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Abstract—The total concentrate of heavy lanthanides, zirconium, scandium, as well as emanating uranium and 
thorium can be recovered from the eudialyte ore concentrate breakdown solutions with help of 5-(diphenylphos-
phoryl)hexan-3-one within one technological extraction stage. The method makes it possible to separate the com-
ponents of rare metal raw materials of various origins and generate concentrates suitable for further processing. 
The proposed new reagent of a series of phosphoryl ketones can be successfully used in the extraction processing 
of mineral and technogenic raw materials, enabling extraction and concentration of rare earth metals, as well as to 
separate them from related impurities, in particular, from radioactive uranium, thorium and their decay products.
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During the processing of mineral raw materials 
containing rare earth and rare metals (REM and 
RM), both natural and technogenic origin, low-level 
radioactive waste (LLW) is formed, mainly due to 
the presence of emanating uranium and thorium. The 
requirements of state regulatory agencies provide for 
the transfer of these LLW for storage with subsequent 
disposal, which signifi cantly reduces the economic 
effi  ciency of the production of concentrates and 
other products based on RM and REM, as well as the 
attractiveness of projects to create new manufacturings 
[1–3]. At the same time, the resulting waste contains 
valuable components, uranium and thorium, which 
can be separated and used in the nuclear fuel cycle of 
nuclear power plants (NPPs). The use of a promising 

thorium–uranium fuel cycle will signifi cantly expand 
the fuel resources of the domestic nuclear power 
industry [4–8]. Thus, the separation of RM and REM, 
both in the form of concentrates and in individual form, 
is an urgent radiochemical problem.

Due to the acute scarcity and high cost of RM and 
REM, it is necessary to consider not only traditional 
polymetallic raw materials, but also new natural and 
technogenic sources of these metals as the feedstock for 
their production. In this regard the mineral eudialyte is 
of interest, which is a complex silicate of sodium, cal-
cium, and zirconium [9–13]. Eudialyte contains up to 
2.5% lanthanides, and it has a high content of metals of 
the heavy yttrium subgroup, the most valuable, scarce, 
and demanded by the nuclear power manufacturing, 
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since gadolinium and erbium are widely used as burn-
able absorbers in NPP fuel elements [14–16]. Eudialyte 
is widespread in mineral deposits of the Kola Peninsula 
[12], contains, in addition to REM, valuable uranium, 
thorium, zirconium, and scandium; furthermore, it is 
easily broken down by acids even without preliminary 
activation, which simplifi es its processing [13]. The pro-
cessing of eudialyte for the recovering REM is reported, 
in particular, in [17–20].

Of the technogenic raw materials containing 
rare metals, phosphogypsum, a large-tonnage waste 
from apatite processing, which accounts for most of 
the REM contained in the rock, is a very important 
potential source of raw materials [21, 22]. In addition to 
gypsum itself (calcium sulfate), phosphogypsum also 
contains signifi cant amounts of residual phosphoric 
acid, fl uorine, iron, aluminum, and strontium. The 
REM content in phosphogypsum is low (0.3–1%), 
but its processing is also of interest for the production 
of high-quality building materials and for solving 
an important environmental problem caused by the 
accumulation of huge amounts of phosphogypsum in 
the dumps of mineral fertilizer and phosphoric acid 
production. Previously, we studied the extraction of 
rare earth elements, uranium(VI) and thorium(IV) 
from phosphogypsum breakdown solutions with a 
number of known organophosphorus compounds: 
tributyl phosphate, trioctylphosphine oxide, bis(2-
ethylhexyl)phosphoric acid, and also phosphoryl 
ketone—5-(diphenylphosphoryl)hexan-3-one [23]. It 
was established that the indicated phosphoryl ketone is 
the most eff ective reagent for obtaining the collective 
concentrate of lanthanides [23].

