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Abstract—A method has been developed for the separation of lanthanides, Ce, Nd, Gd, La, Pr, Sm, Dy, Eu, Er,
Ho, Yb, Tm, Tb and Lu, using oxalate form of Dowex-1, a reactive ion-exchanger. Lanthanides present in such
samples as monazite sand, coal fly ash and sediment were separated from matrix at pH 2.5 in a column contain-
ing oxalate form of Dowex-1 resin. The samples have been decomposed in H2SO4 and taken in 0.36 M H2SO4
prior to separation. The lanthanides in the column were eluted with 2 M HNO3. Lanthanides present in the elu-
ent were determined by inductively coupled plasma optical emission spectrometry (ICP−OES) and the recovery
of analytes ranged from 92 to 105%. Matrix free solutions were analyzed for lanthanides by ICP−OES. The rel-
ative standard deviation was in the range of 4–7% and limits of detection were between 0.015–0.16 mg/kg.
The developed procedure was applied to the separation and determination of lanthanides in a standard refer-
ence material NIST Coal Fly Ash 1633b, a lake sediment and monazite sand. The results obtained by the
present method are in close agreement with certified values in case of certified reference material and micro-
wave digestion method for other samples. Accuracy of other samples is ensured based on standard addition
recoveries.
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Lanthanides are an important group of elements
available in the Earth’s crust. They have many similar
properties, which often leads to their joint presence in
geologic deposits. They have been widely used in
numerous industrial processes such as the production
of superconductors, super magnets, catalysts, pig-
ments in glasses, plastics, additives, medicines and
cosmetics as well as fertilizers [1–5]. Major applica-
tion of rare earths is in the manufacture of magnets
which are utilized in electric motors to produce greater
power and torque, and owing to the power of the mag-
nets, less material is required such that engines can be
considerably smaller and lighter. The importance of
lanthanides in industrial applications and geological
and environmental studies demands their determina-
tion from percentage levels to ultra trace levels.
Monozite and xenotime which occur in small
amounts in heavy mineral concentrates obtained from
placer deposits are the most important minerals of

lanthanides. Coal f ly ash is also a source of lantha-
nides that can be processed to extract lanthanides [6–
8]. Levels of lanthanides in monazite and coal f ly ash
will let us know their commercial value. Another rea-
son for lanthanides determination in environmental
samples is pollution. As a result of their use in various
industries, lanthanides would be increasingly released
to the environment entering food chain as they are
taken up by aquatic micro-organisms and scavengers.
Although lanthanides are not considered as priority
environmental contaminants unlike ubiquitous toxic
elements (e.g., As, Cd and Pb), they are known to
induce adverse health effects [9, 10], and therefore
require sensitive methods for accurate monitoring in
complex environmental samples such as soils and sed-
iments. Overall, determination of lanthanides is nec-
essary both with respect to toxicity and also commer-
cial point of view.
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Table 1. Operating conditions of ICP−OES

Parameter Value

Power, kW 1.1
Plasma gas f low rate, L/min 12.1
Nebulizer type Concentric
Spray chamber Cyclonic
Nebulizer gas f low rate, L/min 0.83
Auxiliary gas f low rate, L/min 0.52
Wavelength, nm La: 333.749; Ce: 418.660; Pr: 414.311; Nd: 406.109; Sm: 359.260; Eu: 354.966; Gd: 

353.048; Tb: 350.917; Dy: 353.170; Ho: 338.898; Er: 337.271; Tm: 313.126; Tb: 328.937; 
Lu: 261.542
Inductively coupled plasma based techniques are
used for the determination of lanthanides in a wide
variety of samples due to the high temperature of
plasma that ensures complete atomization of refrac-
tory elements such as lanthanides. Inductively coupled
plasma mass spectrometry is a more sensitive and
extensively used technique for specialized analysis.
Though less sensitive, inductively coupled plasma
optical emission spectrometry (ICP−OES) is a com-
monly used technique with lower operational costs
and is suitable for preliminary scanning of samples for
lanthanides. Direct determination of lanthanides in
environmental samples has been reported using ultra-
sonic nebulizer in combination with axial viewing [11].
Fisher and Kara reviewed separation methods appli-
cable to lanthanides in natural waters [12]. Kala has
reported a review on online and offline separation
procedures developed for lanthanides from environ-
mental, geological and biological samples and
explained the occurrence, demand and economic
importance, country wise distribution of lanthanides
[13]. Another review was published on the determina-
tion of lanthanides using spectroscopic techniques
[14]. Separation methods are based on solvent
extraction using toxic organic solvents, cloud point
extraction, solid phase extraction mainly using ion
exchange resin or chemically modified resins with
suitable complexing agents that aid the separation of
lanthanides together [15–19]. Sana Kutun Sungur and
Aycicek have studied the separation and determina-
tion of rare earth elements by Dowex 2-X8 resin using
sodium trimetaphosphate as eluent, qualitative and
quantitative determinations were conducted by spec-
trofluorometry [20].

