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RIRFTMBUA TP REINAR, IR Yy b
P T AT LU BB AR B SRR oY
2, RGN A ( Oxidative dehydrogenation of
propane, ODHP) i3 #24% DHP i #27E #4124 [ h
AR, T2 BT A R, (H A2 T R A
T PR 2 TR AL . B4 A XX —
PRI, — Lo E KR R IR R Ky
BN SO G R A AL R B A R S R et )
A BT Bk I AL S I 6w A AL M A7)
YL TEHRES S, T e 3L ODHP i fk
PEREDL Hoh, RIZOK A (ED R4 B AR
1k¥), Layered double hydroxide, LDH) A §ij 3K A K7
PTG iR 3 HL 22 4003 A0 K TR & 4 8 S8 AL ((Mlixed
metal oxide, MMO), Ul Mg-Al-V'"' | Ni-Al'®' | Ni-
ALV Mg-Co-A1'" | Co-A1""" | Zn-Al-V'"™*" MMO
&, Je—KHATF AW FH ODHP fEfLF). X 3%
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5% 2CoAl MMO 1) ODHP 44k P fE & 02 18] B 25
F(S07, PO FAAEA FI TS CoO ZhlE , M
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YK S AR (170 °C ) PRRERRAE RN i) gt e 2
4fi Co,0,1 2.5 f%. J3—J7 1, LA LDH Ry HiTIk 1A iy
Ni & MMO A0 ST A7 25 1 P 95 12 15 P ) B g A1
FRTRLAS, EUFIFH R AR 20 ik 3 H: ODHP Ak g Y
WFIEA WLARE. AT IEC F Ni & ODHP fi#fk
FIAEE ) SRS pH HTTTE A H A W Ni/
Co BE/R FLHY 3 (Ni,Co, ,)-Al LDH Rij 3R, 28 600
C b1 3(Ni,Co,_,) Al MMO ik 5], %% Ni/Co
JEE R HEXTHH: ODHP MR R2 g, I ad X G2k
JeHLFHEE (XPS) . H, B P FHE LR (H,-TPR)
JEAE R S A PR T LR A

1 LG ER 4

1.1 FE#R5iF

SEg: T aGR) (20 A4t < NiCl, - 6H,0, CoCl, -
6H,0, AICL, - 6H,0( i Tk A B F]) 5 NaOH
(R AL RS 4 Ak 2= S R A IR A F]) 5 ok
Na,CO, ( K el B B AL 7l R A BR A v ) 5 ook
C,H;OH ( RHEK sAG AL TAHRR AT ).
1.2 Hmbl&E
1.2.1 3(Ni,Co,_,) Al LDH A7IR{AHI & SRAMEE
pH FEyisEs: 7 il % 251 3(Ni,Co,_, ) Al LDH Hfj
URAAR (BEJR L MP* /A =3 1), L 3(Nigos Copps ) Al
LDH 4. Bt NiCl, - 6H,0 42.75 mmol, CoCl, -
6H,0 2.25 mmol Al AICl, - 6H,0 15 mmol Il —xE &
TUOKE R IG T 250 mL A E AR 1. B
Na,CO, 50 mmol I NaOH 200 mmol Jill — & & K
IKZE 5E VRIS 2. B Na, CO, 1 mmol Jill 100
mL YUK ZR RT3, R 1 B mA
VW3, AT 2 R IR AW pH D 100.2, 15
REp R, FREE L 24 h, B0, KER
IEW pH EZE P, B ERT 60 C TR, #F
JELGFH, ARICN 3(NiggsCogs ) Al LDH. 2R FHAHF Y
Hl e Ok, Al I H A4S Ni/Co EL i, % — & 51
3(Ni,Co,_,) Al LDH Aj9K{A& (x =1, 0.95, 0.90,
0.75, 0.50, 0.25, 0).
1.2.2 3(Ni Co,_,) Al MMO #l#  # S 3p ok
3(Ni,Co,_,) Al LDH ¢ & F 25 34 600 C K b2
4 h, FHRHE=E2 C/min, 15 3(Ni Co,_,) Al MMO 4
b5, Fric M 3 (Ni, Co,_,) Al MMO (x=1, 0.95,
0.90, 0.75, 0.50, 0.25, 0).
1.3 H MR

