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) FEA ) AR 4% — i 19 AL~ T i U R IBCA IR
(Zr(NOy), - SH,0) (A. R, K A8 R AL 57 15l
J7) FfH S (Ce (NO; )5« 9H,0) (A R AR i
oAbk ) ), FH 40% B 2 BE K 7 00K HL v A
PIC B R T R 0. 18 mol/ LR G, fF
R EL S IR )T, LA 2.2 mol/L 2K HTTTER
F MR I S 2 b N E) pH =10 1 40% LK
VR, PR N, £E 80 CTRRIZIEHE, [WH
TN 22K 4E 7 WY pH = 10, FTaR73H & 3%
HBAE 80 “CRARZEHEHE 24 h, K iF R PiiEy 2id
U8, VRS T 120 C T4 12 h, #7800 CH5kE4 h
HIFEEA S k=i
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(Ni(NO;), - 6H,0) (A. R, KK A5 ik TA [
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C, WAE2 b 5, BERER, B nlii
AR (5 mL/min H, 145 mL/min N,) , {543
WiE, RS IN g (TCD ) BE2eF8 e Ja , HEATHE
FeHl b RN, THE #2310 C/min, J}22 800 C
LB T BOREE S XRD JlL7E H A % D/
max- [ C B X-SFERATHMY EHEAT, Cu 38 Ka FH4S,
A=0.154056 nm, 45 H 1% 35 kV, & HLJE 40 mA, §
VL E 10 ~90°, i i R 2 SR R SRR

d=(0.891) / (B(20) - cosh) (1)
d: & @ M &R RS (nm) A X BF R K
(0. 154056 nm) , B: BUFFIETIRE, 6. T A
1.3 EAFEETN

HEATAE PP R U -GC ARSI s 1 2
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TELRSMHT, SHFTHE TR T TDX-01 J& 5 A 4 F Ak,
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TG, #EA GC 2060 “UAH @3 AT 73 A PF
Wi SO 26 A < RO <, CH,/C0,/0,/N, =50 :
20 : 17 : 40 ({AFHIL) ; 25H:2.54%10° mL/(h - g
cat) ; SN FE 800 C. AL A 7E 47 15 PR F
B, fEF N 30 mL/min IR 4 S (10 mL/min H,
120 mL/min N,) /t, F2FP TR (10 °C/min) & 700
C, PRI S T he SRS 8 I 2 SO B il 22 i) Tt B
(800 °C), DI J5ORFHEAT S, T 52 B SE S5
(30 min) , HUREZEAT 04T

5 S FAL AR S Iy e PR BT A
vy (1

XCH4% :(FCHA;A in~ FCH4A()U,[) / (FCH& i) x100% (2)

X o, %0 :(Fcr)2. in~ FC()Z.ouI) / (Fcoz. w) x100% (3)

Sy, % =Fy, o/ (2 X(FCH4. i~ Fen, w)) x100% (4)

Seo% = Fep o/ (( FCH4A in” F(:H4A o)+ ( Fcoz in”~
F(:oz.m)) x100% (5)

XA, S ket FoAABUR & (mL/min) ,
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Fig. 1 N, adsorption-desorption isotherms and pore size distributions of supports calcined at 800 C

%1 Ce,Zr,_0,(x=0,0.16, 0.5, 0.75, 1) #ifEFLEHWSE
Table 1 Textural properties of Ce Zr,_ 0,(x=0,0.16, 0.5, 0.75, 1) supports

Surface area

Pore volume Average pore diameter

Sumple A - g ) V/ (e’ g d/nm
CeO, 13.13 0.086 26.34
7x0, 27.57 0.092 13.36
Cey 16 210.5: 0, 21.10 0.137 25.91
Cey s 21, 50, 26.30 0. 094 14.27
Ceg 1571y 550, 43.10 0.084 7.82

