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Rare earth cations have similar affmities for ion-exchange materials, and separation 
methods based on difference in affinity have met with little successl~“. Modern methods 
of separating these elements depend on the use of complexing agents3. This method 
was used for separating and identifying tracer quantities of fission product rare 
eartlls4~6. The underlying theory of the method was also established. If two rare 
earth cations, Ln13+ and Ln,3+ have association constants K, and K2 for a ligand Y*-, 
then the separation factor between the two elements (&) is K,/KP. Separation is thus 
dependent on differences in affinity between the individual rare earth cations and the 
ligand. 

To separate the rare earth elements in quantity, it is necessary to use the chro- 
matographic technique of displacement development. This requires large column 
loadings, in contrast to the trace loadings used for fission product analysis. Two 
methods have been proposed for establishing developmentconditions, using amino- 
carboxylic acids as the complexing agent. Both use two separately loaded ion- 
exchange columns, which are coupled together in series before elution. The rare earth 
mixture is loaded to the first column. FIWX and LORIERS both used a second column 
in the NH&+ form7-0, while SPEDDING used metal-loaded columns (e.g. Fe3+, Cu”+)lOJl. 

The method used in the present work is similar to the first of the procedures de- 
scribed above, with, however, significant modifications. If ion-exchange columns 
loaded with LrP+ ions are eluted with solutions of the ammonium salts of nitrilo- 
triacetic acid (TRTLO) or ethylenediaminetetraacetic acid (EDTA), lanthanons are 
eluted from the resin as complexes Ln(LnA,) for TRILO, and Ln(LnY), for EDTA, 
where A = TRILO and Y = EDTA (Table I, columns 4 and 5). 

The separation obtained under these conditions was poor. Fig. I shows an elution 
curve for the light earth material didymium oxide. This is due to a part of the lantha- 
non being eluted in cationic form as a counter-ion to the complex anions. It is known 
that lanthanon cations have similar affinities for ion-exchange materials (see refs. I, 2 

and Table VII). 
This difficulty was overcome by using a column loaded with a controlled mixture 

of ammonium and lanthanon ions. Varying loadings were applied to ion-exchange 
columns by using the relative affinity data in Table VII, (see experimental section). 

* Now at Thamcs Board Mills Ltd. 
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Volume in lib-es 

Fig. I, Elution of IOO yO lanthanon loaded column. Eluant = 0.2 M TRILO in 0.5 N NH,. 

The ammonium ion does not form complexes with TRILO or EDTA, hence ammonium 
salts of the corresponding anionic complexes were formed on elution. The pH of the 
eluate depended on the lanthanon loading of the cation-exchange column, and, with 
TRILO, some control could be obtained by varying the eluant ammonium ion con- 
centration. This was not possible with EDTA solutions, where use of less than the 
stoichiometric quantity of base caused blocking of the column by a precipitate of 
the acid. Some typical results are shown in Table II. 

In all cases, visual indication of separation was obtained, and an elution curve is 
shown in Fig. 2. This differed considerably from the first case, and is due to the for- 
mation of anionic complexes under these conditions. When heavy earth-ammonium 
ion mixtures were eluted in the same manner, the anionic complexes formed had 
pH values from 0.2 to 0.4 units lower than in corresponding experiments with the 

Volume in litres 
Fig. 2. Elution of LnY+-NM,+ loaded column (50 y0 equivalents lanthanon). Eluant = 0.2 M 

TRILO in 0.5 N NI-I,. 
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TABLE I 

ELUTIONOBLANTHANON-LOADED CATIONEXCHANGE COLUMNS WITH 

COMPLLXING AGENT SOLUTIONS 

Reagent 
Calcrclatcd 

EnlO, 
(,,RhS/l) 

TRILO 0.2 0.5 0.193 0.20 2.03 

0.1 0.25 0.093 0.10 2.12 

0.1 0.3 0.108 0.10 3.90 

EDTA 0.1 0.4 0.133 0. I33 2.40 

TABLE II 

ELUTIONOP Ln3+-NH,+ LOADED CATION EXCHANGECOLUMNS 

WITH COMPLEXING AGENT SOLUTIONS 

Elrtak 
pH 

Eluale 
(NH4+1 

(moles/l) 

Elriate 
Lu,O, 

(nrolcs/l) 

TRILO SO 0.2 0.5 2.45 0.134 o.r30 

54 0.2 0.5 2.65 0.197 0.107 

38 0.2 0.5 2.80 - 0.094 
54 O.? 0.58 2.90 0.193 0.118 

54 0.2 0.4 2.50 - 0.084 

54 0.1 0.25 2.80 - 0.04G 

EDTA 54 0.1 0.4 3.0 0.101 0.100 

TABLE III 

ELuTION OE Ln3+-NH,l+ (HEAVY EARTH FRACTIONS) WITH 0.1 M EDTA SOLUTIONS 

I 3.5 I.5 18 4 20 91 5.6 7.7 -- - 

2 0.1 0.1 5 4 20 85 8.2 18.7 tr 3-I 

3 0.1: I.5 30 21.5 3.5 33.4 - 4.7 

4 35 3 - 4 .2 7 
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light earths. This is due to the formation of stronger complexes between EDTA and 
the heavy earths. Results obtained by eluting two heavy earth fractions with EDTA 
solutions are shown in Table III; each eluate was divided into ten equal fractions, 
and the analysis of the first four is given. 

