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During the selective precipitation process of rare earths using oxalic acid, consumption of the precipitant

islargely increased by trivalent metal ions, such as AI*" and Fe*, while divalent metal ions impose minor
impact.
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Effects of contaminant metal ionson precipitation recovery of rare earth elementsusing
oxalic acid

Wencai Zhang*, Aaron Noble, Bin Ji, Qi Li

Department of Mining and Minerals Engineering, Wfiig Polytechnic Institute and State
University, Blacksburg, Virginia 24061, USA

Abstract: Solution equilibrium calculations were performed this study to understand the
impact of contaminant metal ions on the preciptatefficiency of selected rare earth elements
(Ce”, Nd®*, and Y*") using oxalic acid as a precipitant. Trivalent ahéons, AP* and F&", were
found to considerably affect the precipitation @#icy of REEs. When Al and Fé&
concentrations were increased by 1¥1Mol/L, in order to achieve an acceptable cerium
recovery of 93% from solutions containing 1X4Mol/L C€", oxalate dosage needed to increase
by 1.2x10* and 1.68x10" mol/L, respectively. Such great impacts on theuiregl oxalate
dosage were also observed for’Ndnd Y**, which indicates that oxalic acid consumption and
cost will be largely increased when the trivalertah ions exist in REE-concentrated solutions.
Effects of the divalent metal ions on the oxalatsatje is minimal. Furthermore, solution
equilibrium calculation results showed that thecipitation of FE" and C&" (e.g., hematite and
Ca(G04)-H20) likely occurs during the oxalate precipitation REEs at relatively high pH
(e.g., pH 2.5), which will reduce rare earth oxalptoduct purity. In addition to the metal ions,
anionic species, especially $O were also found to negatively affect the preaiin recovery

of REEs. For example, when 0.1 mol/L SQoccurs in a solution containing 1xt@nol/L Ce*
and 4x10" mol/L oxalate, the pH needed to be elevated fradrt@3.3 to achieve the acceptable
recovery. Overall, findings from this study providaeidance for the obtainment of high-purity
rare earth products from solutions containing asm@rable amount of contaminant metal ions
by means of oxalic acid precipitation.
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1. Introduction

Rare earth elements (REESs) are essential raw raigtéor modern technology with strategic
importance in both civilian and defense applicatioin the conventional supply chain, REEs are
produced from ore resources, including monazitstrizeesite, and xenotime, as well as from ion-
adsorbed clays. Commercially-viable deposits of these mineraks quite scarce, and future
technology development, particularly for permanaagnets and electric vehicles, is expected to
intensify demand for REEs. Given this increasedpBupsk, the criticality of REEs has been
recently codified by many international agencied mational governmenfs’, and considerable
public and private investment has addressed thelol@wment of processes to recover REEs from
alternative resources. Data from the technicalditee has included processes to recover REEs
from spent permanent REE magnets, spent nickelldingdizide batteries, waste phosphors, red
mud, coal-based materials (e.g., coal refuse aablcombustion ash), and phosphate récks’

In the processing of conventional REE ores, theontgjof the associated gangue minerals
are rejected through proper pretreatment and palylseneficiation, including gravity, magnetic,
electrostatic, and froth flotation separatidfisThe resultant mineral concentrates then undergo
hydrometallurgical and/or pyrometallurgical proégegs whereby the REEs are transferred from
the solid phase into solution for further concetitira and purification™*™". After adequate
enrichment and separation, high-purity rare eaatts @re precipitated from a concentrated REE
solution in the final processing stages. These earéh salts can then be further refined to high
purity metal or sold as individual RE-compoundstiHe solution recovery step, different kinds
of precipitant, including oxalic acid, sulfate, lbanate, phosphate, and fluoride, have been used
to achieve satisfactory precipitation performaffté’ Of these options, oxalic acid is currently
recognized as the most effective precipitant, duthé relatively low solubility products of rare
earth oxalate precipitaté3

Since the majority of gangue elements are remowethg physical beneficiation, the REE
solutions generated from conventional ores tentiadee a low concentration of contaminant
metal ions relative to that of the REEs. Alternalyy many alternate resources are not amenable
to physical cleaning and thus have a high conceoraf contaminants, sometimes orders of
magnitude higher than that of the REEsFor example, in the case of REE production from
phosphate rock, a solution containing 1,447 mg/LIR&Es and 28,055 mg/L of calcium was
generated by leachirfg During solution purification, 81% of the calciumas removed by three
stages of scrubbing; however, a considerable ammiucélcium still remained in the stripping
solution that was ultimately subjected to oxaligdaprecipitation. In another case, a pre-
concentrated solution containing 72 mg/L REEs, 3,8f/L Al, 700 mg/L Mg, and 370 mg/L
Ca was generated from an acid coal mine draifbgéhis solution was directly processed using
oxalic acid precipitation to generate a high-purése earth product.

