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a b s t r a c t

Physicochemical and catalytic properties of compositions Fe(Ce)–Mn–O/support (gamma-, theta-, alpha-
Al2O3, SiO2 as the support) and Pt/CeO2/theta-Al2O3 for oxidation of soot were characterized. It was
established that the phase composition of the initial catalysts depended mainly on the nature of the active
component and preparation conditions. Non-isothermal treatment of the soot–catalyst compositions at
the temperature up to 1000 ◦C resulted in a change in the phase composition depending mainly on the final
treatment temperature. The catalyst surface area was determined by the support nature. It was established
that catalyst activities for oxidation of soot are determined by both catalyst nature and composition of
gas mixture. The process of the soot oxidation is thought to involve oxygen from the catalyst surface. The
higher proportion of weakly bound surface oxygen, the higher was the catalyst activity. An increase in the
ctive component (M–Mn–O, M = Ce, Fe)
upport (gamma-, theta-, alpha-Al2O3,
iO2)
hermal evolution
as mixture composition

oxygen concentration from 5% O2/N2 to 15% O2/N2 is shown to lead to a decrease of the temperature of
the soot oxidation. The influence of the oxygen concentration on the process of soot oxidation becomes
weaker in the presence of water vapor. Results showed that the presence of NO in the gas mixture favors a
decrease in the oxidation temperature of the soot, the higher being the nitrogen oxide concentration, the
more pronounced effect. Introduction of SO2 in amount of 50 ppm in the gas mixture has no noticeable
effect on the process of the soot oxidation. Among the catalysts under study, Fe–Mn–K–O/gamma-Al2O3

tion o
is most effective to oxida

. Introduction

Automotive exhausts, in particular those of diesel engines, con-
ain hydrocarbons (HC), carbon oxides, nitrogen oxides and soot
erosols. It is commonly accepted that catalytic methods are most
ffective for neutralization of these pollutions. Currently, catalytic
evices allow one to remove HC, CO, NOx from exhaust gas in stoi-
hiometrically controlled, spark-ignition engines. However, a more
evere problem is the removal of soot aerosol (soot) from diesel
ngines. At present cleaning from soot is mainly achieved by cap-
uring it by ceramic filters. The difficulty is that the soot particles are
ery small in size (d < 0.5 �m) and have low density in the exhaust
ow [1].
The problem of soot neutralization can be resolved, for example,
sing a catalytic bed filter. It was suggested [2–5] to use systems
ased on eutectic salt mixtures with low melting temperatures,
mong which are oxides or sulfates of molybdenum, vanadium,

∗ Corresponding author. Tel.: +7 383 326 97 72; fax: +7 383 330 80 56.
E-mail address: iva@catalysis.ru (A.S. Ivanova).

381-1169/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2009.06.004
f the soot at otherwise identical conditions.
© 2009 Elsevier B.V. All rights reserved.

cesium (Cs2MoO4–V2O5; CsVO3–MoO3; Cs2SO4–V2O5, etc.), to pro-
vide a good contact between the catalyst and soot. In this case the
soot starts oxidizing at ca. 350 ◦C and the maximal oxidation rate
is reached at 537–577 ◦C [6]. The main drawback of the systems
is that individual catalyst components may evaporate at certain
temperatures to make the catalyst composition and, consequently,
the activity to soot oxidation altered. In addition, these systems
are soluble in liquid water, so the active component could be lost
by leaching [7]. Supported catalytic systems for the soot oxida-
tion, such as CuO/CeO2 [8], Cu–V–K/�-Al2O3, Cs4V2O7/SiO2–Al2O3
[9,10], MoO3/SiO2, V2O5/SiO2 [11], are also attractive to researchers.
However, one can hardly compare their efficiencies because differ-
ent methods are used for estimation of their activities. The search
for active and stable catalytic compositions for the soot oxidation
is in progress.

The soot in exhaust gases of diesel engines comprises adsorbed

hydrocarbon molecules and a liquid phase (condensed hydrocar-
bons and sulfuric acid) [12]. The sulfuric acid is formed in the
exhaust gases upon combustion of sulfur-containing components
of diesel fuels, sulfur being oxidized to SO2 and a part of SO2 (ca. 2%)
is oxidized to SO3. Water vapor involved in the exhaust gases reacts

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:iva@catalysis.ru
dx.doi.org/10.1016/j.molcata.2009.06.004
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apidly with SO3 to produce sulfuric acid. Some authors report the
oot composition as 89–99 wt% of carbon, 0.3–0.5 wt% of hydro-
en, 0.1–1.0 wt% of oxygen, 0.1–1.1 wt% of sulfur, up to 0.5 wt% of
ineral compounds [13], while other authors report this composi-

ion as 66.1 wt% of carbon, 3.6 wt% of hydrogen, 2.4 wt% of nitrogen,
4.1 wt% of oxygen, 2 wt% of sulfur [8]. Diesel soot compositions
ppear to be highly variable. Again, it is mentioned in Ref. [8] that
he real soot comprises not only the solid carbon fraction but also
olatile fractions due to inclusion of hydrocarbons (the nature of
hich depends on the type of fuel used and the amount of addi-

ives) in the solid phase. Non-isothermal treatment of the soot gives
ise to both low- and high-temperature exoeffects in the DTA curves
hat indicate oxidation of the soot ‘fractions’. As to oxidation of

odel soot Printex U, only high-temperature exoeffect is observed
t 620 ◦C [14]. Therefore, the efficiency of catalysts for the soot oxi-
ation can only be estimated when the chosen model is most similar
o the real diesel soot.

It is well known [15] that the air/fuel ratio changes at different
odes of diesel engine operation and the fuel combustion is accom-

anied by formation of water vapor. These factors affect not only
he composition of the exhaust gases but also the activity and sta-
ility of the catalyst or catalytic neutralizer. Emissions from diesel
ngines contain soot and nitrogen oxides as main pollutants. NO2
s one of the best oxidants of soot particles; NO2 is initiated by the
ormation of active oxygen in the gas phase in the presence of NO
nd O2. A synergistic effect is observed as a result of surface nitrate
ecomposition, which results in gas phase NO2 and desorption of
ctive oxygen. Active oxygen is likely to play a role on the acceler-
tion of the soot oxidation and to contribute more than desorbed
O2 or NO2 from the surface nitrate decomposition [16]. The spe-
ific features of fuel burning in diesel engines make it necessary to
tudy the influence of the gas mixture composition on the oxidation
f soot in the presence of a catalyst.The present paper describes the
tudies of physicochemical and catalytic properties for the soot oxi-
ation of systems comprising active components and supports of
ifferent natures and in different amounts; the influence of concen-
rations of oxygen, nitrogen oxide, sulfur dioxide and water vapor
n the oxidation of soot.

