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a Department of Chemistry, Technische Universität München, Lichtenbergstraße 4, D-85747 Garching, Germany
b Chemical Engineering School of Sichuan University, 610065 Chengdu, PR China
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Abstract
A series of CoOx/Al2O3 catalysts was prepared, characterized, and applied for the selective catalytic reduction (SCR) of NO by C3H8. The

results of XRD, UV–vis, IR, Far-IR and ESR characterizations of the catalysts suggest that the predominant oxidation state of cobalt species is +2

for the catalysts with low cobalt loading (�2 mol%) and for the catalysts with 4 mol% cobalt loading prepared by sol–gel and co-precipitation.

Co3O4 crystallites or agglomerates are the predominant species in the catalysts with high cobalt loading prepared by incipient wetness

impregnation and solid dispersion. An optimized CoOx/Al2O3 catalyst shows high activity in SCR of NO by C3H8 (100% conversion of NO

at 723 K, GHSV: 10,000 h�1). The activity of the selective catalytic reduction of NO by C3H8 increases with the increase of cobalt–alumina

interactions in the catalysts. The influences of cobalt loading and catalyst preparation method on the catalytic performance suggest that tiny

CoAl2O4 crystallites highly dispersed on alumina are responsible for the efficient catalytic reduction of NO, whereas Co3O4 crystallites catalyze

the combustion of C3H8 only.

# 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Selective catalytic reduction (SCR) of nitrogen oxides (NOx)

by hydrocarbons or oxygenated molecules in an oxidizing

atmosphere is a promising method to remove NOx from lean burn

and diesel engine exhaust and could be an interesting cheaper

alternative to ammonia SCR, e.g., for power stations [1–6].

Although the first catalysts reported and many studies focused on

SCR of NO by hydrocarbons are related to zeolite or metal ion

exchanged zeolite catalysts [7–17], metal oxide or supported

metal oxide catalysts are probably the best candidates for this

reaction due to their superior hydrothermal stability and sulphur

resistance [18–27]. Among the supported metal oxides, CoOx/
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Al2O3 is a promising candidate for the practical application

because of its high stability and activity for NOx reduction even in

the presence of water and an excess of oxygen [26,27]. The

activity of CoOx/Al2O3 in the SCR of NO by hydrocarbons is

strongly dependent on the precursor of cobalt, the cobalt loading

and the preparation procedures [26–30].

Yan et al. [27] and Horiuchi et al. [28] investigated the

effect of cobalt loading, calcination temperature and the

source of alumina on the surface properties and catalytic

performance of Co/Al2O3 in SCR of NO by C3H6. The

authors concluded that octahedral Co2+ ions are responsible

for the reduction of NO, Co3O4 particles or clusters only

catalyze the combustion of hydrocarbons and Co2+ ions in

CoAl2O4 are inactive. Hamada et al. [29] studied the effect of

transition metal additives on the catalytic performance of

silica and alumina in the SCR of NO by propane and

demonstrated that metal-alumina catalysts containing metal

aluminates showed high activity at low temperatures. Nanba

et al. [30] investigated the effect of catalyst preparation

procedure and calcination temperature on the catalytic
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properties of Co/Al2O3 in the SCR of NO by C3H6 and

proposed that highly dispersed CoAl2O4 crystallites on

alumina are the active centers of NO reduction. More

recently, Kung and Kung [18] studied structure–activity

relationships in the SCR of NO by C3H6 over various alumina

supported catalysts and suggested that the metal ion–support

interactions, varying with the concentration of active species,

nature of support and preparation methods, may markedly

effect the surface properties and thus the overall catalytic

activity. To elucidate the active centers and the structure–

activity relationships of CoOx/Al2O3 in SCR of NO by

hydrocarbons, it is important to determine the chemical

composition and the surface structure of the CoOx/Al2O3

catalysts as well as to relate their structure and catalytic

properties in the SCR reaction. Far-IR and ESR are among

the most important technologies to determine the chemical

valence and the chemical environment of transient metal

species. However, few detailed investigations on the

characterization of cobalt–alumina system using Far-IR

and ESR are reported.

In this paper, the degrees of cobalt dispersion and cobalt–

alumina interactions are adjusted by varying cobalt loading and

catalyst preparation method. The catalytic properties of CoOx/

Al2O3 catalysts in SCR of NO by C3H8 are investigated

extensively (conversions as function of various temperatures,

detailed selectivity based on complete nitrogen and carbon

balance). XRD, UV–vis, Far-IR and ESR are carried out to

characterize the prepared catalysts. Emphases are placed on the

Far-IR and ESR characterization. On the basis of the catalyst

characterization and their catalytic performance, the structure–

activity relationships of CoOx/Al2O3 in SCR of NO by propane

are discussed.

