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Summary 

The use of bentonites as soil amendment has met with little success in reducing plant 

uptake of radiocaesium.  However, bentonites exchanged with K+ have pronounced Cs+ 

binding capacity when subjected to wetting-drying cycles. 

Fifty-four different bentonites were collected and characterized for CEC and chemical 

composition.  The Radiocaesium Interception Potential (RIP) increased up to 160-fold 

(mean 25) when the bentonites were converted to the K-form and subjected to wetting-

drying cycles.  This increase in radiocaesium sorption was ascribed to a collapse of the 

clay sheets into an illite-like structure, and was most pronounced in bentonites with a high 

layer charge.  The RIP values of K-bentonites subjected to 25 wetting-drying cycles ranged 

from 0.22 to 44.3 mol kg-1.  The RIP yields, i.e. the RIP in soil-bentonite mixtures 

expressed per unit bentonite added, were even higher and ranged up to 99 mol kg-1.  This 

upper limit is about ten-fold higher than the RIP value of illite (∼10 mol kg-1), the principal 

137Cs sorbent in soils of temperate climates.  Wetting-drying also promoted fixation of 

radiocaesium in soils amended with K-bentonites.  About 30% of added 137Cs could be 

desorbed with 1 M ammonium acetate (NH4Ac) from an unamended soil after 25 wetting-

drying cycles, while only between 8 and 21% of 137Cs could be desorbed from a soil 

amended with bentonite and a K-salt.  These findings support the proposition that addition 

of K-bentonite may be effective in reducing availability of 137Cs in soils. 
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Introduction 

Various countermeasures to reduce the transfer of radiocaesium from soil to crops have 

been tested (Nisbet et al., 1993).  Soil amendments, such as bentonites and zeolites, have 

been used in an attempt to increase the sorption of 137Cs, thus lowering its availability for 

plant uptake.  However, in most cases there was only little or no effect upon addition of 

these materials (e.g. Rauret & Firsakova, 1996; Jones et al., 1999; Howard et al., 2001).  

Both soil and plant processes control the soil–plant transfer of 137Cs.  The solid–solution 

distribution of 137Cs in mineral soil is governed by illitic minerals.  The strong retention of 

137Cs on illitic clay minerals is attributed to the presence of a small number of very 

selective sorption sites, the so-called Frayed Edge Sites (FES) located at the edges of illite 

particles (Sawhney, 1972).  The Radiocaesium Interception Potential (RIP) theory enables 

an interpretation of 137Cs retention on soils and sediments (Sweeck et al., 1990).  The RIP 

value is defined as the product of the FES capacity and the trace Cs-to-K selectivity 

coefficient on these sites and can be determined by measuring the solid–liquid distribution 

of 137Cs in a well-defined ionic scenario (Wauters et al., 1996a).  The distribution 

coefficient of 137Cs in the soil can be predicted on the basis of the RIP value and the 

concentration of competing cations for sorption on the specific sites, namely K+ and NH4
+: 

Kd
lab = RIP / (cK + 5 cNH4), (1) 

where Kd
lab (litre kg-1) is the predicted distribution coefficient between labile adsorbed and 

solution 137Cs, RIP (mol kg-1) is the radiocaesium interception potential and cK and cNH4 are 

the soil solution concentrations (M) of K+ and NH4
+ respectively (Wauters et al., 1996a).  

Over time, 137Cs can diffuse from the labile adsorbed fraction into the illite lattice.  In this 

way, a fraction of 137Cs becomes unavailable for direct ion-exchange (Comans & Hockley, 

1992), thus causing an increase in the overall distribution coefficient. 
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The plant availability of 137Cs in soil is not only dependent on the solid–solution 

distribution of 137Cs in soil, which can be quantified by the Kd, but also on the root-uptake 

of 137Cs from the soil solution.  Smolders et al. (1997) observed a negative correlation 

between the K concentration in solution and the 137Cs concentration factor (ratio of activity 

in the plant to that in the soil solution) of ryegrass in 30 soils.  The K concentration hence 

has opposite effects on Cs mobilisation on the one hand (see Equation 1) and the uptake 

rate by plants on the other hand.  

The foregoing analysis implies that, in order to be effective in reducing plant uptake of 

137Cs, the lowering of Cs activity resulting from soil amendments should more than offset 

the K concentration effect.  A soil amendment that reduces Cs activity and K concentration 

to the same extent will have little effect, as the decrease in Cs activity will be compensated 

by the enhanced Cs uptake, resulting from the decrease in the K concentration.  Although 

bentonites do not have a high selectivity for Cs over K, this selectivity may be enhanced by 

structure modification.  Tamura & Jacobs (1961) showed that Cs sorption of bentonites 

was enhanced upon heating the clay to 600-700°C.  Subjecting K-montmorillonite to 

wetting-drying cycles also promoted the sorption of 137Cs (Maes et al., 1985). The increase 

in 137Cs sorption was thought to be associated with fixation of K+ and a collapse of the 

elementary clay sheets thus generating a more illite-like structure. This process, referred to 

as illitisation, was found to be promoted in smectites with a high layer charge (Horváth & 

Novák, 1975; Šucha & Širáńová, 1991).  Vandenhove et al. (2003) found that addition of a 

K-bentonite to a podzolic soil caused a large increase of the RIP during plant growth and a 

decrease of the 137Cs transfer factor.  The transfer of 137Cs to ryegrass was about ten-fold 

lower in the soil treated with 1% K-bentonite than in the unamended soil, from the fourth 

plant harvest onwards. 
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Bentonites are clay minerals usually formed by the alteration of volcanic ash, and 

consisting mainly of smectite minerals.  Bentonites occur worldwide in large deposits and 

have a wide variety of applications in different industries.  Therefore, addition of bentonite 

could serve as a cheap and convenient method to reduce the soil–plant transfer of 137Cs, if 

Cs sorption could be enhanced by this soil amendment. 

This study investigates the effect of wetting-drying (W-D) cycles on the RIP 

development of a variety of bentonites converted to the K-form and on mixtures of soils 

and K-bentonites.  The CEC and chemical composition of the bentonites were determined 

to assess possible relationships between these properties and the increase in 137Cs sorption 

upon wetting-drying. 

