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TV I B 245 it 25 2 e A 4l , A P RGBT e
AbHR. A Ni/SiO, AL AR F I i SR 0 14 Jr
A, SRR T RS R R SR TP IE
JEAFRIEALTRE S — ST ) Ni/SiO, A A5 il
FITEUNT « FREL 28.420 g Na,SiO; + 9H,0 ([ 255
AL A BR A w], 2 dr4ii) #15. 816 g Ni(NO, ), -
6H,O([H 25 & B AR, Zrbral) , 43 3K
100 mL K. 76 1 L ABEAH A 400 mL X5
K, TN 100 CIHORFFIE L, HEFE T 4™
P VR ) N SR T I Ber b, A2 BUTTE , IR TTTE
LRI pH (EARFE N 10 ~ 11 YL 45
JEH R BRI R ER, ML 12 h, RIEHIZ%
BIFK R URIFAATH 6 WL |, SRJE 405 K
CTEFNE T BEUE UG AAZE T TR 5 A Y [ {4
Ry AR AT HEAL ).

B i A AL R A A0 BIF RS I B TE A1 AN, et
B A T SN A P E IR S B S SO
a2 E S 7R 100 mL/min (9 3 200
THEZF] 500 °C, FHE# K 10 C/min, ffFE3 h Z
Ja ASRMER, FHRBEACT 40 CHIA 0.5% 19 0,/N,
AT AL AL B, AR AR, A3 E0E R N S E
0.20(Ni : Si=0.2) FyES:, 184E Ni/Sio,-20. &5
Hh il 25 9 340 IS AR 4% NI SiJy 0.20, 0,30,
0.40.0.50. 0. 60 {&KiT K Ni/Si0,-20 . Ni/SiO, -
30, Ni/Si0,-40, Ni/Si0,-50 Fl1 Ni/Si0,-60, 25Dl
I 5 PR 4R A S AL AR TR BR 32 A Ni0/Si0,-20
Ni0/Si0,-30, Ni0O/S8i0,-40, NiO/Si0,-50 FI NiO/
Si0,-60.

1.2 LR

FEG I HEERTH AR | S FL AR B LA I 2
1£ 32 [E Thermo Finnigan 7\ &) [Y) sorptomatic 1990 7Y
Z B b 58 B, W AR S =196 °C, HE R TIAR
A3t 54 2% ] Brunauer Emmett Teller ( BET ) 25 i3 7
P FERINAATTE B2l N, hBEACS b, AR
200 C.

FEAR BB R X BRI 540 B (XRD) SR 2 [
Bruker-AXS A F] ) D8 Advance #1425, X SF£kfir 4
e, R Cu K, $148, 4 H 40 kV, 4 40
mA, A =0.154 06 nm, FHFTEE R 10° ~80°, £ K
S 0.02°.

H,-TPD F1 NH,-TPD >R F Y & #fi V1. Finetec 7%
)42 72 1) FINESORB-3010 7 75 7% T 1L £k 2% 0% B Y
HEATIR, fEAEFRI &4 0. 050 g, #RAH E 4R,
W BB SRy R, THEE R 10 °C/min. W B
HIAEALFRE S SE T 120 C R sh i A5 T Bl 2
120 min, RJG7E 35 CF W B 28 40 0 5 76 A [R) R
TR BRI, W S B B T,
TEW SR R T A TR T TR 4%, Bk
TP 50 mL/min.  SEHG H i %) 4G T
h TCD AG i 25, 4G D0 W52t B 4ok 75 v 5 o A< A 1 A8
b, RAGEHFE R = 4.

R BT 3 UKL A 43 A7 R F ep 22 Philips 23 ]
) G2 F30 S-TWIN #liz & i S i e, Hm Rk
H1 2y 300 KV, d5em TEM BORAEECH 100 4%, 46
Gy HER 0,102 nm, gi53HEE A 0.20 nm. JIIRH]
FERE IS I P Ak 7R B R P BCAE TS K R
FARSAE U B FAR N L, 28 T8 5 1 50 i

B B R T B3 B Al 2853 (XPS) 2R FH 6 ]
ThermoFisher Scientific 2> 7] 4E 7= ¢ %l 5 >4 ESCAL-
AB250Xi 1) X 0t FREIRAL. LA SR
Al Ko( hv=1486.7 V) IR , $EAYINH &
Jp15 kV, TAHEHER 15 mA , HEZSESENTF 2%
107 Pa, fefEZs MR <3 pm, BUREIREEZ N
1 ~10 nm. firf5 XPS 254 e di 5 n 84 5L T 2 A
N5 284. 8 eV i C 1s & E1TR M. FH Casa
XPS F1 Origin KAF4HT AL BRI ZE S, Frds XPS 45
HEIE LA 51 H XPS Fiit.

