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[57] " ABSTRACT

A method for permformation of a microporous ceramic

‘membrane onto a porous support includes placing a

colloidal suspension of metal oxide particles on one side
of the porous support and exposing the other side of the
porous support to a drying stream of gas or a reactive
gas stream so that the particles are deposited on the
drying side of the support as a gel. The gel so deposited
can be sintered to form a supported ceramic membrane
having mean pore sizes less than 30 Angstroms and
useful for ultrafiltration, reverse osmosis, or gas separa-
tion.
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METAL OXIDE MEMBRANES FOR GAS -
SEPARATION

This invention was made with United States Govern-
ment support awarded by the Department of Energy
(DOE), Grant Nos. DE-AS07-86ID26 and DE-FC07-
88ID12778, the Environmental Protection Agency
(EPA), Grant No. R813457-01-1; and the National Sci-
ence Foundation (NSF), Grant No. CES-8504276. The
United States Government has certain rights.

CROSS REFERENCE TO RELATED
APPLICATION

This application is a continuation-in-part of applica-
tion Ser. No. 07/756,395 filed Sep. 9, 1991, now U.S.
Pat. No. 5,269,926, and of application Ser. No.
07/654,150 filed Feb. 11, 1991, now U.S. Pat. No.
5,169,576, which was a divisional of application Ser.
No. 07/425,668 filed Oct. 23, 1989, now abandoned.

FIELD OF THE INVENTION

The present invention relates to the general field of
porous ceramic membranes and relates, in particular, to
a method for depositing metal oxide ceramic mem-
branes having very small pore sizes onto porous sup-
ports, and the products produced by the method.

BACKGROUND OF THE INVENTION

Porous ceramic membranes are durable film materials
having a variety of industrial and scientific uses, the
most common of which is use in separation processes.
Although organic membranes are currently used most
often for industrial separation processes, metal oxide
ceramic membranes offer several advantages over or-
ganic membranes. Metal oxide ceramic membranes
have a greater chemical stability, since they are resistant
to organic solvents, chlorine, and extremes of pH, to
which organic membranes may be susceptible. Ceramic
membranes are also inherently more stable at high tem-
peratures, to allow efficient sterilization of process
equipment not possible with organic membranes and to
allow for operation at these elevated temperatures, e.g.,
above 200° C,, at which no organic membrane can func-
tion. Metal oxide ceramic membranes are also entirely
inorganic, so they are generally quite stable and resis-
tant to microbial or biological degradation which can
occasionally be a problem with organic membranes.

The nature of the material results from the general
procedure for making such membranes. Metal oxide
ceramic membranes are formed through a process be-
ginning with organic-inorganic molecules which are
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formed into small metal oxide particles, then fused into .

a unitary ceramic material. On a microscopic level, the
materials may be conceptualized as a series of generally
uniform spherical particles which are arranged in a
close packing model, with the junction points between
the spherical particles being fused together. The result
is a durable inorganic, homogenous, amorphous to crys-
talline material which has a relatively uniform distribu-
tion of pores, with the pores being determined by the
size of the particles forming the membrane. The gaps
between the fused particles form a series of pores so that
the membrane is porous. The smaller the size of the
particles, the smaller the holes left between them, when
the particles are packed together and fused.

The general approach to the manufacture of metal
oxide ceramic membranes consists of a sol-gel process.
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In the sol part of the process, a dilute colloidal solution
or suspension of metal oxide particles is created. The
metal oxide is typically initiated into the process as a
metal alkoxide dissolved in an alcohol solvent. The
introduction of the metal alkoxide to water with rapid
stirring results in the hydrolysis of the metal to metal
hydroxide monomers, dimers, polymers, and/or parti-
cles, depending on the quantity of water used. Insoluble
metal oxide particles are then peptized by the addition
of an acid which causes the particles of the metal oxide
to have a greater propensity to remain in suspension,
presumably due to charges acquired by the particles
during the peptizing process. This process is one of
charge stabilization. Stabilization could also be accom-
plished sterically by adding surfactant agents. Care
must be taken at this stage to prevent accretion of large
particles, if a small pore size is desired in the membrane.
Alternatively, an aqueous sol may be produced by hy-
drolyzing a metal alkoxide or a metal salt.

