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Abstract
The sorption properties of a Greek zeolite for cesium and cobalt in single and binary systems were investigated. The sorption 
experiments were undertaken in aqueous solutions of pH 8, concentration range 10–500 mg L−1 and the metal concentra-
tion was determined by analytical (ICP-OES) and radiochemical techniques (γ-spectrometry using radiotracers of 137Cs and 
60Co). Sorption isotherms in single and binary systems were reproduced by empirical and chemical models and the sorption 
capacity reached the theoretical maximum of 81.3 and 63.7 mg g−1 for Cs and Co respectively. The sorption process was 
studied through XRD, FTIR, autoradiography and SEM–EDS, whereas the environmental compatibility tests proved the 
safe sequestration of the loaded zeolite.
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Introduction

Natural zeolites are crystalline hydrated aluminosilicates and 
found in many types (clinoptilolite, heulandite, chabazite, 
phillipsite). They exhibit particular physical and chemical 
properties, such as enhanced adsorption and ion-exchange 
properties, resistivity, hydrothermal stability and selectivity. 
Therefore, they have a variety of applications, among them 
their use for radioactive waste immobilization and disposal. 
Due to their excellent adsorption properties and their ability 
for cation-exchange, working like a molecular sieve and they 
are useful in the removal of radioactive heavy metals from 
liquid nuclear waste [1–5].

As is known, nuclear power plants generate large amounts 
of intermediate and low-level waste containing the radioac-
tive fission products 90Sr and 137Cs, and activation corrosion 
products such as 60Co, 51Cr, 63Ni, 59Fe, 65Zn. Radiocesium 
(137Cs) and radiocobalt (60Co) are among the most important 

radionuclides in low-level radioactive liquid effluents gener-
ated from nuclear power plants because of their long half-life 
(30.17 years for 137Cs and 5.27 years for 60Co respectively), 
their high yield and toxicity. The importance of zeolites in 
engineered barrier systems and in geological disposal facili-
ties as well as in environmental remediation after nuclear 
accidents has been widely demonstrated in the last decades 
[1, 2, 6–11].

In this work the sorption performance of Greek zeolitic 
rock from village Petrota in Evros (Northeastern Greece), 
was investigated in single and binary systems of Cs and Co 
aqueous solutions. The zeolites from Petrota have originated 
from the zeolitization process of volcanic ash that was pos-
sibly produced from the eruption of the Sheinovets caldera 
located in Bulgaria. Volcanic ash was transferred to its cur-
rent location by water and under alkaline physicochemi-
cal conditions, the glass shards of the volcanic rocks were 
altered into zeolites [12, 13]. Zeolites present differences in 
the constitution and structure depending on the geographical 
areas of the mining and therefore in the case of their appli-
cation, there is a need for additional study of their sorption 
behavior. The zeolites originated from this region present 
economic interest considering the reserves, the type and the 
zeolite content [13].

Αn attempt was made to study the Cs- and Co-adsorp-
tion on the raw Petrota zeolite (rock and powder form) 
combining sorption data and geochemical models as well 
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as autoradiography and SEM–EDS in radioactive and non-
radioactive samples, considering the difference in mineral 
phases or elemental compositions. On the other hand, the 
prediction of competitive adsorption in binary systems is 
very challenging in the adsorption studies and to our best 
knowledge, data of simultaneous sorption of cesium and 
cobalt are very limited. Gutierrez and Fuentes for example 
studied the competitive sorption of cesium and cobalt onto 
montmorillonite and modified montmorillonites in binary 
systems as well as Park et al. [14–16]. The published data 
demonstrated the preferential Cs-uptake by clay minerals 
while Co-sorption seemed to be strongly affected by com-
petition with cesium.

The current investigation was undertaken using the batch 
system and a variety of characterization techniques (XRD, 
FTIR, etc.) in order to explore morphological and structural 
changes of the zeolites and to obtain further insight into their 
sorption properties.

Experimental part

Materials and methods

The zeolite used for the sorption study was from Petrota 
region in Evros-Thrace, Greece [11–13]. Zeolites were 
sieved with 50 mesh, 250 mesh, and 500 mesh sizes while 
samples from the initial rock formation were also used.

