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Abstract:

Catalytic filters are usable in hydrogenation and emissions control processes. The catalytic filters
include an open inlet into a hollow body and a closed end thereby forcing fluid or gas through a
porous catalytic layer of the filter. The catalytic layer includes inorganic fibers and a catalyst
disposed on or incorporated into the fibers.
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CATALYTIC FILTERS FOR HYDROGENATION AND EMISSIONS CONTROL

CROSS-REFERENCE TO RELATED APPLICATIONS
{0001} The present application claims benefit of 1J .8 Provisional Patent Application

No. 63/209,702 filed June 11, 2021, titled "“Catalytic Filters for Hydrogenation and Emisstons

¥4

Control,” which is incorporated herein by reference in its entirety.

TECHNICAL FIEL.D

[0002] The present disclosure relates to filters including fiber compositions, such as
catalytic fiber compositions, for use in ndustrial processes such as waste gas treatment,
hydrogenation, and dehydrogenation. More particularly, the disclosure is related to catalytic

10 filters for hydrogenation and/or emissions control of waste gas streams.

BACKGROUND
[O003] Many manufacturing, industrial and other processes generate waste gases which
must be processed to some degree prior to discharge into the environment. For example,
electrical power generation is sometimes performed by combusting carbon-based fuels to
15 generate heat, which can be converted into electricity via steam turbines. Simtlarly, concrete
and glass production plants combust fuels to generate heat as part of the production processes.
Further, internal combustion engines, which may be used in numerous systems, generate
electrical and/or motive power by combusting fuels, such as gascline or diesel fuel. All of
these processes are capable of generating waste gases which must be processed to a degree
20 prior to discharge to the environment.
(00041 These waste gases may include carbon monoxide, carbon dioxide, nitrogen
oxides, nitrous oxide, ammonia ship, sulfur oxides, hydrogen chloride, hydrogen fluoride,
arsenic, boron, fead, mercury, and other barmful gases (e g, unburned hydrocarbons ("HC”)
and volatile organic compounds (“VOUCY) and/or particles. Some or all of these undesirable
25 components of waste gases may be removed by various conventional techoiques, many of
which involve filters and/or catalyst supporis which may physically remove and/or chemically
alter the undesirable components prior to discharge to the enviroument.
[0005] Many of the conventional components for conducting these abatement

processes suffer from deficiencies. For example, in certain circumestances, ceramic honeycomb

CA 03220492 2023-11-27



WO 2022/261666 PCT/US2022/072869

filters/catalvst supports are used to remove and/or chemically modify undesirable commponents

found in exhaust gases. 'These supports may be undesirably heavy, may have low heat

S

tolerance, and/or may be expensive to install and/or operate.

[0006] An example of an industrial process which generates waste gases which must

W

be processed prior to discharge inte the environment is fluid catalvtic cracking ("FCC™)y. FCC
processes are used to convert high molecular weight hydrocarbons to more valuable shorter-
chain hydrocarbon groups, such as gasoline or olefins. FCC processes consume large amounts
of energy in producing steam, heating the feedstock, and regenerating the catalysts. FCC
processes would benefit from lower cost catalytic support materials which may reduce the
10 amount of energy required to catalyze the feedstocks and regenerate the catalyst support
materials, as well a5 materials which would increase the efficiency of processing the waste
gases generated by FCC processes.
{0007 Other industrial processes mway also benefit from improved catalytic support
materials, such as: synthesis of ethvlene oxide using silver catalyst on alumina; desulfurization
15 of petroleum using molybdenum-cobalt catalvst on alumina; benzene hydrogenation to
cyclohoxane using nickel/platinum catalysis;, production of synthesis gas ("syn gas”) using
nickel catalysts; reforming of naphtha using platinum and rhenium catalysts on alumina;
making epoxyethane using suver catalysts on alumina; or making sulfuric acid using vanadium
catalysts.
20 {0008} An issue that is common across all waste gas treatment devices {reactors) is
pressure drop {(dP). The dP has to be mitigated when designing the reactor for several reasons.
fo particular, tn a power generation sysiem, high dP will require additional purps to provide
the power needed to move tluid through the reactor/reactor beds or the high dP will vield

decreased power output. Further, high dP can result in crushing and compression of catalyst

N
A

material, which can damage the reactor and decrease efficiency. Additionally, high dP can
have negative effects on safety of pressure vessels and upstream systems. In conventional
reactors, in order o increase the surface area of the catalyst bed, additional material {e.g.,
catalyzed spheres or shaped materials} are added, but this undesirably increases dP.

(00097 What is needed is Hght-weight, high teraperature resistant, lower cost and/or
30 energy efficieni components for waste gas treatment systems and other manufacturing/

industrial processes that do not lead to increased dP. Such product forms may be capable of

b2
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replacing existing ceramic substrates such as spheres, powders, or monoliths with such

compositions/product forms.

