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Scheme 1 The process for maleic anhydride hydrogenation
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C=0 XHEEAMNTE. Li 5 RAREER ST
Z5 Ni/ALO,-HY L7, & IHEE A AL O,
TR R, T R R WAL
Ha PR D ZERF ST Ni/TiO,-Si0, ZR AL FI i & 31
AR TH I HEfL 22115 L Tio, Py i ik 2%
y- TR Bk 85, oA Tio, W #h el LA4E 2
C=0 O AMB X, kT C=0 Sk
FIREAAHTAEN, 5T =0 FRkims
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e T 4 A R A AR i L AR B £
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2 BLAE I I & s C=C R AN
C=0 MM G, FRATHEN Ni/CeO, 1L
FAT/NG Ni fnbr RO, B0 Ni 4085 DL AR
(1) Ni-CeO, AHEAEHZHb, 425 or LA S 3% A8 25 or
55 Ni A PR [ P A 2 4 v T o & i ) Jie ]
Zg[ll].

L, T — 48R CeO, 5 M1 4A B FE 37 X
THEALFITE I PR FH AR, FRATE o
AR 2 R R AA, HilA T AN [ ALk
FAOIR FE 1) Ni/CeO, AL, I 22 T AR
INEERE, 456 AR, X SZarh, fi
2o, KA THRIS RS RIETFB, IRAWFS
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1.1 K7

i 18 il (1 24 4 Ak 27 R A R A |, 404
af) ; HRRER (E LR BRA ], srtral) DL
Ko SRR SRS (LEEEN 99.99% ) .
1.2 W &

12,1 s AR EEE T A0E N, 1

RS H 100 mL/min, 500 °C IR N R426 h,
FHEHE RN 3 C/min. HI15H CeO, FHMARic N
CeO0,-N. R H ALY I i 48 A AT (100 mL/
min) Hlf3 ) CeO, ZARFRILH Ce0,-0.

1.2. 2 {4k 7] 5 i & PL7SIK A G PR 88 [ Ni
(NO,), + 6H, O] NHRIE , R MU 1 45 T
AN 10% 1) Ni/CeO, MIMEALT]. FREC— & &1
[Ni(NO,), « 6H,0] [E{&iE T2 MWK, BEITE—
SE R CeO, ZhAK 1452100 C T4 8 h &, 205
CeO0,-N Fil Ce0,-0 H MM MALF E T Db N,
ERSHASSAT 450 CREBE3 h, FHEBZE R 3
C/min. HEIAFEMTER I (FH R 45 mL/
min) , 350 CiAJ5 3 h, HIAFHN MR, RS
SRR b B 2 AR B 2R R R i Ak 7R 4 B AR e R Ni/
Ce0,-N #1 Ni/Ce0,-0.

1.2.3 LRI RAE N, Py B BFHI %2 7E Micro-
meritics ASAP 2020 %I [ 2l ) B BHY b HE1T. #F
A TISEAE 90 °C R B S AL S h, SR )5 FE-196
CFHFAT N, WeBft, BB SE8s, i BET Jr i oaie
dif 4 L 2 T .

AR P RIS R (H,-TPR) £ Micromeritics
Autochem 1T 2950 AUk~ BHX E 347, #0.03 ¢
JAEF (0. 450 ~0.280 mm) B T A&, RS
. I 450 °C, 5 I% 5 TR0 R BT 1) 2 Jok.
HREMSH RS, WA 10% H,-90% N, IRE<,
TR IE N 20 mL/min, L1 10 °C/min N ZE T}
%700 °C, TCD Kl & < IHFEHE.

X T4 57 (XRD) il X >k H Bruker D8 Ad-
vance B X HHERATHHY. Cu S8 HHE, & H K 40 kV,
BHL 40 mA, FIETEE 20 =10° ~80°. %K
6°/min. gk RSE RN AR E AR A D=ka/
Beosd, k M HEEL, A HATHIA (1 =0.154 08 nm) ,
B RIS, 0 AT A

Raman F/iF £ Horiba LabRam HR Evolution %!
SHMEERIE Y T, BOBB K R 532 nm,
MK )# K 0. 08 mW.

