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Conversion of emissions from internal combustion
engines is a very complex and challenging problem of
protecting the environment from toxic pollutants,
including both reductants (carbon monoxide and
hydrocarbons) and oxidizers (nitrogen oxides).

Severe requirements are imposed on catalytic
converters. Therefore, a catalytic converter for the
neutralization of emissions of internal combustion
engines (a three�way catalytic converter,
CO/NOx/CnHm, TWC) is a complex system compris�
ing a ceramic or metallic monolith support coated
with a second support layer that has a sufficiently large
specific surface area (as a rule, second support layers
are metastable alumina phases) [1–3]. The most
promising support materials are natural or synthetic
aluminosilicates (cordierites) [2, 4]. Supported phases
can contain CeO2–ZrO2 mixtures, whose function is
to accumulate oxygen [5, 6]; rare�earth and alkaline�
earth metal oxides to stabilize low�temperature alu�
mina phases [7–10]; and platinum�group metals
(Pt, Pd, Rh, and Ru) to provide the conversion of the
toxic components of emissions to СО2, N2, and Н2О
[11–13].

Now, minimization of the specific consumption of
platinum metals in all their applications is among the
main strategies of research and technology. The main
line of advances in TWCs is concerned with their mod�
ification to decrease precious metal percentages by
means of nanotechnologies [14, 15].

Processes for manufacturing exhaust gas converters
for gasoline engines are described in a number of relevant
surveys [1, 16–18]. Conversion technologies for diesel
emissions are much farther from optimization. Inas�
much as diesel fuels contain high�carbon fractions of
heavy oils, diesel emissions contain soot (to 65 mg/m3)
produced by incomplete combustion of heavy frac�

tions of crude oils (the main components of diesel
fuels). Therefore, one challenge in the use of internal
combustion engines, primarily, diesels, is removal of
soot particles from emissions; carbon particles do not
combust on TWCs containing platinum�group metals.
Removal of solid microparticulates is especially chal�
lenging in view of the expected introduction of
EURO�5 standards in the EC, which impose severe
limitations on the soot levels of automobile emissions.
The most efficient solution in soot conversion tech�
nology is a combination of soot filter and soot oxidizer
functions in one unit [19]. Recently, attempts have
been made to design catalyst coatings for improving
the efficiency of soot filters [20] and oxidizing carbon�
aceous particles directly in soot filters at exhaust gas
temperatures [21, 22]. Investigations into this field fol�
low two major routes, one oriented to improve the effi�
ciency of contact between soot and the catalyst surface
[20, 23–27] and the other using NO, NO2 [28, 29], or
SO2 [30] as soot oxidizers.

Here, we consider some aspects of advanced TWC
technology (application, stabilization, and modifica�
tion of a γ�Al2O3 second support and platinum, palla�
dium, and rhodium active components). We also con�
cern the oxidation of finely divided carbon on the sur�
face of soot filters coated with a catalyst coating in the
form of binary oxide compositions using a number of
oxidizers (O2, O3, NO, NO2, Н2О, and CO2).

EFFECT OF A γ�Al2O3 SECOND SUPPORT
ON PHYSICOCHEMICAL PARAMETERS

OF THREE�WAY CATALYTIC CONVERTERS

Ceramic monolith matrices of honeycomb struc�
ture made of synthetic cordierite (2Al2O3 ⋅ 2MgO ⋅

5SiO2) designed and manufactured at the Institute of
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Materials Sciences Problems, National Academy of
Sciences of Ukraine, with cell sizes of 1.0 × 1.0 mm and
wall thickness of 0.2 mm, were used as catalyst sup�
ports. Their crush strength was 50 MPa along channels
and 20 MPa across channels. γ�Al2O3, which combines
thermal stability with a developed pore structure was
chosen as a second support material [2]. Compositions
useful for the formation of second support layers on
ceramic matrices in the form of alumina, as a rule, con�
tain aluminum oxynitrates of various structures. Anal�
ysis of thermogravimetric and X�ray powder diffraction
data and related literature [31, 32] suggests the follow�
ing scheme for aluminum nitrate decomposition:

Al(NO3)3 ⋅ 9H2O (120–140°C)
 Al(NO3)(OH)2 ⋅ 5H2O (150–180°C)

 Al(NO3)(OH)2, Al2O3 ⋅ 3H2O, Al2O3 ⋅ 2H2O, 
Al2O3 ⋅ H2O (200–250°C)

 Al2O3 ⋅ H2O (350–450°C)  ultrafine γ�Al2O3 

(500–550°C).

