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Abstract
The study investigates the adsorption processes of caesium onto alluvial sediments from the Po Plain (northern Italy). 
Understanding these adsorption processes is crucial for assessing the safety of low- and intermediate-level radioactive waste 
repositories, including the proposed Italian repository. Adsorption kinetics and equilibrium experiments on sandy samples 
were conducted with the aim of evaluating how even small differences in clay content and mineralogy can affect kinetics and 
equilibrium adsorption behaviour. The obtained data were compared with literature studies and confirmed the significant 
affinity of caesium for sandy sediments, even for a mud content of less than 5%. Kinetics analysis revealed that a pseudo-
second-order model best described the process, suggesting two-site occupancy adsorption kinetics attributed to the presence 
of illite and characterised by various different sites for caesium adsorption. Samples with higher clay and micaceous miner-
als content, cation exchange capacity and specific surface area exhibit faster kinetics and higher affinity for caesium. The 
study shows a significant variation in partition coefficient values, ranging from 57 to 750 mg  L−1. This finding emphasises 
the importance of sediment composition in caesium adsorption, which is crucial for developing accurate environmental 
protection and safety assessment models.
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Introduction

Among the radioisotopes found in low- and intermediate-
level radioactive wastes (LLW and ILW, respectively), 137Cs 
is one of the most relevant. It is a fission product commonly 
found in nuclear reactor waste or spent nuclear fuel waste 
from reprocessing plants (Lee et al. 2013). Radioactive iso-
topes of caesium, 137Cs and 134Cs, were also released into 
the environment with the fallout from accidental releases, 
such as the Chernobyl and Fukushima accidents (Yasunari 
et al. 2011; Nakanishi et al. 2013; Steinhauser et al. 2014; 

Okumura et al. 2019; Tachi et al. 2020), and from tests of 
nuclear weapons.

The solubility in water of halides with caesium as the 
electropositive element is quite high; therefore, caesium 
can be easily dissolved in water (Greenwood and Earnshaw 
1997; Ueda et al. 2012). Therefore, once released into the 
environment, caesium can be dispersed by groundwater flow. 
Moreover, due to the half-life of radiocaesium and its capa-
bility to be assimilated by living organisms (Zhu and Smold-
ers. 2000; Nakanishi et al. 2013), caesium can be harmful 
to human health. If inhaled or ingested, caesium can accu-
mulate in vital organs, and its beta and high-energy gamma 
emissions can induce the formation of tumours (Endo 2012; 
Steinhauser et al. 2014).

On the basis of the above remarks, it is clear that 
numerical predictive models which simulate solute trans-
port in geological porous media and which are often used 
in safety assessment studies of radioactive waste reposi-
tories (Lee et al. 2013) should consider the behaviour of 
radiocaesium in the environment. Accurate modelling and 
reliable predictions require knowledge of the hydrogeo-
logical properties of the involved geological formations 
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and the adsorption processes that govern the exchanging 
phenomena between liquid and solid phases.

In this regard, to model the extent and the rate at which 
caesium ions are removed from aqueous solutions through 
adsorption on the solid matrix, it is important to study 
and model adsorption processes and their kinetics at the 
laboratory scale. Therefore, the experimental study of 
adsorption processes of caesium ions onto underground 
porous media and onto porous matrices suitable for reme-
diation and water decontamination purposes is a key point 
for environmental protection and cleanup as well as for 
safety assessment of nuclear waste repositories (Bouzidi 
et al. 2010; Caccin et al. 2013; Lee et al. 2013; Ding et al. 
2016; Lemieux et al. 2018; Szabo 2018; Gouda et al. 2019; 
Park et al. 2019; Tachi et al. 2020).

Adsorption of caesium on pure minerals and on hetero-
geneous media has been extensively studied (Torstenfelt 
et al. 1982; Sheppard and Thibault 1990; Cornell 1993; 
Staunton and Roubaud 1997; Wang et  al. 2010; Tsuji 
et al. 2014). Such studies showed that caesium is mainly 
adsorbed through charge-compensating cation exchange 
onto the finest fraction of clay minerals, which are char-
acterised by a high cation exchange capacity (CEC), a 
large specific surface area and a high density of available 
charged surface sites together with interlayer and inter-
layer-edge sites (Cornell 1993; Meunier 2005; Giannako-
poulou et al. 2007; Fuller et al. 2014; Lee et al. 2017).

The minerals of interest for caesium adsorption are 
principally clay and mica, including illite, smectite, kao-
linite, muscovite, vermiculite and biotite. Indeed, clay and 
micaceous minerals behave selectively towards cations 
which have low hydration energy, like caesium, and which 
are mainly adsorbed through ion exchange with cations 
present in the mineral interlayers or through interaction 
with the hydroxyl and oxide groups present on the surface. 
For instance, in the case of illite, caesium adsorption is 
interpreted with multi-site ion exchange models due to 
the presence of various adsorption sites. Among these 
sites, the frayed edge sites (FES) play an important role in 
caesium uptake due to their high selectivity for caesium 
also in trace concentrations (Comans et al. 1991; Cornell 
1993; Mc Kinley et al. 2004; Giannakopoulou et al. 2007; 
Benedicto et al. 2014; Missana et al. 2014a; Fuller et al. 
2015; Cherif et al. 2017; Lee et al. 2017; Yin et al. 2017; 
Durrant et al. 2018; Ferreira et al. 2018; Okumura et al. 
2019; Park et al. 2019, 2021; Hwang et al. 2021; Li et al. 
2021; Latrille and Bildstein 2022; Zhang et al. 2022).

Therefore, the clay content of the porous matrix can 
be considered one of the main factors that affect caesium 
adsorption, together with the CEC of the solid matrix, the 
pH and ionic strength of the solution and the presence of 
competing ions in solution (Shenber and Eriksson 1993; 

Flury et al. 2004; Giannakopoulou et al. 2007; Missana 
et al. 2014b; Testoni et al. 2017; Semenkova et al. 2018).

Due to the above-mentioned factors, the development of 
accurate models of caesium ion transport by groundwater is 
quite challenging and requires site-specific studies of adsorp-
tion processes, both under static and dynamic conditions.

To examine this issue, this work studies caesium adsorption 
onto alluvial sediments from the Po Plain (Italy) under static 
conditions at the laboratory scale. The sampled sediments 
can be considered representative of sediments that are present 
in most of the potential sites for the foreseen Italian nuclear 
waste repository, which have been selected by Sogin S.p.A., 
the state-owned company in charge of the nuclear waste man-
agement on the Italian territory (CNAPI 2020).

Three sandy samples were collected and used for this work. 
Despite being representative of very similar lithological and 
geological units, they showed some small differences in the 
content and mineralogy of clays. Therefore, they are expected 
to be very useful in evaluating the influence of the clay content 
and mineralogy on caesium adsorption on sandy sediments.

Within this framework, the general objective of this work 
is to assess if small differences in clay content and mineralogy 
among sandy samples can have effects that are appreciable with 
laboratory tests. Furthermore, the goal is to assess if small vari-
ations among the samples could yield experimental data, which 
should be fitted with different phenomenological models. In 
other words, this work is expected to provide further qualita-
tive and possibly quantitative insights into the effects that clay 
minerals have on caesium adsorption on sandy sediments.

This objective is pursued through kinetic and equilibrium 
batch tests for six different associations of sandy samples and 
aqueous solutions containing caesium ions. Aqueous solutions 
containing dissolved caesium are created using two commer-
cial mineral waters. The kinetic and equilibrium batch results 
and their fit by kinetic and isotherm models are compared with 
results from similar literature studies.

