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(57) Abstract: Described herein is a cordierite membrane coated on a monolith substrate formed from cordierite. The membraneo coating is formed from cordierite particles which have been processed to have a median particle size diameter of between 1 and 3
microns with a narrow particle size distribution suitable for forming a cordierite membrane on a cordierite monolith substrate. A f

o ter the cordierite membrane is formed on the cordierite monolith substrate, the cordierite membrane monolith has a pore size of
less than 1 micron.
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CORDIERITE MEMBRANE ON A CORDIERITE MONOLITH

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of priority under 35 U.S.C. § 119(e) of U.S.

Provisional Application Serial No. 61/348051 filed on May 25, 2010.

FIELD

[0002 ] This disclosure relates to methods of making cordierite monolith substrates

having cordierite membranes for the separation of fluids, and the cordierite monolith

membranes so made.

BACKGROUND

[0003] Ceramic filters, including filters made from cordierite material, are presently

employed for industrial liquid filtration applications and for the removal of particulates

from fluid exhaust streams such as power plant stack gases and combustion engine

exhausts. Examples include ceramic soot filters used to remove unburned

carbonaceous particulates from diesel engine exhaust gases. For example, diesel

particulate filters, or DPF's, consist of honeycomb structures formed by arrays of

parallel channels bounded and separated by porous channel walls or webs, with a

portion of the channels being blocked or plugged at the filter inlet and the remaining

channels being plugged at the filter outlet. Exhaust gas to be filtered enters the

unplugged inlet channels and passes through the channel walls to exit the filter via

the unplugged outlet channels, with the particulates being trapped on or within the

inlet channel walls as the gas traverses the filter.

[0004 ]Cordierites have also been used as gasoline particulate filter (GPF),

substrates, or as supports for catalytic reactions and fluid separations. Membranes

or coatings may be applied to the surfaces of cordierite honeycomb monolith

structures. Membranes may be formed of thin layers of a refractory ceramic or glass

material, and may be applied via slurry coating to honeycomb substrate channels.



These membranes may be porous. These membranes or coatings may be important

for the utility of the substrate. For example these membranes or coatings may

provide physical or chemical properties that may be important for the intended use of

the monolith substrates. Membranes, methods of manufacturing membranes, and

ceramic monoliths having membranes, where the membrane monoliths have

physical and chemical properties that provide desired characteristics, are provided

herein.

SUMMARY

[0005] This disclosure relates to methods of making cordierite monolith substrates

having cordierite membranes for the separation of fluids, and the cordierite monolith

membranes so made. In embodiments disclosed herein cordierite membrane

monolith substrates have a pore size of less than 1 micron. In embodiments, the

cordierite membrane monolith substrates provide a smooth surface having small

pore sizes. These membrane monolith substrates are preferred for certain

applications, including applications which require the application of a polymer

membrane on the membrane monolith substrates. In applications which require that

a polymer membrane on a membrane monolith substrate can hold a vacuum across

the monolith structure, a small pore size and a smooth surface, free of cracks, is

desirable.

[0006]Additional features and advantages will be set forth in the detailed description

which follows, and in part will be readily apparent to those skilled in the art from that

description or recognized by practicing the embodiments as described herein,

including the detailed description which follows, the claims, as well as the appended

drawings.

[0007] It is to be understood that both the foregoing general description and the

following detailed description are merely exemplary, and are intended to provide an

overview or framework to understanding the nature and character of the claims. The

accompanying drawings are included to provide a further understanding, and are

incorporated in and constitute a part of this specification. The drawings illustrate one



or more embodiment(s), and together with the description serve to explain principles

and operation of the various embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] FIG. 1 is a graph illustrating that a significant fraction of 10 - 400 µιτι particles,

prepared by wet milling and then screened, were present in the dried powder

resulting from the wet-milling shown in FIG. 2 .

[0009] FIG. 2 is a graph illustrating the change in particle size distribution of

cordierite material as a function of ball wet-milling time in a comparative example.

[0010] FIG. 3 is a graph showing the particle size distribution before (circles) and

after (triangles) jet-milling, in this comparative example.

[001 1] FIG. 4 is a graph showing changes in particle size distribution of cordierite

particle with milling time during attrition-milling.

[0012] FIG. 5. is a graph showing changes in particle size distribution after 3.5 hours

of attrition-milling (circles) and after further treatment by jet milling (squares).

[001 3] FIG. 6 is a graph showing the pore size distribution of an unsupported

cordierite membrane prepared from the two-step milling process of attrition-milling

followed by jet-milling, measured by Hg porosimetry.

[0014] FIG. 7A and B show SEM images (in low resolution (A) and high resolution

(B)) of surface morphology of an inner channel of a porous monolith cordierite

support.

[001 5] FIG. 8 is an illustration of an embodiment of an apparatus used to apply an

inorganic membrane to the monolith substratedescribed herein.

[001 6] FIG. 9A and B are scanning electron micrographs (SEMs) of comparative

examples of alumina inorganic membranes applied to cordierite inorganic substrates.

[001 7] FIG. 10 shows SEM images of an embodiment of a cordierite membrane

made according to Example 1(d) on a monolith cordierite substrate 100, in a channel

surface view (FIG. 10A) and a cross-sectional view (FIG. 10B).

[001 8] FIG. 11 (A, B and C) shows 3 SEM images of a cross-section of a cordierite

membrane coated pre-treated cordierite monolith substrate, illustrating the surface

morphology of cordierite membrane where the slip was a 5% slip (FIG. 11A), a 10%



slip (FIG. 11B) and a cross-sectional SEM image (FIG. 11C) showing the thickness

of the membrane formed from the 10% slip membrane of FIG. 11B.

[0019] FIG. 12 A and B show two SEM images of an embodiment of a fired cordierite

membrane coated on a 2.3"x4" 1 mm-channel BATCH CODE (A) cordierite support,

a channel surface view (A) and cross-sectional view (B).

[0020] FIG. 13 shows pore size distribution of an embodiment of the cordierite

membrane coated on BATCH CODE (A) cordierite support (as shown in FIG. 12)

measured by mercury porosimetry.

[0021] FIG. 14 show pore size distribution of another embodiment of a cordierite

membrane coated on 1"x2" 1 mm-channel BATCH CODE (A) cordierite support.

[0022] FIG. 15 compares the surface morphology of two embodiments of the

cordierite membranes described hereinhaving pore sizes of 0.3-0.4 µιτι (A) and 0.4-

0.6 µιτι (B), respectively.

DETAILED DESCRIPTION

[0023] In embodiments described herein, a cordierite monolith substrate coated with

a cordierite membrane, forming a membrane monolith, is provided. In embodiments,

the cordierite membrane of the membrane monolith is free of cracks. In

embodiments, the cordierite membrane, applied to the cordierite substrate, has a

median pore size that is equal to or less than 1 µιτι , equal to or less than 0.5 µιτι or

between 0.1 µιτι and 1 µιτι . The cordierite membrane monolith can be used for liquid

microfiltration applications, and also can be used as a membrane monolith substrate

for subsequent deposition of inorganic or organic membranes. Membrane monolith

substrates that have subsequently coated with inorganic or organic membranes may

be used for applications such as catalytic reactions or separations such as

pervaporation, for example for the separation of gasoline components by octane.

[0024] In the following detailed description, reference is made to the accompanying

drawings that form a part hereof, and in which are shown by way of illustration

several specific embodiments of devices, systems and methods. It is to be

understood that other embodiments are contemplated and may be made without



departing from the scope or spirit of the present disclosure. The following detailed

description, therefore, is not to be taken in a limiting sense.