During processing raw materials containing rare 
metals in fairly low concentrations, it is especially 
important to choose the right technology that would 
allow both the concentration of valuable components and 
their purifi cation from simultaneously recovered metals. 
In addition, it is important to provide the possibility 
of selective separation of individual elements with 
the required level of purity from concentrates. Liquid 
extraction utilized in the technology of rare metals 
does not always meet the entire set of requirements, 
including the economic feasibility and environmental 

acceptability of the process [24, 25]. One of the most 
important ways to control the technological process 
of hydrometallurgical processing of rare metal raw 
materials is the choice of an extractant. Traditionally 
used neutral organophosphorus reagents, in particular, 
tributyl phosphate, have rather low coeffi  cients of 
distribution and separation of lanthanides; therefore, 
there is a need to search for new, more eff ective, but at 
the same time simple and inexpensive chemical reagents 
to solve these problems.

Earlier, the possibility of application of phosphoryl 
ketones [26–28] for the recovery of REMs of the 
following structural type was mentioned:

R = n-Pr (a), n-Bu (b), n-C5H11 (c), 
n-C6H13 (d), n-C8H17 (e), Ph (f)

We found that phosphoryl-containing ketones are 
very eff ective and selective extractants for the extraction 
and group separation of f-elements during extraction 
from model nitric acid solutions into chloroform. 
Therewith, the corresponding P,P-diphenylphosphoryl 
alkanones generated from commercial raw materials are 
the most accessible in terms of synthesis.

    

The production of an enlarged batch of ligand I was 
conducted on the basis of a two-stage one-pot process 
using industrially available diphenylchlorophosphine 
Ph2PCl as an organophosphorus starting compound 
(Scheme 1).

At the fi rst stage of the process, this chlorophosphine 
and the corresponding enone at room temperature in the 
absence of a solvent form a solid 1 : 1 adduct, which 
after treatment with absolute ethanol at 0°C turns into 
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a phosphorylated alkanone, 5-(diphenylphosphoryl)-
hexan-3-one I. It was isolated from the reaction mixture 
in a yield close to quantitative by fi ltration through 
Al2O3. The composition of I was confi rmed by 
elemental analysis, and its structure was proved by 1Н 
and 31Р{1H} NMR spectra [23].

The model ligand II was synthesized according to 
the known method [27].

On the example of phosphoryl ketone II and its 
isomeric phosphoryl ketone I, it was shown for the 
fi rst time that a change in the structure of the alkyl 
part of isomeric phosphoryl ketones can lead to a 
signifi cant increase in their effi  ciency and selectivity 
as extractants.

Such a modifi cation—the transfer of the Me 
group from the α- to the δ-carbon atom of the P-alkyl 
substituent containing the C=O fragment—should 
simultaneously lead to a decrease in steric hindrance 
in the coordination of the phosphoryl oxygen of the 
extractant molecule to the metal cation and to an 
increase in lipophilicity of both the extractant itself and 
the corresponding extractable complexes. It was shown 
that during the extraction of f-elements from model nitric 
acid solutions into chloroform, the extraction ability 
and selectivity of phosphoryl ketone I is signifi cantly 
higher than that of its isomeric phosphoryl ketone II, as 
well as known neutral organophosphorus compounds 
(NPOCs): tributyl phosphate (TBP), trioctylphosphine 
oxide (TOPO), and (dibutylcarbamoylmethyl)
diphenylphosphine oxide (CMPO). The possibility of 
using phosphoryl ketone I for the effi  cient extraction 
of valuable components (zirconium, scandium, and 
total heavy REE concentrate) from eudialyte stripping 

solutions within one technological extraction stage 
was demonstrated [29].

Initially, the positive eff ect of the above 
transformation of phosphoryl ketones was revealed in 
model experiments by the extraction of a number of 
f-elements from nitric acid solutions into chloroform. 
It was shown that the effi  ciency and selectivity of 
phosphoryl ketone I in the extraction of lanthanides 
is signifi cantly higher than that of its prototype II and 
known NPOC : TBP, TOPO, and CMPO (Fig. 1).

