(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

12 January 2017 (12.01.2017)

WIPOIPCT

(10) International Publication Number

WO 2017/005778 A1l

(51) International Patent Classification: MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
FOIN 3/10 (2006.01) FOIN 3/035 (2006.01) PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
FOIN 3/20 (2006.01) FOIN 13/00 (2010.01) SD, SE, 8@, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,

. o TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(21) International Application Number:

PCT/EP2016/065951 (84) Designated States (unless otherwise indicated, for every
. . ] kind of regional protection available): ARIPO (BW, GH,

(22) International Filing Date: 6 Tuly 2016 (06072016 GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,

uly 2016 (06.07.2016) TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,

(25) Filing Language: English TJ, T™M), European (AL, AT, BE, BG, CH, CY, CZ, DE,

o . DK, FE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,

(26) Publication Language: English LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SIL SK,

(30) Priority Data: SM, TR), OAPI (BF, BI, CF, CG, CIL, CM, GA, GN, GQ,
PA 2015 00403 9 July 2015 (09.07.2015) DK GW, KM, ML, MR, NE, SN, TD, TG).

(71) Applicant: HALDOR TOPS@E A/S [DK/DK]; Haldor Declarations under Rule 4.17:

Topsees Allé 1, 2800 Kgs. Lyngby (DK). — as to the applicant’s entitlement to claim the priority of the

(72) Taventors: JOHANSEN, Keld; Haspeholm Allé 4, Sund- carlier application (Rule 4.17(it))
bylille, 3600 Frederikssund (DK). JANSSENS, Ton V.W.;, —  of inventorship (Rule 4.17(iv))

Gunnarsvej 3, 2880 Bagsveerd (DK). —  as to the identity of the inventor (Rule 4.17(1))
(81) Designated States (unless otherwise indicated, for every __ ¢4 applicant’s entitlement to apply for and be granted a

kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,

patent (Rule 4.17(i1))

Published:

with international search report (Art. 21(3))

wo 2017/005778 A1 [N I P00 OO 00 OO0 O

(54) Title: SYSTEM FOR THE REMOVAL OF PARTICULATE MATTER AND NOXIOUS COMPOUNDS FROM ENGINE
EXHAUST GAS

(57) Abstract: System for the removal of noxious compounds and particulate matter from exhaust gas of a compression ignition en -
gine comprising a three way catalyst unit having an NH;-SCR activity, an ammonia oxidation activity and an adsorption activity of
volatile vanadium and tungsten compounds volatilized off an upstream SCR active catalyst.



10

15

20

25

30

WO 2017/005778 PCT/EP2016/065951

System for the removal of particulate matter and noxious

compounds from engine exhaust gas

The present invention relates to a system for the removal
of volatile organic compounds, particulate matter and ni-
trogen oxides (NOx) from exhaust gas of a compression igni-

tion engine.

The exhaust system of modern vehicles with lean burning en-
gines is typically equipped with an oxidation catalyst, a
particulate filter and a catalyst for the selective reduc-

tion 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 the

gas.

To meet future emission regulations for diesel passenger
cars and trucks requires usage of both diesel particulate
filter (DPF) technology and NOx reduction catalyst. Due to
its potential for fuel optimization and high efficiency in

NOx removal, selective catalytic reduction using ammonia as
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a reductant (NH3-SCR) is presently the preferred technology

for NOx reduction.

The SCR catalyst can be arranged as a separate unit up-
stream and/or downstream the DPF. It has also been sug-
gested in the art providing the DPF with an SCR catalyst to

obtain more compact cleaning systems.

Catalysts for use in ammonia SCR are well known in the art.
Of those, catalysts based on V,;0s and WO; supported on a
TiO, carrier provide a fundamental solution to effectively
reduce NOx emigssions from Diesel fueled vehicles by means
of the Selective Catalytic Reduction (SCR) with ammonia.
Compared to alternative strategies for NOx emission control
like exhaust gas recirculation (EGR) and zeolite-based cat-
alysts, a great advantage of vanadium-based SCR catalysts
is their SCR efficiency, robustness to sulfur and their

price.

When operating a cleaning system with a DPF, particulate
matter trapped in the filter must be form time to time or
continuously be removed in order to avoid pressure drop
over the filter. An increased pressure drop costs fuel pen-
alty. Therefore, particulate matter accumulated on the fil-
ter walls at inlet side of the filter must be removed ei-
ther by active regeneration, wherein particulate matter is
catalytically burned off in contact with an oxidation cata-
lyst supported on the filter walls in combination with oxy-
gen in exhaust gas at increased exhaust gas temperatures or

by non-catalytic passive regeneration.
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In the passive soot regeneration the DPF is regenerated at
temperatures below 550°C with NO; that is generated over
the upstream DOC by oxidation of NO. Regeneration with oxy-
gen in the exhaust gas should be avoided in order to con-
trol the temperature below 550°C. If the filter uncon-
trolled regenerates with oxygen the temperature could rise

above 550°C.

