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Migration of strontium and cesium radionuclide in geohydraulic system is important for safety disposal of radio-
active waste containing of these two radionuclides to prevent the migration of radionuclides from the disposal
site to provide protection for man and his environment. Geochemical analysis was carried out to investigate
the mineral composition of the clay taken from the site to predict the historical and environmental geology of
Inshas disposal site. Batch experiments were carried out as a function of pH, solute concentration and under
three different temperatures (298°, 313° and 333° K). Sorption capacity of Cs+ and Sr2+ onto clay sample was
increased when initial metal ions concentration was increased. Increasing the temperature led to decrease in
the sorption of Cs+ and Sr2+ ions. Several kinetic models were used to fit the experimental data and to examine
the controlling mechanisms of the sorption processes. The kinetic study showed that sorption followed pseudo-
second-order model with a good correlation coefficient (R2 = 0.999) for both studied ions. The experimental
sorption data were fitted using Freundlich, Langmuir and Dubinin–Radushkevich (D–R)models. Results showed
that the adsorption process was exothermic and favored at low temperature.
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1. Introduction

The generated radioactivewaste can be divided into liquid, solid and
gaseouswastes. Aqueous liquid radioactivewastewas generated during
research reactor operations and in other operations involving the appli-
cation of radioisotopes (e.g. medicine, research and education). The
type of liquid waste produced depends upon the particular operation
being conducted and can vary extensively in both chemical and radio-
nuclides content. In a radioactive waste repository, the main protective
function provided by natural geological barrier itself, selected in such a
way that its impermeability and stability characteristics should prevent
contamination to reach to biosphere.

On the other hand, due to the negative evolution of the radioactive
waste repository over hundreds or thousands of years, the natural or
engineered barriers are deteriorated. As a result many scenarios,
which could lead to leak of the radioactive such as intrusion of rain or
ground water, leaching of waste containers, etc. are suggested (Alves
et al., 2015; Abdel Rahman et al., 2009; Abdel Rahman et al., 2007;
Abdel Rahman and Zaki, 2011).
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In this regard, a primary concern is the contamination of groundwa-
ter that is considered a very important vector of pollution. Any acciden-
tal release of aqueous waste solutions containing both cesium and
strontiummay pose an environmental health risk to the soil/groundwa-
ter system (Tianlik et al., 2016). The fate and transport of individual con-
taminants into an aqueous phase is largely controlled by the degree of
contaminant interaction with the surrounding soil materials. Distribu-
tion coefficient (Kd) is a parameter was used to present the ratio of
ions adsorbed into solid to ions in liquid phase (Kamel and Navratil,
2002) this parameter can be influenced by concentration of the stable
elements in soil/aqueous phase.

Clay minerals are important group of minerals because they are
among the most common products of chemical weathering of rocks.
Clayminerals are important sorbents for radionuclides due to their neg-
ative charge, large specific surface area and surface hydroxyl groups.
Sorption on clayminerals strongly affects the fate andmobility of radio-
active contaminants in the geosphere (Seung and Diwakar, 2012; Zaki
et al., 2011). Different clay minerals show different sorption capacities
for radionuclides (Deepthi Rani and Sasidhar, 2011). Their high specific
surface area allows strong physical and chemical interactions with
fluids and dissolved species which are subjected to electrostatic repul-
sion, sorption or specific cation exchange reactions. These interactions
are responsive for the retention in the barrier of leachate components
deling investigations of cesium and strontium adsorption onto clay of
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Fig. 1. a. Location map and b. Litho-stratigraphic units of borehole B2 of the study area.
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such as dangerous metallic cations (Churchman et al., 2006;
Sánchez-Jiménez et al., 2012).

Inshas area (Fig. 1a) which is bounded by longitudes 31° 20′ & 31°
40′ E and latitudes 30° 10′ & 30° 25′N is considered as an important re-
gion for the Egyptian Atomic Energy Authority (EAEA). An area of ap-
proximately 1 km × 1 km dimensions had been chosen to be exposed
to detailed geologic studies. The main purposes of such studies are
standing on the lithological succession in the subsurface. The litho-stra-
tigraphy of studied borehole B2 shows a succession of quaternary and
tertiary sediments which are arranged from bottom to top (Fig. 1b)
into: a) quaternary sedimentswhich is represented by sands, and b) ter-
tiary sediments which are composed of Miocene clays, silty sand, sand,
sandstone and calcareous sandstone (Zaki, 2000).

The aim of this work is to study the geochemical and chemical feasi-
bility of the clay as a sorptive barrier towards cesium and strontium ions
of Inshas radioactive disposal site.

