig. 3-14. (a) FE-TEM images and corresponding EDS images of (b) Pd, (¢) Fe, and (d)

overlay of Pd and Fe, revealing the deposition of the Fe species on the Pd/C catalyst.
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3.4 =1

ESBEPORL - & XT U0 A A VT, OGS THAE LT in-situ KB K 58
KEFIKIGE Y AT LEHEL, Jba—2ns5 7Ly 7Y a—i (PG) ~DEH
G EETNELTARY AT LAOREEZMB L. kLT 00 Mtz F 72 )
Ji% (Fe + PA/C) TiX, AMBNOAKRFERMT 22 &70<, 453 K TRIETHZ LIT X
D, 227%DINETT /L a—AnE PGS 52 LN TEZ. FelllZL T O
ORI HH Z LA R L.

@O KEDRIGIZ I DKFIAEH L LTHRIET 22 &

Q@ Fna—Rpb =W~ REST L2 &

@ b rRaXxo 7t hroKFLEBEMIRESTSZ L
— 5, NIV AFKRFLTREEZMEBST D Z 12X PGEMICEbDS TS, T722b
b, Fe+Pd/IC ¥ AT L x HWe 72— 2B O FOGH#E# 2 Scheme 3-5 D 1 5 ITHRE
T5.

ARIFFECHER L KT RE S AT HIC L0, mEKSEZ M HE IS @iEI K
FAPUG & FERTE 2720 TR, KEOHAL, Wiikis X OO 72 O O & 8 72 3%
EYLEL LWRENREE T o A2 REATEHEE26N5.

OH OH
HO™ ™ = Hydrogenation
OH OH Dehydrat/on Hydrogenat/on Fe species + Pd/C
Glucose
Isomerization Retro-aldol
Fe species O{T o Fe speCIes Hoﬁ) \[(\ o — OH
HOMOH OH OH
2 Glyceraldehyde
OH O
H OH T Pyruvaldehyde Hydroxyacetone Propylene Glycol
Fructose i (HA) (PG)
HO™ ™ oH
(0]

Dihydroxyacetone

Scheme 3-5. Proposed reaction pathway for the transformation of glucose to propylene

glycol using the Fe + Pd/C system.
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() 4R ERIERE 1~ & 7K & DU THAE LTz in-situ /KE & FIH L7 BiBL G Y AT A
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4.1
4.2

43

4.4

R 3C
ESIA
4.2.1
422
423
4.2.4
4.2.5
GES
43.1.
43.2.
433.
434,
=

- MAT, AVAT MRS HEHOBEREIZ OV T HRF Z21To 7.

JEA B
FOREEE & RS HERIE
SN Tk
fis 5 £
Xx¥ 772V E—Tav
LB
Ru-Sn-Mo/C O F ¥ 7 7 ZJE— 3
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4.1 FF3C

HI3ETIE, AF BRI, Fe) 2OFA4 L7 insitu K & AKFMMEE (EMERE
FiT 0w A, PA/C) (2 XD RAKEMOE Y AT L2 REL, Ja—Ann
TR LT A= ~OEBRIGE AT, ZORISY AT AOFIEE R L.
KETIE, A A~ AO—2>ThHLMIEH RO ERNENHET 2TV OET /LG E L
TI UV UBATFNERIRL, Z OFBUKFLSIG T AT L OFREEEEE T TO G~
IO &R T, T, HIERIZS & LW RETEMER] - IO 72 O TR G RUERE L
T, MW7 & OFAE T RE A KRG IR SR OSSR T v a— LN EER ST 5.
Bk 7 Va3 — UL, MR TH L EBIENEE NY 7Vt REAZ ) —NVOZRAT NVAH
BT & o TR B L7z kBB AR = 2 7 L & 2 IR DK iR L - TR B
N @A DK TSI L > TER IS [1]. ZOKFAEEIGNE, — B2,
§il— 7 v HRAMEAEH S 4, miEE (523~573 K, 20~30 MPa) THEfii SAL T\ 5.
INETIZ VT =0 A [2-5], 2 VT A [6]1B LA [7] O X972 E&48ECH [8, 9],
2/9L R [10-12]0 K 95 70 BB R e & O — R’ % Rt Sh, miEMEE T
ZEBHEINLTWVD.

Z ZTAREICEBNTL, @8k (Fe) L7k (H,0) & ZARFEOMIGIHLE L, KFEfib
e U CIiE RV T =7 A — A X =Y 75 (Ru-Sn-Mo/C) filifif 233K L,
AR IO U VBATFANL T T Y AT N a—~DOKFBSEITo T2 £
TV AT, 7= /) — T VY ANIRKIE Y AT L LR
L HHOETHRNTS.

Catalyst
\/\/\/\/\/\”/O\ > N N N SN0
+2H,, -CH;0H
Methyl laurate Hydrogenation Lauryl alcohol

Scheme 4-1. Hydrogenation of methyl laurate into lauryl alcohol.
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4.2 EBR

421  JFREF

Ru-Sn—Mo/C fili#itix, Hifb/r7 =7 2 -nKF#) Ru & LT & 41.1%), LA X -

FoKF (B 100.1%), BEV 7T BT E= U AR (HE 100.7%),
ZU ) AT (GCEHR99.4%), 70U i (GC &/ 99.4%), TV VLT /a—
v (GCHIEE 99.4%), VT (GC &R 998%), R7T A (GC & 99.5%) 7 h
7y (GC & 99.7%), 7=Y—/L (GC & 100.0%), (FFIGHISE T3S
(AA), 77V v7 77—k (GC M 99.4%) I% Larodan Fine Chemicals AB (Sweden),
&M (Norit SX Ultra) 1 Sigma-Aldrich (USA) 22D &~ BEA L7, 2 CoiEE, i
AL S DZBHLEORER T2 2 L 232 EOFEFSICHEH L7-.