Despite being effective SCR catalysts, vanadium oxide based
catalysts contain V,0s as an essential component, which is
toxic. Reports in the literature suggest that bulk V.05 has
a significant vapor pressure at temperatures relevant to
the catalyst operation, and both V and W compounds react

with water to form species with increased vapor pressure.

Measurable amounts of vanadium are first released at tem-
peratures of above 600°C, which is around the highest ap-

plicable working temperature of these systems.

Consequently, there is a risk of V and W volatile compounds
can vaporize from the V,05/WO3/Ti0, SCR catalysts in partic-
ular when integrated in the DPF. The temperature in V-SCR
catalysed DPF has the highest probability of being exposed
to temperatures exceeding 600°C, but in severe events the
temperature in the V-SCR catalyst can also increase above

600°C and trigger evaporation of these compounds.

Beside the risk of emission of wvanadium and tungsten com-
pounds into the atmosphere, ammonia slip from the SCR reac-
tion has also to be considered. To obtain a maximum NOx

conversion, ammonia is typically added to the exhaust gas
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in over stoilchiometric amounts and unreacted ammonia 1is

emitted to the atmosphere.

The present invention seeks to solve the above problems
caused by employing vanadium and tungsten oxides as effec-
tive ammonia SCR catalyst and over stoichiometric amounts
of ammonia reductant in the SCR reaction in a system for
the removal of particulate matter and noxious compounds in-
cluding nitrogen oxides from an engine exhaust gas by com-
bining a vanadium and tungsten adsorbent with an ammonia

oxidation catalyst.

Thus, the present invention is in its broadest aspect a
system for the removal of volatile organic compounds, par-
ticulate matter and nitrogen oxides from exhaust gas of a
compression ignition engine comprising

(a) an oxidation unit with a catalyst active in oxidation
of volatile organic compounds and carbon monoxide to carbon
dioxide and water and nitrogen oxide to nitrogen dioxide;
(b) means for introducing a urea solution into the exhaust
gas from unit (a);

(c) a downstream catalysed wall flow particulate filter
consisting of a plurality of longitudinal inlet flow chan-
nels and outlet flow channels separated by gas permeable
porous partition walls, each inlet flow channel having an
open inlet end and a closed outlet end, and each outlet
flow channel having a closed inlet end and an open outlet
end, the wall flow filter is catalysed with an NH;-SCR ac-
tive catalyst comprising oxides of vanadium and tungsten
arranged within the gas permeable porous partition walls
and/or on the plurality of the inlet and/or outlet channels

of the wall flow particulate filter;
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(d) a downstream three way catalyst unit having an NH3;-SCR
activity, an ammonia oxidation activity and an adsorption
capacity for volatile vanadium and tungsten compounds vo-
latilized off the SCR active catalyst of the particulate
filter (c), the three way catalyst comprising high surface
compounds selected from high surface metal oxides, zeo-
lites, silica, non-zeolite silica alumina, and mixtures

thereof.

Several oxides have the property to adsorb evaporated com-
pounds of vanadium and tungsten. Oxides of vanadium, tung-
sten and titanium admixed with at least one of a high sur-
face ceria, alumina, silica, zirconia, non-zeolite silica
alumina and zeolites, have shown as useful V and W com-
pounds adsorbent and are at the same time active in the SCR
reaction. These adsorbents are preferably combined with an

ammonia slip catalyst (ASC).

Typical ASC formulations consist of an ammonia oxidation
function based on platinum, optionally combined with palla-
dium on an alumina or titania carrier and an SCR active
catalyst. In preferred formulations for use in the inven-
tion the V,W adsorbent is applied together with an SCR cat-
alyst as a top layer on a bottom layer with the ammonia ox-
idation catalyst. Both layers can contain binding phases of
oxide ceramics as alumina, titania, silica-alumina that

have V,W adsorbing capacity.

In a specific embodiment of the invention, the three way
catalyst comprises a bottom layer comprising platinum, alu-
mina and/or titania and optionally palladium, coated on a

substrate or partly or entirely forming the substrate, a
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top layer comprising oxides of vanadium, tungsten and tita-
nium admixed with at least one of a high surface ceria,
alumina, silica, zirconia, non-zeolite silica alumina and

zeolite.

