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ABSTRACT: The 2011 Fukushima nuclear disaster generated a huge amount of radioactively contaminated soils and solid wastes. In 
disposal of soils and wastes containing low-levels of radioactive materials, installation of soil layers, which act as sorption layers 
against radioactive cesium, has been planned. A series of batch and column tests was conducted to assess the effects of cations in the 
landfill leachate on the cesium sorption/desorption characteristics of decomposed granite soil. Sorption test results indicated that 
higher concentrations of potassium and calcium ions led to lower distribution coefficient (Kd) values, although sodium ion has no 
effect on the Kd values under the testing conditions. Particularly, potassium ion was most likely to prevent the soil from sorbing the 
cesium in the infiltration test. In desorption tests, divalent calcium ion rather than mono-valent potassium and sodium ions promoted 
desorption of cesium once fixed to the soil, since the effect of valence in the exchange process was more significant in the desorption 
process. 

RÉSUMÉ: La catastrophe nucléaire de Fukushima de 2011 a entraîné l’apparition d’une énorme quantité de sols et de déchets solides 
radiocontaminés. Concernant l’élimination des terres et déchets contenant de faibles niveaux de matières radioactives, l’installation de 
couches de terre destinées à l’adsorption du césium radioactif a été envisagée. Une série d’essais sur lots et sur colonne a été réalisée afin 
d’évaluer les effets des cations contenus dans le lixiviat des décharges sur les caractéristiques d’adsorption/désorption d’un sol granitique 
décomposé. Les résultats des essais d’adsorption montrent que des concentrations plus élevées en ions potassium et calcium conduisent à 
des valeurs plus faibles du coefficient de distribution Kd, tandis que l’ion sodium n’a aucun effet sur les valeurs de Kd dans les conditions 
d’essai. En particulier, l’ion potassium est le plus susceptible d’empêcher l’adsorption du césium par le sol dans les essais d’infiltration. 
Dans les essais de désorption, l’ion calcium divalent promouvait, davantage que les ions potassium et sodium monovalents, la désorption 
du césium une fois fixé dans le sol, ce qui s’explique par le fait que l’effet de la valence sur le processus d’échange est plus important 
dans le cas de la désorption. 

KEYWORDS: cesium, sorption, desorption, soil sorption layer 

 
1  INTRODUCTION 

One of the geoenvironmental issues caused by the 2011 off the 
Pacific coast of Tohoku Earthquake is the radioactive 
contamination of surface environment by fall-out of radioactive 
chemicals such as 134Cs and 137Cs, due to the Fukushima 
nuclear disaster. Besides soils and wastes from remediation 
works, MSW (municipal solid waste) incinerator ash containing 
the radioactive chemicals has been accordingly generated. In 
case that they are contaminated with their concentrations lower 
than 100,000 Bq/kg, they are allowed to be disposed of at 
existing MSW landfill sites or engineered containment facilities. 
However, the cesium leaching behaviors are quite different 
among soils, MSW bottom ash and fly ash, even though they 
may contain similar concentrations of radioactive cesium. 
While radioactive cesium in soils and MSW bottom ash may be 
insoluble, most of cesium in fly ash will easily leach out 
(National Institute for Environmental Studies 2014). In addition, 
it should be noted that MSW landfills in Japan basically allow 
rainfall infiltration into the waste layer to accelerate the 
biodegradation under semi-aerobic condition, as well as to wash 
out soluble contaminants in the waste. Thus, when radioactively 
contaminated MSW fly ash is disposed of in existing landfills, 
installation of soil layers which act as a hydraulic barrier and a 
sorption layer is considered to prevent the leakage of 
radioactive cesium as shown in Figure 1. 

Currently, natural soil and bentonite-amended soil are 
expected to be utilized as sorption layers, since they have 
permeability and sorption capacity acceptable for sorption 
layers. Also, the authors have evaluated applicability of 
geosynthetic clay liners (GCLs) to the hydraulic barrier layer 

for containment of radioactively polluted waste. Ogawa et al. 
(2013) assessed hydraulic integrity of GCLs overlap section 
when differential settlement occurred in a underlying waste 
layer by conducting a series of model tests. Inui et al. (2016) 
evaluated cesium sorption characteristics of sodium bentonite 
layer in GCLs, affected by types and concentrations of cations 
in waste leachate. 

 

 
Figure 1. Schematic view of disposal of radioactively contaminated 
MSW fly ash at existing landfills (Modified from National Institute for 
Environmental Studies (2014)). 