BRIEF DESCRIPTION OF DRAWINGS
{0010} Embodiments of the subject matter are disclosed with reference to the
5  accompanying drawings which are for tllustrative purposes only. The subiect matter 1s not
fimited in its application to the detaiis of construction, or the arrangement of the components
tllustrated in the drawings. Like reference numerals are used to indicate like components,
unless otherwise indicated.
(0011} FIG. 1A is a diagrammatic view of a filter cartridge according to embodiments
10 of the present disclosure.
[0012] FIG. 1B is a diagrammatic cross-section of the filter cartridge of FIG. 1 taken
along line B-B.
[0013] FIG. 2 is a diagrammatic view of two filter cartridges arranged in series
according to embodiments of the present disclosure.
15 {0014} FIG. 3A is a perspective view of a filter structure according to embodiments of
the present disclosure.
[0015] FIG. 3B is a partial cutaway view of the filter structure of FI(G. 4.
[0016] Fiz. 4 i3 a parttal cutaway perspective view of a reactor mcluding a catalyst
bed formed of filter structures according to embodiments of the present disclosure.
20 [001T7] FIG. 5 is a perspective view of a filter usable in an emissions control unit
according to an embodiment of the present disclosure.
[0018] FIG. 6 is a side view of the filter in FIG. 4.
(0019} FIG. 7A 13 a perspective view of a filter usable in an emissions control unit

according to an embodiment of the present disclosure.

25 [00201 FIG. 78 1s a cross-sectional view of FIG. 7TA.
[0021] FI(3. B is a graph showing results from Example 1.
(00221 FIG. 9 is a graph showing results from Example 2.
[0023] FI(:. 1015 a graph showing results from Examnple 2.

3
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DETAILED DESCRIPTION
(0024} The following descriptions are provided to explain and illustrate embodiments
of the present disclosure. The described examples and embodiments should not be construed

to limit the present disclosure.

W

[0025] Turning to FIG. 1A, a filter cartridge 100 is depicted having an inlet 102, a
closed end 104, and a filter layer 106 positioned between the inlet 102 and the closed end 104
In some embodiments, the filter layer 106 may be contained belween an outer permeable layer
110 and an inner permeable laver 108, which together form a hollow body 112 within the filter
cartridge 100, In other embodiments, the filter cartridge 100 may include ounly one of the tnner
10 permeable layer 108 or the outer permeable layer 110, In yet other embodiments, the filter
cartridge 100 does not include either the inner permeable layer 108 or the outer permeable
taver 110. In some embodiments, the inner permeable layer 108 and/or the outer permeable
tayer 110 comprise a porous screen, wherein the porous screen may comprise, for example, &
metal mesh or stainless-steel wire cloth. In some embodiments, the inner permeable layer 108
15 is a metal mesh having a first mesh size and the outer permeable laver 110 is a metal mesh
having a sccond mesh size.  In such cmbodiments, the first and sccond mosh sizes may be
equal or different. In some embodiments, the first mesh size 1s smaller than the second mesh
size. In other embodiments, the first mesh size 1s farger than the second mesh size. Each of
the inner permeable layer 108 and the outer permeable fayer 110 may serve as structural
20 support for the filter cartridge and/or serve to contain the material forming the filter layer 106,
which is described in more detail below.
[0026] The inlet 102 allows fluid, such as waste gas in need of treatment, to enfer an
tnterior of the hollow body 112, As shown in FIG. 1A, the inlet 102 may be a converging inlet,

That is, the inlet 102 may include a restriction, wherein an upstream end of the inlet 102 has a

N
A

larger cross-section area (or diameter) than a downstream end of the inlet 102, In some
embodiments, the restriction may have a straight profile (i.¢, narrow at a steady rate). In such
embodiments, the inlet 102 may inchude a surface that deviates from a fongitudinal axis of the
filter cartridge 100 by about 30 degrees, about 10-60 degrees, or about 20-40 degrees. In other
embodiments, the restriction may have a curved profile. The curved profile may be convex or
30 concave. In some embodiments, the curved profile is convex with respect to an interior of the

inlet 102, In some embodiments, the curved profile has a degree of curvature of about 20
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degrees, about 30 degrees, about 10-60 degrees, or about 20-40 degrees.  In some
embodiments, the inlet 102 includes a venturi tube. In some embodiments, the inlet 102 hasa
length of about 10-120 mm, about 30-90 mm, or about 60 mm, wherein the restriction may
occur aver the entire length or a portion thereof.

(00271 The closed end 104 is positioned opposite the inlet 102 such that fluid flows out
of the filter cartridge 100 through side portions of the hollow body 112 between the inlet 102
and the closed end 104 {(i.e, through the {ilter layer 106). In some embodiments, the closed
end 104 is a solid sheet, such as a metal end cap. In other embodiments, the closed end 104
may be permeable or semi-permeable and may include a filter material, such as that forming
the filter layer 100, optionally including one or more permeable layers, such as the inner and
outer permeable lavers 108, 110 described herein. In yet other embodiments, the closed end
104 may be sealed by a second filter cartridge, as described in detail below with reference to
FIG. 2.

[0028] Turning to FIG. 18, which is a diagrammatic cross-section of FIG. 1A taken
along line B-B, the inner permeable layer 108 may be cylindrical and have a diameter d {also
reforred to herein as the inner diameter of the filter cartridge 100), the filter layer 106 may have
a thickness equal to do, and the outer permeable layer 110 may be cylindrical and have a
diameter of ditd> (also referred to herein as the outer diameter of the filter cartridge 106). In
some embodiments, the filter cartridge 100 may have an outer diameter of about 130 mm,
about 135 mm, about 50-200 mm, about 70-180 mm, about 90-1606 mm, or about 1106-150 mm
in some embodiments, the filter cartridge has an inner diameter {d1} of about 75-80 mm, about
70-85 mm, aboui S0-100 mm, or about 40-120 mm. In one or more embodiments, the filter
cartridge 100 has a length L of about 1000 mm, about 300-350 mm, about $0-3000 mm, about
100-2000 mm, about 500-1300 mum, about 800-1200 mm, or about 200-1100 mm. In some
embodiments, the filter cartridge 100 comprises a flange 114 at one end thereof. The flange
114 may be perforated and may be configured to secure the filter cartridge 100 in place and
fimit vibration thereof. In some embodiments, the filter cartridge 100 may exclude the flange
114. In some embodiments, the flange 114 may be configured io be affixed to 2 mounting
plate, e.g., in the housing of a reactor.

