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Abstract

This study investigates the adsorption of paracetamol from aqueous solutions using nat-
ural clinoptilolite and its modified forms. The raw zeolite (p-CLI) was converted into its
protonic (H-CLI) and organo-modified (o-CLI) counterparts through ammonium exchange
and calcination, and treatment with hexadecyltrimethylammonium bromide (HDTMA-Br),
respectively. The materials were characterized by XRD, FT-IR, and SEM analyses. XRD con-
firmed that the clinoptilolite crystalline framework was preserved after both modifications,
while FT-IR and SEM revealed partial removal of exchangeable cations in H-CLI and the
formation of an HDTMA-derived organic layer on the external surface of o-CLI. Adsorption
experiments were carried out under batch conditions at initial paracetamol concentrations
of 0.5–10 mg/L, and equilibrium paracetamol concentrations were determined using dif-
ferential pulse voltammetry (DPV). The raw clinoptilolite exhibited negligible adsorption
capacity (<0.10 mg/g) due to its hydrophilic surface and microporous framework, which
limit interaction with neutral organic molecules. Conversion to the protonic form slightly
enhanced the adsorption performance (~0.15 mg/g), while HDTMA modification resulted
in a modest additional increase (~0.25 mg/g), attributed to the formation of hydrophobic
and organophilic surface sites. Overall, the results indicate that surface functionalization
can improve the affinity of clinoptilolite toward weakly polar pharmaceuticals; however,
the adsorption capacities remain limited. The novelty of this work lies in combining
voltametric quantification with a direct comparison of proton-exchanged and surfactant-
modified clinoptilolite to elucidate how specific structural and surface changes influence
paracetamol uptake.

Keywords: natural zeolite; drug sorption; structure modification; organo-zeolite

1. Introduction
Paracetamol (PCT), also known as acetaminophen (N-acetyl-p-aminophenol), is one

of the most widely used analgesic and antipyretic drugs worldwide, frequently available
over the counter [1–6]. Due to its extensive application in recent years, particularly for
alleviating symptoms of influenza and the common cold, as well as its increased use during
the COVID-19 pandemic, global consumption of PCT has steadily risen [3,6,7]. Paracetamol
is now recognized as an emerging organic micropollutant and has been detected in drinking
water, surface waters, municipal wastewater, and hospital effluents, where concentrations
may exceed 1300 µg/L [2,3,6–11]. Although generally considered safe at therapeutic doses,
PCT and its degradation products (such as 4-aminophenol) pose risks to aquatic organisms
and may contribute to hepatotoxicity and nephrotoxicity [1,7,11–13].

Due to its high solubility, stability, and limited removal in conventional wastewater
treatment plants, developing efficient and environmentally friendly methods for eliminat-
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ing paracetamol from aqueous systems has become an important research priority [14–18].
While advanced oxidation processes (AOPs) can effectively degrade PCT, their high oper-
ational cost, energy demand, and the possible formation of toxic by-products limit their
applicability on a larger scale [2,10,17]. Adsorption represents a more practical and cost-
effective method, offering mild operating conditions, no harmful reaction products, and
straightforward scalability. Numerous adsorbents—such as activated carbon, biopoly-
mers, zeolites, and zeolite-based composites—have shown high efficiency in removing
pharmaceuticals and other micropollutants from water [7,19–28].

An essential aspect of studying pharmaceutical pollution is the accurate quantifica-
tion of paracetamol in aqueous systems. Traditional analytical methods, such as high-
performance liquid chromatography (HPLC) or gas chromatography (GC), although highly
reliable, are time-consuming, require costly instrumentation, and involve multi-step sample
preparation [10,29,30]. For this reason, electroanalytical techniques—particularly voltam-
metric approaches—have gained increasing attention as fast, sensitive, and cost-effective
alternatives [10,30–34]. Differential pulse voltammetry (DPV) enables low detection limits
and straightforward instrumentation, making it suitable for monitoring paracetamol in
adsorption experiments without complex extraction procedures. This analytical advantage
provides a practical complement to the adsorption studies performed in the present work.

Clinoptilolite, a naturally occurring zeolite from the heulandite group, has recently
attracted significant attention as an efficient and environmentally friendly adsorbent for the
removal of organic and inorganic contaminants from water [35,36]. Owing to its high cation-
exchange capacity, large surface area, thermal and chemical stability, and well-defined
microporous structure, clinoptilolite enables effective adsorption of various pollutants,
including heavy metals, ammonium ions, dyes, and pharmaceuticals. Moreover, it is
abundant in nature and relatively inexpensive compared to synthetic zeolites or activated
carbon, which makes it a promising material for large-scale wastewater treatment applica-
tions. Previous studies have demonstrated that the adsorption efficiency of clinoptilolite
can be further enhanced through chemical or thermal modification, for instance, by acid
activation or ion exchange with transition metals, leading to improved affinity toward
organic molecules [37]. However, systematic investigations of paracetamol adsorption on
natural or modified clinoptilolite remain limited.