. Experimental

.1. Catalyst preparation

Two methods were used for preparation of catalyst catalysts. The
rst one (I) is based on a deposition of nitrates of elements taken in a
ertain ratio with ammonia solution at certain pH 8.8 ± 0.2 and tem-
erature of (70 ± 2) ◦C on �-Al2O3. The alumina support material
as ground previously in a planetary grinding-mill into particles
f 5–10 �m in size. A suspension obtained was kept at given con-
itions for 30 min and then filtered. Resulting suspensions were
ltered out, and precipitates were washed with distilled water. The
econd method (II) is based on an incipient wetness impregnation

f supports with a nitrate solution. All the samples were dried at
10–120 ◦C for 12–14 h in air and subjected to thermal treatment
n dry air flow at 400 or 500 ◦C for 4 h. �-, �- and �-alumina and
ilica were used as supports. Basic characteristics of the supports
re given in Table 1.

able 1
haracteristics of supports.

upport Calcination temperature (◦C) Phase compositiona

-Al2O3 650 �-Al2O3: a = 0.793 nm
-Al2O3 1000 �-Al2O3: a = 1.186, b =
-Al2O3 1250 �-Al2O3: a = 0.478; c
iO2 1250 X-ray amorphous

a a and c are unit cell constants.
lysis A: Chemical 310 (2009) 101–112

The deposition of soot on catalyst or support is based on mix-
ing of 20% soot and 80% catalyst (support), fraction 0.25–0.5 mm,
through suspending in acetone that was subsequently to be then
evaporated.

2.2. Catalyst characterization

The content of the main components was determined by
the atomic absorption spectrometry [17] with an accuracy of
0.01–0.03%.

X-ray powder diffraction (XRD) patterns of the catalysts were
obtained with an URD-63 diffractometer using Cu K� radiation. A
reflected beam graphite monochromator was used for filtration of
the Cu K� radiation. The analysis was carried out in a stepwise mode
with the step of 2� = 0.05–0.1◦ and storage time of 20–30 s depend-
ing on the degree of a sample crystallinity. To identify the phase
composition, the data obtained for di (interplane distances) and
Ii (relative intensity of diffraction maxima) were compared to the
reference data [18].

Chemical composition of the catalyst surface was determined
by X-ray photoelectron spectroscopy (XPS). The experiments were
performed on a VG ESCALAB HP electron spectrometer using non-
monochromatic Al K� radiation (h� = 1486.6 eV). Gold and copper
standards (Au4f7/2 at 84.0 eV and Cu2p3/2 at 932.6 eV) were used to
verify spectrometer calibration. Catalyst samples were mounted on
a sample holder using a two-sided adhesive tape. Charging of the
samples was accounted for by setting the peak of the Si2p signal to
103.4 eV.

The specific surface area (SSA) was determined with an accuracy
of ±10% by the heat desorption of argon [19].

Particle size distribution in the soot was studied using a JEM-
2010 electron microscope with a resolution of 0.14 nm. Before
measurements samples were prepared by ultrasonicating a small
quantity of the powder for a few minutes in ethanol. The resultant
slurry was then deposited on a copper grid.

Thermal evolution of the individual soot and soot deposited on
supports or catalysts was studied in a controlled atmosphere using
a derivatograph Q1500D. Samples weighing 100 mg (20% soot + 80%
catalyst, fraction 0.25–0.5 mm) were studied in the ranges from
room temperature (18–21 ◦C) to 1000 ◦C. An experimental accu-
racy was ±5 ◦C for temperature and 0.25 mg for weight loss at the
balance sensitivity of 50 mg.

A home-made setup was used for kinetic studies of the soot
oxidation in the presence of �-Al2O3 or a catalyst. The catalytic
activity for the oxidation of soot was quantified during tempera-
ture programmed oxidation (TPO) of catalyst–soot mixtures. The
catalyst-containing sample was heated from 50 to 700 ◦C using a
programmed linear temperature elevation from 50 to 700 ◦C at a
rate of 5 ◦C/min. The sample was kept at 700 ◦C for 10 min. Outlet gas
aliquots were obtained every 3 min for GC analysis using a Kristall-
2000M chromatograph equipped with a flame ionization detector

with methanator was used for CO and CO2 and a thermoconduc-
tivity detector for O2 and H2O. A catalyst sample weighing 100 mg
(20% soot −80% catalyst, fractions 0.25–0.50 mm) was loaded into
a quartz reactor mounted in a furnace in the setup and connected
to inlet and outlet lines of the gas or gas–vapor reactant mixture.

SSA (m2/g) Bulk density (g/cm3)

; 200 0.62
0.291, c = 0.562 nm 106 –

= 1.304 nm 8 1.09
0.5 0.19
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Table 2
Characteristics of catalysts.

# Catalyst Method Tcalc (◦C) Active comp. (wt%) M/Mn(Co) ratio (wt) SSA (m2/g)

Support Active component Calc. Exp.

1 �-Al2O3 Ce–Mn–O II 400 10.1 2 1.69 24
2 �-Al2O3 Ce–Mn–O II 400 19.5 2 1.45 145
3 �-Al2O3 Fe–Mn–O I 400 47.9 1 1.23 290
4 �-Al2O3 Fe–Mn–K–O I 400 55.5 (K2O = 7.6) 1 1.23 200
5 �-Al2O3 Fe–Mn–Cs–O I 400 54.5 (Cs2O = 13.4) 1 1.23 220
6 0
7 0
8 0
9 0

T
t
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SiO2 Fe–Mn–K–O II 40
SiO2 Fe–Mn–Cs–O II 40
�-Al2O3 Ce–O II 50
�-Al2O3 Pt–Ce–O II 50

he soot was oxidized in the reactor with various gas mixtures fed
herein.

. Results and discussion

.1. Chemical composition and thermal behavior of the soot

The samples prepared for studying the process of catalyzed soot
xidation differ by the nature and concentration of the active com-
onent, as well as by the support nature, preparation conditions
nd treatment temperature.

Standard parameters were characteristic of the supports (�-, �-
nd �-Al2O3) (Table 1): �-Al2O3 structured as defect cubic spinel,
= 0.793 nm, the coherent scattering regions (CSR) ∼5–7 nm; �-
l2O3 structured as monoclinic, a = 1.186, b = 0.291, c = 0.562 nm,
SR ∼20–22 nm; �-Al2O3 structured as hexagonal, a = 0.476 nm,
= 1.3 nm, CSR ∼100 nm. SiO2 is X-ray amorphous. As seen from
able 1, the specific surface area of the supports lies in the range
.5–200 m2/g.

