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Abstract

An anion-exchange method based on fast selective sorption steps

from mixtures of sulfuric , hydrobromic, and hydrochloric acid solu-

tions has been developed for the separation of five different groups of

radioactive trace elements in neutron-irradiated biological material.

The separations are performed automatically with a simple propor-

tioning pump apparatus. The apparatus allows the exact adjustment of

influent solutions to the series of ion-exchange columns. The practical

application of the method is described in detail. The successful use of
24

the method is practically independent on the level of Na activity pre-

sent in the sample.

Printed and distributed in February 1966.
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J_. Introduction

In the activation analysis of short-lived nuclides successful results

can often be attained only through the application of very rapid radio -

chemical separations. Because of the shortness of the time it is usual-

ly possible to determine the concentration of only one or a very few

trace elements. However, radioactive isotopes with half-lives exceed-

ing - e .g. , 30 minutes - there is generally time to perform radiochem-

ical group separations, thus making possible the simultaneous determina^

tion of a larger number of chemical elements. The extent to which group

separations can be performed within a restricted period of time depends

very much on the choice of methods and on the possibility of introducing

automatic operations. The use of ion-exchange technique seems to be

advantageous, as it often gives rapid and selective separations and is

well-adapted for automation. Automatic ion-exchange group separations

procedures applicable to a wide variety of neutron-irradiated samples

have been developed by Aubouin and Laverlochere [2, 3] and Girardi et

al. [4, 5]. However, there is still a need for methods especially aimed

at very fast routine analysis of trace elements in biology and medicine.

In the present paper an automated anion-exchange method for the

fast separation of a series of five different groups of trace metals in

neutron-activated biological material will be described. The method is

based on complex formation in hydrochloric, hydrobromic, and sulfuric

acid solutions [1, 6, 7] and utilizes a combination of selective sorption

and selective elution. However, being by far the most time-consuming

of the two techniques, the selective elution has been used to a minor ex-

tent only. The separations are performed simultaneously with an appa-

ratus which automatically adjusts the acid concentration of the influent

solutions to desired values in the series of ion-exchange columns.

2_. Experimental

2_. j_ _App_aratu.sL

The apparatus is schematically shown in Figure 1 . A, B,C,D, and

E are precision-bored borosilicate glass tubes. Each tube is equipped

with a rifled Teflon piston, which ensures a good sliding fit between the

piston and the inner wall of the glass tube. The pistons are firmly con-
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nected to plate, F, with 150 mm long and 5 mm thick plastic-coated

steel piston rods. Details not shown in Figure 1 are the circular shape

of plate F with the glass tubes A,B,C,D, and E kept in a fixed position

above the plate. Another detail not shown is a system for the vertical

lowering and raising of plate F at constant, slow speeds. This system,

which has been worked out by Leif Aaström at this institute, utilizes

compressed air as the driving force instead of a servo-motor. Finally,

a set up of bottles containing stock solutions for the automatic filling of

the different piston barrels is not shown in the figure.

Before operation the glass tubes A, B,C, and D are filled with

hydrochloric and hydrobromic acid of different strengths, whereas E

contains dilute H?SO . as eluant.

The upper ends of the glass tubes A,B,C,D, and E are connected

to the ion-exchange column series G,H, I, J, K with Teflon tubes having

an inner diameter of 1 mm. The tube belonging to E is fixed in a narrow

hole in a Teflon stopper on the top of the column G. The tubes leading

from A,B,C, and D are attached to small T-tubes of borosilicate glass

which are also used to connect the ion-exchange columns in the series.

The connection between these columns is effected with Teflon tubes

having an inner diameter of 1 mm and leading from the, lower end of a

column and through a hole in the Teflon stopper on the top of the next

one in the series. The tube connections are formed as coils consisting

of five turns with a diameter of 15 mm, to ensure good mixing of the

influent solutions of the columns. The Teflon stoppers of the columns,

equipped with a neoprene ring, are kept in a safe position by means of

Teflon screw caps.

The inner diameter of the columns G,H, and I is 5 mm that of

J, 7 mm and that of K, 14 mm. Glass-filter discs of porosity G - I

are used at the bottom of the columns.

iL" 2. _Ope_ratio_n_of_Agp_aratus_

By forcing plate F vertically upwards at a constant, slow speed

the glass tubes A,B,C,D,and E will simultaneously deliver to the

system of ion-exchange columns solutions whose volumes always re-

main in exactly the same relation to each other. With the exception

of the eluting agent, which is run on to the top of the first ion-exchange
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column in the series, the acid solutions from A,B,C, and D are fed into

the ion-exchange system between the columns. The effluent from a col-

umn and the injected amount of acid are efficiently mixed while passing

through the mixing coil before entering the top of the next ion-exchanger

in the series. Thus the acid concentration of the influent solutions is

automatically increased to the desired values during the passage from

one column to the next.

