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METHOD OF PURIFYING BARIUM NITRATE
AQUEOUS SOLUTION

FIELD OF THE INVENTION

The present invention relates to methods for preparing
ceramic powders, and particularly to purification of solutions
used to make ceramic powders.

BACKGROUND OF THE INVENTION

Ceramic powders are used in the fabrication of numerous
different types of devices including specialized mechanical
components, coating for mechanical components, semicon-
ductor devices, superconducting devices, device packaging,
passive electronic components such as capacitors, and more
sophisticated energy storage devices. Numerous different
techniques exist for the synthesis and fabrication of ceramic
powders including solid phase synthesis such as solid-solid
diffusion, liquid phase synthesis such as precipitation and
coprecipitation, and synthesis using gas phase reactants.
Moreover, a host of related fabrication techniques can also be
used including: spray drying, spray roasting, metal organic
decomposition, freeze drying, sol-gel synthesis, melt solidi-
fication, and the like.

Various advantages of wet-chemical methods used in the
preparation of powders for the fabrication of ceramics have
been well-known since the early 1950s. Pioneering work in
this area has been done at the Massachusetts Institute of
Technology, the National Bureau of Standards (now the
National Institute of Standards and Technology), Philips
Research Laboratories, and Motorola, Inc.

Despite the advantages of wet-chemical processes, the
ceramics industry largely remains reluctant to employ these
techniques. Conventional methods for preparing ceramic
powders entail mechanical mixing of dry powders of water-
insoluble carbonates, oxides, and sometimes silicates, where
each constituent of the ceramic composition is carefully
selected individually. For example, if the ceramic composi-
tion has nine constituents in solid solution, then correspond-
ingly nine starting powders are selected in accordance with
the amount of each required for the end product compound.
The starting powders are very likely to have different median
particle sizes and different particle size distributions. In an
attempt to comminute the mixture of powders to a smaller,
more uniform particle size and size distribution for each
component, the powder mixture is placed in a ball mill and
milled for several hours. The milling process generates wear
debris from the ball mill itself and, the debris becomes incor-
porated in the powder mixture. Because of the often wide
disparity in particle size among the various commercially
available starting powders (and even significant variation in
particle size of the same powder from lot to lot), an optimum
result from ball milling rarely occurs, and a contamination-
free product is never obtained.

Moreover, additional processing steps are still required.
Solid-solid diffusion at high temperature (but below the tem-
perature at which sintering starts) of the ball-milled powder
mixture is required to form a usable and, preferably, fully
reacted homogeneous single powder. The finer each powder
in the mixture is, the higher the particle surface-to-volume
ratio is for each. This means that there is a greater surface area
per unit weight of each powder for the solid-solid diffusion to
occur. Moreover, longer times spent at high temperature (e.g.,
the calcining temperature) produce a more satisfactory end
product. Homogeneity is improved by repeating several times
the ball-milling and calcining steps in succession, each
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requiring several hours. Of course, this increases the amount
of ball-milling wear debris added to the powder, thereby
increasing the amount of contamination in the end ceramic
product.

Accordingly, it is desirable to have improved precursor
materials for wet-chemical processing techniques to prepare
ceramic powders for use in the fabrication of various different
devices and materials.

SUMMARY OF THE INVENTION

Purification techniques have been developed for ceramic
powder precursors, e.g., barium nitrate. These techniques can
be performed using one or more of the following operations:
(1) removal of impurities by precipitation or coprecipitation
and separation using a nonmetallic-ion-containing strong
base, e.g., tetraalkylammonium hydroxides; (2) reduction of
higher oxidation-state-number oxymetal ions and subsequent
precipitation as hydroxides that are separated from the solu-
tion; and (3) use of liquid-liquid exchange extraction proce-
dures to separate certain impurities.

