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ABSTRACT 

The present invention relates to a method of producing 
particles having a particle siZe of less than 100 nm and 
surface areas of at least 20 m2/g Where the particles are free 
from agglomeration. The method involves synthesizing the 
particles Within an emulsion having a 1-40% Water content 
to form reverse micelles. In particular, the particles formed 
are metal oxide particles. The particles can be used to 
oxidize hydrocarbons, particularly methane. 
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SYNTHESIS OF NANOMETER-SIZED PARTICLES 
BY REVERSE MICELLE MEDIATED 

TECHNIQUES 

RELATED APPLICATION 

[0001] This application is a continuation of US. patent 
application Ser. No. 09/993,355, ?led Nov. 4, 2001, Which 
itself is a continuation of US. patent application Ser. No. 
09/060,733, ?led Apr. 15, 1998, Which claims priority to 
US. provisional application Ser. No. 60/043,321, ?led Apr. 
15, 1997. 

FIELD OF THE INVENTION 

[0002] The present invention relates to a method of pro 
ducing particles having a particle siZe of less than 100 nm 
and surface areas of at least 20 m2/g Where the particles are 
free from agglomeration. The method involves synthesiZing 
the particles Within an emulsion having a 1-40% Water 
content to form reverse micelles. In particular, the particles 
formed are metal oxide particles. 

BACKGROUND OF THE INVENTION 

[0003] Nanometer-siZed particles have a Wide variety of 
applications including the areas of magnetic materials, het 
erogeneous catalysts, toner compositions, and ceramics. 
Typical techniques to synthesiZe these particles include 
sol-gel processing and emulsions. 

[0004] Emulsions present a unique method to prepare 
nanometer-siZed particles. Stable emulsions comprise a con 
tinuous phase and a discontinuous phase Which are immis 
cible, Where isolation of the discontinuous phase is accom 
plished by the use of surfactants. The discontinuous phase 
constitutes a substantially spherical regime Which can poten 
tially serve to control particle siZe. This phase is easily 
subjected to disruption, hoWever, due to surface tension that 
exists betWeen the immiscible phases. Thus, there exists a 
need for methods to obtain unique emulsion compositions 
that enhance stability of isolated phases and that yield 
particles having a desired siZe and morphology. 

DISCUSSION OF RELATED ART 

[0005] Metal oxide particles have previously been formed 
Within micelles. 

[0006] US. Pat. No. 5,725,802 relates to a process for the 
preparation of metal oxide particles. Water-in-oil micro 
emulsions are formed in Which the oil used is a per?uo 
ropolyether, and metal ions in the aqueous phase are reacted 
With a gaseous or vapor reactant. 

[0007] US. Pat. No. 5,670,088 relates to a method for 
forming mixed metal oxide particles. A microemulsions is 
used Which includes a per?uoropolyether oil and a per?uo 
ropolyether surfactant. The method further involves mixing 
one metal in an aqueous phase With a second metal in a 
per?uoropolyether oil phase. The addition of an alkali 
solution is accompanied by heating to form the desired 
oxide. 

[0008] US. Pat. No. 5,695,901 relates to a method for 
producing nano-siZe magnetic iron oxide particles. An iron 
reactant is contained in a disperse phase, reacted With a basic 
reactant and subjected to a controlled oxidation by the 
addition of a oxygen-containing oxidant. 
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[0009] European Patent No. EP 0 370 939 relates to a 
process for producing ultra?ne, magnetic neodymium-iron 
boron particles. The particles are formed in an emulsion 
having a discontinuous aqueous phase, comprising an aque 
ous solution of neodymium-, iron- and boron-containing 
compounds, Which is added to a continuous phase and an 
ionic surfactant to form an emulsion. 

SUMMARY OF THE INVENTION 

[0010] The present invention provides techniques for 
making very small particles of a variety of materials, small 
particles of material that can be made by the processing 
method, and methods of use of these particles. 

[0011] One aspect of the invention provides a method for 
preparing a particle. The method involves providing an 
emulsion having a Water content of about 1-40% and 
includes a hydrocarbon and at least one surfactant. The 
emulsion forms micelles Which comprise a disperse aqueous 
phase. At least one reactant is added Which reacts in and With 
the disperse aqueous phase to form a particle having a 
particle siZe of less than about 100 nm Where the particle is 
free from agglomeration. 

[0012] Another embodiment of the invention provides a 
method for preparing a particle from an emulsion having a 
Water content of about 1-40% and includes a hydrocarbon 
and at least one non-ionic surfactant. The emulsion forms 
micelles Which comprise a disperse aqueous phase. At least 
one reactant is added resulting in a particle having a particle 
siZe of less than about 100 nm Where the particle is free from 
agglomeration. 
[0013] Another aspect of the invention provides a method 
for coating a particle Within a micelle. Preferred embodi 
ments include coating the particle With a metal oxide layer. 

[0014] In another aspect of the invention, a method is 
provided for drying an emulsion including nanometer-siZed 
particles. The method includes the steps of forming an 
emulsion to prepare particles having a particle siZe of less 
than about 1 pm and exposing the emulsion to a supercritical 
?uid to dry the particles. 

[0015] Another method of the invention involves forming 
an emulsion to prepare particles having a particle siZe of less 
than about 1 micron, and exposing the emulsion to a 
supercritical ?uid to dry the particles. 

[0016] In another embodiment a method is provided that 
involves effecting a reaction in the presence of a reverse 
emulsion, and producing a material from the reaction having 
a particle siZe of less than about 100 nm. The material retains 
a surface area of at least about 100 m2/g When heated to 700° 
C. 

[0017] In another embodiment a method is provided that 
involves oxidiZing hydrocarbons in the presence of one or 
more metal oxides. The metal oxides have an average 
particle siZe of less than about 100 nm. 

[0018] In another aspect the invention provides a series of 
compositions. In one embodiment a composition is provided 
that includes a material having an average particle siZe of 
less than about 100 nm. The material retains a surface area 
of at least about 100 m2/g When heated to 700° C. 

[0019] In another embodiment a composition is provided 
that includes a material capable of catalyZing a combustion 
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reaction of a hydrocarbon. The material has a surface area, 
after exposure to conditions of at least about 1300° C. for at 
least about 2 hours, of at least 20 m2/g. 

[0020] Other advantages, novel features, and objects of the 
invention Will become apparent from the following detailed 
description of the invention When considered in conjunction 
With the accompanying draWings, Which are schematic and 
Which are not intended to be draWn to scale. In the ?gures, 
each identical or nearly identical component that is illus 
trated in various ?gures is represented by a single numeral. 
For purposes of clarity, not every component is labeled in 
every ?gure, nor is every component of each embodiment of 
the invention shoWn Where illustration is not necessary to 
alloW those of ordinary skill in the art to understand the 
invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0021] FIG. 1 depicts a process ?oWchart outlining the 
steps for forming an emulsion and synthesiZing a particle 
from the emulsion; 

[0022] FIG. 2 shoWs a transmission electron micrograph 
(TEM) of Ba—Al oXide microspheres prepared from a 5 Wt 
% Water emulsion; 

[0023] FIG. 3(a) shoWs a typical isotherm and (b) shoWs 
a desorption pore siZe distribution; 

[0024] FIG. 4 shoWs an SEM of dried Ba—Al oXide 
particles having spherical shape and uniform particle siZe; 

[0025] FIG. 5 shoWs a plot of the particle siZe and 
distribution as observed in TEM for emulsions of different 
Water contents; 

[0026] FIG. 6 shoWs an optical micrograph of micro 
spheres aged for 72 h; 

[0027] FIG. 7 shoWs the microstructure of Ce-BHA; 

[0028] FIG. 8 shoWs a plot of temperature versus methane 
conversion for BHA; and 

[0029] FIG. 9 shoWs a plot of temperature versus methane 
conversion for surface doped BHA systems. 