1.3 EUeFEETEN

PR TR %) H e S 7R 50 mL ) 5 He
MAEHHEAT. FERRIEL T, 40 27 mL (27
g) B T/KM2.4 mL(3.0 g) Hilh, BARIESRN.
FEFRE 300 mg (1) Ni/SiO, #ELF], /N ImA TR
W, TN S RE F, BCTERG ) R A A A
Wi TR is i B R, MR REIE W TP o e B 5
BRI PRI -9)) AR kA B A SN A UK DA
b M ERRE R N AR N B ) T 6 MPa ks
AN, B BT N ROV A8 N A Rk
TTE#. FRERNHERANESE TR 1.0
MPa, K5 TiessE =38 IR i 2s S, XAt ol v R
PN A SRR T 2 ER Y 1710, #2317 6
LA X ERAE , R e R S 28 N I A S A
Al 5% 99.999% .
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A RS Ni/SiO, AT A B H b S i 1,2- 0 R g 405

AZE 2.5 MPa, & FHRAEF: L 10 °C/min Y3
FEH 20 CTHEZF] 170 C, Z 5241 C/min 55 &
M 170 CHIEF] 190 °C, £ 190 C T Hpgk b 10
h. M N AR FERREAE 190 C R, TR AEN
#)5.5 MPa. g 2 H o T 2 TR TH AR e 48
YL I REAIR, 5 1) S 4 thAb sE U, ()
YEFFTES. S MPa. R NZE RS, 7 SN 42 i R 3
i, TR, SAE R AR, SRR T SO0
4, XPRERLEEATHIE , A5 B0V WAL AR A
O i a1 TR N R T 1 IR U A IR - 'S
(SP6890) Bg£k/r, il FH 2 K Il 4 il SES4
ME ISR (30 mx0.32 mm).

2 #HRE5WR

2.1 L FI R R

F2 12T BRI FRE 5 O SR TR B4
AL Y, S I R TR AR B A A2 GA ST
AL 1 B BRI LR A 3 FLAR FIAR 2
SR B Y L R 3B N R 0. 20
molm/molsmz(NiO/Si02-2O) o, b FEmE ok 361
m*/g. FLIARIA 0.75 em’/g, TMiFHFLA2 R A 8.3
nm. Y4 SRR S RO, AL FVRE S A e T R
AT /NI BE A4, 33k BT 5o I R BT v )
) Ni/SiO, i £k 7 o i 43 J& &5 B2 43 HO7E B ik Sio,
H eEiRi e NS EAE 0.4 moly;/molg, iy HE 3R
T BUAF LKA 450 m/g. B 5 AR JEE K LA A1)
() L F A R R, X AT BB T 5 o I 48
LN E TS e i N N A 0 S (1R 12 E 0 N e S
BLAF BRI A B b A T H A e A )
LA FP A ™ BRI/ A0 PR 2 T 0 R B AL T 1)

M

& 1 ERBTEL T B AR

Table 1 Textural properties of the catalysts before reduction

Sper Pore-volume Pore diameter
Catalysts s
/(m2 'g_l) /(em’ + g™h) /nm
Ni0/Si0,-20 360 0.75 8.3
Ni0/Si0,-40 450 0.66 5.9
Ni0/Si0,-60 380 0.58 6.1

2.2 L XRD 347
Bl g5 TikE NS &ER0.5 mOlNi/mOISi()z ik

PFARE AR SR | 8 IS ARORLIS B9 XRD 3.
FAEALFITEIR AT H 23 T 120 C iy TR 3, K
Zeid iR e, T LA DT ) A AR AR S B R
ALY Ni(OH), BRI IE, RABL NiO 1 NiSiO; Y
FRIEAT . EAHERE MR, fE45d H, 78 500 C
A BB A RS A AL TR A XRD 35 &, K
KRBT BB ARFIEAT 0, T LA TR ARG i S 0
vt , X R T A AU NisSio,-50 fiEfk
R <52 T B2 e BE A HIOIRAS , 10K oA H il U 1y o
VA e s N R e VA 9 S S WL EZP o =
SRR BN I AR B 0 ARATS B8 A s BE 23 B 4
B, FUR R BT S 0 Y R B WA I, X
JO7 A R 5 4 JaR AR S e A R R BT L

¥ Ni(OH), (JCPDS No.01-1047)
¥ Ni (JCPDS No.04-0850)

Intensity/ (a.u.)

20 . 30 l 40 l 50 l 60 ‘ 70 I 80
20/(°)
P 1 AR XRD 3%
Fig. 1 XRD patterns of the catalysts
(a)Ni0/8Si0,-50, Ni/Si0,-50 before reaction (b)

and after reaction (c)

2 B TR R Bk R S B NiZSio, il
RIEPAH. KRR LA 1, AR N R
Ni/SiO, fEAb ) 42 R M 4 Ja B ) e AR AT A 0, T
H, ARTHE Ni S i Ni/Sio, #4688y
R HORE. SNBSS, 8w
i NiF#EM0.2 moly;/molg;, HhnE] 0.6 moly,/
molg, I, 7E 500 C ok J5 )5 B A7) Hh A < T R 1Y)
FAEAT S BT R A B 5 5. X R 1 ad g IR i
FEPTTE S BURGE A A0 35 38 I Ni/SiO, fiEfl
7R PR R A S10, 1% AR FL AT o < T B A
5 HUE.
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v Ni (JCPDS No. 04-0850)

