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Method For Making Highly Porous, Stable Metal oxide
With A Controlled Pore Structure
CROSS-REFERENCE TO RELATED APPLICATIONS
[0001]  This Application claims the benefit of U.S. Provisional Patent Application Serial
No. 61/340,762, filed March 22, 2010, titled “Method of producing highly porous, stable
metal oxide ceramic materials,” which is hereby incorporated herein by reference in its
entirety.
GOVERNMENT RIGHTS
[0002]  This invention was made with government support under STTR Phase II grant No.
I1P-0956628 awarded by the National Science Foundation. The government has certain rights
in the invention.
BACKGROUND OF THE INVENTION
1. The Field of the Invention
[0003] The present invention relates to methods for making high surface area solid
catalyst supports and adsorbants having a controlled pore structure.
2. The Relevant Technology
[0004]  Porous, high surface area metal oxides are used in many applications including thin
film semiconductors, solar panels, and as catalyst carriers or “supports” in heterogencous
catalytic systems. Such carriers provide an inexpensive, porous framework for preparation and
stabilization of highly-dispersed catalytic phases, i.e., catalytic metals, oxides, or sulfides. The
most common catalyst supports consist of the oxides of aluminum, silicon, and titanium.
Aluminas (aluminum oxides, Al,O3) are the most widely used commercial catalyst supports
because of their excellent thermal stability and wide range of useful chemical, physical and
catalytic properties.
[0005] Of the different alumina phases, y-alumina is most often the preferred structure
because of its high thermal stability, relatively high surface area, high mechanical strength, and
ability to be formed into extrudates or pellets, as compared to many other types of metal oxide
structures. However, the properties of commercially available y-aluminas are limited. Titanias n
both the rutile and anatase crystalline phases also have multiple commercial applications. There
is a need for methods that can reliably produce y-aluminas, titanias and other metal oxides with

different pore structures than those currently available and that can do so in an economically
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feasible way. Published methods for synthesizing mesoporous aluminas and for manufacture of
conventional alumina, silica, and titania supports typically involve laborious, multi-step
procedures which all involve solution-based methods which add substantially to the cost of such
materials. And, each method produces a support material with relatively fixed pore structure
characteristics. Examples of various supports and procedures for making supports are disclosed
in US Patent Nos: 2,749,216; 2,796,326, 2,917,366; 3,019,080; 3,038,784; 3,042,696;
3,244,972, 3,419,352; 3,823,895; 3,898,322; 3,941,719; 3,944,658; 3,987,155; 4,154,812,
4,172,809; 4,175,118; 4,275,052; 4,387,085; 4,532,072; 4,579,729; 4,676,928; 5,455,019;
5,480,630; 5,593,654; 5,622,684; 5,863,515; 6,001,326, 6,027,706, 6,129,904; 6,555,496;
6,761,866; 6,764,672; 7,090,824; 7,163,963; 7,235,224; 7,341,976, 7,442,290; 7,534,415; and
7,807,605.
Summary

[0006] The present disclosure relates to methods for making high-surface area, high-
porosity, stable metal oxides, such as, but not limited to materials used as adsorbents and
catalyst supports. The porous materials are made in a three-step process. In a first step, a
solvent deficient precursor mixture is formed from a metal salt and a base, and optionally a
limited amount of a mixing fluid or reaction fluid. The metal ions and base ions react in the
solvent deficient precursor mixture to form an intermediate hydroxide product (e.g., metal
hydroxide or metal oxide hydroxide). In a second step the intermediate hydroxide is caused
to form nanoparticles (e.g., by heating). In a third step the intermediate nanoparticles are
calcined at a higher temperature to sinter the nanoparticles together and yield a highly
porous, stable metal oxide aggregate having a pore structure.

[0007] The solvent deficient precursor mixture can be made from any number of dry
powders, liquids, or fluids so long as the mixed precursor (in which the reaction occurs) is
sufficiently deficient in solvent such that the metal ions and base ions are not completely
solvated (i.e., the solvation sphere around the ions is limited). For example, where water is
the mixing fluid, the metal ions have a hydration sphere that is limited in size as compared to
the same ions in an aqueous solution. Limiting the hydration spheres of the ions restricts
their interaction and/or movement between and with other components of the reaction
mixture. Where a mixing fluid is included in the solvent deficient precursor mixture, such

mixtures will typically be a slurry.
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[0008]  Surprisingly it has been found that the use of a solvent deficient reaction mixture
during nanoparticle formation allows control over the formation of the pore structure formed
in the porous metal oxides (i.e., the aggregated calcined particles). The methods described
herein can be used to control the BET surface area, pore size, and/or pore volume of the
porous, stable metal oxides being manufactured.

[0009] The pore structure of the porous metal oxide can be controlled using various
techniques, including, but not limited to, (i) properly selecting the anion of the metal salt, (ii)
properly selecting the amount of diluent (i.c., mixing fluid) included in the solvent deficient
precursor mixture, (iii) properly adding small amounts of templating agent or non-reacting,
non-solvating reagents (e.g., small organic molecules) to the initial reaction mixture, (iv)
properly doping the primary metal oxide by the addition of small amounts of one or more
different metal salts to the initial reaction mixture, and (v) rinsing the intermediate
nanoparticles prior to calcination.

[0010] The selection of the anion of the metal salt used in the precursor material has been
found to have substantial control over the pore structure. In the solvent deficient
environment during the formation and aggregation of the nanoparticles, the anion of the
metal salt exerts a significant influence upon the structure of the aggregates by its size,
charge, polarity and shape. The anion can be any anion that produces the desired pore
structure. The anion can be simple inorganic monatomic elements (e.g., chloride) or
complex metallo-organics such as sec-butanol. In the solvent deficient environment,
complex interactions occur between the anions and the nanoparticle crystallites, which affect
their stacking density, stacking orientation, spacing, etc. These intermolecular and
interparticle forces direct the formation of the secondary structures. Thus, pore structure, i.e.,
pore diameter, pore volume, pore shape and surface area, of the product may be controlled by
the choice of the anion of the metal salt used as the starting material. For example, using
aluminum nitrate as a starting material can produce an alumina with a pore diameter of 3 nm,
while the use of sec-butoxide may produce an alumina with a pore diameter of 18
nanometers. Surprisingly, using the solvent deficient methods, the pore diameter can be
adjusted independent of the nanoparticle size. For example, alumina with a pore diameter of
18 nanometers can be achieved with particles of the same composition and size as an alumina

with a 3 nm pore diameter. The ability to control the pore diameter of the metal oxide
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structures independent of crystallite particle size by changing the metal anion of the metal
salt is a surprising and unexpected result. This result also provides evidence that the solvent
deficient methods of the present invention allow control over the ordering and stacking of the
crystallites rather than just sintering whatever particles happen to form as is typical in sintering
methods known in the art.

[0011]  The pore structure can also be controlled by dilution of the starting materials. If an
organometallic salt is employed as the starting material, the addition of small amounts of a
diluent (e.g., water) to the solvent deficient reaction mixture will result in substantial changes
in the porous characteristics of the product. The diluent can be a liquid such as water or
organic compound or liquid. The diluent is added in sufficiently low concentrations so as to
not solvate the metal and base ions. Adding a diluent can have a substantial impact on the
resulting pore size of the metal oxides. For example, with aluminas prepared from aluminum
sec-butoxide, the pore diameter can be varied by three fold and the pore volume by four fold
with the addition of small amounts of water as a diluent. In one embodiment, the diluent is
water included in the precursor mixture in a molar ratio of water to alkoxides 1:1 to 1:10.
The diluent may also be an alcohol, ketone, ethers or other organic liquid.

[0012] The porous structure can also be controlled by rinsing the intermediate product
formed in the first step (i.e., rinsing prior to heating). The rinsing can be done with any
solvent such as water or organic solvents or combinations of solvents. Rinsing can have a
substantial impact on pore diameter, particularly where the anion of the metal salt is an
organic anion. For example, for aluminas prepared from aluminum isopropoxide, the pore
diameter can be varied by almost seven fold by rinsing the precursor with one or more
organic solvents. For titanias, rinsing the precursor with one or more solvents can yield
changes in pore diameter and surface area of two fold or more. TiO; prepared from TiCly and
rinsed before calcination can produce pore diameters of 3-4 nm, while not rinsing can produce
pore diameters of 9-12 nm or much larger.

[0013] The pore diameter can be controlled over a wide range (e.g., 3-40 nm) while
maintaining a very narrow pore size distribution. Although not intending to be bound by
theory, the inventors posit that in the solvent deficient environment of the nucleation and
formation of the nanoparticles, the size, shape and physical properties of ions or molecules

present in this partial solvation sphere or micro environment will affect the aggregation and
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physical stacking and orientation of the nanoparticles during their formation and the drying
and/or calcining processes. These structural features are largely maintained through
calcination and its attendant dehydration to form the final condensed product and are thus
reflected in changes in the porous characteristics of the final product. Thus, by manipulating
the micro solvation environment, the surface area, pore size, pore volume and pore shape/size
distribution can be controlled to optimize the product for the specific requirements of any
given application. For example, 3 nm pore sizes in alumina can be produced to support 1-2
nm noble metal crystallites in an oxidation of volatile organic compounds; or 18 nm pores can
be produced for supporting 8-10 nm Co or Fe crystallites in a Fischer-Tropsch catalyst.

