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FILTRATION ARTICLES AND METHODS OF
MAKING AND USING THE SAME

BACKGROUND

[0001] This application claims to benefit of priority to U.S. Provisional
Application Serial No. 62/416,287, filed on November 2, 2016, which claims the
benefit of priority to U.S. Provisional Application No. 62/410,472, filed on October
20, 2016, the contents of each are relied upon and incorporated herein by reference in

their entireties as if fully set forth below.
Field

[0002] The present disclosure relates generally to filtration articles for
removing volatile organic compounds from a target gas stream and methods of

making and using said articles.
Technical Background

[0003] The quality of indoor ambient plays an important role to human
health. Formaldehyde (HCHO) emitted from buildings, furnishing materials and
consumer products is one of the most dominant volatile organic compounds (VOCs)
in indoor environments. Formaldehyde is known to cause nasal tumors, irritation to
various membranes of eyes, respiratory tract, and skin. Due to growing concern over
the adverse influence of airborme formaldehyde on health, abatement of formaldehyde
completely or, at least, to its maximum permissible exposure level (e.g., < 0.1 ppm) is
desirable in dwellings and at work places. It is of significant practical interest to abate

formaldehyde at low temperatures, especially at room temperature.

[0004] A survey of existing approaches for formaldehyde removal reveals
that catalytic oxidation is the only method that has the potential to continuously and
completely eliminate formaldehyde with minimal energy input. To meet the
requirements of low energy demand and low formaldehyde concentration for indoor
air cleaning, an extremely active catalyst is needed. One of the most active catalysts
known currently is supported platinum (Pt), which has proven effective for

formaldehyde oxidation even at room temperature. While significant progress has
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been made recently in developing new Pt-based catalysts, a filter featuring both
catalytic effectiveness and cost effectiveness is yet to be developed. Other transition
metal based catalysts have been used to oxidize formaldehyde, but these catalysts age

during use and have conventionally lost effectiveness quickly over time.

[0005] Accordingly, a need exists for a cheaper, longer-lasting catalytic
filter with sufficient stability and durability for removing VOCs from indoor ambient

air at lower (e.g., room) temperatures.

SUMMARY

[0006] According to embodiments of the present disclosure, an article for
removing a volatile organic compound from a target gas is disclosed. In
embodiments, the article includes a substrate and a conversion catalyst. In
embodiments, the substrate includes at least one porous partition wall. In
embodiments, the at least one porous partition wall includes a surface area less than
about 3000 m*/m’ and a porosity from about 45% to about 70%. In embodiments, the

conversion catalyst is within the pores of the porous partition walls of the substrate.

[0007] According to embodiments of the present disclosure, a method for
forming an article for removing a volatile organic compound from a target gas is
disclosed. In embodiments, the method includes contacting a substrate with a
precursor solution including a catalyst salt. In embodiments, the method includes
firing the contacted substrate to form a conversion catalyst with an at least one porous

partition wall of the substrate.

[0008] Before tuming to the following Detailed Description and Figures,
which illustrate exemplary embodiments in detail, it should be understood that the
present inventive technology is not limited to the details or methodology set forth in
the Detailed Description or illustrated in the Figures. For example, as will be
understood by those of ordinary skill in the art, features and attributes associated with
embodiments shown in one of the Figures or described in the text relating to one of
the embodiments may well be applied to other embodiments shown in another of the

Figures or described elsewhere in the text.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0009] The disclosure will be better understood, and features, aspects and
advantages other than those set forth above will become apparent when consideration
is given to the following detailed description thereof. Such detailed description

makes reference to the following drawings.

[0010] FIG. 1 is a sectional view of a portion of a filtration article,

according to embodiments of the present disclosure and Example 1.

[0011] FIGS. 2 & 3 are sectional views of portions of conventional

filtration articles described in Comparative Example 1.

[0012] FIG. 4 is a graph illustrating the linear relationship of cumulative
clean mass (CCM) (g) / catalyst loading (g) vs. substrate loaded porosity (%) /

substrate surface area (m”*/m’) for the six filters described in Example 1.

[0013] FIG. 5 is a graph illustrating the filtration efficiency (FE) vs. time
for the filtration articles of the present disclosure compared to conventional filtration

articles.

DETAILED DESCRIPTION

[0014] Unless defined otherwise, all technical and scientific terms used
herein have the same meaning as commonly understood by one of ordinary skill in the
art to which the disclosure belongs. Although any methods and materials similar to or
equivalent to those described herein can be used in the practice or testing of the

present disclosure, the exemplary methods and materials are described below.

[0015] Conventional catalytic filtration articles for removing VOCs from a
target gas are different than filtration articles of the present disclosure. Conventional
filtration articles have included catalysts supported by pellets in a packed bed. This
conventional approach has several limitations including: the high surface area of the
pellets quickly exposes all the catalyst to the target gas which may cause rapid
catalyst aging (particularly in the situation of non-precious metal catalysts);

conventional design approaches for packed beds which aim to maximize contact
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surface area between the target gas and the catalyst may cause rapid degradation and
short lifetime of non-precious metal catalysts; and lower surface area packed beds
have longer bed lengths that may require larger capital investments to enable a

sufficient reaction time in the packed bed.

[0016] Another conventional filtration article has included bulk solid
supports for catalysts. This conventional approach also has several limitations
including: catalyst loading on the surface is typically maximized to increase
interaction with the target gas; none of the catalyst is typically protected from
immediate interaction with the target gas to improve lifetime of the catalyst; any
catalyst within the body of the bulk solid support is typically not accessible by the
target gas due to the large loading of catalyst on the surface of the bulk solid support
or insufficient diffusion time. Conventional filtration articles have used precious
metal-containing catalysts (e.g., gold, silver, platinum) to increase lifetime of the
catalyst. However, precious metals are becoming more difficult to obtain and are

increasingly expensive.

