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Abstract: The paper investigates the extraction of rare earth elements (REE) from technogenic sources — phosphogypsum and uranium in situ
leaching (ISL) solutions. We found that mechanical activation significantly increases the degree of REE leaching from phosphogypsum.
We also obtained data on sorption leaching of REEs from phosphogypsum. It has been shown that, depending on the ion exchanger used and its
form, chemical activation can double the leaching degree of the target components. The paper presents the findings of the study on the sorption
recovery of scandium from uranium in situ leaching solutions. We determined that Sc sorption from uranium ISL solutions on the Puro-
lite S-957 cation exchanger is much more effective than on Lewatit TP-260, Purolite S-950, Tulsion CH-93 CH-93, and ECO-10 ampholites.
However, it should be pointed out that none of the listed sorbents is highly selective towards scandium ions. The paper presents comparative
data on Sc extraction from uranium ISL solutions using Lewatit VP OC-1026 and Axion 22 commercial solid extractants synthesized according
to the method described in the paper. We determined the mechanism of scandium extraction from uranium ISL solutions using Axion-22
and proved that it shows high selectivity towards scandium ions. Studies on the desorption of scandium from the saturated solid extractant
showed that the most effective desorption agent is an aqueous solution of hydrofluoric acid. Additionally, the paper investigates the sorption
extraction of REEs from uranium ISL solutions on cation exchangers KU-2, KM-2P, and KF-11. We found that the best eluents for the
desorption of REEs from the saturated cation exchanger are solutions of calcium chloride and ammonium nitrate. It has been shown that the
concentration of REEs in the solution and the removal of major impurities (Fe and Al) are quite effective when REEs precipitate from the
desorption solution by fractional hydrolysis. The paper describes the separation of La, Nd, and Sm by elution from the saturated impregnate
containing phosphorylpodande and Di(2-ethylhexyl) phosphoric acid in its structure. It should also be noted that ionic liquids can be
useful for the extraction of REEs from the solutions of various electrolytes. We presented one of the technological schemes illustrating REE
extraction from phosphogypsum.
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IeTauMBaHUS 110 TIeJIEBBIM KOMITOHeHTaM. [IpecTaBieHbl pe3yabTaThl UCCISIOBAHMS ITO COPOIIMOHHOMY U3BJICUCHUTIO CKAHIM S U3 pac-
TBOPOB MOJI3eMHOTO BBIILIETAYMBAHUSI ypaHa. YCTAaHOBJIEHO, YTO copO1ust Sc u3 pactBopos [1BY Ha karnonute Purolite S-957 mpoucxonut
3HAYMTEIbHO Jyulle, 4eM Ha ambonuTtax Lewatit TP-260, Purolite S-950, Tulsion CH-93 u 5KO-10. OngHako He0OX0OAMMO OTMETUTD M TOT
GakT, YTO BCe paCCMOTPEHHbBIE COPOSHTHI HE OTJIMYAIOTCSI BHICOKOI CeJIEKTUBHOCTBIO M0 OTHOILLEHUIO K noHaM Sc. [IpuBeneHbl cpaBHU-
TeJIbHbIE TaHHBIE TT0 U3BJIeUeHUI0 Sc u3 pacTBopoB [1BY kommepueckum copbeHToM TBOKC Lewatit VP OC-1026 u TBOKC Axion-22,
CUHTE3UPOBAHHBIMHU TI0 MPUBENEHHOI B paboTe MeTonuke. OnpeneseH MeXaHU3M dKCTPAKIINU cKaHaus 13 pactBopos [1BY ¢ ucnomns-
30BaHMEM AXion-22 K yCTAaHOBJIEHO, UTO OH MMEET JIOBOJIbHO BBICOKYIO CEJIEKTUBHOCTD MO OTHOLIEHU IO K MoHaM Sc. [IpeacrasiieHbl pe-
3yJIbTaThl UCCEAOBAHUS 110 iecopOLMu ckaHaus U3 HacbileHHoro TBOKC. [TokazaHo, uTo Haubosee 3 GbeKTUBHBIM AeCOPOUPYIOILIUM
areHTOM SIBJISIETCS BOIHBIN pacTBOP (PTOPUCTO-BOLOPOAHOM KUCIOTHI. Takke B paboTe pacCMOTPEHO COPOLIMOHHOE U3BjeueHue P30 u3
pactBopoB [1BY Ha katnonutax KY-2, KM-2I1, KO-11. BeisiBJIeHO, UTO YTO JIYUIIUMU SJIFOEHTaMU 1151 AecopOiinm P3D 13 HachIIIEHHOTO
KaTHOHUTA SIBJSIOTCSI PACTBOPBI XJIOpU A KaJIbLIMsI U HUTpaTa aMMoHusl. [loka3aHo, 4To 3HaYUTEIbHOE KOHLIEHTPUPOBaHUE cyMMbl P30
U OYMCTKY OT OCHOBHBIX npumeceit (Fe u Al) nocratouHo 3(hHeKTUBHO MOXHO OCYIIECTBUTh Ha cTaauu ocaxaeHus P3D u3 pactsopa
JiecopOIIMu TTOCpeIcTBOM IpoOHOoro ruaposiu3sa. IlpencraBieHsl faHHbIe TI0 pa3aeneHuto La, Nd u Sm rmyTeM 310MpoBaHUsT U3 HACKI-
LIEHHOTO MMIIperHaTa, ColepXKallero B cBoeit cTpyktype dochopunnonana u J20TDK. Takke oTMeueHO, UTO sl SKCTpakuuu P39
13 paCTBOPOB PA3JIUYHbBIX 2JIEKTPOJIMUTOB 3HAUUTEIbHBII MUHTEPEC MPENCTaBISIOT MOHHBIE XXKUAKOCTHU. B KauecTBe nmpumepa U3BJIeUeHU st
P35 u3 pocdorumnca npencrapieHa ogHa U3 pa3pabOTaHHBIX TEXHOJIOTUUYECKUX CXEM.

