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ABSTRACT

In ihc last years the interest «f zeolite mineral* has imrciM.il Some of them have been tested as caesium binding

agent* in both animals ami in soil-plant systems.

The Mirplinn capacity of zeolites was high, .iml ihc experiment»! results showed that that zeolite materials have a

considerable potential as a caesium binding agent. A significant reduction in the plant uptake of " C \ maximally by

a factor of K, was obtained in the experiments. The sorplion characteristics of '•**Cs on soils from various regions of

Libya and Sweden were studied, using batch techniques.

The influence of soil parameters, contact time, and various concentrations of ( s + , K f , and NII4 + in the solution

on the sorption ratio (Revalue) for ""Vs were determined by using I M C s as a tracer. Imporlanl parameters

influencing the sorplion were clay content, pH. and (he concenlralion of caliiwis, in particular that of K + and

NH4 + , which compete wilh ( s ' for ihe sorption sites.

The conditions influencing Ihe exchangeability of '•**(.'* sorhed in different soil types were studied in desorplion

experiments. The exchangeability of caesium was determined by extraction with 1 N Ba CI2 and t N NMjCI The

results showed that divalent B,r f was much less effective than the monovalent N H , j + in exchanging '**C's from

Ihc sorplion sites in the soils. Increasing the cquilibialion time ami drying the soils reduced the exchangeability of

'•^*t's in mosi of the soils, especially Ihe fr.it I ion exchangeable wilh NH4 f .

Correlations were found between the radiocacsium transfer factor for plant uptake, clay content, and sorplion ratio.

Simple mathematical models were used 10 estimate Ihe transfer factors for raifiocacsium to wheat on soils of

inlcrctl, for which no uptake data »re availahk.
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ABSTRACTS

In the !ast years the interest of zeolite minerals has increased. Some of

them have been tested as caesium binding agents in both animab and in

soil-plant systems.

The sorption capacity of zeolites was high and the experimental results

showed that zeolite materials have a considerable potential as caesium

binding agents. A significant reduction in the plant uptake of 1J*Cs.

maximally hy a factor of 8 was obtained in the experiments.

The sorption characteristics of lMCs on soils from various regions of Libya

and Sweden were studied using batch techniques.

The influence ot soil parameters, contact lime, and various concentrations of

Cs~. K*. and NH* in the solution on the sorption ratio (R -value) for

radiocaesium were determined by using 'uCs as a tracer. Important parameters

influencing the sorption were clay content. pH. and the concentration of

cations in particular that of K" and NH*. which compete with Cs* for the

sorption sites.

The conditions influencing the exchangeability of 1MCs sorbed in different

soil types were studied in desorption experiments. The exchangeability of

caesium was determined hy treatment with I N BaCI and 1 N NH G. The results

showed that divalent Ba2* was much less effective than the monovalent NH* in

exchanging l>4Cs from the .sorption sites in the soils. Increasing the

contact time and drying the soils reduced the exchangeability of IMCs in

most of the soils, especially the fraction exchangeable with NH*.

Correlations were found between the radiocaesium transfer factor for plant

uptake and clay concent and .sorption ratio. Simple mathematical models was

used to estimate the transfer factors for radiocaesium to wheat on soils of

interest, for which no uptake data are available.
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INTRODUCTION

Cs is a very abundant fission product, with a half-life of about 30 years

Its production in nudear weapons detonations has resulted in wide

distribution through the biosphere and its mobility and physiological

properties have led to detectable concentrations in essentially all

organisms. The fact that IJ7Cs emits energetics photons makes it simple to

detect, and also, to a potentially significant contributor to the radiation

dose to man. Because of its abundance, long physical half-life and biological

mobility, l37Cs is a critical component of the nuclear fuel cycle.

The production of I37Cs is a results of a series of decay reactions as

follows:

' " C s

\

iO.2j

P \

lJ7Ba

\ .

