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Abstract: This study investigates the adsorption of selected water pollutants, namely caesium and
copper, by using natural zeolite of the clinoptilolite type, as well as clinoptilolites coated with MnOx,
FeO(OH)-MnOx and FeO(OH). A comprehensive evaluation of these processes was conducted.
The kinetics of Cs and Cu adsorption on all examined samples smoothly followed the pseudo-
second-order kinetic model, with the liquid film step regarded as the slower step in both cases. The
Langmuir isotherm model provided the most accurate description of Cs and Cu adsorption for all
examined samples. However, when considering natural clinoptilolite and FeO(OH)-clinoptilolite
systems in relation to Cu(II), the Redlich–Peterson model slightly outperformed the Langmuir model.
The modification of clinoptilolite with Mn and Fe oxyhydroxides did not significantly enhance the
removal efficiency of Cs compared to the unmodified sample. In contrast, the adsorption capacity,
especially for MnOx-clinoptilolite, increased fourfold for Cu and other tested cations such as Pb and
Zn, indicating improved efficiency in these cases.

Keywords: Mn and Fe oxyhydroxides zeolite; Cs(I); Cu(II) adsorption

1. Introduction

Copper ranks as the third most abundant metal element in the human body, following
iron and zinc [1–3]. There are a total of 29 copper isotopes, with Cu-63 constituting
approximately 69% of naturally occurring isotopes. Caesium-137 is a radioactive isotope of
caesium generated as a common fission product during the nuclear fission of uranium-235
and other fissionable isotopes in nuclear reactors and nuclear weapons. It emerges as one
of the most challenging fission products to handle, due to its short-to-medium half-life
(30 years) [4–12]. Caesium-137 was released into the environment during nearly all nuclear
weapon tests and certain nuclear accidents, notably the abovementioned Chernobyl and
Fukushima Daichii disasters [6,13–16]. Not only major accidents, but also numerous minor
incidents contribute to the radioactive contamination of our environment according to the
literature published under [3–6,8,9,17,18].

In recent years, substantial efforts have been invested into designing water treatment
methods for removing hazardous metals from water. Among the recommended techniques
like chemical precipitation, ion exchange, membrane filtration, coagulation–flocculation
and adsorption, adsorption is undoubtedly one of the most economically viable and effec-
tive methods in water technology [8–15]. Adsorption is also considered one of the most
suitable methods for final water purification, owing to its simplicity and the availabil-
ity of various natural or commercial adsorption materials [16–30]. Over the last decade,
nanomaterials-based zeolite-type mesoporous adsorbents have garnered attention in the
scientific community for removing hazardous metal pollutants, including radionuclides.
Their improved adsorption ability and selectivity are based mainly on the organic ligand
complexation with target ions [23–27,31,32]. In the case of an ion exchange separation of
Cs, inorganic ion exchangers are found to be superior over organic ion exchangers due to
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their thermal stability, resistance to ionising radiation and good compatibility with final
waste forms. Therefore, several clay minerals, including montmorillonite, illite and others,
have also been applied for the removal of radioactive contaminants [8–10,19–22,28,31].
While natural zeolites have traditionally been used for removing Cs-137 from low- and
intermediate-level radioactive waste effluents, a drawback lies in the competitive inter-
actions of other monovalent cations, particularly Na and K in waste effluents, which can
considerably lower Cs adsorption [8,9,22,31]. Transition metal hexacyanoferrates, partic-
ularly nickel hexacyanoferrate, (Prussian blue analogue) is known to be highly selective
for caesium adsorption and has been regarded as the most promising adsorbent in terms
of selectivity and capacity for caesium ions [8–10,13,18]. Recently, coir pith, or highly
functionalised mangrove charcoal, has emerged as a promising candidate adsorbent for
removing radioactive ions from aqueous solutions as well [15–17,21,28].

This study aims to evaluate the fundamental and key data of Cu(II) and Cs-137 ad-
sorption by using the monometallic FeO(OH)- and MnOx-coated, as well as bimetallic
FeO(OH)-MnOx-coated, clinoptilolites originating from Slovakia. The review primarily
focuses on the kinetics of Cu2+ and Cs-137 uptake from aqueous solutions using four differ-
ent calculation models: the pseudo-first-order kinetic model according to Lagergren; the
pseudo-second-order kinetic model according to Ho and McKay; the intraparticle diffusion
model according to Weber and Morris; and the liquid film diffusion model. The adsorption
equilibrium data were characterised using two-parameter empirical adsorption isotherm
models according to Langmuir, Freundlich and BET, as well as the three-parameter model
according to the Redlich–Peterson isotherm.

