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Abstract: The demand for rare-earth elements (REEs) is increasing owing to their significance as prominent

materials in electronics, high-tech industries, geological research, nuclear forensics, and environmental

monitoring. In general, the utilization of REEs in various applications requires the use of chromatographic

techniques to separate individual elements. However, REEs have similar physicochemical properties, which

makes them difficult to separate. Recently, several studies have examined the separation of REEs using LN

resin as the stationary phase and aqueous nitric acid and hydrochloric acid solutions as eluents. Using this

method, light REEs have been separated using dilute acid solutions as the eluent, whereas heavy REEs are

separated using solutions with high acid concentrations. To increase the separation resolution between different

REEs, either the column length or resin size is changed. In addition, the suggested methods are implemented

to decrease the analysis time. This review presents technical information on the chromatographic separation

of REEs using the LN resin and discusses the optimal experimental conditions.

Key words: rare-earth elements, analysis, chromatographic separation, column chromatography, LN resin,

separation resolution

1. Introduction

Rare-earth elements (REEs) are necessary components

of more than 200 products used in various applications,

especially high-tech consumer products that function

as technology-critical elements, including cellular

telephones, electric and hybrid vehicles, as well as

flat-screen monitors and televisions.1,2 The applications

of REEs vary greatly, depending on the characteristics

of each element. For example, elements such as

lanthanum (La), cerium (Ce), praseodymium (Pr),

and gadolinium (Gd) can be used in the production

of glasses, whereas neodymium (Nd) and samarium

(Sm) have applications in permanent magnets. Prome-

thium (Pm), europium (Eu), terbium (Tb), dysprosium

(Dy), and yttrium (Y) are utilized in fluorescent

substances, while Sm, holmium (Ho), and erbium

(Er) are used in the nuclear power industry. Therefore,
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it becomes crucial to separate each element indi-

vidually in order to enhance the utilization of REEs.3

Typically, chromatographic techniques have been

used to separate individual REEs from an REE mixture

for the REE industry.4 The separated or purified REE

can be further analyzed using secondary analysis

equipment, such as a mass spectrometer, or used in

devices such as Ni-MH batteries, permanent NdFeB

magnets, and liquid crystal display backlights.5 Ion-

exchange chromatographic methods are commonly

used to separate REEs.4 In the late 1950s, the separation

of lanthanum and thorium was accomplished using

an anion exchange resin (Dowex 1-X8).6 Further, a

study on the properties of the anion exchange resin

revealed that the distribution coefficients of REEs

varied significantly according to the resin type (Dowex

1-X2, Dowex 1-X4, Dowex 1-X8, Dowex 1-X10, or

Dowex 1-X16).7 Ever since, active studies have been

focused on increasing the resolution of REE separation

by evaluating the distribution coefficient and changing

the composition of eluents.7-9 In 1975, Horwitz

developed a method that used di-2-ethylhexylpho-

sphoric acid (HDEHP) as a coating for the stationary

phase of a column and measured the distribution

coefficients of various REEs.10 The resulting resin

was then commercialized as an LN resin for REE

separation by Eichrom Technologies (USA, IL,

Lisle). Recently, HDEHP-based LN resins have

been utilized in many other studies, such as in the

analysis of 143Nd/144Nd in geological samples,11,12

the separation of lanthanide isotopes from mixed

fission product samples,13 and individual separation of

REEs.14,15 This review article focuses on the

chromatographic analysis of REEs using the LN

resin. As the LN resin has high selectivity, it increases

the REE separation resolution, allowing for a fast

and easy separation of REEs via a simple selection

of an appropriate solvent for elution. This review

presents the classification and physical properties of

REEs and summarizes the recent studies on

analyzing REEs using the LN resin to help improve

analytical methods based on chromatography for

REE separation.

