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(57) Abstract: A method is provided for separating ditferent rare earth metal oxalates by mixing the different rare earth metal oxalates
in an aqueous solution comprising oxalic acid and an organic base so that at least one rare earth metal oxalate is soluble and at least
another rare earth metal oxalate is not soluble. The different rare earth metal oxalates that can be separated can include at least one light
rare earth metal oxalate and at least one heavy rare earth oxalate, or different heavy rare earth metal oxalates. The separation method
can be incorporated as a step in a solvent extraction method that generates rare earth metal oxalates as an intermediate reaction product
to simplify extraction processing and lower extraction costs.
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SEPARATING RARE EARTH METAL OXALATES

RELATED APPLICATION
[0001] This application claims benefit and priority of U.S. provisional application
Serial No. 62/494,101 filed July 27, 2016, the entire disclosure of which is

incorporated herein by reference.

CONTRACTUAL ORIGIN OF THE INVENTION
[0002] This invention was made with government support under Grant No.
DE-AC02-07CH11358 awarded by the U.S. Department of Energy. The government

has certain rights in the invention.

FIELD OF THE INVENTION

[0003] The present invention relates to a method for separating rare earth metal
oxalates based on solubility differences in an aqueous solution of oxalic acid and an
organic base and to a rare earth metal extraction method embodying the separating

step.

BACKGROUND OF THE INVENTION

[0004] The lighter rare earth elements such as lanthanum, cerium, praseodymium, and
neodymium are more abundant and concentrated and usually make up about 80%-
99% of a total ore deposit. The heavier elements (Gd-Lu), which are actually on
average 8-125 times more expensive than the light lanthanides, are rarer but highly

demanded.

[0005] Historically separation of lanthanides can be divided into four main groups
such as chemical separation, fractional crystallizations, ion-exchange methods and
solvent extraction. Apart from initial chemical separation of cerium and repeated
fractional crystallization (time-consuming, up to 15000 cycles), nowadays only
solvent extraction and ion-exchange methods are used on a commercial scale. Ion-
exchange chromatography is not of real commercial importance for large-scale
production (disadvantage is that it is a slow process) but for electronic or

spectroscopic use (‘phosphor grade', 99.999% purity) it is still an indispensable tool.
1
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[0006] Solvent extraction is recognized as an important and main industrial
technology for separation and purification of rare-earth elements. Acidic
organophosphorous extractants, such as tributyl phosphate or di-2-ethylhexyl
phosphoric acid (D2EHPA), are widely used for this purpose. Industrially the rare
earths usually were recovered from the leach liquor by solvent extraction with 25%
D2EHPA in kerosene, followed by multistage pulling of the rare earths from the
organic solution and precipitation with oxalic acid. The final step is calcination and
transformation of the rare-earth oxalates into oxides. The disadvantages of this
approach are the complexity of the process and large scale use of hazardous chemicals
(e.g. organophosphorous compounds). Therefore, there is an economical, ecological
and strategic need in the development of new efficient low-cost extractants and

extraction systems for separating them as a group or from each other.

SUMMARY OF THE INVENTION

[0007] The present invention provides a selective chemical separation method of rare
earth metal oxalates to address this need wherein the method involves mixing
different rare earth metal oxalates and an aqueous solution comprising oxalic acid and
an organic base wherein at least one rare earth metal oxalate is soluble and at least

another rare earth metal oxalate is not soluble in the aqueous solution.

[0008] In an illustrative embodiment of the invention, the different rare earth metal
oxalates include at least one light rare earth metal (La-Sm) oxalate and at least one

heavy rare earth (Gd-Lu) oxalate that are separated.

[0009] In another illustrative embodiment of the invention, different heavy rare earth

metal oxalates are separated.

[0010] In another illustrative embodiment of the invention, the aqueous solution
comprises 5 to 95 % oxalic acid and 95 to 5 % organic base, wherein the organic base
is selected from the group consisting of organic amines, phosphines or thioesters. A
preferred organic base for use in practice of the invention comprises 1-

methylimidazole.
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[0011] The present invention envisions incorporating the separating method of the
invention as a method step in a solvent extraction method that generates rare earth
metal oxalates as an intermediate reaction product. The chemical separating step of
the invention is employed to separate the different rare earth metal oxalates and

simplify and reduce the cost of the overall extraction process.