[0017] Disclosed herein are filtration articles for removing volatile organic
compounds (VOCs) from a target gas. Filtration articles of the present disclosure
comprise a substrate including at least one porous partition wall; and a conversion
catalyst within the wall or within the pores of the at least one porous partition wall of
the substrate. In embodiments, the substrate includes a plurality of porous partition
walls defining a plurality of adjacent flow-through channels. The conversion catalyst
of the present disclosure is deposited or loaded within the wall or within the pores of
the substrate porous partition walls. In embodiments, at least 95 weight percent
(wt.%) or more, such 98 wt.%, of the conversion catalyst is within the wall or within
the pores of the substrate porous partition walls. Accordingly, less than 5 wt.%, such
as less than 2 wt.%, of the conversion catalyst is on the wall(s) of the substrate porous
partition walls. Filtration articles of the present disclosure benefit from the loading of
the conversion catalyst in the wall(s). This is compared to conventional loading
techniques of the conversion catalyst on the wall(s) or equally within the wall(s) and
on the wall(s). Filtration articles of the present disclosure achieve unexpected VOC

filtration results from in-wall loading of the conversion catalyst.

-
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[0018] The terms “within the wall(s)”, “in the wall(s)”, “within the wall
thickness”, “in-wall”, “in the pores™, and “within the pores™ are used interchangeably
herein to describe the location of the conversion catalyst with respect to the substrate
porous partition walls including: loaded and dispersed within the internal surfaces,
pores, and/or “pore necks” of at least one of the substrate porous partition walls;
distributed across the entire thickness of at least one of the substrate porous partition
walls defined by wall surfaces; inside pores contiguous the substrate partition walls
that define the plurality of adjacent flow-through channels; and/or not a substantially
continuous layer on the wall(s) defining the plurality of adjacent flow-through
channels. FIG. 1 is a scanning electron microscope (SEM) image of a cross-sectional
portion of an about 61% porosity monolithic substrate including the conversion
catalyst within the walls according to embodiments of the present disclosure. The
porosity of the substrate of FIG. 1 was about 65% prior or catalyst loading.
Conversion catalyst 102 (shown as white areas) is within pores 104 (open pores
shown as black areas within thickness T1) of walls 106 (shown as grey areas) defined

by wall surfaces 110. Wall surfaces define open flow-through channels 108.

[0019] The present disclosure provides that in-wall loading of the catalyst
in the substrate provides unexpected VOC filtration results. Without being limited to
any particular theory, as the target gas flows through the flow-through channels, the
in-wall loaded catalyst is not immediately exposed to the target gas. Instead, only the
catalyst in the wall and closest to the flow-through channels is first exposed. As
filtration operations continue, however, the target gas may diffuse into the wall and
interact with the catalyst. That is, degradation of the catalyst may start at the wall
surface 110 and progress inward toward the center of the wall over time. In the case
of a flow-through substrate, catalyst degradation may start on opposing wall surface
and progress toward the wall center as the target gas diffuses into the wall. In the case
of a wall-flow substrate (e.g., end plugged diesel-type particulate filter), catalyst
degradation may start on one wall surface and progress toward the opposing wall
surface as the target gas diffuses across the wall. Without being limited to any
particular theory, degradation of the catalyst may be attributed to the accumulation of

intermediate reaction products on the catalyst surface from the VOC in the target gas.
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Thus, the catalyst within the wall of the substrate is protected from rapid degradation

by diffusion resistance of the target gas.

[0020] The term “on the wall”, “on the walls”, and “on-wall” are used
interchangeably herein to describe the location of the conversion catalyst with respect
to the substrate partition walls including: on a surface of the substrate wall(s) and
inside at least one of the plurality of adjacent flow-through channels defined by the
substrate wall surface(s); and a substantially continuous layer on at least one of the
wall(s) defining the plurality of adjacent flow-through channels. FIG. 2 provides an
example scanning electron microscope (SEM) image of a cross-sectional portion of an
about 65% porosity conventional monolithic substrate including conversion catalyst
predominately on the walls thereof. In FIG. 2, conversion catalyst 202 (shown as
white areas) is substantially on the wall surfaces 210. Wall surfaces 210 define a
thickness Tx of the walls 206 (shown as grey areas) which include pores 204 (open
pores shown as black areas within thickness Tx). It can be seen that greater than
about 96% of conversion catalyst 202 is on wall surfaces 210 and is within flow-

through channels 208.

[0021]  The term “in-wall and on-wall” and “within the wall(s) and on the
wall(s)” are used interchangeably herein to describe the location of the conversion
catalyst with respect to the substrate partition walls including a combination of the
descriptions for “in-wall” and “on-wall” provided above herein. FIG. 3 provides an
example scanning electron microscope (SEM) image of a cross-sectional portion of an
about 63% porosity conventional monolithic substrate including conversion catalyst
in-wall and on-wall. The porosity of the substrate of FIG. 3 was about 65% prior to
catalyst loading. In FIG. 3, conversion catalyst 302 (shown as white areas) is both
within the wall(s) and on the wall(s) surfaces 310. Wall surfaces 310 define a
thickness Ty of the walls 306 (shown as grey areas) which include pores 304 (open
pores shown as black areas within thickness Ty). As can be seen, conversion catalyst
302 on wall surfaces 310 is within flow-through channels 308. In-wall and on-wall
coating may include < 95 wt.% of the conversion catalyst within the walls of the

substrate, with >5% on the walls of the substrate.



WO 2018/075863 PCT/US2017/057544

[0022] The substrate of the present disclosure is configured for loading of
the conversion catalyst within the pores of the substrate porous partition walls. In
embodiments, the substrate is a honeycomb substrate or a monolithic substrate. The
substrate of the present disclosure is configured such that the conversion catalyst can
be deposited or loaded within the pores of the porous partition walls. The present
disclosure provides that in-wall loading of the conversion catalyst in a solid support

substrate has led to unexpected VOC filtration results.