422  BOSHEE & ROSERE

BOSZIE, 52 % Fig. 2.2 IR LI AAT A (C22) #0100 mL A4 — k7 L—

7 (OM 7R T v 7 iR tt, MMIJ-100) & AW TiTo 7. WRIEY 2R OS5 164 LU RIS
AT, T U AT L 870 mg (4 mmol), Ru-Sn-Mo/C il 43 mg, Fe f#hi 1 1564 mg
(28 mmol), H,O (28-83 mmol), B LT M 77 H 2 40 mL % @ ESRa I EA LTz,
WIZ, LR EEHR T4 A= LT, 1000 rpm OB THER LR SRR E F
TINELL, 1~24 Refi] 2 OARRB A AERE L 72,

423 R HIE

W%, R DL, TR K-> THoBE L7z, O = X7 17 b T AR
WMTHLTNAa— AR EIH A u~ V7T 7 TEHAWTOITL, 7=V —1%&2N
HEHEL LCER L. 77U VAT L OREES X OVERYONERIZLL T OEEIC
P THM L. KISH, Cl2 2=y MIESPWHEINIL100E7% Th-7-.
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. NMethyl L te,0 ~ MMethyll t
Conversion (%) = ————== SRR %100 (4-1)
NMMethyl laurate,0

Yield (%) = ——Eroduct__ 5 100 (4-2)

NMMethyl laurate,0

N ethyl laurate,0 : ? 17 U :/@7( %/D@ﬁ:ﬂ\ﬁ%ﬂ/%
nMethyllaumte : }im%@TH#@‘? '7 U :/ﬁ&‘@)( %/I/@:E‘/I/%

Nproduct - ##Hﬂiﬂ@éli}gi#@@%ﬂ/%

IR u~ 777 14—  (GC, Gas Chromatography)

PElE - BEERERT (BA) #GC-2014

717 2 : RESTEK #, Stabilwax, A% 0.53 mmX £ S 30m, fE/E 1.0 um
717 KR 323K (Imin ££FF), 10K min?, 513K (7.5 min f&£F)
AVl ay i ES23K, AU » RS0

Xy UTHA AU DL, BEEE 40 cm sec™

RMEgs « KFERA A AbMtigs (FID), i 523K

424 iRl

SRR T = A=A X =% 75 (Ru-Sn-Mo/C) filfitix, Hibr7 =7 2 -
n AKF#, HALAR - TR, LEY 7T UERT V=T AR O KRR
W, TEER~OBRIEIC I VIR L. B ool 2 522 1 343 K T—Wrezff L7z
%, 7KFE (99.999%) 50 cm’/min D E T 623 K1 K¢ TiEm 217 o 72.
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4.2.2 Xy 772V E—Tar

LITOIEEZ: bR THEHEF vy 7 7 2 V=2 a v &fTo 0.

X #REHTE (XRD, X-ray Diffraction Analysis)
A8 - R34t Y H7 SmartLab
HIESRME © CuKof, 45KkV, 200 mA
AFHAZAY > 1%, ZHAYU > 20 mm
570 ~90° , $FVTE0.02° , AFy A — 5% /min

JF J& : Joint Committee of Powder Diffraction Standards (JCPDS)

- ERWPEFERAROWUE (BET £ i)
4% : BEL Japan 1% Bellsorp-mini II
ATALER 5% < 200°C, 2 BEf, EZERA
WIE L - BRI, 2RI K DM A

W AEIRE - 77K WS WTIRE © 0.162 nm?
WAL : % SRR BEERT 0 120 sec

Nz ST - SEH
FrE S BET IEIC X 0 B H

- HOE X MRS (XRE, X-ray Fluorescence) 3% [ Al &
g A sth Y 7 EEEOE X BT EEE ZSX Primus 11
BIESM : RhK a Bt (4kW)
X #E 4kW, Be %, Rh #—75 v b
HITH
EFEE S0kV, EEI 60 mA
Sy Jekbah LiF1, AEA#E 30° / min

g

EE 30kV, EEF 100 mA
Sy ehESL LiFl, Ge, PET, RX25, A& 10~30° /min
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WE T - EREE
E 851k FPIE

« X B EE 140tk (XPS, X-ray Photoelectron Spectroscopy)
4E1E : JEOL L4 JPS-9000MX
et MgK o JiEEJR, Cls 74 HEUE285.0eV

- T UEST BRI TR bR FEFENEENE (NH;-TPD, CO,-TPD, Temperature-
Programmed Desorption)
$E1E : MicrotracBEL L8 BELCAT-A
Zfk 3B 02g, ¥ U T A He (30cm’min), AALEE 573K, 1h
7a—7455%, 9.79%NHs/He % 721 5.02%CO,/He
W& 373 K, He Jitil F (30 cm’/min), #E& 1h, 973 K~1023 K % T 10 K/min T
PIIE=S
gy« DUV & rEt
B~ Z 7 A b : NH;-TPD, m/z=16, CO,-TPD, m/z=44
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4.3 FERLER

