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Effect of preparation methods on the catalytic performance
of Ni-Al, O, for CO,-CH, reforming

MO Wen-long, MA Feng-yun, LIU Yue-e, LIU Jing-mei, ZHONG Mei, AISHA -nulahong
(Key Laboratory of Coal Clean Conversion & Chemical Engineering Process( Xinjiang Uyghur Autonomous Region) ,
College of Chemistry and Chemical Engineering, Xinjiang University, Urumgi 830046, China)

Abstract: To investigate the catalytic performance of nickel-based catalysts for carbon dioxide reforming of
methane, four samples, SCM, IMP, T310 and HTP, with same contents of Ni were prepared by solution
combustion method, incipient-wetness impregnation method, colloid mill circulating impregnation method and
hydrothermal-precipitation method. The catalytic performance was tested at 800 C. The samples were
characterized with ICP-AES, N, absorption-desorption method, XRD, H,-TPR and TEM techniques. It was
shown that the preparation methods had significant effects on the catalytic performance. The HTP and T310
samples had larger specific surface area, 190.83 m’>/g and 182.21 m’/g respectively, which could provide more
active sites and improve the activity (the initial conversion of CH, and CO, of HTP was up to 85. 15% and
90.84% ). The reduction peak area of NiAl,O, of the catalysts prepared by solution combustion method and
incipient-wetness impregnation method was higher than 90% of the total reduction area, indicating that these
catalysts had more small Ni size particles and better stability after reduction ( the conversion of CH, for SCM and
IMP was higher than that of HTP and T310 after 50 h experiment, and was up to 50% after 100 h reaction).
Hence, the mojor reason for improving the activity and stability of catalyst would be the size of Ni particles and
its resistance to sintering.
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Table 1 Experimental agents and instruments

Agent or instrument Manufacturer
v-AlL O, Tianjing Chemical Research and Design Institute
Ni(NO, ), -6H,0 Tianjin Damao Chemical Reagent Factory
Al (NO,),-9H,0
NH, (CH, ),OH Sichuan Xilong Chemical Co. Ltd.
H,, CH,, CO, Xinjiang Xintianyi Cylinder Gas Xo. Ltd.
JML-50 colloid mill Shanghai Kelao Mechanical Equipment Co. , Ltd
KH-200ml reaction still Shanghai Lingke Industrial Development Co. , Ltd.
101-2AB drying oven Hebi Huayuan Instrument Co. , Ltd.
SDTGA100 muffle furnace Hunan Sandy Technology Development Co. , Ltd.
L2 A& PECROGER 3 h J5 , VO AL R, O BRI, R A
1.2.1 RREBIEIRZREG FELT LB TR VRIS 2 YE 3 W, LA ISk B8 v

ST P AR IS B4 b P S PR AL 2 BRI PRI B B TR O R TR AR, 110 CHE
A b ORI EERAS I AA HUK B IS 124 hy i AR RO B 3 b 650 C B b
B, shifs i Z M AT 28 BT, STEEE 3 h BRHE RS EL 40 ~60 HAEH,1Eh T310,
PR A B 0 B WS OR, RTARE TR ER Y 1.2.2 FEFRIRRIEH EELT
Bl s A B y-AlL O, WK AN . A 750 il £ = 1, Sl

WA S FEBARFE PR A A XTI 3, o R y-ALO, MK, HR4E E K AR GB/T17431.
W — AR e, B — Nk, AUE G AR 1-1998 A1 GB/T17431.2-1998 il [& 1AL i il W 7K
il i BESZ SR K SY VI Sy FIEESE ), M2 B mliidie R, BARWCR DB RE S OBCE 110 CHULR R T 2 1E
B BER I ER], I A OB, SRR AR TR R N B =R, PR
e BIEATRA i I my o SRJE R RE SO B 20 mL 250