2. Experimental details

2.1. Catalyst preparation

The CoOx/Al2O3 catalysts applied in this study were

prepared using four different methods: co-precipitation, sol–

gel, incipient wetness impregnation and solid dispersion:
(1) C
Tabl

Cob

Cod

Al2O

IW0

IW1

IW2

IW4

IW8

SD4

SG4

CP4
o-precipitation method: aluminum nitrate (Al(NO3)3

�9H2O, Merck, >99%) and cobalt nitrate (Co(NO3)2,

Merck, >99%) were dissolved in deionized water to form a
e 1

alt loading and surface area of the catalysts

e Preparation method Cobalt loading

3 – 0

5 Incipient wetness impregnation 0.5

Incipient wetness impregnation 1.0

Incipient wetness impregnation 2.0

Incipient wetness impregnation 4.0

Incipient wetness impregnation 8.0

Solid dispersion 4.0

Sol–gel 4.0

Co-precipitation 3.9
mixed solution, then the precipitation was performed using

ammonium hydroxide. The precipitate mixture was filtered.

The obtained cake was dried at 393 K over night and

calcined at 723 K for 4 h in static air.
(2) S
ol–gel method: aluminum(III) tri-isopropoxide (Merck,

>98%) was dissolved in a certain amount of ethanol. After

stirring for 4 h at 78 8C (boiling point of ethanol), distilled

water was added and a liquid sol was formed. The sol

system was vigorously stirred at 78 8C for 30 min. Then an

aqueous solution of cobalt nitrate was added dropwise

under continuous stirring. The resulting wet gels were aged

at room temperature for 24 h, followed by evaporating the

remaining solvents at 363 K and calcined at 723 K for 4 h in

static air.
(3) I
ncipient wetness impregnation: a certain amount of g-

Al2O3 (deliverer: Sasol, BET specific surface area: 198 m2/

g) was soaked into a solution of cobalt nitrate in excess of

water, kept at room temperature for 2 h with frequent

stirring. Then, the water was removed by evaporation under

reduced pressure. The sample precursor obtained was dried

at 393 K over night and calcined at 723 K for 4 h in static

air. The catalysts with 0.5%, 1%, 2% and 8% cobalt in mole

were also prepared by this method.
(4) S
olid dispersion method: cobalt(II) nitrate and g-Al2O3

were ball milled together and treated at 303 K for 72 h, then

calcined at 723 K for 4 h in static air.
The obtained catalysts were marked as CPx, SGx, IWx and

SDx for the samples prepared by co-precipitation, sol–gel,

incipient wetness impregnation and solid dispersion, respec-

tively. Here the first two capital letters are the abbreviation of

the preparation method; x is the cobalt loading in mol percent

which was measured by atomic absorption spectroscopy

analysis after dissolution in nitric acid. The specific surface

area of the prepared catalysts was measured using an ASAP

2000 apparatus. Before the measurements, the samples were

degassed at 523 K for 15 h in an outgassing station of the

adsorption apparatus. The full adsorption–desorption iso-

therm was obtained at 77 K using the Brunauer–Emmett–

Teller (BET) method at various relative pressures (five points

in the region 0.05 < P/P0 < 0.3; nitrogen molecular cross-

section area = 16.2 Å2). The cobalt loading, BET specific

surface area and the color of the prepared catalysts are listed in

Table 1.
(mol%) Surface area (m2/g) Color

200 White

197 Pale blue

200 Pale blue

196 Blue

196 Green

190 Dark green

181 Dark green

220 Blue

217 Blue



Fig. 1. XRD patterns of CoOx/g-Al2O3 catalysts with various Co loadings. (*)

Co3O4; (#) CoAl2O4 and (+) g-Al2O3.

Fig. 2. XRD patterns of 4 mol% CoOx/g-Al2O3 catalysts prepared by different

methods. (*) Co3O4; (#) CoAl2O4 and (+) g-Al2O3.
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2.2. Catalyst characterization

2.2.1. X-ray diffraction

The structures of the phases were determined for finely

crushed catalysts in a Philips PW170 diffractometer using Cu

Ka radiation. A continuous scan mode was used to collect 2u

data from 108 to 808 with a 0.02 sampling pitch and a 48/min

scan rate. X-ray tube voltage and current were set at 40 kV and

30 mA, respectively.

