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INORGANIC MEMBRANES AND METHOD OF MAKING

CROSS-REFERENCE TO RELATED APPLICATION

[0001] This application claims the benefit of priority to US Application No.
11/894065 filed on August 20, 2007 which claims the benefit of priority to
Provisional Patent Application No. 60/903637 filed on February 27, 2007, the content

of which is relied upon and incorporated herein by reference in its entirety.
BACKGROUND

[0002] The invention relates to porous inorganic membranes. More
particularly, the invention relates to a method of making such membranes. Even more
particularly, the invention relates to a method of making a porous inorganic

membrane coating on a porous ceramic support.

[0003] Membranes are porous organic or inorganic films that have separation
properties. Inorganic membranes are made of inorganic particles that are partially
sintered to form a porous structure. Membranes are classified according'to pore size
as microfiltration (mean pore size between 0.1 pm and 5pm) membranes,
ultrafiltration (mean pore size between 2 um and 150 nm) membranes, and
nanofiltration (mean pore size between 0.5 pm and 2 nm) membranes. The smaller
the pore size of the membrane, the finer the particles that are used to make the

membrane.

[0004] Inorganic membranes offer several advantages over organic
membranes. Inorganic membranes, for example, typically have high chemical and
thermal stabilities that allow the membranes to be used in extreme pH and chemical
environments. In addition, inorganic membranes can be easily cleaned by applying

high temperature treatments such as, for example, firing.

[0005] Ultrafiltration membranes are used in the filtration of bacteria, virus,

proteins, paint particles, emulsified oil, or protein particles in environmental, food,
1
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pharmaceutical, and chemical processing industries. Ultrafiltration membranes are
also a necessary underlayer for the deposition of molecular-separation membranes

having a mean pore size of less than 1 nm.

[0006] Ultrafiltration membranes are typically prepared using a sol-gel
process that starts with the preparation of a metal alkoxide solution. The entire
process may include hydrolyzing, peptizing, pH-controlling, vaporizing, and sintering
to obtain a membrane having a narrow pore size distribution that is controllable from
1-100 nm. Although the sol-gel process is considered one of the best methods for
ceramic membrane synthesis, the process is complicated and requires careful control.
Moreover, the resulting membrane films have thermal stability problems. Other
methods for making ultrafiltration membranes, such as using a cold-plasma to reduce
the pore size and repeated chemical vapor deposition and hydroxylation processés,
have also been used. The object of such efforts is to simplify the processing steps

needed to achieve the desired pore size.

[0007] Titanium oxide (TiO,) is commonly used to make such membrane
layers. However, since ultrafiltration is usually formed from nanoscale particles, the
thermal and hydrothermal stability of these powders become the main challenge. At
such small pore and particle sizes, TiO, membrane material tends to sinter at

relatively low temperature, thus reducing the flux through the membrane.

[0008] The refractory metal oxide a-alumina (a-Al,O;) is a preferred
membrane material. The particle size of a-alumina, however, is usually too large for
use in ultrafiltration coatings. Although sufficiently small y-alumina particles may be
formed, this alumina phase is not stable at high temperatures. While y-alumina can be
converted into the a-Al,O3 phase by calcination at temperatures above 1100°C, such
high-temperature calcination substantially reduces the porosity of the membrane layer
and makes small y-alumina particles fuse into much larger particles. Alumina
ultrafiltration membranes have been formed using a sol-gel based method. These
membranes were fired at temperatures of only up to 500°C, however, and thus lack
the high-temperature stability and corresponding long-term durability that is required

of ultrafiltration and gas-separation membranes.

2



WO 2008/106028 PCT/US2008/002157

[0009] Current methods are unable to produce membranes that comprise
selected materials, such as a-alumina, and are thermally stable. Therefore what is
needed is a method of making inorganic membranes that are thermally stable and
have a mean pore size and pore size distribution that enable use in microfiltration

applicatioﬁs. What is also needed is an inorganic membrane that is thermally stable.
SUMMARY

[0010] The present invention meets these and other needs by providing an
inorganic membrane having an improved pore structure. The membrane has a mean
pore size of up to about 100 nm and a mean particle size in a range from about 10 nm
to about 100 nm. In one embodiment, the membrane comprises a-alumina and is
formed by providing a coating slip comprising &-alumina; applying the coating slip to
a support surface or substrate to form a coating layer; drying the coating layer; and
firing the dried coating layer at a temperature of at least about 1000°C to convert at

least a portion of the 8-alumina to a-alumina.

