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ABSTRACT 

The solid–liquid distribution of radionuclides between an adsorptive surface and a solution phase containing a 

competitive colloid is the result of a unique balance between several individual chemical reactions [1]. In this 

study, adsorption isotherms of selected radionuclide ions: Eu3+, Am3+ and Cs+ were experimentally determined 

under conditions relevant for a geological repository (trace concentrations of: Eu, 7.9x10-10 mole L-1; Am, 

3.49x10-10 mole L-1 and Cs, 1.37x10-10 mole L-1) in the presence of dissolved montmorillonite-Humic acid.  

The parameters studied in this research are pH, ionic strength and humic acid (HA) concentration. Batch 

experiments were carried out in the absence and presence of humic acid (10 – 100 ppm). The presence of humic 

acid > 10 ppm causes high reduction of the sorption of Eu and Am compared to Cs due to the weak binding 

strength of Cs with HA. The resulted sorption strength of the three metal ions showed a decrease as the ionic 

strength increased in the absence of humic acid, whilst in the presence of 100 ppm HA there was an increase 

in the sorption of Eu and Am but not the Cs. Eu and Am present similar species in the solution along the pH 

scale, whereas Cs shows only Cs+ ion. So this is new evidence to consider that Eu is an analogue for Am.  
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 1. Introduction 

The competence of safe disposal of radioactive waste is a major issue in providing confidence in the 

anticipated continued use of nuclear power in different countries in the world. Bentonite is widely 

chosen as a backfill material for sealing the emplacement subways in high level waste and spent fuel 

repositories since it provides an effective physical and chemical barrier to the movement of dissolved 

heavy metals and radionuclide species. The sorption properties of montmorillonite, the highest 

constituent of bentonite, are of particular importance in this respect since the uptake of radionuclides 

by immobile solids is one of the main pillars upon which performance assessments are founded [2]. 
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Despite the sorption of humic substances onto mineral surfaces has been widely studied over the 

decades, the mechanisms governing the sorption are still not well understood [3, 4].  

The binding of metal cations to humic substances has been previously studied and found that metal 

ions can form a complex with humic substance in two forms: (i) initially is the ‘exchangeable’ 

fraction which bind strongly but may be removed promptly if a stronger competing sink is 

encountered, (ii) Over time, the metal may transfer to the ‘non-exchangeable’ fraction at which, the 

metal is not more strongly bound, but it may not dissociate instantaneously,  rather is kinetically 

released [5-7]. 

The maximum sorption of europium depends on the solution matrix and on the liquid/solid ratio. It 

is shifted to lower pH values in the presence of humic acid, which enhances Eu sorption at low pH 

values and suppresses it at pH values higher than five [8-10]. The effect of ionic strength on the 

sorption of Eu onto sand was also investigated and shows a different behaviour at pH < 7 compared 

to that at pH > 7.5. The sorption is enhanced with increasing ionic strength at pH > 7.5, while it 

exhibited a small decrease as ionic strength increases at pH < 7. There is a point of pH where ionic 

strength has no effect on the sorption [8].  

The sorption of americium onto sand was investigated in the presence of humic acid (up to 80 mg L-

1) and found that increasing humic substance concentration reduced the Am sorption and enhanced 

the transport as colloid-borne Am species [11].  

2. Experimental 

All reagents used in these experiments were purchased as analytical reagents and used as received 

without any further treatment or purification. Montmorillonite K-10 was imported from Fluka. 

Humic acid was imported from Aldrich Chemical Co.  

A solution of 1000 mg L-1 HA was prepared from which a series of solutions (0, 10, 20, 50 and 100 

ppm) were quantitatively prepared. Equivalent amounts of higher concentrations of individual 241Am, 

152Eu and 137Cs solutions were mixed together to give 1.0 kBq.ml-1 of each of the isotopes in a 100 

ml volumetric flask. The mixture was acidified by adding 1 ml of 2 M HNO3 and the volume was 

completed with de-ionised water. To investigate the sorption of these traces on montmorillonite, 1.3 

ml of 1 kBq ml-1 was mixed with 1.0 ml NaClO4 solution and then the volume was completed either 

with deionised water or humic acid solution to give 10 ml total volume in a 10 ml polyethylene tube. 