2. Materials and methods

2.1. Chemicals and reagents

The chemicals and reagents used for cesium and strontium ions
were supplied as cesium chloride and strontium chloride, and obtained
from Sigma–Aldrich Company. All solutions were prepared using
distilled, deionized water (DDW) with a resistivity of 18 MΩ/cm.
Stock solutions of the test reagents were prepared by dissolving CsCl
and SrCl2·6H2O in DDW. Clay soil samples were obtained from Inshas
disposal site (Fig. 1a).

2.2. Characterization of clay

The clay samples were dried, crushed and sieved through the 38-μm
sieve. Clay samples were characterized using X-ray diffractometer;
Philips X-ray diffraction equipmentmodel PW1710withmonochroma-
tor, Cu-radiation (λ = 1.542 Å). In order to separate the clay particles
Please cite this article as: Abdel-Karim, A.-A.M., et al., Experimental andmo
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(b2 μm) from the bulk soil sample, the bulk sample was put in a DDW
beaker for 7 h, then the supernate was poured in another beaker with
3 glass slides on the bottom and kept for about 24 h. To identify the
exact clayminerals in the sample, the abovementioned slideswere sep-
arately treated. The first slide was kept without any treatment (air
dried), whereas the second was heated to 823 K for 2 h and the third
was exposed to glycerol vapor in a desiccator for 2 h, then the subsam-
ples were measured by the diffractometer.

Scanning electronmicroscopy (Philips, XL 30), Fourier transform in-
frared spectroscopy (BOMEM FTIR, MB-Series) were used to test the
function groups and surface formology of the clay sample, respectively.
The average particles of the clay samples were ranged from 10 to 35 μm
on the basis of SEM results. Moreover, this average attain about 0.001–
0.003 mm by using high-magnified polarizing microscope method for
comparison. The elemental composition of the clay was measured
using an XRF-1800 SHIMADZU sequential XRF spectrometer with a rho-
dium tube and a 2.5 kW generator. The detection limit was about
0.01 wt.% and analytical precision (relative standard deviation) was
b1% for major elements.
2.3. Batch sorption/desorption studies

A series of batch sorption tests were conducted using clay at pH
ranged from 2 to 12. The pH of solutions was adjusted using (0.1 M)
of NaOH and HCl. A weighed amount (0.1 g) of the sorbent was intro-
duced into reagent bottles (each containing 10 ml of cesium or stron-
tium ions at 100, 500 or 1000 mg/l concentration). Bottles were
shaken at 298°K using a mechanical shaker for 24 h to attain equilibri-
um. After separating the supernatant liquid by centrifugation at
6000 rpm for 30min cesiumand strontium ions concentration in the su-
pernatant was determined using atomic absorption spectrophotometer
(AAS; Buck Scientific, VGP-210). The desorption experiments were con-
ducted at 298°K , where 0.1 g of the loaded clay with Cs+ or Sr2+ were
shaken with 10ml of 0.5 M HCl and centrifuged at 6000 rpm for 30min
and checked at different times using AAS. In all adsorption and
deling investigations of cesium and strontium adsorption onto clay of
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desorption experiments, the runs were repeated three times for a given
data point and the average was considered. The effect of pH was evalu-
ated by calculating the sorption uptake by Eq. (1):

Sorption uptake %ð Þ ¼ C0‐Ce

C0
� 100 ð1Þ

where C0 and Ce are the initial and final concentrations (mg/l).

2.3.1. Kinetic experiments
Kinetic studies were investigated at a constant initial Cs+ and Sr2+

concentration of (100 mg/l) and three different temperatures (298°,
313° and 333° K) where 0.1 g of the clay was contacted with 10 ml of
aqueous solution. The withdrawn solution was centrifuged at
6000 rpm for 30 min. to separate the sorbent and a fixed volume of
the clear solutionwas pipetted out for the determination of the amount
of unsorbed metal ion. The amount of Cs+ and Sr2+ sorbed onto clay
(mg/g) can be calculated by Eq. (2),

qe ¼
C0−Ceð Þ � V

m
ð2Þ

where V is the volume of the solution in liters and m is the mass of the
clay in grams.

2.3.2. Sorption isotherm modeling
Langmuir, Freundlich and Dubinin–Radushkevich (D–R) models

were used to calculate the theoretical sorption capacity. Experiments
were performed using 10 ml of the metal ion solution of varying con-
centrations (50–1000 mg/l) at pH = 7.0 with 0.1 g of clay at different
temperatures (298, 313 and 333° K) and were kept overnight to reach
equilibrium.