[0025] All scientific and technical terms used herein have meanings commonly used

in the art unless otherwise specified. The definitions provided herein are to facilitate

understanding of certain terms used frequently herein and are not meant to limit the

scope of the present disclosure.

[0026] As used in this specification and the appended claims, the singular forms "a",

"an", and "the" encompass embodiments having plural referents, unless the content

clearly dictates otherwise. As used in this specification and the appended claims,

the term "or" is generally employed in its sense including "and/or" unless the content

clearly dictates otherwise.

[0027]As used herein, "providing" an article in the context of a method means

producing, purchasing, fabricating, supplying or otherwise obtaining the article so

that the article may be used in the method.

[0028]As used herein, "have", "having", "include", "including", "comprise",

"comprising" or the like are used in their open ended sense, and generally mean

"including, but not limited to".

Definitions :

Γ0029Ί monolith substrate : For the purposes of this disclosure, a monolith substrate

is a shaped ceramic suitable for the application of a membrane on a surface of the

substrate. The shaped ceramic may be formed, extruded, molded and may be of

any shape or size. For example, a monolith substrate may be a filter formed from

cordierite. Or, for example, a monolith substrate may be a honeycomb filter.

Γ0030 membrane monolith : For the purposes of this disclosure, a membrane

monolith (or a membrane monolith substrate) is a monolith substrate having at least

one layer of inorganic membrane applied to a surface of the substrate. There may

be more than one layer of inorganic membrane applied to the same surface of the

substrate. The membrane may be inorganic or organic or both. For example, a

membrane monolith may be a filter in the shape of a honeycomb monolith substrate

formed from cordierite, having a cordierite membrane applied to a surface of the

honeycomb monolith substrate.



[0031] Porous inorganic membrane monoliths have been widely used in industrial

liquid filtration separations, and have used for gas separations and catalytic

reactions. These membrane monoliths may have a first end, a second end, and a

plurality of inner channels having surfaces defined by porous walls and extending

through the monolith substrate from the first end to the second end. They may have

a membrane applied to a surface of the monolith substrate. For example, the

surfaces of the channels of the monolith substrate may be coated with a porous

inorganic membrane, forming a membrane monolith.

[0032 ] The specific characteristics of these porous inorganic membrane monoliths

are important to optimize the function of the final product. For example, U.S. Patent

Application No. 12/626,1 00 entitled Coated Particulate Filter and Method , assigned

to Corning Incorporated and incorporated herein in its entirety, discloses a GPF with

a thin layer of inorganic membrane for better filtration efficiency with limited

backpressure increase. The inorganic membranes described in U.S. Patent

Application No. 12/626,1 00 have median pore sizes of 1 micron or greater.

[0033] Membrane monoliths may have one or more inorganic layers deposited

thereon. A variety of inorganic membranes including alumina, titania, zirconia,

zircon, and zeolite have been studied and applied on alumina, titania and mullite

supports.

[0034 ] Among the ceramic materials, cordierite has a low thermal expansion

coefficient and requires low firing temperatures. Cordierite has been used and

studied in applications such as auto catalytic converters, DPFs, porous ceramic

membrane supports, and refractory products. However, there has been limited

research on how to make inorganic membranes on cordierite monolith substrates.

[0035] Dong et al. prepared two-layer cordierite membrane on tubular cordierite

supports (Yingcha Dong, Bin Lin, et al., Cost-effective tubular cordierite micro-

filtration membranes processed by co-sintering , Journal of Alloys and Compounds,

477 (2009) L35-L40). The co-fired two layers of cordierite membrane were crack-

free and the average pore diameters were 1.55 µιτι and 2.1 7 µιτι , and total thickness

60 µηη .



[0036] For certain applications, 1-2 µηη pore size is too large for the proposed use of

the substrate. For example, US Patent Application No. 11/890,634 entitled Polymer-

Coated Inorganic Membrane for Separating Aromatic and Aliphatic Compounds

(publication number 2008/0035557) discloses an inorganic silica monolith having a

silica membrane, and also having a polymer-coating on top of the silica membrane

where the polymer separates aromatic and aliphatic compounds (in gas phase)

commonly found in gasoline.

[0037]Applications such as those disclosed in US Patent Application No.

11/890,634, require that a polymer-coated inorganic membrane monolith substrate

maintain a vacuum. In order to accomplish this requirement, and not wishing to be

limited by theory, it may be required that the median pore size of the inorganic

membrane monolith substrate be less than or about equal to the aggregate polymer

size of the associated polymer. In addition, it may be required that the inorganic

membrane substrate does not have cracks or discontinuities in the surface of the

membrane on the monolith which would provide discontinuities in the polymer

membrane, allowing leaks which would interfere with a vacuum requirement.

Therefore, in order to provide a polymer-coated support which can maintain a

vacuum, the characteristics of an inorganic membrane applied to surfaces of an

inorganic monolith substrate must be compatible with the application of a polymer

layer which can withstand vacuum. That is, for applications such as this, the

membrane monolith must have a desirable pore size, and a desirable pore size

distribution, and the membrane monolith must not have significant cracks or

discontinuities that would allow leaks in a polymer membrane layer applied to the

membrane monolith.

[0038] Characteristics of the inorganic membrane support may depend on the

characteristics of the underlying support and characteristics of the inorganic

membrane layer. These characteristics include compatibility between the underlying

monolith substrate and the applied inorganic membrane, pore size and roughness of

the surfaces of the underlying monolith substrate, and the porosity and roughness of

surfaces of the inorganic membrane on the membrane monolith substrate. These



characteristics may be affected by the techniques used to deposit the inorganic

membrane on the monolith substrate.

[0039] In embodiments described herein, the membrane-coated surfaces of the

membrane monolith are free of cracks. There are many ways to reduce cracking of

ceramic material. For example, to reduce cracking in a ceramic membrane layer

applied to a monolith substrate, it may be desirable to match physical properties of

the membrane and the monolith substrate. For example, like materials will have like

physical characteristics, including thermal expansion characteristics. In

embodiments described herein, the monolith substrate material is cordierite, and the

membrane material is cordierite. Because these materials are the same, they have

the same (or similar) coefficient of thermal expansion (CTE) characteristics. In

addition, cordierite membrane requires low firing temperatures, leading to low

production costs.

[0040] Cordierite has been used and studied in applications such as auto catalytic

converters, DPFs, porous ceramic membrane supports, and refractory products.

However, there has been limited research on how to make inorganic membranes on

cordierite monolith substrates. In embodiments described herein, a cordierite

membrane suitable for application onto a cordierite monolith substrate, and suitable

for specific applications, is provided. For example, if the membrane monolith is to be

used to support a polymer which must be applied to the membrane monolith in a

continuous (leak-free) layer, it may be favorable to develop a cordierite membrane

monolith with small pore sizes. It may be favorable to provide a membrane having a

pore size of less than 1 µιτι , for example. Or, for example, the median pore size of

the cordierite inorganic membrane substrate may be less than or equal to 1µιτι ,

equal to or less than 0.6 µιτι , equal to or less than 0.5 µιτι or between 0.1 and 1 µιτι .

For clarity, note that "size" as used in this context is meant to refer to a pore's cross

sectional diameter and, in the case where the pore's cross section is non-circular, is

meant to refer to the diameter of a hypothetical circle having the same cross

sectional area as that of the non-circular pore. In addition, as shown in FIG. 13 and

14, pore size is measured as a distribution. Median pore size is a measurement of

the d5oof a pore size distribution.



