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SYNTHESIS OF HIGH ADDED VALUE ZEOLITES FROM WASTE
MATERIALS: ONE LINK IN THE VIRTHOUS CIRCLE OF CIRCULAR
ECONOMY

Georgios E. Christidis
Technical University of Crete, School of Mineral Resources Engineering. 73100 Chania, Greece.
E-mail: gchristidis@tuc.gr

ABSTRACT

Zeolites have been synthesized from a variety of volcanic glasses consisting of waste materials from
extraction of natural and expanded perlite and pumice among others. The synthesis experiments
simulate alteration of volcanic glasses to zeolite in nature. The main disadvantage of the end products
is the formation of zeolitic materials with variable purity, similar to the natural environments. Yet, the
formation of zeolites from volcanic glasses provides the opportunity for an investigation of the
upgrading of mineral resources which are either not exploited or are waste materials of mining
activity, thus supplying the chain of circular economy. There are two pathways of synthesis of high
added value zeolites from Si-rich glass waste materials. The first pathway is a two-step process,
producing zeolite Na-Pc, zeolite V, and hydroxysodalite in the first step pure zeolite A and/or zeolite
X in the second step. The latter 2 zeolites are used in detergents and as molecular sieves. The second
pathway resembles the hydrogel process and yields zeolite Y, used as catalyst in petroleum cracking.
The first pathway includes direct hydrothermal treatment of the Si-rich glass with a caustic solution
(usually NaOH). The end products are low grade materials and their composition depends on the
composition of the caustic solution, temperature and the parent glass. Typical end products are zeolite
Na-Pc, zeolite V, hydroxysodalite and at temperature higher than 140°C analcime and albite.
Zeolitization removes Si and K to the solution acquiring a steady state, thus producing a Si-rich liquid.
Under the specific experimental conditions, it is not possible to obtain zeolite A, because solid
products with SiO,:AL,O; ratios ~2:1 have high Na,O:Al,O; ratios. Hence, hydroxysodalite is the
stable product. In contrast zeolite X (Si0O,:Al,O; ratios ~3:1) may be a by-product of zeolitization at
T<100°C. Pure zeolite A can be synthesized from polymerization of the Si-rich solution after addition
of Na-aluminate. Zeolite A is favoured by lower SiO,:Al,O; ratios of the starting gel and its crystal
order increases with increasing reaction time. Zeolite X formed from mixtures with SiO,:Al,O; ratios
>3. Mass balance calculations showed that the integrated two-step process yields 112 kg zeolite A and
61 kg zeolite NaPc, from 100 kg perlite waste after addition of 80 kg 2N NaOH solution.

Yet, zeolite Y was not synthesized in these experiments, due to constraints of the preparation method.
During mixing of liquids only one major chemical parameter was controlled, usually the SiO,:Al,O4
ratio. The Si0,:Na,O and the Na,O:Al,O; ratios and the amount of water cannot be controlled
simultaneously. A new method was employed, which involves dissolution of the glass and
precipitation of a SiO, gel. Then Na-aluminate solution was added to the SiO, gel, the mixture was
homogenized and heated at 90°C for 1h to >120h. The critical parameters for synthesis are the
Si0,:A1,0;:Na,0:H,0 ratios. However, opposite to the previous synthesis, these ratios can be
controlled. A Si-sinter, perlite, and pumice glasses were used. Hence the method can be extended to
other Si-rich glasses, provided that they are not devitrified. Zeolite Y was synthesized after 3 h and its
yield and crystal order increased with reaction time. Minor zeolite Na-Pc by-product was crystallized
after 9 h. Hence synthesis of a pure zeolite Y product was quantitative with the final product
containing >90% of the zeolite.

Therefore, synthesis of pure high added value zeolites A, X and Y can be synthesized from waste
materials of the mining industry, thus contributing to rational utilization of raw materials and thus to
the virtuous circle of circular economy.
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ADVANCING ZEOLITE-CATALYZED PROCESSES FOR
SUSTAINABLE CHEMICALS AND FUELS PRODUCTION

Viadimir Paunovi¢
Paul Scherrer Institute, Villigen 5232, Switzerland
E-mail: vladimir.paunovic@psi.ch

ABSTRACT

Heterogeneous catalysis plays a central role in producing fuels and chemicals, yet most
current processes still rely on fossil feedstock. Methanol-to-hydrocarbons (MTH) conversion
over zeolite-based catalysts offers a promising pathway to generate essential hydrocarbons,
such as light olefins and aromatics from renewable methanol. However, broader
implementation is limited by insufficient selectivity and rapid deactivation of zeolite-based
catalysts.

This research addresses these challenges by combining advanced kinetic, spectroscopic,
and diffraction methods available at PSI to clarify key reaction pathways and deactivation
mechanisms. The recent findings that reveal the role of critical intermediates and the spatial
distribution of coke species, supported by synchrotron and neutron-based techniques are
highlighted. These insights have guided the development of more selective and stable MTH
catalysts, enabling significant improvements in olefin productivity and resulting in a recent
PSI patent application.

How data-driven approaches and machine-learning tools help uncover structure—
performance relationships and predict catalytic behavior are also shown. Finally, future
directions that integrate catalyst synthesis, kinetic studies, and operando spectroscopy to
advance catalyst design for MTH and related processes such as ammonia synthesis and
plastics upcycling are outlined.

12



11™ Serbian-Croatian-Slovenian Symposium on Zeolites

INVITED LECTURES

13



11™ Serbian-Croatian-Slovenian Symposium on Zeolites

HEAVY METAL REMOVAL ON SELECTED SORBENTS
IN BATCH REACTORS

Mario Nikola Muzek, Anita Basi¢, Sandra Svilovic¢
Faculty of Chemistry and Technology, University of Split, Rudera Boskovic¢a 35, 21000 Split
E-mail: muky@ktf-split.hr

ABSTRACT

The removal of heavy metals from wastewater is essential due to their toxicity,
persistence, and bioaccumulation. Sorption using aluminosilicate materials such as zeolite
NaX and geopolymers has proven to be an efficient and economically viable approach. This
study represents a mini-review of the various effects of copper and cobalt sorption kinetics in
both, single and binary systems. Sorption kinetics are predominantly described by pseudo-
second-order models with high correlation coefficients (R* > 0.99), indicating reaction-
controlled mechanisms. Batch reactor design, mixing speed, initial concentrations of heavy
metals and temperature significantly influence on sorbent performance, with optimal
operation near just-suspended impeller speed, reducing energy consumption while
maintaining high efficiency. In binary Cu®"-Co”" systems, competitive ion exchange reduces
removal efficiency, with performance strongly dependent on initial concentration ratios. The
study highlights the importance of integrating kinetics, reactor design, operating conditions,
and multi-component interactions for efficient wastewater treatment.

Keywords: zeolite NaX, geopolymer, copper, cobalt, binary system, sorption kinetics, reactor
design.

INTRODUCTION

Industrial development has resulted in significant water pollution, with heavy metals
like copper (Cu®"), cobalt (Co”), and lead (Pb>") posing severe risks to aquatic ecosystems
and human health. Unlike organic pollutants, heavy metals do not degrade and tend to
accumulate through the food chain. Conventional methods of heavy metal removal including
chemical precipitation, coagulation, membrane filtration, solvent extraction, oxidation, and
reduction often require substantial energy and chemical inputs. Among various methods that
have been proposed for wastewater treatment, sorption has emerged as a preferred and
effective method due to its simplicity, effectiveness, high efficiency, and ability to remove a
wide range of pollutants [1-5].

Zeolites have proven to be promising sorbents due to their high sorption capacity,
selectivity, and structural resilience. They possess a well-defined pore structure, large surface
area, and favourable sorption properties, making them particularly effective in removing a
variety of pollutants from aqueous solutions, including heavy metals and organic compounds.
Additionally, geopolymers, amorphous analogues to synthetic zeolites synthesized from
industrial by-products like fly ash, offer a sustainable, low-cost alternative for heavy metal
removal with performance comparable to synthetic zeolites.

Despite extensive research on sorption capacity and kinetics, limited attention has been
given to the optimization of reactor design and their impact on process efficiency and energy
consumption. Most studies focus on material properties and operating conditions, such as pH,
temperature, initial concentration dependence while neglecting the crucial role of reactor
geometry and hydrodynamics [6].

14
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Additionally, real wastewater systems often contain multiple metal ions, making
competitive sorption effects highly relevant.

This paper presents an overview of the selected authors works on kinetic modelling,
reactor design, and binary system behaviour to provide a comprehensive understanding of
sorption processes.

EXPERIMENTAL

The following section outlines the experimental methodology common to all studies
discussed in this mini-review. Although individual works may differ in specific parameters or
conditions, the general approach remained consistent throughout all selected studies [1-9].
The experimental scheme is presented in Figure 1. The analysis is based on experimental
sorption studies involving zeolite NaX and fly ash-based geopolymers as sorbents for heavy
metal removal. Zeolite NaX particles typically fall within a size range less than 0.090 mm,
while geopolymer particles fall within a size range of 0.071-0.090 mm, ensuring sufficient
surface area and minimizing intraparticle diffusion limitations [10,11].
Batch experiments were conducted in reactors containing a specified amount of heavy metal
solution and sorbent material (the amount ratio depends on whether an equilibrium or Kinetic
experiment was conducted).
Kinetic analysis was performed using the Lagergren pseudo-first-order, pseudo-second-order
models (Ho, Ritchie and Blanchard; mathematically equivalent forms), Elovich model, Mixed
surface reaction and diffusion-controlled sorption kinetic model, and Weber-Morris model to
identify the rate-controlling step.

Sorbent materials Batch experiments

Zeolite NaX Fly ash-based
geopolymer

Investigating influence of:

y

S . e temperature
e 2 T R e initial concentration
Particle size: Particle size: o R e reactor design
< 0.090 mm 0.071-0.090 mm etad (e e mixing speed
« = 9 s \_
Kinetic analysis Reactor design
= 907 Lagergren pseudo-first-order model
; ; Pseudo-second-order models L8 .
(Ho, Ritchie, Blanchard) |

Mixed surface and diffusion-controlled

sorption kinetic model
Weber-Morris model ‘ ‘@@@ ,

Figure 1. Experimental set-up.

15




11™ Serbian-Croatian-Slovenian Symposium on Zeolites

RESULTS AND DISCUSSION

Sorption of copper ions on both zeolite NaX and geopolymer sorbents shows rapid
initial uptake, with equilibrium achieved within 30—60 minutes depending on conditions [1-
4]. The pseudo-second-order models generally provide an excellent fit indicating that surface
reaction dominates the process for applied reaction conditions [5,6]. Zeolite NaX exhibits
higher capacities and faster kinetics, while geopolymers provide cost-effective and sustainable
alternatives.

Increasing the initial metal concentration leads to higher sorption capacity due to
increased driving force, while removal efficiency decreases at higher concentrations due to
saturation of active sites. An increase in temperature results in enhanced sorption rates and a
slight increase in equilibrium capacity, indicating an endothermic process, for both heavy

metals.

Table 1. Sorption and thermodynamic characteristics of zeolite NaX and geopolymer

Parameter Zeolite NaX Geopolymer
Particle size (mm) < 0.090 mm 0.071-0.090
Maximum experimental
capacity for Cu 298K, 1.652 1.136
g (mmol g)
Maximum experimental
capacity for Co at 298K, 1.102 0.857
ge (mmol g")
Equilibrium time ~ 30 min ~ 50 min
Effect of initial ‘ Increz}se in g yalues with ‘ Incrgase in g, values with
. increasing cy, slight decrease  increasing ¢y, more pronounced
concentration,

co (mmol dm™)

Effect of temperature
for Cu, T (K)
Effect of temperature
for Co, T (K)

Gibbs free energy,
AG® (kImol™)

Enthalpy change,
AH® (kImol™)

Entropy change,
AS® (kImol'K™)

Thermodynamic nature

Overall performance

in removal efficiency at high
Co
Increase in g values:
1.714(308), 1.750(318)
Increase in g values:
1.184(308), 1.225(318)
Negative, becomes more
negative with the increase of
T indicating spontaneous
process, becomes more
positive with the increase of
Co
Positive indicating
endothermic process

Positive, increased
randomness at interface

Spontaneous and endothermic
High efficiency, strong
selectivity, stable behaviour at
higher ¢o and T

decrease in efficiency due to
earlier saturation
Increase in g. values:
1.183(308), 1.217(318)
Increase in g. values:
0.980(308), 1.102(318)
Slightly less negative than
zeolite NaX, becomes more
negative with the increase of T
indicating spontaneous process,
becomes more positive with the
increase of ¢
Positive indicating endothermic
process
Positive but mostly lower than
zeolite NaX, less structural
reorganization
Spontaneous and endothermic

Lower cost, sustainable, but
slightly lower capacity

Hydrodynamic conditions significantly influence sorption efficiency. At mixing speeds
below the just-suspended impeller speed (Njs), incomplete particle suspension limits the
available surface area. At speeds equal to or slightly below Njs, nearly complete removal
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efficiency is achieved while minimizing energy consumption. Increasing mixing speed
beyond Njs does not significantly improve sorption efficiency but increases power
consumption [1,6]. Reactor design affects flow patterns and suspension behaviour. Baffles
eliminate vortex formation but increase energy consumption. Experimental results indicate
that unbaffled reactors can achieve similar sorption efficiency as baffled ones but with
significantly lower power consumption due to reduced resistance to fluid flow [1,6].

In binary systems, competition between copper and cobalt ions significantly affects
sorption performance. Experimental studies show that removal efficiency decreases compared
to single systems and depends strongly on initial concentration ratios. The removal rate of
copper ions from solution was faster than the removal of cobalt ions, both in monometallic
solutions and the mixture. Increasing cobalt concentration reduces copper uptake due to
competition for active sites, confirming that sorption is governed by ion-exchange selectivity.
Nevertheless, the process remains reaction-controlled, and Ritchie kinetic model provides a
good agreement with the results obtained [8].

CONCLUSION

The results show that sorption efficiency depends on initial concentration, temperature,
reactor design, and mixing speed. Zeolite NaX exhibits superior sorption capacity and faster
kinetics, while geopolymer offers a sustainable alternative with slightly lower capacity.
Sorption processes are reaction-controlled and are generally well described by pseudo-second
order models at selected reaction conditions.

The integration of kinetic modelling, reactor design, and multi-component system
behaviour is essential for designing efficient wastewater treatment processes.
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ABSTRACT

Mycotoxins are secondary metabolites of fungi that commonly contaminate cereals and
other food and feed crops worldwide. They pose significant health risks to animals and
humans due to their acute and chronic toxicity, teratogenic, mutagenic, and carcinogenic
effects [1]. The most practical and cost-effective method for reducing mycotoxin exposure in
livestock is the use of adsorbents in animal feed. The role of these materials is to bind
mycotoxins in the gastrointestinal tract, preventing their absorption and toxicity. Natural
minerals, like zeolites, effectively adsorb aflatoxin B; (AFB1), but adsorbing less polar,
hydrophobic mycotoxins such as zearalenone (ZEN) and ochratoxin A (OCHRA) typically
requires surface modification with long-chain organic cations (surfactants) [2]. Adsorption of
mycotoxins by the natural zeolites and organo-zeolites differs between zeolite types
(clinoptilolite vs phillipsite) but is also dependent on the pH of the solution (pH 3 - stomach
conditions and pH 7 - intestinal conditions). For organo-zeolites, adsorption of mycotoxins is
additionally dependent on the type of surfactant used for the modification of specific zeolites
and on the amount of the organic phase present at the zeolitic surface.
This study presents how the type of natural zeolite and the type of surfactant affect the
adsorption of the mycotoxins: ZEN, OCHRA and AFB1. Adsorption behavior of the two
natural zeolites - phillipsite (Neapolitan Yellow Tuff, Campania, Italy) and clinoptilolite
(Zlatokop deposit, Vranje, Serbia) toward mycotoxins was compared. Both natural zeolites
were modified with cetylpyridinium chloride (CP) at 50% and 100% of their external cation
exchange capacity. Additionally, phillipsite was modified with hexadecyltrimethylammonium
bromide (HB) at the same levels for comparison [3]. Organo-zeolites showed significantly
higher adsorption of OCHRA and ZEN compared to unmodified zeolites, confirming that the
organic cations on the surface are primarily responsible for binding these mycotoxins, but
mechanism of their adsorption differs between zeolites. AFB1 adsorption was high on
unmodified zeolites, and modification with CP and HB ions did not change its adsorption
capacity. Since inorganic cations (calcium) at the surface of natural zeolites are active sites
relevant for AFB1 adsorption, for efficient AFB1 adsorption, modification of zeolite surfaces
with surfactant is not necessary. However, adsorption of AFB1 was dependent on the type of
natural zeolite as well as on the pH of the solution.

Keywords: mycotoxins, adsorption, phillipsite, clinoptilolite, surfactant.
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ABSTRACT

With rising interest in different sorption applications of zeolitic imidazolate frameworks
(ZIFs), a subgroup of metal-organic frameworks (MOFs), the environmental impact of the
synthesis of these materials has to be reduced as much as possible. Most synthesis procedures
for materials still heavily rely on formamide-based solvents such as DMF and DEF coupled
with a large excess of either metal precursors (MPs) or linkers (L).

To that end, different remediation strategies have thus far been implemented. The
fastest and easiest is the exchange of solvent for environmentally less problematic bio-based
organic solvents, simple alcohols or even water wherever possible. While this has proven to
be effective in a lot of MOF syntheses, general approaches towards DMF replacement still
need to be further developed. Most common issues with this approach are lowered solubility
of linkers as well as shifted acid-base equilibria, which crucially affect the crystallization of
MOFs and ZIFs.

Another alternative to green solvent-based solvothermal methods is mechanochemical
synthesis. In mechanochemical synthesis, three main approaches are utilised: neat-grinding,
liquid-assisted grinding, and liquid-assisted grinding followed by solvent vapour aging. While
often being the fastest and greenest syntheses, they are still limited in scaling up and by the
lower crystallinity of the obtained products, if compared to solvothermal methods. This can
be further improved by aging or by incorporating other energy sources, like heating.

The ideal synthesis would have the least amount of solvent possible, or none at all,
would be done with stoichiometric ratios of metal to linker, with short synthesis times leading
to phase pure products with high yields. If this is not possible, the solvents should ideally be
easy to recycle or reuse. While single reuse of mother liquors is already reported, multiple
reuses are still not published to date.

In the presentation, an overview of recent green synthesis methods used in the synthesis
of known and new ZIFs will be presented, including solvothermal and mechanochemical
syntheses as well as the feasibility of solvent reuse will be commented.

Keywords: green synthesis, zeolitic imidazolate frameworks, mechanochemistry, metal—
organic frameworks
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ABSTRACT

Zeolites are widely investigated as functional materials in environmental biotechnology
due to their high surface area, porosity, and ion-exchange capacity. Depending on their origin
and modification, zeolites may exert contrasting effects on microorganisms, acting either as
efficient carriers for beneficial bacteria or as antimicrobial agents against pathogenic species.
This study presents a comprehensive overview of the “two faces” of zeolites through their
interactions with bacteria of the genus Acinetobacter, focusing on environmentally relevant
and clinically significant species.

Natural zeolites from different geographical origins, as well as other natural minerals
such as perlite [1] and sepiolite [2,3], proved to be excellent carriers, hosting up to billions of
viable bacterial cells per gram of material. The extent of immobilization was strongly
influenced by surface area and macroporosity, whereas mineralogical composition, cation
exchange capacity, and zeta potential alone were not reliable predictors [4]. Natural
clinoptilolite-rich zeolitized tuffs (NZ) were evaluated as carriers for phosphate-accumulating
bacteria, primarily Acinetobacter junii, which plays an important role in biological
phosphorus removal from wastewater. Orthophosphate removal prior to discharge is essential
to prevent eutrophication of natural water bodies. Due to their rough surface morphology and
large specific surface area, NZ particles enable rapid and intensive bacterial immobilization
[4]. Scanning electron microscopy revealed biofilm formation on NZ surfaces within 24 h of
contact, both in nutrient-poor and nutrient-rich aquatic environments [5]. The capacity of NZ
for bacterial attachment was found to be occupied during the first 24 h, while further increases
in immobilized cell numbers resulted from bacterial growth within the formed biofilm.
Furthermore, bacterial surface hydrophobicity was shown not to be a crucial factor governing
immobilization onto hydrophilic NZ surfaces [6].

