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SYSTEMS AND METHODS FOR RECOVERY OF RARE-EARTH
CONSTITUENTS FROM ENVIRONMENTAL BARRIER COATINGS

BACKGROUND

[0001] Silicon-containing materials, such as, for example, monolithic
ceramics, alloys, intermetallics, and composites thercof have desirable properties for use in
structures designed for service at high temperatures 1in such applications as acronautical
and 1ndustrial gas turbine engines, heat exchangers, and nternal combustion engines.
Environmental barrier coatings (EBCs) are applied to silicon-containing materials to
protect the materials from harmful exposure to chemical environments and excessive
thermal loads. Thus, EBCs are designed to be thermochemically stable 1n high-
temperature, water vapor-containing environments and minimize interconnected porosity
and vertical cracks which provide exposure paths between the material surface and the

chvironment.

[0002] EBCs can be single-layer or multi-layer systems, with each layer
serving at least on¢ function, such as to provide a thermal barrier, mitigate substrate
oxidation or volatilization, or prevent chemical reaction with adjacent layers or the
substrate. In many EBC systems, at lcast one layer 1s substantially formed from a RE
silicate, where the RE 1ncludes one or more of the elements Yttrium (Y), Ytterbium (YD),
Holmium (Ho), Thulium (Tm), and Lutetium (Lu). The RE silicates can be, for example,
RE monosilicates (RE;S10s5) and RE disilicates (RE;S1,07). RE silicates have relatively
low rates of silica volatilization m combustion atmospheres, low thermal conductivity and
cxccllent thermomechanical compatibility with the above mentioncd silicon-containing

substrates.

[0003] EBC matcrials can bc dcpositcd onto componcents using a rangc of

coating processes, including thermal spraymmg (e.g., combustion or plasma spraying),
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slurry-based deposition (e.g., slurry spraying, dipping, clectrophoretic deposition),

chemical vapor deposition and physical vapor deposition.

[0004] During fabrication or application of the EBC, a large amount of the RE
containing silicates 1s lost as manufacturing scrap. For example, for thermally sprayed
EBC layers, as much as 90% of the feedstock powder can be lost to overspray, non-
sticking particles, or deposited on tooling fixtures. Collection of this scrap typically results
in  co-minglhing of thc high-valuc, RE-containing matcrial with other, low-valuc
constituents or contaminants. These can include elemental silicon (S1) and silicates of

Barium (Ba), Strontium (Sr), and Alumimnum (Al) (e.g., such as found 1n barium-strontium-

aluminosilicate (BSAS)).

[0005] A similar problem arises with end-of-use EBC-coated components.
The coatings can be stripped from these components by processes such as abrasive grit
blasting, resulting in a comingled mixture of the abrasive medium, RE silicates, silicates
containing Ba/Sr/Al, elemental Si, silicon dioxide, and other impurities resulting from

engine operation or the stripping process.

[0006] Currently, REs cannot be efficiently recovered from EBC overspray
powders, EBC slurry deposition processing, and stripped EBC coatings.

BRIEF DESCRIPTION

[0007] In one embodiment, a method for extracting rare-earth (RE) oxide
constituents from a feedstock containing RE silicates and non-RE contaminants 1s
provided. The method includes leaching the REs from the feedstock into an acid to form
an acid solution, performing an oxalate precipitation on the acid solution to form an RE
oxalate hydrate, and separating the RE oxalate hydrate from the acid solution. The method
also includes heat treating the RE oxalate hydrate to form an RE oxide containing the RE

elements extracted from the feedstock.
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[0008] In another embodiment, a system 1s provided having a collection and

recovery system configured to perform the method described above.
BRIEF DESCRIPTION OF THE DRAWINGS

[0009] Figure 1 1s a block diagram of system for collection and recovery of

environmental barrier coatings (EBC) scrap 1n accordance with various embodiments.

[0010] Figure 2 1s a flowchart of method 1n accordance with one embodiment

for chemical extraction of rarc-carth (RE) clements from environmental barrier coatings

(EBCs).

[0011] Figure 3 1s a scanning ¢lectron microscope (SEM) image of an oxalate

hydrate resulting from the method of Figure 2.

[0012] Figurc 4 1s tabulatcd results from the chemical proccss of Figure 2.

