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S FR AR IR 15 46 A Ni-ZxO, AL, fiEfL
Al 4R N Al 16% . ¥ % 3. 96 ¢

Ni(NO,), + 6H,0. 10.85 g ZrtO(NO,), - 2H,0 &%
8.20 g #7iEMR (CA) ¥ T 55 mL KB Tk 15 58
BT RS B IR R IR AR TR A VR TR (PP IR IR S B A
ZAE A 1.2 10 AR IR AR A B IR L
4.8 MFIEIR S E R 1.6), FHERR T
FE12 b, SRJ5 HIERL 25 & AXAE 70 C N E %5 (0.09
MPa) 57 & LK, 15 BB RS TR EERS , SR)5
FETHRAN 80 C T4 24 h 13 B LM TR,
W BRI 15, FEANFRREE 350, 450, 550, 750,
850 1950 C T~ Arbe4 h, Il b fE 450 C 4
F R 4 h 13 2] Ni-ZeO, A, 739)ic ly NZ-
350, NZ-450 . NZ-550 . NZ-750 . NZ-850 #il NZ-950.

SRR A Ry i 45 A B Ni ) 20, 2014,
FAE 350, 450 F1 750 C /&AM TR 4 h, 43 HlHE
7r0,-350 , 7r0,-450 #il Zr0,-750.
1.2 EAFIHIRIE

PEAL TR A N, 45 3 R 58 B SR A D1 - 48 3H-
2000PS 7 [ B W B AN 2. SERE A AR AE 250 °C
THEZ (KSR 107 Pa) iS4 FE 3 h, FE7E-196
CFAHEAIIEAT N, WRFBERT. SR AT BET J5 R
SEMEALFI R R MR, BIH A3k 1 FL 2
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XRD FAFLE H AHH2% Rigaku Ultima IV B 3hRE
X SRR EREAT. IR Cu HE, Ko TR (A=
0.154 056 nm), T ff HL & Il H 8 43 1) of 40 kV Al
40 mA IR 10° ~80°, FHHEHEAHy 4°/ min.

AL H, 27 FHE S I (H,-TPR) | H, fb
SR I K CO A&7 TR B ( CO-TPD ) R AE R H
% [E Micromeritics 2> #) AutoChem II 2920 %I 4 H
bEm B X3 H,-TPR RAE, FRILZY 20 mg
SRR AL FRE S B T U BL 3, 7F Ar X
A FLL10 C min~" J}HE % 300 C , TR R
30 min, SRJGFEIRZE 50 °C, ¥t Ar SR 10% H,/
90% Ar (50 mL/min) {BGSUK, FF7EZIREE T R f
— € W [Ef TCD A #5155 €, J5 LA 10 *C/min

JHRZ 700 °C, >k H] TCD il 31 5% H, JHAE .
X H, A RAE , JBOEJEUS FE A 200 mg & T
U B9 e A ST DL 10 °C/min 3R TR
300 °C, 7EiZild T 30 min, X5 R 2
50 °C, fiy TCD 6l & e Fa e i , i AR B Y
FEEI(0.5 mL) fikth 10% H,/90% Ar JB &< AK,
B RWFEA. X5 T CO-TPD RAE, BUAL 55 FE i
40 mg T U BUAZEE A, 7E He <, (50 mL/min) <45,
TLA 10 C/min F} % 300 C, 7EiZi T WA
30 min, K5 ¥ A0 E) L, FF He U4 N 10%
C0/90% He (50 mL/min) FRIRGSK, W1 h, 5
Y/ He K (50 mL/min), ZEg FW3 0.5 h, L)
10 °C/min #ZRTHEZE 600 °C 3147 CO fiit fff.
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1.3 LA RE T M

AR AR ARG IR PR 0 AT T PPN TR 25 35 R B 4
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h™ BRI EE (-2 C) R T, 133
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Br, A4 (TCD) >R FHSEH: PORAPAKQ 2y
Wi, B4i4 HP-PLOT/Q (30 m x 530 wm X
40 pm) Al HP-MOLESIEVE (30 m X 530 pm X 25
pm) F T4 CO | €O, | N, 555 A BT
KJERE IS (FID ) 2k & 4048 HP-AL/S #1 (30 mX
530 pmx15 pm) ;AP Co, K238, BRI
He "<, R IMREAR 8 2H 00 & 6