2. Experimental Section
2.1. Adsorption Materials Examined

The physicochemical specification of the inland clinoptilolite examined in this study,
including structure and the surface morphology, is published in the literature [33]. The
clinoptilolite used in this research comes from a long-term mined surface deposit near Nižný
Hrabovec, from the region of East Slovak neovulcanites. The mineralogical composition
of the Slovak zeolite rock, as referred elsewhere [33–35], is the following: clinoptilolite
70%–80%, volcanic glass 15%–20%, feldspar 7%–10%, cristobalite 2%–4% and alfa-quartz
2%–3%. The MnOx-clinoptilolite, obtained in the form of crushed and sifted rock with
an initial grain size ranging from 0.2% to 1.0 mm, was prepared following the procedure
outlined in reference [33]. The preparation method involved an almost semi-operational
process, conducted at ambient temperature and by maintaining a neutral pH. This process
needed a larger volume of chemicals, including 5% KMnO4 and 30% MnSO4 solutions.
The resulting MnOx-clinoptilolite served as the starting material for the synthesis of a
combined bimetallic FeO(OH)-MnOx zeolite. The other monometallic FeO(OH)-zeolite was
synthesised in a relatively lower amount by using a laboratory equipment and following
the procedure published in [33]. 20 g of (0.2–1.0 mm) grain-sized zeolite was mixed with
0.5 L of 10% aqueous solution of iron(III) nitrate nonahydrate (Fe(NO)3*·9H2O; Alfa Aesar,
Crystalline, Germany) and left to mature at 60 ◦C in a laboratory water bath shaking
machine for 3 days. Subsequently, a 200 mL solution of 2.5 M KOH was slowly added to
achieve a final suspension with a pH of 12. This mixture was further aged for almost one
week at room temperature. Following the completion of the reaction and the addition of all
chemicals, the suspension underwent filtration using a cellulose membrane paper (KA 4,
Fisher Scientific, Perštejn, Czech Republic) for qualitative analysis. The filtered material
was then washed with deionised water (electrolytic conductivity less than 0.20 µS/cm) and
finally dried at 105 ◦C for 2 h in a laboratory dryer.

The mono- and bimetallic Fe and Mn oxide-supported clinoptilolite was thoroughly
characterised with thermoanalytical FT-IR, XRD, SEM and XPS spectroscopy. All the
spectral procedures that were used confirmed the occurrence of a new MnO2 phase (pre-
dominantly birnessite), including mostly amorphous iron oxy(hydr)oxide, i.e., FeO(OH)
species on the surface of the above-synthesised adsorbents as published under [33–35]. An
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average SEM-EDS composition of natural zeolite of clinoptilolite type and its 3 modified
samples are present in Table 1 and in the study [34].

Table 1. Specific surface areas and porosity values of the adsorbents studied.

Sample Grain Size SBET
(m2/g)

St
(m2/g)

Vmicro
(cm3/g)

Slovak natural zeolite of
clinoptilolite type 0.2–0.6 mm 31.7 21.4 0.004

Slovak natural clinoptilolite ≤20 µm 59.2 -

FeO(OH)–MnOx-clinoptilolite of Slovak origin ≤100 µm 31.4 28.8 0.001

MnOx–Slovak clinoptilolite ≤100 µm 27.5 22.9 0.002

FeO(OH)-clinoptilolite of Slovak origin ≤100 µm 52.2 38.2 0.007

S(BET)—Surface area determined via nitrogen adsorption and BET isotherm. S(t)—Surface area of mesopores
plus external surface area determined via t plot method. V(micro)—Volume of micropores determined via t
plot method.