7I53.
1

(stable)

As with most other radionuclides, I37Cs can enter plants by aerial deposition

or surface absorption and root uptake, and animals by inhalation, ingestion,

and surface absorption and adsorption. Cs is in biological systems a chemical
I

analog and behaves similar as K. However, it does not behave identically. In

fact, in specific food chains, 137Cs activity concentrations tend to increase

with trophic level and its ratio to K can also increase (Whicker et al., 1972

& Pendlcton et al., 1963). The biological half-life of Cs exceeds that of K

by a factor of 2 to 5 in humans, and this trend probably also holds for most
I

other animals as well (Pendleton et al., 1963).



The behaviour of radiocaeshim in the soil is of considerable interest since

these radionudides are present in our environment as a result of fallout

from nuclear weapons testing during the 1960* (IJ7Cs) and from the

the nuclear reactor accident at Chernobyl in April 26 1986 ( m C s + m C s )

and the subsequent contamination experienced by the whole of Europe.

An important concept with regard to radionudides such as U7Cs, which are

chemically analogous to major nutrient elements, is that the tendency for the

radionudides to accumulate in the biota is reduced if there is an abundance

of the analogous element in the environment. The long-term availability of

IJTCs and many other radionudides depends mostly upon ecosystem

characteristics, and in particular, soil properties (cg. p H , day content,

and cation exchange capacity). Soils and sediments with high clay content can

effectively immobilize Cs by binding. In such systems day acts as z sink for

WC$ and after a certain time very little of the nudide is available for

plant uptake. Sandy soils have a low cation exchange capacity and larger

quantities of Cs can be recycled through the biota in such soils for long

periods of time (e.g. Eriksson, 1969; Frysinger et a1.. 1960; Sawney, 1964;

Nishita et al., 1956, 1962; Tamura et a)., 1960; Bruggenwert et at., 1979 &

Ueser et al., 1986, 1989).

After 40 years of nuclear weapons testing 1J7Cs have been deposited according

to Figure 1 (Cambray et al., 1985). Because most of the nuclear debris has

been injected into the stratosphere, the deposited fallout has been delayed

and distributed on a global scale, according to a recognized latitudinal

pattern (Peirson et al., 1965).

10



c

I 3
1

E

I 2

MII.PORO HAVEN

09

OS

07

06?

i
04*

02

01

Kig. i . Cumulative nuclear weapon caesium-137 measured al Milford Haven I 'K. and computed worldwide (Camhray I'lul.,



Disposal at nuclear wastes in geologic media is belhred to be an adequate way

of providing the necessary protection for human and the environment Since

sorption in geoiogk media is an important mechanism for delay of

ndioauciide migration to the biosphere and food chain, sorption and

desorption characteristics of radtonudide have been investigated in order to

estimate rates of transport of nudides in the event of water penetration

into and through the waste repository (Torstenfett et al_ 1982; Grutter et

aL, 1986; Torstenfelt. 1986 & Berry et a l , 1988).

The transport rate of a given nuclide may be partially controlled by sorption

of the nuclide upon the solid phase through which the solution is flowing.

Thus, a total evaluation of any potential dose to man requires a quantitative

estimate of the sorption reaction (Denham et al.. I973).

Sorption is a general term, which refers to the process of binding of

elements or ions either by adsorption or absorption. Since sorption process

occurs at the interface between two phases, we are immediately confirmed to

the physics and chemistry of surfaces. Use of the term sorption avoids the

distinction between adsorption and absorption. For material to be

preferentially retained by the surface, there must exist a force or

combination of forces which bind the material to the surface. Such binding

forces include: Molecular attraction (van der Waals forces), electrostatics

attraction, chemisorption and capillary forces (Whicker et al., 1982).

12



AIMS OF STUDY

The aims of the present study were:

1. To predict radiocacsium behaviour in soil.

2. To evaluate the time dependency and the influence of zeolite on the plant

availability of radiocaesium in a peat soil-plant system.

3. To investigate the relationships between the sorption ratio (RJ. clay

content and transfer factors from soil to wheat (TF ).