[0011] Accordingly, one aspect of the invention is to provide an inorganic
membrane that comprises a-alumina. The a-alumina has a pore structure having a
mean pore size of up to about 100 nm and a mean particle size in a range from about

10 nm to about 100 nm.

[0012] A second aspect of the invention is to provide an inorganic membrane
comprising o-alumina. The a-alumina has a pore structure having a mean pore size of
up to about 100 nm and a mean particle size in a range from about 10 nm to about 100
nm. The a-alumina is formed by: providing a coating slip comprising &-alumina;
applying the coating slip to a support surface or substrate to form a coating layer;
drying the coating layer; and firing the dried coating layer at a temperature of at least
about 1000°C to convert at least a portion of the 6-alumina to a-alumina and form the

inorganic membrane.

[0013] A third aspect of the invention is to provide an inorganic membrane
that comprises a-alumina. The a-alumina has a pore structure having a mean pore

size of up to about 100 nm and a mean particle size in a range from about 10 nm to

3



WO 2008/106028 PCT/US2008/002157

about 100 nm, wherein the pore structure is stable up to about 1400°C. The a-alumina
is formed by: providing a coating slip comprising 3-alumina; applying the coating slip
to a support surface or substrate to form a coating layer; drying the coating layer; and
firing the dried coating layer at a temperature of at least about 1000°C to convert at

least a portion of the §-alumina to a-alumina to form the inorganic membrane.

[0014] A fourth aspect of the invention is to provide a method of making an
inorganic membrane that comprises a-alumina. The method comprises the steps of:
providing a coating slip comprising -alumina; applying the coating slip to a support
surface or substrate to form a coating layer; drying the coating layer; and firing the
dried coating layer at a temperature of at least about 1000°C to convert at least a
portion of the §-alumina to a-alumina and form the inorganic membrane, wherein the
inorganic membrane has a pore structure having a mean pore size of up to about 100

nm and a mean particle size in a range from about 10 nm to about 100 nm..

[0015] These and other aspects, advantages, and salient features of the present
invention will become apparent from the following detailed description, the

accompanying drawings, and the appended claims.
BRIEF DESCRIPTION OF THE DRAWINGS

[0016] FIGURE 1 is a scanning electron microscope (SEM) image

(magnification 50,000X) of 3-alumina starting material;

[0017] FIGURES 2a-d are SEM images of a membrane surface and cross-
section after firing at 900°C: a) surface, 5,000X magnification; b) surface, 50,000X
magnification; c¢) cross-section, 75X magnification; and d) cross-section, 1,000X

magnification;

[0018] FIGURES 3a-d shows SEM images of a membrane surface and cross-
section after firing at 1200°C: a) surface, 5,000X magnification; b) surface, 50,000X
magnification; c¢) cross-section, 75X magnification; and d) cross-section, 1,000X

magnification;
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[0019] FIGURES 4a and 4b are SEM images of an as-deposited y-AlO;
membrane coating on a monolithic substrate, synthesized at 650°C: a) 250X

magnification; and b) 100,000X magnification;

[0020] FIGURES 5a and 5b are SEM images of the membrane shown in
FIGS. 4a and 4b after being heated at 900°C: a) 250X magnification; and b) 100,000X

magnification;

[0021] FIGURE 6a-c are SEM images of the membrane shown in FIGS. 4a
and 4b after being heated at 1200°C: a) 1,000X magnification; b) 10,000X
magnification; and c¢) 50,000X magnification;

[0022] FIGURE 7 is a plot of results obtained for a water permeability test

using the membranes described herein;

[0023] FIGURE 8 is a plot of results obtained for an ultrafiltration test of the

membranes described herein using a mixture of Ecoat™ paint and water;

[0024] FIGURE 9a-c shows SEM images of membranes prepared using
coating slips comprising §-Al,O3: a) 1.0 wt.% 8-Al,03 (10,000X magnification); b)
0.7 wt.% 6-Al,05 (10,000X magnification); and c¢) 0.5 wt.% 8-Al,0; (10,000X

magnification);

[0025] FIGURES 10a-c are SEM images of 8-Al,0; membrane coatings
deposited using coating slips having pH values of: a) 3.2 (250X magnification); b) 3.5
(250X magnification); and c¢) 3.9 (250X magnification);

