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PROCESS OF MAKING POROUS CERAMIC
MATERIALS WITH CONTROLLED POROSITY

FIELD OF THE INVENTION

The present invention relates to the general field of
creating metal oxide ceramic materials and describes, in
particular, a method or process for creating such mate-
rials which permits the control of the porosity in the
resulting ceramic material so that catalytic or adsorbent
materials having a pre-selected level of porosity can be
readily created.

BACKGROUND OF THE INVENTION

Metal oxide ceramic materials are a class of ceramic
materials having a variety of industrial and scientific
uses, the most common of which involve separation
processes, catalysis, and adsorption. Such ceramic ma-
terials can be performed in planar layers, referred to as
membranes because of their porosity, or may be sintered
into dense monolithic vitrified or solidified glassine
materials or blocks. Recently much research has been
conducted on making these materials in a more porous
form. For example, a method is disclosed in published
PCT patent application WO89/00983, by the inventors
here, of a method for the creation of polymeric and
particulate metal oxide ceramic membranes. The
method disclosed in that published patent application
for creating particulate ceramic membranes involves
the use of relatively large amounts of water in an alco-
holic solution, in combination with a mild heating dur-
ing peptizing, to create appropriate charged particles
which can be dewatered and sintered to create a metal
oxide porous ceramic membrane.

While membranes are one possible physical form that
metal oxide ceramic materials may take, it is not the
only one. One of the desirable attributes of many metal
oxides formed of transition metals is that the transition
metal can have catalytic properties desirable for certain
photochemical or electrophotochemical reactions.
These materials are also effective adsorbents. Metal
oxide porous ceramic materials thus offer a potentially
attractive candidate for use as catalytic or adsorbent
agents in industrial scale chemical reactions. Metal
oxide ceramic materials have great chemical stability,
since they are resistant to organic solvents, to chlorine,
and to some extremes of pH, to which organic catalytic
agents may be susceptible. Ceramic materials are also
inherently more stable at high temperatures, and there-
fore would allow for efficient sterilization of process
equipment, another procedure not always possible with
organic catalytic agents. Since metal oxide ceramic
materials are also entirely inorganic, they are stable and
resistant to microbial or biological degradation.

One of the limitations on the previous use of transi-
tion metals, and materials made from them, in catalytic
or adsorbent processes is the need for the catalytic or
adsorbent agents to be in a physical form which allows
for a large degree of surface contact between the sub-
strates of the reaction and the catalyst and/or adsor-
bent. Metal materials are often most readily available in
the form of films, solid particles, or crystals, but none of
these physical forms has a large degree of surface area
which would be desirable for materials used as catalysts
or adsorbents. While metallic materials can be coated
onto relatively porous substrates, clearly it would be
advantageous to have the substrate itself in a physical
form which would be both stable and capable of conve-
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nient handling, and also which would have great sur-
face area so as to make the catalytic or adsorbent agent
available to the substrates for their reaction. One typical
form of catalyst or adsorbent used in many industrial
scale chemical reactions is a pellet. Such pellets can be
loosely packed into beds or reactors. If the pellets are of
a sufficient internal porosity, the vapor or liquid pres-
sure drop through a reactor filled with such pellets will
be within acceptable bounds. Since such pellets are
often used in industrial catalytic or adsorbent processes,
it is an advantage of any newly developed catalytic or
adsorbent materials that they be capable of manufacture
in a form which may readily be accepted by existing
industrial applications.

The creation of metal oxide ceramic materials is gen-
erally conducted through what is referred to as a sol-gel
procedure. In such a procedure, the metal alkoxide is
initiated into solution in a solvent, in a reaction vessel in
which the solvent is rapidly being stirred. Depending
on the process, the solvent may be alcoholic or aqueous.
Whichever solvent is used, the metal alkoxide in solu-
tion is then hydrolyzed to create metal hydroxide mon-
omers, dimers, polymers and/or particles depending on
the quantity of water used. The hydrolyzing metal
oxide particles in the solution tend to aggregate and to
readily precipitate from solution. The hydrolysis pro-
cess must therefore be strictly limited by the control of
one or more aspects of the process to prevent precipita-
tion of insoluble metal oxide solids from the solution.
The insoluble metal oxide particles are thus, in essence,
maintained in suspension until they are 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 opposing charges ac-
quired by the particles during the peptizing process.
Such stabilization of the formation of particles has also
been accomplished sterically by adding surfactant
agents. The stable suspension thus produced, referred to
as a sol, is then treated by removal of the solvent there-
from to create a gel or semisolid material. Such gels
may be subject to further removal of solvent, and are
then sintered or fired to turn the gel from a semisolid
into a completely solid, rigid, durable material. In the
past such ceramic oxide materials had been formed
typically as coatings, or as supported or unsupported
membranes, or as monoliths or other solid densified and
vitrified objects.