2. Definition and Physical Properties

of REEs

The International Union of Pure and Applied

Chemistry (IUPAC) defines REEs as the 17 elements

in period VI of the periodic table. The REEs include

the fifteen lanthanides (atomic numbers 57 to 71) as

well as scandium (Sc) and Y. The REEs can be divided

into two main categories, with scandium being

unclassified16: (i) light REEs (LREEs), which include

La, Ce, Pr, Nd, Pm, Sm, and Eu with atomic numbers

ranging from 57 to 63, and (ii) heavy REEs (HREEs),

which include Gd, Tb, Dy, Ho, Er, thulium (Tm),

ytterbium (Yb), and lutetium (Lu) with atomic numbers

ranging from 64 to 71.17 Pm with an atomic number

of 61 is a radioactive element with a half-life of 2.62

years that is rarely found in the natural environment.18

Additionally, the REEs can be classified into three

groups: first, LREEs with atomic numbers of 57 to

60, from La to Nd. Second, the group of middle REEs

(MREEs) with atomic numbers of 61 to 64, from Pm

to Gd. Finally, HREEs, including Tb to Lu and Y,

with atomic numbers of 65 to 71; Sc is not included

in any of these categories because of its chemical

Table 1. Atomic numbers and electron configuration of
REEs32

Name Symbol
Atom

number

Electron 

Configuration

Lanthanum La 57 [Xe]4f05d16s2

Cerium Ce 58 [Xe]4f15d16s2

Praseodymium Pr 59 [Xe]4f36s2

Neodymium Nd 60 [Xe]4f46s2

Promethium Pm 61 [Xe]4f56s2

Samarium Sm 62 [Xe]4f66s2

Europium Eu 63 [Xe]4f76s2

Gadolinium Gd 64 [Xe]4f75d16s2

Terbium Tb 65 [Xe]4f96s2

Dysprosium Dy 66 [Xe]4f106s2

Holmium Ho 67 [Xe]4f116s2

Erbium Er 68 [Xe]4f126s2

Thulium Tm 69 [Xe]4f136s2

Ytterbium Tb 70 [Xe]4f146s2

Lutetium Lu 71 [Xe]4f145d16s2

Scandium Sc 21 [Ar]3d14s2

Yttrium Y 39 [Kr] 4d15s2
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difference from the other REEs.19,20

The ground-state electronic configuration of lan-

thanides commonly has at least one electron in the 4f

electronic orbital and is represented as [Xe] 4f 0-14 5d 0-1

6s2, with the exception of Sc (3d14s2) and Y (4d15s2).

The electron configurations and atomic numbers of

REEs are listed in Table 1, with the 4f orbital being

filled progressively with increasing atomic number.

The presence of seven 4f orbitals can result in up to

seven unpaired electrons, because of which lanthanides

have large magnetic moments. Most lanthanides lose

one electron pair from the 6s orbital and one electron

from the 4f orbital, resulting in the formation of a

trivalent cation (M3+ or Ln3+) with highly similar

chemical properties. In addition, as electrons fill the

4f orbital, the ion size decreases and contracts with

increasing atomic number. For example, the ion size

of La is 103 pm, and it decreases along the lanthanide

series to 86.1 pm for Lu.18 In general, the atomic and

ion radii decrease as the atomic number increases

along the same period in the periodic table (from left

to right). Because the number of electron shells remains

constant, whereas the number of protons increases

with increasing atomic number along the period, a

larger effective nuclear charge attracts more electrons

and contracts the atom. Therefore, the ionic radius

decreases along the period. According to this principle,

the ionic radius of lanthanides becomes much smaller

than expected, a phenomenon commonly referred to

as “lanthanide contraction”.18 The reason for this

phenomenon is the electron configuration of the REEs

with a 4f orbital, which does not facilitate effective

shielding of the valence electrons from the nuclear

charge. Relativistic effects account for approximately

10 % of the lanthanide contraction, mainly because

the 6s orbital electrons are closer to the nucleus than

the 4f electrons. This can be explained by the fact

that the ionization energy increases with increasing

number of protons and decreasing atomic radius,

because a more positively charged nucleus attracts

more electrons, resulting in an increase in the effective

nuclear charge. An effective nuclear charge is created

for a nucleus having a higher positive charge compared

to the negative charge of the electrons. Density, melting

point, and hardness increase with increasing atomic

number of the lanthanide.21 Additionally, hydration

enthalpy also increases as the atomic number of the

lanthanide increases. Owing to their strong Lewis

acid properties, trivalent cationic lanthanides (M3+)

easily bind to highly basic compounds. For example,

they form a strong ionic bond with carboxylates.