[0026] FIGURES 11a-c shows SEM images of a membrane prepared using 8-
alumina powder having a particle size of 19 nm, dried at 120°C: a) 250X
magnification; b) 10,000X magnification; ¢) 100,000X magnification; and

[0027] FIGURES 12a-c shows SEM images of the membrane shown in FIGS.
11a-c, after heating at 1200°C: a) 250X magnification; b) 10,000X magnification; c)
100,000X magnification.
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[0028] FIGURE 13 is a plot of particle size distribution for coating slips
comprising an aqueous solution of 1 wt.% 6-alumina and polyethylene glycol (PEG),
having a molecular weight (MW) of 600, and : 1) 1.2 wt.% PEG; 2) 2.3 wt.% PEG;
and 3) 4.5 wt.% PEG;

[0029] FIGURE 14 is a plot of particle size distribution for coating slips
comprising an aqueous solution of 1 wt.% &-alumina and polyethylene glycol having

900 MW and : 1) 1.2 wt.% PEG; 2) 2.3 wt.% PEG; and 3) 4.5 wt.% PEG;

[0030] FIGURE 15 is a plot of particle size distribution for coating slips
comprising an aqueous solution of 1 wt.% 6&-alumina and polyethylene glycol having

2,000 MW and : 1) 1.2 wt.% PEG; 2) 2.3 wt.% PEG; and 3) 4.5 wt.% PEG;

[0031] FIGURE 16 is a plot of particle size distribution for coating slips
comprising an aqueous solution of 1 wt.% §-alumina and polyethylene glycol having

20,000 MW and : 1) 1.2 wt.% PEG; 2) 2.3 wt.% PEG; and 3) 4.5 wt.% PEG;
DETAILED DESCRIPTION

[0032] In the following description, like reference characters designate like or

corresponding parts throughout the several views shown in the figures. It is also

2 & N5

understood that terms such as “top,” “bottom,” “outward,” “inward,” and the like are
words of convenience and are not to be construed as limiting terms. In addition,
whenever a group is described as either comprising or consisting of at least one of a
group of elements and combinations thereof, it is understood that the group rhay
comprise or consist of any number of those elements recited, either individually or in

combination with each other.

[0033] Referring to the drawings in general and to FIG. 1 in particular, it will
be understood that the illustrations are for the purpose of describing a particular

embodiment of the invention and are not intended to limit the invention thereto.

[0034] Inorganic membranes comprise inorganic particles that have been
partially sintered to form a porous structure. Inorganic membranes generally have

higher chemical and thermal stabilities than organic membranes, allowing them to be

6



WO 2008/106028 PCT/US2008/002157

used in extreme pH and chemical environments. They are also easily cleaned by

firing or other high temperature methods.

[0035] Due to their thermal and chemical stability, refractory metal oxides are
preferred materials for use in ultrafiltration membranes. Not all such oxides, however,
are suitable for use in this application. Because ultrafiltration membranes are
typically formed from nanoscale particles, the hydrothermal and thermal stability of
such particles becomes a consideration. At such small particle and pore sizes, the
membrane material tends to sinter at relatively low temperatures, thus reducing the

flux through the membrane.

[0036] For example, a-alumina (a-Al,03), which is a preferred membrane
material due to its chemical and thermal stability, is available in a particle size that is
too large for use in an ultrafiltration membrane. y-Alumina (y-Al,Os) particles, on the
other hand, are sufficiently small, but are not stable at high temperatures. y-AlOs can
be converted to a-alumina by calcination at 1100°C. Such high temperature
calcination, however, causes the y-Al,Os particles to fuse into much larger particles

and substantially reduces the porosity of the membrane layer.

[0037] The present invention provides a porous inorganic membrane
comprising a-alumina. The inorganic membrane may be used in applications that
include, but are not limited to, ultrafiltration systems, gas separation systems, and
other filtration systems. The a-Al,O; membrane has an open pore structure that has a
mean pore size of up to about 100 nm. In one embodiment, the mean pore size of the
membrane is in a range from about 10 nm to about 100 nm, and the mean particle size
of the a-alumina is in a range from about 10 nm to about 100 nm. In another
embodiment, the mean pore size of the membrane is in a range from about 10 nm to
about 50 nm, with individual particles within the inorganic membrane having a mean
particle size in a range from about 10 nm to about 50 nm. The a-Al,O3 membrane

may have a thickness in range from about 1 pm to about 10um.