KiroueBbie €ji0Ba: TeXHOTEHHbBIC MECTOPOXICHUSI, peKOo3eMeabHbIe aieMeHThl (P3D), ckaHauil, MOHHBIH OOMEH, TBEPIAbII 9KCTPATEHT,
3KCTPAKIIMS, PACTBOPHI MOA3EMHOI0 BbllleJauynBaHus ypaHa (ITBY).
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Introduction

The past few decades saw an unprecedented break-
through in the development of artificial intelligence,
digital economy, green energy, etc., which would have
been impossible without rare and scattered metals [1].
Solid and liquid production wastes can be valuable
sources of rare earth elements (REE). Such wastes are
often referred to as technogenic mineral formations
(TMF). Some of them can now be safely reclassified into
technogenic deposits (TD).

Depending on the stage of the technological process
that generated the given TD, all anthropogenic wastes
can be classified as follows:

— mineral processing tailings from mining opera-
tions;

— waste from metallurgical and chemical processing
of raw materials;

— waste generated from the combustion of fossil
fuels;

— radioactive waste of industrial, scientific and mil-
itary enterprises.

As a rule, in initial ore materials, rare earth metals
(REM) are included in the structure of other mineral
formations. Thus, the research conducted at Ural Fe-
deral University revealed the following the scandium
concentrates:

ein titanomagnetite ores — diop-
side Ca(Mg,Al)(Si,Al),0Oq, hornblende
Ca,(Mg,Fe,Al)5(AL,Si)s0,,(OH),,

ein ilmenite ores — ilmenite FeTiO;, pyroxene

(Me,Me Me,)Si,Og,
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ein bauxites — boehmite y-AIO(OH), gibbsite
o-Al(OH);,

ein uranium sandstones —
Ca(U0,),(VOy), 3H,0,
and the following REM concentrates:

e in apatite ores — apatite Ca;y(PO4)¢(OH,F,Cl),,

e in uranium sandstones — brunnerite (U,Ca,Th,Y)
(Ti,Fe), 0.

As the main component is separated, rare earth me-
tals retain their original mineral forms (diopside in the
tailings of wet magnetic separation (WMS) during the
beneficiation of titanomagnetite ores), pass into ura-
nium in-situ leaching (ISL) solutions, solutions of hy-
drolyzed sulfuric acid — waste of titanium dioxide pig-
ment production from ilmenite ores) or are transformed
into new mineral forms in the course of temperature and
chemical treatments (phosphogypsum forms when apa-
tite concentrates are processed into phosphate fertilizers
and red mud is a by-product of bauxite processing into
alumina) [2].

Solid products of feedstock processing pose the
greatest difficulty for REE recovery during the target
component extraction. Numerous researches [3—7] ex-
plored the issues of scandium extraction from wet mag-
netic separation wastes, and they are not addressed in
this paper.

The aim of this work is to investigate the main tech-
niques of enhancing the efficiency of REE extraction
from solid technogenic waste on the example of their ex-
traction from phosphogypsum.

metatyuyamunite



13BecTns By30B. LiBeTHOS MeTanAyprng o 2024 o T.30 « N23 e C,57-72

PeiykoB B.H., Kupuanos E.B., Kupuanos C.B. n pp. VI3BA€YEHME PEAKO3EMEABHBIX METAAAOB 13 GOCHOTNNCA N PACTBOPOB MOAZEMHOTO...

Materials and methods

For our research, we used phosphogypsum gener-
ated as a waste product at the Balakovo mineral ferti-
lizer plant of JSC Apatit (Russia). The raw material
for its production is apatite concentrate from the Kola
Peninsula processed according to the dihydrate scheme.
For experiments on sorption extraction of REEs and Sc
from uranium in-situ leaching solutions, we used the re-
covered solution (RS) of in-situ leaching of JSC Dalur
(Russia).

