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(57)  The invention pertains to a regenerative soot
filter (1) device applicable to exhaust gases from com-
bustion engines, particularly diesel type engines. The
device comprises a microwave generator (16) and a
soot filter material (10), wherein a microwave absorbing
material is provided on the soot filter material. The in-
vention also pertains to a method of regenerating a soot
filter comprising soot filter material applicable to exhaust
gases from combustion engines, particularly diesel type
engines. The method comprises applying microwave ra-
diation to the soot filter by a microwave generator and
passing a gas flow comprising oxygen over the soot fil-
ter, wherein the microwave radiation applied to the soot
filter is absorbed by a microwave absorbing material that
is provided on the soot filter material.

Regenerative soot filter device and method for regenerating a soot filter
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Description

[0001] The invention pertains to a regenerative soot
filter device applicable to exhaust gases from combus-
tion engines, particularly diesel type engines, compris-
ing a microwave generator and a soot filter material.
[0002] Such a device is known in the art, e.g. from
EP-A1-0 635 625. This European patent application dis-
closes a method of regenerating a ceramic soot filter, as
well as a device for performing this method. Soot de-
posited on the ceramic soot filter used for diesel exhaust
gases is oxidized by application of microwave radiation
from a microwave generator. The soot is heated by the
microwave radiation and oxidized in an oxygen excess
present in the diesel exhaust gases. It is indicated that
an ignition temperature of around 600°C is needed to
completely oxidize soot which mainly comprises graph-
itic carbonaceous components, as well as aliphatic, al-
icyclic and aromatic hydrocarbons. A major concern is
that all ceramic materials show a higher absorption of
microwave radiation at higher temperatures, leading to
a progressive heating when a constant radiation power
is applied over longer periods of time. This effect is
known as the thermal runaway and is to be avoided un-
der all circumstances as it leads to overheating of the
ceramic filter material and consequently to distortion
and mechanical failure. In the known method this prob-
lem is solved by applying microwave radiation in pulses
and by providing sufficient heat exchange by radiation
and/or convection. The known method of regenerating
a soot filter thus requires a delicate balancing of the
heating by microwave radiation of the filter, because a
temperature around 600°C is required to obtain a com-
plete oxidation of soot, while, by contrast, any overheat-
ing of the filter is to be avoided. Optionally, a catalytically
active material may be present to enhance CO oxida-
tion. Noble metals, especially Pt, Rd and Pd, are gen-
erally known to be particularly suitable for this catalytic
requirement. They are, for instance, widely used as so-
called three way catalysts in automobiles.

[0003] This known method has some drawbacks.
Firstly, pulsing of microwave radiation needs to be care-
fully monitored in order to maintain the delicate balance
between the ignition temperature of the soot on the one
hand and the temperature of the ceramic filter on the
other hand. Secondly, complete oxidation of soot will be
compromised, as the heating of soot is limited by the
pulsing of the microwave radiation. Thirdly, the imple-
mentation of a heat exchange system renders the de-
sign of the device more complex and less easy to pro-
duce. Furthermore, noble metals are lately becoming
more scarce and expensive, thereby increasing the total
costs of catalysts in a soot filter that incorporate noble
metals. Finally, distortion and mechanical failure of the
filter will still occur to some extent rendering the device
a shorter lifetime.

[0004] Apartfrom these drawbacks, itis a general de-
sire to use microwave energy for the oxidation of soot
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in a more efficient way than by purely raising the tem-
perature of the soot, as for example disclosed in
EP-A1-0 635 625.

[0005] The object of the invention is to provide a re-
generative soot filter device wherein the above men-
tioned drawbacks have been reduced or even eliminat-
ed, and a more efficient use of microwave energy is ac-
complished.

[0006] The regenerative soot filter device according
to the invention is characterized in that a microwave ab-
sorbing material is provided on the soot filter material.
The microwave absorbing material is provided on the
soot filter material by deposition techniques known in
the art so that the surface of the soot filter material is
covered. Preferably, a deposition technique is chosen
such that a physical or chemical bonding is obtained be-
tween the microwave absorbing material and the soot
filter material, the bonding being capable of withstand-
ing the working conditions. The term 'microwave ab-
sorbing material' is shortly explained hereinafter for clar-
ity's sake.