[0029] The filter layer 100 is porous and allows fluid to flow thergthrough. The filter

tayer 106 may be catalyzed 1n order to aid in treatment of one or more pollutants contained

W
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within the fluid (waste gas). The filter layer 106 may include inorganic fibers and a catalyst,
such as those described 1n U S Patent Application Publication No. 20190309455 A1, which is
incorporated herein in its entirety. In some embodiments, the tibers have a median diameter

of about 1-13 microns, about 4-10 microns, about 4 microns, about 5-9 microns, about 6-8

W

microns, or about 7 microns. In some embodiments, the catalyst is a platinum group metal. In
some embodiments, the catalyst 1s platinum, rubidium, antimony, copper, silver, palladium,
ruthenium, bismuth, zine, nickel, cobalt, chromium, cerium, titanium, iron, vanadium, gold,
mangangse, of combinations thereof In some embodiments, the catalyst 1s present in an
amount of about §.1-40 wi%s, about 1-20 wit%, or about 3-10 wi%s, based on a total weight of
10 the fibers and the catalyst.
[0030] in some embodiments, the filter layer 106 has a thickness 42 of about 25 mm,
about 10-40 mm, about 15-35 mm, about 20-30 mm, about 535-65 mm, about 30-70 mm, about
40-80 ram, or about 30-100 mm. In one or more embodiments, the filter layer 106 may have
a density of about 0.1 g/cc, about G.05-0.5 g/ce, about 0.075-0.3 g/cc, about 0.09-0.23 g/ce, or
15 about 0.1-0.2 g/ce.
[0031] in some embodiments, the filicr layer 106 has a variable density. For example,
in some embodiments, the density of the filter layer 1s higher near the inlet 102 and/or near the
closed end 104 as compared with a middle portion of the filter layer. By wnereasing the density
at one or hoth of the ends of the filter layer 106, the filter cartridge 100 may have a tighter seal
20 to minumize or eliminate fluid passing through untreated. In some embodiments, the density
of the filter layer 106 may be variable along the length thereof in order to even out fluid flow
through the filter layer 106.
{00321 Although the filter cartridge 100 is depicted herein as having a cylindrical

shape, it is not so limited and may be, e.g., a triangular prism, a square prism, a rectangular

N
A

prism, an irregular shape, etc. Fach filter cartridge 100 may be configured to suit the particular
needs of the industrial process in which it is being emaployed.

[0033] Turning to FIG 2, in some embodiments, a plurality of filter cartridges 100a,
100b...100n may be arranged in series to form a filter structure 1000, In such embodiments,

3

an end 104a of a first filter cartridge 100a opposite the tnlet 102a may be “sealed” by a second

30 filter cartridge 100b. That is, the end 104a may be partially or fully open to the second filter
cartridge 100b. In such embodiments, the second filter cartnidge 100b {or final filter cartridge

)
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if more than two filter cartridges are aligned in series) includes a sealed closed end 104b, such
as those described above. Accordingly, the overall filter structure 1000 18 sealed such that al}
of the fluid entering the first inlet 102a is forced to pass through the filter layer 106a, 106b of
at ieast one of the filter cartridges 100a, 100b. The first inlet 102a and the second inlet 102b
may be as described above with respect to the mnlet 102, In some embodiments, the second
infet 102b 18 straight, i.¢., parallel to a longitudinal axis of the second filter cartridge 100b.
[0034] In some embodiments, the second filter cartridge 100b includes a flange 114b
that 1s configured to attach to the first filter cartnidge 1004, In some embodiments, the first
filter cartridge 100a may include a structure proximate the end 104a configured to attach to the
flange 114b. For example, the first filter cartridge 100a may include perforations at end 104a
that align with perforations of the flange 1 14b.

[0035] in some embodiments, the end 104a may include a filter laver positioned
between the first filter cartridge 100a and the infet 102b of the secound filter cartridge 100b. To
such embodiments, the filter laver of the end 104a may include components such as the filter
tayer 106, the inner permeable layer 108, and the outer permeable layver 110 described herein.
In somc embodimonts, the end 104a may be more permcable than the filter layer 106a of the
first filter cartridge 100a.

[0036] In some embodiments, the filter structure 1000 comprises two filter cartridges
100a and 100b. In some embodiments, the filter structure 1000 comprises at least two filter
cartridges 100a, 100b . 100n.  Bach of the filter cariridges 100a, 100b.. 100n may be as
described herein with respect to the filter cartridge 100, In some embodiments, the filter
structure 1000 includes filter cartridges 1003 and 100b that differ in length, inner diameter,
outer diameter, filter layer thickness, filter layer composition {fiber type, catalyst type or
amount, fiber diameter, fiberlength, etc), filter layer thickness, filter laver density, and/or inlet
configuration. In some embodiments, each of the filter cartridges 100a, 1060h.. . 100n is
identical except that the last filter cartridge includes a sealed end cap (or an end cap comprising
a filter layer) while the other filter cariridges have a permesable end opposite their respective
inlet that allows tluid to tlow into the inlet of the adjacent downstream filter cartridge.