SUMMARY OF THE INVENTION

The present invention is summarized in that a process
is described for creating metal oxide ceramic pellets in
which the porosity of the material of the pellets is pre-
cisely controlled by means of adjusting the pH of the sol
used to create the pellets by gradually removing pro-
tons from the metal oxide sol to a predefined threshold.

It is an object of the present invention to describe a
method for creating a commercially acceptable and
convenient form of metal oxide ceramic material for use
in catalysis and other industrial applications which has a
selectable porosity and thus a maximum surface area of
metal oxide material available for catalytic contact with
a substrate.

It is another object of the present invention to define
a process of making metal oxide ceramic catalytic or
adsorbent materials in which the porosity of the mate-
rial can be selectively varied over a useful range by
controlling the process of manufacturing the material.
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It is another feature of the present invention in that it
is described that certain metal oxide gel materials can be
extruded prior to sintering so that they can be manufac-
tured into commercially useful shapes for catalytic,
adsorbent, and other industrial applications.

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. 1is a schematic illustration intended to illustrate
particles of metal oxide in a sol.

FIG. 2 is a schematic illustration of the particles of
FIG. 1 condensed into a membrane.

FIG. 3 is a schematic illustration intended to illustrate
metal oxide particles in the process of the present inven-
tion.

FIG. 4 is a schematic illustration illustrating the ag-
gregation of particles in the metal oxide sol of FIG. 3.

FIG. 5 is a schematic illustration of a membrane con-
densed from the particles of FIG. 4.

DETAILED DESCRIPTION OF THE
INVENTION

The present invention is directed to a process of mak-
ing metal oxide ceramic bodies having a selectable po-
rosity. This overall process makes use of two novel
processes. A first of the novel processes is directed
toward the creation of controlled porosity ceramic
materials in general. The second of the processes is
directed toward the extrusion of viscous sols or hydro
gels of metal oxide material into forms which can be
sintered to make commercially useful forms of such
material, such as pellets, for catalytic, and adsorbent
industrial applications. When combined, these processes
allow for the custom tailoring of metal oxide ceramic
materials for useful catalysis and adsorbency applica-
tions in modern industrial uses.

The process of faking porosity controlled ceramic
materials is based on an adjustment of the manipulation
of the pH of a sol created as a part of the process of
preparing these special metal oxide ceramic materials.
The theory behind this approach is that a particulate
membrane is composed of a plurality of discrete metal
oxide particles, which are packed during the gelation
process, and which are fused in the sintering process to
form a unitary material. Therefore the packing density
of those particles, determines the porosity of the final
membranes. If the particles are packed in a uniform,
maximum density, closing packing arrangement, about
30% porosity will be achieved. In this case, the size of
the particles will determine the size of the pores remain-
ing between the particles in the resulting fused mem-
branes. If, on the other hand, a looser packing of the
particles can be obtained, then a material having a
larger porosity will be achieved. It has been discovered
that by controlling the degree of aggregation of parti-
cles in the sol stage, by adjusting the pH of the sol, the
porosity of the resulting ceramic material can be selec-
tively adjusted within a range. Through this technique,
the porosity of the resulting material can be increased
beyond that which could be obtained by a close packing
of the particles in the resulting ceramic material.

It is also advantageous that the particles making up
the membrane be small. If the particles in the sol grow
larger, potential catalytic and adsorbent surfaces are
buried in the interior of the aggregated particles and
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therefore not available to substrates. By contrast, if
small particles are agglomerated into irregular clusters,
to make larger clusters, instead of making the particles
larger by accretion, maximum surface site availability is
maintained. Thus a process for catalytic or adsorbent
materials should favor particle to particle aggregation
over particle size growth. .