2.2.2. UV–vis spectroscopy

UV–vis spectra were measured using UV-Vis spectrometer

(PERKIN ELMER Lambda 9) in a diffuse reflectance mode.

2.2.3. IR and Far-IR spectroscopy

The catalyst samples were characterized by FT-IR spectro-

scopy in an FTS 575C spectrometer (BIO-RAD), using

potassium bromide (KBr) pellets (1 mg sample mixed with

125 mg KBr for each pellet). Thirty-two scans with a resolution

of 2 cm�1 were performed for each spectrum. For Far-IR, 1 mg

sample was well mixed with polyethylene and pressed into a

pellet. The spectra were recorded by 256 scans with a resolution

of 4 cm�1.

2.2.4. ESR spectroscopy

ESR spectra were recorded on a JEOL JES-RE2X spectro-

meter at X-band frequency at T = 130 K. The spectra were

measured at a microwave frequency of ca. 9.05 GHz with a

microwave power of 5 mW, with modulation amplitude of

0.4 mT, sweep time 4 min, sweep width 100 mT, time constant

0.1 s and a modulation frequency of 100 kHz.

2.3. Catalytic activity measurements

The catalytic activity was evaluated by using a fixed bed-

flow micro-reactor. The reaction gas mixture consisted of

1000 ppm NO, 1000 ppm C3H8 and 10% O2 (Helium as

balance gas). The gas flow rate GHSV is 10,000 h�1. The

analysis of feed gas and products was carried out with a mass

spectrometer, a CLD NOx analyzer, a NDIR CO analyzer and a

gas micro chromatograph (GC) with a thermal conductivity

detector and Porapack Q and molecular sieve A as separation

columns. The catalytic activity was evaluated in terms of NO

conversion to N2, C3H8 conversion to COx (CO + CO2) and the

NO competitiveness factor (NOCF). The formation of N2O and

CO was found negligible in the present work.

3. Results and discussion

3.1. Catalyst characterization

3.1.1. XRD characterization

Fig. 1 shows the XRD patterns of g-Al2O3 and CoOx/Al2O3

prepared by incipient wetness impregnation. A weak reflex

centered at 37.18 and two broad reflexes at 45.58 and 67.08 are

observed in the XRD pattern of pure alumina. After

impregnation of cobalt onto the surface of alumina, a new
sharp reflex at 38.68 corresponding to CoAl2O4 or Co3O4

crystallites is observed in the XRD patterns of IW05 and IW1.

However, the reflexes at 2u = 31.58, 45.58 and 65.78 corre-

sponding to Co3O4 [31] are not observed in these two XRD

patterns. These results suggest that the reflexes at 38.68 in the

XRD patterns of IW05 and IW1 could result from CoAl2O4.

Besides the reflexes characteristic of g-Al2O3 and the reflex at

38.68, new reflexes at 2u = 31.58, 45.58 and 65.78 corresponding

to Co3O4 crystallites are observed in the XRD pattern of IW8.

This result implies that Co3O4 is formed in IW8.

Fig. 2 shows the XRD patterns of CoOx/Al2O3 prepared by

different methods. The XRD pattern of the catalysts prepared

by sol–gel (SG4) is similar to pure g-Al2O3, indicating that
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cobalt species are highly dispersed in the catalysts and new

phases are not formed in this sample. In the XRD patterns of

CP4, a new reflex at 38.68 corresponding to CoAl2O4 is

observed, suggesting that small CoAl2O4 crystallites are

formed in this catalyst. Reflexes at 2u = 31.58, 45.58 and

65.78, corresponding to Co3O4 crystallites are observed in the

XRD patterns of the catalysts prepared by incipient wetness

impregnation (IW4) and solid dispersion (SD4). This suggests

that the Co3O4 crystallites are formed in the IW4 and SD4

samples. Note the identical cobalt loading and calcination

temperatures of these catalysts, the difference in the catalyst

structures must result from different cobalt–alumina interac-

tions that varied with the catalyst preparation method.

3.1.2. UV–vis spectroscopy

Fig. 3 shows the effect of cobalt loading and preparation

method on the UV–vis spectra of chosen CoOx/Al2O3 catalysts.

