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Objectives. The extraction and separation of rare-earth metals is a complicated process that
requires a multidisciplinary and detailed investigation. Liquid-liquid extraction with the use of
surfactant, along with the thermodynamic analysis of the parameters is considered a promising
approach. The extraction and separation of rare-earth metals from low-concentration solutions
represents an attractive research opportunity. The extraction of europium(Ill) from nitric acid
solutions in the form of dodecyl sulfates has been experimentally studied. This work focuses on
the study of fundamental and alternative sources of rare-earth metals and their extraction and
separation.

Methods. The extraction was performed on a top drive ES-8300 D equipment for 30 min at
about 700 rpm. Infrared spectroscopy (Nicolet 6700 spectrometer) was used to determine the
type of salts extracted into the organic phase. Extraction was studied in solutions with single
cations and with a combination of the target element and interfering cations. For the latter, the
concentrations of extracted elements in the aqueous phase were determined by optical emission
spectroscopy with inductively coupled plasma on an ICPE-9000 (Shimadzu) spectrometer. The
spectrometer was calibrated using standard samples for ICP CertiPUR (Merck).

Results. The dependence of the distribution and separation coefficients of rare-earth metals
during extraction on the pH value of the aqueous phase at equilibrium was investigated. Moreover,
the form in which the elements are extracted was analyzed based on thermodynamic parameters.
The minimum concentration of the target component in the aqueous phase was observed at pH
4.0. In general, the dependence of the distribution coefficient on the pH value of the medium is
poorly expressed over the entire range of the pH range of the water phase. Based on the spectra
of spent and pure isooctyl alcohol, it was concluded that europium dodecyl sulfates are extracted
into the organic phase as Eu(C,,H,.OSO,), solvates.