The present study aims to investigate the adsorption behavior of paracetamol from
aqueous solutions onto natural clinoptilolite (parent; p-CLI), its hydrogen-exchanged form
(H-clinoptilolite; H-CLI), and organo-modified clinoptilolite with hexadecyltrimethylam-
monium bromide (HDTMA-Br) (o-CLI). The influence of initial paracetamol concentration
and zeolite surface modification on adsorption capacity and efficiency was evaluated. The
obtained results provide insight into the role of surface chemistry in removing pharmaceu-
tical contaminants from aqueous environments. The protonic form (H-CLI) was selected
because replacement of native exchangeable cations with protons can modify the sur-
face acidity and enhance interactions with organic molecules through hydrogen bonding
or electrostatic effects [38]. In contrast, HDTMA modification is a well-established ap-
proach for producing organo-zeolites with hydrophobic and organophilic external surfaces.
Such materials show improved affinity toward weakly polar or neutral pharmaceutical
compounds, making them suitable candidates for evaluating the adsorption behavior of
paracetamol [39]. In addition to offering a comparative perspective, this study provides a
critical assessment of the suitability of clinoptilolite-based materials for removing parac-
etamol from water. Despite measurable changes in surface chemistry induced by proton
exchange and HDTMA treatment, our findings demonstrate that the adsorption capacities
remain low. This indicates that the intrinsic microporosity and hydrophilic framework
of clinoptilolite impose fundamental limitations on its affinity toward weakly polar drug
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molecules. The present work, therefore, not only examines modification strategies but
also delineates their practical boundaries, highlighting the need for alternative or more
advanced functionalization approaches. Moreover, differential pulse voltammetry is em-
ployed as a highly sensitive quantification method, providing an analytical approach rarely
used in adsorption studies involving natural zeolites.

The aims of this work were as follows:

• To prepare and characterize natural clinoptilolite, its proton-exchanged form, and
an HDTMA-modified organo-zeolite;

• To evaluate how these modification strategies influence the structural and surface
properties of clinoptilolite;

• To investigate the adsorption of paracetamol from aqueous solutions onto the three
zeolite forms;

• To determine the effect of surface chemistry on adsorption performance;
• To critically assess the practical limitations of clinoptilolite-based materials as adsor-

bents for weakly polar pharmaceuticals.

2. Results and Discussion
2.1. Materials Characterization

The natural zeolite used in this study was clinoptilolite obtained from the Karpatia-
nian deposit (Slovakia). The chemical composition of the zeolite, determined by X-ray
fluorescence (XRF), is presented in Table 1.

Table 1. Chemical composition of initial clinoptilolite.

Oxides SiO2 TiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O Others

Ratio by weight, (%) 75.46 0.33 11.89 2.34 4.45 0.54 3.87 0.83 0.29

The XRD patterns of the raw (p-CLI), protonic (H-CLI), and HDTMA-modified (o-CLI)
clinoptilolite samples are shown in Figure 1a. All diffractograms exhibit the characteristic
reflections of clinoptilolite at approximately 2θ = 9.8◦, 11.2◦, 22.4◦, 26.1◦, and 30.0◦, con-
firming the preservation of the heulandite-type crystal structure after the modification
processes [36,40]. Minor reflections corresponding to quartz (Q), feldspar (F), and cristo-
balite (Cr) were also identified, which is consistent with the natural mineral impurities
typically associated with clinoptilolite deposits. No additional diffraction peaks were
detected after ion exchange or surfactant treatment, indicating that neither the ion exchange
and calcination used to obtain the H-form nor the subsequent HDTMA+ modification
caused any structural degradation or formation of new crystalline phases.