[0041] Cordierite is magnesium aluminum silicate. The exact composition of the

monolith substrate cordierite material may be varied to create cordierite materials

having desirable characteristics. For example, the pore size of the cordierite

material may be controlled, the porosity of the cordierite may be controlled, and the

pore size distribution of the cordierite material may be controlled by varying the

particle sizes of the magnesium, aluminum and silica raw materials. In addition, pore

formers may be included in the cordierite batches. In embodiments, cordierite

monolith substrates may have pore sizes for example of from 1.5 to 15 microns, 1.5

to 12 microns, 1.5 to 10 microns, 1.5 microns to 5 microns, 1.5 to 4.5 microns, 1.5 to

4.3 microns, 1.8 to 15 microns, 1.8 to 12 microns, 1.5 to 10 microns, 1.8 to 8

microns, 1.8 to 6 microns, 1.8 to 5 microns, 1.8 to 4.3 microns or 1.8 to 3.9 microns.

In embodiments, cordierite monolith substrates may have porosities of from 35 -

60%, from 35 - 55%, 35 - 50%, 35 - 48%, 35 - 46%, 40 - 60%, 40 - 55%, 40 -

50%, 40 - 48%, 40 - 46%, 43 - 60%, 43-55%, 43-50%, 43-48% or 43-46%, below

60%, below 55%, below 50%, below 48% or below 46%.

[0042] Examples of cordierite monolith materials are presented in Table 1.

Table 1:

[0043] In embodiments described herein, the composition of the membrane cordierite

material may also be varied to create membranes having desirable characteristics.

For example, cordierite particles may be used to create slurries that may be applied

to surfaces of the membrane monolith. These cordierite particles may be processed

to create membrane slurries having particle sizes that are suitable for the desired

application.

[0044] In embodiments described herein, cordierite material having a median particle

size of 11.6 µιτι , and having a broad particle size distribution, was obtained

commercially from Aveka Inc., Woodbury, MN. However, this material, having a



median particle size of 11.6 µιτι did not provide a final membrane having the desired

pore size. The pores of inorganic membrane substrate are formed by random

particle packing. Based on particle packing mechanism, the cordierite particles used

to form cordierite membranes, according to embodiments described herein, should

have a median particle size of 0.8-4 µιτι or less. For example, cordierite particles

having a median particle size of 4 µιτι produced a membrane having a 1 µιτι pore

size, so cordierite particles having a mean particle size of less than 4 µιτι may be

used to form cordierite membranes, in embodiments. In embodiments, a relatively

narrow particle size distribution may for the cordierite particles used to form

cordierite membranes may produce more predictable membranes.

[0045] Extensive testing was carried out to prepare cordierite raw materials suitable

for application to cordierite monolith substrates in embodiments described herein.

Wet milling may be achieved by ball-milling or attrition milling. Ball-milling is a

conventional grinding process; however, this process is not efficient and may take

very long milling times to achieve very fine cordierite material. In addition, using this

method, there is a lower limit on the achievable particle size. US patent 4,81 0,681

disclosed a method of manufacturing dense cordierite, which includes molding and

firing of fine cordierite powder with an average particle size of not more than 5 µιτι .

Attrition milling (stirred ball-milling) is more efficient than wet ball-milling. This

technique has been described by Rabe et al., Attrition milling of silicon nitride

powder under conditions for minimal impurity pickup , Ceramics International, vol. 18,

No.3, 1992, pp. 16 1-166. and by Caerucci et al, Process parameters in attrition

milling of cordierite powders . J . Materials Synthesis and Processing, Vol. 6, No. 2,

1998, pp. 115-1 2 1 . These wet methods led to the formation of agglomerates in the

resulting cordierite membrane. Agglomerates may lead to defects in the resulting

cordierite membrane.

[0046] However, it was found that a combination of attrition milling with a subsequent

jet milling step resulted in a more efficient process that resulted in a very fine

cordierite membrane material (having median particle size between 1 - 4µηη or

between 1-3 µιτι , for example) with a narrow particle size distribution suitable for



forming a cordierite membrane on a cordierite monolith substrate. These methods

are described in Example 1 and FIGs 1-5.

[0047] In embodiments described herein, one layer of membrane is provided on the

surface of the monolith substrate. In additional embodiments, two or more layers of

membrane are provided on the surface of the monolith substrate. To provide more

than one layer of membrane on the surface of the monolith substrate, slips or slurries

of liquid containing milled fine cordierite material (having median particle size, for

example, of between 1 - 4 µιτι) are applied in additional coating steps to the surface

of the monolith substrate. For example, two layers of membrane may be provided

on the surface of the monolith substrate, three layers of membrane may be provided

on the surface of the monolith, four layers of membrane may be provided on the

surface of the substrate or five layers of membrane may be provided on the surface

of the substrate.

[0048] In embodiments, for the application of a single membrane layer or multiple

membrane layers, each application of membrane may use a slip having a

percentage of cordierite material in the slip. In embodiments, cordierite slips may be

water-based and may be made by mixing milled cordierite powder with D.I. water,

dispersant, polymer binder and anti-foam agent, and mixed by ball-milling for 10-20

h . Polymer binders are known in the art and are, for example, polyethylene glycol

(PEG). In embodiments, the slip is an aqueous or water-based suspension. In

additional embodiments, organic solvent-based slip can be used for membrane

coating as well.

[0049] For example, a slip may be made using 1wt% milled cordierite powder. Or,

for example, a 2% slip may be used, a 3% slip may be used, a 4% slip may be used,

a 5% slip may be used, a 6% slip may be used, 7% slip may be used, 8% slip may

be used, 9% slip may be used, 10% slip may be used, an 11% slip may be used, a

12% slip may be used, a 13% slip may be used, a 14% slip may be used, a 15% slip

may be used, a 16% slip may be used, a 17% slip may be used, an 18% slip may be

used, a 19% slip may be used, a 20% slip may be used, a 2 1% slip may be used, a

22% slip may be used, a 23% slip may be used, a 24% slip may be used, or a 25%

slip may be used, or any range or combination of these slips may be used.



Additional ingredients including polymer binders may be incorporated into the slip.

For example, in embodiments, 1 to 20 wt % polymer binder may be included in the

slip formulation. In additional embodiments, 1- 10wt % polymer binder may be

included in the slip material, or 1-5% polymer binder may be included in the slip

formulation.

[0050] In embodiments, the slip is cast or coated or applied onto a surface of the

monolith substrate. In additional embodiments, dip coating or other slip casting

techniques may be used. The slip may be applied to a surface or surfaces of the

monolith using a flow coater 400 as illustrated in FIG. 8 . FIG. 8 illustrates a flow

coater 400, where a coating solution 200 enters the flow coater 400, which contains

a support 100 under vacuum. The coating solution 200 is pulled through the support

100, as shown by the arrows in FIG. 8, and the membrane is applied to the channels

of the support 100.

[0051] In embodiments, multiple layers of membrane may be applied to a substrate,

and in embodiments, these multiple layers may have different particle size

characteristics. For example, a first layer of membrane having a larger particle size

may be applied to a cordierite monolith substrate. Subsequent layers of membrane

may be applied having successively smaller particle sizes, resulting in a cordierite

membrane monolith having the desired median pore size. The application of

multiple layers of cordierite membrane having successively smaller particle sizes

may enable the formation of a cordierite membrane monolith from a monolith

substrate that has larger pore sizes. For example, the application of a first

membrane having an intermediate mean particle size (of, for example, greater than 4

µιτι) may create an underlayer that supports the application of an additional

membrane layer having the desired mean particle size (of, for example, 4 µιτι or

less). In embodiments, the use of multiple layers of cordierite membrane enables

the use of cordierite monolith substrates having larger pore sizes as starting

materials.

