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1.1 Co-Al EGEUMENLFIHE &

L1 1T AR Co-Al 525 S AW (B pH =2,
n/n,=1) Bl & SR LA s b, B
Co(NO;), - 6H,0, AI(NO;), - 9H,0 IR, B
MABETWE N1 mol/L (IRA A . Bl E
1 mol/L WYATRRIR VA W 15 7 16 BR VS W 15 T 22 4
B (R S BB TR E/R W n/n, =
1), 7£25 COKIHRIZUEFE, 2. 5% itz K i
TRRER pH=2, FFLEREFE 30 min. KEEREAE 65 C
TR 2 R B RO EY R BOIRY), 120 C 1 1
12 h, 600 CKEHE 4 h, 45 Co-Al R I K 5 %Ak
Y1, ek CoAlLO, . CoCo, sAl, 0, CoCoAlO, .
CoCo, sAl, s0, F1 Co;0,( BJ} CoCo,0,).
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1) fEAE 57 i Co/Al=5(JEFIb) , FrEBmR S &
GRETHERL (n/n,) =1, J2.5% 82K
O BERR pH (R, A R S A ARR, T2
CoCo, sAl, sO,(pH=x) , Hrr x LAY pH {H (HL
0.5 ~5).
1.1, 3 A [a] A & e A 590 il 4% CoCo, 5Al, O, (K
pH=2) fiE {5 it Co/Al=5(JET L), BEFF
BIR S a8 & T EER I (n/ny,) s H2.5% F
LUKV R R pH=2, il 75 R AR, A
CoCo, sAl, sO,(n./n,=y), Hry B{H 0.5 ~2.5.
1.1.4 K 2t CoCo, sAl, O, (F& pH=2, n/n, =
1) fHE A7) ) i 2 Jeifil # CoCo, sAly 5O, (B
pH=2, n./n,=1). BCilA R H B K,CO, I,
il AR DT CoCo, sAly O, FERIAS 24 h, 120
CHH# 12 h, 600 CHrbE4 h, filfF K BrEAEfes,
it 2K/ CoCo, sAl, O,(pH=2, n_/n, =1), H z
A K/Co JRTH (BU{H0.01 ~ 0.05).
1.2 N,0 &3 R Kz

N, O 73-fifk SR AE [ 7 3R g FH AT A ANy
TRV, RN A 2% N,0/4% 0,/ Ar (1R
I Av R . A SR KSR RO A
} 2% N,0/4% 0,/8. 8% H,0/Ar. S AK W7 & K
140 mL/min, L7 HE 1 £(0.900 ~0.280 mm).

PR Tl P ) A 1l S il FOny R U
FNHEIERE b R RS W) AR R GC-920 BY R
FH A ([ EAH Porapak Q, TCD il d, #f Hiift
120mA, AN Hy) £ 00 N,O fRI Rk B, 1153
N, 0 #efb .
L2 1 AR i el FP THR R,
ANELRE T AR S R 30 min, A I AN ] s N i I
N,O WRIARHREE , 55 N,0 SAp 4.
2.2 BRI AR E PRI DL 10 °C/min A
T2 400 °C, fEINL 50 h, 460 N, O AT A
B, TR F R ZI N, O #5402,
1.3 L SRAE
1.3.1 YA o3 A A A HAS B XRD-
6100 B X SLEATHIY, Cu Ka H2k, fraB @,
BIE W 40 kV AL 30 mA, AR RS IC
FRTHTIR L. AR ER A (311) Kb T A AT 5 B
i Scherrer 77 R AEAL I Y S )

D= 0. 89\

BcosH
b B ARTHTIE R = SE R, 6 AT A

3

1.3.2 pe mm AR MR A% 4 35 [ Quanta-
chrome 7 w24 71 NOVA3000 %Y [ Sl WzFHY,
HIFE T S48 300 CUg b B 2 h, [ 25 R 1 W B i)
ZTT. N, AR, SRR B R R R, B R
F BET AT HE AL Y e 1R

