POROUS BODI ES AND METHODS CROSS REFERENCE TO RELATED APPLI CATI ONS

[ 0001] This description clainms the priority benefit of U S.

provi si onal patent application nunber 60/963,088, filed August 3,
2007, the disclosure of which is incorporated herein by reference.
BACKGROUND Technical Field [0002] The present invention relates
generally to reacting a fluid with a body, and nore particularly to a
body for reacting with a PORQUS BEPIES ANCDMETHO®RS at ed Art
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In sone cases, reactions occur at the interface between the fluid and
a surface of the body, and in sucf,cases.nit may be advantageous to
maxi mze this surface area (e.g., T a porous body). Reactions
bet ween a f¥uid gk a body may al so be used to nodify the body
itself. [0004] Muoy sutilghla: iBedibesiad! @nsMbetanil aidwilQrnedSant Gol. |
over 5% 10% 20% 4Q0% 60% 80% .or even over 90% porous). Porosity
may be conti nuous, anydpoi AoSUch tases, the fluid may substantially
saturate the body. Wien pushed by a suitable driving force (e.qg.,

pressure, palbaagerram@neti c field or other gradient in thernodynam c

potential) a flui be caused t ss., through the body. In some
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bodi es havigis heeR «kaRlkl saked RYouCRaRSRAGiohDbidtd Y BhiY ald W b&ly Shapiidolbd g
materials an o I’Tg)(}l(tl H@b&@%sef and increasingly conplex bodies require
the addition of re starting materials. For exanple, a catalytic
converter subsii8tle ndsybetlegdicyedutsonthiperonds ¢ aver SEhSFI%, 40%,

mechani cal gouaid,, Sutdn368 9Bt SRub! BRENT hfDe codBhubls SR in Qﬁh 584 8 eQHuid ma
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nmay have swowectf fipd @véd spriopertemegynaaidoterrighutluidenanerdeustsito pddhmgeh Fe O or
Fe203 to tdeods ok 8me ks anEdicsthaybblfeRoveSlidll Siiidg [p%!:iﬁj%tge ii@ihbughpiindary

phases, an atal ytic species could b imlar added, an

P ror overn 8 ips Mok e P A B T pRE Sde (TOHC S
further comgshertsndiooes]-Musy nlgetatobodiles) ngarceioglvah thy bigdires for
hi gh terrpe(e.@tgérs@m@pmls,]ie@i@stiha@also belsibGth MEE «SE¥QIAbsERAPORERLE, and in

sone cases, addjitional conpopents may inprove praoperties. For
exanpl e ﬂiOBé] Many g(r)HBES have been fabr%ated%?choosing Peiati\%ly pure starting nraterials

and mixing them, and increasingly complex bodies require the addition of more starting materials.
For example, a catalytic converter substrate may be required to have certain thermal, mechanical, aud
surface area properties, so might be made of cordierite (Mg AlL;Si50s), which may be made by
mixing MgO, A1203 and 5102 starting materials. Cordierite containing iron (Mg, Fe) AlySisOgg
may have some improved properties, and might be made by adding FeO or Fe,(Os to the
aforementioned mixture. Sintering aids, grain boundary phases, and catalytic species could be
similarly added, and improvements to many materials generally entail the addition of further
componems.

[0006]  Many useful bodies, particularly bodies for high temperature applications, include

several components, and in some cases, additional components may improve properties. For example,

[



mullite (3A1,03-23i0,) materials often have high strength at fairly
hi gh tenperatures (e.g., 1300 C), and U. S. patent 3,954,672
identifies certain cordierite-nmullite conpositions (i.e., of

i ncreased conpl exity) that have sone inproved properties over
mullite. As such, materials having generally inproved properties in
an application may often be nore conplex than known material s
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aspects involve treating a fluid with a porous body. Certain aspects
include a systemfor reacting fluid with a body. The system i ncl udes
a container having an inlet and an outlet, and a body within the
cont ai ner conprised of ash particles. The body nay have sufficient
porosity that the fluid reacts with the body during passage fromthe
inlet to the outlet (i.e., through the container). In sone cases, the
body may bechdiigpgsetha) hat thgedderie Gitrten. o gech ingtingts. sphemdchanstl sfehgfh ef nust
pass thr oulg;bphh&omd;yendluiymagecm@s a&ema‘; gt@mst f@mil Blgaisioh Qusifnhéh QIUltglaset

and a pore nnectivit

confi gure dl Cf ystalaﬂgllabinc s{rhcrur? Fl}y fﬂ?lfn'pac?' 8191 other f%(.:SmS s "faﬁ Iz_zl(s)ouCl % fehtalx 168uute}|n%lﬁs of
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react i ons cosfs GecknMet-ag sndpispédieteycflfcodssi Ng vari ous bodies to treat a
fluid. In some cases, a fluird nmay be an exhaust gas, which may

i ncl ude substances such as hydrocarbons, NOx, CO Hg, sulfur species,
and/or particulate matter. Liquids, including liquid netals, nay be
filtered. [ 0016] Vari ous net hods i nclude sel ecting an
application for which a porous body is required, selecting an ash
source with which to fabricate the body, and form ng the ash source
into a porous body for the application. One or nore subsets of
various particle size distributions nmay be selected. Certain

enbodi nents include filter beds conprised of ash particles.

[ 0017] Mat chi ng an ash source to an application may include the
determ nation of an application vector describing the application,
calculating a target body vector that describes an appropriate body
for the application, selecting a source material (which may include
an ash source), calculating a body vector based on the source
material, and conparing the cal cul ated body vector to the target body
vector. In sonme cases, various paranmeters are adjusted iteratively
until the calcul ated and target body vectors achieve a quality of
matching or fitting to each other. Body paraneters and application
paraneters may be adjusted. BRI EF DESCRI PTI ON OF THE DRAW NGS
[0018]FIG | is a diagranmatic representation of an exenplary

enbodi ment. [0019]FIG 2 is a diagranmtic representati on of an
exenpl ary enbodi nent. [0020]FIG 3 is a diagrammatic representation
of an exenpl ary enbodi nent. [0021]FIG 4 provides a diagrammatic
representation of a representative section of a channel enbodi nent.
[0022]FIG 5 is a diagrammtic representati on showi ng an alternating
channel design according to certain disclosed enbodi nents.




[0023]FIG 6 is a diagranmatic representati on of an exenplary

enbodi ment. [0024]FIG 7 is diagrammtic representation of an

exenpl ary enbodinent. [0025]FIG 8 is a flowhart of a process
according to certain enbodi nents. [0026]FIG 9 shows particle size
and conposition information for an exenplary ash source, according to
certain enbodi nents. [0027]FIG 10 shows particle size and

conposition information for SANB{ARRr ORKERBIVENYIONSh source. [0028] FI G
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associ at ed“ Wt
may be filters. Varlous bodies mclude catalysts to increase a rate of a chemical reaction. Some

bodies have porosity ranging from 4 to 98%. Some bodies include channels, through which a fluid
may pass substantially unimpeded. Some chanuels may pass completely through the body (e.g., from
a first side of the body near the inlet to a second side of the body near the outlet).

[0014] Porosity may include a pore size distribution, and may at least partially result
from the removal of a fugitive phase. A fugitive phase may be provided imtrinsically, as a residue
associated with an ash source. A fugitive phase may be added separately. Some bodies comprise
loose particles. Other bodies include bonded particles, and in some cases, bonding includes necks
between particles. Necks may be formed from cementitious bonding, which may include hydration
reactions among oxide components (e.g., Ca, Si, P, Mg, Fe, Al, and other oxides), and may include
the formation of C18, GiS, CiA, C,AF, phosphates and/or gypsum phases. Neck formation may
inclhude sintering and/or other high temperature reactions.

[0015] Methods provide for using various bodies to treat a fluid. In some cases, a fluid
may be an exhaust gas, which may include substances such as hydrocarbons, NOx, CO, Hg, sulfur
species, and/or particulate matter. Liquids, including liquid metals, may be filtered.

[6016] Various methods include selecting an application for which a porous body is
required, selecting an ash source with which to fabricate the body, and forming the ash source into a
porous body for the applicationr.  One or more subsets of various particle size distributions may be
selected. Certain embodiments include filter beds comprised of ash particles.

