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SUMMARY 

Cation-exchange chromatography was carried out for the systems 
uranium(W)--mahc and -lactic acid at various temperatures in order to determine the 
direction of uranium isotope enrichment and the 23sU/‘38U singIe-stage separation 
coefficient, E. Uranium-235 was depleted at the front of the elution curves and en- 
riched at the rear, in contrast to the behaviour found in uranium(VI) systems. The E 
values for the two systems at a given temperature were consistent with each other. 
The E value decreased with increasing temperature. 

INTRODUCTION 

In previous papers’*” we described the 23sU/“38U isotope fractionation by 
cation-exchange chromato_Faphy of uranium(W)-sulphate and -citrate complexes 
and compared the results urlth those obtained for uranium(V1) systems3_ In both the 
uranium(W) systems the depletion of 23sU occurred at the front of the eIution curves 
and the enrichment at the rear. This trend was contrary to that found in the 
uranium(W) systems. No difference in the single-stage separation coefficient, E (de- 
fined by eqn. 4), at a given temperature was observed between the uranium(IV) 
systems, while in the uranium(W) systems the E value increased with increasIng for- 
mation constant of the uranium(VI)-ligand complex;. In the uranium(lV)-citric acid 
system the E value decreased with increasing temperatue. 

In order to confirm the previous resuhs1-2 and to gather more information 
concerning uranium isotope fractionation in systems involving uranium(IV) compiex 
formation, we have now studied the cation-exchange chromatography of the two 
systems uranium(I~malic acid and --lactic acid, to which sulphutic acid and potassi- 
um sdphate are addecto reduce the oxidation rate of uranium(W) and to lower the 
pH of the eluent- 
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EXPERIMEiUT_AL 

Reagents 

The ion-exchange resin was a high porosity, strong acid cation-exchange resin 
PK-1 (100-200 mesh) supplied by Asahi Chemical Industry_ The stock solution of 
uranium(IV) was prepared by dissolving natural uranium metal (atomic ratio 
=W/‘=W = 0.007280 f O_OOOO4) in concentrated HCI and filtering off the residue. 
All other reagents used were of analytical grade. 

The columns used were of the same type as that illustrated in ref. 1. They were 
of pressure-resistant Pyrex glass, (inner diameter, I cm; resin bed length, 110 cm) 
surrounded by a jacket through which thermostatted water was circulated. In chro- 
matographic experiments three columns were connected in series by PTFE tubes 
having (1 mm I.D.). 

Chomatographic procedures 

The cation-exchange resin packed in the columns was pre-treated with 2 M 

HISO, and 1 :tl HCI to convert it completely into the hydrogen form, and then 
washed thoroughly with distilled water. The first column was charged with a 
measured volume of uranium(W) solution to form a band of suitable length (20-50 
cm)_ Chromatography was then carried out by continuously feeding an eluent to the 
column using a constant-flow-rate peristaltic pump_ The displacement rate of the 
band was kept at about 1 cm& The eflluent from the bottom of the third column was 
collected in fractions of about 1.5 ml. The concentration of the uranium(N) in each 
fraction was deterxnincd by a calorimetric method and the isotopic analysis of ura- 
nium was carried out on a Varian Mat CH 5 mass spcctromete?. Prior to the isotopic 
analysis, sample fractions were pre-treated as follows. Uranium(N) in the fractions 
was oxidized to uranium(V1) by addition of concentrated HCI and H,O,, and then 
passed through an anion-exchange resin column to remove K*, SO;-, malate and 
lactate ions. Uranium(V1) chloride eluted from the coltimn was converted into U,O, 
at around 105O’C. The oxide was then dissolved in concentrated HCl to prepare a 
sample for mass spectroscopic analysis_ 

RESULTS AND DISCUSSION 

Influence of eluent composition OR the displacement process and single-stage separation 

coefficient 

First we attempted to determine the optimum eluent composition for displace- 
ment chromatography_ Since no data on the complex formation of uranium(IV) with 
malic and lactic acids are availabIe, it is impossible to estimate the concentrations of 
the complexes at a given solution composition_ However, in view of ‘the complex 
formation equilibria between uranium(IV) and citric acid and their displacement 
chromato_qaphic processes achieved successfully in the -range pH l-l _3’, it is ex- 
pected-that the equilibria of uranium(W) with m&c and lactic acids would be pre- 
dominant also in the region pH I-2, where the displacement chromatography would 
be performed_ Thus, chromatographic experiments were attempted in this pH range 
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TABLE I 

EXPERWENTAL CONDITIONS AND RESULTS FOR CHROMATOGRAPHY OF 
URANIUM(IVFMALIC ACID CO,MPLEXES 

Compositions: load solution, 0.1 bf UCI, + 0.9 JI H2L + 0.1s :\I H,SO,; eluent. 0.8 .\I H,L f 0.1 :\I 
K,L i 0.15 Jf K$O,. L’- = malate ion_ 

