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IREATMENT OF INDIUM GALLIUM ALLOYS AND RECOVERY OF INDIUM
AND GALLIUM

RELATED APPLICATION

[0001] The presént application is related to and claims benefit of priority to Canadian
Patent Application No. 2,721,518, filed November 26, 2010, entitled "TREATMENT OF
INDIUM AND GALLIUM ALLOYS AND RECOVER OF INDIUM AND GALLIUM?”,

 the entire subject matter of which is hereby fully incbrporated herein by reference.
FIELD OF THE DISCLOSURE

[0002] The present disclosure relates to indium and gallium and indium and gallium
~ compounds. More specifically, it relates to processes for extracting indium and gallium
-and compounds thereof from compositions éontaining indium and gallium compounds
along‘ with other metals and metal compounds, for example alloys, ores and metallurgical

residues containing copper and selenium.
BACKGROUND OF THE DISCLOSURE

- [0003] Indium (In) is a rare, soft and malleable post-transition metal which is
chemically similar to gallium (Ga) and has an atomic number of 49 and an atomic weight
of 114.8. It has a low melting point (156.6°C); a property which makes it useful in
various low melting point applications, such as being a componént in low melting point
lead-free solders. In appearance, indium is a silvery-white true metal with a bright luster
and emits a _hjgh-pitched “cry” when bent. Furthermore, it has a standard electrode
potential of +0.34V and three oxidation states (+3,+2, and +1), the most common being
+3. In nature 'indium is usually found in solid solution of some zinc squhide (sphaleﬁte)

minerals,

[0004] Indium is commonly used to form transparent electrodes from indium tin
oxide in liquid displays and touchscreens. It is also used in thin-films to form lubricated

layers, for examplé, in high-performance bearing applications. Ina radioactive form

NEO-IGA/PCT 1
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Indium-111 is used in 1eukocyfe imaging for tracking leukocytes movement in living

organisms.

{0005} Gallium (Ga), as noted above, is similar in characteristics to indium, being a
group 13 post-transitional metal. Gallium has an atomic number of 31 and an atomic
weight of 69.7. Furthermore, gallium has an extremely low melting point of 29.7°C and
has a brilliant silvery colour. Gallium has three oxidation states { +3,+2, and +1), the
‘most common of which being +3. The eleétrode potential of gallium is +0.56V.
Interestingly, it does not exist in free form in nature and is often found as a trace metal in

bauxite, some sphalerite and compounded with copper in gallite (CuGaS,).

[0006] Gallium is commonly used as part of the compound gallium arsenide in
microwave circuitry and infrared applications as a well as gallium nitride, and gallium
indium nitride in semiconductor applications. It is also used in blue and violet light-

emitting diodes and diode lasers.

[0007] With its various uses and owing to supply and demand concerns, recently
the world price of indium has increased, in some instances by 7 to 10 times in the past 5
- years. Also, the cosf of gallium and the fact that it does not exist in a free form in nature
“cause it to have a relatively high price of about $220/100g. As a result, recovery of the

indium and gallium content from various sources is desirable.

" |0008] One such source from which indium and gailium can be obtéined is from
recycling or waéte.material from the construction of copper-indium-gallium (CIG),
' copper~indium-gallimn-selehium (CIGS), gallium-indium—zinc oxide (GIZO) and
indium-gallium-selenium (IGS) solar panel cells. During the manufacturing process of
the CIG, CIGS, GIZO and IGS solar panels, scraps and waste material are generated _
which contain indium and gallium in large quantities. Also, other metals, such as
selenium, which may be harmful to the environment if not disposed of properly, or which

may also be desirable to recover, may be found in this scrap or recyclable material.

[0009] With a current shift in many regions of the world to alternative enérgy

sources used or worn-out solar panels such as those described above will become an

NEC-IGAPCT ‘ » 2
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increasing problem. Also, scrap material from the manufacturing process of new solar
* panels can be recycled and thus diverted from waste facilities. The;efore, it would be

advantageous and desirable to develop a method for recovering indium and gallium, as

well as other fnetals from waste material from solar panel production and from the

recycling of used solar panels.

BRIEF REFERENCE TO THE PRIOR ART

»[00010] Primary gallium is mostly produced by treating Bayer liquors, which are
produced by dissolving bauxite in caustic soda, in aluminum bauxite production plahts 0
as {0 recover gallium values. In such plants, where the content of gallium in the bauxite
is high enough to warrant its recovery, gallium values can be recovered from alkaline

solutions containing gallium by various methods, including ion exchange and solvent
extraction. A process for the recovery of gallium values from aluminum bauxite

production is purported to be disclosed in: Solvent Exiraction - Principles and

Applications to Process Metallurgy, Volume 2, Gordon M. Ritcey, Chapter 3, Section
38,G. M. Ritcey & Associates: Ottéwa, Canada, Revised 2nd Edition, 2006 referencing
Ritcey et al. “Recovery of Gallium from Bayer Liquor” by in Ritcey et al., presented at
the AIChE meeting, New York, 1983

[00011] Indium and gallium are very rarely assoéiated in nature in quaritities such
that their recovery from the same source is feasible: Indium is mostly produced as a by-
product in zinc smelting reactions and on occasion as a by-product of copper smelting
reactions. Furthermore, gallium may also, on occasion be recovered as by-product from

zinc smelters.

[00012) In some zinc smelting processes, jarosite, having the chemical formula of
A  M-Fe3(S04)2(OH)¢, where “M” is a monovalentr cation is formed and precipitated via the
“leaching of indiulh- and gallium-containing minerals from, fof exérnple sphalerite. The
leaching solution is processed such that indium and gallium are precipitated with the
jarbsite and recovered. In such processes, a by-product containing both indium and

gallium is generated, however such a product would generally contain less than 0.5%

“NEO-IGA/PCT v _ ’ ' 3
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indium and less than 0.5% g_allium. U.S. Patent Number 6,319,483, entitled “Gallium
and/or Indium Separation and Concentration Method”, issued November 20, 2001 to
Kudo et al., purports to describe a process for treating a product as noted above for the
recovery of indium and gallium values. Briefly, such a process comprises a succession of
a complex series of leaching, precipitation, purification and neutralization steps which

may be prone to cross-contamination and not suitable for a commercial scale.