The mineralogical composition of the zeolite was deter-
mined through powder X-ray Diffraction (pXRD) using a 
Philips PW 1710 diffractometer with Ni-filtered CuKα radia-
tion. The pulverized material was scanned with a step size 
of 0.0131º 2θ in the 2θ interval 5–70°.

BET surface area and volume were measured with an 
Autosorb-1MP, Quantachrome porosimeter via adsorp-
tion/desorption of nitrogen (77 K, partial pressure range P/
P0:0.01–0.995) and after heating the samples under vacuum 
at 423 K. Furthermore, analysis utilizing the Attenuated 
Total Reflectance-Fourier Transform Infrared Spectroscopy 
(ATR-FTIR) in the range of 4000–400 cm−1 by a Thermo 
Scientific Nicolet iS20 spectrometer with a diamond reflec-
tance crystal was performed.

The material was characterized before and after the 
sorption tests by Scanning Electron Microscopy/Energy 
Dispersive Spectroscopy (SEM–EDS) using the following 
setups: 1) JEOL JSM- 6390LV equipped with an Oxford 
INCA300 micro-analyzer, 2) FEI Quanta 650 FEG environ-
mental scanning electron microscope (now Thermo Fisher 
Scientific Inc.). Material contrast images were obtained by 
a backscattered electron detector. SEM–EDS spectra of 
selected areas were acquired by use of a Thermo Scientific 
UltraDry (i.e. Peltier cooled, silicon drift X-ray detector and 
analyzed by Thermo Fisher Scientific Pathfinder software, 

version 2.11), 3) Electron microscope (EM), Energy Dis-
persive X-ray Spectrometry, including large area mapping 
(LAM) analysis using focused ion beam scanning electron 
microscopy (FIB-SEM)-Zeiss FIB-SEM, model CrossBeam 
350 KMAT. The GEMINI objective lens generates a fine 
focused electron beam, with resolution of about 0.9 nm 
at 20 kV and beam current of 1.5 nA. Scanning Electron 
Microscope images were recorded using secondary electrons 
(Everhart–Thornley SE) detector. Energy Dispersive X-ray 
Spectrometry analysis was performed by a UltimMax100 
(100 mm2) silicon drift detector to determine elemental dis-
tribution and run a composition analysis of materials in SEM 
(SEM–EDS). The large LAM-EDS data acquisition, stitch-
ing of individual maps and data processing was done using 
AZtec 6.1 SP2 software by Oxfords Instruments. For LAM, 
accelerating voltage was set to 20 kV, single field of view 
was 2.33 mm by 1.75 mm with resolution of 1024 by 768 
pixels, resulting in pixel resolution of 2.3 µm. Depending 
on the sample size the total number of fields varied between 
60 and 120 fields.

Furthermore, distribution of radionuclides at the zeo-
lite surfaces was analyzed using a Cyclone Storage System 
(Perkin Elmer) for digital autoradiography based on screens 
containing BaFBr:Eu2+ crystals.

Sorption experiments

For the sorption experiments we followed the procedure 
described in previous articles [11, 12]. All the reagents were 
of analytical grade (Merck, Darmstadt, DE). A water puri-
fication system (Millipore) with Elix and Milli-Q was used 
to provide ultra-pure water. As it is also derived by the code 
MEDUSA, Cs- and Co-ions are in the form of positively 
charged species in a large pH region (Cs+ up to pH 12, Co2+ 
up to pH 8.5) [17]. After preliminary experiments in dif-
ferent pH values, it was decided to perform the sorption 
study at the optimum pH 8 [12]. The pH of the solutions 
was adjusted by adding NaOH or HCl solution dropwise and 
was measured using a pH meter (coulb glass electrode), and 
the calibration was performed at ambient conditions with 
standards buffers at pH 4, 7 and 9. Batch experiments were 
carried out by contacting 10 mL of the individual solutions 
(concentration 10–500 mg L−1) with the adsorbent (dos-
age 1.0 g L−1) for 24 h at ambient temperature (ca. 295 Κ). 
Kinetic experiments showed that the contact time was suf-
ficient to establish a sorption equilibrium. The effect of 
competing ions was also studied using metal solutions with 
0.05 M Ca(NO3)2 as background electrolyte. At the end of 
the experiments and after the separation of the solid from 
the liquid phase by centrifugation (Megafuge 2.R-Thermo 
Scientific) at 4000 rpm for 30 min, the equilibrium pH of 
the supernatant solutions was measured.
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The Co- and Cs-aqueous solutions were prepared using 
solutions of analytical grade CoCl2 and CsNO3 in concen-
tration range 10 to 500 mg L−1. The radioactive standard 
solutions were 60Co (in 0.1 M HCl supplied by Eckert & 
Ziegler Nuclitec GmbH) and 137Cs (in 0.1 M HCl supplied 
by EUROSTANDARD CZ s.r.o.).