Mechanical activation of phosphogypsum samples
was carried out in a batch bead mill that includes a
DISPERMAT LC75 laboratory dissolver equipped with
an APS 500 grinding system (VMA-GETZMANN
GMBH, Germany). We conducted wet activation of
phosphogypsum in the 0.5 dm3 grinding chamber with
the ZrO, inner coating. The beads used for milling were
also of ZrO,.

Sorption leaching was studied in 150 ml glass beak-
ers. The mixture of acid and phosphogypsum prepared
in advance in the required ratio was placed in a beak-
er and later ion exchange resin was added. During the
sorption leaching, the solution was vigorously stirred by
an overhead stirrer.

Tests on sorption extraction of REEs and Sc from
uranium ISL solutions were carried out in 50-ml la-
boratory sorption columns filled with the investigated
resin.

All water samples were analyzed on an ICP-MS
NexION 350x mass spectrometer (Perkin Elmer, USA).
Qualitative X-ray phase analysis of the samples was per-
formed on a Xpert PRO MRD diffractometer (Malvern
Panalytical B.V., the Netherlands) and their IR spectra
were obtained on a Vertex-70 spectrometer (Bruker Cor-
poration, USA).

Results and discussion

Phosphogypsum is formed when apatite concentrates
are processed into phosphate fertilizers according to the
following reaction:

Cas(PO4)3F + 5H2804 + mH20 —
5 5CaS0,-mH,0 + 3H;P0, + HE. (1)

Depending on the process conditions and impu-
rities present in the phosphate raw material, calcium
sulfate can be obtained in one of three forms: dihydrate
CaS0,4-2H,0 (FDG), hemihydrate CaSO,-0,5H,0
(FPG) or anhydrite CaSO, form [8]. In the dihydrate
product, about 50 % of REEs from the solution crys-

tallize in the solid phase. In the hemihydrate mode, the
amount of co-crystallized REEs increases to 70—85 %
[9; 10]. The average REE content of the resulting calci-
um sulfate generally ranges from 0.2 to 0.6 %.

Depending on reaction implementation method (1)
REE can be present as an independent orthophosphate
phase, enriching the celestine phase, or be a part of the
crystalline phase of calcium sulfate, isomorphically re-
placing Ca [11; 12].

It is obviously difficult to extract REEs from phos-
phogypsum when they incorporate into the crystal
structure of gypsum or celestine. To do so, the formed
phosphogypsum phase should be fully dissolved or
the minerals containing rare earth elements should be
recrystallized. This process is very expensive and ineffi-
cient. The mechanical and chemical activation methods
can help to significantly enhance the efficiency of REE
extraction from such anthropogenic objects.

Mechanical activation increases the degree of REE
extraction from minerals in which rare earth elements
form part of the crystal lattice, which creates more de-
fects and larger specific surface area. Therefore, this
process underlies the technology for the extraction of
scandium from wet magnetic separation (WMS) tailings
[13] and REEs from red muds [14]. Figure 1 illustrates
the impact of mechanical activation on the rates of REE
recovery from phosphogypsum. It also significantly in-
creases the degree of amorphization of phosphogypsum
(Fig. 2), which is accompanied by the accumulation of
residual stresses of I11 type: periodicity in the atoms ar-
rangement in the crystal is disturbed. Meanwhile, gyp-
sum retains its crystalline structure.

The scientific community shows great interest in
sorption leaching as a type of chemical activation. In
such a process, REE recovery increases due to the shift
of the reaction equilibrium towards the products as the
ion exchanger absorbs them according to the reactions

[MSAL], — yYM* + xAY, )
YM* 4+ x[R Y], — y[RM, o+ XY, 3)

where M is a metal cation; A is an anion; x and y are
valences of the cation and anion, respectively; RyYy is
ion exchange resin.

For example, the use of cation exchanger in a hydro-
gen form triggers two processes:

1) equilibrium shift due to sorption:

yM* + x[RH],_, = [R M¥], . + xH™, “)
where RH is the ion exchange resin in a hydrogen form,;
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Fig. 1. Impact of mechanical activation on the degree of REE extraction from phosphogypsum with sul-furic acid
with a concentration of 10 g/dm? (1), as well as on the specific surface area (2), micro-deformations (3) and the size

of coherent scattering blocks (4)
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Fig. 2. Diffraction patterns of activated phosphogypsum
at different times of mechanical activation

Puc. 2. IudpakrorpaMMbl aKTUBUPOBAaHHOTO pocorumnca
MPY pa3IMYHOM BpeMeHU MeXaHOaKTUBALIK
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Fig. 3. Impact of chemical activation (sorption leaching)
on the degree of REE extraction
from phos-phogypsum

1— without an ion exchanger, 2 — S-150 Na™, 3 — SGC-650 Ca?t,
4—SGC-650 H", 5— S-150 Ca?", 6— S-150 H', 7— SGC-650 Na*