[0038] The a-Al;O3; membrane, in one embodiment, is stable up to about

1400°C. In another embodiment, the a-Al,O3; membrane is stable up to a temperature



WO 2008/106028 PCT/US2008/002157

in a range from about 900°C to about 1200°C. As used herein, a stable material or
membrane is one that is chemically stable and maintains pore size and structure up to

a specified temperature.

[0039] The a-Al;O3 membrane is prepared using nano-structured 6-alumina
powders (also referred to herein as “8-alumina nanopowders”). The nanc;particles
have a mean particle size in a range from about 10 nm to about 100 nm. Mean
particle size may be determined by those means known in the art, such scanning

electron microscopy (SEM) and nitrogen adsorption measurements.

[0040] A SEM image of 6-alumina nanopowders that are used as starting
materials is shown in FIG. 1. As seen in FIG. 1, the §-alumina nanopowder primarily
comprises distinct, individual &§-alumina nanoparticles rather than agglomerated
particles. The 6-alumina nanoparticles exhibit excellent thermal stability and

maintain the pore structure of the membrane.

[0041] The average diameter of the 8-alumina nanopowders shown in FIG. 1
is about 30 nm, as determined by particle size analysis of the SEM image and BET
surface area measurements. The surface area of the particles shown in FIG. 1,
measured using the BET method, is 55 m”*/g. X-Ray diffraction (XRD) measurements

show that the alumina poWder is primarily 6-alumina.

[0042] In one embodiment, the membrane is deposited on a support surface or
substrate that has a pore size that is substantially larger than the pore size of the
membrane. For example, the support surface or substrate may have a pore size that is
at least two times greater than that of the membrane. In a particular embodiment, the
support structure or substrate is a geometric structure comprising monolithic channels,
each of which has a diameter of less than about 2 mm. The underlying support
structure or substrate preferably has greater chemical and thermal stability than the
membrane. While support structures or substrates comprising a-alumina are
particularly useful, other ceramic materials such as, but not limited to, mullite, may
also be used. In another embodiment, the membrane may be formed as a free-

standing film.
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[0043] A method of making the inorganic membrane is also provided. A
coating slip is first provided. As used herein, the term “coating slip” describes a
slurry or any other suspension comprising at least one solid and a liquid that is used to
form a ceramic coating on a substrate or support. The coating slip is formed using 6-
alumina nanoparticles and nanopowders that have been previously described. The
nanoparticles are dispersed in a solution. In one embodiment, the particles are

provided to an aqueous solution.

[0044] Organic compounds and polymeric additives may also be added to the
solution. Such additives minimize interaction between the §-alumina nanopowders,
thus preventing agglomeration. The additives also minimize cracking of the
membrane during subsequent drying. In one embodiment, polyethylene glycol (PEG)
is used as a polymeric binder. The PEG binder has a molecular weight up to about
20,000 and, in one embodiment, in a range from about 2,000 up to about 20,000. The
molecular weight of the polymeric binder should be such that the size of the
polymeric binder matches the particle size of the nanoparticles. The size of the
polymeric binder should be sufficiently large to prevent interaction between the §-
alumina nanoparticles, but not so large as to form large pores or voids upon firing of

the membrane.

[0045] The solution has a weight loading of §-alumina nanoparticles in a
range from about 0.1 wt.% to about 10 wt.%. The solid §-alumina loading affects the
thickness slip that is applied to a support or substrate; higher 8-alumina concentrations
tend to produce a thicker, more viscous slip, which in turn tends to produce a thicker

coating and membrane.

[0046] The coating slip is then applied to at least one surface of a support or
substrate to form a coating layer. The support or substrate may comprise a ceramic
material ‘such as, but not limited to, a-alumina, mullite, combinations thereof, and the
like. The support or substrate may be monolithic or, in one embodiment, comprise a
plurality of channels, and may have porosity on the order of hundreds of nanometers
(t.e.,, 100 nm - 1000 nm). Application of the coating slip to a substrate may be

accomplished by those means widely known in the art, such as, but not limited to, dip

9
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coating, spin coating, spray coating, slip casting, forced flow cdating, and the like.
Any of these techniques may be performed individually or in combination with each

other.