Conclusions. The extraction of europium(Ill) from nitric acid solutions in the form of dodecyl
sulfates was demonstrated. The advantages of the proposed method are the possibility of
selective extraction of the target component from dilute solutions and the use of an easily available
surfactant (sodium dodecyl sulfate). The efficiency of extraction of europium dodecyl sulfates was
maximal in the pH range from 2.0 to 7.5, which reflects a weak dependence on the acidity of the
aqueous phase. In addition, in the highly alkaline pH region, the extraction efficiency is reduced.
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AKuakocrHast sxcrpaxkuus esponusi(Ill) U3 TeXHOreHHBIX PACTBOPOB
C UCIIOJIL30BAHUEM MOBEPXHOCTHO-AKTUBHOIO BEILIECTBA
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IMenu. AumepamypHble OaHHblLE CBUOEMENBLCMBYIOM O CA0IKHOCMU U3BAEUeHUS U pa30eseHust
PpeodKo3eMeNbHbIX MEemaanog SKCMpPAKYUOHHbIMU Memooamu U 00Kasblearom Heobxooumocmo
MHO20CIMOPOHHE20 U 0emaibH020 U3yueHUsl OGHHbLX npoyeccos. IlepcheKmugHbiM S8aA51emest 0CY-
wiecmenieHue IKCMpPaKyul ¢ NpuMeHeHUeM NO8EePXHOCMHO-AKMUBHO20 8euiecmaa U mepmoou-
HamMuueckum 0OOCHO8AHUEM NONYUEHHBLX MEeXHOJI02UUeCKux eenuduH. HHHoeayuoHHOU udeell
HAYUHO20 UCCIe008AHUSL S8SLeMCs NPUMEHEHUE IKCMPAKUUOHHO020 Memooa Ol U3eNeUueHUst U
pazoeneHus: pedKo3emMeNbHbIX Memaanog U3 HUSKOKOHUEHMPUPOBAHHbBLX pacmeopos. Jxcnepu-
MEHMANILHO U3YUeH npouecc useneueHust eeponusi(lll) uz asomHorkuciblx pacmeopos 8 ¢popme 00-
deyuncynvgpamos skcmparxyuetl. HccnedosaHus opueHmupo8atsl Ha U3yUeHUe OCHO8HbIX U AJlb-
MepHAMUBHBIX UCTMOUHUKO8 Pe0K03eMENbHbIX MEMAN08, CNOCOO08 UX U3BAEUCHUS U PA30eSIeHUSL.
MemooesLt. [Ipouecc npogodusiu Ha eepxHenpusooHom sxcmpakmope ES-8300 D e meuerue 30 MuH co
ckopocmoto okoso 700 06/ muH. [lns onpedeneHust popMbl IKCMpazupyemoblx conetl 8 Op2aHUUecKoll
ase npumeHsU memoo UHPPAKpacHoOU cnekmpockonuu (cnekmpomemp Nicolet 6700). Sxcmparc-
YU UBYUAIU 8 PACMBOPAX C €OUHUUHBbIMU KAMUOHAMU U C KOMOUHAUUET Yenego20 KOMNOHeHMa U
uHmMepgepuUpPYOULUX KAMUOHO8. /151 NOCIe0HUX pacmeopo8 KOHUEHMPAUUU IKCMpazupyemoblx ae-
MEHMOB 8 COBMECMHOM NPUCYMCMEUU 8 BOOHOU (haze onpedessiii MemoooM ONMUUECKOT IMUCCUOH-
HOUL cneKxmpockonuu ¢ UHOYKMuUBHO-C8s13aHHOU naazmoli Ha cnekmpomempe ICPE-9000 (Shimadzu).
Kanubposka cnekmpomempa npogoousacs no cmaroapmsim obpasuyam onst ICP CertiPUR (Merck).
Pesynomamet. [lonyueHsl 3a8ucumocmu KosghguyueHmoes pachpedeneHuss U pasoeneHus peo-
KO3eMeNbHbIX MEemasio8 8 npoyecce IKCMPAaKUUOHHbIX npoyeccog om genuuuHsl pH pasHosec-
HOUL BOOHOU (hasbl ¢ ycmaHosieHUeM U MepMOOUHAMUUECKUM 0O0CHO8AHUEM POpMbL U3BAeKA-
emblx coeOuHeHUll. YcmaHo8eHo, Umo 8 npoyecce SKCmpaKyuu MUHUMANALHAS. KOHUEHMPAyUs
ueseeo20 KOMNoHeHma 8 800HOU ¢pase Habrrodaemes npu pH = 4.0. B yenom Ha ecem uHmepaa-
Jle ucenedyemozo ouanasoHa pH eoorotli ¢paszbl 3asucumocms KoagpgduyueHma pacnpeoeneHus
om 8e/lUMUHbBL KUC/IOMHOCMU cpedbl g8blparkeHa cnabo. Ilo pesynbmamam aHANU3A CNeKmpos
ompabomaHHO020 U UUCMO20 US00KMUI08020 CnUpmMa COeNaHO 3aKaoUeHUe, Umo 000eyUncyib-
amolL egponus useseKaromes 8 opearuueckyto gasy e sude conveamos Eu(C, ,H, OSO,),.
BbL800bl. DKCNEepUMEeHMANTbHO NOKA3AHA B03MONHOCMb UssieueHus esponus(Ill) us asomHoxuc-
JIblX pacmeopog 8 ¢hopme dodeyuncyrbgpamos sxcmparyueii. [Ipeumywecmeamu npeoiazaemo-
20 MemoOa SI8NSIIOMCSL 803MOAHOCMb U3OUPAMENbHO20 U3BNEUEHUS. Yesle8020 KOMNOHEHMA U3
pas3basieHHbIX MEeXHOZEHHbLX PACMB0P08 U UCNONb308AHUE NOBEPXHOCMHO-AKMUBHO20 8eULECma8a
(0odeyuncynocpama Hampus). SgpgperxmusHocms u3gaeUeHUSL 000EUUNCYAbPAMO8 e8ponust npu
IKCMPAKYUU MAKCUMANBHA 8 uccriedyemom ouanaszore pH om 2.0 do 7.5, umo omparxaem caa-
6yro 3a8UCUMOCTbL OM KUCIOMHOCMU 800HOU ¢hasvl. Kpome moeo, 8 cunbHowenouHoll obracmu
PpH agppexmusHocmb usgneueHus skemparKyueti NOHUKaemcesi.

Knroueesle cnoea: sxcmpaxyus, pedkolemesrbHble d1eMeHmMbl, IhheKmusHOCMb U3BAEeUCHUS,
Koagppuyuermol pacnpedeneHus U pazoeneHus, 000eyuicyibgpam Hampust.
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INTRODUCTION

The use of metal extraction processes has
increased in various sectors of the national economy
[1, 2]. This is due to the selectivity and simplicity
of such processes, their speed, and high efficiency at
low initial concentrations of metal cations.

