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Abstract: A series of Mn, Co, 5  Al, O, ternary spinel oxides were prepared by sol-gel method for N, O catalytic decomposi-
tion in the presence of oxygen. These catalysts were characterized by means of techniques such as nitrogen physisorption,
X-ray diffraction( XRD) , scanning electron microscopy (SEM) , temperature-programmed reduction of hydrogen( H,-TPR) ,
temperature-programmed desorption of oxygen( O,-TPD) , and X-ray photoelectron spectroscopy (XPS). The effect of prepa-
ration parameters such as compositions, pH values of mother liquid, and potassium loadings on their catalytic activity has
been investigated. The results show that K-modified catalysts exhibit better activity and higher resistance towards water due to
the weakness of surface metal-oxygen bonds in contrast to un-modified catalyst, the K/Mn, ,Co, ;Al, 0, prepared using
mother liquid of pH=2 and K/(Mn+Co) molar ratio of 0. 02 is the most active. In addition, 98.5% and 76.5% conver-
sions of N, 0 over 0. 02K/Mn, , Co, ;Al, sO, could be maintained after continuous running for 50 h at 400 “C in atmosphere of
oxygen and oxygen-steam together, respectively.
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Anthropogenic N, O emissions from some industrial
processes such as the synthesis of adipic and nitric
acids are increasing nowadays. N,O is one of the most
important green-house gases limited by Kyoto protocol,
and has a high global warming potential ( GWP) of 310

"', Furthermore, N,O

and long lifetime of 120 years'
can destroy ozone in the atmosphere. Catalytic decom-
position of N,O to nitrogen and oxygen is considered as
an effective and economic method. Several types of
catalysts, such as supported noble metals'>™' | ion-ex-

-7] [8-14]

changed zeolites” ™ | and transition metal oxides ,

have been reported. Among these catalysts, cobalt-
based mixed oxides with spinel structure are very at-
tractive ones. It is reported that N,O catalytic decom-
position follows an oxidation-reduction ( Redox) mecha-

[13-15

nism I'. and appropriate loading of alkali or alka-

line earth metal on catalysts surface can improve the

catalytic activity '/,
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Recently, we prepared a series of Co-Al mixed
oxides, such as CoAl,0,, Co, Al O,, Co,AlO,,
and Co, sAl, sO,, by sol-gel method for N,O decompo-
sition, and found that the optimal -catalyst was
Co, 5Al, 50, S

Based on the previous result, several ternary ox-
ides of Mn, Co, 5. Al, sO, were prepared and further
modified by K,CO, in this work. The effect of catalyst
compositions, pH values of mother liquid, and potassi-
um loadings on catalytic activity for N,O decomposition
in the presence of oxygen was investigated. In addi-
tion, the catalytic stability in atmosphere of oxygen-a-

lone or oxygen-steam together was tested.

1 Experimental

1.1 Catalysts preparation
1.1. 1 Mn,Co, 5 Al, 5O, catalysts with different com-

positions Aqueous solution containing stoichiomet-
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ric amounts of Co(NO,),, AI(NO,), and Mn(NO, ),
with total cations concentration of 1 mol - L™ was
dropped into 1 mol - L™ citric acid solution. The
mixed solution with pH =2 adjusted by 2. 5% diluted
ammonia was vigorously stirred at room temperature for
30 min. Then the solution was concentrated to a vis-
cous state by using a rotary evaporator at 65 C , dried
at 120 °C for 12 h to gain xerogel, and calcined at 600
°C for 4 h to get the Mn-Co-Al composite oxides. The
catalysts were denoted as Mn, Co, s Al, O, (x =0,
0.2,0.4,0.6,0.8,1).