In contrast to their supportive role for beneficial bacteria, zeolites can also function as
effective antagonists of pathogenic Acinetobacter spp., particularly Acinetobacter baumannii,
an emerging multidrug-resistant pathogen with high environmental persistence. Natural
zeolites modified with antimicrobial agents, including copper, silver, and cationic surfactants,
exhibited pronounced dose-dependent antibacterial to bactericidal effects against A.
baumannii [7,8]. The bactericidal activity of Cu- and Ag-modified zeolites was attributed to
the presence and release of metal cations, while surfactant-modified zeolites showed strong
antimicrobial effects depending on surfactant loading and surface configuration [9]. These
materials demonstrated high efficiency in water systems as well as in contaminated soils,
where Ag-modified zeolites enabled rapid elimination of viable 4. baumannii with minimal
impact on native microbial communities, highlighting their potential for environmental
remediation [10].

Additionally, the effects of commercially produced synthetic zeolite A (LTA) on A4.
junii were investigated [11]. Unlike natural zeolites, synthetic zeolite A exhibited
concentration-dependent inhibitory to bactericidal effects. Chemical analysis revealed the
leaching of aluminum and silicon in the form of low-molecular-weight aluminosilicate
species, resulting from hydrolysis and partial dissolution of the zeolite structure in water.
These leached species were identified as the primary cause of toxicity to bacterial cells,
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raising concerns about the unintended antibacterial effects of synthetic zeolites in biological
wastewater treatment systems.

Overall, this work demonstrates that zeolites possess dual and contrasting biological
roles. Natural clinoptilolite-rich tuffs serve as highly efficient carriers for beneficial bacteria,
while appropriately modified zeolites can act as powerful tools for controlling pathogenic
microorganisms. At the same time, synthetic zeolites may pose ecological risks due to their
potential toxicity. Understanding these two faces of zeolites is essential for their safe and
effective application in environmental and biotechnological systems.

Keywords: Acinetobacter junii, Acinetobacter baumannii, clinoptilolite, disinfection,
wastewater treatment.
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ABSTRACT

In this study, Zn(II) sorption was investigated using three fruit pit-derived sorbents and
compared with natural zeolite and Na-modified zeolites prepared by 24 h and 72 h sodium
treatments. The fruit pit-derived sorbents exhibited sorption capacities of 0.049 — 0.061
mmol/g, while natural zeolite reached 0.088 mmol/g. Na-modified zeolites showed the
highest capacities (0.302 mmol/g and 0.322 mmol/g), but only a modest improvement was
observed after prolonged sodium modification, indicating that extended treatment increases
processing costs without providing proportionally higher performance. The tested materials
also displayed distinct Zn(II) removal efficiencies, with Na-modified zeolites showing the
highest performance (up to 98 %), followed by natural zeolite (up to 84%) and fruit
pit-derived sorbents (up to 54%). Evaluation using four two-parameter isotherm models,
showed that the Langmuir model best described Zn(II) sorption for all materials, suggesting
monolayer sorption on relatively homogeneous surfaces and a strong affinity of Na-modified
zeolites for Zn(II). Although less efficient, fruit pit-derived sorbents represent renewable and
low-cost materials with potential as sustainable alternatives for Zn(II) removal.

Key words: Zn(Il) sorption, biosorbents, fruit pits, natural zeolite, Na-modified zeolite,
adsorption isotherms

INTRODUCTION

Heavy metal contamination, including Zn(II) has become increasingly prevalent in
aquatic environments due to industrial activities, technological development and intensive
agriculture. Because of their toxicity and persistence, efficient and sustainable water treatment
methods are essential. Adsorption is widely recognized as a simple and economically viable
technique for the removal of metal ions from aqueous systems. Natural zeolites are widely
used as effective sorbents, while increasing attention has recently been directed toward
renewable biomass-derived materials, such as fruit pits, as low-cost and sustainable
alternatives [1-4]. However, their adsorption performance is still less frequently evaluated in
direct comparison with conventional mineral sorbents such as natural zeolites. Therefore, this
study investigates Zn(II) sorption on fruit pit—derived biosorbents and compares their
performance with natural and Na-modified zeolites. Equilibrium data were analysed using
four two-parameter isotherm models [5] to elucidate sorption behaviour and enable a reliable
comparison with a conventional sorbent under identical conditions, thereby assessing the
potential of fruit pit materials as sustainable alternatives for Zn(II) removal.

EXPERIMENTAL

Materials

Fruit pit-derived sorbents were prepared from olive (OP), cherry (CP) and sour-cherry
pits (SCP) collected from a local fruit-processing plants. The pits were thoroughly washed
with distilled water to remove impurities, dried at 40 °C to constant mass, mechanically
ground, milled and sieved to obtain particle-size fractions of 0.56 — 1.00 mm selected for
sorption experiments.
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Natural zeolite (NZ) with the same particle size used in this study originates from the
Zlatokop deposit in Serbia (< 80% clinoptilolite, Si/Al = 4.08, CEC = 1.42 meq/g). To
improve the sorption efficiency, sodium-rich zeolites (Na-NZ) were prepared by treating NZ
with 1 mol/L NaCl solution for 24 hours (Na-NZ-24) or 72 hours (Na-NZ-72), respectively.

Sorption experiments

Four Zn(I) aqueous solutions of different initial concentrations (¢, = 0.5 — 5 mmol/L) were
prepared by dissolving Zn(NOs),-6H20 salt in ultrapure water. Sorption was performed in a
batch mode at room temperature (23 + 2 °C), solid/liquid ratio of 1 g/100 mL, at mixing speed
of 230 rpm, for 24 h. Each experiment was conducted in triplicate to ensure reproducibility
and reliability of the results. After the contact time elapsed, the suspensions were filtered, and
the filtrates were analyzed for residual Zn(II) concentration (c;). The initial and residual Zn(II)
concentrations were determined by flame atomic absorption spectrometry (AAS) using a
PinAAcle 900F instrument. Also, the initial (pH,) and equilibrium pH. values were measured
as supporting parameters. The capacity of each sorbent, i.e. the amount of Zn(II) sorbed at
equilibrium (g., mmol/g) and removal efficiency (a, %) were calculated using following
equations:

ge= (6 - ¢ )'V/m (1
a= (- G)/c>100 (2)

where ¢, and ¢; are the initial and the residual Zn(II) concentrations (mmol/L), V is volume of
treated Zn(II)-contaminated water (L) and m is mass of the sorbent (g).

RESULTS AND DISCUSSION
The calculated sorption capacities and removal efficiencies of the tested materials are
presented in Figure la and 1b.

a) b)
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Figure 1. a) capacities and b) removal efficiencies of different sorbents within 24 h

The results show that the sorption capacity of all investigated materials increases with
increasing initial Zn(Il) concentration (Fig. 1a). Higher capacities at elevated concentrations
reflect the greater availability of Zn(Il) ions in solution and the stronger concentration
gradient that promotes mass transfer toward the sorbent surface. At lower concentrations, only
the most accessible and energetically favorable sorption sites are occupied. The maximum
sorption capacities reveal clear differences among the investigated materials. Fruit pit—derived
sorbents showed maximum capacities in the range 0.038 — 0.061 mmol/g (CP < OP < SCP),
while natural zeolite reached maximum value of 0.088 mmol/g. Significantly higher
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maximum capacities were obtained for Na-modified zeolites (0.302 mmol/g for Na-NZ-24
and 0.322 mmol/g for Na-NZ-72), confirming that sodium modification markedly enhances
Zn(II) sorption. The slightly lower sorption capacity of fruit pit-derived sorbents may reflect
structural differences affecting the availability of active sites for metal binding, which remains
to be clarified in future investigations.

In line with these observations, Zn(II) removal efficiency (a, %) decreased with increasing
initial Zn(II) concentration (Fig. 1b). High removal efficiencies at low initial concentrations
are associated with the abundance of available sorption sites, whereas their progressive
saturation leads to lower relative removal at higher concentrations. At the lowest Zn(II)
concentration, removal efficiencies ranged from 41 — 54 % for the biosorbents, compared
with 84 % for natural zeolite. In contrast, Na-modified zeolites achieved near-quantitative
Zn(1II) removal (96 — 98 %) and maintained relatively high efficiencies even at elevated Zn(II)
concentrations (67 — 72 %), confirming their superior affinity and accessibility of sorption
sites. This performance can be attributed to the enhanced ion-exchange capacity resulting
from Na-modification.

Equilibrium sorption data were fitted using the Langmuir, Freundlich, Temkin, and Dubinin—
Radushkevich isotherm models [5]. The model parameters were obtained from the linearized
forms of the respective equations using linear regression, and the resulting values are
summarized in Table 1. The goodness of fit was evaluated using the correlation coefficient
(R?) and by comparing the experimental and calculated sorption capacities. In addition, the
Langmuir separation factor (Ry) was calculated to assess the favorability of sorption, where
values between 0 and 1 indicate favorable sorption.

Table 1. Isotherm parameters obtained for Zn(II) sorption onto investigated sorbents.

Model Parameter Sorbent
OoP CP SCP NZ Na-NZ-24 | Na-NZ-72
Geexp.mmol/g = 0.049  0.038 0.061 0.088 0.302 0.322
gm- mmol/g 0.049  0.040 0.063 0.090 0.318 0.340
i K. L/mmol 3.265 2.712 0.857 6.906 11.734 14.159
Langmuir
Ry 0.191  0.217 0.427 0.107 0.068 0.057
R’ 0.978  0.982 0.951 0.997 0.998 0.999
1/ng 0.241 0.177 2.009 0.220 0.370 0.396
. Kr 0.035 0.028 0.418 0.071 0.306 0.363
Freundlich
ng 4.151  5.556 0.498 4.552 2.702 2.525
R’ 0.867  0.962 0.931 0.917 0.823 0.839
B 0.082 < 0.0051 :0.0152 0.0128  0.0528 0.0589
Temkin KrL/g 80.66 277.95 1047 314.19 | 233.37 235.12
bt kJ/mol 302.29 486.04 163.08 193.66  46.95 42.08
R’ 0.815 0.924 0.943 0.948 0.967 0.977
Kp mol*/kJ* 0.0028  0.0020 :0.0052  0.0024 @ 0.0035 0.0037
Dubinin - gm mmol/g 0.080  0.052 0.153 0.146 0.848 1.055
Radushkevich = £ kJ/mol 13.36  15.81 9.81 14.43 11.95 11.62
R’ 0.865 0.943 0.988 0.949 0.852 0.878

Among the tested isotherm models, the Langmuir model showed the best agreement with the
experimental data, as reflected by the highest correlation coefficients (R* = 0.951 — 0.999),
suggesting that Zn(II) sorption occurs predominantly as monolayer adsorption on relatively
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homogeneous active sites. Olive and cherry pit-derived sorbents exhibited the closest fit to the
Langmuir model, whereas sour cherry pits showed a slightly smaller difference between
Langmuir and Freundlich fits, indicating somewhat greater surface heterogeneity (nr = 0.498).
Sorption capacities obtained from the Langmuir model ranged from 0.040 to 0.063 mmol/g
for the fruit pit—derived sorbents, with natural zeolite showing a higher capacity of 0.090
mmol/g. The highest capacities were observed for Na-modified zeolites (0.318 mmol/g and
0.340 mmol/g), demonstrating that Na-modification substantially enhances Zn(II) uptake,
while extending the modification time from 24 to 72 h resulted in only a marginal increase.
The calculated Langmuir separation factor values (R. = 0.057 — 0.427) fell between 0 and 1
for all sorbents, confirming favourable Zn(Il) sorption. Although fruit pit-derived sorbents
exhibited lower sorption capacities than zeolitic materials, their favourable sorption behaviour
and renewable origin highlight their potential as sustainable, low-cost alternatives for Zn(II)
removal.

CONCLUSION

Zn(Il) sorption on all investigated materials was best described by the Langmuir
isotherm, indicating predominantly monolayer adsorption on relatively homogeneous sorption
sites, although sour cherry pits exhibited slightly greater surface heterogeneity. Na-modified
zeolites, prepared through a simple and low-cost NaCl treatment, exhibited the highest
sorption capacities and strongest affinity for Zn(II), while natural zeolite showed moderate
performance. Fruit pit-derived sorbents, used in their unmodified form, displayed lower
sorption capacities but remained favourable. Despite their lower capacity compared to zeolitic
materials, these results highlight fruit pit waste as promising low-cost sorbents for sustainable
metal ion removal.
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ABSTRACT

The aim of this paper was to evaluate the effect of cement replacement with 0 %, 10 %,
15 % and 20 % of zeolitic tuff as supplementary cementitious material, as well as with
combination of 10 % zeolitic tuff and 10 % ground limestone, on the compressive strength of
repair cement/cement-based mortars, prepared with water-to-binder ratio of 0.5. Applied
zeolitic tuff was obtained from the quarry "Igros-Vidojevi¢i" (Brus, Serbia), while ground
limestone was taken from quarry "Jelen Do" (Pozega, Serbia). Following the performance
requirements given in the standard SRPS EN 1504-3:2010, the 28-day compressive strength
of the tested mortars was determined in accordance with standards SRPS EN 12190:2010.
Based on the obtained results, it was concluded that all investigated mortars met the
requirement for structural repair mortar class R4 according to SRPS EN 1504-3:2010 in a
term of compressive strength, while the optimal compressive strength was obtained with
combination of zeolitic tuff and ground limestone.

Keywords: natural zeolite, ground limestone, supplementary cementitious material, filler,
repair mortar compressive strength.

INTRODUCTION

The growing number of reinforced concrete structures and infrastructure approaching
the end of their service life requires innovative sustainable solutions for preservation and
retrofitting [1]. In order to restore damaged concrete to its original condition, various types of
repair mortars can be used. The usage of repair cement-based mortars containing mineral
additions, besides environmental benefits, can also have mechanical, physical and durability
advantages. Therefore, this paper deals with the effect of zeolitic tuff (ZT) as type II mineral
addition, and combination of ZT and ground limestone (GL) as type I mineral addition, on 28-
day compressive strength of repair cement-based mortars. Natural zeolites as volcanic or
volcano-sediment materials have a honeycomb-like structure with extremely small pores and
channels that offers large total specific surface, which represents the base of their high
pozzolanic reactivity [2], while limestone powder is widely used in cement-based materials
and reportedly, can influence their properties by filler, nucleation, dilution and chemical
effects [3].

MATERIALS, MIXTURES AND METHODS

In order to examine the effect of ZT as supplementary cementitious material (SCM), as
well as mixture of ZT and GL on the 28-day compressive strength of the repair cement-based
mortars, the following component materials were used for the mixtures preparation: (i)
Ordinary Portland cement CEM 1 42.5R (Lafarge-BFC Serbia), (i1) ZT with particle diameter
size less than 125 pm, from the quarry "Igros-Vidojevi¢i“ (Brus, Serbia), (ii1)) GL from "Jelen
Do" quarry (PoZega, Serbia), (iv) CEN standard sand, in accordance with SRPS EN 196-
1:2017, and (v) deionized water. Used ordinary Portland cement (OPC), GL and ZT had
density of 3.126 g/cm’, 2.587 g/cm® and 2.386 g/cm’ (determined in accordance with SRPS
EN 1097-7:2023), and Blaine specific surface area of 4188.6 cm?/g, 3182.21 cm?/g and
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8292.97 cm?/g (determined in accordance with SRPS EN 196-6:2019, respectively. The ZT
activity index was determined in accordance with the standard SRPS EN 450-1:2014, and
after 28 and 90 days ZT activity indexes were 93 % and 103 %, respectively.

Mineralogical analysis of ZT was performed by XRD analysis (Philips PW1710 device)
under the following experimental conditions: monochromatic Cu Ka radiation with 1.5418 A
wavelength in the 5-55° of 20 range, scan rate 0.02° and 0.5s per step, at a voltage of 40 kV
and a current of 30 mA. According to the XRD diffractogram presented in Fig. 1, the main
mineral phase of the ZT is clinoptilolite, one of the most common, widespread and abundant
natural zeolite [4]. Other phases determined in the clinoptilolite-rich ZT are mica group
minerals, feldspar, smectite (“swelling” clay mineral), quartz, analcime (a form of natural
zeolite with irregular channels) and amphibole.
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Figure 1. XRD diffractogram of ZT (Clp — clinoptilolite, L — mica group minerals, F — feldspar, Sm — smectite,
Q — quartz, An — analcime, Am — amphibole).

Five different cement/cement-based repair mortars (Tab. 1) were made with 0 %, 10 %,
15 % and 20 % of ZT as SCM by mass, and one combination of 10 % ZT and 10 % GL, to
determine the compressive strength. All mortar mixtures were prepared with water-to-binder
ratio of 0.5 according to SRPS EN 12190:2010.

Table 1. Composition of the repair mortar mixtures.

Component materials C ZT10 ZT15 ZT20 ZT10GL10

CEM142.5R (g) 450 405 382.5 360 360
ZT (g) - 45 67.5 90 45
GL (g) - - - - 45
CEN standard sand (g) 1350 1350 1350 1350 1350
Deionized water (g) 225 225 225 225 225

The compressive strength of the mortars was determined according to the standard
SRPS EN 12190:2010 using prism-shaped specimens with dimension of 40 x 40 x 160 mm’,
at the age of 28 days, after recommended curing resume (covered in film for 24 h, demoulded
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after 24 h and cured under water at (21 £+ 2)°C for 27 days). The mean strength values were
obtained by testing the six prism halves per mortar mixture. The load at failure was
determined using a hydraulic press with a capacity of 150 kN.

RESULTS AND DISCUSSION

The 28-day compressive strengths of mortars, prepared with water-to-binder ratio of
0.5, containing 0 %, 10 %, 15 % and 20 % of ZT as SCM, and combination of 10 % ZT and
10 % GL, by cement mass, are shown in Fig. 2. Considering that obtained results were higher
than 45 MPa, all examined mortars fulfilled the requirement for class R4 (the highest one) of
structural repair mortar according to the standard SRPS EN 1504-3:2010 in term of
compressive strength.

The highest value of compressive strength had mortar containing 10 % ZT (55.52 MPa),
the lowest one had mortar contating 20 % ZT as SCM (48.96 MPa), while control (C) mortar
had compressive strength of 51.72 MPa. Replacing OPC with 10 % ZT led to an increase in
strength by 7 %, which is in accordance with the results obtained by Milovi¢ et al. [5]. A
further increase in the OPC substitution, with 15 % and 20 % ZT, led to a slight increase in
strength by 4 %, and a decrease by 5 %, respectively. This decrease in compressive strength
with increasing levels of OPC replacement with ZT (especially at the 20 % OPC replacement
level) may be attributed to the dilution effect [6]. Although the compressive strengths were
determined at the mortars age of 28 days, which is in accordance with the standard
requirement for repair mortars, the mortars with 10 % as well as with 20 % ZT already had
higher strengths compared to the control, even though they contain pozzolan, which takes up
to 90 days to react to a greater extent. Moreover, the mortar containing a mixture of 10 % ZT
and 10 % GL had almost the same strength as the control (only 1 % increase), but had a
higher strength by about 7 % compared to the mortar ZT20 (both mortars, ZT20 and
ZT10GL10, contain the same amount of OPC, i.e. 80 %, while 20 % is replaced).
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Figure 2. The 28-day compressive strengths of control and cement-based repair mortars.

Based on the results of the relevant literature review conducted by Wang et al. [3], when
it is used in cement-based materials, GL can influence their properties by filler, nucleation,
dilution and chemical effects, depending on its particle size and amount. Therefore, a higher
28-day compressive strength of mortar containing 20 % blended ZT and GL in comparison to
the mortar containing 20 % ZT, can be explained due to GL influence on early hydration
rates, filler effect, while it acts as a nucleating site for hydration and pozzolanic reaction
products.
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CONCLUSION

Based on the obtained experimental results, in a term of the compressive strength of the
repair cement-based mortars, prepared with water-to-binder ratio of 0.5, that contain 0 %, 10
%, 15 % and 20 % ZT as SCM by cement mass, and combination of 10 % ZT and 10 % GL,
the following can be concluded:

e  With 28-day compressive strengths higher than 45 MPa, all tested mortars fulfilled
the requirement for structural repair mortars of class R4 in a term of compressive
strength, according to the standard SRPS EN 1504-3:2010;

e  Repair mortar containing 10 % ZT had the highest compressive strength (higher by 7
% compared to the control one). With increasing OPC replacement up to 20 %, the
strengths decreased, but they were still in the control range (the difference was £5 %);

o Since OPC was used to prepare the repair mortar, based on the obtained compressive
strength value 20 % of the clinker can be replaced with a combination of ZT and GL
(as well as with ZT alone);

e  Repair mortar containing combination of 10 % ZT and 10 % GL had the compressive
strength in range of control one (but a slightly higher than mortar with 20 % ZT) and
therefore, in term of compressive strength and sustainable development it represents
the optimal solution.

