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Abstract: The development and utilization of biomass resources as substitutes for traditional fossil
resources are expected to meet society’s demand for cleaner production, industrial decarbonization, and
a more sustainable future. Furfural is a key platform compound derived from agricultural byproducts
such as corncobs and straw. It is primarily produced from the hemicellulose component of
lignocellulose via dilute acid hydrolysis. Currently, furfural is widely used in the fine chemical,
polyester, petrochemical refining, pharmaceutical, and pesticide industries, demonstrating its industrial
viability. Due to its reactive aldehyde group and furan ring, along with other characteristic functional
groups, furfural can be further converted through hydrogenation, ring-opening rearrangement,
condensation, oxidation, and other reaction processes into alcohols, ketones, diols, and other high-value
chemicals and high-density oxygenated fuels. Producing furfural downstream products improves its
added value, extends the furfural industry chain, and contributes to decarbonization and carbon
emission reduction in related fields, thereby supporting the global carbon neutrality goal. This paper
reviews the recent research progress in the catalytic hydrogenation of furfural to alcohol products,
including the preparation of furfuryl alcohol via hydrogenation and transfer hydrogenation. The former
offers milder reaction conditions and simple operation, while the latter effectively mitigates safety risks
associated with high-pressure hydrogen, such as flammability, explosivity, and diffusion. Furthermore,
the paper summarizes research progress on the furfural-based preparation of cyclopentanone,
cyclopentanol, pentanediol, tetrahydrofurfuryl alcohol, and other high-value chemicals. However, due
to furfural’s chemical reactivity, the preparation of high-value chemicals such as cyclopentanone,
cyclopentanol, pentanediol, and tetrahydrofurfuryl alcohol at high substrate concentrations remains
challenging. Preventing side reactions, such as the polymerization of furfural, is crucial for future large-
scale applications. Selective activation of furfural’s active functional groups and chemical bonds is
essential for achieving high selectivity of target products. Finally, this paper discusses the challenges
associated with furfural in thermal catalysis systems and industrial applications, and proposes future
development directions. In recent years, new catalytic systems such as photocatalysis and
electrocatalysis have seen significant progress. Applying these new methods to furfural conversion will
provide new routes for utilizing furfural and other biomass-derived platform chemicals. Future
directions in furfural catalytic hydrogenation include developing novel catalytic systems, suppressing
side reactions, exploring new strategies, integrating traditional thermal catalysis with new catalytic
systems, and employing innovative reactor designs. We believe that economically viable and
sustainable reaction systems will be achieved in the future.
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chemicals
0 2 - () e E Ak i 42 O 38 i A8 L EE Ak A R

A GE R Y B R Rl R A5 G 4k
SRS IE . SR EAG G D . LA AR R
LT Y R AL G A W IR A A2 b, A
SRR Y RTRE IR . AL T T 0 A 7 A
2l OB (FFA) AV —Ph RS0 A 27 &,
B PN B, FEAT SRR R E ke
4 Z JFUREY, 9F AR E B 2 s Tk AR 7
WIS 2 7 I L AN IR 2 FRRAE B RE M, B R

(FAL) . %% (CPO) . A% (CPL) | VU S0k i
(THFOL) . J% - (PeD) ™ 45 5 B i 1k 27
O3 2 R

FFA 14 Ak i & s 0 6 A2 an &1 1 7R, FFA
b A R o BE BRI S AR A FAL, FAL 7F &5 A
IR AAE R, S8R A C—O BEWT L & R
Piancatelli JF ¥ & HE 5z i, 7T g A i b )4k 455
FE-2-FA MR (4-HCPNE) , 2853 I & i /K o LA43
F|7=4) CPO, CPL J& CPO HEMA I =H . 24



92 g I

A

F39EF 3 M

(0]
(0] H
Ay ey g - L OH
O

LA APA 1, 4-PeD
[, 1,0
Q O H, OHy, n,0HO. H H,
FFA FAL H, 4-HCPNE CPO CPL
H,
Q OH H
r\)_/ 2 o OH . OH ™ ""0H

THFOL 1,2-PeD 1, 5-PeD

E 1 FFAELXMSMNEERMEEZE
Fig. 1 Major reaction pathways of the catalytic
hydrogenation of FFA

b, FAL 7EA R TR A i L BEN R (LA) B &
Bt IE(APA), 8t — 25 0 n] LLAG 27 4)

