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Abstract of the Disclosure
A process for production of a borohydride compound. The process

comprises combining a compound comprising boron and oxygen with an adduct ot

alane.
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PROCESS FOR PRODUCTION OF A BOROHYDRIDE COMPOUND

This invention was made with Government support under Contract No.
DE-FC36-05G015053 awarded by the Department of Energy. The Government

has certain rights 1n this invention.

Background

This invention relates generally to a process for production of a
borohydride compound from boron-containing salts and aluminum complexes
with Lewis bases.

Production of sodium borohydride from borate salts, aluminum and
hydrogen is described in U.S. Pub. Appl. No. 2005/0207959. However, this
reaction provides low yields and slow reaction rates.

The problem addressed by this invention is to find an efficient and
economical process for production of a borohydride compound from boron-

containing salts.

Statement of Invention

The present invention is directed to a process for production of a
borohydride compound by combining a compound comprising boron and oxygen
with an adduct of alane and a Lewis base.

The present invention is further directed to the process for production of a
borohydride compound in which the adduct of alane and a Lewis base is believed
to be formed in situ. The process comprises combining a compound comprising
boron and oxygen with aluminum, hydrogen and a Lewis base selected from the

oroup consisting of tertiary amines, tertiary phosphines, thioethers and ethers.

Detailed Description

All percentages are weight percentages (“wt %”) based on the entire
composition described, unless specified otherwise. A “transition metal” 1s any

element having atomic number 21-30, 39-48, 57, 72-80 or 89. A “compound

comprising boron and oxygen” preferably 1s a compound having at least one
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oxygen atom per boron atom, e.g., trialkyl borates, boric oxide, boric acid and
salts containing a complex anion of boron, preferably a complex anion containing
only boron and oxygen. In some embodiments of the invention, the compound
has at least two oxygen atoms per boron atom. In some embodiments of the
invention, the compound is a boron-containing salt, e.g., an acid or salt
containing a B4O72 or BO2! ion, preferably the sodium salt. A “borohydride
compound” is one containing the borohydride ion, BHs. Preferably, the
borohydride compound is sodium, potassium or calcium borohydride; most
preferably sodium borohydride; and most preferably the boron-containing salt 1s
a sodium salt. If a sodium salt of a boron compound having unequal molar
amounts of sodium and boron, e.g., NasB4O7 1s used as the boron-containing salt,
a sodium-containing base, preferably sodium hydroxide, sodium methoxide,
sodium carbonate, sodium oxide or sodium hydride is added to provide the
preferred Na:B molar ratio of 1:1. “Alane” is aluminum hydride.

An “lonic liquid” is an organic salt comprising a cation and an anion.
Typical cations include ammonium salts formed from amines, guanidines, ureas
and thioureas; and also phosphonium salts. Examples include substituted
imidazoliums, substituted pyridiniums, substituted pyrrolidiniums, tetraalkyl
phosphoniums, tetraalkyl ammoniums, guanidiniums, uroniums and
thiouroniums. Typical anions include halides, pseudohalides, alkyl sulfates,
alkyl sulfonates, tosylates, imides and amides, borates, phosphates and

phosphonates, alkyl carboxylates, triflates and trifluoroacetates.

In some embodiments of the invention, a solvent 1s used to separate the
borohydride product. Suitable solvents are those in which the borohydride
compound is soluble and which are relatively unreactive with borohydride, and
with the alane. A solvent in which the borohydride compound 1s soluble 1s one 1n
which the borohydride compound is soluble at 25°C at least at the level of 2%,
preferably, at least 5%. Preferred solvents include liquid ammonia, alkyl
amines, heterocyclic amines, alkanolamines, alkylene diamines, glycol ethers,
amide solvents (e.g., heterocyclic amides and aliphatic amides), dimethyl

sulfoxide and combinations thereof. Preferably, the solvent is substantially free



10

5

20

25

30

CA 02650175 2009-01-19

of water, e.g., it has a water content less than 0.5%, more preferably less than
0.2%; with the exception that concentrated (30-45%) aqueous alkali metal
hydroxide solution may be used due to the known stability of borohydrides in
this medium, e.g., sodium or potassium hydroxide at approximately 40%.
Especially preferred solvents include ammonia, Ci-C4 alkyl amines, pyridine, 1-
methyl-2-pyrrolidone, 2-aminoethanol, ethylene diamine, ethylene glycol
dimethyl ether, diethylene glycol dimethyl ether, triethylene glycol dimethyl
ether, tetraethylene glycol dimethyl ether, dimethylformamaide,
dimethylacetamide, dimethylsulfoxide and combinations thereof. Preferably, the
alumina produced in the reaction is substantially insoluble 1n the solvent.
Preferably, the solubility of the alumina is less than 0.1%. The solvent can be
recycled after crystallization of the borohydride.