The FT-IR spectra of the raw (p-CLI), protonic (H-CLI), and organo-modified (o-CLI)
clinoptilolite samples are presented in Figure 1b. All spectra exhibit the characteristic
absorption bands of the clinoptilolite framework. The intense band at about 1063 cm−1

corresponds to the asymmetric stretching vibrations of Si–O–Si and Si–O–Al bonds, while
those at approximately 795 and 606 cm−1 are assigned to symmetric stretching and bending
modes, respectively. The band near 469 cm−1 originates from the bending vibrations of
Si–O–Si(Al) linkages [41]. The broad absorption centered at about 3440 cm−1, together with
the band at 1630 cm−1, is attributed to the stretching and bending vibrations of adsorbed
water molecules. The weak peak at 3620 cm−1 observed in the raw sample corresponds to
structural -OH groups associated with octahedral cations (e.g., Al–OH or Fe–OH). After
ion-exchange and calcination (H-CLI), a decrease in the intensity of the hydroxyl and water-
related bands is evident, confirming partial dehydration and the removal of exchangeable
cations. In the spectrum of the organo-modified sample (o-CLI), the overall framework
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bands remain unchanged, indicating the preservation of the zeolite crystalline structure.
However, subtle changes in band intensity and broadening are observed, along with the
appearance of new absorption bands in the 2850–2950 cm−1 region, corresponding to the
aliphatic C–H stretching vibrations of -CH2 and -CH3 groups from the surfactant. These
features confirm the successful attachment of organic species onto the zeolite surface.

 

(a) (b) 

Figure 1. XRD patterns (a) and FT-IR spectra (b) of the raw (p-CLI), protonic (H-CLI), and HDTMA-
modified (o-CLI) clinoptilolite samples.

To support these subtle spectral differences, elemental SCHN analysis was performed.
The parent clinoptilolite contained only 0.35 wt% carbon, while the proton-exchanged
sample showed a comparable value (0.38 wt%), indicating that no organic species were
introduced during protonation. In contrast, the HDTMA-modified sample exhibited
a marked increase to 3.38 wt% carbon, accompanied by higher hydrogen and nitrogen
contents, which directly reflects the presence of the quaternary ammonium surfactant on
the external surface.

Scanning electron microscopy (SEM) was used to examine the surface morphology
of the natural clinoptilolite and its modified forms (H-CLI and o-CLI). The micrographs
revealed distinct morphological differences among the samples, reflecting the effects of
chemical treatment and surface modification (Figure 2).

   

(a) (b) (c) 

Figure 2. SEM micrographs of clinoptilolite samples: raw clinoptilolite (p-CLI) (a); H-CLI (b); and
HDTMA-modified clinoptilolite (o-CLI) (c).



Molecules 2025, 30, 4506 5 of 16

Raw clinoptilolite (Ca/K form; Figure 2a) exhibited a well-developed crystalline
structure typical of heulandite-type zeolites. The particles were irregularly shaped and
composed of aggregated plate-like and prismatic crystals with sharp edges and clearly
visible cleavage planes. The surfaces appeared relatively smooth and compact, indicat-
ing minimal amorphous or fine material coverage. Some minor debris and fine particles
were observed in the interparticle spaces, likely corresponding to clay impurities or sec-
ondary mineral phases such as quartz or feldspar. These features are consistent with the
morphology of natural clinoptilolite reported in previous studies [36,42].

After preparing H-form (Figure 2b), the overall morphology of the particles remained
unchanged, confirming that the treatment did not significantly alter the crystalline frame-
work. However, the surface became slightly rougher and more porous, with evidence
of partial leaching of exchangeable cations (Ca2+, K+, Na+) and partial dissolution of
amorphous material (Figure 3). This increased roughness and the possible generation of
mesopores could contribute to the improved sorption performance observed for the H-form
compared to the raw zeolite. In contrast, the HDTMA-modified clinoptilolite (Figure 2c)
displayed a distinctly different surface texture. The SEM images showed that the originally
sharp crystal edges were partially covered by a thin, continuous layer attributed to the
deposited surfactant. The surface appeared smoother and less angular, with some areas
showing agglomerated organic films or micellar aggregates. No significant structural col-
lapse or fragmentation was observed, indicating that the modification preserved the overall
integrity of the zeolite framework. The continuous surfactant layer introduces hydrophobic
and organophilic sites on the zeolite surface, which enhance interactions with weakly polar
molecules such as paracetamol. Although the surface appears smoother compared to the
H-form, the preservation of overall porosity and the presence of micellar aggregates should
provide accessible adsorption sites.

2.2. Adsorption Studies Determined by Voltammetric Analysis

This section presents the adsorption performance of the raw (p-CLI), protonic (H-CLI),
and organo-modified (o-CLI) clinoptilolite samples toward paracetamol, determined using
voltammetric techniques. The adsorption experiments were conducted under identical
conditions to evaluate the influence of surface modification on the affinity of clinoptilolite
for the target compound. Differential pulse voltammetry (DPV) was employed for the
quantitative determination of paracetamol concentration in aqueous solutions before and
after the adsorption process, owing to its high sensitivity and selectivity toward phenolic
compounds [43]. The obtained results allow for a comparative assessment of sorption
efficiency and provide insight into the effect of surface chemistry on the interaction between
paracetamol molecules and the zeolite surface.

