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SUMMARY 

The elcctromigration of uranium(V1) using paper as carrier and its chromato- 
graphic behaviour in hydrochloric acid (0.5-s M) and metal chloride solutions con- 
taining varying amounts of ethanol or acetone is reported. The influence of the con- 
centration of the ligands, as well as that of the organic solvents on the complex for- 
mation, and the significance of the solvation state of the uranyl species, as .well as the 
nfluence of the potential gradient applied, are discussed. 

INTRODUCTION 

The first report on electroxnigration in uranyl chloride solutions was given by 
DITTRICH~, who found that uranium(V1) moved to the cathode. BACHELET et aZ.2 
observed cationic motion of uranium (VI) in mixtures of HCl and NaCl of high con- 
centration applying potential gradients of s-50 V/cm. Cationic migration was ob- 
served in 0.1 M solutions of HCl, KC1 and NH&l by MUKERJEE~ and in 0.1 A4 HC1 
by MOJUMDAR*. 

This paper describes an investigation on the electromigration of uranium(VI) 
in hydrochloric acid and metal chloride solutions containing ethanol or acetone, 
dependent on the ligand concentration and on the content of the organic solvent of 
the solution, as well as on the voltage applied. The purpose of these electrophoresis 
studies was to obtain information about the complex formation in chloride solutions 
containing organic solvents. The investigation on the paper chromatographic be- 
haviour of uranium(V1) in these systems should complete the studies. 

EXPERIMENTAL 

Whatman No. 3 paper and Schleicher & Schtill 2o43b Mgl were used as carriers. 
Solutions of uranium (VI) were prepared from UO,(NO,) 2* 6H2O (Riedel de 

HaEn A.G., Seelze b. Hannover) by repeated evaporation with cont. HCl. The 
chloride concentration of these solutions containing uranium (5 mg/ml) was, in each 
case, as high as that of the electrolyte system studied. 

J. Clrrowatog., 45 (1969) zgx--297 



,: ,?gz,-,: ‘, ‘;,’ ,’ A.RUIS,F. GRASS 
.:, " ,', 

" '.,, The. t,ech.&que ,of electrophoresis and chromatography used has been reported ‘. 
in ,a.:$revio,us @aper!. ,The ‘,,electropherograms and chromatograms were dried at 
‘130”?..2Ss. tlie~.details of ‘the .determination of the mean migration distance and of the ““., 
‘possibilities.of:quantitative ‘interpretation of the data, as well as the widest range of 
,volt,age-.that kjan be applied have ‘already been discussed5, no further description will 
,be.giveii’here: ‘1 ” 

,, :, Each system was investigated in the widest range of voltage possible. I’ ,.., 
,, _, . . 

~~I~Es~~~&‘AAND’ DJscuss10N : ,: ;, 
‘, .’ 
~soi.k3lcs coitaiki%g~ et&Hid 
:,’ . ,’ If the distance of.migration; d, is plotted against the period of electrophoresis, 
~t~.the,resu.ltin’g. straight line indicates that the composition of the solution is constant 
cJqr*g the electro@horesis; This .is the case during the first 20 min in chloride systems 
con~tainmgethanol. After lpnger periods, the evaporation of ethanol results in changes 
‘of the complex ‘formation;, and hence in a flexure.in the curve; whereas in aqueous 
,-solutions:the comlkkition of the system is constant during a period of 60 min. 

,.,Th@ slope, of the 4-t curves represents the, macroscopical velocity of migration,, 
,vi,L’ tU/dt +,‘+#/6~97~4’. Assum,ing~that only one kind of migration species is present 
in the’: solution, the velocity should increase in a solution of constant composition in 
!I+$ ~amerelation~ks t,be ,applied voltage (that is I : I). This is not the case in all systems, 

,.e.g.,.!,n i.j iW~C1430’Vol.~~“/o ethanol (Fig. I). According to the comprehensive explana- 
: tiong @revidusly,given b, the existence ,of several ,differently charged migrating species 
,:should beconsidered in th’ese systems, though cations and neutral species predominate 
jnth’e; sclution; 
:, ,: 
.’ 

,I,, .’ 

..’ 
; .’ 

.,“_. 

