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Abstract. Pollution of the aquatic environment with heavy
metals, particularly lead (Pb*") and zinc (Zn?") ions, is one of
our most pressing environmental problems. Even insignificant
concentrations of Pb?" and Zn?" ions in the water pose a serious
threat to human health, biodiversity, and the functioning of
aquatic ecosystems. The work aims to assess the effectiveness
of zeolite as al ow-cost natural sorbent for purifying the
aquatic environment from toxic metals. The experimental part
was carried out by a series of laboratory studies under static
conditions at a temperature of 20 °C, with a variation of the
initial concentrations of metal solutions within 1-30 mg/dm?.
The sorbent interacted with the solutions for 48 hours, after
which the residual concentration of ions inthe filtrate was
determined by ionometry and photometry. The obtained
adsorption equilibrium data are consistent with the classical
Langmuir and Freundlich isotherms. In particular, for zinc
ions, it was found that the equilibrium dependence is well
approximated by the Langmuir equation with a high
coefficient of determination (R? >0 .97). The Freundlich
isotherm also showed satisfactory correspondence to the
experimental data, which indicates the heterogeneity of the
active centres of the sorbent. A comparative analysis of the
adsorption capacity showed that natural zeolite has a higher
efficiency in removing Pb*" ions than Zn?*, which is explained
by the physicochemical properties of the ions (in particular, the
radius and hydration energy). The results indicate the
feasibility of using zeolite as a sorbent for preliminary water
purification from heavy metals.

Keywords: wastewater, heavy metals, adsorption isotherm,
zeolite, ecological security.

1. Introduction

Pollution of water resources with heavy metals,
particularly lead (Pb*") and zinc (Zn?") ions, is one of
our most acute environmental problems. These metals
are toxic even at low concentrations and can
accumulate in living organisms, causing severe
ecosystem disturbances and threatening human
health. In this regard, the search for effective,
affordable and environmentally safe methods for
removing heavy metal ions from polluted waters is
relevant. Among such methods, adsorption using
natural materials, particularly zeolites, which have a
high cation exchange capacity, a developed porous
structure and significant availability, attracts
considerable attention. However, the effectiveness of
natural zeolites in removing specific ions, such as
Pb*" and Zn?', depends on several factors — the type
of zeolite, process conditions, ion concentration and
the competitive influence of other components. This
necessitates a more detailed study of the adsorption
capacity of natural zeolite for lead and zinc ions to
optimise the water purification parameters.

Under modern industrial development, the
technogenic load on the environment is increasing,
which causes an increase in the concentration of
heavy metals in water bodies. Lead (Pb*") and zinc
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(Zn**) ions are among the most common pollutants
entering water bodies with industrial and mining
wastewater. These elements are highly toxic, capable
of bioaccumulation, and pose a serious threat to
aquatic ecosystems and human health. Traditional
water purification methods, particularly chemical
precipitation or membrane technologies, are often
energy-intensive and expensive or create secondary
waste.

In modern research, considerable attention has
been focused on the adsorption of heavy metal ions,
in particular Pb?" and Zn**, from aqueous solutions by
various natural and modified sorbents (Astuti et al.,
2017) and investigated the competitive adsorption of
Pb*" and Zn*" on modified fly ash, highlighting the
effectiveness of such material in water purification.
Similarly, Chafik et al. (Chafik et al., 2024)
demonstrated that the properties of biochar obtained
from different raw materials significantly affect its
ability to sorb Pb*" and Zn*" ions. By using
modelling, researchers have shown the interaction of
metal ions with the surfaces of microstructures
(Chavez-Martinez et al., 2021), and (Fatma et al.,
2024) found that activated green tamarind pulp is an
effective biosorbent for the removal of several ions,
including Pb*", Cu?*, Zn*" and Ni*". In a study (Ferri
et al.,, 2024), natural zeolite also showed good
adsorption properties for removing organic pollutants,
confirming its multifunctionality. The study Yusubov
& Namazova (Yusubov & Namazova, 2024) outlines
the features of the sorption of Pb*", Cd*" and Zn>*
ions from industrial wastewater, emphasising the
importance of modifying natural materials to improve
treatment efficiency. The study (Ghasemi, 2023) also
notes the potential of photocatalytic membranes for
removing heavy metals from water, complementing
classical adsorption methods. Other authors, in
particular (Gumnitsky et al., 2022) and (Sabadash &
Omelianova, 2021), investigated the dynamics and
predicion of environmental ion migration. The work
(Lawal et al., 2024) demonstrates competitive ad-
sorption of Pb?*, Z*" and Fe*" on modified clay, while
(Lazar et al., 2023) describe the use of ion-imprinted
polymers for selective sorption. An innovative
approach to creating new adsorbents is demonstrated
by (Sadeghi & Zarshenas, 2022) using zeolite-based
nanocomposites. Investigation of adsorption (Sy-
dorchuk et al.,, 2014) considered the processes of
serial-parallel adsorption of phosphates, which is also
important in studying the interaction mechanisms
with natural sorbents. The authors Wang et al. (Wang
et al., 2024) synthesised MER-zeolite with a high

