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The retention of different radio-ions on columns of eleven ionic precipitates from 
different acid media was studied, in view of possible applications for radiochemical 
separations. The results of about 2,000 adsorption experiments, carried out in a 
standardized way, are presented schematically in periodic tables. 

Introduction 

Inorganic ion exchangers have been applied for a long time in the nuclear 
energy field particularly when their outstanding resistance to high temperatures 
and high radiation doses made them preferable to organic ion exchangers (separa- 
tion of fission products from spent fuel elements, deionization of reactor cooling 
water at high temperature). Many materials have been developed for such 
uses. 1,~ They have seldom been used for radiochemical separations applied to 
neutron activation analysis, despite the fact that a high selectivity for a few ions 
was often demonstrated. 

In a few preceding works 3-6 we showed that the retention behaviour of many 
inorganic materials, not usually employed as ion exchangers, was interesting 
enough for many practical applications in destructive activation analysis. 

Indeed, inorganic materials, not especially prepared as ion exchangers, can 
react with a solution containing trace ions with a number of possible reaction 
mechanisms, such as isotopic exchange, redox reactions, precipitation, formation 
of mixed crystals by recrystallization, and, of course, ion exchange. All these 
mechanisms can contribute to a different extent to the retention of different 
ions on a column of that material in an adsorption-elution experiment. 

Often it is difficult to clarify the actual retention mechanisms and des- 
cribe them with comprehensive chemical laws; and the possibility of extra- 
polating the behaviour of ionic precipitates to different experimental conditions 
can be greatly hindered by the intervention of different reaction mechanisms in 
different media and different concentrations. 
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This does not prevent, however, the analyst from taking advantage of the 
unusual retention properties of many ionic precipitates, if the experimental 
conditions are kept as close to the original ones as possible. 

When a wanted chemical separation is still feasible under standardized working 
conditions (the large variety of ionic precipitates which can be used compensate 
for the limitations in the experimental conditions), then the drawback turns out 
to be an advantage, as the materials and columns can be prepared in advance 
and kept as stock items, and the execution can be left to less specialized personnel. 
The construction of automated machines can also be greatly simplified. 

Recently about 3,000 adsorption-elution cycles were carried out in a standard- 
ized way over different ionic precipitates from various media for a preliminary 
screening of possible useful materials for radiochemical separations. 7 

Here we report schematically the results obtained on nine inorganic materials 
which were retained as potentially useful after the screening tests. The results 
obtained with organic cation and anion exchange resins are also reported. 

Possible analytical applications can be inferred from the behaviour of different 
ions in each couple column/medium and methods by which the task of developing 
chemical separation schemes based on the data reported here is greatly simplified, 
will soon be published. 

The experiments were carried out with radioactive tracers which were obtained 
by neutron activation in a nuclear reactor, with irradiation times ranging from 
minutes to three weeks, depending on the half-life of the radionuclides. The 
amount of  tracer used was that required to obtain a reasonable counting rate 
on a y-spectrometer, by counting the column or the eluted solution. In this way 
the actual carrier concentration varies greatly from one radiotracer to another 
depending mainly on its activation cross section. While this is certainly a draw- 
back in understanding the reaction mechanisms, in the practical analytical use 
it can be considered an advantage, as a relatively close simulation of a destructive 
activation analysis is thus obtained. 

The application of  the reported results to actual separation cases is, of  course, 
not entirely straightforward. 

The retention capacity of inorganic ion exchangers or ionic precipitates, in 
general, are lower than those of the organic exchangers, and moreover they vary 
considerably from ion to ion. For  example, the retention capacity of hydrated 
antimony pentoxide for the alkaline ions in 0 . tM HNOa (in milliequivalents 
per gram) has the following values: Na +: 2.61, K +: 1.7, Rb +: 1.45, Cs +: 
0.15. 8 

As a consequence, ions for which the material has a low retention capacity 
can exhibit a different behaviour for different ion concentrations. Also ions 
present in extremely low concentrations or in a carrier-free state can frequently 
show unusual retentions or long elution 'tails'. The addition of 5 0 - 1 0 0 / z g  of 
carrier when elution is wanted is a recommended practice to avoid both difficulties. 

Elements present in large concentrations (matrix elements) can also alter the 
behaviour of  the exchanger, as it happens with organic exchangers. 
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Even with these limitations, we found that the behaviour indicated in the 
tables is very often exactly respected in many practical applications for activation 
analysis, where ion concentrations are often rather small. 

This report is tar from an exhaustive study of  analytical applications of ionic 
precipitates, and indeed it is little more than an introduction to that study. 
However, the possibility of applying directly the data as they are presented here 
to the development of separation schemes, has convinced us that the presentation 
of these results was worth while. 

The data presented here are not correlated with each other enough to make 
the detection of possible mistakes easy. The number of  data is also high enough 
to make possible and even probable the occurrence of such mistakes, even if 
most of  the experiments were repeated at least twice. We shall be grateful to 
those, who will inform us of such errors. 

Experimental 

The ionic precipitates proposed here as potentially useful for radiochemical 
separations are mostly of commercial origin. Many of them were previously 
known to exhibit ion exchange properties. Others had been studied by us for 
some special radiochemical applications. 

Data on Dowex 1 and Dowex 50 are also reported, which were obtained both 
in view of their possible use together with inorganic exchangers, and as control 
data for anion and cation exchange in the study of  reaction mechanisms. 

The materials were used as received from the manufacturer eventually after 
sieving to eliminate finer particles to improve the elution flow-rate. 

The radioactive tracers (except 2ZNa and 5aMn, which were of commercial 
origin), were prepared by neutron activation of the stable elements, in form of  
solid salts, in the Ispra 1 reactor. The irradiation times ranged from a few minutes 
eto sveral weeks, depending on the activation cross section and the half-life of  
the radionuclide formed. The irradiated salts were then dissolved and stored, 
generally as a 1M HC1 solution. 