[00013] Zhou et al., in their 1989 paper published in the Jourﬁal of the Minerals,
Metals and Materials Society, entitled “Recovering In, Ge and Ga from Zinc Residues,”
(June 1989, pp. 36 — 40) describe another process for the separation and recovery of
indium and géllium values from a low grade indium and gallium containing by-product
of zinc smelting. The by-product from which the indium and gallium values are |
recovered comprises about 0.5% to about 1.0% for both indiim and gallium. Again, the
process described is fairly complex and involves the use of two different solvent
extraction circuits with two different organic phases. The first organic phase in this
brocess is composed of a DEPHA (diethylhexylphosphoric acid) solution with an

- accelerator and a kerosene-type diluent so as to extract indium and iron and a second
organic phase using a substituted hydroxamic acid with a stability modifier in a diluent to
extract germanium and gallium. There exists a significant risk of cross-contamination
with both circuits and a significant risk of chemical instability in the second organic
circuit described above when using a non-commercially proven organic phase (the
substituted hydroxamic acid and stability modifier). These risks may render the process -

unsuitable for plant usage at a commercial scale.

. [00014] In the 2002 paper by Lee ef al. entitled “Solvent Extraétion Separation of |
Indium and Gallium from Sulphate Solutions Using D2EHPA” published in
| Hydrometallurgy (Vol. 63, pp. 269 — 276), a process for the extraction of indium and
-~ gallium in sulfuric acid solutions is described. Lee ef af. purport to describe a process, at
an experimental level, for the extraction of indium and gallium metals from prepared or
- synthetic indium and gallium-containing sulfate solutions which do not contain other
‘metal values wherein the indium and gallium starting values are 99.9% pure. These

synthetic indium- and gallium-containing sulfuric acid solutions contained, for the

NEO-IGAPCT ' 4
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majority of the results published, only a combined concentration of 1.5 g/L. indium plus
gallium, with no mention of any other metal values being present. Furthermore, the
indium and gallium values were not first Jeached from a material containing a mixture of
-other metal values, and the D2ZEPHA concentration in fhe organic phase disclosed was
typically 0.025 to 0.050M in kerosene or benzene. Moréover, the sharpness of the
separation factor of indium from gallium decreased sharply from the concentrations of
0.05M to 0.1M in the conditions used by Lee et al. In the experiments of Lee et al., the
indium— and gallium-containing sulfuric acid solutions were contacted for a time of 30

- minutes, therefore making the process impractical for industrial applications.

[00015] Therefore, it would be desirable to develop a process for eXtracting indium
and gallium values from a starting material, which has a reduced fisk of cross-
contamination and employs a single organic stage extraction process using commercially-
available reagents. Furthermore, it would be desirable to develop a process which uses
chemically stable and iﬁexpensive reagents. Additionally, it would be desirable to utilize
-reagents in such a process which have a high loading capacity for indium and galfium so
as to allow for the processing of a feed material which contains, for example, about 20%

to 50% indium and gallium.
BRIEF DESCRIPTION OF THE FIGURES

[00016] Several exemplary embodiments of the present invention will be provided, by

way of examples only, with reference to the appended figures, wherein:

{00017] Figure 1 is a flow diagram of an exemplary process of the disclosure;
[00018] Figure 2 is a table, Table 1, of the chemical composition of Various
starting materials; |

[00019]  Figure 3 is a flow diagram of another exemplary process of the
disclosure;

[60020] Figure 4 is a table, Table 2, of the results under various exemplary

leaching parameters;
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[00021] Figure § is a table, Table 3, of the resuits of an exemplary embodiment of

an extractant/organic recovery of indium and gallium from the leaching solution;

| [00022] Figure 6 is a table, Table 4, of the results of an exemplary embodiment of

aqueous phase indium-devoid separation gallium extraction; and

- [00023) Figure 7 is a table, Table 5, of the results of an exemplary embodiment of
an extractant/organic recovery of indium and gallium with other metal values from the

leaching solution.

SUMMARY OF THE DISCLOSURE

' [00024] The following presents a simplified summary of the general inventive
‘concept herein to provide a basic understanding of some aspects of the disclosure. This
summary is not an extensive overview of the disclosure. It is not intended to restrict key
or critical elements of the disclosure or to delineate the scope of the disclosure beyond

that explicitly or implicitly described by the following description and claims.

[00025] _The present disclosure provides a hydrometallurgical process of
recovering indium and gallium values from materials with other metal values. The

process comprises:

a) reducing the size of the indium- and gallium-containing materials so as to forma

finely-divided mixture including indium and gallium values with other metals;

'b) subjecting the mixture to étrongly oxidizing aqueous acid conditions having the
capacity to substantially avoid the generation of hydrogen gas, so as to form indium
salt and gallium salt species in an aqueous leachiﬁg solution of at least a major

proportion of the indium and gallium values in the mixture;

¢) filtering the aqueous leaching solution so as to substantially remove leach

_residues and adjusting the pH of the leach solution;

NEO-IGA/PCT ’ .
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d) subjecting’ the indium and gallium salt species in the aqueous leaching solution to
a first volume of an organic extractant so as to selectively form an indium-organic

in an organic phase;

¢) separating and recovering at least a major portion of the indium-organic resultant

from (d) from the gallium salt species in the aqueous leaching solution;
f) .adjusting the pH of the aqueous leachihg solution resultant from (e);

g) subjecting the gaililim salt species in the aqueous leaching solution to a second
‘volume of the organic extractant so as to selectively form a gallium-organic in the

organic phase;

h) separating the gallium-organic resultant from (g) so as to recover at least a major

portion of the gallium-organic;’

i) stripping the recovered indium-organic with an acid so as to yield a substantially

pure indium salt and a first stripped organic extractant; and

j) stripping the recovered galiium—organic with a base so as to yield a substantially

pure gallium salt and a second stripped organic extractant. .