4. To study two fraction of radiocaesium sorbed, one fraction superficially

bound by ionic attraction and exchangeable by a divalent cation and one

penetrating deeper into lattice structure of soil minerals and to some

extent exchangeable with monovalent ions.



MATERIALS AND METHODS

Soib

Soils were obtained from two countries, one group from Sweden and one from

Libya. The soil samples were sieved through a 2 mm sieve, stones and roots

being discarded, and stored at room temperature (22 ± 2 °C). When required

for study the samples were dried at 40 °C overnight before the soils were

used in the different experiments.

The physical and chemical characteristics of the soils used are presented in

Tables 1 and 2 respectively.

The Swedish soils had relatively high fraction organic matter varied from 2.2

to 88 % and the clay content ranged between 4 to 57 %. The Libyan soils had

lower fraction organic matter varied from 0.05 to 1.98 % and the clay content

ranged between 1 to 53 %. The range of pH for the Libyan and Swedish soils

varied from 5.1 to 7.9 .

14



Table 1. Physical properties of the soils.

Soil
dacct ft ration

Sand
Loamy sand
Loamy sand
Loamy sand
Loamy sand
Clay
Clay
Peat
Sand

Sand
Sand
Sand
Loamy sand
Sand
Loamy sand
Loamy sand
Loamy sand

Clay loam

Clay
Clay

(LI)

(L2)
(L3)
(L4)
(L5)
(L6)
(L7)

(S)
(SI)
(S2)

(S3)
(S4)
(S5)
(S6)
(S7)
(S8)
(S9)
(S10)

(Sll)
(S12)

Organic
matter
IIMIlvlf

%

0.1

0.6
1.2
1.0
1.3
2.0
1.1

88

4.3
5.6

5.3
3.4
8.2

5.6
2.2
3.9

4.3
4.9

3.1
3.0

Clay

1
11
14
16

18
34

53
-

4
5
5
6
6

8
9

11
14

30
39
57

Soil

Silt

.

3
1

11

18
50
31

-

3
3

13
4

5
6
9
7

12
27

29

25

texture, %

Fine sand

45
86
85
72
64
18
15

-

13
70
44
28
11
20
55
64
71
36
21
15

Sand

45
-
1
1
-
1
1
-

80
22
28
62
78
66
27
17
3
7

10
3

Note: (L) Libyan soils, (S) Swedish soils.
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Table 2. Chemical properties of the soils.

Soil
flaccif.

ication

LI

L2

L3
L4

L5
L6
L7
S

SI

S2

S3

S4

S5

S6

S7

S8

S9

S10

Sll

S12

PH

7.40

7.60

7.80

7.60

7.70

7.80

7.90

5.05

5.70

5.40

7.20

5.30

6.30

6.10

6.30

5.70

5.60

5.90

5.70

7.50

CEC,
me/lflO o

dry soil

1.5

5.0

5.6

7.5

8.7

61.4

33.9

57.0

7.0

7.0

20.0

4.0

17.0

11.0

9.0

13.0

6.0

15.0

16.0

34.0

Soluble nutrients.

1.8

3.0

28

10.2

3.0

10.4

0.4

6.6

6.4

8.0

39.0

3.5
54.0

7.3

9.4

13.9

13.2

6.3

1.3

4.6

5

16

11

18.5

18.5

47

63.5

16

4.0

9.0

33.5

3.5
66.0

9.0

11.7

19.5

16.0

16.5

15.5

25.0

39

2340

4400

4000

5980

5300

1890

200

107

86

770

32
600

146

126

178

189

189

154

1240

mg/100g

P HC,

2
10

45

18

16

75
8

59

31

36

82

35

102

36

42

55
46

50
35
54

dry soil

K H C ,

30

135

125

205

180

585

605

30

45

30

175

32

145

70

105

120

110

210

J60

495

Note; (L) Libyan soils, (S) Swedish soils.
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Soil pH was determined with a glass electrode in a 1:2 suspension of soil in

0.01 M CaCl,. Total organic carbon was determined by a CS 125 carbon

uc.erminator from LECO equipment corporation. Organic matter content was

calculated by multiplying total carbon content by a factor of 1.72. Cation

exchange capacity was determined by the method of Chapman (1965). The content

of Ca, K and P were determined after extraction with ammonium lactate (AL)

and hot 2 M HC1 according to Egnér et al., (1960).