[0013] Figurc 5 1s a flow diagram 1illustrating chcmical cxtraction of RE

clements from EBCs 1n accordance with an embodiment.

|0014] Figures 6 and 7 are tabulated results from the chemical process of

Figure 5.
DETAILED DESCRIPTION

|0015] Various embodiments will be better understood when read 1n
conjunction with the appended drawings. To the extent that the figures 1llustrate diagrams
of the functional or operational blocks of various embodiments, the functional blocks are
not necessarily indicative of the division between components or steps. Thus, for example,
on¢ or more of the functional blocks may be mmplemented 1n a single component or
process, or multiple components or processes. It should be understood that the various
embodiments are not limited to the arrangements and instrumentality shown in the

drawings.
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[0016] As used herein, the terms “system,” “unit,” or “module™ such as the
controllers described herein may include a hardware and/or software system that operates
to perform one or more functions. For example, a module, unit, or system may include a
computer processor, controller, or other logic-based device that performs operations based
on instructions stored on a tangible and non-transitory computer recadable storage medium,
such as a computer memory. Alternatively, a module, unit, or system may include a hard-
wired device that performs operations based on hard-wired logic of the device. The
modules or units shown 1n the attached figures may represent the hardware that operates

based on software or hardwired instructions, the software that directs hardware to perform

the operations, or a combination thereof.

[0017] As used herein, an clement or step recited in the singular and
proceeded with the word "a" or "an" should be understood as not excluding plural of said
clements or steps, unless such exclusion 1s explicitly stated. Furthermore, references to
"one embodiment” are not intended to be interpreted as excluding the existence of
additional embodiments that also incorporate the recited features. Morcover, unless
explicitly stated to the contrary, embodiments "comprising”" or "having" an ¢lement or a
plurality of elements having a particular property may include additional such e¢lements not

having that property.

[0018] Generally, various embodiments provide a chemical process to extract
or separate rarc-carth (RE) constituents or elements from low-value constituents so as to
recover a high-purity, RE-containing product that can subsequently be returned into high-
value use, such as for EBCs. The separation process in some embodiments 1s configured
for the separation of Yttrium (Y) and Ytterbium (Yb) from a feedstock containing Barium
(Ba), Strontium (Sr), Aluminum (Al), and Silicon (S1). However, 1t should be appreciated
that 1n various embodiments the EBC may contain Ba+Srt+Al+Sitothers, Al+Sitothers,
Sttothers, or other combinations, as well as different amounts and/or ranges of

contaminants including organics and metals.
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[0019] By practicing at least one embodiment described herein, the efficient
recovery of high-value RE constituents from EBC scrap collected during the application

process and coating stripping may be provided.

[0020] Figure 1 1s a block diagram of a system 20 1n accordance with various
embodiments that allows for the collection and recovery of RE constituents after an EBC
application process. In particular, an EBC fabrication/application system 22 provides for
fabricating and/or applying an EBC to an objcct 24. For cxample, the objcct 24 may be a
silicon-bearing material with the EBC tfabrication/application system 22 applying an EBC
thereto as known 1 the art, such as using a plasma spraying process. However, any
method 1n the art may be used to apply the EBC to the object, for example, thermal
spraying (e.g., combustion or plasma spraying), slurry-based deposition (e.g., slurry
spraying, dipping, eclectrophoretic deposition), chemical vapor deposition and physical
vapor deposition. Additionally, the object 24 may be any object and is not limited to an
object formed from a silicon-bearing material. The object may be, for example, a gas
turbine component. In some embodiments, and as another example, the object 24 may be
an object formed from a ceramic matrix composite (CMC) substrate material, for example,
for use 1n acronautical and industrial gas turbine engines, heat exchangers, and internal

combustion engines, among others.

[0021] Additionally, the EBC applied to the object 24 by the EBC
fabrication/application system 22 may be any type of RE-containing EBC. In one
cmbodiment, the EBC and contaminants to be separated comprise the following
compound(s) or composition(s) as defined by the following chemical formulae (illustrating
the constituents of one or more exemplary embodiments): (Y,Yb),S1,0; (YbYDS), Y,S105
(YMS), (Ba,Sr)S1,ALLOg (BSAS), S1. However, 1t should be appreciated that other
compounds or compositions may form part of the EBC or the input feedstock for recycling.
For example, the contaminants may include compounds such as but not hmited to $10,,
Al,Os, Fe,03, Fe304, Y,0;-stabilized ZrO,, (N1,Co)CrAlY, and organic compounds. For
example, the EBC may be a sintering resistant, low conductivity, high stability EBC/TBC
as described 1 U.S. Patent 7,867,575, As another example, a component having an EBC
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may bc formed as described in U.S. Patent 7,910,172, Other examples are described in
U.S. Patcnts 8,343,589,' 8,273,470, §,039,113.In somc ecmbodiments, the feedstock may
comprisc at least onc of Yttrium (Y) or Ytterbium (YD) in the form of at Icast onc of
RE>S1,07 (REDS) or RE;Si0: (REMS). It should be noted that when reference is made
herein to at Icast onc of “A” or “B” this mcans at Icast onc of A, or at lcast onc of B, or at
lcast onc of A and at lcast onc of B. For cxample, at Icast onc of Y or Yb includes: Y, or
Yb, or Y and Yb. In somc cmbodiments, the feedstock is a non-deposited fecdstock
powder including at least one of REDS or REMS and at least one of (Ba,Sr)Si,Al; Oy
(BSAS) or Si, and wherein at lcast the Si, Ba, Sr, and Al arc removed from the non-
deposited fecdstock powder. In some cmbodiments, the feedstock compriscs Yttrium (Y)
and Ytterbium (Yb) in the form of YbYDS, and the RE clements extracted from the
fecdstock comprisc a mixed (Yb,Y),0s. In some embodiments, the feedstock comprises at
Icast onc of Yttrium (Y) and Ytterbium (Yb) in the form of YbYDS and having the Y and
Yb cxtracted and rccovered thercfrom at greater than about 90% yicld with cach of a