[0047] Once applied to the substrate, the coating slip is dried. The drying
step, in one embodiment, is carried out in a controlled gas environment to prevent
cracking or peeling of the coating formed by the applied coating slip on the substrate.
The controlled gas environment is one in which the content of at least one of oxygen
(O;) and water content is controlled. The oxygen content of the controlled
atmosphere is typically kept to a minimum. For example, the drying step may be
carried out by drying the coating layer under flowing nitrogen and water, while
heating the coating layer according to a temperature schedule in which the coating
layer is heated from room temperature up to a maximum temperature of about 120°C,
with at least one hold at a predetermined intermediate temperature (or temperatures).
A typical heating profile and gas and water flow rates for the drying step are shown in
Table 1.

Table 1

Heating Profile, Gas and Water Flow Rates for Drying Coating Layer

Accumulated time (hours) hour Temp(°C)
Seq 1 0 0.30 20 to 30°C in 18 min
Seq 2 10.3 10 30 Hold 10 h at 30°C
: Ramp temperature from 30 to
Seq 3 15.3 5 80°C at 10°C/h
Seq 4 17.3 2 80 Hold at 80°C :
Ramp temperature to 120°C at
Seq 5 21.3 4 10°C/h
Seq 6 26.3 5 120 Hold at 120°C
cool down to room temp at
Seq7 28.0 1.67 20 60°C/h (1 hr 40 min)
N2 flow rate, sccm 1000
Water flow rate, cc/h 1.8
Water addition time, h 26.3

10
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[0048] The dried coating layer is then fired at a temperature in a range from
about 900°C to about to 1200°C under a controlled gas environment. The firing
causes the 8-alumina to convert to a-alumina. In addition, the firing removes the

organic components and solidifies the membrane structure.

[0049] The following examples illustrate the features and advantages of the

invention, and are in no way intended to limit the invention thereto.

Example 1: Preparation of coating slips comprising of §-alumina and polyethylene

glycol

[0050] The general procedure for preparing coating slips is as follows. In
subsequent examples, the same procedure is used to prepare coating slips having
different concentrations of &-alumina and polyethylene glycol, &-alumina
nanopowders having different mean particle sizes, and different molecular weights of

polyethylene glycol.

[0051] Aqueous solutions containing 4.5 wt.% PEG (polyethylene glycol,
2,000 MW or 20,000 MW) were prepared and stirred for at least one hour to ensure

complete solution.

[0052] Slips were made by adding 1g of 8-alumina powder to 50 g of the PEG
solution and 50 g ultra-pure (18 M) water, along with 2 drops of 1 wt.% DC-B
antifoam agent. The morphology of the é-alumina starting material is shown in FIG.
1. The average diameter of the d-alumina nanoparticles seen in FIG. 1 is about 30
nm, as determined by particle size analysis of the SEM image and BET surface area
measurements. A small amount of large spherically shaped particles having a size of
about 100 nm are also observed. The surface area of the particles shown in FIG. 1,
measured using the BET method, is 55 m?/g. XRD measurements show that the

alumina powder is primarily §-alumina.

[0053] - Each slip was hand-shaken until well-mixed, and placed in an ice bath
to chill. The slip was then shaken again and agitated in six 10-second bursts, with a

10 second pause between bursts, using an ultrasonic horn set at 80%. The slip was

11
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then de-gassed by pulling a vacuum on a 150 mL filter flask for 15 minutes, or until

bubbling stopped, and gently transferred to a beaker for coating application.

Example 2: Coating of substrates and formation of a-alumina membrane onto

monolithic channels

[0054] The procedure used for coating monolithic alumina substrates is as
follows. Monolithic substrates of 10 mm diameter were cut to lengths of either 3
inches (7.62 cm) or 6 inches (15.24 cm). Each substrate had 19 through channels.
Each of the through channels had a diameter of 0.75 mm. The substrates were flushed

with water to remove debris, and then dried overnight at 60°C in air.

[0055] Two batches of §-Al,O; having particle sizes of 30 nm and 19 nm,
respectively, were formed into ultrafiltration membranes. Slips prepared according to
the procedure described in Example 1 were used to coat substrates using a flow coater
apparatus, with a 10 second soak time. Prior to coating, the pH value of each slip was
adjusted to 3.2 using acetic acid. The coated substrate was dried in water vapor
(1.8mL/hr) and N, gas (1L/min) with a temperature ramp of 10°C/hr to 120°C. Each
coated substrate was held at 120°C for about two hours and then cooled in nitrogen
gas. The dried sample was calcined/fired at 900°C and 1200°C for two hours in
flowing 1% oxygen in N, with a temperature ramp of 2°C/min to form the

membranes.
Example 3: Thermal stability of a-alumina membranes

[0056] Before depositing the membrane, two pre-coating layers were
deposited on the substrate such that the pre-coating is disposed between the
membrane and substrate. Slips comprising 1 wt.% of 8-alumina and 2.3 wt.% PEG
having molecular weights of either 2,000 MW or 20,000 MW were used to coat an a-
alumina substrate with two layers of progressively finer a-alumina pre-coatings.