[0023] Without being limited to any particular theory, the inventors
postulate that for target gas volume including a low concentration (e.g., < 0.1 ppm) of
a VOC, the target gas need only contact a small amount of conversion catalyst for
VOC conversion to a desired by-product. This is contrary to conventional
understanding that the target gas should contact the maximum amount of catalyst for
effective conversion of VOCs. This is also contrary to conventional practices of high
on-wall conversion catalyst loading to increase the availability of the conversion
catalyst for contact with the VOC containing target gas. Without being limited to any
particular theory, the inventors postulate that the rate of aging or degradation of the
conversion catalyst is caused by exposure to the target gas. This is contrary to
conventional knowledge that the aging or degradation of the conversion catalyst is
related VOC conversion rate and conventional solutions of high on-wall loading.
Without being limited to any particular theory, the inventors believe that the aging or
degradation of the conversion catalyst may be attributed to the accumulation of
intermediate reaction products on the catalyst which may reduce catalyst interaction
with the target gas. Without being limited to any particular theory, the inventors also
believe that in-wall loading of the conversion catalyst protects or guards a majority of
the conversion catalyst from contact with the target gas. Thus, a majority of the in-
wall loaded conversion catalyst is temporarily protected from the target gas stream
flowing through the flow-through channels and can only be accessed by target gas

diffusion into the wall.

[0024] The present disclosure provides the conversion catalyst is within
the wall or within the pores of the at least one porous partition wall of the substrate.

The present disclosure provides exemplary properties of the substrate and the
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conversion catalyst such that: the catalyst can be loaded within the walls of the
substrate partition walls; the conversion catalyst is protected from rapid degradation
when the filtration article is exposed to the target gas stream; VOCs in the target gas
stream are able to diffuse into the wall of the substrate and contact the conversion
catalyst therein enabling a longer conversion catalyst lifetime; and the filtration article
has a pressure drop low enough for VOC separation processes (e.g., < 100 Pa, <75

Pa, <50 Pa, etc.).

[0025] Methods of making the filtration article of the present disclosure
include contacting the substrate with a precursor solution comprising a catalyst salt.
In embodiments, the catalyst salt is a metal salt including manganese nitrate, cerium
nitrate, magnesium sulfate, manganese chloride, and combinations thereof.  The
catalyst salt may also include other metal salts which contain a desired metal element
for a constituent metal oxide desired for the conversion catalyst. In some non-limiting
embodiments, the catalyst salt concentration in the precursor solution can range from
about 1% to about 50% by weight, such as from about 2% to about 40%, from about
3% to about 30%, from about 4% to about 25%, from about 5% to about 20%, from
about 6% to about 15%, from about 7% to about 10%, or from about 8% to about 9%
by weight, including all ranges and subranges therebetween. In embodiments, the
precursor solution may include a liquid carrier comprising water, acetone, ethanol,
propanol, ethylene glycol, dimethyl sulfoxide (DMSO), N,N-dimethylformamide
(DMF), N-methyl-2-pyrrolidone (NMP), pyridine, tetrahydrofuran (THF),
dicholormethane, xylene, hexane, and combinations thereof. The liquid carrier may
be configured such that the catalyst salt does not substantially change (e.g., > + 5%)
the viscosity of the precursor solution and is able to flow into the walls of the
substrate. In embodiments, the catalyst salt dissolves in the liquid carrier. The
viscosity of the precursor solution is configured to allow the precursor solution to
flow into the walls and pores of the substrate. In embodiments, contacting the
precursor solution and the substrate may include rinsing, washing, or flowing the
solution over the substrate. In example methods, contacting the substrate and the
precursor solution includes bath immersion, recirculated washing (with or without

vacuum), channel flushing, and similar methods to maximize contact between the
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precursor solution and the substrate and thereby improve in-wall loading of the

precursor solution in the substrate.

[0026] Methods of making the filtration article include firing the precursor
solution contacted substrate to form the conversion catalyst within the substrate
porous partition walls. Firing the precursor solution contacted substrate may include
heating, baking, or calcining at a temperature from about 100°C to about 600°C. In
embodiments, firing the solution contacted substrate oxidizes the catalyst salt at least
partially. In embodiments, firing the precursor solution contacted substrate removes
or evaporates at least a portion of the liquid carrier. In embodiments, firing the
precursor solution contacted substrate may include heating at a temperature above the
evaporation point of the liquid carrier in the precursor solution. In embodiments,
removal or evaporation of the liquid carrier in the precursor solution leaves the
conversion catalyst (or base metal oxide (BMO)) within the walls of the substrate. In
embodiments, the substrate including the BMO may be contacted with another
precursor solution including a silver nitrate salt. In embodiments, the substrate may
be fired again (similar to that described above) to form a silver oxide coating on the

in-wall BMO particles.

[0027] Methods of using the filtration article of the present disclosure
include contacting the filtration article with the target gas to remove at least a portion
of any VOC from the target gas. The terms “target gas™, “target gas stream”, and
“target gas volume” are used interchangeably herein to describe continuous stream or
constant volume of a gas containing any amount of a VOC. In embodiments, the
VOC is the species selected for separation from said target gas by filtration articles
disclosed herein. In embodiments, volatile organic compound(s) (VOC or VOCs)
may include benzene, ethylene glycol, formaldehyde, methylene chloride,
tetrachloroethylene, toluene, xylene, 1,3-butadiene, and combinations thereof. In
embodiments, the conversion catalyst of the present disclosure is configured to
reduce, oxidize, remove, or convert VOCs from the target gas to a desirable by-
product (e.g., water, carbon dioxide, oxygen, etc.). In the case where the VOC is

formaldehyde, formaldehyde concentration in the target gas may be from about 100

ppb to about 10 ppm, such as from about 0.1 ppm to about 2 ppm, such as from about

9.
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0.5 ppm to about 1.5 ppm, including all ranges and subranges therebetween. In
embodiments, the target gas is at about room temperature (e.g., 25°C). In
embodiments, the target gas (e.g., air) may be from the interior of an enclosure or
building or from the exterior of a building or enclosure. In embodiments, the target
gas may have a flow rate from about 1 L/min to about 7000 L/min, from about 50
L/min to about 1500 L/min, from about 100 L/min to about 1250 L/min, or from
about 750 L/min to about 1000 L/min, including all ranges and subranges
therebetween. The target gas flow rate may be pushed or pulled by a fan or other gas
pump through the filtration article. In embodiments, the target gas flows from an inlet
end to an outlet end of the filtration article through the flow-through channels. In
embodiments, the target gas diffusing into the walls of the filtration article contacts
the conversion catalyst contained therein. The conversion catalyst of the present
disclosure reduces, oxidizes, removes, or converts the VOCs in the target gas upon

contact therewith.