ability to remove Pb*" and Cd*" and (Youssif et al.,
2024) provided a systematic review of the use of
nanomaterials for heavy metal adsorption. Finally, a
study (Zhang et al., 2024) showed that modified coal
gangue adsorbs Pb*" and Zn>" well, especially after
ball milling. In this context, due to their sorption
properties, ion exchange capacity and availability,
natural zeolites are considered promising materials
for water purification from heavy metals. However,
the effectiveness of using natural zeolite for the
removal of Pb*" and Zn*" from aqueous solutions
depends on many factors that require careful study.
Therefore, studying the adsorption mechanisms of
these ions using natural zeolite is of great importance
both in scientific and practical aspects, especially for
developing cheap and environmentally friendly water
purification technologies.

Research objective

The study aims to establish the effectiveness of
natural zeolite as an adsorbent for removing lead
(Pb*") and zinc (Zn?") ions from aqueous adsorption
solutions and optimising purification conditions.

2. Materials and methods

Methodology for studying the adsorption of Pb
(11) and Zn (II) ions by natural zeolite

Preparation of solutions and conduct of a
sorption experiment

A series of model solutions of lead (Pb*") and
zinc (Zn*") ions with initial concentrations ranging
from 1to 30 mg/dm® were prepared to construct
adsorption isotherms. For each experimental sample,
50 ml of the solution of the corresponding con-
centration was placed in a separate 100 ml chemical
flask, and 2.00 + 0.01 g of previously prepared
natural zeolite was added.

The flasks were tightly closed with lids and
placed in a thermostat at 20 + 1 °C. For 48 hours, the
samples were subjected to periodic mixing to ensure
an equilibrium distribution of ions between the solid
and liquid phases. After the contact of the solid and
liquid phases was completed, the samples were
filtered through filter paper of the “blue ribbon” type.

lonometric determination of Pb (Il) and Zn (I1I)
concentrations in solutions

The filtrate was analysed by direct tonometry
using combined ion-selective electrodes sensitive to
Pb?" and Zn*". To ensure the accuracy of the mea-
surements, a background electrolyte (e. g., KNOs or
(NHa4)2SO4 solution) was added to each sample to
stabilise the medium’s ionic strength. The mea-
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surements were performed using a digital tonometer
previously calibrated with standard buffer solutions
with known concentrations of Pb**" and Zn>".

Additional control methods

After the adsorption process, the solid phase
(zeolite) was dried to constant mass at 105 °C. The
content of adsorbed Zn*" and Pb*" ions in the samples
was determined using X-ray fluorescence (XRF)
analysis. These results allowed us to clarify the
number of absorbed ions, which correlated with the
results of the ionometric analysis.

3. Results and discussion

During the study, a series of experiments were
conducted to study the adsorption capacity of natural
zeolite for Pb*" and Zn?>' ions in aqueous solutions.
The influence of key parameters, such as the initial
concentration of metal ions, pH of the medium,
contact time between the adsorbent and the solution,
and the dose of the sorbent, was evaluated. The
results allowed us to identify the regularities of the
adsorption processes, establish optimal conditions for
maximum ion extraction from the solution, and
compare the sorption efficiency for each studied
metal. Fig. 1 shows the adsorption isotherm of Pb*"
ions from aqueous solutions by natural zeolite.
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Fig. 1. Pb*" adsorption isotherm on natural zeolite

Fig. 1 shows the dependence of the adsorption
value (a* mg-eq/g of adsorbent) on the equilibrium
concentration of Pb*" ions in the solution (C, mg-eq/dm?).
The dependence has a characteristic S-shaped shape,
which indicates the initial gradual saturation of the
adsorbent's active centres and then a decrease in the
adsorption rate with increasing Pb*" concentration.