Since oxalic acid tends to chelate with many temalcations, the dose of oxalic acid needed
to fully precipitate the REEs is dependent on bibidn concentrations of REEs and the other



contaminant metals. For cases similar to thosdiomed above, a slight change in the upstream
processing operations will necessarily impart aificant change to the elemental profile of the
REE-enriched solution. As a result, empirical apph®es to techno-economic process
optimization are wrought with difficulty, as a neswite of precipitation tests must be conducted
each time an upstream process variable changesrtUmétely, fundamental investigations on
the impact of contaminant metal ions in the preatmn recovery of REEs have been rarely
reported. Chi and Xt studied this phenomenon by combining laboratopeexental tests and
solution equilibrium calculations, however the impaf individual metal ions was not studied.
Other studies have only cursorily addressed oxadid precipitation, often only reporting a
single optimal dosé&" %

In this study, solution equilibrium calculations neeonducted to evaluate the impact of'Al
Fe'*, F€*, Mg®*, and C4&" on the oxalic acid precipitation recovery of seweselected REEs
(Ce*, Nd®*, and ¥*"), which represent light, middle, and heavy REEspectively. As one of
the most abundant REEs, more focus was placed empriripitation characteristics of Te
Recovery of the REEs was calculated as a functioboth pH and contaminant metal ion
concentration. Oxalate dosages required to acha@vacceptable recovery of the REEs were
then calculated in the presence of contaminantlneata of varying concentrations. In addition,
the impact of several anionic species, includingsN@I, and SG@, on the precipitation
characteristics of the REEs was also investigaéidgether, this modeling exercise was used to
obtain better fundamental understanding on theofisexalic acid precipitation to recover and
purify REEs from solutions with high contaminanttaieontent.

2. Methods

The precipitation characteristics of selected REES", Nd®*, and Y*") using oxalic acid as
a precipitant were analyzed through solution elgudim calculations. The equilibrium reactions
and corresponding reaction constants ati2&e shown in Table 1. The majority of the reaction
constants were selected from the database of VMIMTEQ 3.1 software. The constants of a
few reactions that are not included in the databease obtained from the literature. Solubility
products of cerium sulfate and cerium octyl-sulfatecipitates were not found in the literature.
Therefore, reaction constants of the cerium sulfatel cerium octyl-sulfate precipitation
reactions were calculated using the Gibbs freeggnef formation of the precipitates and the
corresponding constituent components. All equilibri calculations were performed using
Visual MINTEQ 3.1 software, which is a freeware wgtieal equilibrium model maintained by
Jon Petter Gustafsson at KTH, Sweden. Agueous @it species that are not included in the
original database of the software were manuallyeddd



Table 1. Reactions involved in the solution equilin calculations.

