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FORMATION OF CATALYTIC REGIONS WITHIN POROUS STRUCTURES

USING SUPERCRITICAL PHASE PROCESSING

CROSS-REFERENCE TO RELATED APPLICATIONS

The present application claims priority to co-pending U.S. Provisional Application

Serial Number 60/928,946, filed May 11, 2007, entitled "MATERIAL PRODUCTION

SYSTEM AND METHOD," which is hereby incorporated by reference as if set forth herein.

FIELD OF THE INVENTION

The present invention relates to systems and methods of forming catalytic regions

within porous structures. More particularly, the present invention relates to supercritical

phase processing of powders to form catalytic regions within porous structures.

BACKGROUND OF THE INVENTION

Certain microporous structures can serve as valuable industrial catalysts. Several

features of these structures make them particularly well suited for catalytic applications. For

example, their high surface area to volume ratio provides a dense region of reactivity. Their

heterogeneity with fluid reactants and products permits relatively easy recovery of the catalyst

post-reaction. Furthermore, their microscopic structure provides for physical modulation of

the reactants and products in addition to any chemical catalysis.

Some microporous structures, for example some molecular sieves, do not provide for

chemical catalysis, but instead solely accomplish physical modulation of working fluids or

solutions. Whether or not a microporous structure provides chemical catalytic functions in

addition to physical structure, is also a function of the material from which the structure is

made.

Most microporous structures cannot be constructed as such, but instead rely on a

variety of complex chemical and mechanical formation mechanisms, including self-assembly.

These mechanisms are exploited in known production methods, such as sol-gel.

Unfortunately, because these production methods and formation mechanisms can operate

only on materials with requisite chemical structure, arbitrary materials cannot be formed into

a selected microporous structure. Additionally, the catalytic mechanisms within microporous

structures are complex and do not always directly relate to the catalytic functionality present

in precursors. Thus, formation of a microporous structure capable of performing a desired



catalytic function requires a suitable precursor that can chemically form the required structure

while retaining a functional group capable of performing the desired catalytic function.

Zeolites are a well-known class of microporous structures. Zeolites are crystalline

aluminosilicate minerals that form regular, porous structures. The building blocks of zeolites

have the chemical structures illustrated in FIGS. 1 and 2. Typically, a zeolite comprises SiO4

structures, such as the SiO4 structure 100 shown in FIG. 1, bonded with AlO4structures, such

as the AlO4 structure 200 shown in FIG. 2, through shared oxygen atoms. The structure

shown in FIG. 2 is not stable on its own, but appears within a crystal including SiO4

structures.

However, what is needed in the art is a system for and a method of engineering the

catalytic behavior of a porous structure without having to rely on synthesis of precursors

suitable for formation into the porous structure.

SUMMARY OF THE INVENTION

The present invention provides a system for and a method of forming catalytic regions

within pre-formed porous structures. Supercritical phase processing is employed to achieve

such catalytic region formation. For the purposes of this disclosure, a supercritical fluid is

any fluid that is at a temperature and a pressure above its thermodynamic critical point.

In one aspect of the present invention, a method of forming a catalytic region on a

porous structure is disclosed. The porous structure has an exterior surface and a plurality of

pores. In the method, a supercritical dispersion is formed, wherein the supercritical

dispersion comprises a plurality of particles dispersed in a supercritical fluid. The porous

structure is then exposed to the supercritical dispersion. Finally, the particles from the

supercritical dispersion are deposited onto the porous structure. These deposited particles are

catalytic, thereby enabling the formation of one or more catalytic regions on the porous

structure.

In another aspect of the present invention, a method of forming a catalytic region on a

microporous structure is disclosed. The microporous structure has an exterior surface and a

plurality of pores. In the method, a plurality of particles is dispersed within a carrier fluid,

thereby forming a carrier mixture. A supercritical fluid is mixed with the carrier mixture,

thereby forming a heterogeneous mixture. The carrier fluid is then removed from the

heterogeneous mixture, thereby forming a supercritical dispersion. The supercritical

dispersion comprises the plurality of particles dispersed in the supercritical fluid. The



microporous structure is exposed to the supercritical dispersion. Finally, the supercritical

fluid is removed from the supercritical dispersion while the supercritical dispersion is in

contact with the porous structure, thereby depositing the plurality of particles from the

supercritical dispersion onto the microporous structure. The deposited particles are catalytic,

thereby enabling the formation of one or more catalytic regions on the porous structure.