[0052 ] The monolith substrate may be pre-treated prior to the application of the slip.

For example, in embodiments, prior to application of slip, monolith support was

pretreated. In embodiments, the pretreatment process comprises plugging pores of



the support with pore-filling materials. In embodiments, the pore-filling materials are

specific organic materials such as protein particles, protein agglomerates in skim

milk, starch particles or synthetic polymer particles. These materials may be used to

fill pores of the membrane monolith so that the membrane forms a smooth surface.

Then, during later firing steps, the pore-fillers burn off. Examples of pore-filling

materials are disclosed in patent application US 2008/0299349, assigned to Corning

Incorporated, which is incorporated herein in its entirety.

[0053] Once the slip is applied to the monolith substrate, the coated monolith may be

dried and fired, to create a continuous inorganic membrane layer. In embodiments,

the membrane monolith has a smoother surface than the surface of the untreated

monolith substrate. Smoothness measured from an example of a cordierite monolith

substrate (BATCH CODE (B)) cordierite material, as shown in FIG. 7) compared to

smoothness of an embodiment of a membrane monolith described herein (BATCH

CODE (B)) monolith substrate, pre-treated with skim milk, with a 10wt% slurry of

milled cordierite material applied, dried and fired, and shown in FIG. 10) is shown in

Table 2 .

Table 2 :

[0054]As shown in Table 2, the membrane monolith is significantly smoother as

measured by PV (Peak to Valley measurements), rms (root mean square roughness)

and Ra (roughness average) calculations.

[0055] In embodiments, the PV of the cordierite membrane monolith may be from, for

example, 5 - 30 µηη , 5 - 25 µ η , 5 - 20 µ η , 10 - 30 µ η , 10 to 25 µηη , 10 - 20 µηη , 11 -

30 µιτι , 11 - 25 µιτι or 11 - 20 µιτι . In embodiments, the roughness as measured and

calculated by rms may be, for example, 0.5 - 3 µιτι , 0.5 - 2.5 µιτι , or 0.5 - 2 µιτι . In



embodiments, the roughness as measured and calculated by Ra may be, for

example, 0.5 - 2 µιτι or 0.5 - 1.5 µιτι .

[0056] In embodiments, the thickness of the cordierite membrane applied to a

cordierite monolith substrate is limited by the particle size of the cordierite membrane

material. The thickness may be measured from a single layer of cordierite

membrane or multiple layers of cordierite membranes. For example, a cordierite

membrane prepared from cordierite particles having a median diameter of from 1-4

µιτι may have a lower limit of thickness of between 2 - 5 µιτι . Cordierite membranes

that are too thick may break down or crack. In embodiments, the thickness of the

cordierite membrane applied to a cordierite monolith substrate may be, for example,

2 - 25 µηη , 2 - 20 µηη , 2 - 18 µηη , 2 - 15 µηη , 2 - 12 µηη , 2 - 10 µηη or 2 - 8 µηη , 5 - 25

µιτι , 5 - 20 µιτι , 5 - 18 µιτι , 5 - 15 µητι 5 —12 µιτι , 5 - 10 µιτι or 5 - 8 µιτι .

[0057] Porosity of the cordierite membrane may be measured from unsupported

cordierite membrane preparations. 0.5-0.6 µιτι membranes, for example, may have

a porosity of 55%. 0.3 - 0.4 µιτι membranes may have a porosity of 58%. In

embodiments, the porosity of the cordierite membrane may be, for example, 30 -

65%, 40 - 65%, 50 - 65%, 55 - 65%, 30 - 60%, 40 - 60%, 45 - 60%, 50 - 60%, or

55 - 60%.

[0058] In addition, the median pore sizes (as measured by mercury porisometry) of

the membrane monoliths, in embodiments described herein, ranged from 0.1 to 1

micron (see FIG. 13 and FIG. 14) while the median pore sizes of uncoated monolith

was greater than 1 µιτι (see Table 1) . In embodiments, the coated cordierite

membrane substrate has pores fine enough to allow for the subsequent deposition of

polymer membranes. In additional embodiments, the polymer coated membrane

substrate may hold a vacuum. That is, a polymer membrane applied to the

membrane surface of a cordierite membrane substrate may form a seal.

[0059] A first aspect of the present disclosure is a cordierite membrane monolith

comprising: a cordierite monolith substrate; a cordierite membrane on a surface of

the cordierite monolith substrate forming a cordierite membrane monolith; wherein

the cordierite membrane monolith has a median pore size of less than 1 µιτι , wherein

the cordierite membrane monolith has a median pore size of between 0.1 and 1 µιτι ,



wherein the cordierite membrane monolith has a median pore size of between 0.3

and 0.6 µιτι , wherein the cordierite membrane monolith has a median pore size of

less than 0.6 µιτι . A second aspect of the present disclosure the cordierite

membrane monolith of first aspect wherein the cordierite membrane comprises a

median pore size of 0.1 to 1 µιτι . A third aspect of the present disclosure is the

cordierite membrane monolith of first aspect wherein the cordierite membrane

comprises a median pore size of less than 0.6 µιτι . A fourth aspect of the present

disclosure is the cordierite membrane monolith of first aspect wherein the cordierite

membrane comprises a single layer of cordierite membrane. A fifth aspect of the

present disclosure is the cordierite membrane monolith of first aspect wherein the

cordierite membrane comprises more than one layer of cordierite membrane. An

additional aspect of the present disclosure is the cordierite membrane monolith of

first aspect wherein the cordierite membrane comprises two layers of cordierite

membrane or three layers or cordierite membrane or four layers of cordierite

membrane or five layers of cordierite membrane. A sixth aspect of the present

disclosure is the cordierite membrane monolith of fourth or fifth aspect wherein the

cordierite monolith substrate has a wherein the cordierite membrane comprises a

thickness of from 5 to 25 µιτι . In a seventh aspect, the cordierite membrane monolith

of aspect 4 or 5 where the cordierite membrane comprises a porosity of from 30 to

60% is provided. In an eighth aspect, the cordierite membrane monolith of aspect o

where the cordierite monolith substrate comprises a median pore size of from 1.5 to

5 µιτι is provided. An additional aspect of the present disclosure is the cordierite

membrane monolith of first aspect wherein the cordierite monolith substrate has a

pore size of 1.5 to 4 µηι , 1.8 to 2.4 µιτι , of 1.8 to 4 µιτι , or of 1.8 to 3.9 µιτι . A ninth

aspect of the present disclosure is the cordierite membrane monolith of first aspect

wherein the cordierite monolith substrate has a porosity of below 60%, below 50%,

from 40 to 50% or from 35 to 60%. An additional aspect of the present disclosure is

the cordierite membrane monolith of first aspect wherein the cordierite monolith

substrate has a porosity of from 40 to 60%, from 40 to 47%, from 43 to 47%, from 43

to 44%, from 43% to 46%. A tenth aspect of the present disclosure is the cordierite

membrane monolith of first aspect wherein the cordierite membrane monolith has a



Peak to Valley surface roughness of from 5 to 20 µιτι , or from 10 to 15 µιτι . An

additional aspect of the present disclosure is the cordierite membrane monolith of

first aspect wherein the cordierite monolith substrate has a surface roughness

measured by root mean square roughness (rms) roughness of 1.5 to 5 or from 1.5 to