Puc. 3. Bnusnue xuMnveckoi akTuBauu (COpOIIMOHHOE
BBIIIETaYMBaHNE) Ha CTENEeHb U3BIeueHus1 P3D

u3 ¢ocdorurica

1— Ges wonuta, 2 — S-150 Na™, 3 — SGC-650 Ca®*, 4— SGC-650 H,
5—S-150 Ca®*, 6 — S-150 H", 7— SGC-650 Na™
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2) formation of an equivalent amount of acid involved
in the leaching reaction:

[MYAY],, + xH™ — yM* + xHA®™D. )

The results confirming high efficiency of sorption
leaching of REEs and Sc from red muds and phos-
phogypsum are presented in Fig. 3 and in research
papers [14; 15]. Purolite C150 macroporous sulfoca-
tionite and Purolite SGC 650 gel sulfocationite were
used in the studies. Figure 3 shows that the ion ex-
changer presence in the pulp, as well as its salt form,
considerably affect the REE extraction from phos-
phogypsum.

Selective extraction of the target component and its
subsequent concentration from solutions of complex
composition is a challenging and important task to be
considered when any technologies are developed. Solu-
tion of this task requires the use of ion-exchange mate-
rials of various compositions selective to any given ele-
ment. As an example of such technology development,
we present the data on sorption extraction of scandium
from uranium in-situ leaching solutions of the following
composition, mg/L:

Fig. 4 features elution curves of scandium sorption
from uranium ISL solutions on a number of commercial
phosphorus-containing ion exchangers, the structure of
which is presented in Table 1. The plotted dependenc-
es show that the sorption of scandium on S-957 cation
exchanger is much more efficient than on the studied
ampholites.

When ions are sorbed from such complex objects
as uranium in situ leaching solutions, it is important
to understand the behavior of all the components, not
only the main one (in our case, scandium). Figure 5
and Table 2 show the data on sorption and desorption
of element ions present in uranium ISL solutions, on
one of the sorbents used in the research — Tulsion
CH-93.

Recently, solvent impregnated resins (SIR) that
combine the extraction capacity of any given organ-
ic compound with the technique of applying sorption
processes have been actively used for extracting ele-
ments from complex solutions. Solvent impregnated

e,

120 160
v

solution

IV,

resin

Fig. 4. Elution curves of scandium sorption from uranium
ISL solutions on commercial ion exchang-ers

1-TP-260, 2 — CH-93, 3 —S-950, 4— ECO-10, 5 — S-957

C/C, — the ratio of the concentration at the column outlet

to the initial concentration or sorbent saturation degree;

Viotution / Viesin — the ratio of circulating solution volume to the sorbent
volume or number of column specific volumes

Puc. 4. BoixogHble KpUBbIe COPOILIMY CKAH U S
u3 pactBopa [1BY Ha kKoMmMepUyecKrX MOHUTAX

1—-TP-260, 2— CH-93, 3 — S-950, 4 — DKO-10, 5 — S-957

C/Cy — OTHOLIEHME KOHLIEHTPALIMY Ha BBIXO/E U3 KOJIOHHBI

K MICXOIHOM, WJIN CTEeTICHb HACBIIICHUS COPOCHTA;

Vo-pa/Vemons — OTHOLLIEHME NPOIYIIEHHOIO 06beMa pacTBopa

K 00beMy COpPOEHTa, UM KOJIMYECTBO YACIbHBIX 00EMOB KOJIOHHEI

resin — chelating sorbents — are most promising sol-
vents for extracting scandium from solutions of various
electrolytes [16].

Table 3 presents the sorption characteristics of
some commercially available SIR obtained during the
extraction of scandium from sulfuric uranium in-si-
tu leaching solutions. According to the obtained da-
ta, Lewatit VP OC-1026, a solid extractant based on
Di(2-ethylhexyl) phosphoric acid (DEHPA), has the
highest capacity.

Fig. 6 shows the data on the behavior of scandium
and ions of other elements in the solution and below
are the values of the total exchange capacity (TEC),

mg/g:

SCairieieieeee 3.94 5 RN 2.3
|\ SRR 0.6 Fe oo, 17.4
Al 0.7 Thuiiiie 0.05
Ca e 0.22 | 0.3

We see that scandium is effectively sorbed when this
SIR, VP OC-1026 grade, is used, and as the solution
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Table 1. Characteristics of ion exchangers used in the research

Tabauua 1. XapakTepucTuka MCIOJb30BaHHBIX B pa00Te MOHUTOB

Ton exchanger grade Functional group Capacity, mg-eq/L

Purolite S-950 - CH— CHz—CH CHy — -+ 2.3

Lewatit TP-260 O O 2

Tulsion CH-93 1.9
—CH CHz — -
ECO-10 NH — CHz — PO(OH); _
Hﬂ\g’,m

P N fc"n N, CHa~ - CHs \I,cm\ s CHe CH:\C/ CHyy, -
H H

-
Purolite S-957 é’“ q00(:!-1 3.1
Hof'g‘on

! ¥

-

Table 2. Total dynamic exchange capacity (TDEC) of the Tulsion CH-93 ion exchanger by elements
and the degree of their desorption by Na,COj; solution (180 g/dm?) in the dynamic mode