(00373 fu some embodiuments, the filter structure 1000 may be modular and comprise
two or more filter cartridges, wherein the filter cartridges 100a, 100k, .. 100n may be connected

to one another onsite. This design allows for easier installation in applications where space 1s
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limited {e.g., in a reactor). The modular desigo also allows for casy retrofitting of the filter
structures 1000 into existing reactors.
{0038] in some embodiments, the filter structure 1000 comprises two filter cartridges

100a and 100b connected in series, wherein a flow distribution between the first and second

W

filter cartridges 100a and 100b differs by 1% or less. As used herein, the flow distribution is

measured as the volume percentage of fluid that passes through the filter layer 106a versus the

filter layer 106b.

{0039} In one or more embodiments, filter cartridge 100 {or filter structure 1000) may

form a portion of a catalyst bed of a reactor, such as a hydrogenation reactor, wherein fhad

10 {gas and/or lguid) processed through the reactor undergoes catalytic hydrogenation. For
example, the fluid may undergo selective hvdrogenation of diolefins to avoid gum and green
oil formation, conversions of light mercaptans and sulfides into heavier sulfur molecules,
and/or conversions of acetylenes and dienes to primarily olefing. A plurality of filter cartridges
100 may be used as the catalyst bed of a reactor, with the number of filter cartridges 100 being

15 determined based on the dimensions of the reactor and the filter cartridges 100,

[0040] A conventional tail-cnd  hydrogenation reactor including catalyst beds

comprising catalyzed spheres may have the specifications as shown in Table 1 below.

[0041] TABLE 1.
Conventional Catalyst Bed
Bed Length 335m
Bed Diameter 39Zm
Bed YVolume 40 m3
29110 kg
Mass of Spheres (2-4 mm)
291 MT
Total Support Surface Area 30,900 mz
Gas Linear Velocity (Face Velocity) 3.9 /s
Bulk Density of Reactor 0.72 g/cc
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Space Velocity {GHSV) 4205 hr'i

{00421 Conversely, a taii-end hydrogenation reacior comprising catalyst beds

comprising filter cartridges 100 described herein may have the specifications as shown in Table

2 below.
5 [0043] TABLE 2
! e Difference from Conventional
Catalyst Bed with Filter Cartridges Catalyst Bed
Fiber Volurue 4.0 mS 10X Less
Total Mass of Fiber 400.0 kg 70X Less
Total Mass of Filters 3.0 MT 10X Less
Total Filter SA 104,000 mz 3X More
(as Linear Velocity {Face Velocity} 0.34 m/s 12X Less
Space Velocity (GHSV) 47500 hrhl 10X More
[0044] As shown above, using the filter cartridges 100 according to the present

disclosure allows for vastly increased throughputs, faster flow potential, and better use of
existing bed space. The reactor using filter cartridges 100 also consumes less energy and

10 allows for better heat transfer due to the increased surface area. The filter cartridges 100 can
be retrofitted into existing reactors and the compact design thereof allows for installation
through existing access points. The replacement of a standard fixed bed of pellets, spheres,
etc. with the filter cartridge array will increase the surface area of the svstem resulting in
improved yield, while reducing the volume and waight of the catalyst.

15 [0045] Further, the array of the filter cartridges 100 or filter structures 1000 described
herein can reduce the overall dP of a reactor bed by increasing the frontal area of the system.
Using conventional catalyst beds, additional shaped material would be added to increase the
catalyst surface area. If the externals of the reactor are not changed, this addition of catalyst

mass would dramatically raise the dP of the system. Conversely, as noted above, the filter

9
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cartridges 100 or filter structures 1000 increased frontal surface area, which reduces dP. That
is, the increased dP caused by additional surface area of the filter cartridges 100 or filter
structures 1000 is offset by the increased frontal surtace area thereot such that the overall dP
of the catalvst bed can be maintained or lowered.

(0046} According to emvbodiments of the present disclosure, the ratio of surface area to
dP in a reactor bed comprising the filter cartridges 100 or filter structures 1600 can be increased
by a ralic of 3 or more as compared (o conventional reaclor beds.

100471 Referring to FIG. 3A, a perspective view of the filter structure 1000 15 shown.
F1(3. 3B is a partial cutaway perspective view of the filter structure depicted in FIG. 3B. FIG.
4 depicts a reactor 2000 comprising a plurality of filter structures 1000 affixed to a mounting
plate 1500 to for a catalyst bed 1600, Note that FIG. 4 depicts an incomplete catalyst bed 1660
to show details, whereas, in operation, all of the openings in the mounting plate 1500 would
have a corresponding filter structure 1000 affixed thereto, Although the filter structures 1006
are depicted as being affixed above the mounting plate 1500 in FIG. 4, the opposite
configuration 18 alse contemplated, wherein the filter structures 1000 may be hung from the
mounting piatc 1500, In oporation, waste gas may flow in cither dircction through the reactor
2000, That ig, in some embodiments, waste gas may be infroduced through port 1100 of the
reactor 2000 to the inlets 102a of the filter structures 1000 and flow radially outward through
the filter layers 106a, 106b and out through port 1200 of the reactor 2000. In other
embodiments, the waste gas may enter through port 1200 and be forced radially inward through
the filter layers 106a, 100b and exit through the inlets 102a of the filter structures 1000 and out
of the reactor through port 1100,