2.2. Batch Adsorption Experiments

Batch mode or discontinuous adsorption experiments for basic adsorbent characteri-
sation (system equilibrium setup and adsorption isotherm calculations) were carried out
according to the conventional method reported elsewhere [10–12,21–27], as follows: A
30 mL of solution, measured with analytical precision, of different initial concentrations,
together with 0.3 g of adsorbent, weighed to 4 decimal places, were added into resealable
plastic vials and mixed using rotation mode for the selected time at constant speed (180 rpm)
on a Biosan SIA Multi-rotator in order to reach equilibrium. The aqueous solutions obtained
through a 0.45 µm cellulose membrane filtration were analysed. A powdered grain size
fraction less than 0.2 mm for all adsorbent samples was used. All measurements were
made in triplicate at a laboratory temperature of 23 ± 0.2 ◦C. The equilibrium uptake
capacity aeq in mg/g for each sample was calculated according to the following mass
balance Equation (1):

aeq =

(
Ci −Ceq

m

)
V (1)

where ci and ceq are initial and equilibrium concentrations of the pollutant studied (in
mg/L), m is the mass of the adsorbent examined (in g) and V is the volume of the solution
in litres (L). The stock solution of CuSO4 (purum), prepared in acidified deionised (D.I.)
water with pH = 4.5, was purchased from Lachema Brno (made in the Czech Republic).
Stock solutions of caesium were prepared by dissolving the grade reagent CsCl of analytical
purity in acidified deionised (D.I.) water (pH = 4) and enriched with low level activity
(137Cs was used as a tracer for analysis). The radioindicator 137Cs was supplied by the
National Centre for Nuclear Research POLATOM (Otwock, Poland). CsCl was purchased
from AnalaRBDH chemicals Ltd., Poole, England.

2.3. Analytical Methods

The copper content of the solutions was determined via flame atomic absorption
spectrometry at 324.7 nm and a 0.7 nm slit, with deuterium background correction (AAS
Model 1100, Perkin Elmer, Waltham, MA, USA). Calibration standards were prepared from
Cu 1000 mg/L stock solution (CertiPUR, Merck, Germany). The measurement range was
0.05–10 mg/L; the solutions with higher Cu concentration were diluted.

The adsorption of Cs-137 onto zeolite was performed via the radioisotope indication
method using a radioisotope Cs-137 as referred in [36]. Parameters affecting adsorption
were examined by adding 5 mL of aqueous solution to 0.05 g of zeolite in a plastic tube
in order to minimise the radioactive waste produced. Zeolite and aqueous solutions
were mixed in a rotary laboratory mixer with a constant mixing speed. Subsequently, the
suspension was centrifuged at 8000 rot/min for 15 min and an aliquot of each supernatant
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was collected and analysed using a Modumatic model gamma spectrometer equipped
with a NaI(Tl) detector. The best initial pH for the highest Cs adsorption on zeolite was
determined at pH = 4 from among the scales of 1 up to 10 and the influence of contact time
on adsorption capacity was studied from 1 min up to 420 min.

For the characterisation of the material and structural investigation of the samples,
the external surface area and porosity of the clinoptilolite rock, including competitive
samples, were determined at liquid nitrogen temperature (76 K) in a Micromeritics ASAP
2400 apparatus, using the static volumetric technique and t plot methods with the BJH pore
diameter computation.

3. Results and Discussion
3.1. Kinetic Studies

First, the kinetic measurements presented in Figure 1 were performed to distinguish
the Cu(II) and Cs-137 removal performance of the three selected adsorbents. The data at all
curves (Figure 1) refer to the arithmetic average values of three parallel measured samples,
usually for every time interval until the equilibrium. The study of Cu(II) adsorption depen-
dence with time onto various zeolites was carried out for solutions with Co = 399 mg/L and
the original pH value 4.5, as well as the study of Cs-137 with a solution concentration of
Co = 500 mg/L and pH = 4. Due to the more or less overlapping of the resulting adsorption
capacities towards Cs-137 for all, i.e., the kinetic and isotherm curves, among the MnOx-,
FeO(OH)-MnOx- and the natural zeolite, only one selected measurement for natural zeolite
versus Cs-137 solution was chosen for plotting. The experimental kinetic data obtained
(Figure 2, Table 2) were calculated using the OriginLab Corp. ORIGINPro v 9.1 (Data
Analysis and Graphing Software 2013).
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Figure 1. Kinetics for Cu(II) removal on the (a) natural and (b) MnOx-zeolite with 2 various grain
size fractions (natural zeolite was in powdered form less than 0.2 mm); Cs-137 removal on the
(c) natural zeolite.

