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SUMMARY 

The distribution coefficients of 20 metal ions in acid sulfate media with a, strong 
acid type cation exchange resin, Dowex sow-X8, are presented. The ammonium 
sulfate concentration varied from o. IO to I .o M at a constant concentration of sulfuric 
acid (0.025 2M). The coefficients of metal ions become significantly lower in acid 
sulfate media than those in sulfuric acid media, thus allowing many separations to 
be conducted at lower sulfate concentrations. The distribution coeff+ient ,indicates 
that differences in distribution coefficients between beryllium and a considerable 
number of metal ions are large enough for good separation. Results of the separation 
of beryllium from 23 metal ions are given. The acid sulfate system is, also .suitable 
for a ,clear-cut separation of uranium (VI), thorium and the ,rare earths in. widely 
varying proportions, even permitting a carrier-free separation of 23*Th from uranium. 

INTRODUCTION 

Systematic studies on the behavior and separation of metal ions on anion or 
cation exchange resin in sulfuric acid or sulfate media are comparatively few. BUyNEY 
et al.1 have determined the distribution coefficients for II radioactive traces with 
Dowex 1-X8 in sulfuric acid solutions. .DANLELSSON~ has :investigated the anion 
exchange characteristics of 26 metal ions in sulfuric acid using Dowex 1-X8. Recently, 
STRELOW AND BOTWMA" have presented the anion exchange equilibrium distribution 
coefficients with Bio-Rad AGI-X8 for as many as 52 ,elements in sulfuric acid media 
and shown several elution, curves for multicomponent systems like Y (III)-Th(IV)- 
U(VI)-Mo(V1). Scattered pieces of information on the adsorption ancl separation of 
the elements. U(V1) Q-10, T]l4-fJ,ll, z+-15, H.fl”P, Sco,l~, F&7, MO and W’zsla and the 

rare earths&10 in aqueous sulfuric acid or sulfate solutions are also available. 
Less information has been published concerning cation ekchange than anion. 

exchange. Systematic studies on the behavior of uranium (VI) on .Amberlite IR; r20 
with organic and mineral, acids, including sulfuric acid, have been described b.y 
KHOPKAR AND DEMO. .STRELOW has published distribution coefficient data for 23 
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cations in nitric acid and g cations in sulfuric acid 2l. Recently, STRELOW and collabo- 
rators have presented distribution coefficients with Bio-liad AG SOW X8 for 49 

cations in nitric acid and 45 cations in sulfuric acid media22. Other scattered infor- 
mation about cation exchange of Hg 23, Zr and Hf24-2°, Mg, Ca and SF in sulfuric 
acid or sulfate media is also available. 

In the previous paper2e we have also described the adsorption behavior of 
scandium on Dowex SOW-X8,in acid sulfate media, establishing a specific separation 
of scandium from 23 metal ions. The distribution coefficients were given only for 
scandium and average rare earths. In this work the results of a more extensive survey 
of distribution coefficients are presented including 20 cations on Dowex sow-X8 in 
acid sulfate media. A distinct advantage of sulfate media over sulfuric acid media 
is a pronounced lowering of coefficients for most cations, so that many separations 
can be conducted at lower sulfate concentrations without appreciable tailing. Empha- 
sis is particularly placed on a specific separation of beryllium from many other 
cations and a clear-cut separation of the rare earths, thorium and uranium (VI), from 
one another, including a carrier-free separation of UXI (2”4TlI) from a natural 
uranium compound. 

EXPERIMENTAL 

Reagmts 
The resin used was a strongly acidic cation exchanger, Dowex SOW-X8 of 

100-200 mesh in particle size. The resin was purified by washing with I M NH,,SCN- 
0.5 M WC1 solution and then with deionized water until the thiocyanate test with 
ferric ion was negative. The resin was converted to the H-form by washing with 
3 1’ I-ICI. and then with deionized water. The resin was finally dried at 60” for 4 h 
and stored in a desiccator over a saturated KBr solution. 

Stock solutions of metal ions were prepared by dissolving appropriate amounts 
of their salt in mineral acid solution to give usually I to IO rng per ml of the solution. 
Each stock solution was standardized by a conventional analytical method. Ana- 
lytical reagent grade chemicals were used whenever possible. 

