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ABSTRACT 

A large high-pressure ion-exchange column, which had been 
designed for the separation of gadolinium from europium, 
was tested in the laboratory. Good separations were 
obtained. Subsequently, columns of the same design were 
installed in a hot cell and have been used successfully 
for the separation of gadcllinium-153 from irradiated 
natural europium. The gac~olinium-153 production achieved 
using these columns is substantially greater than that 
achieved using the previous<process. Rapid damage of the 
resin is a problem and frequent resin changes are required. 

A method of increasing the rate and efficiency of production of 
gadolinium-153 was needed. 
duction capacity, and further increases in demand were expected. 

The demand for this isotope exceeded our pro- 

Gadolinium-153 is produced by the neutron irradiation of natural europium. 
A large amount of radioactive europium also is produced and must be 
separated from the gadolinium. 
part of the gadolinium losses have occurred during this separation, 

A large part of the expense and the greater 

Previously, the europium had been precipitated as EuSOd after reduction by 
amalgamated zinc. A 
second purification was carried o u t  using a small high-pressure ion- 
exchange column. The conversion of the gadolinium sulfate from the 
precipitation process to a suitable feed solution for the ion-exchange 
process required several steps, including oxalate precipitation, cal- 
cining, and the removal of zinc by an anion-exchange process. 

This removed most: but not a l l  of the europium, 

Other separation processes had been investigated. They were: 

1. an electrolytic process in which the europium was removed from solu-- 
tion using a mercury cathode, 
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2 .  a solvent extraction process in which the gadolinium was extracted 
away from the europium by di-(2 ethylhexyl) phosphoric acid after the 
europium h a s  been reduced to the divalent f o r  

3. a vaporization process in which europium metal was volatilized away 
from the gadolinium metal. 

A l l  of these processes achieved a substantial degree of separation, but in 
all cases, a second purification step was required to produce material o f  
the required radiochemical purity, i.e., >99.99%. 

* High-pressure ion exchange was chosen as the best prospect. Our 
experience with the small high-pressure column and literature on the 
method indicated a high probability of success. The separation of  gado- 
linium from europium had been demonstrated on a tracer level by Brown and 
Callahan. 
lanthanides from each other. 
had separated trivalent actinides from each o t h e r .  

1 Campbell2 had demonstrated the separation of all of the 
3 Others such as Benker, e t  al. , and Ca1nnpbel14 

I__... Chemistry of Process 

The ion-exchange reaction in the column is given by chemical Eq. 1 

where A M I B -  = the alpha hydroxyisobutyrate ion , 
R = the cation exchange radical in resin (-S02.-). 

Some Gd(AHIS)2+ may a l s o  b e  formed. The reaction of europium i s  the same, 
except the equilibrium constant is about 30% higher for gadolinium. 

Simple equilibrium considerations indicate that the ratio of europium ( o r  
gadolinium) concentration in solution t o  that in the resin is proportional 
t o  the AHIB-  concentration and to the cube of the NH4+ concentration. In 
most real cases: however, considerable deviation can be expected because of 
changes in resin loading, changes in activity coefficients, formation of 
highSL-comAe~L&GA _____ * High-pressure ion exchange is also called rapid ion exchange. It 
uses ion-exchange beads of very small size. The small beads equilibrate 
quickly with the aqueous solution because of their small internal distances 
and large ratio of surface area to volume. Much higher elutant flow rates 
can be used than in the case of conventional ion exchange. Unfortunately, 

a l l  particle size also causes the resistance to flow to be high, and 
high pressure i s  required t o  cause the elutant to flow at the desired rate 
through a column, hence, the name high pressure ion exchange. The high 
pressure has a second advantage when used with radioactive materials. 
Radiochemically produced gases stay in solution and do not form bubbles. 
Bubbles often disrupt the column and cause nonuniform flow when ion- 
exchange separations are carried out at near-ambient pressure with radio- 
active solutions. 
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The eluting solution is made by partially neutralizing the acid form of 
AHIB with ammonium hydroxide. Consequently, the Nk!dC ion and AHIB- ion 
concentrations are equal and increase with the degree of neutralization 

Table 1 gives values calculated for 0.15 AHIB solation using a pK value 
of 3 . 9 8  taken from the data of Smith and Hoffmari. 5 

Table 1. Active ion concentrations in partially neutralized AHIB 

PH 
(AHIB- )  o r  

( N H ~ + )  concentration 
(molar 1 

Ratio to concentration 
at pH = 4 .5  

4 . 2  0.094 0.81 
4 . 3  0.101 0 .88  
4.4 0.109 0.94  
4.5 0.115 1.00 
4 .6  0.121 1.05 
4 . 7  0.126 I .09 
5.0 0.137 1 I19 

I 

Because both the NHa+ and AHIB- concentrations increase with pH, the 
equilibrium shown by Eq. 1 is strongly affected by the pH. 