[00026] In another exemplary embodiment there is provided a hydrometallurgical
‘process of recovering indium and gallium values from indium- and gallium-containing

starting materials with other metal values, the proce'ss comprising:

a) providing an oxidizing acid leach solution;
b) combining the indium- and gallium-containing starting material including other

metal values and the oxidizing acid leach solution so as to form a combined

solution;

¢) oxidizing and solubilizing the indium and gallium values in the combined

solution;

NEO-IGA/PCT 7
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d) adjusting the pH;

e) adding a first volume of an organic extractant to the combined solution so as to

form indium-loaded organic compounds;

f) separating the indium-organic phase from the combined solution so as to yield a

~ substantially indium-devoid solution;
g) adjusting the pH of the indium-devoid solution and adding a second volume of
-the organic extractant to the indium-devoid solution so as to form a gallium-loaded
organic;

-h) separating the gallium-loaded organic from the indium—devoid solution;

i) stripping the indium-loaded organic compound with an acid so as to recover

substantially pure indium salt and yield a first stripped organic extractant; and

J) stripping the gallium-loaded organic COmpound with a base so as to recover

~ substantially pure gallium salt and yield a second stripped organic extractant.
© [00027 I In  yet another exemplary embodiment, there is provided a
hydrometallurgical process of recovering indium and gallium values from materials with

cother metal values, the process comprising the steps of:

a) reducing the size of the indium- and gallium-containing materials so as to form a

finely-divided mixture including indium and gﬁl_lium values with other metals;

NEO-IGA/PCT ’ ‘ 8
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b) subjecting the mixture to strongly oxidizing aqueous acid conditions having the
~ capacity to substantially avoid the generation of hydrogen gas, so as fo form indium
salt and gallium salt species in an aqueous leaching solution of at least a major

proportion of the indium and gallium values in the mixture;

c) filtering the aqueous leaching solution so as to substantially remove leach
residues and adjusting the pH of the leach solution so as to be from about 0.5 to

about 1.0;

d) subjecting the indium and gallium salt species in the aqueous leaching solution to
a first volume of an organic extractant so as to selectively form an indium-organic

in an organic phase;

' €) separating and recovering at least a major portion of the indium-organic resultant

from (d) from the gallium salt species in the aqueous leachihg solution;

| f) adjusting the pH of the aqueous leaching solution resultant from (e) s0 as to be

from about 1.5 to about 2.5;
g) subjecting the gallium salt species in the aqueous leaching solution to a second
‘volume of the organic extractant so as to selectively form a gallium-organic in the

- organic phase;

h) separating the gallium-organic resultant from (g) so as to recover at least a major

portion of the gallium-organic;

1) stripping the recovered indium-organic with an acid so as to yiéld a substantially

pure indium salt and a first stripped organic extractant; and

}) stripping the recovered gallium-organic with a base so as to yield a substantially

pure gallium salt and a second stripped organic extractant. -

NEO-IGA/PCT 9
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[00028] In still yet another exemplary embodiment, there is provided a
hydrometallurgical process of recovering indium and gallium values from indium- and
gallium-containing starting materials with other metal values, the process comprising the

steps of:

a) providing an oxidizing acid leach solution;
b) cofnbining the indium- and gallium-containing starting material including other
metal values and the oxidizing acid leach solution so as to form a combined

~ solution;

¢) oxidizing and solubilizing the indium and géllium values in the combined

solution;

d) adjusting the pH of the combined solution so as to be from about 0.5 to about
- LO; | '

&) adding a first volume of an organic extractant to the combined solution so as to

form indium-loaded organic compounds;

f) separating the indium-organic phase from the combined solution so as to yield a

substantially indium-devoid solution;
g) adjusting the pH of the indium-devoid solution so as to be from about 1.5 to
about 2.5 and adding a second volume of the organic extractant to the indium-

devoid solution so as to form a gallium-loaded organic;

h) separating the gallium-loaded organic from the indium—devoid solution;

NEQ-IGA/PCT ) 10
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i) stripping the indium-loaded organic compound with an acid so as to recover

substantially pure indium salt and yield a first stripped organic extractant; and

j) stripping the gallium-loaded organic compound with a base so as to recover

substantially pure gallium salt and yield a second stripped organic extractant.

DETAILED DESCRIPTION

[00029] It is known that indium can be extracted from acid solutions under the

- proper conditions using an appropriate extractant at the appropriate pH value range.
Similarly, it is also know that gallium can be extracted from acid solutions using an
appropriate extractant at the appropriate pH value range. Disclosed herein is a process for
| selectively extracting indium from gallium in acidic solutibns when both metals are
present and derived from a starting material containing other metal values. In some
exempléry embodiments, quantities of copper, éelenium and zinc may also be present. A

 particular advantage o_f preferred embodiments of the invention is that only one organic
phase is used, thereby avoiding risks cross-contamination of organic solutions present in

©. some prior art processes, such as that in Zhou et al., discussed above.

'[00030] With reference to Figure 1, the starting material containing indium and
gallium is crushed or ground, if required. In some exemplary embodiments, other metals,
- such as copper and selenium, may also be present in the starting material. Figure 2 shows
atable, Table 1, having an exemplary approximate chemical analysis of various starting
: ‘materials (CIG, CIGS and IGS solar panel waste). The starting material may be crushed
or ground using conventional techniques. The indium- and gallium-céntaining material
- (solar panel waste material, metallurgical residue, ore eté;) is added to an oxidizing acid
Solution in a leaching step, discussed below, in a finely divided state, for best speed and
efﬁciéncy of reaction, however, larger pieces of indium- and gallium-containing material
may, in some exemplary cmbodiments, be utilized. The larger pieces of indium- and

gallium-containing material may, for example, be from about 1 inch to about 2 inches

- NEQ-IGA/PCT ‘ 11
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- (about 2.54 cm to about 5.1 cm) in length and have an average cross-sectional dimension

of about % of an inch (about 1.3 cm).

[00031] Although not wishing to be bound, for example and for further clarity and

in some embodiments, the finely-divided mixture may have a size expressed in terms of

mesh wherein the pieces of the mixture have a mesh of about 100 mesh to about 500

mesh. In other terms, it is preferable that the indium- and gallium-containing material

. particle size be in the approximate range of about 2 to about 300 microns, and mere

- preferably in about the 20 to about 200 microns range. However it is most desirable to
grind or otherw%se reduce the indium- and gallium—containing starting material such that

the average particle size is less than 100 microns.

