% separations

Article

Adsorption of Nystatin from Aqueous Solutions Using Nanoclay:
Performance, Mechanisms, and Sustainability Aspects

Anna Karoline Freires de Sousa !, Anna Katharina Medeiros de Brito 1©, Hugo Guimaraes Matos 19,

1

José Lazaro da Silva Fernandes 1, Francisco Lucas de Lima Carneiro 102,

Francimarcio Geraldo da Silva Gambarra

1 1

, Wagner Brandao Ramos (7, Tellys Lins Almeida Barbosa 2

and Meiry Glaucia Freire Rodrigues 1*

W) Check for updates

Academic Editor: Chuanjie Fang

Received: 30 December 2025
Revised: 22 January 2026

Accepted: 27 January 2026
Published: 2 February 2026
Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

Development Laboratory of New Materials, Academic Unit of Chemical Engineering, Center for Science and
Technology, Federal University of Campina Grande, Aprigio Veloso, 882—Bodocongé,

Campina Grande 58429-970, PB, Brazil; anna katharina@estudante.ufcg.edu.br (A. K.M.d.B.);
hugo.guimaraes@estudante.ufcg.edu.br (H.G.M.); jlazaro.symons@gmail.com (J.L.d.S.F.);
flucaslcarneiro@gmail.com (F.L.d.L.C.); francimarcio.geraldo@eq.ufcg.edu.br (FG.d.S.G.);
wagner.ramos@eq.ufcg.edu.br (W.B.R.)

Instituto SENAI de Inovagao em Energias Renovaveis, Av. Capitao-Mor Gouveia, 2770—Lagoa Nova,

Natal 59063-400, RN, Brazil; tellysbarbosa@isi-er.com.br

*  Correspondence: meiry.freire@eq.ufcg.edu.br

Abstract

The continuous release of pharmaceutical compounds into aquatic environments poses sig-
nificant challenges to environmental sustainability, as conventional wastewater treatment
plants are often ineffective in removing recalcitrant and bioactive molecules. In this study,
the adsorption performance of nanoclay was systematically evaluated for the removal of
nystatin, a polyene antifungal of emerging environmental concern, from aqueous solutions.
The effects of solution pH, adsorption kinetics, equilibrium isotherms, and adsorption mech-
anisms were investigated under environmentally relevant conditions. Nanoclay exhibited
outstanding removal efficiency, exceeding 98% across a wide pH range (3-11), thereby
demonstrating strong operational robustness and minimal sensitivity to pH variations.
Structural and spectroscopic analyses (XRD and FTIR) confirmed that adsorption occurred
predominantly on the external surface of the nanoclay, without significant disruption of
its lamellar structure, and was governed mainly by hydrophobic interactions and hydro-
gen bonding. Kinetic data were best described by the pseudo-second-order model, with
rapid equilibrium achieved within approximately 20 min, indicating high affinity between
nystatin and the adsorbent surface. Equilibrium data were best fitted by the Sips isotherm
model, reflecting surface heterogeneity and a favorable adsorption process, with a high
maximum adsorption capacity of approximately 911 mg/g. A preliminary cost analysis
revealed low raw material costs, while energy consumption, particularly during drying,
was identified as the main economic limitation. Overall, the results highlight Nanoclay as
an efficient, robust, and promising adsorbent for the sustainable removal of hydrophobic
pharmaceutical contaminants from water and wastewater.

Keywords: nanoclay; adsorption; pharmaceutical compound; wastewater treatment;
nystatin; kinetics; isotherms; sustainability

1. Introduction

The continuous release of pharmaceutical compounds into aquatic environments rep-
resents a growing challenge for environmental sustainability. Increased pharmaceutical
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consumption, driven by population growth and expanded access to healthcare, has re-
sulted in the widespread detection of residual drugs in surface waters, groundwater, and
treated effluents. Because many pharmaceuticals are only partially metabolized, they reach
wastewater treatment plants (WWTDPs) that are not specifically designed to remove such
micropollutants, allowing their persistence in aquatic environments and raising concerns
regarding ecological impacts and long-term human exposure [1,2].

Pharmaceutical contaminants (PCs), particularly active pharmaceutical compounds
(PhACs), are classified as emerging contaminants (ECs) due to their persistence, bioactivity,
and adverse effects at very low concentrations (ng/L to nug/L). Their chemical stability
and structural complexity hinder biodegradation, contributing to accumulation in aquatic
systems and emphasizing the need for treatment strategies that combine high removal
efficiency with low energy consumption, reduced operational costs, and minimal secondary
pollution [3,4].

Conventional WWTPs remain limited in their ability to remove recalcitrant organic
pollutants, including pharmaceuticals and heavy metals [3]. Although advanced treat-
ment technologies—such as oxidation processes, membrane filtration, and enhanced
biodegradation—can improve removal efficiencies, they are often associated with high
energy demands, costly reagents, membrane fouling, and complex infrastructure [5]. These
limitations restrict their widespread application, particularly in decentralized or resource-
limited settings, highlighting the need for sustainable and cost-effective alternatives.

Among available treatment approaches, adsorption has emerged as a promising and
resource-efficient option due to its operational simplicity, low energy requirements, poten-
tial for adsorbent regeneration, and compatibility with small-scale treatment systems [6].
The use of natural or modified low-cost adsorbents is also aligned with circular economy
principles and sustainable wastewater management strategies [7].

Clays, particularly organophilic nanoclays, have attracted considerable attention as
sustainable adsorbents owing to their natural abundance, low cost, and tunable surface
properties. Montmorillonite-based organoclays modified with quaternary ammonium salts
exhibit enhanced affinity for organic and hydrophobic contaminants, resulting from in-
creased surface charge and amphiphilic character [8]. Cloisite 30B, an organophilic nanoclay
derived from montmorillonite and modified with a methyl tallow bis(2-hydroxyethyl) qua-
ternary ammonium salt, has demonstrated promising adsorption performance for organic
pollutants while presenting a lower environmental footprint compared to conventional
adsorbents such as activated carbon [9-11].

