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RECYCLE OF TITANIUM DIBORIDE MATERIALS

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001]

U.S. GOVERNMENT RIGHTS

[0002] N/A

COPYRIGHT NOTIFICATION

[0003] This application includes material which is subject to copyright protection. The
copyright owner has no objection to the facsimile reproduction by anyone of the patent

disclosure, as it appears in the Patent and Trademark Office files or records, but otherwise

reserves all copyright rights whatsoever.

BACKGROUND OF THE INVENTION

1. Field of the Invention

[0004] The present invention relates to the recycling of spent or used titanium boride
(“TiB2”) articles, including contaminated TiB2 articles. More specifically, the present
invention relates to the recycling of TiB2 articles by chlorinating the TiB2 articles, purifying
and reacting the same to produce new TiB2 articles. In some embodiments, the titanium
diboride articles are 100% of the TiB2 feedstock for the recycling process. In some

embodiments, the titanium diboride articles are a percentage of the TiB2 feedstock for the

recycling process.

[0005] In some embodiments, TiB2 feedstock is chlorinated to recycle spent TiB2
articles. In some embodiments, the TiB2 articles {e.g. including additives and/or impurities)
can be chlorinated and processed into one or more forms (TiO2, BClI2, TiB2, etc.). In some
embodiments, a titanium feedstock includes titanium diboride articles and titanium ores

and/or slags that are processed to form TiO2 (e.g. pigment grade TiO2). In some
1
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~ embodiments, the titanium diboride articles can be combined with a titanium feedstock

(e.g. titanium ore and/or titanium slag) at a certain weight percentage to produce TiO2

and/or produce one or more products from a chiorinating process.

SUMMARY OF THE INVENTION

[0006] The present invention relates to a TiB2 recycle method, and in particular, to a
method of recycling a TiB2 feedstock by chlorination,

[0007] Additional goals and advantages of the present invention will become more
evident in the description of the figures, the detailed description of the invention, and the
claims.

[0008] The foregoing and/or other aspects and utilities of the present invention may be
achieved by provid'ing a method to produce a titanium preoduct, including preparing a TiB2
feedstock; and chlorinating the prepared TiB2 feedstock to produce a titanium chloride
product,

[0009] In another embodiment, the TiB2 feedstock includes TiB2 articles, and the
preparing of the TiB2 feedstock includes crushing the TiB2 articles to a predetermined
average TiB2 particle size or TiB2 particle size distribution.

[0010] In another embodiment, the TiB2 articles include at least one of TiB2 armor
products, TiB2 tool products, TiB2 coatings, TiB2 electrodes, and TiB2 powders.

[0011] In another embodiment, the TiB2 feedstock consists essentially of crushed TiB2
articles.

[0012] In another embodiment, the crushed TiB2 articles include at least one of sodium
and fluorine residues.

[0013] [In another embodiment, the crushed TiB2 articles include no more than 2%
sodium and fluorine residues.

[0014] In another embodiment, the preparing of the TiB2 feedstock further includes
combining the TiB2 articles with at least one of Ti-containing ores and Ti-slag.

[0015] In another embodiment, the preparing of the TiB2 feedstock further includes
crushing the combination of TiB2 articles with at least one of Ti-containing ores and Ti-slag
to a predetermined average particle size or particle size distribution to prepare the TiB2

feedstock.

[0016] In another embodiment, the Ti-containing ore includes ilmenite.
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- 77 [0017] In another embodiment, the Ti-containing ore has a TiO2 content of at least 80%

by weight,

[0018] In another embodiment, the Ti-slag includes smelting products of ilmenite ore
processed to lower the iron content thereof.

[0019] In another embodiment, the Ti-slag has a TiO2 content of at least 85%.

[0020] In another embodiment, the TiB2 feedstock includes no more than 10% TiB2
articles.

[0021] In another embodiment, the TIB2 feedstock includes impurities.

[0022] In another embodiment, the impurities include at least one of Fe, Ni, Co, W, NA,
F, Al, Li, Mg, Ca, Cl, halide salts, borates, and combinations thereof.

{0023] In another embodiment, the impurities include residual salts, residual electrotytic
bath, sodium-containing materials, calcium-containing materials, and fluoride containing
materials.

{0024] In another embodiment, the chlorinating of the prepared TiB2 feedstock includes
chlorinating the prepared TiB2 feedstock with chlorine gas and coke under a reducing
atmosphere.

[0025] In another embodiment, the chlorinating of the prepared TiB2 feedstock includes
chlorinating the prepared TiB2 feedstock with chlorine gas and coke at above 700°C.

