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(57) Abstract: The present invention relates to a particulate filter, in particular a particulate filter for use in an emission treatment
system of an internal combustion engine. The particulate filter provides high fresh filtration efficiency; and has minimal to no impact
on backpressures. In one embodiment, the present invention provides a particulate filter for exhaust gas treatment from an internal
combustion engine comprising a filter having an inlet side and an outlet side; a functional material layer coated onto the inlet side, the
outlet side, or both sides of the filter; wherein the functional material layer comprises calcium aluminate.
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PARTICULATE FILTER

CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims the benefit of prority to  international Application No.
PCT/CN2020/111002, filed August 25, 2020 in iis entirety.

Description
TECHNICAL FIELD

The present invention relates to a particulate filter, in parlicular a particulate filter for use inan
emission freatment systern of an intemal combustion engine. The particulate filter provides
high fresh filtration efficiency; and has minimal o no impact on backpressures.

BACKGROUND

The largest porlions of most internal combustion exhaust gases coniain relatively benign
nitrogen (N2}, water vapor {H:0), and carbon dioxide (CO,); but the exhaust gas also contains
in relatively small part noxious and/or toxic substances, such as carbon monoxide (CO) from
incomplete combustion, hydrocarbons (HC) from un-burnt fuel, nitrogen oxides (NOx} from
excessive combustion lemperalures, and particulate maiter (PM).

Certain internal combustion engines, such as lean-bum engines, diess! engines, nalural gas
engines, power plants, incinerators, or gasdline engines, tend {0 produce an exhaust gas with
a considerable amount of soot and other particulate matler. Particulate matler emissions can
be remedied by passing the PM-containing exhaust gas through a parliculate filter,

WO2012030533 A1 relates to a method of forming a porous discriminating layer on a ceramic
support having at least one porous wall comprising {a) eslablishing a flow of a gas stream
containing particle agglomerates through said at least one porous wall from a gas enbry side
of said at least one porous wall {0 a gas outlet side of said at least one porous wall, such that
at lsast a portion of the agglomerates deposit to form a deposited laver of the agglomerates,
their constituent particles or both on the gas entry side of said at least one porous wall, whersin
{1) at least a porlion of the particles thal make up the particle agglomerates are of a ceramic
material or precursor {0 a ceramic material, (2} the particles that make up the particle
agglomerates have a size from .01 to & microns {um), (3) the agglomerates have a size of
from 10 to 200 microns and {4) said deposited layer extends only parlially through the
thickness of said at least one porous wall and (b) calcining said deposited layer to form the
discriminating laver.

WO2018115800 A1 relates {0 a particulate filter for use in an emission reatment system of a
gasoline engine, the filler having an inlet side and an cullet side, wherein at least the inlet side

is loaded with a synthetic ash.

On December 23, 2016, the Ministry of Environmental Protection (MEP) of the People’s

3 Fig.



10

20

25

30

35

40

WO 2022/046389 5 PCT/US2021/044862

Republic of China published the final legisiation for the China 8 limifs and measurement
methods for emissions from light-duly vehicles {GB18352.6—2018,; hereafler referred to as
China 8), which is much sfricter than the China 5 emission standard. Especially, China @b
incorporates limits on particulate matter (PM) and adopts the on-board diagnostic (OBD)
requirements. Furthermore, it is implemenied that vehicles should be tested under World
Harmonized Light-duty Vehicle Test Cycle (WLTC) WLTC includes many steep accelerations
and prolonged high-speed requirements, which demand high power oulput that could have
caused “open-loop” situation (as fuel paddie needs to be pushed all the way down) at extended
tims {e.g., »5 sec) under rich (Jambda <1} or under deep rich {lambda <0.8) condifions. Albeit
standards become more stringent, it is desirable to provide a further improved pariculate filter
providing an advantageous combination of higher fresh filtration efficiency and enhanced
durability without unduly increasing backpressure so that regulated HC, NOx, and CO
conversions can be achieved while meeting particulate malier emissions.

SUMMARY
The present invention relates to a particulale filter, in particular a particulate filter foruse in an
emission ireatment system of an internal combustion engine.

Aspects include particulate filters for exhaust gas trealment from an internal combustion
engine comprising: a filter having an inlef side and an outle! side; and a functional maierial
faver coated onio the inlet side, the outlet side, or both sides of the filter; the functional material
laver comprises calcium aluminate.

Other aspects include systems for exhaust gas trealment from an intermnal combustion engine
comprising the particulate filters, and one or more of g selective catalytic reduction (SCR)
catalyst, a three way conversion (TW(C) catalysi, a diesel oxidation catalyst (BOC), an
ammonia oxidation (AMOX) catalyst, a NOx trap, a NOx absorber catalyst, a hydrocarbon frap
catalyst.

Other aspects include methods for the reatment of exhaust gas from an internal combustion
engine comprising: providing the particulate filter; and flowing the exhaust gas from the engine
through the particulale filter.

BRIEF DESCRIPTION OF DRAWINGS

Fic.1 {a) and FIG.1 (b} show an sxemplary wall-flow filter,

FiGG.2 shows a plot of backpressure characteristics of coated particulate filers according o
embodiments of the present invention and a comparative particulate filter;

Fitz.3 shows a plot of filtration efficiencies of coaled gasoline particulate filters according fo
embodimentis of the present invention and a comparative particulate filter,

DETAILED DESCRIPTION
Before describing several exemplary embodiments of the invention, itis o be undersicod that
the invention is not limitad to the details of construction or process sieps set forth in the
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following description. The invention is capable of other embodiments and of being practiced
or being carried oul in various ways.

With respect to the terms used in this disclosure, the following definitions are provided.

Throughout the description, including the claims, the term "comprising oneg” or “comprising 8"
should be undersiood as being synonymous with the term “comprising at least one”, unless
otherwise specified, and "between” or “lo” should be undersiood as being inclusive of the limils.
The terms "a", "an” and “the” are used 0 refer {0 one or fo more than one (.8, to at least one)}
of the grammatical object of the article.

The term “andfor” includes the meanings "and”, “or” and alse alf the other possible
combinations of the slements connected o this ferm.

Al percentages and ralios are mentioned by weight unless ctherwise indicated.