plurality of contaminants reduced to less than 100 ppm.

[0022]  As illustrated in Figure 1, when applying the EBC (or TBC) to the
object 24, for example by thermally spraying EBC layers on the object 24, all of the
teedstock powder does not deposit onto the surface of the object 24. Depending on the
geomcetry ot the objcct being coated, the process paramcters and tooling/fixturing used, in
excess of 90% of the feedstock powder may not deposit on the object 24.  In particular,
the non-deposited feedstock powder can be lost as overspray powder, bounce off the part as
non-sticking particles, or deposit as a coating on tooling fixtures, as illustratcd by the
arrows 26. In these processes, the RE-containing fecedstock powder becomes mixed with
contaminants as wcll as with other components of the coating, such as clemental silicon

(51) and silicates of Barium (Ba), Strontium (Sr), and Aluminum (Al).

[0023] In various cmbodiments, a collection and recovery system 28 is
provided to collcet and recover the non-deposited RE-containing feedstock. In particular,
the collection and recovery system 28 collects the mixed non-deposited feedstock powder

and contaminants and scparates for rccovery the RE constituents 30 from the low-value

CA 2933377 2017-09-27
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constituents and contaminants. In various embodiments, the collection and recovery
system 28 includes a holding or storage arca 32 where non-deposited feedstock powder 18
captured and held. For example, the non-deposited feedstock powder may fall into the
holding or storage arca 32 by gravitational forces or in some embodiments, other forces
may be applied (¢.g., a vacuum or suction force, such as using a cyclone, or by generating
airflow from a fan, or an e¢lectrostatic force). The collected non-deposited feedstock
powder 18 then processed as described in more detail herein to separate and recover the RE
constituents 30 1n a purity and form that facilitates reuse in high-value applications,

including but not limited to EBCs.

|0024] In various embodiments, a feedstock preparation step may be
performed prior to the chemical extraction process described heren. For example, 1n
various embodiments, powder or coating collected from the collection and recovery system
28 1s comminuted, such as by milling, to decrease the particle size and also to break up big
agglomerates. Additionally, some upgrading of the rare-carth constituents 1n the feedstock
may be provided using techniques such as screening to remove large contaminants (€.g.,
masking materials, machining chips, or organic debris), magnetic separation to remove
highly magnetic impurities (e.g., metals or 1ron oxides), or gravimetric separation to

remove low-density or high-density contaminants.

[0025] In various embodiments, the collection and recovery system 28 18 used
to perform a chemical extraction of REs from EBCs, such as the non-deposited feedstock
powder. For example, 1n one embodiment, the collection and recovery system 28 provides
Y,.Yb oxide recovery from a mixed EBC feedstock containing Y, Yb, S1, Ba, Sr, Al 1n

ox1de form.

[0026] Various cmbodiments provide a scparation and rccovery mcthod or
process such as 1illustrated in Figure 2 for the chemical extraction of REs from EBCs,
which 1n some embodiments 1s the extraction ot Y and Yb tfrom EBCs. However, 1t should
be appreciated that other REs may be separated and recovered and Figure 2 1s 1llustrative

of one type of chemical extraction process that may be performed. In particular, a method
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40 18 provided 1n accordance with various embodiments for performing the chemical

extraction.