1,4-1% W (1,4-PeD) . %F FAL | B9 Wk gg 34 0 &,

A LL455] THFOL, i 1o 4k 22 fin &, 4¢3k 2 547
S5 AL C—O W, 15 3 1,278 (1,2
PeD) & 1,5-1% =1 (1,5-PeD) ™. L E BAR Wi
VE PR T O T A A R Y & T 7 L BRI
ML TESREE R A, S AN S RN R T L R T B
], FRBBE SE N RA HE R, HT I, AR
TATAE R IE R FEA A 45 4525 F W 7= 4 1
W98, I RIEXT L T 425 4 TR AL 77 7E FFA A
BRI . B, 44T T FFA AR i &t 72
Hh T PR AR, T JES vk B T T AL SR T
PEYE B RARAE, JE R T A RAIBESE T 18] .

1 HREELMSS SR

FFA [ /) % 3 m] 3 o 98§61 in & 75 3] FAL,

O L) FAL & (& 2) o fEIE 4 4iE
H, S4B AL Pt Ru, Pd fE1Z 2 BoA B
TR andR At et | SR N &S M S, AR B
4 I FEAR AL T LASE i Z2 R 4 I8 =22 18] ) AR ELAE
IR BN S W) T 5t 4R AL RICR, W) I R I Ak )
BUAS, AR R 0 i 5 A, — S I 4 J i
B Zr, Ce 4538 13 f 1k FFA %5 8% & /Y 75 3 )
FEREAS B 5 77K FAL, X /0 TG InE Jr ik
TR R IR R . SIS e ™, A
WLER T AN E J7 2 T #il £ FAL 0945 254
e R ERE (5 D1,
1.1 SE8mEHHREE

FE AL G 1IN A 2R v, AR T 1 4 Tk
LARTECRER ) LA A B a5 PeE T R
BRI AT . L8RS, FEA LUER#A 6 1% Jh A5 =X
WAL G, LMEREE AR FAL, 548

T 7% fenz

o o ™ E=RaWilIE=) = o ou
| ) / E/)—/
= RSN =

2 FFA % FAL BN 7%
Fig.2 Hydrogenation methods for the
preparation of FAL from FFA

W HA B T SRR T, I PR B T
& B . BiTn, YAN 260 R s v
133N —FhIh e S TT 9K F AR PYBN-U10, %K
K5 Pt 2Z 8] (4 TR R T 2SS 1L DL &
FFA |- C=0 H#W M, 75 80 C. 1 MPa /%)
T 3 h 455 90.7% Y FAL 7%, WANG %)
I A, A B — T 40 K 45 i AL 57 PtSny o/
CNTs-100, Pt;Sn 5 SnO, 2 [a] AT tp[a] AL
1E 140 °C.. 2 MPa &£ J1F i 4 h AT 35 99.9%
1) FAL F=3, FHEEZ T, Ru AL AR BRI AN
SUE W EA B E B, MUSCE M 4 ) —
Ft Ru/ZP-A fEALFIIFIEIE T 4 )8 ORI K/ L 4
Ja 1 3 BORR R LA B 2 AR 1 M 5 X 2 N 1) S
£ 90 °C., 1.25 MPa &< J1 T 4 420 min ) 1%
£ 60.1% ) FAL j= 3%,

B T HRGE B — R85 A B AL, dE R AR
AL ZE I E L FRA 7% 8752 81 67k, Joh A
AR INEE TR Cu RIS, i TH & 248
1t Ak 59 A1 7K 3 A 25 ( Layered Double Hydroxides,
LDHs) fig k7). CAO 25" SR SR A f 3 14 77 3%,
Hl% T ERBEA AL Na-Cu@TS-1, £k ik BE g 41
PR AR, BB R T, R Cu 5 Til
THEAEH, 76 110 °C. 1 MPa &S )E 1 F R
2 h, 155 91.2% ) FAL 7= %, ZHAO %" % #%
T Cu;Co,/MgAIO, fiEfL 5, Cu Fll Co By B[R] /E H
A FITF Cu0 I 58I AE N 6 5 B e A 5, fili
FFA 1) C=0 #tifb N {E#F FAL f2E L. 1R
R Culy Co Z 6] 1Y B [W] A/ I AE BE 7K L Ry
3 : 1 BF s, A SR FRA B RE B s, 7
110 °C. 2 MPa &<k J1 F I 2 h 5 FAL 9™
RIKF] 99.9%, JLF-L 41k