[0012] Practice of the present invention provides the following advantages:

1) Chemical separation of lanthanide oxalates within two groups: La-Sm (low-priced)
and Gd-Lu (high-priced).

2) Simple and fast: (a) no special equipment or extreme synthetic conditions are
required for the extractant preparation; (b) it is a “one step' separation process which
takes a few minutes.

3) Environmental Aspects: (a) It is a water-based process (no mineral acids or organic
2"d phase required); (b) The preferred organic base, 1-methylimidazole, is recognized
by Sigma-Aldrich Company as a Greener Alternative Product which adheres to one or
more of the " 12 Principles of Green Chemistry".

4) Cost effective: The required materials (oxalic acid and the respective base) as well
as the whole process are cheaper compared to the state-.of-art solvent extraction with
organophosphorus compounds.

5) The separation process represents a substantial improvement to known separation

technology.

[0013] The present invention will become more readily understood from the

following detailed description taken with the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
[0014] Figure 1 is schematic diagram of the overall chemical separation method

pursuant to an illustrative embodiment of the invention.

[0015] Figure 2 is graph of solubility distribution, SF, versus lanthanide elements
showing their relative solubility values in particular aqueous solutions tested each
containing a different organic base. SF(Nd) and SF(Pr) mean the separation factors of
the selected lanthanides versus solubility values of neodymium or praseodymium

oxalates, respectively, in particular aqueous solutions for the respective organic base.
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[0016] Figure 3A is a schematic diagram of a conventional solvent extraction process
having four steps.

[0017] Figure 3B is a schematic diagram of a solvent extraction process modified to

include step D in accordance with an embodiment of the invention.

DESCRIPTION OF THE INVENTION
[0018] The present invention relates to a selective chemical separation of rare earth
oxalates in particular aqueous media into different subgroups involving light rare

earth metals and/or heavy rare earth metals.

[0019] For example, one illustrative embodiment of the invention involves chemical
separation of one or more light rare earth metal oxalates, such as at least one of La
through Sm of the Periodic Table of Elements, and one or more heavy rare earth

oxalates, such as at least one of Gd through Lu of the Periodic Table of Elements.

[0020] Another illustrative embodiment of the invention involves separation of
different heavy rare earth metal oxalates, such as Gd through Lu of the Periodic Table

of Elements.

[0021] Practice of an illustrative embodiment of the invention involves mixing the
different rare earth metal oxalates, which can be a main intermediate reaction product
of the solvent extraction process, and an aqueous solution comprising oxalic acid and
an organic base wherein one or more rare earth metal oxalates is/are soluble and one

or more other rare earth metal oxalates is/are not soluble in the aqueous solution.

[0022] The aqueous solution can comprise 5 to 95 mole % oxalic acid and 95 to 5
mole % of organic base, balance being water. The aqueous solution preferably
comprises 30 to 40 mole % oxalic acid 60 to 70 mole % of organic base, balance
being water. The aqueous solution even more preferably comprises 32 to 34 mole %

oxalic acid and 66 to 68 mole % of organic base, balance being water.
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[0023] The pH of the aqueous solution typically is maintained in the range of 6 to 8,
while the temperature of the aqueous solution typically is maintained in the
temperature range of 80 to 100 °C in practice of the embodiments of the invention.
The aqueous solution containing the rare earth metal oxalates typically is stirred or

otherwise agitated during the separation method.

[0024] The organic base is selected generally from the group consisting of imidazoles,
pyridines, methyl amines, benzimidazoles, histidines, phosphazene bases, or other

organic bases (e.g. N-containing, P-containing, S—containing organic bases).

[0025] Particular organic bases of interest include 1-methylimidazole, 1-
ethylimidazole, methylpyrrolidine, and 1-butylimidazole. A preferred organic base

comprises 1-methylimidazole.

[0026] The following Examples are offered to further illustrate practice of the

invention without limiting the invention in any way.

[0027] Examples:

In these Examples, water-insoluble rare earth oxalates, which are one of the main
intermediate products of the industrial production of lanthanides, are selectively
reacted with a mixture of oxalic acid and an organic base (e.g. mim = 1-
methylimidazole, eim = 1-ethylimidazole, mpr = 1-methylpyrrolidine), which allows
for their separation based on solubility differences in the aqueous phase. Figure 1
illustrates the overall chemical separation method pursuant to an illustrative

embodiment of the invention using 1-methylimidazole (mim) as the organic base.