[0014] In some embodiments of the invention, a dopant can be added to improve and/or
modify the thermal stability of the porous metal oxides and/or to stabilize certain crystal
phases. For example, y-alumina, anatase-titania or rutile-titania can be doped with small
amounts (e.g., 0.1-30% or 1-10%) of other oxides, such as those of La, Ba, Si, Zr, Al, or Ti to
produce porous particulate with superior thermal and/or hydrothermal performance
characteristics compared to the undoped metal oxides. The present method of intrinsically
doping the crystallites provides a novel, facile route to these stabilized metal oxides used as
supports and adsorbents.

[0015] In one embodiment, the stabilized metal oxide is a y-alumina. The use of a dopant
to stabilize y-alumina intermediate nanoparticles manufactured in a solvent deficient
environment can yield a y-alumina structure at much lower temperatures than y-aluminas
produced using known methods, such as techniques that convert bochmite or bayerite to y-
alumina. For example, in one embodiment a support structure of approximately 50% -
alumina can be achieved at a calcination temperature of 350 °C.

[0016] The present invention also relates to a method for producing crystalline anatase-
titania particles at room temperature. Although numerous investigators have made anatase-
titania at room temperature, the few reports in the literature which address the crystallinity,
only report amorphous anatase. The anatase particles obtained from the subject method have
surface areas from 100-500 m”/g, pore volumes up to 0.78 cm?/g, and pore diameters ranging
from micropores to 44 nm.

[0017] Pore structure, structure stability, and crystal phase can be selectively and

precisely controlled by using the above techniques individually or in any combination
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thereof. The ability to control pore structure, structure stability, and crystal phase using
particular diluents, dopants, and metal salt anions is very advantageous because these
reagents can be casily manipulated in the starting reagents without changing the composition
of the resulting product. This allows various pore structures, structure stabilities, and crystal
phases to be manufactured for porous structures having a particular composition.
BRIEF DESCRIPTION OF THE DRAWINGS

[0018] Various embodiments of the present invention will now be discussed with
reference to the appended drawings. It is appreciated that these drawings depict only typical
embodiments of the invention and are therefore not to be considered limiting of its scope.
[0019] Figure 1 is a chart showing the pore size distribution for La-Al,O3; suppots
manufactured according to one embodiment of the invention and treated for 2 h at 350 °C,;
[0020] Figure 2 shows adsorption/desorption isotherms of supports made from different
aluminum salts according to one embodiment of the invention;
[0021]  Figure 3 is a phase diagram of anatase as calculated from anatase manufactured
according to various embodiments of the invention;
[0022] Figure 4 shows adsorption/Desorption isotherm of supports made from different
aluminum salts according to one embodiment of the invention;
[0023]  Figure 5 is shows pore diameter as a function of the water/aluminum molar ratio in
alumina synthesized from aluminum sec-butoxide and calcined at 700°C for 2 hours; and
[0024] Figure 6 shows adsorption/Desorption isotherms of samples from precursor material
rinsed with different solvents.

DETAILED DESCRIPTION
[0025] The following descriptions and examples illustrate the preferred embodiments of
the present invention in detail. Those of skill in the art will recognize that there are
numerous variations and modifications of this invention that are encompassed by its scope.
Accordingly, the description of the preferred embodiments should not be deemed to limit the
scope of the present invention.
[0026] It is an object of some embodiments of the present invention to provide a process
for producing stable nanoscale oxides of high-surface area and high mesoporosity suitable as
adsorbents and catalysts supports, comprising stable mesoporous aluminas, titanias and other

metal oxides, to provide a process for manipulating the porous characteristics of these metal
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oxides and to provide a process for making mixed metal oxides for improved thermal and
hydrothermal stability.

[0027]  The present invention employs the use of a solvent deficient method of making
small nanoparticles with very tight size distributions to enable the production of high quality
metal oxide materials for use as adsorbents, catalyst supports and other applications. The
present invention produces highly connected, high surface area mesoporous metal oxide
substrates, and provides a means of manipulating the secondary structure or aggregation of
the nanoparticles to systematically control the surface properties and pore structure of said
materials as measured by the BET surface area, pore volume, pore size and pore size
distribution. The pore structure of the metal oxide products can be controlled from small
mesopores to much larger pore sizes and a method of producing thermally and
hydrothermally-stable metal oxide materials is enabled.

[0028] The basic method of making catalyst supports includes mixing a dry powdered
(but usually hydrated) metal salt (or a mixture of metal salts to obtain mixed metal oxides)
and a dry powdered base in the absence of added solvent (but optionally in the presence of
diluent) to form a complex metal hydroxide/metal-oxide hydroxide precursor material and a
byproduct salt. Alternatively, some starting materials such as titanium chloride are liquids at
ambient temperatures and can be utilized in the same manner as the solid starting materials.
The reaction is still solvent deficient and the reaction mixture consists of a solid suspension
or slurry. The intermediate material, thus formed, is heated to a temperature sufficient to
dehydrate the precursor to form crystalline metal oxide nanoparticles and decompose any
byproducts.

[0029] In a first step, a dry hydrated salt is mixed with a base such as ammonium bicarbonate
and waters of hydration are released. The subsequent rapid reaction of the partly hydrated metal
cation with the base leads to a slurry of precipitated metal hydroxide or metal oxide hydroxide
and a byproduct salt combining the anion of the original metal salt and the cation of the base.
Upon further stirring, the slurry may thicken to a slightly-wet solid depending upon the reagents
used. The entire mixing process can be carried out within 10-30 minutes to bring the reaction to
completion. The first step may be modified by the addition of a small amount of a diluent such
as water if there are no waters of hydration associated with the metal salt (e.g., anhydrous

titanium chloride). This can be useful where water is required as a reactant or to facilitate
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mixing. However, a solvent deficient reaction environment is maintained in order to provide
control over the formation of the pore structure. The first step produces an intermediate hydrate
product that can include metal hydrates and/or metal oxide hydrates.

[0030] In a second step, the intermediate hydrate product is caused to form intermediate
nanoparticles. The intermediate nanoparticles can be formed by drying. In one embodiment
drying is carried out by heating at a temperature greater than 50°C, 80°C, or 100°C, less than
350°C, 200°C, or 120°C, or a range constructed from any of the foregoing temperatures.

[0031] In a third step, the intermediate nanoparticles are calcined to form a solid, stable,
porous metal oxide structure with aggregated and/or sintered nanoparticles that are arranged and
configured to form a desired pore structure. Calcination produces highly connected, stable
sintered or condensed metal oxides (e.g. transitional aluminas). The sintered metal oxide
materials may be composed of alumina, titania, zirconia, other metal oxides, mixed metal
oxides and mixtures thereof. The calcination can be carried out at a temperature greater than
300°C, 350°C, or 400°C, and less than 1200°C, 800°C, 600°C, 400°C, or a range constructed
from any of the foregoing temperatures. The calcination can be carried out for a period of time
greater than 10 mintues 30 minutes, 1 hour, 2 hours, or 5 hours.

[0032]  The second and third steps can be carried out as separate discrete steps in the same or
different heating vessels or as a single step (i.e., the heating step may be a single step that
transitions to calcination upon completion of the particle formation). In some embodiments, one
or more components of the metal salt and/or the base may decompose to form gascous
byproducts. Alternatively, by products may be washed.

[0033] The method may also be modified by washing the precursor material prior to or after
particle formation and prior to calcination to recover the byproduct salts and eliminate the
gaseous decomposition of the byproducts during calcination.

[0034] The solvent deficient methods may produce unusually nano-sized crystallites (2-20
nm) which are characterized by size distributions as small as £10%, £20%, or +£50%. In addition,
the solid state, solvent-deficient reaction conditions and gaseous byproduct removal may yield
highly pure materials with uniquely clean nanoparticle surfaces with less than a single layer of
adsorbed water.

[0035]  The solvent deficient method can be used to prepare nano-oxides using salts of any of

the transition metals, the lanthanides, the actinides, and any stoichiometric combination thereof.
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The intermediate nanoparticles may have controlled sizes from 2 to 20 nm and highly crystalline
with well-defined shapes (e.g., typically spheres, but sometimes plates or rods). The intermediate
nanoparticles may have high chemical and phase purities, and the stable polymorphic phase for a
given particle size is typically produced.

[0036] Table 1 below shows a representative list of the materials that have been synthesized
using the solvent deficient method. However, the present invention is not limited to the
manufacture of these particular materials or their representative particle sizes (which were

determined by Debye-Scherrer Line Width Analysis).

Binary Oxides Mixed Metal Oxides
Sample  Size(nm) Sample Size(nm)
Al Oy 3 CoFe,0, 8
CeO, 13 Lag 03Al5.0704 3
Co;0, 10 NiAlLO, 8

CuO 8 NiFe,0, 7
Fe,0, 8 Mg, ALO; 3
MoO, 9 PrCo0O, 8

NiO 3 Y Z1O, 7

TiO, 7 Z1ny 4CogFe,04 8

Y-0; 13 ZnFe,O, 8

ZnO 8

71O, 5

Table 1

[0037] The solvent deficient method used in the present invention for preparation of
highly porous, stable, nanoscale metal oxides can be customized to optimize their use as
adsorbents and catalyst supports. The present method can be widely adapted to the
preparation of high-surface area, highly porous binary oxides (i.e., compounds of a single
metal cation with an oxygen anion) and multi-metal oxides (i.c., two or more metal ions in
combination with oxygen). This method is particularly useful for preparation of mesoporous
aluminas and titanias. Additional details regarding methods for making a solvent deficient
precursor mixture and the reagents that can be used to make solvent deficient precursor

mixtures is disclosed in Applicants co-pending United States Patent Application No.
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11/707,840, filed February 16, 2007, which is hereby incorporated herein by reference in its
entirety.