Other aspects of the present invention relate to systems adapted to perform methods in

accordance with the present invention. The present invention is particularly well-suited for

use with pre-formed microporous structures. For the purposes of this disclosure, the use of

the term "pre-formed" indicates that the porous structure has already been formed, with a

plurality of pores disposed within the porous structure, prior to the method steps of the

present invention being performed. Additionally, for the purposes of this disclosure, a

microporous structure is a structure having a plurality of very fine pores. In one embodiment,

a microporous structure comprises a plurality of pores having an average pore diameter of

less than 1 micron. In another embodiment, the microporous structure comprises a plurality

of pores having an average pore diameter of less than 2 nanometers.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates the chemical structure of a precursor that, when formed into a

zeolite, is suitable for use as a porous structure in accordance with the principles of the

present invention.

FIG. 2 illustrates the chemical structure of a precursor that, when formed into a

zeolite, is suitable for use as a porous structure in accordance with the principles of the

present invention.

FIG. 3A is a perspective view of one embodiment of a porous structure suitable for

processing in accordance with the principles of the present invention.

FIG. 3B is a cross-sectional side view of one embodiment of a porous structure that

has been processed in accordance with the principles of the present invention.

FIGS. 4A-4F illustrate one embodiment of a system and process flow for depositing a

catalytic particulate and forming a catalytic region on a porous structure in accordance with

the principles of the present invention.

FIG. 5 is a flowchart illustrating one embodiment of a method of forming a catalytic

region on a porous structure in accordance with the principles of the present invention.



FIG. 6 is a flowchart illustrating another embodiment of a method of forming a

catalytic region on a porous structure in accordance with the principles of the present

invention.

DETAILED DESCRIPTION OF THE INVENTION

The description below concerns several embodiments of the invention. The discussion

references the illustrated preferred embodiment. However, the scope of the present invention

is not limited to either the illustrated embodiment, nor is it limited to those discussed, to the

contrary, the scope should be interpreted as broadly as possible based on the language of the

Claims section of this document.

This disclosure refers to both particles and powders. These two terms are equivalent,

except for the caveat that a singular "powder" refers to a collection of particles. The present

invention may apply to a wide variety of powders and particles.

For the purposes of this disclosure, a microporous structure is a structure having a

plurality of very fine pores. In one embodiment, a microporous structure comprises a

plurality of pores having an average pore diameter of less than 1 micron. In another

embodiment, the microporous structure comprises a plurality of pores having an average pore

diameter of less than 2 nanometers.

The present invention will be readily understood by the following detailed description

in conjunction with the accompanying drawings. In order to facilitate this description, like

reference numerals designate like elements.

FIGS. 3A and 3B illustrate porous structures 300 and 300'. The porous structure 300

includes a plurality of pores, e.g. 310, 320, formed therein. In a preferred embodiment, a

porous structure, such structure 300, is used as an input to a process that produces a porous

structure comprising a catalytic region, such as structure 300', that comprises a deposited

particulate. In some embodiments, the present invention prescribes forming a catalytic region

within one or more of the pores, e.g. 310, of the porous structure 300. In some embodiments,

the present invention prescribes forming a catalytic region on an exterior surface of the

porous structure 300. Some embodiments form catalytic regions in multiple locations of the

porous structure 300.

The porous structure 300 includes pores of various sizes. Some pores, e.g. 310, are

relatively large, while other pores, e.g. 320, are relatively small. Although the illustrated

structure has non-uniform pore sizes, some embodiments of the present invention operate on



porous structures with substantially uniform pore sizes. For example, some embodiments

take zeolites as inputs.

Furthermore, the illustrated relationship between the pores 310 and 320 and the size

of the porous structure 300 is not necessarily to scale. In some embodiments of the present

invention, the pores 310 and 320 are very small in size compared to the porous structure 300.