2.5 µιτι . An eleventh aspect of the present disclosure is the cordierite membrane

monolith of first aspect wherein the cordierite membrane monolith has a Peak to

Valley surface roughness of from 5 to 20 µιτι , or from 10 to 15 µιτι . An additional

aspect of the present disclosure is the cordierite membrane monolith of first aspect

wherein the cordierite membrane monolith has a Peak to Valley surface roughness

of from 10 to 12 µιτι . A twelfth aspect of the present disclosure is the cordierite

membrane monolith of first aspect wherein the cordierite membrane monolith has an

rms surface roughness of from 0.5 to 1 µιτι or from 0.5 to 2 µιτι . An additional aspect

of the present disclosure is the cordierite membrane monolith of first aspect wherein

the cordierite membrane monolith has an rms surface roughness of less than 1 µιτι

or from 0.75 µιτι to 1 µιτι . A thirteenth aspect of the present disclosure is the

cordierite membrane monolith of first aspect wherein the cordierite membrane

monolith has a roughness average (Ra) surface roughness of from 0.5 to 1 µιτι or

from 0.5 to 1.5 µιτι . An additional aspect of the present disclosure is the cordierite

membrane monolith of first aspect wherein the cordierite membrane monolith has a

roughness average (Ra) surface roughness of less than 1 µιτι or from 0.75 to 1 µιτι .

A fourteenth aspect of the present disclosure is the cordierite membrane monolith of

first aspect further comprising a polymer layer applied to the cordierite membrane on

the cordierite monolith substrate. A fifteenth aspect of the present disclosure is the

cordierite membrane monolith of fourteenth aspect wherein the polymer layer applied

to the cordierite membrane on the cordierite monolith substrate seals the cordierite

membrane monolith or can hold a vacuum. In an additional aspect, the cordierite

membrane monolith of the first aspect where a surface of the cordierite membrane

on the surface of the cordierite monolith substrate is not cracked is provided.

[0060] In an additional aspect, the present disclosure provides a method of making a

cordierite membrane monolith comprising applying a slurry of cordierite particles

having a mean particle size of between 1 and 3 µιτι or between 1 and 2.5 µιτι to a



cordierite monolith substrate. In another aspect, the present disclosure provides a

method of making a cordierite membrane monolith comprising applying a slurry of

cordierite particles having a mean particle size of between 1 and 4 µιτι or between 1

and 3 µιτι or between 1 and 2.5 µιτι to a cordierite monolith substrate wherein the

slurry comprises 3% to 25% cordierite particles or from 3% to 20% or from 3% to

15% cordierite particles. In a further aspect, the present disclosure provides a

method of making a cordierite membrane monolith comprising applying a slurry of

cordierite particles having a mean particle size of between 1 and 3 µιτι or between 1

and 2.5 µιτι to a cordierite monolith wherein the slurry of cordierite particles is

aqueous or non-aqueous. In a further aspect, the present disclosure provides a

method of making a cordierite membrane monolith comprising applying a slurry of

cordierite particles having a mean particle size of between 1 and 3 µιτι or between 1

and 2.5 µιτι to a cordierite monolith wherein the cordierite monolith is pre-treated with

a pore filler before application of the slurry of cordierite particles. In a further aspect,

the present disclosure provides a method of making a cordierite membrane monolith

comprising applying a slurry of cordierite particles having a mean particle size of

between 1 and 3 µιτι or between 1 and 2.5 µιτι to a cordierite monolith wherein the

cordierite particles are prepared by a two-step milling process comprising attrition

milling and jet milling. In a further aspect, the present disclosure provides a method

of making a cordierite membrane monolith comprising applying a slurry of cordierite

particles having a mean particle size of between 1 and 3 µιτι to a cordierite monolith

wherein the cordierite particles have a mean particle size of between 1 and 2.5 µιτι .

[0061] Reference will now be made in detail to the present preferred embodiment(s),

and examples of which is/are illustrated in the accompanying drawings. Whenever

possible, the same reference numerals will be used throughout the drawings to refer

to the same or like parts.



EXAMPLES

Example 1: Preparation of Cordierite Membrane Material

Example 1(a): Wet-Milling

[0062] In this comparative example of using wet-milling alone, the median particle

size d50 of commercially available product (Aveka Inc., Woodbury, MN) was 11.6 µιτι

before milling (in a comparative example) and was reduced to 2.9 µιτι and 1.8 µιτι

respectively after 24 hours and 132 hours of wet-milling (see FIG. 2). However, after

another 135 hours of wet-milling, the particle size did not change. The resulting

particles were dried and passed through a 400-mesh screen. Agglomerates were

formed when the milled cordierite material was dried. FIG. 1 shows the particle size

distribution of wet-milled cordierite particles after drying and passing through a 400

mesh screen. FIG. 1 illustrates that a significant fraction of 10 - 400 µιτι particles,

prepared by wet milling and then screened, were present in the dried powder.

[0063] FIG. 2 is a graph illustrating the change in particle size distribution of

cordierite material as a function of wet-milling (ball milling) time. 2 lbs of cordierite

powder was added in a 1.5 gallon ceramic jar. 1.0 gallons of Dl water and 12 lbs of

3/8" yttria stabilized zirconia media were then added. Total mill time was 267 hours.

The cordierite particle size was monitored after 24 hours, 132 hours and 267 hours

of milling.

Example Kb): Jet Milling

[0064] In this comparative example of using jet milling alone, commercially available

cordierite material (Aveka Inc., Woodbury, MN) having a mean particle size of 11.6

µιτι was jet milled. As-received cordierite was continuously fed into a micronizer

(commercially available from Sturtavent Inc., Hanover, MA) using a small screw

feeder at a rate of 10 grams per minute. Particle size measurement of the as-

received cordierite gave the following data: d10 = 1.7 µηη , d50 = 10.6 µηη , d90 =

28.6 µηη . The grind pressure of the micronizer was set to 126 psi of compressed air.

The vortex finder on the micronizer determines the amount of time the material was

retained in the grinding chamber. The vortex finder was set to the maximum



penetration (75%) to maximize the amount of time material was held in the grinding

chamber, and therefore maximize the number of particle collisions. After grinding

was achieved, the material was carried in an air stream out of the grinding chamber.

Air was exhausted through a cloth filter bag and particulates dropped out into a

stainless steel collection pan beneath the cloth filter bag.

[0065] The median particle size (d50) of the comparative cordierite after one pass

through the micronizer was measured to be 4.5 µιτι . This material was then

micronized in a second pass with the same grinding conditions. After the second

pass the median particle size was measured to be 3.5 µιτι . The process was then

repeated for a third pass with negligible particle size reduction. FIG. 3 is a graph

showing the particle size distribution before (circles) and after (triangles) jet-milling,

in this comparative example. The jet-milling process reduced particle size and

narrowed particle size distribution.

[0066] However, the particle size after wet-milling alone (as in Example 1(a)) or after

jet-milling alone (as in Example 1(b)) was not small enough to make a cordierite

membrane with a pore size of 1 µιτι or less.

Example 1(c): Attrition-Milling

[0067] In this comparative example of using attrition milling alone, a circulation

attractor was used for attrition milling. 6 lbs of cordierite powder and 9 lbs of D.I.

water were combined together to form a slurry. The slurry was continuously

circulated through the grinding chamber of an attrition mill (Model HML-1 .5 VSD with

alumina lining, purchased from SPX Process Equipment, Delavan, Wl) that

contained 8.1 lbs of yttria stabilized Zirconia balls with O.D. of 0.65mm. The particle

size of the cordierite slurry was monitored every half hour during milling. The milling

was stopped when the particle size reached the target particle size.