133 H, B FHRAE R MR o b ik
i/ T A= PCA-1200 BUAL22 0K B, #F A &
2y 80 mg. MHEKAFTXIAE S IEATHALHEE: £E Ar hAE
T2 500 °C (FHEH#HE 10 C/min) , fHEKE 30
min, SRIGERHIEEE. KM Ar <, $TIF 10% H,/
ArJRAA, T 20 mL/min, 27 FHE % 900 C
(JHRHEA 10 °C/min) , TCD I gHC#FEE(F B
1.3.4 HFEE F H 7S Hitachi 23 w] 4 7 (1) S-
4800 RUFHE LB, XHAFER R BTS00 H
At L S e, IR ] E-1045 B Ik O
X (Hitachi 28 A7 ) XAE L AR ETIEATHE Pr AL P
1.3.5 X 4ot FhEs (XPS) DA s Ry e
[ Thermo Fisher Scientific 2 &) 4= 7~ ESCALAB250
A X BIEOH FREIEL, Al Ko S48, Th3 150 W,
T RERE 20 eV, ] C 1s(284.6 V) K IEAEL 5
il Co TR M T4545RE.
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Fig. 1 XRD patterns of Co-Al spinel oxides with
different compositions
a. CoAl,O,; b. CoCo, Al 50,; c. CoCoAlO,;
d. CoCo, 5Al, s0,; e. Coy0,
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PR MBS, nTRAE L Coy O, MY LR M ARAK,
AR BEH AL S RIYIE 2, Co-AL AL 1Y HL
AR R, SR N, O 23 il Sz N %
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L, AACERA BB AT R, ST PR 5 1 73
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Table 1 Surface area and crystallite size of Co-Al

spinel oxides with different compositions

Crystallite size BET surface area

Catalysts
/(nm)" /(m* - g)
CoAl, 0, 36.7 46.2
CoCo, 5Al, 50, 18.7 46.7
CoCoAlO, 18.6 42.6
CoCo, Al 50, 24.6 41.2
Co,0, 113.4 4.0

a. Calculated by Scherrer equation on the basis of (311)
crystallographic plane data in XRD patterns.

100 —m— CoAlO, L
| —— Co0Coy.sAl 50, / ‘
CoCoAlO, ¢ /
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N,O conversion/%

Reaction temperature/’C
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Fig.2 N, O conversions over Co-Al spinel oxides

with different compositions

Kl 3y Co-Al & & ALY 19 H,-TPR & 5.
Co;0, #Y H,-TPR £, 250 ~400 C X [A]HYFER

H, consumption/(a.u.)
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Fig. 3 H,-TPR profiles of Co-Al spinel oxides with
different compositions
a. CoALO,; b. CoCoy sAl, ;0,3 c. CoCoAlO, ;
d. CoCo, ;Al, 50, ; e. Coy0,