In order for any of these tested mortars to be used for the repair of concrete structures, it
is necessary to test all the necessary properties and check whether these mortars meet the
requirements for structural repair mortar of class R4 (or R3) according to SRPS EN 1504-
3:2010 in terms of modulus of elasticity, capillary absorption, adhesive bond, restrained
shrinkage/expansion, thermal compatibility (freeze-thaw), resistance to carbonation, etc. Once
the mortar class for the required properties has been determined, the mortar can be prepared
and used on site by mixing of already blended dry powder ingredients with deionized water,
and adding CEN standard sand. Prepared fresh mortar can be manually applied to the
previously adequately prepared concrete surface, in places where restoration is needed.
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ABSTRACT

Geopolymers are inorganic materials formed through the alkaline activation of
aluminosilicate precursors. The synthesis of these materials is carried out at room
temperature, which favorably contributes to the reduction of energy resources required for
their production. Various natural materials can be used as precursors for their synthesis,
including zeolites, diatomaceous earth, and clays, as well as different types of waste materials
rich in aluminum and silicon, such as fly ash, blast furnace slag, slag, red mud, and others.
These materials have attracted particular attention due to their high mechanical strength and
high adsorption capacity. In this context, the use of zeolites as precursors for the synthesis of
these inorganic materials represents a potential solution for overcoming the main limitations
of their wider industrial application. The synthesis of geopolymers was carried out using a
NaOH and Na,SiOs solution in a 1:1 ratio, after which the obtained paste was shaped into
spherical beads. The adsorption performance was evaluated using model cationic dyes,
namely methylene blue, crystal violet, brilliant green, and basic fuchsin. Adsorption
experiments were carried out by contacting 0.2 g of the synthesized adsorbent with 20 cm® of
dye solution at an initial concentration of 25 mg dm™, over a contact time of 3 h at 25 °C. The
obtained materials, both before and after the adsorption process, were characterized by optical
microscopy, scanning electron microscopy (SEM), Fourier-transform infrared spectroscopy
(FTIR), thermogravimetric analysis (TGA), and powder X-ray diffraction (XRD). The results
showed that the removal efficiency reached 76.7% for methylene blue, 95.7% for crystal
violet, 98.8% for basic fuchsin, and 99.6% for brilliant green. These findings indicate a strong
potential for the application of the synthesized materials in industrial wastewater treatment
processes.

Keywords: Zeolite, geopolymer, cationic dyes, efficiency
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ABSTRACT

Natural zeolites were widely investigated as biocarriers for bacteria due to their porous
structure and rough surface area, which promote bacterial immobilization and persistence.
However, the efficiency of bacterial immobilization can vary significantly depending on the
properties of the bacterial species involved as well as immobilization time.

In this study, the immobilization on natural zeolite of two bacterial species,
Pseudomonas putida and Klebsiella pneumoniae, was investigated at two contact times (5h
and 24h), representing early and prolonged immobilization period. Zeolite used in this study
was Aqualite™ (Josab International AB, Sweden), a natural clinoptilolite tuff composed of
clinoptilolite (60%), sanidine (15%), opal-CT (15%), quartz (5%), and smectite (5%), with a
grain size of 595 um. For P. putida, the number of immobilized bacteria significantly
increased after 24h (7.30.1 log CFU/g) compared to 5h (6.9+£0.1 log CFU/g), indicating that
longer contact time enhanced the immobilization process for this species. In contrast, K.
pneumoniae did not exhibit a significant difference in immobilization between the two
incubation periods (5h - 5.3+0.1 log CFU/g; 24h - 5.4+0.2 log CFU/g). P. putida showed
significantly higher numbers of immobilized bacteria on zeolite compared to K. pneumoniae
at both observed time points. The observed differences were likely associated with the
structural characteristics of the bacteria, namely active motility. P. putida has flagella on the
cell surface, which may facilitate more efficient contact with the zeolite surface and increased
the probability of immobilization. On the other hand, K. pneumoniae is a non-motile
bacterium characterized by a thick capsule that may reduce direct contact between the bacteria
and the zeolite surface, potentially leading to lower immobilization.

These findings indicated that both bacterial characteristics and immobilization time
influenced the efficiency of bacterial immobilization on natural zeolite. Understanding these
interactions could contribute to improved application of natural zeolite as a biocarrier in
wastewater treatment and bioremediation systems.
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ABSTRACT

The catalytic oxidation of volatile organic compounds (VOCs) is one of the key
application areas for zeolites. In such systems, zeolites may serve as standalone catalysts, but
they are more commonly used as supports for catalytically active components such as noble
metals or transition metal oxides. In this context, zeolites provide a flexible and efficient
support for developing catalysts for VOC oxidation in various gas purification applications.
Aromatic compounds from the BTEX group (benzene, toluene, ethylbenzene and xylene
isomers) are frequently used for this purpose, with benzene being a particularly relevant
model compound due to its high chemical stability and resistance to oxidation.

In this study, a series of powdered MFI- and FAU-type zeolites was investigated for the
catalytic oxidation of benzene as a representative VOC. The tested zeolites were compared in
terms of catalytic activity, and those showing the best performance were selected as supports
for the deposition of mixed manganese oxides as catalytically active components. Aqueous
1 M nitrate solutions of transition metal salts were used as precursors, mixed in a molar ratio
of Mn/X (X = Fe, Cu, Ni, Co, Cr, and Zn) = 1:1, and deposited onto zeolite supports by the
wet impregnation method. Characterization of the prepared catalysts included determination
of their physicochemical and morphological properties using multiple instrumental
techniques. After calcination at 500 °C, the prepared catalysts were tested in the fixed-bed
reactor, and catalytic activity was monitored by on-/ine analysis using gas chromatography.

Significant improvements in the catalytic performance of zeolites modified with mixed
manganese-based metal oxides were achieved compared to the parent zeolites, with the best
results observed for the CBV760 zeolite-supported mixed manganese—iron oxide catalyst
(MnFeOy), which achieved benzene conversion above 95% at temperatures as low as 250 °C.

Keywords: zeolites, catalytic oxidation, volatile organic compounds, mixed Mn oxides.
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INTRODUCTION

Lime based rendering mortars were used as an outer coating of many historical
buildings during ancient times and middle ages, and up to the beginning of the twentieth
century. In order to improve their properties in humid conditions, addition of natural
pozzolanic materials was applied. Natural zeolites were used as a pozzolanic material in the
countries that are not rich in other pozzolana. When cured in humid conditions, addition of
natural zeolites to lime mortars has the similar impact as addition of pozzolanic materials.
Nevertheless, when the environmental conditions change to relative humidity around 50%,
the reduction of compressive and flexural strenghts are observed. This paper investigates the
behavior of composite specimens composed of porous stone base, with two layers of lime
based rendering mortars containig natural zeolite. These specimens were exposed to the
influence of two sodium sulfate solutions, with concentration of 5 and 10%.

EXPERIMENTAL

Preparation of composite specimens analyzed in this research was explained in detail
previously [1]. The specimens were 5 years old at the beginning of the test. One group of
samples was prepared using pure lime mortars (designated with letter A), while the other
group was prepared using natural zeolite from Igros, Brus, as a partial replacement of lime in
the amount of 20 and 40% (designated with letter B). The analysis of the behaviour of these
specimens in the presence of sodium sulfate was done in accordance with the
recommendation of the RILEM Technical Comitee 271-ASC [2]. What has been observed
was that in the first phase of the analysis, salt was accumulated near the surface of the
specimens. In the following stages, the specimens were exposed to changes in the relative
humidity. The instrument used for secure curing conditions was climatic chamber (produced
by Memmert). Mass of the specimens was measured during each stage of the test. At the end
of the test the loose material from the specimen's surface was brushed away, while the first
layer of mortar under the brushed part was crushed and sieved through the 2 mm sieve. After
described preparation, the X-ray fluoresence (XRF) measurements were performed in order to
define the amount of the sulphur in the specimens exposed to soluble salt. Leaching test was
also performed, in order to define the amount of released sulphate ions. Mixtures containing
10 g of the specimens and 100 mL of deionized water were prepared, and after intense
mixing, filltered through 45 pm. The concentration of sulphate ions was detected using ion
chromatography (instrument used was Metrohm 861).

RESULTS AND DISCUSSION

Photographs of the samples at the beginning and at the end of the test, are presented in
Fig. 1. The sulphur content of the layers beneath the brushed part of the specimens, obtained
by XRF measurements, toghether with the amount of dissolved ions measured using ion
chromatography are presented in Table 1.

As it can be noticed from the photos, there were no great visual differences between the
different groups of samples nor there were visual differences from the influence of different
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salt concentrations. The change observed visually by deterioration of samples is present in all
of the samples at the end of the analysis. After the analysis of the layer beneath the brushed
material, it can be observed that the samples with less deterioration are samples marked as A-
2 and B-1 which retained higher amount of salt in the tested layer. This could possibly lead to
further deterioration of these samples, if the exposition was contined. These conclusions were
not confirmed through XRF measurements, where lower percent of sulphur was found in both
samples signed as type B.

Samples A-1 B-1 B-2
Samples at
the
beginning of
the test.

Samples at
the end of
the test.

Samples
after
brushing.

Figure 1. Photographs of the samples before (first raw), after the final
brushing (third raw)

e

ization (second raw) of the test and after

Table 1. The results of the sulphate concentration in the top layer remaining on the sample after brushing
Concentration of Mass of the S content obtained through SO4> dissolved

sodium sulfate brushed debris XRF measurement ions

solution applied (2) (ppm) (mg/L)
A-1 5% 13.67 3092.39 338
A-2 10% 12.85 9746.90 1300
B-1 5% 9.38 2641.14 896
B-2 10% 20.02 2563.53 470

The obtained results are promissing due to the similar level of damaged structure developed in
analyzed groups of specimens, as well as lower amount of sulphur available for reaction and
further deterioration. Still, it would be of interest to detect the different reaction products that
induce the damage mechanism and path observed on the specimens.
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ABSTRACT

Hexavalent chromium (Cr(VI)) is a carcinogenic, highly toxic, and mobile pollutant
frequently detected in industrial wastewater, posing a major environmental concern due to its
high solubility and persistence. In this work, y-irradiation was employed to modify the
structural and adsorption properties of the zirconium metal—organic framework UiO-66 for
improved Cr(VI) removal from aqueous solutions.

Irradiation was performed using a Cobalt-60 source at absorbed doses from 5 Gy to
2000 kGy (dose rates 113 Gy/h-31 kGy/h). X-ray diffraction revealed dose-dependent
microstructural changes, indicating decreased crystallinity and defect formation even at low
doses. At higher doses, the peak shifted toward lower 20, suggesting increased lattice strain,
while partial crystallinity was retained. Nitrogen sorption analysis showed an increase in
specific surface area from 915 to 1140 m?*g after irradiation at 2000 kGy. FTIR analysis
confirmed the preservation of functional groups, including the oxyanion-binding region (~900
cm).

Adsorption experiments conducted at initial Cr(VI) concentrations of 10 and 50
mg/dm?* showed that removal efficiency increased with sorbent dosage (0.1-2 g/dm?),
reaching ~100% at the highest dose. At 10 mg/dm?, removal at 0.1 g/dm? increased from
32.9% (non-irradiated) to 41.8% (2000 kGy), while at 0.3 g/dm? it increased from 68.6% to
72.7%. At 50 mg/dm?, the effect was more pronounced: removal at 0.1 g/dm? increased from
9.0% to 10.6%, and at 0.3 g/dm? from 24.6% to 38.0%. Low irradiation doses (5-50 Gy) had
a negligible effect, whereas high-dose irradiation significantly improved performance,
particularly at higher pollutant concentrations and lower sorbent dosages.

The enhanced adsorption is attributed to irradiation-induced defect formation and
increased specific surface area from 915 m?/g to 926 m?/g. The micro—mesopore distribution
changed, with the mesopore fraction increasing from 55% in the non-irradiated sample to
66% after irradiation. These findings demonstrate that y-irradiation by modifying the porous
structure of the MOF is an effective approach to improve MOF-based materials for Cr(VI)
remediation.

Keywords: Cr(VI) removal, UiO-66, gamma irradiation.
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ABSTRACT

Metal-organic frameworks (MOFs) have been intensively investigated over the last 30
years. MOFs are easily modified to perform certain functionality, hence the versatility of
MOFs was widely demonstrated across a broad range of applications, including: catalysis,
sensing, enantiomeric separation, gas adsorption and separation, and production of liquid
water by harvesting vapour from the air [1-3]. Rapid expansion of research generated over
100,000 MOF datasets in the Cambridge Structural Database [4]. Some aspects of these
materials are still scarcely researched, such as predictive understanding of the influence of
synthetic pathways on structural features and their functionality [1].

Metal-organic frameworks containing N-alkylated amino acids have not yet been
structurally characterised in the literature, nor have copper(ll) MOFs incorporating 3,3'-
bipyridine together with an additional chelating ligand [3]. In this work, we present the
investigated synthetic pathways and four crystal structures of copper(ll) MOFs with a general
formula {[Cu(AA)(NOs3)(3,3’-bpy)]-solvents}, (AA = N-methyl- or N-ethlyglycinate; 3,3’-
bpy = 3,3’-bipyridine). X-ray structural analysis was performed to elucidate how the alkyl
chain length of the N-alkylglycine, the crystallisation solvent, and other experimental
parameters affect the crystal packing of the obtained frameworks (Figure 1). Thermal and
magnetic behaviour of compounds were investigated.

Keywords: crystal structures; metal-organic frameworks; solvatomorphism, synthesis.

Figure 1. Crystal packing of orthorhombic (left) and cubic (right) forms of MOFs {[Cu(AA)(NOz)(3,3’-
bpy)]-solvents} .
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ABSTRACT

Volatile organic compounds (VOCs) are classified as organic compounds with boiling
points lower than 250 °C at atmospheric pressure. They are a major class of pollutants and can
negatively impact both human health and the environment. Several approaches are being used
for lowering the emissions and removal of VOCs, with catalytic oxidation being among the
most common and efficient.

Zeolites are a group of microporous, crystalline aluminosilicate minerals which possess
properties such as high surface area, uniform micropore structure, hydrophobicity, and
thermal stability. Due to these properties, they are commonly employed as adsorbents and
catalysts for air purification. Among the transition metals, Mn and Cu are promising
candidates for the abatement of VOCs due to their excellent redox properties, high activity
and resistance to poisoning, with some indications of a synergistic effect between these two
metals [1].

In this work, we investigated the catalytic activity of four different zeolite types (SSZ-
13, Y, ZSM-5, and ERI) for total catalytic oxidation of toluene as a model VOC. The
parameter used for comparing the catalytic activity of measured samples was Tqp, Which
represents the temperature at which 90 % of the reactants are converted into products. Each
zeolite was first loaded with a relatively high amount of Mn (10 wt.%), after which the first
group of catalytic tests was conducted. The best-performing catalyst was Mn-doped Y,
showing a Ty of around 387 °C. For the next group of catalytic tests, each zeolite was first
loaded with the same amount of Mn (10 wt.%) and subsequently loaded with 3 wt.% Cu. It
was observed that the introduction of Cu significantly increased the toluene conversion in a
large part of the measured temperature range.

Through these measurements, we have identified several promising zeolites for the
removal of VOCs, and have shown that the addition of Mn and Cu can further improve their
catalytic activity. These findings provide a promising starting point for the design and
optimization of more efficient zeolite-based catalysts for the oxidative degradation of VOCs.

Keywords: Cu-Mn, zeolites, catalytic oxidation, toluene.
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ABSTRACT

This study investigates multifunctional properties of organozeolites obtained from
natural zeolite clinoptilolite from Vranjska Banja deposit (Serbia), modified with three
cationic surfactants in amount of 100% of zeolite external cation exchange capacity (ECEC).
The starting material was modified wusing three different surfactants -
octadecyldimethylbenzylammonium chloride (sample OZ-100), cetylpyridinium chloride
(sample ZCP-100), and benzalkonium chloride (sample ZBC-100). Organozeolites were
evaluated in terms of antioxidant (Fe" chelating) and antimicrobial properties. Adsorption
kinetics of non-steroidal anti-inflammatory drug diclofenac sodium (DS) was also
determined. All materials exhibited high Fe’" chelating ability and pronounced as broad-
spectrum antimicrobial activity. Drug adsorption kinetics revealed that the pseudo-second-
order model best describes DS removal, with differences in rate and capacity among samples.
The results highlight the potential of organozeolites as multifunctional materials for
environmental applications.

Keywords: natural zeolite, surfactants, antioxidant and antimicrobial activity, drug adsorption
kinetics.

INTRODUCTION

Natural zeolites have an infinite three-dimensional cage-like structure, ion-exchange,
and adsorption properties. Their hydrophilic nature limits their affinity toward organic
molecules, especially those with non-polar or moderately polar character. To overcome these
limitations, surface modification with organic cations, such as quaternary ammonium salts —
surfactants, has been widely investigated. This modification transforms the zeolite surface to
hydrophobic, enhancing its affinity towards organic compounds. The resulting materials,
known as organozeolites, exhibit improved adsorption performance toward mycotoxins and
drugs compared to unmodified zeolite [1,2].

Besides high adsorption efficacy to adsorb organic compounds, antibacterial and
antioxidant activities of organozeolites are very important for their potential practical
applications. It was documented that surfactant modified minerals have antimicrobial
properties. Study of Schulze-Makuch et al. [3] showed that that zeolite - clinoptilolite
modified with hexadecyltrimethyl ammonim ions was bactericidal, and removed Escherichia
coli (100%) and viruses (about 99%) from contaminated water.

This study investigates the multifunctional properties of the three organozeolites
obtained by modification of the natural clinoptilolite from Vranjska Banja deposit with
different cationic surfactants in amounts equal to 100% of zeolite ECEC. The aim of this
study was to evaluate the antioxidative and antimicrobial activity as well as to investigate
adsorption kinetics for DS, of studied organozeolites.
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EXPERIMENTAL

The natural zeolite (Z) from Vranjska Banja deposit (Serbia) mainly consisting of
clinoptilolite was used in experiments. The cation exchange capacity (CEC) of Z was 139
meq/100g, while ECEC of Z was 10 meq/100g [1]. The Z was modified in amount equal to
100% ECEC with three cationic surfactants: octadecyl dimethyl benzyl ammonium
(ODMBA) chloride, cetylpyridinium (CP) chloride, and benzalkonium (BC) chloride. The
resulting samples were labelled as OZ-100, ZCP-100, and ZBC-100. The procedure for
preparation and characterization of organozeolites was described elsewhere [1,2].

Fe** chelating ability was determined in vifro according to the method given by
Todorov et al. with slight modifications [4]. Analyzed solutions of organozeolites (0.03125 —
4.0 mg/mL, 1.0 mL) were prepared in 1M phosphate buffer (pH 7). The absorbance of the
examined samples was measured on a UV-VIS 1800 spectrophotometer (Shimadzu, Kyoto,
Japan) at 562 nm. Citric acid and ethylene diamine tetra acetic acid (EDTA) were used as
positive controls.

Antimicrobial activity of organozeolites was tested against Gram-positive Bacillus
cereus ATCC 11778, Gram-negative Pseudomonas aeruginosa ATCC 35032, yeast Candida
albicans ATCC 10231, and the mycotoxigenic mold Fusarium graminearum (isolate 4606,
Maize Institute Zemun Polje), adjusted to 10° CFU/mL. Broth dilution method at
oganozeolites concentrations of 25, 50, and 100 mg/mL following UV treatment in laminar
flow chamber for sterilization of the samples was applied [4]. The results were expressed as
logio CFU/mL. A CFU reduction of > 3 log; is defined as microbicidal activity.

For the kinetic experiments, diclofenac sodium (DS) solutions with an initial
concentration of 20 mg/L. were agitated for different time intervals (0-90 min). The
experiments involved addition of 25 mg of each organozeolite to the 25 mL of DS solution.
Kinetic experiments were performed at pH 7 in phosphate buffer solution. After
predetermined time intervals, solutions were filtered and concentrations of non-adsorbed drug
were determined using UV-Visible Spectrophotometry (UV-VIS 1800, Shimadzu). The
amounts of adsorbed DS were calculated from the difference between the initial drug
concentration and its concentration in the supernatant after the equilibrium.

