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COMPOUNDS AND METHODS TO ISOLATE GOLD

CROSS-REFERENCE TO RELATED APPLICATIONS

[001] This application claims benefit of priority to U.S. provisional application No.
61/814,0606, filed on April 19, 2013, which is incorporated by reference in its entirety.

FIELD OF THE INVENTION

[002] This invention pertains to compounds and methods to use in the isolation and

recovery of gold from gold-bearing materials.
BACKGROUND OF THE INVENTION

[003] Considerable interest exists in methods for recovering gold from gold-bearing
materials. Besides the obvious economic incentives associated with gold being a precious
metal, environmental motivations justify extracting gold from certain gold-bearing waste

materials (for example, consumer electronics).

[004] A common method for gold recovery uses a cyanide leaching process in which
highly poisonous inorganic cyanides convert gold(0) into a water-soluble Au(CN)2-
coordination complex, which is subsequently isolated using cementation, absorption, or
solvent extraction as typical methods. The cyanide leaching process for gold recovery is
undesirable, as accidental leakages of cyanide result in environmental contamination and
inadvertent cyanide exposure to those who conduct the process causes needless human health
concerns. Accordingly, developing processes for gold recovery using environmentally benign
chemistry is not only important from a green chemistry perspective, but such efforts may also

lead to health benefits for the processing workers.
BRIEF SUMMARY OF THE INVENTION

[005] In a first aspect, a first method for isolating gold from a gold-bearing material is
provided. The method includes several steps. The first step includes adding HX and an acid
to the gold-bearing material to form a first dissolved gold solution. The HX is a hydrogen

halide. The second step includes adding a base to the first dissolved gold solution to form a
second dissolved gold solution. The third step includes adding a cyclodextrin to the second

dissolved gold solution to form a precipitate in the second dissolved gold solution. The fourth



WO 2014/172667 PCT/US2014/034697

step includes isolating the precipitate from the second dissolved gold solution. The

precipitate comprises gold in the form of a gold—cyclodextrin complex.

[006] In a second aspect, a second method for isolating gold from a gold-bearing
material is provided. The method includes several steps. The first step is generating a solution
comprising sodium hypobromite or potassium hypobromite. The second step is adding the
solution to the gold-bearing material to form a first dissolved gold solution. The third step is
adding a cyclodextrin to the first dissolved gold solution to form a precipitate in the first
dissolved gold solution. The fourth step is isolating the precipitate from the first dissolved

gold solution. The precipitate comprises a gold—cyclodextrin complex.

[007] In a third aspect, a third method for isolating gold from a gold-bearing material is
provided. The method includes several steps. The first step is adding an aqueous solution
comprising 1,3-dibromo-5,5-dimethylhydantoin and HBr to the gold-bearing material to form
a first dissolved gold solution. The second step is adding a base to the first dissolved gold
solution to form a second dissolved gold solution. The third step is adding a cyclodextrin to
the second dissolved gold solution to form a precipitate in the second dissolved gold solution.
The fourth step is isolating the precipitate from the second dissolved gold solution. The

precipitate comprises a gold—cyclodextrin complex.
BRIEF DESCRIPTION OF THE FIGURES

[008] FIG. 1 depicts a schematic representation of the spontaneous self-assembly

between KAuBrs and o-CD in aqueous solution to afford asBr.

[009] FIG. 2A depicts a schematic of the disclosed innovative method for isolating gold

from a gold-bearing material.

[010] FIG. 2B illustrates a specific embodiment of the disclosed method for isolating

gold from a gold-bearing material that includes a metal mixture.

[011] FIG. 3A illustrates formation and co-precipitation of a*Br from a mixture
containing KAuBr4 and a-CD. When an aqueous solution (20 mM, 1 mL) of KAuXs (X =Cl
or Br) is added to an aqueous solution (26.7 mM, 1.5 mL) of a-, B-, or y-CDs, then a shiny
pale brown suspension forms exclusively from the combination of KAuBrs and a-CD within

1—2 min.
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[012] FIG. 3B depicts effect of pH on the residual concentration of [AuBr4]-.

[013] FIG. 4 depicts selective precipitation and separation of gold from mixed metal
mixtures 1 (red) and 2 (blue). The separation percentage is defined as (Cb—Ca)/Cb, where Cb

and Ca are the concentrations of each metal before and after addition of a-CD, respectively
DETAILED DESCRIPTION OF THE INVENTION

[014] A robust method for recovering gold from gold-bearing materials is provided. The
method relies upon on the self-assembly of KAuBr4 and a-cyclodextrin (o-CD) in aqueous
solution to form a co- precipitate, a 1 : 2 complex, KAuBrs*(a-CD)2 (“aeBr”), either alone or
in an extended {[K(OH2)s][AuBr4]c(a-CD)2}n (Wherein n > 1) chain superstructure (FIG. 1).
The co-precipitation of a*Br is selective for gold, even in the presence of other metals,
including other square-planar noble metals. The method enables one to isolate gold from

gold-bearing materials from diverse sources, as further described below.

Definitions
[015] To aid in understanding the invention, several terms are defined below.
[016] Unless defined otherwise, all technical and scientific terms used herein have the

same meaning as commonly understood by one of skill in the art. Although any methods and
materials similar to or equivalent to those described herein can be used in the practice or

testing of the claims, the exemplary methods and materials are described herein.