[0026] In another embodiment, the chlorinating of the prepared TiB2 feedstock includes
chlorinating the prepared TiB2 feedstock with chlorine gas and coke at less than 900°C,

[0027] In another embodiment, the chlorinating of the prepared TiB2 feedstock includes
chlorinating the prepared TiB2 feedstock through a fluidized bed chlorinator at between
900°C and 1000°C.

[0028] In another embodiment, the chlorinating of the prepared TiB2 feedstock includes
chlorinating the prepared TiB2 feedstock with chlorine gas and coke at less than 900°C.

[0029] In another embodiment, the chlorinating of the prepared TiB2 feedstock includes
chlorinating the prepared TiB2 feedstock with chlorine gas and coke at less than 800°C,

[0030] In another embodiment, the chlorinating of the prepared TiB2 feedstock includes
chlorinating the prepared TiB2 feedstock with chlorine gas and coke at less than 700°C.

[0031] In another embodiment, the chlorinating of the prepared TiB2 feedstock

produces a titanium chloride product and a boron chloride product.
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© T T[0032) 7 InTandthér embodiment, the prepared TiB2 feedstock is' consumed through
chlorination and substantially transformed into titanium chloride vapor.

[0033] [n another embodiment, the method further includes purifying the chlorinated
TiB2 feedstock to remove by-products.

[0034] In another embodiment, the purifying of the chlorinated TiB2 feedstock includes
separating low, medium, and high beiling chlorides via fractionat distillation.

[0035] In another embodiment, the purifying of the chlorinated TiB2 feedstock further
includes separation of non-chloride compounds or slag.

[0036] In another embodiment, the method further includes reacting the titanium
chloride product to produce a TiB2 product.

[0037] In another embodiment, the reacting the titanium chloride product includes:
oxidizing the titanium chloride product to produce a titanium oxide product; and reacting
the titanium oxide product via a carbothermic reaction to produce the TiB2 product,

[0038] In another embodiment, the reacting of the titanium oxide product via a
carbothermic reaction to produce the TiB2 product includes adding a boron oxide product
to the carbothermic reaction.

[0039] In another embodiment, the oxidizing of the titanium chloride product includes
adding additional titanium chloride to the prepared TiB2 feedstock during the chlorinating
to produce the titanium chloride product.

[0040] In another embodiment, the method further includes recovering chlorine from
the oxidizing of the titanium chloride product, and directing the recovered chlorine for use
during the chlorinating of the prepared TiB2 feedstock to produce the titanium chloride
product.

[0041] In another embodiment, the reacting of the titanium chloride product includes:
reducing the titanium chloride product with H2 gas to produce the TiB2 product.

[0042] In another embodiment, the method further includes reacting the titanium
chloride product and the boron chloride product to produce a TiB2 product.

[0043] In another embodiment, the reacting the titanium chloride product includes:
oxidizing the titanium chloride product and the boron chloride product to produce a

titanium oxide product and a boron oxide product; and reacting the titanium oxide product

and the boron oxide product via a carbothermic reaction to produce the TiB2 product,
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[0044]) In another embodiment, no significant amount of titanium chloride product

or boron chloride product is added.

[0045] In another embodiment, the reacting of the titanium oxide product via a
carbothermic reaction to produce the TiB2 product does not require adding a boron oxide
product to the carbothermic reaction.

[0046] In another embodiment, the reacting of the titanium chloride product includes:
reducing the titanium chloride product and the boron chloride product with H2 gas to

produce the TiB2 product.

[0047] In another embodiment, no significant amount of titanium chloride product or

boron chloride product is added.

BRIEF DESCRIPTION OF THE DRAWINGS

[0048] These and/or other aspects and advantages of the present invention will become
apparent and more readily appreciated from the following description of the various
embodiments, taken in conjunction with the accompanying drawings of which:

[0049] FIG. 1 illustrates a TiB2 recycling method according to an embodiment of the
present invention;

[0050] FIG. 2 illustrates a TiB2 recycling method according to an embodiment of the
present invention;

[0051] FIG. 3 illustrates a TiB2 recycling method according to an embodiment of the
present invention;

[0052] FIG. 4 illustrates a fluidization column according to an embodiment of the
present invention; and

[0053] FIG. 5 illustrates a laboratory scale chlorination setup according to an

embodiment of the present invention.

TABLES

[0054] Table 1 illustrates a thermodynamic mode! for the chlorination of a TiB2
feedstock at 200°C;

[0055] Table 2 illustrates a thermodynamic model for the chlorination of a TiB2
feedstock at 500°C; and
[0056] Table 3 illustrates a thermodynamic model for the chlorination of a TiB2

feedstock at 1000°C.
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DETAILED DESCRIPTION OF THE EMBODIMENTS

[0057] Reference will now be made in detail to the various embodiments of the present
invention. The embodiments are described below to provide a more complete
understanding of the components, processes and apparatuses of the present invention.
Any examples given are intended to be illustrative, and not restrictive. Throughout the
specification and claims, the following terms take the meanings explicitly associated herein,
unless the context clearly dictates otherwise. The phrases “in some embodiments” and “in
an embodiment” as used herein do not necessarily refer to the same embodiment(s),
though they may. Furthermore, the phrases “in another embodiment” and “in some other
embodiments” as used herein do not necessarily refer to a different embodiment, although
they may. As described below, various embodiments of the present invention may be

readily combined, without departing from the scope or spirit of the present invention.