Intensity/(a.u.)
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Fig.2 XRD patterns of the catalysts after reduced
a. Ni/Si0,-20; b. Ni/Si0,-30; c. Ni/SiO,-40;
d. Ni/Si0,-50; e. Ni/Si0,-60

Intensity/ (a. u.)
(£}
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Temperature/°C

&l 3 ik H,-TPD &
Fig. 3 H,-TPD profiles of catalysts
a. Ni/8i0,-20; b. Ni/Si0,-30; c. Ni/Si0,-40;
d. Ni/Si0,-50;e. Ni/Si0,-60

2.3 LRy H,-TPD 54

B3 45t T AT B AL ik S PN A H,-TPD
B, U B 22 e AT R R S TR 2.
3 T LI Y, AR 0 3 225 e & i 3
250 CYERIN, fE T 450 “C YT X [E] N B h &
BRI BERR , W] 0 TAE Ni/SIO, HEALTRIAE f

B R BB A SR A N
Hid Al LIt Ni/Sio, fELFRI7E 2 il 1 250 C il
T AR LA A [ IR OB R e, X 2 Sio,
B R BRI AN Sl 3R 2 Y SE Y
Bl UAGE , ASBEFEE i3 I R TORE il . 2l ik
TEESETRJE I NiO/Si0, AT A R ik i
o BAT AR P < B ) 3 BB A5 ) )
YRR AR, B Jm BT P R AR B T
Ni SRS B IS D8/ 3. 24 Ni ¢ Si=
0.30 i, Ni/SiO, fHEATHI A <5 a8 B F) 3 1 LU o T AR
HIRA, 35 160 m®/g. 50 10 42 B B A T 1 L R
AT RRA M) 20 A 2 5 R i s T A ) i
s, BORF AR i H Il U AR A L, 2-8 R

R 2 7£ 500 CHEERHELFIE H, HLFIRM

Table 2 Chemisorption of H, on catalysts reduced
at 500°C in situ

Uptake of H, Uptake of H,

Ni surface area

Catalysts
/(mL - g") /(mmol - g Y (m® + g catalyst)®
Ni/Si0,-20 30.01 1.34 105
Ni/Si0,-30 45.75 2.04 160
Ni/Si0,-40 31.24 1.39 109
Ni/8Si0,-50 30.45 1.36 106
Ni/S10,-60 29.13 1.30 102

a. The surface area of metallic nickel was calculated by the
uptake of H, assuming the molar ratio of H/Ni_,..=1 and

=20

a surface area of 6.5x10™° m” for a Ni atom.

2.4 fEHFE NH,-TPD 5347
B4 L8 7 A TR T E 3 N L 22 ad o Ak

Intensity/ (a. u.)

141 302 /
170 C
j_/\\/
I A ! . ! I I [
100 200 300 400 500 600 700
Temperature/°’C

Bl 4 LTI NH,-TPD 5]
Fig.4 NH;-TPD profiles of catalysts
a. Ni/Si0,-20; b. Ni/Si0,-40; c. Ni/Si0,-60
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A1 [ 4245 Ni/SiO, HEATHA9-A M0 b HH il U 1, 2-T9 bk g 407

HUS (9 Ni/Sio, g mmert. ol LU, N/
Si0,-20 AL IR B —E R IR, 709 1E 99 |
141, 170 F1302 C 2B NH; BBLRRE. 22 AL
£ NH,-TPD i py NH, 5 B = 28 % A £ 100 ~
200 C 2z fu], 3k 3 W H 3% i R Y 67 3 22 00 55 IR
O YBRIEER FEEI N E] 0. 40 B, AT AY il
o B e ] AR il 5 1 G2 A%, T L i RS 0 £ 1T AR 2 3
. KT T AT AR B IR TR
PEOLRRCE: , PRI T AL R R R P s . i —
AR SRR A B Ni ¢ Si ol 0.60 B, X B AL
FR AT Fp A0 B2 AR PR R /b, ik B2 ik — 2D

S nm
=

I, XATRE2 PR & i, & REh T R
I, 4 AR ELAE Pk T k.
2.5 4L #14 HRTEM 4347

K S 25t 1 NiO/SiO,-40 4655 1Y 5 0 B L BE
Bl LR, EARERL T AT Sio, ik L2
FEABCIRE, RSFRZAHR 3 ~5 nm, 4340 fHXTEY
5], B 5 (b) He] LU B S B AURL I S, I
AR Z 0] (9 BE BS54 0. 25 nm, X 57 9 & NiO
(JCPDS 78-0643) my(111) Sy, X5 XRD 145
e —3m.

€5 Ni/Si0,-40 HYAEALTFIRE i Y HRTEM [&]
Fig. 5 HRTEMimages of catalyst Ni/SiO,-40

2.6 fE{LFIH XPS S 47

6 i Ni/Si0,-50 fEALFIAE it Ni 2p FUIE R H
ﬁ}%ﬁ'%ﬂ‘j Ni 2p,, F Ni 2p1 1y XPS 7‘5?1]%, HH & A]
1, 853.8 eV MHIAIEIAIE T Ni 2p,, ML T, H
S Ni2p (U, 7E 872.0 eV [fHiE &I )E T Ni
2py,, HoWFIEAYEIE S X FERH T N R4
JEHTFE AR O 1 T SO B S BT A
JEAR B FL 1 B E TS e AN TR & A A esi A e A
[ B M ELE, fET 8538 eV BT ALl A i
NI AR A A BRI 7E 855. 8 eV HY
PUAWEIN A Ni** fg Rt 3 3 400 A T e T R I
B, TEZAE R NI®/NP*T 0.22( LR 3) , AT
W e FEARAL AR A R T BN B IS Y NiO 7.