[60032] Once the indium and gallium starting material is reduced to a desired

particle size dr finely-divided mixture, in the preferred embodiments, it is dissolved in an

o 'acid. In order to aid in the dissolution or solubilization process, is may be desirable to -

agitate the mixture during the dissolution. It is preferred that an oxidizihg acid be used in

| | .v(_)rder to substantially avoid the generation of large amounts of hydrogen gas. For

~ example, although it is possible to utilize the non-oxidizing acids, sulfuric acid (H,SOx)

| _'énd hydrochloric acid (HC1), among other non-oxidizing acids, owing to safety concerns,

- the work area wherein in the process is carried-out would naturally have to be designed to
avoid hydrogen explosions. Therefore, in the oxidizing acid leach steps of 2 and 2a
(Figures 1 and 3, respectively), oxidation of the indium and gallium‘in the mixture to

~ form an indium salt and a gallium salt, respectively is preferably conducted using an

~ oxidizing acid such as nitric acid (HNO3), Caro’s acid (sulfuric acid plus peroxide),

| chlorine/hydrochloric acid mixtures (with the gaseous chlorine being fed through the
liquid and “mopping up” generated hydrogen), sutfuric acid/hypochlorite mixtures, or
other acids in admixture with peroxide. Also, in some exemplary embodiments, it may be

' dgsirable to agitate the mixture during the oxidizing acid leach step. In an exemplary |
embodiment, owing to safety concemns and cost, the oxidizing leach step is conducted
‘using sulfuric acid (F,804) and hydrogen peroxide (Hzc')z),‘ wherein the hydrogen:
peroxide is blended into the leach vessel to maintain a minimum redox potential of about
500mV (Ag/AgCl reference electrode).

- NEO-IGA/PCT 12
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[00033] It is to be noted that under these strongly oxidizing conditions, of the
exemplary embodiment, as discussed above, no signiﬁcant amount of hydrogen is
generated. Moreover, under these same strongly oxidizing conditions, indium and

gallium are oxidized to the +3 stage and solubilized as Iny(SO4); and Gax(SOq4)s using the

sulfuric acid and hydrogen peroxide embodiment above, thus:

Equation 1
2In + 3H,S04+ 3H,0,— [ny(S04); + 6H,0

Equation 2
- 2Ga+ 3H,S0,4 + 3H,0,— Gaz(SO4)3 + 6H,0

[00034] At least the following reactions are believed to take place in the acid
oxidizing leaching step of the sulfuric acid and hydrogen peroxide embodiment in
* addition to the reaction noted above with respect to indium and gallium when copper -

~and/or selenium are present:
nguation 3
Cu+ HySO04 5 HyO;— CuSO, + 2H,0

- Equation 4
Se + 2H;O0— H,8e0; + H,0
[00035] Once the indium and gallium-containing starting material is dissdlved or

solubilized in the acid solution, at from about a pH of 0.5 to about a pH of 0.6, it is
- filtered so as to substantially rérnove leach residues or solids and various extractants can '

be used to extract the various metals from the leaching solution, as shown beginning at

_ step-s 3 and 4 of Figures 1 and 3, respectively. Furthermore, seleniurri, which may be
present in the starting material, may be solubilized in the acid oxidizing leaching step so
as to form H,SeO; and similarly, copper which is present in the starting material may be
solubilized to form CuSQ,. The pH is then adjusted to a range of about 0.5 to about 0.6,
as shown respectively in Step 2a and Step 3 of Figures 1 and 3. The acidic leaching
solution in various embodiments may contain, for example, at this point various salts of

indium, gallium, copper and selenium. Diethylhexylphosphoric acid (DEPHA) (Di-2-

NEO-IGA/PCT E 13
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ethyl-hexyl-phosphoric acid), which is readily commercially available and inexpensive,
may be used as convenient extractant. Other suitable extractants may be, for example,
‘tributyl phosphates (TBP) from chloride systems, or carboxylic acids (for example,
Versatic 10). However with regard to the choice of suitable chelating extractants the
choice of proper pH for extraction is the most critical parameter to control compared to
the choice of extractants in order to avoid contamination of the indium value with
gallium, and in some embodiments, copper and the contamination of gallium values with
copper during the gallium extraction of the desired values. DEPHA is a stable extractant
with a high loading capacity for indium and gallium. It is also inexpensive and thus a

preferred extractant.

| {00036] With reference to Figures 1 and 3, DEPHA, for example, before being

added to the leaching solution containing solubilized indium and gallium values, is
prepared to form about a 0.5M to about 1.3M concentration of DEPHA in the organic
phase. Under the proper pH conditions, DEPHA compounds only with indium as shown,

- for example in Equation 5, from the acid leaching solution containing gallium, and in
some embodiments copper and/or selenium and/or zinc. Although other conditions may
be used, in some exemplary embodiments, the temperature may be maintained from
about 10°C to about 60°C and the organic extractant may be rrﬁxed with the solubilized
indium and gallium values for a timé period of about 0.5 minutes to about 5 minutes in
any suitable contactor such as, for example, a mixer/settler, column, or the like. In order
to extract the indium values from the acid leaching solution containing gallium, and in

‘some embodiments copper and/or selenium and/or zinc oxides, the pH value of the acid

leaching solution is adjusted within a range of about 0.5 to about 1.0; a first volume of
the organic extractant is then added and an indium compound is formed therewith the
organic extractant (Equation 5). The pH of the indium compounded with the organic
extractant (indium-DEPHA), the indium-loaded organic phase, blended with the gallium
salts in the aqueous leaching solution is maintained at a pH from about 0.5 to about 1.0.

- The indium-loaded organic is then separated, for example, by gravity from the aqueous

leaching from the solution as shown, for example, in Sepatation Scheme 1.

Eg. uation 5
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In(3+) +3HA =InA; +3H (+)
e Where HA represents DEHPA and H represents hydrogen.

. Separation Scheme 1

(InA3) aqueous - = (INA3) organic + remaining aqueous leaching solution

o Where (InA3) aqueous Tepresents the indium-organic compound dispersed in the
aqueous phase and (InA3) organic tepresents the indium-containing organic phase.

[00037] ~ Once substantially all of the indium values have been extracted from the
- acid leaching solution, the pH is raised to a within a range of about 1.5 to about 2.3, as
shown at 3b and 4b of Figures 1 and 3 respectively, to enable the formation of the

gallium-organic compound on addition of a second volume of the organic extractant.

[00038] Similarly to indium, the gallium values will then compound with the
second volume of the organic extractant added to the acid leach sblution, as shown for

example, below according to Equation 6.
Equation 6

Ga (3+)+3 HA = GaA; +3H (+)
& Where HA represents DEHPA énd H represents hydrogen.