U (PRI 0 ) | 400 ~ 600 °C X [i] 1) #6 2 (i Vi
R ) £ 5 & F Co™ —Co™ Fll Co™ —Co® 1A 5.
4 Co,0, WA AL, Hirp Co™* —Co™ 5 Co™ —Co°
HEFERREZ LN 1 3, X 5K 3 (e) 1L
PG T L 2 L BE AR — 3. CoAL O, H HAF Co™,
IXAE 750 °C DL b iy i X BT — A AR A
([ 3a,Hj@ T Co™*—Co”). Co, Al 0O, Co,AlO, .
CoCo, Al, O, 3 /™ 4k % iy H,-TPR fif & v,
Co’ —Co™ i 5 il J& ¥ [l 43 %1 Ay 350 ~ 600 C .
300 ~550 °C ., 300 ~500 °C, Tfij 600 ~900 C . 550 ~
850 °C , 500 ~850 °C [X [H] {y & i FE A g I & Ry £ 4F
B Cott > Co’. B F Co, sAl, 0, . Co,AlO,
CoCo, sAl, sO, 1 ALARIKIE L, Co 5 Al AH B.AE
FHZ M08 55, Co™* Y i IR B A 25 5. 45 & STk
[6], Co-Al 45 E ALY AL 1) N,O J i dL3E
AT AFOR:
N,O + Co™* = N,+ Co™" -0~ (1)
2C0™"-0"— 0,+ 2Co™" (2)
HIRLAH : Co™ IR JEHRE (300 ~ 500 °C ) #41KfH
CoCo, sAly sO, fEALF, Hr Co™ -0 WA W 2 B
B, ARE=(2), X 5 HB ML EAEY) & .
2.2 A[E pH &% %1%& ) CoCo, (Al, 0, L
Kl 4 g 1A pH BR8] % CoCo, 5Al, 5O, i
B3I XRD 3% &, A A B TR eh A (311) |
(220) , (511) ., (440) 4 & AT 5506, 10 H] i 2%
AR B AT 2 il A1 RUY)AH 4514
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Fig.4 XRD patterns of CoCo, 5Al, 50, prepared by using

mother liquid with different pH values
a. pH=0.5; b. pH=1; ¢. pH=2; d. pH=3;
e. pH=4; {. pH=5

15.0kV /201

ERER)

FEEEIR A = JCIRIR , VAH IR Y R B A 455 52 i JH: vy
B pHAE/INF 1B, PR EE D A FIE AT
£, SE&BEFIRA IR, IR 48
T RARENIEHIER AR BEE pH EA 3N,
MR R K, 54 s TRl G R E
B, A A RDRL TR0 s (B AR R Y pH
HEW S, FHERIR S 48 B 1 R Y4 5 R
LHEBYOWE, AERBTFRRKNEE A
Pyt S g SEM MG R BT AR R R
YORKIT. MR 2 BRI H pH=5 B &1
PEALFARL 78K (83. 0 nm) , LR MIAFE 2 25.7
m'g”, 5ZWEARME, pH=2 R SRR
/N(24.6 nm) | HEFREREE (41.2 m°g" ), HiAEL
R (E6).

2.3 FEIA=6 &7 &/ CoCo, Al O,

F 35T CoCo, sAl, SO, fEALFI Y F 22 R
R ROTd , b ng/ng, = 1 AR SR/
(24.6nm) , LR (41.2m° - g7 ). ETH

= .’

1.00ur

5 FIANTE pH (ARG % CoCo, sAly 5O, ALY SEM [£{5
Fig.5 SEM images of CoCo, 5Al, sO, prepared by using mother liquid with different pH values
a. pH=0.5; b. pH=1; ¢. pH=2; d. pH=3; e. pH=4; {. pH=5

A RS il # CoCo, sAly 5O, fiEALFI Y XRD
T, SRR BT AR A (311) (220)
(511) | (440) 55 ST A RTHTIG , AR A d A1 B
251k, SEM B (18 8) &M : CoCo, 5Al, 50,(n./n,
=1 ~2) AR By WKL AL E —, 1 CoCo, 5Al, 50,
(n./n,=0.5) MEAFIRPRLFHOR. X AT RE N AT 15
RN, SR T AR 2RO, AlS

GIEETHWRER S, 5 REVR, R&HEHEA
PPRL TR s TR BRI I R I, TE ALY
Perd B, A0 BB BOFTERIRIR R B T
ARG, ATRES EMEIL VKL T B4, S EUALH
LV S NI A T2 (A i | o N DR
PN 9 B LR M, R SR RLE R
CoCo, 5Al, s0,(n./n, = 1) EACTITE LR .
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Table 2 Surface area and crystallite size of CoCo, 5Al, 5O, prepared by using mother liquid with different pH values

Crystallite size BET surface area

Catalysts /(om)® St - g
CoCo, sAl, s0,(pH=0.5) 39.6 20. 1
CoCo, 5Al, ;0,(pH=1) 40.6 38.1
CoCo, 5Al, ;0,(pH=2) 24.6 41.2
CoCo, sAly ;0, pH=3) 26.3 46.3
CoCo, sAly 0, pH=4) 46.4 35.5
CoCo, 5Al, 50, pH=5) 83.0 25.7

a. Calculated by Scherrer equation on the basis of (311) crystallographic plane data in XRD patterns.

