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Abstract 

Modeling radionuclide migration is important to understand both environmental effects and 
develop remediation strategies. The key factors for modeling are the physical and chemical 
interactions of radionuclides with soil components, which depend on soil types and geochemical 
conditions. Although radionuclide adsorption on many soils has been studied, their migration 
behaviour is still not well understood due to the complexity of the environment. 

Radioactive cesium and strontium are present as fission products 137Cs and 90Sr in nuclear wastes 
and spent fuels, and pose a major concern to pollution control because of their biological activity 
and long decay half-lives. This paper will present bench top test results and discussions on the 
kinetics and equilibrium of the adsorption of inactive Cs+ and Sr2+ ions on a natural sand soil 
under a pI-1 range of 3 to 10, temperatures (25 to 50 °C) and concentrations (10-8 to 10-3 mol/kg). 
It was found that the adsorption of Cs+ and Sr2+ followed second order reaction kinetics and 
generally required more than a week to reach equilibrium. The adsorption equilibria of Cs+
followed a Freundlich isotherm, while those of Sr2+ followed a Langmuir isotherm, suggesting 
different adsorption mechanisms. Adsorption increased with increasing pI-1 for both ions at all 
temperatures studied, which is likely due to an increasingly negative surface charge on the sand 
soil. The desorption tests suggest that Cs+ is more tightly bound than Sr2+ to the surface of the 
adsorbent under the same chemistry conditions and that Cs+ is less mobile than Sr2+ in natural 
sand soil. 

1. Introduction 

Radionulides can be released to the environment not only through large scale nuclear accidents 
such as Fukushima Daiichi and Chernobyl, but also on a small scale through leakage of nuclear 
waste storage facilities. When radionuclides are released into the environment, they can be 
transported as aerosols, dissolved species and adsorbed materials. As adsorption and desorption 
of radionuclides onto adsorbents in the environment are a major mechanism for radionuclide 
migration in the ground, fundamental data on sorption of radionuclides are required to 
understand the physical and chemical interactions with soil components in order to model 
activity transport and remediate the contaminated environment during post nuclear accidents. 

Radioactive cesium and strontium are present as fission products 137Cs (y emitter with a half-life 
of approximately 30 years) and 90Sr ((3 emitter with a half-life of approximately 29 years) in 

3rd Canadian Conference on Nuclear Waste Management, Decommissioning and Environmental Restoration 
Ottawa Marriott Hotel, Ottawa, ON, Canada, September 11-14, 2016 

 
 

KINETIC AND EQUILIBRIUM STUDIES OF CESIUM AND STRONTIUM 
ADSORPTION ON A NATURAL SAND SOIL 

 
L. Qiu1 and K. Scott1 

1 Canadian Nuclear Laboratories, Chalk River, Ontario, Canada 
liyan.qiu@cnl.ca, kirsten.scott@cnl.ca  

Abstract 

Modeling radionuclide migration is important to understand both environmental effects and 
develop remediation strategies.  The key factors for modeling are the physical and chemical 
interactions of radionuclides with soil components, which depend on soil types and geochemical 
conditions.  Although radionuclide adsorption on many soils has been studied, their migration 
behaviour is still not well understood due to the complexity of the environment. 

Radioactive cesium and strontium are present as fission products 137Cs and 90Sr in nuclear wastes 
and spent fuels, and pose a major concern to pollution control because of their biological activity 
and long decay half-lives.  This paper will present bench top test results and discussions on the 
kinetics and equilibrium of the adsorption of inactive Cs+ and Sr2+ ions on a natural sand soil 
under a pH range of 3 to 10, temperatures (25 to 50 °C) and concentrations (10-8 to 10-3 mol/kg).  
It was found that the adsorption of Cs+ and Sr2+ followed second order reaction kinetics and 
generally required more than a week to reach equilibrium.  The adsorption equilibria of Cs+ 
followed a Freundlich isotherm, while those of Sr2+ followed a Langmuir isotherm, suggesting 
different adsorption mechanisms.  Adsorption increased with increasing pH for both ions at all 
temperatures studied, which is likely due to an increasingly negative surface charge on the sand 
soil.  The desorption tests suggest that Cs+ is more tightly bound than Sr2+ to the surface of the 
adsorbent under the same chemistry conditions and that Cs+ is less mobile than Sr2+ in natural 
sand soil. 