The results of the initial (C0) and equilibrium (Ce) concentrations of paracetamol, along
with the calculated equilibrium adsorption capacities (qe), are summarized in Table 2. All
recorded concentrations fall within the linear range of the analytical method. The high
correlation coefficients (R > 0.9960) observed for all data sets confirm the repeatability and
reliability of the measurements.

The adsorption isotherms presented in Figure 4 show a clear dependence of the
equilibrium adsorption capacity (qe) on the equilibrium concentration of paracetamol (Ce).
Among the tested materials, the protonic form of clinoptilolite (H-CLI) exhibited the highest
adsorption capacity, followed by the organo-modified sample (o-CLI), while the parent
material (p-CLI) showed the lowest uptake. This indicates that the surface modification
through ammonium exchange and subsequent calcination substantially enhances the
affinity of clinoptilolite toward paracetamol, likely due to an increase in the number of
accessible acidic sites and improved surface polarity. The slight improvement observed
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for o-CLI suggests that the presence of surfactant molecules may contribute to adsorption
through hydrophobic interactions, but the effect is less pronounced than that of protonation.
A slight plateau observed in the mid-concentration range, followed by a secondary increase,
suggests the coexistence of multiple adsorption mechanisms or gradual activation of
additional sites at higher concentrations. Overall, the shape of the curves confirms a low
but measurable affinity of clinoptilolite-based materials toward paracetamol, with only
moderate enhancement achieved through surface treatment.

Table 2. Initial (C0) and equilibrium (Ce) concentrations of paracetamol and calculated equilib-
rium adsorption capacities (qe) for the raw (p-CLI), protonic (H-CLI), and organo-modified (o-CLI)
clinoptilolite samples.

Name C0, mg/L R * Ce, mg/L R * qe, mg/g

p-CLI

0.57 ± 0.07 0.9990 0.52 ± 0.01 0.9999 0.013 ± 0.001
1.05 ± 0.13 0.9987 0.92 ± 0.01 0.9997 0.013 ± 0.001
2.81 ± 0.09 0.9999 2.19 ± 0.03 0.9997 0.063 ± 0.003
5.18 ± 0.13 1.0000 4.51 ± 0.14 0.9962 0.067 ± 0.014
10.20 ± 0.11 0.9991 8.70 ± 0.28 0.9999 0.150 ± 0.035

H-CLI

0.59 ± 0.02 0.9997 0.28 ± 0.01 0.9999 0.031 ± 0.001
1.14 ± 0.09 0.9989 0.68 ± 0.04 1.0000 0.047 ± 0.001
2.80 ± 0.22 0.9985 1.43 ± 0.14 1.0000 0.137 ± 0.002
5.64 ± 0.16 0.9999 4.07 ± 0.10 0.9999 0.157 ± 0.004
14.53 ± 0.30 0.9999 8.55 ± 0.23 0.9999 0.598 ± 0.002

o-CLI

0.59 ± 0.02 0.9997 0.47 ± 0.02 0.9997 0.013 ± 0.001
1.14 ± 0.09 0.9989 0.95 ± 0.06 0.9995 0.019 ± 0.001
2.80 ± 0.22 0.9985 1.89 ± 0.13 0.9988 0.091 ± 0.002
5.64 ± 0.16 0.9999 4.45 ± 0.16 0.9999 0.119 ± 0.008
14.53 ± 0.30 0.9999 8.86 ± 0.53 0.9996 0.567 ± 0.028

* R—correlation coefficient of the voltammetric calibration measurements, indicating linearity.

The maximum adsorption capacities obtained for p-CLI, H-CLI, and o-CLI fall within
the range typically reported for clinoptilolite-based materials. Previous studies have shown
that natural clinoptilolite exhibits minimal affinity toward paracetamol, with reported
capacities below 0.3 mg/g, depending on experimental conditions [40,42]. The maximum
sorption capacity observed in this study was in the range of 0.013–0.150 mg/g, confirming
that the natural zeolite in its parent form is practically ineffective for the removal of
paracetamol from aqueous solutions. HDTMA-modified zeolites generally show improved
adsorption, although values remain below 1 mg/g due to the persistence of steric and
structural constraints [42,44]. These literature data are in agreement with our results,
indicating that the intrinsic microporous, strongly hydrophilic framework of clinoptilolite
fundamentally restricts the uptake of weakly polar molecules such as paracetamol. By
comparison, activated carbon, biochar, graphene-derived materials, and MOFs typically
achieve much higher capacities, ranging from 20 to 300 mg/g [45], highlighting the practical
limitations of clinoptilolite as a sorbent for paracetamol.