43.1. Ru-Sn-Mo/C DF¥xZ7 7 X2V E—1 3

Ru-Sn-Mo/C filtDF v F 7 % ) ¥ — g > OfE % Table 4-1 (2759, XPS HIE 1% fik
B2 3BT, Z2RUCIR L2 ICAT - 72 RuD 3p 5 DFEA T RLF —[3462.7eV TH Y,
BEHRIZ ZAVUTHEK RuO, IZIRIET 5 2 &3 TE % [13-15]. Sn @D 3d 5, DFEA =R
—1%484.7¢eV £ 487.1eV TH Y, ZNFh Sn’ [16] & Sn*" [17] DIFENREB ST,
Mo @ 3d 5, DFEG T R/LF—IE, 229.2eV, 232.5eV, 236.0 eV (ZBIZL X1, MoO, [18]
B LU MoO; [19] DIFFENRIR ST,

XRD JIEIZHBWTIE, VT =0 L, AKX, Y TT ACBET 5 EHHRITES S
Mol o T, NT =0 L, AR, E Y 77 UFEIE XRD THIHATEEZR L~UL (< 10 nm)
LUF OB - CTHFAEL TV D Z E AR STz,

Table 4-1. Information for the Ru—Sn—Mo/C catalyst.

Loading / % Atomic ratio/ —  Binding energy / eV Sper” Vpo,.eb) Dporec)

Ru Sn Mo Sw/Ru Mo/Ru Ru Sn Mo /m*-g’  /em’g' /nm
229.2

6.1 29 1.0 040 0.18 462.7  487.1 2325 591 0.59 4.0
236.0

Y BET surface area, "Pore volume, and “Pore diameter.
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43.2. Fe/H,0 5% DKFEA k8

543 K IZ351F % Fe/ HyO 52 DKFEIEAE DR A Fig. 4-1 1T AR THARK L7 <UL
KETHDHZ LiL, BMBEERHB 2K A7 0~ N7 F 7 (GC-TCD) THER LT=.
Fe & H,0 D)% 3Fe +4H,0 — Fe;0,+4H, TH 5 LRE LA, AMICICHZ Fe 28
mmol 7>5 13K 37 mmol DAKENFEAL, ZOKFBEIIISEANDIES 1.5 MPa IZH YT 5.
FOGaR7s 543 K IZE L CTELICEIRE THAILZ & &, KFEEIT 0.4 MPa (9 10 mmol) Th
o7z, JNE 8 HE#TIL 0.6 MPa (K 15 mmol) Todo72A%, NNEA 24 e CH ) ERIFBIE S
72572, Ru-Sn-Mo/C % HAF ST, A LI KFEINITELB72h o 7.

08

0.4

H, Pressure / MPa

02 r

; | ] |
0 5 10 15 20 25
Reaction time / h

Fig. 4-1. Observed variation of H, pressure from the Fe/H,0O system as a function of time at 543

K. Conditions: Fe, 28 mmol; H,O, 56 mmol; tetradecane, 40 mL; N,, 1.0 MPa; 543 K; 0-24 h.
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433. TUUUVBATFNANGT T VLT I3 — L ~DKFALK S

Ru-Sn-Mo/C itz FHWN=T 0 U VEEATFIVING DT 7 YT v a— b ~D KRBT
DT, Fe/H,0 Z/KFEPR & L7z in-situ AKFE EINEKFE & OB ERZITo 72, 2 OREZEAL
% Fig. 42 19, B ULEEAERMIL, vV AT7va—L, S0V, S0 LLT0 57—
N, DT Hhy, RTAThol. THORISAERMIET Y AHEEY 1k Ni-Mo & W
7270 U LR AF I OKRFBACERHR G TG SN TV LAY ERIETH 72 [20]. B2
53D PUGHRERS & Scheme 4-2 (27”7, TV U LT 0T — Mdfil/e L THBD THSIZT A
TN L > THERMT S [6]. MIEKRFICLDKIETE (Fig 4-2a), 77 VLT L=
— VIR 8 BRI OO RS I E T BRI L2, T 0% bR~ ICHIN L T 24 BT
39% & ol T I NT DT — FOWRITFUSHH & & bIHRA L7z, —J7 Fe/H,0
IZ X BRUSTIE (Fig. 4-2b), T2 U L7 /b3 —/VILERIT 24 BRI T 61%I23E L=, INEKSE
[CRDRISTIER OGN oT2T T U UEAAER L, 1| RH%D 6%5 5 8 Rl #&IZ1% 30%
FETHMLR, R Lz, £z, 0 V0T 7 b— FOIERT, K& HITR~ 12
WL 7z, b OfEFEIE, IEKSFZEE LT, 7T VA7 a—1oEdo Fe/H0 12
£ % insitu KFBEDORISRDPENRINCT T U AEAFNVINE T U I AT v a—n~ERKE L
TWAHZ EERL TS FFETRE Z L1, Fe/H,0 (2 X % in-situ /K DJE 113 0.6 MPa (Fig.
4-1 Zf) THY, MEKFHE 1.O0MPa L LN THIRETH 7. — KIS, AT L0
IKFELITEEARFEEZLE L5 [1]. 565 T, MEKAFEOIEFR T in-situ 7K D5 H & 7%
DTN aT—)VINREFL D LT H5E, LVEEOKERLBEL RS LHIISNS.