[0068] FIG. 4 is a graph showing changes in particle size distribution of cordierite

particle with milling time during attrition-milling. Line 1 shows particle size as

received, line 2 shows particle size after 0.5 hours of milling, line 3 shows particle

size after 1.5 hours of milling, line 4 shows particle size after 2.5 hours of milling, and

line 5 shows particle size after 3.5 hours of milling. After 3.5 h of milling, the d50



value was decreased from 11.6 µιτι to 1.9 µιτι , which is similar to the size achieved

by 132 h of wet-milling.

Example 1(d): Attrition-Milling followed by Jet-Milling

[0069] In embodiments of the milling process described herein, a two-step milling

process including attrition-milling followed by jet-milling was used. Attrition-milling

was accomplished according to Example 1(c). The resulting slurry was poured into a

large Pyrex baking pan and dried in the oven over the weekend. Dried chunks were

passed through a 20 mesh sieve to ensure all chunks were smaller than 20 mesh

(850 µιτι) . The dried chunks were then broken up by passing through the micronizer,

and jet-milled according to Example 1(b). The -20 mesh chunks were continuously

fed into the micronizer using a small screw feeder at a rate of 10 grams per minute.

The grind pressure of the micronizer was set to 126 psi of compressed air. The

vortex finder on the micronizer determined the amount of time material was retained

in the grinding chamber. The vortex finder was set to the maximum penetration

(75%) to maximize the amount of time the material was held in the grinding chamber,

and therefore maximize the number of particle collisions. After grinding was

achieved, the material was carried in an air stream out of the grinding chamber. Air

was exhausted through a cloth filter bag and particulates dropped out into a stainless

steel collection pan beneath the cloth filter bag.

[0070] FIG. 5 . is a graph showing the d50 of particles after 3.5 hours of attrition-

milling (circles) and after further treatment by jet milling (squares). FIG. 5 illustrates

changes in particle size distribution of cordierite material after further treatment by jet

milling. It can be seen that some agglomerates were broken down after jet-milling

and thus the particle size distribution became further narrower and d50 was reduced

to 1.4 µιτι . By using this two-step milling process of attrition-milling followed by jet-

milling, smaller particle sizes were obtained compared to the particle sizes achieved

by the use of wet-milling, jet-milling or attrition-milling alone.



Example 2 : Preparation of Unsupported Cordierite Membrane from Milled Cordierite

[0071] Cordierite particles were prepared according to Example 1(d). A

commercially available ground cordierite material having a median particle size of

11.6 µιτι was used as a starting material. This starting material was then milled in a

two-step milling process using attrition-milling and then jet-milling to form a finely

ground cordierite material having a narrow particle size distribution and a median

particle size of 1-2 µιτι .

[0072 ] An unsupported cordierite membrane was made by pouring the resultant

cordierite slurry (prepared according to Example 1(d)) into a Petri dish followed by

120°C drying overnight. The dried membrane coating was peeled off the dish and

fired at 1150°C for 2 h with a heating rate of 1°C per minute. FIG. 6 is a graph

showing the pore size distribution of an unsupported cordierite membrane prepared

from the two-step milling process of attrition-milling followed by jet-milling, measured

by Hg porosimetry. It can be seen from FIG. 6 that the membrane has a narrow pore

size distribution with a median pore size of 0.3 µιτι .

Example 3 : Preparation of Porous Monolith Cordierite Support

[0073 ] This example describes cordierite supports used in an embodiment of this

invention. A monolith cordierite support (BATCH CODE (B)) used in this example

was made of cordierite with an outer diameter of 1 inch and a length of 2 inch

comprising 249 rounded channels of an average diameter of 1 mm being uniformly

distributed over the cross-sectional area. The BATCH CODE (B) support has a

median pore size of 1.8-2.4 µιτι and porosity of 43-44%, as measured by mercury

porosimetry.

[0074] FIG. 7 shows SEM images of surface morphology of an inner channel of a

porous monolith cordierite support. It can be seen that the support has a narrow

pore size distribution and very limited large surface pores. The surface roughness

results indicates mean PV value of 24.6 µιτι , rms value of 2.1 µιτι and Ra value of 1.5

µιτι .



Example 4 : Slip Casting

[0075] FIG. 8 is an illustration of an embodiment of an apparatus 400 used to apply

an inorganic membrane to the monolith substrate in embodiments described herein.

An extruded monolith cordierite support 100 is used for the deposition of cordierite

membrane. Before deposition, the support is flushed with D.I. water or blown with

forced air to remove any loose particles or debris. The washed support is dried at a

20°C oven for 5-24 h .

[0076] In some cases, the cleaned support was pretreated before membrane

coating. The pretreatment process comprises plugging pores of the support with so-

called pore-filling materials. Examples of pore-filling materials are disclosed in

patent application US 2008/0299349, assigned to Corning Incorporated, which is

incorporated herein in its entirety. The pore-filling materials are some specific

organic materials such as protein particles, protein agglomerates in skim milk, starch

particles or synthetic polymer particles, which can be burnt off during subsequent

membrane firing process.

[0077] Coating was accomplished on the non-pretreated or pretreated support 100

using a flow coater 400 as illustrated in FIG. 8 . FIG. 8 illustrates a flow coater 400,

where a coating solution 200 enters the flow coater 400, which contains a support

100 under vacuum. The coating solution 200 is pulled through the support 100, as

shown by the arrows in FIG. 8, and the membrane is applied to the channels of the

support 100. Similar flow coating apparatus is described in patent application US

2008/023791 9, assigned to Corning Incorporated, and incorporated herein in its

entirety. The coated support was dried at 120 °C for 5 h and then fired at 1100-1 200

(for example 1150°C for 2 h) for 0.5-5 h at a heating rate of 0.5-2 °C/min (for

example, 1°C/min). The slip-casting process included coating, drying and firing. In

embodiments, any of these steps may be repeated to obtain desired coating

thickness.



Example 5: Preparation of Membranes

Example 5(a): Preparation of Alumina Membranes on Porous Monolith Cordierite

Support - Comparative Example

[0078] Example 5(a) is a comparative example and describes coating of alumina

membranes on embodiments of a porous monolith cordierite support. Two monolith

cordierite supports (BATCH CODE B and BATCH CODE D) used in this example

were made of cordierite with an outer diameter of 1 inch and a length of 2 inch

comprising 125 rounded channels of an average diameter of 1.8 mm being uniformly

distributed over the cross-sectional area. The BATCH CODE (B) support has a

median pore size of 10.0 µιτι and porosity of 56.7%, as measured by mercury

porosimetry. The BATCH CODE (D) support has a median pore size of 11.4 µιτι and

porosity of 57.6%, as measured by mercury porosimetry. The supports were flushed

through the channels with D.I. water, and were fully dried at 120 °C oven overnight.

[0079] An alumina slip with a solid concentration of 40 wt% and a PEG (polyethylene

glycol) concentration of 8 wt.% was prepared. The alumina AA-3 (Sumitomo

Chemical Co.) has a narrow particle size distribution with a median particle size of

2.7-3.6 µιτι . First, 0.36 g of 4,5-Dihydrony-1 ,3-benzenedissulfonic acid disodium salt

(Tiron) was added into a 500 ml plastic jar with 114.7 g D.I. water, to which 120 g

alumina powder was added. Upon shaking for around 1 min, the jar was put into an

ice bath and ultrasonicated for 30 times with 10 sec ON and 30 sec OFF intervals.