{00481 Also disclosed herein is an emissions control unit, which may be used for a
wide variety of flue gas treatments, such as CO oxidation, NGy reduction, and CO» capture.
The emissions control unit may include one or more filter moduies 202, as shown in FIG. 5
and FIG. 6. Each of the filter modules 202 includes one or more filters 204. In one or more
embodiments, the module 202 is a rectangular prism having dimensions of about 150 mm by
about 150 mm by about 300 mm, about 50-250 mm by about 50-250 mm by about 100-500
mm, or about 100-200 mm by about 100-200 mm by about 200-400 mm. In some
embodiments, the module 202 is shaped and sized 1o fit existing emissions control units and

replace traditional monolith filters.

10
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[0049] Each filter 204 in the module 202 includes at least one inlet 206 and at least one
closed end 208 opposite the inlet, such that gas flows into the inlet 206 and out through a
porous catalytic layer 210, The catalytic layer 210 comprises at least one pleat. That is, the
catalytic layer 210 is a folded sheet, which thereby forms the closed end 208 at the fold of the
pleat and the inlet 206 opposite the closed end 208 The catalytic layer 210 may be formed of
the same materials as the filter layer 106 described above. A thickness of the catalytic layer
210 may be aboul 9 mm, aboutl 5-40 mm, about 7-30 min, about 9-20 mum, or about 8-15 mm.
A density of the catalytic layer 210 may be about 0.1 g/ce, about 0.05-0.5 g/ee, about 0.075-
.3 gfce, about 0.09-0.25 g/ee, or about 0.1-0.2 g/cc.

[0050] In some embodiments, the filter 204 includes one or more permeable support
layers 212, The permeable support lavers 212 are porous and may be formed of, e.g., metal
screens, which may comprise a metal mesh or fabric. In some embodiments, the filter 204
does not include any permeable support layers 212,

[0051] in some embodiments, the filter 204 include one or more suppaort layers 214
positioned between the pleated layers of the catalytic layer 210, The support layers 214 may
be shaped to match the dimensions of the pleats to provide rigidity to the filter 204 and maintain
a shape of the catalytic layer 210. The support layers 214 may be perforated to allow transverse
flow of waste gases within the filter 204

[0052] Referring to FIG. 7A, in some embodiments, the module 292 includes a
plurality of filters 204 contained within a housing 213, wherein adjacent filters 204 may be
separated by dividers 220. In some embodumnents, the filters 204 are supported by pins 216.
The pins 216 may be posttioned at each fold of the pleated catalytic layers, thereby mamntaining
the structure thereof. The pins 216 may include fasteners {(e.g., nuts or washers) 1o secure the
pins 216 to the housing 218 of the module 202, In some embodiments, the pins may be
threaded to accommodate the fasteners. FIG. 7B is a cross-section view of the module 202 in
FIG. 7A and shows the location of the ping 216 within the catalytic layer 210 structure. In
FIGS. 7A and 78, each filter includes a single continuously pleated catalytic tayer 210, In
some embodiments, the pleats are about 4-12 inches in height. In such embodiments, the pins
216 may be spaced by a distance equal to the pleat height.

[0053] in some embodiments, the module 202 has a depth (measure in a direction from

the inlets 206 to the closed ends 208) of about 4-24 inches, about 6-18 inches, about 6-12

it
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inches, about 4 inches, about 6 inches, about 10 inches, about 12 inches, about 14 inches, or
about 16 inches. In some embodiments, the module 202 has a width of about 6-40 inches,
about 12-40 inches, about 24-36 inches, about ¢ inches, about 10 inches, about 18 inches, about

20 inches, about 22 inches, about 24 inches, about 30 inches, about 36 inches, or abhout 40

5 inches. In some embodiments, the module 202 has a height of about 6-40 inches, about 12-40
inches, about 24-36 inches, about 6 inches, about 10 inches, about 18 inches, about 20 inches,
about 22 inches, about 24 inches, about 30 1nches, about 36 inches, or about 40 inches.

{0054 A conventional emissions control unit comprising a monolithic catalyst support
may have the specifications as shown in Table 3 below.
10 [0055] TABLE 3
Conventional Emissions Control Unit
Bed Length 150 mm
Bed Width 150 mm
Bed Depth 300 mm
Monolith Volume 6,750 co
Mass of Monolith 0.55 kg
Total Monolith Surface Area 13 m
Specific Surface Area 2,520 m?/m’
(Gas Linear Velocity (Face Velocity) 1.5 m/s
. e CENETOU -1
Space Velocity (GHSYVY) 17,000 hr
[0056] Conversely, an emissions control unit comprising the module 202 described

herein may have the specifications as shown in Table 4 below.
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[0057] TABLE 4

DHfferance from Conventional

Module Emissions Control Unit N - -
Emissions Control Unit

Fiber Volume 2,600 cc 35X Less
Total Mass of Fiber 0.20 kg 3X Less
Total Mass of Unit 1.3 kg Even
Total Support Surface Area 116 mz OX More
2 Velneity = Fihe ace
(Gas ‘ml@utyf at ‘I%IC \Flbu’ {Face 14 s 10X Less
Velocity)
Space Velocity {GHSV) 60,400 hrt 3.5X More
[0058] Using the module 202 described herein can maintain a similar or lower

incumbent pressure drop {e.g., about 2 mbar or less) while providing the potential for lower

5 CO and VOO oxidation and NOy reduction temperatures.  Further, active catalysts can be
directly applied to the fiber in the catalytic laver 210 without a wash coat (the same is true of
filter layer 106}, The greatly increased surface arvea of the support (., fibers in catalytic layer
210) provides more available catalyst thereby improving reaction efficiency.