SO UEAFANSEDT 7Y ILT L a— L ~DKEASIEIZ BT, Ru/C itz AT
Fe/H,0 Z/KFW & L TIIEEIToTe L 2A, T VAT a— LT T 0 1% &0 9 RV
RCTHY, FAERMIV T (IR 61%) Tholo. Zil, KEUSIZEVEEZ R
ZEHMBITUV D Ru-Sn SR [2, 312195 Z & & L7z, Ru-Sn-Mo/C fl#ii3 3% < 73 )531)
BWIRET L T DAt D BB 69 5 K BSOS Tali 4 7 L7 DT, Ru-Sn-Mo/C filifi 2 A ¢
JETHBEHIANWD Z & & Uiz, ARSI 2 AR AL O i (b I IR ORI 8 2 73,
AMFFED B SRR FACSS Y AT L OB AT ZHGEST 2 2 & ThH I L 2B EL T,
FlEAEL R O Bl 1 X4 7 DR FRE & LTz
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+ HZV—CHaoH

\/\/\/\/\/\/OH

L o)
Lauric acid

-COo
-H,0
AN e e e

Undecene

+H2l

D P\

Undecane

\/\/\/\/\/\H/O\
(¢]
Methyl laurate
+ Hzl -CH,0H
+H,

-H;0 Lauraldehyde - €0

]

- HZO\+ Lauric acid

-H,0 \WW/O\/W\/W
o}

Undecane

Lauryl alcohol

PPN Lauryl laurate
X

1-Dodecene

+H2l

N P VN N

Dodecane

Scheme 4-2. Possible reaction pathways for the hydrogenation of methyl laurate and related

reactions.
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@ 100 (b)

100

Conversion and yield / %
Conversion and yield / %

o 5 10 15 20 25
Reaction time f h

4} 5 19 15 20 25
Reaction time / h

Fig. 4-2. Time course for hydrogenation of methyl laurate over the Ru—Sn—-Mo/C catalyst with
(a) pressurized H, and (b) the Fe/H,O system.

(e) Conversion, (o) lauryl alcohol, (A) lauric acid, (0) lauryl laurate, (x) undecane, and (*) dodecane.
Conditions: methyl laurate, 4 mmol; Ru—Sn—Mo/C, 43 mg; tetradecane, 40 mL; 543 K, (a) Hy, 1.0
MPa; (b) Fe, 28 mmol; H,O, 56 mmol; N,, 1.0 MPa.
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WIZ, Fe/H,0 |2 X% Ru-Sn-Mo/C fillitz W 7=Z 7 U VA FANLDT T U LT L a—
I~ DIKRFALBUSIZ DUV T, HyO/Fe BV D2 (H,0/Fe=1-3) Z et L1z, £ DfE R % Fig.
43|27 F. HyOFe b 1 26 2 ([N w72 & &2, 77 U7 v a— U IERIE 50% 006
61 %I L7=. ZOWIMIER LIEAKFRICLD D EEZX LD, Fig 43 1IRLEEE
2T, EBTKFEEIT HO/Fe tha 1005 2128 2728 &, 05MPa 225 0.6 MPa [ZHIIN L 7-.
LnL7ed3 6, HOFe th% 31T LiF7c b &, KIBERERDEZ NI EbLT, 771
TN T—VINERIL 34%IIR T Lz, ZOREIIAHTH LN, BlIESM O T v
PHEMLTRY, HHEEOERBEICEDBOTIIRWNEEZ TS, 22T, HAEAAM
DR SITHE R % Table 4-2 12779, HyO/Fe b 3 OUGHIZIE, AlED Sn/Ru i 0.31 & 72 5
THEY, M1 HDLNE2DEED 039 HDVNE043 LV HIEL o Tne., SEIOER
G CUL, BV 2 LT OHE, RIGREFRHR TRKITKAER E LTHAMIFET 50,
BV 3 UL EOEEITKRO—EERE LKA & UCHET 5. Zauvlk, $efE L7k X fil
BEEMERR Y 8 Y —F > 7 U IR OB E 2 IE L7 a[ N S 5 DO TIIRW st R LT
W5,
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100 1

80 + -1 0.8
R
3 X
'& 60 + -1 06 ;..?
o &#
& £
s s
n 1 -l
§ 40 0.4 %
= )
Q
(5]

20 -1 0.2

0 0

1 2 3
Molar ratio of H,O fo Fe /-

Fig. 4-3 Effect of the H,O/Fe ratio on the catalytic activity of the Ru—Sn—Mo/C catalyst with the
Fe/H,O system.

(®) Conversion, (white bar) lauryl alcohol, (vertical bar) lauryl laurate, (black bar) lauric acid,
(diagonal bar) undecane, (horizontal bar) dodecane, and (0) observed H, pressure from the Fe/H,O
system at 543 K for 24 h in the absence of methyl laurate and Ru—Sn—Mo/C. Conditions: methyl

laurate, 4 mmol; Fe, 28 mmol; H,0O, 28—-83 mmol; tetradecane, 40 mL; N,, 1.0 MPa; 543 K; 24 h.