[017] Moreover, reference to an element by the indefinite article “a” or “an” does not
exclude the possibility that more than one element is present, unless the context clearly

requires that there be one and only one element. The indefinite article “a” or “an” thus

usually means “at least one.”

[018] The term “about” means within a statistically meaningful range of a value or
values such as a stated concentration, length, molecular weight, pH, time frame, temperature,
pressure or volume. Such a value or range can be within an order of magnitude, typically
within 20%, more typically within 10%, and even more typically within 5% of a given value
or range. The allowable variation encompassed by “about” will depend upon the particular

system under study.



WO 2014/172667 PCT/US2014/034697

99 oy

[019] The terms “comprising,” “having,” “including,” and “containing” are to be
construed as open-ended terms (i.e., meaning “including, but not limited to””) unless

otherwise noted.

[020] Recitation of ranges of values herein are merely intended to serve as a shorthand
method of referring individually to each separate value falling within the range, and includes
the endpoint boundaries defining the range, unless otherwise indicated herein, and each

separate value is incorporated into the specification as if it were individually recited herein.

[021] The term “ore” refers to any native or processed form of natural mineral material
from the Earth. Examples of an ore include mineral veins, mineral deposits and the like
obtained from waterways, causeways, mines, and other Earth-bound sources known in the

art.

[022] The term “metal mixture” refers to two or more elements from Groups [A, ITA, IB
to VIIIB, the lanthanide series and actinide series of the periodic table. An example of a

metal mixture is Au and Pt.

[023] The term “human body component” refers to any natural tissue, organ, appendage
or other matter that forms part of the human body or that support or augment human life
form. Examples of a human body component include teeth, bones, heart, muscle, joints, legs,
arms, hands, fingers, knees, feet, among others. Examples of human body components that
support or augment human life form include life support systems and devices, such as a
diagnostic machine, a medical device (for example, a dialysis machine), a medical implant
(for example, a pacemaker), tooth filling, enamel or inlay, dentures, and an artificial joint,

limb or appendage, among others.

[024] The term “post-consumer product” refers to any man-made product for
consumption, bartering, exchange or trade. Examples of “post-consumer product” include a

jewelry item, an electronics item, precious metal products and coins, among others.

[025] The term “jewelry item” includes any aesthetic item that includes as one
component a precious metal. Examples of a jewelry item include a ring, a bracelet and a

necklace, among others.
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[026] The term “ electronics item” refers to a product that includes at least one circuit
for conducting electron flow. Examples of an electronics item include a computer, a monitor,
a power supply, an amplifier, a preamplifier, a digital to analog converter, an analog to digital

converter, and a phone, among others.

[027] The term “precious metal product” includes a partially purified form or a purified
form of a noble metal, such as gold, platinum, palladium and silver. Examples of a precious
metal include a powder, ingot, or bar of gold, silver, platinum, among others. As used herein,
“partially-purified form™ refers to a form having from about 10% to about 75% of the pure
form of a noble metal. As used herein, “purified form” refers to a form having greater than

about 75% of the pure form of a noble metal.

[028] The term “coin” refers to any pressed object composed of a pure metal, mixed

metal or metal alloy that can be used as a currency, a collectable, among other uses. As used
herein, “pure metal” refers to a single metal of at least 95% or greater purity. As used herein
“mixed metal” refers to two or more metals. As used herein “metal alloy” refers to a mixture

or solid solution of a metal with at least one other element.
Selective isolation of gold from gold-bearing materials.

[029] A method for isolating and recovering gold from gold-bearing materials was
developed based upon the selective co-precipitation of aeBr between o.-CD and KAuBra.
Referring to FIG. 2A, a gold-bearing material 201 is combined with a hydrogen halide
(“HX") 202 and an acid 203 to form first dissolved gold solution 204. Hydrogen halide 202
can be any compound having the formula HX, wherein X is one of the halogens: fluorine,
chlorine, bromine, iodine and astatine. In one aspect of the method, hydrogen halide 202 can
include mixtures of two or more of the foregoing compounds having the formula HX, as
disclosed herein. Acid 203 can include any strong acid, such as any of the foregoing
hydrogen halides, HNO3, H2SO4, among others. The pH of the first dissolved gold solution
204 will be less than about pH 4 and more typically, less than about pH 2. The gold of the
gold-bearing material 201 reacts with the hydrogen halide 202 and the acid 203 to form the
product HAuXa.

[030] Referring to FIG. 2A, a base 205 is added to the first dissolved gold solution 204
to form a second dissolved gold solution 206. Examples of base 205 include a strong base,

such as hydroxides of Group IA and ITA metals (for example, LiOH, NaOH, KOH, CsOH,
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RbOH, Ca(OH)2, Ba(OH).. among others). The purpose of base 205 in the second dissolved
solution 206 is to adjust the final pH of the second dissolved gold solution 206; preferably,
the final pH of the second dissolved solution 206 is in the range from about pH 2 to about pH
7. As aresult of adding base 205 to second dissolved solution 206, the product HAuXa4 is
converted to the salt form, [Y™][AuX4 ]m, where m is 1 or 2, depending on whether the base

is a Group IA metal or Group ITA metal, respectively.