Many field monitoring data support that the mobility of 
cesium in subsurface is very limited due to high affinity to soil 
particles (e.g. Kato et al. 2012). However, sorption performance 
of cations such as cesium is significantly affected by other 
competitive cations in the pore water. In this study, effects of 
typical cations which usually exist in the leachate of MSW 
incineration fly ash (MSWIFA), on the cesium sorption ability 
of residual soil (decomposed granite soil) were examined 
through batch and column sorption test. In addition, cesium 
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 once sorbed on/in soil particles might be desorbed while the 
leachate containing competitive cations continuously flows 
through the sorption layer due to cation exchange. Thus, a 
series of batch and column desorption tests is also conduced to 
assess how the cations contained in the leachate induce 
desorption of cesium sorbed on/in the soil. 

2  MATERIALS AND METHODS 

2.1  Materials 

Decomposed granite soil sieved with a 2 mm-opening sieve 
(soil particle density (JIS A 1202): 2.70 g/cm3, maximum dry 
density and optimum water content (A-a method in JIS A 1210): 
1.97 g/cm3 and 10.1%, cation exchange capacity (JGS 0261): 
9.3 cmol/kg, pH (JGS 0211): 9.5) was used for the tests. Figure 
2 shows a particle size distribution curve of the soil. 

Solutions containing various types and concentrations of 
cations were prepared for the sorption/desorption tests. 
Solutions with sodium (Na), potassium (K) or calcium (Ca) ion 
concentrations ranging from 0 to 500 mg/L were prepared using 
the chloride chemicals. Non-radioactive cesium (Cs) was used 
instead of radioactive Cs for safety. Cs solutions for various 
tests were prepared using the standard cesium chloride solution. 

 

 
Figure 2. Particle size distribution of the soil used. 

2.2  Batch sorption tests 

Cesium concentration of each test solution was adjusted to 100 
g/L. The tests were performed by mixing 1.0, 2.0, 3.0, 5.0 or 
10.0 g of dried soil with 1,000 mL of the solution in a 2,500 mL 
polyethylene bottle. The mixture was subjected to horizontal 
shaking on an incubator shaker at 150 rpm and under 20°C. 
Agitation by horizontal shaking was basically conducted for 24 
hours. However, to evaluate the effect of agitation time on 
sorption behaviors, agitation time ranging from 1 to 72 hours 
was employed in the cases that no cation was added to the 
solution. After shaking, the mixture was centrifuged and then 
filtered using a 0.45 µm-opening filter. Concentrations of 
cesium were analyzed by a graphite furnace atomic absorption 
spectrophotometer. A sorption isotherm is described by 
calculating the amount of cesium sorbed with the cesium 
concentration after agitation, and the distribution coefficient Kd 
was determined from a slope of the linear sorption isotherm. 

2.3  Batch desorption tests 

For desorption tests, soil sample with its initial cesium 
concentration of 99 mg/kg was prepared by mixing the soil with 
10 mg/L cesium solution at the liquid to solid (L/S) ratio of 10, 
and then curing and drying. 

The amount of Cs desorbed from the soil was measured 
when the soil was mixed with the solutions with 0, 20 or 100 
mg/L of Na+, K+ and Ca2+. The tests were performed by mixing 
1.0, 2.0, 3.0, 5.0 or 10.0 g of the soil with 1,000 mL of the 
solution. The following procedure was same as that of sorption 
tests indicated in 2.2 

2.4  Column percolation tests for characterizing sorption and 
desorption behavior 

Column percolation tests were conducted to simulate the Cs 
sorption and desorption processes when waste leachate flows 
through in a sorption layer. 

Clean soil and artificially contaminated soil containing 99 
mg/kg-Cs, which was prepared as shown in 2.3, were used for 
column sorption and desorption tests, respectively. A cylindrical 
specimen with 60 mm in diameter and 50 mm in height was 
molded in an acryl mold by tapping compaction to achieve a 
target degree of compaction of 95%. Using a flexible-wall 
permeameter according to ASTM D 5084, the specimen was 
subjected to approximately 42 cm3/hour constant upflow 
percolation. This flow rate is equivalent to one pore volume of 
specimen per hour. Test cases and conditions are summarized in 
Table 1. For sorption tests, 10 mg/L-Cs was added to the 
influent. To evaluate the effects of cations on sorption 
performance, 500 mg/L of potassium or calcium was also added 
to the influent (Cases 1-2 and 1-3 in Table 1). For desorption 
tests, the effects of calcium ion, which is contained in MSW ash 
leachate with high concentrations, was examined (Case 2-2 in 
Table 1). 
 

Table 1. Cases and conditions of column percolation tests. 