The paper is organised as follows: the ‘Material and Meth-
ods’ section describes the studied sediment samples from the 
adopted waters and reagents and the applied adsorption test 
procedure; the ‘Results and Comparison with Literature’ sec-
tion reports the results of kinetic and batch experiments, their 
interpretation with respect to kinetic and isotherm equilibrium 
models and a comparison with literature studies regarding simi-
lar matrices; and ‘Conclusion’ section ends the paper.

Materials and methods

Samples

Sandy sediments used in this work derive from soil pits 
excavated in the Po Plain (northern Italy; Inzoli 2016). Sam-
ples were taken from outcrops of sediments at Orio Litta and 
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Senna Lodigiana. In the following, samples are indicated as 
SA10-A1, SA11-A4 and OA2-A1, where the acronym SA 
stands for Senna Lodigiana, and OA for Orio Litta, while 
letters and numbers refer to internal laboratory classification 
(Inzoli 2016). For details regarding the sampling area, refer 
to the Supplementary Material.

Results of grain size analysis, carried out with sieve 
analysis (Inzoli 2016), are listed in Table 1 in terms of per-
centages of gravel, sand and mud according to Wentworth’s 
classification. The fraction of mud was obtained by summing 
the silt and clay fractions. Samples are characterised by their 
variable sandy texture. Samples SA10-A1 and OA2-A1 were 

predominantly medium sand, sample SA11-A4 was coarse 
sand, and sample OA2-A1 contained the largest percentage 
of mud.

The composition of the samples was quantitatively deter-
mined using X-ray powder diffraction analysis (XRD) with 
a PANalytical X’Pert PRO diffractometer and the Rietveld 
method, using the software Gsas2 (Toby and Von Dreele 
2013). Total CEC was determined using the barium chlo-
ride method. The CEC of Na, K, Mg and Ca was meas-
ured (Ciesielski et al. 1997) with an inductively coupled 
plasma mass spectrometer (ICP-MS Agilent 7700). The 
specific surface area of the samples was determined using 

Table 1  Grain size distribution according to Wentworth’s classification; composition; cation exchange capacity (CEC) values; specific surface 
area

Wentworth’s classification
Particles larger than 64 mm in diameter are classified as cobbles, while smaller particles are pebbles, granules, sand and silt. The sandy fraction 
(grain diameter between 63 μm and 2 mm) is further distinguished into five sub-classes: very coarse (vc), coarse (c), medium (m), fine (f) and 
very fine (vf) sand. Silt includes particles with a diameter between 4 μm and 63 μm, while those smaller than 4 μm are clay; mud includes silt 
and clay

Sample SA10-A1 [wt%] SA11-A4 [wt%] OA2-A1 [wt%]

Grain size distribution
Mud (silt and clay) 3.47 1.6 5.18
Sand 96.42 98.4 92.1
vfS 0.65 0 1.5
fS 31.17 0.18 8.9
mS 53.09 31.42 60.2
cS 9.26 59.29 19.9
vcS 2.25 7.51 1.6
Granules 0.11 0 0.94
Pebbles 0 0 1.78

SA10-A1 SA11-A4 OA2-A1

Composition
Quartz [wt%] Qz 14.5 33.3 18.6
Calcite [wt%] Cal 4.5 - 5.2
Dolomite [wt%] Dol 64.0 3.1 47.7
Mica (illite) [wt%] M 3.7 16.5 6.0
Chlorite [wt%] Chl 5.2 6.5 11.3
Albite [wt%] Ab 8.1 24.2 10.1
Orthoclase [wt%] Or – 6.4 1.2
Amphibole [wt%] Amp – 2.9 –
Vermiculite [wt%] Vrm – 7.1 –

Error < 0.2 wt%
Cation Exchange Capacity [c mol+ kg soil−1]
CEC 4.37 ± 0.1 6.67 ± 0.42 4.80 ± 0.06
Na+ 0.93 ± 0.01 1.06 ± 0.01 0.85 ± 0.01
K+ 0.18 ± 0.02 0.18 ± 0.02 0.15 ± 0.02
Ca2+ 5.23 ± 0.01 5.38 ± 0.01 4.54 ± 0.01
Mg2+ 0.27 ± 0.02 0.50 ± 0.02 0.19 ± 0.02
BET analysis
Specific surface area  [m2g−1] 1.822 ± 0.011 2.597 ± 0.019 1.267 ± 0.008
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Brunauer–Emmet–Teller (BET) analysis (ISO 2022) with 
Micromeritics® TriStar II 3020. Results are reported in 
Table 1. The quantity of organic matter content was lower 
than 0.4 wt%.

All the samples showed the presence of quartz and 
dolomite, with some differences. In SA10-A1, quartz and 
dolomite are the dominant mineral phases, forming almost 
80% of the total material. The remaining mineral phases are 
approximately uniformly distributed among calcite, feldspar 
(albite), illite and chlorite.

In SA11-A4, quartz, mica (illite) and chlorite cover 
almost 60% of the whole sample. The quantity of dolomite 
is small, feldspars (albite and orthoclase) are more abundant 
than in the other two samples, vermiculite and some amphi-
bole can be found. No calcite is found in this sample.

In OA2-A1, quartz and dolomite are predominant: 
together they form almost 70% of the whole material. The 
remaining fraction is approximately uniformly distributed 
among chlorite, feldspars (albite and orthoclase), mica 
(illite) and calcite.

The major differences among the samples appear to be 
the abundance of dolomite, which decreases from OA2-A1 
to SA10-A1 and is significantly lower in SA11-A4, and the 
relatively high amount of clay and micaceous minerals in the 
mud component of SA11-A4 sample.

Among minerals like smectite, vermiculite, montmoril-
lonite and zeolites, for which caesium adsorption affinity 
has been extensively studied (Staunton and Roubaud 1997; 
Missana et al. 2014a; Tsuji et al. 2014; Fuller et al. 2015; 
Durrant et al. 2018; Ferreira et al. 2018; Hwang et al. 2021; 
Latrille and Bildstein 2022), vermiculite is only present in 
the finest fraction (d < 2 μm) of SA11-A4.

Water

As suggested by the American Society for Testing and Mate-
rials (ASTM) guidelines (ASTM 2021), adsorption stud-
ies on natural sediments should be ideally performed with 
aqueous solutions prepared with groundwater sampled at 
the study sites. This procedure was impractical for the case 
under study; therefore, a different procedure was chosen for 
the selection of the two waters adopted for this study. For 
the sake of brevity, the procedure is reported in the Sup-
plementary Material.

Table 2 compares the chemical compositions of the 
drinking water of the sampling areas with those of two 
selected commercial mineral waters, which differ from 
each other in the content of dissolved electrolytes. Water 
V is the one that best simulates the composition of the 
drinking water of the Senna Lodigiana area in terms of 
the content of dissolved electrolytes and pH among all the 
considered mineral waters. Water A has been chosen for 
its very low content of dissolved electrolytes in order to 

possibly highlight different adsorption behaviours depend-
ent on dissolved electrolyte content. Both waters have pH 
value inside the typical range of groundwaters (i.e., pH 
from 5 to 9; Cornell 1993).