Determi~aation of distributio?a coe&ieW3 
The distribution coefficient was in most cases obtained by a column elution 

method. o.og-mmole amounts of each metal ion in’ I ml of dilute mineral acid were 
percolated through a column of I to z g of the resin. The metal ion was then eluted 
using 0.025 M H2SOa solution of varying (NH,),S04 concentrations ranging from 
0.2 to I M. For a certain sulfate concentration the maximum concentration of metal 
ion appeared in the effluent after passage of Tr mnx ml of eluent. The distribution 
coefficient was calculated by the following formula: 

li;‘a = KIW - i (ml) 
amounts of resin (g) 

where i is the interstitial volume of the column. 
The distribution coefficients for a few metal ions were obtained by a batch 

equilibrium method20 as mmoles metal ion on resin per gram dry resin/mmoles metal 
ion in solution per ml solution, 

J. C?~Yo~tlnto~., 39 (1969) GI-70 



CATION EXCHANGE ~BEEIAVIOR OF METAL IONS IN AMMONLUM SULFATE MEDIA 63 
i 

PROCEDURES FOR COLUMN SEPARATIONS 

I. Se$aration of beryllium and otker metal ions 
A sample solution of approximately IO ml is fed into a column of the resin. 

Subsequent procedures for individual separations are given in Table I. 

TABLE I 

PROCEDURl%S FOR THE SEPARATION OS? RIZRYLLIUM 

Columns Eluerat %Yl?Uk- 
tJwo,ugh 
(ml) 

Elution CaGo8 remained 
complete on the colacmn~~ 
(ml) 

A 0.20 N (NH&SO,-0.025 M I-I,SO, 
0.20 M (NH4),S04-0.025 M I-I,SO, 

0.30 A!‘( (NI-I&SO,-o.oqj A4 H&SO, 

Zr, MO 
BC 

Be 

B 0.20 n/r (NEI&SO,-0.025 &I I-I,SO, Bc 

0.30 k’ (NEI&SO,-0.025 n// l&SO, 

cc 0.20 M (NJ-I,),SO,-0.025 n4 N,SO, 
0.20 n/1 (NH&SO,-0.025 M H.,SO, 
0.20 fW (NI-I,)$O,-0.025 M I-1,$0, 

A o,xo M (NH,),SO,-0.50 M I-I&30<, 
I 0/o I-1,0, 
2 y. H,O,-0.50 n/r I-I,SO, 

13c 

U(V.l) 
SC 
Tll 

&Jq 
Ti 

30 
70 120 

40 80 Al, Cs, RE, Y 

I.00 1.60 

50 90 

50 
50 z: 
50 100 

40 SO 

20 ;: 

;;I, Mg, CL@%), 

Ni, Zn 

Be 
Bc 
Bc 

Bi(III) 
l3c 
Rc 

u Columns: (A) 0.95 cm2 x IO cm (5.00 g resin contained): (B) 0.95 cm8 x 15 cm (7.50 g 
resin containccl); (C) o.SS cm8 x x5.,5 cm (5.00 g r&in contained). 

1’ Removal of cations can cns~ly bc accomplishccl by cluting with 0.5 to I M (NI-I,),SO,- 
0,025 n/l I&SO4 solutions. 

0 Plnced in EL conventional glass jc?cltetccl column’through which warm welter kept at 75” 
is pz3scd. 

2. Se$aration of waniacm (VI), thorium..and the rare earths 
Four to IO ml of sample solution containing the three elements is percolated 

through a column (I.D. 1.1 cm) of 3 g resin at a flow rate of ca. 0.5 ml/min. The ions 
are then eluted using the following elution sequence: 140 ml of 0.x M (NH,),SOi- 
0.0~5 M I-I&50, for U(VI), 60 ml of 0.3 M (NH&SO,-o.0~5 M H,SO, for Th, and 
60 ml of 0.5 M (NH,),SO,--o.0~5 M I-IsSO, for the rare earths. 

’ The separation of the rare earths and thorium is conveniently conducted by 
eluting thorium first with 60 ml of 0,3 M (NH,),SO,-0.025 M H,SO, and then the 
rare earths with 60 ml of 0.5 M (NH,),SO,-0.025 M H,SO,. 