The solutions for the adsorption step were prepared by taking aliquots from the 
mother solution (generally 10 -100  2) and diluting them to 3 0 - 5 0  ml with the 
required acid. From this second stock 5 ml fractions were taken for each tracer 
experiment. 

The tracer used, and the approximate final carrier concentrations, are reported 
in Table 1. 

The tracer experiments were carried out in the following way: disposable 
polyethylene columns, prepared by VEMOR (Monvalle, Varese, Italy) (Fig. 1) 
were used (internal diameter 7 ram). They include a 15 ml reservoir, and 
can be easily stacked one on top of the other when a series of column is needed. 

The columns were prepared by putting a quartz wool plug (or a Teflon wool 
plug for the tracer experiments in HF) at the bottom, and filling the column 
with the exchanger up to a 3 cm level. 

10" ,L Radioanal. Chem. 5 (1970) 
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Table 1 

Radiotracer used, valence states, and carrier concentrations 

} 
Radiotracer [ Concentration, Radiotracer Concentration, 

/tg/cm z ltg/cm a 

lSF(--I) 
2~Na(I) 
2SAl(III) 
27Mg(II) 
32P(V) 
35S(VI) 
3sCl(--I) 
42K(I) 
47Ca(1I) 
46Sc(III) 
ZlTi(IV) 
52V(+) 
51Cr(IlI) 
54Mn(ll) 
59Fe(III) 
G~ 
65Ni(II) 
~aCu(II) 
65Zn(II) 
72Ga(III) 
rTGe(IV) 
76As(+) 
75Se(IV) 
S2Br(~I) 
S6Rb(l) 
szSr(II) 
9~ 
95Zr(IV) 
*SNb(V) 
99Mo(VI) 
99mTc(VII) 
l~ 
l~ 

0.02 
0.02 
1 
1 
0.02 
0.02 
0.4 

10 
400 

0.02 
1 
0.005 

11~ 
llZCd(II) 
114mln(III) 
117mSn(q-) 
12aSb(+) 
lalTe(IV) 
1311(--I) 
134Cs(I) 
131Ba(II) 
140La(II1) 
14lCe(III) 
147Nd(III) 

0.02 
5 
0.06 

10--40 
0.05 

15 
0.1 
0.02 

30--100 
0.02 
0.2 

0.1--0.5 
0.2 
0.02 

20 
0.05 

20 
0.8 
2 
0.2 

20 
0.2 
0.2 
0.05 
1 

10 
0.05 
1--10 
0.02 
0.2 

carrier free 
0.1 
1 

151Pm(II1) 
152Eu; 15~Eu(III) 
160Tb(IlI) 
l~aYb(llI) 
177Lu(III) 
lSlHf(IV) 
lS2Ta(V) 
ls~W(VI) 
186Re(VII) 
lalOs(IV) 
la2Ir(III) 
199Pt(IV) 
19SAu(IIl) 
2~ 
233Th(IV) 
233Pa(V) 
239U(VI) 
23aNp(IV) 

carrier free 
0.02 
0.01 
0.01 

0.002--0.01 
0.01 
0.01 
2 

0.1--1 
0.05--0.1 

0.001 
2--3 

0.02--0.1 
0.05 
0.1 

carrier free 
0.02--0.1 

carrier free 

(-t-) Uncertain oxidation state. 

A prel iminary wash with 5 ml o f  the eluting solution was done  before the 
adsorpt ion  step, to wet and settle the co lumn bed. The adsorpt ion step (5 ml) 
was then carried out,  and two successive 15 ml fractions were passed through.  
The eluted solutions were collected into two 20 ml polyethylene bottles, the 
first collecting the adsorpt ion and first 15 ml fraction, the second collecting the 
successive 15 ml fraction. The second fraction was diluted to 20 ml and both  
bottles were analyzed by y-ray spectroscopy, or  f l -  counting. 

J. Radioanal. Chem. 5 (1970) 
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The column bed was transferred into a third bottle and analyzed in the same 
way. An experimental correction factor was used to relate the counting rate of 
the column to the counting rate of the eluted solutions. 

y-Ray spectroscopy was preferred to gross y-counting, after realizing that 
occasionally what appeared by gross 7-counting as repartition of the tracer 
between column and solution was actually a complete separation of the tracer 

- -  Washing 30 ml 

~r - - -  Sample 5 ml 

Ionic precipitate 
I -~ I ~ (internal diameter 7 mm) 

~ - ~ - -  Quartz or teflon 
wool 

T 
Fig, 1 

from an impurity which could not be detected by 7-ray spectroscopy of the mother 
solution. A 3" x3" NaI(T1) scintillator coupled with a LABEN 200 channel 
analyzer was used as a y-ray spectrometer. 

In tracer experiments with pure fl- emitters (32p, 35S, 90y, e33Th), counting was 
done with a Geiger counter. The sources were prepared by taking 1 ml of solution 
and drying it under an infrared lamp. 

To count the columns, they were dissolved when possible and treated as the 
eluted solutions, otherwise they were carefully dried and stirred, and a weighed 

J. RadioanaL Chem. 5 (1970) 
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part was spread over the counting tray. The 1 ml aliquot from the eluted solution 
was then added to an identical weight of fresh exchanger, which was then stirred, 
dried and spread over a counting tray in the same way as described above. 

Results 

The materials and the media of" the tests are summarized in Table 2, together 
with their code words and the symbols used in the periodic tables. The results 
of  the tracer experiments are then reported. 