In the spectra of IW1, IW2, a triplet of bands at 543 nm, 580 nm

and 626 nm are observed. Jacono et al. [32] investigated the Uv–

vis spectra of Co/Al2O3 and CoMo/Al2O3, the authors attribute

the triplet of bands at 16050 cm�1, 17279 cm�1 and 18300 cm�1

(corresponding to 623 nm, 579 nm and 546 nm, respectively) to

the transitions of 4A2! 4T1(4P) of the tetrahedral Co2+ ions in

CoAl2O4. Therefore, the triplet of bands at 543 nm, 580 nm and

626 nm observed in the spectra of IW1 and IW2 can be assigned

to 4A2! 4T1(4P) transitions of the tetrahedral Co2+ ions in the

compound CoAl2O4. In the spectrum of IW4, the triplet band

observed in IW1 and IW2 is disappeared while a broad hump at

550–800 nm is observed. This implies that cobalt oxide species
Fig. 3. UV–vis spectra of CoOx/Al2O3 samples of different cobalt loadings and

preparation methods.
are conglomerated and the formation of CoAl2O4 is hindered

with increasing cobalt loading.

Fig. 3 also demonstrates that the UV–vis spectra of the

4 mol% CoOx/Al2O3 catalysts vary with the preparation method.

Identical to spectrum of IW4, a broad hump at 550–800 nm is

observed in the spectrum of SD4. This demonstrates that the

properties of these two catalysts differ from other chosen

catalysts (IW1, CP4 and SG4). In the spectra of CP4 and SG4,

again a triplet of bands at 543 nm, 580 nm and 626 nm

characteristic of tetrahedral Co2+ of CoAl2O4 is observed. This

indicates that cobalt is penetrated into the support matrix and

reacted with alumina forming CoAl2O4 species. A small

shoulder at 480 nm (4T1g(F)! 4T1g(P)) characteristic of

octahedral Co2+ is detected in the spectra of IW1, IW2 and

SG4 [27,33,34], suggesting that octahedral Co2+ species are

formed in these catalysts. The difference in catalyst structure is

also reflected by the color of the catalysts. The catalysts prepared

by incipient wetness impregnation, IW1, IW2, IW4 and IW8, are

pale blue, bright blue, green and dark green, respectively. In

comparison IW4, SD4 are dark green, SG4 and CP4 are blue.

3.1.3. Infrared and Far-Infrared spectroscopy

Infrared and Far-infrared spectra of the catalysts studied in

this work were recorded in order to study the structure of CoOx/

Al2O3 catalysts. Fig. 4 shows the infrared and Far-infrared

spectra of Co3O4, CoAl2O4 and Al2O3. In all spectra, two bands

characteristic of adsorbed water (1631 cm�1) and carbonate

(1384 cm�1) are observed, resulting from the exposure of the

samples to air. Double bands at 663 cm�1 and 568 cm�1,

observed in the spectrum of Co3O4, can be assigned to Co–O

stretching vibration of cubic spinel Co3O4 [35,36]. In the

spectrum of CoAl2O4, two bands centered at 772 cm�1 and

676 cm�1 are observed, which are assigned to the vibration of

normal spinel CoAl2O4 containing AlO6 and Co2+O4 groups

[37,38]. Pure alumina exhibits two broad bands between

900 cm�1 and 500 cm�1. In the Far-IR region, two bands

centered at 390 cm�1 and 218 cm�1 are observed in the

spectrum of Co3O4, while a broad band at 321 cm�1 is observed

in the spectrum of Al2O3.
Fig. 4. Infrared (A) and Far-infrared (B) spectra of Co3O4; CoAl2O4 and Al2O3.



Fig. 5. FT-IR (A) and Far-FT-FIR (B) spectra of Co/g-Al2O3 catalysts with

different cobalt loadings: (a) IW1; (b) IW2; (c) IW4 and (d) IW8.

Fig. 6. FT-IR (A) and Far-FT-FIR (B) spectra of Co/g-Al2O3 catalysts synthe-

sized by different methods: (a) sol–gel; (b) co-precipitate; (c) incipient wetness

impregnation and (d) solid dispersion.

Fig. 7. X-band ESR spectra (T = 130 K) of Co/Al2O3 catalysts with different

cobalt loadings: IW1: 1 mol% of Co supported on Al2O3 and IW4: 4 mol% Co

supported on Al2O3.
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Fig. 5 shows the IR (A) and Far-IR (B) spectra of CoOx/