Tabnuua 2. [Monnas nuHamuueckast oomeHHast eMkocthb ([TJJOE) nonura Tulsion CH-93 mo sanemenTam

U CTelNeHb ux Aecopouuu pactsopoM Na,CO; (180 r/mM°) B IMHAMUYECKOM PEXIME

Indicator Sc Al e Ti Th U
TDEC, mg/g of the ion exchanger 0.3 7.4 3.2 1.4 0.6 0.4
Desorption degree, % 94.15 21.25 28.1 18.7 98.85 64.1
C/C, Concentration, mg/dm’

700

0 200 400 600 800

IV o Vsolution/V;esin

resin

14

solution

Fig. 5. Elution curves of sorption from uranium ISL solutions on Tulsion CH-93 ampholyte (a) and de-sorption of elements
from the phase of the ion exchanger saturated with Na,COj; solution with the concentration of 180 g/dm? (b)

Puc. 5. BeixongHbie KpuBbie copouuu u3 pactBopoB [1BY amdonurom Tulsion CH-93 (a) u necopObumu 31eMeHTOB U3 (a3bl
HAacbILIEHHOT0 noHUTa pacTBopoM Na,CO; ¢ koHueHTpauueit 180 F/L[M3 (b)
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Table 3. Static exchange capacity of solid extractants for scandium during its sorption from the uranium ISL solution

Tabauua 3. Cratuueckast ooMeHHast emkocTh TBOKC mo ckanauio npu ero copobumnu u3 pacrsopa [I1BY

SIR Active ingredient (extractant) Capacity, mgg, /g
TP-923 Mixture of trialkylphosphine oxides 2.94
VP OC-1026 DEHPA 4.05
TP-272 Bis(2,4,4-trimethylpentyl) phosphinic acid 2.44
TR-TBF Tributyl phosphate 2.22

passes through the sorbent for a long time, thorium is
displaced. In addition to scandium, iron is well sorbed,
and so is titanium in appreciable amounts.

Despite all its good properties, VP OC-1026 sorb-
ent has disadvantages as well. The main reasons are
its small granule size and unsatisfactory scandium
sorption kinetics. Therefore, a new SIR was synthe-
sized for selective extraction of scandium from urani-
um ISL solutions. Its active functional component was
composed of DEHPA, tributyl phosphate (TBP) and
trioctylphosphine oxide (TOPO) [17]. Axion solid ex-
tractant was synthesized using reagents of the following
composition, wt.%:

DEHPA. ...t 8.74—9.93
Tri-n-octylphosphinoxide ............ccccceeeennnn. 1.10—2.18
Tributyl phosphate.........cccccvveeeeeeeieciininnne. 0.22—0.44
Benzoyl peroxide............coooovvviiiiiiiiiiiiiiinnns 0.22—0.25
Isododecane.........coceevveeieriicniinieniieiccce 4.41—-5.46
0.7 % starch solution in water.................... 72.48—73.26
N 74 1<) 1 (T 8.03—8.48
Divinylbenzene ..........cccveeeevueeeeeiveeeeineenn. 2.12—2.68

Figure 7 shows the results of sorption of REE
from the uranium ISL solution by Axion solid ex-
tractant and Fig. 8 presents the comparative data on
scandium extraction the uranium ISL solutions by
the commercial solid extractant, VP OC-1026 grade,
and synthesized extractants following the given tech-
nique. The sorption rate and dynamic exchange ca-
pacity of these solid extractants increase, as they are
affected by the conditions of the synthesis, during
which open macropores are formed due to the use of
isododecane or kerosene, which are characterized by
delamination properties for the monomer-polymer
mixture. The polymerization results in emergence
of a certain intrapore space, and tri-n-octylphosphi-
noxide and tributyl phosphate serve as intermediates

C/C
4 0

1.24

1.0

0.8

0.6 = Al
- Ca

0.4 - -A-Sc
-¥ Fe

0.2 - Th
v- Ti

0 T T T T T T
2000 4000 6000 8000

V;olution /VSIR

Fig. 6. Elution curves of sorption of element ions by the SIR,
VP OC-1026 grade, from uranium ISL solutions

Puc. 6. BoixogHble KpyBble COPOLIMY MOHOB 3JIEMEHTOB
Ha TBOKC mapku VP OC-1026 us pactsopos [1BY

that increase the DEHPA and scandium interac tion
rate.