Pot Experiments

Pots with a surface area of 1.77 dm*2 and containing 1 kg dry soil were used.

The zeolite levels were 0, 50, and 300 g per pot or 0, 5 and 30 % of the soil

weight. The fertilizer was 1.55 g NPK 20-5-9 per pot. Zeolite and fertilizer

were homogeneously mixed with the soil and 25 kBq of carrier free 134Cs (The

Radiochemical Centre, Amersham England) per pot was added.

During the equilibration periods (The time between mixing of 134Cs into the

soil and the sowing), 0, 15, 30, 60, and 120 days, the water content of the

soil was kept at the same level. At the end of these periods the crop, winter

wheat (Folke), was sown and cultivated for four weeks in climate chamber with

a temperature of (22 ± 1 °C) and a relative humidity of about 50%. The light

period was 16 h per day given by General Electric F 96 PG 17 W white lamps.

Water loss was replaced every third day. The plants were cut after four weeks

at the soil surface level.

17



Plants

After harvesting, the plant material was dried for 12 hours at 105 °C and

then grained into an homogeneous powder and placed into vials for Ii4Cs

activity measurements.

The content of potassium was determined using conventional chemical methods.

Determination of Transfer Factor

In this model the contaminant is assumed to be well-mixed in each

compartment. For a more extensive treatment of this subject, the reader is

referred to other reports (e.g. van Dorp et al., 1979; Simmonds et a!., 1981;

Ng, 1982 & Coughtrey et al., 1983).

A parameter commonly used for description of the radionuclide transport

between the compartments "Soil" and "Plant". This soil-plant transfer factor

is defined as (UIR, 1984):

TF =
Activity in plant dry matter (Bq Kg1)

Activity in dry soil (Bq Kg"1)

18



Determination of Sorption Capacity of the Soil and Zeolite

Sorption studies was carried out by stirring soil samples or zeolites, 2.5 g

oven-dry weight with 50 ml of 0.01 M CaCl solution, in closed polyethylene

containers, with a magnetic stirrer. Five kBq of )34Cs was added to the

solution of each container. At the investigation of the effect of

equilibration time, the samples were stirred from 2 h to 14 days at room

temperature (22 ± 2 °C).The effects of the concentrations of Cs+, K+, and NH*

on the sorption were also studied. From the measured 134Cs activity

concentrations in the aqueous phase the sorption ratio (R) was calculated,

according to:

Rs = q/C = (Co - C) Vm"1 C '

where:

q = Activity concentration in solid phase (Bq/g)

C = Activity concentration in solution after certain contact time (Bq/ml)

CQ = Initial activity concentration in solution (Bq/ml)

V = Volume of aqueous phase (ml)

m = Mass of solid phase (g)

Sorption ratio (R$).

Is the amount (either mass or activity) of the radionuclide which bound to

the solid present divided by the amount remaining in solution.

Distribution coefficient (K ).
d

This parameter is similar to R but implies that the value represents

equilibrium conditions. The units of K are the same as those of R.

19



134Cs ACTIVITY MEASUREMENTS

The l34Cs activity measurements of plant material were carried out by three

hyper-pure Ge-detectors (ORTEC, PGT) in the low-background laboratory at the

Department of Radioecology. The output signals of the detectors were fed into

two 40%-channel analyzers (ORTEC Ad cam) for gamma-spectrometry.

IJ<Cs activity measurements in the sorption experiment were carried out in an

automatic gamma counter (Intertechnique CG-4000) equipped with 3 inch x 3

inch well-type Nal(Tl) scintillation detector shielded by 12 cm thick

low-activity lead was used. The measuring time was chosen to ensure that the

counting error was below 5 %.