[031] Referring to FIG. 2A, a cyclodextrin (“CD”) 207 is added to the second dissolved
gold solution 206 to form a precipitate 208. A preferred cyclodextrin 207 includes o-
cyclodextrin, B-cyclodextrin and y-cyclodextrin. Precipitate 208 includes a complex of gold
with the cyclodextrin (“gold—cyclodextrin complex”). More particularly in some aspects,
precipitate 208 includes a gold—cyclodextrin complex such as KAuBrs*(a-CD)2 (“aeBr”),
either alone or in an extended {[K(OH2)s][AuBr4]c(o- CD)2}n, wherein n is equal to or

greater than 1 (FIG. 1).

[032] Referring to FIG. 2A, precipitate 208 is isolated from the second dissolved gold
solution 206. Any means of isolation can be used to obtain precipitate 208, include filtration,

centrifugation and other separation methods known in the art.

[033] In some aspects of applying the method of FIG. 2A, not all of gold-bearing
material 201 can be dissolved in one of the first dissolved gold solution 204 or the second
dissolved gold solution 206. As a result, some solid remnants of gold-bearing material 201
(whether or not including gold) can persist. In such aspects, it is desirable to include a
filtration step to remove the solid remnants prior to subsequent processing one of the first
dissolved gold solution 204 or the second dissolved gold solution 206. The resultant filtrate is

processed as described above to obtain the isolated gold.

[034] Referring to FIG. 2A, precipitate 208 can be treated with a reducing agent 209 to
produce elemental gold 210 (Au(0)) uncomplexed to the cyclodextrin 207. Examples of
reducing agent 209 include NaBH4, Na2S20s, and H2C204, among others. The elemental gold
210 can be readily isolated as a precipitate 211 and the cyclodextrin 207 can be harvested in

the liquid phase 212 and recycled for reuse.

[035] An exemplary aspect of the process outlined generally in FIG. 2A is depicted in
FIG. 2B. The first dissolved gold solution 204 includes gold-bearing material 201 being one
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or more gold alloy scraps, HX 202 is HBr, acid 203 is HNOs. The resultant first dissolved
gold solution 204 also includes HAuBr4 that forms as a result of reaction between the gold in
gold-bearing material 201, HBr (HX 202) and HNO3 (acid 203). Base 205, KOH, is added
first dissolved gold solution 204 to form a second dissolved gold solution 206 having a pH in
the range from about pH 2.0 to about pH 7.0. Thereafter, cyclodextrin 207 having the
structure of a-cyclodextrin is added to the second dissolved gold solution 206 to form
precipitate 208. The structure of precipitate 208 is aeeBr. The precipitate 208 is filtered from
the second dissolved gold solution 206, the latter of which typically includes residual,
uncomplexed gold in some cases. A secondary round of exposure to a cyclodextrin 207 can
further process the uncomplexed gold remaining in the second dissolved gold solution 206.
Precipitate 208 is subjected to reduction with reducing agent 209 to form elemental gold 210,
wherein the reducing agent 209 is Na2S20s. The elemental gold 210 can be separated from
the mother liquor of the second dissolved gold solution 206 by decantation, thereby allowing
the cyclodextrin 207 to be recycled for use following recrystallization. This aspect is

described in detail in the examples.

[036] The ability for cyclodextrin 207 to complex with KAuBr4 of the second dissolved
gold solution 206 to form precipitate 208 is specific for the [AuBr4] anion, as cyclodextrin
207 does not form precipitate 208 in a second dissolved gold solution 206 that includes
[AuCls] anion in the form of salt KAuCls (FIG. 3A). Furthermore, cyclodextrin 207 can be
a-cyclodextrin, B- cyclodextrin or y-cyclodextrin in promoting complex formation with

KAuBr4 of the second dissolved gold solution 206 to form precipitate 208 (FIG. 3A).

[037] Co-precipitation experiments conducted by adding a-CD into [AuBr4] solutions
(50 mM) of various pH (1.4—-5.9) indicate a trend in the residual concentration of [AuBr4] in
the filtrate after filtration to remove the co-precipitates (FIG. 3B). When the pH is increased
from 1.4 to 2.5, the residual concentration of [AuBr4] decreases to ~6.8 mM, which is
consistent with the bulk solubility of a*Br in water, and remains constant at this value until
pH 5.9 is attained (FIG. 3B). This result reveals that the co-precipitation of o-CD with
[AuBr4] is dependent on pH, and that the pH range 2.5~5.9 is the suitable one to initiate this

co-precipitation process. This aspect is described in detail in the examples.
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Specificity of a-cyclodextrin for forming a*Br