1.1.2 Mn,,Co, ;Al, O, prepared by mother liquids
with different pH values Mixed solution of
Co(NO;),, AL (NO; ), and Mn ( NO, ), with total
cations concentration of 1 mol + L™' was dropped into

1 mol « L7

ammonia was added drop-wise to the above mixed solu-

citric acid solution, then 2.5% diluted

tion to adjust the pH values of mother liquid. After ge-
lation, drying and calcinations, the catalysts were ob-
tained and designated as Mn, ,Co, ;Al, sO,(pH=y),
where y is the pH value of mother liquid.
1.1.3 K-modified Mn, ,Co, ;Al, O, catalysts The
Mn, ,Co, ;Al, sO,(pH=2) was incipiently impregna-
ted by K,CO; solution with given concentration at room
temperature for 24 h, dried at 120 °C for 12 h, and
calcined at 600 °C for 4 h. The K-modified catalysts
were denoted as zK/Mn, ,Co, ;Al; ;O,, where z stands
for the molar ratio of K/(Mn+Co).
1.2 Catalytic decomposition of N,O

N,O decomposition was carried out in a fixed-bed
reactor and 1 g catalyst (0. 900 ~ 0. 280 mm) was
used for each test. Unless otherwise stated, the react-
ant gases consisted of 2% N,0, 4% O, and balanced
argon with gas hourly space velocity(GHSV) of 8.4 L -
h™' - gl
phere, the feeds were 2% N,O, 4% O,, 8.8% H,0

and balanced argon. The effluent stream was analyzed

For the catalytic test in oxygen-steam atmos-

with gas chromatography ( GC-920, Shanghai Haixin)
equipped with a Porapak ) column and thermal con-
ductivity detector (TCD).

N,O conversion was calculated on the basis of
N, O concentration difference before and after reaction

at each temperature for 30 min. To test the catalytic

stability, the reaction temperature was increased from
room temperature to 400 °C at a ramp of 10 C -
min~", and kept at 400 °C for 50 h.

1.3 Catalysts characterization

X-ray diffraction ( XRD ) patterns were recorded
on a powder X-ray diffractometer ( XRD-6100, Shi-
madzu) with Cu Ko radiation (A =0. 154 nm) and
graphite monochromator at 40 kV and 30 mA. On the
basis of diffraction data of crystallographic plane (311)
attributed to spinel-structured materials, the crystallite
size was calculated by Scherrer equation.

BET surface area was measured by low tempera-
ture nitrogen physisorption on a NOVA3000 apparatus
(Quantachrome). Prior to the measurement, the cata-
lyst sample was pre-treated at 300 °C for 2 h under
vacuum to remove any impurities.

Temperature-programmed reduction of hydrogen
(H,-TPR) was carried out on a chemical adsorption
instrument ( PCA-1200, Beijing Builder). Prior to the
measurement, 80 mg catalyst was pre-treated in Ar
flow (20 mL -
500 °C and kept isothermally for 30 min. After cooling

. -1
min~ ) from room temperature to

to room temperature, the catalyst was exposed to
10% H,/Ar (20 mL + min™") and heated at a ramp of
10 °C + min™".
ded by TCD.

Temperature programmed desorption of oxygen

The hydrogen consumption was recor-

(0,-TPD) was also performed using adsorption appa-
ratus ( PCA-1200, Beijing Builder). Before O,-TPD
measurement,, 100 mg catalyst was exposed to pure ox-
ygen at 120 °C for 30 min. After cooling to ambient
temperature and getting a smooth baseline, the catalyst
was heated under pure helium at a ramping rate of
10 °C - min"', and the oxygen desorbed was measured
by TCD.

The morphology of catalysts was observed with a
scanning electron microscopy ( SEM, S-4800, Hita-
chi). To improve the electric conductivity, the sam-
ples were coated previously with platinum by using an
ion sputter( £-1045, Hitachi).

X-ray photoelectron spectra ( XPS) of cobalt and-
manganese elements on catalyst surface were recorded

in an ESCALAB250 spectrometer using Al Ka radia-
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tion with pass energy of 20 eV. The charging effect was

corrected by referencing C 1s peak centered at

284.6 €V.