DETAILED DESCRIPTION 

[0030] The present invention provides a series of methods 
and compositions involving high surface area particulate 
material. Small particle siZes are provided. In general, 
processes of the invention involve providing a nanoemulsion 
and synthesiZing particles of material Within micelles of the 
nanoemulsion. The nanoemulsion can be created as 
described in co-pending, commonly-oWned US. patent 
application Ser. No. 08/739,509 of Ying, et al., incorporated 
herein by reference Which also describes the use of a 
cosurfactant. In some cases, the nanoemulsion should be 
altered slightly relative to nanoemulsions described in the 
referenced application, as described beloW. 

[0031] It is knoWn in the art that small particles can be 
made Within the isolated phase of an emulsion. An “emul 
sion” is a stable miXture of at least tWo immiscible liquids. 
In general, immiscible liquids tend to separate into tWo 
distinct phases. An emulsion is thus stabiliZed by the addi 
tion of a “surfactant” Which functions to reduce surface 
tension betWeen the at least tWo immiscible liquids. The 
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emulsions of the present invention comprise tWo immiscible 
liquids, in particular Water and oil. Emulsions comprise a 
continuous phase and a disperse phase. The disperse phase 
is the isolated phase stabiliZed by a surfactant. The present 
invention involves, in particular, Water-in-oil (W/o) emul 
sions having a disperse aqueous phase and a hydrocarbon 
continuous phase. Alternatively, the isolated disperse aque 
ous phase is referred to as a “reverse micelle.” 

[0032] In typical prior art techniques, the Water concen 
tration of the emulsion is quite loW and/or the disperse phase 
of the emulsion includes reverse micelles of relatively large 
siZe. The present invention provides a Water-in-oil emulsion 
having a high aqueous concentration, small micelle siZe, and 
involves formation of particulate material Within the dis 
perse aqueous phase. By using these desired surfactants and 
reaction conditions, the methods of the present invention 
provide results that are surprisingly advantageous since 
those of ordinary skill in the art Would eXpect that at a high 
aqueous concentration and small disperse phase siZe, as 
described herein, disruption of micelles i.e., emulsion dis 
ruption, Would occur leading to agglomeration and particle 
groWth. The present invention provides stable emulsions and 
constant micelle siZe during reaction. Through control of the 
micelle siZe and stability, it folloWs that the methods of the 
present invention alloW control of the siZe, morphology and 
polydispersity of the resulting particles. 

[0033] One aspect of the invention provides a method for 
preparing particles Within reverse micelles having a disperse 
aqueous phase. The method involves forming an emulsion 
including a Water content of betWeen about 1-40%, prefer 
ably betWeen about 5-25%, and more preferably still 
betWeen about 10-15%. In another embodiment, the emul 
sion has a Water content of at least about 20%, more 
preferably at least about 30%, more preferably at least about 
40%, and more preferably still at least about 50%. 

[0034] It is an advantage of the present invention that the 
particles described here have a continuous structure, “con 
tinuous structure” de?ned as comprising essentially one 
outer surface and are distinguished from agglomerates of 
nanometer-siZed particles. Many prior art methods produce 
such agglomerates from emulsions, the agglomerates com 
prising a cluster of nanometer-siZed particles resulting in 
several outer surfaces. The present method yields particles 
free from such agglomeration because a substantial portion 
of the micelles produces one particle per micelle. The 
resulting high surface areas are attributed to a plurality of 
inner surfaces Within the particles Which arise from a myriad 
of channels and pores penetrating the particles. The con 
tinuous structure can either comprise a crystalline structure 
or an amorphous structure. 

[0035] The emulsion is a Water in oil emulsion in Which 
the oil functions as the continuous phase. Preferably the oil 
is a hydrocarbon Where “hydrocarbon” is de?ned as having 
a formula CXHyOZ, X and y being the same or different, both 
X and y are integers greater than or equal to one and Z can 
be an integer greater than or equal to Zero. In a preferred 
embodiment, the hydrocarbon can be any saturated or unsat 
urated carbonaceous species With a carbon number >5, 
substituted or unsubstituted, linear or branched. It can be 
aliphatic or aromatic. 

[0036] A surfactant is included in the emulsion to stabiliZe 
the reverse micelles. The surfactant can be an ionic surfac 
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tant or a non-ionic surfactant. A surfactant typically has a 
main hydrocarbon chain wherein one end of the chain is 
soluble in one of the immiscible liquids of the emulsion and 
the other end is soluble in the other immiscible liquid. Thus 
a structure of the micelle includes the disperse aqueous 
phase contained by a surfactant “?lm” Which isolates and 
stabiliZes the aqueous phase from the hydrocarbon continu 
ous phase. In one embodiment, the surfactant is an “ionic 
surfactant” in Which the chain has a charge balanced by a 
counterion. Preferred ionic surfactants include SDS, and 
sodium AOT. In another embodiment, the surfactant is a 
“non-ionic surfactant” Which possesses a neutral charge. 
Preferred non-ionic surfactants include polyethoxylated 
alcohols, polyethoxylated phenols, oleates, etc. 

[0037] The reverse micelles formed by methods of the 
present invention have a mean diameter in the nanometer 
range. Preferably, the reverse micelles have a mean diameter 
of less than about 20 nanometers, preferably less than about 
15 nanometers, more preferable less than about 10 nanom 
eters, and more preferable still less than about 5 nanometers. 
The reverse micelles are stable in that they are not easily 
disrupted in the course of metal oxide particle groWth. 
Disruption occurs When the surfactant ?lm is broken, caus 
ing the particle to enter the continuous phase and possibly 
resulting in loss of dispersity and desired morphology. Thus 
the preferred combination of hydrocarbon, surfactant and 
Water content stabiliZes reverse micelles that alloW the 
formation of particles having desired attributes. 

[0038] The particles are formed Within the reverse 
micelles. Other prior art methods involve the formation of 
the particles outside of the micelle. It is believed that the 
method of the present invention achieves control of desired 
particle siZe and morphology. The method is facilitated by 
providing a surfactant system for the nanoemulsion that 
alloWs for introduction of a reactant from the continuous 
phase to the disperse phase Without disruption of the dis 
perse phase (e.g., disruption of the micelles) even at the high 
aqueous content of the formulations of the invention. This 
can be achieved in accordance With the teachings of the 
above-referenced application Ser. No. 08/739,509 of Ying 
While, in some cases, altering the surfactant system to 
increase the overall surfactant concentration While option 
ally decreasing the ratio overall of cosurfactant to surfactant. 
A simple screening test can be used to determine a suitable 
surfactant system. The screening test involves providing an 
aqueous phase including reactant and/or carrier, if auxiliary 
carrier is used to transport the reactant from the continuous 
phase to the disperse phase, providing disperse phase ?uid 
including the reactant or carrier concentration suitable for 
carrying out the reaction, and forming aqueous-in-nonaque 
ous emulsions and determining the stability of these emul 
s1ons. 

[0039] The method alloWs particle formation Within the 
reverse micelle through chosen parameters such as methods 
of introducing a reactant to the emulsion and particular 
reactants used. The reactant can be a ?uid that is miscible 
With the continuous phase of the nanoemulsion, or a reactant 
carried in a ?uid carrier that is miscible With the continuous 
phase. The reactant can react at the aqueous phase by 
reacting With the aqueous phase (e. g., reacting With Water as 
in a hydrolysis reaction) or the reactant can be a ?rst reactant 
that reacts With a second reactant dissolved or suspended 
Within the aqueous phase. 
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[0040] The particles formed by the method of the present 
invention can be organic or inorganic. Inorganic particles 
include metals, metal alloys, metal oxides and mixed metal 
oxides, metal sul?des, metal nitrides, metal halides, metal 
arsenides, and the like. Organic particles include polymers 
such as polysaccharides, phospholipides, polylipids, co 
polymers, hydrogels, and the like. 