The ion-exchange columns used f o r  gadolinium-153 production are essentially 
the same in design as the column described by Brown and Callahan. The ion- 
exchange column was increased in size to 0.625 in. I . D . ,  25 in. length, and 
contained 125 cm3 o f  resin. The 
system was designed to allow easy replacement of the resin. The necessity 
of frequent replacement was anticjpated because of the intense ionizing 
radiation. The system and its operation are shown in Figs. 1 through 6 ,  
which are taken from Ref. 1 .  

1 

The sizes of other parts were unchanged. 

Arninex Q-150s ion-exchange resin i s  used. This is a Dowex 50--type resin of 
28 f. 7 p particle diameter. It is received in the sodium form but is con- 
verted to the hydrogen form before loading into the column. Because of the 
small particle size, the resin has a slow settling rate, about 0 . 6  cm/min, 
and can be easily transported from vessel to vessel in the system by B 
flow of water. 

The method of loading the resin into the column is shown in Pigs. 1 and 2 .  
The resin is first loaded into a dummy column outside the hot cell. T h i s  
column is identical, except f o r  the water jacket, to the one i n  the hot c e l l .  
This step measures the amount of resin required. This dummy column is  
connected in a line between the high-pressure pump and the resin reservoir 
( t o p  left in Figs. 1 through 6). A stream o f  water is pumped through t h e  
dummy column and the reservoir. This carries the resin into the reservoir 
where it is  retained by a filter in the top exit. 
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The resin is transferred to the column using the flaws shown in Figure 2 .  
It is retained in the column by a stainless steel filter at the botto 
the column. 

The gadoliniudeuropium charge is introduced in a 2.5-mL volume of 0.05 pI 
nitric acid. The Piquid flows are shown in Figure 2. The charge is intro- 
duced first into the glass vessel at the extreme right. Mild air pressure 
applied through the top of the vessel causes the solution to flow into the 
high-pressure loading reservoir. This is followed by two rinses using 
0 . 0 5  nitric acid to ensure complete transfer. The second glass vessel 
caLches any solution accidentally bubbled out of the loading reservoir. 

The europium/gadolininm charge is moved into the column as shown in 
Figure 2 .  A 10% solution of lithium nitrate is pumpcd into the hottom of 
the high-pressure feed reservoir using the high-pressure pump. The 
gadolinium/europium solution floats on this dense solution and is forced 
into the high-pressure ion-exchange column. The lithium nitrate is flushed 
from t h e  column with 0.25 e ammonium nitrate. 
Elution is carried o u t  using 0.15 AMIB solution that has beer1 neutra- 
lized to a pM of 4 . 4 6  with concentrated ammonium hydroxide. The f l o w s  are 
shown i n  F i g u r e  3. The flow rate is 25 ml/min. The column i s  heated by a 
water jacket using water from a bath at 86°C. The radioactive content of 
the effluent stream is monitored by means of an ionization chamber. 

CONSTANT 

WITER FLOW 
TEMPERATURE--- 

__ ....... 

- WGH-PRESSURE FLOW 

Fig. 1. Initial Apparatus Resin 
Loading Sequence. 

CONSTANT 
TEMPERATURE- ~ -c 
W I T I W F L O W  7 

r 
I--- --- 

-HIGH-PRESSURE FLOW ---- LCW-PRESSURE FLOW 

Fig. 2. High--pressure Transfer of 
Resin into Colunm and Low-pressure 
Transfer of Column Charge Solution 
into High-pressure Loading Reservoir. 



W N L - D I G  74- 117 

I_ HIGH-PRESSURE FLOW 

F i g .  3. High-pressure Displaee- 
ment of Column Charge onto Resin 
Column. 

CONSTANT 
TEMPERATURE--- 
WATER FLOW . 

-- 
-HIGH-PRESSURE FLOW ---- LOW-PRESSUR€ F L W  

Fig. 5. Resin Backwash from 
Column and Load-loop Cleaning 
Flow Patterns. 

TEMPERATURE-- 
WATER FLOW 

-HIGH-PRESSIJR€ FLOW 

Fig. 4. Resin Column Elution 
Sequence. 