[0028] In a typical one stage bench-scale testing, to a solution of oxalic acid
(H2C204-2H,0, 10 mmol, 1.2607 g) and the organic base (20 mmol) in 10 mL of
water, a specific amount (up to about 1.6 mmol) of Ln,Ox-nH,O (where O, = oxalate;
n = 10 (for La-Er) and 6 (for Er-Lu)) was added. The mixture was stirred for 15min at
100°C (boiling). Each rare earth oxalate was added in drop-wise up to a maximum
oxalate amount which could be dissolved in the solution (without precipitation within

the 30 minute subsequent to dropwise introduction).
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[0029] A solubility distribution (SD) parameter was defined as the concentration of a
lanthanide in the aqueous phase. The ratio of solubility distributions (SD) between
two components (in this case concentrations of dissolved lanthanide oxalates) is

stipulated here as the separation factor (SFin1) (eq.]):
SFiai = Cia'/ CLai (1

where Cp,' is the concentration of a specific lanthanide oxalate and Cp,; is
concentration (solubility value) of the selected as reference, low soluble, lanthanide

oxalate (e.g. Nd or Pr oxalate).

[0030] Figure 2 summarizes the solubility distribution (SD) values versus lanthanide
elements tested in the manner described above. Figure 2 reveals and demonstrates that
light rare earth oxalates (LREOX, La-Sm) were practically insoluble in comparison to
the heavy rare earth oxalates (HREOX, Gd-Lu) thus making it possible to transfer
exclusively the HREOX to the aqueous phase.

[0031] Figure 2 also reveals that the solubility distribution (SD) values versus the
heavy rare earth oxalates (HREOX, Gd-Lu) can be used to separate different heavy
rare earth metals based on solubility differences in the aqueous phase. For example,
the heavy rare earth metals including at least one of Gd, Tb, and Dy can be separated

from at least one of Tm, Yb, and Lu based on solubility differences.

[0032] Referring to Figure 3A, the present invention makes possible to divide
different price category lanthanides at the early stages of separation (starting already
at STEP 3 instead of STEP 4 of a solvent extraction process, which as a consequence
can effectively reduce for suppliers the self-cost of rare earth (La, Ce, Pr, Nd) oxides
widely used as component of FCC (Fluid Catalytic Cracking) catalyst in crude

petroleum refining (see Example 2).

[0033] For example, in Figure 3A, the starting materials are indicated to be rare earth
metal-bearing Monazite sand and concentrated sulfuric acid (98%). In step 1, the sand
and sulfuric acid are heated at 120 and 150 °C for several hours. The leach liquor

(gray mud) then is mixed with cold water in step 2, and the residue (e.g. sand and
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TiO,, etc.) is allowed to settle out, leaving water-soluble sulfates of rare earth metals.
This solution then is partially neutralized with sodium hydroxide to pH 3-4 in step 3
to precipitate Th-containing mud (thorium hydroxide). Then, the solution is treated
with ammonium oxalate to convert the rare earth metal sulfates to their insoluble
oxalates. Then, in step 4, the oxalates are converted to oxides by calcination. The
oxides are dissolved in nitric acid represented by Solution (Ln*) to obtain the rare

earth metal (e.g. Ln). Only, cerium is insoluble in HNO3 and separated at this stage.

[0034] Example 2:

Almost 65% of the rare earths used in the United States and Western Europe are
consumed in catalysts mainly as FCC catalysts. The application of rare earths in FCC
catalysts was motivated by the need for more active and hydrothermally stable
products with better yield performance. Rare earth oxides (REO) completed these
goals by enhancing catalytic activity and avoiding loss of acid sites during the
standard procedure. Manufacturing costs of consumer goods that contain rare earth
elements (REEs) may continue to decline per unit of output even as raw material costs
continue to rise. Because the materials intensity (small amounts per unit output) of
REEs is relatively low for most end-use applications (e.g. in FCC -1=3%), low-cost
manufactured goods may contain high-cost materials (heavier REEs). Thus further
processing, refining, and manufacturing capacity is necessary to meet growing

demand and efficiencies of their uses.

[0035] The present invention provides such opportunity as shown in Figure 3B where

step D embodies a separation method pursuant to an embodiment of the invention.

