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NO and CO are the main gases emitted into the atmos
phere from both stationary and mobile combustion systems. 
These toxic gases represent major form of pollutants and 
contribute mainly to the formation of smog, acid rain and 
ozone depletion in the stratosphere. The simultaneous 
elimination of these two toxic gases leading to non-toxic 
compounds such as N2 and CO2 is considered an efficient 
process. Although the studied reaction is spontaneous, it is 
well known that the presence of a catalyst is necessary. For 
the catalytic reduction of NOx, reducing agents such as 
carbon monoxide (CO), hydrogen (H2), ammonia (NH3), 
urea ((NH2)2CO) and different hydrocarbons are usually 
being employed.1,2 Many supports such as alumina, titania, 
zirconia, ceria were usually used for dispersing the active 
phase for the elimination of nitrogen oxide. It is well known 
that supports play an important role in determining the 
nature and number of active sites, and consequently in the 
activity of the catalysts. The metal oxides are advantageous 
for the stability of the catalyst support and/or for enhance
ment of the catalyst activity under dynamic operations.3 
Among the transition metals studied, copper show a 
potential activity in the NO+CO reaction and have been 
extensively studied.4-6 Sakurai et al. tested catalytic activities 
of cupric oxide and alumina-supported copper oxides in NO 
reduction by CO.7 Metal oxides such as Ce and Ni are 
commonly employed O2 storage component, which are fre
quently added to the catalyst to enhance the catalytic active 
sites. These oxides improve the performance of the catalyst, 
further making it less sensitive to temporary variations in the 
air-fuel ratio by getting reversibly oxidized or reduced at 
typical operating temperatures. Loof et al. stated that at 
higher temperatures, the O2 storage capacity in catalysts 
containing Pt, Rh, Ni and Ce supported on AhO3, Ni is 
found to be the dominant storage metal and Ce predominates 
over Pt and Rh.8 The reduced surface of Ce in contact with 
reduced noble metals is the most effective state of the 
catalyst and greater activity is detected with decreasing 
CeO2 crystallite size.9 Addition of cerium oxide play an 
important role in providing oxygen storage by transforming 
between Ce2O3 under reducing conditions and CeO2 under 
oxidizing conditions.10 It is further believed that doped ceria 
inhibits the deactivation of active components in the reaction 
due to the sintering of the metals and surface deterioration of 
the support. Garcia et al. pointed out that the Cu-Ce 

interaction affected the reactivity of the catalysts towards 
NO thereby increasing the amount of adsorbed species 
which in turn lead to high NO adsorption at low temper- 
ature.11 The NO dissociation peaks were shifted towards low 
temperature upon addition of ZrO2 onto CuO/TiO2, indicat
ing NO decomposition activity was higher in CuO-ZrO2/ 
TiO2 than by CuO/TiO2.12 Hernandez et al. suggested that 
the presence of acid-base sites on Pt/ZrO2-CeO2 seemed to 
be important for the NO+CO reaction.13 The Cu-Ce 
synergism for NO reduction with CO in the presence of O2, 
H2O and SO2 has been investigated by Wen and He.14 The 
results suggested that the synergistic effect between Cu and 
Ce ions could enhance the performance of catalyst both in 
activity and resistance to H2O and SO2. Redox Mechanism 
involving lattice oxygen/oxygen vacancy participation was 
proposed for CO oxidation on CeO2.15 Sayle et al. conducted 
atomic simulation of a CO oxidation mechanism on CeO2 

and suggested that the surface oxygen of CeO2 is more 
active than the bulk oxygen.16 In the present study the 
importance of (i) method involved in preparation of catalyst, 
(ii) metal support interaction of catalyst and (iii) Cu-Ce 
synergistic effect in the NO reduction by CO are discussed.

Experiment지 Section

The supports used were CeO2 (Acros Organics), Y-AEOa 

(New Acros, ball mill for 17 h), ZrO2 (Kanto chemical Co., 
Inc.), TiO2 (Junsei Chemical Co., Ltd.), Catapal Alumina 
(Condea Vista Co., Ltd.), and Co3O4. Co3O4 was obtained by 
thermal decomposition of Co(NO3)2,6H2。(Yakuri pure 
chemicals Co., Ltd.) in air at 550 oC for 5 h. 5% Cu-Ce 
modified supports were prepared by incipient wetness 
impregnation of supports mentioned above with an aqueous 
solution containing requiste amount of metals. The catalysts 
were dried in air at 100 oC for 12 h, followed by calcination 
in an air stream at 500 oC for 2 h.