Reaction lgK Reaction lgK
2H* + C,0; 2 H,C,0, 552  Fe?t+ OH™ 2 Fe(OH)™" 4.60
H* + C,0}~ 2 HC,03 4.27  Fe?* + 20H™ 2 Fe(OH);(aq) 7.51
Ce3* + OH™ 2 Ce(OH)?* 5.66  Fe?* + 30H~ 2 Fe(OH)3 11.01
Ce3* + 20H™ 2 Ce(OH)} 11.70°  Fe?* + C,0;" 2 Fe(C,04)(aq) 3.97
Ce3* + 30H™ 2 Ce(OH)3(q) 16.00° Fe?* + 2C,03~ 2 Fe(C,0,)3” 5.90
Ce®* + 40H~ 2 Ce(OH); 18.00° Fe?* + 20H™ 2 Fe(OH)y( 15.11
Ce3* + 30H™ 2 Ce(OH)3 22.11  Fe** + 20H™ 2 Fe(OH)z(am) 14.51
2Ce3* + 3C,03™ 2 Cez(C;04)3(¢s) 30.18° Ca?* + OH™ 2 Ca(OH)* 1.30
Ce3* + C,02~ 2 Ce(C,0,)" 6.52°  Ca®*+ C,03" 2 Ca(C,04)(q) 3.19
Ce3* 4+ 2C,02” 2 Ce(C;04); 10.48° Ca?* + NO3 2 Ca(NO3)* 0.5
Ce®* + 3C,0%2~ 2 Ce(C,04)35 11.31° Ca?* + 2NO3 2 Ca(NO3)z(aq) —-4.50
Ce3* + NO3 2 Ce(NO3)** 0.81  Ca?*+ C,05” + H,0 2 Ca(C,0,)-H,0( 8.75
Ce3* + ClI- 2 CeCl?* 0.57  Ca®*+ C,03™ + 3H,0 2 Ca(C,0,)3H,0 8.32
Ce3* + S02™ 2 Ce(S0,)* 3.64  Ca’* + 20H™ 2 Ca(OH),(s) Lime 4.70
Ce3* + 250%™ 2 Ce(S0,); 51  Mg?* + OH™ =2 Mg(OH)* 2.58
2Ce3t + 35057 2 Cey(S04)3(s) 277 Mg + C,05 2 Mg(C,04)q) 3.62
2Ce3* + 3505 4+ 8H,0 2 Ce,(S0,)3 ' 8H,0() 8.70  Mg?* + C,03~ 2 Mg(C,0,)s) 5.68
APt 4+ OH™ 2 AI(OH)?** 9.00 Mg?* + 20H™ 2 Mg(OH),s) Brucite 10.90
AIP* + 20H- 2 Al(OH)} 17.71  Mg?* 4+ 20H™ 2 Mg(OH),s) Active 9.21
ARt + 30H™ 2 Al(OH)3(.q) 25.31 Mg?* + H,0 — 2H* 2 MgOy Periclase -21.58
AP + 30H™ 2 AI(OH)3() Gibbsite 34.26 Nd** + OH~ =2 Nd(OH)?* 5.82
AIP* + 40H- 2 Al(OH); 33.00 Nd3*+ 20H- 2 Nd(OH)j 10.90¢
2A13* + 20H™ 2 Al,(OH)3* 20.31 Nd** + 30H™ @ Nd(OH)3(q) 15.60¢
3A13* + 40H- 2 Al;(OH)3* 4211 Nd3* + 40H™ 2 Nd(OH); 18.61
AP* + C,0% 2 AI(C,0,)* 7.73  2Nd3* + 20H™ 2 Nd,(OH)%* 14.11
AR + 2C,0% 2 Al(C,0,); 1341 Nd3* + NO3 2 Nd(NO;)?* 0.91
AR + 3C,0% 2 Al(C,0,)3" 17.09 Nd3** + C,03~ 2 Nd(C,0,)* 7.21°
AIR* + HC,0; 2 AlI(HC,0,)%* 3.19  Nd3* + 2C,03~ 2 Nd(C,0,); 11.51¢
AI(OH)?* + C,03~ 2 AlI(OH)(C,0,) 7.57  Nd** + 3C,0% 2 Nd(C,0,)3" 14.67°
AI(OH)F + C,03~ 2 Al(OH),(C,04) 7.17  Nd** 4+ 30H™ 2 Nd(OH)3s 23.91
AI(OH)?>* + 2C,0%~ 2 AI(OH)(C,0,)3" 11.84  2Nd3* + 3C,03™ 2 Ndp(C;04)3(s) 31.11
Fe3* + OH™ 2 Fe(OH)** 11.98 Y3*+ OH- 2 Y(OH)?t 6.20
Fe3* + 20H™ 2 Fe(OH); 22.25 Y3+ 20H” 2Y(OH)} 11.60'
Fe3* + 30H™ 2 Fe(OH)3(aq) 27.00  Y3* 4+ 30H™ 2 Y(OH)3(aq) 16.00'
Fe3* + 40H™ 2 Fe(OH); 33.30 Y3+ + 40H 2 Y(OH); 19.50'
2Fe3* + 20H™ 2 Fe,(OH)3* 2511 2Y3* + 20H™ 2 Y,(OH)3* 13.81
3Fe®* + 40H™ 2 Fe;(OH);* 49.71 Y3t + NO3 2 Y(NO3)?* 0.40
Fe3* + C,03~ 2 Fe(C,0,)* 9.15  Y3* 4+ (03 2 Y(C0)* 6.74
Fe3* + 20,03 2 Fe(C,0,)7 1545 Y3+ + 2C,03” 2 Y(C,0,); 10.10°
Fe3* + 3C,02~ 2 Fe(C,0,)%" 19.83 Y3t + 3C,02" 2 Y(C,0,)3" 11.47°
2Fe3* 4+ 3H,0 — 6H* 2 Fe,03(5) Hematite 142 Y3 4+ 30H™ 2 Y(OH)3(s 24.51
2Y3* + 30,057 2 Y2(C;04)3(5 28.279

Note: a**, b, ¢, d*", *® £, and g*; the other reaction constants excepf(S0,)s (s, andCe, (S04)3 - 8H,0(s) formations
were referred to the database of Visual MINTEQs®ftware; the reaction constants @@ (S04)3(s) andCe,(S04)3 - 8H, 0
formations were calculated using the Gibbs freegnef formation ofCe3* (-161.809 kcal/mol, database of HSC Chemistry 6
software),S0%~ (-177.907 kcal/mof*!), H,0 (-56.678 kcal/mol®'), Ce,(S04)3(s) (-861.115 kcal/mof?), andCe,(S04)s3 -
8H,0(s) (-1322.620 kcal/mat).



3. Resultsand discussion
3.1 Precipitation characteristics of Ce* in the absence of contaminant metal ions

As one of the most geologically abundant rare eeldiments, the precipitation recovery of
1x10™* mol/L C€" from solutions in the absence of other metal i@ng., AF*, Fe*, Mg?*, C&*,
and F&") was first determined. The selection of the ceritmncentration being 1xIdmoliL,
which was used as an input in the calculationbased on prior studies of rare earth recovery
from acid coal mine leachaté5® As shown in Fig. 1(a), both solution acidity aoxilate
concentration largely affect the recovery of ceriufor all the oxalate concentrations
investigated in this study, at low pH values, ceritecovery sharply increases with increased pH,
which is attributable to the improvement in thesdation of oxalic acid molecules. After
reaching a critical pH value, the recovery stabgiZzo a fixed value and barely changes with
further increases in pH. For example, when an ¢satmncentration of 1xI mol/L is
employed, a recovery value of 56% is obtained levating pH from 1.5 to 2.5; whereas a
further increase in pH to 5.0 only provides an &ddal 5.5% gain in the recovery. This result is
likely due to the insufficient oxalate in the systeAs indicated by the stoichiometric ratio of
cerium to oxalate in the precipitation reactione(Seable 1), a precipitant dosage of greater
than1.5x10" mol/L is required to achieve satisfactory recovery

