
 

 

1. Introduction 
The incomplete combustion that occurs in diesel 

engines leads to enormous emissions of 
atmospheric pollutants as soot particles consisting 
of agglomerates of carbon nuclei and hydrocarbons, 
SO3 or sulfuric acid, and have been identified as 
hazardous to human health and environment [1]. 
One of the solutions to avoid the emission of soot 
produced by diesel vehicles is to trap the particles 
on a diesel particulate filters (DPFs) and burn soot 
periodically to prevent a pressure increase in the 
exhaust line [1,2]. The major problem of trapped 
soot removal is the too high onset temperature 
(>500 0C) for soot combustion to create 
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Abstract 
 

CuO-CeO2 systems have been proposed as a promising catalyst for low temperature diesel-soot oxidation. 
CuO-CeO2 catalysts prepared by various methods were examined for air oxidation of the soot in a semi 
batch tubular flow reactor. The air oxidation of soot was carried out under tight contact with soot/catalyst 
ratio of 1/10. Air flow rate was 150 ml/min, soot-catalyst mixture was 110 mg, heating rate was 5 0C/min. 
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aspontaneous and self-propagating regeneration of 
DPFs [1]. For spontaneous regeneration under 
typical engine operating conditions, oxidation 
catalysts-based DPFs are required to enhance the 
soot combustion at diesel exhaust gas 
temperatures (250-400 0C). The catalysts should 
promote soot catalytic combustion at rather low 
temperature and display high stability, excellent 
catalytic activity and durability under practical 
working conditions [3-4].  

Many kinds of catalysts have been investigated 
for the soot combustion, including low melting 
point compounds [5], platinum group metals 
(PGM) [6-8], perovskite type oxides [9-10], spinel 
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type oxides [11], rare earth metal oxides, and 
mixed transient metal oxides [12-14]. It is well 
known that activity and selectivity of CeO2-based 
catalysts are greatly enhanced not only by noble 
metals, but also by base metals, particularly 
copper [15]. A PGM coated DPF has been 
presented as an efficient after-treatment system 
[16-17]. But in recent years, considering the high 
cost, limited availability of the noble metals and 
their instability with impurities, more attention 
has been focused on the base metal catalysts [18-
19]. In this context PGM-free, CuO-CeO2 
catalysts are expected to be a good alternative for 
diesel soot oxidation [15]. 

CeO2 is a crucial component in diesel soot 
oxidation catalyst [20-21]. The main properties of 
cerium oxides for oxidation reactions are: (1) the 
excellent oxygen storage capacity (OSC) provided 
by the redox couple Ce4+/Ce3+, making active 
oxygen available for the acceleration of soot 
oxidation [20,22]; (2) structural enhancement of 
the metal dispersion; and (3) improvement of the 
thermal stability of supports. The active oxygen 
also affects nitrate storage capacity for 
simultaneous deSoot and deNOx [23]. There 
exists some kind of synergistic redox effect of 
copper [23] and cerium in the soot oxidation. 

It is a long recognized fact that the properties 
of the catalysts often depend on their preparation 
methods. The dispersion and size distribution of 
metal crystallites, their spatial distribution on 
the support, the homogeneity of components in a 
multi-component catalyst, the porosity, surface 
area, and pore size distribution are the examples 
of sensitive functions. This sensitivity is with 
respect to the precursors used and the treatment 
temperature and atmosphere, as well as other 
preparation variables, which in turn strongly 
affect the catalyst activity. In recent years, there 
has been a significant progress towards 
understanding the relationship between the 
preparation method and the final properties of 
catalysts and catalytic supports. Several methods 
[24] have been used for the preparation of the 
versatile CuO-CeO2 catalysts. 

In spite of the more and more interest drawn 
on CuO-CeO2 catalysts for soot oxidation, 
literatures on the selection of synthesis methods 
determining the physiochemical features or 
factors related to activity remain quite limited. 
Earlier works are limited to the optimization of 
the composition of the catalysts [20, 25]. Most 
recently, Fua et al. [19] prepared CuO-CeO2 
using two routes, co-precipitation (CP) and citrate 
acid complex-combustion synthesis (CA) to 

correlate catalytic activity and the physiochemical 
features of the catalysts synthesized by the 
methods, CP and CA. When compared to 
Cu0.05Ce0.95-CP, the better reducibility and greater 
OSC, and active oxygen species of Cu0.05Ce0.95-CA 
coincided with its better activity. They proposed a 
possible pathway of soot oxidation over 
Cu0.05Ce0.95-CA, based on the relationship of the 
performance and the physicochemical features of 
catalysts, which pathway follows the mechanism 
associated with redox couple and oxygen spill over 
effect. 