[0058] When referring to any numerical range of values herein, such ranges are
understood to include each and every number and/or fraction between the stated range
minimum and maximum. For example, a range of about 0.5-6% would expressly include all
intermediate values of ahout 0.6%, 0.7%, and 0.9%, all the way up to and including 5.95%,
5.97%, and 5.99%. The same applies to each other numerical property and/or elemental

range set forth herein, unless the context clearly dictates otherwise.,

[0059] As used herein, the term "or" is an inclusive operator, and is equivalent o the
term "and/or," unless the context clearly dictates otherwise. The term "based on" is not
exclusive and allows for being based on additional factors not described, unless the context
clearly dictates otherwise. In addition, throughout the specification, the meaning of "a,”
"an," and "the" include plural references. The meaning of "in" includes "in" and "on.”
[0060] As used herein, the term “chlorinating” refers to chemically treating a material
with chlorine. For example, in one embodiment, a TiB2 feedstock is chlorinated using
chlorine gas and coke to form various chloride products. In one embodiment, the
chlorination reaction is-exothermic and in another embodiment, the chlorination reaction is
carried out at approximately 900°C in a reducing atmosphere.

[0061]  As used herein, the term “crushing” refers to physically pressing, deforming, or

squeezing a material into smaller fragments. In one embodiment, a material is crushed to
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increase its surface area. For example; a material may be crushed via-hammer milling, jaw -
crushing, wet milling, ball milling {e.g. ultrafine ball milling) and the like.

[0062] As used herein, the term “crystallite size” refers to the average size of a crystal of
material in crystalline form.

[0063] As used herein, the term “grinding” refers to physically reducing a material to
smaller particles, for example by pounding, crushing, or milling.

[0064] As used herein, the term “impurities” refers to contaminants present in a
material. For example, in some embodiments, a TiB2 article may include impurities based
on a fabrication method or use of the TiB2 article, including residual salts {e.g. chloride
salts); impurities of metal-production (e.g. aluminum smelting); residual electrolyte bath
(e.g. constituents inclu'f:ling but not limited to: Al, Li, Na, K, halide salts, Mg, Ca, and
combinations thereof}; aluminum-containing materials {e.g. Al, Al203, AICI3); sodium-
containing materials {e.g. NaCl); and calcium-containing materials {e.g. CaCl2), to name a
few. In some embodiments, impurities present in the titanium diboride material or article
may also include residual fluoride salts and/or fluoride-containing material (e.g. CaF2, NaF,
and AlF3).

[0065] As used herein, the term “particle size” refers to an average particle size of a
material.

[0066] As used herein, the term "purifying” refers to removing contaminants and/or
impurities from a material. In some embodiments, purifying comprises a distilling step,
such as a process of vaporization and subsequent condensation. For example, in some
embodiments of the present invention, the boiling points of boron chloride products and
titanium chloride products are used to separate them from contaminants and/or impurities
during a chlorination operation.

[0067]  As used herein, “reacting” refers to chemically reacting components or materials
to form another component or material. For example, in one embodiment, a titanium
chloride product is reacted with a boron chloride product to produce titanium diboride.
[0068] As used herein, the term “reducing” refers to a process in which electrons are
added to an atom or ion (e.g. as by removing oxygen or adding hydrogen). For example, in
some embodiments, reducing includes performing a gas phase reduction {e.g. with H2 gas).
In other embodiments, reducing comprises the feeding of mixed chlorides products with

hydrogen gas through a plasma phase torch for a reducing reaction.
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{0069] As used herein, the term “surface area” refers to an average surface area of a
material.

IH

{0070] As used herein, “titanium feed material” or "TiB2 feedstock” refers to a titanium-
containing material which is used as feed in a process, For example, in some embodiments,
the TiB2 feedstock may include TiB2; crushed TiB2 articles with additives and/or impurities;
and/or a blended material having TiB2, Ti-Ores, and/or Ti-slag.

[0071] As used herein, “TiB2 material” or “TiB2 article” refers to titanium diboride
source material, which includes a material having titanium diboride therein. In some
embodiments the titanium diboride material includes additives and/or impurities. Some
non-limiting examples of additives and/or impurities in the titanium diboride product
include: Fe, Ni, Co, W, Na, F, Al, Li, Mg, Ca, Cl, halide salts, borates, and combinations
thereof. Some non-limiting examples of a titanium diboride material or article include:
armor, cutting tools, crucibles, wear resistant coatings, evaporation boats, electrodes,
nowders, and any other articles used in various mechanical and/or electrical applications
for titanium diboride materials.