Using higher concentrations of oxalate, change®enrecovery as a function of pH show a
similar pattern as the system containing IXIfol/L oxalate, but larger recovery values are
achieved. As shown in Fig. 1(a), 95% of cerium tiscjpitated at pH 2.5 with 2xIOmol/L
oxalate, and the recovery is increased to nearlld @y elevating pH to 5.0. Rather than
insufficient precipitant, the slight gains in reeoy in the pH range of 2.5-5.0 are due to the
depletion of cerium ions, resulting from the exteagrecipitation reactions occurring at lower
pH. Cerium concentration of 1 mg/L (7.14%1Gnol/L) in residual solutions after selective
precipitation have been used as an acceptable tauge'®, which corresponds to approximately
93% recovery when 1xID mol/L of cerium occurs. As shown, in order to & the
acceptable recovery, a minimum pH of around 2r&dsiired when using 2x1bmol/L oxalate.
Lower pH values of around 2.0 and 1.8 can be uselifiher oxalate doses of 3xt@nd 4x10
* mol/L, respectively. In addition to the reducedtcof pH adjustment, another potential benefit
of conducting oxalic acid precipitation under maaeidic conditions is that higher-grade
products can be obtained since the oxalate prat#gitof contaminant metal ions barely form
(see following sections).

In the extraction process of rare earths from solisources, minerals acids, including
sulfuric, nitric, and hydrochloric acids, are freqiy applied as lixiviants. Therefore, anionic
species, such as NQCI', and SGQ*, normally occur in the REE-concentrated solutitha are
processed using oxalic acid precipitation. The at$feof the anions on the recovery of cerium
were also evaluated through solution equilibriunicdations. As shown in Fig. 1(b-d), the
precipitation efficiency of cerium is impaired imet presence of NQ CI", or SQ*". For example,



cerium recovery at pH 2.0 is decreased from 96%08 and 77%, respectively, in the presence
of 0.5 mol/L NG~ and CI. Moreover, cerium oxalate precipitate does natnfat pH 2.0 when
0.1 mol/L SQ* occurs in the system. Therefore, ;N@nd CT are more favorable than $Oin

the rare earth oxalic acid precipitation procesds Iworth noting that rare earths have been
recovered and purified through sulfate, doubleaelfand octyl-sulfate precipitation$?%>!
However, solution equilibrium calculation result®wed that these precipitates do not occur in
the current systems. The negative impacts causethdyanions primarily result from their
capabilities to form complexes with rare earths).(eCeCt*, Ce(NQ)**, and Ce(SQ)"). As
indicated by the larger stability constant of Ce{SQelative to the other two species {16
versus 16°and 18®%, sulfate has a stronger complexing ability tovga@E”, which explains
the reduced precipitation efficiency.

Fig. 1. Precipitation behavior of €efrom solutions containing 1xId mol/L C€* in the
absence of other metal ions as a function of pHO¢alate dosage effect in the absence 0§ NO
CI, and S@; (b) NOs7, (c) Cr, and (d) SG effects when using 4xIbmol/L oxalate. (Black
dashed line presents the target recovery of 93%)

3.2 Precipitation characteristics of Ce* in the presence of contaminant metal ions

Contaminant metal ions, such as’AIFe*, Mg?*, C&*, and Fé&', are normally introduced
into REE-concentrated solutions due to low extoacselectivity in recovery processes prior to
oxalic acid precipitation. Significant impacts dmetprecipitation efficiency of REEs may be
caused by these metal ions. To rigorously asséssntipact, solution equilibrium calculations
were conducted by considering the reactions listéichble 1.

3.2.1 Effect of AI** on precipitation characteristics of Ce®*

As mentioned above, 56% and 95% of Tzan be recovered at pH 2.5 using I3*I@ol/L
and 2x10* mol/L oxalic acid, respectively, from a solutioontaining 1x10* mol/L Ce* (see
Fig. 1(a)). This behavior changes drastically, gfguvith the addition of Al into the solution.
As shown in Fig. 2(a), when 1xT0omol/L AlI** and 1x10" mol/L oxalate occur in a solution,
cerium starts to precipitate at around pH 2.0, Wichigher than the pH observed in the system
in the absence of Al (pH 1.5, see Fig. 1(a)). Furthermore, changesefium recovery as a
function of pH in the absence and presence &f ale different. As shown, cerium recovery is
only increased to 8% by elevating pH to 2.5, aral récovery remains nearly unchanged until
the pH is increased to around 4.1, after which iclmable improvements in the recovery occur.
The mechanisms that cause this behavior are agpahem investigating the speciation of Al
The reactions listed in Table 1 show that*Aforms a number of complexes with oxalate in
solution, such as Al(fD,)*, Al(C20,)z", and Al(HGO,)**. The complexing reactions will reduce
the concentration of oxalate available for preeifitg cerium. Therefore, the recovery of REE at
pH values less than 4.1 is largely reduced in tiesence of Al". However, gibbsite (AI(OHy)s)



forms in the solution at pH 4.1, leading to thendtiation of AP*, thereby the concentration of
free oxalate species is increased. This reactiotribotes to the increases in cerium recovery in
the pH range of 4.1-5.0. A similar pattern is obedrwhen oxalate concentration is elevated to
2x10* mol/L; whereas higher recovery values are obtaimgtch is primarily due to that more
oxalate species are available for precipitatingucer As indicated by the rapid increase in the
recovery starting from pH 4.1, gibbsite also formshe system, which likely cause a reduction
in the purity of final product. Therefore, in ordéw recover 93% of the cerium without
sacrificing product purity, oxalate dosages of 3%1fol/L or higher are required.