The main cations analysed during the laboratory experi-
ments were calcium, sodium, magnesium, strontium and 
potassium. Anions that are present, sometimes in traces, 
in the Senna Lodigiana and Orio Litta waters as well as 
in waters A and V are  HCO3

−,  SO4
2−,  Cl−,  NO3

− and  F−. 
Indeed, the presence in groundwater of complexing anions 
can lead to the formation of complexing compounds with 
contaminant ions in solution, resulting in a lower potential 
for adsorption and increasing their solubility. Neverthe-
less, because caesium ions in soil/water environments have 
very little tendency to form aqueous complexes, the effect 
that anions in solution could have on adsorption phenom-
ena has been considered negligible (Carbol and Engkvist 
1997; EPA 1999).

Reagents

Appropriate stock solutions were prepared by dissolving 
chloride salt, CsCl, in the selected commercial waters with 
initial concentrations varying from 0.25 to 30 mg  L−1. 
Since caesium chloride is characterised by high solubility, 
a large availability of dissociated caesium ions in solu-
tion should be ensured. Moreover, a chloride salt contain-
ing 133Cs stable isotope was used (Yoshida et al. 2004; 
Giannakopoulou et al. 2007). All chemicals and reagents 
used were of analytical reagent (AR) grade. The absence 
of caesium adsorption onto the flasks, filters and adopted 
materials was checked. Experiments were conducted in 
isothermal conditions at ambient temperature (i.e., 22 ℃).

Table 2  Total dissolved solids [mg  L−1], pH and concentration [mg 
 L−1] of main cations of the waters of Senna Lodigiana and Orio Litta 
areas and of the two commercial waters V and A

Drinking water 
Senna Lodigiana

Drinking 
water Orio 
Litta

Water V Water A

Total dis-
solved 
solids

441 241 382 39

Ca2+ 111 63 88.7 4.4
Na+ 15 14 4.3 2.6
Mg2+ 27 14 34.8 0.6
K+ 3 2 5.6 4.4
pH 8.0 8.1 8.0 7.4
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Adsorption tests procedure

Caesium kinetic and equilibrium adsorption tests were car-
ried out for six different associations of sandy samples and 
aqueous solutions. Particularly, the SA10-A1, SA11-A4 and 
OA2-A1 samples were kept in contact with aqueous solu-
tions containing CsCl and prepared with the two selected 
waters, V and A.

Adsorption tests were performed according to the follow-
ing procedure. In 50 mL Erlenmeyer flasks, containing 4 g of 
sediment sample in contact with 40 mL of an aqueous solu-
tion containing the prescribed initial concentration of CsCl, 
were kept on an orbital stirrer at a speed of 170 rpm for the 
required time intervals at controlled ambient temperature. 
The solid-to-liquid mass ratio of 1:10 was chosen in compli-
ance with the literature (Giannakopoulou et al. 2007, 2012; 
Reynolds et al. 1982). After pre-fixed time intervals, the 
sediments were separated from the supernatant and filtered 
with 0.45 µm PES syringe filters. The residual concentration 
of the elements of interest (Cs, Na, Mg, K, Ca and Sr) in the 
sampled and filtered solution was measured by mass spec-
trometry. Thermo Fischer XSeries II, Bruker aurora M90 
and Agilent 7700 ICP mass spectrometers were used for dif-
ferent sets of measures. Each sample was measured three or 
five times to get the concentration average value. The pH 
values of the filtered supernatant were also measured.

The amount of adsorbed mass was determined by the dif-
ference between the initial and the residual ion concentration 
in the aqueous solution. The concentration of sorbate on the 
solid phase at time t, St [mg  g−1], was calculated according 
to the following formula:

where C0 is the initial concentration of solute in the liquid 
phase [mg  L−1], Ct is the residual concentration of solute 
in the liquid phase at time t [mg  L−1], M is the dry mass 
of the sediment sample [mg] and V is the volume of the 
liquid phase [L]. When equilibrium is reached (i.e., after a 
sufficiently long time), the concentration in solution Ct and 
the concentration of the adsorbed mass St become constant 
and are denoted, respectively, as Ce (i.e., the concentration 
in solution at equilibrium) and Se (i.e., the concentration of 
adsorbed mass at equilibrium).

Preliminary release tests were carried out to determine 
the possible release of caesium ions by the sediment sam-
ples. None of the three sediment samples in contact with 
ultrapure water and A and V waters released any detectable 
concentration of caesium ions after a reasonable time (see 
Supplementary Material for details).

Kinetic batch tests were carried out to estimate the equilib-
rium time for the six different associations of sediment sample/

(1)St =

(

C
0
− Ct

)

V

M

aqueous solution containing CsCl. For all the kinetic experi-
ments, the initial concentration of CsCl was set equal to 5 mg 
 L−1.

After six contact times, in the interval between 2 and 329 h, 
aliquots of supernatant were filtered with 0.45 μm PES syringe 
filters. The contact times were selected by considering ASTM 
guidelines (ASTM 2021) and some published evidence regard-
ing caesium adsorption rates onto sandy matrices (Cornell 
1993). The pH of the solutions was measured for all the col-
lected aliquots. Experiments have been designed to give a clear 
information about the adsorption trend as a function of time. 
Equilibrium times were estimated based on experimental data 
and by considering the trend of the experimental results and 
the amplitude of the error bars.

The used solvents were commercial mineral waters, so that 
other ions different from caesium may be present in solution. 
To study possible adsorption/desorption of Na, Mg, K, Ca 
and Sr ions by the sediment samples in contact with the com-
mercial mineral waters, specific kinetic tests were performed, 
in absence and in presence of dissolved caesium (5 mg  L−1). 
Residual concentrations of Na, Mg, K, Ca and Sr were meas-
ured as a function of contact time, up to 329 h. The results of 
this analysis integrate the experimental data, but have modest 
relevance on the main conclusions of this work; therefore, they 
have only been included in the Supplementary Material.

Equilibrium batch tests to determine the equilibrium iso-
therm of Cs were performed for six different associations of 
sandy samples and aqueous solutions containing CsCl. The 
initial concentration varied from 0.25 to 30 mg  L−1. For tests 
with water A, the initial concentration of 0.01 mg  L−1 was 
also considered.

Models

Experimental data were fitted with kinetic and equilibrium iso-
therm models (Weber and Morris 1963; Ho and McKay 1999; 
Rudzinski and Plazinski 2006; Foo and Hameed 2010; Malash 
and El-Khaiary 2010; Li et al. 2010; Caccin et al. 2016; Aya-
wei et al. 2017) and compared with data and models from 
the literature references (Reynolds et al. 1982; Toshiaki 1984; 
Sheppard and Thibault 1990; El-Reefy et al. 1994; Tanaka and 
Ohnuki 1994; Staunton and Roubaud 1997; Huitti et al. 2000; 
Shahwan and Erten 2002; Zachara et al. 2002; Flury et al. 
2004; Giannakopoulou et al. 2007, 2012; Yildiz et al. 2011; 
Ugur and Sahan 2012; Hamed et al. 2016; Hassan 2016).

Results and comparison with literature

Kinetic test results

All three sandy samples show a high affinity for caesium; 
the percentage of adsorbed caesium is 92% of that initially 



 International Journal of Environmental Science and Technology

dissolved in solution. The pH of all the aliquots collected 
over time remained almost constant during the tests (i.e., 
about 7.4 for the tests with water A and about 8 for the tests 
with water V). Therefore, during the kinetic experiments, the 
pH values remained inside the typical range of groundwater 
(i.e., from 5 to 9; Cornell 1993). The estimated experimental 
equilibrium times te,exp obtained from the kinetic tests for the 
six associations of the sediment samples and aqueous solu-
tions are SA10-A1 170 h, SA11-A4 24 h and OA2-A1 120 h 
with water A and SA10-A1 240 h, SA11-A4 170 h and OA2-
A1 240 h with water V. The associated equilibrium concen-
trations, Se, attain values of around 0.046 mg  g−1. Results 
are reported in the Supplementary Material. The experimen-
tal kinetic results of caesium adsorption were fitted with 
pseudo-first-order and pseudo-second-order kinetic models 
(Ho and McKay 1999; Rudzinski and Plazinski 2006).