[6017]  Matching an ash source to an application may inchude the determination of an
application vector describing the application, calculating a target body vector that describes an
appropriate body for the application, selecting a source material {(which may include an ash source),
calculating a body vector based on the source material, and comparing the calculated body vector to
the target body vector. [n some cases, various parmneters are adjusted iteratively until the calculated
and target body vectors achieve a quality of matching or fitting to each other. Body parameters and

application parameters may be adjusted.



according to certain enbodi nents. [0034]FIG 17 shows CPFT

(cumul ative percent finer than) data describing the porosity of
several fired sanples. [0035]FIG 18 is a plot of average porosity
vs. nedi an pore dianeter for several bodies, according to certain
enbodi nents. DETAI LED DESCRI PTI ON OF THE | NVENTI ON [ 0036] A fluid
may be treated with a por ous body In select i npl enentations, a body
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MG awHi | |; Transport Phenonena (Bird, Stewart & Lightfoot, WIey).
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body characteristics u5|qun“cr opi ¢ parameters such as particle
size, porosity, density ! om”mnm zedistribution. Simlarly,
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desired chem c eact ven application,. and other

ref er ences nayﬁke ch %#dgéﬁﬁ*ﬁg %ﬁ?ﬁ%ﬁ?ﬁﬂtﬁm H@mﬁﬁgﬂﬁﬁﬁﬁyamﬁ&9§ to

i nprove mnechani cal propex$@esouﬂmnhmd$m@® clean, and the |ike. Many
reactions may be enabled by a catal yst, and an appropriate cat al yst
choice may be an effective way to use a "generic" substrate for a

w de range of reactions by choosing a catalyst or catalytic condition
appropriate for the reaction and incorporating it into, onto or with
the substrate. [0038] Sone reactions involving a fluid and a porous
body may entail imersing the body in the fluid and allow ng for
reaction via diffusion into the body or passage over a surface of the




i nclude a catal yst disposed on a surface of the body, surfaces of the
particles, in the fluid, a particular surface treatnent or condition
associ ated with the body, and/or conbinations thereof. Catal ysts nmay
include Goup VIIl netals, Pt-group netals, rare earth oxides, oxides
of Fe, NN, Co, M, C, W M, V, Nb, Ta, Re, Cu and m xtures thereof.
For exanple, it may be advant ageous to cat al yze t he deconposition of
NOx, the conbusti on ofDEIBIUIHIDE yHiOdc@r BHASNVEREIOMN bust i on of soot
particul ates, ot e S y
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of diverse conpositions and phases. For exanple, Gottschalk et. al.
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graphite) and/or inorganic nmaterials (e.g., ice). A fugitive phase
may be included as discrete particles, as a substantially continuous
phase, or as a coating or other adherent phase associated with the
particles. A fugitive phase may be a conmponent of the ash particles
as produced by the process yielding the ash (e.g., the residual soot
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Ash sources may be diverse in chemical composﬂmn phase assemblage, LOL
(loss on ignition), particle size, and other factors. Ash particles may range from below 100 nm to
above | curin size. In select aspects, ash particles range from about 1 micron to about 70 microns in
size. In some cases, larger ash particles (e.g., above 20 microns} may be used to incorporate larger
porte sizes, and smaller ash particles {(e.g., below 5 microns) may be used to incorporate smaller pore

sizes. In certain cases, a body contains regions having different sized particles, and each region
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35 14-x x El k Creek (VAT) bitum nous ash 57 30 1 6.7 1 [1]
Pul veri zed Onio 5/6/7 blend ash 38 39 1 13 2

provides a complementary feature. In some exanmples, a first region provides structural properties and
a second region provides fluid treatment properties. In certain embodunents, small particles provide
fluid treatment properties, and larger particles support the smaller particles.  Various embodiments
include first particles providing mechanical properties and second particles providing high surface
area {e.g., over 30 m*2/g).

f0045] In many cases, ash particles may also include a substantial amount (e.g., greater
than 1%, 10%, 30%, 40%, 50%, or even greater than 60%) of an organic or other carbonaceous
species. Many combustion processes do not result in complete combustion of the fuel source, and so
resulting ash particles may be associated with one or more “partially combusted” or “uncombusted”
organic species.  For many ash materials, the telative percentage of inorganic to carbonaceous species
miay be characterized using LOIL, corresponding approximately to the amount of carbonacous species
removed from the as-produced ash material during a subsequent complete firing of the material in an
oxidative armosphere. Exemplary types of ash particles may include fly ash, waste incinerator ash,
bottom ash, volcanic ash, coal gasification ash, combustion ash, ash from biomass combustion or
gasification, ash from metallurgical processes, slags and other ashes. Ash particles may generally be
any shape, including but not limited to spherical, spheroidal, angular, platelike, whisker, hollow,
cenospheric, fibrous, and other shapes. Ash particles may comprise Class C fly ash, Class F fly ash,
and other classes of fly ash.

[00406] Ash particles may be obtained from a variety of sources, and the conposition of
the particles is generally a function of the process (and inputs to that process) used to create the ash
particles. For example, the combustion of municipal solid waste may create ash particles having
compositions associated with that particuiar waste stream {(e.g., household garbage, waste paper,
sewage solids, and the like). Coal combustion may produce a variety of ash sources, including fly
ash, bottom ash, boiler slag, flue gas desulfurization ash, gasification ash, and fluidized bed
combustiont ash. Ashes resulting from combustion may be characterized by the fuel source,
particularly the chemical composition (e.g., sultur content), geographical location of the source (e.g,.
Powder River Basin, Wyoming), coal quality (e.g., lignite, subbituminous, bituminous), and other
factors. Ashes may be characterized by their respective combustion conditions {e.g., temperature,
oxygen partial pressure). Ashes may be characterized by particle size distribution, chemical
composition, crystalline andfor amorphous structure, reactivity, LOL, and the like.

[0047] Some ash sources from a single combustor and fuel source may include a variety
of diverse compositions and phases. For example, Gottschalk et. al. describe ash containing hollow
cenospheres, spheroidal magnetite particles, silicates, various carbonaceous species, and particles of
various shapes, in addition to a range of particle sizes (Ceram. Trans. [119] (2001) 125-134). Other
ash sources may be fairly homogeneous. Ash particles having a diverse range of properties may be
obtained, due to the broad range of processes and inputs creating ash particles worldwide. Much as
the petrochemical industry integrates varying supplies and qualities of 2 raw material (e.g., cude oil)

into ountput products meeting a standardized set of requirements (e.g., gasoline), various embodiments
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[2] Wodak PRB coal ash 43 17 4 6 23 [2] 3,954,672 Conposition B 47
33 131 [3] 3,954,672 Conposition C 43 39

entail obtaining, evaluating, selecting, and optionatly modifying diverse ash sources, selecting one or
more subsets of the sources, forming the selected ash into bodies, and testing properties to determine a
fit for a selected application.

{0048} Ashes may include one or more phases having one or more components. Sonie
ashes may be substantially crystalline; some ashes may be substantially amorphous; some patticles
may be hollow. Ash patticles may be magnetic. Many sources of ash are relatively low cost. In
some cases, ash particles must be otherwise disposed of (if not used in a subsequent application), and
so the utilization of ash particles (e.g., in an application as described herein) may reduce disposal
costs. Particles may be characterized by a particle shape (or shapes), particle size distribution, and
interparticle connectivity (e.g., in the body).

{0049] A body may be formed, packaged or otherwise contained in a fashion sucli that
the fluid may be exposed to the body in a conirolled manner. A body may have mechanical integrity
(e.g., strength, elastic response) sufficient to meet structural requirements of an application. In some
embodiments, a body has a tensile strength above | MPa, preferably above 10 MPa, and more
preferably above 100 MPa. A body may include a deep bed of particles, a fixed bed, a fluidized bed,
or another assemblage of particles. Sonie bodies include a shear strength above | kPa, and preferably
above 10 kPa.

[0950] Porosity may refer to closed porosity and/or open porosity. Porosity may be
characterized by a pore size distribution, mean pore size, median pore size, pore shape, pore
connectivity, and other “pore-scale” factors, Porosity in the body may also be characterized with
various macroscopic factors such as % porosity {e.g., as compared to a dense body of similar
composition), permeability, permeation values, surface area, and the like.

[0051] An application may entail the use of a force during treatinent (e.g., 2 magnetic
field that stabilizes or aligns a body comprising magnetic particles). Certain aspects include bodies
that have low porosity (e.g., less than 10%, 5%, 2%) porosity. Other aspects include bodies having
moderate porosity (e.g., between 10 and 60%). Some embodiments may have high porosity (e.g.,
above 60%, above 70%, above 80%, or even above 90%). Various embodiments include bodies
having open porosity between 20 and 80%, and certain aspects incorporate substantially open regions
or channels or paths, whose incorporation may result in overall densities much lower than (e.g., 10%,
1G5, or even below (.15 of) a body not having such regions. Relationships between macroscopic
factors such as permeability and microscopic factors such as pore size may be calculated. Pore size
distribution may be predicted from a particle size distribution (optionally with particle shape data)
using standard models for particle packing or using references teaching such relationships. Often, a
first characteristic may be calculated, or at least mferred, from a second characteristic. Such data may
be used to choose an appropriate ash source from which to Fabricate a body for a particular
application. Various embodiments may be characterized by a specific surface area, and in some cases,
a specific surface area may be greater than 10, 100, 1000, 10,000, 100,000, or even |1E6 square inches

per gram. Certain embodiments include pores greater than 5 microns in size, and these pores
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comprise between 0.1 and 0.8 cm?™g of a body. A preferred implementation includes a coefficient of
thermal expansion below 8E-6/°C, preferably below 4E-6/°C, and niore preferably below 2E-6/°C.