Table 2. Kinetic models for Cu(II) and Cs-137 adsorption onto various samples of zeolite.

aeq

aeq
mg/g
(cal.)

K1
(1/min) R2 K2

(g/mg·min)
aeq mg/g

(cal.) R2 Ki
(g/mg·min−1/2)

Kfd
(mg/g·min−1)

Sample Type mg/g
(exp.) Pseudo First Order Pseudo Second Order Intraparticle

Diffusion
Liquid Film
Diffusion

MnOx-zeolite grain
size less than

0.2 mm/Cu(II)
39.4 3.6 0.00186 0.93396 0.00709 39.7 0.99998 0.23125 0.00984

MnOx-zeolite
0.5–1.0 mm/Cu(II) 37.8 24.7 0.00271 0.95596 0.00090 40.6 0.99903 1.21873 0.0123

Natural zeolite
less than

0.2 mm/Cu(II)
11.6 3.1 0.00151 0.88450 0.00609 11.9 0.99726 0.14631 0.00763

Natural zeolite less
than 0.2 mm/Cs-137 48.0 7.1 0.00564 0.83985 0.00239 48.3 0.99903 0.42684 0.00592
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for Cu(II) adsorption on (b) natural zeolite with less than 0.2 mm grain size, (c) MnOx-zeolite with
0.5–1 mm grain size, (f) MnOx-zeolite with less than 0.2 mm grain size and (g) for Cs-137 adsorption
on natural zeolite.
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The kinetics of Cu2+ and Cs+ uptake from aqueous solutions were evaluated us-
ing four different calculation models: the pseudo-first-order kinetic model according to
Lagergren (2), the pseudo-second-order kinetic model according to Ho and McKay (3),
the intraparticle diffusion model according to Weber and Morris (4) and the liquid film
diffusion model (5) [32,37]:

log
(
aeq − a

)
= logaeq−

k1

2.303
t (2)

t
a

=
1

k2a2
eq

+
1

aeq
t (3)

The adsorbate can diffuse into the interior of the porous adsorbent particles while
intraparticle diffusion can be described using Equation (4):

a = ki
√

t + C (4)

where k1, k2 and ki are the pseudo-first-order, pseudo-second-order rate constants and the
rate parameter of the intraparticle diffusion control stage, respectively; aeq is the maximum
amount of solute adsorbed at equilibrium in mg/g; a is the amount of solute on the surface
of the adsorbent at any time t in mg/g and C is the intercept at the ordinate. The overall
rate of adsorption is controlled by the most slow step, which used to be either film or pore
diffusion. When the transport of adsorbate from the liquid phase up to the solid phase
boundary plays the most significant role in adsorption, the liquid film diffusion model (5)
may be applied:

ln (1 − F) = −kfd·t (5)

where F is the fractional equilibrium (F = at/aeq) and kfd is the adsorption rate constant.
A linear graph—ln (1 − F) versus t with zero intercept—may suggest that the kinetics of
the adsorption process is controlled by diffusion through the liquid film surrounding the
solid adsorbent.

As depicted in Table 2, it is evident that all the systems examined in this study can
be characterised in terms of kinetics following the pseudo-second-order model. Notably,
the most time-consuming step in this process appears to be the diffusion through the
liquid film.

3.2. Isotherm Studies

Furthermore, the determination of the adsorption capacity at various equilibrium
concentrations is used to be plotted as an experimental adsorption isotherm. Table 3 and
Figure 3 present the adsorption results on various surface-modified zeolite samples, includ-
ing the natural one using the statistical regression analysis (Origin version 9.1E, Origin Lab
Corp. Linear Fit, Burlington, NC, USA). The equilibrium data from Figure 3 were analysed
via two-parameter empirical adsorption isotherm models Langmuir (6), Freundlich (7) and
BET (8), as well as with the three-parameter Redlich–Peterson isotherm (9). Results are
listed in Table 3:

1
a

=

(
1

amax·b·ceq

)
+

(
1

amax

)
(6)

a = K·c
1
n
eq a = logK +

1
n

log ceq (7)

ceq

a
(
csat − ceq

) =
1

KBET·amax
+

KBET − 1
KBET·amax

·
ceq

csat
(8)

a =
A·ceq

1 + B·cg
eq

ln
(

A
ceq

a
− 1

)
= glnceq + lnB (9)
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where a means the specific adsorption capacity in mg/g; amax is the maximum adsorption
capacity in mg/g; ceq is the equilibrium concentration in solution in mg/L; b relates to
the affinity of the solute for the binding sites expressed in L/mg; c(sat) means saturation
concentration in solution in mg/L; KF,L,BET are coefficients of individual isotherms in L/mg;
n means a heterogeneity factor of Freundlich isotherm (without unit) and A, B and g are
nonlinear regression constants of the Redlich–Peterson isotherm.