[0007] In general, the microwave absorbing capacity
of a material is indicated by its dielectric loss factor €".
This can be deduced from the following formula 1 re-
garding the volume specific absorption of microwave ra-
diation A of a microwave absorbing material:

A=n*f*e"*tan &/E> 1)

wherein f is the frequency of the microwave radiation, E
the mean strength of the electromagnetic field in the ab-
sorbing volume and tan 6 is the ratio of the dielectric
loss factor " to the dielectric constant €' of the material.
[0008] Advantageously, the microwave absorbing
material has a dielectric loss factor being a multiple of
the dielectric loss factor of the soot filter material as well
as the soot. For example, a known soot filter material
like cordierite having a dielectric loss factor typically of
0.14, would be provided according to the invention with
a microwave absorbing material having a dielectric loss
factor being at least two times higher. The use of such
a microwave absorbing material with a dielectric loss
factor higher than the filter material and the soot reduces
the need to apply a high electric field strength, still al-
lowing the soot to reach ignition temperatures. Conse-
quently, an important advantage of the device according
to the invention is that the ignition temperature of soot
can be reached by applying lower strengths of the elec-
trical field, resulting in a decrease of the energy con-
sumption.

[0009] Contrary tothe known soot filter device accord-
ing to EP-A1-0 635 625 wherein the soot itself is heated
by microwave radiation and excessive heating of the
soot filter material by microwave radiation is avoided by
cooling through heat exchange and the pulsing of mi-
crowave radiation, the invention aims at supplying ther-
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mal energy for the oxidation of soot while protecting the
soot filter material from being overheated by providing
the soot filter material with a microwave absorbing ma-
terial as defined above. Firstly, with regard to the oxida-
tion of soot deposited on the soot filter material provided
with microwave absorbing material according to the in-
vention, it is evident that the thermal energy contained
by the microwave absorbing material contributes to the
heating of soot by heat exchange. As the microwave ab-
sorbing material is more efficiently heated by micro-
waves than the soot itself , the invention provides a re-
generative soot filter device that uses microwave energy
in a more efficient way, for instance a lower power of the
applied microwave source may be employed. Moreover,
a pulsing of microwave radiation to the extent according
to the prior art is not required, so that the heating of the
soot is less limited and more easily maintained in the
device according to the invention, leading to a more
complete oxidation of soot. Secondly, the microwave
absorbing material provided on the soot filter material
will also lower the penetration of microwave radiation
into the soot filter material itself considerably. Thus the
thermal runaway effect leading to overheating of the
soot filter material is avoided, even more so because
the heat energy contained by the microwave absorbing
material being located on the surface of the soot filter
material is easily exchanged with the gas passing
through by radiation and/or convection, apart from the
exchange with the soot deposited. Both beneficial ef-
fects of the microwave absorbing material, namely a
more efficient use of microwave energy as well as a pro-
tection for the soot filter material from overheating, will
elongate the lifetime of the device as the soot filter ma-
terial itself is less subjected to microwave heating.
[0010] Advantageously, the greater part of the surface
of the soot filter material is covered by a microwave ab-
sorbing material to obtain a good heat exchange with
soot as well as with the gas passing through and a suf-
ficient protecting effect from overheating. As the absorp-
tion of microwave radiation is proportional to the volume
of the microwave absorbing material, the beneficial ef-
fects can further be controlled by adjusting the thickness
of the microwave absorbing material provided on the
soot filter material.

[0011] Advantageously, the device according to the
invention comprises also an oxidation catalyst to com-
pletely oxidize any partially oxidized products like CO,
as well as other hydrocarbons present in the gas phase.
Preferably, the device comprises a microwave absorb-
ing material that is an oxidation catalyst. By combining
both functions in the device according to the invention,
a complete oxidation of soot - via partially oxidized prod-
ucts like CO as well as other hydrocarbons present in
the gas phase - into harmless CO, is further enhanced.
[0012] The device according to the invention prefera-
bly comprises a microwave absorbing material compris-
ing a compound AMOy having a perovskite structure (al-
so referred to as 'a perovskite' hereinafter) wherein A is
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a rare earth metal, M is a transition metal, wherein the
A atom is partly substituted by a different atom A', A’
also being a rare earth metal and y is a numerator for
the number of oxygen atoms O,the numerator y being
dependent on the mean valency of the metalions includ-
ed in the perovskite. These perovskites surprisingly
show a good catalytic activity towards oxidation com-
bined with a dielectric loss factor that is suitable for the
purposes as explained above.

[0013] More preferably, the microwave absorbing ma-
terial comprises a compound AMOy having a perovskite
structure wherein A is La or Sr, A' is La, Ce, Hf or Sr,
and M is Mn, Co, Fe or Ti. Perovskites containing com-
binations of these specific elements surprisingly show
a higher catalytic activity over perovskites in general.
Among these, more preferred perovskites are com-
pounds of formula AMOy wherein Ais La, A'is Ce, M is
Mn, and y is 3. It is noted that the value of y, being de-
pendent on the mean valency of the metalions included
in the perovskite, should formally be interpreted as an
approximate value.