[038] The high selectivity of a.-CD rings towards trapping [AuBr4] anions is also
effective in the presence of other square-planar noble metal complexes, for example, [PtX4]*
and [PdX4]* (X = Cl, Br). To determine an estimate of the separation efficiency, a-CD (0.2
mmol x 2) was added separately to (i) a solution (3 mL) containing KAuBrs (33 mM),
KoPtBrs4 (26 mM, saturated) and KoPdBr4 (33 mM) (Mixture 1), and also to (ii) another
solution (3 mL) of KAuBr4 (33 mM), K2PtCls (24 mM, saturated) and K2PdCls (33 mM)
(Mixture 2), respectively. As shown in FIG. 4, pale brown precipitates formed in both
solutions immediately after the addition. Both precipitates were filtered, and the filtrates were
diluted and subjected to inductively coupled plasma optical emission spectroscopy (ICP-
OES) elemental analysis to determine the residual amounts of Au, Pt, and Pd remaining in
the mother liquor. The separation percentages for Au, Pt, and Pd in both mixtures are defined
by comparing contents of Au, Pt, and Pd in the two mixtures before and after addition of o
CD. The ICP-OES analysis results show that 78.3% of Au in Mixture 1 and 77.8% of Au in
Mixture 2 were separated out of solution, whereas < 3% of Pt and Pd was removed from

both mixtures, values which are within the error limit of the experiment (FIG. 4). These

results reveal that the capture of [AuBr4] ions by a-CD to form a*Br in Mixture 1 and
Mixture 2 is a highly selective process even in the presence of other noble metals and augurs
well for developing a low cost and environmentally benign procedure for the separation of
gold from complex mixtures of similar metal salts. This aspect is described in detail in the

examples.
Applications of method for recovering gold from gold-bearing materials.

[039] The method for isolating and recovering gold from gold-bearing materials has
several applications. In one aspect, the method can be applied to isolating gold from gold-
bearing material, wherein the gold-bearing material is selected from an ore, a metal mixture,
a human body component, or a post-consumer product. Examples of an ore include mineral
veins, mineral deposits and the like obtained from waterways, causeways, mines, and other
Earth-bound sources known in the art. Examples of metal mixture include two or more
clements from Groups 1A, I1A, IB to VIIIB, the lanthanide series and actinide series of the
periodic table, such as a metal mixture that includes Au and Pt. Examples of a human body

component include teeth, bones, heart, muscle, joints, legs, arms, hands, fingers, knees, feet,
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among others. Examples of human body components that support or augment human life
form include life support systems and devices, such as a diagnostic machine, a medical
device (for example, a dialysis machine), a medical implant (for example, a pacemaker),
tooth filling, enamel or inlay, dentures, and an artificial joint, limb or appendage, among
others. Examples of post-consumer product include a jewelry item, an electronics item,
precious metal products and coins, among others. Examples of a jewelry item include a ring,
a bracelet and a necklace, among others. Examples of an electronics item include a computer,
a monitor, a power supply, an amplifier, a preamplifier, a digital to analog converter, an
analog to digital converter, and a phone, among others. Examples of a precious metal include
a powder, ingot, or bar of gold, silver, platinum, among others. Examples of coins include as
a currency. The foregoing examples of isolating gold from gold-bearing materials are not
limited to the foregoing materials. The specific etching and leaching process for dissolving
gold from gold-bearing materials results in formation of a specific gold-halide compound that
can be recovered in the form of a complex with cyclodextrin, thereby rendering the method
suitable for recovering gold from each of these particular applications as well as other gold-

bearing materials.

EXAMPLES
Example 1. Materials
[040] Chemicals were purchased as reagent grade from Aldrich and used without further
purification. High purity water was generated by a Milli-Q apparatus (Millipore).
Example 2. Bromine leaching methods for dissolving gold from gold-bearing materials
[041] A bromide solution in conjunction with an appropriate oxidizing agent (such as
HNQOs, B, electrolysis, MaOH and Bre, HoO2 , Br(3™, or O2) can be used to disselve gold.
The following methods provide five exemplary ways to dissolve metaliic gold into KAuBra.
[042] {a} Nitric Acid/Hydrobromic Acid

Au + HNOs + 4 HBr = HAuBrs + NO + 2 H20

HAuBrs + KOH = KAuBr4 + H20

[043] Gold (0.25 g) was dissolved in a mixture (4 mL) of concentrated HBr and HNO3
(3/1, V/V) to form HAuBr4. Then, the dissolved gold solution was neutralized to pH 2~7 with
KOH to give a solution of KAuBrz after filtrating to remove insoluble silver bromide. When
a-CD (1.44 g) was added to the solution, the co-precipitation of supramolecular complex
a*Br occurred immediately. Co-precipitated a@*Br — namely, recovered gold — was separated