Aluminum oxynitrates are formed from Al(NO3)3 ⋅
9H2O within the range 140–180°С. Their general for�
mula can be written as Al(OH)l(NO3)m ⋅ nH2O, where
l = 1–2, m = 1–2, and n = 0–2. The indices l, m, and
n are functions of temperature, synthesis duration,
and water vapor pressure in the reaction zone. The
aluminum oxynitrate composition providing the for�
mation of a stable colloid solution having the required
kinematic viscosity and not breaking for long periods
of time has been determined. Solutions having pH of
3.5–4.0 and density of 1.348 g/cm3 and containing
0.15 g/cm3 of aluminum salts (calculated as Al2O3)
were found to be optimal for alumina application.
These solutions favor the formation of finely divided
alumina on cordierite ceramic matrices [32] and
thereby ensure good adhesion of the second support to
the smooth surface of the ceramic matrix.

Table 1 lists the BET specific surface areas Ssp
determined using thermal nitrogen adsorption for
ceramic monolith supports containing various Al2O3
percentages. The surface area of an initial monolith
matrix is 0.42 m2/g. Doping the second support with
rare�earth oxides (REOs) slightly decreases specific
surface areas. Special experiments showed that, after a

sample was coated with 16.5% γ�Al2O3, its porosity
determined from water vapor adsorption decreased
from 23.0 to 19.5%.

Figure 1 displays micrographs of a fractured
ceramic monolith matrix sample containing 14.5%
γ�Al2O3 as a second support obtained by scanning
electron microscopy in tandem with electron probe
microanalysis on CAMECA SX�50. This sample is
characterized by uniform distributions of two types of
porosities: isolated pores 0.5–1.0 µm in size lying
inside large grain assemblies (Fig. 1a) or along broken
grain boundaries (Fig. 1b); and large channel pores
with the ratios of the length to average cross section
(form factors) within 3–5 and diameters of about
10 µm, which can function as transport pores in the
catalytic converter (Fig. 1a), as described in [1].

Treatment at temperatures above 600°С induces
the transition of γ�Al2O3 to other polymorphs with
lower specific surface areas. Lanthanum, cerium,
yttrium, and some rare�earth oxides alter the thermal
stability of the pore structure of Al2O3 coatings [2, 7],
probably because of forming spinel (perovskite) struc�
tures, but each rare�earth oxide has its own effect.

The mechanism of the thermostabilizing effects of
REOs and other oxides on low�temperature alumina
phases has been a point of discussion for several years
[1, 7, 9, 33–35]. The efficiency of a dopant is hardly
predictable and is dictated by both the dopant concen�
tration and the Al2O3 synthesis parameters [1, 9].
Mutual influence of several REOs on the properties of
low�temperature alumina phases has not been studied,
although the utility of metal oxide mixtures (CeO2 and
ZrO2) for improving the thermal stability of γ�Al2O3
has been considered [1, 7, 16]. Therefore, the thermal
stability, pore structure parameters, and adsorption
properties of finely divided Al2O3 samples prepared by
sol–gel technology were studied as affected by REO
dopants (CeO2, La2O3, and their mixtures) [36]. The
phase composition of these samples was studied by
X�ray diffraction on DRON�3M. After heat treatment
at 550, 700, and 850°С, the samples are mostly X�ray
amorphous. The X�ray diffraction patterns of the sam�
ples calcined at 850°С, which coincide with the X�ray
diffraction pattern of undoped Al2O3, contain only
weak broad halos at 2θ = 28.6° and 38.5° and a broad

Table 1.  Specific surface areas of ceramic/monolith matrices coated with a second support as a function of calcining temperature