In the present investigation, the activity, 
selectivity and stability of CuO-CeO2 catalysts 
prepared by 5 different methods have been 
evaluated in oxidation of diesel soot particulates 
to find out the best method of the catalyst 
preparation.  

   
2. Materials and Methods  

2.1.  Catalyst Preparation 
In this work copper-ceria catalysts were 

prepared by the following five methods: 
(1) Thermal decomposition method, 
(2) Co-ppt method, 
(3) Urea-nitrate combustion method, 
(4) Urea gelation (UGC) method, and 
(5). Citric acid sol-gel method 
 

(1) Thermal decomposition method:  
The thermal decomposition method was the 

simplest of all other methods studied here. In this 
method copper nitrate Cu(NO3)2.3H2O and cerium 
nitrate Ce(NO3)3.6H2O  in the molar ratio of 3/20 
were dissolved in distilled water followed by 
evaporation over steam bath, drying at 110 0C 
overnight in an oven. The received powders were 
submitted to decomposition at 300 0C for 1 h and 
calcination at 500 0C for 3 h in a muffle furnace. 
The powders were cooled to room temperature in 
the furnace to obtain the so-called fresh sample. 
Half of the sample was aged at 800 0C for 4 h in a 
furnace to obtain the aged sample. 

 
 2) Co-precipitation method: 

In this method also the catalysts were 
prepared, with Cu/(Cu + Ce) molar ratio equal to 
3/20. The nitrates of copper and cerium were 
dissolved in distilled water according to the 
required molar ratio. Co-precipitation of the 
components as oxalates was carried out by adding 
drop-wise oxalic acid solution (10% excess). The 
precipitate was filtered and washed several times 
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to free of nitrate ions. The precipitate was dried 
at 110 0C overnight in an oven. Rest of the steps 
of preparation was repeated as in the previous 
method to obtain the fresh as well as the aged 
samples.   

 
(3) Urea-nitrate combustion method 

Urea combustion with nitrates is an effective, 
single pot technique for the preparation of CuO-
CeO2 catalysts. In this work CuO-CeO2 catalyst 
samples were prepared by Urea-nitrate 
combustion method as described by 
Avgouropoulos et al. [26]. The urea-nitrate 
combustion method was used for the synthesis of 
CuO-CeO2 mixed oxide catalysts. Cerium nitrate, 
copper nitrate, and urea CO (NH2)2 were dissolved 
in a minimum volume of distilled water to obtain 
a transparent solution. The Cu/(Cu + Ce) molar 
ratio was equal to 3/20, while the urea/nitrate 
molar ratio was 2.38. The blended solution was 
sufficiently mixed with the help of a magnetic 
stirrer at 80 0C for a few minutes. The resulting 
viscous gel was introduced in an open muffle 
furnace, preheated at 500 0C, in a fuming 
cupboard. The gel started boiling with frothing 
and foaming, and in a couple of minutes ignited 
spontaneously with rapid evolution of a large 
quantity of gases, yielding a foamy, voluminous 
powder. The powders were cooled to room 
temperature in the furnace to obtain the so-called 
fresh sample. Half of the sample was aged at 800 
0C for 4 h in a furnace to obtain the aged sample. 

 
 (4) Urea gelation (UG) method: 

CuO-CeO2 was prepared by the urea gelation 
(UG) method as described elsewhere [27]. The 
preparation procedure consists of mixing the 
aqueous metal nitrate solutions with urea (NH2-
CO-NH2); heating the solution to 100 0C under 
vigorous stirring over magnetic stirrer and 
addition of distilled water; boiling the resulting 
gel for 8 h at 100 0C; filtering and washing the 
precipitate twice with distilled water at 50-70 0C; 
drying the cake in a vacuum oven at 80-100 0C for 
over night; crushing the dried lump into smaller 
particles. Rest of the steps of preparation was 
repeated as in the previous methods to obtain the 
fresh as well as the aged samples.   

