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1.1 ELFIR &l &

R FHS I -8 I v il £ AN TR) AL O, B 1 1Y SiO,-
AL O 2. FREGT L) AL(NO, ), - 9H,0 FIIEfE
M2 2.l (TEOS) ¥ T 60 mL Jo/K 2, T 353 K /K
WHEFE . A1 h, A —E = ZK I pH 7E 6.0~
7.0 ZIH), Az BRI 5 AEAR TR R EE T 24k 24 h. BEIE
2353 K T4 12 h, A2 K - min HEIRZE
773 K, #5452 3 h, 153 Si0,-AL 0, 2 &Y #K, #5
IC M Si0,-vAL O, , Hrr x g AL 0, 7E Si0,-AL 0, &
B ALY R AL

PL B3R Si0,-AL O, E G W R #dk, 75K G IR
B (Ni(NO;), - 6H,0) MBI, R IR 5
28 Ni/Si0,-AL O fAb. 2835t fa 1A AL 55 Hi
&, 76393 K T4 3 h, 673 K 4555 3 h, BI7541 2%
W 15% (ER A ) AR, FRic oy Ni/
Si0,-¥AL0,. JofE T LA, 42 BILI4E S0, F1 ALO, K
AR5 T Ni/Sio, Fl Ni/ AL O, fEALH. Fr A fidk
FIF 30 mL - min~' /Y H, £t 823 K if )5 3 h J5iE471%
PR
1.2 ZEBEWER ISR TN R =4

PEALFE PEPF A FEAS S 3 i e 22 vh kAT, JRUT
TR ARIAZ g 0.28 ~0.45 mm AUMEALT . 1.67 g &
BEN IR A 40 mL ZKIMA R T, A ETIE
77, T AR A E N i B, T A B k2 T i
TSR, $EREES 3R 400 ¢ - min”'. FEIRJE IR,

I FEHIH Agilent 7890A HUS AR (AL HEAT 40 BT,
BEOIEN (0 0.32 mm x 25 m), EER K 5%
FHJLTERERA , A1 353-473 K, FID K25,

1.3 ELFIHIRAE

X B AT 8 (XRD) KR H Bruker D8 Aa-
vance Y X BFRATHAL, fH Co #2, K, 5&5F, &
JE 40 kV, & HLI 40 mA |, FHEEHE 20 =10° ~ 80°,
HH#E R 6° - min™',

N, P B 0 Fff U 22 7E Micromeritics 2y 7] ASAP
2020 24 [ B EN R AT, BE A TUETE 423 K
EEABAANEL 5 b, SRIGTE 77 K F kAT N, AWK
BAF-JBERRHIN A, i BET J7 B30 AE i i) B R .
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FEZEZIRWM H, 2 h. HHESWHEZEFRE (HIDEN
modelQIC-20) fF5 R4 PG, IR BT
FEFFTHEBLR (2 E 20 mL - min™", FhHE#E R
10 K« min™") , FBRIE S HTACAE LA TN H, JE B

NH, #2 J3° 7+ i JB fff ( NH,-TPD ) 3 fiE 2k ]
Micromeritics2y F] AutochemIT {22 0% FHHEFT. R
WAL (Rif2 0.28~0.45 mm) 0.1 g B T 194
Hr, 7£ 60 mL « min~ N FHR R 673 K, LIFRZE
FM 24 T, FHREKHEGSRL TR R
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modelQIC-20) fF 5L PRG, IR BT
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10 K« min™") , HBE BT LA TN NH, B i

Py-IR FAEALE BrukerTensor27 {8 37 M- 41 4p G 1%
A EDRE. 20 mg FE& F SR 7E 423 K, 6.0x107°
Pa S5 FIRAAREE 3 h, FRIELE 303 K WMt ief5 ,
25 473 K fMEZS 2 2.0x1072 Pa. 1038400 T 0945
TR BN,
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Table 1 Texture parameters of catalysts prepared with different supports