These data are the basis for a methodology of  development of chemical separa- 
tion schemes based on logical mathematics, which is being prepared. In the same 
paper many typical applications of  the materials presented here will also be 
reported. 

The authors gratefully aknowledge the technical assistance of L. BIANCHI and M. BIANCHI. 
Thanks are also due to C. BIGLIOCCA, T. CANDELIERI, M. CUYPERS, G. GuzzI and 
F. MOUSTV for suggestions and criticism. 
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Hydrated manganese  dioxide 
0 .1M HNOz at 65 ~ HMD/O.1 N 

K Ca Sc T i l V  

o i o o o [ e  
Rb Sr Y Zr Nb 

ts Bo, To 
ooi �9 
Fr ,Ro Ac 

Lo Ice IPF 

eiel  

CrlMn'FelCo Ni [Cu Zn Ga!Ge As SeiBr 

�9 ,o ,]o o~o o ,!o �9 �9 o 
-MO~C Ru~-Rh Pd ~gg Cd In ]Sn Sb T e i I  

o o ~  �9 o o ~ o i o  o o  �9 

oloio �9 [ , I 
u t~0 iP~ IA~!~m'~ c~ 
0t0~ I i 

:,ol lq'l i i �9 

Hydrated manganese  dioxide 
1 M HNO3 HMD/1 N 

K ica 

Rb Sr 

~!0  
Cs Ba 

~ 0  
Fr Ra 

Ce Lo 

Sc Ti IV Cr Mn Fe Co Ni Cu Zn 

0 N b O ~ O 0 0 0 0  
Y Zr' Mo Tc Ru Rh Pd Ag Cd 

0 ( ) 0 0 0 ~  0 0 0  
R.E 14f" Ta W Re Os Ir Pt Au Hg 

( ~ O 0 0 O ~ l O 0 0  
Ac Th Pa U Np Pu Am Cm BR Cs 

l. 0 
Pr Nd Pm Sm oEU Gd Tb Dy Ho Er 

Ga Ge 

O 0  
In Sn Sb Te I 

0 0 0  �9 
TI Pb[Bi Po At 

I 

I 
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Hydrated manganese dioxide 
1M HC104 

,o~ ~, ~ f~, 
d � 9  

:Ca Sc T, V Cr i'lnlFe (C0 Cu ~'n IGa !Ge ~ S e  B_[r ~~5ooio,eeje~ 
;oo!, ~~o.o+o+.oe,. 
, etoloEe o ~  i l 
F~Raa A~c T~ ~ U iNpIPu!AmCrn Bk CF 

| Tb Ce Pr Nd Gd Ho Er m YB Lul ~ Ol ~m ~ 0~' 

H~D/1 P 

Hydrated manganese dioxide 
6M HF HMD/6 F 

K ICe Sc T i  V Cr I"ln Fe ColNi Cu Zn Gu Ge As Se 

0 ~ 0  o o o o L o ~ o o o o � 9  
0 0 0 0  @ O O 0 1 O O ~ @  

Cs Ba R.E. Hf Ta W Re ~ I r  Pt AuIHg TI Pb Bi Po 

0 0  O , O O i  0 ( ~ 0  010' 
Fr Rc AclThI~)'U ' i o P~ A~ c~,~ or 
La Ce Pr "d PmlSm Gd Tb Dg HO Er m Y b lu' I 

�9 i �9 o j  

Br 

O 
I 

At 
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Hydrated manganese dioxide 
14M HNO3 H M D I 1 4  N 

K Ca Sc Ti V Cr HnIFe 

. . o  
Zr Nb Ho Tc Ru 

O O 0 0 0  
CsiBa R.E HfITa W Re Os 

oo,o o 
Rcl Ac P o U Np Pu 

i �9 o 
Lo Ce Pr Nd Pm Sm Eu Gd 

i�9 i �9 

'Co Ni Cu 
� 9 1 6 9 1 6 9  
Rh Pd Ag 

(DO 
Ir Pl Au 
~ � 9 1 6 9  
Am Cm Bk 

Tb Dy Ho 

Zn Go Ge As Se Br 

O O 0 0 0 0  
Cd In Sn Sb Te I 

O O O O O 0  
Hg TI Pb Bi Po At 
�9 
Cf 

Er 

Anhydrous manganese dioxide 
1M HC104 A M D / 1  P 

K Ca Sc Ti 
� 9 1 6 9 1 6 9  
Rb Sr Y mr  ooo 

~.E. NF 
�9 

Fr Ra AF Th 

La Ce Pr Nd 

o 

V Cr Pin FelColNi J cu 

O O C C O 0  
Nb Mo lc  RulmhiPd Ag 

olo ,oo 
T,~ W R !0~iI,-IP ~, ~,~ 

�9162  �9 � 9  �9 
~ )  U NplPu Am Cm Bk 

�9 . i  
Pm Sm Eu Gd TbIDg IHo 

0 

Q I Q l e l I I  

�9 [ 

Cf Tm 

Er ~) Lu 

IBr 

O 
I 

O 
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A n h y d r o u s  manganese  dioxide 
6 M  H F  A M D / 6  F 