[0038]  The present invention employs interventions during and after the formation of the
nanoparticles which can affect the aggregation of the nanoparticles (the secondary structure
or arrangement of the nanoparticle crystallites) which are then calcined (heated to higher
temperatures to cause sintering) to form stable, metal oxide structures which have high
metal-oxygen connectivity. These secondary structures of the nanoparticle crystallites are
largely conserved during calcination. Thus, manipulation of the ordering of the nanoparticles
during aggregation, results in control of the porous characteristics of the final metal oxide
products. The present invention enables the production of high surface area mesoporous
metal oxide structures such as alumina and titania with unique physical characteristics.

[0039] Different metal salts will affect the nucleation, crystallization, growth and
aggregation of the nanoparticles. The term “salt” is defined broadly within the scope of the
present invention as a compound comprising a metal cation bonded to an inorganic (e.g.,
ZrCly) or organic anionic species (e.g., cerium acetate or a titanium alkoxide). In general,
salts are soluble in water but some salts are only soluble at low or high pH. In the present
invention, the anionic species dissociates when reacted with a base and forms either a
hydrated anionic species or partially solvated anionic species, and the metal cation forms a
metal hydroxide.

[0040] Examples of metal salts from four possible common metal systems which can be
utilized in the present invention include, but are not limited to, (a) aluminum: aluminum
acetate, aluminum acetylacetonate, aluminum ammonium sulfate dodecahydrate, aluminum
bromide, aluminum tert-butoxide, aluminum sec-butoxide, aluminum pentoxide, aluminum
hexoxide, aluminum chloride, aluminum chloride THF complex, aluminum ethoxide,
aluminum iodide, aluminum isopropoxide, aluminum L-lactate, aluminum metaphosphate,
aluminum nitrate, aluminum perchlorate, aluminum phenoxide, aluminum phosphate,
aluminum phthalocyanine chloride, aluminum sulfate, aluminum tributoxide, aluminum-tri-
sec-butoxide, aluminum tris(2,2,6,6-tetramethyl-3,5-heptaned-ionate), (b) titanium:
titanium(iv)  bis(ammonium lactato)dihydroxide  solution, titanium(iv)  bis(ethyl
acetoacetato)diisopropoxide, titanium(iv) bromide, titanium(iv) butoxide, titanium(iv) tert-

butoxide, titanium(iv) hexoxide, titanium(iii) chloride, titanium(iv) chloride, titanium(iii)
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chloride tetrahydrofuran complex, titanium diisopropoxide bis(acetylacetonate), titanium(iv)
diisopropoxidebis(2,2,6,6-tetramethyl-3,5-heptanedionate), titanium(iv) ethoxide,
titanium(iv) 2-ethyl-1,3-hexanediolate, titanium(iv) iodide, titanium(iv) isopropoxide,
titanium(iv) oxysulfate, titanium(iv) phthalocyanine dichloride, titanium(iv) propoxide,
titanium(iii) sulfate, titanium(iv) (tricthanolaminoato)isopropoxide, (c) Zirconium: zirconium
acetate, zirconium(iv) acetate hydroxide, zirconium(iv) acetylacetonate, zirconium(iv)
bis(diethyl citrate) dipropoxide, zirconium(iv) tert-butoxide, zirconium(iv) hexoxide,
zirconium(iv) butoxide solution, zirconium(iv) chloride, =zirconium(iv) chloride
tetrahydrofuran, zirconium(iv) diisopropoxidebis(2,2,6,6-tetramethyl-3,5-heptanedionate),
zirconium(iv)  ethoxide, zirconium(iv) hydrogenphosphate, zirconium(iv) iodide,
zirconium(iv) isopropoxide isopropanol complex, zirconium(iv) propoxide, zirconium(iv)
sulfate hydrate, zirconium tetrabis(2,2,6,6-tetramethyl-3,5-heptanedionate), and (d) cerium:
cerium(iii) acetate hydrate, cerium(iii) acetylacetonate hydrate, cerium(iii) bromide,
cerium(iii) carbonate hydrate, cerium(iii) chloride, cerium(iii) 2-cthylhexanoate, cerium(iii)
iodide, cerium(iii) nitrate hexahydrate, cerium(iii) oxalate hydrate, cerium(iii) perchlorate
solution, cerium(iii) sulfate, cerium(iii) sulfate (hydrated), and cerium(iv) sulfate.

[0041]  An additional aspect of the present invention is a method of improving thermal and
hydrothermal stability of catalyst support materials by the use of doped or mixed metal oxide
nanoparticles which are a mixture of two or more metal oxide compositions which form a
homogencous solid solution, a mixed crystalline phase metal oxide material, or one in which
one of the oxide phases separates to the surface of the crystallites. These compositions are
produced by mixing the salts of two or more metals in the first step of the referenced process
to form a mixed metal precursor material which is calcined at approximately 350°C or
higher. It is well known by those skilled in the art that doping y-alumina, anatase-titania or
rutile-titania with small amounts (e.g.,1-10%) of other oxides, such as those of La, Ba, Si, Zr,
Al, and Ti can lead to products with superior thermal and hydrothermal performance
characteristics compared to the undoped metal oxides. The present method of intrinsically
doping the crystallites provides a novel, facile route to these stabilized metal oxides used as
supports and adsorbents.

[0042] In some embodiments, controlling the crystalline phase may be an important

aspect of stabilizing metal oxide catalyst supports. An additional aspect of the present
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invention is a method to produce gamma crystalline phase alumina at much lower
temperatures than has been reported. The y-phase is preferred because of its much better
thermal stability than the usual low temperature alumina forms, bochmite or bayerite.
Utilizing the present invention, at calcination temperatures of only 350°C approximately half
of the alumina is already in the gamma phase where all previous compositions are still 100%
boehmite. At modestly higher temperatures 100% y-alumina is obtained.

[0043]  Another embodiment of the present invention is a method of controlling the pore
structure and pore diameter over a wide range (e.g., 3-40 nm) while maintaining a very
narrow pore size distribution.

[0044]  The aggregation or structural arrangement of the nanoparticles can be modified by
such factors as the presence of the byproduct anion(s) from the metal salt(s) or the cation
from the base. For many applications ammonium bicarbonate or similar compounds can be
used. Water can be used where the metal salt is sufficiently acidic; hence, the primary source
of control of the porous surface structure may be exerted by the anion of the metal salt. As
mentioned above, in the solvent deficient environment during the formation and aggregation
of the nanoparticles, the anion of the metal salt exerts a significant influence upon the
structure of the aggregates by its size, charge, polarity and shape. The structure of possible
anions is as varied as an inorganic monatomic chloride to complex metallo-organics such as
sec-butanol. In this solvent deficient environment, complex interactions occur between these
anions and the nanoparticle crystallites which affect their stacking density, stacking
orientation, spacing, etc. These intermolecular and interparticle forces will direct the
formation of the secondary structures. Thus, pore structure, i.e., pore diameter, pore volume,
pore shape and surface area, of the product will are controlled by the choice of the anion of
the metal salt used as the starting material.

[0045] Likewise, the addition of small amounts of reagents such as alcohols, ketones,
cthers or other organic liquids to the solvent deficient environment during nanoparticle
formation or aggregation can also control the porous characteristics of the final product by
either interacting in conjunction with the anion(s) or acting independently to influence the
secondary structure by similar mechanisms. This templating effect enables the precise control
of the porous structure over a wide range (i.e., over wide ranges of surface area, pore volume

and pore size).
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[0046]  The pore structure can also be controlled by dilution of the starting materials. If an
organometallic salt is employed as the starting material, the addition of small amounts of
liquids to the solvent deficient slurry will result in substantial changes in the porous
characteristics of the product. (This effect is typically not observed with inorganic metal
salts.) The diluent may be water, an alcohol, ketone, ether, or other liquids that are generally
useful as solvents when dissolving metal salts. However, when used in the present invention,
the diluent is added in concentrations that do not dissolve the metal salts in the precursor
mixture. The diluent may be included in the precursor mixture in molar ratios of diluent to
salt in a range from 1:0.5 to 1:15 or 1:1 to 1:10 (e.g., 1, 2, 5, or 10). For example, with
aluminas prepared from aluminum sec-butoxide, the pore diameter can be varied by three
fold and the pore volume by four fold with the addition of small amounts of water.

[0047] The porous structure can also be controlled by rinsing the precursor material
derived from organic metal salts prior to calcination with various solvents. This effect is not
observed with materials made from inorganic metal salts. For example, with aluminas
prepared from aluminum isopropoxide, the pore diameter can be varied by almost seven fold
by rinsing the precursor with various organic solvents. With titanias, rinsing the precursor
with different solvents yielded changes in pore diameter and surface area of approximately two
fold. And, in the case of hydrolysis of TiCly, variations in the order of drying, rinsing, and
calcination lead to significant changes in pore diameter. (But, rinsing after calcination does not
significantly affect the properties of the particles and can be done to remove unwanted
byproducts such as Cl or S.) It is opined that rinsing before calcination may alter the structure
of the precursor directly or, it could be that the removal of the byproduct anions (e.g., Cl or S),
or other moieties may lead to the formation of a different porous network. For example, for
TiO; prepared from TiCly, rinsing before calcination generally leads to pore diameters of 3-4
nm, while not rinsing leads to pore diameters of 9-12 nm or much larger.