[00039] * The gallium values are then extracted from the aqueous acid leaching
solution, compounded with the organic extractant (gallium-DEPHA). The gallium-
loaded organic, is then séparated, for example, by gravity from the aqueous acid leaching

solution. (Separation Scheme 2).

Separétion Scheme 2

(GaAs;) agueous 2 (GaA3) organic + rémaining aqueous leaching solution
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o Where (GaA;) aqueous epresents the gallium-organic compound dispersed in the
aqueous phase and (GaA3) organic TEpresents the gallium-containing organic phase.

[00040] It should be noted that other methods of separating the indium-organic and
the gallium-organic from the aqueous acid leaching solution may be desirable in some
embodiments. However, gravity separation techniques such as atmospheric or

centrifugal gravity separation techniques are preferred.

[00041] Following the separation of the indium-loaded organic, for example
indium-DEPHA, can then be stripped to recover substantially pure indium salt using a

‘suitable acid, according to, for example, the reaction Equation 7, simplified below:

Equation 7

(InAs) argaic + 3HC1=In(Cl); + 3HA

- [00042] For example, a concentration of 4N HCI to 8N HCl may be used as a strip
solution and a high-purity indium chloride solution may be produced or recovered by
conventional means. Preferably, 6N HCl is used as the strip solution. Sulfuric acid,
among other acceptable acids may also be used as a strip solution. Conventional
fechniques or means may include -puriﬁcation, indium cementation with Al or Zn plates,
sponge indium alkali melting, anode casting and electro-refining so as to produce >

99.995% indium, for example.

. [00043] The gallium-loaded organic, for example gallium-DEPHA, can also be
stripped to yield high purity gallium hydroxide using a suitable alkaline strip solution

according to, for example, reaction Equation 8, simplified below:

- Equation 8

(GaA3) organic + 3NaOH = Ga(OH); + 3NaA
[00044]} For example, a concentration of 4N sodium hydroxide to 8N sodium

hydroxide may be used as a strip solution and a high-purity gallium hydroxide solution

may be produced or recovered by conventional means, For example, preferably, 200g/L
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sodium hydroxide (NaOH), about a 5M concentration, may be used as a strip solution and
a high-purity gallium value may be produced or recovered by conventional means.
Additionally ammonium hydroxide, among other suitable bases, rhay also be used as strip
solution. Conventional techniques or means, may include, for example, direct electro-
winning of the gallium hydroxide solution foilowed by mineral acid cleaning of the metal

produced so as to generate >99.99% Ga metal.

- [00045] In some exemplary embodiments, it may be desirable to recycle the
stripped organic, as shown in Equations 7 and 8, for example, such that it can be reused
to be further re-lovaded with indium and gallium values in future indium and gallium
‘recovery processes. The étripped organic may thus be added to the leaching solution
containing solubilized indium and gallium values so as to compound with indium and
gallium as shown above in Equations 5 and 6 in subsequent batches for the recovery of
indium and gallium values from materials with other metal value‘s. This may be, for

example, desirable in a production plant setting.

- [00046] In some exemplary embodiments, as noted above, it may be desirable to
also recover copper and selenium values from the raffinate containing copper and
E selenium which may, in some exemplary embodiments have been contained in the
starting material. Once the indium and gallium values have been recovered as discussed
above, conventional processes may be used to precipitate the copper and the selenium so
as to generate a liquid effluent which can be safely disposed of in an appropriate facility
- and/or more compounds which may be recycled to an appropriate industry. For example,
, éonventional techniques or processes which may be used to remove the copper and/or
~ selenium from the raffinate may include, for example, lime precipitation, reductive
precipitation, and solvent extraction. In some exemplary embodiments, it may be
* desirable to further purify the copper and selenium values which may have also been

extracted,

[00047] - In some exemplary embodiments, it may be desirable to remove selenium
prior to the separation of the indium and gallium values. With reference to Figure 3, .

“selenium may, for example be removed from the staﬁing material in Step la, prior to the
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oxidative leaching of the indium and galliﬁm values. In such an embodiment, for
example, high temperaturev oxidative removal of selenium dioxide (SeQ,) 'by roasting in
an appropriate furnace may be utilized. The selenium may then be recovered from the
gas phase as high grade selenium dioxide which can be sold to an appropriate industry.
The roasted product, containing partially oxidized indium and partially oxidized gallium
can then be treated éccording’ the proéess as defined above. In some cases, depending on

the starting material, copper values may also be present in the roasted product.

[00048] * In another exemplary embodiment, not shown in the figures; selenium
included in a starting material may be removed folldwing the oxidative leaching of
indium and gallium values. For example in such an exemplary embodiment, reductive
precipitation may be utilized according the generalized reaction 1n Equations 9 and 10 as

follows:

Equation 9
H,Se0; + 280, + H,0 = Se + 2H,S0,

- Equation 10

H>SeO; + 2H,S804 + 2Na,S,0, = Se + 480, + 2Na, S04 + 3H,0

[06049] Following the selenium precipitation, the solution containing oxidized
indium and oxidized gallium values can then be treated according the process as defined
above in order to extract the indium and gallium values. Additionally, in some cases,

depending on the starting material, copper values may also be present in the selenium-

devoid product.
[00050] Thus the preferred process according to the' disclosure comprises the steps

off - -
- providing an oxidizing acid leach solution;

- - combining the indium- and gallium-containing starting material including other
metal values and the oxidizing acid leach solution so as to form a combined

solution;
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- oxidizing and solubilizing the indium and gallium values in the combined

solution;
- adjusting the pH;

- adding a first volume of an organic extractant to the combined solution so as to

form indium-loaded organic compounds;

- separating the indium-organic phase from the combined solution so as to yield a

substantially indium-devoid solution;

- adjusting the pH of the indium-devoid solution and adding a second volume of the
organic extractant to the indium-devoid solution so as to form a gallium-loaded

© organic;
- separating the gallium-loaded organic from the indium-devoid solution;

- stripping the indium-loaded organic compound with an acid so-as to recover

substantially pure indium salt and yield a first stripped organic extractani; and

- stripping the gallium-loaded organic compound with a base so as to recover

-substantially pure gallium salt and yield a second stripped organic extractant.