2 Results and discussion

2.1 Catalytic activity of Mn-Co-Al spinel oxides

with different compositions

The XRD patterns of Mn,Co, s Al, 0, oxides
with different compositions are shown in Figure 1, sev-
eral diffraction peaks attributed to the crystallographic
planes of (311), (220), (511), (440) in spinel-
structured materials are observed. It can be found that
the diffraction angles move to lower values with the in-
crease of Mn contents due to the radius difference be-

tween cobalt and manganese ions.

(311)

£ (220) (400) (511)(440)
(422)

]

Intensity/(a.u.)

1 1 1 1 1 1

10 20 30 40 50 60 70 80
20/(° )

Fig. 1 XRD patterns of Mn-Co-Al spinel oxides with
different compositions
a. Co, sAl, 50, ; b. Mn,,Co, ;Al, 0,
c. Mng,Co, Al 50,; d. Mn, (Co, 4Al, 5O, ;
e. Mn, (Co, ;Al, 50,; f. MnCo, 5Al, 0O,

Figure 2 presents the N,O conversions over differ-
ent  Mn-Co-Al

Mn, ,Co, ;Al, sO, reveals a maximum activity, and

oxides. It is shown that the
other Mn,_Co, 5 Al, ;O, catalysts with x values higher
than 0.6 are inferior to Co, ;Al; ;0,. As listed in Ta-
ble 1, the BET surface area of Mn-Co-Al oxides espe-
cially Mn, ,Co, ;Al, 0, of 77.7 m* + g is larger than
Co, sAl, 5O, , responding to the higher activity of
Mn, ,Co, ;Al, O, than Co, Al 50,.

100 - —=— Co0,5A1,50,4
—8— Mn,.,Co023Al,504 ./
Mn,.,Co..1 Al 50,
80 - —¥—MncCo19Al0504
Mny5Co17Al0.504 l
—4—MnCo,5Al,504

60

40 -

N,O conversion/ %

20

300 350 400 450 500

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

with different compositions

Table 1 BET surface area of Mn-Co-Al spinel oxides

with different compositions

Catalysts BET surface area /(m’ « g™)
Co, Al 50, 41.2
Mn, , Co, ;Al, 50, 77.7
Mn, ,Co, Al 50, 71.4
Mn, Co, 4Al, 50, 60.8
Mn, ¢ Co, ,Al, 50, 58.4
MnCo, 5Al; 50, 58.8

Figure 3(A) shows the H,-TPR profiles of cata-
lysts. Considering the catalytic components reducibility
higher than 500 °C of the maximum reaction tempera-
ture in our study can not likely contribute to the oxygen
mobility and catalytic reaction, the hydrogen consumed
below 500 °C is separated and shown in Figure 3(A).
We can find a wide peak at the region of 310 ~480 °C
attributed to the reduction of Co’* — Co™* in
Co, sAl, sO, and plus Mn,0,
Mn, ,Co, ;Al, sO,. With high content of Mn, the other
peak centered at 273 °C is found in Mn, ,Co, Al 0O,
and MnCo, 5Al, ;0, catalysts and ascribed to the re-

— MnO in

duction of Mn,0;( or MnO, ) -Mn, 0, , these free man-
ganese oxides from spinel-structure seem to produce a
detrimental effect on catalytic activity' ™.