LDHs £ —Fpr B i 41 kL, B4tk 2 L
BH B 7 PR EC . J2 b B S 7 Rl Ag . 25 AL K 52 1
A 5 e R AL AT A5 RR 2, 7F FRA s m
A ERERN, B, Lr&" 6 & T —
LDHs {1k 3 CuMg;Al1O,, 1k 31 2 1 5 Cu® Fi



FEOIRAE RRREREAL IS N i) 93~

®1 BT FFAMEH& FAL LTI R EERE
Table 1 Performances of catalysts for FFA hydrogenation to FAL

FEAL R I/ C N Hif [l /h ) SCHik
PYBN-U10 80 1.00 MPa H, 3.0 90.7 [12]
PtSn, /CNTs-100 140 2.00 MPa H, 4.0 99.9 [13]
RWZP-A 90 1.25 MPa H, 7.0 60.1 [14]
Na-Cu@T$-1 110 1.00 MPa H, 2.0 91.2 [15]
Cu;Co,/MgAlO, 110 2.00 MPa H, 2.0 99.9 [16]
Cu,Mg,AlO, 120 1.60 MPa H, 1.5 97.4 [17]
Cu,5Coy Al 150 2.00 MPa H, 3.0 97.2 [18]
Ni@OMC 180 3.00 MPa H, 4.0 98.0 [19]
Niln,»/MgO-ALO, 100 2.00 MPa H, 1.0 98.9 [20]
NiCoCuZnFe/C-800 120 3.00 MPa H, 9.0 100.0 [21]
(NdPO,),/Co,P 140 4.00 MPa H, 1.0 97.0 [22]
CuO-Pd/C 170 CH,0, 3.0 98.1 [23]
Pd-Z10, 170 i-ProH 12.0 92.9 [24]
Zr@PS-MSA 150 i-PrOH 2.0 99.6 [25]
Zt@PAN 150 i-PrOH 2.0 90.3 [26]
Zr@OMC 180 i-PrOH 6.0 932 [27]
NiZr,/C00,-400 180 i-PrOH 2.0 83.5 [28]
Co/LaMnO, 240 C,H.0H 5.0 93.6 [29]
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Table 2 Performances of catalysts for the hydrogenation of FFA to CPO and CPL

HEALF) e] HEE/C ASJES1/MPa A )/ TR % SCHR
Pd/NiMoO, CPO 150 4.0 6.0 85.3 [38]
Pd/Co;0, CPO 150 2.0 2.0 84.1 [39]
Pt/CeO,@ZSM-5 CPO 160 2.0 6.0 97.2 [40]
Cu-Ni/Al-MCM-41 CPO 160 2.0 5.0 96.7 [41]
CuNiZn/ALO, CPO 170 3.0 0.5 80.0 [42]
Ni-Cu@MOF-5 CPO 150 2.5 5.0 96.0 [43]
Cu0/Zr0, CPO 160 8.0 1.0 50.0 [44]
Ni@NP-C CPO 130 1.5 2.0 86.7 [45]
Ni@HCS CPO 150 2.0 1.0 99.1 [46]

Ni/ TiO, CPO 140 5.0 4.0 70.0 [47]
Ni-Cu-NPC CPO 160 2.0 3.0 88.7 [48]
Co@NC CPO 200 3.0 3.0 86.5 [49]
Co/Co0,@N-CNTs CPO 130 15 10.0 79.4 [50]
C00,/Nb,05 CPO 160 2.0 6.0 61.0 [51]
Ni,Co,@C CPL 160 1.0 1.0 96.0 [52]
Ni/C-Mo-BTC CPL 140 2.0 2.0 94.0 [53]
Ni;Co,/ELAC CPL 140 1.0 2.0 94.0 [54]
Co@Co-NCs CPL 150 4.0 6.0 90.0 [55]
Cu-Co-Al/SCB CPL 140 3.0 5.0 97.5 [56]