Pseudo‑first‑order kinetic model

The pseudo-first-order kinetic Lagergren model, which is 
associated with a one-site occupancy adsorption kinetics, 
corresponds to the following equation:

where K
1
  [h−1] is the Lagergren rate constant of first-order 

adsorption, St is the mass of contaminant adsorbed per unit 
mass of sorbent matrix at time t [mg  g−1] and Se is the mass 
of contaminant adsorbed per unit mass of sorbent matrix at 
equilibrium [mg  g−1].

By integrating (2) in time from 0 to t, and assuming 
St (0) = 0 and St ( ∞) = Se , the following solution can be 
obtained:

The fit of the experimental kinetic data with (3) is shown 
in Fig. 1. For the sake of brevity, the correspondent pseudo-
first-order kinetic parameters are reported in the Supplemen-
tary Material.

Pseudo‑second‑order kinetic model

The pseudo-second-order kinetic model, which is a gen-
eralisation of the pseudo-first-order model, describes two-
sites-occupancy adsorption kinetics and corresponds to the 
following equation:

where K2 is the rate constant of second-order adsorption [g 
 mg−1  h−1].

(2)
dSt

dt
= K

1
(Se − St)

(3)St = Se(1 − e−K1t)

(4)
dSt

dt
= K

2

(

Se − St )
2

By separating the variables and integrating in time from 
0 to t with the initial condition St(0) = 0 , Eq. (4) yields the 
following:

The fit of experimental data is shown in Fig. 2. The cor-
responding pseudo-second-order kinetic parameters are 
reported in the Supplementary Material.

Intra‑particle diffusion model

To interpret the kinetics results, the empirical diffusion 
model of Weber and Morris was adopted by assuming a two-
step diffusion process (Weber and Morris 1963). According 
to this model, the rates of diffusion can be calculated by 
linearising the following equation:

where, Ki, i = 1,2, are the kinetic constants relative to the i-th 
step of the adsorption process [mg (g  h0.5)−1], Ci is the inter-
cept of i-th step [mg  g−1], and C1 = 0, because it is assumed 
that no caesium is initially adsorbed.

According to this model, the plot of adsorbed amount of 
ions, St , versus the square root of time, t0.5 , should be linear 
if diffusion is involved in the adsorption process.

The amount of experimental data in this study does not 
enable a robust estimate of the diffusion coefficients to be 
obtained, but it is nevertheless possible, as a first approxi-
mation, to examine the potential presence of a multi-linear 
trend due to a two-step diffusion process (Malash and El-
Khaiary 2010). To this aim, kinetic data have been inter-
preted according to the intra-particle diffusion model of 
Eq. (6). Results are reported in Fig. 3.

Specific kinetic tests that lasted up to 329 h were used 
to check the concentrations of Na, Mg, K, Ca and Sr ions 
in solution in the commercial mineral waters A and V in 
contact with the three sediment samples and in the presence 
of Cs in solution. No relevant differences can be noticed 
between the two conditions, namely the presence or absence 
of dissolved caesium. Results can be found in the Supple-
mentary Material.

Batch test results

The relative errors of the measurements are generally lower 
than 3%. For some samples, the relative error on Ce is of the 
order of 10% and the corresponding error on Se is estimated, 
with error propagation theory, to be smaller than 4%.

Analogously to kinetic tests, the pH values were almost 
constant for all the batch tests (i.e., about 7.4 for the tests 
with water A and about 8 for the tests with water V). Details 

(5)
t

St
=

t

Se
+

1

K
2
S2
e

(6)St = Kit
0.5 + Ci
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regarding the experimental results obtained with the three 
different samples and the two aqueous solutions are reported 
in the Supplementary Material.

Isotherm models

Experimental data were fitted with linear, Langmuir, Fre-
undlich and Brunauer–Emmet–Teller models (Foo and 
Hameed 2010; Ayawei et al. 2017).

The equilibrium linear isotherm model, the most used 
for batch experimental data analysis, assumes a linear rela-
tionship between the concentration of solute in solution at 

equilibrium, Ce, and the corresponding mass of sorbate per 
unit mass of solid matrix, Se:

where Kd is the linear distribution coefficient [mL  g−1].
The equilibrium Langmuir isotherm law corresponds to 

a theoretical model valid for mono-layer adsorption onto a 
surface with a finite number of equivalent sites, each of them 
having the same affinity towards the sorbate. The Langmuir 
equation is the most widely used two-parameter model and 
is commonly expressed as:

(7)Se = KdCe

Fig. 1  Pseudo-first-order 
adsorption kinetic models of 
caesium ions adsorption onto 
the sediment samples. Contact 
solution: a water A, b water V
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where KL is the Langmuir adsorption coefficient related to 
the energy of adsorption [L  mg−1] and Smax is the maximum 
adsorption capacity of the sorbent [mg  g−1]. The two coeffi-
cients can be determined from the slope and the intercept of 
the plot of Ce/Se versus Ce. In fact, to fit experimental data, 
Eq. (8) can be linearised as:

which enables constants to be derived with linear regression.

(8)Se =
SmaxKLCe

1 + KLCe

(9)
Ce

Se
=

1

SmaxKL

+
Ce

Smax

The Freundlich isotherm is an empirical law and 
assumes a heterogeneous surface onto which multi-layer 
adsorption takes place. At equilibrium conditions, the 
adsorbed concentration can be described using the fol-
lowing equation:

where n is a positive constant and KF is the Freundlich 
adsorption coefficient (i.e., the sorbent capacity [(mg 
 g−1)∙(mg  L−1)−1/n]). The exponent 1/n is usually lower than 1 
and decreases with surface heterogeneity; however, it may be 
greater than 1 when cooperative adsorption processes take 
place (Haghseresht and Lu 1998; Foo and Hameed 2010). 

(10)Se = KFCe
1∕n

Fig. 2  Pseudo-second-order 
adsorption kinetic models of 
caesium ions adsorption onto 
the sediment samples. Contact 
solution: a water A, b water V
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For the linear regression of the experimental data, the linear 
form of Eq. (10) is the following:

The Brunauer-Emmet-Teller (BET) model is a three-
parameter model, which is mostly applied to gas–solid sys-
tems and can also be adopted for liquid phase adsorption to 
describe multi-layer adsorption. However, the BET model 
can also be extended to liquid–solid systems such as the 
phenol-activated carbon systems (Ebadi et al. 2009; Girods 
et al. 2009). One of its applications is the determination of 

(11)log
10
Se = log

10
KF +

1

n
log

10
Ce

surface area/pore size distribution of a porous matrix. The 
BET isotherm model is the following:

where CBET is the BET adsorption isotherm coefficient [L 
 mg−1], Cm is the adsorbate mono-layer saturation concen-
tration [mg  L−1], Sm is the theoretical isotherm saturation 
capacity [mg  g−1] and Ce is the equilibrium adsorption 
capacity [mg  g−1]. The BET model is considered a special 

(12)S
e
=

S
m
C
BET

C
e

(

C
m
− C

e

)

[

1 + (C
BET

− 1) ⋅
C
e

C
m

]

Fig. 3  Adsorption kinetics of 
caesium onto the sediment 
samples: intra-particle diffusion 
model. Contact solution: a 
water A, b water V
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form of the Langmuir model, in which the layers after the 
first have the same energy (Foo and Hameed 2010).