Ni, Co &0 HT: HLBGHRG SF B TR HHOLIE

L (ICP-MS, ZE[E Thermoscientific iCAP RQ). F
LUR AT FLESHE B b 2% T R BT 4 (36 [ Micro-
meritics 23 7] ASAP2020) , #f i 100 °C B 25 il < 1
AFES h, WA 77 K B N, P H g - R, 8
Brunauer-Emmett-Teller ( BET) #5835 4548 5 1L %
AR, FES AR HT . X AT (XRD, H A3
% Rigaku Ultima IV), Cu ¥, Ko %3 5V (A =
0.1540 nm) , A HEE 10 °/min, HIHLHE 5° ~
80°, EHLIE 40 kV, EHLIT 40 mA. BRI ik
9535 B T WS (TEM, 32 [E FEI A 7] Tecnai G2
F20), HLJE 200 kV. H,-TPR: ZIREIL 0% o4t
(% Quantachrome 72\ 7], Chem BET TPR/
TPD) , PFFKEGM S (TCD) , AL 50 mg, A5
K 10%H,/Ar IRAA, FHEEF 10 °C - min™'. £
SIEMAE . X FELIEH TFREIE L (XPS, £H
Thermo-Fisher 2% & f) ESCALAB 250Xi) , Bi{afk X
SRYR , AL BHIRHT (1486.6 V), TIF 150 W, 454
RERCHE C 15 284.8 eV. [EARH F0HT. SRHH 348
AL UIHERL T (Fluke8840A ) T 2 HE FHLAE, H,
&Ko (s'm')=L/(R-S) (R/Q: HFH, L/m :
BESD R, S/m® . BESRBEARAL) U B
JE P, 2 B3 % o, 14 do/dPy, >0, £ W
3(Ni,Co,_,) Al MMO ¥ p B SR A k4™,
450 °C, WIS PER VA (N, +0, — N,+0, +
CyHy ) , 05 Ak 7] B4 SR F e AR A
1.4 L FEETEH

FEALFI ODHP A4k REIN A 7E [ 2 IR A 958
FVigehsE i, MR 0.2 o, WK, KW IEE
350~550 C, C;Hy/O,/NAKFR I 2 2 2 1 16, G
120 mL + min™', %53 (GHSV)6000 mL - ¢! « h™'.
K5 GC-2010 Plus M (1% 4% ( ShinCarbon ST
80/100 mesh fHIAFTAE, BID #ill e ) Xt s iz 47 A=
YA T AT, 25 1 S 6 2R A 00 i 32 5 1Rl P TR
Tk, AR Se a5, C;Hy = 0, : N,=2:
2:16, T = 450 °C, ELLAELLINNIK 12 h.

2 FRE5TR

21 HmERIEER

2.1, 1 B 1 2H B RN 25 T 2 H 2% 1 i 4
JRERE AL, Ni/Co BE/R LS BB —30, R4
A LDH FSRAS #E Ni** F Co™ Heptiese 4. 1N
PTG N, IRZ 6506 BT <5 3L it 26 161, A9 TUPAC 43
200 R 4% 193 (Ni, Co,_, ) AIMMO i 1k 71 24 5
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Table 1 Chemical composition, specific area and pore properties of 3(Ni Co,_ ) Al MMO catalysts