Fig. I.. B&ration &tance of uranium with changing potential at different acid and ethanol con- 
dentrations and ‘after various periods of electrophorcsis. 100 V voltage corresponds to a potential 
gr~dient~of about 5 V/cm,’ 360 V,‘to 15 V/cm. 500 V to 25 V/cm and 800 V to 40 V/cm. -a--, 
‘2.5 Jw Jxl; AL?, 7, p.5 .ikf HCI-80 vol. yO ethanol ; - IJ -, 2.5 M HCl-80 vol. O/i ethanol; -V-•-. 
0.1 I ‘M,HCl+absolute ethanol. For comparison values in 0.5 M HCl are presented, -v--. 

;,: ., .‘.‘, 
I$$$. z..,lJligration ‘distance with changing acid ‘concentrations at different ethanol concentrations 
at ‘a’comkant potential (100 ,Y) after various periods of electrophoresis. -_O---, 0% ethanol; 
,&A-,. jo,irol. ,yo ethanol; -•I -, 80 vol. y. ethanol; -_O-,‘extrapolated values. 

,, 
,,‘. +, * sb! cbiie~ponding to ionic charge ; i ,.. ., = field strength; 11 = viscosity: Y( = ionic radius. 
‘,’ ,’ .I 8, 

,. 2,’ 
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The migration distance and velocity depend on the position of the equilibrium 
of complex formation and on the ratio of the rate of complex formation and migration 
velocity of the ions involved. 

In hydrochloric acid solutions containing ethanol, uranium is predominantly 
present as cationic and neutral species in the concentration range studied. No in- 
formation about the nature of the cations (UOss+ to UO, Cl+) present can be obtained 
from these data, since quantitative interpretation of the results is not possible, 

Fig. 3. Migration distance with changing ethanol concentrations at different acid concentrations 
and at diffcrcnt potentials after various periods of electrophoresis. -_O-_. IOO V ; -a-&, - * -, 200 V. 

Fig. 4. Migration distance with changing ethanol concentrations at a constant l&and concentration 
(2.5 M Cl-) at different potentials after various periods of electrophoresis. -, HCl; ----, 
LiCl ; l - - l * -, M&l,; --*-a-, AK&. 

Increasing acid concentration (Fig. 2) as well as increasing content of ethanol (Fig. 3) 
increase the formation of higher complexes. The higher the amount of the neutral 
species, the smaller the cationic migration. In 5 M HCl-60 vol. O/O ethanol solutions 
no migration occurs at all at IOO V. Although only overall cationic migration can be 
observed in the systems studied, in solutions with a high amount of ethanol, the exist- 
ence of anionic species seems to be possible, as has been mentioned above. 

Addition of ethanol increases the complex formation as the dielectric constant 
of the mixture decreases, and hence the ionic interaction increases. The cationic 
species are not only stabilized by a solvate shell in aqueous solutions but also in ethanol 
to some extent, since in solutions containing dry HCl dissolved in absolute ethanol 
cationic migration was observed (Fig. I). 

The complex formation is increased in the salt solutions studied (Figs. 4 and 5). 
In systems containing a chloride concentration of 2.5 M and 80 vol. y0 ethanol or 
5 M [Cl-] and 60 vol. y. ethanol, the amount of the anionic species (U02C1,-) is 
noticeable. In solutions in which the salt has been dissolved in pure ethanol, the 
amount of the anions is great, since anionic migration occurred. Usually the cationic 
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migration increases in the following order: AlC1, < LiCl < MgCl, < HCl. The ex- 
planation of these data is rather difficult since the situation in solutions of the same 
Cl- concentration is complicated by the influence of the varying pH value, viscosity, 
dielectric constants and activity coefficients. (The electrode compartments contained 
50 ml bf salt and IO ml of acid solution.) The pH of the salt solutions is lower than 
that bf the ‘acid systems, and hence hydrolysis and polymerization yielding higher 
ur’anium aggregates migbt be possible. There is a possibility that in acid solutions the 
anions UO,Cl,- and the hydrorkm ions form ion pairs, that is neutral units, whereas 
the ionic association in salt solutions, especially if higher charged cations are involved, 
is less probable. 

Solutions containing acetone 
The composition of aqueous acid solutions containing acetone is constant during 

the first 12-13 min of electrophoresis. In these systems the capillary effect is also 
more significant. 