3. Procedure

3 .̂ J Irradiation. and_Preseparatio_n_

The biological mater ia l , ranging in amount from about 15 mg in

the case of hard t issue to 200 mg dry weight for soft t i ssue, is sealed

in a quartz tube and i r radiated for two days with a thermal neutron flux

of about 2 * 1 0 n/cm sec . The irradiat ion is followed by a cooling

period of 1 to 3 days, according to the level of Sodium-24 activity p r e -

sent. The sample is eventually again i r radiated for 1 0 to 30 minutes

and then dissolved in a mixture of H_SO . and H_O_ after the addition
3+ 2+ 2+

of a H_SO . c a r r i e r solution containing 1 \xg each of Au , Cd , Co ,
~ 2+ _ f+ „ 3+ , 3+ , . 6+ ,.r6+ , „ 2+ _ ,. .. . ,

Cu , Fe , Ga , In , Mo , W and Zn . Radioactive isotopes

of the elements As, Br , Cl, Ge, Hg, J, Os, Re, Ru, Sb, Se, and Sn

are distilled off at high temperature through the addition of H ? O ? and

HBr. Fur ther details concerning the irradiat ion and the distillation

procedure , as well as the subgrouping of distilled elements , are given

elsewhere [8, 9 ] .

The concentrated H_SO . solution remaining in the distillation

flask after the distillation still contains the bulk of the t race e lements .

These are conveniently split into two main groups by means of se lec-

tive sorption on an anion-exchange res in from 8 N HC1 solution in the

following way:

A ser ies of three ani on-exchange columns is used for the sepa-

ration. The first one is filled to a height of 100 mm with wet Dowex

2 x 1 0 , 200 - 400 mesh res in in the chloride form, whereas the r e -

maining ones a re filled to a height of 50 mm with the same res in form.

The columns are then washed with a few ml of 8 N HC1, filled up with

the same solution and closed on top by means of the Teflon stoppers
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with the attached Teflon tubes described above. To obviate excessive

amounts of liquid in the columns, the distance between the bottoms of

the stoppers and the top of the resin mass should be only 3 to 5 mm.

Finally, the columns are coupled together.

The concentrated H_SO . solution in the distillation flask is boiled

down to 0. 5 ml and diluted with 1 0 ml. of 8NHC1. If a CaSO. precipi-

tate forms, it is dissolved by gentle heating. The cooled solution is

filtered through a glass-filter disc of porosity G - 4 to remove possi-

ble traces of undestroyed organic material, which may contain appre-
24 32

ciable amounts of Na and P activity. The filtrate is pressed at a

rate of 1 ml per minute through the series of the three anion-exchange

columns by means of a peristaltic pump. A washing solution consisting

of 1 5 ml of 8 N HC1 is used to wash the flask and the filter and then

continuously passes through the columns at the same rate. The columns

are finally drained.

Radioactive isotopes of the elements Ag, Cr, La, Mn, Ni, P, Sc,

the alkalis, the alkaline earths, and the rare earths are recovered to

better than 97 % in the effluent from the three coupled columns where-

as Hf and Zr are recovered to about 89 %. Details of a fast subgroup-

ing of these trace elements will be given elsewhere [10],

Traces of Au, Cd, Co, Cu, Fe, Ga, Mo, Np, Pa, W, and Zn are

adsorbed to more than 99 % by the columns. The adsorption of indium

activity is about 95 %, the rest of the indium passes to the effluent.

Only Cu, In, and to some extent Np are distributed among the three

columns. The rest of the trace metals in this group are quantitative-

ly adsorbed by the first column in the series.

In very strongly activated samples the present separation from

8 N_ HC1 solution may be performed remotely. There is also the pos-

sibility of carrying out the separation simultaneously on several sam-

ples.

In the following the automatic subgrouping into five different

groups of the trace elements adsorbed from 8 N HC1 solution on the

three coupled columns is described.

3. 2 Pretreatment£

The ion-exchange column J is filled to a height of 70 mm with

wet Dowex 2 x 1 0 , 200 - 400 mesh resin in the chloride form. The
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K column is filled to a height of 50 mm with the same resin form. Col-

umn K is washed with a few ml of 8 N HC1 and filled up with the same

solution. Then the column is closed on top with a Teflon stopper. The

stopper is forced in to a depth giving a distance of 3 to 5 mm to the top

of the resin mass, care being taken that the mixing coil connected to the

stopper is filled by the excess of acid simultaneously pressed out of the

column.