Thus, according to one aspect of the invention, provided is a particulate filter for exhaust gas
treatment from an internal combustion engine comprising:

{1} afilter having an inlet side and an oullei side;

{2} a functional material laver coated onto the inlet side, the cutlet side, or both sides of the
filter;

wherein the funclional material layer comprises calcium aluminate.

in the following passages different aspects of the invention are defined in more detail. Each
aspect so defined may be combined with any other aspect or aspects unless dlearly indicated
fo the confrary. In particular, any feature indicated as being preferred or advaniagecus may
be combined with any other feature or features indicated as being preferred or advantageous.
The particulale filter is typically formed of a porous subsirats. The porous substrate may
comprise a ceramic material such as, for example, cordierite, silicon carbide, silicon nitride,
zirconia, mullite, spodumene, alumina-silica-magnesia, zirconium silicate, and/or aluminium
fitanate, typically cordierite or silicon carbide. The porous subsirale may be a porous subsirale
of the type typically used in emission freatment systems of internal combustion engines.

The internal combustion engine may be a lean-bum engine, a disse! engine, a natural gas
enging, a powsr plant, an incinerator, or a gasoling engine.

The porous substrale may exhibit a conventional honey-comb structure. The filter may fake
the form of a conventional "flow-through filter”. Allematively, the filler may take the form of a
conventional "wall flow filter™ (WFF). Such filters are known in the arl.

The particulate filter is preferably a wall-flow filter. Referring to FIG. 1 (8) and FIG. 1 (b}, an
exemplary wall-flow filter is provided. Wall-flow filters work by forcing a flow of exhaust gases
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{13} {including particulate matter) {o pass through walls formed of a porous material.

A wall flow filter typically has a first face and a second face defining a longitudinal direction
therehetween. in use, one of the first face and the second face will be the inlet face for exhaust
gases {13) and the other will be the oullet face for the trealed exhaust gases (14) A
conventional wall flow filler has first and second pluralities of channels extending in the
fongitudinal direction. The first plurality of channsis {11} is open at the inlet face (01) and closed
at the cutlet face (02}, The second plurality of channels (12} is open at the outlet face (02) and
closed at the inlst face (01). The channels are preferably parallel fo each other to provide a
constant wall thickness between the channels. As a result, gases entering one of the plurality
of channels from the inlet face cannotl leave the monolith without diffusing through the channel
walls (15} from the inlet side (21) to the cutlst side {22) info the other plurality of channels. The
channels are closed with the inroduction of a sealant material inlo the open end of a channel.
Preferably the number of channeis in the first plurality is equal o the number of channsls in
the second plurality, and sach plurality is evenly distributed throughout the monclith. Preferably,
within a plane orthogonal o the longitudinal direction, the wall flow filter has from 100 {0 500
channels per square inch, preferably from 200 to 400. For example, on the inlel face (01), the
densily of open channels and closed channels is from 200 o 400 channels per sguare inch.
The channels can have cross sections that are rectangular, sguare, circular, oval, friangular,
hexagonal, or other polygonal shapes.

in one or more smbodiments, the inlst side {21) of the porous walls of the particulate filter is
coated with the funclional material layer. The functional material layer may be coated on the
outlet side (22) of the porous walls of the filter, or both sides (21 and 22). The loading may be
characterized as "on wall" loading or "in wall” loading. The former is characterized by the
formation of a funclional malerial layer on a surface of the porous walls (15). The latfler is
characlerized by exiending partial of the functional material thorough the thickness of the
porous walls (185).

in one or more embodiments, the calcium aluminate has a specific surface area of no more
than 10 m?/g (BET model, 77K nitrogen adsorption measurement), preferably no more than 5
%, more preferably no more than 1 m%g, in a fresh state.

in one or more embodiments, the calcium aluminate has a specific surface area of no more
than 10 m%yg (BET model, 77K nifrogen adsorption measurement}, preferably no more than 5

m*/g, more preferably no more than 1 m¥g, after 4hr calcination in air at 1000°C.

in one or more embodiments, the calcium aluminate has a Dy of heltween 6 to 400 um,
preferably betwesen 10 1o 200 um.

in one or more embodiments, the calcium aluminate has a Ds of between 1 to 100 um,
preferably between 1.5 {0 50 ym.

in one or more embodiments, the calcium aluminale has a Dy of between 0.1 fo 40 um,
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preferably between 0.5 to 20 ym.

“Dioy”, “Dsg” and “D4g” have their usual meaning of referming to the point where the cumulative
volume from the small-padicle-diameter side reaches 80%, 50% and 10% in the cumulative
particle size distribution. Do is the value determined by measuring the particle size distribution,
respectively. The particle size distribution is measured by using laser diffraction particle size
distribution analyzer.

in one or more embodiments, the calcium aluminate has a bulk density of 0.2 fo 3.0 glem?,
preferably 0.3 to 1.8 glom®.

“Bulk density”, as used herein, is the mass or weight of material per unit volume, including In
the volume considerad, the void spaces belween the parlicles.

in one or more embodiments, the mass ratio of aluminum oxide to calcium oxide is 1.1 10 G,
preferably 1.5 10 § in the calcium aluminate.

in one or more embodiments, the calcium aluminale comprises no more than 20% wi,
preferably no more than 15% wi, more preferably no more than 10% wi of an inorganic impurity,
calculated as its oxide. In some embodiments, the inorganic impurity comprises af least one
of silicon, fitanium, magnssium, ron, copper, zirconium, cerium, barum.

in one or more embodiments, the functional material laver further comprises a first platinum
group metal (PGM) selected from the group consisting of platinum (P}, palladium {(Pd) and
rhodium (Rh), and mixiures thereof, The PGM is present in a calalytically effeclive amount o
convert NOx, CO and hydrocarbons in an exhaust gas {o Ny, C0O; and H20 and to cause the
oxidation of particulate matier trapped on the particulate filter.

in one or more embodiments, the funcltional material layer further comprises one or more of
alumina, zirconia, ceria, silica, itania, magnesium oxide, zinc oxide, manganese oxide, ron
oxide, silicale zeclite, alumino-silicate zedlite, silicoaluminophosphate (SBAPO) zeglite.

in one or more embodiments, the functional material layer further comprises at least one
organic matarial, such as acetic acid, oxalic acid, citric acid, tartaric acid, fumaric acid, lactic
acid, malic acid, malsic acid, hexanol, octancl, decanocl, cellulose, hydroxylethyl cellulose,
methyihydroxylethyl  cellulose, starch, polyvethviene, polvpropylene,  polystyrens,
poly{oxyethviene), poly{ethviene ierephthalate), polyibulylene terephthalate), polyvinyl
chioride, polyvinyl alcohol, polyvinvipyirolidone, polymethyl methacrylate, polvamide,
polycarbonates, or polyurethanes.