Preferably, porous structure 300 is a microporous structure, having a plurality of very fine

pores. In one embodiment, the microporous structure 300 comprises a plurality of pores

having an average pore diameter of less than 1 micron. In another embodiment, the

microporous structure 300 comprises a plurality of pores having an average pore diameter of

less than 2 nanometers.

The porous structure 310', shown in cross-section by FIG. 3B, includes a plurality of

catalytic regions, e.g. 1, 2, 3. In the present invention, a porous structure, e.g. 300 of FIG.

3A, is taken as an input to a process that produces catalytic regions on that porous structure.

In particular, some embodiments of the present invention relate to processes that form a

catalytic region on a porous structure by depositing a particulate onto the porous structure.

In a preferred embodiment, a catalytic particulate is deposited onto a pre-formed

porouos structure to form a catalytic region. The particulate is catalytic prior to deposition.

In some embodiments, the catalytic functions of the particulate are substantially unchanged

by deposition. Preferably, the particulate is deposited in such a manner as to preserve

substantially all catalytic functionality of the catalytic particulate. In other embodiments, the

catalytic functions of the particulate are substantially altered by deposition. In some of these

embodiments, the process of deposition alters a catalytic function of the particulate. In other

embodiments, the chemical or physical environment surrounding the deposited particulate

alters its catalytic function. The particulate can vary from embodiment to embodiment. In a

preferred embodiment, the particulate is a nano-structured powder, or nano-powder, having

an average grain size less than 250 nanometers and an aspect ratio between one and one

million

In some embodiments of the present invention, a porous structure contains multiple

types of catalytic regions. These different types of catalytic regions can provide the same

catalytic function, while being disposed in different locations. Alternatively, different types

of catalytic regions can provide different types of catalytic functions. For example, some

embodiments can include catalytic regions having catalytic functions that depend on their

location, while other embodiments can include catalytic regions having differing functions

that are not correlated with their location. It is contemplated that a single embodiment can



comprise catalytic regions whose function depends on location and catalytic regions whose

function is unrelated to location.

In some embodiments, depositing a single type of particulate onto a porous structure

in different types of locations produces catalytic regions with differing functions. In other

embodiments, depositing differing types of particulate onto different locations produces such

regions.

FIG. 3B illustrates a porous structure 300' with three different types of catalytic

regions. The catalytic region 1 is disposed on an exterior pore of the porous structure 300',

where the pore is not completely enclosed. The catalytic region 2 is disposed to partially

surround an inner channel, or interior pore, of the porous structure 300'. The catalytic region

3 is disposed to completely surround an inner channel, or interior pore, of the porous structure

300'. As stated above, some embodiments of the present invention relate to structures where

the regions 1, 2, and 3 have differing catalytic functions that depend on their location. Other

embodiments relate to structures where the regions 1, 2, and 3 have the same catalytic

function. Still, other embodiments relate to structures where the regions 1, 2, and 3 have

differing catalytic functions that do not depend on their location.

The present invention provides systems for and methods of forming these catalytic

regions on a porous structure. Such systems and methods preferably include means for

forming a supercritical dispersion from a supercritical fluid and a particulate. FIGS. 4A to 4F

illustrate one embodiment of a system and process flow for depositing a catalytic particulate

and forming a catalytic region on a porous structure using a supercritical dispersion.

In FIG. 4A, a chamber 400 is provided with a carrier mixture comprising a carrier

fluid 420 and a particulate 410. The carrier mixture occupies a volume of the chamber 400,

leaving a first void 450a within the chamber 400. In a preferred embodiment, chamber 400

can be selectively opened and closed to enable the addition, mixture, exposure, and removal

of the contents, such as fluids and catalytic particles.

In FIG. 4B, the chamber 400 has received a supercritical fluid 430. The supercritical

fluid 430 now occupies a portion of the first void 450a, leaving a second void 450b. The

carrier mixture comprising the particulate 410 and the carrier fluid 420, along with the

supercritical fluid 430 all occupy the remaining space in the chamber 400.

