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lonic liquids (ILs), or room-temperature ionic liquids (RTILS), are a class of chemicals consisting of ions that
maintain a liquid state below 100 °C. ILs serve as the basis of deep eutectic solvents (DESSs), which formed a new
class of chemicals characterized as being formed by mixtures of components of a eutectic, with the resulting
product presenting a melting point lower than the values presented by the pure components. The presence of
these rare earths in different wastes varies for each element, and it seems to be difficult to establish a fixed

concentration for each element.

rare-earth elements ionic liquids deep eutectic solvents solvometallurgy

| 1. Introduction

Besides their use as raw materials, metals can also be recovered from different secondary resources. Among
these, the processing of industrial wastes, which contain several times the quantities of valuable metals, is of
special interest. These industrial wastes include (i) metallurgical wastes (phosphogypsum and red mud), (ii) fly ash,
(iii) mining wastes (mine tailings and acid mine drainage byproducts), and (iv) electronic wastes (magnets, NiMH
batteries, lithium-ion batteries, and phosphors) [X. Among these metals are rare-earth elements (REESs), a category
that includes 15 lanthanides (LNs), yttrium, and scandium 2B Moreover, rare-earth elements are commonly
divided into two families: (i) light rare earths, which comprise lanthanum, cerium, praseodymium, neodymium,
promethium, and samarium, and (ii) heavy rare earths, with europium, gadolinium, terbium, dysprosium, holmium,

erbium, thulium, ytterbium, and lutetium being components of this subcategory.

The presence of these rare earths in different wastes varies for each element, and it seems to be difficult to
establish a fixed concentration for each element L4, As a first approach, Table 1 shows REES concentrations in a
series of industrial wastes; this variety of composition means that these wastes can be treated via different
processing routes, and these routes result in different processing costs, yields, and economic benefits. As shown in
Table 1, a common feature of these various wastes is that light rare earths are always present in greater

concentrations than those of heavy rare earths.

Table 1. Presence of REEs in various wastes.

Waste La Nd Ce Pr Th Lu Ho Yb Eu Gd
phosphogypsum 1450 899 74 0.6
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Waste La Nd Ce Pr Tb Lu Ho Yb Eu Gd
red mud 99 368 2.4 4.3
fly ash 114 99 1 14
mine tailing 903 906 4
o 90 Fr o o
NdFeBmagnets 260
NiMH batteries 237 36 67
phosphors 36 49 2.7 2.5

Due to their specific atomic structures, this group of elements presents unique optical, thermal, electrical, and
magnetic properties; thus, they are widely used in various fields, including traditional industries, such as glass,

agriculture, ceramics, chemiclsMRErsAa W@fkgsal%m&ﬂei%%@@intﬁ‘ggqh[é]'energy sector, the automotive

sector, healthcare, the nuclear industry, communications, and the military RIEIZIEIE],

Against the above, these increasing exploitations and applications have increased the presence of REEs in the
environment (in the atmosphere, water, and soil), boosting the potential risk of contamination for humans and other

organisms 29,

In view of the relevance of the recovery of these REES for resource conservation, and as a legitimate alternative to
the traditional recovery (pyro- or hydrometallurgical) processes, there is an increasing interest in the use of smart
recovery processes, with the same efficiency and more environmentally friendly characteristics, and here the

concept of solvometallurgy arises.

If the difference between pyrometallurgy and hydrometallurgy lies in the use of high temperatures (pyrometallurgy)
versus the use of moderate temperatures, pressure, and aqueous systems (in the case of hydrometallurgical
processing), the difference between hydrometallurgy and solvometallurgy is that the latter uses non-aqueous
solvents. Most of the unit processes (leaching, solvent extraction, ion exchange, precipitation, and electrolysis) in
solvometallurgy are similar to those used in hydrometallurgy, with the main difference, as said above, being that

water is replaced by a non-aqueous solvent [11]112]

| 2. lonic Liquids

lonic liquids (ILs), or room-temperature ionic liquids (RTILs), are a class of chemicals consisting of ions that
maintain a liquid state below 100 °C. They are frequently composed of an organic cation (i.e., tetraethyl
ammonium, dialkylimidazolium, 1-ethyl-3-methylimidazolium, and phosphonium-based) and an organic or inorganic
anion (i.e., chloride, nitrate, bisulfate, chlorate, and thiocyanate). Moreover, ILs have relatively high viscosity and
density (131,
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The bulky characteristics of the organic moiety of ILs are responsible for these chemicals’ amply liquidous range
and thus low volatility. The properties presented by ILs include thermal and radioactive stability, non-volatility, non-
flammability, adjustable miscibility in organic diluents, and polarity. Also, these properties can be modified to match
a given necessity by changing to the appropriate cation and/or anion to form the more specialized Task-Specific

lonic Liquids (TSILs) family of chemicals 14,

The different applications of ILs and TSILs have enhanced the development of different extraction processes:
simplifying analytical methodologies, the removal of environmental contaminants, breaking of azeotropes 13, and
purification of fuels 18 Technologies including liquid—liquid extraction (LLE), solid-phase extraction (SPE),
pressurized liquid extraction (PLE), and liquid-phase microextraction (LPME) use these chemicals in a very
efficient manner. Properly used, these ILs can avoid the use of chelating agents in the selective extraction of ions
(171, Also, they can bring about mass transfer in novel miniaturized homogeneous LPME models 18], Other uses of
this family of compounds include UV-V spectrophotometric determination of mercury ions from water samples 19,
the use of silica as support of ILs phases, to act as SPE adsorbents used in the removal of organic acids, amines,

and aldehydes from atmospheric aerosol samples 2%, and to remove carbon dioxide from gaseous streams 24,