Table 2 shows basic characteristics of the catalysts. A good agree-
ent between the calculated and experimental constituent ratio in

he active component is observed for most of the catalysts. For cat-
lysts prepared by impregnation (method II), SSA of the catalyst is

ontrolled mainly by the SSA of the support. For catalysts prepared
y method I, SSA lies in the range 200–290 m2/g. SSA is determined
y the nature of the components. A larger SSA (290 m2/g) is char-
cteristic of the catalysts Fe–Mn–O/�-Al2O3 prepared by method I.

Fig. 1. TEM image of the original soot.
19.9 (K2O = 2.6) 1 1.23 28
21.7 (Cs2O = 3.1) 1 1.25 40
11.7 – – 95
10.1 (Pt = 1.5) – – 92

However, the introduction of potassium or cesium in this sample
leads to the decrease of the SSA up to 200–220 m2/g.

The soot sample consisting of globular particles of 20–50 nm
in size (Fig. 1) was chosen for studying the catalyst efficiency
in the process of soot oxidation. The soot particles are linked to
one another to form extended chains and aggregates. According to
XRD data (Fig. 2), the soot particles are structured as turbostratic
graphite, i.e. graphite with hexagonal carbon networks stacked in
random manner along [0 0 1] direction, layer disordering being
� = 100%. CSR are 1.2–1.5 nm in average size along [0 0 2] direc-
tion and ca. 2 nm along [h k 0] directions. That means stacking
of three or four graphite networks with cross-dimension of ca.
2 nm within one CSR. The transmission electron microscope (TEM)
studies of catalyst–soot compositions (with Ce–Mn–O/�-Al2O3 and
Ce–Mn–O/�-Al2O3 samples chosen as catalysts, see Table 2) reveal
that the soot particles are shaped as globules of 20–50 nm in size
(Fig. 3), i.e. they are practically identical in size with individual
soot particles. Both the individual soot and the soot supported
on the catalyst are completely identical in morphology. The high-
resolution micrograph (Fig. 4) shows that the soot structure is made
up by short fragments of spherically symmetrical graphite layers
(l = 1–2 nm) to form a globular particle.

Electron micrographs of the soot–Ce–Mn–O/�-Al2O3 composi-

tion (Fig. 3a) reveal soot particles along with the catalyst particles,
which are crystalline �-Al2O3 particles (≥100 nm in size) with dis-
persed active component particles (Ce–Mn–O) distributed through
the oxide surface, the active component particles being poly-

Fig. 2. XRD pattern of soot sample: the comparison of experimental (· · · ·) and cal-
culated XRD patterns; theoretically for turbostrate graphite with given distribution
parameters.



104 A.S. Ivanova et al. / Journal of Molecular Catalysis A: Chemical 310 (2009) 101–112

F

c
C
a
d

nent loading or supporting it on �-Al2O3 has a detrimental effect on
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ig. 3. TEM image of soot–Ce–Mn–O/�-Al2O3 (a) and soot–Ce–Mn–O/�-Al2O3 (b).
rystalline aggregates of primary bricks of ca. 5 nm in size. The
e–Mn–O/�-Al2O3 sample (Fig. 3b) is seen as porous crystalline
ggregates (no less than 100 nm in size) built-up by primary nee-
le bricks (d = 5–10 nm and l = 20–50 nm). Hence, it is shown that

able 3
nfluence of the nature and content of the active component on the soot burning in the ga

Support Active component Temp. of soot ignit

Chemical composition Content (%)

– – – 435
�-Al2O3 Ce–Mn–O 10.1 345
�-Al2O3 Ce–Mn–O 19.5 360
�-Al2O3 Fe–Mn–O 47.9 380
�-Al2O3 Fe–Mn–K–O 55.5 190, 340
�-Al2O3 Fe–Mn–Cs–O 54.5 180, 330
SiO2 Fe–Mn–K–O 19.9 190, 355
SiO2 Fe–Mn–Cs–O 21.7 185, 365
�-Al2O3 Ce–O 11.7 360

0 �-Al2O3 Pt–Ce–O 10.1 (Pt = 1.5) 395
Fig. 4. High resolution TEM image of soot–Ce–Mn–O/�-Al2O3 composition.

the suggested procedure for the soot deposition on the catalyst sur-
face does not affect particle size and morphology both of the soot
and of the catalyst.

Thermal behavior of the individual soot and the soot in the pres-
ence of supports or catalysts is studied in the reaction mixture fed
at 5 L air/h. The oxidation of supported soot is seen (Fig. 5) to start at
a lower temperature than oxidation of soot by itself. However, the
temperature difference is no more than 25–30 ◦C, while the amount
of removed soot is ca. 20% higher in the presence of �-Al2O3. It is
reasonable to suppose that such an “increase” is related to con-
tribution of water removed due to dehydroxylation of �-Al2O3 at
elevated temperature.

The soot oxidation is more effective in the presence of cata-
lysts (Table 3). With impregnated Ce–Mn–O/�-Al2O3 systems as
the catalysts, the soot ignition temperature (Tign.) being 345 ◦C; it
is ca. 100 ◦C lower than that of soot alone (Table 3), the exoeffect
temperature is 580 ◦C. At the same time, doubling the active compo-
the soot oxidation parameters. Notice that application of �-Al2O3-
based catalysts results not only in a more considerable decrease in
the ignition temperature but also it results in changes in the shape
and position of chief exoeffect in DTA curves (Table 3). Again, a

s mixture containing 5 L air/h.

ion (DTG) (◦C) Temp. of exoeffect TDTA (◦C) Weight losses, TG

H2O (%) Soot

mg %

620 0 18.5 92.5
580 0.5 15.5 77.5
620 3.5 20.5 103
610 6.5 16.5 82.5
410, 540 3.0 20.0 100
440, 580 6.0 22.0 110
440/520 1.0 22.5 110
425, 520, 570 0.75 19.3 96.5
415/625 2.0 16.5 82.3
585/610 1.1 19.2 96.0



r Cata

“
o
r

n
H
t
a
o
t
o

a
t
[
o
m
f
d
t

(

F
(

A.S. Ivanova et al. / Journal of Molecula

higher” amount of soot removed (103%) is also observed in the case
f these catalysts that may be related to the contribution of water
emoved concurrently from the support, as mentioned above.