1. Introduction 

Radionulides can be released to the environment not only through large scale nuclear accidents 
such as Fukushima Daiichi and Chernobyl, but also on a small scale through leakage of nuclear 
waste storage facilities.  When radionuclides are released into the environment, they can be 
transported as aerosols, dissolved species and adsorbed materials.  As adsorption and desorption 
of radionuclides onto adsorbents in the environment are a major mechanism for radionuclide 
migration in the ground,  fundamental data on sorption of radionuclides are required to 
understand the physical and chemical interactions with soil components in order to model 
activity transport and remediate the contaminated environment during post nuclear accidents.   
 
Radioactive cesium and strontium are present as fission products 137Cs (γ emitter with a half-life 
of approximately 30 years) and 90Sr (β emitter with a half-life of approximately 29 years) in 

mailto:liyan.qiu@cnl.ca
mailto:scott@cnl.ca


3rd Canadian Conference on Nuclear Waste Management, Decommissioning and Environmental Restoration 
Ottawa Marriott Hotel, Ottawa, ON, Canada, September 11-14, 2016 

nuclear wastes and spent fuels as well as in nuclear reactors. The release of these radionuclides 
into the environment poses a major concern to pollution control due to their biological activity 
and long decay half lives. Although adsorption of radioactive cesium and strontium on many 
sand soil samples has been studied because sand soil are commonly found at or near nuclear 
waste storage sites, their migration behaviour is still not well understood due to the complexity of 
the environment including soil types and geochemical conditions. One example is the organic 
matter effect on radionuclide migration in the environment and different results can be obtained 
even for similar adsorbents [1][2]. Moreover, adsorption data are typically obtained for a single 
radionuclide at room temperature. Very limited studies are carried out for the temperature effect 
on radionuclide adsoption and even less data are available for muti-radionuclide adsorption on 
the same adsorbent under the same conditions. This paper will present bench top test results and 
discussions on the kinetics and equilibrium of the adsorption and desorption of inactive Cs+ and 
Sr2+ ions on a natural sand soil under various pH conditions ranging from 3 to 10, temperatures 
ranging from 25 to 50 °C and concentrations ranging from10-8 to 10-3 mol/kg. The measured 
data are analysed using adsorption isotherm models. 

2. Experimental 

Non-radioactive natural sand soil samples were cored from a depth of approximately 25 cm from 
the ground surface in Deep River, Ontario at coordinates of 46°6'49"N and 77°30'4"W, about 
seven kilometres from Canadian Nuclear Laboratories (CNL). Samples were kept in 9" x 12" 
Poly Zip-Lock Nalgene LDPE sample bags and were further processed at CNL. In order to 
remove biological impurities, sand samples were rinsed with deionized water, followed by three 
repetitions of five minute sonicated rinses with 10% hydrogen peroxide. The sterilized sand was 
rinsed with deionized water and dried for 24 hours at 100°C overnight in an oven. 

CsNO3 and Sr(NO3)2 powder samples were purchased from Aldrich with purity greater than 
99% reported by the manufacturer. A 500 ml of 10-3 mol/kg stock solutions of CsNO3 or 
Sr(NO3)2 was used to prepare a series of diluted solutions. About 1.5 g of prepared natural sand 
soil and 40 ml of cesium or strontium solutions were loaded into 50 mL polypropylene centrifuge 
tubes with plug seal caps. The pH of the solutions was adjusted using 0.01 mol/kg HC1 and 
NaOH solutions. These test solutions were then kept in a water bath shaker at the desired 
temperatures. The temperature controller of the water bath was calibrated and certified by 
Canadian Nuclear Laboratories Electronic Shop and the uncertainty of the measured temperature 
was within 0.03 °C. Typically adsorption equilibrium was reached within seven days. Two 10 
ml samples from each test solution were taken at the test temperature and filtered using sterile 33 
mm Millex 0.1ptm syringe driven filter, one for pH measurement and one for Inductively 
Coupled Plasma Mass Spectrometry (ICP MS) measurement. 

Cs+ and Sr2+ adsorbed sand soils were dried in an oven at 55 °C over night and added in 40 ml of 
10-3 mol/kg NaCl or CaC12 solutions for desorption testing at 25 °C for seven days. A 10 ml 
sample of each desorbed solution was obtained for ICP MS analysis to determine the desorbed 
Cs+ and Sr2+ concentrations. 
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3. Results and discussions 

3.1 Sand soil characterization 

The sand soil sample was analysed by X-ray diffraction and the major component was 
determined to be quartz with a small amount of feldspar. Scanning Electronic Microscopy (SEM) 
showed that the particle size of the sand is generally between 0.25 and 0.50 mm. EDX elemental 
analysis showed that major components of the sand were oxygen and silicon (90%), followed by 
aluminum (1 to 8%), sodium and potassium (1 to 7%). Elemental analysis was carried out using 
ICP-MS from which each of the oxide contents are listed in Table 1. The trend of element 
content from ICP-MS agreed with those from the semi-quantitative method EDX. 