[0014] The device according to the invention prefera-
bly comprises microwave absorbing material compris-
ing a perovskite as described above, wherein the de-
gree of substitution of the A atom is between 5 and 40%.
Perovskites having these specific degrees of substitu-
tion surprisingly show a higher catalytic activity over per-
ovskites in general. Most preferred perovskites are com-
pounds wherein the degree of substitution of the A atom
is 20%, in particular Lag gCeq ,MnO3.

[0015] The soot filter material in the soot filter device
according to the invention can be a conventional one,
such as ceramic cordierite, alumina, silica, zirconia or
titania, preferably having a honeycomb structure de-
sign. A favorable application of the regenerative soot fil-
ter device according to the invention is in (stationary and
instationary) diesel engines, because diesel engines
are generally known to produce more soot than other
combustion engines.

[0016] The invention also relates to a method of re-
generating a soot filter, comprising a soot filter material,
which method comprises applying microwave radiation
to the soot filter by a microwave generator and passing
a gas flow comprising oxygen over the soot filter, char-
acterized in that the microwave radiation applied to the
soot filter is absorbed by a microwave absorbing mate-
rial that is provided on the soot filter material. The ad-
vantages mentioned earlier for the regenerative soot fil-
ter device, also apply to this method.

[0017] In a preferred embodiment of the method ac-
cording to the invention the microwave absorbing ma-
terial used is an oxidation catalyst.

[0018] In a more preferred method according to the
invention a microwave absorbing material is used that
comprises a compound AMOy having a perovskite
structure wherein Ais arare earth metal, M is a transition
metal, wherein the A atom is partly substituted by a dif-
ferent atom A, A' also being a rare earth metal and y is
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a numerator for the number of oxygen atoms O.
[0019] More preferably, the microwave absorbing ma-
terial comprises a compound AMO, having a perovskite
structure wherein A is La or Sr, A’ is La, Ce, Hf or Sr,
and M is Mn, Co, Fe or Ti. Among these, more preferred
perovskites are compounds of formula AMOy wherein
AislLa, A'isCe, Mis Mn,and yis 3 +/- d.

[0020] In a still more preferred method according to
the invention a perovskite as defined above is used,
wherein the degree of substitution of the A atom is be-
tween 5 and 40%, more preferably 20%.

[0021] The following examples are provided as a
means of illustrating the present invention especially the
microwave absorbing material that is a oxidation cata-
lyst. These examples are not be construed as imposing
a limitation to the present invention. Also, the present
invention will be further elucidated by the accompanying
drawings, wherein:

Fig. 1 shows the results referred to in Example 2 of
measurements of catalytic activity of some micro-
wave absorbing materials used in the regenerative
soot filter device according to the invention.

Fig. 2 shows the results referred to in Example 3 of
measurements of catalytic activity of a microwave
absorbing material used in the regenerative soot fil-
ter device according to the invention with and with-
out the addition of water to the gas stream.

Fig. 3 shows the results referred to in Example 4 of
measurements of the dielectric constant and dielec-
tric loss factor of a microwave absorbing material
used in the regenerative soot filter device according
to the invention comprising Lag gCeg 4MnO3.

Fig. 4 shows the results referred to in Example 4 of
measurements of the repeated microwave heating
of a microwave absorbing material used in the re-
generative soot filter device according to the inven-
tion comprising Lag gCey oMNO3.

Fig. 5 shows a cross sectional view of a preferred
embodiment of the regenerative soot filter device
according to the invention.

Example 1
Preparation of perovskite-type oxide La;_,A',MnO,

[0022] A series of perovskite-type  oxide
Lay,A'yMnO3 (A'=Ce and x being 0, 0.05, 0.1, 0.2 and
0.3) was prepared by a co-precipitation method. An
aqueous solution of corresponding nitrates was used
with sodium hydroxide solution and hydrogen peroxide
as the precipitating agents.

[0023] During the precipitation the pH was kept at pH
9-9.4 at 50°C. The metal nitrates, the sodium hydroxide
solution and hydrogen peroxide were added to 600 ml
double distilled water while vigorously stirring the sus-
pension. The precipitation time was about 90 minutes.
The precipitate was aged for about 30 minutes, filtered
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off, washed three times with double distilled water to re-
move the remaining reactants, and dried over night at
120°C in air. After drying the precipitates were crushed
and sieved to obtain a particle size between 125 and
212um. Finally, the ground precipitates were calcined in
technical air at different temperatures with heating rate
of 5°C.min-! (with the final temperature ranging from
500°C to 800°C, preferably 800°C) for 6 hours with an
airflow of 100 ml/min.