[0052] Often, porosity characteristics must be optimized among conflicting
requirenients, such as permeation rate vs. mechanical properties. Additionally, some processes used
to form a body {such as molding, extrusion, slip casting, gel casting, doctor blading, and other
forming operations) require itput pastes, slips, or materials having specific viscoelastic properties,
which are often affected by the particle sized distribution of the associated ash particles and/for an
organic binder (which may also affect porosity}).

[0053] In some embodiments, porosity may be controlled via the use of an appropriate
particle size distribution, which may include the use of surfactants, stabilizers, stearic moieties {e.g.
tipids) and other compounds that affect or control the interparticle spacing and/or arcangement.
Porosity may be contiolled by using diverse sets of controlled particle sizes. Porosity may be
controlled by a forming operation, such as an applied pressure, & siitering process, or an elching
process. I certain aspects, porasity is at least partiafly controlled via the introduction of a fugitive
phase during forming, which generally affects the particles during a molding or forming process.
Subsequent to molding, the fugitive phase may be remwoved, leaving the desired porosity trait.

[0054] A fugitive phase may include organic (e.g., hydrocarbons, carbohydrates,
graphite) and/or inorganic materials (e.g., ice). A fugitive pﬁase may be incladed as discrete
particles, as a substantially continuous phase, or as a coating or other adherent phase associated with
the particles. A fugitive phase may be a component of the ash particles as produced by the process
yielding the ash (e.g., the residual soot or carbonaceous species associated with some fly ashes). A
fugitive phase may be added separately. Representative fugitive phases include carbon black,
starches, and polymers (inciuding polyethylene, polystytene, polyamides, PET, Polylactic acid,
polyvinyl alcohol, and others). Whiskers, fibers, platelets and other anisotropic shapes may also be
used as fugitive phases. In some aspects, a fugitive phase may include particles ranging from 10nm-
500 microns i size, and some embodiments include fugitive phase ranging from 100nm to 100
microns in size. Exemplary fugitive phases include graphite particles between 44 and 200 microns,
graphite particles below 44 microns, and carbon black having mean particle sizes between [00nm and
3 microns. Certain embodiments include large (e.g., >1mm or even >lem) fugitive phases. Fugitive
phases may include cellulose, charcoal, coal and other species. Various organic additives used to
control rheology, forming, denolding, and other formation aspects may also be fugitive phases.

[0055] Removal of a fugitive phase may include combustion. [n certain aspects, heat
resulting from this combustion may be used to enhance a firing or other processing step. Gas tlow
through the body may be used to control the combustion of a fugitive phase.

[0056] For many applications, a particular ash may provide a “pre-mixed” raw materials
source having a desirable composition. Thus, a cordierite body might be fabricated by choosing an ash
already having at least some (and preferably most) of the elenents necessary for formming cordierite.

Certain embodinents include matching an ash source, a forming process and an application requiring
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Mullite 3Al 203-2102 28 72 Spi net MgAl.204 72 28 1: Jung &
Schobert., Energy & Flue s (1992)r 67, 59-68. 3: U S. patent.#
3,954,672

a body, such that a body formed from the ash source according to the process may be appropriate for
the application.

fO0571 Ash particles may include substantial amounts of SiO2 and Al203. Some ashes
may also include substantial amounts of Fe species, and other some ashes often include Ca, Mg, and
other materials. Typically, these species are present as oxides. Often, ash particles will include
mixed oxides and/or mixed phases, which are readily identifiable through a combination of chemical
(e.g. energy dispersive spectroscopy, x-ray fluarescence, plasma-optical emission spectioscopy, etc.)
and physical (x-ray diffraction, particle size analysis, particle shape analysis) methods. In some
aspects, an ash having a composition that might be inappropriate for a first application is an excellent
choice for a second application. For illustrative purposes, and without intending to limit to any
particular ash source or application, Table | lists several ash source compositions, along with

comparable compositions of several useful materials.

Table 1 = Chemical Compositions of Certain Ashes and Certain Ceramics

Cosigosition wi¥e 202 wils AROS 1%%'1‘{_315@ widh Fe203 | with CaD Eeference|
‘Caordietite 20 gO-2A1203-53102 51 %5 1dx X

Elk Creek (WD hituminous ash 57 0 1 6.7 1 [
Pulvetized Ohio 5/6/7 blend ash 2% 39 1 13 2 [2]
Wvodak PEB coal ash 43 17 4 i 232
53,954,672 Compogition B 47 33 13 1 [3]
?3,954,6?2 Compogition C 43 9 11 1 [3]
3954672 Comgosition E 40 44 11 1 [3]
'MSW Incinerator Ash 18 ) 3 2 12 4]
Rullite JALO3-2502 23 72

Hninel MgAl0Od 72 22

L Tung & Schobert, Brnergy & Flials (199D[ 6], 5068, 3:U3 patent # 3,234,672

Ssames, Fuel Processing Technology (2003 109-125. 4 Cheng et al, Coram Jnfl, (2000779783,

[0058] For example, the composition of the Elk Creek bituminous coal ash in Table | is
relatively close to the composition of cordierite, and particularly close to a cordierite that is doped
with Fe. This ash could be a suitable choice upon which to base an Fe-doped cordierite material. By
starting with Elk Creek bituniinous ash from Table [, then adding approximately 8 wi?% ARZO3 and
8wt Mg, a renormalized composition of 51% 5102, 34% Al203, 8% MgO and 7% Fe203 may
result, which is close to a composition of Fe-doped cordierite. Similarly, Wyodak PRB coal ash may
be a useful material from which to form Gehlenite (2Ca0-Al203-8102), and several ash compositions
are close to nwllite-cordierite compositions of bodies having advantageous properties (shown as
compositions B, C, and E in Table 1).

[0059] Certain embodiments include a database of ash properties, forming processes, and

methods to calculate body vectors based thereon. An ash source may be matched to a desired
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properti €S, lBItiClﬁ}’l[‘ ash source {optionally subject to a particular forming process such as molding, firing,
burnout, etc.). These body vectors may be matched to one or more application vectors to evaluate
fit, and in some cases, adjustable parameters in the body vector inputs are iteratively optimized in
order to better match a body vector to an application vector. The application vector may also be
iteratively modified with the body vector in a calculafion that best matches an ash source, a processing
method, a set of geometrical and other constraints and other factors to a set of application constraints.

[0062] Exemplary ash sources, particle sizes, phases, compositions, and other ash

properties are disclosed herein for illustrative purposes. Similarly, properties of various bodies such
as shape, size, thermal characteristics, permeability, porosity, density and the like are for illustrative
purposes. Applications such as liquid metal filtration, exhaust gas mitigation, flue gas purification,
water treatment, diesel or direct-injection particulate removal, the catalytic removal of species {e.g.,
NOx, hydrocarbons, CO and other species), mercury removal, sulfur removal and the fike are for

iltustrative purposes.
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[ 0076] For applications not requiring flow through walls (e.g., a
catal ytic converter), plugging the ends may be unnecessary, and the
channel geonetry of body 510 (absent the end plugs 520) nmay be used
to maxi m ze a surface area available for reaction. In sone aspects,
it may be advantageous to incorporate porosity such that a body has a
surface area greater than 1102/g, 10 mA2/g, greater than 40 inA2/g,
or even gregke rboctielaa;a c&n@ﬁmwm, thied) @dc/ BOdi @Snotgyasdie 1f ahe éngadiechid £ om
SZBeﬁ oo p)gc%ﬂ,t ALMD QL e 8 AR B0 OGO fon PR 6 deabied RlARRSe s
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ot her [|i gnistcig@ntiaifdiigo 40 fpakdmaarehe ousadiingeneitakibyd betwwen 0. 01
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vi nyl S rlalgg&m@@apg!%%sﬁﬂgk% Yoob ﬁfe}opse%iaﬁ(gp%gﬁiﬁmasma hzégagppo@m@ly ;qw d

carri roxi mat e
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bei ng "emy gge.@;ogﬁg.amﬁhmmp be, JQGQaglrieﬁ?ge%r%@A gamg%%ﬁ;t)%m &9411??0’%4 tion

may be no re conl%onen
desi gned tfbﬁﬂre@a@%f’%tnwmﬁes %@hby &R "CohoMBRt & sersgtser Pive Paaery by
W t hout | | upitd B DEve a&v@ﬂ)ckﬁl tﬂQ;eEaﬁ‘diﬂ;tﬁ[Ql datle rebitiQRYip thiy®e p “t@i0), IIT(&h:ﬁI)
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unimpeded fluid flow within, while increasing exposure of the thuid to channel walls. In this example,
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[ 0084] Formi ng a body may include form ng cenentitious or other