Deposition of Fe–Mn–O in amount of ca. 50 wt% on �-Al2O3 does
ot also allow the oxidation process to be accelerated (Table 3).
owever, the promotion of this sample with potassium or cesium

hrough impregnation of Fe–Mn–O/�-Al2O3 dried at 110 ◦C with
queous potassium or cesium nitrate solution provides lowering
f the ignition temperature to 180–190 and 330–340 ◦C, respec-
ively (Table 3). Two exoeffects at 410–440 ◦C and 540–580 ◦C are
bserved instead of single exoeffect at 620 ◦C.

The fact that potassium or cesium promoters affect so remark-
bly the process of soot burning may be accounted for changes in
he Fe–O or Mn–O bond strength in the presence of these cations
20] that results in an increase in the oxygen mobility and efficiency
f the soot oxidation. Other researchers have found that alkali ele-
ents can promote the soot oxidation [21–23]. Substitution of SiO2
or �-Al2O3 (Table 3) in the catalysts under consideration has no
etrimental effect on the catalytic performance in the soot oxida-
ion at even lower loading of the active component.

Special interest presented inflicted Ce-containing samples
CeO2/�-Al2O3, Pt/CeO2/�-Al2O3). First, it is well known that oxygen

ig. 5. The influence of support nature on the thermal behavior of the soot without
a) and in the presence of support: (b) soot–�-Al2O3; (c) soot-�-Al2O3 compositions.
lysis A: Chemical 310 (2009) 101–112 105

is the most obvious, since it is present in large quantities (5–10%) in
diesel exhausts. Therefore, oxygen storage/release materials such
as CeO2 [24–26] can provide active oxygen. Second, the interphase
interaction takes place between platinum and CeO2 that, perhaps,
leads to stabilization of an ionic state of platinum [27]. Thirdly,
according to data reported in Refs. [28,29], platinum can take part
in redox processes, namely:

NO + (1/2)O2
Pt−→NO2

CeO2 + “C′′ → Ce2O3 + CO

“C′′ + NO2 → CO + NO

Ce2O3 + NO2 → 2CeO2 + NO

As seen from the data obtained (Table 3), thermal treatment
of the catalyst CeO2/�-Al2O3 upon mixing with model soot (20%
soot–80% CeO2/�-Al2O3) is accompanied by the ignition oxidation
of soot at 360 ◦C and the exoeffect temperature is 415/625 ◦C. Depo-
sition of Pt on CeO2/�-Al2O3 and following mixing this composition
with soot (20% soot–80% Pt/CeO2/�-Al2O3) does not allow one to
raise efficiency of the combustion of soot: the ignition temperature
is 395 ◦C and the exoeffect temperature is 585/610 ◦C. This tempera-
ture is somewhat above than those in the presence of CeO2/�-Al2O3
(Table 3). Hence, it is reasonable to suppose that the catalyst effi-
ciency to the soot oxidation is not improved in the presence of
platinum. However study of the nature of the soot oxidation was
organized for reception of the unambiguous answer depending on
composition gas mixture in the presence of three catalysts: CeO2/�-
Al2O3; Pt/CeO2/�-Al2O3 and Fe–Mn–K–O/�-Al2O3.

3.2. The influence of the gas mixture composition on the
oxidation of soot in the presence of catalysts

Thermal behavior of the individual soot and the soot in the pres-
ence of catalysts is studied at different oxygen concentrations in the
reaction mixture: 5% O2/N2, 10% O2/N2, 15% O2/N2 fed at 5 L air/h.

Table 4 shows that the soot oxidation in the mixture containing
5% O2/N2 is determined by the nature of the catalyst. The soot oxi-
dation is observed at a higher temperature in the mixture than that
in flowing air (Table 4), the oxidation efficiency being enhanced
in the presence of the catalyst. A specific feature of all these ther-
mal experiments is that the soot is not removed completely even
at the temperature as high as 1000 ◦C. However, the proportion of
removed soot increases in the presence of the catalyst.

An increase in the oxygen concentration has been expected to
be accompanied by reduction of the ignition temperature and the
exoeffect temperature for the soot and soot–catalyst compositions
(Table 4). Depending on the catalyst nature, the soot ignition tem-
perature decreases in the series:
Sample Tign. (◦C) in the gas mixtures

5% O2/N2 10% O2/N2 15% O2/N2 5 L air/h

Soot 570 510 465 435
Soot + CeO2/�-Al2O3 535 550 – 360
Soot + Pt–CeO2/�-Al2O3 540 530 465 395
Soot + Fe–Mn–K–O/�-Al2O3 295; 610 305; 605 300 190; 340

Hence, the soot oxidation is more efficient at a higher oxygen
concentration in the reaction mixture.

The influence of oxygen concentration in gas mixture on nature

of the oxidation of soot is confirmed by kinetic method. The kinetics
of the soot oxidation was studied in the presence of either �-Al2O3
or catalyst in the mixtures with different concentrations of oxygen,
nitrogen and sulfur oxides. The main product of the soot oxidation is
CO2. The amount of CO does not exceed 0.5%, and CO is not observed
at the presence of NO in the gas mixture.
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Table 4
Thermal parameters of burning of the soot at various oxygen concentrations in the gas phase (soot weighed 20 mg, catalyst weight was 80 mg).

Catalyst Tendo (◦C) Temp. of ignition, TDTG (◦C) Temp. of exoeffect, TDTA (◦C) Weight losses, TG

mg %

Reaction mixture: 5%O2/N2

Soot – 570 – 11.0 55.0
20% Soot + 80% CeO2/�-Al2O3 120 535 880* 13.3 66.5
20% Soot + 80% Pt-CeO2/�-Al2O3 80*/235* 540 690*/865* 14.7 73.5
20% Soot + 80% Fe-Mn-K-O/�-Al2O3 120 295, 610 440*; 835* 22.0 110

Reaction mixture: 10%O2/N2

Soot – 510 – 12.0 60.0
20% Soot + 80% CeO2/�-Al2O3 75* 550 745/920 12.2 61.0
20% Soot + 80% Pt-CeO2/�-Al2O3 85*/230* 530 665*/925* 15.4 77.0
20% Soot + 80% Fe-Mn-K-O/�-Al2O3 70* 305, 605 440*; 700*/930* 19.2 96.0

Reaction mixture: 15%O2/N2

Soot – 465 665 18.0 90.0
20% Soot + 80% Pt-CeO2/�-Al2O3 90* 465 620 19.0 95.0
20% Soot + 80% Fe-Mn-K-O/�-Al2O3 80* 300 445/600/630 22.5 112.5

5 L air/h
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containing oxygen and nitrogen oxide
Soot – 435
20% Soot + 80% CeO2/�-Al2O3 75 360
20% Soot + 80% Pt-CeO2/�-Al2O3 75 395
20% Soot + 80% Fe-Mn-K-O/�-Al2O3 – 190, 340