3. Se$aration of zirconizcnz fyona uraniwn (VI), thoriamt, indiama and biwylliacm 
A sample of approximately IO ml solution is percolated through column A (see 

Table I), the effluent usually being collected; The major fraction of zirconium is then 
eluted with IO ml of 0.2 M (NH~)zSO~~o.02g~M H,SO, and combined’with the effluent 
from the sample solution. When the quantity of zirconium is’ large (50 mg), the 
volume for complete elution will extend over to about 70 ml ‘because’-of its weak 
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of most: metal ions are significantly lower in sulfate media than in sulfuric acid media, 
as has been reported by STRELOW et al .22. As a measure of comparison, a value 

Ka in 0.25 lW H2SOa 
I<(t in 0.20 JW (NH,),SO,-0.0~5 iW HsSO, 

for each metal ion was calculated, giving IOO for Zr, 28 for Th, 15 for SC, 12 for In, 
7.9 for V(IV), 7.5 for av. rare earths, 6.3 for Al, 4.6 for Cd, 4.1 for Ni, 3.8 for Zn and 
Be, 3.5 for UO,(II), 2.7 for Cu(I1) and Co(II), 2.6 for Mg, and 1.1 for MO. It can be 
stated that the higher the charge of cations, the higher the ratio. The difference in 
adsorption between media of sulfuric acid and sulfate becomes more pronounced in 
0.1 M media, even though only a limited number ‘of data are available. The value 

I<& in 0.1 lLf H,SO, 
ICd in 0.1 M (NH,),SO,-0.025 M H,SO, 

amounts to 34 for Th, 20 for SC, 5 for UO,(II) and 3.3 for Be. Apparently the acid 
sulfate media serve as good eluting media particularly for polyvalent cations like 
zirconium and thorium which otherwise are very difficult to remove from the cation 

TABLE111 

DISTRIRUTION COBPFICIENTS OF MBTAL IONS IN (NH,),SO, MEDIA ON DOWEX 5O\v-3% 

IO12 Concenlvntion of (NIJ,),SO, in 0.025 M H,SO, (M) 

O.IO 0.15 0.20 0.30 0.50 I.0 

Re 

Be’l 

Mg 
CEL 
Ni 

&I) 
CLl(I1) 
Ccl 
&I) 

Ga, 

&II) 
Bi(TT.1)” 
SC+ 
av.REo 
Tin 
Zr 
Th 
:/lo 

U(VI) 

V(N) 

91 34 20 9*3 4.3 2.2 

9.8 6.0 4.6 1.8 

47" 6.7 2.5 

;;: 

31 I2 2.6 

I7 5.7 2.4 

47 35 IS IG G.0 
47b 2:: 

2.7 3.3 
2.5 

31 1 4 
85 3.5 ii:: 

I.7 
2.5 

2.7 x Io2b 77” IIb 0.2b 

64 12 5.3 2.5 

31 23 IO 4.0 3.8 2.5 I.8 

32 13 it; 3.3 I.5 
54 20 9.5 4.5 2.5 

J x 103 2 x 102 70 12 (for o.Go M)’ 3.2 
5.4 4.5 3.5 2.5 I-5 

<I <I <I <I 
T.1 x 102 2G 9.2 4.2 2.2 

$1; 
115 1.0 <I 

2 Lj. I3 4.0 x.8 
IS 882 4.0 I*9 

8 Obtninecl lcccping the concentration of free acicl constant at 0.50 M. 
11 Obtained by the batch, equilibrium mothocl. 
c Coefiicients publ’ishocl prciriotisly a@ but included to proviclc com&tc list. The ICa values 

for RE in O,IO ancl 0.20 M mlt solutions were estimated by extrapo1atio.n. The I<a values for 
scandium in lower sulfate concentrations, 0.10 and 0.15 M. were recheclrecl, and revisecl values 
arc listccl here. 
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exchange resin column. Differences in cation exchange behavior of. many metal ions 
between sulfuric acid and sulfate media imply that sulfatocomplex formaiion in 
sulfuric acid medium may proceed in the following way, as suggested by ZE$R.OSKI 

et ~1.30 for thorium: 

Th”’ + HSO,- 
Th4+ + zHSO,- 
Th4+ + 2HS04- 

I<” 
= T11S042+ + H-‘- 159 
= Th(SO,), + 213-l- 2s50 
= Th(HSO,SO,)” + I-I+ 800 

Thus, the presence of free acid prevents the formation ofsulfatocomplexes of metal 
ions. In contrast ammonium sulfate media of low acici concentration greatly favor the 
stepwise formation of sulfatocomplexes which show low adsorption on cation ex- 
changer. 

