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Abstract
We investigated the structural changes in clay minerals after Cs adsorption and understood their low desorption efficiency 
using an ion-exchanger. We focused on the role of interlayers in Cs adsorption and desorption in 2:1 clay minerals, namely 
illite, hydrobiotite, and montmorillonite, using batch experiments and XRD and EXAFS analyses. The adsorption character-
istics of the clay minerals were analyzed using cation exchange capacity (CEC), maximum adsorption isotherms (Qmax), and 
radiocesium interception potential (RIP) experiments. Although illite showed a low CEC value, it exhibited high selectivity 
for Cs with a relatively high RIP/CEC ratio. The Cs desorption efficiency after treatment with a NaCl ion exchanger was 
the highest for illite (74.3%), followed by hydrobiotite (45.5%) and montmorillonite (30.3%); thus, Cs adsorbed onto planar 
sites, rather than on interlayers or frayed edge sites (FESs), is easily desorbed. After NaCl treatment, XRD analysis showed 
that the low desorption efficiency was due to the collapse of the interlayer-fixed Cs, which tightly narrowed the interlayers’ 
hydrobiotite due to the ion exchange of divalent cations  (Mg2+ or  Ca2+) into the monovalent cation  (Na+). Moreover, EXAFS 
analysis showed that hydrobiotite formed inner-sphere structures after NaCl desorption, indicating that it was difficult to 
remove Cs from NaCl desorption due to the collapsed hydrobiotite and montmorillonite interlayers as well as the strong 
bonding in FESs of illite. In contrast, chelation desorption using oxalic acid effectively dissolved the narrowed interlayers of 
hydrobiotite (98%) and montmorillonite (85.26%), enhancing the desorption efficiency. Therefore, low desorption efficiency 
for Cs clays using an ion exchanger was caused by the collapsed interlayer due to the exchange between monovalent cation 
and divalent cation.
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Introduction

Accidental radioactive cesium (Cs) release from nuclear 
facilities results in soil waste contamination (Ding et al. 
2016; Yamamoto 2012). The 2:1 clay minerals commonly 
found in soil bind strongly to radioactive Cs, impeding 
soil remediation (Cornell 1993; Nagy et al. 1999). These 

minerals exhibit different adsorption and desorption behav-
iors owing to their unique properties. For instance, Cs 
adsorption on kaolinite occurs mainly on the outer surfaces 
of the particles and is easily exchanged (Kim et al. 1996b; 
Miranda-Trevino & Coles 2003).

Common 2:1 phyllosilicates, such as montmorillonite, 
hydrobiotite, and illite, have identical fundamental struc-
tures but different expansivity owing to varying net nega-
tive charge densities resulting from isomorphic substitu-
tions. They also have additional Cs adsorption sites, such as 
frayed edge sites (FESs), that adsorb Cs in a stable state, as 
well as hydration or dehydration interlayer sites (Bradbury 
& Baeyens 2000; Mukai et al. 2014; Okumura et al. 2013; 
Poinssot et al. 1999). Weathering-induced interlayer contrac-
tion stabilizes combined Cs (Kim et al. 2017; Kogure et al. 
2012; Tamura et al. 2014). Radionuclide adsorption in mont-
morillonite and vermiculite occurs mainly via ion exchange 
and surface complexation, whereas surface complexation 
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seldom co-occurs with ion exchange in illite (Tournassat 
et al. 2018; Zhang et al. 2017). In acidic environments, ion 
exchange at permanently charged basal or interlayer sites 
predominates radionuclide adsorption onto clay minerals. 
In contrast, surface complexation predominates at high pH 
in variable charge-edge locations, which highly depend on 
pH (Abollino et al. 2008; Bourg et al. 2007; Tan et al. 2010; 
Wu et al. 2018; Zhang et al. 2011).

In swellable phyllosilicates such as montmorillonite and 
hydrobiotite, interlayer spacing affects the cation exchange 
capacity (CEC), which is principally associated with ion 
exchange (Chen & Dong 2013). X-ray diffraction (XRD) 
has shown that phlogopite becomes montmorillonite-like 
during Th(IV) adsorption, indicating that the clay mineral 
interlayer is crucial for radionuclide adsorption because it 
affects the CEC and interlayer distance (Han et al. 2023). Ion 
exchange reversibly adsorbs Cs onto montmorillonite at low 
concentrations; however, at high concentrations, it becomes 
fixed, and the basal spacing decreases with increasing Cs 
concentration (Iijima et al. 2010). Therefore, Cs can be fixed 
in FESs of illite and the interlayers of other 2:1 expansive 
clay minerals. More FESs can be produced in micaceous 
minerals, and more irreversibly fixed Cs can accumulate 
because of weathering and acidification. However, the clay 
mineral characteristics may be altered by the irreversible 
fixing of Cs in interlayers (Hwang et al. 2023; Park et al. 
2019b; Wang et al. 2023; Zhang et al. 2022).