Ni’ Average particle

Catalysts Aggr/ (m* = g7™") V./(em® - g™ D/nm )
size/nm

Ni/Si0, 50 0.10 7.9 36.74
Ni/Si0,-5AL,0, 425 1.49 13.4 18.49
Ni/Si0,-8A1,0, 478 0.82 6.3 14.36
Ni/Si0,-10A1,0, 384 0.59 5.5 16.48
Ni/Si0,-30A1,0, 247 0.51 7.3 19.10

Ni/AL O, 166 0.26 5.4 10.18

Si0, . Ni/AL O, fEALFI B 2L 281, i & s vT
A, TR ARG AR R TR R 2E S,
Ni/Si0,-8AL, 0, HAT f = Y LL R TH AL, 35 478 m® -
g™, Ni/SiO, e/, K 50 m® - ¢7'. Ni/Si0,-Al, 0,
A B 2 i AU FL AR G2 KT Ni/zSio, fil NizAlL O, , B
% AL O, &I, Ni/Si0,-Al, O, 52 38 b 2% 1fi FR
SR E IR | SR FLAR SN e R FLA R
ZLp/ N B X g5 R 2R Sio, hid
AL O B5 L ART LU RO T A6 50 i FLBR 4544, i
i AL O, B3I A B bR I AR, L2 AN
FLAR AN,
2.2 L FIA XRD R
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Fig.1 XRD patterns of catalysts prepared with
different supports
a.Ni/Si0,; b. Ni/Si0,-5A1,0;; c. Ni/Si0,-8Al1,0,; d.

Ni/Si0,-10A1,0,; e. Ni/Si0,-30A1,0,; f. Ni/AlL O,

AL O, AL XRD FE. AT LLEH, A NisSio,-
AL, 0, VLS Ni/Sio, AL HE 15° ~ 30° (3 [ N
IR — FE AR T JE S T ETE SiO, B RRAE AT 45
W A L AL O, B FFAE . [R] A, 33 BB FE S A
20= 44.5°, 51.8°F1 76.3° S B X W Ni(111),
Ni(200) A1 Ni (220) & 1 1) 45 AF f7 5 % (1CDD,
PDF03-065-2865) , A £ NiO FFAiF A7 5 0, ik
HAE S0 25 1 T A AL A IR LA 52 42 NiZAL O,
AR T Ni BYRREAT S0 Sh , IBTE 20= 37.6°,
45.8°F01 66.8° H BT JE Jy y-Al,0,(311) , (400) K&
(440) T A9 AT % (1ICDD, PDF00-029-0063) .

HIPE 1R AT DL, ARk 7 2000 Ni° 4
T S 0y e 5 B B AR B A AR B 22 S X 1 B
BT Ni® ) SR R B KOR ). AR 48 De-
bye-Scherrer 233, DA Ni(111) f i iH5E 45209 Ni/
Si0,-Al, 0, LA B Ni/Si0, . Ni/AlL O, H Ni° i 37 25
PRGE, 25535503 1. aTLUAEH, Ni/ALO, R I H
Fe/N NI SR RSE, T Ni/ZSio, B R iy Ni° fi
B RSE. 78 Si0, 151 A AL O, R, Fifi AL O, & Ay
B, Ni/Si0,-AL O Ni® fpRLRSH et /ING K
Ni/Si0,-8AL, O, AL B A /N Ni° ki R
2.3 E4LFE H,-TPR RAE

&l 2 2 Ni/Si0,-AlL O, LA & Ni/SiO, . Ni/Al, O,
HEALFAIAY H,-TPR &, H,-TPR % P& v A ) 3 B £
FEEUET] IH & o 5 AR B A R RR FE A BAE Y
NiO HyRh 3R JE 70 s AT, Ni/Sio, fiEfb ] 3
BITE 693 Fl 734 K 1 BB 15 U AH 32 1 340 S0, 3
SEJE R AR NiO B3R J5 DL R 5 3% A 4 55 A0 B
FEF B NiO #Fh )38 5.

Ni/Si0,-Al, O, R 5 A (1) 3 g A A 1 Wi



418 a4 F  fiE

532 %

I~ (a)

~ (b)

- (¢)

H, Consumption/ (a.u.)

i

H, Desorption/ (a.u.)