LR R , S XPS K H AR A R
HR N YRR, W E S XRD IR R AR NiO 1 7F
FE, XN B F WA BT B 22 5. XRD A L)
LN T 1) e AR 25 40 R RSE, & — Rl A A 43 B

Ni 2p Nit*
’é‘ Satellite
'
I
£
ot
S
b
z
‘z
-]
3
]
=
1 1 1 1
890 880 870 860 850

Binding energy /eV
& 6 Ni/Si0,-50 #EALFIFE S Ni 2p 1 XPS &
Fig. 6 XPS spectrum of Ni/Si0,-0.5 catalyst in Ni 2p region
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AR IC RS B . XRD A 344k
SMBRYIFRI TR, I HAE B ERIE SR
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Hh e HCAAAR A 1 B S — vk B Ak XPS G 2 R Y
(AL PR AR R Dk ) 25 45 2101 Ni/Sio, 55
JEHORAS , YR B i e 2 o i 5 . &
WRETEE IR T8k AR fERTE R T — 2

NiO FR3HE I, AIMTREL L 74 a9 2 B AL, it XPS
SUREA DN ZURE b R IHDE K RF A=, B Ak
R Z ARSI B AP XRD H1 XPS 9 % 45
AR TR AR BT A A R

% 3 Ni/SiO,-50 L IR RE Ni NS
Table 3 Surface element analysis of nickel on the catalyst Ni/SiO,-50 by XPS

Element Ni
Chemical state Ni° Ni** Ni/ Ni**
Surfaceatomic concentration (at. % ) 18.0 82.0 0.22

2.7 IR LA 1

2.7. 1 BREELLIOREN R A BT R Ni s Si e
(1) Ni/SiO, HEACT AL H b S0 9 35 2 2 fr 45 2R
LA, i R AT ] #A5 BIA Ni/Sio, A
AT RAT g B0 H e U T R A 1, 278 TR e
P RTINS H I 5 A T R B A7) P <6 B T 2K
RGN AR PR T N
0.5 moly/molgo, B, H Ml AYFE L AR AE S50 25 1 F
BEN e KAE 55. 4%, 1, 214 I A9 8 4% 1k ok 2l
94.0% . 3 i & 19 Ni/SiO, HEAL i H i 52 4L 15
PEA BT M. (EARE RIS, ARG A5 PR A 1
e AR A RE AN — B 7E H,-TPD 045 21 1 4
JEBRIIE PE R AL, Ni = Si o 0.3 2AEALTIAY

PR R A R, 5 160 m*/g. SR, Ni: Sih
0.5 FIHEALH A H b s AL e i, HOm P b R
BUL N 106 m*/g. X AT AE R T H b AR 1,2-
PR G BOSE A R, 4 SR R H U
(g LS VAN 4 SRR IR AR KNG R, IR ALTE
FRATLART AT & B . Ni/Si0,-30 Ak 19
Ph R AU B, (AL 48 SR 2
/AN, GBS T AR B H i AL S PR 5 Ni/Si0,-50
AL 5 E 22 R L Ni/Si0,-30 AL g, {1
R R T B A LR . 25 A
ZE L Ni/Si0,-50 A6t Ni/Si0,-30 {4k 7 H
AEE A H M EE, EE N SRS TE
RIGPE LA, 7 LA H e fL3 PE AR

% 4 7[E Ni : Si btk Ni/SiO, B FEEEN

Table 4 Catalytic activities of the Ni/SiO, catalysts with different Ni : Si atomic ratio®

Glycerol conversion Product selectivity/ (mol% )

Catalysts

/(mol% ) 1,2-propanediol ethanediol ethanol
Ni/Si0,-20 13.6 83.2 16.7 <0.1
Ni/Si0,-30 35.6 85.4 13.3 1.1
Ni/Si0),-40 47.4 90.9 7.7 1.2
Ni/Si0,-50 55.4 94.0 5.1 0.8
Ni/Si0,-60 50.0 92.3 6.2 1.4

a. Reaction conditions; 190 °C, 5.5 MPa, residence time 1 h, 10% (wt. ) glycerol in deionized water.