2 R 51Tk

2.1 4 FAE XRD RAE

Ni-ZrO, AL be a5 Fd Ji 5 1 XRD i (5] 0l
BI1. Bl 1 (a) R Be o kR 9 XRD 35 &, & rh
20 Jy37.2°, 43.3°F1 62. 9° 4k B AT 5T 14 K NiO
()R AE 177 506 (JCPDS No. 47-1049) , B % ks b2k
FER TR, NIO fiT i i i G i JF A2 15 2R B 20 K
30.3°.35.3° .50.4° 50.7° .60.4° 62.9°F174.5°



553 4 KB FPERIRBEICEE A Ni-Zr0, AL B AR IR RS R P B AL Pk RE A5 245

(a) @O NiO & +-Zr0, O m-Zr0,
NZ:950 QM_JLQ_A

Intensity/(a.u.)

NZ-450 ALl

NZ-350 A :

20 40 60 80
20/ )

(b) ®Ni  +Zr0, Om-Zro,

Intensity/(a.u.)

10 20 30 40 50 60 70 80
20/(°)

B 1 AR REBEIELE Y Ni-ZeO, 455 XRD j%[&]

Fig. 1 XRD patterns of Ni-ZrO, catalysts calcined at different temperatures

(a) calcined catalysts; (b) reduced catalysts
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AEFIE I T RN m-Zr0, FRTETIE.
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AN AL EE B 1) Ni-ZrO, LTI N, 15 B- e
B AERZe WL 2. WTLAE Y, 25 800k S AR N,
W0 B 45 I £ 11 S A LA R IV B £ 350 FiI
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FIR iR AR 2k S T H2 B AR R A FL.45
HJE T SO RY . R BRR T B 1 550 C i,
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Fig. 2 N, adsorption-desorption isotherms of

Ni-ZrO, catalysts calcined at different temperatures
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Zx0, AR AR S8, ATLVE Y, FEE R be ik
(TR, Zr0, FARFT Ni-ZrO, {4k R 14 b 22 i FHL R
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R LR F RS 25 F A A Ni [ 200, 2041 HL 22T
B AR 20, SRR BRI 1 T 45 5 L
T NIO, HFRMmA kL 181 m” - ¢, (Hil 4%

(1 Zx0, R AAARTALAR, P Ni-ZrO, fEA5] i)
PR MR R T AN Ni (9 200, #Rn) HeR .

F 1 AEIRERESRE Ni-ZrO, AT R R 5 #F0 NiO/Ni BHLR~F
Table 1 Textural properties and NiO/Ni crystallite size of Ni-ZrO, catalysts and ZrO, supports

BET surface area

Pore volume

Average pore size NiO/Ni crystallite size

Sample /(m* - g™)® /(em® +g™)? /nm* /nm"*
7r0,-350 69 0.09 7.5 /
7r0,-450 45 0.06 9.0 /
7r0,-750 11 0.03 13.6 /

NZ-350 143 0.15 3.1 3.2/6.9

NZ-450 92 0.12 3.4 7.8/6.4

NZ-550 64 0.09 9.0 7.9/7.7

NZ-750 18 0.09 10.2 8.8/8.7

NZ-850 8 0.08 14.5 16.6/14.6

NZ-950 5 0.08 21.8 26.9/23.2

a. Calculated by BET ( Brunauer-Emmett-Teller) equation; b. BJH (Barret-Joyner-Hallender) desorption pore volume; c¢. BJH