Table 4-2. Sn/Ru and Mo/Ru atomic ratio of spent Ru-Sn-Mo/C.

H,O/Fe Atomic ratio* / —

molar ratio
Sn/Ru Mo/Ru

/—
1 0.39 0.16
2 0.43 0.15
3 0.31 0.14

*Determined by XRF analyses.
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434. T U AT NLOKFNSINNIIBIT D Fe/H,0 D#E]

Ru—Sn-Mo/C it % FHV T, Fe/H,0 12 X % in-situ KFBIZL DT T Y VA TFANET T
TNV A—= N ~OKRBASIERBZRANEITT 2 2 LA R Le. 22T, ARISRICBT
% Fe/H,0 D& 2t Uiz, £7°, KFEMBISIZEBIT 2EROR 5 OB 2~ D 7212,
XRD #1217 > 7=, £ 507 XRD [Alf /3% — > % Fig. 4-4 (8T, SUGRTO 7 L ¥ 2 78k
1%, 44.7° 1248 Fe’ (JCPDS 7 7 A /L No.6-0696) |ZJfJE Sh 5 e —2, 30.1° , 35.5°
43.1° IZiZ~ 27 *H# A b Fe;0, (JCPDS 7 7 A /L No.19-629) IZffjE &5 7 r— RTHWVE
— 7 DR ST SURHE L, Fe' O ¥ — 7 RN L C Fey0 D E— 7 OFRFEEN R LTz,
#- T, Fe lZSUGHIC HyO 12 k- T (3Fe+4H,0—Fe;0, D+ 4H,) O Loz~ T x4 A

k Fe;O4 IZASARMN B LT B2 BND. L LAans, \EOREICHLH D X H1T [21],
Bl 213 FeO, Fe,05%° FeOOH 72 & DERDFRALM & AR L TW D AIRENMEN D 5 .

~ L B
3 - J (@)
2
qm 3 i
o
[T}
E
I l . Fe,O,
l Fe’
H H
20 30 40 50

28 | degree

Fig. 4-4. XRD patterns of Fe samples (a) before and (b) after the transformation reaction.
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433 fi T ~_7= X 912, Fe/H,O0+ Ru-Sn-Mo/C KR TIE, 77 U VR A TV OIS
2T U U AR LT, Fe/HbO R TD T U U RO LR Z MR % 72812, Ru-Sn—Mo/C
fil i D IEAFTE T T, Fe/H,0 & 5 \\ME Fe;04/H,0 #HWTT 7 U VA F VDRI EIT -T2

(Table 4-3). Fe 22 LDT7 T 7 FBRTIET U U VBRITIEE AV EER LihoTz. & ZAHN,
Fe/H,0 6 £ N Fe;04/ HyO BUGR DI T3 T 7 U LA TF NG T U U CEEOERIIEMEZ R
L7z, RENIEE A F v 27 )V DMK OIS TR A S G2 TH 5 Z L B3 m b T
% [22].

ZZ 7T, Ru-Sn-Mo/C T U U U A F N 2T, RISER—5MFT (543K, 24 h),
KATIMENL 728kt 7 (BBbS Ty 7R F A hE7o TS Z LITRIHEI Tl ~721E Y )
(2T, BEMEFERRIE 2 FX 2% 72812 NH3-TPD & CO,-TPD JllE %17 - 7=. £ 54172 NH;-TPD
& CO,-TPD O 7'11 7 7 A )L % Fig. 4-5 (27”9, NH; ORLEfE " — 27 13 393-543 K & 553-673 K
OIREFER CHE I, ZHEIHVEBAEZEF>Z & 2RI L TV 5[23]. CO, DIk E— 27 1
523-673 K & 773-1003 K OIREFEK T 72 < &b "B S, 550 R &3ROS
DS PFET D L ZREB LTS [24,25]. 2D DOFEFRIL, ABIGSRIZEBW T Fe f&
DR ETT ) VA TFNENKRDELTT U A AR LTz & D G 2 BT 1
HHDTHD.

Table 4-3. Hydrolysis of methyl laurate in the Fe/H,O system.

Conversion Product yield / %
Entry Reaction system
! % Lauryl aldehyde Lauric acid
1 Fe/H,0" 49 9 40
2 Fe;04/H,0” 83 - 56
3 H,O <1 - <1

Conditions: methyl laurate, 4 mmol; "Fe, 28 mmol; JFe;0,4, 9.3 mmol; H,O, 56 mmol; tetradecane, 40

mL; N, 1.0 MPa, 543 K; 24 h.
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(a)

16) / a.u.

Intensity (m/e

373 473 573 673 773 873 973 1073

(b)

44) / a.u.

Intensity (m/e

373 473 573 673 773 873 973 1073

Temperature / K

Fig. 4-5. (a) NH;- and (b) CO,-TPD profiles of used iron nanoparticle after hydrothermal
reaction at 543 K for 24 h.
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TV UBEBATFNVNET T IUAT L a— L~ KRBT LHEOFEUETHL T TV Ve T
T U A TFIZONWT, KECDRISTEZ it L7z (Table 4-4). 70U U RAF V%
JFREE L7284 (Bntry 1), 77 VAT A a—VIERIZ40% TH =D L, T U gk
JFEtE L7234 (Bntry2), 77 VAT L a—UIERIL 60% Th -7z, T72bbh, REIGRIC
BOWTIET VU U BOGBPKRFBEESNLTVENIRRTH 7.

