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performing removal of noxious compounds comprising nitrogen oxides,
volatile organic compounds and carbon monoxide and particulate matter
from exhaust gas of a compression ignition engine by performing in series
the steps of (a) adding an amount of SCR reductant in form of droplets of an
aqueous urea solution to the exhaust gas; (b) introducing the exhaust gas ad-
mixed with the droplets of the aqueous urea solution into inlet channels of a
wall flow filter and oxidizing the volatile organic compounds and carbon
monoxide to carbon dioxide and water and nitrogen monoxide to nitrogen
dioxide in presence of an oxidation catalyst arranged on permeable porous
partition walls at inlet side of the wall flow filter, the oxidation catalyst act-
ive in; (c) subsequently evaporating and decomposing the droplets of the
aqueous urea solution in the exhaust gas from step (b) to ammonia; (d)
passing the exhaust gas containing the ammonia through the permeable por-
ous partition walls of the wall flow filter to outlet channels of the filter and
capturing the particulate matter on surface of the permeable porous partition
walls facing the inlet channels of the filter; (e) removing continuously the
captured particulate matter by reaction with the nitrogen dioxide contained
in the exhaust gas; and (f) subsequently removing remaining amounts of ni-
trogen dioxide from the exhaust gas by reaction with the ammonia in pres-
ence of an SCR active catalyst arranged within the gas permeable porous
partition walls and/or on wall side facing the outlet channels of the wall flow
particle filter.
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Method, multifunctional filter and system for the removal
of particulate matter and noxious compounds from engine ex-

haust gas

The present invention relates to a method, multifunctional
filter and system for reducing emission of nitrogen oxides
(NOx) and particulate matter present in the exhaust from a

lean burning internal compression ignition engine.

The exhaust system of modern cars with lean burning engines
is typically equipped with an oxidation catalyst, a partic-
ulate filter and a catalyst for the selective reduction of

NOx (SCR) in presence of a reduction agent.

Oxidation catalysts being active in the oxidation of wvola-
tile organic compounds and carbon monoxide and SCR cata-
lysts are known in the art and disclosed in numerous publi-

cations.

Typically employed particulate filters (DPF) in diesel ex-
haust gas cleaning systems, are wall flow filters with a
plurality if inlet and outlet channels. The inlet channels
are closed at their outlet side and the outlet channels are
closed at their inlet side, so that the gas flowing into
the filter is forced through porous walls defining the
channels, whereby particulate matter is filtered off from

the gas.

To meet future emission regulations for diesel passenger
cars and trucks requires usage of both diesel particulate

filter technology and NOx reduction catalyst. Due to its
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potential for fuel optimization and high efficiency in NOx
removal, SCR is often the preferred technology for NOx re-
duction. DOC (diesel oxidation catalyst), DPF (diesel par-
ticulate filter) and SCR (selective catalytic reduction)
catalysts are combined sequentially in the exhaust system
but such sequential system configurations have several
drawbacks: 1) large volume; 2) insufficient temperature for
the SCR catalyst during cold start when DPF is placed in
front of SCR; and 3) unfavourable conditions for passive
filter regeneration (lower NO2 and temperature) if SCR is

placed upstream of the DPF.

Particulate matter accumulated on the filter walls at inlet
side of the filter must be removed either by active regen-
eration, wherein particulate matter is catalytically burned
off in contact with an oxidation catalyst supported on the
filter walls in combination with oxygen in exhaust gas at
increased exhaust gas temperatures or by non-catalytic pas-

sive regeneration.

Passive filter regeneration is facilitated by oxidation of
carbon at 250°C-450°C with NO2 formed on an upstream DOC by
the following reactions

C + NOZ2 - CO + NO (1)

C+ 2NO2 - CO2+ 2NO (2)

And as the particulate matter typically contains a hydro-
carbon as SOF (Soluble Organic Fraction), here typified as
the hydrocarbon “CH”

“CH” + 2.5N0O2 - CO2 + 2.5NO + 0.5H20 (3)

The fast SCR reaction
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4NH3 + 2NO + 2NO2- 4 N2 + 6H20 (4)

competes with the above carbon reactions for the availabil-

ity of NO2.