100 —w— pH=0.5

| —&—pH=1
pH=2

80 | —w—pH=3
pH=4

| —<—pH=5

60 |

N, O conversion/ %

20+

[

L 1 n 1 n
0 350 400 450 500

SrHe

3

Reaction temperature/°C
Bl 6 FIANIR pH {E A ERA ] % CoCo, Al 50,
HEALH 1 N, O Fefe
Fig. 6 N,O conversions over CoCo, 5Al, O, prepared

by using mother liquid with different pH values

&3 TERAETERERH &R CoCo, Al 0,
EUFI ML RER R AR R T
Table 3 Surface area and crystallite size of CoCo, 5Al; 50,

with different dosage of citric acid

Crystallite size BET surface area

Catalysts
/(nm)" /(m* - g)
n/n,=0.5 37.4 22.9
n/n, =1 24.6 41.2
n/n,=1.5 74.7 25.8
n/n, =2 59.9 27.1
n/n,=2.5 46.4 25.5

a. Calculated by Scherrer equation on the basis of (311)

crystallographic plane data in XRD patterns.

(311)

e (220) (511) (440)
22

(400)

Intensity/(a.u.)
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20/(° )
Pl 7 AT FE IR 4 19 CoCoy Al 5O,
fEALF XRD [

Fig. 7 XRD patterns of CoCo, 5Al, O, with
different dosage of citric acid
a. n/n, =0.5; b. n/n, =1;¢c. n/n,=1.5;
d. n/n,=2;e. n/n,=2.5

2.4 K 1% CoCo, sAl, O, ELFIRLEHIFEE

ZiA UL EES R, A RCH CoCo, sAl, O, B
pH=2 | P&/ &)@ B FEER o 1 il 25 i A ik
7| CoCo, sAl, sO,(pH=2, n/n, =1) i 5E, N
TR AT M, FH R AR K,CO, %
W, diles T K oA

10 & K/CoCo, 5Al, 0, ) XRD 3% &, K 2
PEAEAG I B S A R 0, IR K b
AT B, BH KOk A 3R A U . 3% 4
FIH T K/ CoCo, s Al 5O, A0 i1 br 2 T FRURT it bz
FOTEAE, SRS AH HE, K SerEfE Ak 550 1
R T AR BRI, Aok K.
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Bl 8 A TR AT ERER i 4 CoCo, Al 5O, fHEALFIRG SEM [&l{5
Fig. 8 SEM images of CoCo, 5Al, 0, with different dosage of citric acid
a. n/n,=0.5; b. n/n,=1;c¢c. n/n,=1.5;d. n/n,=2;e n/n,=2.5

100 —=— n./n,=0.5

| —@—n/ny=1
—A—n/np=1.5

80 - —w—n./n,=2

A

S n/np=2.5
E
< 60+
)
>
g ¥
<
) 40
4
20+
0 / . 1 : I
300 350 400 450 500

Reaction temperature/°C
P9 Al FH AP RR il % ) CoCo, 5 ALy 5O,
HEALH] LAY N, O Fefp i
Fig. 9 N,O conversions over CoCo, 5Al, 50, with

different dosage of citric acid

Kl 11 Jy K/CoCo, 5Al, 5O, fEALTRIAY XPS j5 A,
x4 G T H A Co gu KB o g U 5 K
CoCo, 5Aly 50, FKIH Co 2p,, HIHLF455 HEN 780. 1
eV H1782.2 eV, 43JE Ky Co™ F1 Co™ , Tiij it P A AL )
Il Co 2p,, WIZEGREFEMR T 0.1 ~0.2 eV, XK
Bl K BZa L FAE RS R T Co SuR FIEMHL 7 2%
B, BR T 0.01K/CoCo, Al 5O, , SPEAEILTIZR Y
Co™/Co™ Z He 1 i FARBCHEAEAL R, DI K itk
R T AL M AR ZS Co™" . ARAE N, O SMfbL