[00051] As noted, the process of the disclosure is applicable not only to recovery
of indium and gallium from recycled and scrap solar panel materials, but also to the

recovery of indium and gallium from naturally occurring ores.

) [00052] The disclosure is further described, for illustrative purposes, in the

following specific, non-limiting Examples.
Example 1

[00053] Samples of various scrap material containing both indium and gallium
~-were crushed and/or ground to a fine powder having an average particle size of less than -
100 microns. Each sample was then placed in a vessel and subsequently contacted with

an oxidizing acid for a certain time and at a predetermined temperature, as provided in

NEO-IGA/PCT , 19



WO 2012/068668 PCT/CA2011/001276

Table 2. At the end of the time periods noted in Table 2, provided as Figure 4, for the
each test, the resulting pulp was filtered, thoroughly washed with water and residue, if
any, was dried at 100°C. The filtrate washes and residues were then assayed for the

elements of interest, namely indium, gallium, copper and selenium.

[00054]  As noted above, Table 2 summarizes the test condition and the results
obtained for each of the reaction conditions tested. The results presented in Table 2 -
indicated that all of the four types of indium and gallitim containing scrap material tested
could be used to quant1tatxvely leach indium and gallium, and, if present, copper and
selenium. Also, owing to the oxidizing conditions of the reactions, redox potential
measured during the leaching process was always greater than 500mV as measured usmg
an Ag/AgCl reference electrode. In some exemplary embodiments , not shown, the feed

" may be ground and crushed so as to have an average particle size of the less than 100

| microns. The reaction kinetics, it is expected, would be further improved with finer sizes
and increased temperatures of the leaching reactions. As such, smaller average particle

~ sizes of the feeds and higher reaction temperature are considered to be within the scope

of the current disclosure,

Example 2

[00055] A leaching solution generated by oxidizing acid leachiﬁg a sample of CIG,
as per conditions similar to those presented in Example 1, above, was assayed after
dilution with water such that the starting solution contained about: 14.9 g/L In, 2.29 g/L.
Ga and 3.39 g/. Cu. After adjusting the pH of the abovemenﬁoned solution to 0.56

~ (using caustic soda, NaOH), the leaching solution was contacted with and organic
solution comprising 30% DEPHA (0.9M), 10% isodecanol as a phase modifier and 60%
ofan aliphatic diluent (kerosene-type, for example Escaid or Isopar 100). The volume
ratio of the aqueous phase (A -aquéous leach solution) and the organic phase (O) was
kept at 1 (O/A = 1/1), the pH adjustéd to 0.5, and the two solutions were mixed and

- agitated over a time period of about 10 minutes. Following the agitation, the two
resultant phases were separated by gravity separation and the aqueous phase was

~ subjected to a second contact with the organic solution noted above under the same
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conditions (O/A = 1/1 and pH = 0.5) using fresh organic solution. The aqueous phases
after each contact were submitted to analysis and the results are presented in Table 3 of
Figure 5. Briefly, with reference to Table 3, the conditions tested allow for the selective
separation of the indium from the gallium and copper values wherein a major portion of
the indium present in the starting aqueous phase has been removed after the first and
second contacts, while, foughly equal amounts of copper and gallium are present in the
starting aqueous phase, the aqueous phase after the first contact and the aqueous phase

after the second contact and therefore were not removed by the organic.

Example 3

[00056] Experiments were éonducted to determined the pH at which gallium

- would be seleétively extractable from the copper remaining in solution following the
selective extraction of a major portion of the indium values. The pH of an indium solv'entv
 raffinate was adjusted to various values, using NaOH and the resulting solution, the

- aqueous phase, was contacted with a 30% DEPHA (0.9M) so as fo produce an organic

~ phaseto aqucoﬁs phase mixture in contact for 10 minutes. The extfaction of gallium was
B . _calculated by assaying the aqueous phases for each of the pH experiments. The results are

- presented in Table 4 of Figure 6. With reference to Table 4, it is shown that gallium can

" be extracted from the substantially indium-devoid aqueous raffinate noted above once the

pH is maintained at 1.5 or above, while coppér is only marginally extracted, even at pH.-=
2.0. | |

- Example 4

[00057] A leach solution, the aqueous phase, generated by oxidizing acid leaéhing
a sample of CIGS material using conditions similar to those presented in Example 1 was
“assayed an analyzed, after dilution with water such that the starting solution contained
about: 8.78 g/L In, 2.85 g/L. Ga, 5.86 g/ Cuand 23.5 g/L Se. After adjusting the pH to
. 1.0 the indium was substantially selectively extracted using a 30% DEPHA (0.9M), the
organic phase, in a ratio of about 2 to 1 organic to aqueous phase, by volume, followed
by substantial extraction of the gallium values at a pH of 1.7 using 30% DEPHA in a

ratio of about 2 to 1 organic to aqueous phase, by volume, in a procedure similar to that-
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of Example 2, above. The results of this extraction procedure are displayed in Table 5 of

Figure 7.

[00058] The results, as shown in Table 5, indicate that the process is effective,
even in the presence of large quantities of selenium (23.5 g/L) for the extraction of
indium and gallium values from the starting aqueous leaching solution. Substantially all
of the indium can be first selectively extracted from the starting aqueous solution, leaving

“roughly equal amounts of gallium, copper and selenium in the aqueous solution.
Following the 1% contact with the organic solution, a large portion of the gallium values
can be extracted, again leaving roughly equal amounts of copper and selenium in the

. aqueous solution after the 2™ contact with the organic solution wherein indium- and

- gallium-values are not detectable. -

[00059] Briefly, with reference to Table 5, the conditions tested allow for the
' selective separation of the indium, galliﬁm, copper and selenium Values wherein a major
. portion of the indium present in the starting aqueous phase is removed after one organic
| ‘contact, while basically no gallium is removed in that stage but only after increasing the
- pH to 1.7 and contacting with thc; organic again; roughly equal amounts of copper and
selenium are present in the starting aqueous phase, the aqueous phase after the first
~ contact and the aqueoué phase after the second contact, indicating that copper and

selenium are not extracted by the organic phases under the conditions used.