Second support percentage
Ssp, m2/g, after treatment at, °C

550 760 900 1000 1200 

6.3% Al2O3 8.2 4.6 2.1 0.6 0.5

10.2% Al2O3 12.2 7.9 4.3 1.0 0.7

14.5% Al2O3 16.5 9.1 5.2 1.3 1.0

13.8% Al2O3 + 1.3% REO 14.2 12.1 9.3 3.0 3.0

12.8% Al2O3 + 2.6% REO 12.0 11.0 9.0 3.0 3.0



KINETICS AND CATALYSIS  Vol. 50  No. 5  2009

STRUCTURAL AND FUNCTIONAL DESIGN OF CATALYTIC CONVERTERS 707

weak reflection at 2θ = 65.9°; these features corre�
spond to the γ�Al2O3 structure. Well�defined crystalli�
zation of the components of the systems studied
occurs at 1000°С (Fig. 2). For example, the X�ray dif�
fraction pattern of a lanthanum�doped sample after
calcining at 1000°С (Fig. 2, curve 1) coincides with
the pattern of undoped alumina (850°С) and corre�
sponds to a finely divided γ�Al2O3 phase. As the La2O3
level increases from 2% (Fig. 2, curve 1) to 5% (Fig. 2,
curve 2), the characteristic γ�Al2O3 reflections are
reduced in intensity. For samples doped with mixed
REOs (Table 2; samples 5, 6), characteristic CeO2
reflections (2θ = 28.4°, 32.8°, 47.4°, 56.2°, 76.5°,
78.9°, 88.4°) appear on the background of the Al2O3
diffraction pattern, as shown by X�ray diffraction pat�
terns 3 and 4 in Fig. 2. Calcining a CeO2/Al2O3 sample
at 1000°C makes a cerium oxide to segregate into an
autonomous phase with the transition of part of the
γ�Al2O3 to corundum α�Al2O3 (Fig. 2, curve 5), as in
undoped alumina. This explains while Ssp for the
cerium�doped sample (Table 2, sample 4) is lower than
for the lanthanum�doped sample after heat treatment
at 1000°С (Table 2; samples 2, 3).

Inasmuch as there is no intrinsic crystallization of
lanthanum oxide and lanthanum aluminates, we
should think that the stabilizing effect of REOs is due
to the formation of solid solutions of lanthanum in
Al2O3; these solid solutions are X�ray amorphous and,
because of their high dispersion and disorder, do not
exist as an autonomous phase below 1000°С in agree�
ment with the results of similar studies [7]. Thus,
REOs, in particular, La2O3, СеО2, and their mixtures,

20 µm

10 µm(b)

(a)

Fig. 1. Electron micrographs of ceramic/monolith matri�
ces coated with γ�Al2O3 (14.5%): (a) ×1000 and (b) ×4000.
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Fig. 2. X�ray diffraction patterns from REO�modified Al2O3 samples after treatment at 1000°С: (1) Al2O3/2% La2O3,
(2) Al2O3/5% La2O3, (3) Al2O3/(5% La2O3 + 2.5% CeO2), (4) Al2O3/(2.5% La2O3 + 5% CeO2), and (5) Al2O3/5% CeO2.
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improve the thermal stability of the pore structure of
finely dispersed Al2O3. The highest stabilizing effect of
La2O3 is on account of the formation of a La2O3 solid
solution in Al2O3, which inhibits aluminum ion diffu�
sion and retards the transition of low�temperature
Al2O3 phases to high�temperature α�Al2O3.

The data displayed in Table 1 also imply that the
treatment of γ�Al2O3�coated ceramic monolith matri�
ces at 900°С induces a three� to fourfold decrease in
Ssp. The thermal stability of coatings on samples con�
taining REOs modifying dopants [36, 37] is far higher;
after heat treatment in the specified mode, the
decrease in Ssp does not exceed 25–35%. When the
treatment temperature is 1000–1200°С, the decrease
in Ssp is considerable and the effect of REOs is can�
celed out. Thus, the thermal stability of the pore struc�
ture of the coating increases to 900°С as a result of the
modification of the alumina second support by REOs
with doping levels up to 1.3–2.6 wt %.

Converters based on γ�Al2O3�coated honeycomb
monolith matrices were prepared as follows: the sup�
port was impregnated consecutively with proper metal
(Pt, Pd, and Rh) salts, and monoliths were purged
with compressed air to remove residual solution, fol�
lowed by drying in flowing air at 100–120°С and cal�

cining at the temperatures at which salts decompose:
550°С (H2PtCl6), 350°С (Pd(NO3)2), and 450°С
(RhCl3).