In one embodiment in accordance with the invention a
method is disclosed. A barium nitrate aqueous solution is
provided. The barium nitrate aqueous solution is combined
with a precipitant solution to cause precipitation of first impu-
rities. The first impurities are separated from the barium
nitrate aqueous solution. The barium nitrate aqueous solution
is combined with a separation solution using a liquid-liquid
extraction column to remove second impurities from the
barium nitrate aqueous solution. In another embodiment, the
product of this process is disclosed.

In still another embodiment in accordance with the inven-
tion, another method is disclosed. A barium nitrate aqueous
solution is provided. The barium nitrate aqueous solution is
combined with a precipitant solution to cause precipitation of
first impurities. The barium nitrate aqueous solution pH is
increased. Oxymetal ions in the barium nitrate aqueous solu-
tion are reduced to cause the precipitation of second impuri-
ties. The first and second impurities are separated from the
barium nitrate aqueous solution. In yet another embodiment,
the product of this process is disclosed.

The foregoing is a summary and thus contains, by neces-
sity, simplifications, generalizations and omissions of detail;
consequently, those skilled in the art will appreciate that the
summary is illustrative only and is not intended to be in any
way limiting. As will also be apparent to one of skill in the art,
the operations disclosed herein may be implemented in a
number of ways, and such changes and modifications may be
made without departing from this invention and its broader
aspects. Other aspects, inventive features, and advantages of
the present invention, as defined solely by the claims, will
become apparent in the non-limiting detailed description set
forth below.

BRIEF DESCRIPTION OF THE DRAWINGS

A more complete understanding of the present invention
and advantages thereof may be acquired by referring to the
following description and the accompanying drawings, in
which like reference numbers indicate like features.

FIG. 1is a flow chart illustrating purification operations in
accordance with the present invention.

FIG. 2 is a flow chart illustrating other purification opera-
tions in accordance with the present invention.

FIG. 3 is a flow chart illustrating still other purification
operations in accordance with the present invention.
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DETAILED DESCRIPTION

The following sets forth a detailed description of at least
the best contemplated mode for carrying out the one or more
devices and/or processes described herein. The description is
intended to be illustrative and should not be taken to be
limiting.

The processes and techniques described in the present
application can be utilized to prepare numerous different
types of ceramic powders and purified forms of related pre-
cursor materials, as will be understood to those skilled in the
art. Thus, although the present application emphasizes the use
of'these processes and techniques in the fabrication of dielec-
tric materials for use in electrical energy storage devices (e.g.,
doped or composition-modified barium titanate), the same or
similar techniques and processes can be used in the prepara-
tion of other ceramic powders, and those ceramic powders
may find application in the manufacture of various compo-
nents, devices, materials, etc.

High-permittivity calcined composition-modified barium
titanate powders can be used to fabricate high quality dielec-
tric devices. U.S. Pat. No. 6,078,494 (hereby incorporated by
reference herein in its entirety) describes examples of various
doped barium titanate dielectric ceramic compositions. More
specifically, the *494 patent describes a dielectric ceramic
composition comprising a doped barium-calcium-zirconium-
titanate of the composition (Ba,,,.A,D,Ca,)
[T, 5, MoAD' Zr ] O;, where A=Ag, A'=Dy, Er, Ho,
Y, Yb, or Ga; D=Nd, Pr, Sm, or Gd; D'=Nb or Mo,
0.10=x=0.25; 0=p=0.01, O0=p'=0.01, 0=v=0.01,
0=v=0.01, 0=0=0.01, and 0.995=z=0=0.=0.005. These
barium-calcium-zirconium-titanate compounds have a per-
ovskite structure of the general composition ABO,, where the
rare earth metal ions Nd, Pr, Sm and Gd (having a large ion
radius) are arranged at A-sites, and the rare earth metal ions
Dy, Er, Ho, Y, Yb and Ga (having a small ion radius) are
arranged at B-sites. The perovskite material includes the
acceptor ions Ag, Dy, Er, Ho, Y or Yb and the donor ions Nb,
Mo, Nd, Pr, Sm and Gd at lattice sites having a different local
symmetry. Donors and acceptors form donor-acceptor com-
plexes within the lattice structure of the barium-calcium-
zirconium-titanate according to the invention. The dielectric
ceramic compositions described by the 494 patent are just
some of the many types of ceramic compositions that can be
fabricated using the purified precursor materials, processes
and techniques of the present application.