3. Results and discussion

3.1. Characterization of the clay

To get themineral composition of Inshas clay soils from the disposal
site, three samples of clay were taken and were measured by X-ray
fluorescence (XRF) spectroscopy. Different Si/Al ratios were observed
and given in Table 1. The sample number 1 was selected because it
has the largest amount of Al2O3, which can play a role in ion exchange
process of the studied metal ions. Fig. 2a shows the X-ray diffraction
pattern of the analyzed clay, which isolated from the bulk clay sample
soil of Inshas disposal site. In this figure, the clayminerals of the sample
are represented by kaolinite, vermiculite, illite, calcite and plagioclase
feldspar. Based on the basal d-spacing (Å), the single minerals as illite
was obtained at 10, 3.33, 4.46 Å, vermiculite was observed at 14 Å
whichwas changed by heating to be observed at 10 Å, kaolinite was ob-
served at 7 Å but is destroyed by heating, calcite was obtained at 3.03 Å
and plagioclase feldspar at 3.2 Å. Also, the diffraction pattern shows that
the illite, plagioclase feldspar, and calcite are exist before and after treat-
ment at the same 2θ. Illite exists at 9°, 20° and 27° in 2θ. Plagioclase feld-
spar exists at 28° in 2θ, while calcite appears at 29.5° in 2θ. On the other
hand, the peak represents vermiculite shifted from 6° to 8.5° in 2θ, due
to exposing to glycerol vapor. Moreover, kaolinite was destroyed due to
heating of clay to 823° K for 2 h; kaolinite peaks at 12.5° and 25° in 2θ for
air dried and that exposed to glycerol vapor disappeared in the heat
treated sample (Harlley et al., 2015).
Table 1
Quantitative elemental analysis (%) of the clay samples from Inshas disposal site.

Sample Na2O MgO Al2O3 SiO2 K2O CaO

i 1.78 2.61 17.74 52.42 1.51 7.24
ii 1.30 2.95 16.63 53.69 1.53 7.04
iii 1.58 3.09 15.45 51.08 1.66 7.97

Please cite this article as: Abdel-Karim, A.-A.M., et al., Experimental andmo
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3.2. FTIR spectral analysis

The FTIR spectra of the used bulk clay sample in the range of 500–
4000 cm−1 was taken to confirm the presence of functional groups
that are usually responsible for the sorption process (Fig. 2b). There
are a number of absorption peaks, reflecting the complex nature of the
clay. The spectrum shows the presence of bands arising at 3695, and
3624 cm−1 are characteristic of kaolinite OH vibration bands. At 1031,
3930, 915, 535 and 476 cm−1 retraces the characteristic bands of kao-
linite (Martinez et al., 2010) and halloysite. The bands 467 and
535 cm−1 are attributed to Si–O–Si, and Al–O–Si bending vibration, re-
spectively (Van der Marel and Beutelspacher, 1976; Runliang et al.,
2008). Absorption at 1637 cm−1 retraces the characteristic bands of cal-
cite. The band of absorbance in the range between 3700 and 3000 cm−1

of the studied sample results from H2O stretching vibrations.
TGA-DTA curves of the clay sample are presented in Fig. 2c. In this

figure, the first small endothermic peak occurs at 423° K is related to
loss of adsorbed water causing mass weight loss (about 2.33%), which
may be due to removal of external water molecule. There are endother-
mic peaks at 848.67° K and 973.66° Kwithweight loss of 2.33% and 5.90,
respectively, which could be attributed to the dehydration of kaolinite
(Paola et al., 2015). It is also remarked that a disappearance of the kao-
linite peaks in the X-ray pattern of the thermally treated clay sample.
The total mass weight loss of about 6.12% is up to 1273° K.

Scanning electron microscopy (SEM) image describes the shape of
the structure of minerals in the studied clay sample, which found as ir-
regular shaped grains as shown in Fig. 2d.

3.3. Geochemistry of clay

The results of major elements analysis of three samples of clay from
Inshas disposal site, Cairo, Egypt are presented in Table 1. The chemical
composition of the samples indicates that SiO2, Al2O3, Fe2O3 and CaO are
the major constituents besides minor Na2O, MgO, TiO2, K2O, MnO. The
obtained data can be utilized to deduce the provenance of the source
rock, the degree of chemical weathering, andmaturity and climatic con-
ditions during sedimentation that explain as follows:

3.3.1. Provenance
The Major element provenance discriminant function diagram for

the samples sands (Shaohao et al., 2016), as given by Eqs. (3) and (4):

Discriminant function 1 ¼ –1:773� TiO2ð Þ þ 0:607� Al2O3ð Þ
þ 0:760� Fe2O3ð Þ þ −0:50�MgOð Þ þ 0:616� CaOð Þ þ ð0:509
�Na2OÞ þ −1:224� K2Oð Þ þ 9:09ð Þ:

ð3Þ

Discriminant function 2 ¼ 0:445� TiO2ð Þ þ 0:07� Al2O3ð Þ
þ −0:25� Fe2O3ð Þ þ −1:142�MgOð Þ þ 0:438� CaOð Þ
þ 1:475�Na2Oð Þ þ 1:426� K2Oð Þ þ –6:861ð Þ:

