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(54) A process and device for removing soot particles from the exhaust gas from a diesel engine

(57) The invention provides a process for removing
soot particles from exhaust gas from produced by a die-
sel engine. The process uses a particle filter (1) that col-
lects soot particles with the aid of nitrogen dioxide which
is generated by catalytic oxidation of nitrogen monoxide
contained in the exhaust gas. The process is character-
ized in that the particle filter (1) is a deep-bed particle
filter, having a filtration efficiency for the soot particles.

The particle filter is coated with a catalytic coating (2)
for oxidizing nitrogen monoxide to nitrogen dioxide and
the exhaust gas leaving the particle filter subsequently
filtered through a particle filter serving as a soot barrier
(3). The filter can have a filtration efficiency of over 95
%.
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Description

FIELD OF THE INVENTION

[0001] The invention provides a process and a device
for removing soot particles from the exhaust gas from a
diesel engine.

BACKGROUND OF THE INVENTION

[0002] To protect the environment, new develop-
ments in the area of diesel vehicles are aimed at the
simultaneous reduction of nitrogen oxides and soot
emissions from diesel engines.
[0003] The problem with diesel engines is that they
do not have the capability to reduce both nitrogen oxides
and soot emissions simultaneously. When design steps
are taken to lower the amount of one of the harmful com-
ponents mentioned in diesel engines, the amount of the
other harmful component is simultaneously raised. For
example, when the soot emissions are lowered by in-
creasing the combustion temperatures in a diesel en-
gine, increased production of nitrogen oxides then takes
place. In another example, when nitrogen oxide emis-
sions are reduced, for example by recycling the exhaust
gas, soot emissions increase.
[0004] The design steps taken to optimize diesel en-
gines thus form a compromise between optimizing soot
emissions and optimizing nitrogen oxide emissions.
[0005] To eliminate soot emissions, post treatment of
the exhaust gas is required. For this purpose, filters, in
particular wall-flow filters, are currently used to filter out
the soot particles contained in the exhaust gas. Using
these types of filters, degrees of filtering of more than
95 % are obtained, so an efficient reduction in soot emis-
sions in the exhaust gas from diesel engines is ensured.
However, these types of filters become clogged due to
the continuous deposition of soot particles. Therefore,
the filters have to be regenerated by combustion of the
soot particles.
[0006] In principle, regeneration of the filter can be
achieved by thermal processes. The soot particles are
then burnt with the aid of the oxygen present in the ex-
haust gas. The disadvantage with this, however, is that
temperatures in the range 550 °C to 600 °C are required
for these types of combustion processes.
[0007] However, these types of temperatures are ob-
tained in the exhaust gas from a diesel engine only when
the diesel engine is operating under full load. Regener-
ation of the filter under normal operation is possible only
when the filter is heated by means of an additional heat-
ing element. This involves an increased energy de-
mand, however, and thus also increased consumption
of fuel.
[0008] It is known in the art that catalytic processes
for regenerating filters are used instead of thermal proc-
esses. For example, the exhaust gas from a diesel en-
gine is passed over a catalyst, in a first process step,