- (d)
- (e)
()

600 700 800 9200
Temperature /K

Pl 2 AR EMAR fE Ni SR H,-TPR 15
Fig.2 H,-TPR profiles of catalysts prepared
with different supports
a. Ni/SiO,; b. Ni/Si0,-5Al,04; c. Ni/Si0,-8Al, 0,; d.
Ni/Si0,-10Al1,0,; e. Ni/Si0,-30A1,0,; . Ni/AL O,

B4, Ni/Si0,-5AL, 0, kI, BR T 693 K Ab{Ak
A NiO B3R JF ISR 76 800 K LA - Ay IR B ¥ il 9
BT 5 T 5 AR A AR B NiO P Fh 8
JFUE. BE AL O, S ARG I, IR 34 S0 () R S
BT, JEBETEAL, 5 e A i e S I S oy
A RS TR) A v IR A D0 P R S B R, L
WA T 7L B 2R T v X R AR AL, AT Sio,,
Si0,-Al,0, 5 NiO BAG B9 i AH B AR AL [A] i 3
AR HFEERES AL, O, & B A 3 N2 4 . 77
ALO, F ik 3] 30% i, #E S 0E LT & H 4 b
866 KAk, i A L i 4 Ak 7] i R 43 ) NiO #1555 2%
WAFE A 3 0 A B AR Y. Kirumakki™ F
Castafio 2 25N N L Si0,-Al, O, K &R AR IS, Ni LA
PR B T 793 K AR JRIE AR AT e R i TIE A T
T MR/ AR YA, AN, Si0,-AL Ok
NiO Z [A] (4 A0 AR B AL O, & f 3 finni 3 5, w]
fiE 5 Si0,-Al O, FTH 4 & MR h A 56
AR AL O, B, AT 9 S b 3 R A
724 K, BHAFEM & T 80 K, H R JE ik 5|
1000 KA, A8 Jiioe 4, U4 )R 5 Al O, £k
(A AH A B i A 24k, 254 XRD R AE
ALOJELL y BUFFTERGEE S, FRATTHED 3 5 AH o
YERIATRESE T Ni* EA T y-AL O, U LA 457,
A T R M T AR DI TG S T 2R A 45 ) PR R4

IR 22 3 Bh Ni S53k4k AL O, Y5 AH BRI AE
A SN AR R AR AP HLAR R T XRD RAE
Ni/AL O, L /N F NisSi0,-AL 0, , #IFHH
5 (e ) Ni P o3 1088 ) D 1AL
2.4 E4LFIE H,-TPD RAE

K 3 Rk 5 S Ni/Si0,-AlL O, LI Ni/Si0, . Ni/
AL O fEALFI A H,-TPD 35 & B EIATAT, Ni/Sio,{X

()

(e)

(d)

(c)

(b)

(a)
1 1 1 1
400 500 600 700

Temperature /K
& 3 A A gk N R Ab 39 H,-TPD &
Fig.3 H,-TPD profiles of catalysts prepared

with different supports
a. Ni/SiO,; b. Ni/Si0,-5Al, O5; c. Ni/Si0,-8Al, O4; d.
Ni/Si0,-10A1,0;; e. Ni/Si0,-30A1,0,; f. Ni/AlL O,