[0028] Filtration articles disclosed herein may provide improved filtration
efficiency while also exhibiting a relatively low pressure drop “penalty” (e.g., the
difference between the pressure drop of the unloaded substrate and the pressure drop
of the loaded substrate). As used herein, the term “pressure drop™ refers to the
resulting pressure drop of a fluid as it flows through the substrate or filter, from the
inlet end to the outlet end. Pressure drop measurements and values provided herein
refer to the “initial” pressure drop of the substrate, e.g., the first pass through the
substrate before it becomes loaded with catalyst. It is understood that pressure drop
across a substrate naturally tends to increase as the substrate becomes increasingly
loaded with catalyst and/or other particulate matter. In some embodiments, the
pressure drop of the filtration articles may be less than about 500 Pa, such as less than
about 400 Pa, less than about 300 Pa, less than about 200 Pa, or less than about 100
Pa, e.g., ranging from about 50 Pa to about 500 Pa, including all ranges and subranges
therebetween. According to additional embodiments, the pressure drop penalty of the
loaded substrate as compared to an unloaded substrate (of similar composition and
construction) may be less than about 200 Pa, such as less than about 150 Pa, less than

about 100 Pa, less than about 75 Pa, less than about 50 Pa, or less than about 25 Pa,
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e.g., ranging from about 25 to about 200 Pa, including all ranges and subranges
therebetween. In embodiments, the target gas flow rate and pressure drop across the
filtration article depends on the cross-sectional area of the reactor and the velocity of

gas through the reactor.

[0029] The substrate of the present disclosure includes at least one porous
partition wall. In embodiments, the substrate is a monolithic substrate or a
honeycomb substrate. In embodiments, the substrate includes a plurality of porous
partition walls defining a plurality of adjacent flow-through channels. In
embodiments, a cross-sectional area of the plurality of flow-through channels is from
about 60% to about 90%, or from about 65% to about 85%, of a total cross-sectional
area of the honeycomb substrate. The substrates may also have any variety of
configurations and designs including, but not limited to, flow-through monolith, wall-
flow monolith, or partial-flow monolith structures.  Exemplary flow-through
substrates include any structure comprising channels, porous networks, or other
passages through which the target gas can flow from one end of the structure to the
other. Exemplary wall-flow substrates include, for example, any structure comprising
channels or porous networks or other passages which may be open or plugged at
opposite ends of the structure, thereby directing fluid flow through the channel walls
as it flows from one end of the structure to the other. Exemplary partial-flow
substrates can include any combination of a wall-flow monolith with a flow-through
monolith, e.g., having some channels or passages open on both ends to permit the
fluid to flow through the channel without blockage. In certain embodiments, the
substrate may have a honeycomb shape, e.g., a structure comprising a plurality of
parallel channels or cells. In embodiments, the includes adjacent flow-through
channels having a substantially hexagonal cross-section (e.g., in a plane perpendicular
to the target gas flow plane), it is to be understood that the channels can have any
suitable geometry, for example, circular, square, triangular, rectangular, or sinusoidal
cross-sections, or any combination thereof. In embodiments, the substrate can have
any variety of shapes including, but not limited to, spherical, oblong, pyramidal,

cubic, or block shapes, to name a few.

-11-
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[0030] In embodiments, the substrate includes an inorganic material. In
embodiments, the substrate includes a glass, a glass-ceramic, or combinations thereof.
In embodiments, the substrate comprises cordierite, mullite, silicon carbide, silicon
nitride, aluminum titanate, calcium aluminate, zirconium phosphate, spodumene, and
combinations thereof. Other conventionally known extrudable, porous materials are

in accordance with the present disclosure.

[0031] Honeycomb substrates are often described in terms of cells (or
channels) per square inch (CPSI) of surface area of a cross-section of the substrate, as
well as interior wall thickness (107 inches). Thus, a honeycomb comprising 300
cells/in® and a wall thickness of 0.008 inches would be labeled as a 300/8 honeycomb,
and so forth. Exemplary honeycombs may comprise from about 100 to about 600
cells/in® (15.5-93.0 cells/cm?), such as from about 110 to about 400 cells/in® (15.5-62
cells/cm?), such as from about 150 to about 400 cells/in” (23.25-62 cells/cm?), or from
about 200 to about 300 cells/in® (31-46.5 cells/cm?), including all ranges and
subranges therebetween. Increasing the number of cells per unit area may increase
the pressure drop across the filtration article. According to embodiments, the porous
partition wall thickness T1 can range from about 0.007 inches to about 0.02 inches
(178-508 microns), such as from about 0.010 to about 0.016 inches (254-406
microns), such as from about 0.010 to about 0.014 inches (254-356 microns), from
about 0.011 to about 0.016 inches (279-406 microns), e.g., about 8 x 10°, 9 x 107,
10x 103, 11x10%,12x 10,13 x 107, 14x 103,15 x 107,16 x 107, 17 x 107, 18 x
107, 19 x 107, 20 x 107 inches or more, including all ranges and subranges
therebetween. Increasing the thickness T1 of the porous partition walls may allow for
loading more conversion catalyst in the walls. Larger wall thickness may also
increase the diffusion time of the target gas across the thickness T1 of the wall thus
protecting the catalyst at the center of the wall and may increase the lifetime (and

reduce degradation) of the conversion catalyst.

[0032] In embodiments, thickness T1 of a porous partition wall is defined
between adjacent flow-through channels of the substrate. According to embodiments,
the porous partition wall thickness T1 is greater than about 10 x 107 inches (or greater

that about 254 microns) such that some of the conversion catalyst within the wall is
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protected from interaction with the target gas in the flow-through channels, and is
only exposed to the target gas via diffusion of the target gas into the walls. The
honeycomb substrate lengths and/or diameters can range from one to several inches,
such as from about 1 inch to about 100 inches (2.54-254 cm), from about 1 inch to
about 36 inches (2.54-91.44 c¢m), from about 12 inches to about 24 inches (30.48-
60.96 cm), including all ranges and subranges therebetween. The length of the
substrate may be increased for higher concentrations of VOCs in the target gas and
the diameter of the substrate may be increased for larger target gas volumes and flow

rates.