.2.1. The influence of concentrations of oxygen and water vapor
n the soot oxidation

Kinetic curves goes almost identical for the soot oxida-
ion over three catalysts: CeO2/�-Al2O3, Pt-CeO2/�-Al2O3 and
e–Mn–K–O/�-Al2O3 (Fig. 6). However, the different behavior of
he curves is observed for the process over Pt–CeO2/�-Al2O3, when
maximum at 200–220 ◦C is in the curve along with the main max-

mum. The presence of the additional maximum may be caused by
limination of the platinum oxide film in the presence of carbon.
reatment of kinetic curves for oxidation of the soot in the ‘dry’ and

wet’ mixtures over these catalysts reveals that the soot is oxidized
t lower temperatures when the amount of water vapor is 10 vol.%
n the gas mixture. Therefore, the presence of water vapor in the
eaction mixture makes the process of the soot oxidation easier.
he efficiency of the soot oxidation in the ‘wet’ mixture depending
n the catalyst nature varies as follows:

Fe–Mn–K–O/�-Al2O3 > CeO2/�-Al2O3

≈ Pt–CeO2/�-Al2O3 > �-Al2O3

From the kinetic data (Fig. 6), the soot oxidation is completed
t ca. 600–700 ◦C, while thermal studies demonstrate that only
inor amount of the soot is removed at these temperatures in

he oxygen–lean gas mixtures. The observed discrepancy may be
aused by different rates of temperature elevation during thermal
nd kinetic experiments. This assumption may underlie the data
n thermal analysis showing that an increase in the temperature
levation rate from 5 to 10 ◦C/min at otherwise identical conditions
esults in a rise of the soot ignition temperature from 400 to 435 ◦C.

Comparison of kinetic curves for the soot oxidation over
hree catalysts (Fig. 7) in the mixtures 5% O2–10% H2O–He
balance) and 10% O2–10% H2O–He (balance) reveals that the
oot oxidation is more effective in the gas mixture containing
0% of O2. Notice that under chosen experimental conditions
Fig. 7) the temperature to achieve the maximal soot oxidation
ises depending on the catalyst nature, viz. Fe–Mn–K–O/�-
l2O3 < CeO2/�-Al2O3 ≈ Pt–CeO2/�-Al2O3 < Al2O3. Thus, the kinetic
tudies with gas mixtures containing oxygen in different concen-

rations and 10% H2O demonstrate that, first, the influence of the
xygen concentration on the process of soot oxidation weakens in
he presence of water vapor and, second, Fe–Mn–K–O/�-Al2O3 is
he most effective among the catalysts under study for the soot
xidation at otherwise identical conditions.
620 18.5 92.5
415/625 16.5 82.3
585/610 19.2 96.0
410, 540, 630 20.0 100

3.2.2. The influence of nitrogen oxide concentration available in
the oxygen-containing gas mixtures

The mixtures used for experimental studies of the influence of
nitrogen oxide concentration on the oxidation of carbon-containing
components in the presence of catalysts were the following: 10%
O2–X ppm NO–He (balance) (X = 250, 500, 750 ppm). The data
obtained demonstrate that behavior of the kinetic curves for
the soot oxidation over three catalysts in the mixture of 10%
O2–250 ppm NO–He (balance) (Fig. 8a) is practically identical. How-
ever, the different behavior is observed for Pt–CeO2/�-Al2O3. As
mentioned above, that may happen due to removal of the plat-
inum oxide film in the presence of carbon. An increase in the
nitrogen oxide concentration leads to the further reduction of the
temperature to achieve oxidation of the maximal amount of the
soot (Fig. 8b and c). It is known that oxides of nitrogen (NO2) is
to be a more powerful oxidant than oxygen; therefore, it can oxi-
dize the soot to CO and CO2 at temperatures as low as 275–300 ◦C
[28–32]. Emphasizing that an increase in the nitrogen oxide con-
centration contributes more to activation of the Pt-containing
catalyst to improve its efficiency (Fig. 8). At the same time, com-
parative inspection of Fig. 8 reveals that the soot is oxidized at
lower temperature over Fe–Mn–K–O/�-Al2O3 than over Pt–CeO2/�-
Al2O3.

Comparison of the oxidation temperatures of the identical soot
in the mixtures 10% O2–He (balance) and 10% O2–250 ppm NO–He
(balance) reveals that the presence of NO in amount of 250 ppm in
the gas mixture favors a decrease in the oxidation temperature of
the soot as follows:

The gas mixtures The values of Tmax for soot oxidation (◦C)

CeO2/�-Al2O3 Pt–CeO2/�-Al2O3 Fe–Mn–K–O/�-Al2O3

10% O2–He (bal.) 596 225, 580 535
10% O2–250 ppm
NO–He (bal.)

550 225, 550 475/535

3.2.3. The influence of water concentration in the gas mixtures
Kinetic studies on the influence of water that is contained along
with oxygen and nitrogen oxide in the gas mixture on the process
of catalytic oxidation of the soot showed (Fig. 9) that the basic oxi-
dation parameters are not deteriorated. However, these parameters
improved in the presence of water vapor in some cases.
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ig. 6. The kinetic curves of the soot burning for different catalysts: (a) CeO2/�-
l2O3; (b) Pt/CeO2/�-Al2O3; (c) Fe–Mn–K–O/�-Al2O3 in the gas mixture containing:
0% O2–He (balance) and 10% O2–10% H2O–He (balance).

.2.4. The influence of sulfur dioxide in the gas mixture
ontaining oxygen, nitrogen oxide and water vapor

The oxidation of soot does not considerably alter upon intro-
uction of SO2 in amount of 50 ppm into the gas mixture
ontaining oxygen, nitrogen oxide and water (Fig. 10). The soot
xidation in the SO2-containing gas mixture depends on the cat-

lyst nature. Tmax increases by 80 and 6 ◦C over CeO2/�-Al2O3
nd Fe–Mn–K–O/�-Al2O3 catalysts, respectively. Tmax decreases by
0 ◦C over Pt–CeO2/�-Al2O3 catalyst. Probably, oxidation reaction of

ulfur dioxide occurs in the presence of Pt (SO2 + (1/2)O2
Pt−→SO3).
Fig. 7. The kinetic curves of the soot burning for different catalysts in the gas mixture
containing 5% O2–10% H2O and 10% O2–10% H2O–He (balance).

At the same time, heat is evolved in this process and it provides
slight decrease in Tmax:

The gas mixtures The values of Tmax for soot oxidation (◦C).

CeO2/�-Al2O3 Pt–CeO2/�-Al2O3 Fe–Mn–K–O/�-Al2O3

10% O2–500 ppm
NO–He (bal.)

