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ABSTRACT

A method has been developed for the chemical separation and

subsequent gamma-spectrometric analysis of the alkali metals, the

alkaline earths, the rare earths, chromium, hafnium, lanthanum,

manganese, phosphorus, scandium and silver in neutron-activated

biological material.

The separation steps, being fully automatic, are based on a

combination of ion-exchange and partition chromatography and re-

quire 40 min.
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1. INTRODUCTION

An automated method for the chemical separation of five groups

of radionuclides in neutron-irradiated biological material has been de-

scribed earlier [l \ The method covers the determination of those ele-

ments which after a preliminary removal of volatile bromides and oxides

can be adsorbed on anion-exchange resin from 8 n HC1 solution. The

present method describes a subgrouping procedure suitable for elements

which are non-ads orbable from this solution. This main group will al-

ways contain a large part of the activities induced by the long-term ir-

radiation of biological samples. Where the analyses are performed
24

manually the level of Na radiation may require rigorous safety pre-

cautions. Also the amount of long-lived alkaline-earth activities formed

in notably hard tissues must be considered. However, many samples
24

have such a high content of Na that the chemical processing must be

postponed until 2 to 3 days after the end of irradiation [2 1. In order to

overcome these difficulties and to speed up ajid simplify the chemistry

involved, a practically fully automated, remote-control separation meth-

od is needed. This implies the exclusion of a large number of conven-

tional steps in analytical chemistry, e.g. extractions, precipitations,

titrations, evaporations etc., as these are all more or less unsuited

for automation. A superior solution to the present problem seems to

be the application of ion-exchange or related techniques. However, the

high ionic strength of the sample solution (8 n HCl) severely restricts

the possibility of choosing many common separation procedures. Meth-

ods which often do not suffer from this disadvantage include separations

from hydrochloric acid solutions with anion-exchange resins, from

nearly neutral or alkaline solutions with chelating resins and inorganic

ion-exchangers and from a wide variety of acidic solutions with parti-

tion -chromatographic technique.

In the present method seven groups of chemical constituents are

separated in the following sequence: Hf and Sc are adsorbed from

strongly acid solution on a column of kieselguhr impregnated with di-

(2-ethylhexyl) orthophosphoric acid (HDEHP), (Fig. 1, column C. )

Lanthanum and the rare earths are then adsorbed in an analogous way

from weak acid (D). Traces of silver are separated as the bromide

complex with anion-exchange resin (E). A column of Chelex 100 chelat-
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ing resin adsorbs chromium and manganese from faintly acid solution

(F), whereas the alkaline earths are separated in a similar way from

strong alkali (G). The series is ended with a column of zirconium

phosphate, which selectively adsorbs the heavier alkalis K, Rb and

Cs from a weakly acid solution (H). The remaining strong activities
24 32

of Na and P are quantitatively passed to the effluent of the column

series and form the seventh group of elements separated.

The separations, which are based on selective sorption, are car-

ried out simultaneously with a peristaltic pump and in direct connection

with the earlier described anion-exchange separation step from 8 n HC1

solution [l 1. The desired composition of the different influent solutions

is obtained by introducing between the columns appropriate amounts of

strong solutions of sodium-acetate buffer, sodium hydroxide, sodium

bromide, hydrochloric and orthophosphoric acid.
Since the pioneering work in partition chromatography with re-

versed-phases carried out on different mixtures of inorganic constitu-

ents by Siekierski et al. [3,4, 5 ̂  the method has found an ever increas-

ing number of applications in radiochemical analysis [6 1. The ability

of chelating ion-exchangers for the separation of traces of different

cations from strong electrolyte solutions has been studied by Sides

and Kenner [ 7 \

The ion-exchange properties of a number of inorganic materials

have been studied by Kraus et al. , who developed extremely simple

procedures for separations within the groups of the alkali metals and

the alkaline earths [8],

2. EXPERIMENTAL

2. 1 Apparatus

A peristaltic pump (type DESAGA, Heidelberg) is used for the

separation and the working principles are shown in Figure 1. The pump

is equipped with 12 Tygon plastic tubes with an inner diameter of 1.6

mm. Teflon tubes with 1 mm inner diameter are used to connect the

columns in the series B, C, D, E, F, G and H. The different influent

solutions are thoroughly mixed by pumping them through the mixing

coils I. The coils, which are made of Teflon tubing, consist each of
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eight turns with a diameter of 1 5 mm. As shown in the Figure, the

effluent solution from column B is taken back to the suction side of

the pump before entering the remaining columns in the series. This

is done in order to decrease the flow-rate resistance in the system

and to make the proportioning control easier.