Example 2
Catalytic activity - CO oxidation

[0024] The catalytic activity of the perovskites from
Example 1 was investigated by using CO oxidation as
model system. The experiments were carried out in a
reactor coupled to a mass spectrometer (MS). A gas
mixture with 1 vol% CO and 1 vol% O, in He was passed
over the catalyst. As a catalyst 50 mg of perovskite was
used having a particle size smaller than 0.2 mm. The
conversion of CO was measured by MS in a tempera-
ture range of 75-300°C with a heating rate of 5°C/min.
The results are given in fig. 1.

[0025] The results show that the highest activity of CO
oxidation was obtained with the perovskite
Lag gCeq sMNnO4. The increasing order of catalytic activ-
ity for this perovskite series, is LaggCeyo,MnO5; >
Lag 7Ceq 3MNO3 > Lag gCeq 1MnO3 > Lag gsCeq osMnO3
> LaMnOgs. In regard to Lag gCep ,MnOg, the onset of
oxidation occurred at 75°C with completion at 250°C.
The catalytic properties of Lag gCey ,MnO4 are totally
different compared to the physical mixture of LaMnOj,
and CeO, also included in fig. 1. Fig. 1 also demon-
strates that without catalyst, CO oxidation will not take
place when the temperature is below 300°C.

Not only the catalytic activity was tested, but also the
stability. The CO oxidation for each perovskite was re-
peated under the same reaction condition twice, a sim-
ilar activity was observed, indicating a good temperature
stability of these perovskites.

Example 3
Effects of water on catalytic activity of Lay gCeq ,MNnO4

[0026] The impact of water vapor addition on cata-
lyzed CO oxidation over La, gCeq ,MnO5 prepared ac-
cording to Example 1 is demonstrated in fig. 2. The ad-
dition of 3 vol.% water to the gas mixture used in Exam-
ple 2 causes the decrease of the CO conversion. The
CO conversion reduces instanteneously to about 72%
of its original level, at which it stabilizes very quickly. Af-
ter removal of the water-supply the activity is rapidly re-
stored to about 100% of its original level. After repeated
cycles the same activity levels are reached. This hydro-
thermal stability renders the perovskite more favorable
to be applied to engine exhaust gases which normally
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contain some water vapor as well.
Example 4
Microwave heating

[0027] The microwave heatingwas carried outin a mi-
crowave system, which consisted of microwave source
(2.45 GHz, 1kW, Muegge, MW-46029-850-01), a circu-
lator (Philips, 27722.163.02071), a 3-stub tuner section
(Muegge, MW-7614-0060), a monomode microwave
cavity TE,q and water load.

[0028] The radiation is transported through the wave-
guide, which is formed by a copper rectangular channel
with the dimensions 0f 7.21 cm (width) by 3.61 cm
(height), to the desired location. The circulator is placed
to protect the microwave source from the reflected radi-
ation. Any radiation reflected in the reactor is led to a
water load located behind the circulator. The stub tuners
are used to minimize the reflected radiation. A quartz
tubular reactor with internal diameter of 18 mm is placed
in the applicator section, which contains two power sen-
sors (Rhode & Schwarz, 828.3818.02). The water load
at the end of the wave-guide absorbs any microwave
radiation after passing through the reactor. The micro-
wave set-up system is operated in travelling wave
mode; any radiation not absorbed after passing through
the microwave cavity, is absorbed by the water load.
[0029] A sample with constant volume (10 ml) was
placed in the reactor. The sample was first dried in the
conventional oven at 150°C for one hour with heating
rate of 5°C.min"! in He flow (GHSV=6.10"2

hr-1). After cooling down to the room temperature in He
flow, the sample was transferred to the microwave cavity
under a high He flow. The temperature in the sample
bed was controlled through a temperature control loop
coupled to the microwave power and the optical fiber.
The sample was heated up to 600°C and kept there for
24 hours in He flow (GHSV=6.10-2 hr-1) with heating rate
of 2°C.min"1in the microwave field. Then the same sam-
ple was subsequently heated up at 200W repeatedly
with the same gas hourly space velocity.