CONSTANT 
TEMPERATURE--- 
WATER FLOW 

OINL- OW0 14-  I176 

-HlGH-PR€SSUR€ FLOW 

Fig. 6. Removal of Spent Resin 
from the Apparatus. 



The equipment was tested before use in the hot cell. A mixture containing 
10% gadolinium and 90% europium was used as feed. This feed was spiked 
with radioactive gadolinium and europium tracers by adding a small amount 
of irradiated europium from a production run. 

The procedure that has been described was used during the test runs except 
as noted. The ionization chamber available at that time lacked sufficient 
sensitivity when only tracer levels of radiation were present. 
Consequently, the effluent stream was not monitored continuously, but 10-mL 
samples were taken at intervals and analyzed by gamma scan. 

Measurements were made of the effectiveness of  the transfer of the charge 
from the feed reservoir to the column. After the transfer of  the feed to  
the column, the liquid in the reservoir was drained into a beaker, and its 
gadolinium-153 and europium 152 contents were determined arialytically. 

Direct measurements were made of the distribution coefficients o f  gadolin- 
ium and europium between the resin and various solutions that might bc 
involved i n  this work. Small samples of resin were weighed and then agi- 
tated with the solutions which contained radioactive gadolinium and euro- 
pium tracers. 
and their gadolinium and europium contents were determined by gamma scan. 
Aliquots of  the solutions were also taken and were analyzed i n  the same 
manner. 

The resin samples were washed with distilled water and dried, 

The elution curves of three of  the runs are given i n  Figs. 7 through 9 .  
In r u n s  B and I ( F i g s .  7 and 9 ) ,  the elution was continued until both the 
gadolinium and europium peaks were developed. I n  other runs, elution was 
stopped when t h e  minimum between the peaks was clearly pas t .  
ium peaks were nearly symmetrical in all runs. No gadolinium tailings were 
observed in these tracer runs b u t  probably occurred at a level below the 
level o f  detection of gadolinium-153. The gadolinium concentration was 
still descending in an essentially linear manner at the lowest observed 
Concentration in all cases. In one case, this concentration was 0.0009 of 
the peak height. 

The gadolin- 

The europium curves  a r e  skewed. This results from the fact that. signifi- 
cant fractions of the capacities of both the elutant and resin are used. 

Run I (Fig. 9) was carried out a t  t h e  highest loading level tested, that 
i s ,  1.8 g of dissolved oxides. R u n  F (Fig. 8) was at one-half of this 
level, 0.9  g of dissolved oxides. 



0
 

C
 

O
N

 
r

o
 

c
o
 

E
O
 

m
 0

 
0
 

0
 

0
 

75
 do
 

CO
NC

EN
TR

AT
IO

N 
IN

 E
FF

LU
EN

T 
(M

I 
7s
 c; 

i5 

I 
I 

I 
I 

I 
I N
 

0
 

al z
 
0
 

0
 

a,
 

in -4
 

Tu
 
0
 

w
 c d
 

I 



a 

ORNL-DWG 86-7202 
IO“* 

 IO-^ 
v 

t- z w a 
-I 

W 
 IO-^ 

z 

0 0 0  < 
p 0 0 0  0 

I 

I I I I I 
0 4000 2000 3000 4000 5000 

VOLUME OF ELUTANT (ml) 

Fig. 8. Run F. 

effluent . 

The feed was equivalent to 6.9 g of irradiated EuaOs. 
0-Gadolinium molarity in the effluent;~-europiurn molarity in the 
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Table 2 summarizes the conditions of a l l  of the test runs made. The ratio 
of the gadolinium peak height to the point of intersection of the gadolin- 
ium and europium curves is a measure of the sharpness of separation. 
was defective. The constant-temperature bath failed, and the charge 
remained in the column overnight before elution was started. 
carried out at a much higher pH than normal. 
is between batch size and sharpness of separation. 
achieved with smaller batches. 