B, FREL 4. 36 ¢ Ni (NO,), -6H,0,5 g  /Ki 50 mL Bebfrr, FEAIRK 24 h )5, A 100 H
y-AlLO, (it 80 HIfiAIM A ) BIA 50 mL Fetr, 1 BYTHEFH, 387K 1.0 ~2.0 min , SR 5K A B FR
PR A 30 mL 2 B 7oK, BEPERE Ni(NO, ), - HLBEREA m
6H,0 FEArVs i 5 FLUR 150 B e 1A 5 2y | i 5 45k ) BB EAKE AL B 24 b KR 4 R,

A 10 A2 BE BT B, A IR AR B AR I A n=((m,—my)/m,)x100% (1)
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B 5 TR Ni-AL O, EALFITE CO,-CH, R S N Hh i L PERE Y 52 i) 1085

o, n-[EAREE L ) 24 h KE, % ;

my BT IAFE R T, g5

m, -2 K JEIRFER T, g

2RI, y-AL O, B K% 105.05% , HI,5 ¢
y-AL O, /KN 5%105.05% =5.252 5 g, %K
(IERE N p=1 g/mL i, W /K& 5.252 5 mL,

PEALFI A 45 . LA y-AL O, A# A Ni(NO,), -
6H,0 JIHPEL 3 A akAR . BARD IR Ny 4% 4.36 ¢
Ni(NO,),-6H,0 i# T34 5.252 5 mL Z /K 1) b2
e e A RIS A S g 40 ~60 H y-Al,0,,
HARIZ R 24 h, SRJE A ST R4 110 Tk
24 h B HGE TSk b 650 € FA55E 3 h, BIF3K
FE,i2 0 IMP,
1.2.3 BBEES & ELF

B, FREL— & & 1) Ni (NO, ), - 6H,0 #i
Al (NO,),-9H,0% T 100 mL /K-Z —- B (RN
L:1) BBepfr, S FRIZIE R 3 by HAak O FiRiR
BB AT 2403 h BT KA TR A TA R
AR E T 5 3R Ll 4 C/min AY R THE 2 650
C (WL B AERE R I BRBE RN ), PR FF 8 h 5%
R WAL, IR il SCM,
1.2.4 KATIESH SEAF

LA NH,(CH,),O0H AULIEH], y-ALO, N EiA,
Ni(NO; ), -6H,0 Jif e rarakik, BTN .
P —E A Ni(NO, ), -6H,0 I TH47 30 mL 25418
IKEIKIG BZE, FINA S g 40 ~60 H y-Al,0,, 8k
JERIZIBEFE i Ni (NO, ), - 6H,0 FE/3# fiff, I 1t I
5 mL NH,(CH, ),OH &% 218 it A Ik & Bl b
%, 22402 h JF BT #E4H 110 Tk 24 h, %
HEHEETFARHIR G gk 2= b B0 T
THEA 110 CTTHE 24 h, BEGHT DY 650 C
TR 3 h, R AEAR T, TS S HTP,
1.3 EAFIRRE
1.3.1 TERHARNE

K HL B A 55 B 114 (ICP-AES ) I e A i v
KIGE M & &, 7F 35 [H Leeman Labs 2\ 7 Plasma-
Spec-1 %) HL B A & 45 B3 I & SO 3% A (1CP-
AES) BT,
1.3.2 N, HRpff- Bt Bt i zE

A0 14 1 2 1 A B FL&5 F R FH AL e g TR 2

CO mass in product

FARA PR ELE 72 1) TW-BK 50 85 25 ZU B3,
MEAATEAE ST 120 TR+ 4 h, SRA BET i1 1
SRR LU SRR, B s R LA BIH i3t
HALE AL,

1.3.3 X SHE&MAKRLTH(XRD)

R X S4B AR AT 52k AT H A Rigaku 23 H
D/max-2400 %! X S A A AT I (Horr, Cu
Ko 58 51, FHEFE o 2 (°)/min, H L K K
0.02 °,4° ~80°44k) .