In one or more embodiments, the funclional material may be coated in a particulats form.
in preferably embodiments, the funclional material is coaled in g particulate form via gas phase
carrier, Le. “dry coated” without the use of any liquid carrier. In other embodiments the



10

15

20

25

30

35

40

WO 2022/046389 8 PCT/US2021/044862

functional material may be coated in the form of a liquid suspension.

Once coated, the functional material may take the form of a packed bed. For exampls, when
the particulate filter is a wall flow filter, the funclional material may form a packed bed against
the walls of the plurality of channels open at the inlet side. The packed bad may be formed in
the channels open at the inlet side and against the sealant material closing the channels, La.
towards the outlet end of the inlet channels. The packed bed is typically porous and is typically
gas permeable, the pores being sized o frap particulate matter in an infernal combustion
exhaust, for example sool. The pores of the packed bed are typically smaller than the pores
of the porous subsirate of the particulate filter. Alternatively, or in addition, the packed bed may
be more porous than the walls of the porous subsirate {i.e. it may provide a high level of
filtration by the provision of a long path length). The packed bed may extend along the walls
of the plurality of channels open at the inlet side. The packed bed may take the form of a layer
or membrane, for example a confinucus laver or membrane. The packed bed may extend
along the entire length of the walls of the plurality of channels, or along only part of the length
of the walls. Instead of being a packed bed, the funclional material may be in the fom of 5
porous coaling, e.g. a coaling applied as {i.e. derived from) a washcoat slurry. The porous
coating may be arranged in a wall flow filter in a similar manner to the packed bed discussed
abovs.

in one or more smbodiments, the loading of the funclional material laver is between 0.1 and
100 g/l., and preferably between 1 and 75 g/, and more preferably between 10 and 50 g/l

In one or more embodiments, the filter further comprises a porous body comprising a plurality
of pores, and further comprises a catalyvlic washcoat within at least a portion of the plurality of
pores. The use of the catalvlic washcoat may serve io treat components of an internal
combustion exhaust gas such as, for example, unburmned hydrocarbons, carbon monoxide
andfor nitrogen oxide. The catalvtic washcoat comprises one or more of a selective catalvtic
reduction {SCR) catalyst, a diesel oxidation catalyst (DOC), a three-way conversion {TWC)
catalyst, an AMOx catalyst, a NOx trap, a NOx absorber catalyst, a hydrocarbon frap catalyst.
The catalytic washcoat is typically distribuled substantially throughout the plurality of pores.
The catalytic washcoal is applied to the particulale filter prior o application of the functional
material layer. The catalylic washcooat can be present as a separate coating on the particulale
filter or the catalytic washcoat can be integral with the particulate filter, e.q. either the catalvtic
washcoat can be impregnated as a solulion or slurry into the material of a virgin particulate
filter, or the catalyvlic washcoat can be combined with ingredients that form a structure of the
subsirate monolith that is then extruded into a flow-through monelith and, following drying and
calcination, allernate ends of the channsis are blocked in a chequer board patlemn
arrangement at one end of the subsirate mondlith and unblocked channels are alternaiely
blocked at the opposite end thereof in a similar arrangement. This latter arrangement requires
that the porosity of the extrudate Tollowing dryving and calcination is sufficient to function as a
wall-flow filter, Le. the porosity of the subsirate monolith is al least 40%, such as at least 45%,
e.g. 50% or at least 55% or up o 75%.
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As used herein, the terms of “selective calalvlic reduction” and “SCR” refer to the catalytic
process of reducing oxides of nitrogen to dinitrogen (N2} using a nitrogencus reductant. The
SCR catalyst may include al least one material selected front MOR,; USY, £8M-5; Z5M-2{;
beta-zeolife: CHA; LEV, ARl AFX: FER; SAPO: ALPC; vanadium vanadium oxide; titanium
oxide; ungsten oxide; molvbdenum oxide; cerium oxide; zirconium oxide; niobium oxide; iron;
on oxide, manganese oxide; copper; molybdenum,; tungsten; and mixiures thereof The
support structures for the active components of the SCR catalyst may include any suitable
zeolite, zeolype, or non-zeolitic compound. Alternatively, the SCR catalyst may include a metal,
a metal oxide, or a mixed oxide as the active component. Transition metal loaded zeolites
{e.g., copper-chabazite, or Cu-CHA, as well as copper-levyne, or Cu-LEVY, as well as Fe-Beia)
and zeotypes {&.9., copper-SARPQ, or Cu-SAPQ) are preferred.

As used herein, the terms of “three-way conversion” and “TWC” refer lo a calalylic process
that can substantially eliminate HC, CO and NOx from gascline engine exhaust gases.
Typically, a TWC catalyst mainly comprises a platinum group metal (PGM}, an oxygen storage
component {O08C), and a refractory metal oxide support.

As used herein, the terms of "platinum group metal” and "PGM" refer 1o one or more chemical
slements defined in the Periodic Table of Elements, including platinum, palladium, rhodium,
osmium, indium, and ruthenium, and mixiures thereof.

in some embodiments, the platinum group metal component of the TWC catalysl is selected
from platinum, palladium, rhodium, or mixtures thereof. In specific embodiments, the platinum
group metal component of the TWC catalyst comprises palladium.

in some smbodiments, the TWOC calalyst does not comprise an additional platinum group
metal (e, the TWC comprises only one platinum group metal). In other embodiments, the
TWC calalysl comprises an additional platinum group meial. In one or more embodiments,
when present, the additional platinum group metal is selecled from platinum, rhodium, and
mixtures thereof. In specific embodiments, the additional platinum group metal component
comprises rhodium. In one or more specific embodiments, the TWC calalyst comprises a
mixture of palladium and rhedium. in other embodiments, the TWC catalyst comprises a
mixture of platinum, palladium, and rhodium.