Catalysts Ni/% Co/ % Ni/Co Sper Pore volume
(Percent weight)  (Percent weight) molar ratio /(m?-g™") /(em® - g™")
3NiAl MMO 53.38 0 1:0 169.9 0.68
3(NigosCop s ) Al MMO 50.37 2.62 0.96 : 0.05 179.2 0.72
3(Nig9Cop o) Al MMO 48.97 5.36 0.92: 0.10 179.4 0.77
3(Nig 5 Cogs ) Al MMO 36.37 12.30 0.74 : 0.25 157.2 0.66
3(Nig.5pCop 5o ) Al MMO 26.14 25.37 0.52 : 0.50 125.7 0.64
3(Nig 5 Cog s ) Al MMO 13.69 40.23 0.26 : 0.75 79.1 0.62
3CoAl MMO 0 52.80 0:1 56.8 0.55
IR B AR A T B %) T Y 2 - SR B AR
o i JHEAT H3 RUEIESR , IS AL A, B Co 7 It
fzﬁi’s‘zﬁﬁi&%ﬁrﬁrffz—ﬁ»ﬁfﬁfﬁ—ﬁ—ﬁ—i}—ﬁ—ﬁ—ﬁm Bahn, 1EE R A S I e I E X RS B, RIHZE
| w & R RS R, )2 R HEB Y iU B 4 AR A2 58,
: wmofo-“wo-wow**;,ﬂ % 1 HRERAMAL BT, Co & AR (v
W:E tfw*—*—*—*»*—*—*—*#*—*»% o 0.90), LRI S A SR, H2Y Co &
§§ o ) vavvngﬁ BN (x<0.90) , —HF I8 Bk /).
E S SRR -V~ -V-V-V-V-SP -0~ A‘::“ 2.1.2 #E 5 d AR ST & 2 24 3(Ni Co,_,) Al LDH
i aaa s s s a0 FI3ONCo, ) ALMMO (1) XRD L
e Prsccs TEE 2 a h, 20 9 1132 22.8° 34.7°, 39.1°, 60.6°
© Lo monoa0-0-0-0-0-0-0-0-0-0-~ ll"' 61.9°4b H 3 LDH A REAEAT 5504, 4351 % 1 (003) |
.A_-._._.f.A.a--aarF" (006) ., (012) . (015), (110) A (113) &4 (JCPDS
e 0D MR, ATIARE 3N Co,)

Relative pressure/(P/P,)

P 1 3(Ni Co,_, ) Al MMO F& N, T BfF- g BFF 25 3 il £
Fig.1 N, adsorption-desorption isotherms of
3(Ni,Co,_,)Al MMO
A~G:x=1, 0.95, 0.90, 0.75, 0.50, 0.25, 0

Al LDH FREESEIN; i Co AR, TR
BENUPF 880, R IATEZ A BARAE T Co(11) AT
5% Ni (11) B B Ni-Co-Al = 7€ LDH, fH K 5] A
Co(Il) LDH Z5FHEFEAR. 5351, P Ni (1) #1 Co(11)
BT R B (0.72 A vs. 0.78 AN DL I

Intensity/(a.u.)

@ 500 ()  +— NiO .
(003) v— Co,0,

A (006)  (012) (015) (110)(113)

500

PP

N
%ﬁi

Intensity/(a.u.)

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

2 3(Ni Co,_,)Al LDH (a) F13(Ni,Co,_,)Al MMO (b)HJ XRD %
Fig.2 XRD patterns of 3(Ni Co,_, ) Al LDH (@) and 3(Ni, Co,_, ) Al MMO (b)
A~G: x=1, 0.95, 0.90, 0.75, 0.50, 0.25, 0
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LDH fif 5 I f B Co (11) #8244 IF K & A W] Al 5.
LDH RKARZE 600 CE5HEI5 Fifs MMO ik AL 2
UG R B A R IEAT S 0, 33X 2 PR T 5 e ik B AR X
A%, AHEIE AL AL O, . NiAl,0, Fll CoAl, 0, 4R i A
SEENAREOY BB R LDH B BIE R MMO 3 & rh
AL(IID) 2 /b i e AFTIE B A s Al v, OB ik
AR, EEGIA AL 850 S 3R A4
PEHAREAT S AR L S | 2 b AT L, B Co
I, 28 NiO A RRAE AT 4 0% (JCPDS 75-0197)
37.3° (111) , 43.4°(200) 1 63.0° (220) 3 J&F % i

WHES, Co(11) Mf BEHLIRHEAF Ni (11) #F AJE NiO
;M x=0.75 B4 IS Co, O, AHFRAE AT 5 06
(JCPDS 74-1656), 435k 19.0° (111), 31.3°
(220) . 36.9° (311) ., 44.9° (400) . 59.5° (511) Fl
65.4° (440). 4 x=0.50 i}, B R LIS Co,0,4HH
F. Y x=0.25 0, CLEEMMNAEIZE Nio 4, R
Ni(IT) AT RERRAR 83 Co(1D) #EAZE Co,0, A,

2.1.3 BERIES M B3 A 3(NiCo,_,) Al
MMO 1 TEM K&, HEIRT L, 4 « < 0.50 B (
3A~C), Ni-Co-Al MMO FESR#:4F Ni-Al MMO $F1E

€ 3 3(Ni,Co, ,) Al MMO f# TEM 1%
Fig.3 TEM images of 3(Ni,Co,_, ) Al MMO
A~E: x=1, 0.90, 0.75, 0.50, 0

R e R FEE b B ERIR A (RTRE R 4R G
HFE) , M4 x = 0.50 B (K 3D, E), HIESM
BB Co-Al MMO FRE, SHABLINAL K Z A 4544,
H 3CoAl MMO JZ R BRI, X5 ik N, 0 F-Bi
FFLL K. XRD RAEZE W) 4.