The columns B, C, D, E, F, G and H, of borosilicate glass, are

fitted with Teflon stoppers with a neoprene ring. The stoppers are kept

securely in position with Teflon screw caps. The distance between the

lower end of a stopper and the top of the column is kept within 3-5 mm

in order to minimize the amount of washing solution needed for a sepa-

ration.

The inner diameter of the columns B and C is 5 mm, of D and

E 7 mm, of F and G 16 mm and of H 22 mm. The columns have glass

filter discs of porosity G-l or G-2 at the bottom.

Details not shown in Figure 1 are a lead-brick shielded volumet-

ric flask to receive the effluent from the H-column and bottles contain-

ing the stock solutions J, K, L and M.

2. 2 Preparations and calibration

The column B is filled by suction to a height of 200 mm with wet

Dowex 2x10, 200-400 mesh resin in the chloride form. The E column

is filled to a height of 50 mm with the same resin form. As indicated

in the figure, column B may also be subdivided into three smaller,

coupled columns, the first one having a height of 100 mm, whereas

the remaining two are each 50 mm high. This is done in order to allew

for a further subgrouping int© five different groups of the large num-

ber of trace elements adsorbed on this column [l "1,

The commercially available resin in the chloride form may be

used without pretreatment except for a thorough removal of colloidal

particles. The resin is stored in distilled water.

Columns C and D are both filled to a height of 50 mm with wet

kieselguhr pretreated with di-(2-ethylhexyl) orthophosphoric acid

(HDEHP). They are washed with a little water on a suction flask until

the effluent ceases to foam and finally drained. The preparation of the

column material was carried out as follows:
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Celite 545 (Johns -Manville) was mixed with water several times

to remove colloidal particles. After drying, the kieselguhr was sili-

conized with dimetyldichlorosilane vapours and again dried. 1 5 g of

the material was then stirred in a solution of 1. 5 g of HDEHP in 50

ml of isopropyl ether. The bulk of the solvent was volatilized by stand-

ing at room temperature and the last traces removed at reduced pres-

sure. The impregnated kieselguhr was stored in distilled water.

Columns F and G are prepared with wet Chelex 100, 100-200

mesh in the sodium form (Bio-Rad Laboratories). The resin is stored

in distilled water after the removal of colloidal particles. To avoid

shrinkage during operation the columns are washed with 4 m sodium

acetate and finally drained by suction. The height of the resin mass

should in each case be 50 mm.

The last column in the series, H, is filled to a height of 100 mm

with dry ZP-1, 100-200 mesh (Bio-Rad Laboratories). Also in this case

the column is washed with 4 m sodium acetate. The washing is continued

until the pH of the effluent falls between 4 and 5. The column is finally

drained.

The columns B, C, D, E, F, G and H are now coupled in series

and connected to the peristaltic pump as shown in Figure 1. The columns

are then preequilibrated and the whole system calibrated by running the

pump for some minutes. At the beginning of the running-in period the

influent solutions to the three last columns F, G and H are by-passed

to waste. This is done in order to decrease the time needed for the

calibration and to obviate the risk of destroying the zirconium phos-

phate exchanger.

At point M 8 n HC1 is fed into the system through two Tygon tubes

from a washing solution reservoir. The solution passes through column

B and then back to the suction side of the pump via a small test tube,

N, which continously stores 0.5-1 ml, The solution is now pumped un-

changed and at the same speed through column C. The effluent is auto-

matically diluted to three times its volume before entering the D and

E columns. The dilution is effected by introducing a mixture of sodium

acetate, sodium hydroxide and sodium bromide through four different

Tygon tubes at point L. This stock solution is prepared by mixing to-

gether 600 ml of 4 m CH^OONa, 120 ml of 10 n NaOH and 80 ml of
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5 n Na Br. The influent to column F is obtained by injection of 8 n