1.3.4 RFFHIRIFIE(H,-TPR)

FE QAR T R B ik T H,-TPR, H
REREANT 0. 14 g S TEA e S A th 2841100 €
AT 1 h(30 mL/min) J5, B H EZE R, K5
£ 40 mL/min BESFEA (S H, 010 % ) iRE
AT M ERBETF IR E 800 T, il # R h
7 C/min, [ B 06 R SEALES T 477 19 GC-7890
RIS M (TCD K2 ) il SRFEE R 5,

1.3.5 BE5ERE(TEM)

K F2€ [E FEI /A % Tecnai G* 20 Stwin %% i}
L % ( TEMD) BL3E 000 7 28 Ni R 18 K /NA
Ay HCRES . I L R 200 KV BESHR AT AE K
SR A TR AL
1.4 EEFIBESR

PEALTITE A 25 B R 2 L IR 1, S #% R
e R AW . O K 400 mm, N2 6 mm,
HEALFIRIAR 20 ~40 H 383 E 1.00 g, RO AT, 4
FEFHITE 1=800 C &It ¢=50 mL/min Z&{4 ik
J5 3 h, T U4 28 sy AR, S5 %Rk . CH, i i
60 mL/min, CO,/CH, = 1 (/K1 [t ), GHSV =
18000 h™', RS i A G (b5t 5 GC6890,
ParapakQ ¥, TCD kil #% ) fEZe kil % b R F ik
BEMERR AR LRI R ARG

x(CH,)=

CH, mass in feed-CH, mass in product

CH, mass in feed x100%  (2)

x(CO,)=

CO, mass in feed-CO, mass in product

CO, mass in feed x100%  (3)
s(H,)=
H in product
 oed-CHL. mass x100%  (4)

CH, mass in feed-CH, mass in product

s(CO)=

CH, mass in feed-CH, mass in product+CO, mass in feed-CO, mass in product

x100% (5)
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53251k, ALO, KU AL O, A4 ) HTP  T310
1 IMP XU 110 25 L R o 20 2 L 784 g TIT 289, HCRRAE 2
W2 B AN BRS B 9 Tl A, ROt B e R 1R 32647, FR
TR A5 - T A4 AH AR FH O T B I3 535 W Ff
531 WA BAE W B R A DA E . iR
SCM 145 IR W B £ 2 MY (g V RS | Ay T 78 463
BRERIARTE | 5053 J5E DR AT 2 T R e vk il 5 13X
FEEA BE A ALALIE TR S AT R T,
N, W Fff i fE rh S fLIE A B MEER ML KL, 7
Ak, AL O, KLk AL O, A # A & 1) HTP, T310 FlI
IMP AEZEAINT R F7 0.5 ~ 1.0 5 —A i fE 36, HIE
R H2 B U A LA, HA LB
SR SRR FL AN HE BRI R R] B L 55, #F
fi SCM it Ja TR BB AR HL BY | 1% 7 fL IR Sl W
B B ERR S AT 51 ) B IRAL
% 2 if# ICP-AES HIR1E
Tadle2 ICP-AES results of the catalysts

Wmol/%
Catalyst -
Ni Al O

SCM 4.11 37.74 58.15

IMP 4.09 37.76 58.15

T310 4.08 37.74 58.18

HTP 4.10 37.74 58.16

(b) Vi
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Figure 2 N, absorption-desorption isotherms (a) and pore size distributions of the samples

Kl 2(b) AR 7 il £ Ak 77 1 BIH FLAR 43
A, BB 2 (b) Al AT, il 5 07 2 i Ak Y
BIH fLAR Aok, Al LR R i 2 ~
50 nm, J& LAY A FLESF , 22 W T il & R 220
LR RE, AN, ALO, Al HTP (LR 43 A5 AL,
H HTP W/ fLA P E ¥ &, 1 T310 . IMP Al SCM
AR LR 73 A B VR EL, A AL P RN
2.2.2 FLEMBE