The cesium and cobalt concentrations were determined by 
gamma-ray spectrometry (CANBERRA HPGe detector with 
23% efficiency and resolution 1.9 keV for the 1332 keV 60Co 
gamma-radiation) via 137Cs as tracer using the diagnostic 
photon energy of 661.6 keV and 60Co at 1332 keV respec-
tively. For construction of the sorption isotherms analyti-
cal ICP-OES (Optima DV 8300 by PerkinElmer) was also 
applied to determine the release of Na, Ca and Fe in the 
solution and the cobalt concentration.

The experiments took place twice with relative uncer-
tainty of the measurements less than 5%. The average was 
used to calculate the adsorption capacity (qe) by Eq. (1).

where, Ci and Ce (mg L−1) represent the sorbate concentra-
tions in solution before and after sorption, V (mL) is the 
volume of the solution and m (mg) is the mass of the sorbent.

The experimental data were used to calculate the Cs- and 
Co-uptake and construct the corresponding isotherms which 
describe the equilibrium relationship between the sorbate 
and the sorbent at a specific temperature. Moreover, theo-
retical analysis using the Langmuir and Freundlich math-
ematical models was performed to assess the nature of the 
sorption.

The empirical Langmuir model (Eq. 2) assumes a local-
ized monolayer adsorption on a fixed number of adsorption 
sites of equal energy (homogenous sorption) whereas the 
Freundlich model (Eq. 3) is based on a heterogeneous energy 
distribution on the surface not reaching a limited sorption 
capacity [18–22].

Langmuir equation (L)

Freundlich equation (F)

The qe and Ce in the above equations are the equilib-
rium metal concentrations in the solid (mg g−1) and liquid 
(mg L−1) phase, respectively, qmax is the maximum sorp-
tion capacity (mg g−1), KL and KF are the Langmuir and 
Freundlich equilibrium constants and n, in the case of Fre-
undlich equation, is a parameter characterizing the system 
heterogeneity.

(1)qe =

[

Ci − Ce

m

]

× V

(2)
Ce

qe
=

1

KLqmax

+
1

qmax

Ce

(3)ln qe = lnKF +
1

n
lnCe

Desorption experiments

The environmental compatibility of the sorbents after load-
ing was assessed by the Toxicity Characteristic Leaching 
Procedure (TCLP, U.S. EPA Method 1311) [23]. Desorption 
studies were conducted using Extraction Fluid #1 (5.7 mL 
glacial CH3COOH and 64.3 mL of 1 mol L−1 NaOH suc-
cessively added to distilled water subsequently diluted to a 
total volume of 1 L) in contact with 20 mg of the appropriate 
adsorbent, after loading it with 500 mg L−1 solution of Cs+ 
and Co2+ respectively and shaking for 18 h.