The problems can potentially be solved by integrating the
DOC and SCR catalysts into the particulate filter as one

multifunctional unit.

One of the challenges of integrating the oxidation function
into one unit is that it might consume or oxidize ammonia
reductant before it reaches the SCR catalyst. The DOX is
important for the production of NO2 from NO which is used
to oxidize the soot in the soot filter. The oxidation of
the soot by NO2 keeps the filter clean and assures a low
pressure drop in the system. The solution according to the
invention is that only the inlet of the filter is zone
coated with the DOC functionality. NO, which is a gas, will
diffuse down into the catalytic material and react to NO2,
while the urea, which is used as a precursor for NH3 and is
a liquid will pass through the zone with the DOC and hydro-
lyse to NH3 after the DOC, as shown in Fig.l. The upper
layer of the DOC might be passivated by adding a thin coat
of a more inert material, which does not react with the

urea.

Thus, a first aspect of the invention resides in a method
for the removal of noxious compounds and particulate matter
from exhaust gas of a compression ignition engine compris-

ing in series the steps of
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(a)adding an amount of SCR reductant in form of droplets of
an aqueous urea solution to the exhaust gas;

(b)introducing the exhaust gas admixed with the droplets of
the aqueous urea solution into inlet channels of a wall
flow filter and oxidizing the volatile organic compounds
and carbon monoxide to carbon dioxide and water and nitro-
gen monoxide to nitrogen dioxide in presence of an oxida-
tion catalyst arranged on permeable porous partition walls
at inlet side of the wall flow filter;

(c) subsequently evaporating and decomposing the droplets of
the aqueous urea solution in the exhaust gas from step (b)
to ammonia;

(d)passing the exhaust gas containing the ammonia through
the permeable porous partition walls of the wall flow fil-
ter to outlet channels of the filter and capturing the par-
ticulate matter on surface of the permeable porous parti-
tion walls facing the inlet channels of the filter;
(e)removing continuously the captured particulate matter
by reaction with the nitrogen dioxide contained in the ex-
haust gas ; and

(f) subsequently removing remaining amounts of nitrogen di-
oxide from the exhaust gas by reaction with the ammonia in
presence of an SCR active catalyst arranged within the gas
permeable porous partition walls and/or on wall side facing

the outlet channels of the wall flow particle filter.

A second aspect of the invention is multifunctional wall
flow filter for cleaning exhaust gas from a compression ig-
nition engine comprising a plurality of exhaust gas inlet
flow channels and a plurality of exhaust gas outlet chan-

nels separated by gas permeable porous partition walls;
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a diesel oxidation catalyst applied in the exhaust gas in-
let flow channels on the partition walls at exhaust gas in-
let sidey;

and an SCR catalyst for selective reduction of nitrogen ox-
ides applied within the partition walls and/or on surface
of the partition walls facing the outlet channels in a re-
gion between the exhaust gas inlet side and outlet side,
wherein upper layer of the diesel oxidation catalyst is

passivated with a coat of an inert material.

A third aspect of the invention is a system for cleaning
exhaust gas from a diesel engine comprising an injector and
a downstream multifunctional wall flow filter with a plu-
rality of exhaust gas inlet flow channels and a plurality
of exhaust gas outlet channels separated by gas permeable
porous partition walls;

a diesel oxidation catalyst applied in the exhaust gas in-
let flow channels on the partition walls at exhaust gas in-
let sidey;