Extended X-ray absorption fine structure (EXAFS) 
studies have demonstrated that Cs can be adsorbed onto 
the regular exchangeable sites, FESs, and interlayer sites 
of phyllosilicate minerals in soil (Bostick et  al. 2002; 

Fan et al. 2014a, 2014b; Park et al. 2019a). On planar or 
interlayer sites, hydrated  Cs+ ions can form outer-sphere 
(OS) complexes, whereas dehydrated  Cs+ ions can form 
inner-sphere (IS) complexes at FESs or interlayer sites. 
OS complexes are extractable using alkaline ions, whereas 
IS complexes are not extractable (Fan et al. 2014b; Qin 
et al. 2012; Zhang et al. 2023). Their effects on desorp-
tion efficiency and structural changes were analyzed using 
XRD and EXAFS for each clay mineral. The objectives of 
this study were to investigate the adsorption characteris-
tics (CEC, radiocesium interception potential (RIP), and 
Cs adsorption capacity), desorption characteristics (NaCl 
and oxalic acid), and understand their low desorption effi-
ciency using ion-exchanger (Fig. 1).

Materials and methods

Materials

Illite (2500 mesh, < 5 μm, Youngkoong Illite Co., Ltd.) 
and montmorillonite (20 μm) (SAz-1, Clay Minerals Soci-
ety, USA) were used as received. Hydrobiotite (Sigma-
Aldrich) used in this study was ground in a milling 
machine and sieved to achieve a particle size below 20 μm 
and air-dried at room temperature. Chloride salts  (NH4Cl, 
 MgCl2, and  CaCl2) as well as the CsCl used in the adsorp-
tion experiments were purchased from Sigma-Aldrich. 
Oxalic acid dihydrate and NaCl were used as desorbents 
(Sigma-Aldrich) to extract Cs from the clay minerals.

Fig. 1  Schematic diagram of Cs adsorption/desorption and structural changes in different clay minerals
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Cation exchange capacity (CEC) analysis

According to the previous study (Kim et al. 2020a; Park 
et al. 2021b), montmorillonite, hydrobiotite, and illite (6 g) 
were combined with a 1 N sodium acetate solution (pH 8.2, 
33 mL) in a shaking incubator for 10 min and then centri-
fuged to separate the components. Three fresh sodium ace-
tate solutions were obtained using this method. The clays 
were mixed with isopropanol (> 99%, 33 mL) for 10 min 
in the shaking incubator before centrifugation to separate 
the components. This was performed twice. The clays were 
mixed with an ammonium acetate solution (1 N, pH 7, 
33 mL), and the supernatant was recovered after centrifu-
gation. The supernatant was then filtered using a polyvi-
nylidene difluoride (PVDF) membrane filter (0.2-μm pore 
size) after this process was repeated twice. Atomic Absorp-
tion Spectroscopy (Analytik Jena ContrAA 700) was used 
to quantify  Na+ ions in the supernatant, and the amount of 
 Na+ desorbed per unit mass of clay was used to compute the 
CECs of montmorillonite, hydrobiotite, and illite.

Radiocesium interception potential (RIP) analysis

Montmorillonite, hydrobiotite, and illite (0.1 g) were dis-
persed in an aqueous solution (5 mL) of 0.1 M  CaCl2 and 
0.5 mM KCl and sealed in a dialysis membrane (molecular 
weight cutoff = 6–8 kDa) before incubation in 200 mL of 
the same medium. According to previous studies (Fan et al. 
2014b; Lee et al. 2017; Zachara et al. 2002), the amounts of 
 CaCl2 and KCl were adequate to block the planar sites of the 
clays. A fresh solution was added daily to the medium. After 
five days, the medium was replaced with a 200-mL aqueous 
solution containing 0.1 M  CaCl2, 0.5 mM KCl, and 0.5 mM 
CsCl, and the cells were incubated for 24 h. AAS (Analytik 
Jena contraAA 700) was used to assess unbound Cs and 
residual K in the medium, and RIP was computed using the 
following equation:

where KCs
d (L/kg) and mK (mol/L) are the distribution coef-

ficient of  Cs+ ions and the concentration of  K+ ions in the 
medium, respectively.

Cs adsorption kinetics of clay minerals

In batch tests, 0.5 g of each clay was added to a 250-mL 
polypropylene bottle with a Teflon-sealed top, along with 
200 mL of solution of 3.7594-mmol/L Cs concentration. 
Each clay was stirred in a shaker at 25 ± 0.5 °C and 150 rpm. 
Sampling was conducted at time points of 0.5, 1, 2.5, 5, 10, 
30, 60, 300, and 1440 min, followed by filtration through a 

(1)RIP(mol∕kg) = KCs

d × [mK]

0.2-µm hydrophilic syringe filter to quantify the residual Cs 
in the solution. The determination of Cs concentration in the 
solutions was performed using inductively coupled plasma 
mass spectrometry (ICP-MS, ELAN DRC II, PerkinElmer, 
USA. The mass balance equation (Eq. 1) was employed to 
calculate the amount of Cs adsorbed by the adsorbent at each 
sampling interval:

where Ct and C0 are the remaining and initial concentrations 
(mmol/L), respectively, and Qt is the amount of Cs adsorbed 
at time t (mmol/g); v and m are the volume (L) of solution 
and mass (g) of adsorbents in each sample.

The intraparticle diffusion model was utilized in this 
adsorption study to ascertain whether the rate-limiting step 
corresponds to intraparticle diffusion. The rate parameter for 
intraparticle diffusion is mathematically expressed as fol-
lows (Önal et al. 2006):

where Kid is the intraparticle diffusion rate constant and C 
is the intercept.