Results and discussion

Surface characterization

The Petrota zeolitic rock samples contain mainly HEU-type 
(heulandite-clinoptilolite) zeolite (89%) with small amounts 
of mica, quartz, feldspars and clay minerals. This is demon-
strated in powder XRD pattern in Fig. 1, where the charac-
teristic clinoptilolite diffraction peaks at 2θ = 9.80, 11.12, 
22.36, 29.94° corresponding to the (020), (200), (400), (151) 
planes can be seen [12, 24, 25]. Small cristobalite crystals 
were also present. Interaction with Cs-solution caused some 
differences in the XRD diffractogram at 25–35° which could 
be attributed to ion exchange of Cs-ions as reported by other 
researchers [8, 11, 24, 25]. Small changes are also caused 
after the interaction with Co- or Cs/Co-solution at 10° and 
at 22–23° respectively. Characteristic properties of zeolite 
such as cation exchange capacity (CEC), point of zero charge 
(pHpzc) and BET surface area (SBET) and volume (VBET) as 
well as micropore surface area (Smicro) and volume (Vmicro) 
are given in Table 1 along with the chemical composi-
tion obtained by SEM–EDS [12, 26]. As known sorption 

Fig. 1   pXRD diffractograms of zeolite before and after sorption
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capacity is strongly affected by the high cation-exchange 
capacity, surface area, and porosity [25]. The Petrota zeolite 
is characterized by high CEC, surface area, and porosity 
[25, 26].

The FTIR spectra of the zeolite before and after sorption 
are presented in Fig. 2. A typical zeolite pattern is observed 
for the pristine material [27, 28]. The broad band around 
3400 cm–1 is due to stretching O–H vibrations while the 
band at 3616 cm–1 is attributed to surface Si–OH and Al–OH 
groups of the zeolite lattice and the band at 1630 cm–1 to the 
bending O–H vibrations. The characteristic aluminosilicate 
bands at 1005, 792, and 585 cm–1 correspond to the asym-
metric stretching vibrations of both the zeolitic tetrahedra 
(T–O–T) and similar vibration modes of mineral impuri-
ties (quartz, feldspars), as well as the symmetrical stretch-
ing vibrations of O–T–O bonds, and vibrations associated 
with the pore structure of HEU-type zeolites. The inter-
action with Co-solution results in some differences in the 
FTIR spectrum. The new band at 1380 cm−1, is probably 
assigned to the lattice vibrations and to the excess alumina 

in the pores [29]. The band at 588 cm−1 is shifted to higher 
wavenumbers, while the main band at 1029 cm−1 shows a 
tendency to split into two new peaks. Similar observations 
have been reported by Sobalík et al. in their study concern-
ing the presence of transition metal ions in zeolites [30]. The 
splitting of the main band can be attributed to the binding of 
Co2+ ions to framework oxygen atoms resulting to perturba-
tion and deformation of the T–O–T bonds and to a different 
vibration frequency. The splitting into two separate bands 
indicates different cobalt-oxygen bonding strengths, or dif-
ferent cobalt-binding sites in the framework [31, 32]. Few 
differences were observed in the spectrum after interaction 
with CoCs-solution and even fewer in that of Cs-sorption.

Sorption study

The effect of the particle size of the powder material on the 
Cs-retention is shown in Fig. 3 (grain size: 500–250 μm and 
less than 50 μm) where can be seen that the smaller grain 
size the higher uptake because smaller size results in greater 

Table 1   Characteristic 
properties of zeolite

Material SBET(m2/g) Smicro(m2/g) VBET(cm3/g) Vmicro(cm3/g) pHpzc CECmeq/100 g

Powder 32 9 0.106 0.004 7.7 217
Composi-

tion 
(weight 
%)

Na Mg Al Si K Ca Fe

Powder 0.92–2.9 0.65–1.07 4.14–24.1 1.20–41.7 1.4–3.5 1.04–2.63 6.77–33.1
Rock 0.2–2.3 0.12–4.9 4.2–16.8 1.2–41 1.2–3.3 1.5–6.3 1.1–7.8

Fig. 2   FTIR spectra of zeolite 
before and after sorption
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specific surface area which means more active sites for sorp-
tion [33]. For the sorption experiments, samples with grain 
size < 50 μm were used.

