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Abstract—The efficiency of using rare earth metals largely depends on their impurity composition, which
affects the structure and properties of materials. Before the analytical control of materials based on rare earth
elements (REEs) and the starting materials for their production, the task is to determine both macrocompo-
nents with high accuracy and impurities with high sensitivity, correctness, and precision. To determine the
impurities in REE-based materials in the range from 107> to 5.0 wt %, a complex of methods of atomic emis-
sion and mass spectral analysis is frequently used. However, the analysis of REE-based materials, even using
these modern highly sensitive methods, is a difficult task due to spectral and matrix interferences. Therefore,
different separation/preconcentration procedures are needed to determine both rare earth and non-rare-
earth impurities. This article reviews publications of preconcentration methods for spectral and mass spectral
methods of analysis of materials based on REEs and some other analytical methods. It is shown that the most
common approaches are liquid extraction and chromatography. Sorption, cloud-point extraction, and pre-
cipitation are also used. There is no universal approach. Each method discussed in this article has its advan-
tages and limitations. The analytical completion of the method confirms the effectiveness of the selected sep-
aration/preconcentration method in each specific case.

Keywords: rare earth elements, separation, preconcentration, spectral analysis, inductively coupled plasma

mass spectrometry (ICP-MS), inductively coupled plasma atomic emission spectrometry (ICP-AES)
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INTRODUCTION

Rare earth metals are widely used in industries
connected with electronics, nuclear engineering, and
phosphor materials [1—3]. Impurity elements notice-
ably affect the properties of materials based on rare
earth elements (REEs). Therefore, sensitive, multiele-
ment, and reliable methods are required to determine
rare earth impurities (REIs) and non-rare-earth
impurities (NREIs) to meet the needs for quality con-
trol of promising functional materials based on REEs.

The application of solid-state highly sensitive
methods (for example, mass spectrometry with differ-
ent ionization sources) for quantitative analysis is fre-
quently complicated because of the absence of reliable
calibration and control samples despite ultimate ana-
Iytical performance in terms of sensitivity. Therefore,
technologies combining high-temperature atomiza-
tion sources and sample dissolution have been actively
implemented in recent decades.

However, these methods (inductively coupled
plasma mass spectrometry (ICP-MS) and atomic

emission spectrometry (ICP-AES)) have limitations
connected with matrix and interelement influence,
which is the most typical of REEs having multiline
spectra [4, 5]. The required sensitivity and selectivity
cannot be reached without preliminary extraction and
preconcentration of impurities.

Spectral overlaps at ICP-AES of REE-based mate-
rials constitute a significant problem discussed in a
large number of works [6—13]. It was shown in [11—13]
that the presence of line interferences in REEs results
in a noticeable worsening of detection limits of
required elements (Na, Ca, Ni, Fe, Co, Cr, Cd, etc.).
Dilution of sample solutions, use of comparison ele-
ments, and introduction of additives did not give cor-
rect results when the content of impurities was lower
than 103—10"2 wt %. In this case, in the analysis of
sample solutions, it is proposed to use calibration
solutions with a composition close to the analyzed one
and preliminary separation of the matrix to take into
account and minimize spectral interferences of the
matrix element [11—13].
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The main limitations of ICP-MS are the matrix
effect and interference from polyatomic ions [14—23].
The matrix effect can be compensated by using an
internal standard because the intensity of the analyti-
cal signal of its element and analyte of interest
decreases simultaneously with an increase in matrix
element concentration [24, 25]. However, the interfer-
ence problem can limit the analytical possibilities of
ICP-MS for many REE-based materials, especially
high-purity ones. For example, the authors of [23]
developed the method of REI, Ba, and Pb determina-
tion in Gd-based contrast agents used in magnetic res-
onance imaging with contrast enhancement as well as
in gadolinium oxide used as a precursor. Since in ICP-
MS of Gd-based substances "Gd'*O* and "Gd'°O'H*
polyatomic interferences are observed, which interfere
with the determination of Tm, Yb, and Lu, a part of
the study was devoted to the investigation of the possi-
bility of their calculation. However, it was impossible
to solve the problem of detecting low concentrations of
these elements even with a higher resolution.

The given examples are far from being an exhaus-
tive set of publications devoted to the problems in
determining target impurities in ICP-AES and
ICP-MS. Therefore, it appears to be relevant to review
methods and approaches to separation of the matrix
and/or preconcentration of rare earth and non-rare-
earth impurities concerning the analysis of rare earth
metals and materials based on them. This work sum-
marizes the trends in this area with an emphasis on the
methods of spectral and mass spectral analysis.

