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Where did it all start?

Commercial and academic interest in “inorganic polymers”
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Substituent, X

What are Alumoxanes ?

Application
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Alternative names: aluminoxanes, alumina gels

OR, OSiR,, O,CR

catalyst and co-catalyst
ceramic precursor
antiperspirant, deodorant

Our structure




Q?} What is the Structure of an Alumoxane ?
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Traditional approach: "bottom-up"

H5O, acid
AIX; > [AI(0),(OH)y(X),],

hydrolysis of a small molecule
but...
alumoxanes have a core structure analogous to boehmite
SO...
can they be prepared from the mineral?

The Barron approach: "top-down"

[A(0)(OH)(X), ], <—2—— [AI(O)(OH)],

Actual structure based upon a simple mineral

Synthesis of Carboxylate Alumoxanes

[AI(O)(OH)], + RCO -H (xs)

[Al(O)x(OH)y(02CR).]n

Top/bottom
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How does the particle size change with pH?

(5]

Seeded particle growth - several small alumoxane particles
agglomerate to form a larger particle in a step-wise fashion
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Alumoxanes are Nanoparticles not Polymers
RICE P AR O

Problem: Funding from ONR “Polymer Division™!

No polymer... no funding!

Substituent, X Application
R catalyst and co-catalyst
OR, OSIR;, O,CR ceramic precursor
Cl antiperspirant, deodorant 1
S ALBEMARLE
R
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Our proposal




Qg What are the structures found for Catalyst
> Alumoxanes?
RICE

o Al-O cage structures
o Aluminum 4-coordinate, oxygen 3-coordinate
o Electron precise - not apparent as Lewis acids
o No alkyl exchange
on=6,7,8,9,12
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MAO 140-155 (1750) 55 (800)

TBAO 110-120 (>5000) 55-75 (500)

Wrong!




A Structure of MAO
Proposed in 1993 - Denied in 1993

» We proposed simple cage structure
» Demonstrated activity
o Published results in 1993

“No that is not the structure (of MAO) - we know what the real structure is, but we are
not able to discuss it” - Exxon Researcher at the ACS National Meeting

Exxon subsequently filed a patent claiming “nanoparticle”
alumoxanes with sizes based upon the our published structures!

Support for our proposal

o Further chemistry of caged compounds (Roesky)
o No reactivity of ring structures (Power)
o DFT calculations (Ziegler)

o Isolation of commercial catalyst (Goodall)

gel




and the “Undesirable” Gel

Relationship Between Various Structures
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Relationship between gel and non-alkyl alumoxanes
prompted return to carboxylate alumoxanes
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Problems with Alumina Ceramic Processes

The environmental impact of alumina-based ceramics are negligible.

Unfortunately, the same cannot be said about their preparation.
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RICE Environmentally benign synthesis of alumoxanes

dirt vinegar water — alumoxane nanoparticle

[AI(O)(OH)]n, + RCO 2H (xs) L [Al(O)x(OH)y(O2CR),]n

. Synthesis on a large scale

. Cheap starting materials - $ 0.50/1b

. Inifinite range of carboxylic acids

. Stable - months without change

. Processable

. Versatile - "infinite" chemical composition (Al)

. Non (low) toxicity - gluconic acid (bio-compatible)

. Environmentally benign synthesis and processing

aluminate




RICE Fabrication of Fiber Reinforced Ceramic Matrix Composites
(FRCMCs)

. FRCMC:s - reduce or eliminate catastrophic brittle failure

. Fiber-matrix interface - sufficiently weak to allow debonding
. Choices of fiber and matrix - limited