U R Y AR R AR A T — Bk
AR M PLBEE T, ERRIESOR AT, — B
IHHRIEL T FEZR HLEE 0 AT el AR i e e
(DR VA7) N S el N S = o B
AR AR PR A AV b T 7K A o 1) 7= 4 P49 D It 3
FREENEE, PR IS AR 1,2
aH 1,3 N EE. FEBUKEONH, T LY
JEB, T EAAFEE T R A A Sy e A

YRR, — oA A T O LA H
LU, JiPE 8 FURIGHLEE ™ AT, |5, Hilha T
Wl RS < i pRE AR i, SR AEAEAR TR T 2R
TP B RN, SR e AR 2R R, AE
BRIEFREE o R A C—O B, 50K AR S0P i
PR 1E— A FE AR T A A A 1, 2-7 =
B AT R U A Pk 2 SR S A
KA.
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A RS Ni/SiO, AT A B H b S i 1,2- 0 R g 409

HO
OH

(0]
OH
+H,
)J\/OH [ HO\)\

+H,

OH -H,0 O\/\/OH > HO \/\/OH
Bl 7 ZERRTE A TPk A5 2R I S L

Fig. 7The mechanism of hydrogenolysis of glycerol in the condition of acidic and neutral

Ho/w/\OH o

Fel 8 FERAE S 1 T HH I LR

Fig. 8 The mechanism of hydrogenolysis of glycerol in the basic condition

FATE P ARy TR Y Si0, , SR TE T I Ry
PN R0 07 S0 i e 450 W77 A0 Sl A E % e
BF7E Ni/SiO, HEALF A0, m] REMEfL H T K 4=
JG P T 7 TN, R A S N A Y A
PEAE R LRI AR AR 1,270 0, X5 3CRR[25-
26 | MEFFE A R — 2 RIS, RIE T
DRI L B, U Ni/SIO, i A 5 1) C—C
FEWTRAE S
2.7.2 JVAERE I E AR S B T
IRFTR]X Ni/Si0,-50 A0 70 A H il A 14 3 45 A

VEPRPERIRICR. T LAE Bl SO f5 B Ak ] ) S
K, HFE AL AR IUP R P . 2545 B I 1) A
Uh DUE R, H b i e AL Rk g3, {H 25
TN REAR /N AR A, 455 B I [R] A AN [F) O
B FECL,2-N R PR R R, X S LA
TR A AR R A R L LR 3 B il S
Wt 2 S A AN R 3k U IR AS [R] ) i AL 770
SR REANTR] , T H M AR B A A 7R B S
AR 12T TR SR AR AR AR E -

& 5 = EREXT Ni/SI0,-50 U FIE R R T

Table 5 Effect of residence time on catalytic activities of Ni/Si0,-50 catalyst

Residence time Glycerol conversion Product selectivity/ (mol% )

/h /(mol% ) 1,2-propanediol ethanediol ethanol
0.25 16.3 91.3 5.3 3.3
0.5 30.8 92.8 4.3 2.8
1 55.4 94.0 5.1 0.8
2 78.8 92.9 4.6 2.4

Reaction conditions; 190 °C, 5.5 MPa, 10% (wt. ) glycerol in deionized water.
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2.7.3 WMWY 3R 6 D RO IRAEAR ] 45
B IFIAL A5 0E T, A [ e J3E o A 70 e A H b =
G TR MR, SR Al IR B, BEE H ek R Y
S, Hh BRI AR, AR H e
Oy 10% I, HMAFEALR N 55. 4% , SR04 HAm 7k
J& o 30% I, Hil AL R SR TR 23.5% . X
FRELGR A A A AT RE S Hh T3 P e 1 9 BRI S i

o T HI AR ORI R Z A, HAhAE
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SR, 1, 2-PN T A R R BE 4E FF AE 93%
PAE.
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Table 6 Effect of glycerol concentration on catalytic activities of Ni/Si0,-50 catalyst

Glycerolconcentrations Glycerol conversion

Product selectivity/ ( mol% )

/(wt. %) /(mol% ) 1,2-propanediol ethanediol ethanol
10 55.4 94.0 5.1 0.8
20 50.5 94.1 4.0 1.8
30 23.5 93.1 3.2 3.6

Reaction conditions;190 °C, 5.5 MPa, residence time 1 h.

2.7.4 REAIEMFE 7 B TR H,
BRI PR . 7T BLAR th, 4 H, I
7 1.5 MPa EHRHEIE] 5. 5 MPa I, Hli9%4
2 R R RS AR UR
A1%55.5 MPa i, HOl 2L 5% L 3 5. 4% |
2R FERE ) 94.0% | ¥R IR ST Sy
TRORES . SRR 4 R R, H,

TERON P B S LRy BUE H ™, BE% H,
FESTHyBE N, Hy 055 A A0 H b o 1 Z (8] /Y
At LRI, AT SO SR, R H il Y
Fedb =Tt 4 H, Ik ATt Z)a, 1,2-0 B ik
BRG] TIEEE MR R, B R B
ARE R, X5 SCRR[31-33 [ HRIE Y25
— 2, RO H, A BT 1 2-8 TR R

&7 EKEHF Ni/SIO,-50 ELFIEERF M
Table 7 Effect of hydrogen pressure on catalytic activities of Ni/Si0,-50 catalyst

Hydrogen pressures Glycerol conversion Product selectivity/ (mol% )

/MPa /(mol% ) 1,2-propanediol ethanediol ethanol
1.5 15.4 81.5 11.6 6.9
3.0 25.8 92.0 6.1 1.9
4.0 35.4. 92.4 5.4 2.2
5.5 55.4 94.0 5.1 0.8

Reaction conditions: 190 °C, 10% glycerol in deionized water.