[0041] In one embodiment, the invention provides a 
method for preparing a metal oxide particle. The metal can 
be selected from the group consisting of alkaline metals, 
alkaline earth metals, transition metals and rare earth metals. 
Preferably, the metal oxide is an oxide of a metal from group 
IA, or IIA, such as magnesia, calcia, or baria, or from group 
IIIA or an oxide of a transition metal such as titania, 

manganese oxide, yttria, Zirconia, lanthana, and the like. 
Also, oxides of metalloids or of semimetals are included as 
are oxides of lanthanides such as ceria, samaria, and the like. 
Also, oxides of actinides, and combinations of the above, ie, 
complex metal oxides, are included. Complex metal oxides 
can include perovskites such as La—Sr—Fe—Co oxide. 
Complex metal oxides also can include aluminates such as 
barium hexaaluminate or strontium hexaaluminate. Also, 
titanates such strontium titinate, and also silicates. As men 
tioned, the metal oxide can be a mixed metal oxide com 
prising at least tWo different metals. 

[0042] Particles of the invention (material) can be de?ned 
by at least one metal oxide doped With at least one metal 
oxide. Examples include doped barium aluminates in Which 
the dopant is a transition metal oxide such as Ni, Mn, La, Co, 
Fe, Cu, Y, or the like. Another example of a dopant is a 
lanthanide or actinide such as Ce, Gd, Pr, or the like. 

[0043] In another embodiment the particles of the inven 
tion (material) are at least one metal oxide supported on at 
least one different metal oxide. In one embodiment the 
support is barium hexaaluminate. Other supports include 
titania, magnesia, and the like. The supported material can 
be, for example, cerium oxide, La/Ce oxides, Cu/Ce oxides, 
barium oxide, nickel oxide, manganese oxide, cobalt oxide, 
vanadia, or the like. 

[0044] The material of the invention can also be supported 
on a monolith. A monolith, as Would be knoWn to those of 
ordinary skill in the art, is a continuous solid having 
macropores of at least 1 micrometer in siZe. 

[0045] Prior art methods of synthesiZing metal oxides in 
aqueous solutions typically rely on a reaction rate of a metal 
reactant With Water. These methods presents dif?culties in 
controlling particle morphology especially When preparing 
mixed metal oxides or other complex metal oxides because 
a ?rst and second metal reactant may have very different 
reaction rates With Water. The method of the present inven 
tion alloWs control of mixed metal oxide morphology 
because the various metal reactants can be dissolved Within 
the continuous phase, the aqueous phase or the ?uid carrier. 
Thus reaction rates are determined by diffusion into the 
reverse micelle, and for metal reactants in general, these 
reaction rates are relatively equal. 

[0046] In another embodiment, the metal reactant may 
react With aqueous phase after controlling the pH of the 
aqueous phase. Control of pH can be accomplished by the 
addition of a suitable acid or base in desired amounts. 
Suitable acids include: organic or inorganic acids. Inorganic 
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acids include sulfuric acid, nitric acid, hydrochloric acid, 
phosphoric acid, carbonic acid, aqueous hydrogen bromide 
and iodide. Organic acids include: acetic acid, any carboxy 
lic acid. 

[0047] Because conditions of pH, temperature, reactant 
concentration, and the like Will be adjusted for a particular 
reaction that is to take place Within the disperse phase of the 
nanoemulsion, in some cases, the surfactant system should 
be tailored so as to preserve the emulsion under these 
conditions. The above-described screening test can be used 
for tailoring the surfactant system for particular reaction 
conditions. 

[0048] The rate of addition of reactant to the emulsion 
system should be loW enough that an unacceptable local 
over-concentration of reactant does not result. The rate 
should be loW enough that the emulsion is not disrupted. The 
control of the addition is done empirically. The precursor 
mixture can be contained in solution Within a carrier or the 
continuous phase in an air-free ?ask (it can also be done in 
a normal atmosphere). The solution is then “pushed-out” 
through a cannula With argon, nitrogen or other gas, into the 
reverse emulsion Which is vigorously stirred. Typical addi 
tion rates are in the order of 1 ml/min for 100 ml emulsion 
volumes. 

[0049] The carrier used to carry a reactant from the 
continuous phase to the disperse phase, Where a carrier is 
necessary, can be selected among, for example, for inorganic 
reactions alcohols With typically less than about 5 carbons of 
any con?gurations such as linear or branched hydrocarbons 
(these include, for example, neopentanol, butanols, pro 
panols, ethanol, etc.); for organic reactions: organic solvents 
such as heptane, hexane, toluene, benZene, cyclohexane, etc. 

[0050] In one embodiment the reactant is a ceramic pre 
cursor dissolved in a carrier solvent that is miscible With the 
continuous phase of the nanoemulsion. The ceramic precur 
sor can be miscible With the continuous phase of the 
nanoemulsion. In another embodiment, the ceramic precur 
sor is introduced into the disperse phase of the reverse 
emulsion prior to reaction. 

[0051] In another embodiment, a ceramic precursor in a 
non-aqueous emulsion is introduced into the aqueous 
reverse emulsion. The emulsi?ed ceramic precursor can be 
miscible With the continuous phase of the nanoemulsion. In 
yet another embodiment, the method involves introducing a 
ceramic precursor into the disperse phase prior to formation 
of the emulsion. In a preferred embodiment, the ceramic 
precursor de?ned is an alkoxide precursor such as barium 
and aluminum alkoxide. A Water/precursor molar ratio can 
be about 1:500, preferably about 201300 and more prefer 
ably about 501100. Accordingly, these embodiments can be 
used When the reactant is a base or an acid. 

[0052] In another embodiment, the reactant ceramic pre 
cursor can be precipitated by introducing a reactant Which is 
miscible With the continuous phase of the reverse emulsion. 
The ceramic precursor can also be precipitated by introduc 
ing a reactant Which is emulsi?ed in a solvent Which is 
miscible With the continuous phase of the reverse emulsion. 
The reactant can also be a base or an acid. 

[0053] In one set of embodiments the reactant is a second 
emulsion. For example, ?rst and second Water-in-oil emul 
sions are provided in Which a ?rst reactant is provided in the 
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aqueous phase of the ?rst emulsion and a second reactant, 
Which reacts With the ?rst reactant, is provided in the 
aqueous phase of the second emulsion. These can be ?rst and 
second reactants dissolved or suspended in the respective 
aqueous phases. The emulsions are mixed and, since emul 
sions of these types are dynamic and ?uid/?uid exchange 
occurs in a normal, dynamic manner betWeen the discon 
tinuous, aqueous phases, the ?uid/?uid exchange leads to a 
reaction. As one example of this embodiment, one emulsion 
can be provided in Which the aqueous phase contains barium 
nitrate and aluminum nitrate, and the other emulsion con 
tains an aqueous phase in Which is dissolved ammonium 
hydroxide. Mixture of these tWo emulsions results in the 
production of barium and aluminum hydroxides, and oxides, 
With particle siZe and/or surface area as described above. 

[0054] Reactions described in these embodiments can be 
promoted by an energy source selected from the group 
consisting of a microWave radiation source, a laser, an 
ultraviolet radiation source, an electric ?eld, a magnetic 
?eld, and an electromagnetic ?eld. 

[0055] Products generated via precipitation or chemical 
reaction in the aqueous phase of nanoemulsions having an 
aqueous concentration of at least 5% can be used in sus 
pension, or recovered. Recovery can involve providing the 
particles reacted in the emulsion, and then freeZe-drying the 
particles. The freeZe-dried particles can then be supercriti 
cally dried. Remaining surfactant and other organics can be 
removed by displacement With a ?uid such as isoproponal 
and then supercritically drying the particles, or oven drying 
the particles. Alternatively, the particles and auxiliary sur 
factant and other organics can be oven-dried or supercriti 
cally-dried, Without freeZe drying. The recovery method can 
involve inducing phase separation of the reverse emulsion 
by cooling or heating. 

[0056] In another embodiment, the materials are recovered 
after an aging period, preferably betWeen 1 h and 7 days. 
When the reaction includes a barium-aluminum reaction 
mixture a preferable aging time is betWeen about 1 h to 3 
days before recovery, more preferably betWeen about 12 to 
72 h, and more preferably still betWeen about 24 to 48h. 