FE 423 K ZEAAEAE— D5 10 | X T 55 4k 22 0 Fff
H, BB EAS | 535 Ni/Sio, X H, 1 W2 BFBE 714855 .
Ni/ AL O, fEARF U 4351 7% 393 ~600 K LA K 700 K
IS ST B H, BRI X UEEH NiZAL O, T
FELEPIFPASIA] ) H, B o, DL Si0,-AlL 0, A £k ik
) Ni FEAEALT A H,-TPD 3% K] 5 s — 2k AR i fiE 4L
FIRH AR, Ni/Si0,-5A1,0,73 5 7F 423 i1 473 K [f}
IEAEAEPIAS H, IR 04 8 A7 A T A A (] 1 % e
H UG A, BEE AL O, & s AY3E i, 423 K 4bRY H,
BR8N, AL O, B ik 30% I 423 K ALY
H, BB 2, 473 K AR IR H, B fF I U Bl AL O, 7%
A ] e I ) A Bl AR L R R i T AR
THRAR 2 A 700 08 B 000 M6 e 22 31020 1y I
4+ Ni/AlL0,> Ni/Si0,-5A1,0, = Ni/Si0,-8A1,0, >
Ni/Si0,-10A1,0,> Ni/Si0,-30A1,0,>> Ni/Si0,. Ni/
AL O AR s P 42 R N B e i s P He 3R
1A, B 2 et | 16 Ak SRS RS, 1T Ni/
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SiO, #E 1k 70 1 M e 3R 1 e 2D, Ni/Si0,-AlL O, L 7
(MR | 3% P S A S0 5 XRD FAE A 15
() Ni i RO A A R T AH G . X TR T
Si0,-AL O, & & F ALY R IR Tk O A AE, R
TG4 Ni PR A R L R L
LA BIRE T =R .

2.5 AT ERIERIE

XTEAAR R A E NI e AR 64T T NH,-TPD
AL, HRAE NH, M o i AR AA TR  32% 1T S5 TR
HHR IR 5 R 1R R 1 O (I PR U TR B L3 ) Sy
400~523 K, 523~673 K 5> 673 K)»', 4554 F
2. HRTEIETTLIE H, Ak Sio, To B W R

R 2 AEFMAER S8 Ni BT R BB R

Table 2 Surface acidity of different supports and catalysts prepared with different supports

Total acid amount

Weak acidamount

Medium acid amount Strong acid amount

samples / (ol - ) /(mmol + g / (ol - g7 / (ol - )
Si0, n.d. n.d. n.d. n.d.
$i0,-5A1,0, 0.28 0.17 0.10 0.01
$i0,-8A1,0, 0.43 0.29 0.13 0.01
$i0,-10A1,0, 0.45 0.27 0.15 0.03
Si0,-30A1,0, 0.52 0.25 0.22 0.05
Al O, 0.63 0.28 0.21 0.14
Ni/SiO, n.d. n.d. n.d. n.d.
Ni/Si0,-5A1,0, 0.13 0.095 0.035 n.d.
Ni/Si0,-8A1,0, 0.34 0.23 0.06 n.d.
Ni/Si0,-10AL,0, 0.32 0.24 0.08 n.d.
Ni/Si0,-30A1,0, 0.23 0.20 0.03 n.d.
Ni/ ALO, 0.11 0.11 n.d. n.d.

n.d.: not detected

Hls, RAK Si0,-AlL O, 26 TR PE o LSS R FN o
gk, FEfEfE D asm R . B ALO, & iy
B, AR Si0,-Al, O 1) 6k R 5 RN 45 568 J3E 31 1] 114 iR
HUC B B BTG . AR AL, O, 19 SR 5 R 5 R
OEE W B 2 T UK Si0,-ALO,.

SRR, AR B R BT R A T B AR
fk. B2 2 BPE AT L& BL, NisSio,-AlO, fil Ni/
AL O, HEAF A 55 R 0o A s b, v 3 R 0 3 7R
U LI, R EGE B Ni B W B e
AR R YE TG L. 25 A R iR R N5 R
OECE A LT TPR R AE T Ni 524k
AHEAEFH 3 B A A B & B, NisSiO,-Al, O, i
PE4 )R Ni SR T AR FHBE AR iR iR | 9
PR ES B TG 5, 31— 25 U B W o 2k Ak i
iz | SRERH L0 Ni P9l 5 808 BT SRR ELAE .

R T HE— 2T R TR NI JE AL R IS A
X Ni AL FIVEAT T Py-TR RAE. W 4 B, i

Transmittance/a.u.