IL chemicals have been labeled as green compounds due to their properties, though there are also some claims
against this green label because there are several concerns about air, water, and terrestrial pollution. Some of
these harmful properties, on living organisms, are connected with undesirable effects on cellular walls 22, though

this harmfulness varies from one organism to another.
Several uses of ILs in the recovery of metals have been recently published [23](241[25](26][27](28]

ILs and REEs

Several reviews 2239 deal with the application of ILs in the recovery of these strategic elements. These reviews
focused on the use of ionic liquids in the recovery of secondary resources such as e-wastes and nickel-metal
hydride batteries (NiIMHBS). In the case of e-wastes [22, the review included the use of IL extraction, selectivity, and
reusability, including several types of TSILs, and the use of diluents in the organic phase. The content of REEs
(about 10% wt) in nickel-metal hydride spent batteries are usually dumped, though several approaches to recover

La, Ce, Nd, and Pr, from these discarded resources are also into consideration 32,

Since REEs and some of their derivatives have several uses in smart technologies, praseodymium oxide
nanoparticles (PrgO;, nps) are formed by the use as a templating agent of an IL (BMIM-PF6) and an alcohol (211,
The IL inhibited particle growth, whereas ethylene glycol is used as a diluent of the organic phase. The as-
synthesized nanoparticles presented anti-cancerogenous properties and antibacterial activity against Gram-

negative bacteria K. pneumoniae and Gram-positive bacteria S. aureus.

The separation of some REEs with 1,2-hydroxypyridinone grafted ionic liquid (HOPO-IL) has been investigated 221,
Moreover, the performance of this extractant for lanthanide separation in the presence of various ionic liquids (ILs)

and organic diluents has also been investigated, revealing better extraction performance in the ILs instead of using
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1l-octanol. Lanthanide extraction with HOPO-IL was pH-dependent, the metals being extracted by a cation-
exchange-based reaction, in which lanthanide elements, in the form of cations, are exchanged with [C,,mim*] from
the ionic liquid. With respect to the ILs’ composition, the addition of [NTf,]” had a minor influence on metal loading
onto the organic phase, whereas the presence of [C,mim]* had an increasing suppressing effect when n increased
from 4 to 10 on lanthanide extraction, which supports the idea that the cation exchange mechanism is dominant in
this extraction system. The dependence of the extraction of these REEs on the aqueous pH value suggested that

the stripping step can be performed by solutions of acidic pH values.

A method for recycling permanent magnet waste via betaine hydrochloride ([Hbet]Cl) solution extraction was
presented 23, The next optimum leaching conditions were obtained as a leaching temperature of 200 °C, reaction
time of 8 h, [Hbet]Cl concentration of 0.2 mol/L, and solid-liquid ratio of 1:150 (g/mL). The abovementioned
experimental values allowed reaching leaching rates of 99.8% Pr, 97.1% Nd, 95.5% Gd, 56.2% Ce, and less than
0.3% in the case of iron, and the residue of the leach operation contained iron oxide. When mineral acids HCI,
H,S0O,4, or HNO3 are used to dissolve the magnet, the present procedure allows for an improvement in the leaching
percentage and the selective separation of these elements, the dissolution sequence being in accordance with the

properties of these metals. REEs are leached via the next reaction:
RE; O3 + 8 [Hbet]Cl + H,O — [RE(bet), (H,0),]** + 2H* + 8Cl- (1)

The separation of the various REEs from the leaching solution was not described in the published manuscript.

A method for recycling a real scrap NdFeNi magnet from computer hard disks in order to recover Nd(lll) as a
marketable salt and other valuable by-products was described 4. Solvent extraction of Nd(lll) and Ni(ll) used the
synthesized bi-functional ionic liquid (Bif-IL) [AL336][Cy572] in kerosene, based on Aliquat 336 (quaternary
ammonium salt) and Cyanex 572 (phosphonic acid). When compared to Cyanex 572 alone, Bif-IL improved not
only the extraction percentage of these metals but also the separation factors between Nd(IIl) and Ni(ll), with the
highest Nd/Ni separation factor of 26.3 obtained with 0.2 M HCI medium. It was determined that the extracted
species were NdCI3(R4NCy)3 and NiCl2(R4NCy)2. The Nd-loaded organic phase was stripped with 0.5 M HCI
solution, and from the stripped solution, Nd(lll) was precipitated with oxalic acid; furthermore, the resulting solid

was calcined to yield Nd2Os.

As part of the downstream technology development efforts in the treatment of acid mine drainage (AMD), several
ionic liquids were synthesized and compared in the extraction of REESs, including Sc, Y, La, Ce, Pr, Nd, Sm, Eu,
Gd, Th, Dy, Ho, Er, Tm, Yb, Lu, Th, and U 33 | the investigation, the extractants and their ionic liquids shown in

Table 2 were used.