12,4 AFIEY AR RIS B FEAS S AN
FRZE T, RS AR RRI, R BT
ERh, ERARY T T, R A
R il S8 a8 k. #5001 g AT (0. 450 ~0. 280
mm) | 4.9 g AT 40 mL LN R YN =Y
W, BmAEEAR S KERIENES A5G, TaRE
5 MPa. FFE RSN 210 CHE, FTIFHEFEIF L,



H14

1

JRAE BTGB CeO, HAA AR Ni JEAE AL AT S VL RERT 7S 55
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°C, Kol =6 EE 4 190 °C, FID R g8, IH—4kik
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Ce0,-N ., Ce0,-0 #AKLL I 713842 )8 Ni J5 iy e
FHEA N, P HFE. CeO,-N Fl Ce0,-0 2
AR HH 74.2 m? - g FI75.6 m® - g,
PEIARF R SR AT CeO, 3K HL 2 T LR A/, 17
#HNi &8 ZJ5, Ni/CeO,-N HEAL I By be 22 1 £
56.3 m’ « g7, W&/NTF Ni/CeO,-0 AL (58.9 m* -
g ). ML T A, )R Z )5 B A R
FHBE A T B

K1 s M Ce0,-0 Fl CeO,-N iKY XRD 3%
B WE TR, BAAEE 20=28.5°,33.1°,47.4°,
56.2° 58.9°H169. 4°4b 52 BT J AH A1 4544 CeO,
AI(111) | (200) . (220), (222)F1(400) & 4k
13 504 ( JCPDS file 34-0394) . AL T Ce0,-0 #Hifk
CeO,-N FEF ) CeO, HRpfIEATT SF U f) f I 5 T 5
PR 5 Ui CeO,-N B S ALTR BE AL 5. MR
P CeO,(111) . (200) LA K (220) & 1a A9 XRD 477 4t

M e CeO,

Intensity /(a.u.)
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20/(° )
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Fig. 1 XRD patterns of CeO,-N and CeO,-O support

I, 3 T Ce0,-N Fll Ce0,-0 fbt&IEIFE, i
SN RSO T RN, 85 R 5] T3 1. Ce0,-N 11
IS ECH a=0.541 nm, KT Ce0,-0 AU IS
B (a=0.539 nm). FEFH C WE T FRE
(r[ Ce¥]=0.102 nm) KT Ce* AUES 7242 (x[ Ce*™ ] =
0.087 nm), Z5RULHHTE CeO,-N A HA T LY
Ce™ BT LA SR A 7. [RIERE, b A 25 440 190 e 0L 17
SR/ AT DL et CeO, b % o 4 B B 137 114 &2
R 1 s, RYEASFE A SO EAR R
CeO,-N ZRAKI O 77 & ZRIG KT Ce0,-0 AT
WL S, WENIE T CeO,-N #5844 H AT B 25 (48 23 1
W

F1 AHEHEHNEEELE, RESEMBREN

Table 1 Lattice parameters, d-spacing and microstrain of two kinds of CeO, supports

d-spacing/nm* Lattice parameter (a)/nm" Microstrain( &)/ % ©
Sample
(111)  (200)  (220) (111) (2000 (220) (111) (2000 (220)
Ce0,-N 0.3125 0.2698 0. 1908 0.541 0.540 0.540 1.17 0.93 0.78
Ce0,-0 0.3117 0.2699 0. 1904 0.539 0.539 0.538 1.01 0.89 0.68

a. The d-spacing represents the interplanar distance which is calculated using Bragg equation2dsinf = nA ; b. The lattice parame-
ter is calculated usinga = d X ~/(h> + k* + [*) with the value of d-spacing and Miller indices (h, 1, k) based on the cubic

structure of CeO,; c. Microstrain is calculated from & = B/(4tanf) with diffraction angle (8) and half width of the diffraction

peak.

N T HE— BRI URN T CeO, BRI
T BRBE AL A5 , XF CeO,-N Hl Ce0,-0 Hi Ak 717
Raman 21E, g5 8K 2 s, KA, CeO,-N
il Ce0,-0 FAAHRA P A Raman FFAF I, F08 11 16
fF 466 cm™ 4k, IHJET CeO, A L5 H Ce—O

AT IR (F,, ) ; S AYIEAL T 600 em™ b,
IH T 3% AR S 6r ik B 5 1R 1Y R AR B = 0 (D
band) 2. LT Ce0,-0, Ce0,-N I F,, 4 5
WA R Ty 1 A% 3, T EL UG8 B2 R AIG 3 AT RE
T CeO,-N IR S HILEM Ce BT, BILT
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Fig. 2 Raman spectra of CeO,-N and CeO,-O support
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Bapr v B2 T EE R TR 2 bl 45 R,
Ce0,-N [ g0/ Ligs MIMELK T Ce0,-0 B I/ L HY
{E, 3B CeO,-N HLA B vy i) R T SRk B (oL Ve i
24 XRD Al Raman #AF4EH, LT Ce0,-0
UK, CeO,-N SRR HA T 2 1Y B IE AL, X 7]
A T AR ARAMERE, S5 Ce™ B
TR TEEEAMEN Ce' B F 1M 7E Ce0,-N ik
H, i1 CeO,-N AR HA T 2 (1 A BRIA L.
2.2 UK R RS
55 5 1) NiO/Ce0,-0 F1 NiO/Ce0,-N i XRD