[0030] All the perovskites La;,Ce,MnO5; (x=0.0,
0.05, 0.2 and 0.3) show the microwave absorption, in-
dependent of the quantity of substitution of lanthanum
by cerium. The perovskites also show high thermal sta-
bility upon the heating from 24 hours, because no gas
release was measured by MS, and the weight before
and after is comparable. The dielectric constant and the
dielectric loss factor of Lay oCey {MnO5 were measured
at room temperature and the frequency ranged from 30
MHz to 3000 MHz. The obtained results are shown in
fig. 3. The real part of dielectric constant of this per-
ovskite (€') is about 4 and the dielectric loss factor, the
imaginary part (¢") is about 0.91. Compared to the die-
lectric loss factor (") of cordierite and TiO,, 0.14 and
0.43, respectively, the dielectric loss factor of this per-
ovskite is about six times and two times higher. The re-
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sults of the repeated heating over Lag gCey ,MnO; at
200W are presented in fig. 4.

[0031] A preferred embodiment of the device accord-
ing to the invention is depicted in Figure 5, showing said
device in cross sectional view. A regenerative soot filter
device 1 is equipped with a soot filter material 10 of
cordierite ceramic with a honeycomb structure on which
microwave absorbing material is provided. The soot fil-
ter material 10 is positioned in a cylindrical filter chamber
12 having two narrowing conical ends 11. At the height
of the soot filter material 10 at the outside of the filter
chamber 12 is connected to one end of a microwave
conducting channel 15 which is at the other end con-
nected to a microwave generator 16, so that microwave
radiation generated can enter the filter chamber 12. One
narrowing conical end of the filter chamber 12 is con-
nected to an inlet for exhaust gases 20 and the other
narrowing conical end is connected to an outlet 22 for
the gases after having passed through the soot filter ma-
terial 10. The filter chamber 12 is further equipped with
so-called Lambda quarter traps 18 to trap microwave
radiation in order to prevent leakage of radiation out into
other parts connected to the regenerative soot filter de-
vice 1. The direction of the gas stream is indicated by
arrows 30.

Claims

1. Regenerative soot filter device applicable to ex-
haust gases from combustion engines, particularly
diesel type engines, comprising a microwave gen-
erator and a soot filter material, characterized in
that a microwave absorbing material is provided on
the soot filter material.

2. Regenerative soot filter device according to claim
1, characterized in that the microwave absorbing
material is an oxidation catalyst.

3. Regenerative soot filter device according to one of
the preceding claims 1-2, characterized in that the
microwave absorbing material comprises a com-
pound AMOy having a perovskite structure wherein
A is a rare earth metal, M is a transition metal,
wherein the A atom is partly substituted by a differ-
ent atom A", A' also being a rare earth metal and y
is a numerator for the number of
oxygen atoms O.

4. Regenerative soot filter device according to claim
3, characterized in that Ais La or Sr, A' is La, Ce,
Hf or Sr, and M is Mn, Co, Fe or Ti.

5. Regenerative soot filter device according to claim
4, characterized in that Ais La, A' is Ce, M is Mn,
andyis 3.
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Regenerative soot filter device according to one of
the preceding claims 3-5, characterized in that the
degree of substitution of the A atom is between 5
and 40%.

Regenerative soot filter device according to claim
6, characterized in that the degree of substitution
of the A atom is 20%.

Method of regenerating a soot filter, comprising a
soot filter material, which method comprises apply-
ing microwave radiation to the soot filter by a micro-
wave generator and passing a gas flow comprising
oxygen over the soot filter, characterized in that
the microwave radiation applied to the soot filter is
absorbed by a microwave absorbing material that
is provided on the soot filter material.

Method of regenerating a soot filter according to
claim 8, characterized in that the microwave ab-
sorbing material is also an oxidation catalyst.

Method of regenerating a soot filter according to
one of the preceding claims 8-9, characterized in
that the microwave absorbing material comprises
a compound AMOy having a perovskite structure
wherein A is a rare earth metal, M is a transition
metal, wherein the A atom is partly substituted by a
different atom A', A' also being a rare earth metal
and y is a numerator for the number of oxygen at-
oms O.

Method for regenerating a soot filter according to
claim 10, characterized in that A is La or Sr, A' is
La, Ce, Hf or Sr, and M is Mn, Co, Fe or Ti.

Method for regenerating a soot filter according to
claim 11, characterized in that Ais La, A'is Ce, M
is Mn, and y is 3.

Method for regenerating a soot filter according to
one of the preceding claims 10-11, characterized
in that the degree of substitution of the A atom is
between 5 and 40%.

Method for regenerating a soot filter according to
claim 13, characterized in that the degree of sub-
stitution of the A atom is 20%.
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Fig. 1
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Fig. 3
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