The limited adsorption performance can be attributed to both the physicochemical
properties of the clinoptilolite surface and the molecular characteristics of paracetamol.
Natural clinoptilolite is an aluminosilicate framework with a negatively charged lattice
compensated by exchangeable cations such as Ca2+, K+, and Na+. Consequently, its surface
is strongly hydrophilic and polar, favoring the adsorption of hydrated inorganic cations
rather than neutral organic molecules. Paracetamol (acetaminophen), on the other hand, is
a neutral molecule at typical environmental pH (pKa ≈ 9.4), with only moderate polarity
(log Kow ≈ 0.46) [44]. Therefore, electrostatic interactions and ion-exchange processes,
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which dominate the sorption of ionic species on zeolites, do not contribute to its retention
on the raw mineral surface [40]. This interpretation is supported indirectly by FT-IR spectra
(Figure 1b) and EDS analysis (Figure 3), which show the dominant presence of hydrated
extra-framework cations in the parent material and no evidence of functional groups
capable of interacting specifically with aromatic or amide moieties.

(a) 

 

(b) 

 

(c) 

 

Figure 3. SEM–EDS elemental mapping of raw clinoptilolite (p-CLI) (a); H-CLI (b); and HDTMA-
modified clinoptilolite (o-CLI) (c).

Moreover, the microporous structure of clinoptilolite imposes an additional steric
limitation [46]. The pore apertures of clinoptilolite (~0.4 nm) are smaller than the molecular
dimensions of paracetamol (~0.6 nm), preventing the molecule from entering the internal
channels of the zeolite framework. As a result, adsorption can occur only on the external
surface, which has a relatively small specific area and few active sites capable of interacting
with aromatic or hydrophobic moieties. This explains the negligible adsorption observed
even after prolonged contact times.

Negatively charged, hydrophilic surface and narrow pore system of clinoptilolite
restrict access and interaction with the paracetamol molecule. Effective removal of this
compound thus requires surface modification to create new adsorption sites and alter
the surface polarity. This conclusion aligns with contemporary research emphasizing the
need for zeolite functionalization when targeting the sorption of neutral, weakly polar
pharmaceuticals from aqueous environments [40,42].
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Figure 4. Relationship between equilibrium concentration (Ce) and equilibrium adsorption capacity
(qe) of paracetamol.

Following the ion-exchange treatment with ammonium ions and subsequent calcina-
tion, a noticeable increase in the sorption capacity toward paracetamol was observed. This
improvement can be explained by several structural and surface modifications that occur
during the conversion of the initial clinoptilolite into its protonic (H-) form. Hydrogen-
form clinoptilolite is characterized by the presence of Brønsted acid sites and a partially
dehydroxylated surface. These acidic hydroxyl groups (Si–OH–Al) can form sp hydrogen
bonding with the hydroxyl and amide groups of the paracetamol molecule, thereby in-
creasing the overall affinity between the adsorbate and the adsorbent surface [42,47]. In
addition, the removal of extra-framework cations and water molecules during calcination
enhances the specific surface area and pore accessibility of the zeolite. The elimination of
blocking cations opens up previously inaccessible micropores and increases the fraction of
mesoporous regions, facilitating the diffusion of paracetamol molecules toward the internal
adsorption sites. Although the intrinsic pore size of clinoptilolite (~0.4 nm) still limits
complete penetration of the molecule (~0.6 nm), the increased availability of external and
near-surface sites after calcination contributes to a measurable rise in sorption capacity.

Another important factor is the change in surface polarity and acid-base character.
While the parent zeolite exhibits a predominantly hydrophilic and electrostatically nega-
tive surface, the H-form is less hydrated and more amphoteric, capable of forming weak
hydrogen-bonding or donor-acceptor interactions with the aromatic and amide groups
of paracetamol. This enhanced interaction is consistent with the moderate polarity of the
molecule and its ability to act both as a hydrogen-bond donor and acceptor. Consequently,
adsorption in the H-form is governed not by ion-exchange mechanisms but by specific
surface interactions between the aromatic ring of paracetamol and the siliceous surface. Al-
though no direct acidity measurements (such as NH3-TPD or potentiometric titration) were
performed, the observed removal of exchangeable cations (Figure 3) and the appearance
of characteristic Si–OH–Al features in FT-IR spectra (Figure 1b) provide accepted indirect
evidence of increased Brønsted acidity and reduced surface hydration in H-CLI.