 

Materials and methods  

Bentonite samples and characterisation  

Fifty-four bentonites of different origins were collected (Table 1).  The bentonites were 

ground and sieved to less than 1 mm.  The CEC and exchangeable cation contents (Mg, Ca, 

K, Na) were measured at pH=7 (in a 0.1 M NH4Ac buffer) using silver thiourea as the 

index cation (Chhabra et al., 1975).   

Elemental composition (Si, Al, Mg, Fe, Mn, Li, Zn, Ca, K, Na) of the bentonites was 

determined using the suspension-nebulization method of Laird et al. (1991).  The <0.2 µm 

size fraction was isolated by converting the clay to the Na-form and centrifuging the clay 

suspension at the appropriate speed and time, as calculated from the integrated form of 

Stokes’ Law (10 min at 3300g).  The supernatant suspension was collected and flocculated 

by adding 0.5 g of CaCl2 and the clay was washed 3 times in 0.5 M CaCl2, 4 to 8 times in 

distilled water (until no precipitation occurred when adding AgNO3 to the supernatant) and 

once in ethanol/water 50:50 (v:v).  The samples were air-dried and ground in an agate 
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mortar.  Suspensions of these Ca-saturated <0.2 µm samples were prepared by dispersing 

0.05 g of the clay in 100 ml of 0.5 M HNO3.  The suspensions were analysed with 

Inductively Coupled Plasma - Optical Emission Spectroscopy (ICP-OES, Perkin Elmer, 

Optima 3300 DV), with a cyclonic spray chamber.  Sample nebulization rate was 1.5 ml 

min-1, incident power was 1400 W, and observation height was 15 mm above the top load 

coil. 

All bentonites were dioctahedral, except hectorite (trioctahedral).  The hectorite and 

Barasym clay (synthetic) and the clays with a CEC lower than 50 cmolc kg-1 (Table 1, 

samples 50-54) were not included in the statistical analyses.  The X-ray diffraction (XRD)-

patterns showed that the Cadouin and Bouillac bentonites were not pure smectites.  Peaks 

at 12.4 and 24.9 degrees 2θ for both samples indicated the presence of kaolinite, and peaks 

at 8.9, 17.1 and 26.8 degrees 2θ for the Bouillac sample indicated the presence of illite, 

which was supported by the high K2O-content of the Ca-saturated clay (5.1%) and the 

relative high RIP (3.6 mol kg-1) of the untreated clay. 

The structural formulae of the bentonites were derived from their chemical composition 

using the method of “fixed cationic numbers”.  A perfect cationic occupation of the 

dioctahedral smectites is assumed, i.e. the number of octahedral and tetrahedral cations per 

half unit cell is set to 6 (Grim & Güven, 1978).  As Mn, Zn and Li contents were negligible 

(except for the hectorite, with a Li2O content of 2.5%), these cations were not considered 

in the calculations.  Iron was considered to be in ferric state and to be located in the 

octahedral layer.  The chemical formula of the bentonite was assumed to be as follows: 

[(Si 4-x Al x) (Al 2-y-z Fe3+
y Mg z) O10(OH)2] M

+
 x+ z . 

The parameter x corresponds to the tetrahedral layer charge, z to the octahedral layer 

charge, and x+z to the total layer charge per half unit cell.  For six bentonites (Table 1, 

samples 4, 8, 12, 16, 17 and 24), the SiO2 content was higher than theoretically possible 
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(>4 Si per half unit cell), probably because of impurities (e.g. cristobalite).  For these 

samples the structural formulae were calculated assuming that there were four Si atoms per 

half unit cell.  No structural formulae were calculated for bentonites 49 to 54 (Table 1), for 

the reasons given above. 

 

Treatments  

Effect of clay percentage, number of W-D cycles and K exchange procedure.   The effect of 

the number of W-D cycles and the method by which the K-bentonite or soil-bentonite 

mixture was prepared, was tested on four bentonites (Table 1, samples 8, 17, 35 and 45).  

The pure K-bentonites were prepared as follows: 

- procedure 1.  The fine clay fraction (<2 µm) was converted to the K-form by dialysis 

with 1 M KCl.  The suspensions were then washed until salt free and dried at 50°C.  

- procedure 2.  The <2 µm bentonite was mixed with a K2CO3 solution (1 mol K kg-1 

clay) in a 4:7 solid:solution ratio (kg l-1).  The use of K2CO3 enhances K-exchange because 

of CaCO3 precipitation.  After two weeks of incubation at room temperature, the mixture 

was centrifuged as before, and the sediment was dried at 50°C.  The concentration of K+ in 

the supernatant was measured, and the K-saturation of the bentonite was calculated to be 

between 66% and 100%.  

The soil-bentonite mixtures were prepared from the same bentonites and a sandy soil 

(Table 2, soil A), with the following methods: 

- procedure 1.  The K-bentonite suspensions obtained by dialysis were mixed with the 

soil to give bentonite contents of 1, 2, 3.4 and 4.8% (w:w).  The mixtures were incubated at 

room temperature for 4 weeks. 

- procedure 2.  The <2 µm bentonites were mixed with 0.2 M K2CO3 in a 1:2.5 

solid:solution ratio (~ 1 mol K+ kg-1 clay).  After 5 days of incubation, the paste was dried 
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at 50 °C and mixed with the soil (1, 2, 3, 5 and 10g K-bentonite per 100g soil). The 

mixture was wetted with deionized water to field capacity and incubated for 5 weeks. 

All samples were submitted to W-D cycles.  The samples were wetted with deionized 

water to field capacity (visual inspection), and oven-dried at 50°C (5 to 6 hours).  Samples 

for RIP-measurement were taken after 1, 5, 10, 20, 30 and 40 W-D cycles. 

Effect of exchangeable K content.   Ten grammes of a sandy soil (Table 2, soil B) were 

mixed with 1 g of the Malucca bentonite (Table 1, sample 45), and 5 ml of a K2CO3 

solution were added in order to obtain K-saturations from 20, 40, 60, 80 and 100% (~ 23 - 

117 mmol K+ kg-1 mixture).  The soil-bentonite mixtures were submitted to 25 W-D cycles 

(30 to 35°C, overnight oven drying). 