Table 4-4. Hydrogenation of methyl laurate and lauric acid over the Ru—Sn—-Mo/C catalyst while

using pressurized H,.

Product yield / %
Conversion
Entry Substrate Lauryl Lauric  Lauryl
/% Undecane Dodecane
alcohol acid laurate
Methyl 90 17 4 2
1 40 —
laurate”
2 Lauric acid” > 99 60 <1 31 3 2

Conditions; 1)methyl laurate, 4 mmol; ? lauric acid, 4 mmol; tetradecane, 40 mL; Ru—Sn—Mo/C, 43

mg; H,, 1.0 MPa; 543 K; 24 h.

INHOEBRHEREZE LT, Ru-Sn-Mo/C I L2570 VAT AMNLT U U LT
Jb =)L ~DKFEALRC BT D Fe/H,0 DFEEIZEE L, KGR K % Scheme 4-3 O K 9 1C
RBETDH. ~ IR Z A FOL D RSN T-$FE (FeO,) DMIEERTTI VU VEEATFILD
MARGIEPEIT L CTT U U BRAEKRT D, ZD%k, Fe/H,0 LV AR L7z in-situ /K12
T, Ru-Sn-Mo/C filifit =TT 0 U L EROKFACEUSBRHRANTHEITT 5. ZORERE, &I
RCTTUNTINa— LN ERT D EHE L. 2F0, 8IIT7 07U VIR A FILOKFEK
JSIZBAL T, 2 2OFEFEH-TWHEEZOND. —DIIKFEICHERKRIZEZMET D
KFFAEANE LTOEEF, 9 —20LT7 VU VA TFNLVONKGREZEET HEEITHS.
B Z D2 oOFEE R Z LT, Scheme 4-3 IR TE IS, TV VEBAFANLT Y
UNT N3 — L ~DOEBIE AR E AT LT D
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Hydrolysis
NV Y T N
\/\/\/\/\/\”/ g

0 +H,0, - CH,0H S
Methyl laurate 2 3 Lauric acid

+H, Ru catalyst

T M} —— NSO
2 ¢ H,
Lauraldehyde 1 Fe/H,0 Lauryl alcohol

Hydrogen formation

Scheme 4-3. Proposed reaction route for the hydrogenation of methyl laurate into lauryl alcohol

over Ru-based catalyst using the Fe/H,0 system.
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4.4. 7

I

KETIE, FOVUBAFANLDT T U AT Va—L~DKENIGIZBWT, in-situ
KFEORAGIE & LT Fe/H,0 & HWT, 7 77 7 > H1 T Ru-Sn-Mo/C itz 1 5k b
JE&AT > 7. Fe+Ru-Sn-Mo/C SUi Y AT Lx AW T 7 U VA FLOKRFEIE, INEKSE
ERWTEIEROKISRICHART, ST UATLa—AREHRTELNLE. ARIGRTIE,
FOSHFMEE LTI O U CEAER L, 77U SEEDS Ru-Sn-Mo/C it TR S IZKF (LS
To. B ORERD, KIGERNIZEWT Fe/H,0 23 2 DO EEREEI 2 Fi- LT\ 5 Z &0
TmEENTE. O—Dlk, AHEEPTHKEREAL LTHEETLIZL, Qb O —2I1FT7 Y
U UERAFTIVOMAKSE (T 0V AR it L ToREITHD.

ARETHRARTE 2 X DIZ, RIS TIRET 2 Fe/H,0 75 @ in-situ /K58 & F W 7oK E LG
VAT AL, AEEETCHEEL, TV VBATANLOT T YT L a— L ~DKFE
EEORIC B AN AR T o7z, ZORISESNT S, 7= /= OKFEOE, 7V 'Y
DOARFAEEISICHEA L, £OF AL L2 (Appendix 4A /).

Hydrolysis 10 Hydrogenation

Catalyst

H, formation

Multi-functional Fe/H,O system

Fig. 4-6. Multi-functional Fe/H,O system for the transformation of methyl laurate into lauryl

alcohol.
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Appendix 4A )i A

4A-1. Fe/H,0 Z/KFBIR L Li=7 = 7 — VD KFAG

NA T AOHRE ST T D) 7= RROFEFRRN)~—Tho. 22T, Vr/=v
DETMEEME LTT =/ =V &2BIRL, FRUKFRIRISY AT 2O 2T, 22
TiX, KRFEMAEGELZ OB/ T VU LA KBREMEITH 2 & RSk 1 1R mfHfF L
725 ® (Pd-Fe) & 7= (FARLGVEIX Fig. 4-A-1 Z/8) . Z OFRHL L 7= Pd-Fe fthi % W C,
K, 1, 4-UAFY>, T RITHUHTT = ) —NVOKFENGEETT - TR % Fig. 4A-2 12
Y. BUSTTER LOIT FEITHE 2 N6 4 BIZHEL TITo 72,

WL L CKOBRZEMER LT2HGE, v 7antd ) v BIOV7 ang ) —Lii% x L
3 22%35 LTV 40% THF B AL7Z. Fe/H,0 726 DKEIZ Ko TRBILIEDETT 5 2 & 3l
Shiz. HRBMED 14— 4 TIE, 7 ansd ) VIEE 6%, v 7 e~ —UY
L R% TH Y, T m b MERMEDOT T T T, Y aadY s ViIRE ST,
raakYt ) — VIR 81% ThoT-. T7200, AKURICEBWTE, BHOMmMELT 1 |
LGP DEERN R & b O A e R S A7

LI ED X902, ARFFETIREET D Fe/H,0 7 5 @ in-situ /K35 & AW T2 KBS S AT AT,
AT CTOHREL, 7=/ — LV OKFEORIT b BN ARE T o 72, £, SIKLT
DORENZEXILFHNCHE LIC@BANT VU AMIT = /) — A RF LDl L U Tired 2 2
& B L.