( Barret-Joyner-Hallender) desorption average pore diameter;d. calculated by using Scherrer equation at 26 of 43.3°; e. calcula-

ted by using Scherrer equation at 26 of 44.5°.
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Bl 3 S AN Tal il B s b il 25 1) Ni-ZrO, AR Y
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WF 5N Ry, IR R 04 TV J8 - 280 44K 3% T U 25 179
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Fig.3 H,-TPR profiles of calcined Ni-ZrO, catalysts
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WA TR 7 7 BRI S EORUR KK, i i i
115 & F 5 3R H A PR AR A IO fi 38 J .
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PAEEERATLIE , NZ-350 fAb 0 1k i i i
%, H DRSO, X2 H T NZ-350 ik 45 ke
TEEERAR, NiO Py 52 A B AR A 55, NZ-450 i
A T-NIiO 3 Jr i e ey, ELUG TR B R, 6B
HEALTIFE 450 °CREBErT NiO Py -5 214 B A ELAE
Tk, ARSI AL ) B0 RS e IR RE L T e i AR
MR, 10 WA ARG W ek /)N, X AT fig 2 B T E AR Y
R Be L 1 = B NIO W & A= AL 3R, N0 iR K
K, TRl (i Zr0, 800 & AH M Y 5 A % 78 R
FREAE, M S 20 NiO Y B 5 2R R B 1R
5'5[13}'
2.4 EWLFE TEM R1E

WS Y NZ-450 . NZ-750 {467 TEM ik 0,
4, HE 4(a) T IL, 450 CHREHEM) NZ-450 fEALH]
FE B Ni R 43 FOTE 200, 2R %, H Ni
pnbL ROT B /N, SF SRR 290 5 nm. 4(b)
Hh NZ-750 4 Ak 30 2 0 b 094 B Nk A T W] B
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& 2 Ni-ZrO, L H,-TPR SHM SR
Table 2 Gaussian fitting analysis results of H,-TPR profiles of Ni-ZrO, catalysts

Reduction temperature/C

Fraction of H,-uptake/%

Catalyst
I 1T I II

NZ-350 380 468 78.3 21.7
NZ-450 405 507 39.6 60.4
NZ-550 390 481 45.9 54.0
NZ-750 403 455 59.6 38.5
NZ-850 405 479 86.4 13.6
NZ-950 405 481 87.0 13.0

/?(Zr.o:(ou»

y » d=0.295nm

Ni (111)

d=0.2 I

Zr0, (011)

Zro, (-111) =

A d=0.316nm &'
Ni AN

P 4 Ni-ZrO, fEALFIE 5 9 TEM [

Fig.4 TEM images of reduced Ni-ZrO, catalysts.

(1) AT BRI R, SRR 9 nm. 8] 4(a')
F1(b") 435k NZ-450 1 NZ-750 44k 5 ) HRTEM
K, B aT LA S Ni A% 4540, AhAg 1A
0.203 nm, ¥R T Ni (111) . X ML) b
BT LS B FE R 0. 295 nm [ A& 2580, XN
TPUJ5AH t-Zr0,(011) &4 1H, NZ-750 fi Ak 55 L id s
LY b TE BB A 0. 316 nm A HRMH m-Z10,(-111)
Al 3X O H T R PR T B 20, R R A

(a) and (a’) NZ-450, (b) and (b") NZ-750

2.5 4L FIE H, -0 2 R MR AE

AR BE PR A Ni-ZeO, (AL B9 42 8 Ni 4y
HIORE | 4 )8 200 R B 0L R ST SR ) H, A2 0% B 3k
FFFRAE, B Ni R 75 H R T it i R 0h
10V gE L 3. R AT IE T, AR 48
Ni 3003 01 4 T 2 1T FR B % 0 UL 194 T v S 1 o
JET/IN, 450 °C R Be i) NZ-450 41 4k 5 9 43 B fit
B, BF13.9% , &JEEWAEE 14.8 m” g, Ni
Bk RSN 7.3 nm; NZ-950 i 4k 31 #4948 /3 1L
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JE A4 R AR /N, 203 1.8% 1 2.0 m” g,
42 J8 Ni URIR 1 39.3 nm. B TR RS
AL F T RSN, AR TR LA Ni 4y
e, HSEEE Ni R AR, BRIk

& 3 Ni-ZrO, fELFHIE H, LF MR
Table 3 H, chemisorption results of the reduced
Ni-ZrO, catalysts