[0072] FIG. 1 illustrates a TiB2 recycling method according to an embodiment of the
present invention. As illustrated in FIG. 1, a method for TiB2 recycling includes preparing
the TiB2 feedstock (100); chlorinating the TiB2 feedstock {200); purifying the chloride
-products (300); reacting the chloride products (400); and fabricating TiB2 articles (500).
[0073] In one embodiment of the present invention, preparing the TiB2 feedstock in
operation (100) includes crushing or grinding the TiB2 articles to a desired average particle
size or surface area. For example, the TiB2 feedstock may be crushed to an average particle
size between 5 microns and 40mm, or no more than 0.6 mm. In another embodiment, the
average particle size of the TiB2 feedstock is small enough so that there is adeguate surface
area for surface reactions/dissolution to occur (e.g. consumption rate). In some
embhodiments, the average particle size is at least about 5 microns; at least about 10
microns: at least about 50 microns; at least about 100 microns; at least about 500 microns;
at least about 1 mm; at least about 2 mm; at least about 3 mm; at ieast about 5 mm; at
least about 10 mm: at least about 15 mm; at least about 20 mm; at least about 30 mm; or
at least about 40 mm.

[0074] In other embodiments, the average particle size of the titanium diboride materiat

(for the chlorinating step) is: not greater than about 5 microns; not greater than about 10
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" microns: not greater than about 50 microns; not greater than about 100 microns; not
greater than about 500 microns; not greater than about 1 mm; not greater than about 2
mm; not greater than about 3 mm; not greater than about 5 mm; not greater than about
10 mm; not greater than about 15 mm; not greater than about 20 mm; not greater than
about 30 mm; or not greater than about 40 mm.

[0075] In some embodiments, the TiB2 articles are prepared prior to chlorinating. In
other embodiments, the TiB2 articles are prepared separately from the Ti-Ore and/or slag,
and combined after being crushed or grinded. In another example, the TiB2 articles are
combined with the Ti-Ore and/or Ti-Slag and then grinded to a predetermined average
particle size, In one embodiment, the average particle size for the TiB2 feedstock is
between 100-500 microns. [n another embodiment, the TiB2 feedstock has a d50 average
particle size. In yet another embodiment, the TiB2 feedstock has a maximum particle size
of 100 microns or no more than 100 microns.

[0076] In one embodiment, the TiB2 feedstock is composed of crushed TiB2 articles. In
another embodiment, the TiB2 feedstock includes crushed TiB2 articles and Ti-ore and/or
Ti-slag. For example, the TiB2 feedstock may include a combination of TiB2 articles and
iImenite slag (e.g. 50.9 wt. % Ti); synthetic rutile (e.g. 55.2 wt. % Ti); natural rutile (e.g. 56.9
wt. % Ti}; titania slag; and combinations thereof. In one embodiment, the TiB2 feedstock
includes between 1%-10% TiB2 articles based on a total weight of the TiB2 feedstock. In
some embodiments, the TiB2 feedstock includes: not greater than about 25 wt. % TiB2
articles; not greater than about 20 wt. % TiB2 articles; not greater than about 15 wt. % TiB2
articles; not greater than about 10 wt. % TiB2 articles; or not greater than about 5 wt. %
TiB2 articles. In other embodiments, the TiB2 feedstock includes: not greater than 5 wt. %
TiB2 articles; not greater than about 4 wt. % TiB2 articles; not greater than about 3 wt, %
TiB2 articles; not greater than about 2 wt. % TiB2 articles; not greater than about 1 wt. %
TiB2 articles; or not greater than about 0.5 wt. % TiB2 articles.

[0077] In some embodiments, the TiB2 feedstock includes: at least about 25 wt, % TiB2
articles; at least about 20 wt. % TiB2 articles; at least about 15 wt. % TiB2 articles; at least
about 10 wt. % TiB2 articles; or at least about 5 wt. % TiB2 articles. In some embodiments,
the blend includes: at least about 5 wt. % TiB2 articles; at least about 4 wt, % TiB2 articles;
at least about 3 wt. % TiB2 articles; at least about 2 wt. % TiB2 articles; at least about 1 wit.