As used herein, the terms of "oxygen siorage component” and "O8C” refer 10 an entily that
has a multi-valence state and can actively react with reductants such as CO or hydrogen under
reduction conditions and then react with oxidants such as oxygen or nilfrogen oxides under
oxidalive conditions. Examples of oxygen storage components include rare earth oxides,
particularly ceria, lanthana, praseodymia, neodymia, niohia, europia, samaria, yiterbia, vitria,
zirconia, and mixtures thereof in addition o ceria. The rare earth oxide may be in bulk {a.g.
particulale) form. The oxygen storage component can include ceria in a form that exhibils
oxyvgen storage properiies. The latlice oxygen of cerla can react with carbon monoxide,
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hydrogen, or hydrocarbons under rich A/F conditions. In one or more embodiments, the
oxygen storage component for the TWC catalyst comprises a ceria-zirconia composite or a
rare earth- siabilized ceria-zirconia.

As used herein, the terms of "refractory metal oxide support” and "support” refer to underlying
high surface area material upon which additional chemical compounds or elements ars carried.
The support particles have pores larger than 20 A and a wide pore distribution. As defined
herein, such supports, a.g., metal oxide supports, exclude molecular sieves, specifically,
zaeolites. in particular embodiments, high surface area refractory metal oxide supporis can be
ulilized, e.¢., alumina support materials, also referred 0 as "gamma aluming” or "activated
alumina,” which typically exhibit a BET surface area in excess of 60 square meters per gram
("nv¥g™), often up to about 200 m?/g or higher. Such activated alumina is usually 8 mixture of
the gamma and delia phases of alumina, bul may also coniain substantial amounts of eia,
kappa, and theta alumina phases. Refractory metal oxides other than aclivated alumina can
be used as a support for at least some of the catalytic components in a given catalyst. For
example, bulk ceria, zirconia, alpha aluming, silica, itania, and other malerials are known for
such use.

In some embodiments, the refraciory metal oxide supports for the TWC catalyst independently
comprise a compound that is activated, siabilized, or both, selected from the group consisting
of alumina, zirconia, alumina-zirconia, lanthana-alumina, lanthana-zirconia-aluming, alumina-
chromia, ceria, alumina-ceria, and combinations thereof.

As used herein, the terms of “diesel oxidation catalyst” and “DOC” refer o diesel oxidation
catalysts, which are well-known in the art. Diesel oxidation catalysis are designed {o oxidize
CO to COy and gas phase HC and an organic fraction of diesel particulates {soluble organic
fraction) to CO; and HO. Typical diesel oxidation catalysts include platinum and optionally
also palladium on a high surface area inorganic oxide support, such as alumina, silica-alumina,
fitania, sifica-titania, and a zeolite. As used herein, the term includes a DEC (Dissel Exotherm
Catalyst) with creates an exctherm,

As used herein, the terms of “ammonia oxidation catalyst” and “AMOX” refer {o calalysts
comprise al least a supporied precious metal component, such as one or more platinum group
metals (PGMs), which is effeclive to remove ammonia from an exhaust gas stream. In specific
embodimenis, the precious metal may include platinum, palladium, rhodium, ruthenium,
iridium, silver or gold. in specific embodiments, the precious metal component includes
physical mixtures or chemical or atomically-doped combinations of preciocus metals.

The precious metlal component is typically deposited on a high surface area refractory met-al
oxide support. Examples of suitable high surface area Refractory Metlal Oxides include
alumina, silica, tifania, cera, and zirconia, magnesia, barium oxide, manganese oxide,
tungsten oxide, and rear earth metal oxide rear earth metal oxide, base metal oxides, as well
as physical mixtures, chemical combinations and/or atomically-doped combinations there-of.
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As used herein, the terms of "NOx adsorbed calalyst” and "NOx frap (also called Lean NOx
frap, abbr. LNTY refer o catalysis for reducing oxides of nitrogen (NO and NGO:) smissions
from a lean bum intemal combustion engine by means of adsorpion. Typical NOx trap
includes alkaline earth metal oxides, such as oxides of Mg, Ca, Sr and Ba, alkali metal oxides
such as oxides of Li, Na, K, Rb and Cs, and rare earth metal oxides such as oxides of Ce, La,
Pr and Nd in combination with precious metal catalysis such as plalinum dispersed on an
alumina support have been used in the purification of exhaust gas from an internal combustion
engine. For NOx slorage, baria is usually preferred because it forms nifrates at lean engine
operation and releases the nitrales relatively easily under rich conditions.

As used herein, the term of *hydrocarbon frap” refers to catalysts for frapping hydrocarbons
during cold operalion pericds and releasing them for oxidation during higher-temperature
operating periods. The hydrocarbon trap may be provided by one or more hydrocarbon (HC)
storage components for the adsomtion of various hydrocarbons (HC)Y. Typically, hydrocarbon
storage malerial having minimum interactions of precious metals and the malerial can be used,
£.g9., a micro-porous material such as a zeolile or zeolite-like maierial. Preferably, the
hydrocarbon storage material is a zedlite. Bela zeolite is pariicularly preferable since largs
pore opening of beta zeolite allows hydrocarbon molecules of diesel derived species o be
frapped effeclively. Other zeolifes such as faujasile, chabazite, clinoplilolite, mordenite,
sificalite, zeolife X, zeolite Y, ultrastable zeolite Y, Z8M-5 zeglite, offretile, can be used in
addition to the beta zeolite fo enhance HC storage in the cold stant operation.

Other aspects include systems for exhaust gas treatment from an internal combustion engine
comprising the particulate filters, and one or more of 3 selective catalytic reduction (SCR)
catalyst, a three way conversion (TW(C) catalysi, a diesel oxidation catalyst (BOC), an
ammonia oxidation (AMOX) catalyst, a NOx frap, a NOx absorber catalyst, a hydrocarbon trap
catalyst.