Hit B AN 3 B . XRDESE BRI, i Nio 2 )5

= NiO
e CeO,
0 Ni
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A,

Ni/CeO,—N-reduced

P
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1
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Fig. 3 XRD patterns of fresh NiO/CeO,-N, Ni0/Ce0,-0
and reduced Ni/Ce0O,-N and Ni/Ce0,-O catalysts

CeO, FARMRFFIL TR A 454, AT 37. 201
43 2° AT I JE T NiO B9 (111) F1(200) /i T Y
FEAEATSF 14 (JCPDS file 044-1159). #34 NiO(200)
A T AT 59 06 504 DA R it Ok A O A B, Nio/
Ce0,-N 1 NiO A9 fiki R 5F 2k 20. 38 nm, W& /NF i
FHAE Ce0,-0 F AR E A NiO AY &b ki )] SF (22. 48
nm). JESE, PRSI NIO FAT S g 2%, i
GJE Ni B9 (111) & FRRAEAT 55 0 tH IRAE 44. 5°4L
VLR 2t EAGE RS, NiO iR SE 255 T
S0 Nio ARIE NI g (111) S, HEA R T A
Ce0,-N #AK 1948 Ni By ik RSF 4 16.36 nm,
M EAE Ce0,-0 FAK 1 1W Ni (19 5k R0 18. 56
nm. XRD Z5R KW, 855 ) Ni/CeO,-N F1 Ni/
Ce0,-0 HA IR Ni Aihi T

& 4 FyRBe )5 NiO/Ce0,-N, NiO/Ce0,-0 LA K
4l NiO FEfh Y H,-TPR k. B FT, Ni/CeO,-N

E
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Fig.4 H,-TPR profiles of NiO/Ce0,-N,
Ni0/Ce0,-0 samples as well as bulk NiO

H1 Ni/CeO,-O AL BL T 3 ik 0, 53 5k
WCH a, BTy . BTN, (KR « F1 B 38 JFIE
J& T CeO, AR HIWL A PP FIZRTEH Ce—O 4
IR JE 2 5 Ni/Ce0,-0 HEALFIA L, Ni/CeO,-N
() B 3 J5L U 1) I T 7 ) B8 2y, I 2 A ) 3R T
CeO, FAZ M. XAREH T Ce0,-N ik &4
WZMW Ce™ 5 T CeO, fhA&H Ce—O 1) X Hi
PE, BEIRT Ce—O BREE, fii CeO, A Z ik 5. i
H., Ni/CeO,-N Ak 7R I i Jir e 06 17 LB i K
Ni/Ce0,-O HEAF IR I T AL, UhHITE Ni/CeO,-
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Z 17 A SR L
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KK, Ni 5 CeO, M5 AH HAE AT LU BE AR NiO
R0 JFR R, {2 BEFR T NiO B8 P MR R H,-
TPR 455, NiO/Ce0,-0 AL FF M NiO 1934 Ji 14
AT 300 CAhb, 1 NiO/CeO,-N #E i NiO 438 J5
WAL T 260 C Ak, BT HATE CeO,-N AR NiO
BRI, X[ GESEH T Ce0,-N # k£ 1w B A
T R B A B, R T NIO 5 CeO,-N # 4K
P EAERT, AR HE T NiO (Y34 5.

R T ARSI T A ) 2R 18 1) A vk
&, JFEJ5 ) Ni/CeO,-N Fl Ni/CeO,-0 AL 17
T Raman FAE. M S ATAL, @55 AL AT

Teoo/Ligy=0.57

Intensity/(a.u.)
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Fig.5 Raman spectra of Ni/Ce0,-N and Ni/Ce0O,-0 catalysts

MELH] 466 cm™ ALIAJE T CeO, #A LT Ce—O
SRR (F,, ) BAFEIELL K 600 em™ AbIHJE
TR A B G EAFFIER 206 (D band). 5%
KB Raman 3% A E, 38 TS 48 46 550 A7 F 466
em™ QLAY F,, B AR AR W U4 B RE R 55, T A2 T 600
em™" b FRAECERBE 67 5 | RS )RR AIE L 2 0 i B
T AR WK, SRR AR L st #e b AR
BV R B FA L. 53— T, Ni/CeO,-N i1k
I 1,/ 1, FUIER 0.57, B B & T Ni/Ce0,-0 i
AN A 100/ oo FUAEL (0. 42) , U8 BHAE A it 72
Ni/CeO,-N A £ 7 22 11 A= B T 5 i vk B 170 A0 ikt B
i, X—Z5 55 H,-TPR BI45 FA—EL.
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MPa i}, )2 Ji B 8] 26 0 min P9 IR [T % Ak 26 B B[]
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Fig. 6 The MA conversion over Ni/Ce0,-0 and
Ni/CeO,-N catalysts

