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Distribution Coefficients and Cation-Exchange
Separation of Rare Earths in Sodium
Trimetaphosphate Media and Application to Monazite

A.AKSELI* and S KUTUN
DEPARTMENT OF CHEMISTRY
SCIENCE AND LETTERSFACULTY
ISTANBUL TECHNICAL UNIVERSITY
80626 MASLAK, ISTANBUL, TURKEY

ABSTRACT

Sodium trimetaphosphate was investigated as a new complexing agent for the
cation-exchange separation of rare earths. Cation-exchange equilibrium distribution
coefficientswith Dowex 50 W-X8, 200—400 mesh, asulfonated polystyreneresin, are
presented for 15 rare earth elements and thorium in different concentration ranges be-
tween 0.01 and 0.3 M sodium trimetaphosphate. The distribution coefficientswere de-
termined at atotal amount of cation to total resin capacity ratio q = 0.4. By consider-
ing these distribution coefficients, a good separation of all lanthanides were achieved
by using concentration gradient elution with sodium trimetaphosphate at room tem-
perature. Sodium trimetaphosphate has the following advantages over a-hydroxy-
isobutyrate as an eluting agent: The elution peaks are narrow and nearly symmetrical,
the tailing effects are very small and there is no overlapping, the separation time is
shorter, and the eluent concentration issmaller than those of other known methods. Dy
andY arewell separated. Thisseparation hasbeen successfully appliedtodifferent rare
earth mixturesfor determination, purification, and preparative purposes. For example,
it was applied to the 5 and 250 mg rare earth oxides obtained from monazite. All rare
earths and thorium were separated in 23.5 minutes in small-scale separation by con-
centration gradient el ution with sodium trimetaphosphate. Qualitative and quantitative
determinations of eluted ions were performed by spectrofluorimetry.

* To whom correspondence should be addressed.
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562 AKSELI AND KUTUN

INTRODUCTION

Because of their ssimilar chemical and physical properties, it is difficult to
separate and determine individual rare earth elementsin their mixtures.

Some papers about the separations of the rare earth elements by ion-ex-
change methods were published in the Journal of the American Chemical So-
ciety in 1947. Since then, different complexing agents have been investigated
aseluants, e.g., lactates, citrates, aminopolyacetic acids, and a-hydroxyisobu-
tyrate (a-HIBA). It was found that «-HIBA is the best among these. A num-
ber of publications have reported using a-HIBA as an eluant. Initially, sepa-
ration times were very long. For example, Zeligman separated 10 rare earth
elements obtained from fission products in about 32 hours (1). Attempts have
been made to reduce the separation times during subsequent years. Wish and
Foti separated eight rare earth elementsin 5.5 hours with pH gradient elution
(2). Campbell separated 14 lanthanidesin 1 to 2 hours with pressurized ion-
exchange chromatography, but there were some overlapping (3). Using high-
pressure liquid chromatographic (HPLC) separations with a-HIBA, Elchuk
and Cassidy achieved a separation time of lessthan 20 minutes for microgram
amounts of lanthanides (4). Barkley et al. completed the separation of
nanogram amounts of rare earths in 16 minutes (5). Tielrooy et al. separated
microgram amounts of lanthanides in more than 24 minutes (6). In all of these
studies there was some overlapping; Dy and Y aways overlapped. On the
other hand, HPL C methods require expensive equipment.

Sodium trimetaphosphate was investigated in this study as a new complex-
ing agent for the cation-exchange separation of therare earth elements. Its sep-
aration factors are a little smaller than those of a-HIBA. However, it has the
following advantages over a-HIBA as an eluant. It is possible to obtain good
separation of all rare earth elements and thorium by using only concentration
gradient elution without any pH change. The elution peaks are narrow and
nearly symmetrical compared to those of the other eluants. The tailing effects
are very small, and there is no overlapping between adjacent peaks.

Good separation of yttrium from dysprosium is especially important be-
cause they are always overlapped in other known ion-exchange separations of
rare earth el ements, even on a nanogram scale.

Sodium trimetaphosphate has a lower cost than other complexing agents,
and elution can be performed at room temperature. The eluant concentration
required is smaller than for other eluants. It is convenient for the determina-
tion, preparative separation, and purification of all the rare earth elementsin
their different mixtures. Another advantages is that sodium trimetaphosphate
can be recovered from the eluate by adding ethyl alcohol to the solution.