Table 3. Langmuir, Freundlich, BET and Redlich–Peterson isotherm data for Cu(II) adsorption by
using natural, FeO(OH)-, FeO(OH)-MnOx- and MnOx-zeolite and for Cs-137 adsorption by using
natural zeolite.

Adsorbent/
Adsorbate

Langmuir Isotherm Freundlich Isotherm BET Isotherm Redlich–Peterson Isotherm

amax amax amax n KF R2 KBET R2 g A B R2

mg/g mg/g mg/g L/mg L/mg L/g (L/mg)g

MnOx-zeolite/Cu(II) 60.97 0.0351 0.9995 5.7372 18.8191 0.9312 −13.2438 0.8621 0.4240 2.2782 0.7814 0.7164
FeO(OH)-MnOx-zeolite/Cu(II) 35.34 0.0048 0.9836 5.5710 7.4611 0.9708 −6.2651 0.8271 0.6170 63.0545 0.4746 0.9218

FeO(OH)-zeolite/Cu(II) 17.89 0.0048 0.9725 4.2230 2.6669 0.9127 −1.7427 0.7220 0.7811 2.8011 0.3246 0.9841
Natural zeolite/Cu(II) 17.24 0.0104 0.9896 4.8733 3.6392 0.9297 −1.8110 0.5848 0.8474 2.7475 0.1899 0.9951
Natural zeolite/Cs-137 119.33 0.0159 0.9965 1.9981 4.2459 0.9577 3.7671 0.2034 0.1899 1.8087 1.6084 0.6077
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From the calculations performed and graphical plotting of the experimental results,
it emerged that, based on the determination coefficients R2, the validity of the Langmuir
isotherm clearly prevails almost for all of the systems studied. Only both systems of
natural zeolite and FeO(OH)-zeolite versus Cu(II) were slightly better described with the
Redlich–Peterson model (Figure 3, Table 3). The polymolecular two-parameter empirical
BET isotherm model resulted in the least fitted one. Furthermore, from Table 3 and the
calculated adsorption capacities, it can be deduced that the clinoptilolite modified with Mn
and Fe oxyhydroxides did not improve Cs-137 removal efficiency in that extent, as was
the case by the simple ion-exchanged clinoptilolite; however, by Cu and other previously
tested Pb and Zn cations, the capacity, especially of MnOx-zeolite, increased approximately
fourfold in regard to natural zeolite [31,33]. For FeO(OH)-MnOx-treated clinoptilolite
in the Cu, Pb and Zn cation solutions, the adsorption capacity in regard to the natural
zeolite samples was only recorded with doubled high values. It may be assumed that iron
and manganese oxyhydroxides penetrated into the pore structure of the zeolite surface
and changed the properties of the surface, but did not block accessibility for Cs-137 to
migrate into the internal zeolite structure; they enabled Cs-137 to easily—and without any
restriction—penetrate inside the zeolite matrix, through equilibrium attainment however,
and thus was time-dependent. The embedding of nanodispersed FeO(OH) hydrogels
and various manganese oxides into mainly microporous and mesoporous structures of
clinoptilolite rock considerably decreased the SBET values of these products, except for
the FeO(OH)-clinoptilolite, whose SBET value remained only slightly lower in regard to
the untreated original rock (Table 1). The graphical comparison of pore size distribution
for all chemically treated zeolite samples is shown in Figure 4. According to Table 1, the
natural zeolite was characterised with the lowest surface area of mesopores, including
external surface area (St is approximately 2/3 of the total SBET), while the Mn and Fe
oxyhydroxide-coated zeolite samples contained higher values of St in regard to their SBET.
The highest volume of micropores Vmicro was confirmed by FeO(OH)-clinoptilolite and the
lowest by FeO(OH)-MnOx-clinoptilolites and MnOx-clinoptilolite, which could indicate
that the MnOx components may preferentially incorporate into the micropores. These
results support the following assumptions: Slovak clinoptilolite rock preferentially adsorbs
Cs-137 into its micropores (pore dimensions of clinoptilolite are 3.3 × 4.6 Å, 3.0 × 7.6 Å
and 2.6 × 4.7 Å [35]), while zeolite surface covering with Mn(IV) and Fe(III) oxyhydroxides