2.2 Ce Zr,_ O, EiaHI ML 1R

K2 J& Ce,Zr, 0,(x=0,0.16,0.5,0.75, 1)
AR TE 800 C T K5 A XRD 17 4 3% &, I8 4
JCPDS FRE R I X 45 AR AT X e 4 B 28 700,
AR BIFE 20 = 24.1°, 28.2°, 31.5°, 55.6°Fll
30.5°, 50.9°, 60.9°kb H # T B AR ZrO, (JCPDS
65-1022) F11E 32 b A ZrO, (JCPDS 34-1084 ) () FEAE

oI, PiHITE 800 C =ik BT, A ot i
Pl AHZL Y Zr0, 5 2l CeO,(JCPDS 34-0394) L)
SEITHHEEAETE. Bl Ce/Zr LLRYAE1L, Ce, Zr, 0,
(x=0.16,0.5,0.75) I A Ak 0 R ik 06 £ 32 AR
XFFAL A CeO, WA, X EBJEF N 2o i
AT CeO, it 2 (Zr* 4% (0. 084 nm) /N T Ce™
42(0.097 nm) ), 4l T Ce' MMSAL, FHAEHUR
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a Orthorhombic ZrO, v Monoclinic ZrO,
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b ™ A n 075410252
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[ ]
- A . Cey16Zr) 5,0,
v
= Py, g N Zr0,
1 I 1 | 1
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20/(°)
[ 2 800 CHikeF Ce,Zr,_0,(x=0,0.16.0.5,0.75. 1)
BAAM XRD jE 5]

Fig.2 XRD patterns of Ce Zr,_ 0,(x=0,0.16,0.5,0.75, 1)
supports calcined at 800 C

Ce" M5 I CeO, MM, BUH d {HI/h, 26
FAHEROTY L S, B R CeO, Bi#
20, M, XA TE B T Al B [ A5 TRl
Ze BRI R, AR LR BB 2, IR 2 11

2 YR T CeO, EhAEHEAL. FiAb, B CeZr, 0,
th Ce/Zr LUANTR], My AR ARG B XRD f K7 AE I A2
& A T 24k, i XRD 23 B &5 2R T, T
(101), (110), (112), (211) X J P4 J5 #H
Cey 1621, 5,0, (JCPDS 38-1437) [EVEARY £ W, A
(101) . (110), (200) . (211 ) Xf B (4 4% PY J5 AH
Ce, sZr, sO,(JCPDS 38-1436 ) [HyE A By 3= 04, 1A
(111) . (200), (220) . (311) Xf B (4 4% 57 )5 AH
Cey 15721, »50,(JCPDS 28-0271) [EEIA M) 15, £4H
B Ay BT, O A Hoe A AT s W
Ce,Zr,_ 0,(x=0.16, 0.5, 0.75) K4 E 0558 B th g
It sss

H &3 B K BB Rl DLE H, Ce Zr, 0,
(x=0,0.16,0.5,0.75, 1) ZHfARTE 800 °C F iR L5EE
T, HREAN AR Z LR, X EZEEN CeO,
A, #2581 200, BRI EVERE. T Ni-La/
Ce,Zr,_ 0,(x=0,0.16, 0.5, 0.75, 1) 4L 19—
4 SEM B F ] LLA i, Ni K& La By b A
Ce Zr,_ 0, BARPIFLERIE 2, [FII B Ce &5 Ay
fin, Ni-La/Ce Zr,_0,(x=0,0.16, 0.5, 0.75) {4k
FIBURLIE IR ABOR 2 24 5] | HEILAR.

Kl 3 fiEAL 7 T 25 19 SEM B8
Fig.3 SEM images of catalysts before and after the loading
(a) Zr0,; (b) Cey 1421y 50,5 (c)CeysZr, 50,5 (d) Cey 1571y 20,5 (e) CeO,; (f) Ni-La/ZrO,;
(g) Ni-La/Cey ¢Zry 4,0,; (h) Ni-La/Ce, sZr, 5O0,; (i) Ni-La/Ce, ,5Zr, ,50,; (j) Ni-La/CeO,
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2.3 Ni-La/Ce, Zr, O, 24514