In this study, using relatively simple equipment, a separation time of 23.5
minutes was achieved for elements which were in a 5-mg mixture of rare

earths and thorium oxides obtained from monazite. Compared to similar Werk pexer, ixc.
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using different eluting agents, thisresult is extremely satisfactory. It issimilar
or better than the best results of HPL C separations.

EXPERIMENTAL

Chemicals

The rare earths solutions were prepared by dissolving their oxides. The ox-
Ides used were 99.9% pure. Other chemicals were of analytical-reagent grade
and at least 99.5% pure. All chemicalswere obtained from Merck (Darmstadt,
Germany) and Fluka (Buchs, Switzerland). The strongly acidic cation ex-
change resin Dowex 50 W-X8, 200400 mesh, marketed by Bio-Rad L abora-
tories (Richmond, CA, USA) was used. Distilled water was used to prepare
the solutions.

Equipment

The gradient elution apparatus consisted of two flasks. Eluting solution
(500 mL) of a convenient concentration was placed in each flask. A second
flask was equipped with amagnetic stirrer. The two flasks were connected by
a tube with three-way tap and a bulb. In order to adjust the flow rate, a peri-
staltic pump was placed between the second flask and the resin column. Two
different sized glass columns (1.2 cmi.d., 40 cm length; 0.5 cm i.d., 25 cm
length) fitted with afritted glass disk in the bottom were used. Fractions were
collected with an automatic fraction collector.

The fluorometric measurements were carried out on a Perkin-ElImer 204
Fluorescence Spectrophotometer (Norwalk, CT, USA) with a 150 W xenon
arc lamp. The fluorescence intensities of solutions were measured in 10 mm
guartz cells. The excitation and emission dlitwidths were 10 nm.

Preparation of Eluting Agent and Rare Earth Elements

Sodium trimetaphosphate was used as the el uting agent. Anhydrous sodium
trimetaphosphate was prepared from sodium hexametaphosphate (7), and then
NagPs0g:-6H,0 was prepared from its anhydrous salt (8).

The rare earth elements were separated from an Australian monazite con-
centrate as amixture of their oxides by the conventional benzoic acid method
(9). Theresults of thisanalysisare given in Table 1.

TABLE 1
Analysis of the Australian Monazite
Insoluble (%) ThO, (%) Rare earth oxides (%)
293 8.38 56

MAaRrcEeL DEkkER, INc.
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PROCEDURE

Distribution Coefficients

The resin was conditioned to the hydrogen form by passing 2 M HCI, 2 M
NaCl, and 2 M HCI individually through the resin column, and each time the
resin was washed by passing distilled water, finally, it wasdried in air.

TABLE 2
Fluorimetric Reagents for Rare Earth Elements and Thorium
Excitation Emission Limit of
wavelength  wavelength detection
Element Reagent (nm) (nm) pwg-mL ) Reference
La 8-Hydroxy- 365 530 1-20 11
quinoline-5-
sulfhonic acid
Ce 0.1 M sodium 297 340 107°-75 12
trimeta-
phosphate
Pr HsPO, 217 275 4 13
Sm 0.015M 259 644 0.8 14
oxalic acid
Eu 1.5M K,COs3 400 620 4-800 15
Gd 0.5M Na 546 571 3-30 16
salicylate,
Rhodamine S
Tb 0.01 M 255 545 5% 1072410 17
potassium
oxaate
Dy 3X107*M 310 581 0.054-0.482 18
acetylacetone
in 95%
ethanol -
™™ 0.01 M 450 510 200 19 c
nalidixic acid g
in 40% %
hexamine =
Lu Morin, 425 508 0.02 20 g
diantipyrinyl- 5
methane, 2
Cl10, 3
Y 0.5% 8-hydroxy- 430 510 10-50 21 %
quinoline solution £
in1N HOAc E
Th Morin 410 520 0.88 22 3

MAaRrcEeL DEkkER, INc. m
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A portion (0.5 g) of resin, conditioned to the hydrogen form and its mass
corrected as the oven-dried resin at 105°C was transferred into a glass-stop-
pered flask. Then 50 mL of eluant of a known concentration and containing 1
meq of the cation was added. The flask was shaken in a mechanical shaking
device for 15 hours at room temperature.