The theory behind the approach used to achieve this
result can be understood by the fact that since most
metal oxide particles have high charge in a sol when the
sol is a low pH water medium, the particles remain in
stable suspension only because of the electric charge
repulsion which they have for each other. If the pH is
gradually increased, by removing protons from the
suspension created in this fashion, the particles will
loose the electrical repulsion for each other and slowly
aggregate into larger structures. The structure of these
aggregates has been found to be more branched, or
ramified, than similar aggregates which could be
formed by adding electrolytes to the sol in order to
achieve a similar effect through charge screening. The
gradual removal of protons from the sol tends to form
aggregations of particles, in contrast to an accretion
process triggered by additional electrolytes which not
only compresses the particles, but can lead to uncon-
trolled aggregation, flocculation, and ultimately precip-
itation of the particles from the solution.

FIGS. 1 through 5 generally illustrate this concept.
FIG. 1 is intended to illustrate the general relationship
of metal oxide particles formed in a sol. In FIG. 1, the
particles in the sol are repelling each other due to
charge, and are thus spaced randomly about in the sol-
vent (not shown). If those particles are solidified using
a close packing model, by removing the solvent, a con-
tinuous porous ceramic material, such as a porous ce-
ramic membrane, will be created which has a micro-
structure much like that viewed in FIG. 2. The material
will be reasonably porous, with the size of the pores
determined solely by the size of the particles, since the
only pores are those formed between the particles in the
close packing model.

In FIGS. 3 to §, the process of the present invention
is schematically illustrated. In FIG. 3, again the metal
oxide particles are indicated as.they are formed in a sol.
In FIG. 4, the first step of the porosity controlled pro-
cess of the present invention is illustrated. In the sol at
the stage of FIG. 4, the particles are aggregated by the
slowly increasing pH into irregular ramified aggregates
of particles. The aggregates of particles remain in solu-
tion or suspension in the sol, which can become signifi-
cantly more viscous as a result. The sol containing these
aggregates can then be dewatered, and sintered, into a
material which resembles FIG. 5. This material as illus-
trated in FIG. 5 not only has small pores between the
particles, but has, in addition, large vacuum or pore
areas created between the aggregates of particles. Thus
the density of the overall material is lower, and the
porosity is higher, even though the particles themselves
are the same. In this way, a high surface area, and a
large porosity, are both combined in a unitary material
formed as an aggregation of small particles.

One of the most useful features of ceramic oxide
materials formed by the present process is their utility in
catalytic and adsorbent processes. It is therefore an
advantage to be able to fabricate these materials in'a
form suitable for use in existing industrial processes
which rely on catalysts or adsorbents. Since one com-
mon form in which catalysts or adsorbents are generally
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sold and utilized in industrial processes is in pellets, the
fabrication of metal oxide ceramic materials in pellet
form is desirable. It has been found that certain sols,
such as those described herein, are, in their semi-solid or
viscous form, capable of extrusion. If the sols from the
sol gel process are partially dewatered into a viscous
but not yet completely gelified material, and the gela-
tion is initiated but not completed, such partially solidi-
" fied gels may be extruded through a suitable orifice to
create elongated forms which may be cut, formed or
otherwise reshaped into any desired size. Since the
materials are semi-solid during the extrusion process,
they retain the shape into which they are cut or formed
if they are permitted to remain in that shape during the
- completion of the gelation process. In other words,
gelation is started until the materials have a semi-solid
form, then the extrusion or shaping process begins.
Since these materials will generally retain their physical
shape, other possible shaping or molding operations are
also possible. Once the shaping process is completed,
the gelation is allowed to continue to completion, to
create shape retaining solid xerogel materials. Those
solid gelled materials can then be sintered, or vitrified,
by firing into ceramic materials which retain the shape
of the shaped gels. By this process, continuous extru-
sions having any desired cross sections, such as circular
ones, can be created. Through the cutting of the contin-
uously extruded ribbon, sticks or pellets of any desired
length can be created. Such pellets, when appropriately
fired, retain their shape, are rigid and stable, and can be
packed in any suitable reactor vessel or container as
may be utilized in industrial applications.

While the method and product disclosed below are
illustrated in particular with metal oxide ceramic mem-
branes of titanium, zirconium, and a mixture of the two,
it is has been described previously that the ceramic
material fabrication methods proven to be effective
with titanium may also be adapted for use with other
transition metal oxide materials, as well as those of other
elements such as silicon and aluminium. The method
and product of the present invention has utility for these
other metals as well. The method described below is
exemplified with titanium and zirconium in particular
because titanium is considered one of the more difficult
metals to work with due to its strong tendency to rap-
idly hydrolyze and precipitate from solution. Titanium
also has particularly unique and advantageous catalytic
and photocatalytic properties which many other transi-
tion metals do not possess to the same degree.