& Jl BET, XRD, H,-TPD, NH,-TPD, HRTEM
XPS 5P BOEMIEAT AL, FRE AL N T
Hl SR AR AT 1, A B #1532 Ni/
Si0, AEALTA G P2 o3 5 B o0 HCT A i, HLS
PEAL IS BRI R SE 9 5 nm, Ni/SiO, A6 A 52

3 &t

BT LA fi ik PR M R PR B SO, R DI
L T NiO/Si0, BSEAR, T )oK AR pAs I | Bl
a2 —2 AR Ni = Si 5 Ni/Sio, fEfEFR], BEif
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W BT A A S T, AR AR Y L R T AL RE IR
100 m*/ g, VAL, SBHTJE Ni/Si0,-50 fL7F:
a4 JE AR A SRR BB K T JE T AN [
Ni @ Si ) Ni/SiO, {4k 7 FH 1 & A S g 1 1
PR, RBUNi = Si k0.5 B, AR IE R,
AR TR 55.4% , 1,2-T R ae B
JEEIR 94.0% , FIrLIESE Ni : Si fifE(H R 0.5; i@
T AN R R S W T P s ), & 30 H Y A
AL FE E AR T 5.5 MPa I A0 T 1
B AT LR R A AN ] 457 B3 TsF T Fr) A Ak 5] B4 0
PR, R IERE 15 58 BsF B) A 35, H v i 7 1k 8
W, RO PR BT R 2 by H I B AL R R
78.8% , 1,2-TN . BERBEREME N 92. 9% ; JE T LA
AN ) e v X A A 700 T H e S 0 PR s e
R LB T v B 3, A ) A 0 T 3
1%, M H MR R 30% i, Hm i LR S0 T B
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Sk

[1] Dasari M A, Kiatsimkul P P, Sutterlin W R, et al. Low-
pressure hydrogenolysis of glycerol to propylene glycol
[J]. Appl Catal A: Gener, 2005, 281(1/2) . 225-231.

[2] a. Gu Gong-wei( iy 2:f5). The development of substi-
tutes for petroleum-based chemicals ( FHH & J& A7 TR
AR ) [J]. Nat Gas Chem Indus( RIRAL L) ,
2007, 32(05) : 51-57.

b. Xue Jing-jing ( ¥ &y /) , Cui Fang (# 75), Huang
Zhi-wei( # 5 )3) , et al. Characterization and catalytic
properties of the Co;0,/Si0, catalysts in the hydrogenoly-
sis of ethyl lactate to 1, 2-propanediol; effec tof residual
sodium (5% B 4} B T X Co/Si0, 14 8L 45 14 b FLER B Jin
SR ) [J]. J Mol Catal ( China) (53 F1
1k), 2013, 27(1) . 10-15.

c. Liang Jun-jie (& 75), Xian Mo (& ¥ ), Zhao
Guo-ming(#X[E/ ] ), et al. The base-free and selective
oxidative transformation of 1, 3-propanediol into methyl
3-hydroxypropionate by Au/ZnO catalyst ( JG B, 55 1
Aw/ZnO BEFEREAL AL 1, 3-IN B AL 3- 5N
BRHWEE) [J]. J Mol Catal ( China) (43 5 HEAL),
2014, 28(6) : 524-534.

d. Huang Zhi-wei ( 5 75 &) , Liu Hai-long ( X J8) ,
Jia Yu-qing( B¥ £ JK) , et al. Effect of preparation meth-

odson the structure and catalytic performance of Cu-SiO,

(3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

[11]

catalysts in the selective hydrogenolysis of biomass-de-
rived xylitol ( il & 77#%) Cu-SiO, AL 25 K HAEY)
AR PR M IEfE 2 m) [J]. J Mol Catal
(China) (43 FH#E1k) , 2015, 29(3) . 207-217.

a. Min En-ze( [X]JEi¥ ). Developing biorefinery by utili-
zing agriculture and forestry biomass resources: striding
forward the “carbohydrate” era () o] -4 R A=)
BRI M ) ——HE S A 2E Tl i A ROk B S
Y7 Bt A0 [J]. Prog Chem ({27 HEJE) , 2006, 18
(2): 131-141.

b. Zhao Rong-rong(i#4%i %) , Zhang Yu-ling(5k E¥) ,
Zhang Wei-ping( 5K4ETE ). Catalytic conversion of furan-
ic platform molecules into renewable chemicals and fuels
(HRMEEF 5 1h & W il A0 5% 10 T P A2 A 2 il FRR
KL [J]. J Mol Catal ( China) ( 4y T4i£1k) , 2014, 28
(5):485-495.

D’ Hondt E, Vyver SV D, Sels B F, et al. Catalytic
glycerol conversion into 1, 2-propanediol in absence of
added hydrogen [ J]. Chem Commun, 2008, 45(45) .
6011-6012.

Zhen Jun( ¥ %). Production statue and prospect of 1,
2-proypylene glycol at home and abroad (1,2-PJ %[
AN = BUR & AR5 ) [T 1. Thermos Resin (4 [#]
HERRE) , 2009, 24(1) . 58-62.