Next, the treated slip was mixed with 78.26 g 20 wt% PEG and 2.70 g 1% DC-B anti-

foam emulsion solution (Dow-Corning). After ball-milling for 15-20 h, the slip was

poured through a fine screen into a flask, followed by degassing with a vacuum

pump.

[0080] Before membrane coating, the cordierite supports were pretreated with Great

Value™ skim milk. The supports were carefully wrapped with Teflon® tape to

prevent the pore-filling material (skim milk) from directly contacting the exterior of the

supports. Upon soaking for 20 sec, the supports were removed from the skim milk.

The excess skim milk was removed from the inner channels by shaking, or N2

blowing through or spinning. The pretreated supports were dried at ambient

conditions for 5 h and then at 60°C over for 10 h .



[0081 ] The alumina membrane was placed inside the channels of BATCH CODE (D)

and BATCH CODE (B) supports using the flow-coater as shown in FIG. 8 . The

soaking time was 20 sec. The coated support was spun for 60 sec at a speed of 525

rpm to remove excess alumina slip in the channels, dried at 120°C for 2 h, and fired

at 1380°C for 2 h at a heating rate of 1°C/min.

[0082 ] The resulting alumina membrane was characterized by scanning electron

microscopy (SEM). FIG. 9A and B are scanning electron micrographs (SEMs) of

comparative examples of alumina inorganic membranes applied to cordierite

inorganic substrates. FIG. 9 (A and B) are SEM images showing alumina

membrane coated on BATCH CODE (B) (FIG. 9A) and BATCH CODE (D) (FIG. 9B)

cordierite supports. FIG. 9A and B illustrate that an alumina membrane coated on

BATCH CODE (B) and BATCH CODE (D) cordierite supports cracked. Cracks are

shown by arrows.

Example 5(b): Preparation of Cordierite Membrane Slip

[0083] Cordierite slips were water-based and made by mixing milled cordierite

powder with D.I. water, dispersant, polymer binder and anti-foam agent, and ball-

milling for 10-20 h . The slips were not limited to water-based suspensions. In

embodiments, organic solvent-based slip can be used for membrane coating as well.

The solid content in the slip was in the range of 3-25% by weight, while polymer

binder concentration was 4% by weight.

[0084] A supported cordierite membrane was made by slip casting of cordierite slurry

(prepared according to Example 1(d)) on a monolith cordierite (BATCH CODE (B))

with a porosity of 43-44% and median pore size of 2.1 µιτι . The cordierite slurry

containing 5% solid by weight was made by mixing 30 g milled cordierite material

with 475 g D.I. water, 0.09 g Tiron and 119 g 20% PEG (polyethylene glycol,

MW=20,000 (Fluka)) solution followed by ball-milling for overnight.

Example 5(b)(2): Additional Example of Preparation of Cordierite Membrane Slip

[0085] As an additional example, the procedure of making 300 g batch of the 5% slip

containing 5% solids was as follows. First, 0.05 g of Tiron (4,5-Dihydrony-1 ,3-



benzenedissulfonic acid disodium salt, Fluka) was added into a 500 ml plastic jar

with 237.5 g D.I. water, to which 15.0 g milled cordierite powder was then added.

Upon shaking for around 1 min, the jar was put into an ice bath and ultrasonicated

for 30 times with 10 sec ON and 30 sec OFF intervals. Next, the treated slip was

mixed with 59.4 g 20 wt% PEG (polyethylene glycol, MW=20,000, Fluka) and 4.3 g

1% DC-B anti-foam emulsion solution (available from Dow-Corning). After ball-

milling for 15-20 h, the slip was poured through a fine screen into a flask, followed by

degassing with a vacuum pump.

Example 5(c): Slip-Casting of Cordierite Membrane onto a Monolith Cordierite

Substrate (not pre-treated)

[0086] Using the apparatus illustrated in FIG. 8, a cordierite membrane was applied

to the monolith substrate in embodiments described herein. An extruded monolith

cordierite support 100 was used for the deposition of cordierite membrane. Before

deposition, the support was flushed with D.I. water or blown with forced air to remove

any loose particles or debris. The washed support was dried at a 120°C oven for 5-

24 h . The coated support was dried at 120°C for 5 h and then fired at 1100-1 200°

(for example 1150°C for 2 h) for 0.5-5 h at a heating rate of 0.5-2°C/min (for

example, 1°C/min). The slip-casting process included coating, drying and firing. In

embodiments, any of these steps may be repeated to obtain desired coating

thickness.

[0087] For example, the supports were flushed through the channels with D.I. water,

and were fully dried at 120 °C oven overnight. Three cordierite slips were made

comprising a solid content of 3%, 5% and 10%, respectively. The same procedure

as listed in Example 5(b) and 5(b)(2) was used to prepare the slips by mixing

different amount of cordierite material, D.I water, polymer binder, dispersant and

anti-foam agent. After ball-milling for 15-20 h, the slips were screened and

vacuumed. The supports were mounted into the flow coater and coated with the

slips containing different solid contents, 3%, 5% and 10%. After coating, the coated

supports were unloaded and spun at 525 rpm for 1 min. Then they were dried at 120



°C for 2 h and fired at 1150°C for 2 h . For double-coated samples, they were coated

again with use of the same slip as for 1st coating before firing.

[0088] FIG. 10 shows SEM images of monolith cordierite membrane substrates 100,

in a channel surface view (FIG. 10A) and cross-sectional view (FIG. 10B). FIG. 10A

shows the internal structures of the monolith cordierite substrate 100, the membrane

coating 101 on a channel wall, and the wall 102. FIG. 10B shows a cross-sectional

image of the membrane 101 on the substrate. It can be seen that the membrane

101 is uniform in thickness (see white arrows, FIG. 10B) with a thickness of

approximately 7µηη .

[0089] FIG. 10 shows a double-coated cordierite membrane (that is, a cordierite

membrane was coated on the cordierite monolith substrate twice) made on non-

pretreated cordierite support using 10% slip according to Example 1(d) and Example

5(b)(1 ) or 5(b)(2). The membrane did not crack. The surface roughness was

measured at 4 spots and the mean PV value was 11.9 µιτι , rms value 0.98 µιτι and

Ra value 0.77 µιτι . The Ra value was significantly reduced compared to that of the

support alone.

Example 5(d): Slip-casting of Cordierite Membrane on a Pre-treated Monolith

Cordierite Substrate

[0090] In this example, commercially available skim milk was used as a pre-

treatment. The skim milk solution was sucked into pores of the ceramic support by

dip-coating, slip-casting or other methods. Only the inner surfaces of open channels

of the support contacts the skim milk solution during the pretreatment. After the

support was contacted with the solution for a period of time, it was taken out of the

solution. The pretreated support was dried at room temperature for 24 h, or at a

higher temperature but less than 120°C for 5-20 h, or at room temperature for 5-1 0 h

and then at a higher temperature but less than 120°C for 5-1 0 h .

[0091 ] A coating was then applied according to Example 1(d) and Example 5(b)(1 ) or

5(b)(2). The coated support was dried at 120°C for 5 h and then fired at 1100-1 200°

(for example 1150°C for 2 h) for 0.5-5 h at a heating rate of 0.5-2°C/min (for

example, 1°C/min). The slip-casting process included coating, drying and firing. In



embodiments, any of these steps may be repeated to obtain desired coating

thickness. For example, if the slip-casting process is repeated twice, it may be

called a double-cast or double-coated cordierite membrane. If the slip-casting

process is repeated three times, it may be called a triple-cast or triple-coated

cordierite membrane, and so on.