[0057] In another embodiment, the reacted particles in the 
nanoemulsion can be supercritically dried by exchanging 
existing ?uids With a ?uid such as isoproponal, then super 
critically drying the resultant suspension. 

[0058] Supercritical drying can involve exposing the sys 
tem to conditions at Which the ?uid carrier is a supercritical 
?uid, and venting the supercritical ?uid above its critical 
temperature. Freeze-drying can involve spraying the emul 
sion, through a noZZle or atomiZer, into liquid nitrogen to 
create ?nely-divided froZen particles of the emulsion, and 
then evacuating the particles at a temperature loW enough 
that sublimation of the carrier and other ?uids occurs. Where 
the materials are a product of barium-aluminum precursor 
reactions, spray-freeZing is a preferable method for particle 
recovery. 

[0059] The method can further include removing remain 
ing organic materials by a process selected from the group 
consisting of heat treatment, solvent extraction and roto 
evaporation. 

[0060] FIG. 1 shoWs a ?oWchart 10 describing the gen 
eraliZed synthesis procedure. A Water-in-oil reverse emul 
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sion 12 is prepared by mixing a surfactant/cosurfactant 
combination, a hydrocarbon phase, and an aqueous phase. 
The order of addition does not affect the ?nal state of the 
emulsion, although undesired metastable gel-like phases 
may be obtained as intermediate products. To avoid the 
undesired product formation, the surfactant is ?rst dissolved 
in the hydrocarbon phase. The Water and cosurfactant are 
then added alternatively. The resulting emulsion is a con 
tinuous transparent liquid. This system is composed of 
monodisperse Water droplets of nanometer siZe suspended in 
a continuous hydrocarbon phase, each droplet surrounded by 
a surfactant interface. Previous research describes a meth 
odology to obtain reverse micellar solutions using a variety 
of hydrocarbon systems. The organic phase can be a pure 
hydrocarbon, such as iso-octane, or a complex mixture, such 
as kerosene or diesel. The main surfactant is usually a 
complex mixture of polyethoxylated alcohols. The cosur 
factant is either a linear alcohol such as hexanol or heptanol, 
or a mixture of linear alcohols and polymeric surfactants 
such as polyethylene glycol alkylates. The ?nal particle siZe 
of the Water particles depends on the nature of the hydro 
carbon used as Well as on the characteristics of the surfac 
tant/cosurfactant system. 
[0061] Once the Water-in-oil emulsion is created, step 14 
in FIG. 1 involves dissolving the hydrolysis precursors in a 
suitable medium that Will not cause phase separation of the 
emulsion. Examples of the suitable medium are isopropanol, 
butanol or pentanol. The precursors for ceramic applications 
are usually alkoxides of base metals or transition metals, 
such as iso-propoxides or sec-butoxides. The precursor 
solution is then sloWly added to the nanoemulsion. The 
precursors diffuse to the micelle interface Where they come 
in contact With Water, initiating the hydrolysis reaction. The 
diffusion rate of precursors to the hydrolyZing media can be 
controlled by manipulating the agitation rate, as Well as the 
steric con?guration of the precursors. A transparent clear 
solution is obtained after addition, indicating that the pre 
cipitated particles obtained from the hydrolysis are in the 
nanometer range and do not scatter light. The inverted 
micellar compartments act as microreactors Where the 
hydrolysis reaction is conducted. We believe that reaction 
products remain contained Within the reversed micellar 
compartments throughout the hydrolysis and condensation 
processes. In this Way, the particle siZe of the hydrolysis 
products, as Well as their geometry, can be controlled by 
manipulating the particle siZe and morphology of the 
micelles in the emulsion, and the aging conditions. Through 
aging, a variety of particle diameters can be obtained, 
ranging from tens to several hundred nanometers. The ?nal 
particle siZe and morphology Will depend on parameters 
such as the agitation rate, the temperature during groWth, 
and the aging time. The products can be separated and 
treated afterWards by a variety of techniques, depending on 
the desired application. 

[0062] According to another aspect, the invention pro 
vides a method of making a high-surface-area and/or small 
particle-siZe material. “Particle siZe” is de?ned as a mean 
diameter of a particle. The method results in particles of 
material, reacted at the aqueous phase, having a particle siZe 
of less than about 100 nm in preferred embodiments, more 
preferably less than about 50 nm, more preferably less than 
about 20 nm, more preferably less than about 10 nm, and 
more preferably still less than about 5 nm. The surface area 
of the material is preferably at least about 20 m2/g, more 
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preferably at least about 50 m2/g, more preferably at least 
about 75 m2/g, more preferably at least about 100 m2/g, 
more preferably at least about 150 m2/g, and more prefer 
ably at least about 200 m2/g. In another set of embodiments 
even higher surface area materials are produced, for example 
those of at least about 300, 400, 500, 600, 700, 800, 900, or 
even 1000 m2/g. The material of the invention is particularly 
robust and, as mentioned, is de?ned by highly-divided, 
non-agglomerated, high surface area material. The material 
preferably retains the surface area de?ned above even When 
stored at room temperature for a considerable period of time 
or When heated to higher temperatures. In particular, the 
material maintains the above-noted surface areas When 
heated to 500° C., 700° C., 900° C., 1100° C., or even 1300° 
C. for periods of time for at least about 10 minutes, prefer 
ably 30 minutes, more preferably 1 h, or more preferably 
still at least about 2 h. 

[0063] It is noted that one set of embodiments includes all 
combinations of all of the above-noted surface areas, particle 
siZes, and retention of surface area at the variety of tem 
peratures mentioned. 

[0064] According to one aspect the invention provides a 
series of loW-particle-siZe and/or high-surface-area particu 
late material. Preferably the particles have a siZe of less than 
about 100 nm, or other preferred average particle siZes 
described above, and/or have a surface area of at least about 
20 m2/g, or any of other preferred surface areas described 
above. 

[0065] The material that is capable of synthesis or pre 
cipitation in aqueous conditions includes any inorganic or 
organic material capable of undergoing a hydrolysis reaction 
in aqueous conditions, a precipitation reaction, a polymer 
iZation reaction, or the like. These reactions are Well-knoWn 
to those of ordinary skill in the art. For example, polymer 
iZation can be effected by chemical initiation or by, for 
example, exposure to electromagnetic radiation such as UV 
light. Hydrolysis can be folloWed by polymeriZation, poly 
condensation, coupling, or the like. Based upon the teach 
ings in the instant disclosure, those of ordinary skill in the 
art can select a Wide range of materials capable of synthesis 
or precipitation in aqueous conditions. 

[0066] In one set of embodiments, the material that is 
capable of synthesis or precipitation in aqueous condition is 
a material capable of participating in a catalytic combustion 
reaction, e.g., for ultra-lean combustion. These types of 
materials, at high combustion temperatures, can operate at 
loW fuel concentration and can reduce emissions of pollut 
ants such as NOX. But at temperatures high enough for this 
type of combustion, typical prior art materials undergo 
unacceptable vaporiZation, sintering, or other degradation. 
In one embodiment, the material of the present invention 
that is capable of synthesis or precipitation in aqueous 
conditions includes Group IIA oxides or hexaluminates 
(such as BaO.6Al2O3) optionally including dopants typi 
cally used in catalytic combustion reactions such as transi 
tion metals, metalloids, complexes of these materials, tran 
sition metal oxides, actinides, lanthanides, oxides of these, 
Group IA elements, or combinations thereof. 