by filtration. The residual gold in the filtrate can be recycled with the next process. The solid-
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state a*Br was dispersed into water, and then reduced with Na>S20s (300 mg) to give the
recovered gold metal as a precipitate. The recovered gold metal was collected by decanting
off the aqueous, and the remaining a-CD in the liquid phase recycled by recrystallization.
[044] (b) Bromine/Bromide
2 Au+3Br2 +2 KBr=2 KAuBr4
[045] A bromide-bromine etchant solution was made by mixing potassium bromide (5.0
g) and bromine (2.9 g) in water (10 mL). Then gold (0.2 g) was dissolved in this bromide-
bromine solution (2 mL) after few hours to form a KAuBrs solution. Similar cyclodextrin
extraction procedure in Example 2(a) can be used to give pure gold.
[046] (c) Hypobromite/Bromide
H® + BrO = HBrO
2Au+3HBrO+5KBr+3H" =2 KAuBrs + 3 H20 +3 K"
[047] An aqueous solution was made by mixing potassium bromide (3.0 g) and
potassium hypobromite (0.2 g) in water (10 mL). Then the pH value of this solution was
tuned to the range of 1-7 with concentrated HBr. Gold (0.2 g) was dissolved in this solution
(2 mL) after few hours to form a KAuBrs solution. Similar cyclodextrin extraction procedure
in Example 2(a) can be used to give pure gold.
[048] (d) Ozone/Bromide
O3 +Br + H"=HBrO + Oz
2Au+3HBrO+5Br +3H" =2 [AuBrs] +3 H20
2Au+303+8Br +6H =2[AuBr4] +3 02+ 3 H20
[049] Ozone (O3) was injected into an aqueous solution (10 mL) containing
hydrobromic acid (1.0 g) as well as gold (0.2 g). When the gold was totally dissolved,
potassium hydroxide was used to adjust the pH of the solution to the range of 2-7 and gave a
KAuBr4 solution. Similar cyclodextrin extraction procedure in Example 2(a) can be used to
give pure gold.
[050] (e) Bromine and Potassium Hydroxide
[051] Potassium hydroxide is used commercially to quench bromine gas and the
resultant solution is potassium hypobromite which is commercially available. This material

can be used as in example 2(c).

[052] () In situ generation of sodium hypobromite or potassium hypobromite

10
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Cathode half-reaction: 2 Br —2e¢ =Bn
Anode half-reaction: 2Hx0+2¢ =20H +Hx?
Br2+2 OH =BrO~ + Br + H20
H"+ BrO~=HBrO
[053] An electrolytic cell which can include a graphite material; a second electrode plate
including a second surface that can include a graphite material opposing the first surface; an
clectrolytic reaction zone between the first surface and the second surface; and an inlet to and
an outlet from the electrolytic reaction zone. The first electrode plate and the second
clectrode plate can include impregnated graphite. Electrolysis of a sodium bromide solution
will generate in situ sodium hypobromite for use as described above. Alternatively, of a
potassium bromide solution will generate in situ potassium hypobromite for use as described
above. Typically, An aqueous electrolyte solution (1 L) was prepared containing 0.7 mol/L
KBr. The pH value was controlled at a value of pH from about pH 2.0 to about pH 7.0 by
adding and acid including, but not limited to, HCI or H2SO4, or a base , including but not
limited to NaOH or KOH. The solution was stirred and conducted for a total of 20 hours. The
average current was 0.5 A and the voltage was 10 volts. At the end of the experiment, the
solution containing hypobromite was generated in the cell. This solution can be used as
described above to form the first dissolved gold solution.
[054] (g) 1,3-Dibromo-3,5-dimethylhydantoin (Br2(DMH))/Bromide
Br(DMH) + 2 H20 = 2 HOBr + Hy(DMH)
2 Au+3 HOBr+ 3 KBr=2 AuBr: + 3 KOH
AuBr3 + KBr = KAuBrs
Overall reaction: 4 Au+ 3 Br2(DMH) + 10 KBr + 6 H" =4 KAuBr4 + 3 Ho(DMH) + 6 K*
[055] An aqueous solution was prepared by dissolving 1,3-dibromo-5,5-
dimethylhydantoin (1 g) in water (10 mL). The solution was adjusted to about pH 1 with
concentrated HBr. Gold (0.1 g) was dissolved in this solution. Potassium hydroxide was used
to adjust the pH from about pH 2 to about pH 7 of the solution. Similar cyclodextrin

extraction procedure in Example 1 can be used to give pure gold.
Example 3. Formation and characterization of a.*Br.

[056] An aqueous solution of KAuBrs (25 mM, 1 mL) was added to an aqueous solution
of a-CD (50 mM, 1 mL) at room temperature. A glossy pale brown suspension formed

within a few minutes of shaking. Centrifugal filtration and drying under vacuum of the
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suspension allows isolation of the a.*Br complex as a pale brown powder in ~70% yield. The
phase purity of this complex was confirmed by PXRD. The as-synthesized suspension was
spin-coated on a silicon wafer and dried under air. SEM images were obtained using a
Hitachi S-4800 FS-SEM. TEM images were obtained on a Hitachi H-2300 TEM operating at
80 kV. Selected area electron diffraction (SAED) patterns were taken with a Hitachi H-8100
instrument at a temperature of 113 K. Powder X-ray diffraction data were collected on a
Rigaku ATXG X-ray diffractometer using Cu-Karadiation (A= 1.54178 A, 50 kV, 240 mA)
at room temperature. The observed intensities are in very good agreement with the calculated

diffraction pattern based on the single crystal data.

[057] Crystallizations and X-ray analyses for all complexes.

[058] For a*Br: Aqueous solutions of KAuBr4(3.33 mM, 1 mL) and o.-CD (6.67 mM, 1

mL) were mixed together.

[059] For aCl, BBr, BCl, y*Br, and y*Cl: Aqueous solutions of KAuX4 (20 mM, 1
mL) and CDs (26.7 mM, 1.5 mL) were mixed together and passed through a Pall syringe
filter (pore size 0.45 pum) into culture tubes (6 A~ 50 mm).