 
 (5) Citric acid sol-gel method  

Catalyst samples, CuO-CeO2 mixed oxides 
with Cu/(Cu + Ce) molar ratio equal to 3/20 was 
prepared by citric acid sol-gel method as 
described by Liang et al. [20]. The nitrates of 

copper and cerium were dissolved in distilled 
water according to the required molar ratio. Citric 
acid was added as the complexing agent with a 
1.3:1 ratio of the acid to metal ions including Ce3+ 
and Cu2+. Appropriate polyglycol was followed 
with the weight of 10% citric acid added. The 
blended solution was thoroughly mixed with the 
help of a magnetic stirrer and heated at 80 0C till 
transparent gel was formed. The resulting gel 
was dried at 110 0C overnight in an oven. Rest of 
the steps of preparation was repeated as in the 
previous method to obtain the fresh as well as the 
aged samples. Nomenclature of the catalysts 
prepared by different methods is given in table 1. 
. 
2.2.  Catalyst characterization  

The particle size analysis of the samples were 
measured using the laser diffraction (Helium-
Neon Laser, 5 Milliwat) based particle size 
analyser (ANKERSMID, CIS-50, U.S.A). Particle 
size Analysis data are given in table 2.  

 
2.3.  Soot preparation  

The soot was prepared by partial combustion 
of commercial diesel obtained from Hindustan 
petroleum (HP) in a lamp with a limited supply of 
air [28-30] as shown Figure 1. The deposited soot 
on the inner walls of an inverted beaker was 
collected and then dried in an oven for overnight 
at 120 0C   

 
2.4.  Bench scale semi-batch reactor  

The reactor described in reference [31] was 
used in the present studies as shown in Figure 2. 
A helical coil of glass tube in between the coaxial 
tubes, served as an air pre-heater. Thus the air 
was heated to the reaction temperature before 
entering the bed of soot-catalyst mixture kept in 
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Table 1. Nomenclature of the CuO-CeO2 catalysts 
prepared by different methods  

Catal. Prepn.  
method  

Cu-Ce- 
Precursor  

*Calcn/ageing
 temperature  

A1/A2 Thermal Nitrates 500/8000C
B1/B2 CO-ppt Oxalates 500/8000C
C1/C2 UNC Nitrate   500/8000C
D1/D2 UG Nitrate 500/8000C
E1/E2 Sol-gel Nitrate 500/8000C
 

*Suffixes 1 and 2 denote the calcination/ageing 
temperatures of the catalysts respectively.  



 

the mid of the inner tube as shown in the figure. 
The attractive features of the versatile reactor are 
its compact nature and it can be used as a tubular 
flow reactor as well as a semi-batch reactor. 
Compactness of the reactor means the pre-heater 

and the fixed bed are merged together in a single 
unit. 

 
2.5.  Experimental procedure  

The catalytic activity for oxidation of the soot 
was evaluated in the bench scale semi-batch 
reactor as described above. A known weight, 110 
mg of the soot-catalyst mixture was taken in a 
1/10 weight ratio and packed the rector over glass 
wool. The soot-catalyst mixture were milled in an 
agate mortar for ‘‘tight contact’’ between soot and 
catalysts. The oxidation reaction was carried out 
in the temperature range from ambient to 550 0C 
at a heating rate of 5 0C min-1. The inlet air free 
from CO2 was fed to the reactor at a flow rate of 
150 ml/min. The outlet gases were analyzed for 
CO and CO2 by an on-line gas chromatograph 
equipped with methaniser using a porapack Q-
column and a FID detector. The chromatogram 
showed single peak of CO2 and practically 
concentration of CO in the product stream was nil 
with all the catalysts. The GC analysis is reported 
in terms of soot conversion.  

 
3.  Results and Discussion 

3.1 Effect of preparation methods on activity 
The catalytic activity of CuO-CeO2 catalysts 

having same composition prepared by 5 different 
methods for diesel soot oxidation is shown in 
Figure 3. It is very clear from the figure that the 
catalyst prepared by sol-gel (E1) method 
presented the highest activity in comparison to 
the catalysts prepared following the other 
methods. The relatively lowest catalytic activity 
exhibited by the co-precipitation catalyst sample 
(B1) is most probably due to formation of bulk 
segregated CuO phase. The sample (E1) 
synthesized by sol-gel method exhibited the 
highest activity as this method offers better 
control over textural characteristics. It is evident 
from table 2 that the average particle size (0.93 
µm) of the catalyst (E1) is the smallest in 
comparision to the other samples. Being smallest 
particle size, catalyst E1 possesed largest surface 
area hence highest activity than other catalysts 
studied. In sol-gel method hydrophilic colloidal 
solutions are formed of micelles that remain 
separated because of electrical charges on their 
surfaces and in the surrounding solution. These 
charges create repelling forces which prohibit 
coagulation of the micelles. Such micelles are 
produced via chemical reactions of polymerization 
and poly-condensation. Thus, highly dispersed 
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Table 2. Particle size analysis of Cu-Ce (3/20 mo-
lar) catalysts prepared by different methods  