2.2 EUFEEIENER

2.2.1 Ni/Co EE/R XML PERE 1Y 52 1w Kl 4 %
i 3(Ni, Co,_,) Al MMO f#1L57 5 ODHP {4k 1 B
DRRGE T, & 4 A F B 43 3h TR BE % Ak 6 9 0 ik
PEPERA B TR AL R, B 4A WL, 7E
350~550 CMIRFEFE M, 24 Co BIREE /D (x=
0.95, 0.90) i}, 3(Ni,Co, ) Al MMO HEfbF F A%

AL R BE R E AR L L S 3NiAl MMO 1R, 350 ~
450 °C [N Lef Ak R i K 2 25% L) 1=, 450 °C
DL AR ERTEIZ, 2% Co JEIRIR I Led
FEREHAB AT I, 24 x=0.75 B, RIRAbEs%
fERiE 229% LA I, AREEIE A Co F5 i ST I IR P 4o
BEAL R, (E4T5 T 3CoAl MMO; [RIA Y4 x=0.75
BF, B FARIRP B ALK, (S 30 S
LT T K AR AR B i A5 /)N 5 3CoAl MMO
B AL R B IR R AR AL R T T — B Bk
M5, b Co 4% (x=0.50) A F) T HEFRIE 7 b
eAb 3 I AT ORI AR 4 i 1 e R R e e AR
FIAB AT UL, Co¥B 2% X TN s 12 5 1) g i B A 5 L
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3 %40 - o/ X*
S20 ¢ 2 * &
: £
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Q
10 | */ <
20 - _—
— " — v M
50 — e
10 | ,/
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Temperature/°C Temperature/°C

Pl 4 3(Ni,Co,_.) A MMO L5 ODHP fiEALPERE
Fig.4 Catalytic performances of 3(Ni,Co,_, ) Al MMO catalysts for ODHP

A: Propane conversion as a function of temperature, B: Propylene selectivity as a function of temperature.
(Reaction conditions: 350~550 C, C;Hg : 0, : N,= 2:2:16)
—8— x=1; —%— x=0.95; —&— x=0.90; —0— x=0.75; —*— x=0.50; —O— x=0.25; —w— x=0

XTPIGE A A e M LA S (L. 3NiAL MMO | T 45
WG (50% ) B i % T 3CoAl MMO (<10%) ,
R i R T e B S AT, T A A A T
. BARD R Co(x=0.95) I, IR N M A B
2Tt HE RS 3NIAL MMO & T3 A=
&, B x=0.90 B, B Ni/Co BE/RIEL=9 : 1 B}, /&
WU VEFEAE (50% ) 5 T 3NiAL MMO ELFifi 52 ) 38 i
FHE AR AS I f2, 550 C AP AT AR R 7E 429% LA L.
RSEHE Co i (x=0.75, 0.50, 0.25), NEVI1G
PEREPEAR T 3NiAl MMO HLAK YRk /N, {5 B 52 1o
FETHE, B . 25 A XL, 500 °C A
3(NigCop o) Al MMO_ = ODHP i fb M BE fe fE, N

BEREALR 31% , NI BEBEE 48% , P WAE T 3NiAl
MMO F1 3CoAl MMO 7 [F) 554 F i fL R BB, SC
BREIFIE 2 B, NI A £k 390 DA 2 1T A7 76 /=1 0 12 NiO
PR AT 2 7 9k P e T B Co B
BRI Co, O, MAFZER FAE K CO, , (IR LR
BEIR E AR I A K. FATH R BLE Co & X
ODHP [ i AF|, 5 SCikah R — 2. (Ha i L -5
WKW, B Co, FRAJE NivCo BE/R L =
9 LI, A T[] Bsf 45 25 P e 7 A 238 TS 0 1k
P, X — R IR WAH G SOk GE , LR PR AE R S
A3HT. 2 2 B TRATRMEILTR) ODHP fifbMEREZS SR 53¢
ik FR RIZAEAE AT T3 EE, 3(Nip gy Cog o) AL MMO