Effect of soil.   The Possis and Malucca bentonites (Table 1, samples 35 and 45) were 

dispersed in 0.25 M K2CO3 in a 1:2.5 solid:solution ratio (~1.25 mol K+ kg-1 clay). The 

mixtures were shaken for 48 hours, dried at 50°C and ground.  Sixteen grassland soils of 

wide textural range (0.8-31.3% clay, RIP 0.14-4.8 mol kg-1) were mixed with the 

bentonites at a clay percentage of 9.1% (w:w).  The soil-bentonite mixtures were wetted, 

incubated for 1 week and submitted to 25 W-D cycles at 30 to 35°C (overnight oven 

drying).  Also the soils with no added bentonite were submitted to 25 W-D cycles in the 

same way. 

Effect of bentonite.   The RIP increase upon wetting-drying was tested on all 56 bentonites.  

Both pure bentonites and soil-bentonite mixtures were treated with K and subjected to 

wetting-drying cycles.  The drying procedure used in this set of experiments was quite 

gentle and similar to what occurs in the field.  Bentonites or soil-bentonite mixtures were 

wetted and left to dry in open air, most often in bright sunlight.  Usually, drying was 
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complete after one day.  Also the effect of freezing-thawing (F-T) was tested.  The F-T 

cycles were performed by keeping the samples overnight at -20°C and thawing them at 

room temperature.  Preparation of the samples was as follows: 

- Bentonite.  The bentonite was mixed with 1 M K2CO3 in a 1:1 solid:solution ratio (~ 2 

mol K kg-1 clay) and incubated for 9 days.  The samples were subjected to 25 W-D cycles 

(air-drying) or to 25 F-T cycles.   

- Soil-bentonite mixtures. Ten grammes of a sandy soil (Table 2, soil A) were mixed 

with 1 g bentonite, and 5 ml of a 0.2 M K2CO3 solution were added (~ 180 mmol K+ kg-1 

mixture).  The samples were incubated for 9 days and subjected to 25 W-D cycles (air-

drying).  

The various treatments are summarized in Table 3.  During the course of the 

experiments, progressively less severe (i.e. at lower temperatures) drying was applied in 

order to assess whether the increase in RIP values is influenced by drying procedures. 

 

RIP measurement 

The RIP was determined according to Wauters et al. (1996a). Approximately 1 g of the soil 

or soil-bentonite mixtures or 0.4 g of the pure bentonite was weighed into a dialysis bag 

(Visking 12-14000 Daltons, Medicell, London).  The sample was pre-conditioned for at 

least 22 h in 250 ml solution of 0.1 M CaCl2 + 0.5mM KCl, with one replacement of the 

outer solution.  The dialysis bag was transferred to 25 ml of this solution with 137Cs tracer 

added and equilibrated for 24h.  Activity of 137Cs in the equilibrium solution was 

determined, which allowed calculation of Kd (litre kg-1) of 137Cs, defined as the ratio of the 

137Cs activity sorbed on the solid phase to the 137Cs activity in solution.  The RIP (mol kg-1) 

was calculated as the product of Kd and the K concentration in the equilibrium solution 

(5x10-4 M).  
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Cs-Na selectivity coefficient 

The presence of chemical impurities causes errors in the derivation of the structural 

formulae from the chemical composition.  Maes & Cremers (1978) showed that the Cs-Na 

selectivity coefficient, Kc
Cs–Na, increases with increasing layer charge of the smectites, the 

selectivity coefficient being defined as:  

Cs

Na

Na

CsNa-Cs
c

c

c

Z

Z
K ⋅= , (2) 

where ZCs is the proportion of Cs and ZNa the proportion of Na on the cation exchange 

complex, and cNa and cCs are the concentrations in the equilibrium solution of Na and Cs, 

respectively.  We therefore used the Kc
Cs–Na (at ZCs = 0.1) measured on the untreated 

bentonites (i.e., not subjected to W-D) as an indirect indicator for the layer charge, Q-.   

The Kc
Cs–Na was determined on the <2 µm fraction of the Na-bentonite, which was 

prepared by dispersing the bentonite in 1 M NaCl, washing with distilled water, and 

separating the <2 µm fraction by decantation.  The Na:CEC ratio, used in this saturation 

treatment, was about 102, thus ensuring a homoionic Na+ form, or nearly so.  This fine 

fraction was settled in 0.1 M NaCl and the suspensions were dialysed salt-free.  The dry 

weight of these suspensions was determined by drying a subsample at 105°C and ranged 

from 5 to 30 g l-1.  A 10 ml sample of the suspension was placed in a dialysis bag and, after 

pre-equilibration with 0.01 M NaCl, 20 ml of a solution of 9.5 mM NaCl + 0.5 mM CsCl 

spiked with 137Cs was added.  The 137Cs activity of the equilibrium solution was 

determined after overnight shaking, which allowed calculation of the Cs-Na selectivity 

coefficient. 

The Kc
Cs–Na is dependent on the Cs loading of the smectite (Maes & Cremers, 1978).  

The Cs-saturations obtained varied between 0.06 and 0.45 at the first measurement of the 
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Kc
Cs–Na.  Therefore, the procedure was repeated adjusting the solid:liquid ratio until ZCs was 

0.1 ± 0.02, to obtain comparable Kc values.  

 

Desorption of 
137

Cs 

A sandy soil (Table 2, soil A) was dispersed in 10-5 M KCl spiked with 137Cs.  The soil was 

air dried and mixed with each of the bentonites to give a clay content of 9.1% (w:w).  A 

0.2 M K2CO3 solution was added to the mixture in a 2:1 solid:solution ratio (~ 180 mmol 

K+ kg-1).  The samples were incubated for 9 days at room temperature and subjected to 25 

W-D cycles (air-drying).  Approximately 0.5 g of sample was shaken with 25 ml of 1 M 

NH4Ac for 24 hours and then centrifuged at 4000 g for 30 min.  A 5-ml sample was taken 

from the supernatant for radio-assay of 137Cs.  

 

Results and discussion 

The RIP development in K-bentonites and soil-bentonite mixtures subjected to W-D cycles 

The RIP value of the K-bentonites and soil-bentonite mixtures increased with increasing 

number of W-D cycles.  In most cases, a plateau was attained after about 20 W-D cycles 

(Figure 1a).  Therefore, samples were submitted to 25 W-D cycles in subsequent 

experiments. 