505 225, 535 445

10% O2–500 ppm
NO–10% H2O–He (bal.)

505 225, 535 416

10% O2–500 ppm
NO–10% H2O–50 ppm
SO2–He (bal.)

585 225; 525 420

Thus, the results obtained by kinetic studies of the soot oxida-
tion in different gas mixtures, containing oxygen, nitrogen oxide,
water vapor and sulfur dioxide in different concentrations lead us
to conclude that, first, the influence of the oxygen concentration on
the process of the soot oxidation is weakened in the presence of
water vapor; second, the presence of NO in the gas mixture favors
reduction of the temperature of the soot oxidation, the higher being
nitrogen oxide concentration, the more pronounced the effect;
third, the presence of sulfur dioxide has practically no impact on the
process of the soot oxidation; fourth, Fe–Mn–K–O/�-Al2O3 is the
most effective among the catalysts under study for the oxidation of
carbon-containing components at otherwise identical conditions.

The efficiency of Fe–Mn–K–O/�-Al2O3 catalyst was confirmed
for the soot oxidation (SDPF) obtained by washing away from a
fragment of the filter using acetone that was subsequently to be
then evaporated.

Non-isothermal treatment of SDPF (Fig. 11a) is accompanied by
monotonous decreases of mass at temperatures above 125 ◦C. Its
exoeffects are present on the DTA curve at 210 and 350 ◦C and the
main exothermal effect is observed at 470/610 ◦C. Notice that a total
weight loss in this soot sample weighing 20 mg is 87.5%, i.e. this
value is less than the burnt amount of soot (92.5%) (Table 4). Hence,
SDPF may comprise several carbon-containing fractions, although
the data on weight losses at the related exoeffects (Table 5) indi-
cate that the main fraction is graphite-like soot similar to the soot
sample. A SDPF sample consists of globular particles of 20–50 nm

in size (Fig. 11b); the particles are linked to one another to form
extended chains and aggregates.

CeO2/�-Al2O3 is seen (Table 5) to have a minor effect on oxi-
dation of SDPF: the ignition temperatures are 120 and 200 ◦C and
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Fig. 8. The kinetic curves of the soot burning for different catalysts in the gas mixture
containing 10% O2–X ppm NO–He (bal.) (X = 250, 500, 750).

Fig. 9. The kinetic curves of the soot burning for different catalysts in the gas mixture
containing 10% O2–10% H2O–500 ppm NO–He (bal.).

Table 5
The influence of the nature catalyst on the character of SDPF oxidation.

Catalyst Tads (◦C)/TG (%) Temp. of ignition, T

SDPF 125, 210, 350
20% SDPF + 80% CeO2/�-Al2O3 130/3.0 200, 280/330
20% SDPF + 80% Fe-Mn-K-O/�-Al2O3 80/7.5 220
Fig. 10. The kinetic curves of the soot burning for different catalysts in the gas
mixture containing 10% O2–10% H2O–500 ppm NO–50 ppm SO2–He (bal.).

exoeffects are observed at 280/330 and 595 ◦C for the mixture of
20% SDPF–80% CeO2/�-Al2O3, while they are 125, 210, 350 and
470/610 for individual SDPF (Table 5). The process is more effective
in the presence of Fe–Mn–K–O/�-Al2O3; the exoeffect temperature
decreases to 470 ◦C.

The data obtained by studying thermal behavior of the
individual soot and the ones mixed with catalysts of vari-
ous natures revealed that the oxidation is more effective in
the presence of catalysts. For non-isothermal evolution of soot:
Tign. = 435 ◦C; Texo = 620 ◦C. These parameters alter in the pres-
ence of a catalyst. These values are changed in the presence of

Fe–Mn–K–O/�-Al2O3, and Tign. = 350 ◦C; Texo = 420/540 ◦C. The soot
picked up from a filter and referred to as SDPF is oxidized in the
presence of Fe–Mn–K–O/�-Al2O3 at temperatures: Tign. = 220 ◦C;
Texo = 330/400/470 ◦C.

DTG (◦C) Temp. of exoeffect, TDTG (◦C) Weight losses “C”, TG

mg %

470/610 0.5, 2.0, 3.0, 12 87.5
595 4.0, 14.0 90.0
330/400/470 18.0 90.0
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ig. 11. Thermal parameters of burning of SDPF (a) and TEM image of SDPF (b).

The observed differences in their behavior during thermal treat-
ent of the soot–catalyst compositions may be caused, first, by

ifferent states of active components in the catalyst surface second,
y different phase compositions.

.3. Surface concentration and chemical state of components in
he Fe–Mn–K–O/SiO2 catalyst

XPS spectra of Fe–Mn–K–O/SiO2 catalysts containing 10 and
0 wt% of the active component were obtained in order to identify
he surface concentration and chemical state of iron, manganese
nd potassium cations. The surface composition of the samples
ased on XPS measurements is summarized in Table 6. One can
ee that along with Fe, Mn, K and Si the surface layer of cata-

ysts contains fair quantity of nitrogen. Nitrogen is a constituent
f nitrate groups as indicated by the N1s binding energy equal to
07 eV. It is very important that the relative concentrations of iron
nd manganese on the surface are identical and independent of the
upported component loading. At the same time, the relative con-

able 6
hemical composition of surface layer of Fe–Mn–K–O/SiO2 catalysts calcined at 400 ◦C ba

omposition (mol.%) [Fe]/[Si]

.45Fe2O3–2Mn2O3–1.65K2O–93.9SiO2 (Fe/Mn = 1.22) 0.11

.8 Fe2O3–3.9Mn2O3–2.1 K2O–89.2SiO2 (Fe/Mn = 1.23) 0.10
Fig. 12. C1s and K2p XPS spectra of Fe–Mn–K–O/SiO2 catalysts containing 10.8 wt%
(1) and 19.9 wt% (2) of the supported component.

centrations of potassium and nitrogen are 1.5 and 2 times different,
respectively. The surface Fe/Mn atomic ratio (of about 0.65) differs
negligibly in the samples, however, it is much lower than their bulk
ratio (of about 1.2).