A solution containing much more &lcompared with C& (1x10° mol/L versus 1x10
mol/L) was also investigated. As shown in Fig. 2(@rium precipitation does not occur until pH
is elevated to around 3.8, however nearly 100%efcerium is precipitated by further elevating
pH to around 4.5. This phenomenon indicates thpHabelow 3.8, oxalate species are primarily
complexed with Al*, thereby C& stays in the solution as aqueous species. Howeher,
majority of the Af* is precipitated in the form of gibbsite at pH 3adjich increases the amount
of free oxalate species in the solution. Therefaexjum precipitation occurs when the pH
exceeds 3.8. In order to achieve 93% recovery atiteprior to gibbsite formation, oxalate
dosages of greater than 1.4%Lthol/L are required. The impact of Alon cerium precipitation
can be better explained by plotting cerium recowagginst Al* concentration. As shown in Fig.
2(c), in a solution containing 1x10mol/L C€* and 4x10* mol/L oxalate, the precipitation
recovery of cerium considerably decreases dscahcentration elevates.

The dosage of oxalate required for recovering 93%esium at pH 1.5 and 2.0 in the
presence and absence of N@ere calculated for solutions containing 1¥1ol/L Ce* and
varying concentrations of Al As shown in Fig. 2(d), for both systems, the as@ldosage
increases linearly with elevations in*Alconcentration. As indicated by the slope of thetspl
for each unit increase in &l concentration (e.g., 1xI0mol/L), oxalate dosage needs to be
increased by approximately 1.2 units (e.g., 1.2%¥fol/L) to achieve the target recovery.
Moreover, this Fig. also shows the deleterious ithpANO;™ in solutions containing Af. For a
fixed pH and Af* concentration, more oxalate is needed to reachatiget recovery in solutions
containing N@". In addition, the slopes of lines are increased t the appearance of RO
(e.g., 1.34 for 0.5 mol/L N§). Therefore, the negative impacts of*Abn the oxalic acid
precipitation recovery of cerium are amplified byON, which can be explained by the
complexation between NOand C&".

Fig. 2. Effects of Al* on the precipitation recovery of Eefrom solutions containing 1x1b
mol/L Ce": (a) Cerium recovery as a function of pH in thegence of 1xI0 mol/L AlI**; (b)
Cerium recovery as a function of pH in the presasfcex10> mol/L Al**; (c) Cerium recovery
as a function of A" concentration using 4xItmol/L oxalate; (d) Oxalate dosages required to



achieve 93% recovery in the presence and abseni®gfas a function of Al concentration.
(Black dashed line presents the target recoveBaes)

3.2.2 Effect of Fe** on precipitation characteristics of Ce**

The effects of F& on the oxalate precipitation characteristics of'@eere also investigated
using the same approach as that 6f Aks shown in Fig. 3(a), when using 1xifhol/L oxalate
to recover cerium from a solution containing 1¥1Mol/L Ce* and 1x10* mol/L F€*, the
precipitation reaction starts at around pH 1.9,clhis higher than the pH observed in the
absence of B& (pH 1.5, see Fig. 1(a)). This contrast is prinyadilie to complexation reactions
between F& and oxalate. In addition, as shown in Fig. 3(Ibécipitation of F& occurs starting
from around pH 1.6, and the recovery increasesOh 4t pH 1.9. Based on the reactions
involved in the solution equilibrium calculatioriBaple 1), it can be concluded that ferric ions in
the solution are precipitated in the form of heteatlThe partial removal of ferric ions from the
solution in the pH range of 1.6-1.9 promotes theuoence of cerium oxalate precipitation at
pH 1.9, since a portion of oxalate originally coey®d with ferric ions is released and available
for precipitating cerium. As shown, iron recovengrieases more rapidly after pH 1.9, which can
be explained by the decrease in the concentratiooxalate species due to cerium oxalate
precipitation, leading to more free ferric spedieat likely form hematite. Therefore, €eand
Fe’* are precipitated simultaneously in the solutioptdtlarger than 1.9. Comparisons between
Fig. 3(a, b) indicate that cerium oxalate precimta occurs prior to hematite formation when
using higher oxalate dosages (2¥1fol/L and 3x10* mol/L). However, for both dosage levels,
the acceptable recovery of cerium (93%) cannotliiaimed by elevating pH without hematite
formation. Rapid increases in recovery at pH 1.8 pH 2.0 are observed from the plots of
2x10* mol/L and 3x10" mol/L oxalate, respectively, which corroboratess tbonclusion. In
order to obtain a high-purity cerium product at theget recovery, oxalate dosage should be
greater than 4xIOmollL.