The RIP values of soil-bentonite mixtures increased linearly with the amount of 

bentonite added (Figure 1b).  Therefore, RIP values of the soil-bentonite mixtures were 

normalized with respect to the amount of clay added: 

bent

soilRIP(soil)-bentonite)RIP(soil
yield  RIP

f

f−
= , (3) 

where fsoil is the fraction of soil and fbent is the fraction of bentonite in the soil-bentonite 

mixture, and RIP(soil) is the RIP of the soil submitted to the same number of W-D cycles 
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as the soil-bentonite mixture.  It was found that the RIP of the soil without bentonite added 

also increased upon wetting-drying.  For 16 grassland soils, the RIP increased with, on 

average, a factor of 2.4 after 25 W-D cycles.  The largest increase in RIP was found in the 

soils with the largest CEC (details not shown).   

Little difference in RIP values was found between the two K+ exchange procedures 

(Table 4).  Surprisingly, RIP yields of bentonites in the soil-bentonite mixtures are 

significantly higher than RIP values of the pure bentonites, submitted to the same number 

of W-D cycles.  The reason why RIP development is more pronounced when the bentonites 

are mixed with the soil, is unclear.  A possible explanation is that mixing the bentonite 

with the soil results in a larger contact surface area of the bentonite. 

There was little influence of the type of soil on the RIP increase in the soil-bentonite 

mixtures.  The RIP yield of two bentonites mixed with 16 grassland soils of a wide textural 

range, was nearly identical in the different soils.  The mean RIP yield was 46.9 mol kg-1, 

with standard error 1.9 mol kg-1, for the Possis bentonite, and 53.6 mol kg-1, with standard 

error 1.8 mol kg-1, for the Malucca bentonite.  The higher RIP yields in comparison with 

the previous experiment (Table 4) may be caused by the more drastic method used to 

convert the bentonites to the K-form.   

Complete K-saturation of the exchange sites was not required to obtain high RIP yields.  

The RIP yield of the Malucca bentonite did not change significantly at K-saturations above 

40%.  

 

Effect of bentonite 

The RIP values of the untreated bentonites ranged from 0.04 to 4.07 mol kg-1 (mean 1.1 

mol kg-1).  The RIP values of the K-bentonites ranged from 0.22 to 44.3 mol kg-1 after 25 

W-D cycles and from 0.16 to 39.3 mol kg-1 after 25 freezing-thawing (F-T) cycles.  The 
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RIP values of the untreated bentonites showed no correlation with those of the K-

bentonites submitted to wetting-drying.  The RIP values of the K-bentonites subjected to 

25 F-T cycles were well correlated with those of the K-bentonites subjected to 25 W-D 

cycles (r=0.98, P<0.001), but were on average 26% lower.  The RIP yields (Equation 3) of 

the bentonites in the soil-bentonite mixtures ranged from 0 to 99 mol kg-1 (Table 1).  The 

RIP yields were well correlated with the RIP of the pure K-bentonites subjected to 25 W-D 

cycles (r=0.91, P<0.001), but were, on average, 2.4 times higher.   

In this experiment, the samples were air dried, whereas they were oven dried in previous 

experiments.  Nevertheless, RIP yields of bentonites 8, 17, 35 and 45 (Table 1) were 

comparable with the RIP yields given in Table 4 (drying at 50°C). 

In general, Cheto-type bentonites (high Mg) show high RIP yields, while the Wyoming-

type bentonites have lower RIP yields, indicating that layer charge is probably an 

important factor in the formation of Cs-selective sites upon W-D.  The RIP yields of the 

bentonites showed a significant positive correlation (r=0.73) with the calculated layer 

charge (Table 5 and Figure 2a).  Correlation of the RIP yield with the MgO content 

(r=0.64) and with the octahedral charge (r=0.66, P<0.001) was nearly as high, because in 

most bentonites the negative charge was mainly due to octahedral substitution.  Correlation 

of the RIP yield with the CEC was lower (r=0.60), but still highly significant (P<0.001).  

The correlation between CEC and the calculated layer charge was rather weak (r=0.49, 

P<0.001).  The CEC was measured on the <1 mm fraction, while the layer charge was 

calculated from the chemical composition determined on the <0.2 µm fraction, which may 

explain the weaker correlation.  The layer charge appears to be an important factor in the 

development of Cs-selective sites in K-bentonites.  The Cs-selective sites are probably 

generated through K-fixation and the collapse of the elementary clay sheets into a more 

illite-like structure.  The CEC and exchangeable-K content were measured for the Possis 
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bentonite (Table 1, sample 35) converted to the K-form and submitted to W-D cycles.  The 

CEC and exchangeable-K content decreased upon wetting-drying (with 15% after 20 W-D 

cycles), supporting this hypothesis.  Evidence for the conversion to an illitic structure was 

also given by XRD measurements.  Oriented clay samples were prepared for four 

bentonites converted to the K-form and not submitted to W-D cycles or submitted to 40 W-

D cycles.  The samples were analysed by XRD first air dry and then after solvation with 

ethylene glycol.  The basal spacing (d001) decreased from ~11.5 Å (~13.2 Å after ethylene 

glycol solvation) to ~10.5 Å (for both treatments), indicating a loss of expandable character 

upon wetting-drying.   

The derivation of the structural formula is subject to errors because of chemical 

impurities in the clay samples.  We therefore used the Kc
Cs–Na of the untreated bentonite as 

an indirect indicator for the layer charge, Q-.  Other ion-pairs could have been used, e.g. K-

Na, but the Cs-Na pair seems more favourable as these ions differ more in hardness and 

electronegativity and therefore larger differences between the Kc of different bentonites are 

to be expected (Xu & Harsh, 1990).  The Kc
Cs–Na was determined at a Cs occupancy of 0.1 

and is therefore no measure for the 137Cs selectivity (trace amounts).  It was therefore 

unsurprising that the Kc
Cs–Na was not correlated with the RIP values of the original 

bentonites.  On the other hand, the Kc
Cs–Na correlated strongly (r=0.75, P<0.001) with the 

RIP yield (Figure 2b).  There was a significant correlation (r=0.58, P<0.001) between Q- 

and Kc
Cs–Na, but the correlation between octahedral charge and Kc

Cs–Na was even greater 

(r=0.71, P<0.001) (Table 5).  The correlation of the Kc
Cs–Na with the tetrahedral charge was 

not significant, which is probably due to the large influence of impurities on the 

determination of the tetrahedral charge.  Another explanation might be that the cation 

selectivity is not only dependent on the layer charge, but also on the location of the 

isomorphous substitution, as was shown by Xu & Harsh (1992).  
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Desorption 

Desorption yields in soils are generally higher with 1 M K+ solutions than with 1 M NH4
+ 

solutions (e.g. Wauters et al., 1994).  However, we found that slightly more 137Cs was 

desorbed in 1 M NH4Ac than in 1 M KCl for the K-bentonites and soil-bentonite mixtures.  