ð4Þ

The diagramdiscriminates (4)major provenance categories ofmafic
(P1), intermediate (P2), felsic (P3), and quartzose recycled (P4)
(Sahraeyan and Bahrami, 2012). This discriminant function diagram in-
dicates a mafic igneous source for the studied samples as shown in Fig.
3a.
TiO2 Cr2O3 MnO Fe2O3 Cl LOI Total

2.88 0.02 0.06 9.85 0.91 2.98 100
2.71 0.05 0.23 10.07 0.86 2.94 100
2.20 0.05 0.21 11.73 1.34 3.64 100

deling investigations of cesium and strontium adsorption onto clay of
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Fig. 2. Characterization of the studied clay showing: a. X-ray diffraction, b. FT-IR spectrum, c. TGA/DTA curves and d. Scanning electron microscopy image (SEM), X = 750.
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3.3.2. Weathering in the source area
Geochemical parameters obtained from the analysis of sediments

and sedimentary rocks are widely used to infer weathering and paleo-
weathering conditions of source areas (Ohta and Arai, 2007; Eduardo
and Alberto, 2016). Table 2 illustrated the calculation of the chemical
index of alteration (Schneider et al., 2016), the chemical index of
weathering (Sener, 2015), the plagioclase index of alteration (Frank et
al., 2014), the mineralogical index of alteration (Voicu et al., 1997;
Babechuk et al., 2014) were defined as in Eqs. (5)–(8).

CIA ¼ 100� Al2O3= Al2O3 þ CaOþ Na2Oþ K2Oð Þ ð5Þ

CIW ¼ ðAl2O3= Al2O3 þ CaOþNa2Oð Þ � 100 ð6Þ

PIA ¼ Al2O3−K2Oð Þ= Al2O3 þ CaOþ Na2O−K2Oð Þ½ � � 100 ð7Þ

MIA ¼ 2� CIA−50ð Þ ð8Þ

In case of the values of the chemical index of alteration (CIA) are
100%means complete weathering of a primarymaterial into its equiva-
lent weathered product (Eduardo and Alberto, 2016; Voicu and
Bardoux, 2002). The low CIA values of approximately 50 imply an un-
weathered upper crust or weak weathering, but high CIA values (i.e.
76–100) indicate moderate weathering with a complete removal of al-
kali and alkaline earth elements and an increase in Al2O3 (Su et al.,
2016; Etemad et al., 2011; Dupuis et al., 2006).

The average CIA values in samples in the range (68.64 to 73.73%), so
themost samples have values N60, suggestingmoderate weathering ei-
ther of the original source or during transport before deposition respec-
tivelywhile the average CIWvalues are in the range (74.61 to 79.55%) as
in Table 2. The variation in CIA values reflected the changes in the pro-
portion of clayminerals in the sandstone samples analyzed at the source
area. The ranges of mineralogical index of alteration (MIA) values
Please cite this article as: Abdel-Karim, A.-A.M., et al., Experimental andmo
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indicate incipient (0–20%),weak (20–40%),moderate (40–60%), and in-
tense to extreme (60–100%) weathering. The mineralogical index of al-
teration (MIA) have values average 41.73% indicating moderate
weathering in samples (Hossain et al., 2014).

The plot of CIA versus Al2O3 depicts the most samples moderate de-
gree ofweathering of sourcematerials as in shown in Fig. 3b. The degree
of the chemical weathering estimated using the Plagioclase Index of Al-
teration (PIA) have values average of 74.42 indicating moderate
weathering at the source.
3.3.3. Maturity and climatic conditions during sedimentation
Suttner andDutta (1986) proposed a binary SiO2wt. percentage ver-

sus (Al2O3+K2O+Na2O)wt. percentage diagram. Increasing in degree
of chemical weathering may reflect the decreasing in tectonic activity
and/or change in climate towards warm and humid conditions (Darcy
et al., 2014; Sila et al., 2015). Chemical maturity of the samples indicat-
ing that the clay of the present study deposited under semiarid to arid
conditions as shown in Fig. 3c.
3.4. Sorption batch investigations