[0027] It should be noted that the method 40 may employ structures or aspects
of different embodiments discussed, such as may be performed by the collection and
recovery system 28 (shown in Figure 1). In various embodiments, certain steps may be
omitted or added, certain steps may be combined, certain steps may be performed
simultancously, or concurrcntly, ccrtain stcps may be split into multiple steps, ccrtain steps
may be performed 1n a different order, or certain steps or series of steps may be re-
performed 1n an 1iterative fashion. Reference to Figure 2 will now be made 1n connection
with the description below. It also should be noted that a general description of the

chemical extraction process will first be described followed by specific examples.

[0028] In particular, the method 40 includes a communition and/or sieving
process at 42. For example, powder collected from the collection and recovery system 28
(shown 1n Figure 1) 1s comminuted, such as by milling, to decrease the particle size and
also to break up big agglomerates. Additionally or alternatively, sieving may be performed
to mitially remove some contaminants. For example, some upgrading of the rare-carth
constituents in the feedstock may be provided using techniques such as screening to
remove large contaminants (e.g., masking materials, machining chips, or organic debris),
magnetic separation to remove highly magnetic impuritics (€.g., metals or iron oxides), or

gravimetric separation to remove low-density or high-density contaminants.

[0029] The method 40 also includes an acid leach at 44. For example, the
non-deposited feedstock powder described in connection with Figure 1 may be treated with
concentrated hydrochloric acid (HCl1). In this step, the acid solution causes the leaching of
th¢ RE clements into the acid solution and rcsults 1n a silica-rich residuc. For cxamplc,
using an acid leach process, S1 and S10, may be removed from the solution by subsequent
filtering at 46. In various embodiments, the acid leach at 44 causes the leaching of Y, Yb,
Ba, Sr, and Al into the acid solution. It should be noted that difterent acids, such as HCI,

HNOs, H,SO4 and mixtures thereof may be used to leach RE clements from RE silicate
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containing feedstock. Further, 1t should be noted that acids having different pH levels may
be used as desired or needed for leaching REs from EBC powders. In addition, other high
temperature solid state reactions can be used to leach RE, for example, reacting the EBC

powders with molten salt halides.

[0030] In some embodiments, if needed or desired, elemental S1 mmpurities
can be optionally selectively leached by a NaOH solution treatment before performing the
acid Icach at 44. In particular, S1 forms a watcr solublc complcx by rcacting with NaOH,
whereas RE silicates do not react with NaOH. It should be noted, for example, 1n
embodiments wherein the RE silicates contain only S1 as contaminant, NaOH treatment 18

sufficient to provide pure RE-silicates.

[0031] Thereafter, in the method 40, the solution 1s filtered at 46. For
example, 1 some embodiments, after the acid leach, the solution 1s filtered to separate a
S10;-r1ch residue from the acid solution containing the RE elements. Optionally, the S10;-

rich residue 1s washed at 48 with water to recover additional RE elements 1n solution.

[0032] In embodiments where contaminants such as Ba and Sr arc to be
removed, the method 40 optionally precipitates the sulfate at 50, in particular, performing a
sulfate precipitation process on the filtered acid solution. Alternatively, the sulfate

precipitation process can be performed prior to the filtering step at 46.

[0033] In wvarious embodiments, a sulfate precipitating rcagent such as
Na,S0O4, (NH4),SO4, or H,SO4 15 added to the filtered acid solution at 52. In an example
embodiment, Na,SO,4 1s dissolved in water and stirred into the filtered acid solution at
room temperature. The addition of the sulfate to the filtered acid solution containing Ba
and Sr cations results in the formation of a white precipitate, (Ba,Sr)SO,. Thus, Ba and Sr
may be removed from the dissolved EBC or EBC feedstock powder. For example, the
sulfatc prccipitatc may bce scparatcd by filtration at 52, such as known 1n thc art.
Alternatively, the sulfate precipitation step (at 50) can be performed prior to filtering at 46

and the sulfate precipitate can be removed simultaneously with the silica-rich precipitate at
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the filtering step (at 46). It should be noted that the precipitate in various embodiments

includes one or more alkaline earth or alkali metals.