0,-TPD profiles of Mn,Co, 5  Al, ;O, catalysts are
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Fig.3 (A) H,-TPR and (B) 0,-TPD profiles of Mn-Co-Al spinel oxides with different compositions
a. Co, 5Aly 50,5 b. Mng,Co,3Al 50,5 c. Mng,Co,,Aly 50,5 d. MnCo, 5Al, 50,

shown in Figure 3(B). The peak centered at 238 °C
on all catalysts can be ascribed to the weakly adsorbed
oxygen species, and the other peak around 325 °C only
on Co, sAl, sO, and Mn, ,Co, ;Al, ;0O, catalysts surface
is assigned to strongly adsorbed oxygen'”’. Obviously,
a high-temperature peak at the beginning of ca. 400 C
attributed to lattice oxygen appears on Mn, ,Co, ,Al, 5O,
and MnCo, sAl, O, catalysts. It is thought that the ac-
tive sites on catalysts surface for strong adsorption of
oxygen( O = O) are effective for N,O(N = O) activa-
tion in N,O decomposition. The Mn, ,Co, ;Al; sO, can
strongly adsorb more amounts of oxygen, and therefore
reveal higher activity than other catalysts for N,O de-
composition.

2.2 Catalytic activity of Mn, ,Co, ;Al, ;O, compo-
site oxides prepared by mother liquids with
different pH values
The XRD patterns of Mn, ,Co, ;Al, sO, prepared

by mother liquids with different pH values are shown in

Figure 4. We can find the diffraction peaks ascribed to

crystallographic planes of (220), (311), (400),

(422), and (511) in spinels, and the difference of

mother liquid pH values has not changed the catalysts

structure. As shown in Figure 5, these catalysts are
dispersive nano-particles.
Figure 6 gives the N,O conversions over different

Mn, ,Co, ;Al, sO, catalysts, and their activity follows

(311)

(220) (511) (440)

(400)
e (422)
W

c

Intensity/(a.u.)

1 n 1 L 1 1 1 n 1 L 1

10 20 30 40 50 60 70 80
20/ )

Fig.4 XRD patterns of Mn, ,Co, ;Al, O, prepared

by mother liquids with different pH values
a. pH=0.5; b. pH=1; ¢. pH=2; d. pH=3; e. pH=4

the order of pH=2 >pH=1 >pH=3 >pH=4 >pH =
0.5. Of these catalysts, the Mn, ,Co, ;Al, sO,( pH =
2) and Mn, ,Co, ;Al, sO,(pH=1) reveal higher acti-
vity than others. As listed in Table 2, when the pH of
mother liquids is adjusted to higher values, the as-pre-
pared catalysts become smaller with increase in surface
area. It is notable that the Mn, ,Co, ;Al, sO,(pH=2)
particle is as small as 12.2 nm and its surface area as
high as 77.7 m* + g”'. These characteristic features a-
gree well with the catalytic activity, e. g. small crystal-
lites and large surface area of catalysts respond to high

activity.
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Fig.5 SEM images of Mn, ,Co, Al 5O, prepared by mother liquids with different pH values
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Fig. 6 N,O conversions over Mn, ,Co, ;Al, O, prepared

with different pH values of mother liquid

Table 2 Crystallite size and BET surface area of
Mn, ,Co, ;Al, ;O, prepared by mother
liquids with different pH values

Crystallite size BET surface area

Catalysts P S - g )
Mn ,Co, 3 Al, s0,(pH=0.5) 72.9 32.8
Mn, , Co, ;Al, s0,(pH=1) 41.1 36.4
Mny ,Co, 5 Al s0,(pH=2) 12.2 77.7
Mn, , Co, 5Aly sO,(pH=3) 15.6 54.9
Mn, ,Co, 5 Al, s0,(pH=4) 19.9 43.0

a. Calculated by Scherrer equation on the basis of (311)
crystallographic plane data in XRD patterns.
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2.3 Catalytic activity of K-modified Mn,,Co,,Al, O,

catalysts

In order to further improve the catalytic activity,
the optimized catalyst of Mn, ,Co, ;Al, sO,(pH=2) is
modified by K,CO,. The XRD characterization result
indicates that all of the K-doped catalysts are spinel-
structure without free K-related phases. Figure 7 shows
the N, O conversion on K/ Mn, , Co, ; Al, s O, ( pH=2)