Li Be 

Na Ng 

0 
K Ca Sc 

0 0 0  
Rb Sr Y 

O 0  
Cs ga R.E 

iO�9 
Fr Ra Ac 

La 9 j l  Pr 

TiV  
Zr Nb Ho 

0 � 9 1 6 9  
HF Ta W 

0 0 � 9  
Th Po U 

0 
Nd Pm Sm 

Hn Fe Co Ni IcuIzn 
o o o o lo  o 
Tc Ru Rh Pd Ag!Cd 

0(11 Oi 
Re Os Ir  Pt 

0 0 ( ~ 0  
Np Pu Am Cm Bk Cf 

Eu Gd Tb Dy HolEr 

B C N 0 F 

~I S P S Cl 

0 0 
' f 

~ G~ As Se iBr   oolo 

Cl PI Bi ] Po I 

Anhydrous  manganese  dioxide 
14M H N O  a A M D / 1 4  N 

K !CaiSc Ti V 

Rb Sr Y Zr Nb 

0 ~ 0 0 0 0  
~) ~,R.E .r To 

O(Z) 
Tr Ra Ac Th Pa 

0 
La ICe PF Nd Pm 

o 

Cr Mn 

O@ 
No Tc 
�9169 
W Re 

0 � 9  
U Np 

� 9  
Sm Eu 

0 

Fe Co Ni Cu Zn 

0 @ 0 0 0  
Ru Rh Pd Ag Cd 

0 0 0 0  
Os Ir Pf Au Hg 

(~ (DOO 0 
Pu Am Cm Bk Cf 

Gd Tb Dg Ho Er 

Ga[Ge As Se Br 
oooloo 
In~Sn Sb[Te r I 
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Hydrated antimony pentoxide 
1M HNOa HAP/1  N 

K I Co]Sc Ti V CF l'ln Fe 

I io 

Cs Ba R.E Mr" To W Re Os 

O i l  O O ~ � 9 1 6 9  
Fr Ro Ac Th Pa U Np Pu 

Lcl Ce Pr bld Pm Sm Eu Gd 

Co Ni C u Zn Galae As ]Se Br 

O 0  C~ 0 �9 
Rh Pd Ag Cd In Sn Sb Te I 

O O O O  O 
I r - - P i A u  Fig TI Pb Bi P0 At 

O O@ 
Am Cm Bk Cf" 

Tb Dy Ho Er Tm ~iLu I 

Hydrated antimony pentoxide 
1M HC10~ H A P ] I  P 

K Ca Sc Ti 

0 0 0  
Rb iSr Y Zr 

O O i O ~  
Ss Ba R.E Hf 

OQi (5 
~-r Ra !Ac Th 

La Ce !Pr Nd 

V 

Nb 
C~ 

Pa 

Pm 

Or 

O 
I"4o 

W 

U 

Sm 

Mn 

O 
Tc 

O 
Re 

O 
Np 

Eu 

Fe Co Ni Cu Zn Go Ge As Se Br 
0 0 0 0 0 0 0 1 1 0 0  
Ru Rh Pd Ag Cd In Sn Sb Te I 

0 O O O O O ~ O  
Os Ir Pt Au Hg TI Pb Bi Po At 

0 1 1 0 0 0  
Pu Am Cm Bk Cf" 

Gd Tb Dg Ho Er T~ ~ Lu[ 
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Hydrated antimony pentoxide 
6M HC1 HAP/6 C 

K 
@ 
Rb 

0 
Cs 

0 
Fr 

La 

0 

Ca Sc 

O0 
Sr Y 

@ 0  
Ba R.E 

(9 
Ra Ac 
| 
Ce Pr I 

0 

Ti V Cr 

OOO 
Nb Mo 

0 0 0  
HF Ta W 

000 
Th Pa O 

@0 
Nd !Pm Sm 

lt'ln Fe [Co !Ni Su Zn 

, o l o i o i o  o o 
Tc [RuZRh !Pd Ag Cd 

oo iooo 
Re-'Os !Ir  !Pt Au Hg 

o o o i o o o  
Np'Pu IAmlCm Bk Cf 

O , , : 

~) Gd Tb Dg jHo Er 

Ga Ge As Se Br 

0 0 0 0 0  
In Sn Sb Te I 

0 0 0 0 0  
TI Pb Bi Po ~,t 

I 

Hydrated antimony pentoxide 
6M HC104 H A P / 6  P 

Li Be 

~Na Mg 
Q 
K Ca Sc 

0 0 0  
Rb Sr Y 

O 0  
Cs Ba R.E 
�9169 
Fr Ra Ac 

i Pr Lo ~)I 

Ti V Cr Mn Fe Cc N~ 

0 0 0 ~  c 
2r Nb Ho Tc Ru-- -  iP-d 

t47" Ta Pt 

0 0  
Th IPa U Np Pu Art Crr 

Al ;S~ , P ! S I CI 

[ i f ~ 
Cu ZnjGalGe iAs{Se Br 

o]oi  ~ ~ io 
AgtCd 11n Sn~Sb % i I 
�9 �9 0 [ 0 ~ 0  0 
~.~:T~ IPbTB, Po A~ 
o o! 
Bk Cf 

L 
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Hydrated antimony pentoxide 
6M HF HAP/6 F 

Li Be 

CcIISc TI V Cr MnlFe Co N~ Cu [Zn 

Rb gr Y Zr Sb Mo Rh Pd~C-d 

o e @ o o o o l r  oldie 
Cs Ba R.E. HF To W Re Os It"  Pt Au iHg 

00  O 0 0 0 0 0 0 0 ( b  
FF Ra Ac S S ~ )  NP Pu Am C m [ B k l C f o  ~ 

�9 I �9 i 

BICIN o F 

0 0 0 0 0  
In !Sn ISb Te I 

OiO/O 0 

T~IYblL~ I 
ell 

Hydrated antimony pentoxide 
7M HNOs HAP]7 N 

Sc Ti V Cr 

Cs Ba !R,E. Hf fa W Re Os 

o d5 e ~ i o  o 
Fr Ra Ac Th Pcl d Np Pu 

0 
La Ce Pr Nd Pm Srn Eu Gd 

~ oIF 

!Co Ni Cu Zn!Ga Ge As ~ ~r 

'oJ o j i  
Rh [Pd Ag Cd IIn Sn Sb Tei I 

�9 o 1 ~ r  [o 
[r Pi Au Hg TI !Pb Bi Po I At 

o o o  i I 
Am Cm BR 0s 

Tb bg Ho Er rTmlYb Lu 1 

I 1 ~  I 
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Hydrated antimony pentoxide 
12M HC1 HAP/12 C 