Pd catalyst Pd catalyst
HO —> 0= —> HO
2H, H,

1 Fe/H,0 1T Fe/H,0
Phenol Cyclohexanone Cyclohexanol

Scheme 4A-1. Hydrogenation of phenol into cyclohexanol over Pd catalyst using the Fe/H,O

system.
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FeSO, Pd(CH;COO0),
aqueous sol. (100 mL) ethanol sol. (20 mL)

pH=6.2-7.0

Filtration

NaOH ag. (3 M)

Filtration

| Washing (Ethanol, Acetone) |

|Washing (Water) | Drying
(Vacuum oven, 70 °C, overnight)

|

| Palladium-coated nanoiron (Pd-Fe) |

Fig. 4A-1. Preparation procedure of palladium—coated iron (Pd—Fe) nanoparticle.

Cited from reference [26, 27].

Table 4A-1. Hydrogenation of phenol into cyclohexanol using the palladium—coated iron

(Pd—Fe) system.

Conversion Product yield / mol%-C

Entry Solvent
/% Cyclohexanon Cyclohexano
1 Water 40 mL 78 22 40
Water ImL
2 >99 — 87
Tetradecane 39
Water ImL
3 84 6 86

1,4-dioxane 39

Conditions: 2.7wt% Pd—Fe, 28 mmol-Fe; water, 56 mmol; phenol, 4 mmol; N,, 2.0 MPa; 503 K; 4 h.
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4A-2.  Fe/H,0 Z/KFEJRE L1-27 U &Y v OKBACD RS

A T ZADOWRES Th D MBILERAENE N 7Y RTHY, ZORI 7V EY
R&Z AT NG DWVIIIMK T HZ T IR UNEMT S, 22T, A4~ 2R
HkEEZ257 VY v ~OFBKFSIE S AT LOMEM %R A7, Aifi CHRML7-4&R
PRFMHAREF T V7 & (Pd-Fe) ki 2 HWT, 27Ut U OKEDIRRSEIT 72, Fe
TR EIEVEIRIBRR ST U Al (PA/C) DIRE B DT PAIC DB TIT o 7o RSFE R &
& BT Table 4A-2 ([ ZRT . SUSTIER KOG GIEITH 2 B B0 4 BEICHEL TTo 2.
Pd/C Z M CTHWS & (Entry 3), 5 MPa & W HKEETHLrE LY Z Y a2—L (PG)
TR L2 ol & 2 AN, Fe & PAIC DIEEY (Entry2) & 5 ME Pd-Fe (Entry 1) %M
WoE, TNENIE51%, 61%TPGAfFbic. ZIZT, @k FeldKE DS TKFEZ
AT LHEBNZT TERLS, 7V COBRKKISERET S ZLICED, E Fexi Ttk
FoEAERL, Ot Fuxo 7k hURESHITKFELLENTZ O L HEER L.

LLED X902, RRFFETERE T 5 Fe/H,0 7> 5 @ in-situ /K5 & F W 2 AKBILRE > AT AT,
7Y COKRBCINT G HEANFRETH Y, Sk F DR EICESLFANITHEE L&
JB/RT T LK FEGARE L U CHRRET 2 Z & bR S 7o, KSR bR & SRR ICHEER L
Ty 2T DOF NI TE 2Dy, TEHEPBINMEA~ORE, MR LEMRED Y Y1 71
P72 EIZHOWTIEA B OB 2 2T 5.

Dehydration o Hydrogenation

oH OH
o o FeO, HO\/H\/ Pd catalyst HOQ\/
-H,0 H,
Glycerol Hydroxyacetone T Fe/H,0 Propylene glycol
Hydrogen formation (PG)

Scheme 4A-2. Hydrogenolysis of glycerol into propylene glycol over Pd catalyst using the Fe/H,O

system.
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Table 4A-2. Hydrogenolysis of glycerol into propylene glycol over Pd catalyst.

Conversion Product yield / mol%-C
Entry System
/% PG HA 1-PrO EG EtOH MeOH
1 Pd-Fe 75 61 3 trace 2 trace -
2 Fe + Pd/C 80 51 trace trace 8 7 trace
3 Pd/C + 5MPa H, 17 trace trace - - - -

Conditions: Pd(31 x mol)—Fe(28 mmol), Pd(31 1 mol) + Fe(28mmol), Pd(60 1 mol)/C; glycerol, 8

mmol; N,, 0.8 MPa; 493 K; 20 h.