20



RESULTS AND DISCUSSIONS

PAPER I. Cacsira Sorptioa Capacity of Zeolite aad SoiL

PAPER II. laflaeace of Zeolite OR the Availability of I

fro« Soil to Plaats.

In the last years the mineral zeolite has become of interest and has been

tested as a caesium binding agent in both animal and in soil-plant systems.

The use of natural zeolite, a caesium binding material, has been proposed to

reduce the activity concentration of plant available radiocaesium in peat

(Hove et al., 1990; Unsworth et al.. 1989 & Voigt et al, 1989).

Zeolites have unusual crystalline structures that give them unique chemical

properties. There are about 40 different kinds of natural zeolites and about

150 synthetic versions. They consist of a tetrahedral network of oxygen and

silicon atoms where aluminum replaces some of the silicon to form an

alumino-silicate. Natural zeolites can imprison cations, such as caesium and

strontium. Recently, British Nuclear Fuels, bought a supply of

clinoptilolite, expected to last for 30 years, to use in its Site Ion

Exchange Effluent Plant at Sellafield. BNF uses clinoptilolite to remove

radioactive caesium and strontium and, therefore, reduce the radioactivity of

liquid waste discharged into the Irish Sea. The Hanford plant in the US,

which makes nuclear weapons, uses the same zeolite to prevent contamination,

clinoptilolite also had a role in cleaning up after the accident at the

atomic energy plant on the Three Mile Island (New Scientist, 1989).

The differences found in caesium binding of zeolite and peat soil was the

following:

1. The sorption capacity of the l34Cs to peai oil was only about 2 % of that

of the zeolite when no caesium carrier was present in the experimental

solutions.

21



2. The sorption capacity of 1MCs on psat soil was much more sensitive to the

presence and concentrations of potassium and especially of ammonium ions

than the zeolite was.

The influence of caesium binding to zeolite on the plant availability of

radiocaesium in soil was studied in pot experiments with a peat soil taken

from an agricultural field within the Uppsala region. Both the zeolite

amendment to the soil and the extension of the equilibration times had very

large effects on the I34Cs uptake by wheat.

For this particular soil, with a high fraction of organic matter and

comparatively low fraction of mineral soil, the equilibration of 134Cs

between the solid phase and liquid phase seems to be a .slow process.

The plant uptake of radiocaesium in the control soil was reduced by a factor

of two when the sowing was delayed by 15-30 days. The uptake was still more

reduced when the sowing further delayed.

Adding zeolite to the soil increased the ti4C? sorption capacity and

increased also potassium level in the system. Evidently the reduction in

plant uptake depends on three factors, time for equilibration, increased

sorption from the zeolite and increased dilution by potassium. While the

total effect of the zeolite addition on IMCs plant uptake was easy to

estimated, the separate effects of potassium dilution and increased >34Cs

sorption capacity are more difficult to estimate. Furthermore the

radiocaesium was either sorbed by the zeolite or by mineral and organic

surfaces in the soil as already discussed. Radiocaesium sorbed by the organic

surfaces are probably much more plant available than that sorbed by the

mineral surfaces which in turn might be more plant available than that sorbed

by the zeolite.

In order to quantify the relation between equilibration time, ;ind transfer

factor or Cs/K ratios in shoots, regression analysis was used. A reciprocal

equation of the form 1 / Y = a + bx give the best fil.

22



The 1MCs uptake was reduced by a factor of 3 to 8 with increasing length of

time of equilibration in the soil before sowing.

PAPER HI. Sorption of Caesium in Soils from Various Regions of Libya.

PAPER IV. Sorption Behaviour of Caesium in Various Soils.