The extraction of rare-earth metals by carboxylic
acids has been widely studied because their use
in sulfuric and hydrochloric acid industries for
processing rare-metal raw materials is more effective
than, for example, organophosphates [1, 2]. The
degree of extraction and separation of rare-earth
elements (REE) and aluminum with octyl-phenoxy
isopropionic acid (OPIPA) presented in [3] reaches
86.43% with a purity of 99.69%. Cerium(III)
extraction with a solution of oxine and 2-methyloxine
in various organic solvents under conditions similar
to industrial scenarios (a strongly acidic solution with
a 0.3-4.4 mol/kg content of sulfuric acid) is reported
in [4].

The chemistry of the extraction of lanthanide(11I)
nitrates with trialkylbenzylammonium naphthenate
has also been investigated [5]. With a phase ratio
of 2 : 1, rare-carth metals were extracted into the
organic phase as (R,N),[Ln(NO,),(RCOO),]. In the
lanthanum-—lutetium series, extraction is reduced,
while the degree of yttrium extraction is significantly
lower than for lanthanides. Trialkylbenzylammonium
naphthenate can be used to separate lanthanides
with lower ordinal numbers from other lanthanides
and also in systems for removing lanthanides from
yttrium compounds.

The extraction of lanthanum, thorium, and
yttrium with composite materials using porous
carriers and liquid extractants is a promising method.
When thorium(IV), lanthanum(Ill), and yttrium(I1I)
are extracted together from water-salt solutions by
a composite material based on super-crosslinked
polystyrene with trialkylamine (TAA), lanthanum(I1I)
and yttrium(III) nitrates are practically not absorbed;
when the concentration of lanthanum(IIl) and
yttrium(III) increases in the aqueous phase, the content
of thorium(IV) nitrate in the composite material phase
increases [6]. This system can be used for removing
thorium(I'V) impurities from concentrated solutions
of rare-earth metal nitrates.

In addition, the extraction of rare-earth metals
from nitric acid solutions with fluoride ions has
been reported [7, 8]. Moreover, the extraction of
zirconium(IV) cations from hydrochloric acid
solutions in the presence of potassium fluoride
with 1-octanol was investigated [9]. Extraction
methods can be thus used to obtain metal cations
from industrial waste dilute solutions (processing

of molybdenum, copper, copper nickel ores, apatite-
nepheline, eudialite ores, and red slurries).

It is clear that the extraction and separation of
rare-earth metals is a complex process that must be
investigated from different perspectives in a detailed
manner. Using a surfactant for the extraction, along
with the thermodynamic analysis of the process’
parameters, seems like a promising approach.

The primary objectives of this work are:

* developing a method for the extraction and
separation of rare-earth metals using surfactants and
for the experimental assessment of distribution and
separation coefficients and degree of extraction,
followed by their implementation in the industrial
processing of low-concentrated mineral raw materials;

* studying the dependence of the distribution
and separation coefficients of rare-earth metals on
the pH of the aqueous phase during extraction by
determining the form in which the target elements are
extracted, based on thermodynamic parameters.

During the extraction of rare-earth metals from
aqueous solutions, sodium dodecyl sulfate (NaDS),
known as a foamer and collector, is used as surfactant
because of its many advantages in comparison with
other surfactants. NaDS is non-toxic (hazard class I'V)
and cheap and can be regenerated from the obtained
products. In addition, extraction processes require
amounts of NaDS, depending on stoichiometry of the
chemical reaction. NaDS can be used in a wide range
of acidity of the liquid phase. Compared with similar
surfactants, the degree of recovery of rare-earth
metals by NaDS has the maximum values [10-12].

This work focuses on the study of fundamental
alternative sources of rare-earth metals, and their extraction
and separation. According to the literature [13—18], cost-
effective sources of rare-metal raw materials are the
minerals bastnesite Ln(CO,)F (70-75%), monazite
LnPO, (55-60%), laparite NaCaln(TiO,),(NbO,),
(30-35%), and xenotima (Y, Eu, Gd)PO, (55-60%).
Alternative sources of rare-earth metals are waste
products of industrial processes with a poor rare-earth
metals content, converter dusts, slags, red slurries of
aluminum production, and mineral raw materials with
low concentrations of the desired elements.