Other aspects include methods for the reatment of exhaust gas from an internal combustion
engine comprising: providing the particulate filter; and flowing the exhaust gas from the engine
through the parliculate filler. Typically, the exhaust gas comprises unbumnt hydrocarbons,
carbon monoxide, nitrogen oxides, and particulate matier.

in one or more embodiments, the particulate filter is canned. In an alternative embodiment,
the filter is uncanned. Being "canned” means that the particulate filler has been incorporated
inte a housing for incorporation into an emission treatment system.

Being "uncanned” means that the particulate filter has not yet been incorporated into a housing
for incorporgtion inlo an emission freatment sysiem but is still coated with the functional
material layer. In a typical canning procass, the particulate filter is sleeved in a support mat,
typically formed of ceramic fibers or alumina fibers, before being incorporaied inlo a metal
housing. Methods of incorporating the particulate filler inlo a metal housing include, for
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example, "clam-shell”, "stuffing and "oumiquet” techniques. Such technigues are known in
the art.

Filter durability includes hydrothermal siability and the tlerance against extreme
environmenis such as condensate water caused by low temperature in winter. Waler exposure
remains one of the most significant factors impacting the performance of the particulate filter,
It is surprisingly found that when incorporated into an emission reatment system of an intermnal
combustion engine, the parliculate filter exhibils a high fresh fillration efficiency, especially
after exposure 1o water,

EMBODBIMENTS
The following embodiments serve 1o further llustrate the invention as disclosad herein, and
are not {o be construed as limiting thereof.

1. A particulale filter for exhaust gas treatment from an inlernal combustion engine
comprising:

{1} a filter having an inlet side and an cutlet side;

{2} a functional material layer coated onio the inlst side, the outlet side, or both sides of the
filfer;
wherein the functional matsrial layer comprises calcium aluminate.

2. The particulate filler according to embodiment 1, wherein the calcium aluminate has a
specific surface area of no more than 10 m?y, in a fresh state.

3. The particulate filter according o embodiment 1 or 2, wherein the calcium aluminate has
a specific surface area of ne more than 10 m¥yg, after 4hr calcination in air at 1000°C.

4. The particulate filter gecording to any one of embodiments 1 to 3, whersin the calcium
aluminate has a Dgp of 6 {0 400 um, preferably 10 {o 200 uym.

5. The particulate filler according to any one of embodiments 1 to 4, wherein the calcium
aluminate has a bulk density of 0.2 to 3.0 g/foem®, preferably 0.3 to 1.8 g/om?®.

6. The particulate filter according o any one of embodiments 1 o 8, wherein the mass ratio
of aluminum oxide to calcium oxide is 1.1 t0 8, preferably 1.5 {0 5 in the calcium aluminate.

7. The particulate filler according to any one of embodiments 1 to 6, wherein the calcium
aluminate comprises no more than 20% wt, preferably no more than 15% wt, more
preferably no more than 10% wi of an inorganic impurity, calculated as its oxide.

8. The particulate filter according o embodiment 7, wherein the inorganic impurity comprises
at least one of silicon, itanium, magnesium, iron, copper, zirconium, cerium, barium,
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The particulate filler according to any one of embodiments 1 fo 8, wherein the funclional
material layer is coated in a particulate form, preferably coated in a particulate form via
gas phase carrier.

The particulate filter according to any one of embodiments 1 to 9, wherein the loading of
the functional material layer is between 0.1 and 100 g/l., and preferably between 1 and 75
g/l., and more preferably between 10 and 50 g/l

The particulate filter according (o any one of embodiments 1 1o 10, wherein the filter further
comprises a porous body comprising a plurality of pores, and a catalylic washcoat within
at ieast a portion of the pluralily of pores; wherein the catalvtic washceoat comprises one
or more of a sslective catalvlic reduction {SCR) catalyst, a diesel oxidation catalyst (DOC),
a three-way conversion {(TWC) catalyst, an AMOx catalyst, a NOxX frap, a NOx absorber
catalysi, a hydrocarbon frap catalyst;

wherein the catalvtic washcoats are applied o the particulate filter prior to application of
the functional material laver.

A system for exhaust gas freatment from an internal combustion engine comprising: the
particulate filler according 10 any one of embodiments 1 to 11, and one or more of a
selective calalylic reduction (S8CR) catalyst, a three way conversion (TWC) calalyst, a
diesel oxidation catalyst {DOC), an ammonia oxidation (AMOX) catalyst, a NOx trap, a
NOx absorber catalyst, a hydrocarbon frap catalyst.

A method for the treatment of exhaust gas from an inlernal combustion engine comprising:
{1} providing the particulate filler according to any one of embodiments 1-11, and
{2) conducting the exhaust gas from the engine through the particulate filler.

The method according to embodiment 13, wherein the exhaust gas comprises unbumnt
hvdrocarbons, carbon monoxide, nitrogen oxides, and particulale matter,

EXAMPLES

The present invention is more fully llustrated by the following examples, which are set forth
fo Hlustrale the present invention and is not 1o be construed as limiting thereof. Unless
atherwise noted, all parts and percentages are by weight, and all weight percentages are
expressed on a dry basis, meaning excluding water conient, unless otherwise indicated. In
sach of the examples, the carrier was cordierite.

Example 1~ Comparative

A gasdiline particulate filler having a catalviic layer was prepared using a single coat from inlet
side of a filter subsirate purchased from Corning®. The filter subsirate had a size of 143.8mm
{Dy152.4mm (L), a volume of 2471, a cell densily of 300 cells per square inch, a wall
thickness of approximately 200 um, a porosity of 65% and a mean pore size of 18 ym in
diameter by mercury intrusion measuraments.
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The catalvlic layer onto the subsirate contains a prior art three-way conversion {TWQC) catalyst
composite containing palladium and rhodium with a total precious metal loading of 7 ¢/ft° and
with a PVYPd/Rh ratio of ¥2/5. The coatl was prepared as following:

The component applied from inlet side was a high surface area gamma aluming, a ceria-
zirconia composite with 40% ceria by weight as oxygen storage component, palladium,
rhodium, barium oxide and zirconia oxide, at concenirations of approximately 24 .8 wi.%, 68.7
wt.%, 0.1 wil.%, 0.2 wi%, 5.0 wi% & 1.3 wt.%, respectively, based on the calcined weight of
the catalyst. The barium oxide was introduced as a hydroxide solution. The zirconium oxide
was introduced as a nitrate solution. The total loading of the coat was 1.23 gfin3.