Despite the increasing interest in adsorption-based removal of pharmaceutical contam-
inants, studies specifically addressing the adsorption of polyene antifungal compounds,
such as nystatin, using organophilic nanoclays remain scarce. Moreover, the influence of so-
lution chemistry and adsorption mechanisms governing nystatin-nanoclay interactions has
not been systematically evaluated under environmentally relevant conditions, representing
a clear gap in the current literature.

Nystatin is widely used in human and veterinary medicine, and a significant fraction
of the administered drug is excreted in its active form, reaching WWTPs and subsequently
aquatic environments. Due to its chemical stability and bioactive nature, nystatin may
exert ecotoxicological effects, disrupt microbial communities, and contribute to the devel-
opment of antifungal resistance, raising environmental and public health concerns [12-14].
Conventional treatment technologies, including coagulation—flocculation, chlorination, and
membrane filtration, show limited effectiveness for the removal of structurally complex
antifungal compounds and may lead to high operational costs or the formation of toxic
byproducts [15-17].
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Nystatin generally exhibits low toxicity and good tolerability, particularly in topical
and oral formulations, due to its poor gastrointestinal absorption and limited systemic
bioavailability. Adverse effects are typically mild and transient, with nausea and gastroin-
testinal discomfort being the most commonly reported, although rare hypersensitivity
reactions and severe dermatological responses have been documented. Early attempts
at parenteral administration were discontinued because of significant systemic toxicity,
including renal impairment, electrolyte imbalance, and infusion-related reactions. Nystatin
also displays immunomodulatory activity, inducing pro-inflammatory cytokine release via
toll-like receptor—dependent pathways, which contributes to its infusion-related toxicity.
Additionally, self-aggregation and interactions with plasma lipoproteins further exacerbate
systemic and renal toxicity, highlighting the need for improved formulations that reduce
aggregation and inflammatory responses [18].

In this context, the present study evaluates the adsorption performance of Cloisite 30B
nanoclay for the removal of nystatin from aqueous solutions, with a particular focus on
sustainability-oriented treatment strategies. The effects of solution pH were investigated,
and adsorption kinetics and equilibrium isotherms were analyzed to elucidate the adsorp-
tion mechanism. By employing a low-cost and efficient adsorbent, this work contributes to
the development of environmentally responsible approaches for mitigating pharmaceutical
contamination in water systems.

2. Materials and Methods
2.1. Materials

The adsorbent used was the nanoclay supplied by Southern Clay Products Inc., Gon-
zales, TX, USA [19-21].

The pharmaceutical compound evaluated was Nystatin (Sigma-Aldrich, St. Louis,
MO, USA) and was used as received without any additional purification. All solutions
were prepared using distilled water.

The main physicochemical properties of Nystatin are presented in Table 1.

Table 1. Physicochemical properties of Nystatin.

Characteristics Properties
Name Nystatin
CAS no. 1400-61-9
Molecular formula C47H75N017
OH

Chemical structure

Molecular mass (g/mol) 926.09
Solubility in water (g/L) insoluble
Absorbance (nm) 279

The main physicochemical characteristics of Nanoclay are summarized in Table 2.
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Table 2. Physicochemical properties of Nanoclay.
Characteristics Properties
Name Cloisite 30B
e,
Tt DDA
Chemical structure HO(CHaCHaO) CHaCHz0 3538 Layered silcate
Cation Exchange Capacity (CEC) meq/g 96
Specific Surface Area (m?/g) 32
Basal spacing (nm) 1.855

Bis-2-hydroxyethyl, tallow, methyl,

Organic modifier .
quaternary ammonium group

2.2. Preparation of Nystatin Solution

Nystatin was used for the preparation of a stock solution with a concentration of
0.25 mmol/L. The appropriate mass of nystatin was accurately weighed using an ana-
lytical balance (£0.1 mg) and transferred to a 500 mL volumetric flask. Distilled water
was employed as the solvent. The mixture was magnetically stirred at room temperature
(25 £ 2 °C) for a sufficient period to ensure complete dissolution and homogeneous dis-
persion of the compound. The resulting solution was visually inspected to confirm the
absence of undissolved particles and was used immediately in subsequent experiments
unless otherwise stated.

Initially, an absorbance vs. concentration calibration curve was constructed. Multiple
dilutions of nystatin (0-0.108 mmol/L) were previously prepared, and their absorbances
were measured at 273 nm in the spectrophotometer (UV-1600 Pr6-Anadlise, Pr6-Andlise,
Navegantes, Brazil).

2.3. Characterization

XRD analyses were performed using a Shimadzu XRD-6000 diffractometer (Shimadzu,
Kyoto, Japan) operating with Cu Ko radiation (A = 1.5406 A) at 40 kV and 30 mA. Diffrac-
tograms were recorded within the 20 range of 3° to 50°, with a step size of 0.02° and a scan
rate of 2° /min.

Bragg’s Law

nA = 2d sin (0) (1)

was used to calculate the d-spacing gallery of the silicate layers [22].

Note: n: Diffraction order (an integer: 1, 2, 3...); A (lambda): Wavelength of the
incident radiation; d: Distance between atomic planes in the crystal; 0 (theta): Angle of
incidence (angle between the incident beam and the crystal plane).

FTIR spectra were obtained using a Bruker VERTEX 70 spectrometer (Bruker, Billerica,
MA, USA) operating within the spectral range of 4000-500 cm~!. Samples were prepared
as KBr pellets consisting of 0.007 g of clay homogenized with 0.10 g of KBr and pressed
under 5 tons of pressure for 30 s.

2.4. Effect of pH

The influence of pH on Nystatin adsorption was evaluated by means of batch experi-
ments performed across a pH range of 1-13. For each condition, 0.5 g of the nanoclay as
introduced into 50 mL of a Nystatin solution at a concentration of 0.05 mmol/L. The sus-
pensions were kept under agitation at 200 rpm and 25 °C for 1 h. Subsequently, suspension
was immediately centrifuged at 4000 rpm for 30 min, and the supernatants were analyzed
by visible spectrophotometry.
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The removal percentage (%R) was obtained using Equation (2) [23].

(G —Cy)
(Gi)

where %R: Removal percentage; C;: Initial concentration of Nystatin solution (mg/L); C:

%R = )

Final concentration remaining after the batch process (mg/L).