Fits were performed with all models, but only physically 
meaningful results are reported in Table 3. For instance, 
for SA10-A1, it is apparent that a linear model with one 
parameter is sufficient to interpret the results with enough 
accuracy. Therefore, the fits obtained with models with two 
parameters (i.e., Langmuir and Freundlich models) are not 
reported because they are not considered physically mean-
ingful. For the isotherms obtained for SA11-A4 and OA2-
A1 samples, it is apparent that models with two or more 
parameters are necessary to better interpret the experimental 
results. Figure 4 shows the models that satisfactorily fit the 
experimental data.

For both aqueous solutions, all the models con-
firm the evidence from raw data that the order of affin-
ity for caesium among the sandy sediment samples 
under study can be summarised and sketched as follows: 
SA11-A4 > SA10-A1 > OA2-A1.

Discussion of kinetic tests and comparison 
with literature results

The analysis of the fits (Figs. 1 and 2) and the correspond-
ing coefficient of determination values (see Supplementary 
Material) show that the experimental results are slightly bet-
ter modelled by the pseudo-second-order model (R2 > 0.98), 
which suggests two-sites-occupancy adsorption kinetics. 
This behaviour is consistent with the presence of illite in 
all the studied samples, which is characterised by having 
various different sites for caesium adsorption (Comans et al. 
1991; Cornell 1993).

Kinetic results show that, irrespective of the association 
between the sand sample and mineral water, the adsorp-
tion kinetics appear to be characterised by a fast initial 
phase, during which a large fraction of the total amount 
of caesium ions originally present in the solution is 
removed, followed by a very slow removal phase (Figs. 1 
and 2). This finding is in accordance with literature stud-
ies regarding the caesium adsorption process (Cornell 
1993), which suggest that the initial removal from solu-
tion can be associated with ion exchange on the mineral 
surface. This process depends both on the concentration 
gradient existing between the bulk solution and boundary 
layer of the sorbent surface and on the initial availability 
of accessible external sites of the clay/micaceous miner-
als not yet occupied (Torstenfelt et al. 1982). For longer 
times, the removal rate reduces because caesium ions dif-
fuse more slowly across the boundary layer and in micro 
fissures and because the fraction of the grain surface still 
available for adsorption reduces. It is also important to 
consider that sandy samples, such as the ones studied in 
this work, are characterised by a heterogeneous network of Ta
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microfissures. Therefore, it can be supposed that initially, 
caesium ions easily diffuse inside larger ones and then 
slowly diffuse into smaller ones, which are more difficult 
to access. Indeed, taking into account the structure of the 
minerals responsible for the adsorption of caesium, the 
two-step kinetics could be explained by the initial process 
of occupation of abundant basal plane sites, followed by 
the increasing occupancy of high-affinity frayed edge sites 
of the interlayers (FES; Cornell 1993; Giannakopoulou 
et al. 2007).

Particularly, according to literature, the presence of 
micaceous and/or clayey minerals and/or calcite minerals, 
among which biotite or illite, involves an initial fast removal 
of caesium from solution, followed by a slower stage which 
can continue for days or even weeks (Comans et al. 1991; 
Cornell 1993; Gülten and Tuba 1996; Huitti et al. 2000).

The above-described behaviours are consistent with 
the results of this work’s kinetic experiments. Micaceous 
minerals (illite) were observed in all the studied sediment 
samples (Table 1). Particularly, the relative amount of 

Fig. 4  Equilibrium batch tests. Dots correspond to experimental data. Continuous lines and dashed lines correspond to the fits. a SA10-A1/water 
A; b SA10-A1/water V; c SA11-A/water A; d SA11-A/water V; e OA2-A1/water A; and f OA2-A1/water V
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micaceous minerals was observed to be the highest in the 
SA11-A4 sample (16 wt%), which shows faster kinetics 
and lower equilibrium times. Moreover, SA11-A4 also 
contains vermiculite (7.1 wt%), while calcite is present in 
the SA10-A1 and OA2-A1 sediment samples.

Shorter equilibrium times were observed with water A. 
This finding can be attributed to the very low content of 
dissolved electrolytes in water A and, therefore, to ini-
tial concentration differences between the solution and 
the matrix, which are higher than those of the tests with 
water V.

From the application of the empirical diffusion model of 
Weber and Morris (1963) to kinetic data (Fig. 3), two linear 
steps can be recognised in each of the performed experi-
ments. It is generally accepted that the whole adsorption 
process consists of the following steps and processes (Li 
et al. 2010; Caccin et al. 2016):

1. Bulk diffusion (in solution)—ions diffuse from the bulk 
liquid to the liquid film or boundary layer surrounding 
the sorbent

2. Film diffusion—ions move from the boundary film to 
the external surface of the sorbent

3. Particle diffusion (in the solid phase)—ions transfer 
from the surface to the intra-particle active sites

4. Adsorption reaction—ions are adsorbed by the active 
sites of the sorbent.

Since the adsorption reaction is a very rapid step and the 
bulk diffusion is a process which depends on the diffusion 
coefficient of the ions under consideration and not from the 
sorbent, in general, the rate-limiting steps are the second 
and third steps (i.e., film and particle diffusion processes; Li 
et al. 2010). Therefore, according to this simplified model, 
caesium adsorption kinetics onto the sandy samples might 
be interpreted as a rate limited by two processes: an initial 
film diffusion followed by a slower intra-particle diffusion.

From the estimated equilibrium times reported in Table 4 
and from the fits (Figs. 1 and 2 and Supplementary Mate-
rial), the adsorption of caesium is faster onto the SA11-A4 
sample, which is also the one characterised by a higher 
amount and variety of clay and micaceous minerals in the 
mud component.

Moreover, the time variations in the concentrations of Na, 
Mg, K, Ca and Sr, for the six associations of sandy samples 
and mineral water (Supplementary Material), in the absence 
and in the presence of caesium in solution, demonstrate that 
all the observed adsorption and desorption processes over 
time are not affected by the absence or presence of caesium 
in solution. This finding indicates the absence of any detect-
able competitive behaviour between Cs and other ions pre-
sent in the aqueous stock solutions in the range of concentra-
tions considered here.

Table 4 lists the results of existing studies’ kinetic experi-
ments of caesium ions adsorption onto sandy samples per-
formed in conditions similar to those of this work. Particu-
larly, Table 4 includes information about the composition of 
the porous media and aqueous solutions, pH and equilibrium 
times to be compared with the results of the present study.

The equilibrium times observed in this study are much 
greater than the values obtained in most of the previous stud-
ies listed in Table 4. The comparison of data in this paper 
and existing literature suggests this finding could be partially 
attributed to the relatively small quantity of clay fraction 
contained in the sandy samples studied and the grain size 
distribution of the sediments.

In general, long equilibrium times could be of concern 
regarding the capability of such matrices to actually delay 
caesium migration in the case of relatively high advective 
groundwater flow rates. The delay effect, due to the high 
affinity between the matrix and the solute, is usually mod-
elled by supposing instantaneous equilibrium in the sorption 
process. This assumption can be considered valid if ground-
water flow is so slow that the solute can be considered 
almost immobile with respect to the adsorption characteris-
tic time. However, if the characteristic time of groundwater 
flow is comparable to or even higher than the characteristic 
time of adsorption processes, equilibrium conditions can no 
longer be considered valid and non-equilibrium exchanging 
processes need to be included in modelling tools to avoid 
overestimates of the delay of the contaminant-front arrival 
time (Giacobbo and Patelli 2007).