Additionally, the large entropy effect produced by

multidentate ligands results in binding stabilization.21 

3. Recent Chromatographic Separation

of REEs using LN Resin

In 1975, Horwitz utilized an undiluted HDEHP-

Fig. 1. Side view of LN resin and interaction mechanism of REEs on LN resin
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Celite resin in a column to determine the distribution

coefficients (Kd) of lanthanides.10 The separation

mechanism involves the interaction between the

negative phosphate group of HDEHP and the positive

trivalent lanthanide, which then interacts with the

stationary phase. Fig. 1 shows a side view of the LN

resin and the expected binding of the trivalent lanthanide

cation (M3+) to HDEHP (ligand, L).22 Possible binding

structures of the lanthanide and HDEHP have been

reported to be binary and ternary complexes.23

 The LN resin is primarily utilized for separating

an LREE. Table 2 summarized the experimental

conditions of previously reported chromatographic

methods using LN resin. For example, a dating study

was conducted to determine the geological age of a

silicate rock sample by analyzing the LREE using an

LN resin, and 50 % reduction in the analysis time

was achieved compared with that of conventional

column chromatography.24 This study used a narrow

column with a length of 8 cm and an inner diameter

(ID) of 4 mm packed with 50100 mm LN resin

particles. Further, by eluting the column with a 0.25

M HCl solution, 98 % of La was recovered in the

initial 0.75 mL fraction, followed by the recovery of

99 % Ce and 15 % Pr using 1.25 mL aliquots of the

solution. Subsequently, Nd was retrieved from the

column with a recovery of 25 % using an additional

2.5 mL of solvent while Sm was separated by

employing 0.75 M HCl. In this study, Nd and Sm,

which were initially challenging to separate, were

isolated and subsequently analyzed using isotope

dilution thermal ionization mass spectrometry (ID-

TIMS). In addition, the study found that the difference

between the measured 143Nd/144Nd ratio and the

Table 2. Summary of experimental conditions previously reported chromatographic methods using LN resin

Analyte Column size Ln resin size Elution solvent Flow rate Remarks Reference

143Nd/144Nd,

Sm, Nd

8 cm length

4 mm ID

50-100 m

(300 mg)

0.25 M HCl: La, Ce, Pr, Nd

0.75 M HCl: Sm, Eu
-

Fe3+ ions (impurities) were removed by 

cation exchange chromatography
[24]

143Nd/144Nd
5.5 cm length

4 mm ID

50-100 m

(0.3 mL)
0.25 M HCl: Nd -

Remove the Ce by converting Ce3+ to 

Ce4+  using KBrO3

[11]

143Nd/144Nd
6 cm length

4 mm ID

50-100 m

(300 mg)

0.25 M HCl: La, Ce, Pr

0.25 M HCl: Nd

0.75 M HCl: Sm

45 L/min
Multi-column

(Sr resin, TRU resin, Ln resin)
[26]

Ac, La, Ce - -
Ln resin: 0.1-0.5 M HNO3

TRU resin: 1-5 M HNO3

0.2 mL/min
Capacity factors of Ac, La, Ce using 

LN resin, DGA resin, TRU resin 
[27]

146Sm/142Nd, 
147Sm/143Nd

- 50-100 m
0.1 M HNO3: Nd, Sm 

10 M HNO3: Nd, Sm
-

Multi-column, Remove the Ce using 

KBrO3, Column recovery: Nd; 92%, 

Sm; 93% 

[28]