Then, under very tightly controlled conditions, the
alcohol or aqueous solvent is removed from the colloi-
dal sol, resulting in a semi-solid phase of material known
as a xerogel or gel. The gel is typically a translucent or
transparent semi-solid material which will retain its
shape, but is still relatively deformable. Removal of the
remaining water and solvent, and sintering of the gel
results in a durable rigid ceramic material which can
either be formed as an unsupported membrane or as a
supported membrane coated onto a substrate, which, in
turn, can be either porous or non-porous, and metallic
or non-metallic, depending on the particular applica-
tion.

One desirable metal element for use in such a metal
oxide ceramic membrane is titanium. Titanium is attrac-
tive since it has catalytic and photocatalytic qualities
that make a titanium oxide ceramic membrane useful for
chemical or photoelectrochemical processes in which a
less catalytic or photocatalytic metal oxide ceramic
membrane would not be suitable. Also, titanium oxide
ceramic membranes are typically transparent or lightly
colored, thereby giving them desirable optical proper-
ties for certain applications in which transparency is an
asset.

Practical limitations on the use of such metal oxide
ceramic membranes have included the absolute size and
the range of size of the pores which can be created in
the metal oxide membranes. Clearly, if 2 membrane is to
be used for filtration or other form of separation, the
size and the variance in size of the pores through the
membrane are a critical factor in the suitability of the
membrane for the particular separation function de-
sired. There must be limitations on the heat of the sinter-
ing process, since too high a temperature will destroy
the pores, but, within a wide range, a porous ceramic
material can be created as a supported or as an unsup-
ported membrane.

At least one teaching is known, by the inventors here,
of a method for preparing polymeric or particulate
titanium ceramic membranes by a process which allows
the reproducible and predictable fabrication of titanium
ceramic membranes and which permits crack-free mem-
branes of predictable qualities to be created. As dis-
closed in international published PCT patent applica-
tion WO 89/00983, the method for creating particulate
ceramic membranes involved the use of relatively large
amounts of water and a mild heating during the peptiz-
ing step to create the appropriately charged particles
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which could then be dewatered and sintered to create a
titanium oxide ceramic membrane.

The method for creating the polymeric ceramic
membranes included strictly limiting the amount of
water included in the reaction vessel so as to foster the
creation of covalent bonds between the titanium and
oxygen molecules in the suspension, and also required
the use of an alkyl alcohol different from the alkyl alco-
hol in the titanium alkoxide for the process to be effec-
tive.

Certain attention has been directed toward the cre-
ation of porous ceramic membranes with exceedingly
small pore size. An example of such research is dis-
closed in U.S. Pat. No. 5,006,248. Similar work is de-
scribed in Anderson et al., Journal of Membrane Science,
39, pp. 243-458 (1988). The process described in the
above patent enables the creation of porous ceramic
membranes with small pore sizes, either as supported or
unsupported materials.

Metal oxide ceramic membranes of transition metals
can also be used for catalytic purposes. U.S. Pat. No.
5,035,784 describes how such materials can be used
under ultraviolet light to degrade polychlorinated or-
ganic chemicals. Doping can be utilized in mixed mem-
brane materials to increase electrical conductivity for
various catalytic purposes. U.S. Pat. No. 5,028,568 de-
scribes the doping of titanium membranes with niobium
to achieve increased electrical conductivity.