As the three way catalyst is arranged at the coldest posi-
tion in the exhaust system any potentially evaporated V and
W compounds will be trapped on the three way catalyst dur-

ing the life time of the exhaust system on a vehicle.

High vanadium and tungsten adsorption efficiencies are
achieved with a relatively thick top layer in the three way

catalyst.

Thus, in preferred embodiments the top layer has layer

thickness of between 40 pm and 250 um.

In further a preferred embodiment the bottom layer has a
layer thickness of between 5um and 80um. When the bottom
layer itself forms partly or entirely the substrate the
layer thickness is up to 450um.

In order to assure sufficient permeation of ammonia from
the top layer to the bottom layer, the top layer must be

relatively porous.

Thus, in further a preferred embodiment the top layer has a

porosity of between 20% and 80%.

Preferably the three way catalyst is arranged on a sub-

strate with a flow through monolith shape.
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When coated on a substrate in form of a flow through mono-
lith, the amount of the top layer in the three way catalyst
is between 50 and 500 g per liter of the flow through mono-
lith.

The amount of the bottom layer in the three way catalyst is
preferably between 5 and 255 g per liter of the flow

through monolith, the amount depends on whether the bottom
layer is coated on the surface of the monolith substrate or

partly or entirely forms the monolith substrate.

High ammonia oxidation activities of the three way catalyst
are obtained, when the bottom layer of the three way cata-

lyst contains 0.0018g-0.35 g platinum and/or palladium per

liter of the flow through monolith.

The top layer of the three way catalyst comprises prefera-
bly per liter of the flow through monolith 1.0g-20g vanadi-
um pentoxide, 3g-40 g tungsten oxide, 40g-460g titania, and
0g-86g gsilica, 0g- 86g ceria, 0g-86g alumina, 0g-86g non-

zeolite silica alumina and 0g-86g of a zeolite.

Hereby it is ensured that volatile vanadium and tungsten

compounds are essentially adsorbed on the surface of tita-
nia and silica and that remaining amounts of NOx from the
upstream units are selectively reduced to nitrogen and wa-

ter by the SCR reaction.

In the above embodiments of the invention it is preferred
that the oxidation catalyst in unit (a) upstream of the DPF

comprises platinum and palladium supported on silica-
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alumina and/or alumina and/or titania with a weight ratio

of platinum to palladium of 1:0 to 1:1.

The content of platinum and/or palladium in the oxidation

catalyst is preferably 0.1g and 2g per liter catalyst.

In still an embodiment, it may be preferred that the system
comprises a further SCR catalyst unit for decreasing re-
maining amounts of NOx in the exhaust gas from filter(c) by
reaction with ammonia in contact with an SCR active cata-
lyst comprising oxides of vanadium, tungsten and titanium,
the catalyst arranged between filter (c) and three way ca-

talyst (d).

Figure 1 displays the NOx conversion, together with the
outlet concentrations of NOx, N;O, and N,;. The performance
under these conditions in NH3-SCR is documented by a con-
version of about 50-60% in the temperature range of inter-
est (250-400 °C) with a low yield of N;O and a high yield
of N,. Fig. 1 shows NOx conversion for NH3-SCR and outlet
concentrations of NOx, N2, and N20 for a Pt/V-W-oxide based
monolith three way catalyst, using a feed of 250 ppm NOx,
300 ppm NH3, 12% 02, and 4 % water in nitrogen at a space
velocity of 100000 h™*.

Figure 2 shows the conversion of ammonia, and selectivities
to N2, NOx, N20 in the selective oxidation to ammonia. In
the temperature range of interest (250-400 0C), the ammonia
is almost completely converted and the reaction product
consists mainly of nitrogen. Fig. 2 shows NH; conversion
for selective oxidation of ammonia and selectivities to

NOx, Ny, and N,O for a Pt/V-W-oxide based monolith three
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way catalyst, using a feed of 200 ppm NH;, 12% 0O, and 4 %

water in nitrogen at a space velocity of 100000 h™*.

EXAMPLE 1

This example demonstrates the performance in NH3;-SCR of a
three way catalyst. The catalyst consists of Pt impregnated
on a glass fiber paper based monolith that is reinforced
with TiO,, on top of which a washcoat layer, containing va-
nadium and tungsten, titanium dioxide and silica, having
NH;-SCR activity, is applied. The Pt content in the cata-
lyst was 88 mg/l. The content of the SCR active washcoat
layer was 197 g/1, of which 5% was silica. The catalyst was
degreened at 550 °C for 1 hour prior to the performance
test. The reactor feed gas consisted of 250 ppm NOx, of
which less than 5% is present as NO;, 300 ppm NHs;, 12 % O,
and 4 % water in nitrogen. The flow rate was adjusted to
reach a space velocity of 100000 h™', based on the monolith

volume.