Test case 
Sorption test Desorption test 

1-1 1-2 1-3 2-1 2-2 
Dry density (g/cm3) 1.90 1.88 1.92 1.84 1.77 
Degree of compaction (%) 97 96 97 93 90 
Pore volume (cm3) 41.7 42.7 40.9 45.2 48.8 
Average flow rate (cm3/h) 42 43 47 42 40 
Influent Cs conc. (mg/L) 10 10 10 0 0 

Influent cation conc. (mg/L) 0 K+: 500 Ca2+: 
500 

0 Ca2+: 
500 

3  RESULTS AND DISCUSSION 

3.1  Effects of agitation time on sorption behaviors 

Figure 3 and Table 2 show the sorption isotherms and the Kd 
values obtained in batch sorption tests, when no competitive 
cations existed in solutions. 

Overall, when Cs concentrations were relatively high, 
agitation shorter than 12 hours provided smaller sorbed 
amounts of Cs (Figure 3). This fact indicates it took more than 
24 hours to reach an equilibrium condition. Accordingly, more 
than 24 hours agitation provided higher Kd values. 

However, when agitation time is shorter than 12 hours, there 
is no clear relationship between Kd values and agitation time. 
Particularly, 1 hour agitation provided a higher Kd value 
compared with 3 to 12 hour agitation. This is probably because 
generation of colloids during agitation influenced the 
measurement of residual Cs concentration. When agitation time 
is shorter and less colloids are generated, Cs sorbed to the 
colloids were not detected in the solution after the test, and 
accordingly, apparent sorbed amounts are become larger. 

 

 
Figure 3. Effect of agitation time on Cs sorption. 
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Table 2. Kd values affected by agitation time. 
Agitation time (hour) Distribution coefficient, Kd (mL/g) 

1 1.6×102 
3 1.2×102 
6 1.2×102 

12 1.4×102 
24 2.0×102 
48 2.0×102 
72 2.7×102 

 
These observations indicate that contact time in which 

leachate is retained in a sorption layer is one of the important 
factors affecting sorption performance of the soil layer. Contact 
time should be carefully designed by determining appropriate 
hydraulic conductivity and thickness of the sorption layer. 

3.2  Effects of cations on Cs sorption behaviors 

Figures 4 show the sorption isotherms for the solutions 
containing different concentrations of Na, K and Ca ions, 
respectively. In higher concentration cases, the slopes of 
isotherms become less steep; this trend suggests that these 
cations competitively limited Cs sorption by the decomposed 
granite soil according to their concentrations. For example, the 
Kd value for K+ = 100 mg/L is more than 80% lower than that 
for K+ = 0 mg/L. 

 

(a)  

(b)  

(c)  

Figure 4. Effects of types and concentrations of cations on Cs sorption: 
(a) Sodium, (b) Potassium, and (c) Calcium. 

Table 3 summarizes the cation concentrations (both mass 
and equivalent concentration basis) and the Kd values. Overall, 
the lower Kd values were obtained for a certain mass 
concentration in the order of Kd for Ca2+ < Kd for K+ < Kd for 
Na+. However, on the equivalent concentration basis, the Kd 
values for K+ and Ca2+ ions were similar even though 

equivalent concentrations of K+ was almost half. This indicates 
potassium ions were most likely to prevent the soil from 
sorbing Cs+ ion rather than calcium and sodium ions, since 
potassium ions, whose hydrated radius is similar to that of 
cesium ions, are sorbed to the soil competitively. In addition, 
owing to the general preference of cation exchange equilibria in 
soil, highly charged cations (Ca2+) tend to be held more 
preferentially than cations with less charge (Na+). 

Compared with the results of similar testing program for 
sodium bentonite (Inui et al. 2016), sodium ion has no 
significant effect on the Kd values under the testing conditions 
see Figure 4 (a)) although the Kd value of sodium bentonite was 
decreased by 70% for Na+ =100 mg/L. Furthermore, calcium 
ion was most likely to prevent the sodium bentonite from 
sorbing Cs rather than an equivalent concentration of potassium 
and sodium ions, according to the general preference of cation 
exchange equilibria in soil. This implies that specific sorption 
related to the hydrated radius is more dominant in the 
decomposed granite soil rather than sorption related to cation 
exchange, although further study for validation is necessary. 

 
Table 3. Kd values affected by types and concentrations of cations. 
Types of 

cation 
Mass conc.

(mg/L) 
Equivalent conc. 