If the adsorption process adheres to intraparticle diffu-
sion, the plot of Qt versus t1/2 would be a straight line and 
the Kid and C can be calculated from the slope of the plot. C 
gives an idea about the thickness of the boundary layer; i.e., 
the larger the intercept the greater the boundary layer effect 
(Önal et al. 2006).

Cs adsorption isotherms of clay minerals

Clay (0.1 g) and a CsCl solution (50 mL) were combined 
in deionized water with Cs concentrations ranging from 20 
to 800 mg/L (1.5 ×  10−4–6.2 ×  10−3 M). The batch adsorp-
tion experiments were performed using a shaking incubator 
(Vision Scientific, Republic of Korea) under controlled con-
ditions (adsorbent dosage = 2 g/L, agitation speed = 150 rpm, 
and temperature = 25 °C). Cs sorption was equilibrated by 
shaking for 24 h at 25 °C. Thereafter, the samples’ aque-
ous phase was filtered using a 0.2-μm syringe filter after 
centrifugation to separate it from the samples. Residual Cs 
was detected in the aqueous phase using inductively coupled 
plasma mass spectrometry (ICP-MS). Using the (3) Freun-
dlich, (4) Dubinin-Radushkevich, (5) Langmuir (6) Sips, 
and (7) Redlich–Peterson adsorption models to match the 
Cs sorption isotherms obtained at 25 °C, the sorption prop-
erties of Cs were examined.

(1)Qt = ((C
0
− Ct) × v)∕m

(2)Qt = Kidt
1∕2 + C

(3)Qe = KFC
1∕n

e

(4)Qe = Q
max

(−��2)
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where Qe and Qmax are the adsorbed amount of sorbate 
(mmol/g clay) and maximum adsorption capacity, respec-
tively; Ce is the equilibrium concentration of the sorbate 
in the liquid (mmol/L). KF and 1/n are constants indicat-
ing the adsorption capacity and intensity, respectively. β 
 (mol2 kJ−2) is a constant related to the adsorption energy; 
and ε (kJ  mol−1) is the adsorption potential. K (L/mmol) is 
a constant representing the affinity between the sorbent and 
sorbate. Ks is a constant indicating the affinity for adsorption 
(L/mg); KR is the adsorption capacity constant (L/g); and αR 
and g are the isotherm constant (L/mg) and an exponential 
factor, respectively.

The fundamental aspect of the Langmuir model can be 
elucidated through a dimensionless equilibrium parameter 
(RL), which is defined by the following equation:

where  C0 is the initial Cs concentration (mmol/L) and  KL is 
Langmuir isotherm constant.

Desorption of Cs from clay minerals

In each polypropylene bottle, 35 g of montmorillonite, 
hydrobiotite, and illite was combined with 350 mL of a 
3 mM CsCl aqueous solution, respectively. Each clay was 
shaken horizontally at room temperature for seven days for 
equilibration, according to the previous study (Kim et al. 
2020a). The correct concentration for Cs adsorption was 
established using CEC, Qmax, and RIP tests. After sepa-
ration, the Cs-adsorbed clays were centrifuged twice and 
resuspended in deionized water before drying at 70 °C for 
24 h. ICP-MS was used to measure the Cs concentration 
in the aqueous phase, and the amount of Cs adsorbed onto 
the clays was 3.041 mg/g (= 22.86 mmol of Cs/kg clay) for 
illite, 3.896 mg/g (= 29.29 mmol of Cs/kg clay) for hydro-
biotite, and 3.968 mg/g (= 29.83 mmol of Cs/kg clay) for 
montmorillonite.

To facilitate desorption, 0.35 g of Cs clays were combined 
with 1.0 M NaCl and 1.0 M oxalic acid solution (35 mL) in 
a polypropylene tube. The reaction was performed over two 
days in a shaking bath at 25 °C. The solid and liquid were 
separated through centrifugation, and the obtained superna-
tant was passed through a PVDF membrane filter (0.2-μm 
pore size). The amount of Cs desorbed from the clay was 
calculated using ICP-MS.

(5)Qe = Q
max

× KCe(1 + KCe)

(6)Qe =
(

Q
max

KsCe
1∕n

)

∕
(

1 + KsCe
1∕n

)

(7)Qe =
(

KRCe

)

∕
(

1 + �RCe
g
)

(8)RL = 1∕(1 + KLC0
)

XRD analysis

To prepare the samples for X-ray diffraction (XRD) studies, 
the solid and liquid phases were separated via centrifuga-
tion. The solid was then dried at 60 °C to remove water 
before being ground into small particles using a mortar and 
pestle. The constituent mineral and basal spacing of the clay 
minerals was measured using XRD. XRD patterns of mont-
morillonite, hydrobiotite, and illite exposed to Cs-adsorbed, 
RIP, NaCl-treated, and oxalic acid-treated samples were ana-
lyzed. A step size of 0.02° at 2 s/step and in the range of 
2θ = 2–30° was used to acquire the data. The d-spacing of 
each clay mineral was analyzed using the Bragg equation 
(nλ = 2dsinθ).