At the same time, both phosphoryl ketones do 
not extract thorium and extract uranium relatively 
poorly, which is very useful when these compounds 
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Fig. 1. Comparison of the distribution coeffi  cients of U(VI), 
La(III), Nd(III), Ho(III), and Yb(III) upon extraction with 
ligands I, II, TBP, TOPO, and CMPO from 3.75 M HNO3 
(0.01 M solution in CHCl3, 0.25 mM salt solution in aqueous 
phase). 
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Scheme 1.
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are employed to separate f-elements from natural raw 
materials, since the collective extract of lanthanides 
will practically not contain impurities of radioactive 
actinides. The radioactive decay products of thorium 
and uranium, in particular, radium isotopes, will also 
not pass into the organic phase during extraction, which 
at REM isolation will make it possible to remove all 
radioactive impurities and signifi cantly reduce the cost 
and simplify the scheme for processing mineral and 
technogenic raw materials. The possibility of phosphoryl 
ketone I application for the extraction separation of 
valuable components from ore material breakdown 
solutions was studied in experiments simulating a liquid 
extraction countercurrent cascade.

The object under study was the eudialyte concentrate 
of the Lovozero Mining and Processing Plant. Before 
breakdown, we determined the granulometric and 
elemental composition of the concentrate. The 
granulometric composition of the concentrate was 
studied by low-angle laser light scattering (LALLS, 
laser diff raction) using an Analyzette 22 Compact 
diff ractometer (Fritsch), particle size distribution was 
calculated with the Fraunhofer theory. The average 
particle size obtained by the described technique was 
120 μm, the sizes of ~90% of the particles are in the 
range from 30 to 200 μm.

Elemental analysis of an eudialyte concentrate 
sample from the Lovozero Mining and Processing Plant 
was performed by non-standard X-ray fl uorescence 
spectrometry with an ARLAdvant’X wave-dispersive 
XRF spectrometer and UniQuant software. The 
UniQuant software was utilized without corrections, the 
results were derived as weight percent without taking 
into account the oxygen content (Table 1) and in the form 
of weight percent of individual components relative to 
the REE amount (Table 2).

The breakdown of the eudialyte concentrate (6 g) 
was carried out with 6 M H2SO4 under stirring at a 
temperature of 70°С for 1.5 h. From the obtained 
sulfuric acid solution, the metals were recovered in 
the form of hydroxides with NH4OH. Due to the high 
content of zirconium in the breakdown solutions, 
precipitation in the form of hydroxides makes it possible 
to signifi cantly reduce the concentration of ZrO2+ and 
Zr2O3

2+ oxo cations in the solution sent for extraction, 
which adversely aff ect the process by forming third 
phases [18]. The resulting precipitate was dissolved 
in 4 M HNO3 up to 25 mL, then desiliconization was 
carried out with GKZh-11n (an aqueous solution of 
sodium methyl siliconate containing at least 5% Si). 
Extraction was performed from the obtained solution 
of metal nitrates using solutions of I in chloroform.

We used a scheme that consists in simulating a 
countercurrent continuous process by periodic 4-fold 
repetition of interphase contacts according to the cross-
fl ow scheme (Fig. 2).

This scheme makes it possible to generate the 
concentration profi le of the components over the cascade 
stages and, based on these data, to evaluate the extraction 

Table 1. Elemental composition of eudialyte concentrate

Element Si Al Fe Zr Mn Ca Na K Ti

Content, wt% 49.97 11.65 11.55 8.67 3.81 3.13 2.63 2.01 1.96

Element Sr Cl Nb Mg P(V) Hf Ba Mo Ta

Content, wt% 1.25 0.675 0.503 0.309 0.292 0.122 0.064 0.039 0.031

Element S Ni La–Lu+Y La–Nd Sm–Lu+Y Y

Content, wt% 0.023 0.017 1.22 0.77 0.45 0.403

Table 2. Mass fractions of REE groups and some individual 
REE in eudialyte concentrate relative to the total amount of 
REE

Element La–Nd Ce Sm–Lu+Y Y

Content, wt % 63.2 0.40 36.8 0.40
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effi  ciency. When using the proposed simulation scheme, 
it was assumed that each contact of immiscible phases is 
equivalent to one ideal (theoretical) stage.