. SiC, carbon or sapphire fibers - react w. the matrix

. Interlayer - prevent deleterious chemical reactivity

interphase O O coated fibers

coating applied imbedded in
- 00 =i
ceramic matrix
O and sintered

Suitable materials - layered, S-alumina type, CaAl,,O,, and LaAl O,
i |

PN
RN
\ ]:O\ S\A]\ + M(acac), >L|A]:O\ik il\
0 ! O I \OH - Al(acac), ey ! 20, ‘\OH
OH OH

composite




RICE

Alumoxane-derived Ceramic Interphase Layer

dip coating from aqueous solution; rapid drying; single dip/fire sequence
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Alumoxane derived coatings show superior coverage as compared to sol-gel methods l
alternative




Alternative Fabrication of FRCMC

interphase O O coated fibers
coating applied imbedded in g
> O O ceramic matrix

O and sintered

Limited range of ceramic fiber materials

interphase
coating applied 2nd phase applied
by inﬁltration) by inﬁltration)

infiltrate




Infiltration Synthesis of a Ceramic-
Ceramic Composite

new ceramic

upper surface of
porous substrate
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infiltration movement of alumoxane solution up

porous substrate

La-doped
MEEA-
alumoxane

A 1000 °C through the pores

hetero-interface

none

Al,O4
LaAlO3/Al,0,
CaAl;,014/AlLO;
ErgAl;(0,4/AlLO;

B 1000 °C
B 1400 °C

infiltration w.
A-alumoxane

A'1000 °C

LaAl;;0,5/Al,05
MgAl,0,/A1,0,
Al,TiOs/Al,O4
Y;A150,,/Al,04
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YAG ceramic (untreated) Infiltrated by 12%wt A-A,
fired to 1000 °C filter




Why is Pore Size Important?

1 10 100 1000 104 105 106 Industry Application
| | | | | | | | om — —
I | : | | | | | | wine stabilization and purification,
Food and Beverage concentration of skim milk
Reverse Osmosis p ’ Ultrafiltration ‘ | Particle Filtration
Nano- | Microfiltration | Petroleum oil/water separation
filtration
I I s I I I I I I , production of ultrapure water and
' Semiconductor purification of process fluids
" e Albumin Protein
Aqueous Salts . e
d . Medical injection water
_ Endotoxin/ | Bacteria |
gt(zimlc Dytogen Beach Sand Automotive
adius u v T felectr ition paint
| Tohaco Smoke | Red ecovery of electrodeposition paints
Blood
. Cells - . . .
Sylg‘;znc Industrial Waste concentration of oily waste
: Pollen
Pesticide,
Herbicide | Latex / Emulsion |
| J
: Powder Sol-gel metal-oxane
¢ minimum pore size of alumoxane derived alumina (at present) sintering approach
_ Process n/a organic or water
conditions strong acid
Energy high low low
consumption
vOoC yes no no
Ceramic yield n/a low high
stability n/a hours months to
years

Make filter




Alumoxane membrane

ey

Formation of Asymmetric Filters using
Carboxylate-Alumoxanes

aqueous carboxylate-

alumoxane solution
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Ferroxane




© Membranes for Proton Exchange Fuel Cells

RICE

electro-osmotic drag

Applications: — >
. electric vehicles hydrogen fuel (2 i L O, from air
. stationary power LR AR
. €mergency power

T H,O0 production

ransport:
. EU - buse program (2001) anode membrane cathode
. CA ZEV program (2003) 2 H, -> 4H" HZe 20, +4e +4H > 2 Hy0
- Practical - 2020 (Federal) oad A
(e.g., motor)

Disadvantages of Nafion-derived membrane:
- High cost
. Limited operating temperature
- High dependence on humidity

ours




%
3 Synthesis of Ferroxanes

[Fe(O)(OH)]n + RCOH (xs) 7 * [Fe(O)x(OH)y(O2CR);]n

——— ——— A ———

Unsupported Solution is dried and

Solution sintered at 300 °C

Advantages of Ferroxane-derived membrane:
- Proton conductivity indifferent to relative humidity

- Membrane stable at elevated temperatures

. Proton conductivity comparable to Nafion
- Significantly reduced cost of production
- Possibly reduced total installed system cost

. Possible methanol crossover benefit

bone