Catalytic activities were characterized by the CO
and n�hexane conversion (X) in oxidation by atmo�
spheric oxygen for CO = 1.6 vol % and n�C6H14 =
1.1 vol % concentrations. NO conversion was deter�
mined in reduction by carbon monoxide in reaction
mixtures containing 0.8 vol % NO and 0.9 vol % CO in
a flow reactor at the gas flow rate 20000 h–1 on a
monolith fragment 8 mm in diameter, 7 mm in height,
and 0.18 g in weight.

For palladium�containing catalysts (0.1% Pd) with
various concentrations of second supports, the tem�
perature at which 50% CO conversion is reached
served as a measure of catalytic activity. Application of
up to 14.5% γ�Al2O3 (threefold impregnation)
improves catalytic activities and increases specific sur�
face areas to 16.5 m2/g.

The catalyst where the second support is finely
divided alumina is most active in three�way conver�
sion reactions [37]. Table 3 displays the results of cat�
alytic activity tests on a (0.18% Pt + 0.075% Pd +
0.026% Rh)/(Al2O3 + La2O3, CeO2)/cordierite) cat�
alyst sample.

Rare�earth oxides are known to be useful for con�
trolling properties of low�percentage catalysts based
on platinum�group metals. The effect of REOs on the
properties of platinum in deep alkane oxidation cata�
lysts has been studied most comprehensively [38].
When a platinum/alumina catalyst is doped with
cerium oxide, platinum is stabilized in an oxidized
state, probably, in the form of PtOxMenOm [39]. As a
result of the interaction between lanthanum oxide and
palladium in Pd–La2O3/Al2O3 catalysts, these cata�
lysts retain high activity in three�way conversion reac�
tions even after treatment at 1000°С, in spite of a slight
decrease in Ssp [40].

γ�Al2O3, % 0 6.3 10.2 14.5

Temperature of 50%
CO conversion, °С 199 164 154 147

Table 2.  Effect of dopant REO and calcining temperature on the Al2O3 specific surface area

Sample 
no.

REO percentage, wt % Ssp, m2/g, after treatment at, °C

CeO2 La2O3 550 700 850 1000

1 0 0 176 167 142 10

2 0 2.0 176 153 142 86

3 0 5.0 132 144 112 62

4 5.0 0 166 180 130 20

5 5.0 2.5 124 160 124 69

6 2.5 5.0 142 149 112 56

Table 3.  Results of testing of the (Pt + Pd + Rh)/[Al2O3 +
(La2O3, CeO2)]/cordierite catalysts in three�way conversion
reactions (gas flow rate: 20000 h–1)

Reaction

Temperature, °C,
for conversion, %

50 80 90

СО + О2 (1.6% СО in air) 225 232 235

n�С6Н14 + О2
(1.1% n�С6Н14 in air)

252 282 310

NO + СО
(0.8% NO, 0.9% СО in Не)

347 352 355
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The thermal activation of a lanthanum oxide�modi�
fied palladium/alumina catalyst was described in [41].
This effect was manifested as an increase in the specific
catalytic activity in the high�temperature reduction of
nitrogen oxides by hydrocarbons after the catalyst was
treated at 850°С. X�ray photoelectron spectroscopy
(XPS) showed that this thermal activation is due to pal�
ladium stabilization in the form of Pd1+.

Table 4 displays XPS data for Pd/(Al2O3 + La2O3,
CeO2)/cordierite catalysts. X�ray photoelectron spec�
tra were recorded on a Kratos Analytical Series
800 XPS spectrometer using MgК

α
 radiation

(1253.6 eV).
In a freshly prepared palladium/alumina catalyst

(sample 1), palladium is in oxidized form; its valence
state corresponds to Pd4+ (PdO2) [42]. After the sam�
ple is treated by the reaction gas mixture at catalysis
temperatures (sample 2), palladium acquires a near�
metallic state and the 3d5/2 electron binding energy
differs by 0.3 eV from the binding energy in metallic
palladium (335.0 eV). Such a difference can result
from agglomeration of metallic palladium. This sug�
gestion agrees with the higher atomic catalytic activity
of Pd0 compared to Pdn+ [43].