hydr at ed bonds anong particles. Sonme ash conpositions nmay be capabl e
of form ng cenentitious bonds w thout additional conponents. In
certain cases, conplenentary conmponents (e.g., CaO MO, or other
conponents) are added to an ash conposition such that the conbi ned
conposi tion forms substantially cenentitious bonds. Some bodi es nay
i ncl ude pozEahaBibBkIB FRdmigdhSage mfbdghst&ni&iy&fatehhﬁéec taaythionghlawdieo e

addi tion Ofdn&ﬁ?[rﬁmnﬁ%ﬂe ﬂlt Er%ryeé n?et;l!sac ﬁilé!sQHe%Qﬁﬁjlc%d ahc?ﬂJ;cQ hw&ée@r&lr&fgh the
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such as 1(20 an , b dl?(%gt ese conponents. Bodies for use
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gas) . and tosls fBaty oS EH™ oD é*deap‘\ﬁ?l 4 kel b P et e ﬁrgg!ﬁ
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usef ul f orthik e kdiitl FegibrsohthOfedN@f., fit willd Spsuohchaselndls fren ciamteab®. or hot

gases. In s§g ﬁ&gu&{@gogl)g?e@&o%m@q {eGHD B A RenQEns QRGERS I Qls NG Udes a
range between 200 and degr ees Oel sius. In sone enbodi nents, a

body is foFREess WEV‘F%H&‘Ya"PF‘F‘f"g‘t‘ BRI PRt SEPPBRPT G ’“etlﬁ‘écab%%l’frm?s
treated w dhbmienl frbpaitick a0t Bicmbqugedpay tioll Cdudss bdiat 1 0arcassulhsdctirt bad | y

filtered basmhhﬁ d&gﬁg}{m %&}%xadpféla@ne@ RODY R, ,(Aﬁ@cwlgmm% cRAgLcl es),
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m crons and 2 mm may have porosity between 10 and 90% preferably
bet ween 20 and 80% nay have a nean pore size between 1 and 60
mcrons. In sone aspects, body 510 may have a nedi an pore size
between 4 and 22 microns. In certain enbodi ments body 510 is
characterized by a perneability of at |east 0.2E-12/nt2, and
preferably at |east 0.8E-12/in”2. In certain enbodi nents, body 510
may have alzh@atpraa@a_,cgietqyr teme B BN, a3 ofoptlre séofec tir30Kpa (pleRrnsgpme
cases, fin t aggl oner at ed
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aut onpbhi | e ffroad di esel

t I Qi or
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engine. antt 0 e b e AT SR ey R os el tabt Bloer of
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0.1nm3. O her b0|esma [','ij td may

b et veert T EOe: bSO OAMEEes ey e e R RS b
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size of a B} PRIAYpEONA 34§ bf methods exlst[tﬁﬁfaét}hle heQSicidkdperdR Rl fabal-1ans,

body 510 may be re ner a dur use,

regener at i 8H ¥ et ‘ﬂ Sed‘ie%"‘gé??ﬁrﬂl t ° Bﬁﬁ‘espg?rf'?talnignﬁi’eq’t“e“rm@‘amf‘t? Bh a
fluid str e@mcpasﬁsfmn(gndsIfﬁrgaugthubm@yle%m@iogﬂe@eh@%dé‘-tdlbaweenﬁw indtd%de

oxi di zi ng ﬁ%}élslﬁtgiﬁgg%ﬁr otl@pﬁignmymdnn Q&]Mlﬁui&f@lﬂ@%é %cu %&&ai@@@t\‘/@en‘ﬁ@gandSOO
600, 700, 800 90}0 1000, Fi vetn g%) p lm;os gect s, a
regenerat | U PRy ATEFS RErTHES i F%Srﬁ"*“é THBY6 jox

degr ees. Fgmitss ighoua pyghicomterignmay abyoighyss !9011qfi’é)yfh¢0é?BY fﬂefaﬂéﬂé’dneﬂwbﬁhma@h
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i s exposed““TRHRMEETE" X [5‘”55 4t 8I° (e Y egehera Hady 510
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tenper at ur ggqa e%{aagblﬁ Q{ara;emfac@&sfo&é @tgesi ovdod 1y t\re@ge&ﬁl[eQﬁlb&ﬂwntb neddddi ng
any"speci &3 @%Qg LG bieol D8y SRR b8y Dol B8 LHE o SREDELALL QN CY ! @
and/ or t helFSETgEY FieY'df FeS éy?%%@ V“ 1T egeRErattonRy =Y
Regener at i othemaye df Ad) wde backt | ushi ng [0095] Oertal n aspects include

the use of pr OG&IISPI S c%ﬁn eQxB&i\ﬂeﬁlt@ 2 FQlivd fi&e Galeg Whatih @Qra&kfe off0lgbd 5 ime
or dut Yy CyCl e associ at ed &]{t r.eat ment rocess, and ertain

cases, t he“aty" €L SRS P‘i“ﬁ‘&ﬂf ueitye phagrdnay “t‘?“fs“"%‘“raé&é?‘f%‘ ratt'oH Pr ocess
occurs. | nsuclerst 8y mh 63vivg dibrrenitisesiddbtndomrceusgatipe Adekitanphastigy deb b e. g.

in RAM or Qﬂed%gﬂa{aége\/%m @stan@NBAdd totnllo'a'?y f’dﬂﬁdg p10@e@se§{@§ ﬁiﬁfthﬁ:eiﬂ:ﬂﬁey may C| e
is cal cul ated, ofteéen use of

a body in #if 5&‘61“?‘3&3?59 %E‘i“}?i?fyﬂ‘é%g’e ﬁe%:‘tﬁqgi'F ?rnf’g““" ﬁ‘”"“PSt“ tp"éfe“[‘y%“e unti |
an end of pertdlst, yolwgi:@eratmdac]enms)@]m1@teg@_g@gxbleaﬂ]1ﬂygtqng|gm tipenigpitoHure
accor di ngl Yerd e fehiBled 16:@5€80ay@ duty cycle includes an estimated trip

13



may have | ower densities, and particles closer to the "bottom may
have hi gher densities. In many aspects, backflushing nmay be used to
cl ean body 610, and the resistance of body 610 to disruption due to
backfl ushing may be increased by using | ess dense particles near the
top/input and denser particles near the bottomoutput. Simlarly, a
filtration efficiency may be inproved by siting coarser particles
near i nput 620[0@$]H| f ihn@ftanpﬁifet:tis Q(L:ﬂ)‘ésuﬁ'tﬁafay RLHidalitd 6ACkh HPkddiidh &Rte ASh

Zgg: ggfl Q?I\é{)ll n [}1? ! tInFs gseg%irt% ngg \Vli\%n&laiqloon(é 1|S clf);gﬂfl)ouen?s cg‘q(}/ ulqr?uede wltFout ﬁngtﬁt(l:omoose
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distribution. In a(gre erred di ment, body 610 is stratified, with
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channels per square inch, and in some cases, fewer than (.1 channels per square inch. In certain
embodiments, body 510 has more than 600, 800, or even 1000 channels per square inch. Some
versions of body 510 may remove particulate matter from a diesel exhaust stream, including
particulate matter characterized as PM 10 and/or PM2.5 andfor other matter. In some examples,
particulate matter may be reduced to a level below [, 0.5, 0.1, 0.05, or even 0.01 g/bhp-hr, as
normalized to an engine of a particular brake horsepower generating the particulate matter being
removed by the body from the associated exhaust gas stream. Certain embodiments include a body
for removing at least some pollutants i1 an engine exhaust stream to a level below that of USEPA Tier
2 Bin 10, US 2007 HD, and/or Euro V, and preferably USEPA Tier 2 Bin 5 (or even Bin 2), US2010
HD, and/for Euro VIi.
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Di sk Di sk Di sk [k I some embodiments, body 510 may have a wall thickness between about 50

microns and 2 mm, may have porosity between L0 and 90%, preferably between 20 and 30%, may
have a mean pore size between | and 60 microns. In some aspects, body 310 may have a median
pore size between 4 and 22 microns. [n certain embodiments body 510 is characterized by a
permeability of at least 0. 2E-12/m"2, and preferably at least 0.8E-12/m"2. [n certain embodiments,
body 510 may have a heat capacity greater than 3 Joules/{ien*3-K).  In some cases, fine ash particles
(e.g., below 325 mesh) may be agglomerated or pelletized into partially dense pellets, a body is then
fabricated from the pellets, and body pocosity at least partially results from porosity of the
agglomerates.

[0092]  In certain aspects, body 510 has sufficient permeability and dimensions (e.g., wall
thickness, channel surface aren, cross section) o allow a gaseous tluid to pass through body 510 at a
linear velocity greater than (.01 ft/second, preferably more than 0.1 ft/second, preferably greater than
0.5 ft/second, more preferably above 3 ft/second, and still more preferably above 10 ft/second.