When no bentonite was added to the soil, 30% of 137Cs could be desorbed after 25 W-D 

cycles.  Only about 10 to 20% of 137Cs could be desorbed in the soil-bentonite mixtures 

after 25 W-D cycles (Table 1).  Desorption of 137Cs in soil-bentonite mixtures where 137Cs 

was added after the W-D cycles was much higher (around 70%), showing the large 

influence of wetting-drying on the fixation of 137Cs.  This may be due to the collapse of the 

clay sheets upon wetting-drying, causing Cs+ ions to be entrapped.  The desorption yields 

showed a weak negative correlation with the RIP yields (r=-0.41, P<0.01), and the 

octahedral layer charge (r=-0.34, P<0.05).  No significant correlation was found between 

desorption yield and Kc
Cs–Na or the total layer charge. 

 

Conclusions 

Upon wetting-drying or freezing-thawing of K-bentonites and soil-bentonite mixtures, Cs-

selective sites are generated.  Selectivity coefficients were measured on these sites and they 

were similar to those of the FES of illitic clay minerals: a trace Cs-K selectivity coefficient 

of around 1000 and an NH4-K selectivity coefficient of around 5 (details not shown).  The 

RIP yield, i.e. the RIP in soil-bentonite mixtures expressed per unit bentonite added, of the 

Otay bentonite (submitted to 40 W-D cycles) was 99 mol kg-1
, which is ten-fold that of the 

RIP of illite (∼10 mol kg-1
, Wauters et al., 1996b).  We hypothesize that a collapse of the 

clay sheets in an illite-like structure is induced by wetting-drying or freezing-thawing, 

since both processes result in dehydratation of interlayer cations.  The link between the 



  16 

collapse of K-montmorillonite, induced by charge reduction or by repeated wetting-drying 

at 80°C, and the generation of Cs-selective sites was previously made by Maes et al. 

(1985).  The results here show that Cs-selective sites are also generated when the soil-

bentonite mixtures are dried in air, and when the clay is not homo-ionic in K+.  In the soil-

bentonite mixtures, where K+ is partly lost to the soil exchange complex, RIP yields are 

even higher than in the pure bentonites.  

In general, the increase in sorption of 137Cs was most pronounced in bentonites with high 

layer charge.  This relationship between the development of Cs-selective sites and layer 

charge is in agreement with the findings of Horváth & Novák (1975), who demonstrated 

that K-fixation in montmorillonites is favoured by high layer charge.  

In view of the high RIP values that are attained and the fixation of 137Cs in K-bentonites 

upon wetting-drying, K-bentonites may be a successful countermeasure in soils 

contaminated with 137Cs.  In 88 grassland soils of a wide textural range, RIP values ranged 

from 0.05 to 11.2 mol kg-1, with the 25th percentile at 0.4 mol kg-1 (Waegeneers et al., 

1999).  The RIP yield of the K-bentonites ranged from 0 to 99 mol kg-1, with the 75th 

percentile at 31 mol kg-1 (Table 1).  Therefore, addition of a bentonite, converted to the K-

form or mixed with a K-salt, may increase the RIP significantly.  For example, addition of 

a K-bentonite with a RIP yield of 30 mol kg-1 in a 5% dose to a soil with a RIP of 0.4 mol 

kg-1, will result in a five-fold increase of the RIP value.  This increase in RIP will result in 

a reduction of the radiocaesium transfer factor (TF), as was shown by Vandenhove et al. 

(2003).  Enhanced fixation of 137Cs upon addition of K-bentonite is expected to cause a 

further reduction of the TF.  Untreated bentonites have low RIP values, of the order of 1 

mol kg-1 (average value for the bentonites of this study).  Therefore, no effect on the TF is 

expected by addition of an untreated bentonite, which is in agreement with experimental 

findings (Howard et al., 2001).  
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The highest reductions of the 137Cs uptake upon addition of K-bentonite are expected in 

recently contaminated soils with a low RIP value and a low K+ status, which are the soils 

with the highest soil–plant transfer.  Moreover, in the case of recent contamination, 

application rates can be kept low, as 137Cs is still confined to the top 2-3 mm of the soil.  A 

surface application of 2 t ha-1 corresponds to a dose of 5% bentonite over this upper 2-3 

mm.  Though beneficial effects are also to be expected upon addition of K-bentonite to 

soils in which 137Cs has been present for years, higher application rates will be necessary 

and the reduction in TF will probably be smaller. 

 

Acknowledgements 

F. Degryse thanks the Fund for Scientific Research-Flanders (Belgium) (F.W.O.-

Vlaanderen) for a position as Research Assistant.  We also thank Dr K. Melka, Dr P. 

Kovács-Pálffy, Dr J. Cuadros, Dr G. Novelli and Dr L. Heller for kindly supplying 

bentonite samples.  

 

References 

Chhabra, R., Pleysier, J. & Cremers, A. 1975. The measurement of the cation exchange 

capacity and exchangeable cations in soils: A new method. In: Proceedings of the 

International Clay Conference (ed. S.W. Bailey), pp. 439-449. Applied Publishing Ltd., 

Wilmette, Illinois, U.S.A. 

Comans, R.N.J. & Hockley, D. 1992. Kinetics of cesium sorption on illite. Geochimica et 

Cosmochimica Acta, 56, 1157-1164.  



  18 

Grim, R.E. & Güven, N. 1978. Bentonites - geology, mineralogy, properties, and uses. 

Developments in Sedimentology, 24.  Elsevier, Amsterdam, The Netherlands.  

Horváth, I. & Novák, I. 1975. Potassium fixation and the charge of the montmorillonite 

layer. In: Proceedings of the International Clay Conference (ed. S.W. Bailey), pp. 185-

189.  Applied Publishing Ltd., Wilmette, Illinois, U.S.A. 

Howard, B.J., Beresford, N.A. & Voigt, G. 2001. Countermeasures for animal products: a 

review of effectiveness and potential usefulness after an accident. Journal of 

Environmental Radioactivity, 56, 115-137. 