(311)

(220) (400) (422)(511) (440)

Intensity(a.u.)
=

10 20 30 40 50 60 70 80
20/(° )

B 10 K gk CoCo, 5Al, 5O, EALFIAY XRD 4]
Fig. 10 XRD patterns of K/CoCo, 5Al, O, catalysts
a. CoCo, Al ;0,5 b. 0.01K/CoCo, Al 50, ;

c. 0.02K/CoCo, 5Al, 50, ; d. 0.03K/CoCo, 5Al, 50, ;
e. 0.04K/CoCo, sAl, s0,; f. 0.05K/CoCo, 5Al, 50,

HI(N,0+Co™ =N, +Co™-07, & 1), Co™ &AL
TG VEDL, Co™ 3 Z A FIT N,O [ W Bt A5 £k
12 52 K/CoCo, 5Al, ;0, ) H,-TPR &%, 5K
PEREALFIAH L, K/ CoCo, 5AlL, 5O, FYIE it il B & A=
THIF, B K BINASIE T AL Co™ —O 4,
SRS R, A N,O SR HLEE (2C0™ -0 >
2C0”+0,, X 2), XABTF N0 4 5 i iy oF
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Table 4 Crystallite size, specific surface area, and XPS data of K/CoCo, Al ;O, catalysts

Crystallite size

BET surface area

Binding energies of Co 2p,,,/eV

Catalysts ) . o ™ Co™/Co’™ ratio
/nm" /(m” - g) Co Co
CoCo, 5Al, 50, 24.6 41.2 780. 1 782.2 1.34
0.01K/CoCo, 5Al, 0, 29.7 42.9 780.0 782.1 1.13
0.02K/CoCo, 5Al, 50, 33.1 30.8 780.0 782.0 1.76
0.03K/CoCo, 5Al, 50, 32.0 26.2 780.0 782.0 1.51
0.04K/CoCo, sAl, 0, 33.2 27.4 780.0 782.0 1.89

a. Calculated by Scherrer equation on the basis of (311) crystallographic plane data in XRD patterns.

Intensity /(a.u.)

815 810 805 800 795 790 785 780 775
Binding energy/eV

11 K Behk CoCo, 4 Al 0, fiEfLAIZET Co TEZ N XPS i
Fig. 11 XPS spectra of Co 2p in K/CoCo, Al 50, catalysts
a. CoCo, sAl, 0,3 b. 0.01K/CoCo, sAl, 0, ;

c. 0.02K/CoCo, sAl, 50, d. 0.03K/CoCo, ;Al, 50, ;

e. 0.04K/CoCo, ;Al, 50,

H, consumption/(a.u.)

100 l 2;)0 . 3;)0 l 4(1)0 ‘ 5(1)0 . 6;)0 ‘ 7(1)0 ‘ 8(1)0 I 900
Temperature/°C
] 12 K ek CoCo, sAl, 5O, HEALHIAY H,-TPR &3
Fig. 12 H,-TPR profiles of K/CoCo, 5Al, 0O, catalysts
a. CoCo, sAl, s0,; b. 0.01K/CoCo, sAl, s0,;
c. 0.02K/CoCo, 5Al; 5O, ; d. 0.03K/CoCo, sAl, 0, ;
e. 0.04K/CoCo, sAl, s0,; f. 0.05K/CoCo, 5Al, 50,

1, PRI KB A 7R A 395 P8 s 1 R e A 1 )
(E13) , Hrfr K/Co=0. 02 fEALFI YIS ME R =, A
AR 375 CRONE N, O 5827 fif.