Ni dispersion ~ metal surface  Ni particle size

Catalyst /% area/(m’ - g.}) /nm
NZ-350 9.7 10.3 7.8
NZ-450 13.9 14.8 7.3
NZ-550 10.8 11.6 9.3
NZ-750 8.3 8.8 12.2
NZ-850 4.7 5.1 21.2
NZ-950 1.8 2.0 39.3

2.6 fELFIA CO-TPD RAE
Ni-Zr0, fiEAL5 Je 210, AR H) CO-TPD KAL
R DLIES . AT LA, S R A AL 7R 9 TPD 3% ]

193 Zr0,-350
275 —— NZ-350
450
106 ;
1 ‘ n 1 n 1 " 1 " 1 " 1
”; : Zr0,-450
s i ——NZ-450
Z 400
- :
=} R ~ o
i : T !
| - n 1 " 1 n 1 n 1 " 1
Zr0,-750
3 ——NZ-750
: 351
H ; 473
120 M
1 1 1 1 1 1
100 200 300 400 500 600
Temperature/°’C

[ 5 Ni-Z20, fEAL A% 760, R CO-TPD
Fig.5 CO-TPD profiles of Ni-ZrO, catalysts and ZrO, supports
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AL B TR e Al 16 1 R BRI T4 8 Ni % CO B
Bt ML RT A, 3R Ni A 1 Ni-ZeO, fif
1 CO L B I B S 9458, NZ-350 LRI 7E 193 Fi
275 °C BHT BB T 458 B2 1 CO BERH I, %
SHH CO 54:J8 Ni M EAERE S, AT kbR
BERIHEAT, R CO Ak SR 2% A i i 3 VS BB Ay
170 ~270 C'" . 54 )@ Ni M EAE SR E CO i
BiHide 1y BRAE 450 °C, i%#BAF B9 CO Xof FGEAk S 17 5
BRA K. NZ-450 fiEfLFI17E 120 °C H BV 1Y CO
JUERRT UG | VA8 -5 A A B P 3 55 1 4 B o i
AbF M B CO ., A CO 43Xt F B Ak
JERGPE TR AN K, 275 °C JEIT H B CO i R
R, ARIT R 750 CRBRH NZ-750 fi
AL CO IR /N, ARH T CO [ AL H i fk
R F5HEA T
2.7 KEKBERUIERE

BT X SR R A R, 7R 2R T2
JRE AT, AR 260 C | JEJy 1.0 MPa, H,/CO
FEIRLE R 3, 25 A 6 000 mL « g7+ h™' T IE
T Ni-ZeO, AL A3 25 PR P AL PR R, 45 R 0L
6. I 6 (a) AL B F e fb 1 1L AT LA
350 °C K551 NZ-350 #1450 C Jghent) NZ-450 14k
FUAE H L1 ST W I ] A oA H B S F 2 05, i
JEBAT 550 C )5, MEALFIMTE IS A T R, FEE f
RGBSR B TH 5, CO BIRIIA 55 1L R e 4 )5
AR, 450 C A Hemg NZ-450 fifb) BA Hem i O
AL, K3 61.6% , 950 ChiHany NZ-950 {4k
CO VP EALRAUN 3. 7% . X SEH T NZ-450 ik
H4JE Ni MR E . Ni RN, BSR4 T
CO HHEAE MG, TR b 2 30 1 5 194 F 6 1 335
BRI CH, | Cpy Jo CO, BEHEVEAE N I ] P4
Ewfe, HPHEILE 6(b). "LIEH, &#ik
FI) CH, BEEEPERE R be iR 0 T s g i i, 4
ARG BELE A 450 CIF, CH, 3EHEMER 72.6% |, %
Bl B 1 750 C J5, CH, ¥ £ 1 1 1 i 3]
80.1%. NZ-950 i {7 i CH, ¥ #1E Fem,
83.8% . 7£.350 ~550 CIEEIN, &Efbilng C,, vkt
PELy Ny 21.2% , #5750 C G, Cpy VEFRVERE N
16.7% . HEALFI CO, BEREPERER PRI 19 TH 5 T 12
R, 3 TR IR e AL 30 Py 5 M 210,
T KRS, MNP T 2 €O,