Increasing acid and acetone concentrations increase the complex formation. 
The voltage dependence of the migrationeindicates that in 2.5 and 5 M solutions 

of considerable acetone concentration differently charged species, cations and anions, 
are present. The inversion of the migration direction with increasing voltage in 2.5 M 
HCI-60 .vc$. y, acetone solutions, for instance, is due to the high amount of the anionic 
complexes’ (UO,Cl,-) in these solutions (Fig. 7). In solutions of 60 vol. o/o acetone, 
cations and neutral species predominate in about O&-I M HCl, whereas in 4-5 M 
HCl predominantly anions are present (Fig. 6). As expected, the inversion of the mi- 
gration direction occurs in solutions of an acid concentration (Fig. 6) or of an acetone 
content,‘(Fig. 7) which are lower, the higher the voltage applied. Anionic migration 
ca.n be, clearly bbserved in all systems containing no or only small amounts of “free” 
water (e.g. 5 J& HCI-60 vol. o/o acetone, 2.5 M HCl-80 vol. o/o acetone). (It should be 
mentioned that in such media condensation reactions take place altering the viscosity, 

5 M Cl’ 1oov 3 I 60% CJ-WH 7oov 

-6 
1 2 J 4 5 

M HCI 

Fig. 5. Migration distance with changing ethanol concentrations at constant ligand concentration 
(5 M Cl;) and at a constant potential ( IOO V) after various periods of olcctrophoresis. -, HCl, 
---,-, CiCl; .****., MgCl,; -a--•-, AlCl,. 

Fig. 6. Migration distance with changing acid concentrations at a constant acetonc concentration 
(60 \;dl. %) at different potentials after various periods of electrophoresis. 
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the composition and hence the dielectric constants of the solutions and the tendency 
to complex formation.) In these solutions only one kind of migrating species, that is 
anions, exists. 

4 
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Pig. 7. Migration distaxxde with changing acetone concentrations at different acid concentrations 
and at differcxxt potentials after various periods of clcctrophorcsis. 

Fig. 8. RF values with changin’g ligrrnd concentrations at various ethanol concentratioxis. -, 
HCI; ----, LiCl; **.**., MgCI,;-*-a-, AICI,. 

Concerning the complex formation and hence the migration in the systems con- 
taining ethanol or acetone, the discrepancy observed may be due to the different 
solvation tendency of the solvents studied. Ethanol, but probably not acetone, is 
able to stabilize the uranyl cations by a solvate shell. This would explain the increased 
complex formation in acetone solutions. 

Paper chromatograjtdtic behaviow 
Data on paper chromatographic behaviour are presented in Figs. S-II. In- 

creasing ligand concentrations as well as increasing concentrations of organic solvents 
decrease the RF values in all systems in which, on the one hand, overall cationic 
migration or no movement and, on the other hand, an increase in the distribution on 
anion exchange resins0 can be observed. This decrease in mobility is due to the in- 
creased formation of neutral complexes. The Z&P values increase in systems in which 
overall anionic migration and a decrease in the distribution occur. This increase in 
the mobility can be explained by an increase in the amount of the ionic species in 
the solution. 
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In-any case, the higher the amount of the ionic species in solution -regardless 
of whether cations,br anions are involved-the higher the RF value. The ions seem to 
prefer the mobile phase. A minimum of the curve indicates that formation of neutral 
complexes and subsequently that of anions take place. 

I : 6M HC/ 
I . 

0 20 40 60 80 too % 0 2 3 4 5 
Cp,OU M/L 

Fig. g. Rp values with changing ethanol concentrations at various ligand concentrations. -, 
NCI; - - - -, LiCl; l - l - - ., MgCl,; -a-n-, AICI,. 

Fig. IO. RF values with changing acid concentrations at various acetone concentrations. @, 
systems which do not contain any “free” water. 

0 20 40 60 80% 
Cff,COC& . 

Fig. I I. RF values with changing acetone concentrations at variouiacid concentrations. (3, systems 
systems which do not contain any ” free” water. 

‘All data obtained from acid solutions containing ethanol or acetone agree with 
the results on,anion exchange of SCHNEIDER~. There is a fairly good agreement between 
the data obtained from aqueous acid solutions and the results of JBRGENSEN and 
MARCUS. According to JBRGENSEN’ in I M WC1 [UO,C1(H,O)nJ+ is present and ac- 
cording ‘~O~MARCUS~ ino.g-4 M WC1 UO.&l+ and in 4-6 M HCl UO& exists. It 
should be emphasized that the distance as well as the direction of migration depends 
greatly on the ‘voltage applied; and therefore, for instance; cationic motion can occur 
at IOO’ V even in a solution in which the neutral species predominate! 

The chromatographic data agree with the results reported in the literatureOslO. 
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