[0067] In one set of preferred embodiments the material of 
the invention is stable at a temperature of at least 500° C. for 
at least 2 hours With loss in surface area of the material of 
less than about 10%. In another set of preferred embodi 
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ments the material of the invention is stable, after being 
heated at a temperature of at least 500° C. for at least 30 
minutes, for at least tWo additional hours With a loss in 
surface area of the material of less than about 10% during 
that tWo hours. In a set of more preferred embodiments this 
maximum loss in surface area occurs When the material is 
heated at a temperature of at least about 750° C., preferably 
at least about 1000° C., more preferably at least about 1100° 
C., more preferably at least about 1300° C., and more 
preferably still at least about 1500° C. for a period of time 
for at least about 2 hours, preferably at least about 8 hours, 
more preferably at least about 12 hours, and more preferably 
still at least about 24 hours. Any combination of these 
parameters can de?ne one embodiment. For example, in one 
embodiment the material is stable at a temperature of at least 
about 1300° C. for a period of time of at least about 8 hours 
With a loss in surface area of less than about 10%. 

[0068] This material can be any of the above-described 
materials such as metal oxides, Group IIA hexaluminates or 
oxides, any combinations of these materials optionally 
doped, and the like. 

[0069] The particles produced in accordance With the 
invention have a variety of uses. In one embodiment the 
particles are used as drug-delivery carriers since very small 
organic particles (e.g., polymeric particles) can be created 
encapsulating a therapeutic agent. For example, a therapeu 
tic agent can be provided in the aqueous phase of the 
nanoemulsion and a reactant introduced into the continuous 
phase, optionally via a carrier miscible With the continuous 
phase, and alloWed to react at the aqueous/nonaqueous 
interface to form an organic (optionally polymeric) shell 
encapsulating the therapeutic agent. These nano-siZed par 
ticles can be used as drug-delivery agents. 

[0070] In another set of embodiments, nano-scale particles 
can be provided for use in micro or nanochromatography. 
For example, very small solid-phase chromatography beads 
can be prepared in accordance With the teachings of the 
invention, a suspension of the beads can be ?oWed through 
a capillary tube, and carrier can be driven off by heat. 

[0071] The invention also provides a technique for con 
trolling the length of polymer chains in a polymer reaction 
by con?ning the space Within Which the reaction can occur. 
The con?ned space is de?ned by the microreactors that are 
the aqueous micelles of the nanoemulsion. When a poly 
meric precursor is provided in the aqueous phase and a 
reactant added to the discontinuous phase Which is alloWed 
to interact Within the aqueous phase and cause polymeriZa 
tion, because of the siZe of the aqueous micelles, polymer 
chain siZe is limited. Additionally, nanometer-siZed polymer 
particles can be made. 

[0072] Another aspect of the invention provides a method 
for oxidiZing hydrocarbons. The oxidation is performed in 
the presence of one or more non-noble metal oxides With 
particle siZe of less than about 100 nm, preferably less than 
about 50 nm, more preferably less than about 25 nm, more 
preferably less than about 10 nm, and more preferably still 
less than about 5 nm. The hydrocarbon can be selected from 
the group consisting of methane, ethane, propane and 
butane. Apreferable oxidation temperature is betWeen about 
400° C. to about 1300° C. 

[0073] The invention provides a hydrocarbon conversion 
of at least about 10% at about 400° C., preferably at least 

Jul. 14, 2005 

about 10% at about 350° C., more preferably at least about 
90% at about 600° C., and more preferably still at least about 
90% at about 500° C. In another embodiment, at least about 
90% of the initial catalytic conversion is sustained at 1100° 
C. for at least about 2 h, preferably for at least about 12 h, 
and more preferably for at least about 1 month. In another 
embodiment, at least about 90% of the initial catalytic 
conversion is sustained at 1300° C. for at least about 2 h, 
preferably for at least about 12 h, and more preferably for at 
least about 1 month. 

[0074] In another embodiment the hydrocarbon catalysis 
occurs in the presence of Water or Water vapor. Preferably 
the catalysis occurs at 1300° C. in 8% volume Water. 

[0075] In all aspects of the invention, the particles can be 
any of the described preferred particles in any of the 
described particle siZe or surface area ranges or combina 
tions of particle siZe and surface area. The methods of 
making compounds can be used, and preferably are used, in 
combination With preferred siZes and surface areas of the 
particles as described herein. 

[0076] The function and advantage of these and other 
embodiments of the present invention Will be more fully 
understood from the examples beloW. The folloWing 
examples are intended to illustrate the bene?ts of the present 
invention, but do not exemplify the full scope of the inven 
tion. 

EXAMPLE 1 

Preparation of the Reverse Nano-Emulsion 

[0077] Water-in-oil nanoemulsions Were prepared by mix 
ing 2,2,4 trimethylpentane (Aldrich Chemical Co. Inc., 
99.8+% pure) and de-ioniZed Water With a commercial 
polyethoxylated alcohol surfactant, Neodol 91-6 (Shell 
Chemical Co.), as main surfactant, and 1-pentanol (Aldrich 
Chemical Co. Inc., 99+% pure) as cosurfactant. The emul 
sions Were stirred vigorously until a clear solution Was 
obtained. Emulsions containing 1, 5, 10, 30 and 40 Wt % 
Water Were prepared. Table 1 shoWs the amounts of surfac 
tant and cosurfactant required to prepare these emulsions. 

[0078] Addition of acetic acid (Aldrich Chemical Co. Inc., 
99.8% pure) or ammonium hydroxide (Aldrich Chemical 
Co. Inc., 99.9% pure, 30% in Water) to the Water used to 
form the emulsion, Was used to control the pH of the 
hydrolyZing media. The acid or hydroxide Was dissolved in 
the deioniZed Water prior to the mixing With the organic and 
surfactant phases. Emulsions containing Water phases of pH 
2, 4, 7, 10, and 12 Were used for these experiments. Table 1 
shoWs the variation of the overall amount of surfactant 
required to stabiliZe microemulsions With varying the pH of 
the aqueous phase. 

[0079] Introduction of dopants into the barium hexaalu 
minate structure can be desirable in order to improve its 
catalytic combustion properties. Transition metal dopants 
such as manganese and nickel have been proven to increase 
the catalytic activity of barium hexaaluminate at loW tem 
peratures. In order to effectively increase the catalytic activ 
ity, these cations are incorporated into the lattice structure, 
substituting an aluminum atom in the crystal. Nickel salts, 
such as nickel nitrate can be dissolved in the Water used to 
prepare the emulsions, in an attempt to obtain a doped 
barium hexaaluminate through this method. 
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EXAMPLE 2 

Preparation of the Mixed Ba—Al Alkoxide 
Solution 

[0080] 2-Propanol (Malinckrodt Chem. Co., 99+% pure) 
Was degassed and dried by argon (BOC Gases, Grade 5.0) 
exchange. 1 g of metallic barium (Aldrich Chem. Co. Inc., 
99+% pure) Was mechanically milled and placed in a 1000 
ml dried ?ask. As an alternative to mechanical milling, the 
barium can be reacted as a pellet, ingot, Wire or the like. 250 
ml of dried 2-propanol Was transferred to the ?ask under 
argon and re?uxed at 110° C. for 24 h. 9.6 g of aluminum 
isopropoxide (Aldrich Chem. Co. Inc., 98+% pure) Were 
added to the barium isopropoxide solution and re?uxed for 
24 additional hours. The combined barium/aluminum pre 
cursor concentration Was 5.42 Wt %. No solid residues Were 
observed after re?uxing. Some of the resulting precursors 
solutions Were further dissolved in dried 2-propanol in 1:2 
and 1:4 ratios, yielding ?nal precursors concentrations of 
2.71 Wt % and 1.35 Wt % respectively. 

[0081] We found that concentration of the precursors can 
affect the Way the reaction is carried out. When the precursor 
is introduced at medium and high concentrations, the micro 
emulsions typically Will undergo phase separation, regard 
less of the Water concentration and reaction temperature. At 
the high concentrations, the resulting gels may be no dif 
ferent than those prepared through regular sol-gel processing 
in terms of surface area and thermal stability. At medium 
concentrations an increase of the surface area of the dried 
gels is observed over regular sol-gel materials. HoWever, 
after calcination at 1350° C., the surface areas are practically 
identical for both systems. Materials prepared at loW pre 
cursor concentration yield the highest surface areas for both 
the dried gels and calcined materials. 