[0033] In embodiments, the porosity of the porous substrate refers to pores
within the porous partition walls. The porous ceramic substrate can have any desired
3-dimensional shape, such as a cube, block, pyramid, cylinder, sphere, or the like,
with any suitable width, length, height, and/or diameter. In various embodiments, the
porous ceramic substrate may be formed as a monolithic structure, for example, via
extruding and/or molding techniques. Those having ordinary skill in the art are
familiar with the various techniques for making such ceramic monolithic structures.
In embodiments, the porous substrate has a porosity from about 10% to about 90%, or
from about 40% to about 70%, or from about 45% to about 70%, or from about 45%
to about 65%, such as about 35%, 40% , 45%, 50%, 55%, 60%, 65%, 70%, 75%,
80%, 85%, or greater including all ranges and subranges therebetween. This porosity
of the porous substrate refers to the porosity before the substrate includes the

conversion catalyst, also referred to as “the substrate unloaded porosity” herein.

[0034] In certain non-limiting embodiments, the pores within the porous
partition walls of the substrate have a mean pore size (Ds) from about 1 micron to
about 100 microns, such as ranging from about 2 microns to about 50 microns, such
as from about 10 microns to about 50 microns, such as from about 10 microns to
about 30 microns, or from about 15 to about 25 microns, or including all ranges and
subranges in between, e.g., about 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24,
25, 26, 27, 28, 29 or more microns, including all ranges and subranges therebetween.
Additionally, in some embodiments, it may be desirable to limit the number of larger

pores in the ceramic substrate, e.g., such that pores from about 50 microns to about
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150 microns or greater make up less than about 10% of the total porosity (Dgy). For
example, pores greater than about 150 microns may make up less than about 8%, less
than about 5%, or less than about 2% of the total porosity of the substrate. Similarly,
in some embodiments, it may be desirable to limit the number of smaller pores in the
ceramic substrate, e.g., such that pores from about 10 microns to about 1 micron or
less make up less than about 10% of the total porosity (Djg). For example, pores
smaller than about 5 microns may make up less than about 8%, less than about 5%, or
less than about 2% of the total porosity. This pore size of the porous substrate refers
to the porosity before the substrate includes the conversion catalyst. In embodiments,
the pores of the porous partition walls of the substrate are tortuously interconnected.
In embodiments, the pores of the porous partition walls of the substrate are
interconnected and form at least one flow path through the wall. In embodiments, the
walls of the substrate have a tortuosity from about 1 to about 10, such as from about 3
to about 7, such as from about 4 to about 6, including ranges and subranges

therebetween.

[0035] In certain non-limiting embodiments, the porous substrate includes
a surface area less than about 3000 meters squared per meter cubed of substrate
(m*/m’). In embodiments, the surface area refers specifically to the surface area on
the at least one porous partition wall or one the plurality of porous partition walls.
The surface area does not include the surface area within the walls of the substrate or
the surface area of the surface pores. That is, the surface area is calculated as if the
partition walls were perfectly flat, without indentations. In embodiments, the porous
substrate includes a surface area from about 1000 m*/m’ to about 3000 m*/m’, such as
from about 1500 m*m’ to about 3000 m*/m3, such as from about 1500 m*/m’ to
about 2500 m*/m’, such as 1250 m%m’, 1500 m*m’, 1750 m*/m’, 2000 m*/m’, 2250
m’/m’, 2500 m*/m’, 2750 m%/m’ up to about 3000 m*/m3, including all ranges and
subranges therebetween. This surface area of the porous substrate refers to the
surface area before the substrate includes the conversion catalyst, also referred to as
“the substrate unloaded surface area” herein. The inventors have discovered that the
substrate unloaded surface area disclosed herein allows for desired loading of the

conversion catalyst within the walls; provides for desired contact of the target gas
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with the conversion catalyst during filtration methods; and protects at least a portion
of the conversion catalyst from the target gas until the target gas diffuses from the
flow-through channels into the walls of the porous substrate. This is contrary to
conventional filtration articles which maximize the surface area of the substrate,
including greater than 3000 m*/m’, without consideration of implication to catalyst

degradation.

[0036] In non-limiting embodiments, the substrate includes a surface area
less than 2500 m*/m’, porosity greater than 60%, wall thickness greater than 254
microns, and the conversion catalyst within the walls of the substrate. In non-limiting
embodiments, the substrate includes a surface area from about 1500 m*/m’ to about
2500 m*/m’, porosity from about 45% to about 70%, a wall thickness greater than 254
microns, and the conversion catalyst within the walls of the substrate. In
embodiments, the substrate may include any combination of characteristics disclosed

herein including the conversion catalyst within the walls thereof.

[0037] In embodiments, the conversion catalyst is loaded within the wall
or within the pores of the at least one porous partition wall of the substrate. That is, in
embodiments, the conversion catalyst is provided within at least a portion of the
substrate unloaded porosity. In embodiments, the conversion catalyst is loaded within
the pores of the porous partition walls of the substrate. In embodiments, the loaded
porous partition walls include from about 0.01 g to about 1.0 g of catalyst per cubic
centimeter of the substrate (g/cm’), such as from about 0.04 to about 0.10 g/cm’, such
as from about 0.05 to about 0.09 g/cm’, or from about 0.06 to about 0.08 g/cm’. In
embodiments, the loaded porous partition walls include 0.01 g to about 1.0 g of
catalyst per gram of the substrate (g/g), such as from about 0.01 to about 0.9 g/g, such
as from about 0.1 to about 0.9 g/g, such as from about 0.1 to about 0.5 g/g, or from
about 0.15 to about 0.4 g/g.