2.5. Adsorption Kinetics

The kinetic evaluation of Nystatin adsorption was carried out through controlled
batch experiments employing aqueous solutions prepared at an initial concentration of
0.05 mmol/L. In each assay, 0.5 g of the nanoclay was carefully dispersed in 50 mL of
the Nystatin solution, previously transferred to 125 mL flasks. The suspensions were
maintained under constant orbital agitation at 200 rpm to ensure adequate solid-liquid
contact, while temperature was strictly controlled at 25 °C during 30 min. After, throughout
the entire procedure and were centrifuged at 4000 rpm for 30 min. Supernatants were
removed and analyzed by UV-Vis spectrophotometry allowing the determination of the
residual Nystatin concentration at each sampling point and, consequently, the construction
of kinetic adsorption profiles.

2.6. Adsorption Isotherms

Adsorption equilibrium experiments were carried out in batch mode using aqueous
Nystatin solutions prepared at initial concentrations ranging from 0.004 to 2.0 mmol/L.
For each experimental condition, 0.5 g of the nanoclay was accurately weighed and added
to 50 mL of the Nystatin solution, which was previously transferred to 125 mL flasks to
ensure adequate headspace for homogeneous mixing. The suspensions were then subjected
to orbital agitation at 200 rpm, while the temperature was rigorously maintained at 25 °C
for a total contact time of 60 min to promote the attainment of adsorption equilibrium.

The pH of the solutions was not externally adjusted and remained close to the natural
pH of the system (approximately 6), consistent with the conditions identified in the pH-
effect assessment as the most representative for Nystatin—nanoclay interactions. At the end
of the equilibration period, each suspension was immediately centrifuged at 4000 rpm for
30 min. Supernatants were analyzed by UV-Vis spectrophotometry.

3. Results

3.1. Characterization
3.1.1. X-Ray Diffraction

X-ray diffraction (XRD) was employed to analyze the crystalline structure of the
nanoclay before and after Nystatin adsorption. The corresponding results are displayed
in Figure 1.

The diffractogram of the clay presented in Figure 1, prior to the adsorption process,
displays a well-defined basal reflection at 26 ~ 5°, characteristic of the lamellar arrangement
typical of smectite minerals. Secondary reflections observed in the range of ~20-30°
correspond to the (020), (100), (101), and (105) crystallographic planes, whereas the peak
at 20 ~ 26° is attributed to quartz, indicating the presence of a silicate impurity phase. In
studies addressing the adsorption of pharmaceutical compounds onto organophilic clays,
the literature reports that modifications in lamellar stacking, particularly shifts in the (001)
reflection or decreases in peak intensity, are commonly associated with intercalation or
partial delamination triggered by the incorporation of the adsorbate [24].
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Figure 1. XRD pattern of nanoclay before (a) and after Nystatin adsorption (b).

The diffractogram obtained after adsorption reveals an intense and well-defined
reflection associated with the basal (001) plane, located at approximately 26 ~ 5°, which is
characteristic of the lamellar structure of the organophilic clay. The basal spacing (d001)
of the nanoclay increased, from 1.773 nm to 1.855 nm, following Nystatin adsorption.
This expansion is sufficient to indicate the intercalation of drug molecules within the
interlayer region.

Similar observations were reported by other authors [25], who examined the behavior
of Cloisite 30B incorporated into a poly(methacrylic acid-co-acrylamide) nanocomposite
hydrogel. In that study, a characteristic reflection at 20 ~ 4.25°, assigned to the (001)
basal plane, was identified, corresponding to a basal spacing of approximately 1.94 nm as
determined by Bragg’s Law. Following incorporation into the polymeric matrix, the disap-
pearance of this peak indicated complete exfoliation of the silicate layers, confirming homo-
geneous dispersion of the lamellae and the formation of a stable nanocomposite system.
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The interlayer (basal) spacing constitutes a fundamental structural parameter of
organophilic clays and must be carefully considered in the design of adsorbent materials. In
bentonite, this spacing can be expanded through organophilization processes, during which
molecules exhibiting physical affinity for the lamellar structure are incorporated into the in-
terlayer region. Such modification may promote molecular intercalation and/or exfoliation
of the clay layers, thereby altering the basal spacing. These structural transformations exert
a direct influence on the adsorption performance of the clay mineral [26].

In the study conducted by other authors [27], Cloisite 30B was combined with
Zn0O/Ag,0 for dye degradation, and XRD analysis confirmed the presence of the ex-
pected crystalline phases while demonstrating that the basal reflection of the clay remained
detectable after modification. This result indicates a reorganization primarily at the sur-
face level, without extensive exfoliation of the lamellar structure. A similar behavior was
observed in the present study, in which the characteristic reflections of nanoclay were
preserved following contact with the adsorbate, thereby supporting the interpretation that
adsorption proceeded predominantly through surface interactions rather than through
interlayer intercalation.

Additionally, the secondary reflections observed within the 26 interval of 15° to 30°
remained essentially unaltered after adsorption, further indicating that the lamellar frame-
work of the clay did not experience meaningful structural modifications. A slight decrease
in the intensity of certain reflections was, however, detected, an effect commonly associated
with partial surface coverage of the clay layers by adsorbed molecules, which form a
disordered superficial film and mildly attenuate the diffracted signal. Recent investigations
involving organophilic clay-based composites and metal-organic hybrid systems have
reported comparable behavior, attributing the reduction in peak intensity to surface coating
and localized disorder rather than to loss of crystallinity [28]. This response is characteristic
of surface-dominated adsorption mechanisms, wherein the molecules interact primarily
with the external surfaces of the clay rather than promoting interlayer intercalation.

3.1.2. Fourier-Transform Infrared Spectroscopy (FTIR)

Fourier-transform infrared (FTIR) spectroscopy was employed to characterize the
nanoclay and to assess possible structural modifications resulting from the adsorption of
Nystatin. Figure 2 displays the FTIR spectra of the nanoclay prior to adsorption and after
adsorption of Nystatin.