The illustrated embodiment includes means for forming a heterogeneous mixture 440

comprising a mixture of the carrier fluid 420 and the supercritical fluid 430, with the

particulate 410 dispersed therein. In FIG. 4C, the supercritical fluid 430 has mixed with the

carrier mixture, comprising the carrier fluid 420 and the particulate 410, to form a



heterogeneous mixture 440. The heterogeneous mixture comprises the particulate 410, the

carrier fluid 420 and the supercritical fluid 430 and occupies a portion of the chamber 400,

leaving the third void 450c. In some embodiments, the supercritical fluid 430 and the carrier

mixture mix spontaneously, while in other embodiments, energy must be provided to mix the

two. In some embodiments, the third void 450c and the second void 450b have the same

volume, while in other embodiments, the third void 450c is greater in volume than the second

void 450b, and in other embodiments, the third void 450c is lesser in volume than the second

void 450b. These volume changes are sometimes dependent on temperature changed induced

by mixing or energy introduction.

FIG. 4D illustrates a chamber 400 containing a heterogeneous mixture 440 where a

porous structure 300, such as illustrated in FTG. 3A, has been introduced. The porous

structure comprises a plurality of pores 310, and is preferably a microporous structure. In a

preferred embodiment, the porous structure is immersed in the heterogeneous mixture 440.

The combination of the heterogeneous mixture 440 and the porous structure 300 occupy a

volume of the chamber 400, leaving a fourth void 45Od.

The present invention includes means for removing the carrier fluid from the

heterogeneous mixture. Once the porous structure 300 has been introduced, the carrier fluid

420 is substantially removed from the heterogeneous mixture 440, thereby producing a

supercritical dispersion 430' that comprises the particulate 410 and the supercritical fluid 430,

as illustrated in FTG. 4E. This removal produces the fifth void 45Oe of increased size relative

to the fourth void 45Od in the chamber 400. Furthermore, the presence of both the

supercritical dispersion 430' and the porous structure 300 within the chamber 400 exposes the

porous structure 300 to the supercritical dispersion 430'. hi some embodiments, the means

for removing substantially all of the carrier fluid 420 includes a reverse osmosis device or a

filtering device.

Additionally, systems for forming catalytic regions on porous structures in accordance

with the present invention preferably include means for removing the supercritical fluid 430

from the supercritical dispersion 430' while the supercritical dispersion 430' is in contact with

the porous structure 300. For example, in FIG. 4F, the chamber 400 is vented to a lower

pressure environment, thereby producing a gas 430" from the supercritical fluid 430 of the

supercritical dispersion 430'. As the supercritical fluid 430 evaporates to form the gas 430",

it is substantially removed from the supercritical dispersion 430'.



This removal increases the relative concentration of particulate 410 within the

supercritical dispersion 430', resulting in deposition of the particulate 410 on porous structure

300 to form the deposited regions 302 on porous structure 300'. In FIG. 4F, the deposited

regions 302 are within the pores 310. However, in some embodiments, the deposited regions

are formed in or on other locations, such as on an exterior surface of a porous structure. In

any case, the deposited regions are catalytic, thus forming a catalytic porous structure 300'.

In some embodiments, the deposited regions can be catalytic due in part to the

surrounding environment (chemical environment, physical environment, or electrical

environment) provided by the porous structure, or due in part to their inherent properties, or

due in part to a combination of surrounding environment and inherent properties.

Preferably, embodiments of the present invention include means for immersing the

porous structure 300 in the heterogeneous mixture 440. Such means are illustrated in FIG.

4D, where the entire porous structure 300 is immersed in the heterogeneous mixture 440.

Additionally, embodiments of the present inventon also include means for immersing the

porous structure 300 in the supercritical dispersion 430'. Such means are illustrated in FIG.

4E, where the entire porous structure 300 is immersed in the supercritical dispersion 430'.

It is contemplated that the particular materials employed within the present invention

can vary. However, in a preferred embodiment, the carrier fluid 420 is a surfactant.

Furthermore, the carrier fluid 420 preferably comprises one or more of the following: water,

oil, and alcohol. The particulate 410 can be a nanopowder, having an average grain size less

than 250 nanometers and an aspect ratio between one and one million. The particulate 410

can be provided in other sizes as well. The porous structure 300 can be a zeolite or an

alternative chemical structure.

Various methods in accordance with the present invention relate to inducing

deposition of particulate from a supercritical mixture onto a porous structure.