[0038] In embodiments, the conversion catalyst includes an oxide of at
least one of: manganese, molybdenum, tin, cerium, scandium, titanium, vanadium,
chromium, iron, cobalt, nickel, and combinations thereof. In embodiments, the

conversion catalyst includes an oxide of at least one of: manganese, molybdenum, tin,
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cerium, and combinations thereof. In embodiments, the conversion catalyst includes
MnOx (where x=1, 2, or 4), MoQOs, SnO,, CeO,, and combinations thereof. In
embodiments, the conversion catalyst is essentially free of a precious metal (e.g.,
gold, silver, platinum) or precious metal oxides. In embodiments, the conversion
catalyst includes less than about 1.0 wt.%, or less that 0.1 wt.%, precious metal or
precious metal oxides. The conversion catalyst is loaded into the pores of the porous
partition walls according to the methods disclosed herein. In an embodiment, the
substrate is impregnated with the precursor solution then fired to form the conversion
catalyst or BMO in the walls of the substrate. In embodiments, the conversion
catalyst may be coated with another oxide, including silver oxide, after formation in

the walls of the substrate.

[0039] In embodiments, the conversion catalyst in the walls of the
substrate includes a median particle size from about 10 microns to about 80 microns,
such as from about 20 microns to about 50 microns, e.g., about 25, 30, 35, 40, 45 or
more microns, including all ranges and subranges therebetween. The porosity of the
at least one porous partition wall of the substrate decreases when the conversion
catalyst is loaded therein. That is, the porosity of the substrate loaded with conversion
catalyst in the walls is less than the substrate unloaded porosity. In embodiments, the
porosity of the substrate loaded with conversion catalyst in the walls is from about 5%
to about 70%, such as from about 25% to about 75%,. such as from about 35% to
about 60%, or from about 40% to about 55%, including all ranges and subranges
therebetween. In embodiments, the substrate loaded porosity is up to 10% less, such

as 9,8, 7. 6,5,4, 3,2, 1%, than the substrate unloaded porosity.

[0040] A ratio Rx is the ratio of the porosity of the porous partition walls
when the catalyst in loaded within the pores of the porous partition walls (i.e., the
substrate loaded porosity) to the surface area of the porous partition walls. That is,
ratio Rx is represented by the following expression:

loaded porosity (%)
Rx =

m2
substrate surface area (W)
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[0041] In embodiments, the ratio Rx for the filtration article is greater that
about 0.017. In embodiments, the ratio Rx for the filtration article i1s from about

0.017 to about 0.028, or about 0.019 to about 0.027.

[0042] In embodiments, filtration articles of the present disclosure have a
VOC filtration efficiency of at least 30% to about 99%, such as at least about 45%, at
least about 50%, at least about 60%, at least about 70%, at least about 85%, or at least
about 90%, or at least 95% or greater, e.g., ranging from about 50% to about 99%,
including all ranges and subranges therebetween. In embodiments, the filtration
efficiency is greater than about 40% for at least 40 hours of filtration (assuming for
constant flow rates and concentrations), or at least 45 hours, or at least 50 hours, or at
least 55 hours, or at least 60 hours, or at least 65 hours, or at least 70 hours or more of
filtrations, including all ranges and subranges therebetween. In embodiments, the
filtration efficiency is greater than about 40% for 4,380 hours or more, or 8,760 hours
(i.e., 1 year) or more. The filtration efficiency of the filtration article can be measured
by comparing the VOC concentration in the target gas before and after the target gas
passes through the filtration article. Filtration efficiency (FE) is calculated using the

following equation:

inlet VOC concentration — oulet VOC concentration

inlet VOC concentration

[0043] For a continuous stream of the target gas, the filtration efficiency
of the filtration article decreases over time due to catalyst degradation or aging. For a
target gas filtration operation, cumulative clean mass (CCM) of the filtration article

may be calculated using the following equation:
CCM = 2 FE X inlet VOC concentration X volumetric flow rate X time

[0044] CCM refers to the amount (mass) of VOC captured during the
target filtration operation. In embodiments, the CCM of filtration articles of the
present disclosure is from about 1 gram to about 100 grams, or from about 5 grams to
about 18 grams. In embodiments, the weight ratio of CCM to catalyst loading in the

wall of the substrate for filtration articles of the present disclosure is from about 1 g/g
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to about 5 g/g, or from about 1 g/g to about 4 g/g, or from about 2 g/g to about 4 g/g,
or even from about 2.33 g/g to about 3.87 g/g. In embodiments, the substrate includes

from about 0.01 gram to about 100 grams of conversion catalyst.
EXAMPLES

[0045] The present disclosure will be further clarified with reference to the

following examples which are intended to be non-restrictive and illustrative only.
Example 1

[0046] Six cordierite honeycomb substrates, each 1 inch in diameter and 4
inches long, were obtained. After determining the volume within the pores of the
substrate and the desired loading of catalyst, a precursor solution was prepared for
each in-wall loading of each substrate. The precursor solution for each substrate was
prepared by mixing cerium nitrate hexahydrate powder (e.g., from about 26 g to 44 g)
and manganese nitrate tetrahydrate powder (e.g., from about 14 g to about 23 g) such
that the molar ratio of cerium to manganese was about 1.1. The cerium nitrate and
manganese nitrate powder mixture was mixed with distilled water to form the
precursor solution. The amount of mixed metal salts and distilled water were back
calculated from the total pore volume of the substrate to achieve the desired catalyst
loading therein. Each of the six substrates were submerged in their respective

precursor solutions to fill the pores within the porous partition walls.

[0047] The substrates were removed from the precursor solution and
shaken and air-knifed to remove any residual precursor solution from their flow-
through channels. The precursor solution contacted substrates were each dried in a
humidity controlled oven at about 180°C for about 2 hours, and then fired at about
400°C in a highly ventilated oven (to remove decomposing nitrates therefrom) for
about 90 minutes. The dried substrates where then removed from the oven allowed to
cool to room temperature. After that, 5.83 g of silver nitrate was dissolved in 100 ml
of DI water. Then base metal oxide (BMO) coated honeycomb substrates prepared
above were soaked in the silver nitrate salt for about 1 minute. After clearing the

channels, the substrates were dried in air-vented oven at 180°C. Finally, the
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substrates were fired in an air-vented furnace at 300°C for 2 hours to form silver
oxide on the BMO particles. The properties of each of the six substrates are provided
in Table 1 below. FIG. 1is a SEM image of a cross-sectional portion of the filtration

article including substrate 5.