without being filtered. By means of the catalyst, which
preferably comprises a platinum group metal located on
a honeycomb monolith, the nitrogen monoxide present
in the exhaust gas is converted to nitrogen dioxide. A
filter for filtering soot particles from the exhaust gas is
arranged downstream of the catalyst. Nitrogen dioxide
produced in the catalyst is used to regenerate the filter,
in order to burn soot particles deposited on the filter at
a temperature of less than 400 °C. The problem with
this process, however, is that amounts of nitrogen diox-
ide sufficient for complete regeneration of the filter are
required.
[0009] Some modem diesel engines which have ex-
haust gas recycling systems, are optimized with regard
to the emissions of nitrogen oxides so the amounts of
nitrogen dioxide present in the exhaust gas is not suffi-
cient for complete regeneration of the filter. Typically,
combustion of only 50 % to 70 % of the soot particles is
achieved with these types of diesel engines.
[0010] It has been suggested that an apparatus for
eliminating soot particles from the exhaust gas stream
of a diesel engine be comprised of a plurality of diesel
particle filters arranged in series with each other and a
plurality of oxidation catalysts arranged upstream of
each particle filter.
[0011] The multiple arrangement of oxidation catalyst
and particle filter allows for the multiple oxidation of ni-
trogen monoxide to nitrogen dioxide and subsequent re-
duction to nitrogen monoxide again in the downstream
filter while burning the collected soot at the same time.
For example, an apparatus comprising four oxidation
catalysts and four particle filters whereby the pore diam-
eter of each downstream filter is smaller than that of the
neighboured upstream filter. The apparatus is terminat-
ed by a wall flow filter with high degree of filtration.
[0012] It has also been proposed for removing soot
particles from the exhaust gas from a diesel engine to
use an arrangement multiple treatment units in se-
quence where each unit is comprised of an oxidation
catalyst and a particle filter. The treatment units are
made in such a way that only a certain proportion of the
soot particles from the exhaust gas is deposited on the
filter and that this can be burnt using the nitrogen dioxide
produced in the associated catalyst in order to regener-
ate the filter.
[0013] In one design, the treatment units can be made
in such a way that the relevant filter and the associated
catalyst form an integral component. This type of com-
ponent can be formed in particular from a filter, in par-
ticular a deep-bed particle filter, which is coated with the
relevant catalyst.
[0014] The disadvantage of the last two processes is
the relatively large expenses for the necessary number
of treatment units. It is known in the art that the number
of process stages chosen depends on the particular op-
erating conditions of the diesel engine. The preferred
number of 2 to 4 process steps cited is thus a compro-
mise which is recommended as adequate for the partic-
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ular operating conditions. It follows from this that, for
complete removal of soot particles and, simultaneously,
complete filter regeneration, a considerable number of
treatment units is required. The cost to remove soot par-
ticles from the exhaust gas stream is thus undesirably
high.
[0015] Based on the forgoing there is a need in the art
for a process and a device which is relatively simple and
allows the efficient and substantially complete elimina-
tion of soot particles from the exhaust gas from a diesel
engine.

SUMMARY OF THE INVENTION

[0016] The present invention provides a process for
removing soot particles from the exhaust gas from a die-
sel engine using a particle filter and continuous combus-
tion of the soot particles collected on the filter with the
aid of nitrogen dioxide which is generated by catalytic
oxidation of nitrogen monoxide contained in the exhaust
gas. The process comprises using a deep-bed particle
filter where the deep-bed particle filter has a filtration
efficiency for the soot particles and is coated with a cat-
alytic coating for oxidizing nitrogen monoxide to nitrogen
dioxide and the exhaust gas having left the particle filter
is led subsequently through a further particle filter, serv-
ing as a soot barrier and having a filtration efficiency of
over 95 %.

BRIEF DESCRIPTION OF THE FIGURES

[0017] Preferred embodiments of the invention have
been chosen for purposes of illustration and description,
but are not intended in any way to restrict the scope of
the invention. The preferred embodiments of certain as-
pects of the invention are shown in the accompanying
figures, wherein:

Figure 1 illustrates a schematic diagram of a first
working example of the apparatus for removing soot
particles from the exhaust gas from a diesel engine.

Figure 2 illustrates a schematic diagram of a second
working example of the apparatus for removing soot
particles from the exhaust gas from a diesel engine.

DETAILED DESCRIPTION OF THE INVENTION

[0018] The invention will now be described in connec-
tion with preferred embodiments. These embodiments
are presented to aid in an understanding of the present
invention and are not intended to, and should not be
construed to, limit the invention in any way. All alterna-
tives, modifications and equivalents which may become
obvious to those of ordinary skill on reading the disclo-
sure are included within the spirit and scope of the
present invention.
[0019] This disclosure is not a primer on methods for