Fig. 12 shows the C1s and K2p core-level spectra of the samples.
An intense C1s peak at 284.8 eV is assigned to carbon of hydro-
carbon compounds (C–C and C–H bonds) adsorbed on the surface
after contacting with air. It is not excluded that hydrocarbon impu-
rities are incorporated at the stage of sample synthesis from the
reagents. A weak C1s peak at 288.4 eV relates to carbon of carbon-
ate groups. A doublet at 292.9/295.7 eV relates to photoemission
from K2p3/2 and K2p1/2 levels. The atomic ratio for carbon in CO3
groups to potassium is 7.4 and 9.5 in the samples containing 10
and 20 wt% of the active component, respectively. Unfortunately, it
is impossible to determine unambiguously the type of potassium
compound because the K2p3/2 binding energy has very low sensitiv-
ity to the nature of local chemical environment [33]. Nevertheless
taking into account a low concentration of the carbonate groups we
can speculate that potassium mainly belong to oxides like K4MnO4
and KFeO2.

Fe2p and Mn2p core-level spectra of the samples under study
are shown in Fig. 13. The Fe2p spectra show a complex structure
consist of at least four peaks that is typical for Fe3+ compounds
(Fig. 13a). According to literature data, two intensive peaks at 710.2

and 723.6 eV correspond to the Fe2p3/2 and Fe2p1/2 spin-orbit com-
ponents, while two small extra-peaks at 718 and 732 eV are due to
charge transfer multielectron transitions. It should be stressed that
such satellites ca. 8 eV above the main lines are usually observed
in the Fe2p spectra of Fe3+ compounds like [34–36]. In the spec-

sed on XPS data.

[Mn]/[Si] [K]/[Si] [N]/[Si] [Fe]/[Mn]

0.16 0.42 0.10 0.68
0.16 0.27 0.05 0.63
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Fig. 14. XRD pattern of samples: (1) Fe–Mn–K–O/�-Al2O3—starting, 1000 ◦C, air; (2)
◦ ◦

posed into iron and potassium oxides on cooling. Potassium oxide is
ig. 13. Fe2p (a) and Mn2p (b) XPS spectra of Fe–Mn–K–O/SiO2 catalysts containing
0.8 wt% (1) and 19.9 wt% (2) of the supported component.

ra of FeO the satellites locate ca. 6 eV above the main lines, and
o satellites are observed in the spectra of Fe3O4 and metallic iron.
he values of the Fe2p3/2 binding energies for FeO, Fe3O4, Fe2O3
nd FeOOH are in the ranges 709.1–710.65, 707.9–710.7, 710.6–711.5
nd 710.2–711.05 eV, respectively [34–36]. Therefore, taking into

ccount the satellite structure in the Fe2p spectra we suppose that
he predominant oxidation state of iron on the catalysts surface
s Fe3+. The understated value of the Fe2p3/2 binding energy for
he catalysts under study is due to interaction iron cations with
Fe–Mn–K–O/�-Al2O3 + soot, 1000 C, air; (3) Fe–Mn–K–O/�-Al2O3 + soot, 1000 C, 5%
O2. The following designations are used: g, �-Al2O3; a, �-Fe2O3; s, spinel based on
Fe3O4; Kf, KFeO2; K, carbonate potassium; Kn, nitrate potassium; kM, K4MnO4; m,
MnO2.

potassium or manganese cations in a double oxides structure. For
example, the Fe2p3/2 binding energy for NiFe2O4 and CoFe2O4 is
lower on 0.4 eV then for Fe2O3 [34].

The Mn2p core-level spectra of the samples are practically iden-
tical (Fig. 13b). Spectra due to spin-orbital splitting consist of two
wide peaks which correspond to Mn2p3/2 and Mn2p1/2 compo-
nents. The Mn2p3/2 binding energy is about 641.6 eV. This value
is in the range of that reported for Mn2O3 (641.0–641.8 eV) and
MnO2 (641.7–642.6 eV) [37–39]. It points out that manganese on
the catalysts surface is in both Mn3+ and Mn4+ oxidation states.

The results of XPS study have revealed that (1) the surface con-
centrations of iron and manganese are independent of the active
component loading in the catalyst and (2) both iron and manganese
are in their maximal oxidation states on the surface that, seemingly,
affects the activity of these catalysts in the soot oxidation.

3.4. Phase composition of supports and catalysts before and after
soot burning

Phase composition of the catalysts was studied before and after
soot burning. Three sample series were characterized before and
after burning of the soot in the gas mixture (5% O2/N2) fed at 5 L
air/h (Table 7). It follows from comparison of the results obtained
for Fe–Mn–K(Cs)–O/�-Al2O3 and Fe–Mn–K(Cs)–O/SiO2 catalysts
that the support nature and preparation procedure (deposition or
impregnation) do not affect considerably the phase composition of
the initial catalysts. All the initial samples are poorly crystalline.
These samples consist of several phases (Table 7). Diffuse lines
are seen in the diffraction pattern (Fig. 14, curve 1) against the
background form of the support (�-Al2O3, JCPDS, 10-0425). The
lines are around the position of the most intense lines of unde-
composed potassium nitrate, dispersed spinel like �-Fe2O3 (JCPDS,
24-0081) and dispersed low-temperature phase �-MnO2 (JCPDS,
04-0779). For K- and Cs-containing catalysts, the diffraction lines
are assigned to potassium and cesium nitrates, respectively. No for-
mation of potassium or cesium ferrite phases is detected in some
cases of K- and Cs-containing catalysts, respectively. It is known that
potassium ferrite is formed at T ∼ 600–620 ◦C, however, it is decom-
rapidly transformed into potassium carbonate (or hydroxycarbon-
ate) in air. Probably, potassium ferrite, manganese oxide and iron
oxide are not yet crystallized at the temperature below 600 ◦C. The
related diffraction pattern indicates the X-ray amorphous structure.
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Table 7
Phase composition of the catalysts before and after burning of the soot.

Catalyst Initial sample After treatment of the soot by flowing 5%
O2/N2 at 1000 ◦C

After treatment of the soot by air fed at 5 L/h at
1000 ◦C

Fe–Mn–O/�-Al2O3 Poorly crystalline products of
nitrates decomposition; �-Al2O3

– Mn2O3 (probably, promoted by Fe3+); Fe2O3;
MnFe2O4

Fe–Mn–K-O/�–Al2O3 Trace of KFeO2 or its decomposition products;
�-Al2O3; (FexMn1−x)3O4; �-Fe2O3

KFeO2 or its decomposition products, K4MnO4,
�-(FeMnAl)2O3

Fe–Mn–Cs-O/�-Al2O3 – Mn2O3 (probably, promoted by Fe3+); Fe2O3;
Fe–Mn–K–O/SiO2 – Mn2O3 (probably, promoted by Fe3+); �-Fe2O3;