Following the surface modification with hexadecyltrimethylammonium bromide
(HDTMA-Br), the sorption capacity of clinoptilolite toward paracetamol showed only
a slight improvement compared with the initial material. Such a modest increase suggests
that the modification did not substantially alter the adsorption mechanism or the surface
affinity toward the paracetamol molecules. Similar trends have been reported for other
weakly polar organic compounds, where HDTMA-modified zeolites enhanced sorption
only marginally, particularly when the molecular size of the adsorbate exceeded the zeolite
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pore dimensions [40,47]. In theory, surfactant modification with HDTMA+ introduces
a hydrophobic organic phase on the external surface of the zeolite, converting it from
hydrophilic to organophilic. The positively charged quaternary ammonium head groups
anchor to the negatively charged aluminosilicate framework, while the long alkyl chains
extend outward, forming a bilayer or hemimicellar arrangement [48]. This configuration is
expected to facilitate the adsorption of neutral and weakly polar organic molecules through
van der Waals and π–π interactions. However, in the present case, several factors likely
limited the effectiveness of this modification.

To quantitatively describe the adsorption behavior of paracetamol on the tested clinop-
tilolite materials, the experimental data were fitted to the Langmuir and the Freundlich
isotherm models. The Langmuir model assumes monolayer adsorption on a homogeneous
surface with a finite number of identical sites, while the Freundlich model accounts for
adsorption on heterogeneous surfaces and describes multilayer formation. Both models
were applied to provide insights into the adsorption capacity and intensity.

The fitting results are summarized in Table 3. The Langmuir model showed very
poor correlation with the experimental data for all three materials (R2 ranging from
0.0715 to 0.4147), and in the case of the organo-modified clinoptilolite (o-CLI), a negative
qmax, indicating that monolayer adsorption on a homogeneous surface does not describe the
system. Poor Langmuir fitting has also been observed in previous studies of paracetamol
adsorption on clay minerals and natural zeolites, where the heterogeneous structure of
aluminosilicate surfaces prevents the formation of an ideal monolayer [19]. In contrast, the
Freundlich model provided a much better fit (R2 > 0.92), confirming the heterogeneous
nature of the adsorbent surfaces and the likely occurrence of multilayer adsorption. This
trend is consistent with the literature reports indicating that Freundlich-type behavior is
typical for the adsorption of pharmaceuticals [49].

Table 3. Langmuir and Freundlich isotherm parameters for the adsorption of paracetamol on
different clinoptilolite materials. Langmuir model parameters: maximum adsorption capacity (qmax)
and Langmuir constant (KL); Freundlich model parameters: adsorption capacity constant (KF) and
intensity parameter (1/n). R2 values indicate the goodness of fit for each model.

Name
Langmuir Freundlich

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

p-CLI −0.18 −0.0634 0.3122 0.0136 1.2830 0.9471

H-CLI 1.45 0.0541 0.1274 0.0787 0.8140 0.9250

o-CLI −0.38 −0.0639 0.4147 0.0282 1.2604 0.9416

The H-CLI sample exhibited the highest KF (0.0786 mg/g·(L/mg)1/n) and favor-
able adsorption (1/n = 0.8153), while the organo-modified o-CLI showed lower capacity
(KF = 0.0284) and less favorable adsorption (1/n = 1.2584). The adsorption intensity pa-
rameter (1/n) values were below 1 for p-CLI and H-CLI, reflecting favorable adsorption,
while the value exceeding 1 for o-CLI suggests less favorable adsorption conditions under
the studied concentration range. This indicates that protonation significantly enhances
paracetamol adsorption through increased surface acidity, whereas surfactant modification
has a moderate effect, likely via hydrophobic interactions.

Results demonstrate that surface modification by protonation significantly enhances
the adsorption of paracetamol, likely due to the increased number of acidic sites, whereas
organo-modification produces only moderate improvement, probably through hydrophobic
interactions. The superior fit of the Freundlich model highlights the importance of surface
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heterogeneity and the coexistence of multiple adsorption mechanisms in these materials.
These findings are consistent with previous reports in the literature.

For instance, environmental–pharmaceutical studies on natural zeolites, including
clinoptilolite, have shown that Freundlich isotherms often better describe the adsorption
of drug molecules such as paracetamol, reflecting a heterogeneous surface and multilayer
adsorption [45]. Moreover, adsorption studies of paracetamol on other adsorbents, such as
activated carbons, also report that more complex or empirical models (e.g., Sips) fit better
than Langmuir, indicating non-ideal monolayer behavior [49,50].

The results obtained in this study demonstrate that the adsorption of paracetamol on
both parent and surface-modified clinoptilolite is inherently limited by the physicochemical
characteristics of the material and the molecular structure of the adsorbate. Although ion
exchange and calcination to obtain the protonic form led to a moderate improvement in
adsorption performance, and HDTMA+ modification slightly increased affinity toward
paracetamol, the overall capacities remained low compared with other adsorbents reported
in the literature. Therefore, further optimization of these systems is unlikely to yield
substantial gains without more fundamental structural or chemical modification of the
zeolite. Future work should consider deeper structural functionalization or composite
formation to achieve practical adsorption performance.