% TiB2 articles; or at least about 0.5 wt, % TiB2 articles.
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~ [0078] In ohe embodiment of the present invention, chlorinating the TiB2 feedstock in
operation (200) includes exposing the TiB2 feedstock to a chlorine gas to produce chloride
products, For example, in one embodiment, the TiB2 feedstock includes TiB2 articles and
Ti-ores having a high percentage of TiO2 {e.g. ilmenite slag is approximately 85% TiO2;
synthetic rutile is approximately 92% TiO2; and natural rutile is approximately 95% Ti02).
In that embodiment, the production of Titanium chioride products may proceed by the

following reactions:

[0079] 2C+0,=2CO (eq. 1)
[0080] TiO; + 2Cl; + 2CO = TiCl; + 2CO; (eq. 2)
[0081] TiO; + 2Cly+ C=TiCl; + CO, (eq. 3)
[0082] TiB; + 5 Cl, =TiCly + 2BCl; (eq. 4)

[0083] As presented in the equations above, in one embodiment, the TiB2 feedstock is
treated with chlorine gas to form titanium chlorides and boron (boric} chlorides, In some
embodiments, the chlorinating comprises reacting the TiB2 feedstock in the presence of
chlorine gas {e.g. C12). In some embodiments, chlorinated solvents and/or salts may be
used for the chlorinating operation 200. In one non-limiting embodiment, the chlorination
operation 200 is completed in a fluidized bed chlorinator at a temperature in the range of
about 900°C to 1000°C. In another embodiment, the solid TiB2 feedstock is completely
consumed through chlorination and transformed into vapor (e.g. titanium chloride} during
chlorinating operation 200.

[0084] |n some embodiments, the chlorinating is performed at a temperature of: not
greater than about room temperature, not greater than about 50°C, not greater than about
100°C, not greater than about 150°C, not greater than about 200°C, not greater than about
250°C, not greater than about 300°C, not greater than about 400°C, not greater than about
500°C, not greater than about 600°C, not greater than about 700°C, not greater than about
800°C, not greater than about 900°C, not greater than about 1000°C, not greater than
about 1200°C, or not greater than about 1500°C.

[0085] In some embodiments, the chlorinating is performed at a temperature of: at
least about room temperature, at least about 50°C, at least about 100°C, at least about
150°C, at least about 200°C, at least about 250°C, at least about 300°C, at least about

400°C, at least about 500°C, at least about 600°C, at least about 700°C, at least about
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- 800°C, at least about 900°C, at least about 1000°C, at least about 1200°C, or at least about
1500°C.

[0086] As illustrated in eguations 1-3 above, when the TiB2 feedstock includes Ti-ore
and/or Ti-slag, in some embodiments carbon needs to be added to the chlorination
reaction. In another embodiment, when the TiB2 feedstock comprises mostly TiB2 articles,
the reaction follows equation 4, and it is not necessary to add carbon to the chlorination
reaction. 1n some embodiments, the TiB2 feedstock consists essentially of TiB2 articles,
and the chlorination of the TiB2 feedstock is completed in the absence of carbon.

[0087] In one embodiment of the present invention, the chlorination of the TiB2
feedstock produces titanium chloride products, such as TiCl;. In another embodiment, the
chlorination of the TiB2 feedstock produces titanium chloride and boron chloride products,
such as TiCl; and BCls.

[0088] In one embodiment of the invention, the TIB2 articles are recycled into titanium
dioxide (titania). In that embodiment, the titanium chloride products of operation 200 are
reacted with oxygen according to the following reaction.

[0089] TiCl; + 02 =TiO; + 2Cl; {eqg. 5)

[0090]  After chlorinating the TiB2 feedstock, the chloride products of operation (200)
can be purified in operation (300}.

[0091] For example, in one embodiment, after the chlorination, volatile species are
separated from the desired chloride products by fractional distillation into low, medium,
and high boiling chlorides.

[0092] In another embodiment, non-chlorinating residues may be removed in operation
(300). For example, in one embodiment fluorides compounds may vaporize and report to
condensed phases in in operation (300}

[0093] According to embodiments of the present invention, the purifying operation
(300) separates the titanium chloride products and/or boron chloride products from the
rest of the chloride materials and impurities and contaminates. For example, in some
embodiments, the puritying operation (300) removes impurities from the chloride products
(e.g. the desired titanium chloride and/or Boron chloride products) in the amount of: at
least about 0.01 wt. %; at least about 0.05 wt. %; at least about 0.1wt. %; at least about

