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1 SEIGER S

1.1 EEFIH&E

PLAI(OH), ( tb &1L 290 m*/g, L% 0.62
em’/g) HERIE, 2 600 CRiFEASE] AL O, k. Sio,
W H LR Rn TG0, SRR B S ARk
Hydrophlic-150 %4, L3R HI. 150 m*/g, KifE 7 ~40
nm. Zr0, K Sol-gel il 45, FREL— 2 12 RS IR 4
B ( Zr0(NO,), « 2H,0 ) iFfEE oK L, %1k
24 h. ¥ LIREER 2t 2 FERB I A TR BT S
Jreh 500 CRBE 3 h EA

WAL 45 . LA Ni(NO,), - 6H,0 FIZKIETR
R, FIR ALO, . Si0, ., Zr0, Rk, FH5%
WRLRF, BEURHEMNZ 120 CHET, 400 CKF
B, 450 °C H,i0 5, 435143 2] Ni/AL O, Ni/Sio,
Ni/ZrO, fEAEF]. 28 XRF M, 3 FEfb i Ni &
0N 13.8%, 13.7%, 14.1%.
1.2 TR T M

AL A PE RPN A RGE S TUAERT FYX-1
R R bk T, WM. AR E 1.0 g,
BYD &2 10% (it [ 41 b ) B9 B 40 mL,
FSJES 1 MPa, IR 50 °C, #3400 r/min, LW
WA 2 h. RV R IRZE Agelient 7890A A A% (Y
I3HT, 3R HP-INNOWAX £, FID A6 #5.
1.3 EHFIRRA

N, 49 B B} & A1 {5 FH Micrometritics ASAP2020

T E S B RS, FEARLE 150 °CTF HLAS Uik

10 h, -196 C F 4T N, B9 BiFH % , B BET
Ty B H R A

XRD AR FH 7 [ Bruker D8 Advance %! X 5
LTI, i Cu $8, Ko &5, & HJE 40 kV,
EHLUL 40 mA, L HE 100 ~ 80°, 4 H#H R
6°/min.

TEM FAEAE JEM-2100 B i3 409 H 7 8 3 1
HEAT, JnE L e 200 kV.

XPS FAF K 3% E Thermo Fisher ESCALAB250
X BHRGCHL FREIS Y, Al K SRk, X SH£eTh
300 W, i C 1s AHE.

H,-TPR ( H,-temperature Programmed Reduction)
FAE R R SEAL TP-5067 B2 WL FHAN 34T, AR
0.03 g FEih, FEAATE T, A 5% H,-95% N,iR
A (W 20 mL/min) , L 10 C/min 3R THE 2
700 °C, >R TCD Kl 6 AL S i

H,-TPD ( H,-temperature Programmed Desorp-
tion) FTAF K Micrometritics 11 2920 B4k 22 1 FfF{3.
FREL 0.03 ¢ #EdHE T U BLGHRE P, T HAHAT
450 CIRJE 1 h, F4l Ar 204K 460 CWRAE 1 h 5
KRR ZE 50 C, ZJ5 WM Hol he DL Ar SRS ET TR
FEFHRBER, FHE R A 10 C /min, ZAFERN
20 mL/min.
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Kotls. FTLAE AN IR 2 A Ak 0] Y b 2R T AR A
225, NI/AL Oy bR B A f5c s 1 Lt R AR, 36
165 m* « g™, i Ni/ZrO, #1671 9 bb 2% 1 B 5 K,
H 74 m® - g7t S AR H 2 T AN AR,
Ni/SiO, AL FIF- LA K, 23.1 nm; 1fif Ni/
AL O, AT B fL A fe /N, 9.2 nm. R Ni/SiO,
A EA B RALES(0.72 em® - ¢7'), Ni/Z:0O,
1 Ni/AL O, AL LA B8N
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Table 1 Textural properties of catalysts

BET Specific Surface Area

Pore Volume Average Pore Diameter

Catalysts S ) J(em® - ) Jm
Ni/Al, O, 165 0.44 9.2
Ni/Sio, 130 0.72 23.1
Ni/Z:0, 74 0.28 12.5
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W] NiO DA SE#E B AATE , bl ROT KR s NisZr0,
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WRREE, WU, 75 Ni/SiO, H Ni fmpi R
sPHK, T Ni/ZAL O, 1 Ni LU S AFFE, Ni/Zr0,
H Ni A TR AL 2 ).