In this paper, we present a method for the selective
separation of lanthanides using Dowex-1 modified
with oxalate, a reactive ion-exchanger, for their deter-
mination in a variety of samples. Conditions for quan-
titative adsorption and elution have been discussed.
Application of the developed analytical methodology
for the analysis of coal f ly ash, monazite and sediment
has also been described.
JOURNAL OF ANALYTICAL CHEMISTRY  Vol. 76  N
EXPERIMENTAL

Instrumentation. Lanthanides were measured
based on their emission intensities using an inductively
coupled plasma optical emission spectrometer Model
ULTIMA 2 (Horiba Jobin Yvon, France) equipped
with a cross f low nebulizer and a cyclonic spray cham-
ber. The spectrometer was equipped with a Czerny-
Turner monochromator using a 2400 grooves/mm
holographic grating. Plasma conditions shown in
Table 1 are those that yielded best sensitivity viewed in
radial mode. Wavelengths selected (Table 1) are based
on sensitivity and lack of spectral interference.

Reagents and samples. Analytical grade reagents
were used throughout the experiment. All acids used,
HCl, HNO3, H2SO4, were procured from Merck,
India. Potassium oxalate was from S.D. Fine chemi-
cals, India. Milli-Q water (Millipore Milli-QTM,
Beckford, MA, USA) with 18 MΩ cm resistivity was
used for the preparation of all solutions. Stock stan-
dard solutions (1000 mg/L) of Lu, Tm, Yb, La, Gd,
Er, Ho, Tb, Eu, Dy, Th, Nd, Pr, Sm, Ce were pro-
cured from Merck, Germany.

Monozite sand was collected from a beach in Ker-
ela, India, and analyzed as obtained. A sediment was
collected from Hussain Sagar Lake (Hyderabad,
India) polluted with industrial eff luents. Sediments
were collected in precleaned polythene bags, air dried,
ground and sieved to 80 mesh, and then used for anal-
ysis.

Preparation of resin. A column of 40 mm inner
diameter was taken and was filled with 10 g of chloride
form of Dowex-1 (50–100 mesh, Sigma,
USA), washed with 100 mL of 2 M HNO3 followed by
Milli-Q water till acid removal. The resin was washed
with 50 mL of 6 M HCl to convert it into chloride
form, thoroughly washed with Milli-Q water free from
acid and loaded with 100 mL of 10% potassium oxa-
late. The resin was again thoroughly washed with
Milli-Q water, air dried and then used for the studies.

Separation of lanthanides. Lanthanides were sepa-
rated together as oxalates on oxalate form of Dowex-1.
o. 2  2021
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Fig. 1. The plot of lanthanide recoveries vs. loading solution
pH: (j)—2.50, (r)—2.00, (m)—1.75, (.)—1.50, (b)—1.00.
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However, adsorption and elution conditions were
optimized to ensure quantitative recoveries.

Adsorption. Studies were carried out using 25 mL of
a solution containing analytes at 500 ng/mL. A col-
umn of 10 mm i.d. was prepared with 2 g of oxalate
form of Dowex-1 and mixed standard solution was
passed through the column at various pH in the range
of 1.0–2.5 with a f low rate of 1 mL/min using gravita-
tional f low controlled using stopper of the column.

Elution. After adsorption, lanthanides need to be
eluted with a suitable reagent. Elution has been carried
out using HNO3. To optimize concentration required
for quantitative elution, the experiment was carried
out with 1.5–2.5 M HNO3. Elution volume was
20 mL, and flow rate was 1 mL/min.

