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ABSTRACT 

 
Engineered and natural barriers compose the disposal system of near surface repository to store low and 

intermediate level radioactive wastes. Waterproofing barriers are constituted of clays, such as the bentonite, in 

order to avoid or to limit the release of radionuclides into the environment until their decay at a safe level of 

radiation to humans and the environment. Characteristics such as high cation exchange capacity, high 

adsorption capacity and high sealing capacity, are taken into consideration for choosing this material. The 

migration of radionuclides through protection barriers can occur in a variety of ways, such as surface water 

infiltration, groundwater intrusion, among others. Diffusion is the process which governs the contaminant 

transport through soil barriers. Adsorption is one of the processes that could be considered in the diffusion 

mechanism, and sorption isotherms are obtained from values measured in the batch-adsorption experiments. 

Therefore, such experiments were carried out in order to estimate the cesium sorption by the bentonite. The 

quantitative analysis was performed using atomic absorption and the energy dispersive X-ray fluorescence 

spectrometry. With the purpose to calculate the true value of cesium sorption, a mass-balance was made 

considering all the steps of the batch experiment, and it was found a 6% loss in the whole process. The quantity 

of cesium sorbed by the bentonite was 66.7 mg.g
-1

. At the moment, eight additional experiments are being 

performed, using solutions with different cesium concentrations, leading to all the necessary data for the 

isotherm. 
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1. INTRODUCTION 

 

The management of radioactive waste aims to ensure the safe storage of such wastes, in order to 

protect the environment and humans. During the management of these wastes, storage can be done 

in different types of deposits, and the final storage is carried out in repositories. Low and 

intermediate level radioactive wastes are stored in near surface repository [1, 2, 3]. 

The near surface repository is used in several countries and, in order to assure public safety and 

confidence, the institutional controls is carried out after the end of the operation stage of the 

repository. The operational phase of the repository takes 60 years and the post-closure phase lasts 

for 300 years [4, 5, 6]. The repository is formed by the deposition areas and the support facilities. 

Deposition areas consist of several barriers in order to avoid or to limit the release of radionuclides 

into the environment until their decay at a safe level of radiation to humans and the environment 

[7]. 

These barriers are composed of layers in the bottom of the deposition, the filling layer and the 

concrete structures. In addition, after closing the concrete structures, there is a final coverage of the 

deposition area. The barriers can be made of various materials, such as clays, which are studied for 

the filling and covering layers [7]. Bentonite is a clay composed mainly by minerals of the 

montmorillonite group and is characterized by high sorption capacity, low hydraulic conductivity 

and low diffusion coefficient [7, 8, 9, 10]. 

The specific surface area is defined as the ratio of the total surface area per unit weight of clay 

and expressed in m
2
.g

-1
. Such property influences in the sorption process [11], being one of the 

important characteristics when choosing the bentonite as a waterproofing barrier material. 

The release and migration of radionuclides through the repository protection barriers can occur 

in a variety of ways, such as surface water infiltration, groundwater intrusion, degradation of the 

deposition system in cases of unforeseen accidents or interference, among others. The behavior of 

these radionuclides in the environment will depend on the chemical and physical interactions with 

the soil [12]. The mechanisms of interaction between the radionuclide and the soil considered 

important are precipitation/dissolution and adsorption/desorption [13]. 
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An adsorption curve, or isotherm, is the graphical representation of the amount of solute 

adsorbed by an adsorbent as a function of the equilibrium concentration of such solute. This ratio is 

quantitatively defined by an isothermal adsorption equation, which is then statistically applied to the 

sorption data. There are several equations that can describe these data, but the Freundlich and 

Langmuir isotherms are the ones most commonly used [14]. 

The retardation factor is an empirical parameter that describes the interaction between the 

contaminant and the soil in transport models, and includes processes such as adsorption and 

precipitation. This parameter uses the partition coefficient – Kd – that can estimate the sorption 

potential of a solute (contaminant) in contact with the sorbent (soil), i.e., the partition of the solute 

between the solid and liquid phases [13]. The value of Kd can be determined experimentally in the 

laboratory by means of isothermal analyzes obtained in batch-adsorption experiments and it is only 

valid if it obtains a linear behavior sorption isotherm [13]. The isotherms do not always present 

linearity, but with an adjustment of the curve obtained experimentally it is possible to approximate 

the Kd using the Freundlich or Langmuir isotherms models [15]. 