Er, Yb 3 mm ID 20-50 m

1.5 M HCl: Dy

2.5 M HCl: Er

3.5 M HCl: Yb

6.4 M HCl: Lu

0.1~0.2 mL/min

(flow by pressure)

Column recoveries of Er, Yb: 

~100%, Analysis time: 4.5~6 h
[30]

Nd isotopes
4.8 cm length

4 mm ID
100-150 m 2.5 M HCl: Nd

0.3~0.4 mL/min

(gravity flow)
Multi-column (DGA resin, Ln resin) [12]

La, Ce, Nd
25 cm length

0.03” ID (0.8 mm)

50-100 m

100-150 m
0.25 M HCl: La, Ce, Nd

67.5 L/min

(flow by pressure)

Gas pressurized extraction

 chromatography system
[22]

La, Ce, Pr, Nd,

Sm, Eu, Tb, Y
-

50-100 m

(0.78 g)

0.1-0.3 M HNO3: La, Ce, Pr, Nd

0.4-0.5 M HNO3: Sm, Eu

0.5-0.75 M HNO3: Eu

1.5-2.5 M HNO3: Tb

2.5-8 M HNO3: Y

- [13]

Y, La, Ce, Pr, Nd, 

Sm, Eu, Gd, Tb, 

Dy, Ho, Er, Tm, 

Yb, Lu

15-45 cm length

10 mm ID
100-150 m

0.1-0.25 M HNO3

0.15-8 M HNO3

Separation resolution ~ 1 for some pairs, 

Separation recovery > 91% for all 
[15]

Y, La, Ce, Pr, Nd, 

Sm, Eu, Gd, Tb, 

Dy, Ho, Er, Tm, 

Yb, Lu

20 cm length

0.7 mm ID

50-100 m

(0.78g)

100-150 m

(0.78g)

0.25-8 M HNO3 5~7 mL/min

Analysis time: 9-12 h for 50-100 m 

LN resin, Analysis time: 

2 h for 100-150 m LN resin

[14]

Pb, Sr, Nd
4.3 cm length

3 mm ID
- 0.2 M HNO3: Nd, La -

Remove the Ce using NaBrO3

Multi-column (AG50W-X8 resin,

 Sr resin, Ln resin)

Analysis time for Nd fraction: ~7 h

[25]



A review of chromatographic analysis for rare-earth elements with focus on Ln resin 263

Vol. 36, No. 6, 2023

reference values from the literature fell within the

range of analytical uncertainty. In a similar study that

analyzed 143Nd/144Nd using an LN resin, Ce could

not be effectively separated using aqueous HCl as

the eluent. Therefore, Ce was initially separated

using KBrO3 as the oxidizing agent, followed by the

separation of La, Pr, and Nd using a dilute HCl

solution. In this study, inductively coupled plasma

quadrupole mass spectrometry (ICP-qMS) was used

to confirm the recovery of the sample, and ID-TIMS

was used for dating the specimen. In another study,

Dey et al. initially oxidized REE samples from silicates

using 5 mM NaBrO3. After oxidation, they removed

Ce and then separated pure Nd using an LN resin. It

is noted to quickly degrade the NaBrO3 solution and

apply it within 23 d.25 Further, Pin et al. separated

Ba, Sr, Pb, and LREEs using an LN resin for geological

age dating.26 In the age dating process, La, Ce, and

Pr were first separated, followed by the separation of

Nd and Sm through column chromatography. Initially,

a 0.25 M HCl solution was used as the eluent, which

was then changed to a 0.75 M HCl solution for

separating Nd and Sm. The flow rate of the column was

45 L/min, and a total eluent volume of approximately

8 mL was used for REE separation; considering the

flow rate and elution volume, the REE separation

process lasted approximately 3 h.26 In particular, in

this study, to prevent the adsorption of Fe3+ to the Ln

resin, Fe3+ was separated from the LREE by reducing it

to Fe2+ using ascorbic acid. Tazoe et al. analyzed Nd

isotopes in a large sample volume, i.e., 3 L of seawater

to investigate marine Nd.12 After performing Fe

hydroxide co-precipitation to remove excess Fe in

seawater, only the REEs were extracted through column

chromatography using a DGA resin. Subsequently,

Nd was separated using an Ln resin and 0.25 M HCl

as the eluent. The recovered sample was then

quantitatively analyzed using multicollector ICP-MS. 