The effect of contact time on Cs- and Co-sorption on zeo-
lite is illustrated in Fig. 4 demonstrating that the adsorption 
proceeds very fast, and the equilibrium is achieved in less 
than 30 min which is characteristic of ion exchange process. 
This is also indicated by the pHequil which was reduced by 
about one unit.

The uptake data of Cs-sorption onto zeolite according to 
the equilibrium metal concentration in Cs-solution as well 
as the corresponding results for Co-sorption are illustrated 
in Fig. 5.

Adjustment of the experimental data to Langmuir and 
Freundlich models confirmed as it is shown in Table 2, that 
the best fitting was to Langmuir model for the Cs-sorption 
indicating monolayer coverage (homogenous adsorption). 
In the case of Co-sorption, the data are better described by Freundlich isotherm indicating surface heterogeneity and 

multi-layer adsorption [6, 12, 34].
The corresponding isotherms for Cs- and Co-sorption in 

binary system (1:1 Cs/Co solution) are also illustrated in 
Figs. 5a and b where it is shown that the adsorption capacity 
of cesium was suppressed from 80 to 50 mg g−1 in 1:1 Cs/
Co solution. Co2+-ions act as competing ions occupying the 
available sorption sites and decrease the adsorption capacity 
of cesium (circa 38%) while the corresponding adsorption 
capacity of cobalt was significantly decreased (circa 63%) 
in presence of Cs+-ions in binary system. Similar observa-
tions have been reported by other researchers studying the 
sorption of cesium and cobalt in single and binary systems. 
Gutierrez and Fuentes investigated the adsorption of cesium 
and cobalt onto Ca-montmorillonite in binary systems and 
observed that the Cs-sorption was less affected by Co-
sorption, which is consistent with the preferential uptake of 
cesium by clay minerals [14]. Park et al. also observed the 
predominant Cs-sorption onto montmorillonite and modified 
montmorillonites versus Co-sorption [15, 16].

Fig. 3   Cs-sorption capacity onto zeolite according to particle size

Fig. 4   Effect of contact time on Cs- and Co-sorption on zeolite (Ci: 
250 mg L.–1, T: 295 K)

Fig. 5   Sorption isotherms of (a) cesium and (b) cobalt onto zeolite in 
single and binary system (pH 8, T:295 K)
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From the ICP results it was also found that after sorp-
tion the concentrations of released Na- and Ca-ions in Cs-
solutions were higher, followed by binary Cs/Co-solutions 
and single Co-solutions. The opposite phenomenon was 
observed for the Fe-concentration.

These results demonstrate that cesium ions replace the 
sites of Na and Ca in zeolite’s structure while cobalt shows a 
preference for Fe-rich sites. Correspondingly, it is clear that 
Langmuir and Freundlich isotherms and -parameters are of 
merely empirical character in the complex sorption system 
and cannot adequately represent the chemical processes of 
sorption competition. Therefore, the model code PhreeqC 
(pH redox equilibrium) based on the thermodynamic equi-
librium such as geochemical processes of mineral dissolu-
tion and precipitation, ion exchange, surface sorption, aque-
ous complexation as well as redox reactions was applied in 
combination with the custom, Python based, inverse model-
ling tool P3R, to adjust adsorption constant for individual ion 
interactions with zeolite [35–37]. Two types of ion exchange 
sites were considered: X− and Y−

Reactions

XNa: exchangeable for Cs+, Ca2+, Co2+, Fe2+

Sorption affinities X: Na > Cs >  > Ca > Co = Fe.
Y2Fe: exchangeable for Co2+ only

Sorption affinities Y: Fe >  > Co.
The experimental sorption data with model simulations 

are presented in Fig. 6 for the experiments 1–5 with different 
concentrations where circles represent experimental data and 
lines represent the models (dark blue: Cs-sorption in single 

XNa + Cs+ → XCs + Na+; log_k = −0.25

2 XNa + Ca2+ → X2Ca + 2 Na+; log_k = −2.50

2 XNa + Co2+ → X2Co + 2 Na+; log_k = −3.50

2 XNa + Fe2+ → X2Fe + 2 Na+; log_k = −3.50

Y2Fe + Co2+ → Y2Co + Fe2+; log_k = −2.20

solutions, green: Co-sorption in single solutions, light blue: 
sorption in binary solutions).