In cell 1, the initial solution is in contact with a fresh 
portion of the extractant, the extract is discarded, and 
the raffi  nate is extracted with a fresh portion of the 
extractant in cell 2. After that, the extract is fed into 
cell 1 of the second stage, and the raffi  nate is fed into 
cell 3 of the fi rst stage, etc. Extracts fl ows from top to 
bottom, while raffi  nates move from left to right. The 
phase ratio at the contacts was 1 : 1 and did not change 
during the entire study.

The top row of operations (Fig. 2) represents four 
stages of cross-fl ow extraction (the initial mixture is 
extracted four times with the same amount of extractant). 
Accordingly, after these operations, the concentration 
of metals in the raffi  nate will be signifi cantly less 
than the concentration of the fi nal raffi  nate (after the 
fourth stage) when modeling a counter-fl ow cascade 
(exhaustive extraction). With an increase in the number 
of operations, the fi nal concentration of metals in the 
raffi  nate increases.

The elemental composition of the aqueous phase was 
analyzed by ICP-MS inductively coupled plasma mass 
spectrometry by an Agilent 7500ce instrument (Agilent 
Technologies, USA). The composition of the organic 
phase was not analyzed.

In the course of the fi rst experiment on the simulation 
of a counter-fl ow cascade, the initial aqueous phase 
was the solution after the eudialyte breakdown 
performed according to the procedure described above, 
and the initial organic phase was an 0.01 M solution 
of I in chloroform. During the second experiment, 
the raffi  nate from the fi rst experiment was used as the 
initial aqueous phase, and a 0.05 M solution of I in 
chloroform was utilized as the initial organic phase. 
Stationary concentration profi les for the cascade stages 
are given in Tables 3 and 4. From the presented data, 
it can be seen that during extraction with a 0.01 M 
solution of I, almost complete extraction of one of 
the macrocomponents of the solution, zirconium, 
into the organic phase is achieved. Simultaneously, 
scandium almost completely and approximately half 
of calcium passes into the organic phase. At the same 
time, a signifi cant extraction of a number of other 

macrocomponents: iron, titanium, as well as the total 
REE, is not detected.

Thus, the preliminary stage of extraction separation, 
which consists in the release of the process solution 
from a number of macrocomponents by extracting 
them into a dilute solution of I, allows  eff ective 
purifying the solution from only one of the components, 
zirconium. Nevertheless, this should be recognized as 
an important result, since the high zirconium content 
in the technological solution signifi cantly reduces the 
effi  ciency of REE extraction and can lead to a number of 
technological diffi  culties, for example, to the formation 
of third phases. The technological stage of purifi cation 
from zirconium is necessary and can be designed within 
the framework of an unifi ed hardware/technology 
design, followed by the stage of group separation of 
REE. As a result of the second experiment with four 
theoretical stages of extraction using phosphoryl 
ketone I at an 0.05 M concentration in chloroform, 
group separation of lanthanides along the Pr–Sm 
interface is possible, while light REE, uranium(VI) 
and thorium(IV), remain predominantly in the aqueous 
phase, and heavy REE pass into organic. After four 
stages of the counter-fl ow cascade, the elements of the 
La–Sm group, as well as uranium(VI) and thorium(IV), 
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Fig. 2. Simulation of a four-stage counter-fl ow cascade. 
(F.a.p.) Fresh aqueous phase, (F.o.p.) fresh organic phase, 
(O.p.) organic phase, (A.p.) aqueous phase.
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almost completely remain in the aqueous phase, while 
the heavy lanthanides pass into the organic phase. In 
this case, Tm and Lu are extracted quantitatively, Eu 
and Ho, by 95–97%, and Gd, Tb, Dy, Er, and Yb, by 
80–90%. The content of Y in the aqueous phase after the 
second cycle decreases by almost 10 times (from 52 to 
5 mg/L); its recovery reaches 88%.