removing soot particles from exhaust gas from a diesel
engine, basic concepts known to those skilled in the art
have not been set forth in detail.
[0020] The present invention includes a deep-bed
particle filter. A deep-bed particle filter is a filtering de-
vice which collects the soot particles within the whole
volume of the filter. It may include ceramic fibres, ce-
ramic foams, wire meshes or similar structures. In gen-
eral a deep-bed particle filter comprises a large pore ma-
terial which removes the soot particles from the exhaust
gas mainly by inertia and/or diffusion effects. Contrary
to deep-bed particle filters the so-called wall-flow filters
collect the soot particles on the surface of the filter ma-
terial.
[0021] According to the present invention, nitrogen
monoxide is oxidized to nitrogen dioxide. Nitrogen diox-
ide burns the soot particles deposited on the filter and
gets reduced back to nitrogen monoxide which is then
again oxidized to nitrogen dioxide and so forth. Thus,
nitrogen monoxide is continuously recycled while flow-
ing through the deep-bed particle filter. One such cycle
will be called catalytic cycle in the following. Due to this
recycling of nitrogen monoxide a relatively low concen-
tration of nitrogen monoxide in the exhaust gas is suffi-
cient for continuous combustion of all soot particles col-
lected within the deep-bed particle filter.
[0022] For avoiding residual soot emission a second
particle filter with a filtration efficiency of more than 95
% is placed behind the deep-bed particle filter and per-
forms the function of a so-called soot barrier. The filtra-
tion efficiency of a particle filter is understood to be the
ratio of the particle mass collected by the filter with re-
spect to the total particle mass carried into the filter by
the exhaust gas. Deep-bed particle filter tend to reen-
trainement of the collected soot particles into the ex-
haust gas stream at sudden pressure changes. The soot
barrier is intended to prevent sudden soot emissions at
the occasion of pressure changes in the exhaust gas.
[0023] It is essential for the process according to the
invention that the nitrogen monoxide contained in the
exhaust gas is oxidized in multiple cycles to nitrogen di-
oxide and then reduced back to nitrogen monoxide by
reaction with the collected soot. Thus, such a catalytic
cycle includes the following reactions:
[0024] Oxidation of NO to NO2:

[0025] Combustion of soot and reduction of NO2 to
NO:

[0026] The catalytic cycle, which includes the two re-
actions (1) and (2), is passed through multiple times

NO + υ O2 → NO2 (1)

C + 2NO2 → CO2 + 2 NO (2)
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while the exhaust gas is traversing the deep-bed particle
filter and thereby regenerates the deep-bed particle filter
continuously.
[0027] The deep-bed particle filter and the catalyst,
which is preferably applied to the deep-bed particle filter
as a catalytic coating, can be tuned to one another in
such a way that the described catalytic cycles prevent
the filter from getting blocked by soot. For this purpose
the filtration efficiency of the deep-bed particle filter has
a value between 10 and 95 %, preferably between 50
and 80 %.
[0028] The number of catalytic cycles proceeding de-
pends in particular by the process temperatures. For
catalytic oxidation of nitrogen monoxide to nitrogen di-
oxide and for combustion of soot with the aid of the
formed nitrogen dioxide a minimum exhaust gas tem-
perature of 200 °C is necessary. Preferably the temper-
ature in the region of the deep-bed particle filter lies be-
tween 350 and 450 °C.
[0029] Due to the combined filter effect and continu-
ous regeneration process, most of the soot particles
present in the exhaust gas are eliminated within the
deep-bed particle filter. The residual soot particles
present at the exit from the deep-bed particle filter are
collected on the soot barrier which is located after the
deep-bed particle filter and is formed, for example, by a
wall-flow filter or a sintered metal plate.
[0030] The residual soot particles deposited on the
soot barrier are also continuously removed, preferably
with the aid of the nitrogen dioxide produced in the deep-
bed particle filter.
[0031] Having now generally described the invention,
the same may be more readily understood through the
following references to the following examples, which
are provided by way of illustration and are not intended
to limit the present invention unless specified.

EXAMPLES

[0032] The examples are working example of the de-
vice according to the invention for removing soot parti-
cles from the exhaust gas from a diesel engine.

Example 1

[0033] Figure 1 shows a working example of the de-
vice according to the invention for removing soot parti-
cles from the exhaust gas from a diesel engine. The de-
vice has a deep-bed particle filter 1 with a catalyst,
wherein the catalyst is applied to deep-bed particle filter
1 as catalytically active coating 2. In principle, the cata-
lyst may also form the filter material in deep-bed particle
filter 1 itself. The device also has a soot barrier 3. Soot
barrier 3 is located in the exhaust gas stream of the die-
sel engine, marked with an arrow, downstream of deep-
bed particle filter 1. In the present working example, soot
barrier 3 consists of a wall-flow filter.
[0034] Deep-bed particle filter 1 comprises ceramic fi-