Run A 

Run J was 
The most obvious correlation 

Better separations were 

Table 2.  Test runs of ionization column 
___l_l_ _._I______ -- _---- 

Loading, Gd peak Width of Gd peak 

g of oxide height a t  height 
Run equivalent height -+ at 10% of peak Special conditions 

intersection (mL) 
--__ _IcI___ .. ______c_______ 

.. ______--. . . 
--_l_______l_____-.-- 

A 

m 

C 

13 

E 
F 

G 

H 
I 

J 

K 

L 

1.50 

1.50 

1.20 

1.20 

1.60  
0.90 

0.90 

0.90 
1.80 

1.80 

0.8 

0.9 

7.14 

88.8 

226 

32.9 

6 8 . 1  
491 

203 

426 
65.3 

3.9 

147 

2 2 . 9  

780 

830 

480 

660 

760 
460 

660 

400 
570 

760 

470 

520 

16 -- h de 1 ay be tween 
column charging and 
elution. Loaded at 
room temperature. 
LiNO3 was rinsed from 
the column with 300 mI, 
of 0.25 $ NH4N03 
LiN03 was rinsed from 
the column with 60 mL 
of 0.25 pl NHaN03 
L i N O a  was rinsed from 
the column with 100 m L  

No NHaN03 Rinse 
Loaded at room temp-- 
erature. No NNaN03 
rinse 
Elutant solution passed 
through feed reservoir 
No NH4NO3 rinse 
Heaviest loading 
tested 
Elutant pH = 5 . 0 6 .  
LiNQ3 pumped into 
column before testing 
Elutant pW = 4,4. 
Elutant passed through 
feed reservoir 
Elutant pH = 4 . 4  

Of 0.25 M- NH4N03 

I n  some cases, the lithium nitrate and acid were rinsed from the column 
using 0.25 M ammonium nitrate, but beginning with Run E, this was not done 
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This had no apparent effect on the separation. 
anamonium nitrate does not save time because a larger amount of elutant is 
needed when it is not used. 

The elimination of the 

Table 3 shows the physical separation of gadolinium from europium if the 
effluent was divided exactly at the minimum between the peaks. 
values were calculated by extrapolating the legs of the two peaks to zero 
concentration. 
imperfect decontamination of the resin. The curies of europium per curie 
of gadolinium-153 were calculated neglecting the europium-156. 
separations are excellent by most standards but, as will be noted later, 
cannot be achieved under conditions of heavy radiation damage. 
lated radiochemical purities did not meet product specifications even 
under these ideal conditions. 

These 

They do not include europium that was present because of 

These 

The calcu- 

Table 3. Separation of gadolinium from europium at minimum between curves 

‘n G Curies Eu per curie 
Gd-153* 

(% E,! iota? EU Run LoafgE8xU4S$Ijent (9; 89 ZOot%l) in column feed) 

B 1.50 0.4 
C 1.20 0.06 
D 1.20 0.2 
E 1.60 0 . 0 5  
F 0.90 0.06 
G 0.90 0.1 
H 0 . 9 0  0.06 
I 1 .BO 0.01 
K 0.80 0.1 
L 0.90 2.0 

I_ * Europium-156 was neglected. 

0.02 
0.03 
0.03 
0.02  
0.01 
0.02 
0 .Ol 
0.03 
0.03 
0 . 2  

0.002 
I). 003 
0.004 
0.002 
0.0006 
0.0008 
0.0005 
0.001 
0 6 001 
0.01 

In ion exchange, the product purity can be improved at the expense of prod- 
uct recovery. The point at which the gadolinium in the effluent stream 
fell below the specified radiochemical purity (99.99%) is given in Table 4 .  
Again, the europium-156 and residual europium due to imperfect decon- 
tamination were neglected. 

The effectiveness of transfer of feed from the reservoir to the column 
varied from 93% to 99.93%. The very high efficiencies occurred when the 
ammonium nitrate rinse solution or the eluting solution was passed through 
the reservoir. This, however, increased the mount  of solution required 
and probably caused some reduction in the sharpness of the europium/ 
gadolinium separation. Efficiencies of 99.8% were obtained when the flow 
of lithium nitrate solution was started at a low level, about 4 cm3/rnin. 
After a few minutes, the flow could be doubled. In these tests, flow was 
diverted to bypass the reservoir after 100 mL of 10% lithium nitrate solu- 
tion was pumped. 
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Table 4 .  Point at which europium exceeds product 
specifications - -- 

Load equivalent Cut-of f point 
Run (fraction of Gd-153 

peak height) equivalent g of oxide 

B 
C 
D 
E 
F 
G 
II 
I 
K 
L 

1 . 5  
1 . 2  
1 . 2  
1 .6  
0 . 9  
0 . 9  
0.9 
1 . 8  
0.8 
0.9 

0.55 
0.40 
0.43 
0.62 
0.06 

0.04 
0.19 
0.04 
0.23 

0. ia 

The distribution coefficients that were measured directly are given in 
Table 5 .  They are defined as the microcuries/gram of resin, air dried at 
room temperature, divided by the microcuries/milliliters of solution 
equilibrated with the resin. 