FIG. 5 is a flowchart illustrating one embodiment of a method 500 of forming a

catalytic region on a porous structure in accordance with the principles of the present

invention.

At step 510, a supercritical dispersion is formed. The supercritical dispersion

comprises a plurality of particles dispersed in a supercritical fluid. This supercritical

dispersion can be formed in a variety of ways, including, but not limited to, the addition and

removal of fluids and particles.

At step 520, a porous structure, having a plurality of pores, is exposed to the



supercritical dispersion. Such exposure can be achieved in a variety of ways. In a preferred

embodiment, the supercritical dispersion is contained within a chamber and the porous

structure is immersed in the supercritical dispersion.

At step 530, the particles from the supercritical dispersion are deposited onto the

porous structure, thereby forming catalytic regions on the porous structure. The particles are

preferably catalytic prior to deposition. However, it is contemplated that particles can

become catalytic or that their catalytic function can change in response to being deposited on

the porous structure. Also, the particles can be deposited in a variety of different locations,

such as on the exterior surface of the porous structure and/or on the interior surface of the

pores. Such deposition can be achieved in a variety of ways. Furthermore, the catalytic

regions can be formed in a variety of different locations on the porous structure, such as on

the exterior surface of a pore or on the interior surface of a pore, with the catalytic region

partially or completely surrounding the pore.

FIG. 6 is a flowchart illustrating another embodiment of a method 600 of forming a

catalytic region on a porous structure in accordance with the principles of the present

invention. The steps of the method 600 are preferably performed using a chamber in order to

hold and contain the fluids and particles.

At step 610, a plurality of particles is dispersed within a carrier fluid, thereby forming

a carrier mixture. Preferably, the particles are either catalytic or predisposed to becoming

catalytic once deposited onto the porous structure.

At step 620, a supercritical fluid is mixed with the carrier mixture, thereby forming a

heterogeneous mixture. Accordingly, the heterogeneous mixture comprises the supercritical

fluid, the carrier fluid and the plurality of particles.

At step 630, the carrier fluid is removed from the heterogeneous mixture, thereby

forming a supercritical dispersion that comprises the plurality of particles dispersed within the

supercritical fluid. Such removal of the carrier fluid can be achieved in a variety of ways,

including, but not limited to, reverse osmosis and filtering.

At step 640, a porous structure, having a plurality of pores, is exposed to the

supercritical dispersion. Such exposure can include the porous structure being immersed in

the supercritical dispersion.

At step 650, the supercritical fluid is removed from the region while the supercritical

dispersion is in contact with the porous structure. This removal increases the relative

concentration of particles within the supercritical dispersion, thereby promoting the



deposition of the particles on the porous structure. Because of the catalytic nature of the

particles, their deposition on the porous structure results in the formation of catalytic regions

on the porous structure. The particles can be deposited in a variety of different locations on

the porous structure. Similarly, the catalytic regions can be formed in a variety of different

location on the porous structure.

The present invention provides methods and systems that provide for formation of

catalytic regions on porous structures. The present invention uses an already-formed porous

structure as a substrate, upon which catalytic particles are deposited to form catalytic regions.

In some embodiments, the catalytic particles retain their functionality following deposition

onto the substrate porous structure. Hence, the catalytic behavior of the porous structure can

be engineered without relying on synthesis of precursors suitable for formation into porous

structures.

The present invention has been described in terms of specific embodiments

incorporating details to facilitate the understanding of the principles of construction and

operation of the invention. As such, references herein to specific embodiments and details

thereof are not intended to limit the scope of the claims appended hereto. It will be apparent

to those skilled in the art that modifications can be made to the embodiments chosen for

illustration without departing from the spirit and scope of the invention.



CLAIMS

What is claimed is:

1. A method of forming a catalytic region on a pre-formed porous structure having an

exterior surface and a plurality of pores, the method comprising:

forming a supercritical dispersion, wherein the supercritical dispersion

comprises a plurality of particles dispersed in a supercritical fluid;

exposing the pre-formed porous structure to the supercritical dispersion; and

depositing the plurality of particles from the supercritical dispersion onto the

porous structure, wherein each one of the deposited plurality of particles is catalytic,

thereby forming one or more catalytic regions on the porous structure.