Table 1
Substrate #
1 2 3 4 5 6
CPSI 230 300 400 300 300 300
Wall 8 x107 9x10~ 4x107 8§x10° [10x10° |7x10”
thickness
(inches)
Unloaded 16.5 18.45 7.4 13.27 12.5 10.5
Substrate
weight (g)
Pore volume | 0.22 0.38 0.88 0.50 0.78 0.77
(cm’/g)
Unloaded 35% 48% 66% 56% 65% 65%
Porosity
D50 42 19.8 15.8 12.8 20.9 20.9
(microns)
OFA (%) 77.21 71.25 84.64 7421 68.34 77.22
Surface Area | 2099 2302 2898 2350 2255 2397
(m*/m’)
Catalyst 3.2 3.2 3.3 3.3 3.1 3.2
loading (g)
Catalyst In-wall In-wall In-wall In-wall | In-wall In-wall
Location
Catalyst 0.19 0.17 0.44 0.24 0.24 0.30
loading (g) /
Unloaded
Substrate
weight (g)
Loaded 28.5% 42.9% 56.1% 50.1% 60.5% 58.0%
porosity
CCM 3.5 6.5 8 9 12 10.6
(grams)
CCM/catalyst | 1.09 2.03 2.42 2.72 3.87 3.31
loading (g/g)
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Rx 0.0136 0.019 0.019 0.021 0.027 0.0246
SEMimage | N/A N/A N/A N/A FIG. 1 FIG. 3
Data points Purple Blue Orange Black Blue Pink

in FIG. 5 circles triangles diamonds | squares | diamonds | circles

[0048] The formaldehyde removal efficiency evaluation of the six filtration
articles of Example 1 was performed in a fixed-bed reactor, at room temperature, and
under atmospheric pressure. The filtration articles were individually wrapped with
Fiberfrax ceramic fiber insulation and inserted into a reactor tube. The tested
supported catalysts were exposed to formaldehyde laden air. Gaseous formaldehyde
was generated by a nebulizer that converted a formaldehyde solution into an aerosol.
The formaldehyde flow, which was driven by nitrogen, was then mixed with air,
leading to a typical feed gas composition of 1 ppm formaldehyde. The total flow rate
was 52 L/min, corresponding to a gas hourly space velocity (GHSV) of 104,000h™.
The outlet concentration of formaldehyde was measured for each filtration article to
calculate the filtration efficiency. The data points in FIG. 5 each indicate a
measurement. Testing was stopped when the filtration efficiency of the filtration
article reached about 30%. The filtration efficiencies of the six filtration articles are
provided and labeled in FIG. 5. The filtration efficiency (FE) measurements for each
of the six substrates in FIG. 5 are fitted with a line to show the approximate filtration
efficiency trend of filtration articles of the present disclosure. The CCM for each

filtration article was calculated and is provided above in Table 1.

[0049]  Fig. 4 is a graph illustrating a linear relationship between cumulative
clean mass (CCM) (g) / catalyst loading (g) vs. substrate loaded porosity (%) /
substrate surface area (m*/m’) for the six filters described above. A high R-squared
value of the linear relationship (> 99%) means that the reactor performance is
dependent on two geometric and material variables: loaded porosity and surface area
(with other process parameters kept constant). Filtration efficiency of filtration
articles of the present disclosure is directly proportional to loaded porosity and
inversely proportional to loaded surface area. The linear relationship of the

experimental data is described by the following equation:
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cCM substrate loaded porosity (%
(9) = 20555 x porosity OF) _ 4 679

catalyst loading (g) substrate surface area (%)

Comparative Example 1

[0050] Two comparative honeycomb substrates, each 1 inch in diameter
and 4 inches long, were obtained. After determining the volume within the pores of
the substrate and the desired loading of catalyst, a precursor solution was prepared for
each similar to that in Example 1. However, 20 mL of ammonium hydroxide was
provided in the precursor solution for each of these two comparative substrates to
precipitate the catalyst out of the solution. Subsequently, the two substrates where

dipped into the precursor solution to wash coat the solution thereon.

[0051] Residual precursor solution was removed from the substrate flow-
through channels with an air-knife. The precursor solution contacted substrates were
each dried in an air-vented oven at about 180°C for about 2 hours, and then fired at
about 250°C in air-vented oven (to remove decomposing nitrates therefrom) for about
90 minutes. The dried substrates where then removed from the oven allowed to cool
to room temperature. The properties of the two comparative substrates are provided

in Table 2 below.

Table 2
Comparative Substrate #
7 8
CPSI 300 300
Wall thickness (inches) 10 x10~ 10 x10°
Unloaded Substrate weight (g) | 12.5 12.5
Pore volume (cm’/g) 0.78 0.80
Porosity 65% 65%
D50 (microns) 20.9 20.9
OFA (%) 68.34 68.34
Surface Area (m°/m’) 2255 2255
Catalyst loading (g) 3.0 3.0
Catalyst location On-wall In-wall and on-wall
Catalyst loading (g) / Unloaded | 0.24 0.24
Substrate weight (g)
CCM (grams) 4.5 7.0
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CCM/catalyst loading (g/g) 1.5 2.33

Rx 0.026 0.026

SEM image FIG. 2 FIG. 3
Data points in FIG. 4 Green triangles Red squares

[0052] Each of the two comparative substrates were tested for
formaldehyde filtration efficiency under the same conditions as described in Example
1. Testing was stopped when the filtration efficiency of the filtration article reached
about 30%. The filtration efficiencies of the comparative filtration articles from
substrates 7 & 8 over time is provided in FIG. 5. The CCM for each comparative
filtration article was calculated and is provided above in Table 2. FIG. 5 provides that
in-wall loading of the catalyst may result in a higher filtration efficiency (FE) over a

longer period of time.