[060] The tubes were allowed to stand at room temperature in a closed 20 mL
scintillation vial containing EtOH or MeOH (5 mL). After about one week, the crystals,
which appeared in the tubes, were selected and mounted using oil (Infineum V8512) on a
glass fiber and transferred to the cold gas stream cooled by liquid N2 on Bruker APEX-II
CCDs with graphite monochromated Mo- Keq or Cu- K radiation. The structures were solved
by direct methods and refined subsequently using OLEX?2 software. These data are presented
in part in Tables 1 and 2.

12
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Table 2. Au-X (X = Cl, Br) length (A) and X—Au-X angles (°) of anions [AuX4]™ in all

complexes.
Complex CD Anion Au-X  Length AVE. X-Au—-X Angle
Length

Au- Brl-Au-
Brl 2.414(3) B3 89.7(2)
AU 456(3) Br2-Au— g 79

_ Br2 Br4

a*Br o [AuBr4] Al 2418 Bri—Au_
B3 2.420(5) Brd 89.3(2)

Au- Br2—Au-
Brd 2.380(5) B3 89.5(2)

Au- Cll-Au-
il 2.277(3) ch 89.9(1)
‘é‘fz‘ 2271(2) Clzc‘ﬁ“‘ 89.2(1)

aCl a [AuCls]” Al 2.268 Cll-Au
I3 2.251(3) CI3 89.9(1)

Au-— CI3-Au-
Cla 2.271(3) Cla 91.0(1)

Au- Brl-Au-
Brl 2.418(4) B 90.45(9)
AL 2415 Brf;;“‘ 91.32(5)

PBr S [AuBra]” Au 2414 Br3-Au_
Br3 2.421(1) Brd 90.31(6)

Au- Brd—Au-
Brd 2.403(2) Brl 87.8(1)

Au- Cll-Au-
il 2.285(3) ch 90.6(1)
‘é‘fz‘ 2.265(3) C”C‘ﬁ“‘ 89.8(1)

pCl S [AuCls]” Al 2277 Ch-Au
I3 2.264(3) B3 88.6(1)

Au-— CI3-Au-
Cla 2.294(3) Cla 91.1(1)

_ Au- 2.374 Brl-Au-
»Br y  [AuBr4] Brl 2.374(3) Brl 89.5(2)
»Cl y [AuCl] Au-Cll 2.270(7) 2.270 Cllc_ﬁ’u_ 89.8(3)

[061] PpH experiments.

[062] Seven [AuBr4] ~solutions (50 mM, 2 mL) with pH values of 1.4, 1.7, 1.8, 1.9, 2.5,

4.8, and 5.9 were prepared by adjusting identical amounts of HAuBrs with different amounts

14
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of KOH in water. The pH of these solutions were measured with a Hanna Checker pH meter.
When o-CD (0.2 mmol X 7) was added to the above seven solutions, the co-precipitation
occurred immediately (FIG. 3B). The co-precipitates were removed by filtration, and the

filtrates were then diluted and analyzed for their residual concentrations of [AuBr4]- by

ICPOES.
Example 4. Process for gold recovery from gold-bearing materials.

[063] A red gold alloy scrap (58% wt Au and 42% wt Cu and Ag, % wt Cu>Ag) and a
yellow gold alloy scrap (58% wt Au and 42% wt Cu, Zn and Ag, % wt Ag>Cu>Zn) were
employed as gold-bearing raw materials to explore a laboratory scale gold recovery process.
In an exemplary aspect of the general procedure (Fig. 2B), the gold-bearing raw material
(250 mg) was dissolved in a mixture (4 mL) of concentrated HBr and HNO3 (3/1, V/V).
Then, the pH of dissolved gold solution was adjusted to about pH 2~7 with KOH and the
resultant solution was filtered to remove insoluble silver bromide. When a-CD (1.48 mmol,
1.44 g) was added to the solution, the co-precipitation of a*Br occurred immediately. Co-
precipitated a*Br — namely, recovered gold — was separated by filtration. The residual gold

in the filtrate can be recycled with the next process.

[064] The solid-state a*Br was dispersed into water, and then reduced with Na2S>0s
(300 mg) to give the recovered gold metal as a precipitate. The recovered gold metal was
collected by decanting off the aqueous phase, and the remaining o-CD in the liquid phase
recycled by recrystallization. For the red gold alloy scrap sample, the recovered gold was
obtained in 89% yield and 97% purity (ICPOES). For the yellow gold alloy scrap sample, the
recovered gold was obtained in 92% yield and 95% purity (ICP-OES).

[065] All references, including publications, patent applications, and patents, cited
herein are hereby incorporated by reference to the same extent as if each reference were
individually and specifically indicated to be incorporated by reference and were set forth in

its entirety herein.

[066] All methods described herein can be performed in any suitable order unless
otherwise indicated herein or otherwise clearly contradicted by context. The use of any and
all examples, or exemplary language (e.g., “such as”) provided herein, is intended merely to

better illuminate the invention and does not pose a limitation on the scope of the invention

15
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unless otherwise claimed. No language in the specification should be construed as indicating

any non-claimed element as essential to the practice of the invention.