Scandium extraction using Axion solid extractants
proceeds by the following reaction:

Sc**+ (HR), (0) + 2'HR (0) + TBP (0) + TOFO (0) <>

< Sc(HR,)-2R-TBP-TOFO (o) + 3H". 6)

Figure 9 shows that in the IR spectrum of Axion-22
solid extractants in the Sc>* form, the band in the re-
gion v = 1232 cm™!, responsible for valence and strain
vibrations of P=0 groups, is narrowed, and absorption
bands, about v = 1200 cm™! [18], related to stretch-
ing vibrations of the P=0O — Sc group, emerge. Such
changes in the spectra suggest the formation of strong
coordination bonds between scandium ions and func-
tional groups of the SIR. In the region v = 1150 cm™!,
the intensity of P—O—(H) valence vibrations subsides,
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Fig. 7. Elution curves of Sc and related elements sorption
from the uranium ISL solutions by Axion-22 solid extractants

Puc. 7. BoixonHble KpUBbIe COPOLIMU SC U COMYTCTBYIOLIUX
asieMeHTOB U3 pacTBopoB [1BY na TBOKC Axion-22
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Fig. 8. Elution curves of scandium sorption from the uranium
ISL solutions by Lewatit VP OC-1026, Axion-22 and
Axion-23 SIR

Puc. 8. BeixogHble KpUBbIe COPOLIMN CKaHIU S
u3 pactBopos [1BY na TBOKC Lewatit VP OC-1026,
Axion-22 u Axion-23

indicating that cation-exchange groupings are involved
in the sorption reaction. [19].

To determine the number of DEHPA molecules in-
volved in the exchange reaction, the graph was plotted
in logarithmic coordinates showing the experimental
dependence of the scandium distribution coefficient
on the DEHPA concentration (Fig. 10). The value of
the slope angle of this linear dependence indicates the
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Fig. 9. IR-spectra of Axion-22 in H' and S¢3* form

Puc. 9. UK-criektpst TBAKC Axion-22 B H-dopme
u Sct-popme

lgD Sc

3 =3.0714x + 9.8552
R =0.9802

27 25 =23 21

18C peupa

-1.9

Fig. 10. Dependence of lgDg, on DEHPA concentration
during scandium sorption with the use of Axion-22 solid
extractants

Puc. 10. 3aBucumocts lgDg, oT KoHUeHTpauuu 20T PK
npU copoLMU cKaHIus ¢ ucnonbzoBanuem TBOKC
Axion-22

number of DEH PA molecules. The activity coefficients
for the compounds involved in the extraction were
assumed to be constant [20]. The evidence presented
suggests that when scandium is extracted from sulfuric
acid aqueous solutions by Axion-22 SIR, the slope an-
gle is equal to 3.

The analysis of the IR spectrum and the dependence
lgDg. = flgcpenpa) (see Fig. 9 and 10) gives grounds
to conclude that the selectivity of scandium extraction is
achieved through donor-acceptor bonds with the com-
plex compound being formed in the solid extractant
phase (Fig. 11).
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Fig. 11. Coordination scheme for the sorption of scandium
ions by Axion-22 solid extractant

Puc. 11. KoopauHammoHHas cxeMa copOLy MOHOB
ckanaus Ha TBOKC Axion-22

Along with scandium, uranium ISL solutions con-
tain a significant amount of rare earth elements, the to-
tal content of which is comparable to the concentration
of the main element to be extracted — uranium. The
composition of the uranium ISL solutions used in the
cited studies was as follows, mg/dm?>:

Laiiicniee 3.6 11 11 TR 0.06
Ce o 8.1 YD oo, 0.55
Proceiiicns 1.61 | 513 RO 0.07
Ndoooioiiiiiiiee 7.0 Y o 5.65
SMeueiiiiiiiinienens 1.55 SCovirinienienieneens 0.75
Eu .o 0.38 Thuiiviiccee 15.5
Gd.oooviiiieicnns 1.15 Fe o, 1150
TO e, 0.29 Al i 1453
Dy 1.08 Ca e, 425
Ho....oooovvvvveen 0.31 Mg .o, 370
Erooveniiiiiiis 0.55 Ui 0.04

It should be noted that the content of the REE heavy
group in the solution is abnormally high.

Ion exchangers of various classes and structures
were used for the extraction and concentration of
REE from the uranium ISL solutions: cation exchang-
ers, aminocarboxylic and aminophosphoric acid am-
pholytes [21; 22]. This research analyzes the REE
sorption from the uranium ISL solutions by cation ex-
changers. Fig. 12 shows the impact of solution acidity
on the sorption of lanthanum (REE representative).
Universal sulfocationite KU-2, carboxylic KM-2P,
phosphoric acid KF-11 were used as cation exchang-
ers (Table 4).