[0082] At loW precursor concentrations, the emulsion is 
maintained, and throughout the hydrolysis process, the solu 
tion remains clear. TEM analysis of the reaction mixture 
prepared using dilute precursor solutions revealed a uniform 
particle siZe distribution and virtually no agglomeration. 
FIG. 2 shoWs a TEM of the microspheres prepared from a 
5 Wt % Water emulsion using dilute precursor solution. At 
loW precursor concentration hydrolysis and condensation 
are limited to the Water droplets in the microemulsion. This 
regulates the groWth of the nanoparticles uniformly Within 
the nanometer-siZed inverted micellar compartment. 

[0083] As-prepared gels Were recovered by ?ltration. 
XRD analysis of these gels gave the diffraction pattern of an 
amorphous material. After drying at 120° C. for 24 h, 
nitrogen adsorption studies of these gels Were performed. A 
typical isotherm is shoWn in FIG. 3(a) and the desorption 
pore siZe distribution is shoWn in FIG. 3(b). In general, the 
samples shoWed an adsorption/desorption isotherm charac 
teristic of a mesoporous material at 77 K. The surface area 
of the preparations ranged from 200 to 650 m2/g, While the 
pore diameter Was in all cases uniform and around 4-10 nm. 
A signi?cant hysteresis Was observed betWeen the adsorp 
tion and desorption isotherms. We attribute this behavior to 
inter-particle porosity, deriving from particle arrangement. 
This porosity may involve small pore openings With a larger 
void fraction in betWeen particles, effectively creating an 
“ink-bottle” type pore. SEM studies of these dried gels 
shoWed spherical particles of uniform siZe as shoWn in 
FIG. 4. 
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EXAMPLE 3 

Hydrolysis and Aging of the Alkoxide Precursors 

[0084] The alkoxide solutions Were added to the 
nanoemulsions at different rates, from 0.1 to 10 ml/min, and 
under various temperatures, from 25 to 80° C. The resulting 
gels Were aged for different time lengths at a range of 
temperature and agitation conditions. 

[0085] Effect of Water Content and pH in the HydrolyZing 
Emulsion. The Water content Was found to affect the degree 
of agglomeration and the yield of materials per gram of 
emulsion. The high and medium Water concentrations Were 
found to give less agglomeration of the hydrolyZed materials 
and a more uniform particle siZe than the loW-end values. 
FIG. 5 shoWs a plot of the particle siZe distribution as 
observed in TEM for different Water contents. After aging 
for 8 h at room temperature, loW Water concentrations, 
beloW 5 Wt %, Were observed to yield agglomerated particles 
of 100-150 nm in diameter. When the Water content in the 
emulsion Was raised to 5 to 20 Wt %, particles of 50-100 nm 
Were obtained. Optimum Water content Was found to be 
betWeen 5 and about 20 Wt %. Water content higher than 
25% sometimes yielded additional crystalline phases With a 
decrease in ?nal surface area. While in general, optimum 
Water content Was betWeen about 5 and 20 Wt %, in some 
cases, for Water contents from 30 Wt % to 40 Wt %, virtually 
no agglomeration Was observed, While the particles obtained 
ranged in siZe from 10 to 50 nm. The average particle siZe 
for each preparation Was obtained by measuring particle 
diameters in the transmission electron micrographs of the 
aged solutions. 

[0086] DLS measurements of the initial emulsions shoWed 
that for all Water contents the micellar siZe Was beloW 5 nm 
and Was monodisperse. Furthermore, We observed little 
variation of the micelle diameter With changing Water con 
tent. HoWever, the intensity of the signal of the particle siZe 
interval <5 nm increased With increasing Water content, 
indicating that additional Water added to the system forms 
neW micelles rather than increasing the siZe of existing 
bodies. These results are consistent With the observations 
describing particle formation as a function of Water concen 
tration in the emulsion: at higher Water content a larger 
number of micelles are available as hydrolysis nuclei, hence 
the nucleation rate is increased, leading to uniform, mono 
dispersed spheres. 
[0087] The values for the yield of ?nal product as a 
function of Water content Were also investigated. We used 
emulsions With Water contents of 1, 5, and 30 Wt % corre 
sponding to tWice the stoichiometric value required to 
hydrolyZe a solution containing 2.71 Wt % of barium and 
aluminum isopropoxide in isopropanol. The results shoW a 
100% conversion of the barium hexaaluminate precursors 
for the 5 and 30 Wt % Water content emulsions With yields 
of 0.11 and 0.68 g of barium hexaaluminate per 100 g of 
emulsion respectively, after aging for 8 h at room tempera 
ture. The 1 Wt % Water emulsion resulted in a conversion of 
only 67% under the same conditions, and the ?nal yield Was 
0.015 g per 100 g of emulsion. Regular sol-gel processing 
yields 2.26 g of barium hexaaluminate per 100 g of Water 
under the same stoichiometric conditions. 

[0088] The effect of pH of the hydrolyZing media Was also 
investigated. At pH of 7 and beloW, virtually no agglomera 
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tion Was observed. At pH of 8 and above, immediate 
macroscopic particle formation and phase separation are 
observed after the precursor solution is added. 

[0089] Effect of Aging Conditions. The best materials 
Were obtained When the hydrolysis and aging processes Were 
conducted at the loWer temperature value. At temperatures 
above 40° C. signi?cant particle groWth Was evident from 
macroscopic precipitation of large rod-shaped particles. 
When observed through SEM these particles shoWed evi 
dence of heavy agglomeration of smaller spherical entities. 
The surface area after drying of the materials synthesiZed at 
40 and 80° C. Was no different from those prepared by 
regular sol-gel techniques. 

[0090] Aging time Was found to in?uence the ?nal particle 
siZe obtained after recovery. We observed that particle siZe 
increased almost linearly With time for the ?rst 24 h. The 
optimal aging time Was determined to be about 24 h. After 
aging for periods longer than 24 h, the particles start 
becoming visible, as indicated by a change of the transpar 
ency of the emulsion. If stirring is stopped, a very ?ne 
dust-like suspension is observed. Aging emulsions Were able 
to be kept in one phase for Water contents as loW as about 
15 Wt %. Aging times of 8 h or less produced materials With 
the highest surface area and loWest degree of agglomeration. 

[0091] Through aging for extended periods of time, of up 
to 96 h, particles of uniform diameters in the micrometer 
range can be obtained. Samples prepared using loW precur 
sor concentrations, hydrolyZing emulsions containing 30 Wt 
% Water, and aged at room temperature for 72 and 96 hours 
yielded uniform spheres of 1.66 and 6.67 pm average 
diameter. These materials shoWed surface areas as high as 
200 m2/g after drying. FIG. 6 shoWs an optical micrograph 
of microspheres aged for 72 h. 

[0092] In summary, We found that the folloWing process 
ing conditions give the best materials in terms of ?nal 
surface area, thermal stability, degree of agglomeration, and 
particle siZe distribution: loW precursor concentration of 
1.35 Wt %, Water content of about 15-20 Wt % in the 
hydrolyZing emulsions, Water-to-precursor ratio of about 15 
molar to about 100 molar, short aging time of 12-24 h and 
loW aging temperature of 25° C. 

EXAMPLE 4 

Particle Rccovcry 

[0093] The hydrolyZed and aged gels Were recovered 
using tWo methods. In the ?rst procedure, 2-propanol Was 
added until a macroscopic tWo-phase separation of the 
emulsion Was observed. The lighter phase contained the 
hydrocarbon organic phase, the alcohol cosurfactant, and a 
small amount of the main surfactant and 2-propanol; While 
the heavier phase contained the hydrolyZed gel, the remain 
ing surfactant, Water and 2-propanol. The lighter phase Was 
decanted out. The heavier phase Was dried and calcined 
according to section 2.2.5. 