Rhodium in the form of a rhodium nitrale solution was impregnated by planetary mixer (P-
mixer) onto the high surface area gamma alumina and the ceria zirconia composite o form a
wet powder while achigving incipient wetness. Palladium in the form of a palladium nitrate
solution was impregnated by planetary mixer (P-mixer) onto the high surface area gamma
alumina and the ceria zirconia composite o form a wet powder while achieving incipient
wetness. An aqueocus slurry was formed. The barium solution and the zirconium solution wers
added. The slurry was milled {o a particle size of 90% being 5 microns. The slurry was then
coated onto the inlet side of the wall flow cordierile filter using deposition methods known in
the arl. After coating, the filter plus the inlet coat were dried and then calcinad at a temperaturs
of 550°C for about 1 hour. The resulled catalyzed gascline particulate filler is used as
comparative example.

Example 2 — Comparative

A catalyzed gasoline particulate filter according fo Example 1, onto which a functional layer
was applied info the inlet side of the filter.

The funclional material layer applied was a high surface area gamma alumina. The alumina
was dry milled o a particle size of 80% being 5 microns, 50% being 2.5 microns, and 10%
being 1 micron, of which the specific surface area (BET model, 77K nifrogen adsorption
measurement) is 147 m®g™' at fresh state and 70 m?.g" afler 4hr calcination in air at 1000°C.
The high surface area gamma alumina, in powder form, was mixed with gas carrier and blown-
in info the part at room temperature. The flow rale of gas carrier is 750 kg/hr. The loading of
the functional material layer was 0.049 g/in®.

After coating, the filler plus the inlet funclional malerial layer were dried and then calcined at
a temperature of 450°C for about 30 minutes.

Example 3 —~ Comparalive
A catalyzed gasoline particulate filier according to Example 1, onto which a functional layer

was applied info the inlet side of the filter,

The functional material layer applied was a high surface area 5 wit.% silica doped gamma
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alumina. The alumina was dry milled to a particle size of 30% being 5.5 microns, 50% being
2.4 microns, and 10% being 0.9 micron, of which the specific surface area (BET model, 77K
nitrogen adsorption measurement) is 155 m?-g”* at fresh state and 95 m?-g" after 4hr
calcination in air at 1000°C. The high surface area gamma aluming, in powder form, was mixed
with gas carrier and blown-in into the part at room temperature. The flow rate of gas carrier is
750 kg/hr. The loading of the functional material layer was 0.048 gin®.

After coaling, the filier plus the inlet functional material layer were dried and then calcined at
a temperature of 450°C for about 30 minutes.

Example 4 — Comparative
A catalyzed gasoling particulate filter according to Example 1, onto which a funclional layer
was applied into the inlet side of the filter.

The functional material layer applied was a high surface area 5 wi % silica doped gamma
alumina. The alumina was dry milled to a particle size of 90% being 5.5 microns, 50% being
2.4 microns, and 10% being 0.9 micron, of which the specific surface area (BET model, 77K
nitrogen adsorption measurement) is 155 m?g"' at fresh state and 85 m?g" afier 4hr
calcination in air at 1000°C. The high surface area gamma alumina, in powder form, was mixed
with gas carrier and blown-in into the part at room lemperaiure. The flow rate of gas carrier is
750 kg/hr, The loading of the funclional material layer was 0.245 g/in®,

After coaling, the filier plus the inlet functional maierial layer were dried and then calcined at
a temperature of 450°C for about 30 minutes.

Example 5 — Comparative
A gasoline particulate filter according o Example 1, onto which a functional layer was applied
into the inlet side of the filter.

The funclional material layer applied was a midure of a high surface area gamma aluming
and a calcium oxide. The mixture was made with 63 wt.% alumina and 37 wt. % calcium oxide,
respeclively. The alumina in the mixture was dry milled lo a particle size of 90% being 5
microns, 50% being 2.5 microns, and 10% being 1 micron, of which the specific surface area
(BET model, 77K nitrogen adsorption measurement) is 147 m® g at fresh state and 70 m?g
" after 4hr calcination in air at 1000°C. And the calcium oxide in the mixture was dry milled to
a particle size of 80% being 90 microns, 50% being 32 microns, and 10% being 1.5 micron, of
which the specific surface area (BET model, 77K nitrogen adsorplion measurement) is < 1
m*g" both at fresh state and after 4hr calcination in air at 1000°C. The mixture material, in
powder fornm, was mixed with gas carrier and blown-in inlo the part at room temperature. The
flow rate of gas carrder is 750 kg/hr. The leading of the functional material layer was 0.294 g/fin®.

After coating, the filter plus the inlet functional material layer was treated under high humidity
conditions, dried and then calcined at a temperature of 450°C for about 30 minutes.
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Example ©
A gasoline particulate filter according to Example 1, onto which a funclional layer was applied
into the inlet side of the filter,

The functional material layer applied was a calcium sluminate composite material, with 568 wl.%
aluming, 33 wi.% calcium oxide, 5.0 wt% silica, 3.0 wi% titania, 1.7 wt.% magnesium oxide
and 1.4 wi.% iron oxide. This calcium aluminate composite material was dry milled to a particle
size of 80% being 103 microns, 50% being 28 microns, and 10% being 3.0 micron, of which
the specific surface area (BET model, 77K nifrogen adsorption measurement) is < 1 m?-g”
both at fresh state and after 4hr calcination in air at 1000°C. The calcium aluminate composile
material, in powder form, was mixed with gas carrier and blown-in into the part at room
temperature. The flow rate of gas carrer is 750 kg/hr The loading of the funclional maternial
layer was 0.245 g/in.

After coating, the filter plus the inlet funclional material layer was treated under high humidity
conditions, dried and then calcined al a temperature of 450°C for about 30 minutes.

Example 7
A gasoline pariiculate filler according to Example 1, onto which a functional layer was applied
into the inlet side of the filter.