[0048] The porous structure can also be controlled by doping the primary metal oxide
with smaller amounts of one or more additional metal oxides. For example, the pore diameter
of titania can be varied by the addition of small amounts of zirconium or aluminum, or the
pore size of alumina decreases proportionally to increasing concentrations of added

lanthanum.
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[0049]  An additional aspect of the present invention is a method to produce crystalline
anatase-titania particles at room temperature. Although numerous investigators have made
anatase-titania at room temperature, the few reports in the literature which address the
crystallinity only report amorphous anatase. The anatase particles obtained from the subject
method have surface areas from 100-500 m?/g, pore volumes up to 0.78 cm’/g, and pore
diameters ranging from micropores to 44 nm.
[0050] The resulting calcined metal oxide materials are characterized by large surface
arcas, large pore volumes and small pore diameters typically only observed for ordered
mesoporous materials prepared by substantially more complex, solvent excess methods,
using templates, structure directing agents, and similar additives. However, in the present,
solvent deficient method, the use of such agents is not required, although is permissible.
[0051] The porous metal oxide structures can have a controlled pore structure with a
surface area in a range from 50 m%/g, to 800 m*/g, 200 m%g to 600 m*/g, or 250 m*/g to 500
m?*/g, 300 m*/g to 400 m*/g. The pore structure can have a pore volume in a range from 0.05
cm’/g to 2.5 cm’/g, 0.2 cm’/g to 1.8 cm’/g, or 0.5 cm’/g to 1.7 cm’/g. Also, the pore structure
can have a pore size in a range from 2-50 nm or 3-25. The pore size can have a distribution
(as determined by 4c) that is £20%, £50% or +£100% of the average diameter pore size.
These pore structure features can be produced alone or in combination with one another. The
methods of making the porous structures are highly versatile in allowing different pore
structures to be created in materials that would normally have a different pore structure if
made using other techniques.
[0052] The method of the invention produce, for example, mesoporous alumina materials
with pore diameters as small as 3 nm with very sharp pore size distributions (+1-1.5 nm) and
surface areas of approximately 350 m*/g following calcination for 2-3 hours at 350-700°C;
and pure anatase titanias with pore diameters of 6-7 nm, similarly sharp pore size
distributions, and surface areas of approximately 100 m?/g without the use of structure
directing and templating additives required in the prior art.

Examples
[0053] Example 1: Alumina nanoparticles were prepared by mixing solid aluminum
nitrate heptahydrate and the solid base, ammonium bicarbonate (HN4HCO;3) at room

temperature with no additional solvent. The reaction was allowed to go to completion as
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indicated by the cessation of CO; evolution. The precursor material was heated at 270°C
without drying. The product was intermediate alumina nanoparticles with an average
diameter of 2 nm determined by powder XRD. The nanoparticles were then calcined at
500°C for 2 hrs to form the sintered metal oxide material with a BET surface area of 384
m?/g, a pore volume of 0.42 cm’/g, and a pore diameter of 3.8 nm .

[0054] Example 2: TiO; nanoparticles were prepared by mixing anhydrous TiCls and the
solid base, NHsHCOj; at room temperature with a small amount of water added to initiate the
reaction (water serves as a reagent to make the hydroxide) and to facilitate mixing. The
reaction was allowed to go to completion as indicated by the cessation of CO, evolution.
The precursor material was heated at 400°C without drying. The product was anatase TiO»
nanoparticles with an average crystallite diameter of 9 nm determined by powder XRD and a
BET surface area of 109 m?/g, an average pore diameter of 7 nm, and a pore volume of 0.31
cm?’/g. The sample was calcined at 500°C for 2 h to form a sintered anatase with a BET
surface area of 89 m%/g and a pore volume of 0.26 cm?/g.

[0055] Example 3: A mesoporous alumina was prepared by mixing the solid metal salt,
aluminum nitrate (AI(NO3)3), and the solid base, ammonium bicarbonate (NHsHCO3), at
room temperature with a small amount of water to facilitate mixing. The resulting
intermediate precursor material was dried at 80°C (It is stable and can be stored indefinitely).
The precursor material was calcined at 350, 400, 500, 600 and 700°C for 2 hours. The
physical characteristics of the y-alumina materials thus produced are shown in Table 2. It
includes BET surface area, average pore radius, mesopore volume and the standard deviation
for a log normal distribution of the pore size which were obtained by N, adsorption at -
196°C. The primary crystallite diameters obtained from XRD are shown to be 3 and 5 nm for
the two calcination temperatures.

[0056] Table 2 shows the results of the mesoporous aluminas prepared by the method of
Example 3. Table 2, shown below, provides surface area, average particle size, average pore

radius, and mesopore volume for Al,O3 and La-Al,O; metal oxide materials.

c ¢ Porediam’ Width,
b BET SA Mesopore vol o .
Sample log mean distribution XRD diam (nm)
2 3
(m’/g) (em’/g) (nm) [WD = exp(4*0)]
AlLO;350°C2h 341 0.35 3.8 2.1 3

Al,0;400°C 2h 454 0.39 3.5 1.4
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ALO; 500°C 2 h 384 0.42 3.8 1.4
ALO; 600°C 2 h 341 0.39 3.9 1.5
AlL,O; 700°C 2 h 291 0.39 4.6 1.6 5
Table 2

[0057] Additional embodiments of the invention describe methods for making porous
metal oxides from mixtures of two or more metal oxide compositions which form a
homogencous solid solution, a mixed crystalline phase metal oxide material, or one in which
one of the oxide phases separates to the surface. For example, nanoparticles consisting of a
mixture of two or more different metal oxides such as aluminum oxide and zirconium oxide
can be made by mixing the two or more metal salts in predetermined stoichiometric amounts
with a base in the absence of additional water followed by calcining at approximately 350°C
or higher or drying (e.g., 80-120°C) and then calcining. Doping y-alumina or anatase-titania
with small amounts (1-10%) of other oxides, such as those of La, Ba, Si, Zr, Al, and Ti can
lead to products with superior thermal and hydrothermal performance characteristics
compared to the undoped metal oxides.

[0058] Example 4: Alumina nanoparticles were prepared by mixing solid aluminum
nitrate heptahydrate, various amounts of solid lanthanum nitrate, and the solid base,
NH4HCOj at room temperature with no additional solvent. The reaction was allowed to go to
completion in 15-30 min as indicated by the cessation of CO; evolution. The precursor
material was heated at 270°C without drying. The product was 3, 4, or 6 wt% La/Al,0O;
nanoparticles with an average crystallite diameter of 3 nm determined by powder XRD.
Samples were further calcined at 350, 400, 500, 700, 800, 900, 1000, and 1100°C for 2 h;
selected 3% La was selectively calcined at 700°C for 5 or 10 h. BET surface area, average
pore diameter, mesopore volume and the width of the pore size distribution for a log normal

distribution of pore diameters obtained by N, adsorption at -196°C are listed in Table 3.

Pore diam Width,
BET SA Mesopore vol XRD diam
Sample R N log mean distribution
(m’/g) (cm’/g) (nm)
(nm) [WD = exp(4*c)]
3%wt La-Al,O; 350°C 2 h 349 0.38 33 1.4 3
3%wt La-Al,O5 400°C 2 h 297 0.28 3.6 1.3 3
3%wt La-Al,O5 500°C 2 h 313 0415 44 1.4 3

3%wt La-Al,O; 700°C 2 h 280 0.32 3.7 1.6 3
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3%wt La-ALO; 700°C 5 h 241 0.33 4.4 1.4 3
3%wt La-ALO; 700°C 10 h 276 0.385 - 3
3%wt La-ALO, 800°C 2 h 225 0.29 43 1.7

3%wt La-ALO; 900°C 2 h 187 0.25 45 1.8

3%wt La-ALO; 1000°C 2 h 151 0.21 4.7 1.9

3%wt La-ALO; 1100°C 2 h 139 0.22 5.4 2.0

4%wt La-ALO; 700°C 2 h 269 0.34 43 1.6

6%wt La-ALO; 700°C 2 h 255 0.355 4.6 1.7

Table 3

[0059] As shown in Table 3, surface arca and pore volume decrease with increasing
calcination temperature and calcination time, while pore diameter increases slightly with
increasing calcination temperature. It is evident that the added La has stabilized and
prevented grain growth of the materials when calcined at higher temperatures. The pore
diameters and widths of the pore diameter distribution for La-stabilized alumina samples are
both significantly smaller. However, the surface areas are slightly larger than the values
obtained for pure alumina samples at the same calcination temperature (350 and 700°C).

[0060] The properties of the metal oxides produced according to the method of Example 3
can be compared to commercially available aluminas and lanthanum-stabilized y-alumina
supports. A list of commercially available aluminas and their reported properties is provided

in Table 3 below.