4 Pd 112k 2 Co E fb¥) 1215 5 Pd/Cos0, 1L,
B3I Pd BETE Co,0, L ¥5) 3%, Pd-Co Ht1i I HL
FHRBFEC A PO TR, (23T FFA BhnE L
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7 A Ak R B A A T KRR A R 4 7 W B,
ZHAO %" R BR [ AR 0735, # CeO,
BETE ) Pt B ETE ZSM-5 47 |, 145 T Pt/CeO,@
ZSM-5 b, 5 5 AR AR L, ERIRASTE
PEACTE R 5L REVE T AF, 7E 160 °C. 2 MPa &%
JIF RN 6 h, BEFF3] 97.2% 1) CPO =%,
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SR B E 0 CPO MY E #1411, ZHANG
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KGR, o L 1 B2 430, T e AL P R PT R XL 4
Ja& 2Z 18] 19 B3 [ 200, 0 reL g 7 B2 5 S, 7 160 °C
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o N TN Cu 78 KA B H B B 4 ),
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FRIR AT 5 I K, ELAA EE R4 T A 1 A PR e
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DM RO B 2 T A AT 7 7K R 8 B PR A D
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CPO I HENE, 78 150 °C., 2.5 MPa &L 1 F I
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&85 4 JE A ALY Z 8] B I R R0 RE B T AL )
FIEIFENGE 1, Hidh Cu HA Al $s | AR Y
FF 0, EAA BB FH B9V, (B FE R iR T S e
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SEAE ),

Ni BUINEBE 158 T Cu, 76 =R B R LL Ak
PR A5 F T RS A A & & ARk, B A
FasE M, (A7E FFA B g E R R rhl g2 A
B RESR WM AR 1 (1545 B A5 7= 4 CPO 2 — 25 Jin
A F) CPL, A IG5 B0 Ni A fi Ak 1% M e AT 4
Ha Ni 9K OB B AR 2 b, 31 w8 A 1 7 3% 1 %
B S RE . 5N, HU 285 Y B WA
HI T —F 2% N, P 245 F 1Y Ni@NP-C fi£ b
R, Z R F 5] ASRAE T B 5 R 0 SO R T
PRI REYE, 7E 130 °C. 1.5 MPa &R S T R
2 h, CPO [{F= R 0] ik 86.7%. Fibi |2 B ¥ 25 .0
BRER, HU 250 (i FHAR R i I 4 Ni 125 7 23 0
TR ER v, AN ST PRl R AR T AR Ay BRI 1) N A5
ol 20 PR RO 3 3 258007 7 A 1 IR, 7 150 °C
2 MPa &K J1 F KW 1 h, CPO =3k 99.1%.
&8 F AL B AR A R A, TEIR R R B
K ) (9 i 1k % 81, RAJPUROHIT % “" #F 58 T
Ni 11/ TiO, LRI ZEA R A9 TiO, fhAH i3
W, Hh 8k AR &Pk CPO, M
WA I E . A RS R R T R TG A
4 & 2 HL T 19 20 BiC, #E 140 °C. 5 MPa /AR
TN 4 h, 18529 70% (¥ CPO =%, CAI %™
i IR BR-MOFs, 38 1 32 35t 1 5 i T —Ff £ 280 8L

WEZABEEEEM S RSP, NS
Ni BYAH AR AT T BRI B A4 A 42
B T EHER AR, 7E 160 °C 2 MPa &K )
T I 3 h, CPO F=3R [ ik 88.7%.

Co SLAEALRI IS RE J) i3, 78 FFA AL
J3] CPO Wy R, by i BE I 3 CPL. K,
5 2% oAt J5 7 58 £ 5 3 A9 Ak 80 Ok R
Co 19 5% i & g 1 J& $2 &5 CPO o6 $5 14 Y SC 4 .
LI 2 S T —Fh N BRI B Co@NC,
N R FHEAL T 55 3% 5 B v s, #4598 T FFA 7E 4
T30 1 i I B, I LB e = Y o S fk, FE
200 °C, 3 MPa &< JE J1 T i 3 h, CPO j= K
86.5%. RANAWARE 25 46 7 N 45 2 1 0
KA AL (Co/CoO,@N-CNTs) , WF 5% T HAE A
FwFI PR LBy £ 2R
THFOL, T 77K AH o 7 ) 3 %5 CPO il CPL, Xf
e 15 BH 7K AT BEJ& FAL S5 3 Piancatelli FF 24 (1) ¢
B, FE 130 °C., 1.5 MPa &% 1 F B 10 h, CPO
FRAAIK 79.4%. Nb,Os B4 425 14 % &) 7 iR i