Table 5. Distribution coefficients 
-..- I- -_.. ..-- I_ 

- Distribution coefficienta 
Gadolinium Euro p i urn S0lUt.i On 

-... ...__.__ll_________ 

10% LiNO3 and 0.05 pf HNOB 49 46 
0.50 E AHIB (pH - .5.0)b 2 . 1  2.5 
0.25 NHeNQ3 6000 4800 
3.00 NHeN03 13.7 1 3 . 4  

0.50 M_ EDTA pH = 5.0b 0.007 0.02 
3.00 M_ HNOB 19 19 

0.25 EDTA pH = 5.Qb 0.02 0.03 
.__ -- ..._- 

aThe distribution coefficient is defined as the micro- 
curies/g of resin, a i r  dried at room temperature, 
divided by the microcuries/ml i n  the solution at 
equilibrium. 

ammonium hydroxide. 
bThe acid form was neutralized to a pW of 5 with 

If expressed a s  microcuries/milliliters of resin bed divided by 
microcuries/milliliter~ of solution, the values would be lower. Purther- 
more, these values were determined as tracer-level loadings. At high 
loading, the values would be depressed. 
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The distribution coefficients in the lithium-nitrate s o ~ ~ t i o ~  are low 
enough that the flow of this solution will cause some movement of the 
absorbed band in the column to the detriment of separatisn. The 0.25 
amstoniuna nitrate will move the absorbed band very little because of the 
high distribution coefficients. 

The distribution coefficients observed with 3 M_ ~ m ~ o ~ i ~ ~ ~  nitrate, 3 4 
nitric acid, and 0.5 AHTE are low enough to make these solutions effec-  
tive in the decontamination of res.in, but Parge volumes must be used. The 
nitric acid may have some extra advantage for the decontamination of resin 
that has suffered radiation damage The strong acid would suppress the 
ionization of carboxylic acid radicals that are formed. The ethylene- 
diamine tetraacetic acid (EDTA) S ~ C ~ S  the most favorable distribution coef- 
ficients for decontamination. 

Decontamination after the test runs always involved an initial passage of 
1 L of 0.5 8 AHIB at a pH of 5.0 through the column. This removed 
most, but not quite all, of the europium and gadolinium. Secon 
tanination was accomplished in some cases by the passage of 251) mL or more 
of 3.0 nitric acid through the column, In other cases, the column was 
filled with 0 . 5  g EDTA solution. 
thoroughly equilibrate. It was then replaced by a second shot. 
equilibration, the EDTA was washed from the column with distilhe 
Both the nitric acid and EDTA were effective in decontaminating the res in .  

This was allowed to stand for a time to 

Production Experience 

As of this writing, two high-pressure ion-exchange columns are being 
operated in a hot cell. Although production has been increased substaxi- 
tially, radiation damage has caused problerns. It has been necessary to 
change resin every six t o  eight runs. This damage is d o c u m e ~ ~ ~ a  by the 
elution curves produced by the recorder connected to the ionization clraaliaber 
that monitors the gross radiation coming from the effluent from the column. 
The first elution curve obtained with new r e s i n  looks much like the elution 
curves shown in this report. There is a sharp gadolinium peak followed by 
a deep valley and then a quickly ascending europium peak. With successive 
runs, the valley becomes shallow until only TI gradually descending s l o p e  
follows the gadolinium peak. The signal falls only a little below the peak 
value before the rapidly ascending europium peak starts. This indicates 
serious gadolinium tailing and consequently appreciable gadolinium lasses. 

Future development will be directed taward the reduction of radiation damage. 
Three approaches will be used. 

1. More work is being done on the purtial removal of the e ~ ~ ~ ~ ~ u ~ ~  before 
the ion-exchange step. 

2 .  Methods of shortening the exposure time of the resin will be sought 



2 T h e  Pf fec t  o f  e l i m i n a t i n g  oxidizing agents during t h e  time of heavy 
r a d i a t i o n  e x p o s u r e  will he sought. 

Lower c o s t  i o n - e x c h a n y r  resins will bcx t r s t e d  i n  t r a c e r  l evp1  r u n s  T h e  
use of  o n e  of  t h e s e  res ins  would lowc~i~  o p e v a t i n g  c o s t s  and /o r  a l l o w  more 
f r e q u r l n t  ITS i i i  changrs  . 
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