% 2 3(Niy,,Co, ) Al MMO 5 3Tk [E 2K 1L 79 ODHP fE{L 1 BEXT LE
Table 2 Comparison of the catalytic performance for the ODHP between ( Ni,4,Co, ) Al MMO and

previously reported catalysts

Catalyst Calcination Reaction CyHg C,H, C,H, Refs.
Temp./C Temp./C Conv. /% Sel. /% Yield/%

4NiAl MMO 500 450 17.5 48.9 8.6 [8]

4NiAl MMO 500 500 58.8 0 0 [8]

3( Mgy, Cog ) Al MMO 750 500 17.5 50.3 8.8 [10]

2CoAl MMO 400 500 25.6 23.5 6.0 [11]

2CoAl-P MMO 400 500 28.3 32.4 9.2 [11]

10Ni10Co-Meso Al,O, 600 450 25.0 41.4 10.3 [14]
3(Nip gy Coy 10 ) AL MMO 600 450 29.0 49.1 14.2 This work
3(NigCop o) Al MMO 600 500 30.7 47.8 14.7 This work
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RO AR T SCERA. 2.3 HLIB ST
222 HEAEFI Hfr 5 9 3(NipeyCoppo) AL MMO 231 RiGBNSH B 6 K 3(Ni,Co, ) Al

PR 3% 2 B 1 ) IR 45 2. i AT L, 450 <C,

Ve i Vo, @ Vi, =232 16, GHSV = 6000 mL -
h™' g R, R 12 h J5 3(NigyyCoy 1) Al MMO

TN BEe L3 (28% ) FIN I TR FEE (44% ) LTI
T EE 19%~5 %, RIZMEFITEL B2 77

S0 e—e_
\.\.

T —e—0— ¢ _o—®—0o—0o
< 40 + Selectivity
3
£
g ]
§ 30 — \I—-—._._._.__._._._.
‘5 Conversion
)

220}

=

=}

s A—A—A

S A—A—a— a4 4 a4 4,
10 - Yield
0 1 1 L 1 1 1 1

0 2 4 6 8 10 12

Time on stream/h
& 5 3( Niy g, Cog o) Al MMO HEAL ) 5 A 38
Fig.5 The lifetime test of 3( Nij4,Co, o) Al MMO catalyst
(reaction conditions: T' = 450 C, C,Hg : 0, : N,= 2:2: 16,
GHSV= 6000 mL - h™" - g")

MMO #4E57 4 Ni 2p,,,(A) F1 Co 2p,,,(B) XPS i
Bl, 2 3 XA XPS 3 A 45 SR 3NiAl MMO
854.7. 856.4 1 861.8 eV AbRETEIE /3 R Ni(11) H
-5y 2p,,, 0 (MP) FIXF R TR IE S (1) |
S(IN) ™21 S (1) 5 Fm Ni** 25 7 8] Ni** 4 ¢,
S(I) 54 JmFe i s fup e B 45 562, S(1)/MP 155,
FEIWE SR B AR ARG, thEAE | A4
BF, AR K B H A A R T s e kR
3CoAl MMO 1 780.1 Fl 781.2 eV 4bRETE &3 51 Hy
Co(III) FCo (1) B A Jig-#L 18 2443 2p,, FI4%. Li Z
PG R, BATIE AT S5 Co (111) WA BY
F ODHP JZ )i, Huang M X % ["HF 58 % 3 CoAl
MMOs H1Co(111)/Co(I1) HAH 5 E M ANZ B8 F 1) 3=
FANERIA 5, HAMY Co (111) 1] LU HF &R L A4
FRJEAEER. XF 3(Ni, Co, ) Al MMO ) XPS %4 /3
MIAHMER B, Ni(11) 2p,, /I S(IT1)/MP HAEFE Ni/Co
FAIEATE AR AL, {H 3(Nigo0Coq o) Al MMO H1 S(1)/
MP F1 Co (111)/Co (11) FL{E % 3NiAl MMO #1 3CoAl
MMO 8 8K, 1A 3(Ni, Co,_, ) Al MMO H|2%
TR X &/, 3% 5 H ODHP i 4k 1 BE B Ni/Co
Eb 9 i AR Ak fa A — B T3 4, B 24 D 5 Co (2= 0.90,

I 13000 A
S

MP

3(Niy.5Cops0)Al MMO

3(Niy;5C0p,9)Al MMO

Intensity/(a.u.)