Table 2. Extractants and ionic liquids used in the extraction of REEs from AMD.
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Extractant Acronym
di-2-ethylhexyl phosphoric acid D2EHPA
tri(hexyltetradecyl phosphonium chloride C101
2-ethylhexyl phosphoric acid mono-2-ethylhexyl ester EHEHPA
Mixture of phosphonic acid and phosphinic acids C572

Derived lonic liquids

trinexyltetradecylphosphonium and di-2-ethylhexyl phosphate [C101]*[D2EHP]~
trinexyltetradecylphosphonium and 2-ethylhexyl phosphate mono-2-ethylhexyl ester [C101]*[HEHP]~
trihexyltretadecylphosphonium and mixture of phosphate and phosphinate [C101]*[C572]"
From 3],

ﬁeéotsgne was used to dissolve the above-shown reactants in order to reduce their viscosity, and extractions were

Terences , L o
carried out with solutions of pH 4.4. The results indicated that the ionic liquids [C101]*[D2EHP]™ and [C101]*

[EHBER|SweSacleaheiter Dalagheats, ior; REtEsstham. (fRriiugle BR:taAtjgaweadaS [GA6EHEGHIR]S afmelegivall
withrelety ebjadfadrgtie sitbleleAidiis. fidwn prehesttadiain: eled tanicnviastess@utavieleciChea tEengxtdiction
of tRGXORBEZ; thR45M6re was a necessity to minimize the presence of these two elements in the circuit. No data
were given_about experimental variables_influencing REE extraction or about the stripping stage. In this
2. Swalin, B. Challenges and opportunities for sustainable valorization &Irare earth metals ?rom

manuscript, the composition of Cyanex 572 differed from that given in reference =2,
anthropogenic waste. Rev. Environ. Sci. Biotechnol. 2023, 22, 133-173.

3. tParevjapterenye, Fasishinm e, decRetmvstiduancebér toedappsiiaciie teoPAtBNRE @ Barths-avil-
1-nmetbglipyrsohdetials, fRpd E-diesteanidenionsy igwidCeth. orChited. Viaitey. QORS)t M3l eleOuGHEDBdal methods
was investigated. It was shown that both metals can be deposited electrochemically from the corresp_ondin? single-
4. Gaustad, G.; Williams, E.; Leader, A. Rare earth metals from secondary sources: Review 0

component solutions and their deposmon potential shifted positively when the water concentration was increased,

~ potential supply from waste and byproducts. Resour. Conserv. Recycl. 2021, 167, 105213.
indicating deposition acceleration. From binary solutions, Sm—Co co-deposition’'was also observed. In these binary

SolWens Horh . wébebgieybsidaadgnach 40, idgatepotBatisiéadnan idWangemehu ity AeaiglafsareshtoAn
inclelisavielgleupaen\orsom itibantbamniste 6 onasibansrnaLislesdsy HianedicabappbsatanNshAddd@et. of
wattlaigbraétdd, &d, 2rO13h6 oxidation with the formation of oxides/hydroxides occurring in parallel with

BeZEHE Ak RRSTHOM NEARIMAHRICY. RS 108 B R ISTR AT '8 (R A AN CorPoliBRYIBtection. ACS

Sust. Chem. Eng. 2023, 11, 6776—6800. _ _ _ _ _ o
Neodymium was extracted, from aqueous solutions, by trioctylphosphine oxide (TOPO) dissolved in an ionic liquid

[1-BrayPeehdvhyiNedaEdiuRBfis thifliRasoethMddufominnng fechraagreal inAevaintsmah s epathcrie B2,

A 168Nb: nueriatscliéaedy fakddirieStihTpain®ld 2088nt@itifAs 806.005 and 0.01 M in a 0.001 M nitric

FKBRAR; RNeNIPRTRCYR. 944 YIS IR WEIFAFALIAGH O TRERIERVANGS Adehlim diade!Basged =

CAYRL POESH BIEHES Y9585 SO RGP 211N ih W BRI Dot S IS AaRlain foh SRR
review. Results Chem. 2023, 5, 100877.
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@sBaddién midfabiah aN3. B ;upuprietin atd; 2600antan? Foy Prasetyarid. 1SusanhaideRropssties/efy). No
strippigg elarthweleneehim tagoblishetatemakanmd. its processing. Prog. Phys. Metals 2023, 24, 157—

172.

The solvent extraction of Nd (Ill), Sm (lll), and Eu (Ill) by using the bifunctional ionic liquid tri-n-octyl amine-di-2-

10 Ferre\ra M.%.; Fo 1185 M.P.F.; Lima, M.T.W.D.C.; Cordeiro, \[%éﬁ Wyatt, N.L.P.; Lima, FI.N.; .

ethylhexyl phosphate A-D2])"as an extractant’ was investigated 2T "The’ exiraction was performed in the
Fendorf, S. Hulman health rlsh as%%sls,m$nt and geochemical mopility of rare eagh elements in

presence of a complexing agent such as A. The extrattion of the three elemeénts increased with the increase of
Ama?t%n sojls. Sci. Total Environ. 2022, 806, 151

I 191.
the pH of the solution ?rom 1 to 2 and tended to stabllize at p% values of 2—-3 (Table 3).
11. Binnemans, K.; Jones, P.T. Solvometallurgy: An emerging branch of Extractive Metallurgy. J.

Sustain. Metall. 20Table 3, Rergemages of extraction of REEs at various pH values.

1 ~ REE pHL pH2 pH 3 leous
Nd(lI) 33 69 69 22, 290,
Sm(lll) 31 69 60

1 . 2021,
Eu(lll) 24 51 55

14. Yue, C.; Fang, D.; Liu, L.; Yi, T.-F. Synthesis-and @pplication of task-specific ionic liquids used as
catalysts and/or solvents in organic unit reactions. J. Molec. Lig. 2011, 163, 99-121.