Both of the heavy earth fractions contained a large proportion of yttrium. In 
each case the heavy earth elements as far as holmium were concentrated with the 
first third of the eluate. 

The lanthanon anionic complexes formed on the first column have a low pH, 
which varied with the lanthanum-ammonium loading of the column. The NH4+/N+ 
ratio of these solutions must be determined experimentally, since the relative affinity 
of the LrP+-NH,+ ions for the resin does not obey a mass action law. For optimum 
conditions, it is necessary to condition the development column to the same NH4+/H+ 
ratio; there is also a lower limit, since if the H+ loading of the development column is 
too great the complexing agent is precipitated. Conditions for loading the rare earth 
column and conditioning the development column in one operation are described 
in the experimental sect ion. 

When the lanthanon complexes pass to the development column, cationic lan- 
thanon is exchanged to the resin phase. At the same pH, weak complexes have a 
greater cation content than stronger complexes, which tend to the solution phase and 
are eluted first from the column. The pH of the eluate increased in the development 
column, owing to the exchange of lanthanon cations for ammonium ions, and the 
lanthanon content decreased. 

When elution was carried out with the stoichiometric salts of TRILO or EDTA, 
poor separations were obtained and the eluates had pH values from I to 2 units 
greater than those shown in Table IT. This cliffGzulty was overcome by buffering the 
eluant solutions. With TRILO, control was effected by adjusting the NH4+:com- 

5- 

2 3 
Volume in litres 

Fig. 3. Elution of light earth oxide through a NH #,+-H+ form development column. Eluant 
0.1 M TRILO in 0.25 N NH,. 

= 
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TABLE IV 

SEPARATION OF XENOTIME FRACTION WITH 0.05 M EDTA + 0. I M MCOOH 

Fradion No. Y&O. 0,6 TtnO, % Er,O, % NO103 % DY,% % sm10, “/ 

I 80.5 5.8 13.8 I 

4 58 42.7 14 7 .a 26 20 5;;: TT 14.5 5 

4 4 2 2 - 16 
_ 2 2 

0.5 
7 - I 

plexing agent ratio, while formic acid (pK 3.75) was added to the EDTA’ solutions. 
The increase in pH of the eluate was then limited to 0.5 unit, and light earth separa- 
tions of the type shown in Fig. 3 were obtained. 

Elution of the rare earth elements rapidly followed “break-through” of the &ate. 
The major component (Nd,O,) was > 99 y0 pure, and the lanthanon content of the 
eluate half that required for a stoicheiometric anionic complex. A second elution of 
the neodymium fraction by the same technique gave a > 99.9 y0 product. 

The method was less successful when applied to heavy earth materials. The 
results obtained by eluting a xenotime fraction with a buffered EDTA solution are 
shown in Table IV. Satisfactory control of the eluate pH was obtained, but the 
lanthanon content was 50 y0 greater than that observed in Fig. 3. 

The distribution of lanthanon cations on the development column was examined 
with a sectioned column apparatus. When the light earth material was eluted, the 
resin in the development column contained about 5 o/o equivalents of lanthanon 
cations; with the heavy earth material, the lanthanon content varied from 2 y. to 3%. 

DISCUSSION 

The addition of controlled quantities of NH,+ ions to lanthanons on an ion-exchange 
column forces the rare earths to the anionic form on elution with a complexing agent 
solution. The partial separations obtained are due to the net reaction Ln,Yl- + 
Lnz3+ + Ln,Yl- + Ln, P3+. The concentration of free lanthanon cations under these 
conditions icvery small, so the separations obtained are greater than those obtained 
with a complete lanthanon loading. The lanthanon band is incompletely developed, 
and no quantitative estimate of the efficiency of the separation can be made. However, 
the method is very useful. for making preliminary group separations of complex 
lanthanon mixtures, and in concentrating the less abundant element@. 

The elution of the light earth elements on an N&*-H+ column with buffered 
eluates gave results that can be examined quantitatively. The “didymium oxide” 
contained 74 oh Nd203, while the major fraction of the eluate contained > gg y. 
Nd20s. (Fig. 3). This gave a 33-fold enrichment, which, taking the Nd-Pr separation 
factor as 2.5, gave IO theoretical stages 13. The equivalent plate height was thus 6 cm; 
in theory, this should approach the particle size of the resin, but such conditions 
are rarely approached even in elution experiments. 