In the spectrum of the pristine clay, a sharp band is observed in the 36203630 cm !
region, which is attributed to the structural O-H stretching of Al-rich octahedral lamel-
lae, accompanied by a broader absorption band between 3400 and 3450 cm ™!, which is
associated with interlayer water and physisorbed surface water. The band located near
1640 cm ! corresponds to the H-O-H bending vibration of this molecular water. Addition-
ally, signals in the 1030~1040 cm ! range are assigned to Si-O-Si stretching vibrations of the
tetrahedral sheets, with contributions from Si-O-Al linkages at slightly lower frequencies,
as consistently reported for organophilic smectites [29].

The bands observed at approximately 2920 and 2850 cm ™! correspond to the asym-
metric and symmetric C-H stretching vibrations of the alkyl chains associated with the
intercalated quaternary ammonium salt, thereby confirming the organophilic character of
the material. Comparable spectral features have been widely reported for organophilic
clays and clay—carbon composites employed in the removal of organic contaminants, in-
cluding pharmaceuticals and dyes. In these systems, the concurrent presence of O-H, Si-O,
and C-H vibrational modes is recognized as a reliable indicator of the inorganic-organic
hybrid framework characteristic of such matrices [30].
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Figure 2. Infrared spectrum of nanoclay before and after adsorption and nystatin.

After adsorption, a noticeable broadening of the band in the 3400 cm~! region is
observed, indicating the superposition of multiple hydroxyl groups from Nystatin with the
O-H groups of the clay and the adsorbed water. This behavior is consistent with systems in
which polyphenolic or polyhydroxylated organic compounds are adsorbed onto clays [31].

Moreover, a noticeable increase in the relative intensity of the bands at approximately
2920 and 2850 cm !, corresponding to aliphatic C-H stretching vibrations, is observed.
This enhancement is attributed to the additional contribution of the hydrocarbon chains
from the hydrophobic polyene segment of Nystatin, which aligns at the interface with
the alkyl groups of the quaternary ammonium salt intercalated in nanoclay. Recent inves-
tigations involving natural and modified clays, including attapulgite-based composites
and functionalized clay systems, have similarly reported that the adsorption of dyes or
pharmaceutical compounds with extensive hydrophobic domains results in intensified
C-H stretching bands and subtle alterations within the O-H region. These spectral changes
are commonly associated with a denser packing of organic chains on the external surface
or within accessible interlayer regions of the clay matrix [32].

Another indication of Nystatin adsorption onto the clay surface is the appearance of
a weak band or shoulder in the 1730~1700 cm ! region, which is attributed to the C=O
stretching vibrations of the lactone ring and other carbonyl groups present in the drug’s
macrocyclic structure. Studies involving structurally related polyene antibiotics, such
1 associated with
lactone and keto carbonyl functionalities, as well as C-O vibrational modes within the
1260-1000 cm ! range and a broad O-H absorption band spanning 3250-3400 cm~!. These
findings reinforce the interpretation that the newly observed bands and shoulders in this

as roseofungin, have reported intense peaks near 1737 and 1700 cm™

region arise from the adsorption of a polyhydroxylated, macrolide-type molecule onto the
clay surface [33].

The FTIR spectrum of the NYS powder (Figure 2) exhibits a broad absorption band
at 3367 cm~!, which is attributed to O-H stretching vibrations. The band observed at
2937 cm~! corresponds to C-Hj stretching vibrations. The absorption peaks at 1709 and
1620 cm~! are characteristic of C=0 stretching vibrations associated with carboxylic groups
and asymmetric C=C stretching, respectively. The peak at 1575 cm ! is assigned to C=C
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vibrational modes related to heptane. Additionally, the bands located at 1439, 1382, and
1175 cm™~! can be attributed to C-O and C-O-H stretching vibrations. Peaks observed at
1069, 848, and 795 cm ! are associated with =C—H, -CH,, and -C-H stretching vibrations,
respectively [34].

3.2. Adsorption
Influence of pH

The pH of the solution is considered one of the principal parameters governing
the efficiency of contaminant adsorption, as it influences both the ionization state of the
contaminant and the surface charge of the adsorbent’s active sites [35]. In this study, the
adsorption behavior of Nystatin onto the nanoclay was examined across a broad pH interval
(1-13) to elucidate the system’s response under distinctly acidic and basic conditions.

Figure 3 illustrates the experimental results showing the variation in Nystatin removal
as a function of pH.

%R

1 2 3 4 5 6 7 8 9 10 11 12 13
pH

Figure 3. %Removal of Nystatin versus pH.

The removal efficiency of nystatin remained high and nearly constant over the pH
range from 3 to 11, with an average value of approximately 98.18%. A decrease in per-
formance was observed under strongly acidic conditions (pH < 3). Under highly alkaline
conditions (pH 13), a modest reduction in efficiency was also detected, with the removal effi-
ciency decreasing to 89.09%. Overall, the adsorption capacity exhibited minimal sensitivity
to pH variations, indicating the robust performance of Cloisite 30B nanoclay across a wide
pH range. Similar behavior has been reported for the adsorption of other pharmaceutical
compounds onto modified clays in the literature [15].

The stability observed for Nystatin removal aligns with trends reported for other
pharmaceutical-clay adsorption systems, wherein pH influences both the acid-base spe-
ciation of the adsorbate and the surface charge properties of the adsorbent. For pharma-
ceuticals that are neutral or weakly ionizable, hydrophobic interactions typically prevail
near neutral pH, while strongly acidic or highly alkaline environments may disturb the
balance between electrostatic interactions and short-range forces such as hydrogen bonding
and van der Waals interactions [36]. This framework helps explain the behavior of Nys-
tatin, an amphiphilic and poorly soluble molecule whose structural characteristics promote
hydrophobic and dipolar interactions with the organophilic surface of Cloisite 30B.

For molecules exhibiting a predominantly hydrophobic character, such as carba-
mazepine and other polycyclic pharmaceuticals, adsorption onto organophilic clays is
governed chiefly by hydrophobic packing and other nonelectrostatic interactions, which
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remain effective even under moderately alkaline conditions [37]. In this context, the consis-
tently high removal efficiency observed for Nystatin across the entire pH range suggests
that the dominant adsorption mechanisms are likewise nonelectrostatic in nature, involv-
ing hydrophobic interactions and hydrogen bonding. This behavior is consistent with
the findings of [38], who reported comparable interaction patterns when assessing the
simultaneous removal of ionic dyes using composites containing Cloisite 30B.