Chheda J] B N, Huber G B W, Dumesic J A. Liquid-
phase catalytic processing of biomass-derived oxygenated
hydrocarbons to fuels and chemicals. [ J]. Angew Chem
Inter Ed, 2007, 46(50) : 7164-7183.

Amtz D, Haas T, Miiller A, et al. Kinetische untersu-
chung zur hydratisierung von acrolein[ J]. Chem Ingen
Tech, 1991, 63(7) . 733-735.

Gandarias I, Arias P L, Requies J, et al. Hydrogenolysis
of glycerol to propanediols over a Pt/ASA catalyst: The
role of acid and metal sites on product selectivity and the
reaction mechanism[ J]. Appl Catal B: Envir, 2010, 97
(1/2) : 248-256.

Ganapati D Y, Payal A C, Devendra P T. Hydrogenoly-
sis of glycerol to 1,2-propanediol over nano-fibrous Ag-
OMS-2 catalysts [ J]. Indus & Engin Chem Res, 2012,
51(4) . 1549-1562.

Vasiliadou E S, Lemonidou A A. Parameters affecting
the formation of 1,2-propanediol from glycerol over Ru/
Si0, catalyst[ J]. Org Pro Res & Devel, 2011, 15(4)
925-931.

Zhu Lin (& k), Ai Zhen (3 ). Progress of the
catalysrs for hydrogenolysis of glycerol to 1,2-propanediol
and 1,3-propanediol ( i & f# il £ 1,2-78 M 1,



412

hoF

1k %529 %

(12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

3-IN RIS Rt e ) [T]. Ind Catal ( MV Af
1k), 2013, 21(12) . 19-25.

Niu L, Wei R, Yang H, et al. Hydrogenolysis of glyce-
rol to propanediols over Cu-MgO/USY catalyst[ J]. Chin
J Catal, 2013, 34(12) ; 2230-2235.

Yao Zhi-long( Wk ) , Wang Juan( E 4§) , Min En-ze
(KB PE). Structure of CuO/y-Al O, catalyst and its
hydrogenolysis performance for glycerol ( f1ZZ# CuO/ -
AL O HEALTISS 8 5 AL T I S PERE) . Ind Catal
(Tolkf#Efk) , 2011, 19(5) . 47-51.

Hu Ji-ye(#i3El) , Liu Xiao-yu( X HE4E) , Wang Bing
(FE #), et al. Reforming and hydrogenolysis of glycerol
over Ni/ZnO catalysts prepared by different methods (i
#7120 Ni/ZnO ALY = BEE 8. AU IERE RS20 )
[J]. Chin J Catal (fEAL2£FR) , 2012, 33(8): 1266-
1275.

Feng Jian ({5 %), Xiong Wei (# ), Jia Yun (5%
Z ), et al. Hydrogenolysis of glycerol to 1,2-propanediol
over Ru/Ti0, catalyst (Ru/TiO, # 4k _F H i & % 5
1,2-IN ) [J]. Chin J Catal (HEfL2ER) , 2011, 32
(9): 1545-1549.

Wang Shuai, Liu Hai-Chao. Selective hydrogenolysis of
glycerol to propylene glycol on hydroxycarbonate-derived
Cu-Zn0-Al, 0, catalysts [ J]. Chin J Catal, 2014, 35
(5): 631-643.

Liu Xu( X Jii) , Chen Zhong( % ), Wen Fu-ji ( 3CH#
Ili) , et al. Study on hydrogenolysis of glycerol for prepa-
ration of 1,2-propanediol over Raney-Ni ( Raney-Ni fi{k
U A 1, 2-8 TR A RIESE) [T, Spec
Petrochem (A 41411H4LT.) , 2013, 30(3) : 67-69.
Huang Jin-hua ( # 4 f£), Chen Ji-xiang ( R 7 #£).
Comparison of Ni, P/SiO, and Ni/SiO, for hydrogenolysis
of glycerol: A consideration of factors influencing catalyst
activity and product selectivity ( Ni, P/SiO, Fll Ni/SiO, f#
AT i Ui Sz TR BE PR - AL RS 1 S i
PR R R ET) [T]. Chin J Catal (fiEfL241)
2012, 33(5) : 790-796.

Zheng Kai-ji (%[ JT75 ). Basic catalysis ( {4k {E Al
(FE=H))[M], Beijing(Jt5T) , Science Press(F}2#
HipiL) , 2005.

Wang Xin-yi( E3£F). Catalyst characterization ( £k
FIZRAE) [ (M]. Shanghai( |7 ) ; East China Universi-
ty of Science and Technology Press( f&4< B T 2% H il
#), 2008 112-132.

Xin Qin( ¥ &), Luo Meng-fei (% & K). Modern cata-
Iytic research method ( BUACAEALIFFE 5 ik) [M]. Bei-
jing(4bxt) , Bz kL, 2009.