Jones, D.R., Paul, L. & Mitchell, N.G. 1999. Effects of ameliorative measures on the 

radiocaesium transfer to upland vegetation in the UK. Journal of Environmental 

Radioactivity, 44, 55-69. 

Laird, D.A., Barak, P., Nater, E.A. & Dowdy, R. H. 1991. Chemistry of smectitic and illitic 

phases in interstratified soil smectite. Soil Science Society of America Journal, 55, 1499-

1504. 

Maes, A. & Cremers, A. 1978. Charge density effects in ion exchange. II. Homovalent 

exchange equilibria. Journal of the Chemical Society, Faraday Transactions I, 74, 1234-

1241. 

Maes, A., Verheyden, D. & Cremers, A. 1985. Formation of highly selective cesium-

exchange sites in montmorillonites. Clays and Clay Minerals, 33, 251-257. 

Nisbet, A.F., Konoplev, A.V., Shaw, G., Lembrechts, J.F., Merckx, R., Smolders, E., 

Vandecasteele, C.M., Lönsjö, H., Carini, F. & Burton, O. 1993. Application of fertilizers 



  19 

and ameliorants to reduce soil to plant transfer of radiocesium and radiostrontium in the 

medium- to long-term – A Summary. Science of the Total Environment, 137, 173-182. 

Rauret, G. & Firsakova, S. 1996. Transfer of radionuclides through the terrestrial 

environment to agricultural products. Final report for the Experimental Collaboration 

Project n°2 (ECP-2, EU 16528).  European Commission, Luxembourg. 

Sawhney, B.L. 1972. Selective sorption and fixation of cations by clay minerals: A review. 

Clays and Clay Minerals, 20, 93-100.  

Smolders, E., Van den Brande, K. & Merckx, R. 1997. Concentrations of 137Cs and K in 

soil solution predict the plant availability of 137Cs in soils. Environmental Science and 

Technology, 31, 3432-3438. 

Šucha, V. & Širáńová, V. 1991. Ammonium and potassium fixation in smectite by wetting 

and drying. Clays and Clay Minererals, 39, 556-559. 

Sweeck, L., Wauters, J., Valcke, E. & Cremers, A. 1990. The specific interception 

potential of soil for radiocaesium.  In: Transfer of Radionuclides in Natural and Semi-

natural Environments (eds G. Desmet, P. Nassimbeni & M. Belli), pp. 249-258.  

Elsevier, Barking, UK.  

Tamura, T. & Jacobs, G. 1961. Improving cesium selectivity of bentonites by heat 

treatment. Health Physics, 5, 149-154. 

Vandenhove, H., Smolders, E. & Cremers, A. 2003. Potassium bentonites reduce 

radiocaesium availability to plants. European Journal of Soil Science, 54, 91-102.  



  20 

Waegeneers, N., Smolders, E. & Merckx, R. 1999. A statistical approach for estimating the 

radiocaesium interception potential of soils. Journal of Environmental Quality, 28, 1005-

1011. 

Wauters, J., Sweeck, L., Valcke, E., Elsen, A. & Cremers, A. 1994. Availability of 

radiocesium in soil – a new methodology. Science of the Total Environment, 157, 239-

248. 

Wauters, J., Elsen, A., Cremers, A., Konoplev, A.V., Bulgakov, A.A. & Comans, R.N.J. 

1996a. Prediction of solid/liquid distribution coefficients of radiocaesium in soils and 

sediments. 1. A simplified procedure for solid phase characterisation. Applied 

Geochemistry, 11, 589-594. 

Wauters, J., Vidal, M., Elsen, A. & Cremers, A. 1996b. Prediction of solid/liquid 

distribution coefficients of radiocaesium in soils and sediments. 2. A new procedure for 

solid phase speciation of radiocaesium. Applied Geochemistry, 11, 595-599. 

Xu, S.H. & Harsh, J.B. 1990. Hard and soft acid-base model verified for monovalent cation 

selectivity. Soil Science Society of America Journal, 54, 1596-1601. 

Xu, S.H. & Harsh, J.B. 1992. Alkali cation selectivity and surface charge of 2/1 clay 

minerals. Clays and Clay Minerals, 40, 567-574. 



  21 

Table 1.  Selected characteristics of the 54 bentonites  

    Structural formulae per 11 atoms of O   RIP  d RIP yield  e 
   CEC Tetrahedral  Octahedral   fdes

  c /mol kg-1 /mol kg-1 
No Bentonite Origin /cmolc kg-1 Si AlIV AlVI Fe3+ Mg 

Q
-  a Kc

Cs–Na   b /% 25F-T 25W-D 25W-D 
1 Jelsovy Potok Slovakia 87.1 3.91 0.09 1.48 0.15 0.38 0.47 26.3 16.8 0.5 0.7 0.0 
2 Slov-1 Slovakia nd nd nd nd nd nd nd 31.0 19.0 0.5 0.9 0.0 
3 Mujdeni Romania 86.3 3.88 0.12 1.77 0.15 0.08 0.19 10.6 21.5 0.2 0.2 0.0 
4 Kuzmice Slovakia 54.9 4.00 0.00 1.74 0.10 0.16 0.16 15.1 15.2 1.2 1.3 3.0 
5 Kremnica Slovakia 77.6 nd nd nd nd nd nd 26.9 20.4 2.1 3.8 4.1 
6 Greek white Greece 98.5 4.00 0.00 1.52 0.09 0.38 0.38 28.7 19.3 0.8 1.3 4.3 
7 Belle Fourche U.S. 104.0 3.80 0.20 1.53 0.21 0.27 0.47 14.9 8.8 0.6 1.3 4.7 
8 Prassa Mastic Greece  72.4 4.00 0.00 1.65 0.04 0.31 0.31 40.9 18.8 2.1 2.1 4.9 
9 Komloska Hungary 82.5 3.83 0.17 1.35 0.38 0.27 0.45 17.8 20.6 2.0 3.2 6.4 