[067] Preferred aspects of this invention are described herein, including the best mode
known to the inventors for carrying out the invention. Variations of those preferred aspects
may become apparent to those of ordinary skill in the art upon reading the foregoing
description. The inventors expect a person having ordinary skill in the art to employ such
variations as appropriate, and the inventors intend for the invention to be practiced otherwise
than as specifically described herein. Accordingly, this invention includes all modifications
and equivalents of the subject matter recited in the claims appended hereto as permitted by
applicable law. Moreover, any combination of the above-described elements in all possible
variations thereof is encompassed by the invention unless otherwise indicated herein or

otherwise clearly contradicted by context.

16
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CLAIMS
What is claimed is:

1. A method for isolating gold from a gold-bearing material, comprising:

adding HX and an acid to the gold-bearing material to form a first dissolved gold
solution;

adding a base to the first dissolved gold solution to form a second dissolved gold
solution;

adding a cyclodextrin to the second dissolved gold solution to form a precipitate in
the second dissolved gold solution; and

isolating the precipitate from the second dissolved gold solution,

wherein HX comprises a hydrogen halide and the precipitate comprises a
gold—cyclodextrin complex.
2. The method of claim 1, wherein X is selected from the group consisting of fluorine,
chlorine, bromine and iodine.
3. The method of claim 1, wherein the acid is selected from the group consisting of HNO3,
HCI, HBr, HI, and H2SOa4.
4. The method of claim 1, wherein the base is selected from the group consisting of LiOH,
NaOH, KOH, RbOH, and CsOH.
5. The method of claim 1, wherein the first dissolved gold solution has a pH less than about
pH 2.0.
6. The method of claim 1, wherein the second dissolved gold solution has a pH from about
pH 2.0 to about pH 7.0.
7. The method of claim 1, wherein the cyclodextrin is selected from the group consisting of
o~cyclodextrin, B-cyclodextrin, y-cyclodextrin and mixtures thereof.
8. The method of claim 1, wherein the precipitate is KAuBrss(a-CD)2 (a*Br).
9. The method of claim 1, wherein the precipitate has the following structure:

{[K(OH2)6][AuBr4]c(a- CD)2}n,

wherein n is equal to or greater than 1.
10. The method of claim 1, wherein the gold-bearing material is selected from an ore, a metal
mixture, a human body component, or a post-consumer product.
11. The method of claim 1, wherein the isolating step comprising filtering the precipitate

from the second dissolved gold solution.

17
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12. The method of claim 1, further comprising reducing the precipitate with a reductant.
13. The method of claim 12, wherein the reductant is selected from the group consisting of
NaBH4, Na2S20s, and H2C20a4.
14. The method of claim 12, further comprising isolating gold as reduced, elemental gold.
15. A method for isolating gold from a gold-bearing material, comprising:

generating a solution comprising sodium hypobromite or potassium hypobromite;

adding the solution to the gold-bearing material to form a first dissolved gold
solution;

adding a cyclodextrin to the first dissolved gold solution to form a precipitate in
the first dissolved gold solution; and

isolating the precipitate from the first dissolved gold solution,

wherein the precipitate comprises a gold—cyclodextrin complex.
16. The method of claim 15, wherein the cyclodextrin is selected from the group consisting
of a-cyclodextrin, B-cyclodextrin, y-cyclodextrin and mixtures thereof.
17. The method of claim 15, wherein the gold-bearing material is selected from an ore, a
metal mixture, a human body component, or a post-consumer product.
18. A method for isolating gold from a gold-bearing material, comprising:

adding an aqueous solution comprising 1,3-dibromo-5,5-dimethylhydantoin and HBr
to the gold-bearing material to form a first dissolved gold solution;

adding a base to the first dissolved gold solution to form a second dissolved gold
solution;

adding a cyclodextrin to the second dissolved gold solution to form a precipitate in
the second dissolved gold solution; and

isolating the precipitate from the second dissolved gold solution,

wherein the precipitate comprises a gold—cyclodextrin complex.
19. The method of claim 18, wherein the cyclodextrin is selected from the group consisting
of a-cyclodextrin, B-cyclodextrin, y-cyclodextrin and mixtures thereof.
20. The method of claim 18, wherein the gold-bearing material is selected from an ore, a

metal mixture, a human body component, or a post-consumer product.

18



WO 2014/172667 PCT/US2014/034697

1/6

0

FiG. 1

W TN
~



WO 2014/172667 PCT/US2014/034697

2/6
Gold-bearing n First dissolved
Material + HX + Acid * | Gold solution
201 202 203 204
+ Base 205
Second dissolved Gold—-CD complex

+ 0 ey

Gold solution as precipitate

206 207 208

Filter Precipitate

,,,,, + Reducing Agent

D + Au(0) 209
207 210

Precipitate  Liquid Phase
~» [Au(0)] [CD]
211 212

Filter

FiG. 2A



PCT/US2014/034697

WO 2014/172667

3/6

Ay
K
13
S

%
Lrrn,
4%
%
Ayprth
Vo

A

rasss;

ot

5:5:5\\\\\\
A
s\\\vw

2§
%,
o
v
74,
7y
744,
77
Gdonlds

%

7
b
SALLSS s
7%
>3

“\\“
i)

o~y

S

Ftchant Solution | Etch
Conc HBr + HNO;