The sorption of Cs+ and Sr2+ from aqueous solution was tested ex-
perimentally to investigate the sorption capacities by studied clay sam-
ple (i) as behavior in case of releasing this radionuclide into geosphere
in disposal site. The objective of this part of the study was to investigate
equilibrium and kinetic parameters for the sorption of Cs+ and Sr2+

ions onto the natural materials. The factors affecting on the sorption of
the studied ions are tested by time of equilibration, the effect of V/m, hy-
drogen ion concentration, metal ion concentrations, temperature and
by studying of some kinetic and isotherm models (Abdel Moamen et
al., 2015).
deling investigations of cesium and strontium adsorption onto clay of
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Fig. 3. Geochemistry of the analyzed clay showing: a. Provenance discriminate function
diagram (after Roser and Korsch, 1988), b. Chemical index of alteration (CIA) versus
Al2O3 and c. Chemical maturity expressed by SiO2 versus (Al2O3 + K2O + Na2O) (after
Suttner and Dutta, 1986).
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3.4.1. Effect of contact time
The variation of amounts of Cs+ and Sr2+ ions sorbed onto clay sam-

ple at pH = 7.0, different time intervals as well as different sorption
temperatures (298°, 313° and 333° K) as shown in Fig. 4a. The experi-
mental data showed that the amount of the metal ion sorbed increases
gradually with time in the initial stage (20–30min.), and then reach an
equilibrium value at approximately 90min. The sorption capacity of ce-
sium ions by clay is higher due to the selectivity for cesium than for
strontium (Po et al., 2010). The amounts ofmetal ion sorbed naturalma-
terials at any time, qt (mg/g) is calculated from:

qt ¼ C0−Ctð Þ V
m

� �
ð9Þ

3.4.2. Effect of desorption
Fig. 4(b) shows desorption of both Cs+ and Sr2+ from clay soil by

0.5 M HCl, at pH 7.0 and at room temperature. The percentage of
Table 2
Weathering and alteration indices of the clay samples.

Index Samples

i ii iii

CIA 70.24 73.73 68.64
PIA 73.25 77.80 72.20
CIW 75.10 79.55 74.61
MIA 40.48 47.46 37.29

Please cite this article as: Abdel-Karim, A.-A.M., et al., Experimental andmo
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desorption was calculated using the following relation (Bucur et al.,
2011):

D %ð Þ ¼ mdes
aq

mads
s

� 100 ð10Þ

where: D (%) is desorption percentage, maq
des is the contaminant mass

desorbed from the clay (mg/l), ms
ads is the contaminant mass sorbed

on sediment at sorption equilibrium (mg/l). It is clear from the figure
that about 89.14 and 63.75% of Cs+ and Sr2+were desorbed, respective-
ly at equilibrium after about 30 min for Cs+ and 45 min for Sr2+. De-
sorption experiments performed showed that Cs+ and Sr2+ are
partially reversible sorbed on the clay soil from Inshas site. The high de-
sorption of Cs+ could be attributed to the high solubility of CsCl formed
during the desorption process (Ziemer et al., 2006).

3.4.3. Effect of pH
The sorptionwas studied at different pH values in the range from 2.0

to 12.0 to determine the chemical condition at which Cs+ and Sr2+ ions
are effectively sorbed onto clay. It was observed that an increasing of
amount sorbed of Cs+ and Sr2+ by increasing of pH (Fig. 4b).

3.4.4. Effect of initial concentration
The amount sorbed (mg/g) of both Cs+ and Sr2+ ions onto studied

clay at three temperatures (298°, 313° and 333° K) by varying the initial
metal ion concentration from 50 to 1000 mg/l are shown in Fig. 4c. All
other parameters were constant. The Cs+ and Sr2+ ions show that the
sorption amount increased by increasing initial metal ion concentration
and the amount of Cs+ ions sorbed is higher than that of Sr2+ ions and
the adsorption decreased by increasing in the temperature of an aque-
ous solution (Fig. 4c).

3.5. Kinetic modeling

Sorption kinetics was controlled by different mechanisms like mass
transfer, diffusion control, and chemical reactions. Both pseudo first-
order and pseudo second-order ratemodels include all steps of sorption
in order to identify the controlling sorptionmechanism. In order to clar-
ify the kinetic characteristics of sorption of Cs+ and Sr2+ ions onto the
clay sample with the time, an appropriate kinetic model is required.
For this purpose pseudo first-order and pseudo second - order rate
models were studied.

3.5.1. Pseudo first-order kinetic model
The pseudo first-order kinetic model describes the sorption rate

based on the sorption capacity. The model assumes that the reaction
rate is limited by only one process or mechanism on a single class of
sorbing sites and that all sites are of the time dependent type. The
Lagergreen pseudo first-order expression is given in Eq. (11)

log qe−qtð Þ ¼ logqe−
k1

2:303
t ð11Þ

The plotting of log (qe-qt) versus time for Cs+ and Sr2+ ions sorption
onto clay is shown in Fig. 5a. Linearfitting of datawas used to determine
the first order rate constant (k1) and the theoretical equilibrium sorp-
tion capacities (qe), from the slopes and intercept respectively. Table 3
shows the results of kinetic studies of Cs+ and Sr2+ sorbed onto studied
clay. It seems that, although R2 of each plot are so good, the qe (calculat-
ed) values for Cs+ and Sr2+ ions are not in agreement with qe (experi-
mental). Therefore, it could be suggested that the sorption of Cs+ and
Sr2+ ions is not a first- order reaction as concluded by McKay and Ho
(1999).
deling investigations of cesium and strontium adsorption onto clay of
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Fig. 4. Sorption batch investigations, kinetic modeling and desorption of Cs+ and Sr2+onto studied clay sample at different temperatures showing: a. effect of contact time on sorption, b.
effect of desorption versus time and pH on the sorption capacity, c. effect of initial concentration on amount of sorption.
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3.5.2. Pseudo second-order kinetic model
A pseudo second-order rate model also used to describe the kinetics