Table 1 Sand soil sample analysis by ICP-MS 

Oxide Na2O MgO A120 3 K20 CaO Fe2O3 Si02
Percentage 3.5 0.20 11.0 2.5 2.1 0.47 80 

3.2 Adsorption kinetics 

Adsorption of Cs+ and Sr2+ with initial concentrations of 1.1 x 10-5 and 9.5 xie mol/kg, 
respectively, on sand increases with increasing elapsed time and follows second order reaction 
kinetics (Figure 1): 

1 
= 1 — I t 

1 

•7:
(1) 

where t is adsorption time, q t is adsorbed quantity at time t, qe is the adsorbed quantity at 
equilibrium and k is the reaction rate constant. 
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Figure 1 Reaction kinetics of Cs and Sr adsorption on natural sand soil at 25 °C; solid circle, 
experimental; solid curve, calculated using Equation (1). 
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It can be seen that most of Cs+ and Sr2+ adsorption occurred in the first 50 hours and adsorption 
reached equilibrium in 7 days. Second order reaction kinetics was also observed for cesium and 
cobalt adsorption on other soil samples [3]. 

3.3 pH effect 

Cs+ and Sr2+ adsorptions on sand soil as a function of pH are shown in Figure 2 with initial 
concentrations of Cs+ and Sr2+ around 1.0 x 10-5 mol/kg. Overall, adsorption percentages 
increased with the increasing pH of the solution due to the increasing negative surface charge of 
soil surface, which is favourable for cation binding. Adsorption reaches its maximum at a pH 
range between 7 and 10, beyond which increasing pH leads to decreasing adsorption, likely due 
to the dissolution of sand soil in alkaline solutions. 

The mechanism of Cs+ and Sr2+ adsorption can be expressed as 

Cs+ + ES-OH = ES-0-Cs + 

Sr2+ + 2 ES-OH = S-0)2-Sr + 211+

(2) 

(3) 

where ES-OH is the hydrolysed surface of sand soil. Equation (3) suggested that the change of 
adsorption percentage as a function of pH is sharper for Sr2+ than Cs+. This is due to additional 
proton release when Sr2+ is adsorbed on the soil surface as observed in Figure 2. 

It was observed that Cs+ and Sr2+ adsorbed on sand soil even under very acidic conditions 
(pfl<4). This is likely due to low point of zero charge (pzc) of the soil surface as quartz is the 
major component of the sand soil and it has a pzc=2 [4]. 
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Figure 2 Cs and Sr adsorption on sand soil as a function of pH. 
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3.4 Concentration effect 

3.4.1 Cs+ adsorption 

Adsorption of Cs+ and Sr2+ on sand soil not only depends on pH but also on their concentrations. 
Overall, the percentage of cesium adsorbed on sand soil decreases as concentration increases due 
to saturation of available adsorption sites (Figure 3). Cesium adsorption on sand soil in neutral 
water was found to follow Freundlich adsorption isotherm: 

log(qi = log(R1.) — log(C_) (4) 

where q. (mol/g) is the adsorbed mass on the adsorbent, q.- 
(cm. -Q). VI is the volume of

solution; C9 is the initial concentration of Ce; C. is the equilibrium concentration of Cs+ in 
solution (mol/kg); m is the mass of adsorbent (g); It is an empirical constant; Kf is a constant 
related to the adsorption capacity. The values of n and Kf in Equation (4) was obtained from the 
slope and y-axis intercept of the straight line in Figure 4 and are equal to 1.54 and 258 at 25 °C, 
respectively. 
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Figure 3 Cs (I) and Sr (II) adsorption on sand soil as a function of concentration. 
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Figure 4 Freundlich isotherm model for cs+ adsorption (Equation 4) and Langmuir isotherm 
model for Sr2+ adsorption (Equation 5) on sand soil at 25 °C. 
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3.4.2 Sr2+ adsorption 

Unlike Cs+ adsorption, Sr2+ adsorption percentage increases rapidly with increasing 
concentration when Sr2+ concentration are lower than 2x10 2 molikg; at concentration above that 
point, the adsorption percentage decreases with increasing Sr concentration. Such an adsorption 
is likely due to the transition of high bonding energy sites to low bonding energy sites [5]. 
Compared with Cs+, the adsorption percentage of Sr at concentrations below 2x 10 7 molikg is 
lower than that of ce suggesting that ce is less mobile than Sr under test conditions. 