~__~?__ 

Ml 75 0.95 Continuous band 
broadening 

55 I.36 Displacement chromatography 
190 1.95 Displacement chromatography 
230 2.79 Precipitation itt rear of band 

6.2 Fig. 1 
6.1 

by changing the pH of the eluent by addition of HCI. the composition of the eluent 
being kept constant_ The displacements of the uranium bands were about 340 cm in 

all cases. The temperature of the eluents was maintained at 50°C. 
Urattitlrtt(ZV)-nzaiic acid sptent. The experimental conditions and results for 

this system are collected in Table I. In run IM 1 continuous band broadening occurred 

during displacement_ In runs M2 &d M3 relatively clear displacement chromato- 
Fams were obtained_ As an example, the elution curve for run M3 is shown in Fig. I_ 
In run M4 precipitation of uranium(W) was observed at the rear of the uranium(W) 
bands. 

Uranirrm(ZV)--lactic acid sptem. The esperimental conditions and results for 
this system are collected in Table IL In run Ll the uranium(W) band continued to 
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Effluent vOlUre (li!l) 

Fig_ I. Elution -mph and isotopic ratio for run MZ 
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TABLE II 

EXf’ERI,MENTAL CONDITIONS AND RESULTS FOR CHROMATOGRAPHY OF 
UR_~NIUMW’)4_ACTIC ACID COMPLEXES 

Compositions: load solution, 0.1 I M UCI, + 1.5 M HL + 0.1 M H2S0,; eluent, 1.3 M HL + 0.2 M KL 
+ 0.1 W KL -t- 0.1 _\I K,SO,. L- = lactate ion. 

Rulr so. Vohme of Ioad Ehen f Oherration E Ilhsrralion 

solulion (ml) PH x lo= 

L1- 40 0.95 Continuous band 
broadening 

L2 55 I.37 
L3 60 1.70 
LS 73 2.09 
L5 110 2.87 
~--~-___ 

Displacement chromatography 
Displacement chromatopphy 
Displacement chromatography 
Poor shaped chromatogram 

7.2 
6.7 
6.3 Fig? 

spread on displacement In runs LZL4 sharp boundaries were observed at both the 
front and the rear of the eltttion curves_ As an example, the chromatogram for run L4 
is illustrated in Fig. 2. In run L5 the elution curve, which showed sharp boundaries at 
both ends, was of poor shape_ 

The above results suggest that displacement chromato_mphy is feasible 
around pH 1%2-l in both systems, as far as the present eluent compositions are 
concerned. This means that the pH range which permits displacement chromatogra- 
phy is wider in the present two systems than in the uranium(IV)+zitric acid system 

Kl 1000 1050 

Effluslt ‘mlu;e tnil 

Fig_ Z Elation _gaph and isotopic ratio for NR L4. 
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(pH I-1.3)’ and may partly be ascribed to the difference in compies formation 
equilibria. 

The reactions which occur in the ion-eschange column may be described as 
follows. 

(a) At the rear boundary of the uranium(R) band, uranium(N) adsorbed in 
the resin phase is desorbed by comples formation with malate(lactate) ions in the 
estemal solution, and this desorption is accompanied by adsorption of K* and H‘ 
by the resin phase. which may be expressed by 

F + nL”- + n7K’ + (4 - n7)E-I’ c+p + (4 - m)H+ + UL,(a-2”‘* (1) 

where L’- denotes malate ion and the horizontal bar the resin phase. 
(b} At the frontal boundary of the uranium band, uranium(N) malate(lactate) 

complexes in the external solution are dissociated into uranium(N) and less- 
malate(lactate)coordinated uranium(N) species by the presence of hydrogen ions 
desorbed from the resin, and then these species are adsorbed by the resin, as is 
expressed by: 

UL,*(‘-t”“- + 4H_ *p= •F rr’L=- i- 4H- (2) 

When the two reactions 1 and 2 tend to proceed to the right (which depends on the 
composition and the pH of the eluent), the uranium band will migrate down the 
column to the bottom with sharp boundaries at both edges of the band, as is shown in 
Figs. 1 and 2. 

(c) Between the uranium(N) malate(lactate) complexes in the external solu- 
tion and the species in the resin phase, an isotopic exchange reaction occurs, which is 
expressed by: 

‘38UL (4-2x)+ + 
n 

235L’at - 235uL,‘s-‘“‘- + 13qJQ’ 
(3) 

The results of the isotopic analysis for the successful runs in both systems are shown 
in Figs. 1 and 2 as examples. It is clear that in each case 238U is enriched at the front of 
the band, while ‘35U is preferentially accumulated at the rear. This was also true in 
other runs which are not illustrated, and is consistent with results obtained in the 
uranium(N)-sulphate and -citrate systems’.‘. However, it is contrary to the be- 
haviour found in uranium(V1) complex formation systems3. The difference has been 
theoretically predicted by Kakihanas. 