(b) A A Ni

3

g

I3

‘2

&

2

5 [

= | Ni/ZrO, 2 A
Ni/Al,O; = A A

1 1 1 1 1 1
10 20 30 40 50 60 70 80
20/(°)

BT Kb In (a) Mok J5UR (b) HEAEFRIB XRD 5]

Fig.1 XRD patterns of catalysts after calcination (a) and reduction (b)

B2 50T 38 S 25 4R RI 9 TEM K, AT LA
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Fig. 2 TEM images of catalysts
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Table 2 Binding energy of Ni 2p,,, and surface atom concentration of catalysts after calcination and reduction

oo Ni 2p,,/ eV Ni/M

Ni2* Ni° (Atomic Rate)
Ni/Al, O, Oxidation 856.5 - 0.50
Reduction 856.4 852.7 0.49
Ni/Si0, Oxidation 855.2 - 0.48
Reduction 855.3 852.5 0.47
Ni/Zx0, Oxidation 855.9 - 0.41
Reduction 855.8 852.5 0.36

I, ATRIE H, NiZAL 0,45 Ni/Sio, H Ni/M 344
0.5, HIRJF T, J5 25K Mikibefs Ni/ZrO, Ff
i Ni/Ze JRFRCUAE R 0.41, HAREG, % EW
B RFEZ 0.36. VEHITE Ni/zZr0, T il BEAEAE AR
T, Ze YR RIERS, MAHIER 2408 Ni R,
T — R Ni L, X — 45 R 5 SRk R —
0,
2.4 E4LFE H,-TPR RAE

K 3 M AL 8 H-TPR K, AT LLE ), Ni/
7r0, AL I HE220~ 480 °C 3 Bl N, 2 B A 1 Tl i

Ni/ZrO,

Ni/SiO,

H, Consumption/(a.u.)

Ni/ALO;
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Temperature/°C

P 3 fEALFI H,-TPR [&]
Fig.3 H,-TPR profiles of catalysts

J& 320 55 400 °C 2247 09 W6 A8 b AH 3% 19 9 AL AR =
W, HIE IE R AR Nio AR IR, R E AR R
A S5 EAE FH A NiO Wb )k JFRE AT
Ni/SiO, A7 A IR 5 Ni/ZrO, fi AL 571
—E, WIEARML, MR EE 340 °C i EAEEIE K
440 C [/ NFELUELLIL, 43 BIIAE A AR NiO B 5

AR 59 A EAE T NiO 19k JEAE ™). 5 Ni/
ZrO,AH L, Ni/SiO, HHAAE NiO i % 0 T AR I 4
T, R R X R RS, R Ni/Sio, g
KR NiO IR E 2, 5 XRD RAEL R —3.
It Ni/Si0, 5 Ni/ZrO, fEAEF, Ni/Al O, R K 5¢ 4
AN B8 JEFE S, AAE 300 ~600 °C 7 [ P4 HE BRI
THRE A 500 C By v fbFEE I, HJE N5 Ni/ALO,
TE1) LA A ELAE FF 9 72 238 N0 4007, 5 XRD |
XPS FAELER—2L.
2.5 4L FEY H,-TPD RAE

Kl 4 Jy 3 FifiEf3 A H,-TPD K, ATLIE Y,
Ni/ AL, O f# & 71 43 51 75 A% T°200 C MR IR X 5

Ni/ALO,

Ni/SiO,

Ni/ZrO,

VA

50 100 200 300 400 500

Temperature/°C
& 4 4L B H,-TPD
Fig.4 H,-TPD profiles of catalysts

H, Desorption/(a.u.)