PRECONCENTRATION
OF RARE EARTH IMPURITIES

There are many ways to preconcentrate impurities
in rare earth materials [26—58]. Procedures based on
liquid and liquid-solid-phase extraction, sorption, and
coprecipitation are used. Each approach has its own
features. Extraction and preconcentration of REEs
from rare earth matrices are especially interesting.
This is connected with the fact that REEs have similar
chemical and physicochemical properties. Even trace
amounts of REEs can significantly change the func-
tional characteristics of materials. Table 1 presents
summarized information on the application of REE
extraction methods combined with spectrometric
methods of analysis; below, we will consider them in
more detail.

Chromatographic methods are the most widely
used for group preconcentration or separation of REIs
from the base element owing to their high efficiency
and separation rate. They allow one to separate ions
with close chemical properties, including REEs. The
separation of these ions by common chemical meth-
ods is extremely complicated. As seen in Table 1,
works are mainly devoted to the determination of
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impurity elements in different REE oxides, including
high-purity ones; ICP-AES and ICP-MS are used. In
this case, it is the separation of impurity elements from
the analyzed base that makes it possible to solve fre-
quently occurring problems associated with spectral
interferences.

Liquid-solid chromatography [26—44] is based on
the separation of the liquid (sample solution) and solid
(sorbent) phases, after which impurities are extracted
when eluted with a suitable solvent (as a rule, diluted
inorganic acids in case of REIs). Organic solvents can
also be used as eluents for the subsequent ICP-MS or
ICP-AES analysis combined with a special input sys-
tem. a-Hydroxyisobutyric acid (a-HIBA) is one of
the effective eluents for the separation of individual
REEs [26]. In recent years, chromatography with che-
late resins as a stationary phase has attracted growing
attention for separation and preconcentration of REIs.
The following substances are used: 2-ethylhexyl
hydrogenethylhexy phosphonate (EHEHP) [28, 29],
2-ethylhexyl hydrogen 2-ethylhexyl phosphonate
(commercial name P507) [32—41], 2-ethylhexyl
hydrogen 2-ethylhexylphosphonate (PC-88A) [42],
Amberite XAD-7HP resin [44]. Ton exchange resins
Dowex AG 1W [48] and Dowex S0W-X8 [52] are also
applied.

Thus, the authors of [28, 29] analyzed high-purity
Gd,0; and metal Yb by ICP-MS spectroscopy after
chromatographic separation with EHEHP. The use of
EHEHP in Gd,0; analysis eliminated interferences of
GdH, GdO, and GdOH in Tb, Tm, Yb, and Lu [28].
The limits of REE determination were 0.002—
0.05 ug/g; the accuracy was 1.0—7.5%. The developed
approach made the analysis of high-purity (99.99—
99.9999%) Gd,0; possible. Thus, the isobar interfer-
ences of atomic and molecular ions due to the matrix
element were effectively eliminated.

The authors of [19—21, 30] carried out a number of
studies on the determination of trace amounts of REE
impurities in a high-purity rare earth matrix, combin-
ing high-performance liquid chromatography
(HPLC) followed by ICP-MS analysis.

Sorbents used in preconcentration systems for REI
determination can be modified chemically by means
of complexing reagents [30, 31]. For example, the
authors of [11] developed a type of resin impregnated
with solvent (ionic liquid) IL-SIR to improve liquid-
solid-phase extraction of metal ions based on imidaz-
olium type. In this study, [C8mim] [PF6] containing
Cyanex923 was immobilized on XAD-7 resin, which
promoted an increase in mass transfer efficiency, i.c.,
reducing the time of establishing equilibrium from 40
to 20 min, increasing the efficiency of extraction from
2910 80%. In addition, the new IL-SIR allowed one to
conduct efficient separation of Y(III) from Sc(III),
Ho(I1I), Er(1I1), and Yb(III) by adding a water-solu-
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ble complexing agent. Thus, liquid-solid-phase
extraction with IL-SIR combined with the method of
complexation can be considered as an effective strat-
egy to increase the efficiency of mass transfer and
selectivity of extraction based on ionic liquid.

The studies are relevant in creating new sorbents to
extract REEs by liquid-solid-phase chromatography.
Thus, the authors of [53] developed a new sorbent
based on mesoporous silicon oxide and obtained by
ion imprinting technology for the selective extraction
of dysprosium with liquid-solid-phase chromatogra-
phy in acidic media. New studies can be expected on
the development of ecological solutions for selective
preconcentration of REIs in the analysis of REE-based
materials.

Liquid extraction is widely used for preconcentra-
tion and separation of REIs in REE-based materials.
In this method, an analyte is distributed between two
immiscible liquid phases (usually aqueous and
organic). Before the analysis with spectral methods, as
a rule, re-extraction of the released substances from
the organic phase into the aqueous one is conducted
(most often using dilute solutions of hydrochloric or
nitric acids). However, measurement directly from the
organic phase is also possible. Liquid extraction of
La(III) from geological samples, including monazite
sand, was carried out in [49] using calix[4]resorcin-
arene-hydroxamic acid (C4RAHA) in ethyl acetate,
which exhibits a high affinity for La(III). The extract
is injected directly into an inductively coupled plasma
spectrometer, which greatly increases the sensitivity of
the analysis.