(00931 Body 510 may be disposable, and be of a large enough size that a required
treatment lifetime is achieved. Various lifetimes may be appropriate, including a replacement cycle in
an automobile, train, ship or truck, a usable life for an offroad diesel apparatus, the length of a journey
associated with a railway engine or ship, a duty cycle associated with a harbor vessel or associated
loadingfunloading/transport equipment, a harvest season associated with farm equipment, an oil
change interval associated with an engine, and other lifetimes. Lifetime may include a certain
number of “start-stop™ operations associated with testing of a piece of backup equipment to verify
performance. Some bodies may have a volume below 0.1m*3. Other bodies may be between 0.1 and
Im?3. Certain bodies may be between [ and [0m*3, and some bodies may be greater than 10, or even
greater than 100m”*3 in volume. Some bodies are approximately the size of a shipping container.

[0094]  In certain applications, body 510 may be regenerated during use, and in some
cases, regeneration includes the combustion of particles filtered from a fluid stream passing through
body 510. Regeneration may include oxidizing environments, and may involve temperatures above
400, 500, 600, 700, 800, 900, 1000, or even 1100 degrees. In some aspects, a regeneration
temperatuie includes a range between 600 and 1100 degrees. For such applications, body 510 may
fabricated from ash particles yielding compositions and crystal structures appropriate for the
temperatures and chemical nature of a fluid to which body 510 is exposed. In some applications that
include regeneration, body 510 may be further comprised of materials that can withstand a
temperatures aud environment associated with regeneration, including any species inroduced in the
coutext of an active regeneration cycle andfor thermoelastic stresses associated with regeneration.
Regeneration may include backflushing.

[0095] Certain aspects include the use of processors that provide for the calculation of a
lifetime or duty cycle assoctated with a treatment process, and in certain cases, the duty cycle may
include a time until a regeneration process occurs. In certain embodiments, data are gathered and

stored (e.g., in RAM or on storage media), and a time until an end of a duty cycle is calculated, often
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repeatedly. In some cases, operation or use of a body in an application includes calculating an
expected time until an end of a duty cycle, and in some cases, adjusting operation accordingly. I
certain cases, a duty cycle includes an estimated trip time, route distance, operation time, or other time
and/or load-dependent characteristic, and in certain aspects, this estimated time is used to adjust a
process involving the body. [n certain cases, a predicted route (e.g. a garbage delivery route or a
calculated route from “route mapping” software) is used to estimate a set of operation conditions.

For example, a decision to operate the body in a first way {e.g., regetierate a diesel particulate filter) or
a second way (not regenerate) may incorporate the predicted route or duty cycle, In select
embodiments, a predicted time or distance traveled is used to determine a process adjusbment that may
include a regeneration step. A predicted duty cycle may be used to predict a time at which a body is
expected to reach a use temperature, and in certain cases, to control a starting point of a regeneration
process according to the prediction. In some cases, a regeneration process may be delayed because an
estimated duty cycle time is too short to provide for complete regeneration. In other cases,
regenieration may be started “early” (e.g., via additional heating of the body) in order to complete
regeneration before the end of the duty cycle. Engine data may be used in any of these calculations,
and cerfain aspects may include the control of engine control parameters {e.g., injection timing, post-
injection, amount of exhaust gas recirculation).

[0096]1  FIG. 6 is a diagrammatic representation of an exemplary embodiment. FIG. 6
shows an apparatus 600 in which a porous body comprised of discrete particles is substantially
contained by a package. Tn various embodiments, the discrete particles include ash particles, and the
body may comprise more than 10%, 309, 70% or even 90% ash particles. Body 610 includes ash
particles having a particle size distribution such that fluid 602 may pass through body 610 from an
input 620 to an output 640 (or in the opposite direction). Typically, body 610 is contained by a
package 650 that includes a layer having both sufficient strength to contain body 610 and sufficient
permeability to permit passage of fluid 602. In some aspects, fluid 602 tlows through body 610 via
gravitational forces. In other aspects, fluid 602 may be driven through body 610 via au applied
pressure.

[0097] Body 610 may include a single type or several types of particles. In certain cases,
body 610 may be stratified, such that layers of different particles are disposed at different points (with
respect to a direction of fluid flow). In certain cases, layers are stratified from input 620 to output 640
from coarse to fine. Exemplary coarse particles may be greater than 100 micron, 500 micron, lmm or
even Lo, and exemplary fine particles may be less than 100 micron, less than 50 micron, less than 10
micromn, less than | micron, or even less than 100nm. Certain aspects provide for several (two, three,
five or even ten) discrete particle size distributions, and in some cases layers comprising each
distribution may be ordered from large to small. Certain embodiments may use ash particles ranging
from (1.2 to Smm in size.

[0098] Particles having different densities may be distributed at different vertical points,

particularly in cases with substantially vertical flow as in FIG 6. Thus particles closer to the “top”
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may have lower densities, and particles closer to the “‘bottom™ may have higher densities. In many
aspects, backflushing may be used to clean body 610, and the resistance of body 610 to disruption due
to backfiushing may be increased by using less dense particles near the top/input and denser particles
near the bottom/output. Similarly, a filtration efficiency may be improved by siting coarser particles
near input 620 and finer particles near output 640. Different ash sources having different chemical
compositions may be used to choose appropriate particle sources. Additionally, many ash sources
have broad ranges of particles, and so an arbitrary cut of a subset of particles may be chosen from an
as-received particle size distribution. In a preferred embodiment, body 610 is stratified, with a first
layer comprising larger, less dense particles near the top, and at least one second layer comprising
denser, smaller particles near the bottom.

[0099] In some embodiments, an apparatus as shown in FIG. 6 may be operated as a
fluidized bed (e.g., by driving a fluid 602 “upward” through a perforated/permeable bottoin 660 that
supports body 610 but allows passage of fluid 602). In certain embodiments, the properties of body
610 (andfor the treatment of fluid 602) may be improved by applying suitable mechanical {e.g.,
vibration), electromagnetic, acoustic or other forces.

[00100]  FIG. 7 provides a diagrammatic representation of an exemplary embodiment.
FIG. 7 shows an apparatus 700 capable of interaction with a fluid 702, Apparatus 700 includes a
potous body 710 comprised of substantially loose particles contained by a package. In various
embodiments, the loose particles include ash particles, and the bedy may comprise more than 10%,
30%, 70% or even 90% ash partictes. In this example, body 710 includes ash particles substantially
contained by package 750, which includes a plurality of angled pieces 752. The design (e.g., angle,
length) of angle pieces 752 is chosen in concert with various properties of ash particles included in
body 710 (e.g., particle size distribution, density, interparticle attraction) such that in some aspects,
substantially “loose” ash particles may be disposed in a substantially vertical package 750, held in
place at an “angle of repose” associated with the settling of the ash particles against the angled pieces
752. T such an example, a fluid 702 may be introduced horizontally as shown, and caused to pass
through body 710. In certain aspects, ash particles are continually fed into package 750 during use.
Particles may be continually replenished (e.g., at the top of body 710) during use, and in some cases,
the permeability of a body (e.g., body 710) may be dynamically modified by changing the particle
size distribution associated with body 710 during use.

[0010%] Body 710 may act as a cross flow gas contactor. In certain aspects, the properties
of body 710 may be improved via the application of electrostatic and/or electromagnetic forces, and in
some cases, properties may be improved by incorporating maguetic particles into body 710, Magnetic
particles may include magnetic ash particles, such as ash particles comprising magnetite (Fe304),
maghemite (Fe203) and the like. Magnetic Fe, Ni, Co, and mixtures thereof may also be included in
body 710. The use of particles having a Curie temperature above a temperature of a fluid 702 being

treated may be advantageous.
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[00£02] Apparatus 700 may be used {o {freat an exhaust stream from a combustion
process, and in some cases electric power (possibly from the combustion process) is used to create an
electromagnetic field associated with body 710. In certain versions, “normal” operation includes
filtration of an exhaust stream, and normal filtration is enabled by an electromagnetic field acting on
body 710. “Abnormal” operation may be used to provide failsafe operation, (e.g., to provide for
reduced filtration in emergencies), and may be countrolled via control of the electromagnetic field. In
certain embodiments, abnrormal operation results in fluid 702 substantially bypassing body 710. In
other embodiments, abnormal operation results in fluid 702 “breaking through” the permeable barrier
created by body 710.