of the sorption of ions sorbed onto adsorbentmaterials. This model was
expressed as:

t
qt

¼ 1
k2qe2

þ 1
qe

t ð12Þ

where k2 is the rate constant of pseudo second-order equation
(kg/mg min). The kinetic plots of t/qt versus t for Cs+ and Sr2+ ions
sorption observed in Fig. 5b.

The linear relationship and the values of the correlation coefficients
(R2) suggest strong relationships between their parameters and also ex-
plain that the process of sorption of ions follows the pseudo second-
order kinetic model. The products k2qe

2 is the initial sorption rate
Please cite this article as: Abdel-Karim, A.-A.M., et al., Experimental andmo
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which presented as h = k2qe
2. The kinetic parameters of this model are

calculated from the slopes and intercept of the linear plots (Table 3).
The correlation coefficients are high and the theoretical and experimen-
tal qe are closed to each other. Therefore, it is possible to suggest that the
sorption of Cs+ and Sr2+ ions followed the pseudo-second order kinetic
model for all studied sorption processes. These results explain that the
pseudo second-order sorption mechanism is predominant and that
the overall rate constant of each sorption process appears to be con-
trolled by chemical sorption process (Talal, 2014).

3.6. Sorption isotherm models

Sorption equilibrium is usually described by an isotherm equation
whose parameters express the surface properties and affinity of the sor-
bent at a fixed temperature and pH. Fig. 6a shows the relation between
deling investigations of cesium and strontium adsorption onto clay of
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Fig. 5. Kinetic plots of Cs+ and Sr2+ ions onto the studied clay sample showing: a. Pseudo first second-order, b. Pseudo second-order.
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the amount of adsorbate on the adsorbent and the concentration of dis-
solved adsorbate in the liquid at equilibrium (Mckay and Ho, 1999). In
this concern, three widely used isotherms, Langmuir, Freundlich, and
Dubinin-Radushkevitch (D-R) were tested with the obtained experi-
mental data where the results reflect the efficiency of studied clay sam-
ple for the sorption of Cs+ and Sr2+ ions from aqueous solutions at
different temperatures.

3.6.1. Langmiur isotherm model
The Langmuir sorption isotherm model is based on the monolayer

coverage of sorption surfaces and assumes that sorption occurs on a
structurally homogeneous sorbent and all the sorption sites are energet-
ically identical. The Langmuir adsorption isothermhas been successfully
applied to many other real adsorption processes as given by Langmuir
(1918). The Langmuir isotherm applies to adsorption on completely
homogenous surfaces with negligible interaction between adsorbed
Table 3
Results of the kinetic studies of Cs+ and Sr2+ sorbed onto studied clay.

Metal ion Temp., (K) First-order kinetic parameters Seco

k1, (min−1) qe, calc. (mg/g) R2 k2,(

Cs+ 298 0.076 1.067 0.960 0.31
313 0.074 0.973 0.944 0.28
333 0.071 0.928 0.931 0.27

Sr2+ 298 0.131 1.105 0.998 0.64
313 0.129 0.951 0.999 0.60
333 0.126 0.901 0.974 0.51
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molecules. This theory considers that all surface sites have the same ad-
sorption energy. The Langmuir equation can be expressed as:

qe ¼
QobCe

1þ bCe
ð13Þ

For fitting the experimental data, the Langmuir model was linear-
ized as:

Ce

qe
¼ 1

Qob
þ 1
Qo Ce ð14Þ

where, qe is the amount of metal ion sorbed per unit weight of clay
(mg/g), Ce is the equilibriumconcentration of themetal ion in the equilib-
rium solution (mg/l), Qo is the monolayer sorption capacity (mg/g) and b
is the constant related to the free energy of adsorption (b α e−ΔG/RT).
nd-order kinetic parameters qe, exp. (mg/g)

g/mg min) qe, calc. (mg/g) h (mg/g min) R2

2 8.403 22.030 0.999 8.35
0 8.130 18.507 0.999 8.08
0 7.813 16.482 0.999 7.79
6 8.730 49.234 0.999 7.95
4 8.692 45.633 0.999 7.70
5 7.463 28.684 0.999 7.45
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Fig. 6. Sorption of Cs + and Sr2+ ions onto the studied clay sample at different temperatures showing: a. Sorption isotherm, b. Langmiur Sorption isotherm analysis and c. D-R isotherm
plots.