10 EXAMPLES
Example 1
(00391 Computer Fluid Dynamics (CFD) analysis was used to analyze flow
15 distribution and residence time across first and second filter cartridges aligned in series, as in

filter structure 1000 shown in FIG. 3. In particular, each of the first and second filter cartridges
included a 17 thick and 328 mm long filter layer having a uniform density of 0.11 g/cc. The
inner diameter was 77 mm, the outer diameter was 135 mm, and the filter structure was
positioned inside a conduit having a diameter of 190 mm. The operating pressure was 3 bar
20 and the volumetric flow to the infet was 61.4 m/hr. Pressure loss of the fiber layer was

separately calibrated.
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{0060} A first test was run with straight inlets for cach of the filter cartridges and fibers
having a diameter of 7 microns {7-micron fibersy. The resulting distribution was calculated as
48 0% in the first tilter cartridge and 52% in the second filter cartridge.

(0061} A second test was run with straight inlets for each of the filter cartridges and

W

fibers having a diameter of 4 microns {4-micron fibers) The resulting distribution was
calcolated as 48.9% in the first filter cartridge and 51.1% in the second filier cartridge.
(0062} A thitd test was run with siraight inlets for each of the filier cariridges, the 4-
micron fibers and a modified metal support structure around the fiber layer comprising less
“dead zone” (i.e., 2 more porous support with a smaller solid, impermeable portion around the
10 peripheries thereof). The resulting distribution was calculated as 49% in the first filter
cartridge and 51% in the second filter cartridge.
[0063] A fourth test was run with the same parameters as the third test but with the
addition of a converging inlet for the first filter cartridge. The resulting distribution was
calculated as 49 4% in the first filter cartridge and 50.6% in the second filter cartridge. This
15 resultis shownin FIG. 8 There was no discernible difference in residence time between fluid
in the first cartridge versus fluid in the sccond cartridge.
[0064] In the above tests, it was found that as the difference in distribution increases,
significant non-uniformities are observed in the first filter cartridge while flow in the second
filter cartridge is significantly more homogenous. As such, the seemingly slight improvements
20 vielded by modifyving the inlet configuration and fiber geometry in the second and third tests
greatly improved the flow distribution within the first filter cartsidge.
[0065] There is a very delicate balance between increasing the active surface area in a
reactor {resulting in increased vield} without sacrificing any benefit through auo increase in dP.

Increasing the frontal area of the catalvst bed will reduce the face/ linear/ approach velocity of

N
A

the fluid to the catalyst bed. In doing so the dP will be lower relative to a bed with a smaller
frontal area. Using the filter structure 1000 described herein in a catalyst bed allows for the
introduction of additional frontal area. The addition of muliiple sections of the {ilter structure
1000 reduces the dP while still providing a uniform fluid flow distribution between the multiple
cartridges 100a, 100b... as the residevcy time of the fluid traveling in the filter layers 106a,

30 106h . can be configured to be nearly identical, as shown above.

14
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[0066] By minimizing the difference in fluid distribution between the cartridges, the
filter structure 1000 can be more efficiently utihized. That i3, uneven tlow distribution can
vield dead zones where catalvst is underutilized.  As such, the filter structure 1000 described

herein can be effectively use the catalyst while increasing the frontal area and limiting dP.

W

[O06T] Pressure drop (dP) was determined {or three samples arranged in diflerent
contigurations. {Une comparative sample was a 4”7 diameter disc containing 19 g of fiber and

10 having a thickness of 17 ("fiber disc”). A second comparative sample was a commercial
material comprising 130 g of shaped pellets (“commercial material”). The third configuration
(“product form™) was a tube shaped form, as shown in FIG. 2, containing 8300 g of fiber. Due
to the increased frontal area, the third configuration had a dramatically lower dP, as shown in
FIG. 9.

15 [0068] In FIG. 10, the commercial material {referred to as “Pellets”) was compared
with the product form on a basis of dP per surface area. As shown, the filter structure {(product
form) provides a much lower pressure drop por available surfacce arca, thereby cnabling a much
higher surface arca catalyst bed without undesirably increasing dP.