 

2. MATERIALS AND METHODS 

 

The material used for the tests was the sodium bentonite constituted of 67.2% montmorillonite, 

available in Brazilian territory [16]. The experiments were carried out in the Cementation 

Laboratory – LABCIM –, Chemical Analysis Laboratory – LAQ –, and Nuclear Fuel Laboratory – 

LABCON – of the Nuclear Technology Development Center – CDTN. Figure 1 summarizes the 

methodology used in the experiments. 

 

Figure 1: Diagram of the experiments. 
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2.1. Determination of the specific surface 

The specific surface was performed by nitrogen gas adsorption using automated physical 

sorption that yield adsorption and desorption equilibrium data. The specific area considers the gas 

molar volume, the area occupied by the gas and the formed monolayer. The specific surface is the 

ratio between the superficial area and the clay mass. 

Initially, two grams of the bentonite were subjected to a two-hour degassing process by vacuum 

heating at a temperature of 100 °C in order to clean the sample surface. For the measurement of the 

specific surface it is necessary that the whole surface of the clay is covered by a monolayer of 

nitrogen. Then, additions of N2 gas were made at a temperature of -196 °C, which were adsorbed 

through condensation on the surface and in the pores of the bentonite. The value of the specific 

surface were obtained through the NOVADRP program, which uses the Multi-Bet (Brunauer-

Emmett-Teller – BET equation) (Equation 1) to obtain the parameters related to specific surface 

[17, 18]. 

 

𝑃

𝑉�𝑃0 − 𝑃 
=

1

𝑉𝑚𝑐
+

 
�𝑐 − 1 
𝑉𝑚𝑐  𝑃

𝑃0
 

          (1) 

 

in which P is the vapor pressure of the gas, P0 is the saturation vapor pressure of the adsorbate, 

V is the volume of adsorbed gas, Vm is the amount of gas corresponding to the monolayer of the 

adsorbed molecules (volume of N2), and c is the constant that relates the heat of condensation to the 

adsorption heat of the first layer. 

 

2.2. Determination of sorption of Cs
+
 by batch-adsorption experiments 

This assay is in accordance with the method described in EPA 530 [14], which is performed in 

three steps: determination of the ratio clay:solution, determination of the equilibrium time, and the 

construction of the sorption curves. In all the three steps, the temperature, stirring and pH were 

controlled. These systems (clay:solution ratio) were under constant agitation (29 ± 2 rpm), at a 

temperature of 22 ± 3 ° C. 
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The equipment used for the sample shaking was the rotary shaker available in the 

LABCIM/CDTN (Figure 2), which was built according to the criteria established in the National 

Bureau of Standards – NBS [14]. 

 

Figure 2: Rotary shaker used in the batch-adsorption test. 

 

 

2.2.1 First step of the test: determination of the ratio clay:solution 

This step consists of selecting the best ratio clay:solution to be used for the construction of the 

sorption isotherms. 

The stock solution used contained 0.74 g.L
-1

 of inactive cesium. For each ratio, a blank 

containing only the cesium solution without contact with the clay was prepared, agitated and 

filtered under the same conditions as the ratio tests. The bentonite used in the ratios clay:solution 

contains 9.97% of moisture. The volume of the solution was 200 mL. For each of them, the values 

of the true clay masses (mT) have to be calculated. For example, for the 1:20 ratio, in 200 mL of 

solution, 10 g of clay (mR) would be required. However, since this clay has 9.97% of moisture 

content (%U), 11 g was required for the test (Equation 2). 

 

𝑚𝑇 =  𝑚𝑅  1 +
%𝑈

100
  

          (2) 

 

Table 1 shows the values of the clay:solution ratios tested. 
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Table 1: Mass calculated for the ratios prepared in the first step. 

Ratio clay:solution 

(g:mL) 

Real clay mass 

(mR) (g) 

True clay mass 

(mT) (g) 

1:20 10.0 11.0 

1:40 5.0 5.5 

1:60 3.3 3.7 

1:100 2.0 2.2 

1:200 1.0 1.1 

1:500 0.4 0.4 

 

The best ratio is the one whose sorption capacity (%A) is between 10 and 30%. After shaking 

for 24 ± 0.5 h, the solid phase was separated from the liquid phase by vacuum filtration using a 

0.45-μm pore-size membrane filter. The filtrate of each ratio was analyzed by atomic absorption in 

the LAQ / CDTN to determine the concentration of Cs
+
 (C).The concentration of cesium in the 

blank (CB) and the initial (C0) samples were also determined. For the calculation of the adsorbed 

percentage (%A), the Equation 3 was used. 