Typical pH-dependent adsorption behaviors, characterized by enhanced uptake under
mildly acidic conditions followed by a decline in alkaline media, have been extensively
reported in studies involving antibiotics and dyes [39,40]. These works demonstrate that,
as the pH shifts away from the point of zero charge of the clay, electrostatic repulsion
between the adsorbate and the surface becomes increasingly relevant, accompanied by the
deprotonation of functional groups, which collectively diminish the adsorption capacity.
In contrast, the stability observed in the present study across a broad pH interval indi-
cates that the predominant adsorption mechanism is driven primarily by physicochemical
interactions rather than by changes in surface charge.

Moreover, organophilic modification with quaternary ammonium salts, as in the case
of Cloisite 30B, alters the point of zero charge of the material and expands its effective pH
operating range [41]. This treatment increases the hydrophobic character of the clay and
reduces its dependence on electrostatic interactions, which explains the consistently high
adsorption performance of Cloisite 30B even under extreme pH conditions. As a result, the
material maintains elevated adsorption efficiency under pH values commonly found in
real pharmaceutical effluents, which typically vary between 5 and 9.

From a practical perspective, this behavior is highly advantageous, as it eliminates
the need for additional pH-adjustment steps, lowers operational costs, and enhances the
environmental applicability of the adsorbent. In agreement with these findings, other
authors [42] note that organophilic adsorbents tend to perform more effectively when used
at the natural pH of the effluent, demonstrating stable efficiency and reduced interference
from competing ions.

3.3. Adsorption Kinetics

To clarify the mechanisms governing the adsorption process, the pseudo-first-order
(PFO) and pseudo-second-order (PSO) kinetic models were employed, with their respective
equations (Equations (3) and (4)) presented [43,44].

qt = Ge. exp” X1 (3)

. Kz.qg.t
= 1+ tKage)

where Kj is the rate constant of the pseudo-first-order model (min); K5 is the rate constant

(4)

of the pseudo-second-order model (g/mmol-min); g, is the amount of drug adsorbed at
equilibrium (mmol/g); and g; is the amount of drug adsorbed at time ¢ (mmol/g).

The application of the pseudo-first-order (PFO) and pseudo-second-order (PSO) kinetic
models, in their nonlinear forms, enabled a detailed analysis of the adsorption rate and the
interactions between the adsorbate and the adsorbent for the pharmaceutical compound
Nystatin. Figure 4 present the corresponding kinetic fittings, highlighting the trends
observed in the experimental profiles and contributing to the understanding of the kinetic
behavior of the adsorption process.
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Figure 4. Adsorption kinetics of Nystatin on nanoclay, including nonlinear adjustments for pseudo-
first- order (PFO) and pseudo-second-order models (PSO).

Both kinetic models applied to evaluate the adsorption process showed good agree-
ment with the experimental data, with coefficients of determination higher than 0.9944.
However, the pseudo-second-order (PSO) model exhibited superior performance, pre-
senting an R? value of 0.9967 and equilibrium adsorption capacities (g.) consistent with
the experimentally determined values. The pseudo-second-order model presents a lower
x? value and is therefore considered the most appropriate for describing the kinetics of
the process. This result indicates that the process is controlled by the amount of solute
adsorbed and the availability of active sites over time, a characteristic behavior of systems
in which specific interactions between the adsorbent and the adsorbate predominate.

Moreover, equilibrium was reached rapidly, reinforcing that the adsorption of Nystatin
onto nanoclay is governed by surface-driven interactions such as hydrogen bonding, van
der Waals forces, and hydrophobic interactions rather than by intraparticle diffusion—-
limited mechanisms. Similar findings have been reported in studies conducted by other
authors [45], also reported rapid equilibrium and superior fitting to the PSO model in the
adsorption of organic contaminants using organophilic clays, attributing this behavior to
the high accessibility of active sites and to the organophilic nature of the modified surface.

Thus, the predominance of the pseudo-second-order model observed in this study
suggests that the adsorption kinetics are governed by a mechanism consistent with local-
ized chemisorption, in which higher-energy specific interactions may occur, such as partial
chemical bond formation or complexation-type interactions between the drug molecules
and the functional groups of Cloisite 30B. This behavior has been widely reported for
adsorption systems based on modified clays, reinforcing the strong affinity between the
organophilic material and nystatin molecules. Nevertheless, it is important to emphasize
that the pseudo-second-order model primarily indicates that the adsorption rate is de-
pendent on surface site occupancy rather than unequivocally confirming the formation of
chemical bonds.

Table 3 presents the kinetic parameters derived from the pseudo-first-order and
pseudo-second-order model fittings for nanoclay.

https://doi.org/10.3390/separations13020053


https://doi.org/10.3390/separations13020053

Separations 2026, 13, 53

12 of 23

Table 3. Parameters obtained for the pseudo-first-order and pseudo-second-order models in the
Nystatin adsorption assays.

Pseudo-first-order

gt mmol/g 0.049 + 3.46411 x 10~*

Ky g/mmol-min 1.24666 =+ 7.89669 x 10~7

R? 0.9944

X2 1.26 x 10~
Pseudo-second-order

gt mmol/g 0.04906 = 4.87789 x 10~*

K> g/mmol-min 31.11555 + 21.90301

R? 0.9967

X2 7.15133 x 10~7

As presented in Table 3, both models exhibited a good fit, with coefficients of determi-
nation (R?) higher than 0.9972. However, the pseudo-second-order model showed the best
performance (R? = 0.9967) and equilibrium capacity (g.) values closer to the experimental
data. The pseudo-second-order model presents a lower x? value and is therefore considered
the most appropriate for describing the kinetics of the process. The results indicate that the
adsorption of Nystatin onto the clay nanocargo is predominantly controlled by chemical
interactions involving the transfer or sharing of electrons between the drug and the active
sites of the clay. This behavior is consistent with the results reported by other authors [46],
who also observed a superior fit to the pseudo-second-order model in the adsorption of
pharmaceuticals such as ibuprofen and ketoprofen onto organophilic clays.