[0034] At the end of the sulfate precipitation at 50, the filtrate solution
includes and 1s rich in Y, Yb, and may contain small amounts of impurity elements such as
Al and Sr. Thereafter, an oxalate precipitation 1s performed at 54. For example, from the
acidic solution resulting from filtering the precipitate therefrom at 52, Y and Yb are

scparatcd as oxalatcs by adding an oxalic acid solution, which in onc cmbodiment forms

REQ(C204)3 ‘HHQO.

|0035] In various embodiments, an oxalic acid solution 1s formed by pre-
dissolving solid oxalic acid 1n water, although oxalic acid can be added directly into the
acid solution. The addition of oxalic acid solution to the above filtrate solution can be
performed at room temperature in various embodiments and results 1in the formation ot an
oxalate hydrate precipitate. For example, step 54 selectively precipitates RE elements,
such as Y and Yb, while impurity elements such as Al, Sr, and/or other transition-metal
impurities (such as other transition elements) do not precipitate as oxalates 1n acidic
conditions and thus remain in solution. Thereafter, the precipitate may be filtered at 56
cnabling the separation of high-purity RE product from impuritics such as Al and Sr by
filtering methods, such as known 1n the art. It should be noted that other precipitating
reagents, such as hydroxides, may be used to selectively precipitate RE from solution. For

example, in one embodiment, NaOH 1s used to precipitate RE as RE-hydroxides.

[0036] In one embodiment, the solid product from step 56 1s washed at 58
with water, followed by an additional step of acid wash. For example, optionally or
alternatively to the water washing, an acid wash may be performed. In particular, to
scparatc or rcmovce, for cxamplc, residual Sr, an acid wash may be performed, such as by
adding diluted HCI solution to the precipitate. It should be noted that 1f step 58 1s

performed, a final filter step 1s performed to remove excess water/acid betore step 60.

-10-
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[0037] Accordingly, after removing the S1, Ba, Sr, Al and optionally other
impurities, a hydrated oxalate of Y and Yb remains after performing step 58. For example,
an 1mage 70 of a (Y,Yb) oxalate hydrate resulting from the herein described method or
process 18 shown 1n Figure 3. A drying and calcination heat treatment 1s then performed at
60 on the resultant product. For example, the (Y,Yb)-oxalate hydrate 1s dried in an oven
(¢.g., at 100°C for 15 hours) to remove some or all of the water. Then, the dried product in
various embodiments 15 further heated (e.g., at 800°C for 5 hours), resulting 1n an oxide
containing Y and Yb. In particular, in the 1llustrated embodiments, a high-purity
(Y,Yb),Oi: results, which 1s the product of extraction of the REs from EBCs and un-
deposited feedstock powder. It should be noted that the formation of the oxide containing
Y and Yb may be performed using other processes known 1n the art. It should also be
noted that Y,;0; and Yb,O: may be extracted from the mixed oxide (Y,Yb),0O; using

further chemical processes known 1n the art (e.g., solvent extraction).

[0038] It also should be noted that the method 40 1s performed to extract REs
(¢.g., Y and Yb) from EBCs and un-deposited feedstock powder, 1n particular, to separate
from the non-RE alloying clements (¢.g., S1, Al, Ba, Sr) and contaminants mixed with
these EBCs and un-deposited feedstock powders. However, variations and modifications
are contemplated. For example, other REs may be extracted from EBCs and other RE-

containing scrap materials following the method 40 with minor modification.

[0039] Examples

[0040] One particular example of the chemical extraction of REs will now be
described. In this example, Y and Yb are extracted from an EBC feedstock powder
comprising (Y,Yb),S1,07 (YbYDS), Y,S105 (YMS), (Ba,Sr)S1,Al,Oz (BSAS), S1 and other
minor organic and morganic impuritics. In the 1llustratcd cmbodiment, a 10-gram batch of
EBC overspray powder was processed using chemical extraction as described below.
However, other size batches may be processed with the corresponding parameters adjusted

accordingly.

-11-
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[0041] In particular, 10 g of EBC overspray powder was treated with 35 wt%
concentrated HCI (25 ml) at 75°C for 24 hours. The acid treatment causes lecaching of Y,
Yb, Ba, Sr, and Al into the acid solution. It should be noted that in various embodiments
the treatment may be defined, for example, by molar ratios, such as a molar ratio of HCI to
(RE+alkaline earth elements+transition metal elements+Al) 1s between 3 and 10, which in

some embodiments, 1s between 3 and 6 or between 3 and 4.5.