Discussion of equilibrium batch tests 
and comparison with literature

The results of the fits, reported in Table 3 and Fig. 4, show 
the following properties with both waters A and V in the 
range of initial caesium concentrations considered: (i) 
SA10-A1 sample isotherms are satisfactorily fitted by lin-
ear models; (ii) SA11-A4 sample isotherms show a particu-
lar trend that can be fitted either with a Freundlich model 
with 1/n > 1, which suggests the occurrence of cooperative 
adsorption processes, or with a BET model which refers to 
multi-layer adsorption processes; and (iii) OA2-A1 sample 
isotherms are well fitted by both Freundlich and Langmuir 
models, with a slight difference between the two, making a 
mono-layer adsorption process slightly more probable than 
a multi-layer one.

Particularly, the complex behaviour of SA11-A4 iso-
therms is confirmed by a specific analysis of the data. The 
plot of measurements and fitting models with a log–log scale 
(Fig. 5) clearly shows that the data for the smallest values of 
Ce, namely for Ce < 0.1 mg  L−1, are better fitted by the BET 
model, rather than by the Freundlich one, even if R2 values 
for the whole data set differ only slightly (Table 3). The latter 
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remark can be justified by the fact that the relative error on 
the smallest values of Ce could be relatively great, as visible 
from Fig. 5, but absolute residuals are nevertheless small and 
have a limited impact on the computation of R2.

It is also important to stress that the values of the param-
eters of the BET model are not identified with a low uncer-
tainty. The objective function to be minimised with the 
non-linear least-squares approach, which has been applied 
here, is rather flat for a wide range of values so that different 
sets of fitting parameters would give the same agreement 
between the model outcomes and the data. This could only 

be partially mitigated by collecting additional data in the 
examined range of Ce because the trend is nevertheless clear. 
The collection of data over a range of Ce spanning more than 
three orders of magnitude could instead be useful to improve 
the assessment of different models.

The main message from the modelling of isotherms is 
the evidence of the complexity of adsorption processes for 
SA11-A4 sample. The most relevant results are the follow-
ing: simple models (linear and Langmuir) cannot repro-
duce the trend of the isotherms for the SA11-A4 sample; 
the Freundlich model performs better but is still not fully 

Table 4  Literature studies, showing equilibrium times of caesium adsorption onto sandy samples

* Abbreviations for names of rock-forming minerals (Whitney and Evans 2010): Amp amphibole, Bt biotite, Cal calcite, Chl chlorite, Dol dolo-
mite, Grt garnet, Hbl hornblende, Ilt illite, Kfs K-feldspar, Kln kaolinite, Mnt Montmorillonite, Ms muscovite, Pl plagioclase, Px pyroxene, Qz 
quartz, Vrm vermiculite, M undifferentiated micas

Solid matrix grain size 
distribution

Soil and mineral  phase* (%) Background aqueous and 
soluble cations concentra-
tion of cations in mg  L−1

Solution pH Equi-
librium 
time

Reference

96% sand
4% silt
 < 1% clay

Qz = 50 to 55;
Kfs = 15 to 20
Hbl + Px = 20 to 25
Grt = 5 to 10;
Bt + Ms = 1

Site-specific groundwater
Ca2+  = 5.1;  Na+  = 11;
Mg2+  = 1.9;  K+  = 3.2

6.9 16 h (Reynolds et al. 1982)

34 ÷ 62% sand
20 ÷ 24% silt
12 ÷ 14% clay

Qz, Ilt, Vrm Electrolyte solution
(CaCl2 = 0.01 mol  L−1)
Ca2+  = 400.8

5–10 16 h (Giannakopoulou et al. 2007)

Coarse sand to Fine sand Qz Water (further information 
n.a.)

 > 8.1 8 h (Hassan 2016)

Clay coarse sand Qz, Cal, Dol, Mnt Site-specific groundwater
Ca2+  = 605;  Na+  = 2075;
Mg2+  = 137;  K+  = 0.02

7.6 to 8.6 2 h (El-Reefy et al. 1994)

Sandy loam
62% sand
24% silt
14% clay

Qz, Ilt, Kln Electrolyte solution
(CaCl2 = 0.01 mol  L−1)
Ca2+  = 400.8

7 16 h (Giannakopoulou et al. 2012)

Sandy soil
96.1% sand
3.6% silt/clay

Qz, Pl, Kfs, Chl Deionised water 7 56 d (Tanaka and Ohnuki 1994)

SA10-A1
96.42% sand
0.11% gravel
3.47% mud (silt + clay)

Dol, Qz, M (Ilt), Chl, Cal, 
Kfs

Water A
Ca2+  = 4.4;  Na+  = 2.6;
Mg2+  = 0.6;  K+  = 4.4

7.4 7 d This study

Water V
Ca2+  = 88.7;  Na+  = 4.3;
Mg2+  = 34.8;  K+  = 5.6

8.0 10 d

SA11-A4
98.4% sand
1.6% mud (silt + clay)

Qz, M (Ilt), Chl, Kfs, Dol, 
Amp, Vrm

Water A
Ca2+  = 4.4;  Na+  = 2.6;
Mg2+  = 0.6;  K+  = 4.4

7.4 1 d This study

Water V
Ca2+  = 88.7;  Na+  = 4.3;
Mg2+  = 34.8;  K+  = 5.6

8.0 7 d

OA2-A1
92.1% sand
2.72% gravel
5.18% mud (silt + clay)

Qz, Dol, M (Ilt), Cal, Chl, 
Kfs

Water A
Ca2+  = 4.4;  Na+  = 2.6;
Mg2+  = 0.6;  K+  = 4.4

7.4 5 d This study

Water V
Ca2+  = 88.7;  Na+  = 4.3;
Mg2+  = 34.8;  K+  = 5.6

8.0 10 d
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satisfactory; and a complex model, like the BET model, 
would be necessary to fit the data over several orders of 
magnitude of Ce. Results are expected to be only modestly 
influenced by other processes like dissolution and precipi-
tation in the tested range of concentrations and for the 
physico-chemical conditions under which the experiments 
have been performed.

Regardless of the type of aqueous solution and the 
isotherm model, the order of affinity for caesium among 
the sandy samples under study can be summarised and 
sketched as follows: SA11-A4 > SA10-A1 > OA2-A1.

This result is consistent with the observed higher 
amount and variety of clay and micaceous minerals in the 
SA11-A4 sample (Table 1). This finding is also coherent 
with the measurements of CEC and the specific surface 
area of the three samples (Table 1). The CEC of SA11-A4 
is greater than that of the other samples by about 50%; 
moreover, the specific surface area for SA11-04 and for 
OA2-A1 is the greatest and the smallest, respectively, for 
the three samples.

Moreover, the particular trend of caesium equilibrium 
isotherms onto SA11-A4 (fitted with the Freundlich model 
with 1/n > 1 or with a BET model) may also be ascribed to 
the higher variety of clay and micaceous minerals and to the 
higher amount of illite present in the sample. According to 
the literature, the adsorption of caesium onto illite can be 
interpreted with multi-site ion exchange models due to the 
presence of various adsorption sites (Comans et al. 1991; 
Cornell 1993).