The binding energy of palladium 3d5/2 electrons in
the lanthanum oxide�modified catalyst (sample 3)
corresponds to the oxidation state 2+ (PdO) [42]. In
lanthanum oxide�modified sample 4, Pd1+ can appear
after calcining at 850°С. This follows from the XPS
spectrum, which is a well�defined doublet of the 3d5/2

and 3d3/2 electron states of palladium, and agrees with
Shyu et al. [43], who considered the possibility of
complex formation of cerium oxide with palladium
where palladium is stabilized in the univalent state as

 groups. In samples 5 and 6, most palladium
occurs as the metal (Pd0).

The above assignment explains the observed ther�
mal activation of the lanthanum�containing catalyst
and the absence of this effect for the CeO2�modified
catalyst, where palladium more readily transforms to
the metallic state because of the low redox potential of

+ −

2Pd O

cerium oxide (Table 4). Evidently, palladium stabiliza�
tion in the form of Pd1+ increases the degree of disper�
sion of the active component, whereas metallic palla�
dium can agglomerate. Although the atomic catalytic
activity of Pdn+ can be lower than the activity of Pd0,
the specific catalytic activity of the catalyst increases,
by analogy with platinum catalysts [44], because the
active site concentration increases as a result of the
increasing dispersion of the active component [45].

Thus, REOs in catalysts are multipurpose modifi�
ers, improving the thermal stability of the second sup�
port and active phase and increasing the specific activ�
ity of platinum�group metals.

OXIDATION OF FINELY DIVIDED CARBON 
ON STRUCTURED OXIDE CATALYSTS

The combination of a soot filter and a soot oxidizer
in one unit is the optimal solution for purifying diesel
emissions from carbon particulates.

The results of design of catalytic coatings for soot
filters based on transition�metal (Co, Mn, Cu, and Cr)
oxides are summarized in [46]. The soot filter designed
had a honeycomb structure where end�closed cells
were arranged in the staggered order; this structure
ensured the filtration of emissions through the walls of
the monolith (wall thickness: 1.0 mm; cell size: 2.5 ×
2.5 mm; open porosity: 43–48%; dominant pore size:
1–3 µm) [47].

The activity of binary oxide systems is noticeably
higher than that of individual oxides: complete CO
oxidation on cobalt oxide was reached at 197°С; on
copper chromite and copper cobaltite samples, at 148
and 157°С, respectively. In the decreasing order of
activities expressed as temperatures of 80% CO con�
version, the catalysts are arranged as follows:

Co3O4 > MnO2 > CuO > Cr2O3, 

CuCr2O4 > CuCo3O5 > Co3MnO6 > CuMnO3.

The temperature ranges of deep oxidation of
n�hexane over individual and binary oxide catalysts are

Table 4.  XPS data for Pd/Al2O3 (La2O3, CeO2)/cordierite catalysts

Sample 
no.

REO percentage, wt % Treatment
temperature, °С

Electron binding energy, eV, for electronic states of elements

CeO2 La2O3 Pd 3d5/2 O 1s Si 2p Al 2p

1* 0 0 550 337.0 532.2 102.4 74.5

2 0 0 550 335.3 531.9 102.6 74.2

3 0 0.15 550 336.1 531.9 102.6 74.1

4 0 0.15 850 335.8 531.9 102.5 74.0

5 0.15 0 550 335.0 532.1 102.7 74.1

6 0.15 0 850 335.0 531.8 102.4 74.0

* Sample 1 was examined as prepared; samples 2–6 after catalysis.
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differentiated not so strongly as for CO oxidation. In
the decreasing order of activities expressed as temper�
atures of 80% n�hexane conversion, the catalysts are
arranged as follows:

CuCr2O4 > CuCo3O5 > CuMnO3 > Co3MnO6.

Comparison of the activity orders of the binary cat�
alysts for CO and n�С6Н14 oxidations shows their sim�
ilarity; copper chromite and copper cobaltite have
higher activities.