The pore size of the last a-alumina pre-coating layer was several hundred nanometers.

[0057] FIGS. 2a-c and 3a-c show SEM images of the surfaces and cross-
sections of membranes fired at 900°C and 1200°C, respectively. Membrane 300, pre-

12
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coating 310, and substrate 320 are shown at various rhagniﬁcations in FIGS. 2a-c and
" 3a-c. The thickness of membrane 300 is about 3 um and the pore size is about 20 nm.
The particle sizes in the membranes do not exhibit any apparent increase compared
with the original é-alumina particles. X-Ray diffraction patterns obtained for the
membrane indicate that the membrane to a mixture of d-alumina and 8-alumina after
firing at 900°C. After firing at 1200°C, the membrane had been transformed mostly

to the a-alumina phase.
Example 4: Comparative example: thermal stability of y-Al,O3

[0058] A y-Al,0O3; membrane was deposited on a monolithic substrate, such as
those described in Example 1. SEM images of the as-deposited y-Al,O3 coating,
which was synthesized at 650°C, are shown in FIGS. 4a (250X magnification) and 4b
(10,000X magnification), respectively. FIGS. 5a-b and 6a-c are SEM images
showing changes in y-Al,0O; membrane morphology after being heated to 900°C and
1200°C, respectively. The average particle size of as-deposited y-Al,O3 is usually
about several nm in diameter. FIG. 5b shows these particles tend to agglomerate.
After heating at 900°C, the particles within the agglomerates start to sinter to form
larger particles (~30 nm), shown in FIG. 5b. This sintering results in the formation of
line cracks 10 on the membrane, as seen in FIG. 5a. Further heating at 1200°C (FIG.
6a-c) causes severe sintering (FIG. 6¢), which can be seen in as coarsening of the

surface in FIG. 6a, and complete reconstruction of the membrane surface (FIG. 6b).
Example 5: Water permeability tests

[0059] Water permeability tests were performed on membranes prepared
according to the procedures described in Examples 1 and 2. The membranes were
fired at either 900°C or 1200°C. The water permeability measurements give an
estimation of the pore size and porosity of the membranes. A commercially available
(CCIC, Corning Incorporated) ultrafiltration membrane having é pore size of 10 nm

was used as a benchmark for these tests.

[0060] Results of the water permeability tests on these membranes and the

CCIC membrane are shown in FIG. 7. Membranes fired at 900°C and 1200°C

13
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exhibited greater permeability than the CCIC membrane. In addition, the
permeability of the membranes prepared according to the procedurés described herein
remained essentially constant with increasing time on stream, whereas the
permeability of the CCIC membrane decreased over time. The permeability of the
membrane fired at 1200°C is about 25% less than that of the membrane fired at
900°C, indicating that firing at the higher temperature produced a higher degree of

sintering.
Example 6: Ultrafiltration tests

[0061] Ultrafiltration tests using a mixture of Ecoat paint and water were
performed on membranes prepared according to the procedures described in
Examples 1 and 2. The membranes were fired at either 900°C or 1200°C. A CCIC
ultrafiltration membrane having a pore size of 10 nm was used as a benchmark for
these tests. Results of the ultrafiltration tests of the membranes conducted are shown
in FIG. 8. Membranes prepared according to the procedures described herein and
fired at either 900°C or 1200°C exhibited either the same — or better — filtration
function at larger flow velocities than the 10 nm CCIC membrane. This may be due
to the higher water permeability of the membranes described herein. The
ultrafiltration test also provides an estimation of the pore size. The experiment shows
that the pore size of these membranes is similar to that of the CCIC 10 nm membrane.
Thus, the present membranes, even after firing at high temperature, perform the

filtration function as least as well as the CCIC membrane.
Example 7: Effect of 8-alumina concentration on thickness of the membrane coating