In the initial concentration range (up to ~15 mg-
eq/dm?), an almost linear increase in adsorption is
observed, which indicates a high availability of free

active centres on the zeolite surface. With a further
increase in concentration (over 20 mg-eq/dm?), the
curve gradually reaches a plateau, which indicates the
achievement of an approximate saturation state — the
number of available centres decreases, and the
process enters a limited adsorption regime. The
linearised isotherm is presented in Fig. 2.
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Fig. 2. Linearised Langmuir adsorption isotherm for Pb?*
on natural zeolite

The equilibrium isotherm equation according
to the Langmuir equation with a coefficient of
determination of 0.9913 has the form:

. __0.02¢
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This form of the isotherm corresponds to
Langmuir-type isotherms (Fig. 2) or Freundlich (Fig. 3),
which are characteristic of monomolecular adsorption on
a homogeneous or weakly heterogeneous surface. The
maximum value of Pb*" adsorption reaches about 0.13
mg-eq/g of adsorbent. The isotherm indicates a high
affinity of the zeolite for Pb*" at the initial stages of
contact. There is a tendency to saturation, which confirms
the limited number of adsorption-active centres.
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Fig. 3. Linearised Freundlich adsorption isotherm
for Pb*" on natural zeolite
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Fig. 3 presents a linearisation of the adsorption
equilibrium data according to the Freundlich
isotherm. As can be seen from Fig. 3, the
experimental results are approximated by a linear
relationship with a coefficient of determination of
0.9668, which indicates the adequacy of the
theoretical model.

The equilibrium equation will look like this:

a* = 0.01- C0'8421, (2)

the Langmuir equation is more reliable.

Adsorption of Zn (II)i ons from aqueous
solutions by natural zeolite

The adsorption isotherm for Zn (II) ions, con-
structed based on the results of experimental studies,
is described by an equation of the form:

0.026C

a*'=02-———,
1+0.026C

3)
where a is the adsorption value, mg-eq/g of zeolite; C
is the equilibrium Zn (II) concentration in solution,
mg-eq/dm?>.

Equation (3) corresponds to the form of the
Langmuir isotherm, which indicates the monolayer
adsorption of zinc on the zeolite surface with a
limited number of active centres. The obtained data
indicate the saturation of adsorption centres with
increasing Zn (II) concentration in the solution, after
which the adsorption value reaches a limit value close
to 0.39 mg-eq/g of zeolite (Fig. 4). The constant
0.02 in the equation characterises the affinity
(affinity) of the adsorbent to Zn (II) ions. Compared
with Pb (II) ions, this value is lower, which indicates
a lower affinity of natural zeolite to zinc. This is
confirmed both by experimental observations and by
the physicochemical properties of the ions: the
smaller ionic radius of Zn (II) and lower
electronegativity reduce its ability to interact with the
active centres of the adsorbent.
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Fig. 4. Zn?" adsorption isotherm on natural zeolite

Therefore, according to the results obtained,
natural zeolite effectively adsorbs Zn (II) ions from
the aqueous environment, although to a lesser extent
than Pb (II), which must be considered when using it
in wastewater treatment systems for heavy metals.

The linearised adsorption isotherm of Zn** on
natural zeolite is presented in Fig. 5.
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Fig. 5. Linearised Langmuir adsorption
isotherm for Zn?" on natural zeolite

The linearised form of the Freundlich isotherm
was applied to model the equilibrium adsorption of Zn
(I) ions by natural zeolite, and the results are shown in
Fig. 6.
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Fig. 6. Linearised Freundlich adsorption
isotherm for Zn?" on natural zeolite

The obtained linear relationship between the
logarithm of the equilibrium concentration and the
logarithmic type adsorption value has a high coefficient
of determination R? = 0.9668, which indicates a good
fit of the experimental data to the Freundlich model.