Al2O3 catalysts with different cobalt loading. A band at

3445 cm�1 assignable to the stretching vibration of surface

hydroxyl groups, a water bending band at 1630 cm�1, double

bands at 2342 cm�1 and 2359 cm�1 characteristic of surface

carbon dioxide, and a surface carbonation vibration mode at

1383 cm�1 are observed in all spectra. Identical to the spectrum

of pure alumina, only two broad humps between 900 cm�1 and

500 cm�1 and a broad band at 324 cm�1 are observed in the IR

and Far-IR spectra of IW1. This suggests that cobalt species are

highly dispersed on the support surface and there is no Co3O4

formed in the catalysts with low cobalt loading. However, in the

IR spectra of IW4 and IW8, double bands at 663 cm�1 and

578 cm�1 assignable to Co–O bond vibrations of cubic spinel

Co3O4 are observed. Furthermore, a band at 218 cm�1

characteristic of Co3O4 is also observed in the Far-IR spectra

of IW4 and IW8. These results suggest that Co3O4 is formed in

these two catalysts. The formation of Co3O4 in CoOx/Al2O3

with high cobalt loading is in good agreement with the results of

XRD and UV–vis spectroscopy in this work and the results of

ESCA and SIMS characterization of Co/Al2O3 reported by

Chin and Hercules [39]. Note that the intensities of the bands

characteristic of Co3O4 increased with the increase of cobalt

loading and the same catalyst preparation method. The

formation of Co3O4 in CoOx/Al2O3 catalysts is obviously

enhanced by the increase of their cobalt loading.

Fig. 6 shows the IR (A) and Far-IR (B) spectra of 4 mol%

CoOx/Al2O3 catalysts prepared by different methods. As

discussed above, the band at 3445 cm�1, 1630 cm�1, double

bands at 2342 cm�1 and 2359 cm�1 and the band at 1383 cm�1

characteristic of adsorbed hydroxyl groups O–H, surface water,

adsorbed carbon dioxide and surface carbonate are observed in

the IR spectra of all samples. In the region of 900–500 cm�1

(Fig. 6A), double bands at 663 cm�1 and 578 cm�1 corre-

sponding to the metal–oxygen vibration in cubic spinel Co3O4

are observed in the spectra of SD4 and IW4. However, these

two bands are not observed in the spectra of CP4 and SG4. In

addition, the band at 219 cm�1 characteristic of Co3O4 is
observed in the spectra of SD4 and IW4 but not in the spectra of

CP4 and SG4 (Fig. 6B). These results indicate that the cubic

spinel Co3O4 species is formed in SD4 and IW4 only.

3.1.4. ESR spectroscopy

Figs. 7 and 8 show the ESR spectra of chosen CoOx/Al2O3

catalysts studied in this work. Unexpectedly, the alumina

support shows signals due to paramagnetic impurities. The

narrow signal at geff � 4.16 could be due to iron (Fe3+)

impurities. However, we put our emphasis on the signals only

due to cobalt species in the following discussion. The most

pronounced cobalt ESR signal present in all samples shown in

Figs. 7 and 8 is the absorption at around geff � 5.20. This signal

varies in intensity for the different catalysts. In principle, cobalt

ESR signals in such a system can be due to Co2+ in tetrahedral

(Td) or octahedral (Oh) environment. According to theory and

literature, however, the signal at geff � 5.20 can be explained by

Co2+ in tetrahedral coordination only. This corresponds well to

the observation that only Co2+ in Td position is stable against

oxidation. Note that the presented cobalt catalysts are calcined

under oxidative conditions. The geff value observed is in good



Fig. 8. X-band ESR spectra (T = 130 K) of 4 mol% Co/Al2O3 catalysts synthe-

sized by different methods: IW4: incipient wetness impregnation; CP4: co-

precipitation and SG4: sol–gel method.
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agreement with literature data of CoCl4
2� in Td coordination

(e.g., in an AgCl matrix) [40]. Accordingly we assign this ESR

signal to tetrahedral Co2+.

It is interesting to consider the relative intensity of the Co2+

(Td) signal for the catalysts IW4, CP4 and SG4 (Fig. 8). It is

obvious that the latter two samples with the clearly higher

cobalt dispersion exhibit remarkably higher intensity of this

ESR signal. It can be concluded that cobalt is mainly present as

Co2+/Td (CoAl2O4) in CP4 and SG4, whereas in IW4 only small

amount of the cobalt is Co2+/Td as expected for Co3O4.