3(Niy.0C0p10)A1 MMO

Intensity/(a.u.)

3(Nig.0C0010)A1 MMO

3NiAl MMO

3CoAl MMO
1 1

866 864 862 860 858 856 854
Binding energy/eV

852

785 784 783 782 781 780

Binding energy/eV

779 778 777

& 6 3(Ni,Co,_,) Al MMO ¥ Ni 2p,,,( A) 1 Co 2p,,(B) XPS ji &l
Fig.6 XPS spectra of Ni 2p;,, (A) and Co 2p,,, (B) of 3(Ni,Co,_,)Al MMO



%6

RS . Ni-Co-Al TR ALY B 4 B B AR i S Ak 1 R 537
2 3 (Nijy o, Co,, ) Al MMO 4L 518 XPS 54745 5%
Table 3 XPS analysis of ( Ni,g,Co,,,) Al MMO catalysts (eV)
Ni 2p,,," Co 2p,,,
Catalysts
MP S(I)  S(I)  S(I)/MP"  S(II)/MP*  Co(Il) Co(IlI)  Co(II)/Co(TI)*
3NiAl MMO 854.7  856.4  861.8 1.0 0.7 - - -
3(NiygyCoyye) ALMMO 8544  856.1  861.5 1.2 0.7 781.5  780.4 1.3
3(Nig,sCoprs )AL MMO 8544  856.1  861.5 1.1 0.6 781.3  780.2 1.2
3(Nig5Coysp) Al MMO  854.3  856.0  861.4 1.1 0.6 781.0  779.9 1.1
3CoAl MMO - - - - - 781.2  780.1 1.1

a. MP; Main peak, S(I): Satellite (I), S(II) ; Satellite (IT) ; b. S/MP intensity ratio; ¢. Co(IIT)/Co(II) intensity ratio

0.75) J5 i Ni(11) 2p,, FIEH 3NiAl MMO R4 &
REJT M B 3h, WM Co (II1) Fl Co (1) 2p,, EIEE
3CoAl MMO 4[] = 45 G e )7 M B 31, 7E 3 (Nige-
Coq,o) Al MMO HRAE L IR B, RHIRT Ni(11) 5
Co (TL/TIT) []38 3 Ni—O—Co 5 & Az #7238 HAEH,
TR EER S(1)/MP il Co(II1)/Co (1) HE{EHE K.
2.3.2 H,-TPR 78t &7 24 3(Ni,Co,_,) Al MMO
AL B H,-TPR 35, XF 1 40 B 45 1 51 F 3% 4.
3NiAl MMO Ak 7] i it 0 Ay — 3 Bl A 5 7 S Xof R
(K 7A), RIBAARHEHLHE T Ni(1D) —
Ni(0), Al K&/ A 568 C KL g, X R 3
AR NI 5 E R 666 1 735 °C i
M JELEE | AR Ni-O Al Ni-O-Al H Ni (1) #1Fhid
JE21. 3CoAl MMO 4k 7] 5 B (350 ~ 550 °C)
FITE I (550 ~ 900 °C) WA~ I8 JRL B B, Aif 5 X I
Co(III)=Co(II), JGHXI N Co(11) —Co(0) .
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P 7 3(Ni,Co,_,) Al MMO #EALFIH) H,-TPR %[5
Fig.7 H,-TPR profiles of 3(Ni,Co,_,) Al MMO catalysts
A~G: x=1, 0.95, 0.90, 0.75, 0.50, 0.25, 0

%< 4 3(Ni, Co,_,) Al MMO &7 H,-TPR 53175 R
Table 4 H,-TPR analysis of (Ni,Co,_, ) Al MMO catalysts