0.2wt, %; at least about 0.5 wt. %; at least about 1 wt, %; at least about 2 wt.%; at least
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“about 5 wt.%; at least about 7 wi. %; at least about 10 wt. %; at least about 15 wt. %; or
greater,
[0094] In other embodiments, the purifying operation {300) removes impurities from
the desired chloride products in the amount of: not greater than about 0.01 wt. %; not
greater than about 0.05 wt. %; not greater than about 0.1wt. %; not greater than about
0.2wt. %; not greater than about 0.5 wt. %; not greater than about 1 wt, %; not greater
than about 2 wt.%; not greater than about 5 wt.%,; not greater than about 7 wt. %; not
greater than about 10 wt. %; not greater than about 15 wt. %; or greater.
[0095] In one embodiment of the invention, the purified titanium chloride products of
operation (300) are further reacted to produce a new TiB2 product in operation (400).
[0096]) For example, as illustrated in FIG. 1, the titanium chloride products and the
boron chloride products can be oxidized and carbothermically reacted in operation {600} to

produce a TiB2 product. In one embodiment, operation {600) includes oxidizing the
titanium chloride and boron chloride product to form a titanium dioxide and a boric oxide
(e.g. boric acid} product in operation (610), followed by carbothermically reacting the
titanium dioxide and boric oxide to form a TiB2 product in operation (620).

[0097] In another embodiment, a TiB2 product can be produced by the hydrogen
reduction of boron halides in the presence of the metal or its halides in operation {700},
[0098] In yet another embodiment, a TiB2 product can be produced by the direct
reaction{s) of titanium (or its oxides/hydrides) with elemental boron at temperatures at or
exceeding 1000 °C,

[0099] After a new TiB2 product is obtained in operation (400), the TiB2 product is
processed into a new TiB2 article in operation {500). For example, the TiB2 product can be
made into a TiB2 powder via spray drying, or sintered into a TiB2 armor plate.

[00100] FIGS. 2 and 3 illustrate TiB2 recycling methods according to embodiments of the
present invention.

[00101] As illustrated in FIG. 2, a TiB2 recycling method includes Increasing the surface
area of an input TiB2 material (100); chlorinating the TiB2 material to produce chloride
products including TiCl4 and BCI3 {200); purifying the chloride products {300) and reacting
the purified TiCl4 and BCI3 {400) to produce a TiB2 powder (500).

[00102] In one embodiment of the invention, impurities in the TIB2 feedstock react with

the chlorine gas in chlorination operation (200) to produce impurity chlorides, and the
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impurity chlorides are collected and - removed via fractional distillation in purifying
operation {300),

[00103] ' In one embodiment of the invention, the TIB2 feedstock includes Ti-ores and/or
slag. In that embodiment, additional TiCl4 and/or BCI3 is added to the purified TiCl4 and/or
BCI3 streams in operation (310). The purified TiCl4 and/or BCI3 with the additional TiCl4
and/for BCI3 is then further processed in operations (610} and (620) to produce a TiB2
powder.

[00104] In another embodiment, when the TiB2 feedstock includes substantially mostly
TiB2 articles, the reaction operation (400) can be performed without the need for
additional TiCl4 and/or BCI3. For example, FIGS. 4-6 illustrate models for the chlorination
of TiB2 feedstocks consisting only of TiB2. As tllustrated in Figs. 4-6, the chlorination of the
TiB2 feedstock produces amounts of TiCl4 and BCI3 sufficient for the production of TiB2
products after purification operation (300) and reaction operation (400) and reaction
without the need for significant amounts of additionai TiCl4 and/or BCI3.

[00105] In one embodiment, depending on the purified recove.ry of TiCl4 and/or BCI3
from the TiB2 Feedstock after purification operation (300), the reaction operation (400} can
progress without the need for significant amounts of additional TiCl4 and/or BCI3. In
another embodiment, the ration of titanium chloride compounds and boron chloride
compounds is appropriate after the purification operation (300} for the production of new
TiB2 products.

[00106]  Asillustrated in FIG. 2, the purified TiCl4 and/or BCI3 is reacted in operation (400)
to produce a TiB2 powder. In one embodiment, the purified TiCl4 and/or BCI3 is subject to
an oxidation reaction in operation (610} to produce a titanium oxide and a boron oxide
prodLlct; and the titanium oxide and a boron oxide product are carbothermically reacted in
operation (620) to produce a TiB2 powder.

[00107] In some embodiments, the chlorine from the oxidation operation (610} is
recycled (330} into the chlorinator (200), while the resulting titanium dioxide is further
processed in operation (620).

[00108) As illustrated in FIG. 3, a TiB2 recycling method includes Increasing the surface
area of an input TiB2 source material (100}; chlorinating the TiB2 source material to
produce chloride products including TiCl4 and BCI3 {200); purifying the chloride products
(300) and reacting the purified TiCl4 and BCI3 {400) to produce a TiB2 powder (500},
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~ [00109] In one embodiment of the invention, impurities in the TIB2 source material
produce impurity chlorides in the chlorination operation {200), and the impurity chlorides
are collected and removed in purifying operation (300).

j00110] Additional TiCl4 and/or BCI3 is added to the purified TiCl4 and/or BCI3 streams in
operation (310} as needed, The purified TiCl4 and/or BCI3 is then reacted in operation
(700)) to produce a TiB2 powder.