3.2. Catalytic performance of CoOx/Al2O3 in SCR of NO

by C3H8

Tables 2 and 3 summarize the catalytic performances of

Al2O3 and CoOx/Al2O3 for the SCR of NO by C3H8 as a
Table 2

Catalytic performance of Al2O3 and CoOx/Al2O3 for SCR of NO using C3H8

Catalyst Temperature (K) XNO
a (%)

Al2O3 623 10.1

673 23.1

723 55.9

IW05 623 16.7

673 91.4

723 100

IW1 623 22.7

673 98.8

723 100

IW2 623 23.9

673 91.2

723 99.4

IW4 623 9.9

673 40.0

723 67.4

IW8 623 0.3

673 1.8

723 3.1

a NO conversion: ([NO]inlet � [NO]outlet)/[NO]inlet � 100%.
b C3H8 conversion: ([C3H8]inlet � [C3H8]outlet)/[C3H8]inlet � 100%.
c NO competitiveness factor: ([NO]inlet � [NO]outlet)/{10 � ([C3H8]inlet � [C3H8]
function of temperature in a fixed bed continuous flow micro-

reactor. The formation of N2O is found to be negligible in this

work because the selectivity of NO to N2 is higher than 98% in

all experiments. The conversion of both NO and C3H8 increases

with the increase of reaction temperature in the range between

573 K and 723 K. However, the reductant efficiency decreased

with the increase of the reaction temperature in the experi-

mental temperature range.

The effect of cobalt loading on the catalytic performance of

CoOx/Al2O3 for SCR of NO by C3H8 is demonstrated in

Table 2. Modification of Al2O3 with a small amount of cobalt

significantly enhances the NO conversion. Indeed, only 23.1%

of NO is reduced on Al2O3 at 673 K. The conversion of NO

increased to 91% over 0.5 mol% CoOx/Al2O3 (IW05) and

98.8% over 1.0 mol% CoOx/Al2O3 (IW1) at the same reaction

temperature. When the cobalt loading is higher than 1 mol%,

the NO conversion decreased with the increase of cobalt

loading. For example, NO reduction decreased to 91% on IW2

and 40% on IW4 from 98.8% on IW1. These results suggest

that there is an optimum value of cobalt loading for NO

reduction. In contrast to NO conversion, the conversion of

propane continuously increases with the increasing of cobalt

(even higher than the optimum value), leading to a decrease of

the reductant efficiency.

Table 3 shows the catalytic performances of CoOx/Al2O3

prepared by different methods. The catalysts prepared by co-

precipitation (CP4) and sol–gel (SG4) show higher NO

conversion (92.8% and 92.1 at 723 K, respectively) than the

catalysts prepared by incipient wetness impregnation and solid

dispersion (67.4% for IW4 and 42.2 for SD4) at the same

reaction temperature. Interestingly, the catalyst prepared by

solid dispersion (SD4) shows the poorest NO conversion but
XC3H8

b (%) XNO:XC3H8
NOCFc (%)

1.7 5.9 59.4

6.7 3.4 34.3

22.0 2.5 25.4

4.2 4.0 39.8

29.9 3.1 30.7

47.3 2.1 21.1

8.3 2.7 27.3

43.2 2.3 22.9

60.9 1.6 16.4

12.2 2.0 19.6

52.4 1.7 17.4

84.9 1.2 11.7

8.2 1.2 12.1

38.2 1.0 10.5

85.4 0.8 7.9

23.7 – 0.1

63.6 – 0.3

97.7 – 0.3

outlet)} � 100%.



Table 3

Effect of preparation method on the catalytic performances of CoOx/Al2O3 for SCR of NO using C3H8

Sample Temperature (K) XNO
a (%) XC3H8

b (%) XNO:XC3H8
NOCFc

CP4 623 34.9 11.9 2.9 29.3

673 89.9 41.9 2.1 21.4

723 92.8 72.6 1.3 12.8

SG4 623 24.7 11.3 2.2 21.8

673 78.3 43.4 1.8 18.0

723 92.1 80.7 1.1 11.4

IW4 623 9.9 8.2 1.2 12.1

673 40.0 38.2 1.0 10.5

723 67.4 85.4 0.8 7.9

SD4 623 6.5 10.3 0.6 6.3

673 28.5 54.0 0.5 5.3

723 42.2 86.7 0.5 4.9

a NO conversion: ([NO]inlet � [NO]outlet)/[NO]inlet � 100%.
b C3H8 conversion: ([C3H8]inlet � [C3H8]outlet)/[C3H8]inlet � 100%.
c NO competitiveness factor: ([NO]inlet � [NO]outlet)/{10 � ([C3H8]inlet � [C3H8]outlet)} � 100%.
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highest C3H8 conversion at 723 K. The worst NO conversion on

SD4 may result from the decrease of reductant efficiency,

resulting from the enhanced combustion of propane in the

presence of Co3O4.