The role of second supports having acidic surface
properties (γ�Al2O3) for transition�metal oxide cata�
lysts is not as simple as for platinum�metal three�way
catalytic converters. This arises from possible ion�
exchange interactions between transition�metal cat�
ions of the impregnating solution and acid surface
sites. These interactions can yield low�activity associ�
ations linked to oxygen atoms of the support crystal
lattice, which is inactive in deep oxidation reactions
[48]. Studies into the effect of second supports on the
catalytic properties of transition�metal�oxide�based
contacts showed that, as the γ�Al2O3 percentage in the
CuCo3O5/cordierite catalyst increases to 13.3 wt %,
the activity of this catalyst in carbon monoxide and
n�hexane oxidation decreases monotonically; this is
manifested as 30–45°С increases in the temperatures
of CO and n�С6Н14 50% conversion [46] and can
result from the effect of the strong interactions of the
active component with the support.

To study soot combustion, we prepared cordierite�
supported catalysts: (7.4% CuCr2O4 + 7.8% Al2O3)
(1), (12.1% CuCo2O4 + 9.22% Al2O3) (2), and 17.6%
CuCo2O4 (3).

Soot was applied to catalysts in a special cell whose
design ensured exposure of all samples to diesel emis�
sions under identical conditions [46].

Soot combustion was studied by temperature�pro�
grammed surface reactions using a quartz�spring bal�
ance and chromatography of combustion products
(CO and CO2). A catalyst sample (1 g; 0.5–1.0 mm
particle sizes) was heated in flowing argon at 115°С for
3–4 h to remove adsorbed carbon dioxide and water
[19]. After this, the sample was heated in flowing air
while temperature increased at 4 K/min within 100–
600°С and relative weight loss and gaseous reaction
products percentages were recorded. Isothermal soot
combustion experiments were carried out to deter�
mine the complete catalyst regeneration temperatures.

Soot oxidation by atmospheric oxygen [46, 47]
showed that the catalyst coatings in the form of transi�
tion�metal oxides depress the reaction temperature.
While the onset temperatures of vigorous soot com�
bustion on the intact cordierite are above 500°С, on
samples bearing catalyst coatings, they are 180–200°С
with near�100% CO2 selectivity.

Comparison of samples with identical catalytic
coatings, one being free of a second support, showed
that the temperature ranges of combustion of surface
compounds have close values and the soot capacity of
the sample coated with a second support is far higher.
The intact cordierite has a far lower soot capacity;
intense combustion of soot�like compounds starts at
temperatures above 500°С, where regeneration on
catalyst�coated samples already comes to the end [46,
47]. Therefore, the γ�Al2O3 second support increases
the soot capacity of the filter and improves the selec�
tivity of soot combustion to CO2.

Of the catalysts tested, sample 1 shows the highest
activity in soot conversion by atmospheric oxygen. On
the curve plotting gaseous product emission from the
surface of this catalyst as a function of linearly increas�
ing temperature (Fig. 3, curve 1), there are two CO2
emission peaks at 270 and 490°С. Possible reasons for
the appearance of these two peaks are the occurrence
of several types of surface compounds with differing
reactivities (hydrocarbons and highly dispersed car�
bon), which are produced by the reaction between the
products of incomplete combustion of motor fuel and
the catalyst surface, and the inhomogeneous fractional
composition of carbon in engine emissions, as noted
in [1]. Figure 3 also displays the emission of gaseous
products of soot combustion (CO + CO2) from the
catalyst surface as a function of temperature for cata�
lytic converters based on K/Co/La2O3 low�melting�
point eutectic mixtures [19] (curve 2) and V2O5 and
MoO3 individual oxide systems [23] (curve 3). Com�
paring the curves plotted in Fig. 3, we find that the
copper chromite catalyst is almost competitive in soot
oxidation activity with Ba/Co/MgO and K/Co/CeO2
systems described in [19, 30] and considerably exceeds,
both in activity and selectivity, individual (molybde�
num, vanadium, iron, and copper) oxides supported on
various supports (SiO2, SnO2, and ZrO2) [23].