100 + ./07;;' S,
L ./
80
® L
E-
; 60 |-
St
)
z [ v
)
S o401 C 0
=} [ —=&—Mn,,Co,;Al, 0,
Z. —e—0.02K/Mn, ,Co, Al ;0,
0.03K/Mn, ,Co,,Al, :0,
20 - —w—0.05K/Mn, ,Co, Al, 0,
0.08K/Mn,,Co,Al, ;0,
0 1 1 1 1 1
300 350 400 450 500

Reaction temperature/°C
Fig.7 N,O conversions of K/Mn, ,Co, ;Al; 50,

with different potassium loadings

catalysts, K-modified catalysts present higher activity
in contrast to bare catalyst. Especially, N,0 can
be completely destructed at 425 °C over 0. 02 K/
Mn, ,Co, ;Al, sO,, which exhibits higher activity than
others. As listed in Table 3, the addition of K leads to

a decrease in surface area and an increase in crystallite

unfavorable to catalysts activity. What is the more

Table 3 Crystallite size and BET surface area of
K/Mn, , Co, ;Al, ;O, with different potassium loadings

Crystallite size BET surface area

Catalysts — S g
Mn, , Co, 5 Al 5O, 12.2 77.7
0.02 K/Mn, ,Co, ,Al, 50, 16.2 67.8
0.03 K/Mn, ,Co, ,Al, 50, 17.3 69. 4
0.05 K/Mn, ,Co, ,Al, 50, 21.3 66. 2
0.08 K/Mn, ,Co, ,Al, 50, 15.1 67.2

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

important influencing factor than surface area or crys-
tallite size on catalysts activity?

Figure 8 and 9 shows the XPS spectra of Co 2p
and Mn 2p on K/Mn, ,Co, ;Al, O, catalysts. Table 4

C02+

Intensity/(a.u.)

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

Fig. 8 XPS spectra of Co 2p in K/Mn, ,Co, ;Al, 5O, catalyst
a. Mn,,Co, ;Al, s0,; b. 0.02 K/Mn, ,Co, ;Al, 0,

Mn*

Intensity /(a.u.)

660 655 650 645 640

Binding energy/eV
Fig. 9 XPS spectra of Mn 2p in K/Mn, ,Co, ;Al, 50, catalyst
a. Mn,,Co, ;Al, s0,; b. 0.02 K/Mn, ,Co, ;Al, s0O,

lists the fitting data of Co 2p;,, and Mn 2p,,, peaks. In
the case of Mn, ,Co, ;Al; ;0,, the Co 2p,,, peaks cen-
tered at 780.3 eV and 782. 0 eV can be assigned to
Co’* and Co’*, the peaks of Mn 2p,, centered at
641.7 eV and 643. 8 eV are assigned to Mn’" and
Mn**. In comparison with un-modified catalyst, the
binding energies of Mn 2p,,, and Co 2p,,, on 0. 02 K/
Mn, ,Co, ;Al, sO,(pH=2) shift to lower values of 0.2

eV . The reduction in binding energies indicates that
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Table 4 XPS data of K/Mn, , Co, ;Al, ;O, catalysts
Binding energies of Co 2p,,,/eV Binding energies of Mn 2p,,,/eV
Catalysts Co™ /Co™ Mn**/Mn**
C02+ C03+ Mn3+ Mn4+
Mn, ,Co, ;Al, 5O, 780.3 782.0 1.85 641.9 643.9 1.91
0. 02K/Mn, , Co, ;Al, O, 780. 1 782.0 2.23 641.7 643.7 2.12

the electron donation from K causes a change in the
electronic state of Co and Mn, which results in the
weakness of Mn-O and Co-O bonds, and easy removal
of oxygen species, thus the improved catalytic activity.

