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CHROM. 5197 

THE REVERSED PHASE THIN-LAYER CHROMATOGRAPHIC BEHAVIOR 

OF THE RARE EARTHS, THORIUM, URANIUM AND ZIRCONIUM WITH 

A HIGH MOLECULAR WEIGHT AMINE IN SULFURIC ACID 

AND AMMONIUM SULFATE SYSTEMS 

SUMMARY 

Thin-layer plates of silica gel impregnated with a high molecular weight amine, 
Amberlite LA-2, in the sulfate form, were used to investigate systematically the 
cllromatographic behavior of the rare earths, thorium, uranium(V1) and zirconium 
in sulfuric acid and acid ammonium sulfate media. The Rp values for these metal 
ions decrease with increasing concentration of the acid and sulfate, in the acid system 
particularly. An interesting correlation is revealed between the Rp values of the rare 
earths and the paramagnetic moment of the trivalent rare earths in the high concen- 
tration range of the acid and sulfate. An odd-even fluctuation of the RI.- values 
against atomic number is also found for the heavy lanthanides. Differences in the 
RF values of the rare earths in acid sulfate media indicate the possibility of good sep- 
arations of adjacent pairs or groups of the rare earths from each other by selecting an 
appropriate concentration of sulfate. The rare earths, thorium, uranium(V1) and 
zirconium can also be separated cl~rornatograpliically with eitller 0.5 or I.0 Af sul- 
furic acid as developing solvent. 

_-.._--_-.. _.-_-.- ._._ -.-. . _.. .._ 

INTROI>UCTIO S 

Recently, thin-layer chromatography (TLC) 1 ias been usecl effectivelJ7 for tllc 
separation of many metal ions, because of its advantages of rapidity and high capacity, 
The growth and acceptance of inorganic TLC has been noted in reviews compiled 1~3 
~4EIIERER1 and NICKLESS~. Thin-layer chromatographic separations of the rare earths, 
thorium, uranium and zirconium have been carried out by normal”-fi and reversed 
phase cliromatograpliy - n 8. For the separation of the rare earths from each otlier, 
DANXZIXS ct akD used a silica gel layer and a bis-(z-etl~yll~exyl) hydrogen phospllate 
(HDE.HI’)- carbon tetrachloride nkture as developing solvent. PIERCE ANI:, FI_IX;T~~~~~ 

separated the rare earths by reversed phase TLC using a layer of polyvinyl cllloricle 
impregnated with HDEHP in hydrochloric acid medium. HOLZAPFEL et n1.12 proposed 
a separation procedure ior binary mixtures of the rare eartlls on silica gel precoated 
with HDEHP with hydrochloric or nitric acid systems, and improved it by using 
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two-dimensional development 13. BRINHMAN AND DE VRIES~~ described the use of a 
secondary amine, Amberlite LA-I, coated on silica gel plates for the separation of 
many metal ions, but not for the rare earths. 

In the present work, the thin-layer chromatographic behavior of the rare earths, 
thorium, uranium and zirconium on a high molecular weight amine, Amberlite LA-2, 
as a stationary phase coated on silica gel has been investigated systematically in 
sulfuric acid and acid ammonium sulfate media, The reversed phase thin-layer chro- 
matographic separations have been accomplished for selected adjacent pairs or groups 
of the rare earths in acid ammonium sulfate media. The separation procedure has 
also been developed for the rare earths, thorium, uranium and zirconium in sulfuric 
acid medium. 

ESPERIMENTAL 

Test soladions of metals 
Test solutions of the rare earths were prepared by dissolving the appropriate 

amounts of the respective oxides in small amounts of 2 M sulfuric acid, evaporating 
to clryness and dissolving in 0.05 M sulfuric acid. Appropriate amounts of sulfates of 
thorium and uranium were dissolved in 0.05 M sulfuric acid. The solution of zirconium 
was prepared by dissolving an appropriate amount of zirconium metal in a nitric 
and hydrofluoric acid mixture, converting it to sulfate with sulfuric acid, evaporating 
to dryness and dissolving in 0.05 n/r sulfuric acid. Each solution contained about I ,5 mg 
of metal ion per ml of solution. The metal ions studied were thorium, uranium(VI), 
zirconium and all the rare earths except promethium. 

Preconting of Amberlite LA-2 on dica gel 
Amberlite LA-2 (Rohm & Haas Co. Ltd.) prewashed with water to remove 

water-soluble fragments was diluted to S y0 ( v v with distilled xylene and converted / ) 
to the sulfate form as described in a previous paper 16. Precoating was accomplished by 
mixing 40 g of silica gel, Wakogel B-O (Wake Pure Chemicals Co. Ltd., Japan) 
purified according to SEILER’S methodl0, with 125 ml of the LA-2 xylene solution and 
evaporating to dryness under an infrared lamp, with occasional stirring. 