Thus, CuCr2O4 and CuCo2O4 are the most active in
oxidation of CO, n�hexane, and finely divided carbon.
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Fig. 3. CO2 concentration versus the temperature of soot
conversion by oxygen on (1) (CuCr2O4 + Al2O3)/cordier�
ite, (2) K,Co/La2O3 [19], and (3) V2O5/MCM�41 [23].
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For reducing the regeneration temperatures of soot
filters, the conversion of finely divided carbon was
studied in the presence of various oxidizers contained
in emissions from internal combustion engines (O2,
NO, NO2, H2O, O2), as well as O3, on soot filters
coated with copper chromite or copper cobaltite cata�
lyst coatings. Water and carbon dioxide are the main
combustion products of motor fuels; their levels are far
higher than for other oxidizers, and the water–gas
shift reaction occurs at noticeable rates above 200°С
[23]. Ozone in the presence of heterogeneous catalysts
can recombinate to form highly reactive monooxygen.
Ozone treatment is known to reduce the combustion
temperature of diesel soot on CuO–CeO2–Al2O3 cat�
alysts on account of formation of stable oxygen radi�
cals that react with carbon particulates [49, 50].
Therefore, the oxidation of diesel soot with ozone can
occur at temperatures where other oxidizers are of low
efficiency [51].

Figure 4 displays the temperature�programmed
surface reaction curves to characterize CO2 emission
in soot conversion on the copper chromite catalyst
(sample 1) and the activities of various oxidizers in this
reaction. From comparison of the curves plotted in
Figs. 3 and 4, the onset temperatures of reactions
involving NO and NO2 (Fig. 4; curves 1, 2) are far
lower than for the reactions involving O2 (Fig. 3,
curve 1). Judging from the positions of the main CO2
peaks, at higher temperatures soot burns out most vig�
orously in the presence of nitrogen(IV) oxide, whereas
oxygen and nitrogen(II) oxide have far lower reactivi�
ties. The temperature at which soot completely burns
out in the presence of NO2 or O2 is almost 100°С lower
than in the presence of NO.

CO2 was the only hydrocarbon product in these
experiments, which implies that soot oxidation over

the CuCo2O4 + Al2O3/cordierite catalyst involves the
following reactions:

C + 2NO2  CO2 + 2NО, (I)

C + 2NO  CO2 + N2. (II)

Ozone is the lowest temperature oxidizer. In the
presence of the copper chromite catalyst (which is
highly active in ozone decomposition), soot oxidation
occurs with a higher intensity even at near�ambient
temperatures, as indicated by the position of the first
peak in the temperature�programmed surface reaction
curve (Fig. 4, curve 3). Above 190°С, finely divided
carbon is oxidized by dioxygen (Fig. 3, curve 1) and
ozone (Fig. 4, curve 3) within identical temperature
windows because of high ozone decomposition rates
under these conditions.

Inasmuch as CO2 is also the only carbon�contain�
ing product in the experiments with ozone, the first
stage of the reaction between carbon and ozone is
ozone dissociation to highly reactive adsorbed
monooxygen, which oxidizes carbon to CO, followed
by its rapid oxidation to CO2, and decomposes ozone
to dioxygen:

О3 + [ ]  O2 + [O],

(III)

O3 + [O]  2O2 + [ ].

Soot oxidation by water vapor in the presence of
the most active copper cobaltite catalyst (sample 2)
starts above 180°С (Fig. 5, curve 1). The main carbon�
aceous product is CO2; CO emission (curve 2) is not
high: noticeable carbon monoxide amounts are found
only for the maximal reaction rate [52]. Evidently, soot

C + [O] [CO],

[CO] + [O] CO2 + 2[ ],
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Fig. 4. CO2 concentration versus the temperature of soot
conversion in the presence of the (CuCr2O4 +
Al2O3)/cordierite catalyst with various oxidizers: (1) NO,
(2) NO2, and (3) O3.
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is oxidized by water vapor inside the diffusion layer by
the reaction

С + 2Н2О  СО2 + 2Н2, (∆H = +90.6 kJ/mol)
(IV)

through the stages of carbon monoxide formation

C + H2O  CO + H2, (∆H = +132 kJ/mol) (V)

and subsequent conversion

CО + H2O  CO2 + H2, (∆H = –41 kJ/mol). (VI)

The use of the γ�Al2O3 second support increases the
catalyst activity [52], either because of the increasing
dispersion of the active component (on account of the
development of the pore structure) or because of stim�
ulated water vapor adsorption (on account of increas�
ing concentrations of Lewis acid surface sites) [26].

The interaction of soot with carbon dioxide by the
reverse Boudoir reaction

C + СО2  2CO (∆H = +172.5 kJ/mol) (VII)

becomes thermodynamically favorable at 430°С (Kр =
0.8 × 10–3), and in the presence of the copper chromite
catalyst it occurs at noticeable rates above 500°С
(Fig. 5, curve 3).