Mesop Width,
BET Pore diam, XRD
ore distribution
Sample SA log mean part. diam
() Vol [WD =
m'/g (nm) (nm)
(em’/g) exp(4¥o)]
Aluminas
Catalox Sba-Al,O; (Sasol) 192 0.47 7.9 24 -
Catapal B-Al,O; (formerly A-Sasol) 225-250 0.50 - 4.5
PuralNG- Al,O; (Sasol) d 170 0.45 - 10
Grace Alpha-Aesar 43855- Al,O4 207 - 9.0 6.8 -
Grace Alpha-Aesar 43858- Al,O3 172 0.72 133 3.7 -
St. Gobain 177 0.74 14.0 5.6
La-stabilized aluminas
173 0.50 10.7 33 -

Puralox SCFa-190L3, 3% La/Al,O; (Sasol)
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calcined at 700°C
Puralox SCFa-140L3, 3% La/Al,O; (Sasol)

140 (80) 0.5 16 33 -
calcined at 1100°C in parentheses
PuralNG- 3% La/Al,O; (Sasol) calc.700°C 147 0.47 11.6 32 -
Catalox Sba- 3% La/Al,O; (Sasol) steam-

132 0.46 11.0 2.4 -
treated (Pm,0 = 5 atm) 240 min at 700°C
Table 4

[0061] A comparison of Tables 2-3 and 4 reveals significant quantitative differences
between aluminas produced by the solvent deficient method and commercially available
materials. First, the supports manufactured according to the present invention exhibit smaller
pore sizes. Generally, pore diameters for the commercial aluminas are about 2-3 times larger
than the aluminas and La-stabilized aluminas produced in a solvent deficient environement.
Secondly, the products of the invention exhibit much tighter pore size distribution. This is
dramatically illustrated by (a) the 5.7 times smaller standard deviation, o, of the 3% La-
alumna according to the invention (i.c., Cosmas-La-alumina) relative to that for a
commercially available sample of 3% La-Sasol-Pural-NG (see Fig. 1) and (b) 2-4 times
smaller pore-size distribution widths for the aluminas and La-aluminas according to the
invention relative to the corresponding commercial supports.

[0062] The porous metal oxides manufactured according to Example 3 and 4 have
significantly higher surface areas than similar commercially available materials. For
example, after calcination at 350°C the surface area of the 3% La-alumina manufactured
according to Example 3 is 340-350 m%/g vs. 140-200 m?/g for the 3% La-Pural as shown in
Table 4. Moreover, after calcination at 700°C the comparison is 250-280 m?/g vs. 140-170
m?*/g. Since higher surface areas facilitate better catalyst dispersion, higher surface areas may
be desirable.

[0063]  Also, the porous metal oxides manufactured according to Examples 3 and 4 have
smaller primary crystallite sizes. The alumina and La-alumina supports calcined at 350°C
have unusually small primary crystallite diameters of around 3 nm compared to 4.5 to 40 nm
for Sasol Pural/Catapal bochmite aluminas. Moreover, the crystallite diameter of the La-
stabilized material according to the invention remains constant (at 3 nm) during treatment at

elevated temperatures and for extended times.
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[0064]

TiCly, and a solid base, ammonium bicarbonate (NH4sHCO3), at room temperature with a

Example 5: A mesoporous titania was prepared by mixing anhydrous (but liquid),
small amount of water to initiate the reaction and facilitate mixing. The resulting
intermediate precursor material was dried at 100°C (It is stable and can be stored
indefinitely). The precursor material was calcined at 400°C, 500°C, or at 700°C for 3 hours.
The physical characteristics of the titania thus produced are shown in Table 5 below, which

includes BET surface area, average pore diameter, and mesopore volume which were

obtained by N, adsorption at -196°C.

Sample | Calcination Phase SA Pore volume Pore diameter
Temperature (m’/g) (cm’/g) (nm)
TiO, 400°C anatase 109 031 6.9
TiO, 500°C anatase 88.6 0.26 7.0
TiO, 700°C anatase and 6.2 0.04 54
rutile
Table 5
[0065] Example 6: Several mixed metal oxide mesoporous aluminum, zirconium, or

silicon doped titanias were prepared by mixing TiCly, various concentrations of aluminum
nitrate (AI(NOs)s), SiCls, or ZrClsy, and ammonium bicarbonate (NH4sHCOs3), at room
temperature with a small amount of water to initiate the reaction. The resulting intermediate
precursor materials were dried at 100°C. The precursor materials were calcined at 400°C for
3 hours. The physical characteristics of the various titania materials produced with are
summarized in Tables 6 and 7. They include BET surface area, average pore diameter, and
mesopore volume for log normal distributions of the pore diameters which were obtained by
N, adsorption at -196°C. 1t is evident from data in Table 6 that surface arcas and pore

volumes are highest for samples containing 14 and 22% alumina. At a 5% loading, the pore

diameter was the smallest at 3.4 nm.
Mol % Phase SA Pore volume Pore diameter Particle
of Al (m%/g) (cm’/g) (nm) diameter (nm)
0 anatase 109 0.31 6.8 9
1% anatase 127 0.26 8.2 8
5% anatase 262 0.31 34 4
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14% anatase 400 0.50 42 4
20% anatase 316 0.47 6.0 4
22% anatase 507 0.50 3.5 >2
35% anatase 389 0.36 3.6
Table 6

[0066] Table 6 illustrates the surface area, average particle size, average pore diameter,

and mesopore volume for 5 mol% Al, Zr, and Si-TiO, metal oxide.

Sample phase SA Pore volume Pore Width-Distr
(mYg) (cm’/g) diameter 40 (nm)
(nm)
5mol% Al | anatase 262 0.31 34 1.5
5 mol% Zr anatase 248 0.33 3.5 1.8
5 mol% S1 anatase 105 0.19 473 1.8
Table 7

[0067] Example 7: Lanthanum doped alumina was prepared as in Example 4. The
lanthanum/aluminum mixed metal precursor was made and found to include a homogeneous
mixture of lanthanum and aluminum compounds. The precursor was calcined at 700°C. X-
ray absorption fine structure (XAFS) analysis was performed to determine if atomic
migration occurs during calcination to produce an asymmetric distribution of the lanthanum
and aluminum atoms in the metal oxide material. It was found that the La was not in the
form of La,03 nor LaAlOs, but it was highly associated (probably bonded) with oxygen. The
La-Alumina was compared to a commercially obtained alumina which had been surface
treated with a lanthanum solution prior to a second calcination. The XAFS data (Table 4)
show that the local environments of the La in the two samples are similar. Assuming the
lanthanum is located on the surface of the commercial sample, it follows that the lanthanum
of the subject material is preferentially located on or near the surface of the metal oxide
crystallites. The data are consistent with amorphous, well dispersed La atoms bonded to
oxygen over the entire surface of the alumina nanoparticles including at the primary
particle/particle interfaces.

[0068] Hence, the inventors posit that the intimate mixing of the La and Al salts in the
first stage of the process produces a uniform distribution of La throughout the nanoparticle

which then migrates to the entire surface of each particle including the particle/particle
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interfaces during calcination at 700°C. In contrast, when La is applied in current state of the
art methods by aqueous deposition and drying on the preformed sintered alumina support, it
will only reach exposed particle surfaces and will be excluded from the crucial nanoparticle
surfaces on the interior of aggregates which are not accessible by the deposition solution and
where the aggregated particles are in contact with each other and have sintered or fused
together.

[0069] Example 8: Lanthanum doped alumina was prepared as in Example 4 except that
in addition to aluminum nitrate, aluminum chloride or aluminum sec-butoxide salts were
used and the La concentration was varied. Mesoporous lanthanum doped aluminas were
produced (Table 8). Values of surface area, pore volume, and pore diameter are

exceptionally large for the 3%La-alumina prepared from the butoxide relative to the other

supports.

Sample® Aluminum BEZT SA° Mesopoze Pore diam® Width-Distr

Salt (m”/g) vol® (em’/g) log mean (nm) 46 (nm)

3%wt La-Al, O, Nitrate 280 0.32 3.7 1.6

Chloride 217 0.34 5.2 1.8

Butoxide 349 1.70 17.7 4.4

4%wt La-Al,O4 Nitrate 187 0.25 4.4 1.8

6%wt La-Al,O4 Nitrate 255 0.355 4.6 1.7

Chloride 222 0.44 7.2 2.0

Table 8

[0070] Example 9: A mesoporous alumina was prepared by mixing the solid metal salts,
aluminum sulfate and lanthanum nitrate, and the solid base, ammonium bicarbonate, at room
temperature with a small amount of water to facilitate mixing. The precursor material was
calcined at 900°C and 1000°C for 2 h in order to decompose the sulfate ion byproduct. The
physical characteristics of the y-alumina aggregates thus produced are shown in Table 9. Pore
diameters and distribution widths are substantially larger for the samples prepared from the

sulfate relative to other salts, with the exception of the butoxide (compare Tables 5 and 6).