[0042] After the acid trcatment, the solution was filtcred and washced with 100
mL of distilled water. The residue was mainly S10, with small amounts of un-recacted
YbYDS. In the next step, 0.5 g of Na,SO4 was dissolved 1n 10 ml water and this solution
was added to the acid solution containing the cations. The muxture was stirred for 60
minutes at room temperature. In other embodiments, for example, 0.4 g of (NH4)>,SO4 was
dissolved in 10 ml water and this solution was added to the acid solution containing all the
cations with stirring at room temperature. The sulfate treatment resulted in the formation
of a white precipitate, which was subsequently 1dentified as (Ba,Sr)SO, and this precipitate
was removed by filtration. At the end of this sulfate precipitation step, the filtrate solution
was rich in Y, Yb, and Al with small quantities of Sr. From this acidic solution, Y and Yb
were further separated as oxalates by adding oxalic acid solution. Oxalic acid solution was
made by dissolving 8 g of solid oxalic acid in 80 ml water. In other embodiments, oxalic
acid powder may be added directly to the acid solution. Addition of oxalic acid solution at
room temperature to the above filtrate solution resulted in the formation of white
precipitate. The mixture was further stirred at room temperature for one hour, followed by
filtration and washing with 300 mL of distilled water. It should be noted that the molar
ratio of sulfatc to alkalinc carth clecments should bce between 1 and 4 1n various
embodiment, such as between 1.5 and 2 1n some embodiments, and 1 to 1.2 in other
embodiments. The molar ratio of oxalic acid to RE elements should be between 1.5 and 3
in various embodiments, and between 1.5 and 2.25 1n some embodiments, and 1.5 to 1.8 1n

other embodiments.

[0043] Aluminum and strontrum do not precipitate as oxalates under acidic

conditions and hence these 1ons were removed 1n the filtrate. The obtained product, which
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was subsequently 1dentified as (Y,Yb) oxalate dihydrate, was dried 1n an oven at 100°C for
fifteen hours. The dried product was calcined 1n air at 800°C for five hours, which resulted

in the formation of a mixed (Y,YDb),0s, as confirmed by x-ray diffraction.

[0044] It should be noted that different parameters, such as different
temperatures, amount of liquids or solids, and time periods may be used. Additionally, 1n
some embodiments, the values of reagents used may be slightly higher or lower, such that
thc valucs dcscribed arc approximatc. It should also bc notcd that the drying and
calcination steps may be combined, performed at different temperatures and for different

time periods 1n other embodiments.

10045] The results from the processing in the above example are shown 1n
tables 80 and 82 of Figure 4, which list the composition of the imput and the output
products, respectively. As can be seen, the yield of Y and Yb extracted and recovered 1s
greater than 90%, while the non-RE elements (e.g., S1, Ba, Sr, Al) are reduced to quantities

that do not affect the quality of the output product.

[0046] Another example of chemical extraction of REs from EBC overspray
powders will now be described as shown in the mass balance flow diagram of Figure 5. In
this example, Y and Yb are also extracted from the EBC powders comprising
(Y,Yb),S1,07 (YDYDS), Y,S105 (YMS), (Ba,Sr)S1,A1,O5 (BSAS) and other impurities
such as YSZ, N1CrAlY, Co, and Fe, among others. In the illustrated embodiment, a 1900
oram batch of feedstock was processed using chemical extraction as described below.
However, 1t should be understood that other size batches may be processed with the

corresponding parameters adjusted to scale accordingly.

[0047] In particular, 1900 g of YbYDS was treated with 5 liters of 30 wt%
concentrated HCI at 85°C for 24 hours, as illustrated at 92. The mixture was stirred using
an 1mpcllcr mside an oil-jacketed vertical rcactor. The acid trcatment causcs lcaching of
Y. Yb, Ba, Sr, Al and other elemental contaminants into the acid solution as 1llustrated at

94, while leaving behind a S10,-r1ch residue.

-13-
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[0048] After the acid treatment, the solution was filtered and washed with 4
liters of distilled water (not shown mm Figure 5). The residue was mainly S10,, as
tllustrated at 96, with small amounts of un-reacted YbYDS. In total, approximately 634 g
of S10, were recovered 1n 96. In the next step, 100 g of Na,SO,4 dissolved 1n 500 ml water
was added to the acid solution and the solution was stirred for 60 minutes at room

temperature.

[0049] Thc sulfatc trcatment rcsulted 1n the formation of white precipatate,
which was subsequently 1dentified as (Ba,Sr)SQO4, and this precipitate was removed by
filtration as 1illustrated at 100. At the end of this sulfate precipitation step, the remaining
filtrate solution was rich in Y, Yb, and Al with small quantities of Sr and other impurities,

as 1llustrated at 9R.

[0050] From this acidic filtrate solution, Y and Yb were separated as oxalates
(from the Al, Sr and other impurities illustrated at 104), by adding oxalic acid solution.
Oxalic acid solution was made by dissolving 1600 g of solid oxalic acid in 16 liters of
water. The oxalic acid solution was added at room temperature to the above filtrate
solution and stirred for 60 minutes, resulting in the formation of white precipitate, which
was subsequently i1dentified as (Y,Yb) oxalate hydrate, as illustrated at 102. This
precipitate was further washed with 4.5 liters of water at room temperature, followed by
final filtration. In total, approximately 3277 g of wet (Y,Yb) oxalate hydrate were

recovered at 102.