In general, the process of the present invention begins
with the creation of a metal alkoxide. Metal alkoxides
are commercially available chemical supplies of reason-
able cost. It has been found that such materials may be
conveniently used in an aqueous or organic alcohol sol
gel process to make metal oxide ceramics. This has been
done conventionally by hydrolyzing the metal oxide, so
that it precipitates, and then resuspending the metal
oxide particles into the solution by peptizing the solu-
tion with nitric acid. Alternatively, it has here been
found that in very acidic aqueous solution, the metal
oxide precipitates are immediately redissolved. In any
event, the product created by either of these processes
is an acidic metal oxide solution, containing relatively
small metal oxide particles in a highly acidic environ-
ment. Over time, if not otherwise treated, the metal
oxide particles will tend to accrete in size, forming
larger and larger particles. By screening the proton
dependent charge on the particles through the addition
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of inert electrolytes such as NaNOj3, or KCl, one desta-
bilizes the particles and causes aggregation or floccula-
tion. It has been found, however, that increasing the pH
in the suspension, by slowly removing protons from the
solution, results in the aggregation of these particles
into larger aggregates, such as illustrated in FIG. 4,
without precipitation or flocculation. This can be done
advantageously by dialyzing the acidic solution against
pure de-ionized water to slowly remove protons from
the solution. The pH of the solution needs to be moni-
tored during dialysis, to control the porosity of the
resulting product. Within limits, the higher the pH to
which the sol is raised, the larger the porosity that the
gel produced from the sol will exhibit. However, the
zero point of charge (ZPC), or the pH value at which
the metal oxide molecules carry no net charge, for the
metal oxide is the limit to which the pH can be in-
creased. Approaching the ZPC point will initiate the
gelation of the solution within the dialysis process. As
the solution slowly increases in pH, it will increase in
viscosity slowly but gradually until the maximum point
at which gelation occurs. Therefore, in practice of the
present invention, if maximum porosity is desired, the
solution shall be raised to a pH close to, but not quite at,
the gelation point of the sol. As a pragmatic limit, 0.5
pH lower than the ZPC is the best condition for practi-
cal utility. For a titanium dioxide membrane, such a
desirable pH is a pH of 4. For a zirconium dioxide mem-
brane, the desirable pH is 6.4. For a2 mixture of 90%
titanium and 10% zirconium, a suitable mixture is a pH
of 4.5. Other metals will require slightly altered pH
values depending on the ZPC for the material.

Once the dialysis has been conducted to the point at
which the appropriate amount of protons are removed
from the solution, and it is in a semi-solid or viscous
state, the gel can be formed. This can be done by evapo-
rating the remaining water from the sol in a desiccator
box, in a roto-evaporator, or in some other fashion.
Since the physical shape of the gel will be the same as
the resulting metal oxide ceramic material, if mem-
branes or planar layers are required, the gel should be
plated or layered onto a support. Alternatively, if other
shapes, such as those described below, are to be utilized
the gel may be suitably manipulated as desired.

Once the gel has been appropriately dewatered, it
may be fired to temperatures up to 400° C. to produce
stable porosity controlled ceramic materials, the poros-
ity of which will be dependent upon the pH to which
the sol was raised during the process of proton removal.

It has been found that a particular advantage of this
procedure is that during the gelation process, the semi-
solid gel can be manipulated into any desired physical
shape. The sols are preferably concentrated to a high
degree of viscosity. This can be done by using a Rotar-
vapor. The viscous sol can be removed from the Rotar-
vapor, and then reshaped using any suitable reshaping
device or process. It has been found, in particular, that
the viscous sol, or semi-solid gel, can be extruded
through a confined orifice under pressure. This has been
done utilizing a simple plastic syringe with a diameter of
about 8 millimeters. The solidified, semi-solid gel can be
loaded into the syringe, and then manually ejected from
the syringe mouth, resulting in a tube or ribbon of soft
solidified gelled material having a diameter of the ori-
fice, i.e., about 8 millimeters, and which can be cut into
any desired length. The shaped, solidified, soft gel can
then be desiccated and fired to result in ceramic bodies
that are crack free, stable in shape and size, and have a
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