200 ~450 °C iYL DX H B0 H 1 6 BRF s I L v 1)
J& T Z M Ni Pyh 2 i i e B S A, i i X
JI38 A ) Sfe R Ni- AL O, S Bl 5 0 &) AL O, 2 A
TR EYF. 5 Ni/ALOMEALFIAH L, Ni/Sio, 5
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Ni/ZrO, AL A BRI 0, T ASAAAE TR X
JBE BRI, 35 AR I e T B G, 7E AL O, TAFAE
R T U A A S5 N AR s 0, HL AL O, HAT =i i)
R 1), 5IAM Ni Py & 250 XRD 44
3, FEHEAE] AL O, FETH i P A 45 /AR 2 X
FEAER IR Ni-AL O, 71, 248 Ni REEILE D
FAT TR 2 5, B2 AL O, 7 1 M 1T 1E ol 5t 18
(SR, 76 H,-TPD w3 Bk rf 3 XA 0 i 0.
{B7E Si0,5 Zr0, AL F 2K |, Ni 58004 B 1E
FHEHS (H,-TPR 2525 ) , H 2R B i 1 o ke e H:
E VLY B S i 3 3 5 5 I S Rl RN AE
i DX IR i S ol

YRR B B AR 4, JF AR B A L
L B U, Ni/ZSio, fi#E 48 15 #] 33.7 pmol -
g, TE 3 R b EcOR(E, R Ni/SIO, 7 58
) Ni TG PEYI RN 22 5 Ni/Zr0, 9 18.4 pumol - g7', &
W B 1 eI, ZRER Y Ni i PR S5l s Ni/AL O,

22.1 pmol - g™, AT Ni/Si0, 5 Ni/zZr0, 2 [i]. 454
BRI AYS N, B3 . XRD | H,-TPR F1iE, Ni/ALO,
BA R N 2 B8 5 8 1 4 -8 A A
{EHREZ A Ni W PO S KT Ni/Sio,, M2 i
T—J71H, 450 °C 138 J R FE A REFE 2 &R Y NiO if
J5 R 48 Ni, RO PE Ni BRI, 55—
T, A0 Ni Pt A AL O, 25 1 U i 44 5 /\ 1
PRZS 5T, SEIM T X H, R RE T, AR & R
B A, AN AEARIR BB A Fh. Ni/ZrO, fE Ak
FE R 5 Ni/Sio AHL, HAL NisSio, BA7 3
() Ni Z0 B0, AR IR H, ik it R/l
(2R TE Ni PR, ARPEATHIR XPS 258, HEME H
Tt # b 200, T# 3] Ni R, #as 7iGvE Ni
YIFh 200
2.6 L FIEREIEM

PEAL TR TG PE PR A 25 SR L3R 3. AT AR B, 7E
PESC 25T, 3R R B BYD I & ) 3 7= 3

=3 AR ERITMER

Table 3 Hydrogenation performance of catalysts*

Catalysts P Coyn/ % S/ % S yp0/ % S, na/ % S /%
Ni/Si0, 100 68.1 18.2 12.5 1.2
Ni/ALO, 41.9 84.2 7.9 6.2 2.7
Ni/Z10, 8.1 99.5 0.2 0.2 0.1

a. Reaction conditions; Catalyst: 0.5 g; Concentration of BYD: 10%; CH,OH: 40 mL; Temp: 50 °C; Pressure: 1 MPa;
Speed of stir; 400 r/min. b. Conversion of BYD; c. Selectivity of BED; d. Selectivity of BDO; e. Selectivity of

tetrahydrofuran-2-ol ; f. Selectivity of others.