3.3. Effect of cobalt loading on the surface properties of

CoOx/Al2O3

The dispersion and properties of cobalt in CoOx/Al2O3 vary

with the cobalt loading. For catalysts with low cobalt loading

(IW05 and IW1 as examples), cobalt species are highly

dispersed and adsorbed on the support surface and no Co3O4 is

formed. This is verified by the absence of Co3O4 reflex in XRD

patterns (Fig. 1) and the similarity of IR and Far-IR spectra of

CoOx/Al2O3 and pure g-Al2O3 (Fig. 5). The UV–vis (Fig. 3)

and ESR results (Fig. 7) of IW1 further demonstrate that

tetrahedral Co2+ is the predominant cobalt species present in

this catalyst. The presence of reflexes at 19.28, 31.48, 56.18 and

65.78 in the XRD patterns (Fig. 1) and the appearance of the

bands at 663 cm�1, 576 cm�1 and 218 cm�1 in IR and Far-IR

spectra (Fig. 5) demonstrate that Co3O4 is formed in CoOx/

Al2O3 catalysts with high cobalt loading (IW4 and IW8 for

instance). The dispersion and the oxidation states of cobalt

supported on alumina strongly depend on the precursor of

cobalt, synthesis procedure, cobalt loading and calcination

temperature. E. Finocchio et al. [41] and Yan et al. [27] reported

that CoAl2O4 was formed in CoOx/Al2O3 calcined at 673 K

using cobalt acetate and cobalt citrate as the cobalt precursor. In

this work, the formation of CoAl2O3 at 723 K calcined IW05

and IW1 could be due to the extremely low cobalt loading

(0.5 mol% and 1 mol% corresponding 0.3 wt% and 0.6 wt%).

Cobalt ions are assumed to be dispersed and adsorbed on

alumina surface hydroxyl sites forming isolated centers like

[BBAl–O–Co] and/or [(BBAl)2O–Co]. These structures may be

precursors for the formation of CoAl2O4 during thermal

treatment. Increase of cobalt concentration results in the

conglomeration of cobalt on the alumina surface. Subsequently,
the conglomerated cobalt species is decomposed to Co3O4

during calcination [18,31].

3.4. Effect of preparation method on cobalt–alumina

interactions

The interactions between metal ions and support may effect

on the surface properties and thus overall catalytic performance

of the catalyst. [18] In this study, the degree of cobalt–alumina

interactions was varied by the different preparation methods.

For catalyst CP4, besides the formation of cobalt hydroxide

and alumina hydroxide, a so-called mixed metal layer double

hydroxide (LDH) is formed during the co-precipitation

according to the reaction of

xCo2þ
ðaqÞ þ yAl3þ

ðaqÞ þ ð2xþ 3yÞOH�ðaqÞ

¼ CoxAlyðOHÞð2xþ3yÞðsÞ

The formation of cobalt–alumina–LDH during co-precipita-

tion has also been reported by Velu et al. [42] and Zheng and co-

workers [43] recently. During the thermal decomposition of

these metal hydroxides, the intermediately formed CoO reacts

with ‘‘in situ’’ generated alumina forming CoAl2O4. The

formation of CoAl2O4 is revealed by XRD, UV–vis, IR and

ESR spectroscopy.

For catalyst SG4, cobalt ions were premixed with the liquid

alumina sol and the Al–O–Co bonds are formed during the

gelation. The mixing of cobalt and aluminum at atomic level

leads to the formation of CoAl2O4 during the thermal

decomposition of the precursor of SG4. However, the formation

of CoO (evidenced by the band characteristic of octahedral

Co2+ in the UV–vis spectra, Fig. 3) suggests that not all

Co(NO3)2�6H2O is reacted to alumina xerogel. The formation

of both CoAl2O4 and CoO in Co/Al2O3 prepared by sol–gel

method has also been revealed by Ji et al. [31] using XPS

spectroscopy. Because CoO is not formed in CP4, it can be

proposed that the mean cobalt–alumina interaction in CP4 is
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stronger than that of SG4. Since cobalt ions have penetrated

into alumina lattice forming cobalt aluminate, the cobalt–

alumina interaction in these catalysts could be the strongest

among the catalysts reported in this work.