RESULTS AND DISCUSSION

The ability to chelate iron ions was used to assess antioxidant potential. Iron is an
essential micronutrient but it becomes toxic at higher concentrations, as it generates free
radicals by interconverting between ferrous (Fe*) and ferric (Fe’") forms.
Fe” chelators/antioxidants possess ability to mobilize tissue iron by forming soluble stable
complexes that are then excreted from the body. In our study all organozeolites showed
extremely high Fe*" chelating ability (Figure 1). It is important to note that chelating ability
for all tested samples decreased with increasing initial sample concentration. In the tested
concentration range of 0.03125-4.0 mg/mL the chelating ability for OZ-100 decreased from
96.02-87.96%, for ZCP-100 from 97.46-76.88%, and for ZBC-100 from 98.28-76.95%. The
citric acid control sample showed negligible chelating ability while EDTA proved to be an
excellent chelating agent.
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Figure 1. Fe** chelating ability of organozeolites. Data represent means + standard
deviation (n = 3)

Results of the antimicrobial assay demonstrated concentration-dependent antimicrobial
effects of ZCP-100 and ZBC-100. At lower concentrations, the antimicrobial efficiency of the
modified zeolites decreased in the following order: OZ-100 > ZBC-100 > ZCP-100.
Organozeolite OZ-100 completely reduced growth of all microbial strains (25-100 mg/mL),
except P. aeruginosa which showed resistance to all organozeolites even at 100 mg/mL. C.
albicans was the most susceptible, exhibiting complete inhibition at all tested materials in the
range 25-100 mg/mL. Antifungal activity against mycotoxigenic F. graminearum was
generally effective, although ZCP-100 did not demonstrate inhibitory activity at the lowest
concentration. Same sample was less effective against B. cereus, but still possesses strong
microbial reduction (>3 logie CFU/mL). Concentration of 100 mg/mL completely reduced
microbial growth with all organozeolites, except resistant Gram-negative bacteria.

Adsorption of DS by organozeolites was followed by determination of adsorption
kinetics. The results of influence of contact time on the adsorption of DS on organozeolites
are shown in Figure 2.
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Figure 2. The effect of contact time on the adsorption of DS on organozeolites

Kinetics data were fitted according to commonly used kinetic models for the analysis of
the data on adsorption of organic contaminants by organominerals: pseudo-first-order (PFO)
and pseudo-second-order (PSO) models. The fitting parameters are presented in Table 1.
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Table 1. Kinetic parameters for the adsorption of DS on organozeolites

Model Parameter 0Z-100 ZCP-100 ZBC-100
Experimental data | qe(exp)(mg/g) 11.9 7.0 6.3
PFO k; (1/min) 0.33 0.17 0.93

de1 (Mg/g) 11.1 6.4 5.9

I 0.925 0.868 0.992
PSO k> (g/(mg-min)) 0.04 0.04 0.43

ge2 (Mg/g) 11.8 7.0 6.0

r 0.978 0.938 0.994

Kinetic analysis of DS adsorption revealed differences among organozeolites. The
results of kinetic data fitting indicated that the PSO model best describes the experimental
data. Higher coefficients of determination (r?) and better agreement between the experimental
values Qeexp) and the q. values calculated from the models suggest that PSO model better
describes DS adsorption. Organozeolites OZ-100 and ZCP-100 reached adsorption
equilibrium in approximately 60 min, while ZBC-100 achieved equilibrium in 20 min. Since
the starting zeolite showed practically no adsorption of DS, for all studied organozeolites,
adsorption of DS significantly increased. This means that surfactant ions are active sites at
which DS molecules are adsorbed. Organozeolite OZ-100 exhibited the highest DS maximum
adsorbed amount (11.9 mg/g), followed by ZCP-100 (7.0 mg/g) and ZBC-100 (6.3 mg/g).
Kinetic parameters showed that DS adsorption on ZBC-100 is the fastest initially, although
with lower adsorption efficiency, whereas OZ-100 has slower initial adsorption but higher
overall maximum adsorbed amount while ZCP-100 showed the moderate rate and efficacy.

CONCLUSION

Organozeolites demonstrated significant multifunctional properties. All samples showed
high Fe** chelating ability and notable antimicrobial activity, depending on surfactant type in
organozeolite and microbial concentration (25-100 mg/mL). Adsorption of DS was fast with
reaching adsorption equilibrium in 60 min for OZ-100 and ZCP-100, and 20 min for ZBC-
100. Among the samples, OZ-100 showed the highest DS maximum adsorbed amount, while
ZBC-100 exhibited the fastest adsorption kinetics. The results obtained in this study suggest
the potential of organozeolites for environmental applications, e.g. removal of organic
pollutants from contaminated water.
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Lanthanide-containing zeolites have a wide range of applications, particularly as light-
emitting phosphors and luminescent sensors [1]. Combining long-lived Ln’" emission with
zeolite morphology yields materials with unique optical properties. The aim of this work was
to investigate the potential applications of Eu3+—exchanged natural zeolite mordenite (MOR)
as an adsorbent for a fluoroquinolone (FQ) antibiotic norfloxacin (NOR), and as a fluorescent
sensor for its detection. Due to its ecotoxicity and chemical stability, the occurrence of NOR
in surface waters and wastewater has been recognized as a significant threat to human health
and aquatic ecosystems [2]. Eu*-MOR was prepared by an aqueous ion-exchange procedure
at ambient temperature using a europium(IIl) nitrate hydrate, followed by calcination at 500
°C. Characterization of the obtained material was performed using X-ray powder diffraction,
Fourier transform infrared spectroscopy, scanning electron microscopy with energy-
dispersive spectroscopy (SEM-EDS), diffuse reflectance spectroscopy, photoluminescence
(PL) spectroscopy, low temperature N, adsorption and zeta potential measurements. The
europium content of Eu>-MOR was determined to be 3.6 + 0.5 wt% by EDS analysis. Batch
experiments were performed at Co = 10 g L' NOR, with a solid-liquid ratio of 1 g L™, at (20
+ 1) °C. The influence of pH on the adsorption and emission characteristics of Eu’"-MOR was
investigated. The highest NOR adsorption was achieved at pH = 4. At acidic conditions, Eu®"-
MOR displayed negative values of zeta potential therefore NOR (pKa; ~ 6.2) in its cationic
form can be attracted by the negatively charged surface. Under alkaline conditions the
carboxylic groups of NOR are predominantly ionized (pKa, ~ 8.5). The PL spectrum of Eu’'-
MOR at pH= 9 exhibited an increase in the intensity of Dy —'F, (n = 0-4) transitions
detected at approximately 587, 598, 619, 651 and 701 nm respectively, characteristic of Eu3+,
with increasing NOR concentrations. This enhancement is primarily attributed to the ability of
the anionic form of FQs to form complexes with metal cations, facilitating energy transfer
between NOR and Eu’™ [3]. These findings highlight the potential of Eu’*-MOR as a
multifunctional material capable of identifying and eliminating FQ antibiotic NOR.

—+ . . .
Keywords: Eu*"-exchanged mordenite, luminescent sensor, norfloxacin
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ABSTRACT

Heavy metal contamination originating from spent battery processing represents a
significant environmental challenge due to the toxicity and persistence of Pb**, Cd**, and Hg**
ions [1-3]. Among available treatment methods, adsorption using zeolites has attracted
considerable attention because of their ion-exchange capacity, developed porosity, and low
cost [2, 4-7].

In this study, the adsorption behavior of Cd*", Pb*, and Hg*" ions were investigated
using natural clinoptilolite zeolite from Vranjska Banja and synthetic zeolite 4A. A
multicomponent aqueous solution was prepared to simulate condensate generated after
vacuum pyrolysis of spent batteries. Adsorption experiments were carried out under ambient
conditions at mixing speeds of 300 and 600 rpm.

The =zeolites were characterized by X-ray powder diffraction (XRPD),
thermogravimetric analysis (TG/DTG), scanning electron microscopy (SEM), and Brunauer—
Emmett-Teller (BET) surface area analysis, while metal ion concentrations before and after
adsorption were determined by atomic absorption spectroscopy (AAS).

The obtained results showed that natural clinoptilolite exhibited the highest affinity
toward Cd** ions, achieving 98% removal efficiency, followed by Pb** (65%) and Hg**
(45%). Synthetic zeolite 4A achieved complete removal of Cd*" and Pb*" ions under the
investigated conditions. Adsorption kinetics in all systems were best fitted by the pseudo-
second-order kinetic model, indicating that chemisorption is the dominant adsorption
mechanism [2, 6].
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ABSTRACT

The removal of ibuprofen (= 1 mg/L) from simulated wastewater was investigated using
natural clinoptilolite and its Na-, Fe-, and S-enriched forms, as well as fruit-processing by-
products (olive, cherry, and sour cherry pits) at initial pH, values of 3.06, 4.03, and 5.57.
Sorption was strongly pH-dependent, with the highest removal observed at pH, 3.06 for all
sorbents. Among zeolites, Na-enriched clinoptilolite showed the best performance (41%),
while fruit pits achieved higher removal efficiencies, reaching up to 81% for sour cherry pits.

Keywords: ibuprofen, fruit pit-derived sorbents, zeolites, wastewater treatment

INTRODUCTION

Ibuprofen, a non-steroidal anti-inflammatory drug, is frequently detected in aquatic
environments due to its extensive global consumption and incomplete removal in
conventional wastewater treatment processes. Although even low concentrations can affect
non-target aquatic organisms and potentially disrupt ecosystem stability [1-3], the regulatory
framework for pharmaceuticals in drinking water remains limited. Maximum concentrations
are not legally established, and their occurrence is primarily assessed through risk-based
evaluations. Moreover, efforts are ongoing to include these compounds on priority substance
lists [4]. This highlights the need for effective and reliable removal strategies. Adsorption is a
promising approach for the removal of ibuprofen due to its simplicity and efficiency. While
conventional adsorbents such as activated carbon and synthetic resins exhibit high
performance, their cost and regeneration requirements limit their wider application [1,5].
Consequently, attention has shifted toward low-cost and sustainable alternatives, including
zeolites and biosorbents derived from agricultural waste [1,2,6]. In this context, fruit pits and
zeolitic materials as abundant, inexpensive, and environmentally friendly sorbents, were
evaluated for the removal of ibuprofen from water.

EXPERIMENTAL

Preparation of the ibuprofen-contaminated water

Contaminated water containing = 1 mg/L of ibuprofen was prepared by dissolving
ibuprofen (Ibuprofen Anti-inflammatory, Sigma-Aldrich, purity > 98.0%) in methanol (LC-
MS grade, Chromasolv, Honeywell), followed by dilution with ultrapure water (Purelab Flex
3, Elga). To optimize sorption, the effect of the initial pH (pH,) of ibuprofen-contaminated
water was evaluated at pH, values of 5.57 (natural, unadjusted), 4.03, and 3.06, with the latter
two adjusted using glacial acetic acid (99.8—-100.5%, AnalaR NORMAPUR).

Preparation of sorbent materials

Natural zeolite (NZ) from the Zlatokop deposit (Serbia), containing = 80% clinoptilolite
with calcium as the dominant exchangeable cation, was washed and dried, milled, sieved, and
chemically modified to enhance its sorption properties. Sodium-enriched zeolite (Na-Z) was
obtained by NaCl treatment, iron-enriched zeolite (Fe-Z) by sequential treatment with
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Fe(NOs3);-9H,0, NaOH, and NaNOs, and sulphur-enriched zeolite (S-Z) by Na,S at 150 °C
[7]. Olive pits (OP), cherry pits (CP), and sour cherry pits (SCP) were collected from local
fruit processing plants, washed with distilled water, dried at 40 °C to constant mass, milled,
and sieved without separating the shell and kernel to facilitate recycling. A particle size
fraction of 0.56—1.00 mm was used for all tested sorbents.

Batch sorption experiments

The 0.5 g of each sorbent was mixed with 50 mL of ibuprofen-contaminated water at 25
+ 2 °C and 230 rpm for 24 h in an orbital shaker. After filtration, equilibrium pH. was
determined. After additional filtration through a 0.20 um microfilter, the residual ibuprofen
concentration (c¢;) was analysed by UHPLC-MS/MS (UltiMate 3000RS — TSQ Quantis)
equipped with an Accucore™ C18 column (150 % 2.1 mm, 2.6 um; Thermo Fisher Scientific,
Waltham, MA, USA). All experiments were performed in triplicate, and results are reported
as mean values.

Zeta potential measurement

Zeta potential of olive, cherry, and sour cherry pits in aqueous ibuprofen solution (pH,
= 5.57) was measured by means of Malvern Zetasizer Ultra device, by dispersing ~ 1 mg of
each sample in 2 mL of solution, followed by ultrasonication for 1-2 min. Measurements
were performed in triplicate and reported as mean values.

RESULTS AND DISCUSSION
Sorption capacity (g., mg/g)) and removal efficiency (a, %) of ibuprofen were
determined from batch experiments and calculated as follows:

qg=[(co—c)-V]/m (h
a=[(co—cr)co] - 100 2)

where ¢, and ¢, are the initial and residual ibuprofen concentrations (mg/L), m is the sorbent
mass (g), and V' is the solution volume (L). Figure 1 presents sorption capacity and removal
efficiency of the tested sorbents versus the initial pH, of ibuprofen-contaminated water.

0.10 100
a) pH, = 3.06 b) pH, = 3.06
0.08 pH, = 4.03 80 | pH, = 4.03
o0 0.06 pH, =5.57 60 pH, = 5.57
N 0
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0.00 0
OP CP SCP NZ Na-ZFe-Z S-Z OP CP SCP NZ Na-Z Fe-Z S-Z
Sorbent Sorbent

Figure 1. a) Sorption capacity and b) removal efficiency of different sorbent materials for ibuprofen.

The results show marked differences in sorption behaviour depending on both the sorbent
type and the initial pH,. At pH, 5.57, only two (cherry and sour cherry pits) of the seven
sorbents demonstrated measurable sorption, with capacities of 0.001 mg/g and 0.025 mg/g
and removal efficiencies of 1.2% and 30.2%, respectively. Decreasing the pH, to 4.03
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increased the capacities of all pits, with sour cherry pits again showing the highest values
(0.044 mg/g and 44.6%). Only at the lowest pH, of 3.06 zeolite samples exhibited ibuprofen
removal, with Na-Z achieving the best result of 0.041 mg/g and 41.3%. It is worth mentioning
that its modification was done with low-cost and environmentally safe agent. Fruit pit-derived
sorbents consistently outperformed zeolites across all tested pH, values, reaching a maximum
removal efficiency of 81.3% for sour cherry pits. This is unsurprising, since zeolites were
originally modified for the sorption of heavy metals, yet their effectiveness for ibuprofen was
evaluated.

Sorption efficiency is governed by sorbent properties, contaminant speciation, and pH [8,9].
All tested materials had negatively charged surfaces, as indicated by zeta potentials of OP (-
36.86 mV), CP (-32.17 mV), SCP (-28.41 mV), and clinoptilolite-based materials (NZ -22.8
mV; Na-NZ -25.7 mV; Fe-NZ -29.7 mV; S-NZ -39.9 mV) [7]. At pH > pK, (4.91), ibuprofen
is mostly anionic (-COO") and electrostatically repelled by the negatively charged sorbent
surface, resulting in limited sorption at pH, 5.57, likely via cation-mediated bridging and
surface complexation, along with minor contributions from hydrogen bonding and London
dispersion forces [6,7,10,11]. At pH < pK,, ibuprofen, as a weak acid, is largely neutral and
more lipophilic minimizing electrostatic repulsion and enhancing sorption. Maximum
removal occurred at pH, 3.06, where partial protonation of surface functional groups further
reduces surface negativity. Under these conditions, sorption is dominated by hydrophobic
interactions and hydrogen bonding, particularly for sour cherry pits, whose lignin-rich
aromatic structure provides abundant binding sites, and for the Na-enriched clinoptilolite,
which offers the most accessible cation-mediated sorption sites among the tested zeolites
[6,7,10,11]. Literature reports similar maximum sorption of pharmaceutical compounds under
strongly acidic conditions (pH = 2) with marked decreases at alkaline pH (> 7), especially for
zeolites [11,12]. Equilibrium pH, values (Figure 2) further support these observations.

12 12
a) pH, = 3.06 b) pH, = 3.06
10 pH, = 4.03 10 pH, = 4.03
=5.57 =
2 pH, 8t pH, = 5.57
56 | 26 |
4 r 4
2 2
NZ Na-Z Fe-Z S-Z OP CP SCP
Sorbent Sorbent

Figure 2. Equilibrium pH. values after 24 h sorption onto: a) fruit-pit derived sorbents and b) natural and
modified zeolites

Zeolites showed higher pH. after sorption (Fe-Z 9.87 and S-Z 10.52 at pH, = 5.57),
corresponding to lower performance, whereas fruit pits had lower pH. and higher efficiencies.
The lowest pH. was observed at pH, = 3.06, corresponding to the most effective conditions.
Although lower pH could further enhance removal, highly acidic conditions are not
recommended in practical applications due to potential equipment damage and material
degradation.
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CONCLUSION

These preliminary results demonstrate that ibuprofen removal from contaminated water
is highly challenging, with solution pH playing a key role. Although significantly higher
removal was achieved at pH, 3.06, further lowering of pH, while potentially increasing
removal efficiency, is neither operationally justified nor practical for water treatment
applications. Therefore, efficient removal of pharmaceuticals requires the use of combined or
advanced treatment processes. Given their emerging contaminant status, pharmaceuticals
should be included in routine water quality monitoring, with maximum allowable
concentrations urgently defined. Additionally, readily available and environmentally friendly
materials show promising potential (41% removal on Na-enriched clinoptilolite and 81% on
sour cherry pits) for use in combined treatment processes or, with further appropriate
modification, as standalone sorbents.
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ABSTRACT

Natural minerals, such as zeolite and kaolin, possess hydrophilic surfaces that limit their
affinity for hydrophobic or anionic molecules such as ketoprofen (KET), a nonsteroidal anti-
inflammatory drug (NSAID), commonly found as pollutants in the aquatic ecosystems [1,2].
To overcome this limitation, mineral surfaces are often modified with cationic surfactants,
enhancing their adsorption capacities [3]. Surfactant cetylpyridinium (CP) chloride was used
to modify the surface of natural zeolite (Z) from Vranjska Banja (Serbia), primarily composed
of the mineral clinoptilolite and kaolin (K) from Rgotina (Serbia), mainly composed of the
mineral kaolinite. Both Z and K were treated with two levels of CP - 50% and 100% of the
external cation exchange capacity of Z and the cation exchange capacity of K. The resulting
samples, denoted as ZCP-50, ZCP-100, KCP-50, and KCP-100, were characterized using
Fourier transform infrared spectroscopy (FTIR) and determination of zeta potential. In the
comparative study, obtained materials were tested for KET adsorption with particular focus
on the effects of surfactant loading, mineral type, and solid phase content. The adsorption of
KET on the organominerals was studied using different concentrations of suspensions (0.4,
1.0, 2.0, and 4.0 g/L), while the drug concentration was kept constant at 20 mg/L in phosphate
buffer at pH 7. Unmodified Z and K did not adsorb KET, however modification with
surfactant led to its pronounced increased adsorption. For CP-modified minerals, KET
adsorption increased with increasing of the amount of solid phase in the suspension and with
increase of the surfactant amount at surfaces of clinoptilolite and kaolinite. For Z and K with
the highest amount of CP, the maximum adsorbed amounts of KET under the applied
experimental conditions were 4.1 mg/g for KCP-100 and 4.6 mg/g for ZCP-100, indicating
that both materials are effective adsorbents for KET.

Keywords: ketoprofen, zeolite, kaolin, adsorption, cetylpyridinium chloride.
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ABSTRACT

Zeolite-based biopolymer composites have attracted significant attention for drug
delivery, tissue engineering, and wound healing applications due to their inherent
biocompatibility, biodegradability, and non-toxicity [1]. The potential use of biocomposites
with antibacterial activity is particularly noteworthy [2]. In this study, biopolymeric
composite films were prepared using chitosan, a natural cationic polysaccharide polymer [3],
and a zeolite-tetracycline (ZTCIl) composite. The preparation of ZTCl composite by
adsorption of tetracycline (TCl) onto natural zeolite-clinoptiloite from Vranjska Banja deposit
has been previously described [4]. Commercial low molecular weight chitosan, glycerol as a
plasticizer, and a 1% acetic acid solution were used to prepare the composite film (denoted as
FZTCl) by casting and solvent evaporation, maintaining a polymer/ZTCl mass ratio of
1.5:1.0. For comparison, a control film (FO) without the ZTCl was also prepared. The
functional properties (mass, thickness, and swelling) of both FZTCI and FO were evaluated, as
well as the drug release profile from FZTCI in pH 7.4 phosphate buffer at 37 °C over 6 h. The
average mass and thickness of FZTCI (110 £ 4 mg, 146 = 9 um) were higher than those of FO
(70 £ 2 mg, 85 + 8 um). The swelling capacities of the films after 6 h (in pH 7.4 phosphate
buffer at 37 °C) were up to 270% for FO and up to 370% for FZTCI. During the testing period
approximately 48% of TCI was released in a sustained manner. The physical integrity of the
film was maintained and no cracks or splitting were observed during swelling and drug
release testing. Further investigations of the antibacterial activity and mechanical properties of
zeolite-based polymer composite films will reveal their potential for drug delivery
application.