The pH was adjusted as required ± 0.01 units, then 1.5 ml aliquots were taken in a 25 ml plastic tubes 

to be measured by -counter (CANBERRA COAXIAL HPGe and ORTEC) after each designated 

time intervals. The aliquots were returned to the original solution and the mineral was added in the 

ratio 5 g L-1. The samples were kept shaking for 24 hours and centrifuged at 3000 rpm for 20 minutes. 

1.5 ml aliquots were taken for measurement twice a week within 30 days (2,592,000 s) until 
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equilibrium was achieved. The counts were recorded as counts/second (cps) at 121.78, 59.54 and 

661.62 energy lines for Eu, Am and Cs respectively. The metal sorption data are plotted as ln(C/Co) 

against time, where C is the activity of the metal in solution at any time and Co is the initial activity, 

before adding the montmorillonite. The distribution coefficient, Kd was determined from the 

equation: 

Kd =
(Co − C)

C
.
V

m
 

Where: m = mass of the exchanger (montmorillonite), (g). 

  V = volume of the electrolyte solution (ml) 

3. Results and Discussion  

Figure 1 shows the sorption of the traces Eu, Am and Cs in the absence of humic acid. The Cs+ ion 

gives less sorption than that for both Eu3+ and Am3+. Eu3+ and Am3+ show similar behaviour, as 

expected due to the similarity in the valences.  

In the presence of 100 ppm HA (Figure 2), Cs+ ion is more strongly sorbed than Eu3+ and Am3+, but 

the Kd value for Cs+ showed no change from that in the absence of humic acid as expected, since Cs+ 

does not bind strongly to humic acid. There is still no significant difference between the Eu3+ and 

Am3+ behaviour. 

 

Figure 1 Long time experiment sorption of Am3+, Eu3+ and Cs+ in absence of humic acid, pH = 6.0 ± 0.1, 

I = 0.1 M NaClO4, solid liquid ratio is 5 g L-1.  
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Figure 2 Long time experiment sorption of Am3+, Eu3+ and Cs+ in the presence of 100 ppm humic acid, 

pH = 6.0 ± 0.1, I = 0.1 M NaClO4, solid liquid ratio is 5 g L-1.  

 

Figure 3 shows the log Kd values versus humic acid concentration (0 – 100 ppm) for the sorption of 

Am3+, Eu3+ and Cs+ onto montmorillonite. The sorption of Am3+ and Eu3+ ions is humic acid 

concentration dependent, whilst the sorption of Cs+ is independent of the humic acid concentration, 

which is expected given that Am3+ and Eu3+ have similar chemistries and both bind strongly to the 

humic. While Cs+ is very different and has only a very weak electrostatic interaction with humic acid. 

Previous workers studied the sorption of Am3+ and Eu3+ on Na- and Ca-montmorillonite and found 

that the sorption values of Eu3+ and Am3+ were very similar within the pH range from 2.5 to 10.5 in 

both systems, although the Eu3+ can show higher sorption than that for Am3+ at pH greater than 9 

with the Na-montmorillonite system only [12]. Because the solid to liquid ratio of Bradbury and 

Baeyens data (0.6 g L-1) is quite different from our data (5 g L-1), our log Kd values for both Eu and 

Am (3.6) show small differences from their log Kd values, which were 4.6 for Am and 4.8 ml g-1 for 

Eu.    
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Figure 3 log Kd versus humic acid concentration for the sorption of Am3+, Eu3+ and Cs+, pH = 6.0 ± 0.1, 

I = 0.1 M NaClO4, solid liquid ratio is 5 g L-1.  

 

The most significant result is that Eu and Am show virtually indistinguishable behaviour in these 

systems, and so Eu is confirmed as an analogue for Am. Hence, it seems that the understanding of 

Eu developed in this work may be applied to Am.   