bres, expanded ceramic material, wire mesh or the like.
In general, deep-bed particle filter 1 comprises a coarse-
pored filter material in which soot particles from the ex-
haust gas stream are deposited, mainly due to inertia
effects and/or diffusion effects.
[0035] Catalytic coating 2 is expediently applied over
the entire length of deep-bed particle filter 1. In addition,
in principle, at least localized catalytic coating structures
may also be provided at the inlet and outlet faces of
deep-bed particle filter 1.
[0036] The cross-section of deep-bed particle filter 1
is fitted to the cross-section of the downstream wall-flow
filter so that the entire exhaust gas stream at the outlet
from deep-bed particle filter 1 is supplied to the wall-flow
filter. In principle, the wall-flow filter may also be mount-
ed on the outlet face of deep-bed particle filter 1.
[0037] Catalytic coating 2 has at least one noble met-
al, wherein in the present case catalytic coating 2 con-
tains platinum. Furthermore, catalytic coating 2 contains
at least one oxidic support material, in the present case
aluminium oxide, onto which the noble metal is depos-
ited. The catalyst in catalytic coating 2 can expediently
contain an active substance which supports the oxida-
tion of soot particles by decreasing the soot ignition tem-
perature. Cerium oxide and/or zirconium oxide and/or
terbium oxide and/or praseodymium oxide in particular
can be used as these types of substances. As a result
of the catalytic cycle, sufficient nitrogen dioxide is pro-
vided to extend to complete oxidation of the deposited
soot particles and thus to regeneration of deep-bed par-
ticle filter 1.
[0038] Due to the filter effect of deep-bed particle filter
1, it is also ensured that the majority of the soot particles
are filtered out of the exhaust gas stream. The remaining
residual soot particles are deposited in soot barrier 3.
Continuous oxidation of the deposited soot particles al-
so takes place in soot barrier 3, wherein excess nitrogen
dioxide generated in deep-bed particle filter 1 is prefer-
ably used for this purpose.

Example 2

[0039] Figure 2 shows a second working example of
the device for removing soot particles from the exhaust
gas from a diesel engine. The device, and in particular
deep-bed particle filter 1, in this case has substantially
the shape of a hollow cylinder. The direction of flow of
the exhaust gas stream in figure 2 is again represented
by arrows. The external casing surface of the hollow cyl-
inder forms the inflow face of deep-bed particle filter 1,
via which the exhaust gas is supplied to deep-bed par-
ticle filter 1. After flowing through deep-bed particle filter
1 and the soot barrier 3 located downstream of this, the
exhaust gas stream is discharged via the central dis-
charge channel running in the longitudinal direction of
the hollow cylinder.
[0040] The filter material in deep-bed particle filter 1
preferably corresponds to the filter material in accord-
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ance with the working example shown in figure 1. The
catalyst material in the catalytic coating 2 applied to
deep-bed particle filter 1 also corresponds to that in the
working example shown in figure 1.
[0041] The deep-bed particle filter 1 in accordance
with figure 2 consists of an arrangement of several iden-
tically designed filter elements 4. Filter elements 4 are
designed to be substantially circular in shape and run
round in the direction of the periphery of the hollow cyl-
inder. Filter elements 4 follow closely after each other in
the longitudinal direction of the hollow cylinder so that
the rear faces of filter elements 4 form a closed surface
which forms the external surface of the hollow cylinder
and thus the inflow face of deep-bed particle filter 1. The
individual filter elements 4 contain the catalyst which is
distributed over the entire volume of each filter element
4. Each filter element 4 has a triangular cross-section.
A sintered metal plate is applied, as soot barrier 3, to
the side faces of each filter element 4, thus forming
sharp angled elements projecting into the discharge
channel.
[0042] The exhaust gas is supplied via the inflow fac-
es of deep-bed particle filter 1 of the individual filter el-
ements 4. The catalyst in filter element 4 is used, in the
same way as in the working example shown in figure 1,
to oxidize the nitrogen monoxide contained in the ex-
haust gas. Thus, a plurality of catalytic cycles for the
continuous removal of soot particles from the exhaust
gas stream is again established within filter elements 4.
[0043] The deposition of residual soot particles again
takes place in soot barrier 3. It is particularly advanta-
geous here that the catalyst in filter element 4 is imme-
diately adjacent to soot barrier 3. A large contact area
with the catalyst is produced due to the two-dimensional
design of soot barrier 3. This ensures that nitrogen di-
oxide generated in the catalyst is also available in soot
barrier 3 in amounts sufficient to oxidize the soot parti-
cles.
[0044] While the invention has been described in con-
nection with specific embodiments thereof, it will be un-
derstood that it is capable of further modifications and
this application is intended to cover any variations, uses,
or adaptations of the invention following, in general, the
principles of the invention and including such departures
from the present disclosure as come with the known or
customary practice within the art to which the invention
pertains and as may be applied to the essential features
hereinbefore set forth and as follows in the scope of the
appended claims.