The comparison of adsorption isotherms obtained with 
the two different aqueous solutions characterised by different 
contents of dissolved solids may enable the investigation of 
the influence of total dissolved solids on caesium uptake. 
In general, it is expected that the caesium uptake would be 
lower in an aqueous solution with higher ionic strength (i.e., 
water V) with respect to an aqueous solution with a lower 
ionic strength (i.e., water A). This finding is confirmed by 
the results shown in Fig. 4.

In Fig. 6, equilibrium batch results obtained in the pre-
sent study are compared with selected studies of literature 
involving similar solid matrices, either single minerals or 
a mixture of minerals, different ranges of caesium initial 
concentrations and different aqueous solutions. Some studies 
on competition are included in the reported literature results. 
The details of the batch experiments, which refer to the equi-
librium isotherms shown in Fig. 6, are listed in Table 5.

In Fig. 6, data are plotted in a bi-logarithmic scale so 
that equilibrium adsorption data, which can be fitted by lin-
ear and Freundlich models, would appear positioned along 
straight lines with different slopes. Namely, linear isotherms 
would appear as lines with angular coefficient equal to 1, 
whereas Freundlich isotherms would appear as lines with 
different slopes depending on the 1/n exponent of Eq. (10), 
as shown by Eq. (11).

Data referring to experiments performed with samples 
characterised by a mixture of different minerals are reported 
with circles in Fig. 6, whereas triangles refer to experiments 
performed with single minerals.

As shown in the subplot of Fig. 6, in the selected range, 
the data obtained in the present work follow a trend similar 
to the results of the literature, which refer to sandy samples 
with some portions of clay and mica. See, for instance, the 
results by Reynolds et al. (1982) for a natural sandy sample 
from Canada (acronym R) and by Tanaka and Ohnuki (1994) 
for a silica sand sample (acronym TA). A good agreement 
is observed with the results for micaceous sediments, which 
are richer in clay than the samples under consideration but 
whose behaviour was examined in the presence of compet-
ing ions so that caesium sorption was limited (acronym Z; 
Zachara et al. 2002). In the subplot of Fig. 6, data refer-
ring to pure illite samples saturated by K and Na show a 
trend similar to the data of the present work but with higher 
adsorption (acronym ST; Staunton and Roubaud 1997).

Fig. 5  Caesium adsorption equilibrium isotherms onto a SA11-A4 
with water A and b SA11-A4 with water V. Dots correspond to exper-
imental data. Continuous lines and dashed lines correspond to Freun-
dlich and BET isotherm models, respectively
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Figure 7 focuses on the range of caesium concentrations 
considered in the present study and on the results obtained 
with water V, which is the water that better represents the 
groundwater composition of the region from which the 
sandy samples were taken.

Data reported in Fig. 7 have been interpolated with the 
linear isotherm model to facilitate an overall comparison 
in terms of distribution coefficient values, Kd . Particu-
larly, the selected literature experiments have been per-
formed under conditions (i.e., simulated or real ground-
water as solvent) and a range of caesium Ce (i.e., between 
 10–4 and  102 mg  L−1) similar to those of this study. Then, 
the results of those experiments can be compared with 
those obtained in the present study with water V, which is 
richer in salts than water A and, therefore, more similar to 

real groundwater conditions. The comparison of obtained 
Kd values is reported in Table 6. It is important to point 
out that these Kd values have been obtained by consider-
ing a portion of the literature data, namely, that in the 
range of caesium concentration in solution at equilibrium 
from  10–4 to 100 mg  L−1, which corresponds to the range 
examined within the experiments of this work.

From this analysis, it can be observed that Kd values 
corresponding to the associations between sediment sam-
ples and water V vary between 57 and 750 mg  L−1; there-
fore, the range covers more than one order of magnitude. 
The obtained values are also in accordance with the range 
of between 100 and 1000 mg  L−1 for Kd values suggested 
for pure sand soils by Sheppard (1990).

Fig. 6  Caesium adsorption onto different matrices. A comparison of 
literature batch studies at equilibrium. Capital letters in the legend 
refer to the acronyms listed in Table  5. Triangles represent studies 
with single mineral matrices, whereas circles represent studies with 
matrices characterised by a mixture of minerals. The results of the 

present study are shown with black symbols in the exploded view. 
The results refer to the three sandy samples SA10-A1, SA11-A4 and 
OA2-A1 in contact with the two aqueous solutions of the present 
study, which are indicated with ‘A’ and ‘V’ letters
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Table 5  Experimental data and references of literature caesium adsorption tests reported in Fig. 6

Acronym Site Solid matrix Mineralogy* Liquid phase 
concentration of
cations in mg  L−1

Comments References

Mixed minerals
R Canada 96% sand

4% silt
< 1% clay

Sand fraction:
Qz; Kfs; Hbl, Px;
Grt; Bt; Ms

Site-specific ground-
water

Ca2+  = 5.1; 
 Na+  = 11;

Mg2+  = 1.9; 
 K+  = 3.2

Linear isotherm (Reynolds et al. 1982)

F USA 95% sand
4% silt
1% clay

Sand fraction:
Qz; Amp; Pl; Kfs; M; 

Mag
Clay fraction:
Chl; Sme; Vrm; Kln; 

Ilt; Qz

Electrolyte solution 
(NaCl = 0.001 mol 
 L−1)

Na+ = 22.99

Freundlich isotherm (Flury et al. 2004)

Electrolyte solution 
(NaCl = 0.1 mol 
 L−1)

Na+ = 2299
TO Sweden Crushed granitoid 

rock
Qz; Pl; Fsp; M; Ms; 

Chl
Synthetic ground-

water
Ca2+ = 18.0;
Mg2+ = 4.3;
Na+ = 6.5;
K+ = 3.9

(Toshiaki 1984)

TA Japan Coastal sandy soil Qz; Pl; Kfs; Hbl; Ser; 
Chl

Deionised water Linear isotherm (Tanaka and Ohnuki 
1994)

Z USA 89.3% sand,
9.3% clay,
1.4% gravel

Sand fraction:
Qz; Chl; Pl; Kfs; M; 

Bt; Ms
Clay fraction:
Chl; Sme; M

Electrolyte solution
(KNO3 = 0.1 mol 

 L−1)
K+ = 3910

Competition
study

(Zachara et al. 2002)

Electrolyte solution 
 (NaNO3 = 0.1 mol 
 L−1)  Na+ = 2299

HA Egypt Marble Cal; Qz; Dol; Gp; 
Fsp

Double distilled 
water

Langmuir isotherm (Hamed et al. 2016)

G Greece
Soil 1

62% sand
24% silt
14% clay

Qz, other undifferen-
tiated minerals

Electrolyte solution 
 (CaCl2 = 0.01 mol 
 L−1)

Ca2+ = 400.8

Freundlich isotherm
Soil with a high per-

centage of mud

(Giannakopoulou et al. 
2007)

Greece
Soil 2

48% sand
40% silt
12% clay

Qz, other undifferen-
tiated minerals

SH Turkey Natural clay mineral Kln; Qz Tap water
Ca2+ = 6.49;
Mg2+ = 5.23 

 Na+ = 9.01;
K+ = 4.07

Freundlich isotherm 
Reference tempera-
ture 30 °C

(Shahwan and Erten 
2002)Natural clay mineral Chl + Ilt mixed clay; 

Cal; Qz

SA10-A1 Northern Italy 96.42% sand
0.11% gravel
3.47% (silt + clay)

Dol, Qz, M (Ilt),
Chl, Cal, Kfs

Water A
Ca2+  = 4.4;
Na+  = 2.6;
Mg2+  = 0.6; 

 K+  = 4.4

Linear isotherm This study

Water V
Ca2+  = 88.7; 

 Na+  = 4.3; 
 Mg2+  = 34.8;

K+  = 5.6

Linear isotherm
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Conclusion

Kinetic and equilibrium batch tests were carried out for six 
different associations of three alluvial sediment samples 
from the Po Plain (Italy) and aqueous solutions with two 

commercial mineral waters as solvent and caesium as solute. 
The initial solutions contained caesium in the range between 
0.25 and 30 mg  L−1. Kinetic and equilibrium data were then 
fitted by kinetic and isotherm models. The studied sandy 
samples showed a high affinity for caesium ions.