The cerium recovery as a function of ferric ion camtration is shown in Fig. 3(c). As shown,
at pH 1.5, the presence of around 2.5%1flol/L Fe* reduces the recovery from 76% to 0%;
whereas at higher pH, the recovery is first de@éasd then remains constant. As mentioned
above, this phenomenon can be explained by thesatmiély function of ferric-oxalate
complexation and ferric ion precipitation. As shoinrFig. 3(d), the oxalate dosage required to
achieve the target recovery at pH 2 linearly insesafrom around 3xIbto 1x10° mol/L when
Fe’* concentration elevates from 0 mol/L to 4%l@nol/L. After that, the required dosage
remains unchanged due to the formation of hema&itece ferric ions are not precipitated at pH
1.5, the required dosage continuously increasesthednvestigated Bé& concentration range (0
mol/L to 1x10° mol/L). As indicated by the slope of the plot &t p.5, for each unit increase in
Fe* concentration (e.g., 1xIDmol/L), oxalate dosage needs to be increased pyorimately
1.68 units (e.g., 1.68xIDmol/L) to achieve the target recovery. Therefé; imposes a more



significant impact on the oxalate precipitationcefium compared with Af. Moreover, the plot
of 0.1 mol/L NQ™ at pH 2.0 has a larger slope of 1.86, therebyntigative impacts of B&on
the oxalic acid precipitation of cerium are amplifiby NQ'.

Fig. 3. Effects of F& on precipitation recovery of &efrom solutions containing 1xIdmol/L
C€e*. (a) Cerium recovery as a function of pH in thesence of 1xI8 mol/L F€*; (b) Iron
recovery as a function of pH in the cerium preeaipan process; (c) Cerium recovery as a
function of F&" concentration using 4xIbmol/L oxalate; (d) Oxalate dosages required to
achieve 93% recovery in the presence and absend®gfas a function of Fé concentration.
(Black dashed line presents the target recoveBaes)

3.2.3 Effects of Fe?*, Mg?*, and Ca®* on precipitation characteristics of Ce®*

In addition to the selected trivalent metal catjaihe effects of several divalent metal ions
that are most commonly found in REE-concentratéatisms were also studied through solution
equilibrium calculations. As shown in Fig. 4(a-cgrium recovery slightly decreases with
increases in F& Mg, and C&" concentration, thereby it can be concluded thatdivalent
metal ions have negligible impacts over the ingeséid concentration range (0 to 15®ol/L).

In addition, since hydroxide/oxide precipitatestbé cations do not occur under the acidic
conditions, the purity of cerium oxalate productlwbt be affected. However, as indicated by
the reactions listed in Table 1, oxalate precipi&adf Mg* and C4&" are likely formed in the
presence of oxalate, which need to be considereshirpractice. In the current systems (pH 1.5—
2.5, 1x10* mol/L C€*, 4x10* mol/L oxalate, and 0 — 1xIdmol/L divalent metal ions),
magnesium oxalate is not formed, whereas the axalacipitate of calcium occurs at pH 2.5
when calcium concentration exceeds 6%1fol/L (Fig. 4(d)). In this case, the purity of the
precipitation product will be impaired.

The dosages of oxalate required to achieve 93%oerecovery were calculated. As shown
in Fig. 5, the impacts of the divalent metal iomstle required dosages are negligible. Based on
the slopes of the plots, it can be told that oxatiisage needs to increase by 1.1%3@.5x10°
mol/L for each 1x10" mol/L increase in the divalent metal ion concetitira

Fig. 4. Precipitation recovery of &&rom solutions containing 1xI®mol/L Ce”*, 4x10*mol/L
oxalate, and different concentrations of'Féa), Md" (b), and C& (c), as well as species
distribution of C&" at pH 2.50 (d) as a function of €@oncentration.



Fig. 5. Oxalate dosages required to achieve 93%vesg of C&" as a function of P&, Mg*,
and C&" concentrations (G&concentration equals 1xT0nol/L; pH equals 2.0).

3.3 Precipitation characteristics of Nd* and Y** in the presence of contaminant metal ions

The discussions above indicate that contaminanalmiets including Af* and F&" have
considerable impacts on the reagent consumptiorpeewpitation recovery of Géwhen using
oxalic acid as a precipitant. To obtain a more c@hensive understanding of this topic, solution
equilibrium calculations were also performed orutiohs containing other REEs (Ricand Y**).

As shown in Fig. 6(a), the recovery of Nidnd ¥** as a function of pH shows a similar pattern
as C&", namely rapid increases in the recovery occuowat pH, and the recovery maintains
nearly unchanged at high pH. In addition, it carobserved that precipitation efficiencies of the
three REEs follow the order of Rid> Ce&* > Y**. This finding corroborates a conclusion
reported in prior studies that REEs in the middi¢he lanthanide series in the periodic table of
elements are more likely precipitated compared vether REEs when using oxalate as a
precipitant®>*3 Moreover, as shown in Fig. 6(b), when N6ccurs in solution, the recovery of
Nd*" and ¥** is decreased, which is the same as the phenonusemved for C& and can be
explained by the formation of rare earth-nitritengdexes.