might suppress Cs-137 migration into its structure. This was clearly shown by the equi-
librium measurements (adsorption efficiency versus time dependence), where the natural
zeolite already reached equilibrium in 2 h, but chemically treated FeO(OH)-MnOx-zeolite
only in 7 hrs. The results from previous investigations of Cs adsorption onto Slovak clinop-
tilolite, i.e., onto the natural and Na+-exchanged one, referred to the adsorption capacity
of 249.6 mg/g for Na+-exchanged clinoptilolite compared to approximately 100 mg/g for
the natural clinoptilolite (Table 5) [31]. This considerable increase in the removal efficiency
of Na+-exchanged clinoptilolite may be explained by cleaning and by the release of the
internal porous space of the clinoptilolite during the chemical ion exchange treatment
and replacement of the original mixture of ions (K, Ca, Mg, Na [35]) with Na cations,
which are more thermodynamically suitable for its dimension size (radius of hydrated
Na cation is 3.58 Å with −∆H = 420 kJ/mol, radius of hydrated K cation is 3.3 Å with
−∆H = 340 kJ/mol, radius of hydrated Ca cation is 4.1Å with −∆H = 1615 kJ/mol and ra-
dius of hydrated Mg cation is 4.3Å with −∆H = 1960 kJ/mol) [36,38]. Nevertheless, it may
be supposed that a large, poorly hydrated Cs ion (its radius of hydrated ion is 5.05Å and
−∆H = 280 kJ/mol only) will release some of the water molecules or it may be deformed
or flattened through the migration into the zeolite structure by exchange with Na ions.
In our current research, the Cs-137 removal efficiency onto the examined natural, MnOx
and FeO(OH)–MnOx-zeolites was more or less similar, which supports the above clarified
phenomenon of a higher priority of Cs ion towards micropores. Some interesting results of
a similar study were achieved by Voronina et al. [8,9,31], who compared the adsorption
capacity of Russian natural and by ferrocyanide-modified clinoptilolites, while finding
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almost no difference in the capacities of both samples. Their capacity values correspond
well with our capacity values for Cs-137 uptake, despite another surface functionalisation.
Tables 4 and 5 illustrate the lists of some selected adsorption materials used for Cu and Cs
ion uptake, published in the scientific literature, in order to compare our capacity values
for Cu and Cs ion uptake with those found by the foreign authors. From Table 4, it can be
seen that Stojakovic et al. [22] obtained a similar capacity value as in our case (17 mg/g) for
Cu(II) ion uptake onto natural zeolite; however, the manganese oxide clinoptilolite from
Iran reached the maximum capacity towards Cu(II) at only 6.9 mg/g, which, in regard
to our measured maximum capacity of 60 mg/g, means that it is one order of magnitude
lower in value [25,32].
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Table 4. The literature review of maximum adsorption capacities to Cu(II) for some adsorbents.

Adsorbent Max. Adsorption Capacity in
mg/g to Cu(II) Reference in This Study

Coconut seed powder (CCP) 4.3 [21,28]
Sesame seed cake powder (SSCP) 4.2 [28]

Ground nut seed cake powder (GNCSP) 4.8 [15,28]
Shells of lentil (LS) 9.6 [15,21]

Wheat (WS) 17.4 [17,21]
Rice (RS) 2.9 [21]

Iron oxide-clinoptilolite, Iran 8.8 [24,25]
Manganese oxide-clinoptilolite, Iran 6.9 [25,32]

Natural zeolite (clinoptilolite), Zlatokop, Serbia 16.8 [22]
CTAB—surfactant-coated kaolin 38.5 [19,20]

Natural kaolin 19.2 [21,28]
Sewage sludge ash (SSA) 4.1 [30]

Pectin-coated iron oxide magnetic nanocomposite adsorbent 49.0 [29]
ZnO2 nanoparticles green synthesised with Aloe vera 20.4 [27]

Elemental selenium nanoparticles 890 [26]
TiO2 nanosorbent 9.3 [23]
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Table 5. The literature review of maximum adsorption capacities to Cs(I) on some adsorbents.