BET SA° Mesopore Pore diam® Width-Distr
Sample

(m%g) vol® (cm/g) log mean (nm) 40 (nm)

3%wt La-AL,O; 900°C 172 0.60 12.6 5.8
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3%wt La- Al,05 1000°C 147 0.50 134 6.3

Table 9
[0071] Example 10: Mesoporous aluminas were prepared from aluminum nitrate and
from aluminum chloride. The precursor material of each was divided into two aliquots. One
aliquot of each was calcined wet at 700°C and the second was calcined after it had been dried

at 90°C overnight. The drying process had no significant effect on the final products as seen

in Table 10 below.

b Aluminum  BET SA°  Mesopore vol”  Pore diam’ Width-Distr
Sample
Source (m%g) (em’/g) log mean (nm) 40 (nm)
3%wt La-AlL,O; 700°C 2 h Nitrate 280 0.32 3.7 1.6
3%wt La-Al,O5 700°C 2 h(Dry) 279 0.28 3.7 1.2
3%wt La-Al,O; 700°C 2 h Chloride 217 0.34 52 1.8
3%wt La-Al,O5; 700°C 2 h(Dry) 212 0.345 5.6 1.9
Table 10

[0072]  Another embodiment of the present invention is a method to produce crystalline
anatase-titania at room temperature. The prior art methods produce amorphous anatase-
titania. Obtaining a crystalline anatase at room temperature is novel because other methods
which synthesize the anatase phase in aqueous solution report forming amorphous anatase
which must be heat treated to induce crystallinity.

[0073] Example 11: TiO, was prepared by mixing anhydrous TiClsy and the solid base,
NH4HCO3 at room temperature with a small amount of water added to initiate the reaction.
The reaction was allowed to go to completion as indicated by the cessation of CO; evolution
and the product was dried. The crystallinity of anatase TiO, product was examined using
XRD. The diffraction pattern indicated that crystalline anatase was obtained.

[0074] Example 12: Titania was prepared as in Example 11, except that 14 mol%
aluminum nitrate was added to the starting materials. The crystallinity was examined using
XRD. The diffraction pattern indicates crystalline anatase phase at room temperature as
shown in Fig. 2. This is surprising and unexpected because the prior art reports forming an
amorphous product at room temperature. After rinsing the particles were calcined at 400°C

and 700°C. XRD analysis showed crystalline anatase particles. This is surprising and
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unexpected because bulk phase diagrams suggest that at 400°C and 700°C TiO, with 14
mol% Al forms either an amorphous product or TiO, and Al,Os, not crystalline anatase. A
nano phase diagram for particles manufactured in a solvent deficient environment according
to embodiments of the present invention was generated from XRD data to show crystallinity.
In one embodiment, the phase diagram may be as shown in Fig. 3.

[0075] Another embodiment of the present invention includes a method to control the
pore structure and surface area of the final product. It is desirable for catalyst support
materials to be available with a pore diameter and other associated structural properties
optimized for a given catalyst and application. The range of structural properties of
commercially available catalyst supports such as alumina, titania, zirconia, etc. are quite
limited; for example in the case of alumina the range of pore size and choice of specific pore
sizes is essentially limited to those shown in Table 4. Using prior art methods, has not been
practical to systematically vary the porous characteristics within a given support composition
and production method. The inventive methods described herein provide several alternatives
for varying pore diameter, pore volume, pore morphology and surface area. Each of these
characteristics are interrelated and do not operate independently, but emphasis can be placed
on optimizing any one of the characteristics while changes to the other properties can be
fixed within certain ranges. For purposes of describing the present embodiment, it will be
assumed that the pore diameter is the characteristic of prime interest. It is, in fact, desirable
to be able to control pore diameter of catalyst supports to optimize the activity and dispersion
of catalysts for a particular reaction and process.

[0076]  An aspect of the invention to control pore structure is a method of controlling pore
size, pore volume and specific surface area through the use of the salts of a given metal with
different anions. The inventors posit that as the anions of the metal salt are released, they
interact in the micro solvation environment with the forming crystallites to direct the
secondary structure of the nanoparticle aggregates. For example, the use of aluminum
nitrate, aluminum chloride, aluminum sulfate, aluminum isopropoxide or aluminum sec-
butoxide as the aluminum salt starting material yields support products with pore sizes that
can be varied by four fold and surface areas which can be varied by approximately 30%.
Alternatively, small amounts (solvent deficiency must be maintained) of extrinsic solvents or

agents such as alcohols, ethers, ketones, etc. can be added to the reaction mixture to modify
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the porous structure of the resulting product in the same manner, and in addition to the
effects of the metal salt anions.

[0077] Example 13: Aluminum nitrate (21.175g AI(NO;);*9H,0) and ammonium
bicarbonate (13.512g NH4HCO3) were mixed at room temperature for 20 minutes. The
resultant precursor was calcined in air at 700°C for 2 hours at temperature with a ramp rate of
2.33°C/min from room temperature to the calcination temperature. The experiment was
repeated with equivalent molar amounts of aluminum chloride, aluminum sulfate, aluminum
isopropoxide and aluminum sec-butoxide. The XRD spectra indicated that the alumina
product consisted of mainly the y-phase in all cases. The specific surface areas and the mean
pore size diameter were determined by BET nitrogen adsorption using a Micromeritics
Tristar 3020 apparatus. Samples were degassed at 200°C with nitrogen flow for 20 h prior to
the measurements. Specific surface areas were calculated from the corresponding nitrogen
adsorption isotherms and the mean pore size diameter and pore size distribution (PSD) were
calculated using a revised BJH method. The pore diameter (and standard deviation), pore

volume and surface area are shown in Table 11, shown below. (Also see Example 8)

Aluminum Surf area Pore vol Pore Diam  Width-Distr
Sample Salt (m’/g) (cm’/g) (nm) 4o (nm)
1 Nitrate 267 0.33 4.1 1.6
2 Chloride 215 0.39 7.0 2.3
3 Sulfate 172 0.60 12.7 5.8
4 Isopropoxide 338 1.45 13.9 14
5 Sec-butoxide 349 1.70 17.7 4.4
Table 11

[0078]  As shown in Figure 4, all the BET adsorption and desorption isotherms are of the
IUPAC Type IV, which is characteristic of mesoporous materials. The hysteresis loop for
Sample 4 corresponds to the H3 type, which indicates alumina supports made from alumina
sec-butoxides have slit-shaped pores or plate-like particles. The hysteresis loops for the
others are H1 type, which is often observed for materials with cylindrical pores with tight
size distributions or spheroidal particles of fairly uniform size.

[0079] An additional aspect of the invention to control pore structure is a method of
controlling pore size, pore volume and specific surface area of aluminas derived from organic

aluminum salts by controlling the amount of water added to the initial solvent restricted
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reaction mixture. The aluminum alkoxides are sufficiently acidic that a small amount of
water will serve as the base in the initial reaction of the referenced method. Traditional bases
such as ammonium bicarbonate have also been used, but are not necessary to initiate the
hydrolysis reaction to form the precursor and release the alcohols. The prior art reports using
sol-gel methods with excess water to form aluminum hydroxides which can be processed to
form porous aluminas. In conventional manufacturing methods water content is also varied
but always in conjunction with templating, structure-directing agents such as aerogels,
pluronic surfactants, or use of sol gel methods. The present invention employs the use of
small amounts of water in molar ratios of water/aluminum in the range of 1 to 5 without
needing or requiring additional templating or structure-directing agents and without the use
of sol-gel methods.

[0080] Example 14: Samples of aluminum sec-butoxide were mixed with distilled water
at water to Al molar ratios of 2 to 10 for 15 minutes. The precursors were calcined at 700°C
for 2 hours using a ramp rate of 2.33°C/min. The XRD spectrum indicated the alumina was
y-phase in all samples. The surface areas, pore volumes, pore sizes and pore size distributions

are listed in Table 12 shown below.

Alcohol Surface area  Pore Vol Pore Diam Width-
Sample Used (m’/g) (cm’/g) (nm) Distr
40 (nm)
11 Water 325.0 0.41 4.74 2.11
12 Ethanol 304.1 0.73 7.18 1.78
13 Isopropanol 229.8 1.31 23.75 4.12
14 Sec-butanol 249.0 1.52 32.89 9.70
Table 12

[0081] The aluminas made with water/Al ratios from 3 to 5 yield mesoporous aluminas
with extremely high surface arcas and pore volumes. Pore diameters with tight size
distributions are controlled over a four-fold range as shown graphically in Figure 5.

[0082] The inventors posit that the alcohols released from the hydrolysis of the metal
alkoxide direct the nanoparticle associations in a micro or partial solvation sphere or

environment and the addition of small amounts of water to the alcohols in this solvent
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deficient environment modifies inter-particle attractions sufficiently to alter the assembly of
the nanoparticles.

[0083] An additional aspect of the invention to control pore structure is a method of
controlling pore size, pore volume and specific surface area of aluminas and titanias derived
from organic aluminum salts or inorganic salts by rinsing the precursor with various solvents.
At the precursor stage, the amorphous aluminum hydroxides and crystalline titanias are not
yet fixed and their physical/structural relationships can be manipulated by the solvation
environment. Hence, changes made in this solvation environment by replacing the existing
materials with a different solvent or mixture of solvents will effect changes in the structural
orientations of the nanoparticles as they crystallize during calcination. Solvents such as
alcohols, cthers, ketones, etc. can be added to modify the porous structure of the resulting
ceramic material. Thus, the porous structure of the final product can be manipulated to
control the pore size, pore volume and specific surface area. The characteristic of prime
importance for a given application can be optimized while changes in the two additional
characteristics will be correlated.