100} '/v ./ — '_/.J
P
—
80| o
®
E y
g 60 |-
VA
E @
s —m—CoCo, Al ;04
Q 40 ®—0.01K,
3 —e—0.01K/CoCo, <Al :0,
0.02K/CoCoy 5Aly 504
20l —V¥—0.03K/CoCo, sAl, ;0,4
0.04K/CoCoy 5Al) 504
0.05K/CoCoy 5Aly 504
. N i 1 " 1 " 1
300 350 400 450 500

Reaction temperature/°C
Bl 13 K gtk CoCo, 5 Al 5O, HREILISTE
Fig. 13 N, O conversions over K/CoCo, ;Al, 50O, catalysts

2.5 BEEKEZHTH K/CoCo, Al 0,

MU EER, 4NN CoCo, AL 5O, B
pH =2 | AP/ ) B 7 (EER E) = 1 il 4 f)
PRI PRy, AR R I 7808 B K, CO;, il 55 /Y
0. 02K/ CoCo, sAl, O, fHEALTIIE P SA 3% 52 .
14 % th T A4 84T K SUR 0. 02K/CoCo, 1Al 40,
AOTE PR, RTLAE M s KPR TE B A 1 i
PSR IE A, 3 a] BE By TR 0 T AEME AR 1 7%
PO bt T IR R i, TS AR AL
TON,O 1 W B A A0 i BN RV i,
0. 02K/ CoCo, sAl, s0, TEA %A /K AT 400 C I,
N,0 5820, 5 CoCo, sAl, 5O, ML, K StApEfl
FA B RIS PE AT

B LS g TR AR E Ve R, ATLLE
400 CHEZESN 50 h, K SR s fE A7) 24
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100 At AR K SR, 84 SRl g S A R
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£ ol \ \
5|, N, O F 635333k 100% | 97. 1% , A6 £ Fi
Sl Fas P
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z
—8— CoCo, 5Al50,4(0,) %%j{ﬁk H
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The Preparation Parameters Screening of Co-Al Spinel
Oxides for N, O Catalytic Decomposition

WU Cang-cang, ZHANG Hai-jie, WANG Jian, XU Xiu-feng
(Institute of Applied Catalysis, Yantai University, Yantai 264005, China)

Abstract; A series of Co-Al mixed oxides, such as CoAl,0,, CoCo, Al s0,, CoCoAlO,, CoCo, sAl,O,,
Co;0,, were prepared by sol-gel method using citric acid as chelating agent and applied in N,O decomposition re-
action. These catalysts were characterized by means of techniques such as N, physisorption, X-ray diffraction
(XRD), scanning electron microscopy (SEM), temperature-programmed reduction of hydrogen ( H,-TPR) , and
X-ray photoelectron spectroscopy ( XPS). The effect of mixed oxides compositions, pH values of mother liquid,
and chelating agent contents on catalysts activity was investigated. The results show that the replacement of Co in
Co,0, by Al increased the specific surface area and enhanced the catalytic activity. Of these Co-Al mixed oxides,
the optimal one was CoCo, ;Al; ;O, with mother liquid pH value of 2 and the molar ratio of nitric acid to total metal-
lic ions of 1. In the case of K,CO;-modified CoCo, 5Al, O, catalyst, we found that the electron density of cobalt
species was increased and oxygen species removal was promoted, thus Co-O bond was weakened and N, O decompo-
sition was enhanced. Of these K-modified catalysts, 0. 02K/CoCo, sAl, O, exhibited good catalytic activity and
stability, e. g. N,O conversion kept 97. 1% at 400 °C after continuous reaction for 50 h even in the co-presence of
oxygen and steam.

Key words: catalytic decomposition of N,O, sol-gel method; Co-Al mixed oxides catalysts; preparation parame-

ters; K-modified catalysts