K4 J&7E 800 °C T K5k Ni-La/Ce, Zr,_ 0,
(x=0,0.16, 0.5, 0.75, 1) 4L 7% XRD %4,
MEHFRT LA Y, 7E4 AR B34 Nio (111) |
(200) , (220) FhETAURFIERTSIIE, FFE&A KR E
TEBRER YR, XT 45 NiO FRAIE U 1Y) 5 B2 BB 8
B, 7& Ni-La/Ce, Zr,_,O, fEALF] Y NiO 1) R¢ Ak 15
SRR Ce/Zr JBEJR LU 3G JI0 0 38 T 09 55 | W I AR
F&, YA NiO B2 5 E B4 5], NiO gk R)
AR /N, XA R NP Ze™ BERS SE A EA CeO,
g4 R AR, BEE 2 RN, EE2
Ni** PEA T CeO, Firfiidh B ALEFIH, M {35843
Ni DL NiO P 2 5 4 ) A3 B A A ) e i B2
718, T W L4 )8 Ce, La =43 80T NiO ki
R, BAR T NIO (%16 H il fig, BHIE T i 3%
A AT NiO Sk i R, IR R A =Xk
XRD 58 H NiO 45 i 1% 7 St R i X908 (I
#2), Al A Ni-La/Ce, Zr,_,0,(x=0, 0. 16,
0.5,0.75, 1) NiO fpRL R ST ffi% Ce & & a3
HITTUE /N (26. 5 nm B E] 13.7 nm) , SRTH7E Ni-La/
CeO, AL It F CeO, fFHRMTE B Ni P)F0 i
W RGBS . 2 bl DL, gt [ A AR i T B RE
AR R TG PR AL IO 0 B

* NiO
(111) (200) (220) Ni-La/CeO,
MM
* Ni-La/Ceo.75Zr0.250:
MMLWN»M

* Ni-La/Ce,sZr, 0,
* *
Wj\_mw M Ao WWirsan|

*

. Ni-La/Ce, 4Zr, 4,0,

*

Ah H* A | ¢ Ni-La/Zro;

1 h h | I
20 30 40 50 60 70 80
20/(°)

Intensity /a.u.

¥l 4 Ni-La/Ce, Zr,_,0,(x=0,0.16,0.5,0.75, 1)
HEALFAI A XRD 3 5]
Fig. 4 XRD patterns of Ni-La/Ce Zr,_ O,
(x=0,0.16. 0.5, 0.75, 1) catalysts

HiE—B T W] La BOFERT, SRAT 1.1 fiEfk
FIB A i, il Ni/Cey 7571y ,50, F Ni/CeO,
FEALF, JE L XRD 37, [FFREARHE AR A

NiO 48 & T I s RO AP (L (W3 2) , AT b
AN La 55 AOAEAETR] NiO P28k RsF, T LA
HASIN La J5 AL TR 2 i NiO- ffhr RO AR A2 /),
M La (A A B F NiO SR 7B

R 2 EUAFE NIO BA R~ EE

Table 2 Calculated values of NiO crystals size in the catalysts

Catalysts NiO crystals size/nm
Ni-La/ZrO, 26.5
Ni-La/Ce 1421y 4, O, 21.5
Ni-La/Ce, sZr, 5O, 20.9
Ni-La/Ce, 55Zr, 550, 13.7
Ni/Cey, 15721y 550, 20. 1
Ni-La/CeO, 14.1
Ni/CeO, 21.2