[0051] The (Y,YD) oxalate hydrate, 1llustrated at 102, was dried in an oven at
80°C for fifteen hours and air calcined at 800°C for five hours, which resulted 1n the

formation of a high-purity mixed (Y,YDb),0;, illustrated at 108. In total, approximately
1220 g of (Y,YDb) 03 were rccovered at 108.

[0052] In Figurc 6, the tablc 106 shows thc mass balancc of the starting EBC

overspray powder and the recovered RE-oxide, where overspray powder refers to the

feedstock at 92, S102 residue refers to 96 and RE oxide refers to 108. The table 110 of

_14-
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Figure 7 shows the clemental concentration of the major, minor, and trace 1mpurity
clements present 1n the starting acid leached solution at 94 and RE-oxide 108. As can be
seen from Figure 6, the yield of Y and Yb extracted and recovered 1s at least 93%, with all
of the major contaminants (S1, Ba, Sr, Al) reduced to quantities that do not affect the

quality of the output product.

[0053] Thus, various embodiments allow for extracting high-purity RE oxides
from dcpositcd EBCs and un-dcpositcd EBC fccdstock powdcer. It should bc noted that
other contaminants, such as Ca, Co, Cr, Fe, N1 and Zr, 1f present in the overspray powder,
are also substantially reduced by following the processes described herein (for example the

method 40 shown 1 Figure 2).

[0054] Tt should be noted that the various processes performed herein may be
controlled manually, automatically, or by a combination thercof. For example, mn one
embodiment, the collection and recovery system 28 may include a controller 29 that
controls the steps of various embodiments described herein, such as the chemical
extraction process. For example, the controller 29 may control the amount of different
fluids or duration of time for processing in the steps of various embodiments. In some

embodiments, user intervention or input may be provided.

[0055]  Thus, 1t should be noted that while the examples provided herein
describe non-automated processes, these processes and methods are readily amenable to
automation, such as but not limited to weighing, mixing, rinsing and filtering.
Furthermore, while the examples of processes and methods disclosed above are batch
processes, the processes and methods are readily amenable to continuous or semi-

continuous unit operations using methods and processes known 1n the art.

[0056] It 1s to be understood that the above description i1s intended to be
illustrative, and not rcstrictive. For cxamplc, the abovce-describecd cmbodiments (and/or
aspects thereof) may be used 1in combination with each other. In addition, many

modifications may be made to adapt a particular situation or material to the teachings of
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the mventive subject matter without departing from its scope. While the dimensions and
types of materials described herein are intended to define the parameters of various
cmbodiments, they are by no means limiting and arc only example embodiments. Many
other embodiments will be apparent to those of skill in the art upon reviewing the above
description. Thc scopc of the present application should, thereforc, be determincd with
rcterence to the appended claims, along with the full scope of cquivalents to which such
claims arc cntiticd. In the appended claims, the terms “including” and “in which” are uscd
as the plamn-English equivalents of the respective terms “comprising” and “wherein.”
Morcover, 1n the following claims, the terms ““first,” “second,” and “third,” etc. arc used

merely as labels, and are not intended to imposc numerical requirements on their objects.

[0057] This written description uses examples to disclose the wvarious
cmbodiments and also to enablc any person skilled in the art to practice the various
cmbodiments, mcluding making and using any dcvices or systems and performing any
incorporatcd methods. The patentable scope of the various embodiments is defined by the

- claims, and may include other cxamples that occur to those skilled in the art. Such other
examples are intended to be within the scope of the claims if the examples have structural
clements that do not differ from the literal language of the claims, or if the cxamplces
include equivalent structural clements with insubstantial differences from the literal

languages of the claims.

_16-
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WHAT IS CLAIMED IS:

1. A method for extracting rare-earth (RE) oxide constituents from a
feedstock containing RE silicates and non-RE contaminants, the method comprising:

leaching the REs from the feedstock 1into an acid to form an acid solution;

perlorming an oxalale precipitalion on the acid solution to form an RE
oxalate hydrate;

separating the RE oxalate hydrate from the acid solution; and

heat trcating the RE oxalate hydrate to form an RE oxidc containing the RE
elements extracted from the feedstock,

wherein the feedstock compriscs at Icast onc of Yttrium (Y) or Ytterbium
(Yb) in the form of at least one of RE2S1207 (REDS) or RE2Si0s (REMS), and the
leaching comprises treatment with hydrochloric (HCI) acid, resulting in a rcsiduc of

substantially Silicon dioxide (SiOz).