During elution, the amount of cationic lanthanon found on the development 
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cohclmn was small. A study of the distribution of lanthanon cations between the 
resin and solutions of rare earth anionic complexes showed the lanthanon content of 
the resin to vary inversely with solution concentration and PH. Table V shows the 
equilibrium lanthanon content of resin samples treated with TRILO and EDTA 
complexes of three lanthanons, adjusted to pH 3.0, the lanthanon content of each 
solution being o.o$W. 

The lanthanon content of the resin decreased from neodymium to erbium, 
owing to the increased stability of the compleses formecl by both reagents in the 
sequence Nd, Y, Er 13914. They are considerably greater than the amount of lanthanon 
found in the &velopment column in elution experiments. However, a large excess of 
reagent was needed to obtain an equilibrium value, and this quantity increased 
with the stability of the complex. This is due to two effects, the low lanthanon 

TABLE V 

EQUILIBRIUM LANTI-IANON CONTENT OF RESIN AFTER TREATMENT WITH 

LANTWANON COMPLE?CES 

LatrtLano~r contcrtt of rc'sh (% cqiciv.) 
Luntharrou 

TRILO cortrplcx EDT.4 co~rr$dcx 

NCl 55 79 
Y 42 56 
Er 27 39 

cation content of the solutions, and the increase in pH observed when these are ex- 
changed for ammonium ions. Hence smaller quantities of heavy earths are exchanged 
on the development column, resulting in poor separations. 

However, the experimental method described is very convenient for separating 
the light earth elements, since it is rapid and no metal-rare earth separations are 
involved. Some advantage would be expected from the use of more dilute eluate 
solutions, at the expense of prolonging the separation. An examination of weaker 
complexing agents, which would give an increased reflux on the development column, 
merits further study. 

Materials 
EXPERIMENTAL 

Three rare earth materials were used in this work. Two of these, “didymium oxide” 
and “yttrium oxide” were purchased fromThorium Ltd. The third material, xenotime, 
was extracted from the mineral. after fusion with caustic soda. Analysis of these 
materials is given in Table VI. 

TABLE VI 

ANALYSIS OF RARE EARTH MATERIALS 

Mntcrial 
-- 

00, PrdO,, Nd,O, Sm,O, G&O3 Tb.0, Dy,O, NoyO, Er,O, Tm,Oo Yb,OD LugOJ YpO, 

“Didymium” ro.5 74 9.5 6 
“Yttrium” . 6.9 1.2 I r.9 3.4 6.9 0.3 2.3 0.1 
Xenotime 

65 
0.b 0.1 0.5 ‘I.0 2 I X4.5 2.5 12.5 2 17.2 3 45 
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Anaiyticizl methods for lanthartons 

Gravimetric methods were used for the isolation of lanthanon fractions. An excess of 
oxalic acid was added to the lanthanon solution, the pH adjusted to 2.0, and the 
precipitate coarsened by heating for 1-2 h. After cooling and filtering the precipitate 
was ignited in platinum at Boo-goo” to constant weight. Tests on light and heavy 
lanthanon fractions showed the recovery to be > 99.9%. If complexing agents were 
present, the pH of the solution was adjusted to 1.5 and the solution allowed to stand 
overnight before filtering off the precipitated reagent ; lanthanons were determined 
in the filtrate. 

The concentration of lanthanons was determined with a spectrophotometer 
(Beckman D.U.). Calibration curves were prepared from chloride solutions of “Spec- 
pure” materials (Johnson Matthcy and Co.). Heavy earth fractions from the low- 
grade”yttrium oxide” were analysedspectrographicallyusing the”iron-flux” method16. 

Com$lexin,b agents 

EDTA and TRILO were purchased from the Geigy Company and Norman Evans and 
Rais. The acids were purified by solution in ammonia, treatment with charcoal, and 
reprecipitation . 

The concentration of complexing agent solutions was determined by a modifi- 
cation of SIGGIA'S method 10. An aliquot of the solution was boiled with caustic soda 
to expel ammonia, and pyridine (25 y0 v/v) was added, After adjusting the pH to 7 
with hydrochloric acid, the solution was titrated potentiornetrically with a standard 
copper solution, using a platinum-calomel electrode system. The end-point was indi- 
cated by an abrupt change in potential of the or&r 0% 100-200 mV. 