Use of a solvent during the reaction allows the reaction to be run more
easily as a continuous process. Moreover, the solvent facilitates heat transfer,
thereby minimizing hot spots and allowing better temperature control. Recycle
of the solvent is possible to improve process economics. Examples of solvents
suitable for use during the process include the Lewis bases; alkanes and
cycloalkanes, especially Cs-Ci2 alkanes and cycloalkanes; ionic hquids; liquad
crown ethers; and for lower-temperature reaction conditions, toluene, glymes and
ethers. The Lewis base released from the alane adduct may also act as a solvent
during the reaction. Suitable reaction solvents are those in which the

borohydride compound is soluble and which are relatively unreactive with
borohydride, and with the alane. The reaction solvent may be the same as the
solvent used for separation of the borohydride product. The solvent may be
recycled after separation from the products of the reaction. If the solventis a
Lewis base, it may be recycled to the reactor, or to another reactor in which the

alane adduct is formed, or a combination thereof. If the Lewis base or the alane
adduct i1s a solid, a solvent may be used to facilitate transfer to the reactor. This
solvent typically meets the criteria for a solvent used during the reaction, and
also may be recycled to the reactor, to an alane adduct reactor (either as a

reactant if a Lewis base, or to transfer the product) or a combination thereof.
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The method of this invention uses either an adduct of alane and a Lewis
base, or a mixture of aluminum, hydrogen and a Lewis base. A Lewis base
preferably is an amine, a tertiary phosphine, a thioether, an ether or a
combination thereof. In some embodiments of the invention, the amine 1s a
tertiary amine, preferably one having from one to 18 carbon atoms, alternatively
from one to eight carbon atoms. Tertiary amines include tertiary alkyl amines,
cyclic tertiary amines and aromatic amines. In some embodiments of the
invention, the tertiary amines are Cs-Ci2 tertiary amines, alternatively Cs3-Cs. In
some embodiments, the amines are cyclic amines, preferably Cs3-Cio cyclic
amines, alternatively C5-Cs cyclic amines. In some embodiments, the cyclc
amines are tertiary amines; in the case of completely or partially saturated cyclic
amines, C1-C4 alkyl groups are substituted on primary or secondary amine
nitrogen atoms in the cyclic amine. In some embodiments, the tertiary
phosphines are Cs-Cis tertiary phosphines, alternatively C3-Co. In some
embodiments, the Lewis base is a saturated compound. In some embodiments,
the Lewis base is sterically hindered, e.g., a tertiary amine having at least one
tertiary alkyl substituent. The reaction is illustrated below for embodiments in
which the Lewis base is a tertiary aliphatic amine and the boron salt 1s sodium
metaborate:-

4R3N-AlH3 + 3NaBO2 - 3NaBH4 + 2A1:03 + 4R3N
The alkyl groups on the tertiary alkyl amine may be the same or different. The
tertiary alkyl amine may be a cyclic tertiary amine, e.g., quinuchdine, 1,4-
diazabicyclo[2.2.2]octane (TEDA, DABCO), an N-alkyl morpholine, or
tetramethylcyclam. Thioethers, ethers and tertiary phosphines used herein as
Lewis bases also may be cyclic or acyclic, and may contain substituents that are
the same or different.

Grinding of the reactants will accelerate the reaction, and may be
achieved using any method which applies energy to solid particles to induce a
mechanochemical reaction, especially any method which reduces solids to the
micron size range, preferably the sub-micron size range, and continually exposes

fresh surfaces for reaction, e.g., impact, jet or attrition milling. Preferred
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methods include ball milling, vibratory (including ultrasonic) milling, air
classifying milling, universal/pin milling, jet (including spiral and fluidized jet)
milling, rotor milling, pearl milling. Especially preferred methods are planetary
ball milling, centrifugal ball milling, and similar types of high kinetic energy
rotary ball milling. Preferably, milling is performed in either a hydrogen
atmosphere, or an inert atmosphere, e.g., nitrogen. In an embodiment in which
a solvent is used, grinding of the reactants may be achieved using any method
suitable for grinding a slurry.