SRR R FAL & A= JF 38 5 HE SN, A 4
BAPY SR IR L 4% T —Fh CoO,/Nb,Os AL,
WF5E KB CoO o Co,0, HA T 1 W K B, HAE
LAt FRA Jin 000 16 P07 5, M AL 70 A9 R B mT 3
£ 160 °C. 2MPa Z %1 F R 6 h J5155] 61%
[) CPO =%, Z5 b Tk, 7E 44 # FFA fE k&
il CPO ik 71 5 2225 A Ak 4 & I &0 % B
PRP= P e AR | A2 L R (I ) R
R B AR ) XTI A A W RS L B AR AN [ 5 7
TR T AP RE R B, 18 BB 1k AR 37 4 8 78 B N
I Fybedh | KRG . BEALAFINE, LISCEE FFA 1
A
22 INKEE

CPL /& CPO it — & (=4, NI 75 2 7E
CPO Ak i LAl _E 305 2 = 1 1 4 i & g
71, CA MR EEE P FIES 48 Cu. Ni, Co.
Co. Ni HA7 3 T Cu &6 P, J& FFA &l
#% CPL [ FARAE S 4@, mlal AR 4 )8 Z (Al Y
ir A e B e A Ak R RE . B, XTA 255 7R &
FLAR I b GRS R BE HE AR N Co, #i45— Rk U

WU 4 R A3 HICHE DR 8 L &S P, FE 160 C.
1 MPa &% S F W 1 h, CPL f7= %555 96% .,
S, XIA 250 Ni. Mo 4 8 3 15 ik 17 2%
TEERIE B 22 FUBRIE |, 2% Ni Al Mo HYBE/REE A 5 < 2
I, 7E 140 °C. 2 MPa Z SR T4 L 2 h,
FIA35] 949% () CPL 7=, GUO 255 (i FHI Wi R
T Ak 5 B T A R T 23 M sk 7k Ni Al Co, 2K
R FLBR S5 A% FFA B 7% AL A7 52, 7€ 140 C.
1 MPa &3 % /1 F &0 2 h, CPL A 7= 3R R 94%.,
LI 25 5 5o o YR P ) 45 T — il Co@Co-NCs 4
31, Co UKL A /NFT Co-N 7 5 45 2% ] i 4%,
A BRE A B, AR AE I HE R A SR A
JUHIE AL, AE 150 °C. 4 MPa S5 71 F U 6 h,
CPL 723k 90% LA . GONG %5 {i Fi] LDHs
i A2 B B 4 AL Cu-Co-Al 17 28 5 & 5 28 B e
I+, Cu-Co & & AFAEsRAHELAE ], REAN AL A LAY
A1 B 37 R R A6 a5 A ] 4 b R HE S, 7E 140 °C,
3 MPa &K ) F W 5 h, 155 97.5% () CPL 7=
o TOIWR R R /AR L & A Ak B R
LDH fii 4 B, FER T LR 2% SR T
PRI X S I AL BE T, AR R A A A B 78 A
KR T B4 F HE SN 1 5 M), DSB8 A AR R
BRI AL R
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THFOL /& FAL PKIR IR Lk PEM: & i =4,
7] B} & PeD. DU &K I 45 1k 27 b 1) B 2 A4
(& 4), HA R r N A E, #id FFA —8y ki
A= il 4 THEOL X il /b PR 55 5 4y | A 7= IR )
T ) BoAy B X FAL # THFOL #f—
A, FFR Y PeD ™, Horh 7 A4 1,2-PeD
H11,5-PeD 1] fE 1) i 45 & FAL/THFOL L) 2 %
ek 5457 C—O BEAETH M S I T I, 5L
I, 1,4-PeD 1Y 7] fE 77 A B 42 0 FAL 7 59
BRI s HVE R & 42 T Pianctelli 54k, 4= Y
LA/APA #E— S5 2 B R4

T£ FFA — 8 IN&= 4= THFOL 1k 72
H, JE SR OB 5 54 B A R G A Ak kB, I
o NI VRISV B el i 2, w5 A AE 5
4 J@ W [RIVE ISk 8 3R %) FRA 9 im0 4k, e 458
B S LA SR, R DA B2 7 ) A% 4 B
WA, IF H FFA JL-F-4=#%% 1k 4 THFOL. FFA fi
L& %) PeD Y52 W 1, 1,2-PeD 5 1,5-PeD #BJ&
H1 R & THFOL JF 3R 453, J& Tra xR, A
R 7= 400 1) v e R T RE B 15 1 4 A Ik T B