10 Wyoming U.S. 101.2 3.84 0.16 1.49 0.22 0.29 0.45 13.7 10.4 2.0 2.5 6.9 
11 Lastovce Slovakia 59.2 3.98 0.02 1.40 0.22 0.38 0.40 14.7 16.2 2.7 3.3 7.3 
12 Gonzales U.S. 80.1 4.00 0.00 1.44 0.04 0.38 0.38 30.6 13.6 1.1 1.4 7.8 
13 Sima Hungary 77.2 3.98 0.02 1.40 0.11 0.49 0.51 40.6 15.3 1.0 1.6 8.0 
14 Osmosa Czech Republic 60.5 3.65 0.35 1.37 0.44 0.19 0.55 25.4 13.7 4.3 8.2 8.7 
15 Cerny-obrnice Czech Republic 58.2 3.83 0.17 1.28 0.39 0.33 0.51 19.3 15.4 6.0 9.1 12.2 
16 Valea Chioarului Romania 69.0 4.00 0.00 1.56 0.08 0.36 0.36 34.3 10.7 3.2 3.9 12.7 
17 Lutra Greece  74.0 4.00 0.00 1.43 0.18 0.39 0.39 36.0 10.9 2.6 4.7 13.4 
18 Mossburg Germany 95.7 3.82 0.18 1.42 0.21 0.36 0.54 24.8 15.2 4.8 7.3 14.2 
19 Istenmezeje Hungary 81.6 4.00 0.00 1.40 0.19 0.41 0.41 34.6 16.9 2.4 3.5 14.2 
20 Makhtesh Ramon Israel 56.7 3.71 0.29 1.44 0.29 0.28 0.57 37.3 10.1 4.3 9.8 15.2 
21 Hadareni Romania 58.6 3.99 0.01 1.36 0.25 0.40 0.40 34.1 15.1 6.9 7.4 15.4 
22 Greek yellow Greece 90.1 3.90 0.10 1.38 0.24 0.39 0.49 22.0 11.1 7.6 9.4 17.4 
23 Rokle Czech Republic 79.1 3.83 0.17 1.17 0.52 0.31 0.48 18.2 13.6 12.2 14.1 17.7 
24 Ocna Mures Romania 65.7 4.00 0.00 1.40 0.19 0.41 0.41 37.9 8.4 5.6 6.2 17.8 
25 Razoare Romania 68.8 3.80 0.20 1.52 0.05 0.43 0.63 57.8 16.2 5.6 6.3 17.9 
26 Strelec Czech Republic 76.1 3.66 0.34 1.27 0.42 0.31 0.65 23.7 14.2 9.3 12.4 18.2 
27 Vysoke Trebusice Czech Republic 88.5 3.77 0.23 1.16 0.57 0.27 0.50 21.5 14.9 12.8 18.1 19.0 
28 Velky Rubnic Czech Republic 85.2 3.69 0.31 1.23 0.46 0.31 0.62 27.4 16.4 10.2 15.4 20.2 
29 Camp Berteaux Morocco 105.7 3.89 0.11 1.44 0.15 0.41 0.52 29.9 10.6 3.6 10.4 20.4 
30 Marnia Algeria 102.1 3.80 0.20 1.43 0.13 0.44 0.64 37.0 17.3 3.8 7.4 21.4 
31 Sard-D Sardinia  82.9 3.49 0.51 1.66 0.17 0.17 0.68 31.1 13.7 7.7 9.8 22.7 
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    Structural formulae per 11 atoms of O   RIP  d RIP yield  e 
   CEC Tetrahedral  Octahedral   fdes

  c /mol kg-1 /mol kg-1 
No Bentonite Origin /cmolc kg-1 Si AlIV AlVI Fe3+ Mg 

Q
-  a Kc

Cs–Na   b /% 25F-T 25W-D 25W-D 
32 Sard-E Sardinia  88.1 3.90 0.10 1.38 0.19 0.42 0.52 47.5 12.1 6.2 9.3 24.1 
33 Slov-2 Slovakia 75.7 nd nd nd nd nd nd 35.6 11.5 13.9 15.7 24.9 
34 Peteruasara Hungary 68.5 4.00 0.00 1.32 0.24 0.43 0.43 44.1 15.6 7.5 9.4 25.3 
35 Possis Sardinia 98.0 nd nd nd nd nd nd 38.9 11.7 5.9 11.9 30.8 
36 Sard-B Sardinia  103.9 3.91 0.09 1.39 0.13 0.48 0.58 44.2 13.6 6.7 10.1 31.7 
37 Putifigari Sardinia 85.5 3.91 0.09 1.23 0.35 0.42 0.50 40.6 12.5 9.4 12.1 34.3 
38 Strance Czech Republic 88.1 3.64 0.36 1.23 0.54 0.23 0.59 32.5 16.9 18.3 22.8 34.4 
39 Almeria Spain 95.4 3.85 0.15 1.29 0.18 0.53 0.67 42.3 12.1 13.1 15.5 37.6 
40 Padulazzo Sardinia 101.6 3.87 0.13 1.34 0.26 0.39 0.53 39.3 11.3 13.8 18.7 38.9 
41 Sard-F Sardinia  85.7 3.86 0.14 1.23 0.30 0.47 0.61 54.2 14.5 12.3 16.5 39.4 
42 Kinney U.S. 113.8 3.90 0.10 1.43 0.07 0.50 0.60 56.7 11.8 17.7 26.2 40.8 
43 Egyhazaskeszo Hungary 81.6 3.53 0.47 1.13 0.70 0.17 0.64 49.3 15.0 23.3 23.4 41.7 
44 Sard-C Sardinia  111.7 3.89 0.11 1.36 0.17 0.47 0.58 47.3 13.0 12.3 15.3 42.7 
45 Malucca Sardinia 106.2 3.90 0.10 1.23 0.29 0.48 0.58 49.8 9.6 14.0 18.7 44.1 
46 Sard-A Sardinia  93.4 3.86 0.14 1.20 0.29 0.51 0.65 45.0 13.9 14.7 19.1 44.8 
47 Cheto U.S. 118.4 3.94 0.06 1.28 0.08 0.64 0.70 60.0 13.0 16.6 23.8 76.0 
48 Otay U.S. 122.2 3.87 0.13 1.22 0.08 0.70 0.83 63.5 10.1 39.3 44.3 99.0 