Fluorescence measurements with appropriate reagents were carried out be-
fore and after equilibrium in the solution. The fluorimetric reagents used for
each element are shown in Table 2. The distribution coefficient Ky is defined

by

lo — | « ML of solution
I gof dry resin

Kd=

where |y and | are the fluorescence intensities of the solution before and after
equilibration with the resin.

Identification

The elementsin the fractions of eluate were defined by spectrofluorometry
using morin (10). The qualitative identification of individual rare earth ele-
ments was realized by using appropriate fluorometric reagents as shown in
Table 2. Nd, Ho, Er, and Y b were precipitated from the eluate with oxalic acid
because fluorimetric reagents were not found for them. The rare earth oxides
were obtained by ignition of these oxalate precipitates, and the elements were
identified from the color of their oxides.

For quantitative determination, fractions of each element were collected in
a volumetric flask and the amounts of the elements were determined fluori-
metrically by preparing calibration graphs with the appropriate reagent. The
results are shown in Table 3.

TABLE 3
Quantitative Analysis Results of Rare Earth
Elements in Australian Monazite

Element % Element %
La 18.76 Y 0.76
Ce 40.38 Dy 0.08
Pr 7.59 Ho 0.08
Nd 15.32 Er 0.08
Sm 7.60 Tm 0.08
Eu 0.08 Yb 0.76
Gd 2.99 Lu 0.76
Tb 0.76
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Elutions

Dowex 50 W-X8, 200—400 mesh resin was washed several times with dis-
tilled water; each time the fine particles were decanted off. The washed resin
was kept in water overnight and then transferred to the column in a water
dlurry. It was subsequently equilibrated by passing an €l uting solution through
the column. The sample solution was then added to the top of theresin column
which had been previously rinsed with asmall amount of water. The adsorbed
sample in the upper part of the resin column was eluted. Fractions of aconve-
nient volume were taken for fluorimetric measurements.

RESULTS AND DISCUSSIONS

Systematically compiled data on ion-exchange equilibrium distribution co-
efficients are very useful for planning separations. Therefore, the distribution
coefficients were determined and are presented in Table 4. As can be seen
from this table, the distribution coefficients decrease with increasing sodium
trimetaphosphate concentration and atomic number of the lanthanides. Yt-
trium is located between terbium and dysprosium, and thorium is placed be-
fore lutetium.

TABLE 4
Cation Exchange Distribution Coefficients in Different
Concentrations of Sodium Trimetaphosphate Solutions

Molarity of sodium trimetaphosphate

Rare earth

elements 0.01 M 0.05M 0.1M 0.3M
La 1704 182 78 6.3
Ce 1341 167 61 5.9
Pr 1138 166 58 54
Nd 1008 165 53 4.9
Sm 825 163 52 4.8
Eu 543 155 40 4.3
Gd 346 121 38.1 4.28
Th 208 118 37.6 421
Y 198 107 19.5 4.17
Dy 196 103 18.8 4,14
Ho 174 96 17 3.9
Er 159 86 14 35
Tm 129 74 13 3.1
Yb 107 66 10 3
Lu 97 59 9.5 2.96
Th 76 36 8 15

MAaRrcEeL DEkkER, INc.
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The following separations were performed by considering these distribu-
tion coefficient values,

Separation of Lanthanides in a Synthetic Mixture

An approximately 3.5 mL solution of a synthetic mixture which contained
0.05 meq of each lanthanide element was prepared. The sample as an agqueous
solution was added to a column containing aresin bed 36 cm in length which
had been previously equilibrated by passing about 250 mL of 0.3 M sodium
trimetaphosphate solution through it. Lanthanides were subsequently eluted
using a concentration gradient of 0.05-0.3 M sodium trimetaphosphate at a
flow rate of 0.5 mL-min—*. Fractions of 7 mL volume were taken using an au-
tomatic fraction collector. Lanthanides in the fractions were defined fluori-
metrically with morin. The elution curves are shown in Fig. 1. Ascan be seen,

901
801

Ce

70+

Dy
60+ L.n
q Sm

50

> 2a
S o o=
==

FLUORESENCE INTENSITY

Lo

30

20

10

90 800 S D VN

63 58 133 168 203 238 273 308 343 378 413 448 4B3 518 553 588 623 658‘ 693 728
ml ELUATE