[22]

(23]

(24]

(25]

[26]

[27]

[28]

[29]

(30]

[31]

(32]

Hua Zhong-sheng (€t ), Yao Guang-chun ( k]~
), Ma Jia( 5 {F), et al. XPS analysis of nickel lay-
ers on carbon fibers (k2] 4 3% 45 4% )2 XPS 43 #7)
[J1. Trans Nonf Met Soc Chin( WP [EH A 64 @ %),
2011, 21(1); 165-170.

Upare P P, Jeong M G, Hwang Y K, et al. Nickel-pro-
moted copper - silica nanocomposite catalysts for hydro-
genation of levulinic acid to lactones using formic acid as
a hydrogen feeder[ J]. Appl Catal A : Gen, 2015, 491
127-135.

Shi G J, Su L], Jin K. New bulk nickel phosphide cata-
lysts for glycerol hydrogenolysis to 1,2-propanediol [ J].

Catal Commun, 2015, 59. 180-183.

Miyazawa T, Kusunoki Y, Kunimori K, et al. Glycerol
conversion in the aqueous solution under hydrogen over
Ru/C " an ion-exchange resin and its reaction mechanism
[J]. J Catal, 2006, 240(2) . 213-221.

Kusunoki Y, Miyazawa T, Kunimori K, et al. Highly ac-
tive metal-acid bifunctional catalyst system for hydrogen-
olysis of glycerol under mild reaction conditions [ J].

Catal Commun, 2005, 6(10) . 645-649.

Feng Jian(75 #), Yuan Mao-lin( % AHK) , Chen Hua
(B 48), et al. Studies and applications of catalytic hy-
drogenolysis of glycerol (H ik A fEMIWIFES W )
[J]. Pro Chem (fb¥ 3t &), 2007, 19(05): 651 -
658.

Lahr D G, Shanks B H. Effect of sulfur and temperature
on ruthenium-catalyzed glycerol hydrogenolysis to glycols
[J]. J Catal, 2005, 232(2) : 386-394.

Hao Shun-li (#iJliF]) , Wang Dong-fei( 4 &), Peng
Wei-cai (5 4) , et al. Hydrogenolysis of glycerol to
1, 2-propanediol over Cu-H,SWi,,0,/v-Al,0; ( Cu-
H,SiW,, 0,0/y-AL O; fiEAL H Il Ui ] 5 1,2-8 1)
[J]. Fine Chem K541k L) ,2010, 27(8) : 775-778.

Li Li(Z= #]), Yang Juan(#7 45), Yu Lei( T %), et
al. Performance of Cu-Zn-Al Catalyst for hydrogenolysis
of glycerol to 1,2-propanediol ( H & fEE& M 1,2-I9
BEH FEERAE AL A9 PE) [J]. Chem Ind Engin (g2 T
5T, 2013, 30(4) : 16-22.

Wang S, Zhang Y C, Liu H C. Selective hydrogenolysis
of glycerol to propylene glycol on Cu-ZnO composite cata-
lysts: structural requirements and reaction mechanism
[J]. Chem Asi J , 2010, 5(5): 1100-1111.

Huang L., Zhu Y L, Zheng H W, et al. Direct conver-
1, 3-propanediol Cu-
Catal Letter,

sion of glycerol into over

H,SiW,,0,,/Si0, in vapor phase [ J].
2009, 131 312-320.



%55 4 A RS Ni/SiO, AT A B H b S i 1,2- 0 R g 413

[33] Vasiliadou E S, Lemonidou A A. Investigating the per- copper catalysts in glycerol hydrogenolysis [ J ]. Appl
formance and deactivation behaviour of silica-supported Catal A, 2011, 396(1/2) . 177-185.

Synthesis of Ni/SiO, Catalysts and Their Performances in
Glycerol Hydrogenolysis to 1,2-Propanediol

SHI Guo-jun', JIN Kai', SU Li-jun', SHEN Jian-yi’
(1. School of Chemisiry and Chemical Engineering, Yangzhou University, Yangzhou 225002, China;
2. School of Chemistry and Chemical Engineering, Nanjing University, Nanjing 210093, China)

Abstract; The Ni/Si0O, catalysts were synthesized by coprecipitation using nickel nitrate and sodium metasilicate as
precursors. The bulk and surface properties of these samples were characterized by low temperature N, adsorption,
X-ray diffraction (XRD), H, temperature programmed desorption ( H,-TPD), NH, temperature programmed de-
sorption ( NH;-TPD) , high resolution transmission electron microscopy ( HRTEM) and X-ray photoelectron spec-
troscopy (XPS). It is found that the synthesized Ni/SiO, catalysts exhibited excellent textural properties, very high
metal dispersion and active specific surface area. Further, the synthesized catalysts present high activity and selec-
tivity for glycerol hydrogenolysis to 1,2-propanediol. The study also examined the effects of the ratio of nickel and
silicon, residence time, the pressure of reaction and the concentration of the glycerol solution on the catalytic per-
formances of the synthesized catalysts. The result showed the conversion of glycerol up to 78.8% , 1,2-propanediol
selectivity as high as 92. 9% were realized when a Ni : Si ratio of 0.5, a residence time of 2 hours, a reaction
pressure of 5.5 MPa and a glycerol concentration of 10% were exerted.

Key words: Ni/SiO,; glycerol; hydrogenolysis; 1,2-propanediol