Modern technologies to obtain rare-metal raw
materials focus on minerals of different types of
deposits as sources. Russia does not have reserves
of pure rare-metal raw materials, such as bastnesite,
monazite, and xenotima, which are used by the rare-
earth industry abroad. In the Russian Federation, the
most accessible and efficient sources for processing
are the Lovozero loparite, eudialite, and Khibiny
apatite-nepheline ores from the Kola Peninsula.
These sources have low contents of rare-earth metals.
The Russian rare-earth industry is currently working
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in the development of new deposits, which is far
from sufficient to meet the growing demand for rare
metals and their derivatives. For the progress of the
Russian rare-metal industry, special attention should
be paid to the associated extraction of individual rare-
earth metals in the processing of multicomponent
ores, and not only to the development of new
deposits. Complex use of mineral raw materials is
of the utmost importance in efficient resource usage.
Since pure rare-earth metals are of great value, it is
crucial to increase the efficiency of extraction and
separation of rare-earth metals with similar physical
and chemical properties, which will reduce the cost of
these elements and their compounds, and expand the
possibilities of their use [13—18].

This work proposes a method for the extraction
and separation of rare-earth metals from low-
concentration solutions. The advantages of the
method over existing processes are the possibility
of selective extraction of the target component from
dilute solutions and the use of easily accessible
surfactants.

MATERIALS AND METHODS

All reagents were chemically pure. A 0.01 M
europium nitrate solution was prepared by dissolving
Eu(NO,),:5SH,O in 99.9% pure distilled water.
All subsequent working solutions (0.001 M) were
prepared from this stock. The exact concentration
was confirmed by titration with Triton B and xylenol
orange. For the total extraction of REE, solutions of
Er(NO,),"5H,0,Ho(NO,),-5H,0,and Sm(NO,),-6H,0
were prepared and titrated, similar to Eu(NO,),"5H,0.
Sodium dodecyl sulfate (NaDS) for biochemistry
(Acros Organics, USA, 99%, C H,.OSO,Na) was
used as surfactant. For the experiments, a dry NaDS
suspension was added to the working solution. Nitric
acid and sodium hydroxide, added before setting the
desired pH value, were freshly prepared before use.
Isooctyl alcohol (Aldrich, USA, 96%, 2-ethyl-1-
hexanol) was used as extractant.

Liquid-liquid extraction was performed to
separate europium dodecyl sulfate using isooctyl
alcohol as the extractant. NaDS was used as the
transport agent of europium cations from the aqueous
to the organic phase. The surfactant (0.003 M) was
added according to the stoichiometry of the following
reaction:

Eu*" +3C ,H, 0S0,- = Eu(C ,H,,080,),

127725

The pH value was adjusted to a specific value by
adding a 1 N NaOH solution or diluted HNO,. The pH

value of the aqueous solutions was determined using
a pH-150 MA pHmeter (AQUA-LAB, Russia).

The volumes of the aqueous and organic phases
were 200 and 5 mL, respectively. The process was
performed on a top drive ES-8300 D extractor
(ECROSKHIM, Russia) for 30 min at about 700 rpm.
The parameters of the extraction were experimentally
set to achieve optimum results. The type of salts
extracted into the organic phase was determined using
infrared spectroscopy using a Nicolet 6700 (Thermo
Fisher Scientific, USA) spectrometer.

Extraction of europium(III) cations in the presence
of holmium(IIl), erbium(IIl), and samarium(III)
cations was performed using the method described
above. Working solutions containing Sm**, Eu®**, Ho*",
and Er** were prepared by mixing 50 mL of 0.001 M
solutions of each element. The volume of the solution
with a final total concentration of 0.001 M was 200 mL.
The concentration of the extractable elements in the
aqueous phase was determined by optical emission
spectroscopy with inductively coupled plasma (ICP)
on an ICPE-9000 spectrometer (Shimadzu, Japan),
which was calibrated using CertiPUR ICP standard
samples (Merck, Germany).

The concentration of europium cations
extracted into the organic phase was determined
by the difference in concentration in the initial and
equilibrium aqueous phases, considering the volume
ratio of the phases:

Cre = (CO _VC ol Ve (1)

org

where C is the initial europium concentration in the
aqueous phase, mol/L; Core and C,, correspond to the
concentration of europium cations in the organic and
aqueous phases at equilibrium, mol/L; Via and V,, are
the volume of the organic and aqueous phases, mL.

The distribution coefficient of Eu®" in individual
solutions (K, )and in the presence of Sm**, Ho*', and
Er’* (K i) Was calculated from the ratio of molar
concentrations of the target component in the organic
and aqueous phases according to [16].