Analytical method for coal f ly ash, monazite and
sediment. Samples (100 mg) were accurately weighed
into a dry 100 mL beaker, and 10 mL of concentrated
sulphuric acid was added. The beaker was covered and
heated on a sand bath for 2–3 h (frequent stirring)
until the evolution of dense fumes ended. The beaker
was then cooled in an ice bath, and 50 mL of Milli-Q
water was added to dissolve the residue. The superna-
tant liquid was transferred into a 50 mL standard f lask.
Any remaining insoluble residue was treated with
5 mL of 18 M sulfuric acid and heated on a sand bath
until the evolution of dense fumes ended. The residue
was cooled, dissolved in 20 mL of Milli-Q water, and
the solution was filtered. This filtrate was transferred
to the above standard f lask and made up to 50 mL.
Procedural blank solutions were also prepared concur-
rently following the same procedure. Lanthanides
present in above sample solutions were separated at
pH 2.5 on the oxalate form of Dowex-1 resin column.
The adsorbed lanthanides were eluted with 2 M HNO3
and analyzed by ICP−OES. The recovery of lantha-
nides was in the range of 92–105%. Matrix free solu-
tions were analyzed for lanthanides by ICP−OES.

Microwave digestion method. Monozite and sedi-
ment samples (100 mg) were accurately weighed and
placed into the reaction vessel (100 mL) and digested
with HNO3 (4 mL), H2O2 (2 mL) and HF (2 mL) in
the microwave digestion system. Insoluble f luorides
were decomposed by fuming with H2SO4 after evapo-
rating the acids used for dissolution. After cooling and
dissolution in Milli-Q water, the final solution was
made up to 25 mL with Milli-Q water.

RESULTS AND DISCUSSION
Monozite, an important mineral of lanthanides,

constitutes the toughest task in analytical chemistry, as
it is a highly resistant mineral and extremely difficult
to completely decompose. Coal f ly ash and sediments
are also known to contain detectable concentrations of
lanthanides. In the present study, separation of lantha-
nides has been attempted using oxalate form of
Dowex-1 which is a reactive ion-exchanger. Adsorp-
JOURNAL O
tion on a reactive ion-exchanger is more favorable
than ion exchange as there is involvement of chemical
reaction. Rare earth elements are known to form
insoluble oxalates at acidic pH. However, optimiza-
tion of such parameters as pH and concentration of
eluting agent is necessary.

Studies have been carried out using a 500 ng/mL
mixed aqueous standard solution of lanthanides. A
column was prepared with 2 g of oxalate form of
Dowex-1 as mentioned in the previous section. The
pH of the loading solution was made in the range of
1.0–2.5 and passed through the resin. The adsorbed
lanthanides were eluted with 2 M HNO3. The results
are shown in Fig. 1. At pH 1.0 the recovery of lantha-
nides was very low (below 40%) and increased with pH
and reached quantitative recoveries at pH equal to 2.5.
The adsorption of lanthanides could be due to the
complexation reaction of lanthanides with oxalate on
the resin.

Similarly, HNO3 concentration required for com-
plete elution of lanthanides was also studied in the
range of 1.5–2.5 M for 20 mL of eluting solution. As
can be seen in Fig. 2, recoveries were increased with
HNO3 concentration till 2 M and then reached a pla-
teau. The optimized conditions for separation of lan-
thanides from complex matrices are: loading solution
pH value of 2.5 and 2 M HNO3 eluting solution. As the
concentration of lanthanides varied from percentage
to few mg/kg in monazite sand, spike recoveries of
lanthanides were evaluated on a sediment sample and
recoveries were found to be nearly quantitative.

The sorption of lanthanides onto oxalate form of
Dowex-1 could be due to the formation of lanthanide
oxalates on the resin as described in our previous paper
[21]. During the sorption of lanthanides, anions pres-
F ANALYTICAL CHEMISTRY  Vol. 76  No. 2  2021
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Fig. 2. The plot of lanthanide recoveries vs. HNO3 solution concentration, M: (j)—2.50, (d)—2.00, (m)—1.75, (.)—1.50.
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ent in the sample solution can partially replace oxalate
present on the resin. In the elution process, lanthanide
oxalates were desorbed from the resin. The above phe-
nomena did not affect the recovery of lanthanides
from various sample solutions analyzed.