In the sol-gel method, precursor of alumina i.e., Aluminum 
iso-propoxide (AIP) was dispersed in water (AIP:H2。= 1:2) 
ultrasonically (Power Sonic 410) till a clear translucent 
stable gel like dispersant is formed. Then it is kept for 
stirring at 65 oC for about 2 h. Then the slurry is peptised 
with acetic acid (AIP:AA = 1:1). The aluminium mono
hydroxide sol thus obtained was refluxed over night by 
fixing a condenser to it. Then 5% Cu, Ce solution was added 
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drop by drop into the sol. Again it was stirred vigorously till 
a uniform gel is obtained. Then the sample is dried at 100 oC 
for 5 h and calcined at 500 oC for 2 h.

The catalytic reaction was carried out in a quartz glass 
tubular reactor in a steady-state plug-flow mode. Prior to the 
catalytic tests, the samples were pretreated at 300 oC in He 
atmosphere. The catalytic activity was determined under 
steady state, involving a feed steam with a fixed composi
tion, NO 0.02%, CO 0.08%, CO2 6% and He 83.9% by 
volume as a diluent in the presence of 10% O2. The water 
content was varied as 3% and 10%. The catalysts were 
crushed into 20/40 mesh size before packing into the quartz 
glass tube.

The total gas flow rate and gas hourly space velocity 
(GHSV) were maintained as 200 cc/min and 20000 h-1, 
respectively. A chemiluminescence NOx analyse (KIMOTO 
model 272), equipped with a catalytic converter for conver
sion of NO were used for analysis of the effluent gases. The 
temperature was increased from 300 to 600 oC and the 
increase in ramping temperature was set as 1 oC/min. The 
maximum hold temperature at which high NO conversion 
attained was found after ramping and the effect of water 
content (3% and 10%) was studied at that particular 
temperature.

The catalytic activity was calculated using the following 
formula:

[NO]conv. = ( [NO]m - [NO]out ) / [NO]in

Results and Discussion

Table 1 represents the conversion of NO by CO (i) in 10% 
O2 atmosphere, (ii) in presence of 3% and 10% H2O and (iii) 
maximum hold temperature. Both copper and cerium are 
found to be focused by several researchers in NO+CO 
reaction and the following conclusions were thus attained:

(i) Cu+ ions are found to be active for CO adsorption14
(ii) Partially reduced Cu+ species play a significant role as 

active species in the catalytic decomposition of NO17
(iii) Cu2+ ions are active for NO adsorption18
Several infrared studies have shown that isocyanate species 

NCO is formed as an intermediate during the reduction

Table 1. Conversion of NO by CO over various supported catalysts

No Catalyst

NO Conversion (%)
Maximum hold 
of temperature 

(°C)

Conc
O2

entration (%)
H2O

10% 3% 10%
1 5% CuO-CeOJAW^ 52 31 32 330
2 5% CuO-CeO&iQ 80 46 43 325
3 5% CuO-CeOJCo3O4 86 74 71 300
4 5% CuO-CeO2/TiO2 24 25 25 440
5 5% CuO-CeO2/ AW 63 49 49 350
6 5% CuO-CeO2/ Al® 62 44 42 400
aAl2O3 (New Acros). ‘Catapal Alumina. 
method in this work.

cAl2O3 prepared by sol-gel

reaction of NO by CO.19 NO molecule is kinetically stable20 
and its homolytic dissociation into N and O atoms need a 
higher energy (153.3 kcal/mol). NO is in a metastable equi
librium state. As a first step CO gets adsorbed on the active 
copper sites leading to CuCO linear molecule. In the second 
step, NO reacts with CuCO molecule and leads to CuO and 
NCO. The formation of NCO is an important process in 
dissociating the NO molecule. The isocyanate molecule then 
reacts with the copper oxide which rapidly leads to the 
formation of elemental N2 and CO2.