Adsorption of Sr on sand soil can be represented by Langmuir isotherm, Equation 5: 

C, 1 
(5) 

where q. (mol/g) is the adsorbed mass on the adsorbent, qe - 
iv (to co;

VI is the volume of 

solution; Qt is the initial concentration of Sr and C. is the equilibrium concentration of Sr2+ in 
solution (ma/kg); KL is the Langmuir adsorption constant related to the free energy of 
adsorption; q. is the maximum capacity for mono-layer Sr2+ adsorption on soil. The values of 
KL and qm of Equation (5) can be obtained from the slope and y-axis intercept of the straight line 
in Figure 4 and have the values of 1.61;4104 kemol and 1.9 pmolig at 25 °C, respectively. 

3.5 Temperature effect 

Adsorption of Cs+ and Sr2+ on sand soil under the conditions of different pH and cation 
concentrations was not significantly affected by temperature changes (Figures 2 and 3). This 
suggests that the enthalpy change of the adsorption was very small. It should be noted that the 
overall enthalpy change of adsorption (All) depends on sum of the energy required for release of 
the hydration sphere from cations (AHD) and the energy released from dehydrated cation 
adsorption on the sand soil surface (AHA). A very small value of AH suggests that the value of 
AHD is close to that of AHA and the adsorption is not sensitive to temperature changes. 

Since the overall enthalpy change of adsorption is very small, the driving force for Cs+ and Sr2+
adsorption on sand soil is likely from an entropy effect (A,S) based on the thermodynamic 
relationship, AG = All — T AS. Very small enthalpy changes for cation adsorption on attapulgite 
[6] and smectite [7] have been reported in literature. 

3.6 Desorption of cs+ and Sr3+ from sand soil 

Cs+ and Sr2+ desorption percentage in 10-3
 molikg NaCI or CaCl2 solutions is shown in Tables 2 

and 3 and they displayed different desorption behaviours discussed below. 

3.6.1 ce desorption 

Cs+ has a low desorption percentage in 10 3 moVkg NaCI which is below 40%. This suggests that 
Cs+ has a higher affinity than sodium in solution, likely due to the smaller hydrated radius and 
stronger electrostatic attraction of ce compared to Ne. The low desorption percentages in NaCI 
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in Figure 4 and have the values of 1.61×104 kg/mol and 1.9 µmol/g at 25 °C, respectively. 

3.5 Temperature effect 

Adsorption of Cs+ and Sr2+ on sand soil under the conditions of different pH and cation 
concentrations was not significantly affected by temperature changes (Figures 2 and 3). This 
suggests that the enthalpy change of the adsorption was very small. It should be noted that the 
overall enthalpy change of adsorption (∆H) depends on sum of the energy required for release of 
the hydration sphere from cations (∆HD) and the energy released from dehydrated cation 
adsorption on the sand soil surface (∆HA). A very small value of ∆H suggests that the value of 
∆HD is close to that of ∆HA and the adsorption is not sensitive to temperature changes.  
 
Since the overall enthalpy change of adsorption is very small, the driving force for Cs+ and Sr2+ 
adsorption on sand soil is likely from an entropy effect (∆S) based on the thermodynamic 
relationship, . Very small enthalpy changes for cation adsorption on attapulgite 
[6] and smectite [7] have been reported in literature.  

3.6 Desorption of Cs+ and Sr2+ from sand soil 

Cs+ and Sr2+ desorption percentage in 10-3 mol/kg NaCl or CaCl2 solutions is shown in Tables 2 
and 3 and they displayed different desorption behaviours discussed below. 
 
3.6.1 Cs+ desorption 

Cs+ has a low desorption percentage in 10-3 mol/kg NaCl which is below 40%. This suggests that 
Cs+ has a higher affinity than sodium in solution, likely due to the smaller hydrated radius and 
stronger electrostatic attraction of Cs+ compared to Na+.  The low desorption percentages in NaCl 
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solutions agree with the affinity order of alkali cation adsorption on clays: Cs+ > K+ > Na+ > Li+
[8]. 

The desorbed percentages of Cs+ in CaC12 solution were mostly between 60 to 70% which is 
higher than in NaCl solution under same conditions likely because the affinity of Cs+ ions to 
adsorption sites is less than that of Ca2+ ions [8]. 