(mEq/L) 
Kd 

(mL/g) 
R2 

- 0 0 2.0×102 0.95 

Na+ 
20 0.87 1.9×102 0.97 

100 4.35 1.6×102 0.97 

K+ 
20 0.51 7.2×10 0.85 

100 2.56 3.8×10 0.80 

Ca2+ 20 1.00 5.7×10 0.71 
100 4.99 3.7×10 0.51 

 

(a)  
 

(b)  
 

(c)  

Figure 5. Effects of types and concentrations of cations on Cs 
desorption: (a) Sodium, (b) Potassium, and (c) Calcium. 
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 3.3  Effects of cations on Cs desorption behaviors 

Figures 5 shows the Cs desorption ratio, which is defined by a 
ratio of the amount of desorbed Cs to the initial Cs content, 
affected by types and concentrations of cations. Desorption 
ratio monotonically increases with the L/S ratio at the test. The 
higher desorption ratio was obtained by a certain mass 
concentration of cations in the order of Ca2+ > K+ ≈ Na+. 
Desorption ratios for 100 mg/L of monovalent Na+ and K+ ions 
were two times larger than that for distilled water. On the other 
hand, divalent calcium ions promoted desorption of Cs more 
significantly, and desorption ratio against 100 mg/L-Ca solution 
was two times larger than those for an equivalent concentration 
of Na and K. This order is not consistent with that for the 
adverse effect on the Cs sorption reported in 3.2 (K+ > Ca2+ ≈ 
Na+). It can be considered that the effect of valence in the ion 
exchange process was more significant in the desorption 
process, and the effect of divalent Ca ion is most significant 
accordingly. 

3.4  Cs sorption and desorption behavior in column 
percolation tests 

Figure 6 shows effluent Cs concentrations with pore volumes of 
flow (PVF) in column sorption tests (Cases 1-1, 1-2 and 1-3 in 
Table 1). Except for K+ = 500 mg/L, effluent concentrations 
were much lower than the influent concentration of 10 mg/L. 
For K+ = 500 mg/L, effluent Cs concentrations were gradually 
increased and reached the influent concentration at PVF = 400. 
The calculated total sorbed amount was 0.42 mg/g. Although 
the Kd values obtained in batch sorption tests were similar for a 
certain mass concentration of K and Ca, the effluent 
concentrations in column percolation tests were lower for Ca2+ 
= 500 mg/L. As shown in 2.4, the retention time in column 
percolation tests was 1 hour, which is too short to reach a 
sorption equilibrium, judging from the results in Figure 3. Thus 
further study is necessary to evaluate the sorption rate effects. 
 

 
Figure 6. Profiles of effluent Cs concentration in column sorption tests. 

Figure 7 shows effluent Cs concentrations with pore 
volumes of flow (PVF) in column desorption tests (Cases 2-1 
and 2-2 in Table 1). Consistent with the results of batch 
desorption tests, Cs desorption was promoted in the case of 
Ca2+ = 500 mg/L, and effluent Cs concentrations were relatively 
high, ranging from 0.05 to 0.15 mg/L. At the end of the test 
(PVF = 708, equivalent to the L/S ratio = 98), the desorption 
ratio was approximately 8%, which is similar to that obtained in 
the batch desorption test at the L/S = 100 of 6.5%. Also, for 
Ca2+ = 0 mg/L, at the end of the column percolation test (at the 
L/S ratio = 65), the desorption ratio reached approximately 
0.9%, which is also comparable to the value obtained in the 
batch desorption test at the L/S = 100 of 1.5%. These facts 
supports that, although the testing conditions are different 
among batch and column desorption tests, there is a consistency 
between desorption ratios obtained in both tests. Also, it should 
be noted that cesium sorbed on/in soil particles might be 
desorbed while the leachate containing competitive cations 
continuously flows through the sorption layer. 

 
Figure 7. Profiles of effluent Cs concentration in column desorption 
tests. 

4  CONCLUSION 

Effects of sodium, potassium and calcium ions, which typically 
exist in the radioactively contaminated MSWIFA leachate, on 
the Cs sorption/desorption behaviors of a decomposed granite 
soil were assessed by performing a series of batch and column 
tests. The conclusions derived can be summarized as follows. 
1) Cations existing in the MSWIFA leachate such as sodium, 

potassium and calcium ions competitively lowered the 
cesium sorption capacity of decomposed granite soil. The 
distribution coefficients when these cations dissolved in the 
solution at the concentration of 100 mg/L were lower by 
80% at maximum. 

2) Pottasium ion was most likely to prevent the soil from 
sorbing Cs rather than an equivalent concentration of 
calsium and sodium ions probably due to the competion in 
specific sorption related to hydrated radius. 

3) Calcium ion rather than sodium and potassium ions 
significantly promoted desorption of cesium once fixed to 
the soil. This order is not consistent with the order for the 
disturbance of cesium sorption by these cations. 

4) In column sorption tests, disturbance of cesium sorption by 
pottasium ion was more remarkable than in batch sorption 
tests. Meanwhile, calcium-induced desorption ratios, which 
were determined in batch and column desorption tests, were 
comparable to each other. 
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