In addition to the strong statistical fit, rapid equilibrium (~20 min) was observed,
indicating a high affinity between Nystatin and the active sites of nanoclay. This suggests
that the rate-determining step occurs on the external surface, with hydrogen bonding,
hydrophobic interactions, and van der Waals forces prevailing over diffusional limitations.
Similar results have been reported when nanoclay was incorporated into hydrogels or
composite materials; the authors attributed the rapid equilibrium to the high accessibility of
active sites and the organophilic nature of the modified surface, which facilitates adsorbate
approach and reduces film-diffusion resistance [47].

The superior fit to the PSO model is consistent with studies involving clays and
clay-based hybrids for the removal of organic pollutants and pharmaceuticals, in which
researchers commonly report (i) a better fit of the PSO model, (ii) equilibrium times ranging
from a few minutes to a few tens of minutes, and (iii) a mixed contribution of rapid physical
adsorption combined with specific fixation at higher-energy sites. In clay composites and
organophilic clays applied to organic contaminants, several recent works have confirmed
PSO as the dominant kinetic model and have attributed the performance to heterogeneous
surfaces containing multiple site-energy domains [48].

This model indicates that electron transfer or sharing occurs between the adsorbate
and the adsorbent, suggesting the presence of electronic interactions between the emerging
contaminant Nystatin and the active sites of the nanoclay.

The kinetic analysis demonstrated that the pseudo-second-order model provided the
best fit to the experimental data, confirming that the mechanism of the process is controlled
by the amount of chemical species adsorbed on the surface of the adsorbent and by the
quantity retained at equilibrium [49].

3.4. Adsorption Isotherms

Adsorption isotherms are essential for describing the relationship between the amount
of adsorbate retained on the adsorbent surface (g.) and its equilibrium concentration in
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solution (C,). These isotherm models allow the estimation of the maximum adsorption
capacity of the material, providing relevant information for assessing its efficiency and
performance in the adsorption process [50].

Several isotherm models, including the Langmuir, Freundlich, Sips and Redlich-
Peterson models, were employed to investigate the interaction mechanisms between the
drug and the surface of the nanoclay. The corresponding equations that govern these
models are presented as Equations (5)—(8) [51-53].

The Langmuir equation is as follows:

_ JmaxKp Ce

= 15 RiC ®

where g4 is the amount of drug adsorbed per gram of adsorbent at equilibrium (mmol/g);
Gmax is the maximum adsorption capacity (mmol/g); K; is the Langmuir constant re-
lated to the drug/organophilic clay interaction (mmol/g); and C, is the equilibrium drug
concentration (mmol/L).
Freundlich Isotherm Model: )
eq = KrC¥ (6)

where g, is the amount of solute adsorbed (mmol/g); C, is the equilibrium concentration
in a solution (mmol/L); n is the constant associated with surface heterogeneity; and Kr is
the Freundlich adsorption capacity constant (mmol/g)-(L/mmol).

Redlich—Peterson Isotherm Model:

AC,

—— )
1+ BC,

Jeq =
where A is the Redlich-Peterson isotherm constant (L /mmol); B is the constant (L /mmol);
B is an exponent between 0 and 1; C, is the equilibrium concentration in the liquid phase
(mmol/L); and g, is the equilibrium loading of the adsorbate on the adsorbent (mmol/g).

Sips Isotherm Model:
GmaxKsCey
1+ Ksce’)’

where g4 is the amount of drug adsorbed per gram of adsorbent at equilibrium (mmol/g);

Jeq = 8)

Gmax is the maximum adsorption capacity (mmol/g); Ks is the equilibrium constant
(L/mmol); C, is the equilibrium drug concentration (mmol/L); and 7 is the heterogeneity
parameter of the system.

The behavior of the Nystatin adsorption system on nanoclay, in response to variations
in drug concentration, was evaluated through the analysis of adsorption isotherm curves.
The obtained results were fitted to the nonlinear Langmuir, Freundlich, Redlich-Peterson,
and Sips models and are presented in Figure 5.

Evaluating the curves obtained from the experimental data for Nystatin adsorption,
it is observed that, according to the classification proposed by other authors [54]. The
isotherms can be classified as type L1. This type of isotherm is characterized by a downward-
concave curvature, indicating a progressive decrease in the availability of active sites as the
solute concentration increases. Such behavior suggests a high initial affinity between the
adsorbent and the adsorbate at low concentrations, followed by a gradual reduction in the
adsorption rate due to the occupation of the available sites [55].

https://doi.org/10.3390/separations13020053


https://doi.org/10.3390/separations13020053

Separations 2026, 13, 53 14 of 23

0.010
0.008
65 0.006
S
g
g
< 0.004 ~
B Experimental Points
Freundlich
Langmuir
0.002 - .
Sips
Redlich-Peterson
0.000 T T T T T T T T T T
0.00 0.02 0.04 0.06 0.08 0.10
Ce(mmol/L)

Figure 5. Nystatin adsorption isotherm and nonlinear fitting using the Langmuir, Freundlich, Sips
and Redlich-Peterson models.

After the fitting procedures, it was possible to determine the parameters corresponding
to each model equation. The parameters in their nonlinear forms were obtained through
nonlinear curve fitting using the OriginPro software, version 8.0® (OriginLab Corporation,
Northampton, MA, USA), as presented in Table 4.

Table 4. Parameters obtained for the nonlinear Langmuir, Freundlich, Sips and Redlich-Peterson
equations for Nystatin.

Model Parameters Nystatin
Ky (mmol/g) 9.81461 x 10~* 4 0.62478
Langmuir Jmax (mmol/g) 91.75927
R? 0.99455
Kr (mmol/g)-(L/mmol)!/" 0.11264 + 0.0073
Freundlich n 1.7966 + 0.06632
R? 0.9976
A (L/mmol) 0.09829 + 0.00031
Redlich—Peterson B (L/mmol) 0.09152 + 0.00012
R? 0.9930

Sips

K; (L/mmol) Y
Amax (mmOl/g)

v
RZ

0.34896 £ 1.76761

0.39625 + 1.76761

1.10964 + 0.12232
0.9979

The adsorption constants indicate that the Sips model exhibited an excellent fit to
the experimental data obtained for Nystatin adsorption onto nanoclay. This behavior is
evidenced by the high correlation coefficient (R? = 0.9979), which was the closest to unity
among all evaluated models.
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Similar results were reported by other authors [56], who investigated the adsorption
of dyes onto a graphene—-CuO composite and found that the Sips model provided the best
fit to the experimental data (R? between 0.9981 and 0.9994). This behavior confirms the
effectiveness of the Sips model in describing adsorption systems on heterogeneous surfaces,
in agreement with the observations made in the present study.