For isothermal oxidation of soot (Table 5), the
degree of catalyst regeneration at various temperatures
can be quantified. Ozone provides high degrees of soot
combustion at 100–150°С. In the presence of NO2,
NO, or O2, soot combustion occurs at noticeable rates
above 150°С. The reactivity of water vapor in conver�
sion of finely divided carbon is higher than that of
nitrogen(II) oxide or oxygen, indicating the utility of
water vapor for catalytic oxidation of diesel soot. CO2
has the lowest oxidation capacity toward diesel soot.
Therefore, the reverse Boudoir reaction (VII) can
hardly be considered as suitable for the regeneration of
soot filters at the temperatures of engine emissions.

With respect to their reactivities in oxidation of
finely divided carbon, the oxidizers tested are arranged
in the following order:

O3  NO2 > Н2О > NO > O2 > СO2.

The scenario of catalytic soot combustion was con�
sidered in [19, 23, 28]. The catalyst activity in the oxi�
dation of finely divided carbon is frequently related to
the “surface mobility” of the oxide coating. A certain
combination of adsorption and oxidation–reduction
properties of the catalyst surface ensures the adsorp�
tion and subsequent oxidation of soot. In this study, a
second support (low�temperature Al2O3 phases) is
used to control the adsorption properties of the cata�
lyst for efficient soot adsorption and the use of oxidiz�
ers with elevated reactivities (NO2, O3, and H2O)
ensures the depression of the reaction temperature.

Engine bench tests on platinum�, palladium�, and
ruthenium�containing catalysts supported on cordier�
ite ceramic monolith matrices with γ�Al2O3 second
supports modified by rare�earth oxides, showed high
efficiency of these catalysts in the neutralization of
CO, СnHm, and NOx in diesel emissions even in the
presence of excess oxygen concentrations; the
designed soot filter provides a steady�state perfor�
mance of the catalytic neutralizer [33].

The results of comparison tests carried out on
AutoZAZ�Motor motor benches (AUTOZAZ�Dae�
woo, Melitopol) [53] showed that the designed cata�
lytic converters are superior to state�of�the�art ana�
logues produced by Walker (Germany) and Linda
Gobex (Poland) (Fig. 6).

Studies of the effect of cerium, lanthanum, and
other REO modifying dopants on the thermal stability
of the pore structure of the second support (Al2O3 pre�
pared by sol–gel technology) showed that the stabiliz�
ing effect of La2O3 is due to the formation of an La2O3

solid solution in Al2O3; this solid solution inhibits alu�
minum ion diffusion and retards the transition of low�
temperature Al2O3 phases to high�temperature
α�Al2O3. The thermal activation of the
Pd/Al2O3/cordierite catalyst by lanthanum oxide was

�

Table 5.  Isothermal soot oxidation (gas flow rate: 100 ml/min)

Oxidizer
Carbon burnout, %, at temperature, °C

100 150 200 250 300 350 500 600

O3 (0.14% in air) 60 84 98 100 100 100 100 100

NO2 (5.0% in N2) 0 0 31 71 94 100 100 100

Н2О (6.0% in N2) 0 0 19 59 78 99 100 100

NO (5.0% in N2) 0 0 15 54 72 98 100 100

O2 (10.0% in N2) 0 0 15 42 59 90 100 100

CO2 (6.0% in N2) 0 0 0 0 0 0 12 48



KINETICS AND CATALYSIS  Vol. 50  No. 5  2009

STRUCTURAL AND FUNCTIONAL DESIGN OF CATALYTIC CONVERTERS 713

interpreted, proceeding from XPS data, as arising
from the stabilization of singly charged palladium

 and the corresponding increase in the con�
centration of active sites.

Copper chromite is the most active catalyst coating
of soot filters in CO and n�hexane oxidation reactions
and in combustion of soot�like compounds. The use of
binary oxide systems as catalytic coatings of soot filters
and ozone as the oxidation initiator is helpful to
approach the problem of low�temperature complex
conversion of emissions, known as the “cold start”
problem.

To summarize, efficient three�way conversion cat�
alysts in combination with catalyst�coated soot filters
constitute the basis for technology of the two�step
conversion of emissions of internal combustion
engines.

+ −

2( )Pd O
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