ok
g 4, v
7 Drres
“sort

A
77 “\\“\\“

g

7 V\\\\ \\\\\

Yrors? \\\\

228
Y g

%o 7
v, e

oH 4~6

\\\\\\\\\\\\\\\\\\\\\

Neutralize

KOH

Hate

-precipi
then Filter

Co

,s
o
wrprrr?
st
rerrs
oo
7,

Yeord
o
m\u “\\\\\
i %,
7%
Grbonds
ikl
s
%

ey,

rogpeey
Yurd \\\\\\
P, it

rove,
“\ %
Grrrrd

P
[
)
st
%
b

s

O

e

£e

Recrystall
Recycle

©

555\\\\\\\\

Filtrate
Impurities and

regpreg,

eudt

Gasbers

wrgpey

77

“2/

o Yo,
i s
24 7.5
Yo

o

Decant

R@(i’d@

Py
7%

o

oy
" 24
S\\\\\\\\\\\\\ [

ey
(2

G
it

%y

73
iy

NaQSszs

id Phase

QUi

L

Y

oy T
793

=¥ 3
o R

.
W

FiG. 28



WO 2014/172667

4/6

PCT/US2014/034697

ipitation

No prec

DN NN

S S A s

3

s

2o aad

FiG. 3A



PCT/US2014/034697

WO 2014/172667

5/6

Y,

\\\

v

e X

w7 _[Tigny] o UoBIUSOUOT) [BNPISSY

FiG. 38



PCT/US2014/034697

WO 2014/172667

6/6

o, / ebejussciad uoneiedsg

mg&;& sziﬁg; 'n

&4
&
e
&4
$

Mbdure 2

2
£
=

FG. 4



International application No.

PCT/US2014/034697

INTERNATIONAL SEARCH REPORT

A. CLASSIFICATION OF SUBJECT MATTER
C22B 11/00(2006.01)i

According to International Patent Classification (IPC) or to both national classification and [PC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
C22B 11/00; CO1F 17/00; C22B 3/00; C22B 11/04; C25R 1/20

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
Korean utility models and applications for utility models
Japanese utility models and applications for utility models

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
cKOMPASS(KIPO internal) & Keywords: isolating, gold, recovery, solution, hydrogen halide, and cyclodextrin

C. DOCUMENTS CONSIDERED TO BE RELEVANT

See abstract; and claims 1-6.

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
A US 2011-0314967 Al (FRAMROZE, BOMI P) 29 December 2011 1-20
See abstract; paragraphs [0014]-[0018]; and claims 1-3.
A US 4086084 A (OLIVER et al.) 25 April 1978 1-20
See abstract; column 1, lines 9-49; and claims 1,2.
A US 4740243 A (KREBS-YUILL et al.) 26 April 1988 1-20
See abstract; column 4, line 26 — column 5, line 23; and claims 1-7.
A US 4551213 A (WILSON, ALEX T.) 05 November 1985 1-20
See abstract; and claim 1.
A US 5881358 A (MIYANO et al.) 09 March 1999 1-20

|:| Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents:

"A" document defining the general state of the art which is not considered
to be of particular relevance

carlier application or patent but published on or after the international
filing date

document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

document referring to an oral disclosure, use, exhibition or other
means

document published prior to the international filing date but later
than the priority date claimed

g

o

o

"pr

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents,such combination
being obvious to a person skilled in the art

document member of the same patent family

'

myn

ng"

Date of the actual completion of the international search

01 September 2014 (01.09.2014)

Date of mailing of the international search report

01 September 2014 (01.09.2014)

Name and mailing address of the [ISA/KR
International Application Division
¢ Korean Intellectual Property Office
189 Cheongsa-to, Seo-gu, Dagjeon Metropolitan City, 302-701,
Republic of Korea

Facsimile No. +82-42-472-7140

Authorized officer

‘\\\\\\\\\\\\\Q\\\\\\
N » R N
RN

BAE, Geun Tae

Telephone No. +82-42-481-5580

Form PCT/ISA/210 (second sheet) (July 2009




INTERNATIONAL SEARCH REPORT

International application No.

Information on patent family members PCT/US2014/034697

Patent document Publication Patent family Publication

cited in search report date member(s) date

US 2011-0314967 Al 29/12/2011 AU 2010-226215 Al 23/09/2010
CA 2754117 Al 23/09/2010
US 8673055 B2 18/03/2014
WO 2010-107585 Al 23/09/2010

US 4086084 A 25/04/1978 CA 1062473 Al 18/09/1979
DE 2512557 Al 25/09/1975
FR 2264880 Al 17/10/1975
FR 2264880 B3 25/11/1977
GB 1502765 A 01/03/1978
US 4260139 A 07/04/1981
ZA 7501709 A 25/02/1976

US 4740243 A 26/04/1988 None

US 4551213 A 05/11/1985 None

US 5881358 A 09/03/1999 EP 0851035 Al 01/07/1998
EP 0851035 Bl 03/04/2002
JP 11-179104 A 06/07/1999

Form PCT/ISA/210 (patent family annex) (July 2009)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - claims
	Page 20 - claims
	Page 21 - drawings
	Page 22 - drawings
	Page 23 - drawings
	Page 24 - drawings
	Page 25 - drawings
	Page 26 - drawings
	Page 27 - wo-search-report
	Page 28 - wo-search-report