[0069] A reactor has been disclosed herein. The reactor includes a housing, one or

20 more catalyst beds disposed within the housing. Fach catalyst bed comprises a plurality of
hollow filters each comprising an open end, a closed end opposite the open end, and a porous
catalytic layer between the open end and the closed end; wherein the porous catalytic layer
comprises inorganic fibers and a catalyst. The reactor may include any one or more of the

following features:

[ 30]

3 {0076] wherein the porous catalytic layer comprises: a first catalytic portion
comprising first inorganic fibers and a first catalyst; 2 second catalytic portion comprising
second inorganic fibers and a second catalyst; and a non-porous connector portion positioned
between the first catalytic portion and the second catalytic portion; wherein the first inorganic

fibers are the same as or different from the second inorganic fibers and the first catalyst is the

d
hey
e?

same as or different from the second catalyst;
[0071] wherein the first catalytic portion differs from the second catalytic portion in
fiber composition, catalyst composition, density, thickness, and/or length;

15
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[0072] wherein the first catalyiic portion has a density of from about .05 to about 0.2
g/cm? and the second catalytic portion has a density of from about 0.05 to about 0.2 g/em
{0073} wherein the open end comprises a converging inlet having a cross-sectional area

that decreases from a first end thereof' to a second end thereof, wherein the second end 1s closer

W

than the first end to the closed end;
(00743 wherein a length of the inlet from the first end to the second end s from about
40 mm o aboul 30 mm, wherein an inner surface of the inlet is convex and bas a degree of
curvature of from about 10 to about 40 relative 1o a longitudinal axis of the hollow filter;
[0075] wherein the porous catalytic layer is 2 bollow cylinder having an inner diameter
10 thatis about equal to a diameter of the inlet at the second end;
[0076] wherein the porous catalytic layer has a density of from about 0.05 to about 0.2
g/cm”; and wherein the inorganic fibers have a median diameter of from about 4 microns to
about 10 microns;
[0077] further comprising a third catalvtic portion comprising third inorganic fibers
15 and a third catalyst; and a second non-porous connector portion positioned between the second
catalytic portion and the third catalytic portion; wherein the third tnorganic fibers are the same
as or different from the first and/or second inorganic fibers and the third catalyst is the same
as or different from the first and/or second catalyst; and/or
[0078] wherein the first catalytic portion has a length of from about 300 mm to about
26 2500 ram; and wherein the second catalytic portion has a length of from about 300 num to about
250G mm.
[D079] A method of forming a catalyst bed and treating a waste gas has been disclosed
herein. The method includes affixing a first holiow filter to a mounting plate, wherein the first

hollow filter comprises: a first open end; a second open end opposite the first open end; a first

N
A

porous catalytic fayer disposed between the first open end and the second open end, the first
porous catalytic layer comprising first inorganic fibers and a first catalyst; and a flange
extending radially outward from the first open end; wherein affixing the first hollow filter
comprises securing the flange to the mounting plate. The method further includes affixing a
second hollow filter to the first hollow filier to form a filter unit, wherein the second hollow
20 filter comprises: a third open end; a closed end opposite the third open end, the closed end

being nonporous; a second porous catalviic layer disposed between the third open end and the

16
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closed end, the second porous catalytic layer comprising second inorganic fibers that are the
same as or different from the first inorganic fibers and a second catalyst that is the same as or
ditferent from the tirst catalyst; and a second flange extending radially cutward from the third

open end; wherein affixing the second hollow filter comprises securing the second flange to

W

the second open end of the first hollow filter. The method may include any one or more of the

following features:

{00801 wherein the [irst open end comprises a converging inlet having a cross-sectional

area that decreases from a first end thereof to a second end thereof, wherein the second end 1s

closer than the first end to the second open end;

10 [0081] wherein the first porous catalytic layer has a density of from about .05 to about
0.2 g/om’ and the second porous catalytic laver has a density of from about 0.05 to about 0.2
g/cm”;

[0082] wherein the first hollow filter has a length of from about 360 mm to about 2500
mm; and wherein the second hollow filter has a length of from about 300 mm 1o about 2300

) min;

(00831 further comprising introducing a pressurized waste gas into the first opon ond
to foree the waste gas through the first porous catalytic layer and the second porous catalytic
faver, wherein the waste gas comprises a pollutant and the first and/or second catalyst is
capable of reducing or oxidizing the pollutant;

20 {00843 wherein the filter unit is configured to distribute the waste gas through the first

porous catalytic layer and the second catalytic layer such that a volume percentage of waste

gas through the first porous catalytic layer is less than 196 different than a volume percentage
of waste gas through the second porous catalytic layer; and/or

{0085} further comprising installing a plurality of filter units on the mounting plate to

N
A

form a catalyst bed, each filter unit compriging a first hollow filter and a second holiow filter.
[00R5] An emisstons control module has been disclosed herein. The module includes
a housing; and a filter disposed within the housing, wherein the filter comprises a porous filter
layer pleated to form at least one open end and at least one closed end opposite the open end;
and wherein the porous filter layer comprises inorgasic fibers and a catalyst. The module may

30 include any one or more of the following features:

.
~1
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[0087] wherein the porous filter layer comprises a plurality of pleats that form a
plurality of open ends and a plurality of closed ends opposite the open ¢nds; and/or
{0088} wherein the filter comprises a plurality of porous filier layers each pleated to

form an open end and a closed end apposite the open end.

W

{0080} Although the present disclosure has been described with reference to
embodiments and optional features, modification and varniation of the embodiments herein
disclosed can be loreseen by those of ordinary skill in the art, and such modifications and
variations arg considered to be within the scope of the present disclosure. It is also to be
understood that the above description is tntended to be illusirative and not restrictive. For
10 instance, it is noted that the diameter, length, thickness, and density values described above are
iltustrative only and can be readily adjusted by one of ordinary skill in the art to fit a wide
range of potential reactors and processes. Many alternative embodiments will be apparent to
those of ordinary skill in the art upon reviewing the above description. Additionally, the terms
and expressions emploved herein have been used as terms of description and not of limitation,
15 and there is no intention in the use of such terms and expressions of excluding any equivalents
of the future shown and deoscribed or any portion thoreof, and it is recognized that various

modifications are possible within the scope of the disclosure.
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CLAIMS

What is claimed s
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A reacior comprising:
a housing;
oune or more catalyst beds disposed within the housing, each catalyst bed comprising:
a plurality of hollow filters each comprising an open end, a closed end opposite
the open end, and a porous catalytic layer between the open end and the
closed end;

wherein the porous catalytic laver comprises inorganic fibers and a catalyst.