NaOH through one tube at point K. The resulting solution, by-passing

the F column, is controlled for acidity with pH paper strips. At the

beginning of the running-in period this solution will show a strongly

alkaline reaction. However, after a few minutes, when the air has been

forced out of the system and the strong hydrochloric acid has reached

full action at the end of the series, the pH will stabilize at a value of

5-5. 5. The pH of the influent to the foregoing columns D and E is

roughly 3.5 where the acetate system still has sufficient buffer capac-

ity for the present separations. Now F is attached to the series by turn-

ing the three-way stopcoak ahead of the column. The effluent is mixed

with a further portion of 8 n NaOH introduced at point K. When remain-

ing strongly alkaline, the solution is flowed through column G and final-

ly again brought back to the buffering interval. This is done by pumping

in through two tubes at J a solution consisting of one volume part of 1 2 n

HC1 and 1.4 parts of 1 m NaH-PO . After pH stabilization of the result-

ing solution to some value between 4 and 4.5 the last column, H, is also

switched into the series. Its effluent should have an acidity falling within

the same pH range and the flow-rate is controlled to be about 5 ml/min.

This corresponds to a flow-rate of about 1 ml/min through B, the first

column in the series [l 1. Now the pump is stopped and the apparatus

is ready for separation.

The preparation of columns as well as the calibration step are ad-

vantageously carried out prior to the completion of irradiation of the

samples, especially if the determination of short-lived nuclides is needed.

3. PROCEDURE

3., 1 Irradiation and preseparation

The biological material, ranging in amount from about 15 mg in

the case of hard tissue to 200 mg dry weight for soft tissue, is sealed

in a quartz tube and irradiated for two days with a thermal neutron flux

of about 2.10 n/cm »sec. The irradiation may be followed by a decay
24

period of 1-3 days, according to the level of Na activity present. The

sample may then be reirradiated for 10 to 30 minutes to make possible

also the determination of short-lived nuclides. Shortly after the second



i r radia t ion it is t r ans fe r r ed to a distillation apparatus together with

50 {JL-1 of a 48 per cent HBr c a r r i e r solution containing 1 |ig each of Ba }

2+ 3+ + 4+ + 3+ 2+ + 3-
Ca , Cr , Cs Hf , K , La , Mn Na , PO , r a r e e a r t h s ,

+ 3 + 2 + + 4

Rb t Sc and Sr . One |ig of Ag is added from a weak H^SO^ solution.
In the case of a s imultaneous determinat ion of e lements sepa ra t ed as

chloride complexes on column B an additional HUSO^ c a r r i e r solution
i , r A 3+ _. ,2+ ,_ 2+ _ 2+ ,_ •* + 3+ , 3+

containing 1 |_ig each of Au , Cd , Co , Cu , F e J , Ga , In ,

Mo , W and Zn is also added to the flask [l ] . The organic mat te r

is then destroyed with a mixture of H ? SO. and H ? O ? } and radionuclides

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

distil led from the solution. Fur ther details concerning the i r radia t ion

and the distillation procedures a re given elsewhere [ 2 , 9 ] .

The concentrated H ? SO. solution remaining in the disti l lation flask

after the distillation is boiled down to 0. 5 ml and diluted with 10 ml of

8 n HC1. A possible CaSO. precipi tate is dissolved by gentle heating.

After cooling, the solution is introduced at M (Figure l ) and flowed

through the column se r ies at the same rate and with the same dilutions

between the columns as descr ibed above. On its way to the f i rs t column,

B, the sample passes a smal l glass filter disc of porosi ty G-4. I m m e -

diately following the sample , and separa ted from this with an a i r bubble,

a washing solution consisting of 1 5 ml of 8 n HC1 is also passed through

the sys tem in the same way. Column B is now removed from the sys t em.