The Sips isotherm combines the characteristics of the Langmuir and Freundlich models,
providing a more comprehensive description of the adsorption process. At low adsorbate
concentrations, the isotherm behaves similarly to the Freundlich model, reflecting the
heterogeneity of the adsorption sites. At higher concentrations, however, the Sips isotherm
approaches the Langmuir model, describing the formation of a monolayer on the surface
of the adsorbent [57].

Thus, the Sips model provides a more accurate representation of adsorption in het-
erogeneous systems, such as that observed for Nystatin removal by nanoclay, in which
hydrophilic and hydrophobic regions coexist and enable multiple interactions between the
drug and the organic functional groups of the clay. This behavior confirms the mixed and
favorable nature of the adsorption process, characterized by the combination of physical
and chemical interactions occurring at the material’s surface.

Moreover, the dimensionless parameter of the Sips model (n > 1), together with the
separation factor (R") within the range 0 < R" < 1, confirms that the adsorption of Nystatin
onto nanoclay was favorable across the entire concentration range evaluated. This behavior
indicates high affinity and thermodynamic stability of the system, reflecting a process
governed by high-energy surface interactions and a tendency toward the formation of a
uniform monolayer on the organophilic surface [58]. The value of n greater than 1 highlights
the relative homogeneity of the Cloisite 30B surface and the predominance of cooperative
interactions, in which the adsorption of one Nystatin molecule facilitates the fixation of
additional molecules, thereby increasing the overall capacity of the system [59]. These
characteristics reinforce the efficiency of the material even at low initial drug concentrations
and confirm the potential of the organophilic clay as a versatile and effective adsorbent for
the removal of bioactive compounds from aqueous solution [60].

3.5. Mechanism Analysis

Understanding the adsorption mechanism of Nystatin onto nanoclay requires corre-
lating the structural features of the drug, the properties of the adsorbent, and the spec-
troscopic, kinetic, and equilibrium results obtained in this study. Structurally, Nystatin
is a polyene macrolide composed of a polyketide-derived macrolactone ring containing
multiple conjugated double bonds, a large number of hydroxyl and carbonyl groups, and
an aminodeoxyglycan unit (mycosamine). This molecular morphology confers an am-
phipathic character, combining an extensive hydrophobic region (the conjugated polyene
chain) with hydrophilic domains rich in O-H and C=0 groups capable of participating in
hydrogen bonding [61,62]. This structural duality directly influences the manner in which
the drug organizes itself on organophilic surfaces.

Nanoclay consists of a montmorillonite modified with quaternary ammonium salts,
whose intercalated alkyl chains generate hydrophobic microdomains alongside residual
polar regions of the inorganic matrix. Organophilized materials of this nature exhibit an
energetically heterogeneous surface composed of sites capable of stabilizing bulky organic
molecules through hydrophobic, dipole-dipole, and hydrogen-bonding interactions [63,64].

The nearly unchanged performance of nanoclay across the studied pH range suggests
that the dominant mechanism involves nonelectrostatic interactions, primarily hydrophobic
forces and hydrogen bonding. Organophilized clays treated with quaternary ammonium
salts are known to exhibit stable hydrophobic domains and low sensitivity to protona-
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tion variations, maintaining high affinity for organic compounds even over a broad pH
range [65]. Moreover, Nystatin possesses an amphipathic structure and functional groups
whose protonation state does not change significantly between pH 5 and 7, resulting in
an essentially constant overall charge. Recent studies involving polyene and macrolide
antibiotics have reported chemical stability and structural preservation of these compounds
within this pH range [66,67], which explains the experimentally observed stability and
further reinforces the nonelectrostatic nature of the interactions.

FTIR analyses indicate the formation of hydrogen bonds between Nystatin and the
O-H groups of Cloisite 30B (as evidenced by changes in the O-H and C=0 regions), as well
as an intensification of the C—H bands, demonstrating hydrophobic interactions between
the polyene chain of the drug and the alkyl domains of the clay [68]. The absence of
changes in the structural bands of the clay and in the basal spacing observed by XRD
confirms the lack of intercalation, characterizing a surface-driven mechanism [69]. The
kinetics fitted to the PSO model further reinforce the presence of high-affinity interactions
governed by surface sites [66,70], while the superior fit to the Sips model indicates sites
with different adsorption energies, consistent with the coexistence of polar and nonpolar
domains observed in the FTIR analysis [70].

The interaction between Nystatin and nanoclay, as represented in the proposed mech-
anistic model, is illustrated in Figure 6.

Nystatin adsorption on nanoclay

Hyd

= tatin
rophobic =
- T DN
s
2}

'
OH CH, CH
3629 2924-2850 1466

Transmittance (%)

¥
Si-0-Si
1018
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Wavenumber (cm™)
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Figure 6. Schematic and qualitative representation of the proposed adsorption mechanism (interaction
of Nystatin with nanoclay; the mechanism model with the functional groups (CH, CH,, OH™,
and Si-O-Si)).

In summary, the integration of the pH, FTIR, XRD, kinetic, and equilibrium results
demonstrates that the adsorption of Nystatin onto nanoclay occurs through a surface
mechanism dominated by hydrophobic interactions and hydrogen bonding, which act on
energetically heterogeneous sites. The stable response to pH, the absence of structural
intercalation, and the strong fit to the PSO and Sips models reinforce the affinity between
the amphipathic structure of the drug and the organophilic domains of the modified clay.
Altogether, these findings characterize a process consistent with the expected behavior of
bulky antibiotics adsorbed onto modern organophilic clays.

3.6. Comparison with Other Adsorbents

Table 5 summarizes the adsorption capacity of the nanoclay for pharmaceuticals,
together with corresponding values reported in the literature.
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Table 5. Langmuir maximum adsorption capacity of pharmaceuticals using different materials.