L AR TR AL e RS A
T DL KR M e AR L g B R A0 By
J e 4 1k 57 BE 0% 78 T RN B9 2% 1 T A5 B
PeD j7 32, 1M AE 5% 4 Jm He A A0 7 72 3 45 b A3 i
55 H At 4x J 256 7 Az IR ) 5800 R B v e AR AR o
HETOCT 1,4-PeD (14l 18 870, 400 H iy FAL i
SUTEREAEY, s A ] BE N LA/APA, FR %
BZ . W, R EEA BT R R A7
S HEIE R RE A SR FAL JF 38, $ i Ho sk #%
Pk ATTEEAR T IAER FFA AL INE 4 THFOL
1 PeD Ak, JEXH LRI BRI T 45 (£ 3).

fq. oH H,

" T (0] OH
.t 1, 5-PeD
N +~OH H
THFOL H°§H—/ =i i UL
11{2 i ?HI,Z-PeD
Q 0 0O OH 0O OH H,
E)_//i, D_/ I I]\)_/ H_ \/\H/\OH
FFA FAL g ©
1,0 OH 1,
1 : m N

o
NOH \|:O/=O n, Y "oH
DN = OH 1, 4-PeD

B 4 FFA #l#& PeD AaEABREZE"
Fig. 4 Possible pathways produce PeD from FFA'™!

&3 FTF FFA S #% THFOL 5 PeD AL 5 R H {48
Table 3 Catalysts for the hydrogenation of FFA to THFOL and PeD and their performances

HEALFH ) B/ C =R s ) /b 772 % SCHk
Ni-Cu-Al THFOL 140 3.00 MPa H, 4 98.0 [68]
Ni-ReO,/TiO, THFOL 130 3.00 MPa H, 4 97.6 [69]
Ni-CA THFOL 80 3.00 MPa H, 3 99.8 [70]
Ni-AC THFOL 30 NaBH, 7 99.0 [71]
Pt-Fe/MT 1,2-PeD 140 1.00 MPa H, 10 71.4 [72]
Pt/MgAIO 1,2-PeD 160 3.00 MPa H, 1 64.6 [65]
RuSn/ZnO 1,2-PeD 140 3.50 MPa H, 6 84.5 [73]
Al(OH),/Cu 1,2-PeD 170 4.50 MPa H, 6 34.1 [66]
Ru-FeO,/AC 1,4-PeD 80 0.20 MPa H, 20 86.0 [74]
Ni/SiO, 1,4-PeD 150 3.00 MPa H, 2 85.3 [75]
Cu/Sio, 1,4-PeD 120 4,00 MPa H, 24 86.2 [76]
Pt@ALO; 1,5-PeD 45 0.45 MPa H, 8 75.2 [77]
Ni-CoO,-AL0; 1,5-PeD 160 3.00 MPa H, 6 475 [78]
CuCo/Ce0, 1,5-PeD 150 3.00 MPa H, 4 53.4 [79]
ZnCo-LDH 1,5-PeD 160 4.00 MPa H, 4 46.9 [80]

3.1 WSz

TEVTAEHGE H, AE 5T 4 )8 Cu, Ni AL 3
B HEAL R IR, Cu H6F FFA b B9 34 o i e,

1M Ni %J FFA [ C=C % Fll C=0 % #5 3= I 1 5%
B AU P, BE B U M 3B T X ik g 28 E ) C—O

I

fift, EBEPE I A g ER Y C=C #E L)
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SR SE R AL L FR . RAO 251 SR T R v
H Ni il Cu & SR BE AL I, DL 2-T BAE
JHEEARTLE 140 °C F1 3 MPa A 50F ) F % 4 h,
A 1351 98.0% 4y THFOL 7= %, Al ¥ Ni-Cu 7£
HF A HL, B AT Z 180 P s e i T A Ak
# . LIN 2“1 Ni-ReO, 32 i i 816 TiO, 4% 14