15, BIhIRR BB ENVO R &S SRILAGRIR X ThHram I eI e CealatisH S aR G R mikiirasee
W R A e A4S BRI Gvio R s PRIt CRE M R SRS L e D6 e B gtion
of solvated species with one extractant moiety. Stripping of the three elements increased with the increase in the

1&.iAahaehiion PRl oMNISHaRHb P4, compounds from middle distillate fuels using ionic

liquids and deep eutectic solvents: A critical review. Fuels 2022, 310, 122279.
1T R, S T, e TR R O RA S R ARReL . RASOLRRAT A RN S ProRESRTIER, A oo
I S RRNeYP 3B ARPAF IRIHENE AL HGEHAB L PR R s B BHaSb SRR S G
el A ARG WA IR SIMRG ShBEe RN pdiCR ol SbTBTeYp i esprage bis(e
ethylhexyl)phosphate ([N1 ;1 10,4][DEHP]), and N,N-dimethyldodecylamine bis(2-ethylhexyl)phosphate ([Nj 112 4]
1B eipiraverSdnthe LARPZHARRE Jbd MPERRR i fe APIURRRRSOINEMIS SIS RBHLRARIGY BE Gnder the
varRRY eRFhased IBHdiRNASE Wi es e el AFLRIBFPEARIIRY B RRATAUME ROVIoRBIENR was
nedMR8H%CRlLCIReRIB IR 1T Wr VERndSRRRL {-RM 2% kg L udsl&3Ri/La, BNd/Ce, and BNA/Pr using this
lignizdiagidavers, 108 %&€; &nd vith, TEEPITIXAY, Meadvinivig spe ArcrHeRBERT: laRderhaisanisPBRrRE Ry
usep{ddel SRR ROR P sttPeingREING0RISSHRERE S MAIRABRI liBRIa-DRESS HEt R ACtion.

Spectrosc. Lett. 2015, 48, 653—-659.
Two ionic liquids [A336][BTA] (BTA = dibutyl thiodiglycolamate) and [A336][OTA] (OTA= dioctyl thiodiglycolamate),

20t istabehting RN IRkSS ek MAERIRRAo &R Ridii) RitkkelaedVelolANiGiguiddinctipealizashalica
Betfef RAIGRIYRRUARNRSEIS{AASHAB ALOIAYR RCibt aRabehandRldriVHER alel WRMALIHEéhse in

the%%al%g%@tg'é%nd then (3—6) remained constant. Also, the increase in the ionic strength (NaCl addition)

HOE Prig et A, W $ESRGHISE HACKOMTaHARSEN, WHNARERHANINIdM HIti s X RECIRA SBBFI SR "ESRPRtRSIa s
IL NSO AePaRetithlibRIBYiYER S HRMEE HAGHEAREPHPEGMER N HARSIY D (X8 las 4TI g/ used kinetic
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2ahdzonqaliivedséiHarm nidartslast, SGitaBledtintiqAdFlioSardasadidn\sciguei tis f&C iSnE@Xehomjie diapl iliserption
provesivg.Oofftine ithie xinaity soritbvimg so rga bis publithe dwivhatheSeid2G21, 22, 5612.

213. Noeq(ueira, A.FM.; Carreéra, %R.F.; Varfgt%s, S.J.R.; Passos, H.; Schaeffer, N.; Coutlnho,f].A P. .
he n t iInvestigation focused on the study 0 e extraction o _neodyml_ur_n rom an aqueous nitrate eed using a
bifuming JonL RC0Y ‘?5¥rrf£%”%yei¥%aesxty‘?4%%%h%P%-B%ﬁe#%‘“y'lvﬁ S A S NSRRI osene fau

X
ammonium salt. Selgl)ébﬁ’éjsrhl‘h;ﬁﬁghnol 2023, 316, 12379

Several experimental va ing shaking’time,’ salt_ concentration, aqueous phase pH, diluting agents,
2heBRooCenatioh, Wangniperxang wereCheesigdte  argdes. td_iddieiriney .thiewr, BiuxnceCopenaddymium
ext@bianacteszatiars aideatedichids cemmioatngnheavynngtaiscicase ¢ wbtno phatiag sixtlgaahn toecsingtions
inciieateds TopiiicatiagesifabegiesxandtingasttapeneehtaorishespiC heloe sphiessi2PDRBe 3 24 pRBARd from
25T FPEMNRIRES & MASEY Qa2 S BRGR Bicien sy Coppar Faesety Hom Sy Gise Wi
Ne?tq}f)rtr}{lf/ﬁ]jf)frt{g tif}l‘ih‘%?&&?%ﬁﬂr%’ gh o teelgij/”f']%r% Taguchi/Box—Behnken optimization method. J.
Ind. Eng. Chem. 2023, 120, 261-270.
Nd(NO;)5d +2NO; + 3Ly, = NA(NO;); - 3IL,, 2)

26. Xie, R.; Li, ?; Qu, G.; Zhang?ré.; Wang, C.; Zeng, Y.;gChen, Y. The selective and sustainable

separation of Cd(Il) using C6MIMT/PF6 extractant. Ecotox. Environ. Safety 2023, 255, 114792.
This extraction process showed a negative value of AH° (=15 kJ/mol), indicative of heat evolution within the

2 AdACHr dedssL apRZ nEddiVd1e/RAseuda PrRIImMEPRIC Hauids EedtClo BROINRRME 1= afesrEiRISN
rantRinfActiitatethérarsnarheflaltididianioite sRfatienphabteMbianesid823yan pRases can be stripped via

2B ARRUAENSR S esbRy RS At AL B pGetidd prit Thic My iBe o B BBIN] festPrRein the
XA HEC RO UMB. SSYEr A2 28R 5isigping ovcles.