When liquid extraction is used, separation and pre-
concentration are characterized by a high extraction
factor. As seen in Table 1, in recent years, liquid
extraction has found application in the analysis of
REE ores [45—51, 54, 55] and is rarely used in the
analysis of oxides of individual REEs. For example,
the authors of [54] separated La from Pr and Nd (with
subsequent determination by the ICP-AES method),
and La and Nd were extracted from monazite in [55].

As seen in Table 1, the following extractants for
separating REIs from a rare earth base in the analysis
of rare earth ores have been widely used recently: bis-
(2-ethyl hexyl) hydrogen phosphate (HDEHP) [43],
2-ethylhexylphosphonic acid mono-2-ethylhexyl
ester [45], N-phenyl-(1,2-methanofullerene C60)61-
formohydroxamic acid (PMFFA) [46], calix[4]resor-
cinarene hydroxamic acid (C4RAHA) [49], Cyanex
921 [51], Cyanex 272, D2EHPA, PC88A, and Cyanex
301 [54], trioctylphosphine oxide (TOPO) and trial-
kylphosphine oxide (TRPO) in kerosene [55]. Liquid
extraction has some drawbacks such as the necessity of
using a large number of organic solvents, a multistage
process, and the formation of wastes harmful to the
environment.
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Cloud-point extraction by nonionic surfactants
(NSA) at a cloud point temperature is an effective pre-
concentration method that can be used to extract REIs
from REE-based materials [50]. Compared with con-
ventional extraction by organic solvents, cloud-point
extraction is characterized by increased preconcentra-
tion coefficients and operational safety owing to the
low flammability of nonionic surfactants. Taking into
account the toxicity of most organic solvents, cloud-
point extraction is considered as a “green” alternative
to traditional liquid extraction. In [50], a spectropho-
tometric technique was developed using cloud-point
extraction of trace amounts of scandium from monazite
into the modified micellar phase Triton X-100. The use
of spectrophotometric determination in this method is
dictated by the very small volume of the phase
obtained after extraction and the use of organic
reagents to dissolve the analyzed phase, which compli-
cates the analysis by ICP-MS or ICP-AES.

In addition to the methods for REI separation
listed above, deposition is also applied when using
ICP-MS and ICP-AES. As seen in Table 1, this
method is mainly used to analyze ores and concen-
trates of REEs. The main requirement for this method
is that the precipitant must be easily separated from
the matrix solution. This can be performed by filtra-
tion, centrifugation, and sediment washing. In addi-
tion, the precipitant should be pure and readily avail-
able. This method is simple, and different analyte ions
can be preconcentrated and separated from the matrix
simultaneously.

Various inorganic or organic precipitating sub-
stances are used precipitation of REEs. For example,
in [57], the separation of europium from a mixture of
REEs was conducted in two stages. The first stage was
the reduction of europium with metal zinc to its biva-
lent oxidation state. The second stage included the
precipitation of the resulting Eu(Il) chloride using a
sulfate salt in an inert medium, while other rare earth
sulfates remained in the solution. The precipitated
Eu(1l) sulfate was allowed to settle, and the residual
Eu content in precipitant was determined by the spec-
trophotometric method. The disadvantages of this
method include the complexity and duration of the
process.

A few works describe the application of sorption
methods for preconcentration/separation of REIs
before the analysis of REE-based materials. For exam-
ple, the authors of [56] proposed a sorption-lumines-
cence method of terbium determination in natural
Transcarpathian clinoptilolite without the use of syn-
thetic organic compounds and toxic solvents. Optimal
conditions of preparation of luminophore are sorption
of Tb(III) on zeolite in a borate buffer solution with
pH 8.25 and subsequent calcination of clinoptilolite—
Tb(I1I) samples at = 500°C. To excite luminescence,
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beams with the wavelength A = 220 nm were used. The
luminescence intensity at A = 545 nm was chosen as an
analytical parameter for quantitative estimation of ter-
bium. The determined Tb(III) concentration range is
from 3 to 1140 ng/mL. The proposed method can be
used to determine the terbium content in the presence
of many REEs, including the determination of trace
amounts of terbium ions in synthetic aqueous solu-
tions and intermetallic compounds. In this case, the
use of the single-element method is justified because
the selective extraction of only one component is con-
ducted. On the basis of the region of determined val-
ues, ICP-AES and ICP-MS can also be applied in this
combined technique.