and an SCR catalyst for selective reduction of nitrogen ox-
ides applied within the partition walls and/or on surface
of the partition walls facing the outlet channels in a re-
gion between the exhaust gas inlet side and outlet side,
wherein the injector is adapted to inject droplets of a
urea-water-solution into exhaust gas upstream of the multi-
functional wall flow filter so that the urea-water-solution
comes in contact with the diesel oxidation catalyst in lig-
uid form or the injector is arranged at a distance to the
inlet of multifunctional wall flow filter resulting in a
droplet size of the urea-water-solution so that the urea-
water-solution comes in contact with the diesel oxidation

catalyst in ligquid form.
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At the typical distance of 0.5 m from the injector to the
multifunctional wall flow filter as in the case of diesel
vehicles, it is necessary to provide the size of the drop-
lets to at least 7 micrometers in order to prevent gasifi-
cation of the droplets in the gas phase upstream of the

filter and within the DOC

With a droplet size of the urea-water-solution larger less
than 7 micrometers the distance of the injector must be re-
duced to below 0.5 meters in order to prevent evaporation

of the solution within the DOC.

The further advantages of the method, the multifunctional
filter and the system according to the above aspects of the
invention are besides physical separation, a thermal decou-
pling of the particulate matter and NOx reactions, as NO2
is primarily needed for the fast SCR reaction in the tem-
perature range of 180°C-280°C while NO2 for passive partic-
ulate matter combustion is needed in the range of 280°C-
450°C. During a vehicle cold start, the NO2 will therefore
be fully available for the needed NOx conversion, and the
combustion of accumulated particulate matter can wait for

the system to be heated up.

Further preferred embodiments of the invention are dis-

closed in the dependent claims.

Suitable oxidation and SCR catalysts for use in the inven-

tion are well known in the art.
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To name a few, vanadium-based catalyst formulations of the
family V205/W03/T102 have shown high deNOx performance and
durability. Copper and iron zeolites with the beta frame-
work have been commercialized for some years and are cur-
rently used as SCR catalyst for diesel exhaust clean-up.
Cu-zeolite types with the chabazite structure have a prom-
ising combination of high-temperature stability and high
low-temperature activity. Of those, Cu-SAP0O-34 and Cu-SSZ-

13 SCR catalysts are preferred.

Oxidation catalysts forming nitrogen dioxide for use in the
invention are platinum or mixtures of platinum and palladi-
um. These metals are deposited on alumina and/or titania
and or silica. Stabilisation with rare earth metal oxides

can be beneficial.
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Claims

1. A method for the removal of noxious compounds compris-—
ing nitrogen oxides, volatile organic compounds and carbon
monoxide and particulate matter from exhaust gas of a com-
pression ignition engine comprising in series the steps of
(a)adding an amount of SCR reductant in form of droplets of
an aqueous urea solution to the exhaust gas;

(b)introducing the exhaust gas admixed with the droplets of
the aqueous urea solution into inlet channels of a wall
flow filter and oxidizing the volatile organic compounds
and carbon monoxide to carbon dioxide and water and nitro-
gen monoxide to nitrogen dioxide in presence of an oxida-
tion catalyst arranged on permeable porous partition walls
at inlet side of the wall flow filter, the oxidation cata-
lyst active in;

(c) subsequently evaporating and decomposing the droplets of
the aqueous urea solution in the exhaust gas from step (b)
to ammonia;

(d)passing the exhaust gas containing the ammonia through
the permeable porous partition walls of the wall flow fil-
ter to outlet channels of the filter and capturing the par-
ticulate matter on surface of the permeable porous parti-
tion walls facing the inlet channels of the filter;
(e)removing continuously the captured particulate matter
by reaction with the nitrogen dioxide contained in the ex-
haust gas ; and

(f) subsequently removing remaining amounts of nitrogen di-
oxide from the exhaust gas by reaction with the ammonia in
presence of an SCR active catalyst arranged within the gas
permeable porous partition walls and/or on wall side facing

the outlet channels of the wall flow particle filter.
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2. The method of claim 1, further comprising a step of
removing excess of ammonia contained in the exhaust gas by
contact with an ammonia slip catalyst arranged at outlet of

the outlet channels of the wall flow filter.