|, ¥ FFA £ 130 °C f1 3 MPa &k J1 ik 4 h,

THFOL = %3k 97.6%, il i1 A ReO, 5 Ni Z [H]
7 A 5 AH AR DLEE FFA | C=0 iy fin &,
P N A R AT R AR R 4% R S A,
SHENG 21 il 46 1 — Rk fm. 35 o5 20 #P0) Nii AL
I, 7E 80 °C Fil 3 MPa &S J1 i AN S5 44T AT LA
15351 99.8% 1) THFOL y= 3%, 4k J 3 B a0 7 25 44
AN L TR A, B2 A L 7 s B 22, [ B 3k
B lh T Ni R4 KA AL . A SR i 55 1)
4 B8 7, MATSAGAR %" R 8 in & 1 )7
2, 75 IR A5 0F 1 Ni B0 28000 T M e A 1k
FI, 153 T 99.0% ) THFOL 7= 3%, 45 X W 7R 1%
PEALF R B FH AU, FFA RSP a, (Bl
T AN RE S = 3 Sk FRA, A2 Y I B R 4 5 FAL
FRRE ECAE I T Wk I PR E N R TR . 25 1,
it AN [ B &0 =X sl fi 4k 770 528 THFOL 1) 5
FRR, K JE X FFA |- C=C/C=0 f i pE 1k
Ak,
32 1,2-[kK—iE2

S48 FEA AL FILE IR Y 2544 F X FRA fiEfk
INEE] 1,2-5¢ e B AR I py 858, B e T AT
A5 1,5-PeD MY ZE 4 R . B4, CAO %
H4 Pt I Fe 14 4 J@ 40 K UKL 20 57 1 Ml K R 6 2%
& I, 15 2 #9 Pt-Fe/MT 4 1k 77 GE 4% 7£ 140 C A1l
1 MPa &SR A9 4544 T fif 1,2-PeD 977 215 5|
71.4%, 45 5 F W M\ Fe 3] Pt A9 HL T 56 2 0 55 T
Pt 4 )& {57 15 X W ER A I ST 1, Fe® R P3RS I
EE TR o AR R 4 E, XA
F ] 3E 47 98 455, WANG % I3t 1 T — & 4
PY/MgAIO i Ak 31 > I8 5 48028 o il 4 s 5 4k 2
B (A A ELAE FH, e ol LAFS 21 64.6% 1) 1,2-PeD j=
R, TR P AR Co—O BERY I 2%, 729
F14) e 6 28 A U DR 500 X Pk A P L g o A5
. UPARE %" ¥ RuSn & 4 713 7E ZnO I, 1
140 °C F1 3.5 MPa ) & < J1 T Al ik 84.5% 1Y
1,2-PeD 7=, X FEIHF RuSn 5 4+ F1 ZnO %
PR AR Z B R SE VR L, ARz iR R, FFA I
1) 8-C—O i (1% 1k A LU o-C—O FEHE PR, FR

il 17 1,5-PeD FUHAl N & 58 4 S g o JE 54 Jm 5
AL FILE FRA (3% £60in & bt B 5 i 3%
B, AR B 5 B BER A v o LI 20 SRz 1)
B AL ) 73, 78 Cu ki 51 ABE S 8 4R
1y, SPE B R AICOH) /Cu fEIE R 5 1,2-PeD 1Y
VeHEE, 76 170 °C 1 4.5 MPa F J2 )% 6 h fig ik 3
34.1% BY7=3R, Iz R _EEIR A C—0—C
5 BT AT W B, fR E A K 1,2-PeD. b 3R AR T
1,2-PeD W& R, 5t 4 @ AL A 4 B 4 1 3%
L, BB ARXT 1,2-PeD D174 3 e B, (1
H A& T35 5 48 R E 5>, HIFAPLEE i A
R A A e Nl s PR VAN =23 I | ey
i AL 7 LA S BT v [ (R 30 e 1 R B P O 3R, A
AL AT LA 7 T
33 14-K°EE