EXAFS measurements and analysis

Cs  LIII-edge EXAFS spectra were obtained using a Si (111) 
double-crystal monochromator and two mirrors at the 
beamline (10C) of the Pohang Light Source (PLS, Pohang, 
Korea). The energy at the  LIII-edge of Cs was obtained 
through energy calibration in the transmission mode using 
a Cs solid standard diluted with boron nitride. The spec-
tra were measured using Ge semiconductor detectors, and 
analyses were performed using REX2000 and FEFF 7.0. 
The radial structural function (RSF) was obtained from the 
Fourier transform of the k3x(k) EXAFS function calculated 
in the range of 2.5–6.5 after subtracting the background of 
the original spectra. The phase-shift functions of Cs-O and 
Cs-Si were derived from the structural properties of Cs-OH 
and phyllosilicate  (Cs2Si2O5) (Fan et al. 2012). A goodness-
of-fit parameter, the residual factor (Rf,%), was determined 
to verify the fitting accuracy.

where xobs(k) and xcal(k) are the experimental and calculated 
absorption coefficients, respectively, at a given k(Å−1).

Results and discussion

Characteristics of Cs sorption on clay minerals

XRD analysis was performed to identify the interlayer 
structures of the clay minerals (Fig. S1). Each clay mineral 
sample displayed a distinctive XRD pattern (Park et al. 
2019b), and montmorillonite and illite exhibited distinc-
tive peaks at 2θ = 6.1° and 8.8°, respectively. The XRD 
pattern of a mixed-layer clay mineral with expandable 

(9)Rf =
∑ {k3xobs(k) − k3xcal(k)}

2

{

k3xobs(k)
}2
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vermiculite and non-expandable mica was visible in the 
hydrobiotite sample. A hydrobiotite peak was seen at 
2θ = 7.4°, while vermiculite and mica peaks were seen at 
2θ = 8.8° and 6.1°, respectively (Kim et al. 2017). Illite 
peaks were observed at 8.7°, 17.7°, and 26.5°.

X-ray fluorescence (XRF) measurements were per-
formed to analyze the elemental concentrations of the sam-
ples (Table S1). Because Si is a key component of quartz 
and phyllosilicate clay minerals, nearly all the samples 
contained it. The exchangeable interlayer cation Ca was 
present in the montmorillonite (SAz-1), which had a high 
Ca concentration (CaO = 6.8%). Similar to the illite sample, 
which contained K as an interlayer cation, a high K content 
was detected  (K2O = 5.9%). Mg and K were the interlayer 
cations of vermiculite and biotite, respectively, and were 
prevalent in the hydrobiotite sample, which was composed 
of layers of mixed vermiculite and biotite. The hydrobiotite 
sample displayed a high Fe content because the triocta-
hedral layers of the biotite were composed of Mg and Fe.

The effects of the different clay minerals on the selec-
tive adsorption of Cs from the soil were determined using 
the CEC and RIP. The CECs of illite, hydrobiotite, and 
montmorillonite were 0.19, 0.99, and 1.33 meq/g, respec-
tively, with the high CECs of montmorillonite and hyd-
robiotite being attributed to the presence of many inter-
layers, which led to ion exchange. RIP analysis revealed 
the FES content in the clay minerals. The RIPs of illite, 
hydrobiotite, and montmorillonite were 1.91  μmol/g, 
5.86 μmol/g, and 4.23 μmol/g, corresponding to CECs of 
1.004%, 0.5920%, and 0.3181%, respectively (Table 1). 
These results suggest that, despite its lower CEC, illite 
may have a higher RIP/CEC fraction for Cs compared to 
montmorillonite and hydrobiotite, which agrees with pre-
vious results (Lee et al. 2017). In a previous study (Kwon 
et al. 2023), illite exhibited a low Cs adsorption capac-
ity but high selectivity, whereas montmorillonite exhib-
ited relatively low selectivity but high capacity. RIP has 
been proposed for estimating the number of Cs-selective 
adsorption sites for FESs in clay minerals by analyzing 
selective adsorption in the presence of competing ions, 
such as  Ca2+ and  K+, excluding the adsorption at planar 
and ion-exchange sites (Absalom et al. 1999; Akemoto 
et al. 2021; De Koning et al. 2007; Durrant et al. 2018).

Cs adsorption kinetic of clay minerals

Figure 2 depicts the kinetic model fits for the illite, hydrobio-
tite, and montmorillonite, and Table 2 presents the model-
fitting parameters obtained using pseudo-first-order and 
pseudo-second-order kinetic models. Notably, the pseudo-
second-order kinetic model exhibits higher R2 values, sug-
gesting that this model best describes the adsorption data for 
all the clay minerals. Interestingly, the results reveal a faster 
rate constant for illite compared to hydrobiotite and montmo-
rillonite (Table 2). Previous investigations have shown that 
the adsorption data are consistent with the pseudo-second-
order kinetic model throughout the sorption period, thereby 
confirming the assumption for the model that the adsorption 
is due to chemisorption (Ho 2006; Kumar et al. 2005; Lalhri-
atpuia et al. 2014). Furthermore, a previous study reported 
that the suitability of the pseudo-second-order kinetic model 
implies chemisorption as the main process governing the 
interactions at the solid/solution interface (Ho 2006).