Cobalt ions can hardly penetrate into the support lattice to

form CoAl2O4 spinel at 723 K because g-Al2O3 is chemically

stable. For this reason, g-Al2O3 acts only as a dispersion

medium and Co3O4 is detected by X-ray diffraction, UV–vis,

IR and Far-IR spectroscopy in IW4 and SD4. The observed

Co3O4 phase is formed by the decomposition of Co(N-

O3)2�6H2O, which was introduced onto the surface of g-Al2O3

support by impregnation (IW4) or solid dispersion (SD4). The

formation of Co3O4 in IW4 and SD4 indicates that there is no

chemical reaction between cobalt ions and the support

(alumina) in these catalysts. The cobalt–alumina interaction

is very weak in these catalysts because cobalt oxides are

mechanically mixed with alumina or physically dispersed on

alumina surface only.

3.5. Structure–activity relationships in SCR of NO by

propane over CoOx/Al2O3

The dispersion and oxidation states differed from the cobalt

loading and preparation methods (see above) and can

subsequently influence the catalytic performance of CoOx/

Al2O3 in the SCR reaction. Yan et al. [27] investigated the effect

of cobalt precursor, catalyst preparation method and calcination

temperature on the catalytic properties of Co/Al2O3 in SCR of

NO by C3H6. The authors proposed that CoO is the active

species for reduction of NO, CoAl2O4 has been detected in the

most active catalysts as well. Hamada et al. [26,29] studied the

activity of SCR of NO by C3H6 over Co/Al2O3 prepared by sol–

gel and impregnation methods. The authors suggested that it is

CoAl2O4 that enhanced the activity for SCR-NO reaction.

Furthermore, Okazaki et al. [44,45] investigated the roles of

CoAl2O4, Co3O4 and alumina for SCR-NO with ethene and

proposed that the synergy of CoAl2O4 and Al2O3 particles at

their interface is a crucial factor causing the high activity of

CoAl2O4-Al2O3 catalysts.

In this work, the impregnation of a small amount of cobalt

onto alumina surface significantly improves the NO conver-

sion (Table 2). Note that tetrahedral Co2+ is the dominant

cobalt species existing in the low cobalt loading catalysts as

discussed above (Figs. 1, 3, 5 and 7). It can be concluded that

the presence of tetrahedral Co2+ in CoOx/Al2O3 with low

cobalt loading enhanced the reduction of NO to N2. A further

increase of the cobalt loading leads to a decrease of NO

conversion when the cobalt loading is higher than 1 mol%. In

contrast to NO conversion, the conversion of propane

continuously increases with the increasing of cobalt (even

higher than the optimum value), which results in a decrease of

the reductant efficiency (Table 2). This suggests that a side

reaction (combustion of C3H8 by O2) rather than the reduction

of NO by C3H8 has been effectively catalyzed by CoOx/Al2O3

catalyst with high cobalt loading. Considering that the

formation of Co3O4 is enhanced with the increasing of cobalt

loading in CoOx/Al2O3 catalysts (as discussed above), we
attribute the decrease in NO reduction to the enhancement of

C3H8 combustion catalyzed by Co3O4.

The differences in cobalt–alumina interactions effect on the

surface property and thus overall catalytic activity of CoOx/

Al2O3 in SCR of NO by C3H8 significantly. As shown in

Table 3, the activity and reductant efficiency of CP4 and SG4 in

SCR of NO by propane are much better than that of IW4 and

SD4 at the same reaction temperatures. This corresponds well

with the cobalt–alumina interactions discussed above. Due to

the correlation of the catalytic performance and structure of

CoOx/Al2O3 we propose that surface CoAl2O4 formed by

penetration of cobalt into alumina is the active species for SCR

reaction; enhancing cobalt–alumina interactions may improve

the reduction of NO to N2 by propane.

4. Conclusions

A series of Al2O3 supported cobalt oxide catalysts has been

prepared, characterized and used in the SCR of NO by propane.

The surface areas of the catalysts used in this work are similar.

The results of XRD, IR, Far-IR and ESR characterizations of

the catalysts suggest that tetrahedral Co2+ is a predominant

cobalt species in catalysts with low cobalt loading and the

4 mol% CoOx/Al2O3 catalysts prepared by sol–gel and co-

precipitation; Co3O4 clusters or agglomerates are the pre-

dominant cobalt species in the high cobalt loading catalysts

prepared by incipient wetness impregnation and solid disper-

sion. The optimized CoOx/Al2O3 catalysts have been found to

be active in SCR of NO by C3H8. The studies on the effect of

cobalt loading and catalyst preparation method on the catalytic

performance suggest that highly dispersed tetrahedral Co2+ in

CoAl2O4 are responsible for the increased SCR activity; Co3O4

catalyzes the combustion of C3H8. The SCR activity increases

with an increase in the strength of cobalt–alumina interactions

in the catalysts.
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