1600 1550 1500 1450 1400

Wavenumber / cm™
(& 4 AR A0 2% Ni FEAEALTT Y Py-IR 38
Fig.4 Py-IR spectra of catalysts supported on
different supports
a. Ni/Si0,-5Al, O5; b. Ni/Si0,-8Al, 0,; c. Ni/SiO,-
10A1,0,; d. Ni/Si0,-30A1,0,; e. Ni/AL O,
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2.6 EUFIEX ZEBRER NS ERE

2.6.1 A FIEAL BRI R I PERE LA 4R
SCHRARIE , LIKCRHERIRT, CBERIRT 2K 1 $
JIT 3 (14 2% BN i A2 in A AR iy - 1 Y TR L B AR TN

(0] N
x‘b é\'@s
Nt
OH 95&
ey,
(0]

‘aj;

(9

\s"t‘s
%0

levulinic acid

OH
MOH
4
0o Af\

4-hydroxyl pentanoic acid

(0}

g

a—angelica lactone Pathl

CERFRAEFR T T O AR AE B KA B o- 2SI N
JEEE C = CHMA LR y-ILNBE; B 11 NS
BEINTR L C = O INE AN 4- 85, Ja & Pk
IR A B y- 1SN TR, B0 BE I A U

R Y il TR N R A i A AR R B &SR

BEiE, FATHEE T RS TR 2 BRI
RiPERE(S5RIN T % 3) , RIS RRY, fEASS

/jﬁ( \\CQT%
»
»

Y-valerolactone

o /\/Y
Path I1 pentanoic 3C1d
+H,
R

7

Y—valerolactone

Metalllc sites

P 1 T A TR A 0 S o e A8 P

Scheme 1 Reaction scheme for the levulinic acid hydrogenation

®IEUFBLZHERBME T

Table 3 Catalytic performance of catalysts for levulinic acid hydrogenation

Catalysts Conversion of Sele(:tilvity to Yield of Convefsion of
LA/ % GVL'/ % GVL / % LA/ %

Ni/Si0O, 27.3 ~100 27.3 ~0
Ni/Si0,-5A1,0, 45.6 ~100 45.6 ~0
Ni/Si0,-8A1,0, 90.5 ~100 90.5 ~0
Ni/Si0,-10A1,0, 85.6 ~100 85.6 ~0
Ni/Si0,-30A1,0, 67.3 ~100 67.3 ~0

Ni/Al, 0, 42.0 ~100 42.0 ~0

Reaction conditions; Reaction temperature; 180 °C , P]_12

Levulinic acid: 1.67 g with 40 ml of water as solvent.

a; levulinic acid; b - valerolactone; c: Reaction conditions

2 h

Reaction time:

Levulinic acid: 1.67 g with 40 mL of water as solvent.

A, CEBENBIFARIAL, KA ] o-25 15N B,
AL O NTREEAL ™, SR WA P ] o A7) 3
1 LR TR 22 B 42 1L HEAT RO, 36 3 FHR T R b

4 MPa, Catalyst: 0.2 g, Reaction time; 2 h

Reaction temperature; 180 °C , PNZ = 4 MPa, Catalyst; 0.2 g,

TR 180 °C, E/SJE ST 4 MPa U 4148 F &4k 571
FIPEM 25 R, R B vl A, AR50 B bR
Y y- 1% N G BEREPEREIT 100.0% , A 3] v ] 7
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Yy 4- BB, R PIRIR. X T RER T -k
PR 7> T TOCINBOAAERE , 2 LI R I = A 1
4-FRFE MR, 4-2 5 IR PR 15 A i 7K 2B B y-T5

PR, Ak — 25 S N IR,

Ni/Si0,-AL O, fE A 1 2 Bk PR R 1 256 i 2 1k
AL O, 7t 135 i 2 B0 5E1E K v/ i i g
H1, Ni/Si0,-8Al, O, Ak 751 3= 3 fe /&1 1) £ I 79 7R
AL, 35 90.5%. MR £ RPN IR i & AR 1 4 AT
ATLAE 1, S AR O BN RRFE (LR 58 y-15 P gk

RO TR ¢ = 0 Em T, Huh)if
Ut, C= O INEIEE I i S BEN R kA 5k y-
N ERICR B R 2R, ZBENREEAL R/ y-I% N
BRSCR m UE T C = O Jn &0 PR S Ni/SiO,-
8AL, O, 14 2, Tk 75 iR 2% A 2R /-1 P TR AT %6 B 1 14 1
H C =0 &Gt .