{00060] Those of skill in the art will recognize certain modifications, 'permutations,

and additions to the process noted herein. While the process has been described for what

are presently considered the exemplary embodiments, the disclosure is not so limited. To
~ the contrary, the disclosure is intended to cover various modifications, equivalent steps

and substitutions included within the spirit and scope of the appended claims.
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WHAT IS CLAIMED IS:

1. A hydrometallurgical process of recovering indium and gallium values from materials

with other metal values, the process comprising the steps of:

a) reducing the size of the indium- and gallium-containing materials so as to form a

finely-divided mixture including indium and gallium values with other metals;

* b) subjecting the mixture to strongly oxidizing aqueous acid conditions having the
capacity to substantiaily avoid the generation of hydrogen gas, so as to form indium -
salt and gallium salt species in an aqueous leaching solution of at least a major

~ proportion of the indium and gallium values in the mixture;

c) filtering the aqueous leaching solution so as to substantially remove leach

residues and adjusting the pH of the leach solution;
d) subjecting the indium and gallium salt species in the aqueous leaching solution to
~a first volume: of an organic extractant so as o selectively form an indium-organic

in an organic phase;

¢) separating and recovering at least a major portion of the indium-organic resultant

from (d) from the gallium salt species in the aqueous leaching solution;

f) adjusting the pH of the aqueous leaching solution resultant from (e);

g) subjecting the gallium salt species in the agueous leaching solution to a second
volume of the organic extractant so as to selectively form a gallium-organic in the

| ‘organic phase;

h) separating the gallium-organic resultant from (g) so as to recover at least a major

portion of the gallium-organic;
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i) stripping the recovered indium-organic with an acid so as to yield a substantially

pure indium salt and a first stripped organic extractant; and

j) stripping the recovered gallium-organic with a base so as to yield a substantially

pure gallium salt and a second stripped organic extractant.

2. The process as defined in claim 1, wherein the material contains selenium, the

selenium being solubilized in (b) so as to form H,SeOs.

3. The process as defined in either of claims 1 or 2, wherein the material is scrap or '

recycled solar panel material.

4. The process as defined in any one of claims 1 to 3, wherein the solar panel material o
includes copper-indium-gallium-selenium, indium-gallium-selenium, gallium-

indium-zinc oxide, or copper-indium-gallium mixed metal values.

5. The prbcess as defined in any one of claims 1 to 4, wherein the strongly oxidizing
acid conditions are provided by nitric acid, Caro’s acid, chlorine/hydrochloric acid-
mixtures, sulfuric acid/hypochlorite mixtures or sulfuric aéid/hydrogeﬁ peroxide

mixtures.

6. The process as defined in any one of claims 1 to 5, wherein the strongly oxidizing
acid conditions are provided by sulfuric acid with hydrogen peroxide being blended »

therein so as to maintain a minimum redox potential of about 500mV vs. Ag/AgCL
7. The process as defined in any one of claims 1 to 6, wherein the first an(_l second

- volumes of the organic extractant in (d) and (g) respectively comprise from about a

0.5M to about 1.3M concentration of DEPHA.
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8.

10.

The process as defined in any one of claims 1 to 7, wherein the pH of the leaching
solution in (c) is adjusted and maintained at from about 0.5 to 1.0 so as to recover

substantially all of the indium-organic from the solution in (e).

The process as defined in any one of claims 1 to 8, wherein the pH of the solution in
(f) is adjusted and maintained at from about 1.5to 2.5 so as to recover substantially

all of the gallium-organic from the solution in (h).

The process as defined in any one of claims 1 to 9, wherein the stripping acid in (i) so

as to yield the substantially pure indium salt is hydrochloric acid.

11,

12,

13.

14.

'15.

" 16.

The process as defined in_élaim 10, wherein the hydrochloric acid is providéd ata

concentration of from about 4N to about a concentration of 8N.

The process as defined in claim 10, wherein the hydrochloric acid is provided at - |

about a 6N concentration.

The process as defined in ariy one of claims 1 to 12, wherein the stripping base in (j)

s0 as to yield the substantially pure gallium salt is sodium hydroxide.

The prbcess as defined claim 13, wherein the sodium hydroxide is provided at a

concentration of from about 4N to about a concentration of 8N.

The process as defined in claim 13, wherein the sodium hydroXide is provided at

about a 5M concentration.

The process as defined in claim 1, wherein the strongly oxidizing acid conditions are
constituted by combining sulfuric acid and hydrogen peroxide with the finely-divided

mixture in the oxidizing reaction of (b).
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17. The process as deﬁned in claim 16, wherein hydrogen peroxide is added to maintain

a minimum redox potential of at least 500mV vs. Ag/ApgCl. -

18. The process as defined in either of claims 16 or 17, wherein the sulfuric acid

constitutes a major portion of the acid mixture.

19. The process as defined in any one of claims 1 to 18, wherein the indium-organic in
| () and the gallium-organic in (h) are respectively separated from the aqueous.

. leaching solution by gravity separation.

20. The process as defined in claim 1, wherein the mixture of indium and gallium values

with other metal values is an indium and gallium-containing metallurgical residue.

21. The process as defined in claim 1, wherein the mixtute of indium and gallium values

with other metal values is an indium and gallium-containing ore.

22. The process as defined in claim 1, wherein the finely-divided mixture of indium and
gallium values with other metal values has a particle size within the approximate

range of 20 microns to 200 microns.

23. The process as defined in claim 1, wherein the finely-divided mixture of indium and -
gallium values with other metal values is provided as pieces having a length of from
about 2.54 cm to about 5.1 cm and an average cross-sectional dimension of about 1.3

cm.

24. The process as defined in claim 1, wherein the finely-divided mixture has a particle

size range of from about 100 mesh to about 500 mesh.

25. The process as defined in claim [, wherein (b) further comprises agitation of the

mixture.
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26. The process as defined in any one of claims 1 to 25, wherein (i) further comprises
recycling the first stripped organic extractant and combining the first stripped organic

extractant with the first volume of an organic extractant in (d).

27. The process as defined in any one of claims 1 to 26, wherein () further comprises
recycling the second stripped organic extractant and combining the second stripped
organic extractant with the second volume of an organic extractant in (g).