Claims

1. A process for producing substantially soot-free ex-
haust gas from a diesel engine comprising:

a. filtering an exhaust gas containing soot par-
ticles using a deep-bed particle filter to provide

an initially filtered exhaust gas, wherein the
deep-bed particle filter has a filtration efficiency
for soot particles and is coated with a catalytic
coating for oxidizing nitrogen monoxide to ni-
trogen dioxide;

b. continuously combusting the soot particles
collected on the deep-bed particle filter using
nitrogen dioxide, which is generated by catalyt-
ic oxidation of nitrogen monoxide contained in
the exhaust gas and is reduced back to nitrogen
monoxide by combusting the soot particles,
whereby the process of oxidizing and reducing
of nitrogen monoxide is continuously repeated
while the exhaust gas is passing the filter; and

c. further filtering the initially filtered exhaust
gas from the deep-bed particle filter through a
second particle filter, wherein the second parti-
cle filter serves as a soot barrier, has a filtration
efficiency of at least 10 % to produce a substan-
tially soot-free exhaust gas.

2. A process according to Claim 1, wherein the deep-
bed particle filter has a filtration efficiency between
about 10 and 95 %.

3. A process according to Claim 2, wherein the deep-
bed particle filter has a filtration efficiency between
about 50 and 80 %.

4. A process according to Claim 3, wherein the soot
barrier has a filtration efficiency of more than about
98 %.

5. A device for removing soot particles from an ex-
haust gas from a diesel engine comprising a deep-
bed particle filter, the filter coated with a catalytic
coating for the oxidation of nitrogen monoxide to ni-
trogen dioxide; and a second particle filter with a
filtration efficiency of greater than 95 %, wherein the
second particle filter is downstream from the deep-
bed particle filter and forms a soot barrier.

6. A device according to Claim 5, wherein the deep-
bed particle filter is made from a material selected
from the group consisting of ceramic fibres, expand-
ed ceramic material or wire mesh.

7. A device according to Claim 6, wherein the catalytic
coating contains at least one noble metal.

8. A device according to Claim 7, wherein the catalytic
coating contains platinum.

9. A device according to Claim 7, wherein the catalytic
coating contains at least one oxidic support material
for each noble metal.
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10. A device according to Claim 9, wherein each oxidic
support material is formed from aluminium oxide.

11. A device according to Claim 5, wherein the catalytic
coating further contains a material selected from the
group consisting of cerium oxide, zirconium oxide,
terbium oxide, praseodymium oxide and mixtures
thereof.

12. A device according to Claim 5, wherein the soot bar-
rier is formed from a wall-flow filter located down-
stream of the deep-bed particle filter.

13. A device according to Claim 5, wherein the soot bar-
rier is formed from a metal sinter.

14. A device according to Claim 13, wherein the deep-
bed particle filter further comprises a plurality of ar-
ranged parallel filter elements containing the cata-
lyst, through which the exhaust gas flows, wherein
the filter elements have arranged sintered metal
plates on an outflow face.

15. A process for producing substantially soot-free ex-
haust gas from a diesel engine by continuous com-
bustion of the soot particles collected by a particle
filter with the aid of nitrogen dioxide which is pro-
duced by catalytic oxidation of nitrogen monoxide
contained in the exhaust gas, the improvement
comprising:

a. filtering the exhaust gas containing soot par-
ticles using a deep-bed particle filter to provide
an initially filtered exhaust gas, wherein the
deep-bed particle filter has a filtration efficiency
for soot particles and is coated with a catalytic
coating for oxidizing nitrogen monoxide to ni-
trogen dioxide;

b. continuously combusting the soot particles
collected within the deep-bed particle filter with
the aid of nitrogen dioxide obtained by oxidizing
the nitrogen monoxide contained in the exhaust
gas at the catalytic coating of the filter and re-
ducing the nitrogen dioxide back to nitrogen
monoxide while combusting the soot particles,
whereby the process of oxidizing and reducing
of nitrogen monoxide is continuously repeated
while the exhaust gas is passing the filter; and

c. further filtering the initially filtered exhaust
gas from the deep-bed particle filter through a
second particle filter, wherein the second parti-
cle filter serves as a soot barrier, has a filtration
efficiency of at least 10 % to produce a substan-
tially soot-free exhaust gas.
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