Keywords: natural zeolite; clinoptilolite; tetracycline; functional properties; drug release
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ABSTRACT

Examination of lead ions removal onto natural zeolite is performed in suspensions with
presence of organic matter through the addition of commercial liquids Fertireg® and
Humistar® commonly used for fertilization of the plants in agriculture. Prepared
concentrations of Fertireg® in suspensions were 0.12% and 3% and Humistar® 0.06% and
3% which are recommended for the soil additions. Experiments have shown that Fertireg®
has no effect on removal efficiency of lead ions onto zeolite, within the examined range of
additions. The presence of the humic acids in the Humistar® has shown increased removal
efficiency for lead ions in the suspension with 3% of organic matter and at pH=7-8. From the
obtained results the organic matter has no competitive effect in sorption of lead ions onto
zeolite. Moreover, there is observed synergy of organic humic acid in lead ions removal.
These results could be important for application of natural zeolite in the soil remediation.

Keywords: lead ions, zeolite, fulvic acids, humic acids, soil remediation.

INTRODUCTION

The application of natural zeolites in environmental remediation processes is becoming
increasingly significant, particularly for the removal of harmful substances toward which
zeolites exhibit a high affinity. These include heavy metal ions, primarily Pb, Zn, Cu, and Cd

[1].

However, under real conditions in contaminated soil, organic matter is present in
amount greater than 70%, originating mostly from the decomposition of non-living organic
matter. Approximately 80-90% of this consists of humic substances formed through natural
degradation processes, i.e., humification. Humic substances include both fulvic and humic
acids, which play a role in the transport of nutrients to plant roots. These acids are added as
commercial products into soils in agriculture to improve plant growth. Therefore, it is
important to investigate the influence of the presence of humic and fulvic acids on the
efficiency of heavy metal ion removal from soil/aquatic media using natural zeolite as a
remediation agent. Fulvic and humic acids are macromolecules with a complex structure
possessing multiple functional groups such a phenolic (—-OH) and carboxylic (-COOH) that
can interact with heavy metals through complex formation or chelation [2,3]. A large number
of hydrophilic -OH groups shows different behavior depending on pH, where deprotonation
leads to formation of negative sorption sites. Specifically, the presence of organic matter may
affect bioavailability of nutrients and enhance the sorption of heavy metal ions into plant
body. But it may also reduce heavy metal bioavailability [4] and improve soil remediation
increasing their removal efficiency onto zeolite.

Recent studies show that there are different interpretations of the mechanisms of metal
ions binding to zeolites in the presence of organic acids. They can adsorb to silica particles in
sandy soils, probably through hydrophobic interactions, creating aggregates which improve
both, better drainage and water holding capacity. The fate, bioavailability and migration of
metal ions in soils are closely linked to the presence of adsorbed humic substances. This
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research aims to provide insight into the sorption capacity of zeolites as a function of pH, as
well as the concentration of fulvic and humic acids and concentration of lead ions.

EXPERIMENTAL

The lead ions solutions with a concentrations of 2 and 4 mmol/L were prepared by dissolving
Pb(NO;), salt in ultrapure water and the exact concentration was determined by
complexometric analysis and flame atomic absorption spectrometry (FAAS).

The natural zeolite sample originated from the Vranjska Banja deposit (Republic of
Serbia) and contains a high content of clinoptilolite. It was sieved to a particle size of 0.09—
0.56 mm, dried at 40°C, and stored in sealed glass containers. Experiments were carried out in
100 mL of aqueous Pb*" solution with different initial concentrations, by mixing with 1 g of
zeolite (control samples) and repeated in the presence of a defined concentration of fulvic and
humic acids.

Fertireg® and Humistar® are commercial products used for plant nutrition. Fertireg®
contains a high concentration of fulvic acids, while Humistar® contains a high concentration
of humic acids. Their addition to the zeolite/aqueous Pb** system resulted in a content of
organic acids, corresponding to the additions recommended for agricultural use.

Experiments with fulvic acids were performed in mentioned suspensions at
solution/zeolite ratio 100 mL/1g and different Fertireg® volume content of 0.12% and 3%.
After 24 hours in shaker at room temperature (20-22°C) suspension is filtrated and lead
content in filtrate is determined using FAAS. All measured pH values after equilibration
where on range 3.5-3.8.

Experiments with humic acids were performed in same suspensions at different
Humistar® volume content of 0.06% and 3% and two pH solutions from 5-6 and 7-8. After
24 hours in shaker at room temperature (20-22°C) suspension is filtrated and lead content in
filtrate 1s determined using FAAS. All pH values after equilibration where on range 4.56—
5.83.

The removal efficiency in all experiments is calculated using equation:

a = ((coce)lce) - 100 (1)
where:

o — removal efficiency, %

¢, — initial lead concentration, mmol/L

c. — equilibrium lead concentration, mmol/L.

RESULTS AND DISCUSSION

The graphical comparison of the Pb* removal efficiency onto natural zeolite in presence
of different Fertireg® content at two examined lead concentrations are presented in Figure 1.
In control suspensions, without organic matter — fulvic acids the removal efficiency is in
accordance with our previous investigations, increases with increasing of initial concentration
of lead ions.
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Figure 1. Comparison of the removal efficiency of lead ions onto zeolite in solutions with different content of
organic matter-fulvic acids.

Removal of lead ions in presence of humic acids at different content of organic matter-humic
acids and pH values are presented on the Figure 2.

m 2 mmol Pb/L 4 mmolPb/L

100 61.77 g
80 / ' 68.
o % g
40
20 4 mmolPb/L
0 2 mmol Pb/L
0 0.06 0.06 3 3

Humistar®, %

Figure 2. Comparison of the removal efficiency of lead ions onto zeolite in solutions with different content of
organic matter-humic acids, at different pH values.

According to the Figure 1, addition of organic matter doesn’t affect removal efficiency
of lead ions onto natural zeolite. Namely, molecule of the fulvic acid has many —OH and —
COOH groups which are not dissociated in acidic medium and in this experiment their
sorption affinity toward positive ions are not recorded. Values of pH=3.5-3.8 in equilibrium
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confirms that precipitation does not occur and removal of Pb(II) is ion exchange and sorption
onto natural zeolite.

From the Figure 2 is visible that addition of Humistar® increases removal efficiency
compared to control suspensions without organic matter. In suspensions with 0.06% of
Humistar® removal efficiency increases compared to control solutions, for both initial Pb(II)
concentrations, where at pH=7-8 equals 74.68% what is higher compared to result 68.38%
obtained for the pH=5-6. In suspensions with 3% of Humistar® removal efficiencies are
highest, particularly at pH=7-8, where is obtained the highest value of 91.70%. This can be
explained with deprotonation of the humic acid molecule in weak alkaline medium, where
releasing the H' the humic acid molecule becomes negative sorption site for the lead ions [5].
This big molecule behaves as carrier of the metal ions and due to its sorption to the zeolite
particle, combined with ion exchange as a main mechanism, contributes to the higher overall
removal efficiency. Also the equilibrium pH=4.56-5.83 confirms that precipitation doesn’t
occur. Many authors tried to explain the mechanism of mass transfer of metal ions in the
presence of the big organic molecules. Some of them means that competition of the organic
matter can decrease cation sorption, while others present organic molecule as a sorbent for
nutrients enabling their assimilation by plants [6]. This mechanism is very important for
successful fertilization of the soil. This research aims to explain effect of the organic matter
on the remediation of the polluted soil using natural zeolite.

CONCLUSION

It can be concluded that organic matter as the Fertireg® and Humistar® additions into
suspensions do not affect natural zeolite as established remediation agent in removal of the
lead ions from the aqueous solutions e.g. wastewaters. Moreover, there is a positive
contribution without competitive effect as has been presumed in the literature. Application of
the remediation using zeolites can be carried out simultaneously with soil fertilization.
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ABSTRACT

An experiment was conducted in the greenhouse of the Faculty of Agriculture,
University of East Sarajevo, in the spring of 2025 to examine the effects of a control
treatment and ten types of synthetic zeolites, as well as their application rates, on the leaf-to-
stem ratio in forage pea. The experiment used 20 L containers filled with soil, with treatments
including different amounts of zeolite. Forage pea seeds were sown in the prepared
containers, harvesting was done at the beginning of the pod formation stage.. Naturally dried
leaves and stems were weighed, and the leaf-to-stem ratio was determined. Based on the
obtained data, the percentage proportions of leaves and stems were calculated, and the results
were statistically analyzed using analysis of variance (ANOVA). The analysis of variance
indicated a statistically significant effect of zeolite type on the proportions of leaves and
stems, while the amount of zeolite had no significant effect. Additionally, a significant
interaction between zeolite type and application rate was observed for leaf proportion. The
application of certain zeolite types resulted in an increased proportion of leaves compared to
the control treatment. The highest leaf proportion was recorded in the Purmol 10ST (65.13%)
and ZEOflair 6010 (63.39%) treatments, while the highest stem proportion was observed in
the control treatment, what suggests that the application of appropriate zeolite types can
improve the leaf-to-stem ratio and, consequently, the forage quality of forage pea.

Keywords: forage pea, zeolites, leaf, stem, forage quality

INTRODUCTION

The cultivation of annual forage legumes under production conditions in the Republic
of Srpska and Bosnia and Herzegovina does not have a long tradition, where forage pea
(Pisum sativum var. arvense L.) is significant in haylage production, less frequently in silage,
and is one of commonly grown crops in the cropping structure, most often cultivated in
mixtures with cereals such as oats, rye, or triticale (Purdi¢, 2020).

The leaf-to-stem ratio is one of the key indicators of forage crop quality, as it directly
affects the chemical composition and digestibility of biomass. A decrease in the leaf-to-stem
ratio is associated with increased fiber content, particularly cellulose and lignin, which
reducesthe nutritional value of forage (Kara and Siirmen, 2023). During plant growth, the
content of structural carbohydrates increases, while protein content decreases, further
reducing the digestibility and nutritional value of biomass (Kara and Siirmen, 2023). Forage
pea is an important source of protein in animal nutrition, and its feeding value largely depends
on the morphological characteristics of the plant (Uzun et al., 2005).

Zeolites affect soil porosity and pore size distribution based on soil structure, quality,
zeolite type, and reaction conditions. They influence water infiltration rate, hydraulic
conductivity, water content, water retention capacity, andreduce fertilizer leaching (Comegna
et al., 2023; Prisa et al., 2023).

This study aimed to determine the effect of different zeolite application rates, mixed
with soil, on the stem-to-leaf ratio, and consequently on forage quality.
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EXPERIMENTAL

This experiment was conducted as a factorial experiment based on a randomized
complete block design with three replications in 20-liter pots filled with 15.31 kg of soil. Five
seeds of spring pea (Pisum sativum L.) variety ‘Sasa’ were sown in each pot. The research
was conducted in the greenhouse of the Faculty of Agriculture, University of East Sarajevo,
on spring forage pea (Pisum sativum var. arvense L.) during 2025.

A two-factor experiment was established with three replications. Factor A was the
application of different zeolites: a control treatment (AO) and ten synthetic zeolites produced
by Zeochem in Zvornik. Seven zeolites (denoted as ZEOflair) are hydrophobic and
organophilic since they have a high content of SiO,: ZEOflair 100 (A1), ZEOflair 350 (A2),
ZEOflair 800 (A3), ZEOflair 810 (A4), ZEOflair 6010 (AS), ZEOflair 6034 (A6), and
ZEOflair 6035 (A7). ZEOflair 100, ZEOflair 350, ZEOflair 800, and ZEOflair 810 belong to
the MFTI structural type, while ZEOflair 6010, ZEOflair 6034, and ZEOflair 6035 represent a
mixture of zeolite and silica gel.

Three zeolites were from the Purmol group of alkaline aluminosilicates, belonging to
the LTA structural zeolite type. Since LTA zeolites are well know for their hudrophilicity and
high cation exchange capacities, and having in mind that they are fine powders (3—10 um
diameter) it is expected here that they absorb water and prevent its rapid evaporation or
leaching into deeper soil layers, (crucial during dry periods) and to bind fertilizer ions (such
as K" and NH,"), preventing them from being washed away by rain, and then gradually
release them directly to plant roots (slow-release fertilizer effect). These zeoites are:
potassium type with 3 A pores, denoted Purmol 3ST (A8), recommended for use in
applications where co-adsorption of molecules other than water may be a concern; sodium
type with 4 A pores, denoted as Purmol 4ST (A9), which combines a high water adsorption
capacity and is characterized by a lower pH value; and sodium type with 10 A pores, Purmol
10ST (A10), a non-standard formulation with broader pores. In addition to water, it can
adsorb larger molecules and impurities such as certain hydrocarbons.

Factor B was the different zeolite application rate mixed with soil: 30.625 g (B;), 61.25
g (By), and 122.5 g (B»), i.e., zero, 2, 4, and 6 g kg™ of soil. The soil used in the experiment
was previously utilized as a disposal site for waste materials, including deposited soil from
construction sites and spent compost used in mushroom (Agaricus bisporus) production. The
soil used in the experiment had a neutral reaction (pHgc 7.11), high nitrogen content (0.44%)
and humus content (2.83%).

A random sample for analysis was taken from five pots and three replications, with one
plant selected at the stage of first pod maturity. The leaves were then separated from the stem
and naturally dried, after which they were weighed to determine the total sample mass. Based
on these values, the percentage share of leaves and stems in the total biomass was calculated.

Statistical analysis was performed using the SPSS software package (Statistical Package
for the Social Sciences), applying analysis of variance (ANOVA). The significance of
differences between means was determined using the LSD test.

RESULTS AND DISCUSSION

The stem-to-leaf ratio results are presented in Table 1. Leaf and stem proportions varied
depending on the zeolite type and application rate. On average, stems accounted for 44.94%
and leaves for 55.06%. Zeolite type significantly affected both stem and leaf proportions. The
highest leaf proportion was recorded for Purmol 10ST (65.13%), while the lowest values were
observed for ZEOflair 350 (41.28%) and ZEOflair 800 (41.93%). High leaf proportions were
also found for ZEOflair 6010, Purmol 4ST, ZEOflair 6034, ZEOflair 6035, and Purmol 3ST.
In the control treatment, stem proportion (51.90%) was higher than leaf proportion (48.10%).
The highest stem proportions were recorded for ZEOflair 350 (58.72%) and ZEOflair 800
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(58.07%), while the lowest were found for Purmol 10ST (34.87%), ZEOflair 6010 (36.61%),
and Purmol 4ST (38.35%). All observed differences were statistically significant.

Table 1. Effects of different types and application rates of synthetic zeolites on the stem
to leaf ratio in forage pea

Zeolite Zeolite Stem Leaf
application (%) (%)
rate (g)
Control 0 51.90" 48.10°P
ZEOflair100 1 45.93 54.07°
2 64.74 35.26%
3 37.98 62.02™
Average 49.55° 50.455¢
ZEOflair 350 1 77.51 22.49°
2 54.16 45.84%
3 44.50 55.50™
Average 58.72% 41.28"
ZEOflair 800 1 87.41 12.59"
2 40.48 59.52%¢
3 46.32 53.68™¢
Average 58.07% 41.93°
ZEOflair 810 1 49.98 50.02%
2 47.73 52.27™¢
3 46.51 53.49™¢
Average 48.07° 51.935¢
ZEOflair 6010 1 42.12 57.88"¢
2 34.31 65.69°
3 33.39 66.61°
Average 36.617 63.39%
ZEOflair 6034 1 40.14 59.86™°
2 37.62 62.38"
3 46.33 53.67™
Average 41.36° 58.64"
ZEOflair 6035 1 42.26 57.74™¢
2 46.35 53.65™°
3 39.20 60.80"
Average 42.60° 57.40""
Purmol 3ST 1 41.02 58.98"¢
2 46.59 53.41™°
3 36.12 63.88"
Average 41.24° 58.76"
Purmol 4ST 1 39.76 60.24"¢
2 37.25 62.75™
3 38.05 61.95®
Average 38.35P 61.65"
Purmol 10ST 1 35.6 64.40™
2 34.39 65.61°
3 34.61 65.39°
Average 34.87° 65.13"
Mean 44.94 55.06
Maximum 87.41 66.61
Minimum 33.39 12.59
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Considering the effect of zeolite application rates, no clear trend of increase or decrease
in leaf and stem proportions was observed, indicating that the applied zeolite amounts did not
significantly affect these parameters.

The interaction between zeolite type and application rate was not significant for stem
proportion, but a significant interaction effect was observed for leaf proportion.

The results indicate that zeolite type plays a more important role in determining the
plant's morphological composition than the application rate. Similar findings were reported by
Kara and Siirmen (2023), who emphasized the importance of plant structure for forage
quality, while Uzun et al. (2005) highlighted that morphological differences among plants
significantly affect the nutritional value of forage.

Table 2. ANOVA parameters: zeolite type and application rate

Parameters F test/ Type of Zeolite
LSD zeolite application AB
A) rate
. (B)
Stem (%) F exp 2.585 1.549™ 0.713™
0.05 5.70 3.12 9.87
0.01 7.58 4.15 13.13
Leaf (%) F exp 21.096" 0,696™ 5.198"
0.05 6.38 3.5 11.06
0.01 8.49 4.65 14.70
CONCLUSION

Based on the conducted research, it can be concluded that zeolite application affects the
leaf-to-stem ratio in forage pea. Zeolite type had a statistically significant effect, while the
application rate showed no significant influence. The highest leaf proportion, indicating better
forage quality, was recorded with Purmol 10ST and ZEOflair 6010, whereas the highest stem
proportion was observed with ZEOflair 350 and ZEOflair 800. These results suggest that
selecting an appropriate zeolite type is important for improving forage pea quality, while the
applied amount is less decisive. Further research should investigate the mechanisms of zeolite
action and their effects on other quality parameters in forage pea and other forage crops.
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ABSTRACT

Contamination of groundwater and surface waters with diesel fuel represents a
significant environmental challenge. The water-soluble fraction of diesel (WSFD) is of
particular interest because of its toxic effects on aquatic ecosystems and human health.
Among remediation techniques, adsorption methods stand out as they are efficient,
inexpensive, simple to apply, and require little energy.

In this study, the possibility of using organozeolite (OZ) and organobentonite (OB) for
the removal of WSFD was investigated. The raw material for obtaining OZ was a natural
zeolite clinoptilolite from the Zlatokop deposit (Vranje, Serbia). The zeolitic surface was
modified with the cationic quaternary ammonium salt hexadecyltrimethylammonium bromide
(HDTMA-Br) at 100% of the zeolite’s external cation exchange capacity [1]. Similarly, for
preparation of OB, a natural clay bentonite from the Sipovo deposit (Bosnia and Herzegovina)
was modified with the same quaternary ammonium salt at 100% of its cation exchange
capacity. The starting raw materials, OZ and OB were characterized by differential scanning
calorimetry with thermogravimetry and Fourier transform infrared spectroscopy prior to use.

The adsorption kinetics was performed by mixing 50 mg of each organomineral
with 50 mL of WSFD at the initial concentration of 20 mg/L at time interval 0—1440 min. The
success of the adsorption process was estimated by analyzing the WSFD concentration in test
0OZ and OB flasks before and after adsorption in the liquid phase according to ISO 9377-2, by
Agilent 7890A gas chromatograph with a flame ionization detector. Both adsorbents bound
more than 90% of diesel, with the difference that equilibrium for OZ was reached after 60
min, while for OB after 120 min. Pseudo-second-order kinetic model best described the
kinetics data. Isotherm study was investigated by mixing of 50 mg of OZ or OB with 50 mL
of various concentrations of WSFD (2-20 mg/L) for 60 min. The equilibrium data for both
adsorbents were best described by a linear isotherm model. Maximum adsorbed amounts of
WSF, under applied experimental conditions were 17.7 mg/g for OZ and 17.0 mg/g for OB.
Since OB contains much higher amount of HDTMA (328 mg/g) compared to OZ (36 mg/g),
the similar WSFD maximum adsorbed amounts and faster kinetics make OZ more
economically suitable material for treatment of water contaminated with WSFD.

Keywords: organozeolite, organobentonite, the water-soluble fraction of diesel.
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ABSTRACT

Leachate from the old municipal landfill Bikarac (Sibenik, Croatia) is characterized by
high concentrations of biologically non-degradable substances, intense brown colour caused
by humic compounds, and a significant bacterial load. Bacteria originating from municipal
waste may pose a public health risk and should be effectively removed during leachate
treatment. In this study, purification of raw leachate was tested in a fixed-bed column filled
with commercially available natural zeolitized tuff (NZ). During 48 h of continuous filtration
(63.3 bed volumes), NZ demonstrated efficient removal of heterotrophic bacteria (up to
93.7%) and suspended solids (up to 61.3%). Bacterial breakthrough occurred at 59 bed
volumes, likely due to biofilm saturation on the NZ surface. Outlet pH initially decreased due
to cation exchange of NZ, but returned to inlet values by the end of the experiment. The
intense brown colour of the leachate remained unchanged. These results confirmed that NZ
can serve as a low-cost adsorbent for removal of bacteria and particles, although it was
ineffective for colour removal from raw leachate.