FIG. 1 Elution curves of 14 lanthanides (0.05 meq of each) with a 0.05-0.3 M concentration

gradient of sodium trimetaphosphate; resin bed 1.2 cm diameter, 36 cm length; flow rate 0.5

mL-min~ L.
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568 AKSELI AND KUTUN

all lanthanides were separated from each other and therewasonly alittle over-
lapping in Lu-Yb-Tm. The elution curves are narrow and the tailing effect is
very small. One the other hand, it was seen that it is possible to precipitate and
recover sodium trimetaphosphate by adding ethyl alcohol to the eluate. By
adding saturated oxalic acid to thefiltrate, it is possible to precipitate the rare
earth oxalates. Ignition of these oxalates yields the oxide of each element.
Therefore, this method can be use for the purification of rare earths.

It appeared possible to apply this elution procedure to amonazite samplein
order to recover the rare earth elements from monazite.

Separation of Rare Earth Elements Obtained from
Monazite

In the first part of the study, 250 mg of a mixture of rare earth oxides was
prepared from Australian monazite as described above. It was dissolved in di-

90

80}

Tb
701

Nd fm\s

601
Lu

Dy
50
Ho

Lo

FLUORESENCE INTENSITY

30

Th
20

o J.f | IR d

L . s L L 2 s N s L
L2 T M2 147 182 217 252 287 322 357 392 427 462 497 532 567 602 637 672 707728742
ml  ELUATE

FIG. 2 Elution curves of the elements (in 250 mg of the rare earth oxides obtained from mon-
azite) with a 0.05-0.3 M concentration gradient of sodium trimetaphosphate, resin bed 1.2 cm
diameter, 36 cm length; flow rate 0.5 mL-min 1.
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lute HNO3 by heating. Cerium was then reduced with H,O, by evaporating
the obtained solution almost to dryness. Afterward it was reevaporated twice,
following the addition of 0.5 mL HCI. The sample wastransferred as an aque-
ous solution to the top of the equilibrated resin column which had been previ-
ously rinsed with a small amount of water. Elution was performed by using a
concentration gradient of 0.05-0.3 M sodium trimetaphosphate at a flow rate
of 0.5 mL-min~*. The elution curves are shown in Fig. 2. All therare earth el-
ements and yttrium were eluted within 728 mL of effluent and were separated
completely from each other. The residual thorium in the mixture was eluted

FIG.3 Elution curvesof the elements (in 5 mg of the rare earth oxides obtained from monazite)
with 0.3-0.1 M concentration gradient of sodium trimetaphosphate; resin bed 0.5 cm diameter,
23 cm length; flow rate 2 mL-min~?
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before lutetium. There was no overlapping, which is especially important for
yttrium because in the elution procedures of rare earths with a-HIBA, yttrium
overlapswith dysprosium even in nanogram scal e separations. It ispossible to
obtain the rare earth elements preparatively with a high percentage in mon-
azite with a 250-mg sample.

In the second part of thisstudy, 5 mg of the mixture of rare earth oxides pre-
pared from monazite was taken. Its solution was prepared as described above
and transferred to the top of a small column containing aresin bed 23 cm in
length which had been previously equilibrated with 250 mL of 0.1 M sodium
trimetaphosphate. The adsorbed sample in the upper part of the resin column
was eluted by using a concentration gradient of 0.3-0.1 M sodium
trimetaphosphate at a flow rate of 2 mL-min~1. As can be seen from Fig. 3,
elution was completed in 23.5 minutes. The separations were very good and
there was no overlapping. Yttrium was well separated from dysprosium.

CONCLUSION

Sodium trimetaphosphate is a very suitable new eluting agent for the sepa-
ration of rare earths and thorium at room temperature. It has some advantages
over other eluting agents and o-HIBA. Its eluant concentration issmaller than
for other eluants. The elution peaks are narrow and nearly symmetrical. The
tailing effects are very small and there is no overlapping. Dy and Y are well
separated. It is possible to recover sodium trimetaphosphate. The separation
timeis shorter than those of other known methods. This method is convenient
for the determination, preparative separation, and purification of rare earths.
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