[00111] In one embodiment, the purified TiCl4 and/or BCI3 is subject to a reduction
operation {700) to produce a TiB2 powder (500).

[00112] In some embodiments, the chlorine from the reduction reaction (700} is recycled

(330) into the chlorinator {200).

Example 1: Cold Fluidization Test
[00113] Referring to FIG. 7, a cold fluidization test was performed on a TiB2 particulate

material to determine whether the TiB2 particulate material could he utilized in a
chlorinator. The fluidization column setup included a particle bed which was fluidized with
increasing air volume until pressure drop across the bed was constant and fluidization of
particles was verified via visual observation. The TiB2 fluidization tests confirmed that TiB2
in the size range of minus 30 mesh {e.g. <0.6 mm) was suitable for chlorination in the

chlorinator.

Example 2: Chlorination Experiments
{00114] A TiB2 feedstock was chlorinated to assess its performance as a chlorinator

feedstock for the production of TiCl4. The test was conducted in a batch fluidized bed
chlorinator operated at between 1000°C and 1200°C. The 1000°C test determined the
chlorination reaction rate while the 1200°C test determined the potential refractory
material corrosion.

[00115]  Referring to Figure 8, the chlorinator used for example 2 was a 50 mm vertical
quartz tube surrounded by a clamshell resistance heater unit. A porous quartz frit
functioned as a bed support and gas diffuser. Fluidization gas (N2 or Cl2) was metered
from gas cylinders, and the reactor off-gas was cooled in a series of glass condensers to
recover the metal chloride reaction products. The test was run for two hours and the

extent of reaction was determined by analysis of the residual bed material after cooling.
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Test 1: Results with a TiB2 Feedstock of 100% TiB2 articles
[00116]) The chlorination test was conducted with 100% charge of crushed TiB2 articles

and the chlorinator was charged with an amount similar to that used to chlorinate a feed
material comprising 100% Ti-ores. No processing issues {bed sintering, condenser plugs,
etc.) were observed during the chlorination test of the TiB2 feedstock. Based on the
residual weight of the charge after two hours of reaction, the overall conversion rate was
determined to be 0.3 g/min.

Test 2: Results with a TiB2 Feedstock of blended TiB2 articles and Ti-Ores

[00117] The chlorination was also completed on TiB2 feedstock blends of (1) 98/5 Ti-
Ore:TiB2 by weight and 98/2 Ti-Ore: TiB2 by weight. In both experiment (1) and (2), the
bed material did not adhere to the quartz tube sidewall or formed a sintered plug.
Accordingly,

[00118] Lab scale tests of a blended TiB2 feedstock showed the viability of TiB2 as a
chlorinator feedstock for the production of TiCl4, and further processing into TiO2 and/or
new TiB2 articles.

[00119] Unlike commercial scale chlorinators, lab scale chlorinators such as the one
ilustrated in FIG. 8 use quartz tube sidewalls. In test using high amounts of TiB2 articles for
blended TiB2 feedstocks, such as {3) 50/50 Ti-Ore:TiB2 by weight or (2} 75/25 Ti-Ore:TiB2;
adhesion of the bed material to the quartz tube sidewall and formation of a sintered plug
was observed. However, the 25 w% TiB2 blend exhibited significantly less sintering.
Without being bound to a particular mechanism or theory, one possible explanation is that
the boron from TiB2 reacted with the metallic impurities in the standard ore (Na, Ca, etc.)
and caused the formation of a low temperature borosilicate glassy phase which resulted in
the clog. However, because commercial chlorinators use graphite {or other similar
refractory materials) instead of quartz, the inventors do not expect similar results when
processed at commercial scaies.

[00120] Although a few embodiments of the present invention have been shown and
described, it will be appreciated by those skilled in the art that changes may be made in
these embodiments without departing from the principles and spirit of the present

invention, the scope of which is defined in the appended claims and their equivalents.
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CLAIMS

1. A method to produce a titanium product, comprising:

preparing a TiB2 feedstock; and

chlorinating the prepared TiB2 feedstock to produce a titanium chloride product
wherein the chlorinating of the prepared TiB2 feedstock comprises chlorinating the

prepared TiB2 feedstock with chlorine gas and coke under a reducing atmosphere.

2. The method of claim 1, wherein the TiB2 feedstock comprises TiB2 articles,
and the preparing of the TiB2 feedstock comprises crushing the TiB2 articles to a

predetermined average TiB2 particle size or TiB2 particle size distribution.

3. The method of claim 2, wherein the TiB2 articles comprise at least one of

TiB2 armor products, TiB2 tool products, TiB2 coatings, TiB2 electrodes, and TiB2 powders.

4. The method of claim 3, wherein the crushed TiB2 articles comprise at least

one of sodium and fluorine residues.