bk, AN, KA1 h JE, Ni/CeO,-N Fil
Ni/Ce0,-0 HYNIEF54 1k R E8 R 100% , INE =8k
SA, A K I 2 FH Al & 7 Y. TR NPT IR R 10
min, Ni/CeO,-N BJMAEFE LN 60% , 2 15T Ni/
Ce0,-0 [T EFEE L%, B0 5 Ni/Ce0,-0 4k 7
FHLE, Ni/CeO,-N BAT R C=C IEIE .

7 B T Ni/Ce0,-N F1 Ni/Ce0,-0 AL T
TR LI K y- T R AR B ] AR A R 2. TE R
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L .
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Fig.7 The yield of SA and GBL over Ni/CeO,-N and
Ni/Ce0,-0 catalysts for 8 h
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MR T h N, T R SRR 100% , T fE
OV IR FE G, T R T A 0 A2 R T IR AL
y- T AR A REE W T i, R T IR I itk —
W2 C=0 MALEM y-TNER. 8 h ZJF,
Ni/CeO,-N 1 y-T NHERHCH N 34.8% , 1M Ni/CeO,-
0 BWE K 22.5% , Ni/CeO,-N fEALFIX; C=0 1t
ISP 5 T Ni/CeO,-0.

M4 SCHk AR IE, 48 Ni gk hiE Cc=C FI
C=0 JNEMEMEFC, mH, WEPEE)E Ni Sk
RTS8 58 9 7 Ak 790 2% 18 A9 30 14 o i
Z, WA R T2 SORE Be A 7 3R T ) R R A
b, WA 28 B A A HE AR TG RS AT &
P, Ni/CeO,-N 5 Ni/Ce0,-0 AL h G4 )8 Ni
(-2 d R RT3l — 3, 3 U B A A PR 25
T C=C 1 C=0 XU#ELE Ni/CeO,-N {15 L1
Ak, H,-TPR #1 Raman 45 5 £ B, Ni/CeO,-N fi#
AT 2R T EA A v ) AR S VR BE PR TR AT DU
JER R Ni 5 A A 9 P RIE R AR 2 T S AEAfE
AR 2 10 Y T A 25, T T MY 1R, (R
TIREF c=C XUHE A" FAF, 22T
Zn0, ., TiO, , 55 BAG A B i 2R AT DL B35 1k
C=0 HFHEJE T, Ni/CeO,-N AL F M F &
R O R E C=0 WERHEfL, $m C=0 7
HARH RN ERE, AT T - T BRI =K.

3 &g

EANTRGEWR T AT AT MR
CeO, AR AL Ni JEAEALT AR = Be. 45258
KW, SRS THEN Ce0,-0 iR, 7
RATEEFAT RN Ce0,-N AR HA £ 1) A B
A7, SR T Ni SEARMHEAER, $2m R ik
BHEALESAIRE ST, FE0E Ni0 iUiS I, HA R EA
2R FE B Nis/CeO,-N b7 A2 v 5G4 )8
Ni P[] 42 2k &0 <M i 25 06 1k, R 3 Cc=C K&
C=0 7TEMEAL I Fmpy i, o5 3R 3w m
C=C Ml C=0 MEIEHE.
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CeO, Prepared in N, Atmosphere and Supported
Ni-based Catalyst for Hydrogenation of Maleic Anhydride

LIAO Xin, ZHANG Yin" , LI Hai-tao, ZHAO Li-li, ZHANG Hong-xi, 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: Two kinds of CeO, supports were prepared by calcining Ce(NO, ), 6H,0 in N,(Ce0,-N) and O,( CeO,-
0) atmosphere. The Ni/CeO,-N and Ni/Ce0,-O catalysts synthesized via impregnation method were employed for
liquid phase hydrogenation of maleic anhydride( MA). Combined with N, adsorption-desorption, X-ray diffraction,
Raman scattering, H,-temperature programmed reduction, it was demonstrated that the CeO,-N support possessed
more oxygen vacancies, which promoted NiO reducibility and strengthen Ni-CeO, interaction in comparison with Ni/
Ce0,-0 catalyst. The superior catalytic performance of MA hydrogenation over Ni/CeO,-N catalyst to that over Ni/
Ce0,-0 catalyst was attributed to abundant oxygen vacancies, which synergistically enhanced the capability of Ni
in C=C hydrogenation and C=O0 hydrogenolysis.

Key words: CeO, support; Ni supported catalyst; oxygen vacancies; hydrogenation; maleic anhydride