Table 4
Langmuir and Freundlich isotherm parameters for the sorption of Cs+, Sr2+ ions onto
studied clay.

Metal ion Temp., (K) Langmuir model Freundlich model

Qo, mg/g b, l/mg R2 RL n Kf, mg/g R2

Cs+ 298 46.296 0.013 0.997 0.071 1.946 2.051 0.935
313 45.045 0.011 0.995 0.082 1.869 1.687 0.934
333 43.478 0.010 0.996 0.092 1.835 1.469 0.931

Sr2+ 298 39.683 0.009 0.990 0.104 2.024 1.629 0.969
313 39.526 0.007 0.980 0.129 1.942 1.340 0.982
333 39.461 0.006 0.978 0.141 1.890 1.171 0.983
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The Langmiur sorption isotherms of cesium and strontium ions onto
studied materials are presented in Fig. 6b. The numerical values of Qo

and b for Cs+ and Sr2+ ions evaluated from the slope and intercept of
Ce/qe versus Ce are given in Table 4. The monolayer sorption capacity
(Qo) values of Cs+ ions are relatively higher than that of Sr2+ ions for
the studied clay. The Langmuir constants Qo and b for the sorption of
both ions decreasedwith temperature showing that the sorption capac-
ity is enhanced by decreasing temperature. This decrease in sorption ca-
pacity at higher temperature may suggest that the active surface
available for sorption has decreased with temperature. One of the es-
sential characteristics of Langmuir isotherm model could be explained
deling investigations of cesium and strontium adsorption onto clay of
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Table 5
D-R isotherm parameters for the sorption of Cs+, Sr2+ ions onto clay sample.

Metal ion Temp., (K) β, (mol2 kJ−2) qm, (mg/g) R2 E, (kJ/mol−1)

Cs+ 298 0.0057 1.058 0.969 9.382
313 0.0054 1.042 0.968 9.587
333 0.0050 1.025 0.965 10.040

Sr2+ 298 0.0060 1.032 0.989 9.167
313 0.0056 1.028 0.992 9.475
333 0.0051 1.023 0.993 9.901

Table 6
Values of thermodynamic parameters for sorption of Cs+ and Sr2+ ions onto clay sample.

Metal ion Temp., (K) Kc ΔG°, (kJ/mol) ΔH°, (kJ/mol) ΔS°, (J/mol·K)

Cs+ 298 0.610 1.226
313 0.505 1.778 −8.30 −32.93
333 0.428 2.354

Sr2+ 298 0.341 2.663
313 0.272 3.391 −8.11 −36.14
333 0.241 3.940
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in terms of a dimensionless constant separation factor RL that can be
expressed as:

RL ¼ 1
1þ bCo

ð15Þ

where, C0 is the highest initial metal ion concentration (mg/l).
The RL value indicates the shape of the isotherm as follows: To be ir-

reversible (RL = 0), favorable (0 b RL b 1), linear (RL = 1) and unfavor-
able (RL N 1) (Mohamed et al., 2016). The calculated value of RL indicates
that the sorption of Cs+ and Sr2+ ions onto clay was favorable as shown
in Table 4.

3.6.2. Freundlich isotherm model
The Freundlich sorption isotherm is one of the most widely used

mathematical descriptions, usually fits the experimental data over a
wide range of concentrations (Livia et al., 2015). The Freundlich model
is represented by the equation:

qe ¼ K f Ce
1=n ð16Þ

The Freundlich model is linearized as follows:

logqe ¼ logK f þ 1=nð Þ logCe ð17Þ

where Kf is constant indicative of the relative sorption capacity of the
sorbent (mg/g) and 1/n is the constant indicative of the intensity of
sorption process.

The values of the constant n and Kf were calculated from the slope
and the intercepts of the plot as in Table 4. The 1/n value is usually de-
pendent on the nature and strength of sorption process as well as on
the distribution of active sites. A feature indicating an increase tendency
for sorption with increased the concentration (Fig. 6c). Also the Kf value
for Cs+ was greater than Sr2+.

3.6.3. Dubinin-Radushkevich isotherm model
The Dubinin-Radushkevich (D-R) isotherm model describes sorp-

tion on a single type of uniform pores. The D–R model is represented
by the equation:

ln qe ¼ ln qm−βε2 ð18Þ

where qm (meq g−1) is the maximum adsorption capacity, β
(mol2 kJ−2) is the constant related to the sorption energy and ε is Polan-
yi potential:

ε ¼ RTln 1þ 1=Ceð Þ ð19Þ

where, R is the gas constant (kJ/mol·K) and T is the temperature (K).
The free energy change when onemole of ion is transferred from in-

finity in the solution to the surface of adsorbent is called as mean free
energy change E (kJ/mol−1):

Ε ¼ 2βð Þ−1=2 ð20Þ

The D–R plots of ln qe versus ε 2 for the sorption of Cs+, Sr2+ ions at
different temperatures resulted of qm, β, E and the correlation factor
(R2) are given in The D-R plots for the sorption of both radionuclides
at different temperatures are also given in Fig. 6d.