C.,, mg/g
160
KU-2
120
80
404 KF-11 >
. KM-2P
O
0 A 4 T T
1 2 3 4 pH

Fig. 12. Impact of the sulfate solution pH on the sorption
of lanthanum (I11) ions by cation exchangers

Puc. 12. Bausinue Benuuunbl pH cynbdarHoro pactsopa
Ha copbupyemocTb noHoB JjaHTaHa (I11) kaTnoHuTamu

We selected cation exchanger KU-2 for further use
although it is universal and is not characterized by
high selectivity towards rare earth elements. We made
this decision because uranium ISL solutions are acidic
(pH = 1.0+.5) and the REE sorption from them will
be higher compared to other sorbents. Figure 13 shows
the elution curves of element ions sorption from ura-
nium ISL solutions after uranium is extracted from
them. This information enables to draw the following
conclusions:

— macroporous cation exchangers are characterized
by a sufficiently high degree of selectivity towards rare
earth metals;

— they are most selective towards light REEs;

— in the process of ion sorption in the dynamic
mode, some cations, in particular calcium, are displaced
from the cation exchanger by rare-earth metals.

It should be noted that the selectivity of macropo-
rous cation exchangers is correlated with the radii of
hydrated ions, the average values of which are given
below, A:

SC T e, 8.4 AP e, 7.6
| 2.7 Fe e, 9.1
NaT oo 3.2 Y3 e, 4.8
CaZt e, 3.8 La¥ e, 4.6
MEZ e, 4.2

consequently, it correlates with the dehydration
energy of these ions as well. It can be argued that the
ion selectivity is significantly affected by the sieve
effect.
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Table 4. Comparative characteristics of used cation exchangers

Tabnuua 4. CpaBHI/ITCHbHaH XapakKTEepUCTUKA UCITOJIb30BAHHBIX KATUOHUTOB

Cation exchanger Functional group SEC, mg—eq/cm3
—CH—CH;— | —CH—CH;— -
|
KU-2 O Q 2.0
: CH—CHy— -
SOsH
n
- CH;—CH—CH;—CH — | =
| I
KM-2P COOH $5H4 3.5
vw—CH—CH2— |,
<+ —=CH—CH;—CH - CH; — -
| I
KF-11 Q Q 3.6
HO-P-OH ++—CH-CHz—--
I
o]

—a— Al
—e—Fe
—h— (Ca
——Th
——U
—e—La
—»—Ce
—e—Pr
—— Nd
—a— Eu
—o— Dy
——Gd

0 20 40 60 80 100 120

Vst:!utionJlr Vmsin

Fig. 13. Elution curves of ion sorption from uranium
ISL solutions by macroporous cation exchanger
Purolite C-100

Puc. 13. BoixogHbie KprBble COPOLIMY MOHOB U3 pACTBOPOB
T1BY makponopuctbiM KaTuoHuTom Purolite C-100

REE concentration and decontamination can be
implemented at the desorption stage. The hydrochlo-
ric and nitric acid solutions of alkali and alkaline earth
metals are often used for desorption of rare earth met-
als from strongly acidic cation exchangers. Figure 14
shows dependences of REE desorption from sulfo-
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cationite on the concentration of ammonium, calci-
um and sodium salts. It can be observed that calcium
chloride and ammonium nitrate solutions are the best
eluents for REEs.

When SIR are used for extracting scandium from
uranium ISL solutions, the process selectivity is attrib-
uted to the formation of high-strength coordination
compounds. It complicates the desorption of scan-
dium from these sorbents by many mineral acids and
their salts. The complex compound can be destroyed
by forming stronger ones. Alkali metal carbonates or
hydrofluoric acid can be chosen as such eluents. The
use of carbonate solutions leads to the extractant strip-
ping from the resin phase, which ultimately causes a
significant decrease in the amount of scandium that
can be extracted. Therefore, the results of scandium
desorption from Axion SIR by hydrofluoric acid solu-
tions are presented below. Figure 15 shows that HF
solutions are effective eluents for scandium during its
desorption from the SIR.

At the stage of REE precipitation from solutions,
they can be separated from a number of impurities, not
only transferred from the solution to the precipitate with
subsequent concentration. This can be clearly seen in
Fig. 16, which features the curves showing hydrolysis of
REEs and impurities in the solution. Table 5 presents the
composition of the objects obtained during fractional
hydrolysis.
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Fig. 14. Dependence of the degree of REE desorption from the cation exchanger phase

by solutions of different desorbates
Puc. 14. 3aBucuMocThb cTerneHu aecopouuu P30 u3 ¢a3bpl KaTHOHUTA pacTBOPAMU pa3IUMYHbBIX 1ecOpOaToB
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Fig. 15. Elution curves of desorption from saturated Axion-22 SIR by the HF solution with the concen-tration

of 150 g/dm?

Puc. 15. BerxonHble KpuBble gecopbuny u3 HacsiuerHoro TBOKC Axion-22 pactBopom HF ¢ konuenTpauneit 150 r/mm>

The final stage of the REE extraction from anthro-
pogenic wastes is secondary cleaning from impurities to
obtain a high-purity product. As a rule, liquid extraction
is used for this purpose.