The effect of competing ions is shown in Fig. 7. The pres-
ence of Ca2+-ions in the solution resulted in a decrease of 
metal uptake especially in the case of cesium due to antago-
nistic effects during the adsorption.

Environmental compatibility tests by the TCLP method 
revealed that the percentage of cesium and cobalt in the lea-
chate averaged 14.2% and 9.5% respectively. These findings 
are comparable with relevant literature data showing that the 
desorption rate of cesium and cobalt from the Petrota zeolite 
is low and therefore the material can be safely disposed in 
the environment [25, 38].

SEM–EDS and autoradiography investigation

SEM–EDS analyses were performed before and after Cs- and 
Co-sorption onto zeolite, using samples from the pristine 
zeolitic rock and zeolite in powder form. Figures 8a-b show 
images of the pristine zeolite rock in low and higher magni-
fication along with the area and points where EDS analyses 
were performed. A dense clear layering structure (Fig. 8a) 
and aggregates with finer grains of zeolite can be observed 
(Fig. 8b). The chemical composition (in weight %) was pre-
sented in Table 1 and agrees with literature data for heulan-
dite. Minor differences were observed after sorption in the 
binary system as it is shown in Fig. 8c and d. EDS analy-
sis at various sites confirmed the presence of cesium (Cs: 
0.5–2.2%). Cobalt was detected in lesser concentration as 
compared to cesium (Co: 0.2–0.7%) and detected in regions 
of high iron (Fe: 7–30%) concentration. The backscattered 
SEM images of the Petrota zeolite in powder form are given 
in Fig. 9a and b where separate particles of plate-like shape, 
and microaggregates, characteristic of monoclinic miner-
als are visible. Bright signal corresponds to regions with 
high concentrations of iron (up to 35%). Figure 9c shows 
the SEM image of the sample after Co-sorption where a dif-
ferent depict is observed with a plate like morphology. The 
percentage of cobalt ranged between 2.7 and 4.3%. Αnother 
illustration is exhibited by the corresponding zeolite sample 
after sorption of Cs/Co in Fig. 9d. The presence of cobalt 
(ca. 1.1%) was confirmed by EDS analysis in the bright spots 
with significant iron contents (31.3%) whereas cesium per-
centage up to 3.2% was detected.

Table 2   Parameters of the 
Langmuir and Freundlich 
models for Cs- and Co-sorption 
in single systems

Langmuir model Freundlich model

KL (L mg−1) qmax (mg g−1) R2 KF (mg/g)(L/
mg)1/n

1/n R2

Cs-sorption 0.06914 81.3 0.9953 9.9682 0.3920 0.8489
Co-sorption 0.00819 63.7 0.8958 1.7977 0.5695 0.9126
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Fig. 6   Simulation data using the 
model code PhreeqC
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Furthermore, the detection of radiation of the sorbed 
radiocesium and radiocobalt on the zeolitic rock surface 
through autoradiography revealed information about the 
spatially distribution of the studied radionuclides. This 
technique provides visualization of the spatial distribution 
of the porosity and the field heterogeneities [39]. A frac-
tion of initially sorbed 137Cs and 60Co onto zeolite stone, 
measured by autoradiography along with the EDS maps is 
shown in images of Fig. 10 (where cyan color is representa-
tive for K distribution). Low activity is displayed in blue 
to green, medium in yellow and high activity in red color. 
Comparisons of the images and activity distributions deter-
mined by autoradiography showed that the adsorbed activity 
was not necessarily correlated with the size and the loca-
tion of the visible cracks, but among others, related to the 
overall microstructure and porosity of the zeolite as well as 
Fe-rich areas of the sample as was demonstrated from the 
SEM–EDS analysis.

Figure 11 shows the SEM image from a region of the 
sample before Co-sorption with the corresponding EDS 
analyses where different mineral phases can be seen such 
as cracks (yellow color) with high iron content (up to 25%) 
or regions rich in K and Na (light blue color), Ca (blue and 
green color) and Si-Al (red color).