The single-stage separation coefiicient, E, is defined by 

E = s _ l = v3v c238ul _ i 

[=u] [=w] (4) 

where S is the single-stage separation factor, [ ] denotes the concentration of 

isotopes in the aqueous phase and [ ] that in the resin phase. The separation 
coefficient E can be calculated from the chromatographic data by means of the follow- 
ing equations 
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-zl;, (4 - 44 
E=Q%(l-%) 

wherel;, is the amount of uranium in the ith fraction, R,, the original atomic fraction 
of 235U, Ri the atomic fraction of 235U in the ith fraction and Q,the total exchange 
capacity of the resin bed. The E values thus calculated are summarized in Tables I and 
II. It is apparent that thee values in the malic acid system are in good agreement with 
each other. i.e., the separation coefficient is little affected by the limited change of 
eluent composition in the present work. In the lactic acid system it seems that c 
increases with decreasing pH, but the differences are within the experimental un- 
certainties The separation coefficients E 25 6 x 10m5 at 5O’C in the malic and lactic 
acid systems agree with those reported in the uranium(I~sulphate system (E = 5 x 
IO--’ at 4O’C)’ and the uranium(IV)-citric acid system (c = 6 x 10m5 at 50°C)‘. 
Thus, in contrast to uranium(V1) systems, any difference in E among the four systems 
due to the difference in formation constants is not observed in the uranium(IV) 
systems. The separation coefficients estimated in the uranium(IV) systems are smaller 
than those reported for uranium(V1) systems and for electron exchange reactions 
between U(N) and U(VI)6~ they are about two thirds of those in the former systems 
and less than one tenth of those in the latter_ 

Influence of temperature on the singie-stage separation coefficient 
Chromatographic esperiments were carried out at different temperatures with 

the compositions and the pH of the eluents fixed at the values for runs M2 and L3_ 
The operating temperatures are listed in Table III. A clear displacement cbromato- 
_-am was obtained in each run. Only the chromatograms at I 1°C for both systems are 
exemplified in Figs. 3 and 4. The elution curves were inlluenced by the operating 
temperature, i-e., the uranium concentrations of the effluent fractions decreased with 
increasing temperature. This may be mainly the result of a shift in the uranium(IV)- 
malate(lactate) comples formation equilibrium with temperature_ 

The isotopic analysis of the eflluents showed that 135U is depleted at the front 
of the bands and enirched at the rear in all the runs, the results at 11°C being 
illustrated in Figs. 3 and 4. This observation is in accord with that at 50°C described 
in the previous section. In conclusion, the direction of uranium isotope enrichment in 
the elution curve is not affected by a change in operating temperature_ 

The single-stage separation coefficients, E, for all the runs were calculated 

TABLE III 

b VALUES FOR CHROMATOGRAPHY OF URANIUM(W)-MALIC ACID. -LACTIC ACID AND 
-CITRIC ACID COMPLEXES AT DIFFERENT TEMPERATURES 

Tmperanue E x id 

i’Cl 
UaIic acid Lzczic acid Citric acid 

tr 112 1233 m5 

30 8.3 82 6.6 
50 62 6.7 52 
70 1.5 4.6 4.1 
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Fig. 3. Eiution _mph and isotopic ratio foi malic acid system at 11 T. 
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Fig_ 4. Elution graph and isotopic ratio for lactic acid system at I IT. 



258 T. 01 ez ul. 

as described in the previous section and are collected for both systems in Table 
III. together with values reported for the uranium(IV)-citric acid system”. It is 
obvious that E decreases with increasing operating temperature_ This trend is as 
predicted by the thermodynamical theory of isotope effects7, although no exact and 
quantitative interpretation is possible because the complex formation equilibria 
shouId be dependent on the operating temperature. It may be said that the E values at 
a given temperature are little affected by the ligands, although the values for the citric 
acid system are the smallest among the three systems 

(1) Displacement chromatography in the uranium(IV)-malic acid and -lactic 
acid systems is feasible in a limited pH region, 1.3-2.1 with the present eluent com- 
positions (see TabIes I and Ii)_ 

(2) Uranium-235 is depleted at the front of the chromatogram and enriched at 
the rear_ lhis is contrary to the behaviour in uranium(V1) complex formation sys- 
tems. 

(3) The single-stage separation coefficient, E, is little affected by the change of 
eluent composition at a given temperature_ Its value is about 6 x 10m5. 

(4) The E values in the present systems are’much smaller than those reported 
for uranium(V1) complesation and for ektron exchange reactions between U(N) 
and U(VI)_ 

(3 The E value decreases with increasing temperature_ 
(6) Within the experimental uncertainties_ the E values at a given temperature 

are internally consistent within the uranium(IV)-citric acid, -malic acid and -lactic 
acid systems. 
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