2.4 Ni-La/Ce, Zr,_ O, B H,-TPR 434

N WRFETE R S BAR Z AR EAE T,
i H,-TPR %} Ni-La/Ce Zr,_ 0,(x=0, 0.16, 0.5,
0.75. 1) Wik J5LRE /) EATIN . &1 S ] LU i,
Ni-La/7Zx0, | H B 410 R, 707 7E 357 #1375
ChE, Hi T LAHSE Ry Ze0, BRAKRK T NiO ik 5
W, )5 B AR NiO 5 ZeO, Y555 1Y AR B
YRS 8 5. Ni-La/CeO, fEALTILE 373 CHI
415 °C, B T WA R I NI Fry 3t i e 14 A
NiO 1143k J5 0. [ 5 il 4% [ 5 4 1) B B, Ni-La/
Ce,Zr,_,0,(x=0.16,0.5,0.75) ¥ H I T P10 5.
AR IR DA, 5 — A D U 1) 30 0 B B A A T 357
55373 CZIA), 5 A3 JRUA A 3 D 1 AR T4
BARR 200, | CeO, 134 il B2 WA . 1n] ey R IX B2 31,
X UGB TV R 2 0 e T A o 22 B) A AR
PSR, Bk 5 A8 (1 e, Ni-La/Ce, Zr,_,0,(x =
0.16, 0.5 ) A FAIFE AR X4 e 119 18 B8 10 B Dt 0
XAEE N, Ni-La/Ce Zr,_ 0,(x=0.16, 0.5) &0}
A A, 1 Ni-La/Cey 521y 5,50, J& 3. 75 # (&l 2
XRD) , 1 NiO 7 55 DU J5 AH 2 A i AR ELAE FH 2K
Fr MR D S SO A A A AR R
JER BE K F Ni-La/Ce 5571, »50,. 5 4h, H1 Ni-La/
Ce Zr,_0,(x=0.16,0.5,0.75) 55 1 b Jlg 555
2 kR AE S AT LUE Y, B Ce/Zr LLRYEY
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K, 551 AIB R R RE R BTN, AR 2 A
IR AR U BT R, X R E 21 NI Y
WA Z A R T IR AR AR . A TPR 35 18 I
BOA S8 La WIRpAIE . 2, SRS [T (R 1 B
BB RS i 45 B AR Z B AR B AT ).

373 415
Ni-La/CeO,
369 444 )
. Ni-La/Ce.75Zr250;
2 A I—
i
E 358
= 463 Ni-La/CeysZrys0,
= 369
£
2 457 Ni-La/CeysZr, 3,0,
=l . i
=]
357 375 .
N Ni-La/ZrO,
1 1 1 1 1 1
100 200 300 400 500 600 700 800
Temperature / °C

[ 5 Ni-La/Ce,Zr, ,0,(x=0.0.16,0.5,0.75. 1)
AT H, B2 R Bk ]
Fig. 5 TPR profiles of Ni-La/Ce,Zr, 0,
(x=0.0.16, 0.5, 0.75, 1) catalysts

2.5 Ni-La/Ce,Zr, O, HIfE{L1ERE

1£.800 CT, 47 POM 5 CDR #E& F b, xf
Ni-La/Ce Zr,_,0,(x=0, 0.16, 0.5, 0.75, 1) [{#
PFRIPERERERS 7] B2 L FEAT E 45 B 6 (a) (D)
(¢) (d) AJLLFE HFEE Ce/Zr LML, Ni-La/
Ce,Zr,_ 0,(x=0,0.16, 0.5, 0.75, 1) g fkiE M
B B 22 . Ni-La/Ce, ;5Zr, 5O, E@%ﬂﬁ%ﬂ]ﬁi
FEVESD IR 12 X, = 76% . Xoo, = 81% A S,, =
90% . S¢o=95.77% . Hy,/CO=1.40 BF flif iyfi
etk gE, FKJE Ni-La/Cey sZry s0,, 2 T 4l Y
Ce0, I ZrO, AR HEALT). SR, —J5
Je T CeO, HYMIAREGE 5 o 15 V4L 73 19 73 1R K
PUREZERE 1, M o 5 1E 4 Jm 21 70 5 B0 A A EL A
M, X 5K 3 XRD KALLRAH—2 5—T5 i, 3
TEBFTEN 51 8 A POMf S b AL BRI, CH, Fi
0, HCAEMEAL NG AL B s AL o, A= LR CH,
Yk B A B CO, S ARSEERT A2l H, , 17 CH,
P18 73 ik DU i SO A R 8 2 1R AP 3R s CDR 8 S AL
Hy :CH, A1 CO, WRRRFFEAEAL TR b, £ 5 PE AL B9 1
MF, CH, 20fi o CH, #1%hF0 H,, CO, 73 CO
FEWIA, TR CH, YyRPakes 5 8 MR RTE i