Fig. S2 illustrates the variation of Cs adsorption over t1/2 
for different types of clays. As seen from Fig. S2, Cs adsorp-
tion on the clays occurred in two phases: first, within the first 
10 min, there was a rapid adsorption phase in which more 
than 50% of the metal ions rapidly bound to the adsorption 
sites of the clays (Supplementary Material). Subsequently, 
in the second phase, Cs ions gradually diffused into the clay 
pores. However, it is noteworthy that intraparticle diffusion 
alone does not fully govern the removal process, as the plots 
did not pass through the origin in Fig. S2 (Supplementary 
Material). This may be due to differences in mass transfer 
rates between the early and final stages of sorption (Önal 
et al. 2006).

Cs adsorption isotherm of clay minerals

We evaluated the Cs sorption properties of illite, 
hydrobiotite, and montmorillonite using adsorp-
tion isotherms at 25  °C (Fig.  3). The highest amounts 
of Cs adsorption were 0.9893 ± 0.0158  mmol/g 
(131.58 mg/g), 0.4108 ± 0.0128 mmol/g (54.64 mg/g), and 
0.0883 ± 0.0120 mmol/g (11.74 mg/g) for montmorillon-
ite, hydrobiotite, and illite, respectively. Montmorillonite 
had a much higher Cs adsorption capacity than illite and 

Table 1  Cation exchange 
capacity and Cs adsorbed 
onto illite, hydrobiotite, and 
montmorillonite

1) Amount of Cs used for the desorption test

Clay CEC
(meq·g−1)

Qmax
(mmol·g−1)

RIP
(μmol·g−1)

Cs adsorbed
(mmol·g−1)1)

RIP/CEC
(%)

RIP/Cs 
adsorbed 
(%)

Illite 0.19 0.08568 1.909 0.02286 1.004 8.35
Hydrobiotite 0.99 0.56 5.8609 0.02986 0.5920 19.63
Montmorillonite 1.33 0.88 4.2301 0.02983 0.3181 14.10
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hydrobiotite because of its high CEC (Schnurr et al. 2015; 
Yu et al. 2016) whereas illite had the lowest Cs adsorption 
capacity because of the limited interlayer exchange of  K+ 
ions. These results confirm that several sites contribute to Cs 
adsorption onto clay minerals (Ikhsan et al. 2005; Motokawa 
et al. 2014). The highest Cs amounts of 112.19 mg/g and 
8.35 mg/g for Ca-montmorillonite and illite, respectively, 
obtained in this study are consistent with Kwon et al. (2023), 
while the highest Cs amount of 64.0 mg/g for hydrobiotite 
agrees with Akemoto et al. (2021).

Table 3 presents a summary of the parameters with 
the five isotherm adsorption models used in this study. 
Comparing the correlation coefficients (R2), the results 
are as follows: Sips (0.9449–0.9950) > Redlich-Peterson 
(0.8530–0.9917) > Langmuir (0.9089–0.9797) > Fre-
undlich (0.9197–0.9545) > Dubinin-Radushkevich 

(0.5509–0.9598). Notably, the Sips isotherm model 
shows the best agreement for illite and montmorillonite, 
whereas the Redlich-Peterson isotherm model shows the 
best agreement for hydrobiotite. The three-parameter iso-
therms for Redlich-Peterson and Sips combine the Freun-
dlich and Langmuir models, which have high R2 values 
(R2 > 0.9449). The Sips and Redlich-Peterson isotherm 
constants 1/n and g are close to 1, indicating that both 
isotherm models are close to the Langmuir isotherm. 
The Langmuir model with the analysis of all isotherm 
parameters provides a better description of the sorption 
process than the other models, and Cs adsorption on the 
clays proceeds via a homogeneous monolayer adsorption 
mechanism (Palansooriya et al. 2022; Redlich & Peterson 
1959). Within the Langmuir model, the RL value indicates 
the shape and nature of the isotherm as linear (RL = 1), 

Fig. 2  Kinetics of Cs adsorp-
tion by illite, hydrobiotite, and 
montmorillonite (initial Cs 
concentration = 3.7594 mmol/L 
(500 mg/L), contact time = 24 h, 
clay dosage = 2 g/L, shaking 
speed = 150 rpm, pH = 6, and 
temperature = 25 °C). The solid 
lines indicate the obtained 
pseudo-second-order kinetic 
curves

Table 2  Estimated kinetic 
model parameters for Cs 
adsorption on clay minerals

Model Parameter Sample

Illite Hydrobiotite Montmorillonite

Pseudo-first-order qe (mmol/g) 0.0545 0.1036 0.1927
k1 (/min) 0.0336 0.0401 0.0203
R2 0.8679 0.7014 0.9076

Pseudo-second-order qe (mmol/g) 0.0990 0.3992 0.5624
k2 (mmol/mg·min) 8.0966 5.6245 6.1701
R2 0.9533 0.9777 0.9347
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irreversible (RL = 0), unfavorable (RL > 1), and favorable 
(0 < RL < 1). The calculated RL values in the range from 
0.1849 to 0.2289 correspond to favorable adsorption in Cs 
adsorption by clays (Fu et al. 2023).