Preparatio?z of the tkin-layer plates 
Five grams of the silica gel coated with the LA-2 (0.25 ml/g) was thoroughly 

mixed with IO ml of 5 o/0 starch solution. The slurry was immediately spread to a 
thickness of 250 ,um on 25 x IOO mm glass plates with an applicator. The plates 
were dried in air and then in an oven at 60” for 3 11. The plates prepared thus were 
used immediately, 

Procedwe 
A sample or test solution, usually I ,ul, was spotted with a micropipette at 

15 mm from one end of the plate. The spot was dried in air for 30 min. The plate was 
immediately developed up to 65 mm by the ascending technique at room temperature. 
The developing solvent used was a sulfuric acid or acid ammonium sulfate solution 
of varying concentration. Developing periods of So to go min yielded adequate solvent 
front movement (up to 65 mm from the spot). Subsequently, thorium, uranium, 
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zirconium and the rare eartlls ions cvcre all detected as purplish red colored spots on 
a pink background after spraying with 0.5 “/’ O arsenazo solution, and drying the plate 
under an infrared lamp. 

RI,> values are tile average of triplicates and are given for the leading and trailing 
edges of the spots in tlie sepaxations. 

RESI_~I.TS AK D J~ISCUSSIOX 

The IZv values of the rare earths in two developing systems, sulfuric acid and 
acid ntnmonium sulfate solutions (free acid concentration was kept constant at 
0.025 M), in the concentration range 0.01-2.0 AL? are plotted against the atomic 
number, respectively, in Figs. I and 2. 

As can be seen in Figs. I and 2, the Rp values of the rare earths general13 
increase with increasing sulfuric acid or ammonium sulfate concentration, in the acid 
system particularly. At a rough estimate the Xl.7 curves of the rare earths show a 
minimum value in the vicinity of atomic number 63 (europium) in the concentration 
range O,OI--0.1 M of the acid and sulfate, and a maximum in the same neighborhood 
in tile range 0.5-2.0 M. As can be seen a rather abrupt change in adsorption behavior 
occurs at some concentration of the acid and sulfate between 0.1 and 0.5 M. Such 
a change in the trend of the RF curves with the acid and sulfate concentrations seems 
to suggest that a sulfato complex of the rare earths contributes to the chromatograpllic 
behavior and that different species of the complex are involved according to the 
concentration range tested. The RF values of the rare earths are relatively small at 
low concentrations of tile acid and sulfate: the sulfato complex of the rare earths is 
taken up on the LA-2 stationary phase, where the hydrated ion may predominate and 
has little tendency to associate wit11 sulfate ion in developing solvent. At a high con- 
centration of sulfate, the sulfato complexes of the rare earths are largely in anionic 
form so that the RI+- values should. increase with increasing sulfate concentration, 
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Fig. 2. Rr;- values of the rare oarths in various ammonium sulfate solutions against the atomic 
number (the free acid concentration was kept constant at 0.025 M). (I) at 0.01 M; (,z) at 0.05 &I; 
(3) at 0.10 AT; (4) at 0.50 M’; (5) at 1.0 M; (6) at 2.0 M. (b) Solubility of the salts. 

because the higher anionic complexes occupy more fixed ionic groups per LA-2 
molecule and are in competition with an increasing number of free sulfate ions. 
Regarding the extractability of metal sulfates with high molecular weight amines 
from sulfuric acid solution, MARCUS AND KERTES~’ have reported that irrespective of 
the class of amine the distribution ratio of the metal sulfates reaches maximum at an 
acidity lower than 0.1 M, and abruptly decreases as the concentration ratio of bi- 
sulfate to sulfate increases. In accordance with their observations, the RF values of 
the rare earths on the LA-z plate in sulfuric acid medium increase markedly when 
the concentration of the solvent becomes higher than 0.1 lV, because the ratio of 
bisulfate to sulfate in high acid concentrations increases. This suggests that the chro- 
matographic behavior of the rare earths would be affected by the hydrogen ion 
concentration in an aqueous solvent. 