CO M H,"™ . T CeO, I [ B HAT % 4R i 1 A0
Ce" /Ce™ I RALIRSRAE ST, FETE Al [ 7 1A 1 7]
i1 A BT i = e 1 g Ve T = R VA )
EAERE 1, A A 7 IE & CO, fiff 25 W B 1) 3 P
fr 7 FERSIE R 2 AR, CO, REAS BN R g
i B 5 A B CO R A, 1T S RO IR T
H e TS AL 20 i LA A s e VR T, T2 T
AR ISP RS I B TR SRR
%, 2 Ni-La/Ce Zr,_ 0,(x=0.16,0.5,0.75.1)
X AR AR 5 AL RE ) BEK T Ni-La/ZeO, (& b) .

HE 6 (b), Ni-La/ZrO, #X} 4l CeO, 1F J %,
T, H AR AR k. X2l TTER G R
o H Ni-La/ CeO, 7 FI| 38 AR B [ i#£47 (CO, +
H,= CO+H,0), iX— S ME 6(c¢) 1 Ni-La/Zr0, 1)
H, PR T Ni-La/CeO, HY H, SEHEME . DL L
M J& Ni-La/CeO, By7K 5 B W34 2 0] LI& . ik
% Ce/Zr 1A A4k, H,/CO FL4EHFTE 1.40 ~1.45
Z[A].

MEI6(a) (b) ATLAIFE Y, 7E 800 C, £3f 6 h
M N5, Ze 5 5 BRI Ni-La/Ce, Zr, 0, (x =
0.5.0.75) 4L 1) CH, 1 CO, e fbREEH [
IR AT — B H B E , T Ni-La/ZrO, W H B T
TR, X JEE N Zr0, IR E 2, 20,
HiiB 2k Ce JE B HA Sl B (21 75 AR REAR 4 1 5 B i —
PRI A E VE, FEBUAE R ZE F 1 [R) B, 3
TAHEA R B AR E T RE; S5 Ah T CeZr, 0, (x =
0.5.0.75) b1 M4 e 2 i 1 S, B e i
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The Preparation and Performance of Ni-La/Ce, Zr,_. O, Catalysts for
Coupled Methane Partial Oxidation/CH, -CO, Reforming to Syngas

SHI Shao-fei'?, WANG Yu-qi'”*, MA Jin-cheng'*, ZHENG Lan'?,
YAO Rui-qing'?, ZHOU Li-fa®
(1. School of chemical engineering, Northwest University, Xi’ an 710069, China;

2. Shaanxi provincial institute of energy resources & chemical engineering , Xi’ an 710069, China)

Abstract; Ce Zr,_ O, supports were prepared by coprecipitation methed. 10% Ni-3% La catalysts supported on

Ce,Zr,_ 0, were produced by an fractional wetness impregnation method and applied in syngas production, using
coupled methane partial oxidation and CH,/CO, reforming. The series of 10% Ni-3% La/Ce Zr,_,0,(x=0,0.16,

0.5.0.75. 1) catalysts were characterized by X-ray diffraction, H, temperature-programmed reduction, scanning

electron microscope etc. Experimental results show that Ce/Zr solid solution can improve the dispersion of active

components on catalyst surface, reduce the NiO crystalline size from 26. 5 nm to 13. 5 nm. Moreover, it can

strengthen the interaction between active metal and supports, boost the thermal stability of the catalysts. The

conversion, selectivity and stability of the catalysts were enhanced with the increase of Ce/Zr ratio as follows,

Ni La/Ce, ;5Zr, ,50,>Ni La/Ce, 5 Zr, O0,>Ni La/Ce, s Zr, 4, 0,.

Key words: Ce/Zr solid solution; methane partial oxidation; CO, reforming of methane; Ni-La catalyst; catalytic

performance