Column J is washed and filled with 3.6 N_HC1, and then closed in

the same way as K.

Columns J and K are then attached to each other and followed by

coupling the series of the three anion-exchange columns used for the

8 N HC1 sorption step in the same order in front of the J column. The

last of these columns, corresponding to I in Figure 1 , is filled with a

mixture which is 0. 7 NHC1 and 0.5 N H^SO.. Column H is filled with

a solution that is 0.5 NH.SO, and 0.025 N in HBr, and the G column,

finally, with 0.5 NH.SO, containing 0. 3 % H2C>2.

The glass tubes A, B, C, D, and E are simultaneously filled with

different stock solutions by means of suction. Concentrated HC1 is used

for A and B, 7. 1 NHC1 for C and 0.23 N HBr for D. E is filled with

25 ml of an eluting agent consisting of 0. 5 N H-SO . and containing 0. 3 %

ELO_. Finally, eventual air bubbles are pressed out and the tubes con-

nected to the ion-exchange column series by turning a specially con-

structed valve.

Plate F is now forced upwards at a predetermined, constant speed

corresponding to the delivery of the eluant from tube E to the ion-ex-

change column G at a rate of 0.5 ml per minute. After about 50 minutes

the eluant has passed through the G column. The vertical movement of

plate F will then automatically stop, owing to the sudden resistance a-

rising from the barrel bottoms. The injected amounts of acid to the ion-

exchange column system automatically make the influent solution about

0.025 N in HBr for column H, whereas the HC1 concentration for the I,

J, and K columns will be in order approximately 0.7 N, 3.6N and

8. 1 N_ respectively. The practically inactive effluent from the K column

is discarded. After the separation the resins of the different columns
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are transferred to polythene tubes, homogenized and counted with a

multi-channel gamma spectrometer.

4_. Results

Table I gives the results obtained in recovery and reproducibility

experiments with 12 different radioactive trace elements. The strongly

irradiated elements or compounds of elements shown in the first column

of the Table were individually dissolved in strong H_SOA, NH,OH, or

aqua regia and diluted. Various mixtures containing suitable activities

of 4 or 5 of the trace elements and carriers as described above were

then treated with mixtures of hot H_SO and 30 % H O - [8]. Finally,

each solution was heated to strong fuming of SO, and boiled down to

0.5 ml, which was used for the separations. These were started with

the 8 N HC1 sorption step and immediately followed by the automatic sub-

grouping with five different ion-exchange columns, as described above.

The activities of the separated groups were compared with reference

samples.
239 233

The relatively low recovery-values obtained for' Np and Pa

are hardly likely to cause masking-effect problems due to distribution

among the columns. The main reason for this is that these isotopes

are seldom present in appreciable amounts in neutron irradiated bio-

logical material.

5_. Discussion

a-'J. _ChemJ:ca_l̂ e_ga_ration_Me_thod_

The present chemical method has been thoroughly tested with neu-
24

tron irradiated, soft animal tissues giving Na gamma radiation levels
24

of up to 4 r. per hour close to the samples. In no case traces of Na or
•39 82

other contaminants - e.g. , P and Br - could be detected in the five

groups' separated. Quantitative evaluations of many of the trace elements

given in Table I could therefore be performed by utilizing the total count-

ing rates of large, selected parts of the spectra rather than peak integra-
1 no

tions. An exception to this was the measurements in group 1 of Au,
Mo - Tc, and W which, owing to comparatively similar gamma
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peak positions, radiation intensities, and half-lives, excludes the pos -

sibility of applying total counting. However, Cd with the equilibriated
115mT , , . , 65^ . 69m_ . , 59~ .

In daughter m group 2, Zn and Zn in group 3, Fe m group

4 and Cu and Co in group 5, could at appropriate intervals after

the irradiation very often be easily determined with an extensive total-

counting technique. The remaining radioisotopes given in Table I, i .e .
233~ . . 72 _ , 114m_ . „ , 239,T . ,

Pa m group I , Ga and In in group 4 and Np in group 5

could hardly be detected in soft animal tissues with the technique ap-

plied.

On a routine basis the possibility of applying total-counting of

parts of the spectra means decreased counting times and obviates many

of the advantages of using costly computer calculations. However, the

use of J3-counting instead of the more expensive gamma-spectrometry

for many of the elements separated in groups 2 to 5 is not suitable. One

reason for this is that the resin phases are used for the counting opera-

tions, another is the much decreased possibility of purity control.