Keywords: bacteria, filtration, immobilization, zeolitized tuff.

INTRODUCTION

Bikarac d.o.o. is a regional municipal company and the waste management centre for
Sibenik-Knin County in Croatia. It is responsible for the reception, treatment and disposal of
municipal waste generated within the county. The waste management centre comprises a
mechanical-biological treatment facility and a composting plant for the treatment of
separately collected biodegradable waste. The Bikarac site also includes a landfill that has
been in operation since the 1980s and has been gradually modernised in line with the
development of the waste management system. Over the past seven years, only pre-treated
waste resulting from the mechanical-biological treatment process, with a significantly reduced
biodegradable content, has been landfilled. This has contributed to reducing environmental
risks, greenhouse gas emissions and pressure on landfill capacity. It is estimated that
approximately 1.7 to 2 million tonnes of waste have been landfilled at the Bikarac site from
the start of operations to date.

The composition of landfill leachate depends on numerous factors and varies over time
and between locations, making its treatment particularly challenging. The municipal landfill
Bikarac generates stabilized leachate rich in biologically nondegradable substances [1].
Leachate contains high concentrations of diverse bacterial species. Bacteria originating from
municipal waste may pose a potential risk to mammalian health and should therefore be
effectively removed from leachate [2].

Natural zeolitized tuff (NZ), rich in clinoptilolite, is a nontoxic material that lacks
antibacterial activity. However, NZ particles provide a rough surface suitable for the
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attachment of various bacteria, enabling the formation of stable bacterial biofilms [3].
Consequently, NZ particles are capable of capturing up to 10° bacteria per gram [4].

The aim of this study was to evaluate the feasibility of leachate purification, with
particular emphasis on bacteria removal, using a column filled with NZ.

EXPERIMENTAL

The leachate was sampled in June 2025 at the Bikarac LLC municipal landfill near City
of Sibenik in Croatia. The commercially available NZ ZeoSand® (Velebit Agro, Croatia),
containing a minimum of 80% clinoptilolite, of particle size 0.5 - 1 mm was used for
experiment. The NZ was washed with deionised water to remove dust and dried prior to
filling the column. The glass liquid chromatography column of 10 mm inner diameter, 15 mm
outer diameter and 200 mm in length (GE Healthcare Ltd, London, UK) was filled with NZ
and flow rate of 19.79 mL/h was ensured by peristaltic pump (Gilson minipuls3). The
filtration of leachate through the fixed-bed column was flowed for 63.3 bed volumes (BV)
that lasted 48h.

In inlet and outlet water the bacteriological and physico-chemical parameters were
followed. Total heterotrophic bacteria were cultivated on nutrient agar at 22°C/3 days after
decimal dilution of water in sterile phosphate buffered saline. The number of heterotrophic
bacteria counted in technical triplicate was expressed as colony forming units (CFU) per one
mL of water. Colour (PtCo scale) and suspended solids (mg/L) were measured
spectrophotometrically (Hach DR2500). The pH value of water was measured by WTW
SenTix81 electrode. The purification of leachate was expressed as a percent of reduction in
outlet as compared to inlet water.

RESULTS AND DISCUSSION

Total heterotrophic bacteria were successfully removed (up to 93.7%) in the outlet as
compared to the inlet water (Table 1) up to 33 BV, when a decrease of removal was
evidenced. According to the polynomial fitting, the breakthrough for bacteria removal
occurred at 59 BV (Figure 1).

Table 1. Performance of column filled with ZeoSand®. Inlet water: pH 8.37; suspended solids 403 mg/L; total
heterotrophic bacteria 7.32+0.06 log CFU/mL.

Bed Heterotrophic bacteria removal Suspended solids removal pH
volume (%) (%)

1.3 82.8+0.9 29.0 7.32
2.6 83.1+0.4 30.5 7.60
4.0 84.6+1.2 36.0 7.60
26.4 93.6+0.8 61.3 8.19
33.0 93.7+0.3 56.3 8.22
35.6 69.6£2.5 57.1 8.22
59.4 -21.2+14.7 39.7 8.30
63.3 -3.1+9.2 35.5 8.38

The successful removal of bacteria during the first part of experiment followed by
failure of removal is consistent with the previously described model of biofilm formation on
NZ [3]. Bacteria were quickly attached onto the surface of NZ particles, start to excrete the
extracellular polymeric substances and formed a stable biofilm. No further incorporation of
bacteria present in water occurred in the formed biofilm. If nutrients are available in water,
only multiplication of bacteria inside the initially formed biofilm can occur. Similar
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purification pattern was described in a column filled with NZ from Vranjska Banja in Serbia
[5]. Numbers of bacterium Acinetobacter baumannii suspended in natural spring water were
reduced up to 99% during the first 8 h of the run, while after 24 h numbers were even higher
in the outlet as compared to inlet water. The column breakthrough was also reported for
removal of total heterotrophic bacteria present in effluent from the municipal wastewater
treatment plant [5].

% removal = 79.5707+1.8982*x-0.0548*x"2
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Figure 1. Removal of total heterotrophic bacteria in outlet as compared to inlet water during the filtration of
leachate through the fixed-bed column filled with NZ.

Removal of suspended solids followed the similar polynomial fit (Table 1), but
complete breakthrough did not occur up to the end of experiment. Suspended solids in
leachate were attributed to the microorganisms and nondegradable organic flocks. Drop of
suspended solids removal during the experiment, but without breakthrough, suggested the
retention of larger flocs inside pores of column filling, while bacteria were not retained in
column due to the biofilm formed on the surface of NZ particles.

Passage of leachate through the NZ column resulted in a decrease in outlet pH up to one
pH unit, with the effect becoming progressively weaker over time (Table 1). After the passage
of 63.3 BV, the pH of the outlet water equilibrated with that of the inlet water. The observed
pH shift toward neutrality after passage through the column is attributed to cation exchange
processes occurring at exchangeable sites within the structure of Na/Ca-clinoptilolite.
Ammonium ions (NH4"), abundant in the leachate, replaced exchangeable Na* and Ca*" ions
within the clinoptilolite framework [1]. Due to the weakly acidic nature of ammonium, its
partial hydrolysis in the aqueous phase contributed to a slight increase in H* concentration,
resulting in moderate outlet water acidification. By the end of the experiment, the return of
outlet pH to inlet values indicates exhaustion of the zeolite’s exchangeable cation capacity
and its buffering effect.

The inlet water was highly brown, exceeding 500 PtCo units, and this intense colour
persisted in the outlet water throughout the experiment (data not shown). The brown colour of
the leachate was attributed to dissolved organic compounds, particularly humic substances,
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which are negatively charged under neutral to slightly alkaline conditions. This behaviour
reflects the limited capacity of NZ to remove humic substances [6].

The examination of total bacteria removal, without focus on single bacterial species,
from raw leachate by the use of nonsterilized commercial NZ offers the valuable results for
the application in real scale.

CONCLUSION

Filtration of landfill leachate through a column filled with NZ resulted in significant
removal of total heterotrophic bacteria and suspended solids during the initial phase of
operation. However, bacterial removal was time-limited due to saturation of the biofilm layer
on NZ particles, with breakthrough occurring at approximately 59 BV. Outlet pH initially
shifted toward neutrality, but returned to the inlet value by the end of the experiment,
indicating the exhaustion of zeolite’s buffering capacity. The intense brown colour of the
leachate was not removed by passage of leachate through the NZ column.

The commercially available NZ ZeoSand® proved to be a low-cost and environmentally
friendly material for removal of bacteria from landfill leachate. While long-term operation is
limited, NZ column filtration may be suitable as a post-treatment polishing step in leachate
treatment technology.
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ABSTRACT

Over the past few decades, a wide range of new materials and approaches, for the
removal of pollutants from water, has been developed. One of these approaches has been the
use of metal-organic frameworks (MOFs). Neutral frameworks MOFs have already been
successfully tested for their efficiency with dyes, metals and even some pharmaceutical
pollutants. Recently, the preparation of an anionic zirconium ellagate MOF, SU-102, was
reported’ and its stability as well as efficiency in the adsorption of cationic pollutants were
tested. SU-102 uses DMF as an organic structure directing agent (OSDA), which later can be
exchanged for alkali metal ions. Other OSDAs were also tested and other formed structures
were reported.”

Our work focuses on the expansion of the OSDA used in zirconium ellagate framework
synthesis, and the consequent evaluation of the stability of both as-prepared and ion-
exchanged frameworks. The idea is to explore different parameters such as: impact of
different OSDAs, various times and temperatures have on phase formation, crystallinity and
morphology. The prepared crystalline frameworks will then be ion-exchanged, and the OSDA
evaluated based on ease of exchange and framework retention. XRD confirmed that all the
SU-102 samples are phase pure. Further textural and structural properties was examined and
compared using SEM, Nitrogen physisorption and TG.

Keywords: metal-organic frameworks, environmental remediation, charged frameworks
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ABSTRACT

Thermochemical energy storage (TCES) is an emerging technology under investigation for
harvesting waste heat and promoting the integration of renewable energy to combat climate
change. Heat released during the adsorption of a working fluid, most commonly water, onto
an adsorbent can be used for space heating or domestic hot water [1]. Recent research has
focused on developing thermochemical materials with high water adsorption capacity, high
energy storage capacity, suitable kinetics, and structural stability for the efficient utilization of
waste or renewable heat.

Here, we present an experimental determination of the heat released after adsorption of water
on ZIF-90 and 94 (Zeolitic Imidazolate Framework)-derived nanoporous carbons (NPC) and
their composites with 10, 15, and 20 wt.% LiCl under operating conditions of
Tads/Tdes/Tcond = 30/120/10 °C, using a simultaneous thermal analyser (accuracy £0.1 pg)
(STA 449 FI1, Netzsch, Germany). This STA consists of a thermobalance connected to a
water vapour generator (ProUmid MHG 100), which is linked to the gas supply of the STA
device. The samples were placed in an open aluminium crucibles with a maximum volume of
85 uL

Due to relatively low water uptake at 30 %RH (0.15 g/g for NPC-90 and 0.14g/g for NPC-
94), the heats of adsorption for pure NPCs are 506.3 and 466.0 kJ/kg for NPC-90 and NPC-
94, respectively. In contrast, the LiCl-containing composites exhibit significantly increased
water adsorption capacity (0.69 g/g) and heats of adsorption, up to four times higher:
composites containing 20 wt.% LiCl achieved 2086.9 and 2091.9 kJ/kg.

The study demonstrates the potential of NCP-LiCl composites for TCES applications.

KEYWORDS: composites, NPC-LiCl, STA TG-DSC, heat of adsorption, thermochemical
energy storage
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ABSTRACT

Zeolite synthesis is governed by a complex interplay of chemical parameters that
control nucleation, crystal growth, and framework topology [1]. Structure directing effect in
this reaction arises from the ability of (in)organic species (structure-directing agents — SDAs)
to govern the organization/assembly of (alumino)silicate species into distinct framework types
due to their specific interactions with soluble silicate species, stabilizing particular building
units and intermediates that favor the formation of a certain zeolite array [2].

In this work, the structure directing roles of aluminium sources and alkali cations were
systematically investigated in dense hydrogel systems at 150 and 180 °C with or without
milling. Complementary analytical techniques were employed to characterize the obtained
samples: PXRD, SEM, AAS, NMR, TG, LLS and ATR-IR. The collected set of experimental
data offered a comprehensive understanding of structural, morphological and chemical
properties of the materials, allowing insight into the processes occurring in the course of the
zeolite formation process. The results reveal that both the availability of aluminium species
and the presence of inorganic cations critically direct the formation pathways toward BEA-
and/or MFI-type zeolite materials. Aluminium acts as a primary structure-directing factor for
zeolite beta formation. In the absence of aluminium, only amorphous silica phases form,
confirming its indispensable role in initiating zeolite beta crystallization. Temperature
introduces a secondary structure-directing effect by shifting the kinetic balance between
competing BEA and MFI frameworks. Alkali cations introduce an additional level of
structure direction independent of aluminium. The consistent appearance of MFI phase in
alkali cation containing systems confirms that cation—silicate interactions play a decisive role
in directing MFI framework formation. These findings provide important insights into rational
control of zeolite synthesis by tuning both organic and inorganic structure-directing factors.

Keywords: zeolites, structure directing, phase selection, milling
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ABSTRACT

Electrocoagulation (EC) combined with synthetic zeolite addition (EC-SZ) and static
magnetic field assistance (EC-SZ-SMF) was applied for the treatment of synthetic laundry
greywater and compost wastewater. The results showed that all EC-hybrid systems effectively
reduced turbidity (>95 %) and chemical oxygen demand - COD (54-84 %), with iron
electrodes showing higher overall performance for both wastewaters. Based on the total
operating cost calculation, Fe-based systems with zeolite and magnetic assistance were the
most economical.

Keywords: zeolite-based hybrid process, electrocoagulation, magnet, operating cost

INTRODUCTION

In recent decades, wastewater treatment has become crucial for environmental
protection and sustainable resource use, and although classical EC processes efficiently
remove suspended and dissolved organic and inorganic solids, their performance can be
limited in complex and highly loaded waters, prompting the development of hybrid
approaches [1]. This work examines the combined approach of EC and sorption on synthetic
zeolite (SZ) with static magnetic field (SMF) assistance for the treatment of compost
wastewater and laundry greywater.

EXPERIMENTAL

Wastewaters - Two different wastewaters with similar chemical oxygen demand (COD)
values were used: compost wastewater prepared from Agro-compost (with pH 6.57, electrical
conductivity 2.09 mS/cm, turbidity 94.07 NTU, and COD 414.72 mg O-/L) [2], and synthetic
laundry greywater prepared from commercial laundry detergent Persil Active Gel (with pH
7.80, electrical conductivity 1494 uS/cm, turbidity 380 NTU, and COD 454.72 mg O/L).

Electrodes - Two alloys were used as electrode materials: carbon steel (Fe=98.27%,
Cu=1.17%) and Al AA2007 alloy (Al=92.58%, Cu=3.84%). The detailed elemental
composition has been reported previously [3].

Zeolite - Synthetic zeolite SZ (particle size of 40 um, purchased from Alfa Aesar), was
used in the EC hybrid process in the amount of 15 g/L. PXRD and SEM-EDS analysis, as
well as cation exchange capacity (CEC) of 6.22 meq/g, and density of 2.0605 g/cm?, were
previously reported [1].

EC-Hybrid processes - EC-hybrid processes were conducted in an electrochemical cell
filled with 500 mL of solution and a pair of electrodes. Three types of processes were tested:
electrocoagulation alone (EC), EC combined with SZ addition (EC-SZ), and EC combined
with both SZ addition and & static magnetic field assistance (EC-SZ-SMF). SMF assistance
was provided by placing the EC reactor directly on a 0.55 T NdFeB magnet positioned
beneath the electrode region. All treatments were carried out under constant conditions of
current density of 0.0182 A/cm?, NaCl electrolyte concentration of 0.5 g/L, electrode spacing
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of 3 cm, stirring at 250 rpm, and a contact time of 30 min. The pH, turbidity, and COD were
recorded and compared, as well as total operational costs, including energy and electrode
costs, in order to assess the cost-effectiveness of the EC-hybrid process for treatment of
laundry greywater and compost wastewater with two different electrode materials.

RESULTS AND DISCUSSION

Figure 1 compares the pH change during different EC-hybrid processes (EC, EC-SZ,
and EC-SZ-SMF) with Al and Fe alloy electrodes for the treatment of compost wastewater
and laundry greywater. All EC-hybrid processes showed a gradual increase in pH over
reaction time, which is typical for EC due to cathodic water reduction and formation of
hydroxide ions (OH") [3]. Iron electrodes led to a slightly higher pH increase compared to Al
electrodes, which can be related to differences in hydrolysis behaviour of Fe and Al species
formed during the process. AI** tends to form aluminate species (AlO2 / [AlI(OH).]") that
consume OH~, whereas Fe** and Fe** form hydroxo species with lower net OH™ consumption.
Although such trends are sometimes interpreted using Pourbaix diagrams, it should be noted
that EC operates under non-equilibrium conditions, and these diagrams provide only a general
indication of possible species. The addition of SZ further enhanced the pH increase through
ion exchange and interactions with ionic species and water, shifting the balance of ions and
leading to a higher pH. Magnetic assistance had a mostly minor effect on pH, which is
consistent with our previous study on compost wastewater [1]. However, a deviation was
observed for the EC-SZ-SMF system with Fe electrodes in laundry greywater, and is in
agreement with literature data [4]. Final pH values reached strongly alkaline conditions (=10—
11) for Fe systems and moderately alkaline conditions (=8-9.5) for Al systems, indicating the
influence of electrode material and wastewater composition.
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Fig. 1. Comparison of pH values change during different hybrid processes (EC, EC-SZ and EC-SZ-MAG) with
Al and Fe electrodes for treatment of compost wastewater and laundry greywater.

Figures 2 and 3 present COD and turbidity reductions for different EC-hybrid
configurations. COD removal ranged from 54 % to 84 % for both wastewater types, with the
EC process generally achieving the highest removal. Turbidity removal was remarkably high
in all cases, exceeding 95 %, despite the large difference in initial turbidity (94.07 NTU for
compost wastewater and 380 NTU for laundry greywater). The addition of SZ and SMF
assistance did not significantly improve removal efficiency. Differences between EC-SZ and
EC-SZ-SMF were small and depended on the electrode material, with slightly higher removal
observed for Al electrodes and slightly lower for Fe electrodes in the presence of SMF. Given
the small differences, these variations cannot be clearly attributed to magnetic effects alone.
Based on COD and turbidity reduction results, effective removal was achieved using the
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standalone EC process with Fe electrodes for both wastewater types, while Al electrodes also
showed comparable removal efficiency in compost wastewater.
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Fig. 2. Comparison of percentage of COD decrease after different EC-hybrid processes (EC, EC-SZ and EC-SZ-
SMF) with Al and Fe electrodes for treatment of compost wastewater and laundry greywater.
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Fig. 3. Comparison of percentage of turbidity decrease after different EC-hybrid processes (EC, EC-SZ and EC-
SZ-SMF) with Al and Fe electrodes for treatment of compost wastewater and laundry greywater.

In addition to electrochemical efficiency, material and energy costs must be considered.
Material costs include the cost of the electrode, zeolite, magnet, and electrolyte. Here, we will
focus only on electrode cost as a part of material cost. Electrode costs were estimated by
weighing the electrodes before and after treatment to obtain actual consumption, and
multiplying by representative European market prices (Fe = €1/kg; Al = €3/kg) [5].

Table 1. Comparison of electrode, energy and total operating cost.

Hybrid Electrode Electrode cost, Electricity cost,  Total operating
type material €/m? €/m? cost, €/m’
Compost wastewater
EC Al 1.09 5.13 6.22
EC-SZ Al 0.89 4.78 5.67
EC-SZ-SMF Al 1.31 6.97 8.27
EC Fe 0.44 1.48 1.92
EC-SZ Fe 0.44 1.29 1.73
EC-SZ-SMF Fe 0.41 1.30 1.71
Laundry greywater
EC Al 0.98 5.79 6.77
EC-SZ Al 1.11 6.72 7.83
EC-SZ-SMF Al 0.89 6.17 7.06
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EC Fe 0.41 2.20 2.60
EC-SZ Fe 0.43 1.78 2.22
EC-SZ-SMF Fe 0.39 1.61 2.00

Energy costs were calculated based on the electricity consumption per unit volume of treated
wastewater, determined as E=U-I1-t/V, where U is the applied voltage (V), I is the current (A),
t is the operation time (h), and V is the reactor solution volume (m?) [2,3]. The resulting
energy consumption was multiplied by the average EU electricity price of 0.22 €/kWh, for
non-household consumers [5]. Total operating costs (TOC) were then calculated as the sum of
electrode and energy costs (see Table 1).

Results in Table 1 showed that Fe electrodes resulted in significantly lower costs compared to
Al electrodes for both wastewaters. The addition of SZ and SMF assistance increases the total
operating cost for Al-based systems, while the cost of Fe-based hybrid systems decreases and
becomes more stable. The lowest TOC was observed for EC-SZ-SMF with Fe electrodes for
both wastewaters (1.71 €/m? for compost wastewater and 2.00 €/m? for laundry greywater).
Electricity costs dominate the TOC for Al electrodes, whereas for Fe electrodes the
contributions of electrode and energy costs are more balanced, resulting in lower overall
TOC.