Through the preparat ion of the column in three different p a r t s , adsorbed

t race elements may be easily subdivided into five groups [_\\

A second washing solution consisting of 1 5 ml of 8 n HC1 is now

passed through the remaining column se r ies C, D, E, F , G and H in the

same way. The pump is then stopped and each column attached to a s u c -

tion flask for a further fast r insing with a few ml of distilled water . This
24

is done in order to remove t races of Na, which may spat ter on to the

glass walls during the separa t ion . After a final draining the different

column mater ia l s are t r ans fe r r ed to polythene tubes, homogenized with

water and counted. A multichannel gamma spec t romete r attached to a

3Mx3" well type Nal crystal is suitable for the m e a s u r e m e n t s .
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4. RESULTS AND DISCUSSION

4. 1 Recovery and reproducibility studies

Table 1 gives the results obtained in recovery and reproducibility

experiments with 17 different radioactive trace elements. The strongly

irradiated elements or compounds of elements shown in the first col-

umn of the Table were individually dissolved in strong H_SO . or HC1 +

+ H-,Q> and diluted. Various mixtures containing suitable activities of

6 to 8 of the trace elements and carriers as described above were then

treated with mixtures of hot H SO and 30 per cent HO [9 1. 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 performed

with a peristaltic pump as described above. The activities of the sepa-

rated groups were compared with reference samples.

The values given are the means of three experiments, and the

standard error did in no case exceed 3 per cent,

4. 2 Applicability of the method

Being a direct continuation of an earlier described separation

scheme the use of the present method is restricted by the amounts of

alkaline earths and silicium present in the samples [l 1. The chemical

separations were not extended to more than seven groups. This is also

probably sufficient for most routine applications, especially if advantage

is taken of the different decay rates of the nuclides and the measure-

ments are combined with a magnetic stripping technique. However, in

the case of more detailed studies complementary separations will be

needed.
181

The determination of Hf in the presence of the high-energetic

Sc in the first group will certainly in many practical cases be difficult

or impossible. However, a chemical separation has so far not been

tried, owing to, inter alia, the exceedingly long counting times needed

for reliable hafnium determinations in at least medical samples [10*1.

In the case of lanthanum and the rare earths separated in the

second group of the scheme, more detailed studies will probably always

be impossible without a further chemical subgrouping. For example, in

typical medical samples only the determination of Ce, La and Sm is
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possible [ l 0 \ However, by splitting this large group of elements into

two or more subgroups with selective elution steps [ i l l , a much better

resolution may be possible.

As regards chromium and manganese in group 4, a further chem-

ical processing is practically never needed. An important exception to

this is constituted by blood samples, owing to the formation of large
54

amounts of Mn with fast neutrons. A simple chemical separation

seems possible by selectively eluting manganese with weak hydrochlo-

ric acid.
47 49

Ca or sometimes Ca may be used for calcium analysis in the

fifth group, and the determination will probably never be disturbed by

the present radionuclides of barium and strontium. Also determinations

of strontium based on Sr will hardly cause difficulties. However,

barium determinations, with either Ba or Ba, may sometimes

be impossible, A purification of barium activities after the elution

of the alkaline earth group with weak acid is possible with ion-exchange

on zirconium phosphate [12].

Individual chemical separations of the heavier alkali metals in

group 6 will hardly be necessary, provided a well type detector is
42

used in combination with magnetic stripping after the decay of K,
As regards phosphorus and sodium analysis in the seventh group, the

32
problem may be solved in a similar way. The P Bremsstrahlung

24

remaining after the decay of Na may, at least theoretically, be con-

taminated by the long-lived Na, The spectrum of this nuclide is

then stripped away, the 1. 02 MeV sum peak being utilized in this con-

nection.

In contradistinction to an extensive chemical subdivision the

adding together of different groups may also be pointed out as advan-

tageous. As an example, the relationship between Ag and Cr

is in many kinds of neutron-bombarded biological material suffi-

ciently favourable to permit of a simultaneous measurement, Some-
46

times also the Sc activity in group 1 may be added, thus saving
long, expensive counting times.
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4. 3 The proportioning pump system

Practical experience shows that the peristaltic pump used for the

experiments will work in a reliable way provided that careful calibra-

tions are performed. However, this type of apparatus seems to be rath-

er sensitive to differences in flow-resistance of the columns used for

the separation, which may lead to the supplying of slightly inexact vol-

umes of liquid to the series. The same effect may also be caused by

the different swelling of the plastic tubes transferring the strongly acid

or alkaline solutions. In the present work this difficulty was overcome

in different ways, e.g. by frequently changing the plastic tubes of the

pump, by using a large amount of acetate buffer for the separation and

by applying comparatively coarse-sized and broad resin beds towards

the end of the column series.