2. The method of Claim 1, wherein the porous structure is a microporous structure.

3. The method of Claim 2, wherein the plurality of pores has an average pore diameter of

less than 1 micron.

4. The method of Claim 2, wherein the plurality of pores has an average pore diameter of

less than 2 nanometers.

5. The method of Claim 2, wherein the plurality of particles is a nano-powder having an

average grain size less than 250 nanometers and an aspect ratio between one and one

million.

6. The method of Claim 1, wherein one or more of the catalytic regions is formed to

partially or completely surround an interior pore within the porous structure.

7. The method of Claim 1, wherein each one of the plurality of particles is catalytic prior

to its deposition onto the porous structure.

8. The method of Claim 1, wherein the step of forming the supercritical dispersion

comprises:



dispersing the plurality of particles within a carrier fluid, thereby forming a

carrier mixture;

mixing the supercritical fluid with the carrier mixture, thereby forming a

heterogeneous mixture; and

removing the carrier fluid from the heterogeneous mixture, thereby forming

the supercritical dispersion.

9. The method of Claim 8, wherein the carrier fluid is a surfactant.

10. The method of Claim 8, wherein the carrier fluid comprises a fluid selected from the

group consisting of water, oil and alcohol.

11. The method of Claim 8, wherein the step of removing the carrier fluid from the

heterogeneous mixture comprises performing reverse osmosis.

12. The method of Claim 8, wherein the step of removing the carrier fluid from the

heterogeneous mixture comprises a filtering process.

13. The method of Claim 1, wherein the step of depositing the plurality of particles onto

the porous structure comprises removing the supercritical fluid from the supercritical

dispersion while the supercritical dispersion is in contact with the porous structure.

14. The method of Claim 13, wherein the step of removing the supercritical fluid from the

supercritical dispersion comprises:

exposing the supercritical dispersion to a low-pressure environment; and

venting the supercritical fluid to the low-pressure environment.

15. A method of forming a catalytic region on a pre-formed microporous structure having

an exterior surface and a plurality of pores, the method comprising:

dispersing a plurality of particles within a carrier fluid, thereby forming a

carrier mixture;

mixing a supercritical fluid with the carrier mixture, thereby forming a

heterogeneous mixture;



removing the carrier fluid from the heterogeneous mixture, thereby forming a

supercritical dispersion, wherein the supercritical dispersion comprises the plurality of

particles dispersed in the supercritical fluid;

exposing the pre-formed microporous structure to the supercritical dispersion;

and

removing the supercritical fluid from the supercritical dispersion while the

supercritical dispersion is in contact with the porous structure, thereby depositing the

plurality of particles from the supercritical dispersion onto the microporous structure,

wherein each one of the deposited plurality of particles is catalytic, and the deposition

of the particles forms one or more catalytic regions on the microporous structure.

16. The method of Claim 15, wherein the plurality of pores has an average pore diameter

of less than 1 micron.

17. The method of Claim 15, wherein the plurality of pores has an average pore diameter

of less than 2 nanometers.

18. The method of Claim 15, wherein the plurality of particles is a nano-powder having an

average grain size less than 250 nanometers and an aspect ratio between one and one

million.

19. The method of Claim 15, wherein one or more of the catalytic regions is formed to

partially or completely surround an interior pore within the microporous structure.

20. The method of Claim 15, wherein each one of the plurality of particles is catalytic

prior to its deposition onto the porous structure.

21. The method of Claim 15, wherein the carrier fluid is a surfactant.

22. The method of Claim 15, wherein the carrier fluid comprises a fluid selected from the

group consisting of water, oil and alcohol.

23. The method of Claim 15, wherein the step of removing the carrier fluid from the



heterogeneous mixture comprises performing reverse osmosis.

24. The method of Claim 15, wherein the step of removing the carrier fluid from the

heterogeneous mixture comprises a filtering process.

25. The method of Claim 15, wherein the step of removing the supercritical fluid from the

supercritical dispersion comprises:

exposing the supercritical dispersion to a low-pressure environment; and

venting the supercritical fluid to the low-pressure environment.
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