Practical utility of ceramic membranes requires large,
thin, crack-free surfaces which can be difficult to reli-
ably make in the unsupported form, due to the frailty of
the ceramic material. Therefore, supported membranes
are more practical for most applications. Traditionally,
the accretion or layering of such very small size ceramic
particles onto a porous substrate has turned out not to
be a trivial endeavor. Such particles tend to accrete, or
deposit, on a substrate in an irregular manner resulting
in nonhomogeneous thickness. The pores of the sub-
strate which the microporous membrane must span are
much larger than the colloidal particles which make up
the membrane itself. In addition, the surface topogra-
phy and electrochemical character of the substrate can
adversely affect the deposition of the particles in the
accumulating membrane on the substrate. Since the
object of depositing such a membrane on a porous sub-
strate is to create a2 material which can be used for filter-
ing, a highly uniform size distribution of pores in the
resulting porous ceramic membrane and a thin, uniform
thickness of the membrane are desired.

SUMMARY OF THE INVENTION

The present invention is summarized in that a micro-
porous optically transparent membrane which has an
average pore diameter of less than 40 Angstroms is
formed on a porous substrate by passing a dilute colloi-
dal suspension of metal oxide particles through one side
of a porous support and evaporating solvent from the
suspension by means of gas flow on the opposite side of
the porous support, so as to deposit the particles in the
colloidal suspension as a gel among the pores on the
opposite side of the porous support, followed by careful
drying of the gel to form a xerogel, and sintering of the
xerogel to create a porous metal oxide ceramic mem-
brane.

The present invention is also summarized in that a
method for creating a particulate metal oxide ceramic
membrane of defined very small pore size includes cre-
ating a metal alkoxide in which the alkoxyl group has a
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branched structure and at least four carbon atoms, dis-
solving the created metal alkoxide in an alcohol solution
with a very limited amount of water, very slowly evap-
orating the alcohol from the suspension thus created,
and firing the resulting gel to create a particulate metal
oxide ceramic membrane having pore sizes defined by
the molarity of the metal in the beginning alcohol and
the molar ratio of water to metal alkoxide molecules.

It is an object of the present invention to allow the
creation of metal oxide ceramic membranes in general,
and titanium oxide ceramic membranes in particular,
which have a relatively small pore size, but which can
be created in an efficient and predictable manner.

It is an object of the present invention to enable the
reliable and convenient construction of a microporous
metal oxide ceramic membrane deposited on a porous
support which is useful for very critical filtration opera-
tions, such as ultrafiltration, reverse osmosis, and gas
separation. The small-pore size membranes may also be
useful for ceramic membrane reactors, in catalysis, pho-
tocatalysis, and in sensor and waveguide applications.

It is yet another object of the present invention to
provide a process having great utility in ultra-filtration,
Teverse osmosis, gas separations, and other separation
technologies in offering significant advantages over use
of other prior membranes used for these purposes at
present.

It is another object of the present invention in that it
does not involve difficult or costly equipment and can
be readily adapted for most manufacturing operations.

Other objects, advantages and features of the present
invention will become apparent from the following
specification when taken in conjunction with the ac-
companying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic illustration illustrating the con-
cept of the process of the present invention.

FIG. 2 is another schematic illustration of the con-
cept of the process of the present invention.

FIG. 3 illustrates one embodiment of an apparatus
which may be used to perform the process of the pres-
ent invention.

FIG. 4 illustrates another embodiment of an appara-
tus which may be used to perform the process of the
present invention.

DETAILED DESCRIPTION OF THE
INVENTION

The present invention is directed to a process for gas
separations, ultra-filtration, reverse osmosis and the like
using a preparation of a ceramic metal oxide membrane
from a colloidal suspension (“‘sol””) formed of very small
particles. The membranes formed from such a sol have
very small pore diameters of less than 40 Angstroms
because the rate of formation of, or the ultimate size of,
the metal oxide particles in the sol is carefully limited.
The present invention is also directed toward the cre-
ation of a microporous metal oxide particulate ceramic
membrane coated onto porous supports which can be
used as an excellent filter for separation of small mole-
cules either in gas or liquid phases.

The process by which the particles forming the mi-
croporous ceramic membrane may be deposited on the
porous substrate is referred to here as permformation.
The term permformation is a coined term, combining
“formation” with “permeation,” to describe the process
by which the particles ultimately forming the mem-
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