3. The method of claim 1 or 2, wherein droplet size of

the aqueous urea solution is at least 7 micrometer.

4, The method according to any one of claims 1 to 3,
wherein the SCR catalyst comprises oxides of vanadium

and/or tungsten and titania.

5. The method according to any one of claims 1 to 3,
wherein the SCR active catalyst comprises one or more cop-

per or iron promoted beta-zeolites.

6. The method according to any one of claims 1 to 3,
wherein the SCR active catalyst comprises copper promoted

SAPO-34 and/or copper promoted SSZ-13.

7. The method according to any one of claims 1 to 6,
wherein the oxidation catalyst comprises platinum and/or

palladium.

8. The method according to claim 2, wherein the ammonia
slip catalyst comprises platinum and CuSAP0O-34 and/or SSZ-
13.

9. Multifunctional wall flow filter for cleaning exhaust
gas from a compression ignition engine comprising a plural-

ity of exhaust gas inlet flow channels and a plurality of



10

15

20

25

30

WO 2016/184774 PCT/EP2016/060682

10

exhaust gas outlet channels separated by gas permeable po-
rous partition walls;

a diesel oxidation catalyst applied in the exhaust gas in-
let flow channels on the partition walls at exhaust gas in-
let sidey;

and an SCR catalyst for selective reduction of nitrogen ox-
ides applied within the partition walls and/or on surface
of the partition walls facing the outlet channels in a re-
gion between the exhaust gas inlet side and outlet side,
wherein upper layer of the diesel oxidation catalyst is

passivated with a coat of an inert material.

10. Multifunctional wall flow filter according to claim 9,
wherein the outlet side of the outlet channels is addition-

ally provided with an ammonia slip catalyst.

11. Multifunctional wall flow filter according to
claim 9 or 10, wherein the SCR catalyst comprises, oxides

of vanadium and/or tungsten and titania.

12. Multifunctional wall flow filter according to
claim 9 or 10, wherein the SCR active catalyst comprises

one or more copper or iron promoted beta-zeolites.

13. Multifunctional wall flow filter according to
claim 9 or 10, wherein the SCR catalyst comprises copper

promoted SAPO-34 and/or copper promoted SSz-13.

14. Multifunctional wall flow filter according to any
one of claims 9 to 13, wherein the oxidation catalyst com-

prises platinum and/or palladium.



10

15

20

25

30

WO 2016/184774 PCT/EP2016/060682

11

15. Multifunctional wall flow filter according to
claim 10, wherein the ammonia slip catalyst comprises plat-

inum and CuSAP0O-34 and/or SSz-13.

16. Multifunctional wall flow filter according to any
one of claims 9 to 15, wherein the coat of an inert layer
comprises a material, which does not hydrolyse urea to am-

monia.

17. A system for cleaning exhaust gas from a diesel engine
comprising an injector and a downstream multifunctional
wall flow filter with a plurality of exhaust gas inlet flow
channels and a plurality of exhaust gas outlet channels
separated by gas permeable porous partition walls;

a diesel oxidation catalyst applied in the exhaust gas in-
let flow channels on the partition walls at exhaust gas in-
let sidey;

and an SCR catalyst for selective reduction of nitrogen ox-
ides applied within the partition walls and/or on surface
of the partition walls facing the outlet channels in a re-
gion between the exhaust gas inlet side and outlet side,
wherein the injector is adapted to inject droplets of a
urea-water-solution into exhaust gas upstream of the multi-
functional wall flow filter so that the urea-water-solution
comes in contact with the diesel oxidation catalyst in lig-
uid form or the injector is arranged at a distance to the
inlet of multifunctional wall flow filter resulting in a
droplet size of the urea-water-solution so that the urea-
water-solution comes in contact with the diesel oxidation

catalyst in ligquid form.
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