These D-R parameters are presented in Table 5. The magnitude of
mean free energy of sorption (E) can be related to the reaction mecha-
nism. If E is in the range of 8–16 kJ/mol, sorption is governed by ion ex-
change (Helfferich, 1962). In the case of E b 8.0 kJ/mol, physical forces
may affect the sorption mechanism. The value of E for Cs+, Sr2+ ions
were 9.167 and 10.040 kJ/mol; respectively, indicating that both cations
are adsorbed through ion exchange process.
Please cite this article as: Abdel-Karim, A.-A.M., et al., Experimental andmo
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3.7. Thermodynamic studies

Temperature is an extremely important parameter controlling the
adsorption process. According to Priya et al. (2016), it can modify the
equilibrium capacity of the adsorbent for a particular adsorbate. The
values of the thermodynamic equilibrium constant (Kc) at three differ-
ent temperatures were determined from the product of the Langmuir
equation parameters Qo and b. Table 6 shows the variation of values Kc

with temperature which decreased with increasing of temperature.
The Gibbs free energy change,ΔGo, is the fundamental criterion of spon-
taneity, and given by the following equation:

ΔGo ¼ −RT ln Kc ð21Þ

where, Kc is the sorption equilibrium constant, R is the gas constant
(kJ/mol·K) and T is the absolute temperature (K).

Reactions occur spontaneously at a given temperature if ΔGo is a
negative quantity and non-spontaneous when the value is positive.
There is another process to obtain the enthalpy change (ΔHo) and en-
tropy change (ΔS°) by plotting of ln Kc versus 1/T (Fig. 7) which is
proved as in Eq. (22). The free energy of the sorption reaction as Eq.
(23):

lnKc ¼ ΔS
R

−
ΔH
RT

ð22Þ

ΔGo ¼ ΔHo−TΔSo ð23Þ

The thermodynamic parameters (ΔHo, ΔGo and ΔSo) for Cs+ and
Sr2+ ions sorbed by clay sample are given in Table 6. The change in
ΔHo for Cs+ and Sr2+ ions was found to be negative for the all adsor-
bents used, confirming the exothermic nature of the sorption processes
in the studied clay sample. The reason of this behavior could originate
from thermal destabilization which cause an increase in the mobility
of Cs+ and Sr2+ ions on the surface of the solid with increasing temper-
ature, thus enhancing the desorption steps. The positive values of ΔGo

indicate the non-spontaneous nature of Cs+ and Sr2+ ions onto studied
clay. Values of the ΔSo are negative for Cs+ and Sr2+ ions as a result of a
random reaction, since such reaction leads to transferring the sorbate
ions from a disorder state in the solution to a more order state. This de-
crease in the disorder state in the solution to a more order state may be
attributed to the probability of increase of mobility of Cs+ and Sr2+ ions
with dehydration steps as well as the surrounding water molecules
within the body of solution. A feature suggests that the increasing of
temperature from 298° to 333° K leads to slight decrease in the sorption
of Cs+ and Sr2+ ions.
deling investigations of cesium and strontium adsorption onto clay of
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Fig. 7. Relationship between Ln Kc and 1/T of sorption of Cs+ and Sr2+ ions onto studied clay.
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4. Conclusion

The level and the type of waste, the geochemistry of the clay and the
role of climate, are important factors for controlling the geosphere medi-
um of the studied area, as well as the selection of the site and method of
burial of radioactive wastes. The kinetics of both metal ions was experi-
mentally studied and the obtained rate data were analyzed using simple
kineticmodels. Results demonstrated that the pseudo second-order sorp-
tion mechanism is predominant and the over-all rate constant of each
sorption process occurs to be controlled by chemical sorption process.
The Cs+ and Sr2+ ions sorption data were described using Freundlich,
Langmuir and Dubinin–Radushkevich (D–R) models. The sorption in
both of them ions increased with increasing initial metal ions concentra-
tion and the amount of Cs+ ions sorbed onto clay is greater than that of
Sr2+ ions, which it favored in the lower temperature of an aqueous solu-
tion. The maximum sorption capacity and the mean free energy of the
studied ions have been determined. The sorption of each ion is an exo-
thermic process. These results showed that natural materials an efficient
ion exchange material for the behavior of cesium and strontium ions re-
leasing on the surrounded geosphere of the disposal site.
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