O i � 9 1 6 9 1 6 9  

o&o_ o'oPLq o 
Ba IRE HT Ta I~/ iRe . . . . . .  Pt--ku 
ol o.oob~ 
O[ i O I O  O ~ } 

~)  Ga 6~As Se Br 
0 0 ~ 0 1 0 1 0  

oio~o_ 

Hydrated antimony pentoxide 
14M HNOz 

[~ Ic iN I0 !F- 
! ': ! i 

o o!oio.  ~o'o' o ,:,o~r ~i~ ~io 
o'oi '~o l~ ]o !o ,  ooio~ol  ! ! ] i 

~~ # ieOlOT l 
La !Ce Pr Nd Pm!SmjEu lad ,Tb :Dy;H0rEr Tm!Yb Lu 

jol i I i iol ] i i ,  i ~o i j  

HAP/14 N 
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Acid aluminium oxide 
1 M  H N O  a AAO/1 N 

K Ca o? 
Rb 

QO 
Cs Ba 

O Q  
Fr Ra 

La Ce 
Q 

JSc TI V ICrll ' ln re Co Ni ICu Zn 

o iq �9 o o ~io o 
Y NbIMo!Tc Ru Rh Pd Ag Cd 

; o o]oo 
R,E, Hf" W Re Os I ~ P~ IAu 

0 0 ~ 0 1 0 0 0 0  
Ac Th Pa U ND Pu Am lCm Bk Cs 

Ga Ge As Se Br 

0 0 0  

0 
T; Bi Po ai 

Acid aluminium oxide 
1M HCI04 AAO/1 P 

Na Hg 

O 0  
k Ca Sc Ti V Cr Hn Fe Co Ni Cu 

O 0 0  0 0 0 0 0 0  
Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag 

o o  o o  o o o  o o  Ol o o o 
Cs [~a R.E Hf Ta W Re Os Ir  Pt Au Hg TI 

CO 0 ( ~ t 1 0  O 0 0 L ~ O  
Ra Ac ~ Cm Bk Of' Fr Th U Np Pu Am 

L~ 

~o 0o L~ .~ ~ Sm ~. ~ I~ ~ .o ~ Tm 
Oi  O , '  

AI•Si P 5 Cl 

�9 0 

o o__ o 
Cd Zn Sn Sb Te I 

O 0  0 
Pb Bi Po At 
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Acid aluminium oxide 
7 M  H N O a  AAOI7 N 

K 

O 
Rb 

O 
Cs 

O 
FF 

Lo 

Co Sc Ti 

(3@ 
Sr Y Zr 

( 3 O 0  
go R~E. Hf 
(D �9 
Ra Ac Th 

Ce Pc Nd 
�9 

o o   l!,o 
Nb No Tc Ru iRh Cd 

O d l O 0  0 
Ta W IRe Os Ir Fly  .ooooloo 
Po U Np , Cm Bk Cf 
�9 �9 

/o i 
I 

~ As lSe Br 

0 !0~  
In 5n Sb Te I 

Oi~l,~ i 0 
TI Pb Bi Po AI 

Tin dioxide 
0.1M HNOa at 60 ~ TDO/O.1 N 

L~--~ 

&co~v 
Rb ~ Sr-r , Nb oo .. ,o 

Fr Ra Ac Th 

BIC N 0 1 1  ' 

AI !Si :, P S , 

I 0 0 
Cr i'ln fe Co Ni Ca Zn ,Go Ge~As Se Br 

O O 0 0 0 0 0 i  ~o~c ~u ~ ~0 ~ ~ , ~  
0 O0  0 

O 0  OrO j 
U Np Pu Am Cm Bk CF 

00 ~ i 
SmEUo Gd ~)Ds Er 'Tm ( ~  Lu I 
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Tin dioxide 
1M HC1 TDO/1 C 

K Ca Sc Ti V Cr Mn Fe Co Ni ICu Zn 
O 0 0 0 0 0 0 O O O , O , O  

'Rb Sr Y Zr Nb Ho Tc Ru Rh Pd Ag Cd 

O O O 0 0 0 : O 0  OO!O ~ 
,Cs Ba R.E. Ht" Ta W Re Os Ir Pt IAu Hg 

OO O 0 0 0 0 O O 0 0  
Fr Ra Ac Th Pa U NP Pu AmCm iko i f  r ' O ' O  

Lo Ce Pr Nd Pm Sm Eu Gd Tb Dy 
� 9 1 6 9  �9 

G a ~ S e B r  
Q O Q  

e o  
Tt ~ Po Ai 

TmSLu I 

Tin dioxide 
1M HN03 TDO/1 N 

No Ng 

p 0 
K Ca-Scfi V Cr 
O 0  Q 0 0 0  
RblSr Y~ Zr ;Nb Mo 

oooo , 
Cs Bo .... ~ Ta W 

O 0  @1~0 

0 Nd ~IOp~ s~ 
88 �9 

Mn Fe Co Ni Cu 
O 0 0 0 O  
Tc Ru Rh Pd Ag 
O O  O O  
Re Os Ir  Pt Au 

0 @ 0 ( ~  
N[Np Pu Am Crn Bk 

O 
Eu Gd TD Dg Ho 
0 0 

At $~ P S CI 

0 0 0 0  

� 9169  

01(~ �9 0 
HB TI Pb Bi Po AI 
�9 
G 

Er Tm 8Lu ] 
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Tin dioxide 
1M HC1Oa 