Relative a@uity determinations 

A modification of REICHENBERG'S method was used 17. Samples (To ml) of resin were 

enclosed between two smallsinter tubes (porosity 2) joined with a section of P.V.C. 
tubing. The total exchange capacity of the resin was determined by H+ displacement. 
One column was converted to the NH4-+ form and a second to the Ln3+ form. Each 
column was treated with a zo-fold excess of conditioning solution, containing a known 

TABLE VII 

RELATIVE AFPINITY OF AMMONIUM AND LANTNANON IONS FOR 

THE RESIN ZLO-ICARB 223 

Solution Lat~t/lnrIat, Latrthntlotr 
LnntllarLol~ * comer~trutiot~ cotrcetttrrttiotr IORditlg 

fraction (Ln”’ -I- NH,) (equiv.lI) of resin 
(equiv./lJ (76 eqrriv. J 

“Didymium” 

“Yttrium” 

I 0.25 GG.3 
0.15 55.5 
0.10 53.3 

2 0.8 71.7 
0.6 63.7 
004 49.7 

I a.075 ‘t.6.0 
0.050 45.2 

2 0.4 48.7 
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ratio of (Ln a+ + Nl&+) ions. The columns were drained at the pump, and rapidly 
water-washed to remove excess conditioning solution. They were stripped quantita- 
tively with a potassium-EDTA solution, and ammonia and lanthanon determinations 
made on the filtrate; in the latter case, two oxalate precipitations were given to 
minimise potassium occlusion. The (Ln 3+ + NHB+) content of each column agreed 
well with the capacity determined by hydrogen displacement, and the ratios in either 
case were identical, showing that equilibrium had been attained. 

Results obtained with two of the lanthanon fractions described in Table VI are 
sumrnarised in Table VII. 

Little difference in afhnity was found between the “light” and “heavy” earths. 
The effect of changing the ionic concentration was qualitatively in agreement with 
theory, but the results did not fit a mass action law. 

ion-exchange tech&qzce 

The cation-exchange resin Zeo-Karb 225 (250 ,u fraction) was used. It was back- 
washed to remove lines, and traces of heavy metal were removed by treating the 
resin, in the ammonium form, with a complexing agent solution. 

The elution experiments described in Tables I-III were carried out in columns 
60 cm long by 8.5 cm2. These were conditioned with an excess of reagents and washed 
with water before elution. Separation experiments (Fig. 3 andTable IV) were carried 
out in columns 120 cm long by 8.5 cmz. To carry out the loading and conditioning 
operations together, use was made of the affinity data of Table VII and data obtained 
by the elution of Ln a+-NHq+ columns (Table IT). Solution concentrations were 
selected to give a 50 oh equivalent lanthinon loading to the first half of the column, 
and the pH was adjusted to give a suitable NHA+:Hf ratio. Convenient solution 
concentrations were 0.1 N Ln3* + 0.9 N NH4+ at pH I .7 or 0.4 ZV Lne+ + 1.6 1v 
NHB+ at pH 1.4. The eluate was sampled with a variable volume fraction collector 
using a flow rate of 0.5 cm/min. 

Distribution of lanthanons on the resin column was examined with a “sectioned 
column” apparatus. Eight 30 cm x 8.5 cm2 columns were coupled together in series, 
each column being provided with a 3-way tap for drainage. The columns were loaded 
and washed in the usual way. Elution was carried out until the complexing agent 
solution was detected in the eluate. The individual columns were then disconnected, 
drained at the pump, and the distribution of lanthanon between the two phases 
was determined. 

P9*e$aration of Zanthanon aniolzic com$hxes 

MARSH'S method was used for the preparation of a number of lanthanon anionic 
complexesle. The complexing agent and a small excess of lanthanon oxide (1-2 ?A) was 
refluxed with stirring, and ammonia added dropwise. After heating for 1-2 h a small 
residue of lanthanon oxide remained undissolved. This was filtered off after boiling 
off the excess ammonia. Neutral solutions were obtained, analysis agreeing with the 
composition NH,LnY for the EDTA complexes, and (NHa),H LnA, for TRILO 
complexes. 

The data of Table V were obtained by the technique used for determining the 
affinities of Ln3+:NH,* ions. In these cases, the conditioning solutions were lanthanon 
anionic complexes. 

S. CJrvonzaCog., 14 (r9W Gg-rEw 
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SUMMARY 

Methods for separating the rare earth elements by ion-exchange chromatography 
are discussed. 

The elution of cation-exchange columns, completely loaded with rare earth ions, 
with complexing agent solutions gave eluates containing cationic and anionic lan- 
thanon. However, if the ion-exchange column was loaded with a controlled Ln3+- 
NH4-i- misture, elution gave predominantly an anionic lanthanon complex. Partial 
separations are obtained under these conditions, and this was shown to be a useful 
method for the preliminary concentration of complex lanthanon mixtures. 

Conditions for separating the light earths, using an NH4+-PI+ form development 
column, were established. This method was not successful for separating the heavy 
earths, and the reasons for this are discussed. 
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