[0094] The second recovery method involved freeZing the 
Whole system rapidly by spraying it into a liquid nitrogen 
cooled ?ask. The solidi?ed solution Was scraped from the 
?ask and placed in a Virtis Co. Cascade Freeze Drier. The 
organic phase, Water, cosurfactant and 2-propanol Were 
selectively sublimed, leaving behind a gel consisting of 
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mainly the surfactant and the hydrolyZed products, With a 
small content of Water and 2-propanol. This gel Was then 
treated according to Example 5. 

EXAMPLE 5 

Drying and Sintering 

[0095] The recovered gels Were re-suspended in dried 
2-propanol. In one procedure, the mixture Was re?uxed in 
2-propanol at 80° C. for 8 to 24 h. In a second approach, the 
gels Were placed in a stirred beaker containing dried pro 
panol and ultra-sonicated for a total of 2 h. Some prepara 
tions Were centrifuged and re-suspended in fresh 2-propanol 
for a total of 4 times, for the purpose of eliminating most of 
the surfactant before drying. After re-suspension and Wash 
ing, the particles Were either oven dried at 120° C. for 24 h, 
supercritically-dried using nitrogen as the purging ?uid, or 
freeZe-dried. Remaining surfactant Was removed by subse 
quently heating under nitrogen to 400° C. for 2 h and oxygen 
at 400° C. for 4 h. After surfactant removal, most systems 
Were examined for high temperature stability by heating 
under oxygen at 5° C./min to 1300° C. and/or 1500° C. and 
held for 2 h to 8 h. 

[0096] Effect of Recovery and Drying Techniques. 
Samples prepared using the optimal values obtained from 
the partial factorial experimental design Were treated With 
different recovery and drying techniques. Samples treated by 
freeZe drying, folloWed by re-suspension in 2-propanol and 
supercritical drying shoWed extraordinarily large surface 
area and narroW pore siZe distribution after calcination to 
temperatures as high as 1350° C. Pure barium hexaalumi 
nate phases With surface areas exceeding 90 ml/g Were 
obtained using this technique. The average pore diameter of 
these samples Was 40 nm. We believe that the drying 
processes are critical in preserving the particle and pore 
integrity. By using freeZe drying We are able to remove the 
organic and polar solvents through sublimation, leaving the 
heavier surfactant behind. The surfactant is then exchanged 
using short-chain alcohols, Which are further removed 
through supercritical drying. This last step prevents high 
capillary pressure Within the particles during evaporation 
and highly exothermic reactions such as burning of the 
surfactants, preserving the particle and pore structure. Table 
3 gives a summary of the observed surface area and crys 
talline phases present in different materials. Spherical par 
ticles are observed at temperatures as high as 500° C., after 
Which sintering occurs giving Way to agglomerated crystal 
line structures. 

[0097] Recovery of particles through centrifugation Was 
also evaluated. This technique Was found to lead to agglom 
eration and disruption of the spherical particles, resulting in 
loW surface areas, comparable to those obtained through 
regular sol-gel processing. 

EXAMPLE 6 

CharacteriZation 

[0098] X-ray diffraction (XRD) patterns of the samples 
after drying, surfactant removal, and calcination Were taken 
on a Siemens D5000 0-0 diffractometer With nickel-?ltered 
Cu KO. radiation (1.5406 Surface areas and average pore 
diameter of samples Were determined in a nitrogen adsorp 
tion apparatus (Micromeritics ASAP 2000) using BET and 
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B] H desorption methods respectively. Transmission electron 
microscopy (TEM) Was performed on a JEOL 200 CX 
microscope operating at 200 kV. Surface morphology of the 
samples Was observed through ?eld-emission scanning elec 
tron microscopy using a JEOL 6840 FESEM. 

[0099] The hydrolyZing emulsions Were characteriZed for 
micelle siZe and morphology through dynamic laser light 
scattering (DLS) using a Brookhaven AT-9000 Correlator. 

EXAMPLE 7 

Control Particle Using a Sol-Gel Process 

[0100] A control sample of barium hexaaluminate Was 
synthesiZed through a conventional sol-gel process as 
described by Machida et al. (M. Machida, K. Eguchi, and H. 
Arai, Chem. Lett. (1987) p. 267) for comparison purposes. 
A surface area of 80 m2/g Was obtained after drying to 500° 
C., Which dropped to 16 m2/g after calcination at 1300° C. 
for 2 h. XRD analysis of this sample shoWed a pure barium 
hexaaluminate phase present after calcination. 

EXAMPLE 8 

Experimental Design 
[0101] A partial factorial experimental design Was per 
formed to evaluate the relevant variables and their in?uence 
in the properties of the resulting materials. Table 2 shoWs the 
ranges through Which the processing parameters Were var 
ied. These ranges Were selected according to preliminary 
results obtained from regular sol-gel processing. The evalu 
ated properties Were surface area of the dried poWders, and 
surface area and XRD phases after calcination to 1350 ad 
1500° C. 

EXAMPLE 9 

Synthesis of Doped Barium Hexaaluminate 

[0102] Prior to the preparation of the emulsion, 0.125 g of 
Cerium (III) Nitrate (Aldrich, 99%) Were dissolved into 
26.85 g of deioniZed Water. The cerium nitrate solution Was 
emulsi?ed as described before. The ?nal composition Was: 

Cerium nitrate 0.125 g 
Deionized Water 26.85 g 
Iso-octane 152 g 
Neodol 91-6 52 g 
l-Pentanol 28 g 

[0103] 20 ml of a solution of barium and aluminum 
isopropoxide containing 0.7 g of Ba per 100 ml of solution 
and 10.8 g of Al isopropoxide per 100 ml of solution, Was 
further diluted With 20 ml of isooctane. The ?nal solution 
Was added at a rate of 1 ml/min to the emulsion described 
above. The reaction mixture Was aged for 24 h at room 
temperature. 

[0104] The resulting materials Were recovered by freeZe 
drying and calcined under air to 500 and 800° C. Analysis 
through XRD shoWed the cerium crystalliZed into cerium 
(IV) oxide With grain siZes of less than 5 nm at 500° C. and 
less than 7 nm at 800° C. The surface area of the preparation 
Was 455 ml/g at 500° C. and 220 m2/g at 800° C. 
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[0105] The method described for cerium can also be used 
for Ni, La, Co, Fe, Mn. 

EXAMPLE 10 

Synthesis of Coated Barium Hexaaluminate 

[0106] Areverse emulsion Was synthesiZed as described in 
Example 1. The ?nal composition of the emulsion Was: 

Water: 26.825 g 
[so-octane: 152 g 
Neodol 91-6: 52 g 
1 Pentanol: 28 g 

[0107] 30 ml of a solution of barium and aluminum 
isopropoxide containing 0.7 g of Ba per 100 ml of solution 
and 10.8 g of Al isopropoxide per 100 ml of solution, Was 
further diluted With 30 ml of isooctane. The ?nal solution 
Was added at a rate of 1 ml/min to the emulsion described 

above. The reaction mixture Was aged for 18 h at room 

temperature. 

[0108] After aging, 0.125 g of cerium (III) nitrate Were 
added to the emulsion containing the hydrolyZed barium and 
aluminum precursors. The mixture Was further aged for 6 h. 

[0109] The materials Were recovered by freeZe drying and 
calcined under air to 500, 800 and 1100° C. After calcina 
tion, the materials Were analyZed by XRD, nitrogen adsorp 
tion, and high-resolution transmission electron microscopy 
(HRTEM). XRD shoWed cerium crystals developed With a 
siZe of less than 4 nm at 500° C., less than 6.5 nm at 800° 
C., and less than 16 nm at 1100° C. No barium hexaalumi 
nate phases Were detected. Nitrogen adsorption shoWed a 
surface area of 409 m2/g at 500° C., 299 ml/g at 800° C., and 
109 m2/g at 1100° C. HRTEM shoWed the barium hexaalu 
minate particles Were coated With highly dispersed, uniform 
cerium oxide crystallites, Which retained nanocrystalline 
morphologies beyond 1100° C. Amicrostructure of Ce-BHA 
is shoWn in FIG. 7. 