K Ca Sc!T~ V Cr MnlFe Co Ni Cu Zn 
o , o o o o o o o  

Sr ~ Nb bio Tc Ru Rh Pd Acl Cd 
0 0 0  I loOlO (~0 
CS Ba R.E HF To W Re Os Ir P~ Au Hg 

o o  
Ra Np Pu Am Cm Bk Cf 

I 
La Ce mr 0 jSm ~)  Gd~Tb D~ Ho Er 

Ga Ge As Se IBr 
o ! e e o  
In Sn 'SblTe I I ' '  
O O l i ~ O  
TI Pb Bi Po At 

TDO/1 P 

I* 

Tin dioxide 
1M HF 

'A !s, P i s  c[ 

K iCalSc:Ti '  V Nir j~Go!GeiAs~'J~Se~r 

Mo]Tc Ru Rh~Pd lag Cd In Sn Sb,Te I 
O O 1 0 0 0 [ O ! ~ J  i ~O!OtOIOJOL@JO 

T D O / 6  F 
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Tin dioxide 
7M HNOs T D O / 7  N 

K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga!Ge As!Se Br 
0 0 0 0 0  0 0 0 0 0 0 0 0  0 0  O 0  
Rb Sr Y Zr Nb Ho Tc Ru Rh Pd Ag Cd In Sn ISb Te I 

0 0 0 0 0 ' 0 0 0  r 0 ' ( ~ 0 0  p0 A, 
R.E. Hf]To W Re Os I PtiAu P~b B~i ( ~ 0  o o o o o o  I IT, 

r~ ~!Th Po u 8Pu A~ O(D  �9 0 c~ Bk cf 

b ~ )  Pr NI PmSmEu Gd Tb DY Ha Er Tm 8 L u O  ] 

Tin dioxide 
14M HNOa TDO/14 N 

K Ca Sc Ti V Cr IMn Fe Co Ni 
0 (b (5~(b C~ (3 0 
Rb Sr Y Zr Nb No Fc Ru Rh Pd 

i C)(~ O O O O  (~ I 
Cs Bo RE Ns To W Re Os i Ir Pi 

<~;0 O i O i ~ O 0 ( ~ O  
Fr Ro AC Th Pa U Np Pu Am Cm 

�9 �9 
Lo Ce Pr N( Pm Sm Eu Gd Tb Dg 

�9 0 

ICu Zn 

O<b 
Ag Cd 
r 1 6 9  
Au Hg 

O0 
Bk Cf 

Ho Er 

Ga Ge /ks Se Br 

0 IiQO 
In Sn Sb "re I 

 oior 
ITI Pb Bi Po At 
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Zirconium phosphate  
1M H2SO 4 ZPH/1 S 

No l'ig 
0 
K Ca Sc Ti V Cr Nn Fe Co Ni Cu !Zn 

0 (~ 0 0 ( ~ 0  0 
RbISr Y ~ Nb No Tc Ru Rh Pd Ag Cd 
oo , oJ Joi| 

I O p a  u 0 0 0  0 

�9 i 0 , 
ha ~) Pr Nd Pm Sm oEU Gd jrTb Du No Fr 

~ T  
~ob 

Go!G0rAsr~ ~r 
In Sn Sb Te I 
0 @~I  0 
TI Pb Bi Po !AI 

"m~'u I 

Zirconium phosphate  
~6M HC1 ZPH/6 C 

co T, ,, c~l~n i 
~,~ _~_~,o lo  ~ , ro o 

t'lo rc Ru Rh Pd kg Cd In [Sn [Sb T~ I 

0 0 0  O j O 0 0 0 0  0 
Ba R.E. Hf To W Re Os Ir Pt Au Fig ]TI Pb Bi Po At 

o ~ e e o o o  io /o l  t i I ~ 
Fr Ra!Ac Th Pa U Np Pu Art CmrBkICf 

�9 0 
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Zirconium phosphate 
6 M  HC104  Z P H / 6  P 

K Ca Sc T~ V 

Rb Sr Y Zr Nb 

oo~, e e  
Cs 5a R.E. Hf To 

O 0  QO 
Fr Re Ac Th Pa 

0 
La Ce Pr Nd]Pm 

o j 

CF Nn Fe Co Ni Cu Zn Ga Ge As Se Br 

0 0 0 0  0 0 
No To Ru Rh Pd Ag Cd In Sn Sb Te 

~ 0 0  0 0 0 0 0 ( ~  0 
W Re Os Ir  Pt Au Hg iTI Pb Bi Po At 

0 0 0 0  O 0  
U Np Pu Am Cm Bk Cf 

0 

Zirconium phosphate 
7M HNOa ZPH/7 N 

o ~ I o  
~-b-S~ v :,z~ iN~!MojT~ iR~ !Rh [~a lag ca  

JooioooiOOlO~' iolo 
- -Ba-R.E.  XfiTa W Re Os Ir  P i  Au Hg 

o o . o o l o  o o  
Ra A~ Th Po f-O i.~ bo ~m C~' Bk Cf 

I A  r - . I  1 , !w  u j  j ! 