The functional material layer applied was a mixiure of a high surface area gamma alumina
and a calcium aluminate composite material. The mixiure was mads with 18.7 wi% alumina
and 83.3 wt% calcium aluminale composite material, respectively. The calcium aluminate
composite material is composing of 56 wt.% alumina, 33 wi.% calcium oxide, 5.0 wt.% silica,
3.0 wi% titania, 1.7 wit% magnesium oxide and 1.4 wiL% iron oxide. The alumina in the
mixture was dry milled to a parlicle size of 90% being 5 microns, 50% being 2.5 microns, and
10% being 1 micron, of which the specific surface area (BET modsl, 77K nilrogen adsorption
measurement) is 147 m?-g"' at fresh state and 70 m?-g' after 4hr calcination in air at 1000°C.
And the calcium aluminate composile material was dry milled {o a particle size of 90% being
103 microns, 50% being 28 microns, and 10% bseing 3.0 micron, of which the specific surface
area {(BET model, 77K nitrogen adsorption measurement) is < 1 m?g" both at fresh state and
after 4hr calcination in air at 1000°C. The mixture material, in powder form, was mixed with
gas carrier and blown-in into the part af room temperature. The flow rate of gas carrier is 750
kg/hr, The loading of the functional material layer was 0.204 gfin®.

Example 8
A gasoline particulate filter according fo Example 8, onto which a second functional layer was
applied o the outlet side of the filler,

This second funclional material layer applied t© the outlet side of the filler was a calcium
aluminate composite materal, with 56 wi.% alumina, 33 wt.% calcium oxide, 5.0 wi.% silica,



10

15

20

25

30

35

40

WO 2022/046389 15 PCT/US2021/044862

3.0 wi.% titania, 1.7 wi% magnesium oxide and 1.4 wi.% iron oxide. This calcium aluminate
composite material was dry milled to a particle size of 90% being 103 microns, 50% being 28
microns, and 10% being 3.0 micron, of which the specific surface area (BET model, 77K
nifrogen adsorption measurement} is < 1 m%g both at fresh state and after 4hr calcination in
air at 1000°C. The calcium aluminale composite material, in powder form, was mixed with gas
carrier and blown-in info the part at room lemperature. The flow rate of gas carrier is 750 kg/hr.
The loading of the second funclional material laver was 0.245 g/in®. The total loading of
combined first and second functional material layers was 0.49 g/in®.

After coating, the filter plus the oullet functional material laver was freated under high humidily
conditions, dried and then calcined al a temperature of 450°C for about 30 minutes.

Example 8
A gasoline pariiculate filler according to Example 1, onto which a functional layer was applied
into the inlet side of the filter.

The funclional material layer applied was a calcium aluminate composiie material, with 56 wt.%
alumina, 33 wi.% calcium oxide, 5.0 wi.% silica, 3.0 wit.% titania, 1.7 wi.% magneasium oxide
and 1.4 wi % iron oxide. This calcium aluminate composite material was dry milled to a pariicle
size of 80% being 35 microns, 50% being 3.4 microns, and 10% being 0.87 micron, of which
the specific surface area (BET meodel, 77K nifrogen adsorption measurement) is < 1 m*-g”’
both at fresh slale and after 4hr calcination in air at 1000°C. The calcium aluminate composite
material, in powder form, was mixed with gas carrier and blown-in info the part at room
temperature. The flow rate of gas camier is 750 kg/r. The loading of the functional material
laver was 0.245 g/in’.

After coating, the filter plus the inlst functional material layer was treated under high humidity
conditions, dried and then calcined at a temperature of 450°C for about 30 minutes.

Example 10
A gasoline particulate filter according to Example 1, onto which a funclional layer was applied
into the inlet side of the filter.

The functional material layer applied was a calcium aluminale composite material, with 81 wi%
alumina, 17 wt.% calcium oxide, 0.7 wt.% silica, 0.6 wL% magnesium oxide and 0.7 wl.%
zirconia. This calcium aluminate composite material was dry milled 1o a particle size of 80%
being 29 microns, 50% being 8.8 microns, and 10% being 2.0 micron, of which the specific
surface area (BET model, 77K nilfrogen adsorption measurement) is < 1 m? g™ both at fresh
state and after 4hr calcination in air at 1000°C. The calcium aluminate composite material, in
powder form, was mixed with gas carrier and blown-in into the part at room temperature. The
flow rate of gas carrier is 750 kg/hr. The loading of the functional material layer was 0.245 g/in’.

After coating, the filter plus the inlet functional material layer was treated under high humidity
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conditions, dried and then calcined at a temperature of 450°C for about 30 minutes.

Example 11
A gasoline particulate filter according 1o Example 1, onio which a funclional layer was applied
into the inlet side of the filter.

The funclional material layer applied was a mbdure of a calcium aluminale composite malerial
and a high surface area gamma alumina. The mixiure was made with 83 wt% calcium
aluminate composite and 17% wt.% high surface area gamma alumina, respectively. The
calcium aluminate composite material is consisting of 81 wi.% alumina, 17 wi.% calcium oxide,
0.7 wi.% silica, 0.6 wi.% magnesium oxide and 0.7 wt.% zirconia. This calcium aluminale
composife material was dry milled fo a particle size of 80% being 28 microns, 50% being 8.8
microns, and 10% being 2.0 micron, of which the specific surface area (BET model, 77K
nitrogen adsorption measurement) is < 1 m?-.g" both at fresh state and after 4hr calcination in
air at 1000°C. The high surface area gamma alumina was dry milled to a particle size of 90%
being 5 microns, 50% being 2.5 microns, and 10% being 1 micron, of which the specific
surface area (BET modsl, 77K nilrogen adsorption measurement} is 147 m®-g" at fresh stale
and 70 m?-g" after 4hr calcination in air at 1000°C. The mixture material, in powder form, was
mixed with gas carrier and blown-in into the part at room temperature. The flow rate of gas
carrier is 750 kg/hr. The loading of the functional material layer was 0.294 ¢/in.

After coating, the filter plus the inlet functional material layer was trealed under high humidity
conditions, dried and then calcined al a temperature of 450°C for about 30 minutes.

Example 12
A gasoline pariiculate filler according to Example 1, onto which a functional layer was applied
into the inlet side of the filter.