5. The method of claim 3, wherein the crushed TiB2 articles comprise no more

than 2% sodium and fluorine residues.

6. The method of claim 2, wherein the preparing of the TiB2 feedstock further

comprises combining the TiB2 articles with at least one of Ti-containing ores and Ti-slag.
7. The method of claim 3, wherein preparing of the TiB2 feedstock further
comprises crushing a combination of TiB2 articles with at least one of Ti-containing ores and

Ti-slag to a predetermined average particle size or particle size distribution to prepare the

TiB2 feedstock.

8. The method of claim 7, wherein the Ti-containing ore comprises limenite.
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S. The method of claim 8, wherein the Ti-containing ore comprises a TiO2

content of at least 80% by weight.

10. The method of claim 9, wherein the Ti-slag comprises smelting products of

ilmenite ore processed to lower the iron content thereof.

11.  The method of claim 10, wherein the Ti-slag has a TiO2 content of at least

85%.

12. The method of claim 11, wherein the TiB2 feedstock comprises no more than

10% TiB2 articles.

13. The method of claim 12, wherein the TiB2 feedstock comprises impurities.

14. The method of claim 13, wherein the impurities comprise at least one of Fe,

Ni, Co, W, Na, F, Al, Li, Mg, Ca, Ci, halide salts, borates, and combinations thereof.

15. The method of claim 13, wherein the impurities comprise residual salts,
residual electrolytic bath, sodium-containing materials, calcium-containing materials, and

fluoride containing materials.

16. The method of claim 1, wherein the chlorinating of the prepared TiB2
feedstock comprises chlorinating the prepared TiB2 feedstock with chlorine gas and coke at

above 700°C.

17. The method of claim 1, wherein the chlorinating of the prepared TiB2

feedstock comprises chlorinating the prepared TiB2 feedstock with chlorine gas and coke at

under 900°C.

18. The method of claim 15, wherein the chlorinating of the prepared TiB2
feedstock comprises chlorinating the prepared TiB2 feedstock through a fluidized bed

chlorinator at between 900°C and 1000°C.
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19. The method of claim 1, wherein the chlorinating of the prepared TiB2

feedstock comprises chlorinating the prepared TiB2 feedstock with chlorine gas and coke at

under 800°C.

20. The method of claim 1, wherein the chlorinating of the prepared TiB2
feedstock comprises chlorinating the prepared TiB2 feedstock with chlorine gas and coke at

under 700°C.

21. The method of claim 1, further comprising producing the titanium chloride

product and a boron chloride product.

22.  The method of claim 15, wherein the prepared TiB2 feedstock is consumed

through chlorination and substantially transformed into titanium chloride vapor.

23.  The method of claim 1, further comprising:

purifying the titanium chloride product to remove by-products.

24, The method of claim 21, further comprising:

purifying the titanium chloride product to remove by-products.

25. The method of claim 23, wherein the purifying of the titanium chloride
product comprises separating low, medium, and high boiling chlorides via fractional

distillation.

26. The method of claim 25, wherein the purifying of the titanium chloride

product further comprises separation of non-chloride compounds or siag.

27. The method of claim 26, further comprising:

reacting the titanium chloride product to produce a TiB2 product.

28.  The method of claim 27, wherein the reacting the titanium chloride product
comprises:
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oxidizing the titanium chloride product to produce a titanium oxide product; and

reacting the titanium oxide product via a carbothermic reaction to produce the TiB2

product.

29. The method of claim 28, wherein the reacting of the titanium oxide product
via a carbothermic reaction to produce the TiB2 product comprises adding a boron oxide

product to the carbothermic reaction.

30. The method of claim 29, further comprising adding at least one of additional
titanium chloride or boron chloride to the purified titanium chloride product prior to
oxidizing the titanium chloride product and reacting the titanium oxide product via the

carbothermic reaction.

31. The method of claim 30, further comprising recovering chlorine from the
oxidizing of the titanium chloride product, and directing the recovered chlorine for use
during the chlorinating of the prepared TiB2 feedstock to produce the titanium chloride

product.

32. The method of claim 24, further comprising:
reacting the titanium chloride product and the boron chloride product to produce a

TiB2 product.

33. The method of claim 32, wherein the reacting the titanium chloride product
comprises:
oxidizing the titanium chloride product and the boron chloride product to produce a

titanium oxide product and a boron oxide product; and
reacting the titanium oxide product and the boron oxide product via a carbothermic

reaction to produce the TiB2 product.

34. The method of claim 33, wherein no significant amount of titanium chloride

or boron chloride is added during the reacting step.
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35. The method of claim 34, wherein the reacting of the titanium oxide product

via a carbothermic reaction to produce the TiB2 product does not require adding a boron

oxide product to the carbothermic reaction.
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