[0062] The thickness of the a-alumina membrane coating was studied as a
function of §-alumina concentration in the coating slip. Membranes were prepared
according to the procedures described in Examples 1 and 2. Three coating slips,
having 8-alumina concentrations of 0.5 wt.%, 0.7 wt.%, and 1.0 wt.%, respectively,
were used to prepare the membranes. SEM images of the resulting membranes are
shown in FIGS. 9a-c. The images show that the thickness of the coating membrane

may be controlled by changing the 3-Al,0O3 concentration in the coating slip. When
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the 8-Al;O3 concentration in the coating slip is 1.0 wt.%, the thickness of the
membrane 20 is about 4 um (FIG. 9a). A membrane having a thickness of 3 pum is
obtained when the §-Al,O3 concentration in the coating slip is 0.7 wt.%, (FIG. 9b). A
further decrease of the 3-Al,O; concentration in the coating slip to 0.5 wt.% yields a
membrane thickness of 2 um (FIG. 9¢). Thicker membranes have lower permeability
and are more susceptible to cracking. If, on the other hand, the membrane is too thin,
pinhole defects are more likely to occur. Optimization of ultrafiltration membrane
thickness depends on the roughness of the substrate. Based on the examples\
described herein, the optimal thickness of an ultrafiltration membrane of the present
invention is about 2~3 um. Membrane thickness may be controlled by changing the

8-Al,O3 concentration in the coating slip.
Example 8: Effect of coating slip pH on §-alumina membrane coating

[0063] Coating slips containing 6-alumina powder were prepared using the
procedures described in Examples 1 and 2. The coating slips had pH values of 3.2,
3.5, and 3.9, respectively. SEM images of the membrane coatings deposited using
coating slips having pH values of 3.2, 3.5, and 3.9 are shown in FIGS. 10a, b, and c,
respectively. The results indicate that crack-free membranes are more easily formed

when the pH of the coating slip is less than 3.5.
Example 9:  Effect of particle size on §-alumina membrane coating

[0064] Using the procedures described in Examples 1 and 2, a &-alumina
membrane was prepared using d-alumina powder having a particle size of 19 nm.
SEM images of the surface and particle morphologies of the dried (at 120°C)
membrane prepared using 19 nm §-alumina powder are shown in FIG. 11a-c. SEM
images of the membrane after heating at 1200°C are shown in FIG. 12a-c. These
images show that membranes prepared using the 19 nm §-alumina does not exhibit
substantial increases in pore size or particle size after firing at high temperature and is
therefore thermally stable. In addition, pore size decreases with decreasing crystal

size of the raw §-alumina powder.

Example 10: Effect of PEG molecular weight on 8-alumina particle size distribution

15



WO 2008/106028 PCT/US2008/002157

[0065] The particle size distribution in slips prepared with §-alumina powder
was measured as a function of PEG molecular weight and conce\ntration. Aqueous
solutions comprising 1 wt.% §-alumina and polyethylene glycol having molecular
weights (MW) of 600, 900, 2,000, and 20,000 were prepared in the same manner as
previously described in Example 1. Particle size distributions obtained using light-
scattering measurements are shown in FIGS. 13, 14, 15, and 16 for polyethylene
glycol having 600 MW, 900 MW, 2,000 MW, and 20,000 MW, respectively. For
each molecular weight, PEG concentrations of 1.2 wt.%, 2.3 wt.%, and 4.5 wt.% were
prepared. The shapes of the size distribution peaks are an indication of the polymeric
number (i.e., the number of particles that are agglomerated together) of the alumina
particles. In FIG. 13, 14, and 16 (PEG MWs of 600, 900 and 20,000), for example,
the 4.5 wt% PEG slip (curve (3) in FIGS. 13-16) particle size distribution has a
maximum at a larger particle size than the particle size distribution obtained for 1.2
wt.% (curve (1) in FIGS. 13-16) PEG slip, and the shapes of the particle size
distributions obtained for 1.2 wt.% and 2.3 wt.% PEG concentrations appear to be
polydisperse. In FIG. 16, the 4.5 wt% PEG slip particle size distribution has a
maximum at 0.8 um, whereas the 1.2 wt.% PEG slip size distribution has a maximum
at 0.4 pm, indicating that dimers (i.e., an agglomerate comprising two particles) of
alumina particles had been formed by wrapping the polymeric PEG molecules around
the AL, O3 particles. The results therefore indicate that slips prepared using 2,000 MW
PEG are most effective in providing mono-dispersed &-alumina particles within the

largest concentration window.