[0084] Example 15: The precursor material was prepared from aluminum isopropoxide
and water at a water/Al ratio of 5.  Aliquots were suspended in water and three different
alcohols and collected on a Buchner funnel with vacuum. They were then calcined at 700°C
for 2 hours. The XRD spectrum indicated the alumina was completely in the y-phase. The
specific surface areas, pore volumes, pore diameters and pore size distributions were
determined and are shown in Table 13 below. It can be seen that the pore volumes and pore
diameters increase dramatically with washing with alcohols and are proportional to the
carbon chain length of the alcohol. Figure 6 shows the adsorption/desorption isotherms of
these samples. The hysteresis type changes from H1 to H3 as the carbon number of the
alcohols and pore diameters increase which confirms that the solvation environment of the
precursor material as it is dried controls the structure of the final product. Thus, the porous
structure can be finely controlled by manipulation of solvation with a variety of solvents and

solvent mixtures.

Alcohol Surface area  Pore Vol Pore Diam Width-
Sample Used (m’/g) (cm’/g) (nm) Distr

40 (nm)
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11 Water 325.0 0.41 4.74 2.11

12 Ethanol 304.1 0.73 7.18 1.78

13 Isopropanol 229.8 1.31 23.75 4.12

14 Sec-butanol 249.0 1.52 32.89 9.70
Table 13

[0085] Example 16: Precursor materials prepared form titanium chloride, titanium
sulfate or titanium isopropoxide with and without added dopants were rinsed with ethanol, 2-
propanol, or butanol and calcined at 400°C for 3 hours. The XRD spectrum indicated the
titania was in the anatase phase. The specific surface areas, pore volumes, pore diameters
and pore diameter distributions were determined and are shown in Table 14. It can be seen

that rinsing with alcohols leads to a decrease in surface area and an increase in pore diameter.

Pore Width-
Rinsing Starting Dopant Calcination ~ SA Pore diam. )
] 5 vol. Distr
agent material % Temp. (°C) (m’/g) 5 (nm)
(cm’/g) 46 (nm)
Water TiOSO,-XH, 0% 400 140 0.16 3.5 s
o .
Ethanol TiOSOs,-XH, 0% 400 66 0.16 8.3 18
o .
Water TiCly 22% Al 400 452 0.43 3.6 1.5
2-propanol  TiCly 22% Al 550 158 0.45 9.7 4.4
Sec-butanol  TiCly 22% Al 400 162 0.43 9.0 5.1

Table 14
[0086] An additional aspect of the invention for controlling pore structure is a method of
controlling pore size, pore volume and specific surface arca of mesoporous metal oxide
materials by doping the metal oxide nanoparticles (making mixed metal oxides) with
relatively small amounts of one or more additional metal oxides. As discussed above, in
some instances, the dopants tend to migrate to the surface of the nanoparticle crystallites and
affect their interactions and stability. Thus, lanthanum doped alumina exhibits enhanced
thermal and hydrothermal stability. The addition of such dopants also affects the pore
structure of the calcined product and can, thus, be used to control or customize the porous

characteristics of the product for various applications.
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[0087] Example 17: Aluminum sec-butoxide and various amounts of lanthanum nitrate
were mixed with distilled water at a water to Al ratio of 5 and mixed for 15 minutes. The
precursors were calcined at 700°C for 2 hours using a ramp rate of 2.33 °C/min. The XRD
spectrum indicated the alumina was y-phase and the crystallite diameter was approximately 3
nm for all samples. The lanthanum concentration was varied to give from 3-12 wt% in the
final mixed metal oxide product. The surface areas, pore volumes, pore sizes and pore size
distributions are listed in Table 15 below. The pore diameter decreases linearly and the

surface area increases with increasing concentrations of La.

Lanthanum Surface .
Pore Vol  Pore Diam Width-
Percentage area 3 .
Sample . ) (cm'/g) (nm) Distr
(Wt%) (m'/g) 4o o)
30 0 323.6 1.71 17.9 3.5
31 3 332.5 1.72 17.2 34
32 6 364.6 1.53 15.8 5.5
33 9 367.2 1.40 14.6 5.9
34 12 357.0 1.25 13.7 6.9
Table 15

[0088] Example 18: Titanium chloride and various amounts of aluminum nitrate were
mixed with ammonium bicarbonate and a small amount of distilled water for 15 minutes. The
precursors were calcined at 400°C for 3 hours. The XRD spectrum indicated the titania was
anatase. The surface areas, pore volumes, pore diameters and pore diameter distributions are
listed in Table 16, below. The surface area changes approximately five fold from 0% Al to

22% Al while the changes in pore volume and pore diameter are less dramatic.

Aluminum SA Pore volume Pore Particle Width-
Percentage (m’/g) (cm’/g) Diam. diam (nm) Distr
(mol %) (nm) 40 (nm)
0 109 0.31 6.8 9 2.1
5% 262 0.31 3.4 4 1.5
14% 400 0.50 4.1 4 2.1
22% 507 0.50 3.5 >2 1.5

35% 389 0.362 3.6 1.2




10

15

20

WO 2011/119638 PCT/US2011/029472

9.

Table 16

[0089] TiCls mixed with varying amounts of AI(NO3);-9H,0, ABC, and distilled H,O.
The initial product was then dried, rinsed with 2 L distilled H,O, and calcined at 400°C.
[0090] An additional aspect of the invention for controlling pore structure is a method of
controlling pore size, pore volume, and specific surface areca of mesoporous metal oxide
materials by rinsing the material. Rinsing the precursor or rinsing the calcined metal oxide
results in changes in the BET surface parameters from the unrinsed product.

[0091] Example 19: TiCly was mixed with Al, Si, or Zr salts, ammonium bicarbonate,
and a small amount of distilled H,O in two experiments. The precursors were dried (D),
rinsed with excess water (R), and calcined at 400°C for 3 hours (C) in various orders. The
XRD spectrum indicated the titania of all of the samples was in the anatase phase. The
surface areas, pore volumes, pore diameters and pore diameter distributions are listed in
Tables 17 and 18. An analysis of the data shows that drying the precursor has little effect, but
for the Al-, and Zr-doped titanias, the pore diameters were very small and the surface areas
were very large if the sample was rinsed prior to calcination and the pore diameters were
large and surface areas small if the sample was rinsed after calcination. It is notable that not
rinsing the Zr-doped sample produced a very large pore diameter. The surface areas of the Al
and Si-doped titanias are insensitive to rinsing, but a 2.5 fold difference in pore diameters can
be achieved by varying the order of the processes. Pore volumes showed some variations,
but no consistent patterns. Thus, the pore diameter and surface area can be manipulated to

form desired metal oxide products by rinsing the product at different stages of the process.

SA Pore vol Pore diam Width-Distr
Treatment 5 3
(m/g) (cm’/g) (nm) 46 (nm)
RC 328 0.26 35 1.5
DRC 361 042 3.6 1.5
DRCR 380 042 3.6 1.5
DC 155 0.43 93 4.4
DCR 152 0.35 93 58
Table 17
Mol% of SA Pore vol Pore diam Width-Distr
Treatment

dopant (m*/g) (cm’/g) (nm) 40 (nm)
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5% Si* RDC 95.2 0.12 3.7 1.5
DRC 105 0.20 4.3 1.8
DCR 107 0.29 7.6 3.3
DC 110 0.35 8.6 3.3
CR 109 0.34 9.6 5.1
5% Z1° DRC 2478 0.33 3.5 1.8
DCR 123.7 0.40 11 5.1
14% Zr*  DRC 152 0.25 3.7 1.5
DC 88.2 0.49 44 9.4
Table 18

[0092] An additional aspect of the invention for control of the pore structure is a method
of controlling pore size, pore volume and specific surface area of mesoporous metal oxide
materials by using various anions of the metal salts, various water to metal ratios with
organic metal salts, washing the precursors made from organic metal salts with various
solvents or doping with one or more additional metals in various combinations. By selecting
an individual method or by combining two or more methods, the porous characteristics of a
given metal oxide can be controlled within close tolerances to customize the given
mesoporous metal oxide material for a number of different applications.

[0093] Example 20: Table 19 below shows a number of samples generated by various
combinations of methods of controlling the porous characteristics of the final mesoporous
aluminum oxide product. The table is arranged in increasing order of pore diameter. The
pore diameters are relatively evenly spaced from approximately 4 to 33 nm, an eight-fold
range. The pore volumes also correlate closely with the pore diameters from approximately
3 to 1.5 cm3/g, a five-fold range. Surface areas also vary by approximately 70%, but do not

correlate with the pore diameter or volume.

Aluminum Surface area  Pore vol Pore Diam Width-Distr
Sample Salt (m’/g) (cm’/g) (nm) 40 (nm)
1 Nitrate 267.2 0.329 4.1 1.6
2 Chloride 2147 0.391 7.0 23
3 Sec-butoxide 294.8 0.817 10.3 5.1
4 Isopropoxide 338.4 1.451 13.9 1.4
5 Sec-butoxide 364.0 1.355 14.6 6.3
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6 Sec-butoxide 349.0 1.698 17.7 4.4
7 Isopropoxide 229.8 1.315 23.8 4.2
8 Isopropoxide 249.0 1.521 329 9.8
Table 19
[0094] Example 21: Table 20 shows a number of samples of anatase-titania generated by

various combinations of methods of controlling the porous characteristics of the final

mesoporous titanium oxide product. The table is arranged in increasing order of increasing

pore diameter.