The precursor purification techniques and devices of the
present application can be used in conjunction with various
wet-chemical processes for preparing barium titanate or other
ceramic powders. Examples of those processes are described
in, for example, U.S. Pat. No. 7,033,406 and U.S. patent
application Ser. No. 11/369,255, entitled “Method of Prepar-
ing Ceramic Powders Using Chelate Precursors,” filed Mar. 7,
2006, and naming Richard D. Weir and Carl W. Nelson as
inventors, both of which are hereby incorporated by reference
herein in their entirety.

Many wet-chemical processes for the manufacture of
barium titanate (and composition-modified barium titanate),
including the processes described above in the 406 patent
and the *255 application, use one or more chelates as precur-
sors to produce barium titanate in an aqueous solution. Aque-
ous solutions for some or all reactants are used to form the
desired ceramic powders by, for example, coprecipitation.
This approach extends the use of one or more chelates (pret-
erably water-soluble and hydrolytically stable) as precursors
to several of the component metal ions comprising the con-
stituents of target ceramic powder. A nonmetal-ion-contain-
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4

ing strong base, e.g., selected from among tetraalkylammo-
nium hydroxides, such as tetramethylammonium hydroxide
[(CH;),NOH] in aqueous solution is used as the precipitant
for the mixture of precursors in aqueous solution. The tet-
raalkylammonium hydroxides, unlike conventional strong
bases, e.g., sodium and potassium hydroxides, do not intro-
duce contamination metal ions, e.g., sodium and potassium
ions, to the end product. Note that there are numerous organic
compounds that are basic in pH, but the tetraalkylammonium
hydroxides as a group are the only organic compounds that
are strong bases, e.g., as strong as common ones: NaOH and
KOH, which are inorganic compound bases.

In one example of ceramic powder manufacturing, at least
one, but not necessarily all of the precursors are chelates. A
separate solution of tetramethylammonium hydroxide, pos-
sibly in excess of the amount required, is made in deionized
(DI) water free of dissolved carbon dioxide (CO,) and heated
to 80°-85° C. The two solutions are mixed by pumping the
heated ingredient streams simultaneously through a coaxial
fluid jet mixer. A slurry of the coprecipitated powder is pro-
duced and collected in a drown-out vessel. The coprecipitated
powder is refluxed in the drown-out vessel at 90°-95° C. for
12 hr and then filtered, optionally deionized-water washed,
and dried. Alternatively, the powder can be collected by cen-
trifugal sedimentation, or some other technique. The subse-
quent powder is calcined under suitable conditions, e.g., at
1050° C. in air in an appropriate silica glass (fused quartz)
tray or tube.

Still other techniques and devices can be used to combine
the ingredient streams such as, for example: (1) pouring one
solution in one vessel into the other solution in another vessel
and using mechanical or ultrasonic mixing, and (2) metering
the solution in one vessel at some given flow rate into the other
solution in another vessel and using mechanical or ultrasonic
mixing. Numerous other mixing techniques will be known to
those skilled in the art. The resulting slurry can be refluxed as
appropriate. Next, the slurry is transferred to a filtration or
separation device. The separating of the precipitate from the
liquid phase and the isolation of precipitate can be carried out
using a variety of devices and techniques including: conven-
tional filtering, vacuum filtering, centrifugal separation, sedi-
mentation, spray drying, freeze drying, or the like. The fil-
tered powder can then undergo various washing, drying, and
calcining steps as desired.

Among the precursor materials used in the manufacture of
barium titanate is barium nitrate, Ba(NO;),. In general,
nitrate compounds at a given temperature have the highest
solubilities in water of any salt. Uniquely, there are no water-
insoluble nitrates. Since the nitrate anion [(NO,)~] does not
interfere with the formation of chelates, the nitrates, too, can
be used as starting compounds. Nitrates such as barium
nitrate are readily available commercially, but they may not
be readily available in desirable purified forms.