20uAAIMI) \WaR tadateli tim GirSelartivenagovenisl srIseaith-aiR TRt AT Nyaate e iariotia R
[42] epEaskiPAb O PEiRBAt RGP deslRRsbd2R#3 930610l 2MRAR: the equilibration time increased, this being

FYUEUIRAR £2; MARSAR BN AIRIF IR IR KA IXAN SHARILV IREESFE - UF rBFE bdRrPntdihe
XGNPI S AT Ao MDY RHa ARV RIIF e HSAY 26 BUR Eh g SRy 5282189 419 §asatgermic

nature of the extraction process. Usin_g 0.1 M nitric acid solution, yttrium was C(_)mpletely stripped_ frqm _mefcal-
3bali 3RS pMULYIREARE RO Rl afiumiealy MR astrebded 'HRIGHIA

efi G AIAtE RNyl S YNGR 2L SN MM () Q¥I0e AABRRAHERS S ENYREPEBHRIES wp to five)
extrig(yt?o%i_%mb%arggcilress_interaction with bacterial and cancer cells. Ceram. Int. 2022, 48, 35386—

35397.

B BYHREHAMEI LI (AN CERRIG IENgemcla[54]) LNC UG YARIHESO ARG BUS&R e and enable the
SCRARHAAFHTUMIO AEBINREhIR ARIE SEBHAARRH &) NISURYCTIRHIRE "6 S5 5 041 gBgrcetate medium

43l The experimental results showed that both La(lll) and Nd(lll) were extracted better in the acetate medium, with

3 RtpefenMRramatiify Yl 37 dcbra 1304 S'afdride, MRsd B8R0 EBMCLNIBNAAMS (REER M brated
natflE DS HO BRI e RB Ry ARE M ah SRS AT MM SR C B e MBI RS Rb ¥Rt on

the%%%e&@g%%glum (Table 4). The stripping results showed that 91% Nd(lll) was recovered from organic phases
MV SIQAE HEMgase. Bf BefuaanerahisnicingudiradeidbaynligtiossRyamdanyuiex By exgction
inCrefisediieoRenRatiti 4 oft U (A I0aSRYNIPHDM ehtbeeiwed| )t agiaT ot 878 NdDie SavunPadieralde,
agaNisFeobrigihetvasipdetimextrgrey Aa268 appdl, 3.65081 maximum separation factor Sm(lil)/Co(ll) reached
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dmllsr ot3olte, Rawdobleths. s§isickiamdhdtar Abmedsed lemkieidrs FPedioastant dabolina@ncnjng back
frorotas poate SSinfR etCoagnesf Karstdayity elementdrgine mci dhmmandsatipa geths kg of) Snocquiros shintics's.
extractants and ionic liquids. Minerals 2022, 12, 1337.

) Table 4. Species formed in the extraction of Nd(lIl) from various aqueous media. _
36. Molodkina, E.B.; Ehrenburg, M.R.; Rudnev, A.V. Electrochemical codeposition of Sm and Co in a

Aqueous Medium  Species
2 Acetate [N4,4,4 8mlaNd[SA]; 5(OAC)3 cling.
Nitrate [N4,4.4, 8m]sNA[SA]1 5(NO3)3
K Chloride [Ns.4 4 5m]4aNA[SAL,Clg =u (1)

Trom ED |A SOIUTion usIng In Kerosene: |1 nermopnysical properues, Process parameters and
Extraction mechanism. Chem. Pap. 2022, 7g,,f#24—7464.

39. Xing, L@Ma, X.; Hu, K.; Yuan, H.; Wei, J.; Gao, H.; Nie, Y. Selective separation of Nd from
RS0 7 o GBR LR AT 5 S SHIO BP S B Ne LRSRED 8 e RRmASiE4P
meﬁ;}lg&r}ygw%%p. thla,\]td.ngEg’n]e_ng:Wé}gthors. This problem is the same in nature as those of ionic liquids,

since, during the extraction process, an ionic liquid would enter the solution in the form of ions, causing the loss of

40 Xdacthhi Lt Rncleiking: WanFoduckh RoanForfons efecatiaetion ofNAGH) Bnea¥Rld as non-
enviidFRRein,AFigh RS RE dRNIIAHIdR AL ARG B BeBidLaBh WRSTE N AF BRI AgRe lRutisMRleGtrkithnts for
REEQ%%S%@&OA@QQ [t laboratory research stage.

41. Pati, P.; Mishra, S.; Prusty, S. Evaluation of extraction behaviour of techno metal neodymium from
T PR R RS TR ST (R BUSRAHBNS SRBh ARG S lcheml WS Lomsety PP
PraQB%Iy the recovery of all metals using ILs has been investigated over time, with recent efforts described in the
literature, including the recovery of platinum group metals from spent automotive converters using Cyphos 1L101

AgndP AR s MiStHR sepdrdiRf Of RERSRSRRIARIRRRNRE RXURGHRRAT Bk ORI Bt MR Bhnine
pritdElgiIng{oRia Nwid it 1.oMateh JRARN IR 48RRIl from scrap electronic devices using A327H*CI™ IL 2]

45e RERY Y TR SRTISiHG Y SteeBBNE s GRRAIE dhPd SRR rEh ORI PRIt A RSP EiRU BB & oM
chigsidemegind g arrdha BspreatiehPiBPaE YR Boshiee kg Ras el SRt (Thy oo Sayids hege dean
also proposed for the recovery of sulfide from fuels (21, The abovementioned examples indicate that there is still

Ao f B n Nk PREnZinddge Ui 80%0b v CandIGnd mreSe DRI H 755 Q021N A0, arger

segs?rﬁgt[i.on of rare earth Ea/n%f)lverc]t method. Xiyou Jinshu Chin. J. Rarﬁel}/slet. 2022, 46, 1645—

proce Imes, and In opera conditions such as-‘counter-current mixers-set
1656.