 

%𝐴 =  �
𝐶0 − 𝐶

𝐶0
 𝑥 100 

          (3) 

 

2.2.2 Second step of the test: determination of the equilibrium time 

In this step, the ideal equilibrium time for the batch test was determined. The ratio selected in 

the first step, with its respective blank, was placed under agitation at different times of contact (1, 

24, 48 and 72 hours). After each time interval, the clay-solution systems were removed from the 

shaker and filtered for the separation of phases by vacuum filtration. In the end of the filtration, the 

samples were sent for the determination of the Cs
+
 concentration by atomic absorption analysis. 

Then, for each time interval, the concentration variation – %∆C – between the solute in the 

initial t1 (C1) and final time t2 (C2) of each agitation was calculated using the Equation 4. The 

stirring time chosen is the one in which the concentration variation in the solute is equal to or less 

than 5% for the 24-hour interval, i.e., until the concentration is practically stable. 
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%∆𝐶 =  �
𝐶1 − 𝐶2

𝐶1
 𝑥 100 

          (4) 

 

The ratio clay:solution 1:500, selected in the previous step, was used. For the following contact 

times: 1, 24, 48 and 72h, the temperature was controlled at around 24ºC, rotation of 29 ± 2 rpm, and 

the pH remained between 6 and 7. 

 

2.2.3 Third step of the test: sorption isotherm by constant ratio method 

The isotherm will be plotted by the constant ratio method, where the concentration of the 

sorbent (clay) is constant, but the concentration of the solute (cesium) varies. The ratio clay:solution 

is the one selected previously in the first step and the equilibrium time is the one selected in the 

second step. According to the EPA 530 [14], at least eight dilutions are recommended for the 

construction of the adsorption curve. Table 2 shows the initial concentrations to be prepared for 

each dilution. 

The clay-solution systems are placed on the rotary shaker for the time determined in the second 

step. After stirring, the phases are separated by vacuum filtration and the filtrate is analyzed by 

atomic absorption. 

 

Table 2: Initial concentrations (C0) of the solutions for the third step. 

Sample code Solution number Concentration of the Cs
+
 solution to be prepared 

(µg.L
-1

) 

3R6AD1 1 7.40E05 

3R6AD2 2 3.70E05 

3R6AD3 3 1.85E05 

3R6AD4 4 1.00E05 

3R6AD5 5 7.00E04 

3R6AD6 6 4.00E04 

3R6AD7 7 2.00E04 

3R6AD8 8 1.00E04 
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2.3. Mass-balance of batch-adsorption experiment 

In order to calculate the true value of the cesium sorption, a mass balance was made considering 

all the stages of the experiment under the following conditions: 

• Ratio clay:solution 1:500; 

• Agitation time 24 h; 

• Rotation 29 ± 2 rpm; 

• Filtration through vacuum using 0.45-μm pore-size membrane filter; 

• Analysis of Cs
+
 using the X-ray Fluorescence Spectrometer by dispersive energy. 

For the mass-balance, in addition to the steps of the batch equilibrium test, an acid leaching step 

was added in order to determine the presence of cesium not sorbed by the clay. This leaching was 

done with a 10% v/v solution of HNO3. 

The X-ray Fluorescence Spectrometer by dispersive energy available in LAQ/CDTN was used 

for the mass-balance. First, it was determined the amount of Cs
+
 in the initial solution without 

contact with the bentonite. Then, the amounts of Cs
+
 in the various phases of the test (systems 0, 1 

and 2) and the amount of Cs
+
 sorbed by the clay (system 3), were determined in order to perform 

the mass-balance. 

 

3. RESULTS AND DISCUSSION 

 

The parameters obtained in the batch-adsorption experiment for the isotherm curve 

determination are shows in Table 3. 

 

Table 3: Parameters obtained for the isotherm curve. 

Criterias Parameters 

sorption capacity (%A) 36.4 

clay:solution ratio 1:500 

equilibrium time (hours) 48 
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For the 1:100, 1:200 and 1:500 ratios, the pH measured was between 6 and 7, and for the ratios 

1:20, 1:40 and 1:60, the pH was between 8 and 9. When sorption of inorganic cations occurs in a 

medium with a high pH value, there is an increase in their sorption capacity. The sorption capacity 

–%A – was calculated according to the Equation 3. The ratio 1:500 was chosen because it presented 

a sorption capacity value around the recommended limit. Table 4 shows the concentrations of Cs
+
 

for each ratio obtained in the atomic absorption analysis. 