FELL FFA Ry ML NS5 1,4-PeD (133 F
o, 23 R AR BRGSO, 0 BRI N
Hh R A 1 BN R R 3 5 1,4-PeD BEREME 1 ¢
. Ru i 1650 58 98 76 W A B 4% 1 R 15 5
B 1,4-PeD 3% 5 4n, LIU 27 48 T —Fh
AR TE TG e ¢ 1Y RuFeO, 4L 7, 75 80 °C Al
0.2 MPa &A% 71 T BE15 2] 86% 1Y 1,4-PeD j= 3%,
W25 R FHH, FeO, MIIIATATT T Ru 53t
et AT A A0 R0 1 265 ) IR 2, 0+ FFA 7K ff% B LA
BRI . Ru 5 Fe Z [ fF7E LT 7%, Fl T
Ru 5 Fe WYIR i o Ni S48 4k 390 38 A7 78 i B
S, P, GAO 257K Ni 5 P A 4k
AE Si0, b, I I 0 &0E o DA ) R R N &
Ao AE 150 °C Al 3 MPa &K H 1Y 4544 T Al 45
85.3% [1) 1,4-PeD j= 3K, 45 WK B P—O 454 fE7E
(R TR P 57 5, 7T 97 1 FFA | C=0 % 114 T £ W ¥t
BHTIFHREHER . Cu fEMA BALBE FFA
A3k AR b Y JF 3R 5 HE, ZHENG 2587 )& i 1 J2
IREERRER AT A HH—FF Cw/SiO, #LF, 18 FH L BEAE
VR FRA $54k, AT 7E 120 °C Fl 4 MPa &K,
JE S5 86.2% 1Y 1,4-PeD 7738, 7K BV I8
(A AL R0 Y R M B ARG, T £ FH £ B A S s 7 ]
PLAR B AR ) 0 R M 5 T P . B R, 1,4-
PeD R Ak S I A% T SR ML B & 4, AR T oAt
PeD, W S5 2R, (HH Tz B Al ande ok
R ML A e A, BT B T i
KT R AMAE, Pk 5256 20 4 1 8 A FH At AR 9
-5 50 T8 N RN IS PR FRA IR 82 vl 17
FEWE
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Wt THFOL/FAL [ C—O it i & 2L f# fig
PR = P2 R 1,5-PeD, i L FFA Jh J5URHI 221
B 5 22 (1 R S, 1K IR B AN [R) A7 1) C—O B
SRR B R 1, 1,2-PeD 25 R4, RO B
PR AR TR A e B R S AR I B S i R A . EIX
R, 54 Jm AL R LR IR A2 A AN R 4
b3 . YEH 2607 @5 Kk A S B A i 72, 8
Pt 3810 E AL AR AL ), LB SRR A1 R fiE S50,
TE 45 °C 1 0.45 MPa &/SE 1 T RI153] 75.2% 1Y
1,5-PeD j= 3R, 5 FR 2R R 1 i fife e A
F Pt A1 Al Z 8] ()58 4 i SC M BAE L &
A1 BT AR IR 1) AR AR 5 O BT TR B ) D3 TR R, O
H RN I A BEAR 47 Ho A i) 1,2-PeD 1774

VT AR, E Bt 4 Jm B Ak R — e vk i = ek
FFA #| 1,5-PeD #532 K 1, {H Cu, Ni, Co %4 )8
I e A AT PR S B AR TS 2 R RN, 20 H bR
PR BRI, S B 1,5-PeD (1 77 3R 3 3k AL K
40%~60%. 15111, KURNIAWAN %" 2 4] T 1R
&4 B A ALY AL T Ni-CoO,-ALO;, 1£ 160 °C Al
3 MPa & /3E 1 R 6 h Al 15 47.5% ) 1,5-PeD
PR SRR NI’ CoO, YA ZS (i Fl T4
B i S W B, 7E FFA B C=0 #Em & 4= il FAL
Jii, C—O S e A 2 i 1 Co™ I, B LA
1,5-PeD. 7 CeO, # £ I+, WANG % {fi Jfj Cu
&M Co 4 J ok 028 Ho 4 Bk, W55 Co 5 CeO,
(R RE B AT FH DA 2 Ak 300 3R 18 7 A Co L)
FAZS 7, 32 R 7= ) B e B8, AL FRIFE 150 C Fi
3MPa R A K KT L 4hnl 45 53.4% 1
1,5-PeD 7= 5, A5 A B F H Co™ % i ZIF-8
fiiAE th— b LDHs 4#4k5%1] ZnCo, 7E 160 °C i1 4 MPa
ASJE S TS 46.9% 9 1,5-PeD ;7R g JL %
BH, Co 151 A BRZE T A7 B e 1 % ) BT e 11 25
1, Co’™ g Zn" 2 A (i By L RS AR HE T A g
W B6F, FEA B fil 4k iz B 4SS X5 A5 ) 7 FF B0 B o
DI b, 78 FFA —fei & 2] 1,5-8% it f v, %
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K
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& A Ak 550 7E il %% = {B R Ui 774 FAL. CPO. CPL,
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