Cs desorption from by NaCl clay minerals

Desorption experiments were performed by adjusting the 
amount of Cs below 20% of the RIP value to evaluate the 

Fig. 3  Cs adsorption isotherms 
obtained from (a) illite, (b) 
hydrobiotite, and (c) mont-
morillonite clay samples at 
25 °C (initial Cs concentra-
tion = 0.1503–6.0150 mmol/L, 
contact time = 24 h, clay 
dosage = 2 g/L, shaking 
speed = 150 rpm, pH = 6, and 
temperature = 25 °C). The solid 
lines indicate Sips isotherm 
curves for illite and montmoril-
lonite, and Redlich-Peterson 
isotherms curves for hydro-
biotite

Table 3  Estimated adsorption 
isotherm model parameters 
for Cs adsorption onto 
illite, hydrobiotite, and 
montmorillonite

Model Parameter Sample

Illite Hydrobiotite Montmorillonite

Freundlich KF (mmol/g)/(mmol/L)1/n 0.0396 0.1814 0.4428
1/n 0.3186 0.5002 0.3606
R2 0.9357 0.9783 0.9602

Dubinin-Radushkevich qD (mmol/g) 0.0453 0.2369 0.5339
KDR  (mol2/J2) 1.7299 ×  10−8 2.0160 ×  10−8 2.5347 ×  10−8

E (kJ/mol) 7.6030 7.0429 6.2811
R2 0.6407 0.8018 0.9648

Langmuir Qmax (mmol/g) 0.0857 0.5647 0.8795
KL (L/mmol) 0.9484 0.5601 1.5217
R2 0.9271 0.9744 0.9822

Sips qm (mg/g) 0.1338 0.5707 1.0725
Ks (L/mmol) 0.4315 0.5538 0.8846
1/n 0.5798 0.9788 0.7038
R2 0.9449 0.9744 0.9950

Redlich-Peterson KR (L/mol) 0.0867 0.2214 2.9412
αR (L/mmol) 1.0000 0.1874 4.9030
g 0.9655 1.2975 0.8056
R2 0.9118 0.9787 0.9938
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desorption efficiency for planar sites, interlayers, and RIP 
(Table 1). We analyzed the efficiency of Cs desorption 
from illite, hydrobiotite, and montmorillonite using dif-
ferent desorbents, including NaCl and oxalic acid, owing 
to their ion exchange and strong acid-chelating properties. 
When 1.0 M NaCl was used as the desorbent, illite showed 
a higher Cs desorption efficiency (74.32%) than hydrobio-
tite (45.53%) and montmorillonite (30.34%) (Fig. 4). For 
hydrobiotite, 45.5% (0.01334 mmol/g) of Cs was adsorbed 
in an ion-exchangeable form on the surface sites and 54.4% 
(0.01595 mmol/g) of the Cs remained in the clay (Fig. 4). 
For montmorillonite, 30.3% (0.00905 mmol/g) of the Cs was 
adsorbed in an ion-exchangeable form on the surface sites 
and 69.7% (0.02078 mmol/g) of Cs remained in the clay. In 
contrast, 74% (0.01699 mmol/g) of the Cs in illite was in 
the ion-exchangeable form, while 25.7% (0.00587 mmol/g) 
remained in the clay (Fig. 4).

NaCl is used to extract the ion-exchangeable form of Cs 
from clay minerals (Dzene et al. 2015), and the amount of Cs 
desorbed using NaCl indicated the ion-exchangeable form 
of Cs in the clay minerals. Montmorillonite and hydrobiotite 
showed significant interlayer and RIP contributions to the 
overall Cs adsorption (Park et al. 2021b). Based on these 
results, it was difficult to desorb montmorillonite using cati-
ons. In a previous study,  Na+ ions exhibited the highest des-
orption rate (40%), contrary to expectations, as they became 
more dispersible owing to an increase in the tactoid content 
(Fukushi et al. 2014), and the efficiency in our study was 
30%. A previous study showed efficient desorption of 40% 
for hydrobiotite using ammonium ions (Park et al. 2021a), 

which is identical to our desorption efficiency (40%). Similar 
IS complexes were produced by Cs adsorbed on the inter-
layers and FESs (Fan et al. 2014b), indicating low desorp-
tion efficiency. Illite clay minerals have highly Cs-selective 
adsorption sites, such as FESs and type II sites (Bradbury & 
Baeyens 2000), and exchange between the Cs ions adsorbed 
onto these sites and other cations is limited (de Koning & 
Comans 2004; Fuller et al. 2015). The contents of type I 
(FESs) and type II sites in illite are typically less than 0.25% 
and 20% of the CEC, respectively (Bradbury & Baeyens 
2000). In this study, approximately 26% of the CEC in the 
illite was expected to be strongly bound to Cs ions, which 
are not easily exchanged using desorption agents.

XRD analysis

After the desorption of NaCl and oxalic acid from the Cs 
clays, XRD was employed to characterize the interlayer 
distances of these clay minerals and explore the structural 
alterations of montmorillonite, hydrobiotite, and illite under 
various experimental conditions (Fig. 5). The interlayer dis-
tance for 2:1 phyllosilicates can be determined using Bragg’s 
law by the 2-theta value. The initial diffraction peak in the 
XRD pattern is typically assigned to the first-order diffrac-
tion of the 001 facet (Wu et al. 2018, 2015).