The reactor of claim 1, wherein the porous catalytic layer comprises:

a first catalytic portion comprising first inorganic fibers and a first catalyst;

a second catalytic portion comprising second inorganic fibers and a second catalyst;
and

a non-porous connector portion positioned between the first catalytic portion and the
second catalytic portion;

wherein the first tnorganic fibers are the same as or different from the second tnorganic

fibers and the first catalyst is the same as or different from the second catalyst.

The reactor of claim 2, wherein the first catalytic portion differs from the second
catalytic portion in fiber composition, catalyst composition, deusity, thickness, and/or

fength.
The reactor of claim 2, wherein the first catalytic portion has a density of from about
0.05 to about 0.2 g/em’ and the second catalytic portion has a density of from about

0.05 to about 0.2 g/em”

The reactor of claim 1, wherein the open end comprises a converging inlet.
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The reactor of claim 5, wherein a length of the inlet from the first end to the second end
is from about 40 mm to about 80 mm; and
wherein an inner surface of the inlet is convex and has a degree of curvature of trom

about 10 to about 40 relative to a Jongitudinal axis of the hollow filter

The reactor of claim S, wherein the porous catalytic layer is a hollow cylinder having

an inner diameter that is about equal (o a diameter of the inlet at the second end.

The reactor of claim 1, wherein the porous catalytic layer has a density of from about
0.05 to about 0.2 g/cm?; and
wherein the inorganic fibers have a median diameter of from about 4 microns to about

7 microns.

The reactor of claim 2, further comprising a third catalytic portion comprising third

inorganic fibers and a third catalyst; and

a sccond non-porous connector portion positioncd between the sccond catalytic portion
and the third catalytic portion;

wherein the third tnorganic fibers are the same as or different from the first and/or
second inorganic fibers and the third catalyst is the same as or difterent from

the first and/or second catalyst.

The reactor of claim 2, wherein the first catalytic portion has a length of from about
300 mum to about 25300 mm; and
wherein the second catalytic portion has a length of from about 300 mm 1o about 2500

mim.

A method comprising.

affixing a first hollow filter to a mounting plate, wherein the first hollow filter
COMPTises:
a first open end;

a second open end opposite the first open end,



W

20

N
A
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a first porous catalytic layer disposed between the first open end and the second
open end, the first porous catalytic laver comprising first inorganic
fibers and a tirst catalyst; and

a flange extending radially outward from the first open end;

wherein affixing the first hollow filter comprises securing the flange to the
mounting plate; and

affixing a second hollow liller o the first hollow filter to form a filter unil, wherein the
second hollow filter comprises:

a third open end;

a closed end opposite the third open end, the closed end being nonporous;

a second porous catalytic laver disposed between the third open end and the
closed end, the second porous catalviic laver comprising second
inorganic fibers that are the same as or different from the first inorganic
fibers and a second catalyst that is the same as or different from the first
catalyst; and

& sceond flange cxtending radially outward from the third open end;

wherein affixing the second hollow filter comprises securing the second flange

to the second open end of the first hollow filter.

The method of claim 11, wherein the first open end comprises a converging inlet.

The method of claim 12, wherein the first porous catalyiic layer has a density of from
about 0.05 to about 0.2 g/cm” and the second porous catalytic layer has a density of
from about 0.05 to about 0.2 g/cm”.

The method of claim 13, wherein the first hollow filter has a length of from about 300
mm to about 2500 mm,; and

wherein the second hollow filter has a length of from about 300 mm to about 2500 mm.

The method of claim 14, further comprising introducing a pressurized waste gas into

the first open end to force the waste gas through the first porous catalvtic layer and the
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second porous catalytic layer, wherein the waste gas comprises a poliutant and the first

and/or second catalyst 1s capable of reducing or oxidizing the pollutant.

The method of claim 15, wherein the filter unit is configured to distribute the waste gas
through the first porous catalyvtic layer and the second catalvtic layer such that a volume
percentage of waste gas through the first porous catalyiic layer is less than 196 different

than a volume percentage of waste gas through the second porous catalyiic layer.

The method of claim 11, further comprising 1ustalling a plurality of filter units on the
mounting plate to form a catalyst bed, each filter unit comprising a first holiow filter

and a second hollow filter.

An emissions control module comprising:

a housing; and

a filter disposed within the housing;

wherein the filter comprises a porous filter layer pleated to form at least one open ond
and at least one closed end opposite the open end; and

wherein the porous filter layer comprises inorganic fibers and a catalyst.

The module of claim 18, wherein the porous filter fayer comprises a plurality of pleats

that form a plurality of open ends and a plurality of closed ends opposite the open ends.

The module of claim 18, wherein the filter comprises a plurality of porous filter fayvers

each pleated to form an open end and a closed end opposite the open end.

3
3
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