As listed in Table 4 ,we can find the molar ratios
of Co™*/Co’" and Mn’*/Mn*" on K-modified catalysts
are higher than un-modified catalyst. As stated in
Equations (1 =2), the oxidation-reduction cycles be-
tween Mn’* and Mn*"-0", Co™* and Co’*-0" take place
in N,O decomposition, it can be speculated that more
Co’* and Mn™ ions in K-modified catalysts produce
more active sites and present higher activity.

N,0 + Co™*(Mn™) = N,+ Co™*(Mn*)—0" (1)

2Co™" (Mn*)—0"— 0,+ 2Co”*(Mn™) (2)
2.4 Catalytic stability of K/

Mn, ,Co, ;Al, ;O, in oxygen and steam

activity and

In this part, the catalytic activity and stability of
0.02 K/Mn,,Co, ;Al, 50,
atmospheres have been tested. Figure 10 shows the

initial activity of Mn, ,Co, ;Al, 5O, and K-modified

catalyst under various

catalysts, it is found that the catalyst activity decreases

in the presence of steam as the water molecules

100 e " -
" s
./ /
80 -
X I /
g
'E 60 ¥
b4
o L
>
s 40 /
5 L
e |° v
Z [ /
20 ~—8— Mn, ,Co0,;Al,50,(0,)
—8—0.02K/Mn, ,Co,;Al,;0,(0;)
Mn,;Co,;Al1,:0,(0,+H,0)
0 —w— 0.02K/Mn,,Co,;Al, s0,0,+H,0)
1 . I . 1 R ! ) 1
300 350 400 450 500

Reaction temperature/C
Fig. 10 N, O conversions on K/Mn, ,Co, ;Al, 0,

in the presence of oxygen and steam

occupy the active sites on catalysts surface and prevent
the N, O adsorption.

As shown in Figure 11, both bare and K-doped
catalysts are stable in N,O decomposition. It is differ-

ent that after continuous running for 50 h at 400 °C in

100[- ¢-0-0-0-0-0¢ ¢ 0 000 0-0-90-0-0-0-0-0-0-0-0-90-0 0

80 |
Y- Yy V-9V -y—y—V—g—Y—y— ~v-v
i‘I/L"'“\!:!:::!:;:LL:/LLL:_L:_L:_:/. M
X
<
g 60 |-
E —a— Mn,;Co0,3A1,504(0,)
2 o 0.02K/Mn,,Co,;Al,;0,(0,)
§ 40 - Mn,,Co,;Al,{0,(0,+H,0)
<, —w— 0.02K/Mn,,Co,;Al,;0,0,+H,0)
4
20
0 n 1 L 1 n 1 X 1 L 1
0 10 20 30 40 50

Time on stream/h
Fig. 11 Catalytic stability of K/Mn, ,Co, ;Al, 5O,
catalyst for N,O decomposition at 400 °C

oxygen-alone and oxygen-steam together, N,O conver-
0.02 K/Mn, ,Co, ;Al, s0,
98.5% and 76. 5% respectively, while that on un-

sions over could keep
doped catalyst is only 71.0% and 16.4% , indicating
K-doped catalyst exhibits higher activity and better re-

sistance towards water than un-doped catalyst.
3 Conclusions

A series of Mn_Co, 5 Al 0O, ternary spinel oxides
were prepared by sol-gel method and further modified
by K,CO,. The effect of composite oxide compositions,
pH values of mother liquid, and potassium loadings on
catalytic activity for N,O decomposition was investiga-
ted. The results show that K-modified catalysts exhibit
higher catalytic activity and better reducibility than

bare catalyst due to the weaker metal-oxygen bonds on
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catalyst surface.

the K/

Among these catalysts,

Mn, ,Co, ,Al, sO, prepared with mother liquid of pH=
2 and K/(Mn+Co) molar ratio of 0. 02 is the most ac-
tive one, over which 98.5% and 76. 5% conversions

of N,O could be kept at 400 °C after 50 h in oxygen-

only and oxygen-stream together, respectively.
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