The application of the chemical method described above, is limit-

ed to biological samples containing less than 6 to 7 mg C a. This is an

amount sufficiently high to allow of the successful use of the method for

hard tissues such as bone, teeth, and plant samples. The size of the

samples is also determined by the amount of Ba and Si present. How-

ever, the risk of a BaSO . precipitation in the sample solution is rela-

tively small, as biological materials usually contain Ba in trace quant-

ities only. As for Si, it is always possible to evaporate it away from

the sample solution as SiF . prior to the ion-exchange separations. This

extra purification step may be necessary in the case of certain plant

samples with a high content of silica.

Thanks to the selective sorption technique applied, parts of the

present method may also in principle be used for fast, specific separa-

tions of only one or a few of the trace elements given in Table I.

As the present method was originally worked out for biological

material only, its application to other types of sample may probably

prove a failure. For example, this will always be the case with sam-

ple compositions causing precipitation reactions or colloid formation

in some of the influent solutions to the ion-exchange columns e.g. ,

material rich in earth acids, barium, strontium etc.
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5_.2_ _Operati£n_of_the_Agparatu£

The successful application of the present apparatus to fast, chem-

ical separations will depend much on careful preparation. The most

important preparative detail is the filling of the who|e system of barrels

and ion-exchange columns in a way which as far as possible excludes

air from the system. The reason for this is the relatively high flow-

re si stance in the long ion-exchange column series during operation.

Any large air bubbles present in the apparatus will accordingly be com-

pressed at the beginning of the separation, thus seriously delaying the

attainment of flow-rate constancy.

Commercially available proportioning pump systems may also

probably be used for solving ion-exchange separation problems similar

to those discussed in this paper. However, typical advantages of the

present apparatus are its practical freedom from the risk of corrosion

and that it can be easily made in a small workshop at a low cost.

å/A _3^utrjDn-Ir_ra_dijition of Biological Sarnp_les_

The present method describes a part of a more extensive group

separation procedure. At the beginning of this procedure the trace el-

ements of the sample solution are in principle split into three main

groups. As described, one of these groups is the mixture of oxides and

bromides distilled away from the solution, while a second group con-

sists of the number of nondistilled elements selectively adsorped on

anion-exchange resin from 8 N_HC1 solution. The third group, finally,

contains the nondistilled elements which are not adsorbed from 8 NHC1

solution. The further subgroupings of these three main groups are all

carried out simultaneously and automatically by means of selective sorp-

tion technique. The time-saving thus effected affords the possibility of

determining radioactive isotopes with half lives ranging from about half

an hour to several years in the same sample.

However, in the case of biological material chemical separation

can not, for health hazard reasons, be easily started shortly after long-

term irradiation with a high thermal neutron flux. The irradiation of

biological material has therefore so far been carried out twice for each

sample. The chemical processing of the sample is started within 3 hours
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after the end of the second irradiation. With this irradiation technique

the personnel will not be unduly exposed to radiation from Cl-38 and

Na-24. There is still the possibility of determining relatively short-

lived nucli des like Mn-56, Sr-87 etc., besides the more long-lived

ones.
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Irradiated
material

Au, metal

CdO

CoCl2-6H20

CuCl2-2H20

FeSO4

Ga, metal

In, metal

Mo, metal)

MoO3 1

UQ2(NO3)2

Th(NO3)4

W, metall

WGyaq. J

ZnSO4

Isotope
measured

198Au

115Cd

Co

64Cu

5 9Fe

72Ga

114mIn

9 9 m Tc

239Np

2 3 3 Pa

1 8 7 w

65Zn

Mean value of yield, %

Column
G

100

99

57

99

Column
H

100

Column
I

100

Column
J

99

100

90

Column
K

99

99

86

Std. dev.
of a single
value, %

1

2

2

2

2

1

3

1

6

9

2

1

Number
of deter-
minations

5

8

5 •

10

8

5

5

6

8

7

6

6

Table I. Recovery and reproducibility values

for the radioisotopes separated.
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Figure I . Scheme of the anion-exchange separation system
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D.
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F.

Piston barrel, 28 x 150 mm

- " - , 13 x 150 mm

- " - , 7 x 150 mm
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G. 5 x 100 mm, Dowex 2, (Cl", 200 -400 mesh)
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J. 7 x 70 mm, - " -

K. 14 x 50 mm, - " -

L. Mixing coils
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