Another method to accelerate the reaction is to use radiation techniques
alone or in combination with reactive milling. For example, microwave
irradiation can direct energy at specific reaction surfaces to provide rapid
heating and deep energy penetration of the reactants. Microwave absorbers such
as metal powders, which could be used as milling media, and dipolar organic
liquids may also be added to the reaction system to promote the reaction. The
advantage of these techniques i1s that high reaction rates may occur at
considerably lower processing temperature than could be obtained with resistive
heating thermal techniques.

In one embodiment of the invention in which the boron-containing salt 1s
combined with aluminum and a Lewis base, hydrogen gas is necessary, as shown
1n the equations provided below.

3NaBO: + 4Al + xL + 6H2 — 3NaBH4 + 2A1203 + xLL
In this embodiment, the pressure of hydrogen preferably is from 100 kPa to
10,000 kPa.

Without being bound by theory, it is believed that methods allowing use of
a lower reaction temperature are beneficial. Preferably, the reaction
temperature is less than 250°C, and more preferably less than 150°C, when the
orinding is carried out without a solvent. When a solvent is used, the preferred
reaction temperature 1s below the boiling point of the solvent at the pressure

within the grinding equipment. Preferably, the pressure is in the range from

100 kPa to 10,000 kPa, more preferably from 100 kPa to 2000 kPa.
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In embodiments in which hydrogen 1s added, materials that catalyze
surface hydride formation from gas phase hydrogen can be used to further
hydriding kinetics. Examples of suitable catalysts include powders of the
transition metals, and their oxides, preferably La, Sc, T1, V, Cr, Mn, Fe, N1, Pd,
Pt and Cu; oxides of silicon and aluminum, preferably alumina and silica; and
ABs, AB;, AB, and AsB types of alloys, wherein A and B are transition metals,
such as FeTi and LaNis. A comprehensive list of hydriding alloys 1s given at the
Sandia National Laboratory website at hydpark.ca.sandia.gov/.

After the reaction has proceeded substantially to completion, preterably
the borohydride product is separated from the alumina byproduct. In one
embodiment in which a solvent is used for the separation, the solvent 1s
separated from the insoluble alumina product and any grinding medium, which
also would be insoluble. The borohydride compound can then be separated from
the solvent by conventional methods. For example, the borohydride compound-
rich solvent can be removed by filtering or using any other conventional solid-
liquid separation device such as a centrifuge. The insoluble alumina 1s collected
and dried. High purity borohydride compound can be recovered from the solvent
phase by evaporating the solvent or by lowering temperature to crystallize or
precipitate the borohydride compound product. The preferred method will
depend on the solubility-temperature profile of the solvent selected. Additional
solvent washes can be used to 1improve recovery and purity.

In some embodiments of the invention in which the reaction 1s carried out

in a solvent in which the borohydride product is soluble, a liquid stream can also
be withdrawn during the course of the reaction to remove the borohydride
compound, and the solvent returned to the reactor to lower the reactor
borohydride compound content and drive the reaction further to completion. As
such, reactions that may be equilibrium constrained may be enhanced for higher
yields. The formation of borohydride 1s also highly exothermic. By cooling the
solvent return stream to the reactor, a means for controlling reaction
temperature 1s also provided. For example, the withdrawn solvent will be at the

reactor temperature. If this stream is sufficiently cooled, borohydride compound
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crystals will form and can be removed using conventional methods as described

above. The cooled solvent of lower borohydride compound content 1s returned to

the reactor to maintain reactor temperature at the target condition.
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Examples