The information contained in Table III indicates numerous possibilities for 
separation. Inspection of the relevant Kd values will show that differences in the 
distribution coefficients are large enough to permit a separation of beryllium from 
many other metal ions which show a similar analytical behavior, particularly in the 

TABLE IV 

SEPARATION OF DERYLLIUM BROM FOREIGN METAL TONS 

0.045 0.04G 
0.450 0,440 
0.160 O.lG=J 

0.045 0.044 
0.045 0.045 
0.045 0.044 
o-045 0.04G 
0.64.5 0.047 
0.045 0.046 
0.045 0.04G 
0.045 0.04G 
o-450 0.438 
0.450 0.438 
0.045 0.044 
0.045 0.045 
o. 04.5 0.045 
0:041 0.041 
0.04T 0.045 
0.041 0.043 
0.045 0.04G 
0.045 0.04.G 
0.450 0.440 
0.045 0.045 

MO 
Co(IT) 
Cr(II1) 
Ga 

E 
Y 
La 
Gd 

2: 

Cu(II) 
Mg 
In 
Ni 
Zn 

% 
U(VI) 
Bi(IIT) 

;I;;; 
Ti 

0,103 0.097 
6.48 6.48 
g,Go 9.70 

1G.o 1508 
1.83 x .83 
4.06 4.oG 

22.2 22.6 

13.4 13.5 
7.97 7.97 

17.9 17.8 
17.2 17.2 

6.74 6.74 
3.89 3.83 
5.91 G.08 

3.85 3.87 
3*3G 3.36 
2.29 2.29 

x2.1 T2.0 
12.8 12.7 

(5.37 G.27 

2505 2.5.9 
5.10 4.96 

3.30 3.37 

sulfate concentration rang e from 0.2 ,to 0,3 M. Results on quantitative separations 
are quoted in Table IV, Representative,elution profile curves are illustrated in Fig. I. 

Because:of the strong tendency of scandium, zirconium, molybdenum, thorium and 

* K = Equilibrium constant at 25.0 & 0. t O. 
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0 

0 40 81) 120 

0 40 .80 I20 
EFFLUENT, ml 

Fig. I. Separation of beryllium and other metal ions. Column bccls: (a), (cl) and (c)--A; (b) and 
(c)-LB. (f)-C. (set footnote to Table I). Eluents : E, and E,- 0.30 M (NH,),SO,,-0.025 M W,SOd; 
E, and El0- 0.50 M (NH,,),SO,-o.ozg iI4 I-I,SO,,; E, and E,,- 0.20 M (NI-I,),SO,-0.025 MH,SO,; 
E,, and E,- I .o M (NE&SO,-0.025 A/l H,SO,; E,- 0.~0 M (NE-I&SO,--0.50 M H,SO,; E,--1.0 M 
(NW,),SO,-0.50 n/r I-I,SO,,; E,--2% I-1,0,-0.50 M J&SO,,; W--wrLter. 

uranium (VI) to form sulfatocomplexes, these ions are eluted down the column before 
breakthrough of beryllium. Scandium, thorium and uranium (VI) tend to show a 
slight tailing by elution with 0.2 M (NH,),SO,-o.0~5 M H,SO, at room temperature, 
thus contaminating the eluted fraction of beryllium, However, raising the tempera- 
ture to 75” reduces tailing so that beryllium can be completely separated from 
scandium and uranium (VI), A small fraction of thorium (about 1%) still contami- 
nates the eluted fraction of beryllium, even at the elevated temperature. 

Some difficulties are encountered in the separation of beryllium and chromium 
(III). To get reproducible elution behavior of chromium (III) and to obtain a quanti- 
tative separation it is necessary to feed both metal ions as nitrate into the column 
from a nitric acid solution (e.g., 0.5 M) free of chloride and sulfate. Beryllium is best 
separated by elution with 0.2 M (NH,),SO,-o.ozg M 1X$30,, as indicated in Table I. 
As little as 0.4% of the chromium (III) present shows a breakthrough in the first 
Go ml of the effluent, but this never contaminates the subsequent fraction of beryllium. 