It is of interest to note that there are close correlations between the Rp values 
for the rare earths, up to around thulium, and the solubility (Fig. 2) of octal~yclratecl 

sulfate.+. The solubility of a sulfate of the type, Ln,(SO,),*SH,O, except for that 
of lanthanum, first diminishes within the lighter groups, reaches a minimum in the 
vicinity of europium and then increases with increasing atomic number. Over the 
low concentration range of sulfate ion, the RI,* values of the light lanthanides decrease 
with increasing atomic number and reach a minimum in the vicinity of europium. 
Thus, it can be seen that the minimum Rp value corresponds to the minimum solu- 
bility. Such a correspondance suggests the possibility that the predominance of neutral 
sulfato complexes in the vicinity of europium is greater relative to other lanthanides 
in a solution of low sulfate concentration and that this will necessarily result in a 
greater uptake of europium on the LA-2 through an ion association mechanism. 
Maximum Z?b* value of the rare earths corresponds, however, to the minimum solubility 
in the higher sulfate concentration (0.5-2.0 h/T), so that the anionic sulfato comples 
may predominate at the same vicinity. HAI\IAGUCHI ct nl.10 reviewed similar corre- 
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lations between adsorption behavior on anion eschangers and solubility of salts of 
the rare earths in various solutions. 

With a high concentration of sulfuric acid as a developing system, a relationship 
is found between the AIJ values of the rare earths and tile paramagnetic momenP 
(Fig. I) of the trivalent rare earths. The curve of the moment against atomic number 
has two maxima in the vicinity of neodymium and holmium. It can be seen that the 
minimum affinity of the sulfato comples of the rare earths to the LA-2 in sulfate form 
on the plate corresponds to the masimum moment. A similar relationship is also 
observed in the acid ammonium sulfate system but is less marked. Thus, the electronic 
configuration of inner shell (4f) of trivalent rare earths may be responsible for the 
adsorption behavior of the sulfato complex on LA-2. 

An effect which is responsible for the odd-even fluctuations against atomic 
number can also be superimposed over the general trend of the thin-layer chromato- 
graphic behavior in sulfuric acid and acid ammonium sulfate systems for heavy 
lanthanides. Similar fluctuations have already been observed by HESFORD ct al.21 
in the distribution of the rare earths between nitric acid and tributyl phosphate, and 
by SURLS~~ in the distribution between dilute perchloric acid and Dowes 50 in the 
sulfate form. MARCUS AND ABRAHRMER~~ also revealed an interesting odd-even atomic 
number effect in the distribution coefficients of the rare earths in the anion-exchanger, 
Dowes I X&nitrate system, and in the magnetic susceptibility of the heavy lan- 
thanides extracted into a triisooctyl amine phase from nitrate solutionz4. Thus, it 
seems that such an odd-even effect could arise if every second electron paired with 
the previous electron in building up the inner shell (qf) as suggested by HESFORIJ ct aL.21, 

arId hb~CUS AND k3RAHAhZER2”. 

The RJ~ values of thorium, uranium (VI) and zirconium in sulfuric acid and acid 
ammonium sulfate solutions (0.025 M of free acid) are plotted against the concen- 
tration of the acid and sulfate in Fig. 3. The RF values of these elements increase 
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I>&. 3, Z?p values of ‘I%, Li iLIlt %r against the cOnColltri~ti0ll of sulfuric acitl Or i1.111111011i11111 SUlfiltC 
(free iLCiC1 C0llCClltriLtio1l was lscpt constrrnt nt o.oag Al). (I) In sulfuric acicl; (2) in acid anlniouiuni 
sulfntc solution. 
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TABLE I 

SEPARATION OF THls RARE EARTHS, Th, U AND %r 

Solvent Pair OY group RF value ( x zoo) 

0.5 M HI,SO, U-25 
U-Th 
U-Eu 
%r-Th 
Zr-Eu 
U-Zr-Th 

‘IJ (oG-12); %r (26-32) 
U (06-13) ; Th (34-46) 
U (09-15); Eu (46-57) 
%r (25-35); Th (36-46) 
%r (23-34); 1:l-l (46-57) 
u (05-12) ; Zl- (20-34) ; 
x-h (37-46) 

U-Zr-Th-Eu u (05-14) ; %r (25-34) ; 
-m (35-42); Eu (43-57) 

1.0 13 H,SO, ‘I:-Zr 
Y-Th 
U-ELI 
U-Zr-Th 

U (22-34); %r (46-58) 
IJ (20-34) ; Th (65-72) 
U (18-30) ; ELI (go-gt.3) 
U (22-34); Zr (46-53) 
Th (60-70) 

TABLE II 

MUTUAL SEPARATION OF THE RARE XARTHS 

Solvent Pair Ii!p value ( x 100) 

0.025 M H,SO,-0.05 iV2 
(NI-I,),SO, 

0.025 M H,SO,-0.1 A!? 

(NH&SO, 

0.025 M H,SO,--0.5 Af 
(NH&SO, 

0.025 M H2S04-I 00 Ad 

(NH,) $0, 

La-Pr La (38-52); Pr (12-2s) 
La-Eua La. (35-51); Eu (06-30) 
La-Em La (34-54) ; Er (18-37) 
La-Y b* La (35-48); Yb (oG-15) 
Ce-Sma Cc (30-54) ; Sm (10-18) 
Et-Tm Er (22-38); Tm (09-25) 
Ho--B Ho (X0-23) ; Er (24-30) 