& 3 AR Tk s AR A LA SR
®3 AEAEFENELTLENY

Tadle 3  Specific surface area, pore volume and
average pore diameter of the fresh catalysts

Catalyst A/ (m*-g™") d/nm  v/(cm’-g™")
SCM 55.79 28.11 0.38
IMP 106.24 25.41 0.41
T310 182.21 21.12 0.46
HTP 190. 83 17.02 0.47
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B 5 TR Ni-AL O, EALFITE CO,-CH, R S N Hh i L PERE Y 52 i) 1087

2R 3 W K IO R il 4% 1 HTP 30RE 1Y He
FMAE A, N 190. 83 m®/ g ; i LLVA W R0 ) 4%
) SCM IR FF L 2 18 B e /N, (U 55,79 m*/g, £
LR FLARTE 10 ~ 30 nm, 5 FE R FLAE 20 A
Y& .

2.3 XRD XR{E

&l 3 AR D ik il g AE AL R ) XRD 35Kl
B3 a1 A IRRETE 37.5 © 45.5 °f167. 1 °Ab
AL B B B B AT S g R JE Sy AL O, HAFAE
g (JPCD No. 10-0425), X} Fik#E HTP Fl T310,
TE37.5 °.43.2 °H162. 8 Abn] AL F I J& ~ 37 )7
#H NiO (JCPDS 73-1519) FFFAEA7 S04, H T310 i
SR TR R, A fe e B T SR WY J7 A NiO 1Y
U g e T RE HTP (957 J7 ke NiO A7 S
FOATREL, DA SRR AR N B, T RE S
B4 A B NiO /il TPk I,

X F ik B T310, IMP Al SCM, 7E 19.1 °,
31.4 °37.5°.45.5 °f160. 1 °n WELH B & 1917
g 8 M4 AT NiAL O, (JCPDS 10-0339) 1
FRIEfT 0 AR E AR L XM R AR &R S
A 58 A B /F F ( strong metal-support interaction
SMST) PFARER , HAA Ji 5 ()3 M4 o Fa e s 4, mf
B 1k 6 PR o R e MR 2 T AR TS, A R TR A
RIBOPERE " 580 7E 37.5 °F145.5 Kb BIfT 5
DA AR K, 3502 T I R A I YT S 058 NiAL O,
Fl AL O AT S U 1) i 28 D T B

Ft, i XRD 434 o] A1, HTP iR 0] e & A 5r
77 ik NiO Fl E i1 NiO, T310 ke & A 7. 77 f M
NiO il NiAlL,O, 2R i £, i IMP Al SCM i FE A &
A NiAlL O, 2R EhAT 45 HI ) Ni PFf,

Intensity /(a.u.)

10 20 30 40 50 60 70 80
20/(°)
3 R[RT7 kG AR B9 XRD 1
Figure 3 XRD patterns of the fresh catalysts
and support Al, O,
¢:ALO;; @: NiO; A: NiALO,

2.4 H,-TPR R{E

4 S AN [R5 3 il A& i Ak ) Y H,-TPR 35 &,
454 XRD ZAT 4 a, &l 4 A%, 78 300 ~400 T
SELE T310 U ELAT B 5 9 3 i 0 | 3% W 38 4
FIAEAE A B 1) Nio'™™! s #E 400 ~ 650 C,
IRFE T310 F1 HTP 34 5AG W I (1% 3 Jit 0 | 3R W1 3K 1
Pl RE R T A7 78 57 7 Al NiO, e 5 8k — 2 1y
FHEAE ] J15 78 650 ~ 900 T, iX k¢ T310 . HTP Al
SCM Y EA B . (13 & A NiAL O, 2R il A1 3L Ji
g H 5 AR B R W 4 B - R A B VR
(SMSI) , Hiif J5J il 15 3 0 A Fa e 79 Ni #rFh
A, H,-TPR 73715 XRD EAELE R —,