However, the present separations may probably be improved in

different ways by using a machine with piston drive [l 1. The reason

for this is that this kind of apparatus will work in an exact way, prac-

tically completely independent on flow-resistance problems, the strength

of acid and alkali used, etc. Thus owing to the high degree of reliability

obtained, it may also be possible to extend the number of columns in

the series, e.g. to split the rare earth group into subgroups by selec-

tive sorption steps on small columns of HDEHP-treated kieselguhr [ll ].

5. ACKNOWLEDGEMENTS

I wish to express my deep gratitude to Dr. Erik Haeffner, Head

of the Chemistry Department for his never failing interest in this work,

I also thank Sigrid Hackbarth for very skilful technical assistance.



- 12 -

6. REFERENCES

1. SAMSAHL K,
An automated anion-exchange method for the selective sorption
of five groups of trace elements in neutron-irradiated biological
material. 1966.
Nukleonik 8 (1966) 252 and (AE-215).

2. SAMSAHL K, BRUNE D and WESTER P O,
Simultaneous determination of 30 trace elements in cancerous
and non-cancerous human tissue samples by neutron activation
analysis. 1963.
Int. J. Appl. Rad. Isotopes 16 (1965) 2 73 and (AE-124).

3. SIEKIERSKI S and KOTLINSKAYA B,
Separation of zirconium-niobium mixtures by the method of
reversed-phase partition chromatography.
Atomnaja Energija 7 (1959) 160.

4. SIEKIERSKI S and FIDE LIS J,
Separation of some rare earths by reversed-phase partition
chr omatog r aphy.
J. Chromatog. 4 (I960) 60.

5. GWOZDZ R and SIEKIERSKI S,
Separation of the various oxidation states of plutonium by reversed-
phase partition chromatography.
Nukleonika 5 (I960) 671.

6. HEDRICK C E and FRITZ J S,
Bibliography of reversed-phase partition chromatography, 1964.
(IS-950).

7. SIDES J L and KENNER C T,
Effect of pH and ionic strength on the distribution coefficients of
alkaline earth metals and nickel with chelating ion-exchange
resins.
Anal. Chem, 38 (1966) 707.

8. KRAUS K A, PHILLIPS H O, CARLSON T A and JOHNSON J S,
Ion-exchange properties of hydrous oxides,
U. N. Int. conf. peaceful uses of atomic energy. Geneva 1958.
Vol. 28, p. 3.

9. SAMSAHL K,
Some chemical group separations of radioactive trace elements. 1962,
(AE-82).

10. WESTER P O,
Concentration of 24 trace elements in human heart tissue deter-
mined by neutron activation analysis.
Scand. J. Clin. Lab. Invest. 17 (1965) 35 7.



- 13 -

11. SOCHACKA R J and SIEKIERSKI S,
Reversed-phase partition chromatography with di-(2-ethylhexyl)-
orthophosphoric acid as the stationary phase. Part I, Separa-
tion of rare earths.
J. Chromatog. 16 (1964) 376.

12. MAECK W J, KUSSY M E and REIN J E,
Adsorption of the elements on inorganic ion-exchangers from
nitrate media.
Anal. Chem. 35 (1963) 2086.





Table 1. Recovery values for the radioisotopes separated
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Figure I . Scheme of the separation system

A.
B.
C.
D.
E.

Peristaltic pump
5x200 mm, Dowex 2, (Cl' , ZOO-400 mesh)
5x50 mm, HDEHP-treated kieselguhr

7x5(1 mm, "
7x50 mm, Dowex 2, (Cl" , 200-400 mesh)

H.
I.

J .
K.

L.
F. 16x50 mm, Chelex 100, (Na , 190-296 mesh) M, 20:1,8 n HC1 - cone H
G. 16x50 mm, " N. Test tube

22x100 mm, Bio-Rad ZP-1, (100-200 mesh)
Mixing coils
1:1,4, cone HC1 - 1 m NaH2PO4

8 n NaOH
15:3:2,4 m CHjCOONa - 10 n NaOH - 5 n NaBr

sample
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