EXAMPLE 2

This example shows the performance of the three way cata-
lyst, as characterized in Example 1, for selective oxida-
tion of ammonia to reduce ammonia slip. The catalyst was
degreened for 1 h at 550 OC. The feed gas used in this
measurement was 200 ppm NH3, 12 % 02 and 4 % water in ni-

trogen. The flow was adjusted to reach a space velocity of

100000 h-1 based on the monolith volume.
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Claims

1. A system for the removal of volatile organic com-
pounds, particulate matter and nitrogen oxides from exhaust
gas of a compression ignition engine comprising

(a) an oxidation unit with a catalyst active in oxidation
of volatile organic compounds and carbon monoxide to carbon
dioxide and water and nitrogen oxide to nitrogen dioxide;
(b) means for introducing a urea solution into the exhaust
gas from unit (a);

(c) a downstream catalysed wall flow particulate filter
consisting of a plurality of longitudinal inlet flow chan-
nels and outlet flow channels separated by gas permeable
porous partition walls, each inlet flow channel having an
open inlet end and a closed outlet end, and each outlet
flow channel having a closed inlet end and an open outlet
end, the wall flow filter is catalysed with an NH;-SCR ac-
tive catalyst comprising oxides of vanadium and tungsten
arranged within the gas permeable porous partition walls
and/or on the plurality of the inlet and/or outlet channels
of the wall flow particulate filter;

(d) a downstream three way catalyst unit having an NH3;-SCR
activity, an ammonia oxidation activity and an adsorption
capacity for volatile vanadium and tungsten compounds vo-
latilized off the SCR active catalyst of the particulate
filter (c), the three way catalyst comprising high surface
compounds selected from high surface metal oxides, zeo-
lites, silica, non-zeolite silica alumina, and mixtures

thereof.
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2. The system of claim 1 further comprising an SCR active
catalyst comprising oxides of wvanadium, tungsten and tita-
nium, the catalyst is arranged between the particulate fil-

ter (c) and the three way catalyst unit (d).

3. The system according to claim 1 or 2, wherein the
three way catalyst comprises a bottom layer comprising
platinum, alumina and/or titania and optionally palladium
coated on a substrate and a top layer comprising oxides of
vanadium, tungsten and titanium admixed with at least one
of a high surface ceria, alumina, silica, zirconia, non-

zeolite silica alumina and zeolite.

4, The system according to claim 3, wherein the top layer

has layer thickness of between 40um and 250um.

5. The system of claim 3 or 4, wherein the bottom layer

has a layer thickness of between 5um and 450um.

6. The system of any one of claims 3 to 5, wherein the

top layer has a porosity of between 20% and 80%.

7. The system according to any one of claims 1 to 6,
wherein the three way catalyst is coated on a substrate

with a flow through monolith shape.

8. The system according to any one of claims 1 to 7,
wherein the SCR active catalyst in filter (c) further com-

prises titania.
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9. The system according to claim 7 or 8, wherein the
amount of the top layer in the three way catalyst is be-

tween 50 to 500 g per liter of the substrate.

10. The system according to any one of claims 7 to 9,
wherein the amount of the bottom layer in the three way

catalyst is between 5 and 255 g per liter of substrate.

11. The system according to any one of claims 3 to 10,
wherein the bottom layer of the three way catalyst contains
0.0018g-0.35g platinum and/or palladium per liter of the

substrate.

12. The system according to any one of claims 3 to 11,
wherein top layer of the three way catalyst comprises per
liter of the flow through monolith 1.0g-20g vanadium pent-
oxide, 3g-40 g tungsten oxide, 40g-460 g titania, and
0g-86 g silica, 0g-86g ceria, 0g-86g alumina, 0g-86g non-

zeolite silica alumina and 0g-86g of a zeolite.

13. The system according to any one of claims 1 to 12,
wherein the oxidation catalyst in oxidation unit (a) com-
prises platinum and/or palladium supported on silica-
alumina and/or alumina and/or titania with a weight ratio

of platinum to palladium of 1:0 to 1:1.

14. The system according to claim 13, wherein the content
of platinum and/or palladium is between 0.1g and 2g per 1li-
ter catalyst.
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