H, consumption Oxidation Temperature/ C
Catalysts B
/(mmol H, « g™") state Peak 1  Peak2  Peak3  Peak4  Peak 5
3NiAl MMO 8.9 2.05 (Ni) - 568 666 - 735
3(Nig o5 Coy s ) Al MMO 12.0 - - 617 709 - 776
3(NigoCoy o) Al MMO 12.8 - - 614 705 - 768
3(Nig5 Cogas ) Al MMO 13.1 - - 607 707 - 769
3(Nig59Cog5) Al MMO 12.9 - 391 569 672 705 750
3(Nig,sCoy s ) Al MMO 12.7 - 390 577 709 758 790
3CoAl MMO 12.0 - 459 - - 765 800
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3(Ni,Co,_,) Al MMO &L BG4 34 8 F- 4l NiO 5%
Co,0,, X FEZIEME ALCIID) #yFpxd M(I1) 1973 HE
YEH BT 8L, 78 % B 3% W 4 R S AL W o 0tk
Y o R (x = 0.75) B, 3 (Ni,-
Co,_,) Al MMO #4571 H,-TPR 33 g %1 (& 7B ~
D) 5 3NiAl MMO 2B, 340 Jit eI it 6 4 I 32 e A
FhEr, 25 JE A W] 5 . 7E 3 (Nigys Cogas ) Al
MMO AL X BEA5 #9 Co (TIT) — Co (11) 348 Jii
I, 2 Co AL INE Ni/Co=1: 1(x=0.50)
ff, Co(1I1) = Co (IN) KR IA I B i 1] UL (&l 7E) |
I 3CoAl MMO AR AR R4 Ji v 0, {HL 3 Ji 0
fi%E 3CoAl MMO ¥ 1 fii fIk 50 ~ 60 °C. x =0.25
B, Co(III) —Co(I1) i JEle Ay 37 /b 8 Ni(11) s a4/
PR, 15 IRAJFIEE 5 3CoAl MMO #2231 (& 7F).
AR S, BEZE Co & i, Uik g 37 I R
RIE T R, MR T, RN (=
0.50) , TMiJa X Tt B, #4408 Co(x = 0.75)
Jei, eI JEEE (R BRI A ONi (1) —Ni(0) ) 1] = i
T sl A T Co BAEAHFES 2w
N, GBS, NS H i), ik
Co(11) —Co(0) I JF i BEHE = 8. A, Co 5 EHL
(v <0.50) B, e il B e ( R ZPR H Co (11) —
Co(0) ) BB L EZJETF Co(11) —=Co(0) il
JERRE v . AL 43 BTt T DA g LA e {3 A Ak
P L R T (26 1) AL (B 2) R fb R Y —
ok FABUEUE. BEAk, B Co AFTEARMY, ELYELLYE
B i, BOE Co #F il JT AR ) #6 & & i 47 AL
BOYHE. (BB 2 /DB Co Ji, AL FE S W 1
K, 3 (Nigy Cop,o) Al MMO &y i 2, B H o
Co(TID) &4 Co(I1) &, HATREAEAE Ni(II), X
5 XPS R R —E

2.3.3 BURIEAH 0T 11 8 iy 3(Ni,Co,_,) Al
MMO 7EA RIS R B SR B 5 R AR (B 76 N, +0,
SR p B AL P AL R S o, B AR
b, HR S AR 4 M o R] SR RN S RS A BE AR
J&, THFEZS X, AL FIRA T, S 537 B /),
ZIE AR EIRE M HR U R AU, AT R
ATEA M, RIS 0" A (AT
PEOL) AIEIR A, EAS R AT R, X5
ODH A LiA JFEHL3, B Mars-van Krevelen HL 3"
—5. hE 8 I I, 3NiAl MMO Fl#52 /D& Co(x=
0.75) 19 3(Ni,Co,_,) Al MMO A4k 71 (9 J5 47 o, 52 %
Bl SR AR A AR AL, RIS AL IR SR nT i pE ) |

N, + O,

Cst"'Nz +02 C3H,;+N2 +02 C;H,;+N2 +02
-6 —a—x=1 —0o—x=0.90 A—x=0.75
—%—x=0.50 x=0 )
0 40 80 120 160 200 240
Time/min

[ 8 450 “CHJ 3(Ni,Co, ) Al MMO 7E N,+0,Fl
CyHg+N, +0, 540 T IR HL 5325 (]
Fig.8 Variation of the in-situ electrical conductivity of
3(Ni,Co,_,) Al MMO during sequential exposures to
N,+0, and C,;Hy+N,+0, stream at 450 °C
(cin Q" em™) (2= 1, 0.90, 0.75, 0.50, 0)