Sample Starting material Rinsing Calcination  Surface Pore Volume  Pore Width-
Order®  Temp (°C)  Area (cm’/g) Diameter  Distr
(m’/g) (nm) 4o6(nm)
14% Al TiOSO4 XH,O DRC 400 251 microporous 2.2 24
14% Al TiCl DRC 400 453 0.49 32 1.8
14% Al TiCly DR 260 0.53 5.8 2.9
14% Si TiCly DRC 400 293 0.47 6.6 7.4
5% Si TiCly DC 400 110 0.35 8.6 33
14% Al TiCly DC 400 155 0.43 9.3 4.4
5% Al TiCly DCR 400 148 0.43 10 3.8
5%Zr TiCly DCR 400 124 0.40 11 5.1
14% Al TiCly C 700 126 0.41 11 1.8
Ti0, Ti0SO4 XH,O DC 600 112 0.44 14 33
14% Zr TiCly DC 700 65 0.41 38 5.8
14% Zr TiCly DC 400 88 0.49 44 9.4
Table 20
[0095] In Table 20, “D”, “R”, and “C” stand for dried (D), rinsed (R), and calcined (C),

which were performed in varying order as indicated in the third column.

[0096]

An additional embodiment of the present invention is a method of stabilizing high

surface area rutile phase titania. It is known that the hydrolysis of TiCly in an acidic

environment leads to rutile nanoparticles. These particles are stable to approx 100-200°C,

and at higher temperatures they transform to anatase. We modified rutile particles by

incorporating one or more of the dopants, La and Al, into the rutile in the beginning mixing

stage. Adding up to 14 mol% of Al and 5 mol% of La resulted in XRD patterns that matched

the pure rutile phase pattern at room temp. The particles were calcined at 400°C and the Al
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and La modified rutile remained rutile phase, demonstrating that the dopants stabilized the
particles. The Al doped products remained rutile to at least 700°C.

[0097] Example 22: TiCly and aluminum nitrate were used to make 14 mol% Al doped
product and water was added at room temperature in a 1:40 (Ti+dopants:water) molar ratio.
The mixture was dried at 100°C. The product was found by XRD to be rutile. To control
pore diameter, remove unwanted byproducts (such as Cl), to increase crystallinity, and to
establish thermal stability, the initial product was rinsed with approximately 2 L of H,O on a
Buchner funnel and split into two portions which were calcined at 400°C and 700°C
respectively for 3 hours. After calcination, both samples were found by XRD to be rutile.
These results demonstrate that doping with Al stabilized the rutile phase to at least 700°C,
much higher than the limits established in the prior art. After calcining at 400°C the BET
surface area is 89.9 m’/g which is approximately twice the surface area of the undoped

sample and the undoped sample is transitioning to anatase, which is indicated in Table 21

below.
Sample Calcination phase Surface Area  Pore volume* Pore diameter*
Temperature (m*/g) (cm’/g) (nm)
undoped 400°C Rutile/anatase 45.3 0.085 4.0, micropores
14% Al 400°C Rutile 89.9 0.11 3.5
Table 21 *volume of micropores not measured

[0098] Example 23: TiCly was mixed with enough lanthanum nitrate or aluminum nitrate
to make a 5 mol% La or Al doped product and then water was added at room temperature in
a 1:40 (Ti+dopants:water) molar ratio. The mixture was dried at 100°C and the product was
found by XRD to be rutile phase (Figure 12). The product was rinsed with approximately 2 L
of H,O in a Buchner funnel and calcined at 400°C for 3 hours. The sample was found by
XRD to be rutile. These results demonstrate that doping with lanthanum or aluminum
stabilizes the rutile phase. By 400°C the undoped sample is a mixture of antase and rutile
while the doped samples remain rutile phase, demonstrating that the rutile phase has been
stabilized.

[0099] It is believed that the unique pore structures formed by making the metal oxides
according to the present invention are the result of one or more of the following unique

characteristics. The complex metal hydroxide/metal-oxide hydroxide precursor materials
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formed during the water-deficient conditions are more “condensed” and “connected” than
those formed by current state of the art techniques carried out in aqueous rich precipitation
methods. Thus, the pore structures of the intermediates of the present invention are similar to
those of the product, which means that drying and low-temperature calcination have less of
an effect upon the textural properties of the product, as compared to prior art techniques.
[00100] In addition, in some embodiments the intermediate products contain oxide
structures normally observed only after calcination at higher temperatures, e.g., in the case of
alumina roughly 50% bochmite and 50% gamma are found in the material calcined at only
350°C compared to state of the art methods which are 100% boehmite at these temperatures.
[00101] Finaly, drying and/or calcining rates during have little or no effect on the textural
properties (i.e. surface area, pore volume, and pore diameter) of the oxide product due to the
condensed and connected structure of the intermediate products. This observation for the
methods of the present invention is surprising and unexpended because it is highly contrary
to observations reported in scientific and patent literature for other types of methods. For
example, the current state of the art is that the drying rate greatly influences pore structure
and surface area [Liu et al, 2008; Marquez-Alvarez et al., 2008]. Drying of the hydroxide or
pseudoboehmite is generally conducted stepwise at 25-150°C [Liu et al., 2008; Vaudry et al.,
1996]. Low-temperature calcinations are also conducted at low heating rates, e.g., 0.5-
1.0°C/min [Liu et al., 2008; Vaudry et al., 1996; Marquez-Alvarez et al., 2008] because in
the typical synthesis of alumina “Al-O-Al connectivity is not yet fully developed and further
condensation of Al-O-Al bonds proceeds during the early stages of the calcination process.
This is in contrast to the synthesis of mesoporous silicates, where the condensation is
practically finished during the synthesis” [Marquez-Alvarez et al., 2008]. The data for the
subject method, however, show by contrast that most of the condensation occurs in the
solvent-deficient mixing process.

[00102] The oxide products formed in the process of the invention are highly porous and
have higher surface arcas and smaller, more tightly distributed pores than those in
conventional commercial aluminas. Moreover, the textural properties of the alumina products
are comparable to those obtained for organized mesoporous aluminas obtained by complex
methods of synthesis using templates during the sol-gel stage [Marquez-Alvarez et al., 2008].

The high surface areas, small, regular pores, and high thermal stabilities of the aluminas of
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the invention are novel compared to those obtained by state of the art templating methods.
For example, the products are made of particles with unique micro architecture as evidenced
by the unique ways in which the particles assemble themselves during sintering. This result
is further surprising, given that textural properties of templated aluminas prepared in aqueous
rich solution “are usually of lower quality compared with alcoholic solutions” [Marquez-
Alvarez et al., 2008]; nevertheless, the textural properties for aluminas prepared by the
methods of the invention in a water deficient environment are of comparable high quality.

[00103] The present invention may be embodied in other specific forms without departing
from its spirit or essential characteristics. The described embodiments are to be considered
in all respects only as illustrative and not restrictive. The scope of the invention is, therefore,
indicated by the appended claims rather than by the foregoing description. All changes
which come within the meaning and range of equivalency of the claims are to be embraced

within their scope.
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CLAIMS
What is claimed is:
1. A method for manufacturing a highly porous, stable metal oxide, comprising:

mixing a metal salt and a base to form a solvent deficient precursor mixture;

allowing the metal ions and the base to react in the solvent deficient precursor to form an
intermediate hydroxide product;

causing the intermediate hydroxide product to form intermediate nanoparticles; and

calcining the intermediate nanoparticles to yield a stable metal oxide having a pore structure.

2. A method as in claim 1, wherein the calcination is carried out at a temperature greater
than 350 °C.
3. A method as in claim 1, wherein calcination is carried out at a temperature of 350 °C

for a period of at least 30 minutes.

4. A method as in claim 1, wherein the anion of the metal salt is selected to produce a
desired pore size.

5. A method as in claim 1, further comprising washing the nanoparticles prior to
calcination.

6. A method as in claim 1, wherein the solvent deficient precursor mixture forms a
slurry.

7. A method as in claim 6, wherein the slurry includes a diluent selected from the group
consisting water, an alcohol, an ketone, ether, or a combination thereof .

8. A method as in claim 7, wherein the diluent is water and the water is included with an
alkoxide in a molar ratio of water:alkoxide in a range from 1:1 to 1:10.

9. A method as in claim 1, further comprising including a dopant that increases the
thermal stability of the stable metal oxide.

10. A method as in claim 9, wherein the dopant is selected from the group consisting of
La, Ba, Si, Zr, Al, Ti, oxides thereof, and combinations therecof.

11. A method as in claim 9, wherein the concentration of the dopant in the precursor
mixture is in a range from 1% to 30%.

12. A method as in claim 11, wherein the pore size is in a range from 2-50 nm.

13. A method as in claim 13, wherein the distribution of the pore size is £100% of the

average pore diameter.
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14. A method as in claim 1, wherein the pore structure has a BET surface area in a range
from 50 m2/g to 800 m2/g; a pore volume in a range from 0.05 cm3/g to 2.5 cm3/g; and/or a
pore diameter in a range from 2 nm to 50 nm.

15. A method as in claim 1, wherein the pore structure has a BET surface area in a range
from 300-700 m2/g.

16. A method as in claim 1, wherein the pore structure has a pore volume in a range from
0.5-1.8 cm3/g.

17. A method as in claim 1, wherein the metal salt includes aluminum and the stable
metal oxide includes y-alumina stabilized by one or more dopants.

18. A method as in claim 1, wherein the metal salt includes titanium and a dopant and the
stable metal oxide includes primarily titania in the rutile phase.

19. A method as in claim 1, wherein the metal salt includes titanium and a dopant and the
stable metal oxide includes primarily titania in the anatase phase.

20. A porous, stable metal oxide manufactured according to the method of claim 1.
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