The monovalent copper atom links to both CO and NO 
molecule which leads to the isocyanate molecule formation. 
This is accomplished by the electro positive character of 
copper which balances with negative charges on N and O 
atoms. Even the high dispersion and interaction of active 
copper species on the support contributes to this behaviour. 
A similar possible reaction intermediate (Cs-type coordi
nated species of NO and CO to one iridium atom) leading to 
N2 formation has been proposed by Haneda et al.21

As shown in Table 1, among the catalyst studied 5% Cu- 
Ce/Co3O4 (unsupported) was found to be more active even 
in the presence of O2 and water vapour. The strong inter
action of copper and cerium leads to replacement of Ce4+ 
ions in the lattice by copper ions, resulting in Cu+ ions and 
oxygen vacancies, providing extra sites for NO and CO 
adsorption.14 The results indicate that the activity of surface- 
dispersed copper oxide species towards reduction of NO is 
greatly enhanced by the presence of ceria which stores and 
releases O2. The synergistic effect of Cu and Ce has also 
been well documented in literature.4,5 The surface layer of 
unsupported CuCo2O4 shifts to the reduced state when ex
posed to NO+CO gas mixture. The specific surface area of 
the support along with strong metal interaction (in presence 
of Cu and Ce) plays an important role in attaining the high 
catalytic activity in NO+CO reaction.

The NO+CO reaction was carried out in presence of 10% 
O2 and this obviously oxidizes some of the Cu+ ions into its 
higher oxidation state (Cu2+) which in turn favours NO 
adsorption. N2 is obtained as the main product at higher 
temperature. The reduction reaction takes place on Cu2+ site 
which promotes NO adsorption, further on reduced copper 
site which receives O2- ions evolved during NO decomposi
tion. At much higher temperature the well dispersed surface 
oxide species which are actively engaged in NO conversion 
are covered by their homologous bulk crystalline metal 
oxides. The results indicate that the catalytic activity of 
surface dispersed metal species is greatly influenced by the 
nature and acidic properties of the support. The performance 
of catalytic systems involving various transient techniques 
for NO-CO, N2O-CO and O2-CO reactions have been 
carried out.22,23 It has been found that under the conditions of 
O2+NO+CO gas mixture (with 40% excess of oxidants) the 
unsupported catalysts are capable to some extent in pre
serving their activity in NO reduction.24 Wen et al.14 demon
strated the enhanced performance of Cu-Ce catalyst in 
NO+CO reaction. The XRD and XPS spectra in the above 
study well documented the facts that (i) presence of cerium 
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strongly hindered agglomeration of CuO and (ii) low-valent 
copper is present as Cu+. The IR study 25 reveal that Cu+ is 
active for CO adsorption and oxygen vacancy provides the 
site for NO adsorption. TPR-TPO studies of CuO phase 
reveals the extent of CuO reduction and Cu(O) re-oxidation 
and the results indicate that the oxidation of Cu to CuO 
proceeded in two steps: at first, an oxidation of dispersed 
copper species and at high temperature, the occurrence of 
bulk oxidation takes place.26

NO conversion over the catalyst prepared by sol-gel 
technique showed a maximum hold temperature of about 
400 oC. The result reveals the fact that there is a high 
dispersion of metal oxides in small aggregates or domains in 
the support material which is highly impossible to attain by 
the conventional methods such as impregnation or ion
exchange. The sol-gel prepared mixed oxides exhibit homo
geneity throughout the bulk at the molecular scale and show 
enhanced acidic properties, high surface area and thermal 
stability which are the essential criteria for high catalytic 
activity in NOx reduction process.27

In the sol-gel catalyst prepared it is a well known fact that 
the metal particles were directly incorporated into the 
framework of the support28 or partially buried at the surface 
of the support.29 Due to this, the metal particles are less 
exposed to deterioration and prolonged activity is noticed. It 
is well evident from the result that there prevails a strong 
metal support interaction in the catalyst which consequently 
leads to high sintering resistance capability. Since the sol-gel 
catalysts are prepared from a homogeneous solution con
taining metal particles as well as support precursors, the 
metal particles strongly adhere to the support by metal
support oxygen bonding.

From this study, it can be suggested that (1) among the 
catalyst studied Cu-Ce modified catalyst over Co3O4 support 
shows an excellent conversion even in the presence of O2 

atmosphere and had a high resistance property towards 
water vapor. The decrease in conversion at higher temper
ature may be due to surface reduced active species on the 
support which are considered active sites in NO+CO 
reaction, and (2) the sol-gel catalyst shows higher hold 
temperature, since partially buried metal particles are less 
exposed to deterioration under the reaction conditions.
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