N BED, J&H —E 88 BDO K 2-F32FE PO S kIR
XFEE 3 AL, A2 Ni/Sio, | 1,4-T B ZEa] 5¢
¥4k, BED, BDO MEEEPE 43 Hi5 5] 68.1% 5
18.2% , [A] W7 7E 12.5% (1) 2-F% 3L DU S Wk IR Ni/
AL O, i1k 7] - BYD %1k *% 4 41.9%, BED, BDO
FEREE ST HA E 84.2% 5 7.9%. 1 Ni/ZrO, 41k
F I BYD #4LRAUN 8.1%, F /=¥ N BED, wEH#
Pk E] 99.5%. M BYD 5L R B A, 3 R ik
IS P e 2K . NiZSio, > NiZAlL O, >
Ni/Zr0,. ZF5 H,-TPD [ (K I A B I X5F 17 fr)
W SRR 20 (3R 1) T —2, #EMAL T Ni &
T P9 55 W BRS04 A R AR TR 25 14 BYD IS 1)
TEPEE R, Ni/Sio, k5 Ni DL Sk I 77
FE, PRSI I SR, xR A e

AIEMER AL NisAL O, AL Ni 43 1% B e
AHF Ni 5 ALO, A A7 e, HUE S 6E )4
5, 38 AR S 4% 1 14 55 W B &g 2, AT
TR R 55 1 AR M. Ni/ ZeO, AL F0 U Hhy 508 55
Firp Zr0, L BIVE T, (2R ER 1 Ni fe /b, P2k
DS AR, T AR AR,

BYD ik #, LT iE C =CcinEaR
C = CA BED iy 2, BED ik 8| —EWE )5, ot
—E NS BDO, £EBf BED 8955441k, B AR E
(1) 4-F2 5 T, Jf B M RE A TERY 2-72 55 1Y
UM (EDR 1) P2 FE 3 AR Ni/SI0, A
WK BED, WIFERE BDO K 2-%8 K& 7O &k g 14 A=
B NiZAL O, MG MRS 25, A=Y BED Hk B3
i, A0 2 B BED 2% it — 20 1 2 BDO 2 2- 55 5
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Scheme 1 Reaction Network of 1,4-butynediol hydrogenation over Ni-based catalysts
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Effect of Supports on the Hydrogenation of 1,4-Butynediol
over Supported Ni Catalyst

LIU Lin-li, LI Hai-tao™, WANG Chang-zhen, WU Rui-fang, XU Ya-lin, ZHAO Yong-xiang "
( Engineering Research Center of Ministry of Education for Fine Chemicals, School of Chemistry and
Chemical Engineering, Shanxi University, Taiyuan 030006, China)

Abstract: Ni/Al,O,, Ni/SiO, and Ni/ZrO, catalysts with 15% Ni loadings were prepared by impregnation method
using Al,O,, SiO, and ZrO, as supports, and Ni(NO,) - 6H,0 as Ni source. The catalytic performance of these
catalysts was investigated in the hydrogenation of 1,4-butynediol. By relating catalytic results to the results of XRD),
H,-TPR, H,-TPD and N, physical adsorption, the effects of support properties on hydrogenation performance of
catalyst were studied. It was found that Ni species on Ni/SiO, existed mainly in the form of large grains due to the
weak interaction between Ni and SiO,, resulting in a large number of weakly adsorbed H, species which was benefi-
cial to the hydrogenation of 1,4-butynediol at low temperatures. The 1,4-butynediol was completely converted, and
the selectivity of 1,4-butenediol and 1,4-butanediol reached 68.1% and 18.2%, respectively, at the reaction tem-
perature of 50 “C , hydrogen pressure of 1.0 MPa and a reaction time of 2 h. As to Ni/Al,O,. Ni has strong interac-
tion with the carrier, leading to increased number of hydrogen species adsorbed strongly on the Ni-Al, O, interface
or on carrier surface and little weakly adsorbed H, species on Ni surface. As a result, the catalytic hydrogenation
activity is significantly reduced. As to Ni/ZrO,, due to the migration and encapsulation effects of ZrO, in the reduc-
tion process, the adsorption of H, on Ni was prohibited which resulted in the poorest catalytic activity of Ni/ZrO,.
The conversion of 1,4-butynediol was only 8.1%, and the main product was 1,4-butenediol.

Key words: 1,4-butynediol; hydrogenation; Ni/Al,O,; Ni/SiO,; Ni/ZrO,