To verify the accuracy of the method, it has been
applied to the determination of lanthanides in a NIST
SRM Coal f ly ash 1633b. The values obtained are
close to the recommended values (Table 2). The
method has been applied to a monazite sand and a lake
sediment sample. The values obtained were validated
with microwave decomposition method followed by
oxalate separation. As can be seen in Table 3, the val-
JOURNAL OF ANALYTICAL CHEMISTRY  Vol. 76  N

Table 2. Results of analysis of NIST SRM 1633b (coal f ly
ash) by applying the developed method

Element Experimental value, 
mg/kg

Indicative value, 
mg/kg

Ce 196 ± 6 190
Nd 83.1 ± 2.1 85
Gd 14.8 ± 1.1 13
La 91.6 ± 1.9 94
Pr 21.8 ± 0.8 23
Sm 9.5 ± 0.9 20
Dy 16.9 ± 0.8 17
Eu 3.89 ± 0.18 4.1
Er 8.4 ± 0.8 8.7
Ho 3.71 ± 0.21 3.5
Yb 7.50 ± 0.20 7.6
Tm 2.91 ± 0.06 2.1
Tb 2.39 ± 0.09 2.6
Lu 1.27 ± 0.04 1.2
ues are in close agreement. All determinations were
carried out using external calibration. The percentage
relative standard deviation values were in the range of
4–7% and limits of detection (LODs) calculated as the
signal equivalent to three times the standard deviation
were in the range of 0.015–0.16 mg/kg and LODs of
individual elements are included in Table 3.

CONCLUSIONS

A set of 14 lanthanides has been separated and
determined in monazite and lake sediments. The
method has been validated by the analysis of a NIST
SRM coal f ly ash 1633b. Separation of lanthanides has
been carried on a reactive ion-exchanger, oxalate form
of Dowex-1. The procedure has been demonstrated to
be suitable for the detection of lanthanides present in
coal f ly ash, monazite sand and sediment samples.
The methodology is simple, easy to adopt with quan-
titative recoveries. The same resin can be prepared
again with used Dowex-1. The method is useful for the
screening of environmental samples for lanthanides
content.
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Table 3. Comparison of concentrations of lanthanides in monazite and sediment samples by two dissolution methods

a Expressed in mg/kg.

Element
Monazite, % Sediment, mg/kg LOD, 

mg/kgpresent method microwave decomposition method present method microwave decomposition method

Ce 18.9 ± 0.1 19.4 ± 0.1 0.25 ± 0.02 0.31 ± 0.02 0.13
Nd 7.4 ± 0.5 7.3 ± 0.5 35.4 ± 1.6 38.5 ± 1.6 0.14
Gd 0.44 ± 0.03 0.49 ± 0.02 3.30 ± 0.25 3.0 ± 0.2 0.05
La 8.4 ± 0.4 8.5 ± 0.6 17.2 ± 0.9 15.8 ± 0.8 0.09
Pr 1.89 ± 0.16 1.92 ± 0.14 4.5 ± 0.2 5.2 ± 0.3 0.16
Sm 0.55 ± 0.03 0.61 ± 0.04 3.5 ± 0.2 3.8 ± 0.3 0.04
Dy 0.20 ± 0.01 0.23 ± 0.01 2.2 ± 0.1 2.5 ± 0.1 0.04

Eua 20.1 ± 1.3a 20.7 ± 1.5a 0.75 ± 0.09 0.71 ± 0.08 0.021

Er 0.025 ± 0.002 0.027 ± 0.002 1.30 ± 0.08 1.40 ± 0.09 0.022
Ho 0.33 ± 0.02 0.35 ± 0.02 0.45 ± 0.03 0.52 ± 0.03 0.027

Yba 12.0 ± 0.8a 12.4 ± 0.9a <0.2 <0.2 0.016

Tma 1.39 ± 0.09a 1.45 ± 0.10a <0.2 <0.2 0.015

Tb 0.042 ± 0.003 0.051 ± 0.004 0.35 ± 0.02 0.41 ± 0.03 0.018

Lua <0.2a <0.2a <0.2 <0.2 0.017
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