 

Table 4: Concentration data of Cs+ and %A for each ratio in the first step. 

Sample code Ratio clay:solution 

(g:mL) 

Concentration of the 

Cs
+ 

(µg.L
-1

) 

Sorption capacity 

(%A) 

1R1A 1:20 29.400 95.6 

1R2A 1:40 29.600 95.5 

1R3A 1:60 53.300 92.0 

1R4A 1:100 152.000 77.1 

1R5A 1:200 344.200 48.2 

1R6A 1:500 403.060 36.4 

 

For the determination of the equilibrium time, the samples were filtered and analyzed by atomic 

absorption. With the results, a curve relating cesium concentration in equilibrium versus contact 

time was made. Then, the concentration variation was calculated (Figure 3). In this way, the ideal 

equilibrium time chosen was of 48 hours once the variation in the concentration in the solute was 

less than 5% and presenting practically stable behavior in an interval of 24 hours. 

 

Figure 3: Determination of the equilibrium time for the batch equilibrium test. 
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The step for the construction of the adsorption curve (third step) is currently in progress, but 

with the results obtained until moment evidence that the bentonite under study is a material 

recommended for use as natural barriers of the Brazilian repository. Furthermore, the specific 

surface of the bentonite was calculated and the value found was 80.49 m
2
.g

-1
. This value imply that 

the material has a high adsorption capacity. 

 

3.1. Mass-balance results 

The flowchart with the steps of the batch equilibrium test and the appropriate masses used in the 

mass-balance is shown in Figure 4, where the concentrations of Cs
+
 considered in each step of the 

test are also specified. 

 

Figure 4: Scheme of the stages considered in the mass-balance with the results for each one. 
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Then, for the mass-balance, the following amounts of Cs
+
 were considered (Table 5). 

 

Table 5: Quantities of Cs
+
 used for the mass-balance. 

System Amount of Cs
+
 (mg) 

System 0 128.44 

System 1 128.44 

System 2 126.10 

System 2.1 35.85* 

System 2.2 90.25 

System 3 26.0 
*value calculated by the difference between systems 2 and 2.2 

 

For the mass-balance, system 2 was considered as the initial condition for the sorption process, 

named S2B, which refers to the value calculated in the balance. The other systems and the losses 

during the test were considered according to the Equation 5. 

 

𝑆2𝐵 =  �𝑆2.2 + 𝑆3 + (𝑃𝐾 + 𝑃𝐹 + 𝑃𝐹𝐵) 
         (5) 

 

The losses were denominated as P, with PK being the amount retained in the kitassato, PF the 

mass lost in the filtration, and PFB the retained mass in the Büchner funnel. The masses lost were 

summed (3.2g) and related to the amount of Cs
+
 of system 2, thus obtaining 2.08 mg of Cs

+
 lost 

during the process and the sum for S2B was 118.33mg. 

For the closure of the mass-balance, the amount of Cs
+
 obtained in S2B is expected to 

approximate the amount of Cs
+
 obtained for system 2 (S2). Therefore, there is a loss of 7.77 mg 

throughout the sorption process, which represents 6% of the amount considered as the initial 

condition. 

 

4. CONCLUSION 

 

The high specific surface of the bentonite indicates the possibility of obtaining a large number 

of sorption of the material. With the best ratio clay:solution, the minimum amount of cesium and 
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bentonite (solute:sorbent) is determined to be an ideal sorption. The contact time of 48 hours was 

selected because of a concentration variation of less than 5%, as indicated in the methodology used. 

In the third step of the batch-adsorption experiment, the preparation of the diluted samples will be 

done, according to Table 3 and the batch-adsorption experiment is performed so that the isotherms 

are made in order to obtain an approximation of Kd. Considering that during batch-adsorption 

experiment there are several steps in which there may be losses of material in the transfers, the 

value of 6% is considered relatively small. For future work, it is suggested that a mass balance of 

some dilute cesium solutions should be checked, thus verifying the linearity of the sorption at 

various concentrations of solute. Also, the same methodology should be used with another type of 

bentonite. Such assays are being developed in CDTN. 
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