[0092] FIG. 11 shows SEM images of surface morphology of a cordierite membrane

monolith made according to Example 1(d) and Example 5(b)(1 ) or 5(b)(2) on

pretreated cordierite substrate 100 (BATCH CODE (B)) using 5% slip (FIG. 11A),

and using 10% slip (Fig. 11B and C). FIG. 11A is an SEM image of a double

coated cordierite membrane made on pretreated cordierite support with the use of a

5% slip. FIG. 11B is an SEM image of a double-coated cordierite membrane made

on pretreated cordierite support with the use of 10% slip. FIG. 11C is a cross-

sectional view of the membrane made with the use of 10% slip (as shown in FIG.

11B, illustrating that the membrane thickness is around 10 µιτι . FIG. 11A shows the

internal structures of the monolith cordierite substrate 100 in cross-section, the

membrane coating 101 on a channel wall, and the wall 102. FIG. 11B shows an

enlarged image of the membrane 101 . It can be seen that the membrane 101 is

uniform and crack free.

[0093] FIG. 12 A and B show SEM images of channel surface view A and cross-

sectional view B of an additional example of a fired cordierite membrane coated on

2.3"x4" 1 mm-channel cordierite support (BATCH CODE A) made according to

Example 1(d) and Example 5(b)(1 ) or 5(b)(2) above. The A support has a porosity of

46% and median pore size of 3.9 urn measured by mercury porosimetry. The

support was pretreated with skim milk before membrane coating. The cordierite

membrane was coated using 10% slip. The membrane was dried and fired at

1150°C. The membrane was 15 µιτι thick and did not crack.

[0094] FIG. 13 shows pore size distribution of an embodiment of the cordierite

membrane coated on A cordierite support (as shown in FIG. 12) measured by

mercury porosimetry. Two peaks were observed. The big peak represents pore size

of the cordierite support, and the small peak displays the cordierite membrane with

pore size of 0.3-0.4 µιτι .



[0095] FIG. 14 shows pore size distribution of another cordierite membrane coated

on 1"x2" 1 mm-channel BATCH CODE (A) cordierite support (as shown in FIG. 12,

except that a 15% slip made from cordierite material with a median particle size of

2.2 µιτι was used), measured by mercury porosimitry. FIG. 14 shows that the pore

size of this cordierite membrane was 0.4-0.6 µιτι .

[0096] FIG. 15 compares the surface morphology of two cordierite membranes

having pore size of 0.3-0.4 µιτι (A) and 0.4-0.6 µιτι (B), respectively. It can be seen

that the 0.4-0.6 µιτι membrane was made of coarser cordierite particle, leading to a

larger pore size in the final cordierite membrane monolith support.

Example 6 : Polymer Coating on Cordierite Membrane Cordierite Support

[0097] The cordierite membrane coated on cordierite support can be also used as a

substrate for deposition of polymer membrane for variety of applications. As an

example, a cordierite membrane with pore size of 0.3-0.4 µιτι was first coated on

1"x2" 1 mm-channel cordierite support (BATCH CODE A). Then, a DENO/D400

emulsion solution containing 0.1 % surfactant SDS was coated three times on the

resultant cordierite coated support. DENO/D400 is a crosslinked polymer coating, or

membrane, comprised of reactants DENO, which is 1,2,7,8-diepoxyoctane (Aldrich

Chemical), and D400, which is O,O'-Bis(2-aminopropyl)polypropylene glycol

(Huntsman Petrochemical Corp). The ratio of DENO:D400 molecules is 2:1 to

achieve optimal crosslinking. After drying and curing, the resulting polymer

membrane had weight pick-up of 0.6g and held a vacuum for at least 10 minutes.

The resulted polymer membrane had weight pick-up of 0.6 g and held a vacuum.

That is, the polymer membrane formed a seal.

[0098] It will be apparent to those skilled in the art that various modifications and

variations can be made without departing from the spirit or scope of the invention.



What is claimed is:

1. A cordierite membrane monolith comprising:

a cordierite monolith substrate;

a cordierite membrane on a surface of the cordierite monolith substrate

forming a cordierite membrane monolith;

wherein the cordierite membrane monolith has a median pore size of less

than 1 µιτι .

2 . The cordierite membrane monolith of claim 1 wherein the cordierite membrane

comprises a median pore size of 0.1 to 1 µιτι .

3 . The cordierite membrane monolith of claim 1 the cordierite membrane comprises

a median pore size of less than 0.6 µιτι .

4 . The cordierite membrane monolith of claim 1 wherein the cordierite membrane

comprises a single layer of cordierite membrane.

5 . The cordierite membrane monolith of claim 1 wherein the cordierite membrane

comprises more than one layer of cordierite membrane.

6 . The cordierite membrane monolith of claim 4 or 5 wherein the cordierite

membrane comprises a thickness of from 5 to 25 µιτι .

7 . The cordierite membrane monolith of claim 4 or 5 wherein the cordierite

membrane comprises a porosity of from 30 to 60%.

8 . The cordierite membrane monolith of claim 1 wherein the cordierite monolith

substrate comprises a median pore size of from 1.5 to 5 µιτι .



9 . The cordierite membrane monolith of claim 1 wherein the cordierite monolith

substrate comprises a porosity of below 60%.

10 .The cordierite membrane monolith of claim 1 wherein the cordierite monolith

substrate comprises a porosity of below 50%.

11.The cordierite membrane monolith of claim 1 wherein the cordierite monolith

substrate comprises a porosity of from 35 to 60%.

12 .The cordierite membrane monolith of claim 1 wherein the cordierite monolith

substrate comprises a surface roughness measured by rms roughness of 1.5 to 5

µιτι .

13 .The cordierite membrane monolith of claim 1 wherein the cordierite membrane

monolith comprises a Peak to Valley surface roughness of from 10 to 20 µιτι .

14. The cordierite membrane monolith of claim 1 wherein the cordierite membrane

monolith comprises an rms surface roughness of from 0.5 to 2 µιτι .

15 . The cordierite membrane monolith of claim 1 wherein the cordierite membrane

monolith comprises a roughness average (Ra) surface roughness of from 0.5 to

1.5 µιτι .

16 . The cordierite membrane monolith of claim 1 further comprising a polymer layer

applied to the cordierite membrane on the cordierite monolith substrate.

17 . The cordierite membrane monolith of claim 16 wherein the polymer layer applied

to the cordierite membrane on the cordierite monolith substrate seals the

cordierite membrane monolith.



18 .The cordierite membrane monolith of claim 1 wherein a surface of the cordierite

membrane on the surface of the cordierite monolith substrate is not cracked.

19 .A method of making a cordierite membrane monolith comprising applying a slurry

of cordierite particles having a median particle size of between 1 and 4 µιτι to a

cordierite monolith substrate.

20. The method of claim 19 wherein the slurry comprises 3% to 25% cordierite

particles.

2 1 .The method of claim 19 or 20 wherein the slurry of cordierite particles is aqueous.

22. The method of claim 19 or 20 wherein the slurry of cordierite particles is no n

aqueous.

23. The method of claims 19 through 22 wherein the cordierite monolith is pre-treated

with a pore filler before application of the slurry of cordierite particles.

24. The method of claims 19 through 23 wherein the cordierite particles are prepared

by a two-step milling process comprising attrition milling and jet milling.

25. The method of claim 19 wherein the cordierite particles comprise a median

particle size of between 0.8 and 4 µιτι .
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