[00803] FIG. 8 is a flowchart of a process according to certain embodiments. Such a
process may be performed by a processor executing a method 800. In step 810 an application vector
is determined. An application vector may describe various characteristics of an application in which a
fluid and a body interact. An application vector may also include a desired or targeted body vector,
associated with a body appropriate for the application In step 820, one or more source materials is
selected. Selection may include querying a database of source materials, which may comprise ash
sources, non-ash sources, particle sizes available, LOL XRD data, chemical composition and the like.
For some materials, a subset of particles from a materials source may be selected, which may include
sieving, filtration, floatation, magnetic separation, density separation and the like. For some materiais
sources, “subset” may include the entirety of the materials source. Optional step 830 may also be
performed, in which case a forming process (including forming paranieters) may be defined. Forming
processes include casting, vibrocasting, injection molding, extruding, and other operations. Forming
processes may include recipes for pastes or clays, burnout schedules, firing cycles, heat treatments,
ambient atmosphere and other processes. A body vector is calculated in step 840, which may include
selecting a first composition and a first forming condition and calculating properties of a body formed
accordingly. Tn step 850 the body vector is compared to the application vector, and in step 860 a
quality of match between the body vector and application vector is determined (e.g., how well the
body is expected to work for the application). Depending upon fit quality, an iterative loop between
steps 820/830 and step 860 may be performed. Typically, one or more input parameters {e.g.,
composition, particle cut, ash source, binder volume, extrusion pressure, firing cycle, dwell time and
the like} may be modified for each iteration, and the result of the iteration on match quality is
recorded. As such, a multidimensional parameter space may be sampled, wherein each point in the
space corresponds to a different value of one or more parameters {(e.g., in a body vector or application
vector). [n some cases, input parameters are adjusted until a satisfactory maich is obtained. Steps
810, 830, 840, 850, and 360 may be complemented by experimental data, and experimental results
may be substituted for calculated resulis. Some aspects include networked communications, and may
include communications with automated experimental equipment. In certain embodiments, a
multidimensional parameter space, comprising chemical, physical, structural, phase and other

parameters, may be sampled, and sampled points may be evaluated for applicability to an application.
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5E-6/t. materials comprasmg these particles may be modeled TEle chemical composition (qu'llltatwe
SEM/EDS, Jeol JSM S610/EDAX detector) showed oxides of Si and Al, with smaller amounts of Fe,
Mg, Ca, K, Na, and Ti.

[00106] FIG. 10 shows particle size and composition information for another exemplary
ash source. Described herein as Boral 3, this source was provided by Boral Matertal Technologtes,
Rockdale TX, and purportedly resulted from the Sandow Power Plant (Texas). Laser light scattering
showed a distribution of particle sizes from ~800num to 10 microns, with an average particle size of
approximately 3 microns, and generally spherical particles, and the following statistics: D10 = 1.6
microns; D50 = 2.8 microns; D90 = 4.6 microns. DTA/TGA analysis of this material showed less
than 1% weight loss, with no apparent melting, up to 1250 C.

[00107] FIG. [ | shows particles size information for an additional exemplary ash source.
This material (ProAsh, Separation Technologies/Titan America, Troutville, Virgina). This souice
purportedly came from the Brunner Island Power Plant (Pennsylvania), and had a reported major
composition of approximately 54% S102, 28% Al203, 9% Fe203. This material had a particle size
distribution as shown, with D10 = 4.5 microns, D50 = 45 microns, and D90 = 341 microns, and
reported LOI = 1.5%. DTA/TGA analysis of this material showed approximately 1.8% weight loss,
with no apparent melting, up to 1250 C.

[00108] FIG. 12 shows particles size information for an additional exemplary ash source.
This material (Ecotherm, Separation Technologies/Titan America, Troutville, Virgina), is described
herein as Pro-Ash Hi Carbon. This source was purportediy a bituminous coal fly ash from the
Brunner Island Power Plant (Pennsylvania), and was reported to include a substantial amount of
residual carbonaceous species. This material is an example of an ash source providing an “mtrinsic”
fugitive phase. This material had a particle size distribution as shown, with D10 = 9.6 microns, D50
= 36 microns, and D90 = 105 microns. DTA/TGA analsyis showed weight loss beginning at
approximately 500 "C and continuing for several hundred degrees, and the sample lost approximately

40% of its mass. This sample also showed a phase transition (possibly melting) at 1130°C.



[00114] FIG 13 shows two cross sectional electron mcrographs of
Sample 1 at different magnifications. This exanple was a tubul ar body
havi ng a di aneter of approximtely 0.75cm and wall thickness of
approximately Inun. This sanple displayed sufficient mechanical
integrity for normal handling operations typical of ceramc
processing. [ 00115] Porosity was neasured using Hg poros etry
(Mcroineriti Cﬁ)(}ﬁlﬂ] Onﬁfrﬁsul t\/gl%gﬂlses pekd-a f‘mpmﬁ s@&l:stfﬁunh!&m;/, Geard h
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aut ormat ed xtﬁy cmm;m999¥§am ¥ﬁﬁa§§truded usi ng a hand extruder.

M crost r ucPlif & s general I’y control led with nixture conposition,

and a variety Bmlﬂ%rﬁkﬁgﬂﬁ@ehedemwsebhewf@P%ﬁémﬁwmg@@eéweemmwﬂm

]Loar ti g : €S Il bewldsad r\é\dlg;ebaséé@iﬁtkdluﬁl uegmmkm;aa@o incRQBH 1fethBds il oRFapeTRY be
ormabl e vja se

bor 6 51 7e IR B =y PR L e R AR T eq. Thi s
figure compaifies CBbHH es! HLAF, ﬁek@wﬂ@cwmveMtcmgmwiechfnug e yeipias e

(added to Rivdphases. ngh&%ampﬁe@ wQ’@ﬂ:h&a ) ﬁ@t@l@ﬂﬁi@@i ihB @ ccdthid cAlcible n@b:ﬁg the

]; gglu][ ![ Yﬁg&?u?%%q%:mx?lgtg é% tllflfﬁ tct setne tEle amale &lid l(l)owmgh egai’tll?){e% :'Tet%desct' Le\{i herem
Sanpl e 3) .as Sbmpbteg)- 3 and 7C had S|n1Iar concentrations of d|fferent
fugitive phases (intrinsic as -40% of the Pro-Ash Hi gh Carbon nass,
VS. extrinsic Asbury 4012) Por03|tywmmm be controlled via the use of
one or man 4 ; jsotippiger iy @idig '*qlwtnrliewéh"tﬂﬂaméi/or
extrinsi vfiﬁf ‘e _dhases ; . EE 3
particle si T%ﬂ?ﬁ’o&}ﬂ G 16 S*@P%NS DY € 5] 7€ g %r«:rat '295‘ a%ﬁpcna; ed
with several g gxeplaRY \adi €S° Thixs fiogur asshoys a foange.of pore st ze
dlstrlbut|095A&hai may be created, according to various enbodi nents.

Larger ranges, “=ima| |-er r-anges di fferent pore size distri-butions and
ot her propeﬁﬂﬁé&”?nay general ly be created by sui tabl e changes in
processi ng ng Wﬁiers and porosity and pore sf'ze di'stribution may
general ly be &%mgrolled Pore connectivity_ may be contrahleddsi ngs
form ng met hoglsvadCar porat i ng vari:ousoshear:, coppressi vesand ohensid e
forces, andviayweabso benefit fromthe use of anisotropic partlcles
partlculaPPv”%ﬁP§bt?bpléélIy shaped fugitive particles (e.g

whi skers, ARt s), of several fired sanples, [00120]Tab|e 3
summaril zes DOBﬂmeymaeaﬁwrenantszépr;M@r|@y§ sapl ey TABLE 3 Medban
Por eBul k Dengpyundi anet erat 0.52 psia Sanple(mcron) =(g/cc)%

Porosit y Base| Mjied i3uud@8 Exfud® Extruded Vibrocast Vibrocast Vibrocast Vibrocast Vibrocast Vibrocast VibrocastVibrocast
Shape Tube Solid Rod Solid Rod Disk Disk Disk Disk Disk Disk Disk Disk

FIRING

Cycled# 1 1 1 i 2 2 2 2 2 2 3
POROSITY
Med. Pore Dia.
{microns)® 2.0 2.1 37 1.8 2.3 3.2 6.4 22 3.2 11.8 122
Bulk Density (g/cc)’ 1.6 1.7 1.3 1.8 1.7 1.5 1.1 1.6 1.5 1.0 0.9
Typ. Porosity (%)° 37 40 54 34 35 41 H 39 45 64 67

[00111] TGA/DTA analysis was performed on Sample 1. This sample showed a weight
loss beginning at 123 C, wt. loss peak and exotherm at 277 C, and 1o apparent melting (to 1250
C/max T of run). In some embodiments, different fugitive phases are chosen, such that the burnout of
the phases occurs at different temperatures. _

[00112] Samples in Table 2 were subjected to the following tiring cycles: Firing Cycle #
1: ramp 130C/ to 550C, hold at 550C for 2h, ramp 150C/h to 1030C, hold at 1050C for 0.5h, cool at
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1.81 33.6 2F 3-35+fineC 1.3 1.70 35.3 3F 3-35+fineC 3.2 1.50 40.9 4F
3-35+4ineC 6.4 1.07 61.2 6C 3-35+coarseC 2.2 1.63 39.2

200C/h to room temperature; Firing Cycle # 2: ramp 17C/ to 93C, hold at 93C for 2h, ramp 93C/h to
500C, hold at 500C for 4h; ramp 93C/h to 800C, hold at 800C for 2h, ramp 150C/h to 1050C, hold at
1050C for 0.5h, cool at 130C/ to roomt T; Firing cycle #3: ramp 17C/h to 93C, hold at 93C for 2h,
ramp 93C/h to 500C, hold at 500C for 4h; ramp 93C/h to B0OC, hold at 800C for Zh, ramp 150C/H to
1050C, hold at 1050C for 5.0h, cool at 150C/ to room T. Fired samples were generally solid and
strong enough for easy handling.