3.1 Effect of ionic strength 

The effect of the concentration of NaClO4 (0.01 – 0.20 M) was investigated in the absence and 

presence of 100 ppm humic acid.  Figure 4 shows that the sorption affinity of Eu3+, Am3+ and Cs+ 

decreases as the ionic strength increases in the absence of humic substance. This is as expected for a 

system with no humic, due to the increased ionic strength.  Taking into account the error bars, there 

is no real significant difference between the Am and Eu behaviour. In the presence of 100 ppm humic 

acid, the trivalent metal ions (i.e. Eu3+ and Am3+) show increasing sorption affinity as the ionic 

strength increases above 0.08 M. The Cs+ ion shows no effect of ionic strength in the presence of 

100 ppm HA. The Cs, Am and Eu data are shown in Figure 5. However, Staunton and Roubaud [13] 

found that the sorption of Cs+ decreased with increasing ionic strength (10-5 – 1.0 M NaCl). Their 

interpretation was due to covalent interaction between Cs+ and the montmorillonite in the presence 

of humic substances (fulvic acid in their case). The authors proposed that Kd values for 

montmorillonite need to be treated with some care, as there is some difference in the Kd values with 

different cations: K+, Na+ and Ca2+.  
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Figure 4 log Kd versus as a function of ionic strength (0.01 – 0.20 M NaClO4) for the sorption of Am3+, 

Eu3+ and Cs+, pH = 6.0 ± 0.1, in the absence of humic acid, solid liquid ratio is 5 g L-1.  

 

 

Figure 5 log Kd versus as a function of ionic strength (0.01 – 0.20 M NaClO4) for the sorption of Am3+, 

Eu3+ and Cs+, pH = 6.0 ± 0.1, in the presence of 100 ppm humic acid, solid liquid ratio is 5 g L-1.  

 

Although there is no effect of humic acid concentration (< 100 ppm) on the sorption of Cs+ ion 

(Figure 3), one can see small depression of Cs sorption in the 100 ppm HA system (Figure 5) at high 

ionic strength in comparison with the data observed in the absence of humic acid (Figure 4). This 

could be attributed to the fact that humic acid binds to the clay surface, potentially blocking Cs+ 

binding sites in the presence of high humic acid concentrations [14]. 
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3.2 Speciation modelling 

The speciation of Eu3+, Am3+ and Cs+ in the same solution of 0.1 M NaClO4 and in the presence of 

CO2, (log P = -3.5) has been predicted for a total concentration of 7.9x10-10 mole L-1 for Eu,     

3.49x10-10 mole L-1 for Am and 1.37x10-10 mole L-1 for Cs. Figure 6 shows that the species Eu3+ and 

Am3+ dominate at pH < 6. In the range of pH between 6.5 and 9.5 the Eu(CO3)2
+ and Am(CO3)

+ 

species were significant. The first was about 80 % at pH 8, whilst the latter gives 76 %. In the range 

of pH between 7.5 and 10, the Eu(CO3)2
− and Am(CO3)2

− species are present. At pH > 8.5, for both 

metal ions, the tris-carbonato species, Eu(CO3)3
3− and Am(CO3)3

3−, are important. In the range of 

pH between 6.5 – 8.5 there is up to 4.5 % of Eu(OH)2+ and about 14 %, of Am(OH)2+.  

Cs+ dominates up to pH 10 at 100 %, whilst Cs(OH) starts to appear at pH > 8 but at a negligible 

concentration (0.00014 %). 

 

Figure 6 Eu, Am & Cs speciation as a function of pH, in the presence of CO2 (log P = -3.5), [Eu] = 7.9x10-

10 M, [Am]=3.49x10-10 M & [Cs]=1.37x10-10 M.  

 

4. Conclusion 

This study shows that the caesium ion showed similar behaviour in the absence and presence             of  

humic acid in contrast to that of europium and americium. The sorption affinity of Eu and Am 

decreased with increase in humic acid concentration. From this we conclude that Eu can be 

considered as an identical analogue for Am. The sorption of Eu, Am and Cs decreases with increasing 

ionic strength in the free-HA system. According to the speciation modelling it can be resolved that 
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caesium ion (Cs+) can persist in the aqueous solution up to pH 10, while europium and americium 

dominate as trivalent ions (+3) oxidation state up to pH 6. Whereas both europium and americium 

start the formation of hydroxide and carbonate species beyond pH 6 and may precipitate.     
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