Prepn. 
method 

Components Mean particle size (µm) 

500 0C 800 0C 
Thermal Cu-Ce 0.98 (A1) 1.34(A2) 
Co-ppt Cu-Ce 1.06 (B1) 2.13 (B2) 
UNC Cu-Ce 1.02 (C1) 1.38 (C2) 

UG Cu-Ce 1.22 (D1) 1.47 (D2) 

Sol-gel Cu-Ce 0.93 (E1) 1.29 (E2) 

Figure1. Schematic diagram showing soot prepa-
ration  

Figure 2. Schematic diagram of the reactor 



 

catalyst is resulted by sol-gel method.  
It can be seen from the figure that T1/2 

(temperature at 50% soot combustion) for 
catalysts E1, C1, D1, A1 , B1 are 320 0C, 350 0C, 
355 0C, 360 0C and 365 0C respectively. Thus, sol 
gel   is the best method of catalyst preparation. 
The ranking order of the preparation methods of 
the catalyst in soot oxidation activity is as follows: 
sol-gel > urea nitrate combustion > Urea gelation 
method > thermal decomposition > co-
precipitation. 

 
 

3.2 Effect of preparation methods on 
stability  

The activity of the catalysts after ageing at 
800 0C for 4 h was investigated and the effect of 
various methods of preparation on stability of the 
samples for soot oxidation is shown in Figure 4. 
Aged catalyst, E2 showed the best activity among 
the five samples. A similar trend can be 
visualized in the case of ageing also as the case of 
effect of preparation methods on the activity of 
fresh catalysts. The trend is clearer on 
comparison of difference in T1/2 for fresh and 
aged catalysts as shown in Table 3. The difference 
in T1/2 for fresh and aged catalysts prepared by 
sol-gel method is just 5 0C while this value is 35 
0C for co-precipitation method. Ageing effect on 
catalyst B2 is more pronounced than others. After 
ageing, the segregated CuO clusters sintered for 
catalyst prepared by co-precipitation method (B2) 
while highly dispersed CuO in catalyst resulted 
by sol-gel method (E2) is prevented from sintering 
on ageing to a great extent. This statement is in 
accordance with the data of particle size analysis 
of fresh and aged catalysts reported in table 2. It 
is clear that the average particle size, 2.13 µm of 
aged catalyst (B2) prepared by co-precipitation 
method sintered to a larger extent (1.06 µm for 
fresh B1) than for catalyst (E2) prepared by sol-
gel method (0.93 µm for fresh E1 and 1.29 µm for 
aged E2). Ceria is more refractory to copper oxide 
hence sol-gel method resulted highly dispersed 
CuO in the catalyst and prevented sintering than 
catalysts produced by other methods. 

Thus, sol-gel is the excellent method of 
catalyst preparation showing the best 
performance for diesel soot oxidation in 
comparison to the other methods of preparation 
studied in the present investigation. The ranking 
order of the preparation methods of the catalyst 
in soot oxidation performance (activity and 
stability) is as follows: sol-gel > urea nitrate 
combustion > Urea gelation method > thermal 
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Figure 3. Effect of preparation methods of Cu-Ce 
catalysts on activity for soot oxidation  

Figure 4. Effect of ageing on Cu-Ce catalysts at 800 
0C for 4 h on soot oxidation  

Table 3. Comparison of difference in T1/2 for fresh 
and aged catalysts 

Catalyst   T1/2  (0C) ∆T1/2 (0C) 
Fresh Aged 

A 
B 
C 
D 
E 

360 
365 
350 
355 
320 

380 
400 
370 
375 
325 

20 
35 
20 
20 
5 



 

decomposition > co-precipitation. 
 

4. Conclusions 
The catalytic performance of CuO-CeO2 

catalysts strongly depends upon preparation 
method for the selective soot oxidation. The 
catalysts prepared by sol gel method showed the 
best catalytic performance, this is ascribed to 
uniform dispersion of copper species in the 
catalyst. The catalyst sample prepared by co-
precipitation method presents lowest performance 
may be due to bulk segregated formation of CuO 
in the sample. 

The ranking order of the preparation 
methods of the catalyst in soot oxidation 
performance is as follows: sol-gel > urea nitrate 
combustion > Urea gelation method > thermal 
decomposition > co-precipitation. 
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