[00113] X-ray diffraction of Sample I after firing showed predominantly quartz and
mullite, with smaller amounts of albite {calcian), possibly cristobalite, and hematite. Thermal
expansion was measured between room temperature and {000°C at 3°C/minute (Linseis L75D/1550,
Linseis, Inc., Robbinsville, New Jersey) which yielded a CTE of approximately SE-6/°C.

[00114] FIG. 13 shows two cross sectional electron micrographs of Sample 1 at different
magnifications. This example was a tubular body having a diameter of approximately 0.75cm and
wall thickness of approximately Imm. This sanple displayed sufficient mechanical integrity for
normal handling operations typical of ceramic processing.

[00115] Porosity was measured using Hg porosimetry {Micromeritics Autopore IV 9500,
performed by Delta Labs, North Huntingdon, PA).

[00116] FIG. 14 shows pore size information associated with several exemplary bodies.
This figure includes a vibrocast sample without an organic binder and two extruded samiples having
organic binder, Sample [ was extruded using a high pressure, automated extrader, Sample 2 was
extruded using 2 hand extruder. Microstructure may be generally controlled with mixture
composition, and a variety of forming methods usable for forming bodies from particles may be used
with various embodiments. Some mixtures may be formable via several different methods.

[00117] FIG. 15 shows pore size information associated with several exemplary bodies.
This figure compares bodies incorporating an extrinsic fugitive phase {added to an ash source) to
bodies incorporating an intrinsic fugitive phase, associated with the ash source and generally resulting
from a process that produced the ash particles (i.e., Sample 3). Samples 3 and 7C had similar
concentrations of different fugitive phases (intrinsic as ~40% of the Pro-Ash High Carbon mass, vs.
extrinsic Asbury 4012). Porosity may be controlled via the use of one or many fugitive phases, which
may inclade intrinsic andfor extrinsic fugitive phases, and may have similar and/or ditferent particle
sizes.

[001E8} FIG. 16 shows pore size information associated with several exemplary bodies.
This figure shows a range of pore size distributions that may be created, according (o various
embodiments. Larger ranges, smaller ranges, different pore size distributions and other properties
may generally be created by suitable changes in processing parameters, and porosity and pore size
distribution may generally be controlled. Pore connectivity may be controlled using forming methods
incorporating various shear, compressive and tensile forces, and may also benefit from the use of

anisotropic particles, particularly anisotropically shaped fugitive particles (e.g., whiskers, platelets).



7C 3-35+coarseC 3.2 1.46 45 8C 3-35+coarseC 11.8 1.00 65.8 8C+ 5 Hr.
Soak 12.2 0.94 66.5 3-35-Extrude 2.0 1.62 37.4 3-35-LowPExtrude 7.1

[0G119]  FIG. 17 shows CPFT (cumulative percent finer than) data describing the porosity

of several fired samples.

{00120} Table 3 summarizes porosity measurements for various samples.

TABLE 3

Median Pore Bulk Density
Diameter at 0.52 psia

Sample (micron) = (glec) % Porosity
Baseline 3-33 1.8 1.81 33.6
2F 3-35+fineC 2.3 1.70 353
3F 3-334fipeC 32 1.50 40.9
4F 3-35+tineC 6.4 1.07 61.2
6C 3-35+coarseC 22 1.63 39.2
7C 3-35+coarseC 12 1.46 45
8C 3-35+coarseC 11.8 1.00 65.8
8C+ 5 Hr. Soak 12.2 0.94 66.5
3-35-Extrude 2.0 1.62 374
3-33-LowPExtrude 2.1 1.71 39.7
3-ProAsh_HiC-Vibcast 3.7 1.29 33.8

[00121] FIG. 18 is a plot of average porosity vs. mean pore diameter for several bodies,
according to certain embodiments. Median pore diameter and percentage porosity may be controlled
independently. In some embodiments, an application vector may include a desired median pore
diameter and % porosity, and various samples are caleulated/predicted and/or fabricated/imeasured,
and various parameters are adjusted until a body vector associated with a resulting body sufficiently
matches the application vector.

[0G122]  The above description is illustrative and not restrictive. Many variations of the
invention will become apparent to those of skill in the art upon review of this disclosure. The scope of
the invention should, therefore, be determined not with reference to the above description, but instead

shonid be determined with reference to the appended claims along with their full scope of equivalents.




1.71 39.7 3-ProAsh_FIiCVibcast 3.7 1.29 53.8 [00121]FIG 18 is a
pl ot of average porosity vs. nean pore dianeter for several bodies,
according to certain enbodi nents. Medi an pore di aneter and percentage
porosity nmay be controlled i ndependently. In sone enbodi ments, an
application vector may include a desired nedian pore dianeter and %
porosity, and various sanples are cal cul ated/ predicted and/ or

fabri cated/ neasured, and various paraneters are adjusted until a body
vector associated with a resulting Qodvssufficiently matches the

appl i cati oY eCLAkd sl 00122] The above description is illustrative and
not restrictive. Many variations of the invention wll becone
apparent to those of skill in the art upon review of this disclosure.
The scope bfA dykien fone@ritd adimst Bihidwilhad bodyhbyr sefiar @ppds@g:det er mi ned not with

reference to the.ABONE A8S%! B Qi JRUt 1 nstead shoul d be determ ned
with reference to %ggvﬁg ende ainms along wwth their full scope of

ded cl g t .
equi val ents. *E4Af eop e wleLinel©t e body campriseiob i pRsiEclep- @ierivgy a
first fluid wsifrieat poosiy that thefirg flgd emscahpe baly Mmging @sse@ritoaitréret laki ng an
inlet and an gyl et; and a body di sposed between the inlet and
outlet, the body conprised of ash particles, and having sufficient
porosity that the first fluid reacts with the body during passage
from t he i%hlTétsytten bilrkinpltvhedin a RasTiertoy gtletwdyfinciian pord sizeviheibwion pat

| east a porti epuQfivid A6 DAEH cinmgt_lréad@@map@gg&f b A8 tRllaSt bRt %&tﬂm, RPT e
connectivity, a en%ﬁh configured to aIL%qmgassage of the first

aHd | .al | |
fluid throu ghth{a Oéjy ﬁélfsms ﬁl,l ﬂ]&écﬁyamme such that the first £ pass thtough the portion

during passage from the mlet to the outlet.

3. The system of claim {, wherein the porosity at feast partially resuits from a removal of a fugitive

phase during fabrication of the body.
4. The system of claim 3, wherein the fugitive phase includes a carbonaceous phase.

5. The system of claim 3, wherein the fugitive phase includes a residue associated with the ash

particles via a process that produced the ash particles.

6. The system of claim 2, wherein the pore size distribution is configured to filter a substance from

the first fluid during passage through the portion.
7. The system of claim 1, further comprising a catalyst to catalyze a reaction involving the first fluid.
8. The system of claim |, wherein the body has a tensile strength of at least 1 MPa.
9. The system of claim [, wherein the porosity is between 4% and 97%.
10. The system of claim 9, wherein the porosity is between [0% and 85%.