Adsorbent Modification Pharmaceuticals 7" Spec‘ff Area Ref.
(mg/g) (m?/g)

. This

Nanoclay Nystatin 396.25 32 work
Nonmodified 341.77
Na- Cation TMA . 554.54

montmorillonite Cation DDTMA Tetracycline 888.87 84 (71]
Cation HDTMA 740.43

Bentonite Cation DMA diclofenac 36.58 0.31 [72]

Table 5 compares the maximum adsorption capacity (§max) derived from the Langmuir
model for different pharmaceuticals adsorbed onto modified and unmodified clay-based
materials. The results reveal a wide variation in g,y values, which strongly depends on
both the physicochemical properties of the adsorbent and the chemical nature of the target
pharmaceutical [73].

The nanoclay evaluated in this study exhibited a g4y value of 396.25 mg/g for nys-
tatin adsorption, which is within the values reported for tetracycline adsorption onto
Na-montmorillonite, even when modified with various organic cations (TMA, DDTMA,
and HDTMA), for which g, values ranged from 341.77 to 888.87 mg/g. This result
demonstrates a competitive or superior adsorption performance compared with widely
used organophilic clay systems.

The remarkably high adsorption capacity observed can be attributed to the expanded
layered structure of the nanoclay, the availability of accessible active sites, and the strong
affinity between nystatin—a polyfunctional and relatively hydrophobic molecule—and
the adsorbent surface [74]. These interactions likely involve a combination of hydrophobic
interactions, hydrogen bonding, and electrostatic forces.

In contrast, bentonite modified with DMA showed a substantially lower adsorption
capacity (36.58 mg/g) for diclofenac removal, highlighting that adsorption efficiency is
not governed solely by surface modification but also by the compatibility between the
organic modifier and the molecular structure of the pharmaceutical compound. This finding
underscores the importance of adsorbent-adsorbate selectivity and surface engineering in
optimizing adsorption performance.

Overall, the comparative analysis indicates that the nanoclay investigated in this work
exhibits an exceptionally high adsorption capacity, positioning it as a highly promising
material for the removal of high-molecular-weight and hydrophobic pharmaceutical con-
taminants, while demonstrating strong competitiveness relative to clay-based adsorbents
reported in the literature.

3.7. Preliminary Cost Analysis
Estimation of Raw Material Costs and Energy Cost

Tables 6 and 7 present a preliminary cost assessment for the laboratory-scale produc-
tion of 30 g of organoclay using the method described by the authors [75] while separately
considering raw material expenses and energy consumption. This distinction allows a
clearer identification of the main contributors to the overall production cost.
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Table 6. Cost estimates for obtaining 30 g of organoclay.
Material Raw Material Value Synthesis Organoclay
(Kg)
Clay 0.85 0.025
NayCO3 80.00 0.800
Bis-2-hydroxyethyl, tallow,
methyl, quaternary 22.30 0.446
ammonium group
Total raw material cost (R$) 1.271
Table 7. Energy cost estimates for obtaining 30 g of organoclay.
Eaquipment Power Usage Time Tariff * Cost
e (Kw/h) (h) (R$/Kw/h)  Energetic (R$)
Agitator with rotations 0.15 1 0.073
Filter, vacuum pump 0.48605
Drying (stove) 0.82 24 9.565
Total raw material cost (R$) 9.638

* Cost energetic without ICMS (Brazilian Tax on the Circulation of Goods and Services).

As shown in Table 6, the total raw material cost is relatively low (R$ 1.271), indicating
that the reagents required for organoclay synthesis do not represent a major economic
barrier at the laboratory scale. Although sodium carbonate (Na;COs3) exhibits a high unit
price per kilogram, its absolute contribution to the final cost remains limited due to the
small quantity used. Similarly, the quaternary ammonium salt, despite being a higher-value
reagent, contributes only modestly to the total cost, supporting the economic feasibility of
clay organophilization under the evaluated conditions.

In contrast, Table 7 shows that the energy cost (R$ 9.638) is substantially higher than
the raw material cost and constitutes the dominant contribution to the total production
expense. This cost is largely associated with the drying step, which accounts for the
majority of energy consumption due to its prolonged operating time (24 h). The agitation
and vacuum filtration steps contribute comparatively little, indicating that mixing and
separation processes are not the primary cost drivers.

The predominance of energy-related costs, particularly those linked to drying, high-
lights energy consumption as the main limiting factor in the economic performance of
organoclay production. This finding suggests that process optimization strategies—such as
reducing drying time, improving thermal efficiency, or adopting alternative dewatering
methods—could significantly decrease overall costs. Furthermore, the reported energy
costs exclude ICMS (Tax on Circulation of Goods and Services), implying that actual
expenses at larger scales may be even higher.

Overall, the combined analysis of Tables 6 and 7 demonstrates that while organoclay
synthesis is economically accessible in terms of raw materials, energy efficiency emerges as a
critical aspect for improving cost-effectiveness and sustainability in future scale-up studies.

This study evaluated the costs associated with bulk raw materials using pricing infor-
mation obtained from supplier websites. The manufacturing cost estimate for organoclay
synthesis was based on a laboratory-scale production process.
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4. Conclusions

This study demonstrated that Cloisite 30B organophilic nanoclay is a highly efficient
adsorbent for nystatin removal from aqueous solutions, achieving removal efficiencies
above 98% over a wide pH range (3-11). Adsorption occurred predominantly on the
external surface of the material without significant structural alteration and was mainly
governed by hydrophobic interactions and hydrogen bonding.

The adsorption process was rapid, reaching equilibrium within approximately 20 min,
and was best described by the pseudo-second-order kinetic model, indicating a strong
affinity between nystatin molecules and the active sites of the nanoclay. Equilibrium data
were well fitted by the Sips isotherm model, confirming surface heterogeneity and the
favorable nature of the adsorption process, with a high maximum adsorption capacity
(~911 mg/g) that surpasses many adsorbents reported in the literature.

Preliminary cost analysis indicated low raw material costs, while energy
consumption—particularly during the drying step—was identified as the main economic
constraint. Overall, the results highlight Cloisite 30B as a promising, efficient, and poten-
tially sustainable adsorbent for the removal of nystatin and other hydrophobic pharmaceu-
tical contaminants in water and wastewater treatment applications.
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