3. Materials and Methods
3.1. Starting Materials

Natural zeolite of Carpathian origin (Slovakia) was used as the base material. The
raw clinoptilolite was dried at 105 ◦C for 24 h, ground, and then sieved to obtain a particle
size fraction with a diameter below 0.1 mm. Three forms of zeolite were prepared: the
parent (untreated) form, the hydrogen-exchanged form (H-clinoptilolite), and the HDTMA-
modified form (organo-zeolite).

The hydrogen form was obtained via double ion exchange using a 0.1 M NH4NO3

solution at 60 ◦C, with a solid-to-liquid ratio of 1 g:20 mL. Each exchange step lasted 2 h.
The material was subsequently washed three times with distilled water, dried at 105 ◦C,
and calcined at 450 ◦C for 5 h to convert the ammonium form to the hydrogen form.

To obtain organo-modified clinoptilolite, zeolite was first converted into its sodium
form and then treated with a 30 mM aqueous solution of hexadecyltrimethylammonium
bromide (HDTMA-Br) at 30 ◦C for 24 h under continuous stirring. The resulting suspension
was centrifuged, repeatedly washed with distilled water to remove excess surfactant, and
dried at 105 ◦C.

All three zeolite samples (parent, H-, and organo-forms) were subjected to structural
and physicochemical characterization, including X-ray diffraction (XRD), Fourier-transform
infrared spectroscopy (FT-IR), scanning electron microscopy (SEM), and elemental compo-
sition analysis (XRF).

3.2. Characterization Methods

The elemental composition of the clinoptilolite samples before and after modifications
was analyzed by wavelength-dispersive X-ray fluorescence spectroscopy (WD-XRF). Mea-
surements were carried out using an Axios Max spectrometer (PANalytical, Malvern, UK)
equipped with a 4 kW Rh anode X-ray tube. Data acquisition was performed in standard
analytical mode with the Omnian software package (PANalytical, Malvern, UK).

The crystalline phase composition was determined by X-ray diffraction (XRD) using
a Philips X’Pert diffractometer (PANalytical, Malvern, UK) operating with CuKα radiation
(λ = 1.5418 Å). Diffraction patterns were collected in the 2θ range of 5–90◦, with a step
interval of 0.007◦ and a total scan time of approximately two hours. Phase identification
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was conducted using the Match! 4 software in conjunction with reference data from the
Crystallography Open Database (COD).

Fourier transform infrared (FT-IR) spectra were recorded using a Bruker VERTEX
70v Fourier-transform infrared spectrometer (Bruker, Billerica, MA, USA) under vacuum
conditions. Spectra were obtained in the range of 4000–400 cm−1 in absorbance mode
using the conventional KBr pellet method. Each spectrum represented the average of
128 scans at a spectral resolution of 4 cm−1. Before analysis, all spectra underwent linear
baseline correction.

The morphology of the samples was examined by scanning electron microscopy
(SEM). Before observation, the powders were sputter-coated with a thin layer of gold.
Imaging in backscattered electron (BSE) mode was performed on a Phenom XL desktop
SEM (ThermoFisher Scientific, Waltham, MA, USA) operating at 10 kV. The microscope
was equipped with an energy-dispersive X-ray spectroscopy (EDS) detector, which was
employed to obtain local chemical composition data.

3.3. Adsorption Experiments

Batch adsorption experiments were conducted to evaluate the ability of natural,
hydrogen-exchanged, and HDTMA-modified clinoptilolite to remove paracetamol from
aqueous solutions. Adsorption tests were performed using initial paracetamol concentra-
tions of 0.5, 1.0, 2.0, 5.0, and 10.0 mg/L. For each experiment, 0.10 g of zeolite was added
to 10 mL of paracetamol solution, corresponding to a solid-to-liquid ratio of 10 g/L. The
suspensions were agitated on a laboratory shaker at ambient temperature for 24 h to ensure
equilibrium conditions. The natural pH of the solutions was maintained throughout the
process, without external adjustment. After equilibration, the samples were centrifuged
to separate the solid and liquid phases. The supernatant was collected for voltammetric
determination of the residual paracetamol concentration (Ce), while the solid residue was
washed three times with distilled water and retained for further structural analysis. All
adsorption tests were carried out in triplicate under identical conditions to ensure repro-
ducibility. The amount of adsorbed paracetamol (qe, mg/g) was calculated based on the
concentration difference between the initial (C0) and equilibrium (Ce) solutions according
to the mass balance equation:

qe =
(C0 − Ce)V

m
, (1)

where V (L) is the solution volume and m (g) is the mass of adsorbent.
To describe the adsorption behavior, the equilibrium data were further analyzed using