Minimum  54.9 3.49 0.00 1.13 0.04 0.08 0.16 10.6 8.4 0.2 0.2 0.0 
Maximum  122.2 4.00 0.51 1.77 0.70 0.70 0.83 63.5 21.5 39.3 44.3 99.0 
Median  85.5 3.89 0.11 1.39 0.20 0.39 0.52 34.5 13.8 7.8 10.4 17.8 

    Chemical composition    RIP  d RIP yield  e 
   CEC /%  fdes

 c
 /mol kg-1 /mol kg-1 

No Bentonite Origin /cmolc kg-1 SiO2 Al2O3 Fe2O3 MgO CaO  K2O  Kc
Cs–Na   b /% 25F-T 25W-D 25W-D 

49 Hectorite U.S. 56.3 42.4 1.0 0.4 38.9 16.8 0.4 13.2 9.2 0.9 1.1 7.7 
50 Barasym Synthetic 48.1 55.5 42.3 0.0 0.2 1.9 0.0 60.5 20.0 8.3 7.0 11.9 
51 Mad Ujhegy Hungary 21.5 56.8 30.1 3.3 1.3 3.1 5.4 19.1 13.2 0.6 0.9 2.7 
52 Sajobabony Hungary 17.9 nd nd nd nd nd nd 46.6 18.5 1.4 2.5 5.4 
53 Cadouin France 16.3 56.5 39.8 0.6 0.8 2.3 0.1 41.2 16.4 0.7 0.9 3.3 
54 Bouillac France 41.9 54.4 20.8 9.4 3.6 6.8 5.1 59.9 12.6 13.6 15.9 30.4 
a  

Q
-, calculated layer charge per half unit cell; b  Cs to Na selectivity coefficient at ZCs = 0.1 (see text); c  desorption yield with 1 M NH4Ac; d  RIP of K-bentonite 

subjected to 25 freezing-thawing cycles (F-T) or 25 wetting-drying cycles (W-D);  e  RIP yield of soil-bentonite mixtures subjected to 25 W-D cycles (Equation 3). 
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Table 2.  Soil pH, CEC and exchangeable cations, and RIP of the sandy soils 

 pH CEC a Ca2+ Mg2+ K+ Na+ RIP 

 (CaCl2) /cmolc kg-1
 /mol kg-1 

Soil A 6.5 15.0 12.6 0.7 0.4 0.1 0.48 

Soil B 4.9 2.3 1.4 0.2 0.2 0.1 0.14 

a  Cation exchange capacity at soil’s pH, silver thiourea method (Chhabra et al., 1975) 
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Table 3.  Summary of the experiments and experimental conditions (details in text) 

Experiment Bentonites  a Clay content 

/ % 

Wetting-drying  K-exchange procedure 

no. of cycles T /°C  

Effect of clay percentage, W-D, 

and K-exchange procedure 

8, 17, 35, 45 1, 2, 3.4, 4.8, 9.1, 

Pure bentonites 

1, 5, 10, 20, 

30, 40 

50  Dialysis with KCl   

K2CO3 solution 

Effect of exchangeable K content 45 9.1 25 30-35  K2CO3 solution 

Effect of soil 35, 45 9.1 25 30-35  K2CO3 solution 

Effect of bentonite all (Table 1) 9.1, 

Pure bentonites 

25 ~ 20 (air)  K2CO3 solution 

a  Sample numbers of bentonites as defined in Table 1. 
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Table 4.  The RIP yields of bentonites mixed with a sandy soil (4.8% bentonite) or RIP values of 

pure bentonites, submitted to 40 wetting-drying cycles.  Bentonites were converted to the K-form 

by dialysis with KCl (procedure 1), or by addition of a K2CO3 solution to the bentonite or soil-

bentonite mixture (procedure 2). Standard errors of 2 or 3 replicates are given in parentheses. 

 
RIP yield (soil-bentonite) 

/mol kg-1 
 

RIP (pure bentonite)  

/mol kg-1 

Bentonite  a Procedure 1 Procedure 2  Procedure 1 Procedure 2 

8 4.6 (1.5) 7.5 (1.0)  4.8 (0.3) 4.5 (0.3) 

17 10.4 (2.7) 17.9 (2.7)  8.5 (0.5) 6.8 (0.02) 

35 36.7 (2.5) 34.2 (0.6)  20.5 (0.6) 16.9 (0.8) 

45 42.3 (2.3) 39.8 (5.4)  18.2 (0.8) 20.0 (1.0) 

a  Sample numbers of bentonites as defined in Table 1. 
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Table 5.  Coefficients of correlation (r) between RIP yield and some characteristics of the 

bentonite, and the cross-correlations between these characteristics 

 Kc
Cs–Na  a CEC Q

-  b Q
-
oct

  b 
Q

-
tetr

 b 

RIP yield 0.75 *** 0.60 *** 0.73 *** 0.66 *** 0.11 ns 

      

 Kc
Cs–Na  a CEC Q

-  b Q
-
oct

  b 
Q

-
tetr

 b 

Kc
Cs–Na  a 1     

CEC 0.37 * 1    

Q
-  b 0.58 *** 0.49 *** 1   

Q
-
oct

  b 0.71 *** 0.50 *** 0.50 *** 1  

Q
-
tetr

 b -0.08  ns 0.02 ns 0.55 *** -0.45 ** 1 

*, **, *** significant at the P<0.05, 0.01, and 0.001 levels, respectively 
ns not significant at the P<0.05 level 
a  Cs to Na selectivity coefficient at ZCs = 0.1 (see text); b  

Q
-, total layer charge; Q-

oct, octahedral 

layer charge; Q-
tetr, tetrahedral layer charge per half unit cell 
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Figure Captions 

 

Figure 1.  The RIP value of soil-bentonite mixtures, converted to the K-form with K2CO3, (a) as 

a function of the number of wetting-drying (W-D) cycles at a clay percentage of 9.1%, and (b) as 

a function of the clay percentage (when subjected to 40 W-D cycles).  Bentonites used are 

identified with numbers (Table 1).  Error bars denote the standard error of 2 replicates. 

 

Figure 2.  The RIP yield (see Equation 3) of 48 bentonites (a) as a function of the layer charge, 

calculated from the chemical composition, and (b) as a function of the Cs-Na selectivity 

coefficient, Kc
Cs–Na, determined at a Cs occupancy (ZCs) of 0.1.  
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