Gl 90 CC

[0053] As used herein, the singular forms “a,” “an,’

>

and “the” include
plural referents unless the context clearly dictates otherwise. Ranges can be
expressed herein as from “about” one particular value, and/or to “about” another
particular value. When such a range is expressed, examples include from the one
particular value and/or to the other particular value. Similarly, when values are
expressed as approximations, by use of the antecedent “about,” it will be understood
that the particular value forms another aspect. It will be further understood that the
endpoints of each of the ranges are significant both in relation to the other endpoint,

and independently of the other endpoint.

[0054] It is also noted that recitations herein refer to a component of the
present invention being “configured” or “adapted to” function in a particular way. In
this respect, such a component is “configured” or “adapted to” embody a particular
property, or function in a particular manner, where such recitations are structural
recitations as opposed to recitations of intended use. More specifically, the references
herein to the manner in which a component is “configured” or “adapted to” denotes an
existing physical condition of the component and, as such, is to be taken as a definite

recitation of the structural characteristics of the component.
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CLAIMS
What is claimed is:

1. An article comprising:

a honeycomb substrate comprising a plurality of porous partition walls

defining a plurality of adjacent flow-through channels,

the porous partition walls comprise a surface area from about 1500

m*/m’ to about 3000 m*/m” and a porosity from about 45% to about 70%,

a conversion catalyst within the pores of the porous partition walls of the

honeycomb substrate, and

the conversion catalyst removes a volatile organic compound from a

target gas.

2. The article of claim 1 wherein 95 wt.% or more of the conversion

catalyst is within the pores of the porous partition walls.

3. The article of claim 1 or claim 2 wherein less than 5 wt. % of the

conversion catalyst is on the walls of the porous partition walls.

4, The article of any one of the preceding claims wherein at least one of
the porous partition walls has a thickness of about 177 microns or greater between

adjacent flow-through channels.

5. The article of any one of the preceding claims wherein the porous
partition walls have a thickness from about 254 microns to about 635 microns

between adjacent flow-through channels.

6. The article of any one of the preceding claims wherein the honeycomb

substrate comprises cordierite, mullite, or combinations thereof.

7. The article of any one of the preceding claims wherein the conversion

catalyst is essentially free of a precious metal or precious metal oxide.

8. The article of any one of the preceding claims wherein the honeycomb
substrate includes from about 100 to about 400 flow-through channels per square

inch.

23-



WO 2018/075863 PCT/US2017/057544

9. The article of any one of the preceding claims wherein the pores within
the porous partition walls have a mean pore size from about 10 microns to about 50

microns.

10. The article of any one of the preceding claims wherein the conversion

catalyst has a mean particle size from about 20 microns to about 50 microns.

11. The article of any one of the preceding claims wherein the volatile

organic compound is formaldehyde.

12. The article of any one of the preceding claims wherein the conversion
catalyst comprises an oxide of at least one of: manganese, molybdenum, tin, cerium,
scandium, titanium, vanadium, chromium, iron, cobalt, nickel, and combinations

thereof.

13. The article of any one of the preceding claims wherein the porous
partition walls include a porosity from about 35% to about 60% when the conversion

catalyst is loaded within the pores of the porous partition walls.

14. The article of any one of the preceding claims wherein a cross-
sectional area of the plurality of flow-through channels is from about 60% to about

90% of a total cross-sectional area of the honeycomb substrate.
15. A formaldehyde filtration article comprising:

a substrate comprising a plurality of porous partition walls defining a plurality

of flow-through channels, the porous partition walls comprise a surface area,

a formaldehyde conversion catalyst loaded within the pores of the porous

partition walls of the substrate,

the porous partition walls comprise a porosity when the  catalyst is

loaded within the pores of the porous partition walls, and

wherein a ratio of the porosity of the porous partition walls when the
catalyst is loaded within the pores of the porous partition walls to the

surface area of the porous partition walls is greater than about 0.017.
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16. The article of claim 15 wherein the porous partition walls include an
unloaded porosity from about 45% to about 70% prior to loading with the conversion

catalyst.

17. The article of claim 15 or claim 16 wherein the porous partition walls

include a surface area from about 1500 m>/m’ to about 3000 m*/m’.

18.  The article of any one of claims 15-17 wherein at least 95 wt.% or

more of the catalyst is within the pores of the porous partition walls of the substrate.

19. The article of any one of claims 15-18 wherein less than 5 wt. % of the
catalyst is on the walls and outside of the pores of the porous partition walls of the

substrate.

20.  The article of any one of claims 15-19 wherein the catalyst comprises
an oxide of at least one of: manganese, molybdenum, tin, cerium, and combinations

thereof.

21.  The article of any one of claims 15-20 wherein the catalyst is

essentially free of a precious metal or precious metal oxide.

22.  The article of any one of claims 15-21 wherein the pores within the
porous partition walls have a mean pore size from about 10 microns to about 50

microns.

23.  The article of any one of claims 15-22 wherein the pores within at least
one of the porous partition walls are tortuously interconnected to form at least one

flow path through the wall.

24.  The article of any one of claims 15-23 wherein the catalyst has a mean

particle size from about 20 microns to about 50 microns.

25. The article of any one of claims 15-24 wherein the porous partition
walls have a thickness about 177 microns to about 635 microns between adjacent

flow-through channels.

26.  The article of any one of claims 15-25 wherein the substrate includes
from about 100 to about 400 flow-through channels per square inch of the cross-

section of the substrate.
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27.  The article of any one of claims 15-26 wherein the loaded porous
partition walls include from about 0.01 to about 0.10 grams of catalyst per cubic

centimeter of the substrate.
28. A method of making the article of claim 1 or claim 15 comprising:

contacting the substrate with a precursor solution comprising a catalyst salt,

and

firing the contacted substrate to form a conversion catalyst within the pores of

the porous partition walls.
29. A method of using the article of claim 1 or claim 15 comprising:

contacting the article with a target gas to remove at least a portion of any

formaldehyde from the target gas.
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