* Abbreviations for names of rock-forming minerals (Whitney and Evans 2010): Amp amphibole, Bt biotite, Cal calcite, Chl xhlorite, Dol dolo-
mite, Fspx felspar, Grt garnet, Gp gypsum, Hbl hornblende, Ilt illite, Kfs K-feldspar, Kln kaolinite, Mag magnetite, Mnt montmorillonite, Ms 
muscovite, Pl plagioclase, Px pyroxene, Qz quartz, Ser sericite, Srp serpentine, Vrm vermiculite, M undifferentiated mica

Table 5  (continued)

Acronym Site Solid matrix Mineralogy* Liquid phase 
concentration of
cations in mg  L−1

Comments References

SA11-A4 Northern Italy 98.4% sand
1.6% (silt + clay)

Qz, M (Ilt), Chl,
Kfs, Dol, Amp, Vrm

Water A
Ca2+  = 4.4; 

 Na+  = 2.6;
Mg2+  = 0.6; 

 K+  = 4.4

Freundlich and BET 
isotherms

This study

Water V
Ca2+  = 88.7;
Na+  = 4.3;
Mg2+  = 34.8;
K+  = 5.6

Freundlich and BET 
isotherms

OA2-A1 Northern Italy 92.1% sand
2.72% gravel
5.18% (silt + clay)

Qz, Dol, M (Ilt),
Cal, Chl, Kfs

Water A
Ca2+  = 4.4;
Na+  = 2.6;
Mg2+  = 0.6;
K+  = 4.4

Freundlich and Lang-
muir isotherm

This study

Water V
Ca2+  = 88.7;
Na+  = 4.3;
Mg2+  = 34.8; 

 K+  = 5.6

Freundlich and Lang-
muir isotherm

Single minerals
HU Finland Granite

(fracture minerals)
Chl Simulated fresh 

groundwater
Ca2+ = 12;
Mg2+ = 2.8;
Na+ = 53;
K+ = 3.9; Cl = 50;
SO4 = 9.6;
SiO2 = 2.9;
HCO3 = 91

Non-linear adsorp-
tion

(Huitti et al. 2000)
Kln

TA Japan Sand Silica Deionised water Linear isotherm (Tanaka and Ohnuki 
1994)

ST France Clay Ilt Electrolyte solution
(KCl = 0.1 mol  L−1) 

 K+ = 3910

Freundlich isotherm 
Liquid phase rich 
in salts (competi-
tion study)

(Staunton and Rou-
baud 1997)

Electrolyte solution
(NaCl = 0.1 mol  L−1) 

 Na+ = 2299
Y Turkey Clay Kln Synthetic ground-

water
Ca2+ = 5210.14;
Mg2+ = 60,033; 

 Na+ = 11,495;
K+ = 1954.9

Freundlich isotherm 
Reference tempera-
ture 5 °C

Liquid phase rich in 
salts

(competition study)

(Yildiz et al. 2011)

U Turkey Clay Kln Deionised water Freundlich and Lang-
muir Isotherm

(Ugur and Sahan 2012)
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The two aqueous solutions were selected in order to com-
ply with the characteristics of groundwater in the area where 
sediment samples were collected (water V) or to have a low 
content of dissolved ions (water A). As could be expected, 
the caesium adsorption was less remarkable for the solutions 
obtained with water V, which was characterised by a higher 
content of dissolved solids with respect to water A This 
finding suggests that in the presence of high concentrations 

of dissolved solids (i.e., ions competing with caesium for 
adsorption sites), this phenomenon could be more accentu-
ated and the caesium uptake could be reduced in a signifi-
cant way, as observed in literature with other matrices.

Fig. 7  Comparison of caesium 
adsorption batch experiments of 
the present work with differ-
ent solid matrices of literature 
(Table 6). Black crosses, open 
circles and squares refer to the 
experimental data of this work 
obtained with the three sandy 
samples SA10-A1, SA11-A4 
and OA2-A1 in contact with 
water V

Table 6  Kd values of caesium adsorption equilibrium tests of the data sets shown in Fig. 7

Results with water V only are considered here. Labels in the second column refer to the acronyms listed in Fig. 7

Predominant 
mineral

Figure 7 label Aqueous solution K
d
 [mL  g−1] References

Clay ST, illite Na-saturated Solution rich in salts 1382 (Staunton and Roubaud 1997)
Sand SA11-A4; V Water V 750 This work
Clay ST, illite K-saturated Solution rich in salts 386 (Staunton and Roubaud 1997)
Sand SA10-A1; V Water V 124 This work
Clay HU, chlorite Simulated fresh groundwater 98 (Huitti et al. 2000)
Sand Z, Na (0.1 mol  L−1) Solution rich in salts 88 (Zachara et al. 2002)
Sand OA2-A1; V Water V 57 This work
Clay HU, kaolinite Simulated fresh groundwater 51 (Huitti et al. 2000)
Sand R, glaciolacustrine sand Groundwater 13 (Reynolds et al. 1982)
Sand Z, K (0.1 mol  L−1) Solution rich in salts (competition study) 9.5 (Zachara et al. 2002)
Clay Y, kaolinite Solution rich in salts (competition study) 0.7 (Yildiz et al. 2011)
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Differences among the three samples in the kinetic and 
equilibrium batch test results were instead quite relevant, 
consistent with measurements of CEC and specific surface 
area, and possibly related to differences in the clay content 
and composition. The results show that even a small fraction 
of clay minerals permits relevant adsorption of caesium and 
that the mixtures of such minerals may introduce a complex 
behaviour, which can be described by very different models.

Observed equilibrium times are relatively long with 
respect to analogous literature results. This is very relevant 
for safety assessment because it might imply that transport 
processes could occur under non-equilibrium conditions. 
Therefore, a more in-depth analysis is necessary to find 
proper models which can effectively describe non-equilib-
rium adsorption processes.

The present work is the first part of a research project 
aimed at studying the adsorption of caesium onto natural 
sediment samples from the Italian territory both under static 
and dynamic conditions using batch and column experi-
ments and in presence of competitive ions that are typically 
released with caesium due to dissolution of the barrier sys-
tem. The experimental results will enable the determination 
of rates that can be adopted for simulation purposes. The 
results of the present work set a good reference for ana-
lysing the effects of the presence of competing ions (e.g., 
potassium and/or sodium) on caesium adsorption. There-
fore, future developments will be devoted to the study of 
caesium adsorption and desorption onto and from the same 
sediment samples, with the same waters, in the presence of 
competing ions. Future studies will also focus on identify-
ing the appropriate models that can be adopted to describe 
non-equilibrium adsorption and related adsorption/desorp-
tion rates.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s13762- 024- 05814-2.
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