%3 KM ATBEIREER A R Ni-ZrO, AT SR L3R 25 R P e AL 1 RE BT 5T 249
100
(@) Elci, Blcc o,

—a— Ni-Zr0,-350
80k v Ni-Zr0,-550

—4—Ni-Zr0,-850
MAMAME L SR

OO e Srevere
4O_MM

o Ni-Zr0,-450
+ - Ni-Zr0,-750
> Ni-Zr0,-950

CO Conversion/%

[
(=)
T

10 20 30 40 50
Stream online/h

& 6 Ni-ZrO, k7 B KIE

100 -

40

Selectivity/%
[} =3
(=] =]
T T T

[
=3
T

NZ-750

Catalysts

AR CO HebfEfetfig

Fig. 6 Catalytic performance of slurry CO methanation over Ni-ZrO, catalysts

(a) catalytic stability. (b) selectivity of CH,, C,_, and CO,.
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N T S AT SO i I T3 A AR RS A2
b, XML BEAT T TEM FI XRD RAE. KRS 1
NZ-450 . NZ-750 {467 TEM AFWLE 7(a) Fl(b).
BT (a) T LA Y, S5 NZ-450 EALTHIARE i
fy Ni JORLST HCPE 5ty 5 RO RTREALTRIATEE, Ni
UL R ST R/NA R A W Sl B A 0 s NZ-750 A

-
R ]
m— Y’

L

AEFIE Ni OB RSE A BT A8 K, SF ¥R AR 29 15
nm. & 7 (a") NG NZ-450 {4k 5 i) HRTEM
l lﬂPmTXJM I B4R Ni il -Ze0, %

;s B 7(b") RN NZ-750 {467 i) HRTEM
l l’é‘lﬂ!ﬂ%tﬂf)ﬁ J& Ni Fl m-Zx0, ftk 254, 12
PUTT A t-Zr0, ShA% SRS RO .

d=0.203 nm

P 7 Ni-ZrO, AT SN 1 TEM [

Fig.7 TEM images of spent Ni-ZrO, catalysts.

(a) and (a’) NZ-450, (b) and (b") NZ-750
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Fig. 8 XRD patterns of Ni-ZrO, catalysts before and after reaction
(a) reduced NZ-450 catalyst, (b) spent NZ-450 catalyst, (c) reduced NZ-750 catalyst, (d) spent NZ-750 catalyst
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Ni-ZrO, Catalysts Prepared by Citric-gel Method for Low-
temperature Slurry Phase Methanation of Carbon Monoxide

SONG Yan, MENG Fan-hui, LI Zhong"
(Key Laboratory of Coal Science and Technology of Ministry of Education and Shanxi Province ,
Institute of Coal Chemical Engineering, Taiyuan University of Technology, Taiyuan 030024, China)

Abstract; A series of Ni-ZrO, catalysts were prepared by the citric-gel method and calcined at different tempera-
tures. The effect of physiochemical properties and structures on catalytic activity of Ni-ZrO, catalysts for low-tem-
perature CO methanation in a slurry-bed reactor was studied. As the calcination temperature rose, the BET specific
surface area and pore volume decreased, the Ni metal dispersion firstly increased and then decreased, while the Ni
particle size firstly decreased and then increased. Ni-ZrO, catalyst calcinated at 450 °C showed the highest Ni dis-
persion, smallest Ni crystallite size, strongest interaction between Ni species and support, and largest amount of CO
desorption which moderate interacted with metallic Ni. Under the conditions of 260 C, 1.0 MPa and H,/CO molar
ratiao of 3, Ni-ZrO, catalyst showed the highest CO conversion of 61.6% and stable catalytic activity. The Ni ag-
gregation and Ni crystallite size growth of Ni-ZrO, catalyst calcined at 750 °C led to the catalyst deactivation.

Key words: slurry-bed reactor; CO methanation; Ni-ZrO, catalyst; calcination temperature