Thus, the proposed new reagent of the class of 
phosphoryl ketones can be successfully used in the 

extraction processing of mineral and technogenic raw 
materials, making it possible to extract and concentrate 
REM, as well as to separate them from accompanying 
impurities, in particular, from radioactive uranium, 
thorium, and their decay products. Within one 
technological extraction stage it is possible to isolate 
a separate fraction of zirconium and scandium. In 
addition, it is possible to separate rare earth metals at the 
Nd–Sm interface with the production of concentrates 
containing heavy lanthanides, as well as concentrates 

Table 4. Stationary profi le of component concentrations 
over the stages of a simulated counter-fl ow cascade during 
extraction with an 0.05 M solution of I

Element
Content, mg/L

initial 
solution x1 x2 x3 x4

Ca 16 18 15 12 11

Ti 35 33 32 30 27

Fe 330 330 320 330 325

Y 52 31 17 8 5

Zr 3.7 0.8 0.1 0.05 < 0.01

La 6.8 6.5 6.5 6.3 6.3

Ce 15 15 15 15 14

Pr 2.0 2.2 2.0 2.0 2.1

Nd 8.7 8.3 7.6 7.1 6.8

Sm 3.1 2.2 1.5 1.1 0.9

Eu 1.3 0.7 0.4 0.1 0.07

Gd 6.2 5.0 3.7 2.5 1.6

Tb 1.3 0.6 0.2 0.08 0.04

Dy 9.8 7.0 5.1 3.9 2.6

Ho 2.2 1.3 0.6 0.2 0.05

Er 7.1 5.0 3.1 2.2 1.5

Tm 1.1 0.6 0.3 0.08 <0.01

Yb 6.7 4.8 2.2 1.0 0.6

Lu 0.92 0.42 0.08 0.02 <0.01

Th 0.55 0.54 0.54 0.53 0.53

U 1.95 1.92 1.92 1.9 1.9

Table 3. Stationary profi le of component concentrations 
over the stages of the simulated counter-fl ow cascade during 
extraction with 0.01 M solution of I

Element

Content, mg/L

initial 
solution x1 x2 x3 x4

Ca 40 21 15 21 16

Sc 0.36 0.24 0.18 0.01 ≤0.01

Ti 46 47 47 48 35

Fe 330 330 330 330 330

Y 53 53 53 55 52

Zr 720 510 370 89 3.7

La 6.6 6.6 6.6 6.8 6.8

Ce 15 15 15 15 15

Pr 2 2 2 2.1 2

Nd 8.6 8.5 8.4 9.1 8.7

Sm 3.1 3 3 3.4 3.1

Eu 1.3 1.3 1.3 1.4 1.3

Gd 6.2 6.1 6.1 6.6 6.2

Tb 1.4 1.4 1.4 1.4 1.3

Dy 10 10 10 11 9.8

Ho 2.3 2.3 2.3 2.4 2.2

Er 7.5 7.5 7.4 7.7 7.1

Tm 1.2 1.2 1.1 1.2 1.1

Yb 7.2 7.2 7.2 7.4 6.7

Lu 0.99 0.99 0.99 1 0.92

Th 0.56 0.55 0.56 0.55 0.55

U 2.0 1.99 1.98 1.95 1.95
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of emanating uranium and thorium. This method allows 
separating components of rare metal raw materials of 
various origins and producing concentrates suitable for 
further processing.
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