H P 4 38 R, 3 fi R A Ji i f) e iR mT 45 31 2
THEJF: SCM (725 T) > IMP (687 ) > T310
(680 C)>HTP(538 T),

1 H,-TPR & AE J5 3 ] A1, 348 Ji e T AR 19 /)N
SRR )5 ) A i AR FE B 56 R, 38 5 peakfit
AERNAA3 0T, 455 T NiO Hil NiAL O, ¥y Fh Bir 4 1
VTR ARG o o i, L5 R R 4, iR 4 7]
HI A5 RE NiAL O, 1 0 T AR X 1 0 5 1 AH 22
R, Hidr SCM iRFER) NiAL O, # i i FH L 451
K, 35 98% , 3% W LA i J5 ) 45 2 5 2 AR E 1
A ML 4 Ni

Intensity /(a.u.)

HTP

300 400 500 600 700 800
Temperature ¢/C

Kl 4 AN[R]D5 ik A& AR H,-TPR 35 4]
Figure 4 H,-TPR results of the fresh catalysts

R4 AE Ni 9#ERIEER L]
Tadle 4 Reduction peak area proportions of
different Ni species

Proportion /%

Catalyst

NiO NiALO,
SCM 2 98
IMP 9 91
T310 32 68
HTP 82 18
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2.5 ELFIBEREIEN
2.5.1 AREHIFFHEELFTIT RN FEEREESE
spAG!

L5 SR AS [ il 8 7 vk X Ak 8 i o AL R
PEEEPER R, RS RTAL PORR SRR B CH, Al
CO, AL R 35 70% LA L, 1560 B i £ 181k
FIR T P = CO TR AT, 298 75% , = H,
PEREVE(65% Z247) o 3 b, T AEE [ i (CH, +
CO,—2CO+2H, ) i A — N8R ™ Y
S, B3 AR S 4 2 v (H, +CO,—H,0+CO) ,
PR NASETG CO, AL & T CH,, CO Hkm T
H2[15,l6] )

H1 &l 5 3 mT AT, AR CH, AT CO, i fb%
K H, Fil CO HFMHEF 4 HTP>T310>IMP>SCM,
X 55 Y H 2 AR R/ I — 2, 10 B H 2 T AR
X HEAR 6 PR R B A s i, e LUK A
ORIV i & ) HTP il FE 09 L 38w AL K, R
190.83 m*/g, H: CH, I CO, #4k% N 85. 15% I
90. 84% , H, Fl CO it £ % 43 3l 73. 65% F
82.55% .,

100

SNNER
9 k- )

80
70

60

Conversion and selectivity /%
i

/EEEEEEEEEEEEEEEEEEEEEEE|
/ENEEEEEEEEEEEEEEEEEEEEE|
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50

SCM IMP T310
Preparation method

5 O [l il 6 5 v AR B BN e A R R
Figure 5 Activity and selectivity of the catalysts
prepared by different methods

2.5.2 AEFIEFEELFITKESEREE R
bt R A0

Bl 6 ARl i 28 5 K 28 A A R U
AR LA TR T AR, Hh Bl 6 R, PO R Ak Y
SV =9 n(H,) /n( CO)EE/NT 1, 3% & v ik
F R A WK RS 4 UV (H, +CO,—H,0+CO)
FIEL, BEROWIHFE T H, i AR KRR, B
H, MEFEMEILT CO Mkt 5 4h, il
H1,HTP B Ry, o 1 RARTHAD AR , 735 2422, 051
6. 03 mg/min , & B K LR T R B4 A0 70 7 0 a2 s g

G PEAN AR A [R]F , toiail] S A, R
il AR FIK 28 Y HE A

180 P =9 A, (/) N N

140 L BXXA R, (mg/min)

120 - 00O R, (mL/min)