A generalized procedure for the purification of barium
nitrate in aqueous solution is outlined below. The process
includes several steps: (1) removal of impurities by precipi-
tation or coprecipitation and separation using a nonmetallic-
ion-containing strong base, e.g., tetraalkylammonium
hydroxides; (2) reduction of higher oxidation-state-number
(e.g., 6 and 7) oxymetal ions to four or lower in oxidation state
number and subsequent precipitation as hydroxides that are
separated from the solution; and (3) use of liquid-liquid
exchange extraction procedures to separate sodium, potas-
sium, calcium, and strontium ions.

In general, many impurities can be more easily removed
from water-soluble chemical compounds that are stable in
both acid and basic solution. Among impurities present in the
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greatest amount are compounds of magnesium, aluminum,
and iron, having high relative abundances in the earth’s crust.
Among the structural metals, magnesium, aluminum, and
iron are the three most abundant. All of these metals are
impurity sources found in barium nitrate aqueous solution.
Thus, removal of many of these metal and oxymetal ions via
precipitation using a nonmetallic-ion-containing strong base
is the first step in the purification process.

A purification procedure for the water-soluble barium
nitrate compound involves precipitation not only of the
hydroxides of magnesium, aluminum, and iron, but also of
the hydrated metal ions and oxymetal ions of CAS Groups
1IIB, IVB, VB, VIB, VIIB, VIII, IB, IIB, IIIA, IVA, VA,
beryllium and magnesium of Group IIA, and the lanthanides
and actinides of the Periodic Table. For the simple hydrated
metals ions with oxidation state numbers of 1, 2, and 3, and
the oxymetal ions with oxidation state numbers of 4 and 5,
these are precipitated as hydroxides and/or hydrous oxides by
addition of a nonmetallic-ion-containing strong base, such as
tetramethylammonium hydroxide. As noted above, tetraalky-
lammonium hydroxides, including tetramethylammonium
hydroxide, do not introduce contamination metal ions to the
end product. This is in contrast to other strong bases, such as
sodium hydroxide (NaOH) or potassium hydroxide (KOH),
where some sodium and potassium ions, in spite of copious
washing with DI water, become incorporated in the end prod-
uct.

While the strong base can be used to obtain a variety of pH
values, in one embodiment the solution is maintained at a pH
in the range of approximately 7.5 to just below 8.5. This range
is useful for producing impurity precipitates that are more
easily separated from the solution. For example, the classic
amphoteric aluminum hydroxide [(Al(OH),], aluminum
oxide hydroxide [AIO(OH)], and hydrous aluminum oxide
[Al,0,.xH,O] are stable in the pH range of 4.0 to 8.5, dis-
solving in acidic solutions below pH 4.0 and in basic solutions
above pH 8.5, thereby limiting the effective range for the
precipitation and subsequent separation of the hydroxides
and/or hydrous oxides of the impurity metal ions. Aluminum
ions are most likely present in acidic solution as [AI(H,0) ]
and in basic solution as [Al(OH),]”. Thus the selection of
approximately pH 7.5 represents a good choice for the
removal of the largest number of hydrated metal ion and
oxymetal ion impurities.

The barium nitrate aqueous solution is mixed with the
strong base in an appropriate reaction vessel. In one embodi-
ment, the two materials are mixed using a recirculating pump.
Using a pH sensor in contact with the solution, the current pH
of the solution can be monitored while the strong base (e.g.,
(CH;),NOH) is metered into the solution. The recirculation
pump, or some other mechanical mixing mechanism, pro-
vides for adequate agitation with continuous filtration of the
solution. If the monitored pH becomes too high, the pH can be
lowered to a desired value by slow addition of dilute HNO, or
another suitable acid.