HEU-type zeolites with an aperture 4.4–7.2 Å contain 
a large number of adsorption sites and selectivity to Cs+ 
due to its hydrated ion radius of 3.29 Å. As reported in lit-
erature, cesium can penetrate and replace internal cations 
(Na+, Ca2+) of zeolite by ion-exchange in a wide range of 

conditions [25]. The uptake of Co2+ is less favored due to its 
bigger hydrated ion radius (4.23 Å) [40]. On the other hand, 
the sorption onto minerals is also influenced by particle size, 
mineralogical composition and impurities.

In this research work we confirmed the above findings 
via mathematical modeling of isothermal data supported by 
FTIR and SEM–EDS results. The fast sorption process, the 
effect of competitive ions and the metals release indicated 
that the Cs- and Co-sorption on the Petrota zeolite is gov-
erned mainly by ion exchange. The significant adsorption 
capacity of 81.3 mg g−1 for cesium and 63.7 mg g−1 for 
cobalt is due not only to its high CEC but also to its mineral-
ogy composition [6, 10, 12, 41–44]. As mentioned before, 
cobalt was detected by SEM–EDS in iron-rich sites [41]. 
Iron, cobalt, and nickel belong to transition elements and are 
similar in properties. Concerning the competitive sorption 
of cesium and cobalt in binary systems it was revealed that 
the Cs-sorption was less affected by Co-sorption, which is 
consistent with the preferential uptake of cesium by clay 
minerals and also due to the mechanism of ion exchange 
which is the dominant mechanism especially in the case of 
cesium sorption. The specific sorption behavior of different 
elements and the effect of mineralogy composition on the 
retention of radionuclides as well as the simultaneous sorp-
tion of two or more metals in multicomponent systems is of 
great significance in the management of radioactive waste 
in real conditions and should be studied thoroughly in the 
future [42, 43].

Conclusions

This research provides insights concerning the factors that 
influence the sorption of cesium and cobalt on HEU-type 
zeolite such as particle size, CEC, specific surface area, min-
eralogical composition and impurities.

The XRD results showed that the crystallinity of the 
zeolite remains after the interaction with Cs, Co or Cs/Co 
solution and revealed small changes attributed to metal ion 
exchange. The characterization by FTIR also pointed out 
slight differences in the loaded materials.

SEM–EDS study and autoradiography tests showed the 
spatial distribution of Cs- and Co-loaded adsorbents in 
single and multicomponent systems which is affected by 
the mineralogy composition and the presence of different 
phases.

The sorption process was very fast and was influenced 
by the presence of competitive ions. The adjustment of the 

Fig. 7   Sorption isotherms in absence and presence of 0.05  mol L–1 
Ca(NO3)2 (pH: 8, T: 295 K)
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isothermal sorption data to Langmuir and Freundlich mod-
els showed significant sorption capacity (Qmax:81.3 and 
63.7 mg g−1 for cesium and cobalt respectively).

Regarding the sorption results and the metals release into 
the solution after adsorption as well as the competitive bind-
ing of cesium and cobalt, a simple two site ion-exchange 
model was proposed which can be considered as the domi-
nant adsorption mechanism in this research.

Environmental compatibility tests showed that the des-
orption rate of cesium and cobalt from the Petrota zeolite is 
low demonstrating the safe disposal of the material.

The obtained results provide useful information about the 
adsorption properties of HEU-type zeolites which will help 
in the application of these minerals as promising sorbents.

Fig. 8   SEM (backscattered electron) images for: (a), (b) pristine zeolitic rock and (c), (d) pristine zeolitic rock after Cs/Co-sorption
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Fig. 9   SEM images for: (a), (b) zeolite (powder), (c) zeolite after Co-sorption, and (d) zeolite after Cs/Co-sorption in binary system
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Fig. 10   Autoradiography 
images with the coresponding 
EDS maps: (a) zeolite loaded 
with 137Cs, (b) pristine zeolitic 
rock, (c) zeolite loaded with 
60Co and (d) pristine zeolitic 
rock
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