Z‘SSVI%ezp 'Eﬂf%fi@%N%"ROSOCka’ M. Recovery of platinum group metals from

spent automotive converters by leaching with organic and inorganic acids and extraction with
Thephateisrasny tpkioisn Mo bonjorsabs Wit phétuidn Tectsphda0R2,r386ri24,9983uded the use of ILs as neoteric

4%9'@8&%? ﬂﬁ‘?"é‘e"rﬁ‘é‘ﬁ%cé‘ﬁ% ti,c?.' ; Coll, M.T.; Fortuny, A.; Hadj Youcef, M.; Sastre, A.M. Counter-current

separation of cobalt(ll)—nlckelg_ll) from aqueous sulphate media with a mixture of Primene JMT-

ILs serve as the basis of deep eutectic’solvents (DESs), which formed a new class of chemicals characterized as
Versatic 10 diluted in kerosene. Sep. Sci. Technol. 2020, 55, 513-522. _ _ _

being formed by mixtures of components of a eutectic, with the resulting product presenting a melting point lower

4haAtpeaailds prebened bly.thelpsighbinporibedigeietlliquid extraction system AuCl- 4 /HCI/A327H+CI-
ionic liquid/toluene. Processes 2021, 9, 608.

https://encyclopedia.pub/entry/49971 8/13



Rare Earths Recovery Using ILs and ILs | Encyclopedia.pub

4A8ftérr e sar ty€ee; dOositieriat, ad al3obeEainefILslecarde Gatirshiet Restden @f BhykRieoovenical paspeedthlow
mekilenpenis (Bdkis), ysiogsigniosohyeniyeBsoees ssealZ@hde 9f a20igh flash-point values, and chemical and
4BEITHS, AU Rt e RiRReLIeEHY BR VPPIBLIRbY S, TSN AeSiR S LioRE © e
o R 61 oL S s TSI RS PES5: Bl RBSCo41B5, Falhspdy somevnat
advantagous in compensating for the shortcomings of ILs; also, since DESs can be non-ionic, these properties are

e &F9 HirbrenenanrioniRiseluio s tramathaliactinides and fission products in ionic liquid medium.
Sep. Purif. Rev. 2023, 52, 98-122.

51 ARG Eheh o CERRR O L e VAT SF Sifde o HeRls B) ot Reite” Pro¥paet 2

qu grrr%ﬁré/ ﬁjr{llﬂ?gmgrrnagalj %ﬁee%heéﬁgmsﬁkgélégggn organic compound that acted as a hydrogen bond donor
(HBD). Owing to the large combination of HBAs and HBDs, they can be tuned for various uses and are thus

HorRRBRIY deflgrepritein.; Davies, D.L.; Munro, H.L.; Rasheedand, R.; Tambyrajah, V. Preparation
of novel, moisture-stable, Lewis-acidic ionic liquids containing quaternary ammonium salts with
DES&sntdilonatrsidecteaicistuzh emioCommuwh2@0 Cafioi20ddde20tbla cation (e.g., ammonium, phosphonium,
S RBBON, b XCBRE BRI SR SR SGANG! ok HERBHAr R O RSV Xofedag 2 Levis or
B bies B ch e Ui RS M R 8 ERet LR 556, 'y sy one can account for fve

types of DESs:
54. Yuan, Z.; Liu, H.; Yong, W.F.; She, Q.; Esteban, J. Status and advances of deep eutectic solvents

Tyden:nGztiddrsepavatignidiecersceveny. Feraen Ahen). @022 TRdy h895iniiB2% metal halide/imidazolium salt

%Sﬁerpr%an, A.O.; Sadeghi, R. New chloroacetic acid-based deep eutectic solvents for solubilizing

metal oxi . J. Mol. Lig. 2022, 347, 11 .
Type %Facgtioﬂg)%‘zJMCI)?sz& Wgere’l\% = Co, %%g%r Ni, or Fe. This type of DES differentiates from I in that it

SéanGimghyhitBep Kuetem Aides, Gihdahdiogeyh & wilintbir ReIAtineiyi Ioewimst aicsy nthesisnpsopiértieseamaklting
poiapplications of deep eutectic solvents. J. Indian Chem. Soc. 2021, 98, 100210.

o MRy sk My Syhests and dissoluton of meld) grides g, o0 14 o6 SHissiiy

kno%)rlva?n%t%pp i%L?C\l/Jel?yso %rzw,ofhzeg’eESESs are used as precursors of choline chloride (ChCl) and HBDs such as
S@nifhempsory|D icidR et diddhplseiyiGeh Jaakisiham AbbitttuAaBle Harkpy ad MoBe paratitodef ridkble.

from cobalt and manganese in lithium ion batteries using deep eutectic solvents. Green Chem.
TY%M,W|;<4!8|?V—:48%2<—1+RZ + MCly4,~, where M = Al or Zn and L = CONH, or OH. In their composition,
inorganic cations, not forming alone with low-melting-point eutectics, are present. ZnCl, and HBDs, such as urea,

59. Tian, G.; Lju, H. Review on the mineral processing in ionic_liquids and deep eutectic solvents.
acetamr?de, or djllf}erent d?ols, are normally compadnents o th% type of DECEJ. P

Miner. Proc. Extract. Metal. Rev. 2022.