Reduction Using Alane Adduct

Studies were made to demonstrate the effectiveness of borate reduction to
NaBH; using alane adducts. These experiments were conducted at ambient
temperature (no applied external heat) in a RETSCH PM 100 planetary ball mill
using NaBOz and Alane-TMA (TMA=trimethylamine). Anhydrous NaBO: was
prepared by vacuum drying sodium metaborate hydrate from Aldrich Chemical
Co. to achieve ca. 1.5 wt% moisture as determined by TGA. Alane-TMA powder
(>95% purity) was obtained from Gelest and used without further treatment. In
each run, 0.32 grams dry NaBOg powder and 0.19 grams Al-TMA powder were
loaded in the mill jar along with 100 grams of 7 mm diameter stainless steel
balls, and the mill operated at 500 rpm under N2 inertion for 4 hours. At these
weights, alane is added at stoichiometric requirements and not 1n excess
compared to amount of NaBO2 present. Upon termination of each run,
tetraglyme (Aldrich 99%) that had been pre-dried with molecular sieve was
added to the jar contents to produce a suspension and dissolve any NaBH4
formed. The filtrate was analyzed by 1B NMR to provide positive 1dentification
of NaBH,4 as well as determine the absolute NaBH4 content. Borate conversion
to borohydride was calculated based on the borate used in the feed, assuming all
NaBH,4 produced is dissolved in the tetraglyme. The yield of sodium borohydride
in two runs was 100% and 86%. These results indicate high effectiveness of
alane-TMA to reduce NaBOz to NaBH..

Moreover, the borate reduction reaction can be carried out using other
alane adducts and in any number of reactor configurations and geometries. It
can be in a solid-solid reaction as shown in the Examples (for NaBO2 + AlH3-
TMA), in a solid-liquid slurry where the reaction occurs in a liquid medium, or in
solution form where the borate such as trimethylborate and alane adduct are

present as liquids.
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Reduction Using Al and Hs Gas

In another series of studies, direct reduction of NaBO3z using Al, Hs gas
and borate feed was investigated in a stirred batch autoclave reactor capable of
elevated temperature and pressure operations. This apparatus permitted the
evaluation of a one-pot synthesis of borate reduction to NaBH4 that may proceed

via formation of an alane adduct intermediate at low temperature.

3NaBO:2 + 4A] + xLL + 6H2(g) — 3NaBHu(s) + 2A1503 + xLL

The autoclave reactor is equipped with a pin agitator that provides a degree of
mixing to the powders and ‘grinding’ balls (3.5mm chrome steel) charged to the
vessel. In one experiment, 0.47 grams Al powder (Aldrich, 99.95+%, <75
microns) and 0.84 grams anhydrous NaBO2 were combined with 2.78 grams of
TEDA — triethylene diamine from Aldrich ( 98%; 1,4-Diazabicyclol2,2,2]Joctane)
and 0.06 grams TiHz powder from Aldrich (99%, 325 mesh). All powders with
the exception of NaBO2 were used as received. TEDA served as the Lewis base
to produce AlH3-TEDA and Ti, in the form of TiHg, served as the catalyst.
(preferred catalysts include Group IVB or VB metals such as Ti or V.) The
reactor was operated for 4 hours at 75 atm (7575 kPa) Hz pressure (Matheson
Tri-Gas, 99.95%+ and mole sieve dried) and 194°C wall temperature using an
electrically heated jacket. At the completion of the run and after cooling,

tetraglyme was added to dissolve any NaBH4 produced, and the filtrate was
analyzed by 11B NMR, similar to the planetary milling studies. The results

indicate 4% conversion to NaBHj.
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Claims

1. A process for production of a borohydride compound; said process
comprising combining a compound comprising boron and oxygen with an adduct

of alane and a Lewis base.

2. The process of claim 1 in which the Lewis base 1s selected from the

oroup consisting of amines, tertiary phosphines, thioethers and ethers.

3. The process of claim 2 in which the compound comprising boron and

oxygen is a compound having at least one oxygen atom per boron atom.

4. The process of claim 3 in which the borohydride compound 1s

sodium borohydride.

5. The process of claim 4 in which the Lewis base is an amine.

6. A process for production of a borohydride compound; said process
comprising combining a compound comprising boron and oxygen with aluminum,
hydrogen and a Lewis base selected from the group consisting of tertiary amines,

tertiary phosphines, thioethers and ethers.

7. The process of claim 6 in which the compound comprising boron and

oxygen is a compound having at least one oxygen atom per boron atom.

8. The process of claim 7 in which the compound comprising boron and
oxygen is selected from the group consisting of trialkyl borates, boric oxide, boric
acid and salts containing a complex anion of boron which contains only boron

and oxygen.
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9. The process of claim 8 further comprising a catalyst selected trom
the group consisting of powders of the transition metals and their oxides; oxides

of aluminum and silicon; and alloys of formula ABg, ABs, AB or A2B, wherein A

and B are transition metals; and combinations thereof.

10. The process of claim 9 in which the borohydride compound 1s

sodium borohydride.
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