Asi  
T Pb Bi Po At I 
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Cupric sulphide 
1M H2SO 4 CUS/1 s 

K Ca ~ Ti V Cr MnIFe Co Ni [Cu~!(~)Zn Go,Ge: As/o!Se gr 

0 0 ' 0 0  ' - i ~  : 

0 O0 0 ~0, OK~LOi I~ 
HF Cs Bo R.IZ" Ta-"~/ ~Re Os Ir Pt I ill~ (ll!IAu Hg'T IPb IBi Po AI 

0 0 0 0 1 0 ( 3 0  --~ d L 

rr Ra Ac]Th Po]U NpiPu AmOrn!BkjCf 

' Ol 0 Dy He Er Tm Yb Lu La Ce Pr Nd Pm Sm Fu Gd Tb I !f'~ I 

0 0 i i ~ l~--'i I 

Cupric sulphide 
6M HCI CUSI6 C 

K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn 
0 0 0 0 0  0 0  

C O0 ! 
Cs Ba R.E. HF Ta W Re Os IF Pt Au Hg 
O 0  0 0 0 0 0 0  ~O(D 
fr Ra Ac Th Pa U Np Pu Am Cm[Bk Cfl 

0 0 
La oCe iPr Nd Pm Sm oEu Gd Tb Dg Ho Er 

Ga Ge AsJSe Br 

TI Pb gi Po At 
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Cupric sulphide 
6M HCIO~ CUS/6 P 

N•]Hg 
7i ~ los SC Ti V iCr Fe ICo Ni I co l z .  

~ 1 7 6  i; R~ u IZ~ !"b lMo Tc Ru Rh I"a 
Ol~i ioo o~i 
Cs :Bo !R.E[Hf ,To ','w' 't !Pt oo oro?;; ;  
Fr Ro Ac Th l NplPu Am Cm 

, oi �9 i 

AI 5i P S Cl 

Go[Ge!As Se Br 

Ir~ Sn Sb Te I 

0 ( t 0  �9 
TI]~ Bi Po At 

, 

TmlY_b IL~ I 
i q l  

Cupric sulphide 
7M HNOa CUS/7 N 

No Mg 
�9 
K Ca 

Rb Sr 
�9169 
Cs 5a 

(DO 
Fr Ra 

La Ce 
�9 

Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se B r  

0 0 0 , 0 0  0 OI 0 
Y Zr Nb Ho Tc Ru Rh Pd Ag Cd In Sn Sb Te I 

O 0  OI @ 0 0 0  �9 
R.E. Hs Ta V/ Re iOs Ir PI Au Hg TI 

0 0 0 0 1 0 0  001 
Ac Th Po U Np Pu Am Cm Bk Cf" 

0 0 
Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm 

�9 

Pb Bi Po At 
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Cuprous chloride 
1M H~SO 4 CUC/1 S 

Li Be I B C N 

Na Pig [ ~,I Si P 

0 
K Ca Sc Ti V CrlMn Fe Co Nircu ZnIGo Ge As 

_ o o o o o  o o /  i ooRb Sr Y Zr ~ blo Tc ~ Rh Pd ~) Cd ~ [ ~  S b o  , 

Cs BQ R.E. HF TQ W Re iOs Ir PI Au Fig TI Pb Bi 

o o o o l o l o o  o o  I 
fr Ra Ac Th PaIU NpJPu IArnlCm Bk Cf 

ka Ce Pr Nd Pm Sm Gd Tb Dy Ho Er Lu 
�9 

Cuprous chloride 
6M HCIO 4 CUC/6 P 

Li Be ] 

Sr 
0 
Ba 
o 

!ce 
[o 

F 
~rN 0] p 

~sT~P ' s ia 

Sc Ti V Cr Mn'Fe ICo Ni Cu 'ZnfGa Ge'As',Se / 
0 0 0 0 0  O01 O~O 
f ZF !Nb ~Mo T~ Ru Rh Pd ~g c~-~;Us. ~b ,iT~ I 

o o  o �9 : , , O j O  ~ | �9 

o! oo]ojo J i I 
Ac Pa U Np Pu ram :mjBk 

(1) 0 ! 
Pr Nd Pm Sm Eu Gd Tb Dy No Er Tr~[Yb Lu'I 

o io I 
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C u p r o u s  chloride 
6 M  H F  c u c / 6  F 

K Co Sc Ti V ,Cr Mno0 RouFe~ Ni Cu Zn GaGe As Se Br 
o o!ol o o  

R-b Sr Y Zr Nb iTc Rh Pd Ag Cdlln Sn Sb Te I 

o,o joo o Loloo  . �9 
Cs Ba R.E, Flf To W Re Os I r  Pt Au !Hg TI ' Po 

O 0  O 0 0 0 O l O  Oi~ 
Fr Ro Ac Th Pal U Np Pu Am Cm Bk Cf 

0 
LaCe�9 Pc Nd Pm Srn~ @dTb Dy Ho ~r Tm ~,_. I 

Cerous  oxalate 
1 M  H~SO 4 COX/1 S 

K Co Sc Ti V Cr Mn Fe Co Ni Cu Zn 

0 0 0 0 0  O 0  
Rb 5r Y Zr Nb Mo Tc Ru Rh Pd Ag Cd 

O 0  O 0 0 0 O  QO 
Cs Bo R.E. Hf To W Re Os Ir Pi Au Hg 

0 0  0 0 0 0 0 0 1  @0 
Fr Ra Ac Th Pa U Np Pu Am Cm Bk Cs 

I.o Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er 

Go Ge As Se BF 
Q 

In Sn 5b Te I 

0 0 0  0 
TI Pb Bi Po AI 
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Cerous oxalate 
6 M  H F  COX/6  F 