Langmuir (2) and Freundlich (3) isotherm models:

qe =
qmaxKLCe

1 + KLCe
, (2)

qe = KFC1/n
e . (3)

Langmuir parameters (maximum adsorption capacity, qmax, and Langmuir constant, KL)
and Freundlich parameters (adsorption capacity constant, KF, and intensity parameter, 1/n)
were determined by linear regression of the transformed equations. The goodness of fit for
each model was evaluated using the correlation coefficient (R2).

3.4. Differential Pulse Voltammetry

Electrochemical experiments were conducted using an M161 electrochemical analyzer
in combination with an M164 three-electrode stand (MTM-ANKO, Kraków, Poland), en-
abling current acquisition at a frequency of 1 kHz. The experimental setup consisted of
a conventional three-electrode configuration, comprising a glassy carbon (GC) working
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electrode, a double-junction Ag|AgCl|KCl (3 M) reference electrode with a silver wire,
and a platinum wire auxiliary electrode. Before each measurement, the surface of the GC
electrode was mechanically prepared by polishing with alumina slurries of decreasing
particle sizes to ensure a clean and reproducible surface.

Data acquisition and preliminary signal processing were carried out using the EAQt
software package (Krakow, Poland), specifically designed for integration with the applied
instrumentation. Furthermore, to ensure reproducibility and accuracy of the measurements,
the EACfg software was employed. This program, fully compatible with the measurement
system, enabled automated data collection within precisely defined temporal parameters.

The voltammetric determination of paracetamol was performed under optimized
experimental conditions [43]. To ensure high analytical precision and reproducibility,
all voltammograms were recorded automatically. An appropriate supporting electrolyte
was used to enhance the solution conductivity. The most satisfactory responses were
obtained using a mixture of 2.5 mL of 0.1 M phosphate buffer (pH 6.0) and 2.5 mL of the
sample solution.

The voltammograms were recorded within the potential window of 100–600 mV,
using a potential step of 4 mV. Both the waiting and sampling times were set to 20 ms.
To improve electrode performance and surface stability, measurements were carried out
in a cyclic mode. Each recorded peak exhibited a symmetrical shape with a baseline
parallel to the potential axis, indicating stable electrode behavior and high signal quality.
Therefore, baseline correction using polynomial approximation did not significantly affect
the analytical parameters. For all measurements, the peak potential was observed at
412 mV (Figure 5a). Quantification of paracetamol was carried out using the standard
addition method (Figure 5b).

  

(a) (b) 

Figure 5. Differential pulse voltammograms (a) and corresponding calibration curve (b) obtained for
paracetamol in aqueous solution under optimized measurement conditions.

4. Conclusions
This study evaluated the adsorption of paracetamol from aqueous solutions onto

natural clinoptilolite (p-CLI), its protonic form (H-CLI), and organo-modified form (o-CLI)
using differential pulse voltammetry (DPV). The experimental results demonstrated that
the adsorption efficiency strongly depends on the surface chemistry of the zeolite.

The parent clinoptilolite exhibited a very low adsorption capacity, with the maximum
equilibrium value of approximately 0.15 mg/g, confirming its limited affinity for weakly
polar organic molecules. Conversion to the hydrogen form (H-CLI) significantly enhanced
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the adsorption performance, reaching a maximum of 0.60 mg/g, which can be attributed to
the generation of Brønsted acid sites and improved accessibility of surface pores. Modifi-
cation with hexadecyltrimethylammonium bromide (HDTMA-Br) yielded only a modest
increase, with a maximum capacity of 0.57 mg/g, suggesting that surfactant-derived hy-
drophobic layers provide limited benefit for paracetamol uptake. These findings confirm
that the adsorption of paracetamol on clinoptilolite-based materials is mainly governed
by surface polarity and pore accessibility rather than by hydrophobic interactions. While
surface protonation effectively enhances sorption, organophilization by cationic surfactants
does not substantially improve adsorption efficiency for moderately polar pharmaceuticals
such as paracetamol.

Clinoptilolite remains a low-cost, stable, and environmentally friendly adsorbent
with limited performance toward paracetamol removal. Further enhancement could be
achieved through composite formation with carbonaceous phases or metal-ion exchange
to increase surface reactivity. Such approaches may offer a promising route toward devel-
oping zeolite-based materials with higher affinity for pharmaceutical pollutants in water
treatment applications.
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