2. The method of claim 1, where separating the RE oxalate hydrate {rom

the acid solution comprises l[iltering and washing the RE oxalate hydrate.

3. The method of claim 1, turther comprising performing a sulfate
precipitation on the acid solution and scparating the sulfate precipitates from the acid

solution prior to performing the oxalate precipitation.

4, The method of claim 1, further comprising performing sulfatc

precipitation in the acid solution, wherein the sulfate precipitation comprises adding

one of NazSO4 or (NH4)2S04 to the acid solution to form a precipitate and separating

the precipitate from the acid solution prior to oxalate precipitation, wherein the

precipitate contains at least one of alkaline earth metals or alkali metals.
d. The method of claim 4, whercin the precipitate 1s (Ba,Sr)SOs.

0. The method ot claim 5, turther comprising removing the (Ba,Sr)SOa
precipitate by filtration.

_17-
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7. The method of claim 1, wherein performing the oxalate precipitation
on the acid solution comprises adding oxalic acid as a sohid or in aqueous solution so

as to form the RE oxalate hydrate precipitate.

8. The method of claim 7, wherein the oxalic acid solution is added at

—

room temperature while stirring and further comprising washing of the RE oxalate

hydrate with water after a first tiltration, and thereafter performing a second filtration.

9. The mcthod of claim 1, wherein the feedstock is a non-deposited
teedstock powder and further comprises at least one of (Ba,Sr)Si2Al208 (BSAS) or Si,
and whcerein at Icast onc of the Si1, Ba, Sr, or Al arc removed from the non-deposited

feedstock powder.

10.  The method of claim 1, wherein the feedstock comprises Yttrium (Y)
and Ytterbium (Yb) in the form of YbYDS, and the RE elements are extracted from the

feedstock in a mixed (Yb,Y )03 oxide form.

11.  The method of claim 1, wherein the fecdstock comprises at least one
of Yttrium (Y) or Ytterbium (YDb) in the form of REDS and having at least one of the
Y or Yb extracted and recovered therefrom at greater than about 90% yield with each

of a plurality of contaminants reduced to less than 100 ppm.

12. A method for extracting rare-earth (RE) oxide constituents from a
feedstock containing RE silicates, the method comprising:

Icaching thc REs trom the fccdstbck into an acid to form an acid solution by
treatment of the feedstock with hydrochloric acid;

performing an oxalate precipitation on the acid solution to form an RE
oxalate hydrate by treatment with oxalic acid;

separating the RE oxalate hydrate from the acid solution; and

heat treating the RE oxalate hydrate to form an RE oxide having the RE
clements extracted from the feedstock, wherein the heat treating includes drying and
calcining the RE oxalate hydrate,

wherein the feedstock comprises at least one ot Yttrium (Y) or Ytterbium

(YDb) in the form of at least one of REDS or REMS, and turther comprising performing

18-
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a sulfate precipitation on the acid solution that includes dissolving at lcast onc of
Na250a, (NH4)2S04, or H2SO4 1n the acid solution (o form a sulfate precipitate, and

turther comprising removing the sulfate precipitate by filtration.

13.  The mcthod of claim 12, wherein performing the oxalate precipitation
on the acid solution 1s performed after performing the sulfate precipitation on the acid
solution or wherein the tfeedstock 1s a non-deposited feedstock powder including at least
one of (Y,Yb):Si207 (YbYDS) or Y25i0s (YMS), and at least onc of (Ba,Sr)SizAl:Os
(BSAS) or S1, and wherein the Si, Ba, Sr and Al contaminants are removed to yield a

substantially pure RE oxide.

14. A system for rare-earth (RE) element collection and rccovery, the
system comprising:

an environmental barrier coating (EBC) fabrication and application system

lor applying an EBC to an object, thc EBC applied as feedstock powder, wherein at
least some of the feedstock powder docs not deposit on the object and mixes with
contaminants; and

a collection and recovery system for chemically extracting the RE elements
from the non-deposited powdcr, the collection and rccovery system configured to leach
the REs trom the non-deposited powder into an acid to form an acid solution, perform
an oxalate precipitation on the acid solution to form an RE oxalate hydrate, separatc the
RE oxalate hydrate [rom the acid solution, and heat treat the RE oxalate hydrate to form

an RE oxide having the RE constitucnts cxtracted from the non-deposited powder.

15.  The system of claim 14, wherein the EBC comprises Yttrium (Y) and
Ytterbium (Yb) in the form of YbYDS, and the collection and recovery system is further

configured to extract RE elements from the EBC as a mixed (Y,Yb):03 oxide form.

_1.9_
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