Pr-Sm 
Sm-Dya 
Eu-Y bo 
G&Dye 
Tb-Dy 
Th-Ho 
Tm-Lu 

Pr (30-47) ; Sm (11-24) 
Sm (12-25) ; Dy (26-37) 
Eu (25-34); Yb (06-25) 

Gd (14-22): Dy (2.3-43) 
‘rb (13-24) ; Dy (26-36) 
*rb (X4-23); Ho (24-34) 
Tm (17-25); Lu (11-15) 

Nd-Sm 
Ncl-Eu 
Ncl-Gd 
Ncl-Yb 
Sm-Ho 
Ho-Tm 
Er-Yb 

Ncl (61-78); Sm (40-57) 
Ncl (55-77); Eu (42-61) 
Nd (58-80); Gel (37-55) 
Ncl (59-78); Yb (19-27) 
Sm (53-6G); Ho (32-48) 
Ho (34-57); Tm (19-26) 
Er (38-52); Yb (Ig-26) 

Pr-Er 
Ncl-Tb 
Sm-Yb 
Eu-Er 
Eu-Dy 
Eu-1-10 
G&Ho 
Tm-Yb 
Y b-Lu 

Pr (63-80); Er (46-55) 
Nd (So-92); Tb (sa-655 

, Sln (57-8’3); Yb (32-50) 
Eu (53-72); Er (42-54) 

” Eu (G@o); Dy (@-6zj 
Eu (C2-78); Ho (45-65) 
Gel (72-87); Ho (46-6s) 

’ Tm (27-34); Yb (35-43) 
, Yb (30-46); Lu (18-26) 

-.--- - 
a It was also confirmed that the pairs can be scparatccl chromatographically by USC of 0.5 

or 1.0 M sulfate solutions as a developing solvent. 
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markedly with increasing acid concentration but become constant at I.0 M for tllor- 
ium and at 2.0 hl for uranium (VT) and zirconium. In contrast, tllese metal ions are 
strongly adsorbed on the LA-z from sulfate solutions with a higher concentration 
tllan 0.5 M, so that the spots scarcely move from the starting point. Pronounced 
differences in the chromatographic behavior of these elements between the acid and 
sulfate systems imply that tile presence of a large amount of sulfuric acid prevents 
tile formation of the sulfato compleses of the metal ions, as suggested by KAWABUCHE 

et nLz5 on the basis of the adsorption bellavior of thorium in the Dowex 5oW XS-am- 
monium sulfate system. Ammonium sulfate in acid solution of low concentration 
greatly favors the formation of the sulfato complexes possessing small RI+* values. 
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Fig. 1. Chromutogrnnx of the rare citrths in acid anxnonium sulfate Incdk.. (a, a’) in 0.025 M 

H2S0,-0.10 M (NH,,),S04; (b. b’) in 0.025 M H,SO,,-0.50 M (NH,),SO.+; (c, c’, c”) in 0.025 M 

H,SO,--I .o AT (NI-I,),SO,,. 

sepnvntion 
The IZ~P values of the rare earths, thorium, uranium (VI) and zirconium in the 

acid ammonium sulfate system (Figs. z and 3) suggest the possibility of a. separation 
of the rare earths from the latter three, but it is difficult to separate all these elements 
in sulfate medium cl~romatogral~l~ically. Thin-layer chromatographic separation of 
these metal ions can be achieved by choosing either 0.5 or 1.0 hf sulfuric acid as 
the solvent. The results are given in Table I. 

Inspection of the relevant RIG values in sulfate media (Fig. 2) will show whether 
a separation of the rare earths from each other is feasible and what the most favorable 
concentration of sulfate should be. With a sulfate solution higher than 0.05 M, some 
binary mixtures consisting of one in the light group (La to Gd) and one in the heavy 
(Tb to Lu) can be separated from each other. It is noteworthy that the sulfate system 
also affords the possibility of separating adjacent pairs of the light or heavy groups, 
A solution adjusted to 0.025 n/1 wit11 respect to sulfuric acid and 0.1 M with respect to 
ammonium sulfate is most favorable as a developing solvent for the cllromatographic 
separation of binary mixtures of the lighk group. A sulfate concentration higher than 
0.5 M is effective for tile separation of adjacent pairs or groups of the heavy lanthan- 
ides, Typical separations accomplished for pairs of rare earths are presented in Table 
II. Clirornatograms involving three or four elements of the rare earths are also illus- 
tratcd in Fig. 4. 
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