Ostapenko et al. separated REEs using a nitric acid

solution instead of hydrochloric acid solution as the

eluent.27 In this study, the capacity factors of TRU-

spec resin and Ln-spec resin were compared for the

analysis of Ac, La, and Ce. The capacity factors of

Ln-spec resin for La and Ce were found to be much

larger than those of the TRU-spec resin. When

separating La and Ce from an Ln resin, the highest

capacity factor can be achieved using nitric acid

concentrations ranging from 0.1 to 0.5 M. On the other

hand, the largest capacity factor for TRU-spec resin

can be obtained using 1 to 5 M HNO3. However, the

lack of a substantial difference in the capacity factors

of different REEs results in poor separation resolution.

A study on column chromatography with an Ln resin

has been reported, in which a higher concentration of

nitric acid was used for elution.28 To separate REEs

from other elements such as Ba, Cs, and Fe. The

column was rapidly eluted with 10 M HNO3 without

the need for individual separation of REEs. Although

Nd and Sm were not separated from each other after

column chromatography, both species could be

successfully analyzed using ID-ICP-MS.28 Arrigo et

al. used a nitric acid gradient to separate Ln from a

radioactive fission product, aiming to facilitate nuclear

forensics and nuclear data production. For separating

La, Ce, Pr, Nd, Sm, Eu, Tb, and Y, gradient elution

was performed by varying the HNO3 concentration

in the eluent from 0.01 to 8 M. As a result, the

radiometric purity of the Sm and Eu fractions increased

significantly, and the limit of detection could be

lowered.14 In this case, column chromatographic

recoveries of Ce, Sm, Eu, and Tb were evaluated

using gamma spectroscopy, ICP-MS, and ICP-optical

emission spectroscopy (OES), and the recovery of

these REEs ranged from 56.5 to 94.1 %.

LREE separation using the Ln resin can be considered

significantly faster compared to traditional column

chromatography. In the analysis of Sm and Nd, Pin

et al. reported that it took 3 h to separate them using

an Ln resin, whereas, despite differences in column

sizes in the two cases, it took 16 h to separate them

using an anion exchange resin with a 1000 mL

elution volume at a flow rate of 1 mL/min.26,29 Kim

et al. developed a column chromatography, known

as a gas-pressurized extraction chromatography system

(GPEC), for analyzing LREEs. A small fraction

volume of 270 mL was applied using this device,

and La, Ce, and Nd were separated with a total

elution volume of 3 mL. The whole analysis time
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was 45 min at a flow rate of 67.5 L/min.22 They

reduced the entire analysis time within 1h. Upon

decreasing the size of the LN resin particles from

100-150 to 50-100 m, the separation resolution of

Nd and La increased from 0.2 to 0.8 using a GPEC

system. 