1. The system of claim 1, wherein the body includes one or more channels substantiatly open to a

flow of the first fluwd.



the body is disposed in the container such that the first fluid nust
pass through the portion during passage fromthe inlet to the outlet.
3. The systemof claim1l, wherein the porosity at |east partially
results froma renoval of a fugitive phase during fabrication of the
body. 4. The systemof claim3, wherein the fugitive phase includes a
car bonaceous phase. 5. The system of claim 3, wherein the fugitive
phase i ncl [fddde sysrefichine. yasguhadrddnaides chaes! sbsminly preg fogdloty piihen
process that prsotluCed tiehetiashipeki hioh@suhicd the TRGuE\pSEE B 0@bcigddaditihe ,
wherein the pofg.pi ze distribution is configured to filter a
substance fromthe first fluid during passage through the portion. 7.
The systemof claiml, further conprising a catalyst to catalyze a
reaction i ivahviyngn dthiginf i, whdrei a kdsch pofion difie agipstiemusiboekdb acl othewher ei n
the body has ah 68! k&cifld ENGtMcQfioRleal@RSt 1 MPa. 9. The system of
claim1l, wherein the porosity is between 4% and 97% 10. The system
of claim9, wherein the porosity is between 10% and 85% IL The

syst em of ot dh¢aydsm sthieinel, Rhddient bathpottincditid s porHides @t bomdedo ehianiRe| S
SUbSta“t'a||Y“QPQH¢L9h§d£hQMh8&m%m%n m&%Lp&&Bhd 12. The system of
claim2, wherein y 1 ncludes a channel substantially open to a
flow of the first fluid, and the portion of the body through which
the first tiﬂhdwpa$®esmﬂsﬁassm@kﬁﬁ@ﬂ@mmbhmﬂhEuehamnﬁkmmmﬂwomﬁewsystem
of claiml, whggein at |east a portion of the ash particles are
bonded to each other with bonds associated with a cenmentitious
reaction. 14. The systemof claiml, wherein at |east a portion of

t he ash pata i £iebdaf eachhgndeditidonpthgot her wi th bonds at | east

partially resg&gm@g %&gq&gmﬁ%&cﬂglpggratlon 15. The system of claim
14, wherein the firin eration includes tenperatures above 900

degr ees CEIS|6§“WT3”K§HEFH@§S W“W%&EVPW&“&“WPN?P“VIUld conpri si ng:

selecting a systemaccording to claim1; and causing the first fluid

to pass fromidguiddbEtant &, SRR EhuiYh8udt S BAHYeas dofn o blAGushEL hod  Of
claim 16, wherein the first fluid includes an exhaust gas from a

conbustion proC®Es> 18 A nethod of filtering a substance froma first
fluid conprising: selecting a systemaccording to claim2; and

18. A method of filtering a substance from a first tluid comprising:
selecting a system according to claim 2; and

causing the first fluid to pass from the inlet to the outlet via the portion.

19. The method of claim 18, wherein the first fluid includes an exhaust gas from a combustion

process.
20. The method of claim 18, wherein the first fluid includes a liquid metal.
21. A method of manufacturing a body for treating a first fluid, the method comprising:
selecting the first fluid to be treated with the body;
selecting an ash source having one or more properties associated with the treatment; and

forming the ash source into a body configured for treating the first fluid.

22. The method of claim 21, wherein treating includes filtering, and the body includes a permeability

appropriate for filtering the fluid.
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causing the first fluid to pass fromthe inlet to the outlet via the
portion. 19. The nethod of claim 18, wherein the first fluid includes
an exhaust gas from a conbustion process. 20. The nethod of claim 18,
wherein the first fluid includes a liquid nmetal. 21. A nethod of
manufacturing a body for treating a first fluid, the nethod

conpri sing electing the first fluid | obe treated wi th the body;

sel ecti ng %%n%agttﬂ’%tf%@e%ta\}ieﬁa TS gFludes fRricpog Bt t*e&chée%e.ﬂetﬂé% Wit h
the treat ment aclarhenntiopiiipirgl ¢ Hiewdlsh oSmUire Buill htogghahedyel gonbiguied f or
treating the fiksh eti:lnlz@ B FI6 thtoIElﬁx mgﬂ&%tegtwtl?llh@éhghal wher ein
treating includes filtering, and the body includes a perneability
appropriate for filtering the fluid. 23. The nmethod of claim 21,
wher ei n f o¥nilegueitné tfutias2 i f ebrindatinguraneluds a fagities oivanmelisbeimmotdden
body, each chmeetae&e@g YR, t&upatet pgtép fid @6R e tu@ﬁvefdhtsét fluid

t hrough the channel at a substantially | ower inpedance than fl ow
through a wall associated with the channel. 24. The nethod of claim
21, wher ei . Tranctisdhofsbiur X evlierolferd®s ingudesigixing e asp kragewithebgitwe pilasche
removed in a %%Q\Slmttlﬁt%t'edsg @Qbse@x@tﬁi stEEdd iR Che ROk 8 SprBes R b EPo tefhofcEMOVE
the fugitive 9 E he met hod of claim 21, wherein formng

i ncl udes mi xi Hg EAE PREH source with a fugitive phase that will be
renoved in a subsequent step, and the nethod further conprises a step

to renove dshendkdbod brV¥RinPN aﬁﬁ:em%ﬁmmg[ﬁaud@?&tﬂ)gﬂtgme s dMadeeondiRET €1 N
form ng |ncluges dlsgﬁﬁgg gé e ash_source in a container through

which die fir@fush PASF Y P8P hent . 27. The nethod of
claim 21, wherein form ng includes firing the body. 28. The nethod of

claim27, whekRhdhod &Ha@fth\QteJeinrfdrﬂﬂg intiRRs RedYebigl udes a fugitive
phase, and the fugitive phase is renoved during firing. 29. The

nmet hod of claim 21, wherein formng includes the use of ceinentitious
bondi ng. 38: Tix nfefhgd dickiedt7bddremymipariiggng ody indudesa figgoint elyend the
configured tOﬁ@ﬂﬂﬁﬁ&@g@mgku&ﬁh%h&%pf particles, the container having
an inlet and an outlet, the inlet configured to provide a fluid to

the plurality of particles in a manner that causes the plurality of
particl es PoTlisakthoeofalsing L fvhgiediforaids ivdefies Ginee of cphenptabsboydingf  ash
particles disposed between the inlet and outlet wthin the container.

31. Afil t,&%l’ Al? 19126(.’:%@531 tem co%prtsmg
a container configured to contain a pluraiity of particles, the container having an inlet and an
outlet, the inlet configured to provide a fiuid to the plurality of particles in a manner that
causes the plurality of particles to behave as a fluidized bed; and

a plurality of ash particles disposed between the inlet and outlet within the container.

31. A filter bed comprising:
a container having an inlet and an outlet and configured to contain a plurality of particles; and

a plurality of ash particles disposed between the infet and outlet within the container.

32. A body for treating an exhaust gas, the body comprising a plurality of bonded ash particles and

including a plurality of channels.

33, An exhaust gas treatment system comprising:
a container having an infet and an outlet; and
a body according to claim 32 disposed between the inlet and outlet such that the exhaust gas

passes through the channels in passing from the inlet to the outlet.
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a container having an inlet and an outlet and configured to contain a
plurality of particles; and a plurality of ash particles disposed
between the inlet and outlet within the container. 32. A body for
treati ng an exhaust gas, the body conprising a plurality of bonded
ash particles and including a plurality of channels. 33. An exhaust
gas treatnment system conprising: a container having an inlet and an
outlet; and a body according to claim32 disposed between the inlet
and outlet such that the exhaust gas passes through the channels in

pass in g f rQ m[‘LJLQha‘uQ gﬁttre:ﬁ;gent s@ﬁen%‘ tclla ﬁlt’ﬂ Whglé'l[l IHL@( S%P&Hﬁ.&s 9 ﬁlsﬂul:dr ea;[j nent

system of claim 33, 'wherein a first channels 1s In i
conmmuni cat i on®HEHC iRVl f““é@@@é%ﬁﬁm%%$“b?ﬂEﬁ&ﬁH€W§mP%WWHWTIU|d
conmruni cat i onowigttand i p@siqftonebe, i@ mothd audgp as sihmg: dag 10w galaroinnlledist teoo t he
outlet, the embégﬁéwg@§”gB§E“gﬁ§§d romthe first set to the second
set via a porosity in the body. 3 A conput er readabl e storage
medi um havi ng enbodi ed thereon a progran1executab|e by a processor to
per f or m a 3es kogueomdicsiong: ndahenviigrinhgicdherapppiogah k@b o or |
selecting a 5@&££§quk@haagmmggh&ghgt|ng a body vector according to
one or nore properties of the source material; conparing the body
vector to the %HPW@%PaﬁﬁmngFGW and deternlnlng a quality of match
bet ween t he boslgctapdsoapphitg@t i on vectors. 36. The conputer readable

storage nmedi UmqRfiak &bl 3R %&%@Ig&& aeno%t@gﬁesfo%é Ple QR 1 Ses
selecting a fornln?¥grocess and vector cal cul ation includes

one or nore prEpEFY %mﬂfwfﬁgoﬂ%ﬂﬁ¥ ﬁmﬁF £8¥s. 37. The conputer
readabl e st or aggermedd anwlf of okl IRTW88) thekhdyraed applichien s@ursce mat eri al
i ncl udes an ash source.

36. The computer readable storage medium of claim 35, wherein the method further comprises
selecting a forming process, and the body vector calculation includes one or more properties of

the forming process.

37. The computer reacable storage medium of claim 35, wherein the source material includes an ash

SOurce,