U MiB 22 K& Co #Y 3 (Niyg Coysy) Al MMO FiI
3CoAl MMO A i nl Witk 25, AN, Alleg(o) 158
RS AR S i R W 22, WOl 7
CyHy+N, +0, XS T N, +0, A M AL i &
Wk 2 T RS SR R R I R, R G AR R
Allg(o) ], RBAMIRIRE b AW Z , 1K
ki K& ODH i Ak 76 Pk 3 5™, 1 8 w] I,
Allg(o) JTHATFIFUEL /N ;3 (Nig g9 Coypo) AL MMO
(2.6) > 3(Niy,5Cogas ) Al MMO (1.9) > 3NiAl MMO
(1.6) > 3(Niy5,Coys0) Al MMO (0.7) > 3CoAl MMO
(0.5). X 5H ODHP #EfLMERE—3.

3 &g

Zg Lrd , IASIE NisCo HEfI% 3(Ni, Co,_,) Al
LDH Hi3K{A& 600 C %5 bef 3 (Ni, Co,_,) Al MMO fi
e, HRMSU |, SAHFIE SRS Ni/Co HLBIRLAE
254k, ODHP b PEREMIALE R W, B4 K& Co
Xif 2 o AS A1) , M a Co 3 ( Nig g COO.IO) Al
MMO A0 I M e A . TR M S B i s oo 3 5
RN, 500 °C B N EFE 105 319% , TR ik
b 48% , NIRISCR 15%. /3 WM, K& Co 5
A 3NiAl LDH R 3K A& AR H 43 Ni (Ni/Co BE/R Lt =
9: 1), KEbeJEIRTEAY 3 (Nigy,Coy,o) Al MMO 2 [
Ni(I1) 5 Co(II/IN) [ AEFE W i 2 BAE T, 28
NiO MH AT M4 &, RS A 2, A1
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AL I8 R GE pE DL OB ST R B, T

3(Ni,Co, . )Al MMO ¥, Ni (11) 5 /b # Z¢ 1
Co (1L/1MD) [ A7 AE UM I VE FH, TR 24 Lo il i m] e )
H R ODHP AL TG, (B AR B AR FH AR AL
A T RABIE.
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Preparation of Ni-Co-Al Mixed Oxides and Their Catalytic Performance
for Oxidative Dehydrogenation of Propane

GAO Xiao-xia, WANG Jiang, XU Ai-ju, JIA Mei-lin
(College of Chemistry and Environmental Science, Inner Mongolia Key Laboratory of Green Catalysis ,
Inner Mongolia Normal University, Hohhot 010022, China)

Abstract: A series of 3(Ni Co,_,)-Al layered double hydroxide (LDH) precursors with different Ni/Co molar rati-
os were prepared by a constant pH coprecipitation method. The 3(Ni Co,_,) Al mixed oxide (MMO) catalysts (x=
1, 0.95, 0.90, 0.75, 0.50, 0.25, 0) were obtained after calcination of the LDH precursors at 600 C. The compo-
sition, surface texture, crystal phase and micromorphology of the catalysts were characterized by Inductively Cou-
pled Plasma Emission Spectroscopy (ICP-MS), N, Physical Adsorption-desorption, X-ray Diffraction (XRD) and
Transmission Electron Microscope (TEM). And the effects of Ni/Co molar ratios on their catalytic performance for
oxidative dehydrogenation of propane ( ODHP) to propylene were investigated. The results showed that 3 ( Nijg,-
Cog 1) Al MMO catalyst had the best catalytic performance: The propylene selectivity was not decreased obviously
with the increase of reaction temperature ; the propane conversion was 31% , the propylene selectivity was 48% and
the propylene yield was 15% at 500 °C ; furthermore the stability of the catalyst was excellent. It was considered that
there was an electronic interaction between the surface Ni(1l) and Co(II/IIl), the dispersion of the surface NiO-
like phase was improved and the surface lattice oxygen species were increased after a small amount of Co doping,
then the catalyst showed an excellent reversibility of oxidation-reduction, through the study of X-ray Photoelectron
Spectroscopy ( XPS), H, Temperature Programmed Reduction (H,-TPR) and In-situ conductivity measurements.

Key word : layered double hydroxide; mixed metal oxide; nickel; cobalt; oxidative dehydrogenation of propane