CONCLUSION

EC-hybrid processes using Fe and Al electrodes were effective for treatment of both
wastewaters. The highest COD and turbidity removal was achieved with the standalone EC
process. Differences between EC-SZ and EC-SZ-SMF were small and depended on the
electrode material. Although COD and turbidity removal were lower with the addition of
zeolite and the presence of SMF, these configurations resulted in lower total operating costs
when Fe electrodes were used.

Acknowledgment: This work was supported by the EU NextGenerationEU program under the
ANTARES project (No. IP-UNIST-28).
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ABSTRACT

The sorption-oriented selectivity of iron sulfide-functionalized natural zeolite
clinoptilolite (FeSZ) for Hg(Il) in the presence of competing divalent heavy metal ions was
investigated. The following selectivity order for FeSZ was observed: Hg > Pb > Cd > Cu> Zn
> Ni > Co > Mn, with no competitive effect from other ions on Hg uptake, demonstrating the
superiority of FeSZ as a material for the remediation of mercury-contaminated sites.

Keywords: iron sulfide-functionalized natural zeolite clinoptilolite, heavy metals, selectivity.

INTRODUCTION

The remediation of soils in the vicinity of the Idrija mine in Slovenia is of considerable
importance for preventing mercury dispersion and mitigating adverse effects on the broader
ecosystem. Moreover, the contaminated area of Idrija does not represent exclusively a local
environmental issue, as it directly affects the occurrence of methylmercury in the northern
Adriatic Sea. Specifically, the Idrijca and Soc¢a-Isonzo rivers constitute the primary pathways
for the transport of mercury to the Gulf of Trieste [1]. Accordingly, remediation of this area 1s
imperative to limit or prevent the formation of methylmercury. To achieve this objective,
various in situ and ex situ remediation strategies can be considered, among which in situ
approaches, especially those based on sorption processes, are generally more readily
implementable [2]. Consequently, the choice of sorbent plays a pivotal role in determining the
success of the sorption process. The selection of a suitable material for in situ soil remediation
depends on sorption capacity and mercury selectivity, as well as biocompatibility and cost-
effectiveness. Natural zeolite minerals exhibit all of the aforementioned characteristics, with
the exception of high mercury selectivity. Since iron oxides and sulfides naturally act as
mercury scavengers in the hydrogeological layer, simple surface modification of natural
zeolites with iron sulfide species can markedly enhance their selectivity for mercury.
Therefore, this study aims to assess the selectivity of iron sulfide-functionalized natural
zeolite clinoptilolite toward Hg(Il) in the presence of competing divalent heavy metal ions.

EXPERIMENTAL
Sample preparation

The natural zeolite clinoptilolite (NZ) collected from the Zlatokop deposit (Vranjska
Banja, Serbia) was ground and sieved to a particle size of 0.6—0.8 mm and used as a support
for the stabilization of iron sulfide particles. The chemical modification of NZ was performed
in two stages, following procedures described by Schwartzman and Cornell [3] and Liu et al.
[4]. In the first stage, 1 g of NZ was refluxed at 90 °C with 50 mL of 1 mol/L Fe(NO3);-9H,0
solution at pH 8.5 for 48 h, followed by treatment at 150 °C for 4 h with 10 mL of 1 mol/L
Na,S-9H,0 solution. The obtained iron sulfide-functionalized natural zeolite clinoptilolite
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(FeSZ) was washed with ultrapure water until neutral pH and a negative sulfide test were
achieved, and then dried in an oven at 40 °C.

The selectivity of FeSZ toward Hg(Il) over other selected divalent heavy metal ions
(Pb, Cd, Cu, Zn, Ni, Co, Mn) was investigated through sorption-oriented experiments using
single-, binary-, and multi-component solutions at pH = 2, since mercury starts to precipitate
at pH>245. Nitrate salts [(Hg(NOs),-H,0, PbNOs;, Cd(NO3)2'4H20, Cu(NOs),-3H,0,
Zn(NO3),-6H,0, Ni(NOs3),-6H,0, Co(NO3),-6H,0, Mn(NOs3),-4H,0] were used to prepare the
solutions in ultrapure water, and the pH of the solutions (pH =~ 2) was adjusted with 1 mol/L
HNOs;. The initial concentrations of the single-component solutions were 2 mmol/L. In binary
equimolar systems (Hg-Pb, Hg-Cd, Hg-Cu, Hg-Zn, Hg-Ni, Hg-Co, Hg-Mn) the individual
heavy metal concentrations were 2 mmol/L, i.e. 4 mmol/L total concentration. In the multi-
component equimolar system (8-component) the individual heavy metal concentrations were
2 mmol/L, giving a total concentration of 16 mmol/L. All experiments were conducted in
batch mode with a solid-to-liquid ratio of 10 g/L for 24 h at 230 rpm and ambient temperature.
The initial and equilibrium concentrations of the heavy metals were measured using flame
atomic absorption spectrometry (FAAS) on a PinAAcle 900F spectrometer. The equilibrium
amount of heavy metals sorbed on FeSZ, g. (mmol/g), and the corresponding removal
efficiency at equilibrium, . (%), were calculated using Equations (1) and (2):

Qe:(co_ce)'g (1) ae:@.loo

)

where ¢, and c. represent the initial and equilibrium heavy metal concentrations (mmol/L), V'
is the solution volume (L), and m is the mass of FeSZ (g).

RESULTS AND DISCUSSION
The sorption selectivity of FeSZ for divalent heavy metal ions (Hg, Pb, Cu, Cd, Zn, Co,
Ni, Mn) in single-component aqueous solutions is presented in Figure 1.
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Figure 1. Selectivity of FeSZ toward various divalent heavy metal cations in single-component solutions,
expressed in terms of «, (a) and ¢. (b).

The results shown in Figure la indicate that Hg and Pb were removed in the highest
percentage, reaching 96.84% and 88.60%, respectively. Then follow Cd (18.81%), Cu
(12.83%), Zn (7.21%), Ni (4.97%), Co (4.56%), and Mn (2.67%). The highest sorption
capacities were achieved for Hg (0.194 mmol/g) and Pb (0.189 mmol/g), while those of the
other metal cations were below 0.050 mmol/g (Figure 1b). Based on these results, the
selectivity sequence for single-component solutions is as follows: Hg > Pb > Cd > Cu > Zn >
Ni> Co > Mn.
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Since the selectivity of sorbents toward heavy metal cations is concentration-dependent,
the effect of concentration in binary systems was eliminated by using equimolar solutions.
The removal efficiency and sorption capacity of FeSZ for heavy metals in binary equimolar
systems are shown in Figure 2.
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Figure 2. Selectivity of FeSZ towards Hg in the presence of different divalent heavy metal cations in binary
equimolar systems, expressed in terms of o, (a) and ¢, (b).

In all tested equimolar binary systems, Hg removal efficiency ranged from 91% to 95%
(Figure 2a), confirming the exceptional selectivity of FeSZ toward Hg. Compared to single-
component systems, the presence of Hg in binary systems most strongly inhibits the sorption
of Mn and least affects Pb, indicating that FeSZ exhibits high selectivity toward Hg and Pb.
Furthermore, the sorption capacity of FeSZ for Hg in binary systems decreased slightly
compared to that in single-component systems (Figure 2b). A similar trend was observed for
Pb, while the sorption capacities of the other heavy metals decreased by nearly twofold.
Figure 2b also shows an increase in the total sorption capacity (giwr) in binary systems
compared to single-component systems, with the highest value observed in the Hg—Pb system.
This is attributed to the higher total concentration of heavy metals in the binary system (4
mmol/L), which increases the concentration gradient and serves as the driving force for
overcoming the resistance to mass transfer into the pores and cavities of FeSZ. The results
from binary systems exhibit the same selectivity order as observed in single-component
solutions.

The removal efficiency of divalent heavy metal cations and the sorption capacity of
FeSZ in the multi-component system are shown in Figures 3.
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Figure 3. Selectivity of FeSZ towards Hg in the presence of seven divalent heavy metal cations in a multi-
component equimolar system, expressed in terms of a, (a) and ¢. (b).

Figure 3a shows that a significant amount of Hg (85.48%) was sorbed even in the
presence of equimolar concentrations of the other seven heavy metals. This indicates an
extremely high affinity of Hg for FeSZ, as well as FeSZ pronounced selectivity for Hg over
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other metal cations in both single-component and binary systems. In addition, a significant
reduction in the removal of other cations except Pb was observed. The sorption capacity of
Hg decreased slightly in the presence of other heavy metals (Figure 3b), indicating that Hg is
preferentially sorbed on FeSZ, with the competitive effect of the other seven heavy metal
cations being almost negligible. The total sorption capacity of FeSZ in the multi-component
system increased compared to that in the binary and single-component systems, due to the
higher total concentration of heavy metals (16 mmol/L) and, consequently, the greater driving
force of the process. Ultimately, the selectivity in all tested systems follows the same order:
Hg>Pb > Cd > Cu>Zn > Ni> Co > Mn.

The selectivity of a sorbent depends on the nature of its functional groups, as well as on
the hydrated ionic radius and electronegativity of the heavy metals. Based on the hydrated
ionic radius, the affinity of heavy metals is expected to follow the sequence: Pb > Ni > Cu >
Hg > Co > Cd > Zn > Mn, as ions with smaller hydrated radii can diffuse more easily onto the
surface of the solid [4]. Furthermore, higher electronegativity corresponds to greater affinity
for the sorbent. Accordingly, the expected affinity sequence is: Pb > Hg > Ni > Cu > Co > Cd
> 7Zn > Mn [5]. However, the theoretical affinity differs from the experimental results. Given
the well-known high affinity of Hg for sulfide species, a two-step chemical modification of
natural zeolite was carried out to immobilize sulfide species on the zeolite surface. According
to the solubility product constants of metal sulfides, the expected selectivity sequence is: Hg >
Cu > Pb > Cd > Zn > Co > Ni > Mn [6]. Although minor deviations occur, this sequence
closely matches the experimentally determined order.

CONCLUSION

The prepared FeSZ exhibited absolute selectivity toward Hg in all tested systems
regardless of the presence of one or more additional heavy metal cations. This finding
justifies the implementation of zeolite modification. The pronounced selectivity of FeSZ
toward Hg can be attributed to the nature of the sorbent and the complex sorption mechanism,
which, in addition to ion exchange, involves complexation with sulfide species. Accordingly,
FeSZ represents a highly promising sorbent for the remediation of mercury-contaminated
environments.
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ABSTRACT

Technological advances have benefited humanity but also increased environmental
pollution, with the textile industry being a major source of water contamination.
Anthraquinone dyes, such as Acid Blue 111, are widely used in textiles [1]. Acid Blue 111 is
a representative anthraquinone dye containing the anthraquinone chromophore in its structure.
Adsorption is a mass transfer process in which a solid substance, known as an adsorbent,
removes dissolved adsorbat from wastewater by selectively attracting them to its surface.
Depending on the nature of the interactions between the adsorbent surface and pollutant,
adsorption can be classified as either chemical or physical. Dye adsorption is typically a
physical process, primarily controlled by Van der Waals forces, dipole-dipole interactions,
and related mechanisms [2]. Zeolites, microporous aluminosilicates with high surface area,
are effective adsorbents due to their selective adsorption properties [3].

The utilized adsorption method comprised the use of the anthraquinone dye solution,
Acid Blue 111, and the iron-modified natural clinoptilolite (FeZ) particles in a thermostated
glass reactor. The pH value of the solution was adjusted using 0.1 mol/L sulfuric acid. The
changes in dye concentrations in the liquid phase were followed using a UV-Vis
spectrophotometer. Adsorption kinetics were studied at pH 3.0-6.8 (CAB111 = 50 mg/L,
Cads =1 g/L, t =120 min, T = 293.15 K, ® = 750 rpm) and fit a pseudo-second-order model.
Maximum adsorption capacity (8.62 mg/g) and dye removal (77%) occurred at pH 3. Higher
pH reduced adsorption efficiency. At aqueous dye solution without any pH modification (pH
6.8), adsorption capacity and the percentage of dye removal were decreased to q. = 4.92 mg/g
and 46.5% of removed dye. Adsorption rates are in a good agreement with the adsorption
capacity and the dye removal efficiency trends. Thus, the adsorption rate in the most effective
system (pH 3) was k, = 0.059 g/(mg min) while at a pH 6.8, the adsorption rate was k, =
0.010 g/(mg min). At higher pH values, the deprotonation of functional groups on the zeolite
surface leads to the formation of negatively charged sites, which hinder the adsorption of
ABI111 dye molecules due to Coulombic repulsive forces [1].

Keywords: Natural zeolite, clinoptilolite, dye adsorption, Acid Blue 111, wastewater
treatment.
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The development of luminescent materials for detection of emerging contaminants has
attracted significant attention in recent years [1]. In this context, the fluoroquinolone
antibiotic ciprofloxacin (CIP), frequently detected in aquatic environments, represents an
important target compound due to its persistence and incomplete removal. [2]. Among various
analytical approaches for antibiotic detection, fluorescence-based techniques have gained
considerable interest owing to their high sensitivity and selectivity [2].

This study demonstrates the application of Tb>"-exchanged zeolites as fluorescence-
based sensors for the detection of CIP in aqueous solution. The materials were prepared by an
aqueous ion-exchange process in which Tb>" ions were introduced into ZSM-5 and P zeolite
frameworks using a dilute terbium(III) nitrate solution. The samples were calcined at different
temperatures in order to examine the effect of calcination on the fluorescence emission of
Tb®" ions. Materials were characterized by X-ray powder diffraction, Fourier transform
infrared spectroscopy, scanning electron microscopy with energy-dispersive X-ray
spectroscopy (EDS), low-temperature N, adsorption and fluorescence spectroscopy.

EDS analysis indicated higher terbium loading in Tb- (6.29 + 0.24 wt%) compared to
Tb-ZSM5 (1.57 = 0.22 wt%) zeolite. Fluorescence detection of CIP was performed by
monitoring changes in the intensities of characteristic Tb>* emission bands assigned to the
Dy — 7Fj transitions (j = 6, 5, 4, 3) at 488, 543, 584 and 619 nm, respectively, in Tb-f3 and
Tb-ZSM5 suspensions. After adsorption of CIP, an increase in Tb>" emission intensity was
observed for Tb-B and Tb-ZSM5 with increasing CIP concentration. The fluorescence
response depended on terbium loading, zeolite structure and solution pH. The enhanced Tb*>"
emission, in alkaline conditions, is attributed to the formation of complexes between CIP and
Tb>" involving anionic CIP species, suggesting efficient energy transfer from CIP to Tb*>* ions
(antenna effect). These results highlight the potential of Tb-f3 and Tb-ZSMS5 as dual-function
materials for simultaneous detection and removal via adsorption of fluoroquinolone antibiotic,
offering a promising approach for environmental monitoring applications.

Keywords: Ciprofloxacin, Fluoresence, Tb>"-exchanged zeolites, ZSM-5 zeolite, p-zeolite
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The growing demand for safe, sustainable water disinfection treatment has increased the need
for the development of advanced functional materials as alternatives to conventional chemical
treatments. In this work, a novel, environmentally friendly approach for the preparation of
menthol-enriched chitosan/zeolite composite beads for water disinfection was investigated.
Natural clinoptilolite from the Slanci deposit (Serbia) was incorporated into a chitosan
matrice to obtain highly porous structures with enhanced loading capacity, while menthol, a
bioactive compound with proven antibacterial activity, was loaded into the composite beads
via supercritical CO:z impregnation, a green, solvent-free technology.

First, 2.0000 g of chitosan was dissolved into the 100.0 em® of 2% acetic acid. Then,
different amounts of zeolite (0, 20, 50, and 100 wt.% with respect to the dry mass of chitosan)
were loaded into the chitosan matrices. Thermal and FTIR characterization demonstrated
successful incorporation of menthol into the composite. SEM analysis revealed a well-
developed, stable porous morphology achieved through supercritical CO;-assisted drying. The
antibacterial performance of the obtained materials was evaluated against Escherichia coli
DSM 498 and Staphylococcus aureus ATCC 25923 by disc diffusion method. While
unloaded composites showed no zone of inhibition, menthol-loaded materials exhibited clear
zone around the samples (1-3 mm), demonstrating the functional efficiency of the prepared
composites.

This study presents a promising step toward the development of sustainable, bio-based
disinfection materials by combining natural zeolites, biopolymers, and supercritical CO:
technology with bioactive compounds, such as menthol. The proposed approach opens new
perspectives for the design of high-performance materials for the disinfection of water, as
well as for similar environmental applications.
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ABSTRACT

Hybrid alginate-based beads incorporating APTES-modified natural zeolite (ANZ-alg)
were synthesized and evaluated for the removal of Ag(I) ions from aqueous solutions. The
developed composite material combines the ion-exchange capacity of clinoptilolite, the
functional reactivity of aminosilane groups, and the structural stability of alginate matrix,
resulting in enhanced adsorption performance. Results of scanning electron microscopy
(SEM) and pHpzc analysis, confirmed successful immobilization and provide insight into
surface charge behavior. Batch adsorption experiments demonstrated rapid uptake and high
removal efficiency of Ag(l) ions, indicating strong affinity between the adsorbent and metal
ions. The adsorption mechanism is governed by a combination of ion exchange, coordination
interactions between Ag(I) ions and amine groups, and electrostatic interactions influenced by
surface charge. The synergistic effect of zeolite, APTES functionalization, and alginate matrix
significantly contributes to the overall adsorption performance. The obtained results indicate
that ANZ-alg beads represent a promising, stable, and environmentally friendly material for
efficient removal of silver ions from contaminated water.

Keywords: zeolite; alginate beads; APTES; adsorption; hybrid adsorbent
INTRODUCTION

The presence of heavy metals in aquatic systems represents a major environmental
concern due to their toxicity, persistence, and bioaccumulation potential. Among them, silver
ions (Ag") have attracted increasing attention due to their widespread application in
electronics, catalysis, medical devices, and antimicrobial products. Despite their industrial
importance, uncontrolled discharge of silver into water systems poses significant ecological
risks [1]. Adsorption has been recognized as one of the most efficient and economically
viable methods for the removal of metal ions from aqueous solutions. In this context, natural
zeolites, particularly clinoptilolite, have been extensively studied due to their well-defined
porous structure, high surface area, and significant cation-exchange capacity [2,3]. However,
their performance can be limited by insufficient functional groups and difficulties in handling
fine particles. To overcome these limitations, surface modification of zeolites using
organosilanes has been widely explored. Functionalization with (3-
aminopropyl)triethoxysilane (APTES) introduces amine groups capable of forming strong
coordination interactions with metal ions such as Ag(I), thereby enhancing adsorption
efficiency|[3,4]. In addition, immobilization of zeolite particles within polymer matrices, such
as alginate, represents an effective strategy for improving mechanical stability, facilitating
separation, and enabling uniform distribution of active components. Alginate-based beads
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provide a three-dimensional porous network that enhances accessibility of adsorption sites
and improves overall performance [5,6].

In this study, APTES-modified zeolite was immobilized within alginate beads (ANZ-
alg), and its efficiency for Ag(I) removal from aqueous solutions was investigated. Special
attention was given to the role of surface charge (pHPZC) and the synergistic interaction
between zeolite, functional groups, and polymer matrix in the adsorption process.

EXPERIMENTAL

Natural clinoptilolite-rich zeolitic tuff obtained from the Zlatokop deposit near Vranjska
Banja (Serbia) was used after grinding and sieving (<125 um). Sodium alginate (Sigma-
Aldrich) was used as the polymer matrix for bead formation. Calcium chloride dihydrate
(Lach-Ner) was used as the crosslinking agent. 3-Aminopropyltriethoxysilane (APTES,
>98%, Sigma-Aldrich) was used for surface functionalization of the zeolite. All solutions
were prepared using deionized water, and all chemicals were of analytical grade.

Natural clinoptilolite-rich zeolite was functionalized with 3-aminopropyltriethoxysilane
(APTES, >98%) following a previously reported procedure with slight modifications. The
silanization process resulted in the covalent attachment of APTES molecules onto the zeolite
surface through Si—O-Si bonds, introducing surface-bound amine groups (-NH;) [4].

The modified zeolite, denoted as ANZ, was used as component for further bead
preparation.

Immobilization of ANZ was carried out by incorporation into an alginate matrix. A
defined amount of ANZ was dispersed in sodium alginate solution under constant stirring.
The obtained suspension was added dropwise into CaCl, solution, leading to the formation of
spherical beads. After preparation, the beads were washed with deionized water and stored
under ambient conditions prior to use.