The funclional maierial layer applied was a mixiure of a calcium aluminate composiie material
and a high surface area manganese oxide doped gamma aluming. The mixlure was made
with 83 wi.% calcium aluminate composite and 17% wi. % high surface area manganese oxide
doped gamma aluming, respectively. The calcium aluminate composife material is consisting
of 81 wt.% alumina, 17 wi% calcium oxide, 0.7 wi.% silica, 0.6 wi.% magnesium oxide and
0.7 wt.% zirconia. This calcium aluminate composite material was dry milled to a particle size
of 90% being 28 microns, 50% being 8.8 microns, and 10% being 2.0 micron, of which the
specific surface area (BET model, 77K nitrogen adsorption measurement) is < 1 m?.g” both
at fresh state and after 4hr calcination in air at 1000°C. The high surface area manganese
oxide doped gamma alumina is consisting of 50 wi.% gamma alumina, 50 wi.% manganese
oxide. This manganese doped alumina material was dry milled {o a pariicle size of 80% being
8 microns, 50% being 2.8 microns, and 10% being 1.2 micron, of which the specific surface
area (BET model, 77K nitrogen adsorption measurement} is 121 m?-g” at fresh state and 52
m?-g " after 4hr calcination in air at 1000°C. The mixture material, in powder form, was mixed
with gas carrier and blown-in into the part at room temperature. The flow rate of gas carrier is
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750 kg/hr. The loading of the functional material layer was 0.294 g/in®.

After coating, the filter plus the inlet funclional material laver was treated under high humidity
conditions, dried and then calcined at a temperature of 450°C for about 30 minules.

Example 13 - Water treatment

Water treatment of the above coated gascline particulale filter examples {Examples 110 12}
was conducted as following: the filler was lain on iis side and immersed in watar for 1 hour,
during which time the depth of the watler was kept betwsen 40-50 mm. Then the filter part was
turned upright with inlet side on top to drain the excessive amount of water absorbed, dried by
forced hot air flow (180°C inlet temperature and 50 kg/hr flow rate) through the Rlier from inlet
side to outlet side, and calcined at a temperalure of 450°C for about 30 minutes.

Example 14 - Tesling

Backpressure characteristics of the above coated gasoline particulate filter examples
{Examples 1 {0 12) were investigated under cold air flow at 600 cubic meler per hour {omh).
The resulis are shown in FIG.2. Fillers applied with the functional material layer (Examples 2
fo 12}, after water freatmeant, exhibiled no big difference or slight increase in backpressurs
compared to the prior-art calalyzed gasoline particulate filler (Exampie 1).

The filtration efficiencies of the above coated gasoline particulate filter examples at fresh
state (0 km, or out-of-box siale) were measured in the first close-coupled position (SGE 1.5L
turbo gasoline direct injection engine; WLTC tesling; PN engine out = 4.0 x 10" #/km), and
the results are shown in FIG.3. Noticeably, afier water treatment, only examples with calcium
aluminate as functional material (Examples 6 o 12) showed higher filiration efficiency
increase compared io the prior-art catalvzed gasoline particulale filter (Example 1)
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Claims

1.

10.

11

A particulate filler for exhaust gas treatment from an internal combustion engine
comprising:

a filter having an inlet side and an outliet side;

a functional material layer coated onto the inlet side, the outlet side, or both sides of the
filter:

wherein the funclional material layer comprises calcium aluminale.

The particulate filter according fo claim 1, wherein the calcium aluminale has a specific
surface area of no more than 10 m?g, in a fresh state.

The particulate filter according to claim 1 or 2, wherein the calcium aluminate has a specific
surface area of no more than 10 m?g, after 4hr calcination in air at 1000°C.

The particulate filter according lo any one of claims 1 fo 3, wherein the calcium aluminate
has a Dop of 6 10 400 um, preferably 10 to 200 pm.

The particulate filter according to any one of claims 1 {0 4, wherein the calcium aluminate
has a bulk density of 0.2 io 3.0 g/fom®, preferably 0.3 to 1.8 glom®.

The particulate filter according to any one of claims 1 to 5, whersin the mass ralic of
aluminum oxide to calcium oxide is 1.1 10 9, preferably 1.5 {o 5 in the calcium aluminate.

The particulate filter according to any one of claims 1 {0 §, wherein the calcium aluminats
comprises no more than 20% wi, preferably no more than 15% wi, more preferably no
more than 10% wt of an inorganic impurity, calculated as its oxide.

The particulate filter according to claim 7, wherein the inorganic impurily comprises atleast
one of silicon, titanium, magnasium, iron, copper, zirconium, cerdum, barium.

The particulate filter according {o any one of claims 1 fo 8, wherein the functional material
layer is coated in a parliculate form, preferably coated in a particulate form via gas phase
carrier.

The particulate filler according to any one of claims 1 o 8, wherein the loading of the
functional material layer is between 0.1 and 100 g/L., and preferably between 1 and 75 ¢/l
and more preferably between 10 and 50 o/l

The particulate filler according o any one of claims 1 o 10, wherein the filler further
comprises a porous body comprising a plurality of pores, and a catabylic washeoat within
at least a portion of the plurality of pores; wherein the calalvtic washeoal comprises one
or more of a seleclive catalvtic reduction (SCR) catalyst, a diesel oxidation catalyst (DOC),
a three~-way conversion {TWC) catalyst, an AMOx catalyst, a NOx trap, a NOx absorber
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catalyst, a hydrocarbon trap catalyst;
wherein the catalytic washcoats are applied to the particulate filier prior {o application of
the functional material layer.

A systern for exhaust gas tfreatment from an internal combustion engine comprising: the
particulate filter according o any one of claims 1 to 11, and ons or more of a selective
catalvlic reduction {SCR) catalyst, a three way conversion {TWC) calalyst, a diesel
oxidation catalyst {DOC), an ammonia oxidation (AMOx) catalyst, a NOx trap, a NOx
absorber catalyst, a hydrocarbon rap catalyst.

A method for the reatment of exhausi gas from an internal combustion engine comprising:
{1} providing the particulate filter according to any one of claims 1-11, and
{2} conducting the exhaust gas from the engine through the particulate filler.

The method according fo claim 13, wherein the exhaust gas comprises unbumi
hydrocarbons, carbon monoxide, nitrogen oxides, and particulate matter.
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