6D/PEYen B lype PiryaS TV8s; cBMelAPSs! KM Kiskemeath B actiah RRNCE, INGSAGIAA G TeTeSgR pigdignsfic and
aliphpaisdpEyPl MR AHe FNUEED Uit dent BEIEMI HeGRIrH foNEEcHoRh EAMNRETERASGRGHBDS are

nom}pa‘@dgm@rp@@,%g@%p@@ ph@f@i@gli@ﬁgmg;légr%glm%ular compounds, i.e., the case of the

thymol—-menthol system. _ )
61. Favero, U.G.; Schaeffer, N.; Passos, H.; Cruz, K.A.M.L.; Ananias, D.; Dourdain, S.; Hespanhol,

reMrty, IHVRRLEAISN BEBQNRRAL R HER GRALY AT pARP IERAANOWE ASHRAENANE S PARAURR.
aqﬁgl:?s E’M()éni';‘?%ﬁi&‘aﬁﬁgép éaé’cﬁg%%%nts (NADESSs) is among them, which refers to type Ill compounds

combining ChClI, such as HBA, with naturally occurring carboxylic acids, sugars, and aminoacids; also, water was

added on some occasions as a third component. Apart from these ChCl-based NADESSs, others can be prepared
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6Zori arimnryRor Seeeiy asixtlrds uoharaivb By iGtag hyib. Khdresedreary(of ratg-g drticteternants (e m) caaDiy)-
gluasie Ds(rdleepesiectse AdalvEnts asytedchaidtswathcs pgaciidetivig @ oxittitaod: uaritieol(1:1)), among
mahiy dtioere talt uegyid0g 2h @ plesEDBO52. ChCl. NADESs were developed to explore the enhancement of the
oy o S Bemsea Same e BRIt nain SRR B AR B sy
e N T RS B R e CoRRYRE ATHIERER2\63, A g of chemicel in which acive
pharmaceutical ingredients are present and show potential in products where solubility problems should be

64 Mle P MRRASer MénfRol R MpRed PRde Boer Bropbsd@iloem irERabyiYAIARRRPIGHaap. eutectic

solvents for synergistic separation of yttrium from heavy rare earth elements. Green Chem. 2022,

Sewaltddidws Hbbut the use of these DESs on the recovery of metals from various sources have been recently

ished [B4ESI561[57][58]
65. Pires, C.M.G.; Ribéiro, A.B.; Mateus, E.P.; Ponte, H.A.; Ponte, M.J.J.S. Extraction of rare earth

DB BRI S RA U APRIIA R vrecic ohents. Sust. Chem.Phr
2022, 26, 100638.
BeBrREe T8 desrbedrthg use b PES RN BlRAIAThhMPrQ§ung flenting ehasastapplics Af-MBIamssyS:
SUCR . FaEfsPAki, TUNSTalg AURrEy AR st PRSI Wk IS SASSIAE Al T8 dEcsesed
in tais il ts: SaishiiSrgraccgdiianal isleERIGafa S of bisphenol A. Chemosphere 2023, 318,

137948.
One of the various uses of DESs is to provide suitable media for the synthesis of REE-bearing compounds. A DES

SfrepaagZmredReeifie HRfde FhEhiRakWiRa\(z:OX8s BsedMuth. dyhindidl nfeaitRP M APsoflRfhdimal
melRblenceE tagnalkali-aramerten PhasetanstRIBatDNrR SaonAsHa fRl-SalRFIVE S 89 YELY &) iible
eleQXE8RIYSING dReptIHRAIBrSONRRISNMiPED)EDEs @38 thirgeRiéaf: carcinogenic properties, this FLO

68 2D SRR C dhalds RRMAPHIYSISS| g AR AWM OBamY, CEBRIST A8 I4REH8R e quilibria of Sc(lll), Y(III),
Fe(lll) and Al(lll) from acidic media with toluene mixture of deep eutectic solvent (DES) composed
TP 0BT S KPS S 25 gl composed of decanalc acid (C1,0CH) and

Retrieved from https://encyclopedia.pub/entry/histor /ého_w/113098 ) ) )
Lu(lll) was observed for an aqueous acidity of 0.5—-1 M nitric acid (Figure 1), and the extraction decreased with the

increase in the organic acid concentration in the organic phase; thus, TOPO was the key extractant for efficient

extraction. No stripping data were available in the published manuscript.
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Figure 1. Distribution coefficients of some representative lanthanide elements at various nitric acid concentrations.
[Ln]o = 7.5 mmol/L. Organic phase: C;,O0H + TOPO (50% each). O/A ratio: 0.5. T: 25 °C. Data are from 1],

Deep eutectic solvents were investigated in the recovery of rare earth elements from coal fly ash 2. Mixtures of
choline chloride (ChCI) with lactic acid (LA) and ChCI with para-toluene sulphonic acid monohydrate (pTSA) were
used in the investigation. The first results showed better leaching rates when the molar ratios of ChCI:.LA and
ChCl:pTSA were 1:2 and 1:1, respectively. Both systems showed REE recoveries in the 85-95% range, though the
best results were generally obtained with the ChCIl:pTSA mixture, indicating the higher acidity provided by pTSA,
which contributed to the REESs’ dissolution process. Both DES systems had about 5-8% higher dissolution than
single LA, pTSA, and ChCl systems, with this enhancement in the dissolution being even higher, about 35%, when
comparing the use of these DES systems with the use of sulphuric acid or another mineral acid (HCI, HNO3). After
dissolution, the leached liquor was diluted at 50% with demineralized water and REEs were recovered by direct

chemical precipitation with oxalic acid.