Characteristic peaks at 8.7°, 17.7°, and 26.5° were 
observed for illite, with no significant changes observed in 
the Cs adsorption, RIP, NaCl, and oxalic acid desorption 
samples. Illite, a non-expansive clay mineral, displayed a 
consistent d-spacing of 10.0 Å (8.7°) in both the dry and 

Fig. 4  Cs desorption efficiency 
with 1 M NaCl desorption 
agents for illite, hydrobiotite, 
and montmorillonite (amount 
of Cs adsorbed onto the clays 
(22.86 mmol of Cs/kg for illite, 
29.29 mmol of Cs/kg for hydro-
biotite, and 29.83 mmol of Cs/
kg for montmorillonite), contact 
time = 24 h, solid to liquid 
(S/L) ratio of 1:100, shaking 
speed = 150 rpm, and tempera-
ture = 25 °C)
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wet stages, demonstrating that its crystal structure was unaf-
fected by the Cs adsorbed onto it in the adsorption, RIP, 
NaCl, and oxalic desorption samples (Fig. 5a). This indi-
cated that cation exchange was the primary mechanism 

by which Cs was adsorbed onto the planar surfaces (Oku-
mura et al. 2014). A small amount of Cs can be irreversibly 
adsorbed onto FESs, although it is adsorbed onto planar sites 
and does not change the structure of illite (Kim et al. 1996a). 
Furthermore, Cs adsorbed onto the FESs can migrate into 
the illite interlayer and become fixed in the interlayer along 
with the FESs (Fuller et al. 2015; Park et al. 2019b).

As shown in Fig.  5b, some diffraction peaks were 
observed in relation to the initial hydrobiotite. Interstratifica-
tion, in which the structures of vermiculite [6.1° (14 Å)] and 
biotite [8.8° (10 Å)] are alternatively repeated, was attrib-
uted to reflection at approximately 7.4° (11.9 Å) (Kikuchi 
& Kogure 2018). This reflection was also observed in hyd-
robiotite. Therefore, it was determined that the hydrobiotite 
had basal spacings of 14 and 10 Å. After adsorption with Cs, 
the peak (14 Å) of vermiculite decreased when Cs entered 
the interlayers via ion exchange with  Mg2+ (Kogure et al. 
2012). In the RIP sample, the peak (14 Å) of vermiculite 
increased when  Ca2+ entered the interlayer, suggesting that 
valent cations exhibit larger hydrous radii and greater ionic 
valences than monovalent cations, which can increase the 
expansion of the interlayer region. In contrast, NaCl desorp-
tion from Cs-hydrobiotite reduced the interlayer distance to 
8° (11 Å), consistent with previous experimental findings 
(Han et al. 2023; Kwon et al. 2023). The XRD patterns dem-
onstrate that the interlayer distance was decreased by the 
monovalent cations of  Na+. This peak disappeared in the 
case of oxalic acid.

Without alkaline cations, interlayer distances in mont-
morillonite normally range from 15 to 25 Å. Characteristic 
peaks at 6° (14.7 Å) were found in Ca-montmorillonite, with 
no significant changes observed in the raw Cs adsorption 
and RIP samples. For the NaCl-desorbed sample, the peak 
at 7.7° shifted to a higher angle. The collapse of the mont-
morillonite layer at different  Na+ concentrations was dem-
onstrated by XRD patterns after substituting  Ca2+ with  Na+ 
(Kwon et al. 2023). The collapse of the interlayer-fixed Cs 
tightly narrowed the interlayers of hydrobiotite and montmo-
rillonite owing to the small ionic radius of the monovalent 
cation  Na+ (Kwon et al. 2023). This peak disappeared in 
the case of oxalic acid owing to the dissolution of the layer. 
After NaCl treatment, XRD data showed the tightly nar-
rowed hydrobiotite and montmorillonite interlayers owing 
to the monovalent cation  Na+ against divalent cation  Mg2+ 
or  Ca2+, resulting that the low desorption efficiency was due 
to the collapse of the interlayer-fixed Cs.

EXAFS analysis

According to Liu et al. (2008), EXAFS data can be used to 
estimate the bond lengths of Cs-O couples in Cs-containing 
clay minerals. Bostick et al. (2002) found that the IS com-
plexes between clay mineral siloxane groups and dehydrated 

Fig. 5  XRD analysis for illite, hydrobiotite, and montmorillonite for 
adsorption, RIP, NaCl, and oxalic acid desorption
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Fig. 6  Cs LIII-edge EXAFS spectra for Cs adsorbed a illite, b hydrobiotite, and c montmorillonite for k3-weighted x(k) oscillation and corre-
sponding RSFs (phase-shift uncorrected)
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Cs resulted in longer Cs-O bond distances. Figure 6 shows 
the Cs  L3-edge EXAFS spectra of the clay samples for the 
Cs adsorption, RIP, and NaCl desorption processes. As 
shown in Fig. 6a, the k3x(k) values of illite exhibited slightly 
different oscillation patterns compared with those of RIP and 
NaCl desorption. The Fourier transform of illite revealed 
the presence of a first coordination shell, corresponding to 
an OS Cs-O bonding range of 3.05–3.12 Å for Cs-adsorbed 
clay. Contrastingly, the RIP and NaCl desorption samples 
exhibited weak second-coordination shells ranging from 
3.47 to 3.55 Å, indicating IS Cs-O bonding. These results 
suggest that desorption did not remove the partially bound 
Cs from illite, likely because FESs were present.