The sorption of IMCs on soils from various regions of Libya and Sweden was

studied by using batch techniques. The different soil types have different

capacities to sorb 134Cs from water solutions, and it is expressed by the

numerical value of the sorption ratio, R -values (ml/g). In the control

treatment the ranges were 860-6000 and 1007-6190 ml/g for the Libyan and the

Swedish group respectively. Correlation analysis showed a narrow relationship

between the R -values and the clay content (r = 0.97, p < 0.0001).

Regression analysis were used to estimate and verify the relation between

transfer factors of radiocaesium to grain wheat crop, (TF ) and clay content

and alternatively their sorption ratio, (R ) .

A high correlation was found for both relations. The following equations were

as follows:

TF = a + b / x (1)

Where: a = 0.00246

b = 0.116

x = Clay content

and r = 0.74

TF = a + b / xR (2)

Where: a = - 0.0021

b = 39.15

xR = Sorption ratio (R)
>

and r = 0.85



The two equations were used for estimating the transfer factors for two

Swedish soils and Libyan soils. The relations seems to be satisfactory for

most of the soils, although less for coarse sandy soil than for clay soils.

The results lead to the following conclusions:

1. The sorption ratio are relatively high at high clay content.

2. The sorption of l34Cs was largely reduced by adding stable caesium even at

low concentrations.

3. The sorption of 134Cs was largely affected when competing K+ and NH* ions

were present in the solution.

4. The ability to decrease the l3"Cs sorption sites decreased in the order

Cs+ > > NH + > > K \

5. A steady state was reached in 4 - 7 days.

PAPER V. Exchangeability of Caesium in Various Soils.

The conditions that influence the exchangeability of 134Cs sorbed by

different soil types were studied in desorption experiments. After

equilibration periods of different lengths the exchangeability of 134Cs for

Ba2+ and NH+ was investigated. The efficiency of NH+ to exchange mCs from

the soils was about 10 times larger than that of Ba2+. The higher exchange

capacity of NH+ than of Ba2+ therefore indicate that Cs+ are bound to

specific sites from which they arc more exchangeable for Nil* than for Ba2+.

The percentage of lwCs exchange was steadily reduced with increasing clay

content.

The increase in equilibration time and in the clay content reduced the

exchangeability of 134Cs with NH+ in soils. Beside the clay content and the

equilibration time the drying process affected the 1MCs desorbed in ihc -

soils. This suggests that the drying process affects the penetration of the

caesium ions into lattice structure.

24



Correlation analysis were used to estimate and verity the relation between

percentage of 1MCs exchangeable and soil parameters. The analysis confirmed

that the clay content is a major important parameter for the size of the

fraction of exchangeable radiocaesium.



CONCLUSIONS

Experiments were conducted to study sorption and desorption behaviour of

radiocaesium on different soil types, and the influence of zeolite amendments

on the IMCs uptake by wheat. The sorption ratio (R -value) for ' Cs was

reduced considerably with increasing stable Cs* concentrations in the

experimental environments. Important parameters influencing the sorption were

clay content, pHr and the concentrations of other cations, in particular K*

and NH* which compete with Cs* for the sorption sites NH* was found ?o be

more efficient than K* in displacing Cs*. The total range in the

exchangeability was around 1-5 per cent with Ba"+ and 15-56 per cent with

NH*. A significant reduction in the exchangeability of l;vtCs occurred when

the length of equilibration period increased and when the soils were dried.

The most important parameter influenced the exchangeability was the clay

content.

Adding zeolite to the soil caused a considerable reduction in uptake of ' Cs

by wheat. A reduction of TF by a factor of 3 - H was observed with an

increasing length of time for equilibration of l%>Cs in the soil before

sowing. Two reasons are possible for this influence on the lv>Cs uptake: One

is increased .sorption and reduction of the IMCs available in the soil

solution, and the other is dilution of the '*'Cs available by potassium

released from the zeolite. Correlations were found between the radiocaesium

transfer factor for plant uptake, the clay content and the sorption ratio.

Simple mathematical models were tested to estimate the transfer factors for

radiocaesium to wheat on soils of interest, for which no uptake data arc
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