[0036] In step D, the “Monazite” oxalates from step 3 of the solvent extraction
processs of having rare earth metal amounts shown in the box (C) of Figure 3A are
treated using the aqueous solution described above in which the HREEs oxalates
(heavy rare earth oxalates) are soluble and the LREEs oxalates (light rare earth
oxalates) are insoluble, thus separating the HREEs from the LREESs. The residue
containing LREE (e.g. La, Nd, Pr, Sm oxalates) are calcined to convert them to oxides

for use as FCC catalysts.

[0037] The present invention is advantageous in that chemical separation of

7
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lanthanide oxalates within two groups: La-Sm (low-priced) and Gd-Lu (high-priced)
is achievable in a “one step' separation process, which takes a few minutes as
compared to hours. Method embodiments of the invention are cost effective since the
required materials (oxalic acid and the respective organic base) as well as the whole
process are cheaper compared to the state-of-art solvent extraction with
organophosphorus compounds. Moreover, method embodiments are simple and fast
and need no special equipment or extreme synthetic conditions for the extractant

preparation.

[0038] While the invention has been described in terms of specific embodiments
thereof, it is not intended to be limited thereto but rather only to the extent set forth in

the following claims.
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CLAIMS
WE CLAIM

13.

A method of separating rare earth metal oxalates, comprising mixing the rare
earth metal oxalates and an aqueous solution comprising oxalic acid and an
organic base wherein at least one rare earth metal oxalate is soluble and at
least another rare earth metal oxalate is not soluble in the aqueous solution.
The method of claim 1 wherein the rare earth metal oxalates include at least
one light rare earth metal oxalate and at least one heavy rare earth oxalate.

The method of claim 2 wherein the light rare earth oxalate includes at least
one of La through Sm of the Periodic Table of Elements.

The method of claim 2 wherein the heavy rare earth oxalate includes at least
one of Gd through Lu of the Periodic Table of Elements.

The method of claim 1 wherein the rare earth metal oxalates include different
heavy rare earth metal oxalates.

The method of claim 5 wherein the different heavy rare earth metals include at
least one of Gd, Tb, and Dy and at least one of Tm, Yb, and Lu.

The method of claim 1 wherein the oxalic acid comprises 5 to 95 mole % and
the organic base comprises 95 to 5 mole % of the solution.

The method of claim 7 wherein the oxalic acid comprises 30 to 40 mole % and
the organic base comprises 60 to 70 mole % of the solution.

The method of claim 8 wherein the oxalic acid comprises 32 to 34 mole % and

the organic base comprises 66 to 68 mole % of the solution.

. The method of claim 1 wherein the organic base is selected from the group

consisting of N-containing organic base, or P-containing organic base, or S-

containing organic base.

. The method of claim 1 wherein the organic base comprises 1-

methylimidazole.

. In the solvent extraction method of rare earth metals wherein rare earth metal

oxalates are formed, the step of separating the rare earth metal oxalates by
mixing the rare earth metal oxalates and an aqueous solution comprising
oxalic acid and an organic base so that at least one rare earth metal oxalate is
soluble and at least another rare earth metal oxalate is not soluble.

The method of claim 12 wherein the rare earth metal oxalates include at least

9
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14.

15.

16.

17.

18.

19.

20.

21.

22.

one light rare earth metal oxalate and at least one heavy rare earth oxalate.

The method of claim 12 wherein the light rare earth oxalate includes at least
one of La through Sm of the Periodic Table of Elements.

The method of claim 12 wherein the heavy rare earth oxalate includes at least
one of Gd through Lu of the Periodic Table of Elements.

The method of claim 12 wherein the rare earth metal oxalates include different
heavy rare earth metal oxalates.

The method of claim 16 wherein the different heavy rare earth metals include
at least one of Gd, Tb, and Dy and at least one of Tm, Yb, and Lu.

The method of claim 12 wherein the oxalic acid comprises 5 to 95 mole % and
the organic base comprises 95 to 5 mole % of the solution.

The method of claim 18 wherein the oxalic acid comprises 30 to 40 mole %
and the organic base comprises 60 to 70 mole % of the sélution.

The method of claim 19 wherein the oxalic acid comprises 32 to 34 mole %
and the organic base comprises 66 to 68 mole % of the solution.

The method of claim 12 wherein the organic base is selected from the group
consisting N-containing organic base, or P-containing organic base, or S-
containing organic base.

The method of claim 21 wherein the organic base comprises 1-

methylimidazole.

10
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