Similarly, the k3x(k) values of the hydrobiotite and 
montmorillonite samples displayed slightly different 
oscillation patterns compared with those of RIP and NaCl 
desorption. Although the NaCl desorption of hydrobiotite 
showed a weak second-coordination shell, indicating IS 
Cs-O bonding, the NaCl desorption of montmorillonite did 
not exhibit a distinct second-coordination shell, suggest-
ing that the location of Cs in montmorillonite is primarily 
determined by the inherent interlayer ion exchange of clay 
minerals, rather than being influenced by FESs. Addition-
ally, the partially bound IS coordination signifying partial 
bonding was presumed to have been removed mainly by 
desorption. This result agrees with Park et al. (2019b). 
Although the interlayer collapsed due to the presence of 

Cs on montmorillonite, IS complexes were still observed 
in the hydrobiotite. The fixation of Cs in the interlayer 
space is indicated by an irreversible reduction in basal 
spacing in montmorillonite (Iijima et al. 2010). However, 
EXAFS fitting has demonstrated that the fixation is not 
an IS complexation. The basal spacing in the hydrobio-
tite decreased to 1.09 nm, which is similar to that in illite 
(1.07 nm) (Fuller et al. 2015). The results indicate that 
the basal spacing and Cs-O distance are evidence of IS 
complexation of Cs in the clay mineral.

In the case of illite without an interlayer, ion exchang-
ers such as NaCl readily removed Cs from the planar sites; 
however, FESs and type II sites were not readily removed 
because of strong IS bonding. Contrastingly, hydrobio-
tite and montmorillonite shrank the interlayer after NaCl 
desorption, hindering Cs desorption. In hydrobiotite, the 
vermiculite and biotite layers became illite-like after NaCl 
desorption. These results suggest that ion exchange in the 
interlayers of hydrobiotite and montmorillonite is limited 
because of their contraction due to NaCl desorption, as 
shown by the XRD and EXAFS analyses.

Chelation desorption by oxalic acid for Cs from clay 
minerals

Unlike NaCl desorption, which cause only ion exchange, 
oxalic acid can ion exchange with Cs, dissolve metal com-
ponents in clay minerals, and disrupt mineral structures 

Fig. 7  Cs desorption efficiency 
with 1 M oxalic acid for illite, 
hydrobioite, and montmoril-
lonite (Amount of Cs adsorbed 
onto the clays (22.86 mmol of 
Cs/kg for illite, 29.29 mmol 
of Cs/kg for hydrobiotite, 
and 29.83 mmol of Cs/kg for 
montmorillonite), contact 
time = 24 h, solid to liquid 
(S/L) ratio of 1:100, shaking 
speed = 150 rpm, and tempera-
ture = 25 °C)
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(Carroll & Starkey 1971; Komadel et al. 1996; Van Rompaey 
et al. 2002). When oxalic acid was used as a desorbent, hyd-
robiotite had the highest Cs desorption efficiency (98%), fol-
lowed by montmorillonite (85.26%) and illite (82%) (Fig. 7). 
Hydrobiotite has a high Fe and Mg content (Table S1); 
therefore, its structure could be destroyed by the chelating 
effect, resulting in more than 98% of the Cs being desorbed 
(Kim et al. 2020b), probably due to the co-desorption of 
Cs with other constituents during leaching. In montmoril-
lonite and illite, the desorption rate of oxalic acid was lower 
because the amount adsorbed by the FES or interlayer was 
not well desorbed. Although Cs desorption from a collapsed 
interlayer is difficult, chelation can be effective.

Oxalic acid removed the FES or the interlayer by dissolv-
ing cations, demonstrating that it is effective against FES and 
the hydrobiotite interlayer by dissolving mineral components 
such as Fe and Mg. Therefore, chelation or strong acids are 
required to alter the structure by eluting other cations to 
remove Cs from clay minerals. This study provides the envi-
ronmental benefit of understanding the role of interlayers for 
Cs adsorption/desorption in clays and selecting the effective 
desorbent for Cs in clays.

Conclusions

Illite, hydrobiotite, and montmorillonite exhibited different 
sorption behaviors and RIP values for Cs. Illite had a higher 
affinity for Cs than hydrobiotite and montmorillonite because 
of the presence of selective FESs. The highest Cs sorption 
was observed for montmorillonite, followed by hydrobiotite 
and illite. The adsorption kinetic and isotherm results showed 
that the Cs adsorption on clay minerals fitted well with the 
pseudo-second-order model and the Sips and Redlich-Peter-
son adsorption model, indicating that Cs adsorption follows 
chemisorption and homogeneous monolayer adsorption 
mechanism. The XRD patterns of illite, hydrobiotite, and 
montmorillonite after Cs adsorption and desorption showed 
that Cs adsorption did not significantly affect the structure of 
illite. In contrast, hydrobiotite and montmorillonite showed 
shrinkage of their interlayer distances after NaCl desorption 
due to the small ionic radius of  Na+ ions. XRD and EXAFS 
analyses confirmed the tightly narrowed interlayer of mont-
morillonite and hydrobiotite and IS bonds of hydrobiotite. 
EXAFS analysis revealed interlayer bonding in illite and 
hydrobiotite. It is difficult to use ion exchange or FESs to 
remove Cs from shrunken interlayers. To effectively remove 
Cs, oxalic acid, which has a chelating effect, should be used 
to dissolve the interlayer. Therefore, research on the inter-
layer changes during adsorption and desorption could provide 
important insights for improving decontamination efficiency 
and understanding the behavior of Cs in clay.
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