MnFe2O4; Mn2O3 	 (�-Fe2O3 + MnFe2O4);
beginning of quartz crystallization

CeO2/�-Al2O3 CeO2: a = 0.541 ± 0.002 nm; D = 9.5 nm; Al2O3 CeO2: a = 0.541 ± 0.002 nm; D = 22 nm; Al2O3 –
P 0.541
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t–CeO2/�-Al2O3 CeO2: a = 0.541 ± 0.002 nm; D = 9.5 nm; Al2O3 CeO2: a =
Pt: D = 8 n

After burning of the soot at 1000 ◦C, the phase composition
epends on the oxygen concentration in the gas phase (Fig. 14,
urves 2 and 3). When the soot is burnt on heating in air, the
iffraction pattern (Fig. 14, curve 2) features lines of dispersed
pinel �-(FeMnAl)2O3, which are shifted with respect to the ones
f pure �-Al2O3. The lines of a well crystalline phase which may be
ssigned to K4MnO4 (JCPDS, 31-1051) and the lines which may be
ssigned to KFeO2 (JCPDS, 39-0891) or its decomposition products
uch as K2CO3·nH2O (JCPDS 11-0665) or K2CO3 (JCPDS, 27-1348) are
bserved. The phase composition is different when the soot is oxi-
ized in the gas mixture containing 5% O2/N2. The lines of K4MnO4
isappear in the diffraction pattern (Fig. 14, curves 3), however, the

ines which are related to well crystalline phases such as hematite
-Fe2O3 (JCPDS, 33-0664) and spinel (FexMn1−x)3O4+� based on

he magnetite Fe3O4 structure (JCPDS, 19-0629) appear. Again, sim-
lar to the patterns of samples calcined in air, there are lines of
he dispersed support phase �-Al2O3 and KFeO2 or its decom-
osition products such as K2CO3·nH2O and K2CO3. The samples
f Fe–Mn–K–O/�-Al2O3 + soot are different in the ratio of phases
-Fe2O3 and (FexMn1−x)3O4+� : the phase of (FexMn1−x)3O4+� pre-
ominates after the soot burning in the gas mixture containing 5%
2/N2 (Fig. 14, curve 3). The reason may be a considerable influence
f the gas phase on the valent state of manganese ions in the spinel
hase.

Two phases, CeO2 and Al2O3, are observed in the initial CeO2/�-
l2O3 sample (Table 7). The strong dissipative effect of cerium
toms makes the diffraction lines of the CeO2 phase (cell constant
lose to the reference data, a = 0.541 ± 0.002 nm, JCPDS, 43-1002)
redominant in the diffraction pattern. The particles are 9.5 nm

n average size. For alumina, only line is practically observed at
= 0.1388 ± 0.0003 nm; it is hardly possible to use this line for

dentification of the alumina phase since it is characteristic of all
he alumina modifications. When the soot has been oxidized at
000 ◦C, the samples are practically identical in the composition
nd almost not differ from the initial sample (Table 7). The intense
ines of the CeO2 phase with cell constant a = 0.541 nm and a line
t d = 0.1388 nm related to alumina are observed in the diffraction
attern, the line of alumina being more pronounced (at the same
osition though), however, the lines of CeO2 considerably narrower
hat indicates an increase of the crystallites to 22 nm in size inde-
endently of the burnt component.

Phases of CeO2 and Al2O3 are also identified in the initial
t–CeO2/�-Al2O3 (Table 7), however, the alumina phase is some
ore evident than that in CeO2/�-Al2O3. The CeO2 particles are

lso 9.5 nm in average size. The samples are practically identi-

al after the soot have burnt at 1000 ◦C, they comprise phases of
eO2 (a = 0.541 nm, average CSR is 17.5 nm), alumina and platinum
a = 0.3923 ± 0.0002 nm, average CSR is 8 nm) (Table 7).

The results demonstrate that the phase composition of catalysts
nder study is determined by following factors: the nature of the
± 0.002 nm; D = 22 nm; Al2O3; –

active component, preparation procedure and treatment tempera-
ture and to a lesser degree the presence of the soot. Comparison of
the related TA and XRD data shows that the most active systems
to the soot oxidation are catalytic systems containing either poorly
crystallized phases, or spinel structures [(FexMn1−x)3O4+� ], or alkali
metal ferrites or manganates. Supposedly, these compounds pro-
vide a higher mobility of surface oxygen due to the presence of
weakly bound or overstoichiometric oxygen.

4. Conclusions

Thermal behavior of the soot is studied in the absence and in the
presence of catalysts in an atmosphere of air fed at the rate of 5 L/h.
The soot consists of globular particles of 20–50 nm in size. The soot
particles are linked to one another to form extended chains and
aggregates. For non-isothermal evolution of the soot: Tign. = 435 ◦C
and Texo = 620 ◦C; the soot picked up from a filter and referred to as
SDPF consists of several carbon fractions oxidized at 125, 210, 350
and 610 ◦C, the graphite-like soot being the main component. These
parameters alter in the presence of a catalyst.

Physicochemical and catalytic properties of compositions
Fe(Ce)–Mn–O/support (�-,�-, �-Al2O3, SiO2 as the support) and
Pt/CeO2/�-Al2O3 for the soot oxidation were investigated. The
phase composition of the initial catalysts was shown to depend
mainly on the nature of the active component, preparation con-
ditions and treatment temperature. Non-isothermal treatment of a
soot–catalyst mixture at the temperature up to 1000 ◦C resulted in a
change in the phase composition which depends mainly on the final
treatment temperature. The catalyst surface area was determined
by the support nature. The process of the soot oxidation is thought
to involve oxygen from the catalyst surface. The higher propor-
tion of weakly bound surface oxygen, the higher was the catalytic
activity.

The catalytic activity in the soot oxidation depends on the gas
mixture composition. An increase in the oxygen concentration from
5% O2/N2 to 15% O2/N2 is shown to lead to a decrease of oxidation
temperatures of the soot. The influence of the oxygen concentration
on the process of oxidation of hydrocarbon components becomes
weaker in the presence of water vapor. It is established that the
presence of NO in the gas mixture favors a decrease in the oxida-
tion temperature of the soot, the higher being the nitrogen oxide
concentration, the more pronounced effect. Introduction of SO2 in
amount of 50 ppm in the gas mixture has no noticeable effect on
the process of soot oxidation.

Among the catalysts under study, Fe–Mn–K(Cs)/�-Al2O3(SiO2)

is the most effective to oxidation of hydrocarbon-containing com-
ponents at otherwise identical conditions. For non-isothermal
evolution of soot–Fe–Mn–K–O/�-Al2O3 and SDPF–Fe–Mn–K–O/�-
Al2O3 mixtures: Tign. = 350 ◦C; Texo = 420/540 ◦C for soot and
Tign. = 220 ◦C; Texo = 330/400/470 ◦C for SDPF.
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