[0066] While typical embodiments have been set forth for the purpose of
illustration, the foregoing description should not be deemed to be a limitation on the
scope of the invention. Accordingly, various modifications, adaptations, and
alternatives may occur to one skilled in the art without departing from the spirit and

scope of the present invention.
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CLAIMS

1. An inorganic membrane, the inorganic membrane comprising a-
alumina, wherein the a-alumina has a pore structure having a mean pore size of up to

about 100 nm and a mean particle size in a range from about 10 nm to about 100 nm.

2. The inorganic membrane according to Claim 1, wherein the pore

structure is stable up to about 1400°C.

3. The inorganic membrane according to Claim 2, wherein the pore

structure is stable up to a temperature in a range from about 900°C to about 1200°C.

4. The inorganic membrane according to Claim 1, wherein the mean pore

size is in a range from about 10 nm to about 100 nm.

5. The inorganic membrane according to Claim 4, wherein the mean pore

size is in a range from about 10 nm to about 50 nm.

6. The inorganic membrane according to Claim 1, wherein the inorganic

membrane has a thickness in a range from about 1 pm to about 10 um.

7. The inorganic membrane according to Claim 1, wherein the a-alumina

is formed by:

a. providing a coating slip, the coating slip

comprising d-alumina;

b. applying the coating slip to a support surface to
form a coating layer;

c. drying the coating layer; and

d. firing the dried coating layer at a temperature of

at least about 1000°C to convert at least a portion of the 8-alumina to a-alumina and

form the inorganic membrane.
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8. The inorganic membrane according to Claim 1, wherein the inorganic

membrane is disposed on a substrate.

9. The inorganic membrane according to Claim 8, wherein the substrate

comprises one of a-alumina, mullite, and combinations thereof.

10.  An inorganic membrane, the inorganic membrane comprising o-
alumina, wherein the a-alumina has a pore structure having a mean pore size of up to
about 100 nm and a mean particle size in a range from about 10 nm to about 100 nm,

and wherein the a-alumina is formed by:

a. providing a coating slip, the coating slip
comprising 6-alumina;

b. applying the coating slip to a support surface to
form a coating layer;

C. drying the coating layer; and

d. firing the dried coating layer at a temperature of

at least about 1000°C to convert at least a portion of the §-alumina to a-alumina and

form the inorganic membrane.

11. The inorganic membrane according to Claim 10, wherein the pore

structure is stable up to about 1400°C.

12. The inorganic membrane according to Claim 11, wherein the pore

structure is stable up to a temperature in a range from about 900°C to about 1200°C.

13.  The inorganic membrane according to Claim 10, wherein the mean

pore size is in a range from about 10 nm to about 100 nm.

14. The inorganic membrane according to Claim 13, wherein the mean

pore size is in a range from about 10 nm to about 50 nm.
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15.  The inorganic membrane according to Claim 10, wherein the inorganic

membrane has a thickness in a range from about 1 um to about 10 pm.

16. A method of making an inorganic membrane comprising a-alumina,

the method comprising the steps of:

a. providing a coating slip, the coating slip
comprising §-alumina;

b. applying the coating slip to a support surface to
form a coating layer;

c. drying the coating layer; and

d. firing the dried coating layer at a temperature of

at least about 1000°C to convert at least a portion of the §-alumina to a-alumina and
form the inorganic membrane, wherein the a-alumina has a pore structure having a
mean pore size of up to about 100 nm and a mean particle size in a range from about

10 nm to about 100 nm.

17.  The method according to Claim 16, wherein the step of providing the
coating slip comprises: preparing an aqueous solution comprising from about 0.1
wt.% to about 10 wt.% &-alumina and about 1 wt.% to about 10 wt.% of at least one

organic additive.

18.  The method according to Claim 17, wherein the at least one organic

additive comprises a polymeric binder.

19. The method according to Claim 18, wherein the polymeric binder is

polyethylene glycol.

20. The method according to Claim 19, wherein the polyethylene glycol

has a molecular weight in a range from about 2,000 to about 20,000.

21. The method according to Claim 16, wherein the step of applying the

coating slip to a support surface to form the coating layer comprises applying the
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coating slip to a support surface by one of dip coating, slip coating, slip casting, and

forced flow coating to form the coating layer.

22.  The method according to Claim 16, wherein the step of drying the

coating layer comprises drying the coating layer in a controlled gas environment.

23.  The method according to Claim 26, wherein the step of firing the dried
coating layer at a temperature of at least about 1000°C to convert at least a portion of
the §-alumina to a-alumina comprises firing the dried coating layer in a controlled gas

environment.
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