Adsorbent Max. Adsorption
Capacity in mg/g to Cs(I) Reference in This Study

Prussian Blue encapsulated alginate/calcium beads 142.8 [18]
Prussian Blue analogue on chitosan/carbon nanotubes 219.8 [8–10]

Polyacrylonitrile–K-Ni-Cyanoferrates 157.7 [18]
Zirconium molybdopyrophosphate 183.4 [14]

Dibenzo-30-crown-10-ether immobilised mesoporous adsorbent 107.2 [13]
Fly ash-based geomaterials 89.3 [10,13]

K1.93Ti0.22Sn3S6.43 adsorbent 450.1 [11]
Opaline mudstone 32.1 [12]

Slovak natural clinoptilolite 99.8 [31]
Na-exchanged Slovak clinoptilolite 249.6 [31]

Russian natural clinoptilolite 135 [8,9]
Russian ferrocyanide-modified clinoptilolite 136 [8,9]

Ferrocyanide-modified silica gel 53.2 [13]
Ammonium-pillared montmorillonite/CoFe2O4-Ca-alginate 86.5 [19]

Lignocellulosic coir pith with nickel hexacyanoferrate 93.3 [15–17]
Mangrove charcoal-modified adsorbent 133.5 [15,16]

The radius of 4.19 Å of the hydrated cooper cation, with its −∆H = 2084 kJ/mol,
is considered comparable to the more likely examined Pb cation (radius of hydrated
ion is 4.01 Å and −∆H = 1496 kJ/mol) and Zn cation (radius of hydrated ion is 4.3 Å
and −∆H = 2080 kJ/mol), which is consistent with its mutual adsorption behaviour [38].
Usually, at a low pH solution, a positive charge prevails on the surface of the hydrated
oxides. Most literary sources and their authors classify Fe(III) oxyhydroxides as anion
active or exchangeable anions, that is, oxides with a positive charge on the surface, while
the surface of MnOx is an cation active or is cation exchanging, that is, with a negative
charge [33]. This statement is in good agreement with our results, because a negatively
charged MnOx-zeolite showed the highest Cu, Zn and Pb ion uptake capacity, while the
FeO(OH)-zeolite with a positive surface charging showed the lowest adsorption ability for
those cations. Considering the achievement of a fourfold higher adsorption capacity for the
studied Pb, Zn and Cu ions, compared to the natural zeolite, we can assume that zeolite
coated with manganese polyoxides externally and partially internally works as a parallel
adsorbent [31,33]. All of the above ions from solutions probably mechanically intercalate
between the parallel layers of manganese oxides (inner sphere complex adsorption), which
is especially typical for the manganese oxide structure of birnessite [33] and likely also
occurs on the zeolite surface (Table 3).

4. Conclusions

Zeolites are favoured as ion exchange materials for effectively removing radionuclides,
particularly Cs-137 and Sr-90, from aqueous nuclear wastes due to their well-established
highly selective ion exchange characteristics and cost-effectiveness. They also effectively
adsorb heavy metal cations. In the present study, adsorptive capabilities of unmodified
and various modified clinoptilolites with regard to selected water contaminants, namely
caesium and copper, were investigated using batch adsorption technique, under static
experimental conditions at ambient laboratory temperature. Pseudo-second-order kinetic
model proved to be the best option for the abovementioned cations’ adsorption onto clinop-
tilolites. While the Langmuir isotherm adsorption model provided a better description
of Cs and Cu adsorption, the Redlich–Peterson model presented better results for natural
and FeO(OH)-clinoptilolites systems. While the adsorption capacity for Cu and other
previously tested cations like Pb and Zn increased approximately fourfold, especially with
MnOx-zeolite, compared to natural zeolite, the capacity for Cs remained nearly unchanged.
This result underscores the continued preference for using natural clinoptilolite in the
removal of radiocaesium from aqueous solutions or from radioactive wastes.
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