The degree of extraction was calculated using the
following equation:

a — Corg ' Varg
Caq ' Vllq + Corg ’ VOV

g

-100% 2)
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RESULTS AND DISCUSSION

Table 1 shows the results of extraction of
europium dodecyl sulfates from nitrate solutions in
the pH range 2.0-11.0. As seen from the data, the
maximum distribution coefficient during extraction
was obtained at pH = 4.0.

According to the results reported in references
[11, 12], the Gibbs energy of formation of Eu(OH)*

monohydroxocomplexes from its elements, Afogg,

and from ions, Acompleogg , 18 782.60 and 47.42 kJ/mol,

respectively; that of Eu(OH), hydroxide is 1199.11
and 149.23 kJ/mol, respectively. In addition, pH of
complexation, pHcompl, is 5.80, and pH of hydrate
formation, pH, is 6.52; i.e. these are the pH
values where the formation Eu(OH)** and Eu(OH),
hydroxides begins.

During extraction, the minimum concentration
of the target component in the aqueous phase is
observed at pH = 4.0. In general, the dependence of
the distribution coefficient of rare-earth metals during
extraction on the pH value of the medium is poorly

expressed over the entire pH range. Based on the
spectra of spent and pure isooctyl alcohol, europium
dodecyl sulfates are extracted into the organic phase
as Bu(C ,H,,080,), solvates (Figs. 1 and 2). The
interaction between alcohol molecules and europium
cations is confirmed by a shift in the frequency of
Vv, valence vibrations. However, in nitrate solutions
that do not contain NaDS, the extraction of europium
cations does not occur due to the lack of shielding
of the target component by non-polar hydrocarbon
radicals.

The efficiency of extraction of europium dodecyl
sulfates is maximal from pH 2.0 to 7.5, which reflects
a weak dependence on the acidity of the aqueous
phase. In the highly alkaline pH region, the extraction
efficiency is reduced.

Table 2 shows the results of extraction of
europium dodecyl sulfates with isooctyl alcohol
as an extractant in the presence of erbium(IIl),
samarium(III), and holmium(IITI).

When extracting REE from individual solutions,
the maximum distribution coefficients are found at
pH 4.0-4.5, where REE is extracted into the organic

Table 1. Europium(III) cation extraction

pH [Eu3’+]aql x10* mol/kg [Eu3+]org x10? mol/kg diste
3.0 1.93 3.88 200.5
3.5 1.82 3.93 216.1
4.0 1.70 3.99 2339
4.5 1.84 3.92 213.8
5.0 1.97 3.86 196.3
5.5 1.94 3.87 199.4
6.0 1.93 3.88 201.5

Optical density

Taso0 3000 2500

2000 1500 1000 " 500

‘Wave number, 1/cm

Fig. 1. Absorption spectrum of isooctyl alcohol.
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2
g
=
=}
2500 2000
Wave number, 1/cm
Fig. 2. Absorption spectrum of Eu extract.
Table 2. Coefficients of distribution of rare-earth elements (III) cations depending on the pH
for extraction in the presence of interfering cations (K dimz) and individually (K )
Sm Eu Ho Er
pH
Icdistrz Icdistr IcdistrZ Icdistr Icdistrz Kdistl‘ IcdistrZ Icdistr
3.0 1437.3 306.9 1355.6 200.5 1282.5 443.1 1355.6 122.9
4.0 1752.4 326.2 1690.9 233.9 1481.9 481.4 1752.4 163.0
5.0 1752.4 426.2 1690.9 196.3 1529.2 404.9 1818.6 147.7
6.0 3091.7 395.6 3300.0 201.5 3300.0 359.6 4512.2 132.1

phase as alcohol solvates of medium dodecyl sulfates.
As a result, the concentration of dodecyl sulfate in
the aqueous phase at equilibrium is negligible. In the
presence of interfering cations, the REE distribution
coefficients increase by an order of magnitude and
are maximum at pH ~ 6. At this value, REE in the
aqueous phase are mostly found in the form of
Ln(OH)* monohydroxocomplexes and are extracted
as solvates of the main salts of Ln(OH)(DS), nROH.
Thus, the consumption of dodecyl sulfate decreases,
and the balance shifts toward extraction.

CONCLUSIONS

The extraction of europium(IIl) cations from
aqueous solutions with and without the presence of
interfering REE cations was studied. The extraction
was successful at low concentrations, i.e., for
concentrating components wastewater treatment.
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