Abbreviations: PG, propylene glycol; HA, hydroxyacetone; 1-PrOH, 1-propanol; EG, ethylene glycol;

EtOH, ethanol; MeOH, methanol.
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AWFFETIE, FrgErTREZR AL & LTS A~ A2, £ LT, £ TRE7ZR KR
& LTk — KR KBUGIZHE B UTHBUKEILEUS Y AT LB HEL, N F~ A
DEBSOE~DHWM 2T LIz, £72, RGBT 28I OIERERIZ OV T
bRE L7z

ARETIE, DIHKELSUGIZ K D3 A F~ ZAZBWEIN ) (2 OV TAGR LTI R
EHEILICENLTRIET 5.

1 ETHE, {bAER»SFEMREEIR~OBIT, {LZFEEE L TONRAS F~ A,
IKFEAL « KBRS 72 BTN T, Kx DBEEMIZHOVWTE LT, I HITKE
OTEMFIRICB T ARER CEE R L, Rt EFRE HEZ R LT,

552 BTIE, BRMEIAME & KR A2 A S DETHWD 2 LIT kY, KEKHR
FTOBERMBRKMAETE, ZAa—ZAnbHhRMICToe L7 ) a—L (PG) NEKT
XL EERAM L. 61T, BEEMER 7V a— 20 RS LY ha T LR
—IVR RS 5 2 LTk o T, ZRIEARH LT PG DRIERAITAERT D RUSHE
BEOHLNT LI, 2RISR OMIAIL, 7V a—2b%rNC PG 26T
LI2DOFI- R A RMIET 52D THSH. 4%ILL h T L F—/V UGS H Ofitil s
FOUKFEALABEZ BT H 2 LI Lo TS B RDRMEHIBEL T LERD 5.
PG B DRHE A S BICHEET 272012, FEORAKSUSRTEIAT V7 REOMES
72 EORIB R AT 27210 T, L e T v R—/VJR L KBS & K 0 2h3%
FINCHEIT T2 2 EBIFETH D, BRMZRMIERREIO—o0faétE LT, M CEKRE
i W OTEMERZFR L, ZEROGEZECHICEITSED ZenBExbND. f
AT, ERRREE M 2 R L LT, KB L 72 2 &g 2 R 5 L o HIER
FZFonsd. Zolx, BERBREEORmEE (FREEMRE, B AE, BRHEEA
T R%E) REUNCHIE T D 2 L, KRB DOREGHI L o> TAF v b= VAR
ezl o 2 L, b hu T RV BOG L KFEACUS D RIS EE D /ST 2 X % i
HIDZ LR ELAMRBLATHS .

%3 ETIE, @Bk & KB VT, MRS T3AE LT in-situ ZKFEIT X
DHHKFBC LY AT B EHRBE L. XA A~ AHEKFEETH D 7 va—2 5 PG
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~OEBAEET VRIS E LT, @BEMRL & NT D0 Al (Fe + Pd/C) % Wiz
FOG % 324k L, MR BAKRFRINT 2 Z &<, 7 a—AnbRRNIC PG ~Hsfi
THZ LML, SBIT, USKEIZET 5 Fe DEBOKEI LM LN L.
DOEROEEIDOIEINL, IGY AT LAERFHI L THRAREHZRZIET 200 TH L.
o, FOSRICEALER (w7224 ) Epoto8klE, BAEMRRT R LF—TExTL
THAMTE 2R R L.

H4ETIE, 53 EOHELIHBUKEEIS Y AT LoISHmTREEZ R LTz, K
BRI, "AF~YABRROT TV VAT ANEDT T Y AT T — A ~DEHE
MEtLiz. 7 b T 7, Fe/H,0 %% in-situ KFHEAEIR & L7 Ru-Sn-Mo/C filifft
TOT YU UEEATFIVOKRFIL, MEKFEZ AN IERDISRIZERT, 707
TN A= LRERIERTHELNL. RRIGRTIE, RKISHEEE LTI 0 ) @ik
L, T 70 A Ru-Sn-Mo/C fillli - CHRGICKFELEND Z L 2H SN L
INBDORERNG, RISRENIZEBWT Fe/H,0 28, KFELIED T2 DKFEP, 77V
VATV ONKGEAE LN D 2 DOFEIZRIZ L TWD Z LRIz, R
JNTABEEE P TIT o TR Y, 5 3 B OHE LIEHBUKEILEUS > AT LS BRI
HCHLIEET 5 Z L 2R LT TEREND

LLED X ST, R lREZ/KFMARIAE L TR —/KRRSICEH L, S/t
DIRALE TG Z ST 5 Z 212X Y, insitu KFEZFIHTE BERITROHIHFEATE
ERIGES AT DEHRETHZENTEE. OISV AT ML, KEOWL, kR
K ORFIRD 726D DB ifi 22 LB & T, T ZRKFEPUR D FEREIZ 1T D R E
AV MR CE 5. SNIAKFEEZFIH LI iE RO KRFCEIE > AT A CIERFH
B L E I 22 6N Ko TS A~ ZAEPL B EETH - TH, RFFED
FHKFOEY AT LE#AT 5 2 LT, TRNZREMATEEENLN D Z & &2 Hif
TE L. A%IE, REOGV AT LMTHET ML LT, 2hRIRKFEERLD T2 Dk
MELORGE - RO, FOSR ORI L, FEHARERIG T 1Y A5G e LD
MRS EDVNEN DD, KRN Y AT LARBREEE AT & RO @b i
WORBUCORNDZ LB EI LOTH S,
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