Column chromatography has also been used to

analyze HREEs such as Er and Yb and their isotopes.30

LN resin particles of 20-50 μm size were used to

elute Dy using 1.5 M HCl, Er using 2.5 M HCl, Yb

using 3.5 M HCl, and Lu using 6.4 M HCl. Then, the

separation process was repeated using a secondary

column to obtain high-purity Er and Yb. The first

and second column chromatography took 4.5-6 h each,

with the recovery being 100 % for both elements.30 

Ward et al. reported a study in which a total of 15

REEs were separated from a mixture of 14 lanthanides

and Y, excluding Pm. The longer the column was,

the greater the separation resolution was. However,

an optimal separation condition was achieved with a

column having an ID of 21.5 cm × 10 mm to avoid

an excessively long elution time associated with a

long column. Additionally, the isocratic method was

used to separate REEs using 0.15 to 8 M HNO3 for

each section. The separation resolution was greater

than 1 for five pairs: La/Ce, Sm/Eu, Gd/Tb, Tb/Dy,

and Tm/Y.15 Argio et al. also compared the separation

resolution in the analysis of 14 lanthanides, excluding

Pm, based on the size of LN resin particles. Isocratic

elution with 0.25 to 8 M HNO3 was used for each

separated section. When resin particles of 100-150

and 50-100 μm sizes were used, the smaller-sized

resin provided a greater separation resolution for

MREEs. However, the chromatographic analysis using

smaller resin particles (50-100 μm, weight: 0.78 g)

took a significantly longer time of 9-12 compared

with that of 100-150 μm resin particles (weight: 0.78 g),

which took a total of 2 h. According to the theory of

column chromatography, the result can be explained

using the van Deemter equation for plate height.31 In

Eq. (), A represents the multiple path length, B/ux

corresponds to longitudinal diffusion, and C ux denotes

the equilibration time. As the particle size decreases,

the A and C terms decrease, leading to an increase in

the separation efficiency and thus separation

resolution.

(1)

In addition, pressure can be applied to the column

to decrease the elution time, as shown in Eq. (2).

Column pressure (P) is determined by the flow rate

(ux), solvent viscosity(), column length (L), column

radius (r), particle diameter (dp), and specific per-

meability (f). Because the column pressure is inversely

proportional to the square of the particle diameter,

the separation of REEs using smaller resin particles

requires a higher pressure. If the elution is performed

under gravity, the analysis time can be longer.

(2) 

4. Conclusions

REEs refer to 15 elements with atomic numbers

ranging from 57 to 71, namely lanthanum to lutetium,

and are classified as the lanthanide series in the

periodic table. The lanthanide series also includes

scandium and yttrium. Most of the elements in this

group form trivalent cations with similar chemical

properties, and the small size difference of the ionized

lanthanides owing to lanthanide contraction makes

the separation of these elements highly challenging.

The 1950s witnessed earnest research on analyzing

lanthanides using column chromatography, a traditional

technique that has been widely used to pretreat

samples or separate inorganic and organic mixtures.

Various separation methods have been studied to

determine parameters that affect the separation of

REEs, such as the column length, flow rate, stationary

phase type, and mobile phase type. Although traditional

column chromatography offers excellent precision

and accuracy, it is a time-consuming analytical process.

Recent developments in resins have led to the

development of methods that can reduce the amount

of chemicals used and shorten the analysis time.

Recently, the LN resin, a newly developed material,

has been shown to facilitate faster and easier separation
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of REEs. Various pretreatment methods have been

developed for REE analysis based on the sample

matrix for analyzing REEs. Furthermore, an increasing

number of studies have focused on the separation of

REEs, which are typically challenging to separate.

LREEs are primarily separated using the LN resin

and dilute hydrochloric acid or nitric acid solutions

with acid concentrations ranging from 0.1 to 0.5 M

or less for elution. Moreover, as the atomic number

of the REE increases, a higher acid concentration

of up to 8 M is required to elute the REE from the

LN resin. When analyzing the entire range of the

REEs, it is generally challenging to achieve a

separation resolution higher than 1 for each element

in the order of their atomic number; however, in certain

cases, it exceeds 1. To enhance the separation resolution,

small resin particles of size ranging from 50 to 100 μm

are used. However, the drawback of using small resin

particles is that a high column pressure is required

for elution and the analysis time is longer. Although

increasing the column length improves the separation

resolution, the analysis time increases in this case

as well. 

The development of analytical methods for REE

separation enables more efficient, faster, and reliable

analyses. Furthermore, it can serve as a foundation

for industries related to electronics, geology, and

nuclear power.
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