The effects of Al", F€*, F&*, C&*, and Md" on oxalate dosages required to achieve an
acceptable level of recovery of Ridand Y** from solutions containing 1xIdmol/L of the
REEs are shown in Fig. 7. The target recovery wasifat 93% for comparison with €eAs
shown, the divalent metal ions, including®FeC&”*, and Md*, show minor impacts on the
precipitation recovery of Nid and Y**; whereas the required dosages considerably irereas
when AP* and F&" occur in the solutions. In addition, due to thenfation of hematite, when
Fe* concentration exceeds 5x1@nol/L, required dosages for the Ndprecipitation maintain
unchanged. This phenomenon agrees with the findings the solution equilibrium calculations
of Ce"* (see Fig. 3(d)). Based on the slope of th& ot in the range of 0 mol/L to 5x1D
mol/L (Fig. 7(a)), it can be concluded that for eamit increase in B& concentration (e.g.,
1x10* mol/L), the required oxalate dosage for recove®3§6 of Nd* shall increase by 1.6
units (e.g., 1.6xI0 mol/L). However, in the concentration range of 6l to 1x10° mol/L,
only 1.2 units increase in oxalate dosage are reduor a unit increase in &l concentration.
Moreover, as shown in Fig. 7(b), Aland F&" impose more significant impacts on*"Y
precipitation compared with N8 For example, based on the slope of th& plet, 3.5x10%
mol/L increase in oxalate concentration is requindten F&" concentration in the solution is
increased by 1xIOmol/L. This contrast is due to the larger solupiliroduct of Y%(C204)3(s)
than Ce(C,04)3(s) and Nd(C,04)3(s) Oxalates (13°*'versus 10°°*%and 10°'* see Table 1). In
addition, resulting from the same reason, nearlpraer of magnitude higher dosage of oxalate
is required for achieving the same recovery 8%¥ Nd* and C&".



Fig. 6. Effects of pH (a) and NO(b) on the precipitation characteristics of’Nelnd ¥** from
solutions containing 1xI® mol/L rare earth and 4xIDmol/L oxalate. (Black dashed line
presents the target recovery of 93%).

Fig. 7. Oxalate dosages required to achieve 93%vezg of Nd* (a)and ¥** (b) as a function of
Al**, Fe*, F&*, C&*, and Md" concentrations (rare earth concentration equal¥f>mol/L;
pH equals 2.0).

4. Conclusions

In this study, the effects of contaminant metalsidhat frequently occur in REE-enriched
solutions on the precipitation recovery of REEsngsioxalic acid as a precipitant were
investigated through solution equilibrium calcubas. Based on the calculations performed on
solutions containing 1xI®mol/L of selected REEs (€& Nd®*, and ¥**), it was found that Al
and F&" have greater impacts on the precipitation efficiecompared with divalent metal ions
(F€*, Mg®*, and C4&"). For example, when Al and F&" concentrations in the solutions are
increased by 1xI0 mol/L, oxalate dosage needs to be increased byl@:2and 1.68x10
mol/L, respectively, in order to achieve the targetium recovery level of 93%. However, less
than 1.5x1%° mol/L increase in oxalate dosage is required éngtesence of the divalent metal
ions. In addition, based on the recovery valueSat, Nd®*, and ¥** calculated as a function of
pH, it was concluded that precipitation efficierscief the three REEs using oxalic acid as the
precipitant follow the order of Nd> Ce&*> Y**. This finding corroborates a conclusion from
prior studies that REEs in the middle of the lanta series in the periodic table of elements are
more likely precipitated using oxalate comparedcwither REESs.

In addition to the impacts on oxalate dosages redqub achieve the acceptable recovery, the
presence of the contaminant metal ions also rethe@urity of rare earth oxalate product. For
example, solution chemistry calculation resultghi$ study show that Peand C4" are likely
precipitated in the form of hematite and C#08)-H.O(s), respectively, together with REEs under
certain conditions. The occurrence of the undelgrplkecipitates can be avoided by conducting
rare earth oxalate precipitation under low pH cbods. Moreover, anionic species, especially
SQ,%, were also found to considerably reduce the pitagipn efficiency, primarily due to their
complexing abilities with the REESs.

References

1. Wu SX, Wang LS, Zhao LS, Zhang P, Hassan ESidgib B, et al. Recovery of rare
earth elements from phosphate rock by hydrometadial processes — A critical review.
ChemEng J. 2018;335:774.



10.

11.

12.

13.

14.

15.

16.

17.

18.

Binnemans K, Jones PT, Blanpain B, Gerven Tahg'YX, Walton A, et al. Recycling of
rare earths: A critical review.Clean Prod. 2013;51:1.

Zhang WC, Noble A. Mineralogy characterizateoml recovery of rare earth elements
from the roof and floor materials of the Guxu caadf. Fuel. 2020;270:117533.

Jyothi RK, Thenepalli T, Ahn JW, Parhi PK. Gnagal abstract Review of rare earth
element recovery from secondary resources for @eangy.J Clean Prod. 2020:122048.

Omodara L, Pitkdaho S, Turpeinen EM, SaavataiheOravisjarvi K, Keiski RL.
Recycling and substitution of light rare earth edents, cerium, lanthanum, neodymium,
and praseodymium from end-of-life applications refiew.J Clean Prod.
2019;236:117573.

Zhang WC, Rezaee M, Bhagavatula A, Li YG, GmppHonaker R. A review of the
occurrence and promising recovery methods of rarth e€lements from coal and coal by-
productsint J Coal Prep Util. 2015;35(6):281.

Talan D, Huang QQ. Separation of thorium, uraniand rare earths from a strip solution
generated from coarse coal refudgdrometallurgy. 2020;197:105446.