Work [58] is devoted to the modification of kaolin
(natural clay) using radiation polymerization to obtain
a polyacrylamide—acrylic acid—kaolin composition
for sorption of lanthanum (light REE), europium
(heavy REE), and uranium from monazite ore. The
studies were conducted with different sorbent weights
(0.1 and 0.2 g). The degree of extraction for Eu’",

La3*, and UO5" was 94.6, 91.6, and 73.4%, respec-
tively. The mechanism of sorption of lanthanum and
europium ions on the PAM-AA-K sorbent is mainly in

the form of Ln(OH)?*, and it is in the form of UO%Jr
for uranium. The concentration of each element was
measured by ICP-AES.

On the basis of the given studies, it can be con-
cluded that group preconcentration of REIs followed
by multicomponent analysis is widely used for REE
oxides as precursors for obtaining materials based on
them. This approach is suitable to estimate “academic
purity” [59] and control correctness in determining
the target purity by individual impurities. Methods of
individual preconcentration and single-element
methods are used for the selective evaluation of a small
amount of elements.

PRECONCENTRATION
OF NON-RARE-EARTH IMPURITIES

Besides rare earth impurities, an important role in
the purity of REE-based materials is taken by non-
rare-earth impurities (NREIs). For example, in the
manufacture of phosphors and optical ceramics, high-
purity rare earth oxides are used, and critical impuri-
ties are colored ions Fe, Ni, Cr, Co, Cu, V, Mn, etc.,
as well as some lanthanides [5, 11—13]. The properties
of such materials deteriorate significantly even at a
content of these impurities above 10~ wt %. However,
determining the low concentrations of these elements
by ICP-MC and ICP-AES is a complicated task
because of matrix and spectral phenomena. There-
fore, combined methods of analysis are used to find
NREIs.
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Table 2 summarizes information on the application
of methods of NREI extraction combined with spec-
trometric methods of analysis. As is seen, preconcen-
tration is more frequently used for the subsequent
ICP-AES analysis which has good characteristics for
the determination of impurities in pure REE oxides:
low determination limits, high accuracy, and a broad
dynamic range of determined concentrations. Never-
theless, emission spectra of many REEs are complex,
which limits the selectivity of this method owing to
spectrum overlapping. However, ICP-AES and
ICP-MS are widely used for this purpose in combina-
tion with preliminary separation/preconcentration of
analytes. It was shown in [73] that direct determina-
tion of trace impurities in high-purity rare earth ele-
ments by ICP-AES is complicated, and chemical sep-
aration and preconcentration of analytes are required.
The authors determined trace amounts of Co, Cr, Cu,
Fe, Mo, Ni, and Zn in high-purity europium oxide by
means of liquid extraction with APDC-1BMK solvent
followed by ICP-AES analysis. However, since APDC
is useful only for transition metal ions and is not effec-
tive for complex formation with aluminum, alkali, and
alkaline earth metal ions, this extraction method is
inapplicable for simultaneous extraction of these ele-
ments.

More versatile and frequently found in articles is
the method of liquid-solid-phase chromatography
[60—69]. The following sorbents are used for the group
chromatographic separation of rare earth impurities
from a rare earth matrix: di-(2-ethylhexyl)phosphoric
acid (HDEHP) [60, 61], TOPO-Levextrel [62],
XAD-16 resin [63], P507 resin [64, 69], and silica gel
with activated carbon [65, 67, 68].

Coprecipitation is also used to extract NREIs. A
technique described in [13] is developed for the analy-
sis of pure Y,0; by ICP-AES with preconcentration of
impurities from a nitrate solution of the sample by
coprecipitation with a trace amount of yttrium hydrox-
ide. The main advantages of the developed technique of
analysis are a wide range of simultaneously determined
impurities (28 elements) and the use of available
reagents (H,O, HNO;, NH; aqueous solution).

Sorption is a promising method of NREI precon-
centration in REE-based materials. This is one of the
modern approaches to cleaning the analytical signal of
the desired elements in such complex and multicom-
ponent objects. Thus, the efficiency of polymer thio-
ether sulfur- and nitrogen-containing sorbents for
separating As, Bi, Sb, Cu, and Te from a rare earth
matrix with subsequent arc spectral analysis was
demonstrated in [73].
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CONCLUSIONS

This review demonstrates that, to eliminate inter-
ferences strongly limiting analytical possibilities of
spectrometric methods of analysis, methods of sepa-
ration and preconcentration of impurities are widely
used. Liquid extraction and liquid-solid-phase chro-
matography are the most widespread methods for
studying REE-based materials equivalently allowing
one to extract the impurities and subsequently deter-
mine them by the spectral method of analysis. Precip-
itation, sorption, and complex formation are also suc-
cessfully used. The use of preconcentration, undoubt-
edly, makes it possible to eliminate the problem of the
interfering influence of the matrix and, in most cases,
to reduce the limits of determination. However, this
time-consuming procedure requires highly qualified
analysts.
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