K 

0 

0 
Cs 

0 
Fr 

La 

Ca Sc T~ V Cr Hn Fe Co Ni Cu Zn 

�9 (II 0 (110 O � 9  
Sr Y Zr Nb Ho Tc Ru Rh Pd Ag Cd 

�9 0 0 0 0 @  O 0  

�9 0 0 0 0 0 0  
Ra Ac Th Po U Np Pu Am Cm Bk Cf 

Ce Pr Nd Pm Sm Eu Gd Tb Dg Ho Er 

Ga Ge As Se Br 
�9 

In Sn Sb Te I 

0 0 ( ~  0 
TI Pb Bi Po At 

Anion  exchange resin 
6 M  HCl AER/6  C 

K Ca Sc Ti 
�9 

Rb Sr Y Zr 
� 9 1 6 9  ~ 
Cs ga R.E. Hf 
� 9169  �9 
Fr Ro Ac Th 

La Ce Pr Nd 
�9 

V Cr Pln Fe Co Ni Cu Zn 

0 0 0 0  �9 
Nb Mo Tc Ru Rh Pd Ag Cd 

C~ 0 
Ta ~# Re Os I r  Pt Au Hg 

0 0 0 0 0  O 0  
Pa U Np Pu Am Cm Bk Cf 

�9 0 
Pm Sm Eu Gd Tb Dg Ho Er 

0 

Go Ge As Se Br 
�9 

In Sn Sb Te I 

|  �9 
TI Pb Bi Po At 
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A n i o n  exchange  resin 
6 M  HCIO+ A E R / 6  P 

Na Mg 
�9 
K Ca 

Rb Sr 
� 9 1 6 9  
Cs Ba 

O 0  
Fr Ra 

La C 6 

Sc Ti 
�9 
Y Zr Nb Mo Tc +Ru Rh Pd jAg Cd 

O 0  0 I(~ 

~.~..~ +o ~ ~o 0+ >+P+ ~ $  0 r  

Ac Th ~ U Np Pu AmCm Bk Of" 

0 
Pr Nd Pm Sm oEU Gd Tb Dy Ho Er 

,~I I si P s 
L 

,, +r ,r,& e Co Ni Cu IZn Ga!Ge As Se 

0 0 ,  0 Oi r 0 
In Sn Sb lTe 

O O 0  
TI PI Bi + Po 

I i 

Tm 6 L,.,] 

CI 

t IBr 
P 

I 

(5 
At 

A n i o n  exchange  res in  
6 M  H F  A E R / 6  F 

LI ! Be 

Na,Hg 

ol 
Ca!SclTi V Cr Mn!Fe Co Ni Cu 

! ~ 1 0 0 0 1 0  I(~L 
Sr i Y iZrlNbjNo Tc RuiRh Pd ~,+g 

I I , , III 
- ~ ...... ~ 4 

Bo REIHf''Ta W 'Re Osi I r  ' I t  

)r !o o o o o  

+j ot !~ F ii 

~ s, I Y " Cl 

z~ Ga~, As ~ s~ 
�9 ! 

- 1 , 
Cd In Sn Sb Te I 

o i o o  

Cf 
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Anion exchange resin 
7M HNO3 

I i 

[K ~ Co Ni Cu Zn Ga;Ge As Se ~r 

~ ~ ~ ' n  S~ m~ q-- 
I o ~ ~ _  :o o o o ,  ~o 
I ~ i ~ o T ~ r  

AER/7 N 

Cation exchange resin 
6M HC1 CER/6 C 

i 

K c.~ s~ r, v o- M. r~ CoIN~ Cu z,~rGojG, A, s~ IB,- 

o, 

o o  o o  o i o j@ 
CSooBO R.E. O 0 ~ O 0 0 M f  Ta W Re Os Ir I~ ~ blgc t TI Pb Bi Po At 

fr RO Ac Th Pa U Np Pu Am Cm Bk Cf 

0 
La Ce Pr Nd Pm Sm Eu Gd Tb Dy No ErlTm ~) Lul 

�9 �9 i ~ I 

I. Radioanal. Chem. 5 (1970) 



1 7 0  F. G I R A R D I  et al.: R A D I O C H E M I C A L  SEPARATIONS 

Cation exchange resin 
6M HClO4 CER/6 P 

K Ca Sc Ti 

Rb Sr Y Zr 

Cs Ba IR.E. Hf 

O 0  0 
Fr Ra Ac Th 

La Ce Pr Nd 

j 

V Cr Nn Fe Co Ni Cu Zn 

0 0 � 9  O 
Nb 1"1o Tc Ru Rh Pd Ag Cd 

0 0 0 
To W Re Os Ir Pt Au Hg 

�9 ( ~ 0 0 ( ~  0 0  
Pa U Np Pu Am Sm Bk Cf 

Pm Sm (~lEu Gd Tb Dy Xo Er 

Go Ge As Se Br 
�9 

In Sn Sb Te I 

O O O  
TI Pb Bi Po M 

Tm Yb /Lu 

Cation exchange resin 
6M HF CER/6 F 

No Hg ~ 

0 
K Co Sc T-i V Cr Hn Fe ICo NI CuIZn 

o iO 
Rb 5r Y Zr Nb No Tc Ru Rh Pd Ag Cd 

O 0  .EO0 0 �9 
Hf Ta W Re Os Ir  Pl Au Hg 

Q ,  i O O O O O O  ~ 0  
Fr Re Ac Th Pa U Np Pu Am Cm Bk Cf 

0 0 
Lo ~i__LCe I Pr Nd IPm Sm ~Fu Gd Tb Dy Ho , Er 

ALIsil e S Cl 

Ga Ge As oSe Br 

In Sn Sb Te I 

0 0 0  !(~ 
TI Pb Bi Po A't 
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Cation exchange resin 
7 M  H N O  a CER/7 N 

K Ca Sc T i o  V 0 O 0  ROh Cr Mn Fe Co Ni Cu ~) Go Ge AsJSe[Br] Ol  

oloRbiSr Y Zr Nb M~ T C @  0 oRU 'Pd ~ Cd ~ Sn ISblTeo 0 (~I 

O 0  0 @ (~iO O 0  
fr Ra Ac Th Po U Np Pu Am Cm BR ICf 

r ~r I Lai~) Pr Nd Pm!Sm ~Gd Zb Dy No Fm Yb Lu 
[ : 0 I 
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