3.6.2 Sr2+ desorption 

Sr2+ had the same desorption percentage (40%) as Cs+ in 10-3 mol/kg NaCl solution when initial 
adsorption quantities are low (around 0.7 µmol/g). However, when initial adsorption quantity 
(2.6 µmol/g) is large, Sr2+ showed a much higher desorption rate (71%) than that of Cs+ (25%). 
The high adsorption quantity of Sr2+ significantly reduces the adsorption sites available for Na+
and result in a strong competition between Na+ and Sr2+ for adsorption sites on the surface of 
sand soil. Since Sr2+ has less affinity toward the surface of sand soil due to its higher hydration 
radius than Na+ [9], most of Sr2+ adsorbed on the soil surface was replaced by Na+ in NaCl 
solution. 

In CaC12 solutions, Sr2+ desorption percentage is high and a majority (70 to 100%) of the 
adsorbed Sr2+desorbed. The high desorption percentage of Sr2+ in CaC12 solution is likely related 
to the low dielectric constant of sand soil, which results in the adsorption of alkali-earth metal 
ions increasing in the sequence with increasing hydrated radii: Ra2+ <Ba2+ <Sr2+ < Ca2+ < Mg2+ < 

Be2+ [10] . 

Table 2 Cs+ and Sr2+ desorption in 10-3 mol/kg NaCl solution at 25 °C. 

Cs+ desorption Sr2+ desorption 
Before 

(µmol/g) 
After 

(µmol/g) 
Desorption 

% 
Before 

(µmol/g) 
After 

(µmol/g)
Desorption 

0.71 0.42 40 0.67 0.40 40 
3.71 2.77 25 2.58 0.74 71 

Table 3 Cs+ and Sr2+ desorption in 10-3 mol/kg CaC12 solution at 25 °C. 

Cs+ desorption Sr2+ desorption 
Before 

(µmol/g) 
After 

(µmol/g) 
Desorption 

% 
Before 

(µmol/g) 
After 

(µmol/g)
Desorption 

3.34 1.41 58 2.44 0.71 71 
1.87 0.72 64 1.72 0.49 72 
1.30 0.41 68 1.31 0.45 66 
0.36 0.073 80 0.44 0.10 77 
0.012 0.004 68 0.013 93.0 93 

0.0087 0.00 100 
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3.7 Competitive adsorption of Cs+ and Sr2+

Competitive adsorption of Cs+ and Sr2+ on the same sand soil is shown in Figure 5. The results 
showed that there is no difference for Cs+ adsorption with or without the presence of Sr2+ in the 
tested pH region. Adsorption of Sr2+ on sand soil is slightly higher without the presence of Cs+
near neutral pH 7; however, overall Sr2+adsoiption was not significantly affected by the presence 
of Cs+ under these test conditions. This result likely suggests that most of Cs+ and Sr2+ occupy 
different adsorption sites on the surface of the sand soil and the interaction between adsorbed Cs+
and Sr2+ is weak. 
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Figure 5 Comparison of Cs+ and Sr2+ adsorption on sand soil with single or double cation 
adsorption 

3.8 Organic matter effect 

The effect of humic acid (5 ppm) on Cs+ and Sr2+ adsorption on sand soil is shown in Figure 6. 
The results showed that humic acid has no effect on Cs+ adsorption under the test conditions. 
Similar results were also reported for Cs+ adsorption on natural silica [1] and on A120 3 [11]. 
Adsorption of Sr2+ was not affected by the addition of humic acid below pH 8; however, 
adsorption of Sr2+ begins to decrease above pH 8, likely due to the formation of complexes 
between Sr2+ and humic acid [12][13]. Overall, the effect of the humic acid on Cs+ and Sr2+
adsorption on sand soil was not significant. 
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4. Conclusions 

Adsorption of Cs+ and Sr2+ on a natural sand soil was studied under various chemistry 
conditions. Kinetic data showed that the adsorption of these cations on sand soil was slow and 
followed second order reaction kinetics. In general, increasing pH increases the adsorption of 
Cs+ and Sr2+ while their adsorption slightly decreases above pH 10 likely due to the dissolution 
of sand soil. The overall temperature effect on adsorption of Cs+ and Sr2+ was not significant 
suggesting that the entropy was the major driving force for the adsorption. Humic acid did not 
affect Cs+ adsorption under these test conditions while the presence of humic acid slightly 
decreased Sr2+ adsorption above pH 8 probably due to the formation of complexes between Sr2+
and humic acid. Adsorption of Cs+ can be described by Freundlich isotherm model while Sr2+
adsorption follows Langmuir isotherm model. The presence of both Cs+ and Sr2+ in same 
solutions did not significantly affect each other suggesting most of these cations occupy different 
adsorption sites. Desorption tests showed that Cs+ is less mobile than Sr2+ in NaCl and CaC12
solutions due to their different affinity to the surface of sand soil. 
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