2.6.2 N iR BEXT L BER B INAERE R
4 T O R XA AR 2 T A 1 1 BE R )
(R, P 2 B T AT, AR T R R 2R

& 4 R ERHEATEN Z BRI SRR R 0T

Table 4 Effects of reaction temperature on the catalytic performance of catalysts for levulinic acid hydrogenation

Catalyst o Conversion of Selectivity of Yield of
LA*/% GVL"/% GVL/ %
Ni/Si0, 160 13.2 ~100.0 ~13.2
180 27.3 ~100.0 ~213
200 38.6 ~100.0 ~38.6
Ni/ Al 0, 160 23.7 ~100.0 ~23.7
180 42.0 ~100.0 ~42.0
200 57.9 ~100.0 ~57.9
Ni/Si0,-8Al,0, 160 45.1 ~100.0 ~45.1
180 90.5 ~100.0 ~90.5
200 100.0 ~100.0 ~100.0

Reaction conditions : PH2 = 4MPa, Catalyst; 0.2 g, Reaction time: 2 h Levulinic acid:1.67 g with 40 mL of water as solvent.

a; levulinic acid; b: y- valerolactone
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Table 5 Effects of hydrogen pressure on the catalytic performance of catalysts for levulinic acid hydrogenation

Catalyet Hydrogen Conversion of Selectivity of Yield of
pressure/MPa LA"/% GVL"/% GVL / %
Ni/Si0, 2 5.63 ~100.0 ~5.63
3 15.8 ~100.0 ~15.8
4 27.3 ~100.0 ~27.3
Ni/AlLO, 2 13.4 ~100.0 ~13.4
3 21.5 ~100.0 ~21.5
4 42.0 ~100.0 ~42.0
Ni/Si0,-8A1,0, 2 32.6 ~100.0 ~32.6
3 53.2 ~100.0 ~53.2
4 90.5 ~100.0 ~90.5

Reaction conditions; T = 180 C, Catalyst: 0.2 g, LA: 1.67 g, Reaction time: 2 h, with 40 mL of water as

solvent

a: levulinic acid; b: y- valerolactone
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Hydrogenation of Levulinic Acid to y-valerolactone Catalyzed
by Ni/SiO, -Al, O,

GE Yuan-yuan', Li Jian-fa', SUN Rui-xia', ZHANG Yin®"
(1. Department of Chemical Engineering, Yulin Vocational and Technical College, Yulin 719000, China;
2. Engineering Research Center of Ministry of Education for Fine Chemicals, Shanxi University ,
Tatyuan 030006, China)

Abstract; A series of Si0,-Al,0; composite oxides with different Al,O, content were prepared by sol-gel method.
Ni/Si0,-AlL, O, catalysts with 15% Ni loading were then prepared via impregnation method and were applied to the
selective hydrogenation of levulinic acid. The catalysts were characterized by N, physisorption, X-ray diffraction
(XRD), H, temperature-programmed reduction ( H,-TPR), H, temperature-programmed desorption ( H,-TPD)
NH, temperature-programmed desorption (NH;-TPD) and IR spectra of pyridine adsorption ( Py-IR). The results
showed that the adsorption and activation capability for H, and C = O were effectively influenced by supports. Espe-
cially, the adsorption and activation of C = O bonds were enhanced by the L acid sites on Ni/Si0,-Al, 0, catalysts.
As a result, the activity for levulinic acid hydrogenation was significantly affected by synergistic effect of L acid sites
and active Ni sites. Ni/Si0,-8Al,0; catalyst with the most L acid centersand abundant H, adsorption sites showed
the highest catalytic activity for levulinic acid hydrogenation. The conversion of levulinic acid reached 90.5% and
the selectivity for target product y-valerolactone was 100% , under 180 °C and 4 MPa hydrogen pressure.

Key words: levulinic acid; hydrogenation; y-valerolactone; Ni/Si0,-Al,O, catalyst; SiO,-Al,O, support; syner-

gistic effect