The isotherm equation has the form:

a* = 0.01- €083, )

where a* is the equilibrium adsorption value, g
ads/mg-eq; C is the equilibrium concentration of
Zn(Il), mg-eq/dm®.
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The coefficient n = 0.8395 is less than 1, which
indicates a decrease in adsorption efficiency with an
increasing metal concentration in the solution — a
characteristic sign of the uneven distribution of energy
of adsorption centres on the zeolite surface.

However, aco mparison of the approximation
results by Freundlich and Langmuir isotherms indicates
the latter model’s superiority. The Langmuir isotherm’s
coefficient of determination is R? = 0.9902, which
indicates a higher accuracy in describing the expe-
rimental data and confirms the assumption of the mono-
molecular nature of adsorption on the homogeneous
surface of natural zeolite.

Thus, although the Freundlich model describes
the sorption process quite well, the Langmuir model is
more suitable for characterising the interaction of Zn (II)
ions with natural zeolite under the studied conditions.

Comparison of lead and =zinc adsorption
isotherms indicates that lead has a higher affinity for
zeolite than zinc. In particular, the configuration of the
obtained Pb*" adsorption isotherm indicates that after
saturation of the zeolite surface with a monomolecular
layer of metal ions, the adsorption process does not stop.
Instead, further absorption occurs, leading to the
formation of polymolecular adsorption layers. This
behaviour indicates a complex interaction mechanism of
lead ions with the surface of natural zeolite, which
combines physical adsorption, ion exchange and,
probably, weak chemical bonds. Analysing the obtained
data, it can be stated that despite the dominant cation-
exchange properties of zeolite, Pb?" ions exhibit a higher
affinity for the adsorbent than Zn?". This may be due to
the greater polarisation of lead, its greater
electronegativity (Pb*" — 2.33; Zn** — 1.65 on the
Pauling scale), as well as a larger ionic radius (147 pm
versus 131 pm, respectively), which contributes to better
interaction with the active centres of zeolite. In addition
to the adsorption of heavy metal ions, ion exchange
occurs in parallel between solution cations (in particular,
K") and exchange ions in the zeolite structure.
Qualitative reactions confirmed the presence of Na*, K*,
Ca?" and Mg?" cations in the solution after contact with
the adsorbent, consistent with literature sources and
confirming the mechanism of ion exchange as one of the
components of the sorption process. The experimental
results indicate ah igh sorption capacity of natural
zeolite for Pb>" and Zn*" ions, emphasising the prospects
of its use for purifying aquatic environments from heavy
metal pollution. The order of efficiency of removal of
heavy metal ions in the study corresponds to Pb (II) >
Zn (IT), which is explained by a complex of factors — in

particular, ionic radius, charge and electronegativity. In
multicomponent systems, the ionic radius and the nature
of the interaction with the active centres of the adsorbent
play a decisive role in the sorption processes.

4, Conclusions

Experimental results confirm the effectiveness
of natural zeolite as an affordable and
environmentally safe sorbent for removing lead (Pb*")
and zinc (Zn*") ions from aqueous solutions. The
sorption process exhibits good dynamics at a
temperature of 20 °C and a co ntact period of 48
hours, which makes it suitable for use in natural
environments and low-cost technologies. Analysis of
adsorption isotherms showed that the Langmuir
model most accurately describes the system's
equilibrium state, which indicates the formation of a
monomolecular layer of adsorbed ions on the zeolite
surface. Zeolite demonstrates a higher affinity for
Pb>" ions than Zn*", which is explained by the larger
ionic radius of lead and lower hydration energy. The
sequence of sorption efficiency of heavy metals is
given in the order: Pb*" > Zn*>'. These results are
consistent with the literature data on the nature of ion
exchange on the surface of aluminosilicates. An im-
portant accompanying process is the ion exchange
between cations in the solution (Na*, K*, Ca*", Mg?")
and cations in the zeolite structure, affecting the
overall purification efficiency. Qualitative reactions
and X-ray fluorescence analysis confirmed it. The
results obtained have significant practical potential
for purifying wastewater and natural waters from
heavy metal ions, especially in regions with increased
technogenic  load. Natural zeolite can be
recommended as a low-cost, stable and renewable
material for creating filtration systems and sorption
barriers.

In further studies, it is advisable to study the
process’s kinetic characteristics and the influence of
pH and conduct adsorption modelling under dynamic
conditions, which will allow scaling of the technology
for industrial application.
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