30 C Ty co

wl—m m P aE]
N
N
\
\

ST
o O
“y/|

SCM IMP T310 HTP
Preparation method

Bl 6 AT 0 ALK 28 U R B
U 5 LA B S

Figure 6 Production rate of steam (RHZO) and carbon
(RHZO) , ratio of H, to CO (rH2/CO) and
Apgpr of catalysts prepared by different methods

2.5.3 ARFEFHEELEFREERZME

7 RASIA] 5 vk il a5 AR T Y CH, B fk 6 Bl
it a] AR A G, F 7 AT ARV 10 h P, HTP
REE CH, # ALK ik 85% a4, T310 il FE 4 hy
78% , 1M IMP 1 SCM i HE: CH, #5732y
K 75% F70% ., BE A KN [E] B SE 4, HTP A
T310 ik CH, 5L F M R, 3439 76 ) i 60
H180 h JF &2 50% ;1 IMP 1 SCM &A% 1 54 5 M
Y, CH, S A5 BITE U 100 #1192 h JE R 2
50% .

100

90 HTP
A
S 80 G M
DS eStgsag—o—tx,
270 000000—B=0. ., IMP
\ §8:g~o\:\‘<-—o\. ./

= 60 Folooa e,
o 50%i 310 e e
B S0 e e Y e - B e on o
8 40 1 ' SCM
2 30+
)
O 20+ '

10~ 1+ 10h

0 j 1 1 1 1 1 L 1 1
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K7 AR & 7 AR A RRE PR e
Figure 7 Long term stability test of the four catalysts
kUL, HTP A1 T310 X EE A9 44 16 v, (2
R g 22, 1M IMP H1 SCM 13URE 4] B 75 E 41K
M EVERF . X AT B2 HTP Hl T310 1A B AT
BRHY LR EAL (4354 190. 83 A1 182.21 m*/g) ,
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BUSCTE 45 WAITE Ni-AL O, HEALFITE CO,-CH, T8 52 R i f MRk B 1089

A Ry SN B AT 2 ) R B R T A T 22 1Y BN )
S AR N2 5 B0 1 IMP Al SCM i
HATE L0 NiAL O, YFh (11w A2 b 4515331 A 98 %
MO1% ) , Hik J5 s nT $E L5 R R 1Y Ni b, 3kt
G i 2 53 1 et | DT e A 300 A e 1k
2.6 EAFIREEHLEENILRERSH

35 RASTR Tk il £ A AR R ORI L RO S
Roe s Gtk Rmfl, ek s nlA, B9, Kk
DURRTE £ 11 HTP 3URE e 2 1w BRUR N AiT Je 3 e k
JREAAR A 24 12 58 0 1 45 1 T310 RXFE IR 2, ¥ WA
%E%J%E’J SCM 3SR B AR s vk, s Je iR L 3R

iﬁf&?*ﬁﬁ&fﬁuﬂﬁﬁ Fo g R SE g0 I 1 b 3R
E% TR/ 3R] BE 2 F T Ak 00 o T B 7 v 1) 4
PRAHE(F) iﬁdﬁﬁﬁﬁle

®5 FREFEHEENLTREEEHLERER

Tadle 5 Specific surface area, pore volume and average
pore diameter of the spent catalysts

A/(m’-g™)
Catalyst before after endurance-tested
reaction reaction catalysts
SCM 55.79 48.25 35.28
IMP 106.24 95.51 67.35
T310 182.21 168.76 135.14
HTP 190. 83 179.32 146.75
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Figure 8 XRD patterns of the spent catalysts and the endurance-tested catalysts
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Tadle 6 The size of Ni species of the spent catalysts and
the endurance-tested catalysts

Ni-cluster d/nm Increasing
Catalyst B -
after reduction after reaction rate/ %
HTP 15.7 20.5 30.57
T310 13.6 15.2 11.77
SCM 9.5 9.8 3.06
IMP 8.6 8.7 1.16
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Figure 9 TEM results of HTP and IMP; HTP before (a) and after (b) reaction; IMP before (¢) and after (d) reaction
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