Various other techniques can be used to mix the two mate-
rials. For example, the ingredient streams can be combined by
pouring one solution in one vessel into the other solution in
another vessel and using mechanical or ultrasonic mixing; the
solution in one vessel can be metered out at a given flow rate
into the other solution in another vessel and mixed using
mechanical or ultrasonic methods; and the ingredient streams
can be mixed by simultaneously pumping them through a
coaxial fluid jet mixer. Other mixing techniques will be
known to those skilled in the art. Moreover, various different
parameters such as temperature, mixing duration, and the like
can be controlled as part of the precipitation reaction.
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Next the precipitate impurities are filtered out of the solu-
tion. Numerous different filtration and other separation tech-
niques can be used to remove the precipitates, as will be well
known to those skilled in the art. Such techniques can include,
but are not limited to, colloidal filtration, pressure filtration,
vacuum filtration, various other dead-end filtration tech-
niques, crossflow filtration, centrifugation, sedimentation,
membrane separation techniques, and the like. In one
embodiment, the filtration system is comprised of a back-
washable pleated all-polypropylene filter cartridge (or mul-
tiple cartridges in parallel) having a filtration rating of
99.98% (p=5000) removal efficiency at 0.2 um pore size. This
filter cartridge is followed by a high-surface-area hydrophilic
polyethersulfone (PES) membrane filter cartridge (or mul-
tiple cartridges in parallel) with 100% (or near 100%)
removal efficiency at 0.03 um pore size.

However the initial precipitates are separated from the
aqueous barium nitrate solution, the remaining more purified
solution is ready for the next purification step. For the
removal of oxymetal ions with oxidation state numbers of 6
and 7, which are stable in basic solution (as well as in acidic
solution), the procedure for the first step generally does not
work. To circumvent this problem, a nonmetallic-ion-con-
taining reducing agent is used to lower the oxidation state
number of oxymetal ions remaining in the barium nitrate
aqueous solution. Hydrogen peroxide (H,O,) is suitable for
this purpose, acting as a reducing agent in sufficiently basic
solution, for example, at pH 10. For example, the chromate
(VD) [(CrO,)?] ion is reduced to chromium(III) (Cr**) ion by
hydrogen peroxide in basic solution, precipitating as chro-
mium(IIT) hydroxide [Cr(OH);]:

basic soln.

2(Cr04)2 + 3H,0, + 2H,0 2CKHOH); +

30,(e) +  4OHy

Thus, a strong base is added to the barium nitrate aqueous
solution, e.g., the strong base (CH;),NOH or another tet-
raalkylammonium hydroxide, to raise the pH level. The
higher-oxidation-state-number oxymetal ions can then be
placed in lower oxidation state numbers using hydrogen per-
oxide as the reducing agent. Once in the lower oxidation
states, the oxymetal ions can be effectively removed by the
hydroxide and/or hydrous oxide precipitation described
above.

The additional precipitate impurities are removed using the
same or similar filtration or separation techniques described
above. Since the resulting barium nitrate solution is still very
basic (e.g., pH 10), it is neutralized to approximately pH 7 by,
for example, the addition of dilute nitric acid (HNO;) solu-
tion, in preparation for the next procedure. While various
acids can be used, nitric acid as many advantages. Other
strong acids, e.g., sulfuric (H,SO,), hydrochloric (HCI), and
perchloric (HCIO,), are not practical because either water-
insoluble barium sulfate is formed, in the case of sulfuric acid,
or the acid is corrosive to stainless steel (e.g., HCl and
HCIO,). Moderate and weak acids are not nearly as effective
in adjusting pH because large volume amounts are needed as
compared to strong acids. Other acids such as phosphoric acid
(H5PO,) and oxalic acid produce water-insoluble barium
compounds [(Ba;(PO,),] and (BaC,0,), respectively, in
addition to being corrosive to stainless steel.

The remaining impurities in the barium nitrate solution
include compounds of sodium, potassium, and calcium.
These nonstructural metals have high relative abundances in