The leaching behavior of rare earth (yttrium) carbonate before and after mechanical activation in choline chloride—
urea—malonic acid deep eutectic solvents was investigated (€3], Without mechanical activation, yttrium dissolution

was about 49%, while the leaching efficiency of yttrium was increased to 85% when the activation time was 60 min,
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this increase being attributable to the decrease in the particle size and the increased contact area of the reaction
when mechanical activation was used. The dissolution process was controlled via chemical reaction and diffusion

in the solid product layer. No data were provided regarding what to do with the Y-bearing DES phase.

A strategy for the separation of yttrium from heavy rare earth elements (HREES) based on ternary hydrophobic
deep eutectic solvent (HDES) extraction was proposed 64l A total of 44 HDESs were prepared with four carboxylic
acids serving as hydrogen bond donors (HBDs), bis(2-ethylhexyl) amine (BEA) serving as the hydrogen bond
acceptor (HBA), and 1-decanol (DL) serving as the third component of the mixture. The prepared HDESs had the
advantages of simple preparation, no purification requirement, low viscosity, low water solubility, and low toxicity.
Among the various investigated compounds, the DL:oleic acid (OA):BEA-based HDES with OA as the HBD
presented the best extraction ability, higher saturation loading capacity, and better phase separation stability. The
separation factors of the DL:OA:BEA (9:1:5) mixture for HREEs (Dy-Lu) and Y in an industrial Y-enriched solution
were Dy/Y = 3.05, Ho/Y = 3.37, Er/Y = 4.29, Tm/Y = 6.00, Yb/Y = 10.8, and Lu/Y = 11.2. The extraction of these
elements was performed via ion association and partial cation exchange reactions, which took place

simultaneously. The loaded HDES can be stripped from the organic phase with 0.2 M sodium oxalate or water.

In order to improve recovery strategies, electric-field-assisted mining has arisen as a technique to extract species
from soils using green electrolytes to help in the extraction of metals. Thus, reference 2 evaluated the influence of
various types of biodegradable electrolytes, including the use of deep eutectic solvents, in the electromining
process. The soil, sampled from the northern region of Brazil, contained cerium(lV), lanthanum(lll), and
neodymium(lll), and the DES-based solutions were prepared by mixing choline chloride and (i) acetic acid, (ii) citric
acid, and (iii) oxalic acid in a 1:2 (ChCl:acid) molar ratio. Applying an electric field of 1 V/cm, as was somewhat
expected, the use of the various electrolytes resulted in different solubilities. The maximum efficiency using only
acetic acid resulted in nearly 70% of cerium(IV) recovery; citric acid removed 63% of lanthanum (Ill) and oxalic acid
extracted 22% of the same rare earth. The results revealed that the use of the abovementioned DES+ acid
mixtures did not improve the recovery of these REEs (Table 5); this is attributable to the possible degradation of
choline chloride and the increase in the pH in the cathodic region. There was no mention of the recovery of these

valuable REEs or what to do with the resulting solutions.

Table 5. Recovery of REEs using ChCl:acid mixtures in an electromining process.

Electrolyte Ce(lV) La(lln) Nd(lll)
Acetic acid 70 45 37
ChCl:acetic acid nil nil nil
Citric acid 40 63 35
ChCl:citric acid 32 51 30
Oxalic acid 18 22 12
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Electrolyte Ce(lV) La(lln) Nd(lll)

ChCl:oxalic acid nil 2 nil

Diltally w 1uc nyuius [ﬂ], UED Cdil UE USEU dS d IIEUIull W piepdie ldie-ediui-vediiiy cuinpuunus with further
uses. A hydrothermal method to mileharelaetroskietne Momasitire mohatél (KNbO3) through a deep eutectic
solvent (DES), which can be further used as an electrode material for the determination of bisphenol A (BPA), was
investigated (881, This nitrate was prepared from thymol (C;oH140) and menthol (C1oH»00) in a 1:1 ratio.

The cyclic voltammetry of pure CeO,, La,O3, Nd,O3, and PrO,/Pr,05 in the deep eutectic solvent Ethaline (1:2
mixture of choline chloride and ethylene glycol) was investigated, and the electrochemical activity of these oxides
was assessed 7. The electro-dissolution of pure oxides and water-leached monazite, after high-temperature
pretreatment of the mineral, was carried out in a 0.1 mol/L glucose solution in Ethaline and showed a preferential
solubility of about 24% for pure Nd,O3 against pure CeO,, La,O3, and PrO,/Pr,0O3, which were found to be
insoluble. It was also demonstrated that the electrodissolution of the water-leached monazite was not possible
because of the inert behavior of the Ce;_4Ln,O,_,,» solid solutions. This compound was formed due to the
presence of CeO, in the product resulting from the high-temperature pretreatment of monazite at low
mineral:Na,COj ratios. Thus, the formation of cerium oxide must be avoided as much as possible. No information

was provided regarding what to do with the resulting solutions.

A deep eutectic solvent composed of isostearic acid (HA) and TOPO diluted in toluene was investigated for the
selective recovery of scandium from iron, yttrium, and aluminum B8 The use of a single isostearic acid or TOPO
solutions in toluene did not allow the separation of theses elements; however, the use of this DES solution
improved the separation of scandium and yttrium for the other elements. Moreover, undiluted DES improved metal
extraction, i.e., a mixture 2:1 (HA:TOPO) allowed for the selective separation of Sc(lll) from Y(Ill) and Fe(lll) at pH
values near zero. Scandium was extracted via the formation of a Sc(HA),A3(TOPO)s complex in the organic phase,
releasing three protons to the raffinate. This rare earth can be stripped from loaded organic phases via the use of 2

M HCI or sulphuric acid solutions.
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