Adsorption experiments were conducted using a batch system. A fixed amount of
adsorbent (0.02 g) was added to 40 mL of Ag(I) solution. All experiments were performed at
room temperature (25 °C) under constant agitation (220 rpm). After the desired contact time,
suspensions were filtered, and residual Ag(I) concentrations were determined using atomic
absorption spectroscopy (AAS). All experiments were performed in triplicate, and average
values were reported.

The surface morphology of the prepared ANZ-alg beads was examined using scanning
electron microscopy (SEM, JEOL JSM-6610LV).

The pHpzc of ANZ-alg beads was determined using the pH drift method. A series of
solutions with different initial pH values were prepared, and a fixed amount of adsorbent was
added to each solution. After equilibration, the final pH values were measured, and the pHpzc
was determined as the point where the initial and final pH values were equal.

RESULTS AND DISCUSSION

SEM analysis (Fig.1) confirmed the formation of spherical ANZ-alg beads with a
heterogeneous and rough surface morphology. The surface appears irregular, with visible
embedded zeolite particles within the alginate matrix, indicating successful immobilization of
the inorganic phase.
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Figure 1. SEM micrographs of ANZ-alg adsorbent: a) surface morphology showing rough and heterogeneous
structure with embedded zeolite particles, and b) spherical bead morphology.

The observed porous and non-uniform structure suggests the presence of multiple active
sites and diffusion pathways, which can facilitate the transport of Ag(l) ions toward the
interior of the beads. Such morphology is favorable for adsorption processes, as it enhances
both accessibility and interaction between the adsorbent and metal ions [7,8].

The pHPZC value of ANZ-alg beads was determined using the pH drift method and is
presented in Fig. 2a. The obtained pHpzc was approximately 6.9. At pH values below pHPZC,
the surface of the adsorbent is positively charged, which leads to electrostatic repulsion with
Ag* ions and consequently lower adsorption efficiency. In contrast, at pH values above
pHPZC, the surface becomes negatively charged, promoting electrostatic attraction between
the adsorbent and Ag+ ions and enhancing the adsorption process [8]. This behavior indicates
that surface charge plays an important role in the adsorption mechanism. In addition to
electrostatic interactions, the presence of amine functional groups introduced by APTES
modification enables coordination interactions with Ag(l) ions, further contributing to the
overall adsorption performance [4,7].
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Figure 2. a) Determination of pHpzc of ANZ-alg beads using the pH drift method: variation of final pH as a
function of initial pH. b) Effect of contact time on Ag(l) adsorption onto ANZ-alg beads.

The adsorption of Ag(l) onto ANZ-alg beads (Fig. 2b) is characterized by a rapid initial
uptake within the first 20-30 min, followed by a slower approach to equilibrium. The initial
stage corresponds to adsorption on readily available surface sites, while the later stage is
controlled by diffusion of Ag(l) ions into the interior of the beads and gradual saturation of
active sites [6].
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Such behavior is consistent with the structural characteristics of the material and the pHpzc
results, indicating that both electrostatic interactions and diffusion processes contribute to the
overall adsorption mechanism.

To further describe the adsorption process, kinetic analysis was performed using
pseudo-first-order (PFO) and pseudo-second-order (PSO) models. The PFO model showed
weaker agreement with experimental data, with lower correlation coefficient (R* = 0.83) and
noticeable deviation between calculated and experimental adsorption capacities.

In contrast, the PSO model provided an excellent fit, with R>= 0.9961 and calculated
adsorption capacity (qeca = 86.4 mg/g) is very close to the experimental value (qeexp = 85.0
mg/g) .

These results indicate that the adsorption process is predominantly governed by
chemisorption, involving electron sharing or exchange between Ag(I) ions and active sites on
the adsorbent[4,5] .Overall, the adsorption of Ag(I) onto ANZ-alg beads can be described by
a synergistic mechanism involving ion exchange within the zeolite structure, coordination
interactions with amine groups, electrostatic attraction controlled by surface charge, and
diffusion through the alginate matrix [3,4,8].

CONCLUSION

ANZ-alg beads showed efficient adsorption of Ag(I) ions, with rapid uptake and high
adsorption capacity. The adsorption process is influenced by surface charge behavior, with
enhanced performance at pH values above pHpzc. Kinetic analysis confirmed that the pseudo-
second-order model provides the best description of the process, indicating that chemisorption
is the dominant mechanism. The combined effects of ion exchange, coordination interactions,
and electrostatic attraction make ANZ-alg beads a promising material for silver removal from
aqueous systems.
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ABSTRACT

In this study, the adsorption of Ni(Il) and Zn(II) ions from mono- and binary aqueous
solutions was investigated using alginate beads with and without zeolite. The adsorption
behavior was evaluated for both hydrated and dehydrated beads. The results showed that the
incorporation of zeolite slightly enhances the adsorption of single ions. However, dehydrated
beads exhibited significantly higher adsorption capacity compared to hydrated ones,
especially in binary systems. The adsorption kinetics followed a pseudo-second-order model,
indicating that chemisorption is the dominant mechanism.

Keywords: zeolite, nickel, zinc, monocomponent solution, binary solution

INTRODUCTION

Nowadays, the removal of heavy metals from wastewater remains a major
environmental challenge. Among available techniques, ion exchange is one of the most
effective methods, where toxic metal ions are replaced by less harmful cations. Due to their
stability, ion-exchange capacity, and low cost, natural zeolites are widely used for this
purpose [1]. Natural zeolites have demonstrated the ability to remove metal ions such as
Ni(II) and Zn(Il) from aqueous solutions [1]. However, powdered adsorbents present
limitations such as aggregation, reduced active surface area, and operational issues in column
systems and their direct use is not possible. In contrast, spherical beads provide improved
mechanical stability and easier handling. The preparation of the defined shapes with polymer
matrices is usually used. Alginate is a biopolymer with high adsorption capacity and chemical
stability in aqueous environments, making it a suitable matrix material [2]. The aim of this
study was to synthesize alginate beads with and without zeolite and evaluate their adsorption
properties toward Ni(Il) and Zn(II) ions.

EXPERIMENTAL
Preparation and characterization of the beads

The zeolite sample (10 g, particle size 0.063-0.125 mm) was first suspended in 1 dm’
2.0 M NaCl, in order to obtain the Na-Z [3]. The suspension was stirred for 24 h on a
magnetic stirrer at a temperature of 25 °C. The sample was then filtered and washed with
distilled water until a negative reaction for Cl” ions was observed, after which it was dried in
an oven at 50 °C. The resulting sample was designated as Na-Z.

The Na-alginate solution was prepared by dissolving 3 g of Na-alginate in 100 cm® of
deionized water. The solution was stirred for 24 h on a magnetic stirrer at a speed of 300 rpm.
Then, 4 g of Na-Z was suspended in one part of the polymer solution, and then the suspension
was treated with an ultrasonic in order to homogenize the suspension.

Spherical beads were prepared by a syringe pump (Razor A-99) through a 20 G needle,
with a flow rate of 70 cm® h™'. The suspension with and without zeolite was added dropwise to
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0.1 M CaCl,. The formed beads were left in 0.1 M CaCl, for better crosslinking. After 24 h,
the beads were washed with distilled water and used in further experiments. There were two
series of the beads: hydrated and dehydrated. The dehydrated beads were dried at the air until
the constant mass.

Kinetics of adsorption of Ni*™ and Zn*" onto beads with and without zeolite

The adsorption kinetics were investigated from monocomponent and binary solutions,
where the concentration of each metal was 100 mg dm™. In all experiments, the ratio of solid
to liquid phase was 1:100. One series of experiments was performed with hydrated beads, and
the other with dehydrated ones. The samples were stirred in a water bath at a temperature of
25 °C. Samples were taken at precisely defined time intervals (0.5, 1, 2, 4, 6 and 24 h). The
concentration of metal ions in the samples was determined using a Varian-55B AA series
flame atomic absorption spectrometer (AAS). The adsorption capacity at time t was
calculated using equation 1:

Co — Cp)V
qe =5 ()

m

where ¢; is the amount of metal ions adsorbed per gram of sample at time ¢ (mg g'), C, is the
initial concentration of metal in solution (mg dm™), C, is the concentration of M*" at time ¢, V'
is the volume of solution (dm®) and m is the mass of the beads (g).

Desorption of metal ions from saturated adsorbents

Metal desorption from saturated samples was tested in distilled water at 25 °C in a water
bath. The suspensions were stirred at 105 rpm, with a solid-liquid ratio of 1:100. After 24 h,
the suspensions were separated and the metal concentration was determined by AAS.

RESULTS AND DISCUSSION

Table 1 shows that the hydrated bead has a larger diameter and mass compared to the
dehydrated ones. The data obtained are in accordance with expectations, given that hydrated
beads contain water molecules in their structure. The presence of the zeolite in the beads
influences on the diameter and mass that increase slightly with the addition of the zeolite.

Table 1. Comparison of dimensions and particle size

bead type alginate with zeolite
hydrated dehydrated hydrated dehydrated

diameter (mm) 3 1 4 1.5

mass (g) 0.0174 0.00062  0.0178 0.00104

From Figure 1, it is evident that the color of the beads is different. Zeolite beads have an
intense yellow color, which comes from the presence of zeolite, while only alginate beads are
colorless.
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Figure 1: Hydrated alginate beads without (a) and with (b) zeolite

Comparing the adsorption of metal ions in hydrated and dehydrated beads, dehydrated
beads adsorb almost three times higher amount of metal ions compared to hydrated beads.
Adsorption occurs predominantly on the surface of the particles, which can be explained by
the larger specific surface area of dehydrated beads compared to hydrated ones. Hydrated
beads have the specific surface area around 4 and the dehydrated in the range of 100 to 300
g m? for the beads without and with zeolite, respectively.
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Figure 2: Comparison of Ni?* adsorption kinetics on hydrated and dehydrated alginate beads with zeolite (a) and

without zeolite (b)
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Figure 3: Comparison of Zn** adsorption kinetics on hydrated and dehydrated alginate beads with zeolite (a) and
without zeolite (b)

It is seen from the curves on Figs. 2 and 3 that at the beginning (approximately in the
first 2 h), the adsorption of the Ni** and Zn** increases sharply. Afterwards, the adsorption
proceeds gradually. The adsorption kinetics followed a pseudo-second-order model,
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indicating that chemisorption is the dominant mechanism. The process involves ion exchange,
surface diffusion, and intraparticle diffusion. According to the present results, the surface
diffusion occurs more rapidly at the beginning, while intraparticle diffusion becomes
dominant as time progresses.

During desorption, the results presented in Tables 2 and 3 show that nearly complete
desorption of metal ions occurs in hydrated beads, whereas only about 5% of metal ions are
desorbed from dehydrated beads. The maximum concentrations allowed for Ni** and Zn**
ions in water are 0.02 and 3 mg dm™3, respectively. The measured Ni** concentrations exceed
the regulatory limit, whereas Zn?" concentrations remain within acceptable levels.

Table 2. Concentration of Ni*" ions after desorption in mg dm™

bead type hydrated dehydrated
alginate with zeolite alginate with zeolite
. monocomponent 1.15 1.62 1.0426  0.3301
Solution ]
binary 1.24 1.52 0.6601  0.2619
Table 3. Concentration of Zn”" ions after desorption in mg dm™
bead type hydrated dehydrated
alginate with zeolite alginate with zeolite
. monocomponent 1.6 1.5 0.806  0.3961
Solution ]
binary 1.17 1.58 0.96 0.458
CONCLUSION

The study showed that the adsorption capacity of alginate beads, with or without zeolite,
for Ni*" and Zn** ions is higher in dehydrated beads. Adsorption of a single metal ion was
higher in binary than in monocomponent solutions, while similar adsorption capacities were
observed for beads with and without zeolite. The adsorption process proceeds through ion
exchange, followed by surface and intraparticle diffusion, and the kinetics are best described
by the pseudo-second-order model. The desorption process is highly dependent on the
hydration state of the beads, with hydrated beads enabling nearly complete release of metal
ions, whereas dehydrated beads strongly retain the adsorbed ions.
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ABSTRACT

Quantitative mineralogical and structural analysis of zeolitic tuff from the Zlatokop
deposit was performed using X-ray powder diffraction and Rietveld refinement. The sample
is dominated by clinoptilolite (77.2%), with minor quartz, feldspars, and mica. Structural
refinement confirms Ca-clinoptilolite as the main phase, with Ca?** as the dominant
exchangeable cation despite comparable site occupancies with Na*. This is supported by
cation exchange capacity (CEC) values (Ca?*" 94 meq/100 g), indicating strong electrostatic
stabilization within channels A and B. Refined channel dimensions (A = 10.5 x 5.73 A; B =
6.21 x 7.15 A) confirm the structural suitability of Ca** for ion exchange. The results
highlight the high ion-exchange potential and structural stability of Zlatokop clinoptilolite.

Keywords: Rietveld method, zeolitic tuff, Ca-clinoptilolite

INTRODUCTION

Zeolitic tuffs are formed by diagenetic alteration of volcanic ash and are widely used due to
their ion-exchange and adsorption properties. Quantitative phase analysis using X-ray powder
diffraction combined with Rietveld refinement represents a reliable method for determining
mineral composition and structural characteristics of zeolite-rich materials. Clinoptilolite-rich
tuffs are particularly important due to their high cation-exchange capacity and structural
stability. This study presents a quantitative and structural analysis of Ca-clinoptilolite from
the Zlatokop deposit using Rietveld refinement.

EXPERIMENTAL

Powdered samples (<63 pm) were analyzed by X-ray diffraction using a Philips PW-1710
diffractometer (Cu Ka radiation, 40 kV, 30 mA). Data were collected over a 20 range of 4—
65° with a step size of 0.02°. Quantitative and structural refinement was performed using the
Rietveld method implemented in the FullProf software package. Structural visualization was
carried out using VESTA.

RESULTS AND DISCUSSION

Crystal-chemical analysis revealed that Ca is the dominant cation, with a Si/Al ratio of
4.64, while the bulk chemical composition (SiO02 = 63.64 wt%, Al2Os = 12.40 wt%, Fe.0s =
0.92 wt%, CaO = 4.93 wt%, MgO = 1.02 wt%, Na.O = 0.20 wt%, K-0 = 1.80 wt%, LOI =
15.4 wt%) further confirms that the Zlatokop zeolitic tuff is rich in Ca-clinoptilolite,
consistent with previous studies [8]. Quantitative XRD analysis indicates that the tuff is
dominated by clinoptilolite (77.2%), with minor quartz (8.8%), albite (6.3%), muscovite
(3.8%), orthoclase (3.2%), calcite (0.7%), and traces of pyrite [9]. Representative SEM
photomicrographs of the samples are shown in Fig. 1, illustrating the typical morphology of
the zeolite crystals.
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Figure 1. SEM photomicrograph of Zlatokop zeolitic tuff at X800 and x3,000 magnifications

SEM analysis of Ca-clinoptilolite reveals well-defined prismatic and plate-like crystals,
whereas monoclinic symmetry is determined from X-ray diffraction results. The crystals are
elongated with rectangular cross-sections and smooth surfaces, forming dense, irregular
aggregates, while smaller crystals occupy the interstitial spaces between larger ones. The
5 um scale bar indicates that individual crystals are in the micrometer size range.

Strucutural analysis

Based on previous studies [10], the structure of Ca-clinoptilolite from the Zlatokop deposit
was refined in the C2/m space group, with a disordered distribution of Si and Al over the
tetrahedral sites, using initial parameters from the KT model [11]. The structure of Ca-
clinoptilolite was refined in the C2/m space group using a disordered Si/Al distribution
model. Only clinoptilolite and quartz were included in the refinement. The refined proportions
are 87.7% clinoptilolite and 12.3% quartz. Refinement indicators (RB < 5—7%) confirm good
agreement between observed and calculated intensities, despite elevated Rwp values due to
the presence of amorphous material and microstructural effects typical of natural samples.
Minor deviations in the 20 range are attributed to preferred orientation and microstrain.
Refined X-ray powder diffraction patterns of Ca-clinoptilolite are presented in Figure 3, while
the corresponding structural and profile parameters, along with the refinement factors, are
summarized in Table 1.

Table 1. XRPD profile data for zeolitic tuff phases: Ca-clinoptilolite and quartz.

Space Prof. Parameter of unit cell (A)

P RB(%) RF(%) R, R,
groupe fun. a... b... C... g .. (g/cm’)
V(AY
*C2/m pV 17.68 18.00 7.416 116.40 2114.78 2.390 4.8 6.3 20.8 19.81
**p3221 | pV 4918 4918 5.410 113.353 5.281 7.0 5.3

*Ca-clinoptilolite; **Quartz

The goodness-of-fit (GoF) is 3.1, and y* is 9.5; such deviations are typical for complex
natural structures with multiple phases and an amorphous component (Fig. 2).
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Figure 2. Rietveld refinement of the XRPD pattern of zeolitic tuff (Zlatokop), including observed and calculated
profiles, difference curve, and Bragg positions.
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Analysis of tetrahedral positions

The tetrahedral sites (Si1-Si5) in Ca-clinoptilolite exhibit variable distortion [12] due to
interactions with neighboring tetrahedra and extra-framework Ca?" cations. Silicon
predominates at all T-sites, with T3 being nearly pure Si (SOF = 0.97) and T5 showing the
lowest Si occupancy (SOF = 0.32). All oxygen atoms (O1-0O10) are fully occupied,
maintaining a stable framework. Among the tetrahedra, Si4 is the most symmetrical, while
Si5 shows the greatest distortion, likely due to its framework position and interactions with
channel cations [13]. Si—O bond lengths (1.613—1.649 A) and T-O-T angles (108.8°-110.1°)
indicate that the tetrahedra largely preserve near-ideal geometry, with minor local distortions.
Among the sites, Si4 is the most symmetrical, whereas Si5 shows the highest distortion,
reflecting its interaction with channel cations. These structural variations influence local
acidity, cation distribution, and channel geometry.
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Figure 3. Structure of Ca-clinoptilolite showing channels A (10-membered rings) and B (8-membered
rings) with approximate experimental dimensions.

Figure 3 shows the structure of Ca-clinoptilolite with two types of channels: channel A
(larger, rectangular, formed by 10-membered rings) and channel B (smaller, formed by 8-
membered rings). In the literature, their effective pore sizes are approximately 3.1 x 7.5 A for
channel A and 3.6 x 4.6 A for channel B [13]. However, the experimental crystallographic
values are larger (A = 10.5 x 5.73 A, B = 6.21 x 7.15 A) because they represent oxygen—
oxygen framework distances defining the channel walls rather than the true accessible pore
openings. These discrepancies arise from local tetrahedral distortions and different definitions
of channel boundaries in the crystallographic model. The physicochemical and structural
properties of clinoptilolite largely depend on the type and content of extraframework cations.
In Ca-clinoptilolite, Na—O, Ca—O, K-O, and Mg-O bonds average approximately 2.45 A,
2.62A,285A, and 2.16 A, respectively, with cations coordinated by 6-8 framework oxygen
atoms in distorted polyhedral environments. The refined site occupancy factors for the
extraframework cations (Nal = 0.0942, Ca2 = 0.216, K3 = 0.143, Mg = 0.127) indicate that
calcium occupies its positions to the greatest extent. Ca, despite a site occupancy similar to
Na, dominates ion exchange due to its divalent charge and favorable coordination in channels
A and B, as indicated by CEC values: Ca** 94, Na* 0.9, K* 16.4, Mg>" 10.7 meq/100 g [14].
Calcium exhibits the highest cation-exchange capacity due to strong electrostatic interactions
with the framework and sufficient mobility for exchange, Fig.4.

eeeeeeeeeeee  CEC on Site Occupancy for Clinoptilolite Cations
P

Figure 4. Dependence of total cation exchange capacity (CEC meq/100g on occupancy factor (SOF).
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The diagram shows a clear positive correlation between site occupancy factor and
cation exchange capacity (CEC), indicating that higher occupancy of exchangeable sites is
associated with increased ion-exchange potential. Ca** exhibits the highest occupancy and
CEC values, confirming its dominant role in the clinoptilolite structure and its strong
preference in exchange processes compared to Na*, K*, and Mg?*.

CONCLUSION

Based on the results of quantitative Rietveld analysis, the presence of 12 % quartz in the
sample does not significantly affect the structural and crystal-chemical properties of Ca-
clinoptilolite present in the zeolitic tuff. These results also confirm that Ca®" is the dominant
exchangeable cation in clinoptilolite, while Na‘, K*, and Mg?" play secondary roles,
determined by their structural environment. Site occupancy factors further indicate the
preferential distribution of Ca?** within the available exchange sites of the clinoptilolite
framework, reflecting its structural stability and cation selectivity. This crystal-chemical
characteristic explains the high selectivity of clinoptilolite for divalent cations and highlights
its efficiency in environmental and technological ion-exchange applications.
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