28. A hydrometallurgical process of recovering indium and gallium values from indium-

 and gallium-containing starting materials with other metal values, the process
comprising the steps of: | ' '

a) providing an oxidizing acid leach solution;
b) combining the indium- and gallium-containing starting material including other
metal values and the oxidizing acid leach solution so as to form a combined

solution;

¢) oxidizing and solubilizing the indium and gallium values in the combined

solution;
d) adjusting the pH;

- ¢) adding a first volume of an organic extractant to the combined solution so as to

form indium-loaded organic compounds;

f) separating the indium-organic phase from the combined solution so.as to yield a |

substantially indium-devoid solution;
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g) adjusting the pH of the indium-devoid solution and adding a second volume of
the organic extractant to the indium-devoid solution so as to form a gallium-loaded

organic;
h) separating the gallium-loaded organic from the indium-devoid solution;

i) stripping the indium-loaded organic compound with an acid so as to recover

substantially pure indium sait and yield a first stripped organic extractant; and

j) stripping the gallium-loaded organic compound with a base so as to recover

substantially pure gallium salt and yield a second stripped organic extractant.

*29. The process as defined in claim 28, wherein (b) further comprises agitation of the

 combined solution.

- 30. The process as defined in either of claims 28 or 29, wherein (c) further comprises

filtering solids from the combined solution.

31. The process as defined in any one of claims 28 to 30, wherein (i) further comprises
recycling the first stripped organic extractant and combining the first stripped organic

extractant with the first volume of an organic extractant in (¢).
32. The process as defined in any one of claims28 to 31, wherein (j) further comprises
~recycling the second stripped organic extractant and combining the second stripped

- organic extractant with the second volume of the organic extractant in (g).

33.A hydrometallurgical process of recovering indium and gallium values from materials

‘with other metal values, the process comprising the steps of:

. a) reducing the size of the indium- and gallium-containing materials so as to form a

finely-divided mixture including indium and gallium values with other metals;
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b) subjecting the mixture to strongly oxidizing aqueous acid conditions having the
capacity to substantially avoid the generation of hydrogen gas, so as to form indium
salt and gallium salt species in an aqueous leaching solution of at least a major

proportion of the indium and gallium values in the mixture;

c) filtering the aqueous leaching solution so as to substantially remove leach
residues and adjusting the pH of the leach solution so as to be from about 0.5 to
about 1.0; |

d) subjecting the indium and gallium salt species in the aqueous leaching solution to
“a first volume of an organic extractant so as to selectively form an indium-organic

in an organic phase;

e) separating and recovering at least a major portion of the indium-organic resultant

from (d) from the gallium salt species in the aqueous leaching solution;

- D) adjusting the pH of the aqueous leaching solution resultant from (e) so as to be

o ﬁom about 1.5 to about 2.5;

. g)ISubjecting the gallium salt species in the aqueous leaching solution to a second
volume of the organic extractant so as to selectively form a gallium-organic in the

organic phase;

- 'h) separating the gallium-organic resultant from (g) so as to recover at least a major’

- portion of the gallium-organic;

i) stripping the recovered indium-organic with an acid so as to yield a substantially

pure indium salt and a first stripped organic extractant; and
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J) stripping the recovered gallium-organic with a base so as to yield a substantially

pure gallium salt and a second stripped organic extractant.

34. A hydrometallurgical process of recovering indium and gallium values from indium-
and gallium-containing starting materials with other metal values, the process

comprising the steps of:
a) providing an oxidizing acid Ieach solution;
b) combining the indium- and gallium-containing starting material including other
metal values and the oxidizing acid leach solution so as to form a combined

solution;

| ¢) oxidizing and solubilizing the indium and gallium values in the combined

. solution;

- 'd) adjusting the pH of the combined solution so as to be from about 0.5 to about
1.0;

) adding a first volume of an organic extractant to the combined solution so as to

form indium-loaded organic compounds;

{) separating the indium-organic phase from the combined solution $o as to yield a

substantially indium-devoid solution;
g) adjusting the pH of the indium-devoid solution so as to be from about L.5to
about 2.5 and adding a second volume of the organic extractant to the indium-

" devoid solution so as to form a gallium-loaded organic;

h) separating the gallium-loaded organic from the indium-devoid solution;

* NEC-IGA/PCT o o 30



WO 2012/068668 PCT/CA2011/001276

i) stripping the indium-loaded organic compound with an acid so as to recover

substantially pure indium salt and yield a first stripped organic extractant; and

j) stripping the gallium-loaded organic compound with a base so as to recover

-substantially pure gallium salt and yield a second stripped organic extractant.
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FIG. 1

In-Ga containing starting material
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matenal {if required)
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FIG. 2

PCT/CA2011/001276

Table 1: Chemical Analysis of Exemplary Indium-Gallium Containing Scrap'

Material
Material % Cu % In % Ga % Se
CIG 30.0 60.0 10 -
CIGS 12.6 22.3 7.1 57.5
IGS - 39 16 45.0
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FIG.3

In-Ga containing starting material
Step 1

Crushing/Grinding of starting

material {if required) '

\
Step 2

Remove Selenium; if present
' -tby roast

Step 2a-
fOxndizmg acid leach of starting
' ,of Indaum and

Step 3
_he pH followmg

Adjust pH follow:ng recovery,
of: Indtum-orgamc

;:;._Ste 5

: "orgamc recovéry of
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FIG. 4
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FIG. 5

Table 3: Exemplary Aqueous Phase ExtractantiOrgariic: Recovery of Indium and Galllum
from the Leaching Solution:

Sample. . v ‘L in Aqueous Phase

Indium ~Galtium Caopper

| Starting Aqueous Solution . 149 2.29 3.39

| Aqueous Solution after 1% Contact los6 |23t [345

:Aqueous Solution after 2" Confaict 0.0001 222 338
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FIG. 6

PCT/CA2011/001276

Table 4: Exemplary Aqueotis Phase Indium-Devold Separation Galllum Extraction

Adqueons Phase pH for Extraction

: % Extracted by organic

phase

Galtiom

Copper

05

10

Ls

30

20

825

0
0
0
]

25

100

21
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FIG. 7

PCT/CA2011/001276

Table 5: Exemplary Aqueous Phase Extractant/Organic Recovery of Indium and

Gallium from the L.eaching Solution -

Samplé

&/L in Aqueous Phase

Indiiin

Gallium

Coppef »

Selenium

Starting Aqueous Sohition. | 878

1285

586

Adqueons Solntion:after It Contact | 0.048"
{pH=1.0)

‘ 1.96

5.93

229

| Aqueous Solufion after2 Contact | Not
(pE=1.7) Detected:

Dete

cfed

4.39

19.0:
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