At JSC Dalur JSC (Kurgan Region, Russia), the re-
search team of the Ural Federal University developed

and implemented the technique for producing scandium
oxide of a purity exceeding 99.9 %. It includes the fol-

lowing operations:
— scandium extraction by SIR from recovered solu-

tions of uranium in-situ leaching solutions;
— solid-phase re-extraction using fluoride-contain-

ing solutions;
— conversion of scandium fluoride to hydroxide;

— dissolution of the obtained scandium hydroxide in
nitric acid;
— scandium oxalate precipitation;
— calcination to obtain scandium oxide.
Currently, the use of impregnates for the separation
of collective REE concentrate into individual com-
pounds seems to be a promising option [23]. The mo-
dern technologies usually use liquid extraction for this
purpose. Figure 17 gives an example of some rare earth
elements separation from the saturated impregnate at
the elution stage. Control points, including peaks of
the separated elements, were analyzed by mass spec-
trometry. The impregnates used contained phospho-
rylpodand XXa and DEHPA as active organic matter.
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Table 5. Composition of concentrates and
semi-products of REE concentrate secondary cleaning

Tabauua 5. CocTaB KOHIIEHTPATOB M TTOJTYIIPOIYKTOB
MepeYncTKy KoHIleHTpaTa P3D

Precipitation mother Concentrate,
Element solution, mg/dm> %
Fe—Al REEs Fe—Al REEs
Al 34 7.8 31.1 0.13
Ca 545.7 520.1 6.2 0.7
Fe 3.41 2.8 1.6 0.03
Th 0.02 0.003 0.09 0.002
U 0.05 0.002 0.04 0.003
> REEs 695 3.1 2.3 51.9

Figure 17 shows quantitative separation of lanthanum,
neodymium and samarium by the impregnate contain-
ing 33 % phosphorylpodand. However, the impregnate
containing DEHPA only proved ineffective for REE
separation.

The use of ionic liquids as extractants for REE ex-

e,

Fig. 16. Co-hydrolysis of ions of REE eluate
elements

Puc. 16. CoBMeCTHBIN TUAPOJINU3 MIOHOB DJIEMEHTOB
astoara P39

Figure 19 gives an example of one of the developed
technological schemes for REE extraction from phos-
phogypsum. The obtained concentrate has the following
composition, %:

traction is a scientific challenge of great importance YLREE.....c.. 49 ] SO 0.03
[24; 25]. Thus, when bis|(trifluoromethyl)sulfonyl]- S HREE 25 Na 015
imide 1-butyl-3-methylimidazolium (C4mimTf,N) c 0 K 016
ionic liquid is added to 2-phosphoryl-phenoacetic acid Aoeeeeeeeeeeeeeeeeeeeeeenn, 9 K 1
amide (compound I), the REE recovery rate surges dra- Fe o, 0.8 Thooeoiiiiies 0.004
matically (Fig. 18). VN T 0.1
0 Optical density
La3+
- o 6] o)
; Lo o L
50+ C,Hq /P(’O 0‘3‘?\ C,Hq
C,H 0" OH  HO" OC,Hj
40 XXa
CH;
30' Nd3+
H,C o 0
204 Sm”" \P//
Nor
10- HsC 0/ Ol
EA XXa
O e CH;
DEHPA !
DEHPA
710 T T T T T
0 20 40 60 80 100 120
Volume, ml

Fig. 17. Separation of La’*, Nd** and Sm>" at elution with 0.08 M HNO; by impregnates containing 33 % DEHPA

and 33 % phosphorylpodand (XXa)
Sorbent carrier is LPS-500

Puc. 17. Paznenenue La’t, Nd** u Sm>* npu amonposannu 0,08 M HNO; Ha uMmmnperHarax, conepxamux 33 % 129 ®K

u 33 % dochopunnoganna (XXa)
Cop06ent Hocutenb — LPS-500
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Fig. 18. Extraction of Eu*" from 0.1 M HNOj solutions

with isomolar mixtures of compound / and CymimTf,N

in dichloroethane depending on their initial molar ratio

in the organic phase

[1] + [CymimTHN] =0.1 M

Puc. 18. Dxerpakiust Eu’t 13 0,1 M pactBopos HNO;,
U30MOJISIPHBIMU cMecsiMu coenuHeHus [/ u CymimTf,N

B IUXJIOPITAHE B 3aBUCUMOCTU OT UX UCXOIHOTO MOJIbHOIO
COOTHOILEHU B OPraHU4ecKoi Pasze

[/] + [CymimT£,N] = 0,1 M

Phosphogypsum

The presented data conclusively prove that in addi-
tion to obtaining REE-rich concentrate, the developed
method enables to solve the issues related to complex
processing of phosphogypsum.

Conclusion

The experimental and estimated data on the ex-
traction of rare-earth metals from phosphogypsum and
uranium in-situ leaching solutions, both of which are
production wastes (technogenic deposits), presented in
this paper prove that these objects can serve as potential
sources of REEs.

The technologies for extracting rare earth elements
using modern sorption extraction materials and ionic
liquids developed and tested at the enterprises demon-
strate that the prospects of their practical application are
quite encouraging.
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