Yang XB, Werner J, Honaker RQ. Leaching of &Baeth elements from an lllinois basin
coal sourcel Rare Earths. 2019;37(3):312.

Behera SS, Panda SK, Mandal D, Parhi PK. Witnad and Microwave assisted leaching
of neodymium from waste magnet using organic sal\dydrometallurgy. 2019;185:61.

Behera SS, Parhi PK. Leaching kinetics stddyeodymium from the scrap magnet using
acetic acidSep Purif Technol. 2016;160:59.

Liu ZY, Wu JM, Liu XY, Wang W, Li ZW, Xu RJtal. Recovery of neodymium,
dysprosium, and cobalt from NdFeB magnet leachsiteguan unsymmetrical
dialkylphosphinic acid extractant, INET-BRare Earths. 2020;38(10):1114.

Nie DP, Xue A, Zhu MY, Zhang Y, Cao JJ. Sepansand recovery of associated rare
earths from the Zhijin phosphorite using hydrocid@rcid.J Rare Earths. 2019;37(4):443.

Jordens A, Cheng YP, Waters KE. A review eflileneficiation of rare earth element
bearing mineralaViiner Eng. 2013;41:97.

Sadri F, Nazari AM, Ghahreman A. A review ba tracking, baking and leaching
processes of rare earth element concentratare Earths. 2017;35(8):739.

Jha MK, Gupta D, Lee JC, Kumar V, Jeong v&tlextraction of platinum using amine
based extractants in different solutions: A revieldrometallurgy. 2014;142:60.

Demol J, Ho E, Soldenhoff K, Senanayake G.dlitiric acid bake and leach route for
processing of rare earth ores and concentratesvidw. Hydrometallurgy. 2019;188:123.

Abhilash SS, Meshram P, Pandey BD. Metallaigicocesses for the recovery and
recycling of lanthanum from various resources -ediew.Hydrometallurgy. 2016;160:47.

Chi RA, Xu ZH. A Solution Chemistry Approaahthe Study of Rare Earth Element



19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.
30.

31.

32.

33.

Precipitation by Oxalic AcidVetall Mater Trans B Process Metall Mater Process Sci.
1999;30:189.

Han KN. Characteristics of precipitation aferaarth elements with various precipitants.
Minerals. 2020;10(2). doi:10.3390/min10020178

Kul M, Topkaya Y, Karakayh Rare earth double sulfates from pre-concentrated
bastnasite. 2008;93:129.

Zhang WC, Honaker R. Process developmenhtordcovery of rare earth elements and
critical metals from an acid mine drainatyéner Eng. 2020;153:106382.

Jorjani E, Shahbazi M. The production of iaeth elements group via tributyl phosphate
extraction and precipitation stripping using oxaad.Arab J Chem. 2016;9:S1532.

Josso P, Roberts S, Teagle DAH, Pourret Ojifgon R, Ponce de Leon Albarran C.
Extraction and separation of rare earth elements frydrothermal metalliferous
sedimentsMiner Eng. 2018;118:106.

Zhang WC, Honaker R. Surface charge of ranté @hosphate (monazite) in aqueous
solutions.Powder Technol. 2017;318:263.

Xiong YL. Organic species of lanthanum in makenvironments: Implications to
mobility of rare earth elements in low temperatengironmentsAppl Geochemistry.
2011;26(7):1130.

Crouthamel CE, Martin DS, Crouthamel CE. Siilyinf the Rare Earth Oxalates and
Complex lon Formation in Oxalate Solution. Il. Ngodum and Cerium(l11)J Am Chem
Soc. 1951;73(2):569.

Poitrasson F, Oelkers E, Schott J, MontelBkferimental determination of synthetic
NdPO4 monazite end-member solubility in water ffaiC to 300°C: Implications for
rare earth element mobility in crustal fluid@eochim Cosmochim Acta. 2004;68(10):2207.

Rodriguez-Ruiz I, Teychené S, Vitry Y, Bisc&)Lharton S. Thermodynamic modeling
of neodymium and cerium oxalates reactive predipitan concentrated nitric acid media.
Chem Eng Sci. 2018;183:20.

Baes CF, Mesmer RE. The Hydrolysis of Catit®i&6.Malabar, Fla RE Krieger.

Feibush AM, Rowley K, Gordon L. Solubility ¥ttrium Oxalate Anal Chem.
1958;30(10):1610.

Kim E, Osseo-Asare K. Aqueous stability ofrttaon and rare earth metals in monazite
hydrometallurgy: Eh-pH diagrams for the systems T®-, La-, Nd- (PO 4)-(SO 4)-H 20
at 25 °cHydrometallurgy. 2012;113-114:67.

Zhang WC, Honaker RQ. Rare earth elementveggaising staged precipitation from a
leachate generated from coarse coal refusd.Coal Geol. 2018;195:189.

Chung DY, Kim EH, Lee EH, Yoo JH. Solubilityrare earth oxalate in oxalic and nitric
acid mediaJ Ind Eng Chem. 1998;4(4):277.



Graphical abstract:

During the selective precipitation process of remeths using oxalic acid, consumption of the piitaip
is largely increased by trivalent metal ions, sastAF* and F&, while divalent metal ions impose minor
impact.
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