Chromatographic separation of rare earths, thorium and uranium (VI) is quite 
feasible in this ion exchange system because of great differences in distribution 
coefficients among the three elements. Uranium (VI) can be quantitatively separated 
from rare earths (abbreviated RE) and thorium in proportions of U :Th = 9000: I; 

U:RE = 17,000:1 to U:Th = 1:2oo; U:RE,= r :2,000. Thorium and the rare earths 
are also separated from each other in proportions of Th :RE = 5,000: I to I :goo. An 
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80 
El ,-----+- W-+--- Es,-+ 

Th IIVI R E dill) 
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0 50 100 150 200 250 300 
EFFLUENT, ml 

Fig. 2. Separation of uranium(W), thorium and the rare earths. Column: 0.95 cm8 x G cm, 
Elucnts: E,-- 
E 

0.10 M (NH,),SO,-0.025 M I&SO,; 
-0.50 M (NEI,),SO,-0.025 M I&SO,. 

E,- 0.30 M (NI-I&SO,-0.025 M I&SO,; 
The following amounts were added to the column: 

U?VT), II.9 mg; Th, 11.2 mg; La, 2.6 mg; Gd, 3.2 mg; and Lu, 3.5 mg, 

extreme case is the carrier-free separation of UXI (2aQTh) from natural uranium. UXI 
recovered from uranyl nitrate solution decayed away to background activity with a 
half-life of 24.1 days, exactly as given in the literature. An elution profile curve for 
the consecutive separation of the rare earths, thorium and uranium (VI) is shown in 
Fig. 2. The three’metal ions are also separated in widely varying proportions, as may 
be seen in Table V. In general, the system is best suited for the quantitative seea- 

TABLE V 

SEPARATION OF TJRhNIUM(VI), THORIUM AND THE RARE EARTNS 

u. 
g 

RE 

A dded Found Added Found A ddcd Found 
hi9 bwl (msl hd (?W) fw) 

II.9 13.0 I I.2 If.2 
‘II.9 ; 

9.3 (La + Gd + Lu) 8.5 
12.7 I I.2 II.2 9.3 (La + Gd + Lu) 9.1 

II.9 13.0 I I.2 II.2 9.3 (La + Gd + Lu) 9.1 
11.g 12.2 II.G ~1.8 

11.6 
7.9 (La + Sm + Yb) 

II.9 II.9 1I.G 

1I.G I1.C 
7.9 (La. + Sm + Yb) 

II.9 II.9 7.9 (La + Sm + Yb) 

;:: 

500 
7.9 

510 0.034 0.039 
so0 508 0.04G 

0.056 (La + Sm) 0.056 
9.047 o.ogG (La + Sm) o.oGo 

500 510 0.05G 
0.036 

0.058 0.05G (La + Sm) o.ogG 
0.037 

0.03G 
0.034 0.031 11.0 (Gd) 11;o 

0.030 0.034 
0.036 

0.035 10.8 (La + Sm) 9.4 
0.034 

0.036 
0.034 0.032 

II.6 
10.8 (Sm) 

0.033 1r.G o.ogG (La + Sm) 
10.4 

478 478 0.05G 
0.057 

0.057 - - 
952. ggo - - o.ogG (La) o.oJjG 
- - 

0.060 ’ o.oGo 
448 448 

II.G 
0.088 (Y) 

1r.G 
0.084. 

- 

,, 0.060 o.oGo - - IT4 - - o.ogG 0.057 
;z’ ‘z’;rL$ w 

0.120 ,’ 0.124 - 
22.2 

-. 
, .: 39’ (La) 139 
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TABLE VI 

SEPARATION OF ZIRCONIUM AND INDIUM FROM OTMl%R MXTAL IONS 

Ion Foreign ,ions 

A ddsd 
(mg) 

Fozmd 
(mg) 

A dded Pound 

(mgl (mgl 

Zr 0.0058 0.0~87 U(W) 110 12s 
o.ooY8 0.0057 x.11 I.12 III 
0,008s o.ooYS In J.rs 117 
45.G sG.3 In 0.057 o.ogG 
45.G 46.4 Bc 0.045 0.043 

In 0.057 0.057 U(W) 11g I.20 
0,057 0.058 MO 

)I:. 
5r.s 51.0 

ration and subsequent determination of small quantities of the rare earths or thorium 
in uranium. < 

Many useful separations other than those described above are also possible. 
Zirconium does not show any marked tendency to adsorb on the resin from sulfate 
solutiqns of varying concentrations. This is sharp contrast to its behavior in pure 
sulfuric acid media22. Therefore, the acid sulfate media may provide a simple and 
specific method for separating zirconium from a number of other metal ions. Several 
results on quantitative separations are given in Table VI, Microgram quantities 0.f 
zirconium can be separated with ease from more than ten thousand times as much 
uranium (VI), thorium and indium. Examples are also given in Table VI for the 
separation of indium from uranium (VI) and molybclenum in proportions of In : U = 
I:Z,OOO and 1n:Mo = I :I,OOO. 
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