EXAMPLE 11 

Catalytic Oxidation of Methane With Pure BHA 
Materials 

[0110] A tubular, plug-?oW reactor Was used to determine 
the catalytic activity of BHA materials. 0.87 g of pure BHA 
having a surface area of 112 m2/g Was introduced into a 1A“ 

tubular quartZ reactor. A mixture of 1% CH4 in air Was 
?oWed at a space velocity of 60,000 b“1 over the catalyst. 
The reactor Was kept at constant temperature using a fur 
nace. The conversion of CH 4 Was measured by analyZing the 
exhaust stream using a gas chromatograph coupled to a mass 

spectrometer (GC/MS). 10% methane conversion Was 
observed at 600° C., full conversion Was achieved at 750° C. 
A plot of temperature versus methane conversion is shoWn 
in FIG. 8. 
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EXAMPLE 12 

Catalytic Oxidation of Methane With Doped BHA 
Materials 

[0111] Manganese doped-BHA Was prepared as described 
in example 9 With a total loading of Manganese of 3 Wt % 
by elemental analysis. The sample had a surface area of 75 
m2/g after calcination to 1300° C. XRD analysis shoWed 
Mn3O4 diffraction peaks, in addition to the BHA peaks. The 
same procedure described in example 11 Was used to probe 
the catalytic activity of the material. 10% conversion of 
methane Was achieved at 520° C., full conversion Was 
obtained by 650° C. 

EXAMPLE 13 

Catalytic Oxidation of Methane With Coated BHA 
Materials 

[0112] Cerium-coated BHA Was prepared as described in 
example 10 With a total loading of cerium of 10 Wt % by 
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[0113] 

TABLE 2 

Partial factorial experimental design: investigated ranges for 
processing variables. 

Ranges 

Variable LoW Medium High 

Precursor Concentration 1.35 Wt % 2.71 Wt % 5.42 Wt % 

Water in emulsion 1 Wt % 5 Wt % 30 Wt % 

Hydrolysis Temperature 25° C. 40° C. 80° C. 

Addition Rate 0.1 ml/min 1 ml/min 10 ml/min 

Aging Temperature 25° C. 40° C. 80° C. 

Aging Time 8 h 24 h 48 h 

[0114] 

TABLE 3 

Summary of materials obtained through different processing techniques 

Surface area (mZ/g) 
Particle after: BaO.6Al2O3 

Water in Recovery Drying Drying Drying Calcination XRD 
Emulsion Method Method to 120° C. to 500° C. to 1350° C. Phases 

5% Precipitation Conventional 200 Pending 15 Pure 
5% Freeze Conventional 150 Pending 25 Pure 
1% Precipitation Conventional 50 Pending 8 Pure 
5% Precipitation Supercritical N/A 350 56 Pure 
1% Precipatation Supercritical N/A 288 47 Pure 
5% Freeze Supercritical N/A 387 94 Pure 
30% Precipatation Conventional 298 215 38 Mixed 

A1203 + BaO 
30% Precipitation Supercritical N/A N/A 87 Pure 
30% Freeze Supercritical N/A 287 Pending Pure 

elemental analysis. The sample had a surface area of 239 
m2/g after calcination to 800° C. XRD analysis shoWed 
CeO2 diffraction peaks only. The same procedure described 
in example 11 Was used to probe the catalytic activity of the 
material. 10% conversion of methane Was achieved at 430° 
C., full conversion Was obtained by 600° C. A plot of 
temperature versus methane conversion is shoWn in FIG. 9. 

TABLE 1 

Formulation of microemulsions at different Water contents. 

pH of Water Trimethyl 
the Water content pentane content Surfactant Co-surfactant 

phase (Wt %) (Wt %) content (Wt %) content (Wt %) 

7 1 96 2 1 
7 5 89 4 2 
7 10 75 11 4 
7 30 47 17 6 
7 40 42 13 5 
2 5 87 6 2 
4 5 87 6 2 

10 5 85 7 3 
12 5 85 7 3 

[0115] Those skilled in the art Would readily appreciate 
that all parameters listed herein are meant to be exemplary 
and that actual parameters Will depend upon the speci?c 
application for Which the methods and apparatus of the 
present invention are used. It is, therefore, to be understood 
that the foregoing embodiments are presented by Way of 
example only and that, Within the scope of the appended 
claims and equivalents thereto, the invention may be prac 
ticed otherWise than as speci?cally described. 

1-71. (canceled) 
72. A composition comprising: 

a material capable of catalyzing a combustion reaction of 
a hydrocarbon, the material having an average surface 
area, after exposure to conditions of at least about 
1300° C. for at least about 2 hours, of at least 20 m2/g. 

73. A method comprising effecting a reaction via intro 
ducing a Water-reactive reactant in the presence of a reverse 
emulsion and recovering a material from the reaction having 
an average particle size of less than about 100 nm Wherein 
the material, upon exposure to 700° C. for at least about 10 
mins., retains a surface area of at least about 100 m2/g. 
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74. A method as in claim 73, wherein the step of intro 
ducing the reactant comprises introducing a ceramic precur 
sor into the reverse emulsion prior to reaction. 

75. A method as in claim 73, comprising introducing a 
ceramic precursor in a non-aqueous emulsion into the 
reverse emulsion. 

76. A method as in claim 74, Wherein the ceramic pre 
cursor comprises an alkoXide. 

77. A method for preparing a particle, comprising: 

providing an emulsion including a hydrocarbon, at least 
one surfactant and a Water content of about 1-40% to 
form reverse micelles, the reverse micelles comprising 
a disperse aqueous phase; 

adding at least one Water-reactive reactant; and 

alloWing the at least one reactant to react in and With the 
disperse aqueous phase to form a particle having a 
particle siZe of less than about 100 nm, the particle 
being free from agglomeration. 

78. A method as in claim 77, Wherein the particle is a 
metal oXide particle. 

79. A method as in claim 78, Wherein the metal oXide 
particle is a miXed metal oXide particle comprising at least 
tWo metals. 

80. A method for preparing a particle, comprising: 

providing an emulsion including a hydrocarbon, at least 
one non-ionic surfactant and a Water content of about 
1-40% to form reverse micelles, the reverse micelles 
comprising a disperse aqueous phase; 

adding at least one reactant; and 

forming a particle having a particle siZe of less than about 
100 nm, the particle being free from agglomeration. 

81. A method comprising coating a particle Within a 
micelle. 
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82. Amethod as in claim 81, Wherein the particle is coated 
With a metal oXide layer. 

83. A method as in claim 81, Wherein the micelle is a 
reverse micelle. 

84. A method as in claim 81, Wherein the particle is a 
metal oXide particle. 

85. A method comprising: 
providing a composition having a surface area of at least 

20 m2/g after eXposure to conditions of at least 1300° 
C. for at least 2 h; and 

oXidiZing a hydrocarbon. 
86. A method as in claim 85, Wherein the composition 

comprises particles having a particle siZe of less than about 
100 nm. 

87. A method as in claim 85, Wherein the hydrocarbon is 
selected from the group consisting of methane, ethane, 
propane and butane. 

88. A method as in claim 85, Wherein conversion of the 
hydrocarbon is at least 10% at 400° C. 

89. A method as in claim 88, Wherein at least 90% of the 
conversion is sustained at 1100° C. for at least 2h. 

90. A method comprising oXidiZing at least one hydro 
carbon in the presence of at least one non-noble metal oXide 
having a particle siZe of less than about 100 nm. 

91. Amethod as in claim 90, Wherein the metal oXide has 
a surface area of at least about 20 m2/g. 

92. A method as in claim 76, Wherein the alkoXide 
comprises barium alkoXide. 

93. A method as in claim 77, Wherein the Water-reactive 
reactant comprises a ceramic precursor. 

94. A method as in claim 93, Wherein the ceramic pre 
cursor comprises an alkoXide. 

95. A method as in claim 94, Wherein the alkoXide 
comprises barium alkoXide. 

* * * * * 


